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Abstract 

Olfactory ensheathing cells have well described neurotrophic properties and can promote 

repair of damaged nerves in the central nervous system. Genetically engineering these cells 

to deliver therapeutic proteins could ‘supercharge’ their existing abilities to repair 

damaged nerves and prevent neurodegeneration in disease. The present study used 

retroviral vectors to engineer human olfactory ensheathing cells to co-express the potent 

neurotrophin GDNF and reporter genes under a tetracycline-inducible promoter. The goal 

here was to provide proof of concept for using olfactory ensheathing cells (OECs) for 

controlled ex vivo delivery of GDNF in preclinical studies. Until now, OECs from the 

olfactory mucosa have not been examined or developed for this purpose. Here a systematic 

evaluation of OECs revealed their suitability for developing ex vivo gene therapies.  

Olfactory ensheathing cells from rats and humans were successfully purified from the 

olfactory mucosa by p75NTR immunopanning and did not express secreted GDNF protein 

prior to genetic modification. The immunopanning method did not purify putative neural 

precursors or stem cells from the human source tissue. Lentiviral vectors incorporating bi-

cistronic gene expression cassettes directed drug-inducible co-expression of GDNF and 

reporter gene in transduced OECs. Here for the first time the foot and mouth disease virus 

2A cleavage factor was used to co-express GDNF and reporter genes in human OECs. 

Biological activity of GDNF and reporter genes (EGFP and β-Galactosidase) was not 

affected by 2A cleavage in transduced OECs. Owing to robust reporter gene expression in 

these cells, highly purified cultures of drug-inducible and constitutive expressing OECs 

were isolated by fluorescence activated cell sorting. In the inducible cell lines, more than 

20-fold induction of gene expression was seen after treatment with minocycline however, 

unsatisfactory baseline expression or ‘leakage’ was observed in the absence of 

minocycline. Cells constitutively co-expressing GDNF and EGFP were then transplanted 

into the intact rat striatum. After 9 days, transplanted OECs expressed transgenes, but the 

majority of grafted cells died. Overcoming the poor cell survival and leakage of expression 

in inducible cells must precede transplanting these cells in animal models of disease. In 

conclusion, a robust method for co-expressing therapeutic genes in OECs for preclinical ex 

vivo gene therapy studies was developed using 2A cleavage and lentiviral vectors. The 

results present a strong case for using OECs as vehicles to deliver therapeutic genes but 

also highlight shortcomings of drug-inducible gene expression systems. 
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Chapter 1: Introduction 
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1.1 General introduction 

Delivery of growth factors has shown promise in treating neurodegenerative diseases 

and also in promoting recovery after injury to the nervous system. There are a number 

of molecular, cell-based and direct injection methods for delivering growth factors to 

affected sites. A sophisticated method for delivery is via ex vivo gene therapy, which 

involves transplantation of genetically modified cells to deliver therapeutic gene 

products to the surrounding tissues. When developing ex vivo gene therapies for 

clinical applications, highly desirable features of the engineered cells would include 

1) having high levels of transgene expression after transplantation 2) the ability to 

control gene expression or dosage and 3) grafting autologous cells. Modern retroviral 

vectors have the ability to transfer desired genetic material to target cells and cause 

stable levels of transgene expression. Also, some retroviral gene expression systems 

now incorporate inducible promoters which can be used to control the level of gene 

expression or dosage by using drugs as an inducer or repressor of gene expression. 

Finally, autologous grafting of cells is clinically attractive and overcomes many 

technical issues such as host-graft responses after transplantation.  

 

A number of studies have developed various cell lines for ex vivo delivery of 

therapeutic genes such as glial cell line derived neurotrophic factor (GDNF) (Emborg 

et al., 2008; Ericson et al., 2005; Ericson et al., 2002), neurotrophin 3 (Ruitenberg et 

al., 2002) and other neurotrophic factors (Blits et al., 2005). However in most of these 

cases, the cell lines used are either not clinically applicable or make autologous 

grafting difficult. Olfactory ensheathing cells (OECs), glia found in the nasal mucosa 

and olfactory bulbs, are attractive candidates for developing ex vivo gene therapies 

because they promote spinal cord repair in rodents (Li et al., 1997, 1998; Lu et al., 

2001; Lu et al., 2002; Ramon-Cueto and Nieto-Sampedro, 1994; Ramon-Cueto et al., 

1998) and improve motor symptoms in Parkinson’s disease rats (Agrawal et al., 

2004). Transplanting genetically modified OECs into the intact and injured spinal 

cord has been described previously in rodents (Ruitenberg et al., 2005; Ruitenberg et 

al., 2002; Ruitenberg et al., 2003). In another study, genetically modified OECs 

expressing GDNF were shown to significantly improve recovery after spinal cord 

injury in rats (Cao et al., 2004). In both cases however, OECs were purified from the 

olfactory bulbs which is a difficult tissue to access for autologous grafting. 
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Alternatively, OECs derived from the olfactory mucosa can be readily obtained by 

simple biopsy (Bianco et al., 2004; Feron et al., 1998; Murrell et al., 1996) and are 

safe for autologous transplantation into the human central nervous system (Feron et 

al., 2005; Mackay-Sim et al., 2008). These results suggest that OECs derived from the 

nasal olfactory mucosa may be attractive vehicles to deliver GDNF in ex vivo gene 

therapies targeting the central nervous system. There are no studies which describe 

development of ex vivo gene therapies using cells from this clinically relevant source. 

In the present study, olfactory ensheathing cells from the nasal olfactory mucosa will 

be engineered using retroviruses to express GDNF as a proof of concept for use in 

future ex vivo gene therapies targeting the central nervous system. 
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1.2 Glial cell line-derived neurotrophic factor (GDNF) 

Glial cell line-derived neurotrophic factor (GDNF) is a member of the transforming 

growth factor-beta (TGF-β) superfamily of proteins, possessing a preserved cystine 

knot motif (Lin et al., 1993) but sharing  <20% homology with the other members 

(Grimm et al., 1998). GDNF has been shown to be a potent survival factor for 

midbrain dopaminergic neurons (Lin et al., 1993), spinal motor neurons (Henderson et 

al., 1994) and also promotes growth and differentiation of Purkinje cells of the 

cerebellum (Mount et al., 1995). The potential to treat neurodegenerative diseases 

such as Parkinson’s disease and spinal cord injury with GDNF is well documented 

and has been reviewed previously (Kordower, 2003; Lim and Tow, 2007; Patel and 

Gill, 2007). Transplanting human mesenchymal stem cells, previously engineered to 

over-express GNDF, increased functional and anatomical recovery after cerebral 

ischemia in rats (Horita et al., 2006). 

 

The cellular actions of GDNF are mediated through a membrane-bound receptor 

complex comprised of two subunits; GDNF family receptor-α1 (GFR-α1) and a 

receptor tyrosine kinase (RET). Upon binding of GDNF to GFR-α1, the RET and 

GFR-α1 subunits form a complex which induces RET-mediated tyrosine 

phosphorylation in exposed cells (Gash et al., 1996; Treanor et al., 1996). In GDNF 

null mice, renal agenesis and abnormal development of the gastrointestinal tract and 

enteric nervous system was observed (Moore et al., 1996). Additional deficits have 

been observed in dorsal root ganglia and sympathetic neurons but interestingly, 

midbrain dopaminergic neurons appear unaffected in these animals (Moore et al., 

1996; Pichel et al., 1996; Sanchez et al., 1996). 

 

The human GNDF gene maps to chromosome 5 at the p12-p13.1 locus which contains 

3 exons. A comprehensive study characterizing the human GDNF gene revealed that 

expression of exons 2 and 3 is essential for producing the secreted form of GDNF 

(Grimm et al., 1998). These authors show that expression of exon 3 alone codes for a 

mature non-secreted isoform of GDNF which is retained within the cell. Between 

humans and rats, GDNF mRNA share 88% homology and are both 636bp long. For 

use in ex vivo gene therapies, the secreted GDNF isoform would be required. The full-
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length human GDNF cDNA gene sequence required for the secreted isoform is 636bp 

as published at www.ncbi.nlm.nih.gov under accession number BC069369. This 

isoform will be used in this study.  

1.2.1 GDNF therapy for Parkinson’s disease 

Since GDNF was first isolated in 1993 by Lin and colleagues, more reports have 

described the potent neurotrophic effects of this protein on neurons in vivo. Much of 

the attention has been directed toward using GDNF to treat Parkinson’s disease. 

Success in early laboratory trials then led to clinical studies examining GDNF in 

Parkinson’s patients as described below. GDNF administered via intracerebral 

injection in Parkinson’s rhesus monkeys resulted in significant improvement of motor 

symptoms including bradykinesia, rigidity and postural instability (Gash et al., 1996). 

In other primate models of Parkinson’s disease, behavioural and neuroanatomical 

improvements were observed in animals treated with intracerebral injections of 

GDNF (Gerhardt et al., 1999; Grondin and Gash, 1997; Grondin et al., 2002; Olson, 

1996; Reilly, 2001). These promising results lead to initiation of human clinical trials 

where Parkinson’s patients received GDNF by intracerebral injections with varying 

results. Continuous infusion of GDNF into the putamen of patients with PD resulted 

in increased dopamine uptake, no severe side-effects and improvement in motor 

symptoms after 1 year (Gill et al., 2003). However a clinical trial conducted by 

Amgen (Thousand Oaks, CA) delivering GNDF into the putamen was abandoned in 

Phase II trials after 6 months because no clinical improvements were observed and 

patients suffered from severe side-effects. Trials involving the injection of GDNF into 

the ventricles of PD patients have also been performed (Kordower et al., 1999; Nutt et 

al., 2003). Both trials reported no clinical improvement. Additionally, significant side-

effects and no penetration of GDNF to affected areas with this mode of administration 

were evident (Kordower et al., 1999). It appears that dosage control, mode of 

administration and site of GDNF delivery are critical issues influencing the clinical 

outcome. Delivery of GDNF by ex vivo gene therapy has emerged as a potential 

strategy which satisfies these issues. 

1.3 Genetic methods for delivering growth factors to treat disease 
A number of methods exist for delivering growth factors to treat neurodegenerative 

diseases and nerve injury. As seen in clinical trials for Parkinson’s disease, direct 
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injection or chronic pump infusion of recombinant GDNF showed mixed results and 

are not clinically attractive delivery methods (Kordower et al., 1999; Nutt et al., 

2003). Delivering the genes directly to the target site using recombinant retroviral 

vectors (in vivo) or genetically modified cells (ex vivo) are more practical and 

effective methods (Figure 1.1).  

 
Figure 1.1: Genetic strategies for delivering therapeutic genes to treat disease. Direct delivery or in 

vivo methods (left) involve direct injection of engineered retroviral vectors into the target organ. Cell-

based gene delivery or ex vivo gene therapies (right) take autologous cells from the patient and, after in 

vitro genetic modification, are then transplanted into the target site. Adapted from (Kirschstein and 

Skirboll, 2001).  
 

In the former, retroviral particles injected directly into affected brain regions 

transduce the surrounding cells, causing them to express and secrete therapeutic genes 

such as GDNF. Whilst this method has been successful, it does raise immunological 

concerns with also the potential for systemic contamination due to the temporary 

disruption of the blood brain barrier. Additionally it is more difficult to achieve and 

predict the levels of gene expression required to drive clinical outcomes. The ex vivo 

approach, however, involves the use of retroviral vectors to first transduce cells in 

vitro, and then transplant them into the brain where they express therapeutic genes 

available to surrounding tissues. The advantage of this approach over the former is 

that this method allows for grafting of autologous cells such as OECs from the 

olfactory mucosa. Autologous grafting of genetically modified cells has the potential 

 6



to reduce the immunological and systemic contamination issues mentioned previously 

with the in vivo approach. Additionally, engineered cell lines can be analysed 

thoroughly in vitro to quantitate gene expression levels prior to grafting. Retroviral 

and ex vivo gene therapy methods are reviewed in detail below. 

1.3.1 Retroviral vectors and modern gene expression methods 

Retroviral gene transfer technology allows researchers to design and produce 

retroviral particles capable of infecting and transferring desired genetic constructs for 

expression in target cells. Specifically, genes of interest are cloned into circular 

retroviral DNA plasmids, downstream of a provided promoter usually derived from 

the human cytomegalovirus (CMV), to form a gene expression cassette. Retroviral 

particles are then generated by transfecting these plasmids into specialized packaging 

cells which combine the genetic expression cassettes from the plasmids as RNA 

genomes into infectious viral particles. Once these retroviral particles infect targeted 

cells, the viral RNA is reverse-transcribed and the transgenes of interest integrate into 

the host genome (“transduction”), causing long-term stable expression of the 

transgene.  

Unlike wild-type retroviruses which are capable of self-replication inside the host cell, 

retroviral gene technologies produce retroviruses which cannot replicate. Replication 

is prohibited because the viral genes required for propagation are removed. A number 

of retroviral vectors have been developed for research use including those derived 

from the  Moloney Murine Leukemia Virus (MMLV) and the Human 

Immunodeficiency Virus type 1 (Lentivirus). Lentiviral-based expression of 

transgenes has an advantage over MMLV based systems because lentivirus can 

transduce both dividing and non-dividing mammalian cells (Naldini, 1998); MMLV-

based systems can only transduce actively dividing cells. Both MMLV and lentiviral-

based systems can provide stable, long-term expression of target genes which is not 

achievable using traditional adenoviral-based systems (Naldini, 1998). Adenoviral-

based vectors are attractive as they are capable of packaging large genetic constructs; 

however infection with these vectors only causes short term or transient expression of 

transgenes in infected host cells. Methods for producing retroviruses used in this study 

are reviewed in Chapters 5 and 6. 
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1.3.1.1 Controlling gene expression using drug-inducible promoters 
Often a desired outcome is to achieve controllable gene expression to regulate dosage 

of transgenes in future ex vivo transplantation studies. Recently retroviral gene-

delivery systems have been developed to control gene expression in infected cells. 

Various mechanisms for controlling gene expression have been developed through 

modifying the promoter regions which drive gene expression. Some of these inducible 

promoters can be activated or repressed in the presence of drugs, by heat shock and 

steroids. 

For example, tetracycline-regulated expression of a gene of interest in mammalian 

cells can be achieved by inserting regulatory elements from the E.coli Tn10-encoded 

tetracycline resistance operon (Hillen and Berens, 1994; Hillen et al., 1983) into 

regions of the CMV promoter. When these elements are placed in the promoter 

region, expression of transgenes is repressed in the absence of tetracycline and 

induced in its presence (Yao et al., 1998). Recently, other tetracycline derivatives 

such as doxycycline and minocycline have been shown to be effective inducers when 

using tetracycline regulated gene expression systems.  Of particular interest is the use 

of minocycline which is reviewed below. 

1.3.1.2 Minocycline for inducing transgene expression in ex vivo gene therapies 
Minocycline has been shown to induce gene expression in tetracycline-inducible 

promoter systems previously (Chtarto et al., 2003). Its ability to cross the blood brain 

barrier more efficiently than its other tetracycline relatives is also appealing for ex 

vivo gene therapies targeting the CNS (Colovic and Caccia, 2003). Several studies 

have described minocycline eliciting neuroprotective properties in animal models of 

spinal cord injury (Teng et al., 2004), Parkinson’s disease (Wu et al., 2002) (for a 

detailed review of minocycline neuroprotection in Parkinson’s disease see (Thomas 

and Le, 2004)), amyotrophic lateral sclerosis (Zhang et al., 2003; Zhu et al., 2002) and 

Huntington’s disease (Chen et al., 2000; Denovan-Wright et al., 2002). In a contused 

spinal cord rodent model, minocycline reduced glial fibrillary acidic protein 

immunoreactivity surrounding the injury site, reduced astrogliosis (glial scarring) and 

enhanced survival of oligodendrocytes (Teng et al., 2004). These neuroprotective 

properties of minocycline could add another level of neuroprotection above GDNF 

and OECs in an ex vivo gene therapy. Overall there is a strong case for using 
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minocycline as the inducer of transgene expression in the ex vivo gene therapy 

developed for future studies. 

To achieve the above-mentioned goal of this study, retroviral vector systems with 

tetracycline-inducible promoters will be used to engineer OECs. Tetracycline-

inducible gene expression systems and vectors used in this study are reviewed in 

Chapters 5 and 6.  

Methods for developing multi-gene expression vectors are described below. 

1.3.1.3 Expression of multiple genes from a single promoter using multi-
cistronic vectors 

In some gene therapies it is desirable to express more than one protein from a single 

vector transduced into a host cell. A number of methods exist to co-express multiple 

genes as separate (non-fusion) proteins including internal ribosome entry sites (IRES) 

and the foot and mouth disease virus 2A cleavage factor (FMDV-2A). Derived from 

the encephalomyocarditis virus, the IRES sequence is the most common strategy used 

for constructing multi-cistronic (multi-gene) retroviral vectors.  Inserting the IRES 

DNA sequence between two genes of interest results in two mature proteins being 

expressed from a single promoter (Ngoi et al., 2004; Wong et al., 2002). Despite the 

widespread use of IRES, their large size creates limitations for cloning into retroviral 

vectors and also significant variability in gene expression has been observed. 

Particularly, the gene inserted upstream of the IRES sequence is expressed at higher 

levels than the gene placed downstream (Mizuguchi et al., 2000; Zhou et al., 1998). 

An alternative to IRES sequences is derived from the foot and mouth disease virus 

(FMDV). The FMDV is a picornavirus which contains a positive strand RNA 

genome. After infecting a host cell, the RNA genome encodes a single large 

polyprotein which is cleaved into separate mature proteins using the 2A cleavage 

factor. The 2A cleavage factor is a 16 amino-acid segment situated between each of 

the major proteins in the FMDV polyprotein chain. Placing the 2A DNA sequence ‘in 

frame’ between two genes confers bi-cistronic gene expression at higher efficiency 

than IRES sequences (Chinnasamy et al., 2006; Furler et al., 2001). These authors 

demonstrate 2A causes multi-cistronic expression in vivo after injection of 

recombinant adeno-associated viruses (AAV) containing the 2A genetic element into 

the rat substantia nigra. Additionally expression of enhanced GFP (EGFP) is not 
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inhibited by the 2A processing (Furler et al., 2001). The FMDV 2A and its cleavage 

actions have been reviewed previously (Chinnasamy et al., 2006; Furler et al., 2001). 

1.3.2 Retroviral delivery of growth factors into the central nervous system 

Retroviral vectors are efficacious tools for delivering therapeutic genes in animal 

models of Parkinson’s disease, Alzheimer’s disease, motor neuron disease and 

injuries affecting the central nervous system including spinal cord injury. The use of 

various viral vectors to treat CNS ailments has been reviewed extensively (Hendriks 

et al., 2004; Wong et al., 2006). A more sophisticated approach involves ex vivo 

delivery of neurotrophic factors and therapeutic proteins via transplanted genetically 

modified cells.  A number of retroviral vector systems have been used to engineer 

these cells prior to transplantation including, herpes simplex virus, adenovirus, adeno-

associated virus, lentivirus, and Moloney Murine leukaemia virus (MMLV).   

The olfactory mucosa and olfactory ensheathing cells are reviewed below. 

1.4 The olfactory mucosa 

The olfactory mucosa is found along the medial and lateral walls of the roof of the 

nasal cavity in humans and is responsible for the sense of smell (olfaction). Two 

tissues comprise the olfactory mucosa, namely the olfactory epithelium and the 

lamina propria (Figure 1.2). In humans, neurogenesis continues in this tissue well into 

old age (Murrell et al., 1996; Roisen et al., 2001). The olfactory mucosa is clinically 

attractive source for obtaining olfactory ensheathing cells (Bianco et al., 2004) and 

multipotent stem cells (Murrell et al., 2005; Murrell et al., 2008) for autologous 

transplantation because it is accessible by simple biopsy (Féron et al., 1998) with few 

effects (Féron et al., 1999). Autologous transplantation of olfactory ensheathing cells 

obtained from this tissue into paraplegic spinal cords was shown to be safe in a recent 

clinical trial completed by our lab (Feron et al., 2005; Mackay-Sim et al., 2008).  
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Figure 1.2: Drawing of the olfactory mucosa. The pseudostratified nature of the epithelium is 

depicted along with cilia (C) perpendicular to the epithelial surface. The mucous layer is secreted from 

ducts from Bowman’s glands (BG) that open onto the epithelial surface. Olfactory nerves (N) project 

from the epithelium to the lamina propria. Small arteries (A), veins (V) and connective tissue fibers 

(curved lines) are also depicted. Taken from (Farbman, 1992.). 

 

1.4.1 The olfactory epithelium  

The olfactory epithelium is a pseudostratified tissue and is the organ of olfaction 

(Farbman, c1988.). Olfactory receptor neurons residing in this tissue bind odorants 

from air which have dissolved into the mucous layer (Figure 1.2). Axons from 

olfactory receptor neuron extend from the epithelium into the underlying lamina 

propria and form collective nerve bundles. The nerve bundles project to the brain 

through the cribriform plate of the ethmoid bone and synapse with the olfactory bulbs 

(Figure 1.3). Continual neurogenesis of olfactory receptor neurons occurs in this 

tissue throughout the life of mammals, making this a unique tissue (Mackay-Sim and 

Kittel, 1991; Murrell et al., 1996); (Graziadei et al., 1980; Graziadei et al., 1978, 

1979; Graziadei and Monti Graziadei, 1979, 1980). 

 

 11



 
Figure 1.3: Drawing of the human primary olfactory pathway. Picture showing axons from 

olfactory receptor neurons projecting to the olfactory bulbs in the brain.  The olfactory epithelium lies 

superficial to the olfactory lamina propria which is immediately adjacent to the cribriform plate. Red 

and blue lines in the olfactory bulbs demonstrate sensory and feedback circuits to and from higher 

olfactory brain centers respectively. Taken from (Netter, 1986). 

 

1.4.2 The lamina propria  

The lamina propria is the connective tissue which underlies the olfactory epithelium 

(Figure 1.2). The lamina propria contains cellular components of connective tissues 

which include fibroblasts, macrophages, mast cells and leukocytes. Nerve bundles, 

blood vessels, Bowman’s glands, collagen and elastic fibers are also resident in the 

lamina propria (Farbman, 1992.). More important to the current study, olfactory 

ensheathing cells (OECs) take residence in this tissue. A major role of OECs is to 

ensheath and direct olfactory receptor neuron axons from the epithelium through the 

cribriform plate to the olfactory bulbs (Farbman, 1992.). Experiments in this study 

will derive olfactory ensheathing cells from the lamina propria. Olfactory ensheathing 

cells are reviewed below.   

 

1.5 Olfactory ensheathing cells 

Olfactory ensheathing cells (OECs) are glial cells which ensheath axons in the 

peripheral (olfactory mucosa) and central nervous system (olfactory nerve layer of the 

olfactory bulbs) segments of the olfactory pathway. Implantation of rodent and human 

OECs is a promising strategy to promote regeneration in spinal cord injury and treat 
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Parkinson’s disease and has been reviewed previously (Mackay-Sim, 2005; 

Ruitenberg et al., 2006). The majority of OECs transplanted into animal models of 

spinal cord injury (Li et al., 1997; Ramon-Cueto and Nieto-Sampedro, 1992, 1994; 

Ramon-Cueto et al., 1993; Ramon-Cueto et al., 1998) were derived from the olfactory 

bulbs. The olfactory bulbs are a clinically difficult source for obtaining OECs because 

they are difficult to access, with the added risk morbidity after biopsy. A more 

clinically relevant and attractive source for OECs is nasal olfactory mucosa because it 

is simple to biopsy with few side-effects (Feron et al., 1998), and has been used to 

isolate OECs for safe autologous transplantation in human spinal cord injury (Feron et 

al., 2005; Mackay-Sim et al., 2008). After transplantation into rodent models of spinal 

cord injury, nasal-derived OECs have also shown beneficial effects (Lu et al., 2002). 

OECs were successful in improving behavioral symptoms of PD in rodents (Agrawal 

et al., 2004). It is unknown whether the benefits seen with transplanting OECs in 

models of spinal cord injury and Parkinson’s disease are in part caused by expression 

of GDNF by these cells.  

OECs appear to belong to one flexible cell type with the ability to vary its 

immunochemical and morphological phenotype (Doucette and Devon, 1995; 

Krudewig et al., 2006; Vincent et al., 2005). Immunochemical markers for OECs 

include glial fibrillary acidic protein (GFAP), the low affinity nerve growth factor 

receptor p75NTR (Ramon-Cueto and Nieto-Sampedro, 1992) and S-100 (Pixley, 1992). 

Previously, OECs have been shown to produce a variety of growth factors, including 

nerve growth factor (NGF) and brain-derived neurotrophic factor (BDNF) (Boruch et 

al., 2001; Woodhall et al., 2001), and extracellular matrix molecules (Kafitz and 

Greer, 1998; Ramon-Cueto et al., 1998). (Lipson et al., 2003) and (Woodhall et al., 

2001) detected glial cell line-derived neurotrophic factor (GDNF) mRNA expression 

in cultured OECs from the olfactory bulbs however, the latter were unable to detect 

GDNF protein using immunoassays (ELISA). To date, few studies describe GDNF 

expression in OECs derived from the OM. In one study, GDNF mRNA was detected 

by in situ hybridisation in the rat olfactory epithelium, but it was not clear whether 

hybridisation could be seen in the lamina propria (Nosrat et al., 1996). In the present 

study, GDNF expression will be examined in OECs from the OM of humans and rats.  

Several studies describe methods to purify OECs from various sources, mostly from 

the olfactory bulbs of rodents. Methods to purify OECs from the olfactory bulbs 

include immunopanning with p75NTR (Au and Roskams, 2003; Barnett SC et al., 
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2000; Ramon-Cueto and Avila, 1998). Few published methods describe purification 

of OECs from olfactory mucosa. One method purified mouse OECs from primary 

cultures of olfactory mucosa through cytotoxic lysis of contaminating fibroblasts by 

Thy 1.1-mediated complement lysis (Au and Roskams, 2003). This method requires 

repeated sub-culturing to achieve highly purified cultures and no reports describe 

purification of human cells by this method. Purification of OECs from the olfactory 

mucosa was also achieved by repeated sub-culturing in neurotrophin 3 for both rats 

and humans (Bianco et al., 2004). Notwithstanding the success of this method, it does 

however require significant sub-culturing and repeated passages to reach purity levels 

desired for transplantation therapies. An important aspect for developing cell 

transplantation and ex vivo gene therapies is to generate highly purified cells in large 

numbers and with a minimum of passages.  

1.5.1 Ex vivo gene therapy using olfactory ensheathing cells 

As described in the previous section above, OECs produce a variety of neurotrophic 

factors and extracellular matrix molecules which may explain their well-documented 

regenerative properties in spinal cord injury models (Mackay-Sim, 2005; Ruitenberg 

et al., 2006). Genetic modification of OECs has the potential to improve these abilities 

through 1) increasing levels of neurotrophin expression and 2) expressing other 

therapeutic proteins which are not intrinsically expressed by OECs. The use of 

olfactory ensheathing cells and other cell types for ex vivo gene therapy of spinal cord 

injury has been reviewed (Hendriks et al., 2004; Ruitenberg et al., 2006). Of these, a 

few studies describe transplanting genetically engineered OECs into the CNS (Cao et 

al., 2004; Ruitenberg et al., 2005; Ruitenberg et al., 2002; Ruitenberg et al., 2003). In 

all cases however, OECs were derived from the olfactory bulbs which has difficulties 

for clinical application. 

The first published study to investigate ex vivo gene transfer in OECs compared the 

ability of three different viral vector systems to transduce these cells (Ruitenberg et 

al., 2002). These authors examined transduction efficiencies of each vector by 

detecting reporter gene expression in OECs infected with adenoviral, lentiviral and 

adenoviral-associated type 2 vector systems.  Interestingly no transduction of OECs 

(no GFP expression) was observed after infection with adenoviral-associated type 2 

vectors. These authors hypothesise that this failure is because OECs lack membrane-

associated heparan sulphate proteoglycan which is required for transduction by these 
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viruses (Summerford and Samulski, 1998). Conversely, efficient transduction of 

OECs with adenoviral and lentiviral vectors was shown by high levels of β-

Galactosidase and GFP expression respectively in transduced cells. OEC morphology 

and immunochemical phenotype were unchanged after transduction. Adenoviral- and 

lentiviral-transduced OECs were then transplanted into the unilaterally lesioned rat 

spinal cord where high levels of transgenic protein (GFP and/or β-Galactosidase) 

were detected 1 week later. As expected, GFP expression in adenoviral-transduced 

OECs decreased significantly after 1 month because adenoviral vectors cause 

transient expression in infected cells. Interestingly here these authors suggest that a 

possible cause of reduced GFP expression was due to proliferation of implanted OECs 

because during mitosis, the adenoviral vector genome located in the episome is lost. 

Overall the results suggest that adenoviral vectors and lentiviral vectors can be used to 

transduce OECs ex vivo to deliver growth factors in the CNS. 

The success of the aforementioned study led to adenoviral (AdV) mediated ex vivo 

modification of OECs to express the neurotrophins BDNF or NT-3 (Ruitenberg et al., 

2003). These cells, either BDNF-expressing or NT-3-expressing, were then 

transplanted into the lesioned cervical spinal cord in rats (the lateral funiculus of the 

cervical spinal cord was lesioned).  In all transplanted rodents, increased axonal 

sprouting at the graft sites and improved hind limb function was observed. Analysis of 

neural regeneration in the lesioned rubrospinal tracts showed that OECs producing 

BDNF, but not NT-3, increased sprouting of axons however no long-distance axonal 

regeneration was observed. It is interesting to note here that these authors found 

behavioural improvements in the absence of anatomical restoration. In all animals that 

received OECs secreting neurotrophins (either BDNF or NT-3), the lesion size was 

significantly more reduced than in control animals receiving non-engineered OECs. A 

strong correlation between reduced lesion size and behavioural improvement was 

elucidated. Overall these findings suggest that transient delivery of neurotrophins, via 

AdV-transduced OECs, into the injured spinal cord mediates tissue preservation and 

reduced lesion size in the acute injury phase which then leads to improved functional 

outcomes.  

In a separate study, OECs were transduced with a modified MMLV retrovirus to 

cause chronic overexpression of GDNF (Cao et al., 2004). In this case, transduced 

OECs robustly expressed high levels of GDNF which did not affect their antigenic 
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phenotype or proliferation. These authors then sought to determine whether or not 

transplanting these cells would improve behavioural and anatomical features in rats 

after complete transection of the thoracic (T8) spinal cord. Rats received stereotaxic 

injections of GDNF-expressing OECs into both cord stumps 1mm from the complete 

transection site. After transplantation, GDNF expression was detected 8 weeks later 

by RT-PCR only, no attempts to detect GDNF by immunochemistry was mentioned.  

Robust axonal regrowth into the graft/lesion site was observed, using neurofilament 

immunostaining, in both corticospinal and rubrospinal tracts when compared to 

controls. Improved locomoter recovery was also observed in animals transplanted 

with GDNF-expressing OECs.  

Overall these results suggest that genetic modification of OECs for ex vivo gene 

therapy enhances their ability to promote axonal regeneration and improve 

behavioural symptoms in CNS injury models. In what appears to be a promising 

approach to treat spinal cord injury, ex vivo delivery of neurotrophic factors to the 

brain to treat neurodegenerative diseases such as Parkinson’s disease may also benefit 

from this approach. Furthermore, genetic modification of OECs derived from the 

olfactory mucosa has not been described previously and would present as a more 

clinically attractive source of cells for developing ex vivo therapies. The goals and 

aims of this study are outlined below.  
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1.6 Goals and experimental aims of this study 
The overall goal of this study is to develop OECs as vehicles for ex vivo delivery of 

GDNF. The current study aims to provide proof of concept for using these cells in an 

ex vivo gene therapy targeting Parkinson’s disease.  To achieve the major goal of this 

study, the following specific aims need to be met. 

 

Specific Aims: 

1. Develop an immunopanning method for isolating highly purified cultures of 

human and rat olfactory ensheathing cells from the olfactory mucosa (Chapter 

3). 

2. Investigate expression of GDNF in OECs from the adult rat and human 

olfactory mucosa in vitro and in situ (Chapter 3). 

3. Examine whether OECs can generate neural-potent neurospheres (Chapter 4). 

4. Develop retroviral vectors for engineering human OECs to controllably co-

express GDNF and reporter genes (Chapters 5 and 6). 

5. To develop methods for purifying transduced OEC lines which express high 

levels of GDNF and reporter genes (Chapters 5 and 6). 

6. Transplant engineered human OECs into the intact rat brain; observe graft 

survival and transgene expression (Chapter 7). 

In each Chapter, specific experimental aims and hypotheses to be tested are outlined 

along with the experimental strategies. The materials and methods used in this study 

are reviewed next.  

 

 

 

 

 

 



 

 

 

 

 

 
 
 
 
 
 

Chapter 2: Materials and Methods 
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2.1 Materials 

2.1.1 Buffers and stock solutions   
Phosphate buffered saline (10×PBS; 0.16 moles NaCl, 0.1 moles Na2HPO4 and 7.4 

moles Na2H2PO4 
. 7H2O) was made to a final volume of 1l in de-ionized water 

(diH2O). This solution was made as a 10× stock that was diluted to a 1× stock (PBS) 

for experimental use.     

 

Sodium chloride Sodium Citrate buffer (SSC; 3M NaCl, 0.3M C6H5Na3O7 
. 2H2O) 

was made up as a 20× stock solution and was diluted to a 2× working solution in de-

ionized H2O. 

 

5× Tris Boric acid EDTA buffer (TBE; 0.5M Tris, 0.5M Boric acid, 0.5M EDTA in 

MilliQ-H2O) was diluted to a 0.5× working solution for use in agarose gel 

electrophoresis. 

 

DEAE-Dextran stock solution was made by adding 1g of DEAE-Dextran powder 

(Sigma, St Louis, MO, USA) to 100ml MilliQ-H20 which was then sterile filtered 

(0.22μm). The stock solution was kept sterile prior to use and stored at 4°C until 

required. 

 

Polybrene™ - Hexadimethrine Bromide powder (Sigma, St Louis, MO, USA) was 

prepared as a 6 mg/ml stock solution in sterile MilliQ-H20.  The resultant mixture was 

then filter sterilized through a 0.22 μm PDVF filter (Millipore) and then stored as 

aliquots at -20°C for up to 1 year.   

 

Tris buffered saline with Tween20 (TBST; 20mM Tris-HCl (pH 7.5) 125mM NaCl, 

Tween20 0.05% (v/v) in MilliQ-H20). 

  

10mM Sodium Citrate Buffer (10mM Tri-sodium citrate dihydrate in MilliQ-H20) 

was made by adding 11.76g Tri-sodium citrate dehydrate to 4l of MilliQ-H20 then 

adjusting to pH 6.0 with 1N HCl. 
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Elution buffer (EB; 10mM Tris-HCl pH 8.5) was supplied with kits obtained from 

Qiagen, Hilden, GER. 

2.1.2 Immunochemistry materials 
Normal donkey serum and horse serum were purchased from Chemicon International, 

Temecula, CA, USA and were stored as frozen aliquots at -20°C. SuperFrost Plus™ 

microscopy slides were purchased from Menzel-Glaser, Germany. Vectastain® Elite® 

ABC Kit for immunoperoxidase staining was purchased from Vector Laboratories 

Inc, Burlingame, CA, USA.  

2.1.3 Cell culture reagents and plastics 
Hanks Balanced Salt Solution (HBSS; without CaCl2, without MgCl2, without 

MgSO4), Foetal calf serum (FCS), Trypsin/EDTA (0.25% trypsin/1mM 

Ethylenediamine tetra-acetic acid;EDTA) and Dulbecco’s modified Eagle 

medium/Ham’s nutrient mixture  F-12 (DMEM) were obtained from JRH Biosciences 

Inc, Lenexa, KS, USA. Penicillin/Streptomycin and Insulin/Selenium/Transferrin 

solutions were purchased from Invitrogen, Carlsbad, CA, USA. DMEM supplemented 

with 10% FCS and 0.5% v/v penicillin/streptomycin was used as the standard growth 

medium for cell culture abbreviated as DMEM/FCS10. Dispase II was purchased 

from Roche Applied Sciences, Germany. 

 

Poly-L-Lysine (PLL), natural mouse laminin, collagenase type H, collagenase type 

IA, geneticin (G418), hygromycin B and minocycline hydrochloride (Mino) were 

purchased from Sigma, St Louis, MO, USA. Opti-MEM® I reduced serum medium 

was purchased from Invitrogen, Carlsbad, CA, USA. Tissue culture treated vessels of 

various sizes were purchased from Nunc, Rochester, NY, USA. 100mm culture dishes 

were purchased from Sarstedt Australia, Technology Park, SA, AUS.   
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Table 2.1 Molecular biology enzymes, reagents and kits 

Supplier Details Reagents/Products 

Fermentas International Inc, Ontario, CA, 

USA 

Restriction endonucleases, 

GeneRuler™ DNA ladder mix 

Promega Corporation, Madison, WI, 

USA 

T4 DNA Ligase, 2x Rapid ligation buffer,

Wizard® SV gDNA purification system, 

Dual-Luciferase® reporter assay system, 

GDNF Emax
® ImmunoAssay system 

Qiagen, Hilden, GER QIAquick gel extraction kit, QIAprep 

Spin miniprep kit, QIAFilter Plasmid 

Midi kit, HiSpeed Plasmid Maxi kit 

Sigma, St Louis, MO, USA Oligonucleotides, Ampicillin, Kanamycin

Invitrogen, Carlsbad, CA, USA Taq DNA polymerase recombinant, T4 

DNA polymerase, SuperScript™ III One-

Step RT-PCR System, ViraPower™ T-

Rex™ Lentiviral Expression System, 

Gateway® pENTR™ 1A vector, 

Lipofectamine™ 2000 reagent, ImaGene 

Green™ C12FDG lacZ Gene expression 

kit, TRIzol® reagent, Platinum® SYBR® 

Green qPCR SuperMix-UDG, Platinum® 

Quantitative PCR SuperMix-UDG, 

Amplification grade DNase I 

Stratagene, La Jolla, CA, USA PfuUltra™ High-Fidelity DNA 

polymerase 

Bioline, Randolph, MA, USA Hyperladder I™ 

Amaxa Inc, Gaithersburg, MI, USA Cell Line Nucleofector™ Kit R 

Clontech Laboratories Inc, Mountain 

view, CA, USA. 

pRevTet-ON Retroviral gene expression 

system 
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2.1.4 Mammalian cell lines 

2.1.4.1 PT67 retroviral packaging cell line 
The retroviral packaging cell line (PT67) was provided as part of the pRev-Tet 

Retroviral Expression System (Clontech) and is derived from NIH-3T3 cell lines.  

The PT67 cell line is transfected with engineered retroviral vectors (Clontech) to 

generate desired replication defective retrovirus. Cells were received on dry ice and 

were immediately cultured as per manufacturer’s instructions to generate large 

numbers for frozen stocks.  Cultures were not allowed to reach confluence at any 

stage. 

2.1.4.2 NIH-3T3  
This cell line was a kind gift from Professor Frank Clark, Griffith University and was 

used for titering and testing MMLV retroviral supernatants (Chapter 5). Cells were 

propagated in DMEM/FCS10 medium and split as required.    

2.1.4.3 293-FT lentiviral packaging cells 
The 293-FT retroviral packaging cell line was obtained as part of the ViraPower™ T-

Rex™ Lentiviral Expression System (Invitrogen, Carlsbad, CA, USA).  Cells were 

cultured as per manufacturer’s instructions and used to generate lentiviral 

supernatants as described in Chapter 6. Propagation of this cell line required 

cultivating of cells in growth medium DMEM/FCS10 supplemented with 400μg/ml 

G418. Cells were not allowed to reach confluence at any stage. 

2.1.4.4 SK-N-MCret/THluc – GDNF bioassay  
This cell line was kindly provided by Professor Kazutoshi Kiuchi from the Laboratory 

for Genes of Motor Systems, Bio-Mimetic Control Research Program, The Institute of 

Physical and Chemical Research (RIKEN), Moriyama, Nagoya 463-0003, Japan. This 

modified neuroblastoma cell line was utilized in assaying for GDNF bioactivity as 

described previously (Tanaka et al., 2003). Cells were maintained in DMEM/FCS10 

supplemented with 200μg/ml G418. 

2.1.4.5 293 cell line 
This cell line was a kind gift from Professor Frank Clark, Griffith University and was 

used for titering and testing lentiviral supernatants (Chapter 6). Cells were propagated 

in DMEM/FCS10 medium and split as required.    
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2.1.5 Bacterial cell lines 
DH10B Electromax™ (DH10B), DH5α, One Shot® Stbl3™ and Library Efficiency® 

DB3.1™ competent cell lines were all purchased from Invitrogen, Carlsbad, CA, 

USA.  All cells were used for transformation of plasmid DNA as directed by the 

manufacturer. Cells were stored at -80°C upon arrival. 

2.1.6 Bacterial growth medium 
Unless otherwise specified, suspension bacterial cultures were grown in Luria Broth 

(LB; Miller’s LB broth, Sigma, St Louis, MO, USA).  LB was prepared by adding 

25g LB to 1l MilliQ-H2O. The solution was then sterilized by autoclaving at 121°C 

for 20 min and stored at 4°C for up to 2 months. For LB containing Ampicillin 

(LB/Amp) or Kanamycin (LB/Kan), LB solution was supplemented with ampicillin 

(Amp) to a final concentration of 100 mg/l or Kanamycin (Kan) to a final 

concentration of 50mg/ml under sterile conditions. Medium formulations containing 

antibiotics were stored at 4°C for a period of 1 month. 

 

Bacterial cultures grown in solid medium were grown on LB/Agar plates.  Molten 

LB/Agar was prepared by adding 35g of Lennox/ l agar (LB/Agar, Sigma, St Louis, 

MO, USA) to 1l of MilliQ-H2O and sterilization by autoclaving at 121°C for 20 min.  

For preparation of antibiotic selective plates, molten LB/Agar solution was allowed to 

cool to <60°C before the addition of ampicillin to a final concentration of 100 mg/l or 

kanamycin to a final concentration of 50mg/ml under sterile conditions. The solution 

was then mixed thoroughly before being decanted into sterile 100 mm petri dishes in a 

laminar flow hood. Dishes were filled to approximately 80% capacity with LB/Agar 

solution and allowed to set and cool to room temperature before being stored upside 

down at 4°C for up to 1 month. 

2.1.7 Surgical materials 
Isofluorane (Laser Animal Health Pty Ltd, QLD, Australia), Ethicon 4.0 chromic gut 

surgical sutures (Ethicon inc, Sommerville NJ, USA), Hamilton 10μl beveled tip 

syringes (Hamilton Co, Reno, NV, USA), Chlorhexidine/Betadine (Faulding 

Pharmaceuticals, Salisbury, South Australia) and Chloromycetin eye ointment (Phizer 

Pty Ltd, West Ryde, NSW, Australia) were used. A Harvard Rodent Ventilator 683 

(Harvard Apparatus Inc, Holliston, MA, USA) liked to a Mediquip Pool 
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Microvapouriser Tech 3 (Mediquip Pty, Ltd) was used for anesthesiology and 

ventilation.   

2.1.8 Animals and ethics 
Adult Sprague-Dawley female rats (>250g) were used for surgical procedures 

outlined in Chapter 7 and also for all other experiments where olfactory mucosa was 

required. These animals were pathogen free and were obtained from the Royal 

Brisbane Hospital Animal Facility (Herston, Brisbane, Australia). All experiments 

were conducted with the approval of the Griffith University Animal Ethics Committee 

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

Australia.    

 

2.2 Methods 

2.2.1 Molecular biology methods 
In general, molecular biology techniques used in this study were adapted from 

Sambrook et al(Sambrook et al., 1989). 

2.2.1.1 Agarose gel electrophoresis 
DNA analysis by agarose gel electrophoresis was performed as described (Sambrook 

et al., 1989). Prior to being loaded into gels, DNA samples were diluted in 6× loading 

dye (10 mM Tris-HCl pH 8.0, 30% glycerol, 0.25% w/v Bromophenol blue and 1 

mg/ml RNase H) to a final concentration of 1×.  Electrophoresis was performed in 

0.5×TBE buffer-filled electrophoresis tanks. Resulting bands were visualized under 

UV light, compared to standard size DNA ladders then photographed using 

VisionWorks™ Imaging Software and a digital camera. Images were prepared using 

Adobe® ImageReady™ version 7. 

2.2.1.2 Extraction of DNA from agarose gels 
DNA bands were excised from agarose gels with the aid of a sterile scalpel under UV 

light. Gel pieces were transferred into PCR grade 1.6 ml tubes and weighed. DNA 

extraction was performed using a QIAquick™ Gel Extraction Kit (Qiagen) as per the 

manufacturer’s instructions.  Purified DNA was stored at -20°C until required. 
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2.2.1.3 Sodium acetate-ethanol precipitation of DNA 
Concentration/purification of DNA was performed by precipitation with ethanol and 

subsequent re-suspension in a smaller volume of EB (10mM Tris-HCl, pH 8.5) or 

MilliQ-H2O.  In detail, the solution containing DNA was brought to a final volume of 

200μl using EB or MilliQ-H2O. To this, 1/10 (vol/vol) of 3M Sodium Acetate (Na-

AC pH 5.2) was added followed by the addition of 2.5 volumes (after addition of Na-

AC) of 100% ethanol.  After gentle mixing, the solution was placed at -20°C for a 

minimum of 1hr after which it was centrifuged at ≥ 14 000 rpm for 30 min.  Without 

disturbing the pellet, the supernatant was aspirated and the pellet was washed with 

1ml 70% ethanol and centrifuged at ≥ 14 000 rpm for 10 min. The supernatant was 

aspirated and the pellet allowed to briefly air dry before being resuspended in 10-20μl 

of EB.  DNA concentration was then calculated by spectrometry or gel 

electrophoresis (as per section 2.2.1.1) 

2.2.1.4 Quantitation of DNA and RNA  
Spectrometry using a LKB Ultrospec Plus Spectrophotometer was performed to 

determine the concentration of sample DNA/RNA in suspension.  Samples to be 

tested were diluted in EB (Qiagen; 10mM Tris-HCl pH 8.5) and absorbance was 

measured at 260 nm (A260).  Only RNA and DNA with absorbance readings >0.1 were 

used. The concentration of the sample was calculated based on an optical density 

(OD) of 1 corresponding to approximately 50μg/ml of double stranded DNA or 

40μg/ml for RNA using the following equation: 

 

Concentration (μg/μl) = A260 × Molar Extinction Co-efficient × dilution factor 

                                                                         1000 

Purity of RNA samples was determined by diluting RNA samples in EB and 

measuring absorbance at 260 and 280 nm. The ratio of these values (A260:A280) was 

then calculated. RNA samples were used only if the ratio was >1.8. 

2.2.1.5 Genomic DNA (gDNA) extraction from mammalian cells 
Genomic DNA was isolated from cells using the Wizard® SV gDNA purification 

system (Promega) as per manufacturer’s instructions. Cells were cultured as per 

section 2.2.2 for gDNA extraction. Medium was aspirated and cells were washed once 

with sterile DNase/RNase free PBS before following the manufacturer’s instructions. 
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DNA was eluted from the column using DNase/RNase free water and samples were 

stored in aliquots at -20°C.  

2.2.1.6 Polymerase chain reaction (PCR) 
DNA templates used for PCR in this study were plasmid DNA (50-100ng/reaction) or 

cDNA (2μl/reaction). All reactions were performed in 0.6 ml thin-walled PCR tubes. 

Typical PCR reactions using Taq DNA polymerase (Invitrogen) were comprised of 

1X PCR buffer (20mM Tris-HCl (pH8.4) and 50mM KCl), 0.2mM dNTPs (each), 

1.5-2.5mM MgCl2, 0.5μM forward and reverse primers, 1.65 units Taq DNA 

polymerase and MilliQ-H2O to a final volume of 20μl. Thermal cycling programs 

consisted of the following incubation times and temperatures: Initial denaturation for 

3 min at 94°C followed by 35-40 cycles of denaturation for 45 sec at 94°C, annealing 

at 52-63°C for 30 sec and extension for 1 min at 72°C. A final extension step was 

performed at 72°C for 10 min. Samples were then brought to 11°C until required.  

 

In cases where large target sequences were PCR amplified (> 1 kbp), PfuUltra™ 

High-Fidelity DNA polymerase (Stratagene) was used.  Reaction components and 

concentrations were usually the same as for Taq polymerase reactions (above) with 

the following exceptions. These included an increase in reaction volume to a total of 

50μl and increasing the amount of polymerase to 2.5 units.  Thermal cycling 

parameters changed with denaturation temperatures increased to 95°C and extension 

times adjusted to conform with 1 minute/kb for targets >1kb. Analysis of PCR 

reactions was performed by agarose gel electrophoresis as per section 2.2.1.1. Desired 

bands required for cloning purposes were extracted and purified as per section 2.2.1.2. 

2.2.1.7 RNA extraction from mammalian tissues and cultured cells 
All RNA extractions were carried out using TRIzol® reagent (Invitrogen) as outlined 

by the manufacturer.  Resultant RNA pellets were resuspended in RNase/DNase free 

water and analyzed for quality and concentration by a spectrophotometer as outlined 

in section 2.2.1.4. 

2.2.1.8 DNase treatment of RNA samples 
Prior to use in any RT-PCR reaction, all RNA samples were treated with 

Amplification grade, DNAse I (DNase I amp grade; Invitrogen) as outlined by the 

manufacturer. In detail, 1μg of RNA sample was added to a reaction master mix 
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containing 1μl DNase I reaction buffer (supplied),  1μl DNase I amp grade (1U/μl) 

and DNase/RNase free H2O to a final volume of 10μl. The reaction was then 

incubated for 15 min at room temp.  DNase I activity was then ceased by addition of 

1μl 25mM EDTA and heating of the mixture for 10 min at 65°C. Samples are then 

stored at -80°C prior to use.  

2.2.1.9 Reverse transcriptase polymerase chain reaction (RT-PCR) 
In all cases, DNase I treatment of RNA samples was performed prior to RT-PCR. 

Amplification grade DNase I (Invitrogen) was used as directed by the manufacturer 

(see above). RT-PCR was performed using the SuperScript™ III One-Step RT-PCR 

System (Invitrogen) as per manufacturer’s instructions. Briefly, reactions were 

comprised of DNase treated RNA (1μg), 1x Reaction Mix (Invitrogen), 0.5μM 

forward and reverse primers, 2μl SuperScript™ III RT/ Platinum® Taq Mix and 

MilliQ-H2O to a final volume of 50μl. Thermal cycling was performed using the 

following steps: cDNA synthesis for 1 cycle, 50°C for 30 min, denaturation for 2 min 

at 94°C then PCR for 40 cycles of 94°C for 15 sec (denaturing), 55-63°C for 30 sec 

(annealing) and 68°C for 1 min (extension). A final extension step of 5 min at 68°C 

completed the program.  Products were analyzed by agarose gel electrophoresis 

(2.2.1.1) and excised for further purification as per section 2.2.1.2 if required.  

2.2.1.10 Real-time quantitative polymerase chain reaction (qPCR) 
Real-time quantitative PCR (qPCR) was used in this study to determine the copy 

number of viral transgenes that integrated into the genome of transduced 239-FT cells 

in order to estimate retroviral titers (Chapter 6). 293-FT cells were transduced with 

concentrated lentiviral supernatants as per manufacturer’s instructions. Genomic 

DNA was extracted from transduced cells as per section 2.2.1.5. All thermal cycling 

and fluorescence detection was performed using the Corbett Research Rotor-Gene™ 

RG 3000 (Corbett research, QLD, AUS). The Platinum® SYBR® Green qPCR 

SuperMix kit (Invitrogen) using standard PCR primers was used as directed by the 

manufacturer.  A thermal cycling program consisting of an initial step for 2 min at 

50°C then 95°C for 2 min (initial denaturing) followed by 40 cycles of 95°C for 15 

sec then 60°C for 30 sec was used in all experiments. Fluorescence readings were 

recorded at the end of the 60°C cycle.  Melt curve analysis was then performed after 

the final cycle which consisted of a slow temperature ramp from 55°C to 98°C while 

 27



continuously monitoring fluorescence to determine that single PCR products were 

produced. Reaction analysis was performed using RotorGene 6 (Corbett research; 

Version 6, build 38) software. Standard curves of plasmids were prepared, ranging 

from 108 – 102 copies per reaction. Plasmid DNA concentration was determined as 

described previously (2.2.1.4). All reactions were performed in triplicate. Negative 

controls using water as template and gDNA from non-transduced cells were also 

included. Reaction master mixes, DNA samples, standard curve dilutions and final 

reaction preparations were prepared using a Corbett Robotics CAS 1200 robot and 

CAS robotics4 version 4.7.97 software. Methods used in this study are based on those 

described previously (Sastry et al., 2002).  

 

2.2.1.11 DNA Sequencing 

2.2.1.11.1 DNA template preparation 
High quality plasmid was prepared from selected clones using a Qiagen Plasmid Mini 

kit as per manufacturer’s instructions. The concentration of the plasmid preparation 

was determined as per section 2.2.1.4.  

2.2.1.11.2 DNA Cycle Sequencing by Chain Termination  
Sequencing reactions were performed using a BigDye™ Terminator Ready Reaction 

Kit version 3.1 (PE Applied Biosystems, CA).  Sequencing reactions contained 4 μl 

BigDye reaction mix, 4 μl of 2.5× sequencing buffer (400 mM Tris-HCl, and 10 mM 

MgCl2 at pH 9.0), 150-250 ng purified plasmid/template and 3.3 pmol of primers.  

Cycle sequencing was carried out in a MJ Research MiniCycler™ using the following 

program: 96°C for 2 min then 24 cycles of; 96°C for 30 sec then decreasing 1°C/sec 

to 50°C for 15 sec, then increasing 1°C/sec to 60°C for 4 min, then increasing 1°C/sec 

to 96°C.  On completion of the sequencing reaction, the reaction mix was transferred 

to a sterile 1.6ml eppendorf tube. DNA was then precipitated by the addition of 0.5μl 

0.5M EDTA pH 8.0, 2μl 3M Sodium acetate pH 5.2 and 100% ethanol to a final 

concentration of 70%.  Gentle mixing was performed after the addition of each 

chemical to the mix. Following a 15 min incubation period at room temperature, the 

mix was centrifuged at maximum speed for 20 min in a bench-top centrifuge and the 

supernatant carefully aspirated. The pellet was washed once with 70% ethanol and 

centrifuged for a further 10 min at room temperature.  The supernatant was aspirated 
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and the DNA pellet was air dried at 60°C for 1 min in an oven.  The Griffith 

University DNA Sequencing Facility, using an ABI Model 377 DNA sequencer, 

analyzed the sequencing reaction. Results from this were interpreted using Chromas™ 

version 1.56 sequence reader program (Technelysium Pty Ltd, Helensvale, QLD, 

AUS) and analyzed using alignment/BLAST programs found at 

www.ncbi.nlm.nih.gov/BLAST.   

2.2.1.12 Preparation of DH10B electrocompetent cells 
A clonal colony from a freshly streaked plate of DH10B cells was used to inoculate 

50ml of LB. The culture was then incubated at 37°C with vigorous shaking at 190 

rpm overnight. Approximately 30ml of the overnight culture was then transferred to 

1l of LB resulting in an OD600 (optical density at 600nm) of 0.06-0.08 as measured by 

a LKB Ultrospec Plus Spectrophotometer. This culture was then grown at 37°C with 

shaking until the OD600 was approximately 0.45 after which the culture was rapidly 

chilled by swirling in an ice cold water bath for 5min. The cells were then centrifuged 

at 4°C for 15min in a Sorvall/GSA rotor at 6000 rpm. The pellet was washed by 

resuspending in ice cold sterile MilliQ-H2O and then centrifuged as previously 

described except for a 10min period. This process was repeated. Then the final pellet 

was resuspended in sterile 15% glycerol in MilliQ-H2O and transferred to a Sorvall 

SS34 centrifuge tube and spun for 10min 4°C at 6000rpm in a SS34 rotor. The 

supernatant was aspirated and the resulting pellet was resuspended in 0.5ml of 15% 

glycerol. Aliquots were dispensed into eppendorf tubes and frozen immediately in 

liquid nitrogen before being transferred to -80°C for storage.  

2.2.1.13 Transformation of DH10B cells by electroporation  
Plasmids from ligation reactions were transformed into DH10B electrocompetent 

E.coli cells by electroporation. Ligation reactions containing vector only were 

transformed to serve as negative controls. 1 μl of the ligation mixture was incubated 

with 20 μl of DH10B electrocompetent cells on ice for 1 min in a sterile Eppendorf 

tube. The ligation/DH10B cell mixture was transferred to a pre-cooled Bio-Rad Gene 

Pulser® Cuvette (0.1 cm; Bio-Rad Laboratories, Hercules, CA, USA) and 

electroporation was performed at 175 kV, 200Ω, 525 μF using Bio-Rad Gene 

Pulser™. The transformed plasmid/cell suspension was removed from the cuvette by 

flushing with 1ml sterile LB then incubated at 37°C for 1 hr on an orbital shaker. 
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Generally, 200-400 μl of the cultures were spread onto LB/Amp plates for ampicillin 

antibiotic selection overnight at 37°C. Plates were stored at 4°C for 1 month before 

being discarded or being re-streaked onto fresh LB/Agar plates.  

2.2.1.14 Transformation of OneShot® Stbl3™ cells by heat shock 
Cells were removed from storage and thawed on ice immediately before use.  Thawed 

cells were mixed gently by flicking the tube before plasmid or ligation reactions were 

added to cells.  Up to 50ng of purified plasmid or 2-10μl of transformation mix was 

added, mixed gently and then incubated on ice for 30 min. Next, the cells were heat 

shocked in a 42°C water bath for 45 sec then immediately placed on ice for a further 2 

min. SOC medium pre-heated to room temperature was then added to the cells that 

were then incubated at 37°C with vigorous shaking (220 rpm) for 1 hr. The 

transformation culture was then spread onto LB/Agar dishes containing the 

appropriate antibiotics to select for positive transformants and incubated overnight at 

37°C. The remaining transformation culture was stored for up to 1 week at 4°C. 

2.2.1.15 Qiagen Mini/Midi/Maxi prep purification of plasmid DNA  
Qiagen plasmid preparation kits were used to extract highly purified and large 

quantities of double-stranded plasmid for sequencing reactions, molecular cloning and 

transfection of eukaryotic cells.  A QIAprep® Spin Miniprep Kit (Qiagen) was used to 

purify plasmid from bacteria containing high copy number plasmids. QIAfilter® 

Midiprep kit or the HiSpeed® Plasmid Maxi kit was used to purify low copy number 

plasmids or to obtain highly concentrated stocks. All kits were used as per 

manufacturer’s instructions. Purified plasmid DNA was subjected to 

spectrophotometric analysis to determine purity and concentration (section 2.2.1.4) 

prior to being stored at -20°C. 

2.2.1.16 Restriction endonuclease digestion of double stranded DNA 
Purified plasmid DNA or PCR products containing restriction sites were subjected to 

restriction endonuclease digestion either to confirm successful transformation/cloning 

of the plasmid into bacteria or to isolate DNA segments of interest for sub-cloning 

into other vectors.  Digestions were all performed as outlined by the manufacturer. 

Products from digestion reactions were resolved by agarose gel electrophoresis as 

described in section 2.2.1.1. Appropriate bands were excised and purified (as per 

2.2.1.2) if required for further cloning purposes. 
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2.2.1.17 Creating blunt-ends from overhanging DNA fragments  
In some cases, blunt-ended DNA fragments were required for sub-cloning into other 

vectors. DNA from restriction endonuclease digests generating overhanging/sticky 

ends were made blunt-ended using the 5’-3’ polymerase activity of T4 DNA 

polymerase (Invitrogen). The following protocol was used to blunt-end 0.5-2.5μg of 

double-stranded, linear DNA using T4 DNA polymerase (Invitrogen).  To a 0.6ml 

thin-walled PCR grade tube on ice, 20μl of 5× T4 DNA polymerase buffer (165mM 

Tris-acetate pH 7.9, 330mM sodium acetate, 50mM magnesium acetate, 2.5mM DTT; 

Invitrogen), 1μl of 50mM DTT, 1μl of 10mM dNTP mix, 0.5-2.5μg DNA, 10U of T4 

DNA polymerase and MilliQ-H2O to a final volume of 100μl was combined.  The 

reaction was then incubated at 11°C for 15min in a MJ Research MiniCycler™ 

(model PTC-0150). After this incubation the reactions were placed immediately on 

ice before being purified using a QIAquick gel extraction kit (Qiagen) to isolate the 

blunt-ended DNA fragments. Sub-cloning of these fragments into other vectors was 

performed as outlined in section 2.2.1.18 below. 

2.2.1.18 Sub-cloning of DNA fragments into plasmid vectors 
DNA fragments (inserts) generated by restriction digestion of existing plasmids or 

PCR products were sub-cloned into plasmid vectors to generate new plasmids for use 

in mammalian cell transfections, including retroviral production, or for further sub-

cloning. The target plasmid vector was prepared by restriction enzyme digestion with 

compatible ends to the inserts being ligated in order to force directional ligation of the 

insert. Ligation reactions contained 200ng of vector DNA and the appropriate amount 

of insert as calculated by the equation below: 

 

ng of insert = ng vector × size of vector (kb)    ×    insert:vector molar ratio 

                              size of vector (kb) 

 

In most cases, the insert:vector molar ratio used was 3:1.  The rest of the ligation mix 

contained 5μl of 2× rapid ligation buffer (Promega) 3 units of T4 DNA Ligase 

(Promega) and MilliQ-H2O to a final volume of 10μl.  The ligation mix was incubated 

at 4°C overnight for both blunt end and sticky end ligations. Ligation mixtures were 

transformed into DH10B or Stbl3™ as outlined in section 2.2.1.13 and 2.2.1.14 

respectively. Clones were screened for the presence and correct orientation of inserts 
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by restriction endonuclease digestion (section 2.2.1.16) and finally by DNA 

sequencing (2.2.1.11) to confirm that no mutations had occurred. 

2.2.1.19 T-A cloning of PCR products into pGEM®-T Easy plasmid vectors 
PCR products (generated using Taq polymerase) for cloning use were purified by gel 

extraction and cloned into pGEM®-T Easy (Promega) vector (as per manufacturer’s 

instructions) to generate large amounts of DNA for subsequent cloning experiments 

and DNA sequencing. Ligation reactions contained 25 ng of pGEM®-T Easy, 5μl of 

2× Rapid Ligation buffer (Promega), 3 units of T4 DNA Ligase (Promega) and insert 

DNA to a final volume of 10μl.  The ligation reaction was carried out by incubation at 

4°C overnight. 

2.2.1.20 Selection of pGEM®-T Easy clones by blue/white colony screening 
The pGEM®-T Easy plasmid used in this study contains a multiple cloning site within 

the lacZ gene open reading frame (ORF). Therefore when the insert is present the 

lacZ ORF is disrupted.  Bacterial colonies transformed with vector containing no 

DNA insert will express β-galactosidase and appear to be blue in color since the lacZ 

gene remains intact.  Colonies containing plasmid with the DNA insert appear white 

due to disruption of the lacZ gene. Blue/white screening was therefore used to isolate 

transformed bacterial colonies containing plasmids with the DNA insert. Transformed 

bacterial cell suspensions (from 2.2.1.13) were spread onto LB-Amp plates (section 

2.1.6), previously inoculated with 50 μl of X-Gal (5-bromo-4-chloro-3-indolyl-β-D-

galactopyranoside; 20 ng/ml in dimethylformamide, Progen Industries Ltd, Darra, 

QLD, AUS) and 100 μl of IPTG (isopropyl-β-D-thiogalactoside; 100 ng/ml in 

MilliQ-H2O, Progen Industries Ltd, Darra, QLD, AUS).  Plates were then incubated at 

37°C overnight. White colonies were selected with the tip of a sterile toothpick that 

was then used to inoculate a LB-Amp plate and or LB/AMP liquid cultures. 

Transformation was confirmed by restriction enzyme digests, PCR or DNA 

sequencing of plasmid purified from bacterial cultures using QIASpin Mini prep kits.  

2.2.1.21 LR Clonase II recombination using the Invitrogen Gateway® system 
This method utilized the Invitrogen Gateway® system of cloning as outline by the 

manufacturer.  Genes of interest were sub-cloned into the pENTR1A entry vector for 

use in the Gateway® system (Invitrogen). This system utilizes site-specific directional 

recombination properties of bacteriophage lambda (Landy, 1989) to transfer genes of 
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interest into destination vectors with high efficiency. The destination vector used in 

this study was pLenti4/TO/V5-DEST. The recombination reaction was performed as 

outlined by the manufacturer. Briefly, the entry vector was generated by sub-cloning 

the appropriate genes/ORFs as outlined in section 2.2.1.18. The recombination 

reaction containing 50-150ng of entry plasmid, 150ng of destination vector 

(pLenti4/TO/V5-DEST), 1μl LR Clonase II enzyme (Invitrogen) and MilliQ-H2O to a 

final volume of 10μL was mixed in a 0.6ml PCR grade tube then incubated overnight 

at 25°C.  The next day 1μl of Proteinase K (Invitrogen; 2μg/μl) was added to the 

reaction and incubated for a further 10 min at 37°C.  The reaction mix was then used 

for transformation into Stbl3 E.coli cells (section 2.2.1.14) and the remaining reaction 

was stored at -20°C for no longer than 1 week.  

2.2.1.22 Bacterial frozen stock preparation 
Once bacterial clones were confirmed to harbor the correct plasmids, 3ml of LB/Amp 

was inoculated from a single colony of the appropriate clone from a freshly streaked 

LB/Amp plate.  The culture was then incubated at 37°C overnight with vigorous 

shaking.  0.5ml of the culture was transferred to a labeled cryotube (Nunc) then mixed 

with 0.5ml sterile 80% glycerol in MilliQ-H2O by briefly vortexing.  The tubes were 

snap-frozen in liquid nitrogen before being transferred to -80°C for long-term storage.  

Frozen stocks were tested 2 weeks post-freezing to assess the success of the freezing 

process.  

2.2.2 Mammalian cell culture methods 

2.2.2.1 Cell Culture 
In general, all cells were maintained in DMEM/FCS10 (as per 2.1.3) in tissue culture 

grade vessels or flasks. All cultures were incubated in a humidified oven at 

37°C/5%CO2. Cells were grown to approximately 80-90% confluence before being 

split for further propagation or frozen in liquid nitrogen for long-term storage (as per 

sections 2.2.2.2 and 2.2.2.3 respectively).  

2.2.2.2 Passage and Maintenance of Cell Lines 
All cell lines were grown to approximately 80-90% confluence before being harvested 

for long-term storage or split for further expansion.  Cells were washed twice with 

HBSS and then incubated in pre-warmed (37°C) Trypsin-EDTA (0.25% Trypsin, 

1mM EDTA; GIBCO) solution for 5 min at 37°C/5%CO2.  After gentle agitation to 
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detach the cells, the suspension was collected and replaced into a 10 ml conical 

centrifuge tube.  Adding 9 ml DMEM/FCS10 for every 1 ml of Trypsin-EDTA used, 

stopped the trypsin-EDTA activity.  The cell suspension was then centrifuged for 5 

min at 300g. For further expansion, the supernatant was aspirated and the remaining 

cell pellet was resuspended in appropriate culture medium and a cell viability count 

was performed (section 2.2.2.5). Cells were then re-plated into appropriate tissue 

culture-ware (Nunc) at the required density and incubated at 37°C/5%CO2. All cells 

received fresh medium changes every 2-3 days.  

2.2.2.3 Preparing Cell Lines for Liquid Nitrogen Storage 
Cells designated for frozen storage were grown to approximately 80-90% confluence 

and harvested as per section 2.2.2.2; a cell count/viability assay (as per section 

2.2.2.5) was performed before the cell suspension was centrifuged. The cell pellet was 

then resuspended gently in an appropriate amount of storage medium comprised of 

90% FCS and 10% DMSO at 4°C. Aliquots of 0.5 ml were dispensed into 1.5ml 

cryotubes (Nunc) and placed immediately on ice.  The cryotubes were then 

transferred to an insulated container and stored at -80°C for up to 1 week after which 

they were placed in liquid nitrogen for long-term storage. 

2.2.2.4 Reviving Cell Stocks from Liquid Nitrogen 
Cryotubes containing cells were removed from liquid nitrogen storage and placed 

immediately into a 37°C water bath to thaw.  Once thawed, 1ml of pre-warmed 

DMEM/FCS10 was added drop-wise to the cryotube, resulting in a final volume of 

1.5ml.  This was then replaced into a 15ml centrifuge tube and a further 10 ml of pre-

warmed DMEM/FCS10 medium was added drop-wise.  The suspension was then 

centrifuged at 200g for 10 min. The pellet was resuspended in appropriate medium for 

culturing in tissue culture wells or flasks and maintained as per section 2.2.2.1. 

2.2.2.5 Cell counting and viability 
Cell counts and viability were determined using a hemocytometer (Weber, England) 

glass slide and Trypan Blue exclusion (Direct Blue 14; Sigma).  

2.2.2.6 Coating culture vessels with poly-L-lysine 
When required, cell culture surfaces were coated with poly-L-lysine. Stock solution of 

poly-L-lysine was prepared by adding 5ml of sterile diH20 to 5mg of poly-L-lysine 

powder (Sigma) and mixing well.  Aliquots of the stock were dispensed and stored at 
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-80°C until required. To coat tissue culture vessels, stock solution of poly-L-lysine 

was diluted with borate buffer pH 8.6 to a final concentration of 40μg/ml poly-L-

lysine. The vessels were then incubated at 37°C/5%CO2 for at least 3hr after which 

the solution was aspirated prior to use. 

2.2.2.7 Collagen coating of culture vessels 
Chamber slides were coated with collagen IV (5μg/cm2) in MQ-H2O and allowed to 

dry overnight under sterile conditions in a tissue culture hood. Laminin coating of 

chamber slide surfaces (2μg/cm2) involved preparing a10μg/ml solution of natural 

mouse laminin (Sigma) and incubating slides for at least 3 hours at room temperature.  

Prior to seeding cells on coated surfaces, slides were washed carefully with sterile 

PBS. In all cases chamber slides were used immediately after coating.  

2.2.2.8 Human biopsy and olfactory cell culture 

2.2.2.8.1 Human Ethics 
Human nasal olfactory mucosa was obtained by biopsy from healthy consenting 

patients undergoing routine nasal surgery under general anesthesia. Surgeries were 

performed by Dr Chris Perry in the Brisbane Private hospital. Biopsies (2-4 mm2) of 

the superior region of the septum and superior turbinates from male and female 

patients all aged between 20 and 40 years were obtained.  Protocols used in this study 

were previously approved by the ethics committees of the Brisbane Private hospital 

and Griffith University in accordance to guidelines outlined by the National Health 

and Medical Research Council of Australia (NHMRC).  

2.2.2.8.2 Biopsy dissection method 
All dissections were performed under sterile conditions within a laminar flow hood.  

Dissection tools and other instruments were sterilized prior to use by soaking in 70% 

ethanol or were sterile from the manufacturer. Experiments were performed using the 

same dissection procedures described below unless otherwise specified. 

2.2.2.8.3 Primary human olfactory mucosal cultures – lamina propria 
Primary cultures of olfactory lamina propria were derived as per previous methods 

(Murrell et al., 2005). Biopsies were obtained as outlined above 2.2.2.8.1. Biopsies 

obtained were immediately placed in DMEM/F12 supplemented with penicillin and 

streptomycin and transported on ice from the hospital to the lab (approximately 20 

mins). Biopsies were then transferred and incubated for 45 min at 37°C/5%CO2 in 
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Dispase II solution (2.4 units/ml in Puck’s solution; Boehringer Mannheim) to allow 

for separation of the thin epithelium from the underlying thicker lamina propria layer. 

After this incubation, the olfactory epithelium was scraped off the underlying lamina 

propria with a micro-spatula under a dissection light microscope.  The freshly 

separated lamina propria was then placed into HBSS (room temperature). To 

dissociate the tissue into a cell suspension the lamina propria was then cut into smaller 

40μm pieces using a McIlwain chopper (Brinkmann). Pieces were then transferred 

into a sterile 10 ml centrifuge tube containing 2 ml of serum-free DMEM 

supplemented with 0.25 mg/ml collagenase H (Sigma) for 10 min at 37°C. During the 

10 min incubation the pieces were mechanically triturated by pipetting until no large 

pieces of tissue were visible.  Collagenase activity was then stopped by the addition of 

8 ml HBSS and the contents were then centrifuged for 5 min at 300g. The supernatant 

was aspirated, the cell pellet was re-suspended in DMEM/FCS10 and the suspension 

was dispensed into wells of a 6 well culture vessel previously coated with poly-L-

lysine as described in 2.2.2.6.  Cells were grown and maintained at 37°C/5%CO2 in a 

humidified incubator.   

2.2.2.9 Rat dissection and nasal olfactory cultures 

2.2.2.9.1 Animals  
In all cases animals were euthanised by administration of 0.5ml of Lethabarb (325 mg 

Pentabarbitone Sodium/ml; Virbac) via intraperitoneal injection.  This method of 

euthanasia is in accordance with guidelines outlined by the National Health and 

Medical Research Council of Australia (NHMRC). Animal strains and ethics 

guidelines used in this study were outlined in section 2.1.8.  

2.2.2.9.2 Dissection method and cell culture 
After death, animals were decapitated. The skin of the head was cut away from the 

underlying musculature by cutting along the dorsal surface of the head from caudal to 

rostral.  The eyes, external nares, lower jaw, zygomatic arch and the remaining 

musculature were then removed.  To expose the olfactory mucosa, cartilage from both 

sides of the septum, the nasal turbinates and the salivary glands were removed. The 

olfactory mucosa and adjacent respiratory mucosa was observed at higher 

magnification with the aid of a dissection light microscope. 

Excision of the olfactory mucosa was performed under a dissection light microscope. 

A 26 gauge sterile needle was used to cut out the olfactory mucosa.  Once the 
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olfactory mucosa was cut from the septum, the tissue was removed and placed 

immediately into pre-warmed (37°C) HBSS in a sterile petri dish. Excess mucous was 

removed from the excised mucosa with the aid of a microspatula under a dissection 

microscope.  The tissue was then placed in pre-warmed (37°C) serum-free DMEM.  

To isolate the lamina propria from the olfactory epithelium, the olfactory mucosa was 

placed into a sterile petridish containing 1 ml of Dispase II (2.4 units/ml in Puck’s 

solution; Boehringer Mannheim) and incubated for 45 min at 37°C/5%CO2. After this 

incubation, the olfactory epithelium was scraped off the underlying lamina propria 

with a microspatula under a dissection light microscope.  The freshly separated 

lamina propria was then placed into a 1ml solution of HBSS (room temperature) to 

inactivate the Dispase. Further removal of unwanted olfactory epithelium was 

performed and then the lamina propria was placed into 1 ml of fresh HBSS. Large 

pieces of lamina propria were cut into smaller pieces using a sterile scalpel to allow 

for easier dissociation. In order to totally dissociate the lamina propria, it was then 

placed into a 5 ml sample tube with 1 ml of serum-free DMEM containing 0.25% 

Collagenase I (Sigma) and mechanically triturated with a pipette approximately every 

2-3 minutes over a 10 min total incubation time. Following this incubation period, the 

1 ml suspenson of dissociated cells was transferred into a 10 ml conical tube (gamma 

sterilized; Sarsted) and 9 ml of HBSS was added to stop the activity of the 

collagenase.  The resultant cell suspension was then centrifuged for 5 min at 300g.  

The supernatant was aspirated and the remaining cell pellet was re-suspended in 

DMEM-FCS10 for initial culturing. 

 

2.2.2.10 Purification of human and rat olfactory ensheathing cells from primary 
cultures 

2.2.2.10.1 Preparation of cell suspension for immunopanning  
Primary cultures or human and rat olfactory lamina propria were grown to 

approximately 80-90% confluence in DMEM/FCS10 before being harvested for 

immunopanning. Cells were harvested by trypsinisation (as per section 2.2.2.2), the 

resulting cell suspension was then incubated at 37°C for a minimum of 3hr with 

gentle agitation every 20-30 min prior to use in the immunopanning procedure.   
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2.2.2.10.2 Preparation of immunopanning dishes 
In all cases 100mm sterile, bacterial-grade, petri dishes (Sarstedt) were used for all 

immunopanning experiments and were prepared under sterile conditions.  Firstly, 

dishes were coated with biotinylated horse anti-mouse IgG (affinity purified, Vector 

Laboratories, California, USA) secondary antibody 10μg/ml in 10ml of 50mM Tris-

HCl pH 9.5 for >16hr at 4°C.  After aspirating the antibody solution, dishes were 

washed 3 times with PBS/0.25% BSA pH 7.4. Secondly, dishes were incubated with 

primary antibody to the extracellular p75 receptor by applying 8μg/ml p75 antibody 

(mouse monoclonal; Sigma) for human cells, or 8μg/ml p75 antibody (Goat 

polyclonal; Santa Cruz) for rat cells to the dish for 1-2hr at room temperature. 

Antibodies were diluted in PBS/0.25% BSA pH 7.4 to coat the dishes. The 

supernatant was then aspirated and the plate washed as previously described.  The 

antibody-coated dish was then incubated with 10ml of PBS/0.25%BSA for 30min at 

room temperature to prevent non-specific binding of panned cells to the dish. The 

solution was aspirated and replaced with non-supplemented DMEM and stored at 

room temperature for use the same day. 

2.2.2.10.3 Immunopanning procedure 
Primary cultures of human and rat olfactory cells were prepared for immunopanning 

as per section 2.2.2.8.3 and 2.2.2.9.2 respectively.  Approximately 5ml of the cell 

suspension containing 5×105 cells were applied to the antibody-coated dishes for 45-

50min at room temperature on a vibration-free surface with gentle swirling every 

15min. Cell attachment was monitored by visualization through a light microscope.  

After this period, the unbound cells were removed by gentle aspiration and the dish 

was then washed thoroughly 5 times with PBS/0.25%BSA to ensure that only tightly 

bound cells remained.  The dish was then washed once with HBSS and then the cells 

were removed by trypsin-EDTA treatment.  Cells were then collected, centrifuged for 

5min at 300g and the pellet was resuspended in DMEM/FCS10 containing 2μM 

forskolin. The cells were then seeded into 25cm2 flasks that had been previously 

coated with poly-L-lysine (200μg/ml poly-L-lysine in H2O for 3hr at 37°C). Medium 

was replaced every 2-3 days and cultures were split before reaching confluence. 

Number of days in vitro (DIV) was noted.  Panned cells were also seeded into wells 

of uncoated glass chamber slides (Nunc) at a density of 4×103 cells per well and 

cultured for <2 days for immunocytochemical staining to determine the success of the 
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panning procedure. Purity was assessed by staining with antibodies to p75, GFAP and 

S100 as outlined in section 2.2.4. Results from these were compared to those 

published previously (Bianco et al., 2004). 

 

2.2.3 Retroviral Methods 

2.2.3.1 MMLV viral methods 

2.2.3.1.1 Determining Antibiotic Resistance of PT67 packaging cell line and 
NIH3T3 cells 

To select successfully transfected cells with stable retrovirus production, the  

resistance of the PT67 cell line to Hygromycin B and Neomycin had to be 

determined, otherwise known as a ‘kill curve’. Additionally, NIH3T3 cells were also 

subjected to this for pilot experiments in Chapter 5. Generally, the lowest 

concentration of each antibiotic that kills 50% of all cells in 5 days and 100% of cells 

by 14 days is considered to be the optimal selection concentration of the respective 

antibiotic. Kill curves for Hygromycin B and Neomycin on PT67 cells were 

established by seeding 1.25×105 cells into 75cm2 flasks and culturing cells in 

DMEM/FCS10 containing a range of concentrations of either antibiotic and cultured 

for 14 days.  Growth and cell death in the cultures was observed daily by light 

microscopy. Medium was changed every 3-4 days during the experiment. The optimal 

concentration for each antibiotic was determined as described above.  

2.2.3.1.2 Transfection of PT67 Packaging Cell Line with Retroviral Plasmid 
DNA 

Transfection of the PT67 cell line with retroviral plasmids constructed in Chapter 5 

was performed to generate replication incompetent retrovirus for transduction 

experiments.  Transfection was carried out using a Cell Line Nucleofector™ Kit R 

(Amaxa biosystems USA; VCA-1001) by electroporation as per the manufacturer’s 

instructions. In brief, PT67 cells were cultured from frozen stocks in 75cm2 tissue 

culture flasks (Nunc) until approximately 80% confluent.  Cells were harvested by 

trypsinization (as per section 2.2.2.2) and centrifuged at 400g for 5 min.  The pellet 

was resuspended and a cell count/viability assay was performed by trypan blue 

exclusion (section 2.2.2.5).  For each plasmid to be transfected, 1x106 cells were 

resuspended in the provided solution containing 2μg of the desired purified plasmid 

DNA.  Transfection by electroporation was carried out in a provided cuvette 
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according to the manufacturer’s instructions using a Nuclofector device (Amaxa 

biosystems USA) using the U-30 setting.  Following this, the cells were collected and 

replated into 25cm2 tissue culture flasks containing 3.5 ml of DMEM/FCS10 and 

incubated for 48hr at 37°C/5%CO2. Transfected cells were then collected, counted 

and replaced into 75cm2 flasks at a density of 1.25×105 cells and treated to with 

medium containing either HygromycinB or G418 at concentrations determined in 

section 2.2.3.1.1. Cells were cultured with this antibiotic for 14 days to select stable 

virus producing cell lines (see below). 

 

2.2.3.1.3 Establishing stable virus-producing PT67 cultures with antibiotic 
selection 

PT67 cells transfected with various retroviral vectors (outlined in section 2.2.3.1.2) 

were subjected to selection with Neomycin (200μg/ml; for pRev-Tet-ON vectors) or 

Hygromycin B (125μg/ml; for the pRev-TRE vector) antibiotics to generate stable 

retrovirus-producing cell lines.  The optimal selection concentration of the antibiotic 

used was previously determined as per section 2.2.3.1.1.  Briefly, 48hr after 

transfection the cells were harvested and replated at approximately the same density 

as used in the ‘kill curve’ assay (section 2.2.3.1.1) in 75cm2 flasks. DMEM/FCS10 

containing the appropriate concentration of antibiotic was added and the cultures were 

incubated at 37°C/5% CO2. Medium changes were performed every 3-4 days.  After 

14 days, selective antibiotics were removed from the medium. The cells were 

propagated and split as necessary for virus production and for frozen storage. 

2.2.3.1.4 Harvesting and Storage of MMLV based Viral Supernatants 
All procedures involving retroviral supernatants were performed in a PC2 certified 

facility in accordance with GMAC guidelines. Stable virus-producing cell lines (from 

section 2.2.3.1.3) were cultured in DMEM/FCS10 in tissue culture flasks.  Culture 

medium containing retroviral particles was harvested and centrifuged for 5 min at 

400g every 48 hr until cells were no longer viable. The virus-containing supernatant 

was dispensed into cryotubes for storage at -80°C or was freshly applied to cells for 

transduction experiments.  Repeated freeze-thawing of the supernatants was avoided.  

All waste and equipment used during the procedure was soaked in 70% ethanol and 

then subjected to UV sterilization for 15mins. Waste was then autoclaved and 

disposed of in a Biohazard bin. 
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2.2.3.1.5 Concentration of MMLV-based retroviral supernatants  
Attempts to concentrate retroviral supernatants obtained from transfected/stable PT67 

cell lines was performed by size exclusion filtration and centrifugation using 100K 

Macrosep® centrifugal devices (Pall Corporation, East Hills, NY, USA). Experiments 

were carried out as outlined by the manufacturer.  Specifically, 10 ml of virus-

containing culture supernatant was harvested and centrifuged to remove debris.  The 

cleared supernatant was then dispensed into the 100K Macrosep device and 

centrifuged for 90 min at 2500g. This would equate to approximately a 20-fold 

concentration according to the manufacturer.  The remaining concentrate was then 

dispensed into aliquots for storage at -80°C or used immediately in transduction 

experiments.   

2.2.3.1.6 Transduction of NIH-3T3 cells and viral titering using the colony 
forming assay 

NIH-3T3 cells were used to determine the viral titer of supernatants so that virus 

viability can be confirmed and multiplicity of infection (MOI; number of virus 

particles per target cell) can be estimated. Prior to transduction, a kill curve assay was 

performed on NIH-3T3 cells as outlined in section 2.2.3.1.1 to determine the optimal 

selection conditions for these cells. Each well of a 6 well plate was seeded with 

7.5×104 cells in DMEM/FCS10 and incubated at 37°C/5%CO2 overnight. For each of 

the viral supernatants, six 10-fold serial dilutions (beginning with 101) were prepared 

by diluting stock supernatant with DMEM/FCS10. DEAE-Dextran was then added to 

a final concentration of 1μg/ml. Each well received 1ml of the viral dilutions.  The 

cells were then incubated for 24hr at 37°C/5%CO2 after which the medium was 

aspirated and replaced with DMEM/FCS10.  Cells were the cultured for a further 24hr 

before being subjected to antibiotic selection as per section 2.2.3.1.3. After the 

selection period, the viral titre was estimated by counting the number of resistant 

colonies present in the well that contained the highest dilution of viral supernatant that 

possessed colonies. For example, 2 colonies in the well corresponding to a 106 

dilution would represent a viral titre of 2 ×106 colony forming units/ml (cfu/ml). 
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2.2.3.2 Lentiviral methods 

2.2.3.2.1 Transfection of 293FT cells to generate Lentivirus 
Lentivirus was generated by transfecting 293FT cells with pLenti plasmids 

constructed as described in Chapter 6.  Transfection of 293FT cells using 

Lipofectamine 2000 (Invitrogen) solution was carried out as outlined in the 

ViraPower Lentiviral Expression systems manual (Invitrogen). Briefly, one day prior 

to transfection, 293FT cells were seeded into 100mm tissue culture dishes (Nunc) at 

6×106 cells per dish in normal growth medium and incubated at 37°C/5%CO2 

overnight. The next day, the growth medium was aspirated and replaced with 5 ml of 

OptiMEM reduced serum medium (Invitrogen) containing 10% FCS and without 

antibiotics.  In a sterile 5ml tube (one per plasmid being transfected), 9 μg of 

Virapower Lentiviral packaging mix and 3 μg of lentiviral plasmid DNA was mixed 

with 1.5ml of OptiMEM (without serum and antibiotics).  In a separate 5 ml tube, 36 

μl of Lipofectamine 2000 was added to 1.5 ml of non-supplemented OptiMEM 

medium and incubated for 5min at room temperature.  After this incubation the DNA-

lipid complexes were formed by mixing the contents of both tubes and then 

incubating them for 20 minutes at room temperature.  After this incubation, the 

solution containing the lipofectamine-DNA complexes was added to the dishes and 

incubated overnight at 37°C/5%CO2. The next day the medium was aspirated and 

replaced with 10-13 ml of normal growth medium.  Cells were then grown for 48-72 

hr to generate retrovirus for harvest.  

2.2.3.2.2 Concentration of VSV-G type retroviral supernatants by 
centrifugation 

Retroviral particles possessing the VSV-G envelope glycoproteins (all lentivirus 

generated in this study) are able to be concentrated by high-speed centrifugation. 

Supernatants generated were harvested after transfection and placed on ice when not 

being used immediately. Supernatants containing identical virus type from each 

transfection were pooled and filtered through a 0.45μm PVDF (low protein binding; 

Millipore) filter and finally transferred into a sterile ultra-centrifuge tube (20ml per 

tube) for a 70Ti rotor.  Supernatants were then centrifuged at 50 000g for 2.5 hr at 

4°C (Beckman Coulter model L90 centrifuge). After centrifugation, resultant pellets 

were resuspended in an appropriate volume of DMEM to obtain the desired 

concentration overnight at 4°C or at immediately room temperature with gentle 
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pipetting up and down. Concentrated supernatants were aliquoted and stored in 

cryotubes at -80°C until required.  

2.2.4 General immunochemical methods 

2.2.4.1 Immunochemistry general protocol 
For each immunostaining experiment, tests for each primary antibody were performed 

in triplicate on 8 chamber glass slides (Nunc) or in triplicate on sections mounted on 

slides. At least 2 control specimens were subjected to the same fixation and blocking 

protocol, one control received no primary antibodies in order to control for non-

specific interaction of the secondary antibodies used, a second control was left 

without primary and secondary antibodies to visualise auto-fluorescence. Staining 

procedures were carried out as outlined in sections below. 

2.2.4.2 Immunohistochemistry  

2.2.4.2.1 Paraffin embedded specimens 
Paraffin embedded rat specimens obtained from existing lab stocks were de-waxed 

and re-hydrated prior to immunostaining with antibodies. Embedding of human 

specimens in paraffin was performed by Joseph Kan according to standard protocols. 

Slides were placed on a rack and fully submerged into fresh 100% Xylene for 10min. 

Slides were then incubated in 100% ethanol for 2 successive 10min periods, followed 

by 90% ethanol for 10min then 70% ethanol for 10min then 50% ethanol for 5min. 

Slides were incubated in sterile MiliQ-H2O for 2min then transferred into PBS prior 

to use.    

2.2.4.2.2 Heat-induced antigen retrieval 
In all cases where paraffin embedded sections were used, heat-induced antigen 

retrieval was performed prior to immunoassaying.  This step was performed after de-

waxing and re-hydration processing. A pressure cooker was filled with 10mM Sodium 

Citrate Buffer (pH 6.0) and brought to boil over a hot plate on maximum heat.  At 

boiling temperature, slides were placed into a rack and transferred to the pressure 

cooker so that the slides were completely submerged in the boiling buffer.  The lid of 

the device was then fastened securely. Once the pressure gauge indicated the device 

was operating at full pressure, the specimens were then incubated for 5 min under 

these conditions.  After this period, the pressure was released, the lid removed and the 

whole cooker was transferred into a sink.  The chamber was filled with a continuous 
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flow of de-ionised H20 until the temperature had equilibrated to RT. The slides were 

removed and transferred into PBS where they stood for 10 min at room temperature 

prior to immunohistochemical staining.  

2.2.4.3 Fixation and storage of specimens 
Various methods for fixation of cells/tissue sections were employed and the method 

used was dependent on the antigen location/type and also published methods in the 

literature. For extended storage of cells grown in chamber slides, the slides were 

placed in a sealed container submerged in PBS containing 0.1% w/v sodium azide 

(NaN3) pH 7.4 at 4°C. Tissues sections mounted on slides were stored at -80°C until 

required. 

2.2.4.3.1 Paraformaldehyde fixation 
Cells grown in chamber slides were fixed by addition of 4% paraformaldehyde/PBS 

for 7 min at room temperature unless otherwise stated. After fixation the 

paraformaldehyde solution was aspirated and cells were washed 3 times in PBS buffer 

for 5 min intervals on an orbital shaker. 

2.2.4.3.2 Methanol fixation 
Methanol fixation was performed by adding pre-chilled to -20°C 100% methanol to 

cells and then incubating at -20°C for 20 min.  After fixation, cells were then washed 

3 times for 5min with PBS. This washing step is standard procedure for all washing 

steps mentioned in following sections.   

2.2.4.4 Blocking  
Blocking solution was prepared in PBS by adding donkey serum or horse serum (10% 

vol/vol; depending on the species of secondary antibody used) and if required, Triton 

X-100 (0.1% vol/vol) and pH adjusted to 7.4. Blocking was performed by incubating 

specimens at room temperature for 1 hr in blocking solution.   

2.2.4.5 Primary Antibody Application 
Primary antibodies were diluted in blocking solution at varying concentrations and 

applied to the specimens. The antibodies used in this study are as outlined in Table 

2.2 below.  Cells were incubated with the primary antibody/antibodies overnight at 

4°C or for >1hr at RT. After this incubation period the block solution was aspirated 

and cells were washed thoroughly as previously described. 
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Table 2.2: Primary antibodies used in this study 

Antibody Name Species Company 

GDNF Rabbit SantaCruz 

GDNF Mouse SantaCruz 

GDNF Sheep Chemicon 

Ki67 Rabbit NovaCastra 

S100 Rabbit Dako 

S100 Mouse Abcam 

p75 Mouse Sigma 

p75 Goat SantaCruz 

HNK-1 Mouse Sigma 

OMP Goat Dako 

βIII-Tubulin Mouse Sigma 

βIII-Tubulin Rabbit Covance 

β-Galactosidase Rabbit Abcam 

EGFP Goat SantaCruz 

Neurofilament 200kDa Mouse Sigma 

GFAP Rabbit Dako 

TH Rabbit Immunostar 

 

2.2.4.6 Secondary Antibody Application and Nuclei Staining  
In all cases, secondary antisera used in this study were purchased from Invitrogen 

from the AlexaFluor fluorescence conjugated antibody range and were raised in 

donkey unless otherwise stated. Table 2.3 (below) contains a list of secondary 

antibodies used and their respective excitation/emission spectra. Secondary antibodies 

were diluted from stocks in PBS to a final dilution of 1:200 for infrared emissions 

(647nm) and 1:500 for all others. All fluorescent, conjugated, secondary antibodies 

were incubated with the cells or sections for ≥2 hr at room temperature or overnight at 

4°C.  Secondary antibodies were selected depending on the species in which the 

primary antibody was raised. After the incubation with the secondary antibodies, cells 

were washed as previously described.  Counterstaining of nuclei with DAPI 

(VECTOR Laboratories) was performed when slides required a coverslip. Hoechst 

33342 (1:1000 in PBS; Sigma, St Louis, MO, USA) was used to counter stain nuclei 
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when being observed with a microscope with aqueous objectives.  Stained cells or 

sections were stored in the dark in PBS containing 0.1% Sodium Azide (NaN3) at 

4°C.  All fluorescence photography was performed using a Zeiss AxioImager Z1 

microscope mounted with a Zeiss AxioCam MRm monochrome camera. Images were 

imported into Adobe® Photoshop™ 7.0 imaging program for processing and 

presentation. 

Table 2.3: Secondary antibodies used in this study 

Name, species raised 

against and conjugate 

Excitation/Emission 

spectra (nm) 

Company 

Donkey anti-mouse 488 495/519 AlexaFluor (Invitrogen) 

Donkey anti-rabbit 488 495/519 AlexaFluor (Invitrogen) 

Donkey anti-goat 488 495/519 AlexaFluor (Invitrogen) 

Donkey anti-mouse 594 590/617 AlexaFluor (Invitrogen) 

Donkey anti-rabbit 594 590/617 AlexaFluor (Invitrogen) 

Donkey anti-goat 594 590/617 AlexaFluor (Invitrogen) 

Donkey anti-sheep 590/617 AlexaFluor (Invitrogen) 

Donkey anti-mouse 647 650/668 AlexaFluor (Invitrogen) 

Donkey anti-rabbit 647 650/668 AlexaFluor (Invitrogen) 

Horse anti-goat Biotin N/A Vector Laboratories 

Horse anti-mouse Biotin N/A Vector Laboratories 

 

2.2.5 ELISA for detection of GDNF in cell culture supernatants 
For all ELISA experiments in this study, the GDNF Emax

® ImmunoAssay system from 

Promega was used. This protocol is based on the sandwich ELISA technique (see 

manual). A multi-channel pipette was used in all cases and great care was taken to 

ensure accuracy of the pipetting.  Briefly, 96 well plates (MaxiSorp; Sarstedt) were 

coated with anti-GDNF monoclonal antibody overnight at 4°C as directed. The plate 

were then washed and blocked with Block and Sample buffer (supplied) for 1hr at 

room temperature. The blocking solution was removed and a GDNF standard was 

serially diluted 2-fold starting at 1000pg/ml in duplicate. Test culture medium (not 

acid treated) was also added to test wells. Test medium from cultures was serially 

diluted ranging from 1:2, 1:4, 1:16, 1:32 in block and sample buffer (supplied) and 

added to the wells in triplicate. Negative controls included DMEM/FCS10 and block 
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and sample buffer, all performed in triplicate. Samples and standards were incubated 

in the antibody-coated wells for 6hr at room temperature on an orbital shaker rotating 

at 500rpm. After this period the wells were washed, as described, prior to addition of 

the secondary antibody in the ELISA sandwich. Chicken anti-GDNF polyclonal 

antibody was added to the wells and incubated overnight at 4°C. After washing-off 

the secondary antibody, anti-chicken antibody, conjugated to horse radish peroxidase 

(HRP), was added for 2hr at room temperature. The wells were washed thoroughly.  

TMB One solution (provided) was then added to wells for 15min at room 

temperature, followed by addition of 1N HCl to produce a yellow coloration. Before 

30min had passed the plate was read on a plate reader recording absorbance values at 

450nm.  Data was recorded and collated into spreadsheet format. A standard curve 

was produced and the linear relationship between dilution and absorbance values was 

calculated. Values obtained for samples must fall within the confidence level 

generated by the standard curve.     

     

2.2.6 Luciferase assays for bioactivity of GDNF in cell culture supernatants 
Luciferase activity was measured using the Dual-Luciferase® reporter assay system 

(Table 2.1) as per manufacturer’s instructions. All assays were conducted with 

modifications as outlined in (Tanaka et al., 2003). SK-N-MCret/THluc cells from 

section 2.1.4.4 above were seeded into wells of a 24 well plate at 4x104 cells per well 

and grown overnight.  After this period, the medium was aspirated and replaced with 

medium from cultures to be tested for bioactivity of GDNF. Test cultures were grown 

for 48hr in fresh medium prior to their medium being transferred to the SK-N-

MCret/THluc cells. SK-N-MCret/THluc cells were then incubated with the test 

medium overnight at 37°C/5%CO2. Positive control wells were incubated with 

DMEM/FCS10 containing recombinant GDNF (Chemicon International, Temecula, 

CA, USA) at various concentrations. For initial experiments a standard curve was 

established using recombinant GDNF ranging from 25ng/ml to 1.5ng/ml (see Chapter 

3). Negative control wells were incubated with fresh DMEM/FCS10. After 20hr 

incubation with test medium, the wells were aspirated then washed once with PBS. 

Luciferase activity was then assayed using the Dual-Luciferase® reporter assay system 

as outlined by the manufacturer. Briefly, cell lysis was then carried out by incubation 

with 200μl of passive lysis buffer (obtained with the Dual-Luciferase® reporter assay 
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system) for 15 min at RT.  Lysates were collected into 0.6ml PCR tubes and 

centrifuged for 2 min at maximum speed to pellet debris.  5μl of each lysate was then 

transferred into wells of a 96 well B&W Isoplate™ (Wallac) in triplicate for each 

sample and controls.  The plate containing samples was then transferred to a 

Victor2™ 1420 multilabel counter (Wallac, Turuk, Finland) where luciferase activity 

was then measured by the addition of 100μl Luciferase assay reagent II (LAR II) to 

each well.  Luciferase activity was measured for 10s per well. Only firefly luciferase 

activity was measured in this study. Data was saved in spreadsheet format and 

analyzed using Microsoft Excel. Statistical analysis was performed using ANOVA, 

standard error of the means (SEM) followed by post hoc (t-test) analysis to compare 

test samples with controls. 

2.2.7 Detection of β-Galactosidase activity in cells in vitro and in vivo 
To detect expression of recombinant β-galactosidase in transduced cells and in control 

brain sections, the following protocol was used.  Cells were washed twice in 1×PBS 

then fixed using 2% formaldehyde, 0.05% gluteraldehyde in PBS for 5 min on ice. 

Cells were then washed 3 times in PBS for 5 min. Stain solution containing 5mM 

potassium ferrocyanide, 5mM potassium ferricyanide, 2mM MgCl2 and 1mg/ml X-gal 

in PBS was incubated with cells overnight at 37°C.  After washing cells in PBS to 

remove the staining solution, cells were then analyzed by bright field microscopy to 

detect blue stained cells positive for β-galactosidase activity.     

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

Chapter 3: GDNF expression in human and rat 

olfactory mucosa and olfactory ensheathing glia 
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3.1 Introduction 
There are several published methods to purify olfactory ensheathing cells from 

various sources, most obtaining OECs from the olfactory bulbs of rodents. A less 

commonly used source is the olfactory mucosa. Methods to isolate OECs from these 

sources include purification by culturing in neurotrophin 3 (Bianco et al., 2004) (rat 

and human; olfactory mucosa), direct isolation by immunopanning with p75NTR 

(Barnett SC et al., 2000; Ramon-Cueto and Avila, 1998) and by other methods (Au 

and Roskams, 2002) (rodent; olfactory bulbs). A specific aim of the present study is to 

develop a method for purifying human and rat OECs from the olfactory mucosa using 

immunopanning with p75NTR. These cells will be compared to purification of OECs 

by culturing in neurotrophin 3 to determine the success of the method.  

A major goal of this study is to develop OECs as vehicles for ex vivo delivery of 

GDNF. It is of interest, therefore, to know the intrinsic level of GDNF expression in 

OECs, if any. The published studies on this topic are few and in conflict between 

methods of identification (protein or mRNA) and species (rat and human). GDNF 

protein has been identified in the rat olfactory epithelium using immunochemistry 

(Buckland and Cunningham, 1998; Maroldt et al., 2005) and GDNF mRNA by in situ 

hybridisation (Nosrat et al., 1996). However, there are no published studies describing 

GDNF expression in the human olfactory mucosa. GDNF mRNA is present in 

cultured rat OECs from the olfactory bulbs (Woodhall et al., 2001) but this did not 

generate detectable levels of protein. In this Chapter the expression of GDNF in the 

human and rat olfactory mucosa and in cultured OECs from these tissues will be 

investigated systematically using a variety of methods. This will provide proof of 

concept for using OECs as suitable vehicles for delivering GDNF in ex vivo gene 

therapies.  
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3.2 Aims and hypotheses 
The aims of this Chapter are to 1) obtain highly purified rat and human OEC cultures 

by immunopanning with p75NTR and compare the phenotype of immunopanned OECs 

with OECs described previously (Bianco et al., 2004); and 2) determine GDNF 

mRNA and protein expression in rat and human olfactory mucosa and OECs. 

Hypotheses to be tested: 

1. OECs obtained using immunopanning methods possess a similar 

phenotype as those obtained previously (Bianco et al., 2004). 

2. GDNF immunochemistry and mRNA in the human and rat olfactory 

mucosa and OECs are similar. 

 

3.3 Experimental strategy  
Molecular and immunochemical methods were used to investigate GDNF expression 

in the human and rat olfactory mucosa and OECs. These are reviewed below. 

3.3.1 Immunopanning of human and rat OECs and phenotypic comparison 
with NT-3 purified OECs 

Two approaches to isolate OECs by immunopanning were attempted.  Firstly, direct 

isolation from freshly dissociated lamina propria and secondly, a period of in vitro 

expansion of dissociated lamina propria followed by immunopanning. 

Immunocytochemistry was performed on cells obtained by each method to evaluate 

the immunopanning technique. Purity of the cells was evaluated by counting cells 

immunostained with glial cell markers GFAP (glial fibrillary acidic protein), S100 

and p75NTR and compared published methods (Bianco et al., 2004).  

3.3.2 Immunochemical strategies to identify GDNF in the olfactory mucosa 
Immunohistochemistry was performed on frozen and paraffin embedded olfactory 

mucosa specimens from rats and humans. Double and triple labelling of specimens 

using antibodies to GFAP (glial fibrillary acidic protein; glial cells), OMP (olfactory 

marker protein; mature sensory neurons), βIII-Tubulin (immature neurons), S100 

(glial cells) and GDNF was performed to co-localise GDNF with known markers of 

neurons and glia in this tissue. Rat brain sections were probed with three GDNF 
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antisera to determine the most effective antibody. Staining in the hippocampal region 

(known to express GDNF (Yajima et al., 1997)) was used as a positive control.  

3.3.3 Molecular investigations into GDNF expression 
Molecular methods involved RT-PCR to detect GDNF mRNA expression in human 

and rat olfactory mucosa and OECs. GDNF gene expression in humans and rats was 

compared using RNA from the olfactory mucosa and from OECs obtained by various 

methods. RT-PCR was performed using: 

1. RNA obtained from human and rat olfactory mucosa (section 3.4.8). 

2. RNA obtained from OECs purified by NT3 and by immunopanning methods 

(section 3.4.8) 

3. cDNA from NT3 purified human OECs obtained from Dr Richard McCurdy 

using a QIAGEN RNeasy kit (section 3.4.9). 

4. cDNA from human brain obtained from Dr Jonas Bjorkman (section 3.4.9) 

Human OEC and brain cDNA (3 and 4 above) was obtained from previous studies by 

Dr Richard McCurdy and Dr Jonas Bjorkman respectively. RNA was extracted from 

these sources using RNeasy kits (QIAGEN) described previously in Chapter 2. Note 

that results from 3 and 4 above will be presented separately in section 3.5.11 as these 

studies were performed as a side interest.    

PCR products obtained were cloned to produce plasmid DNA. Plasmids harbouring 

PCR products were sequenced.  Sequences obtained were analysed using the 

alignment tools at GeneBank, www.ncbi.nlm.nih.gov. GNDF sequences obtained 

were compared between the species and the methods used.  

3.3.4 Assaying for GDNF protein expression in cultured cells 
Molecular investigations above aimed to determine whether GDNF is expressed by 

the OECs and tissues at the RNA level. The investigations that followed were directed 

at determining if GDNF protein was produced in cultured OECs. A bioassay was used 

to detect secreted GDNF in cultures of immunopanned and NT3 purified OECs.  

Additionally, enzyme-linked immunosorbent assay (ELISA) was used to detect 

secreted GDNF at greater sensitivity compared to the bioassay.  
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Overall, the approach adopted here was to systematically determine if GDNF was 

intrinsically expressed by OECs using immunochemical, molecular and protein assay 

methods.   

 

3.4 Methods 
Detailed materials and methods are described in detail in Chapter 2. Parentheses 

contain section references to Chapter 2 for each material and method listed below 

unless otherwise specified.  

3.4.1 Human biopsies and tissue processing 
Olfactory mucosa was obtained from consenting patients undergoing routine nasal 

surgery performed by Dr Chris Perry as previously described in section 2.2.2.8. For 

immunohistochemical processing, biopsies were immediately placed into phosphate 

buffered 4% paraformaldehyde (PFA) with great care not to shed the delicate 

epithelium from the specimen. Specimens were fixed on ice for 2 h prior to 

processing. All embedding (paraffin and OCT for frozen tissue) procedures and 

sectioning was performed by Mr Joseph Kan using standard techniques. Frozen 

sections were cut at 10μm thickness and paraffin sections were cut at 16μm. Frozen 

sections on slides were stored at -80°C and paraffin sections were stored in the dark at 

room temperature. 

3.4.1.1 Paraffin embedded sections – processing for immunochemistry 
For a detailed description see section 2.2.4.2.1. Slides were placed in 1xPBS prior to 

immunohistochemical staining. In most cases, heat induced antigen retrieval was 

performed after the previous steps as per section 2.2.4.2.2.   

3.4.1.2 Frozen tissue sections – processing for immunochemistry 
Slides were removed from -80°C for immunohistochemical analysis and left at room 

temperature for 3 h (minimum) to overnight to dry.  Once dry, slides were washed 

twice for 10 min in PBS to dissolve and remove the OCT. After this, slides were kept 

in PBS at 4°C until required. 

3.4.2 Immunohistochemistry 
Immunohistochemistry was performed on paraffin embedded and frozen sections of 

human and rat olfactory mucosa as outlined in detail in section 2.2.4.2. Heat-induced 
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antigen retrieval was performed as outlined in section 2.2.4.2.2. Haematoxylin and 

eosin (H&E) stained sections were kindly prepared by Mr Joseph Kan using 

established methods. Immunofluorescence techniques used the following primary 

antibodies (working dilutions used and the species raised for each antibody are 

included in the parentheses): olfactory marker protein (goat anti-OMP, 1/10000 

dilution), glial fibrillary acidic protein (rabbit anti-GFAP; 1/500 dilution), calcium 

binding protein S100 (mouse anti-S100; 1/200 dilution), β-III-Tubulin (mouse anti-β-

III-Tub; 1/500 dilution) and 3 different antisera to glial cell line-derived neurotrophic 

factor (anti-GDNF: mouse 1/50 dilution, rabbit 1/200 dilution and sheep 1/200 

dilution). Antibody company/manufacturer details are described in section 2.2.5, 

Table 2.2. Examination of rat brain sections for GDNF expression was performed to 

identify the optimal antibody to GDNF. GDNF immunostaining in the hippocampal 

region was used as a positive control (Yajima et al., 1997). The polyclonal rabbit anti-

GDNF antibody from Santa Cruz was found to react with a discrete population of 

putative neurons in the hippocampal region of the brain (Figure 3.3; B). This antibody 

was used for all future immunochemical investigations.  

Haematoxylin and Eosin staining of human and rat olfactory mucosa specimens was 

performed to confirm that suitable tissue for immunohistochemical studies was 

obtained. 

3.4.3 Purification of human OECs by p75 immunopanning 
Immunopanning was performed using methods and materials outlined in section 

2.2.2.10. This method is based on previous techniques developed by (Barres et al., 

1988) which isolates specific populations of cells based on expression of cell surface 

receptors and their affinity to antibodies bound to a plastic surface. The p75NTR 

antibodies used in this study were selected based on their specific binding to 

extracellular epitopes of p75NTR. For human OEC isolation a mouse monoclonal 

p75NTR antibody (Sigma) was used. 

Primary cultures of human OM from 4 different patients were grown for 7 days in 

DMEM/FCS10 on uncoated tissue culture vessels. Cells from freshly dissociated OM 

and primary cultures were subjected to immunopanning. Primary cultures were 

trypsin-treated, pelleted by centrifugation and resuspended in DMEM/FCS10% and 

incubated for >3hr at 37°C/5%CO2 with gentle agitation every 15min to maintain a 
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suspension culture. This allowed p75NTR re-expression after potential cleavage by 

trypsin treatment. This incubation was necessary because the extracellular domain of 

the p75 receptor contains multiple sites for trypsin cleavage. Immunopanning plates 

were prepared by sequential coating with antibodies outlined in section 2.2.2.10.2. 

The immunopanning procedure was performed as described in section 2.2.2.10.3.  

Dissociated cells were cultured on poly-L-lysine coated culture vessels. A portion of 

cells were removed and grown for 2 days in 8 well chamber slides previously coated 

with poly-L-lysine for immunocytochemical analysis. Immunocytochemistry was 

performed using antibodies to p75NTR (Goat, 1/100 dilution, Santa Cruz), GFAP 

(Rabbit, 1/400 dilution, Dako), HNK-1 (Mouse, 1/100 dilution, Sigma) and S100 

(Mouse, 1/200 dilution, Abcam).  

For OECs isolated from freshly dissociated mucosa, the same immunopanning 

procedure was used without the >3hr suspension incubation used above because no 

trypsin treatment had been performed during biopsy processing.  

3.4.4 Purification of rat OECs by p75NTR immunopanning 
Primary cultures of dissociated rat olfactory lamina propria were established as in 

section 2.2.2.9. Immunopanning was performed using petri dishes coated with p75NTR 

antibodies (goat polyclonal p75NTR antibody, see section 2.2.2.10) on primary cultures 

of rat olfactory mucosa cultured for less than 1 week in vitro. Immunopanning plates 

were prepared (section 2.2.2.10.2) and immunopanning of cells from the primary 

cultures was performed (section 2.2.2.10.3).  Immunocytochemistry was carried out 

on immunopanned cells using antibodies to p75NTR, GFAP, HNK-1 and S100 as 

described above (section 3.4.3).  

3.4.5 Quantitative analysis of cell culture purity 
For each immunochemistry experiment where purity of OECs was being quantitated, 

each antibody condition was tested in triplicate in separate wells. Average percentages 

of positively staining cells for each antibody were calculated by counting positive 

cells in 5 random fields per well tested. The percentage of positive cells from test 

wells was represented as a mean percentage ± standard error of the mean (SEM). 

3.4.6  RNA isolation from human and rat olfactory mucosa 
For a detailed protocol for RNA isolation methods used see section 2.2.1.7. In short, 

olfactory mucosa biopsies from 4 human patients and dissected rats were placed 
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immediately into 1ml TRIzol® reagent and homogenised. RNA pellets isolated, as per 

section 2.2.1.7, were resuspended in RNase/DNase free water and stored at -80°C in 

DNase/RNase free tubes. Spectrophotometric analysis of all RNA isolates was 

performed to determine purity and quantity of RNA present (section 2.2.1.4).  

3.4.7 RNA isolation from cultured rat and human OECs 
RNA was isolated from rat and human OECs purified by immunopanning. RNA from 

frozen stocks of OECs purified previously (Bianco et al., 2004) was also isolated to 

compare with immunopanned cells. Cells were thawed and cultured for one week 

using the NT3 subculturing method described by these authors prior to RNA 

extraction. Extraction of RNA from ~1x106 cells, cultured in 6 well plates, using 

TRIzol® reagent, was performed as outlined in section 2.2.1.7.  RNA pellets were re-

suspended in RNase/DNase free water and spectrophotometric analysis was 

performed on each sample to determine purity and quantitate RNA concentration.   

3.4.8 Reverse transcriptase polymerase chain reaction (RT-PCR), one-step 
method 

In all cases, RNA to be used for RT-PCR was treated with DNase I as per section 

2.2.1.8. RT-PCR was then carried out as outlined in detail in section 2.2.1.9 using the 

SuperScript™ III One-Step RT-PCR System (Invitrogen).  Primers for GDNF were:  

Rat GDNF forward: 5’-AAGATGAAGTTATGGGATGTC-3’ 

Rat GDNF reverse: 5’-TCAGATACATCCACACCGTTTA-3’ 

Human GDNF forward: 5’- AAGATGAAGTTATGGGATGTC -3’ 

Human GDNF reverse: 5’-TCAGATACATCCACACCTTTA-3’ 

Because DNase I treatment was performed prior to RT-PCR and primers spanned 

multiple introns, ‘no RT’ controls were not necessary because the size of the product 

would not be confused with a product generated by genomic DNA. For each reaction 

the same quantity of RNA from each sample type was added (1μg). β-actin primers 

were also run concurrently as a positive control using the same amount of RNA. RT-

PCR products were resolved by agarose gel electrophoresis as outlined in section 

2.2.1.1.  Desired bands were removed from the gels using sterile scalpels under UV 

transillumination. DNA was extracted from excised gel pieces as per section 2.2.1.2. 

Ligation reactions, cloning and subsequent full length DNA sequencing was 

performed on all RT-PCR products obtained as mentioned below.  
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3.4.9 Polymerase chain reaction (PCR) for GDNF from human brain and OEC 
cDNA 

Human and rat OEC-derived complementary DNA (cDNA) was obtained from stocks 

in our lab previously generated by Dr Richard McCurdy. He used the NT3 as 

described previously (Bianco et al., 2004) to culture OECs.  The human brain cDNA 

was obtained as a kind gift from Dr Jonas Bjorkman (Griffith University).  Dr 

McCurdy from our lab extracted RNA from the OECs (above) using RNeasy kits 

(QIAGEN) and performed DNaseI treatment. Superscript III reverse transcriptase 

(Invitrogen) generated cDNA as outlined by the manufacturer. Human brain cDNA 

was generated using this method. These cDNA templates were for PCR in this 

Chapter. Using the same primers as in section 3.4.7 above, PCR was performed for 

GDNF as outlined in section 2.2.1.6. PCR products were resolved by agarose gel 

electrophoresis as per section 2.2.1.1.  PCR products were ligated to pGEM-T-Easy 

vector, cloned and sequenced (below). Results from this section are presented 

separately in section 3.5.11. 

3.4.10 Ligation of RT-PCR products to pGEM-T-easy vectors and bacterial 
cloning    

Ligation of RT-PCR products (above) into pGEM-T-Easy vector was performed (as 

described section 2.2.1.19) and transformed into electrocompetent E.coli (DH10B 

strain) by electroporation (section 2.2.1.13). Blue/white screening (section 2.2.1.20) 

was carried out.  Isolated colonies were selectively grown and plasmid DNA 

harvested using QIAGEN Mini-Prep kits (section 2.2.1.15). Plasmid DNA was 

restriction enzyme digested (section 2.2.1.16) and underwent agarose gel 

electrophoresis. DNA from clones harbouring the correct sized RT-PCR products was 

sequenced (section 2.2.1.11). At least 3 clones from each ligation/insert source were 

sequenced. 

3.4.11 Full length DNA sequencing of cloned RT-PCR products and analysis 
Comprehensive DNA sequencing protocols can be found in section 2.2.1.11. Briefly, 

the BigDye Chain Termination DNA sequencing (version 3.1) method was used to 

sequence inserted DNA (above) cloned into the pGEM-T-easy vector.  Sequencing 

reactions used the M13 reverse primer: 5’- CAGGAAACAGCTATGAC-3’ in all 

cases.  This primer binds to a specific region within the pGEM-T-Easy plasmid 

backbone and directs sequencing through to the insert.  Completed reactions were 

submitted for analysis at the Griffith University DNA sequencing facility. Results 
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were received from the facility in chromatogram and raw sequence data formats. 

Chromatograms were interpreted using Chromas™ software and the sequences 

queried against human and rat sequence databases at www.ncbi.nlm.nih.gov/BLAST .  

Accession numbers for the human and rat full length GDNF open reading frame are: 

Human GDNF – BC069369, Rat GDNF– L15305 and were obtained from 

www.ncbi.nlm.nih.gov. 

3.4.12 Bioassay for GDNF using SK-N-MC-ret/THluc cell line 
The SK-N-MC-ret/TH-Luc cell line was developed by Professor Kazutoshi Kiuchi 

and colleagues (Tanaka et al., 2003) and was provided for this study as a kind gift. 

Briefly this cell line over-expresses luciferase, in a dose-dependant manner, when 

GDNF or Nerturin (NTN) bind to the Ret receptor expressed by these cells. For a 

detailed protocol on this method see section 2.2.6. Briefly, 4x104 SK-n-MC-ret/THluc 

cells were seeded into 24 well plates and grown overnight. The next day growth 

medium was aspirated and replaced with culture medium collected from OEC 

cultures. Additionally, GDNF was added to DMEM/FCS10 at dilutions ranging from 

1.5ng/ml to 200ng/ml and incubated with the SK-n-MC-ret/THluc cells to establish 

the sensitivity limits of each assay. OEC cultures were grown in 75cm2 tissue culture 

flasks to approximately 90% confluence (~3x106 cells), the medium replaced (6ml) 

and cells grown for 48 hrs prior to harvest. The cells were then incubated for 20hr 

(37°C/5%CO2) with the OEC medium or the control GDNF medium. After this 

period, the medium was aspirated and cells washed once with PBS prior to 

performing the luciferase assay (as per section 2.2.6) using the Dual-Luciferase® 

reporter assay system (Promega). Luciferase activity was measured in cell lysates 

using a Victor2™ 1420 luminometer (Wallac, Turuk, Finland) for 10sec per well. All 

reactions were performed in triplicate including control conditions.  Data was 

collected and collated in Microsoft Excel. Bioassay studies were performed in 

triplicate for each test medium used. Average luciferase activity for each test group 

and controls, 3 wells per group was recorded. All data are presented as mean ± SEM. 

The criteria for statistical significance was set at α<0.05. 

3.4.13 Enzyme-linked immunosorbant assay (ELISA) to detect GDNF secretion 
The bioassay (above) confirms whether the GDNF released is biologically active, 

whereas the ELISA is more sensitive allowing detection of GDNF concentrations as 

low as 15pg/ml.  ELISA was performed using the GDNF Emax® ImmunoAssay 
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system (Promega) as per manufacturer’s instructions (section 2.2.5.2). Culture 

medium from human and rat OECs was used where cell number and incubation time 

was recorded. Recombinant GDNF was added in serial dilution to generate a standard 

curve and from this calculate the limits of sensitivity for each assay (see below).  

DMEM/FCS10 and block and sample buffer (supplied) were used as a negative 

controls or “blanks”. Human and rat OECs were seeded at 1.05×106 cells per 25cm2 

and grown for 48hr in 4ml of DMEM/FCS10. After this the medium was collected 

from the wells and centrifuged for 5min at 500g to pellet cellular debris. 100μl of test 

medium was added to the ELISA plate, coated with primary antibodies the previous 

day (as described in 2.2.5.2), in triplicate. A 2-fold dilution series of each test medium 

was added to the wells, the lowest dilution being 1:16. The samples were diluted in 

block and sample buffer provided by the manufacturer. Medium was incubated with 

the plate for 6hr at room temperature on an orbital shaker set at 500rpm. The rest of 

the ELISA protocol was then carried out as described in section 2.2.5.2. 

Spectrophotometric analysis was performed by reading absorbances at 450nm for 

each well on a plate reader. Data was compiled in spreadsheet format and was 

generated based on the GDNF standard curve. After this, a regression was performed 

to compare GDNF standard concentrations with the mean absorbance measured for 

each dilution. A linear relationship between absorbance levels and concentration of 

GNDF in the standards would determine the limits of sensitivity for each assay. A 

square of the correlation co-efficient (R2) was calculated for the regression.  The assay 

was determined to be acceptable with R2 > 0.95 for the standard curve. All absorbance 

values obtained for the test wells were accepted if they fell within the range of the 

standard curve as determined by the regression analysis. All conditions were 

performed in triplicate with appropriate positive and negative controls. 
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3.5 Results 

3.5.1 Purification of OECs from freshly dissociated human olfactory mucosa 
was unsuccessful 

After multiple attempts, this approach was abandoned due to low cell numbers 

resulting from the dissociation of small amounts of starting tissue. A small number of 

cells bound to the immunopanning plates; however during harvesting most were lost 

in washing steps. Because the yields were too small for further studies to be 

performed, an in vitro expansion step was required to generate larger numbers for 

immunopanning. Purifying rat OECs by this method was not performed. 

3.5.2 Successful purification of human OECs from primary cultures of lamina 
propria 

Using the ABC/DAB immunocytochemical technique, approximately 100% of cells 

stained positively for p75NTR. Microscopic observation revealed intense punctate 

staining localised to the cell surface (Figure 3.1; A). Using phase contrast optics, it 

was determined that no unstained cells were present in the wells tested.  After 

immunopanning and 2 days culturing, double immunofluorescence labelling for 

p75NTR and S100 revealed 99.1% (SEM±0.4%) of cells were S100+ and 

97.1%(SEM±0.8%) were p75NTR +. Single labelling of cells revealed 98.8% 

(SEM±0.5%) were GFAP+ and 99.0% (SEM±0.6%) GDNF+ (Figure 3.1; C,D,F). No 

staining was observed using the antibody to HNK-1 (Figure 3.1; E). Controls for non-

specific interactions of the secondary antisera showed no background or artefact 

staining.  
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Figure 3.1: Phenotypic profile of highly purified immunopanned human OECs. A) Cluster of cells 

positively staining for p75 (brown) visualised using bright field light microscopy. B) Control for (A). 

C) Immunofluroescence staining for GFAP (red) D) p75 (green) and S100 (red) E) HNK-1 (red) and F) 

GDNF (red). G) Control for C,D. H) Control for F. I) RT-PCR for GDNF in human immunopanned 

OECs (ImP OEC) grown in DMEM/FCS10, NT3 purified OECs (NT3 OEC) and human olfactory 

mucosa (OM) revealed a single band of 558bp for each RNA source. Bars = 100μm. Bar in C applies 

to D-H. 
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3.5.3 One step RT-PCR revealed a single GDNF transcript species present 
from human OECs and OM 
A single PCR product was observed from 1) immunopanned OECs, 2) NT3-purified 

OECs and 3) the olfactory mucosa. The band was approximately 558bp in length 

(Figure 3.1; I). All products were successfully ligated to pGem-T-easy vector and 

transformed into DH10B bacterial cells for plasmid propagation and isolation.  Full 

length plasmid DNA sequencing of 3 clones per RNA source revealed that all mRNA 

transcripts were 558bp in length and 100% homologous to a human alternatively 

spliced isoform of GDNF as published at www.ncbi.nlm.nih.gov under accession 

numbers NM_199231 and AY052832.  This corresponds to an isoform of human 

GDNF described as the mature peptide which is not secreted (Grimm et al., 1998).  

3.5.4 Successful purification of rat OECs by immunopanning with p75NTR 
antibody 

Dissociated lamina propria was cultured for a 1 week period to produce a sufficient 

number of cells for immunopanning. After immunopanning isolated cells were 

cultured and a small portion of cells were removed and grown for 2 days in 8 well 

chamber slides previously coated with poly-L-lysine for immunocytochemical 

analysis. Immunopanning of these primary cultures was successful with 95.8% 

(SEM±1.5%) of isolated cells p75NTR + (Figure 3.2; A,D). It was observed that 98.5% 

(SEM±0.6%) were S100+ and 97.4% (SEM±1.4%) were GFAP+ (Figure 3.2; C,D). 

Labelling of cells with antibodies to GDNF revealed that 97.6% (SEM±1.0%) of cells 

were positive (E).   

3.5.5 One step RT-PCR revealed a single GDNF transcript species present 
from rat OECs and OM 

A single PCR product was observed from 1) immunopanned OECs, 2) NT3-purified 

OECs and 3) the olfactory mucosa. The band size obtained was approximately 650bp 

in length (Figure 3.2; G). All products were successfully ligated to pGem-T-easy 

vector and transformed into DH10B cells for plasmid propagation and isolation.  Full 

length plasmid DNA sequencing of 3 clones per RNA source revealed that all RNA 

transcripts were 636bp in length and 100% homologous to rat GDNF as published at 

www.ncbi.nlm.nih.gov with accession number L15305.  This corresponds to the full-

length, secreted isoform of the rat GDNF protein. β-actin PCR products were obtained 

for all RNA samples trialled as a positive control for the reaction (data not shown). 
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Figure 3.2: Rat OECs isolated by immunopanning express p75, S100, GFAP and GDNF.     

A/B/C) Immunofluorescence for p75 (green;A) GFAP (red;B) and merged images C(A&B). D) Double 

labelling with p75 (green) and S100 (red). E) GDNF staining (red). F) Control for secondary antibodies 

used in A-E.  G) GDNF gene expression is limited to a single mRNA species (636bp) as detected by 

RT-PCR from NT3 purified OECs (NT3 OEC), immunopanned OECs (ImP OEC) and in the rat 

olfactory mucosa (Rat OM). Bar in A = 100μm applies for B&C. Bar in D = 20μ  applies for E&F. 

3.5.6 Paraffin embedded sections preserved tissue morphology and 
immunoreactivity 
Immunofluorescence performed with cryopreserved tissue specimens (rat and human) 

possessed high levels of autofluorescence and poor tissue morphology compared to 

paraffin embedded specimens. Images and data from experiments with cryopreserved 

tissues are not presented because of these observations.   

Heat-induced antigen retrieval (HIAR) was successful in reducing autofluorescence in 

sections of paraffin embedded olfactory mucosa (not shown). Control sections had 

lower autofluorescence levels when HIAR was used. Successful immunoreactivity 

was achieved with all antibodies tested without performing HIAR (not shown). 
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3.5.7 GDNF co-expression with OMP, S100 and βIII-Tubulin in the rat 
olfactory mucosa  

Haematoxylin and Eosin staining (Figure 3.3; A) of a horizontal section through the 

nasal septum demonstrated the typical pseudostratified structure of the olfactory 

mucosa. The epithelium (OE) and the underlying lamina propria (LP) are labelled.  

Co-localisation of GDNF and OMP immunoreactivity was observed in cells of the 

lamina propria and olfactory epithelium using double labelling (Figure 3; D,E). OMP 

immunoreactivity was specific to the soma and dendrites of mature sensory neurons 

(ORNs) in the olfactory epithelium and in nerve bundles of the underlying lamina 

propria (Figure 3.3; G(*).  GDNF immunoreactivity was diffuse and evenly 

distributed throughout the olfactory epithelium but was specific to discrete areas in 

the lamina propria. In respiratory epithelium of the nasal cavity and nasal septum 

there was no OMP and GDNF immunoreactivity (D and E; arrows). Co-expression of 

GDNF (H; red) and OMP (G; green) was evident in individual ORNs (G,H; arrows) 

within the epithelium and in underlying nerve bundles of the lamina propria (G, H; *). 

GDNF immunoreactivity was more pronounced in the OE and was not observed in the 

presumptive connective tissues of the lamina propria.  

Triple labelling of sections with GDNF, OMP and βIII-Tubulin antibodies showed 

that GDNF was expressed with βIII-Tubulin in the same cells within the olfactory 

mucosa. Strong βIII-Tubulin and GDNF immunoreactivity was seen in presumptive 

immature receptor neurons of the epithelium (H/I; arrowheads) and nerve bundles of 

the lamina propria (G/H/I; *). OMP and βIII-Tubulin co-expression was also observed 

in some cells in the OE. 

Triple labelling of olfactory mucosa specimens with OMP, S100 and GNDF antisera 

was successful (Figure 3.3: M-R). S100 immunoreactivity surrounded OMP/GDNF 

positive nerve bundles in the lamina propria (Figure 3.3; M-R) consistent with the 

expected positioning of olfactory ensheathing cells. No S100 co-expression with OMP 

(P) was observed.  GDNF co-expression with S100 was observed in individual cells 

(N, O, R; arrowheads).  

Control sections (C) showed minimal non-specific interactions of secondary 

antibodies and autofluorescence. 
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Figure 3.3: GDNF expression in the adult rat olfactory mucosa (OM) is evident in neurons and 

glia.  A) Haematoxylin and eosin (H&E) staining showing the structure of the rat OM. B) Positive 

control for GDNF; neurons from the hippocampal region of rat brain positively staining for GDNF 

(red), nuclei counterstained with DAPI. C) Negative control rat OM section treated with secondary 

antibodies; all fluorescence channels were overlayed (red, green and infrared as purple). Nuclei 

counterstained with DAPI. D/E/F) Section through rat nasal cavity immunostained for OMP (green;D) 

and GDNF (red;E). Arrows highlight areas of presumptive respiratory epithelium (on the 2nd turbinate) 

where OMP or GDNF was diminished. F) Overlay of images D&E. G/H/I) Triple labelling of the same 

section with OMP (green;G), GDNF (red;H) and βIII-Tubulin (purple;I) at high magnification.  Arrows 

indicate co-expression of OMP and GDNF in specific neurons in the epithelium. The arrowhead 

demonstrates co-expression of GDNF and βIII-Tubulin in a single cell. The underlying nerve bundles 

in the lamina propria exhibited co-expression of OMP, GDNF and βIII-Tubulin (*). J/K/L) Overlayed 

images from G,H,I showing the co-expression relationship between GDNF,OMP and βIII-Tubulin. M-

R) Series of images from the same section of lamina propria triple labelled with GDNF, OMP and 

S100 antibodies. GDNF and S100 co-expression in cells surrounding the nerve bundles (N/O; 

arrowheads) and the relationship with OMP staining in the nerve bundles (P-R). Bar in A = 100μm,  B 

= 20μm, C = 100μm, D-F = 200μm, G-L = 20μm, M-R = 20μm.   
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3.5.8 GDNF co-expression with OMP, S100 and βIII-Tubulin in the human 
olfactory mucosa  

Haematoxylin and Eosin (H&E) staining (Figure 3.4; A) of the human olfactory 

epithelium shows that the human tissue structure is more disorganised when compared 

to that of rodents (Figure 3.3; A). Specifically, the epithelial layer is thinner, less 

compact and irregular in appearance. The lamina propria is thick and nerve bundles 

are not as large and numerous as in rodents.  

OMP immunoreactivity was detected in neurons of the olfactory epithelium (Figure 

3.4 D; arrowheads) and nerve bundles in the lamina propria (arrows). GDNF 

immunoreactivity was observed diffusely throughout the epithelium and contained 

within structures of the lamina propria (E; arrowheads and arrows respectively).  

Double labelling of sections with GDNF/OMP and GDNF/βIII-Tubulin showed that:  

1. OMP and GDNF co-localised in single cells in the olfactory epithelium (D/E; 

arrowheads) and in nerve bundles of the lamina propria (D/E; arrows). 

Overlaying these images reveals co-expression of GDNF and OMP (F; 

yellow) 

2. βIII-Tubulin (G) was co-expressed with GDNF in cells of the epithelium and 

lamina propria (arrowheads G, H and I).  

Triple labelling with S100, OMP and GDNF was successful (J,K and L). S100 

immunoreactivity was restricted to nerve bundles in the lamina propria (L) and was 

found in the same cells with GDNF (K and L; arrowheads).  OMP expression was 

found in close proximity to S100 expressing cells (J,K; arrowheads). As seen in rat, 

S100 immunoreactivity appeared to surround OMP positive structures in the lamina 

propria. Negative control sections (B) showed minimal non-specific interactions of 

secondary antibodies and autofluorescence. Sections presented in Figure 3.4 represent 

specimens obtained from 3 different patients. 
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Figure 3.4 GDNF expression is detected in neurons and glia of the human olfactory mucosa 

(OM). A) Haematoxylin and eosin (H&E) staining showing the irregular organisation of the human 

OM. B) Negative control rat OM section treated with secondary antibodies as a control section; all 

fluorescence channels were overlayed (red, green and infra red as purple). Nuclei counterstained with 

DAPI. C/D/E/F) Same section positively staining with OMP (C/D), GDNF (E; red) and merged images 

(F).  Arrows (D/E) highlight presumptive nerve bundles in the LP co-staining with both OMP and 

GDNF. Arrowheads (D/E) indicate individual cells (soma and dendrites) within the OE co-expressing 

OMP and GDNF. F) Merged image (D/E) revealing a high degree of GDNF and OMP co-expression 

(yellow). G) βIII-Tubulin staining (green) in cells of the human OE and LP.  Arrowheads identify a 

single cell process and a cell body with positive staining signal. H) Identical section (G) probed with 

antibodies to GDNF (red).  Cells indicated in (G) with arrowheads stain positively for GDNF. I) 

Merged images from G and H reveal widespread co-expression of βIII-Tubulin signal with GDNF 

(yellow). J/K/L) Identical section stained using three antisera; OMP (K), GDNF (K) and S100 (L).  

Specific structures in the lamina propria positively staining for these antigens are indicated with 

arrowheads. Sections presented in Figure 3.4 represent specimens obtained from 3 different patients. 

Bar in A = 20μm same for B/C, D = 20μm same for E/F, G = 20μm same for H/I, J = 20μm same 

for K/L.  
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3.5.9 Bioassay did not detect bioactive GDNF in purified human and rat OEC 
cultures 

The GDNF standard curve was generated showing luciferase activity was dependant 

on GDNF in a dose dependant manner when diluted in DMEM/FCS10 at 

concentrations ≥3.125ng/ml (Figure 3.5). Below this, luciferase levels were not higher 

than those seen for DMEM/FCS10 alone (Figure 3.6; **). No detectable GDNF was 

found in supernatants from cultured human and rat OECs purified by immunopanning 

(Figure 3.6). Luciferase activity levels in SK-N-MCret/TH-Luc cells treated with 

OEC supernatants were not significantly different to DMEM/FCS10 (Figure 3.6; #). 

In the same assay, cell culture supernatants from OECs, purified by subculturing in 

NT3, had no detectable GDNF activity (not shown). This assay was repeated 3 times 

to assess reproducibility.  

 

 

Figure 3.5: Dose dependant luciferase activity in cells treated with GDNF standards. Induced 

luciferase activity in SK-N-MCret/THLuc cells treated with 0-200ng/ml of recombinant human GDNF 

diluted in DMEM/FCS10. Each data point represents triplicate assays. Error bars represent ±SEM.   
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Figure 3.6: No biologically active GDNF was found in immunopanned OEC culture supernatants.  

No difference in luciferase activity was seen in culture medium taken from rat and human OECs 

compared to negative controls (cells treated with DMEM/FCS10) (#, α<0.05). The assay was 

reproducible (3 replicates) and successful at detecting GDNF at concentrations ≥3.125ng/ml when 

compared to DMEM/FCS10 alone (**, α<0.05). Average luciferase activity was calculated for each 

sample (measured in triplicate).  Error bars represent ±SEM.   

 

3.5.10 ELISA revealed no secreted GDNF in human and rat OEC cultures 
ELISA was performed as outlined above in section 3.4.12.  A standard curve was 

generated by performing a linear regression of absorbance against a serial dilution of 

provided GDNF standards as outlined by the manufacturer (Figure 3.7).  The standard 

curve generated from the regression showed a linear relationship (R2 = 0.994).  The 

assay was capable of detecting GDNF in dilution media at levels ≥15.6pg/ml.  No 

GDNF was detected in supernatants taken from cultured human and rat OECs 

(immunopanned and NT3 purified) using this assay. Levels recorded were not 

significantly different from DMEM/FCS10 and sample buffer alone. All test and 

control samples were assayed in triplicate. This assay was performed twice with the 

same results with culture medium taken from 2 separate cell lines, in triplicate. 

Absorbance data obtained was analysed by determining the average value for the 

replicates and calculating SEM. This was then compared to the standard curve.  
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Figure 3.7: Standard curve for GDNF ELISA. A linear relationship between GDNF standard 

concentrations and mean absorbance was observed following the ELISA protocol. The assay could 

detect GDNF at concentrations ≥15.6pg/ml when compared to sample buffer or DMEM/FCS10 only 

(α<0.05). GDNF at concentrations <15.6pg/ml was not detectable using this assay. 

 

3.5.11 Additional GDNF transcripts identified in 2 separate sources of RNA 
The following results refer to the methods described in section 3.3.3 (points 3 and 4) 

and section 3.4.9.  The methods used for RNA extraction and reverse transcription 

here were performed in this study.  In these cases RNA was extracted using the 

RNeasy kits (QIAGEN); different to methods used in this Chapter previously. The 

following results were observed using cDNA from these sources in PCR reactions 

targeting the GDNF gene. 

3.5.11.1 An alternatively spliced isoform of GDNF was found in RNA from 
human brain and NT3 purified OECs positive controls 

I tested two potential positive control sources for GDNF mRNA; human OECs 

purified previously from a single donor (Bianco et al., 2004) and human brain tissue 

from a single donor. This produced two PCR products (Figure 3.8; A) for each source 

of 558bp (#) and 638bp (*). These PCR products were then sequenced.  
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Figure 3.8: PCR for GDNF using human brain (Brain) and hOEC cDNA templates reveal 2 

distinct products.  The bands identified by * and # were found to be 638bp and 558bp in length 

respectively. DNA sequencing of the PCR products (#) cloned into pGEM-T-Easy vector was identical 

to the DNA sequence previously described in the Chapter (section 3.5.3). The DNA sequence 

corresponding to * was not published at GeneBank (www.ncbi.nlm.nih.gov) or previously encountered 

in this study. 

 

Sequencing of the PCR products from each source showed that:  

1. Sequences from the smaller GDNF fragments (Figure 3.8; #) showed 100% 

homology with the sequences previously described in this Chapter (3.5.3). 

Specifically, this corresponded to 558bp sequences published at 

www.ncbi.nlm.nih.gov/genebank (accession numbers NM_199231 and 

AY052832); the non-secreted isoform of GDNF.   

2. Sequencing of the larger GDNF PCR products (Figure 3.8; *) from human 

OEC and brain cDNA revealed a novel GDNF isoform of 638bp.  Comparing 

the variant sequence with the published full-length human GDNF (accession: 

BC069369 at www.ncbi.nlm.nih.gov/genebank) revealed that the variant 

GDNF contained a non-homologous 79 bp segment (Figure 3.9; bold text) 

with 2 in-frame stop codons (red text). The GDNF variant shared 100% 

homology only with bases 1-74bp and 152-636bp of the published sequence 

corresponding to exons 1 and 3.  
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ATG AAG TTA TGG GAT GTC GTG GCT GTC TGC CTG GTG CTG CTC CAC 

ACC GCG TCC GCC TTC CCG CTG CCC GCC GGG CAC AGG AAG ATG 

ACT TGA TGA TTT AAG AGA AGA TTG ATG ACG GTC ATT TCA AAT 

GTA GCC GAG ACA TTC AGC CAA GAG 

Figure 3.9: DNA sequence of the first 153bp of the variant GDNF identified here. Blue bases are 

homologous to the published full length GDNF sequence. Variant bases are in bold. Underlined in red 

are in-frame premature stop codons seen in the variant GDNF isoform isolated here. 

 

Analysis of the published secreted isoform of GDNF revealed 3 exons. The transcript 

variant discovered here possesses homologous exons 1 and 3 but has a variant exon 2 

that is 2bp longer and contains 2 in-frame stop codons. The variant GDNF sequence 

(Figure 3.10; variant GDNF) was aligned against the published GDNF sequence 

(Figure 3.10; complete GDNF) using MacVector software. The variant exon 2 

sequence was analysed against human genomic DNA databases 

(www.ncbi.nlm.nih.gov) and was mapped to chromosome 5p12 directly between 

exons 1 and 3 of the published GDNF sequence. The variant exon 2 was 100% 

homologous with this genomic region without any gaps. The GDNF variant has not 

been published in the literature or in databases at GeneBank, www.ncbi.nlm.nih.gov. 

The GDNF variant identified here was submitted to GeneBank and subsequently 

published under accession number DQ235474 entitled: Homo sapiens glial cell 

derived neurotrophic factor-like mRNA, complete sequence.   
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Figure 3.10: Variant GDNF sequence contains an alternate exon 2. ClustalW alignment of the 

variant GDNF (variant GDNF) detected in human brain and OEC cDNA with the published full-length 

GDNF (complete GDNF). Grey shading indicates homology between the sequences and gaps are 

indicated by ‘-’.    
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3.6 Discussion 
In this Chapter I have shown that 1) highly purified cultures of OECs can be isolated 

from the rat and human olfactory mucosa by immunopanning with p75NTR; 2) the 

phenotype of immunopanned OECs are similar to those obtained previously (Bianco 

et al., 2004); 3) in rats and humans GDNF immunoreactivity in the olfactory mucosa 

and OECs is similar but GDNF mRNA transcripts are different; 4) no secreted GDNF 

protein was detected in cultures of human and rat OECs and; 5) an undescribed 

GDNF isoform was identified in positive control human brain and OEC cDNA 

samples obtained from outside of our lab. These findings are discussed below. 

3.6.1 Successful purification of human and rat OECs by immunopanning with 
p75NTR  
The immunopanning method was successful in producing highly purified cultures of 

OECs derived from the olfactory mucosa of humans and rats. The immunochemical 

phenotype of these cells (GFAP+, S100+, p75+ and HNK1-) is similar to OECs 

obtained previously in our lab (Bianco et al., 2004). For rat OECs, this phenotype is 

consistent with OECs purified by previous methods (Au and Roskams, 2003; Barnett 

and Roskams, 2002; Ramon-Cueto and Nieto-Sampedro, 1994; Woodhall et al., 

2001). OECs purified from the olfactory mucosa were immunoreactive for GDNF 

which has not been described previously. GDNF expression in these cells will be 

discussed in more detail in section 3.6.2 below. 

Here I have shown for the first time that human OECs can be purified from primary 

cultures of olfactory mucosa by immunopanning with p75NTR. Purified OEC cultures 

were successfully obtained from 3 patients using the described method. In the initial 

stage of this study, attempts to purify human OECs from freshly dissociated olfactory 

mucosa by immunopanning with p75NTR were unsuccessful. The biopsies were small 

and dissociation of the tissue did not yield sufficient numbers of cells in suspension to 

perform immunopanning. In some of these attempts, a small number of cells attached 

to the immunopanning plates but failed to propagate in culture; possibly due to the 

low density. If access to larger biopsies becomes available, the in vitro expansion step 

may not be necessary prior to immunopanning. No attempts to purify rat OECs from 

freshly dissociated tissue by this method were made. 
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It is possible that immunopanning with p75NTR may have isolated other unwanted cell 

types from the olfactory mucosa including potential stem cells; Schwann cells were 

not purified by this method as determined by HNK-1 immunochemistry.  Previous 

studies have shown that p75NTR is expressed by adult stem cells from the brain 

(Giuliani et al., 2004; Rietze et al., 2001; Young et al., 2007) and in putative neuronal 

precursors from the human olfactory epithelium (Hahn et al., 2005). Our laboratory 

has shown p75NTR is expressed in putative basal cells of the olfactory mucosa in rats 

(Feron et al., 2008) and also in putative basal cell compartments in the human 

olfactory mucosa (unpublished observations). Additionally, studies have demonstrated 

the presence of a stem cell in the human and rat olfactory mucosa, but the identity of 

this cell is unknown (Murrell et al., 2005). It is possible therefore, that putative neural 

precursors or stem cells may have been isolated from the human olfactory mucosa by 

immunopanning methods used here.  The next Chapter will investigate whether or not 

human OECs purified by immunopanning with p75NTR can generate cells of neural 

lineage.   

3.6.2 GDNF expression in rat and human olfactory mucosa and OECs  
Here for the first time GDNF expression in the olfactory mucosa and OECs from rats 

and humans was compared using immunochemistry and RT-PCR.  

GDNF immunoreactivity was similar in cultured OECs and was widespread 

throughout the olfactory epithelium and discretely in the lamina propria from both 

species.  Co-labelling of GDNF with OMP, βIII-Tubulin and S100 reactive cells 

suggests that mature olfactory receptor neurons (ORNs), immature receptor neurons 

(IRNs) and olfactory ensheathing cells (OECs) are likely to express GDNF 

respectively. The expression of GDNF in the human olfactory mucosa observed here 

has not been reported previously. In rats however, GDNF immunoreactivity observed 

in putative ORNs and IRNs here is in agreement with previous studies in rats 

(Buckland and Cunningham, 1998; Maroldt et al., 2005). To confirm precisely which 

cell types are expressing various GDNF isoforms, in situ hybridisation with isoform-

specific probes would be required.  

RT-PCR confirmed that in human OECs and olfactory mucosa a non-secreted isoform 

of GDNF mRNA is transcribed which is 558bp. The non-secreted (retained within the 

cell) 558bp isoform has been described previously (Grimm et al., 1998). In rat OECs 

and olfactory mucosa tissue, the full-length secreted isoform of GDNF mRNA was 

 77



detected by RT-PCR which is 636bp in length. The observed disparity between the 

species has not been reported; suggesting different underlying mechanisms of GDNF 

expression between the species or that the secreted isoform of GDNF is not expressed 

in humans in these cells or tissue.  

To determine whether or not GDNF was being secreted by OECs, a bioassay was used 

to detect secreted GDNF in OEC cultures; the presence of GDNF causes over-

expression of luciferase protein in bioassay cells. No luciferase activity was detected 

in the bioassay cell lines treated with cell culture supernatants taken from 3 separate 

OEC lines from rats and humans. Cell culture supernatants were taken from 3×106 

cells grown for 48hr in fresh medium.  The assay was reliable at detecting 

recombinant GDNF in positive control culture medium at ≥3.125 ng/ml, which is in 

line with previous observations (Tanaka et al., 2003); the developers of the assay. 

This finding supports the RT-PCR data in humans where the non-secreted GDNF 

mRNA species is transcribed. In rats however, transcription of the secreted GDNF 

gene did not lead to GDNF protein being secreted at levels detectable by this assay.  

A more sensitive method for detecting secreted GDNF was then attempted using 

quantitative ELISA. This assay also failed to detect secreted GDNF in culture 

supernatants taken from OECs of human and rats. In this case 1.05×106 cells per 

25cm2 were grown for 48hr in 4ml of medium. The assay was repeatable (n=3) and 

sensitive to detect recombinant GDNF at levels ≥15pg/ml in positive controls. The 

results clearly demonstrate that no secreted GDNF protein is detected in OEC culture 

supernatants from rats and humans. This finding supports the data presented for 

human OECs expressing the non-secreted GDNF mRNA transcript. In rats however, 

OECs are immunoreactive for GDNF and transcribe the secreted GDNF mRNA 

isoform but ELISA and bioassay cannot detect a secreted protein product. No attempts 

were made to detect GDNF protein in the cytosol by testing lysates from these cells. 

In future studies, ELISA could be used to determine whether or not rat and human 

OECs are producing non-secreted GDNF protein by assaying cell lysates.  

This anomaly seen in the present study was observed in OECs from rat olfactory 

bulbs previously (Woodhall et al., 2001). These authors purified OECs from the 

olfactory bulbs by eliminating fibroblasts using cytosine arabinoside; a method which 

eliminates rapidly dividing cells and leaves presumptive OECs at high purity.  The 

bulb-derived OECs were immunoreactive for GDNF, transcribed the full-length 
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mRNA but did not detect protein either secreted or retained within the cytosol of these 

cells using ELISA. The cell lysates or culture medium used for ELISA were filtered 

first and then frozen before being tested; this could degrade some of the GDNF 

protein. In conclusion, these authors suggest ELISA was insensitive at detecting 

minute levels of GDNF expression in these cells. It is unknown whether or not the 

expression of neurotrophic genes is also effected by treatment with cytosine 

arabinoside used to purify OECs initially.  

In a separate study, GDNF secretion was detected in bulb-derived rat OECs purified 

by immunopanning with p75NTR using the same ELISA protocol (Cao et al., 2004). 

These authors showed 95 pg/ml of GDNF was expressed per 106 cells using medium 

taken from 2×106 cells cultured for 24hr in 2ml culture medium. These conflicting 

results could be explained by different purification methods used to obtain OECs from 

the olfactory bulbs. However the possibility remains that low levels (<15.6 pg/ml) of 

GDNF are being secreted by OECs here and previously (Woodhall et al., 2001). 

Attempts to concentrate cell culture supernatants or develop a more sensitive assay for 

detecting secreted GDNF protein could resolve this paradox. In which case the cells 

would have to be obtained from comparable sources and using comparable methods. 

3.6.3 A novel GDNF variant mRNA was isolated from positive control human 
brain and OEC cDNA stocks  

In an initial attempt to identify a positive control tissue source for human GDNF 

mRNA, cDNA stocks from human OECs and human brain tissue were used as 

templates for PCR. The methods used to generate cDNA from these tissues were not 

used in the present study and were provided as gifts from Dr Richard McCurdy 

(human OEC cDNA) and Dr Jonas Bjorkman (human brain cDNA). It is therefore 

difficult to compare results obtained from these sources with GDNF mRNA obtained 

using the methods described in this Chapter.  

Cloning and subsequent DNA sequencing of the PCR products revealed a previously 

undescribed human GDNF mRNA species, 638bp in length. This isoform of GDNF 

appears to be an alternatively spliced variant of the published GDNF mRNA 

sequences (Grimm et al., 1998). This variant possesses an undescribed exon 2 

containing 2 premature stop codons which also maps to chromosome 5p12 directly 

between exons 1 and 3 of the published GDNF sequence. Exons 1 and 3 of the 

published secreted GDNF mRNA are 100% conserved in this novel variant. It is 
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unlikely that any protein would be generated from this undescribed GDNF isoform 

because of the 2 in-frame stop codons.  

Further analysis of the GDNF genomic DNA region is required to identify potential 

splice donor and acceptor sites which would give rise to this mRNA species. Also, it 

is possible that this novel variant GDNF mRNA is being expressed by immunopanned 

OECs and in the olfactory mucosa at such low levels that the RT-PCR method here 

did not detect it.  To overcome this, quantitative PCR could be performed using 

probes specific to the alternative exon 2 region or alternatively, in situ hybridisation in 

tissues and cells could be employed with RNA probes to this region.  

3.6.4 Summary 
Overall, the immunopanning technique developed to purify OECs was successful and 

is useful for purifying cells to develop ex vivo gene therapies. OECs did not express 

secreted GDNF at levels detectable by bioassay and quantitative ELISA supporting 

further development of OECs as vehicles to deliver GDNF after transplantation into 

the nervous system. The bioassay and ELISA methods used to detect GDNF here are 

sound and will be useful for detecting GDNF expression in genetically modified cells.  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 4: Investigation into the neural potency 

of human olfactory ensheathing cells 
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4.1 Introduction 

The uncertainty surrounding the identity of olfactory stem cells in the olfactory 

mucosa of humans (Murrell et al., 2005; Roisen et al., 2001) has relevance in the 

present study. It is possible that immunopanning with p75NTR may have isolated other 

unwanted cell types from the olfactory mucosa including potential stem cells or neural 

progenitors. Previous studies have shown that p75NTR is expressed by adult stem cells 

from the brain (Giuliani et al., 2004; Rietze et al., 2001; Young et al., 2007) and in 

putative neuronal precursors from the human olfactory epithelium (Hahn et al., 2005). 

Observations from our laboratory show p75NTR is expressed in putative basal cells of 

the olfactory mucosa in humans (unpublished observation) and in rats (Feron et al., 

2008). Furthermore, certain glial cells have been identified as stem cells in the adult 

brain of rodents and humans (Doetsch et al., 1999; Laywell et al., 2000).  

To develop an ex vivo therapy proper, it must be examined whether or not OECs 

possess stem cell properties. This Chapter will examine whether or not human OECs 

can generate neurons using the neurosphere forming assay reviewed previously 

(Reynolds and Rietze, 2005). Rat OECs will not be examined as these cells will not be 

engineered in later Chapters. 

Experiments described in this chapter will attempt to generate neurospheres from 

purified cultures of human OECs. Neurospheres are spherical cell aggregates of 

mostly undifferentiated cells which are hallmarks of neural stem cells (Reynolds and 

Weiss, 1992, 1996). They possess self-renewal and multipotency properties of stem 

cells (Reynolds and Weiss, 1996) and have been reviewed extensively (Reynolds and 

Rietze, 2005). Neurospheres can be subjected to differentiating conditions to produces 

neurons and glia (Murrell et al., 2005; Reynolds and Weiss, 1992, 1996). The purpose 

of this line of investigation is not to identify the olfactory stem cell or exhaustively 

examine the differentiation and self-renewal characteristics of olfactory neurospheres, 

but to determine if human OECs are neural stem cells. If OECs do not generate neural 

potent neurospheres, proof of concept for using OECs as suitable vehicles to deliver 

GDNF for ex vivo gene therapies will be achieved. The experimental aims and 

hypotheses are outlined below. 
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4.2 Aims and hypotheses 

The aim of this chapter is to:  

1. Determine if human olfactory ensheathing cells can give rise to neurospheres 

and be differentiated to generate neurons.  

The hypothesis to be tested is: 

1. Human olfactory ensheathing cells purified by immunopanning can generate 

neurons using described methods (Murrell et al., 2005). 

4.3 Experimental strategy  

To determine if human OECs can generate neurons, attempts will be made to generate 

putative neurospheres from human OECs isolated by immunopanning. As a positive 

control for the assay, neurospheres will be generated from primary cultures of human 

olfactory mucosa as described previously (Murrell et al., 2005). This method will be 

used for differentiation of any putative neurospheres into neurons using culture 

medium supplemented with nerve growth factor (NGF). Comparisons will be made 

between the positive control and the human OECs using immunocytochemistry and 

cell morphological analysis. Cells of neural morphology and phenotype are 

characterised as long bipolar cells which are immunoreactive for neurofilament 

200kDa. GFAP immunoreactivity will identify cells of glial lineage. This experiment 

using immunopanned cells will be repeated on 3 separate occasions with each 

experiment containing test wells in triplicate.  

4.4 Methods 

Descriptions of the materials and methods used for the following experiments are 

described in detail in Chapter 2. Parentheses contain section references to Chapter 2 

for each material and method listed below. 

4.4.1 Putative neurosphere formation  

Putative neurospheres were generated from 2 separate patients from established 

primary olfactory mucosa cultures (2.2.2.8.3) and from purified OEC cultures 

(2.2.2.10). The methods used to generate neurospheres from these sources of cells 

have been described previously (Murrell et al., 2005). Specifically, cells from each 

source were passaged, washed in HBSS then resuspended in DMEM/ITS containing 
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50ng/ml EGF and 25ng/ml FGF. 9x103 cells per cm2 were then plated into poly-L-

lysine coated wells of 6 well plates. Growth medium was then replaced every 2 days 

for 7 days after plating.  

Free-floating spherical aggregates of cells (putative neurospheres) were harvested by 

removing the culture medium containing suspended neurospheres from each well and 

then transferred to a 10 ml centrifuge tube for centrifugation for 5 min at 300g. The 

pellet was then resuspended in 3ml serum-free DMEM and transferred to a petri dish. 

Under a light dissection microscope, individual neurospheres were harvested using a 

pipette. Harvested neurospheres were then dispensed into each well of 8 well chamber 

slides and subjected to differentiating conditions outlined below.  

4.4.2 Neural differentiation of putative neurospheres 

Harvested neurospheres were plated at a density of ∼4 neurospheres per well in 8 well 

chamber slides. Wells were previously coated with 5μg/cm2 collagen type IV as 

described in section 2.2.2.7. Neural differentiating conditions contained medium 

consisting of DMEM/ITS supplemented with 50ng/ml NGF. Fresh differentiation 

media was added every 2 days for 7 days then cells were fixed and processed for 

immunocytochemical analysis.  

4.4.3 Immunocytochemistry 

Antibodies to GFAP (Dako; rabbit polyclonal 1:500 dilution) and neurofilament 

heavy chain 200kDa (NF: Sigma; mouse monoclonal 1:200 dilution) were used. All 

experiments were performed in triplicate and contained controls for non-specific 

secondary antisera staining and also for autofluorescence.  
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4.5 Results 

4.5.1 Purified olfactory ensheathing cells and primary olfactory mucosa 

cultures generate putative neurospheres  

In all experiments attempted, spherical aggregates of cells (putative neurospheres) 

were observed in purified OEC cultures and in positive controls when subjected to 

neurosphere forming conditions for 7 days. Gross morphology of the spherical 

aggregates differed between OECs and the positive controls. Specifically, 

neurosphere-like aggregates from purified OECs appeared to form by ‘peeling back’ 

of the cell monolayer (presumptive coalescence) from the culture vessel surface 

(Figure 4.1; B arrowheads), be odd-shaped and not well circumscribed. In positive 

controls, neurospheres appeared to form by division of an ‘islet’ of cells beneath the 

sphere (Figure 4.1; A) and were more compact, spherical and well circumscribed 

compared to the OEC-derived spheres.   

4.5.2 Neurons generated from primary culture-derived neurospheres (positive 

control) 

After 1 day incubation in differentiating conditions the putative neurospheres attached 

and cells migrated out from the attachment site. Long, bipolar shaped cells were 

observed to project from the remnants of some (not all) of the neurospheres derived 

from positive controls after 3 days. Immunocytochemical analysis (performed after 7 

days in differentiating conditions) revealed that some of these were immunoreactive 

for neurofilament 200kDa (Figure 4.1; C arrowheads).  It was observed that not all 

neurospheres plated and not all cells were positively stained for this marker. No 

quantitative counts were performed to determine the overall percentage of 

differentiated cells.  

4.5.3 Purified human OECs do not generate neurons 

After 1 day incubation in differentiating conditions the putative neurospheres from 

purified OECs attached and cells migrated out from the attachment site.  Cells 

projecting from the attached spheres possessed a common morphology that had short 

processes (Figure 4.1; F). After 3 days many of the wells had become confluent with 

what appeared to be a monolayer of cells with uniform morphology. Immunochemical 

staining of these cells after 7 days revealed no neurofilament 200kDa 
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immunoreactivity when compared to negative and positive controls (Figure 4.1; E). 

Cell morphology was not typically neural and differed to the positive control group 

mentioned above. The remnants of the neurospheres demonstrated weak background 

staining that was typical of autofluorescence seen in controls (Figure 4.1; H). 

Immunochemistry showed that >99% of these cells were immunoreactive for GFAP 

(Figure 4.1; F).    
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Figure 4.1: Olfactory ensheathing cells do not produce neurons or neurospheres. Generation and 

neural differentiation of putative olfactory neurospheres generated from unpurified olfactory mucosal 

tissue and purified olfactory ensheathing cells (OECs). A) Positive control neurospheres generated 

from primary cultures of human olfactory mucosa (OM). B) Putative neurospheres generated from 

p75NTR immunopanned OECs. C) Neurospheres derived from primary OM cultures: 

immunocytochemistry demonstrating positive staining of presumptive neurons with neurofilament 

(red) and the remnants of the neurosphere. Arrows indicate immunoreactive cells with bipolar 

morphology. D/E) Cells from OEC-derived putative neurospheres do not express neurofilament (red).  

F) GFAP expression (red) in nearly all cells differentiated from OEC derived neurospheres. G/H) 

Negative controls for secondary antisera used. Scale bars: A = 100μm also for B. C = 50μm also for 

D. E = 50μm also for F,G,H. 
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4.6 Discussion 

In this Chapter, OECs purified by immunopanning with p75NTR did not produce 

neurospheres or neurons. Here, newly generated cell lines derived from biopsies from 

3 patients were tested. Neurospheres are hallmarks of neural stem cells as they can 

self-renew and can give rise to cells from multiple lineages (multipotent) (Reynolds 

and Weiss, 1992). As no multipotency was observed, spherical aggregates of cells 

generated from purified OEC cultures could not be neurospheres. The positive control 

cells, primary cultures of olfactory mucosa, did produce neurons (Figure 4.1 C) and 

glia (not shown) using previously demonstrated methods (Murrell et al., 2005). Whilst 

the positive control cells did demonstrate multipotency, no self-renewal capacity was 

tested of these putative neurospheres.  

Overall, p75NTR immunopanning to purify OECs from the olfactory mucosa does not 

isolate putative stem cells or putative neural progenitors using the neurosphere 

forming assay described previously (Murrell et al., 2005; Reynolds and Weiss, 1992, 

1996). Therefore, these cells are suitable for developing ex vivo gene therapies as they 

are a stable cell line.  



 

 

 

 

 

 

 

 

Chapter 5: Developing methods to confer drug-

inducible gene expression in human OECs 

(MMLV methods) 
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5.1 Introduction 
A goal of this study is to develop OECs as vehicles to deliver GDNF after 

transplantation; an approach known as ex vivo gene therapy.  A number of methods 

exist to genetically engineer cells to express GDNF. Retroviral vectors, such as those 

derived from  Moloney Murine Leukemia Virus (MMLV), can be specifically 

engineered and used to transduce host cells, causing long term and high levels of 

transgene expression. These features make MMLV vectors attractive for developing 

ex vivo and in vivo therapies.  

When developing ex vivo gene therapies, the ability to trace engineered cells after 

transplantation and also control transgene expression in vivo are highly desirable. 

Internal ribosome entry sites (IRES) enable co-expression of two separate proteins 

from a single mRNA (reviewed previously in Chapter 1 section 1.3.1.1). Using IRES, 

GDNF can be co-expressed with a reporter gene such as human recombinant green 

fluorescent protein (hrGFP) or β-Galactosidase (β-Gal). Co-expression of these genes 

would facilitate tracking of transplanted cells and help to measure gene expression 

levels in vitro. Specialised promoters have been developed and incorporated into 

MMLV vectors which enable researchers to control gene expression levels in 

transduced cells by treating them with drugs such as tetracycline (reviewed in Chapter 

1 section 1.3.1).  In this Chapter, MMLV-based retroviral vectors will be developed to 

cause tetracycline-inducible expression of GDNF and reporter genes (hrGFP or β-

Gal) in transduced human OECs. The drug-inducible retroviral gene expression 

system used in this Chapter is reviewed below.  

5.1.1 The pRev-Tet-ON™ system 
In this Chapter the pRev-Tet-ON™ system from Clontech Laboratories Inc (Mountain 

View, CA, USA) will be used to genetically engineer human OECs to co-express 

GDNF and reporter genes. This system has the components (plasmids and a viral 

packaging cell line) to produce replication defective retrovirus that will enable 

infected cells to express genes of interest under the control of a tetracycline-inducible 

promoter. Retrovirus is generated using the plasmids provided as a template. The 

vectors in this system are based on pLNCX vectors derived from Moloney Murine 

Leukemia Virus (MMLV) described previously (Miller, 1989). The components and 

actions of this system are reviewed below before progressing further into 

experimental strategy. 
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In E.coli the Tet repressor protein (TetR) acts by negatively regulating expression of 

genes in the tetracycline-resistance operon, responsible for resistance to the antibiotic 

tetracycline. In the absence of tetracycline, TetR binds to the tet operator (tetO) 

sequences and prevents transcription of the resistance genes.  The TetR and tetO 

components form the basis of the tetracycline-controlled gene expression system used 

herein.  

The first component of the pRev-Tet-ON system is the regulatory component that is a 

modified TetR protein, where instead of being a transcriptional repressor, it has been 

modified to become a transcriptional activator; rtTA (Triezenberg et al., 1988). This 

gene is encoded in the pRevTet-ON retroviral expression plasmid (Figure 5.1) 

provided. Therefore the rtTA regulatory protein can bind to tetO elements in a 

promoter and activate transcription in the presence of tetracyclines (including 

minocycline or doxycycline) (Figure 5.1). This plasmid also contains a neomycin 

antibiotic resistance gene that allows for selection of cells that harbour this plasmid. 

Minocycline has been shown to successfully activate gene expression through this 

promoter (Chtarto et al., 2003). Minocycline is of interest because it has been shown 

to cross the blood brain barrier with greater efficacy than the other tetracyclines 

(Colovic and Caccia, 2003; Fagan et al., 2004) and additionally, has been shown to be 

neuroprotective in Parkinson’s disease (Thomas and Le, 2004). 

The second component of the system is the response plasmid, pRevTet-TRE. This 

plasmid contains a tetracycline-response element (TRE) that drives expression of the 

gene of interest (in this case GDNF and reporter genes). The TRE contains several 

repeats of the original tetO sequences immediately upstream of a minimal 

cytomegalovirus (CMV) promoter or PCMVmin. This promoter lacks the usual enhancer 

elements normally found in CMV promoters and therefore minimises background 

expression of the target gene in the absence of rtTA-tetracycline. The genetic 

components that will allow for co-expression of GDNF with reporter genes (hrGFP or 

β-Gal), IRES DNA sequences, will also be cloned into this vector.  Viral supernatants 

are then generated from these plasmids by transfection of the PT67 packaging cell 

line. Figure 5.2 outlines the processes involved for producing retroviral supernatants 

from the plasmids described above.  
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Figure 5.1: Mechanism of tetracycline inducible gene expression system used in this study. The 

rtTA component produced by the pRevTet-ON plasmid in the presence of tetracycline (including 

minocycline or doxycycline; DOX) forms an activated complex. This complex activates expression of 

genes downstream of the promoter contained in the pRevTRE plasmid; GDNF and reporter genes will 

be cloned into this plasmid. Transfecting these 2 plasmids into the PT67 packaging cell line will 

produce retrovirus used for experiments. Both viruses produced are used to infect target cells to allow 

for gene expression to be controlled by tetracycline. Adapted from the BD Clontech RevTet user 

manual, www.clontech.com. 
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Figure 5.2: The retrovirus production process used in this Chapter.  Viral plasmids described 

previously are transfected into the PT67 packaging cell line. Retrovirus is produced using components 

from both the vector and specific genes expressed by packaging cell line to make a complete retroviral 

particle. Virus particles are released into the cell culture medium and harvested. Retrovirus produced 

here does not have the genetic capability to cause replication in a transduced host cell.  Stable virus 

producing cell lines can be obtained by selecting transfected cells with appropriate antibiotics. Taken 

from the BD Clontech RevTet user manual, www.clontech.com. 

 

Retroviral vectors from above will be developed to transduce OECs so that co-

expression of GDNF with human recombinant green fluorescent protein (hrGFP) or β-

Galactosidase (β-Gal) can occur in these cells after treatment with minocycline. Co-

expression of reporter genes with GDNF will aid identification of gene expression in 

vitro and permit cells to be traced after transplantation in future studies. 

Immunochemical, bioassay and molecular techniques will be used to evaluate the 

efficacy of methods developed here. Successfully achieving the goal of this Chapter 

would provide proof of concept required for transplanting engineered human OECs 

into rat brains in future studies.  The aims and experimental strategy are presented 

below.  
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5.2 Aims and hypotheses 
The experimental aims of this chapter are to: 

1. Design and develop MMLV-based viral vectors that will confer minocycline-

inducible co-expression of: 

a. GDNF with hrGFP and; 

b. GDNF with β-Galactosidase (β-Gal)  

2. Determine if minocycline-inducible gene expression can be achieved in 

genetically engineered human OECs. 

Hypothesis to be tested: 

MMLV vectors are suitable to create OEC cell lines that can co-express GDNF and 

reporter genes in the presence of minocycline. 

5.3 Experimental overview 
The experimental approach to achieve the aims of this Chapter follows in order:  

1. Develop retroviral plasmids required to produce retroviral supernatants. 

2. Perform pilot transduction studies using NIH-3T3 cells to define the success of 

the system using in vitro assays for inducible GDNF and reporter gene 

expression. 

3. Repeat steps 1 and 2 with human OECs. 

 

Figure 5.3 provides a more detailed representation of the experimental steps to be 

performed in this Chapter following the aforementioned approach. 
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Figure 5.3: Flow chart describing the order of experimentation undertaken in this Chapter. The 

viral vectors will be engineered and used to produce retroviral supernatants. Pilot studies will involve 

transducing NIH-3T3 cells with the retrovirus, titering of the supernatants to determine if viable virus 

was produced and assaying for minocycline induced expression of GDNF and reporter genes (human 

recombinant GFP; hrGFP or β-Galalactosidase).  Fluorescence activated cell sorting (FACS) will be 

used to derive a purified population of transduced cells based on expression of hrGFP or β-Gal genes. 

This population of cells will tested for the presence of bioactive GDNF. Further, quantifying the level 

of GDNF secreted will be performed by ELISA.  This process will be repeated with human OECs if 

pilot experiments are successful. 

 

The individual steps in this process will be reviewed in greater detail below. 

5.3.1 MMLV plasmid manipulations 
GDNF, hrGFP and β-Gal genes will be obtained by PCR or restriction digestion of 

plasmid DNA. To create bi-cistronic expression cassettes, which allow for co-

expression of GDNF with the reporter genes, the appropriate genes will be inserted 

into the pIRES vector (Clontech). Here GDNF and the reporter genes are inserted at 

multiple cloning sites (MCS) A and B respectively, flanking the internal ribosome 

entry site (IRES) sequence (Figure 5.4).  The IRES sequence causes 2 separate 
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proteins to be generated from a single mRNA transcribed from this plasmid. The 

whole fragment of DNA containing GDNF, IRES and reporter genes (the expression 

cassette) is removed and then inserted within the pRev-TRE plasmid. This plasmid 

contains a promoter that directs expression of any genes placed downstream of this 

promoter (Figure 5.4) in the presence of doxycycline.  

 

 

 

Figure 5.4: Sequence of sub-cloning events for generating the retroviral vectors in this chapter. 

GDNF will be inserted into MCS A and reporter genes inserted into MCS B downstream of the IRES 

sequence.  Once this is achieved, the fragment containing GDNF, IRES and the reporter gene will be 

removed and inserted in the final destination vector pRevTRE.  The promoter contained in this vector 

allows for tetracycline-mediated expression of the genes inserted downstream.  Figures adapted from 

www.clontech.com.  
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After the plasmids are constructed, retrovirus will be generated from these for in vitro 

studies. Size exclusion filtration and centrifugation will be used to concentrate the 

retroviral supernatants.  

5.3.2 Testing of the method 
The previous section described the progressive steps to generate the viral vectors 

required for this Chapter. The next series of experiments will use NIH-3T3 cells in 

initial studies establishing the methodology. NIH-3T3 cells will be transduced to 

determine the viral titre of each retroviral supernatant produced. After transduction, 

some cells will be selected with antibiotics neomycin and hygromycin B to promote 

stable integration of the vector into the host cell genome. Treating these cells with 

tetracycline and minocycline will attempt to induce expression of GDNF and the 

reporter genes. At this stage, immunocytochemistry with antibodies to GDNF and 

hrGFP and fluorescence microscopy will examine drug-induced expression of these 

genes. Assay for β-Galactosidase activity will use X-gal staining and also a 

fluorescent substrate for the β-Galalactosidase. Using fluorescence activated cell 

sorting (FACS), hrGFP and β-Gal expressing cells can be extracted to yield near pure 

populations of inducible cells for use in further in vitro assays. A bioassay will 

determine if biologically active GDNF is secreted by these cells and ELISA will 

quantitatively determine the expression levels. This will conclude the pilot studies.   

The same experimental regime will be applied to human OECs if the pilot is 

successful.  

The specific methods are described in detail below in order (Figure 5.3). 

 

5.4 Methods 
Detailed descriptions of the materials and methods used for the following experiments 

are described in detail in Chapter 2. Parentheses contain section references to Chapter 

2 for each material and method listed below. All plasmids used in this section were 

obtained from Clontech or from existing preparations in our laboratory. Highly 

concentrated, purified stocks of these plasmids were generated by transformation of 

DH10B cells (section 2.2.1.13) and subsequent plasmid purification using QIAGEN 

products (section 2.2.1.15). References to repeatedly used methods were not made for 

clarity.   
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5.4.1 Preparation of GDNF, hrGFP and β-Gal for cloning into pIRES vector 

5.4.1.1 PCR amplification of human secreted GDNF gene and cloning into 
pGem-T-Easy vector 

Plasmid DNA containing the open reading frame (ORF) for the secreted form of 

human GDNF (GeneBank accession: BC069369) was purchased from 

OpenBiosystems (Huntsville, AL, USA) and was provided on IsoCode® filter paper.  

Plasmid was eluted from the paper as per manufacturer’s instructions. PCR was 

performed with Taq DNA polymerase (Invitrogen) as per section 2.2.1.6 with primers 

specifically designed to amplify the human GDNF ORF. Primers were designed with 

flanking 5’ BglII and a 3’ MluI restriction sites to facilitate future sub-cloning. 

Primers for GDNF (restriction enzyme recognition sequences are underlined) were:  

Forward (BglII):  5’-GGAGATCTAAAGATGAAGTTATGGGATGTCG-3’  

Reverse (MluI):  5’-TGACGCGTTCAGATACATCCACACCTTTTA-3’.  

Annealing temperature was set to 55°C and 40 cycles of PCR was carried out. 

Products from the PCR reactions were analysed by agarose gel electrophoresis and 

photographed. The expected product size was approximately 650bp. Resultant bands 

were excised and gel purified for further sub-cloning into pGEM-T Easy vector. 

Ligations of PCR products to pGEM®T-Easy were carried out (2.2.1.19) and 

transformed into DH10B cells (2.2.1.13). Blue/white colony screening was then 

performed (2.2.1.20) and appropriate clones were cultured for plasmid extraction 

using QIAprep Mini kits. Plasmid obtained from the clones was sequenced as per 

section 2.2.1.11 using M13 reverse sequencing primer for pGEM®T-Easy to confirm 

the integrity of the genetic insert.   

5.4.1.2 PCR for hrGFP reporter gene and ligation to pGEM®T-easy plasmid 
Previous studies performed by Dr Yasuhiro Watanabe in our laboratory produced a 

Lentivrial plasmid vector (Invitrogen) containing a hrGFP reporter gene originally 

derived from the pFB-hrGFP vector (Stratagene). PCR was performed to amplify 

hrGFP gene using the following primers:  

Forward hrGFP: 5’-AATCTAGAGATACTGCCGGATCGAATTGTC-3’  

Reverse hrGFP: 5’-AAGCATGCCTCGAGCTATTACACCCACTCG-3’  

 99



Underlined bases indicate restriction sites incorporated to facilitate sub-cloning which 

were XbaI in the forward primer and SphI in the reverse primer. Annealing 

temperature was set to 60°C and 35 cycles of PCR was performed using Taq DNA 

polymerase (Invitrogen).  The expected product size was approximately 810bp. 

Resultant bands after gel electrophoresis were excised and gel purified for further sub-

cloning into pGEM®T-Easy. Ligations of PCR products to pGEM®T-Easy were 

carried out and transformed into DH10B cells. Blue/white colony screening was then 

performed and appropriate clones were cultured for plasmid extraction using QIAprep 

Mini kits. Plasmid obtained from the clones was sequenced as per section 2.2.1.11 

using M13 reverse sequencing primer for pGEM®T-Easy.   

5.4.1.3 Obtaining the β-Galactosidase gene  
The β-Galactosidase coding sequence (β-Gal) was digested from a pCMV-SPORT-β-

Gal expression plasmid (Invitrogen, Carlsbad, USA) which was provided as a kind 

gift from Assoc Prof Denis Crane (Griffith University).  All digests were carried out 

as outlined in section 2.2.1.16 as directed by the manufacturer. 8μg of pCMV-

SPORT-β-Gal plasmid was digested with XmaI and NotI enzymes to release the β-

Gal coding sequence. The reaction was resolved by agarose gel electrophoresis.  

Expected DNA fragment sizes were 3.4Kbp, corresponding to β-Gal coding sequence 

and 4.4Kbp corresponding to the remainder of the plasmid. Bands of the correct size 

were gel purified for further cloning.  

5.4.2 Generation of pRevTRE retroviral vector containing GDNF and reporter 
gene bi-cistronic expression cassettes 

Refer to Figure 5.4 for an overview of the cloning steps involved to generate the 

following plasmids. At all stages of sub-cloning, plasmids were sequenced to insure 

the integrity of the cloned genes. Large-scale plasmid purification was performed 

using QIAfilter Midi prep kits. Table 5.1 presents the sequencing primers used and 

describes their respective binding site locations on the plasmids. A number of sub-

cloning steps are involved in this section, details of molecular methods used have 

been abbreviated for easy reading and can be found in detail in previous sections 

above or in Chapter 2.  
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Table 5.1: Sequencing primers used to validate the integrity of cloned DNA. 

Primer Name Sequence Binding site description 

pIRES Forward TTTCTCTCCACAGGTGTCC Upstream of MCS A in pIRES 

pIRES Reverse TCTCCCCCTGAACCTGAAAC Downstream of MCS B in pIRES 

pIRES Internal Forward AGCGTATTCACAAGGGG Within the IRES sequence 

pIRES Internal Reverse CTTGTTGAATACGCTTGAGG Within the IRES sequence 

pRevTRE Forward ACGCCATCCACGCTGTTTTG Upstream of MCS 

pRevTRE Reverse AGGTGGGGTCTTTCATTCC Downstream of MCS 

β-Gal 1 Forward* TCCATCAGTTGCTGTTGAC 5’ end of β-Gal sequence 

β-Gal 5 Forward* AAAGAAACTGTTACCCGTAGG 5’ end of β-Gal sequence 

β-Gal 8 Forward* ATCTGCCAGTTTGAGGGGAC Mid β-Gal sequence 

β-Gal 9 Reverse* TCAGCCGCTACAGTCAAC Mid β-Gal sequence 

β-Gal 10 Reverse* CAGCAGTTTTTCCAGTTCC Mid β-Gal sequence 

β-Gal 13 Reverse* ATCATCTGGTCGCTGGGGAATG 3’ end of β-Gal sequence 

β-Gal 14 Reverse* GAGTTGCGTGACTACCTACG 3’ end of β-Gal sequence 

* Primers designed to create overlaps in sequencing products to allow for complete sequencing of the 

β-Galactosidase gene (approximately 3.2kb). 

5.4.2.1 Sub-cloning of GDNF, hrGFP and β-Gal genes into pIRES expression 
vector 

The pIRES expression vector (Clontech) contains an internal ribosome entry site 

(IRES) sequence surrounded by 2 multiple cloning sites (MCS) A and B to allow for 

bi-cistronic expression of 2 genes (Figures 5.4 and 5.5 below).  
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Figure 5.5: The pIRES vector. Pictorial representation of the vector showing restriction sites within 

the multiple cloning sites (MCS) A and B. Taken from www.clontech.com.  

 
The GDNF gene was obtained (5.4.1.1) by restriction digestion with SalI and MluI 

enzymes to generate a SalI-GDNF-MluI DNA fragment. The pIRES vector was 

digested with XhoI and MluI enzymes to facilitate directional ligation of the SalI-

GDNF-MluI fragment through compatible cohesive ends. Ligations were transformed 

into DH10B cells and clones obtained were sequenced using pIRES sequencing 

forward primer (Table 5.1). The resultant plasmid was named pIRES-GDNF for 

future reference.  

The hrGFP gene was digested (5.3.1.2) using XbaI and NotI restriction enzymes to 

generate an XbaI-hrGFP-NotI DNA fragment. Then pIRES-GDNF (section 5.3.3.1 

above) was digested with XbaI and NotI enzymes to facilitate directional cloning of 

the hrGFP fragment into MCS B. The linearised pIRES-GDNF plasmid was then 

ligated with the XbaI-hrGFP-NotI fragment and transformed into DH10B cells. 

Selected clones were sequenced using primers to detect GDNF in MCS A and hrGFP 

gene in MCS B. The plasmid generated by this was named pIRES-GDNF/hrGFP for 

future reference. 
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The XmaI-β-Gal-NotI fragment obtained from section 5.3.1.3 above was used for 

sub-cloning into MCS B of pIRES-GDNF.  pIRES-GDNF (section 5.3.3.1) plasmid 

was digested with NotI and XmaI enzymes.  Ligations were performed and 

transformed into DH10B cells. Clones isolated were sequenced completely from 

upstream of MCS A through to downstream of MCS B to include the complete coding 

of GDNF and β-Gal (see table 5.1 for primers used). The plasmid generated here was 

named pIRES-GDNF/β-Gal for future reference. 

5.4.2.2 Construction of pRevTRE retroviral vector containing GDNF and bi-
cistronic gene expression cassettes 

For a diagrammatic representation of the sub-cloning steps involved see figure 5.4. 

The pRevTRE vector used here is presented below (Figure 5.6). 

 

Figure 5.6: The pRevTRE vector. Pictorial representation of the vector showing the restriction sites 

and other genetic features. Taken from www.clontech.com. 

5.4.2.3 Generation of pRevTRE-GDNF 
The GDNF gene fragment was digested from pGEM-T Easy (5.3.1.1) using BglII and 

SalI. The pRevTRE plsmid was digested with BamHI and SalI enzymes to allow for 

directional insertion of the BglII-GDNF-SalI DNA fragment through ligation between 

compatible cohesive ends. Ligation reactions were performed and transformed into 

DH10B cells. Subsequent clones were isolated and plasmid DNA extracted for 

sequencing and for restriction digest analysis with ScaI enzyme the sequencing primer 
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pRevTRE forward as outlined in Table 5.1. The resultant plasmid was named 

pRevTRE-GDNF for future reference.  

5.4.3 Generation of pRevTRE containing GDNF and reporter gene bi-cistronic 
expression cassettes 

The pIRES-GDNF/hrGFP and pIRES-GDNF/β-Gal plasmids from sections 5.3.3.2 

and 5.3.3.3 respectively were both digested with SpeI restriction enzyme.  The 

reaction was purified using QIAquick Gel extraction kits. Overhanging DNA ends 

remaining from SpeI digestion was treated with T4 DNA polymerase (section 

2.2.1.17) to create DNA fragments with blunt ends.  Thereafter, DNA was subjected 

to digestion with BglII to release the GDNF-IRES-hrGFP/β-Gal fragment. The 

resultant DNA fragment possessed a 5’ BglII overhang upstream of GDNF and a 3’ 

blunt-end downstream of reporter gene.  To insert this fragment into the pRevTRE 

vector, pRevTRE was digested with BamHI and HpaI. Ligations were set up with the 

GDNF-IRES-hrGFP/β-Gal DNA fragments and the digested pRevTRE vector. 

Transformation of DH10B cells and selection of clones was performed.  Plasmid 

obtained, either pRevTRE-GDNF/IRES/hrGFP or pRev/TRE-GDNF/IRES/β-Gal, 

was sequenced to determine the integrity of the plasmid DNA (using primers outlined 

in Table 5.1). Digestion analysis was also performed with ScaI to yield 2 expected 

bands per plasmid of varying sizes; these are described for each plasmid: 

 pRevTRE-GDNF: 3.1kb (vector) & 3.9kb (vector + insert) 

 pRevTRE-GDNF/hrGFP: 3.1kb (vector) & 5.3kb (vector + insert) 

 pRev/TRE-GDNF/IRES/β-Gal: 3.1kb (vector) & 8.1kb (vector + insert) 

The resulting pRevTRE-based plasmids were named: pRevTRE-GDNF/IRES/hrGFP 

and pRev/TRE-GDNF/IRES/β-Gal for future reference. Frozen glycerol stocks of 

bacterial clones harbouring these plasmids were made in all cases (as per section 

2.2.1.22). Concentrated plasmid stocks were prepared from large volume cultures 

using the HiSpeed Plasmid Maxi kits (Qiagen). 
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5.4.4 Production of retroviral supernatants  
Retroviral supernatants were generated from the following plasmids: 

pRev-TRE-GDNF/IRES/hrGFP 

pRev-TRE-GNDF/IRES/β-Gal 

pRev-Tet-ON 

Production of viral supernatants was carried out by transfection of the PT67 

packaging cell line as outlined under section 2.2.3 including concentration of 

supernatants.  

5.4.4.1 Transfection of PT67 cells with pRevTRE constructs and virus 
production 

To generate retroviral supernatants, PT67 cells were transfected with the pRevTRE 

constructs above (5.3.5) and also the pRev-Tet-ON plasmid (provided by the 

manufacturer). Transfections of PT67 cells were carried out by electroporation as 

outlined in section 2.2.3.1.2.  Selection of transfected cells with the appropriate 

antibiotic, hygromycinB for pRev-TRE-based vectors and neomycin for the pRev-

Tet-ON plasmid, was performed to generate stable virus producing cell lines (section 

2.2.3.1.3).  To harvest recombinant retrovirus (2.2.3.1.4), stable virus producing PT67 

cells were grown to confluence in 25cm2 flasks and supernatant was harvested every 

48hr from the cells for 1 week. Viral supernatants were processed and stored at -80°C 

in aliquots. Concentration of viral supernatants was performed by size exclusion 

centrifugation (as per section 2.2.3.1.5) to result in approximately 20-fold 

concentration.  The remaining concentrate was collected and either used immediately 

in transduction experiments or stored in aliquots at -80°C for future use. 

5.4.5 Titration of hygromycinB and neomycin resistance to determine optimal 
concentration for antibiotic selection 

The sensitivity of the PT67 packaging cell line, human and rat OECs and NIH-3T3 

cells to hygromycinB and neomycin antibiotics was determined by performing a ‘kill 

curve’ assay as outlined in section 2.2.3.1.1. This was performed to select a stable 

population of virus producing cells for continuous retroviral production.  The optimal 

selection concentration was determined by observing the concentration of antibiotic 

that killed 50% of cells in 5 days and killed all cells by 14 days. This was performed 

for each new batch of antibiotics since variations of activity between batches is 
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common. Successful titration of neomycin and hygromycinB concentrations was 

observed with the two mentioned cell lines. Neomycin at 200μg/ml and hygromycinB 

at 125μg/ml were found to successfully kill all cells within 14 days for PT67 and 

NIH-3T3 cell lines. These concentrations were then routinely used in all experiments 

where stable selection of transfected cell lines was required.  

5.4.5.1 Transduction of NIH-3T3 cells with pRevTet-ON virus and selection of 
stable cell lines. 

NIH-3T3 cells were seeded in 6 well plates at a density of 5x104 cells per well and 

grown overnight. The next day medium was replaced with 1ml of un-diluted/un-

concentrated viral supernatant containing DEAE-Dextran to a final concentration of 

1μg/ml.  Cells were incubated overnight. The next day the virus containing medium 

was aspirated and replaced with DMEM/FCS10 containing 200ng/ml neomycin. Cells 

were then selected for 14 days as outlined in section 2.2.3.1.3 to generate stable 

transduced cell lines. After selection, the stable cell line named 3T3-TetON was 

propagated for future experiments below. Cell lines were maintained in 

DMEM/FCS10 containing 100ng/ml neomycin for normal culturing.   Frozen stocks 

of these cells were prepared and stored in liquid nitrogen as per section 2.2.2.3.  

5.4.5.2 Transduction of 3T3-TetON stable cell line with pRev-TRE-
GDNF/IRES/hrGFP and pRev-TRE-GNDF/IRES/β-Gal viral 
supernatants 

To generate tetracycline inducible expression of GDNF and reporter genes, the stable 

3T3-TetON cell line (above) was transduced with pRev-TRE-GDNF/IRES/hrGFP and 

pRev-TRE-GNDF/IRES/β-Gal viral supernatants.  Transductions were carried out as 

per section 5.4.6.1 above.  3T3-TetON cells were seeded in 6 well plates at a density 

of 5x104 cells per well and grown overnight. The next day medium was replaced with 

1ml of un-diluted/non-concentrated viral supernatants (pRev-TRE-

GDNF/IRES/hrGFP or pRev-TRE-GNDF/IRES/β-Gal) containing DEAE-Dextran to 

a final concentration of 1μg/ml.  Cells were incubated overnight and medium replaced 

with DMEM/FCS10 containing hygromycinB. Cells were selected for 14 days as 

outlined in section 2.2.3.1.3 to generate double-stable transduced cell lines. After the 

selection period, double-stable cell lines were named 3T3-GNDF/hrGFP-ON and 

3T3-GNDF/β-Gal-ON. Cultured calls after this point were grown with medium 

supplemented with both 62.5ng/ml hygromycinB and 100ng/ml neomycin. A second 
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round of transduction with pRevTet-ON, pRev-TRE-GDNF/IRES/hrGFP and pRev-

TRE-GNDF/IRES/β-Gal supernatants was performed after selection using the same 

method. At this point, these cell lines were assumed to possess drug-inducible gene 

expression properties. 

5.4.5.3 Induction and detection of gene expression in 3T3-GNDF/hrGFP-ON 
and 3T3-GNDF/β-Gal-ON double-stable cell lines 

Cell lines produced above (3T3-GNDF/hrGFP-ON and 3T3-GNDF/β-Gal-ON) were 

cultured with 2μg/ml doxycycline for 7 days to induce GDNF and reporter gene 

expression. Cells were not allowed to reach confluence and were passaged after 

approximately 80% confluence in culture vessels was reached.  

For detection of hrGFP expression, cells were visualised using fluorescence light 

microscopy during and after this period. Additionally some cells were passaged into 8 

well chamber slides and examined for hrGFP expression by immunocytochemistry. 

Antibodies to hrGFP and GNDF were used.  

To detect β-galactosidase gene expression, cells were passaged into 8 well chamber 

slides for X-Gal staining (section 2.2.7) and immunocytochemical detection of GDNF 

and β-Gal proteins. For fluorescent detection of β-Gal in live cells, attempts using the 

ImaGene Green™ C12FDG lacZ Gene expression kit (Invitrogen, Carlsbad, CA, 

USA) were undertaken as directed by the manufacturer. Cells expressing β-Gal 

appear fluorescent using blue excitation after treatment with this kit. Fluorescence 

activated cell sorting (FACS) was attempted to isolate cells expressing β-Gal using 

the ImaGene Green™ C12FDG lacZ Gene expression kit (Invitrogen, Carlsbad, CA, 

USA). 

Antisera used in immunocytochemical experiments were obtained from Santa Cruz 

Biotechnology, Santa Cruz, CA, USA. The respective working dilutions were goat 

anti-GFP (Santa Cruz, I-16; 1/200), rabbit anti-GDNF (Santa Cruz, D-20; 1/200) and 

mouse anti-β-Galactosidase (Santa Cruz, BG-02; 1/200). Immunocytochemistry was 

performed as per section 2.2.4.2. A human olfactory cell line over-expressing hrGFP 

was used as a control for microscopy and immunochemistry experiments aimed at 

detecting hrGFP expression in doxycycline-induced cells. The hrGFP expressing cell 

line was obtained from previous studies in our lab.   
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Cryopreserved brain sections from a LacZ expressing transgenic mouse was used as a 

positive control for detecting β-galactosidase expression.  These sections were from 

existing stocks within our laboratory.   

5.4.5.4 Transduction of human OECs with viral supernatants and induction of 
transgene expression 

Human OECs (from Chapter 3 section 3.5.2; passage 4) were seeded 1x105 cells per 

well into 6 well plates and grown overnight. The next day cells were transduced with 

pRev-Tet-ON virus as outlined previously (section 5.4.6.1), however cells were not 

subjected to antibiotic selection. 12 hr later the process was repeated and following 

this, cells were transduced with either pRev-TRE-GDNF/IRES/hrGFP or pRev-TRE-

GNDF/IRES/β-Gal supernatant as described. This process was also repeated so a total 

of 4 transduction events had occurred; 2 for each vector. After this cells were grown 

for 2 days and then transferred into 6 well plates at 1x105 cells per well.  Cells were 

then cultured in DMEM/FCS10 supplemented with 2μg/ml doxycycline for 10 days.  

Medium was replaced every 2 days. Cells were tested for expression of hrGFP and β-

Gal as mentioned previously.  

 

5.5 Results 
 

5.5.1 Successful cloning of GDNF and hrGFP genes  
Electrophoresis of PCR products generated from sections 5.3.1.1 and 5.3.1.2 (GDNF 

and hrGFP respectively) revealed a single band for each gene. For GDNF a single 

band of approximately 650bp was seen (Figure 5.7 A). On a separate gel, a single 

product for hrGFP approximately 810bp was observed (Figure 5.7 B). PCR product 

for hrGFP was loaded in duplicate. 
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Figure 5.7: GDNF and hrGFP reporter genes amplified by PCR. Each gene displayed the expected 

size GDNF (A; 636bp) and hrGFP (B; 790bp).     

 

The PCR products were successful cloned into pGEM-T-Easy.  Sequencing of clones 

(using the M13 reverse primer) revealed the correct GDNF and hrGFP genes in the 

desired orientation within pGEM®-T Easy vector.  Sequences obtained were accurate 

as confirmed by using the BLAST alignment tools at www.ncbi.nlm.nih.gov/BLAST. 

Here it was revealed that GDNF (636bp) was 100% homologous to the GDNF 

sequence published at www.ncbi.nlm.nih.gov/entrez under accession number 

BC069369.  hrGFP was 100% homologous to numerous forms of hrGFP in vectors 

published in this database under accession number AAT48425. 5’ BglII and 3’ MluI 

restriction sites for GDNF and 5’ XbaI and 3’ SphI restriction site sequences were all 

present in the sequences obtained. One clone for each gene was then selected and 

cultured for large scale plasmid preparation for use in subsequent cloning experiments 

and a glycerol stock of the clones were prepared.  

5.5.2 Successful generation of pREV-TRE vectors 
For ease of reading, individual results from each sub-cloning step were not included 

in detail. The outcome of each successive sub-cloning step in pIRES was successful 

as confirmed by sequencing and restriction digestion analysis. After successful sub-

cloning of each gene (GDNF, hrGFP and β-Gal) into pIRES, the individual 

expression cassettes were successfully cloned into pRevTRE vector. Restriction 
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digestion with ScaI of all three plasmids generated revealed the expected banding 

pattern (Figure 5.8). Lanes in the gel were loaded as follows: 

Lane 1: pRevTRE-GDNF (3.1kb (vector) & 3.9kb (vector + insert)) 

Lane 2: pRevTRE-GDNF/hrGFP (3.1kb (vector) & 5.3kb (vector + insert))  

Lane 3: pRev/TRE-GDNF/IRES/β-Gal (3.1kb (vector) & 8.1kb (vector + insert)).  

 

 

Figure 5.8: Successful generation of pREV-TRE vectors containing GDNF and reporter genes. 

Digestion with ScaI confirms the correct banding pattern and sizing for the pRev-TRE-GDNF, pRev-

TRE-GDNF/IRES/hrGFP and pRev-TRE-GNDF/IRES/β-Gal plasmids developed. 

 

Sequencing of each plasmid obtained verified that pRev-TRE-GDNF, pRev-TRE-

GDNF/IRES/hrGFP and pRev-TRE-GNDF/IRES/β-Gal the correct orientation of 

genes with the promoter and that no mutations were present.  

5.5.3 Titrating Hygromycin B and Neomycin on human OECs was unsuccessful 
In 3 separate trials, OECs failed to remain attached to the culture vessel surface with 

either Hygromycin B or Neomycin present in the culture medium at the 

concentrations required to successfully select transduced cells. Hygromycin B was 

observed to rapidly cause cell monolayers to detach with 100% of cells floating after 

3 days in concentrations ranging from 20μg/ml to 100μg/ml.  Neomycin elicited a 

similar response within 7 days. Floating cells were collected on a number of occasions 

and were shown to be >90% viable as determined by trypan blue exclusion. Removal 

of the antibiotics from the culture medium promoted re-attachment of the cells within 

2 days. Further attempts to perform the ‘kill curve’ titration were abandoned. 
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5.5.4 Successful transfection of PT67 cells and production of viral supernatants 
Transfection of PT67 cells to generate viral supernatant was successful using the 

nucleofector system (section 2.2.3.1.2). The transfected cells were successfully 

selected with their respective antibiotics (neomycin or hygromycinB) after 

transfection. Numerous clonal colonies were observed by light microscopy after 14 

days of selection. Cell death observed during the 14 day period was consistent with 

that observed in the kill curve experiments. Selected colonies were pooled and 

propagated for virus production.  Confluent 75cm2 flasks of selected cells were grown 

with fresh medium for 48hr then the supernatant was harvested for transduction 

experiments. 

5.5.5 Titering of non-concentrated viral supernatants was successful 
Viral titres were estimated using the colony forming assay as outlined in Chapter 2 

section 2.2.3.1.6 using NIH-3T3 cells. Antibiotic resistant colonies were observed to 

form after selection for pRev-TRE-GDNF/IRES/hrGFP, pRev-TRE-GNDF/IRES/β-

Gal and the pRev-Tet-ON plasmids in transfected cells. The wells treated with the 

highest dilution of viral supernatant that still possessed colonies after the 14 days 

selection period determined the viral titres.  Estimated titres represented in colony 

forming units/ml (cfu/ml; or infectious particles/ml) were as outlined in the table 

below. 

 

  Viral supernatant Estimated Titre (cfu/ml) 

pRev-TRE-GDNF/IRES/hrGFP 4.0 ×106 

pRev-TRE-GNDF/IRES/β-Gal 7.0 ×105 

pRev-Tet-ON 2.0 ×106 
 

5.5.6 Non-transduced NIH-3T3 cells express high levels of GDNF  
Immunocytochemical staining of NIH3T3 cells with antibodies to GDNF revealed 

high baseline expression of GDNF.  Strong immunoreactivity for GDNF was 

observed in the cytoplasm whilst controls were negative (Figure 5.9).  
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Figure 5.9: GDNF immunoreactivity was observed in all NIH-3T3 cells. A) NIH3T3 cells 

immunoreactive for GDNF (red). B) Control well where no primary antibody was applied. Bar in A = 

50μm is the same for B. 

 

5.5.7 Failure to detect hrGFP expression in doxycycline induced NIH-3T3 cells 
and human OECs 

Expression of hrGFP could not be detected in either living or fixed cells by 

fluorescence microscopy. Further, attempts to detect hrGFP expression by probing 

with antibodies to hrGFP also failed. A hrGFP expressing cell line from our lab was 

used as a positive control in each experiment detecting hrGFP expression in live and 

fixed cells using fluorescence microscopy and immunochemistry. The methods used 

were successful as hrGFP expression was readily observed in these cells (not shown). 

After 5 failed attempts, further trials using this method were abandoned given the lack 

of detectable hrGFP expression observed and the high base-line expression of GDNF 

in NIH-3T3 cells (section 5.5.6).  

5.5.8 Induced β-Galactosidase expression detected in NIH-3T3 cells but not 
hOECs  

β-galactosidase expression was observed in doxycycline-induced NIH-3T3 cells in 1 

well out of 5 tested using X-gal staining (Figure 5.10 A/B). Brain sections from a 

transgenic mouse over-expressing LacZ confirmed the success of the methodology 

(Figure 5.10 D). Three separate attempts to detect β-Gal in these cells using the 

ImaGene Green™ C12FDG lacZ Gene expression kit (Invitrogen, Carlsbad, CA, 

USA) followed by FACS revealed that no fluorescence was detectable in these cells 
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when compared to non-transduced controls. Immunocytochemistry failed to detect 

any cells expressing β-Gal in three separate attempts.  

β-Galactosidase expression was not observed in human OECs (section 5.4.6.4 above) 

induced with doxycycline with all methods used.  X-gal staining, 

immunocytochemistry and FACS after treatment using the ImaGene Green™ C12FDG 

lacZ Gene expression kit all failed to detect β-Gal when compared to non-transduced 

cell lines. GDNF immunoreactivity in the human OECs was similar to that observed 

in Chapter 3 (not shown). 

 

Figure 5.10: β-Galactosidase expression in 3T3-GNDF/β-Gal-ON cells after induction with 

doxycycline. A) & B) Same field of cells viewed at different magnifications stained with X-Gal (blue). 

No β-Galactosidase expression was observed in non-transduced NIH-3T3 cells (C). Positive controls 

showed widespread β-Galactosidase activity (D). Positive control brain sections were taken from 

transgenic mice overexpressing the LacZ gene.  Bar in A = 100μm is the same for C and D. Bar in B 

= 100μm.      

 

5.5.9 Abandonment of MMLV vector-based methods 
The expression of hrGFP and β-galactosidase could not be detected at significant 

levels in neither transduced NIH-3T3 cells nor hOECs using the described methods. 

In light of these findings further experimentation to determine if these cells were 
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expressing GDNF was abandoned. The ability to readily detect reporter gene 

expression and GDNF is critical to the progression of this study as set out in the aims 

of this Chapter. The summary of findings and future direction is presented below.   
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5.6 Discussion 
In this Chapter, I successfully constructed MMLV-based vectors which could direct 

drug-inducible co-expression of GDNF and the reporter genes hrGFP and β-Gal in 

transduced cells. Viable retroviral particles were generated from these plasmids at 

titres adequate for in vitro transduction of mammalian cells. After transducing human 

OECs and NIH-3T3 cells with the virus, no doxycycline-induced expression of hrGFP 

was detected after using a number of methods including immunocytochemistry, 

fluorescence microscopy and FACS. Doxycycline-induced expression of β-Gal was 

observed using X-Gal staining in a small population of NIH-3T3 cells that was not 

repeatable. No X-Gal staining was observed in transduced human OECs. Attempts to 

isolate β-Gal expressing NIH-3T3 cells by FACS after treatment with the ImaGene 

Green™ C12FDG lacZ Gene expression kit were not successful.  Interestingly, non-

transduced NIH-3T3 cells were strongly immunoreactive for GDNF, making their use 

for examining induced expression of GDNF difficult. Cells transduced with retrovirus 

maintained viability and were propagated in culture over numerous passages. 

After repeated attempts, the methods described here were abandoned because a lack 

of detectable reporter gene expression is not suitable for the purposes of this study. No 

attempts were made to determine whether inducible expression of GDNF was 

occurring. The major findings are reviewed below.  

5.6.1 The pRev-Tet-ON™ system from Clontech is not suitable 
It was determined that while the pRevTet-ON system may be a useful tool for 

engineering cells, it has a number of shortcomings. The retrovirus protein coat 

provided by the PT67 packaging cell line, the 10A1-type viral envelope, facilitates 

infection of host cells by binding with 2 receptors. Virus can only enter cells via the 

RAM1 and GALV receptors (Miller, 1996; Miller, 1994). Transduction cannot occur 

in cells that do not express these receptors and if cells express just one of these 

receptors, transduction is less efficient. It is unknown whether OECs or NIH-3T3 cells 

express these receptors required for transduction. Further difficulty is encountered 

when attempting to concentrate retroviral supernatants because the viral protein coat 

is fragile and cannot withstand the forces involved in various concentration methods 

such as size exclusion filtration and ultra-centrifugation (Pham et al., 2001).   
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In this retroviral system, transduction can only occur in actively dividing cell lines.  In 

the case of OECs, only in cells that are actively dividing and express the 

aforementioned receptors will transduction occur. Attempts to produce a double-

stable OEC line by antibiotic selection with neomycin and hygromycin B were not 

successful, further adding difficulty to using this system. 

After considering the lack of detectable, drug-induced gene expression, moves to 

identify a more suitable retroviral system were undertaken.  Lentiviral vectors do not 

require receptor-mediated entry, are able to transduce non-dividing cells, can be 

readily concentrated and can carry larger genetic constructs.      

5.6.2 Inefficient gene expression using IRES 
The lack of reporter gene expression could also be attributed to inefficiencies of the 

IRES sequence. The IRES DNA sequence is large and makes construction of viral 

vectors problematic because larger viral genomes are packaged inefficiently which 

can lead to production of non-viable retrovirus. It has been reported previously that 

genes transcribed upstream of the IRES are strongly expressed while genes placed 

downstream are expressed at much lower levels (Chinnasamy et al., 2006; Furler et 

al., 2001). Interestingly, these authors describe more efficient bi-cistronic gene 

expression using the foot and mouth disease virus 2A cleavage factor in place of 

IRES. The 2A cleavage factor is much smaller than IRES and expression of enhanced 

GFP (EGFP) is not inhibited by the 2A processing. For a detailed review of the 

FMDV 2A and its cleavage actions, see Chinnasamy et al., (2006) and Furler et al., 

(2001).  

These observations combined with the unfavourable characteristics of the pRevTet-

ON system makes the methods developed in this Chapter not suitable to achieve the 

goals of this study. In the next Chapter, attempts to use the 2A cleavage factor from 

the foot and mouth disease virus (FMDV) in place of IRES will be undertaken along 

with the adoption of a Lentiviral-based gene expression system.  

 

 



 

 

 

 

 

 

 

Chapter 6: Lentiviral engineering of olfactory 

ensheathing cells for inducible co-expression of 

GDNF and reporter genes 
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6.1 Introduction 
In this Chapter, Lentiviral vectors will be developed, in place of MMLV vectors, to 

co-express GDNF with a reporter gene (either EGFP or β-Galactosidase) using the 

FMDV 2A cleavage factor. Minocycline will be used to control expression of GDNF 

and reporter genes via a drug-inducible promoter provided in the lentiviral expression 

system reviewed below. 

6.1.1 ViraPower™ T-REx™ Lentiviral Expression System: drug-inducible 
expression 

Lentiviral vectors from the ViraPower™ T-REx™ Lentiviral Expression System 

(Invitrogen) will be used to generate lentiviral supernatants for transduction of OECs 

in the following experiments; for a detailed review visit www.invitrogen.com where 

manuals for this system can be found.  Briefly, this system contains three lentiviral 

plasmids used for generating retroviral supernatants including the pLenti4/TO/V5-

DEST vector, the pLenti6/TR vector and the pLenti4/TO/V5-GW/lacZ. Lentiviral 

supernatants are generated from each vector by co-transfecting the provided 293FT 

producer cell line with the ViraPower™ Packaging Mix.   

The pLenti4/TO/V5-DEST vector, possessing a modified CMV tetracycline inducible 

promoter (TO), directs tetracycline-inducible expression of genes cloned downstream 

of the promoter. This promoter, in absence of the Tet repressor protein (produced by 

the pLenti6/TR vector), will drive constitutive expression of downstream genes. 

Genes or genetic constructs of interest are cloned into the pLenti4/TO/V5-DEST 

vector using the Gateway® Technology directional cloning system described in 

Chapter 2 section 2.2.1.21. The pLenti6/TR vector containing the TetR gene allows 

for constitutive expression of the tetracycline (Tet) repressor protein which acts upon 

the TO promoter in pLenti4/TO/V5-DEST to repress gene expression in the absence 

of tetracycline.  The mechanism of tetracycline-regulated expression of genes cloned 

into pLenti4/TO/V5-DEST is depicted below (Figure 6.1). Finally the provided 

pLenti4/TO/V5-GW/lacZ vector expresses β-Galactosidase using the same inducible 

promoter as in the pLenti4/TO/V5-DEST vector. 
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Figure 6.1: The mechanism of tetracycline-regulated gene expression using the ViraPower™ T-

REx™ Lentiviral Expression System (Invitrogen). The flowchart outlines drug-inducible expression 

of genes in mammalian cell lines and the mechanism of tetracycline-directed gene expression. In this 

study, however cells are first transduced with pLenti4/TO/V5-DEST plasmids (2.) which are modified 

to enable expression of GDNF and reporter genes, followed by transduction with pLenti6/TR (1.) to 

create drug inducible OEC lines. Cells successfully transduced with both plasmids are capable of 

tetracycline-inducible gene expression.  The mechanism of tetracycline-inducible expression mediates 

through the Tet repressor protein (tetR), constitutively expressed from the pLenti6/TR plasmid (1.), 

forming homodimers and binding to Tet operator 2 (TetO2) sequences of the pLenti4/TO/V5-DEST 

promoter (2.). In the absence of tetracycline transcription from this promoter is inhibited. Adding 

tetracycline removes TetR homodimers from the TetO2 sequences in the promoter, inducing expression 

of genes downstream (3. & 4.).  Minocycline has also been shown to activate similar promoters 

(Chtarto et al., 2003). Transduction of cells with the pLenti4/TO/V5-DEST plasmid alone will 

constitutively express genes of interest cloned in downstream of this promoter. Figure adapted from 

www.invitrogen.com. 
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The experimental aims and hypotheses are discussed below. 

6.2 Aims and hypotheses 
The experimental aims of this chapter are to: 

1. Develop lentiviral vectors that can confer drug-inducible co-expression of 

GDNF and EGFP or β-Gal reporter genes onto OECs transduced with 

these vectors using the FMDV 2A cleavage factor. 

2. To concentrate viral supernatants and determine the titres using 

quantitative PCR (qPCR) techniques. 

3. Develop methods to purify minocycline-inducible cell lines. 

Hypothesis: 

1. Co-expression of bioactive GDNF and detectable reporter genes is 

achievable using the FMDV 2A cleavage factor. 
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6.3 Experimental strategy 
The experimental regime for this Chapter is similar to the previous Chapter with some 

modifications (Chapter 5; Figure 5.3). The approach and methods used in this Chapter 

are reviewed in a general overview of the experimental regime below. All OECs used 

in this Chapter were obtained as described in Chapter 3. 

6.3.1 Vector generation and experimental overview  

6.3.1.1 Engineering lentiviral expression vectors and retroviral supernatants 
Two separate OEC cell lines are being developed in this Chapter, one that co-

expresses secreted GDNF with green fluorescent protein (EGFP) and another which 

co-expresses secreted GDNF with β-Galactosidase. To achieve this, the EGFP and 

GDNF genes will be cloned into the pLenti4/TO/V5-DEST plasmid separated by the 

2A cleavage factor DNA. Cells transduced with virus generated form this plasmid will 

constitutively express GDNF and EGFP and can be sorted for fluorescence expression 

using fluorescence activated cell sorting (FACS).  Manipulating the pLenti4/TO/V5-

GW/lacZ vector by introducing a GDNF-2A genetic construct downstream of the 

existing LacZ gene will allow constitutive co-expression of GDNF and β-

Galactosidase in cells transduced with this plasmid; which may also be isolated by 

FACS. Co-expression of the 2 genes is achieved using the 2A cleavage factor DNA 

sequence from the FMDV (for a detailed review see de Felipe et al., (1999), replacing 

IRES sequences used in the previous Chapter. The 2A cleavage factor DNA sequence 

used in this study corresponds to that described previously (de Felipe, 2004) modified 

with reference to sequences published at www.ncbi.nlm.nih.gov.  

GDNF and EGFP and genes amplified from existing plasmids in our laboratory will 

be used for cloning. Retroviral supernatants will be produced from transfection of 

293FT packaging cells with each of the plasmids generated above with the addition of 

the pLenti6/TR plasmid using methods described by the manufacturer (Invitrogen).  

Lentiviral supernatants will then be concentrated by ultracentrifugation followed by 

estimating viral titres by real-time quantitative PCR (qPCR), reviewed in detail below. 

Concentrated viral supernatants are then used to transduce human OECs to generate 

drug-inducible cell lines.  In this study, minocycline will be used in place of 

tetracycline.  
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6.3.1.2 Lentiviral titering by quantitative real-time PCR  
Lentiviral supernatants, generated from plasmids constructed above, will be titered 

using quantitative real-time PCR to measure the number of viral integrations into the 

genomes of 293-FT cells after transduction with these plasmids. The method used in 

this study was adapted from (Sastry et al., 2002) with some modifications.  Briefly, 

serially diluted lentiviral supernatants were used to transduce a known number of 293-

FT cells.  Cells are then grown for 10 days to allow for integration of virus genome 

into the host cell’s genome. Genomic DNA is then extracted from a known number of 

cells and analysed by qPCR. Simultaneously, serially diluted plasmid DNA of known 

concentration (number of plasmids per dilution) is also analysed by qPCR to create a 

standard curve for number of plasmid copies per reaction. The number of integrations 

can then be estimated by comparing values obtained from transduced cells with those 

obtained from a standard curve created; performed by comparing threshold cycle (Ct) 

values for each reaction.  The number of virus particles per millilitre of supernatant 

(viral titre) can then be calculated by taking the number of integrated viral genomes in 

transduced cells and correcting for the number of cells transduced and the dilution of 

viral supernatant applied. For a comprehensive review of this method refer to (Sastry 

et al., 2002). These authors use TaqMan DNA probes, but in this Chapter, SYBR® 

Green (Invitrogen) with primers used in standard PCR reactions is used instead. After 

estimating viral titres, transduction of OECs follows. Transduction studies and 

inducible gene expression studies are outlined below. 

6.3.1.3 Transducing human OECs with lentiviral supernatants 
The experimental regime outlined below applies to human OECs, referred to as 

“OECs” in this Chapter. Firstly, OECs will be transduced with supernatants generated 

from vectors engineered to contain GDNF linked to reporter genes lacZ or EGFP by 

the 2A cleavage factor. OECs transduced with these vectors will constitutively 

express GDNF and the reporter genes as the promoter will act like a regular CMV 

promoter in the absence of the Tet repressor protein. Transduced OECs will be 

analysed using immunocytochemical techniques, X-Gal staining, RT-PCR and 

fluorescence microscopy to identify expression of transgenes and confirm successful 

engineering of viral vectors. Detection of secreted GDNF in cell culture supernatants 

will involve bioassay and ELISA as described in Chapter 3. Tanaka et al., (2003) 

developed the GDNF bioassay cell line and provided it as a kind gift for experiments 
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in this study (see Chapter 2 section 2.2.6 and Chapter 3). Once expression of 

biologically active GDNF and reporter genes are confirmed in these cells, selection of 

transduced cells based on expression of reporter genes by fluorescence activated cell 

sorting (FACS) techniques is then performed. This procedure will aim to isolate a 

near pure population of transduced cells. For EGFP expressing cells, FACS is based 

on expression of direct EGFP fluorescence. Sorting lacZ expressing cells using the 

ImaGene Green™ C12FDG lacZ Gene expression kit (Invitrogen), also used in 

Chapter 5, will be attempted. Successful sorting of transduced cells based on these 

markers will isolate populations of cells expressing high levels of reporter genes and 

presumably high levels of GDNF.  

After yielding purified populations of transduced OECs, transduction of these cells 

with pLenti6/TR supernatants will be performed.  This will suppress expression of 

GDNF and reporter genes through expression of the Tet repressor protein (Figure 

6.1). Following this, performing FACS to isolate cells no longer expressing EGFP and 

LacZ will create purified “inducible” cell lines. Non-transduced OECs will be used to 

control for levels of baseline fluorescence when sorting double-transduced cells 

above. Once isolated, treating cultures of “inducible” cells with minocycline will 

determine if GDNF and reporter gene expression can be induced. Minocycline has 

been used previously to induce gene expression from similar promoters (Chtarto et al., 

2003). Adding tetracycline to cultures initially will provide reference for assessing 

minocycline as a suitable inducer. Then bioassay, ELISA, immunochemistry, X-Gal 

staining and fluorescence microscopy methodologies will then determine if inducible 

gene expression is occurring. Quantitative ELISA will examine quantities of GDNF 

secreted by these cells in the presence of minocycline (“ON”) and in its absence 

(“OFF”). If successful, high levels of GDNF and reporter gene expression will be 

observed in cultures treated with minocycline and no detectable GDNF (using ELISA) 

will be observed in cultures without minocycline. 

Detailed methods are reviewed below. 
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6.4 Methods 
Detailed descriptions of the materials and methods used for the following experiments 

are described in detail in Chapter 2. Parentheses contain section references to Chapter 

2 for each material and method listed below. All plasmids used in this section were 

prepared as highly concentrated, purified stocks generated by transformation of 

DH10B cells (2.2.1.13) or transformation of OneShot Stbl3 cells (2.2.1.14). Plasmid 

purification, clean-up of restriction digest and PCR reactions were performed using 

QIAGEN products (section 2.2.1.15). References to repeatedly used methods were not 

made for clarity.   

6.4.1 Plasmid vectors used herein 
A list of the plasmids vectors used in this Chapter is presented below. Pictorial maps 

for each of these vectors can be obtained at manufacturer websites outlined in 

parentheses: 

• pLenti4/TO/V5-DEST (www.invitrogen.com) 

• pLenti4/TO/V5-GW/lacZ (www.invitrogen.com) 

• pLenti6/TR (www.invitrogen.com) 

• pENTR-1A (www.invitrogen.com) 

• pEGFP-C3 (www.clontech.com) 

6.4.2 Construction of the FMDV 2A insert 
To generate the FMDV 2A genetic fragment, two oligonucleotide primers (identical 

to those used for routine PCR purposes) were annealed together to form a double 

stranded DNA fragment with overhanging bases at the 5’ and 3’ ends of the forward 

strand primer. The overhanging ends formed compatible cohesive ends (CCEs) to 

facilitate directional cloning into the target vector after digestion with BglII and ApaI 

restriction enzymes (described in subsequent sections). The sequences of the primers 

used are presented below. CCEs are 5’BglII and 3’ApaI (bold and underlined). 

Forward strand: 

5’- 

GATCCCGCTAAGCAGCTTCTGAACTTCGACCTCCTCAAGTTGGCGGGAGA

TGTTGAGTCCAACCCTGGGCC -3’ 
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Reverse strand:  

5’– 

CAGGGTTGGACTCAACATCTCCCGCCAACTTGAGGAGGTCGAAGTTCAGA

AGCTGCTTAGCGG -3’ 

 

The two oligonucleotides were annealed together by placing equal molar volumes of 

each primer into a reaction mix containing 1X PCR buffer (20mM Tris-HCl (pH 8.4) 

and 50mM KCl) and MilliQ-H2O to a final volume of 20μl in a PCR grade tube. The 

reaction was then subjected to the following thermal cycling program: 94°C for 30 sec 

then decreasing by 0.5°C/sec to 21°C.  The reaction contents were then used directly 

(un-treated) in ligation reactions, the remaining reaction was stored at -20°C for future 

use. A pictorial representation of the resultant dsDNA fragment is presented later in 

this section (Figure 6.2). 

6.4.3 Construction of a pLenti4/TO/EGFP-2A-GDNF expression vector  
A number of successive sub-cloning steps are required to generate this plasmid. A 

pictorial representation of steps 1 and 2 is presented in Figures 6.2 below. In detail, 

the following are the cloning steps required to arrive at the final plasmid.   

 

Step 1: 

The pEGFP-C3 vector (Clontech; Figure 6.2) was digested with BglII and ApaI 

enzymes using methods previously described and then resolved by agarose gel 

electrophoresis. Ligation reactions using the digested pEGFP-C3 vector and the 

FMDV-2A fragment (section 6.4.2) were incubated overnight at 4°C and used to 

transform DH10B cells by electroporation. Bacterial cultures were grown with 

Kanamycin to select resistant harbouring the cloned plasmid. Resistant colonies were 

selected and grown for large-scale plasmid purification.  Plasmids extracted from 5 

clonal cultures were used in DNA sequencing. The following DNA sequencing primer 

was used: 5’- CATGGTCCTGCTGGAGTTCGTG -3’. Plasmids harbouring the 2A 

fragment were named pEGFP-C3-2A. See Figure 6.2 for an overview. 
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Figure 6.2: Generating a 2A-EGFP cassette. The pEGFP-2A-GDNF plasmid is created by firstly 

inserting the foot and mouth disease virus 2A cleavage factor DNA (2A DNA) into the multiple 

cloning site (MCS; **) of the pEGFP-C3 plasmid. Prior digestion of pEGFP-C3 with BglII and ApaI 

enzymes provided the appropriate overhanging DNA ends to allow for directional insertion of the 2A 

DNA fragment via compatible cohesive ends; overhanging bases in red (2A DNA) are compatible with 

the BglII and ApaI digested pEGFP-C3 plasmid.  The EGFP gene open reading frame (ORF) is 

maintained in this process and remains in-frame with the 2A DNA ORF. Following this, the human 

GDNF gene is inserted downstream of the 2A DNA sequence, also maintaining the ORF of the EGFP-

2A cassette but finalising with GDNF’s native STOP codon. This complete genetic element translates 

to a single polypeptide which is later cleaved (in transduced cells) into 2 separate mature proteins 

EGFP and GDNF through the autolytic action of the 2A polypeptide sequence.  This cleavage causes a 

single Proline residue to remain at the N-terminus of the GDNF protein and the remaining 2A peptides 

attached to the C-terminus of the EGFP protein. The resulting plasmid is used in PCR reactions to 

amplify the EGFP-2A-GDNF DNA sequence for further sub-cloning. Parts of this figure were adapted 

from www.clontech.com.  

 

Step 2: 

Insertion of GDNF into pEGFP-C3-2A plasmid follows above. The GDNF gene was 

amplified by PCR as described previously in Chapter 5 section 5.4.1.1 using alternate 

primers. Primers were designed with flanking 5’ ApaI and 3’ XbaI restriction sites to 

facilitate directional sub-cloning into the pEGFP-C3-2A plasmid generated above. 

Primers for GDNF (restriction enzyme recognition sequences are underlined) were 

Forward (ApaI) 5’-TCAGGGCCCATGAAGTTATGGGATGTCG-3’ and Reverse 

(XbaI) 5’-AGTCTAGATCAGATACATCCACACCTTTTA-3’. 
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PCR was completed as described previously in Chapter 5 section 5.4.1.1. PCR 

products were purified using QIAquick™ Gel Extraction Kit (Qiagen) as per the 

manufacturer’s instructions.  Restriction digestion of the purified GDNF PCR product 

and the pEGFP-C3-2A vector was performed using ApaI and XbaI restriction 

enzymes as described previously. Ligation reactions containing the GDNF and the 

pEGFP-C3-2A vector digests were carried out overnight at 4°C and used to transform 

DH10B cells. Clonal colonies were selected and plasmid DNA purified for DNA 

sequencing using the same sequencing primer outlined in Step 1 above. Clones 

containing the correct insert were cultured for large scale plasmid preparation.  This 

plasmid was named pEGFP-2A-GDNF for future reference.  

 

Step 3: 

PCR using the pEGFP-2A-GDNF plasmid generated above as a template provided the 

appropriate EGFP-2A-GDNF fragment for cloning into the pENTR-1A vector. 

Primers were designed to amplify the entire EGFP-2A-GDNF sequence incorporating 

restrictions sites at the 5’ (SalI) and 3’ (NotI) ends to facilitate future sub-cloning into 

pENTR-1A. The following primers were used (restriction enzyme recognition 

sequences are underlined): 

Forward (SalI): 5’-CAGTCGACTCGCCACCATGGTGAGCAAGGG- 3’ 

Reverse (NotI): 5’-CTGCGGCCGCCTATCACATACATCCACACCTTTTA-3’ 

PCR was performed using PfuUltra™ High-Fidelity DNA polymerase (Stratagene) as 

per section 2.2.1.6 to produce an expected product size of 1.5kb. After clean-up of the 

PCR reaction, restriction digestion was performed using SalI and NotI enzymes as 

described previously. The pENTR-1A plasmid was also digested with these enzymes 

to allow for directional cloning of the PCR product.  Ligation of the digested PCR 

product (EGFP-2A-GDNF) with the linearised pENTR-1A plasmid was carried out.  

DNA sequencing of clones resulting from this ligation used the following sequencing 

primer, 5’-CATCAAACTAAGCAGAAGGC-3’. 

The plasmid generated here is designated pENTR-1A/EGFP-2A-GDNF. 
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Step 4: 

LR Clonase II recombination using the Invitrogen Gateway® system was performed 

to transfer the EGFP-2A-GDNF fragment in pENTR-1A/EGFP-2A-GDNF to the 

pLenti4/TO/V5-DEST vector (2.2.1.21). This system utilizes site-specific directional 

recombination properties of bacteriophage lambda ((Landy, 1989)) to transfer genes 

of interest cloned into pENTR-1A into pLenti4/TO/V5-DEST destination vectors. 

After completing the recombination reaction, the reaction mix was then used for 

transformation into Stbl3 E.coli cells (section 2.2.1.14), remaining reaction mix was 

stored at -20°C for no longer than 1 week. Selection of bacteria harbouring the 

recombined plasmid was performed with ampicillin. Plasmid DNA was extracted 

from selected clones and DNA sequencing performed to confirm correct transfer of 

the EGFP-2A-GDNF genetic fragment into the pLenti4/TO/V5-DEST vector. DNA 

sequencing primers used were a Forward 5’-CGCAAATGGGCGGTAGGCGTG-3’ 

and Reverse 5’-ACCGACCACACCCTTAGGGAT-3’.   

The final plasmid generated here is designated pLenti4/TO/EGFP-2A-GDNF. 

6.4.4 Construction of a pLenti4/TO/LacZ-2A-GDNF expression vector 
The following methods involved the use of plasmids generated in the previous section 

6.4.3 and the pLenti4/TO/V5-GW/lacZ plasmid provided as part of the ViraPower™ 

T-REx™ Lentiviral Expression System (Invitrogen).  

The pLenti4/TO/V5-GW/lacZ plasmid was digested with XhoI and AgeI restriction 

enzymes as described previously to create a linearised DNA plasmid. (Note: This 

digestion results in a cut at the 3’ end of the LacZ gene within this plasmid).  

PCR using PfuUltra™ High-Fidelity DNA polymerase (Stratagene) as per section 

2.2.1.6 was performed to amplify the 2A-GDNF DNA fragment from the pEGFP-2A-

GDNF plasmid (section 6.4.3; Step 2). Primers were designed to incorporate XhoI and 

AgeI restriction sites at the 5’ and 3’ ends respectively, specifically these primers 

were (restriction sites underlined): 

Forward (XhoI) 5’-AGGTCTCGAGAAGATGAAGTTATGGGATG-3’  

Reverse (AgeI) 5’-CTACCGGTTCAGATACATCCACACCTTTTA-3’. 

Resulting PCR products were digested with XhoI and AgeI restriction enzymes.  

Ligation reactions were setup with digested PCR product and the linearised 
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pLenti4/TO/V5-GW/lacZ plasmid and carried out as described previously. The 

ligation reaction mix was then used for transformation into Stbl3 E.coli cells (section 

2.2.1.14). Ampicillin selection of bacteria harbouring the recombined plasmid was 

performed. Plasmid DNA was extracted from selected clones and DNA sequencing 

performed to confirm that the 2A-GDNF fragment was inserted in-frame with the 

lacZ gene. The sequencing primer was used for DNA sequencing was: 

5’-TTTAGTTCCTCACCTTGTCG-3’. 

Plasmids generated here were designated pLenti4/TO/LacZ-2A-GDNF. 

6.4.5 Producing and concentrating lentiviral supernatants 
Supernatants were generated from the plasmids described in section 6.4.3 and 6.4.4, 

pLenti4/TO/LacZ-2A-GDNF and pLenti4/TO/EGFP-2A-GDNF respectively.  Virus 

was also prepared from pLenti6/TR plasmid. Lentiviral supernatants were prepared 

using detailed procedures outlined in Chapter 2 section 2.2.3.2 where concentrating 

the supernatants by ultracentrifugation is also reviewed in detail. Concentrated viral 

pellets were resuspended in plain DMEM to provide a final concentration factor of 

100× for all plasmids except for pLenti6/TR supernatants which were concentrated 

65×.  Supernatants were used immediately or aliquoted and stored at -80°C until 

required. 

6.4.6 Titering of lentiviral supernatants using real-time quantitative PCR  
The method used in this study was adapted from Sastry et al., (2002) with minor 

modifications (Chapter 2 section 2.2.1.10). Briefly, 4.2×104 293-FT cells were seeded 

into each well of 12-well tissue culture plates (4 cm2 wells) and grown overnight. The 

next day cells were transduced with concentrated lentiviral supernatants (section 

6.4.5) serially diluted in culture medium at 1:25, 1:100, 1:400 and 1:1600. Polybrene 

(Sigma) was added to transduction medium to a final concentration of 6μg/ml in a 

total volume of 405μl.  Cells were transduced overnight followed by medium 

replacement with DMEM/FCS10 the next day.  Cells were grown until approximately 

80% confluent then passaged into larger volume tissue culture vessels; at no stage 

were cells allowed to reach confluence. Cultures were maintained for 10 days post-

transduction and then harvested for genomic DNA extraction (2.2.1.5). Genomic 

DNA (gDNA) was extracted from 2×106 cells removed from each culture/condition 

after cell counting. gDNA obtained was then diluted in DNase/RNase free water prior 
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to use. 5μl of diluted gDNA was used per real-time quantitative PCR (qPCR) 

reaction, which corresponded to gDNA from 1000 cells per reaction. In separate 

reactions plasmid DNA of known concentration (section 2.2.1.4) for each plasmid 

transduced was 10-fold serially diluted in DNase/RNase free water to provide a 

dilution series of 102 – 108 plasmids per reaction. Genomic DNA from non-transduced 

293-FT cells was also added to each reaction of the plasmid serial dilutions and no-

DNA controls to control for any effect of gDNA on reaction efficiency. Thermal 

cycling was then performed (as per section 2.2.1.10) using the following primers: 

Forward 5’-ACAAAAGTAAGACCACCGCACAGC-3’   

Reverse 5’-TGCTCCCAAGAACCCAAGGAAC-3’ 

PCR products were determined to be specific by a clear single peak after performing 

melting curve analysis (2.2.1.10). Reactions for each gDNA sample and plasmid 

dilution were performed in triplicate.  Copy number was determined by comparing 

threshold cycle values (Ct) for transduced cell gDNA with Ct values from the plasmid 

DNA reactions. The average number of viral integrations was determined and 

standard errors of the means calculated when expressing the final titre. Correcting for 

the dilution of supernatant used in the transduction reaction and cell numbers per 

reaction in qPCR arrived at the final titre expressed in transducing units/ml (TU/ml). 

The titre calculation methods used were published previously (Sastry et al., 2002). 

6.4.7 Transduction of human OECs with lentiviral supernatants 
Human OECs purified by immunopanning (Chapter 3 section 3.4.3 and 3.4.4) passage 

5 were transduced with concentrated lentiviral supernatants as described by methods 

outlined in the ViraPower™ T-REx™ Lentiviral Expression System manual 

(Invitrogen).  In brief, cells were first seeded into 6 well plates at 2×105 cells per well 

and grown overnight. The next day cells were transduced with concentrated 

pLenti4/TO/EGFP-2A-GDNF or pLenti4/TO/LacZ-2A-GDNF lentiviral supernatants 

(6.4.5) diluted in cell culture medium (DMEM/FCS10) to deliver approximately 5 

viral genomes per cell or multiplicity of infection (MOI) of 5 (based on TU/ml 

estimated from qPCR titres in section 6.4.6 above).  Polybrene (6μg/ml, Sigma) was 

added to the transduction medium then cells were transduced overnight. The next day 

the medium was aspirated and replaced with fresh DMEM/FCS10. Cells were 

cultured as described previously (2.2.2.10.3) and passaged to avoid reaching 
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confluence. Cells transduced with pLenti4/TO/EGFP-2A-GDNF or pLenti4/TO/LacZ-

2A-GDNF lentivirus are capable of constitutive expression of GDNF and reporter 

genes. Transduced cell lines are named as per the lentivirus transduced, for example 

human OECs transduced with the pLenti4/TO/EGFP-2A-GDNF plasmid are named 

hOEC-EGFP-2A-GDNF. If the aforementioned cells are additionally transduced with 

the pLenti6/TR plasmid, they become designated hOEC TR/EGFP-2A-GDNF. This 

nomenclature applies to all cell lines and plasmids/lentiviral supernatants used as 

outlined in section 6.4.5 above.  

6.4.8 Purification of transduced OECs by fluorescence activated cell sorting 
Fluorescence activated cell sorting (FACS) was performed using a BD FACSAria™ 

flow cytometer (BD Biosciences) at the Mater Medical Institute, Brisbane, Australia. 

Operation of the flow cytometer and sorting for all experiments was performed by 

Robert Wadley in Dr Derek Hart’s laboratory. Sorting of EGFP expressing cells (after 

being transduced with the pLenti4/TO/EGFP-2A-GDNF plasmid) was performed 

using 488nm blue laser as per the manufacturer. Sorting for β-Galactosidase 

expression (in cells transduced with the pLenti4/TO/LacZ-2A-GDNF plasmid) was 

performed after first treating the cells with the ImaGene Green™ C12FDG lacZ Gene 

expression kit (Invitrogen). In both cases, fluorescence emission profiles for 

transduced cells were compared to non-transduced cells to determine baseline 

fluorescence levels. Sorting was performed to isolate near 100% of cells exhibiting 

levels of fluorescence well above non-transduced controls. FACS was performed 7 

days after transduction to allow for integration of the viral genome into the host and 

expression levels of transgenes to stabilise. In both cases cells were prepared for 

FACS by normal passaging methods with an additional wash step in HBSS.  Cell 

pellets were resuspended in plain DMEM medium and stored on ice prior to sorting. 

Sorted cells were dispensed from the flow cytometer into tubes containing 2ml 

DMEM/FCS10 and immediately placed on ice for transport back to the lab.  Upon 

return to the lab, cells were dispensed into wells of a 6 well tissue culture plate (Nunc) 

previously coated with poly-L-lysine and grown as previously described. 
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6.4.9 Analysis of GDNF and reporter gene expression 
Analysis of cells transduced with pLenti4/TO/LacZ-2A-GDNF and 

pLenti4/TO/EGFP-2A-GDNF plasmids was performed using immunocytochemistry 

(section 2.2.4); antibodies to GDNF (Rabbit, 1/200 dilution, Santa Cruz) and β-

Galactosidase (Rabbit, 1/200, Abcam) were used in combination with direct 

fluorescence microscopy to observe EGFP. Reverse-transcriptase PCR (RT-PCR) to 

detect GDNF mRNA in transduced human OEC and was performed as described 

previously (section 2.2.1.9 and Chapter 3 section 3.3.3). X-Gal staining (2.2.7) 

detecting expression of β-Galactosidase (β-Gal) was performed in cells transduced 

with the pLenti4/TO/LacZ-2A-GDNF plasmid. Also, attempts to detect β-

Galactosidase expression by fluorescence using the ImaGene Green™ C12FDG lacZ 

Gene expression kit (Invitrogen) were performed as outlined by the manufacturer. 

Assaying for biologically active GDNF secreted from these cells was performed as 

described previously (section 2.2.6).    

6.4.10 Creation of drug-inducible cell lines 
FACS purified cultures (section 6.4.9 above) were grown for 5 days after sorting and 

then transduced with pLenti6/TR lentiviral supernatant (as per 6.4.7 above) at a MOI 

of 10 as determined by viral titres (section 6.4.6). Cells transduced with pLenti6/TR 

constitutively express Tet repressor protein (tetR) that inhibits expression of GDNF 

and reporter genes in the absence of tetracycline. Double transduced cells were 

subjected to FACS to isolate cells where no fluorescence from reporter gene 

expression could be detected 7 days post transduction. Sorting gates were set to 

isolate cells which had fluorescence levels comparable to non-transduced control 

OECs analysed at the same time. Sorted cells were collected, transported back to the 

lab and cultured as described previously (6.4.9). Culturing of these cells in the 

absence of minocycline, where expression of genes is inhibited, is designated as the 

“OFF” state. Conversely, addition of minocycline to culture medium will induce 

expression of GDNF and reporter genes designated the “ON” state. Double 

transduced cell lines are named as described previously in section 6.4.7. To induce 

gene expression in “OFF” cells, minocycline (Sigma) was added to culture medium 

(DMEM/FCS10) to a final concentration of 10μg/ml. Medium containing minocycline 

was made fresh and replaced after 2 days culturing with cells. In some case, cells were 

transferred to poly-L-lysine coated 8-well chamber slides for immunocytochemical 
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analysis (2.2.4.1). After 5 days culturing in minocycline, cells are deemed to be in the 

“ON” state and were then used for further analysis outlined below.   

6.4.11 Analysis of inducible gene expression in transduced OECs 
Cultures of inducible cells were compared to cultures of cells transduced with only 

pLenti4/TO/LacZ-2A-GDNF or pLenti4/TO/EGFP-2A-GDNF supernatants as a 

reference for constitutive expression of GDNF and reporter genes. GDNF expression 

in cell culture supernatants from “ON” cells was compared to cultures of “OFF” cells 

using quantitative ELISA (2.2.5.2) and bioassay (2.2.6). In detail, 3×105 “ON”, 

“OFF”, constitutive expressing cells and non-transduced cells were seeded into 25cm2 

tissue culture flasks (poly-L-Lysine coated).  Cultures of “ON” cells had been 

previously induced with minocycline for 5 days prior to seeding here. Non-transduced 

and “ON” OECs were grown in DMEM/FCS10 containing 10μg/ml minocycline, all 

other cell lines were cultured in DMEM/FCS10 alone. Cultures were grown for 4 days 

after plating. After 4 days, medium was replaced with 4ml of fresh medium and 

cultured for a further 48 hrs after. Following this, the medium was removed and 

immediately used in bioassay and ELISA experiments. The remaining cells from the 

cultures were harvested and counted.  ELISA experiments were carried out as 

described by the manufacturer (Chapter 2 section 2.2.5.2).  Cell culture medium from 

the test groups were 2-fold serially diluted in supplied block and sample buffer to give 

a range of 1:2 to 1:16 and added to wells in prepared ELISA plates. Data from ELISA 

reactions were analysed as described previously in Chapter 3 section 3.4.13. Assaying 

for biologically active GDNF in the cell culture supernatants was performed as 

described previously (2.2.6).  In addition to the methods described above, 

immunochemistry and fluorescence microscopy examined inducible expression of 

GDNF and reporter genes in these cells.  

 

 133



6.5 Results 

6.5.1 Successful construction of lentiviral vectors pLenti4/TO/EGFP-2A-GDNF 
and pLenti4/TO/LacZ-2A-GDNF 

Full length sequencing confirmed the integrity of the pLenti4/TO/LacZ-2A-GDNF 

and pLenti4/TO/EGFP-2A-GDNF vectors; specifically that there were no mutations 

and that the expression cassettes containing reporter gene, 2A and GDNF had a 

continuous ORF with stop codons at the 3’ GDNF end. Clones were propagated for 

large scale plasmid production and also for frozen storage.   

6.5.2 Quantitative PCR confirms high titres of concentrated lentiviral 
supernatants  

Quantitative real time PCR (qPCR) confirmed effective transduction of 293-FT cells 

with all lentiviral supernatants tested. Viral DNA was detected in genomic DNA from 

293FT cells transduced with each lentiviral plasmid construct. The estimated viral 

titres for each supernatant were calculated and are presented in Table 6.1 below. 

 

Lentiviral supernatant Titre (Transducing units/ml) 

pLenti4/TO/EGFP-2A-GDNF 2.98 ± 1.2 ×109 

pLenti4/TO/LacZ-2A-GDNF 2.87 ± 0.80 ×107 

pLenti6/TR 3.63 ± 1.54 ×107 
Table 6.1: Titres of concentrated lentiviral supernatants estimated by quantitative real-time PCR 

(qPCR).  Titres are expressed as transducing units/ml plus or minus standard errors of the means. Data 

for each supernatant represents experiments performed in triplicate 

 

Melt curve analysis demonstrated the specificity of qPCR primers as a single PCR 

product was observed for each primer set in transduced 293-FT gDNA and in plasmid 

standard reactions (Figure 6.3).  
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Figure 6.3: Melting curve analysis of primers used for quantitative real-time PCR. Efficient and 

specific primers produce a single PCR product, defined by a single peak. Red lines represent single 

PCR products from diluted plasmid DNA standards run in parallel with transduced 293-FT reactions. 

Coloured lines in each graph represent PCR products from 293-FT cells transduced with pLenti6/TR 

(dark blue), pLenti4/TO/LacZ-2A-GDNF (light blue) and pLenti4/TO/EGFP-2A-GDNF (green). No 

product is seen for control reactions using water as template. 
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Threshold cycle (Ct) values plotted for reactions containing serial plasmid dilutions of 

known concentration showed a linear relationship for pLenti6/TR, pLenti4/TO/LacZ-

2A-GDNF and pLenti4/TO/EGFP-2A-GDNF plasmids (Figure 6.4, 6.6 and 6.8), 

providing a standard reference for number of DNA copies per genome in transduced 

293-FT cells. R2 values calculated for each regression were >0.99 showing a strong 

relationship between plasmid dilution and Ct values. Comparing Ct values for 

transduced cells to the plasmid standard curve provided the number of lentiviral DNA 

copies per cell for each lentiviral supernatant dilution used to transduce 293FT cells; 

this provided an estimated titre (Table 6.1). An approximate linear relationship 

between the number of vector DNA molecules in transduced cells and viral 

supernatant dilution used in transductions was observed for all three viral supernatants 

tested (Figures 6.5, 6.7 and 6.9). All data presented in figures represent experiments 

conducted in triplicate.  

 

 

 

Figure 6.4: Estimating the number of pLenti6/TR lentiviral DNA molecules in the genomes of 

transduced cells by qPCR.  (A) Plot of change in fluorescence levels (Norm. Fluoro) versus PCR 

cycle number for reactions containing serial dilutions of the pLenti6/TR plasmid. Serial dilutions of 

plasmid ranging from 1x108 (arrow) to 1x102 plasmids per reaction were prepared by diluting the 

appropriate concentration of plasmid DNA with gDNA from non-transduced cells. All reactions were 

performed in triplicate. (B) Standard curve generated from regressing Ct values (CT; from the 

amplification plot in A) against plasmid DNA concentration (Concentration). The square of the 

correlation co-efficient (R2) for this curve was 0.99955. Error bars (red) represent standard error of the 

mean (SEM). 
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Figure 6.5: Relationship between the number of vector DNA copies in pLenti6/TR-transduced 

293FT cells and the dilution of viral supernatant used for transduction. A near linear relationship 

between the number of vector DNA copies in the genomes of transduced 293FT cells (obtained by 

comparing Ct values against the standard curve in Figure 6.4) and the dilution of viral supernatant used 

for transduction. Viral supernatants were diluted 1/25, 1/100, 1/400 and 1/1600 (X-axis) prior to 

transducing a known number of 293FT cells.  Error bars represent SEM. 

 

 

Figure 6.6: Estimating the number of pLenti4/TO/LacZ-2A-GDNF lentiviral DNA molecules in 

the genomes of transduced cells by qPCR.  (A) Plot of change in fluorescence levels (Norm. Fluoro) 

versus PCR cycle number for reactions containing serial dilutions of the pLenti4/TO/LacZ-2A-GDNF 

plasmid. Serial dilutions of plasmid ranging from 1x108 to 1x102 plasmids per reaction were prepared 

by diluting the appropriate concentration of plasmid DNA with gDNA from non-transduced cells. All 

reactions were performed in triplicate. (B) Standard curve generated from regressing Ct values (CT; 

from the amplification plot in A) against plasmid DNA concentration (Concentration). R2 for this curve 

was 0.99959. Error bars (red) represent SEM. 
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Figure 6.7: Relationship between the number of vector DNA copies in pLenti4/TO/LacZ-2A-

GDNF transduced 293FT cells and the dilution of viral supernatant used for transduction. A near 

linear relationship between the number of vector DNA copies in the genomes of transduced 293FT 

cells (obtained by comparing Ct values against the standard curve in Figure 6.6) and the dilution of 

viral supernatant used for transduction. Viral supernatants were diluted 1/25, 1/100, 1/400 and 1/1600 

(X-axis) prior to transducing a known number of 293FT cells.  Error bars represent SEM. 

 

 

Figure 6.8: Estimating the number of pLenti4/TO/EGFP-2A-GDNF lentiviral DNA molecules in 

the genomes of transduced cells by qPCR.  (A) Plot of change in fluorescence levels (Norm. Fluoro) 

versus PCR cycle number for reactions containing serial dilutions of the pLenti4/TO/EGFP-2A-GDNF 

plasmid. Serial dilutions of plasmid ranging from 1x108 to 1x102 plasmids per reaction were prepared 

by diluting the appropriate concentration of plasmid DNA with gDNA from non-transduced cells. All 

reactions were performed in triplicate. (B) Standard curve generated from regressing Ct values (CT; 

from the amplification plot in A) against plasmid DNA concentration (Concentration). R2 for this curve 

was 0.99901. Error bars (red) represent SEM. 
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Figure 6.9: Relationship between the number of vector DNA copies in pLenti4/TO/EGFP-2A-

GDNF transduced 293FT cells and the dilution of viral supernatant used for transduction. A near 

linear relationship between the number of vector DNA copies in the genomes of transduced 293FT 

cells (obtained by comparing Ct values against the standard curve in Figure 6.8) and the dilution of 

viral supernatant used for transduction. Viral supernatants were diluted 1/25, 1/100, 1/400 and 1/1600 

(X-axis) prior to transducing a known number of 293FT cells.  Error bars represent SEM. 

 

6.5.3 Transduced OECs express bioactive GDNF and co-express reporter genes 
Olfactory ensheathing cells (OECs) remained viable and were able to be subcultured 

after being transduced with pLenti4/TO/EGFP-2A-GDNF and pLenti4/TO/LacZ-2A-

GDNF plasmids at 10 copies per cell (multiplicity of infection; MOI). Co-expression 

of GDNF with each respective reporter gene was observed in OECs 7 days after 

transduction (Figure 6.10; A-I). Expression of the full length secreted GDNF mRNA 

was detected by RT-PCR in both hOEC-EGFP-2A-GDNF and hOEC-LacZ-2A-

GDNF cell lines (Figure 6.10; I) which was not detected previously in these cells prior 

to transduction (Chapter 3). Expression of the non-secreted isoform of GDNF (*) 

could still be detected as described in Chapter 3.  
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Figure 6.10: Co-expression of GDNF and reporter genes in OECs 7 days after transduction with 

lentiviral supernatants. EGFP (A; green) and GDNF (B; red) are co-expressed in cells 7 days after 

transduction with the pLenti4/TO/EGFP-2A-GDNF supernatants (C; overlay of A and B images). X-

Gal staining detected β-Galactosidase expression in cells 7 days after transduction with the 

pLenti4/TO/LacZ-2A-GDNF lentivirus (D-F; blue), cells transduced with the LacZ control supernatant 

(Stratagene) confirmed success of the X-Gal staining protocol (F). Immunoreactivity for β-

Galactosidase (G; green) and GDNF (G; red) was seen in the same cells transduced with the 

pLenti4/TO/LacZ-2A-GDNF lentivirus; non-transduced cells exhibited no immunoreactivity for β-

Galactosidase. RT-PCR detected expression of the full-length GDNF mRNA (636bp) in cells 

transduced with pLenti4/TO/EGFP-2A-GDNF and pLenti4/TO/LacZ-2A-GDNF vectors (I; upper 

bands). Expression of the non-secreted GDNF isoform was also detected as seen previously in Chapter 

3 (*). (J-K) Fluorescence activated cell sorting (FACS) successfully isolated a near 100% population of 

cells expressing EGFP (J; green) and GDNF (K; red).  Bar in A = 100μm, applies for B-D, F.  Bar in 

E = 50μm. Bar in G = 20μm, applies for H, J-L.  
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Co-expression of EGFP with GDNF was observed in paraformaldehyde-fixed hOEC-

EGFP-2A-GDNF cells, 7 days post transduction, using blue light excitation 

fluorescence microscopy (EGFP; green) and GDNF immunoreactivity (Figure 6.10; 

A-C, J-L). Bioactive GDNF was detected in supernatants from 24hr cultures of these 

cells using the SK-N-MCret/THluc cell line grown 7 days after transduction (Figure 

6.11). Isolation of near 100% EGFP expressing cells was successful using FACS 

(Figure 6.10; J-L) where analysis of the transduced population of cells prior to sorting 

revealed that 33.9% of cells (n = 10,000) expressed EGFP at fluorescence levels 

above non-transduced cells. Cells were viable and were repeatedly sub-cultured after 

FACS. 

β-Galactosidase expression was observed in hOEC-LacZ-2A-GDNF cells 7 days post 

transduction using X-Gal staining (Figure 6.10; D-F); OECs transduced with a control 

viral plasmid (Viraport® pFB-Neo-LacZ retroviral supernatant, Stratagene, Catalogue 

#972001, as per the manufacturer) causing overexpression of the LacZ gene were 

used as reference to measure the success of the assay (Figure 6.10; F). Co-expression 

of GDNF and β-Galactosidase in the same cells was observed using 

immunocytochemistry (Figure 6.10; D-F and G-I). Bioactive GDNF was detected in 

supernatants from cultures of these cells using the SK-N-MCret/THluc cell line as 

described above (Figure 6.11). Three separate attempts to isolate a near 100% 

population of β-Galactosidase expressing cells by FACS failed using the ImaGene 

Green™ C12FDG lacZ Gene expression kit (Invitrogen). Fluorescence microscopy 

methods also failed to detect β-Galactosidase expression in cells treated with the 

ImaGene Green™ C12FDG lacZ Gene expression kit. No further attempts were made 

to isolate β-Galactosidase expressing cells by FACS.   

.    
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Figure 6.11: Bioassay confirms GDNF is secreted in cells transduced with pLenti4/TO/EGFP-2A-

GDNF and pLenti4/TO/LacZ-2A-GDNF lentiviral supernatants. SK-N-MCret/THluc cells were 

treated with cell culture supernatants taken from 8×105 transduced and non-transduced OECs. Negative 

and positive controls were treated with DMEM/FCS10 and 100ng/ml recombinant GDNF respectively. 

Luciferase activity in treated cells confirms the presence of bioactive GNDF. Bioactive GDNF was 

secreted by both transduced cell lines at levels >100ng/ml (>0.5pg/cell/24hr) when compared to 

positive controls (*; α<0.05). GDNF was not secreted in non-transduced cells and was not significantly 

different to negative controls (#; α<0.05). Data was collected from triplicate assays for each sample. 

Error bars ± SEM.   

6.5.4 Successful isolation of minocycline-inducible OECs by FACS 
In section 6.5.3 above, hOEC-EGFP-2A-GDNF cells were isolated to near 100% 

EGFP+ by FACS; at this point these cells constitutively express GDNF and EGFP.  

After this, these cells were successfully transduced with the pLenti6/TR virus and 

cultured in DMEM/FCS10 without minocycline. Fluorescence microscopy of live 

cultures 2 days post-transduction, confirmed that EGFP expression was significantly 

reduced. FACS was then performed and was successful in isolating cells with 

undetectable EGFP fluorescence levels 7 days post-transduction with pLenti6/TR. 

Cells were gated and sorted by comparing fluorescence profiles with non-transduced 

OECs. These double transduced cells, named hOEC-TR/EGFP-2A-GDNF, were 

viable and could be repeatedly passaged. In the absence of minocycline (“OFF”) 
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hOEC-TR/EGFP-2A-GDNF cells did not express EGFP and GDNF, confirmed by 

fluorescence microscopy in live and paraformaldehyde fixed cells (not shown; 

demonstrated by FACS analysis). Bioassay confirmed that no secreted GDNF was 

detected in cultures of “OFF” cells (Figure 6.12; #) which was consistent with 

negative control medium DMEM/FCS10 (α<0.05) (Figure 6.12; #). 

 

 

Figure 6:12: Addition of minocycline causes induction of GDNF expression in transduced OECs. 

Cell culture supernatants from 1×105 OECs cultured in 2ml of fresh medium for 24hr were assayed for 

secreted GDNF using the SK-N-MCret/THluc cell line. GDNF expression was detected in hOEC-

TR/EGFP-2A-GDNF cells treated with minocycline at approximately 100ng/ml or approximately 

2pg/cell/24hr. When compared to hOEC-EGFP-2A-GDNF cells (constitutive GDNF expression), no 

significant difference was observed (*, α<0.05). No GDNF was detected in cells cultured without 

minocycline (to repress expression) that was not significantly different to plain DMEM/FCS10 medium 

(#, α<0.05). Medium supplemented with GDNF to a final concentration of 100ng/ml showed the 

success of the assay. GDNF was not detected in non-transduced cells compared to DMEM/FCS10 (not 

shown). Data was collected from triplicate assays for each sample. Error bars ± SEM.  Statistical 

significance was accepted at α<0.05. 
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Minocycline-induced GDNF and EGFP expression in “OFF” hOEC-TR/EGFP-2A-

GDNF cells treated with 10μg/ml minocycline for 5 days. EGFP expression was 

readily visible in live and paraformaldehyde fixed cells using fluorescence 

microscopy with blue light excitation (not shown). Bioactive GDNF was detected in 

culture medium taken from minocycline treated cells (hOEC-TR/EGFP-2A-GDNF 

“ON”), hOEC-EGFP-2A-GDNF cells constitutively expressing GDNF (Figure 6.12; 

*) and 100ng/ml GDNF in DMEM/FCS10. There was no significant difference 

between these groups (α<0.05).  

Induction of gene expression was reversible after removal of minocycline; GDNF was 

not detected by bioassay 4 days after removal of minocycline and EGFP was 

undetectable 2 days after removal by fluorescence microscopy of live cultures (data 

not shown).  
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6.5.5 Quantitative ELISA confirms GDNF expression “leakiness” in the 
absence of minocycline (“OFF” state) 

ELISA was performed on culture medium from 7×104 cells grown for 48hr in 4ml 

medium for all cases. A standard curve for GDNF was generated (Figure 6.13) which 

provided a linear relationship between the standard GDNF concentration and the 

measured absorbance for each dilution. Regression analysis of the standard curve (R2 

of 0.923) revealed that the assay was capable of detecting GDNF concentrations 

≥15.6 pg/ml.  Quantitation of GDNF levels in cell culture was performed by 

comparing absorbances for cell culture supernatants to the standard curve. All data 

presented represents samples tested in triplicate. 

 

Figure 6.13: GDNF ELISA standard curve. A linear relationship between GDNF standard 

concentrations and mean absorbance was observed following the ELISA protocol. The assay was able 

to detect GDNF at concentrations ≥15.6pg/ml when compared to sample buffer or DMEM/FCS10 only 

(α<0.05). GDNF at concentrations <15.6pg/ml were not detectable using this assay. R2 = 0.923. Data 

points represent samples tested in triplicate. 

 

ELISA confirmed the presence of GDNF in culture medium taken from minocycline-

induced hOEC-TR/EGFP-2A-GDNF cells or “ON” cells (Figure 6.14; ON 

+Minocycline). Quantitative analysis revealed the concentration of GDNF was 

5.29±0.28 ng/ml, equivalent to 0.23±0.01 pg/cell/24hr.  
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Significant GDNF expression was detected in culture medium taken from cells in the 

“OFF” state (cultured in the absence of minocycline). Further analysis confirmed the 

concentration of GDNF to be 250±60pg/ml, equivalent to 0.01±0.002 pg/cell/24hr.  

The addition of minocycline caused an approximate 21-fold induction of GDNF 

expression from the “OFF” to “ON” state after 7 days. No GDNF was detected in 

DMEM/FCS10 by this assay (Figure 6.14;*). 

 

 

Figure 6.14: Detection of GDNF expression in cell culture medium by ELISA from minocycline 

treated and non-treated cells. Treatment of hOEC-TR/EGFP-2A-GDNF cells with 10μg/ml 

minocycline for 7 days caused a 21-fold induction of GDNF expression (ON) above base levels seen in 

non-treated cells (OFF). Concentration of GDNF in medium from 7×104 induced cells (ON) reached 

5.29±0.28 ng/ml, equivalent to 0.23±0.01 pg/cell/24hr. Background GDNF expression was observed in 

OFF cells at 250±60pg/ml, equivalent to 0.01±0.002 pg/cell/24hr. No GDNF expression was detected 

in culture medium from non-transduced cells.    
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6.6 Discussion 
A number of innovative methods were successfully developed here including 1) the 

use of FMDV 2A cleavage to co-express bioactive GDNF and reporter genes (EGFP 

and β-Galactosidase) in human OECs; 2) the use of FACS selection to isolate drug-

inducible cell lines by sorting cells at various stages of transduction based on reporter 

gene expression.  

The major findings in this Chapter showed that 1) lentiviral vectors were generated 

which caused co-expression of GDNF and EGFP and also GDNF and β-Galactosidase 

in transduced OECs; 2) quantitative PCR methods confirm high titre of retroviral 

supernatants produced; 3) FACS isolated near pure transduced hOEC cultures which 

constitutively co-express bioactive GDNF with EGFP; 4) FACS to isolate hOECs co-

expressing GDNF with β-Galactosidase failed; 5) near pure minocycline-inducible 

cell lines were produced which co-express GDNF and EGFP; 6) Twenty-fold 

induction of GDNF expression was achieved using a single concentration of 

minocycline, and; 7) significant “leakiness” of GDNF expression was observed in 

cells in the “OFF” state, despite stringent FACS selection criteria.  

The abovementioned findings are discussed below. 

6.6.1 Bioactive GDNF and reporter gene co-expression using FMDV 2A 
cleavage 

In this study, the GDNF gene was inserted at the 3’ end of the 2A cassette and, as part 

of this process, is left with a single proline residue at the N-terminus of the mature 

protein. For the first time I have shown that GDNF bioactivity is not affected by the 

FMDV 2A cleavage process. RT-PCR, ELISA, bioassay and immunochemistry all 

positively identified 2A-mediated GDNF expression in transduced OECs. The 

addition of the N-terminal proline did not affect the secretion of GDNF, which is 

interesting because this region of GDNF is vital for producing a secreted product 

(Grimm et al., 1998).  

For both reporter genes, EGFP and β-Galactosidase, no inhibition of fluorescence or 

X-gal staining was observed respectively, indicating that protein activity is unaffected 

by 2A cleavage. The reporter genes were placed at the 5’ side of the 2A cassette and 

received 23 amino acid residues at their C-terminus, making a total of 24 amino acids 

for the 2A peptide produced here. The present study is in agreement with a published 
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study showing EGFP expression and protein activity was not inhibited using the 2A 

cleavage factor (Chinnasamy et al., 2006).  β-Galactosidase however, was shown for 

the first time here to be expressed successfully using 2A-mediated cleavage. For β-

Galactosidase, like with EGFP, the 23 remaining residues of the 2A added to the C-

terminal of the protein does not effect its bioactivity as determined by X-Gal staining.  

The results presented here show the FMDV 2A cleavage factor is a more practicable 

and effective alternative to IRES sequences to generate bi-cistronic vectors. This is in 

agreement with previous studies (for detailed reviews please see de Felipe, (2004) and 

de Felipe et al., (1999)). In one case, the 2A cleavage factor was used to co-express 5 

separate genes from single viral construct (De Felipe and Izquierdo, 2000, 2003). The 

nature of 2A cleavage provides an added certainty lacking with IRES sequences, that 

if expression of one gene in the cassette is detected, then the other must also be 

expressed.   

The published methods for obtaining the 2A cleavage factor are not clear and usually 

require PCR from a FMDV genomic DNA sample. In this Chapter, a simple method 

for constructing the 2A DNA fragment was developed which involved the annealing 

of 2 complementary DNA primers. This means that any researchers with basic PCR 

facilities can generate this DNA fragment easily and cost-effectively. Interestingly, 

the 2A cleavage factor DNA produced in this study was designed to incorporate 

restriction site overhangs, BglII (5’) and ApaI (3’) to facilitate directional cloning, 

further demonstrating the flexibility of this approach.   

Overall the results from this Chapter suggest that the FMDV 2A cleavage factor can 

be used successfully to link GDNF expression with other proteins in OECs without 

compromising bioavailability of GDNF.    

6.6.2 Isolation of inducible cell lines using FACS 
In this Chapter I have successfully developed a systematic method for isolating 

inducible OEC cell lines using fluorescence activated cell sorting (FACS). Based on 

the successful 2A-mediated co-expression of reporter genes with GDNF, FACS 

produced near pure populations of minocycline-inducible cells based on the 

expression patterns of the reporter genes. 

Constitutive co-expression of GDNF with EGFP and GDNF with β-Galactosidase 

was observed in OECs after transduction with a single vector. Fluorescence 
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microscopy (EGFP only), immunochemistry and X-Gal staining (β-Gal only) 

confirmed expression of the reporter genes in these cells. At this point, FACS was 

able to isolate EGFP-expressing cells to near 100% purity. However, sorting of β-

Galactosidase expressing cells failed using the ImaGene Green™ C12FDG lacZ Gene 

expression kit and after multiple attempts was abandoned.   

FACS-purified cell lines constitutively co-expressing GDNF and EGFP showed high 

levels of GDNF expression at >0.5pg/cell/24hr. Transduction of these cells with the 

pLenti6/TR vector then successfully inhibited the expression of GDNF and EGFP in 

the absence of minocycline.  The reduction in EGFP expression was obvious, live 

cultures viewed under fluorescent light microscopy and bioassay of cell culture 

supernatants revealed nil expression of EGFP and GDNF respectively. FACS then 

successfully isolated inducible cells with no detectable EGFP expression. Treatment 

of these cells with a single concentration of minocycline then induced GDNF and 

EGFP expression markedly. Bioassay, fluorescence microscopy and ELISA 

confirmed >20 fold induction of GDNF expression (0.23±0.01 pg/cell/24hr); no 

attempts were made to determine dose-dependant GDNF expression. Closer 

inspection of the ELISA data however revealed that there was also considerable 

leakage of GDNF expression in the absence of minocycline (0.01±0.002 pg/cell/24hr). 

Leakiness of tetracycline-inducible promoters is not a new phenomenon as studies 

have shown significant leakage from these systems in both ex vivo (Chtarto et al., 

2007) and in vivo (Georgievska et al., 2004) gene therapy applications. Potential 

causes for this leakage have been discussed previously (Rossi and Blau, 1998). 

Because bioassay failed to detect this leakiness, it may be the case that the levels of 

leaked GDNF expression seen here are not sufficient to elicit a biological response. 

These findings highlight the risk of relying on EGFP expression alone as an indicator 

of GDNF expression in this system because the sensitivity of FACS to detect EGFP 

expression may no be comparable to the sensitivity of ELISA for detecting GDNF 

protein in these cells. Further studies examining differentiation of mesencephalic 

tissue co-cultured with these cells and FACS sensitivity for EGFP may reveal more on 

this issue.   

Overall, purified inducible cell lines co-expressing GDNF and EGFP could be 

obtained using FACS within 2 weeks after transduction with the first of 2 vectors. 

This method is able to create inducible cell lines in a far shorter time than standard 
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protocols which involve antibiotic selection to purify transduced cells which routinely 

can take > 1 month in vitro.   

6.6.3 qPCR confirms production of high titre lentiviral supernatants  
Ultracentrifugation of the lentiviral supernatants produced viable lentivirus capable of 

transducing cells. The titres obtained here are in some cases >100 fold more 

concentrated than those obtained in Chapter 5 which allows greater control of MOI 

and lower transduction volumes. The advantage of using the lentiviral vectors over 

MMLV vectors is that the VSV-G envelope used in the lentiviral vectors here is more 

stable and can withstand ultracentrifugation whereas the MMLV vectors are more 

fragile and not conducive to concentration. Concentrated lentiviral titres were 

successfully estimated by performing real-time quantitative PCR (qPCR) using 

previously described methods (Sastry et al., 2002). Measuring viral integrations in 

transduced cells genomes by qPCR has been shown here and by others (Lizee et al., 

2003; Sastry et al., 2002) to be an effective method for determining viral titres. While 

it is generally accepted that immortalised cell lines such as NIH-3T3, 293FT, HeLa 

and CHO cells be used for determining tires, these cells all have differing degrees of 

transduction efficiency. For example, titres estimated using 293 cells were >5 fold 

higher compared to using Mus dunni cell lines (Sastry et al., 2002). To obtain more 

accurate titres in this study, the method could be modified to estimate viral 

integrations in transduced OECs in place of 293FT cells. This would provide a cell 

line specific titre which takes into account any variance in transduction efficiency 

caused be the inherit properties of OECs.  

Additionally, the method used to estimate titres can have dramatic effects on the 

magnitude of the titre. Both Sastry et al., (2002) and Lizee et al., (2003) demonstrated 

that 3 separate methods produced vastly different titre estimates using the same viral 

supernatant. Both authors used FACS to determine ‘functional’ viral titres by 

examining the number of cells expressing reporter genes such as EGFP after 

transduction with a know volume of viral supernatant. The number of DNA 

integrations in transduced cells was also measured and finally the number of RNA 

molecules (measuring number of viral particles) in the viral supernatant was 

examined. In both studies the FACS method produced the lowest titre, DNA 

integrations ranked in the middle and RNA titres were the highest value of the three 

methods. This is a contentious issue facing researchers developing gene therapies as it 
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is difficult to determine what the true titre is and therefore be able to control the 

number of viral integrations desired in target cells. For the purposes of the current 

study however, the number of viral integrations is the most appropriate. 

6.6.4 Summary  
In this Chapter a method was successfully developed to engineer human olfactory 

ensheathing cells to co-express GDNF and EGFP under the control of a drug-

inducible promoter. The cell lines developed here may be suitable to be trialled in 

animals to determine if transgene expression can be observed in vivo.  A pilot study to 

determine whether or not OECs survive and express transgenes in the intact brain is 

warranted if these cells are to be used in potential ex vivo gene therapies targeting the 

brain. In the next chapter an attempt will be made to transplant OECs constitutively 

co-expressing GDNF and EGFP (purified by FACS) in a pilot study.  

Immunochemical methods and graft analysis will examine the transplanted cell’s 

survival, transgene expression and impact on brain tissue.  This data will provide the 

evidence required to justify a larger study examining transplantation of inducible cells 

into Parkinsonian model rat brains or reveal other shortcomings requiring resolution 

before the undertaking of large behavioural studies.    

 

 



 

 

 

 

 

 

 

 

Chapter 7: Transplantation of genetically 

modified OECs into the intact rat striatum 
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7.1 Introduction 
Recently, strategies have been developed to repair the nervous system that combines 

cell transplantation and gene therapy, known as ex vivo gene therapies. In the present 

study, olfactory ensheathing cells have been successfully engineered to co-express 

GDNF and reporter genes under a drug-inducible promoter. In vitro analysis showed 

that OECs constitutively expressing GDNF and EGFP may be suitable for use in ex 

vivo gene therapies targeting the brain because leakage of GDNF expression observed 

in inducible cell lines is not attractive for in vivo applications. There are no published 

studies which describe transplantation of genetically modified olfactory ensheathing 

cells from the olfactory mucosa (OECs) into the rat brain.  

The present Chapter will examine transplanting OECs which constitutively co-express 

GDNF and EGFP into intact rat brains as a pilot study. Investigations will determine 

whether or not 1) engineered OECs survive after transplantation into the intact brain; 

2) transplanted cells can integrate into the brain parenchyma and; 3) transgene 

expression can be detected in vivo.  If successful, the pilot study will provide data 

necessary to justify larger trials (in future studies) transplanting modified OEC lines 

into Parkinson’s disease model rat brains. The experimental aims and hypotheses to 

be tested in this Chapter are reviewed below. 

 

 153



7.2 Aims and hypotheses 
The experimental aim of this chapter is to transplant genetically modified OECs 

(hOEC/EGFP-2A-GDNF, Chapter 6) into the intact rat brain and examine cell 

survival and transgene expression after 9 days. 

A hypothesis being tested here is that genetically modified OECs survive and express 

transgenes when grafted into the rat striatum after 9 days.  

 

7.3 Experimental strategy 
Pilot experiments performed here will use FACS purified hOEC/EGFP-2A-GDNF 

cells (constitutive GDNF and EGFP expression) from Chapter 6.   

To determine if rats can tolerate 40mg/kg minocycline by oral administration, 

Sprague-Dawley rats will be separately fed 40mg/kg minocycline once a day for 14 

days. Tolerance will be measured by observing weight and food consumption. 

Transplantation experiments will involve grafting hOEC/EGFP-2A-GDNF cells into 

the intact striatum of adult rats. Single grafts into the left striatum of each animal will 

be performed and examined by immunochemistry and microscopy after 9 days. 

Counting total EGFP expressing cells per section through the entire graft site will 

provide an estimate of survival of grafted cells, as well as examine cell migration and 

integration within the host brain tissue. Immunohistochemistry using antibodies to 

GDNF and Ki67 will allow assessment of transgene expression and proliferation of 

grafted cells in vivo. Immunostaining with antibodies to GFAP and Ki67 will also be 

used to examine brain tissue surrounding the graft site for evidence of glial scarring 

and cell proliferation respectively.  

Detailed methods are outlined below. 

 

7.4 Methods 

7.4.1 Minocycline tolerance 
Minocycline HCl tablets (50mg; Sigma) were cut into quarters using a sterile scalpel. 

Animals were weighed prior to dosing to calculate the required 40mg/kg minocycline. 

The quartered tablets were weighed, crushed and mixed appropriately with a pre-
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made peanut butter and strawberry jam paste (1:1). The mixture was then placed on a 

plastic disposable teaspoon and securely suspended from the roof of the animal’s 

cage. Animals were separately housed until complete consumption of the dose was 

observed. Weights and food consumption were measured daily. This process was 

repeated for 2 weeks (14 days) prior to surgery. The results are presented below. 

Animals treated with 40mg/kg minocycline orally continued to gain weight and 

remained healthy during the treatment period. No change was observed in the 

animals’ water and food consumption.     

7.4.2 Immune suppression using cyclosporine 
To prevent rejection of grafted cells, all animals were injected (subcutaneous in the 

dorsal neck region) with cyclosporine A (15 mg/kg; Sandimmune; Sandoz 

Pharmaceutical, Princeton, NJ) 2 days prior to transplantation and for the following 9 

days until animals were euthanized.   

7.4.3 Preparation of human EGFP-2A-GDNF OECs for transplantation 
Early passage (P9) FACS sorted cells generated from Chapter 6, designated 

hOEC/EGFP-2A-GDNF were grown in 75cm2 flasks in DMEM/FCS10 for 1 week 

prior to surgery and were not allowed to become confluent prior to grafting.  On the 

day of surgery, cells were harvested and washed twice with plain DMEM. Cell counts 

and viability were determined. Cells were re-suspended in plain DMEM to yield a 

final concentration of 3.33×104 viable cells/μl.  Cells were stored on ice and gently 

agitated every few minutes. Using a 10μl Hamilton syringe, 6μl of cells (2×105 cells) 

were drawn up and used immediately for grafting. Care was taken to not create any air 

bubbles in the syringe.   

7.4.4 Surgeries 
Preoperatively animals were given acepromazine (3.3 mg/ kg; PromAce, Fort Dodge 

Animal Health) via intramuscular injection. Within 20 min animals were anesthetized 

by intraperitoneal injection of ketamine (60 mg/kg; Ketamav 100, Mavlab) and 

xylazine (3 mg/kg; Ilium Xylazil, Troy Laboratories) and placed into a stereotaxic 

frame that secured the head into a stable position through ear pins and a tooth holder. 

The head was shaved and an incision made to expose the skull. Bregma were located 

and a single injection hole was drilled allowing for injections to be made at the 

following co-ordinates: AP +0.5, ML +3.0, DV -6.5 and DV -4.5.  The 10μl Hamilton 
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syringe containing cells (section 7.4.4) was lowered to DV -6.5 depth and left in place 

for 2 min prior to injecting 3μl of cells (1.25×105 cells) at a rate of 1μl/min.  The 

needle was then left in place for 3 min before being raised to DV -4.5 over a period of 

2 mins. The remaining 3μl or 1.25×105 cells was injected at this depth at the same rate 

as described previously and left in place for 3 mins.  The needle was removed slowly 

at a rate of 1mm/min after which a small plug of Spongostan was placed into the skull 

hole prior to closing the incision. Local anaesthesia was provided for recovery using 

0.3ml bupivacaine (Pharmacia and Upjohn) injected along the length of the incision 

after suturing. The animal was removed from the stereotaxic frame and placed onto a 

heated blanket and monitored during recovery. Once alert animals were placed into 

cages and housed as described previously. 

7.4.5 Brain tissue processing for graft analysis 
After 9 days had elapsed, transplanted animals were deeply anaesthetised by 

intraperitoneal injection of 0.5ml Lethabarb (325 mg Pentabarbitone Sodium/ml; 

Virbac). After loss of reflex, trans-cardial perfusion with 4% paraformaldehyde in 

PBS solution was performed with the aid of a pump (Watson–Marlow 101V). 

Following complete perfusion, brains were removed, soaked in 4% 

paraformaldehyde/PBS overnight in a vacuum chamber and placed into PBS solution 

containing 30% sucrose and 0.1% sodium azide to equilibrate at 4°C. Prior to 

sectioning using a cryostat, brains were placed into a cryostat block using OCT 

Compound Embedding Medium (Tissue Tek, Sakura Finetek) and frozen. Sections 

were cut at 16μm thickness using an IEC Minotome Plus Microtome Cryostat (thanks 

to Joseph Kan for performing the sectioning) and were attached at 4 sections per slide 

to SuperFrost® Plus microscope slides then stored at -80°C prior to use in 

experiments.  

7.4.6 Immunohistochemistry 
Slides were removed from -80°C and placed (covered) on the bench at room 

temperature overnight prior to immunohistochemistry. Once dry, slides were washed 

twice with PBS for 5 min on an orbital shaker and then placed into 0.1% Triton X-100 

in PBS for 1hour at room temperature. Sections were blocked before being subjected 

to immunohistochemistry as described in detail in Chapter 2 section 2.2.4.2. In all 

cases, primary antibodies were incubated with sections overnight at 4°C followed by 
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incubation with secondary fluorescence-conjugated antibodies for 3hr at room 

temperature; described in Chapter 2 section 2.2.4.2. Immunofluorescence was 

performed with the following antibodies described in Chapter 2, Table 2.2; respective 

working dilutions are presented in parentheses. As required sections were incubated 

with anti-GFAP (rabbit, 1/400), anti-GDNF (rabbit, 1/200) and anti-Ki67 (mouse, 

1/1000) antisera previously diluted in blocking solution. After incubation with 

secondary antibodies the sections were counterstained for nuclei using DAPI.  

7.4.7 Graft analysis and cell counting  
Prior to performing immunochemistry to analyse the graft site, fluorescence 

microscopy was used to locate the graft sites in each animal by identifying EGFP 

expressing cells. The entire graft site was then determined by identifying the first and 

last sections where EGFP expressing cells could be observed. Counting EGFP 

expressing cells in each section of the entire graft provided an estimate of cell 

survival.  

  

7.5 Results 

7.5.1 EGFP expression in transplanted cells detected after 9 days  
All 3 animals receiving grafts survived the surgery and recovered prior to sacrifice. 

EGFP-expressing cells were detected within needle tracts for all animals using 

fluorescence microscopy (Figure 7.1). No EGFP-expressing cells were observed in 

the brain tissue surrounding the graft site. Transplanted cells appeared to be restricted 

to region of the needle tract and injection sites as a bolus of cells (Figure 7.1; A-C). In 

situ morphology of the grafted cells was variable with the majority of EGFP-

expressing cells maintaining a bipolar morphology in parallel orientation with the 

needle tract. Counting all EGFP+ cells through the entire graft of each animal 

revealed that approximately 1.02% ± 0.35% SEM (n = 6115) of the viable grafted 

cells survived after 9 days.  
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 Figure 7.1: EGFP expression detected in transplanted OECs after 9 days in vivo. A) Image of a 

whole brain section reveals a graft site (arrow) in the striatal region of the brain containing EGFP-

expressing cells. B) EGFP expressing cells within a graft site appear to align in parallel with the needle 

tract and display bi-polar morphology. C) Higher magnification image of B, EGFP expression in 

transplanted cells within a graft site.  Bar in B=100μm and bar in C=50μm. 
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7.5.2 GDNF immunoreactivity in grafted cells was inconclusive 
In all graft sites tested, no clear immunoreactivity for GDNF (red) was observed in 

EGFP-expressing cells (Figure 7.2; A-F arrowheads).  Red autofluorescence was 

observed in all graft sites (Figure 7.2; B,C and H arrowheads) and no 

immunoreactivity for GDNF was observed in EGFP-expressing cells above 

background levels seen in control sections (Figure 7.2; G-I). A number of GDNF 

antisera (monoclonal and polyclonal) were tested in an effort to optimise the 

fluorescence immunochemistry method.  All were unsuccessful. 

 

Figure 7.2: Immunoreactivity for GDNF was not detected in grafted cells. Red fluorescent 

inclusions within the graft site (A-F arrowheads) do not co-localise with EGFP expressing cells and are 

present in un-treated control sections (H arrowhead). No observable differences in fluorescence levels 

was observed when comparing control sections (G-H) with antibody treated sections (A-F). Bar in A = 

200μm, applies for B, C.  Bar in D = 50μm., applies for E, F.  Bar in G = 200μm, applies for H, I. 
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7.5.3 Intense GFAP immunoreactivity surrounds the graft site and is 
prominent in the grafted brain hemisphere 

Higher magnification images reveal GFAP immunoreactivity is intense and forms a 

putative barrier surrounding the graft site in all 3 animals grafted (Figure 7.3; A-B). 

Weak GFAP immunoreactivity was observed within the graft site that co-localised 

with EGFP-expressing cells. No background or non-specific fluorescence was 

observed in untreated control sections (Figure 7.3; C-D). The control images 

presented (Figure 7.3; C-D) applies for images presented later in Figure 7.4. Low 

power magnification images show strong immunoreactivity for GFAP in the entire 

left brain hemisphere along the presumed needle tract (Figure 7.4; B-C) and 

surrounding the graft site (Figure 7.4; A-C arrows). GFAP immunoreactivity was 

significantly reduced in the non-grafted site of the brain (Figure 7.4; A-C *).  

 

Figure 7.3: Strong GFAP immunoreactivity observed in astrocytes around the graft site.  A) Low 

magnification image showing strong GFAP immunoreactivity surrounding the graft site. GFAP 

staining intensity decreases in strength with distance from the graft site. B) High magnification image 

showing GFAP expression in cells surrounding EGFP-expressing cells in a graft site. C) Low 

magnification image of a control section treated with secondary antibodies only. D) High magnification 

image of a control section treated with secondary red and far-red antibodies only with nuclei 

counterstained with DAPI; EGFP expression (green) in grafted cells is still observed. Bar in A = 

500μm, applies for C. Bar in B = 100μm. Bar in D = 50μm. 
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Figure 7.4: Increased GFAP immunoreactivity surrounds the graft site and is prominent 

throughout the left brain hemisphere in all grafted animals.  A) Graft site (arrow) located within 

the left brain hemisphere containing EGFP-expressing cells (green); same section as in Figure 7.1;A. 

Immunoreactivity for GFAP (purple) reveals intense GFAP reactivity (B-C) surrounding the graft site 

(arrows) and needle tract compared to the non-grafted side (*). GFAP immunoreactivity is less 

pronounced in the non-grafted side (*) due to the short exposure time required to not over-expose 

strong fluorescent signal on the graft side. Control section presented in Figure 7.3 (C-D) applies for 

Figure 7.4.  Bars = 1000μm.   
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7.5.4 Cellular marker for proliferation is not detected in grafted cells 
Immunoreactivity for Ki67, a protein expressed by proliferating cells in the central 

nervous system (Calza et al., 2002), was not detected in any EGFP-expressing cells in 

graft sites tested; a total of 3 sections were tested from each of the 3 animals 

transplanted. Control sections showed no observable background autofluorescence or 

non-specific fluorescence caused by secondary antibody reactivity (images not 

presented).  
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7.6 Discussion 
In this Chapter I have shown that 1) viable OECs were detected in all animals (n=3) 9 

days after transplantation; 2) survival of grafted OECs was poor (~1%) in each 

animal; 3) EGFP expression was robust but GDNF expression was not conclusively 

detected; 4) astrogliosis surrounded graft sites and needle tracts and; 5) 

autofluorescent debris was prominent in all graft sites.  

The experimental aim of this Chapter was to provide pilot data necessary to decide 

whether or not to progress to transplanting engineered human OECs in Parkinson’s 

disease (PD) model rats. Results presented here do not support future transplanting of 

human OECs for ex vivo GDNF therapy in rats. The major findings are discussed 

below. 

7.6.1 Grafted cells detected in all animals; survival was poor  
Transplanted cells were detected in the striatum of all animals but migration into the 

surrounding brain parenchyma was not observed. All animals receiving grafts 

survived the procedure and tolerated daily 40mg/kg minocycline administration pre 

and post operatively suggesting minocycline would be suitable for inducible gene 

expression in vivo. The surgical method was successful in targeting the graft to the 

striatum where in situ reporter gene expression (EGFP) in transplanted cells was 

easily detected using fluorescence microscopy. Surviving cells displayed bipolar 

morphology and remained within needle tracts and graft sites which is consistent with 

previous studies (Cao et al., 2004). Here, measuring the number of viable cells in graft 

sites involved counting EGFP-expressing cells in successive sections through the 

entire graft site.  In all animals, a high mortality rate of grafted cells was observed 

with approximately 1% of cells surviving after 9 days. Negative Ki67 

immunoreactivity in grafted cells suggests no proliferation occurred. The survival rate 

shown here is significantly less (10-fold) than that observed after grafting olfactory 

stem cells into the rat striatum previously (Murrell et al., 2008). However, comparing 

OECs with stem cells may not be appropriate given the indefinite self-renewal 

capacity of olfactory stem cells (Murrell et al., 2005). Poor survival rates (2.3% ± 

1.4%) of OECs transplanted into the contused rat spinal cord has been shown 

previously (Barakat et al., 2005). 
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The cause of high cell death observed here is unknown and was unlikely to be caused 

by specific host versus graft immune responses because all animals were 

immunosupressed with cyclosporine. It is possible however, that cell death was 

caused (perhaps partially) by an inflammatory-mediated response. This is discussed 

more comprehensively in section 7.6.3 below.  

Overall, poor graft survival seen here is a major concern when considering future 

studies transplanting these cells. Decreased graft survival would result in lower levels 

of GDNF being released to the surrounding graft site and potentially reduce the 

therapeutic effect. Developing the same ex vivo approach using rat OECs lines or 

further optimising the cell injection method may overcome this issue. 

7.6.2 GDNF expression in grafted cells was inconclusive 
Unexpectedly, GDNF immunoreactivity was not clearly detected in or surrounding 

the transplanted OECs. Immunohistochemical detection of GDNF was inconclusive 

because high levels of autofluorescent debris present in all control graft sites and 

needle tracts made it difficult to detect true GDNF immunoreactivity. Previous studies 

have successfully detected GDNF transgene expression in genetically modified OECs 

(Cao et al., 2004) and astrocytes (Ericson et al., 2005) 2 and 3 months respectively 

after being transplanted into the central nervous system. These studies used different 

antibodies to GDNF than used here. In the latter study, GDNF transgene expression 

decreased significantly (>7-fold decrease) 4 weeks after transplanting cells into the rat 

spinal cord. It is possible that the high levels of cell death observed in the present 

study may explain the significant decrease in transgene expression seen by these 

authors.  

Notwithstanding the inconclusive GDNF immunoreactivity in grafted cells, strong 

EGFP expression requires GDNF expression be present because the use of FMDV 2A 

cleavage (to co-express GDNF and EGFP) has the effect that one gene cannot be 

expressed without the other (for an extensive review see (de Felipe, 2004)). 

Performing immunoassays (ELISA) for GDNF in brain tissue taken from transplanted 

animals would resolve this as demonstrated previously (Ericson et al., 2005). Other 

immunohistochemical approaches using non-fluorescence detection methods such as 

horseradish peroxidase-conjugated antibodies may also overcome the problematic 

autofluorescence seen here.  In future studies, OECs developed in Chapter 6 which 

co-express β-Galactosidase and GDNF could be transplanted, allowing for greater 
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flexibility with secondary antibodies for immunofluorescence (green fluorescence) 

and also the potential for X-Gal staining to be performed. 

7.6.3 Putative autofluorescent debris in the graft site and reactive astrogliosis 
The cell death observed could have contributed to the high levels of putative cellular 

debris observed in the graft sites of all animals tested. The putative debris is 

autofluorescent, emitting fluorescence in the red spectra. This makes 

immunohistochemical analysis problematic when using fluorescence-conjugated 

secondary antibodies with emission spectra in this range. However it is possible that 

the presumptive autofluorescent debris could be due to the influx and actions of 

microglia and macrophages into the graft site via an inflammatory response to GDNF. 

(Shinoda et al., 1997) found that injection of GDNF into the rat spinal cord led to 

increased activation of immune responses and also increased microglial activation. A 

separate study found that GDNF caused enhanced phagocytic activity of macrophages 

in vitro and that GDNF mRNA expression is upregulated in the spinal cord within 1hr 

after complete transection (Hashimoto et al., 2005). In a more recent study, GDNF 

was shown to have a positive regulatory effect on microglial activities in both the 

CNS and in vitro which included an increase in phagocytic activity and upregulation 

of adhesion molecule expression in these cells (Chang et al., 2006).  Based on these 

findings it is possible that GDNF released from transplanted cells here may have 

caused increased activation of microglia and macrophages leading to inflammatory-

mediated cell death of grafted cells. Additionally, this putative inflammatory response 

may also have caused the increased GFAP immunoreactivity observed on the grafted 

side of the brain. Overall, GDNF secreted by grafted OECs may be causing an 

inflammatory response after transplantation into the CNS leading to reactive 

astrogliosis and potentially cell death. Immunohistochemical analysis targeting 

inflammatory cell types and microglia could resolve this issue.  

7.6.4 Summary 
I have shown that human OECs engineered to co-express EGFP and GDNF may not 

suitable for transplantation studies in rodent brains until the shortcomings identified in 

this study are overcome. The major issues identified, namely the high cell death and 

difficulties with GDNF detection in vivo, need to be resolved before further trials are 

undertaken. This Chapter completes the current study.  The major findings of this 

thesis and future directions are discussed in the next Chapter. 



  

 

 

 

 

 

 

 

Chapter 8: Discussion and future directions 
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8.1 General discussion 
At the outset of this study it was unknown whether or not olfactory ensheathing cells 

from the olfactory mucosa would be suitable for use in developing ex vivo gene 

therapies. Additionally, limited evidence has been published which describes the 

expression of GDNF in both these cells and in their source tissue, the olfactory 

mucosa. The olfactory mucosa is a clinically attractive source of OECs which have 

recently been shown to be safe for autologous transplantation in the injured human 

spinal cord (Mackay-Sim, 2005; Mackay-Sim et al., 2008). With these points in mind 

I sought to determine whether or not the neurotrophic properties of OECs could be 

enhanced further through genetic engineering of OECs to express the potent 

neurotrophic factor GDNF; a protein shown to benefit a number of neuronal disease 

and injury models. Therefore the overall goal of this study was to develop OECs as 

vehicles for ex vivo delivery of GDNF. The experimental outcomes demonstrate that 

1) rat and human olfactory ensheathing cells can be purified to high levels from the 

olfactory mucosa by immunopanning with p75NTR; 2) GDNF gene expression is 

differentially expressed in rats compared to humans in both OECs and in the olfactory 

mucosa; a novel GDNF mRNA variant was also discovered; 3) OECs purified by 

immunopanning do not generate neural-potent neurospheres and are suitable for 

developing ex vivo therapies; 4) human OECs transduced with lentiviral vectors co-

express bioactive GDNF and reporter genes under a drug-inducible promoter; 5) near 

pure populations of drug inducible OECs can be isolated using FACS and; 6) after 

transplantation into the rat brain, poor survival of transduced OECs co-expressing 

GDNF and EGFP was observed. These findings relate, in order, to the thesis specific 

aims outlined in Chapter 1 section 1.6.  These major findings are reviewed below. 

8.1.1 OECs from the olfactory mucosa purified by immunopanning with 
p75NTR  

The ability to produce highly purified cell lines with minimal sub-culturing is 

attractive when considering cells to be used in autologous transplantation therapies. A 

number of published methods exist for purifying OECs from the olfactory bulbs and, 

to a lesser extent, the olfactory mucosa (OM). The ability to purify cells using 

minimal sub-culturing is attractive for developing ex vivo therapies because in vitro 

genetic transduction and subsequent isolation of purified transduced cell lines often 

involves multiple sub-culturing steps. In this study a successful method was 
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developed for purifying human and rat OECs from primary olfactory mucosa cultures 

by immunopanning with p75NTR; a method involving minimal sub-culturing. The 

immunochemical phenotype of highly purified OEC cultures was similar to those 

obtained previously from the olfactory bulbs (Ramon-Cueto and Nieto-Sampedro, 

1994) and from the olfactory mucosa (Bianco et al., 2004). More recently, OECs were 

purified from olfactory lamina propria primary cultures of transgenic mice using 

FACS (Windus et al., 2007). In these transgenic animals, the S100β promoter (S100β 

is strongly expressed by all OECs) drives expression of the DsRed (red fluorescent 

protein) in all cells including OECs from the lamina propria and olfactory bulbs. Near 

pure populations of OECs were isolated by FACS based on expression of DsRed. The 

morphological and immunochemical phenotype of the sorted OECs was also similar 

to those described in this thesis. These authors did not report any attempt to purify 

OECs from freshly dissociated OM from these animals using FACS; this would be an 

interesting future direction given the failed attempts in the present study to isolate 

OECs from freshly dissociated OM by immunopanning. Overall, (Windus et al., 

2007) presents perhaps the most accurate method described to date for isolating OECs 

from olfactory tissues.  

Numerous methods for purifying OECs from their 2 main sources have been 

published, however, the following question remains unanswered; do these various 

methods produce a truly common OEC? To shed light on this unknown, a future study 

could be designed to compare immunochemical phenotype and mRNA and protein 

expression profiles in mouse OECs purified by the various methods. OECs isolated 

from the transgenic mouse described by (Windus et al., 2007) would serve as a 

positive control for both bulb-derived and mucosa-derived OECs. This experiment 

would be useful for researches using mouse models, because in this thesis I 

demonstrated that differences in gene expression occur between rat and human OECs 

(Chapter 3).  

In conclusion, the immunopanning method developed in this thesis was successful in 

obtaining highly purified cultures of OECs from primary cultures of olfactory 

mucosa. This is the first time that OECs have been purified from the olfactory mucosa 

using immunopanning; a well described methods for purifying OECs from olfactory 

bulbs (Ramon-Cueto et al., 1993).  The success of these studies led to further 

 168



experiments designed to investigate systematically, whether or not these OECs are 

suitable for developing ex vivo gene therapies. These studies are discussed below. 

8.1.2 OECs from the olfactory mucosa are suitable for developing ex vivo gene 
therapies 

Previous studies have demonstrated that OECs from the olfactory bulbs are suitable 

candidates for ex vivo gene delivery (Cao et al., 2004; Ruitenberg et al., 2005; 

Ruitenberg et al., 2002; Ruitenberg et al., 2003) however, the potential for OECs from 

the olfactory mucosa (OM) to be used in ex vivo approaches has not been 

systematically investigated. Results presented in Chapters 3 and 4 of this study show a 

strong case for using OECs from the OM as vehicles to deliver transgenes in ex vivo 

gene therapies. The major findings were; 1) that OECs do not secrete GDNF at 

detectable levels and 2) that OECs from the OM can be obtained by immunopanning 

with p75NTR which does not also isolate stem cells or neural progenitors from this 

tissue.  Before genetic methods to engineer OECs were developed, another set of 

experiments were undertaken to compare expression of GDNF (protein and mRNA) 

in OECs and also in the OM between rats and humans. In humans, very little 

information on GDNF expression in these cells and tissues has been published and no 

studies have previously compared rats and humans. These findings are reviewed 

below.   

8.1.3 Differential GDNF mRNA expression between rats and humans in OECs 
and in the olfactory mucosa  

The neurotrophic and nerve repair properties of OECs are well described and thought 

to be attributed to, in part, by secretion of neurotrophic factors such as GDNF by these 

cells. No clear evidence showing that GDNF protein is in fact secreted by these cells 

has been published. Furthermore, there are no published reports which compare 

GDNF expression between humans and rats in OECs and in the OM.  

In this study GDNF protein and mRNA expression in the OM and in OECs from rats 

and humans was compared using immunochemistry and RT-PCR respectively. 

Immunoreactivity for GDNF was expectedly similar between the species in cultured 

OECs and throughout the olfactory mucosa. Co-labelling of GDNF with OMP, βIII-

Tubulin and S100 reactive cells revealed that mature olfactory receptor neurons 

(ORNs), immature receptor neurons (IRNs) and olfactory ensheathing cells (OECs) 

are likely to express GDNF respectively. GDNF immunoreactivity observed in 
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putative ORNs and IRNs here is in agreement with previous studies in rats (Buckland 

and Cunningham, 1998; Maroldt et al., 2005).  

At the molecular level however, examination of GDNF mRNA expression 

unexpectedly revealed that humans and rats express different GDNF mRNA isoforms. 

In human OECs and OM tissue a non-secreted isoform of GDNF mRNA was detected 

whereas in rats a secreted isoform of GDNF was detected. The existence of secreted 

and non-secreted (retained within the cell) isoforms of GDNF have been described 

previously (Grimm et al., 1998). This disparity between the species has not been 

reported and the current literature provides no clues for a potential mechanism. It 

could be possible that the role of GDNF in the rat acts though a paracrine mechanism 

which is not conserved in humans.  

Sensitive protein assay methods including ELISA and a bioassay both failed to detect 

secreted GDNF protein in cultures of rat or human OECs. This was unexpected for 

rats as RT-PCR confirmed expression of the secreted GDNF mRNA isoform yet no 

protein was detected by ELISA. In a previous study, this anomaly was observed in 

OECs from rat olfactory bulbs where OECs were immunoreactive for GDNF and 

transcribed the full-length mRNA, but no protein (secreted or retained within the 

cytosol) was detected (Woodhall et al., 2001). Since then, conflicting evidence has 

been presented in a separate study where secreted GDNF protein was detected in 

bulb-derived rat OECs purified by immunopanning with p75NTR and using the same 

ELISA protocol (Cao et al., 2004). The conflicting results may be explained by the 

different purification and sub-culturing methods used to obtain OECs in these studies. 

It is possible that undetectable levels of GDNF are being secreted by OECs in the 

present study and previously (Woodhall et al., 2001). Overall, the evidence presented 

here suggests that a more sensitive assay for detecting secreted GDNF protein is 

required to resolve this issue.  

In order to gain more insight into the role that GNDF plays in this tissue, a possible 

experiment may examine the effects of bulbectomy or methyl bromide lesioning on 

the biology and neurogenesis in the olfactory mucosa in rats which are heterozygous 

GDNF knock-outs (+/-).  

Overall, the lack of clear evidence in support of OECs expressing secreted GDNF 

protein suggests that these cells are an appropriate choice for developing ex vivo 
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therapies delivering secreted GDNF. This study has also demonstrated that the p75NTR 

immunopanning method to purify OECs does not isolate neural potent stem cells or 

progenitors (discussed in detail; Chapter 4) which further supports the use of these 

cells in developing ex vivo therapies.  

8.1.4 A novel GDNF mRNA transcript identified in preliminary studies 
In an initial attempt to identify a positive control tissue source for human GDNF 

mRNA, cDNA stocks from human OECs and human brain tissue were provided as 

gifts from Dr Richard McCurdy (human OEC cDNA) and Dr Jonas Bjorkman (human 

brain cDNA). The methods used to generate cDNA from these tissues were not used 

in the present study and it is therefore difficult to compare results obtained from these 

sources with GDNF mRNA obtained using the methods described in this study.  

Nevertheless, DNA sequencing of cloned full-length PCR products from each cDNA 

source revealed a previously unreported human GDNF mRNA species. The GDNF 

isoform appeared to be an alternatively spliced variant of the published GDNF mRNA 

sequences ((Grimm et al., 1998) and at www.ncbi.nlm.nih.gov). A variant exon 2 

containing 2 in-frame premature stop codons was identified. This alternative exon 2 

maps to chromosome 5p12 directly between exons 1 and 3 of the published GDNF 

sequence. Exons 1 and 3 of the published secreted GDNF mRNA are 100% conserved 

and it is unlikely that any protein would be generated from this isoform because of the 

2 in-frame stop codons. This isoform was not detected in OECs purified by 

immunopanning or in the human olfactory mucosa. Further analysis of the GDNF 

genomic DNA region for alternative promoters and or splice sites may provide more 

insight and possibly suggest a mechanism for expression of this variant isoform. 

Additionally, the methods used to obtain cDNA stocks by the previous researchers 

could have influenced this finding. From this discovery, it may be hypothesised that 

immunopanned OECs may potentially be expressing the variant GDNF isoform at 

very low levels. To more accurately test this hypothesis, quantitative PCR could be 

performed using probes specific to the alternative exon 2 region and/or in situ 

hybridisation in tissues and cells could be employed with RNA probes to this variant 

region.  

The findings reviewed in section 8.1.1 to 8.1.4 confirmed that the OECs purified here 

were suitable candidates for developing ex vivo gene therapies. The molecular 

methods developed to engineer these cells are reviewed below. 
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8.1.5 Achieving drug-inducible co-expression of GDNF and reporter genes in 
OECs mediated by retroviral vectors 

A major goal of this study was to develop retroviral vectors that can confer onto 

transduced OECs drug-inducible co-expression of GDNF and reporter genes. In initial 

attempts to achieve this goal, MMVL-based viral vectors were constructed 

incorporating an IRES sequence to co-express GDNF and reporter genes. The 

subsequent lack of detectable, drug-induced gene expression in transduced OECs led 

to the abandonment of this method.  The MMLV vectors, developed from the 

pRevTet-ON system (Clontech), can only enter cells via the RAM1 and GALV 

receptors (Miller, 1996; Miller, 1994) and transduction can only occur in actively 

dividing cells.  It is unknown if OECs express these receptors. Additionally, the use of 

IRES to co-express two or more genes has been shown to be inefficient (Chinnasamy 

et al., 2006). A more suitable retroviral gene expression system was investigated. 

A new direction was taken based on previous studies which described successful 

transduction of OECs using lentiviral vectors (Ruitenberg et al., 2002). In the present 

study, a drug-inducible lentiviral vector system (Invitrogen) was used to produce high 

titre lentiviral vectors designed to cause co-expression of GDNF and EGFP or GDNF 

and β-Galactosidase in transduced OECs. Innovative methods were successfully 

developed including; 1) the use of FMDV 2A cleavage to co-express bioactive GDNF 

and reporter genes (EGFP and β-Galactosidase) in OECs and; 2) the use of FACS 

selection to isolate drug-inducible cell lines by sorting transduced cells based on 

reporter gene expression at various stages. Using these methods near pure drug-

inducible cell lines were produced which co-expressed GDNF and EGFP in the 

presence of minocycline. Near pure transduced OECs constitutively co-expressing 

these genes were also produced using the same method. Transduced OECs appeared 

normal with no observed changes in expression of antigenic markers. It appears that 

production of GDNF by these cells did not otherwise affect their phenotype.  

Over twenty-fold induction of GDNF expression was achieved in the drug-inducible 

cells however, significant “leakiness” of the tetracycline-inducible promoter was 

observed despite the stringent FACS selection parameters. Leakage from drug-

inducible promoters is a phenomenon which has been described previously (Chtarto et 

al., 2007; Georgievska et al., 2004). The level of “leakiness” observed in OECs here 

makes them unattractive for future transplantation experiments in animal models of 
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Parkinson’s disease until a more robust drug-inducible system becomes available. The 

constitutively expressing cell lines however would be suitable for future studies.  

The success shown here with using 2A cleavage to co-express GDNF and reporter 

genes in transduced cells is significant because the bioactivity of GDNF and the 

reporter genes are not inhibited by 2A cleavage. Cells can be easily tracked after 

transplantation and, for inducible cell lines, induction of gene expression can be 

qualitatively measured in grafts. Previous studies using OECs to deliver therapeutic 

neurotrophic factors relied on immunohistochemistry to track cells after 

transplantation (Cao et al., 2004; Ruitenberg et al., 2005; Ruitenberg et al., 2002; 

Ruitenberg et al., 2003); the vectors developed in the present study overcome this 

requirement and provide more flexibility to track and characterise cells after 

transplantation. Additionally, isolation of transduced cells based on reporter gene co-

expression (FACS) overcomes lengthy antibiotic selection to isolate cells after 

retroviral transduction. This dramatically reduces sub-culturing and also provides an 

alternative for cells which cannot be selected with antibiotics; this was seen in 

Chapter 5 where OECs were not able to be selected by neomycin.   

A more recent demonstration of clinical application for 2A-mediated expression of  

>2 genes is shown in the production of induced pluripotent stem cells from a range of 

adult animal and human cells (Carey et al., 2009; Chang et al., 2009; Kaji et al., 2009; 

Shao et al., 2009; Woltjen et al., 2009; Yusa et al., 2009). In this process, 

reprogramming of somatic cells into pluripotent stem cells can be directed by co-

expressing up to four factors (Oct4, Sox2, Klf4, and c-Myc) in these cells. Overall, 

this approach overcomes the ethical concerns associated with therapeutic cloning and 

the technical issues surrounding transplantation of embryonic stem cells. In the initial 

attempts to generate induced pluripotent stem cells, multiple viral vectors were 

generated with each possessing a single factor which contributes to cellular 

reprogramming.  

Interestingly these developments added further fuel to the debate surrounding the use 

of retroviruses for therapeutic applications. Particularly the potential for multiple viral 

genome integrations (at random) to cause insertional mutagenesis, which may cause 

cancer or transformation of transduced cells, has become a major hurdle for 

progressing retroviral gene therapy to the clinic. The 2A cleavage factor provides a 

method for reducing the number of viral integrations required as multiple genes can 

 173



be expressed from a single retroviral vector (Carey et al., 2009; Chang et al., 2009; 

Shao et al., 2009); also demonstrated in the present study. Another method for 

reducing the impact of insertional mutagenesis is the use of Adenoviral vectors 

because these vectors do not integrate into the host cell genome and remain in the 

cytoplasm however expression of transgenes by these cells is only transient and short-

lived. Application in Parkinson’s disease and others however, requires long-lasting 

expression of transgenes, making the adenoviral approach not attractive. The major 

issues of insertional mutagenesis and leakiness observed in the inducible vector 

system in the present study require optimisation if this approach is to be applied in the 

clinic. 

In future studies aiming to overcome the insertional mutagenesis and inducible gene 

expression ‘leakage’ issues, it might be possible to design a lentiviral vector with the 

following features.  Firstly, the vector is capable of site-specific/targeted insertion into 

a benign region of the genome via homologous recombination, effectively restricting 

transduction to this area of the genome and overcoming the insertional mutagenesis 

issue. This has been described recently in Adenoviral-mediated transduction of 

embryonic stem cells where vectors were shown to integrate within a specific gene 

region at high efficiency in cells obtained from mice (Ohbayashi et al., 2005) and 

primates (Suzuki et al., 2008).   Secondly, the same vector would be designed to 

contain multiple copies of the Tet repressor protein (TetR) linked by 2A sequences 

where expression is driven by a constitutive promoter and also contain GDNF driven 

by a separate, inducible promoter. In this case tighter control of ‘leakiness’ may be 

achieved by having a high ratio of TetR copies to GDNF copies, perhaps in a 5:1 

ratio. This would effectively deliver the same result as 6 separate transduction events 

using the current vectors described in this study. This single vector could potentially 

overcome the two aforementioned issues.  

8.1.6 Engraftment of transduced human OECs into the intact rat striatum 
Here for the first time genetically modified OECs from the olfactory mucosa were 

transplanted unilaterally into the intact rat striatum. Cells constitutively co-expressing 

EGFP and GDNF were grafted because the inducible cell lines created in Chapter 6 

displayed significant ‘leakage’ of gene expression.  Transplanted cells were detected 

in all grafted animals 9 days after transplantation as shown by robust EGFP 

expression in transplanted cells. Immunohistochemical methods failed to detect 
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GDNF co-expression in EGFP-expressing cells, however the mechanism of 2A 

cleavage would mean that if EGFP is being expressed then GDNF must also be 

expressed in these cells. Optimisation of immunochemical methods and particularly 

fixation methods may overcome this. The transplanted cells remained within the graft 

site and no migration was observed into the surrounding brain parenchyma. Reactive 

astrogliosis was evidenced by strong GFAP immunoreactivity surrounding the graft 

site and was also widespread throughout the grafted brain hemisphere. Perhaps the 

most notable finding here was the very few grafted cells survived (<2%). At such a 

poor survival rate, it is possible that there would be insufficient GDNF being 

delivered to the surrounding regions to elicit a therapeutic effect if these cells were to 

be transplanted into an animal model of Parkinson’s disease. 

A number of issues identified here require further study namely 1) the lack of 

detectable GDNF expression; and 2) the poor survival rate of transplanted cells.  In 

order I address these issues below. 

As mentioned previously, the mechanism of 2A cleavage would mean that if EGFP is 

being expressed then GDNF must also be expressed in the transplanted cells. 

Notwithstanding this mechanism, additional experiments could be performed using 

ELISA to detect secreted GDNF in brain tissue of transplanted and non-transplanted 

animals as described previously (Ericson et al., 2005). Optimisation of 

immunochemical methods through attempting various fixation methods may also be 

able to overcome this. The method used here, paraformaldehyde perfusion followed 

by post-fixation in paraformaldehyde, may not have been ideal for preservation of the 

secreted GDNF protein. The addition of parabenzoquinone to a 2% paraformaldehyde 

fixative was shown to be necessary for obtaining robust immunostaining of 

neurotrophins in the olfactory epithelium previously (Feron et al., 2008). It is also 

possible that incomplete fixation may also have been the cause as secreted proteins 

may have been washed away during the immunochemical procedure. If suggested 

experiments were attempted, a large number of animals would be required. 

The cause of poor survival rates of transplanted cells seen here is unknown. The 

animals were treated with the immunosuppressant cyclosporine which should have 

removed any immunological host versus graft response. It is possible that the injection 

methods used here were sub-optimal and could have, in part, caused the significant 

cell death and reactive astrogliosis observed. Future studies aimed at optimising the 
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injection procedure may include reducing the injection volume and using smaller 

gauge injection needles or glass capillaries. These modifications may reduce the 

physical impact of the injection on the brain tissue and consequently reduce 

astrogliosis and cell death.   

As discussed previously in Chapter 7 (section 7.6.3), GDNF expression by grafted 

cells may have caused an inflammatory response through the activation of 

macrophages and microglia. It is possible that this may also have caused reactive 

astrogliosis in the grafted side of the brain. An alternative explanation for this 

phenomenon is that grafting cells into an ‘intact’ brain may cause poorer survival of 

cells as opposed to transplanting cells into a lesioned brain. This phenomenon was 

observed after transplantation of bone marrow stem cells (Irons et al., 2004) and fetal 

hippocampal cells (Zaman and Shetty, 2002) into the intact brain and lesioned brain. 

A more recent study in rats showed that survival and migration of OECs was 

significantly increased after transplantation into X-ray lesioned rat spinal cords when 

compared to OECs transplanted into intact spinal cords (Lankford et al., 2008). 

Overall these studies collectively demonstrate that a significant reduction in the 

survival of grafted cells occurs when transplanted into an intact CNS site versus a 

lesioned site.  The causal mechanism is unknown and requires further study.  It is 

likely that the poor survival of cells seen in the present study is consistent with 

observations in previous studies (Irons et al., 2004; Zaman and Shetty, 2002). Possible 

future experiments could graft the engineered OECs into lesioned animals and intact 

animals to determine if this is the cause for the cell death observed here.  

It may also be possible to overcome this phenomenon by creating a cell line which 

also co-expresses a proto-oncogene such as Bcl-2 with GDNF to prevent cellular 

apoptosis.  A similar approach has been attempted previously where a replication-

incompetent herpes simplex virus-based vector delivered Bcl-2 and GDNF into rat 

substantia nigra 1 week prior to 6-OHDA treatment of the striatum (Natsume et al., 

2001). Expression of the Bcl-2 gene alone was effective in doubling cell survival after 

6-OHDA treatment. The experiments described by these authors involved directly 

injecting retroviral particles into the brain to prevent apoptosis of infected brain cells. 

However in the case of the present study, the transplanted cells would be expressing 

Bcl-2 to prevent their own apoptosis. Any attempt to engineer OECs to co-express 
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Bcl-2 and GDNF to overcome the cell death seen here relies upon the assumption that 

the cell death observed here is apoptotic, not necrotic cell death.  

Overall the findings presented here suggest that there is an unknown mechanism 

causing the majority of grafted cells to die. For these cells to be applied in animal 

models of disease, further improvements in cell survival are required to ensure that 

adequate levels of therapeutic transgene products are being delivered.       
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8.2 Future directions 
In this study, a number of innovative molecular tools have been developed to engineer 

OECs to deliver GDNF and reporter genes under the control of a drug inducible 

promoter.  The overall goal of this thesis was successfully met as evidenced by the 

successful creation of near-pure OEC lines which co-express GDNF and reporter 

genes using minocycline as an inducer of gene expression.   

The ‘leakiness’ of drug-inducible gene expression systems and the significant cell 

death observed after transplanting OECs into the intact CNS requires optimisation 

before utilising these cells in pre-clinical animal model studies. Additionally, the 

ability to control GDNF dosage in inducible cell lines created here was not 

investigated thoroughly and therefore requires analysis in vitro and prior to pre-

clinical studies.  

Here I have shown that OECs from the olfactory mucosa are attractive candidates for 

developing ex vivo gene therapies and that lentiviral vectors incorporating the 2A 

cleavage factor can be used effectively to co-express transgenes robustly in these 

cells. These findings pave the way for future pre-clinical studies investigating the 

ability of genetically modified OECs to treat Parkinson’s disease.   
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