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ABSTRACT 

As reported by the World Health Organisation, between 250,000 and 500,000 people around 

the world are victim to spinal cord injury (SCI), many of whom are afflicted for life. Thus, novel 

therapies stimulating neural regeneration are urgently needed. The primary olfactory nervous 

system (pOS) constitutes an avenue for novel discovery in the field of neural regeneration 

because it continuously regenerates throughout life. Within this system, glial cells termed 

olfactory ensheathing cells (OECs) support the regeneration of olfactory neurons daily, thus 

enabling its continued function. The regenerative capability of the olfactory system is often 

attributed to the resident OECs, and to their neurotrophic profile. 

Transplantation of OECs is a promising therapy for SCI, however, the results of trials in 

humans and animals have highly varied outcomes in terms of functional recovery, as such 

optimisation of this treatment is required. The main issues with these transplantation 

therapies is overcoming the immune response and the noxious glial scar that forms in the 

SCI site following the initial lesion so that the transplanted cells can better incorporate into 

the transplantation site. Within the pOS, it is largely through the secreted neurotrophins that 

OECs can influence other cells into a pro-regenerative state. What has not been fully 

characterised, however, are the specific effects of neurotrophins on OECs themselves.  

OECs have also recently been shown to be the primary phagocytes within olfactory nerve 

fascicles in the pOS, whereas macrophages are not regularly found in direct contact with 

fascicles. What is not known is how neurotrophins affect the phagocytic capacity of OECs. It 

is also not known why macrophages are excluded from the fascicles. Understanding how 

OECs interact with macrophages in situ may be key to the successful translation of their 

regenerative capabilities to the SCI site. 

Here, I investigated first the effects of several neurotrophins secreted by OECs on key 

biological functions of OECs associated with neural regeneration: proliferation, phagocytic 

activity and migration. Brain-derived neurotrophic factor (BDNF) and nerve growth factor 

(NGF) were found to stimulate these properties. Treatments with both BDNF and NGF caused 

a significant increase in cell numbers. These neurotrophins also stimulated the phagocytic 

activity (uptake of cell debris) of OECs at low concentrations. NGF stimulated cell migration 

at 50 ng/mL, and 100 ng/mL. BDNF stimulated cell migration significantly at all tested 

concentrations. Thus, I have demonstrated that BDNF and NGF stimulate OEC functions 

crucial for neural regeneration. 

Next, I expanded my search for other proteins that may have neurotrophin-like effects and 

identified the cytokine macrophage migration inhibitory factor (MIF) as a potential candidate. 

MIF is an important regulator of innate immunity with key roles in neural regeneration and 

responses to pathogens amongst a multitude of other functions. The expression of MIF and 

its binding partners has been characterised throughout the nervous system with exception 
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of the olfactory system. Here, I showed that MIF is expressed throughout the olfactory nerve 

by OECs and by olfactory nerve fibroblasts. This was shown through immunolabelling of tissue 

sections of the olfactory system, primary cultured OECs and fibroblasts, and an OEC cell line. 

Reverse transcription polymerase chain reaction (rtPCR) was also used to identify gene 

expression of MIF in an OEC cell line. I also examined the expression of potential binding 

partners for MIF through immunolabelling of cultured OECs and tissue sections. Here I found 

that the serine protease high temperature requirement serine protease A1 (HtrA1), known to 

be inhibited by MIF, was also expressed at high levels by OECs and olfactory fibroblasts in 

vivo and in vitro. I then showed that MIF significantly increased the phagocytic activity (uptake 

of cell debris) of OECs ~ 18-fold compared to the control at a low concentration of MIF (50 

ng/mL). I also demonstrated that MIF mediated segregation between OECs and 

macrophages in a two-dimensional confrontation assay; when MIF was inhibited using the 

potent MIF inhibitor ISO-1, the space between two segregated populations of OECs and 

macrophages decreased significantly quicker over 24 hours in culture than in the absence 

of ISO-1. Thus, I demonstrated that MIF is expressed by OECs (RNA and protein level) and 

that MIF modulates key OEC functions. 

Finally, to investigate this further and determine whether MIF indeed is responsible for the 

exclusion of macrophages from the olfactory nerves, I generated a multicellular 3-

dimensional (3D) spheroid model of the olfactory nerve using OECs (a green fluorescent 

protein (GFP)-expressing OEC cell line), macrophages (DsRed-expressing primary cells) and 

fibroblasts (non-fluorescent LFT3 immortalised fibroblasts). The spheroids were imaged 

using confocal microscopy and subsequently reconstructed after which the locations of the 

various cells were identified. Here, I found an arrangement representative of the anatomical 

arrangement of the olfactory nerve; OECs formed the centre of the spheroid, surrounded by 

fibroblasts and macrophages. When the MIF inhibitor ISO-1 was added, these layers became 

less defined and more macrophages were found within the core of the spheroid. Thus, my 

findings suggest that MIF may play a role in the exclusion of macrophages in this spheroid 

model of the olfactory nerve and may too be true for the olfactory nerve in vivo. 

One of the main obstacles with OEC transplantation as a treatment for SCI is the immune 

response within the region creating a noxious environment preventing successful integration 

of the transplanted cells. By developing a greater understanding of the relationship between 

OECs and the other cells within the olfactory system, in particular macrophages (immune 

cells which are professional phagocytic cells and associated with the pro-inflammatory 

secondary degeneration stage of SCI), it may be possible to improve outcomes.  

The work presented in this thesis demonstrates that (1) the neurotrophins NGF and BDNF, 

which are secreted from OECs, significantly increase OEC proliferation, migration and 

phagocytosis; (2) OECs in vivo and in culture express the cytokine MIF (shown through 
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immunolabelling, genetic expression and functional assays), and MIF stimulates OEC 

phagocytosis; (3) MIF is responsible for the segregation of OECs and macrophages in a model 

of the olfactory nerve as shown by their subsequent mingling upon MIF inhibition. The results 

here lend evidence that these proteins, which are secreted by OECs, may play a combinatorial 

role in the olfactory system’s regenerative potential and as such provide direction towards 

improving the therapeutic potential of OEC transplantation to treat SCI and other nervous 

system injuries. 
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Spinal Cord Injury 

SCI often results in a permanent loss of autonomic/somatic motor function and/or loss of 

sensation of the limbs and organs (Alizadeh, Dyck, & Karimi-Abdolrezaee, 2019). This 

permanent cessation of function and sensation is obviously a life-changing event for 

sufferers, which significantly negatively impacts quality of life. The permanent nature of SCI 

is due to the complex structure of the spinal cord and to the lack of regeneration of central 

nervous system (CNS) neurons. A multicellular organ composed of microstructures and 

tracts, the spinal cord possesses a complex arrangement of neurons, axons, and connections 

crucial for normal function (Bican, Minagar, & Pruitt, 2013). Within the spinal cord motor 

neurons extend axons along efferent tracts to innervate motor units and somatosensory 

neurons transmit signals along afferent tracts relaying sensory information towards the brain. 

These are supported by a variety of cell types found within the region; In addition to neurons, 

oligodendrocytes, astrocytes and microglia are also present. Oligodendrocytes are the 

myelinating glia within the spinal cord and myelinate neuronal axons facilitating saltatory 

conduction along with providing support in the form of growth factor production. Astrocytes 

and microglia on the hand play supportive and immune roles. Disruption to any part of this 

organised structure severely impacts function. In SCI, this disruption of structure comes first 

in the form of a primary lesion, and then subsequent damage occurs through secondary 

degeneration.  
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Figure 1 Cross-sectional anatomy of the spinal cord demonstrating some key spinal cord tracts and a how the 

stages of injury affect the region. The individual tracts are responsible for the transmission of select information 

along neuronal axons. Descending tracts (shown in red on the left) transmit motor information from the brain to 

motor units. Ascending tracts (shown in blue on the right) transmit somatosensory information from external 

receptors to the brain. The stages of spinal cord injury are presented as the initial injury on the left, then secondary 

degeneration and finally glial scar formation. Majority of damage occurs during secondary degeneration when 

inflammation and oxidative cell death occurs.  

Following a SCI event, the spinal cord will undergo a series of responses. A primary lesion 

occurs as a direct result of injury, and a secondary lesion follows with local inflammation. 

Finally, a glial scar forms in the site acting as a tertiary lesion (Baldoino Leal-Filho, 2011; 

Silva, Sousa, Reis, & Salgado, 2014). The majority of damage to the spinal cord occurs 

following SCI during the inflammatory secondary lesion (Anwar, Al Shehabi, & Eid, 2016). 

Ischemia, oxidative cell death and inflammation all result in expansive cell death at the SCI 

site, exacerbating the injury. The glial scar which forms (the tertiary lesion) occurs as a 

response from astrocytes within the spinal cord and perpetuated by macrophages (Zhang, 

Yin, Xu, Wu, & Chen, 2012). The glial scar is one of the most important factors hindering SCI 

repair; the tertiary lesion also strongly affects the potential of SCI therapies. Astrocytes 

become reactive, undergo hypertrophy, proliferate and migrate to the injury site following 
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injury and create an environment that impedes axonal extension and innervation (Herrmann 

et al. 2008; Santos-Silva et al. 2007; Domeniconi et al. 2007). Conversely however there is 

some evidence that suggests that the astrocytic scar may have some pro-regenerative effects 

on axonal growth following injury (Anderson et al., 2016). Thus, the SCI site is a complex 

environment. In addition, as mentioned above, the spinal cord itself is a complex multicellular 

structure that requires very specific connections for correct functioning. To repair this 

complicated structure, a multi-factorial approach must be used that addresses the problem 

with the cytotoxic environment at the SCI site. 

Using Knowledge and Cells from the Primary Olfactory Nervous System 

to Develop Treatments for Spinal Cord Injury 

The treatment of SCI is an intricate problem. Current therapies consist of physical 

rehabilitation (van Langeveld et al., 2011), strategic use of hypothermia (Dietrich, 

Cappuccino, & Cappuccino, 2011; Levi et al., 2010), steroid treatment (Bracken et al., 1985) 

which has recently been re-examined due to risk concerns (Hurlbert, 2000; Sunshine et al., 

2017; Teles, Cabrera, Riew, & Falavigna, 2016), decompression therapies (Fehlings et al., 

2012) and a variety of anti-inflammatory approaches (reviewed in Singh, Agarwal, Barrese, 

& Heary, 2012). In recent years, transplantation of various cell types has also been trialled 

with varied efficacy in various human and animal trials (Biernaskie et al., 2007; Bottai et al., 

2010; Curtis et al., 2018; Fouad et al., 2005; Fujimoto et al., 2012; Karaoz et al., 2012; 

Mackay-Sim & St John, 2011; Nakajima et al., 2012; Tabakow et al., 2013; Tabakow et al., 

2014; Tsuji et al., 2011; Xu & Yang, 2019). One potential direction towards the development 

of novel treatments for SCI is to examine regions of the nervous system in which regeneration 

is commonplace and seek to replicate those conditions in the injury site.  

The primary olfactory nervous system (pOS) is a region of focus for this reason. As a unique 

region of the nervous system, the pOS maintains extensive neuroplasticity throughout adult 

life. The pOS extends from the olfactory mucosa (OM) lining the nasal cavity up to the nerve 

fibre layer (NFL) of the olfactory bulb (OB) within the brain. The cell bodies of olfactory 

receptor neurons (ORNs) are located in the olfactory neuroepithelium at the superior surface 

of the nasal cavity and extend their dendrites with odorant receptors into the superficial 
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surface of the olfactory neuroepithelium, presenting them into the nasal cavity. Thus, these 

cells are constantly exposed to the harsh environment of the nasal cavity (Chuah & West, 

2002; Graziadei, Stanley, & Graziadei, 1980; Graziadei & Graziadei, 1979; Graziadei & Monti 

Graziadei, 1980, 1985; Mackay-Sim & Kittel, 1991). For this reason, these neurons 

frequently die; in fact, they have evolved to undergo apoptosis every ~30 days (shown in 

rodents; the exact lifespan of human ORNs is not known) corresponding to an apoptosis rate 

of 1-3% per day (Mackay-Sim & Kittel, 1991). These neurons are constantly replaced through 

neurogenesis from progenitor cells of the olfactory neuroepithelium in the superior nasal 

cavity (Graziadei & Graziadei 1979; Ekberg et al. 2012; Boruch et al. 2001). Whilst ORN 

dendrites extend into the nasal cavity, axons from ORNs project to the NFL in the OB. Thus, 

new ORNs continuously extend their axons all the way from the olfactory neuroepithelium, 

superiorly through the cribriform plate, to make new connections with second order neurons 

(mitral cells) in the OB (Chuah & West, 2002; Graziadei & Graziadei, 1979; Graziadei & Monti 

Graziadei, 1980, 1985; Mackay-Sim & Kittel, 1991) (Fig. 2).  

Functions of OECs in the Primary Olfactory Nervous System 

The very specific and choreographed process of constant regeneration is orchestrated, at 

least in part, by OECs, the glial cells of the pOS (Barton, John, Clarke, Wright, & Ekberg, 2017; 

Debon & Doucette, 1992; Doucette, 1990; Ekberg, Amaya, MacKay-Sim, & St. John, 2012; 

Ekberg & St John, 2015; Ekberg & St. John, 2014; Key & St John, 2002; Mackay-Sim & Kittel, 

1991; Raisman, 1985). OECs are functionally distinct cells which have long been considered 

transitional glia (reviewed in Boyd, Skihar, Kawaja, & Doucette, 2003; Ramon-Cueto & Nieto-

Sampedro, 1992; Wewetzer, Verdu, Angelov, & Navarro, 2002) situated in both the CNS and 

peripheral nervous system (PNS). The fact that these cells can exist in both the PNS and the 

CNS constitutes one reason OECs have been considered good candidates for CNS 

transplantation. OECs can interact with CNS glia (Doucette, 1984; Raisman, 1985), and 

exhibit greater capacity for intermingling and integration with astrocytes than purely 

peripheral glia such as Schwann cells (SCs) (Lakatos, Franklin, & Barnett, 2000; Lamond & 

Barnett, 2013; Santos-Silva et al., 2007). The capacity to interact with astrocytes of the glial 

scar in the SCI site is likely a strong reason for why OEC transplantation may be successful. 
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Subpopulations of peripheral and central OECs exhibit distinct properties with peripheral 

OECs exhibiting more SC-like properties and central OECs exhibiting more astrocyte-like 

properties (Windus et al., 2010) (reviewed in Higginson & Barnett, 2011). This distinction 

between peripheral and central OECs has been defined according to gross anatomical 

borders such as the cribriform plate separating peripheral OECs in the nasal cavity, and 

central OECs in the cranial cavity (Barnett & Riddell, 2004; Ekberg et al., 2012). Recently, 

the boundary between the CNS and PNS has been re-examined, suggesting that OECs may 

be components of the PNS even within the NFL of the OB (Nazareth et al., 2019). Regardless 

of the anatomical definition, the unique anatomical location of OECs may be associated with 

the unique properties of these glia.  

Peripheral OECs guide axons from ORNs by creating channels that ensheathe the axons and 

support their growth with a diverse neurotrophic profile (Boruch et al., 2001; Pastrana et al., 

2007). These channels are additionally encompassed by fibroblasts, exteriorly to the OECs, 

which act as a perineurium-like structure to form olfactory nerve fascicles (Li et al. 2005) 

(Fig. 2). In contrast to myelinating SCs, OECs do not myelinate individual axons but rather 

ensheathe bundles of unmyelinated axons in a manner which is similar to the early stages of 

development of the nervous system (Higginson & Barnett 2011). Ensheathing is also seen in 

peripheral OECs cultured in vitro which mediate fasciculation of ORN axons (Windus et al., 

2010). 

In the mature olfactory nervous system, the regenerating ORNs reside in the olfactory nasal 

epithelium and extend their axons through the cribriform plate and into the NFL of the OB. 

The NFL is comprised of an outer and an inner layer. Upon entering the outer NFL, OECs are 

thought to aid the de-fasciculation of the incoming olfactory nerve fascicles. Then the OECs 

of the inner NFL are thought to sort and re-fasciculate the axons, directing them to their 

appropriate glomerulus (bulbar target synapse region) within the glomerular layer of the OB. 

This sorting of axons is performed in accordance to their respective odorant receptors for 

which there are 400 functionally distinct genes; in developing ORNs multiple genes are 

transiently expressed until all but one are silenced. Subsequently, axons with the same 

odorant receptor re-fasciculate together and extend to a glomerulus specific for axons 
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expressing that particular odorant receptor (Buck & Axel, 1991; Ekberg et al., 2012; Gilad & 

Lancet, 2003; Mombaerts et al., 1996; Tan, Li, & Xie, 2015). In contrast to PNS-derived OECs, 

bulbar OECs appear to not promote fasciculation of ORN axons in in vitro culture (Windus et 

al., 2010).  

The constant turnover of neurons within the pOS occurs without yielding an inflammatory 

response from the innate immune system, despite continuous axonal degeneration and 

generation of large amounts of axon-derived debris. The lack of macrophages within olfactory 

nerve fascicles, and thus not in direct contact with axons, may be one reason for this. Instead 

of macrophages, OECs are the primary phagocytes of olfactory nerve fascicles, capable of 

phagocytosing large amounts of axonal debris both in vivo and in vitro a function likely to be 

crucial for regeneration (He, Xie, Wu, Hao, & Yang, 2014; Nazareth, Tello Velasquez, et al., 

2015; Su et al., 2013). 

 

Figure 2 A sagittal view of the anatomy of the olfactory system and a transverse view of an olfactory nerve fascicle. 

The pOS consists of the olfactory nerve, which extends from the olfactory epithelium within the nasal cavity to the 

OB at the rostral portion of the brain, and the NFL of the OB. (A) A schematic showing the macroscopic view of the 

localisation of the pOS in relation to the nasal cavity and the brain. The OB (red) sits above the cribriform plate 

(purple) and the highly branched olfactory nerves extend from the olfactory epithelium/OM (green) through to the 

OB. (B) A schematic of the pOS showing the localisation of OECs. ORNs extend from the olfactory epithelium 

through the cribriform plate and into the OB. In the olfactory nerve, ORN axons are ensheathed by OECs which 

bundle several axons together into fascicles. Olfactory nerve fibroblasts form a perineurium-like structure around 

these bundles. On the outside of this perineurium, olfactory macrophages can be found in small numbers. ORN 

axons enter the OB through the NFL (which has an inner and an outer layer), where OECs are also found, and 

make connections within the OB at specific glomeruli with second order neurons (mitral cells) which extend deeper 

into the brain. C) A schematic of a transverse section of olfactory nerve fascicles that demonstrates the 

organisation of OECs, olfactory nerve fibroblasts and olfactory macrophages.  
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OECs are also highly capable of migration. Born in the neural crest during embryonic 

development, OECs migrate throughout the pOS (Barraud et al., 2010). Here they migrate 

with and ahead of the constantly regenerating olfactory axons providing them support in the 

form of secreted factors and a growth substrate (Chuah & Au, 1991; Chung et al., 2004; 

Doucette, 1990; Ekberg et al., 2012; Tennent & Chuah, 1996; Tisay & Key, 1999). After injury 

to the mature olfactory nervous system, OECs are capable of rapid proliferation and 

subsequent migration throughout the injured region. In olfactory bulbectomy models, where 

one OB has been completely ablated, OECs demonstrated a high capacity to migrate into the 

ablated region (Chehrehasa et al., 2012). Additionally, OECs have not only demonstrated a 

high migratory potential within the pOS both during development and regeneration (Ekberg 

et al., 2012) but also following transplantation into the SCI site (Deng et al., 2006). 

Furthermore, OECs have also been found to exhibit greater migratory potential when 

interacting with astrocytes in vitro than SCs (Lakatos et al., 2000; Lamond & Barnett, 2013; 

Santos-Silva et al., 2007). These properties of providing structural and neurotrophic support, 

as well as being highly migratory and phagocytic glia, all aid the regeneration of neurons and 

make OECs interesting candidates for use in cell transplantation treatments in SCI patients.  

Autologous OEC Transplantation for Spinal Cord Injury Treatment 

Autologous OEC transplantation is a promising therapy for use in SCI treatment and has been 

the subject of a wide range of human and animal studies. However, functional outcomes 

range from little or no functional recovery (Dlouhy, Awe, Rao, Kirby, & Hitchon, 2014; Steward 

et al., 2006; Woodworth, Jenkins, Barron, & Hache, 2019), some recovery (Feron et al., 2005; 

Granger, Blamires, Franklin, & Jeffery, 2012; Heidarizadi et al., 2017; Huang, Xi, Chen, 

Zhang, & Liu, 2012; Keyvan-Fouladi, Raisman, & Li, 2003) to substantial improvement 

(Tabakow et al., 2014). OECs can be harvested from either the OM or the OB for expansion 

and autologous transplantation. From a clinical perspective, OM-derived OECs constitute the 

more favourable option due to the less invasive access for harvesting; harvesting OECs from 

the OB present a risk of post-operative olfactory dysfunction (Rotenberg, Saunders, & Duggal, 

2011), whereas OM-derived OECs can be obtained using a routine endoscopic surgery with 

minor risks (Andrews, Poirrier, Lund, & Choi, 2016). However, there is a large degree of 
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variation between these two populations of OECs, which may be a contributing factor to the 

variability in functional recovery seen in trials. This variability can come in the form of protein 

expression; OM-OECs express higher levels of tropomyosin receptor kinase (Trk) receptor-

binding neurotrophins, (BDNF, NGF, neurotrophin-3 (NT-3) and neurotrophin-4 (NT-4)) in vivo 

compared to OB-OECs (Wang, Yang, Liang, Ma, & Wei, 2014). Additionally, there are 

functional differences between the two populations. As discussed above, OM-OECs in culture 

promote fasciculation of axons whereas OB-OECs do not (Windus et al., 2010). Finally, OM-

OECs exhibit different migratory potential and axonal growth stimulation of neurons when 

transplanted into a rat SCI model when compared to OB-OECs (Richter, Fletcher, Liu, Tetzlaff, 

& Roskams, 2005). 

Improvement of OECs for Spinal Cord Injury Treatment 

Thus far, transplantation of OECs is a promising therapeutic approach to treat spinal cord 

injury, however, current methods need to be refined and optimised. The issues regarding OEC 

transplantation treatments are due to the complex nature of the SCI site, as discussed above. 

Transplantation of OECs into the cytotoxic environment of the SCI site often yields little or no 

functional recovery due to poor cell integration and a large degree of death amongst 

transplanted cells (Khankan et al., 2016; Li et al., 2010). Some studies have examined OEC 

migration and integration into the SCI site following transplantation demonstrating an 

excellent capacity of OECs to migrate deep into the injury site (Boruch et al., 2001; Deng et 

al., 2006; Su et al., 2009), whereas others have shown that the transplanted cells do not 

migrate well (Lu et al., 2006). Thus, improvement of OEC migration is warranted. As 

discussed previously, OECs are also a highly phagocytic cell type, and can phagocytose 

cellular debris within the SCI site following transplantation (Lankford, Sasaki, Radtke, & 

Kocsis, 2008); improvement of this function may also be beneficial to neuron repair (He et 

al., 2014). Finally, as a viable clinical treatment, for autologous transplantation, OECs from a 

biopsy must be expanded in culture so that sufficient numbers can be obtained for 

autologous transplantation in a timely manner. Currently, this is a significantly problematic 

aspect of this therapy, with in vitro expansion taking ~2.5–10 weeks (Feron et al., 2005; 

Mackay-Sim et al., 2008; Tabakow et al., 2013). As such, improvement of viability 
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(proliferation/survival) of OM-OECs is highly warranted to improve the efficacy of treatment 

in the future.  

A potential means to overcome these challenges is through the supplementation of 

transplanted OECs with compounds that enhance viability, as well as phagocytic and 

migratory capacity. Stimulation of OEC proliferation, migration and phagocytosis has been 

shown as possible using compounds such as curcumin (Tello Velasquez et al., 2014) and the 

serrulatane diterpenoids 3-acetoxy-7,8-dihydroxyserrulat-14-en-19-oic acid (RAD288) and 

3,7,8-trihydroxyserrulat-14-en-19-oic acid (RAD289) (Chen et al., 2018). OECs exhibit a 

unique neurotrophic profile, with OM-OECs expressing high levels of the Trk receptor 

neurotrophins BDNF, NGF, NT-3 and NT-4 (Wang et al., 2014). These neurotrophins have 

been shown to have pronounced effects on neuronal survival and growth (reviewed in 

Manuscript 1 in this chapter: Wright et al., 2018) however little research has been done to 

investigate whether they exhibit autocrine support on OECs. However, as OECs express the 

TrkA, TrkB and TrkC receptors, along with the p75 neurotrophin receptor (p75NTR) these 

neurotrophins may be capable of acting on OECs, potentially regulating cell behaviours 

associated with neural repair. 

Neurotrophins as Supplements in Spinal Cord Injury Therapies 

One of the core differences between OECs and other glia of the nervous system, SC and 

oligodendrocytes, lies within their neurotrophic profile (covered in Manuscript 1 and in Barton 

et al., 2017). Neurotrophins are crucial growth factor proteins for maintaining the health and 

structure of the adult nervous system (Houle & Ye 1999; González-Forero & Moreno-López 

2014), as well as stimulating cell proliferation (Althaus, Kloppner, Schmidt-Schultz, & 

Schwartz, 1992; Chen, Cai, Shen, Cai, & Lei, 2014; Han & Kim, 2016) and migration (Cornejo 

et al., 2010; Li et al., 2007; Oliveira, Trujillo, Negraes, & Ulrich, 2015; Wang et al., 2016). 

Furthermore, the growth factor profile in the PNS changes during stress and after damage, 

an essential protection mechanism for promoting neural survival and recovery (Gordon 2009; 

Saika et al. 1991; Frostick et al. 1998). This change in neurotrophin expression has not been 

identified in OECs thus far; however, as the pOS is a highly plastic region it is likely that 
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neurotrophin secretion by OECs may increase in response to injury similar to what occurs in 

SCs (Frostick, Yin, & Kemp, 1998). Thus, the neurotrophins naturally existing in the pOS are 

strong candidates for stimulating pro-regenerative behaviours in OECs.  

The use of neurotrophins with SCI therapies fit into one of three stages: (1) Preparation; NT-

3 has been used previously as a purification method to enhance the growth of OECs over 

contaminating cell types (Bianco, Perry, Harkin, Mackay-Sim, & Féron, 2004) and NGF has 

been shown to have anti-apoptotic effects on another neural cell type (PC12 cells) (Ivanisevic, 

Banerjee, & Saragovi, 2003). These neurotrophins may be useful in the expansion and 

preparation of an OEC culture prior to transplantation. (2) Coadministration or pre-treatment 

of cells immediately before transplantation; both NGF and BDNF regulate pathways that have 

been shown involved in phagocytosis in OECs (Tello Velasquez et al., 2014) and in other cell 

types (Friedman & Greene, 1999) but their effects on OEC phagocytosis has not yet been 

observed. Both BDNF and glial cell-line derived growth factor (GDNF) have been shown to 

influence migration; GDNF improves contact mediated migration in OECs (Windus, Claxton, 

Allen, Key, & St. John, 2007; Windus et al., 2010) which has a positive effect on axonal growth 

(Wang et al., 2016; Windus et al., 2011). BDNF on the other hand can stimulate migration in 

cerebellar granule cells (Borghesani et al., 2002) and inhibits migration in SCs instead 

promoting pro-myelinating behaviours (Yamauchi, Chan, & Shooter, 2004). These 

neurotrophins may be useful in the clearance of debris at the SCI site through stimulation of 

phagocytosis, and the integration of the transplanted cells through enhanced migration. (3) 

Support; several neurotrophins could be used for ongoing support in the SCI site, targeting 

the variety of cells found within the region. GDNF and vascular endothelial growth factor 

(VEGF) may be used to enhance angiogenesis within the region (Kubota & Suda, 2009; Zhang 

et al., 2009). GDNF, NT-3 and fibroblast growth factor (FGF) 2 may be used to enhance axonal 

regeneration (Zhang et al., 2009), neuronal sprouting (Ma et al., 2010; Schnell, Schneider, 

Kolbeck, Barde, & Schwab, 1994) and neuronal maturation (Taylor, Zgraggen, Naef, & Suter, 

2000) respectively. These neurotrophins may be used to support the SCI site following 

transplantation and during ongoing treatment. The review on the following pages explores 

the current literature in relation to how neurotrophins have been or could be used in 
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combination with cell transplantation for the treatment of SCI. Whilst it has been at least 

partially shown how neurotrophins affect neurons, the effects of neurotrophins on OECs have 

not been thoroughly explored. As such in this thesis I investigated the research question: ‘can 

neurotrophins be used to stimulate OECs?’. 

The following 12 pages consist of a review article published in Cell Transplantation 

(IF:3.002), accepted January 20, 2018. This review article has been inserted unedited. 

Writing and research for the construction of the paper was done by Alison A. Wright. 

Proofreading and editing was done by Michael Todorovic, Johana Tello-Velasquez, 

Andrew J. Rayfield, James A. St John and Jenny A. Ekberg.  
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Manuscript 1 Enhancing the Therapeutic Potential of Olfactory 

Ensheathing Cells in Spinal Cord Repair Using Neurotrophins 
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Macrophage Migration Inhibitory Factor (MIF) 

As discussed above, it may be possible to stimulate OECs using neurotrophins for greater 

functional recovery with the treatment of a SCI. Because OECs secrete a variety of their own 

neurotrophins (Wright et al., 2018) and because secretion of these factors can increase after 

injury in other glia such as SCs (Saika et al. 1991; Frostick et al. 1998), secreted 

neurotrophins and other factors may be a mechanism through which OECs modulate their 

own behaviour in the healthy and injured pOS. Identification of novel factors that modulate 

key OEC functions will increase our understanding of how these cells behave and function, 

which may in turn also be relevant for enhancing their therapeutic potential for nervous 

system repair therapies.  

One of the key functional roles OECs play in the pOS is that of the primary phagocyte. While 

macrophages are found within the region, they are only present in low numbers outside 

olfactory nerve fascicles (Nazareth, Lineburg, et al., 2015; Su et al., 2013). The reason for 

this cellular arrangement has thus far not been elucidated. As OECs secrete many factors 

capable of modulating behaviour in other cells, it is possible that factors secreted by OECs 

can also influence macrophages. As such, the following question is raised: Do OECs secrete 

a compound/s that prevents macrophages from entering olfactory nerve fascicles? 

After examination of the literature, a potential candidate for this exclusionary role was 

identified as being macrophage migration inhibitory factor (MIF). As one of the first cytokines 

to be identified in the 1960s, MIF is a 12.5 kDa pleiotropic protein with a primary role in the 

modulation of random macrophage migration (Bloom & Bennett, 1966; David, 1966). This 

migration-modulating effect has been thoroughly investigated (Bernhagen, Calandra, Cerami, 

& Bucala, 1994; Hermanowski-Vosatka et al., 1999; Repp, Mayhew, Apte, & Niederkorn, 

2000). Structurally, MIF has been suggested to exist as a homotrimer and consists of two 

antiparallel α-helices and six β-pleated sheets (Sun et al., 1996; Zhang et al., 2016). 

Furthermore, MIF contains two catalytic activity sites: a thiol-protein oxidoreductase and a 

tautomerase through which MIF exhibits a wide array of signalling properties (Savaskan, 

Fingerle-Rowson, Buchfelder, & Eyupoglu, 2012). While MIF is a cytokine-like protein and was 
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originally identified as such, it is now known as a multifunctional protein expressed 

throughout the body from a whole host of cells such as T and B lymphocytes, monocytes, 

macrophages and neutrophils (Calandra & Roger, 2003; Niino, Ogata, Kikuchi, Tashiro, & 

Nishihira, 2000; Roger, David, Glauser, & Calandra, 2001) with roles in the innate immune 

response, inflammation, cell proliferation, cell migration and apoptosis (reviewed in 

Calandra, 2003; Lolis & Bucala, 2003; Morand, 2005). MIF is capable of operating as a 

cytokine (Baker, O'Neill, & Turk, 1991), hormone (Bernhagen et al., 1994), enzyme (Leng et 

al., 2003; Lubetsky et al., 2002) and chaperone (Israelson et al., 2015; Shvil et al., 2018) in 

various intracellular and extracellular pathways. 

Receptors and MIF Signalling 

Currently, several different MIF receptors have been identified: Major histocompatibility 

complex (MHC) class 2 proteins, cluster of differentiation 74 (CD74) (Leng et al., 2003), and 

C-X-C motif chemokine receptors 2 (CXCR2), 4 (CXCR4) and 7 (CXCR7) (Bernhagen et al., 

2007; Lue, Dewor, Leng, Bucala, & Bernhagen, 2011). However, successful signalling 

through CD74 requires complex formation with cluster of differentiation 44 (CD44), CXCR2 

or CXCR4 and thus is unable to signal downstream alone (Bernhagen et al., 2007; Schwartz 

et al., 2009; Shi et al., 2006). The signalling pathway mediated by MIF via these receptors 

include the phosphorylation of extracellular-signal-regulated kinase (ERK)1/2 mitogen-

activated protein (MAP) kinases, and activation of the phosphoinositide 3-kinase (PI3K) - 

protein kinase b (Akt) signalling pathway, allowing for the regulation of cellular proliferation 

and differentiation (Fingerle-Rowson & Bucala, 2001; Mangano et al., 2018; Merk, Mitchell, 

Endres, & Bucala, 2012). Furthermore, extracellular MIF can enter into a cell via endocytosis 

so that intracellular binding can occur through protein-protein interactions such as to c-Jun 

activated domain binding protein-1 (JAB-1) through which it can again regulate proliferation 

and apoptosis (Fingerle-Rowson & Bucala, 2001; Kleemann et al., 2000; Nishio, Nishihira, 

Ishibashi, Kato, & Minami, 2002). The specific pathways involved in MIF signalling has been 

suggested to depend upon MIF concentration; high extracellular MIF concentrations mediate 

non-receptor bound signalling, and lower extracellular MIF concentrations mediating 

receptor-bound signalling (Kleemann et al., 2000). 
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More recently, HtrA1 has been identified as a binding partner for MIF (Fex Svenningsen et 

al., 2017). HtrA1 is a secreted trypsin-like serine protease as so is found largely in the 

extracellular space (De Luca et al., 2004). HtrA1 has potential roles in the inhibition of 

transforming growth factor (TGF) β signalling; HtrA1 can bind to and inhibit TGFβ1 and TGFβ2 

along with other TGF family proteins bone morphogenic protein 4 (BMP4), growth 

differentiation factor 5 (GDF5) and activin (Oka et al., 2004). Furthermore, as a protease, 

HtrA1 has shown to negatively regulate FGF signalling through cleavage of FGF8 in the 

extracellular space (Kim et al., 2012) and more recently identified FGF18 (Fex Svenningsen 

et al., 2017). HtrA1 can also regulate Notch signalling via the cleavage of the intracellular 

notch ligand Jagged-1 (JAG-1) (Klose et al., 2018). The list of binding partners for HtrA1 is 

extensive with the list mainly comprised of extracellular matrix (ECM) proteins: decorin, 

biglycan, thrombospondin, endothelial growth factor (EGF)-containing fibulin-like ECM protein 

1, collagens, fibronectin, fibulins, catenin and aggrecan (Chamberland et al., 2009; Lin et al., 

2018; Murwantoko et al., 2004; Oka et al., 2004; Vierkotten, Muether, & Fauser, 2011). In 

the context of the nervous system, HtrA1 has been identified expressed in astrocytes, 

neurons, oligodendrocytes and microglia (De Luca et al., 2003), and is associated with the 

amelioration of some nervous system disorders. For example, in Alzheimer’s disease, HtrA1 

cleaves the disease-associated proteins Tau and amyloid precursor protein C99 as well the 

amyloid beta42 peptide (Aβ42) (Grau et al., 2005; Tennstaedt et al., 2012). As such, the recent 

identification of HtrA1 as a binding partner for MIF establishes HtrA1 as an interesting 

candidate to study in relation to MIF, in addition to the other MIF receptors. 

MIF in Pathology 

Due to these diverse mechanisms of action and the variety of receptors listed above, MIF has 

been characterised in multiple pathologies such as Crohn’s disease (Ohkawara et al., 2002), 

pancreatitis (Sakai et al., 2003), and type 2 diabetes (Yabunaka et al., 2000) and more 

recently identified in a negative feedback loop with binding partners CD74/CXCR4 with its 

disturbance leading to dysregulation of B cells (Rijvers et al., 2018). 



Page 28 of 196 

Of particular interest is the roles of MIF in nervous system pathologies. In multiple sclerosis, 

MIF has been identified in its progression (Niino et al., 2000) in which it is a marker for clinical 

worsening (Hagman, Raunio, Rossi, Dastidar, & Elovaara, 2011; Rinta et al., 2008). In 

Alzheimer disease, MIF has been suggested to be a contributing factor in the formation of 

amyloid plaques. Additionally, it has also been linked to the neurotoxicity associated with 

amyloid beta (Aβ) plaque (Bacher et al., 2010), as well as Tau protein phosphorylation and 

astrocyte activation within Alzheimer’s disease (Li et al., 2015). In stroke and ischemic 

neurological injury MIF levels have shown to correlate to severity of injury in a rat stroke 

model, and that levels are modulated by hypoxia (Wang et al., 2009). Converse to this 

however, deletion of MIF in a mouse stroke model saw a poorer outcome following injury 

suggesting MIF may play a complex role in the post-stroke event (Turtzo et al., 2013). 

Finally, in the SCI site MIF presence has also been examined. In rat models of a contusion 

SCI, MIF levels upregulated in microglia in the 3 days post injury (Koda et al., 2004). 

Furthermore, deletion of MIF in a mouse contusion model decreased cell death and improved 

functional outcome (Nishio et al., 2009). Astrocytes within the region, when exposed to MIF, 

increase production of chemokine ligand 5 (CCL5), which in turn recruits microglia and 

macrophages to the region (Zhou et al., 2018). These cell types are associated with the 

secondary degeneration phase of SCI which results in an exacerbated condition (Alizadeh et 

al., 2019; Anwar et al., 2016). Consistent with this, when MIF is inhibited in the SCI site, the 

secondary degeneration phase is attenuated, likely due to the decreased recruitment of 

these pro-inflammatory cell type (Saxena et al., 2015). 

Conversely to its potential pathological roles, MIF is also a key regulator of healthy function 

and development in the nervous system. MIF is involved in the development of the CNS 

(Zhang et al., 2014) and the nervous structures of the inner ear (Bank et al., 2012). It is also 

thought to be critical for regeneration of the adult hippocampus (Conboy et al., 2011). In 

promoting neural development and regeneration, MIF acts as a neurotrophic factor 

promoting neurogenesis and stem cell proliferation (Conboy et al., 2011; Ohta et al., 2012; 

Zhang et al., 2013). Finally, MIF is thought to play an essential role in the regeneration of 

peripheral nerves after injury where it is upregulated in SCs at the distal end of nerve injury 
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site to prevent SC apoptosis. When MIF was blocked with anti-MIF antibodies, nerve recovery 

took markedly longer, and SC apoptosis increased. (Nishio, Minami, Kato, Kaneda, & 

Nishihira, 1999; Nishio et al., 2002).  

Macrophages and Microglia in Spinal Cord Injury 

Macrophages are key phagocytes of the innate immune system and are instrumental in the 

tissue repair process throughout the body (Feng & Mao, 2012; Gordon & Martinez, 2010). 

As part of the innate immune system, macrophages promote inflammation, tissue 

remodelling, wound healing and immune regulation depending on activation state (Biswas & 

Mantovani, 2010; Das et al., 2015; Lee et al., 2011; Lu et al., 2013; Thornley et al., 2014). 

Macrophages fall into various states of activation with differing characteristics: M0 (non-

activated/resting), M1 (pro-inflammatory), and M2 (anti-inflammatory) (Ley, 2017). However, 

there are several subpopulations within these states of polarisation (Gordon & Pluddemann, 

2017; Lu et al., 2013; Murray, 2017; Saqib et al., 2018). Typically, M1 macrophages are 

characterised by production of high levels of oxidative metabolites and pro-inflammatory 

cytokines such as tumour necrosis factor alpha (TNF-α), Interleukin (IL)-1β, IL-6, IL-12, IL-15, 

IL-18 and induced nitric oxide synthase (iNOS) (Koh & DiPietro, 2011; Singer & Clark, 1999) 

which are used as part of the immune response and initiate the repair process (Bouchery & 

Harris, 2019). Following the pro-inflammatory stage pioneered by M1 macrophages, 

macrophages polarise into the alternatively activated M2 which can promote angiogenesis, 

stimulate ECM production in surrounding fibroblasts, increase IL-10 production which 

decreases inflammation, and promote tissue repair (Barrientos, Stojadinovic, Golinko, Brem, 

& Tomic-Canic, 2008; Mosser & Edwards, 2008). Furthermore, macrophage diversity can be 

seen across the body depending on location, with differing characteristics found in 

macrophages derived from the spleen, peritoneum and bone marrow; spleen macrophages 

favour M1 polarisation, whereas peritoneum and bone marrow macrophages favour M2 

polarisation (Zhao et al., 2017).  

Several populations of macrophages exist within the CNS which can be grossly categorised 

into microglia and typical macrophages, where microglia are found within the nervous tissue 
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and macrophages within the vasculature, meninges and surrounding structures (Perry & 

Teeling, 2013). Following SCI injury, the separation of these two groups of macrophages can 

be difficult as tissue macrophages from the surrounding structures can infiltrate the SCI site 

following the breakdown of the blood-spinal cord barrier. Following infiltration into the SCI 

site, the polarisation of macrophages/microglia is a factor that contributes to the extensive 

damage that occurs after injury. In other tissues around the body, the presence of M1 

macrophages are an important initiator of repair and are beneficial in an acute setting 

however, within neural tissue, M1 macrophages exhibit neurotoxic effects. Conversely, M2 

macrophages can promote neural regeneration both in the CNS and the PNS (Kigerl et al., 

2009). Following SCI, M1 macrophages are activated in an overwhelming response leading 

to an increased number of M1 macrophages compared to M2. This imbalance strongly 

contributes to the pro-inflammatory state within the injury site. This perpetuates the 

secondary degeneration stage and promotes scar formation within the region (Kigerl et al., 

2009; Zhang et al., 2012). 

Macrophages, MIF and the Primary Olfactory Nervous System 

In acute inflammation throughout the body, pro-inflammatory cytokines such as IL-1, IL-6 and 

TNFα are secreted by resident inflammatory cells attracting additional macrophages to the 

area (Singer & Clark, 1999). Following this, macrophages polarise into an M1 phenotype and 

begin to secrete their own pro-inflammatory factors (Koh & DiPietro, 2011). Similarly, in 

peripheral nerve repair, macrophages are actively recruited during Wallerian degeneration 

and regeneration; here, macrophages are recruited by SCs by secreted chemotactic cues and 

aid in the phagocytosis of axonal debris following injury. Macrophage recruitment is an 

essential component of Wallerian degeneration and subsequent nerve repair (Gaudet, 

Popovich, & Ramer, 2011; Mueller et al., 2003; Tofaris, Patterson, Jessen, & Mirsky, 2002). 

However, if the pro-inflammatory stimulus is not removed then the inflammatory site 

progresses to a chronic stage. This extended state of inflammation is non-conducive to 

neuronal repair (Ridder & Schwaninger, 2009). During chronic inflammation, IL-1β and TNF-

α stimulate an increased production of matrix metalloproteinases (MMPs) which degrade 

ECM, which is accompanied by decreased ECM synthesis, and a decrease in the production 
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of tissue inhibitor of metalloproteinases (TIMPs). The combination of these factors results in 

a net loss of ECM (Barrientos et al., 2008; Lu, Takai, Weaver, & Werb, 2011; So, Ito, Sato, 

Mori, & Hirakawa, 1992). Additionally, MMPs begin to degrade both growth factors and their 

target receptors (Barrientos et al., 2008; Mast & Schultz, 1996).  

In contrast to the regenerative process of the general PNS, the pOS does not typically recruit 

macrophages during its regeneration. Furthermore, despite its constant neuronal turnover, 

the pOS does not enter a state of chronic inflammation. As the growth factor profile of the 

pOS is thought to be key for the regenerative capability of the system, extended inflammation 

and its associated products (such as MMPs which degrade growth factors and their 

receptors) would quickly interfere with its regenerative cycle. As discussed earlier, 

macrophages are largely excluded from the nerve fascicles of the pOS. This exclusion is likely 

a contributing factor preventing a state of chronic inflammation in the region. 

Due to the roles of MIF in neural development and regeneration discussed above it is 

reasonable to speculate that MIF may be present in the pOS and have important roles in the 

continuous regeneration of this system. Additionally, due to the demonstrated roles of MIF in 

modulating macrophage behaviour, in particular macrophage migration, perhaps MIF may be 

involved in mediating exclusion of macrophages from the olfactory nerve. For these reasons, 

the following research questions were raised: Is MIF expressed in the pOS? Does MIF 

modulate segregation between OECs and macrophages? 

The pOS is a region of the nervous system that has not been examined for the presence of 

MIF, and in which the roles of MIF are unknown. Understanding which cells express MIF, and 

the effects of MIF on pOS cells may elucidate novel information regarding the regenerative 

capacity of the pOS. Specifically, since MIF is known to modulate macrophages, 

understanding how MIF operates in the pOS may shed light on the mechanisms involved in 

OEC-macrophage interactions within the pOS. Such outcomes may guide future development 

of OEC transplantation therapies for SCI repair, in particular towards modulating 

macrophages and microglia in the secondary degeneration phase of SCI. 
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AIMS 

The overall aim of this thesis was to examine some key factor that contribute to the 

interactions between cells in the olfactory system. In this thesis, I first (1) determined how 

OEC behaviours favourable for neural regeneration could be modulated using neurotrophins. 

This work was performed to determine whether key OEC behaviours (proliferation, migration 

and phagocytosis) can be influenced by neurotrophins which are secreted by OECs and thus 

are endogenously expressed in the pOS. Enhancing these behaviours may improve outcomes 

of OEC transplantation therapies. Secondly (2), I investigated the expression of MIF in the 

pOS, whether OECs express MIF, and the role of MIF in modulating how OECs interact with 

macrophages. Understanding these interactions may be important to improve neural 

regeneration elsewhere in the nervous system, and to again enhance the therapeutic 

potential of OEC transplantation for SCI and other neural injuries. Thirdly (3), a 3D spheroid 

model of the olfactory nerve was generated to determine how OECs, fibroblasts and 

macrophages interact within the olfactory nerve. Finally (4), I used this model to gain further 

insight into the roles of MIF in regulating these interactions. Thus, the research questions I 

addressed were: (1) Can OEC behaviours associated with neural regeneration be stimulated 

using neurotrophins? (2) Is MIF expressed by OECs in vivo and in vitro, and does MIF regulate 

OEC functions? (3) Can 3D in vitro culture replicate the cellular organisation of the olfactory 

nerve? (4) How does MIF regulate OEC-macrophage interactions in 3D culture? 

I addressed these research questions through the following specific aims: 

o Aim 1: To assess the effects of selected key neurotrophins on OEC survival, 

phagocytosis and wound healing behaviours. 

o Aim 2: To determine expression of MIF within the pOS, and specifically in OECs. 

o Aim 3: To generate a 3D model of the olfactory nerve, particularly for examining 

interactions between OECs and macrophages. 

o Aim 4: To determine the role of MIF in regulating interactions between OECs and 

macrophages within the pOS using the 3D olfactory nerve model. 
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METHODS 

The main techniques used in this thesis were (1) cell/tissue culture (cell lines and primary 

murine cells), (2) functional assays of OEC behaviour including assays to determine 

interactions between OECs and macrophages, (3) immunohistochemistry of protein 

expression in the pOS, (4) immunolabelling of cells, (5) 3D cell culture and (6) microscopy 

(fluorescence and light microscopy, confocal imaging and live cell imaging). Some of the 

methods described in this chapter are also briefly described within the manuscripts forming 

parts of their relevant results chapters.  

Ethics Statement 

S100β-DsRed transgenic mice (Windus et al., 2007), and wild-type (Balb/CSTRAIN) mice 

were used throughout this thesis. Mice pups were used from postnatal day 7–10. All 

procedures were carried out with the approval of the Griffith University Animal Ethics 

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

Australia and the Australian Commonwealth Office of the Gene Technology Regulator. 

Mouse Sacrifice Protocol 

Mice pups aged 10 days and below postnatal were used for all experiments; mice were used 

for culturing of primary cells and sectioning of heads for immunolabelling sections from the 

pOS. Mice were sacrificed by decapitation using surgical Metzenbaum scissors.  

Cell Culture 

Culture of OEC cell lines was used in all results chapters. Culturing of a J774a.1 

macrophage/monocyte cell line was used for Results Chapters 2 and 3. LFT3 fibroblast cell 

line culturing was used for Results Chapter 3 only. Primary cell culture was used for results 

chapters 2 and 3. Primary mouse OECs were used in Results Chapter 2, and primary mouse 

macrophages in Results Chapter 3. Primary OECs and macrophages were derived from 

S100β-DsRed transgenic mice (Windus et al., 2007) in which both glial cells and 

macrophages express the bright fluorescent protein DsRed under control of the S100β 

promoter.  
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OEC Cell Lines 

Two immortalised OEC cell lines were used for experiments: (1) GFP-expressing mouse OECs 

(mOEC) (Tello Velasquez et al., 2014) and (2) human OECs (hOECs). These cell lines were a 

gift from Professor Filip Lim, Universidad de Autonoma Madrid. mOECs were originally 

obtained from primary cultures of OB-OECs from GFP-expressing mice (C57BL/6-Tg(ACTB-

EGFP)1Osb/J Jackson Laboratory, Bar Harbor USA) (Franceschini & Barnett, 1996; Ramon-

Cueto & Nieto-Sampedro, 1992). hOECs were originally derived from the superficial layers of 

the human OB and a clonal line was established by lentivector-mediated transfer (Lim et al., 

2010). Whilst mOECs may not be the most translatable to human treatment, they have an 

ease of use and are a valuable tool for early examination of effects on OECs. 

mOECs proliferate quickly and have been previously transfected to express GFP. These cells 

are thus easily visualised using fluorescent microscopy. For these reasons, mOECs are 

routinely used in our laboratory for high- and medium-throughput assays which do not require 

cytoplasmic immunolabelling such as basic morphological analysis and resazurin assays (Vial 

et al., unpublished). hOECs proliferate slower and are not fluorescent; thus, a cytoplasmic 

stain must be used prior to analysis if fluorescence is desired. hOECs do not express an 

endogenous fluorescent marker, which makes them more appropriate for assays in which 

the GFP-mediated fluorescence could otherwise interfere with other fluorescent material. 

One example includes the phagocytosis assays used in this thesis where internalisation of 

green fluorescent axon-derived debris was assessed (Nazareth, Tello Velasquez, et al., 

2015).  

Both types of OEC cell lines were cultured in OEC medium which consisted of Dulbecco’s 

modified eagle’s medium (DMEM)/F12 (Life Technologies), 10 % Foetal bovine serum (FBS) 

(vol/vol) (Focus Bioscience), 0.5 % Gentamycin (vol/vol) (Life Technologies). To passage 

confluent cells in a T25 flask (Thermo Fisher), conditioned medium was first removed and 

disposed of using a 5 mL serological pipette (Thermo Fisher). Following this, 1 mL of Hanks 

balanced salt solution (HBSS) (Life Technologies) was added and gentle agitation was used 

to rinse cells. This was repeated twice before removing the HBSS and replacing with 2 mL 

TrypLE Express (Life Technologies) to initiate cell detachment. The flask was incubated at 
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37°C, 5 % CO2 for 5 minutes or until all cells had detached after which 4 mL of HBSS was 

added to dilute TrypLE Express. The contents of the flask were then transferred to a 10 mL 

Falcon tube (Thermo Fisher). These suspended cells were centrifuged at 0.3 x g for 5 minutes. 

The supernatant was removed and replaced with 1 mL of OEC medium. Cells were diluted 

1:10 (mOECs) or 1:5 (slower growing hOECs) for passaging. The cells were kept in T25 flasks 

in 3 mL OEC medium at 37°C, 5 % CO2. 

The J774a.1 Monocyte/Macrophage Cell Line 

The J774a.1 (ATCC) cell line is a macrophage/monocyte immortalised cell line and were used 

in functional assays in Results Chapters 2 and 3 (Ralph, Moore, & Nilsson, 1976; Ralph & 

Nakoinz, 1977a, 1977b). J774a.1 monocytes/macrophages were cultured in complete 

Roswell Park Memorial Institute (cRPMI) medium consisting of 1 % Sodium Pyruvate (100 

mM) (Life Technologies), 1 % minimum essential medium (MEM) non-essential amino acids 

(Life Technologies), 1 % Glutamax-I 100x (Thermo Fisher), 1 % Penicillin/Streptomycin 

(Pen/Strep) solution (Life Technologies), 2.5 % HEPES buffer solution (Sigma), 10 % FBS, 

8x10-4 % 2-Mercaptoethanol (Life Technologies) in Roswell Park Memorial Institute medium 

1640 (RPMI 1640) without L-Glutamine (Thermo Fisher). To passage a confluent T25 flask, 

conditioned medium was removed and disposed. 2 mL of HBSS (Life Technologies) was used 

to carefully rinse the cell monolayer in the flask. Next, HBSS was removed and 1 mL of cold 

cRPMI medium was added to cold shock the cells. A cell scraper was then used to carefully 

scrape the surface of the T25 flask after which an additional 1 mL of cRPMI medium was 

added to rinse the surface. Using a 5 mL serological pipette, the cell-containing medium was 

removed and transferred to a 10 mL falcon tube. Cells were centrifuged at 0.3 x g for 5 

minutes; the supernatant was then removed and the J774a.1 cells were resuspended in 1 

mL of cRPMI medium. Using a haemocytometer, the cells were then counted and passaged 

at a 1:3 dilution ratio into a previously prepared T25 flask. The flasks were prepared with 3 

mL cRPMI medium which was placed in a 37°C, 5 % CO2 humidified incubator for 30 minutes 

prior to passaging to CO2 condition the media. Following passage, the new T25 flask with 

cells were returned to 37°C, 5 % CO2 humidified incubator. 
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The LFT3 Fibroblast Cell Line 

LFT3 fibroblasts are an immortalised cell line of fibroblasts gifted from collaborators in Spain 

(Garcia-Escudero et al., 2012). This cell line was used in Results Chapter 3 in 3D co-cultures 

for examining the interactions between OECs, fibroblasts and macrophages. LFT3 fibroblasts 

were cultured in LFT3 fibroblast medium consisting of DMEM with added glucose (Life 

technologies), 10 % FBS (vol/vol), 0.5 % Gentamycin (vol/vol) and 1 % Glutamax. LFT3 

fibroblast cell lines were passaged in T25 flasks around every 3 days or when flasks reached 

80 % confluency.  

To passage confluent cells in a T25 flask, first exhausted medium was removed and disposed 

of using a 5 mL serological pipette. Following this, 1 mL of HBSS was added and gentle 

agitation was used to rinse. This was repeated twice before removing the HBSS and replacing 

with 2 mL TrypLE Express to initiate cell detachment. The flask was incubated at 37°C, 5 % 

CO2 for 5 minutes or until all cells had detached after which 4 mL of HBSS was added to 

dilute active TrypLE Express. The contents of the flask were then transferred to a 5 mL falcon 

tube. These suspended cells were centrifuged at 0.3 x g for 5 minutes. The supernatant was 

removed and replaced with 1 mL of LFT3 fibroblast medium. Cells were stored in T25 flasks 

in 3 mL OEC media at 37°C, 5 % CO2. 

Primary OECs from S100β-DsRed Mice 

Primary mouse OECs were used in several experiments where cell lines were not appropriate. 

Primary cells provide more representative results due to having not been immortalised which 

can result in changes to receptor and protein expression (Pan, Kumar, Bohl, Klingmueller, & 

Mann, 2009). Furthermore, these cells are derived straight from the animal and have not 

experienced freeze-thaw cycles as the cell lines regularly undergo which can also have 

impacts on gene expression (Caliskan, Pritchard, Ober, & Gilad, 2014). These cells were 

harvested from a line of transgenic Quackenbush mice which express the DsRed fluorescent 

protein under control of the S100β promoter. This promoter drives expression of DsRed in all 

glia, as well as in monocyte-derived cells and chondrocytes (Windus et al., 2007).  
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Unless otherwise stated, all primary OECs were cultured on plates coated in 1:10 dilution of 

Matrigel (Corning) in DMEM with added glucose, which had been dried for 3 hours at room 

temperature in a class II biohazard safety cabinet followed by a 5-minute wash with HBSS. 

Primary OEC medium consisted of DMEM with added glucose, 10 % FBS (vol/vol), 0.5 % 

Gentamycin (vol/vol), 1 % Glutamax (vol/vol), and 1 % G5 supplement (vol/vol) (Life 

Technologies). 

To prepare the cells, S100β-DsRed mouse pups (aged p7 and below) were sacrificed by 

decapitation after which the skin and jaw was removed from the cranium. Next, the skull was 

bisected along the sagittal plane, parasagittally, to expose the nasal septum. Following this, 

the olfactory neuroepithelium was removed from each side of the caudal septum and left in 

cooled DMEM. The isolated neuroepithelium was sectioned into approximately 1 mm2 

sections using microdissection scissors. These sections were then transferred to a 1 mL 

Eppendorf tube and suspended in 800 µL of complete medium without G5 supplement, then 

slightly triturated using a pipette tip. Following suspension and trituration, 100 μL of this cell 

suspension was transferred to each of the central eight wells of a 24-well plate (Thermo 

Fisher). This 24-well plate was then incubated at 37°C 5 % CO2 for 24 hours to allow for 

explant adherence, after which an additional 100 µL of complete medium with G5 

supplement was added to each well. The surrounding 16 wells were filled with 200 µL of 

autoclaved phosphate buffered solution (PBS) to prevent evaporation of the centre wells. ~ 

50 % of the medium in each well was changed every 2–3 days until cells reached 30–40 % 

confluency, after which complete medium changes were performed every 2—3 days. 

Primary Macrophages from S100β-DsRed Mice 

As described above, the S100β promoter drives DsRed expression not only in glial cells, but 

also in macrophages. Macrophages can easily be distinguished from OECs based on 

anatomical appearance and location, as well as by immunolabelling (Nazareth, Lineburg, et 

al., 2015). Primary macrophage culturing was adapted from a previous bone marrow-derived 

macrophage (BMDM) culturing protocol (Trouplin et al., 2013) and applied to the culture of 

macrophages from the cranial bones. This was done to culture a population of macrophages 

isolated from a site as close to the pOS as possible. The protocol for preparing and culturing 
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these cells has been prepared as a manuscript for submission to a Methods journal; This can 

be found in its entirety in Results Chapter 3. DsRed-expressing primary macrophages were 

used in Results Chapter 3 for the formation of 3D olfactory nerve spheroid model culture.  

Primary macrophages were cultured in macrophage colony stimulating factor (M-CSF) 

(Invitrogen)-fortified cRPMI medium. The medium consisted of 1 % Sodium Pyruvate 100 mM, 

1 % MEM non-essential amino acids, 1 % Glutamax-I 100x, 1 % Pen/Strep solution, 2.5 % 

HEPES buffer solution, 10 % FBS, 8x10-4 % 2-mercaptoethanol in RPMI 1640 medium 

(without L-glutamine), and 15 ng/mL of M-CSF.  

To prepare primary macrophages, mouse pups (aged p7 and below) were sacrificed by 

decapitation after which the skin and jaw was removed from the cranium. Next, the skull was 

bisected along the sagittal plane, parasagittal to the nasal septum and the cerebrum was 

removed. Following this, the dura mater was separated from the floor of the cranial vault 

using forceps and the sphenoid bone forming the floor of the middle cranial fossa was broken 

and removed. This was then flushed through with cooled cRPMI to dislodge the red bone 

marrow using a 19-gauge needle and syringe. Following this, the cRPMI with red marrow 

isolate was filtered through a 70 µm nylon cell strainer (Thermo Fisher) and collected in a 10 

mL Falcon tube. This filtrate was then centrifuged at 250 x g for 5 minutes after which the 

supernatant was discarded, and the cells were resuspended in cRPMI. Cells were seeded in 

an uncoated petri dish and left for 4 hours to remove mature tissue macrophages which are 

more adherent at this stage and hence will adhere rapidly to the uncoated petri dish leaving 

the more immature cells suspended. Afterwards the supernatant was saved, centrifuged at 

250 x g for 5 minutes and resuspended in M-CSF-fortified cRPMI. Finally, suspended cells 

were seeded in 24-well plates and left to mature over 7 days after which time they were 

tested for macrophage marker expression of ionized calcium binding adaptor molecule 1 

(IBA-1) (Life Technologies) and cluster of differentiation 206 (CD206) (Life Technologies) to 

verify cell identity and purity. When ready for use, DsRed-expressing primary macrophages 

were lifted using TrypLE Express which was cooled to first cold shock the cells, followed by 

incubation at 37°C in 5 % CO2 for 30 minutes after which cells were lifted with forced 

trituration.  
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Neurotrophin Assays 

Assays for determining the effects of neurotrophins (and MIF) on OEC cell lines were used in 

Results Chapters 1 and 2. These assays assessed how a range of neurotrophins modulated 

various features of cells which included cell viability (as determined by metabolic and cell 

count assays), phagocytic activity (as determined by debris internalisation), and migration 

assays (as determined by scratch assays). 

Cell Viability: Resazurin Assay 

A low/medium-throughput assay was first performed to determine the effects of various 

neurotrophins on the viability of OECs (Results Chapter 1). This assay was also later used to 

determine how MIF influenced OEC viability (Results Chapter 2). A fluorescence-based 

resazurin assay was used to assess the metabolic (mitochondrial) activity of OECs under the 

influence of the selected neurotrophins. Resazurin (7-Hydroxy-3H-phenoxazin-3-one 10-

oxide) is often used as an indirect method of measuring cell proliferation based on the 

colorimetric change associated with resazurin conversion into resorufin through 

mitochondrial activity (van Tonder, Joubert, & Cromarty, 2015). Resazurin is a non-

fluorescent dye which becomes fluorescent (at excitation 560 nm, emission 590 nm) upon 

metabolic conversion. Thus, the fluorescence level in this wavelength range correlates with 

the metabolic activity of the cells. Cells were seeded at a density of 1500 cells/well into a 

384-well Greiner uClear plate (Interpath). Following cell seeding, the plate was left for 30 

minutes at room temperature on a hard surface to allow for the cells to adhere, after which 

the plate was returned to the incubator and incubated for 24 hours at 37°C at 5 % CO2. The 

seeding medium was then removed using light suction and replaced with 45 µL of media 

containing the neurotrophins being tested (NGF, BDNF, EGF, FGF2), or recombinant MIF 

protein. Neurotrophin concentrations included 5 ng/mL, 10 ng/mL, 50 ng/mL and 100 

ng/mL, based on previous literature (Bianco et al. 2004; Makkerh et al. 2005; Windus et al. 

2007; Zhang et al. 2009). Following administration of fresh media containing the appropriate 

neurotrophin (or control, medium alone), cells were left for 20 hours in the incubator after 

which 5 µL of 500 µM resazurin (Abcam) was added to each well. Cells were then left to 

incubate for an additional 4 hours whilst protected from light exposure. At the 24-hour (20 + 
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4 hour) timepoint, resorufin fluorescence was quantified using the EnVision multi-label 

reader (Perkin Elmer) at 570 nm wavelength. As the resazurin assay is a measurement of 

overall metabolic activity in a cell population, cell counts were also performed to detect 

whether neurotrophin administration affected cell numbers (as determined by cells identified 

by nuclei within a plasma membrane). Nuclei were stained and cells were fixed 

simultaneously using the addition of 5.5 µL of a solution containing of 2.5 % 

Paraformaldehyde (PFA), 1 % Triton-X (Sigma-Aldrich) (for a final working concentration of 

0.25 % PFA following administration) and 20 µg/mL of Hoechst (Abcam) over 24 hours at 

4°C. Following fixation, mOECs were rinsed with three x 5-minute washes of PBS and stained 

for 15 minutes with CellMaskTM Deep Red Plasma Membrane Stain (Thermo Fisher) to label 

the plasma membrane. The number of cell nuclei were counted automatically using the 

Perkin Elmer Operetta High-Content Imaging System (Operetta) (Perkin Elmer), a medium-

throughput automated plate reader and fluorescent microscope capable of imaging and 

analysing cells in plates. This quantification was performed with the ‘Cell – Number of 

Objects’ function (where a cell was defined as a cell membrane containing a nuclei) using 

Harmony v3.5 (Perkin Elmer), the proprietary software for the Operetta. 

Cell Phagocytosis: Debris Internalisation Assay 

A phagocytosis assay was used in Results Chapter 1 to investigate whether BDNF and NGF 

administration affected the phagocytic activity of hOECs. This phagocytic assay was also used 

in Results Chapter 2 to investigate whether MIF administration affected the phagocytic 

activity. The assay was performed as per previously established protocols in our laboratory 

(Chen et al., 2018; Nazareth, Lineburg, et al., 2015; Nazareth, Tello Velasquez, et al., 2015; 

Tello Velasquez et al., 2014; Velasquez, St John, Nazareth, & Ekberg, 2018). Axonal debris 

was harvested from the olfactory nerve of olfactory marker protein (OMP)-ZsGreen mice, 

transgenic mice in which OMP drives the expression of the bright green fluorescence of the 

protein ZsGreen in olfactory neurons. Debris was prepared as previously described (Ekberg 

et al., 2011; Nazareth, Lineburg, et al., 2015; Nazareth, Tello Velasquez, et al., 2015). Briefly, 

the olfactory neuroepithelium, containing ZsGreen-expressing olfactory neurons and their 

axons, was harvested from adult mice and dissociated into debris using TrypLE Express. The 
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debris was centrifuged at 3.0 x g for 5 minutes after which the supernatant was removed, 

and the debris was weighed. The debris was then resuspended in 1 mL DMEM/F12. Prior to 

use, the debris was filtered using a 25-gauge needled syringe to ensure more consistent size 

of debris.  

As discussed earlier, hOECs which do not express GFP were used instead of GFP-expressing 

mOECs for phagocytosis assays. The phagocytosis assay was performed in 384-well Greiner 

uClear plates seeded with cells at a confluency of 4000 hOECs/well. The plate was left at 

room temperature on a solid surface for 30 minutes to allow cell adherence, after which the 

plates were incubated for 24 hours at 37°C, 5 % CO2. The medium was then removed with 

light aspiration and replaced with 50 µL fresh medium per well containing axonal debris at a 

density of 5 ng/mL and any one of BDNF, NGF or MIF at various specified concentrations. 

Medium alone without neurotrophins was used as control. The plates were left for an 

additional 24 hours after which the cells were fixed by addition of 2.5 % PFA in 1 % Triton-X 

for a working concentration of 0.25 % PFA, over 24 hours at 4°C. Nuclei were simultaneously 

stained with 20 µg/mL of Hoechst. Following fixation, hOECs were rinsed with three x 5-

minute washes of PBS and stained for 15 minutes with CellMaskTM Deep Red Plasma 

Membrane Stain (Thermo Fisher) to label the plasma membrane. Thus, the washes removed 

excess non-internalised debris and the CellMaskTM stained the cell membrane with a far-red 

fluorophore. The Operetta was used to image and Harmony v3.5 software was used to 

quantify the data from the phagocytosis assay. Debris was counted as defined within the 

borders of individual cells using the Number of Spots on Cytoplasm function. Average number 

of debris particles per cell was then normalised against control. Individual cells were 

identified by Hoechst nuclear stain in combination with CellMaskTM Deep Red plasma 

membrane stain. 

Cell Migration: Scratch Assay 

A scratch assay was used in Results Chapter 1 to assess the effects of NGF and BDNF on the 

migratory activity of mOECs. This was done by seeding mOECs in a plastic 96-well plate 

(Thermo Fisher) at a density of 35 000 cells/well, corresponding to approximately 95 % cell 

confluence following cell adherence. The plate was left for 30 minutes at room temperature 
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on a solid surface to encourage cell adherence in a uniform manner, followed by 24 hours 

incubation at 37°C, 5 % CO2. Following the 24-hour incubation period a uniform scratch was 

made through the diameter of each well using a p1000 pipette tip and the media was 

changed to remove the cellular debris. The medium was replaced with neurotrophin-

containing or control (without neurotrophins) serum-free medium. Serum-free medium was 

used to prevent mOEC proliferation so that migration could be studied in isolation. NGF and 

BDNF were tested at 5 ng/mL, 10 ng/mL, 50 ng/mL and 100 ng/mL. 

Cell Population Interactions: Confrontation Assay 

Confrontation assays were used in Results Chapter 2 to investigate the interactions between 

mOECs and the J774a.1 macrophage/monocyte cell line. Both mOECs and J774a.1 cell lines 

were seeded at a cell density of 6000 cells/chamber using their appropriate cell culture 

media into the two confronting chambers in a culture insert 2-well in µ-Dish (Ibidi). The plate 

was incubated at 37°C, 5 % CO2 for 24 hours to allow for cell adherence. Following this 

adherence period, the media was removed from each chamber and the chamber walls were 

removed. The now chamber-free confrontation wells were filled with a 1:1 combination of 

mOEC cell-line medium and cRPMI medium. The confrontation assay was also used to test 

the effect of ISO-1 ((S,R)-3-4-hydroxyphenyl-4,5,-dihydro-5-isoxazole acetic acid methyl ester, 

25 µM, Abcam) on cell-cell interactions between mOECs and the J774a.1 cell line. The 

confrontation plate was imaged at 4x and 20x magnification daily for three days along the 

convergent borders of the two cell types using differential interference contrast (DIC) which 

uses adjacent parallel streams of polarised light to highlight cell features. This was done 

using the Olympus IX-73 epifluorescent microscope (Olympus). On day three, cells were fixed 

by addition of 2.5 % PFA in 1 % Triton-X for a working concentration of 0.25 % PFA, over 24 

hours at 4°C. 

Cell Receptor Expression: Immunolabelling-based Quantified Fluorescence Assay 

As a preliminary test determining whether mOECs expressed MIF and its receptors/binding 

partners HtrA1, CD74, CXCR2 and CXCR4 (Results Chapter 2), immunolabelling followed by 

automatic fluorescence quantification was used. mOECs were seeded at a density of 3000 
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cells/well in 384-well plates. Prior to immunolabelling, non-specific antibody binding to 

mOECs was blocked using a blocking solution consisting of PBS containing 2 % bovine serum 

albumin (BSA) and 0.3 % Triton-X for 1 hour. After this, the blocking solution was removed 

and primary antibodies were added (also in blocking solution) at the following concentrations: 

rabbit-α-MIF (0.004 mg/ml) (Abcam), rabbit-α-HtrA1 (0.02 mg/ml) (Abcam), rabbit-α-CD74 

(0.002 mg/ml) (Abcam), rabbit-α-CXCR2 (0.00275 mg/ml) (Abcam), rabbit-α-CXCR4 (0.002 

mg/ml) (Abcam). Cells were incubated with primary antibodies at 4°C for 12–16 hours 

(overnight) after which cells were washed three x 5 minutes in PBS. Following this, the 

secondary antibody, Alexa594-conjugated donkey-α-rabbit secondary (Abcam) was added 

and allowed to bind to the primary antibodies for 1 hour. Following antibody coupling, the 

mOECs were washed three x 5 minutes with PBS. Finally, mOECs were further labelled with 

CellMaskTM Deep Red Plasma Membrane Stain to define the area/borders of individual cells. 

The plates were imaged using the Operetta, the software Harmony v3.5 was used to detect 

and quantify Alexa594 fluorescence (corresponding to the Alexa594-labelled antibodies 

used to detect each specific primary antibody) within each cell (borders defined by 

CellMaskTM). The Alexa594 fluorescence was normalised to the antibody control which 

consisted of only secondary antibody background fluorescence.  

rtPCR 

rtPCR was used in Results Chapter 2 to determine expression of the MIF mRNA in mOECs. 

mOECs were cultured to confluence in a T75 filter flask (Thermo Fisher) and RNA was 

extracted from cells using TRIzol reagent (Thermo Fisher) as per manufacturer’s instructions. 

cDNA was synthesised from RNA using SuperScript III Reverse Transcriptase kit (Thermo 

Fisher). Design of oligonucleotide primers for MIF was performed using Primer3 

(http://frodo.wi.mit.edu/). MIF primers used: (F: 5’ – 3’ sequence: 

CGGACCAGCTCATGACTTTTA, R: 5’ – 3’ sequence: GGCAGCGTTCATGTCGTAAT) with an 

included sequence size of 384 and an expected product size of 185 bp and were purchased 

from Sigma. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) primers used: (F: 5’ – 3’ 

sequence: AACTTTGGCATTGTGGAAGG, R: 5’ – 3’ sequence: GGATGCAGGGATGATGTTCT) 

which were used for positive control. Amplification was performed in a 25 µL reaction 
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consisting of: 5 µL Colourless GoTaq Buffer (Promega), 2.0 µL 25 mM MgCl2 (Promega), 0.5 

µL 10 µM F primer, 0.5 µL 10 µM R primer, 0.5 µL 10 mM dNTPs (Bioline), 0.1 µL GoTaq DNA 

polymerase (Promega), 11.4 µL ddH2O and 5 µL 2 ng/µL gDNA. PCR was performed in the 

Corbett Rotor-Gene 6000 Real-Time PCR thermocycler (Qiagen). The thermal cycle was 

programmed for 5 minutes for 95°C for initial denaturation, followed by 40 cycles of 15 

seconds at 95°C for denaturation, 30 seconds at 60°C for annealing, 30 seconds at 72°C 

for extension. Final extension was 7 minutes at 72°C. PCR products were examined by 

electrophoresis at 90 volts for 30 minutes in 1.5 % (w/v) agarose gel in 1 x TAE buffer. The 

marker used Bioline HyperladderTM 100bp for lane visualisation. Bands were imaged with Li-

Cor Odyssey Fc imaging system (Li-Cor). 

ELISA Cytokine assay 

mOEC cell line supernatants were assayed for MIF protein by enzyme-linked immunosorbent 

assay (ELISA). This was performed using a Mouse MIF SimpleStep Elisa® Kit (ab209885) 

which consisted of a polystyrene 96-well plate previously coated with a mouse anti-MIF 

immobilization antibody. ELISA was performed as per manufacturers instructions. A T75 flask 

of confluent mOECs was cultured overnight afterwhich the supernatant was removed. The 

supernatant was then centrifuged at 2000 x g for 10 mins to separate debris. Centrifuged 

supernatant was added at 50 µL volume per well along with 50 µL volume of ‘antibody 

cocktail’ provided in the Elisa Kit. This was followed by a 1 hour incubation period at room 

temperature on a 400 rpm plate shaker. After the incubation period, the plate was rinsed 3 

times with the supplied washing buffer. Next 100 µL of TMB substrate was added to each 

well and incubated in darkness for 10 mins on a 400 rpm plate shaker. Finally, 100 µL of 

Stop Solution was added to each well and the absorbance was measured at 450 nm as an 

endpoint reading. 

Immunohistochemistry 

To determine the expression of MIF and HtrA1 throughout the pOS in vivo, immunolabelling 

for these proteins was performed on tissue sections from mouse heads. 
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Tissue Fixation 

Following sacrifice, skin was removed from the isolated mouse heads. First the jaw was 

removed using surgical scissors, followed by a small incision to the nose to free the skin 

tissue. Finally using blunt dissection, the skin was removed. A 10-gauge scalpel blade was 

then used to remove the excess tissue at the rostral and caudal ends of the isolated head. 

The cranial vault was exposed via a coronal section at the caudal end of the parietal bones 

of the skull to allow for quick infusion of PFA into the cranial cavity. Following this, the mouse 

head tissue block was immersed in 4 % PFA to fix the tissue for 24 hours at 4°C. The tissue 

was then transferred to 30 % sucrose solution with 1 % sodium azide until antigen retrieval. 

Antigen Retrieval 

Antigen retrieval was performed prior to immunolabelling and cryosectioning to reveal 

binding sites covered by PFA cross-linking; tissue fixation using PFA regularly results in cross 

linkages formed between formalin and some proteins. This cross-linking results in obscured 

binding sites and can lead to in false negatives when immunolabelling (Shi, Shi, & Taylor, 

2011). Antigen retrieval was thus done to unmask potentially covered antibody binding sites. 

For the antigen retrieval buffer, 10 mM sodium citrate buffer with 0.05 % Tween 20, pH 4 

was used. The mouse tissue block was immersed in the sodium citrate buffer and stored at 

4°C for 24 hours, then immersed in 94°C sodium citrate buffer for 1 minute. Following the 

94°C immersion, the tissue was quenched in room temperature (approximately 25°C) 30 % 

sucrose solution containing 1 % sodium azide. Once the sucrose sodium azide solution had 

fully penetrated the tissue, which could be seen when the tissue block had sunk to the bottom 

of the Falcon tube, the mouse heads were ready for cryosectioning. 

Cryosectioning 

After antigen retrieval, the mouse heads were embedded in optimal cutting temperature 

(OCT) compound (Miles Scientific, Naperville, IL) and submerged in liquid nitrogen-cooled 

isopentane for rapid freezing. A cryostat was used to section the tissue in 30 µm thick 

sections. 
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Immunolabelling of Tissue Sections 

Non-specific antibody labelling was blocked using PBS containing 2 % BSA and 0.3 % Triton-

X for 1 hour. This was followed by incubation with primary antibodies diluted in PBS 2 % BSA 

0.3 % Triton-X for 24 hours at 4°C. The working concentrations for the different various 

primary antibodies were: rabbit-α-HtrA1 (0.02 mg/ml), rabbit-α-MIF (0.004 mg/ml), rabbit-α-

CD74 (0.002 mg/ml), rabbit-α-CXCR2 (0.00275 mg/ml), rabbit-α-CXCR4 (0.002 mg/ml). 

Excess primary antibodies were removed with three x 5-minute washes with PBS 0.3 % Triton-

X after which donkey-α-rabbit Alexa488 secondary antibodies (Abcam) were added at a 

concentration of 1:1000 for 1 hour at room temperature. Finally, sections were rinsed with 

three x 5-minute washes in PBS 0.3 % Triton-X. 4',6-diamidino-2-phenylindole (DAPI) was 

used to stain nuclei.  

Immunocytochemistry 

Immunocytochemistry (cell immunolabelling) was used in Results Chapter 2 to investigate 

the expression of MIF and several MIF binding partners in OEC cell lines and primary cultured 

OECs as described in the Quantified fluorescence assays section earlier in this Methods 

chapter. Additionally, cell immunolabelling was used in Results Chapter 3 for verification of 

cell identity for primary macrophages, the J774a.1 macrophage/monocyte cell line and LFT3 

fibroblasts. 

Immunolabelling of Primary OECs and Cell line OECs 

Primary OECs were seeded into Matrigel-coated glass bottom 8-well chamber slides at a 

seeding density of 5000 cells/well (Matrigel dilution: 1:10 in DMEM high glucose). OEC cell 

lines were seeded into plastic bottom 384-well plates at a density of 3000 cells/well. 

Following an adhesion period of 48 hours for primary cells, and 24 hours for cell lines, cells 

were fixed overnight at 4°C with the addition of a fixation solution to the medium at 10 % 

volume of the culture well’s volume. The fixation solution consisted of 2.5 % PFA in 1 % Triton-

X and 20 µg/ml of Hoechst so that nuclei could be simultaneously labelled. The final working 

concentration of PFA was 0.25 % once diluted into the culture medium. Following fixation, 

medium was removed, and cells were rinsed using three x 5-minute washes of PBS 
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containing 0.3 % Triton-X. Non-specific antibody binding was then blocked using PBS 

containing 2 % BSA and 0.3 % Triton-X for 1 hour before incubation with primary antibodies 

diluted in the blocking solution for 24 hours. The working concentrations for the primary 

antibodies were: rabbit-α-HtrA1 (0.02 mg/ml), rabbit-α-MIF (0.004 mg/ml) After the 

incubation with primary antibodies, preparations were washed and later incubated with 

secondary antibody donkey-α-rabbit Alexa488 at a dilution of 1:1000. 

Immunolabelling of LFT3 Fibroblasts 

To verify the identity of LFT3 fibroblasts in 3D spheroid cultures (Results Chapter 3), these 

cells were immunolabelled for JSJ37, a novel extracellular marker of fibroblasts discovered 

in our laboratory (due to potential intellectual property issues, the identity of this marker 

cannot be stated here). To immunolabel fibroblasts, spheroids were transferred to 384-well 

plates and submerged in a solution of 2.5 % PFA, 1 % Triton-X and 20 ug/ml of Hoechst for 

overnight fixation at 4°C (due to the dense structure of the spheroids, the fixative solution 

was not diluted in the cell medium as was done with two-dimensional (2D) cell cultures). The 

fixative was then removed, and spheroids were washed 5 x 10-minutes with PBS containing 

2 % BSA and 0.3 % Triton-X. Spheroids were then left for blocking of non-specific binding 

overnight in the same solution to ensure adequate perfusion of the blocking solution into the 

centre of the spheroids. After removal of the blocking solution, the primary antibody (rat-α-

JSJ37) was added at a dilution of 1:200 in PBS containing 2 % BSA 0.3 % Triton-X for 24 

hours. Spheroids were then washed 5 x 10 minutes with PBS containing 0.3 % Triton-X. 

Finally, spheroids were incubated with the secondary antibody (donkey-α-rat Alexa647) at a 

dilution of 1:800 in PBS containing 0.3 % Triton-X for 24 hours. 

Immunolabelling of J774a.1 Macrophage/Monocytes 

To identify J774a.1 macrophage/monocytes in 3D spheroid cultures (Results Chapter 3), 

these cells were immunolabelled for the macrophage/monocyte markers IBA-1 and CD206. 

Spheroids containing J774a.1 macrophage/monocytes were fixed, blocked and 

immunolabelled with primary and secondary antibodies as described above for LFT3 

fibroblast in spheroid culture. The primary antibodies used for J774a.1 identification was 
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either goat-α-IBA-1 (1:400) or rat-α-CD206 (1:100). The secondary antibodies were either 

donkey-α-rat Alexa647 or donkey-α-goat Alexa594 as appropriate, at a dilution of 1:800. 

Immunolabelling of Primary Cranial Bone Marrow-Derived Macrophages 

Immunolabelling was conducted to identify and determine the purity of primary macrophages 

isolated from S100β-DsRed mice in Results Chapter 3. Primary macrophages were seeded 

into 384-well plates. Following an adhesion period of 24 hours, cells were fixed overnight at 

4°C with the addition of a fixation solution to the medium at 10 % volume of the culture well’s 

volume. The fixation solution consisted of 2.5 % PFA, 1 % Triton-X and 20 µg/ml of Hoechst 

so that nuclei could be simultaneously labelled. Cells were then blocked using PBS containing 

2 % BSA and 0.3 % Triton-X for 1 hour before incubation with primary antibodies diluted in 

PBS containing 2 % BSA and 0.3 % Triton-X for 24 hours. Primary antibodies used were either 

rat-α-CD206 (1:100) or goat α-IBA-1 (1:400). Following the 24-hour binding period, cells were 

washed for three x 5 minutes with PBS containing 0.3 % Triton-X. Cells were then incubated 

with the secondary antibodies (donkey-α-rat Alexa647 or donkey-α-goat Alexa594), at a 

dilution of 1:800 in PBS containing 0.3 % Triton-X for 1 hour. 

Spheroid Generation 

To examine the interactions between OECs, fibroblasts and macrophages in three 

dimensions (Results Chapter 3), these cells were co-cultured using the 3D culture format 

developed in our laboratory, the naked liquid marble (NLM) system (Chen et al., 2019). This 

format is based on the use of a superhydrophobic coating, which causes cells in a droplet 

(the NLM) to rapidly form 3D spheroids. For this purpose, 384-well, Polystyrene, Flat Bottom, 

Small Volume, HiBase microplates (#784075, Greiner BioOne) were used. The plates were 

sprayed with NeverWet MultiPurpose Spray Kit (Rust Oleum), which generates the 

superhydrophobic coating. Cells were dispensed at different densities (specified below) in a 

20 μL complete medium droplet into individual wells within the superhydrophobic-coated 

microplates by hand pipetting. Plates were then incubated in a humidified incubator at 37°C 

and 5 % CO2 for 48 hours. During this period, cell spheroids formed spontaneously within the 

NLM droplet.  
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The cellular composition of the 3D cultures consisted of either the individual cell types in 

isolation (J774a.1 macrophage/monocyte cell line, mOECs and LFT3 fibroblasts) or of 

combinations of the cell types (J774a.1 macrophage/monocyte cell line/primary 

macrophages, mOECs, and LFT3 fibroblasts). Each NLM was seeded with a total of 30,000 

cells. For 3D cultures containing two cell types, 3D cultures were seeded with 15,000 cells 

of each type. When three cell types were co-cultured, the droplets were seeded with 10,000 

cells of each type. 

Microscopes 

Operetta High-Content Imaging System 

The Operetta was used to image the 384-well plates used for proliferation and phagocytosis 

assays described in Results Chapter 1. This system is a medium-throughput automated 

microscopy system which is capable of automated imaging and analysis of cell culture plates. 

This automation made the Operetta perfect for the imaging and quantification of cell number 

to compare with resazurin assay fluorescence results. Additionally, this system can identify 

and quantify individual debris hence making it appropriate for analysis of phagocytosis. 

Finally, the system can quantify absolute fluorescence values and so was used for the 

quantified fluorescence assays that determined expression of MIF and binding partners in 

mOECs described in Results Chapter 2. The software used for data analysis was the Operetta 

proprietary software Harmony v3.5. 

IX73 Olympus Epifluorescent Microscope 

An IX73 Olympus epifluorescent microscope was used for all epifluorescence and bright-field 

microscopy. This microscope was used for imaging scratch assay plates (Results Chapter 1) 

and confrontation assay plates (Results Chapter 2). This microscope was also used for 

epifluorescence and bright-field imaging of cell spheroids, including bright-field live cell 

imaging (Results Chapter 3). The software used for data analysis was either the Olympus 

software CellSens Standard 1.15 (Olympus) or the open software FIJI (Schindelin et al., 

2012), 
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FV1000 Olympus Spectral Microscope 

The FV1000 Olympus spectral microscope was used for all confocal microscopy throughout 

this thesis (Results Chapters 2 and 3). In Results Chapter 2, this microscope was used for 

imaging of MIF and HtrA1 immunolabelling in cells and tissue, and in Results Chapter 3, for 

imaging of cell spheroids. The software used for data analysis was either the Olympus 

software FV10-ASW 4.2 viewer (Olympus), IMARIS x64 v9.0 Bitplane (Oxford Instruments) or 

the open software FIJI (Schindelin et al., 2012). 

Statistical Analysis 

Statistical analysis throughout all chapters was performed using Graphpad Prism Version 5 

(Graphpad). Statistical tests are detailed throughout the results chapters where used. To 

compare the means between groups of two or less a one- or two-tailed t test was used. For 

comparison of means between groups of three or more then an ANOVA analysis was 

performed using a Tukey Post-hoc. To compare between biological replicates, all data was 

normalised to the negative control. 
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Prelude 

The regenerative capacity of the pOS is often attributed to OECs, and to the unique 

neurotrophic profile of these cells. Secretion of neurotrophins from glial cells has long been 

shown to promote neuron growth and survival, and with some effects on glia themselves 

(reviewed in Wright et al., 2018). What has not been thoroughly explored thus far, however, 

is whether—and how—neurotrophins are capable of stimulating OECs. As OECs possess 

several receptors for key neurotrophins, in addition to being a source of neurotrophins 

themselves, it is likely that neurotrophins will modulate OECs (reviewed in Wright et al., 

2018). As discussed in the Introduction, autologous OEC transplantation is a promising 

therapy for the treatment of SCI, however, functional outcomes vary greatly between trials. 

Treating OECs with growth factors, such as neurotrophins, that modulate their behaviour 

constitutes one avenue for enhancing the therapeutic potential of these cells. Thus, 

identifying how neurotrophins influence OEC behaviour may direct their use in future studies.  

In this chapter I examined how two key neurotrophic factors, NGF and BDNF, modulate key 

OEC behaviours. I also conducted preliminary tests using the growth factors EGF and FGF2. 

These neurotrophins have been thoroughly discussed in the literature review in Chapter 1 

(Wright et al., 2018). The four selected neurotrophins/growth factors were examined for their 

potential ability to stimulate proliferation of a mOEC cell line. EGF and FGF2 are established 

in the literature as supplements for use in different types of cell culture media for OECs and 

other cells (Vadivelu et al., 2015; Wang et al., 2010). I hypothesised that these growth factors 

would improve mOEC viability as determined by a marked increase in cell count. The effects 

of NGF and BDNF on mOEC proliferation have not been examined previously. However, OECs 

express receptors for these neurotrophins (the Trk receptor and the p75NTR) (Vickland, 

Westrum, Kott, Patterson, & Bothwell, 1991), which are established to be important for cell 

survival and neuroprotection. I also hypothesised that NGF and BDNF may promote mOEC 

proliferation (Dobrowsky, Werner, Castellino, Chao, & Hannun, 1994; Raucci, Tiong, & Wray, 

2013; Testi, 1996; Yoon, Casaccia-Bonnefil, Carter, & Chao, 1998). 
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Effects of EGF, FGF2, BDNF and NGF on OEC Proliferation/Viability 

(Metabolic Activity Assay and Cell Counts) 

All four neurotrophins were tested at 5 ng/mL, 10 ng/mL, 50 ng/mL and 100 ng/mL. Viability 

(to which both cell proliferation and cell survival contributes) was assessed indirectly using a 

resazurin assay, and directly using cell counts as described in the Methods chapter.  

Resazurin absorbance is used as an indirect measure of cell proliferation as it is a 

mitochondrial activity indicator. Resazurin is a blue dye which converts to pink fluorescent 

resorufin within mitochondria. Resorufin fluorescence can be detected with a colorimetric 

change from non-fluorescence to fluorescence at excitation 560 nm, emission 590 nm. 

Hence, the fluorescence intensity should correlate with metabolic activity, and indirectly with 

cell number (van Tonder et al., 2015). 

Contrary to my hypotheses, the neurotrophins and growth factors tested did not stimulate 

proliferation as measured in the resazurin assay. In fact, for EGF- and FGF2-treated cells, the 

metabolic activity was lower compared to control cells (Fig 3). EGF at 5 ng/mL (p < 0.001), 

50 ng/mL (p < 0.05), and FGF2 at 5 ng/mL (p < 0.001), 10 ng/mL (p < 0.001), 50 ng/mL 

(p < 0.01) and 100 ng/mL (p < 0.01) caused a decrease in metabolic activity (ANOVA with 

Tukey’s post hoc test). The results from the resazurin assay indicated that EGF and FGF2 

may cause a decrease in mOEC proliferation compared to the control which is inconsistent 

with the literature.  
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Figure 3 Effects of EGF, FGF2, NGF and BDNF on mOEC viability (resazurin assay). Relative fluorescence: resorufin 

fluorescence of neurotrophin-treated cells normalised to control (cells without neurotrophins). Resorufin 

fluorescence was read by the Envision plate reader (see Methods for details). Cells treated with EGF and FGF2 

showed decrease in resorufin absorbance compared to control cells; decrease seen was 12 % at 5 ng/mL and 

8.5 % for 50 ng/mL EGF, and 15.7 % for 5 ng/mL, 11.5 % for 10 ng/mL, 10.7 % for 50 ng/mL and 11 % for 100 

ng/mL of FGF2. This decrease was significant at 5 ng/mL and 50 ng/mL for EGF, and all concentrations for FGF2 

as determined by ANOVA [F(16, 442) = 7.638, p < 0.0001] with Tukey’s post hoc. Resazurin was performed in 

biological triplicate and repeated three times (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001.  

As this result was counter to that expected (presenting a significant decrease as opposed to 

a significant increase), and the resazurin assay may have limitations, I also performed cell 

counts. Upon re-evaluation this appeared to be a better approach as relying on cell 

metabolism alone does not take into consideration increased activity changes independent 

of cell number. Automated cell counts were performed on cells imaged in 384-well plates 

using the Operetta. Harmony v3.5 software was used to quantify cell numbers using the ‘Cells 

- Number of Objects’ function where cells were defined as containing a nucleus, (labelled 

with Hoechst nuclear stain) within a plasma membrane (labelled with CellMaskTM Deep Red 

Plasma Membrane Stain) (see Methods). The analysis showed that EGF yielded a small but 

significant increase in cell count. EGF treatment increased cell number at 50 ng/mL 

(p < 0.01) and 100 ng/mL (p < 0.01) (Fig 4). However, a significant decrease in cell count 

was seen for FGF2 at 5 ng/mL (p < 0.01). NGF and BDNF both yielded pronounced increases 
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in cell numbers; the data for these two neurotrophins, which became the focus of further 

investigation (discussed below), are presented in the manuscript included in this chapter. 
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Figure 4. Effects of EGF and FGF2 on cell count relative to control. Cell count normalised to control showing a 

significant increase in cell count in EGF at 50 ng/mL (11 % increase) and 100 ng/mL (9.6 % increase). FGF2 also 

shows a significant decrease in cell count at 5 ng/mL (10.5 % decrease).  No significance was found in any of the 

other tested growth factors or concentrations. Significance as determined by ANOVA [F(8, 153) = 14.04, 

p < 0.0001] with a Tukey HSD post hoc. Performed in biological triplicate and repeated three times (n = 3). 

**p < 0.01  

EGF and FGF2 are currently used at 10 ng/mL each in some cell culture protocols (Vadivelu 

et al., 2015; Wang et al., 2010) and while a small increase in cell number could be seen for 

EGF at this concentration, it was not statistically significant. FGF2 at 10 ng/mL did not affect 

cell numbers. The use of combinatorial EGF and FGF2 has previously been investigated for 

stimulating proliferation of a variety of cells, and their effects appear to be synergistic for 

some cell types (Bressan et al., 2014; Hebert et al., 2009; Kojima & Tator, 2000). It has been 

shown that FGF2 enhances EGF mediated proliferation via an increase in acquisition and 

effectiveness of EGF in neural precursor cells (NPCs) in vitro (Ciccolini & Svendsen, 1998). 

Thus, it is possible that both growth factors must be present to stimulate proliferation. Due 

to time constraints, assessment of the synergistic effects of EGF and FGF2 on mOEC 

proliferation was not assessed in this PhD project, but would be an interesting avenue for 

future studies. 
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Following from these initial tests, focus for further investigations was placed on determining 

the effects of NGF and BDNF on OECs, the complete results of which can be found in the 

manuscript later in this chapter. In this manuscript, the effects of BDNF and NGF were 

examined on (1) OEC proliferation (cell counts after 24 hours in culture), (2) phagocytic 

activity (as determined by an internalisation assay of ZsGreen fluorescent axonal debris over 

24 hours) and (3) migration/gap closure (as determined by a scratch assay where an mOEC 

monolayer was scratched using a pipette tip and the scratch area was measured over 72 

hours). In the context of a SCI therapy, these particular behaviours were examined because: 

(1) proliferation is important for the expansion of cells following harvesting of donor tissue to 

ensure sufficient material for autologous transplantation (Feron et al., 2005). (2) Stimulating 

phagocytic activity may encourage clearance of debris by OECs within the injury site following 

transplantation (Nazareth, Lineburg, et al., 2015; Nazareth, Tello Velasquez, et al., 2015; Su 

et al., 2013), which is likely to improve outcomes, and (3) enhancement of OEC migration 

may improve migration and integration of OECs within the SCI site (Feron et al., 2005). In 

addition, it has been shown that increased OEC motility has a positive effect on axon growth 

(Windus et al., 2011). 

On the following 10 pages is an original research article submitted to Scientific Reports 

(IF: 4.122), on 21.5.19, revision submitted 23.08.19. This has been inserted 

formatted as per journal requirements. Writing and research for the construction of 

the paper was done in majority by Alison A. Wright. Experimental design was done by 

Alison A. Wright, Marie Laure-Vial, Jenny Ekberg, James St John and Michael Todorovic. 

Proof reading and editing was done by all authors. 
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Manuscript 2 Brain-derived neurotrophic factor and nerve growth factor 

stimulate properties in olfactory ensheathing cells that may enhance 

neural regeneration 
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Extended Discussion 

The results presented in the manuscript in this chapter demonstrate that NGF and BDNF can 

be used to stimulate proliferation, phagocytosis and migration of OECs. The mechanism of 

action of these neurotrophins on OECs specifically still need to be elucidated. Additionally, 

the use of cell line OECs in the above study (mOECs) present limitations and raises questions 

of whether the data can accurately represent effects in primary cells and human cells. As 

such, repeat experiments are necessary with primary and human cultured OECs (cell line and 

primary human OECs isolated from biopsies). If neurotrophins are to be applied to treatments 

as reviewed in Manuscript 1, in vitro studies examining whether these neurotrophins 

stimulate long- or short-term behavioural changes should be performed to determine their 

appropriateness at each stage of the treatment process. Obviously, extensive in vivo studies 

are also necessary before consideration for using these neurotrophins therapeutically at the 

co-transplantation stage.  

In Manuscript 2 presented in this chapter, the focus of discussion was placed on the p75NTR, 

however, the classical signalling pathways for neurotrophins is through the Trk family of 

receptors, of which there are shared intracellular signalling pathways between the different 

Trk receptors. The likely pathway involved in proliferation is through Trk-mediated signalling 

via the MAPK/ERK and p38 MAP kinases which have previously been identified to be involved 

in OEC proliferation (Tello Velasquez et al., 2014). This pathway can be activated via the Trk 

receptors through Ras and PI3K, which has been shown to promote survival of neurons. Here, 

Src homology 2 domain (Shc) phosphorylation recruits growth factor receptor bound protein 

2 (Grb-2) and Ras exchange factor Son of Sevenless (SOS) which in turn activates Ras. 

Subsequently, Ras activates the PI3K mediated p38 MAPK/MAPK-activating kinase 2 

pathway and the c-Raf/ERK pathway (Xing, Ginty, & Greenberg, 1996). Downstream to both 

of these pathways is the phosphorylation of CRE-binding protein (CREB) that has been 

implicated in cell survival via gene regulation (Bonni et al., 1999; Patapoutian & Reichardt, 

2001; Xing et al., 1996; Xing, Kornhauser, Xia, Thiele, & Greenberg, 1998). Additionally, PI3K 

generates several lipid products that are important in the modulation of cell survival proteins 

Bcl/Bcl-x-associated death promoter (BAD), IκB, and glycogen synthase kinase 3 beta (GSK 
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3-β) through phosphorylation by the kinase Akt. The result of which is an anti-apoptotic effect 

(Fig 5) (Datta, Brunet, & Greenberg, 1999; Patapoutian & Reichardt, 2001; Yuan & Yankner, 

2000). 

 

Figure 5. A simplified diagram of signalling pathways downstream of Trk receptor binding, leading to cell survival, 

cell proliferation and inhibition of apoptosis. Binding of neurotrophins to the Trk Receptor can stimulate 

proliferation, cell survival genes and inhibit apoptosis.  

Hence the increase in cell number seen in mOECs when NGF and BDNF are administered 

may be due to decreased apoptosis, yielding a net increase cell count. In fact, this hypothesis 

may explain the inconsistency between the cell counts (which were increased) and the 

resazurin assay outcome (which did not show increased mitochondrial metabolic activity); 

modulation of Bcl/BAD can have an inhibitory effect on mitochondrial activity through 

blockage of release of mitochondrial intermembrane space proteins. This leads to a 

decreased oxygen consumption and glycolysis, and eventually a cellular adaptation to a 

decreased mitochondrial metabolism (Garland & Halestrap, 1997; Plas & Thompson, 2002). 

Another signalling pathway that may be involved, which has been demonstrated to regulate 

proliferation of neural stem cells (NSCs) in response to BDNF, is through bone morphogenetic 

protein 7 (BMP7) which is repressed by the p57 family of transcription factors. When BDNF 

is administered, BMP7 expression is increased via MAPK/ERK signalling pathway that 

rescues this repression (Ortega & Alcantara, 2010). Another point that may be investigated 

is the combinatorial use of BDNF and NGF. One study has shown that by acting in tandem 

via alternate pathways, application of combined NGF and BDNF improved proliferation of 

NSCs greater than their individual application (Chen et al., 2014). If these two neurotrophins 

stimulate different signalling pathways in OECs, then combinatorial treatment here may also 

further stimulate proliferation. However in this same study, the combination treatment of 

NGF and BDNF did not have an additive or a synergistic effect so it is possible that a 
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combination treatment on OECs may not yield significantly different results than either 

treatment alone. 

Phagocytosis pathways in OECs remain largely unexplored whereas SC phagocytosis is better 

understood. During Wallerian degeneration, SCs initiate myelin breakdown through 

autophagy before switching to a non-myelinating, more phagocytic phenotype to clear the 

debris (Gomez-Sanchez et al., 2015). This myelinophagic stage is positively regulated via the 

c-Jun N-terminal kinase (JNK)/c-Jun pathway (Gomez-Sanchez et al., 2015) and has also 

been shown to have alternative pathways with an upregulation of surface phagocytic 

receptors Axl and Mertk, which when inhibited exhibit impaired myelin phagocytosis by SCs 

(Brosius Lutz et al., 2017). The phagocytosis of nerve debris in the PNS after injury is largely 

orchestrated by macrophages whereas in the pOS this is the role of OECs (reviewed in Barton 

et al., 2017). As such, different phagocytic pathways may be involved. Evidence for this can 

be seen in their stimulation; when stimulated with curcumin, OECs exhibit a significant 

increase in phagocytosis of axonal debris in addition to migration and proliferation (Tello 

Velasquez et al., 2014). In contrast, SCs only show an increase in migration and proliferation 

when treated with curcumin (Tello Velasquez, Nazareth, Quinn, Ekberg, & St John, 2016). As 

curcumin acts via the stimulation of MAP kinases, it is possible that phagocytosis of axonal 

debris by OECs requires this pathway. 

Another point to note is that axonal debris, derived from primary olfactory neurons expressing 

a fluorescent protein (Ekberg et al., 2011), was solely used for assessment of phagocytosis 

in the current study. It may be worth investigating whether NGF and BDNF elicit a similar 

increase in phagocytic response of myelin debris, as this would also be present in the SCI 

site following injury. Additionally, as discussed in the Introduction, OECs can also phagocytose 

bacteria which involves entirely different pathways (Harris, West, & Chuah, 2009; Herbert et 

al., 2012; Leung et al., 2008; Panni et al., 2013; Vincent, Choi-Lundberg, Harris, West, & 

Chuah, 2007). For example, OECs bind to gram-negative and some gram-positive bacteria 

via Toll-like receptor 4 (TLR4), but recognise axon debris via the phosphatidylserine receptor 

(PSR) (Su et al., 2013). Thus, it would also be interesting to test whether the neurotrophins 

stimulate not only debris uptake, but also phagocytosis of bacteria and myelin. These studies 
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would help elucidate interesting key aspect of OEC phagocytosis, such as whether the 

presence of phosphatidylserine (found on cell debris) is essential for the NGF/BDNF-induced 

stimulation of phagocytosis, or whether the neurotrophins also stimulate recognition of other 

“cargo” via binding to phagomyelin associated glycoprotein (MAG; found on myelin debris) or 

to lipopolysaccharides (LPS)/proteoglycan (found on gram-negative and gram-positive 

bacteria, respectively). Similarly, potentially specific effects of NGF/BDNF on individual 

intracellular signalling cascades acting downstream of receptors such as TLR4 or PSR could 

be elucidated. These experiments would help identify specific phagocytic pathways involved 

in the stimulation by NGF and BDNF.  

The increase in phagocytosis may also be associated with an increased motility as contact 

via axial lamellipodia plays an important role in the phagocytic process in glia (Velasquez et 

al., 2018). As previously demonstrated for GDNF, application of neurotrophins can increase 

cell motility (Windus et al., 2007). It is likely that the increased rate of gap closure seen in 

the scratch assays, when cells were stimulated with NGF and BDNF, can be attributed to an 

increased migration rate. An increase in migration rate has also been shown previously for 

SCs treated with NGF (Li et al., 2007), and cerebellar granule cells treated with BDNF 

(Borghesani et al., 2002; Wang et al., 2011). Additionally, BDNF has previously been shown 

to increase β-III tubulin formation in RGCs and SCs, thereby increasing cell motility (Guo, 

Moon, Niehaus, Zheng, & Ratner, 2012; Wang et al., 2011; Yamauchi, Chan, & Shooter, 

2003; Yamauchi et al., 2004). However, one study has shown that BDNF decreases SC 

migration and instead promotes SC myelination behaviour (Yamauchi et al., 2004). One 

previous study has shown a similar increase in migration in OECs with BDNF administration, 

which is consistent with results presented in this manuscript (Wang et al., 2016). Hence the 

increase in phagocytic response of hOECs to NGF and BDNF presented here are likely due, 

in part, to changes in the cytoskeleton. 

OEC migration is regulated by contact and chemotactic cues. Cell-cell contact between OECs 

through peripheral lamellae activity via dual specificity mitogen-activated protein kinase 

kinase 1 (Mek1) can stimulate OEC migration independent of the leading edge. Alternatively, 

OECs can respond to positive and negative gradient chemotactic cues (Huang, Wang, Yuan, 
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& He, 2011; Su et al., 2007; Windus et al., 2007). The Rho family of small GTPases is an 

established component of actin cytoskeleton turnover and regulator of cell motility (Ridley et 

al., 2003; Vicente-Manzanares, Webb, & Horwitz, 2005). In OECs, the Ras homolog gene 

family, member A (RhoA)-RhoA kinase (Rock) pathway regulates the distribution of 

lamellipodia and filopodia on the cell membrane. This pathway can be activated via the 

inhibitory factor Nogo-66 binding to the Nogo receptor (NgR) which is expressed in OECs (Su 

et al., 2007), Upon activation, RhoA direct OECs towards a flattened morphology and 

encourages focal adhesion resulting in an inhibition of migration (Huang, Wang, Yuan, et al., 

2011; Su et al., 2007). It is possible that BDNF and NGF act on migration by modulating this 

pathway, as the p75NTR can co-bind with the NgR (Chao, 1994; Su et al., 2007). 

OECs also express the receptor to the inhibitory factor Slit-2 which modulates the leading 

edge of the cells in a gradient/concentration-dependent manner. Here, high concentrations 

of Slit-2 causes a collapse of the leading edge, which inhibits migration. This occurs through 

Ca+2 release from internal stores, raising Ca2+ in the leading edge, subsequently causing Ca2+-

dependent activation of cofilin which severs F-actin (Huang, Wang, Su, et al., 2011; Huang, 

Wang, Yuan, et al., 2011). Additionally, the inhibition of RhoA in conjunction with this collapse 

of the leading edge initiates an inverse migratory cue, resulting in migration of OECs in the 

reverse direction (Huang, Wang, Su, et al., 2011). Thus, regulation of intracellular Ca+2 is 

another potential mechanism by which neurotrophins may modulate OEC migration. Whilst 

thus far not explored in neither myelinating nor ensheathing glia, NGF and BDNF have been 

shown to upregulate calcium channels in dorsal root ganglion (DRG) neurons and 

hippocampal neurons (Baldelli, Forni, & Carbone, 2000; Woodall, Richards, Turner, & 

Fitzgerald, 2008). Previously, OECs within the NFL have been demonstrated to exhibit 

calcium channels and transient calcium responses that changes throughout development 

(Thyssen et al., 2013). The involvement of calcium signalling has been shown to play a role 

in glial migration, with blockage shown to impair glial migration in the olfactory centre in 

sphinx moths (shown in vivo) (Lohr, Heil, & Deitmer, 2005). As such, it is possible that greater 

movement of calcium across the plasma membrane via these channels could increase the 

rate of activation of cofilin and F-actin severance.  
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If NGF and BDNF turn out to stimulate primary OECs and human cultured OECs and are 

therefore worthy of further testing for use in transplantation studies, it is important to 

determine whether these neurotrophins stimulate a pro-inflammatory response. Considering 

the pro-inflammatory response is integral to secondary degeneration following SCI, it is 

important that any treatments does not exacerbate this stage (Alizadeh et al., 2019; Anwar 

et al., 2016). This can first be tested in vitro (preferably in a multicellular (heterogenous) 

environment containing cell types present in the CNS, particularly astrocytes and microglia) 

by examining the production of pro-inflammatory cytokines following administration of 

whatever treatment is being used. Pro-inflammatory cytokines have previously been shown 

to downregulate NGF, BDNF and NT-3, both on RNA and on protein expression levels, in vivo 

in the mouse and rat brain. (Calabrese et al., 2014; Guan & Fang, 2006; Lapchak, Araujo, & 

Hefti, 1993; Schnydrig et al., 2007). This suggests that if their administration did initiate the 

secretion of pro-inflammatory cytokines this may be self-limiting. Additionally, this 

downregulation of neurotrophins may contribute to poor prognosis after CNS injury and that 

supplementing these downregulated factors may yield positive results.  

To conclude, the results in this chapter show that OECs (OEC cell lines) can be stimulated 

using neurotrophins, which may promote the neural repair properties of these cells. Further 

research examining the effects of NGF and BDNF on primary OECs and in vivo should be 

performed in order to determine the appropriateness of these neurotrophins for use in SCI 

therapies. As the neurotrophins examined in this chapter are proteins secreted by OECs, it is 

likely that OEC behaviour is regulated by autocrine secretion. The following chapter focusses 

on another potential secretion product from OECs, the cytokine MIF.  
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RESULTS CHAPTER 2 – MIF EXPRESSION IN 
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Prelude 

MIF is a multifunctional protein that is highly conserved across species (Savaskan et al., 

2012). As a protein that can act as a cytokine (Baker et al., 1991), hormone (Bernhagen et 

al., 1994), enzyme (Leng et al., 2003; Lubetsky et al., 2002) and chaperone (Israelson et al., 

2015; Shvil et al., 2018) in various intracellular and extracellular pathways, MIF is secreted 

from a large number cell types throughout the body. Within the nervous system, MIF has been 

shown to be present in neurons and NPCs, and in supporting cells such as ependymal cells 

and epithelial cells of the choroid plexus, as well as in a variety of glia such as astrocytes, 

oligodendrocytes, activated microglia and SCs following peripheral nerve injury (Conboy et 

al., 2011; Nishio et al., 1999; Ogata, Nishihira, Suzuki, Nagashima, & Tashiro, 1998; Ohta et 

al., 2012). 

The roles of MIF appear to be largely cell- and context-specific, being vastly different at 

distinct stages of maturity. During development, MIF exhibits a neurotrophic role, 

encouraging the proliferation, migration and differentiation of NSCs into neurons, here acting 

via the CD74 receptor (Ohta et al., 2012). Neuronal differentiation via MIF stimulation occurs 

through the Wnt1/β-Catenin signalling pathway (Zhang et al., 2013) and in a MIF knockout 

mouse model, the dentate gyrus of the hippocampus had shown reduced proliferation and 

neurogenesis (Conboy et al., 2011). Furthermore, MIF has been shown in Xenopus laevis 

(African clawed frog) to be essential for neurulation and neuraxis formation, where the neural 

plate failed to form when MIF was inhibited (Suzuki et al., 2004), however, this is not seen in 

zebrafish suggesting that MIF has species-specific functions (Shen et al., 2012). In the 

Xenopus laevis model, MIF inhibition resulted in a complete lack of formation of optic and 

otic organs. This role of MIF in the developing inner ear has been shown in mice, chicks and 

zebrafish, where it is secreted by otic SCs and is necessary for neurite outgrowth in early 

development (Bank et al., 2012; Shen et al., 2012). Additionally, inhibition of MIF severely 

compromised the formation of the eye (Shen et al., 2012), in which MIF has a role in the 

differentiation of the lens (Wistow, Shaughnessy, Lee, Hodin, & Zelenka, 1993) and the 

retina, with the MIF cDNA being widely expressed early in development before being 
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downregulated (Nemeth, Singh, & Knudsen, 2005). The role of MIF has not yet been 

identified in the development of the OB, however one study focussing on microglia found 

using (Csf-1R) knockout (KO) mice (where microglia lack Csf-1R and hence do not get 

recruited), that MIF modulates microglial proliferation via the CXCR4 receptor during cortical 

development and that microglia play an essential role in the development of several cortical 

structures (Arno et al., 2014). To follow on from this, another study again using Csf-1R KO 

mice found that microglia recruitment is essential for correct OB architecture (Erblich, Zhu, 

Etgen, Dobrenis, & Pollard, 2011). However, while expression and roles of MIF within the 

development of the olfactory nervous system (in the pOS) have not been investigated, it is 

possible that MIF mediates crucial developmental functions here as well as in the inner ear 

and eye.  

MIF is also implicated in neural regeneration as has been shown following PNS injury. After 

peripheral (sciatic) nerve injury, treatment with anti-MIF antibodies resulted in reduced length 

of regenerated axons and increased SC apoptosis (Nishio et al., 2002). Additionally, 

treatment of DRG neuron cultures with MIF led to increased axon length and sprouting, 

comparable to treatment with 100 ng/mL NGF (Alexander et al., 2012). This neurotrophic 

effect of MIF, however, may be specific to the PNS. In the CNS, the role of MIF following injury 

appears to be more complex. In murine stroke models, the literature is conflicting, showing 

that MIF promotes neuronal apoptosis (Inacio, Ruscher, Leng, Bucala, & Deierborg, 2011) 

yet its deletion leads to poorer outcomes after stroke associated with greater microglia 

activation and larger infarcts (Turtzo et al., 2013). In rodent compression SCI models, MIF 

expression increases following injury (shown in rat) (Koda et al., 2004), and its inhibition 

leads to better functional outcomes (shown in mice) (Nishio et al., 2009). Following SCI, MIF 

may play a role in neuronal cell death. In cultured spinal neurons, MIF administration ranging 

from 1 ng/mL to 10 ng/mL causes a decrease in neuronal nitric oxide synthase (nNOS) mRNA 

expression and protein production, resulting in oxidative cell death (Chalimoniuk, King-

Pospisil, Metz, & Toborek, 2006). Consistent with this, when MIF KO mice were examined 

using a compression SCI model in vivo, fewer apoptotic neurons were found at post injury 

compared to wild-type, an effect that was reversed when recombinant MIF was added (Nishio 
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et al., 2009). Furthermore, in chronic SCI patients, circulating levels of MIF protein remain 

significantly elevated (Stein et al., 2013), which has been implicated in neuropathic pain 

(Alexander et al., 2012; Zhang et al., 2016). The difference between roles of MIF in the CNS 

and PNS injury is likely due to different effects on the cell types present in the CNS versus 

PNS. 

 

Figure 6 Schematic demonstrating some of the known roles of MIF in the nervous system. MIF has been identified 

in several pathologies (shown on the left in red) and in several regenerative and developmental properties (shown 

on the right in blue). 

As mentioned above, information regarding MIF expression and function in the pOS is limited 

and prior to the current PhD project MIF expression had never been examined within OECs. 

This is interesting as MIF has essential roles in PNS regeneration, complex sensory organ 

development (as seen with the eye and inner ear), and in nervous system development. As 

the pOS is part of a complex sensory organ in a region of the nervous system under constant 

neurogenesis (which is therefore in some aspects similar to the developing nervous system), 

it is reasonable to expect that MIF would be expressed in this region. In the following 

manuscript I characterised the expression of MIF in the pOS (in tissue sections from mice) 

and in cultured OECs. I also investigated which MIF binding partners are expressed by 

mOECs, determined whether MIF regulated segregation between mOECs and macrophages 
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(a monocyte/macrophage cell line) using confrontation assays and finally determined 

whether MIF affected the phagocytic activity of OECs. 

On the following 32 pages is an original research article submitted to Molecular and 

Cellular Neuroscience on 16/07/19 (IF:3.427). This has been inserted formatted as 

per the journal requirements. Writing and research for the construction of the paper 

was done by in majority by Alison A. Wright however all authors contributed. All authors 

contributed to experimental design. Experiments were performed in majority by Alison 

A. Wright, Mariyam Murtaza and James St John contributed some 

immunofluorescence data; Mariyam Murtaza  contributed an image of p75 

immunolabelling on OECs, James St John provided an image of MIF staining in tissue 

Proofreading and editing was done by all authors.  
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Manuscript 3: Macrophage Migration Inhibitory Factor and Its Binding 

Partner HtrA1 Are Expressed by Olfactory Ensheathing Cells 

 



Page 79 of 196 

 

 



Page 80 of 196 

 

 



Page 81 of 196 

 

 



Page 82 of 196 

 

 



Page 83 of 196 

 

 



Page 84 of 196 

 

 



Page 85 of 196 

 

 



Page 86 of 196 

 

 



Page 87 of 196 

 

 



Page 88 of 196 

 

 



Page 89 of 196 

 

 



Page 90 of 196 

 

 



Page 91 of 196 

 

 



Page 92 of 196 

 

 



Page 93 of 196 

 

 



Page 94 of 196 

 

 



Page 95 of 196 

 

 



Page 96 of 196 

 

 



Page 97 of 196 

 

 



Page 98 of 196 

 

 



Page 99 of 196 

 

 



Page 100 of 196 

 

 



Page 101 of 196 

 

 



Page 102 of 196 

 

 



Page 103 of 196 

 

 



Page 104 of 196 

 

 



Page 105 of 196 

 

 



Page 106 of 196 

 

 



Page 107 of 196 

 

 



Page 108 of 196 

 

 



Page 109 of 196 

The results presented in the manuscript in this chapter demonstrate that MIF is not only 

present but also may have key functional roles in the pOS (regulation of OEC-macrophage 

interactions, stimulation of OEC phagocytosis). In addition to the data presented in the 

manuscript, I also examined the effect of MIF on mOEC proliferation/viability and whether 

MIF expression was altered in an olfactory nerve injury model. These data are presented 

below. 

Effects of MIF On OEC Proliferation/Viability (Metabolic Activity Assay and 

Cell Counts) 

As discussed in Results Chapter 1, resazurin is used as an indirect measure of cell 

proliferation. My results examining EGF, FGF2, BDNF and NGF on mOEC proliferation 

demonstrated a discrepancy between the resazurin assay (indirect measurement) and cell 

counts (direct measurement). Additionally, it was discussed that this may be due to a 

decrease in metabolic activity and a decrease in cell death as opposed to increase in cell 

proliferation (Garland & Halestrap, 1997; Plas & Thompson, 2002). As such, a resazurin 

assay may better be used to directly measure mitochondrial metabolism rather than cell 

proliferation. Here I used both a resazurin assay and cell counts to investigate the effect of 

MIF on mOECs at 5 ng/mL, 10 ng/mL, 50 ng/mL and 100 ng/mL. Additionally, as olfactory 

nerve injury results in accumulation of axonal debris due to constant neuronal turnover, I 

investigated whether the addition of 5 ng/mL axonal debris to stimulate mOECs into a 

phagocytic state in conjunction with MIF at these concentrations would alter this effect. Both 

resazurin and cell count assays were performed in the same plate. 

Here I found that, interestingly, no significant changes in resazurin conversion were seen 

when MIF alone was added to mOECs. However, in the presence of axonal debris, MIF 

appeared to potentially enhance mOEC mitochondrial metabolism, which aligns with the 

phagocytosis data presented in Manuscript 3; in Manuscript 3 I showed the addition of MIF 

and axonal debris resulted in an increase in phagocytosis by OECs and that this effect was 

somewhat concentration-dependent. As the phagocytic process is energy demanding, this 

increase in phagocytosis is reflected here in the increase in mitochondrial metabolism shown 
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in the resazurin assay by an increase in the relative fluorescent change (the change was 

statistically significant at 50 ng/mL + Debris, and 100 ng/mL + Debris) (Fig 7). 
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Figure 7 Resazurin fluorescence remains the same when cells are exposed to MIF alone, but increases when 

mOECs are exposed to MIF accompanied by axonal debris. Relative fluorescence: Resorufin fluorescence of MIF-

treated cells with and without added axonal debris, normalised to control (cells without MIF or debris). Resorufin 

fluorescence was read by the Envision plate reader (see Methods for details). Cells treated with MIF alone showed 

no significant change across all concentrations. MIF-treated cells with the addition of axonal debris and MIF at 

50 ng/mL (13.2 % increase) and 100 ng/mL (15.4 % increase) showed a significant increase in metabolic activity, 

as determined by ANOVA [F(8, 45) = 8.887, p < 0.0001] with Tukey’s post hoc to identify differences between 

groups. The resazurin assay was performed in biological duplicate and repeated three times (n = 2). **p < 0.01.  

 

To investigate whether the results from the resazurin assay could be supported with cell 

counts, cells were exposed to MIF at different concentrations, again in the absence and 

presence of cell debris, for 24 hours, and counted automatically using the Operetta system. 

Harmony v3.5 software was used to quantify cell numbers using the ‘Cells - Number of 

Objects’ function as described in Results Chapter 1 and in the Methods chapter. In contrast 

to the results of the resazurin assay, however, none of the treatment groups were significantly 
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different from control (Fig 8). This suggests that MIF and axonal debris together may affect 

the metabolic activity of individual cells rather than stimulating proliferation or cell survival.  
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Figure 8 MIF alone, or in the presence of cell debris, does not affect mOEC cell counts. Relative fluorescence: Cell 

count of MIF-treated cells with and without added axonal debris, normalised to control (cells without MIF or 

debris). Cells were imaged using the Operetta and counted using the ‘Cells - Number of Objects’ function in 

Harmony v3.5 as described in the methods No statistically significant difference was found between groups as 

determined by ANOVA [F(8, 45) = 0.3289, p = 0.95] with Tukey’s post hoc. Cell counts were performed in biological 

duplicate and repeated three times (n = 2).  

MIF Expression in The Injured Primary Olfactory System 

MIF has previously been shown to be expressed by SCs in the peripheral nerves following 

injury; its presence being important for peripheral nerve regeneration (Nishio et al., 1999; 

Nishio et al., 2002). For these reasons, I initiated a preliminary investigation on whether the 

expression of MIF is altered following injury to the pOS. For this I used a methimazole-

mediated olfactory nerve ablation model (Chehrehasa et al., 2010; Nazareth, Lineburg, et 

al., 2015). Methimazole administration results in the degeneration of the apical layer of the 

olfactory epithelium including the primary olfactory neurons and supporting cells but not the 
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OECs (Brittebo, 1995). Here methimazole was administered at a concentration of 50 mg/kg, 

10 mg/ml, intraperitoneally to p7 mice to stimulate the ablation of the olfactory 

neuroepithelium, according to our established protocol (Chehrehasa et al., 2010). At 3 days 

post injection, when degeneration of primary olfactory neurons/axons is at peak (Chehrehasa 

et al., 2010), mice were sacrificed by decapitation and tissue sections were prepared as 

previously described in Manuscript 3. Details of this process can be found in the methods 

chapter. In addition to this, I also immunolabelled mOECs (cell line) both with and without 

axonal debris administration to determine whether the presence of axonal debris resulted in 

altered MIF expression. mOECs were immunolabelled using rabbit-α-MIF and donkey-α-rabbit 

Alexa594, and the cytoplasm was labelled using CellMaskTM Deep Red Plasma Membrane 

Stain, as outlined in the Methods chapter. 

Following methimazole treatment, MIF expression could still be detected in the pOS, but it 

was difficult to determine whether overall expression levels were altered as a result of injury. 

Expression can be seen throughout the olfactory nerve fascicles; however, the expression 

appears to decrease proximally along the olfactory nerve (to disappear in certain regions 

where olfactory nerve bundles merge with the NFL). In Fig 9-E, a region void of MIF is seen 

where a nerve bundle merges with the NFL, indicated by the arrows in panels D-F. The region 

void of MIF contains DsRed-expressing OECs (see the merged image in Fig 9-F). MIF was still 

expressed in the olfactory nerve bundles further away from the NFL (Fig 9-G-I), showing that 

OECs of the pOS still express MIF after methimazole treatment. Thus, the data suggested 

that MIF expression may be altered in certain discreet regions following injury. Whilst I was 

not able to fully examine the differences between MIF expression in OECs in the methimazole 

injury model and healthy pOS in vivo, I performed some preliminary examination of MIF 

expression differences in cultured mOECs cell line. Here, I compared MIF expression in 

mOECs which had, or had not, been subjected to the presence of axonal debris for 24 hours. 

In untreated mOECs (Fig 9-B) MIF expression appeared to be localised around the nucleus in 

a diffuse pattern. In contrast, in debris-treated mOECs (Fig 9-C), MIF appeared to be present 

in aggregates. However, this appearance may be the result of the MIF antibody labelling 

internalised debris, or bleed-through of the fluorescence of the axonal debris. Thus, further 
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experiments should be performed using an alternative assay (for example, using microbeads) 

to confirm these preliminary results. 

 

Figure 9 MIF is expressed by OECs in the olfactory nerve fascicles, but only at low levels where the nerve merges 

with the NFL (the proximal end). (A) Low-power representative image of a coronal section of the pOS. OB, NFL and 

nasal cavity (NC) are labelled. The boxed area shows the approximate localisation of panels D-F. This 

representative image was taken from a healthy (non-methimazole treated) mouse. (B) Untreated mOECs labelled 

using CellMaskTM Deep Red Plasma Membrane Stain (red) and MIF (green). Arrow is pointing to MIF perinuclear 

arrangement. (C). Axonal debris-treated mOECs labelled using cell mask deep red (red) and MIF (green). Arrow is 

pointing to the aggregated appearance of MIF. Panels D-E show the olfactory nerve extending from the OB into 

the NC in three channels. OECs can be seen in DsRed (red), and MIF labelled with Alexa488 (green). Arrows 

identify regions of void signal in the MIF channel. Panel F shows a merge of D and E. Panels G-I shows a cross-

sectional view of an olfactory nerve fascicle, again OECs are shown in DsRed (red) and MIF in Alexa488 (green). 

Panel I is a merge of G and H and shows colocalization in an orange hue. 

Extended Discussion 

In this chapter I examined the presence of MIF within the pOS, specifically in OECs, and 

determined some of the potential functions of MIF within this region. Using immunolabelling, 

I showed that MIF is expressed within OECs in tissue sections, as well as within cultured 



Page 114 of 196 

primary OECs and the mOEC cell line. I also showed that MIF was expressed in tissue sections 

following methimazole administration but could not determine whether overall levels of MIF 

were affected by injury. Using rtPCR, I also confirmed that mOECs possessed the cDNA 

required for MIF production. Finally, to investigate potential functions of MIF in OECs, I 

performed a phagocytosis assay which demonstrated an 18-fold increase in phagocytic 

activity as a result of MIF treatment, and a confrontation assay which showed that MIF could 

modulate interactions between mOECs and J774a.1 cells (a macrophage/monocyte cell 

line). I also performed two cell proliferation assays (resazurin assays, cell counts) which 

provided inconclusive results regarding whether MIF could stimulate proliferation of mOECs 

even after challenge with axonal debris. The findings suggested that MIF may potentially 

stimulate the metabolic activity of mOECs when challenged with debris, which may be related 

to the increased phagocytic activity observed. In addition, I also identified the MIF binding 

partner HtrA1 as being expressed throughout the pOS, as well as in primary OECs and an 

mOEC cell line.  

MIF has been shown to be expressed throughout the brain (Bacher et al., 1998; Conboy et 

al., 2011; Suzuki et al., 1999; Vedder, Krieg, Gerlach, Gemsa, & Bacher, 2000; Zhang et al., 

2014), spinal cord (Alexander et al., 2012; Fujimoto, 1997; Vera & Meyer-Siegler, 2003), 

peripheral ganglia (Vera & Meyer-Siegler, 2003) and peripheral nerves (Huang et al., 2002; 

Nishio et al., 1999; Nishio et al., 2002) however the identification of MIF within the olfactory 

nerves is a novel discovery. Because of the unique constant neuronal turnover in the pOS, it 

is possible that MIF has specific roles within this system that relate to this continuous 

regeneration. As MIF is important for PNS regeneration following injury, (Huang et al., 2002; 

Nishio et al., 1999; Nishio et al., 2002) it is possible that MIF is also involved in olfactory 

neuron turnover/regeneration. In this light, the preliminary results suggesting that MIF 

increased the metabolic activity of mOECs challenged with axonal debris, is interesting. These 

data suggest that some potential effects of MIF may modulate functions of OECs relating to 

neural repair (regeneration on a larger scale than during normal turnover). In the cell count 

assays presented in this chapter, a small increase following MIF treatment in cell number 

(trend, not significant) was seen in cells that had been treated with axonal debris (at MIF 
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concentrations if 10 ng/mL and 50 ng/mL), which indicate that further experiments should 

be done confirming whether or not MIF can stimulate proliferation of debris-challenged OECs. 

The assay was performed over 24 hours, and it is possible that changes in proliferation may 

have been significant at other time-points. However as discussed earlier, it is possible that 

this increase in metabolic activity relates to the increased phagocytosis of debris. An 

interesting avenue for future research would be to further characterise the cellular and 

molecular mechanisms by which MIF stimulates OEC phagocytosis. Furthermore, as 

mentioned in Results Chapter 1, the molecular mechanisms involved in phagocytosis (in 

many cell types) differ depending on the stimulus. Here, I used axonal debris as the stimulus; 

it would be interesting to determine whether MIF is involved in phagocytosis of bacteria. In 

macrophages, MIF has shown to increase expression of TLR4, a key surface receptor involved 

in phagocytosis of gram-negative bacteria which binds bacterial LPS (Calandra, 2003; 

Geldhoff, Mook-Kanamori, & van de Beek, 2009). As OECs also exhibit this receptor, which 

is involved in OEC-mediated phagocytosis of Escherichia coli (Leung et al., 2008), MIF may 

also stimulate phagocytosis of bacteria by OECs via TLR4. It would also be interesting to 

examine in more detail whether OECs can handle/respond to larger amounts of debris load 

and/or bacterial assault when MIF is supplemented.  

The results of the cell count assay were preliminary and thus need repeating. The fact that 

no proliferation stimulation was seen was interesting as MIF has been shown to stimulate 

proliferation and cell survival in a variety of cells including NPCs (Zhang et al., 2013), 

macrophages (Mitchell et al., 2002) SCs (Nishio et al., 2002) and fibroblasts (Lue et al., 

2007). One of the main pathways associated with cell survival stimulated by MIF involves the 

binding of MIF with the CD74 receptor which, as shown in this chapter, was not found in 

OECs. MIF binding to CD74 has a downstream effect of inhibiting the proliferation suppressor 

p53 seen in macrophages and fibroblasts (Mitchell et al., 2002) as well as SCs (Nishio et al., 

2002). This inhibition is the result of the activation of Akt downstream of PI3K (Lue et al., 

2007), a pathway also used by the neurotrophin Trk receptors (Xing et al., 1996). 

Interestingly, following OEC transplantation into the SCI site in a rat model, CD74 gene 

expression was increased in OECs (Torres-Espin, Hernandez, & Navarro, 2013). Therefore, 



Page 116 of 196 

MIF may have a cell survival effect on OECs under the right conditions. Thus, it cannot be 

ruled out that MIF also affects OECs in a similar manner until further experiments have been 

performed. 

Another potential role of MIF, which was examined in Manuscript 3 above, is that OECs can 

regulate interactions between OECs and macrophages where MIF appears to separate the 

two cell types (mOECs and J774a.1 macrophage/monocytes intermingled only when MIF 

tautomerase activity was inhibited). The segregation between glia and macrophages in the 

olfactory nerve bundle appears different from the rest of the general PNS, at least after injury. 

As discussed in the Introduction chapter, following injury to peripheral nerves, macrophages 

are recruited by SCs and aid in the phagocytosis of axonal debris during Wallerian 

degeneration (Gaudet et al., 2011). Following injury, myelinating SCs (mSCs) de-differentiate 

into a non-myelinating more phagocytic phenotype (non-myelinating SCs; nmSCs) and begin 

the phagocytic process, clearing myelin from the injury site (Gaudet et al., 2011; Sulaiman & 

Gordon, 2013). This phagocytic process is then continued by macrophages after SCs produce 

chemotactic cues to attract them to the injury site (Tofaris et al., 2002). Our laboratory has 

shown that macrophage infiltration of olfactory nerve fascicles is limited even after injury 

(Nazareth, Lineburg, et al., 2015). Thus, it is likely the roles of MIF in neural repair differs 

between the pOS and the general PNS. 

The preliminary results determining expression of MIF following olfactory nerve injury 

(methimazole model) presented in this thesis show that MIF is still present after injury, 

potentially with some minor changes in expression pattern. In the future it would be 

interesting to determine specifically the changes in MIF expression, on both RNA and protein 

levels, following injury. One potential focus of study would be to compare expression of MIF 

between OECs and SCs at different stages after nerve injury. It would also be of interest to 

compare the roles of MIF in regulating cellular functions important for injury repair between 

OECs and SCs; Phagocytosis of debris, structural support/cellular organisation, secretion of 

neurotrophins and molecular changes would all be interesting points of focus here (especially 

with changes relating to inflammation). These could be investigated using cytokine assays, 

mass analysis such as RNAseq or SWATH-MS proteomics. Additionally, the data presented in 
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this thesis shows that HtrA1 is expressed in healthy OECs. It would be interesting to examine 

whether injury alters HtrA1 expression or induces expression of any of the MIF receptors in 

OECs. CD74 gene expression has been shown to be induced in OECs following 

transplantation into the SCI site in rats (Torres-Espin et al., 2013). As CD74 is involved in cell 

proliferation and phagocytosis, perhaps expression of this receptor could be induced in OECs 

following injury to the pOS.  

The identification of HtrA1 as a binding partner for MIF is a relatively new development (Fex 

Svenningsen et al., 2017). In the context of OECs, HtrA1 may be involved in regulating 

phagocytic activity through the stimulation of the cytoskeleton. As a serine protease, HtrA1 

may influence OEC phagocytosis through either stimulating lamellipodia (resulting in 

increased debris recognition and debris uptake) or via stimulation of cell migration towards 

debris, or both (Tello Velasquez et al., 2016; 2014; Windus et al., 2007). HtrA1 degrades 

both α- and β- tubulin within the cell (Chien, He, & Shridhar, 2009; Chien, Ota, et al., 2009) 

both of which contribute to the cytoskeletal reorganisation process in the leading edge during 

migration (Etienne-Manneville, 2013). Whilst no studies have yet examined how MIF binding 

to HtrA1 influences cytoskeletal organisation, it may be possible that MIF can stimulate OEC 

motility by blocking HtrA1 degradation of α- and β-tubulins. As cytoskeletal organisation is 

crucial for formation of lamellipodia, which play an important role in OEC phagocytosis and 

migration (Tello Velasquez et al., 2016; Tello Velasquez et al., 2014; Windus et al., 2007) the 

role of HtrA1 in OEC phagocytosis may be as an inhibitor of phagocytosis through the 

degradation of tubulins. The other mechanism through which MIF administration may 

increase OEC phagocytosis is through inhibition of HtrA1’s cleavage of growth factors. An 

example of this is the cleavage of FGF8 by HtrA1 and the subsequent effects of astrocyte 

migration; The stimulatory effect of FGF8 on astrocyte migration in vitro was inhibited with 

the addition of HtrA1 however the addition of MIF subsequently attenuated this effect (Fex 

Svenningsen et al., 2017). It is possible a similar process may be occurring with OEC secreted 

growth factors; The cleavage of OEC secreted growth factors by HtrA1 may be inhibited by 

the addition of MIF resulting in the increase in phagocytosis seen by OECs. 
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As discussed, OECs are the primary phagocyte within olfactory nerve fascicles (Nazareth, 

Tello Velasquez, et al., 2015). Thus, olfactory nerve fascicles lack the professional 

phagocytes, macrophages, found in most tissues. This difference is further exemplified by 

the role macrophages play in peripheral nerve regeneration where they are recruited by SCs 

to aid in the removal of axonal debris (Gaudet et al., 2011). Within the pOS, olfactory nerve 

fascicles are organised with olfactory neuron axons surrounded by OECs which are then in 

turn surrounded by fibroblasts with macrophages found primarily exterior to this fibroblast 

layer (Nazareth, Lineburg, et al., 2015; Su et al., 2013). This arrangement leaves OECs as 

the only highly phagocytic cell type within the fascicles. The lack of macrophages within 

olfactory nerve fascicles suggest the presence of an inhibitory factor that prevents 

macrophage infiltration. Due to the effects of MIF on mOEC phagocytosis, and the mediation 

effect between mOECs and the J774a.1 cell macrophage/monocyte cell line that I have 

shown, it is possible that MIF plays this role within the pOS; excluding macrophages from the 

nerve fascicle, whilst also stimulating the phagocytic activity in OECs. However, all assays 

performed have only demonstrated this effect using 2D cell culture models which have many 

recorded limitations (reviewed in Duval et al., 2017; Kapalczynska et al., 2018). Chief among 

them here is that olfactory nerve fascicles are 3D structures. Additionally, monocytes are a 

cell type capable of diapedesis whereby they can squeeze between cells to reach their target 

site after which they mature into macrophages. As such, a 2D cell culture where cells are 

grown on a flat plane may not accurately represent interactions between OECs and 

macrophages. To address this limitation, in the following chapter I explored using a 3D cell 

culture model of the olfactory nerve fascicle how MIF influences macrophage location.  
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Prelude 

The data presented in the previous chapter demonstrates that MIF is expressed throughout 

the pOS by OECs, regulates the phagocytic activity of OECs, and, perhaps most importantly, 

appears to mediate segregation between OECs and macrophages. In this chapter I further 

elucidate this mediation effect by examining how these cells interact in a 3D environment. 

As I introduced in Results Chapter 2, 2D cell cultures present limitations with their biological 

representation of in vivo environments. 3D cell cultures on the other hand can be used to 

create complex structures, with more accurate intercellular signalling and model intercellular 

relationships more accurately to that found in vivo.  

It is, however, not as simple as dividing culture techniques into 2D and 3D, as a variety of 3D 

culture technique exists which have a marked effect on cell receptor and protein expression 

(Baharvand, Hashemi, Ashtian, & Farrokhi, 2006; Benya & Shaffer, 1982; Edmondson, 

Broglie, Adcock, & Yang, 2014; Laderoute et al., 1992; Mansbridge, Ausserer, Knapp, & 

Sutherland, 1994), cell differentiation (Pineda, Nerem, & Ahsan, 2013), cell metabolism 

(Freyer, 1994; Mueller-Klieser & Sutherland, 1982), and ECM production (Gruber & Hanley, 

2000; Zeltinger, Sherwood, Graham, Mueller, & Griffith, 2001). These culture techniques can 

include the utilisation of pre-made scaffolds composed of 3D biopolymers to attempt to 

recreate the ECM of the desired microenvironment (Pineda et al., 2013; Suri & Schmidt, 

2010), hydrogels due to their ease of use (Duval et al., 2017; Ji, Khademhosseini, & 

Dehghani, 2011; Suri & Schmidt, 2010), cell sheet construction where cells are cultured in 

sheets that are lain atop one another like the layers of tissue (Haraguchi et al., 2012), or 

spheroid culture which takes advantage of microfluidics to form spherical bodies of cells 

(Chen et al., 2019; Foty, 2011; Vadivelu et al., 2015). These different culture techniques, 

however, can result in adaptations by the cultured cells to their microenvironment (reviewed 

in Duval et al., 2017). 3D cultures using a scaffolding (both organic such as collagen or 

inorganic such as hydrogels) have particular limitations; the dense pore size in scaffolding 

matrices can limit the diffusion of larger molecules throughout the culture, thus affecting 

concentration gradients (Ramanujan et al., 2002). Additionally, scaffolding using inorganic 

components such as hydrogels have limitations in their degradability; as cells move through 
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a 3D space, they must cleave proteins along the leading edge and thus hydrogels lacking in 

these degradable proteins can limit accurate simulation of in vivo migration (Duval et al., 

2017). Attempts to adjust for this have involved slowly degrading hydrogel scaffolds (Lee & 

Hubbell, 2013) however this also comes with limitations of pervasive degradation throughout 

the gel versus degradation of the matrix ahead of cell migration seen in vivo. The use of 

layered cell 3D cultures is excellent for the generation of stratified structures that use a 

basement membrane such as epidermal tissues however are inappropriate for non-stratified 

structures such as nerves and blood vessels. Thus, spheroid cultures formed without 

additional scaffolding present as a simple tool to examine cell-cell interaction where the cells 

involved need only adapt to the other co-cultured cells and which do not have limiting effects 

on diffusion of molecules, migration of cells and stratified structures (Knight & Przyborski, 

2015; Ramanujan et al., 2002). Previous methods for the construction of spheroid cultures 

without scaffold have included the hanging drop method (Foty, 2011) and the floating liquid 

marble method (Ooi, Vadivelu, St John, Dao, & Nguyen, 2015; Vadivelu et al., 2015) which 

both take advantage of a lack of external surfaces for cells to contact resulting in more 

intercellular contact incidence and subsequent spheroid formation. The limitation with these 

methods, however, is the fragility and difficulty of use of these culture techniques. Recently, 

my laboratory has developed an alternate system called the NLM system, in which cells are 

cultured in a liquid drop (the NLM) on a superhydrophobic plate to generate spheroid cultures 

by limiting external contact points for cell adhesion and promoting cell-cell interaction (Chen 

et al., 2019). This system is easy to use and highly replicable without the need for additional 

scaffolding matrix. 

The NLM system protocol consists of seeding cells in a small droplet (20 µL of medium) into 

cell culture plates pre-coated with a superhydrophobic coating. Within 24 hours incubation, 

cells will aggregate. When several cell types are cultured together, the cells will self-arrange 

into complex structures. The spheroids formed using this method are consistently sized and 

replicable, with size dependent on cell seeding density and culture time (Chen et al., 2019). 

When OECs and fibroblasts are co-cultured in this system, they form a layered structure with 

OECs forming the core, surrounded by fibroblasts around the outside (Chen, M. et al., 
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unpublished). Interestingly, this arrangement mimics the in vivo environment seen within the 

olfactory nerve fascicles; In the olfactory nerve, OECs are found within the fascicle and 

fibroblasts form a perineurium-like structure surrounding the OECs (Nazareth, Lineburg, et 

al., 2015).  

3D cell culturing is widely used in the cancer research field as 3D cultures allow for accurate 

examination of intercellular signalling (which can differ greatly between 2D and 3D cultures) 

(Baker & Chen, 2012; Zanoni et al., 2016). Additionally, as 3D cultures involve the formation 

of intercellular (cell-cell) connections in three dimensions, cells in 3D cultures display a 

morphology more representative of the in vivo environment than in 2D cultures. Cell 

morphology plays a large role in cellular signalling, as receptors and signalling pathways may 

be spatially located within the cell with certain receptors or intracellular signalling 

molecules/enzymes found near the cell membrane and others found deeper within the 

cytoplasm (Fig 10) (Kholodenko, 2009). 

 

Figure 10 A comparison of a cell in a 3D environment versus a 2D environment. Cells in a 2D environment take 

on a flattened morphology with majority of adhesion molecules found on the inferior surface to adhere to the 

culture plate. This is in contrast to a 3D environment where the cells take on a larger cell morphology, are 

surrounded by ECM and thus present adhesion molecules all over the surface. Certain signalling molecules within 

signalling pathways are spatially located within regions of the cytoplasm – closer or further away from the cell 

membrane/nuclear envelope. Having a flattened morphology can result in the physical distance these signalling 

molecules need to travel within the cell to be shorter (if there is translocation into the nucleus for example) 

resulting in more rapid transmission of signalling. This can lead to false positive responses to drugs and 

compounds that need to move throughout cells.  
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When cultured in 2D, cells exhibit a flattened morphology which is associated with greater 

signal propagation into cells than in 3D cultures as the surface to volume ratio is decreased 

(Meyers, Craig, & Odde, 2006). For these reasons, differences in cell morphology (for 

example due to the culture method used) have been suggested as the reason for differences 

in receptiveness to certain cellular cues such as a flattened apical-basal polarity in epithelial 

cells cultured in 2D which is associated with an increased responsiveness to pro-apoptotic 

cues compared to cells in 3D (Weaver et al., 2002). In addition to changes to intracellular 

pathways, culturing in 2D may affect intercellular signalling pathways. Some signalling 

cascades that are found in 3D cultures are not present in 2D cultures; an example being 

bidirectional interaction between β1-integrin and EGFR signalling in 3D breast cancer 

cultures, which is not found in 2D cultured cells (Wang et al., 1998). As signalling between 

cells largely occurs via secreted signalling molecules, the diffusion of these molecules into 

the cell culture medium may differ greatly in 2D versus 3D cultures, in turn leading to 

differences in diffusion gradients and auto/paracrine signalling. As 3D cultures can create 

spheroids of various cell compositions, gradients of cell-secreted factors, such as those 

involved in tumour formations in vivo can be more accurately modelled in 3D than in 2D 

cultures (McMurtrey, 2017). Within a 2D cell culture, gradients of secreted factors quickly 

reach equilibrium as they are absorbed into the surrounding medium (Baker & Chen, 2012; 

McMurtrey, 2017). In contrast when a 3D spheroid culture is used, secreted factors from 

cells in the internal space must penetrate the surrounding cells and ECM. This results in a 

slower diffusion rate and the formation of a radial gradient more accurately resembling the 

in vivo environment (Baker & Chen, 2012). The converse is true for penetration and nutrient 

availability to the cultured cells; cells cultured in a 2D environment have greater exposure to 

nutrients and thus have been shown to proliferate faster than in 3D cultures (Chitcholtan, 

Asselin, Parent, Sykes, & Evans, 2013). Additionally, the diffusion rate of nutrients into the 

spheroid models reflect the in vivo environment of nutrient diffusion through tissue. However, 

this diffusion of nutrients limits the overall size of spheroids such that the theoretical 

diffusion limits for a 3D spheroid is approximately 1.4 mm diameter (McMurtrey, 2016) and 

anything larger is prone to develop a hypoxic necrotic core. The threshold for necrotic core 
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development, however, may vary depending on the cell type and metabolic demands, as 

some spheroids formations regularly suffer a necrotic core at diameters of 500 µm or even 

250 µm (Griffith & Swartz, 2006; Zanoni et al., 2016). In cancer models, this can be utilised 

to mimic a tumour environment in vivo which contains a necrotic core, however for modelling 

healthy tissues, the necrotic core raises issues with the replication of larger tissue structures. 

The anatomy of the pOS may be an ideal site for 3D spheroid modelling, as the olfactory 

nerve consists of numerous fascicles; individual nerve fascicles have a diameter of only 50 

– 150 µm as can be seen in fascicle images presented in Manuscript 3, and Figure 9-G in 

Results Chapter 2. As this is well within the diffusion limits of 3D spheroid structures, 

spheroid models of olfactory nerve fascicles should be easily produced without the risk of a 

necrotic core seen in larger spheroids. In regard to the current project, modelling olfactory 

nerve fascicles in 3D may be ideal for translating the investigation of how MIF modulates cell-

cell interactions and cellular arrangement in the olfactory nerve from a 2D to a 3D 

environment. As shown in Results Chapter 2, MIF appears to modulate the interactions 

between mOECs and the J774a.1 macrophage/monocyte cell line in a 2D cell culture. As 

discussed above, previous data from our laboratory shows that OECs and fibroblasts cultured 

in the NLM system form spheroids with OECs at the centre. In this system, the effects of MIF 

on cells in their 3D configuration would much more accurately reflect the effects of MIF in 

vivo, as the cellular arrangement, cell-cell interactions and auto/paracrine signalling 

mechanisms much better represent the in vivo environment than conventional 2D culture. 

MIF secreted from cells within this 3D model would readily enter the culture medium on the 

superficial surface of the spheroids whereas the MIF secreted from deeper within the 

spheroid would need to diffuse throughout the spheroid before entering the culture medium. 

This diffusion-limiting step would lead to a high concentration of MIF deeper within the 

spheroid and generate a radial gradient throughout the culture (Baker & Chen, 2012). This 

is in contrast to a 2D culture where the distribution of MIF would rapidly equilibrate 

throughout the culture. Thus, MIF secreted by cells in 3D culture may more accurately 

represent the diffusion gradients of MIF throughout nerve fascicles in vivo than 2D cultures, 

and subsequently better model how MIF can regulate cell-cell interactions. Therefore, 
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spheroids consisting of OECs, fibroblasts and macrophages constitute excellent platforms for 

investigating how MIF modulates the cellular arrangement in the olfactory nerve, particularly 

the interactions between OECs and macrophages. In the first part of this chapter (addressing 

Aim 3), I developed a co-culture model comprising of OECs, fibroblasts and macrophages as 

these cells form the main structural components of the olfactory nerves. In the second part 

of the chapter (addressing Aim 4) discussed in Manuscript 5, I assessed the role of MIF in 

mediating arrangement of these cell types in layers by inhibiting MIF signalling with ISO-1.  

Optimisation of Spheroid Co-Cultures 

As described above, the NLM is a simple system that constitutes a liquid drop on a 

hydrophobic plate which rapidly generates 3D cell cultures that self-organise without the 

need for artificial additives such as additional scaffolding or added ECM. To test whether the 

NLM would be appropriate for modelling the organisation of cells found in the olfactory nerve, 

OECs (GFP-expressing mOECs), macrophages (J774a.1 macrophage/monocyte cell line) and 

fibroblasts (LFT3 fibroblasts) were co-cultured in this system. Various seeding densities of 

each cell type, both alone and in combination, were tried. Tested seeding densities included 

10,000 cells, 30,000 cells, 50,0000 cells, 100,000 cells and 200,000 cells NLM which 

could hold 20 µL of volume. Successful spheroid formation was seen at all seeding densities 

with mOECs and LFT3 fibroblasts when cultured alone (Fig 11-A, B), however J774a.1 

macrophage/monocytes did not form spheroids, instead forming loose aggregates (Fig 11-

C). For both mOECs and LFT3 fibroblasts, each NLM generated between three and six 

spheroids after 48 hours. Longer incubation time resulted in a smaller number but larger 

spheroids consistent with previous uses of the NLM system (Chen et al., 2019).  
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Figure 11 Spheroids formed with OECs and LFT3 Fibroblasts form spheroids and J774a.1 Macrophages do not. 

Panel A shows a spheroid composed of only mOECs; Panel B shows a spheroid composed of only LFT3 fibroblasts. 

Panel C shows the loose aggregates formed when only J774a.1 cells were used in the NLM system. All spheroids 

were formed over a 48-hour period. 

Next, all three cell populations were co-cultured in NLMs for 48 hours. Co-cultures using 

30,000 cells total with equal parts of mOECs, LFT3 fibroblasts and J774a.1 

macrophage/monocyte cell line consistently formed well-structured spheroids incorporating 

all three cell types that were the most appropriately sized (at 150 – 200 μm) for modelling 

the olfactory nerve (Fig 12-A-B). In 3D co-cultures containing all cell types, the spheroids 

presented with a more tortuous external appearance rather than the smooth spheroid 

appearance seen in spheroids formed using either mOECs or LFT3 fibroblasts alone (Fig 12-

B). When bright-field live cell microscopy was used to observe these spheroids, the cells on 

the external surface were highly mobile and appeared to phagocytose passing cellular debris 

(Fig 12-C).  
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Figure 12 Bright-field live cell microscopy of typical spheroids formed using mOECs, J774a.1 

macrophage/monocytes and LFT3 fibroblasts. Panels A and B show a typical spheroid formation using the three 

cell types in conjunction. A highly mobile, phagocytic cell type generally aggregated on the external surface of the 

spheroid indicated by the arrows in panel B. The region indicated in A can be seen in the panel series C where 

live cell microscopy over three minutes show the surface aggregated cells produce membrane extensions to 

capture and internalise cellular debris that is within reach. This is indicated using arrows in C panels at 60 

seconds, 120 seconds, 150 seconds and 210 seconds. Images were taken using an IX-73 Olympus 

epifluorescence microscope.  

The round, highly motile phagocytic phenotype suggested that the cell type on the external 

surface may be macrophages. To confirm this, immunolabelling using IBA-1, a 

macrophage/microglia marker, was performed. The IBA-1 antibody exclusively labelled the 

external layer of cells (Fig 13-B) consistent with the live cell imaging, further suggesting that 

macrophages are found on the external surface. When the GFP-mediated green fluorescence 

was also imaged to identify mOECs (Fig 13-A), GFP-positive cells could be seen forming the 
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core of the spheroid and did not overlap with the IBA-1 staining (Fig 13-C), demonstrating 

that the phagocytic, motile cells at the surface were not mOECs. These data also suggested 

that the mOEC and J774a.1 macrophage/monocyte populations were distinctly separated – 

likely by LFT3 fibroblasts, as data from our lab has shown that fibroblasts form a layer 

surrounding the OEC core in spheroids (Chen, M. et al., unpublished). Following this, LFT3 

fibroblasts were immunolabelled for JSJ37 (Fig 13-F). JSJ37 is an extracellular cell surface 

marker identified by our laboratory for selective labelling of fibroblasts (M. Barker et al., 

unpublished); the identity cannot be disclosed here due to potential intellectual property 

issues. Whilst the data showed a slight overlap between the JSJ37-labelled cells and the IBA-

1-labelled cell population (Fig 13-G, represented by the purple overlap between LFT3 

fibroblasts in blue and J774a.1 macrophage/monocytes in red), the JSJ37-positive cell 

population (most likely fibroblasts) filled the space between the GFP-positive cells (mOECs) 

and the IBA-1 positive cells (J774a.1 cell line) on the surface (Fig 13-F-G). 

 

Figure 13 Spheroid formed using GFP-mOECs, LFT3 Fibroblasts and the J774a.1 macrophage/monocyte cell line, 

immunolabelled for macrophage- and fibroblast markers. Panels A-C show a spheroid formed from mOECs, LFT3 

fibroblasts and J774a.1 macrophage/monocytes. Panel A shows GFP-positive cells (GFP-mOECs). B shows the 
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J774a.1 macrophage/monocytes immunolabelled for IBA-1. C is a merge of A and B. The arrows in C show a thin 

line void of signal where the J774a.1 population and the mOEC population do not readily meet. Panels D-G show 

a section of a spheroid formed using the same cells, however, panel F shows the immunolabelling of LFT3 

fibroblasts using the JSJ37 antibody (blue). Panels D and E show J774a.1 cells (labelled using IBA-1) and GFP-

positive mOECs, respectively. Panel G is a merge of panels D-F. The purple signal in panel G indicated by the 

arrows shows an overlap between the LFT3 fibroblasts in blue and the J774a.1 macrophage/monocytes in red 

as well as some overlap with the green fluorescence from GFP-mOEC. Images were taken using the IX-73 Olympus 

epifluorescent microscope 

Thus, the immunolabelling of spheroids consisting of GFP-expressing mOECs, LFT3 

fibroblasts and J774a.1 macrophage/monocytes appeared to suggest that there is a 

spontaneous organisation of these three cell types, producing a layered spheroid structure 

with mOECs at the centre, followed by a layer of LFT3 fibroblasts (which is consistent with 

previous data from my laboratory; M. Chen et al., unpublished), and J774a.1 

macrophage/monocytes largely found outside the fibroblast layer – perhaps separated from 

mOECs through the action of MIF. However, these preliminary results also helped identify 

certain limitations. Firstly (1), the J774a.1 cell line is a macrophage/monocyte cell line which 

exhibits properties of both macrophages and monocytes and thus may not be representative 

of the macrophages found within the pOS (Ralph et al., 1976; Ralph & Nakoinz, 1977a, 

1977b). As such, spheroids including J774a.1 cells may not accurately represent the 

arrangement of olfactory nerve fascicles. Secondly (2), during this optimisation process, I 

found that antibodies used during immunolabelling did not consistently penetrate the 

generated spheroids. This may provide false negatives when identifying the locations of 

macrophages within the spheroids. Finally, (3) the preliminary data presented here was 

captured using epifluorescence microscopy, which does not elucidate information about the 

internal structure of the generated spheroids. To clearly visualise the cellular architecture 

within the spheroids, confocal microscopy would need to be used. A key strategy to address 

these issues would be to culture primary macrophages expressing some kind of fluorescent 

marker, providing a cell population representative of the in vivo environment that could be 

visualised using confocal microscopy without immunolabelling.  

Generation of DsRed-Expressing Fluorescent Primary Macrophages 

To address the limitations identified during the optimisation process I sought to establish a 

fluorescent population of macrophages. The S100β-DsRed transgenic mice used to culture 

primary OECs express the DsRed protein driven by the S100β promoter (Windus et al., 2007). 
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In addition to glial cells and chondrocytes, macrophages express S100β (Nazareth, Lineburg, 

et al., 2015) and thus, macrophages found in these S100β-DsRed transgenic mice have red 

fluorescence. Our laboratory has shown that macrophages in this mouse exhibit bright red 

fluorescence but can easily be distinguished from OECs based on morphology (as well as IBA-

1 expression) (Nazareth, Lineburg, et al., 2015; Windus et al., 2007). For these reasons, I 

decided to culture macrophages from these mice. This would provide two fluorescent cell 

types for use in the spheroid models (GFP-mOECs and DsRed macrophages), allowing for 

easy analysis without the risk of inaccurate immunolabelling. As macrophages also 

demonstrate a diverse range of phenotypes and properties based on the region from which 

they are cultured (Selvarajan, Moldovan, Chandrakala, Litvinov, & Parthasarathy, 2011; Zhao 

et al., 2017), I sought to culture these cells from a source as proximal to the olfactory nervous 

system as possible. This would generate a macrophage population representative of the 

macrophages found near the pOS in vivo. The interaction of such cells with OECs may more 

accurately reflect the interactions between OECs and macrophages in olfactory nerve 

fascicles. The culture method that I developed for this macrophage population has been 

prepared as a short Methods-style manuscript for future submission (presented on the 

following pages).  

On the following 5 pages is an original methods article in preparation for submission. 

Writing and research for the construction of the paper was done by in majority by Alison 

A. Wright however all authors contributed. Experiments were and planned and 

performed in majority by Alison A. Wright. Proofreading and editing was done by all 

authors.  
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Manuscript 4 A Novel Culture Protocol for Cranial Bone Marrow-Derived 

Macrophages 



Page 133 of 196 

 

 

 



Page 134 of 196 

 

 

 



Page 135 of 196 

 

 

 



Page 136 of 196 

 

 

  



Page 137 of 196 

 

After establishing a protocol for culturing pure primary DsRed-expressing macrophages, I 

proceeded to investigate how these DsRed-expressing macrophages would interact with 

mOECs in the 3D spheroid model using confocal microscopy and 3D reconstruction. The 

results of this are described in the manuscript on the following pages in this chapter. The 

manuscript focusses on the role of MIF in the formation of these 3D spheroid structures, and 

specifically how MIF modulates the spatial organisation of mOECs and DsRed macrophages 

within a 3D environment. Determining how MIF, secreted from cells within the olfactory nerve 

fascicles, modulates the relative location of macrophages in a 3D environment may provide 

greater understanding of the cellular anatomy of the pOS. In turn, understanding how MIF 

regulates interactions between OECs and macrophages may provide future direction on how 

the regenerative capabilities of the pOS can be adapted to other nervous injury sites.  

On the following 17 pages is an original research article that is being prepared for 

submission and will be submitted by 10/11/19 under the support of Griffith University 

Publication Assistance Scholarship Scheme. This manuscript has been inserted as 

formatted for publication. Writing and research for the construction of the paper was 

done by Alison A. Wright. Experiments were designed by Alison A. Wright, Mo Chen, 

James A. St John & Jenny Ekberg. Experiments were performed by Alison Wright. 

Proofreading and editing was done by all authors.  
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Manuscript 5 Macrophage Migration Inhibitor Factor Mediates Cell 

Organisation in A Three-Dimensional In Vitro Olfactory Nerve Model 
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Extended Discussion 

In this chapter, I addressed the two final aims of this thesis. Firstly, Aim 3 (to generate a 3D 

model of the olfactory nerve) was addressed with the development of a 3D culture model 

representative of the olfactory nerve using the NLM system. Secondly, I addressed Aim 4 (to 

determine the role of MIF in regulating interactions between OECs and macrophages within 

the pOS) by using this spheroid model to further investigate the role of MIF in mediating 

organisation of the cells found within the pOS. In the first half of this chapter, I optimised a 

spheroid co-culture consisting of mOECs, LFT3 fibroblasts and J774a.1 

macrophage/monocytes. These preliminary observations revealed that mOECs and LFT3 

fibroblasts would both form spheroids in the NLM system whereas J774a.1 cells alone would 

not. However, when all three cell types were cultured together, J774a.1 cells appeared to 

mainly be found on the external surface of the spheroids, as determined by live cell 

microscopy and immunolabelling (these findings were later confirmed using DsRed-

expressing primary macrophages and confocal microscopy, discussed below). This 

optimisation step demonstrated limitations with the immunolabelling of spheroids; antibody 

penetration into the spheroid provided inconsistent and inconclusive results. I addressed this 

by devising a novel culturing protocol for cranial BMDMs from S100β-DsRed transgenic mice 

in which macrophages are fluorescent. This consisted of adapting a protocol for culture of 

BMDMs from long bones to the cranial bones to generate macrophages from a region as 

close to the pOS as possible. These fluorescent macrophages were then used for spheroid 

formation and due to their DsRed fluorescence, were easily identified within the spheroids. 

Following this optimisation period, I used the spheroid model to examine the role of MIF in 

the olfactory nerve fascicles of the pOS (see Manuscript 5). Here, the macrophages, along 

with fibroblasts, were found externally to OECs in co-cultures of GFP-mOECs, LFT3 fibroblasts 

and DsRed macrophages. When MIF was inhibited (using ISO-1), this arrangement was 

altered, with macrophages invading deeper into the spheroids and having a distribution 

perfectly overlapping that of mOECs.  

Previously, my laboratory has generated spheroids using OECs and fibroblasts (Chen et al., 

2019 and Chen et al., unpublished), findings which I was able to replicate here. In striking 
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contrast, when I attempted to culture spheroids using macrophages, they formed aggregates 

instead of spheroids. As the NLM system does not use any additional matrix, a lack of ECM 

may explain this arrangement. Macrophages are typically a highly adherent cell type (Zhao et 

al., 2017) but only produce a small amount of ECM themselves, whereas OECs and 

fibroblasts can produce their own (Chung et al., 2004; Frantz, Stewart, & Weaver, 2010; 

Gratchev et al., 2001; Guerout et al., 2010; Miragall, Kadmon, & Schachner, 1989; Schnoor 

et al., 2008; Tisay & Key, 1999). Instead macrophages promote ECM production from 

surrounding cells such as fibroblasts through the secretion of ECM production factors like IL-

1 and subsequently FGF7 (Barrientos et al., 2008; Singer & Clark, 1999), a process that 

occurs more in M2 polarised macrophages than in M1 macrophages (Duffield, 2003). When 

co-cultures were formed using mOECs, LFT3 fibroblasts and J774a.1 macrophage/monocyte 

cell lines, J774a.1 cells were typically found on the outside of these spheroids. This is likely 

the result of the adherent properties of this cell type whereby they could adhere to the ECM 

produced by the fibroblasts. Fibroblasts are significant producers of ECM (Frantz et al., 2010) 

and as spheroids are formed without added ECM, the presence of fibroblasts may 

significantly aid the formation of these 3D cultures by producing ECM. This may suggest that 

while the NLM system is effective at producing 3D cultures when ECM-secreting cells are 

used, there is limitation when cells are used that only produce small amounts of ECM. 

The production of primary macrophages from cranial bone material has not previously been 

described. I developed a protocol for culturing these cells for two reasons: (1) macrophages 

demonstrate a diverse range of phenotypes between populations and culture sites 

(Selvarajan et al., 2011; Zhao et al., 2017), and a macrophage population derived from a 

site close to the pOS appeared most appropriate; (2) the S100β-DsRed transgenic mice 

allowed generation of fluorescent macrophages for easy detection and analysis. When used 

in 3D cultures along with LFT3 fibroblasts and mOECs, the DsRed-expressing primary 

macrophages demonstrated a slightly different morphology to J774a.1 

macrophage/monocytes, likely due to their maturity/differentiation. As J774a.1 

macrophage/monocytes remain at an immature level of differentiation to preserve their 

proliferative capability (Ralph et al., 1976; Ralph & Nakoinz, 1977a, 1977b), they can exhibit 
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more of a monocyte morphology; J774a.1 macrophage/monocytes appear somewhat 

spherical with a slight apical-basal polarisation appearance when cultured in 2D, and almost 

entirely spherical when cultured in 3D. DsRed primary macrophages, however, demonstrate 

a stretched apical-basal polarisation with some branching in 2D, and in 3D show a stretched, 

“splayed out” morphology. These morphological differences emphasize the variability 

between the J774a.1 cell line and the primary macrophages. 

In Results Chapter 2, I demonstrated for the first time that the presence of MIF prevents the 

mingling of OECs (mOECs) and macrophages (J774a.1 macrophage/monocyte cell line) in 

2D. The results from the current chapter are consistent with these previous results by 

demonstrating that MIF mediates separation of macrophages and OECs in 3D. Whilst this 

could be the result of direct inhibitory effect of MIF on macrophage migration (discussed 

thoroughly in Manuscript 5 in this chapter), the involvement of HtrA1, shown to be expressed 

by OECs in Results Chapter 2, may also be a contributing factor. For migration to occur within 

a 3D culture, cells must either procedurally cleave ECM during extension to penetrate 

through it or negotiate around the physical scaffold (Khetan & Burdick, 2010). HtrA1 is a 

protease capable of cleavage of several ECM proteins include decorin, biglycan, 

thrombospondin, EGF-containing fibulin-like ECM protein 1, collagens, fibronectin, fibulins, 

catenin and aggrecan (Chamberland et al., 2009; Lin et al., 2018; Murwantoko et al., 2004; 

Oka et al., 2004; Vierkotten et al., 2011). As MIF has recently been identified as a binding 

partner for HtrA1 which can inhibit this enzymatic digestion (Fex Svenningsen et al., 2017), 

inhibition of MIF in the 3D olfactory nerve model then may free up additional HtrA1 secreted 

from OECs. This then would allow the cleavage of ECM products produced by fibroblasts at a 

faster rate, thus promoting OEC migration through the spheroid. Additionally, if ECM density 

is reduced through HtrA1 cleavage, then this may increase the rate of diapedesis of 

macrophages into the deeper structures. When the relative location of mOEC populations 

were examined in the 3D nerve models both with and without MIF inhibition, no differences 

were found between these populations. This experiment, however, does not provide detailed 

information regarding OEC motility in the 3D environment from individual cells. It would be 

interesting to examine OEC motility within a 3D environment pre- and post-MIF inhibition 
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using live cell imaging. Additionally, the effects of HtrA1 on macrophage invasion into the 

olfactory nerve model could be easily investigated with the addition of exogenous HtrA1. If 

ECM density is a contributing factor in inhibiting macrophage invasion, then added HtrA1 may 

result in a greater displacement of macrophages into the spheroid. 

Furthermore, as shown in Results Chapter 2, OECs, as well as olfactory fibroblasts, express 

MIF. Whilst the results do suggest that the macrophage exclusionary effect is the result of 

MIF, it is hard to state for certain that this exclusionary effect is the result of MIF secreted 

from OECs. Based on the results presented in Manuscripts 3 and 5, OECs may exhibit unique 

interactions with macrophages in which MIF is only a contributing factor. It would be 

interesting to examine the role of MIF in modulating the interactions between OECs, 

fibroblasts and macrophages further with MIF KO or knock-down models of each cell type. 

This would provide further information as to whether MIF secreted from OECs specifically 

exhibits unique properties promoting exclusion of macrophages or whether the effect seen 

is the result of MIF secreted from fibroblasts or macrophages in the presence of OECs.  

The olfactory nerve model generated in this chapter may be used for further analysis of OECs 

and olfactory macrophages in vitro that could not have been done previously. An example of 

this could be the investigation of how intercellular interactions within the olfactory nerve 

regulates OEC and macrophage phagocytosis. As the olfactory nerve in the pOS in vivo is 

exposed to bacterial assault, phagocytic potential of OECs and macrophages in this region 

has been previously studied (Nazareth, Lineburg, et al., 2015). Additionally, the phagocytic 

potential of OECs cultured in isolation has been studied previously (Nazareth, Lineburg, et 

al., 2015; Nazareth, Tello Velasquez, et al., 2015; Tello Velasquez et al., 2014). However, no 

studies have examined whether macrophages can modulate the phagocytic activity of OECs, 

and vice versa. The use of the 3D olfactory nerve model developed in this thesis would allow 

for thorough investigation of the relationship between OECs and macrophages, and how their 

potential to modulate the phagocytic activity of each other. Investigation of phagocytic 

potential of these two cell types could be done with a flow-cytometric phagocytosis assay 

using this spheroid nerve model with varying ratios of macrophages and OECs and comparing 

relative phagocytic potential across spheroids. This assay would involve the administration 
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of a fluorescent tagged bacteria or fluorescent latex beads to the 3D culture which are 

subsequently internalised by the phagocytic cells. At distinct time-points, the culture would 

be dissociated and the number of internalised beads of bacteria/number of phagocytic cells 

can be quantified using flow cytometry. A phagocytosis assay of this format would be superior 

to a 2D co-culture phagocytosis assay as the 3D culture mimics the anatomical arrangement 

of the olfactory nerve fascicle structures in vivo which may contribute to this response on the 

organisational level. The phagocytic activity could be compared between 3D cultures 

generated in the absence and in the presence of macrophages to determine whether the 

presence of macrophages alter the phagocytic capacity of OECs. This may then provide 

information as to how the presence of macrophages here contribute to the clearance of 

bacteria within the pOS. Additionally, this could be done without the need for fluorescent 

expressing cells as a dissociation of the spheroid would need to be done before quantification 

and thus immunolabelling of individual cells can be performed in suspension after 

dissociation making this an easy assay to perform. Another unique approach that could be 

performed with this nerve model is examining the role the macro-structure the olfactory nerve 

plays in the phagocytic response. By including neurons in the model, a more complete 

olfactory nerve fascicle may be modelled in 3D for investigation of spatially distributed OEC 

phagocytic properties; OECs may have slightly different phagocytic properties based on their 

spatial distribution throughout the fascicle. By administering fluorescent bacteria or beads 

to a neuron inclusive olfactory nerve model, followed by confocal imaging, the location of 

phagocytosed beads could be mapped in the same way I have mapped the distribution of 

macrophages in this thesis. The mapped locations could then be measured and distances 

between these phagocytosed beads could be quantified and compared between distance to 

neurons and distance to macrophages. This may elucidate whether the phagocytic response 

of cells within the nerve model are spatially altered within the 3D space; OECs proximal to 

neurons may be more phagocytic as they may be prepared to remove degenerating neurons 

or if macrophages can modulate OEC phagocytosis in some way this may also be seen as a 

difference in phagocytic OECs throughout the 3D space.  
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FINAL DISCUSSION 

As the pOS is a unique region of the nervous system capable of continuous neurogenesis, it 

has been examined extensively in the search for mechanisms that may be applied to repair 

the injured CNS and PNS. OECs are regularly proposed as potential candidates for cell 

transplantation therapies as these cells are thought to be the key contributor to the 

neuroregenerative ability of this region, in large part due to their neurotrophic profile. The 

purpose of this thesis was to investigate how factors secreted by OECs modulate OEC 

behaviour. The overall aim was to elucidate mechanisms regulating OEC biology that may be 

applied to improve the therapeutic potential of OEC transplantation, in particular for the 

treatment of SCI. Understanding how such factors affect OECs will also lead to a better 

understanding of the biology of OECs in their natural environment, the pOS.  

In this thesis, I investigated novel roles of this neurotrophic profile by examining the effects 

of neurotrophins known to be secreted by OECs (in particular NGF and BDNF) on OEC biology. 

Furthermore, I investigated whether OECs express another protein with neurotrophic 

properties, MIF. I demonstrated that OECs in mice do express this protein, and that MIF does 

modulate mOEC behaviour, thus adding key information to the known profile of neurotrophic 

factors secreted by OECs. Finally, I demonstrated how MIF may also influence the anatomy 

of the pOS by acting to exclude macrophages from the olfactory nerve fascicles. 

Neural Regeneration in The General Peripheral Nervous System vs the 

Primary Olfactory System 

Cell transplantation to treat SCI has been examined with several cell types including NPCs 

and mesenchymal stem cells (Bottai et al., 2010; Curtis et al., 2018; Tsuji et al., 2011; Wang 

et al., 2010), oligodendrocyte precursors (Yang et al., 2018; Yao et al., 2017), SCs (Barakat 

et al., 2005; Imaizumi, Lankford, & Kocsis, 2000; Li & Raisman, 1994; Takami et al., 2002) 

and OECs (Carwardine et al., 2017; Feron et al., 2005; Granger et al., 2012; Huang et al., 

2012; Li, Field, & Raisman, 1997; Ramón-Cueto & Nieto-Sampedro, 1994; Ramón-Cueto, 

Plant, Avila, & Bunge, 1998; Ramón-Cueto, Cordero, Santos-Benito, & Avila, 2000; Tabakow et 
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al., 2013; Wang et al., 2010). Out of all these cell types, OECs and SCs appear to be the most 

promising across a range of animal models (Granger et al., 2012; Imaizumi et al., 2000; 

Takami et al., 2002) and clinical trials (Huang et al., 2012; Tabakow et al., 2013;.Tabakow 

et al., 2014). However, these two cell types display a distinctively different response to injury 

in their respective regions of the nervous system, in particular regarding macrophage 

recruitment. Following injury to the general PNS, mSCs downregulate pro-myelination genes 

and de-differentiate into nmSCs, and instead upregulate regeneration-associated genes 

(Sulaiman & Gordon, 2013). This results in the production of neurotrophins such as a rapid 

increase in NGF and gradual increase in BDNF (Gordon, 2009; Saika et al., 1991) and 

depending on the nerve injury (crush versus axotomy), SC responses may also involve the 

secretion of ciliary neurotrophic factor (CNTF), NT-3 and GDNF (Frostick et al., 1998). 

Following injury, the PNS injury site will undergo Wallerian degeneration. Here, nmSC begin 

to proliferate (Brosius Lutz & Barres, 2014) followed by myelin autophagocytosis, initiating 

the clearance of debris (Gaudet et al., 2011). Next, nmSC attract macrophages to the site 

through the secretion of pro-inflammatory chemokines such as TNF-α, leukemia inhibitory 

factor (LIF) and monocyte chemotactic protein 1 (MCP-1) (Gaudet et al., 2011; Karanth, Yang, 

Yeh, & Richardson, 2006; Tofaris et al., 2002); the recruited macrophages aid in the removal 

of myelin and axonal debris, contributing significantly to the phagocytic response at this 

stage. Furthermore, recruited macrophages will further attract more macrophages through 

the expression of TNF-α, IL-1α and IL-1β (Shamash, Reichert, & Rotshenker, 2002). Around 

seven days post injury, macrophages begin to express IL-10 at high levels to self-limit their 

inflammatory phenotype (George et al., 2004). This major involvement of macrophages in 

the response to injury is one key difference between the regeneration of the PNS and the 

pOS. 

After injury to the pOS, OECs rapidly proliferate and migrate ahead of regenerating axons 

(Chehrehasa, Ekberg, & St John, 2014), and can form channels through which regenerating 

axons can extend (Li, Field, & Raisman, 2005) depending on the injury. OECs also increase 

their phagocytic activity in response to injury (Chuah, Tennent, & Jacobs, 1995), In contrast 

to the general PNS, macrophages are not attracted to the site, at least not in large numbers; 
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instead, phagocytosis of axons and debris is primarily undertaken by OECs within the region 

(Nazareth, Lineburg, et al., 2015; Su et al., 2013). Despite being of a completely different 

developmental origin, OECs exhibit some similarities with macrophages regarding 

inflammatory-associated secretions following activation; some OEC responses also resemble 

those in SCs. Following LPS exposure, OECs upregulate secretion of iNOS, IL-1β and IL-6 

(similarly to macrophages), TNFα (similarly to macrophages and nmSCs), and MCP-1 

(similarly to nmSCs) however, they also upregulate CCAAT/ enhancer binding protein β 

(Cebpb) and CXC-motif chemokine ligand 1 (CXCL-1) (Su et al., 2013; Vallabhapurapu & 

Karin, 2009) which are not secreted by macrophages or SCs. Despite the similarities in pro-

inflammatory cytokine profiles between these cell types, as discussed above, macrophages 

are not recruited to the pOS injury site in large numbers even after injury. It is important, 

however, to note that LPS activation of OECs in culture may not accurately reflect the 

behaviour of activated OECs after nerve injury. LPS is a bacterial component and may thus 

elicit different inflammatory responses in cells than the environment at a nerve injury site. 

While LPS activation of OECs can trigger upregulation of PSR, which mediate recognition and 

engulfment of neuronal debris (Su et al., 2013), other cellular and molecular responses are 

likely distinctly different between injury and infection. Thus, the reasons for why macrophage 

involvement differs between the pOS and other PNS regions remain largely unknown. 

In addition to removing debris, OECs stimulate regeneration of neurons through a secretion 

of a large array of neurotrophins including NGF, BDNF, NT4/5, CNTF, GDNF, neuregulin 

(NRG), and neurturin (NTN), the secretion of which is also seen by SCs (Boruch et al., 2001; 

Woodhall, West, & Chuah, 2001). A key difference between regeneration of the PNS and the 

pOS however may lie in within glial responses to these neurotrophins. The findings presented 

in this thesis further add to the knowledge of the mechanisms behind the unique 

regeneration of the pOS. As shown in Results Chapter 1, BDNF and NGF both stimulate 

proliferation, migration (gap closure behaviour) and phagocytosis of axonal debris by OECs. 

Further studies using primary cultured OECs should be done to confirm these results as the 

experiments presented in this thesis only used OEC cell lines. It is also important to recognise 

that addition of growth factors to cultured cells is artificially elevating the growth factor levels, 
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which may lead to responses that are different from those in vivo. However, an increase in 

growth factor level above “baseline” may be in line with what is occurring following injury, 

similar to what is seen in SCs (Saika et al. 1991; Frostick et al. 1998). As such, within the 

pOS in vivo, it is possible that growth factors secreted by OECs not only aid the regeneration 

of neurons but also promote the clearance of debris from the injury site through stimulation 

of OECs, as well as promote OEC migration within and towards the injury site. 

 

Figure 14 OECs when stimulated by BDNF and/or NGF result in an increase in migratory, proliferative and 

phagocytic behaviours. OECs secrete BDNF and NGF which can in turn stimulate changes in OEC behaviour. As 

OECs are capable of responding to higher levels of exogenous added neurotrophins, it is possible that after injury 

this secretion is increased, thus resulting in an autocrine stimulation of these pro-regenerative behaviours. 

I have also shown here that OECs express the protein MIF and that MIF stimulates mOEC 

phagocytosis. Interestingly, I also found that MIF modulates the interactions between mOECs 

and macrophages (both the J774a.1 cell line and primary cultured DsRed-expressing 

macrophages) by segregating the two cell types both in 2D and in 3D. This activity may be 

one reason for which macrophages are mostly excluded from the interior of olfactory nerve 

fascicles and may also explain why macrophages are not recruited in large numbers following 

injury. The preliminary results in Results Chapter 2 examining MIF expression following 

olfactory neuroepithelium ablation suggest MIF expression in the pOS may change similarly 

to that seen in the general PNS after injury; MIF appears to be expressed at a higher level by 
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OECs at the distal olfactory nerve structures, and at relatively lower levels in the areas more 

proximal to the brain. This pattern of expression is similar to that in axotomized PNS nerves, 

where MIF is upregulated in the distal part of the nerve stump (Nishio et al., 1999). However, 

again, the question that remains to be answered is why macrophages are largely excluded 

from the injury site in the regenerating pOS, while they are attracted to PNS injury sites. It is 

possible that expression levels of MIF differ between SCs and OECs, or that MIF modulates 

macrophage interactions with OECs and SCs differently. 

 

Figure 15 MIF secreted from OECs and olfactory nerve fibroblasts exclude macrophages from the olfactory nerve 

fascicles. OECs and fibroblasts secrete MIF that act to inhibit random migration of macrophages. This results in 

a concentration gradient of high MIF within the nerve fascicles and low MIF on the outside, the end result of which 

is the exclusion of macrophages from the interior of the olfactory nerve fascicles. MIF secretion from OECs also 

has an autocrine effect, stimulating phagocytosis in OECs. 

Potential Use of BDNF and NGF in Spinal Cord Injury Therapies 

As discussed above, I demonstrated that OECs can respond to neurotrophins that are 

secreted by OECs themselves (Results Chapter 1). The neurotrophins BDNF and NGF were 

found to stimulate OEC proliferation, phagocytosis and gap closure behaviour, three 

behaviours that could aid in the treatment of SCI. However, if these neurotrophins were to be 

used to supplement OEC transplantation therapies, further investigation into when they 

would be most applicable is required. Earlier as discussed in Manuscript 1, I discussed the 

potential of treating OECs prior to, during, and post transplantation, with different 

neurotrophins required at the different stages. Determining which stage of this process 

neurotrophins should be applied will likely come down to a delicate balance between effect 

and legislation (demonstration of safety and approval through the Therapeutic Goods 

Administration or other approval agency if outside of Australia). Perhaps the best treatment 
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(if approved) would include co-injection of neurotrophins alongside transplanted OECs as this 

may stimulate phagocytosis and thus clearance of cell debris from the injury site, as well as 

improve incorporation of transplanted cells into the site through improved proliferation and 

migration. Alternatively, they could be administered after transplantation so that not only the 

transplanted cells, but also other cells within the region may benefit from growth factor 

treatment such as neurons (reviewed in Huang & Reichardt, 2001). The issue with this 

however is potential negative effects such as astrocyte activation; BDNF has been shown to 

stimulate astrocyte activation via truncated TrkB receptors which are upregulated following 

nerve injury which subsequently increases glial fibrillary acidic protein (GFAP) expression and 

can contribute to an anti-regenerative environment for neurons (Frisén et al., 1993; Zhang 

et al., 2011).  

As getting approval for injection of any compound into an injury site is a long process, it is 

likely that, at least in the near future, neurotrophins may be used primarily for treatment of 

cells prior to transplantation. The chief factor limiting the success of OEC transplantation is 

to get enough cells from an olfactory nervous system biopsy for transplantation in a short 

time. In the current study, I showed that both NGF and BDNF can stimulate proliferation of 

OECs, which would likely aid in this process. However, what has not been examined is the 

effect duration of these neurotrophins after administration. Thus, a key question that needs 

to be answered is: Does the treatment of OECs with NGF, BDNF or other neurotrophins have 

any long-term effects on these cells? This could be explored using assays examining 

proliferative, migratory and phagocytic activity in the long-term (over several weeks) after 

administration of neurotrophins (and subsequent cessation of treatment). If short-term 

treatment with neurotrophins yields long-term effects associated with neural regeneration, 

then perhaps pre-stimulation of OECs prior to transplantation would be the best course of 

action. Additionally, this may allow for specific stimulation of OECs while also limiting 

potential negative effects associated with these neurotrophins on endogenous cells found in 

the SCI site such as astrocytes.  

Conversely, as neuron survival is driven largely by neurotrophins (Huang & Reichardt, 2001) 

it is possible that the administered neurotrophins overall may have a positive effect on the 



Page 166 of 196 

injury site. Thus, another alternative may be to use OECs that have been genetically modified 

to express higher levels than normal of neurotrophins. Modulating OECs to increase their 

expression of neurotrophins has already been tested for GDNF; OECs were genetically 

modified to produce greater amounts of GDNF in a rat model which improved functional 

outcomes compared to the transplantation of non-modified OECs (Cao et al., 2004), and also 

with NT-3 (Ruitenberg et al., 2003; Ruitenberg et al., 2005). This approach may, however, be 

difficult to gain approval for to use in treatment of humans. 

Overall, the unique neurotrophin profile of OECs (both in their ability to produce and, as I have 

shown, their ability to respond to neurotrophins) are large contributors to the regenerative 

capability of the pOS. Thus, using neurotrophins in combination with OEC transplantation may 

improve functional outcomes in SCI patients in the future. 

 

Figure 16 NGF and BDNF could potentially be used at three points during the transplantation process, pre-

stimulation, co-transplantation and post transplantation of OECs. BDNF and NGF could be used prior to 

transplantation to expand the harvested cells so that sufficient quantity is available for transplantation. They may 

also have potential long-term effects that may be beneficial. They could also be used at the transplantation stage 

to support the transplanted cells, preventing cell death, stimulating migration so that there is better integration 

into the injury site, and stimulating phagocytosis to enhance debris clearance at the injury site. Finally, they could 

be potentially used after transplantation has occurred to stimulate these same properties as well as potentially 

any other cells within the region that could benefit, such as neurons. 

Translating the Role of MIF in the Primary Olfactory System to the Spinal 

Cord Injury Site 

In Results Chapters 2 and 3 I demonstrated that OECs from the pOS express MIF and that 

MIF can modulate interactions between mOECs and macrophages. Specifically, I showed that 
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MIF in this region likely has two roles: (1) to exclude macrophages from infiltrating the 

olfactory nerve and (2) to promote the phagocytic behaviour of OECs (which may be due to 

the fact that OECs and not macrophages are the main phagocytes in olfactory nerve 

fascicles). The beneficial effects of MIF may be to limit macrophage-induced inflammation in 

a region constantly undergoing regeneration, and to enhance regenerative behaviours of 

OECs. In the SCI site, MIF RNA expression is increased following injury (Koda et al., 2004). In 

contrast to the pOS, however, several studies have shown that the presence of MIF in the SCI 

site may be detrimental to recovery (Koda et al., 2004; Nishio et al., 2009) and that its 

inhibition can improve recovery (Nishio et al., 2009). So why is MIF in the pOS not detrimental 

to recovery? Additionally, if OECs are a source of MIF, why have so many studies found OEC 

transplantation to be promising for functional recovery after SCI? The answer may lie 

specifically in the interactions between MIF and OECs. MIF has been shown to act via a large 

variety of mechanisms with cytokine-, endocrine- and enzyme-like properties (Baker et al., 

1991; Bernhagen et al., 1994; Israelson et al., 2015; Leng et al., 2003; Lubetsky et al., 2002; 

Shvil et al., 2018). Thus, it is possible that MIF exerts cellular specific effects on OECs distinct 

from the effects of MIF on other glial cells.  

The demonstrated expression of MIF by OECs raises a need to investigate the effect of MIF 

on OECs after transplantation into the SCI site. While MIF has been examined in the SCI site 

in several studies (Alexander et al., 2012; Stein et al., 2013; Zhang et al., 2016) no studies 

have examined MIF expression within the SCI site following autologous OEC transplantation. 

Could it be possible that the presence of OECs may modulate functions of MIF in the injury 

site, potentially related to macrophage/microglial activity and thus inflammation? One study 

examining the inflammatory response following OEC transplantation into a photochemical rat 

injury model found that macrophages and microglia showed an increased acute 

inflammatory response compared to control, but the chronic inflammatory response was 

markedly decreased (Lopez-Vales et al., 2004). However, the same effect was not seen in 

another rat injury model, but in this study human OECs were transplanted rather than rat 

OECs which may account for the different inflammatory response (Gorrie et al., 2010). While 

macrophages and microglia were examined, neither study focussed on MIF expression. As 
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macrophage/microglia invasion during the secondary degeneration stage of the SCI is 

considered detrimental, perhaps OECs following transplantation act as within the pOS by 

decreasing the migration of these pro-inflammatory cells into injury site (perhaps via MIF). 

Examining MIF expression in the SCI site following successful autologous OEC treatment may 

provide a clearer picture of how OECs influence the inflammatory response following 

transplantation. Furthermore, the results of this may provide future direction as to whether 

MIF should be modulated (up or down) alongside OEC transplantation for improvement of 

this therapy.  

Applications For the 3D Nerve Model 

In Results Chapter 3 I developed a multicellular 3D nerve model representing the cellular 

organisation in olfactory nerve fascicles (albeit without neurons/axons). This model can be 

applied to several types of experiments investigating how cells from the olfactory nerve 

behave in a 3D environment, such as assessing how key neurotrophins or inflammatory 

mediators affect the cells in a milieu resembling that in vivo. The obvious next step to take 

with this model is to increase the complexity of the system; this olfactory nerve model could 

be expanded with the addition of neurons to more completely replicate the olfactory nerve. 

This may, however, prove technically challenging as olfactory neurons are notoriously difficult 

(but certainly possible) to culture (Ekberg et al., 2011; Gong, 2012; Liu, Shields, & Roisen, 

1998; Windus et al., 2011). Whilst co-culture of olfactory neurons and OECs in 2D has been 

performed previously (Ekberg et al., 2011; Windus et al., 2011), to date 3D culture of these 

neurons (either alone or in co-culture) has not been documented. By using primary cultured 

olfactory neurons, along with OECs, olfactory fibroblasts and primary cranial macrophages, it 

may be possible to generate a highly representative model of the olfactory nerve fascicle. 

The 3D nerve model presented in this thesis acts as a proof of concept that could be adapted 

to various sites around the body to investigate intercellular interaction in different models of 

PNS nerves such as the trigeminal nerve or the sciatic nerve. In this thesis, I cultured 

macrophages from cranial bone marrow in the interest of using a representative population 

of macrophages for the olfactory nerve. This idea could be applied to generate 3D models 
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representative of other nervous sites, for example a model of the sciatic nerve composed of 

macrophages derived from the marrow of long bones (Trouplin et al., 2013), sciatic nerve 

SCs and fibroblasts (Shojapour et al., 2018; Singh, Shirasawa, Kyoshima, Kobayashi, & 

Shimizu, 1996), and DRG neurons from the ganglia corresponding to the sciatic nerve 

(Zuchero, 2014). Generating nerve models in this way would allow for thorough investigation 

of differences between the intercellular interactions between different nerves. For example, 

the segregation between mOECs and macrophages seen in my olfactory nerve model may be 

in part due to specific properties in the cranial bone macrophage population. This could be 

investigated by comparing distributions between macrophages derived from cranial bone 

marrow, and other macrophage populations, in various nerve models such as the olfactory 

nerve (using OECs), the trigeminal nerve (trigeminal SCs), or the sciatic nerve (sciatic nerve 

SCs). This 3D nerve model thus allows for the ‘mixing and matching’ of cell populations from 

different nerves which may provide a greater understanding of the differences between 

distinct nervous system sites. 

In summary, the olfactory nerve model presented in this thesis can be used to model many 

specific regions of the nervous system. The model can be used to examine specific cell-cell 

interactions (such as in the current study examining OEC-macrophage interactions) or to 

model complex anatomical sites using numerous cell types.  

The Future of Spinal Cord Injury Treatments 

The treatment of SCI is a complex multi-factorial challenge as such several different 

approaches are used for attempted treatment. These therapies typically have one key factor 

in common: the treatment of the inflammatory secondary degeneration stage. Treatments 

include strategic hypothermia (Dietrich et al., 2011; Levi et al., 2010), decompression 

therapies (Fehlings et al., 2012), steroid use (Bracken et al., 1985), and a variety of other 

methods (reviewed in Singh et al., 2012). The future of SCI treatment appears to be moving 

towards cell transplantation therapies with several cell types being examined for potential 

use (reviewed in: Assinck, Duncan, Hilton, Plemel, & Tetzlaff, 2017; Barnett & Riddell, 2007; 

Gomez et al., 2018; Kim, Hwang, Lee, Kim, & Kim, 2007; Mackay-Sim, 2005; Tetzlaff et al., 
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2011) however OECs remain one of the most promising among candidate cells. Irrespective 

of the cell type used, consistency between treatments must be achieved. With OEC 

transplantation therapies this comes in the form of addressing the issue of cell purity 

(reviewed in Yao et al., 2018). In order for a treatment to be replicable, a quality-controlled 

population of cells must be used. Inadequate quality control of cells used in previous trials 

have yielded cystic masses containing mucous-producing cells within the SCI site due to the 

transplantation of respiratory, rather than olfactory epithelium (Dlouhy et al., 2014; 

Woodworth et al., 2019). Additionally, these studies have in common that they used autograft 

epithelial explants, which may survive longer due to maintaining a small region of their in-situ 

environment from where they were derived however are less controlled for purity and quality. 

To date, most OEC transplantation studies have not used mucosal transplants, but rather 

suspended cells at different purities. However, generating sufficiently pure OEC populations 

for transplantation requires significant improvement (Yao et al., 2018). Furthermore, 

transplantation of a cell suspension rather than a 3D structure is associated with certain key 

problems. These can include poor integration of OECs into the injury site, poorly controlled 

migration resulting in transplanted OECs in the undesired area, and a decrease in behaviours 

that are mediated by cell-cell contact in OECs such as migration (Windus et al., 2007). 

Furthermore, the regenerative properties of the olfactory system may be attributed to the 3D 

structure as OECs support regenerating neurons in vivo by creating channels for axons to 

grow through (Li et al., 2005). A solution then may be to transplant 3D spheroids of post-

purified cells so that both the purity can be achieved, and the structure can be maintained. 

The method for producing 3D spheroids described previously by our laboratory (Chen et al., 

2019) and in this thesis may be a good candidate 3D system as it consists only of cells 

without any artificially added matrix or support structure limiting the addition of potential 

foreign agents into the SCI site which would be seen with scaffolded 3D cultures. 

The future of SCI treatments will likely involve the use of a combination of therapies. Whilst 

cell transplantation alone shows promise, appropriate support of the transplanted cells 

through neurotrophins and other compounds should be used in conjunction with 

transplanted cells. Additionally, cell transplantation can be used alongside current 
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treatments of strategic hypothermia, decompression therapies and physiotherapy all of 

which may contribute to recovery (Dietrich et al., 2011; Fehlings et al., 2012; Levi et al., 

2010; van Langeveld et al., 2011). Finally, it is worth mentioning potential engineering 

interventions such as the use of electrical stimulation devices which have been designed to 

promote recovery following SCI (Angeli et al., 2018; Gill et al., 2018) or implanted devices 

which allow neuronal signalling to circumnavigate damaged spinal tracts (Bouton et al., 

2016). However again, it is unlikely any one intervention will yield a cure to SCI and the use 

of these devices in conjunction with cell transplantation therapies may be a way forward.  
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CONCLUSION 

The fundamental aim of this thesis was to determine how secreted products from OECs 

influence OECs themselves as well as other cells found within the olfactory system, in 

particular macrophages. The ultimate goal was to gain an increased understanding of the 

role these glia play in neural regeneration within the pOS, so that their properties may be 

translated to therapies for repair of the injured nervous system, in particular SCI. The work 

presented here demonstrated firstly (1) that OECs are capable of responding to two 

neurotrophins secreted by OECs, BDNF and NGF, with a significant increase in phagocytosis, 

proliferation and gap closing behaviour/migration. Secondly (2), I showed that MIF, a potent 

immune system component (cytokine) and modulator of random macrophage migration, is 

expressed by OECs within the pOS, and that MIF has a functional role in modulating OEC 

behaviour (increased phagocytosis). I also showed that OECs express the serine protease 

HtrA1 which is a binding partner for MIF, but not any of the typical MIF receptors. Finally (3), 

I demonstrated in both 2D and 3D cell culture that MIF mediates segregation between 

mOECs and macrophages. This role of MIF in the pOS may relate to the anatomy of the pOS, 

preventing the invasion of macrophages into axon fascicles. This anatomical exclusion of 

macrophages by OECs may be a contributing factor to the lifelong regeneration of the pOS. 

As OECs are leading candidates for transplantation treatments of SCI, a greater 

understanding about their secreted products and how these products affect the cells within 

the pOS in vivo may be key to replicating the regenerative capabilities of the pOS in the SCI 

site. 
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APPENDICES 

Equipment and Reagent List 

Cell Culturing 

DMEM/F12 (Cat # IV11320-082)     - Life Technologies 

Foetal Bovine Serum (Cat # SFBS (35-076-CV))    - Focus Bioscience 

Gentamicin (Cat # IV15750-060)     - Life Technologies 

T25 Flask EasY Flask with Filter Cap (Cat # NUNC1-56367)  - Thermo Fisher 

5 mL serological pipette (Cat # NUN170355N)    - Thermo Fisher 

HBSS (1X), -CaCl2, -MgCl2, -MgSO4 no phenol red (Cat #IV14175-095) - Life Technologies 

TrypLE Express (Cat # 12604013)     - Life Technologies 

10 mL Falcon Tube (Cat # 62.9924.284)    - Sarstedt 

J774a.1 Macrophage/Monocyte cell line    - ATCC 

Sodium Pyruvate (100 mM) (Cat # 11360070)    - Thermo Fisher 

MEM non-essential amino acids 100x (Cat # 11140050)   - Thermo Fisher 

Glutamax-I 100x (Cat # 35050061)     - Thermo Fisher 

Penicillin-Streptomycin (10,000 U/mL) (Cat # 15140122)  - Thermo Fisher 

HEPES 1M Buffer solution (Cat # 15630080)    - Thermo Fisher 

2-Mercaptoethanol (Cat # 21985023)    - Thermo Fisher 

RPMI 1640 without L-glutamine (Cat # 21870076)   - Thermo Fisher 

DMEM with added glucose (Cat # IV10313-039)   - Life Technologies 

Matrigel Basement Membrane Matrix (Cat # 354234)   - Corning 

G5 Supplement 100x (Cat #IV17503-012)    - Life Technologies 

24-well plate cell culture coated plate (Cat # NUNC1-42475)  - Thermo Fisher 

M-CSF (Cat # PC2044, Lot # 1017102218)    - Invitrogen 

70 µm nylon cell strainer (Cat # CLS431751-50EA)   - Sigma-Aldrich  

Cell Screening assays 

384-well plate, Greiner uClear (Cat# 781091)    - Interpath 

Resazurin assay kit (Cat # ab129732)    - Abcam 

Triton-X 100 (Cat # 11332481001)     - Sigma 

Hoechst nuclear stain (Cat # H1399)     - Abcam 

96-well Plates (Cat # NUNC1-67008)     - Thermo Fisher 

2-well culture insert µ-Dish (Cat # 81176)    - Ibidi 

ISO-1 (Cat # ab142140)      - Abcam 

Bovine Serum Albumin (Cat # A3294-100)    - Sigma 

rtPCR 

T75 Flask EasY Flask with Filter Cap (Cat # NUNC1-56499)  - Thermo Fisher 

TRIzol Reagent (Cat # 15596026)     - Thermo Fisher 

SuperScript III Reverse Transcriptase kit (Cat # 18080044)  - Thermo Fisher 
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MIF Primers       - Sigma 

Colourless GoTaq Buffer      - Promega 

MgCl2        - Promega 

dNTPs        - Bioline 

GoTaq DNA Polymerase      - Promega 

Bioline HyperladderTM 100bp (Cat # BIO-33056)   - Bioline  

Animal Work and Tissue Preparation 

Optimal Cutting Temperature compound (Cat # COO201)   - Miles Scientific 

Immunolabelling 

Rabbit-α-MIF (Cat # ab7207)     - Abcam 

Rabbit-α-HTRA1 (Cat # ab38611)     - Abcam 

Rabbit-α-CD74 (Cat # ab202844)     - Abcam 

Rabbit-α-CXCR2 (Cat # ab14935)     - Abcam 

Rabbit-α-CXCR4 (Cat # ab13854)     - Abcam 

Rabbit-α-IBA-1 (Cat # ab178847)     - Abcam 

Rat-α-CD206 (Cat # MA5-16871)     - Life Technologies 

Alexa594 Donkey-α-Rabbit (Cat # ab150068)    - Abcam 

Alexa488 Donkey-α-Rabbit (Cat # ab150073)    - Abcam 

Alexa647 Donkey-α-Rat (Cat # ab150155)    - Abcam 

Spheroid Generation 

PS FBottom Small Volume HiBase microplates (Cat #784075)  - Greiner BioOne 

NeverWet MultiPurpose Spray Kit     - Rust Oleum 

Equipment 

FV1000 Olympus Spectral Microscope    - Olympus 

IX-73 Olympus Epifluorescent Microscope    - Olympus 

Operetta High-Content Imaging System (HH12000000)   - Perkin Elmer 

Li-Cor Odyssey Fc imaging system     - Li-Cor 

Corbett Rotor-Gene 6000 Real-Time PCR Thermocycler   - Qiagen 

Envision multi-label reader      - Perkin Elmer 

Harmony v3.5 Software      - Perkin Elmer 

IMARIS x64 v9.0 Bitplane      - Oxford Instruments 

FV10-ASW 4.2 viewer      - Olympus 

CellSens Standard 1.15      - Olympus 

FIJI        - ImageJ 

Graphpad Prism 5       - Graphpad 
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