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Abstract 
 

The potential application of olfactory ensheathing cells (OECs) to spinal cord injury has 

been the focus of a lot of research over the past ten years. Currently there are many 

challenges associated with the use of these cells as a therapy. These include the inherent 

plasticity of the cells and the fact they are challenging to sustain in culture for prolonged 

periods due to poor survival and proliferation. They possess unique properties as they are 

able to support neuronal survival and facilitate the regeneration of severed axons and 

therefore overcoming these challenges would be a step towards developing a cell therapy 

for spinal cord injury.   

 

Initially rat models were used to determine culture conditions that enhance the protein 

expression of key OEC markers p75NTR and S100β. An increase in p75NTR expression was 

achieved by co-culturing the primary rat OECs with a conditionally immortalised 

immobilised human mucosal fibroblast cell line feeder layer. OECs cultured on feeders 

were found to adopt a more spindle-like appearance compared with cells cultured on 

laminin which adopted an enlarged morphology. This morphological change is significant as 

spindle-shaped OECs are associated with neural regeneration function. Conditioned media 

collected from the human feeders resulted in an increase in Thy1.1 protein expression, an 

undesirable marker, with no increase in p75NTR expression and co-culture of primary OECs 

with mouse feeders (Ms3T3) gave similar results to co-culture with human feeders. It was 

determined that OECs benefit from the cell to cell contact and not necessarily trophic 

factors present in the media. The best culture conditions for primary rat OECs were found 

to be Ms3T3 feeders with DMEM/F12 Glutamax media. Testing with conditionally 

immortalised human OEC cell lines found contrasting results where an increase in S100β 

was observed when cells were cultured on laminin and lower levels of expression observed 

during feeder co-culture. Similarly to primary rat OECs, conditioned media from human 

mucosal fibroblasts was detrimental to S100β expression. The best culture conditions for 

human OECs were found to be laminin coated wells with DMEM/F12 Glutamax media. 

These data sets show that care has to be taken when translating animal models to studies 

with human cells as the data does not always correlate.    

 

Studies continued to characterise optimum culture conditions for the conditionally 

immortalised human OEC cell line. MACS purification technology was used to remove Thy1 

positive cells from the polyclonal population. Although this removal was successful, it was 
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found that the complete removal of Thy1 from the population does not ensure Thy1 is not 

present in the future population. After 5 days in culture Thy1 was being expressed in the 

Thy1 negative population. Time point staining determined that Thy1 turns on and off 

during time in culture and the removal of Triton X from the staining protocol is vital to 

visualising the presence of this protein. This time point study also revealed p75NTR is not a 

stable marker for OECs as turns off over time in culture. Further study towards 

understanding the role Thy1 and p75NTR take in OEC function would be beneficial to 

development of an OEC cell therapy for spinal cord injury.  

 

After the identification of optimum culture conditions for enhanced p75NTR and S100β 

expression, co-culture with neurons was carried out in order to determine if these 

conditions would link to an improvement in functional support. Neurite length was 

measured after 5 days of co-culture and was normalised against the number of neurites 

and neurons, which is an established method of relating the behaviour of the neurons to 

functional response after implantation. It was found that conditions that related to higher 

expression of p75NTR and S100β (laminin coated wells, standard media, shorter time in 

culture) led to longer and more numerous neurites. From this it can be established that 

levels of p75NTR and S100β expression are good predictive tools for the extent to which 

OECs can support neural regeneration in culture. The next step would be to relate the 

expression of these markers to the myelination of neurons. Thy1 expression was not found 

to be related to neurite extension and purified populations of negative and positive Thy1 

OECs resulted in longer neurites than the original mixed population. This could be due to 

lateral inhibition but further work is required to confirm this theory.  

 

Results described in this thesis have demonstrated that caution needs to be applied when 

scaling rat studies to human cell work. It has also shown that the method and timing of 

detecting protein expression can be vital to the results observed. These are key aspects 

that need to be considered in order to fully characterise cell populations, especially one as 

variable as OECs. The methods used in this work showed an increase in p75NTR and S100β 

expression led to longer neurites extended from neurons. Further work should be carried 

out in order to fully understand the interaction between OECs and neurons and to explain 

the potential lateral inhibition pattern observed.  
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1.0   Introduction 
 

1.1 Regenerative Medicine  
 

1.1.1 Regenerative Medicine and Cell Therapy 

 

Regenerative medicine is an emerging discipline in the field of biomedicine. It is defined as 

‘using human genes, proteins and cells to regrow, restore or provide mechanical 

replacements for tissues that have been injured by trauma, damaged by disease or worn by 

time’ (Mironov et al., 2004).  It provides a platform that allows scientists to direct tissue 

healing processes (Holzapfel et al., 2016). Cells are taken from a donor/patient and treated 

with appropriate biological processes to ensure the cells can carry out the appropriate 

function in the body. These fully functioning cells are transplanted into patients and help 

the body repair damage (Mironov et al., 2004).    

 

1.1.2 Autologous and Allogeneic Cell Therapy 

 

Cell therapy comes in two varieties; autologous and allogeneic. Autologous cell therapy is a 

treatment method where cells are biopsied from and implanted into the same patient. As 

the patients’ own cells are used, immunosuppression is not required. Cells can be taken 

from the patient, treated as necessary and expanded before implantation. This is only a 

viable option when time is not a limiting factor and there is a low variability in the cell 

sample (Dodson and Levine, 2015).  These conditions are necessary as time is needed to 

biopsy, treat and expand the cells before implantation. A high variability in cell sample 

results in a lower cell yield of desirable cells and therefore a longer expansion time is 

required and potentially more purification steps. Variability in the yield of desirable cells 

has a significant impact on the commercial potential of a cell therapy and can prevent it 

reaching the clinic (Dodson and Levine, 2015).  

 

Allogeneic cell therapy occurs when the implanted cells come from a different donor. This 

comes with immunosuppression requirements, but still allows the body to heal itself. It is 

normally a precursor therapy to autologous therapy as further research and work can allow 

an autologous therapy to be developed. Allogeneic therapy is more likely to be used when 
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time is critical and the cells are not able to proliferate sufficiently within the necessary time 

frame (Dodson and Levine, 2015).  

 

In order to achieve a successful cell therapy transfer to the clinic, the cells need to be 

obtained in sufficient numbers for transplantation to the patient. This can be more of a 

challenge in autologous therapy as only one patient sample can be taken and there can be 

variability in patient sampling. The method of obtaining the cells must be safe, reliable and 

reproducible (Barnett and Riddell, 2004). These are key challenges that need to be 

addressed.  

 

This thesis uses the principles of regenerative medicine towards developing an allogeneic 

cell therapy for spinal cord repair.  

 

1.2 Spinal Cord Injury 

 

1.2.1 The Spinal Cord 

 

The spinal cord is formed of long, thin bundles of nervous tissue and support cells that 

extend from the brain to the lumbar, but not as far as the coccyx (Figure 1.1). This is due to 

the vertebral column growing faster than the spinal cord. The spinal cord segments have 

the same names as the vertebrae (cervical, thoracic, sacrum, lumbar and coccyx); however, 

they do not line up with the equivalent vertebrae due to this length difference (Watson et 

al., 2008).  
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Figure 1.1: MRI of the spine and spinal cord segments. This figure shows the length of the spinal cord 
compared to the spinal column. Although the spinal cord and column have the same segments, these do not 
line up with each other due to the differences in growth speeds. C - cervical, T - thoracic, L- lumbar, S - sacrum. 
Image credit: Diaz and Morales, 2016.  

 

Along with the brain, the spinal cord makes up the central nervous system (CNS), which is 

responsible for the transmission of nerve signals throughout the body. It is enclosed by the 

vertebrae which protects the fragile spinal cord from injury (Watson et al., 2008, O'Malley 

et al., 2014). The spinal nerves transmit sensory information from the target organs to the 

CNS and sends motor commands from the CNS to muscles and target organs. This 

information can be anything from movement commands to the awareness of touch and 

pain. The nerve rootlets that emerge from the spinal cord are bundled together so that 

each segment of the spinal cord releases a pair of spinal nerves into the peripheral nervous 

system (PNS) (Watson et al., 2008). 
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1.2.2 Anatomy of the Spinal Cord 

 

There are 31 pairs of spinal nerves in the spinal cord and each segment (with the exception 

of C1, as seen in Figure 1.1) has ventral and dorsal nerve roots. The fundamental difference 

between the two roots is that ventral roots contain motor fibres and the dorsal roots 

contain sensory fibres. These spinal nerves leave the spinal cord and enter the PNS to 

communicate with the body (Watson et al., 2008).  

 

The spinal cord is made up of white and grey matter. Neurons in the white matter are 

surrounded by myelin sheaths and fat which gives it its name. Grey matter on the other 

hand does not have this surrounding support, hence why it is a different colour. The white 

and grey matter can be divided anatomically or functionally (Diaz and Morales, 2016).  

 

Functionally, the white matter comprises of ascending, descending and propriospinal 

pathways (Diaz and Morales, 2016) and is made up of axons, blood vessels, neuronal cell 

bodies, dendrites and glial cells (Watson et al., 2008).  A pathway is a group of tracts with 

related functions, and a tract is a term given to nerve fibre bundles that have the same 

origin, course, terminations and function (Watson et al., 2008).  The propriospinal pathway 

contains a significant part of the white matter (Diaz and Morales, 2016) and connects the 

spinal cord segments together (Watson et al., 2008). The descending tracts include the 

corticospinal, vestibulospinal, tectospinal and reticulospinal tracts. The largest of these is 

the corticospinal tract, which is made up of over one million axons. The ascending tracts 

include the spinothalamic, spinocerebellar and spinotectal tracts. They also include the 

posterior and anterolateral columns which are responsible for conveying proprioceptive, 

tactile and vibratory information. The most clinically relevant ascending tract is the 

spinothalamic tract, which conveys non-discriminative touch and pressure sensations 

(ventral) and pain and temperature sensations (dorsal) (Diaz and Morales, 2016).  

 

The grey matter is made up of neuronal cell bodies, dendrites, axons and glial cells (Watson 

et al., 2008). It is divided into dorsal and ventral horns with an intermediate grey layer. The 

grey matter comprises of 10 cell layers in humans. This starts with the dorsal apex (Lamina 

1) and goes up to the ventral apex (Lamina 10) (Diaz and Morales, 2016). The ventral horn 

carries motor information, the dorsal carries sensory information and the intermediate 

grey layer is responsible for autonomic functions (Diaz and Morales, 2016).  
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1.2.3  Causes of Spinal Cord Injury 

 

1,200 people are diagnosed with a new spinal cord injury (SCI) in the United Kingdom each 

year, which translates to someone becoming paralysed every eight hours (Apparelyzed, 

2015). SCI is most commonly caused by motor accidents (37%), awkward falls (42%) and 

violent injuries (National Spinal Cord Injury Center, 2006, Apparelyzed, 2015, Barnett and 

Riddell, 2007) and the majority of patients will suffer partial or complete paralysis (Willerth 

and Sakiyama-Elbert, 2008). 55% of SCI incidents in the UK occur in 18-30 year olds and 

80% of sufferers are male (Apparelyzed, 2015).  

 

Paralysis extends further than the ability to move limbs. It can affect the ability to breathe 

if the spinal cord is severed above the third cervical segment which can interrupt the 

continuity of the bulbospinal respiratory pathways. This means assisted ventilation is 

required for the rest of the patient’s life, which can have a serious effect on quality of life 

(Li et al., 2003a). Additionally, patients can suffer from chronic neuropathic pain syndromes 

which can include depression, drug abuse and self-harm (Gwak et al., 2012).  

 

1.2.4 Mechanism of Spinal Cord Injury 

 

SCI normally occurs when the spinal column suffers impact that produces a contusion 

injury. The mechanism is a very complex process. Pressure from broken bones, fragments 

and swelling forces the spinal column to become displaced (Watson et al., 2008). SCI occurs 

in a biphasic pattern, comprising of primary and secondary damage mechanisms that 

remain active from days to weeks after the initial injury (Bramlett and Dietrich, 2007, Ahuja 

et al., 2017).  

 

Primary damage consists of the initial impact, the continual compression, and shear 

damage in the injury area (Bramlett and Dietrich, 2007, Sekhon and Fehlings, 2001). Cells 

die at the injury site including neurons, astrocytes, oligodendrocytes and endothelial cells. 

This results in haemorrhaging, which disrupts the oxygen and nutrient supply to the 

damaged area which hampers repair (Hagg and Oudega, 2006, Franssen et al., 2007). The 

initial damage is followed by secondary damage, which can last months and even years 

after the injury (Bramlett and Dietrich, 2007). This secondary damage is an expansion of the 

haemorrhage front which leads to an expanding wave of further degeneration and cell 

death (Hagg and Oudega, 2006, Ramer et al., 2005). Due to the cellular membrane damage, 
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metabolic abnormalities and a shift in electrolyte ions occur. In addition, free radicals and 

edemas are formed. This leads to the destruction of grey and white matter around the 

injury site (Bramlett and Dietrich, 2007, Ahuja et al., 2017). This wave of secondary damage 

spreads radially and longitudinally around the injury site, so the ability to tackle the 

damage as early as possible is vital.  

 

After a CNS injury, the axons attempt to regrow and reconnect, but are largely unsuccessful 

in finding their targets (Fraher, 2000). This is attributed to the presence of the glial scar. 

Even if a reconnection is made, it is difficult to determine whether the regrowing axons are 

truly regenerating axons, spared axons or collated sprouts from spared tracts unless the 

spinal cord was completely transected (Franssen et al., 2007).  

 

1.2.5 The Glial Scar 

 

The trauma that causes the injury in SCI breaches the barrier between the CNS and the rest 

of the body, as well as injuring cells and inducing swelling. The injured cells release toxins, 

which cause the cells above and below the injury to become apoptotic. The CNS breach 

eventually heals and the scar that forms is called the glial scar. This scar is the main 

impediment to spontaneous regeneration as the axons that do sprout and re-grow are 

unable to path-find through the scar to reach their target (Fawcett and Asher, 1999, 

Ronaghi et al., 2010, Kigerl et al., 2014, Yang et al., 2014, Fraher, 2000).  

 

The glial scar is formed by an immune response. Its primary function is to restore the 

blood-CNS barrier and is mainly comprised of reactive astrocytes (Carwardine et al., 2016). 

When the CNS barrier is breached, cells that are normally excluded, enter the CNS and the 

presence of these ‘foreign’ cells triggers an immune response (Ronaghi et al., 2010, Ge et 

al., 2016). As part of this response, astrocytes in the lesion site proliferate in order to 

restore the CNS barrier (Ronaghi et al., 2010, Kigerl et al., 2014), which is a life-saving 

response to prevent further damage from the invading cells (Wu et al., 2013b, Boyd et al., 

2005). This comes at the price of irreversible damage to the spinal cord (Ronaghi et al., 

2010, Rodriguez et al., 2014, Raisman and Li, 2007) and is visualised in Figure 1.2 (Thuret et 

al., 2006). The glial scar prevents any resprouting from reaching its intended target (Thuret 

et al., 2006).  
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Figure 1.2: Schematic of the spinal cord after SCI. The glial scar is shown and demonstrates how it prevents 
resprouting. Some resprouting can occur but the glial scar prevents any neurons from getting through to their 
target. Image credit: (Thuret et al., 2006, Barnett and Riddell, 2007). 

 

Studies have been conducted to determine the role of dysfunctional astrocytes, which are 

the main cell type that makes up the glial scar. It has been demonstrated that, when the 

astrocytes were unable to respond to the CNS injury, there was a significant increase in 

leukocytes, a failure to repair the blood-CNS barrier, and an increase in demyelination 

(Bush et al., 1999, Sofroniew, 2005). An increase in demyelination is undesirable because 

the myelin protects the nerve fibres and allows for the transmission of nerve signals (Bush 
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et al., 1999). Although the reactive astrocytes are able to restore the barrier, they do so at 

the expense of nerve regeneration. Reactive astrocytes have been shown to generate 

molecules with cytotoxic potential (reactive oxygen species), which damages local neural 

cells. However, they have also been shown to regulate inflammation after CNS injury (Bush 

et al., 1999). The factors that prompts them to become ‘reactive’ and whether they express 

beneficial or harmful signals is not fully understood (Sofroniew, 2005). Until their action 

can be understood, preventing astrocytes from forming the glial scar is not recommended 

as a course of action for spinal cord repair.  

 

In addition to the barrier provided by the glial scar, it is postulated that the environment is 

unfavourable for nerve regeneration. Not only is the environment full of inhibitory 

molecules from the myelin debris, including necrosis and apoptosis signalling (Barnett and 

Riddell, 2007, Ramer et al., 2005, Carwardine et al., 2016, Ahuja et al., 2017), there is also a 

lack of sufficient blood supply that is required to provide nutrients to the injury site and 

enable the clearance of debris (Franssen et al., 2007).  It is possible that if this environment 

is able to be changed, for example by introducing a cell type that expresses neurotrophic 

factors or stimulate regeneration, regeneration may be able to occur (Ramer et al., 2005).  

 

Regenerating the CNS is a complex process (Barnett and Chang, 2004, Jin et al., 2002). 

Uninjured neurons must be present in the spinal cord that are capable of proliferation and 

therefore regeneration. Secondly, the damaged axons must be able to regenerate and 

reach their original neuronal target. Finally, these axons must be re-myelinated and able to 

re-establish the functional synapses (Yang et al., 2014).  

 

1.2.6 Neural Regeneration 

 

When nerves are severed they extend axons to reconnect to their original targets. In the 

PNS, this process is successfully aided by Schwann cells and function is normally restored 

(Hao and Collins, 2017). In the case of the CNS, the glial scar prevents any reconnection 

from occurring (Raisman and Li, 2007, Sakamoto and Kadomatsu). 

 

Under normal conditions, neurons extend long axons to connect with their targets (Doron-

Mandel et al., 2015). The axons of a neuron are therefore the most vulnerable point as any 

injury to the axon can silence the function of the neuron (Hao and Collins, 2017). In the 

PNS, when the axon suffers an injury, the neurons revert back to a regenerative state in 
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order to re-connect to their targets (Doron-Mandel et al., 2015).  In the case of the CNS this 

regenerative state is vastly reduced and the physical barrier of the glial scar prevents any 

attempts at regeneration from connecting to their original target (Sakamoto and 

Kadomatsu, 2017).  

 

1.2.7 Axonal Myelination 

 

Axons are formed from the neurite extensions sent out from the main neuron body. The 

myelin sheath is fundamental for axonal function. It surrounds axons in the nervous system 

and insulates the neuron cytoplasm from the extracellular fluid. This allows electrical 

currents to flow across the plasma membrane. By protecting and insulating the axons, 

electrical transmissions can be sent along the axons. This leads to motor function (Franssen 

et al., 2007, Levitan and Kaczmarek, 2015).  

 

In the PNS, Schwann cells form the myelin sheaths by tightly wrapping their membrane 

around the axon (Levitan and Kaczmarek, 2015). In the CNS, this role is carried out by 

oligodendrocytes (Figure 1.3).  It is postulated that Olfactory Ensheathing Cells (OECs) can 

carry out the same role in the CNS (Blumenthal et al., 2013, Li et al., 1997). This will be 

discussed in Section 1.3.  

 

 

Figure 1.3: Central and Peripheral nervous system neurons and myelination mechanism. Neurons from the 
central (a) and peripheral nervous system (b) have the same configuration in respect to axon elongation from 
the main body. The axon is myelinated by oligodendrocytes in the CNS and Schwann cells in the PNS. Figure 
credit: (Siddique and Thakor, 2014) 
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1.2.8 Current Treatment of Spinal Cord Injury 

 

There is currently no curative treatment for SCI. Patients who may have suffered a SCI are 

treated as if an SCI has occurred until proven otherwise. This ensures that patients do not 

suffer further damage to their spinal cord and some therefore only suffer short term 

symptoms that are abated after appropriate treatment such as physiotherapy and surgery 

(Ge et al., 2016, Watson et al., 2008). 

 

1.2.9 Previous Research of Cell Therapy Options 

 

Cell therapy treatments for SCI have been the focus of a lot of research and there have 

been many different cell types which have been investigated to try and determine an 

option that is able to traverse the glial scar and allow for function to be restored. Schwann 

cells have been investigated to determine if they could have a role in spinal cord 

regeneration cell therapy. On top of this, oligodendrocyte progenitors (OPs), human 

mesenchymal stem cells (hMSCs), neural stem cells (NSCs) and bone marrow stromal stem 

cells have been investigated in the past. This section will summarise previous findings and 

any shortcomings of these cells types to demonstrate why they have been found unsuitable 

so far.  

 

Schwann cells (a glial cell from the PNS) have been the major focus of a lot of investigation. 

Glial cells are non-neuronal cells that provide support and protection for neurons in the 

CNS and PNS (Garcia-Segura and Melcangi, 2006). The PNS, unlike the CNS, retains its 

capacity for spontaneous nerve regeneration throughout life. This is due to the presence of 

Schwann cells (Frostick et al., 1998). After a peripheral nerve injury, Schwann cells 

proliferate and undergo phenotypic changes. They migrate from the nerve stumps and 

form a tissue bridge over the gap. This bridge guides the axons back, and the Schwann cells 

ensheath the regenerating axons to maintain the electric current required for nerve 

impulses (Torigoe et al., 1996). Their natural role in aiding axon regeneration has made 

them a popular candidate for SCI cell therapy. Despite their ability to support axon 

regeneration in the PNS, they lack critical regeneration properties for the CNS as they do 

not permit axons to re-enter the spinal cord (Tetzlaff et al., 2011), do not interact with the 

astrocyte dense glial scar (Yang et al., 2014) or reconnect the CNS (Raisman, 2007). Despite 

this, there is ongoing research using SCs to heal SCI and a group in Miami are currently in 
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the first stage of clinical trials using autologous Schwann cell transplants (Anderson et al., 

2017).  

 

OPs have been transplanted into the CNS of mice and rats but did not survive (Faulkner and 

Keirstead, 2005). This failure to survive was attributed to a lack of necessary survival factors 

as factors for OP proliferation are tightly regulated by the body for the expected number of 

cells. Any significant increase in this number of cells would not be able to be supported by 

the body and they would not survive (O'Leary and Blakemore, 1997, Franklin, 2002). 

Human embryonic stem cell (hESC) derived OPs were transplanted into chronic SCI in rats 

and assessed using GFP tracing; they survived and were integrated into the host tissue. 

Despite their survival, they did not remyelinate any spared axons and therefore were not 

able to restore the CNS (Faulkner and Keirstead, 2005).  

 

Human mesenchymal stem cells (hMSCs) have also been considered as an alternative for 

cell therapy. hMSCs were seeded onto poly(D,L-lactide-co-glycolide acid) (PLGA) scaffolds 

and traced using the PKH67 Fluorescent Cell Linker Kit (Kang et al., 2012). The PLGA 

scaffold was implanted into a cavity at the T8-T9 vertebrae in rats. Rats that received the 

hMSC PLGA scaffold showed improvement in the eight weeks following surgery. This 

improvement was shown in a higher Basso Beattie Breshnahan (BBB) score (an assessment 

of locomotor behaviour) and an ability to regain hindlimb function (Kang et al., 2012). In 

addition to this, skin derived hMSCs were implanted into rat spinal injuries at T11 and, after 

60 days, animals that had received the transplant showed an improvement in BBB score 

(Melo et al., 2017). Several studies have been carried out using hMSCs (from the dermal 

skin layer and adipose tissue) that have shown an improvement in function in rats (Zhou et 

al., 2016, Kang et al., 2012, Melo et al., 2017, Menezes et al., 2014, Park et al., 2010). These 

results are promising, and work continues in this field as a viable option for cell therapy in 

SCI. In terms of progress, the main studies showing the benefit of using hMSCs have all 

been published in the last ten years, which indicates that this work is still in the early 

stages.  

 

Bone marrow stromal cells have also been researched alongside hMSCs. These cells are 

easy to obtain and are able to migrate to the injury site. It is thought that they aid recovery 

by providing neurotrophic factors, which assist the development of neurons and reduce the 

size of the glial scar (Namiki et al., 2000). Bone marrow cells have been genetically modified 
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to produce factors (NT-3, NGF and BDNF), which aid injury recovery. However, no 

functional recovery was observed in these studies (Yoshihara et al., 2006, Lu, 2005, Lu, 

2007). Despite this, the genetically modified stromal cells allowed axons to regenerate past 

the glial scar, which demonstrates that it can be penetrated (Lu, 2005, Lu, 2007), therefore 

showing that the effects of the glial scar can be reversed. Recently a study by Raynald et al. 

(2016) delivered human bone marrow stromal stem cells to the rat spinal cord using a 

hyaluronic acid scaffold. They showed that the cells survived 8 weeks post injury and 

resulted in an increase in BBB score for transplanted animals (Raynald et al., 2016). These 

cells have potential, but the early work conducted showing a lack of functional recovery 

may indicate that they require specific conditions in order to aid SCI.  

 

Finally, NSCs derived from rat tissue have been investigated as they convey the 

proliferative properties required for achieving desired cell numbers, yet are committed to a 

neural fate. This means that a more limited range of target cell products can be derived 

that are specific for neural regeneration, and they are therefore one step ahead of hMSCs 

(Willerth and Sakiyama-Elbert, 2008). In addition to this, they are capable of extensive, 

precise migration (Imitola et al., 2004). NSCs from adult rats have been modified to 

enhance derivation of neurons and oligodendrocytes; however, results have been variable 

with successful functional restoration and unsuccessful results (Lu et al., 2003, Ishii et al., 

2006, Setoguchi et al., 2004). Key challenges that need to be overcome include long term 

survival of NSCs after transplantation and the issue that the majority of transplanted NSCs 

differentiate into astrocytes not neurons (Setoguchi et al., 2004, Mothe and Tator, 2013, Li 

et al., 2016, Liu et al., 2015).  

 

1.3 Olfactory Ensheathing Cells 

 

1.3.1 Olfactory Ensheathing Cells 

 

Olfactory Ensheathing Cells (OECs) are specialised glial cells that are found in both the CNS 

and PNS. OECs form part of the primary olfactory system which belongs to the mammalian 

nervous system, able to regenerate neurons throughout life (Ramón-Cueto et al., 2000). 

The capacity of the olfactory system to regenerate throughout life is credited to the 

presence of the OECs (first identified by Golgi and Blanes in 1875) (Yang et al., 2014, 

Higginson and Barnett, 2011). They also can have a range of morphologies from bi-polar 
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spindly to flattened irregular, the significance of which is not fully understood yet (Ramón-

Cueto et al., 2000). 

 

OECs display a unique combination of phenotypic features of both Schwann cells and 

astrocytes (Doucette, 1990, Doucette and Devon, 1995, Oprych et al., 2016). This is 

significant because Schwann cells are responsible for nerve repair in the PNS. The weakness 

of Schwann cells as a spinal cord repair cell therapy is their inability to interact with 

astrocytes, which is the main cell type found in the glial scar. OECs on the other hand 

intermix with astrocytes in their role in the body and therefore have a significant advantage 

over Schwann cells (Franssen et al., 2007, Barnett and Riddell, 2004).  

 

Within the olfactory system, OECs are found in the olfactory bulb and the nasal olfactory 

mucosa. The location of OECs in the body is shown in Figure 1.4 (Thuret et al., 2006). The 

olfactory bulb is located in the brain and the mucosa is inside the lining of the nose. 

Ensheathing glia wrap the axons as they make their way into the bulb (CNS) through the 

cribriform plate (Thuret et al., 2006). This protects the axons from coming into contact with 

other cell types and it is thought that this provides the environment required for axon 

regeneration (Ramón-Cueto and Avila, 1998). The ability to form new neurons from a 

compartment of stem cells has been maintained in mammals because many mammalian 

species are dependent on the sensory perception of smell to survive (Franssen et al., 2007).  

 

 

Figure 1.4: Schematic of the olfactory nervous system and location in the human body. The olfactory nerves 
connect the bulb (CNS) and the mucosa (PNS). The ensheathing glia wrap the axons as they make their way 
from the PNS to the CNS. Image credit: (Thuret et al., 2006). 



28 
 

1.3.2 The Olfactory Mucosa and the Olfactory Bulb 

 

As reported in Section 1.3.1 and visualised in Figure 1.4, OECs are found in both the 

olfactory mucosa (OM) and the olfactory bulb (OB). It has been postulated that OECs from 

the OB and OM are separate sub-populations that carry out different functions. Any 

difference in the function between these two areas has not yet been identified (Chen et al., 

2014, Hayat et al., 2003); although it has been postulated by Guerout et al that co-

transplantation of OB-OECs and OM-OECs works better than either individually, as the two 

populations play different roles in nerve regeneration. Their research group transplanted 

OB-OECs, OM-OECs and various combinations of both into transected rat spinal cords. They 

found, using functional testing and electromyography of muscular activity, that a 

combination of OB-OECs and OM-OECs gave better functional recovery than pure 

populations  (Guerout et al., 2011). The location of the cells has immediate implications for 

isolation.  

 

Minimally invasive surgery is required to remove OECs from the nasal mucosa, which can 

be seen from Figure 1.4, as they can be accessed through the nose. This is important 

because the ability to remove the required cells with minimal risk allows them to be good 

candidates for cell therapy. The difficulty with this method is that the distribution of the 

OM is heterogeneous and therefore it cannot be distinguished from the respiratory mucosa 

(Ge et al., 2016, Chen et al., 2014). This increases the probability of contaminating cell 

types being present and more complicated purification methods are required. The OM is 

made up of three components: the epithelium, the basement membrane and the lamina 

propria. The basement membrane is found beneath the epithelium and the lamina propria 

is found on the other side of the membrane. Within these three areas, there are several 

key cell types that are found including OECs, olfactory receptor neurons (ORNs), 

sustentacular cells, Schwann cells, Bowman gland cells and basal cells which carry out a 

range of functions, for example ORNs are specialised for detecting odours (Chen et al., 

2014). These are all potentially impurities that can be present in OM culture.  

 

Removal of OECs from the olfactory bulb requires a craniotomy, which has serious risks and 

complications such as cerebrospinal fluid leakage, meningitis and loss of smell 

(Kachramanoglou et al., 2013, Wu et al., 2013b). These issues make the nasal mucosa a 

better option from a risk perspective. Cells from the OB have been shown to be more 

proliferative (Yui et al., 2011) which provides an argument for using a higher risk isolation 



29 
 

method. Most animal studies use OB cells for this reason and the fact that fewer 

contaminating cells are present in the OB (Blumenthal et al., 2013, Cao et al., 2004, Chuah 

and Au, 1993, Granger et al., 2014).  

 

1.3.3 Characterisation of Olfactory Ensheathing Cells 

 

1.3.3.1 Challenges 

 

A key challenge of previous research using OECs is the lack of a definitive marker (Chen et 

al., 2014). Literature generally uses p75NTR and GFAP, however, neither of these markers 

exclusively define OECs and can mark contaminating cell types such as fibroblasts, Schwann 

cells and astrocytes (Orbay et al., 2015, Tong et al., 2010, Niapour et al., 2010, Wen et al., 

2012, Mahapatra et al., 2009, Kawaja et al., 2009). In addition to this, S100β is often used 

as well. Traditionally Thy1.1 and Fibronectin (Fn) have been used as markers for 

contaminating fibroblasts. Fn is the main extracellular product from fibroblasts, however, 

like OECs, neither of these markers are exclusive to fibroblasts (Wu et al., 2013b, Ebel et al., 

2013). For example Thy1.1 is a recognised stem cell antigen (Hu et al., 2010, Eslaminejad et 

al., 2007, Wu et al., 2013a).  This further complicates the process of characterisation as the 

contaminants are not able to be fully characterised, together with the intrinsic difficulty 

characterising the desired population entails. S100β is a glial cell marker so although it can 

mark OECs due to the glial nature of the cells, it is also the marker used to identify Schwann 

cells, one of the contaminating cells present in the olfactory system (Chen et al., 2014). The 

markers and the cell types they are used for are summarised in Table 1-1. 

 

Table 1-1: Summary of commonly used OEC markers. 

 OECs Fibroblasts Schwann Cells 

p75NTR √ X √ 

S100β √ X √ 

Thy1 √ √ X 

Fn √ √ X 

 

A lack of specific marker would not be such an important issue if isolation of the cells was a 

straight forward process. Isolation from the rat mucosa comprises of fewer contaminating 

cell types compared with the bulb and other animal mucosae as the rat mucosa is yellow in 
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colour and can be easily excised from the nasal cavity (Bianco et al., 2004, Chen et al., 

2014). This being said, dissection is incapable of separating out peripheral nerves and 

Schwann cells, so there will always be a degree of contamination (Kawaja et al., 2009). The 

most common contaminating cells are fibroblasts and Schwann cells but there can also be 

cells such as astrocytes and other respiratory tissue cells present in this area (Bianco et al., 

2004, Kawaja et al., 2009). Although astrocytes have a distinct morphology, the 

morphology of OECs is plastic and this makes the isolation challenges more difficult to 

overcome (Chuah and Au, 1993, Barnett and Riddell, 2004).  

 

OECs are known to adopt two morphologies. One is spindle shaped, the other is a flattened 

morphology. These two morphologies are considered to have different antigenic 

characteristics, with the spindle shaped cells expressing p75NTR and flattened cells 

expressing GFAP (Sonigra et al., 1999, Barnett and Riddell, 2004, Ebel et al., 2013, Boyd et 

al., 2003, van den Pol and Santarelli, 2003). These cells are plastic and are capable of 

changing between the two morphologies in under an hour (van den Pol and Santarelli, 

2003, Vincent et al., 2005, Ebel et al., 2013). This means that the studies that have taken 

place using different methods of antibody purification may have been studying different 

parts of the OEC population as opposed to the whole population.  

 

1.3.3.2 p75NTR 

 

p75NTR is a neurotrophic receptor that can induce neurite outgrowth and cellular survival. 

It is also able to induce cell apoptosis through signal transduction pathways (Chen et al., 

2009). It binds to NGF and other members of the neurotrophin family such as brain derived 

neurotrophic factor (BDNF), neurotrophic factor 3 (NT-3) and neurotrophic factors 4/5 (NT-

4/5). The mechanism of p75NTR and how it relates to neurons and glia is still not fully 

understood (Chen et al., 2009, Ramer et al., 2005, Oprych et al., 2016). p75NTR is 

expressed in the rodent olfactory epithelium when neurogenesis is accelerated, and it is 

postulated that olfactory epithelium samples from adult humans are in a more active state 

of regeneration hence why p75NTR is expressed in humans through to adulthood (Hahn et 

al., 2005).  

 

A study conducted by Radtke et al (2010), found that primary OB-OECs reduced their 

expression of p75NTR during time in culture. After one week in culture, the population was 

strongly positive for p75NTR whereas after six weeks in vitro, immunocytochemistry (ICC) 
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and fluorescent activated cell sorting (FACs) analysis determined significantly reduced 

p75NTR expression (Radtke et al., 2010). These older cells also showed a lack of 

myelination ability that was present in the cells cultured for 1-2 week despite the fact these 

cells remained viable (Radtke et al., 2010). This raises the concern that assessing a healthy 

OEC culture needs more analysis than simply assessing morphology and viability. Other 

studies have determined that p75NTR expression is linked to cell cycle and an increase in 

cell density leads to a downregulation of p75NTR expression (Kendall et al., 2002, Erck et 

al., 1998). This time dependence could explain some of the variation in published studies, 

and questions whether at least part of the variability in improved functional observations 

could be due to the OECs losing some of their key traits before transplantation.  

 

p75NTR is the main marker used to identify positive populations of OECS (Franssen et al., 

2007, Barnett and Riddell, 2004, Boyd et al., 2003, Guerout et al., 2011, Pellitteri et al., 

2010, Sonigra et al., 1999). The issue is that the use of p75NTR does not eliminate the 

possibility of Schwann cell contamination. This can cause complications in interpreting 

results as the myelination of cells after implantation cannot be attributed to OECs over 

Schwann cells if this is the only marker used (Kawaja et al., 2009). The most common 

method of identifying Schwann cells is co-culturing populations with astrocytes. The OECs 

grow among the astrocytes whereas the Schwann cells have a distinct, separate population 

in culture (Barnett and Riddell, 2004).  

 

1.3.3.3 S100β 

 

S100β is a calcium binding protein that influences cellular responses along calcium related 

signal transduction pathways (Chong, 2016, Jin et al., 2014). Due to its relation to calcium 

signalling, it acts in a dose dependent manner (Sandrin and Cosset, 2006, Steiner et al., 

2007). It is mainly expressed in the cytoplasm of astrocytes in the CNS, but is also expressed 

in the nucleus, and its biological role has been closely associated with neuroprotection and 

neurotoxicity (Chong, 2016, Jin et al., 2014), as well as cell cycle and differentiation (Gilquin 

et al., 2010). S100β is expressed in OECS, oligodendrocytes, neural progenitor cells and 

Schwann cells (Chong, 2016). It is Schwann cells in particular that have the most relevance 

in this study as Schwann cells are one of the potential contaminating cell types present in 

the olfactory mucosa. As reported in Section 1.3.3.2, Schwann cells also express p75NTR 

and therefore differentiating between the two cells types that also share morphological 

similarities (Kawaja et al., 2009) adds a significant challenge.    
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1.3.3.4 Thy1 

 

Thy1 is a recognised stem cell antigen (Hu et al., 2010, Eslaminejad et al., 2007, Wu et al., 

2013a), and is commonly used to characterise fibroblast presence in OEC culture (Wu et al., 

2013b, Ebel et al., 2013). Thy1 is an extracellular receptor for the leukocyte integrin Mac-1 

and therefore serves an important role in the adhesion and transmigration of neurotrophils 

and monocytes to sites of inflammation (Saalbach et al., 2005, Kisselbach et al., 2009). It is 

characterised as an activation-associated cell adhesion molecule and is expressed by 

fibroblasts, neuronal cells, blood stem cells and other cell types in the human adult 

(Saalbach et al., 2005).  

 

The key problem with using Thy1 as a contamination marker is research groups have 

identified that OECs are also capable of expressing Thy1 and therefore there is no way to 

determine the cell type present if this is the only method applied (Sonigra et al., 1999, Nash 

et al., 2001, Nash et al., 2002, Hayat et al., 2003). This links to the issue of whether the 

studies previously carried out have actually studied the whole of the OEC population, or 

just a subset as the removal of populations with certain markers may actually be removing 

part of the OEC population.  

 

Thy1.1 and Thy1.2 are subtypes of Thy1 which are found in rodents (Hayat et al., 2003). For 

the rat cells used in this study, Thy1.1 was used to identify fibroblasts present in the culture 

which is consistent with what is used in literature (Kawaja et al., 2009).  

 

1.3.3.5 Fibronectin 

 

Fn is an extracellular matrix protein that is implicated in many biological processes 

including axon regeneration in mature white matter, neuron outgrowth, cell adhesion and 

maintenance of shape (Wang and Ni, 2016, Tom et al., 2004, Liu et al., 2010, Ramón-Cueto 

and Nieto-Sampedro, 1992). Fn is produced in monomeric form and polymerised at the cell 

boundary to create a fibril. This fibril form is found in the intracellular space but is most 

commonly used to mark fibroblasts, which has been its main role in OEC studies (Keyvan-

Fouladi et al., 2003, Li et al., 2003b, Krudewig et al., 2006). There is evidence, however, that 

it is also expressed by OECs (Ramon-Cueto et al., 1993, Kawaja et al., 2009). It is not 

unexpected that it is found in the olfactory system considering that it has been shown to 

have a role in wound healing, inflammation and the adhesion and migration of neurons 

(Zollinger and Smith, 2016, Liu et al., 2010, Gong and Shipley, 1996). 
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1.3.3.6 α-SMA 

 

α-smooth muscle actin (α-SMA) is a cytoskeletal actin binding protein (Jahed et al., 2007) 

that is localised to stem and precursor cells (Hosoya et al., 2006) and fibroblasts (Skalli et 

al., 1989). It has also been reported to have an important role in cell division (Rockey et al., 

2013). One group has reported that it is expressed in OECs but not in Schwann cells (Jahed 

et al., 2007). This would potentially allow for any Schwann cells present as impurities to be 

detected in OEC cultures, although olfactory fibroblasts in the culture would still react 

positively.  

 

1.3.3.7 βIII-tubulin 

 

As the name suggests, βIII-tubulin is a class three β-tubulin neuronal marker. It is a neuron 

specific isotype which is expressed during early neuronal development (Lee et al., 1990, 

Ambrogini et al., 2004). It is thought to have a role in neuronal differentiation and neurite 

outgrowth (Lee et al., 1990). βIII-tubulin was used as a neuronal marker during the 

functional studies (Section 5.0) to determine the presence of neurons and neurites.  

 

1.3.4 Application of Olfactory Ensheathing Cells to Spinal Cord Injury 

 

Schwann cells, another type of glial cell, have been researched extensively about their 

potential to help SCI. The main issue discovered was that Schwann cells do not associate 

with astrocytes, the main component of the glial scar. This is most likely due to them 

existing in strictly separate areas at the peripheral and central nervous system interface 

(Franssen et al., 2007, Barnett and Riddell, 2004). This means that Schwann cells have a 

significantly decreased ability to assist the nerves through the glial scar. OECs on the other 

hand, intermingle naturally with astrocytes at the border of the olfactory nerve layer in the 

OB and therefore have an advantage over Schwann cells (Ramer et al., 2004, Franssen et 

al., 2007). The full advantage of this has not been completely realised, as the mechanism by 

which OECs promote axon growth, is not fully understood (Ruitenberg et al., 2006, Keyvan-

Fouladi et al., 2002).   

 

What is known is that after damage to the olfactory nerves, OECs provide channels for the 

nerves to grow from the injury point back to the bulb. The channels formed by the OECs 
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protect the nerve fibres and allow them to grow (Raisman and Li, 2007). The concept is that 

after a SCI, OECs would be transplanted into the spinal cord and form similar channels to 

protect the nerve, so it can grow and reconnect with the severed end. 

 

Their natural role in the body, as well as their ability to interact with astrocytes, are not the 

only strengths that OECs possess as a potential cell therapy candidate. Their unique 

capacity to permit axonal growth across the PNS-CNS interface is also critical to the success 

of neuronal regeneration in the spinal cord (Ramer et al., 2005). Generally glia do not co-

exist in both the PNS and CNS, and therefore OECs have important characteristics that 

allow them to transverse this area (Mackay-Sim and Chuah, 2000).  

 

1.3.5 Successful Case Studies using Olfactory Ensheathing Cells 

 

1.3.5.1 Spinal cord repair in rats 

 

The potential of using OECs to treat SCI was first shown in rats. In 1994, OECs that 

expressed p75NTR and fibronectin were transplanted into rats. The corticospinal tract in 

the upper cervical was removed (Li and Raisman, 1994) and OECs were transplanted into 

the lesion space (Li et al., 1998). Axons were labelled with biotin dextran and were 

observed to enlarge in diameter upon contact with the OECs. From the biotin dextran 

anterograde labelling, axons were observed to regenerate, forming parallel bundles and 

passing through the injury site. Three weeks after transplantation, the axons were 

ensheathed with myelin. Functional testing established that forepaw reaching function was 

restored. The transplanted OECs were still expressing p75NTR three months after the 

transplantation occurred (Li et al., 1998). 

 

This research was followed up in 2000 by Imazumi et al. who investigated whether there 

was any difference in the number of regenerating axons when OECs were transplanted into 

the injury site. Rats had their spinal cord severed at T11. Neonatal OECs from rats were 

injected into the injury site. Control rats received DMEM and others received adult 

Schwann cells. Success was determined by electrophysiological analysis of axonal 

conduction, which was carried out 5-6 weeks after the cell transplantation. The conduction 

velocity of regenerated axons was higher when OECs were transplanted. This means that 

axons were regenerating and were myelinated. No electrical activity could be recorded in 

the control group. As with the study in 1998, biotin dextran was used to track axons; this 
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method showed a small number of labelled axons traversed and extended past the lesion 

when OECs were transplanted (Imaizumi et al., 1998).  

 

In the same year, Ramón-Cueto et al. looked at long term functional recovery when OECs 

are transplanted. The spinal cord of the rats was severed at T8/T9, which paralysed the 

hind limbs. After two months, three of the OEC transplanted rats (total n=9), showed 

extensive movement of the knee, ankle and hip joints determined by weekly climbing tests 

with four difficulty levels. The remainder showed slight improvements in these joint areas. 

Control rats which received no transplant did not experience this improvement. After seven 

months, transplanted animals all passed at least the easiest level of the climbing test and 

22% achieved the highest level. None of the non-transplanted animals achieved the easiest 

level. Histology carried out by tracking biotin dextran showed all transplanted animals 

exhibited some level of repair at the microscopic and macroscopic level (Ramón-Cueto et 

al., 2000).  

 

1.3.5.2 Spinal cord repair in larger mammals 

 

After the successes in rats, OEC studies were carried out in dogs to determine if canine 

OECs behaved in a similar manner. The canine spinal cord is of a similar length to the 

human spinal cord and therefore it has more relevance in terms of translation to the clinic 

(Roloff et al., 2013, Techangamsuwan et al., 2009, Ziege et al., 2013). There are concerns 

regarding the use of rats in previous studies because the rat system is very different from 

human clinically relevant cases, which questions whether the data collected from rat 

studies can be extrapolated to the human system. For example, a study conducted by 

Wewetzer et al. (2011) found that canine OECs differed from their rodent counterpart in 

aspects including in vitro growth, spontaneous immortalisation and morphology (Wewetzer 

et al., 2011). How these differences modify the ability of the OECs to remyelinate in 

different species is currently unknown.  

 

Canine OECs from the OB were initially transplanted into rats. Animals that received canine 

OEC transplantation showed widespread remyelination throughout the lesion, observed by 

ultrastructural analysis (Smith et al., 2002). In 2012, small dogs (< 20kg) who were in the 

chronic phase of a SCI were treated using OEC transplantation. Animals were only accepted 

if they had complete paralysis (quadriplegia) and at least three months had passed since 

the injury. Using animals in the chronic phase of their injury allowed any progression to be 
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reliably attributed to the treatment. Animals were assessed monthly (up to six months) on 

locomotor performance on a treadmill, somatosensory-evoked potential, transcranial 

magnetic motor-evoked potential recordings and urodynamic assessments. From this 

study, animals who had received OEC transplantation (mixed OEC/fibroblast population 

from the mucosa) experienced improved forelimb-hindlimb coordination (Granger et al., 

2012, Roloff et al., 2013). 

 

1.3.5.3 Spinal cord repair in humans and primates 

 

In a study that took place in 2004, transgenic porcine OB-OECs were transplanted into 

African green monkeys. The pigs had been transgenically modified to express human 

complement inhibitor CD59 (Radtke et al., 2004), which has been shown to support axonal 

regeneration and remyelination in rodent spinal cords (Imaizumi et al., 2000). 

Demyelinating lesions were made at T7 or T9, and porcine OB-OECs (98% pure using 

p75NTR, S100β and GFAP) were injected to the injury site and histologically assessed using 

p75NTR at four weeks. Remyelination occurred in 62.5% of lesions (Radtke et al., 2004). A 

positive result in primates is promising for human work.  

 

Trials began in humans in 2006 (Lima et al., 2006). In one of the first studies, autologous 

olfactory mucosal transplantation was carried out seven patients, six of whom experienced 

an increase in their motor and sensory function. Two regained bladder sensation and 

another patient regained voluntary anal sphincter control. This was carried out with 

minimal parallel physiotherapy treatments. All patients received physiotherapy following 

the surgery for an unspecified length of time (Lima et al., 2006). In 2013, research carried 

out in Wroclaw Medical University, Poland, successfully transplanted OECs and fibroblasts 

into a patient who suffered an 8 mm transection injury at T9 due to a knife crime. A co-

culture of autologous fibroblasts and OECs from the OB was transplanted into the injury 

site. The OECs were transplanted on either side of the spinal cord stumps. There was still a 

2 mm thick spur of tissue connecting the stumps. The patient regained feeling below the 

injury site five months after surgery (Tabakow et al., 2013) and is now able to walk with 

assistance (Tabakow et al., 2014).  

 

Alongside this patient, the same treatment was performed on two other patients (OECs 

from the OM) who had compression injuries from car accidents. All three patients were 

subjected to extensive pre and post-operative physiotherapy. This was carried out for three 
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control patients in parallel. Physiotherapy was carried out for 4-5 hours a day and 3-5 days 

per week. Neurological functional improvement was reported in all three patients with OEC 

transplantations. Their results showed an improvement in the spinal cord transmission and 

the activity of the lower extremity muscles compared to the control patients who only 

received physiotherapy. Only the patient with a transection injury and olfactory bulb OECs 

experienced functional recovery. No neurological deterioration, neuropathic pain, neuro-

infection or tumorigenesis occurred as a result of OEC transplantation (Tabakow et al., 

2013). 

 

1.3.6 Challenges associated with using OECs towards Spinal Cord Repair 

 

It is important that any treatment developed not only gives functional recovery, but is also 

financially viable and will reach as many patients as possible. The main challenge that has 

been identified so far in this Literature Review is the glial scar. This is because it is the 

physical barrier to axon regeneration. In order for axon regeneration to occur, the axons 

must be able to penetrate the scar so they can reach their original targets (Blesch and 

Tuszynski, 2003, Novikova et al., 2011).  

 

The proliferation of OECs at the transplant site comprises of a challenge on its own, and it is 

being targeted in this thesis. Previous research indicates that the survival rate of OECs is 

low after injected to the lesion site. This results in a significant loss in cell numbers 

(Blumenthal et al., 2013). In addition, biopsies from hOM have a low yield (one study found 

that 48% of human mucosa biopsies had a yield of less than 5%) (Kachramanoglou et al., 

2013). There are significant difficulties in obtaining enough OECs in biopsy material to 

culture and use as a consistent and reproducible autologous approach (Kachramanoglou et 

al., 2013). This leads to the prospect of creating an allogenic cell line. A 48% ‘failure’ rate is 

too high and it means that autologous treatment would not be wide reaching until the 

factors affecting failure could be mapped and addressed. These factors may never be fully 

understood and the technologies available should be utilised to help patients’ and their 

family’s suffering, even if that comes at the cost of lifetime immunosuppression.  

 

In terms of purification, a challenge that has been explained in this Literature Review, is the 

lack of a cell specific marker for both OECs and olfactory fibroblasts (OFs) (Ulrich et al., 

2014). In the lamina propria (part of the OM), there are contaminating cells such as 
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Schwann cells and endothelial cells (Chen et al., 2014). Not only can OECs and OFs not be 

reliably distinguished from each other, it is also difficult to differentiate OECs from cells 

such as Schwann cells as they share many immunological similarities (Babiarz et al., 2011). 

Additionally, in the human system, there is no clear delineation between the olfactory and 

respiratory regions in the nasal cavity and the mucosa is not identifiable at the macroscopic 

level, which increases the chance of contaminating cells being present (Morrison and 

Costanzo, 1992, Kachramanoglou et al., 2013).  

 

Cell proliferation and yield of OECs is highly variable. Wu et al. (2013) conducted research 

on human OECs derived from the olfactory mucosa. OECs were classified as any cell that 

was labelled positive for both p75NTR and GFAP antibodies. From seven patients, the OEC 

yield ranged from 9.2%-73.2% (Wu et al., 2013b). This high variability indicates that 

allogenic treatment may be more appropriate. Autologous treatment would not be an 

appropriate line to follow if the yield of cells able to be obtained is so low and variable.  

 

In another study, biopsies taken from 43 human mucosal biopsies confirmed that the 

critical parameters for ensuring a high yield and quality of OECs remain unknown. The 

factors explored include age, sex, past medical and surgical history, presenting complaint, 

drug history, allergies and smoking status. It was thought that key factors included age, 

smoking and the presence of any mucosal disease; however, the results obtained were not 

definitive (Kachramanoglou et al., 2013). 

 

A successful cell therapy for SCI using OECs will not be a viable option until these challenges 

are addressed and overcome. This thesis aims to examine some of the challenges identified 

and provide further understanding of OECs and their neuro-regenerative effects.    

 

1.3.7 Aims of Study and Thesis Outline 

 

After reviewing the current literature on the use of OECs for spinal cord repair, it is evident 

that there is a need to fully characterise the OEC population and identify optimum 

conditions for the expression of protein marker p75NTR.  

 

One of the initial objectives for this PhD was to investigate the use of a fibroblastic feeder 

layer to support OEC proliferation and encourage p75NTR expression. To achieve this 

objective, primary rat OECs were isolated and cultured with human and mouse fibroblasts. 
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Further to this, a human OEC cell line was developed in the laboratory and cultured in the 

conditions used for rat OECs. The results of this analysis are presented in Chapter Three.  

 

Another objective of this thesis was to further understand the protein expression patterns 

of OECs in culture. p75NTR is normally used as a putative marker for OECs , although its 

expression does not confirm OEC identity (Franssen et al., 2007, Barnett and Riddell, 2004, 

Boyd et al., 2003, Guerout et al., 2011, Pellitteri et al., 2010, Sonigra et al., 1999). The 

objective was to determine the stability of p75NTR expression in culture and to determine 

whether immune-depletion of contaminating marker Thy1 could enrich p75NTR cells. The 

results of this analysis are presented in Chapter Four.  

 

Finally this thesis aimed to identify whether a positively correlated relationship existed 

between cells with high p75NTR expression and neurite extension. OECs with a variety of 

p75NTR and Thy1 expression were co-cultured with neurons and the behaviour of the 

neurons and their neurites was examined after five days of co-culture. The results of this 

analysis are presented in Chapter Five.  

 

Hopefully the information provided in this thesis will increase the knowledge of OECs, their 

markers, and their neural regenerative properties. This will help future research into the 

development of cell based therapies and ultimately a clinical cure for spinal cord injury.    
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2.0   Materials and Methods 

 

2.1  Cell culture 

 

2.1.1  Isolation of OECs from Rat 

 

Mucosae were dissected from three adult female Sprague-Dawley 200-250g rats, which 

were euthanized by carbon dioxide asphyxiation (Schedule 1 method (Great Britain and 

Office, 2000)) according to the UK Animals (Scientific Procedures) Act 1986. Each rat 

provided two mucosae. Each mucosa was placed in DMEM/F12 media to be transported to 

the laboratory. The mucosae were placed in Hanks Balanced Salt Solution (HBSS, Gibco Life 

Technologies) with 1% P/S (10,000 units penicillin, 10mg streptomycin/ml) in a petri dish 

and washed by gently wiping each mucosa across a spatula. After washing, the mucosae 

were placed on a petri dish and cut up into small pieces and then placed in 5ml dispase II 

(2.4units/ml, Sigma-Aldrich, UK) solution for 45 minutes at 37°C in order to enzymatically 

digest the tissue.  

 

The mucosa and dispase solution were placed in the centrifuge which was run for 5 

minutes at 400g. The supernatant was discarded and the cells and tissue were re-

suspended in 5 ml collagenase (Type I solution, 0.05%, Sigma-Aldrich) for 15 minutes at 

37°C. Every 5 minutes the collagenase was taken out of the incubator and mechanically 

triturated briefly before being placed back in the incubator. At the 15 minute point the 

collagenase suspension was placed in the centrifuge for 5 minutes at 400g. The cells were 

re-suspended in 7ml DMEM/F12 media (2%FBS, 1% P/S) in a T25 flask at 37°C in 5% CO2 for 

24 hours. All cell culture, unless stated otherwise, was carried out at 37°C and 5% CO2.  

 

The cells were placed in a tissue culture flask for 24 hours as a differential adhesion step. 

The purpose of this step was to decrease the amount of contaminating fibroblasts in the 

culture. Fibroblasts have a faster adhesion time than OECs. After 24 hours most fibroblasts 

will adhere to the tissue culture plastic whereas OECs will still be in suspension (Georgiou 

et al., 2017). After 24 hours, the suspension was replated onto laminin (20 μg/ml, Sigma-

Aldrich, UK) coated wells. The wells were coated for four hours at 37°C, the laminin was 

then removed and the cells were plated while the matrix was still wet. The isolation 

process is shown in Figure 2.1. 
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Figure 2.1: Rat mucosa dissection and treatment. This figure depicts the protocol from the dissection of the 
mucosa to re-plating after the differential adhesion step to final culture time. Figure credit: Gerardo Santiago 
Toledo, UCL. 

 

2.1.2  Culture of HuG418 

 

HuG418 was the name of the human mucosal fibroblast line that was used a feeder layer to 

support OEC proliferation and protein expression.  

 

2.1.2.1 Creation and Immortalisation of HuG418 

 

The feeder layer was prepared from cells isolated from the human olfactory mucosa. The 

cells used were thawed from a pre-existing cell line prepared by Dr Melanie Georgiou 

(UCL). The protocol followed by Dr Melanie Georgiou is summarised in the paper by 

(Pollock et al., 2006). The cells were immortalised using a retrovirus that contains the c-

MycER fusion protein. This fusion protein has a modified oestrogen receptor. The synthetic 

drug 4-hydroxy-tamoxifen (4OHT) binds to the modified receptor which promotes cell 

proliferation, as shown in Figure 2.2. Immortalisation is halted when the cells are cultured 

without 4OHT. This allows the cells to be rapidly expanded in vitro but safely implanted in 

vivo (Pollock et al., 2006). This is a mixed population of cells due to the variety of cells 

present in the mucosa, however, due to the high proliferation of fibroblasts it is assumed 

that the majority of them are fibroblasts. For the remainder of this report, this cell 

population will be referred to as HuG418. 
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Figure 2.2: Overview of c-MycER
TAM

 technology. In the presence of 4-OHT, the genetically modified cells 
proliferate. Without 4-OHT, the cells revert to their normal phenotype and can be safely implanted into 
patients. Figure credit: (Wall et al., 2016).  

 

2.1.2.2 Expansion of HuG418 

 

HuG418 were cultured in DMEM/F12 media (GlutaMAXTM-I, 2% FBS v/v, 1% P/S v/v, from 

now on referred to as DMEM/F12 media) in poly-l-lysine (PLL, 0.1 mg/ml, Sigma-Aldrich, 

UK) coated T75 flasks at 37°C and 5% CO2. 3 ml of PLL was added to the T75 flask and 

allowed to coat for 30 minutes at room temperature (RT). PLL was removed and flasks were 

allowed to dry for at least 30 minutes at RT before cells were added. Media was changed 

every 2-3 days with 1 μL 4-hydroxy-tamoxifen (4-OHT) added per 10ml media.  

 

Cells were passaged when they reached 70-80% confluency. All the media was removed 

from the flask and 5 ml of trypsin/EDTA (0.25% TE) was added to the flask and incubated 

for 5 minutes at 37°C. Detachment of cells was confirmed by microscope observation. If the 

cells did not appear to have detached, TE was left on for a maximum of seven minutes and 

the flask was hit once to encourage the cells to detach. TE was deactivated by adding 10ml 

of DMEM/F12 media and washing thoroughly over the surface. The solution was added to a 

centrifuge tube and spun at 400g for 5 minutes at 21°C. The supernatant was removed and 

cells were re-suspended in up to 4ml media. An 8 μL sample was taken and a cell count was 

carried out using a haemocytometer. Cells were seeded at a density of 5000 cells/cm2.  

 

2.1.2.3 Thawing of HuG418 

 

Original vials of HuG418 were supplied by Dr Melanie Georgiou. These were stored at -

196°C in liquid nitrogen with 0.5million cells/ml. Cells were transported from liquid 

nitrogen storage to the lab in dry ice. Vials were thawed rapidly in the water bath (37°C). 

Once the cell suspension was completely thawed, it was added dropwise to DMEM/F12 

media and centrifuged at 400g for 5 minutes. This was done in order to remove the DMSO 
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from the cell solution. The supernatant was discarded and the cells resuspended in 10 ml 

DMEM/F12 media, plated in a PLL coated T75 flask (as explained in Section 2.1.2.2) and 

placed in the incubator.  

 

2.1.2.4 Cryopreservation of HuG418 

 

A bank of HuG418 cells was created from the original vials supplied by Dr Melanie 

Georgiou. Cells were treated with TE to detach them from the flask and spun down as in 

passaging (see Section 2.1.2.2). Cells were counted via haemocytometry and re-suspended 

in 90% FBS v/v, 10% DMSO v/v with 0.5 million cells added per ml. Vials were placed in a 

Mr. Frosty container at -80°C, which allowed for the controlled cooling of the cells at 

approximate rate of -1°C/min. After 24 hours the vials were transferred to the liquid 

nitrogen at -196°C for long term storage.  

 

2.1.2.5 Preparation of HuG418 feeder layer 

 

Feeder layers were prepared by removing the media from the T75 flask and replacing with 

4ml of mitomycin C (MMC) (Sigma-Aldrich, UK) for 2 hours at 37°C to inactivate the cells. 

MMC acts by covalently crosslinking DNA which inhibits DNA synthesis and cell 

proliferation (Sigma-Aldrich, UK). After 2 hours the MMC was removed from the cells and 

the cells were washed with PBS (Lonza). The cells were removed from the flask following 

the same protocol as passaging (see Section 2.1.2.2) and placed in the centrifuge for 5 

minutes at 400g. After discarding the supernatant, cells were re-suspended in DMEM/F12 

and plated up at 12x103 cells/cm2. This density was used as it gave a good coverage of the 

well whilst allowing space for the OECs on the well surface. Feeders remained in the 

incubator for two days before any cells were plated on them.  

 

2.1.2.6 Preparation of HuG418 Conditioned Media 

 

Conditioned media from HuG418 was used in some experimental work (Section 3.3.2, 

3.3.4-3.3.5 and 5.3.1). Media was collected from HuG418 culture after two days of 

conditioning. The media was spun at 400g for 5 minutes to remove any cell debris in the 

media. The supernatant was collected and added to fresh media at a 1:1 ratio. Fresh media 

was added to ensure that there were plenty of nutrients available for the cells to grow.  
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2.1.3 Culture of Ms3T3 

 

A T25 flask of Ms3T3 fibroblasts was kindly gifted by Dr Victoria Tovell from the UCL 

Institute of Ophthalmology. The Ms3T3 cell line was developed in 1962 from mouse 

embryonic tissue. The cells were grown following a 3T3 culturing process, which means 

cells were transferred (passaged) every three days and plated at a density of 3x105 

cells/T25 flask. The Ms3T3-L1 clone was carried through for further testing and the cells 

obtained from the UCL Institute of Ophthalmology descended from this clone (Todaro and 

Green, 1963). 

 

Ms3T3 cells were cultured with DMEM/F12 media (GlutaMAXTM-I, 10% FBS v/v, 1% P/S) on 

tissue culture plastic. Media was changed every 2-3 days and cells were passaged at 70-

80% confluency. Ms3T3 were seeded at 5000 cells/cm2 and passaged, thawed and 

cryopreserved following the same protocol as HuG418 cells (see Section 2.1.2). Feeder 

layers made with Ms3T3 were prepared in the same way as HuG418 as explained in Section 

2.1.2.5. 

 

2.1.4 Culture of PA5 and PA7 

 

2.1.4.1 Isolation and immortalisation of PA5 and PA7 

 

The PA5 and PA7 cell lines were isolated by Dr David Choi from the human olfactory 

mucosa. They were conditionally immortalised by Dr Melanie Georgiou following a similar 

method as used for HuG418 (Section 2.1.2.1). In order to isolate the OECs as opposed to 

the fibroblasts, the cells were immortalised at day 6. This was done after the initial 24 hour 

differential adhesion step (as explained in Section 2.1.1) to ensure that fibroblasts were not 

contaminating the culture, and a further 5 days to allow the cells to attach.  

 

In certain experiments, NT-3 (Sigma-Aldrich, UK) was added at a concentration of 50 ng/ml. 

NT-3 was added from the beginning of the experiment and replaced with every media 

change.  
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2.1.4.2 Expansion of PA5 and PA7 

 

PA5 and PA7 cells were cultured with DMEM/F12 (GlutaMAXTM-I, 2% FBS v/v) media on PLL 

coated flasks. PLL coating was carried as with culture for HuG418. The seeding density, 

passaging, thawing and cryopreservation were the same as for HuG418 (see Section 2.1.2).  

 

2.1.5 Culture of NG108-15 

 

The NG108-15 neuronal cell line was purchased from Sigma-Aldrich, UK. It is a hybrid cell 

line created by the fusion of mouse neuroblastoma and rat glioma (Klee and Nirenberg, 

1974). NG108-15 cells were cultured with DMEM/F12 media on PLL coated flasks as 

instructed by the supplier (Sigma-Aldrich, UK). Media changes were carried out daily and 

the seeding density used for passaging was 5000 cells/cm2. Contrary to the other cell lines 

used, trypsin was not used for passaging. As the cells only lightly attach to the culture 

surface, passaging was carried out by gently knocking the flask until the cells had detached. 

The supernatant was then centrifuged as normal, re-suspended and plated onto PLL coated 

flasks.  

 

2.2 MACS Purification 

 

Cells were purified using MACS Miltenyi Biotec microbead technology. Thy1.1 microbeads 

and LS columns were used for the purification. The buffer solution was made up of PBS 

with 0.5% v/v FBS and 2mM EDTA.  

 

Cells were removed from the flask using the same protocol as passaging (see Section 

2.1.2.2). An 8 μL sample was taken to determine the cell number. If a pre-purification 

sample was needed, this was taken at this point. Cells were then centrifuged at 300g for 10 

minutes. The supernatant was discarded and cells were re-suspended in 60 μL of buffer and 

40 μL of microbeads (per 107 total cells) to label Thy1.1 positive cells. This cell suspension 

was well mixed and incubated at 4°C for 15 minutes in the dark. When a fluorescent 

antibody was added for flow cytometry, it was added at this point. 10 μL of anti-mouse 

(Vector DyLight IgG 488, green) was added to the cell suspension and incubated for 5 

minutes at 4°C. Cells were washed with 3 ml buffer per 107 cells and centrifuged at 300g for 

10 minutes.  
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The supernatant was discarded and cells were re-suspended in 1ml buffer. The LS column 

was placed in the MidiMACSTM separator and rinsed with 3ml buffer. A collection container 

was placed below the column and the cell suspension was applied to the column. Four 

washes (3 ml each) were applied to the column to allow unlabelled cells to wash through.  

 

A new container was placed below the column and the column was removed from the 

MACS separator. 5ml of buffer was flushed through the column with the aid of the plunger. 

The two fractions were labelled as appropriate, spun at 400g for 5 minutes and used for 

experiments.  

 

2.3  Cell Characterisation Techniques 

 

2.3.1 Immunocytochemistry 

 

Cells were fixed with 4% paraformaldehyde w/v (PFA, Sigma-Aldrich, UK) for 20 minutes at 

RT. The amount of PFA added depended on the well size. The volumes of solutions for 

immunocytochemistry (ICC) used were the volumes required to cover the surface of the 

well (100 μL in a 48 well plate, for example). PFA was removed and the cells washed three 

times with PBS. Three washes with PBS were carried out in between every step of the 

immuno-staining in order to remove and dilute any traces of the previous chemical. One 

wash was defined as filling the well with PBS and leaving for 5 minutes. 0.25% v/v Triton X 

(Sigma-Aldrich, UK) was added to each well and left for 30 minutes at RT. All solutions were 

made up in PBS.  

 

5% v/v goat serum solution (Dako) was used as the blocking solution for 30 minutes at RT. The primary and 

The primary and secondary antibodies used depended on the experiment. Primary antibodies were prepared 

antibodies were prepared at a dilution of 1:200 and added for 90 minutes at RT. The primary antibodies, their 

primary antibodies, their specificity and the company they were purchased from are shown in  

in  

Table 2-1. Negative controls were used for these experiments. The negative control was 

subject to the same treatment as other wells, the exception being the exclusion of the 

primary antibody. This ensured that there was no interaction between the secondary 

antibodies and any reactive sites on the cell surface. The secondary antibodies were 

prepared at 1:200 and Hoechst (Sigma-Aldrich, UK) was used to stain the nucleus of the 

cells and used at 1:1000. This solution was added for 45 minutes at RT. Plates were 
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wrapped in foil during this step as the secondary antibodies are light sensitive. After the 

PBS wash, the cells were sealed with parafilm and left overnight at 4°C in PBS. Fluorescent 

imaging was carried out in the following days on an EVOS FL microscope (Life 

Technologies).  

 

5 images were taken per well and were taken in a cross formation around the centre of the 

well. 2-3 wells were stained per condition. After imaging, each channel was examined to 

assess whether the images taken were representative of the well. Brightness and shutter 

speed were set by identifying a cell that was determined to be positive and ensuring the 

background was dark to prevent overexposure of the cells. These settings were held 

constant between images for an experiment to ensure the images could be directly 

compared.  

 

Images were analysed using ImageJ. A colour threshold was set to identify a positive cell 

and only cells that were identified to be above this threshold were counted as positive. This 

prevented bias from entering the interpretation of results. Positive cells were counted and 

results were calculated as a proportion of cells positive for the marker and the yield of 

positive cells over the imaged area.  

 

Table 2-1: Specificity of primary antibodies 

Specificity Species Target Dilution Company 

p75NTR Rabbit Rat, Human 1:200 Millipore 

Thy1.1 Mouse Human 1:200 Sigma-Aldrich 

Thy1.1 Mouse Rat 1:200 Millipore 

S100β Rabbit Rat, Human, 

Mouse 

1:200 Dako 

S100β Mouse Rat, Human, 

Mouse 

1:200 BD Transduction 

Laboratories 

Fn Mouse Human, Mouse 1:200 Sigma-Aldrich 

GFAP Rabbit Rat, Human, 

Mouse 

1:200 Dako 

βIII tubulin Mouse Rat, Human 1:200 Sigma-Aldrich 

α-SMA Rabbit Rat, Human, 

Mouse 

1:200 Abcam 
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2.3.2 Circularity Analysis 

 

A macro was written in ImageJ in order to analyse the morphology of the cells. Circularity 

was used as the defining value. The macro was written in JavaScript to automate a 

calculation method that already exists in ImageJ. The “adjust threshold” window opens 

automatically when the macro is run and can be adjusted to select the area of interest. Any 

cell that was larger than a set threshold (this value can be adjusted depending on whether 

the nucleus or the whole cell is being analysed) was discarded to prevent cell clusters being 

included in the calculation. In addition to this, any cells on the boundary of the image were 

discarded so they did not contribute to false readings. The circularity was calculated as in 

Equation 1 where A is the area (pixels2) and P is the perimeter (pixels).  

 

𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑟𝑖𝑡𝑦 =  
4𝐴𝜋

𝑃2   (1) 

 

A circularity of 1 indicates a perfect circle and a circularity of 0 indicates a straight line. 

When the macro was run, a print out of the desired property (such as circularity or area) 

was displayed along with counts, mean and standard deviation. This data was exported to 

Excel and plotted as a histogram. 

 

2.3.3 Flow Cytometry 

 

2.3.3.1 Live Staining 

 

Live staining of cells for flow cytometry was carried out on ice. 5% v/v goat serum solution 

(Dako) was used as the blocking solution for 15 minutes. In between each step, the cells 

were spun at 400g for 5 minutes. The primary antibody (mouse anti-Thy1.1, Thermo 

Scientific) was prepared at 1:200 and added for 30 minutes. A negative control was made 

up by excluding the primary antibody. The secondary antibody (Vector DyLight IgG 488, 

green) was prepared at 1:200 and added for 20 minutes. After the last spin, the cells were 

run immediately through the flow cytometer.  
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2.3.3.2 Flow cytometry  

 

Flow Cytometry was carried out using the BD AccuriTM C6 flow cytometer from BD 

Biosciences. The cytometer was turned on and a backflush was run to remove any fluid 

from the system. The wash solution was run for 20 minutes with fast fluidics to remove any 

contaminants. 6 bead and 8 bead solutions were then run through the system according to 

the BD AccuriTM C6 manual in order to calibrate the machine.  

 

Samples were run for 10,000 events with fast fluidics. Each sample was run twice. The 

secondary antibody used was anti-mouse (Vector DyLight IgG 488, green). Samples were 

gated according to the isotype and negative control, and analysed using the FL-1 channel.  

 

2.4 Statistical Analysis 

 

Data are presented as mean ± standard error of the mean (SEM). The SEM was used as the 

number of experimental repeats (n) was always 3 or more, and SEM is more appropriate 

for biological studies due to the inferential nature compared with standard deviation 

(Cumming et al., 2007). For the majority of the data one way ANOVA was used to 

determine statistically significant differences, and the Bonferroni correction was carried 

out using Origin software to calculate p-values. The Bonferroni correction was used as it is a 

conservative test, which reduces the chance of obtaining a false positive response (Shaffer, 

1995). When there were only two sets of data to compare, the Shapiro-Wilk test was used 

to test for normality. When data was normally distributed when comparing two sets of 

data (as determined by the Shapiro-Wilk test), the Tukey test was used to test for 

significance. When data was not normally distributed, the Kruskal-Wallis test was used. The 

Bonferroni correction was not used for sets of data that only compares two conditions as 

there was no need to correct for multiple comparisons. For the comparison of histograms, 

the Kolmogorov-Smirnov test was carried out.  

 

In this work, one experimental repeat (n) was defined as cells taken from different 

flasks/groups of animals. As only one source was available per cell line, these can never be 

true biological repeats. Care was taken to ensure that the flasks used had been cultured for 

at least two passages apart from cells in other repeats.  
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All tests were carried out with a confidence level of 95% (α=0.05) on raw data only. The α 

level is the probability of rejecting the null hypothesis when the null hypothesis is true. 

Unless stated otherwise, the null hypothesis was the means of all levels are equal. If the 

null hypothesis is rejected, it indicates that the population means are significantly different.  

 

Statistics are only reported in the text when there are significant differences at the α=0.05 

level. In all figures, a single asterisk (*) indicates p<0.05, two asterisks (**) indicate p<0.01, 

and three asterisks (***) indicate p<0.001.   
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3.0   Co-culture of Olfactory Ensheathing Cells 

 

In this chapter, the behaviour of OECs in response to different types of feeders and 

conditioned media was examined. The goal was to determine whether OECs require 

physical or paracrine signals from fibroblasts to support their persistence in culture. 

Experiments were performed using OECs from rat and human. Initially cells derived from 

the rat mucosa were cultured on laminin versus human feeders obtained from the 

olfactory system (Section 3.3.1). Cell markers in OECs were examined in response to 

fibroblast-conditioned media in the presence and absence of feeders to determine the 

influence of paracrine signals (Section 3.3.2). This led on to studies comparing human 

feeders to commercial mouse embryonic 3T3 feeders, as the latter are available at GMP 

grade (Section 3.3.3). Finally experiments using a matrix of feeder and conditioned media 

parameters were performed using a conditionally immortalised human OEC line to assess 

the translatability of results obtained in rat to the human system (Section 3.3.4-5). 

 

3.1 Introduction 

 

OECs are notoriously difficult to grow (Barnett and Chang, 2004, Boyd et al., 2003, Lima et 

al., 2006, Gudino-Cabrera and Nieto-Sampedro, 1996) and one key question raised is 

whether OECs would better survive, grow and function if cultured with an underlying 

feeder layer. This is a common technique used for the culture of stem cells to either 

support the prolonged undifferentiated state or to encourage differentiation to a desired 

lineage (Richards et al., 2002, Simon et al., 2005, Fong and Bongso, 2006). Co-culture is 

used as a technique where cells are dependent on, or have enhanced function in the 

presence of other cells. Two or more cell types are grown together so the products of one 

cell type can be used to help the other, or have mutual benefits. This mirrors physiologic 

tissue where cells interact with each other and invoke dynamic signalling pathways (Bisson 

et al., 2015).  

 

Fibroblasts support a range of tissues throughout the body, normally connective tissue 

(Petersen et al., 1995), and in the olfactory apparatus they form close interactions with 

OECs (García-Escudero et al., 2012). Pre-clinical transplant models have reported that the 

OEC function in SCI is dependent on the interaction between OECs and olfactory fibroblasts 

(OFs) (Keyvan-Fouladi et al., 2003, Ramón-Cueto et al., 2000, Raisman and Li, 2007, Teng et 
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al., 2008). Unlike OECs, there is no reported difference between fibroblasts obtained from 

the olfactory bulb as opposed to the olfactory mucosa (Yui et al., 2011). OFs are also 

thought to express NT-3 which enhances OEC growth (Ishihara et al., 2014).  

 

In the olfactory system, it is thought that OECs and fibroblasts interact to help long distance 

axon regeneration (Li et al., 2005, Yui et al., 2011). It has been postulated previously by Jani 

and Raisman (2004), that olfactory fibroblasts are an essential support cell that enhances 

OEC function (Jani and Raisman, 2004). Whether this interaction is chemically (fibroblasts 

secreting growth factors) or physically (fibroblasts creating a biological scaffold for OECs) 

based, remains a point of argument (Yui et al., 2011). In addition to this, when OECs are 

completely purified, their ability to remyelinate axons is decreased (Blumenthal et al., 

2013, Lakatos et al., 2003, Tabakow et al., 2014), indicating that another cell type is 

required which assists the OECs (Blumenthal et al., 2013). Fibroblasts are postulated to be 

this essential component which is required to promote axon regeneration in the spinal cord 

(Tabakow et al., 2014). 

 

Fibroblasts are typically characterised using fibronectin, which is the major extracellular 

product from fibroblasts (McTigue et al., 1998). The cell surface antigen Thymocyte antigen 

1 (Thy1.1) and Fibroblast Growth Factor (FGF2) (Wu et al., 2013b, Ebel et al., 2013) are also 

used to characterise fibroblast populations. However none of these markers are exclusive 

to fibroblasts and Thy1.1 is a recognised stem cell antigen (Hu et al., 2010, Eslaminejad et 

al., 2007, Wu et al., 2013a). Similar to OECs, this makes characterisation of a singular 

fibroblast population challenging.  

 

Fibroblasts have been used extensively as feeders for epithelial cells (Kim et al., 2004, Lu et 

al., 2012). This layer is produced by inactivating the fibroblast monolayer with mitomycin c 

(MMC) for two hours at 37.5°C (Kim et al., 2004). This allows cell viability to be conserved 

but prevents proliferation. After this step, trypsin is used to remove the cells from the flask 

and the fibroblasts are plated at the desired cell density (Kim et al., 2004, Lu et al., 2012).   

 

 

The first use of conditioned media to enhance the proliferation of cells was in 1966 where 

conditioned media from large populations of chick embryos was added to enhance the 

survival and proliferation of small populations of chick embryo cells (Rubin, 1966). As 
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reported in the previous section, fibroblasts have been used extensively as feeders to 

enhance the establishment of epithelial cells in culture (Yu et al., 2014). Studies have 

shown that the presence of feeders or conditioned media is enough to lend the necessary 

support to hES and mES to prevent differentiation. This indicates that fibroblasts secrete 

trophic factors that can have benefits such as long term proliferation and maintenance of 

pluripotency (Prowse et al., 2007).  

 

3.2 Aim and Hypothesis 

 

Previous research has shown that OEC survival and proliferation is diminished when OECs 

are grown at 100% purity (as defined by p75NTR staining), compared to when they are 

cultured as a mixed population (Blumenthal et al., 2013, Lakatos et al., 2003, Tabakow et 

al., 2014, Kachramanoglou et al., 2013, Li et al., 2003a). Therefore the initial aim of this 

chapter was to determine whether co-culture of OECs with fibroblast feeders enhances 

their activity. We hypothesised that olfactory fibroblasts would enhance the proliferation 

and survival of OECs.  

 

Building on this initial aim, we wanted to determine whether conditioned media alone is 

sufficient to enhance OEC activity and if this occurs via paracrine signalling. We also wanted 

to determine if physical interaction between the two cell types is necessary which was 

carried out by using a commercial cell line, Ms3T3 cells as a substitute for human olfactory 

fibroblasts as a feeder. We hypothesised that olfactory fibroblasts would provide better 

support to the OECs due to its relevant anatomical origin.   

 

In order to determine if these secreted factors are the reason that feeders have a positive 

influence of p75NTR expression and cell morphology, conditioned media was collected 

from the feeders and given to the OECs. If the trophic factors were responsible, it is 

expected that cells exposed to conditioned media would behave similar to those with 

feeders.  
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3.3 Results 

 

3.3.1 Rat OECs co-cultured with HuG418 OFs 

 

Primary rat OECs were co-cultured with immobilised HuG418 fibroblasts isolated from the 

human mucosa or cultured on laminin coated wells. The aim of this experiment was to 

determine if fibroblast feeders were required for rat OEC function.  

 

3.3.1.1 Experimental Overview 

 

In the first co-culture experiment rat OECs (OECRs) were cultured on growth-inactivated 

HuG418 cells or laminin. This initial experiment was to determine whether feeders derived 

from the same anatomical location could positively impact OECRs proliferation and survival. 

HuG418 feeders were immobilised using MMC for 2 hours at 37°C on day 0. Olfactory 

mucosa tissue from female Sprague-Dawley rats was isolated as described in Section 2.2.1 

on day 1. Mucosal tissue from three rats was isolated per experimental repeat and four 

experimental repeats (n=4) were carried out.  

 

After tissue digestion, dissociated mucosal cells were plated overnight to remove fast 

adhering fibroblasts from the culture through means of differential adhesion. On day 3, the 

supernatant containing non-adhered cells was plated evenly between the feeders and the 

feeder free condition in a total of 24 wells in two 24 well plates (3 wells per condition). 

Media changes were performed on days 7, 10 and 13. Cells were fixed on day 15 and 

stained using ICC techniques. Cells were stained for a panel of rat OMC markers; mouse 

and rabbit anti-S100β (BD Transduction Laboratories and Dako respectively), mouse and 

rabbit anti-p75NTR (Abcam and Millipore respectively), mouse anti-Thy1.1 (Millipore) and 

rabbit anti-α-SMA (Abcam). The secondary antibodies used were anti-mouse (Vector 

DyLight IgG 594, red) and anti-rabbit (Vector DyLight IgG 488, green) and the Hoechst used 

was from Sigma-Aldrich, UK. 

 

 3.3.1.2    Results and Discussion  

 

First the feeder layer was characterised using antibodies against p75NTR, S100β, Fn, Thy1.1 and α-SMA. If 

and α-SMA. If OEC
R
 markers were positive in the absence of OEC

R
s, positive staining obtained in experiments 

obtained in experiments would not be able to be attributed to the OEC
R
s. The ICC shows that Fn was the only 
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that Fn was the only antibody that interacts positively with the HuG418 cells (Figure 3.1). This means that any 

positive cells for the other markers in these experiments can be attributed to the OEC
R
s. Although Thy1.1 is a 

fibroblast marker, the antibody used had no reactivity with human cells (Section 2.3.1,  

Table 2-1) and therefore the absence of positive staining was not of concern. 

 

 

Figure 3.1: Human layer characterisation. Fluorescent micrographs of immunostaining carried out on the 
feeder layer without the presence of OEC

R
s. Cells were fixed and stained to detect A) Fn (red), α-SMA (green), 

B) p75NTR (green), Thy1.1 (red) and C) S100β (Dako, green). All conditions were labelled with Hoechst to 
identify the nuclei of the cells. From this staining it can be seen that the markers used to characterise the OEC

R
s 

did not cross react with the feeder cells. Additionally, the cells can be characterised as fibroblasts due to the 
positive labelling of the cells with fibronectin. The scale bar represents 400μm.  

 

Next, OECR morphology was assessed at day 13 post-seeding using phase contrast 

microscopy (Figure 3.2). From these images it can be confirmed that the primary cells were 

able to survive on both laminin and the human feeder condition.  

 

 

Figure 3.2: Identification of OEC
R
 cells in culture. Bright field micrographs of OEC

R
s growing on laminin (A) and 

human feeders (B). Arrows point to OEC
R
s populations which can be identified by their spindle shape. Images 

were taken on day 13. The scale bar represents 400μm. 

 

Immunofluorescent labelling revealed that in the presence of OFs, expression of p75NTR in 

OECRs was enhanced. From the images obtained from the ICC (Figure 3.3) it can be 

determined that there was an increase in p75NTR expression (A, E) when OECs were 
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cultured on feeders. This was reflected in the quantitative analysis (Figure 3.4) where a 

significantly higher yield of p75NTR positive cells was measured on feeders (11.5±2.4 

cells/mm2) versus laminin (3.1±3.1 cells/mm2, one-way ANOVA, Kruskal-Wallis post hoc, 

p=0.01). The ICC was quantified using yield (positive cells per mm2) but not purity, as the 

presence of the feeders would make any assessment of purity misleading. There did not 

appear to be any visual differences with any of the other markers although there was 

potentially an increase in Thy1.1 expression (Figure 3.3E, F) although this is not as 

noticeable in Figure 3.3A and B. In literature, p75NTR expression has been observed to 

increase in relation to the expression of fibroblast growth factor 2 (FGF2) (Yan et al., 2001, 

Erck et al., 1998). The improvement in p75NTR expression could be due to the increase in 

FGF2 expression.  

 

For Thy1.1 there appeared to be a tendency towards a higher expression in the presence of 

feeders, (17.9±9.6 cells/mm2 on feeders, 3.5±1.1 cells/mm2 on laminin) although there was 

no statistical significance (Figure 3.4). This tendency could imply that the HuG418 feeder 

cells are also giving some support to fibroblast impurities present in the OECR culture. 

Fibroblasts are known to communicate with each other via paracrine signalling loops to 

coordinate their actions (Wojtowicz et al., 2014). In addition to this, the particular 

extracellular matrix they excrete influences the neighbouring cells to behave in a similar 

way (Alberts et al., 2002). It is possible that although the fibroblasts are from different 

species, the extracellular matrix and paracrine signalling is still effective.  

 

S100β staining in Figure 3.3D and H (mouse anti-S100β, Abcam) was not consistent with 

the S100β staining in Figure 3.3B and F (rabbit anti-S100β, Dako). On feeders the yield was 

7.7±4.8 cells/mm2 with rabbit anti-S100β and 34.2±9.3 cells/mm2 with mouse anti-S100β. It 

is suspected that the mouse anti-S100β was unreliable due to less consistent staining 

occurring between repeats and this will be monitored in future experiments. Antibody 

unreliability is a known issue. This can occur due to different lots being produced in 

different animals. Numerous studies have been carried out validating the lack of specific 

staining and differences that occur in between lot numbers (Egelhofer et al., 2011, 

Bordeaux et al., 2010, Michel et al., 2009). Although antibodies are used frequently in 

biological studies, there are no universal guidelines or standardised methods (Bordeaux et 

al., 2010). This leads to variability and the assumption that Abcam and Dako follow 

different guidelines which could explain the differences observed.  



57 
 

 

 

Figure 3.3: Fluorescent micrographs of a cell population derived from rat olfactory mucosa cultured on 
laminin and a human feeder layer. From images A and E it can be observed that p75NTR was more prevalent 
when feeders were present. Thy1.1 did not appear to have different levels of expression between the two 
conditions (A, C, E and G). The level of expression for other markers did not appear to change significantly 
between conditions. Comparing the feeder free system (A, B, C and D) to the feeder system (E, F, G and H), it 
was observed there was a change in morphology between the two conditions. When cultured in the feeder free 
system, the cells have a rounded morphology whereas cells grown on feeders can be seen to have adopted a 
more elongated morphology. The scale bar represents 400μm.  

 

 

Figure 3.4: Yield of cells from feeder and feeder free conditions. From these results it can be seen that 
culturing cells on feeders results in significantly more p75NTR positive cells (Kruskal-Wallis test, p=0.01). 
Labelling with Thy1.1, both S100β antibodies and α-SMA did not show any significant results although there 
appear to be more Thy1.1 positive cells in the feeder condition. Two different antibodies were used for 
quantifying S100β and it can be seen that these antibodies were not equivalent in values. It is postulated that 
this occurred as one of the antibodies was not reliable and it was tested in the next set of experiments to 
determine its reliability. Data are means ± SEM, n=4.  

It is very challenging to culture primary OECs, which leads to a wide variability in outcomes. 

This can be seen from the large error bars obtained in Figure 3.4 and has also been 

reported by others (Orbay et al., 2015, Tong et al., 2010, Niapour et al., 2010, Wen et al., 
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2012, Mahapatra et al., 2009, Kawaja et al., 2009). This variability occurs in part due to a 

lack of robust markers by which OECs can be defined and isolated together with the 

heterogeneity of the cell types that make up the olfactory mucosa. Other cell types that 

may be present include basal horizontal cells, schwann cells, bowmans ducts and glands, 

sustentacular cells, olfactory fibroblasts, astrocytes and epithelial cells (Gomez et al., 2003, 

Choi et al., 2008, Barnett and Riddell, 2004, Boyd et al., 2003, Gorrie et al., 2010). In 

addition to this, there is no clear delineation between olfactory and respiratory tissues and 

therefore contamination with respiratory cell types is likely (Bianco et al., 2004, Ge et al., 

2016).  

 

Even though a differential adhesion step was used to remove rapidly adherent cells, leaving 

the slow attaching OECs in culture, the primary culture can still harbour contaminating cell 

types. This is demonstrated in Figure 3.5, where an entire well of OECRs on feeders was 

imaged at 10x objective magnification (EVOS Life Technologies AMF4300) and the resulting 

images merged together using PanoramaPro2 in order to gain an understanding of the 

culture as a whole. It was observed that there are distinct areas of Thy1.1 positive colonies. 

When images were taken for counting, these images could yield data from 100% p75NTR 

positive to 0% p75NTR positive. This wide range of values results in a large standard 

deviation and therefore a large standard error of the mean across independent 

experiments (seen in Figure 3.4). These large errors are due to stochastic variability in the 

cultures due to different cell subsets present and these different cells can predominate in 

different regions of a single dish. This accounts for the dispersion of markers seen in Figure 

3.5. From a cell manufacturing perspective, this again creates a significant challenge for 

creating a robust and well-characterised product. 
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Figure 3.5: Assembled fluorescent micrograph of a cell population derived from rat olfactory mucosa cultured 
on a human feeder layer of olfactory fibroblasts. Images were taken at 10x magnification in a 24 well plate 
(diameter=15.6mm) and stitched together using PanoramaPro2. It can be observed in this stitched image that 
there are discrete cell populations present in the well plate. There are distinct areas of Thy1.1 (red) which do 
not appear to be indispersed with the more evenly distributed p75NTR positive cells (green). This variety in 
present populations explains the large error bars found in the cell counts. When multiple views were taken for 
counting, the purity ranged from 0-100% which resulted in a large standard deviation.  

 

After staining, there was also a red/yellow ring around the peiphery of the plate that is not 

associated with any positive cells. On close inspection of the well plates used, it was found 

that the bottom of the wells was rarely smooth and often there were circular scratches, 

presumably as a result of the manufacturing process. It is postulated that the antibody 

interacted with this non smooth surface or was trapped in ECM deposited as a 

consequence of cell responses to the surface scratches and gave the circular staining 

(Stephens et al., 1997). This pattern was observed in several images; however, it was not 

until the full well was imaged that it was noticed that it made a complete circle.  

 

OECRs cultured on feeders adoped an elongated spindle shape whereas the cells cultured 

on laminin were found to be more cobblestone-like and enlarged (Figure 3.3). The distinct 

morphology of OECRs cultured on feeders compared with those on laminin are not 

surprising, as distinct OEC morphologies have been reported in the literature. It is accepted 
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that OECs adopt one of two distinct morphologies. One morphology is enlarged, similar to 

that of an astrocyte, and the other more spindle shaped like Schwann cells (Kawaja et al., 

2009, Omar et al., 2011, Oprych et al., 2016, Ramon-Cueto et al., 1993, Doucette, 1993). It 

has been claimed that this morphology can be controlled by adjusting culture conditions 

(Barnett and Roskams, 2008). However, it has also been seen that a cell with a spindle 

shaped morphology can produce enlarged daughter cells and vice versa (van den Pol and 

Santarelli, 2003). How this difference in morphology affects function is still debated but it is 

generally accepted that the spindle shaped morphology is more indicative of a phenotype 

that aids regeneration (Kawaja et al., 2009, Pellitteri et al., 2010, Fraher, 2000, Alexander et 

al., 2002). It is therefore possible that feeders could be used to control OEC morphology 

and associated function. 

 

In order to quantify the morphology differences, a macro was written in ImageJ (as 

outlined in Section 2.3.3). The macro analysed the shape of the cells and returned a value 

of circularity, which is a ratio between the cell area and perimeter. The programme gave a 

visual output of the original image with cell outlines so it was possible to identify how 

accurately the programme had isolated and measured the circularity values. An example of 

input and output images is shown in Figure 3.6. As previously reported in Section 2.3.3, any 

cells that touched the border of the image were not measured as part of the area and 

perimeter were missing and therefore an accurate calculation could not be carried out.  
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Figure 3.6: Input and output of ImageJ using the circularity macro. Fluorescent micrograph image showing 
candidate OECs at day 14 on laminin (A) and feeders (C) that were input to the circularity macro in Image J. 
S100β is shown in green and Hoechst in blue. B and D were the output from ImageJ when A and C were the 
input. Any cells that were touching the edge of the image were discarded and not counted in the calculation. 
Cells were selected, outlined and numbered according to the output data. Circularity was calculated as 4Aπ/P

2
 

where A is the area of the cell and P is the perimeter. Outlines in images B and D can be seen to be a good 
match to the input image and therefore the circularity output can be trusted. The scale bar represents 400μm. 

 

The circularity of every S100β (Dako) positive cell was analysed as they were present in 

comparably high numbers in both conditions. In addition to this, the nature of the marker 

expression meant that a full cell shape was easy to obtain, as opposed to α-SMA which 

stains in an incomplete pattern on laminin (Figure 3.3E) and also labels fibroblasts. This raw 

data was collated and presented in histograms which are shown in Figure 3.7.  

 

From these histograms it can be seen that the distribution for OECRs grown on feeders is 

shifted to the left, indicating more spindle shape cells are present whereas the distribution 

for laminin is more centred. This is backed up by the skew values which are 0.8 and 0.2 for 

the feeders and laminin respectively. A skew of zero indicates a distribution with perfect 

symmetry. From the skew numbers it can be determined that although both distributions 

have a left shift, this is more pronounced in the feeder condition. The flattened distribution 

of the laminin condition is quantified with the kurtosis value which is -0.8. A positive value 

indicates a peaked distribution and a negative value, a flat distribution. For comparison, a 

normal distribution has a kurtosis of zero using this calculation method. The feeder 
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distribution is only slightly less peaked than a normal distribution with a kurtosis value of -

0.2. The Kolmogorov-Smirnov test was used to compare these distributions using the raw 

data and it was found that these distributions were significantly different from each other 

(p=0.04). This test compares the maximum vertical distance between the empirical 

cumulative distribution functions of the two samples (Noe, 1972, Bubeliny, 2013). As 

significance was found between these two distributions, this indicates that the presence of 

feeders had a significant effect on the morphology of the OECR population. Previously it 

was reported that changing culture conditions such as the serum concentration and 

inactivating the guanosine triphosphate RhoA resulted in changes in morphology. An 

absence of serum encouraged a process bearing morphology and more enlarged cells were 

encountered when RhoA was inactivated (Vincent et al., 2005). The results obtained here 

indicate that the presence of feeders, whether through paracrine or physical means, 

encouraged more spindle shaped OECRs.   

 

 

Figure 3.7: Circularity analysis on S100β positive cells when OEC
R
s were cultured on laminin and feeders. 

From these distributions it can be seen that the circularity of OEC
R
s on feeders tended towards 0.1-0.3 which is 

indicative of a spindle morphology. Compared to this, the distribution for cells on the feeder free system 
showed a more uniform distribution from 0.1-0.6. The feeder condition had a kurtosis value close to zero (-0.2) 
which shows that the peak is similar to that of a normal distribution. In feeder free, the kurtosis value is 
negative at -0.8 which quantifies the distribution as less peaked and more flattened. Statistical testing with the 
Kolmogorov-Smirnov test showed there was significant difference (p=0.04) between the distribution on laminin 
and the distribution on feeders. This data was analysed at n=4.  

 

From this work it can concluded that the presence of feeders significantly upregulates the 

expression of p75NTR. This could be due to the increase of FGF2 expression which has been 

observed to upregulate p75NTR expression (Erck et al., 1998, Yan et al., 2001). Culturing 

OECRs on feeders also altered morphology leading to significantly more elongated cells 

compared with the culture on laminin. From this work, although a benefit is seen in the 

presence of human feeders, the interaction between the feeders and the OECRs was not 
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characterised. To further understand this relationship, it was decided to examine whether 

conditioned media from HuG418 feeders could modify p75NTR expression and cell 

morphology.  

 

3.3.2 Rat OECs co-cultured with conditioned media from HuG418 

 

After determining that fibroblast feeders influenced OECR morphology and p75NTR 

expression, the next experiments investigated whether the positive effects were due to 

physical presence of feeders, or secreted paracrine signals. To do this, OECRs were cultured 

on feeders or laminin and in the presence or absence of HuG418-conditioned media.  

 

3.3.2.1 Experimental Overview 

 

To understand the influence of paracrine signalling independent of the physical presence of 

feeders, OECRs were cultured in a feeder free system (on laminin) in the presence of 

conditioned media (CM) from HuG418. CM was added at a 1:1 ratio with fresh media to 

ensure cells received nutrients from fresh media as well as any soluble paracrine factors 

provided by HuG418. Conditioned media has been used in this way to influence the 

differentiation and proliferation of different cell types. For example, in oligodendrocytes, 

conditioned media from optic nerve cultures can enhance survival. This effect can be 

mimicked by adding a cocktail of factors to the media indicating that soluble factors 

present in the media are responsible for the increased survival rate (Cheng et al., 1998) and 

conditioned media has been found to contain relevant factors (Ge et al., 2016). It is 

postulated that similar to the oligodendrocytes, the OECRs would benefit from soluble 

paracrine factors in the media from the HuG418 cell line.  

 

The matrix of experimental conditions included feeders versus laminin and conditioned 

media versus standard media. It was hypothesised that if CM provided necessary soluble 

factors, then laminin with CM would perform as well as the feeders with standard media. 

This experiment was carried out to three experimental repeats (n=3).  

 

3.3.2.2 Results and Discussion 

 

Cells were cultured for 10 days and representative phase contrast images are shown in 

Figure 3.8. As with previous phase contrast images for these conditions (Figure 3.2), it can 



64 
 

be determined that the primary cells were surviving in all conditions. Although the feeder 

conditions look more confluent, this cannot be accurately determined due to the presence 

of the feeder cells. In both laminin conditions, there was no observable difference in the 

OECRs morphology. OECRs in feeder conditions are identified in the images with black 

arrows (Figure 3.1). Due to the close interaction between the feeders and OECRs, it was not 

possible to determine any morphological difference in these images.  

 

 

Figure 3.8: Identification of OEC
R
 cells culture in conditioned media. Bright field micrographs of OEC

R
s growing 

on laminin (A), laminin with conditioned media (B), human feeders (C) and human feeders with conditioned 
media (D) after 10 days in culture. Arrows point to OEC

R
 populations which can be identified by their spindle 

shape. From the phase contrast images it can be determined that there were OEC
R
s growing in all conditions. 

Cells appear to be more confluent in feeder conditions although this may not be significant as the presence of 
the feeders increases the number of cells present in the frame. The scale bar represents 400μm. 

 

The ICC images from this experiment are shown in Figure 3.9 and Figure 3.10. Yield was the 

only measurement considered for the same reasons as previously reported in Section 

3.4.1.2. The percentage of positive cells would be a misleading value due to the presence of 

negative feeder cells which would distort any purity count. The cell counts are shown in 

Figure 3.11. No significant difference was observed in α-SMA and S100β (Dako) staining. 

 

It can be observed from Figure 3.9-Figure 3.11 that the addition of CM significantly 

increases the expression of Thy1.1. When CM was added to OECRs cultured on feeders, an 

increase in Thy1.1 over and above the higher expression induced by feeders with standard 

media was observed (25.7±12.4 cells/mm2 on feeders with CM from 14.5±4.8 cells/mm2 on 
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feeders with standard media). The increase in Thy1.1 expression observed on laminin with 

CM (45.9±9.0 cells/mm2) indicates that HuG418-derived CM affects Thy1.1 expression more 

when the feeders themselves were not present. This could be due to the feeders 

supporting themselves. Where feeders are present, those cells could uptake some of the 

soluble factors present in the CM, leaving a lower concentration of soluble factors for the 

OECs. This would mean that there are more soluble factors in the media when the feeders 

are not present. Fibroblasts participate in paracrine signalling (Alberts et al., 2002, 

Wojtowicz et al., 2014) and therefore it follows that if they are not present to receive the 

factors, the factors present can significantly assist other cells present. 

 

p75NTR was present in all conditions at a similar level with the exception of laminin with 

standard media which was significantly lower at 4.0±0.8 cells/mm2. The presence of CM 

increased the expression of p75NTR on laminin (19.7±7.6 cells/mm2). An increase in 

p75NTR expression without the presence of the feeders would imply that there is some 

form of paracrine signalling going on. Whether this is due to FGF2 expression or a 

combination of other factors would require a deeper examination of the components in the 

CM. CM with laminin would be promising to take forward if it were not for the higher 

expression of Thy1.1. Thy1.1, historically an undesirable marker of fibroblast phenotype in 

the OEC field, negates the positive effect of the increase in putative OEC marker p75NTR as 

it implies a higher level of fibroblast impurities that would need to be removed from the 

culture.  
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Figure 3.9: Fluorescent micrographs of a cell population from rat olfactory mucosa cultured on laminin and a 
human feeder layer with and without HuG418 CM. OEC

R
s were stained on laminin (A-C, M-O), laminin with CM 

(D-F, P-R), human feeders (G-I, S-U) and human feeders with CM (J-L, V-X). Cells were fixed and stained at day 
15 to detect α-SMA, Thy1.1, p75NTR and Hoechst. From these images it can be observed that the presence of 
CM significantly upregulated the expression of Thy1.1 (A-X). The scale bar represents 400μm. 
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Figure 3.10: S100β fluorescent micrographs of a cell population from rat olfactory mucosa cultured on 
laminin and a human feeder layer with and without HuG418 CM. OEC

R
s were stained on laminin (A), human 

feeders (B), laminin with CM (C) and human feeders with CM (D). Cells were fixed and stained at day 15 to 
detect S100β and Hoechst. From these images it can be seen that CM did not change the pattern of S100β 
staining. The scale bar represents 400μm. 

 

 

Figure 3.11: Cell counts conducted on wells stained with p75NTR/Thy1.1 and S100β/α-SMA in the presence of 
CM. This quantification validates what was observed in Figure 3.9-3.10. CM resulted in a significant 
upregulation of Thy1.1, especially when the cells were cultured on laminin (one-way ANOVA, Bonferroni post-
hoc, p<0.001). The use of feeders enhanced p75NTR expression, however, the presence of CM also increased 
p75NTR expression on laminin. Data are means ± SEM, n=3.  
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Morphology of S100β positive cells was analysed in the same way as in the previous work 

(Section 3.4.1.2, using the macro detailed in Section 2.3.3). From the ICC in Figure 3.9, 

there was no obvious difference in cell morphology between conditions. Cells cultured on 

laminin with CM appeared to be more enlarged. Once the morphology was analysed in 

ImageJ, it was plotted and is visualised in Figure 3.12. Numerical analysis revealed that 

there was no significant difference between the distributions for feeders versus feeders 

with CM, and both conditions had a left skew (skew=0.4 and 0.5 respectively). The laminin 

condition with standard media remained similar to what was previously observed 

(skew=0.3, kurtosis=-0.8). This result validates the previous experimental work. When CM 

was added to the laminin condition, the distribution was significantly different to the 

standard laminin condition (one-way ANOVA, Bonferroni post-hoc, p=0.01). The 

distribution with CM had a less flattened distribution (kurt=-0.3 compared to -0.8) and a 

more pronounced left shift (skew=0.7 compared to 0.3). This is a stronger shift than the 

feeder conditions. This is significant as this was the condition with the most Thy1.1 positive 

cells. The most likely option is that spindle shaped OECs were also expressing Thy1.1 as well 

as S100β. Co-labelling of these antibodies was not been carried out in this study due to the 

lack of consistency experienced with the S100β antibody which meant the Thy1.1 and 

S100β antibodies used were raised in the same species. In Figure 3.9 co-labelling of p75NTR 

and Thy1.1 in OECRs was observed. Literature has indicated that it is possible that OECs do 

co-express p75NTR and Thy1.1 (Hayat et al., 2003, Nash et al., 2001, Nash et al., 2002, 

Sonigra et al., 1999) and Thy1.1 and GFAP (Nash et al., 2001) so the assumption that Thy1.1 

is a contaminating cell marker may need to be re-examined. Due to the lack of putative 

OEC markers (Ulrich et al., 2014, Barbacid, 1994), these cells are poorly characterised and 

this presents one of the major challenges of OEC research.  
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Figure 3.12: Circularity of S100β positive cells cultured on laminin with CM (A), laminin (B), feeders with CM 
(C) and feeders (D). The distribution for cells cultured on laminin does not have a sharp peak (kurt=-0.76) and is 
slightly skewed (skew=0.28).  Feeders with CM show similar skew and kurt values as feeders alone (skew=0.45, 
kurt=0.46) and there was no significant difference between these two distributions. OECs grown on laminin 
with CM was significantly different to laminin with standard media (Kolmogorov-Smirnov test, p=0.01). This 
data was analysed at n=4.  

 

From this experiment it could be determined from these results that although the presence 

of CM increases p75NTR expression by OECRs on laminin, it also results in a significant 

upregulation of Thy1.1, which has been historically regarded as an undesirable cell marker. 

However, the morphological analysis indicates that Thy1.1 may not be the undesirable cell 

marker it has been assumed to be. In the majority of the literature, Thy1.1 has always been 

treated as a marker of contaminating fibroblasts (Richter et al., 2005, Yang et al., 2014, 

Kueh et al., 2011, Vincent et al., 2005). It was found that a stronger shift to a more 

elongated cell shape occurred in the condition with the highest Thy1.1 yield. This is 

significant as the elongated cell shape is associated with regenerative properties (Pellitteri 

et al., 2010, Kawaja et al., 2009) and this would indicate that Thy1.1 was not necessarily 

having an adverse impact on OECRs morphology and functional properties. There is 

evidence that Thy1.1 is expressed by OECs (Ulrich et al., 2014, Nash et al., 2001, Sonigra et 
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al., 1999) and therefore it would appear that care needs to be taken when using Thy1.1 in 

isolation as a contaminating cell marker.  

 

3.3.3 Rat OECs cultured with HuG418 and Ms3T3 

 

CM was found to upregulate Thy1.1. To investigate whether the OECs response to feeders 

was specific to HuG418 cells or whether general fibroblasts would suffice, primary OECs 

were cultured with the original HuG518 cells or a mouse fibroblast line (Ms3T3) which is 

available as a GMP quality cell line. The aim of this experiment was to determine if the 

benefits found with feeder co-culture was specific to the HuG418 cell line or whether 

benefits could be seen with off the shelf GMP quality cell lines.  

 

3.3.3.1 Experimental Overview 

 

After showing that HuG418 feeders from the same anatomical locations as OECs could 

influence their characteristics, the next experiment sought to determine whether this is 

specific to anatomically matched fibroblasts or whether the response to feeders is generic 

enough that commercial GMP ready feeders could be used. HuG418 were isolated from the 

human mucosa whereas Ms3T3 are mouse embryonically derived cells. It was expected 

that if simple cell-to-cell contact was the only requirement, then Ms3T3 cells would support 

OECs as well as HuG418 cells. 

 

Ms3T3 feeders were prepared the same as HuG418 feeders (detailed in Section 2.1.2.5) 

and the same panel of markers was used to characterise suitability of the feeders as a 

support layer. No feeder free condition was used as this was a straight comparison 

between two different feeder methods. Four experimental repeats were carried out 

following the 14 day protocol described in Section 3.3.1.1. Ms3T3 are a preferable option 

for a feeder layer as they are readily available to buy off the shelf as a GMP cell line 

(Waisman Biomanufacturing). This work was carried out with the help of an MSc student 

(Pelin Durali, UCL).  

 

3.3.3.2 Results and Discussion 

 

Characterisation of the feeders revealed that Ms3T3 cells stained positive for Fn, S100β and 

p75NTR (Figure 3.13). This reactivity has also been seen by other research groups (Hosoya 
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et al., 2006, Galow et al., 2017, Pugdee et al., 2007). The significance here is that care 

needs to be taken when assigning expression of these markers to OECRs.  

 

 

Figure 3.13: Mouse feeder (Ms3T3) layer characterisation. Fluorescent micrographs of immunostaining carried 
out on the feeder layer without the presence of OEC

R
s. Cells were fixed and stained to detect A) p75NTR, B) 

S100β, C) α-SMA D) Thy1 and E) Fn. All conditions were stained with Hoechst to identify the nuclei of the cells. 
From this staining it can be seen that the markers used to characterise the OEC

R
s stain the mouse feeder layer 

for S100β, Fn and α-SMA. The scale bar represents 400μm.  

 

There appears to fewer attached cells in the Ms3T3 condition as determined by phase 

contrast images taken at day 7 (Figure 3.14). However, in spite of the unattached cells, 

surviving OECRs were observed on both types of feeders. 

 

 

Figure 3.14: Identification of OEC
R
 cells in feeder culture. Bright field micrographs of OEC

R
s growing on human 

(A) and mouse feeders (B). OEC
R
s were plated on immobilised feeders and cultured for 14 days. These images 

were taken at day 7 and no difference between culture conditions was observed. Arrows point to OEC
R
 

populations which can be identified by their spindle shape. The scale bar represents 400μm. Image credit: Pelin 
Durali, UCL.   
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One striking observation in the S100β (detecting OECRs) and Fn (fibroblasts) staining 

condition (Figure 3.15) was that the OECRs do not appear to grow directly over the feeder 

layer. Instead they grow close to the fibroblasts (Figure 3.15C and F). This placement makes 

sense if the cells are gaining benefits from cell to cell contact. If paracrine factors were 

involved, the OECRs would not necessarily border the fibroblasts so closely (Li et al., 2003b).   

 

The ICC staining in Figure 3.15 was quantified using both purity and yield and the results 

from this are presented in Figure 3.16. Purity was used as a method to quantify the OECRs 

on the assumption that both feeder layers were plated at the same density and therefore 

there were equal numbers of negative feeders in each well and on average each image. 

Although this is not a perfect assumption, when it is considered alongside yield, it is 

justifiable. Purity was not used previously during quantification, as the presence of feeders 

in some conditions and not others meant any percentage value based on positively labelled 

cells would be distorted as there would always be negative feeders in the feeder conditions 

that would contribute to a lower percentage value being obtained.   

 

From the ICC images (Figure 3.15A, D) and quantification (Figure 3.16), it was observed that 

α-SMA was more prevalent in the HuG418 culture (9.3±3.8% versus 2.0±0.8%). α-SMA is an 

actin binding protein in smooth muscle (Jahed et al., 2007) and is indicative of 

undifferentiated or immature cells (Hosoya et al., 2006). A higher level of α-SMA could 

therefore indicate that these cells are pre-cursors to an OEC sub-population. Alternatively, 

α-SMA has a role in cell division (Rockey et al., 2013) and therefore the cells plated on 

HuG418s are a more active proliferating culture.  

 

No differences in p75NTR expression were observed on the different feeder layers (Figure 

3.15C, D, and Figure 3.16) with purities of 4.9±2.0% and 9.7±4.4% on Ms3T3 and HuG418 

respectively. This may indicate that the OECRs were benefitting from general cell-to-cell 

contact, not specifically to anatomically matched HuG418 cells. However, as both lines 

were comprised of fibroblasts, there could also be a common paracrine factor involved. 

OECs have been well documented to grow poorly in isolation and when a low yield is 

obtained, they do not proliferate (Lakatos et al., 2003, Blumenthal et al., 2013, 

Kachramanoglou et al., 2013). Additionally, they have been observed to survive better in a 

culture with a mixed population (normally OECs and OFs) (Keyvan-Fouladi et al., 2003, 

Tabakow et al., 2014, Teng et al., 2008, Ramón-Cueto et al., 2000, Raisman and Li, 2007). 
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This would also explain why the HuG418 CM did not have the anticipated beneficial impact 

on OECRs p75TNR expression as hoped as the cells themselves may be required. In the 

literature, it has been observed that there is a close relationship between OECs and OFs. 

However it does appear that this relationship is due to the physical contact as opposed to 

any paracrine factors present (Jani and Raisman, 2004).  

 

Thy1.1 expression was found to be significantly different between the two feeders (Kruskal-

Wallis, p=0.01). As observed in the ICC images and quantification, the presence of Ms3T3 

downregulated the expression of Thy1.1 (yield of 14.6±4.1 cells/mm2 on HuG418 down to 

4.8±2.1 cells/mm2 on Ms3T3). This is important, as it indicates that the Ms3T3 feeders are 

superior to the HuG418 when it comes to supporting OECR growth and expression of 

p75NTR. OECRs appear to be supported by cell to cell contact and from the results obtained 

in Section 3.3.2, do not gain any benefit from paracrine factors. These results suggest 

Ms3T3 feeders are superior to HuG418 cells as they result in fewer Thy1.1 positive cells 

whilst maintaining similar p75NTR expression levels.  

 

In the ICC imaging and quantification, the difference between the Abcam and Dako S100β 

antibody was observed (Figure 3.15A, C, D and F). To confirm the unreliability of the Abcam 

antibody, OECs were labelled with both S100β antibodies for comparison (Figure 3.17). It 

was found that the Dako S100β resulted in brighter, more consistent labelling than those 

labelled with the Abcam S100β. The Dako antibody had clear labelling of the cells whereas 

the Abcam antibody, although faint labelling can be observed for most of the same cells, 

does not allow the same level of confidence of labelling to be obtained. Therefore, only the 

Dako antibody was used for subsequent experiments where S100β was characterised. 
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Figure 3.15: Fluorescent micrographs of a cell population derived from rat olfactory mucosa cultured on 
HuG418 and Ms3T3. From these images it was observed that the Abcam anti mouse S100β (A, D) did not 
produce the same results as the Dako anti rabbit S100β (C, F). There did not appear to be any significant 
increase in p75NTR (B, E) although Thy1.1 appeared to be more prevalent in the HuG418 condition. In terms of 
the successful S100β staining, it seemed the OEC

R
s formed populations around the edges of the feeder layer as 

opposed to growing over top of the feeders (C, F). The S100β strands were mostly localised in between the 
positive Fn staining as opposed to clustering over the top. The scale bar represents 400μm.  

 

 

 

Figure 3.16: Purity and yield of cells grown on human and mouse feeders. These results have relatively large 
error bars due to the distinct populations present in the well plate. The only condition that exhibited any 
significance was Thy1.1 for both in purity and yield (Kruskal-Wallis, p<0.05). In the presence of HuG418 feeders 
the cells significantly upregulated Thy1.1 (Kruskal-Wallis, p<0.01). Although p75NTR shows higher expression in 
the presence of HuG418 feeders, this was not significant and not beneficial due to the upregulation of Thy1.1, 
an undesirable marker. Data are means ± SEM, n=4. 
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Figure 3.17: Comparison of S100β antibodies. The Dako antibody can be observed to label expression of S100β 
clearly. The Abcam antibody in comparison had weaker labelling. The differences shown here help explain why 
the labelling was not consistent between the two markers. From this point onwards, only the Dako antibody 
was used to ensure clear and consistent labelling was obtained. The scale bar represents 200μm.  

 

The influence of the different feeder layers on cell morphology was also examined and the 

circularity analysis histograms are shown in Figure 3.18. The circularity analysis of S100β 

positive cells on HuG418 was consistent with what was observed for OECRs on laminin and 

feeders (Figure 3.7 and Figure 3.12). Morphology of S100β positive cells on Ms3T3 also had 

a left shift (skew=0.54) towards a spindle shaped cell, although it was not as pronounced as 

that obtained on HuG418 feeders (skew=0.91). The shift obtained on Ms3T3 was also 

stronger than that of cells cultured on laminin (skew values around 0.20). This indicates 

that the mouse cells create a feeder layer that is functionally almost the same to the 

human fibroblast layer. Although the cells do not attain the same level of spindle 

morphology, they retain the same level of p75NTR expression while downregulating the 

fibroblastic marker Thy1.1.  
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Figure 3.18: Circularity analysis on S100β positive cells when OEC
R
s were cultured on human and mouse 

feeders. From these distributions it can be seen that there was a more defined peak obtained with HuG418. 
The kurtosis value remains low at 0.03 whereas the Ms3T3 distribution had a kurtosis of -0.54 which quantifies 
the peak strength. The skew value for HuG418 remains high at 0.91 showing the shift to the left in the 
distribution. The Ms3T3 distribution had a skew value of 0.54 which shows a less defined left shift. These 
distributions are significantly different according to the Kolmogorov-Smirnov test (p<0.05). This data was 
analysed at n=4.  

 

These results, together with the results obtained with CM, indicate that OECs benefit from 

cell to cell contact rather than paracrine signalling by HuG418 cells. Ms3T3 cells are 

commercially available as a GMP cell line (Sigma-Aldrich, UK). Therefore their application as 

a feeder layer to enhance OEC phenotype during scalable manufacture is attractive to 

advance OECs towards clinic. Potential safety concerns around purity of the final clinical 

preparation could be addressed by purifying OECs with affinity-based removal of the 

mouse feeders. From this initial work with primary OECRs, it was found that OECRs have 

more promising regenerative function when cultured with feeders. However, there was no 

difference between human olfactory mucosa-derived feeders and mouse 3T3 cells in their 

ability to support OEC marker expression.  

  

During this initial investigation into the behaviour of primary OECRs, work was ongoing in 

the lab to produce a conditionally immortalised human OEC cell line (as described in 

Section 2.1.4). Therefore the insight from these rat studies was applied to these candidate 

human cell lines in order to determine how translatable rat studies were. There are 

concerns that OECs in different animals behave differently (Wewetzer et al., 2011, Li et al., 

2003a, Hahn et al., 2005). This is especially important when the length of the injury is 

considered. The gap to be bridged by the neurons is a lot smaller on a rat compared to a 

human (Li et al., 2003a) and the ability of OECs to support neurons over this small distance 

may not be relevant on human scale.  
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3.3.4 Human PA7 co-cultured with Ms3T3 and conditioned media from HuG418 

 

Studies in small animals are important to generate pre-clinical data and to gain an 

understanding of responses in physiologic systems before moving to human. However, 

animal cells and tissue do not accurately reflect function or behaviour of human material 

and so human cells need to be studied. Therefore, the aim of the next experiment was to 

determine whether the responses of human OEC lines to feeders and feeder-conditioned 

media were the same for rat.  

 

3.3.4.1 Experimental Overview 

 

PA7 was the first human cell line that was expanded and used in experiments in the 

Regenerative Medicine laboratory at UCL. The PA7 cells were isolated from the human 

mucosa and after a differential adhesion step and 5 days in culture, immortalised with a 

retrovirus. The full details of the PA7 cell line creation is described in Section 2.1.4.1. 

Experiments were initially carried out using rat cells to determine the suitability of 

experimental methods and optimise pre-clinical work. Once protocols were established and 

the cell line technology was established, work began with human cells.  

 

In order to determine the best culturing conditions and how these conditions relate to 

what was found with OECRs, a variety of matrices and media conditions were tested. The 

matrix conditions were laminin, poly-l-lysine (PLL) and Ms3T3. Initially the PA7 cell line was 

expanded on PLL as this is the most commonly used matrix for OEC cultures (Alexander et 

al., 2002, Cao et al., 2007, Richter et al., 2005, Smith et al., 2002). The effect of PLL on glia is 

not well documented, although it has been observed to increase the rate of attachment of 

fetal neural cells to tissue culture plastic (TCP) flasks (Kozak et al., 1978). It is thought that 

PLL increases cell attachment due to nonspecific adhesion, where the polycationic polymer 

reduces the repulsive forces between the polyanionic surfaces of the cells and flask (Kozak 

et al., 1978).  

 

OECs express laminin which promotes adhesion of many cell types and is typically used to 

culture stem cells (Goodman et al., 1987, Ramón-Cueto and Avila, 1998). Laminin has also 

been shown to support Schwann cell migration, differentiation and myelination and is 

upregulated during PNS injury (Wallquist et al., 2002). Therefore, laminin may be an ideal 

matrix for culture of OECs.  
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The media conditions used were standard media, standard media + NT-3, 1:1 standard 

media : CM, 1:1 standard media : CM + NT-3. From this matrix of 12 conditions, the goal 

was to identify optimal culture conditions for PA7. Three experimental repeats were 

carried out. Cells were cultured for 5 days with media changes occurring at day 3.  

 

3.3.4.2 Results and Discussion 

 

The PA7 cells gained a higher confluency when cultured on PLL and laminin as opposed to 

Ms3T3 feeders (Figure 3.19). In order to gain an understanding of the cell identity, ICC 

staining was carried out using S100β and Fn (Figure 3.20). p75NTR was not used for 

identification for this set of experiments due to issues with the reliability of a human 

p75NTR marker in the laboratory at this time. S100β is a suitable replacement as it is also a 

glial marker and is often used in conjunction with p75NTR as an OEC marker. The issue with 

using S100β is that it can also label Schwann cells which also may be present. Although 

these cells may be present, they are not expected to be present in high numbers. Studies 

carried out co-labelling rat and human OECs for human natural killer (HNK1), glial fibrillary 

acidic protein (GFAP) and p75NTR found fewer than 7% were positive for p75NTR, GFAP 

and HNK1, the combination attributed to Schwann cells (Gorrie et al., 2010, Feron et al., 

2005, Bianco et al., 2004). S100β is consistently used in literature (Kawaja et al., 2009).  
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Figure 3.19: Bright field micrographs of PA7 cells plated on Ms3T3 feeders, PLL and laminin. These images 
were taken after 5 days in culture. It can be observed that a higher confluency was attained by the cells 
cultured on PLL and laminin (B, C, E, F, H, I, K and L) compared with cells cultured on feeders (A, D, G and J). It 
was difficult to determine the whether CM affects the confluency, although the cells with CM on laminin and 
PLL (H, I, K and L) seemed to be less confluent than those cultured with standard media (B, C, E and F). The scale 
bar represents 1000μm. 

 

ICC micrographs revealed that Fn staining on laminin occurs in a completely different 

pattern to the other matrix conditions (Figure 3.20). In Ms3T3 and PLL conditions, the Fn 

deposition could be more easily traced back to the individual cells producing it. In contrast, 

on laminin, the staining pattern was more widely distributed. These distinct differences in 

the pattern were unexpected. Due to this staining pattern, cell counts and yield were not 

carried out for Fn due to the inaccuracy of determining the original cell responsible for the 

Fn. The reason for the different staining pattern on laminin is not known and no references 

to similar occurrences could be found in the literature. Cell counts and yield for S100β can 

be found in Figure 3.21.  
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S100β expression appeared to be more prominent in conditions with NT-3 compared with 

those conditions cultured in its absence (Figure 3.20). CM did not have any positive impact 

on S100β expression as confirmed in the quantification (Figure 3.21). When NT-3 was 

added alongside CM, an increase in S100β expression was observed compared to CM 

without NT-3. From the three matrix conditions, it was found the presence of Ms3T3 

feeders was less beneficial for glial marker expression compared with PLL and laminin, 

which contrasts what was observed for OECRs (yield of 64.7±22.0 cells/mm2 on Ms3T3 with 

standard media compared to 79.8±21.1 cells/mm2 and 98.6±18.4 cells/mm2 for PLL and 

laminin with standard media respectively). This was not necessarily surprising as it has 

been found there are several differences between the rat and human olfactory system 

(Krudewig et al., 2006) including in vitro growth, spontaneous immortalisation and 

morphology (Omar et al., 2013, Rubio et al., 2008). Additionally, in terms of implantation 

and isolation, the OM in rats is yellow whereas in humans it cannot be discerned from the 

respiratory tissue (Bianco et al., 2004). This leads to a higher level of non-OECs being 

present in the implant which may or may not assist in regeneration. It does cause concern 

that any previous work that has been carried out in rat is not translatable to human scale 

up (Wewetzer et al., 2011, Ahuja et al., 2017).  

 

Another difference between the rat and human OECs, is that the human OECs do not 

appear to benefit from the presence of NT-3. Although the study was not carried out as 

part of this thesis, other studies carried out in the laboratory at UCL have shown that NT-3 

significantly increased the expression of glial markers in rat cells (Georgiou et al., 2017). For 

PA7, the presence of NT-3 seemed to slightly increase the purity of glial cell markers (Figure 

3.21), and increase the level of expression (Figure 3.20), but none of these values were 

significant.  

 

From the ICC and subsequent quantification (Figure 3.21), the best conditions for S100β 

expression in PA7 cells were identified as laminin coating and standard media. 
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Figure 3.20: Fluorescent micrographs of PA7 cells cultured on laminin, PLL and Ms3T3 feeders with either 
standard media (+/- NT-3) or CM (+/- NT-3). Cells were fixed and stained for S100β (green) and Fn (red). 
Hoechst was used as a nuclear stain. It can be seen that the Fn staining pattern was distinctly different in 
conditions cultured on laminin (C, F, I and L). CM appeared to have a negative impact on S100β expression as it 
was more prominent in the standard media conditions (A, B, C, D, E and F). Additionally, NT-3 seemed to 
enhance S100β expression (D, E, F, J, K, and L). The scale bar represents 400μm.  

 



82 
 

 

Figure 3.21: PA7 cell counts conducted on wells stained for S100β on different matrices under different media 
conditions. Culturing PA7 cells on Ms3T3 feeders produced the lowest purity and yield compared with the 
equivalent media conditions with PLL and laminin. In each matrices group it was observed that in general, CM 
led to a decrease in yield and the purity of S100β positive cells. NT-3 did not have a significant influence on 
S100β expression. Data are means ± SEM, n=3.  

 

The differences that occur between rat and human OECs in regards to neurotrophic factors 

and matrix preference show that more in depth study and understanding of human OECs is 

necessary to be able to predict cell behaviour. It also indicates that care needs to be taken 

when translating results from rat to human OECs. Only one human cell line was 

investigated at this point, so some of these differences may be due to natural variability in 

human samples. To this end, a second candidate human cell line (PA5) was investigated 

using the same conditions to determine how species specific these results were.  

 

3.3.5 Human PA5 co-cultured with Ms3T3 and conditioned media from HuG418 

 

OECs obtained from human tissue are highly variable in their yield and behaviour (Wu et 

al., 2013a, Kachramanoglou et al., 2013). Therefore, the aim of this work was to repeat the 

experiment performed for PA7, using a second candidate cell line, PA5, to determine if the 

same expression patterns persist.  

 

3.3.5.1 Experimental Overview 

 

The experiments shown in Section 3.3.4 were repeated with PA5 to determine if the same 

trends were present and if any difference between the patient samples could be observed, 

or whether this variation was negligible in terms of human cell behaviour. The same media 

and matrix conditions were tested (n=3). In order to directly compare the experiments, 
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S100β was quantified for the different conditions, whereas the pattern of Fn was simply 

observed.  

 

Due to the supply of antibodies in the laboratory at the time of this experiment, the 

secondary antibodies used were anti-rabbit (Vector DyLight IgG 594, red) and anti-mouse 

(Vector DyLight IgG 488, green). The implication of this is that the colours identifying S100β 

and Fn have been reversed from previous experiments.  

 

3.3.5.2 Results and Discussion 

 

Phase contrast imaging at day 5 revealed that cells cultured on Ms3T3 feeders appeared to 

reach a lower confluency than those cultured on PLL and laminin (Figure 3.22), similar to 

that seen with PA7 (Figure 3.19). Despite this, the differences between the feeders and 

PLL/laminin appeared to be less noticeable. When NT-3 was present, it seemed to have a 

promoting effect on cell proliferation under conditioned media conditions.  
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Figure 3.22: Bright field micrographs of PA5 cells plated on Ms3T3 feeders, PLL and laminin. These images 
were taken after 5 days in culture. It was difficult to determine any pattern from these phase contrast images in 
relation to the variables. NT-3 conditions may be encouraging higher confluency (D-F and J-L compared with A-C 
and G-I). It was difficult to determine whether CM influenced confluency from these images (G-L compared with 
A-F). The scale bar represents 400μm.  

 

From the ICC micrographs and quantification in Figure 3.23 and Figure 3.24, it can be 

observed that laminin encourages stronger S100β expression (yield of 235.9±31.0 

cells/mm2 with standard media compared with 133.7±24.0 cells/mm2 and 184.8±27.7 

cells/mm2 with standard media on Ms3T3 feeders and PLL respectively). In terms of purity, 

laminin with NT-3 had significantly higher purity of S100β cells compared with most of the 

Ms3T3 conditions (one-way ANOVA, Bonferroni post-hoc, **p<0.01, ***p<0.001). Care 

needs to be taken looking at this measurement as the presence of the feeders that do not 

express S100β means the purity value obtained for Ms3T3 is actually lower than reality.  
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S100β expression was further enhanced with the presence of NT-3 (59.0±4.8% on laminin 

with NT-3 compared with 48.9±43% on laminin with standard media). As observed with the 

PA7s (Figure 3.20), conditioned media resulted in lower levels of S100β expression 

(48.9±4.3% on laminin with standard media compared with 44.4±4.1% on laminin with 

conditioned media). The presence of Ms3T3 feeders did not have a positive effect on the 

glial marker expression. Although PA5s on PLL showed evidence of S100β expression, this 

was not to the same extent as those cultured on laminin. In general, these images showed 

the same trends as those observed with the PA7 cell line.  

 

Laminin with NT-3 was the highest performing condition in terms of yield and was 

significantly higher than most of the conditions with CM (one way ANOVA, Bonferroni post-

hoc, *p<0.05, **p<0.01, ***p<0.001). This reaffirms the idea that CM does not have a 

beneficial effect on the expression of glial markers in the OEC population. This is in line with 

not only what was found with PA7 but also with primary rat cells.  
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Figure 3.23: Fluorescent micrographs of PA5 cells cultured on laminin, PLL and Ms3T3 feeders with either 
standard media (+/- NT-3) or CM (+/- NT-3). Cells were fixed and stained for S100β (red) and Fn (green). 
Hoechst was used as a nuclear stain. It can be seen that as with the PA7 cell line, the Fn staining pattern was 
distinctly different in conditions cultured on laminin (C, F, I and L). CM appeared to have a negative relationship 
with S100β as it was more prominently expressed in standard media conditions (A-F). NT-3 increased the level 
of S100β expression. The S100β staining was brightest in the conditions with laminin and NT-3 (F and L). The 
scale bar represents 400μm.  
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Figure 3.24: PA5 cell counts conducted on wells stained for S100β on different matrices under different media 
conditions. The PA5 cells followed a similar pattern to that exhibited by the PA7 cell line under the same 
conditions. For both cell lines, the addition of CM lowered both yield and purity. The addition of NT-3 increased 
purity for all matrix conditions although this did not necessarily translate to an obvious increase in the yield. 
The best performing matrix was laminin with both cell lines and the worst matrix condition was the Ms3T3 
feeders. Data are means ± SEM, n=3.  

 

The least ideal matrix for PA7 and PA5 was Ms3T3 feeders, which was in direct contrast to 

what was determined for OECRs. These observations collectively show that there are few 

similarities between rat and human OEC populations and research cannot be reliably 

translated between the two species (Dietz and Curt, 2006, Raisman et al., 2011, Wewetzer 

et al., 2011, Roloff et al., 2013, Techangamsuwan et al., 2009, Ziege et al., 2013). From 

these studies, it was determined to progress with the human cells.  

 

3.4 Conclusions 

 

From the OECRs work, it can be concluded that the optimum conditions for culturing are 

Ms3T3 feeders with standard media. These conditions resulted in the highest level of 

p75NTR expression with the lowest Thy1.1 expression. Although initially OECRs were 

cultured with feeders that also originated from the mucosa, it was found that the 

improvement they provided in terms of p75NTR expression was not cell line specific. It was 

determined that OECRs benefitted from cell to cell contact to enhance survival and the 

presence of soluble factors from OFs had a negative impact on marker expression, in 

particular Thy1.1, which was significantly upregulated. Thy1.1 is an undesired marker hence 

why CM and therefore paracrine factors are not thought to have a positive influence on the 

culture of OECRs.  
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The next phase of work moved to human candidate OEC lines. Two OECH cell lines were 

investigated to determine if they followed similar patterns to those obtained by the rat 

cells. It was found that feeders did not support OECHs as well as ECM coating. CM was also 

detrimental to glial marker expression by OECs. The optimum conditions for growing OECHs 

was found to be standard media with NT-3 on laminin coated flasks which was not the 

same as what was found for OECRs. Therefore OECRs are not suitable for undertaking 

studies of expected human cell behaviour.  

 

Limitations in this study included the natural variability in OECs from the rat samples. The 

variability that exists between biological samples increases the standard error of the mean. 

This could be overcome by increasing the number of experimental repeats, however, the 

number of repeats required to identify outliers is expected to be high. In addition to this, 

not every type of coating and media was explored and therefore the conditions identified 

may not be the optimum for these cells due to the potential increased benefit of an 

unexplored variable.  
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4.0 Identity Markers and Purification of Human Olfactory 

Ensheathing Cell Populations 

 

In this chapter, identity marker expression in OECs was examined using a human candidate 

cell line (derived in the Regenerative Medicine laboratory, see Section 2.1.4). Magnetic 

activated cell sorting (MACS) technology was used to immuno-deplete Thy1 positive cells 

from the OECH population, based on the reported observation that Thy1 cells are 

contaminating fibroblasts (Wu et al., 2013b, Ebel et al., 2013). The resulting sub-

populations were then characterised using flow cytometry and ICC (Section 4.3.1). The 

expression of p75NTR and Thy1 in OECHs was monitored over time (Section 4.3.2) to assess 

whether expression of markers is transient. The knowledge gained from this work was 

applied to the characterisation of the MACS purified fractions (Section 4.3.3). Finally, these 

purified fractions were cultured for six days to examine how the identity marker expression 

in these fractions changed over time (Section 4.3.4).  

 

4.1 Introduction 

 

As reported in Section 1.3.3, characterisation of OECs is challenging. This is because there 

are no definitive markers (Orbay et al., 2015, Tong et al., 2010, Niapour et al., 2010, Wen et 

al., 2012, Mahapatra et al., 2009, Kawaja et al., 2009) and the cells exhibit phenotypic 

plasticity and therefore do not express robust identity markers in a consistent fashion (van 

den Pol and Santarelli, 2003, Vincent et al., 2005, Ebel et al., 2013). One study found that 

mouse OECs were able to change from a rounded to a spindle shaped morphology in less 

than an hour using time lapse technology (van den Pol and Santarelli, 2003, Ebel et al., 

2013). In addition to this, it was found that flattened cells could produce spindle shaped 

daughter cells and vice versa, independent of culture conditions (van den Pol and 

Santarelli, 2003).  

 

OECs in the mucosa (where the PA5 cell line was isolated from) do not grow in isolation so 

there is potential for cell impurities including olfactory fibroblasts to be present in the PA5 

OEC cell line. We sought to reduce this impurity risk by performing a 24 hour adhesion 

step, which removes rapidly adherent cells, leaving slow (~5 day) adhering OECs in culture. 

Therefore most anchorage-dependent cell impurities were assumed to be removed during 
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this differential adhesion stage. However, there is the risk that the process was not 100% 

effective. 

 

It has been postulated in literature that there are two sub populations of OECs. These 

populations may have different functions that may involve both promotion and limitation 

of axon growth (Hayat et al., 2003, Ramón-Cueto and Nieto-Sampedro, 1992). Care needs 

to be taken when analysing purified or enriched populations, as interaction between the 

two sub populations may be required for functional operation.  

 

p75NTR is widely reported in the literature as an identity marker of OECs (Section 1.3.3.2). 

Previous work in our laboratory (by Dr Melanie Georgiou, PDRA) attempted to utilise FACS 

to purify human OECs (PA5, PA7) using anti-p75NTR. However, cells did not survive the 

FACS purification process. This may be due to the p75NTR positive cells being sensitive to 

the shear stress during flow through the capillaries. Alternatively, as p75NTR is implicated 

in cell attachment and proliferation (Chen et al., 2009), the antibody may restrict the 

receptor’s binding site activity, preventing attachment and proliferation. In order to 

circumvent this issue, Thy1 was used for MACs purification. MACS exposes the cells to 

lower shear stress and immuno-depleting Thy1 positive cells, rather than targeting p75NTR 

removes risk of compromising its binding site.  In addition, any potential contaminating 

fibroblasts that had evaded the differential adhesion step would be removed from the 

culture. 

  

p75NTR is reported to have an on/off switch mechanism (Gong et al., 1994, Vickland et al., 

1991). Some attempts to isolate OECs from the olfactory mucosa and bulb have led to the 

observation of GFAP but not p75NTR expression (Franceschini and Barnett, 1996, Pixley, 

1992, Huang et al., 2008, Franklin and Barnett, 1997) which raises questions on the identity 

of these cells and whether they are OECs that do not have p75NTR activated, or another 

type of cell. If p75NTR is not a consistent marker, it increases the difficulty of confidently 

identifying OECs in culture and questions whether another marker should be used as the 

identifying marker (Kawaja et al., 2009).   

 

NT-3 has been reported to increase expression of p75NTR (Bradbury et al., 1999, Bregman 

et al., 1997, Xu et al., 1995, Ramer et al., 2005). Therefore, NT-3 was added as a 

neurotrophic factor to the media in some experiments. NT-3 was first described in 1986 by 
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Martin-Zanca (Martin-Zanca et al., 1986) and is a neurotrophin which is expressed by OECs 

(Bradbury et al., 1999). It acts through the Trk receptor (Barbacid, 1994) in order to 

promote remyelination and recovery of neuronal function (Zhang et al., 2017).  

 

4.2 Aim and Hypothesis 

 

The overall aim of this Chapter was to determine the stability of p75NTR in expression in 

culture. The specific objectives were to determine whether p75NTR and Thy1 were 

transient or constitutive markers for the PA5 cell line. In addition to this, we wanted to 

assess whether immune-depletion of Thy1 positive cells could enrich p75NTR positive cells.  
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4.3 Results 

 

4.3.1 Characterisation of PA5 Purified Populations 

 

PA5 cells were selected using MACS technology to immune-deplete Thy1 cells. The aim of 

this experiment was to characterise the unselected population and the retained (Thy1 

positive) and eluted (Thy1 negative) fractions in order to determine whether p75NTR was 

enriched in the absence of Thy1.  

 

4.3.1.1 Experimental Overview 

 

The PA5 population was immuno-depleted for Thy1 using MACS technology with an LS 

column. LS columns are recommended for positive selection, where the magnetic beads 

attach to the cells of interest and LD columns are used for depletion, where the beads 

attach to cells needing removal from the process (Miltenyi et al., 1990). Initially LD columns 

were used for the purification as the aim was to deplete Thy1 from the population, 

however the flow cytometry results obtained showed no form of purification taking place 

(data shown in Appendix One). When LS columns were used, a change in Thy1 positivity 

could be observed in the population. Therefore, LS columns were used in this study.  

 

The process of MACS purification is outlined in Figure 4.1. The magnetic beads are coated 

with Thy1 antibody, and therefore Thy1 positive cells attach to these beads. Cells are run 

through the column inside a magnetic field. Any cell that binds to a bead is retained inside 

the column as the magnetic field holds it in place. Thy1 negative cells are allowed to flow 

through the column and multiple column volumes are washed through the column to 

ensure all negative cells have left the column. After the Thy1 negative cells (eluted) have 

been collected, the column is removed from the magnetic field and the positive cell 

fraction (retained) can be collected (Miltenyi et al., 1990). These cells can then be cultured 

and differences in behaviour observed. The beads are biodegradable and do not persist in 

the culture after 72 hours (Miltenyi et al., 1990).  

 

In this chapter, ‘PP’ refers to the pre-purified fraction. This was an unselected cell 

population that was taken from the cell culture before MACS was performed. ‘E’ refers to 

the eluted fraction which comprises of Thy1 negative cells. ‘R’ refers to the retained 
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fraction which is the population that bound to the beads and was therefore positive for 

Thy1 at the time of purification.  

 

 

Figure 4.1: MACS purification process. Cells are incubated with microbeads that are coated with anti-Thy1 
antibody. Cells that are positive for Thy1 attach to these magnetic beads. The cells are then put through a 
column in a magnetic field. Cells that are negative for Thy1 flow straight through (eluted cells) as the magnetic 
field does not affect them. Once the column is removed from the magnetic field, the cells that are positive for 
Thy1 are able to leave the column (retained fraction).  

 

The efficiency of the MACS purification was assessed using flow cytometry and ICC. A 

sample was taken from the PA5 population before purification and plated at 12,000 

cells/cm2 in a 96 well plate. Samples from retained and eluted fractions were plated at the 

same density. All cells were fixed at 24 hours and labelled using ICC with Triton X 

permeabilisation. Flow cytometry was carried out immediately after purification (which 

included incubation with a fluorescent secondary antibody) and the pre-purified cell 

sample was live-stained in parallel and characterised using the BD Accuri™ C6 flow 

cytometer. An isotype control was run (IgG1 FITC, BD Biosciences) to compensate for any 

non-specific binding.  

 

As the process aimed to remove Thy1 cells, the expected results were two distinct cell 

populations, one Thy1 depleted and the other Thy1 enriched. Antibodies were targeted 

against cell identity markers p75NTR (Millipore), S100β (Dako), Fn (Sigma-Aldrich, UK), Thy1 

(Sigma-Aldrich, UK) and α-SMA (Abcam) to characterise the populations. The secondary 
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antibodies used were anti-rabbit (Vector DyLight IgG 594, red) and anti-mouse (Vector 

DyLight IgG 488, green).  

 

4.3.1.2    Results and Discussion 

 

In Figure 4.2, the flow cytometry graphs are displayed. M1 represents the Thy1 positive 

fraction and M2 represents the Thy1 negative fraction. The pre-purified fraction was mostly 

comprised of Thy1 positive cells (83.9% Thy1 positive, Figure 4.2B). The eluted fraction 

(Figure 4.2C) was mostly Thy1 negative (93.0% Thy1 negative) which confirms purification 

had taken place. In contrast, the retained fraction (Figure 4.2D), can be seen to have a split 

population with some Thy1 negative cells still present, but generally high levels of Thy1 

positive cells (78.7% Thy1 positive). The Thy1 positive fraction had proportionally fewer 

Thy1 positive cells than the original population. This is may be due to the difficulties that 

occur when dealing with a population which is already highly pure (Miltenyi et al., 1990) or 

the plasticity of the cells in regards to protein expression (Sonigra et al., 1999, Barnett and 

Riddell, 2004, Ebel et al., 2013, Boyd et al., 2003, van den Pol and Santarelli, 2003). This was 

not regarded as a key issue as the eluted fraction was the key population of interest and 

the flow cytometry results indicated that the purification was successful.  

 



95 
 

 

Figure 4.2: Flow cytometry graph output from BD Accuri™ C6 flow cytometer. Cells were purified using MACS 
technology to separate Thy1 positive cells from the rest of the population. The M1 bracket on the graphs 
indicates cells that are positive for Thy1 and the M2 bracket indicates cells that are negative for Thy1. The 
isotype control and pre-purification fractions were run using live staining and the eluted and retained fractions 
were stained by binding the secondary antibody to the MACS beads present.  

 

ICC was carried out (Figure 4.3) and quantified (Figure 4.4) to characterise the populations 

for a variety of markers (p75NTR, Thy1 S100β, Fn and α-SMA). The only markers that were 

observed to change between populations were Thy1 and α-SMA.  

 

Thy1 was present in significantly lower values in the eluted fraction (18.6±7.2%, one-way 

ANOVA, Bonferroni correction post-hoc, p<0.01). The pre-purified and retained fractions 

were 47.4±12.4% and 51.0±8.1% positive for Thy1 with ICC compared with 83.9% and 

78.7% quantified as positive with the flow cytometer. This may be due to the different 

levels of detection between ImageJ and the BD Accuri™ C6 flow cytometer. Generally flow 

cytometry has higher levels of detection than ICC (Becton, 2015). 

 

 α-SMA was observed to be present in lower levels in the pre-purified fraction compared 

with the retained and eluted fractions (69.1±8.3% compared with 87.6±3.7% and 

86.2±1.5%). α-SMA was used as it has been reported it is expressed by OECs but not 
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Schwann cells (Jahed et al., 2007). α-SMA identifies stem and pre-cursor cells which have 

been found in various tissue during repair and regeneration (Hosoya et al., 2006). It could 

be that when the population is split, more cells exhibit stem cell like behaviour as the 

population adapts. The differences in α-SMA expression are quantified in Figure 4.4.  

 

Although all cells appear to express S100β and Fn (Figure 4.3), S100β expression was seen 

to be brighter and more cytoplasmic in the pre-purified and retained fractions compared to 

the eluted fraction where the expression remains very nuclear. S100β is associated with 

cell cycle and differentiation (Gilquin et al., 2010). It could be that the cell population in the 

pre-purified and retained fractions are proliferating more rapidly than those in the eluted 

fraction and this explains the difference in expression. S100β has been observed to act in a 

dose dependent manner (Sandrin and Cosset, 2006, Steiner et al., 2007) and therefore this 

could be what is occurring in these populations and the populations have been imaged at 

different stages of dosing.     

 

There was no significant difference in p75NTR expression between the retained and eluted 

fractions. The hypothesis of this experiment was that depleting Thy1 may enrich p75NTR 

which was not what was observed in this work. The presence or absence of Thy1 

expression was found to have no relation to the expression of key OEC marker p75NTR. 

This would indicate that OECs co-express Thy1 and p75NTR but can express only p75NTR 

which may explain the different opinions about expression in the literature (Hayat et al., 

2003, Nash et al., 2001, Nash et al., 2002, Sonigra et al., 1999). It also agrees with the idea 

that methods of enrichment have to be used carefully as without a full understanding of 

the cells, functional parts of the population may be unintentionally removed (Kawaja et al., 

2009).  
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Figure 4.3: Fluorescent micrographs characterising of pre- and post- purification populations. Cells from the pre-purified (A-E), retained (F-J) and eluted (K-O) populations were 
fixed after 24 hours and characterised using α-SMA, S100β, Fn, p75NTR and Thy1, all with Triton X permeabilisation. Hoechst was used as a nuclear stain. Both the pre-purified (D) 
and retained (I) fractions had positive Thy1 staining whereas the eluted (N) fraction was completely negative. The scale bar represents 400μm.  
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Figure 4.4: Quantification of MACS purification characterisation. Cells from the pre-purified, retained and 
eluted fractions were fixed and stained for p75NTR, Thy1, S100β, Fn and α-SMA. This staining was quantified 
using the percentage of positive cells present (A) and the total yield (B) for each marker. There was a significant 
difference for Thy1 between the pre-purified and retained fractions compared with the eluted fraction (one-
way ANOVA, Bonferroni post-hoc, p<0.01). When yield was considered, in all conditions the eluted fraction was 
almost always significantly lower than the pre-purified and retained fractions (one-way ANOVA, Bonferroni 
post-hoc, p<0.01). Data are means ± SEM, n=3.  

 

Another observation from the ICC micrographs in Figure 4.3 was the differences in 

morphology between the different populations, especially the more enlarged morphology 

in the eluted fraction. It was expected that the cells in the Thy1 negative fraction would 

assume more elongated cell morphologies. Instead the eluted cells were more enlarged 

than those in the Thy1 positive and pre-purified fraction. These differences in morphology 

were quantified using p75NTR positive staining and the ImageJ macro used in Chapter 3 

and described in Section 2.3.3. 

 

From the circularity graphs in Figure 4.5it can be observed that the distributions of the pre-

purified and retained fractions were similar. They had a skew value of 1.1 and 1.2 

respectively, although the retained fraction had a kurtosis value of 1.0 against the pre-

purified value of 0.4, indicating a sharper peak. The difference in kurtosis values was due to 

the second minor peak in the pre-purified fraction at 0.8-0.9. The second peak could 

correlate to the eluted fraction cells as they produce a much flatter and wider distribution 

as shown by their skew and kurtosis values of 0.6 and -0.6 respectively. Cells in the eluted 

exhibited a more enlarged morphology than those in the other fractions. This could be due 

to this population taking longer to attach without Thy1 present and therefore retaining 

their larger morphology. Alternatively, the separation may be isolating a sub-population of 

OECs that is responsible for the enlarged morphology that has been observed in literature 

(Sonigra et al., 1999, Barnett and Riddell, 2004, Ebel et al., 2013, Boyd et al., 2003, van den 
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Pol and Santarelli, 2003, Vincent et al., 2005). This is important for functionality as it is the 

spindle shaped morphology that is accepted in literature to have the desired regenerative 

properties (Kawaja et al., 2009, Pellitteri et al., 2010, Fraher, 2000, Alexander et al., 2002). 

In vivo, OECs which exhibit the spindle shape have been observed to express desirable 

markers p75NTR and GFAP and allow neural regeneration. In contrast, OECs which were 

negative for these markers did not exhibit any regeneration during neuron co-culture 

(Alexander et al., 2002, Pellitteri et al., 2010). A population with a less spindle shaped 

morphology is thought to be less likely to possess these regenerative properties and is 

therefore an undesirable characteristic to observe in culture.  

 

 

 

Figure 4.5: p75NTR circularity of MACS purification populations. Cells that were positive for p75NTR in each 
purified fraction were analysed for circularity by using the ImageJ macro. This data was organised and graphed 
as a distribution for percentage frequency in each interval. It can be determined that the pre-purification (A) 
and retained (C) fraction followed similar morphology patterns with shifts to the left and a peak at a circularity 
of 0.1-0.2. The eluted fraction (B) on the other hand followed a more uniform distribution with the most 
common circularity value lying between 0.2-0.4 and a skew value of 0.6. This data was analysed at n=3.  
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MACS is an efficient tool to separate Thy1 from the OEC population. It can be determined 

from this work that the presence of Thy1 does not affect p75NTR and S100β expression. 

This indicates the separation process may separate subpopulations of OECs rather than 

remove contaminating fibroblasts from the heterogeneous population. Differences were 

observed in the morphology of the cells in the different populations, although this may be 

due to the population isolated in the eluted fraction needing longer to fully adhere and 

proliferate.  

 

4.3.2 Expression of Identity Markers up to 48 hours in culture and under 

different processing techniques 

 

p75NTR is commonly used as a putative marker for OECs (Franssen et al., 2007, Barnett and 

Riddell, 2004, Boyd et al., 2003, Guerout et al., 2011, Pellitteri et al., 2010, Sonigra et al., 

1999). The aim of the next experiment was to determine whether p75NTR is stably 

expressed by OECHs over time in culture or whether expression changes with time or ICC 

processing method. This characterisation also examined expression of Thy1 which is 

normally used as a fibroblast marker (Wu et al., 2013b, Ebel et al., 2013).  

  

4.3.2.1 Experimental Overview 

 

Cells were plated at 12,000 cells/cm2 on laminin coated 96 well plates. At the set time 

points 8, 12, 24 and 48 hours the cells were fixed and stained. Staining was carried out with 

or without a permeabilisation step using Triton X detergent. This allowed the differences in 

surface and intracellular expression to be observed. Three experimental repeats were 

carried out (n=3).  

 

4.3.2.2   Results and Discussion 

 

The first observation from the ICC and quantification (Figure 4.6-Figure 4.7) was that 

p75NTR turns off over time in culture (Figure 4.6A, E, I, M). For the first 24 hours, p75NTR 

was expressed strongly by the cells (95.9±1.1% at 24 hours with Triton X permeabilisation), 

however, by 48 hours this signal had significantly decreased (16.3±2.0% at 48 hours with 

Triton X permeabilisation). p75NTR has previously been reported to decrease with 

increased cell density (Kendall et al., 2002, Erck et al., 1998). The cells were plated at a high 

seeding density (12,000 cells/cm2) and as the cells proliferate and become confluent this 
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may downregulate p75NTR as further proliferation is undesirable. This would also explain 

why p75NTR expression turns back on when the cells are plated on new surfaces as the cell 

density decreases.  

 

It was found that in the absence of Triton X, p75NTR expression remained detectable 

(Figure 4.6B, F, J and N). This indicates that p75NTR was being expressed both on the 

surface and intracellularly, in agreeance with the literature (Krudewig et al., 2006). The 

distribution between the cell surface and the cytoplasmic compartment occur as proteins 

are constantly internalised and recycled to the surface when required (Prasad et al., 2010).  

 

p75NTR may be turning off in culture as it may be a part of a subpopulation of OECs (Chen 

et al., 2014, Hayat et al., 2003). The culture was set up without any function required from 

the OECs which may result in unintentional selection for one of these subpopulations that 

do not take the leading role in assisting neural regeneration. Populations of OECs isolated 

from the same area have been observed to display different combinations of p75NTR and 

GFAP expression (Kawaja et al., 2009). The decrease observed in p75NTR expression may 

be linked to one of these subpopulations.  

 

Alternatively, as reported in Section 1.3.3.2, p75NTR is associated with the cell cycle and 

proliferative neural populations (Kendall et al., 2002). When the proliferation decreases 

and the cell density increases, a decrease in p75NTR expression is observed (Erck et al., 

1998). It could be that the decrease in p75NTR expression observed in Figure 4.7 is not 

related to subpopulations and is simply responding to the increased cell to cell contact. In 

astrocytes and SCs, p75NTR is upregulated after injury or stress to the cells, therefore this 

could also be what has been observed here (Cosgaya et al., 2002). Trypsinising the cells and 

removing them from the tissue culture surface may result in an upregulation of p75NTR. 

 

In the absence of Triton X, higher levels of Thy1 expression were detected (64.3±2.2% at 8 

hours without Triton X permeabilisation compared with 2.7±0.5 at 8 hours with Triton X 

permeabilisation, Figure 4.8). In the images with Triton X (Figure 4.6A, E, I and M), there 

was almost no Thy1 expression observed, however, cells from the same population are 

shown to strongly express Thy1 when the cell membrane remains intact (Figure 4.6B, F, J 

and N). Chemically breaking up the cell membrane decreased the ability to detect Thy1 

expression. Triton X permeabilisation may cause damage to the transmembrane domain of 
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Thy1, preventing binding of the antibody. In the literature, both processing methods have 

been used prior to detecting Thy1, although the use of 0.1-0.25% Triton X is most 

commonly used (Kueh et al., 2011, Tome et al., 2007, Wu et al., 2013a, Ishihara et al., 2014, 

Lu, 2005, Jahed et al., 2007, Nash et al., 2001). This may explain why OECs are often 

characterised as Thy1 negative (Wu et al., 2013b, Ebel et al., 2013), Triton X 

permeabilisation may prevent its detection.  

 

Unlike p75NTR, Thy1 was not observed to have a decreased signal over time. Instead, it 

was observed to be strongly expressed at 8 hours and 24 hours (64.3±2.2% and 78.9±4.3% 

respectively, with standard media and without Triton X permeabilisation) with lower 

expression levels observed at 12 and 48 hours (49.5±4.4% and 51.1±3.6% respectively, in 

standard media and without Triton X permeabilisation). This indicates that Thy1 expression 

changes over time. Therefore, caution is needed when labelling and characterising cells 

using Thy1 as a period of low expression may be captured but a higher expression can take 

place 12 hours later. Thy1 is associated with cell adhesion and transmigration (Saalbach et 

al., 2005). Therefore, the level of expression could be related to the proliferation rate. Over 

time the cells attach and show higher Thy1 expression, whereas when the cells are dividing 

slowly, the expression decreases. 

 

NT-3 was added to the culture media (50ng/ml) in order to determine its relation to 

p75NTR expression. It was found from this study that NT-3 did not change the duration of 

p75NTR expression. In Figure 4.6A, E, I, M, p75NTR had a decreased signal by 48 hours in 

culture. When NT-3 was added to the culture media Figure 4.6C, G, K, O, the same pattern 

was observed and confirmed by the quantification (Figure 4.7). There was no extension of 

signal observed in NT-3 culture conditions (expression at 48 hours in standard media with 

Triton X permeabilisation was 16.3±2.0% without NT-3, and 13.9±1.1% with NT-3). NT-3 has 

been well documented to assist in remyelination (Bradbury et al., 1999, Bregman et al., 

1997, Xu et al., 1995, Ramer et al., 2005), so it may be that NT-3 was not observed to 

increase p75NTR expression because the myelination abilities of the OECs were not being 

functionally tested in this work.  
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Figure 4.6: Fluorescent micrographs of the time point staining of PA5 cell population. Cells were fixed and 
stained at 8 (A-D), 12 (E-H), 24 (I-L) and 48 (M-P) hours. This staining was carried out with and without Triton X 
permeabilisation. Over time the expression of p75NTR decreased (A, E, I, M, C, G, K and O). The presence of 
p75NTR and Thy1 was observed to change depending on whether Triton X had been used. When Triton X was 
used, Thy1 was absent (A, E, I, M, C, G, K, O), however when Triton X was not used, a clear outline of the cells 
can be seen showing the expression of Thy1 (B, F, J, N, D, H, L and P). Thy1. is time dependent with the highest 
level of expression occurring at 8 and 24 hours (B, J, D and L) and lower levels occurring at 12 and 48 hours (F, 
N, H and P). NT-3 did not make a difference to p75NTR expression. The scale bar represents 400μm.  

 

 

Figure 4.7: Quantification of p75NTR protein expression. Cells that labelled positive for p75NTR in all staining 
conditions were quantified and plotted. Cells were quantified for the proportion of p75NTR positive cells (A) 
and the total yield of p75NTR positive cells (B). The 48 hour point was significantly lower in positive p75NTR 
cells than the other time points in both percentage positive and yield for every condition (one-way ANOVA, 
Bonferroni post-hoc, p<0.001). Data are means ± SEM, n=3.  
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Figure 4.8: Quantification of Thy1 protein expression. Cells that labelled positive for Thy1 in all staining 
conditions were quantified and plotted. Cells were quantified for the proportion of Thy1 positive cells (A) and 
the total yield of Thy1 positive cells (B). Thy1.1 appears to switch on and off during culture time. When Triton X 
was used, the expression of Thy1 was lost, whereas when the cell membrane is left intact, the expression was 
able to be detected. Data are means ± SEM, n=3.  

 

From this work, it was observed that p75NTR is not a stable marker to characterise OECs as 

it decreases over time in culture. When the OECs were plated onto new culture plates, 

p75NTR expression was around 90% over the first 24 hours. After this time, p75NTR was 

downregulated.  

 

Thy1 is also a marker whose expression fluctuates over time in culture. This further 

impedes accurate characterisation of OECs and potentially “contaminating” fibroblastic 

cells. In addition to this, if Triton X is used to permeabilise cells, the Thy1 signal decreases. 

The knowledge gained in this work was applied to subsequent experiments by 

characterising Thy1 marker expression over a longer time course without using Triton X 

permeabilisation.  

 

4.3.3 Expression of Identity Markers after six days in culture 

 

Building on the knowledge gained in Section 4.3.2, the MACS purification experiment was 

repeated and cell populations were characterised at both 24 and 48 hours post-processing 

and in the presence and absence of Triton X permeabilisation (p75NTR characterised in the 

presence and Thy1 in the absence of Triton X). The aim of this experiment was to increase 

the accuracy of the characterisation of the purified populations.  
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4.3.3.1 Experimental Overview 

 

PA5 cells were cultured on laminin coated flasks in the presence of NT-3. The staining was 

carried out at 24 and 48 hours post-plating and labelling was performed both with and 

without Triton X permeabilisation. 

 

4.3.3.2 Results and Discussion 

 

The ICC micrographs obtained from this experiment (Figure 4.9) and the quantification 

(Figure 4.10-Figure 4.11) revealed that the p75NTR signal decreased after 24 hours, which 

was consistent with Figure 4.6. Fewer cells express p75NTR in the retained fraction in the 

absence of Triton X permeabilisation (63.6±13.5% at 24 hours) compared with cells in the 

pre-purified (93.6±2.1% at 24 hours) and eluted fractions (91.8±3.9% at 24 hours). This may 

indicate that the cells in the retained fraction express comparatively more of its p75NTR 

intracellularly as opposed to on the surface compared with the eluted and pre-purified 

fractions.  

 

Thy1 labelling intensity was sharper without Triton X permeabilisation, confirming previous 

data. Previously, in Figure 4.6, Thy1 was observed in the retained fraction, although not to 

the same degree as was obtained with flow cytometry. There was also a lack of strong Thy1 

expression in the pre-purified population. When Triton X was excluded from the staining 

protocol, higher levels of Thy1 expression were observed (63.9±3.2% at 24 hours in the pre-

purified fraction and 75.2±11.1% at 24 hours in the retained fraction), correlating with the 

flow cytometry data. Therefore, from this experiment a more accurate picture of cell 

marker characteristics that corresponds with flow cytometry data was obtained. 

 

From quantification in Figure 4.10, expression of Thy1 cells in the eluted fraction was 

significantly lower (9.9±8.5% at 24 hours without Triton X permeabilisation), compared 

with the retained (75.2±11.1 at 24 hours without Triton X permeabilisation) and pre-

purified fractions (63.9±3.2% at 24 hours without Triton X permeabilisation) indicating the 

purification was successful (one-way ANOVA, Bonferroni post-hoc, p<0.001). No patterns 

were observed when the cells were treated with Triton X, most likely due to the small 

values obtained due to the permeabilisation destroying the ability to detect Thy1. 

Figure 4.9-Figure 4.11 also documents the expression of S100β and Fn. No significant 

difference between the three conditions was observed. The only observation in the ICC was 
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that the S100β expression appeared to be stronger and more cytoplasmic in the pre-

purified and retained fraction as was previously observed in Figure 4.6. This was postulated 

to be related to the dose dependent nature of S100β (Sandrin and Cosset, 2006). At 48 

hours, S100β expression was stronger in all three conditions which indicates upregulation 

taking place. 

   

Examination of how Triton X permeabilisation changes S100β and Fn detection was not 

carried out as it is well documented that S100β is an intracellular marker found in the 

cytoplasm (Chong, 2016, Jin et al., 2014) and that Fn is expelled into the extracellular 

matrix space (Wang and Ni, 2016, Tom et al., 2004, Liu et al., 2010, Ramón-Cueto and 

Nieto-Sampedro, 1992). If no Triton X permeabilisation was used prior to S100β detection, 

no signal would be observed (Chong, 2016, Jin et al., 2014). Conversely, when Triton X 

permeabilisation is used when detecting Fn, there is no difference in detection levels 

(Wang and Ni, 2016, Tom et al., 2004, Liu et al., 2010, Ramón-Cueto and Nieto-Sampedro, 

1992). 

 

In Figure 4.10 all cells were 100% positive for both S100β and Fn. When this was 

interpreted alongside yield values, this allowed differences in the population numbers to 

be observed. As the populations have the same purity, the difference in yield can be used 

as an estimate of total cell number. The pre-purified fraction at both time points and with 

both markers had the highest yield (237.7±37.1 S100β positive cells/mm2 compared with 

153.4±21.3 S100β positive cells/mm2 for the retained fraction and 107.8±17.9 S100β 

positive cells/mm2 for the eluted fraction, all at 24 hours). This indicates that the cells in 

the pre-purified fraction have a higher proliferation rate and this advantage remains for the 

first 48 hours. After 48 hours the difference in yield between the pre-purified and eluted 

fractions was significant (239.1±38.5 S100β positive cells/mm2 pre-purified fraction and 

107.9±18.0 S100β positive cells/mm2 eluted fraction, one-way ANOVA, Bonferroni post-

hoc, p<0.05). This could be due to the pre-purified and retained fractions containing Thy1 

positive cells which may include fibroblasts which have a faster attachment and higher 

proliferation rate. Further work needs to be done to understand the true identity of these 

cells.  
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Figure 4.9: Fluorescent micrographs of time point staining of PA5 cell population after MACS purification. From the previous work it was determined that differences occurred 
depending on the staining conditions and the time at which the cells were fixed. To improve the detection method for p75NTR and Thy1, cells were fixed at 24 and 48 hours and 
stained with and without Triton X permeabilisation to ensure the best representation of the population was attained. Cells were also stained for S100β and Fn. There did not 
appear to be a difference in p75NTR, S100β and Fn expression (A-R) between the three populations. There was a significant difference observed when Triton X was used to detect 
Thy1. Without Triton X, Thy1 can be seen to be present in the pre-purified and retained fractions (C, D, I and J), but absent in the eluted fraction (O and P). The scale bar represents 
200μm.  
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Figure 4.10: Quantification of time point characterisation of MACS purified PA5 population protein 
expression. Cells that were positive for p75NTR (A), Thy1 (B), S100β and Fn (C) were quantified using ImageJ. 
These graphs show the percentage of positive cells for each marker. Although p75NTR was not present to the 
same extend in the retained fraction, this was not found to be statistically significant (one-way ANOVA, 
Bonferroni post-hoc, p<0.05) (A). The presence of Thy1 was found to be significantly lower in the eluted fraction 
at both 24 and 48 hours when staining was completed without the use of Triton X permeabilisation (one-way 
ANOVA, Bonferroni post-hoc, p<0.001) (B). The effect of two time points did not change the levels of Fn and 
S100β expression (C). Data are means ± SEM, n=3.  
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Figure 4.11: Quantification of time point characterisation of purified PA5 population yield. Cells that were 
positive for p75NTR (A), Thy1 (B), S100β, and Fn (C) were quantified using ImageJ. These graphs show the total 
yield of positive cells for each marker. There were no significantly different results for p75NTR (A). Thy1 was 
statistically different in the eluted fraction compared with retained and pre-purification fractions without Triton 
X permeabilisation (B). For S100β and Fn yields, at the 48 hour time point, the eluted fraction was statistically 
lower than the pre-purification fraction (C). Data are means ± SEM, n=3.  

 

As with Section 4.3.1, differences in morphology were observed in the ICC staining in Figure 

4.9. The eluted cells formed a more rounded morphology, whereas the pre-purified and 

retained fractions adopted morphologies that were more elongated. This morphological 

difference was quantified using p75NTR positive cells and the macro described in Section 

2.3.2. The distributions generated are plotted in Figure 4.12.  

 

At 24 and 48 hours, the histogram for the circularity of the pre-purified cells (Figure 4.12A, 

B), did not change over time and this was validated by the lack of significance in comparing 

these two distributions (Kolmogorov-Smirnov). Significant differences existed between the 

pre-purified fraction (at 24 and 48 hours) and the eluted and retained fractions (both at 24 

hours) (Kolmogorov-Smirnov, p<0.001). These morphological differences may be indicative 

of different cell populations being present. The distribution of the retained cells at 24 hours 
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(Figure 4.12C) was significantly different to the one at 48 hours (Figure 4.12D) and it can be 

seen shifting to the left and obtaining a sharper peak. This may be due to the cells requiring 

time to attach and requiring time to adopt their morphology or morphology related cell 

signalling. 

 

The distribution for the eluted fraction at 24 hours (Figure 4.12E) quantifies the more 

enlarged morphology observed in Figure 4.9 with a uniform distribution occurring with 

values from 0.2-0.6 all giving similar numbers of cells. After a further 24 hours, this fraction 

exhibits a shift to the left with cells with circularities over 0.6 forming the tail. This shift 

occurs slower than those by pre-purified and retained fractions. This could be due to the 

cells taking longer to attach and adapt to their surroundings, or because this sub-

population does not usually form spindle shaped cells. Further observation over longer 

periods of time would be required to determine which one of these hypotheses is correct.  
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Figure 4.12: p75NTR circularity of time point MACS purification populations. Cells that were positive for 
p75NTR in each purified fraction at 24 and 48 hours were analysed for circularity using the ImageJ macro. This 
data was organised and graphed as a distribution for percentage frequency in each interval. From these 
distributions it was observed that the pre-purified population (A, B) retained a left shifted distribution, whereas 
the retained and eluted cells (C-F) had a more centred distribution with the exception of retained cells at 48 
hours (D) which had a larger left shift. This data was analysed at n=3. 

 

By removing Triton X from the ICC protocol, this allowed counts of Thy1 positive cells to 

reach similar levels to the flow cytometry in Section 4.3.1. Improving the confidence in the 

positive ICC results increases the confidence that the negative result in the eluted fraction 

is truly negative. There were more cells present in the pre-purified fraction compared to 

the other fractions as determined by the proportions and yields of S100β and Fn staining. 

After 48 hours cells in the eluted fraction were still Thy1 negative and starting to adopt a 

more enlarged morphology. To further understand these populations, it was decided to 

culture them for six days to examine how protein expression and morphology changes over 

a more prolonged period of time.  
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4.3.4 Characterisation of Purified PA5 cells after six days in culture 

 

Thy1 positive cells were immunodepleted from the culture using MACs purification and the 

populations were initially characterised up to 48 hours after purification. The aim of the 

next experiment was to further characterise the purified cell populations after extended 

culture duration. This was carried out by culturing the cells for six days after purification.  

 

4.3.4.1 Experimental Overview 

 

Previously cells were purified and fixed for staining within 48 hours of the purification. In 

this time it could be seen that the eluted fraction was negative for Thy1 and differences in 

morphology were observed. In order to obtain a better understanding of these populations 

the cells from the eluted and retained fraction were cultured on laminin coated flasks in 

the presence of NT-3 for 6 days before being fixed and stained using ICC. Cells were fixed at 

24 hours, 48 hours, day 5 and day 6 to ensure a 24 hour time difference existed between 

the ‘pre’ and ‘post’ conditions and that Thy1 expression would be able to be observed. As 

in the previous experiment, Thy1 was stained without Triton X permeabilisation.  

 

4.3.4.2 Results and Discussion 

 

It was observed that p75NTR signal reduces over time in both the retained and eluted cell 

populations (97.5±1.3% and 93.8±2.4% respectively at 24 hours, down to 18.9±4.2% and 

13.8±11.7 at day 6, all with Triton X permeabilisation, Figure 4.13-Figure 4.14). 

Quantification of p75NTR yield (Figure 4.14C, D) needs to be interpreted carefully as the 

seeding density of the culture was different for 24/48 hours compared to 5/6 days. Only 

comparison within these time frames can be carried out. This was done due to the time the 

eluted fraction took to attach. In order to have a stable culture to stain after 24 hours, the 

seeding density was 12,000 cells/cm2. A lower seeding density (6000 cells/cm2) can be used 

for staining after 5 days as the cells have enough time to attach and establish a culture.  

 

The proportions of p75NTR positive cells do not exhibit any significant differences between 

the Thy1 positive and negative fractions (97.5±1.3% for the Thy1 positive fraction, and 

93.8±2.4% for the Thy1 negative fraction, at 24 hours with Triton X permeabilisation, Figure 

4.15) which implies the OECs co-expressed p75NTR and Thy1. Significance exists between 

the 24/48 hour values and 5/6 day values in most cases (one-way ANOVA, Bonferroni post-
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hoc, p<0.01). From the proportion of p75NTR positive cells, even in the absence of Triton X, 

the expression of p75NTR can be seen to dramatically decrease over time in culture 

(32.5±8.2% at 24 hours down to 3.5±1.6% at day 6 for the retained fraction, Figure 4.14). 

This is in line with results obtained in Section 4.3.2 and Section 4.3.3.  

 

When the results for p75NTR expression for Triton X and no Triton X were examined, it was 

observed that with Triton X permeabilisation, the retained fractions exhibited higher levels 

of p75NTR expression (97.5±1.3% at 24 hours versus 93.8±2.4% for the eluted fraction). 

When Triton X permeabilisation was removed from the staining protocol, the eluted 

fraction in most instances displayed higher proportions/yields of p75NTR positive cells 

(56.8±9.7% at 24 hours versus 32.5±8.2% for the retained fraction). This indicates that the 

eluted fraction was expressing more p75NTR on the surface of the cell compared with the 

retained fraction. By expressing p75NTR on the surface, this may imply that the use of this 

protein is more active. The significance of this expression requires further investigation into 

the relationship between OEC behaviour, function and p75NTR expression.  

 

The effect of Triton X on the Thy1 signal was repeated and in the retained fraction it can be 

seen to vary in strength over 24 hours intervals (24-48 hours and 5-6 days). At 24 and 48 

hours, the eluted fraction can be seen to be devoid of Thy1 positive cells. The key 

observation from this experiment was that Thy1 turns back on in the Thy1 negative 

fraction. At 5 and 6 days, Thy1 can be observed in the eluted fraction (54.3±7.1% at day 6) 

and although it does not reach the same proportion as the retained fraction (68.7±16.6% at 

day 6), it is clearly present.  

 

This upregulation of Thy1 expression shows that the cells have received signals that have 

resulted in Thy1 being turned back on in this population. When cells expressingThy1 were 

removed, the population switched this marker back on and re-established the balance. As 

OECs also express other adhesion proteins (Josvay et al., 2014) such as Fn (Ramon-Cueto et 

al., 1993, Kawaja et al., 2009), it would be beneficial to knock out Thy1 in order to 

determine whether Thy1 is needed for attachment. It may be that OECs use several 

different adhesion molecules and can attach using other molecules such as Fn if Thy1 is not 

available. Further work would be required in this area.  
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These data shows removing Thy1 from the population was not an efficient long term 

solution. Although the purification may be removing fibroblasts from the polyclonal 

population, the removal of Thy1 does not ensure that the cells in the negative fraction do 

not express Thy1. Thy1 was previously observed to change with time in culture (Section 

4.3.2), however, it can be seen from this work that when the population had no Thy1 

expressed after 48 hours, the cells were able to upregulate this marker and turn it back on.  

 

Figure 4.16 displays the quantification of S100β staining. The expression of S100β 

decreases over time (52.8±23.9% at 24 hours compared to 14.0±4.1% at day 5 in the 

retained fraction, Figure 4.16A) and also exhibits large error bars. The reason for this 

variation where little has been seen before has not been identified. From this data, not 

only does p75NTR decrease in signal, but so does S100β. Further investigation would be 

useful to determine whether this downregulation is linked or whether they have been 

influenced by separate factors. p75NTR is associated with cell cycle and cell density 

(Kendall et al., 2002, Erck et al., 1998) whereas S100β acts in a dose dependent manner 

(Steiner et al., 2007, Gilquin et al., 2010) so it may be that these have coincided as opposed 

to being related to a common source.  

 

Fn staining was not quantified in this experiment due to the inability to identify the cell 

responsible for the expression at days 5 and 6. Fn was strongly expressed and the 

extracellular nature of this marker can be observed as initially it was associated with 

specific cells. By 5 days, Fn had spread throughout the entire well and it was too 

challenging to identify where the expression originated.  
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Figure 4.13: Fluorescent micrographs of extended time point staining of PA5 cell population after MACS purification. To determine if removing Thy1 influenced the growth and 
behaviour of the cells, PA5s were purified using MACS and cultured for 6 days. Cells were stained at 24 hour intervals. p75NTR and Thy1 staining was carried out with and without 
Triton X permeabilisation. p75NTR decreased in expression over time up to six days and detection was best with Triton X permeabilisation (A-D, G-J, M-P and S-V). Thy1 was 
detected in the retained fraction without Triton X permeabilisation at 24/48 hours (B and H) but not in the eluted fraction (D and J). The use of Triton X permeabilisation decreased 
the detection of Thy1 (A-D, G-J, M-P and S-V). After 5/6 in culture Thy1 expression increased in the eluted fraction (P and V).By 5 days, Fn can be found in the majority of the well 
plate (E-F, K-L, Q-R, W-X). The scale bar represents 200μm.   
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Figure 4.14: Quantification of extended time point p75NTR staining of MACS PA5 purification. p75NTR was 
quantified using the proportion of positive cells observed (A, B) and the total yield (C, D). Statistical tests were 
carried out by comparing the retained time points to each other (for example retained at 24 hours compared to 
retained at 48 hours) using one-way ANOVA. The eluted and retained fractions were compared to each other 
within the same time point using the Shapiro-Wilk test and then either the Tukey test (normally distributed 
data) or the Kruskal Wallis test (non-normally distributed data). The number of p75NTR positive cells detected 
significantly decreased from 24/48 hours to 5/6 days (A, B, one-way ANOVA, Bonferroni post-hoc, *p<0.05, 
**p<0.01, ***p<0.001). Yield graphs need to be interpreted carefully as the starting density at 24/48 hours was 
different to the cells that were plated for 5/6 days. This means the bars can only be compared within these two 
conditions. Data are means ± SEM, n=3. 
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Figure 4.15: Quantification of extended time point Thy1 staining of MACS PA5 purification. Thy1 was 
quantified using the proportion of positive cells observed (A, B) and the total yield (C, D). When the cells were 
stained with Triton X permeabilisation, the number of positive cells detected was very low and no significance 
existed between conditions (A and C). In conditions stained without Triton X permeabilisation (B and D), it was 
observed that the eluted fraction started with significantly lower Thy1 positive cells (Tukey test, *p<0.05, 
**p<0.01, ***p<0.001). As the length of time in culture increased, the number of positive Thy1 cells in the 
eluted fraction increased. Due to the difference in seeding densities, the yield increase from 24/48 hours to 5/6 
days cannot be tested for significance. Data are means ± SEM, n=3. 

 

 

Figure 4.16: Quantification of extended time point S100β staining of MACS PA5 purification. Results were 
separated into individual markers and staining conditions in order to get a full view of the patterns that 
emerged. S100β was quantified using the proportion of positive cells observed (A) and the total yield (B). The 
staining for S100β generated large standard errors (A and B) and due to this, there was no significance found in 
these staining conditions. Yield needs to be considered carefully due to the different seeding densities used. 
Data are means ± SEM, n=3.   
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As in previous experiments, the morphology of the cells was examined using p75NTR 

positive cells and the macro developed (Section 2.3.2). The distributions generated are 

visualised in Figure 4.17. The immediate observation was that although the distributions for 

eluted and retained cells both start in different places with different distribution shapes, by 

6 days in culture, the cells exhibited similar morphologies. When this was examined in 

parallel with Thy1 expression, it is possible that the purification has separated two sub-

populations of OECs. After time in culture there is communication between the cells that 

re-establish the balance of the sub-populations. This implies that the population is able to 

determine the proportion of cells it requires to express certain proteins. Although the 

cultures do not reach the same levels as each other after 6 days in culture, the pattern is 

towards achieving this. It has been hypothesised in the past that there are two sub-

populations that carry out different aspects of the neural regeneration (Chen et al., 2014, 

Hayat et al., 2003). This data would indicate that when part of this population is removed, 

the population is able to adapt to these changes by changing part of its population to 

ensure it has the required proportion to carry out its function. Alternatively it could be 

linked to proliferation and the adhesion properties of Thy1 (Saalbach et al., 2005, 

Kisselbach et al., 2009) and expression changes as the proliferative rate changes over time.  

 

OECs have long been known to be plastic in regards to their morphology and expression 

(Chuah and Au, 1993, Barnett and Riddell, 2004). From this data it seems that not only are 

they able to change their morphology and expression, but also that they are sensitive to 

missing parts of the population and respond accordingly. Although cells were purified and 

Thy1 positive cells were removed from the population, the negative population had over 

54.3±7.1% of cells expressing Thy1 after 6 days in culture. It appears to be a repeated 

requirement that the significance of the markers expressed by OECs need further 

examination so the population can be understood in more detail. Only once this 

understanding of the markers is attained, can the true significance of these markers and 

their expression be interpreted.  
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Figure 4.17: Cell circularity of MACS purified populations during extended culture. Morphology was analysed 
using p75NTR positive cells for these conditions. Images from each time point were analysed using the ImageJ 
macro which calculated the circularity of the positive cells. This data was organised and graphed as a 
distribution for percentage frequency in each interval. Cells got more spindle shaped with time in culture. For 
both retained and eluted fractions, they followed the same pattern, starting with a reasonable peak and left 
shifted distribution initially (A-D). After 5-6 days however, the peak becomes very sharp and virtually all the 
cells have a circularity less than 0.4 (E-H). In terms of difference between retained and eluted fraction, they 
both seem to follow the same pattern although the retained fraction appears to achieve a faster left shift which 
can be observed after 48 hours (C and D). This data was analysed at n=3. 

 

4.4 Conclusions 

 

p75NTR and Thy1 expression were examined in PA5 cell culture and it was found that 

p75NTR is downregulated over time in culture whereas Thy1 changes in time, though not in 

a set direction. Moreover, when processing cells for immunolabelling, introduction of a 

permeabilisation step using Triton X, prevented the detection of Thy1. A more optimal 
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labelling protocol was identified for the detection of Thy1. It can be concluded that Triton X 

should not be used as a permeabilisation agent. Using MACS to immunodeplete Thy1 

positive cells ultimately does not prevent loss of p75NTR immunolabelling over time, nor 

does it prevent an increase in Thy1 expression. Therefore, p75NTR can be considered a 

transient marker and cells can express both p75NTR and Thy1. 

 

A limitation of this study was that only ICC was used as a method of quantification. 

Western blots were investigated, however, we were unable to capture the presence of 

Thy1 using this method. The use of PCR or FACS to further quantify the results would 

strengthen this study.   
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5.0 The impact of different bioprocess parameters on OEC 

support of neuronal function 

 

In this chapter, a neural cell line was cultured with OECs in a range of different conditions 

previously described in Chapters 3 and 4. The goal was to identify how these different 

conditions, that were shown to influence OEC marker expression, impacted on the 

resultant ability of OECs to support neuronal functional behaviour. Success was quantified 

by measuring the length of neurites and normalising this against the number of neurons 

and neurites. Initially NG108-15 neurons were co-cultured with PA5 cells on laminin and 

feeders in standard and HuG418-conditioned media (Section 5.3.1) to determine whether 

high levels of S100β correlated with longer neurite extension. Neurons were then co-

cultured on PA5 cells, which exhibited different levels of p75NTR, to investigate whether 

the active expression of p75NTR correlated to the amount of support the PA5 cells 

provided to neurons (Section 5.3.2). Thy1 immunodepletion was carried out following the 

same method in Section 4.3.1 and neurons were co-cultured on pre-purified, eluted and 

retained fractions in order to examine the effect of the OEC sub-populations (Section 

5.3.3). Finally, conditioned media was taken from PA5 cells at time points correlating with 

high and low p75NTR expression and compared against co-culture to identify if trophic 

support was responsible for the effect PA5 has on neurons as opposed to cell contact 

(Section 5.3.4).  

 

5.1 Introduction 

 

In Chapters 3 and 4, the focus was on optimising the culture of rat and human OECs to 

minimise contaminating cell types and maximise the expression of p75NTR. Although 

expression of p75NTR is agreed in the literature to be a positive marker for OECs and 

populations with high levels of p75NTR expression are considered to have high OEC purity 

(Franssen et al., 2007, Barnett and Riddell, 2004, Boyd et al., 2003, Guerout et al., 2011, 

Pellitteri et al., 2010, Sonigra et al., 1999), this does not necessarily relate to the ability of 

OECs to restore function (Radtke et al., 2010). The conditions explored in Chapters 3 and 4 

were replicated during co-culture with neural NG108-15 cells to determine if these 

conditions were optimal for neuronal regeneration.  

 



122 
 

Neurons are formed of axons, dendrites, synapses and the cell body. Neurites extend out of 

the neuron body and form the axon or differentiate into dendrites. Axons are responsible 

for the intracellular transfer of information over long distances, whereas the dendrites 

receive information from other neurons. Dendrites are able to transmit information via 

electrical signals, but their main role is receiving information. Neurites elongate and form 

synapses at their termination point (Levitan and Kaczmarek, 2015).  

 

When examining the potential function of neurons, the number and length of neurites 

were measured (Lozano et al., 1995, Mitchell et al., 2007, Rossi et al., 2010, Efthymiou et 

al., 2014) and normalised against the number of neurons. Reporting results in this way has 

been found to correlate with functional recovery observed in transplanted animals (Rossi et 

al., 2010). Measurements were carried out using the NeuronJ plugin for ImageJ.  

 

NG108-15 (Sigma-Aldrich, UK), as reported in Section 2.1.5, is a hybrid cell line created by 

the fusion of mouse neuroblastoma and rat glioma (Klee and Nirenberg, 1974). NG108-15s 

are commonly used for functional assays as they mimic naturally occurring motor neurons 

(Jiang et al., 2003) that are present in the spinal cord (Maynard et al., 1997).  

 

5.2 Aim and Hypothesis 

 

The aim of this chapter was to determine whether PA5 cells under the range of conditions 

tested in previous chapters could promote neurite extension in NG108-15 when the 

conditions favoured p75NTR and S100β expression. It was hypothesised that neuronal 

functional responses would be enhanced when higher p75NTR/S100β expression was 

observed or when Thy1 was immunodepleted.  
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5.3 Results 

 

5.3.1 Functional responses of neuronal cells to OECs when cultured with 

difference ECM and culture media conditions 

 

PA5 cells were cultured on Ms3T3 and laminin with and without HuG418 CM (10,000 

cells/cm2). After 5 days of culture, NG108-15 neurons (500 cells/cm2) were plated on top of 

the PA5 cells for a further 5 days of culture. The aim of this experiment was to quantify the 

neuronal behaviour and determine whether the conditions linked with the highest and 

lowest S100β expression gave the highest and lowest score for neuronal behaviour 

respectively. NG108-15s were cultured in the absence of PA5s as the negative control.  

 

5.3.1.1 Experimental Overview 

 

In Section 3.3.5, optimum conditions for PA5 culture were determined to be laminin and 

standard media supplemented with NT-3. The least favourable conditions were Ms3T3 

feeders with HuG418 CM. Laminin coated flasks with HuG418 CM were used as a midpoint. 

As a negative control, NG108-15 neurons were cultured in the absence of PA5s for all three 

matrix/media combinations. Although NT-3 supplementation was determined to be 

beneficial to PA5 culture, it was not used in this experiment. This was in order to be able to 

identify patterns related to standard media and CM and the substrate. The addition of NT-3 

would have added an extra variable which would have complicated data interpretation. 

PA5 cells were characterised in the same way as in Section 3.3.5 with ICC using antibodies 

against S100β and Fn. 

 

It was determined in our laboratory that 5 days of co-culture is optimal for observing 

enhanced neurite outgrowth compared with 3 days of co-culture (Georgiou et al., 2017). 

After 5 days of co-culture, cells were labelled with antibodies against βIII-tubulin. Neuron 

number, neurite number and neurite length were quantified using the NeuronJ plugin in 

ImageJ (Meijering et al., 2004). Neurites were traced and measured within the software 

and exported to Microsoft Excel for analysis.  
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5.3.1.2 Results and Discussion 

 

To ensure comparability with previous experiments (Section 3.3.4-3.3.5) PA5 cells were 

fixed and stained after 5 days for S100β and Fn. From the fluorescent micrographs obtained 

(Figure 5.1) and quantification (Figure 5.2), it was found that laminin with standard media 

gave the highest level of S100β staining (31.8±4.7%, 75.4±7.1 cells/mm2), followed by 

laminin with CM (21.8±1.6%, 46.6±11.9 cells/mm2) and Ms3T3s with CM (20.9±6.4%, 

34.4±4.9 cells/mm2). This quantification was necessary to ensure that any conclusions that 

were drawn from the neuronal behaviour could be linked to cell populations expressing 

different levels of S100β.  

 

 

Figure 5.1: Fluorescent micrographs of OECs cultured in isolation for 5 days. OECs cultured in isolation were 
fixed and stained at day 5 for Fn and S100β to ensure the cells were behaving in a similar way as seen 
previously (Section 3.3.4-3.3.5). All three conditions had levels of S100β present, however, laminin conditions 
(A, B) produced higher levels of S100β than OECs cultured on mouse feeders (C). The scale bar represents 
200μm. 

 

Figure 5.2: Quantification of S100β positive cells at day 5 on OEC only conditions. PA5s were fixed and stained 
for S100β after 5 days to ensure the behaviour of the cells was the same as had been observed previously. This 
was quantified by the percentage of cells positive for S100β and the total yield of these positive cells. Data are 
means ± SEM, n=3.  

 

Figure 5.3 shows phase contrast images taken two days after neurons were plated. OECs 

were plated on their own to ensure they behaved in the same way as seen previously 

(Section 3.3.4-3.3.5). The phase contrast images show that the neurons attached and were 
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viable. OECs plated in isolation reached a higher level of confluency on laminin than on 

Ms3T3 feeders (as seen previously in Section 3.3.4-3.3.5).  

 

 

Figure 5.3: Phase contrast images of OECs and NG108-15s cultured in different matrix and media conditions. 
Images were captured two days after NG108-15s were plated onto the appropriate conditions and seven days 
after the OECs had been plated. From these images it was possible to identify the NG108-15s as identified by 
the arrows (A-F) that were starting to grow. It was observed that the laminin conditions have a higher 
confluency of OECs compared with the Ms3T3 feeders (A, B, C, G, H and I). The scale bar represents 400μm.     

 

After 5 days of co-culture, the cells were fixed and stained for βIII-tubulin and p75NTR. The 

results of this staining and quantification are presented in Figure 5.4 and Figure 5.5. 

Neurite outgrowth in cultured neurons is considered an indication of neuro-regenerative 

potential (Lozano et al., 1995, Encinas et al., 2000, Lehmann et al., 1999, Fournier et al., 

2002, Simpson et al., 2001) and therefore neurite outgrowth was quantified to compare 

the cultures. Neurite number and length were normalised to the number of neurites and 

neurons. This was done in order to take the average length of each neurite produced by 

each neuron and to determine any patterns that existed with the number of neurites 

produced by neurons.  
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Cells co-cultured on laminin with standard media had a higher number of neurites with 

longer extensions (Figure 5.4). Cells co-cultured on laminin and feeders with CM did not 

perform as well as cells cultured with standard media. No difference was observed 

between the neuron only conditions on the different matrices for all measurements. This 

indicates that the neurons were responding to the PA5s as opposed to the culture 

conditions (matrix and media).  

 

The conditions cultured with OECs performed best in regards to average neurite length 

(Figure 5.5A, one-way ANOVA, Bonferroni post-hoc, p<0.001). Although co-culture on 

laminin with standard media performed better than those co-cultured with CM 

(49.7±3.7μm versus 40.4±1.6μm), this did not result in any significant difference.  

 

When the neurite length per neuron was examined (Figure 5.5B), the co-culture on laminin 

with standard media showed significantly longer neurites per neuron (76.0±11.2μm) 

compared with every other condition (43.6±5.5μm on laminin with CM and 41.0±10.6μm 

on Ms3T3 with CM, one-way ANOVA, Bonferroni post-hoc, p<0.01). All conditions without 

OECs performed similarly to each other (22.8±2.4μm, 17.8±2.3μm and 17.9±1.1μm on 

laminin with standard media, laminin with CM and Ms3T3 with CM respectively).  

 

Finally the number of neurites extended by each neuron was plotted (Figure 5.5C). This 

revealed a similar pattern to Figure 5.5B where the co-culture on laminin with standard 

media produced more neurites per neuron (1.54±0.20) than the majority of the other 

conditions (one-way ANOVA, Bonferroni post-hoc, p<0.001) with the exception of co-

culture on laminin with CM (1.08±0.14). Collectively, these data show that the matrix and 

media condition that gave the highest S100β expression in OECs resulted in the best 

neuronal growth support.  
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Figure 5.4: Fluorescent micrographs of NG108-15 cells grown on laminin and Ms3T3 feeders with either 
standard media or conditioned media. Cells were fixed and stained for βIII-tubulin (green) and p75NTR (red), 
using Hoechst as a nuclear stain. It was observed that there were more neurons and neurites present in the 
conditions with OEC co-culture (A-I) compared with the conditions with only NG108-15 cells present (J-R). In 
addition to this, neurites were longest when the NG108-15s were grown with OECs on laminin with standard 
media (A-C) which was the best performing condition previously for S100β expression. The scale bar represents 
200μm. 
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Figure 5.5: Quantification of neurites and neurons in OEC co-culture on laminin and Ms3T3 feeders with 
standard and CM. The fluorescent micrographs were quantified using positive βIII tubulin staining. Neurites 
were counted and measured using NeuronJ (ImageJ plugin). Neurites and their length were normalised against 
the number of neurons and neurites. When neurite length/neurite was quantified (A), it was found that the 
conditions with OECs had significantly longer neurites (one-way ANOVA, Bonferroni post-hoc, p<0.001). In 
between OEC conditions and NG108-15 conditions, however, no significance was found. Co-culture with OECs in 
standard media conditions on laminin significantly outperformed all other conditions in regard to neurite 
length/neuron (B) and this pattern was repeated when neurites/neurons was examined (C, one-way ANOVA, 
Bonferroni post-hoc,**p<0.01, *** p<0.001). Data are means ±SEM, n=3.  

 

The formation of neurites from neurons is vital to the functionality and development of the 

nervous system (Lai et al., 2013). From these results, it can be seen that co-culture on 

laminin with standard media was the condition that provided the most support to the 

development of neurons in regards to the longest average neurite. In the absence of co-

culture, the development of neurons was not well supported and as a result shorter 

neurites were observed. Previously in Section 3.3.4-3.3.5, it was found that laminin with 

standard media was a promising condition for OEC proliferation and S100β expression. This 

suggests that when OECs are expressing higher levels of S100β they are able to provide 
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better support to neurons. When S100β expression was lower, the presence of the OECs 

was still able to benefit the neurons.  

 

When Schwann cells support peripheral nerve repair, it has been observed that an 

upregulation of S100β leads to identification of so called ‘reactive’ Schwann cells which 

were responsible for axonal sprouting (Son et al., 1996). If OECs follow a similar behavioural 

pattern, it could be that the conditions with higher S100β are more capable of allowing 

axonal sprouting and therefore result in increased neurite numbers.  

 

It has been observed in several studies that laminin is an extracellular matrix that is able to 

stimulate rapid neurite growth and has been directly linked to neurite outgrowth in vitro 

(Menager et al., 2004, Chen et al., 2007, Kuhn et al., 1995). Studies have also shown that 

enhanced neurite outgrowth and preferred attachment was observed when neurons from 

the CNS were plated on laminin (Liesi et al., 1984) and it is thought that the presence of 

laminin starts to create a more permissible environment for axonal extension (di Summa et 

al., 2013). The hostile environment present after SCI is a key part of why nerve 

regeneration does not happen spontaneously (Ahuja et al., 2017, Hagg and Oudega, 2006, 

Franssen et al., 2007). There was no significant difference observed between neurons 

cultured in isolation on laminin and on Ms3T3 feeders. This suggests there is more to the 

interaction than the preference for laminin. The combined effect of the favourable matrix 

and support cells could explain why laminin with standard media was the highest 

performing condition.  

 

CM collected from HuG418 had a lesser effect on the average neurite length per neuron 

(Figure 5.5B) compared to standard media. This may be initially related to the lower S100β 

expression in the OECs in this condition. It would indicate that the CM from HuG418 does 

not have any beneficial soluble paracrine factors for the neurons. This lack of factors and 

therefore interaction between these two populations is not necessarily unexpected as 

although studies have shown a benefit in transplantation with a mixed population of OECs 

and fibroblasts (Keyvan-Fouladi et al., 2003, Ramón-Cueto et al., 2000, Raisman and Li, 

2007, Teng et al., 2008), it has been under the understanding that the fibroblasts support 

the OECs not the neurons. Fibroblasts have not been pursued as a cell therapy option for 

nerve regeneration and they are not believed to have specific properties that enhance the 

function of neurons (Pizzi and Crowe, 2006, Kisselbach et al., 2009). Therefore standard 
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media resulting in longer neurites than conditioned media can be seen as an expected 

output.  

 

5.3.2 Functional response of neuronal cells to OECs with different time-

dependent p75NTR expression levels 

 

PA5 cells (10,000 cells/cm2) were cultured on laminin with NT-3 for 24 hours and 5 days. 

NG108-15 neurons (500 cells/cm2) were plated on top of the OECs at these two time points 

and cultured for a further 5 days. The aim of this experiment was to determine if an 

increase in p75NTR expression related to an increase in neurite extension. NG108-15 cells 

were cultured in the absence of PA5 cells as the negative control.  

 

5.3.2.1 Experimental Overview 

 

p75NTR has been extensively used as a putative marker for OECs in literature (Franssen et 

al., 2007, Barnett and Riddell, 2004, Boyd et al., 2003, Guerout et al., 2011, Pellitteri et al., 

2010, Sonigra et al., 1999). Little work has been done, however, to relate the presence of 

this marker to OEC function (Chen et al., 2009). In Section 4.3.2, it was found that p75NTR 

expression decreases over time in culture. Initially expression was found to be high but, 

after 48 hours, it declined rapidly and was significantly lower after 5 days. In order to 

determine if the expression of p75NTR had any relation to neuronal behaviour, NG108-15 

cells (500 cells/cm2) were plated onto PA5s (10,000 cells/cm2) at high (24 hours) and low (5 

days) levels of p75NTR expression. NG108-15s were cultured for 5 days after plating and 

NG108-15s were plated in isolation as a negative control.  

 

As in Section 5.3.1, neuron number, neurite number and length were quantified using the 

NeuronJ plugin in for ImageJ. Cells were characterised using p75NTR to confirm the same 

staining pattern occurred as previously observed (Section 4.3.2-4.3.3). βIII-tubulin was used 

to label the neurons.  

 

5.3.2.2 Results and Discussion 

 

Initially cells were fixed and labelled for p75NTR to confirm the expression pattern was the 

same as previously observed in Section 4.3.2 and 4.3.3. From these images and 

quantification (Figure 5.6-Figure 5.7), it was determined that p75NTR expression was 
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significantly higher at 24 hours (96.8±1.2%) compared to 5 days (31.0±4.8%, one-way 

ANOVA, Bonferroni post-hoc, p<0.001).  

 

 

Figure 5.6: Fluorescent micrographs validating p75NTR expression over time. Cells were fixed and stained for 
βIII-tubulin (green) and p75NTR (red), using Hoechst as a nuclear stain. It was observed that higher p75NTR 
expression was exhibited after 24 hours (A) compared to 5 days in culture (D). The scale bar represents 200μm.  

 

 

Figure 5.7: Quantification of p75NTR positive cells at 24 hours and 5 days for OEC only conditions. PA5s were 
fixed and stained for p75NTR after 5 days to ensure the behaviour of the cells was the same as had been 
observed previously. This work validated the previous findings that, at 24 hours, OECs express significantly 
higher levels of p75NTR than at 5 days (one-way ANOVA, Bonferroni post-hoc, p<0.001). Data are means ±SEM, 
n=3.  

 

Phase contrast images of the cells in culture were taken two days after NG108-15 neurons 

were plated. From these images (Figure 5.8) it can be observed that the NG108-15s have 

attached and in the conditions with OECs (Figure 5.8C and Figure 5.8D) can be seen to be 



132 
 

forming colonies. When the neurons were cultured in isolation (Figure 5.8E and Figure 5.8F) 

the neurons do not appear to form obvious colonies.  

 

 

Figure 5.8: Phase contrast images of OECs and NG108-15s cultured at different levels of p75NTR expression. 
These images with NG108-15s were taken two days after NG108-15s were plated on the appropriate conditions 
and the images of ‘OECs only’ were when NG108-15s were plated onto these conditions. The NG108-15s are 
identified by the arrows. From these images it was observed that the NG108-15s on OECs (C, D) have more 
neurons which were also communicated with each other more compared with those grown in isolation (E, F). 
The scale bar represents 400μm.  

 

Neurons were cultured for 5 days and fixed and stained to detect p75NTR and βIII-tubulin. 

From the ICC micrographs and quantification (Figure 5.9-Figure 5.10) it can be determined 

that, as previously reported in Section 5.3.1, neurons cultured in isolation showed few 
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neurite extensions (Figure 5.9E, K) and neurons co-cultured with OECs showed longer 

neurite extensions (Figure 5.9B, H).  

 

When neurite length/neurite and neurite length/neuron was considered, neurons co-

cultured with OECs from 24 hours after plating had significantly longer neurites 

(48.8±1.7μm and 39.2±2.8μm for neurite length/neurite and neurite length/neuron 

respectively) than every other condition (one-way ANOVA, Bonferroni post hoc, p<0.001). 

In addition to this, neurons co-cultured with OECs 5 days after plating had significantly 

longer neurites (32.6±1.5μm and 21.9±1.7μm for neurite length/neurite and neurite 

length/neuron respectively) than conditions where neurons were cultured in isolation 

(23.0±1.0μm and 14.2±1.0μm for neurite length/neurite and neurite length/neuron 

respectively, one-way ANOVA, Bonferroni post hoc, p<0.05 (*), p<0.01 (**), p<0.001 (***)). 

This validates the conclusion drawn from Section 5.3.1 that OECs have a beneficial impact 

on neurite extension.  

 

In Figure 5.10C, only a small difference was observed between conditions in regard to 

neurites/neuron. The same pattern was observed with co-culture at high levels of p75NTR 

(24 hours) providing the highest ratio (0.80±0.05), followed by co-culture at low levels of 

p75NTR (5 days, 0.68±0.05) and finally neurons cultured in isolation (0.63±0.04 for the 24 

hours condition and 0.61±0.05 for the 5 day condition). Despite this pattern, the only 

significance found was between co-culture at 24 hours and neurons cultured in isolation 

(one-way ANOVA, Bonferroni post-hoc, p<0.01).  
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Figure 5.9: Fluorescent micrographs of NG108-15 cells grown on OECs at different levels of p75NTR 
expression. Cells were fixed and stained for βIII-tubulin (green) and p75NTR (red), using Hoechst as a nuclear 
stain. Neurons plated on OECs after 24 hours (A-C) as opposed to plated after 5 days (G-I), showed not only 
more extensions from the neuron body, but longer extensions. Both conditions with OECs (A-C, G-I), were 
always better in terms of neuronal behaviour compared with neurons grown in isolation (D-F, J-L). The scale bar 
represents 200μm.  
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Figure 5.10: Quantification of NG108-15 neurites and neuron number cultured on OECs at different levels of 
p75NTR expression. The fluorescent micrographs were quantified using positive βIII tubulin staining. Neurites 
were counted and measured using NeuronJ (ImageJ plugin). Neurites and their length were normalised against 
the number of neurons and neurites. When neurite length/neurite was quantified (A), it was observed that 
conditions with OECs had significantly longer neurites per neuron (one-way ANOVA, Bonferroni post-hoc, 
p<0.001). In addition to this, neurons co-cultured at 24 hours had significantly longer neurites per neuron 
compared with those co-cultured at 5 days (one-way ANOVA, Bonferroni post-hoc, p<0.001). When the neurite 
length/neuron was plotted (B), this followed the same trend as observed with neurite length/neurite (A). Finally 
the number of neurites/neuron was considered (C) where the same downward trend was observed. Data are 
means ± SEM, n=3.  

 

Studies conducted on neurons have found that p75NTR expression encourages neurite 

outgrowth (Chen et al., 2009). This may be related to the system Schwann cells use to 

encourage neurite outgrowth in the PNS. Schwann cells have been observed to upregulate 

p75NTR after peripheral nerve injury (Wei et al., 2007) and that axons rely on the factors 

provided by Schwann cells (Mirsky et al., 2002). It could be that OECs operate in a similar 
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way and their interaction with neurons follows similar patterns. This recognition by NG108-

15s of higher p75NTR expression could prompt neurons to start extending and developing 

(Fawcett and Keynes, 1990).  

 

p75NTR is the receptor to nerve growth factor (NGF) (Woodhall et al., 2001) and it has 

been observed that high levels of NGF promote survival of sympathetic neurons which are 

the autonomic neurons found in the spinal cord (Davies et al., 1993, Lai et al., 2013, 

Simpson et al., 2001). The interaction between the receptor and the growth factor could 

have significant implications for the improvement seen. OECs not only express p75NTR, 

they also express NGF (Woodhall et al., 2001). As reported in the previous paragraph, axons 

rely on paracrine factors from Schwann cells (Mirsky et al., 2002). One of these factors is 

NGF. It is accepted that Schwann cells transfer NGF to the growing or regenerating axons in 

the PNS. This signals the axon to elongate and Schwann cells are the trophic source of NGF 

for neurons after peripheral nerve injury (Woodhall et al., 2001). OECs in their behaviour 

and protein expression are indiscernible from Schwann cells (with the exception of 

astrocyte interaction) and therefore could behave in a parallel way in the CNS (Yang et al., 

2014, Orbay et al., 2015, Tong et al., 2010, Niapour et al., 2010, Wen et al., 2012, 

Mahapatra et al., 2009, Kawaja et al., 2009).  

 

From this work it can be reported that a higher level of p75NTR expression in OECs 

coincides with longer neurites in co-culture. Whether this can be put down to the p75NTR 

expression itself or soluble paracrine factors that are secreted when p75NTR expression is 

occurring is currently unknown. This will be the focus of further work carried out in Section 

5.3.4. 

 

When this data is examined alongside the data obtained in Section 5.3.1, it indicates that 

high levels of p75NTR and S100β expression can be used as indicators for OEC subtypes 

that are better able to aid neuron growth.  

 

5.3.3 Functional response of neuronal cells to OECs with different Thy1 

expression levels 

 

PA5 cells were purified using the MACS technology described in Section 4.3.1.1. A sample 

of PA5 cells was taken and plated before purification took place and the two purified 

populations were also plated on laminin coated well plates and cultured in the presence of 
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NT-3. After 24 hours, NG108-15 neurons were plated on top of the PA5 cells and cultured 

for 5 days. The aim of this experiment was to determine whether the Thy1 negative 

fraction of the population gave enhanced neuronal behaviour compared with the Thy1 

positive and original population. NG108-15 neurons were cultured in the absence of PA5 

cells as the negative control.   

 

5.3.3.1 Experimental Overview 

 

PA5s were purified (see Section 4.3.1) and fully characterised (see Section 4.3.4). This 

purification removed Thy1 expressing cells from the population and both the negative and 

positive populations were cultured. It was found in Section 4.3.1 that the purification 

process was efficient for removing Thy1 from the population although in Section 4.3.4 it 

was observed that Thy1 turned back on after 5 days in culture.  

 

NG108-15s were plated on the Thy1 negative and positive fractions and a sample from the 

pre-population after 24 hours. As in Section 5.3.1 and Section 5.3.2, NG108-15s were 

plated at 500 cells/cm2 and co-cultured for 5 days. Cells were labelled with Thy1 to validate 

the purification and βIII-tubulin to label the neurons. NeuronJ (plugin for ImageJ) was used 

to measure the neurites extended.  

 

5.3.3.2 Results and Discussion 

 

Cells were plated and fixed for 24 and 48 hours and stained to detect Thy1. Triton X 

permeabilisation was excluded from the staining protocol and cells were stained at 24 hour 

intervals to allow for the transient nature of the protein.  

 

It can be determined from the ICC images and quantification, as previously reported in 

Section 4.3.3, the purification removed Thy1 from the cell population (Figure 5.11-Figure 

5.12). The retained (Thy1 positive) fraction had a high level of Thy1 reactivity (70.8±3.0% at 

24 hours), the eluted fraction (Thy1 negative) showed a lack of Thy1 positive staining 

(11.2±3.0% at 24 hours) and the difference between the two was significant (one-way 

ANOVA, Bonferroni post-hoc, p<0.001). Although the retained fraction showed higher 

proportions and yields (83.9±0.5%, 104.4±12.3 cells/mm2 at 24 hours) than the pre-purified 

fraction (70.8±3.0%, 66.2±7.8 cells/mm2 at 24 hours), this was not significant (Figure 5.12).  
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Figure 5.11: Fluorescent micrographs validating the MACS purification process. ICC was carried out on the 
original population as well as the Thy1 positive (retained) and negative (eluted) in order to validate the 
purification. Cells were fixed and stained at 24 and 48 hours in the absence of Triton X. It was observed that the 
original population (A and D) had a high level of Thy1 reactivity which was further enhanced in the retained 
fraction (B and E). Eluted cells (C and F) were found to be nearly completely negative for Thy1 showing the 
purification process was successful. The scale bar represents 200μm.  

 

 

 

Figure 5.12: Quantification of Thy1 staining before and after MACS purification. The fluorescent micrographs 
in Figure 5.11 were quantified for Thy1 positive cells. The proportion and yield of Thy1 positive cells were 
significantly lower in the eluted fraction compared with the pre-purified and retained fractions (one-way 
ANOVA, Bonferroni post-hoc, p<0.001). It was observed that a higher proportion of Thy1 positive cells was 
found in the retained fraction. Data are means ±SEM, n=3.  

 

Phase images were taken two days after NG108-15s were plated onto the conditions 

(Figure 5.13). Despite the PA5 cells being seeded at identical seeding densities, the eluted 

(Thy1 negative) cells had a much lower attached cell density. This was observed in Section 

4.3.1 where the yield for all markers was significantly lower for the eluted fraction. As 
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discussed in Chapter 4.0, the removal of Thy1 may be inhibiting the ability of the cells to 

attach and therefore a decrease in cell attachment can be observed.  

 

 

Figure 5.13: Phase contrast images of OECs and NG108-15s cultured on OECs before and after purification 
process. These images were taken two days after NG108-15s were plated on the appropriate conditions and 
the NG108-15s are identified by the arrows. From these images it can be observed that there were a higher 
number of OECs present in the pre-purified and retained fractions (A, B) than were present in the eluted 
fraction (C). The neurons cultured in isolation were observed to have attached (D). The scale bar represents 
400μm.  

 

After 5 days of neuronal culture, the cells were fixed and stained for p75NTR and βIII-

tubulin. The micrographs show that the pre-purified population of PA5s were able to 

support the neurons better than those cultured in isolation (Figure 5.14) as previously 

observed in Section 5.3.1-5.3.2. This was further confirmed in the quantification (Figure 

5.15) 

 

The average neurite lengths (Figure 5.14-Figure 5.15A) between the three PA5 fractions 

were significantly different to the neurons alone (16.9±0.8μm, one-way ANOVA, Bonferroni 

post-hoc, p<0.001), however no difference was observed between these fractions. The 

average neurite length in the pre-purified fraction (30.1±0.7μm) was slightly lower than the 

retained (31.4±0.8μm) and eluted fractions (31.3±1.0μm), but no significance was found.  
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Differences in the PA5 fractions were detectable when comparing the neurite length per 

neuron (Figure 5.14, Figure 5.15B). Although the average neurite length was similar, 

examining the length of neurites per neuron showed the pre-purified fraction had 

significantly shorter neurites per neuron (19.4±1.0μm) compared with the eluted 

(30.4±1.9μm) and retained fractions (27.8±2.0μm, one-way ANOVA, Bonferroni post-hoc, 

**p<0.01, ***p<0.001). All PA5 conditions were significantly better than neurons on their 

own (10.0±1.1μm, one-way ANOVA, Bonferroni post-hoc, p<0.001). 

 

This pattern was repeated when comparing the number of neurites per neuron (Figure 

5.14, Figure 5.15C). The neurons cultured in isolation provided the lowest ratio (0.53±0.05), 

followed by the pre-purified fraction (0.65±0.03) and then the retained and eluted fractions 

giving similar values (0.88±0.05 and 0.98±0.06 respectively). The eluted fraction showed a 

tendency to give a higher ratio than the retained fraction, however, this was not significant. 

This pattern was seen in all three graphs where the eluted appears to be slightly, although 

not obviously, better at supporting neuronal growth than the retained fraction.  
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Figure 5.14: Fluorescent micrographs of NG108-15 cells grown on OECs before and after purification process. 
Cells were fixed and stained for βIII-tubulin (green) and p75NTR (red), using Hoechst as a nuclear stain. It was 
observed that neurons were positive for p75NTR (A, D, G and J) and the expression of p75NTR in OECs fades 
over time (A, D, G and J). In relation to neuron behaviour, it was observed that neurons on OECs (B, E and H) 
extend more and longer neurites than neurons cultured in isolation (K). In regards to the different purification 
populations, the pre-purified fraction (B) performed the worst out of the OEC co-culture populations. Between 
the eluted and retained fractions, the eluted fraction (E) appeared to lead to longer extensions than the 
retained fraction (H). The scale bar represents 200μm.   
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Figure 5.15: Quantification of NG108-15 cells cultured on OECs before and after purification process. The 
fluorescent micrographs were quantified using positive βIII tubulin staining. Neurites were counted and 
measured using NeuronJ (ImageJ plugin). Neurites and their length were normalised against the number of 
neurons and neurites. When neurite length/neurite was quantified (A), the OEC populations led to significantly 
longer neurites per neurite compared with neurons cultured in isolation (one-way ANOVA, Bonferroni post-hoc, 
p<0.001). No significance was found between the pre-purified fraction, eluted and retained fractions. When the 
neurite length/neuron (B) was considered, significance was found between every conditioned except the 
retained and eluted fractions (one-way ANOVA, Bonferroni post-hoc, **p<0.01, ***p<0.001). This pattern was 
repeated when the number of neurites per neurons (C) was examined. Pre-purified cells were out performed by 
the eluted and retained fractions. Data are means ±SEM, n=3.  

 

This work suggests that neurite elongation is not a function of Thy1 expression as previous 

experiments in Section 4.3.2 and Section 4.3.4 found that p75NTR and S100β expression 

did not change between these populations. When OEC populations with high and low Thy1 

expression were co-cultured with neurons, there was no significant difference observed 

between the two conditions but differences did exist when the Thy1 population was mixed. 

The Thy1 purification therefore must have prompted a more significant change in the 

population to explain this behaviour.  



143 
 

The concept of lateral inhibition was investigated to determine if this phenomenon can be 

applied to this situation. This is a regulatory mechanism that controls cell fate and enables 

differential activation in neighbouring cells to generate different cell types (Guisoni et al., 

2017, Sancho et al., 2015, Kim et al., 2014). Lateral inhibition is linked to the receptor Notch 

and its membrane bound ligand Delta. Delta activates Notch in neighbouring cells and once 

Notch is activated, it reduces the ability of the cell to signal through Delta. This leads to a 

state of mutual repression which is eventually broken and leads to neighbouring cells 

taking different fates (Guisoni et al., 2017, Nikolaou et al., 2009). It is a phenomenon 

observed in tissue stem cells (Sancho et al., 2015), Schwann cell development (Miller et al., 

2016) and is known to exist in the olfactory system, although not necessarily in OECs 

(McIntyre and Cleland, 2016, Miller et al., 2016).  

 

It is an accepted idea that the OEC population is made up of sub-populations (Hayat et al., 

2003, Ramón-Cueto and Nieto-Sampedro, 1992) and therefore it is possible that these sub-

populations come about via lateral inhibition (Sancho et al., 2015). In the pre-purified 

(mixed) population, lateral inhibition could be occurring which limits the ability of the OECs 

to completely fulfil their potential. Once these cells are separated, they have dedicated to a 

set fate so lateral inhibition is no longer able to impact differentiation (Guisoni et al., 2017). 

If both sub-populations are equally capable of supporting neurite extension, this would 

explain why they perform better when they are separated as lateral inhibition is not 

preventing some of the potential function. In Section 4.3.4, the two populations appeared 

to become more similar over time and therefore in order to fully understand the 

population present, daughter cells should be tracked and characterised. It could be that the 

daughter cells that are produced are capable of introducing lateral inhibition and therefore 

it could enter back into the population which is why the populations start to revert to their 

original state. Additionally, staining for activated Notch1 in the PA5 population would show 

whether the Notch-Delta pathway is active (Guisoni et al., 2017, Nikolaou et al., 2009, 

Sancho et al., 2015).  

 

5.3.4 Functional response of NG108-15 neurons co-cultured with OECs and 

conditioned media collected during high and low p75NTR expression 

 

Previously (Section 5.3.2), NG108-15s were cultured on OECs with different levels of 

p75NTR expression. From this it was found that OECs with higher levels of p75NTR 

expression gave better support to the neurons in terms of neurite extension. CM was 
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collected from PA5s during high and low p75NTR expression and cultured with NG108-15s 

to observe any effects of soluble trophic factors. The aim of this experiment was to 

determine if soluble paracrine signalling was responsible for the increased neurite length 

observed during co-culture. NG108-15 cells were cultured in the absence of PA5 cells as the 

negative control. 

 

5.3.4.1 Experimental Overview 

 

PA5 cells (10,000 cells/cm2) were cultured on laminin with NT-3 for 24 hours and 5 days. 

NG108-15 neurons (500 cells/cm2) were plated on top of the OECs at these two time points 

and cultured for a further 5 days. CM was collected after 24 hours and 5 days, spun at 400g 

for 5 minutes and added at a 1:1 ratio with fresh media. All the conditions run in Section 

5.3.2 were run in parallel for comparison. 

 

5.3.4.2 Results and Discussion 

 

As in Section 4.3.2 and 5.3.2, expression of p75NTR in the OEC population decreased over 

time from 24 hours (98.8±0.4%) to 5 days (22.7±7.9%). This decrease can be observed from 

the ICC staining (Figure 5.16) and quantification (Figure 5.17).  

 

 

Figure 5.16: Fluorescent micrographs validating p75NTR expression over time. Cells were fixed and stained for 
βIII-tubulin (green) and p75NTR (red), using Hoechst as a nuclear stain. It was observed that higher p75NTR 
expression was present after 24 hours (A) compared to 5 days in culture (D). This validates previous work on the 
expression of p75NTR (Section 4.3.2). The scale bar represents 200μm.  
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Figure 5.17: Quantification of p75NTR positive cells at 24 hours and day 5 on OEC only conditions. OECs were 
fixed and stained for p75NTR after 5 days to ensure the behaviour of the cells was the same as had been 
observed previously. This work validated what was seen before which was that at 24 hours, OECs express 
significantly higher p75NTR than at 5 days (one-way ANOVA, Bonferroni post-hoc, p<0.01). Data are means ± 
SEM, n=3.  

 

Phase contrast images of the cells were taken two days after NG108-15 plating (Figure 

5.18). For the ‘OECs only’ condition, the images were taken before the cells were fixed for 

staining at 24 hours and 5 days respectively. From these images it was observed that 

neurons attached faster to the conditions with OECs. Neurons cultured in isolation only had 

a small population present after two days in culture with no interaction between the 

neurons occurring. When the neurons were cultured with CM from OECs cultured for 24 

hours, it was observed that a higher level of attachment occurred compared with the 

neurons in standard media. In addition to this, interaction between the neurons was able 

to be observed in the CM condition. Neurons cultured in the presence of CM from OECs 

cultured for 5 days appeared to have a higher attachment rate, however, minimal 

interaction between the neurons was observed. This indicated CM from OECs with a high 

level of p75NTR expression was beneficial to NG108-15 survival, proliferation and 

extension and this can be observed after only two days in culture.  
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Figure 5.18: Phase contrast images of OECs and NG108-15s cultured at different levels of p75NTR expression 
in different media conditions.  These images with NG108-15s were taken two days after NG108-15s were 
plated on the appropriate conditions. The NG108-15s are identified by the arrows. The images of ‘OECs only’ 
were taken the day NG108-15s were plated onto these conditions. From these images it can be determined that 
NG108-15s on OECs (C, D) have more neurons compared with those cultured in isolation (E-H). In addition to 
this, there appeared to be more neurons when NG108-15s were plated on a 24 hour old OEC culture (C) 
compared with a 5 day old OEC culture (D). Neurons cultured with CM showed higher survival as well as obvious 
neurite outgrowth after just two days compared with neurons in isolation. The scale bar represents 400μm. 

 

To build on the work that was completed in Section 5.3.2, CM was collected from the OECs 

at 24 hours and 5 days, spun at 400g for 5 minutes and added at a 1:1 ratio with fresh 

media to neurons cultured in isolation. Neurons cultured with PA5s or in isolation for 5 
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days were fixed, stained for p75NTR and βIII-tubulin (Figure 5.19) and quantified (Figure 

5.20).  

 

When the neurite length was normalised against the number of neurites or the number of 

neurons (Figure 5.20), a pattern emerged. Co-culture at 24 hours gave significantly longer 

neurites (30.6±0.6μm neurite length/neurite) than other conditions tested (one-way 

ANOVA, Bonferroni post-hoc, p<0.001). As with Section 5.3.2, although co-culture with 

OECs at 5 days (19.3±0.8μm neurite length/neurite) did not encourage neurite extension to 

the same extent as co-culture at 24 hours, the neurites were longer than those cultured in 

isolation with standard media (15.0±0.7μm and 14.8±0.8μm neurite length/neurite at 24 

hours and 5 days respectively). The longer neurite extensions measured in the CM 

conditions, (21.7±0.8μm and 18.2±1.0μm neurite length/neurite for 24 hours and 5 days 

respectively) compared to neurons cultured in isolation, suggests that CM from OECs was 

beneficial to neurons in culture. However, culturing neurons with OEC CM did not allow the 

neurons to reach the same level of extension as co-culture. This indicates OECs may be 

providing more than trophic factors. CM taken at 24 hours (21.7±0.8μm neurite 

length/neurite) allowed neurites to extend further than those cultured alone (15.0±0.7μm 

neurite length/neurite), although the neurites were significantly shorter than those in co-

culture (30.6±0.6μm neurite length/neurite, one-way ANOVA, Bonferroni post-hoc, 

p<0.001). Conversely, CM taken at 5 days (18.2±1.0μm neurite length/neurite) performed 

slightly better than neurons in isolation (14.8±0.8μm neurite length/neurite) but no 

significant difference was found between the CM and co-culture conditions (19.3±0.8μm 

neurite length/neurite).  

 

When the neurites per neuron were compared (Figure 5.19-Figure 5.20), trends were more 

difficult to observe (as was found in Sections 5.3.1-3). The same pattern seems to occur, 

although not as distinct. This indicated the culture conditions have a larger influence on the 

length of the neurites extended as opposed to the number of neurites extended. This may 

be because, in the time frame investigated, neurons are unlikely to put out several neurites 

and were more likely to send out one or two to explore the culture environment before 

dedicating to migration (Lozano et al., 1995, Encinas et al., 2000, Lehmann et al., 1999, 

Fournier et al., 2002, Simpson et al., 2001). If co-culture was carried out for longer, a more 

stark difference may be able to be observed.    
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Figure 5.19: Fluorescent micrographs of NG108-15 cells grown on OECs at different levels of p75NTR 
expression in different media conditions. Cells were fixed after 5 days of neuronal culture. More neurite 
extensions were observed when the neurons were cultured in conditions of high p75NTR expression (A-C) 
compared with those cultured in conditions of low p75NTR expression (D-F). Additionally, when neurons were 
cultured in isolation (M-R) very few neurite extensions were observed. When neurons were cultured with CM 
from OECs with high p75NTR expression (G-I), there were more neurites than those cultured in isolation (M-R), 
although not as many as co-culture (A-C). However, when neurons were cultured with CM from OECs with low 
p75NTR expression (J-L), although an improvement over neurons cultured alone was observed (M-R), there was 
no obvious difference between the CM (J-L) and co-culture conditions (D-F). The scale bar represents 200μm.       
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Figure 5.20: Quantification of NG108-15 neurites and neuron number cultured on OECs at different levels of 
p75NTR expression in different media conditions. The number of neurites and their lengths were quantified 
from the fluorescent images using positive βIII-tubulin staining. Neurites were counted and measured using 
NeuronJ (ImageJ plugin). When the neurite length/neurite (A) and neurite length/neuron (B) were considered, a 
similar pattern was observed. Co-culture with neurons at 24 hours was significantly better than all other 
conditions (one-way ANOVA, Bonferroni post-hoc, p<0.001), followed by neurons cultured with CM from the 24 
hour condition. The neurons co-cultured with OECs at 5 days and CM from the 5 day condition performed 
better than the negative controls (NG108-15s only), although these two conditions behaved in a similar way. 
Neurites/neuron (C) showed a less distinguishable pattern. Data are means ± SEM, n=3.  

 

PA5 CM was seen to have a positive effect on neurite extension. During periods of high 

p75NTR expression, CM did not modify neurite behaviour as much as during low p75NTR 

expression. This could be due to a difference in soluble factors secreted by OECs between 

these two periods. Another option that needs to be considered is related to the 

observation that high p75NTR expression occurs in the first 24 hours. CM collected during 

this time may have fewer soluble factors as the media was only in contact with the OECs 
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for 24 hours and for around one third of this time, the cells were attaching. This may 

change the soluble factors given out by the cells as they are focusing on attachment as 

opposed to proliferation.  

 

CM collected at 5 days, and therefore during low p75NTR expression, resulted in the same 

degree of neurite extension as co-culture at 5 days (19.3±0.8μm and 18.2±1.0μm neurite 

length/neurite respectively). The CM collected at 5 days was in contact with the PA5 cells 

for 48 hours and the cells were close to confluency. If the factors are produced uniformly, 

each cell would produce half of the factors of cells at 24 hours, so there would be 

significantly more factors in the CM at 5 days. However, the expression pattern depends on 

the factor and factors can be expressed in a variety of ways and patterns. Although this 

could explain why CM was not as effective as co-culture at 24 hours while both co-culture 

and CM give similar results at 5 days, more research would need to go into the factors 

present and their expression patterns to identify whether this is possible. CM collected at 

24 hours provided longer neurites than conditions associated with 5 days, although this 

was never significant. This could be due to the change in CM components in this time as 

there may be more molecules secreted by cells but fewer that actively promote neuron 

elongation.  

 

Following on the assumption explored in Section 5.3.1-5.3.3, that OECs may have a similar 

behavioural pattern to Schwann cells, it would be expected that CM from OECs have a 

positive impact on neurite extension. The effect of Schwann cell CM on neurite extension 

has been investigated extensively in literature and it has been shown by several 

researchers that trophic factors (such as NGF, NT-3 and BDNF) derived from Schwann cells 

are vital to axon development and neurite extension (Mirsky et al., 2002, Fawcett and 

Keynes, 1990, Grinspan et al., 1996, Ceci et al., 2014, Lai et al., 2013, Cao and Shoichet, 

2003). When there is an inadequate level of growth factors such as NGF, neurite extension 

is not observed. Schwann cells have been observed to provide NGF for neurons which 

signals the regenerating axons to elongate and it is accepted that Schwann cells provide 

necessary trophic support for neuron regeneration (Vickland et al., 1991). In addition to 

this, it has been observed that Schwann cells derive trophic factors from PNS neurons 

reinforcing the idea that there is a strong reciprocal trophic interactions occurring in 

neuron regeneration (Grinspan et al., 1996, Ceci et al., 2014).   
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During Section 5.3.1 CM collected from HuG418 was examined on its ability to modify 

neurite behaviour. It was found to not be beneficial for neurite extension. In this section, it 

was found that CM from PA5s positively influences neuron development. This indicates 

that differences exist between the CM and either components in HuG418 CM are 

detrimental to neurite elongation, or beneficial molecules are present in PA5 CM.  

 

NGF, NT-3 and BDNF have been observed to increase axonal elongation in vitro and in vivo 

(Lai et al., 2013, Encinas et al., 2000, Simpson et al., 2001). These are factors that have 

been shown to be expressed by OECs (Woodhall et al., 2001, Chen et al., 2007). As such, 

these factors could be responsible for the longer neurites observed. In order to fully 

understand the interaction occurring between the OECs and neurons, the PA5 CM would 

need to be studied to determine the components present and identify any differences that 

exist between the CM at 24 hours and 5 days. It would be beneficial to identify the 

components in HuG418 CM to understand why this did not aid neurite elongation. This is 

part of the focus of future study covered in Section 6.2. 

  

5.4 Conclusions 

 

Conditions that were found in previous chapters to result in the highest p75NTR expression 

levels in OEC lines also correlated with the best neural cell responses of NG108-15 cells 

when co-cultured with OECs under the same conditions.  

 

Therefore OECs were most supportive of neurite extension at 24 hours (high p75NTR 

expression) compared to 5 days (low p75NTR expression) and HuG418 CM did not 

positively impact on neurite elongation.  PA5 CM collected during periods of high p75NTR 

expression gave longer extensions than neurons cultured in isolation in standard media, 

which suggests that trophic signalling is occurring between the OECs and the neurons. 

 

When Thy1 was immunodepleted, there was no significant difference between the neurons 

and neurites co-cultured with Thy1 negative and positive fractions.  Both of these 

conditions outperformed the pre-purified population in regards to neurite extension. This 

may be due to lateral inhibition, which is a subject for further research.  
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Overall, this work revealed that the expression of p75NTR and S100β was a reliable 

indicator of the level of neurite extension that occurred during PA5 co-culture with NG108-

15 cells.   

 

Additional quantification with techniques such as PCR or western blots would have been 

beneficial in this work to track the extent of p75NTR and Thy1 expression during co-culture. 

Another limitation of this study is that no function was tested, only the neurite extensions 

were quantified. This work would be strengthened by staining for myelin and using imaging 

techniques such as electron microscopy to determine the presence of myelin sheaths. 

These ideas will be discussed in more detail in Section 6.2.   
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6.0 Conclusions and Future Work 

 

6.1 Concluding Remarks 

 

A major challenge in developing a successful cell therapy for SCI is the lack of 

understanding of the most promising cell type to date, the olfactory ensheathing cell. The 

inherent plasticity of these cells, along with variability in cell yield and growth potential has 

made these a challenging cell type to characterise. Their ability to support neuronal 

regeneration from the PNS to the CNS has made them a promising candidate for a SCI cell 

therapy and in order to translate them into clinic, OECs need to be better understood and 

characterised in terms of identity marker expression and potency. This thesis explored 

culture conditions that can be used to increase the expression of key OEC markers p75NTR 

and S100β.  

 

The initial objective was to examine whether fibroblast feeders could support the 

proliferation and expression of key markers of OECRs. Feeders have been used to support 

stem cell cultures (Richards et al., 2002, Simon et al., 2005, Fong and Bongso, 2006) and 

fibroblasts isolated from the human olfactory mucosa were immobilised and cultured with 

OECRs. It was found that although human mucosal fibroblasts were able to enhance the 

expression of p75NTR (Section 3.3.1) and encourage a more spindle-like morphology 

(Kawaja et al., 2009, Pellitteri et al., 2010, Fraher, 2000, Alexander et al., 2002), this 

enhancement was not unique to olfactory-specific fibroblasts, as mouse embryonic 

fibroblasts yielded similar improvement. Moreover, CM derived from the human fibroblasts 

which resulted in increased expression of undesirable marker Thy1.1. A key observation 

from this set of work was the lack of translation of results from OECRs to OECHs. It was 

found that OECHs did not behave in the same way as OECRs and therefore care has to be 

taken when undertaking fundamental studies with animal models as this work may not 

directly translate. Laminin was the best condition for OECHs in terms of S100β expression, 

however, mouse feeders (Ms3T3) produced the most clinically relevant results for rat OECs.  

 

Once the OECH cell line was generated in the laboratory, work with rat tissue ceased and 

focus was translated to the human lines. The OECH cell line PA5 was subject to further 

studies that examined the pattern of p75NTR and Thy1 expression. Time point experiments 
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ran from 8 hours up to 6 days and it was found that p75NTR turned off over time in culture, 

which is thought to be a response to the increasing cell density. Thy1 was observed to vary 

in expression levels over time when stained in the absence of Triton X permeabilisation. 

The expression pattern could be due to its role in cell adhesion. Both of these studies 

showed that identifying cell populations using these two markers needed to be carried out 

with caution as the time of staining as well as the methods used have a significant effect on 

the protein expression observed.  

 

MACS technology was used to purify the population by immunodepleting cells that were 

Thy1 positive. This was an effective tool to remove Thy1 positive cells from the population, 

however, after 6 days in culture, the Thy1 negative fraction was observed to contain 

significant levels of Thy1 positive cells. Whether this was due to cells upregulating 

expression or because the daughter cells produced expressed Thy1 was not able to be 

determined and this is the focus of some of the future work which is discussed in Section 

6.2.   

 

In order to validate the optimum conditions identified in Chapters 3 and 4, PA5 cells were 

co-cultured with NG108-15 neurons. This was carried out to determine whether improved 

expression of p75NTR and S100β were relevant indicators of the functional capability of the 

PA5 OECs. The experimental output from these studies was the length of the neurites 

extended which was normalised against the number of neurites and neurons. Literature 

indicates that reporting neurite output in this way correlates to functional recovery 

observed in transplanted animals (Rossi et al., 2010). Neurons were cultured in isolation to 

ensure that any improvement that was observed could be related to the presence of the 

PA5 cells. In the work carried out, neurons that were cultured alone showed minimal ability 

to extend neurites of a significant length. Conditions that gave a higher level of p75NTR or 

S100β expression (laminin with standard media after 24 hours, Section 5.3.1-5.3.2) were 

found to result in neurons with significantly longer neurites than those that were cultured 

in less favourable conditions for these proteins (Ms3T3 feeders with CM and at 5 days of 

PA5 culture, Section 5.3.1-5.3.2). This was thought to be related to trophic factors secreted 

by the PA5 cells as is seen with Schwann cells in peripheral nerve repair (Mirsky et al., 2002, 

Woodhall et al., 2001). This was investigated by culturing NG108-15 neurons in isolation 

with CM from the PA5 cells during high and low points of p75NTR expression (Section 

5.3.4). It was found that the presence of PA5 CM resulted in longer neurites than those 
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cultured in standard media. CM from high p75NTR expression (24 hours) did not achieve as 

promising results as co-culture at 24 hours, however, CM from low p75NTR expression (5 

days) gave similar neurite lengths to co-culture at 5 days. It is thought this is due to the 

limited time PA5 cells have to excrete factors during the first 24 hours of culture as well as 

the trophic factors present at these different times. Further investigation is required to 

characterise this relationship which is outlined in Section 6.2. 

 

The relationship between Thy1 and neurite outgrowth was not straightforward. Thy1 

removal and enrichment gave longer neurite extensions than the original mixed 

population, but were not significant from each other. The separation of the sub-

populations allowed the OECs to better support neuronal development which was not the 

expected result. It is thought this may be related to the phenomenon of lateral inhibition 

although there is minimal literature that has observed this in OECs (Miller et al., 2016). 

Characterisation of the two sub-populations and detection of Notch/Delta signalling would 

help to fully explain the results observed.    

 

The work carried out in this thesis has identified methods to increase the expression of key 

OEC markers p75NTR and S100β and related this to their ability to aid neuron 

development. Key observations from this work include; OEC rat models are not necessarily 

appropriate for scale up to human OEC studies, p75NTR expression decreases over time in 

culture, Thy1 expression changes during time in culture and needs to be detected without 

the use of Triton X, removal of Thy1 from OEC culture is not a long term solution to dividing 

sub-populations, and higher p75NTR and S100β expression in the conditions investigated 

translates to more numerous and longer neurites.  

 

6.2 Recommendations for Future Work 

 

This thesis identified culture conditions that enhance expression of putative OEC markers 

p75NTR and S100β which in turn results in improved functional responses of neurons. 

However, further work is needed, examples of which are outlined here.  

 

Limitations of the current work are that for the most part, this study has focused on a 

single candidate OECH cell line (PA5) and although a study conducted with PA7 found 

similar results for matrix and media conditions (Section 3.3.4), these cell populations were 
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both isolated from the human mucosa. It would be beneficial to carry out these 

experiments with other mucosa and bulb cell lines to determine if the results obtained are 

particular to mucosa cells, the individual from whom the cells were isolated from or if these 

results can be translated to OECs from both sources. Any differences observed would help 

further the understanding of how OECs lend themselves to neural regeneration. The 

natural variation between different human donors is a problem that has not been solved 

(Kachramanoglou et al., 2013) and although the work in this thesis has focused on cell lines 

that would be an allogeneic cell therapy, identification of why differences occur in samples 

could provide insight with which to develop an autologous cell therapy.  

 

One area of future work would be to expand the purified cell sub-populations from Section 

4.3.1 to determine if they re-acquire a mix of phenotypes as seen in the start population. 

Insights from this thesis reveal that Thy1 was detected in the Thy1 negative fraction after 5 

days (Section 4.3.4) and it would be beneficial to assess whether the cells restore this 

balance after prolonged culture or whether these populations remain separate entities. 

These purified samples could be co-cultured with NG108-15s after several passages to 

determine whether serial passaging after purification significantly impacts the ability of 

PA5s to encourage neurite outgrowth and help characterise whether the cells revert to a 

mixed population. ICC detecting proteins other than Thy1 would be useful although in this 

study no differences were observed. This study would be further strengthened by 

examining the potential of lateral inhibition as a regulatory mechanism of cell phenotype in 

this population. This work could be carried out by staining with an antibody against 

activated Notch1 which detects the N-terminal sequence. Literature has shown that 

positive staining for Notch1 suggests the Notch pathway is active (Miller et al., 2016). If the 

Notch pathway is active, this is indicative of Notch/Delta signalling which controls lateral 

inhibition (Guisoni et al., 2017, Nikolaou et al., 2009, Sancho et al., 2015) and therefore 

positive staining can be used to determine whether lateral inhibition is occurring.  

Confirmation of lateral inhibition in this cell population could explain why the purified sub-

populations support neuron development better than the mixed population.  

 

Another area of work could address furthering our understanding of how OECs support 

neural regeneration. One approach could be to use knock-out technology such as siRNA to 

silence p75NTR. The work in this thesis revealed that during periods of high p75NTR 

expression, PA5 cells are better able to support neurite elongation compared with periods 
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of low p75NTR expression (Section 5.3.2, 5.3.4). By knocking out expression of p75NTR, it 

would be possible to determine whether it is critical for supporting neural regeneration. 

Similarly, knockout of Thy1 expression could yield further insight, as elevated Thy1 seems 

to correlate with a less regenerative phenotype. After purification Thy1 negative cells 

initially appeared more enlarged (Section 4.3.4) although they became more elongated 

with time in culture, which coincided with an increase in Thy1 expression. Attachment was 

delayed and doubling time was increased. Knockout of Thy1 would help relate expression 

to cell characteristics such as proliferation rate, attachment and morphology. 

 

Application of time-lapse fluorescence microscopy could be used to monitor p75NTR and 

Thy1 expression over time using live staining techniques. If p75NTR expression is related to 

cell density, a decrease in p75NTR expression would be observed over time in culture. Live 

staining of cells plated at different densities would determine whether the decrease in 

p75NTR expression is related to time or cell density. If Thy1 expression is related to 

adhesion, the proliferation rate of cell populations and the expression of Thy1 would be 

able to be linked through this method. Further understanding of the relationship between 

p75NTR and neurite extension could also be monitored using time lapse microscopy in co-

culture work. It could help track whether expression levels from OECs influences the 

direction and rate of neurite extension.    

 

Further insight could be gained by examining the components of the CM collected from 

PA5s expressing high or low levels of p75NTR expression. Studies of Schwann cells revealed 

that they produce several trophic factors necessary for the development of axons (Mirsky 

et al., 2002, Fawcett and Keynes, 1990, Grinspan et al., 1996, Ceci et al., 2014, Lai et al. , 

2013, Cao and Shoichet, 2003). In the current study it was found that CM collected from 

the PA5 populations supported neuronal function. Identifying the factors present in the CM 

and relating them to the trophic requirements of neurons would help explain how OECs 

support neural regeneration. It would be beneficial to carry out a Design of Experiments 

approach using trophic factors identified to determine if the benefits of OECs can be 

achieved with appropriate media composition. Neurons that have been severed during an 

SCI find themselves in an unfavourable environment that does not provide neurons with 

the conditions required for regeneration (Barnett and Riddell, 2007, Ramer et al., 2005, 

Carwardine et al., 2016). It could be that the presence of specific factors that are present in 
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OEC culture could suitably modify this environment so the neurons are able to proliferate, 

migrate and reconnect with their original targets (Ramer et al., 2005).  

 

In this thesis the functional ability of PA5s to support neuronal regeneration has been 

characterised in vitro. To advance the work towards clinic, animal models need to be 

undertaken to address regeneration and myelination of neurons which is the key functional 

response required in SCI repair.  A study carried out by Ravasi (2013) looked at the 

myelination ability of MSCs by carrying out co-culture for two weeks with MSCs and dorsal 

root ganglia neurons. After this time, the cultures were characterised using 

immunofluorescence, western blot and ELISA to identify the presence of myelin proteins 

MBP (myelin basic protein) and Connexin 32. In addition to this, electron microscopy was 

used to visualise any myelin sheaths present (Ravasi et al., 2013). PA5 and NG108-15 co-

culture would be stained for MBP and Connexin 32, and imaged to determine the level of 

myelin sheath formation. The restoration of the myelin sheath is a key factor in restoring 

function in SCI. Without the myelin sheath, the neurons are unable to send electrical 

impulse and communicate with the body (Franssen et al., 2007, Levitan and Kaczmarek, 

2015). If the ability of the cells to myelinate neurons can be linked to expression of p75NTR 

or S100β, this would provide a valuable predictive tool for translating 2D cell culture to 

transplantation.   
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8.0 Appendix One 

 

8.1 Circularity Macro 

 

As described in Section 2.3.2, a macro was written in ImageJ to automate the process to 

measure the circularity and number of cells in the field. It is written below.  

 

//run("Threshold..."); 
//untick brightness on Threshold 
//Adjust brightness on Threshold 
//Adjust 'hue' on threshold to get the correct selection 
run("Set Measurements...", "area mean standard modal min centroid center perimeter 
bounding fit shape feret's integrated median skewness kurtosis area_fraction stack 
redirect=None decimal=3"); 
run("Analyze Particles...", "size=100-4000 show=Outlines display exclude clear add"); 
run("Distribution...", "parameter=Circ. automatic"); 
 
k= 0; 
 while (k<=nResults-1) { 
m=getResult("Circ.",k); 
print(m); 
 k = k + 1; 
 }  
 
//log prints off the circularities which can be exported to excel for analysis 
//ImageJ prints off its own distribution, which although works, gives different intervals for 
each image analysed so is 
//unsuitable for comparison work 
//Roi Manager and the output image allows the circularity of each image to be tracked.  
//If the programme is selecting cells which are too small/too large, adjust the line which 
states size=100-4000 as appropriate 
 

8.2 Flow cytometry for LD column 
 

In Section 4.3, LS columns were used to purify the OEC population. According to the 

recommendation from MACS, an LD column was used to purify the PA7 OEC population. 

The output from the flow cytometer is visualised in Figure A8.1. This shows the 

unsuccessful results from the LD column where the population starts at 86.2% Thy1 

negative (Figure A8.1B) and after purification is 88.8% Thy1 negative (Figure A8.1C). The 

population that is supposed to be positive for Thy1 is only 0.3% positive (Figure A8.1D) 

after the LD purification. In Section 4.3, Figure 4.2 shows that the population can be 



176 
 

successfully purified using LS columns. For this reason, the LS column was used for the 

experiments described in Chapter 4.    

 

 

Figure A8.1: Flow cytometry graph output from BD Accuri™ C6 flow cytometer from purification with LD 
column. The PA7 cell line was purified using an MACS LD column. From the output graphs it can be seen that 
the Thy1 negative fraction starts at 0.7% positive (B) and increases to 3.1% (C). This is effectively no increase at 
all and is not an efficient method to decrease the proportion of Thy1 positive cells. From these results, it was 
decided to continue with the LS column and the purification can be seen to have been successful in Figure 4.2. 


