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Abstract 
 

The formation of neurospheres was important in demonstrating that neurogenesis in 

the adult brain may be fuelled by a stem cell population. The olfactory mucosa is 

another site of neurogenesis which, in humans, has been observed to contain a stem 

cell population through the formation of neurospheres (Murrell et al., 2005). Stem 

cells can be defined as cells capable of self-renewal and multipotency. The aim of this 

study was to investigate the potential of rat olfactory stem cells growing as 

neurospheres. The hypothesis is that the rat olfactory mucosa contains a “true” stem 

cell population that can be cultured as neurospheres and that will demonstrate 

multipotency by differentiating into “non-olfactory” cell types and possess the 

capacity for self-renewal, if provided with the appropriate environmental niche. Here 

it was found that adult rat olfactory mucosa is capable of generating neurospheres 

when cultured in EGF and bFGF. Evidence of self-renewal was provided by the 

formation of six generations of neurospheres, the formation of neurospheres from 

single cells and the expression of markers associated with self-renewal by 

neurosphere cells. The multipotency of olfactory neurosphere cells was demonstrated 

through manipulation of the stem cell niche. In defined culture conditions, 

extracellular matrix molecules and growth factors were able to induce the 

differentiation of neurosphere cells down the dopaminergic lineage pathway. When 

co-cultured with differentiating cells, neonatal myoblasts and 3T3-L1 cells, olfactory 

neurosphere cells were able to differentiate and incorporate into a skeletal muscle 

myotube and differentiate into adipocytes, respectively. In conclusion it was found 

that the adult rat olfactory mucosa is capable of generating neurospheres. When 

presented with an appropriate niche neurosphere cells are able to self-renew and 

demonstrate multipotency.  
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Embryonic stem cells obviously have enormous potential to generate any of the cell 

types of the body. However, the possibility of immune rejection, the dangers of 

immunosuppressive therapies, not to mention the ethical issues surrounding the use of 

this tissue, make the clinical use of embryonic stem cells less than ideal. In recent 

years it has been demonstrated that adult stem cells are capable of differentiating into 

a wide variety of cell types. These adult stem cells are not restricted to the lineages of 

their own ‘native’ environments and can potentially give rise to cell types from all 

parts of the body (Bjornson et al., 1999). Therefore this would allow the possibility of 

autologous adult stem cell transplantation to be used as a clinical tool. The olfactory 

mucosa has long been recognized as a site of continuous and vigorous neurogenesis 

(Calof & Chikaraishi, 1989; Graziadei & Graziadei, 1979; Graziadei et al., 1979; 

Mackay-Sim & Kittel, 1991; Moulton, 1974; Schultz, 1960). A stem cell population 

observed within this tissue acts to fuel neurogenesis throughout life (Mackay-Sim & 

Kittel, 1991). More recently it has been determined that the stem cell within the 

olfactory mucosa is multipotent (Murrell et al., 2005). The olfactory mucosa is also 

accessible, readily biopsied and able to regenerate without loss of function (Feron et 

al., 1998) and therefore represents an excellent source of neural stem cells for 

potential clinical use. A potential therapy would involve a biopsy of the patient’s 

olfactory epithelium and the culturing of stem cells from the sample. These cultured 

cells could then be expanded and modified as necessary, in vitro, and then re-injected 

back into the same patient, to treat a wide variety of disorders. Therefore the goal of 

this study is to investigate further evidence of the presence and potential of stem cells 

in the olfactory mucosa as well as providing insights into their biology, utilizing a rat 

model.  

1.1  Definition of Stem Cells  

Stem cells reside in numerous organs including the gut epithelium (Potten et al., 1997) 

(Karam, 1999), skin (Cotsarelis et al., 1999), liver (Sigal et al., 1992), bone marrow 

(Spangrude, 1992), central nervous system (Reynolds & Weiss, 1992), muscle 

(Collins et al., 2005; Schultz & McCormick, 1994) and fat (Patrick, 2000; Zuk et al., 

2001). These stem cells function throughout life to maintain homeostasis between the 

death and “birth” of new cells. The role of the stem cell is to generate a wide variety 
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of new replacement cells as well as maintain the stem cell population (Potten & 

Loeffler, 1990). Consequently, an adult stem cell can be defined as a cell that is able 

to give rise to specialised cell types of the organ or tissue (multipotency) and be 

capable of reproducing itself throughout life (self-renewal). In order for stem cells to 

generate replacement cells, they must go through a process of differentiation whereby 

the unspecialised stem cell acquires the capability to function as a specialised cell 

type. A precursor or progenitor cell represents an intermediary stage in the 

differentiation process (Figure 1.1). Precursors or progenitor are unspecialised, partly 

differentiated cells that are capable of undergoing cell division and further 

specialisation. However, their differentiation and self-renewal potential is more 

limited than their stem cell forebears.  

 
 

Figure 1.1: Differentiation of stem cells into specialized cells. Multipotent 
stem cells differentiate to give rise to progenitor or precursor cells that further 
differentiate into specialised cells.  

Specialised Cells Progenitor Cells 
or 

Precursor Cells 

Stem Cell 
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1.2  Hematopoiesis; a well characterized example of stem 
cell function 

The most thoroughly characterised stem cell population exists in the hematopoietic 

system. Because many features of this system have been elucidated it is hoped that a 

brief examination of this model may demonstrate aspects that are applicable to the 

developing field of neural stem cells. In humans differentiated blood cells have 

limited lifespan, ranging from 1 day, in the case of neutrophils, to 120 days for 

erythrocytes. Therefore constant, yet regulated, activation or proliferation of stem 

cells is required in order to maintain appropriate function of the hematopoietic system 

(Abkowitz et al., 1990). Hematopoietic stem cells reside in bone marrow as loosely 

associating cell types which are easily brought into suspension and give rise to other 

cell types identifiable by phenotype and morphology (Figure 1.2) (Weissman et al., 

1978). More recently, specific factors (granulocyte colony-stimulating factor (G-CSF) 

or granulocyte-macrophage colony-stimulating factor (GM-CSF) have been identified 

which induce the migration of hematopoietic stem cells from the bone marrow to the 

blood where they are more readily harvested (Gazitt, 2001).  
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Figure 1.2: Schematic representation of hematopoietic cell development. 
Pluripotent hematopoietic stem cells give rise to lymphoid and myeloid stem 
cells that further differentiate to become committed progenitors. These 
progenitors then continue to develop into mature fully differentiated cells. In 
this way pluripotent stem cells are able to generate all the cell types of 
hematopoietic system. BFU-E – burst forming unit – erythroid colonies, CFU-
E – colony forming unit – mature erythroid, CFU-Mk - colony forming unit – 
megakaryocytes, CFU-mast - colony forming unit – mast cells, CFU-Eos - 
colony forming unit – eosinophils, CFU-GM - colony forming unit – 
granulocyte-macrophage, CFU-G - colony forming unit – granulocyte, CFU-
M - colony forming unit – macrophage, CFU-Ost - colony forming unit – 
osteoclast (Adapted from (Szilvassy, 2003)). 

1.2.1  Phenotype of Hematopoietic stem cells 

The ability of hematopoietic stem cells to home to the appropriate microenvironment 

and repopulate the bone marrow of irradiated animals when injected into the 

bloodstream, has enabled the assessment of stem cell characteristics (Morrison et al., 

1997; Weissman et al., 1978). From these studies numerous markers identify putative 

stem cells in the hematopoietic system (Table 1.1). However, as yet, no single marker 

has been deemed to be sufficient to identify hematopoietic stem cells. Moreover, a 

panel of markers is typically used to isolate stem cells, as in Morrison et al (1997). 

The use of many different combinations of markers (see (Szilvassy, 2003) for 
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examples) by various groups would indicate that there is also no consensus on the 

exact phenotype of the hematopoietic stem cell.     

 

 
Table 1.1: Phenotype of human and mouse hematopoietic stem and progenitor 
cells. The phenotype of stem cells and progenitors from adult mouse bone 
marrow (BM), mouse fetal liver and human are described. Sca-1 – stem cell 
antigen-1, H-2K – H-2 class histocompatibility antigen, Thy-1 – CD90/thy-1 
membrane glycoprotein, c-kit – stem cell growth factor receptor/CD117, 
CD34 – hematopoietic progenitor cell antigen, CD38 – ADP-ribosyl cyclase-1, 
Rh-123 – rhodamine 123, P-gp – P-glycoprotien, HO – Hoechst 33342, Bcrp-1 
– breast cancer resistance protein-1, Abcg-2 – ATP binding cassette 
transporter-2, ALDH – aldehyde dehydrogenase, Flk-2 – F1 cytokine receptor, 
lin – lineage specific markers, AA4-1 – CD93/C1qRp, Mac-1 – 
CD11b/CD18/integrin alpha-M, HLA-DR – human leukocyte antigen-DR, 
CD71 – transferrin receptor, AC133 – CD133/prominin-1, KDR – Flk-
1/CD309/kinase insert domain receptor (Taken from (Szilvassy, 2003)). 
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1.2.2  In vitro isolation of Hematopoietic stem cells 

In vitro populations have been enriched for stem cells based on numerous cellular 

properties, as reviewed in Szilvassy et al (2003), including; cell surface antigen 

properties (Table 1.1)(Baum et al., 1992; Morrison & Weissman, 1994; Randall et al., 

1996; Spangrude et al., 1988; Szilvassy et al., 1989; Yin et al., 1997), intracellular 

enzyme markers (Storms et al., 1999), dye efflux properties (Li & Johnson, 1992; 

Spangrude & Johnson, 1990; Udomsakdi et al., 1991; Wolf et al., 1993; Zijlmans et 

al., 1995), sensitivity to cycle-active cytotoxic agents (Berardi et al., 1995; Szilvassy 

& Cory, 1993) and cell cycling properties (Orschell-Traycoff et al., 2000). The 

continued development of new techniques for the isolation of hematopoietic stem 

cells would indicate that there is still no definitive method for their separation. These 

methods also highlight the fact that various cellular properties can potentially be 

exploited to extract stem cells from their surrounding tissues.  

1.2.3  Cytokines and Hematopoietic stem cell differentiation 

Factors that regulate the differentiation of hematopoietic stem or progenitor cells 

along specific lineage pathways have been determined. The methods used and the 

outcomes generated may provide lessons for the understanding of neural stem cell 

differentiation. When hematopoietic cells were co-cultured with fibroblast feeder 

layers, feeder cells produced factor(s) that induced the differentiation of granulocytes 

and macrophages (Ginsburg & Sachs, 1963; Pluznik & Sachs, 1965). This observation 

allowed the specific differentiation factors to be isolated from feeder cell conditioned 

medium (Pluznik & Sachs, 1966; Sachs, 1995). The main factors influencing myeloid 

cell lineages include; macrophage colony stimulating factor (M-CSF) which induces 

macrophage differentiation, granulocyte colony stimulating factor (G-CSF) which 

induces granulocyte differentiation, granulocyte-macrophage colony stimulating 

factor (GM-CSF) which induces granulocyte, macrophage or granulocyte and 

macrophage differentiation and interleukin-3 (IL-3) which induces the differentiation 

of macrophages, granulocytes, eosinophils, mast cells, erythroid cells or 

megakaryocytes (Lotem & Sachs, 2002). The overlap in the effects of these cytokines 
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clearly shows that no one factor is responsible for differentiation and that co-

regulation by multiple factors is required. 

1.2.4  Hematopoietic cell lineage 

Hematopoietic stem cells have been subdivided into two categories; the long-term 

hematopoietic stem cell (LT-HSC), which has a high self renewal capacity and 

prolonged productivity, and the short-term hematopoietic stem cells (ST-HSC), which 

have a more limited self renewal capacity and a shorter lifespan (Morrison & 

Weissman, 1994). A potential developmental pathway is proposed for the 

hematopoietic system: whereby the true stem cell - LT-HSC gives rise to ST-HSC, 

which in turn differentiates into multipotent progenitors (Morrison et al., 1997). The 

progeny of the hematopoietic stem cells give rise to two oligolineage progenitors, the 

common lymphoid progenitor and the common myeloid progenitor that give rise to all 

the cellular components of the blood including red blood cells, white blood cells and 

platelets (Figure 1.3) (Weissman, 2000).  

 
Figure 1.3: Model of hematopoietic stem and progenitor cell lineages. 
Hematopoietic stem cells can either be long-term hematopoietic stem cells 
(LT-HSCs) or short-term hematopoietic stem cells (ST-HSCs). ST-HSCs 
differentiate into multipotent progenitors which give rise to oligolineage 
progenitors that develop into the differentiated progeny of the blood.(Taken 
from (Weissman, 2000))        
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1.2.5  Potential of Hematopoietic stem cells 

While hematopoietic stem cells are capable of generating all the cell types of the 

blood, more recently it has been found that their differentiation potential extends far 

beyond the hematopoietic system. Hematopoietic stem cells differentiate into various 

cell types including liver (Lagasse et al., 2000), kidney (Masuya et al., 2003) and 

heart (Jackson et al., 2001). More generally, bone marrow cells, including 

hematopoietic stem cells and potentially mesenchymal stem cells, can differentiate 

into pancreas (Ianus et al., 2003),heart (Orlic et al., 2001) and brain (Brazelton et al., 

2000; Eglitis & Mezey, 1997) cell types. Interestingly, Kawada et al (2004) 

demonstrated that the majority of bone marrow cells that differentiate into 

cardiomyocytes are mesenchymal stem cells (Kawada et al., 2004). Nevertheless, the 

broad differentiation range of bone marrow-derived cells highlights the enormous 

potential of adult stem cell populations. The work of Krause et al (2001) is also 

significant. They demonstrated the stem cell characteristics of multipotency and 

functional self-renewal in single (clonal) hematopoietic stem cells (Krause et al., 

2001). Single (clonal) cells were able to repopulate the bone marrow of irradiated rats 

and maintain their hematopoietic function for 11 months demonstrating functional 

stem cell self-renewal (Krause et al., 2001). Also single (clonal) hematopoietic stem 

cells were shown capable of differentiating into epithelial cells of the liver, 

gastrointestinal tract, lung and skin (Krause et al., 2001). 

1.3  Neural Stem Cells  

1.3.1  Neurogenesis in the adult brain 

Even though the well characterised stem cell population in the hematopoietic system 

may provide insight into the function of the olfactory stem cell, known populations of 

stem cells in the central nervous system may supply more specific information that 

can be directly applied to the olfactory system. The very recognition that stem cells 

exist in the brain is a relatively recent phenomenon. Despite the characterisation of 

stem cells in the bone marrow, it was commonly believed that the adult central 
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nervous system lacked the ability to generate new neurons. Studies in the 1970’s, 

using [3H] thymidine and electron microscopy indicated that neurogenesis continues 

in the brain into adulthood (Kaplan & Hinds, 1977). However, it wasn’t until the 

1990’s that conclusive evidence was provided that neurogenesis does in fact continue 

to occur in the adult central nervous system (Alvarez-Buylla et al., 1990; Cameron et 

al., 1993; Gage et al., 1998; Kuhn et al., 1996; Lois & Alvarez-Buylla, 1993; Luskin, 

1993; Morshead & van der Kooy, 1992; Vescovi et al., 1993).    

1.3.2  Sites of Neurogenesis in the adult brain 

Neurogenesis occurs in the dentate gyrus of the hippocampus. More specifically cells 

continuously divide in a thin lamina between the hilar region and the granule layer of 

the dentate gyrus which is known as the subgranular zone (Gage et al., 1998; Kaplan 

& Bell, 1984). The most well characterized site of neurogenesis in the adult brain is 

the subventricular zone (SVZ) of the forebrain. In the subventricular zone, there is a 

significant proliferation of cells that, in the mouse, results in the complete turnover of 

the dividing cell population every 12 to 28 days (Craig et al., 1999). Subsequently 

large numbers of neuronal precursors are generated that migrate to the olfactory bulb 

along the rostral migratory stream, where they differentiate into granule and 

periglomerular interneurons (Lois & Alvarez-Buylla, 1993; Luskin, 1993; Morshead 

& van der Kooy, 1992; Vescovi et al., 1993). The destination of these neurons in the 

olfactory bulb is interesting because olfactory receptor neurons that synapse in the 

bulb are also constantly changing. Perhaps the generation of new interneurons in the 

bulb allows connections to be established with new olfactory receptor neurons.  

1.3.3  Neurosphere Culture 

Because of the significant cell proliferation in the subventricular zone of the forebrain, 

it is not surprising that the first neural stem cell population was found in this region. A 

study by Reynolds et al (1992) showed that a subpopulation of cells from 3- to 18 

month-old adult mice generated spheres of cells after 6-8 days in vitro. These 

neurospheres were found to be predominantly composed of undifferentiated cells, 



 11

defined by the absence of antigens characteristic of mature nerve cells and the 

presence of nestin (Reynolds & Weiss, 1992). When allowed to proliferate on poly-L-

ornithine coated coverslips, neurosphere cells differentiated into neurons and 

astrocytes. This observation suggested that these cells fulfilled one of the hallmarks of 

a stem cell population; multipotency. Cells within these neurospheres were capable of 

generating secondary neurospheres, demonstrating another essential characteristic of a 

stem cell; self renewal (Reynolds & Weiss, 1992). This was achieved by mechanically 

dissociating neurospheres and plating single cells in wells (at clonal cell density). 

Some single cells were subsequently found to be capable of generating nestin-positive 

secondary neurospheres (Reynolds & Weiss, 1992) (Figure 1.4).   

 
 
Figure 1.4: Neurospheres in the establishment of stem cell populations. 
Schematic representation of approaches used to determine the presence of 
adult stem cells in the subventricular zone of the forebrain by assessing self 
renewal and multipotency in neurospheres. Neurospheres are generated in 
epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF). (1) 
Differentiation of single primary neurospheres results in the production of 
neurons, astrocytes and oligodendrocytes. (2) Dissociation of single primary 
spheres into single cells and plating at one cell per well generates clonally 
derived secondary neurospheres. Differentiation of single clonally derived 
secondary neurospheres results in the production of neurons, astrocytes and 
oligodendrocytes. (3) Dissociation of single primary neurospheres into single 
cells, which are plated into one well, results in more than one secondary 
neurosphere. Once again differentiation of these single secondary 
neurospheres results in the production of neurons, astrocytes and 
oligodendrocytes. (Adapted from (Weiss et al., 1996)) 
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1.3.4  Identity of the stem cell in the forebrain 

Although Reynolds et al (1992) and others (Doetsch et al., 1999; Gage, 2000; Gritti et 

al., 1999; Morshead et al., 1994; Rietze et al., 2001) have determined the presence of 

stem cells in the adult forebrain, further experimentation was required to identify 

candidate stem cells in this region. Initially two studies identified different candidates 

for the stem cell in the adult forebrain. Surprisingly, both were apparently 

differentiated cell types; namely ependymal cells (Johansson et al., 1999) and 

subventricular zone astrocytes (Doetsch et al., 1999; Doetsch et al., 1997). Although 

the identity has yet to be determined unequivocally, currently the weight of evidence 

is tipped in favour of the subventricular zone astrocyte as the stem cell in the 

forebrain, with several studies confirming the reports of Doetsch et al (1997 and 

1999) (Capela & Temple, 2002; Chiasson et al., 1999; Laywell et al., 2000). Amongst 

the evidence for the subventricular zone astrocyte as the stem cell are suggestions that 

these cells may be involved in regenerating this region of the brain (Doetsch et al., 

1999). After treatment with cytotoxic doses of anti-mitotic drugs (cytosine 

arabinoside, Ara-C), all the neuronal precursors and fast-proliferating transit 

amplifying progenitor cells of the subventricular zone were killed and only a few 

relatively quiescent astrocytes remained (Doetsch et al., 1999). Within 12 hours of 

drug removal, these astrocytes began to divide and within 10 days the entire 

subventricular zone was regenerated (Doetsch et al., 1999). Subventricular zone 

astrocytes are glial cells that express ‘typical’ markers such as glial fibrillary acidic 

protein (GFAP) and have many characteristics associated with fully differentiated 

astrocytes (Peters et al., 1991; Privat & Leblond, 1972; Rickmann et al., 1987), and 

yet seem to demonstrate stem cell attributes. 

1.3.5  Stem cells in the hippocampus? 

The subgranular zone of the hippocampal dentate gyrus is another location within the 

central nervous system in which adult neurogenesis has been observed (Kaplan & 

Bell, 1984). In the wake of Reynolds et al (1992), indicating the presence of a stem 

cell in the forebrain, it was suggested that neurogenesis in the hippocampus may also 

be fueled by a stem cell population. Several reports indicate the presence of a stem 



 13

cell in this region (Cameron et al., 1993; Gage et al., 1998; Kuhn et al., 1996; Palmer 

et al., 2000; Seri et al., 2001), however recent evidence has cast doubt over the 

multipotency of these cells (Bull & Bartlett, 2005; Seaberg & van der Kooy, 2002). 

Nevertheless, there is evidence that the neural progenitor that resides in the 

hippocampus is also astrocytic (Seri et al., 2001). The observation that specialized and 

apparently fully differentiated astrocytes can act as a stem or progenitor cells in the 

brain is indeed remarkable, and has obvious implications for other tissues where stem 

cells have yet to be identified. It would seem that no cell type can be overlooked as 

being a potential stem cell candidate. 

1.3.6  Differentiation Potential of Neural stem cells 

Despite the fact that in vivo adult neural stem cells need only give rise to the cell 

types of the brain, such as neurons, astrocytes and oligodendrocytes, several studies 

have indicated that the differentiation potential of these cells extends well beyond 

these cell types. Hematopoietic cells were regenerated in irradiated mice from the 

injection of neural stem cells (Bjornson et al., 1999). Another study demonstrated that 

stem cells derived from the brain of adult mice incorporated into a variety of organs in 

the developing chick embryo (Clarke et al., 2000). Therefore, it seems as though adult 

neural stem cells, like adult hematopoietic stem cells, have the potential to 

differentiate into many cell types of the body. 

1.4  Olfactory Mucosa Structure and Function 

The discovery that neurogenesis continues in the adult brain and that a stem cell 

population fuels this production, is a relatively recent phenomenon. In contrast, the 

olfactory epithelium has long been suspected of housing a neural stem cell population 

(Graziadei & DeHan, 1973; Schultz, 1941; Smart, 1971; Smith, 1951). The olfactory 

mucosa is the organ of the sense of smell. Odorants dissolved in the mucus layer bind 

to odorant receptors located on the cilia of olfactory receptor neurons and activate the 

transduction process. The ensuing action potential then travels along the unbranched, 

unmyelinated axon until it terminates in a glomerulus of the olfactory bulb (Getchell, 
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1986)(Figure 1.5). The olfactory mucosa is made up of two distinct layers, the 

olfactory epithelium and the lamina propria, each of which will be discussed 

separately (Figure 1.5).  

 
Figure 1.5: Structure of the olfactory system. The olfactory mucosa is made 
up of the olfactory epithelium and lamina propria. Olfactory neurons 
(indicated in green) in the olfactory epithelium extend cilia from their 
dendrites to make direct contact with odorants in the environment. Their axons 
then extend through the lamina propria where they form nerve bundles that 
synapse in the olfactory bulb. (Adapted from (Morice, 1990)) 

1.4.1  Olfactory Epithelium 

The olfactory epithelium is a pseudostratified epithelium which lines a portion of the 

nasal cavity and is the organ of the sense of smell. The olfactory epithelium is 

comprised of three main cell types; receptor (or sensory) neurons, sustentacular cells 

and basal cells (Figure 1.6). Olfactory receptor neurons have a single dendrite that 

ends with a small knob at the surface of the epithelium. Projecting from this knob, and 

embedded in the mucus layer, are the olfactory cilia to which odorants bind (Getchell, 

1986). 

By dividing and differentiating into replacement sensory neurons, as well as 

maintaining their own population, olfactory basal cells are able to preserve the 
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function of the epithelium. There are known to be two distinct types of basal cells in 

the adult olfactory epithelium, horizontal and globose basal cells (Graziadei et al., 

1979) (Figure 1.6). Horizontal basal cells are flat cells and lie along the basal lamina, 

whereas globose basal cells are round cells that are situated superficially to the 

horizontal basal cells. Sustentacular cells are columnar cells which span the entire 

epithelium, having one process that projects microvilli into the mucus layer and a 

foot- like process that extends to the basal lamina. While these cells are not 

considered to be part of the neuronal lineage, they have numerous other vital 

functions in this tissue. These roles include insulating olfactory sensory neurons, 

secreting substances into the mucus to destroy potentially harmful substances, 

transporting molecules across the epithelium and providing guidance to developing 

neurons (Farbman & Buchholz, 1992; Getchell & Getchell, 1992). 

 
Figure 1.6: Cell types of the olfactory epithelium (OE) and lamina propria 
(LP). Basal cells, horizontal basal cells (HBCs) and globose basal cells 
(GBCs) are located above the basal lamina (BL). With the aid of sustentacular 
cells (SUS) globose basal cells (GBCs) differentiate to give rise to olfactory 
receptor neurons (ORNs). ORNs extend cilia into the nasal cavity (NC). ORNs 
also extend projections through the LP where they combine to form olfactory 
nerves (ONs) and are encompassed by olfactory ensheathing cells (OECs).  
(Taken from (Beites et al., 2005)) 
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1.4.2  Olfactory lamina propria 

The olfactory lamina propria is the tissue through which axons extend in order to 

synapse in the olfactory bulb (Figure 1.5). This mesenchymal tissue is composed of 

numerous blood vessels, nerve bundles, Bowman’s glands and most of the cellular 

components of connective tissue, including fibroblasts, macrophages, leukocytes and 

mast cells. Consequently, the lamina propria is almost three times thicker than the 

epithelium (Farbman & Buchholz, 1992). In addition, lamina propria includes an 

important cell type, the olfactory ensheathing cell (Figure 1.6). Ensheathing cells 

ensheath axons of developing sensory neurons as they enter the lamina propria and by 

producing neurotrophic factors, neurite promoting factors and extracellular matrix 

molecules allow these axons to elongate and migrate to the olfactory bulb (Farbman & 

Buchholz, 1992).  

1.4.3  Neurogenesis in the olfactory epithelium 

Olfactory neurons are closely associated with the external environment and the 

potentially harmful agents therein making them also highly susceptible to disease. 

Odorants have been indicated to induce apoptosis in olfactory receptor neurons 

(Brauchi et al., 2006). As a consequence continuous and vigorous neurogenesis occurs 

in this tissue in order to meet the needs for a constant supply of replacement sensory 

cells throughout life (Calof & Chikaraishi, 1989; Graziadei & Graziadei, 1979; 

Graziadei et al., 1979; Mackay-Sim & Kittel, 1991; Moulton, 1974; Schultz, 1960).  

 

Several surgical techniques have also been employed to allow the study of olfactory 

neurogenesis. When the olfactory bulb is surgically removed (bulbectomy) the 

synaptic target tissue for the olfactory receptor neurons is also removed (Graziadei & 

DeHan, 1973). This procedure results in a decrease in the thickness of the olfactory 

epithelium as the olfactory receptor neurons undergo apoptosis. This cell death 

induces a wave of mitosis in the basal cell population and subsequent differentiation 

of new receptor neurons (Graziadei & DeHan, 1973). Similarly, cutting the olfactory 

nerve also causes widespread apoptosis in the epithelium (Holcomb et al., 1995) and 
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an increase in basal cell mitosis resulting in regeneration of the olfactory receptor 

neurons (Camara & Harding, 1984).  

 

As well as surgical techniques, chemical injury has also been utilized to study 

olfactory neurogenesis. Compounds such as zinc sulfate (Cancalon, 1982; Herzog & 

Otto, 1999; Matulionis, 1975), methyl bromide (Hurtt et al., 1988; Manglapus et al., 

2004; Schwob et al., 1995) and Triton X-100 (Roskams et al., 1998) induce a severe 

lesion of the olfactory epithelium which initially causes extensive apoptosis. Shortly 

after injury, mitosis occurs amongst the basal cells and eventually results in 

regeneration of the damaged tissue. The fact that a neural system such as the olfactory 

epithelium is able to maintain its function throughout life with constant exposure to 

the rigors of the external environment seems to indicate the presence of a stem cell 

population (Mackay-Sim & Kittel, 1991). The observation that the olfactory 

epithelium is able to respond and regenerate after severe chemical and surgical injury 

suggests a truly remarkable neural stem cell population(Batlle et al., 2002).  

1.4.4  Lineage of olfactory neurons 

Study of neurogenesis in the olfactory epithelium has continued to attempt to 

elucidate the cellular lineage of olfactory neurons. The use of specific markers and 
3H-thymidine and Bromodeoxyuridine (BrdU) incorporation analysis, in conjunction 

with the determination of transcription factor expression has allowed various 

pathways of olfactory neurogenesis to be proposed (Beites et al., 2005; Calof et al., 

1996; Carter et al., 2004; Illing et al., 2002; Mackay-Sim & Chuah, 2000; Manglapus 

et al., 2004; Schwob, 2002). Globose basal cells are thought to give rise to 

mammalian achaete-scute homologue-1-positive transit amplifying cells (Gordon et 

al., 1995; Guillemot & Joyner, 1993) that further differentiate into neurogenin-1-

positive immediate neuronal precursors (Cau et al., 1997). Immediate neuronal 

precursors then differentiate into immature receptor neurons that migrate away from 

the basal membrane and later differentiate into mature olfactory receptor neurons 

(Figure 1.7). The reversible arrow between horizontal basal cells and globose basal 

cells reflects the current uncertainty of the lineage relationship between the two basal 

cell populations. While there may be debate as to the exact nature of the lineage of 



 18

olfactory receptor neurons, what all the proposed models indicate is that the 

acquisition of a specialized cell fate is a process of gradual development. Therefore, 

the isolation of stem cells from downstream progenitors, which may have a similar 

phenotype and potential for differentiation and self-renewal, is likely to be difficult, as 

in the hematopoietic stem cell model.   

 

 
Figure 1.7:  A proposed model of the neuronal lineage in the olfactory 
epithelium. Horizontal basal cells give rise to globose basal cells or vice versa. 
Globose basal cells differentiate into transit amplifying cells which further 
differentiate into immediate neuronal precursors. Immediate neuronal 
precursors give rise to immature receptor neurons which develop into mature 
olfactory receptor neurons (Adapted from (Illing et al., 2002)). 

1.4.5  The olfactory stem cell  

Debate still remains, as to which, if either, of the known basal cells is the neuronal 

stem cell. The two apparent contenders are the globose basal cell and the horizontal 

basal cell.  

1.4.5.1  Horizontal basal cell 

Mackay-Sim and Kittel (1991) demonstrated, using 3H-thymidine injections, that 

there are two distinct populations of basal cells within the olfactory epithelium that 
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fuel neurogenesis. The first was a population of rapidly dividing precursors that gives 

rise to many immature receptor neurons. The second was a non-migrating slowly 

dividing population found close to the basement membrane – the putative stem cell 

(Mackay-Sim & Kittel, 1991). They speculated that the globose basal cells were 

acting as rapidly dividing transit-amplifying progenitor cells and that the slowly 

dividing horizontal basal cells, which typically lie close to the basement membrane, 

were in fact the stem cell (Mackay-Sim & Kittel, 1991). This evidence is supported by 

in vitro and in vivo experiments carried out by Carter et al 2004. Carter et al (2004) 

found that horizontal basal cells reside in an environment rich in extracellular matrix 

molecules similar to the epidermal stem cell niche. They suggested that this 

environment promoted the adhesion and prevented the differentiation and 

proliferation of the horizontal basal cells (Carter et al., 2004). Further investigation 

revealed that a subset of horizontal basal cells had an adhesion receptor profile 

comparable to non-neural stem cells. When these horizontal basal cells were clonally 

isolated they were demonstrated to be multipotent; giving rise to olfactory and non-

olfactory neurons as well as glia. From this data they concluded that there is a sub-

population of horizontal basal cells that have stem cell characteristics (Carter et al., 

2004). 

1.4.5.2  Globose basal cell 

Although globose basal cells have been recognized as being the immediate neural 

precursors (Caggiano et al., 1994; Newman et al., 2000; Schwob et al., 1994)their 

function as the olfactory stem cell is less certain. In vivo retro-viral labelling indicates 

that the globose basal cell is in fact multipotent and can give rise to both neural and 

non-neural cells (Huard et al., 1998). More convincing evidence of the multipotent 

nature of globose basal cells was provided by Chen et al (2004). When purified 

globose basal cells, labelled with green fluorescent protein, were transplanted into the 

epithelium of methyl bromide lesioned animals, they give rise to receptor neurons, 

sustentacular cells as well as duct/gland cells. This would indicate that they are 

multipotent. On the other hand, other purified olfactory cell types such as horizontal 

basal cells and sustentacular cells, labelled with green fluorescent protein, failed to 

differentiate when injected into the epithelium of lesioned rats (Chen et al., 2004b). 



 20

Any attempt to determine the identity of the true stem cell in the olfactory epithelium 

should be mindful of the current evidence indicating the identity of the stem cell in the 

brain is an apparently fully differentiated glial cell. Therefore none of the cell types in 

the olfactory mucosa can be ruled out as a potential stem cell candidate. 

1.4.6  Stem / Progenitor markers in the olfactory mucosa 

Although the stem cell in the olfactory mucosa has yet to be conclusively identified 

the expression of stem or progenitor markers in this tissue has been documented. Here 

we examine the expression of nestin, β-1-integrin, Hes1 and Hes5.  

1.4.6.1  Nestin 

Nestin is a large intermediate filament protein that is placed in its own distinct class 

called Type VI (Dahlstrand et al., 1992; Lendahl et al., 1990) and can be considered a 

core intermediate filament protein essential for cytoskeletal formation during 

neurogenesis (Herrmann & Aebi, 2000). Nestin is expressed in the developing 

embryonic cerebrum and in the postnatal developing cerebellum (Lendahl et al., 

1990). The association of nestin expression with neurogenesis during development 

has led researchers to conduct studies that have identified it as a neuroepithelial stem 

or progenitor cell marker (Cattaneo & McKay, 1990; Frederiksen & McKay, 1988; 

Mujtaba et al., 1998; Tohyama et al., 1992; Valtz et al., 1991). Nestin is not only 

expressed by neural progenitors, with expression also reported in other non-neural 

progenitor populations: myogenic progenitors of skeletal muscle and heart (Lendahl et 

al., 1990; Sejersen & Lendahl, 1993), the developing tooth bud (Terling et al., 1995) 

and hair follicle sheath progenitors of the skin (Li et al., 2003b).  

 

Therefore due to this reputation as a progenitor cell marker in a variety of tissues, and 

in particular its identification as a neuroepithelial stem or progenitor cell marker, 

nestin might play a role in identifying progenitors in the olfactory epithelium. Studies 

conducted specifically on the olfactory epithelium of the developing mouse, have 

indicated that nestin mRNA was not found in detectable levels (Dahlstrand et al., 

1995). Nevertheless, a study conducted by Pixley et al (1996) determined that 
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olfactory ensheathing cells were positive for nestin and that olfactory neurons and 

neural progenitors were negative. In more recent times it has been observed that 

expression of nestin is present in the basal region of the adult olfactory epithelium. 

Interestingly, the expression was found to be restricted to the inferior or hind feet of 

the sustentacular cells and not the basal cells, the putative stem cells of the mucosa 

(Doyle et al., 2001).   

1.4.6.2  β-1-integrin 

Interactions between cells and the extracellular matrix and cell-cell interactions are 

vital to the development and maintenance of multicellular organisms. The most 

commonly known and widely studied family of proteins that regulate these 

interactions are the integrins (reviewed by (De Arcangelis & Georges-Labouesse, 

2000; Hynes, 2002). Integrins are heterodimeric transmembrane receptors composed 

of non-covalently associated α and β chains that are able to influence not only cell 

adhesion but survival, proliferation and differentiation (Schwartz et al., 1995). 

Amongst this family β-1-integrin plays a vital role during mouse development, with 

the absence of all β-1-integrin leading to inner cell mass failure and  peri-implantation 

lethality at day 5 (Stephens et al., 1995). More specifically β-1-integrin influences the 

development of the mesoderm and central nervous system and neural tube closure (De 

Arcangelis & Georges-Labouesse, 2000) and is essential for normal cortical 

development (Schmid & Anton, 2003). Of interest to this study, β-1-integrin 

influences the maintenance or self-renewal of stem cell populations (Brakebusch et 

al., 2000; Campos et al., 2004; Levy et al., 2000; Zhu et al., 1999). The best studied 

model of the effects of β-1-integrin on stem cells populations is in the epidermis 

where enrichment of cell populations for high β-1-integrin expression resulted in 

enrichment for stem cells (Jensen et al., 1999; Jones et al., 1995). Likewise, an 

interference or a decrease in β-1-integrin expression is associated with depletion of 

epidermal stem cells and a subsequent increase in differentiation (Grose et al., 2002; 

Zhu et al., 1999). Similarly, β-1-integrin is involved in the maintenance of neural stem 

cell populations and influences the formation of neurospheres (Campos et al., 2006; 

Campos et al., 2004; Leone et al., 2005).  
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Interestingly, β-1-integrin is expressed in the olfactory mucosa by horizontal basal 

cells and olfactory ensheathing cells (Carter et al., 2004). The expression of β-1-

integrin by horizontal basal cells in particular, adds weight to the argument that the 

horizontal basal cells may be the stem cell in the olfactory mucosa.  

1.4.6.3  Hes1 and Hes5 

The basic helix-loop-helix (bHLH) proteins make up a superfamily of transcriptional 

regulators known to regulate the proliferation and differentiation of cells during 

development (Jones, 2004). During neurogenesis members of the bHLH superfamily 

have opposing effects. Some members of this family actively promote the 

differentiation of progenitors down a neuronal lineage. These members are known as 

activator type bHLH transcription factors (Lee, 1997). Mammalian achaete-scute 

homologue-1 (Mash-1) and neurogenin-1 (Ngn1) are included in this group and, as 

previously mentioned, are known to be important in the initial stages of neural 

determination in the olfactory mucosa (Cau et al., 1997; Gordon et al., 1995; 

Guillemot & Joyner, 1993). In opposition to the activator type bHLH transcription 

factors are the repressor type bHLH transcription factors. Amongst the repressor type 

bHLH proteins are Hes1 and Hes5 (mammalian hairy and Enhancer of split 

homologues 1 and 5). Hes1 and Hes5 are expressed by neural stem or progenitor cells 

(Akazawa et al., 1992; Allen & Lobe, 1999; Sasai et al., 1992) and are known to 

inhibit neuronal differentiation by antagonizing the activator type bHLH proteins such 

as Mash-1 and Ngn1, while allowing proliferation (Chen et al., 1997; Sasai et al., 

1992). 

 

 In accordance with their roles in the maintenance of neural stem or progenitor 

populations, both Hes1 and Hes5 are expressed in the olfactory mucosa (Manglapus et 

al., 2004). When the olfactory epithelium is lesioned by methyl bromide exposure, 

destroying receptor neurons and sustentacular cells, as well as some basal cells and 

duct cells, Hes1 and Hes5 expression is increased as stem or progenitor cells begin to 

proliferate to meet the challenge of re-populating the tissue (Manglapus et al., 2004). 

Hes1 expression was apparently restricted to globose basal cells that give rise to 

sustentacular cells; Hes5 was expressed by globose basal cells and olfactory 
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ensheathing cells (Manglapus et al., 2004). Interestingly, globose basal cells that 

expressed Hes5 were “positioned closer to the basal lamina in the normal olfactory 

epithelium than is typical of most globose basal cells” (Manglapus et al., 2004). That 

is, expression was found in areas close to the basement membrane that are usually 

associated with horizontal basal cells. However, the authors were quick to rule out the 

possibility that these cells were in fact horizontal basal cells by finding them to be 

Bandeiraea simplicifolia Iβ4 isolectin (BS-I) negative, a marker known to label 

horizontal basal cells (Chen et al., 2004b; Holbrook et al., 1995). Nevertheless, the 

similarity in expression to that of β-1-integrin is worthy of note.  

 

The expression patterns of these stem or progenitor cell markers in the olfactory 

mucosa provide no conclusive indication as to the identity of the olfactory stem cell. 

Horizontal basal cells express β-1-integrin (Carter et al., 2004) whereas globose basal 

cells express Hes1 and Hes5 (Manglapus et al., 2004). Nestin expression is shown in 

sustentacular cells (Doyle et al., 2001). Interestingly the cell type which has the 

phenotypic profile most consistent with that of a stem cell population is the olfactory 

ensheathing cell. Ensheathing cells express nestin, β-1-integrin and Hes5 (Carter et 

al., 2004; Manglapus et al., 2004; Pixley, 1996). It is interesting to recall that the 

identity of the stem cell in the subventricular zone of the forebrain is believed to be 

glial (Capela & Temple, 2002; Chiasson et al., 1999; Doetsch et al., 1999; Doetsch et 

al., 1997; Laywell et al., 2000). Thus the expression of stem cell markers by olfactory 

ensheathing cells may prove significant. However, as yet there is no evidence, in vivo 

or in vitro, of stem cell behaviour by ensheathing cells.  

1.5  Neurospheres 

As well as the expression of stem or progenitor cell markers, the formation of 

neurospheres has also been extremely important in determining the presence, potential 

and putative identity of stem cell populations, in particular in the adult forebrain. The 

formation of neurospheres has also been observed in other neural tissues including the 

spinal cord (Weiss et al., 1996), eye (Ahmad et al., 2000), ear (Li et al., 2003a) and 

hippocampus (Shetty & Turner, 1998). The significance of the generation of 
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neurospheres from cultures derived from the central nervous system has led to the 

recognition of these clusters as a significant part of neural stem cell research. More 

recently it has also been found that non-neural tissues such as muscle (Romero-Ramos 

et al., 2002), adipose tissue (Kang et al., 2004), skin (Belicchi et al., 2004; Toma et 

al., 2001), bone marrow (Kabos et al., 2002) and kidney (Oliver et al., 2004) are also 

able to generate neurospheres. In these studies the formation of neurospheres was 

instrumental in establishing the multipotency of stem cells and in particular was 

valuable in determining the ability of cells to differentiate into neural cell types.  

1.5.1  Neurosphere formation from the olfactory mucosa 

The olfactory mucosa is capable of generating neurospheres. Roisen et al (2001) 

observed the formation of spheres from biopsies of olfactory epithelium derived from 

cadavers and cultured in 10% foetal bovine serum. These spheres failed to express 

nestin but gave rise to neurons and glia (Roisen et al., 2001). Using frozen stocks of 

biopsies, other experiments in the same laboratory generated nestin-positive spheres 

in serum containing (78% nestin-positive) and serum free conditions (between 36.2% 

and 68.8% nestin-positive), although the cells were only able to survive in serum free 

conditions after a series of serial serum dilutions (Zhang et al., 2004). Not only were 

spheres found to be positive for nestin expression, but GFAP expression was also 

apparently significantly reduced in this study (Zhang et al., 2004). Interestingly, 

growth factors such as brain derived neurotrophic factor (BDNF), basic fibroblast 

growth factor (bFGF), ciliary neurotrophic factor (CNTF), epidermal growth factor 

(EGF), nerve growth factor (NGF) and neurotrophin-3 (NT-3) had no effect on cell 

viability (Zhang et al., 2004). Similarly, using patient biopsies, Murrell et al (2005) 

demonstrated the formation of nestin-positive neurospheres in serum containing 

medium.  

1.6  Multipotency of Olfactory Stem Cells 

As previously mentioned, initial experiments with neural stem cells demonstrated 

their multipotency by generating neurospheres and differentiating them into the 
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spectrum of neural cell types including; neurons, astrocytes and oligodendrocytes 

(Reynolds & Weiss, 1992). Similarly, primary human olfactory neurosphere cells 

differentiated into both neurons and glia (Murrell et al., 2005; Roisen et al., 2001). 

Single dissociated neurosphere cells (clonally derived) were also multipotent, 

differentiating into the major neural cell types: neurons, astrocytes and 

oligodendrocytes (Murrell et al., 2005; Othman et al., 2005).(Zhang et al., 2006) 

showed that olfactory neurosphere cells expressed a motoneuron marker (islet 1/2) 

when transfected with specific combinations of transcription factors (Neurogenin-2 + 

HB9 and oligodendrocyte transcription factor-2 + HB9). Murrell et al (2005) provided 

evidence that human derived primary neurospheres and clonally derived neurosphere 

cells differentiated into non-neural cell types when provided with appropriate 

environmental cues. Using a transwell induction assay, whereby the human olfactory 

cells were cultured beneath neonatal rat organ slices, both primary and clonal 

neurospheres expressed liver markers, skeletal muscle markers or heart markers 

(Murrell et al., 2005). 

 

Other studies have highlighted the potential of neural stem cells to differentiate 

beyond the boundaries of the neural lineages. In particular, studies conducted by 

Bjornson et al (1999) and Clarke et al (2000) are significant because they 

demonstrated that neural stem cells reconstitute the bone marrow of irradiated mice 

and incorporate into a variety of organs in the developing chick embryo (Bjornson et 

al., 1999; Clarke et al., 2000). Using similar paradigms, studies in our laboratory 

examined the multipotency of olfactory cells. Unmanipulated and unpurified, freshly 

dissociated rat olfactory epithelium or lamina propria, injected into the tail vein of 

sublethaly irradiated rats, gave rise to hematopoietic cells (Murrell et al., 2005)(Figure 

1.8 right). Cells dissociated from mouse olfactory neurospheres incorporated into the 

developing chick embryo and differentiated into a variety of tissues including the 

allantois, limb bud, pharyngeal arch and heart (Figure 1.8 left) (Murrell et al., 2005). 
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Figure 1.8: Potency of stem cells derived from the olfactory mucosa. 
Transplanted rat olfactory stem cells gave rise to leukocytes in blood of 
irradiated hosts (A) and to multiple cell types in the chick embryo (B). Donor-
derived leukocytes in the blood of transplanted host animals (green cells 
immunostained for CD45 RT7.2 alloantigen) (B). Mouse cells (blue Xgal 
staining) 4 days after transplantation of dissociated olfactory epithelial cells 
into chick gastrula identified in allantois (a), limb bud (l), pharyngeal arch (p) 
and heart (h) (A). (Taken from (Murrell et al., 2005)) 

 

The transplantation studies of Murrell et al (2005) raise the question of whether the 

observed multipotency is a function of the population or of individual cells. Perhaps 

within the neurosphere or the olfactory mucosa there exist cells that are able to 

differentiate into hematopoietic cell types, and other cells that are able to differentiate 

into cardiac phenotypes. If this were true, the multipotency of neurosphere or 

olfactory cells represents the ability of the population to respond to extracellular cues 

rather than the multipotency of a single stem cell population. However, the 

differentiation of clonally derived olfactory neurosphere cells into neural (neurons, 

astrocytes and oligodendrocytes) and non-neural phenotypes (liver, skeletal muscle 

and heart) (Murrell et al., 2005; Othman et al., 2005) suggests that there is a 

population of cells within the olfactory mucosa that is truly multipotent.  

1.7  Summary 

Stem cells are defined as: a cell that is both multipotent and capable of self-renewal.  

 

The reconstitution of irradiated bone marrow demonstrated the ability of 

hematopoietic stem cells to generate the cells of the hematopoietic system (Morrison 

A B
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et al., 1997; Weissman et al., 1978). Specific cytokines have also been used to direct 

the differentiation of hematopoietic stem cells down specific hematopoietic lineage 

pathways (Lotem & Sachs, 2002; Pluznik & Sachs, 1966; Sachs, 1995). 

Hematopoietic stem cells can also differentiate beyond the constraints of the 

hematopoietic system. When exposed to an appropriate environmental niche 

hematopoietic stem cells differentiate into a variety of cell types including; liver, 

pancreas, heart, brain and kidney (Brazelton et al., 2000; Eglitis & Mezey, 1997; 

Ianus et al., 2003; Jackson et al., 2001; Lagasse et al., 2000; Masuya et al., 2003; 

Orlic et al., 2001).  

 

Reynolds et al (1992) demonstrated the potential of brain derived neural stem cells, 

grown as neurospheres, to differentiate into the major cell types of the brain (neurons, 

astrocytes and oligodendrocytes) in defined culture conditions. Neurosphere derived 

neural stem cells also differentiate into non-neural cells wells exposed to a foreign 

environmental niche, such as the developing chick embryo (Clarke et al., 2000) or the 

bone marrow of irradiated rats (Bjornson et al., 1999).  

 

The potential of olfactory basal cells has been demonstrated by Chen et al (2004). 

Globose basal cells, injected into regenerating olfactory epithelium, differentiated into 

olfactory cell types; neurons, sustentacular cells and gland cells (Chen et al., 2004b). 

Murrell et al (2005) demonstrated that olfactory cells differentiate into non-olfactory 

cell types. In defined conditions human olfactory neurosphere cells differentiated into 

the major cell types of the brain (neurons, astrocytes and oligodendrocytes) (Murrell 

et al., 2005). When exposed to a foreign environmental niche human olfactory 

neurosphere cells incorporated into the developing chick embryo and rat olfactory 

cells reconstituted the bone marrow of irradiated rats (Murrell et al., 2005). 

 

Therefore it is apparent that the environmental niche is which a stem cell is placed 

may direct its multipotency. In this way the differentiation of stem cells can be 

manipulated by the niche provided by a foreign tissue environment or defined culture 

conditions.  

 

The self-renewal of stem cells is more complicated to determine. As the lineages of 

both hematopoietic and olfactory cells indicate, the differentiation of stem cells into 
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specialized cells is brought about by a gradual acquisition of phenotype. As a result, it 

is difficult to determine ‘true’ stem cells from downstream progenitors. As 

experimentation in the hematopoietic system shows, numerous markers have been 

tested to identify the stem cell (Table 1.1), yet the unequivocal identity of the stem 

cell in this tissue is unknown. Therefore, as yet, a completely pure population of ‘true’ 

stem cells can’t merely be sorted from surrounding tissue cells and proliferated in 

vitro to assess self-renewal.  

 

To determine the self-renewal of neural stem cells from the brain, Reynolds et al 

(1992) utilized the formation of neurospheres. After establishing the conditions 

required for neurosphere formation, they were able to provide an environment that 

induced some neurosphere cells plated at clonal density (one cell per well), to give 

rise to secondary neurospheres – self-renew.        

 

Therefore culture conditions can be established to allow the formation of 

neurospheres from stem cells. The formation of neurospheres can then be used to 

assess neural stem cell self-renewal. 

1.8  Aims 

The aim of this study is to investigate the potential of rat olfactory stem cells growing 

as neurospheres. The hypothesis is that the rat olfactory mucosa contains a “true” 

stem cell population that can be cultured as neurospheres and that will differentiate 

into “non-olfactory” cell types demonstrating multipotency and self-renewal, if 

provided with the appropriate environmental niche. This hypothesis will be tested in 

the following experiments; 

1) The generation of neurospheres from adult rat olfactory cells will be 

examined. The formation of neurospheres will be used to establish the self-

renewal potential of olfactory stem cells (Chapter 3).   

2) The phenotype of olfactory neurospheres will be assessed. In particular the 

expression of progenitor / stem cell markers (nestin, Hes1, Hes5 and β-1-

integrin) as well as neuronal and glial markers will be examined (Chapter 3).  
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3) By manipulating the surrounding environmental niche the multipotency of 

olfactory neurosphere cells will be determined.  

a. Using defined culture conditions the capability of neurosphere cells to 

differentiate down a specific neural pathway, the dopaminergic 

lineage, will be assessed (Chapter 4). 

b. A variety of co-culture techniques will be implemented to evaluate the 

capacity of neurosphere cells to differentiate to express liver, cardiac or 

skeletal muscle markers (Chapter 5). 

c. Co-culture experiments utilizing the pre-adipocyte cell line 3T3-L1 

will be used to attempt to generate adipocytes from neurosphere cells 

(Chapter 6). 

d. Using the methods established by Hakelien et al (2002), cellular 

reprogramming will be applied to neurosphere cells in an attempt to 

convert them into T cells (Chapter 7). 
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2.0   Materials and Methods 
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2.1  Materials 

2.1.1  Cell culture materials 

Foetal calf serum, Dulbecco’s modified eagles medium/Ham’s nutrient mixture F-12 

(DMEM), Hank’s balanced salt solution (HBSS) and trypsin (0.25% trypsin-0.02% 

Ethylenediamine Tetra acetic Acid (EDTA)) were purchased from JRH Biosciences 

Inc, Lenexa, KS, USA.  

 

ITS (insulin, transferrin, sodium selenite and sodium pyruvate) and penicillin-

streptomycin were purchased from Gibco-Invitrogen, Carlsbad, CA, USA. Poly-L-

Lysine (PLL), Collagenase IA, Collagenase H and DEAE-dextran 

were purchased from Sigma, St Louis, MO, USA. 

 

Epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF) were 

purchased from Chemicon International, Temecula, CA, USA. Dispase II and DNase I 

were purchased from Roche Applied Science, GmbH, Germany. ViraPortTM cDNA 

library retroviral supernatants kit was purchased from Stratagene, La Jolla, CA, USA. 

 

Sigma cytology system was purchased from Sigma laboratory centrifuges, GmbH, 

Germany. SuperFrost PlusTM microscope slides were purchased from Menzel-Glaser 

GmbH Germany 

2.1.2  Immunocytochemistry materials 

Bovine serum albumin (BSA), Hoechst 33342, triton X-100, sodium azide (NaN3) 

paraformaldehyde ((CH2O)n ) and phosphate buffered saline reagents (sodium 

chloride (NaCl), sodium phosphate dibasic (Na2HPO4) and sodium phosphate 

monobasic (NaH2PO4
.2H2O) were purchased from Sigma St Louis, MO, USA. Goat 

serum was purchased from Chemicon International, Temecula, CA, USA. 
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Secondary antibodies; goat anti mouse IgG conjugated with AlexaFluor 594 / 488, 

goat anti rabbit IgG conjugated with AlexaFluor 568 / 488, goat anti mouse IgM 

conjugated with AlexaFluor 594 and goat anti mouse IgA conjugated with AlexaFluor 

594 were purchased from Molecular Probes – Invitrogen, Carlsbad, CA, USA. 

2.1.3  Molecular biology materials   

Solution D reagents (guanidinium thiocyanate, sodium citrate, Sarkosyl, β-

mercaptoethanol, sodium acetate, RS buffer reagents (Tris (hydroxymethyl) 

aminomethane Hydrochloride (Tris-HCl), sodium chloride (NaCl), magnesium 

chloride, potassium acetate, 2.5x sequencing buffer reagents (Tris-HCl and 

magnesium chloride), TBE buffer reagents (Tris, Boric acid and EDTA), Ethidium 

Bromide, 6 x DNA loading buffer reagents (Bromophenol blue, glycerol and Tris-

HCl) and agarose were purchased from Sigma St Louis, MO, USA. 

 

Hyper Ladder IV (100bp-1 000bp) was purchased from Bioline, Randolph, MA, USA. 

H2O saturated phenol, chloroform-isoamyl-alcohol and PCR grade DNase I were 

purchased from Ambion, Austin, TX, USA. Qiaquick gel extraction kit was purchased 

from Qiagen, Hilden, GmbH, Germany. 

 

Oligo(dT)12-18, dNTPs, RNase OUT (Recombinant Ribonuclease Inhibitor), RNase 

inhibitor, dithiothreitol  (DTT), superscriptTM II reverse transciptase, RNase H 

(Ribonuclease H ), Taq DNA polymerase, magnesium chloride solution (MgCl2) and 

1xPCR buffer were all purchased from Invitrogen, Carlsbad, CA, USA. 

 

Big dyeTM terminator cycle sequencing ready reaction kit was purchased from Perkin 

Elmer Life Sciences, Melbourne, Vic, Australia. 
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2.2  Cell culture methods 

2.2.1  Animals 

Female adult (6weeks), Sprague-Dawley rats were used throughout, and were 

obtained from the Royal Brisbane Hospital Animal House (Queensland, Australia). 

Animals were killed by lethal injection (pentobarbitone sodium) in accordance with 

the guidelines of Griffith University Animal Ethics Committee and the National 

Health and Medical Research Council of Australia.  

2.2.2  Olfactory mucosa cultures 

Rat olfactory epithelium was prepared as described in (Feron et al., 1999) and lamina 

propria was prepared as described in (Murrell et al., 2005). In brief, the olfactory mucosa 

was dissected free from the nasal cavity and washed twice in Hank’s balanced salt solution 

(HBSS). After washing, the olfactory mucosa was incubated for 45 minutes at 37oC in 

2.4U/mL Dispase II solution. The olfactory epithelium was then carefully separated from 

the underlying lamina propria using a microspatula. The lamina propria was removed and 

washed in 9mL of HBSS, then incubated at 37oC for 10 minutes in 1mL of a 0.25% 

Collagenase IA solution made up in DMEM-ITS (Dulbecco’s modified eagles 

medium/Ham’s nutrient mixture F-12 (DMEM) supplemented with ITS [insulin (10 

µg/mL), transferrin (5.5 µg/mL), sodium selenite (6.7ng/mL) and sodium pyruvate (110 

µg/mL)] and penicillin (100 U/mL) and streptomycin (100 µg/mL)). The tissue was 

dissociated by gentle trituration and the Collagenase activity stopped by adding 9mL 

HBSS. The dissociated cells were then centrifuged and resuspended in 10mL DMEM-FCS 

(Dulbecco’s modified eagles medium/Ham’s nutrient mixture F-12 (DMEM) with 

penicillin and streptomycin, plus 10% heat inactivated foetal calf serum (FCS). After the 

removal of the lamina propria the remaining olfactory epithelium was collected in HBSS 

and gently triturated to separate the cells. The dispersed cells were then centrifuged and 

resuspended in 10mL DMEM-FCS. The lamina propria cells and olfactory epithelium cells 

were then combined and plated on uncoated plastic dishes.  
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2.2.3  Neurosphere forming conditions 

The generation of neurospheres from rat olfactory mucosa is outlined in Figure 2.1. 

Primary olfactory mucosa cultures or expanded dissociated neurosphere cells, were 

expanded in DMEM-FCS until confluence, usually 8-12 days. Once confluent, the cells 

were washed twice with HBSS to remove serum products, then were passaged by using a 

2/5 solution of 0.25% trypsin, 0.02% ethylenediaminetetraacetic acid (EDTA) in HBSS and 

incubating at 37oC in 5% CO2 for 10 minutes, after which DMEM-FCS was added to 

inhibit the trypsin. The detached cells were then collected, centrifuged and resuspended in 

DMEM-ITS. Cell counting was then carried out in triplicate, using a haemocytometer, to 

ensure an accurate estimate of cell numbers. Once the cell count was carried out, the cells 

were plated onto 6 well plastic plates that had been coated with poly-L-lysine 

(PLL)(0.85µg/cm2) for 3-4 hours. The medium for neurosphere formation was DMEM-ITS 

+ 25ng/mL basic fibroblast growth factor-2 (bFGF-2) + 50 ng/mL epidermal growth factor 

(EGF). For all the neurosphere formation experiments 3 wells were established for each 

condition per experiment and the experiments repeated three times.  

 

 
 
Figure 2.1: Outline of experimental protocol for neurosphere formation. Olfactory 
mucosa is proliferated in DMEM + 10% foetal calf serum (DMEM-FCS) prior to 
passaging into neurosphere forming conditions. Neurosphere forming conditions 
include epidermal growth factor (EGF) plus basic fibroblast growth factor (bFGF) 
on poly-L-lysine (PLL) coated wells. Neurospheres are dissociated using Dispase II 
and DNase I.  
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2.2.4  Dissociating neurospheres 

After neurospheres had formed, the wells were gently washed 3 or 4 times with DMEM-

ITS to collect floating neurospheres and neurospheres that were loosely attached. The 

harvested neurospheres were then centrifuged and resuspended in DMEM-ITS and placed 

into a petri dish. Using a dissection microscope individual neurospheres were collected and 

placed into fresh DMEM-ITS in a 10mL tube. In order to dissociate the neurospheres they 

were then centrifuged and resuspended in 9mL of HBSS, prior to being centrifuged again 

and resuspended in 1mL of Dispase II 2.4U/mL with 10µg/mL of DNase I. The 

neurospheres were then placed in an orbital shaker at 37oC, 100 rpm, with the tube angled 

to increase the agitation of neurospheres, for 15 minutes after which the neurospheres were 

gently triturated 15 times. To ensure that all the neurospheres were fully dissociated they 

were returned to the shaker for a further 15 minutes and upon completion were gently 

triturated a further 15 times. The dissociated neurospheres were then washed in 9mL of 

HBSS and resuspended in DMEM-FCS and plated onto plastic dishes. 

2.2.5  Neurosphere counts 

Prior to PLL coating the underside of the plastic culture wells were scribed with horizontal 

lines using a needle, to aid cell counting. During neurosphere counting each well was 

scanned twice, the first time to count attached neurospheres and the second to count 

neurospheres that may be floating in the medium. In order to be classified as a ‘neurosphere’ 

an aggregate needed to be at least 100µm in diameter, spherical and optically dense.   

2.2.6  Immunocytochemistry 

Cells were fixed in 4% paraformaldehyde in PBS for 7 minutes, washed and stored in 

phosphate buffered saline (PBS) + 0.1% sodium azide. Wells were blocked in 10% goat 

serum, 2% bovine serum albumin (BSA), 0.1% triton X-100 in PBS for 1 hour at room 

temperature. Primary antibodies were applied in blocking solution for 1hour at room 

temperature, after which cells were washed in PBS. Secondary antibodies; goat anti mouse 

IgG conjugated with AlexaFluor 594 / 488, goat anti rabbit IgG conjugated with 
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AlexaFluor 568 / 488, were applied at 5µg/mL, for 1hour at room temperature. The cells 

were washed in PBS, then the nuclei were stained with 1mM Hoechst 33342 for 10 minutes 

and the cells washed again. Control immunocytochemistry, without primary antibody, was 

carried out for each secondary antibody used in every experiment.  

2.2.7  GFP labelling of neurosphere cells 

Green fluorescent protein (GFP) labelling of rat neurosphere cells was carried out by 

Nick Cameron. Transduction experiments used a pFB-hrGFP (ViraPortTM) retroviral 

control supernatant that contains a Moloney Murine Leukemia Virus-based (MMLV) 

replication-defective retrovirus. The retrovirus contains a humanized form of GFP 

gene that was cloned unidirectionally into a pFB XR vector (ViraPortTM).  The 

estimated viral titre was 4.9×107 infectious virus particles in 1.8 mL of DMEM-FCS. 

Whole neurospheres were dissociated as described above, and cells were seeded at 

approximately 10 000 cells/cm2 and cultured in DMEM-FCS for 2 days prior to 

transduction. Transduction was carried out by incubating the cells with a solution 

containing 10µg/mL DEAE-Dextran, retroviral supernatant determined to contain 

approximately 10 virus particles per cell and DMEM-FCS to a final volume of 1 mL. 

Cells were incubated with the retroviral solution for 3 hrs at 37°C. Following the 

addition of 1 mL DMEM-FCS after 3 hrs, cells were further incubated for 2 days. 

After this period, the success of the viral transduction was confirmed by microscopy. 

GFP-positive cells were sorted by fluorescence activated cell sorting (FACS) using a 

FACS Vantage (BD biosciences) cell sorter equipped with a 488-nm argon ion laser. 

2.2.8  Cytospinning 

Cytospinning is a centrifugal technique that allows unfixed cells to be gently attached onto 

a glass microscope slide. To establish the phenotype of first, second, third and sixth 

generation neurospheres they were dissociated as previously described and cells were 

resuspended in DMEM-FCS after dissociation. The dissociated neurosphere cells were then 

cytospun at 1100rpm for 5 minutes onto SuperFrost PlusTM microscope slides (Menzel-
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Glaser) using the SIGMA cytology system as per instructions at a density of ~10 000 

cells/slide.  

2.3  Molecular biology methods 

2.3.1  RNA extraction 

2.3.1.1  Chomzynski Zimmermann method 

RNA was extracted from neurospheres based on a method that combined those 

developed by (Chomczynski & Sacchi, 1987) and (Zimmermann & Schultz, 1994). 

Neurospheres were collected in DMEM-ITS and centrifuged for 3 minutes at 300g,  

the pellet was resuspended in 500µL of Solution D (4M guanidinium thiocyanate, 

25mM sodium citrate pH 7.0, 0.5% Sarkosyl and 0.72% β-mercaptoethanol). The 

neurospheres were then sonicated to aid cellular disruption. The following solutions 

were added in order with gentle inversion mixing between each addition; 50µL of 2M 

sodium acetate pH 4.0, 500µL H2O saturated phenol, and 200mL chloroform-isoamyl 

alcohol mixture (49:1). Once all the solutions were added the mixture was vortexed 

for 10 seconds and placed on ice for 15 minutes. The suspension was then centrifuged 

at 13 000 x g for 30 minutes at 4oC. The aqueous phase, containing RNA, was then 

removed to a fresh tube and 500µL of isopropanol was added and the solution mixed 

thoroughly and left at -20oC overnight. The solution was centrifuged at 13 000 x g for 

20 minutes at 4oC and the supernatant discarded. The pellet was resuspended in 

150µL of solution D plus 150µL of isopropanol and left at -20oC for 3 hours. The 

solution was then centrifuged for 20 minutes at 13 000g / 4oC and the supernatant 

discarded. The pellet was washed in 75% ethanol and centrifuged at 13 000 x g for 15 

minutes and as much of the supernatant as possible was removed. The pellet was then 

air dried for 15 minutes, resuspended in RS buffer (40mM Tris-HCl pH 7.9, 10mM 

sodium chloride and 6mM magnesium chloride) and incubated at 65oC for 10 

minutes. The RNA was then treated with DNase I (2 units) in 10x buffer for 1hour at 

37oC to remove any remaining contaminating genomic DNA. 50µL of RNase free 

water was added plus 80µL RS saturated phenol and the solution vortexed. The 
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mixture was then centrifuged at 16 000 x g for 5 minutes at 4oC after which the 

aqueous phase was collected and 8µL of 3M potassium acetate pH 5.2 was added and 

the solution mixed by inversion. 300µL of 100% ethanol was added and the solution 

left at -20oC overnight. The solution was centrifuged for 15 minutes at 16 000 x g / 

4oC, air dried for 15 minutes and resuspended in RNase free water.  

2.3.1.2  Qiagen RNeasy method 

RNA was also extracted using Qiagen RNeasy Mini protocol including DNeasy 

digestion. Neurospheres were collected in DMEM-ITS and centrifuged for 3 minutes 

at 300g,  the pellet was resuspended in 350µL of buffer RLT and the neurospheres 

triturated. The neurospheres were then sonicated to aid cellular disruption after which 

350µL of 70% ethanol was added and the solution mixed by trituration. The samples 

were then placed on a RNeasy mini column and centrifuged for 15 seconds at 8 000 x 

g and the flow through discarded.  350µL of RW1 buffer was added onto the column 

and centrifuged at 8 000 x g for 15 seconds and the flow through was discarded. 10µL 

of DNase I stock solution was added to 70µL RDD buffer and the solution mixed 

gently by inversion prior to pipeting it directly onto the membrane of the column. The 

RNA was treated with DNase I for 15 minutes at room temperature after which 350µL 

of RW1 buffer was added to the column and the solution centrifuged for 15 seconds at 

8 000 x g. 500µL of RPE buffer was added onto the column and centrifuged at 8 000 

x g for 15 seconds. Another 500µL of RPE buffer was added onto the column and 

centrifuged for 2 minutes at 8 000 x g. The empty column was then spun at 8 000 x g 

for 1 minute to remove any further traces of RPE buffer. The RNA was eluted off the 

column by adding 30µL RNase free water directly onto the membrane and the column 

centrifuged at 8 000 x g for 1 minute. The elution step was repeated with a further 

30µL of water with centrifugation into the same collection tube. 

2.3.2  First-strand cDNA synthesis  

Once RNA was extracted first strand cDNA synthesis was carried out. 1µL of (0.5µg) 

oligo(dT)12-18 plus 1µL of 10mM dNTP mix was added to total RNA (up to 5µg) and 
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gently mixed. The solution was then incubated at 65oC for 5 minutes and then placed 

on ice for 1 minute. 4µL of 5x first strand buffer, 1µL of RnaseOUT, RNase inhibitor 

and 2µL of 0.1M DTT was added to the solution and gently mixed. The mixture was 

incubated for 1 minute at 42oC after which 1µL of superscript II RT was added and 

mixed into the solution. The samples continued to be incubated at 42oC for a further 

50 minutes. The reaction was terminated by incubating at 70oC for 15 minutes and 

then placing the reactions on ice. The mixture was collected by brief centrifugation 

and 1µL of RNase H was added and the solution incubated at 37oC for 20 minutes. 

The reactions were then stored at -20oC until PCR was carried out. 

2.3.3  Polymerase chain reaction (PCR) 

After first strand cDNA synthesis PCR was carried out. The PCR reaction mix included; 

1.5µL 1xPCR buffer 0.45µL (1.5mM) MgCl2, 0.3µL (0.2mM) DNTPs, 0.2µL (1U )Taq 

DNA polymerase, 0.5µL (0.3µM) of both forward and reverse primers, 0.5µL of a (¼ 

cDNA template solution in water) and 11.05µL water. Cycle profile was 5 minutes at 95oC, 

40 cycles of 30 seconds at 95oC, 60 seconds at annealing temperature (see Table 2.1), 60 

seconds at 72oC followed by 10 minutes at 72oC.  
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Gene Sequence Annealing temp Product 
Accession 
Number 

nestin 5'-GAAGCCCTGGAGCAGGAGAAGCA-3' 62 159 NM_012987 

  5'-TCCAGGTGTCTGCAACCGAGAGTTC-3'     

Hes-1 5'-CCAGACTAAAACCAAGACGGGG-3' 59 208 NM_024360 

  5'-AGCCAATGGGAGGAAGAGACAC-3'     

Hes-5 5'-CTCAGTCCCAAGGAGAAAAATCG-3' 59 192 NM_024383 

  5'-GGCTTTGCTGTGCTTCAGGTAG-3'     

Notch-1 5'-TCTGGACACAAGATCGATGGTACG-3' 60 328 XM_342392 

  5'-CGTTGACACAAGGGTTGGACTC-3'     

CD90 5'-AACACCAACTTGCCCATCCAG-3' 57 275 NM_012673 

  5'-CTTATGCCACCACACTTGACCA-3'     

TrkA  5'-TGGCTGCCTTCGCCTCAACCAG-3' 61 484 M85214 

  5'-ATGGTGGACACAGGTATCACTG-3'     

TrkB 5'-CAAGCCGGACACATTTGTTCAGC-3' 60 443 NM_012731 

  5'-AGTGTTGGGATGCCAGGTAGACCAT-3'     

TrkC 5'-AAGCAACCATGGTTCCAGCTCTCT-3' 60 246 NM_019248 

  5'-GTATAAACGCTTGGCCACCAGTCAC-3'     

P75 5'-TGCTGATTCTAGGGGTGTCCTC-3' 60 428 NM_012610 

  5'-GTGGTTGGCTTCGTCTGAGTATGTG-3'     

Lif-r 5'-CAGTGGCTGTGGCTGTCATTGTTG-3' 59 437 NM_031048 

  5'-CTCTGCTTTGGCTTGTGGCTGATAC-3'     

CD117 5'-CAGCGGCAGCGGCCTCAGGAGC-3' 59 315 D12524 

  5'-TTGATGGTGATGCCAGCCTTGG-3'     

Oct-4 5'-GGCGTTCTCTTTGCAAAGGTGTTC-3' 62 312 NM_001009178 

  5'-CTCGAACCACATCCTTCTCT-3'     

Pax-6 5'-GGAGTGAATCAGCTTGGTGGT-3' 57 298 NM_013001 

  5'-ATCTGTCTCGGATTTCCCAAGC-3'     

ICAM-1 (CD54) 5'-AGGGGACCAAGTAACTGTGAAGTG-3' 58 351 NM_012967 

  5'-GTCAGATTAGGGGCTGGATTCC-3'     

β-1-integrin (CD29) 5'-TGAATGGGACAGGAGAAAATGGACG-3' 58 487 NM_017022 

  5'-AAGCCGTTGGACCTATCGCAGTTG-3'     

β-4-integrin (CD104) 5'-CAGGAAGATTCATCCAACATCGTG-3' 59 286 NM_013180 

  5'-CATCGGAGAAGGAGGGTTTCAG-3'     

CD133 5'-CCTGGTGGGCTTCTTCTTTTG-3' 57 261 NM_021751 

  5'-TGCTTTGGGGCTTCAGTCA-3'     

CD135 5'-CCTCAAGTGGGAGTTTCCAAGG-3' 57 236 XM_221874 

  5'-CCAGCAGGTTCACGATGTTGTC-3'     

Presenilin-1 5'-ATGGCTGAAGGAGACCCAGAAG-3' 59 460 NM_019163 

  5'-CCGTGGCAAAGTAGAAAATGAGC-3'     

Table 2.1: Conditions for PCR reactions and primer sequences. 
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2.3.4  Agarose gel electrophoresis 

DNA electrophoresis was carried out at room temperature using 2% agarose gels made up 

by adding 1.2g of agarose to 60mL of 0.5 x TBE (90mM Tris, 133mM boric acid, 1.5mM 

EDTA, pH 8.0) and heating in the microwave until the agarose was dissolved. 3µL of 

ethidium bromide (10mg/mL) was added after the gel had cooled to about 60oC. The gel 

was carefully poured into the mould and the comb added and allowed to set. Once set, the 

gel was submerged in 0.5 x TBE in the gel tank. 2.5µL of 6 x loading buffer (0.25% 

bromophenol blue (w/v), 30% glycerol, 10mM Tris-HCl pH 8.0) was added to each PCR 

reaction and the solutions gently mixed prior to carefully pipetting into the wells of the 

submerged agarose gel. 5µL of Hyper Ladder IV (100bp-1 000bp) was added to a well. The 

gels were typically run at 80v for 1-2 hours after which they were viewed under ultra violet 

light.  

2.3.5  Gel extraction  

DNA fragments were excised from agarose gels using a clean scalpel blade and placed in 

pre-weighed 1.5ml tubes. The DNA was extracted from agarose gel using the Qiagen 

QIAquick gel extraction kit. Briefly, the tube, containing the gel slice was then weighed 

and the weight of the slice calculated. 3 volumes of QG buffer was added to 1 volume of 

gel (100mg ~ 100µL) and the mixture incubated at 50oC for 10 minutes with vortexing 

every 2 or 3 minutes to help dissolve the gel. Once dissolved, 1 gel volume of isopropanol 

was mixed into the sample and the solution applied to a Qiaquick spin column. The DNA 

in the mixture was then bound to the column by centrifuging for 1 minute at 18 000 x g. 

The flow through was discarded and 0.5mL of QG buffer was added to and centrifuged 

through the column at 18 000 x g for 1 minute to remove any remaining traces of agarose. 

0.75mL of PE buffer was added to the column which was then centrifuged for 1 minute at 

18 000 x g. The flow through was again discarded and the empty column re-centrifuged for 

1 minute at 18 000 x g to remove residual ethanol. The extracted DNA was eluted off the 

column by adding 30µL of water directly onto the membrane and letting the column stand 

for 1 minute prior to centrifuging for 1 minute at 18 000 x g. 
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2.3.6  DNA sequencing  

Sequencing reactions were carried out using the Big DyeTM Terminator Cycle Sequencing 

Ready Reaction Kit protocol.  

 

11.67µL of extracted DNA was combined with 4µL of Big Dye, 4µL of 2.5 x sequencing 

buffer and 0.33µL of either forward or reverse primer (final volume = 20µL). The 

sequencing reaction conditions were as follows 96oC for 5 minutes, then 30 cycles of 96oC 

for 30 seconds, 50oC for 15 seconds and 60oC for 4 minutes with a ramping time of 

1oC/second.  

2.3.6.1  Ethanol purification of sequencing products 

To the 20µL of extracted DNA solution was added a further 16µL of water plus 64µL of 

95% ethanol and the mixture was vortexed briefly and left at room temperature for 15 

minutes. The sample was then centrifuged for 20 minutes at maximum speed and the 

supernatant removed. 250µL of 70% ethanol was added to the pellet and the mixture 

vortexed briefly prior to centrifuging at maximum speed for 10 minutes. The supernatant 

was removed and the samples placed at 90oC with the lids open for 1 minute. The product 

was analysed using an ABI Model 377 DNA sequencer. 
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3.0   The formation and phenotype of neurospheres 
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3.1  Introduction 

The formation of neurospheres was important in identifying the presence of stem cells 

in the brain (Reynolds & Weiss, 1992). Subsequently, neurospheres have been used to 

determine the presence and potential of stem cells derived from various neural tissues 

including the  spinal cord (Weiss et al., 1996), ear (Li et al., 2003a), eye (Ahmad et 

al., 2000; Coles et al., 2004) and human olfactory mucosa (Murrell et al., 2005; 

Roisen et al., 2001) as well as non-neural systems including the skin (Belicchi et al., 

2004; Toma et al., 2001), kidney (Oliver et al., 2004), muscle (Romero-Ramos et al., 

2002) and bone marrow (Kabos et al., 2002).  

 

Reynolds et al (1992) generated an appropriate niche that promoted the formation of 

neurospheres from dissociated forebrain as well as single dissociated neurosphere 

cells. In this way they demonstrated the self-renewal potential of forebrain stem cells.  

 

The specific hypothesis to be tested here is that adult rat olfactory stem cells can be 

cultured as neurospheres and that these neurospheres are capable of self-renewal if 

provided with an appropriate niche. Therefore the aims of this study are to establish: 

1) the conditions for rat olfactory neurosphere formation, 2) the self-renewal of 

olfactory stem cells and 3) the phenotype of neurospheres. In particular, the self-

renewal potential of olfactory stem cells will be assessed using clonal analysis and the 

formation of many generations of neurospheres. The expression of markers associated 

with neural stem cell maintenance such as β-1-integrin (Campos et al., 2004) and the 

repressor-type basic helix–loop–helix (bHLH) genes Hes1 and Hes5 (Cau et al., 1997; 

Ishibashi et al., 1995; Moriyama et al., 2006) will be studied, along with other neural, 

glial and progenitor cell markers. 
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3.2  Materials and Methods 

3.2.1  Materials 

PKH26 red fluorescent cell linker kit, human collagen IV and anti-Neurofilament 200 

(mouse monoclonal IgG) were purchased from Sigma, St Louis, MO, USA. 

Polymerase chain reaction (PCR) primers were purchased from Proligo-Sigma, St 

Louis, MO, USA. 

 

Antibodies: anti-β-1-integrin (rabbit polyclonal), anti-tyrosine kinase receptor-1 

(TrkA) (rabbit polyclonal), anti-tyrosine kinase receptor-2 (TrkB) (rabbit polyclonal) 

and anti-tyrosine kinase receptor-3 (TrkC) (rabbit polyclonal) were purchased from 

Santa Cruz biotechnology, Santa Cruz, CA, USA. 

 

Anti-Hes1 (Hairy enhancer of split 1) (rabbit polyclonal), anti-Hes5 (Hairy enhancer 

of split 5) (rabbit polyclonal) and anti-octamer-binding transcription factor 4 (Oct-4) 

(mouse monoclonal IgG) were purchased from Chemicon international, Temecula, 

CA, USA. 

Anti-Glial Fibrillary Acidic Protein (GFAP) (rabbit polyclonal) was purchased from 

Dakocytomation, Dako, Glostrup, Denmark. 

 

Anti-Intercellular adhesion molecule-1 (ICAM-1) CD54 (mouse monoclonal IgG) 

was purchased from Pharmingen- BD Biosciences, Franklin Lakes, NJ, USA. Nestin 

(mouse monoclonal IgG) was purchased from BD Biosciences, Franklin Lakes, NJ, 

USA. Anti-P75 (Low affinity neurotrophin receptor p75NTR) (mouse monoclonal 

IgG) was purchased from Neubody Pty Ltd, Adelaide, SA, Australia. Anti-β-tubulin-

III (rabbit polyclonal) was purchased from Covance research products Inc, Berkeley, 

CA, USA. 

 

Anti-Thy1.1 (CD90) (mouse monoclonal IgG) was purchased from Serotec, 

Kidlington, Oxford, UK. Anti-CD 117 (C-Kit) (mouse monoclonal IgG) was 
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purchased from Zymed Laboratories Inc- Invitrogen, Carlsbad, CA, USA. Anti-CD 

133 (Prominin-1) (mouse monoclonal IgG) was purchased from Miltenyi Biotec, 

GmbH Germany. 

3.2.2  Methods 

3.2.2.1  Overview of experiment 

1) Optimising growth factor conditions for neurosphere formation 

2)  The formation of multiple generations of neurospheres 

3) The generation of neurospheres from single (clonal) cells 

4) An assessment of the phenotype of neurospheres 
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Figure 3.1: Outline of experiments to examine the formation and phenotype 
of neurospheres. 1) Optimising growth factor conditions for neurosphere 
formation. 2) The formation of multiple generations of neurospheres. 3) The 
generation of neurospheres from single (clonal) cells. 4) An assessment of the 
phenotype of neurospheres by immunocytochemistry (ICC) and polymerase 
chain reaction (PCR).  Neurospheres were formed in epidermal growth factor 
(EGF) and basic fibroblast growth factor (bFGF) on poly-L-lysine (PLL) 
coated wells. Cells were proliferated in DMEM + 10% foetal calf serum 
(DMEM-FCS) 
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3.2.2.2  Olfactory mucosa cultures 

Rat olfactory epithelium was prepared as described in section 2.2.2. In brief, the olfactory 

mucosa was dissected free from the nasal cavity and after incubation in Dispase II, the 

olfactory epithelium was carefully separated from the underlying lamina propria. The 

lamina propria was removed and further disaggregated in Collagenase IA solution and 

eventually resuspended in DMEM-FCS. After the removal of the lamina propria the 

remaining olfactory epithelium was collected in HBSS and gently triturated to separate the 

cells. The dispersed cells were then centrifuged and resuspended in DMEM-FCS. The 

lamina propria cells and olfactory epithelium cells were then combined and plated on 

uncoated plastic dishes.  

3.2.2.3  Neurosphere forming conditions 

3.2.2.3.1  Growth factor effects 

First generation neurospheres were generated as described in section 2.2.2. In short 

olfactory mucosa cultures were allowed to proliferate in DMEM-FCS until confluence and 

then, after carrying out a cell count, passaged onto PLL coated wells. To assess the effect 

of epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF) on olfactory 

neurosphere formation, cells were centrifuged and plated at 50 000 cells/cm2 in DMEM-

ITS, DMEM-ITS + 50ng/ml EGF, DMEM-ITS + 25ng/ml bFGF and DMEM-ITS + 

50ng/ml EGF and 25ng/ml bFGF. These concentrations have been shown to be affective 

for production of neurospheres by past members of our lab (unpublished data). The media 

were changed every 2 days at which time neurosphere counts were carried out. The effect 

of growth factors on neurosphere formation experiments were carried out in three wells per 

condition, and the experiment repeated a further two times. 

3.2.2.3.2  Effect of cell density 

To assess the effect of cell density on neurosphere formation, cells were centrifuged and 

plated at 40, 50, 60, 70, 80 and 90 000 cells/cm2 in DMEM-ITS + EGF and bFGF. Again 
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the media were changed every 2 days and neurosphere counts carried out. To determine the 

effect of cell density on first generation olfactory neurosphere formation, three wells for 

each cell density were established and the experiments repeated a further two times. 

3.2.2.4  Neurosphere counts 

Prior to PLL coating, the underside of the plastic culture wells were scribed with horizontal 

lines using a needle, to aid cell counting. During neurosphere counting each well was 

scanned twice, the first time to count attached neurospheres and the second to count 

neurospheres that may be floating in the medium. In order to be classified as a 

‘neurosphere’ an aggregate needed to be at least 100µm in diameter, spherical and optically 

dense.   

 

The number of attached and floating cells was counted every second day, prior to change of 

medium. A total number of neurospheres was calculated per well at each time period by 

adding floating and attached neurospheres (total = attached + floating). The totals were 

then averaged across the wells. 

 

Floating neurospheres were removed at medium changes. The cumulative number of 

neurospheres was also assessed for first, third and sixth generations. For each generation 

the cell density with the highest number of neurospheres was used 50 000 cells/well for 

first generation, 20 000 cells/well for third generation and 40 000 cells/well for sixth 

generation. To calculate the cumulative total at each time point: the total of that day was 

calculated for each well and added to the combined total of floating neurospheres removed 

from the well prior to that day. The cumulative totals were then averaged across the wells 

for each generation. To compare generations with different optimal plating densities the 

averages were divided (normalised) to give a cumulative total for 20 000 cells/well. That is 

the cumulative averages for the first generation were divided by 2.5 and the cumulative 

averages for the sixth generation were divided by 2. 
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3.2.2.5  Formation of second / next generation 
neurospheres 

3.2.2.5.1  Collection and dissociation of neurospheres 

After neurospheres had formed the wells were gently washed 3 or 4 times with DMEM-ITS 

to collect floating neurospheres and neurospheres that were loosely attached. The harvested 

neurospheres were then centrifuged and resuspended in DMEM-ITS and placed into a petri 

dish. Using a dissection microscope individual neurospheres were collected with a pipette 

and placed into fresh DMEM-ITS in a 10ml tube. The neurospheres were then dissociated 

as outlined in section 2.2.4 using Dispase II and DNase I, gentle shaking and trituration. 

The dissociated neurospheres were then washed in HBSS, resuspended in DMEM-FCS and 

plated onto uncoated plastic dishes. 

 

3.2.2.5.2  Proliferation of dissociated neurosphere cells 

Similar to the primary cultures, the dissociated neurospheres were allowed to proliferate to 

confluence in DMEM-FCS. When confluence was reached the DMEM-FCS medium was 

replaced by DMEM-ITS until the cells were passaged, usually less than five days. 

Proliferated first generation neurospheres were passaged and were re-plated onto PLL 

coated wells in EGF and bFGF, at 50 000 cells/cm2 and neurosphere counts and medium 

changes were carried out every 2 days. After the second generation of neurospheres had 

been collected, proliferated and plated at 50 000 cell/cm2, few neurospheres formed, 

therefore new cultures were plated on PLL in EGF and bFGF at 5, 10, 20, 30, 40 and 50 

000 cells/cm2. Neurosphere counts and medium changes were carried out every 2 days. 

Similarly, fifth generation neurospheres were collected, dissociated, proliferated and then 

plated at 5, 10, 20, 30, 40 and 50 000 cells/cm2 and cell counts carried out. 
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3.2.2.6  Single cell (clonal) Analysis of First Generation 
Neurospheres 

First generation neurospheres were produced and dissociated as described above, the 

dissociated cells were labelled with PKH26 red fluorescent cell linker kit, as per 

instructions, and plated at a density of 0.5cells/well onto wells coated with PLL in EGF and 

bFGF, uncoated wells in EGF and bFGF, uncoated wells in DMEM-FCS or collagen IV 

(5µg/cm2) coated wells in DMEM-FCS. After 24 and 48 hours wells were examined to 

determine the presence of single cells – clonal cells. The single (clonal) cells were then 

allowed to proliferate to confluence and passaged several times to increase cell numbers – 

clonal cell lines. When the cell numbers were sufficient (a confluent 175cm2 flask) the 

clonal cell lines were passaged and plated in neurosphere forming conditions.  

3.2.2.7  Cytospinning 

To establish the phenotype of first, second, third and sixth generation neurospheres they 

were dissociated as previously described and cells were resuspended in DMEM-FCS after 

dissociation. The dissociated neurosphere cells were then cytospun, as described in section 

2.2.8, at 1100rpm for 5 minutes onto SuperFrost Plus microscope slides (Menzel-Glaser) 

using the SIGMA cytology system as per instructions at a density of ~10 000 cells/slide.  

3.2.2.8  Immunocytochemistry 

Immunocytochemistry was carried out on first, second, third and sixth generation 

dissociated neurosphere cells as outlined in 2.2.6. Primary antibodies were - rabbit 

polyclonals; β-tubulin-III (0.33µg/ml), glial fibrillary acidic protein (GFAP) (6µg/ml),  β-1-

integrin (4µg/ml), tyrosine kinase receptor-1 (TrkA) (1µg/ml), tyrosine kinase receptor-2 

(TrkB)  (1µg/ml), tyrosine kinase receptor-3 (TrkC) (1µg/ml), hairy enhancer of split-5 

(Hes5)  (10µg/ml) and hairy enhancer of split-1 (Hes1) (10µg/ml) - mouse monoclonals; 

CD90 (Thy1) (10µg/ml), CD 117 (C-Kit) (5µg/ml), nestin (5.2µg/ml), neurofilament 200 

(1.11mg/ml), low affinity neurotrophin receptor p75NTR (P75) (1µg/ml), intercellular 

adhesion molecule-1 (ICAM-1 or CD54) (10µg/ml).  
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3.2.2.9  Quantification of neurosphere phenotype 

In this experiment each antibody condition was repeated three times. The percentage 

of positive cells from the replicates was represented as an average percentage ± 

standard error in the mean. The average percentages were calculated from the 

percentage of positive cells counted in ten random fields. 

3.2.2.10  mRNA extraction and RT-PCR 

Whole first generation neurospheres were harvested and RNA extracted using Qiagen 

RNeasy kit or the guanidinium thiocyanate- phenol-chloroform method (Chomzynski: 

Zimmermann method). RNA extraction was followed by DNase I (Ambion) digestion of 

genomic DNA and RT-PCR carried out.  
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3.3  Results 

The conditions for rat olfactory neurosphere formation, the self-renewal of olfactory 

stem cells and the phenotype of neurospheres generated were examined. In particular 

the self-renewal potential of olfactory stem cells was assessed by the formation of 

many generations of neurospheres, clonal analysis and the expression of markers 

associated with neural stem cell maintenance. 

3.3.1  Formation of first generation neurospheres 

3.3.1.1  Growth factor conditions and first generation 
neurosphere formation 

When cultured in either EGF, bFGF or EGF and bFGF on poly-L-lysine coated wells, 

primary olfactory mucosa cultures formed neurospheres. There was an obvious 

overall pattern in the formation of first generation neurospheres. Figure 3.2 (A-D) 

demonstrates this pattern of neurosphere formation for EGF and bFGF in 

combination. It can be seen that after one day in EGF and bFGF that the cells had 

arranged themselves into flat clumps, ‘islets’, in which many of the cells were radially 

aligned (Figure 3.2; A). At Day 2 the cells had begun to proliferate at the centre of 

these radial clumps (Figure 3.2; B), and at Day 4 these clumps had given rise to 

neurospheres (Figure 3.2; C). During this period, as well as the radial clumps that 

formed neurospheres, numerous non-sphering cells were observed. Much later in the 

culture period, Day 15 (Figure 3.2; D), some neurospheres still remained, and many of 

the non-neurosphere forming cells had started to proliferate.  
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Figure 3.2: Formation of Olfactory Neurospheres. (A-D) Formation of first 
generation neurospheres in epidermal growth factor (EGF) and basic fibroblast 
growth factor-2 (bFGF) on plastic wells coated with poly-L-lysine 
(neurosphere forming conditions) at Day 1 (A), Day 2 (B), Day 4 (C) and day 
15 (D). (E-H) Formation of sixth generation neurospheres in neurosphere 
forming conditions at Day 1 (E), Day 2 (F), Day 4 (G) and Day 15 (H). Scale 
bar = 100µm. 

 

Primary olfactory mucosa cells formed more neurospheres per well in a combination 

of EGF and bFGF than either growth factor alone or medium without any growth 

factors (Figure 3.3). The number of neurospheres formed in EGF alone plus the 

number formed in bFGF alone was greater than the number formed when EGF and 

bFGF were used in combination (EGF alone + bFGF alone > E+F). Despite the 

differences in growth factor conditions, the cells cultured in EGF and bFGF in 

combination, or individually, behaved in a similar fashion throughout the course of 

this experiment. At Day 2 there were very few neurospheres, but by Day 4 the number 

reached its peak (~ 200 neurospheres/well (Figure 3.3)). The numbers of neurospheres 

per well then declined until the end of the experiment at Day 12, as floating 

neurospheres were harvested.  
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Figure 3.3: The effect of growth factor conditions on first generation 
neurosphere formation. Formation of neurospheres from proliferated primary 
olfactory mucosa cells in growth factor free medium (ITS), epidermal growth 
factor (EGF), basic fibroblast growth factor (bFGF) and EGF and bFGF 
(E+F). The bars represent the average number of total neurospheres (attached 
+ floating) at each time period (±SEM). 

3.3.1.2  Cell density and formation of first generation 
neurospheres 

When expanded primary olfactory mucosa cultures were plated at 40, 50, 60, 70, 80 

and 90 000 cells/cm2 on poly-L-lysine coated wells in EGF and bFGF, a concentration 

curve for optimal neurosphere formation was observed (Figure 3.4). The largest 

number of neurospheres formed at a plating density of 50 000 cell/cm2 (Day 4, 237 

neurospheres/well). Across all plating densities the maximum number of neurospheres 

per well was reached on Day 4, similar to the growth factor experiments (Figure 3.3). 

The number of neurospheres then declined throughout the rest of the experiment 

(Figure 3.4).  
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Figure 3.4: The effect of cell density on first generation neurosphere 
formation. Formation of neurospheres in EGF and bFGF on poly-L-lysine 
plated at 40, 50, 60, 70, 80 and 90 000 cells/cm2. The bars represent the 
average number of total neurospheres (attached + floating) at each time period 
(±SEM). 

3.3.2  Formation of third generation neurospheres 

When plated at 50 000 cells/cm2, the number of third generation neurospheres that 

formed was much lower than the previous generations. Subsequently, expanded 

second generation neurosphere cells were plated at 5, 10, 20, 30, 40 and 50 000 

cells/cm2. From this trial the highest numbers of neurospheres were formed at a 

plating density of 20 000 cells/cm2 (143 neurospheres/well Day 6 (Figure 3.5)). There 

also was a big decrease in neurosphere numbers between 20 000 cells/cm2 and 10 000 

cells/cm2. There were no neurospheres observed at Day 2, but by Day 4 the numbers 

of neurospheres had increased greatly. The maximum neurosphere numbers were 

achieved between Day 6 and Day 8, after which their numbers decreased (Figure 3.5).  
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Figure 3.5: The effect of cell density on third generation neurosphere 
formation. Formation of neurospheres in EGF and bFGF on poly-L-lysine 
plated at 10, 20, 30, 40 and 50 000 cells/cm2. The bars represent the average 
number of total neurospheres (attached + floating) at each time period 
(±SEM). 

 

3.3.3  Formation of sixth Generation Neurospheres 

The predominant feature of the sixth generation was the large number of neurospheres 

formed. The cell plating density that allowed the largest number of neurospheres for 

the sixth generation was 40 000 cells/cm2 (436 neurospheres/well, Day 6 (Figure 

3.6)). There were no neurospheres on Day 2, followed by a substantial increase in 

neurosphere numbers at Day 4 (Figure 3.6), peaking at Day 6, after which there was a 

decline throughout the rest of the experiment as floating neurospheres were harvested 

(Figure 3.6).  Another feature of this study was the sharp decrease in neurosphere 

numbers at lower cell densities. No neurospheres were observed at a plating density of 

5 or 10 000 cells/cm2 (data not shown), and very few were recorded at 20 000 

cells/cm2. Although at a plating density of 30 000 cells/cm2 numerous neurospheres 

formed (Figure 3.6).  
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Figure 3.6: The effect of cell density on sixth generation neurosphere 
formation. Formation of neurospheres in EGF and bFGF on poly-L-lysine 
plated at 20, 30, 40 and 50 000 cells/cm2. The bars represent the average 
number of total neurospheres (attached + floating) at each time period 
(±SEM). 

 

 

The pattern of neurosphere formation for sixth generation neurospheres is 

demonstrated in Figure 3.2 (E-H). From this Figure it can be seen that after one day in 

neurosphere forming conditions (Figure 3.2; E), many of the cells had arranged 

themselves into radial clumps, islets. By Day 2 (Figure 3.2; F) small mounds at the 

centre of the islets indicated that neurospheres were beginning to form and by Day 4 

neurospheres had formed. At day 15 (Figure 3.2; H), numerous neurospheres were 

still present, but very few non-sphering cells were observed.  

3.3.4 Comparison of Neurosphere formation across the 
generations 

Data from first, third and sixth generations (demonstrated in Figures 3.4, 3.5 and 3.6 

respectively) were used to compare the formation of neurospheres across the 

generations (Figure 3.7). For each generation the cell density which produced the 

most neurospheres was selected for further analysis. For first generation the highest 
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number of neurospheres produced was at a plating density of 50 000 cell/cm2. The 

highest numbers of neurospheres produced by third and sixth generations were at a 

plating density of 20 000 cell/cm2 and 40 000 cells/cm2 respectively. Counting 

attached and floating neurospheres separately allowed the average cumulative total of 

neurospheres to be calculated for each day and generation.  

 

Floating neurospheres were removed during media changes. To calculate the average 

cumulative total of neurospheres produced by each generation the number of attached 

and floating neurospheres for each day was added to the combined total of previous 

floating neurospheres. For example; Day 6 avearge cumulative total = attached + 

floating neurospheres for Day 6 + combined total of previous floating neurospheres 

(floating neurospheres from Day 2 + floating neurospheres from Day 4).  

 

All three generations had differing maximal plating densities. Therefore, to compare 

the production of neurospheres across the generations, plating density needed to be 

taken into account. Consequently, the average cumulative total of neurospheres for 

each day was normalised for plating density. This was carried out by calculating the 

average cumulative total of neurospheres produced by 20 000 cells/cm2 plated. That is 

the average cumulative totals for first generation (50 000 cell/cm2) were divided by 

2.5, the average cumulative totals for third generation (20 000 cell/cm2) remained the 

same and the average cumulative totals for sixth generation (40 000 cell/cm2) were 

divided by 2. The resulting data is demonstrated in Figure 3.7. 
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Figure 3.7: Comparison of neurosphere formation across the generations. The 
formation of neurospheres between generations was compared using the cell 
density that produced the highest number of neurospheres; 50 000 cells/cm2 
for first generation, 20 000 cells/cm2 for third generation and 40 000 cells/cm2 
for the sixth generation. The number of neurospheres produced by 20 000 
cells/cm2 was used to compare the generations. The points represent the 
average cumulative totals at each time point normalised for plating density 
(±SEM). 

3.3.5 Formation of clonal neurospheres 

Single cell per well (clonal) cultures were established on: 1) PLL in EGF and bFGF, 

2) uncoated wells in EGF and bFGF, 3) uncoated wells in DMEM-FCS or 4) collagen 

IV coated wells in DMEM-FCS. DMEM-FCS with collagen IV was the only 

condition that induced proliferation. In this experiment 554 cells were plated across 

960 wells: 214 cells (39%) attached and 340 cells (61%) failed to attach. Of the 214 

attached cells, 116 were found in wells that contained more than one cell, leaving 98 

single (clonal) attached cells. Of these 98 clonal cells, 6 proliferated. From these 

proliferative cells, 3 generated neurospheres (3/554- 0.54%). 
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3.3.6 Phenotype of neurospheres 

The phenotype of neurospheres was assessed using immunocytochemistry and PCR.  

3.3.6.1   Phenotype of first generation neurospheres 

Immunocytochemistry (Figure 3.8) and PCR (Figure 3.9) were used to examine the 

phenotype of first generation neurospheres (Summarised in Table 3.1). Control 

immunocytochemistry, without primary antibody, showed no positive staining.  

 

 
Figure 3.8: Phenotype of cells dissociated from first generation neurospheres. 
First generation neurosphere cells were dissociated and attached to glass slides 
using cytospinning after which immunocytochemistry was carried out. 
Neurosphere cells were immunopositive for hairy enhancer of split-1 (Hes1) 
green (A), hairy enhancer of split-5 (Hes5) red (B), glial fibrillary acidic 
protein (GFAP) green (C), β-1-integrin green (D), intercellular adhesion 
molecule-1 (ICAM-1 or CD 54) red (E) and nestin green (F). Nuclei were 
labelled blue using Hoechst 33342. Scale bar = 30µm.  
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Figure 3.9: Reverse transcriptase-polymerase chain reaction (RT-PCR) 
analysis of first generation neurospheres. (A) lane 1 - Tyrosine kinase 
receptor-1 (TrkA) (484 bp), lane 2 - Tyrosine kinase receptor-3 (TrkC) (246 
bp), lane 3 - Low affinity neurotrophin receptor p75NTR (P75) (428 bp) and 
lane 4 - Tyrosine kinase receptor-2 (TrkB) (443 bp). (B) lane 1 - Presenilin-1 
(460 bp), lane 2 – Leukemia inhibitory factor receptor (Lifr) (437 bp), lane 3- 
Hairy enhancer of split-1 (Hes1) (208 bp) and lane 4- Intercellular adhesion 
molecule-1 (ICAM-1 or CD54) (351 bp). (C) lane 1 – nestin (159 bp) and lane 
2 – Thy-1 (CD 90) (275 bp). (D) lane 1- β-1-integrin (CD29) (487 bp), lane 2- 
Notch-1 (328 bp) and lane 3 – Hairy enhancer of split-5 (Hes5) (274 bp).   
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Gene 
PCR 
+/- Sequenced ICC +/- 

nestin + + + 
CD117 -  - 
Hes-1 + + + 
Hes-5 + + + 
CD90 + + + 
TrkA   + + + 
TrkB +  + 
TrkC + + + 
P75 + + + 
Oct-4 -  - 
Pax-6 -   
Lif-r + + n/t 
β-1-integrin (CD29) + + + 
β-4-integrin (CD104) -   
CD133 -  - 
CD135 -   
ICAM-1 (CD54) + + + 
Presenilin-1 + + n/t 
Notch-1 + + n/t 

Table 3.1: Summary of mRNA and protein expression in first generation 
neurospheres. Positive mRNA expression was evaluated by polymerase chain 
reaction (PCR) and protein expression assessed by immunocytochemistry 
(ICC). PCR products were confirmed by sequencing: CD 117 (c-Kit), Hes1 
(Hairy enhancer of split 1), Hes5 (Hairy enhancer of split 5), CD 90 (Thy1.1), 
TrkA (tyrosine kinase receptor-1), TrkB (tyrosine kinase receptor-2), TrkC 
(tyrosine kinase receptor-3), P75 (Low affinity neurotrophin receptor 
p75NTR), Oct-4 (Octamer-binding transcription factor 4), Pax-6 (Paired box 
protein Pax-6), Lif-r (Leukemia inhibitory factor receptor), CD29 (β-1-
integrin), CD104 (β-4-integrin), CD133 (Prominin 1), CD135 (FL cytokine 
receptor), CD54 (ICAM-1), Presenilin-1 and Notch-1. n/t indicates expression 
was not tested by immunocytochemistry.  

3.3.6.2  Immunocytochemical analysis of neurosphere 
phenotype across the generations 

From these experiments the phenotype of the neurospheres remained relatively 

unchanged across the generations (Figure 3.10). Two good examples of this 

consistency are the expression of glial fibrillary acidic protein (GFAP) and hairy 

enhancer of split-1 (Hes-1). As shown in Figure 3.10 both markers were expressed in 

a high percentage (above 70%) of cells consistently across the four generations. 

Similarly, there was consistency across the generations in the low percentage (less 

than 20%) of neurosphere cells positive for β-tubulin-III, P75 and neurofilament (NF) 

(Figure 3.10). There was variation among the mean percentages for the expression of 
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nestin (NES) and intercellular adhesion molecule-1 (ICAM-1), but their expression in 

dissociated neurospheres was relatively consistent at approximately 50% (Figure 

3.10). The most variable markers tested were β-1-integrin and hairy enhancer of split-

5 (Hes5). Nevertheless, β-1-integrin was expressed by a relatively high percentage of 

neurosphere cells (between 50 and 60%) and Hes-5 was expressed by between 30 and 

40% of neurosphere cells (Figure 3.10). Despite the variability, the expression profile 

of the sixth generation neurospheres was similar to the expression profile of the first 

generation.       
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Figure 3.10: Comparison of the phenotype of neurospheres across the 
generations by immunocytochemistry. Phenotype of dissociated neurospheres 
expressed as the percentage of positive cells. GFAP – glial fibrillary acidic 
protein, NES – nestin, bTUB-III – β-tubulin III, P75 – P75(NTR), b-1- 
integrin-1 – β−1-integrin, ICAM-1 – intercellular adhesion molecule-1, Hes1 – 
hairy enhancer of split 1, NF – Neurofilament 200 and Hes5 – hairy enhancer 
of split 5. Bars represent the average percentage of positive cells for each 
marker (±SEM).    
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3.4  Discussion 

The main findings of this study were 1) A method for the generation of neurospheres 

from adult rat olfactory mucosa was established. 2) EGF and bFGF each generated 

neurospheres but were more effective in combination. 3) Neurosphere formation was 

dependent on the initial plating density. 4) Dissociated single (clonal) neurosphere 

cells generated neurospheres. 5) The method of generating neurospheres increased the 

number of neurospheres formed with increasing generations while maintaining a 

similar phenotype. 6) Neurospheres expressed neural, glial, progenitor and stem cell 

markers. In summary, it appears that an appropriate niche induces rat olfactory 

mucosa to generate neurospheres capable of self-renewal and differentiation into 

neurons and glia. The importance of cell density and the presence of EGF and or 

bFGF suggests that these factors contribute significantly to establishing the niche 

required for neurosphere formation. 

3.4.1 The effect of EGF and/or bFGF on neurosphere 
formation 

The presence of EGF and or bFGF was essential for neurosphere formation. The lack 

of neurospheres in growth factor-free medium indicates that high plating density and 

poly-L-lysine coating alone can’t account for neurosphere formation: growth factors 

are necessary.  

 

In these experiments it would be predicted that if there were two independent stem 

cell populations the number of neurospheres formed in a combination of EGF + bFGF 

would be equivalent to those formed in EGF plus those formed in bFGF. However, 

the combination produced more than each growth factor alone, but not as many as 

EGF plus bFGF. This indicates that each factor is not acting exclusively on a 

particular cell type. Rather it suggests that there is an overlap in the EGF and bFGF 

responsive cell types and that the same cells may respond to both factors but the 

combination is a more effective mitogenic stimulus. There also was a common 
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schedule and morphology of neurosphere formation observed across the three growth 

factor conditions trialled; EGF, bFGF and EGF + bFGF. This would further indicate 

an overlap in the EGF and bFGF responsive cells. 

 

On the other hand, it is possible that there are distinct EGF and bFGF responsive cells 

capable of generating neurospheres. If there are two distinct populations of cells, able 

to respond to either EGF or bFGF by forming neurospheres, it is likely that there is 

interaction between them. That is, in the presence of EGF, EGF responsive cells may 

predominantly give rise to neurospheres, but also create an environment that allows 

bFGF responsive cells to contribute to neurosphere formation. Similarly, bFGF 

responsive cells may be the principle contributors to neurosphere formation in bFGF, 

but may create an environment that allows EGF responsive cells to form 

neurospheres. A model such as this would also help explain why the number of 

neurospheres produced in EGF + bFGF does not equal the sum of the neurospheres 

formed when each growth factor was used individually. 

3.4.2  Cell density and neurosphere formation 

Cell density was another important regulator of neurosphere formation. Others have 

shown that the number of neurospheres produced increases with the number of cells 

plated (Campos et al., 2004) and that neural stem cell proliferation was increased 

when cells were plated at high density in EGF and bFGF (Morshead & van der Kooy, 

2004). The optimal plating densities varied with generation, between 20 000 cell/cm2 

(third generation), 40 000 cells/ cm2 (sixth generation) and 50 000 cells/cm2 (first 

generation). Despite these variations, the necessity of cell-cell contact in olfactory 

neurosphere formation was evident throughout. In particular, in later generations there 

were reductions in neurosphere numbers at the lowest cell densities. This observation 

may reflect a balance between environmental conditions that will, and will not, allow 

neurosphere formation. It also suggests that there is an optimal cell density which 

provides a niche most suitable to neurosphere formation. The importance of the 

formation of a suitable niche may also be reflected in the formation of neurospheres at 

higher cell densities. The number of neurospheres decreased at the higher cell 

densities. Paradoxically as the number of cells able to form neurospheres increased 
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with the cell density, the environmental niche, at higher cell densities, did not promote 

further neurosphere formation. Thus too many cells, may create a niche that inhibits 

neurosphere formation. 

3.4.3 Clonal neurosphere formation – self-renewal 

 

Attempts were made to estimate the proportion of neurosphere cells capable of self-

renewal through clonal analysis. Several growth conditions were trialed (growth 

medium and well coating) all of which allowed cell attachment. However, serum-

containing medium and collagen IV was the only combination that allowed cell 

division (6/554 cells). Of these six clones, only three went on to form neurospheres 

after further manipulation (0.54%). No clones formed neurospheres in clonal 

conditions.  

 

The finding that cells were only able to proliferate when plated on collagen IV, and 

not on uncoated or PLL coated wells, suggests that extracellular matrix (ECM) 

molecules may be important for proliferation or perhaps self-renewal of dissociated 

olfactory neurosphere cells. Nevertheless, it can be concluded that within olfactory 

neurospheres there is a rare population of cells capable of self-renewal. 

3.4.4  Formation of six generations of neurospheres – self-
renewal 

Further evidence of the self-renewal potential of olfactory stem cells comes from the 

observation that six generations of neurospheres were generated. Significant self-

renewal potential would be required amongst the neurosphere forming cells to be able 

to generate six generations of neurospheres. However, it was noticed that when 

plating density was accounted for, there was a tendency towards increased 

neurosphere production with each generation or more accurately that fewer cells were 

required to generate neurospheres. This suggests that the culture conditions 

established promote enrichment for neurosphere forming cell types or alternatively 



 68

negative selection for non-neurosphere forming cells. Evidence of this is shown in 

Figure 3.2, where it is apparent that islets of cells from which neurospheres form are 

much larger in early generations than later ones. Non-neurosphere forming cells may 

be attracted to islets and may even be incorporated into first generation neurospheres. 

However, these cell types may be selected out from the neurosphere forming cells in 

later generations by the fact that they are unable to contribute to neurosphere 

formation. There may also be enrichment for cells that are best able to form 

neurospheres. That is, cells that function better at neurosphere formation are selected 

through the generations. 

 

The observation that the phenotype of the neurospheres remained relatively constant 

across the generations is significant. This uniformity of neurosphere phenotype 

suggests that there is a cell or group of cells that are able respond to the neurosphere 

forming conditions in a consistent way in each generation. The maintenance of this 

population through six exposures to neurosphere formation conditions and six 

expansion phases would require significant self-renewal potential. 

3.4.5  Phenotype of olfactory neurospheres  

It is apparent that olfactory neurospheres are similar to those generated from other 

tissues, in that they contain a heterogeneous population of cells including; progenitor 

cells, neurons, glia and presumably stem cells (Caldwell et al., 2001; Gurok et al., 

2004; Reynolds & Weiss, 1996; Suslov et al., 2002). Here it was shown that olfactory 

neurospheres contain a relatively high percentage of nestin-positive precursor or 

progenitor cells (~50%). Neurons (β-tubulin-III and neurofilament) and/or glia 

(GFAP) were also observed in neurospheres. 

3.4.5.1  The role of EGF and bFGF in establishing the 
phenotype of neurospheres 

Neurospheres favoured the generation of glial cells rather than neural cells, judging by 

their relative proportions. The roles of EGF and bFGF in determining the fate of 

proliferating progenitors is less clear than their roles as mitogens. bFGF, for example, 
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is pro-neurogenic in some situations (Menard et al., 2002; Takahashi et al., 1999) and 

in others, it inhibits neurogenesis and promote gliogenesis (Chen et al., 2005b; 

Duncan et al., 2005; Morrow et al., 2001). Similarly, EGF induces both neural 

(Enwere et al., 2004; Raineteau et al., 2004) and glial fates (Cameron et al., 1998; 

Kuhn et al., 1996). The development of the cerebral cortex may provide some insight 

into the regulation of differentiation in olfactory neurospheres by EGF and bFGF. 

During development of the cerebral cortex, neuron-producing ventricular zone 

progenitors become astrocyte-producing subventricular zone progenitors. This 

transition is accompanied by a significant increase in the expression of the EGF 

receptor (Eagleson et al., 1996; Kornblum et al., 1997). In support of this, it was 

found that inducing over-expression of the EGF receptor pushed the normally neural 

ventricular zone progenitors down an astrocytic lineage (Burrows et al., 1997; Caric et 

al., 2001). As mentioned previously, bFGF increases EGF receptor expression in 

neural progenitors (Campos et al., 2006; Lillien & Raphael, 2000). Therefore, the 

increased expression of the EGF receptor and concurrent exposure to EGF itself may 

result in the predominantly astrocytic phenotype observed in olfactory neurospheres.  

3.4.5.2  Expression of Hes1 and Hes5 in olfactory 
neurospheres 

A possible mechanism for the inhibition of neuronal differentiation or alternately, the 

promotion of glial differentiation is indicated by the high expression by olfactory 

neurospheres of the repressor-type basic helix–loop–helix (bHLH) genes hairy 

enhancer of split 1 (Hes1) and hairy enhancer of split 5 (Hes5) as well as the 

expression of neurogenic locus Notch homolog protein (Notch). Interestingly, 

exposure of neural progenitors to EGF and bFGF results in an increase in both Notch 

and Hes5 expression (Campos et al., 2006). Hes1 and Hes5 were highly expressed by 

neural stem cells (Akazawa et al., 1992; Allen & Lobe, 1999; Sasai et al., 1992) and 

are essential for their proliferation and self-renewal (Cau et al., 1997; Ishibashi et al., 

1995; Moriyama et al., 2006). Hes1 and Hes5 inhibit neuronal differentiation by 

antagonizing the activator-type bHLH genes, which include mammalian achaete-scute 

homolog 1 (Mash1), mammalian atonal protein homolog (Math) and neurogenin 

(Ngn) (Chen et al., 1997; Sasai et al., 1992). A more pro-active role in the promotion 

of gliogenesis is suggested by the increased generation of Muller glia in the retina 



 70

with the mis-expression of Hes1 and Hes5 (Furukawa et al., 2000; Hojo et al., 2000; 

Moriyama et al., 2006). Hes1 and Hes5 expression is regulated by Notch signalling 

(Jarriault et al., 1998; Moriyama et al., 2006), which inhibits neuronal differentiation 

and maintains neural stem cells (Gaiano & Fishell, 2002). Interestingly, Notch 

signalling may promote differentiation of glia from neural progenitors in the 

embryonic forebrain (Gaiano et al., 2000). Similarly, Notch induces an astroglial fate 

in bFGF-responsive neural progenitors derived from adult hippocampus (Tanigaki et 

al., 2001). Olfactory neurospheres express presenilin-1, which is important for Notch 

signalling in the central nervous system (Beatus & Lendahl, 1998; Hitoshi et al., 

2002; Morshead & van der Kooy, 2004). In summary, olfactory neurospheres express 

all components of the presenilin-Notch-Hes1/Hes5 pathway, which may be important 

both for maintaining stem cell self-renewal and for promoting glial versus neuronal 

differentiation.  

3.4.5.3  Expression of β-1-integrin in olfactory 
neurospheres 

The expression of β-1-integrin is associated with maintaining stem cells, that is self-

renewal (Brakebusch et al., 2000; Campos et al., 2004; Levy et al., 2000; Zhu et al., 

1999). Interestingly, β-1-integrin is expressed in the horizontal basal cells of the 

olfactory epithelium (Carter et al., 2004), but its expression has been more thoroughly 

examined in the epidermis. In the skin selection of cells with the highest expression of 

β-1-integrin enriches for stem cells (Jensen et al., 1999; Jones et al., 1995). A 

decrease in β-1-integrin expression depleted the stem cells and increased 

differentiation (Grose et al., 2002; Zhu et al., 1999). Importantly, similar findings 

have been demonstrated in neural systems. β-1-integrin expression has been found to 

be important in promoting neurosphere formation and self-renwal as well as 

progenitor proliferation (Campos et al., 2006; Campos et al., 2004; Leone et al., 

2005). Overall the findings in both skin and neural tissue suggest that β-1-integrin 

plays a role in maintaining self-renewal of stem cell or progenitor populations. 

Therefore, expression of β-1-integrin by olfactory neurospheres suggests the presence 

of a renewable progenitor or stem cell population within these clusters. The high rate 

of expression of β-1-integrin may be due to the culture conditions, because culturing 
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neural progenitors in bFGF causes an increase in β-1-integrin expression (Campos et 

al., 2006). Consequently, exposure of olfactory progenitors to bFGF may have 

increased β-1-integrin expression and may have aided the self-renewal of the 

progenitor population. 

3.4.5.4  β-1-integrin and Notch interaction in 
neurospheres 

Notch, Hes1, Hes5 and β-1-integrin play essential roles in the maintenance of neural 

progenitors and stem cells and are highly expressed in olfactory neurospheres. 

Importantly, β-1-integrin, Notch and the EGF receptor are co-expressed by neural 

progenitors and β-1-integrin and Notch co-immunoprecipitate (Campos et al., 2006). 

These findings suggest that β-1-integrin and Notch interact to maintain progenitor 

populations. These interactions help explain how extracellular matrix (ECM) (via β-1-

integrin) and growth factors (via EGF receptor) interact to influence proliferation, 

differentiation and potentially neurosphere formation.  

3.4.6  Model of rat olfactory neurosphere formation 

As discussed above integrin, extracellular matrix (ECM) molecules and growth factor 

receptor interactions influence proliferation and differentiation of neural progenitors 

and neurospheres. These interactions can be assembled into a model of olfactory 

neurosphere formation.  

3.4.6.1  Ιntegrins, ECM molecules and growth factor 
receptor interactions 

Growth factors and ECM molecules play an important role in determining cell fate 

(Bartlett et al., 1994; Dono, 2003; Edgar, 1985; Price et al., 1995); (De Arcangelis & 

Georges-Labouesse, 2000; George et al., 1993; Miner et al., 1998; Reichardt & 

Tomaselli, 1991). Therefore, it seems likely that there must be cooperation between 

receptors that are able to ‘sense’ the extracellular milieu, such as integrins and growth 
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factor receptors. This is the case, with numerous studies highlighting the ‘cross-talk’ 

between integrins and growth factor receptors such as EGF receptor (Bill et al., 2004; 

Chen et al., 1994; Miyamoto et al., 1996; Morino et al., 1995; Moro et al., 1998; 

Wang et al., 1998; Zhu & Assoian, 1995) and FGF receptors (Miyamoto et al., 1996; 

Plopper et al., 1995). The point of convergence for these receptors appears to be 

activation of the mitogen activated protein kinase (MAPK) pathway. EGF receptor 

(Davis, 1993; Wu et al., 1993), FGF receptors (Gotoh & Nishida, 1996) and integrins 

(Yurochko et al., 1992) are all able to activate MAPK. Although EGF and FGF 

receptors are able to directly activate MAPK, integrins are reliant on transducing 

molecules, such as growth factor receptors, to induce signalling pathways (Moro et 

al., 1998). Nevertheless, integrins, when bound to ECM molecules, are able to induce 

signalling pathways using growth factor receptors in the absence of receptor ligand – 

integrin-dependent activation (Bill et al., 2004; Miyamoto et al., 1996; Moro et al., 

1998; Plopper et al., 1995). Although integrin-dependent activation results in only a 

partial activation of the growth factor receptor (Miyamoto et al., 1996; Moro et al., 

1998), in combination with growth factors, cell signalling is increased. The influence 

of these interactions is apparent when EGF and β-1-integrin, bound to ECM, act 

cooperatively on the EGF receptor resulting in MAPK activation significantly greater 

than EGF alone (Cybulsky et al., 1994; Jones et al., 1997; Miyamoto et al., 1996). 

Therefore, maximum proliferation would be achieved when cells are anchored to an 

ECM and cultured in EGF. Similarly, bFGF is also able to induce proliferation 

through the MAPK pathway and in the same way as EGF, optimal cell proliferation is 

reported with integrin-ECM interaction (Ingber, 1990; Plopper et al., 1995).  

3.4.6.2  Focal adhesion complex formation and integrin, 
ECM and growth factor receptor interactions 

The aggregation of integrins induces the accumulation of growth factor receptors, 

such as EGF receptor and FGF receptors at the site of aggregation forming a focal 

adhesion complex (Miyamoto et al., 1996; Plopper et al., 1995). The significance of 

these complexes is that they bring together integrins and transducing molecules, such 

as growth factor receptors, into close proximity allowing mutual interaction to occur 

(Miyamoto et al., 1996; Plopper et al., 1995). The formation of these complexes may 

allow the integrin-dependent activation of the EGF receptor, and also account for the 
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increased MAPK activation noted when both growth factor receptor and integrin 

receptors are occupied by ligand (Miyamoto et al., 1996; Plopper et al., 1995).   

3.4.6.3  Integrin, ECM and growth factor receptor 
interactions in neural progenitors and 
neurosphere formation  

Interestingly, FGF receptors, EGF receptor, integrins and ECM molecules have been 

found in association with neural precursors and more specifically in neurospheres. 

Several studies have provided important insights into the role of ECM-integrin-

growth factor interactions in the maintenance of neural progenitor populations and 

neurosphere formation (Campos et al., 2004; Leone et al., 2005). Initially Campos et 

al (2004) demonstrated that there was expression of β-1-integrin, EGF receptor and 

ECM molecules such as laminin and fibronectin in neurospheres derived from 

neonatal rat forebrain. In particular these proteins were expressed by nestin-positive 

progenitors. They also demonstrated that sorting for cells that displayed high 

expression of β-1-integrin led to an increase in the formation of secondary 

neurospheres indicating the importance of cells with this phenotype in neurosphere 

formation (Campos et al., 2004). Further insight into the role of β-1-integrin in 

neurosphere formation was provided by Leone et al (2005). In this study it was 

determined that genetic ablation of β-1-integrin allele, and consequent loss of β-1-

integrin cell surface protein, had significant effects on the nestin-positive progenitor 

population resulting in a decrease in neurosphere size. The reduction in neurosphere 

size was due to decreased proliferation and increased apoptosis in the nestin-positive 

cells (Leone et al., 2005).  
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3.4.6.4  The impact of olfactory neurosphere forming 
conditions on Integrin, ECM molecule and 
growth factor receptor interactions 

3.4.6.4.1  Poly-L-Lysine 

The common pattern of neurosphere formation across growth factor conditions may 

be due to the effect of PLL coating. Attachment to PLL coated wells in itself may act 

as a selection process, in that PLL only allows integrin independent adhesion. Thus 

cells that are dependent on integrin activation for survival would fail to attach. 

Another aspect of PLL coating is that it is able to interact directly with the EGF 

receptor bringing about changes in ligand binding and also stimulating EGF receptor 

kinase activity (Hubler et al., 1992; Revis-Gupta et al., 1991). Therefore, while 

allowing only integrin independent binding, poly-L-Lysine may play a role in 

activating the β-1-integrin-ECM-EGF receptor interactions associated with 

neurosphere formation by stimulating the EGF receptor. 

3.4.6.4.2  bFGF 

bFGF is a stem cell mitogen that is able to induce the proliferation of a variety of 

progenitor populations (Bartlett et al., 1994; Chen et al., 2005b; Gritti et al., 1996; 

Johe et al., 1996). In fact treatment of cortical progenitor cells with bFGF resulted not 

only in an increase in proliferation of progenitors but a recruitment of quiescent cells 

into the cell cycle and a repression of differentiation (Cavanagh et al., 1997). 

Similarly in the olfactory mucosa, bFGF increases the proliferation of globose basal 

cells and inhibits neurogenesis (DeHamer et al., 1994). bFGF is not only a mitogen 

for progenitor and stem cells; it influences the expression and production of numerous 

other molecules that may impact on its ability to induce neurosphere formation. bFGF 

is able to induce the production of ECM molecules such as laminin from 

neuroepithelial cells and in particular glial progenitors (Drago et al., 1991b). In fact 

treatment of astrocytes with bFGF induces their production of both laminin and 

fibronectin (David, 1988; Fok-Seang et al., 1995; Gallo & Bertolotto, 1990; Giotta et 

al., 1986; Liesi et al., 1986; Price & Hynes, 1985; Wagner & Gardner, 2000). bFGF  
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increases the expression of both β-1-integrin and EGF receptor (Campos et al., 2006; 

Lillien & Raphael, 2000). Consequently, treatment of olfactory mucosa cells with 

bFGF may influence many aspects of β-1-integrin-ECM-growth factor receptor 

interactions and result in increased activation of MAPK signalling pathways (Ingber, 

1990; Plopper et al., 1995). bFGF exposure may allow stimulation of the MAPK 

signalling pathway through increased expression of EGF receptor (Campos et al., 

2006; Lillien & Raphael, 2000) and its subsequent interaction with β-1-integrin in an 

integrin-dependent manner (Bill et al., 2004). 

3.4.6.4.3  EGF 

EGF is also a potent stem cell mitogen (Chiasson et al., 1999; Craig et al., 1996; 

Reynolds & Weiss, 1992). As well as allowing cell proliferation through activation of 

the MAPK signalling pathway, EGF has other effects that may influence its ability to 

promote neurosphere formation. These effects include inducing the production of 

bFGF from progenitor cells (Lobo et al., 2003; Raballo et al., 2000), as well as 

influencing the production of ECM molecules by glial cells (Koochekpour et al., 

1995; Martinez & Gomes, 2002). The potential production of bFGF by olfactory 

progenitors in response to EGF is significant in that the effects of bFGF, described 

above, may then apply to EGF treated cells. This may help explain the similarities in 

the observed pattern of neurosphere formation between EGF and bFGF generated 

neurospheres.  

3.4.6.4.4  EGF and bFGF 

The use of the stem cell mitogens EGF and bFGF in concert is relatively common in 

neural stem cell culture (Bartlett et al., 1994; Gritti et al., 1999; Vescovi et al., 1993; 

Weiss et al., 1996). The evidence for their effectiveness in combination is also 

demonstrated in olfactory neural progenitors, in which the highest numbers of 

neurospheres were observed to form. Although it has been proposed that when 

exposed to EGF progenitor cells may secrete bFGF, presumably the concentration of 

this factor would be very low and would most likely act in an auto- or paracrine 
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fashion on nearby cells. However, culture of cells with high concentration of bFGF 

and EGF obviously increased the ability of cells to respond to growth factors, 

demonstrated by an increase in neurosphere formation. It has been shown that bFGF 

is able to promote the development of EGF responsive stem cells in the embryonic 

brain (Ciccolini & Svendsen, 1998; Lillien & Raphael, 2000). This ability to enhance 

EGF responsiveness is likely to be due to the increased expression of EGF receptor 

and β-1-integrin noted in exposure of neural progenitors to bFGF (Campos et al., 

2006; Lillien & Raphael, 2000).  

3.4.6.5  Model of olfactory neurosphere formation 

Based on the morphology of neurosphere formation, the phenotype of neurospheres 

and the culture conditions employed; a model of neurosphere formation can be 

proposed. Initially, olfactory mucosa cells plated onto PLL coated wells in EGF and 

bFGF would have been selected based on their ability to adhere and survive in 

integrin-independent conditions. The presence of PLL would activate the EGF 

receptor in appropriate cells (Hubler et al., 1992; Revis-Gupta et al., 1991). After 2 

days in culture glial progenitors or glial cells themselves, may have begun to respond 

to the growth factor conditions and begun production of ECM molecules such as 

fibronectin and laminin (David, 1988; Drago et al., 1991b; Fok-Seang et al., 1995; 

Gallo & Bertolotto, 1990; Giotta et al., 1986; Koochekpour et al., 1995; Liesi et al., 

1986; Martinez & Gomes, 2002; Price & Hynes, 1985; Wagner & Gardner, 2000). 

Consequently, surrounding progenitor cells, that may express β-1-integrin, could 

migrate towards and on top of these ECM secreting cells causing the characteristic 

islets of cells to form. Once β-1-integrin is bound to ECM molecules it would allow 

the formation of focal adhesion complexes. Focal adhesion complexes would bring 

together all the elements necessary for optimal activation of the MAPK pathway 

through integrin-ECM-growth factor receptor interactions resulting in enhanced 

progenitor proliferation (Miyamoto et al., 1996; Plopper et al., 1995). The continued 

cell proliferation and production of ECM molecules as well as other potential cell-cell 

interactions may induce cells to continue to aggregate eventually resulting in the 

formation of a neurosphere. 
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3.4.6.5.1  Impact of the proposed model of neurosphere formation on the 
interpretation of the results 

The proposed model may help explain some of the observed results, in particular the 

effect of cell density on neurosphere formation. In accordance with the proposed 

model of neurosphere formation, the possibility is that at low cell densities there may 

be fewer ECM producing cells and that progenitor cells may be unable to migrate to 

these sites to establish islets that will allow proliferation and neurosphere formation. 

At high cell densities the opposite may be true, in that there could be too many cells 

producing ECM molecules so that there are no focal points of production for 

progenitors to migrate towards to allow islet formation. It seems apparent that in these 

conditions an isolated progenitor cell in contact with ECM molecules and mitogenic 

growth factors is insufficient to result in neurosphere formation. Specific cell-cell 

interactions are required. There must be sufficient cells to allow possible focal points 

of ECM molecules to form, for cell migration and consequent cell-cell interaction, but 

not too many cells so that migration is prevented by widespread ECM molecule 

release. 

 

The proposed model of neurosphere formation may also impact on the enrichment of 

neurosphere forming cells across the generation. By using dissociated neurospheres 

there may be enrichment for cells best able to form neurospheres, that is have high β-

1-integrin expression or high ECM molecule production. Cells that have high β-1-

integrin expression may be able to migrate better towards ECM producing cells and 

proliferate more efficiently through β-1-integrin-ECM-growth factor receptor 

interactions with less reliance on cell-cell interaction. The culture conditions may also 

select for cells better able to produce ECM molecules. The result of this selection is 

that fewer cells would be required for neurosphere formation as selection for cells that 

are more efficient occurs. Evidence of this may be recognised in the formation of 

neurospheres from smaller islets of cells in later generations. Other studies have 

shown that selection for high β-1-integrin expression by FACS sorting results in an 

increase in secondary neurosphere formation (Campos et al., 2004). While this 

physical or phenotypic selection enriches for neurosphere formation, here it was 

shown that the culture conditions allow a functional selection. Cells that function 

better at neurosphere formation are selected across the generations. 
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3.4.7  Summary - Self-renewal of neurosphere forming cells 

The ability to self-renew is an important characteristic of any stem cell population. 

The results presented here indicate that when exposed to an appropriate niche 

olfactory stem cells or neurosphere forming cells are capable of self-renewal. In this 

regard the observation that the phenotype of the neurospheres remained relatively 

constant across the generations is important. This uniformity of neurosphere 

phenotype suggests that there is a cell or group of cells that are able respond to the 

neurosphere forming conditions in a consistent way in each generation. The 

maintenance of this population through six exposures to neurosphere formation 

conditions and six proliferation phases would require significant self-renewal 

potential. The phenotype of the neurospheres themselves is also important in 

assessing the self-renewal potential of olfactory cells. Neurospheres were found to 

express markers known for their role in stem and progenitor cell maintenance 

including; Hes1, Hes5, β-1-integrin, Notch and presenilin-1. This suggests that cells 

within the neurospheres are able to inhibit differentiation and predominantly undergo 

symmetric division during proliferation. The self renewal potential of dissociated 

neurosphere cells was also determined by clonal analysis. Once clonal cell lines were 

established they formed secondary neurospheres when plated in neurosphere forming 

conditions, indicating self-renewal potential in single cells. 

3.4.8  Conclusion 

In conclusion, here it was demonstrated that when cells from the olfactory mucosa are 

presented with an appropriate niche, they are able to generate neurospheres capable of 

self-renewal. This was evidenced by the formation of neurospheres from clonal cell 

lines, the formation of six generations of neurospheres and the expression of markers 

known to contribute to progenitor or stem cell maintenance. The observation that each 

generation was able to generate neurospheres of a relatively consistent phenotype 

suggests that self-renewable cells remain relatively unchanged in culture. From these 

experiments it is proposed that cell-cell interactions as well as β-1-integrin-ECM-

growth factor receptor interactions are important in the establishment of an 

environmental niche conducive to neurosphere formation. 
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3.4.9  Future Directions 

3.4.9.1  Neurosphere formation 

The formation of neurospheres themselves remains relatively uncertain. Little is 

known as to why or how neurospheres form. Therefore, if these cell aggregates are to 

prove to be in some way useful for therapeutic applications much more needs to be 

understood as to how and why they form in order to optimise culture techniques.  

 

The work of Campos et al (2004, 2006) has highlighted the role of some key elements 

in the formation of neurospheres from rodent brains including the function of β-1-

integrin, Notch, the EGF receptor and FGF receptors. Similarly, extracellular matrix 

molecules are expressed in neurospheres (Campos et al., 2004) and may also 

contribute to neurosphere formation. Consequently, a thorough examination of the 

role of these receptors, cell-cell contact proteins, signalling molecules and 

extracellular matrix molecules in olfactory neurosphere formation should be carried 

out.  

 

In order to do this, receptor blocking antibodies, receptor antagonists or agonists 

could be used during neurosphere formation and the changes in neurosphere 

formation assessed. Fluorescence activated cell sorting (FACS) could also be a useful 

tool in understanding neurosphere formation. By selecting for cells with high 

expression of extracellular markers such as β-1-integrin and Notch and assessing the 

effects on further neurosphere formation, insight into the cell types necessary for 

neurosphere formation could be garnered.  

 

Another important aspect of understanding how olfactory neurospheres are derived is 

determining the phenotype of the cells that give rise to them. Olfactory neurospheres 

form from islets of cells. Thus establishing the phenotype of these cells and the 

possible production of extracellular matrix molecules from these islets would be 

extremely useful in understanding how neurospheres form. Also, examining the 
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phenotype of primary olfactory cells prior to passaging and neurosphere formation 

would provide useful information about the cells that contribute to neurosphere 

formation. In particular expanded olfactory cells could be tested for the expression of 

a variety of stem cell markers including those of hematopoietic stem cells, 

mesenchymal stem cells and multipotent adult progenitor cells (MAPCs). 

3.4.9.2  Self-renewal 

To further assess the ability of neurosphere forming cells to undergo self-renewal, a 

variety of clonal experiments could be undertaken. Expanded primary olfactory 

mucosa cells could be cloned and neurospheres generated. These clonal neurospheres 

could then be dissociated, plated at clonal dilutions and second generation clonal 

neurospheres formed. To demonstrate the persistence of cells capable of self-renewing 

through the generations, clonal neurospheres could be formed from sixth generation 

neurospheres. 

3.4.9.3  Sorting stem cells from progenitors based on β-
1-integrin expression 

The high expression of nestin, Hes1, Hes5 and β-1-integrin, suggests that within 

olfactory neurospheres there is a large pool of progenitor cells with a degree of self-

renewal potential. However, it is unknown whether there is a stem cell population 

within this pool of progenitors. In the absence of a definitive neural stem cell marker 

this population could possibly be identified in the same way as in the epidermis which 

has been found to contain two populations of β-1-integrin-positive cells, the integrin-

bright stem cells and the integrin-dull transit amplifying cells (Jensen et al., 1999). 

Therefore, β-1-integrin expression levels may also distinguish between stem and 

progenitor cells in olfactory neurospheres.  

3.4.9.4  Identification of the olfactory stem cell 

The formation of neurospheres from olfactory tissue may also be useful in aiding the 

identification of the olfactory stem cell. Specific cell types from the olfactory mucosa 
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and lamina propria could be selected on the basis of expression of cell surface 

markers. These cells could then be assessed for neurosphere formation, and if 

neurospheres formed they could be further examined for multipotency and self-

renewal. Similarly, specific cell types could be excluded from the population based on 

the expression of cell surface markers and the remaining cells assessed for 

neurosphere formation to determine the cell type(s) essential for neurosphere 

formation. Experiments to this effect are currently being carried out in the laboratory. 

3.4.9.5  Serum free culture methods 

New methods could also be established for the generation of neurospheres. To provide 

a safe and reliable technique for using cells derived from olfactory neurospheres for 

therapeutic purposes, it would be beneficial to create a completely serum free culture 

method, thereby avoiding any contact with animal products. Serum replacement 

supplements or other defined growth factor conditions could be determined in order to 

expand primary tissue cultures or expand dissociated neurosphere cells prior to 

neurosphere formation.   
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4.0   Differentiation of neurosphere cells along the 
dopaminergic lineage pathway 
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 4.1  Introduction 

The environmental niche is which a stem cell is placed can reveal its multipotency. 

Cytokines direct the differentiation of hematopoietic stem cells down specific 

hematopoietic lineage pathways (Lotem & Sachs, 2002; Pluznik & Sachs, 1966; 

Sachs, 1995). Similarly, in defined culture conditions, Reynolds et al (1992) and 

Murrell et al (2005) have directed the differentiation of neural stem cells derived from 

the rodent brain and human olfactory mucosa respectively, into the major cell types of 

the brain; neurons, astrocytes and oligodendrocytes. Therefore the differentiation of 

stem cells can be influenced by manipulation of the niche provided by defined culture 

conditions. 

 

Adult rat olfactory neurospheres contain neural progenitors that are able to 

differentiate into neurons, although under the conditions above the proportion of 

neurons was small. The hypothesis is that culture conditions can be manipulated 

through ECM molecules and growth factors to direct most of the progenitors into a 

neural fate, and further that a niche exists to direct the differentiation of rat olfactory 

neurosphere cells down the dopaminergic lineage pathway. Neurospheres derived 

from patients with Parkinson’s disease (PD) were also available. Therefore, the aim of 

this study is to identify defined culture conditions that induce rat and PD-derived 

neurosphere cells to differentiate down the dopaminergic lineage pathway. 
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4.2  Materials and Methods 

4.2.1  Materials 

Collagenase H, ethylenediaminetetraacetic acid (EDTA), interleukin-1β (IL-1β), 

sonic hedgehog (Shh), poly-L-ornithine and anti-tyrosine hydroxylase (mouse 

monoclonal IgG) and anti-dopamine transporter (rabbit polyclonal) were purchased 

from Sigma, St Louis, MO, USA. Neurotrophin-3 (NT-3), brain derived neurotrophic 

factor (BDNF) and glial cell derived neurotrophic factor (GDNF) were purchased 

from Alamone labs, Jerusalem, Israel. B27 and laminin were purchased from Gibco-

Invitrogen, Carslbad, CA, USA.  

4.2.2  Methods 

4.2.2.1  Outline of experiment 

1) Generation of rat neurospheres. 

2) Generation of PD neurospheres. 

3) Optimisation of conditions for the differentiation of rat third generation 

neurosphere cells down the dopaminergic lineage pathway.  

4) Differentiation of rat third and seventh generation neurosphere cells and PD 

neurosphere cells down the dopaminergic lineage pathway. 

4.2.2.2  Rat Neurosphere Culture 

Rat neurospheres were generated as outlined in chapter 3 (3.2.2) 

4.2.2.3  Human Neurosphere Culture 

Human nasal mucosa was obtained by biopsy from Parkinson’s disease patients (PD) with 

informed consent as described by Feron et al (1998). In brief human nasal mucosa biopsies 
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were kindly donated by Parkinson’s disease patients (PD), under local anaesthesia. 

Biopsies were initially placed in cold DMEM-FCS during transportation, prior to being 

removed to a 2.4mL Dispase II solution and incubated at 37oC for 45 minutes. The lamina 

propria was then carefully separated from the underlying epithelium with a microspatula 

using a dissection microscope. The lamina propria was then collected and chopped into 

40µm2 pieces using a McIlwain tissue chopper and incubated in 0.25mg/mL Collagenase H 

solution for 10 minutes at 37oC. The lamina propria fraction was then mechanically 

dissociated by trituration and a 0.5mM ethylenediaminetetraacetic acid (EDTA) solution 

was added to stop the enzyme activity. The olfactory epithelium was collected and 

mechanically dissociated by trituration.  Both the epithelium and lamina propria fractions 

were collected by centrifugation and resuspended in DMEM-FCS and combined. Human 

mucosa cells were expanded in DMEM-FCS and passaged twice prior to passaging onto 

neurosphere forming conditions; poly-L-lysine coated wells (0.85µg/cm2) at 10 000 

cells/cm2 in EGF (50ng/mL) and bFGF (25ng/mL).  

4.2.2.4  Coating Wells 

Chamber slides were coated with collagen IV (5µg/cm2) and allowed to dry overnight 

under sterile conditions. Poly-L-ornithine – laminin coating was carried out by 

initially coating the wells with a 0.1mg/mL poly-L-ornithine solution (28µg/cm2) 

overnight at room temperature. After poly-L-ornithine coating, the wells were washed 

three times with HBSS followed by coating with a 10µg/mL solution of laminin 

(2.9µg/cm2) for 3 hours at 37oC. The wells were again washed three times with HBSS 

prior to the addition of cells. 

4.2.2.5  Differentiation of neurosphere cells down the 
dopaminergic lineage pathway 

4.2.2.5.1  Optimisation of differentiation conditions  

Dissociated third generation neurosphere cells were resuspended in DMEM-ITS and 

DMEM-ITS plus growth factors including, neurotrophin-3 (NT-3) (25ng/mL), brain 
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derived neurotrophic factor (BDNF) (25ng/mL), basic fibroblast growth factor 

(bFGF) (25ng/mL), interleukin-1β (IL-1β) (100pg/mL), sonic hedgehog (Shh) 

(200ng/mL) and glial cell derived neurotrophic factor (GDNF) (25ng/mL) (Raymon et 

al., 1999). Cells were plated onto chamber slides coated with collagen IV at a cell 

density of 5 000 cells/well (7 140 cells/cm2). The media was changed on Day 2 and 

the cells fixed with 4% paraformaldehyde on Day 4 and immunocytochemistry carried 

out for tyrosine hydroxylase (TH) and dopamine transporter. 

 

Dissociated third generation neurosphere cells were resuspended in DMEM-ITS 

supplemented with GDNF plus the neural growth supplement B27 (GDNF + B27) and 

DMEM-ITS + B27. Cells were again plated onto chamber slides coated with collagen 

IV, at the same cell density as previously used and were cultured for 4 days after 

which the cells were fixed and immunocytochemistry carried out. 

4.2.2.5.2  Differentiation of rat neurosphere cells down the dopaminergic lineage 
pathway  

Following these experiments dissociated third and seventh generation neurosphere 

cells were resuspended in ITS or GDNF and were plated onto uncoated chamber 

slides or slides coated with; collagen IV or poly-L-ornithine – laminin at a cell density 

of 5 000 cells/well (7 140 cells/cm2). The cells were again cultured for 4 days 

followed by fixation, immunocytochemistry and tyrosine hydroxylase (TH)-positive 

cell counting. 

4.2.2.5.3  Differentiation of PD neurospheres down the dopaminergic lineage 
pathway 

Dissociated PD-derived neurosphere cells were resuspended in ITS or GDNF and 

were plated onto chamber slides at a cell density of 5 000 cells/well (7 140 cells/cm2) 

onto uncoated wells or wells coated with; collagen IV or poly-L-ornithine - laminin. 

In the same way as the rat cultures, PD dissociated neurospheres were cultured for 4 

days, with a medium change on Day 2, followed by fixation, immunocytochemistry 

and cell counting. 
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4.2.2.6  Quantification 

Each condition was repeated three times. The average percentage of TH positive cells 

was calculated from counts conducted on ten random fields. The percentage of TH-

positive cells was represented as a mean percentage ± SEM 
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4.3  Results 

Initial experiments optimised a method for inducing TH expression in rat neurosphere 

cells. These conditions were then applied to both third and seventh generation rat 

olfactory neurosphere cells and PD neurosphere cells.  

4.3.1  Optimisation of conditions for TH expression in 
dissociated third generation neurosphere cells 

Growth factors demonstrated different abilities to induce TH expression in third 

generation neurosphere cells cultured on collagen IV (Table 4.1). The best conditions 

for the differentiation of neurosphere cells to express TH were DMEM-ITS (Figure 

4.1) and DMEM-ITS plus GDNF. The addition of the neural growth factor 

supplement B27 decreased the number of TH positive cells (Table 4.1). Control 

immunocytochemistry, without primary antibody, showed no positive staining. 

 

 
Figure 4.1: Differentiation of third generation rat neurosphere cells down the 
dopaminergic lineage pathway. A-C: Dissociated rat neurosphere cells were 
cultured on Collagen IV in DMEM-ITS for 4 days. A: Expression of tyrosine 
hydroxylase (TH) (green). B: Expression of dopamine transporter (red). C: 
Dopamine transporter – TH images merged. D-F Dissociated rat neurosphere 
cells were cultured on Collagen IV in GDNF (25ng/mL) for 4 days. D: 
Expression of TH (green). E: Expression of dopamine transporter (red). F: 
Dopamine transporter – TH images merged. Nuclei were stained blue with 
Hoechst 33342. Scale = 30µm. 
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Growth Factor TH expression 
NT-3 - 
BDNF ++ 
bFGF + 
IL-1β + 
Shh + 
GDNF +++ 
ITS +++ 
GDNF + B27 + 
ITS + B27 - 

Table 4.1: Differentiation of third generation dissociated rat neurosphere cells 
to express tyrosine hydroxylase (TH). Cells were cultured on collagen IV for 4 
days in: neurotrophin-3 (NT-3), brain derived neurotrophic factor (BDNF), 
basic fibroblast growth factor-2 (bFGF), interleukin-1β (IL-1β), sonic 
hedgehog (Shh), glial cell derived neurotrophic factor (GDNF), without 
growth factors (DMEM-ITS), GDNF plus the neural growth supplement B27 
(GDNF + B27) and ITS + B27. +, ++  and +++ indicate very low (less than 
10%), low (10-30%) and moderate (30-50%) numbers of TH positive cells per 
well respectively and a lack of TH expression is shown by -. 

4.3.2 Induction of TH expression in dissociated third and   
seventh generation neurosphere cells 

When dissociated third and seventh generation neurosphere cells were plated onto 

collagen and poly-L-ornithine-laminin coated wells in GDNF and DMEM-ITS, both 

generations expressed TH. The immunocytochemical analysis revealed that 

dissociated neurosphere cells expressed dopamine transporter as well as TH when 

cultured in DMEM-ITS, with or without GDNF, as indicated by Figures 4.2 and 4.3. 

TH was induced only in coated wells and there were more TH positive cells in 

collagen coated wells than poly-L-ornithine-laminin coated wells. There was a 

tendency toward more TH positive cells in GDNF than in DMEM-ITS alone (Figure 

4.4). Control immunocytochemistry, without primary antibody, showed no positive 

staining. 
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Figure 4.2: Differentiation of third generation rat neurosphere cells down the 
dopaminergic lineage pathway. A-C: Dissociated rat neurosphere cells were 
cultured on poly-L-ornithine – laminin in GDNF (25ng/mL) for 4 days. A: 
Expression of tyrosine hydroxylase (TH) (green). B: Expression of dopamine 
transporter (red). C: Dopamine transporter – TH images merged. D-F 
Dissociated rat neurosphere cells were cultured on poly-L-ornithine – laminin 
coated wells in DMEM-ITS for 4 days. D: Expression of TH (green). E: 
Expression of dopamine transporter (red). F: Dopamine transporter – TH 
images merged. Nuclei were stained blue with Hoechst 33342. Scale = 30µm. 

 

 
Figure 4.3: Differentiation of seventh generation rat neurosphere cells down 
the dopaminergic lineage pathway. A-C: Dissociated neurosphere cells were 
cultured on collagen IV in GDNF (25ng/mL) for 4 days. A: Expression of 
tyrosine hydroxylase (TH) (green). B: Expression of dopamine transporter 
(red). C: Dopamine transporter – TH images merged. D-F Dissociated 
neurosphere cells were cultured on collagen IV in DMEM-ITS for 4 days. D: 
Expression of TH (green). E: Expression of dopamine transporter (red). F: 
Dopamine transporter – TH images merged. Nuclei were stained blue with 
Hoechst 33342. Scale = 30µm. 
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Figure 4.4: Differentiation of rat neurosphere cells to express tyrosine 
hydroxylase (TH). Third generation (A) and seventh generation (B) 
neurosphere cells were cultured in DMEM-ITS (ITS) (grey bars) and DMEM-
ITS plus GDNF (25ng/mL) (black bars) on uncoated wells (Unc) or wells 
coated with collagen IV or poly-L-Ornithine-Laminin (PLO-LAM).  

4.3.3  Induction of TH expression in dissociated PD 
neurosphere cells 

Human Parkinson’s disease patient-derived (PD) neurosphere cells were also induced 

to express TH. Similar to rat cultures, only coated wells induced TH expression. 

Immunocytochemical analysis revealed that dissociated PD neurosphere cells express 

dopamine transporter as well as TH when cultured in DMEM-ITS, with or without 

GDNF as indicated by Figure 4.5. There was a tendency toward more TH positive 

cells in dissociated PD neurosphere cultures grown in GDNF than DMEM-ITS. Poly-

L-ornithine - laminin better induced TH expression than collagen coated wells (Figure 

4.6). Control immunocytochemistry, without primary antibody, showed no positive 

staining. 
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Figure 4.5: Differentiation of human Parkinson’s disease patient derived 
neurosphere cells down the dopaminergic lineage pathway. A-C. Cells were 
cultured on collagen IV in GDNF (25ng/mL) for 4 days. A: Expression of 
tyrosine hydroxylase (TH) (green). B: Expression of dopamine transporter 
(red). C: Dopamine transporter –TH images merged. D-F Cells were cultured 
on poly-L-ornithine – laminin in GDNF (25ng/mL) for 4 days. D: Expression 
of TH (green). E: Expression of dopamine transporter (red). F: Dopamine 
transporter – TH images merged. Nuclei were stained blue with Hoechst 
33342. Scale = 30µm. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.6: Differentiation of PD neurosphere cells to express tyrosine 
hydroxylase (TH). Neurosphere cells were cultured in DMEM-ITS (ITS) (grey 
bars) and DMEM-ITS plus GDNF (25ng/mL) (black bars) on uncoated wells 
(Unc) or wells coated with collagen IV or poly-L-Ornithine-Laminin (PLO-
LAM).  
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4.4  Discussion 

These experiments demonstrate a niche suitable for the differentiation of olfactory 

neurosphere cells along the dopaminergic lineage pathway. A high percentage of 

neurosphere-derived cells expressed TH. Collagen IV or laminin were necessary for 

differentiation. Of the growth factors tested, GDNF facilitated the highest percentage 

of cells to differentiate. PD neurospheres were also induced to differentiate along the 

dopaminergic lineage pathway with similar requirements as rat cells for ECM 

molecules in order for differentiation to occur.  

4.4.1  Effect of GDNF on the differentiation of neurosphere 
cells down the dopaminergic lineage pathway  

Of the growth factors tested, GDNF had the largest effect on differentiation of 

neurosphere cells down the dopaminergic lineage pathway. Astrocytes and other glia 

provide nutritive, neurotrophic, and other supportive functions for neurons in a variety 

of neural systems (Banker, 1980; Buchanan & Benzer, 1993; Bush et al., 1998; 

Tsacopoulos & Magistretti, 1996). Prior to the discovery/isolation of GDNF, 

bioassays indicated that primary glial cells (Gaul & Lubbert, 1992) and glial cell lines 

(Engele et al., 1991) conditioned medium that was able to induce dopaminergic 

neurotrophic activity. Lin et al (1993) were the first to isolate GDNF from a glial cell 

line and demonstrated that it aided the survival and promoted the differentiation of 

TH-positive cells. Since then GDNF has been shown to increase the number of 

neurons in the substantia nigra expressing TH in vivo by upregulation of TH in 

existing neurons (Ai et al., 2003; Bowenkamp et al., 1995; Chen et al., 2005c; Gash et 

al., 1996; Kirik et al., 2000; Kordower et al., 2000) and promote the differentiation of 

neural progenitors to a dopaminergic phenotype in vitro (Riaz et al., 2004; Sun et al., 

2004). GDNF also increased the differentiation of embryonic stem cells, cultured on 

astrocytes or PA6 stromal cells, to a dopaminergic phenotype (Buytaert-Hoefen et al., 

2004). In this same study, it was noticed that embryonic stem cells cultured on 

astrocytes or PA6 stromal cells differentiated into dopaminergic neurons in the 
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absence of GDNF, and that addition of the growth factor merely increased the rate of 

differentiation (Buytaert-Hoefen et al., 2004). Similarly, GFAP-positive glial cells 

derived from neural precursors dramatically increased the development of 

dopaminergic neurons from embryonic neural progenitors in co-culture experiments 

(Ostenfeld et al., 1999). These studies, in keeping with the role of glial cells as 

nutritive, neurotrophic, and supportive cells for neurons (Banker, 1980; Buchanan & 

Benzer, 1993; Bush et al., 1998; Tsacopoulos & Magistretti, 1996), suggest that the 

presence of glial cells is important in the differentiation of cells down the 

dopaminergic lineage pathway.  

4.4.2  The effect of substrate on the differentiation of 
neurosphere cells down the dopaminergic lineage 
pathway  

Growth factors were not required for the induction of TH-positive cells. Uncoated 

wells induced no TH-positive cells, but coated wells were effective even in base 

medium (DMEM-ITS). In order to understand how the culture substrates, collagen IV 

and laminin, influenced the differentiation of olfactory neurospheres down the 

dopaminergic lineage pathway, each coating will be discussed. 

4.4.2.1  Collagen IV 

Collagen IV is a basement membrane protein that is present during the development 

of neural tissues (Reichardt & Tomaselli, 1991). It has been found to be involved in 

the establishment of axon pathways and neurite outgrowth in vivo (Mirre et al., 1992) 

as well as participating in early events of neuronal differentiation and specification of 

phenotype in the cortex (Eagleson et al., 1996; Ferri et al., 1996; Ferri & Levitt, 

1995). In vitro collagen IV also allows neurite extension (Carbonetto et al., 1983; 

Tomaselli et al., 1987) and promotes the differentiation of neural progenitors into 

neurons (Ali et al., 1998). Significantly, Ali et al determined that the culture of 

embryonic cortical progenitors on collagen IV enhanced neuronal differentiation, and 

also inhibited astroglial differentiation (Ali et al., 1998). This study confirmed the 
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earlier work of (Goetschy et al., 1987) who demonstrated that the culture of astroglial 

cells on collagen IV modulated their proliferation and morphology.  

4.4.2.2  Laminin 

Laminin has been implicated in neuronal neurite extension in vivo (Letourneau et al., 

1988), migration in the embryonic brain (Liesi et al., 1992) and influencing regions of 

postnatal neurogenesis such as the olfactory epithelium (Graziadei & Graziadei, 

1979). In parallel with collagen IV, laminin supports neurite extension in vitro 

(Baron-Van Evercooren et al., 1982; Cohen et al., 1986; Manthorpe et al., 1983; 

Rogers et al., 1983) as well as promoting the differentiation of neural progenitors into 

neurons (Drago et al., 1991a; Heaton & Swanson, 1988). In contrast to collagen IV, 

laminin aids the differentiation of non-neural cells into neurons. In PCC4uva 

embryonal carcinoma stem cells, laminin had a significant effect on the early events 

of neural specification and accelerated neuronal differentiation (Sweeney et al., 1990). 

It was concluded that extracellular laminin was an effective agent for influencing the 

fate of pluripotent stem cells (Sweeney et al., 1990). Similarly, retinal pigmented 

epithelial cells from tadpoles frequently transdifferentiate into neurons when plated on 

laminin (Reh et al., 1987). As well as inducing the differentiation of neurons from 

non-neural tissues, laminin also induces TH expression in various culture systems. In 

neuroectodermal cells of newts, laminin, in the absence of growth factors, was able to 

induce the expression of TH (Huang et al., 1990). Similarly, laminin has a direct 

effect on TH expression in calf chromaffin cells in the absence of growth factors, 

leading to both activation and increased amounts of the enzyme (Acheson et al., 

1986). In these the first effect of laminin exposure was a rapid increase in TH 

expression which was maximal after 6-8 hours. This was followed by a decrease to a 

lower level which was reached after 24 hours and maintained thereafter (Acheson et 

al., 1986). 
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4.4.2.3  α1β1 integrin heterodimer is a receptor for both 
collagen IV and laminin 

It is apparent that collagen IV and laminin have similar effects both in vivo and in 

vitro in regard to neurite extension and promotion of neuronal differentiation. In the 

same way, the results presented here suggest that collagen IV and laminin have a 

comparable effect in promoting the differentiation of olfactory neurosphere cells 

down the dopaminergic lineage pathway. The similarities between the effects of the 

two coatings may be a result of a common mechanism. The α1β1 integrin 

heterodimer could provide the link between these two factors as it is a receptor for 

both collagen IV and laminin (de Curtis, 1991; Ignatius et al., 1990; Tawil et al., 

1990). Confirmation of the relationship between α1β1 integrin and collagen IV and 

laminin is apparent in vivo. Both α1 integrin and β1 integrin are involved in 

migration and differentiation of neurons during development in conjuction with 

collagen IV and laminin (Andressen et al., 2005; Duband et al., 1992). The high 

expression of β1 integrin by rat olfactory neurosphere cells suggests that the α1β1 

integrin heterodimer is responsible for the differentiation effects observed here.  

4.4.3  Activation of TH by extracellular signal-regulated 
protein kinase 1/2 

There are aspects of the culture conditions which may influence the differentiation of 

neurosphere cells into TH-positive cells, including, cell culture substrate, and the 

presence of glial cells that may produce GDNF. There is however, a mechanism that 

may unite these aspects and thereby help explain the findings of this study. The 

activity of TH is regulated by phosphorylation at 2 of 3 serine residues in the N-

terminal of the molecule. Of particular interest, serine 31 is phosphorylated by 

extracellular signal-regulated protein kinase 1/2 (ERK 1 / ERK 2) (Haycock et al., 

1992; Salvatore et al., 2004; Sutherland et al., 1993). Significantly, GDNF increases 

TH activity by increasing signalling of ERK 1/2 (Besset et al., 2000; Nozaki et al., 

1998; Wiklund et al., 2002) and consequently increasing phosphorylation of serine 31, 

thereby providing an association between exposure to GDNF and increased TH 

expression (Salvatore et al., 2004). The relationship between ERK 1/2 and TH activity 
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has been well studied and underlines its importance in TH regulation (Guo et al., 

1998; Halloran & Vulliet, 1994; Haycock et al., 1992; Salvatore et al., 2001; 

Sutherland et al., 1993). However, GDNF is not the only factor known to influence 

ERK 1/2. As its name suggests extracellular signal-regulated protein kinase 1/2 (ERK 

1/2) can also be activated by a variety of extracellular factors including extracellular 

matrix proteins such as collagen IV and laminin. The activation of ERK 1/2 by 

collagen IV and laminin is brought about via their interaction with their common 

receptor α1β1 integrin (Kagami et al., 2001; Pozzi et al., 1998; Sanders & Basson, 

2000; Wary et al., 1996). Therefore, the activation of ERK 1/2 either by the cell 

culture substrate itself or by GDNF added to cultures or produced by glial cells, may 

account for the activation of TH in dissociated neurosphere cultures.  

4.4.4  Phenotype of neurospheres 

Within neurospheres there appears to be a balance in the differentiation of progenitors 

between a neural and glial fate. In normal neurosphere forming conditions (EGF and 

bFGF) the scale is apparently tipped in favour of the differentiation of glial cells over 

neurons. The conditions established here present a different environment that clearly 

affects the differentiation of progenitors and influences the neural / glial balance. 

Although the percentage of neurosphere cells that are stem cells is presumed to be 

low, the high percentage of nestin-positive cells (~50%) would indicate a large pool 

of progenitors (Cattaneo & McKay, 1990; Frederiksen & McKay, 1988; Mujtaba et 

al., 1998; Tohyama et al., 1992; Valtz et al., 1991).These progenitors may be bipotent, 

able to generate neurons or glia, or possibly multipotent. Evidently, cell culture 

substrate is a key factor in determining the fate of the progenitor population.  

 

As well as nestin-positive progenitors, the neural population (~10%) amongst 

neurospheres may also be important in the differentiation of these cells to express TH.  

GDNF is able to upregulate the expression of TH in existing neurons (Ai et al., 2003; 

Bowenkamp et al., 1995; Chen et al., 2005c; Gash et al., 1996; Kirik et al., 2000; 

Kordower et al., 2000). Consequently, neurosphere cells that have already 

differentiated into neurons may be capable of upregulating TH.   
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4.4.5  Conclusion 

Here it was demonstrated that defined conditions including ECM molecules (collagen 

IV and laminin) and growth factors (GDNF) are able to create a niche that promotes 

the differentiation of rat olfactory neurosphere cells down the dopaminergic lineage 

pathway. Similarly, it was found that human Parkinson’s patient derived neurosphere 

cells were also able to differentiate down the dopaminergic pathway in these 

conditions.  

4.4.6  Future directions 

4.4.6.1  Confirmation of phenotype 

The phenotype of differentiated neurosphere cells could be further analysed by 

examining the expression of other neural markers such as neurofilament and neuron 

specific enolase in conjunction with a panel of tyrosine hydroxylase markers and 

dopamine transporter. Molecular methods such as PCR could also be employed to 

confirm the differentiation of neurosphere cells. Also double labelling of 

differentiating olfactory neurosphere cells with stem or progenitor cell markers 

(nestin, β-1-integrin, Hes1 and Hes5) and dopaminergic markers (tyrosine 

hydroxylase and dopamine transporter) may provide insight into the differentiation 

process. 

4.4.6.2  Function of differentiated cells 

The function of differentiated cells could be examined in vitro by assessing the 

electrophysiology of the cells and also the amount of dopamine release upon 

depolarization. 

 

The in vivo function of neurosphere derived cells could be assessed by transplanting 

them into a Parkinsonian rat model, such as 6-hydroxydopamine, and determining the 

amelioration of behavioural symptoms. Also an in situ analysis of grafted cells could 

be performed to determine the differentiation and ability of olfactory derived cells to 
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function as dopaminergic neurons. In vivo microdialysis of the grafted striatum to 

assess the amount of dopamine released in the grafted striatum could be carried out. 

As well confocal micoscopy combining labelled olfactory cells (e.g.GFP or  

Bromodeoxyuridine (BrdU)) and dopaminergic neural markers (e.g.Tyrosine 

hydroxylase and dopamine transporter) could be undertaken. 

 

 

 

 

 

 

 

 

 

 

 

 

5.0   Co-culture of neurosphere cells with neo-natal 
tissues 
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5.1  Introduction 

Previously neurosphere cells were shown to self-renew when exposed to an 

appropriate niche (Chapter 3). Defined culture conditions, featuring ECM molecules 

and GDNF, were also established that provided a niche suitable to direct a majority of 

neurosphere cells to express TH (Chapter 4). 

 

Numerous studies have highlighted the fact that adult stem cells, when transplanted 

into an environmental niche different from that of their origin, are able to differentiate 

– multipotency (Bjornson et al., 1999; Brazelton et al., 2000; Clarke et al., 2000; 

Eglitis & Mezey, 1997; Ianus et al., 2003; Jackson et al., 2001; Lagasse et al., 2000; 

Masuya et al., 2003; Mezey et al., 2000; Orlic et al., 2001). Similarly, Murrell et al 

(2005) demonstrated that human olfactory neurosphere cells differentiated into 

multiple cell types after transplantation into developing chick embryos and 

differentiated into various cell types when grown in medium conditioned by neonatal 

rat tissue. Cells from freshly dissociated rat olfactory mucosa reconstituted the bone 

marrow of irradiated rats (Murrell et al., 2005). 

 

The hypothesis is that rat olfactory neurospheres contain multipotent stem cells whose 

capacity for differentiation is revealed by environmental niche signals. The aim of 

these experiments is to test whether rat olfactory neurosphere cells are capable of 

differentiating into multiple non-neural cell types. In order to examine the aspects of 

the niche necessary for differentiation a variety of culture techniques will be 

employed. Neurosphere cells will be cultured on frozen tissue sections (ECM 

interactions) and fresh tissue sections (ECM and growth factor interactions) as well as 

co-cultured with dissociated tissues (ECM, growth factor and cell-cell interactions). 
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5.2  Materials and Methods 

5.2.1  Materials 

Antibodies: Anti-Albumin (mouse monoclonal IgG), anti-ferritin (rabbit polyclonal), 

anti-sarcomeric α-actin (mouse monoclonal IgM), anti-striated muscle tropomyosin 

(mouse monoclonal IgG) balanced salt solution (BSS) reagents (NaCl, KCl, Hepes) 

and CaCl2 were purchased from Sigma, St Louis, MO, USA. 

 

Anti-cardiac troponin I (mouse monoclonal IgG) and anti-skeletal muscle myosin 

(rabbit polyclonal) were purchased from Chemicon International, Temecula, CA, 

USA. Transwell cell culture inserts (0.6cm2) with a pore diameter of 0.4µm and 40µm 

filters were purchased from Millipore, Billerica, MA, USA. Optimal cutting 

temperature (OCT) embedding medium for frozen tissue specimens was purchased 

from Sakura Finetek, Torrance, CA, USA. 

5.2.2 Methods 

5.2.2.1  Outline of experiment 

1) Culture of GFP-positive, dissociated neurosphere cells on frozen tissue 
sections. 

2) Culture of GFP-positive, dissociated neurosphere cells on fresh tissue sections. 
3) Co-culture of GFP-positive, dissociated neurosphere cells with dissociated 

neo-natal tissues. 
4) Examination of the expression of tissue markers in undifferentiated 

neurosphere cells.  
5) Examination of the expression of tissue markers in co-cultured neurosphere 

cells. 
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5.2.2.2  GFP-positive, dissociated neurosphere cells on 
frozen tissue sections 

Two day old Sprague Dawley rat pups were euthanized by decapitation and the hearts 

and livers were removed. Skeletal muscle was dissected free from lower and upper 

limbs. All tissues were washed in HBSS then cut into large fragments. The fragments 

from each individual tissue type were then combined and mounted on separate cutting 

blocks and carefully covered in embedding medium for frozen tissue specimens 

(OCT). After embedding, the tissues were quickly frozen at -80oC and stored at this 

temperature. The frozen tissues mounted on cutting blocks were then placed in the 

microtome at -15oC and 10µm sections were cut. Once cut, the sections were 

immediately placed onto sterile glass coverslips and allowed to dry briefly (5 minutes) 

at room temperature before being placed in tissue culture wells. The sections, attached 

to coverslips, were then carefully immersed in DMEM-ITS. The next day the wells 

were examined to ensure that the sections remained attached to the coverslips after 

which green fluorescent protein (GFP) – positive, dissociated neurosphere cells were 

added on top of the sections at a concentration of 100 cells/well. The GFP-positive, 

dissociated neurosphere cells were cultured for three days to allow cells to attach, 

before the medium was changed. The neurosphere cells were cultured for a further 2 

days before fixation in 4% paraformaldehyde. Immunocytochemistry was carried out 

for liver cell markers (albumin and ferritin), cardiac markers (sarcomeric α-actin and 

cardiac troponin I) and skeletal muscle markers (striated muscle tropomyosin and 

skeletal muscle myosin). 

5.2.2.3  GFP-positive, dissociated neurosphere cells on 
fresh tissue sections 

Liver, heart and skeletal muscle tissue were removed from two day old Sprague 

Dawley rat pups and the tissues were washed in HBSS. The tissues were then cut into 

large fragments with fine scissors. These fragments were further sliced into 250µm 

sections and placed onto sterile circles of filter paper on top of transwell cell culture 

inserts. Transwell cell culture inserts are plastic wells with a permeable membrane 

culture surface that when placed inside normal tissue culture wells sit above the floor 

of the surrounding well. Inserts were used here to limit the medium above tissue 
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sections and consequently inhibit the movement of neurosphere cells away from tissue 

sections. DMEM-FCS was added to each well so that the medium just reached the 

bottom of the insert, wetting the circular filter paper. The sections were cultured for 2 

days prior to adding 100 cells/well of dissociated green fluorescent protein (GFP)-

positive neurosphere cells at which time the medium was changed to DMEM-ITS. 

Neurospheres were harvested and dissociated as described in section 2.2. Cultures 

were grown for a further 5 days with media changes after 3 days after which the cells 

were fixed in paraformaldehyde and immunocytochemistry carried out for liver cell 

markers (albumin and ferritin), cardiac markers (sarcomeric α-actin and cardiac 

troponin I) and skeletal muscle markers (striated muscle tropomyosin and skeletal 

muscle myosin). 

5.2.2.4  GFP-positive, dissociated neurosphere cell - 
neonatal organ co-cultures 

Two day old Sprague Dawley rat pups were euthanized by decapitation and the heart 

and liver were removed from the abdominal cavity. Skeletal muscle was dissected free 

from lower and upper limbs. All tissues were washed in HBSS prior to further 

treatment. 

5.2.2.4.1  Establishing cardiac and skeletal muscle cultures 

Cardiac and skeletal muscle tissue were treated in a similar manner, although 

separately. Both were diced into 200µm2 fragments using a McIlwain tissue chopper. 

The tissue pieces were collected in 10mL of HBSS in a 50mL tube and centrifuged for 

5 minutes at 300 x g. The tissue pieces were disaggregated by resuspending in 6mL of 

a 0.042% trypsin and 0.25mg/mL Collagenase IA solution in HBSS and incubating in 

an orbital shaker at 37oC, 110 rpm for 30 minutes. The tissues were triturated 

vigorously prior to adding 10mL of DMEM-FCS to deactivate the trypsin and dilute 

the Collagenase. After centrifuging at 300 x g for 5 minutes the cells were 

resuspended in HBSS and the larger tissue pieces allowed to settle for a few minutes. 

The supernatant was collected and passed through a 40µm filter. The remaining tissue 

pieces were resuspended in 6mL of a 0.042% trypsin and 0.25mg/mL Collagenase 
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solution in HBSS and returned to the orbital shaker at 37oC, 110 rpm for a further 30 

minutes. The tissue pieces were again triturated vigorously after which 10mL of 

DMEM-FCS was added and the solution centrifuged at 300 x g for 5 minutes. The 

larger tissue fragments were allowed to settle and the supernatant collected and passed 

through a 40µm filter, after the pellet was resuspended in HBSS. The remaining large 

tissue fragments were again physically and chemically disaggregated as described 

above and the supernatant cells collected and passed through a 40µm filter to remove 

clumps of cells.  

 

The dissociated cardiac and skeletal muscle cells were then collected by 

centrifugation, 5 minutes at 300 x g, and resuspended in DMEM-FCS and plated onto 

uncoated plastic flasks for 2 hours to allow fibroblasts to attach. The unattached cells 

were then collected and centrifuged for 5 minutes at 300 x g, resuspended in DMEM-

FCS and plated onto uncoated glass 8 well chamber slides at a cell density of 2 000 

cells/well ( 2 860 cells/cm2). 

5.2.2.4.2  Establishing hepatocyte cultures 

In order to dissociate neonatal hepatocytes, livers were dissected free from the 

abdominal cavity, rinsed in balanced salt solution (BSS) (142mM NaCl, 6.7mM KCl, 

10mM Hepes pH 7.4) and minced in a McIlwain tissue chopper to approximately 

200µm2 fragments. The fragments were returned into BSS with the addition of 2mM 

EDTA and were incubated in an orbital shaker at 37oC, 110 rpm for 15 minutes. The 

fragments were centrifuged at 100 x g for 5 minutes and the pellet resuspended in 

BSS plus 6.7mM CaCl2 and 0.5mg/mL Collagenase IA solution. The solution was 

returned to the orbital shaker at 37oC, 110 rpm for a further 10 minutes after which the 

cells were centrifuged at 35 x g for 5 minutes and the supernatant collected. The pellet 

was resuspended in BSS. CaCl2. Collagenase solution and returned to the orbital 

shaker for 10 minutes followed by centrifugation at 35 x g for 5 minutes and 

collection of the supernatant. This process was repeated a further 2 times. The 

collected supernatant cells were centrifuged at 30 x g for 2 minutes and the 

supernatant regathered and allowed to pass through a 40µm filter to remove any 

remaining clumps. The dissociated cells were then centrifuged at 300 x g for 5 
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minutes and the cell pellet was resuspended in DMEM-FCS and the cells plated onto 

uncoated plastic flasks for 2 hours to allow fibroblasts to attach. The unattached cells 

were collected and centrifuged for 5 minutes at 300 x g, resuspended in DMEM-FCS 

and plated onto uncoated glass 8 well chamber slides at a cell density of 2 000 

cells/well ( 2 860 cells/cm2). 

5.2.2.4.3 Green fluorescent protein-positive neurosphere cells 

GFP-positive neurospheres were harvested and dissociated as described in section 2.2. 

A cell count was carried out and the dissociated neurosphere cells were plated at a cell 

density of 100 cells/well (142 cells/cm2) onto uncoated chamber slides and added to 

cultures of cardiac, skeletal muscle and liver at the same cell density. The cultures 

containing both neonatal organ cells and GFP-positive neurosphere cells as well as 

those that only contained neurosphere cells were grown for 7 days with medium 

changes after 3 and 5 days. After 7 days the cells were fixed in paraformaldehyde and 

immunocytochemistry carried out for liver cell markers (albumin and ferritin), cardiac 

markers (sarcomeric α-actin and cardiac troponin I) and skeletal muscle markers 

(striated muscle tropomyosin and skeletal muscle myosin).  
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5.3  Results 

The differentiation of GFP-positive, dissociated neurosphere cells on frozen and fresh 

tissue sections and amongst dissociated tissue cells was examined. 

5.3.1  GFP-positive, dissociated neurosphere cells on frozen 
tissue sections 

No differentiation was observed when GFP-positive, dissociated neurosphere cells 

were cultured on frozen sections of liver, cardiac muscle and skeletal muscle. Some 

cells attached to the sections and in other cases cells apparently divided but no 

differentiation was observed in any of the GFP-positive, dissociated neurosphere 

cells. That is, no neurosphere cells were positive for liver cell markers (albumin and 

ferritin), cardiac markers (sarcomeric α actin and cardiac troponin I) or skeletal 

muscle markers (striated muscle tropomyosin and skeletal muscle myosin). Control 

immunocytochemistry, without primary antibody, showed no positive staining. 

5.3.2  GFP-positive, dissociated neurosphere cells on fresh 
tissue sections 

No differentiation was observed when GFP-positive neurosphere cells were cultured 

in fresh tissue section. Although cells around the edges of skeletal muscle and cardiac 

sections were observed to proliferate in the culture conditions provided, liver section 

deteriorated. Large numbers of dead cells as well as cellular debris was noticeable 

amongst liver sections throughout the experiment. 

 

GFP-positive cells survived in the culture conditions and were easily identifiable. 

GFP-positive cells were not only found on top of the tissue sections, as they were 

intended (Figure 5.1), but had also migrated away from the sections (Figure 5.2). The 

main outcome of this experiment was, in these culture conditions, GFP-positive cells 

demonstrated high levels of background fluorescence in the no primary antibody 
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controls, making it impossible to determine whether cells had differentiated in the 

conditions or not, as indicated in Figures 5.1 and 5.2.  

 
Figure 5.1: GFP – positive, dissociated neurosphere cells grown on cardiac 
slices. A and C are paired images showing high levels of background red 
fluorescence (A) in a GFP-positive cell (C) in the no primary antibody control. 
B and D are paired images of GFP-positive cells (D) on tissue sections stained 
for cardiac troponin I (B). Scale bar = 30µm  
 

 
Figure 5.2: GFP – positive, dissociated neurosphere cells, grown on cardiac 
slices that have migrated from the tissue sections. GFP-positive cells appear 
positive for cardiac markers but contain high background fluorescence in 
controls. A and D are paired images of GFP-positive cells (D) that have 
migrated away from the cardiac section and show high levels of background 
red fluorescence (A) in the no primary antibody control. B and E are paired 
images of GFP-positive cells (E) that have migrated away from the cardiac 
section stained with cardiac troponin I (B). C and F are paired images of GFP-
positive cells (F) that have migrated away from the cardiac section stained 
with sarcomeric α actin (C). Scale bar = 30µm 
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5.3.3  GFP-positive, dissociated neurosphere cell - neonatal 
organ co-cultures 

Differentiation of GFP-positive, dissociated neurosphere cell(s) only occurred when 

co-cultured with neonatal skeletal muscle. In cardiac co-cultures beating cells were 

noticed. Attempts were made to determine whether the beating cells were derived 

from neurospheres. However, it was difficult to determine if the green neurosphere 

cells were beating or whether they were merely in close proximity to beating cardiac 

cells. Throughout, control immunocytochemistry, without primary antibody, showed 

no positive staining. 

5.3.3.1  Control cultures 

Control cells, not co-cultured with neonatal organs, were examined for expression of 

tissue markers. GFP-positive, dissociated neurosphere cells did not express skeletal 

muscle markers such as skeletal muscle myosin (Figure 5.6; J), or striated muscle 

tropomyosin (Figure 5.6; L) or cardiac cell markers such as cardiac troponin I (Figure 

5.5; D) and sarcomeric α actin (Figure 5.5; B), but they were positively stained for the 

liver markers albumin (Figure 5.3; D-F) and ferritin (Figure 5.4; D-F).  

5.3.3.2  Co-cultures 

Similar to control cultures, GFP-positive, dissociated neurosphere cells co-cultured 

with dissociated liver cells expressed albumin (Figure 5.3; A-C) and ferritin (Figure 

5.4; A-C). Despite attempts to compare the intensity of the fluorescent signals 

between controls and co-cultured cells, it was concluded that no differentiation had 

occurred.  

 

GFP-positive neurosphere cells were observed in close proximity to sarcomeric α 

actin (Figure 5.5; A) and cardiac troponin I (Figure 5.5; C) positive cardiac cells 

however, none were found to be positive for these markers. The close proximity of 

these cells suggests that beating GFP-positive, dissociated neurosphere cells were 

moving under the influence of nearby cardiac cells.  
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GFP-positive neurosphere cell(s) expressed the skeletal muscle marker skeletal 

myosin, and formed a myotube when cultured with neonatal skeletal muscle cells 

(Figure 5.6; A-F). The myotube indicated in Figure 5.6; (A-F) was the only GFP-

positive myotube that expressed skeletal muscle markers. Numerous other myotubes 

were observed throughout the cultures expressed skeletal muscle myosin (Figure 5.6; 

G-I) and striated muscle tropomyosin (Figure 5.6; K) but none were GFP-positive. 

 
 
 

 
Figure 5.3: Expression of albumin in GFP – positive, dissociated neurosphere 
cells. A-C Co-culture of GFP-positive, dissociated neurosphere cells with rat 
neonatal liver. Cells expressed both GFP (A) and albumin (B), merged in C. 
D-F, images of GFP-positive cells not co-cultured with neonatal cells 
expressing GFP (D) and albumin (E), merged in F. Scale bar = 30µm.   
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Figure 5.4: Expression of ferritin in GFP – positive, dissociated neurosphere 
cells. A-C Co-culture of GFP-positive, dissociated neurosphere cells with rat 
neonatal liver. Cells expressing both GFP (A) and ferritin (B), merged in C. 
D-F, images of GFP-positive cells not co-cultured with neonatal cells 
expressing GFP (D) and ferritin (E), merged in F. Scale bar = 30µm.   

 

 

 

 

 
Figure 5.5: Culture of GFP - positive, dissociated neurosphere cells with rat 
neonatal cardiac cultures. A, merged image of neonatal cardiac co-cultures 
showing GFP-positive cells and cells stained for sarcomeric α actin. B, 
merged image of GFP-positive cells not co-cultured with neonatal cells, 
stained for sarcomeric α  actin. C, merged image of neonatal cardiac co-
cultures showing GFP-positive cells and cells stained for cardiac troponin I. D, 
merged image of GFP-positive cells not co-cultured with neonatal cells, 
stained for cardiac troponin I. Scale bar = 30µm. 
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Figure 5.6: Culture of GFP– positive, dissociated neurosphere cells with rat 
neonatal skeletal muscle cells. A-I and K, images of neonatal skeletal muscle 
co-cultures. Cell(s) expressing GFP (A and D) incorporated into a myotube 
expressing skeletal muscle myosin (B and E), merged in C and F. Numerous 
myotubes positive for skeletal muscle myosin (H) were GFP negative (G), 
merged in I. J and L, merged images of GFP-positive cells not co-cultured 
with neonatal cells stained for skeletal muscle myosin (J) and striated muscle 
tropomyosin (L). K, merged image of neonatal skeletal muscle co-cultures 
showing GFP-positive cells and a myotube stained for striated muscle 
tropomyosin. Scale bar = 30µm for A-C and G-L, and = 15µm for D-F. 
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5.4  Discussion 

These experiments demonstrate that co-culture with myoblasts provides an 

environmental niche that allows the differentiation of olfactory neurosphere cells 

along a skeletal muscle lineage. This demonstration is preliminary, however, because 

only one GFP-labelled myotube was observed. None of the other niche environments 

induced olfactory neurosphere differentiation along non-neural lineages. 

5.4.1  GFP – positive, dissociated neurosphere cells on 
frozen tissue sections 

The first method attempted to differentiate neurosphere cells was by culturing them 

on frozen tissue sections. It was thought that frozen tissue sections would retain the 

ECM properties of the in vivo organ and thereby provide an environment that 

promoted differentiation. It seems the various tissue sections acted in the same way as 

irradiated mouse embryonic fibroblasts in human embryonic stem cell culture 

(Thomson & Odorico, 2000); aiding attachment but failing to induce differentiation in 

neurosphere cells. Presumably ECM molecules and other factors on the frozen tissue 

sections aid attachment, but were unable to create a niche sufficient for the 

differentiation of olfactory neurosphere cells 

5.4.2  GFP – positive, dissociated neurosphere cells on fresh 
tissue sections 

It was thought that culture on fresh neonatal tissues would create a niche that not only 

provided ECM interactions but proliferation and differentiation signals. Neurosphere 

cells juxtaposed to these cells would therefore be exposed to an environment more 

conducive to differentiation than when cultured on frozen sections. When GFP - 

positive dissociated neurosphere cells were plated onto fresh tissue sections from 

neonatal rat liver, heart and skeletal muscle differentiation was undetectable due to 

high levels of background fluorescence.  
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5.4.2.1  Technical Considerations 

5.4.2.1.1  Causes of Autofluorescence 

There are several factors that may explain the high levels of autofluorescence. 

Initially, the paraformaldehyde fixation may have been a factor. All fixatives cause 

varying amounts of background fluorescence depending on the tissue, fixative, 

fixation time and a whole host of other variables (Weinberg, 1989). Thus variations in 

the batch of 4% paraformaldehyde used may have resulted in autofluorescence. 

 

Another possible explanation for the observed autofluorescence is due to the nature of 

the cell culture method. Because the sections and the neurosphere cells were grown on 

filter paper placed on cell culture inserts, the level of medium used was only high 

enough to wet the bottom of the filter paper. While this level of medium is sufficient 

to allow the cells to survive and proliferate, cells are not completely submerged in 

medium. This may influence autofluorescence by affecting the amount of oxygen 

available to the cells. Neurosphere cells growing on top of sections or on the filter 

paper itself are obviously exposed to a higher concentration of oxygen than cells 

submerged beneath a quantity of medium. The increased oxygen exposure would 

result in increased oxidative stress and increased hydrogen peroxide levels in the cells 

(Turrens et al., 1982). Catalase expression is increased with oxidative stress (Hoffman 

et al., 1980) and this protein contains a hemin group which is formed from the 

combination of porphyrin and ferric iron. Because porphyrins fluoresce red (Harris et 

al., 1986; Terr & Weiner, 1983) it is possible that the red fluorescence may be due to 

increased catalase expression in neurosphere cells that are under oxidative stress due 

to increased oxygen levels. As well as increasing catalase expression, the oxidative 

state of neurosphere cells may also cause autofluorescence by increasing 

lipofuscinogenesis. Lipofuscin is also autofluorescent and similar to catalase 

expression, increases with increased oxidative stress (Brunk et al., 1992). Therefore, 

the redox state of dissociated neurosphere cells may influence the amount of 

autofluorescence observed in these cultures.  
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It is also apparent that the underlying sections, while exposed to the same 

environment (increased oxygen), demonstrated little autofluorescence. Perhaps 

dissociated neurosphere cells are more susceptible to changes in oxygen concentration 

or the closely-bound structure of the section itself may have provided protection from 

increased oxygen levels and subsequent oxidative stress. Nevertheless, the skeletal 

muscle and heart sections themselves weren’t adversely affected by the conditions and 

survived well and proliferated. On the other hand, the liver sections failed to attach 

and survive in these conditions and perhaps this is a result of increased oxygen in the 

culture conditions.   

5.4.2.1.2  Choice of Medium 

While the culture conditions established here provided a close association with an 

environment that may have promoted differentiation, aspects of the conditions may 

have also hindered the differentiation of dissociated olfactory neurosphere cells. 

While DMEM-FCS was used for the first two days in order to allow the sections to 

attach and ‘settle’ prior to addition of neurosphere cells, this medium was replaced 

with serum free DMEM-ITS medium. This was carried out to prevent neurosphere 

cells from proliferating in serum medium rather than differentiating. However, the 

serum withdrawal may have had unwanted side-effects on the sections themselves, 

resulting in more cell death or less proliferation. Consequently, dissociated 

neurosphere cells may be presented with a range of signals from cells amongst the 

sections that are differentiating, proliferating or dying, and this confusion of signals 

may have prevented their differentiation. To maintain the sections in a healthier state 

and reduce the proliferation of neurosphere cells, instead of using medium containing 

10% serum, it could be switched to a lower percentage serum (1-3%) on addition of 

dissociated neurosphere cells. 
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5.4.3  GFP – positive, dissociated neurosphere cell - neonatal 
organ - co-cultures 

Neurosphere cells failed to differentiate into cardiac or liver cells, but differentiated 

into skeletal muscle cells and participate in myotube formation.  

5.4.3.1  Differentiation of GPF – positive, neurosphere 
cells to express liver markers 

When GFP – positive neurosphere cells were co-cultured with neonatal liver cells the 

observation of differentiation was indeterminable. Because the neurosphere cells 

express considerable amounts of ferritin and albumin even without co-culture with 

neonatal hepatocytes, it was impossible to determine if differentiation had occurred in 

co-cultured wells.  

5.4.3.1.1  Technical considerations 

5.4.3.1.1.1  Ferritin expression 

Ferritin is an iron storage protein that is used by all cells to enable synthesis of 

cytochromes and iron containing enzymes. While all cells express and use ferritin for 

these purposes, the expression of ferritin in most tissues is low. The liver on the other 

hand is the main site of iron storage and thus hepatocytes express large amounts of 

ferritin to enable this function (Bonkovsky, 1991). Therefore, expression of large 

amounts of ferritin could be considered as one of the signs of differentiation of cells 

into hepatocytes. In these experiments dissociated neurosphere cells expressed 

considerable amounts of ferritin without being co-cultured with neonatal hepatocytes. 

One plausible explanation for this finding is based on the medium used in these 

experiments. DMEM-FCS was used throughout these experiments in order to create 

conditions that allowed hepatocytes to successfully attach to the wells, proliferate and 

differentiate so as to provide a rich environment instructive for co-cultured 

neurosphere cells to differentiate. While these conditions effectively facilitated the 

growth of hepatocytes, they may have also effected the expression of markers in 
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dissociated neurosphere cells. Foetal calf serum contains significant amounts of iron 

(Kakuta et al., 1997), and increases in extracellular iron can cause increases in ferritin 

expression in vitro (Doolittle & Richter, 1981; Rogers & Munro, 1987). In fact 

cortical astrocytes respond to extracellular iron by rapidly increasing ferritin synthesis 

(Regan et al., 2002). In the same way, it is likely that dissociated neurosphere cells 

respond to exogenous iron from the foetal calf serum by increasing ferritin synthesis.  

5.4.3.1.1.2  Albumin expression 

Because albumin is produced in the liver this protein is highly expressed by 

hepatocytes (Crane & Miller, 1974; Miller & Bale, 1954). Consequently, increased 

albumin expression may be an indicator of differentiation down the hepatocyte 

lineage. Similar to ferritin, culture with serum containing medium may have resulted 

in increased uptake of albumin by dissociated neurosphere cells not exposed to liver 

tissue sections. As a major blood protein there would have been high levels of 

albumin in foetal calf serum medium. Albumin is taken up by rapidly dividing or 

expanding cells such as fibroblasts (Berumen & Macieira-Coelho, 1977) and tumour 

cells (Ryser, 1963; Ryser & Hancock, 1965). Therefore, expanding dissociated 

neurosphere cells, in the absence of liver tissue sections, may be able to take-up 

albumin from the medium and subsequently immunostain positive for the protein. 

Lower serum concentrations could be used to minimize these serum effects.  

5.4.3.2  Differentiation of GFP – positive, neurosphere 
cells to express cardiac markers 

When dissociated GFP - positive neurosphere cells were co-cultured with neonatal 

cardiac cells that GFP - positive cells failed to differentiate to express the cardiac 

markers cardiac troponin I and sarcomeric α actin.  
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5.4.3.2.1  Technical considerations 

5.4.3.2.1.1  Plating density of dissociated neurosphere cells 

There are several possible explanations for this failure to differentiate. In co-culture 

experiments it is ideal for the cells that are to differentiate to be enveloped in the 

foreign tissue environment. These cells should be surrounded by instructive 

differentiation cues, not cues to maintain their present state. Consequently, the ratio of 

tissue cells to neurosphere cells at plating was tilted heavily in favour of tissue cells. 

If too many neurosphere cells were plated they may have clumped together, thereby 

creating their own local environment resistant to differentiation. Similarly, plating too 

many neurosphere cells may have also allowed them to proliferate, thereby preventing 

the proliferation and differentiation of tissue cells and reducing the instructive 

environment. However, the down side of keeping neurosphere numbers low is that it 

is assumed that the percentage of stem cells or multipotent progenitors in a 

neurosphere is low. Therefore, having a low plating density means that the chances of 

including a multipotent cell in a well is lower.  

5.4.3.2.1.2  Nature of neonatal cardiac cultures 

Other factors concerned with the nature of cardiac cultures themselves also influenced 

the chances of dissociated neurosphere cells differentiating. In the heart, the rate of 

cell division declines rapidly during late embryonic and early postnatal development 

(Grohmann, 1961; Ryser, 1963; Ryser & Hancock, 1965) and 1-2% of ventricular 

muscle cells are dividing at birth (Zak, 1973). Nevertheless, cultures of neonatal heart 

are able to proliferate and display synchronized beating (Harary & Farley, 1963). In 

these cultures it was also observed that approximately 2% of the cells contracted 

spontaneously, and that other cells only contracted on contact with the beating cells 

(Harary & Farley, 1963). As this study implies, there is a relatively low percentage of 

cardiomyocytes in dissociated cardiac cultures. The remaining cells are most likely 

made up of fibroblasts, smooth muscle cells and endothelial cells (Diez & Simm, 

1998; Hassall et al., 1990). More recently, despite the dogma of the heart as a 
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postmitotic organ, the heart has been shown to contain a potential stem cell population 

(Beltrami et al., 2003; Hierlihy et al., 2002), although the percentage of stem cells in 

the heart is presumed to be less than 0.03% (Matsuura et al., 2004). Other studies 

conducted using co-culture of cardiac cells with mesenchymal stem cells, 

demonstrated the necessity of cell contact between stem cells and cardiomyocytes in 

order for differentiation to occur (Wang et al., 2005). Therefore the absence of 

differentiation observed here may be due to the lack of contact between multipotent 

neurosphere cells and cardiomyocytes or differentiating cardiac stem cells. 

5.4.3.3  Differentiation of GFP – positive neurosphere 
cells to express a skeletal muscle marker 

Myotubes are syncytia that typically form from the fusion of mononuclear myoblasts. 

When cultured with neonatal skeletal muscle cells GFP - positive neurosphere cell(s) 

were present within a skeletal muscle myosin-positive myotube.  

5.4.3.3.1  Relationship between myogenesis and neurogenesis 

The formation of a myotube, myogenesis, is a relatively well defined process divided 

into distinct stages that include; specification, differentiation, cell-cell recognition, 

adhesion, alignment and finally membrane fusion (Wakelam, 1985). A review of the 

factors involved in regulating myogenesis revealed that some also have a role in 

neurogenesis. Therefore, this commonality between neurogenesis and myogenesis 

may help explain how olfactory cell(s) participate in myotube formation.  

5.4.3.3.1.1  Notch and Hes-1 inhibit both myogenesis and neurogenesis 

Expression of muscle regulatory factors (MRFs) of the basic helix-loop-helix (bHLH) 

type, such as myoblast determination protein (MyoD) and Myogenic factor 5 (Myf5) 

is the key step which results in the specification of cells to the myogenic lineage 

(Weintraub et al., 1991). The specification MRFs can be considered to be the initial 

‘switch’, which once thrown leads to irreversible activation of the myogenic lineage 
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(Weintraub et al., 1991). The importance of the MRFs is highlighted by the wide 

variety of cells that are able to be converted into muscle through constitutive 

transcription of these factors. Fibroblast cell lines, adipocytes, melanoma cells, 

neuroblastoma cells as well as primary cultures of chondrocytes, smooth muscle, 

retinal pigment cells, fibroblasts and neural cells are all able to be converted to muscle 

cells through constitutive transcription of MRFs (Choi et al., 1990; Davis et al., 1987; 

Lin et al., 1989; Weintraub et al., 1989). Therefore it can be clearly seen that the 

MRFs, and in particular MyoD, are important for myogenesis and are capable of 

activating previously silent muscle-specific genes in a variety of differentiated cell 

types (Weintraub et al., 1991). 

 

There are several molecules that are known to regulate the expression of MRFs, of 

particular interest are paired box protein-3 (Pax3) and Notch. While Pax3 is able to 

activate myogenesis through activation of MyoD (Maroto et al., 1997), Notch 

expression inhibits myogenesis through inhibition of MyoD (Hirsinger et al., 2001; 

Kopan & Cagan, 1997). Both factors play a similar role in neurogenesis, in that Pax 3 

is involved in promoting neurogenesis (Goulding et al., 1991; Koblar et al., 1999) 

while Notch expression is related to inhibition of neurogenesis (Gaiano & Fishell, 

2002). Significantly, several studies have highlighted the role of Notch in both 

myogenesis and neurogenesis (Baylies et al., 1998; Jan & Jan, 1993; Nye et al., 1994). 

The inhibition of myogenesis by Notch is all the more intriguing as its inhibitory role 

involves the induction of the negative regulator Hes1(Jarriault et al., 1998; Kuroda et 

al., 1999). Hes1 also inhibits neuronal differentiation by antagonizing the activator-

type bHLH genes (Chen et al., 1997; Sasai et al., 1992). As previously mentioned 

neurospheres cells express Notch and Hes1. As inhibitors of neurogenesis, it was 

proposed that expression of these markers was responsible for the low percentage of 

neural cells within neurospheres. As inhibitors of MyoD as well, cells that express 

Notch and Hes1 may be unable to undergo specification to the myogenic lineage 

limiting the pool of progenitors able to undergo myogenesis. 
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5.4.3.3.1.2  Role of myocyte enhancer factor 2 (MEF2) in myogenesis and 
possibly neurogenesis 

bHLH type muscle regulatory factors (MRFs), myogenin and Mrf4, are involved in 

terminal differentiation of myoblasts. Myocyte enhancer factors (MEFs) play a role in 

terminal differentiation through regulating myogenin and Mrf4. The principle MEF in 

myogenesis is MEF2, which as well as regulating MRFs, is involved in activating a 

variety of muscle specific genes (Bergstrom et al., 2002). Importantly for this study, 

the expression of MEF2 increases the efficiency of conversion of non-muscle cells, in 

combination with MRFs, into differentiated myoblasts (Kaushal et al., 1994; 

Molkentin et al., 1995). Another aspect of MEF2, which is pertinent to these 

experiments, is the observation that MEFs, unlike the MRFs which are skeletal 

muscle specific, are expressed by a wide range of tissues including smooth muscle 

(Firulli et al., 1996), spleen (Swanson et al., 1998) and in the brain (Leifer et al., 1993; 

Lin et al., 1996; Lyons et al., 1995). Providing another possible link between 

neurogenesis and myogenesis, the timing of expression and the locations of 

expression, olfactory bulb, hippocampus and cerebellum, is consistent with a role for 

MEF2 factors in neuronal differentiation (Black & Olson, 1998; Lin et al., 1996) 

although no neural target genes have been identified.  

5.4.3.3.1.3  Neural markers involved in myogenesis 

During recognition, adhesion and the fusion of myoblasts to form myotubes numerous 

extracellular markers are expressed to regulate these events. Cadherins regulate cell 

adhesion and participate in the maintenance of proper cell-cell contacts (Moore & 

Walsh, 1993). Neural-cadherin (N-cadherin), which as its name suggests is principally 

found in neural tissues such as the brain (Hatta et al., 1985), plays an integral part in 

myoblast recognition and adhesion (Knudsen et al., 1990). Members of the cell 

adhesion molecules (CAMs) such as neural cell adhesion molecule (NCAM) which is 

expressed in the brain (Rutishauser et al., 1978a; Rutishauser et al., 1978b) and 

olfactory epithelium (Calof & Chikaraishi, 1989; Satoh & Takeuchi, 1995) are also 

important in the recognition and adhesion of myoblasts (Dickson et al., 1990; Grumet 

et al., 1982; Knudsen et al., 1990; Mege et al., 1992). Similarly, β-1-integrin which is 
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expressed both in the brain (Campos et al., 2004) and olfactory epithelium (Carter et 

al., 2004) plays an important role in myoblast fusion as it is involved in the 

breakdown of the plasma membrane and the establishment of cytoplasmic continuity 

between fusing cells (Schwander et al., 2003). 

 

In summary it is apparent that there are parallels between myogenesis and 

neurogenesis in both the expression of regulatory molecules such as Notch, Pax3, Hes 

1 and MEF2, and extracellular proteins such as NCAM, N-cadherin and β-1-integrin. 

Expression of these common molecules may have ramifications for the participation 

of dissociated neurosphere cells in myotube formation. Initially the expression of the 

neural and myogenic inhibitors Notch and Hes1 may limit the cells able to activate 

MyoD, and undergo specification towards a myogenic lineage, to neural progenitors 

that would have lower expression of these markers. The favouring of neuronal 

precursors for myogenic differentiation is further emphasised by the participation of 

MEF2 in terminal differentiation, and its proposed role in neurogenesis. The 

involvement of the neural proteins NCAM and N-cadherin as well as β-1-integrin in 

myoblast recognition, adherence and fusion also suggests the preferential acceptance 

of neural progenitors in myotube formation. Therefore the relationship between 

myogenesis and neurogenesis may help explain the observed acceptance of GFP – 

positive neurosphere cells in myotube formation and would indicate that neural 

progenitors are the most likely cells to participate in this process. 

5.4.3.3.2  Other examples of myogenesis in neural stem cell populations 

A further endorsement of the association between myogenesis and neurogenesis on 

the differentiation of neural progenitor cells down the myogenic lineage is suggested 

by the work of Rietz et al (2001) and (Galli et al., 2000). Utilising the C2C12 

myoblasts cell line (Yaffe & Saxel, 1977), both these studies demonstrated that adult 

neural stem cells, derived from the brain were accepted as partners in myotube 

formation. The observed participation of neural stem cells in myotube formation by 

Rietz et al (2001) and Galli et al (2000) further strengthens the argument that the 

relationship between myogenesis and neural stem or progenitor cells may help explain 

the differentiation event documented here.  
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5.4.3.3.3  Specificity of cell fusion 

The process of cell fusion is rare in mammalian tissues and occurs in a restricted 

number of cell types that include; sperm and oocytes during fertilisation, trophoblasts 

during placental formation, hepatocytes, macrophages during giant cell and osteoclast 

formation and myoblasts in the formation of myotubes and myofibers (Horsley & 

Pavlath, 2004). The process of myotube formation is also extremely specific. As 

implied above, a large number of extracellular markers are required for recognition 

and adhesion between myoblasts and only cells with a particular phenotype are able to 

undergo myotube formation. In support of this, co-culture experiments show that 

myoblasts do not fuse with cartilage cells, liver cells, de-differentiated cartilage cells 

or somite cells (Okazaki & Holtzer, 1965). Therefore a neurosphere cell derived from 

the olfactory mucosa would have to differentiate to express specific markers in order 

to be accepted in myotube formation.  

5.4.3.3.4  Technical considerations 

5.4.3.3.4.1  Plating density of dissociated neurosphere cells 

There are several factors that influence the rarity of fusion between GFP - positive 

neurosphere cells and neonatal myoblasts to form a myotube. As discussed above, the 

low plating density, of 100 GFP - positive neurosphere cells per well, would play a 

significant part in determining the frequency of differentiation. Previously it was 

argued that in order to provide an environment for multipotent neurosphere cells that 

was instructive for differentiation, there needed to be an excess of tissue cells. 

Therefore the number of neurosphere cells per well compared with neonatal skeletal 

muscle cells was kept low. As demonstrated in Chapter 3, a low percentage of cells 

were able to generate neurospheres and a low percentage of first generation 

neurosphere cells were able to generate clonal neurospheres. These results indicate 

that there is a low percentage of self-renewing cells (stem cells) within the 

neurosphere population. When the presumed low percentage of stem cells in 
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dissociated neurospheres is combined with the low plating density, the probability of 

differentiation and fusion with myocytes is even lower.  

5.4.3.3.4.2  Phenotype of dissociated neurosphere cells 

The chances of differentiation were further decreased by the low percentage of neural 

cells in neurospheres. As outlined above, differentiation down a neural lineage may 

aid myogenesis. However there are a low percentage of neurosphere cells that express 

neural markers (~10%) and as such it is assumed that a low percentage of multipotent 

precursors are progressing down a neural lineage. Thus it is likely that there are a low 

percentage of cells capable of myogenesis within olfactory neurospheres. Overall, 

when the effects of a low plating density and a low percentage of multipotent cells 

within neurospheres are combined with a low percentage of multipotent cells 

progressing down a neural lineage, it is understandable that only one GFP - positive 

myotube was observed. 

5.4.4  Comparison of transwell induction and co-culture 
techniques 

These results are in contrast to those of Murrell et al (2005), in which a high 

percentage of human olfactory neurosphere cells differentiated to express tissue 

specific markers using a transwell induction assay. In these experiments up to 70% of 

cells growing out from whole neurospheres expressed liver markers, while as many as 

91% were positive for skeletal muscle markers and up to 99% were positive for 

cardiac markers (Murrell et al., 2005). In these experiments only cells growing out 

from attached neurospheres were counted. Therefore the actual percentage of cells 

capable of differentiating, amongst the entire neurosphere population, was lower. 

However, several factors may help explain the differences between the results here 

and those of Murrell et al (2005). Initially, whole human olfactory neurospheres were 

used by Murrell et al (2005) whereas dissociated neurospheres were used here. It 

would seem that dissociating neurospheres would allow better differentiation as cells 

would be better exposed to extracellular signals and free from other confounding 
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factors released by surrounding neurosphere cells. However, it may be that keeping a 

neurosphere intact actually enhances rather than inhibits differentiation. Co-culturing 

dissociated neurosphere cells with dissociated organ cells should provide an ideal 

environment. Neurosphere cells would be surrounded by tissue cells that are 

proliferating and differentiating. This close proximity to tissue cells should be 

significant. A neurosphere cell juxtaposed to a differentiating cell is exposed to the 

same environment that is inducing the tissue cell to differentiate and therefore may be 

more likely to differentiate itself. On the other hand, in a transwell assay cells would 

be confronted by a wide range of apoptotic, proliferation and differentiation signals 

released from cells at various stages of development in the tissue sections. 

Nevertheless, the advantage of using tissue slices is that they are able to better 

condition the medium because more cells are present than in monolayer co-culture 

experiments. Therefore, a stronger differentiation signal may be provided to 

multipotent cells growing beneath. Perhaps the difference between the transwell 

assays of Murrell et al (2005) and the co-culture experiments presented here lies in the 

neurosphere cells themselves. Despite being derived in much the same culture 

conditions, human olfactory neurospheres may simply contain a significantly greater 

percentage of multipotent cells than rat olfactory neurospheres. Murrell et al (2005) 

assessed the differentiation of cells growing out from four neurospheres per condition. 

Thus the differentiation observed may be a result of increased numbers of multipotent 

cells exposed to an instructive environment. 

5.4.5  Summary  

The experiments presented here indicate some important aspects in regard to 

environmental niche and the differentiation of neurosphere cells. It seems that ECM 

interactions provided by frozen tissue sections and ECM and growth factor 

interactions provided by fresh tissue sections do not create a niche that induces 

neurosphere cells to differentiate. Co-culture however, combining ECM, growth 

factor and cell-cell interaction was able to demonstrate differentiation of neurosphere 

cells, into a single myotube. This suggests that cell-cell interactions may be important 

in establishing a niche conducive to differentiation. Neonatal cardiac cultures contain 

few cardiomyocytes and even fewer differentiating cardiomyocytes (Harary & Farley, 
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1963; Matsuura et al., 2004; Zak, 1973). Neonatal skeletal muscle cultures, on the 

other hand, contained numerous myoblasts differentiating into myotubes. Obviously, 

skeletal muscle co-cultures provided a more dynamic niche than cardiac co-cultures. 

Consequently, differentiation of GFP-positive dissociated neurosphere cells was only 

observed in skeletal muscle cultures.  

5.4.6  Conclusion 

In conclusion it was demonstrated here that GFP-positive neurosphere cell(s) were 

capable of differentiating into a non-neural lineage: In particular co-culture with 

neonatal skeletal muscle provided a niche that promoted the differentiation and 

incorporation of neurosphere cell(s) into a myotube. The results suggest that cell-cell 

contact with differentiating cells is important in establishing a niche for 

differentiation. 

5.4.7  Future directions 

Increasing the number of GFP-positive neurosphere cells may increase the chances of 

observing differentiation in co-culture experiments. A direct comparison of transwell 

induction and co-culture techniques conducted in parallel may establish the 

importance of cell-cell interaction in creating a niche suitable for differentiation. 

Perhaps co-culture with cell types that differentiate more prolifically in vitro could 

allow more differentiation to be observed. The C2C12 myoblast cell line which is able 

to differentiate consistently in vitro may prove useful. Any future differentiation 

experiments should include an analysis of the differentiation of single (clonal) cells. 

Thereby the mulitpotency of single neurosphere cells, rather than the population of 

neurosphere cells, could be assessed and a more accurate estimate of the multipotency 

of olfactory cells determined.   
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6.0   Co-culture of neurosphere cells with 3T3-L1 cells 
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6.1  Introduction 

The results of the previous chapter suggest that olfactory neurosphere cells may 

differentiate into a non-neural lineage if co-cultured with differentiating myoblasts. 

Therefore in this chapter co-culture experiments were established using a cell line 

known to differentiate consistently and robustly, in order that an instructive niche be 

provided to assess the differentiation of olfactory neurosphere cells.  

 

The 3T3-L1 pre-adipocyte cell line was established in 1974 by Green and Meuth after 

they observed that resting cultures of the embryonic mouse fibroblast cell line 3T3 

contained clusters of cells that contained lipid droplets. These lipid accumulating cells 

were isolated and clonal cell lines established, two of which accumulated large 

amounts of triglyceride fat when in a resting state 3T3-L1 and 3T3-L2 (Green & 

Meuth, 1974). Of these cell lines the 3T3-L1 cell line is the most commonly used. 

Originally, this clonal cell line was merely left in a resting state, that is confluence, 

until the cells began to accumulate lipid, but since then numerous factors have been 

tested to accelerate and increase lipid accumulation such as biotin (Mackall et al., 

1976), 3-isobutyl-1-methylxanthine (IBMX) (Russell & Ho, 1976) and 

dexamethasone (DEX) (Rubin et al., 1978) as well as increased concentrations of 

insulin (Green & Kehinde, 1975). Consequently, 3T3-L1 cells are a cell line that is 

now known to differentiate consistently into adipocytes in a predictable and extremely 

robust manner in well defined culture conditions. Therefore, co-culture with this cell 

line, provides an ideal environment to test the differentiation of neurosphere cells into 

a specific cell type using a well established culture technique.  

 

Peroxisome proliferator-activated receptor-γ (PPARγ) – ligand interactions are 

important for the differentiation of adipocytes (adipogenesis) (Tzameli et al., 2004), to 

the extent that PPARγ is considered a master regulator of adipocyte differentiation 

(Tontonoz et al., 1994). Consequently, there has been a search for the definitive 

PPARγ ligand with numerous molecules that act as ligands for PPARγ being 

identified including; nitrolinoleic acid (Schopfer et al., 2005), dehydration products of 

prostaglandin (Forman et al., 1997; Kliewer et al., 1995; Kliewer et al., 1997) 
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derivatives of linoleate (Nagy et al., 1998), thiazolidinediones (Lehmann et al., 1995) 

and certain polyunsaturated fatty acids (Forman et al., 1997; Kliewer et al., 1997). 

Currently the definitive in vivo PPARγ ligand remains elusive. Of importance to this 

study, it has been shown that 3T3-L1 cells themselves produce and release into the 

medium a ligand(s) specific for PPARγ. This production is most profuse during the 

early stages of differentiation as PPARγ ligands are produced rapidly upon IBMX, 

dexamethasone and insulin treatment reaching a maximum during the first four days 

of differentiation (Tzameli et al., 2004). Therefore, not only is the 3T3-L1 cell line 

ideal for co-culture in that it is able to differentiate consistently in a well defined 

manner, but its use is further enhanced by the finding that it produces a PPARγ ligand 

integral for adipogenesis.  

 

The aim of these experiments was to test the hypothesis that the niche created by 

differentiating 3T3-L1 cells would induce the differentiation of neurosphere cells into 

adipocytes. In this study GFP-labelled and unlabelled olfactory neurosphere cells 

were co-cultured with differentiating 3T3-L1 cells. The relative importance of cell-

cell contact or soluble factors was examined by direct contact co-cultures; and 

transwell co-cultures, in which cells were physically separated but share a common 

medium. 
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6.2  Materials and Methods 

6.2.1  Materials 

Dexamethasone (DEX), isobutyl-1-methyl-xanthine (IBMX), biotin, insulin, oil-red-O 

and human collagen IV were all purchased from Sigma, St Louis, MO, USA. 

Transwell cell culture inserts (0.6cm2) with a pore diameter of 0.4µm were purchased 

from Millipore, Billerica, MA, USA. Anti-glucose transporter 4 (Glut4) rabbit 

polyclonal was purchased from GeneTex San Antonio, TX, USA. Filter paper was 

purchased from Whatman Maidstone, England.  

 

3T3-L1 cells were a generous donation from Dr Jon Whitehead and Dr Louise Hutley 

(Cell Signalling Group, Dept of Diabetes & Endocrinology, University of 

Queensland) 

6.2.2  Methods 

6.2.2.1  Outline of experiment 

1) 3T3-L1 differentiation 

2) Direct contact co-culture 

3) Transwell co-culture 

a. Single exposure to differentiating 3T3-L1 cells 

b. Successive exposure to differentiating 3T3-L1 cells 

4) Comparison of generations 

6.2.2.2  3T3-L1 Differentiation 

Non-confluent (80%) 3T3-L1 mouse fibroblast preadipocyte cell line cultures were 

passaged using a 1/5 solution of 0.25% trypsin, 0.02% EDTA in HBSS and incubated 
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at 37oC in 5% CO2 for 2 minutes. 3T3-L1 cells were seeded at ~ 5 000 cells/cm2 onto 

plastic flasks and allowed to proliferate until 2 or 3 days post confluent in DMEM-

FCS. 2 or 3 days post-confluent, the medium was changed to differentiation medium: 

DMEM-FCS with the addition of 0.22µM dexamethasone (DEX), 0.1µg/mL biotin, 

2µg/mL insulin and 0.5mM isobutyl-1-methyl-xanthine (IBMX). The cells were 

cultured in differentiation medium for 3 days after which the medium was changed to 

post-differentiation medium (DMEM-FCS plus 2µg/mL insulin) and the cells cultured 

for a further 3 days. The medium was changed to normal DMEM-FCS and the cells 

cultured for a further 6 days.  

6.2.2.3  GFP-positive, dissociated neurosphere cells co-
cultured with 3T3-L1 cells 

3T3-L1 cells were passaged onto chamber slides at 7 000 cells/cm2 without 

neurosphere cells, or with GFP-labelled neurosphere cells at 100, 200 or 500 

cells/well (142cells/cm2, 284 cells/cm2 and 714 cells/cm2 respectively). In separate 

wells control cultures were established with only GFP-labelled neurosphere cells. The 

control cells were plated at the same cell densities as co-cultured wells. Both control 

and co-cultured wells were initially plated in DMEM-FCS until 3 days post confluent 

at which time the medium was changed to differentiation medium. The cells were 

cultured in differentiation medium for 3 days, post-differentiation medium for 3 days 

and finally in normal DMEM-FCS for a further 6 days. Immunocytochemistry for 

Glucose transporter-4 (Glut-4) was carried out after the cells were fixed in 4% 

paraformaldehyde. Following Glut-4 staining, lipids were stained using oil-red-O. 
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6.2.2.4  3T3-L1 transwell induction assay 

6.2.2.4.1  Single exposure to differentiating 3T3-L1 cells 

 
Figure 6.1: Outline of 3T3-L1 transwell induction assay. 1) 3T3-L1 cells were 
seeded on transwell cell culture inserts, while dissociated neurosphere cells 
were seeded beneath them. 2) When 3T3-L1 cells were 2/3 days post-
confluent the differentiation process commenced (Day 0). 

 

 

Cell culture inserts (0.6cm2) with a pore diameter of 0.4µm, were coated with 

0.67µg/cm2 collagen IV and were seeded with 3T3-L cells at 17 000 cells/0.6cm2 

(~12 000 cell/cm2). Beneath the inserts, or in isolation, dissociated first and sixth 

generation neurospheres were plated at 1 000 cells/well (526 cells/cm2), 2 500 

cells/well (1 315 cells/cm2), 5 000 cells/well (2 631 cells/cm2) and 10 000 cells/well 

(5 263 cells/cm2). First generation dissociated neurosphere cells were also plated at 20 

000 cells/well (10 526 cells/cm2) and 30 000cells/well (15 789 cells/cm2) beneath 

3T3-L1 seeded inserts. All cells were initially plated in DMEM-FCS until the seeded 

3T3-L1 cells were 3 days post-confluent. The cells were then cultured in the same 

way as described in section 6.2.2.2. After fixation with 4% paraformaldehyde Glut-4 

staining was carried out followed by staining for lipids using oil-red-O (Figure 6.1).  
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6.2.2.4.2  Successive exposure to differentiating 3T3-L1 cells 

 
Figure 6.2: Outline of transwell induction assay - successive exposure to 
differentiating 3T3-L1 cells. 1) 3T3-L1 cells were seeded on transwell cell 
culture inserts, while dissociated neurosphere cells were seeded beneath them. 
2) When 3T3-L1 cells were 2/3 days post-confluent the differentiation process 
commenced (Day 0). 3) After 3 days the transwell insert on which 3T3-L1 
cells were differentiating was removed and replaced by a “fresh” transwell 
insert containing undifferentiated 2/3 day post-confluent 3T3-L1 cells. The 
“fresh” 3T3-L1 cells were then differentiated for 3 days. 4) After the 3 day 
differentiation of the “fresh” 3T3-L1 cells, the remaining differentiation 
process was completed.    

 

As described above, cell culture inserts were coated with collagen and seeded with 

3T3-L1 cells at 15 000 cells/0.6cm2 (25 000cells/cm2) in DMEM-FCS. Unlabelled 

dissociated first, second and sixth generation neurospheres were plated beneath the 

inserts at; 1 000 cells/well (526 cells/cm2), 2 500 cells/well (1 315 cells/cm2), 5 000 

cells/well (2 631 cells/cm2), 10 000 cells/well (5 263 cells/cm2), 20 000 cells/well (10 

526 cells/cm2) and 30 000 cells/well (15 789 cells/cm2) in DMEM-FCS. The cells 

were cultured until the 3T3-L1 cells were 3 days post-confluent at which time the 

medium was changed to differentiation medium and the cells cultured for 3 days. 
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After 3 days the inserts were replaced with new collagen coated inserts that had been 

seeded with 3T3-L1 cells 3 days after the initial cells were plated. The new post-

confluent 3T3-L1 cells, and the dissociated neurosphere cells beneath them, were 

again cultured in differentiation medium for 3 days. After differentiation the medium 

was replaced with post-differentiation medium for 3 days and finally normal DMEM-

FCS for a further 6 days. The cells were then fixed in 4% paraformaldehyde and 

immunocytochemistry for Glut-4 was carried out followed by oil-red-O staining for 

lipids (Figure 6.2). 

6.2.2.4  Oil Red-O staining 

Oil red-O stain is a lysochrome (lipid soluble dye) used to indicate the presence of 

triglycerides. Oil red-O stock solution was prepared by dissolving 0.74g of oil red-O 

in 200mL of isopropanol and mixing overnight at 4oC. The solution was then filtered 

and stored at 4oC. The oil red-O working solution was prepared by mixing 3 parts 

stock to 2 parts HBSS and leaving the solution to stand overnight at 4oC followed by a 

further filtration step. Cultured cells were washed in PBS prior to adding the lipid 

stain for 2 hours at room temperature, after which the wells were washed twice in 

PBS.  
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6.3  Results 

Here it was demonstrated that GFP-positive dissociated neurosphere cells 

differentiated into adipocytes in a direct contact co-culture situation. It was also found 

that secreted factors produced by 3T3-L1 cells were sufficient to induce the 

differentiation of neurosphere cells into adipocytes using a transwell co-culture assay. 

6.3.1  3T3-L1 differentiation 

3T3-L1 cells differentiated into adipocytes. The 3T3-L1 cells reached confluence after 

only a few days in culture. The first signs of adipocytes appeared towards the end of 

the differentiation period. Differentiation was apparent from the formation of small 

lipid bodies. The number of differentiated cells and the quantity of accumulated lipid 

increased during the post-differentiation period. It was also noticed that fully 

differentiated adipocytes were often found clumped together in large clusters as 

shown in Figure 6.3. Control immunocytochemistry, without primary antibody, 

showed no positive staining. 
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Figure 6.3: Differentiated 3T3-L1 cells. During the culture period numerous 
adipocytes formed usually in clumps. A and D are bright-field images of 
differentiated adipocytes. B and E are fluorescent images of cells with 
accumulated lipids stained red with oil-red-O. C and F are fluorescent images 
of adipocytes immunostained in green for glucose transporter-4 (Glut-4) an 
adipocyte marker. Scale bar = 50µm. 

6.3.2  GFP-positive, dissociated neurosphere cells co-
cultured with 3T3-L1 cells 

When co-cultured with 3T3-L1 cells GFP-positive cells accumulated lipid and also 

express the adipocyte marker Glut-4 as shown in Figure 6.4. In regard to overall 

morphology, accumulation of lipid and expression of Glut-4, the differentiated 

neurosphere cells were only distinguishable from differentiated 3T3-L1 adipocytes by 

their expression of GFP. Of interest was the observation that some of the GFP-

positive adipocytes were bi-nuclear, as shown in Figure 6.4 (D).  

 
In control cultures, none of the GFP-positive neurosphere cells differentiated into 

adipocytes. In these cultures there was never any oil-red-O staining or Glut-4 

immunoreactivity. Also control immunocytochemistry, without primary antibody, 

showed no positive staining. 
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Figure 6.4: Differentiation of GFP-positive neurosphere cells into adipocytes. 
By co-culture with 3T3-L1 cells GFP-positive neurosphere cells (shown in D, 
H and L) were found to be immunoreactive for the adipocyte marker glucose 
transporter-4 (Glut-4) (stained blue in C, G and K), accumulated lipid (stained 
red by oil-red-O in B, F and J) and displayed a typical adipocyte morphology 
(brightfield A, E and I). Scale bar = 30µm. 

6.3.3  Transwell adipocyte differentiation  

6.3.3.1  Single exposure to differentiating 3T3-L1 cells 

Using a transwell co-culture assay in which neurosphere cells were exposed to a 

single round of differentiating 3T3-L1 cells – no differentiation was observed. 

6.3.3.2  Successive exposure to differentiating 3T3-L1 
cells 

Neurosphere cells exposed to successive rounds of differentiating 3T3-L1 cells 

differentiated into adipocytes. It was concluded that differentiation had taken place 

based upon the accumulation of lipid and expression of Glut-4 by dissociated 

neurosphere cells (Figure 6.5). Control immunocytochemistry, without primary 

antibody, showed no positive staining. 
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Figure 6.5: Differentiation of dissociated neurosphere cells into adipoctyes. 
Dissociated neurosphere cells were cultured beneath 3T3-L1 cells growing on 
tissue culture inserts. When the inserts were removed and the cells fixed and 
stained it was found that some dissociated neurosphere cells had the 
morphology of adipocytes (A and E) accumulated lipid (stained red using oil-
red-O; C and D; G and H), and were immunopositive for the adipocyte marker 
glucose transporter-4 (Glut-4) (stained green in B and D; F and H). Nuclei 
were labelled using Hoechst 33342 (B, C, D, F, G and H). D and H show the 
co-localisation of oil-red-O staining and Glut-4 immunostaining. Scale bar = 
15µm. 

6.3.4  Comparison of generations 

When exposed to successive rounds of differentiating 3T3-L1 cells, first, second and 

sixth generation neurosphere cells differentiated into adipocytes. Preliminary data 

would indicate that the number of differentiated adipocytes increased with the 

generations. Only one differentiated adipocyte was found in first generation 

dissociated neurosphere cultures whereas 6 were observed in second generation 

dissociated neurosphere cultures and 252 in total were observed in sixth generation 

dissociated neurosphere cultures (Figures 6.6). It was also calculated that 

approximately 0.66% of sixth generation neurosphere cells were capable of 

differentiating (differentiated cells / cells plated (% of cells capable of differentiation): 

6 / 1 000 (0.6%), 37 / 2 500 (1.48%), 40 / 5 000 (0.8%), 70 / 10 000 (0.7%), 46 / 20 

000 (0.23%) and 53 / 30 000 (0.18%): average % of differentiated cells ~0.66%). 

Control immunocytochemistry, without primary antibody, showed no positive 

staining. 
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Figure 6.6: Differentiation of first, second and sixth generation dissociated 
neurosphere cells into adipocytes. Dissociated neurosphere cells were cultured 
beneath 3T3-L1 cells growing on tissue culture inserts. The number of Glut-4 
and oil-red-O-positive cells for each generation was totalled and averaged 
across 6 wells (±SEM). 
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6.4  Discussion 

These experiments show that 1) Olfactory neurosphere cells exposed to an instructive 

niche were capable of differentiating into adipocytes – demonstrating the capacity to 

differentiate along a non-neural lineage. 2) Direct cell contact was not required for 

differentiation and that extracellular signals were sufficient to induce differentiation. 

3) Differentiation was not the result of cell fusion. 4) Only a small proportion of 

neurosphere cells (<1%) have the ability to differentiate into adipocytes. 5) The 

culture conditions defined in Chapter 2 appeared to increase the capacity of later 

generations of neurosphere cells to differentiate into adipocytes.    

6.4.1  The effect of exposure time on neurosphere cell 
adipogenesis 

These results suggest that 3T3-L1 cells secrete a soluble factor that can induce rat 

olfactory neurosphere cells to differentiate into adipocytes. When separated by 

transwells, dissociated neurosphere cells failed to differentiate after only one exposure 

to differentiating 3T3-L1 cells, presumably due to insufficient exposure to factors 

produced by 3T3-L1 cells. However, it seems that a longer exposure to the signal is 

sufficient to allow dissociated neurosphere cells to overcome the presumed 

concentration deficiencies of released factors and differentiate into adipocytes.  

6.4.2  Differentiation of olfactory cells into adipocytes is not 
due to cell fusion 

In recent years there has been controversy surrounding co-culture and transplant 

differentiation experiments, with evidence indicating that ‘differentiation’ in these 

studies may be due to the fusion of stem cells with co-cultured cells (Alvarez-Dolado 

et al., 2003; Harris et al., 2004). The observation of bi-nucleate GFP-positive 

adipocytes in co-culture experiments suggests that GFP-positive olfactory 
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neurosphere cells may have fused with surrounding 3T3-L1 cells and that they have 

not in fact differentiated. 

 

The presence of bi-nucleate GFP-positive adipocytes observed in co-culture 

experiments may not be due to cell fusion. Bi-nucleate morphology is a common 

phenomenon amongst adipocytes. Green and Meuth in 1974 described the appearance 

of bi-nucleate cells amongst 3T3-L1 adipocytes and commented that when cells 

accumulate large amounts of lipid, that despite nuclear division, cytokinesis fails and 

cells become bi-nucleate.   

 

In order to determine whether the transformation of GFP-positive dissociated 

neurosphere cells into adipocytes was due to GFP-positive cells fusing with 3T3-L1 

cells or in fact bona fide stem cell differentiation, a transwell induction assay was 

established. In this way dissociated neurosphere cells could be co-cultured with 3T3-

L1 cells while physically separated using transwell cell culture inserts. The results of 

these experiments clearly demonstrated that olfactory neurosphere cells differentiated 

into adipocytes even when physically separated from 3T3-L1 cells. Therefore the 

differentiation of neurosphere cells into adipocytes cannot be attributed to cell fusion.  

6.4.3  Identity of the factor(s) released from 3T3-L1 cells 

3T3-L1 cells produce and release PPARγ ligand(s) predominantly during 

differentiation (Tzameli et al., 2004). PPARγ is a nuclear hormone receptor that is 

critical for adipogenesis and is considered to be a master regulator of adipocyte 

differentiation (Tontonoz et al., 1994). Therefore, the as yet unknown PPARγ 

ligand(s) is obviously a very good candidate for the soluble factor released by 3T3-L1 

cells that induces differentiation of neurosphere cells. 3T3-L1 cells secrete a wide 

range of molecules during differentiation including extracellular matrix molecules, 

lipid metabolism factors and growth regulation factors (Wang et al., 2004). Therefore, 

any one of these, or more likely a combination, of these factors may be responsible for 

neurosphere cell differentiation.   
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6.4.4  The effect of EGF and bFGF on adipogenesis 

The growth factors used to generate neurospheres themselves might provide insight 

into their differentiation into adipocytes. EGF and bFGF are commonly used as 

mitogens for stem cell populations (Bartlett et al., 1994; Gritti et al., 1999; Weiss et 

al., 1996) and as such there are cells within the olfactory mucosa and amongst 

dissociated neurosphere cells that are able to respond to these mitogens to generate 

neurospheres. While these factors are believed to induce stem cell proliferation, they 

may have other effects that influence the ability of stem cells or stem-like cells within 

olfactory neurospheres to differentiate into other cell types, such as adipocytes. For 

example, there is evidence that exposure to EGF can inhibit adipogenesis (Dang & 

Lowik, 2005; Hauner et al., 1995; Serrero, 1987). On the other hand, despite some 

evidence to the contrary (Krieger-Brauer & Kather, 1995; Roncari & Le Blanc, 1990), 

bFGF seems to play an important role in promoting adipogenesis (Hutley et al., 2004; 

Kawaguchi et al., 1998; Neubauer et al., 2004; Serrero, 1987; Tabata et al., 2000). Of 

particular relevance to this study, it was found that cultures of mesenchymal stem 

cells receiving bFGF demonstrated an upregulation in expression of PPARγ receptor 

mRNA prior to adipogenic induction and hence increased the responsiveness of the 

stem cells to PPARγ ligand and subsequently increased adipogenesis (Neubauer et al., 

2004). Therefore, there is the potential that stem cell or stem-like populations that are 

able to respond to bFGF, such as the olfactory mucosa, may in the same way as 

mesenchymal stem cells, be primed by this factor, to respond to PPARγ ligand and 

subsequently undergo adipogenesis. 

6.4.5  Effect of neurosphere phenotype on adipogenesis 

The phenotype of dissociated olfactory neurosphere cells would also have had an 

impact on the ability of cells to differentiate into adipocytes. Notch inhibits 

neurogenesis (Gaiano & Fishell, 2002), myogenesis (Hirsinger et al., 2001; Kopan & 

Cagan, 1997) and adipogenesis (Ross et al., 2006; Ross et al., 2004). Similarly, Hes1 

which is directly induced by Notch, is also involved in the inhibition of neurogenesis 

(Chen et al., 1997; Sasai et al., 1992), myogenesis (Jarriault et al., 1998; Kuroda et al., 

1999) and also adipogenesis (Ross et al., 2006). Constitutive expression of Hes1 
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blocks adipogenesis (Ross et al., 2004) and its expression is down regulated during 

adipocyte differentiation in vitro and in vivo (Soukas et al., 2001). More recently it 

has been demonstrated that Hes1 functions as a transcriptional repressor in pre-

adipocytes and acts via its ability to recruit co-repressors (Ross et al., 2006). 

 

Olfactory neurosphere cells express Hes1 and Notch. Consequently, olfactory stem 

cells, which would presumably have the highest expression of Hes1 and Notch would 

be precluded from adipogenesis. Progenitor cells that have lower Hes1 and Notch 

expression may be the cell types that are able to respond to the differentiation 

conditions provided by the 3T3-L1 cells and are able to undergo adipogenesis. In 

particular neural progenitors may be more susceptible to differentiation into 

adipocytes by way of their lower expression of the neurogenic, and adipogenic, 

inhibitors Hes1 and Notch (Chen et al., 1997; Gaiano & Fishell, 2002; Ross et al., 

2006; Sasai et al., 1992). The result of this inhibition may have been that some 

multipotent cells within neurospheres were excluded from differentiation by their 

phenotype.  

6.4.6  Differentiation of Neurosphere cells into functional 
adipocytes 

It has been suggested that ‘transdifferentiation’ experiments need to not only 

demonstrate that supposedly ‘differentiated’ cells express tissue specific markers, but 

that they are also functional (Wagers & Weissman, 2004). Here it was clearly shown 

that dissociated rat olfactory neurosphere cells are able differentiate to express tissue 

specific markers, in this case Glut-4. Furthermore, it is obvious from oil-red-O 

staining that dissociated rat olfactory neurosphere cells are able to accumulate 

significant amounts of lipid and are thus clearly functioning as adipocytes in vitro. 

Therefore, the expression of a tissue specific marker, the demonstration of functional 

cells and the exclusion of the possibility of fusion between co-cultured cells would 

emphatically indicate the ability of olfactory cells to ‘transdifferentiate’ into a 

mesodermal cell type.  
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6.4.7  Increased adipogenesis with increasing neurosphere 
generation 

One of the most notable features of the transwell co-culture experiment was that there 

was an increase in adipocyte differentiation with each generation of dissociated 

neurosphere cells. As shown in Figure 3.7, as the neurosphere generations increased 

the number of neurosphere forming cells increased. That is the number of EGF and 

bFGF responsive cells increased with each generation. It is possible that the number 

of cells able to respond to bFGF that may be ‘primed’ for adipogenesis (Hutley et al., 

2004; Kawaguchi et al., 1998; Neubauer et al., 2004; Serrero, 1987; Tabata et al., 

2000) increased with each generation. More importantly the observation of increasing 

adipocyte differentiation with each generation would imply that not only does the 

number of neurosphere forming cells increase, but the number of multipotent cells 

increases with each generation. This suggests that the culture techniques established, 

not only allow multipotent cells to be maintained in vitro, but that there is enrichment 

for multipotent cells with each generation of neurospheres.  

 

However, similar to the incorporation of neurosphere cells into myotubes, the 

frequency of differentiation of neurosphere cells into adipocytes was low. Sixth 

generation neurospheres demonstrated the highest perecentage of differentiation at 

approximately 0.66%. As previosly mentioned, the results of Chapter 3 demonstrated 

a low percentage of cells able to generate neurospheres and a low percentage of first 

generation neurosphere cells able to generate clonal neurospheres. These results 

indicate that there is a low percentage of self-renewing cells (stem cells) within the 

neurosphere population. The results of this chapter would provide further evidence 

that the percentage of stem cells within neurospheres is low. 

6.4.8  Conclusion 

It was demonstrated here that when exposed to an instructive environmental niche, 

created by differentiating pre-adipocytes, neurosphere cells differentiated into a non-

neural lineage. These experiments show that although neurosphere cells differentiate 

with direct cell contact, it was not essential. Extracellular signals released by 
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differentiating 3T3-L1 cells created a niche sufficient to induce differentiation of 

neurosphere cells.  

6.4.9  Future Directions 

It was speculated that release of a soluble PPARγ ligand from 3T3-L1 cells during 

differentiation may have induced the differentiation of neurosphere cells. Culture of 

neurosphere cells with known PPARγ ligands such as nitrolinoleic acid, dehydration 

products of prostaglandin, certain polyunsaturated fatty acids, derivatives of linoleate 

and thiazolidinediones may determine the role of PPARγ in olfactory neurosphere 

differentiation.  

 

To provide further evidence of the differentiation of neurosphere derived cells into 

adipocytes, quantitative PCR could be utilised to determine if there is an increase in 

expression of genes associated with adipocytes. Also double labelling of 

differentiating olfactory neurosphere cells with stem or progenitor cell markers 

(nestin, β-1-integrin, Hes1 and Hes5) and the adipocyte marker Glut-4, may provide 

insight into the connection between certain progenitor markers and adipogenesis.  

 

Multipotency amongst the olfactory neurosphere population has been demonstrated 

here. To more clearly demonstrate the multipotency of olfactory neurosphere cells, 

adipogenesis experiments should also be repeated using clonal cells.  
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7.0   Cellular reprogramming of neurosphere cells 
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7.1  Introduction 

Previous chapters have investigated the role of the extracellular niche in regulating the 

self-renewal and multipotency of neurosphere cells. In the experiments presented here 

attempts were made to influence the differentiation of neurosphere cells by 

manipulation of the intracellular environment.  

 

By altering the intracellular environment of cells, Hakelien et al (2002) demonstrated 

“cellular reprogramming”. Permeabilized fibroblasts incubated with T cell extract: 

undergo genetic modification (upregulation of hematopoietic genes), phenotypic 

differentiation (expression of T cell markers) and functional transformation (carry out 

a T cell specific intracellular function in response to an appropriate stimulus) 

(Hakelien et al., 2002). 

 

The hypothesis is that manipulation of the intracellular environment through the 

introduction of cell extracts may induce differentiation. Therefore the aim of these 

experiments was to test whether the method of Hakelien et al (2002) for the 

introduction of T cell extracts into the cytoplasm would induce the differentiation 

olfactory neurosphere cells into T cells. Differentiation was determined initially by 

examining the expression of CD3. If positive for CD3 the expression of CD45 and T 

cell receptor (TCRαβ) was to be assessed. Functional T cells were to be determined 

by the ability to respond to CD3 and PMA. 
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7.2 Materials and Methods 

7.2.1  Materials 

ATP generating system reagents (1mM ATP, 1mM CTP, 1mM UTP, 1mM GTP, 

10mM creatine phosphate and 25µg/mL creatine kinase), lysis buffer reagents (Hepes, 

MgCl2, EDTA, dithiothreitol (DTT), cytochalasin B and protease inhibitors), 

streptolysin O, propidium iodide and Tris-HCl were purchased from Sigma, St Louis, 

MO, USA. 

 

Anti-CD3 (mouse monoclonal IgG) was purchased from BD Biosciences, Franklin 

Lakes, NJ, USA. Anti-CD45RA (mouse monoclonal IgG) was purchased from 

Serotec, Kidlington, Oxford, UK. Anti-CD11b (mouse monoclonal IgA) was 

purchased from PharMingen-BD Biosciences, Franklin Lakes, NJ, USA. Anti rat IgG 

was purchased from KPL, Gaithersburg, MD, USA. Anti-mouse Fab fragments were 

purchased from Jackson Immunoresearch laboratories, West Grove, PA, USA. 

7.2.2  Methods 

7.2.2.1  Overview of experiment 

1) Isolation of T cells 

2) T cell stimulation and preparation of extracts 

3) Streptolysin O optimisation  

4) Cell reprogramming 

7.2.2.2  Isolation of T cells 

T cells were isolated from rat spleens using a panning method to remove B cells 

(Mage et al., 1977; Wysocki & Sato, 1978). In brief rat spleens were removed and 
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washed in 1mL of HBSS. The spleens were minced into 200µm2 segments using a 

McIlwain tissue chopper and transferred to a centrifuge tube containing 50mL of 

HBSS. The tissue segments were broken up further by trituration. The segments were 

centrifuged at 30 x g for 5 minutes to settle the large fragments; the dissociated cells 

in suspension were then collected. The remaining fragments were resuspended in 

HBSS and again triturated vigorously to break up the tissue fragments and release 

more dissociated cells. The cells were again centrifuged at 30 x g for 5 minutes and 

the cells remaining in suspension again collected. The fragments were resuspended, 

triturated, centrifuged and suspended cells collected a further 2 times. Red blood cells 

were lysed from the cell suspension by centrifuging at 300 x g for 5 minutes, 

resuspending in 2mL of water and swirling the cells for a few seconds prior to adding 

48mL of HBSS. 

 

152cm2 bacterial plates were coated with anti rat IgG secondary antibody (10µg/mL), 

in 50mM Tris-HCl pH 9.5 for 1 hour at room temperature. The same solution was 

used to coat a further 3 plates. After coating, the plates were washed twice with HBSS 

and stored at 4oC.  

 

Suspended spleen cells were plated onto 2 anti rat IgG coated plates and the cells 

allowed to settle for 30 minutes at room temperature. After 30 minutes unattached 

cells were collected. The plates were gently washed with HBSS to collect any 

remaining cells. The unattached cells were then centrifuged at 300 x g for 5 minutes 

and resuspended in HBSS and plated onto the remaining coated plates. In the same 

way the cells were allowed to settle and the cells attach for 30 minutes at room 

temperature, after which the unattached cells were collected. The plates were again 

washed gently with HBSS to remove any further unattached cells and the collected 

cells centrifuged at 300 x g for 5 minutes. The cells were resuspended in DMEM-

FCS, plated onto tissue culture flasks and incubated at 37oC, 5% CO2 for 2 hours to 

allow macrophages to attach. After the incubation the unattached cells were collected, 

the plates gently washed to collect any remaining cells and then centrifuged at 300 x g 

for 5 minutes. The cells were resuspended in DMEM-ITS and cultured in uncoated 

plastic flasks overnight.  
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7.2.2.3  Immunocytochemistry 

A sample of cells was taken from the collected cells and cytospun (as described in 

section 2.2.8) onto glass slides at 1000 rpm for 5 minutes. The cells were fixed in 4% 

paraformaldehyde for 8 minutes, then immunocytochemistry was carried out for CD3 

(T cell marker), CD45RA (B Cells) and CD11b (macrophages). 

7.2.2.4  T cell stimulation and preparation of extracts 

The method of T cell stimulation was taken directly from Hakelien et al (2002) and 

was followed as closely as possible. T cells were collected from the flasks and 

incubated on ice for 15 minutes in DMEM-ITS. The cells were then centrifuged at 

300 x g for 5 minutes and resuspended in 1mL of DMEM-ITS plus 5µg/mL mouse 

anti rat CD3 antibody. The cells were incubated on ice for 30 minutes, centrifuged at 

400 x g for 7 minutes at 4oC and resuspended in cold DMEM-ITS. Anti mouse FAB 

fragments were added at 10µg/mL as crosslinkers and the cells incubated at 37oC for 

10 minutes. The cells were then frozen in liquid nitrogen, thawed and then washed in 

ice cold lysis buffer (20mM Hepes pH 8.2, 5mM MgCl2, 10mM EDTA, 1mM 

dithiothreitol (DTT), 20µg/mL cytochalasin B and protease inhibitors). After the 

freeze-thaw, the suspension was centrifuged at 800 x g for 10 minutes at 4oC and the 

pellet was resuspended in 1mL of lysis buffer, after which the cells were sonicated. 

The lysate was cleared by centrifuging at 15 000 x g for 15 minutes at 4oC and the 

solution stored in liquid nitrogen. 

7.2.2.5  Streptolysin O Optimisation 

Dissociated third generation neurosphere cells were plated onto uncoated 8 well glass 

chamber slides and allowed to expand for 3-5 days, until almost confluent. The cells 

were exposed to 200ng/mL streptolysin O (SLO) in Ca++ free HBSS for 50 minutes at 

37oC in 5% CO2 and the cells assessed for propidium iodide (10µg/mL) uptake after 

fixation in 4% paraformaldehyde. At 200ng/mL of SLO only ~57% of dissociated 

neurosphere cells were permeabilized. Therefore, new cultures of third generation 
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neurosphere cells were established and exposed to 200ng/mL, 300ng/mL and 

400ng/mL of SLO as described above and assessed for propidium iodide uptake.  

7.2.2.6  Cell Reprogramming 

The method of cell reprogramming was taken directly from Hakelien et al (2002). 

Dissociated first, second, third or sixth generation neurosphere cells were plated on 8 

well glass chamber slides in DMEM-FCS at 13 000 cells/cm2 and the cells cultured 

for 3-5 days. The expanding dissociated neurosphere cells were then permeabilized 

with 400ng/mL streptolysin O in Ca++ free HBSS for 50 minutes at 37oC. The SLO 

was aspirated and the stimulated T cell extract with the addition of an ATP generating 

system was added onto the cells and the cells incubated at 37oC in air for 1 hour. The 

ATP generating system included; 1mM ATP, 1mM CTP, 1mM UTP, 1mM GTP, 

10mM creatine phosphate and 25µg/mL creatine kinase. After the incubation the 

extract was removed and the plasma membranes were resealed by adding DMEM-ITS 

plus 2mM CaCl2 for 2 hours at 37oC. After resealing the plasma membranes the CaCl2 

medium was replaced by DMEM-ITS and the cells cultured for 7 days with medium 

changes on Days 3 and 5. After the culture period the cells were fixed in 4% 

paraformaldehyde and immunocytochemistry was carried out for expression of the T 

cell marker CD3. 

 

During the reprogramming process, and especially during the incubation with 

stimulated T cell extract, it was noticed that numerous cells detached. Therefore the 

reprogramming process was carried out with dissociated neurosphere cells cultured on 

collagen IV (5µg/cm2) coated glass chamber slides, and plastic wells, in order to 

improve cell attachment. 

 

In an attempt to allow those cells that had detached and were floating in the stimulated 

T cell extract to repair and subsequently re-attach, in subsequent experiments the 

extract was not removed prior to the addition and incubation of the cells in 2mM 

CaCl2 for 2 hours. 
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7.3  Results 

The ability of neurosphere cells to differentiate in response to the cellular 

reprogramming methods of Hakelien et al (2002) was examined. 

7.3.1  Isolation of T cells 

T cells were isolated from rat spleens using a variety of techniques. After lysis of red 

blood cells in water, immuno-panning to remove B cells and culturing for two hours 

at 37oC in DMEM-FCS to remove macrophages, the remaining cells contained ~2% 

macrophages, ~10% B cells and ~80% T cells indicated by CD11b, CD45RA and 

CD3 staining respectively (estimates based on counting the percentage of 

immunopositive cells in random fields from a single sample) (Figure 7.1). Control 

immunocytochemistry, without primary antibody, showed no positive staining. 
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Figure 7.1: Phenotype of processed rat spleen cells. T cells were isolated 
using a panning method to remove B cells. A, D and G shows nuclei labelled 
with Hoechst 33342 (blue). B: T cells labelled with CD3 (red). E: B cells 
labelled with CD45RA (red). H: Macrophages labelled with CD11b (red). C, 
F and I are merged images of Hoechst labelled nuclei (blue) and 
hematopoietic markers (red). Scale bar = 30µm. 

7.3.2  Cell Permeabilization 

The concentration of streptolysin O (SLO) was optimised to achieve 80% 

permeabilization. Initially attempts were made to permeabilize dissociated third 

generation neurosphere cells in 200ng/mL SLO, as prescribed by Hakelien et al 

(2002), from this experiment only ~57% of cells were permeabilized, as indicated by 

propidium iodide uptake. The concentration of SLO needed to be increased to 

400ng/mL in order to achieve the 80% permeabilization recommended by Hakelien et 

al (2002). 
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7.3.3  Cell Reprogramming 

Efforts were made to reprogram dissociated first, second, third and sixth generation 

neurosphere cells into T cells using stimulated T cell extracts. However, cell 

detachment was considerable and no differentiation was observed.  

 

In the SLO incubation some cells had detached, but the most detachment was 

apparent during the incubation with stimulated T cell extracts. During the extract 

incubation the cytoplasm of numerous cells had shrunk, cells rounded into balls and 

other cells detached from the substrate completely. In order to prevent or minimise 

cell detachment, by providing a more adherent tissue culture substrate, dissociated 

neurosphere cells were plated onto plastic wells or glass chamber slides coated with 

collagen IV. Nonetheless, these efforts proved fruitless, as cells continued to detach 

from the alternate, more adhesive substrates. Attempts were made to reseal the 

permeabilized membranes of floating cells using CaCl2 to allow their re-attachment. 

CaCl2 containing medium was added to wells without removing the T cell extract. 

However, this failed to improve the number of cells able to adhere to the substrate. 

 

Nevertheless, some cells, although very few, remained attached and were cultured for 

a further 7 days in DMEM-ITS. However, once fixed and immunocytochemically 

analysed, none of the cells were positive for the T cell marker CD3. Control 

immunocytochemistry, without primary antibody, also showed no positive staining. 
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7.4  Discussion 

These experiments demonstrate that the methods of Hakelien et al (2002), whereby 

the intracellular environment of cells is manipulated by the introduction of cell 

extracts is unsuitable for the differentiation of olfactory neurosphere cells. 

 

Hakelien et al (2002) demonstrated “cellular reprogramming”. 293 T fibroblasts 

permeabilized with streptolysin O (SLO) and incubated with stimulated T cell extract 

undergo genetic modification (upregulation of hematopoietic genes), phenotypic 

differentiation (expression of T cell markers) and functional transformation (carry out 

a T cell specific intracellular function in response to an appropriate stimulus) 

(Hakelien et al., 2002). 

 

In order to replicate the success of Hakelien et al (2002), their methods were followed 

as closely as possible. When these methods were employed on dissociated olfactory 

neurosphere cells, cell detachment was considerable and led to no differentiation 

being observed. To understand why cells detached and were unable to differentiate, 

several key elements of the reprogramming technique will be discussed. These will 

include streptolysin O and components of the lysis buffer; cytochalasin B, DTT and 

EDTA.   

7.4.1  Streptolysin O 

Streptolysin O (SLO) is a cytolytic toxin produced by haemolytic streptococci (Todd, 

1938; Weld, 1935) that loses activity in the presence of oxygen and whose activity is 

restored by reducing agents such as thiols or hydrosulphite. In keeping with its 

activity as a haemolytic molecule, SLO has been found extremely useful for the 

controlled permeabilization of cell membranes from various tissues. SLO is able to 

permeabilize cells by binding to cholesterol in the cell membrane (Johnson et al., 

1980; Shany et al., 1974). Membrane bound toxin monomers then aggregate to form 

oligomers which create arc or ring shaped pores in the membrane (Bhakdi et al., 1985; 
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Hugo et al., 1986). The pores formed by SLO are very large, between 12-50nm 

(Bhakdi et al., 1985; Dourmashkin & Rosse, 1966), thereby allowing the free passage 

of proteins across the membrane (Inglese et al., 1994). Despite creating large lesions 

in the plasma membrane that would permit its entry into the cytoplasm, SLO is 

thought not to effect intracellular membranes because it binds quickly to cholesterol 

in the extracellular membrane and remains trapped there. Additionally, many 

intracellular membranes do not contain cholesterol and therefore remain unsusceptible 

to permeabilization by SLO (Bhakdi et al., 1993). Although SLO is able to create 

large pores in cell membranes, divalent cations such as Ca2+ are able to rapidly repair 

these lesions (Menestrina et al., 1990). 

 

The size and number of pores formed per cell is dependant on exposure time and 

concentration such that higher concentrations cause more pores to form (Walev et al., 

2001). However, as the size and frequency of pores per cell increase, the chances of 

the cell recovering from permeabilization decrease (Walev et al., 2001). Walev et al 

(2001) also determined that a permeabilization percentage of 60-80% was the 

maximum in order for cells to recover, and speculated that while some cells remained 

unpermeabilized others would contain one or more pore. Nevertheless, recovery is 

only successful if the cells have very few pores, probably one or two (Walev et al., 

2001). Therefore a balance is required to make sure adequate permeabilization occurs 

while ensuring that cells are able to recover successfully.  

7.4.2  Effect of SLO on olfactory neurosphere cells 

When dissociated rat olfactory neurosphere cells were incubated in SLO some cells 

detached during permeabilization and a higher concentration of SLO was required to 

permeabilize the cells compared with that reported by Hakelien et al (2002).  

7.4.2.1  Contaminating proteases 

It has been speculated that during permeabilization contaminating proteases may 

cause adherent cells to detach from the substrate and may also enter the cytoplasm of 

permeabilized cells and interrupt cellular functions (Bhakdi et al., 1993). 
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Contaminating proteases also destabilise SLO preparations by proteolytic cleavage of 

SLO monomers (Bhakdi et al., 1993). This may provide insight as to why higher 

concentrations of toxin were required for permeabilization. 

7.4.2.2  Variations in SLO susceptibility amongst species 

Another explanation as to why a higher concentration of SLO was required to 

permeabilize dissociated rat olfactory neurosphere cells could be due to differences in 

SLO resistance between species. While Hakelien et al (2002) utilised the human 

embryonic kidney fibroblast cell line 293T, dissociated olfactory neurosphere cells 

were derived from rat. As demonstrated by Howard and Wallace (1953) there are 

variations in resistance of red blood cells to haemolysis by SLO between different 

species. They observed that rat red blood cells required almost ten times the number 

of units of SLO (2HU) to achieve 50% lysis compared with human red blood cells 

(0.25HU) (Howard & Wallace, 1953). The finding that only ~57% of dissociated rat 

olfactory neurosphere cells were permeabilized at 200ng/mL of SLO, compared with 

80% permeabilization of human (293T) fibroblasts (Hakelien et al., 2002) is in 

keeping with those of Howard and Wallace (1953). As is the observation that in rat 

neurosphere cells double the concentration (400ng/mL) of SLO was required to 

achieve the 80% permeabilization prescribed by Hakelien et al (2002). 

7.4.2.3  SLO exposure time 

The long SLO exposure time utilised for permeabilization by Hakelien et al (2002) 

and replicated here may have affected the ability of cells to repair and consequently 

influenced their viability and attachment. Bhakdi et al (1993) describes the effect of 

SLO as being extremely rapid with permeabilization occurring within seconds or 

minutes. In confirmation, the majority of studies reviewed, used a SLO exposure time 

between 15 and 25 minutes (Boyle & Lieberman, 1999; Pantopoulos & Hentze, 1998; 

Schatter et al., 2003; Walev et al., 2001) with the longest incubation time found being 

30 minutes (Liu et al., 1993). Although it was previously mentioned that it is thought 

that SLO is unlikely to affect intracellular membranes (Bhakdi et al., 1993), this 

hypothesis was made based on typical exposure times of between 10-25 minutes 
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(Bhakdi et al., 1993). Perhaps the long SLO exposure time used by Hakelien et al 

(2002) and emulated in these experiments, may allow the toxin to bind to intracellular 

membranes forming pores that may influence cell function and viability. 

7.4.2.4  Heterogeneous nature of olfactory neurosphere 
cells 

Another factor that may have contributed to the failure of cells to survive the 

reprogramming process is the variation in the phenotype of dissociated neurosphere 

cells. As has been established earlier, olfactory neurospheres are comprised of a 

heterogeneous population of cells that include neurons, glia, precursors and 

potentially stem cells. Therefore, in the same way as variations in susceptibility to 

SLO between species (Howard & Wallace, 1953) and within cell lines exist (Walev et 

al., 2001), it is likely that similar differences may be present amongst neurosphere 

cells. This variation in resistance to SLO may help explain why a doubling of SLO 

concentration (from 200ng/mL to 400ng/mL) was required to achieve an increase in 

permeabilization of only 23% (from ~57% to ~80%). Although susceptible cell types 

were permeabilized at 200ng/mL more resistant cells required a higher concentration, 

400ng/mL in order for pores to form. Higher concentrations of toxin cause more pores 

to form per cell and less recovery from the permeabilization process (Walev et al., 

2001). Therefore, although more resistant cells may be permeabilized at 400ng/mL of 

SLO, more susceptible cells may be over-permeabilized and unable to recover 

successfully.  

7.4.2.5  Cell type most susceptible to SLO 

Within dissociated neurosphere cells it is difficult to determine which cell types may 

be more susceptible to SLO than others. As SLO binds cholesterol in membranes, 

variations in the amount of cholesterol in plasma membranes may be the 

distinguishing feature between susceptibility of cell types to the toxin. Lipid rafts, are 

rich in cholesterol, which is essential to their formation. Expression of β-1-integrin 

receptors is associated with lipid rafts as they require their presence for optimal 

functioning (Gopalakrishna et al., 2000; Green et al., 1999; Pankov et al., 2005) and 
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in particular are associated with specialised lipid raft called caveolae (Boyd et al., 

2003; Campos et al., 2006). Therefore, it is possible that cells within dissociated 

neurosphere cell populations that express β-1-integrin may be more susceptible to 

permeabilization by SLO. As a result of the high concentration of SLO applied in 

order to achieve 80% permeabilization, it may be β-1-integrin-positive cells that are 

irreversibly permeabilized.  

7.4.3  Lysis buffer components 

During the reprogramming process SLO was removed and was replaced by stimulated 

T cell extract with the addition of an ATP generating system, and the cells were 

incubated in air at 37oC for one hour. The addition of the stimulated T cell extract, 

and its components, may also explain why dissociated neurosphere cells detached and 

failed to differentiate. The T cell extract was prepared in lysis buffer which included 

20mM Hepes pH 8.2, 5mM MgCl2, 10mM EDTA, 1mM DTT, 20µg/mL cytochalasin 

B and protease inhibitors. While the components of this buffer seem innocuous 

enough, some had the potential to significantly influence the outcome of attempts to 

reprogram dissociated neurosphere cells.  

7.4.3.1  DTT (dithiothreitol) 

DTT (dithiothreitol) is included in the lysis buffer because of its ability to reduce 

oxidation of proteins and thereby preserve the activity of enzymes in the extracts 

(Getz et al., 1999). More particularly, DTT is able to maintain sulfhydryl (-SH) 

groups in the reduced state as well as allow the reduction of disulfide (-S-S-) groups 

(Cleland, 1964). The incubation with stimulated T cell extract was carried out in air 

presumably because SLO is oxygen labile and loses activity in the presence of 

atmospheric oxygen (Bhakdi et al., 1993). Consequently any SLO remaining in 

solution would be deactivated. However, the presence of the reducing agent DTT in 

the T cell extract provides a complication to this deactivation. While SLO is 

reversibly deactivated by oxygen it is also activated by reducing agents such as DTT 

(Alouf, 1980; Johnson et al., 1999; Yunes et al., 2000). Therefore, any remaining SLO 
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in solution may remain active and able to induce further permeabilization of 

dissociated neurosphere cells. This effect may contribute to the presumed over-

permeabilization previously described.  

7.4.3.2  Cytochalasin B and EDTA 

The presence of cytochalasin B in the T cell extract may have been influential in the 

detachment of dissociated neurosphere cells observed during reprogramming. 

Cytochalasin B is a fungal metabolite that was discovered in mold filtrates (Carter, 

1967). It has been found to have numerous effects on cells including; inhibition of cell 

division (Krishan, 1972), inhibition of cell movement (Carter, 1967; Krishan, 1972), 

induction of nuclear extrusion (Carter, 1972; Prescott et al., 1972) and inhibition of 

glucose transport (Ebstensen & Plagemann, 1972; Kletzien et al., 1972; Mizel & 

Wilson, 1972). In cytochalasin B treated cells the cytoplasm draws into a relatively 

compact mass, leaving thin strands of cytoplasm extending out to the original 

attachment points of the cell (Carter, 1967; Ladda & Estensen, 1970; Prescott et al., 

1972). This effect correlates well with the ‘balling’ described in dissociated 

neurosphere cultures that were treated with stimulated T cell extract. While 

cytochalasin B may cause significant shrinkage of the cytoplasm, it is generally not 

associated with cell detachment. The divalent cation chelator, EDTA 

(ethylenediaminetetraacetic acid) however, is used to prevent aggregation of cells as 

well as the detachment of cultured cells from substrates (Culp & Black, 1972; Vogel, 

1978). Therefore despite the presence of MgCl2 (Mg2+) the neurosphere cells, already 

shrinking due to cytochalasin B, may be more susceptible to detachment by EDTA. 

 

Therefore it seems likely that a combination of factors including over-

permeabilization by SLO, and incubation with a T cell extract that included DTT, 

cytochalasin B and EDTA, contributed to the detachment of dissociated neurosphere 

cells and consequently inhibited attempts to reprogram them. 
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7.4.4  Heterogeneous phenotype of neurospheres may 
prevent differentiation 

Nevertheless, some cells did remain attached and were successfully permeabilized and 

resealed after incubation with stimulated T cell extracts. By day 7, these cells failed to 

differentiate to express the T cell marker CD3, which were observed 4 days post-

reprogramming by Hakelien et al (2002). The most likely explanation for this failure 

to differentiate, relates back to the heterogeneous nature of dissociated neurosphere 

cells. Hakelien et al (2002), utilised a human embryonic kidney fibroblast cell line 

293T, in which the cells are presumably phenotypically identical. Therefore, upon 

permeabilization a fibroblast cell would release its cytoplasmic contents into the 

medium as well as take-up molecules from the stimulated T cell extract and 

presumably other permeabilized fibroblasts. Once the cell is resealed the presence of 

extract molecules begin to have an effect and the fibroblasts start to differentiate to 

express T cell markers. Olfactory dissociated neurosphere cell cultures contain a 

heterogeneous population of neurons, glia, progenitors and presumably stem cells. 

When permeabilized, a cell would release its cytoplasmic contents into the medium 

and in turn may receive cytoplasmic molecules from the permeabilized neurons, glia 

or progenitors that surround it as well as molecules from stimulated T cells. If these 

cells remained attached, were not over-permeabilized and resealed their plasma 

membrane they may be confronted with a whole host of conflicting differentiation 

signals from a variety of cells types. Consequently differentiation into T cells may be 

prevented.  

7.4.5  Future Directions 

In order for dissociated neurosphere cells to be amenable to cellular reprogramming a 

number of methodological issues would need to be addressed. To avoid confusion of 

differentiation signals, establishing a homogenous population of cells using immuno-

panning or fluorescence activated cell sorting (FACS) would be essential. Although a 

large proportion of neurosphere cells are thought to be progenitors (nestin / β-1-

integrin-positive) these cells may not be suitable for reprogramming. Within the 

progenitor population there is likely to be a spectrum of differentiation states. More 
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mature cell types, such as neurons, are more likely to represent a uniform population 

and consequently may be better suited to cellular reprogramming. 

 

Once a relatively uniform population of cells has been obtained some adjustments to 

the reprogramming method may be needed. The SLO exposure time would need to be 

decreased (between 10 and 20 minutes) to prevent over-permeabilization of cells. 

Similarly, the target percentage of permeabilized cells may also need to be decreased 

from 80% to 70% to reduce the risk of over-permeabilization. The make up of the 

lysis buffer to collect stimulated T cell extracts may need to be modified to allow the 

efficacy of the extracts to be maintained as well as cell attachment and viability. 

Possibly decreasing the concentrations of EDTA and DTT in the lysis buffer may 

reduce cell detachment and over-permeabilization.  

7.4.6  Conclusion 

In conclusion, Hakelien et al (2002) demonstrated successful differentiation by 

manipulating the intracellular environment of cells. Attempts to replicate this method 

using rat olfactory neurosphere cells proved unsuccessful. However, with the 

generation of a more homogenous population of cells and some adjustments to the 

methods this technique may be applicable to olfactory mucosal cells. 
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8.0   General Discussion 
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The main findings of this study were:  

1) The adult rat olfactory mucosa is capable of generating neurospheres when 

cultured in EGF and bFGF  

2) Given an appropriate niche, rat olfactory neurosphere cells are capable of self-

renewal. Evidence of self renewal was provided by; 

a. The formation of six generations of neurospheres with a similar 

phenotype 

b. The formation of neurospheres from single cells 

c. The expression of self-renewal markers in neurospheres 

3) Neurosphere cells were demonstrated to be multipotent when presented with a 

suitable niche. 

a. Manipulation of ECM molecules and growth factors created a niche 

that promoted a majority of neurosphere cells to differentiate down a 

specific neural lineage – dopaminergic lineage pathway. 

b. Co-culture with differentiating cells provided a niche that promoted the 

differentiation of neurosphere cells into non-neural lineages – although 

the percentage of cells able to differentiate was very small. 

i. When co-cultured with differentiating myoblasts neurosphere 

cell(s) differentiated and incorporate into a myotube. 

ii. When co-cultured with differentiating 3T3-L1 cells olfactory 

neurosphere cells differentiated into adipocytes. These 

experiments also demonstrated that cell contact is not essential 

for the differentiation of neurosphere cells and that extracellular 

signals are sufficient to induce differentiation.  

4) Overall these experiments demonstrate that cell proliferation and 

differentiation is directed by niche factors such as ECM molecules, growth 

factors and cell-cell contact.   
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8.1  Niche interactions and olfactory neurosphere cells 

These experiments demonstrate that environment affects stem cell self-renewal and 

differentiation. When cultured in EGF and bFGF and in the presence of specific cell-

cell interactions olfactory neurosphere cells are able to respond by forming 

neurospheres in a consistent way with a relatively consistent phenotype across six 

generations. This suggests that the stem cell mitogens EGF and bFGF in combination 

with cell-cell interactions create a niche that allows symmetric division of progenitors 

and acts to maintain the progenitor population in these conditions – self-renewal. As 

well as growth factor and cell-cell interactions, it was also speculated that integrin-

ECM interactions are also involved in the creation of a niche to enhance the self-

renewal of neurosphere cells. 

 

ECM molecules were found to be important in creating a niche suitable for the 

differentiation of neurosphere cells down the dopaminergic lineage pathway. The 

combination of ECM molecules and GDNF provided a niche that promoted more 

neurosphere cells to differentiate. However, GDNF alone was unable to induce 

differentiation. 

 

ECM molecules and GDNF were found to create a niche that promoted the 

differentiation of neurosphere cells down the dopaminergic lineage pathway. 

Although ECM molecules were observed to be important, GDNF alone was unable to 

induce differentiation. Nevertheless the combination of ECM molecules and GDNF 

provided a niche that allowed more neurosphere cells to differentiate. 

 

Co-culture experiments revealed some important aspects of the role of the niche in 

regulating neurosphere cell differentiation. It was found that co-culture with 

differentiating cells, such as differentiating myoblasts or 3T3-L1 cells, was essential 

to creating a niche that facilitated neurosphere cell differentiation. This suggests that 

the presence of non-neural cells, growth factors or other non-neural environmental 

cues alone is insufficient to promote differentiation. Rather specific factors secreted 

by, or from contact with differentiating cells were required to induce the 

differentiation of neurosphere cells. Cell contact with differentiating cells was 
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obviously important in the differentiation and incorporation of neurosphere cell(s) 

into a myotube when co-cultured with neonatal skeletal muscle. However, the 

environmental niche factors produced by differentiating 3T3-L1 cells rendered cell 

contact unnecessary in the differentiation of neurosphere cells into adipocytes.   

 

Therefore, it is apparent that aspects of the cell niche such as ECM molecules, growth 

factors and cell interactions are integral in regulating the differentiation and self-

renewal of olfactory neurosphere cells. It is also clear that the relative importance of 

each of these aspects varies.  

8.2  Stem cell niche 

The environment, or niche, in which a stem cell finds itself has a profound influence 

over its fate decisions. The concept of a stem cell niche was first proposed by 

Schofield et al (1978) for the hematopoietic system. It was proposed that “the stem 

cell is seen in association with other cells which determine its behaviour. It becomes 

essentially a fixed tissue cell. Its maturation is prevented and, as a result, its continued 

proliferation as a stem cell is assured. Its progeny, unless they can occupy a similar 

stem cell 'niche', are first generation colony-forming cells, which proliferate and 

mature to acquire a high probability of differentiation.” (Schofield, 1978).  

 

Normal body function is reliant on the life-long activity of stem cells to meet the 

demands for new replacement cells and maintain their own population. Thus these 

cells must be sheltered from differentiation signals, apoptotic signals and other signals 

as well as cellular interactions that would prevent their long-term survival. The 

architectural structure and position of the stem cell niche within the tissue are 

designed to shelter and provide a protective environment for stem cells. Similarly, 

neighbouring cells create a rich milieu of extracellular matrix molecules and other 

factors to maintain the stem cell population (Fuchs et al., 2004). Therefore it’s vital 

that the stem cell niche remains intact to regulate stem cell activity and quiescence as 

well as the balance between symmetric (self-renewing) and asymmetric division 

throughout life. 
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8.3  Embryonic stem cells and stem cell niche 

The importance of the stem cell niche in regulating stem cell behaviour is 

demonstrated when embryonic stem cells are injected into a foreign tissue 

environment in a syngeneic animal. The resulting teratomas represent a complete loss 

of control of stem cell differentiation with a plethora of different differentiation 

pathways being initiated simultaneously (Damjanov, 1978; Damjanov & Solter, 

1974). However, when injected into a suitable blastocyst, embryonic stem cells are 

able to incorporate successfully and the blastocyst develops normally (Mintz & 

Illmensee, 1975). Clearly the environment in which a stem cell is placed will have a 

profound influence on its ability to differentiate and self-renew. Thus the stem cell 

niche is important in regulating the differentiation and division of stem cell 

populations.   

8.4  Olfactory Mucosa stem cell niche 

As a consequence of the continuous and vigorous neurogenesis that occurs in the 

olfactory mucosa throughout life (Calof & Chikaraishi, 1989; Graziadei & Graziadei, 

1979; Graziadei et al., 1979; Mackay-Sim & Kittel, 1991; Moulton, 1974; Schultz, 

1960), the regulation of neuronal differentiation in this tissue has been well studied. In 

particular the role of various growth factors in controlling the proliferation and 

differentiation of olfactory cells has been highlighted (Figure 8.1) (reviewed by 

(Mackay-Sim & Chuah, 2000)) 
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Figure 8.1: The influence of growth factors in regulating the olfactory mucosa 
stem cell niche. Epidermal growth factor (EGF), transforming growth factor-α 
(TGF-α), fibroblast growth factor-2 (FGF-2), Bone morphogenic proteins 2,4 
(BMP2,4), transforming growth factor-β (TGF-β), thyroxine, platelet derived 
growth factor (PDGF), insulin-like growth factor-1 (IGF-1) and dopamine 
play a role in the differentiation or proliferation of horizontal basal cells 
(HBC), globose basal cells (GBC), immature neurons (IN) and mature neurons 
(MN) (Taken from (Mackay-Sim & Chuah, 2000). 
 

ECM molecules, collagen, fibronectin and laminin are expressed along the basal 

lamina (Carter et al., 2004). Carter et al (2004) speculate that spatiotemporal variation 

in ECM molecules may regulate the proliferation and differentiation of basal cells that 

lie close to the basal lamina. However, in the olfactory epithelium both ECM and 

growth factor interactions as well as cell-cell interactions are likely to work in 

combination to regulate progenitor proliferation and differentiation. 

8.5  Drosophila germline stem cell niche 

The best characterised example of a stem cell niche and probably one of the simplest 

is the Drosophila germ cell niche.  A Drosophila female is able to continuously 

produce eggs throughout life, a function that is provided by germline stem cells 

(Margolis & Spradling, 1995; Spradling et al., 1997). The adult female Drosophila 



 168

contains two or three germline stem cells which contact directly with cap cells (Forbes 

et al., 1996; Spradling et al., 1997).  

 

When germline stem cells divide, one daughter cell remains contacting the cap cell, 

and remains a stem cell, while the other daughter cell that loses cap cell contact 

differentiates into a cystoblast and undergoes oogenesis (Lin & Spradling, 1993) 

(Figure 8.2). Therefore it is essential that germline stem cells make direct contact with 

cap cells to promote the long term maintenance of the stem cell population (Lin & 

Spradling, 1993; Xie & Spradling, 1998).  

 

 
Figure 8.2: Germline stem cells (GSC) niche. Germline stem cells (indicated 
in green) rely on contact with cap cells (indicated in red) to maintain their 
population. Germline stem cell daughter cells that lose cap cell contact 
differentiate into cystoblasts (indicated in pink). Cystoblasts continue to 
proliferate and differentiate to form cysts (indicated in blue). Somatic stem 
cells (SSC) (indicated in green) differentiate to produce follicle cells that 
surround the 16-cell cyst to produce an egg chamber. (Adapted from (Fuchs et 
al., 2004))  

 

A vital part in the contact between cap cells and germline stem cells is carried out by 

DE-cadherin, and its binding partner Armadillo (β catenin in mammals). These 

proteins accumulate at the cap cell-germline stem cell border and participate in the 

formation of specialised intercellular junctions called adherens junctions that act as 
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the ‘glue’ that enables the two cell types to adhere (Lin, 2002; Song & Xie, 2002). 

The importance of DE cadherin and Armadillo was highlighted by the observation 

that mutation in either protein resulted in a failure of the cap cells to preserve their 

hold on germline stem cells. Subsequently, the stem cells could not be maintained in 

their appropriate niche and the population was lost (Song & Xie, 2002).  

 

The potency of the Drosophila germ cell niche is demonstrated when the niche is 

experimentally emptied of germline stem cells. Cap cells continue to persist for 

several weeks and are able to maintain the niche such that surrounding progenitor 

follicle cells are able to enter the niche, respond to the appropriate signals and 

proliferate (Kai & Spradling, 2003). Kai et al (2004) further, and more spectacularly, 

revealed the potential of the germ cell niche. When germline stem cells and their 

immediate progenitors were removed from the niche, progenitors further down the 

oocyte differentiation pathway (cystocytes) migrated back to and successfully 

incorporate into the niche. These progenitors were then able to convert (de-

differentiate) into germline stem cells that maintained normal function and fertility 

(Kai & Spradling, 2004). Therefore it can be seen that the Drosophila germ cell niche 

is an influential environment that initially highlights the importance of cell-cell 

contact with neighbouring cells in regulating stem cell maintenance and finally 

demonstrates its full potential by being capable of converting progenitor cells back 

into stem cells.  

8.6  Hematopoietic stem cell niche 

Amongst mammalian tissues, the hematopoietic system is one of the best 

characterised. The phenotype and morphology of stem cells, committed progenitors 

and mature cells is well documented (Szilvassy, 2003). Bone marrow hematopoietic 

stem cells are found on the inner surface of trabecular bone in close association with 

osteoblasts and stromal cells (Calvi et al., 2003; Zhang et al., 2003). As hematopoietic 

stem cells differentiate, contact with neighbouring osteoblasts is lost and they become 

more proliferative (Figure 8.3).  
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Figure 8.3: The hematopoietic stem cell niche. Hematopoietic stem cells 
(HSC) (indicated in green) reside in trabecular bone (TB) (indicated in red) in 
close contact with osteoblasts and stomal cells. Hematopoietic stem cells that 
migrate away from contact with osteoblasts differentiate into lymphoid and 
myeloid progenitors (indicated in red) that further differentiate to give rise to 
the cell types of the hematopoietic system. (Adapted from (Fuchs et al., 2004)) 

 

Contact between osteoblasts and hematopoietic stem cells is a definitive regulatory 

component of the hematopoietic stem cell niche (Calvi et al., 2003; Zhang et al., 

2003). Zhang et al (2003) demonstrated that when mice are genetically manipulated to 

produce more osteoblasts there is a subsequent increase in the number of 

hematopoietic stem cells. Similar to the Drosophila ovary, N-cadherin mediated 

adherens junctions were found to be important in the adhesion of hematopoietic stem 

cells to osteoblasts (Zhang et al., 2003). Extracellular signals, including Notch and 

Wnt, play a role in the maintenance of hematopoietic stem cells (Duncan et al., 2005). 

Notch is involved in the interaction between osteoblasts and hematopoietic stem cells. 

It is thought that osteoblasts are able to maintain stem cell self-renewal and suppress 

differentiation by expressing Notch ligand that stimulates receptor expression on the 

stem cell (Calvi et al., 2003; Stier et al., 2002; Zhang et al., 2003). Likewise Wnt 

signalling promotes hematopoietic stem cell self-renewal and proliferation (Reya et 

al., 2003; Willert et al., 2003). More recently it has been reported that the activity of 

Notch and Wnt are integrated and that while Wnt promotes self-renewal, Notch 
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expression is able to inhibit hematopoietic stem cell differentiation (Duncan et al., 

2005).  

 

Other studies have indicated that the extracellular matrix of the hematopoietic stem 

cell niche also has an important regulatory effect by maintaining cell adhesion or 

anchorage and therefore stem cell quiescence (Heissig et al., 2002). The importance of 

extracellular matrix molecules in the haematopoietic stem cell niche suggests 

integrins, as receptors for extracellular matrix molecules, may play a role in the niche. 

8.7  Intestinal stem cell niche 

Along with the haematopoietic stem cell niche, the epithelium of the intestine 

represents another well characterised stem cell niche. Enterocytes, goblet cells, 

enteroendocrine cells and the Paneth cells are the four major differentiated cell types 

generated by proliferating progenitors (Cheng, 1974a, 1974b; Cheng & Leblond, 

1974a, 1974b). The progenitor population within the crypt is able to regenerate the 

entire villus every three to five days (Potten et al., 1997; Wright & Irwin, 1982). 

Apparently a ring of four to six intestinal stem cells located about four cell diameters 

from the crypt bottom act to fuel this regenerative capability (Gordon et al., 1992) 

(Figure 8.4).  
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Figure 8.4: The intestinal stem cell niche. Intestinal stem cells (indicated in 
green) form a ring near the base of the crypt. These stem cells differentiate and 
migrate to the base of the crypt to form Paneth cells (indicated in light blue). 
Intestinal stem cells also differentiate into transit amplifying (indicated in 
grey) cells that migrate to the top of the crypt where they differentiate into 
goblet cells (indicated in black) and enteroendocrine (indicated in light blue) 
cells in the villus. (Adapted from (Fuchs et al., 2004)) 

 

The intestinal stem cell niche is controlled by a plethora of signals and interactions. 

Integrins, and more particularly β-4-integrin, controls proliferation rather than 

differentiation in the intestinal stem cell niche. It is proposed that by maintaining cell 

adhesion, that β-4-integrin is able to reduce progenitor proliferation (Murgia et al., 

1998). Another cell adhesion factor, N-cadherin influences the maintenance of the 

intestinal stem cell niche. Development with a dominant negative N-cadherin mutant 

resulted in disturbed cell-cell and cell-matrix interactions with subsequent effects on 

proliferation and migration (Hermiston & Gordon, 1995). This indicates the 

importance of N-cadherin in the maintenance of intestinal function and suggests that 

cell-cell and cell-matrix interactions, mediated through N-cadherin, are significant in 

the regulation of the intestinal stem cell niche.  

 

Notch is also an important player in the maintenance of the intestinal stem cell niche. 

By altering Notch expression in the mouse intestine Fre et al (2005) demonstrated its 
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involvement in cell lineage specification and indicated its role in maintaining the 

progenitor population in an undifferentiated state. Other studies have confirmed the 

role of Notch in maintaining intestinal progenitors and have also indicated that it acts 

in conjunction with Wnt signalling in undertaking this regulatory function (van Es et 

al., 2005). Wnt signalling plays a significant role in the intestinal epithelium 

regulating numerous aspects of intestinal maintenance including; proliferation, 

differentiation, cell-fate outcomes and migration (reviewed by (Sancho et al., 2003)). 

It has been suggested that there exists a Wnt gradient along the crypt that may help 

explain the range of functions carried out by this protein (Batlle et al., 2002; Moore & 

Lemischka, 2006; van de Wetering et al., 2002). Nevertheless, one of the primary 

functions of Wnt in the intestinal stem cell niche is the maintenance of the stem cell 

population by promoting self-renewal (He et al., 2004).  

8.8  Neural stem cell niche 

The neural stem cell niche remains largely undefined. The subventricular zone of the 

forebrain is the best characterised neural stem cell niche. Currently, astrocytes are 

considered the stem cell population in this region of the forebrain that differentiate to 

give rise to neural progenitors which mature further to give rise to migratory 

neuroblasts (Doetsch et al., 1999; Doetsch et al., 1997). A feature of the 

subventricular zone neural stem cell niche, is the specialised basal lamina which 

contacts all the cell types of this tissue (Mercier et al., 2002) (Figure 8.5). 

Subsequently, the subventricular zone is a region rich in extracellular matrix 

molecules such as collagen-I, heparan sulphate proteoglycans, chondroitin sulphate 

proteoglycans and tenascin-C (Gates et al., 1995; Jankovski & Sotelo, 1996; Mercier 

et al., 2002; Murase & Horwitz, 2002). A stem cell niche so abundant in extracellular 

matrix markers suggests that integrins may play a part in maintaining this niche. In 

particular β-1-integrins are important in regulating the proliferation and migration of 

neural progenitors (Jacques et al., 1998; Murase & Horwitz, 2002).  
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Figure 8.5: The neural stem cell niche of the forebrain subventricular zone. 
The subventricular zone (SVZ) of the forebrain is found between the lateral 
ventricles (LV) and the striatum. Astrocytes (indicated in green) are the stem 
cell in this region. Astrocytes differentiate to give rise to transit amplifying 
progenitors (indicated in pink) that in turn generate migratory neuroblasts 
(indicated in blue). Ependymal cells (indicated in grey) line the lateral 
ventricles (LV). A basal lamina rich in extracellular matrix molecules extends 
from blood vessels (BV) to contact all the cell types of the subventricular 
zone. (Adapted from (Fuchs et al., 2004)) 

 

The maintenance of the neural stem cell niche is also regulated by Notch signalling. 

The role of Notch in the forebrain subventricular zone has been suggested to involve 

stem cell self-renewal (Chojnacki et al., 2003). Although there is currently no 

evidence of Wnt signalling in the subventricular zone, its expression and regulation of 

neuronal differentiation in cortical neural precursor cells (Hirabayashi et al., 2004) 

implies that a similar pathway may exist in the forebrain. 

8.9  Common properties of the stem cell niche 

These examples clearly show that the stem cell niche is maintained by a variety of 

different mechanisms that act in a concerted way to protect the precious stem cell 

population from aberrant proliferation, differentiation, migration or apoptosis. 
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Thereby the cells that sustain proper tissue function throughout life are retained. From 

the niches reviewed, there are several key mechanisms that stand out as being vital in 

maintaining a functional stem cell niche. Central to the maintenance of the stem cell 

niche is the concept of the stem cell as a “fixed tissue cell” as proposed by Schofield 

(1978). Many of the commonalities between niches; including cell-cell interaction, 

extracellular matrix molecules and cadherins, revolve around the concept of keeping 

stem cells firmly “fixed” in the niche.   

 

Cell-cell interactions are obviously vital in the maintenance of the stem cell niche. In 

particular this was demonstrated in the Drosophila ovary stem cell niche and the 

haematopoietic stem cell niche in which cap cells and osteoblasts respectively, were 

found to be important to maintaining the stem cell population (Calvi et al., 2003; Lin 

& Spradling, 1993; Xie & Spradling, 1998; Zhang et al., 2003). In keeping with the 

importance of cell-cell interactions, N-cadherin is also a niche factor that ensures stem 

cells remain “fixed tissue cells”. N-cadherin expression helps preserve the niche’s 

hold on stem cells in the Drosophila ovary, hematopoietic and intestinal niches by 

securing their anchorage to surrounding cells (Hermiston & Gordon, 1995; Lin, 2002; 

Song & Xie, 2002; Zhang et al., 2003). Cell-extracellular matrix molecule interactions 

are also important to ensure stem cells are “fixed” in the niche. By anchoring cells and 

promoting adhesion extracellular matrix molecules aid the continuation of the 

hematopoietic and neural stem cell niches (Gates et al., 1995; Jankovski & Sotelo, 

1996; Mercier et al., 2002; Murase & Horwitz, 2002). In particular the neural stem 

cell niche provides a rich extracellular matrix environment that plays a significant role 

in retaining the stem cell population (Gates et al., 1995; Heissig et al., 2002; 

Jankovski & Sotelo, 1996; Mercier et al., 2002; Murase & Horwitz, 2002). Integrins, 

which are able to bind extracellular matrix molecules, are also involved in regulating 

the neural and intestinal stem cell niches (Jacques et al., 1998; Murase & Horwitz, 

2002; Murgia et al., 1998).  

 

The concept of stem cells as a “fixed tissue cell” in the stem cell niche not only relates 

to anchorage or adhesion, but also impacts on cell signalling. For example, the 

formation of cadherin-mediated adherens junctions may also be important in the 

activity of Notch in regulating the stem cell niche. Adherens junctions influence 

Notch-ligand interactions by providing intimate cell-cell interactions that bring 
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receptor and ligand, bound on neighbouring cells, into close apposition (Perez-

Moreno et al., 2003). In this way Notch may exert its influence over stem cell self-

renewal and inhibition of differentiation as demonstrated in the hematopoietic, 

intestinal and neural stem cell niches (Calvi et al., 2003; Chojnacki et al., 2003; Fre et 

al., 2005; Stier et al., 2002; van Es et al., 2005; Zhang et al., 2003). Therefore, by 

bringing support cells and stem cells together, cadherin mediated cell-cell interactions 

may influence cell signalling. Other signalling molecules such as Wnt proteins were 

particularly important in the haematopoietic and intestinal stem cell niches (He et al., 

2004; Reya et al., 2003; Sancho et al., 2003; Willert et al., 2003). Despite the varied 

roles of Wnt signalling in the intestine, it seems likely that the predominant role of 

these proteins is in the proliferation and self-renewal of stem cells (He et al., 2004; 

Sancho et al., 2003). It is apparent that many of the mechanisms and molecules for 

keeping stem cells as “fixed tissue cells” in the niche as well as signalling molecules 

are conserved across various tissue systems and apparently across species. This 

suggests that these common elements may be important in the regulation of all stem 

cell niches.  

8.10  Neurospheres express niche factors 

Neurospheres express many of these key proteins that ensure stem cells remain 

“fixed” in the niche as well as signalling molecules that prevent differentiation and 

promote self-renewal. Campos et al (2004) demonstrated the presence of extracellular 

matrix molecules such as laminin and fibronectin in neurospheres as well as the 

expression of one of their cellular binding partners β-1-integrin. Notch and N-

cadherin are expressed in neurospheres (Campos et al., 2004; Lobo et al., 2003). The 

role of Wnt signalling in neurospheres is less clear. It has been reported that Wnt 

signalling promoted neurosphere regeneration and neuronal differentiation (Yu et al., 

2006). On the other hand, Wnt signalling has been shown to inhibit regeneration of 

neurospheres but still promote neuronal differentiation (Muroyama et al., 2004). 

Others have indicated that Wnt signalling doesn’t play a significant role in 

neurospheres as its signalling is down-regulated (Machon et al., 2005). Nevertheless, 

despite the confusion over Wnt signalling, neurospheres express many of the proteins 

that are hallmarks of a functional stem cell niche. Therefore, it could be argued that 
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the formation of a neurosphere in vitro is a response to the surrounding conditions 

designed to protect and preserve the precious stem cell population from environmental 

challenge, by the recreation of a stem cell niche.  

8.11  EGF and bFGF and the development of stem cell niches 

EGF and bFGF have been used in combination to generate neurospheres from the 

brain (Campos et al., 2006; Gritti et al., 1999; Weiss et al., 1996). Similarly, cells 

from the olfactory mucosa are capable of responding to these mitogens with 

neurosphere formation. Interestingly, non-neural tissues are also able to respond to 

EGF and bFGF with neurosphere formation. Cells from the bone marrow (Kabos et 

al., 2002), skin (Belicchi et al., 2004; Toma et al., 2001), kidney (Oliver et al., 2004), 

muscle (Romero-Ramos et al., 2002) and adipose tissue (Kang et al., 2004) have all 

demonstrated neurosphere formation in response to EGF and bFGF. The formation of 

neurospheres may represent the development of a protective niche for stem cells in 

vitro. Thus, the generation of neurospheres in a wide variety of tissues in response to 

EGF and bFGF, may indicate the significance of these mitogens in the creation of 

niches that preserve stem cells in vitro. Perhaps the role of EGF and bFGF as stem 

cell mitogens revolves around their ability to promote a niche that prevents 

differentiation and ensures self-renewal. 

8.12  Response of stem cells to foreign niches 

Another interesting facet of the stem cell niche is the response of stem cells to 

displacement, by colonising a foreign stem cell niche. The transplantation studies of 

Bjornson et al (1999), Clarke et al (2000) and Murrell et al (2005), utilising neural 

stem cells, suggests that these cells are able to incorporate into foreign stem cell 

niches where they are able to differentiate successfully. Perhaps the signalling and cell 

contact elements that are common to the various tissue niches allow the possibility of 

acceptance and incorporation of displaced foreign stem cells into unfamiliar niches 

where they are able to function normally. Similarly, the results presented here indicate 

that rat olfactory neurosphere cells, contain a population of cells that are able to 
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respond to foreign environmental niches. Initially, adult rat olfactory neurosphere 

cells responded to the environmental niche created by dissociated neonatal rat muscle 

cultures by differentiating and incorporating into a myotube. It was also demonstrated 

that the differentiation of the mouse embryonic pre-adipocyte cell line 3T3-L1 created 

an environment that promoted the differentiation of olfactory neurosphere cells into 

adipocytes with or without direct cell contact. The importance of extracellular matrix 

molecules in creating a niche for the differentiation of olfactory neurosphere cells 

down the dopaminergic lineage pathway was also highlighted here.  

8.13  Notch and Hes signalling in olfactory neurosphere 
differentiation 

Overall, the results presented here indicate the impact of the surrounding niche on the 

differentiation and self-renewal of olfactory neurosphere cells. Notch is a stem cell 

niche factor considered to be involved in the maintenance of the stem cell population 

by inhibiting differentiation and promoting self-renewal (Calvi et al., 2003; Chojnacki 

et al., 2003; Fre et al., 2005; Stier et al., 2002; van Es et al., 2005; Zhang et al., 2003). 

Similarly, Hes1, which is regulated by Notch, demonstrates a similar influence over 

stem cell self-renewal (Cau et al., 1997; Gaiano & Fishell, 2002; Ishibashi et al., 

1995; Jarriault et al., 1998; Moriyama et al., 2006). As previously discussed, Notch 

and Hes1 inhibit the differentiation of stem cells in myogenesis (Hirsinger et al., 

2001; Kopan & Cagan, 1997), adipogenesis (Ross et al., 2006; Ross et al., 2004), 

neurogenesis (Gaiano & Fishell, 2002) and hematopoiesis (Calvi et al., 2003; Stier et 

al., 2002; Zhang et al., 2003). Therefore, although the regulation of stem cell 

populations is obviously a complex process, it appears that inhibition of 

differentiation by Notch and Hes1 may be a mechanism common to numerous stem 

cell populations.  

 

Olfactory neurospheres express Notch and Hes1. As Notch and Hes1 expression is 

associated with inhibition of differentiation and promotion of self-renewal, these 

factors are predominantly connected with stem cells (Akazawa et al., 1992; Allen & 

Lobe, 1999; Calvi et al., 2003; Gaiano & Fishell, 2002; Kopan & Cagan, 1997; Sasai 

et al., 1992; Stier et al., 2002; Zhang et al., 2003). Therefore, it is presumed that in 
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order for differentiation to occur Hes1 and Notch must be down-regulated. 

Consequently, as stem cells differentiate to give rise to progenitors and progenitors 

differentiate further into specialised cells it is assumed that Hes1 and Notch 

expression decreases (Figure 8.6). 

 

 
Figure 8.6: Proposed lineage commitment and associated spectrum of Notch 
and Hes1 expression in olfactory neurosphere cells. Multipotent stem cells 
differentiate to give rise to progenitor or precursor cells that further 
differentiate into specialised cells. Notch and Hes1, as stem cell self-renewal 
markers, are presumed to decrease as cells differentiate or become more 
specialised.   

 

Nevertheless, the expression of Hes1 and Notch in olfactory neurospheres may have 

impacted on the ability of cells to respond to situations that promoted differentiation. 

If the stem cells within neurospheres decreased their Hes1 and Notch expression on 

exposure to instructive differentiation conditions, they would be more likely to 

differentiate. If Notch and Hes1 expression was maintained in differentiation 
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conditions, stem cells may be unable to differentiate. Obviously the expression of 

markers such as Hes1 and Notch, that inhibit differentiation, would have had a 

profound impact on which cells differentiated. If Notch and Hes1 expression was 

maintained at high levels, rather than stem cells, progenitors with lower expression of 

Hes1 and Notch and subsequently lower inhibition of differentiation would be the 

only cells capable of differentiation. However, the response of progenitors to 

differentiation conditions (multipotency) may be more limited than stem cells. 

Therefore the population of cells able to respond may be restricted by their phenotype.   

 

8.14  De-differentiation and the stem cell niche 

One of the most striking aspects of the stem cell niches reviewed was shown in the 

drosophila ovary where it was demonstrated that when the stem niche was emptied, 

progenitor cells that migrated back to the niche de-differentiated into functional stem 

cells (Kai & Spradling, 2004). Another dramatic example of de-differentiation is the 

ability of amphibians to regenerate severed limbs. In this case terminally 

differentiated muscle cells are able to de-differentiate, form a blastema and allow 

regeneration of the limb (Echeverri et al., 2001; Kumar et al., 2000; Lo et al., 1993). 

Other examples of de-differentiation are also related to injury or stress responses. For 

example atrial myocytes de-differentiate due to atrial fibrillation to resemble 

immature muscle cells (Rucker-Martin et al., 2002). Similarly in the kidney, tubular 

epithelial cells de-differentiate and proliferate in response to ischemia or toxic injury 

to regenerate their population (Bonventre, 2003). In vitro experiments have also 

demonstrated de-differentiation in neural, myogenic and haematopoietic systems. 

Terminally differentiated myoblasts derived from human or mouse muscles are able to 

de-differentiate into multipotent progenitors when exposed to particular culture 

conditions (Chen et al., 2004a; Chen et al., 2005a; Odelberg et al., 2000). A variety of 

factors influence the myogenic de-differentiation process. Ciliary neurotrophic factor 

(CNTF) is reported to regulate de-differentiation in human myoblasts (Chen et al., 

2005a), while homeobox protein msx-1 and a small molecule referred to as ‘reversine’ 
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have been implicated in the de-differentiation of mouse myoblasts (Chen et al., 2004a; 

Odelberg et al., 2000). Cells from the haematopoietic system also undergo de-

differentiation. Functional neurons with characteristic phenotype and morphology 

were derived from adult bone marrow stromal stem cells. These neurons were 

subsequently de-differentiated back into a bone marrow stem cell phenotype. After 

further proliferation these de-differentiated stem cells were finally re-differentiated 

into functional neurons again (Li et al., 2004). As previously discussed, Wnt 

signalling is involved in maintaining the self-renewal of haematopoietic stem cells. 

Wnt signalling is mediated by β catenin. Constitutive expression of β catenin in 

normal lymphoid or myeloid progenitors destabilises their lineage fate decisions and 

confers some stem cell properties on these committed progenitors (Baba et al., 2005). 

The suggestion that the subventricular zone astrocyte is the stem cell in the forebrain 

(Doetsch et al., 1999; Doetsch et al., 1997) has blurred the lines of differentiation and 

de-differentiation in the brain. Is the differentiation of astrocytic stem cells really 

differentiation or perhaps de-differentiation? Nevertheless, neurospheres give rise to 

neurons that are able to de-differentiate into astrocytes (Laywell et al., 2005). This de-

differentiation process was reported to proceed through a neuron/astrocyte 

intermediary stage the authors referred to as an ‘asteron’ in which the cells had 

characteristics of both cell types (Laywell et al., 2005). Likewise, oligodendrocytes 

manipulated in vitro, de-differentiate into multipotent stem cells capable of self-

renewal and giving rise to astrocytes, neurons and further oligodendrocytes (Kondo & 

Raff, 2000). These examples demonstrate a degree of phenotypic fluidity amongst 

neural cells that may possibly exist in olfactory cells also. The differentiation 

experiments reported here have been accredited to the differentiation of multipotent 

stem or progenitor cells from amongst rat olfactory neurospheres. However, the 

possibility of de-differentiation of mature cell types cannot be discounted. As 

previously mentioned, de-differentiation has been reported at times of cellular stress 

or injury. Perhaps the culture conditions of the differentiation experiments established 

here facilitated de-differentiation due to the creation of a stressful environment. In 

particular the dissociation of neurospheres, although designed to be as gentle as 

possible, may have in fact enhanced the chances of de-differentiation of mature cells.  
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8.15  Confounding factors 

8.15.1  Mesenchymal cell component of neurospheres 

The results presented here demonstrate the differentiation of olfactory neurosphere 

cells into mesenchymal cell types such as myocytes and adipocytes. These events 

were rare, leading to the possibility that a rare mesenchymal cell may have 

contributed, not an olfactory stem cell. Olfactory neurospheres were derived from the 

mucosa, including both olfactory epithelium and lamina propria. The lamina propria is 

a mesenchymal tissue composed of nerve bundles, blood vessels and the cellular 

components of connective tissue such as fibroblasts and blood cells (Farbman & 

Buchholz, 1992). Fibroblasts are the predominant cell type in most connective tissues, 

where they regulate functional and structural processes (Chang et al., 2002). The term 

“fibroblasts” has been described as a “catch-all that belies their diversity” (Chang et 

al., 2002). In fact fibroblasts represent a heterogeneous population of cells that are 

poorly characterised and whose composition varies with the tissue of origin and the 

developmental stage (Moulin et al., 1999). Kues et al (2005) suggest that a rare 

somatic stem cell population exists amongst fetal fibroblasts. Evidence of their 

multipotency is unclear. In general there is little evidence of the differentiation of 

fibroblasts. Some studies have demonstrated that when irradiated or treated with 

chicken Chemotactic and Angiogenic Factor (cCAF), fibroblasts are able to 

differentiate into myofibroblasts that  express sarcomeric-α-actin (Dimitrijevic-

Bussod et al., 1999; Feugate et al., 2002). Nevertheless, olfactory nerve fibroblasts, in 

conjunction with olfactory ensheathing cells, facilitate nerve re-growth (Deumens et 

al., 2006; Li et al., 2005). This suggests that fibroblasts from the olfactory mucosa 

along with ensheathing cells may be involved in supporting differentiation, rather than 

participating directly. The possibility of de-differentiation means that fibroblasts, 

along with any other mature cell type, cannot be ruled out entirely from the results 

presented here. 

 

The mesenchymal tissue that is the olfactory lamina propria may contain 

mesenchymal stem cells as well as fibroblasts. Mesenchymal stem cells form spheres 

in EGF and bFGF (Bossolasco et al., 2005; Kim et al., 2006) differentiate into 



 183

adipocytes (Conget & Minguell, 1999; Nuttall et al., 1998), muscle (Ferrari et al., 

1998) and dopaminergic neurons (Pacary et al., 2006). Therefore, the differentiation 

observed here may be due to mesenchymal stem cells. However, there is evidence that 

in the culture conditions described here, mesenchymal stem cells are unlikely to exist 

within the rat olfactory neurosphere population. Mesenchymal stem cells differentiate 

into adipocytes (Hoogduijn et al., 2006; Hung et al., 2002; Jaiswal et al., 1997; 

Janderova et al., 2003; Pittenger et al., 1999; Rawadi et al., 2003; Yeon Lim et al., 

2006). Mouse cell lines such as 3T3-L1 (embryonic fibroblasts), C3H10T1/2 

(embryonic fibroblast / mesenchymal stem cell) and ST2 (bone marrow stromal cell 

line) differentiate into adipocytes apon exposure to a cocktail of insulin, 

dexamethasone (DEX) and 3-isobutyl-1-methylxanthine (IBMX) (Ding et al., 2003; 

Rawadi et al., 2003; Rubin et al., 1978). Mouse bone marrow cells also differentiate 

into adipocytes when exposed to insulin, IBMX and DEX (Fehrer et al., 2006) . 

Similarly, human bone derived mesenchymal stem cells differentiate into adipocytes 

when exposed to insulin, DEX and IBMX (Hung et al., 2002; Jaiswal et al., 1997; 

Janderova et al., 2003; Pittenger et al., 1999). Furthermore, rat bone marrow cells 

(Marko et al., 1995) and rat mesenchymal stem cells (Hoogduijn et al., 2006; Yeon 

Lim et al., 2006) differentiate into adipocytes when cultured with insulin, DEX and 

IBMX. The combined data from the studies of mouse cell lines, mouse bone marrow, 

human mesenchymal stem cells and rat mesenchymal stem cells studies would 

strongly suggest that mesenchymal stem cells differentiate into adipocytes when 

exposed to insulin, DEX and IBMX. However, no differentiation of adipocytes was 

ever observed when dissociated neurosphere cells were cultured in the adipogenic 

cocktail alone. This would imply that olfactory neurospheres do not contain 

mesenchymal stem cells.  

 

Amongst the mesenchymal cells that reside in the lamina propria are blood cells 

(Farbman & Buchholz, 1992). Consequently, rare hematopoietic stem cells circulating 

in the blood may also contribute to the differentiation of cells derived from the 

olfactory mucosa. Murrell et al (2005) tested the olfactory mucosa for expression of 

leukocyte or hematopoietic stem cell markers. ~1% of mucosa cells were positive for 

CD11b which labels phagocytic cells including; granular leukocytes, dendritic cells 

and macrophages and ~5% of cells were positive for CD45RA which labels B 

lymphocytes. No expression of the hematopoietic progenitor marker CD34 was found 
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(Murrell et al., 2005). This provides evidence that the results observed here are 

unlikely to be due to the differentiation of hematopoietic stem cells.  

8.15.2  Not all Neurospheres contain a stem cell 

Although the formation of neurospheres has been widely associated with the presence 

of stem cells (Ahmad et al., 2000; Belicchi et al., 2004; Kabos et al., 2002; Kang et 

al., 2004; Li et al., 2003a; Oliver et al., 2004; Romero-Ramos et al., 2002; Shetty & 

Turner, 1998; Toma et al., 2001; Weiss et al., 1996), the formation of a spherical 

aggregate does not necessarily indicate that a stem cell is present. For example, it has 

been found in the rodent hippocampus that the formation of neurospheres can be 

attributed to progenitor cells and not stem cells (Bull & Bartlett, 2005; Seaberg & van 

der Kooy, 2002). Similarly, in the olfactory mucosa the formation of neurospheres in 

either EGF or bFGF may be due to progenitor cell proliferation. From the clonal 

analysis it was found that 0.54% of neurosphere cells self-renew. The 3T3-L1 

adipocyte co-culture experiments indicated that 0.66% of neurosphere cells were 

capable of differentiation. These low percentages suggests that not all neurospheres 

contain cells that have the potential for multipotency or self-renewal. Therefore some 

olfactory neurospheres may be derived form progenitor cells not stem cells.  

8.16 Conclusion 

The aim of this study was to investigate the potential of rat olfactory stem cells 

growing as neurospheres. The hypothesis was that the rat olfactory mucosa contains a 

“true” stem cell population that can be cultured as neurospheres and that will 

differentiate into “non-olfactory” cell types (multipotency) and self-renew if provided 

with the appropriate niche.  

 

The aim of this thesis was met and the hypothesis was successfully validated. Adult 

rat olfactory mucosa was capable of forming neurospheres in EGF and bFGF. Using 

neurospheres it was determined that olfactory mucosa cells are capable of self-

renewal. The generation of six generations of neurospheres, the formation of 
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neurospheres from single cells and the expression of self-renewal markers provided 

evidence of this capability. Olfactory neurosphere cells are multipotent. Although the 

cellular reprogramming method of Hakelien et al (2002) failed to induce neurosphere 

cells to differentiate into T cells, and neo-natal organ co-culture techniques also failed 

to differentiate neurosphere cells into heart or liver phenotypes, other experiments 

indicated their multipotency. Using a trans-well co-culture assay with the pre-

adipocyte cell line 3T3-L1, neurosphere cells were observed to differentiate into 

functional adipocytes in conditions that excluded the possibility of fusion. 

Neurosphere cell(s) were included in myotube formation when co-cultured with neo-

natal muscle cells. In defined culture conditions, that included a permissive substrate, 

neurosphere cells differentiated down the dopaminergic lineage pathway. 

 

Overall, these experiments reinforce those of Murrell et al (2005) by demonstrating 

that cells from within neurospheres derived from the adult rat olfactory mucosa are 

multipotent and capable of self-renewal, and thus fit the criteria for a stem cell 

population. This study also provides insight into the basic principles of olfactory stem 

cell culture and differentiation. Further investigation into the methods of culture, 

purification and specific differentiation of olfactory mucosal cells is obviously 

required. However, when combined with the accessibility and regenerative capacity of 

the human olfactory mucosa (Feron et al., 1998), this tissue represents an excellent 

source of adult neural stem cells for potential clinical use. 
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