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Abstract 
 

The clear evidence that vitamin D (referring to the hormonally active form 1,25-

dixydroxyvitamin D3 all through this thesis) is involved in brain development and the 

widespread distribution of the VDR in neurogenic regions of the brain, propose that 

vitamin D may be an important regulator of neural stem and progenitor cell 

proliferation. The inhibitory effect of vitamin D on cell proliferation is well 

characterised in a wide variety of tissues. Nevertheless, little is known about the effect 

of vitamin D on neural stem/progenitor cell proliferation. The olfactory tissue is a 

well-established model for molecular factors and genes that regulate neurogenesis. 

The ability of the olfactory epithelium to be grown as primary cultures, to give rise to 

a mixture of neuronal precursors and developing neurons, and the finding that it 

contains multipotent stem cells (Murrel et al, 1996, 2005; Féron et al, 1998; Newman 

et al, 2000; McCurdy et al, 2005), make this tissue a good model for investigating the 

effects of vitamin D on olfactory neurogenesis. The overall aim of this thesis was to 

explore the effect of vitamin D on stem and progenitor cell proliferation in the 

olfactory system and the brain. This was achieved by using two different animal 

models. One model explored the effect on neurosphere formation in animals deprived 

of vitamin D during development (developmental vitamin D (DVD) deficiency). The 

other model used genetically modified animals that had a dysfunctional VDR (VDR 

knockout animals) to investigate the effect of vitamin D inactivation on stem and 

progenitor cell proliferation in the olfactory system and the brain. 

 

Here it was found that DVD deficiency increased the number of neurospheres formed 

in cultures from the adult olfactory mucosa. Exogenous vitamin D added to the 

culture medium had no effect on olfactory neurosphere formation in the DVD cultures 

but it reduced the neurosphere diameter in the controls. Vitamin D reduced olfactory 

neurosphere number in the VDR KO animals but had no effect on their size. This 

thesis also shows that the lack of a functional VDR reduced cell proliferation in the 

adult mouse brain and olfactory system in vivo. These results demonstrate that 

vitamin D can regulate stem and progenitor cell proliferation in the olfactory system 

and the brain and provide a foundation for further investigations into the molecular 

basis underlying the physiological abnormalities associated with vitamin D deficiency 

and disruption of vitamin D signalling through VDR inactivation.  
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In recent years there has been an accumulating range of physiological actions 

associated with vitamin D, the seco-steroid hormone (1,25-dixydroxyvitamin D3, 

calcitriol). Although the role of vitamin D in calcium homeostasis of bone tissue is 

clear, research has demonstrated that vitamin D is involved in the regulation of cell 

proliferation and differentiation in many tissues (Bouillon et al, 1995). There is also 

accumulating evidence of the involvement of vitamin D in brain functioning (Garcion 

et al, 2002). Several studies have confirmed that the vitamin D receptor (VDR) is 

expressed in both the developing brain (Veenstra et al, 1998; Burket et al, 2003) and 

the adult rat brain (Stumpf and O‘Brian, 1987; Clemens et al, 1988; Prufer et al, 

1999). The presence of the VDR in the human brain was also confirmed in recent 

years (Eyles et al, 2005). Widespread VDR expression is observed in the rat olfactory 

system (Glaser et al, 1999). The olfactory system has long been recognised as a site of 

continues neurogenesis (Calof and Chikaraishi, 1989; Graziadei and Graziadei, 1979; 

Mackay-Sim and Kittel, 1991; Moulton, 1974). This system contains a multipotent 

stem cell population that stimulates neurogenesis throughout life (Mackay-Sim and 

Kittel, 1991; Murrel et al, 2005).  

 

The distribution of the VDR in neurogenic regions such as the hippocampus (Langub 

et al, 2001) and the olfactory system suggest a possible involvement of vitamin D in 

neurogenesis. Therefore the goal of this study is to explore the effect of vitamin D on 

neurogenesis by investigating proliferation of neural stem/progenitor cells.  

 

1.1 Vitamin D 

 

The prehormone Vitamin D is one of the oldest compounds that have been made in 

the earliest life forms for over 750 million years (Holick, 2003). Phytoplankton, 

zooplankton, and most plants and animals that are exposed to sunlight have the ability 

to make prehormone vitamin D (Holick, 2003). The prehormone Vitamin D is 

produced in the skin in response to exposure to ultraviolet light. It is also provided by 

the diet in foods such as fish, eggs, vegetable oils, butter, liver, and in fortified milk 

and margarine (Mattila et al, 1994). Sufficient vitamin D can be produced by 

exposure to sunlight, thus it is not strictly a vitamin in regard to the definition of a 
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vitamin being an essential organic molecule that can not be produced by the organism, 

but must be provided by the diet (Mathews and Van Holde, 1996).  

 

1.1.1 Metabolism of Vitamin D 

 

The precursor of previtamin D3, 7-Dehydrocholesterol, is found in the sebaceous 

glands and especially in the Malpighian layer of epidermis (DeLuca, 1984). UV light 

of 280-300 nm wavelength penetrates to these sites and initiates the conversion of 7-

dehydrocholesterol to previtamin D3 which then undergoes thermally dependent 

isomerisation to form the vitamin D3 structure (Figure 1.1). Vitamin D3 is transported 

from the skin to the liver by the vitamin D binding protein (DBP) (DeLuca, 1984). 

The DBP is the serum carrier of vitamin D3 metabolites which binds them with 

variable affinity. However, its function as a stabiliser of the 25(OH) vitamin D3 pools 

is only a minor contributor to the individual modification of vitamin D3 signalling 

(Ebert et al, 2006). DBP is shuttled into kidney cells via the megalin receptor 

(Nykjaer et al, 1999) and this transport plays an important role in vitamin D3 

metabolism and VDR ligand availability (Leheste et al, 2003). 

 

In the liver, hydroxylation at carbon 25 of vitamin D3 by the microsomal enzyme, 25-

hydroxylase, results in the production of 25-hydroxyvitamin D3; the circulating form 

of vitamin D that is bound by DBP. 25-hydroxyvitamin D3 is transported to the 

kidney where it is again hydroxylated at either carbon 1 or 24 to form 1α,25-

dihydroxyvitamin D3 [1,25(OH)2D3] and 24R,25-dihydroxyvitamin D3 [24R,25(OH)2 

D3] (Fig.1.1). 1,25-dihydroxyvitamin D3 (cholecalciferol, calcitriol) is the hormonally 

active form of vitamin D and is the form commonly referred as ‗vitamin D‘. Its 

synthesis results from the action of specific ‗mixed-function oxidases‘ that carry out 

the hydroxylation reactions. There are three main enzymes involved: vitamin D3-25-

hydroxylase, 25-OH-D3-1 -hydroxylase and 25-OH-D3-24-hydroxylase 

(Bhattacharyya and DeLuca, 1974; Gray et al, 1972; Knuston and DeLuca, 1974). 

Subsequent studies revealed that all of those vitamin D hydroxylases contain 

cytochrome P450 (CYP) components (Ghazarian and DeLuca, 1974; Ghazarian et al, 

1974). Six CYP isoforms have been shown to hydroxylate vitamin D (Prosser and 

Jones, 2004). Four of these, CYP27A1, CYP2R1, CYP3A4 and CYP2J3, are 
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candidates for the enzyme vitamin D 25-hydroxylase that is involved in the first step 

of activation. The renal enzyme 25-hydroxyvitamin D-1 -hydroxylase contains the 

component CYP27B1, which completes the activation pathway to the hormonal form 

1 ,25-dihydroxyvitamin D3. CYP24A1 is transcriptionally induced in vitamin D 

target cells by 1 ,25(OH)2D3, and is involved in a five-step inactivation pathway 

from 1 ,25(OH)2D3 to calcitroic acid (Prosser and Jones, 2004). The kidney 1α-

hydroxylase is regulated by vitamin D status and by calcium and phosphorus levels, 

which are controlled by parathyroid hormone and calcitonin (Burtis and Ashwood, 

1999). 

 

Increased formation of 1,25-dihydroxyvitamin D3 occurs when decreased blood 

calcium leads to parathyroid hormone release, cAMP formation, renal loss of 

phosphate, and the consequent stimulation of 1α-hydroxylase (Burtis and Ashwood, 

1999). 1,25-dihydroxyvitamin D3 formed in the kidney complexes with DBP for 

transfer via blood to target tissues (e.g. small intestine and bone). 

 

When calcium and phosphorus levels are normal, the formation of 24,25-

dihydroxyvitamin D3 by 24-hydroxylase is favoured. Generally, 24-hydroxylation has 

been considered as the first step in the degradation pathway of 1,25(OH)2D3 and 

25(OH) D3. However, through the past decades accumulated data indicates that 

24,25(OH)2D3 is not merely a degradation product but has effects on its own. Studies 

have shown the important role of 24,25(OH)2D3 for normal chicken egg hatchability 

and calcium and phosphorus homeostasis (Henry and Norman, 1978; Norman et al, 

1980). It has also become apparent that 24,25(OH)2D3 has distinct effects on cartilage 

and bone (van Leeuwen et al, 2001).  
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Figure 1.1: Basic metabolic pathway for the major circulating vitamin D metabolites. 

7-dehydrocholesterol is converted to vitamin D3 with the exposure to UV light. 

Vitamin D3 can also be provided by the diet, as can the plant form of vitamin D, 

vitamin D2. Vitamin D3 travels to the liver where it is converted to 25-hydroxyvitamin 

D3 by 25-hydroxylase. It is then transported to the kidney where it can be 

hydroxylated at carbon 1 by 1α-hydroxylase to form the hormonally active 1,25-

dihydroxyvitamin D3, or alternatively be hydroxylated at carbon 24 by 24-hydroxylase 

to form 24,25-dihydroxyvitamin D3   (Henry, 2001). 

 

1.1.2 Molecular Mechanisms of Action of Vitamin D 

 

1.1.2.1 Vitamin D Receptor 

 

The biological activity of vitamin D is largely characterised by its high affinity 

interaction with an intracellular vitamin D receptor (VDR) protein. VDR acts as a 

ligand-inducible transcription factor and belongs to the nuclear hormone receptor 

superfamily, of which a subclass contains the VDR, the thyroid hormone receptor 

(T3R), the vitamin A derivative all-trans retinoic acid receptor (RAR), and the 

retinoid X receptor (RXR) (Carlberg and Polly, 1998). VDR shares common 

structural features with all nuclear receptors such as an N-terminal activation domain, 

a DNA-binding region comprising two zinc finger domains, a hinge region and the 

ligand binding domain (LBD). VDR regulates gene expression (Fig. 1.2) by 

interacting with discrete sequences of DNA, known as vitamin D response elements 

(VDREs) after heterodimerization with the RXR and the recruitment of several 

nuclear receptor coactivator proteins, including members of the steroid receptor 

coactivator family (Yu et al, 1991; Kliewer et al, 1992; MacDonald et al, 2001).  

Barletta et al (2004) show that potentiation of VDR mediated transcription is achieved 

by cofactor phosphorylation and thus the actual signal exerted by the VDR/RXR 
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dimmer depends on a variety of other cosignaling partners in the nuclear compartment 

(Ebert et al , 2006). 

 

 

Figure 1.2: Mechanism of transcriptional regulation by the VDR. Upon binding its 

ligand 1,25-(OH)2D3, VDR undergoes conformational changes, heterodimerises with 

unliganded retinoid X receptor (RXR), interacts with vitamin D response elements 

(VDREs) in the promoter region of vitamin D target genes, releases co-repressor 

complexes (not shown) and recruits co-activators and general transcription factors for 

the assembly of an active transcriptional complex. DBD: DNA binding domain; LBD: 

ligand binding domain; TAF: TBP-associated factor; TBP: TATA binding protein. 

(Segart and Bouillon, 1998). 

 

 

1.1.3 Non-genomic Actions of Vitamin D 

 

Experimental evidence for non-genomic effects has been collected for steroids and 

thyroid hormones. These effects are thought to be mediated via specific membrane 

receptors (Schmidt et al, 2000; Falkenstein et al, 2000). Vitamin D3-derived 

compounds have also been shown to exert rapid effects on target cells which occur 

within seconds and minutes (Boyan et al, 2003). Regulation of Ca
2+

 channels and 

activation of protein kinase C and mitogen-activated protein kinase pathways are 

some of the non-genomic signal transduction events initiated by vitamin D (Nemere et 

al, 1998). At least two distinct types of receptors are presumably involved in these 
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actions, known as 1,25 D3 MARRS (membrane associated rapid response steroid 

binding proteins) isolated from chick intestinal basolateral membrane, which is a thiol 

dependent oxo-reductase ERp57 (Brown et al, 1999). Nevertheless, other reviews 

assumed that the classic VDR in some cells is also associated with caveolae present in 

the plasma membrane that mediates the rapid responses to vitamin D (Norman, 2006).  

 

Collectively, these observations suggest that vitamin D could act in the brain in a 

similar way to neuro-active steroids by modulating neuronal excitability and other 

electrophysiological phenomena (Rupprecht et al, 1999; Zakon et al, 1998). 

 

1.1.4 The Role of Vitamin D in Cell Proliferation and Differentiation  

 

In general vitamin D is considered to be antiproliferative and prodifferentiating. Many 

studies have reported the effects of vitamin D on cell proliferation and differentiation 

in normal and cancer cells. The potential role of vitamin D in the treatment of cancer 

was first recognized in 1981 in myeloid leukemic cells (Abe et al, 1981). Clonal 

proliferation of leukemic cells has been shown to be inhibited and their differentiation 

promoted by vitamin D (Abe et al, 1981). This was then extended to several other 

malignancies, including breast, prostate and colon cancer (Boyapati et al, 2003; 

Kristal et al, 2002; Cross et al, 1995; Penman et al, 1995). Studied have shown that 

the vitamin D/VDR system arrests cancerous cells at G1-G0 transition through a 

number of mechanism (Dusso et al, 2005). Vitamin D production decreases in the 

progression of malignancy in prostate cancer cells (Schwartz et al, 1998). 

Consequently, pharmacological analogues of vitamin D have been targeted as 

candidates for anti-cancer drugs.  

 

Vitamin D has also been shown to have an effect on the differentiation and 

proliferation of normal cells. For instance, studies have demonstrated that vitamin D 

induces a concentration dependent marked inhibition of cell growth in cultured human 

epidermal keratinocytes (Itin et al, 1994). These studies also revealed that 

differentiation was enhanced with high doses of vitamin D when cells were grown in 

the presence of high concentrations of calcium. O‘Connell and co-workers 

demonstrated that vitamin D inhibits proliferation by over 50% in primary cultures of 

cardiac myocytes (O‘Connell et al, 1997). Similar results are also observed in the 
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developing human jejunum (Menard et al, 1995) and mouse proximal tubular cells 

(Weinreich et al, 1996). 

 

Recently, the molecular mechanisms underlying the anti-proliferative effects of 

vitamin D have been explored. Laud and co-workers demonstrated that vitamin D 

impedes mitosis by decreasing the expression of G1/S and G2/M cellular gatekeeper 

components such as cyclins D1, B1 and retinoblastoma protein pRb in promyelocytic 

cells (Laud et al, 1997). In addition, vitamin D has been shown to upregulate the anti-

mitotic cyclin-dependent kinase inhibitors p21 and p27 in a related cell line. Vitamin 

D also blocks mitogenic signalling, including that of oestrogen, epidermal growth 

factor (EGF) and insulin-like growth factor-1 (IGF-1), and upregulates growth 

inhibitors such as transforming growth factor  (TGF ) (Colston and Hansen, 2002). 

 

1.1.5 The Role of Vitamin D in Apoptosis 

 

Vitamin D has been shown to induce apoptosis in breast cancer, colon cancer, and 

glioma cell lines (Naveilhan et al, 1994; Welsch, 1994; Vanderwalle et al, 1995). In 

the central nervous system vitamin D and several synthetic analogs have been shown 

to induce a cell death pathway in glioma cells (Naveilhan et al, 1994; Baudet et al, 

1996), possibly involving the upregulation of p75 (Naveilhan et al, 1996; Meldolesi et 

al 2000). This suggests an anti-cancer activity of vitamin D within the brain. More 

recently, the beneficial effects of vitamin D therapy in the treatment of glioblastomas 

have been reported in a phase II clinical study (Trouillas et al, 2001). 

 

The signalling pathways induced by the various apoptotic stimuli converge into a 

common apoptosis pathway either at a mitochondrial step or at a step that involves the 

activation of a caspase cascade resulting in the inactivation/activation of substrates 

leading to the typical apoptotic morphology of the dying cell (Thornberry and 

Lazebnik, 1998). However, experimental evidence has demonstrated that vitamin D 

compounds induce apoptosis in breast cancer cell lines via a novel caspase and p53-

independent pathway that can be inhibited by Bcl-2 (Mathiasen et al, 1999). The 

findings of this study suggest that apoptotic pathways that do not involve caspase or 

p53 must be investigated to explain a possible mechanism by which vitamin D may 
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induce apoptosis. One such pathway may involve the low affinity neurotrophin 

receptor p75, since there is evidence that p75 may have an apoptosis inducing role 

(Barrett and Bartlett, 1994). Although the mechanism of p75 mediated cell death is 

unknown, models of the mode of signalling have been proposed (Barnett, 2000). One 

such model is that the binding of a ligand, in particular nerve growth factor (NGF), to 

the p75 receptor may induce an apoptotic response (Barnett, 2000). Vitamin D 

regulates the expression of p75 (Naveilhan et al, 1996; Baas et al, 2000), and is a 

potent promoter of NGF synthesis (Wion et al, 1991; Saporito et al, 1993; Neveu et 

al, 1994), thus it is possible that the induction of apoptosis by vitamin D in cells of the 

nervous system may be due to p75 upregulation.  

 

1.2 Vitamin D and the Nervous System 

 

1.2.1 Vitamin D Synthesis and Degradation in the Brain 

 

It was generally assumed that the supply of vitamin D in the brain was dependent on 

the plasma concentration of vitamin D (Gascon-Barre et al, 1983; Balabanova et al, 

1984; Pardridge et al, 1985). However, recent data revealed the brain localisation of 

the vitamin D enzymes - 25-hydroxylase and 25-hydroxyvitamin D3-1α-hydroxylase, 

suggesting that the central nervous system (CNS) can locally initiate the bioactivation 

of the vitamin D3 prohormone (Fu et al, 1987; Hosseinpour et al, 2000; Zhender et al, 

2001). In this regard, studies have shown that vitamin D is produced in culture by 

microglial cells (Neveu et al, 1994). The localisation of these enzymes in the brain 

and the presence of vitamin D in the cerebrospinal fluid (Balabanova et al, 1984) 

suggest the existence of a catabolic pathway for this hormone in the central nervous 

system (Garcion et al, 2002). The initial step of the pathway involved in the 

inactivation of this hormone is achieved by vitamin D3 24-hydroxylase, and the 

corresponding gene is upregulated in glial cells exposed to vitamin D (Naveilhan et 

al, 1993). Consequently, together these findings propose the existence of both the 

biosynthetic and the degenerative pathways for vitamin D in the brain (Garcion et al, 

2002). 

 

 

 



10 

 

1.2.2 Vitamin D Receptor Expression in the Brain 

 

The VDR is detected in cells of several regions of the adult brain including distinct 

portions of the sensory, motor, and the limbic systems suggesting multiple functions 

of vitamin D in the central nervous system (Prufer et al, 1999). Its expression is 

regulated developmentally within the nervous tissues (Veenstra et al, 1998; Chun Li 

et al, 1997) since VDR is found in the neuroepithelium during early neurogenesis and, 

at later stages, in one of the major CNS areas able to maintain neural stem cell 

generation throughout life – the subventricular zone (Veenstra et al, 1998). 

Furthermore, specific expression of the VDR gene within developing neurons of 

rodent dorsal root ganglia, suggests a role of vitamin D in peripheral nervous system 

development (Johnson et al, 1996). VDR is also widely distributed in the adult brain 

in temporal, orbital and cingulated cortices, in the thalamus, in the accumbens nuclei, 

parts of the stria terminalis and amygdale and widely throughout the olfactory system. 

Its expression is also detected in the pyramidal neurons of the hippocampal regions 

CA1, CA2, CA3, and CA4 (Prufer et al, 1999). 

 

1.2.3 Neuroprotective Effects of Vitamin D 

 

Vitamin D regulates the expression of neurotrophic factors; in particular, it is shown 

that the hormone up-regulates the synthesis of NGF in vitro (Neveu et al, 1994; Wion 

et al, 1991) and in vivo (Saporito et al, 1994). Various studies have since shown that 

vitamin D can act on cells of the nervous system by modulating the production of 

neurotrophins (Fig. 1.3) (Garcion et al, 2002). For instance, there is an upregulation in 

the synthesis of neurotrophin 3 (NT3) (Neveu et al, 1994), glial cell line-derived 

neurotrophic factor (GDNF) (Naveilhan et al, 1996), and NGF (Neveu et al, 1994; 

Saporito et al, 1994), whereas neurotrophin 4 (NT4) is downregulated (Neveu et al, 

1994). In several cases vitamin D has been linked with general neuroprotection due to 

its ability to stimulate neurotrophin synthesis (Brewer et al, 2001; Garcion et al, 

1998), and changes associated with Alzheimer‘s disease (Landfield and Cadwallader-

Neal, 1998). The neurotrophins are a class of growth factors that are essential for 

neuronal survival and differentiation in both the central nervous system and the 

peripheral nervous system (Ilag and Ibanez, 1998). Thus low levels of vitamin D may 

lead to impaired cell survival and differentiation. NGF and other neurotrophins may 
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also induce apoptosis by their interaction with the low affinity neurotrophin receptor 

p75. These observations suggest that altered expression of the neurotrophins during 

development may affect cellular processes critical for normal development, i.e. 

proliferation, differentiation and apoptosis. In this regard, low prenatal vitamin D may 

be a risk-modifying factor for the onset of neurodevelomental diseases such as 

schizophrenia and indicate that vitamin D could be valuable in the treatment of 

neurodegenerative diseases.  

 

Figure 1.3: Possible vitamin D signalling pathway in the brain. Vitamin D might be 

locally synthesized by 25-OHD3-1α-OHase-expressing cells, such as neurons, in 

addition to activated microglia. This could represent a CNS anti-tumour response, 

since vitamin D induces cell death and/or redifferentiation programs in glioma cells. 

Astrocytes, 24-D3-OHase-expressing cells, can further metabolize the vitamin D 

present in the brain. VDR expressing cells, such as glial and neuronal cells, are target 

cells for vitamin D. In astrocytes, vitamin D upregulates the synthesis of several 

neurotrophins which could be involved in neuroprotection. Large amount of nitric 

oxide (NO) are toxic for both neurons and oligodendrocytes, because it can readily 

react with oxygen species forming highly harmful products such as hydroxyl and 

nitrogen dioxide. Intracellular glutathione (GSH) could then be used to prevent the 

formation of reactive nitrogen or oxygen radicals in these cells (Garcion et al, 2002). 
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1.2.4 The Role of Vitamin D in the Brain 

 

Neural cell development, growth and regeneration, and neural stem cell biology are 

the subject of intense investigation. Over the past decade, accumulating evidence 

demonstrates the importance of vitamin D in brain development. Veenstra et al (1998) 

demonstrated the presence of the VDR throughout a large portion of the CNS of the 

rat embryo. Its expression was detected in the neuroepithelium and the nascent dorsal 

root ganglia (DRG), and the differentiating fields of distinct areas within the brain 

(Veenstra et al, 1998). These findings suggest that vitamin D may alter mitosis and 

neuronal differentiation in the developing brain.   

 

Moreover, studies have demonstrated that VDR immunoreactivity is distributed 

throughout the adult rat brain (Prufer et al, 1999). It has been shown that VDR is 

expressed in the rat hippocampus, suggesting that this hormone is in a position to 

influence neural homeostasis (Langub et al, 2001).  

 

Recently, the VDR and the enzyme 1 -hydroxylase (1 -OHase) required for the 

production of the active form of vitamin D have been localised in the human brain 

(Eyles et al, 2005). Both the receptor and the enzyme were identified in neuronal and 

glial cells.  

 

Widespread VDR expression has been detected in the rat olfactory system (Glaser et 

al, 1999). Studies conducted in our laboratory demonstrated that the VDR is not only 

expressed in the globose basal cells and in the cytoplasm of the olfactory receptor 

neurons as observed by Glaser et al (1999), but it is also distributed in the nucleus of 

supporting cells, in the cilia of the olfactory knob and in the olfactory ensheathing 

cells of the lamina propria (Féron, F; unpublished observations).  

 

The extensive distribution of this receptor in the embryonic brain, the olfactory 

system and throughout the adult brain suggests an integral and important role for 

vitamin D in development of the nervous system.  
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1.2.5 Vitamin D Deficiency  

 

Vitamin D deficiency is a major unrecognised health problem and is highly prevalent 

among children and adolescents worldwide. It can cause rickets in children (Holick, 

1994), osteomalacia and osteoporosis in adults (Holick, 2002), cancers of the colon, 

prostate, breast, and ovary (Garland et al, 1989; Garland et al, 1990; Garland et al, 

1992), type I diabetes (Mathieu et al, 1999; Hypponen et al, 2001), and increased risk 

of hypertension (Rostand, 1979; Krause et al, 1998), multiple sclerosis (Cantorna et 

al, 1996), and schizophrenia (McGrath, 1999). 

 

Recent studies have demonstrated the importance of vitamin D for normal brain 

development (Brown et al, 2003; Burkert et al, 2003; Eyles et al, 2003; Burne et al, 

2004; Ko et al, 2004). The absence of this vitamin during development has been 

shown to induce long-lasting alterations in the brain structure and behaviour of the 

adult offspring (Burne et al, 2004; Becker et al, 2005; Féron et al, 2005; Kesby et al, 

2006). This was shown by using animal models that have been developed to explore 

the impact of vitamin D deficiency during development. Transient vitamin D 

depletion was achieved by developing an animal model in which vitamin D depletion 

was restricted to the in utero period. This model was named the developmental 

vitamin D (DVD) model (McGrath et al, 1999; Eyles et al, 2003; Féron et al, 2005; et 

al, 2004) and it has been extensively used to explore the impact of DVD deficiency on 

various neonatal and adult brain outcomes in the rat. In foetal and neonatal brains, low 

vitamin D during development is shown to affect the rates of mitosis and apoptosis in 

the developing brain (Ko et al, 2004). In vivo, it has been demonstrated that neonatal 

rats born to vitamin D deplete dams have enlarged ventricles, a thinner cortex and 

increased cell proliferation, as well as reductions in NGF, GDNF and p75 (Eyles et al, 

2003). Furthermore, in adult rats, DVD deficiency has been show to cause persistent 

changes in ventricle size and reduction of NGF expression (which is the most 

common neuroanatomical abnormality in patients suffering from schizophrenia), as 

well as abnormal expression of genes involved in cytoskeleton maintenance (MAP2, 

NF-L) and neurotransmission (GABA-A 4) (Eyles et al, 2004; Féron et al, 2005). 
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DVD deficiency has been shown to induce long-lasting alteration in the behaviour of 

the adult rat. The behavioural phenotype of the DVD deficient adult rat has been 

characterised by an increase in locomotion in a novel environment (Burne et al, 

2004), a heightened response to the hyperlocomotor effects of psychomimetic agents 

(Kesby et al, 2006), and alterations in learning and memory (Becker et al, 2005).  

 

Yoshizawa et al (1997) developed a mouse model with a disrupted VDR gene to 

explore the impact of vitamin D signalling. Mice lacking the VDR were generated and 

used to investigate the role of vitamin D and VDR in various physiological processes 

in intact animals (Yoshizawa et al, 1997). Subsequent investigations revealed that 

these animals are characterised by alopecia, reductions in both body size and weight, 

and impaired motor coordination (Burne et al, 2005). Other studies revealed that mice 

lacking a functional VDR have an increased grooming behaviour (Kalueff et al, 

2004), disrupted nest building behaviour (Keisala et al, 2007), altered emotional 

behaviour (Minasyan et al, 2007), reduced social barbering and aggressiveness, and 

aberrant maternal behaviours (pup neglect, cannibalism) (Kalueff et al, 2006). All of 

these observations confirm the important role of vitamin D and VDR in the brain 

particularly in the regulation of behaviour, and suggest that mice lacking a functional 

VDR may provide a useful tool to model different brain disorders (Kalueff et al, 

2006). 

 

1.3 Neurogenesis in the Adult Brain  

 

The process of neurogenesis is critical in both the developing and adult brain. 

Neurogenesis can be stimulated by injury and may have a role in brain repair and 

associated functional recovery (Horner and Gage, 2000).  

 

It is well documented that throughout adult life, the brain of rodents (Altman and Das, 

1965), primates, and humans (Eriksson et al, 1998; Gould et al, 1998) retain a 

neurogenic population of cells. Cell division persists mainly in two regions: the 

subventricular zone (SVZ) of the lateral ventricle and the dentate gyrus (DG) of the 

hippocampal formation (Hinds, 1968; Altman, 1969; Lois and Alvarez-Buylla, 1993; 

Luskin, 1993). Neurogenesis has also been recognised as a property of the olfactory 
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epithelium (OE). Its potential to generate new neurons was observed over 60 years 

ago by Nagahara (1940).  

 

1.3.1 Subventricular Zone 

 

During development two proliferative layers give rise to most brain cells: the 

ventricular zone, organised as a pseudostratified epithelium surrounding the lumen of 

the ventricle, and the subventricular zone, which forms later in development adjacent 

to the ventricular zone (Doetsch and Alvarez-Buylla, 1996). A compartmentalised 

model of the subventricular zone has been proposed (Luskin, 1993) stating that the 

anteriormost subventricular zone (SVZa) is specialised for the production of olfactory 

bulb neuronal precursors, whereas caudally proliferating cells may die or generate 

glia. In the SVZa, newborn cells migrate from the wall of the lateral ventricle into a 

long and well defined pathway, the rostral migratory stream (RMS), to reach the 

subependymal zone in the middle of the olfactory bulb (OB), where they differentiate 

into granular and periglomerular neurons (Fig. 1.4) (Doetsch and Alvarez-Buylla, 

1996; Jankovski and Sotelo, 1996).  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4: Sagittal view of the rat forebrain. The diagram shows the distribution of 

the rodent SVZa and RMS (gray) and their relationship to the lateral ventricle (black) 

and neighbouring structures of the rat forebrain. The arrows across the RMS indicate 

the path of migration of the SVZa-derived cells toward their final destination in the 

olfactory bulb (Pencea et al, 2001).  
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1.3.2 Hippocampus 

 

In the adult dentate gyrus of most mammals including human (Eriksson et al, 1998), a 

proliferative zone in the hilus produces neurons and glia throughout their lifespan 

(Gage et al, 1998; Kornack and Rakic, 1999). Granule neurons are continually 

generated from a population of dividing progenitor cells residing in the subgranular 

zone (SGZ) of the dentate gyrus in the rodent brain (Kuhn et al, 1996). Global 

forebrain ischemia is shown to enhance cell proliferation in the rodent SGZ (Fig. 1.5) 

(Liu et al, 1998; Takagi et al, 1999; Kee et al, 2001; Yagita et al, 2001).  

 

 

Figure 1.5: Neurogenesis in the dentate gyrus induced by global ischemia. (a) Neural 

stem cells or progenitor cells residing in the subgranular zone. (b) There is an increase 

of proliferation of these cells. (c) Progeny cells migrate as neuroblasts inside the 

granule cell layer and (d) differentiate into granule cells (Kokaia and Lindvall, 2003). 

 

 

1.3.3 Olfactory Epithelium 

 

The mammalian olfactory system has been extensively used as a tool for studying the 

molecular and cellular bases of neurogenesis (Moulton, 1970; Graziadei and Monti 

Graziadei, 1979; Hinds et al, 1984; Mackay-Sim and Kittel, 1991). It has long been 

established that continual neurogenesis throughout adult life takes place in the 

olfactory epithelium (Moulton, 1970; Graziadei and Monti Graziadei, 1979; Calof and 

Chikaraishi, 1989; Mackay-Sim and Kittel, 1991).  

 

The olfactory system consists of the olfactory mucosa (OM), the olfactory bulbs 

(OB), and the olfactory tracts. Additionally this system also includes the functionally 
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associated cerebral cortex and subcortical structures (Barr and Kiernan, 1993; Féron 

et al, 1998). The olfactory sensory organ is a pseudo-stratified, columnar epithelium 

that originates from a pair of ectodermally derived neurogenic placodes that form at 

the rostral end of the embryonic head (Barr and Kiernan, 1993; Müller, 1997).  

 

The mucosa that makes up the olfactory sensory organ consists of two major layers: 

the olfactory epithelium (OE) and the lamina propria (LP) separated by a thin 

basement membrane (Fig. 1.6) (Farbman, 1992). The OE contains several cell types: 

olfactory receptor neurons at different stages of differentiation, supporting 

(sustentacular) cells, globose and horizontal basal cells and the duct cells of the 

Bowman‘s glands. 

 

 

 

Figure 1.6: Cellular anatomy of the olfactory mucosa. The olfactory epithelium (OE) 

constitutes the luminal side of the basal lamina and the lamina propria (LP) 

constitutes the inferior of the basal lamina. These two layers are included in the 

olfactory mucosa (OM) (Lewis and Dahl, 1995). Legend: NA - nasal airway, R - 

olfactory receptor cells, OK – olfactory dendritic knobs, C – receptor containing cilia, 

S – sustentacular or supporting cells, B – basal cells, BL – basal lamina, BG – 

Bowman‘s glands, BD – ducts of Bowman‘s glands, ON – olfactory nerves, BV - 

blood vessels, and CP – cribriform plate.  

 

Olfactory sensory neurons arise from proliferation and differentiation of basal cells 

(Graziadei and Dehan, 1973; Moulton et al, 1970). The basal cells are the progenitors 

of the olfactory sensory neurons and reside in the basal compartment of the OE, 
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which consist of the globose basal cells (GBCs) and the horizontal basal cells (HBCs). 

HBCs are situated most basally in the OE and are directly attached to the basal 

lamina, whereas GBCs lie immediately above the HBCs layer. Basal cell mitosis 

occurs in two phases, slow and rapid, analogous to the synthetic and growth phases of 

the developing nervous system (Mackay-Sim and Kittel, 1991). During the slow 

phase, presumptive stem cells divide every 50 days and give rise to another stem cell 

that stays close to the basement membrane, and a neuronal precursor which divides 

rapidly, eventually giving rise to many immature neurons which migrate away from 

the basement membrane as they differentiate (Mackay-Sim and Kittel, 1991). The 

large overproduction of immature neurons in the OE is accompanied by apoptosis of 

cells at all stages of development (Carr and Farbman, 1993). Although some cells die 

as soon as 24 hours after division (Carr and Farbman, 1992), the majority of 

developing neurons die about 2 weeks later (Breipohl et al, 1986; Hinds et al, 1984; 

Mackay-Sim and Kittel, 1991; Moulton et al, 1970). Those that survive this period 

can survive for many months (Breipohl et al, 1986; Hinds et al, 1984; Mackay-Sim 

and Kittel, 1991; Moulton et al, 1970).  

 

The OE also contains two types of non-neuronal cells: supporting cells, which occupy 

the most apical layer of the OE, and cells of the Bowman‘s glands and ducts that 

secrete mucus to the outer surface of the epithelium via ducts that extend through the 

OE. The underlying lamina propria consists of ensheathing cells, which surround the 

olfactory axons and have similar characteristics to both astrocytes and Schwann cells 

(Wewetzer et al, 2002). 

 

1.4 Stem and Progenitor Cell Biology 

 

Stem cells (embryonic, adult) are characterised by their ability to differentiate into 

mature stages and different tissue types, and by their property to regenerating 

themselves indefinitely without losing their differentiation potential. The embryonic 

stem cells are formed in the early development phase of the embryo and can be 

obtained from the inner cell mass of the blastocyst (Thomson et al, 1998) and the 

gonadal ridge (Shamblott et al, 1998). Whole organisms can develop from totipotent 

embryonic stem cells. In contrast, adult stem cells are found exclusively in mature 

tissues. Human adult stem cells are found in the bone marrow (Procop, 1997; Reyes et 
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al, 2001; Simmons and Torok-Storb, 1991), the liver (Faris et al, 2001; Strain and 

Crosby, 2000), the skeletal musculature (Hawke and Garry, 2001; Seale et al, 2001), 

the heart muscle (Quaini et al, 2002), the brain (Vescovi et al, 2001; Villa et al, 

2001), and the cornea (Bednarz et al, 1998; Tseng, 1996). The adult stem cells are 

presumed to be multipotent, that is they can give rise to all cells within a tissue. Thus 

the clinical application of adult stem cells currently represents the most promising 

approach for cellular organ regeneration (Brehm et al, 2002). The key benefits of 

adult stem cells over embryonic stem cells are that they can surpass the risk of 

immune-suppression, and that no ethical reservations are associated with their use. 

 

Stem cells develop from pluripotent embryonic stem cells during embryogenesis, and 

are then only able to regenerate certain types of tissue cells: neural stem cells 

regenerate cells of the CNS; hematopoietic stem cells regenerate the blood cells; 

hepatoic stem cells regenerate the hepatocytes. The determinant stem cells 

differentiate into committed progenitor cells, which are also able to replicate and 

change their phenotype. Progenitor cells have been found in different tissues such as 

bone marrow, peripheral blood (Kuznetskov et al, 2001; Zvaifler et al, 2000), 

umbilical cord blood (Erices et al, 2000), CNS (Uchida et al, 2000), and liver (Strain 

and Crosby, 2000), both in adult animals and humans. Only a few resting stem cells 

and progenitor cells are found in the organs and in circulation and they can be 

activated by external stimuli and thus contribute to tissue regeneration (Brehm et al, 

2002).  

 

1.4.1 Neural Stem Cells 

 

In recent years, it has been demonstrated that neurogenesis takes place within specific 

brain regions throughout adulthood. This continuous cell replacement process is 

sustained by the life-long persistence of neural stem cells (NSCs) within restricted 

central nervous system regions. As mentioned earlier, neurogenesis takes place 

mainly in the subventricular zone, the dentate gyrus, and the olfactory epithelium. The 

subventricular zone is the adult brain region with the highest neurogenic rate, from 

which neural stem cells have been isolated (Reynolds and Weiss, 1992) and 

characterised for their ability to give rise to non-neural cells (Bjornson et al, 1999; 

Galli et al, 2000; Shih et al, 2001). However, multipotent precursor cells are not 
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limited to the olfactory epithelium, the anterior SVZ and the hippocampus of the adult 

mammalian brain. Adult multipotent precursors have also been isolated from caudal 

portions of the subventricular zone, septum (Palmer et al, 1995), striatum (Palmer et 

al, 1995), cortex (Palmer et al, 1999), optic nerve (Palmer et al, 1999), spinal cord 

(Weiss et al, 1996; Shihabuddin et al, 1997), and retina (Tropepe et al, 2000). The 

precursors derived from all these regions can self-renew and differentiate into 

neurons, astroglia, and oligodendrocytes in vitro.  

 

Studies have shown that environmental signals such as growth factors that regulate 

the fundamental process of development, can direct neural stem cells to differentiate 

into non-neural cell types (Reynolds and Weiss, 1992; Bjornson et al, 1999; Clarke et 

al, 2000; Rietse et al, 2001).  

 

1.4.2 Olfactory Stem Cells 

 

The regenerative capacity of the olfactory mucosa has attracted scientific interest. It is 

thought that the olfactory mucosa contains NSCs that would have a developmental 

potency similar to other NSCs. As mentioned above, it has been shown that NSCs 

generally grow in the form of neurospheres in vitro (Reynolds and Weiss, 1992). 

Studies conducted in our own laboratory reveal that adult NSCs isolated from the 

olfactory mucosa generated neurospheres that are multipotent in vitro and when 

transplanted into the chick embryo (Murrell et al, 2005). The olfactory neurospheres 

were shown to be directed along numerous developmental lineages depending on the 

culture conditions. In addition, when human olfactory neurospheres were transplanted 

into the early chick embryo, the cells integrated into many embryonic tissues. Mouse 

and rat olfactory neurospheres showed similar differentiating potency. These findings 

strongly support the conclusion that the adult olfactory mucosa contains multipotent 

stem cells (Murrell et al, 2005). 

 

1.4.3 The Stem Cell Niche  

 

Stem cells reside in highly regulated microenvironments called niches, which allow 

them to maintain a balance of self-renewal and differentiation (Moore and Lemischka, 

2006). These microenvironments are maintained by constant interaction between stem 
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cells and the surrounding niche cells (Mitsiadis et al, 2007). The niche protects the 

stem cells from differentiation stimuli, apoptotic stimuli and other stimuli that may 

challenge the stem cell stores (Mitsiadis et al, 2007). Furthermore, the niche also 

protects stem cells from overproduction, which if not controlled could lead to cancer 

(Moore and Lemischka, 2006).  

 

In the adult, multipotent stem/progenitor cell niches have been identified in the bone 

marrow (Wilson and Trumpp, 2006), brain (Parati et al, 2004), skin (Christiano, 

2004), intestinal crypt (He et al, 2004), and the liver (Moore and Lemischka, 2006). 

The niche comprises of not only stem/progenitor cells, but also non-stem niche cells 

(e.g. stromal cells, periductular fibroblasts and satellite cells), parasympathetic nerve 

endings and specialised extracellular matrix (Theise, 2006; Fuchs et al, 2004). The 

coordinated signaling between component cells and scaffold represents an integrative 

and dynamic system, organised to facilitate cell date decisions in a proper spatio-

temporal manner (Theise, 2006; Moore and Lemischka, 2006). 

 

1.4.4 Neural Stem Cell Proliferation and Differentiation 

 

The fundamental issue of cell proliferation versus differentiation during development 

of the mammalian brain has been investigated from various angles, including those of 

cell-to-cell signalling, cell polarity, and symmetry of cell division (Farkas and 

Huttner, 2008).   

 

Under homeostatic conditions, stem cells self-renew and produce differentiated 

progeny. A single stem cell can produce two identical daughter cells (symmetric 

division) or two non-identical daughter cells where one daughter cell maintains the 

stem cell identity and the other becoming a differentiated cell (asymmetric division) 

(Mitsiadis et al, 2007). The orientation of the mitotic spindle during cell division 

plays a crucial role in determining symmetric and asymmetric division (Yamashita et 

al, 2003; 2005). Oriented division may position daughter cells in different 

microenvironments (Yamashita et al, 2003; 2005), or intrinsic determinants may be 

segregated into only one daughter cell (Betschinger et al, 2004; 2006).  
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During brain development, neuroepithelial cells, the primary neural stem/progenitor 

cells, undergo both symmetric and asymmetric types of division. The neuroepithelial 

cells divide symmetrically before the onset of neurogenesis, whereas they switch to an 

asymmetric mode with the onset of neurogenesis, generating distinct types of 

secondary neural stem and progenitor cells, and neurons (Farkas and Huttner, 2008). 

The secondary neural stem and progenitor cells then continue to divide either or both 

symmetrically and asymmetrically (Knoblich, 2008; Huttner and Kosodo, 2005). 

 

The switch of neural stem and progenitor cells from proliferation to differentiation 

during development is linked to the architecture of the two principle classes of neural 

stem and progenitor cells, the apical (neuroepithelial, radial glia) and basal 

(intermediate) progenitors, which in turn is crucial for their symmetric versus 

asymmetric divisions (Farkas and Huttner, 2008). The apical progenitors comprise of 

the stem and progenitor cells that undergo mitosis at the apical, ventricular surface 

during M-phase, and are connected to each other at the apical end of the lateral 

plasma membrane (Fig. 1.7; Farkas and Huttner, 2008). The basal progenitors 

comprise of those neural stem and progenitor cells that divide typically in the basal 

ventricular zone (VZ) and SVZ and have a basal polarity (Fig. 1.7; Farkas and 

Huttner, 2008). With the onset of neurogenesis the apical stem/progenitor cells 

differentiated into radial glial cells which can further undergo self-renewing stem-like 

asymmetric divisions, producing either a neuron or a further type of neural progenitor 

(Noctor et al, 2004; 2008). On the other hand, upon the initiation of neurogenesis the 

basal progenitors have been reported to undergo symmetric self-consuming division 

resulting in the production of two neurons (Farkas and Huttner, 2008). 
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Figure 1.7: Apical progenitors (APs) and basal progenitors (BPs) in interphase and 

during mitosis and cytokinesis. The APs undergo mitosis at the apical, ventricular 

surface, and during M-phase are connected to each other by adherens junctions at the 

apical end of the lateral plasma membrane. The BPs undergo mitosis in an 

abventricular location, typically in the basal VZ and SVZ, and during M-phase are no 

longer part of the adherens junction-connected AP assembly (Cite: Farkas and 

Huttner, 2008). Legend: AP – apical progenitor; BP – basal progenitor; VZ – 

ventricular zone; SVZ – subventricular zone.  

  

1.4.5 The Neurosphere Assay 

 

Reynolds and Weiss (1992) demonstrated that by manipulating the culture conditions, 

a single adult CNS cell could proliferate to form a ball of undifferentiated cells, which 

they called a neurosphere. This neurosphere could then be dissociated to form 

secondary neurospheres or could be induced to differentiate giving rise to the three 

major cell types of the CNS (Reynolds and Weiss, 1992). This experiment showed 

that the isolated cell that gave rise to the neurosphere exhibited the characteristic stem 

cell attributes of proliferation, self-renewal, and the ability to differentiate into 

functional progeny (Hall and Watt, 1989; Potten and Loeffler, 1990). The formation 

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

cord (Weiss et al, 1996), hippocampus (Shetty & Turner, 1998), eye (Ahmad et al, 

2000), and ear (Li et al, 2003). Furthermore, sphere-like colonies have been also 

generated from 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). 
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The appropriate culture conditions that allowed the characterisation of the functional 

attributes of the neural stem cell were revealed for first time by Reynolds and Weiss 

(1992). They employed a serum-free culture system, known as the neurosphere assay 

that resulted in the death of the majority of differentiated CNS cells, allowing the 

survival of only a small population of epidermal growth factor (EGF)-responsive stem 

cells, that continued to proliferate in the form of neurospheres even at low densities 

(Reynolds and Weiss, 1992). Consequently, studies have since demonstrated that by 

using EGF and basic fibroblast growth factor (bFGF) as mitogens, it was possible to 

produce a consistent and renewable source of undifferentiated CNS precursors, which 

could be expanded as neurospheres, or differentiated into neurons, astrocytes and 

oligodendrocytes (Reynolds et al, 1992; Reynolds and Weiss, 1996; Weiss et al, 

1996). 

 

1.5 The Link between Vitamin D and Schizophrenia 

 

1.5.1 Schizophrenia 

 

Schizophrenia is a brain disorder associated with particular disturbances of behaviour, 

affect, and perception. The clinical phenotype of schizophrenia can include delusions, 

disordered thought, hallucinations, blunted emotions, paranoia, and motor 

abnormalities such as stereotypic behaviours and catatonia (Liddle et al, 1994). Other 

cognitive abnormalities - such as impaired memory, attention and executive function 

– have also been documented (Bilder, 1996). About 1% of people worldwide develop 

schizophrenia with symptoms typically beginning in adolescence or early adulthood. 

Current medications can alleviate some of the symptoms in patients, however, there is 

no cure available for schizophrenia, and most patients who respond to treatment fail to 

cope fully in society (Stefansson et al, 2002). Although a genetic background is 

widely accepted, it is still unclear what triggers the onset of the disease. However, it is 

speculated that some of the triggers of schizophrenia include normal neurobiological 

maturation processes (i.e. the neurodevelopmental hypothesis) (Murray and Lewis, 

1987; Weinberger, 1987) and environmental interactions such as trauma, stress, 

infection, and substance abuse (Lieberman, 1998).  
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1.5.2 The Genetic Background of Schizophrenia 

 

Genes do not encode for behavioural abnormalities such as hallucinations, delusions, 

thought disorganizations and many others that are the characteristic symptoms for 

schizophrenia. To the extent that genes are associated with such characteristics they 

do so by affecting the development and function of brain cells and neural systems that 

mediate the expressions of such behaviours (Tan et al, 2008). Schizophrenia is a 

highly heritable and genetically complex disorder. Epidemiological data suggests the 

involvement of multiple genes in schizophrenia. For instance, studies have shown that 

the prevalence of schizophrenia in offspring is approximately 8%, while there is a 

high (50% or more) monozygotic concordance rate, implying the involvement of 

multiple genes (Tsuang et al, 1991; Risch, 1990). The current hypothesis is that 

multiple genes of small to moderate effect increase the risk of the disease through 

interactions with each other and through non-genetic risk factors (Mowry and 

Nancarrow, 2001). 

 

1.5.3 Epigenetics of Schizophrenia 

 

Investigations in schizophrenia research reveal that traditional gene- and 

environmental-based approaches alone cannot explain several epidemiological, 

clinical and molecular peculiarities associated with this disorder (Mill et al, 2008). 

Some of the peculiarities include the incomplete concordance between monozygotic 

twins (Craddock et al, 2005), periods of remission and relapse in disease course, 

sexual dimorphism, peaks of susceptibility of the disease coinciding with major 

hormonal rearrangements, and parent of origin effects (Petronis, 2004). These 

observations suggested that epigenetic misregulation might be mediating the 

susceptibility to this disease (Petronis, 2004). 

 

Epigenetics is the heritable, but reversible, regulation of various genetic functions 

mediated through modifications of DNA and histones (Henikoff and Matzke, 1997). 

Epigenetics includes DNA methylation, histone modifications, chromatin remodeling, 

and microRNAs (Esteller, 2006). Epigenetic processes are essential for normal 

cellular development and differentiation, and they allow the regulation of gene 

function through nonmutagenic mechanisms (Mill et al, 2008).  
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To date, few studies have explored the role of epigenetic factors in schizophrenia. 

DNA-methylation differences have been reported in the catechol-O-

methyltransferease (COMT) (Abdolmaleky, 2006) and reelin (RELN) systems 

(Grayson et al, 2005). More recently, DNA-methylation differences have been 

reported in the numerous loci of the frontal cortex including several involved in 

glutamatergic and GABAergic neurotransmission, brain development, and other 

processes functionally linked to the aetiology of schizophrenia (Mill et al, 2008). 

Moreover, epigenetic disruption was found in loci implicated in mitochondrial 

function, brain development, and stress response (Mill et al, 2008). All of these 

findings are consistent with the epigenetic theory and suggest that DNA-methylation 

changes are important to the aetiology of this complex brain disorder.  

 

1.5.4 The Neurodevelopmental Hypothesis of Schizophrenia 

 

According to the neurodevelopmental hypothesis, the aetiology of schizophrenia may 

involve pathological processes, caused by both genetic and environmental factors that 

occur early in development – as early as late first or early second trimester (Fatemi, 

2005) for some and thereafter for others (Rapoport et al, 2005). These 

neurodevelopmental abnormalities have been suggested to lead to the activation of 

pathologic neural circuits during adolescence or young adulthood which leads to the 

emergence of positive or negative symptoms or both (Fatemi, 2005; Browns et al, 

2004)) that are characteristic for schizophrenia.  

 

Some cases of schizophrenia have demonstrated to be a result of embryonic 

maldevelopment (Fatemi, 2008). For instance, a model proposed by Keshavan 

(Keshavan, 1999; Keshavan and Hogarty, 1999) suggests that maldevelopment during 

2 critical time points (early brain development and adolescence) combines to produce 

the symptoms associated with schizophrenia. Subsequently, early developmental 

insults may lead to dysfunction of specific neural networks that would account for 

signs and symptoms observed in individuals that later develop schizophrenia 

(Keshavan, 1999). At adolescence, excessive elimination of synapses and loss of 

plasticity may account for the emergence of symptoms (Keshavan, 1999; Keshavan 

and Hogarty, 1999).  
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Multiple markers of  congenital anomalies, such as agenesis of corpus callosum, 

stenosis of sylvian aqueduct, cerebral hamartomas, and cavum septum pellucidum, 

have been found in schizophrenia (Meltzer and Fatemi, 2000; Lloyd et al, 2008). 

Other anatomical markers such as presence of low-set ears, epicanthal eye folds, and 

wide spaces between the first and second toes are suggestive of first trimester 

anomalies (Meltzer and Fatemi, 2000; Lloyd et al, 2008). Reports have also shown 

evidence of abnormal dermatoglyphics and craniofacial asymmetries in patients with 

schizophrenia (Bracha et al, 1992; Avilia et al, 2003). These abnormalities may 

reflect an abnormal development of the ectoderm and the neural crest between the 

first and second trimester of pregnancy Bracha et al, 1992; Avilia et al, 2003). Slight 

posturing of hands and transient choreoathetoic movements has been observed during 

the first 2 years of life in children who later develop schizophrenia (Fish et al, 1992; 

Walker, 1994; Barkus et al, 2006). Furthermore, poor performance on tests of 

attention and neuromotor performance, mood and social impairment, and excessive 

anxiety have been linked to high-risk children with a schizophrenic parent (Neimi et 

al, 2003; Ott et al, 1998). All of these observations are consistent with the idea that 

schizophrenia is a disorder of abnormal brain development.  

 

1.5.5 Epidemiology of Schizophrenia  

 

Epidemiological research over that past years identified that, apart from a clear 

genetic contribution (Harrison and Weinberger, 2005), various environmental factors 

appear to increase the risk of schizophrenia (McDonald and Murray, 2000; Dean and 

Murray, 2005). Many of these factors operate during the critical periods of CNS 

development. A number of recent reviews indicate that the risk for schizophrenia is 

enhanced in offspring exposed to viral or bacterial infections in utero (Brown and 

Susser, 2002; Cannon and Clarke, 2005).  

 

McGrath (1999) has hypothesised that prenatal exposure to vitamin D deficiency is 

another risk factor for schizophrenia. In recent years, studies have revealed some of 

the epidemiological features of schizophrenia such as the excess of winter births in 

schizophrenia patients (a period when vitamin D levels are low), increased rates of 

schizophrenia in dark-skinned migrants to cold climates, increased rate of 

schizophrenia births in urban versus rural settings, and the association between 
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prenatal famine and schizophrenia (McGrath, 1999). Although vitamin D is provided 

by the diet, its production is primarily mediated by the exposure to sunlight, thus 

explaining some of these epidemiological features of this disease. Studies based on a 

Finnish birth cohort and on banked maternal sera from a US cohort also support an 

association between prenatal vitamin D deficiency and an increased risk of 

schizophrenia (Looker and Gunter, 1998).  

 

Accumulating evidence supports the idea that prenatal vitamin D deficiency has 

profound effects in the brain at birth and during adulthood (Eyles et al, 2003; Burne et 

al, 2004; Féron et al, 2005; Becker et al, 2005). For instance, studies employing the 

DVD deficiency animal model indicated that the offspring of vitamin D-depleted 

mothers had a range of brain alterations at birth (Eyles et al, 2003) which persisted 

into adulthood even after restoration of normal diet. Moreover, transient prenatal 

hypovitaminosis D led to increased locomotion in response to novelty (Burne et al, 

2004) and disrupted latent inhibition (Becker et al, 2005) in those animals. All of 

these observations confirm that prenatal vitamin D deficiency induces changes in 

brain development that persist into adulthood.  

 

1.5.6 Neurogenesis and Schizophrenia 

 

It is well accepted that schizophrenia is associated with several cognitive deficits, 

which are stable over time, i.e. trait rather than state dependent suggesting a structural 

rather than functional basis (Reif et al, 2007). A substantial proportion of the altered 

cognitive processes involve dysfunction of the hippocampus, e.g. impaired verbal 

memory and learning, which were accordingly found to correlate with changes in 

hippocampal and/or temporal lobe volumes (Antonova et al, 2004). Recent reviews 

have demonstrated reduced adult hippocampal neurogenesis in schizophrenia (Reif et 

al, 2006; Reif et al, 2007). The prime role of the hippocampus is memory formation 

rather than affecting regulation. Thus, diminished adult neurogenesis, which has been 

suggested as a result in impaired memory formation (Kempermann, 2002), might be 

contributing to the cognitive impairment seen in schizophrenia (Reif et al, 2006). 

 

A number of candidate genes for susceptibility to schizophrenia show a suggestive 

link to neuronal development. For instance, post-mortem studies on patients with 
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schizophrenia have revealed reduced expression of reelin in the cortex and the 

hippocampus (Toro and Deakin, 2007), indicating a possible disturbance of neuronal 

migration and glial scaffolding (Forster et al, 2002; Heinrich et al, 2006), which in 

turn may result in altered adult neurogenesis (Zhao et al, 2007; Won et al, 2006).  

 

Another interesting candidate gene is – disrupted in schizophrenia 1 (DISC1), which 

has been found to constitute a risk factor for schizophrenia (Hennah et al, 2006). This 

gene is expressed in the hippocampus and may have diverse functions in neuronal 

migration and differentiation, neurite outgrowth, and synaptic plasticity (Ross et al, 

2006). Furthermore, Duan et al (2007) showed that DISC1 controls the integration of 

new neurons in the course of adult hippocampal neurogenesis.  

 

A link between schizophrenia and neuregulin 1 (NRG1) is suggested due to the 

association of the disease to the NRG1 locus (Harrison and Law, 2006) and disturbed 

NRG1 signalling is thought to contribute to N-methyl-D-aspartic acid (NMDA) 

receptor dysfunction in schizophrenia (Kempermann et al, 2008). NMDA receptor 

signalling is considered central to the regulation of adult hippocampal neurogenesis. 

Although, no direct demonstration of a link between NRG1 and adult hippocampal 

neurogenesis has been published, Ghashghaei et al (2006) reported NRG-ErbB4 

signalling in adult neurogenesis in the olfactory system.  

 

In summary, these data suggest that alterations in adult hippocampal neurogenesis 

might be involved in the pathogenesis of schizophrenia and impairments in the 

proliferative capacity of the cell in the hippocampus might contribute to the cognitive 

deficits observed in schizophrenia (Balu and Lucki, 2008).  

 

 1.5.7 Olfactory Neurogenesis and Schizophrenia  

 

Adult neurogenesis has been proposed to provide a useful tool for investigating the 

molecular and developmental events in schizophrenia (Perry et al, 2002). The ability 

to biopsy and culture olfactory epithelium from adults provides a remarkable window 

into key mechanisms underlying neurodevelopment (McCurdy et al, 2006). As a 

model for neurodevelopment the olfactory epithelium is informative because this 

tissue undergoes continual regeneration (Graziadei and Monti Graziadei, 1978), and 
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many of the elements of neuronal lineage, migration and survival are regulated by the 

same growth factors that act on the developing brain (Mackay-Sim and Chuah, 2000). 

 

In recent years, several culture systems have been developed for analysing the 

molecular regulation and cell lineage of neurogenesis in the adult OE (Murrell et al, 

1996, 2005; Féron et al, 1999; Newman et al, 2000; McCurdy et al, 2005). Biopsies 

from the OE have been shown to retain the capacity for neurogenesis in vitro (Murrell 

et al, 1996) which has enabled the comparison of cultured OE samples between 

schizophrenics and controls. Furthermore, biopsies from patients with schizophrenia 

displayed a significant reduction in the ability to attach to the culture slide; had a 

significantly greater proportion of cells undergoing mitosis; and a decreased apoptotic 

response to dopamine (Féron et al, 1999). Post-mortem OE studies of neurons at 

different stages of development revealed an increase in immature neurons in 

schizophrenia (Arnold et al, 2001). Both of these observations suggest a dysregualtion 

of olfactory neurogenesis.  

 

1.5.8 Developmental Vitamin D Deficiency and Schizophrenia  

 

Recent publications have observed a link between DVD deficiency and human 

psychiatric and neurological disorders such as schizophrenia and multiple sclerosis 

(Féron et al, 2007; Eyles et al, 2008). Protein profiling analysis revealed that many of 

the dysregulated proteins in the DVD deficient model were also found to be 

dysregulated in reported post-mortem and genetic studies in patents with 

schizophrenia and multiple sclerosis. Nevertheless, the dysregulation of mitochondrial 

proteins were found to be the most prominent (Féron et al, 2007). In schizophrenia, 

ATP production in the frontal and left temporal lobes is reduced (Fujimoto et al, 

1992; Volz et al, 2000) and mitochondrial density is reduced in several brain regions, 

a factor that can be reversed by antipsychotic treatment (Uranova and Aganova, 1989; 

Kung and Roberts, 1999). However, a recent review of genomic/proteomic studies of 

frontal lobes from patients with schizophrenia demonstrated that genes involved in 

mitochondrial action were among the most dysregulated (Prabakaran et al, 2004). In 

addition, gene expression profiling of the prefrontal cortex demonstrated that 

transcripts encoding proteins involved in the regulation of presynaptic function are 

decreased in subjects with schizophrenia (Mirnics et al, 2000). Two of the most 
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consistently changed transcripts, N-ethylmaleimide-sensitive factor and synapsin-2, 

were also found to be misexpressed in the DVD model (Eyles et al, 2008). 

 

Those observations provide further evidence that DVD deficiency alters brain 

development with a consistent pattern of alterations in mitochondrial, cytoskeletal and 

synaptic fashion, thus raising the speculation that DVD deficiency could be laying the 

foundation for a range of adult disorders.  

 

1.5.9 Vitamin D Deficiency and Neurogenesis 

 

Vitamin D is important for normal brain development (Brown et al, 2003; Burket et 

al, 2003; Eyles et al, 2003; Burne et al, 2004; Ko et al, 2004). A recent study 

explored the effects of DVD deficiency on neuroprogenitor formation in the neonatal 

brain (Cui et al, 2007). The main findings of this study were that (1) the removal of 

vitamin D from the maternal diet during gestation increases neurosphere production in 

cells derived from neonatal SVZ; (2) vitamin D supplementation in vitro reduces 

neurosphere production from control but not DVD deplete neonate SVZ cultures; (3) 

the vitamin D receptor is widely expressed in neuroproliferative zones in the neonate 

brain (Cui et al, 2007). These findings gave rise to the hypothesis that vitamin D may 

affect brain development by altering the balance of proliferation and differentiation of 

the neural precursors and suggested that vitamin D is a potent regulator of 

neuroprogenitor formation in the developing brain (Cui et al, 2007).  

 

Furthermore, widespread expression of the VDR has been observed in the rat 

olfactory system (Glaser et al, 1999). Studies conducted in our laboratory 

demonstrated that the VDR is not only expressed in the globose basal cells and in the 

cytoplasm of the olfactory receptor neurons as observed by Glaser et al (1999), but it 

is also distributed in the nucleus of supporting cells, in the cilia of the olfactory knob 

and in the olfactory ensheathing cells of the lamina propria (Féron F, unpublished 

observations). All of those findings imply that vitamin D could have a role in the 

development of the olfactory system. The olfactory tissue is a well-established model 

for molecular factors and genes that regulate neurogenesis. The ability of the olfactory 

epithelium to be grown as primary cultures, to give rise to a mixture of neuronal 

precursors and developing neurons, and the finding that it contains multipotent stem 



32 

 

cells (Murrel et al, 1996, 2005; Féron et al, 1998; Newman et al, 2000; McCurdy et 

al, 2005), make this tissue a good model for investigating the effects of vitamin D 

deficiency on olfactory neurogenesis. 

 

1.6 Project Aims and Hypothesis 

 

The role of vitamin D in brain development as well as the widespread distribution of 

the VDR in the neurogenic regions of the brain, propose that vitamin D may be an 

important regulator of neural stem and progenitor cell proliferation. Nevertheless, 

little is known about the effect of vitamin D on stem/progenitor cell proliferation. The 

olfactory tissue provides a convenient model to study neurogenesis. Therefore, the 

overall aim of this thesis was to explore the effect of vitamin D on cell proliferation of 

the olfactory stem/progenitor cells. The specific aims of this project are listed below.  

 

1. Exposing dissociated neural stem/progenitor cells to various growth 

factors can stimulate formation of neurospheres (Reynolds et al, 1992). 

The formation of neurospheres has become a well-established assay for 

neural stem cells and is generally used to evaluate the functional character 

of neural progenitor cells (Morshead et al, 2003). Olfactory neurospheres 

can be easily obtained from the olfactory mucosa (Roisen et al, 2001; 

Murrel et al, 2005). Therefore, one aim of this project was to investigate 

the effect of vitamin D on rat olfactory progenitor cell proliferation using 

the neurosphere assay analysis. The well characterised antiproliferative 

and prodifferentiation effects of vitamin D gave rise to the hypothesis that 

vitamin D would impose a negative effect on olfactory stem/progenitor 

cell proliferation. 

 

2. A model of developmental vitamin D deficiency (DVD) has been 

developed in rodents. The animals are characterised with subtle alterations 

in brain morphology, increased cell proliferation, reduced expression of 

NGF, GDNF and p75 (Eyles et al, 2003). Therefore, an important aspect 

of this project was to investigate the effect of developmental vitamin D 

deficiency on olfactory stem/progenitor cell proliferation. It was 
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hypothesised that developmental vitamin D deficiency would result in an 

increase of olfactory stem/progenitor cell proliferation.  

 

3. VDR ablation can provide an additional model to further explore the 

importance of vitamin D in the brain. Therefore, the final aim of this 

project was to investigate the effect of VDR inactivation on 

stem/progenitor cell proliferation both in vitro and in vivo using VDR 

knockout mice as an animal model. The rising hypothesis was that the lack 

of a functional VDR would consequently lead to an increase in 

stem/progenitor cell proliferation. 
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2.1 Materials 

 

2.1.1 Cell Culture Materials 

 

Table 2.1, 2.2 and 2.3 list reagents employed in this study. Solutions were prepared 

using deionised water from a Millipore MilliQ Ultrapure water system with a 

resistance of 18 mΩ/cm. Where required solutions were sterilised by autoclaving at 

120°C, or were filter sterilised through a 0.22μm Millipore filter. 

 

ITEM SUPPLIER 

Collagenase 1A Sigma 

Dispase II Roche Applied Sciences 

Dulbecco‘s modified Eagles 

medium/Ham‘s nutrient mixture F-12 

(DMEM/F12) 

Gibco, Invitrogen 

Epidermal Growth Factor (EGF) Chemicon International 

Foetal Bovine Serum Gibco, Invitrogen 

Basic Fibroblast Growth Factor  (bFGF) Chemicon International 

Hank‘s balanced salt solution (HBSS) Gibco, Invitrogen 

Insulin-Transferrin-Selenium (ITS) Sigma 

Laminin Sigma 

Penicillin – Streptomycin Gibco, Invitrogen 

Poly-L-Lysine Sigma 

Sigma Cytology System Sigma 

SuperFrost Plus
TM

 Microscope Slides Menzel-Glaser GmbH, Germany 

Trypsin (0.25% trypsin-0.02% 

Ethylenediamine Tetra acetic Acid 

(EDTA) 

JRH Bioscience 

Vitamin D (1,25-dixydroxyvitamin D3) Sigma 

 

Table 2.1: Cell culture suppliers of reagents utilized in this study. 
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2.1.2 Immunochemistry Materials 

 

ITEM SUPPLIER 

Biotinylated goat anti-mouse IgG Vector 

Biotinylated goat anti-rabbit IgG Vector 

Bovine Serum Albumin (BSA) Sigma 

Citric Buffer Sigma 

3,3-diaminobenzidine (DAB)  Sigma 

DePex  BDH Laboratory Supplies 

Ethanol AJAX Chemicals 

Ethylenediaminetetraacetic acid (EDTA)  Sigma 

Glycerol  Ajax Chemicals 

Goat anti-mouse IgG conjugated with 

AlexaFluor 594 / 488 

Molecular Probes, Invitrogen 

Goat anti-rabbit IgG conjugated with 

AlexaFluor 568 / 488 

Molecular Probes, Invitrogen 

Goat Serum Chemicon International 

Hoechst 33342 Sigma 

Horse Serum Chemicon International 

Monoclonal anti-BrdU Sigma 

Monoclonal anti-CD117 (c-kit) Sigma 

Monoclonal anti-cytokeratin 14  Sigma 

Monoclonal anti-cytokeratin 18 Sigma 

Monoclonal anti-Musashi gift; Japan 

Monoclonal anti-nestin Sigma 

Monoclonal anti-neurofilament Sigma 

Monoclonal anti-VDR (rat)  Chemicon International 

Paraformaldehyde Sigma 

Phosphate Buffered Saline reagents 

(sodium 

chloride (NaCl), sodium phosphate dibasic 

(Na2HPO4) and sodium phosphate 

monobasic (NaH2PO4.2H2O) 

 

Sigma 

Polyclonal anti-GFAP Sigma 
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Polyclonal anti-S100 Sigma 

Polyclonal anti β-tubuline III Chemicon International 

Sodium Azide (NaN3) Sigma 

Sucrose Sigma 

Triton X-100 Sigma 

Vectastain ABC kit Vector 

 

Table 2.2: Immunochemistry suppliers of reagents utilized in this study. 

 

2.1.3 Molecular Biology Materials 

 

ITEM SUPPLIER 

Agarose Sigma 

Dithiothreitol (DTT) Invitrogen 

6x DNA loading buffer reagents: 

(Bromophenol blue, glycerol and Tris- 

HCl) 

Sigma 

dNTPs Invitrogen 

Ethidium Bromide Sigma 

Hyper Ladder IV (100bp-1 000bp) Bioline 

Isopropyl Alcohol Ambion 

Magnesium Chloride Solution (MgCl2) Invitrogen 

1xPCR buffer Invitrogen 

Phenol-Chloroform ICN Biochemical 

Potassium Acetate Sigma 

Proteinase K Sigma 

Sodium Chloride (NaCl) AJAX Chemicals 

Sodium Dodecyl Sulphate (SDS) Bio-Rad 

Taq DNA polymerase Invitrogen 

TBE buffer reagents (Tris, Boric acid and 

EDTA) 

Sigma 

Tris (hydroxymethyl) aminomethane 

hydrochloride (Tris-HCl) 

Sigma 

Table 2.3: Molecular biology suppliers of reagents utilized in this study. 
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2.2 Methods 

 

2.2.1 Isolation of Mucosal Cells 

 

All experimental procedures were conducted under sterile conditions in a laminar 

flow hood and followed the same extraction and plating procedures, unless otherwise 

stated. Dissecting instruments used were sterilised in 70% Ethanol (EtOH) prior to 

use. 

 

2.2.1.1 Animals 

 

All experiments were conducted on female adult (6-8 week old), specific pathogen-

free Sprague-Dawley (SD) rats or on female adult (6-8 week old) vitamin D receptor 

knockout mice (VDR KO). The SD rats were obtained from the Royal Brisbane 

Hospital Animal House (Queensland, Australia) or from the University of Queensland 

Animal House (Queensland, Australia). VDR KO animals were provided by Dr Edith 

Gardner (Garvan Institute of Medical Research, Sydney, Australia; with permission 

from Dr. Yoshizawa). The VDR KO mice were bread at the Griffith University 

Animal Facility using heterozygous couples.  

 

Animals were euthanized by intraperitoneal injection of 0.5 ml of Lethabarb (325 mg 

Pentobarbitone Sodium/ml; Virbac) in accordance with the guidelines and 

recommendations of Griffith University and the National Health and Medical 

Research Council (as outlined in the Australian Code of Practice for the Care and Use 

of Animals for Scientific Purposes, sections 3.3.20-3.3.24 and the Animal Ethics 

Committee) (NHMRC, 1997). 

 

2.2.1.2 Extraction of Olfactory Tissue  

 

After death the animals were decapitated and the skin was removed by cutting rostral 

along the midline of the head. The eyes, lower jaw and surrounding musculature were 

removed with the use of dissecting instruments. Lateral and medial cheekbones were 

removed to reveal the nasal conchae (turbinates). Under a dissecting microscope, the 
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olfactory mucosa was removed by cutting anteriorly to the cribriform plate and the 

nasal bone, along the secondary line of the septum and the adjoining line around the 

edge of the perpendicular plate of the ethmoid bone. The excised tissue was 

immediately placed in warm (37
o
C) Dulbecco‘s Modified Eagle Medium/Ham‘s F-12 

(DMEM/F12 with GLUTAMAX™) containing 10 μg/ml Insulin-Transferrin-Selenium 

(Insulin (1.0 g/L) + Transferrin (0.67 g/L) + Selenium (0.55 g/L), ITS) and Penicillin 

(500 U/ml) – Streptomycin (500 μg/ml) (P/S) supplied with 10% Foetal Bovine 

Serum (FBS).  

 

2.2.1.3 Separation of Olfactory Epithelium from Lamina Propria 

 

The olfactory mucosa was washed twice in warmed (37
o
C) DMEM/F12 supplemented 

with 10% FBS and then incubated for 45 minutes at 37
o
C in an atmosphere of 5% 

CO2 in 1 ml of Dispase II (2.4 U/ml, in Puck‘s solution). The olfactory epithelium 

was then carefully separated from the underlying lamina propria under the dissection 

microscope.   

 

2.2.1.4 Olfactory Epithelial Culture 

 

While still in the dispase solution, the olfactory epithelium (see section 2.2.3) was 

triturated with the aid of a pipette approximately 20-30 times to dissociate the cells. 

Subsequently, Hanks‘ Balanced Salt Solution (HBSS, calcium and magnesium free) 

was added at to inactivate the dispase activity. The resulting cell suspension was 

transferred to a 10 ml conical tube. The final volume was brought up to 10 ml with 

HBSS and the cell suspension was centrifuged at 300g for 5 min. The supernatant was 

aspirated and the pellet containing the cells was resuspended in serum-free 

DMEM/F12+ITS+P/S supplemented with the epidermal growth factor (EGF; 20 

ng/ml).  

 

2.2.1.5 Olfactory Lamina Propria Culture 

 

Once separated from the olfactory epithelium, the lamina propria was placed in HBSS 

to inactivate the dispase for 10 minutes at room temperature. Following this, the 

lamina propria was transferred into a 1 ml solution of 0.25% collagenase type 1A 
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(Sigma) in DMEM/F12 and incubated for 5-10 minutes at 37
o
C/5% CO2, with 

mechanical dissociation of the tissue using a flamed Pasteur pipette every 2 minutes. 

Collagenase activity was stopped using 9 ml of HBSS. The cell suspension was then 

centrifuged at 400g for 5 minutes and the cell pellet was resuspended in DMEM/F12 

supplemented with EGF (50 ng/mL) and bFGF2 (25 ng/mL) or 10% FBS. 

 

2.2.1.6 Olfactory Mucosal Culture  

 

Dissociated olfactory epithelium and dissociated lamina propria were added together 

and grown in DMEM/F12 growth medium containing 10% FBS. The established 

monolayer culture was maintained at low density (approximately 2000 cells per cm
2
) 

and the growth medium was changed fresh every 3-4 days. Cells were regularly 

passaged at the reach of confluence approximately once every 2 weeks.  

 

2.2.1.7 Passaging of Cell Cultures 

 

Cells were passaged according to a procedure including several washes with HBSS 

and incubation with trypsin (0.025%; Invitrogen). After 3-5 minutes at 37
o
C, a 

medium containing DMEM-F12 supplemented with 10% FBS was added and cells 

were triturated. The cell suspension was centrifuged at 300g for 5 minutes. 

Subsequently the pellet was resuspended in DMEM-F12/10% FBS. Cells were 

maintained at 37
o
C/5%CO2.  

 

2.2.1.8 Generation of Neurospheres 

 

Dissociated olfactory epithelium and dissociated lamina propria were added together 

and grown in DMEM/F12 growth media supplemented with EGF (50 ng/mL) and 

bFGF2 (25 ng/mL). Cells were plated at a cell density of 25 000 cells/cm
2
 onto poly-l-

lysine and laminin coated plastic 96-well plates. All neurosphere analyses were 

repeated at least three times, and each experimental condition was replicated onto 4 

wells. Neurospheres began forming after 3 to 5 days in culture. Within a week, 

numerous neurospheres could be seen both in suspension and attached to the bottom 

of the plate. These neurospheres were then harvested by collecting the supernatant 

and centrifuging at 16g for 5 minutes. The pellet was either gently resuspended in 1ml 
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of plain DMEM-F12 culture medium devoid of any supplements, or cytospun and 

attached on glass slides. 

 

2.2.1.9 Dissociating of Neurospheres 

 

Floating neurospheres were collected and gently washed with DMEM/F12. The 

neurospheres were then centrifuged and resuspended in 1ml of Trypsin for 4-6 

minutes at 37
o
C in the water bath. Neurospheres were dissociated into single cells by 

mechanical dissociation using a pipette, centrifuged and then resuspended in 

DMEM/F12 to perform a cell count.  

 

2.2.1.10 Neurosphere Counts 

 

The underside of the plastic culture plates were scribed with horizontal lines using a 

needle, prior to coating with poly-l-lysine and laminin, to aid in cell counting. Each 

well was thoroughly scanned ensuring that all neurospheres both attached and floating 

were counted at any particular time point that the cell count was performed. 

 

2.2.1.11 Cytospinning of Neurospheres 

 

Neurospheres were collected and then centrifuged at 16g for 5 minutes. The resulting 

pellet was resuspended in 100μl of serum-supplemented DMEM/F12 medium. The 

neurospheres were then cytospun at 1100rpm for 5 minutes onto SuperFrost Plus
TM

 

glass microscope slides (van Driel-Kulker et al, 1980) using the Sigma cytology 

system as per instructions. The attached neurospheres were fixed with 4% 

paraformaldehyde and then processed for immunochemistry.  

 

2.2.2 Preparation and Application of Fixatives 

 

2.2.2.1 Paraformaldehyde 

 

Paraformaldehyde was diluted to a 10% solution by adding 10 g of paraformaldehyde 

powder to 100 ml of heated (55
o
C) dH2O in a ventilated fume hood. Several drops of 

5M Sodium Hydroxide (NaOH) were added to the solution while stirring and 
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maintaining the temperature at 55
o
C until clear. When cooled, a 4% 

paraformaldehyde solution was prepared by diluting 40 ml of the 10% stock solution 

with 60 ml of Phosphate Buffered Saline (PBS). The pH was adjusted to 7.4 with 

NaOH prior to use. Cells were fixed with 4% paraformaldehyde by incubation for 5-

10 minutes at room temperature. 

 

2.2.3 Immunochemistry  

 

2.2.3.1 Immunoperoxidase Method 

 

Cell cultures or tissue sections were fixed with 4% paraformaldehyde and then 

incubated in hydrogen peroxide (H2O2) (0.3%; made up in PBS) for 20 minutes at 

room temperature to block endogenous peroxidases. The cells/tissues were rinsed in 

PBS 3 times, each for 5 minutes, and then incubated with a blocking solution for 1 

hour at room temperature. The blocking solution was composed of 2% Bovine Serum 

Albumin (BSA, Fraction V, 10% in PBS), 10% goat serum (GS), 0.1% Triton X-100 

and PBS.  After incubation with the primary antibody, cells were incubated with the 

secondary antibody. The secondary antibodies used include the biotinylated goat anti-

rabbit/mouse antibodies (5 g/ml) which were used in conjunction with the Vectastain 

ABC kit. The reactions were visualised by incubating in 0.05% 3,3-diaminobenzidine 

(DAB) tetrahydrochloride with 0.004% H2O2.  

 

2.2.3.2 Immunofluorescence Method 

 

Cells were fixed, blocked, and the primary antibody was applied as per section 

2.2.3.1. The secondary antibodies used were Alexa Fluor goat anti-rabbit/mouse IgG 

and were applied at 5 g/ml for 1 hour at room temperature. The cells were washed 

with PBS and the nuclei were stained with 1mM Hoechst Blue for 15 minutes at room 

temperature and the cells were again rinsed in PBS. Control immunochemistry, 

without primary antibody, was carried out for each secondary antibody used in every 

experiment. Cultured slides were mounted using coverslips and Glycerol made up in 

PBS and the edges were sealed with nail polish. 
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2.2.4 Cell Proliferation Analysis – Bromodeoxyuridine (BrdU) 

 

2.2.4.1 Bromodeoxyuridine Administration 

 

Animals were injected intraperitoneally with the thymidine analogue BrdU (50 

mg/kg; Sigma). BrdU stock (5 mg/ml) was prepared in 0.9% saline/0.007N NaOH.  

 

2.2.4.2 Animal Perfusion and Tissue Preparation 

 

Animals were deeply anesthetized with 12 mg/ml Nembutal and intracardially 

perfusion with 4% paraformaldehyde. The brains and nasal cavities were dissected out 

and post-fixed in the same fixative solution under vacuum overnight, and then stored 

in 30% sucrose for 48 hours. Nasal cavities were decalcified with EDTA pH 7.0 for 5 

days. The tissues were sectioned in the coronal plane at 8µm by a freezing microtome.  

 

2.2.4.3 BrdU Immunohistochemistry 

 

Frozen sections were air-dried overnight and then processed for BrdU 

immunohistochemistry using 6M citric buffer by either autoclaving slides for 10 

minutes or microwaving them 3 times in 3 minute intervals to retrieve the antigen. 

Slides were then thoroughly washed with PBS and immersed in 2N HCl for 30 

minutes at 37
o
C. Borate buffer (pH 8.6) was used to wash slides followed by washes 

with PBS. Endogenous peroxidases were blocked by incubating the sections for 30 

minutes in 0.03% hydrogen peroxide. Next, sections were blocked for 1 hour at room 

temperature with 10% horse serum (HS), 5% bovine serum albumin (BSA), 0.01% 

Triton X solution and PBS, and then incubated with primary monoclonal antibody to 

BrdU (1 g/ml in blocking solution) over night at 4
o
C. After brief washes with PBS, 

sections were treated with biotinylated secondary antibody (5 g/ml in PBS), and then 

were incubated in avidin-biotin complex for 1 hour at room temperature. The final 

incubation was in 0.05% DAB to enable the detection of dividing cells. Tissue 

sections were then coversliped with DePex. 
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2.2.5 Genotyping of VDR KO Mice 

 

2.2.5.1 Genomic DNA Extraction 

 

Mouse tail or ear fragments were carefully excised and placed into 1.5ml eppendorf 

tubes. Pre-warmed lysis buffer (1.0M Tris, pH 8.5, 5.0M NaCl, 0.5M EDTA, 10% 

SDS) and 10 mg/ml Proteinase K solution  were added to the tubes and incubated at 

55
o
C over night with rocking in horizontal position. This was followed by adding 

phenol:chloroform:isoamyl alcohol (25:24:1) (pH 8.0). The tubes were gently 

vortexed to mix and then centrifuged at 15000rpm for 10 minutes at 4
o
C (or until the 

top aqueous was clear). The aqueous layer was removed to a new tube and mixed with 

1 ml of 100% ethanol to allow DNA precipitation. The tubes were again centrifuged 

at 15000rpm for 5 minutes (or until DNA forms a pellet at the bottom of the tube). 

The supernatant was removed and the DNA pellet let to air dry. The pellet was then 

resuspended in sterile water and sat over night at room temperature to dissolve. 

 

2.2.5.2 DNA Quantification 

 

The DNA concentration was determined by measuring the absorbance at wavelengths 

of 260 and 280nm in a spectrophotometer (Biomate 3, ThermoSpectronic). A dilution 

factor of 1:50 was used to determine the concentration of the DNA. The samples were 

diluted in ddH2O and the optical density (OD) determined with a wavelength of 

260nm. 1 OD reading was taken to equal 50 μg/ml DNA at this wavelength. An 

A260:A280 ratio of 1.8-2.0 indicated highly pure DNA with minimal protein 

contamination. 

 

2.2.5.3 DNA Amplification by PCR 

 

PCR amplifications were performed in 50 l reactions in thin walled PCR tubes under 

the following conditions: 2.0 mM MgCl2, 1X PCR buffer, 0.2 mM dNTPs, 200 ng 

genomic DNA, 1U of Taq DNA Polymerase, and 0.5 M of the four primers 

(PROLIGO). To amplify the VDR band - a fragment of approximately 166 base pairs 

the primers used were: Forward: 5‘- CTGCTCTTCTTACAGGGATGG; and Reverse: 
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5‘-GACTCACCTGAAGAAACCCTT. For the Neo band consisting of approximately 

450 base pairs the primers were: Forward: 5‘-ATCTTCTGTCATCTCACCTTGC; 

and Reverse: 5‘- CAAGCTCTTCAGCAATATCACG. The PCR cycling conditions 

for the VDR allele were: step 1: 94
o
C for 10 minutes; step 2: 94

o
C for 30 seconds; 

step 3: 56
o
C for 30 seconds; step 4: 72

o
C for 1 minute; step 5: repeat from step 2 for 

29 cycles; step 6: 72
o
C for 5 minutes; and step 7: 25

o
C for 5 minutes; step 8: 11

o
C to 

cool down. The PCR conditions for the neomycin allele were: step 1: 94
o
C for 3 

minutes; step 2: 92
o
C for 1 minute; step 3: 57

o
C for 1 minute; step 4: 72

o
C for 1 

minute; step 5: repeat from step 2 for 29 times; step 6: 72
o
C for 9 minutes; and step 7: 

11
o
C to cool down. PCR products were confirmed by gel electrophoresis. 

 

2.2.5.4 Agarose Gel Electrophoresis and Band Detection  

 

DNA electrophoresis of PCR products was carried out at room temperature using 

1.5% (w/v) agarose gel made up by adding 1.5 g of agarose to 100 ml 0.5X TBE (90 

mM Tris, 133 mM boric acid, 1.5 mM EDTA, pH 8.0) and heating in the microwave 

until the agarose was dissolved. After the gel had cooled down to about 60
o
C, 

ethidium bromide (10 mg/ml) was added and the gel was poured into a tray, the comb 

placed and the gel allowed setting. Once set, the gel was submerged in 0.5X TBE in 

the gel tank. Each PCR reaction was supplied with 2.5 l of 6x loading buffer, (0.25% 

bromophenol blue (w/v), 30% glycerol, 10 mM Tris-HCl, pH 8.0) and carefully 

pipetted into the wells of the submerged agarose gel. Hyper Ladder IV (100 bp – 1000 

bp) was added to a well and the gel was run at 100V for about 1 hour. The gel was the 

visualised under UV illumination. 
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Chapter Three 

 

Effect of Vitamin D in the Olfactory Mucosa 
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3.1 Introduction 

 

A growing body of evidence supports the notion that the physiological functions of 

vitamin D extend beyond its classical role in calcium homeostasis and bone 

metabolism (Jones et al, 1998). A number of recent reviews implicated the 

involvement of vitamin D in brain function. Several studies have confirmed that the 

VDR is expressed in both developing brain (Veenstra et al, 1998; Burkert et al, 2003) 

and adult rat brain (Stumpf and O‘Brian, 1987; Clemens et al, 1988; Prufer et al, 

1999). Furthermore, recent research established the distribution of the VDR in human 

brain where it was identified in neuronal and glial cells (Eyles et al, 2005). 

Widespread expression of the VDR has also been observed in the rat olfactory system 

(Glaser et al, 1999). Studies conducted in our laboratory demonstrated that the VDR 

is not only expressed in the globose basal cells and in the cytoplasm of the olfactory 

receptor neurons as observed by Glaser et al (1999), but it is also distributed in the 

nucleus of supporting cells, in the cilia of the olfactory knob and in the olfactory 

ensheathing cells of the lamina propria (Fig. 3.1; Féron F, unpublished observations). 

All of those findings imply that vitamin D could have a role in the development of the 

olfactory system. Moreover, the distribution of the VDR in neurogenic regions such 

as the hippocampus (Langub et al, 2001) and the olfactory system suggest a plausible 

involvement of vitamin D in neurogenesis. 

 

Nevertheless, this study did not clearly confirm the identity of the cell types that 

contain the VDR. Therefore, the first aim of this study was to better characterise the 

localisation of the VDR by identifying the exact cell types in the adult rat olfactory 

mucosa that express this receptor protein.  
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Figure 3.1: Expression of the VDR in frozen sections of the olfactory mucosa from 

adult rats. A: VDR was detected in the cilia of the olfactory neurons in the olfactory 

knob or in the microvilli of the supporting cells (red arrow). VDR was present in the 

layer of supporting cells (green arrow), olfactory neurons (blue arrow), around the 

basement membrane where the globose and horizontal basal cells (yellow arrow) 

reside, and in the cell body of olfactory ensheathing cells in the lamina propria (purple 

arrow). Black arrows indicate the basement membrane. B: Negative control (without 

primary antibody). OE: olfactory epithelium. LP: lamina propria. Scale bars: 30 m.  

Source:  Féron F, 2001 (unpublished data). 

 

The identification of the VDR in the olfactory system hinted that vitamin D may have 

a role in olfactory neurogenesis. Consequently, the other a aim if this project was to 

explore the role of vitamin D on olfactory neurogenesis. In recent years, the 

neurosphere assay has provided a valuable model to study neurogenesis. Under 

appropriate culture conditions, this assay allows the characterisation of the functional 

attributes of neural stem cells, by providing a consistent and renewable source of 

undifferentiated precursor cells, which could be expended as neurospheres, or 

differentiated into neurons, astrocytes and oligodendrocytes (Reynolds and Weiss, 

1992; Reynolds and Weiss, 1996; Weiss et al, 1996). 

 

Studies have shown that neurospheres derived from the olfactory mucosa can give rise 

to neurons and glia (Roisen et al, 2001). More recently, Murrell and colleagues (2005) 

demonstrated that the olfactory neurospheres are multipotent both in vitro and when 

transplanted into the chick embryo. Their findings clearly indicated that the olfactory 

neurospheres consist of stem cells and progenitor cells that can give rise to many 

different cell types.  
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The present study aimed to investigate the effect of the addition of vitamin D on 

olfactory neurosphere number and differentiation. Particularly, explored the effect of 

vitamin D on olfactory neurogenesis by using neurosphere number and size/diameter 

as a functional assay on olfactory stem/progenitor cell activity. Generally, the number 

of newly formed neurospheres is indicative of the number of stem/progenitor cells 

that enter the cell cycle and start dividing, whereas the neurosphere size gives 

information about the mitotic rate of the daughter cells that constitute the neurosphere 

(stem cells and committed progenitors) (Torroglosa et al, 2007, Cui et al, 2007). 

 

The second part of this investigation aimed to explore whether the olfactory 

neurospheres formed in the presence of vitamin D expressed characteristic 

stem/progenitor cell markers. One such marker is nestin, an intermediate filament 

protein that is commonly used as a neural stem cell marker (Lendahl et al, 1990). 

Nestin is known to be involved in the organisation of the cytoskeleton, but it has also 

been implicated in cell signalling, organogenesis and cell metabolism (Fuchs and 

Weber, 1994). Another known marker is Musashi-1 which is selectively expressed in 

neural progenitor cells, including neural stem cells (Sakakibara et al, 1996; Kaneko et 

al, 2000). The musashi family is an evolutionarily conserved group of neural RNA–

binding proteins that controls neural stem cell homeostasis, differentiation, and 

tumourogenesis (Okano et al, 2002). The final stem/progenitor cell marker that will 

be examined in this study is CD117 (a.k.a. c-kit) which is a receptor protein that 

belongs to the platelet-derived growth factor (PDGF) receptor family (Besmer et al, 

1986; Qiu et al, 1988; Ullrich and Schlessinger, 1990). Studies have revealed that the 

normal function of CD117 and its ligand - stem cell factor (SCF), is essential for the 

maintenance of stem cells (Dolci et al, 1991; Migliaccio et al, 1993). Furthermore, 

neurospheres were labelled with glial (S-100 and GFAP) and neuronal (β-tubulin III) 

markers to observe whether vitamin D-induced olfactory neurospheres were 

multipotent and affect differentiation. 

 



50 

 

3.2 Materials and Methods 

 

3.2.1 Immunochemistry 

   

3.2.1.1 Immunolabelling for VDR Localisation 

 

Two 8 week old female SD rats were sacrificed to extract the olfactory mucosa 

(details in chapter 2, section 2.1.1). Briefly, the olfactory epithelium was isolated 

from the lamina propria, the two tissues were gently dissociated from and then 

combined together to establish an olfactory mucosal culture. Cells were plated onto 

poly-l-lysine coated glass plates and grown with EGF and bFGF for 4 days. Cells 

were then fixed with 4% paraformaldehyde, blocked as per section 2.2.3.1 (chapter 2), 

and the primary antibodies were applied. The list of primary antibodies used is shown 

in table 3.1. The secondary antibodies used were Alexa Fluor goat anti-rabbit/mouse 

IgG (5 g/ml; Molecular Probes). Following incubation with the secondary antibody, 

the cells were rinsed in PBS and the nuclei were stained by incubation with 1 mM 

Hoechst Blue (Sigma). Subsequently, cultured slides were mounted using coverslips 

and Glycerol (Ajax Chemicals) made up in PBS and the edges were sealed with nail 

polish. Each antibody combination was replicated onto 4 wells. 

 

Primary Antibody Concentration 

Monoclonal anti-VDR (rat) (Chemicon) 1 g/ml 

Monoclonal anti-cytokeratin 14 (Sigma) 5 g/ml 

Monoclonal anti-cytokeratin 18 (Sigma) 5 g/ml 

Monoclonal anti-neurofilament 200 (Sigma) 1.11mg/ml 

Polyclonal anti-β-tubulin III (Chemicon) 0.33 g/ml 

Polyclonal anti-GFAP (Sigma) 6 g/ml 

 

Table 3.1: Primary antibodies used for VDR colocalization. 
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3.2.1.2 Quantification of VDR positive cells  

 

Each antibody condition was repeated 4 times and the percentage of positive cells 

from the replicates was represented as an average percentage  standard error in the 

mean (S.E.M).  

   

3.2.1.3 Immunolabelling of Olfactory Neurospheres 

 

After cytospinning attached neurospheres were fixed and immunolabelled as per 

sections 2.2.3.1 and 2.2.3.2, chapter 2. The primary antibodies used are displayed in 

table 3.2. The secondary antibodies used were Alexa Fluor goat anti-rabbit/mouse IgG 

(5 g/ml; Molecular Probes).  

 

Primary Antibody Concentration 

Monoclonal anti-nestin (Sigma) 5.2 g/ml 

Monoclonal anti-CD117 (c-kit) (Sigma) 5 g/ml 

Monoclonal anti-Musashi (gift; Japan) 5 g/ml 

Polyclonal anti β-tubulin III (Chemicon) 0.33 g/ml 

Polyclonal anti-GFAP (Sigma) 6 g/ml 

Polyclonal anti-S100 (Sigma) 1 g/ml 

 

Table 3.2: Primary antibodies used for immunolabelling of the olfactory 

neurospheres. 

 

 

3.2.2 Generation of Olfactory Neurospheres 

 

For a detailed description of the isolation of the olfactory mucosa refer to section 

2.1.2 in Chapter 2. Briefly, the animals were sacrificed and the olfactory mucosa was 

isolated and gently removed from the underlying tissue. The olfactory mucosa was 

then dissociated and plated onto a 75 cm
2
 flask in 10% FBS supplemented medium to 

reach confluence. This step was necessary as the olfactory mucosal cell numbers were 

low and could not attach to the flask and expand in culture if plated directly in 

growth-factor supplemented serum-free medium. Once the cells reached confluence 

(while grown in FBS-containing medium), the cells were passaged and then replated 
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onto poly-l-lysine and laminin coated plastic 96-well plates at densities of 

approximately 25000 cells per cm
2
 in serum-free medium. The medium used also 

consisted of 50 ng EGF and 25 ng bFGF which at these concentration has been shown 

to induce olfactory neurosphere formation. Additionally, vitamin D was added at a 

range of 10
-7

M to 10
-4

M to the growth factor supplemented medium.  

 

3.2.3 Cytospinning of Neurospheres 

 

Neurospheres were collected and centrifuged at 16g for 5 min. The pellet was 

resuspended in 100 μl of medium consisting of DMEM/F12 and 10% FBS. The 

neurospheres were then cytospun onto SuperFrost Plus microscope slides (Menzel-

Glaser) and fixed with 4% paraformaldehyde before processing for immunochemistry.  

 

 3.2.4 Quantification of Neurosphere Phenotype 

 

Each antibody combination was repeated 3 times and the percentage of positive 

neurospheres from the replicates was represented as an average percentage  standard 

error in the mean (S.E.M.).  

 

3.2.5 Statistical Analysis 

 

The neurosphere assay was conducted three times. Each experiment was performed in 

four wells for each treatment. The effect on neurosphere number in response to 

vitamin D treatment (10
-7

M to 10
-4

M) was analysed using ANOVA. The impact of 

vitamin D on neurosphere diameter was examined using a nonlinear regression (one 

phase, exponential decay) test. The results are depicted as means with standard errors 

(S.E.M.) The statistical criterion for significance was defines as  = 0.05.  
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3.3 Results 

 

3.3.1 VDR Expression in the Olfactory Mucosa  

 

The localisation of the VDR in the cells of the olfactory mucosa was examined in 

vitro. The presence of VDR in the different cell types of the olfactory mucosa was 

analysed using a number of cell markers. The horizontal basal cells and the supporting 

cells were targeted using the cytokeratin antibodies – cytokeratin 14 (CK14) and 

cytokeratin 18 (CK18), respectively. The distribution of the VDR in those cell types is 

illustrated in Figs. 3.2 and the quantification summary is displayed in Fig. 3.5. VDR 

was expressed in approximately 30% of the CK14 positive horizontal basal cells (Fig. 

3.2 A, B, K) and only in 6% of the CK18 positive supporting cells of the olfactory 

epithelium (Fig. 3.2 E F, L).  

 

VDR expression was next examined in the neuronal cells of the olfactory epithelium 

which comprise of both immature and mature receptor neurons. The markers used to 

detect those cells were -tubulin III, a marker for immature neurons, and 

neurofilament 200 (NF) targeting the mature olfactory neurons. The date revealed that 

all immature neurons (positive for -tubulin III) were expressing VDR, as depicted in 

Fig. 3.3 (A-D, K) and Fig. 3.5. VDR was detected in few of the mature olfactory 

neurons labelled with neurofilament 200 (approximately 2%; Fig. 3.3 E-F, L). 

However, the majority of neurofilament positive cells were not expressing the VDR 

(Fig. 3.3 G-H, L).  

 

VDR was also localised in the ensheathing cells of the lamina propria. These cells 

were targeted with the GFAP antibody, as they are known to be positive for this 

protein (Monnier et al, 1999; Au and Roskams, 2003). All ensheathing cells were 

VDR positive as illustrated in Figs. 3.4 and 3.5. 
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Figure 3.2: Localisation of VDR in the horizontal basal cells and the supporting cells 

of the olfactory mucosa. VDR was expressed in the horizontal basal cells (CK14 

positive; A-B) and the supporting cells (CK18 positive; E-F) in rat olfactory mucosal 

cultures. C-D: CK14 positive HBCs that were VDR negative. G-H: CK18 positive 

supporting cells that were VDR negative. B, D, F, and H represent A, C, E, and G 

(respectively) merged with Hoechst blue nuclear staining. I-J: Negative controls 

(without primary antibody). K: Proportions of CK14/VDR-expressing cells. L: 

Proportions of CK18/VDR-expressing cells. Scale bar: 20 m (A-H), 40 m (I) 30 

m (J). 
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Figure 3.3: Localisation of VDR in olfactory receptor neurons. VDR was expressed 

in the immature ( -tubulin III positive; A-D) and mature neurons (neurofilament 200 

(NF) positive; E-F) in rat olfactory mucosal cultures. G-H: VDR negative mature 

olfactory neurons. B, D, F, and H represent A, C, E, and G (respectively) merged with 

Hoechst blue nuclear staining. I-J: Negative controls (without primary antibody). K: 

Proportions of β-tubulin III/VDR-expressing cells. L: Proportions of NF/VDR-

expressing cells. Scale bar: 20 m. 
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Figure 3.4: Localisation of VDR in olfactory ensheathing cells. VDR was expressed 

in the olfactory ensheathing cells (GFAP positive) in rat olfactory mucosal cultures 

(A-D). B and D represent A and C (respectively) merged with Hoechst blue nuclear 

staining. E-F: Negative controls (without primary antibody). G: Proportions of 

GFAP/VDR-expressing cells. Scale bar: 20 m. 

 

 

A 

C 

B 

D 

E 

 
F 

 

VDR / GFAP 

VDR / GFAP 

VDR / GFAP  

Hoechst 

VDR / GFAP  

Hoechst 

Hoechst Hoechst 

G. 
GFAP GFAP / VDR

0

10

20

30

C
e
ll

 N
u

m
b

e
r



57 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: Quantification of VDR immunoreactivity in cells of the olfactory mucosa. 

Data represent the percentage of VDR positive cells labelled with various cell 

markers. CK14: cytokeratin 14; CK18: cytokeratin 18; b-tubIII: β-tubulin III; NF: 

neurofilament 200; GFAP: glial fibrillary acidic protein. Bars represent the percentage 

of VDR positive cells for each marker (±SEM).  

 

3.3.2 Generation of Neurospheres  

 

Olfactory mucosal cultures were induced to form neurospheres with the growth 

factors EGF and bFGF in serum-free medium (details in chapter 2, sections 2.2.1.7 

and 2.2.1.8). Vitamin D was added at concentrations ranging from 10
-7

M to 10
-4

M. 

Olfactory neurospheres started to form after 3 days in culture. All neurospheres 

displayed a similar phenotype and size to those illustrated in Fig. 3.6. The 

neurosphere diameter varied between 20 m and 60 m. 

 

 

 

 

 

 

 

 

 

Figure 3.6: Phenotypic variation of olfactory neurospheres formed in the presence of 

vitamin D. The majority of neurospheres formed and remained attached after 3 days 

in culture. The neurosphere diameter varied between 20 m and 60 m. Scale bar 40 

m. 
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3.3.2.1 Effect of Vitamin D on Olfactory Neurosphere Formation 

 

The effect of the addition of vitamin D on olfactory neurosphere formation was 

examined. Olfactory mucosal cultures were induced to form neurospheres. The 

neurosphere number and diameter of only well-defined spherical neurospheres were 

analysed after 3 days in culture. Fig. 3.7 illustrates the mean number of neurospheres 

and demonstrates that the addition of vitamin D had no effect on the total number of 

neurospheres formed (p = 0.7233).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Effect of vitamin D on olfactory neurosphere number. The olfactory 

neurosphere number was not affected by vitamin D after 3 days in culture. Data 

represent the mean number of neurospheres (±SEM) arising from 25000 cells/cm
2
 

plated in medium supplemented with EGF and bFGF.  

 

3.3.2.2 Neurosphere Diameter Analysis 

 

Fig. 3.8 illustrates the variation in neurosphere diameter when vitamin D was supplied 

to the growth medium. Generally, neurospheres that were formed in the absence of 

vitamin D (0M) were larger in diameter. Vitamin D reduced the neurosphere diameter 

when present between 10
-6

M and 10
-4

M (p = 0.0418). 
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Figure 3.8: Effect of vitamin D on olfactory neurosphere diameter. The neurosphere 

diameter was significantly reduced by vitamin D. Data represent the mean diameter 

variation of 5 neurospheres in each condition (±SEM).  

 

 

3.3.2.3 Effect of Vitamin D on the Expression of Characteristic 

Stem/Progenitor Cell Markers with Neuronal and Glial Markers in Olfactory 

Neurospheres  

 

Fig. 3.9 illustrates the expression of stem/progenitor cell markers with neuronal and 

glial markers in neurospheres formed in the absence (A, C, and E) or the presence (B, 

D, and F) of vitamin D. All neurospheres expressed the stem/progenitor cell markers 

(nestin, CD 117 and Musashi-1) and the neuronal (β-tubuline III) and glial markers 

(GFAP and S-100) examined in this study. This observation was independent of 

vitamin D status. 
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Figure 3.9: Effect of vitamin D on the expression of stem/progenitor cell markers 

with neuronal and glial markers in olfactory neurospheres. All neurospheres 

expressed the stem/progenitor cell markers nestin, CD117 and musashi-1, and the 

neuronal ( -tubulin III) and glial markers GFAP and S-100. This observation was 

independent of vitamin D status. Neurospheres formed in the absence (A, C, E, and 

G) or the presence (B, D, F and H) of vitamin D. Negative controls (without primary 

antibody; G-H). Scale bar: 20 m. 
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3.4 Discussion 

 

The main findings of the present investigation were 1) VDR was identified in all 

immature neurons but not in the mature olfactory neurons. This receptor protein was 

also detected in the ensheathing cells, the horizontal basal cells and a small number of 

supporting cells. 2) Vitamin D had no effect on the number of olfactory neurospheres 

formed and reduced their diameter after 3 days in vitro. 4) Olfactory neurospheres 

express characteristic stem/progenitor cell markers as well as neuronal and glial 

markers while grown in the presence of vitamin D. 

 

 3.4.1 VDR Localisation in Cells of the Olfactory Mucosa 

 

The present findings demonstrate that VDR is located in most cells of the olfactory 

mucosa (Figs. 3.5 and 3.10). Previously, it has been documented that VDR is present 

in the HBCs that reside just above the basement membrane of the olfactory mucosa 

(Glaser et al, 1999). This investigation examined the localisation of the VDR in the 

HBCs using an antibody against cytokeratin 14. The findings demonstrated that 

approximately 30% of the cytokeratin 14 immunolabeled HBCs cells expressed the 

VDR. 

 

Several lines of evidence suggest that the neural stem cells of the olfactory epithelium 

reside among the GBCs in the basal compartment (Mackay-Sim and Kittle, 1991; 

Carter et al, 2004; Leung et al, 2007). The multipotency of these cells has been 

confirmed in retroviral lineage analysis and in models of injury-induced OE 

regeneration (Caggiano et al, 1994; Huard et al, 1998). Nevertheless, the HBCs are 

also speculated to represent the stem cells of the olfactory epithelium. Tissue culture 

experiments have provided evidence that the HBCs exist in a microenvironment 

closely resembling that of other neural stem cell niches, and are capable of self-

renewal and neurosphere formation (Carter et al, 2004). The presence of VDR in both 

the GBCs (as demonstrated by Glaser, 1999) and the HBCs suggests a role of vitamin 

D in the olfactory stem/progenitor cells. It is possible that vitamin D affects the GBCs 

and the HBCs by acting on the mitogenic signalling pathways in those cells. The well 

established anti-proliferative and prodifferentiating effects of vitamin D suggest the 
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possibility that vitamin D acts on olfactory neurogenesis by inhibiting cell 

proliferation of the basal cells and induces their differentiation into olfactory neurons.  

 

 

 

Figure 3.10: Summary of VDR localisation in cells of the olfactory mucosa. VDR 

was identified in the horizontal (HBCs; CK14 positive) and the globose basal cells 

(GBCs; Glaser et al, 1999), the immature neurons (INs; β-Tubulin III positive), and 

the ensheathing cells (ECs; GFAP positive). Most mature neurons (MNs; NF positive) 

and the supporting cells (SCs; CK18 positive) were VDR negative.  

 

Extensive VDR localisation was demonstrated in the immature neurons of the 

olfactory epithelium as detected by -tubulin III. Nevertheless, most mature neurons, 

labelled with NF, did not express the VDR. These observations suggest that vitamin D 

primarily affects cells that are undergoing differentiation. The distribution of VDR in 

the immature neurons as well the HBCs and the GBCs suggests a role of vitamin D in 

olfactory neurogenesis by suppressing proliferation and inducing differentiation. The 

well-known antiproliferative and prodifferentiating effects of vitamin D are 

documented in numerous reviews. The molecular mechanisms underlying the anti-

proliferative effects of vitamin D are thought to begin with the appearance of G1/S 

and G2/M cell cycle blocks, which result in cessation of cell proliferation (Studzinski 
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et al, 1993; Laud et al, 1997). The inhibitory effects of vitamin D on cell growth 

could also be mediated by inducing the expression of cyclin-dependent kinase 

inhibitors p21 (James et al, 1996) and p27 (Wu et al, 1997). Thus, it is possible that 

the vitamin D/VDR complex may up/down-regulate vitamin D responsive genes in 

the olfactory mucosa, whose products affect the expression of genes that have a role 

in cell cycle control such as p21 and p27. Potential molecular effectors of the 

antiproliferative and prodifferentiating actions of vitamin D could be the blocking of 

mitogenic signalling, including that of oestrogen, EGF and IGF-1 (Colston and 

Hansen, 2002). Several reports indicate that, EGF, its receptor and TGF-  are 

expressed in the OE microenvironment and stimulate proliferation of HBCs 

(Mahanthappa and Schwarting, 1993; Getchell et al, 2000). It is possible that vitamin 

D acts on those factors by inhibiting their expression, and thus promoting 

differentiation of the HBCs into olfactory neurons.  

 

Vitamin D may also be mediating its antiproliferative and prodifferentiating actions 

by the stimulation of growth inhibitors such as TGF  superfamily signalling 

molecules, such as the bone morphogenic proteins (BMPs) and growth and 

differentiation factor 11 (GDF11) (Wu et al, 2003; Shou et al, 2000). GDF11 acts on 

the immature neurons to induce reversible cell cycle arrest, which may permit 

immature neurons to be held in stasis until they are needed to replace dead or dying 

mature olfactory neurons (Wu et al, 2003). Thus, it is possible that vitamin D may 

induce the differentiation of the immature neurons by invigorating growth inhibitors 

such as GDF11. 

 

VDR expression is also identified in a very small number of supporting cells as 

detected by the expression of cytokeratin 18 immunoreactivity. The supporting cells 

are self-renewing (Farbman, 1992), non-neuronal cells that are thought to be involved 

in detoxifying noxious substances to which the OE is exposed to, phagocytosis of 

dead olfactory neurons, and providing structural support to the olfactory neurons 

(Suzuki et al, 1996; Beites et al, 2005). Several lines of evidence support the notion 

that the supporting cells are linearly related to the GBCs and neurons. Genetic and 

transplantation experiments have demonstrated evidence that the supporting cells may 

share a common progenitor with the olfactory neurons (Murray et al, 2003). It is 
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suggested that during development, the OE contains bipotential progenitors which 

subsequently become restricted to differentiate into either olfactory neurons or 

supporting cells (Murray et al, 2003).  

 

The present investigation revealed that the majority of VDR-expressing cells in the 

olfactory mucosa were cells undergoing differentiation and had not reached their fully 

differentiated state. Therefore, the localisation of the VDR in a small percentage of 

supporting cells proposes that perhaps those cells are still in the process of undergoing 

differentiation. The absence of the VDR in most CK18-positive supporting cells 

agrees with the idea that vitamin D does not affect cells that have reached a state of 

full maturation.  

 

Extensive VDR distribution is also detected in the olfactory ensheathing cells of the 

lamina propria. Other glial cell types in the brain have also been found to express the 

VDR. VDR mRNA is detected in primary rat astrocyte cultures (Neveu et al, 1994) 

and in rat oligodendrocytes (Baas et al, 2000). Furthermore, vitamin D induces these 

glial cells to express nerve growth factor (NGF) and neurotrophins 3 and 4 (NT3, 

NT4) (Neveu et al, 1994; Baas et al, 2000). The olfactory ensheathing cells express 

neurotrophic factors such as NGF, brain-derived neurotrophic factor (BDNF), and 

ciliary neurotrophic factor (CNTF) and their receptors (Lipson et al, 2003; Woodhall 

et al, 2001). Thus it is possible that vitamin D regulates olfactory ensheathing glia by 

stimulating the expression of neurotrophic factors. The well established effects if 

vitamin D in cell proliferation and differentiation in other cells (e.g. Veenstra et al, 

1997; Itin et al, 1994) suggest that vitamin D may also affect proliferation and 

differentiation of the olfactory ensheathing cells.  

  

3.4.2 Effect of Vitamin D on Olfactory Neurosphere Number and Size 

 

In this investigation the effect of vitamin D on olfactory neurogenesis was examined 

by using neurosphere formation as a functional assay on olfactory stem/progenitor 

cell activity. The main finding is that the addition of vitamin D in vitro at 

concentrations ranging from 10
-6

M to 10
-4

M did not alter the number of neurospheres 

produced and decreased the diameter of the neurospheres when compared to the 

controls. In these cultures, the number of newly formed neurospheres is indicative of 
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the number of stem/progenitor cells that enter the cell cycle and start dividing, 

whereas the neurosphere size gives information about the mitotic rate of the daughter 

cells that constitute the neurosphere (stem cells and committed progenitors). 

Consequently, it can be concluded that although vitamin D does not alter the number 

of olfactory stem and progenitor cells in neurospheres it reduces their mitotic rate. 

The vitamin D-induced reduction of neurosphere size observed in this study is 

consistent with previous findings demonstrating that other anti-proliferative agents 

such as nitric oxide and neurotrophin-3 (NT-3) decrease neurosphere size (Jin et al, 

2005; Torroglosa et al, 2007).  

 

The finding that vitamin D affects cell proliferation when applied at high 

concentration (i.e. 10
-6

M) is interesting. However, such an inhibitory effect of vitamin 

D at high concentrations has also been observed in other reports. For instance, vitamin 

D inhibition of proliferation of MHCC97 cells is found to be most prominent when 

this hormone is present at 10
-6

M (Wu et al, 2007). Another report observed that the 

exposure of human colon cancer cells HT-29 to vitamin D at the 10
-6

M concentration 

resulted in significant growth inhibition after three days of treatment (Evans et al, 

1999). In the brain, the addition of 10
-7

M of vitamin D has been shown to reduce 

neonatal SVZ neurosphere formation (Cui et al, 2007). All of these observations are 

consistent with the findings of this study that vitamin D affects cell proliferation when 

applied at higher concentrations.  

 

3.4.3 Effect of Vitamin D on the Expression of Characteristic 

Stem/Progenitor Cell Markers with Neuronal and Glial Markers in Olfactory 

Neurospheres  

 

The final aim of this study was to show whether vitamin D alters the expression of 

different stem/progenitor cell markers with neuronal and glial markers in the olfactory 

neurospheres. Neurospheres that were formed in the presence of vitamin D were 

found to maintain the expression of characteristic neural stem/progenitor cell markers 

(nestin, musashi and CD117) as well as neural ( -tubulin III) and glial markers 

(GFAP and S-100). This finding indicates that the multipotency of the neurosphere-

forming cells is not affected by vitamin D. 
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3.4.4 Summary 

 

In conclusion, this study makes two important findings: 1) VDR is primarily 

expressed in the basal cells (HBCs and GBCs), immature neurons and the ensheathing 

cells. 2) Vitamin D reduces cell proliferation in olfactory neurospheres. Both of these 

observations hint that vitamin D may have a role in the regulation of olfactory cell 

proliferation and/or neurogenesis in this system and demands further and more 

thorough examination. Thus, the subsequent chapters will explore the impact of 

developmental vitamin D deficiency (using vitamin D deplete rats) and the impact of 

VDR inactivation (using VDR KO mice) on olfactory neurogenesis. 
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3.5 Future Directions 

 

3.5.1 VDR Expression in Olfactory Neurospheres 

 

The present study showed that the addition of vitamin D did not impose a significant 

response on the formation of olfactory neurospheres. Perhaps, this lack of response is 

due to a low VDR expression in the olfactory neurospheres. Previous findings have 

demonstrated that the VDR is present in neurospheres derived from the neonatal rat 

SVZ (Cui et al, 2007). Nevertheless, the expression of this receptor in the olfactory 

neurospheres has not been previously examined. Therefore, a study could be 

embarked on to pursue the expression of the VDR in olfactory neurospheres. In 

addition, it might be of interest to investigate VDR expression in clonally derived 

olfactory neurospheres (e.g. secondary and third generation). Subsequently, the 

localisation of this receptor in the different cell types that comprise the neurospheres 

could also be explored.  

 

3.5.2 Effect of Vitamin D on Neurosphere Formation Over a Longer Time 

Period 

 

The present investigation examined the impact of the addition of vitamin D on the 

formation of olfactory neurospheres only at the first day of formation (i.e. Day 3 post-

plating). However, cells were plated at very high density and thus, it is possible that 

some of the formed neurospheres could have fused together and thus provided an 

inaccurate neurosphere count. For that reason, a more detailed analysis could be 

undertaken to explore the impact of vitamin D on neurosphere formation over a 

longer time period. For example, neurosphere counts could be performed not only 

after 3 days in culture but also at later stages such as 5 to 7 days post-plating. 

 

3.5.4 Detailed Neurosphere Diameter/Size Analysis 

 

The effect of vitamin D could also be influenced by the diameter/size of the olfactory 

neurospheres. It is possible that, as discussed above, the formation of larger 

neurosphere could be due to early fusion of one or more neurospheres. The 
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neurosphere diameter analysis conducted in this study was performed by scanning the 

average size of ten random neurospheres from each well per each treatment by visual 

inspection. The results showed that the addition of vitamin D significantly reduced the 

diameter of the neurospheres. Nevertheless, a more thorough examination could be 

conducted analysing the size/diameter of a greater number of neurospheres at multiple 

time points of neurosphere formation. 
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Chapter Four 

 

Impact of Developmental Vitamin D Deficiency 

On Stem and Progenitor Cell Proliferation in the Adult 

Olfactory System 
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4.1 Introduction 

 

In recent years accumulating evidence linked vitamin D deficiency as a risk factor of 

developing a wide range of common chronic diseases. Vitamin D deficiency is 

associated with increased risks of various cancers (such as breast, colon, and 

prostate), autoimmune diseases (including type I diabetes, multiple sclerosis, and 

inflammatory bowel disease), chronic inflammatory disease, metabolic disorders as 

well as the well renowned increased risks of skeletal disorders such as osteoporosis 

(Peterlik and Cross, 2005). In addition, epidemiological studies examining season of 

birth suggest that prenatal vitamin D deficiency may increase the risk of 

neuropsychiatric disorders such as schizophrenia (McGrath, 1999). 

 

Growing evidence demonstrates that prenatal vitamin D deficiency has profound 

effects on brain development (Eyles et al, 2003). The VDR is expressed throughout 

development and into adulthood in the rat (Burket et al, 2003; Prufer et al, 1999; 

Veenstra et al, 1998). The VDR distribution in the human brain is similar to the rat, 

and 1-α hydroxylase (the final enzyme in the activation pathways) is also widely 

expressed in the adult human brain (Eyles et al, 2005).  The impact of developmental 

vitamin D (DVD) deficiency has been examined on various neonatal and adult brain 

outcomes in the rat. In vitro studies revealed that vitamin D increased neurite 

outgrowth in the hippocampus in a dose dependant fashion (Brown et al, 2003). In 

foetal and neonatal brains, low vitamin D during development affected the rates of 

mitosis and apoptosis in the developing brain (Ko et al, 2004). In vivo, it has been 

shown that neonatal rats born to vitamin D deplete dams have enlarged ventricles, a 

thinner cortex and increased cell proliferation, as well as reductions in NGF, GDNF 

and p75 (Eyles et al, 2003). Furthermore, in adult rats, DVD deficiency has been 

shown to cause persistent changes in ventricle size and reduction of NGF expression 

(which is the most common neuroanatomical abnormality in patients suffering from 

schizophrenia), as well as abnormal expression of genes involved in cytoskeleton 

maintenance (MAP2, NF-L) and neurotransmission (GABA-A 4) (Eyles et al, 2004; 

Féron et al, 2005). Eyles et al (2006) demonstrated that prenatal vitamin D deficiency 

alters gene expression in adult rat brains by disrupting several biological pathways 

such as oxidative phosphorylation, cytoskeleton maintenance, redox balance, 
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chaperoning, post-translational modifications, calcium homeostasis, synaptic 

plasticity and neurotransmission. 

 

DVD deficiency also leads to altered behaviour in the adult rat. The behavioural 

phenotype of the DVD deficient adult rat is characterised by an increase in 

locomotion in a novel environment (Burne et al, 2004), a heightened response to the 

hyperlocomotor effects of psychomimetic agents (Kesby et al, 2006), and alterations 

in learning and memory (Becker et al, 2005). All of these behavioural alterations are 

commonly reported in other animal models used in schizophrenia research (Lipska 

and Weinberger, 1993).  

 

A recent study explored the effect of DVD deficiency on neuroprogenitor formation 

in the neonatal brain (Cui et al, 2007). The main findings were that DVD deficiency 

increased the number of neurospheres formed from the neonatal subventricular zone, 

whereas the addition of exogenous vitamin D reduced neurosphere number in the 

control but not the DVD deplete cultures (Cui et al, 2007). This observation suggested 

that, perhaps, the deprivation of vitamin D during development may have induced a 

post-translational change in the vitamin D receptor that abolished its function. In 

contrast, the maternal absence of this ligand may be contributing to a gain in function 

of some other pathways regulating cell proliferation that in turn diminish the impact 

of vitamin D.  

 

DVD deficiency and exogenous vitamin D may also affect neurosphere formation in 

the adult olfactory mucosa. It is well established that neurogenesis continues 

throughout adult life in the olfactory epithelium (Mackay-Sim and Kittel, 1991). The 

ability of the olfactory epithelium to be grown as primary cultures, to give rise to a 

mixture of neuronal precursors and developing neurons, and the finding that it 

contains multipotent stem cells (Murrel et al, 1996, 2005; Féron et al, 1998; Newman 

et al, 2000; McCurdy et al, 2005), make this tissue a good model for investigating the 

effects of DVD deficiency on olfactory neurogenesis.  

 

The main aims of this study examined the impact of DVD deficiency and the effect of 

exogenous vitamin D on olfactory neurosphere formation. It was hypothesised that 

DVD deficiency would cause in an increase in olfactory stem/progenitor cell 
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proliferation. In contrast, the addition of vitamin D was expected to reduce 

stem/progenitor cell proliferation and therefore neurosphere formation.  

 

This investigation also aimed to compare the effect of DVD deficiency on olfactory 

stem/progenitor cell proliferation between cultures subjected to prolonged (high 

passage) or early (low passage) passage. Previous studies have reported that extended 

passaging can affect the expression of certain stem cell markers (Eslaminejad et al, 

2007) as well as the differentiation potential of some adult stem cells (Estes et al, 

2006). Thus, it is possible that there might be differences in olfactory stem/progenitor 

cell proliferation between cell that have been subjected to prolonged subculturing and 

primary cells (low passage). 
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4.2 Materials and Methods 

 

4.2.1 Animals 

 

To obtain vitamin D depletion, female Sprague-Dawley rats were kept on a vitamin D 

deficient diet and housed in a temperature controlled room (20-22
o
C) on a 12 hr light-

dark cycle (lights on at 6.30 am) using incandescent lighting, to avoid ultraviolet 

radiation within the vitamin D action spectrum. These conditions were maintained for 

6 weeks prior to mating and during gestation. Control animals were kept under similar 

conditions except they received vitamin D replete diet and were housed under 

standard lighting conditions. At birth the vitamin D deplete dams were switched to 

control diet and lighting conditions thus all litters were raised under control 

conditions. All animals used for this study were sacrificed at 8 weeks of age.  

 

4.2.2 Neurosphere Assays 

 

The olfactory mucosa was isolated, dissociated and plated onto 75 cm
2
 flasks for 

expansion in DMEM-F12 medium supplemented with 10% FBS (for details refer to 

section 2.1.2 in Chapter 2). Subsequently, the cells were passaged and replated in 

either the same conditions at a density of 2500 cells per cm
2
 to establish an OM cell 

line, or onto poly-l-lysine and laminin coated plastic 96-well plates (20000 cells/cm
2 

) 

in the presence of 50 ng EGF and 25 ng bFGF to induce the formation of 

neurospheres. Vitamin D concentration ranged between 10
-12

M and 10
-4

M. The 

neurosphere number and diameter was noted at 3 days (i.e. the first day of formation) 

and 5 days in culture. The number of cells in a single neurosphere was estimated by 

collecting 10 neurospheres per treatment and gently dissociating them with trypsin by 

incubation for 4-6 minutes at 37
o
C in the water bath. All cells were counted using a 

hemocytometer to give the total cell number. This number was divided by 10 to 

estimate the cell number in a single neurosphere. That estimate was multiplied by the 

total amount of neurospheres to provide an idea of the approximate number of cells in 

all formed neurospheres.  
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4.2.3 Statistical Analysis 

 

Neurosphere assays were conducted at least three times for each experiment. Each 

assay was performed in four wells for each treatment with vitamin D and counts were 

analysed using two-way ANOVA with the main factors of maternal diet (DVD 

Deplete or Control) and addition of vitamin D (10
-12

M to 10
-4

M). The results are 

represented as means with standard errors (S.E.M). The statistical criterion for 

significance was defines as  = 0.05. The statistical program used for the analysis was 

GraphPad Prism.  
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4.3 Results 

  

The impact of DVD deficiency on stem/progenitor cell proliferation in vitro using the 

neurosphere assay as a model for neurogenesis was examined. In particular the ability 

of olfactory mucosal cells to form neurospheres was compared between DVD Deplete 

and Control groups subjected to prolonged or low subculturing (i.e. high passage vs. 

low passage). Furthermore, the effect of exogenous vitamin D on neurosphere 

formation and diameter was compared between groups. 

 

4.3.1 Formation of Olfactory Neurospheres in the High Passage Group 

 

Previously established rat OM cell lines from Control and DVD Deplete animals 

(subjected to more than 10 passages; i.e. high passage (HP)) were induced to form 

neurospheres. There were 4 wells for each condition and the experiment was repeated 

3 times. Quantification was achieved by counting the total number of neurospheres 

after 3 days in culture. Fig. 4.1 illustrates that the HP DVD Deplete group generated a 

significantly higher number of neurospheres than the HP Control group (t-test, p < 

0.05).  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Effect of DVD deficiency on neurosphere formation in cultures subjected 

to prolonged passaging. Neurosphere number increased in the HP DVD Deplete 

olfactory mucosal cultures. Data represent the average number of neurospheres per 

well generated in HP Control and HP DVD Deplete olfactory mucosal cultures 

(±SEM). HP: high passage.  
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4.3.2 Effect of Vitamin D on Neurosphere Formation in the High Passage 

Group 

 

Exogenous vitamin D was added at different concentrations to explore the effect of 

vitamin D on neurosphere formation in Control and DVD Deplete olfactory mucosal 

cultures subjected to a high passage number. This experiment was conducted using 

poly-l-lysine and laminin coated 96-well plates, with 4 wells per treatment and the 

experiment repeated 3 times. The total number of neurospheres (both attached and 

floating) was noted after 3 and 5 days in culture. 
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Figure 4.2: Effect of vitamin D on olfactory neurosphere formation in cultures 

subjected to prolonged passaging. Addition of vitamin D had no effect on neurosphere 

number. A: Neurosphere number after 3 days in culture. B: Neurosphere number after 

5 days in culture. Data depict the number of neurospheres arising from 2500 cells per 

cm
2
 grown in fresh medium supplemented with EGF and bFGF. Vitamin D 

concentrations range between 10
-12

M and 10
-4

M. The points indicate the variation in 

neurosphere number at different treatments with vitamin D (±SEM). HP: high 

passage. 
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Fig. 4.2 illustrates the effect of vitamin D on neurosphere number in olfactory 

mucosal cultures derived from HP Control and HP DVD Deplete animals. There was 

considerable variation between groups (ANOVA; F1,60 = 71.69, p  0.0001) but no 

effect on neurosphere number (F9,60 = 2.079; p  0.1). 

 

4.3.3 Neurosphere Diameter Analysis in the High Passage Group 

 

Morphological examination of olfactory neurospheres derived from HP Control and 

HP DVD Deplete groups revealed that some neurospheres had a well-defined 

spherical shape (Fig. 4.3 A-B), whereas others appeared as irregular cell clusters with 

uneven external rims (Fig. 4.3 C-D). Larger neurospheres had generally a dark core 

while smaller ones appeared more translucent. In general, neurospheres appeared as 

free-floating structure, but occasionally they adhered to the wells to become floating 

again after a few days. The neurosphere diameter of only well-defined spherical 

neurospheres was considered for this analysis. 

 

The diameter of neurosphere derived from HP Control and HP DVD Deplete cultures 

was examined. Each well was visually scanned and the diameter of five neurospheres 

from each treatment was recorded. Neurospheres were picked randomly from five 

different fields in the well (top right and top left, bottom right and bottom left, and 

middle) and analyses were done blind to treatment. This enabled a comparison of 

neurosphere diameter between the groups (HP Control and HP DVD Deplete) and the 

effect of vitamin D on neurosphere diameter when applied at different concentrations. 

Fig. 4.4 illustrates that the addition of vitamin D had no effect on the neurosphere 

diameter between the two groups. However, vitamin D significantly decreased the 

diameter of neurospheres derived from the HP Control group after 5 days in culture 

(ANOVA; F1,80 = 1.348, p  0.05). 
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Figure 4.3: Effect of vitamin D on neurosphere phenotype in HP Control and HP 

DVD Deplete olfactory mucosal cultures. After 3 days in culture most neurospheres 

were attached and had an average neurosphere diameter ranging between 30 m and 

70 m. A and B: neurospheres derived from Control animals. C and D: neurospheres 

derived from DVD Deplete animals. HP: high passage. Scale bar 40 m. 
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Figure 4.4: Effect of vitamin D on olfactory neurosphere diameter in cultures 

subjected to prolonged passaging. Vitamin D had no effect on neurosphere diameter 

between groups (HP Control and HP Deplete) but reduced the diameter of the HP 

Control neurospheres after 5 days in culture. A: Neurosphere size after 3 days in 

culture. B: Neurosphere size after 5 days in culture. The points indicate the variation 

in neurosphere diameter at different treatments with vitamin D (±SEM).  

 

4.3.4 Total Number of Cells in Neurospheres in the High Passage Group 

 

The neurosphere cell number in the HP Control and the HP DVD Deplete groups was 

compared. The total number of cells in neurospheres was estimated by collecting 10 

neurospheres from each condition of vitamin D (concentrations ranged between 10
-

12
M and 10

-4
M) after 5 days in culture. The neurospheres were disintegrated to singe 

cells and the average number of cells in one neurosphere was calculated. That number 

was multiplied by the amount of neurospheres to determine the total number of cells. 

Fig. 4.5 illustrates that there was a significant difference in neurosphere cell number 

between groups (F1,60 = 33.96; p  0.05), but vitamin D had no effect (F1,60 = 1.431; p 

 0.1). 
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Figure 4.5: Effect of vitamin D on olfactory neurosphere cell number in cultures 

subjected to prolonged passaging. Vitamin D had no effect on the total number of 

cells in neurospheres derived from HP Control and HP DVD Deplete groups after 5 

days in culture. The points indicate the variation in neurosphere cell number at 

different treatments with vitamin D (±SEM). HP: high passage. 

 

 

4.3.5 Effect of Vitamin D on Neurosphere Formation in the Low Passage 
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passage olfactory mucosal cultures (i.e. HP vs. LP). 
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Figure 4.6: Effect of vitamin D on neurosphere formation in the low passage group. 

Vitamin D had no effect on neurospheres formation in both the LP Control and LP 

DVD Deplete groups. A: Neurosphere formation after 3 days in culture. B: 

Neurosphere formation after 5 days in culture. The points indicate the variation in 

neurosphere number at different treatments with vitamin D (±SEM). LP: low passage.  
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This study examined the variation in the diameter of neurospheres derived from LP 

Control and LP DVD Deplete cultures. Each well was scanned and the diameter of 

five neurospheres from each treatment with vitamin D was recorded. Fig. 4.6 

illustrates that vitamin D increased the diameter of neurospheres derived from the LP 

DVD Deplete cultures and reduced the diameter of neurospheres derived from the LP 

Control cultures. This effect was evident at 10
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M of vitamin D (F1,80 = 29.85). 
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Figure 4.7: Effect of vitamin D on neurosphere diameter in the low passage group. 

Vitamin D increased the diameter of the LP DVD Deplete neurospheres and reduced 

the diameter of the LP Control neurospheres. A: Neurosphere diameter after 3 days in 

culture. B: Neurosphere diameter after 5 days in culture. The points indicate the 

variation in neurosphere diameter at different treatments with vitamin D (±SEM). LP: 

low passage. 

 

 

4.3.7 Effect of Vitamin D on Neurosphere Formation in the High Passage 
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The effect of vitamin D on neurosphere formation in the HP and the LP Control 

groups was compared. In general, the HP Control group produced a slightly higher 

number of neurospheres than the LP Control group after both 3 and 5 days in culture. 

Fig. 4.8 illustrates that that the addition of vitamin D had no effect on neurosphere 

number in both groups after 3 days in culture (Fig. 4.8A). However, the HP Control 

group generated a significantly greater number of neurospheres than the LP Control 

when vitamin D was present at 10
-6

M (ANOVA, p<0.05). 
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Similarly, after 5 days in culture there was no effect on the number of neurospheres 

formed between the two groups when vitamin D was present between 10
-12

M and10
-

7
M (Fig. 4.8B). However, the number of neurospheres was greater in the HP Control 

(ANOVA, p < 0.05) when vitamin D was present between 10
-6

M and 10
-4

M.  
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Figure 4.8: Effect of vitamin D on neurosphere formation in the high passage and the 

low passage control groups. Vitamin D increased neurosphere formation in the HP 

Control group when present at 10
-6

M (A and B) and 10
-4

M (B). A: Neurosphere 

formation after 3 days in culture. B: Neurosphere formation after 5 days in culture. 

The points indicate the variation in neurosphere number at different treatments with 

vitamin D (±SEM). HP: high passage; LP: low passage. 
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days (B) of evaluation. However, the addition of vitamin D had no effect on 

neurosphere formation in both groups.  
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Figure 4.9: Effect of vitamin D on neurosphere formation in the high passage and the 

low passage DVD deplete groups. Vitamin D had no effect on neurosphere formation 

in both groups. HP DVD Deplete group formed a significantly higher number of 

neurospheres than the LP DVD Deplete group. A: Neurosphere number after 3 days in 

culture. B: Neurosphere number after 5 days in culture. The points indicate the 

variation in neurosphere number at different treatments with vitamin D (±SEM). HP: 

high passage; LP: low passage. 
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Figure 4.10: Effect of vitamin D on neurosphere diameter in the high passage and the 

low passage control groups. Vitamin D increased the neurosphere diameter in the HP 

Control group after 3 days in culture, but it reduced their diameter in both groups after 

5 days. A: Neurosphere size after 3 days in culture. B: Neurosphere size after 5 days 

in culture. The points indicate the variation in neurosphere diameter at different 

treatments with vitamin D (±SEM). HP: high passage; LP: low passage. 
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vitamin D had no effect. 

 

 

 

 

 

10 -12 10 -11 10 -10 10 -9 10 -8 10 -7 10 -6 10 -5 10 -40
0

25

50

75

HP Control

LP Control

Vitamin D

N
e
u

ro
s
p

h
e
re

 S
iz

e
 (

m
)

10 -12 10 -11 10 -10 10 -9 10 -8 10 -7 10 -6 10 -5 10 -40
0

25

50

75
HP Control

LP Control

Vitamin D

N
e
u

ro
s
p

h
e
re

 S
iz

e
 (

m
)



86 

 

A.  

 

 

 

 

 

 

 

B.  

 

 

 

 

 

 

 

Figure 4.11: Effect of vitamin D on neurosphere diameter in the high passage and the 

low passage DVD deplete groups. Vitamin D had no effect on neurosphere diameter 

in both the HP and LP DVD Deplete groups. A: Neurosphere size after 3 days in 

culture. B: Neurosphere size after 5 days in culture. The points indicate the variation 

in neurosphere diameter at different treatments with vitamin D (±SEM).  HP: high 

passage; LP: low passage. 
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4.4 Discussion 

 

The present study examined the impact of DVD deficiency on stem/progenitor cell 

proliferation in vitro using the neurosphere assay as a model. This assay provided a 

comparison of neurosphere formation and size between two groups – DVD Delete 

group and Control group. Furthermore, the effects of DVD deficiency on olfactory 

stem/progenitor cell proliferation between high passage (HP) and low passage (LP) 

groups were explored. The main findings were 1) DVD deficiency caused an increase 

in olfactory neurosphere formation in both HP and LP groups. 2) Vitamin D had no 

effect on the number of neurospheres formed in any of the groups. 3) DVD deficiency 

favoured neurosphere formation in the HP group. 4) Control neurospheres were larger 

than DVD Deplete neurospheres in both HP and LP groups in the absence of vitamin 

D. 5) Vitamin D significantly reduced the neurosphere diameter in the Control groups 

(HP and LP), but not in the LP DVD Deplete groups.  

 

4.4.1 Effect of DVD Deficiency on Olfactory Neurosphere Formation 

 

The well renowned anti-proliferative effects of vitamin D in a wide variety of tissues 

suggest the hypothesis that the lack of vitamin D (i.e. DVD deficiency) would cause 

an increase in cell proliferation and therefore an increase in neurosphere-forming stem 

and progenitor cell proliferation. Therefore, it is expected that DVD deficiency would 

increase the number of neurospheres. The main result of this study was that DVD 

deficiency increased olfactory neurosphere number and therefore agrees with the 

proposed hypothesis.  

 

Previous findings conducted in our laboratory investigated cell proliferation in the 

DVD deplete olfactory mucosa in vitro and demonstrated that DVD deficiency 

increased the proliferation of olfactory basal cells (McAlpine D, unpublished 

observations). As already mentioned, the olfactory basal cells are the most likely stem 

cells of the olfactory mucosa and thus it is not surprising that there was an increase in 

neurosphere formation during DVD deficiency. This finding is directly linked to an 

increase in the total number of cells in the DVD deplete neurospheres.  
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Furthermore, the extensive expression of the VDR in neurogenic regions in the brain 

as well as among cells within the neurospheres is consistent with the role for this 

vitamin in affecting proliferating precursors and differentiating neurons and glia 

which are the main cell types in a neurosphere (Reynolds et al, 1992; Ciu et al, 2007). 

Neurospheres also consist of stem cells and precursor cells and their formation 

represents a mixture of these cell types. Therefore, the increase in neurosphere 

number in the DVD Deplete group could signify an increase in the number of stem 

cells and proliferating precursor cells.  

 

Vitamin D may also have a role in regulating mitogenic factors or their receptors in 

the olfactory mucosa. For instance, previous findings have demonstrated that vitamin 

D is affecting the TGFα/EGFR-autocrine growth loop (Cordero et al, 2002). The 

EGFR is a transmembrane glycoprotein with intrinsic tyrosine kinase activity that is 

activated by binding with at least five distinct ligands including EGF and TGFα 

(Carpenter, 1987; Hunter and Cooper, 1985). Upon activation, the EGFR initiates a 

number of cellular cascades that lead to induction of cell growth (Hill and Treisman, 

1985; Treisman, 1996). TGFα is a growth factor that is produced by the proteolytic 

cleavage of a transmembrane TGFα precursor (Bringman et al, 1987; Gentry et al, 

1987). Both TGFα isoforms bind to the EGFR and promote cell proliferation 

(Brachmann et al, 1989; Wong et al, 1989). Enhanced co-expression of TGFα and 

EGFR has been shown to generate an autocrine growth loop that constitutes the major 

mitogenic signal in human epidermoid A431 cells (Derynck et al, 1987; Haigler et al, 

1978). Vitamin D was shown to effectively suppress the autocrine and TGFα-induced 

A431 cell proliferation (Cordero et al, 2002). It is possible that vitamin D can act in a 

similar way on olfactory neurosphere formation. For example, the absence of vitamin 

D could be altering the function of mitogenic factors and/or their receptors (such as 

TGFα and EGFR) and thus lead to an increase in cell proliferation and therefore in 

neurosphere formation.  

 

Vitamin D may also be involved in the regulation of the expression of anti-

proliferative factors in the olfactory mucosa such as growth factors, cytokines and/or 

their receptors. For example, it has been shown that vitamin D upregulated the 

expression of bone morphogenic protein-3 (BMP-3) (Faucheux et al, 1999) and the 

addition of BMP4 or BMP7 to olfactory epithelial cultures decreased the number of 
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neural precursors (Shou et al, 1999). These observations suggest that perhaps in the 

absence of vitamin D, the expression of anti-proliferative factors such as the BMPs is 

reduced, and cell proliferation increased and thus contributing to an increase in the 

generation of olfactory neurospheres. 

 

Cell proliferation has been shown to be enhanced in a number of regions of the DVD 

deplete neonatal brain including the dentate gyrus of the hippocampus, the basal 

ganglia/amygdala, and the hypothalamus (Eyles et al, 2003). These findings are 

consistent for the increase in brain size observed in the DVD deplete neonates (Eyles 

et al, 2003). More specifically it was showed that when compared to the control 

animals DVD deplete pups were heavier and had larger and longer hemispheres which 

were associated with an overall larger lateral ventricle volume. In addition, analysis of 

cell death and cell density in regions of the neonatal DVD rat brain revealed no 

significant alterations, thus implicating that the observed overall increase in brain size 

is most probably due to the increased cell proliferation (Eyles et al, 2003). 

Additionally, Féron et al (2005) showed that the changes in ventricle size in the DVD 

deficient animals persisted during adulthood. All of those remarks suggest that a 

plausible explanation of the increased brain size in both the DVD deplete neonates 

and DVD deplete adults may be due to the increase in cell proliferation which 

accounts for the increase in sphere forming units.  

 

The present study reported increase of olfactory neurospheres in the DVD Deplete 

group which is in direct correlation with an observed increased in neurosphere 

number in the DVD deficient rat neonatal SVZ (Cui et al, 2007). This correlation 

implies that the effect of vitamin D deficiency on neurosphere formation persists 

during adulthood. These observations agree with previous findings showing that 

prenatal and early life hypovitaminosis D is associated with a range of persistent 

structural and cellular changes in adult rat brain (Féron et al, 2005). All of these 

observations raise the speculation that epigenetic mechanisms may be involved. The 

binding of Vitamin D to its receptor initiates a cascade of transcription factors that 

untangle the chromatin to allow gene transcription (Aranda and Pascual, 2001; 

Belandia and Parker; 2003). Moreover, vitamin D has been reported to alter gene 

expression via mechanisms involving histone deacetylation (Banwell et al, 2003; 
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Canova et al, 1998). It is possible that the lack of vitamin D during early development 

may permanently alter the expression of various genes via epigenetic mechanisms. 

 

Nevertheless, further work is required to help characterise and elucidate the molecular 

and epigenetic mechanisms by which vitamin D regulates olfactory stem/progenitor 

cell proliferation and neurogenesis.  

 

 4.4.2 Effect of Vitamin D on Neurosphere Formation in HP Control and 

DVD Deplete Groups 

 

Vitamin D affects cell proliferation by reducing the expression of G1/S and G2/M 

cellular gate keeper components such as cyclins D1, B1 and retinoblastoma protein in 

promyelocytic cells (Laud et al, 1997). Therefore, a decrease in the number of 

neurospheres in the presence of this agent would be consistent with its well-known 

anti-proliferative properties. The main finding of this study was that the addition of 

vitamin D had no effect in neurosphere number in the HP Control and DVD Deplete 

groups.  

 

The absence of an inhibitory effect of vitamin D on cell proliferation and thus 

neurosphere formation in both groups (Control and DVD Deplete) is unexpected. The 

observed lack of response to vitamin D in the DVD Deplete group is hard to explain. 

Perhaps, the maternal absence of this ligand may contribute to a gain in function of 

some other pathways regulating cell proliferation that in turn diminish the impact of 

vitamin D.  

 

The absence of an inhibitory response to vitamin D in the Control animals is also 

surprising. The inhibitory effects of vitamin D are well documented in several reviews 

demonstrating its ability to inhibit cell proliferation (DeLuca, 2004; Feldman et al, 

2000; Norman et al, 2002; Holick, 2002, 2004; Lokeshwar et al, 1999; Pirianov and 

Colston, 2001; Hansen et al, 2001). Furthermore, a recent study revealed that vitamin 

D reduced neurosphere production in the neonatal SVZ (Cui et al, 2007).  

 

Vitamin D has been reported to induce its anti-proliferative function by inducing 

differentiation and/or apoptosis in osteoblasts and in various cancer cell lines (Gurlek 
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et al, 2002; Morales et al, 2004; Bernardi et al, 2002; Mogi et al, 2004). Thus it is 

also possible that the effect of vitamin D in the DVD Deplete olfactory mucosal cells 

may be abolished due to a dysfunction in the pathways involved in vitamin D-induced 

differentiation and/or apoptosis. Therefore, more studies need to be undertaken to 

elucidate the precise molecular mechanisms and pathways of vitamin D action in 

DVD deficient animals. 

 

4.4.3 Effect of Vitamin D on Neurosphere Formation in LP Control and 

DVD Deplete Groups 

 

The lack of response to vitamin D on neurosphere formation in HP DVD Deplete and 

Control groups may also be attributed to the age of the cultures. Therefore, the effect 

of vitamin D on neurosphere formation was also examined on DVD Deplete and 

Control olfactory mucosal cultures at early passage (LP cultures).  

 

The main finding indicated that vitamin D had no significant effect on the number of 

neurospheres formed in both the LP DVD Deplete and Control groups. This finding is 

in agreement with the observed lack of response in the high passage DVD Deplete 

and Control groups and contrary to the proposed hypothesis that the addition of 

vitamin D would induce a negative effect on neurosphere formation. These 

observations are also contrary to observed reduction in neurosphere formation in the 

Control neonate SVZ cultures, but agree with the absence of response to vitamin D in 

the DVD Deplete SVZ cultures (Cui et al, 2007). Thus, it is possible that the effect of 

vitamin D on neurosphere formation differs between adults and neonates and/or 

depends on the cell types used to form neurospheres. 

   

4.4.4 High vs. Low Passage  

 

The present investigation revealed that DVD deficiency favoured neurosphere 

formation in olfactory mucosal cultures subjected to extended passaging (high 

passage). This observation implies that passage increases the number of stem and 

progenitor cells and thus neurosphere number in the DVD deficient group. 

There are several reports of molecular and genetic changes in stem cells with 

increased passage number such as changes in the expression of certain cell surface 
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markers and karyotypic stability. Studies using human fibroblast clones revealed 

chromosomal abnormalities, mainly telomeric length variation and unbalanced 

translocations (Mondello et al, 1997). Furthermore, the increase in culture passage led 

to abnormalities in mitosis suggesting that the replicative block may be associated 

with alterations in cytogenetic patterns (Mondello et al, 1997). Other studies in 

murine mesenchymal stem cells revealed that the expression of certain stem cell 

markers changed by prolonged sub- culturing of the cells (Eslaminejad et al, 2007). 

Extended passaging has also been shown to affect the differentiation potential of 

human adipose-derived adult stem cells (Estes et al, 2006). However, the absence of 

such alterations may not necessarily indicate cell line viability and stability and more 

detailed examination is required to validate stem cell competence (Bavister et al, 

2005).    

 

In previous reports, researchers have demonstrated that prolonged subculturing may 

lead to alterations of stability of human embryonic stem cells (hESCs). For instance, 

Rosler et al (2004) revealed that a small proportion of long-term cultured cells could 

undergo genetic mutations which led to alterations in growth rate or proliferative 

ability. In addition, adaptation to culture conditions shortened population-doubling 

time of pluripotent stem cells and enabled these cells to respond more flexibly to 

environmental stimuli (Rosler et al, 2004). These kinds if changes may lead to 

epigenetic alterations in the cells. Maitra et al (2005) reported alterations in the 

cellular DNA of high passage hESCs and suggested that those cells may be sensitive 

to culture conditions for maintaining pluripotency and that hESCs are epigenetically 

regulated by environmental factors. Chromosomal abnormalities (additions to 

chromosomes 17q and 12) have also been reported in long-term cultures of hESCs 

(Draper et al, 2004). Those chromosomes contain genes that are involved in the 

regulation of apoptosis and differentiation (chromosome 17q), and pluripotency 

(chromosome 12) in human embryonic carcinoma cells (Mostert et al, 1998). Based 

on these reports it was concluded that the alterations in those chromosomes explained 

the increased proliferative ability of hESCs according to culture environment (Draper 

et al, 2004). Subsequently, Park et al (2008) confirmed that prolonged subculturing in 

vitro increased the proliferative ability and reduced the differentiation potential of 

hESCs. 
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The present investigation reports that DVD deficiency increased olfactory 

neurosphere formation in cells subjected to prolonged culturing. This finding could 

also imply a gestational or foetal imprinting effect of DVD deficiency on neural 

stem/progenitor cells. For instance, an earlier review suggested that maternal 

imprinting with low prenatal vitamin D could contribute to the risk of various adult 

onset disorders in the descendents (McGrath, 2001). Hormonal imprinting is a well-

established phenomenon that takes place in the developing cells when a hormone 

meets its target receptor usually in the perinatal period (Csaba, 2000; Tchernitchin 

and Tchernitchin, 1992). A recent report observed an effect of neonatal hormonal 

imprinting on mothers by vitamin D that can be transmitted transgenerationally 

(Tekes et al, 2009).  

 

Overall, the finding that DVD deficiency increased olfactory neurosphere formation 

in cells subjected to prolonged culturing suggests the possibility of hormonal 

imprinting of DVD deficiency that may be leading to epigenetic modifications that 

alter some of the molecular mechanisms involved in cell proliferation in cultures 

subjected to prolonged passage. Consequently, further examinations need to be 

undertaken to explore the difference between high and low passage and the molecular 

and cellular mechanisms regulated by DVD deficiency.  

 

4.4.5 Effect of Vitamin D on Neurosphere Diameter in HP and LP Control 

and DVD Deplete Groups 

 

The neurosphere diameter studies made two important findings: 1) Control 

neurospheres were larger than DVD Deplete neurospheres in both HP and LP groups 

in the absence of vitamin D. 2) The addition of vitamin D significantly reduced the 

neurosphere diameter in the Control groups (HP and LP), but not in the LP DVD 

Deplete groups. 

 

In the absence of vitamin D, the Control neurospheres were significantly larger than 

the DVD Deplete neurospheres in both HP and LP groups. Conversely, the DVD 

Deplete neurospheres consist of more cells than the Control neurospheres (in the HP 

group) suggesting that although the DVD Deplete neurospheres are smaller in 

diameter they are more compact than the Control neurospheres. The size/diameter of 
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neurospheres has been considered to be related to the mitotic rate of daughter cells 

within the neurospheres (Torraglosa et al, 2007). Thus, it is possible that dividing 

cells in the DVD Deplete neurospheres have shorter cell cycles which may account 

for the higher cell number in those neurospheres. On the other hand, the DVD Deplete 

neurospheres may consist of a greater number of cells in mitosis.  

 

The present investigation reported that although vitamin D had no effect on 

neurosphere number, it significantly reduced the neurosphere diameter in the Control 

groups (HP and LP), but not in the DVD Deplete groups (HP and LP). Similar 

observation has been reported previously demonstrating that at certain concentrations, 

diacylglycerol-pyrophosphate, an inhibitor of lysophosphatidic acid-induced 

neurosphere proliferation, significantly reduced neurosphere area but not number 

(Svetlov et al, 2004). Although, most researchers consider the number of newly 

formed neurospheres to reflect the number of dividing cells, some consider 

neurosphere size more relevant to the mitotic rate of daughter cells within the 

neurosphere (Torroglosa et al, 2007). Thus, it is possible that vitamin D affected cell 

proliferation in the Control group by decreasing the mitotic rate of the cells within the 

neurospheres. This hypothesis agrees with the well-known antiproliferative effects of 

vitamin D in other cells. The absence of this effect in the DVD Deplete groups was 

unexpected, but consistent with the observation that vitamin D had no effect on 

neurosphere number as well. Cui et al (2007) had reported a similar lack of response 

in the number of neurospheres derived from neonatal rat SVZ cells cultured with 

vitamin D. Those observations suggest that the absence of vitamin D during early 

development may have induced a change in the VDR that abolished its function. It is 

also possible that the absence of this ligand during development may be activating 

other pathways that regulate cell proliferation and thus diminish the impact of vitamin 

D (Cui et al, 2007).  

 

Vitamin D decreased the diameter of neurospheres derived from the LP Control group 

after 3 days in culture. However, in HP Control cultures this effect became evident 

after 5 days in culture, suggesting a delay in the impact of vitamin D on neurosphere 

diameter in cells subjected to prolonged passaging. Therefore, primary cells or cells 

that have undergone fewer passages would be more suitable for investigating the 

effect of vitamin D on neurosphere diameter and formation.  
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4.4.6 Summary 

 

In summary, this study demonstrated the following main findings: 1) DVD deficiency 

in utero increased the number of neurospheres derived from adult olfactory mucosal 

cultures. This effect was independent of passage number. 2) Vitamin D had no effect 

on neurosphere number. 3) DVD deficiency favoured neurosphere formation in the 

HP treatment group. 4) Vitamin D significantly reduced the neurosphere diameter in 

the Control groups (HP and LP), but had no effect on their diameter in the LP DVD 

Deplete group.  

 

One of the most remarkable findings of this examination was that although the 

addition of vitamin D had no effect on the neurosphere number in any of the groups, it 

significantly reduced their diameter in the Control groups (HP and LP). Reduction in 

neurosphere size/diameter is associated with a decrease in cell division of neurosphere 

forming cells in the Control groups. As previously mentioned, the involvement of 

vitamin D in cellular growth and differentiation are well characterized (Peterlik and 

Cross, 2005). Vitamin D regulates over 60 genes (Haussler et al, 1998) many of those 

in prostate, colon, and breast cancer cells are positively (i.e. stimulation of 

differentiation) or negatively (i.e. suppression of proliferation) regulated through the 

VDR (Nagpal et al, 2005). The observed decrease in diameter, and therefore decrease 

in cell division, in the Control group when stimulated with vitamin D is in agreement 

with the notion that the addition of vitamin D would cause a negative effect on 

neurosphere cell proliferation.  

 

The other remarkable observation was that DVD deficiency favoured neurosphere 

formation in cells that have been subjected to prolonged passaging (HP treatment 

groups). This finding suggested that passage increases the number of stem and 

progenitor cells and thus neurosphere number in the DVD deficient group. 

 

All of these findings give rise to many questions that need to be addressed. A more 

thorough and extensive analysis can be undertaken to examine the impact of vitamin 

D on olfactory neurosphere diameter and formation at both the molecular and cellular 

level, and to help elucidate the role of vitamin D deficiency on adult olfactory 

neurogenesis. 
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4.5 Future Directions 

 

4.5.1 The Impact of DVD Deficiency on VDR Expression 

 

The observed increase of neurosphere formation in the DVD Deplete group may also 

be due to alterations in the VDR expression patterns in the DVD Deplete animals. 

Previous studies show that vitamin D depletion poses no effect on the pattern of VDR 

expression in the neonatal SVZ neurospheres (Cui et al, 2007). However, no such 

investigation has been undertaken in the adult olfactory neurospheres. Therefore, the 

impact of vitamin D deficiency on VDR expression in the olfactory neurospheres can 

be examined. 

 

 4.5.2 The impact of Vitamin D Deficiency on Apoptosis 

 

Vitamin D mediates its antiproliferative effects by impeding mitosis and/or apoptosis. 

Therefore, apoptosis analysis can be undertaken to explore the effect of vitamin D and 

DVD deficiency in the DVD Deplete and Control groups. 

   

4.5.3 Cell Density Analysis 

 

Cell density is a crucial factor that influences the formation of neurospheres. Several 

studies in other model systems have reinforced the notion that cell density controls the 

susceptibility of cells to apoptosis (Saeki et al, 1997; Kuhn et al, 1999; Bar et al, 

2004). Vitamin D has been shown to induce apoptosis in a rat osteosarcoma cell line 

when cells are plated at high density, whereas at low density vitamin D exerts anti-

apoptotic effects during the initial days in culture (Witasp et al, 2005). Perhaps, a 

study can be embarked on to explore the impact of vitamin D and DVD deficiency on 

olfactory neurospheres that are generated at different cell densities. 
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4.5.4 Neurosphere Assay Examination over a Longer Time Period 

 

The present examination assessed the effect of vitamin D and DVD deficiency on 

neurosphere formation at two time points – after 3 days in culture (generally, the first 

day of formation) and after 5 days in culture. In many cases it was observed that the 

impact of vitamin D was more prominent after 5 days in culture. Furthermore, it is 

possible that after 3 days in culture, many of the formed large neurospheres that 

appeared over 50 m in diameter may be fusions of two or more smaller neurospheres 

due to the initial high seeding density. Therefore, the impact of vitamin D may also 

depend on the time the neurospheres have been grown in culture. Therefore, the effect 

of vitamin D on the generation of olfactory neurospheres over a longer time period 

can be examined.  

 

4.5.5 Impact of Vitamin D on Olfactory Stem Cell Self-Renewal 

 

Studies conducted in our laboratory have shown that neurospheres from the olfactory 

mucosa can successfully be passaged and propagated into multiple generations of 

neurospheres thus demonstrating the ability of olfactory stem and progenitor cells that 

give rise to the neurospheres to self-renew. Consequently, a variety of clonal 

experiments can be undertaken to assess the effect of vitamin D and DVD deficiency 

on the ability of neurosphere forming cells to undergo self-renewal. Expanded 

primary olfactory mucosa cells derived from DVD deficient animals could be cloned 

and neurospheres generated. These clonal neurospheres could then be dissociated and 

induced to form second generation clonal neurospheres. The effect of vitamin D on 

the second generation of olfactory neurospheres can then be examined. 

 

 4.5.6 Neurosphere Analysis in Adult DVD Deficient Olfactory and Neural 

Stem Cell Cultures 

 

The effect of vitamin D on neurospheres generated from the adult brain of DVD 

deplete animals (e.g. from the SVZ) can be examined. This will enable a comparison 

between adult olfactory mucosal and adult brain neurospheres and thus establish 
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whether the effect of vitamin D and DVD deficiency vary between neurospheres 

originating from cells derived from different brain regions.  

 

 4.5.7 Neurosphere Analysis in DVD Deficient Adult Olfactory Mucosal 

and Neonatal Olfactory Mucosa Cultures 

 

A comparative study can be embarked on to look at the effects of vitamin D and DVD 

deficiency on neurosphere formation in the DVD deplete neonatal and adult olfactory 

mucosal cultures. There are no previous reports exploring the effect of DVD 

deficiency on neurosphere formation in the neonatal olfactory mucosa. However, this 

investigation may prove to be difficult and laborious to perform due to the small size 

of the neonatal olfactory tissue. 

 

 4.5.8 Impact of DVD Deficiency on Molecular Changes in High and Low 

Passage Olfactory Mucosal Cultures 

 

As previously mentioned, the increase in passage number in stem cells could lead to 

genetic and molecular changes in karyotypic stability and the expression of certain 

cell surface markers. Furthermore, increase in passage number may lead to mitosis 

irregularities, chromosomal abnormalities mainly in telomeric length variation and 

unbalanced translocations (Mondello et al, 1997). To my knowledge, there are no 

previous reports of studies examining the molecular or cellular differences between 

high and primary or early passage olfactory mucosal cultures. Thus a study can be 

undertaken to explore those differences by inspecting changes in cell surface markers 

and perhaps a molecular investigation in chromosomal abnormalities. 
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Chapter Five 

 

The Impact of Vitamin D Receptor Inactivation on  

Stem and Progenitor Cell Proliferation in 

The Olfactory System and the Brain 
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5.1 Introduction 

 

Vitamin D deficiency during development induced long-lasting changes in brain 

structure and behaviour in the adult offspring (Burne et al, 2004; Becker et al, 2005; 

Féron et al, 2005; Kesby et al, 2006). In a rat model for developmental vitamin D 

deficiency (DVD), Eyles et al (2003) demonstrated that vitamin D deficient pups have 

a significant increase in proliferating cells in the brain. On the contrary, the addition 

of vitamin D to cultured foetal hippocampal neurons resulted in a reduction in cell 

proliferation (Brown et al, 2003). Furthermore, the presence of both mRNA and 

protein for VDR in the developing brain agrees with the global cessation of mitosis 

(Burkert et al, 2003).  

 

The present study explored the impact of vitamin D receptor inactivation on cell 

proliferation using the VDR knockout (VDR KO) animals as a model. In this model, 

vitamin D signalling is chronically reduced as opposed to the DVD model where 

vitamin D signalling was only reduced for a short period of time during gestation. 

Mice lacking the VDR were generated by targeted gene disruption (Yoshizawa et al, 

1997) and are used to investigate the role of vitamin D and VDR in various 

physiological processes in intact animals. These animals are characterised by 

alopecia, reductions in both body size and weight and impaired motor coordination 

(Burne et al, 2005). Other studies suggest that increased grooming behavioural 

phenotype may be associated with genetic disruption of VDR in mutant mice (Kalueff 

et al, 2004). More behavioural abnormalities associated with the ablation of the VDR 

gene include disrupted nest building behaviour (Keisala et al, 2007), altered 

emotional behaviour (Minasyan et al, 2007), abnormal social behaviours, reduced 

social barbering and aggressiveness, and aberrant maternal (pup neglect, cannibalism) 

behaviours (Kalueff et al, 2006). All of these observations confirm the important role 

of vitamin D and VDR in the brain particularly in the regulation of behaviour, and 

suggest that mice lacking a functional VDR may provide a useful tool to model 

different brain disorders (Kalueff et al, 2006). 

 

The first aim of this project was to investigate the impact of chronic vitamin D 

deficiency on olfactory neurogenesis using the neurosphere assay. This assay is 
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widely used to quantify the effect of internal or external cues on progenitor cell 

growth (Young et al, 2006). Furthermore, the neurosphere assay enables an evaluation 

of the functional character of the neural progenitor cells in vitro (Morshead et al, 

2003). Previous investigations have demonstrated that the removal of vitamin D from 

the diet during gestations caused an increase of neurosphere production in cells 

dissociated from neonate SVZ zone (Cui et al, 2007). Furthermore, the findings 

described in the previous chapter revealed that DVD depletion also increased 

olfactory neurosphere number in adult rat. It is expected that the inactivation of the 

VDR in the VDR KO model would result in a similar outcome with a marked increase 

in cell/progenitor cell proliferation and thus neurosphere formation.  

 

The other aim was to examine the impact of VDR inactivation on stem and progenitor 

cell proliferation in the adult brain in vivo. The dynamics of cell proliferation was 

examined in regions previously identified as neurogenic in adult rodents, namely the 

SVZ of the lateral ventricles, the DG of the hippocampal formation, and the OE. The 

role of the VDR in vitamin D-mediated antiproliferative effects is well characterised 

in many tissues. Thus it was speculated that the VDR KO animals would have an 

increase in cell proliferation in the adult brain. Other studies have demonstrated 

similar outcomes. For instance, previous reports have characterised the VDR KO 

animals as a model of colorectal hyperproliferation (Kallay et al, 2001). Furthermore, 

in VDR KO mice, VDR ablation is demonstrated to increase sensitivity to mammary 

gland tumourogenesis and chemical-induced skin carcinogenesis, thus supporting the 

role of vitamin D signalling in tumour development resulting from altered cell 

proliferation (Welsh, 2004; Zinser et al, 2002). Another study demonstrated that in 

VDR KO animals, the VDR plays a major role in vitamin D-mediated 

antiproliferative effects in tumour-derived endothelial cells and in the development of 

tumour angiogenesis in vivo (Chung et al, 2009).  
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5.2 Materials and Methods 

 

5.2.1 Animals 

 

VDR KO mice were provided by Dr Edith Gardner (Garvan Institute of Medical 

Research, Sydney, Australia; with permission from Dr. Yoshizawa). Yoshizawa et al 

(1997) created them by replacing the 1.1kb fragment containing exon 2 of the VDR 

with a PGK-neo cassette. Exon 2 of the VDR encodes the first zinc-finger of the DNA 

binding domain which is essential for the biological function of the VDR. Targeted 

TT2 ES cell clones were introduced into CD-1 8-cell embryo and implanted in 

pseudopregnant CD-1 females. Heterozygous mice were created by mating chimeric 

males with C57BL/6 female mice. All further mice generated were maintained on a 

mixed C57BL/6-129/SvJ background and the phenotype established from at least five 

generations.  

 

5.2.2 Genotyping 

 

For details refer to Chapter 2, section 2.2.5. Briefly, genomic DNA was isolated from 

mouse tail or ear fragments using the phenol:chloroform:isoamyl alcohol method 

(25:24:1) (pH 8.0). DNA concentration was determined by measuring the absorbance 

at wavelengths of 260 nm and 280 nm in a spectrophotometer. PCR amplifications 

were performed using the following primers:  

 

Forward: 5‘- CTGCTCTTCTTACAGGGATGG; 

Reverse: 5‘- GACTCACCTGAAGAAACCCTT  

These primers were used to amplify the VDR band of 166 base pairs. 

 

Forward: 5‘- ATCTTCTGTCATCTCACCTTGC; 

Reverse: 5‘- CAAGCTCTTCAGCAATATCACG 

These primers were used to amplify the approximately 450 base pairs Neo band.  

 

PCR products were then confirmed by gel electrophoresis. 

 



103 

 

5.2.3 Neurosphere Assays 

 

Animals were sacrificed using CO2 asphyxiation and the olfactory mucosa was 

isolated and dissociated (for details refer to Chapter 2, section 2.1.2). All cells were 

plated onto a 75 cm
2
 flask in 10% FBS medium and cultured until confluence was 

reached. The cells were passaged and replated onto poly-l-lysine and laminin coated 

plastic 96-well plates at a density of 20000 cells/cm
2 

in 50 ng EGF and 25 ng bFGF 

supplemented medium (excluding FBS). Additionally, vitamin D was added at a 

range of 10
-12

M to 10
-4

M to the growth factor supplemented medium. The number and 

size of generated neurospheres was noted at the first day of formation (i.e. 3 days in 

culture). The average number of cells in a single neurosphere was estimated by 

collecting 10 neurospheres per treatment and gently dissociating them with trypsin by 

incubation for 4-6 minutes at 37
o
C in the water bath. The total cell number of those 

neurospheres was divided by 10 to give an estimate of the average cell number in a 

single neurosphere. This number was multiplied by the total number of neurospheres 

to give an estimate of the total number of cells in all neurospheres.  

 

5.2.4 Bromodeoxyuridine (BrdU) Administration 

 

Animals were injected intraperitoneally with the thymidine analogue BrdU (Sigma). 

BrdU stock (5 mg/ml) was prepared in 0.9% saline/0.007N NaOH. Young adult 

animals (30 - 35 days) were injected with 50 µg/gbw of BrdU every 8 hours over a 24 

hour period.  

 

5.2.5 General Tissue Preparation 

 

Animals were either deeply anesthetised with 12 mg/ml Nembutal and perfused with 

4% paraformaldehyde or sacrificed by with CO2 asphyxiation (as outlined in the 

Australian Code of Practice for the Care and Use of Animals for Scientific Purposes 

and the Animal Ethics Committee) (NHMRC, 1997). The brains and nasal cavities 

were dissected out and post-fixed in the same fixative solution under vacuum 

overnight, and then stored in 30% sucrose for 48 hours. Nasal cavities were 

decalcified with EDTA pH 7.0 for 5 days. The tissues were sectioned in the coronal 

plane at 8 µm using a freezing microtome.  
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5.2.5.1 Tissue Preparation Details 

 

All animals were sacrificed 1 hour after the last BrdU injection. For the purposes of 

this investigation two sets of mice were used as displayed in Fig. 5.1 which illustrates 

the general methods employed in this study. The first set of animals were perfusion-

fixed and  used to extract the brains, whereas the other set of animals were sacrificed 

by CO2 asphyxiation and were used to dissect out the olfactory mucosa from the nasal 

cavities.  

 

The entire experiment was replicated on a second occasion because analysis of the 

blood plasma calcium levels on animals of the first experiment (conducted by Dr Tom 

Burne and Dr Darryl Eyles) revealed that all of the VDR KO homozygous animals 

used for the initial experiment were hypocalcemic and developed rickets. 

Subsequently, new animals were bred and continually supplied with a diet containing 

elevated (2%) calcium to prevent disturbances in calcium homeostasis. Hence, the 

experiment was repeated to make sure the observations resulted from lack of vitamin 

D receptor and not from lack of calcium. 
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Figure 5.1:  A flow chart illustrating the general methods used for the BrdU cell 

proliferation assay. WT: wild-type; HET: heterozygous; HOM: homozygous; CO2: 

carbon dioxide.  

 

 

5.2.6 BrdU Immunohistochemistry 

 

Frozen sections were processed for BrdU immunohistochemistry by autoclaving 

slides at 120
o
C in 6M citric buffer for 10 minutes following by a wash with PBS. 

Slides were then immersed in 2N HCl for 30 minutes at 37
o
C and washed with borate 

buffer pH 8.6. After washes with PBS, sections were incubated for 30 minutes in 

0.03% hydrogen peroxide. Next, sections were blocked for 1 hour room at 

temperature in a medium containing 10% HS, 5% BSA, 0.01% Triton X solution and 

PBS; and then incubated overnight at 4
o
C with primary monoclonal antibody to BrdU 

(1 g/ml in blocking solution). After brief washes with PBS, sections were treated 

with biotinylated secondary antibody (5 g/ml in PBS), and then were incubated in 

avidin-biotin complex (ABC) for 1 hour at room temperature. The final incubation 

was in 0.05% DAB to enable the detection of dividing cells. Tissue sections were then 

coversliped with DePex. 

Inject mice with BrdU every 8 hour for a 24 hour period 

Sacrifice animals  

By intracardial perfusion 

(9 animals – 3 WT, 3 HET, 3 HOM) 

Sacrifice animals  

By CO2 asphyxiation 

(9 animals – 3 WT, 3 HET, 3 HOM) 

Dissect out brains Dissect out olfactory mucosa 

Fix with 4% paraformaldehyde and place in vacuum chamber overnight 

Incubate in 30% sucrose for 48 hour 

Section tissue with a freezing  

Microtome at 8 μm 

Decalcification of nasal cavities 
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5.2.7 Cell Counting 

 

The following analysis was conducted on three animals from each group (i.e. 3 WT, 3 

HET, 3 HOM). Cell counts were made in the DG region of the hippocampus, the SVZ 

of the lateral ventricles, and the OE in the olfactory system. Quantification was 

performed blind to group status. The entire brain and the nasal cavity of each animal 

were cut at 8 µm-thick sections in the coronal plane with a freezing cryostat and 

processed for BrdU immunohistochemistry using a monoclonal anti-BrdU antibody. 

BrdU analysis was conducted on 10 sections from the DG, 10 sections from the SVZ 

and 3 sections from the OE for each animal. All brain sections were separated from 

the adjacent section by approximately 100 µm (the top section of every fifth slide was 

picked and each slide had 3 sections). In the olfactory epithelium, all dividing cells 

along two-thirds of the nasal septum were counted (Fig. 5.7J). The olfactory epithelial 

sections were separated from the adjacent sections by approximately 40 µm (the top 

section of every third slide was picked and each slide had 3 sections). Dividing cells 

in the lamina propria and apoptotic cells were excluded. To assist with cell counts and 

subsequently provide a more accurate result the entire region of each section that was 

analysed was sequentially photographed and then all dividing cells counted. 

 

5.2.8 Statistics 

 

For each experiment neurosphere assays were conducted at least three times. Each 

individual assay was performed in four wells for each condition and counts analysed 

using two-way ANOVA with the main factors of animal type (VDR KO or wild-type) 

and vitamin D (10
-12

M to 10
-4

M vitamin D). The results are represented as means with 

standard errors (S.E.M). The statistical criterion for significance was defined as  = 

0.05. For the in vivo cell proliferation analysis, all comparisons were conducted blind 

to treatment. One-way ANOVA was used to compare the mean number of BrdU 

positive cells. The statistical program used for all analyses was GraphPad Prism.  
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5.2.9 Microscopy 

 

All images were taken using BK50 inverted microscope at either 20X or 40X 

magnifications.  
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5.3 Results 

 

5.3.1 Genotyping 

 

The genotype of the animals was determined prior to all proceeding experiments. Fig. 

5.2 illustrates a typical representation of a gel for VDR KO genotyping after 

performing PCR of genomic DNA. The genotype of the animals was characterised 

according to the presence and/or absence of the VDR exon 2 fragment (  140 bp) and 

the Neomycin fragment (  450 bp). The presence of both fragments indicated that the 

genotype of the animal was heterozygous, the presence of only the neomycin band 

signified that the animal was homozygous (i.e. VDR KO), whereas the absence of the 

neomycin band and the presence of a VDR band was an indication that the animal 

was wild-type. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2: Gel representation of PCR products during genotyping of VDR KO 

animals. The presence of both the neomycin (Neo) and the VDR bands indicates a 

heterozygous (HET) phenotype; the homozygous (HOM) phenotype is depicted by 

the absence of a VDR band; the wild-type (WT) phenotype is represented by the 

absence of a neomycin band. 
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5.3.2 Neurogenesis in Vitro in VDR KO Animals 

 

5.3.2.1 Generation of Neurospheres  

 

Neurosphere number in the WT and VDR KO animals was analysed after 3 days in 

culture (Fig. 5.3). There was no significant difference in neurosphere number between 

the two genotypes (t-test, p > 0.05).  

 

 

 

 

 

 

 

 

 

Figure 5.3: Effect of vitamin D inactivation on neurosphere formation. There was no 

significant difference in neurosphere number between the WT and VDR KO animals. 

Values depict the mean number of neurospheres in the WT and VDR KO olfactory 

mucosal cultures after 3 days in culture (±SEM).  

   

 

5.3.2.2 Effect of Vitamin D on Neurosphere Number 

 

There was variability in neurosphere number in both genotypes at different vitamin D 

concentrations (Fig. 5.4). The addition of vitamin D significantly reduced the number 

of neurospheres generated in the WT olfactory mucosal cultures, but had no effect on 

neurosphere number in the VDR KO cultures (two-way ANOVA; p > 0.05).  

 

 

 

 

 

 

 

WT HOM
0

10

20

30
WT

HOM

N
u

m
b

e
r 

o
f

N
e
u

ro
s
p

h
e
re

s



110 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4: Effect of vitamin D on neurosphere formation in VDR KO animals. 

Vitamin D reduced neurosphere number in the WT but not the VDR KO olfactory 

mucosa. Values are mean number of neurospheres arising from 2500 cells per cm
2
 

after 3 days in culture (±SEM). The points show the average number of neurospheres 

at different concentrations of vitamin D.  

 

 

5.3.2.3 Neurosphere Diameter Analysis 

 

Neurosphere diameter varied between the WT and the VDR KO genotypes at 

different concentrations of vitamin D (Fig. 5.5). There was no significant effect of 

vitamin D on the neurosphere diameter between the two genotypes (two-way 

ANOVA; p > 0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: Effect of vitamin D on neurosphere diameter in VDR KO animals. The 

neurosphere diameter in WT and VDR KO (HOM) mice was not affected by vitamin 

D. Data are shown as mean neurosphere diameter (±SEM). The points show the 

average neurosphere diameter at the different concentrations of vitamin D. 
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5.3.2.4 Total Number of Cells in Neurospheres  

 

There was variability in both neurosphere number and diameter in both genotypes 

(WT and VDR KO) and at different vitamin D concentrations. An estimate of the total 

number of cells was calculated from neurosphere number, neurosphere volume 

(calculated form diameter) and cell volume (calculated from the number of cells in 10 

neurosphere in each treatment condition). Fig. 5.6 shows the effect of vitamin D and 

genotype on the total cell number. Vitamin D significantly reduced cell number in the 

WT but not the VDR KO animals. This effect of vitamin D was present at 10
-12

M. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: Effect of vitamin D on neurosphere cell number in VDR KO animals. 

Vitamin D significantly reduced cell number in the WT but not the VDR KO (HOM) 

animals. Data are shown as mean cell numbers in all neurospheres at different 

concentrations of vitamin D (±SEM).  
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5.3.3 Cell Proliferation in Vivo in Adult VDR KO Animals  

 

Cell proliferation was examined in the DG of the hippocampus, the SVZ of the lateral 

ventricles (Fig. 5.7), and the OE. 

 

 

 

 

 

Figure 5.7: Histological representation of mouse brain sections stained with 

haematoxylin and eosin. The rectangled areas display the DG region of the 

hippocampus (A) and the SVZ of the lateral ventricle in (B). 

 

 

5.3.3.1 Cell Proliferation in the Hypocalcemic Animals 

 

The present study investigated the impact of VDR inactivation in the hypocalcemic 

group of animals. Differences in cell proliferation between the control (WT and HET) 

and the VDR KO (HOM) animals were quantified by counting all dividing cells 

labelled with BrdU (Fig. 5.8).  
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Figure 5.8: Histological analysis of BrdU-labelled dividing cells in brain and nasal 

cavity sections in adult mice. B and C represent dividing cells in the hippocampus; E 

and F represent dividing cells in the subventricular zone; H and I represent dividing 

cells in the olfactory epithelium. The rectangled region corresponds to the area where 

cell counts in the olfactory epithelium were performed (J). A, D, and G are negative 

controls (without primary antibody). Scale bar: 40 µm A, B, D, E, G and H; 20 µm C, 

F and I; 80 µm J. 
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Cell proliferation in the hypocalcemic VDR KO (HOM) animals was significantly 

reduced in all neurogenic regions examined in this study (Fig. 5.9; p  0.05). Cell 

proliferation was also notably reduced in the SVZ of the HET animals.  
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Figure 5.9: Cell proliferation in hypocalcemic VDR KO animals. Cell proliferation 

was significantly reduced in the brain and the OE of hypocalcemic VDR KO animals. 

Data are shown as mean of dividing cells (±SEM) in the dentate gyrus (A), 

subventricular zone (B), and olfactory epithelium (C).   
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5.3.3.2 Cell Proliferation in the Normocalcemic Animals 

 

Cell proliferation in the normocalcemic VDR KO animals was significantly reduced 

in all neurogenic regions examined (Fig. 5.10; p  0.05). The number of dividing cells 

was also reduced in the SVZ and the OE of the normocalcemic HET animals.  

 

A.                                                                         B.  

 

C.           

 

 

 

 

 

 

 

 

 

 

Figure 5.10: Cell proliferation in normocalcemic VDR KO animals. Cell proliferation 

was significantly reduced in the brain and the OE of normocalcemic VDR KO 

animals. Data are shown as mean of dividing cells (±SEM) in the dentate gyrus (A), 

subventricular zone (B), and olfactory epithelium (C).   
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5.4 Discussion 
 

The main findings of this study were: 1) there was no difference between genotypes in 

the number of neurospheres generated from olfactory mucosal cells under basal 

culture conditions. 2) Vitamin D decreased the number of neurospheres and the total 

number of cells produced by the WT but not VDR KO olfactory cultures. 3) VDR KO 

genotype led to significantly fewer numbers of proliferating cells in all neurogenic 

zones examined (DG, SVZ, and OE). This effect was independent of calcemic status 

of the animals.  

  

5.4.1 Impact of VDR Inactivation on Olfactory Neurosphere Number 

 

The well-established role of vitamin D as an anti-proliferative agent in a wide variety 

of tissues gave rise to the hypothesis that the lack of vitamin D (i.e. DVD deficiency) 

would alter cell proliferation and enhance neurosphere formation. The present study 

investigated olfactory neurosphere formation in mice lacking a functional VDR. The 

above mentioned hypothesis was based on the assumption that vitamin D imposes its 

anti-mitotic effects mainly by acting through a functional VDR therefore implying 

that in the lack of its receptor vitamin D would not be able to impose its inhibitory 

effects on neurosphere formation. The main finding of this investigation was that the 

VDR status did not affect the ability of the olfactory mucosa to produce neurospheres. 

This observation suggested that the number of olfactory stem/progenitor cells was not 

affected in the VDR KO animals and indicated that the nuclear VDR is not required 

for olfactory neurosphere formation. Similar findings were made on the effect of the 

VDR in the hematopoietic system of VDR KO animals (O‘Kelly et al, 2002). VDR 

expression has been detected in various normal and leukemic hematopoietic 

progenitor cells (Kizaki et al, 1991; Provvedini et al, 1983). VDR KO animals were 

used to investigate the possible role of the VDR in hematopoiesis. In this study, 

hematopoiesis, as reflected by peripheral blood count, bone marrow morphology and 

myeloid colony formation, appeared normal and did not differ between VDR KO and 

WT mice. These observations indicated that normal hematopoiesis does not require a 

functional VDR (O‘Kelly et al, 2002). 
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The present investigation also observed that there was no difference in neurosphere 

number between the WT and the VDR KO cultures. This finding complied with the 

proposed hypothesis and confirmed that vitamin D inhibits cell proliferation using a 

functional VDR.  Many previous reviews have demonstrated that the growth 

suppressive effects of vitamin D are mediated by a functional VDR. For instance, 

vitamin D and some of its synthetic analogues have been shown to inhibit the growth 

of prostate carcinoma cell lines by acting thought the VDR (Ly et al, 1999; Zhao et al, 

1999). Vitamin D also modulates cell cycle arrest, differentiation and apoptosis of 

stromal and epithelial cells derived from mammary gland and breast cancers via a 

functional VDR (Lefebvre et al, 1995; Simboli-Campbell et al, 1996; Kanazawa et al, 

1999; Narvaez et al, 2001). 

 

5.4.2 Effect of Vitamin D on Neurosphere Number, Diameter and Cell 

Number in VDR KO Animals 

 

The presence of the nuclear receptor of vitamin D has been known for many years. 

However, in the mid 1980‘s a plasma membrane receptor was discovered which can 

mediate rapid responses that cannot be explained as the simple consequence of the 

nuclear VDR regulating gene expression (Norman, 2006). One report demonstrated a 

putative plasmalemmal receptor mediating rapid responses to vitamin D detected in 

the chick brain (Jia et al, 1999). Yet other reviews assumed that the classic VDR in 

some cells is also associated with caveolae present in the plasma membrane (Norman, 

2006). Okamura et al (1995) revealed that vitamin D and its metabolites are 

conformationally very flexible. Accordingly, this conformational mobility of vitamin 

D allows it to generate different shaped ligands that, in principle, are available for 

binding to receptors involved with vitamin D-mediated biological responses which 

could be both genomic and rapid (Norman et al, 2002; Norman, 2006). 

 

Consequently, this study explored whether vitamin D affects olfactory neurosphere 

formation, neurosphere cell number, and neurosphere diameter by acting through a 

receptor different than the VDR. As previously mentioned, it is hypothesised that the 

addition of vitamin D would promote growth suppressive effects on olfactory 

neurosphere number considering that this agent acts on cell proliferation only through 

a functional VDR. Nevertheless, these effects should not influence neurosphere 
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formation in the VDR KO animals based on the assumption that vitamin D acts only 

through the classic nuclear receptor. The main findings of this study were that vitamin 

D had no effect on neurosphere diameter in both the WT and the VDR KO animals 

and the addition of vitamin D significantly decreased the formation of neurospheres 

and the neurosphere cell number in the WT cultures. This observation is in direct 

agreement with the well established antiproliferative effects of vitamin D. The other 

finding was that vitamin D did not have a significant inhibitory effect in the VDR KO 

cultures which was expected assuming that vitamin D inflicted this effect solely by 

acting through a functional VDR. 

 

Collectively, these findings confirmed that vitamin D imposes its growth suppressive 

effects on olfactory neurosphere formation by acting through a function VDR and not 

through the putative membrane receptor.  

 

5.4.3 Association between Neurosphere Diameter and Cell Number in the 

Absence of Vitamin D  

 

The neurosphere size and cell number analysis indicated that in the absence of 

vitamin D, the WT neurospheres are significantly smaller and consist of more cells 

than the VDR KO neurospheres. As mentioned in the previous chapter, there is an 

association between neurosphere size/diameter and cell cycle length of the mitotic 

cells within the neurospheres (Torraglosa et al, 2007). Thus, it is possible that 

dividing cells in the WT neurospheres have shorter cell cycles and/or consist of a 

greater number of cells in mitosis.  

 

5.4.4 Cell Proliferation Analysis in Vivo in Adult VDR KO Animals 

 

The function of the VDR has been intensively explored in cell culture systems 

(Haussler et al, 1998; Darwish and DeLuca, 1993). Nevertheless, the physiological 

role of the VDR in target tissues during development and in intact animals has not 

been well characterised. Subsequently, mice deficient of VDR were generated by 

targeted gene disruption to investigate the role of the VDR in vivo (Yoshizawa et al, 

1997). The VDR KO mice are found to be similar to their HET and WT littermates in 

growth rate and behaviour, and appear functionally normal after birth until weaning. 
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However, after weaning, the VDR KO mice start to display growth retardation and 

impaired bone formation, alopecia, and most of them die by 15 weeks (Yoshizawa et 

al, 1997). Histological analyses showed no apparent abnormalities in VDR-expressing 

tissues such as the intestine, kidney, brain, and spleen in 7 to 13 week old VDR KO 

mice (Bouillon et al, 1995; Walters, 1992). 

 

The main aim of this study was to characterise the role of the VDR on cell 

proliferation using the VDR KO mice as a model system. Particularly the impact of 

VDR inactivation on stem/progenitor cell proliferation was explored in the brain and 

the olfactory system during adulthood in vivo. Differences in cell division were 

examined in regions previously identified as neurogenic which included the DG of the 

hippocampus, the SVZ of the lateral ventricles and the OE. By analysing mitosis in 

neurogenic regions during adulthood this study provided an insight of the impact of 

VDR inactivation on stem and progenitor cell proliferation in vivo. 

 

The initial observations revealed that there was a significant decrease in cell 

proliferation in all neurogenic regions examined in the VDR KO animals. However, 

realising that all of the VDR KO animals used for this study were hypocalcemic 

implied that the observed effect may not have been solely due to a lack of a functional 

VDR and instead may have been also contributed by the effect of low calcium levels. 

Furthermore, in previous studies an association between the inhibitory effects of 

vitamin D and its calcemic activity could not be excluded. Several investigations have 

reported that calcium and vitamin D play important roles in the inhibition of cell 

proliferation in colon and prostate cancer development (Boyapati et al, 2003; Kristal 

et al, 2002). Moreover, in vitro studies showed that calcium and vitamin D inhibit cell 

proliferation (Cross et al, 1995), induce cell differentiation (Lointier et al, 1987), and 

stimulate apoptosis (Penman et al, 2000) in a variety of colon carcinoma cell lines. In 

addition to the assumed protective effects of calcium against colon carcinomas, other 

reviews have shown that calcium directly affects the cell cycle, modulating cell 

proliferation and differentiation (Nobre-Leitao et al, 1995; Pence and Buddingh, 

1988; Chatterjee, 2001). All of these reports suggest that the observed decrease in cell 

proliferation in the VDR KO animals may also be due to calcium deficiency. 
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Consequently, the entire experiment was replicated using a new set of animals that 

were bred and grown while supplemented with a calcium-rich diet. The cell 

proliferation analyses in the normocalcemic group of animals reproduced the 

observed decrease in cell proliferation in all neurogenic regions in adult VDR KO 

animals. These findings suggested that neurogenesis was reduced in VDR KO animals 

and this effect was independent of the blood plasma calcium levels. This was 

unexpected in regard to vitamin D being a pro-differentiating and pro-apoptotic factor 

in the brain and other tissues. However, previous studies conducted in our laboratory 

by Anaclet and Féron (2001, unpublished) showed that rats depleted of vitamin D for 

their entire lifecycle (chronically depletion) also demonstrated decreased mitosis. The 

assumption that vitamin D only functions through a functional VDR suggests that the 

VDR KO animals could also be considered as chronically depleted of vitamin D 

signalling. These animals demonstrated decreased rates of mitoses in all neurogenic 

regions examined in this study. All of these observations indicate that cell division is 

altered by VDR inactivation. 

 

Nonetheless, the observed decrease in cell proliferation in the VDR KO animals was 

unexpected and hard to explain. Previous studies have proposed that apparent vitamin 

D insensitivity was the result of epigenetic events that distort the promoter 

responsiveness to stimulate or suppress responsiveness to specific target gene 

promoters (Banwell et al, 2003, 2004). It is possible that the lack of a functional VDR 

may skew the transcriptional responsiveness of other genes that are involved in the 

control of cell proliferation.  

 

Generally, in the absence of vitamin D, VDR associates with co-repressor complexes, 

such as NCoR1, SMT/NCoR1 and Alien, which include histone deacetylases 

(HDACs) (Polly et al, 2000). These complexes suppress gene transcription by 

stabilizing DNA-histone contact and closing chromatin structure (Malinen et al, 

2008). When vitamin D binds to the VDR, it changes the conformation of the VDR-

ligand binding domain, so that it is more favourable for the binding of coactivator 

proteins (Rachez et al, 1999) after the co-repressor/HDAC complex has dissociated. 

Previous reviews have proposed the concept that inappropriate HDAC activity is 

suppressing the activity of promoters for key VDR-antiproliferative target genes 

(Gommersall et al, 2004). Perhaps, the absence of a functional VDR may be leading 
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to a distortion in its association with co-repressor proteins and HDACs, thus altering 

gene transcription.  

 

Furthermore, the absence of a functional VDR may result in the activation of other 

pathways governing cell proliferation that over-compensate for the lack of VDR in the 

VDR KO animals. The lack of effect on neurosphere number in the VDR KO mice 

suggests that the over-compensation in proliferation happens after olfactory 

stem/progenitor cell proliferation.  

 

Functional compensation in other systems has been previously documented. For 

instance, the retinoblastoma (Rb) tumour suppressor is required for normal 

development and is proposed to function as a key mediator of cell cycle checkpoints 

(Mayhew et al, 2004; Wikenheiser-Brokamp, 2004). Compensation of the Rb 

function is known to occur in studies relying on embryonic fibroblasts harbouring 

chronic loss of the Rb (Mayhew et al, 2004; Wikenheiser-Brokamp, 2004). 

 

5.4.5 Experimental Complications and Troubleshooting  

 

Technical difficulties were encountered on a number of occasions throughout this 

study. The first problem encountered was with the genotyping of the animals. It 

included the proper selection of primers as well as the establishment of the perfect 

PCR conditions. Many of the animals had to be tested on more than one occasions to 

ensure the proper genotyping prior to commencing on the proceeding experiments. 

Furthermore, with the commencement of this project all animals had to be routinely 

genotyped so that new breeding couples could be established and more animals 

generated. This procedure was time consuming and laborious, subsequently leading to 

delays for the initiation of all proceeding experiments. 

 

Delays were also encountered while waiting for the generation of an adequate amount 

of VDR KO animals. The numbers of VDR KO mice were very low sometimes only 

one or even none in a new litter. Furthermore, on occasion the VDR KO animals 

appeared very sick and died before they reach adulthood.  
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Another complication was encountered when establishing the initial olfactory 

mucosal cultures. The cell numbers were very low and cells would not attach onto the 

flasks and would subsequently die. Therefore, it was necessary to use FBS for the 

initial set up of the cultures which greatly promoted olfactory mucosal cell survival 

and proliferation. Although, it is well known that the use of serum in culture induces 

neural stem cell differentiation, it was to the benefit of the survival of the olfactory 

mucosal stem cells to use serum into the medium at the beginning of the culturing. 

Perhaps, future studies could be undertaken to optimise the amount of serum used for 

the initial set up of the cultures that would allow the survival of the cells and would 

induce little or no effect on differentiation. 

 

Another problem encountered was after processing the nasal cavities of animals that 

have been perfusion-fixed. The perfusion mechanism employed in this investigation 

was based on a gravity gradient which subsequently damaged the nasal cavities and 

thus those sections could not be used for the analysis. Consequently, a new set of 

animals had to be established which were sacrificed by CO2 asphyxiation. The nasal 

cavities were then processed for cell proliferation analysis.  

 

Problems were also encountered during the processing of the frozen tissue sections. A 

few different antigen retrieval techniques had to be tested before the BrdU positive 

cells could be exposed.  

 

5.4.6 Summary 

 

In summary, this investigation examined the effects of VDR inactivation, using the 

VDR KO animal model, on cell proliferation and neurogenesis both in vitro and in 

vivo.  The main findings of this study were that VDR inactivation had no effect on the 

number of neurospheres generated. However, the addition of vitamin D decreased the 

number of neurospheres and the total number of cells produced by the WT but not 

VDR KO olfactory cultures. These observations conclude that olfactory neurosphere 

formation and cell number were regulated by vitamin D through a functional VDR. 

The in vivo cell proliferation analysis demonstrated that VDR KO genotype led to 

significantly fewer numbers of proliferating cells in all neurogenic zones examined 

and found that this effect was independent of calcemic status of the animals.  
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These findings conclude that VDR inactivation alters stem and progenitor cell 

proliferation and thus additional investigations are needed to help elucidate the 

molecular mechanisms through which vitamin D and the VDR impose its roles on cell 

proliferation both in the olfactory system and the brain. 
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5.5 Future Directions 

 

 5.5.1 Apoptosis Analysis in VDR KO Animals 

 

The well-established anti-proliferative effects of vitamin D are believed to be 

regulated by the suppression of growth stimulatory signals and potentiation of growth 

inhibitory signals. Vitamin D has been shown to induce apoptosis in breast cancer, 

colon cancer, and glioma cell lines (Naveilhan et al, 1994; Welsch, 1994; 

Vanderwalle et al, 1995). A number of reviews have revealed the functional 

importance of the VDR in cancer through apoptotic signalling (Blutt et al, 2000; 

Guzey et al, 2002). The signalling pathways induced by the various apoptotic stimuli 

converge into a common death pathway either at a mitochondrial step or at a step that 

involves the activation of a caspase cascade resulting in the inactivation/activation of 

substrates leading to the typical apoptotic morphology of the dying cell (Thornberry 

and Lazebnik, 1998). 

 

The present study explored the impact of VDR inactivation on cell proliferation. In 

many instances the molecular processes of cell proliferation and apoptosis are linked. 

Therefore, an additional investigation could be undertaken to explore the effect of 

VDR inactivation on apoptosis. There are various methods that could be approached 

to investigate apoptotic signalling in the VDR KO animals. Some of those include: 

flow cytometry, annexin V, TUNEL, BrdU DNA fragmentation assay, caspase 

activity assay and many others. Some of those assays were briefly undertaken, 

however, due to experimental troubleshooting and time restrains, no sufficient data 

was obtained. 

 

 5.5.2 Differentiation Analysis in VDR KO Animals 

 

The well-established antiproliferative and pro-apoptotic effects of vitamin D are also 

associated with its equally well-known impact on inducing cell differentiation. In 

general, differentiation of cells leads to a decrease in proliferation. The present study 

observed a significant decrease in cell proliferation in all regions examined in the 

VDR KO animals. This finding suggests that perhaps VDR inactivation alters 
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differentiation in those animals. Therefore, a study could be embarked on to explore 

this possibility. 

 

 5.5.3 Cell Proliferation and Apoptosis Analysis in Neonatal VDR KO 

Animals 

 

The importance of vitamin D for normal brain development is well documented 

(Brown et al, 2003; Burkert et al, 2003; Eyles et al, 2003; Burne et al, 2004a; Ko et 

al, 2004). It has been shown that the absence of vitamin D during development 

induces long-lasting alterations in brain structure and behaviour in the adult offspring 

(Burne et al, 2004; Becker et al, 2005; Féron et al, 2005; Kesby et al, 2006). 

Furthermore, it has been demonstrated that at birth, developmental vitamin D 

deficient pups have an increase of cell proliferation in the brain (Eyles et al, 2003) 

with corresponding alterations in gene expression (Ko et al, 2004). 

 

A similar study could be embarked on to explore the effects of VDR inactivation on 

cell proliferation in neonates. This will allow for a comparison between adult and 

neonate differences in cell division and show if the impact of VDR ablation changes 

during development. 
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Chapter Six 

 

General Discussion 

 



127 

 

6.1 Summary of Main Findings 

 

The main findings of this thesis were: 

 1) VDR was identified in the differentiating cells of the olfactory mucosa. 

2) The impact of DVD deficiency and addition of exogenous vitamin D:  

a) DVD deficiency in utero increased olfactory neurosphere number 

and this increase was independent of passage number. 

a) The addition of vitamin D had no effect on neurosphere number in 

the DVD deficient and control olfactory cultures. 

b) The addition of vitamin D decreased the neurosphere diameter in the 

control but not the DVD olfactory cultures. 

c) DVD deficiency favoured neurosphere formation in olfactory 

mucosal cultures subjected to prolonged passaging. 

3) The impact of VDR inactivation and addition of exogenous vitamin D: 

a) VDR inactivation had no effect on olfactory neurosphere number in 

the VDR KO animals.  

b) Vitamin D decreased the number of neurospheres and the total 

number of cells produced by the WT but not VDR KO olfactory 

cultures. 

4) Cell proliferation in the brain and OE of hypocalcemic and the 

normocalcemic VDR KO animals: 

a) VDR KO genotype led to significantly fewer numbers of 

proliferating cells in all neurogenic zones examined (dentate gyrus, 

subventricular zone, and olfactory epithelium). This effect was 

independent of calcemic status of the animals.  

5) Overall these experiments demonstrate that vitamin D can regulate stem 

and progenitor cell proliferation in the olfactory system and the brain 
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6.2 VDR Localisation in the Differentiating Cells of the Olfactory 

Mucosa 

 

The experiments demonstrated that the VDR is expressed primarily in the 

differentiating cells of the olfactory mucosa - the immature neurons, and the HBCs 

and GBCs. This observation suggests a role of vitamin D in olfactory neurogenesis by 

suppressing proliferation and inducing differentiation. 

 

The effect of vitamin D on differentiation in other cells has been reported in a number 

of reviews (Dusso et al, 2005; Oda et al, 2004, Hawker et al, 2007). For instance, the 

binding of vitamin D to the VDR modulates transcription of target genes through 

binding of VDR to specific vitamin D response elements in the promoter of target 

genes, resulting in the inhibition of proliferation and stimulation of differentiation of 

human epidermal keratinocytes (Dusso et al, 2005). A number of coactivators critical 

for VDR-mediated transcription have recently been discovered. Studies have shown 

that during keratinocytes differentiation VDR binds sequentially to two major 

coactivator complexes, DRIP (VDR-interacting protein) and SRC (steroid receptor 

coactivator) (Oda et al, 2004). The ability of vitamin D to act sequentially on gene 

expression during differentiation was found to be due to the differential distribution of 

the coactivators DRIP and SRC within the epidermis (Oda et al, 2004; 2007) and the 

differential use of these coactivators by genes involved in the early and late stages of 

differentiation (Hawker et al, 2007). 

 

In the olfactory system, it is possible that the vitamin D/VDR complex may up/down-

regulate vitamin D responsive genes in the olfactory mucosa, whose products affect 

the expression of genes that have a role in cell proliferation and/or differentiation. 

Vitamin D may also be inducing its antiproliferative and prodifferentiating effects by 

blocking mitogenic signalling. For instance, several reports indicate that, EGF, its 

receptor and TGF-  are expressed in the OE microenvironment and stimulate 

proliferation of HBCs (Mahanthappa and Schwarting, 1993; Getchell et al, 2000). 

Thus, it is possible that vitamin D acts on those factors by inhibiting their expression 

and promoting differentiation of the HBCs into olfactory neurons.  
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Another possibility is that vitamin D may induce differentiation of HBCs into  

immature neurons by invigorating growth inhibitors such as the bone morphogenic 

proteins (BMPs) and growth and differentiation factor 11 (GDF11), both of which are 

known the affect olfactory proliferation and differentiation (Wu et al, 2003; Calof et 

al, 2002; Shou et al, 2000).  

 

6.3 Impact of Vitamin D and DVD Deficiency on Olfactory 

Neurosphere Formation 

 

The present study demonstrated the impact of vitamin D and DVD deficiency on 

olfactory neurosphere formation using an animal model where vitamin D was 

deprived during development in utero. The main hypothesis was based on the well-

established role of vitamin D as an antiproliferative agent. Therefore, it was expected 

that the lack of vitamin D during development (i.e. DVD deficiency) would result in 

an increase in cell proliferation and therefore an increase in neurosphere formation. 

On the contrary, the addition of vitamin D was expected to promote growth-inhibitory 

effects on cell proliferation and neurosphere number. 

  

6.3.1 DVD Deficiency 

 

These experiments demonstrated that DVD deficiency increased the formation of 

olfactory neurospheres and thus agreed with the proposed hypothesis. The effects of 

DVD deficiency on cell proliferation in the brain have been documented in a number 

of recent articles. For instance, Eyles et al (2003) demonstrated that the DVD deplete 

neonates display an increase in brain size which is in accordance with the observed 

increased in cell proliferation in the DG of the hippocampus, the basal 

ganglia/amygdala and the hypothalamus of those animals (Eyles et al, 2003). The 

increase in brain size in the DVD deplete pups was associated with larger and longer 

hemispheres which resulted in an overall larger lateral ventricles (Eyles et al, 2003). 

Other studies revealed that the changes in ventricle size in the DVD deficient animals 

persisted during adulthood (Féron et al, 2005). This finding suggests that the observed 

increase in neurosphere number in the DVD deplete animals during adulthood could 

be a result of an increase in cell proliferation and therefore the increase in brain size in 



130 

 

the adult DVD deplete animals. Other studies conducted in our laboratory 

demonstrated that DVD deficiency increased the number of olfactory basal cells in the 

adult olfactory mucosa in vitro (McAlpine, unpublished observations). This finding 

indicates that perhaps the increase in neurosphere formation in the adult DVD deplete 

animals is due to the increase in the numbers of olfactory basal cells which are 

thought to be the stem cells or precursor cells of the olfactory mucosa. Subsequently, 

the increases in basal cell numbers leads to an increase in neurosphere formation in 

the DVD deplete animals.  

 

Cui et al (2007) sought to test the hypothesis that vitamin D deficiency impairs 

neurogenesis in the SVZ during development. The SVZ, a region rich of neuronal 

stem cells, has the ability to produce new neurons, not just during development, but 

throughout the lifespan (Taupin, 2006). Thus, it is an excellent site for exploring the 

role of vitamin D in stem cell proliferation and neurogenesis. The investigators used a 

cultured neurosphere assay from the SVZ tissue collected on the day of birth and 

showed increased rates of cell proliferation and neurosphere number in cultures 

isolated from the offspring of vitamin D deficient dams compared to offspring from 

vitamin D-replete controls (Cui et al, 2007). This finding is also in agreement with the 

observed increase in neurosphere formation in the adult DVD deficient animals and 

further demonstrates that the effect of vitamin D on neurosphere formation persists 

during adulthood.  

 

Earlier studies in other systems have indicated similar outcomes signifying the effect 

of maternal deficiency in the offspring. For instance, maternal protein deficiency is 

found to affect mesenchymal stem cell activity in the developing offspring (Oreffo et 

al, 2003). The investigators demonstrated that normal proliferation and differentiation 

of mesenchymal stem cells is delayed by maternal protein restriction during the 

development of the offspring. The same group has also shown that aged rats whose 

mothers were fed to a low protein diet during pregnancy had significantly lower bone 

mass composition and bone area. Additionally, histological analysis indicated the 

presence of irregular and widened growth plates in the protein restricted offspring 

suggesting programming of cartilage and bone by maternal nutrition in early life 

(Mehta et al, 2002). These studies concluded that the maternal protein restriction has 
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profound effects on bone cell activity, with changes persisting to adulthood (Mehta et 

al, 2002; Oreffo et al, 2003). 

 

The present investigation showed that the maternal deprivation of vitamin D during 

gestation is also found to result in long-term and perhaps, permanent alterations in the 

brain of the offspring. It is possible that the removal of vitamin D in utero 

permanently alters the number of stem/progenitor cells in the olfactory mucosa and 

the brain. Consequently, these alterations may be causing the observed increase in cell 

proliferation and the overall increase in brain size in the adult animals. Nevertheless, 

the exact molecular mechanisms that regulate cell proliferation and differentiation in 

the olfactory system and the brain during DVD deficiency remain yet to be explored. 

 

 6.3.2 Effect of Exogenous Vitamin D 

 

The antiproliferative and prodifferentiating impact of vitamin D in vitro and in vivo 

on cancer cells and cell lines is well documented (Koeffler et al, 1984; Mangelsdprf et 

al, 1984; Colston et al, 1992). For instance, in vitro studies have demonstrated that 

vitamin D exerts negative growth regulatory effects on mammary epithelial cells and 

maintains their differentiated phenotype. Furthermore, the dietary supplementation 

with vitamin D reduced the incidence of carcinogen-induced mammary tumours in 

rodents (Welsh 2007). Vitamin D also acts in an autocrine fashion to regulate cell 

proliferation and decrease the risk of cells becoming malignant in numerous cancers 

such as prostate, breast, colon, etc. (Holick 2006).  

 

The present study demonstrated the effect of the administration of active vitamin D on 

neurosphere formation in cells of the olfactory mucosa derived from DVD deplete 

animals. It was hypothesised that a decrease in neurosphere number in the presence of 

vitamin D would be consistent with its well-known antiproliferative properties.  

 

These experiments revealed the effect of vitamin D on neurosphere formation using 

olfactory mucosal cells derived from cultures subjected to prolonged passaging (high 

passage cultures) as well as primary cultures (low passage). The main findings 

indicated that the administration of vitamin D had no effect on neurosphere number in 
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both the DVD deplete and the control cultures. This effect was independent of 

passage number.  

 

The lack of an inhibitory response to vitamin D on neurosphere number in both the 

control and deplete olfactory cultures is contrary to the proposed hypothesis that 

vitamin D would reduce the neurosphere number. Nonetheless, the neurosphere 

diameter was reduced in response to vitamin D in the control cultures. The effect of 

vitamin D on neurosphere diameter but not number in those cultures is unusual. 

Similar report demonstrated that at certain concentrations, diacylglycerol-

pyrophosphate, an inhibitor of lysophosphatidic acid-induced neurosphere 

proliferation, significantly reduced neurosphere area but not number (Svetlov et al, 

2004). Neurosphere size/diameter is considered to be relevant to the mitotic rate of 

daughter cells within the neurosphere (Torroglosa et al, 2007). Thus, it is possible that 

vitamin D affects cell proliferation in the control cultures by decreasing the mitotic 

rate of the cells within the neurospheres. This hypothesis agrees with the renowned 

antiproliferative effects of vitamin D in other cells.  

 

The absence of an inhibitory response to vitamin D on neurosphere number and 

diameter in the DVD deplete olfactory cultures was also unexpected. Nevertheless, 

Cui et al (2007) has reported a similar observation on neurosphere number derived 

from DVD deplete neonatal rat SVZ cells cultured with vitamin D. These 

observations led to the speculation that DVD deficiency permits the expression of the 

VDR, but the receptor is somehow rendered non-functional in developmentally 

vitamin D-depleted animals. On the contrary, the maternal absence of this ligand may 

contribute to a gain in function of some other pathways regulating cell proliferation 

that in turn diminish the impact of vitamin D.  
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6.4 Impact of Vitamin D and VDR Inactivation and on Olfactory 

Neurosphere Formation 

 

The present study demonstrated the impact of vitamin D and VDR inactivation using 

the VDR KO mice as an animal model. VDR KO mice were generated by functional 

inactivation of the VDR by a genetic defect in the VDR gene (Yoshizawa et al, 1997). 

As a result, those animals provided a useful model to investigate the role VDR 

inactivation on olfactory neurosphere formation. The hypothesis of this study was that 

the lack of a functional VDR impairs vitamin D signalling and therefore would cause 

an increase in olfactory neurosphere number in VDR KO cultures. On the contrary, 

the addition of vitamin D would promote growth suppressive effects on olfactory 

neurosphere number in the WT and HET cultures, but not in the VDR KO cultures. 

 

 6.4.1 VDR Inactivation 

 

The main result of the present investigation demonstrated that VDR inactivation had 

no effect on olfactory neurosphere formation. This observation confirmed the 

requirement for a functional VDR to show the inhibitory effect of vitamin D on cell 

proliferation and subsequently neurosphere number. Furthermore, it indicated that the 

number of olfactory stem/progenitor cells was not affected in the VDR KO animals.  

 

6.4.2 Effect of Exogenous Vitamin D 

 

These experiments aimed to explore the impact of vitamin D on neurosphere 

formation in the lack of a functional VDR. The hypothesis was based on the notion 

that vitamin D acts on cell proliferation only through a functional VDR and not 

through a putative cytoplasmic receptor. The presence of a cytoplasmic receptor 

mediating rapid responses to vitamin D that cannot be explained as the simple 

consequence of the nuclear VDR is suggested in a number of reviews (Jia et al, 1999; 

Schmidt et al, 2000; Falkenstein et al, 2000). For instance, one report demonstrated a 

supposed plasmalemmal receptor known as 1,25 D3 MARRS (membrane associated 

rapid response steroid binding proteins) isolated from chick intestinal basolateral 

membrane that is mediating rapid responses to vitamin D (Brown et al, 1999). 
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The present study revealed that vitamin D decreased the number of neurospheres and 

the total number of cells produced by the WT but not VDR KO olfactory cultures. 

Collectively, these observations agreed with the proposed hypothesis and confirmed 

that vitamin D imposes its growth suppressive effects on olfactory neurosphere 

formation by acting through a function VDR and not through a putative membrane 

receptor.  

 

6.5 Summary of the Effects of Exogenous Vitamin D on Olfactory 

Stem/Progenitor Cell Proliferation during DVD Deficiency and VDR 

Inactivation 

 

The effect of exogenous vitamin D on olfactory stem and progenitor cell proliferation 

differed between cultures derived from the rat (DVD model) and the mouse (VDR 

KO model). For instance, vitamin D significantly decreased the neurosphere number 

in the WT mice. However, this effect was not observed in the control cultures of the 

rat model. On the contrary, vitamin D reduced the neurosphere diameter in the control 

rat cultures but not in the WT mouse cultures. Previous studies have reported the 

effects of neurosphere size/diameter on the growth rate of neural stem and progenitor 

cells revealing that increase in neurosphere size correlates with increase in 

proliferation of stem and progenitor cells (Mori et al, 2006). The decrease in 

neurosphere diameter in the control rat cultures can thus be associated with a decrease 

in cell proliferation in this group.  Although, vitamin D had no effect on the 

neurosphere diameter in the WT mouse cultures, it significantly reduced their number, 

thus suggesting that vitamin D acts on cell proliferation by directly affecting the 

number of stem/progenitor cells that give rise to neurospheres rather than the 

neurosphere size. This finding hints that perhaps, vitamin D affects cell proliferation 

by reducing the number of neurosphere-forming stem and progenitor cells in the WT 

mouse cultures. In contrast, vitamin D may be reducing the mitotic rate of stem and 

progenitor cells within the neurospheres rather than the overall neurosphere number in 

the control rat cultures.  

 

In conclusion, vitamin D was able to induce its growth suppressive effects in both the 

control rat cultures and the WT mouse cultures. Even so, this hormone seemed to 
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target its growth-suppressive effects on the overall proliferation of stem and 

progenitor cells in the mouse, whereas in the rat, it affects the growth rate of stem and 

progenitor cells within the individual neurospheres.  

 

6.6 Summary of the Impact of DVD Deficiency and VDR Inactivation 

on Olfactory Stem/Progenitor Cell Proliferation 

 

By and large, the most important finding of this entire investigation concludes that 

cell proliferation was increased when vitamin D is removed in utero; however, this 

effect was lost in the absence of functional VDR. Thus, DVD deficiency seems to be 

affecting the number of stem and progenitor cells consequently leading to an increase 

in cell proliferation and neurosphere number. Nonetheless, the number of stem and 

progenitor cells is not affected in the absence of the VDR. Thus, the findings in both 

the DVD deficiency and the VDR inactivation studies emphasise the importance of 

the VDR for modulating the inhibitory effects of vitamin D on cell proliferation and 

neurosphere formation in cells of the olfactory mucosa.  

 

6.7 The Impact of VDR Inactivation on Cell Proliferation in Vivo in 

the Mouse Brain and Olfactory System  

 

This investigation aimed to characterise the role of the VDR on cell proliferation 

using the VDR KO mice as a model system. The impact of VDR inactivation on cell 

proliferation was explored in the brain and the olfactory system during adulthood in 

vivo. Differences in cell division were examined in the DG of the hippocampus, the 

SVZ of the lateral ventricles and the OE. By analysing cell division in the neurogenic 

regions during adulthood this study provided an insight of the impact of VDR 

inactivation and thus dysregulation of vitamin D signalling on neurogenesis in vivo. 

 

These experiments demonstrated that cell proliferation was significantly decreased in 

the VDR KO animals in all neurogenic regions examined. This finding was 

unexpected and suggested that VDR ablation alters cell proliferation. Previous studies 

have proposed that apparent vitamin D insensitivity is the result of epigenetic events 

that distort the promoter responsiveness to stimulate or suppress responsiveness to 
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specific target gene promoters (Banwell et al, 2003, 2004). It is possible that the lack 

of a functional VDR may be distorting the transcriptional responsiveness of other 

genes that are involved in the control of cell proliferation. 

 

A previous study embarked on a similar investigation reporting the gene expression 

profile of VDR KO mice in the kidney and identifying that 28 genes were up-

regulated and 67 were down-regulated in the VDR KO mice (Li et al, 2003). Some of 

those genes were involved in vitamin D and steroid metabolism, calcium metabolism 

and signalling, signal transduction, transcriptional regulation, cell adhesion, immune 

response and other functions (Li et al, 2003). Those findings demonstrated that since 

VDR ablation causes multiple physiological changes, the alterations in gene 

expression may be attributed to changes of upstream genes (e.g. transcription factors), 

to direct vitamin D regulation, or to other physiological, cellular, and molecular 

abnormalities associated with the inactivation of the VDR (Li et al, 2003).  

 

The inactivation of the VDR could also be leading to the activation of other pathways 

governing cell proliferation that over-compensate for the absence of this receptor in 

the VDR KO animals. The lack of effect on neurosphere number in the VDR KO 

mice suggests that the over-compensation in proliferation happens after olfactory 

stem/progenitor cell proliferation. Functional compensation in other systems has been 

previously documented. For instance, the retinoblastoma (Rb) tumour suppressor is 

required for normal development and is proposed to function as a key mediator of cell 

cycle checkpoints (Mayhew et al, 2004; Wikenheiser-Brokamp, 2004). Compensation 

of the Rb function is known to occur in studies relying on embryonic fibroblasts 

harbouring chronic loss of the Rb (Mayhew et al, 2004; Wikenheiser-Brokamp, 

2004). 

 

6.8 Conclusion 

 

In recent years, it has become accepted that prenatal exposure to vitamin D deficiency 

is a risk factor for schizophrenia (McGrath, 1999). Schizophrenia is a brain disorder 

associated with several cognitive deficits, substantial proportions of which involve 

dysfunction of the hippocampus (Antonova et al, 2004). The idea of using adult 
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neurogenesis as a tool to investigate molecular and developmental events in 

schizophrenia is not new (Perry et al, 2002). Recent reviews have demonstrated 

reduced adult hippocampal neurogenesis in schizophrenia (Reif et al, 2006; Reif et al, 

2007). The prime role of the hippocampus is memory formation rather than affecting 

regulation. Thus, diminished adult neurogenesis, which has been suggested as a result 

in impaired memory formation (Kempermann, 2002), might be contributing to the 

cognitive impairment seen in schizophrenia (Reif et al, 2006).  

 

The OE is also altered in schizophrenia. For instance, biopsies from patients with 

schizophrenia have a significantly greater proportion of cells undergoing mitosis and 

a decreased apoptotic response to dopamine (Féron et al, 1999). Moreover, post-

mortem OE studies of neurons at different stages of development revealed an increase 

in immature neurons in schizophrenia suggesting a dysregualtion of olfactory 

neurogenesis (Arnold et al, 2001).  

 

The recent evidence signifying the role of vitamin D in schizophrenia and brain 

development as well as the widespread distribution of the VDR in neurogenic regions 

of the brain, propose that vitamin D may be an important regulator of neural stem and 

progenitor cell proliferation. Therefore, this entire investigation was undertaken to 

explore the importance of this vitamin in the regulation of stem and progenitor cell 

proliferation in the brain and the olfactory system.  

 

In summary, it was concluded that vitamin D primarily affected cells that are 

undergoing differentiation and signified the importance of this hormone in regulating 

cell proliferation and differentiation. The neurosphere assay studies demonstrated that 

the effect of exogenous vitamin D on cell proliferation varied between the DVD 

deficiency model and VDR inactivation model. Cell proliferation increased when 

vitamin D was removed in utero, whereas, this effect was lost in the absence of 

functional VDR, thus suggesting that DVD deficiency is affecting the number of stem 

and progenitor cells. Nonetheless, the absence of a functional VDR induced no effect 

on the number of stem and progenitor cells. Thus, the findings in both the DVD 

deficient and the VDR inactivation models emphasised the importance of the VDR for 

modulating the inhibitory effects of vitamin D on cell proliferation and neurosphere 

formation in cells of the olfactory mucosa. The addition of exogenous vitamin D 
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induced its growth-suppressive effects on the overall proliferation of stem and 

progenitor cells in the mouse model, whereas in the rat, it affected the growth rate of 

stem and progenitor cells within the individual neurospheres. 

 

The in vivo cell proliferation studies concluded that cell proliferation was reduced in 

all neurogenic regions examined in the VDR KO animals. This observation suggested 

that the lack of a functional VDR may be distorting the transcriptional responsiveness 

of other genes that are involved in the control of cell proliferation or it may be leading 

to the activation of other pathways governing cell proliferation that over-compensate 

for the lack of VDR in the VDR KO animals. 

 

All of these findings confirm that vitamin D influences neural stem and progenitor 

cell proliferation in the adult brain and olfactory system and provide a foundation for 

further investigations into the molecular basis underlying the physiological 

abnormalities associated with developmental vitamin D deficiency and VDR 

inactivation. The conclusions from these data indicate that vitamin D is a plausible 

risk factor to various brain diseases of developmental origin including schizophrenia. 
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