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Abstract 

The need to develop therapies for neurodegenerative diseases and spinal cord injuries has 

led researchers to study the primary olfactory system, as it continuously renews itself 

throughout life, and completely regenerates after injury.  

A pool of cells that line the basal surface of the olfactory epithelium gives rise to new 

olfactory neurons both during normal olfactory nervous system turnover and to a greater 

extent following injury. The unique, growth promoting olfactory system environment is 

crucial for this neurogenesis and regeneration. Significantly glial scarring (as is typically 

seen in neurodegeneration and neural damage elsewhere in the nervous system) is largely 

absent following injury to the olfactory tract. Thus replicating the favourable condition in 

the olfactory nervous system would be invaluable for developing these successful therapies. 

If we can mimic the cellular and molecular mechanisms responsible for maintenance and 

regeneration of the olfactory neurons, we can promote regeneration and facilitate the re-

establishment of connectivity in damaged neural tracts. To model neural regeneration 

strategies in the olfactory nervous system we need to understand the normal olfactory 

system biology. For these reasons I have looked closely into how the olfactory system 

develops. Specifically I have focused on the early growth of olfactory axons and the events 

that lead to successful convergence between the peripheral olfactory nerve and the olfactory 

bulb, where connections are ultimately established with second order neurons of the brain. 

To achieve our aims for these investigations we adopted the use of previously generated 

transgenic mice. These mice provided detailed visualization of both olfactory axons and 
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olfactory ensheathing cells (glia), and the interactions between these cells and their 

environment. For detailed visualization of olfactory neurons, the mice expressed a bright 

fluorescent protein called ZsGreen, via the OMP (olfactory marker protein) promoter. 

Similarly, to visualize olfactory ensheathing cells, the mice expressed a bright fluorescent 

protein called DsRed, via the S100β promoter, and cross-breeding of the two lines allowed 

me to study interactions between olfactory neurons and glia. These lines allowed us to 

study the olfactory system both in vivo and in vitro. In this thesis, I describe the initial 

outgrowth of olfactory axons and how they fasciculate as they extend to the olfactory bulb 

to establish the initial contact that subsequently leads to forming connections with second 

order neurons. I also demonstrate the interactions between the extending axons and 

olfactory glial cells. These transgenic mice constitute excellent models for studying the 

olfactory system in unprecedented clarity and detail, highlighting the roles of the olfactory 

glial cells in axonal extension and target formation with the presumptive olfactory bulb. 

As axons extend to the bulb many axons fail to meet their target and over-extend into the 

deeper layers of the olfactory bulb. Upon investigating this event I discovered a transient 

discrete band of glial cells that express DsRed. I discovered that the population of these 

never previously characterized, glial cells in the rostral olfactory bulb played a crucial role 

in regulating this phenomenon. This glial cell population appeared at the critical time point 

when most over-extension occurred before (E13.5-E15.5). In regions where the glial cell 

population was nearly or completely absent, the axons penetrated deeper into the bulb. This 

was contrary to regions with a higher population of the glial cells where axons did not, or 

barely over-extended into the deep layers of the bulb. In vitro co-culture assays 
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demonstrated that this novel glial population was different and did not mix with olfactory 

ensheathing cells (OECs), but rather repelled the OECs. These results demonstrated that the 

novel transient population of glial cells acted as barriers that prevented axons and OECs 

from entering into the deeper layers of the olfactory bulb.  

The mis-targeted axons that were able to penetrate into the deeper layer of the developing 

olfactory bulb were eventually degraded. I demonstrated this in vivo by identifying where 

fragments and debris of ZsGreen expressing axons accumulated. The axon debris was 

centralized within the ventricular surface of the developing bulb and was phagocytosed by 

radial glia that lined the ventricle. To further support this notion, culture assays of radial 

cells were studied and determined to contain phagocytosed ZsGreen axon debris. I also 

investigated the fate of axon debris after the development of the olfactory bulb was 

perturbed. Using mice that lacked the Sox 10 transcription factor which is essential for 

normal olfactory development I demonstrated a change in the morphology and positioning 

of olfactory ensheathing cells and radial glia. In these mice olfactory axon debris was not 

removed but instead accumulated further. 

Taken together, the findings that constitute this thesis identify key events that are crucial 

for early olfactory system development and introduce a population of glial cells that have 

not been previously identified, which regulate axonal targeting and appear to play a crucial 

role in the fusion of the olfactory axons and olfactory bulb. By increasing our 

understanding of how the olfactory system develops we can pare way for novel therapies 

for nerve injury. 
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1. Introduction

1.1 General introduction 

The nose consists of several olfactory apparatuses to detect chemical cues that may signal 

for potential dangers, food or mates. These include the main (primary) olfactory system, the 

vomeronasal organ, the septal organ of Masera and the Grueneberg organ. The main 

olfactory system is responsible for the sense of smell and is attributed to the detection of 

predators, food and ambient odors. It consists of the olfactory epithelium and the olfactory 

bulb, which are connected by the olfactory nerve. The vomeronasal organ is located 

between the nasal cavity and the mouth and projects to the accessory olfactory bulb. It has 

been attributed to the detection of pheromones, and the detection of temperature and alarm 

signals (Trotier, 2011). The Grueneberg organ has also been shown to be responsible for 

the detection of pheromones and is located on the dorsal aspects of the snares in mice 

(Gruneberg, 1973). The septal organ of Masera (Taniguchi et al., 1993) is located in the 

ventral aspect of the nasal septum, and is believed to be responsible for the detection of 

distinct chemical cues (Fig 1.1). In this Thesis we will be investigating the main olfactory 

system and bringing light to several unanswered question on how the olfactory nerve (in the 

central nervous system) integrates with the olfactory bulb (in the central nervous system).  

In rodents each olfactory neuron expresses one of ~1,300 odorant receptors (Zhang and 

Firestein, 2002, Serizawa et al., 2004). These neurons are distributed within the olfactory 

epithelium and ultimately make a complex neural network that results in odor 
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discrimination (Johnson and Leon, 2007). The primary olfactory system has been shown to 

be one of the few areas of the body where neurogenesis constantly occurs throughout adult 

life. Olfactory sensory neurons are directly exposed to the external environment within the 

nasal cavity and as a result, are subjected to attacks by pathogens and toxic chemicals. In 

adult animals, primary olfactory neurons have a lifespan of 1-3 months thus require 

neurogenesis to replace lost neurons (Mackay-Sim and Kittel, 1991b). The unique ability 

for axons to regenerate, extend through the mucosa and pass into the olfactory bulb can be 

attributed, in part, to the presence of the neural crest derived glia cells of the olfactory 

system, called olfactory ensheathing cells (OECs) (Barraud et al., 2010). Due to their 

unique characteristics OECs have largely been considered as candidates for cell 

transplantation therapies to repair the damaged nervous system. As a result the olfactory 

system provides a model that allows for understanding of the mechanisms that drive 

neurogenesis and neurodevelopment, which in turn aid in the development of therapies for 

neurodegenerative diseases and spinal cord injuries. For this to happen we must understand 

how integration between the peripheral and central nervous system occurs. 
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Figure 1.1: The olfactory nervous system consists of several essential apparatuses of 

olfaction. Including the main (primary) olfactory system with the olfactory mucosa (OM), 

the vomeronasal organ (VNO), the septal organ of Masera (not shown), the Grueneberg 

organ (GO), olfactory bulb (OB) and accessory olfactory bulb (AOB).       
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1.2 Anatomy of the primary olfactory system 

The primary olfactory system comprises part of both the peripheral and central nervous 

systems (Fig 1.2). The peripheral olfactory system consists of olfactory epithelium and 

olfactory nerve that extend towards the brain, whereas the central region comprises the 

olfactory bulb.  The peripheral and central portions of the olfactory system are anatomically 

separated by the cribriform plate of the ethmoid bone (Fig 1.2 dotted line). Cell bodies of 

olfactory neurons are located in the olfactory epithelium that lines the nasal cavity and 

turbinates (spiral-shaped cartilage deep within the nasal cavity which directs inhaled air 

into a steady, slow flow and which also increase the total epithelial surface area) (Fig 1.2 A 

arrows). Olfactory neurons extend dendrites which express odorant receptors into the nasal 

cavity, and axons to the olfactory bulb within the brain, where they subsequently synapse 

with secondary neurons of the olfactory bulb within structures called glomeruli (Mombaerts 

et al., 1996). 

   

 

 

 

 

 

 

 

VNO 

SOM 

AOB 
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Figure 1.2: The olfactory nervous system consists of a peripheral and a central division. 

Mouse expresses OMP-ZsGreen for olfactory neuron visualization.  A) Coronal section of 

the primary olfactory system showing the olfactory bulbs in the central nervous system 

(CNS) and the olfactory mucosa in the peripheral nervous system (PNS). Turbinates 

covered with olfactory epithelium are located in the peripheral system as indicated by the 

arrow. B) Whole mount sagittal section of the mouse primary olfactory system shows the 

peripheral division containing olfactory mucosa, and the central division containing the 

olfactory bulb, separated by the cribriform plate (dotted line). Also indicated is the septal 

organ of Masera (SOM), the vomeronasal organ (VNO) and the accessory olfactory bulb 

(AOB).  

 

1.2.1 Composition of the olfactory mucosa 

The olfactory mucosa is comprised of the olfactory epithelium where the cell bodies of 

olfactory neurons reside, and the underlying lamina propria (Fig 1.3 A). As with most 

epithelial tissue the stratified olfactory epithelium contains many different cell types that 

both support its structure and perform individual crucial roles for proper olfactory function 

(Fig 1.3 C). Primary olfactory neurons are bipolar cells that project a singular dendrite into 

the nasal cavity where subsequently, odorant molecules bind to receptors on the dendrites. 

Each olfactory neuron contains one specific type of G-protein coupled odorant receptor 

(Mombaerts, 1999, Buck, 2000). Activation of the receptor by odorant molecules results in 

a signal that is conducted to a specific region, termed a glomerulus, in the olfactory bulb. 

The survival of olfactory neurons are supported by sustentacular cells in the olfactory 

epithelium, and OECs, within the lamina propria, which are in direct contact with the 
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olfactory axons all the way from the mucosa to the olfactory bulb (Doucette, 1989, 

Valverde et al., 1992). 

 

Olfactory neurons are constantly exposed to attacks by toxins and pathogens that enter the 

nasal cavity. The neurons live for approximately 30 days in rodents, dependent on their 

exposure to pathogens and toxins, after which they are replaced by new neurons originating 

from progenitor cells in the mucosa. This is thought to be due to horizontal basal cells and 

globose basal cell. Throughout normal turnover globose basal cells have the capacity to 

maintain the structure and function of the olfactory epithelium by essentially regenerating 

neural and non-neural cells in the epithelium. Horizontal basal cells however remain 

dormant during normal turnover but have the capability to regenerate all cell lineages of the 

olfactory epithelium following injury (Calof and Chikaraishi, 1989, Newman et al., 2000, 

Leung et al., 2007, Mackay-Sim, 2010). This ensures that a suitable number of olfactory 

neurons are maintained throughout life. The lamina propria is the mesenchymal tissue 

localised immediately underneath the olfactory epithelium. In mice the lamina propria is a 

thin layer of highly vascularised connective tissue that is rich in cells that supply nutrients 

(Fig 1.3 A). The lamina propria consists of cells and structures that are largely surrounded 

by extracellular matrix, including olfactory ensheathing cells, fibroblasts, blood vessels, 

lymphatic vessels, and immunological cells including neutrophils, plasma cells, monocytes 

and macrophages. It also houses Bowman’s glands which are responsible for mucus 

production (Fig 1.3 C).  As axons penetrate the basal layer they enter the lamina propria 

and come together to form fascicles. These fascicles in-turn form the olfactory nerve (Fig 

1.3 B). In the lamina propria axons are met by OECs (Fig 1.3 B). Here, OECs play a 
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multitude of roles, including promoting axonal extension, providing a structural channel-

like framework through which the axons extend (Woodhall et al., 2001, Windus et al., 

2007, Windus and Chehrehasa, 2011), and phagocytosing cell debris and pathogens (Su et 

al., 2013, Nazareth et al., 2014). It is also important to note that the olfactory epithelium 

also houses cells of the trigeminal nerve (5
th

 cranial nerve). Some of these trigeminal

receptor neurons are found within the olfactory epithelium and project axons to the 

trigeminal nerve to the accessory olfactory bulb (AOB). Along which they are associated 

with Schwann cells.     
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Figure 1.3: Olfactory neurons and their anatomical relationship with OECs (olfactory 

glia). (A) The olfactory epithelium (OE) contains the cell bodies of olfactory neurons 

(green) that extend their dendrites to the nasal cavity (NC) and axons down through the 

lamina propria of the mucosa. Axons fasciculate into bundles, a process thought to be 

dependent on OECs. (B) As axons extend through the lamina propria to the bulb they are 

guided and encased by OECs (red). (C) Schematic showing cells of the olfactory mucosa 

and the extension of axons to the olfactory bulb. Cells types are shown on the right. 

C 
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1.2.2 The olfactory pathway to the olfactory bulb 

In the olfactory epithelium, olfactory neurons project a single dendrite towards the nasal 

cavity where odorant molecules are picked up by odorant receptors of the dendrites. This in 

turn produces a signal that is transmitted to the higher processing regions of the brain via 

the olfactory nerve. From the olfactory epithelium’s basement membrane, axons are 

projected towards the nerve fibre layer (NFL) of the olfactory bulb where they are sorted to 

specific glomeruli in the glomerular layer of the bulb (Au et al., 2002). The NFL can be 

separated into the outer NFL (oNFL) and the inner NFL (iNFL). In the oNFL axons are 

defasciculated and sorted. In the iNFL they target their specific glomeruli. This 

convergence point is established during early development and results in axodendritic 

connectivity between primary olfactory neurons and mitral cells of the CNS. Connectivity 

is also established with interneurons that reside in the external plexiform layer of the bulb. 

The olfactory bulb is comprised of many layers. Beginning from the surface, the layers 

include the nerve fibre layer (NFL), glomerular layer (GL), external plexiform layer (EPL), 

mitral cell layer (MCL), internal plexiform layer (IPL) and granule cell layer (GCL) (Fig 

1.4 A and B). In the dorsal-posterior region of the main olfactory bulb resides the accessory 

olfactory bulb that forms a pathway that is independent from the main olfactory bulb 

(Taniguchi et al., 2011). Axonal projections are sent from the vomeronasal organ (VNO) to 

the accessory olfactory bulb where they synapse with mitral cells in glomeruli (Hovis et al., 

2012). The AOB consists of the anterior and posterior regions. These regions correspond to 

input received from the two categories of VNO neurons (V1R and V2R) (Mohedano-

Moriano et al., 2008). The AOB/VNO system transmits excitatory inputs to the amygdala 
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and hypothalamus and is responsible for the detection of pheromones, and the detection of 

temperature and alarm signals (Trotier, 2011). 

 

Axon fascicles initially enter the bulb mixed, meaning that axons expressing different 

odorant receptors are fasciculated together. In the NFL, the axons sort out and re-

fasciculate with other axons that express the same odorant receptor, now producing 

homogenous fascicles. These fascicles terminate in individual glomeruli, based on the 

odorant receptor type, in the glomerular layer. Thus, the glomerular layer is a complex 

spatial map with distinct glomeruli corresponding to specific odors (Mombaerts et al., 

1996). Each glomerulus receives direct input from numerous olfactory sensory axons that 

express the same odorant receptor. The external plexiform layer mostly consists of mitral 

cell dendrites, astrocytes and interneurons. In the external plexiform layer interaction 

occurs between dendrites of granule cells and mitral cells.  The olfactory axons synapse 

onto second order neurons, termed mitral cells, the cell bodies of which constitute the 

mitral cell layer. Mitral cells in turn send their axons to the higher order of the brain past 

the granule cell layer. Together, these layers connect to establish the neural network that 

provides us with a sense of smell. Yet, to date it is unknown how olfactory axons and OECs 

behave at the point of convergence between the peripheral and central part of the olfactory 

nervous system during development.  This period in development is crucial as it provides 

the bases for the eventual connection between the PNS and CNS of the olfactory system.  
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Figure 1.4: Composition of the olfactory bulb. (A) Layers of the olfactory bulb, including 

the nerve fibre layer (NFL), the glomerular layer (GL) (where olfactory axons synapse with 

mitral cells of the MCL and interneurons synapse with mitral cells), the external plexiform 

layer (EPL), internal plexiform layer ( IPL) and granular cell layer (GCL) (where granular 

cells synapse with mitral cell dendrites). (B) Coronal section of olfactory mouse bulb. 

Green expression highlights the NFL and the glomeruli in the GL. The EPL, MCL and GCL 

are also present.  

A 
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Figure 1.5: Schematic of the primary olfactory pathway. Olfactory neurons project axons 

to the olfactory bulb where they are sorted to their target glomeruli. OECs (red) fasciculate 

the axons to form axon bundles.   

1.2.3 Olfactory sensory neurons continually regenerate 

The olfactory sensory neurons are the only neurons in the nervous system that are directly 

exposed to the external environment. As a consequence, they are subject to attacks by 

pathogens and destruction by toxic chemicals (Matulionis, 1975, Bergman et al., 2002, 

John and Key, 2003, St John et al., 2014) with an estimated 1-3% of neurons being turned 
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over each day (Mackay-Sim and Kittel, 1991a). The neurons are replaced from a population 

of neural precursor cells that line the basal layer of the epithelium (Matulionis, 1975, 

Graziadei and Graziadei, 1979, Mackay-Sim and Kittel, 1991a). This results in continual 

turnover of olfactory sensory neurons and the debris from the degenerated axons needs to 

be removed continuously in order to maintain a healthy environment for the remaining 

axons, as well as for the axons that extend from newly born neurons towards the olfactory 

bulb. Basal cells that reside in the basal layer of the olfactory epithelium are responsible for 

this continued turnover. Specifically, globose basal cells are capable of maintaining the 

structure and function of the epithelium by essentially re-growing new neural and non-

neural cells. Horizontal basal cells however, serve as a reservoir of long-lived progenitors 

that remain dormant during normal turnover but are activated upon insult to regenerate all 

cell lineages of the epithelium (Calof and Chikaraishi, 1989, Newman et al., 2000, Leung et 

al., 2007, Mackay-Sim, 2010). In the normal healthy adult olfactory system, there is high 

precision in the extension of axons to their correct glomerulus in the bulb as the new axons 

follow the existing established axons. After widespread degeneration due to large-scale 

injury to the olfactory nerve, however, a significant degree of mistargeting can occur.  In 

particular, when the olfactory system undergoes widespread degeneration followed by 

extensive regeneration as can occur during exposure to toxic chemicals the olfactory axons 

show considerable mis-targeting with the majority of axons. This degeneration results in 

debris that is phagocytosed by OECs and leaves open channels devoid of axons (Nazareth 

et al., 2014). In consequence, regenerating axons cannot follow a pre-established path and 

there is widespread mistargeting of axons as they are unable to project to their correct 

glomeruli (St John and Key, 2003).  
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1.2.4 Odor discrimination 

Sense of smell is comprised of mechanical structures that transport odorant molecules to 

the apical surface of the olfactory epithelium and cellular structures that transport sensory 

information to the brain. Odorant molecules enter the nasal cavity via the snares or the 

nasal pharynx. On the lateral walls of the nasal cavity are turbinates (cartilage structures 

covered with epithelium) that are essential for creating a turbulent flow and warming the 

respired air (Doty and Kamath, 2014). Mucus from the Bowman’s gland absorbs the 

odorant molecules where they are transported to the olfactory epithelium (Getchell and 

Getchell, 1992). In the epithelium, odorant molecules are presented to odorant receptors of 

the olfactory neurons (Buck. and Axel., 1991, Pelosi, 1994). These distinct odorant 

receptors are transmembrane G-protein-coupled receptors which activate olfactory-specific 

adenylate cyclase (Mombaerts, 1999, Buck, 2000) and are crucial for recognising a wide 

range of structurally similar molecules with differing affinities but only one receptor is 

expressed on a given olfactory neuron (Zhang and Firestein, 2002, Serizawa et al., 2004). 

Once the olfactory neuron responds to the stimulus it relays the sensory information to 

bilaterally positioned olfactory bulbs. Within an olfactory bulb, glomeruli of the same 

odorant receptor have a bilateral map. However some axons of a specific odorant receptor 

project to only one glomerulus in the ventral region of the olfactory bulb. In the olfactory 

bulb, olfactory axons innervate at the glomerular layer and make synaptic connections with 

the dendrites of mitral cells. The sensory signals from olfactory neurons are organised into 

specific expression zones within the olfactory epithelium (Ressler et al., 1993, Vassar et al., 

1993, Miyamichi et al., 2005, Johnson and Leon, 2007) where neurons expressing the same 

receptor gene within a given expression zone are dispersed. In the olfactory bulb these 
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expression zones are maintained (Mori et al., 1999). Upon reaching the NFL, axons of 

neurons with the same odorant receptor are sorted by OECs and target their specific 

glomeruli (Mori et al., 1999, Ekberg et al., 2012). This establishes a precise pattern that 

creates a spatial map within the bulb (Johnson and Leon, 2007). Interneurons are also 

present in the glomerular layer and make synaptic connections both within and between 

glomeruli to coordinate signalling to mitral cells. The interneurons can then filter incoming 

signals by inhibition (Lowe, 2001, Wachowiak et al., 2005). Upon reaching higher orders 

of the brain, these signals are recognised as a smell which can be made up of a combination 

of many odorant molecules.   
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1.3 Development of the olfactory pathway and 

convergence to the olfactory bulb  

1.3.1 Establishment of the olfactory placode and epithelium 

The development of the olfactory system begins at the anterolateral ridge of the neural 

plate. It has been proposed that it is from this region that the olfactory placode is able to 

descend (Couly and Le Douarin, 1988). Evidence for this comes from investigating a patch 

of cells by fate mapping of the cephalic neural primodium of avian embryos. The placode 

becomes more evident as the mass begins to infiltrate the ectodermal epithelium. This can 

be seen as early as 9.5 days of gestation in mice, or E9.5 (Fig 1.6 A) (Verwoerd, 1979, Key, 

1998). On the 10th day of gestation (E10) the olfactory placode starts to evaginate (Fig 1.6 

B). 

 

As the olfactory placode evaginates it forms the nasal pit (Fig 1.6 B) (Cuschieri and 

Bannister, 1975). There have been several accounts of cellular processes which protrude 

into the underlying mesenchyme (Cuschieri and Bannister, 1975). This is supported by 

Cuschieri 1975, whose work with light microscopy of embryonic mice identified numerous 

cellular processes resembling olfactory axons in close proximity to the basal layer of the 

epithelium but penetrating into the underlying mesenchyme. In addition to axons being 

present at this stage of development dendrites have also been identified on the apical 

surface of the olfactory epithelium. Past research has also observed that axonal and 

dendritic differentiation occurs prior to the final and definitive position of the cell body and 

its nucleus (Morest, 1969, Morest, 1970a, 1970b). Whilst the olfactory system continues to 
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develop the composition of the epithelium is still disorganised. Cell layers have yet to be 

formed completely and the basal layer contains a mass of progenitor cells that give rise to 

the neural mass. Some research has suggested that pioneer neurons are responsible for 

establishing the primary nerve pathway and they may in fact arise from a distinct lineage 

(Whitlock and Westerfield, 2000). Stainier (1990), studied the mouse trigeminal sensory 

system where they examined the earliest axonal outgrowth observable by using specific 

monoclonal antibodies. At the E10.5 time point, it was observed that an early wave of 

neurogenesis gives rise to neurons whose axons pioneer through the trigeminal tract. These 

pioneer axons are followed by a secondary wave of axons that migrate along the pre‐

established pathway (Stainier and Gilbert, 1990). 

 

The heterogeneous migratory mass is observable by this stage of olfactory development and 

consists of a population of olfactory axons, neuronal bodies and presumptive olfactory 

ensheathing cells (Key, 1998). The migratory mass is able to traverse through the 

mesenchyme where eventually contact is made with the developing bulb. This is the initial 

point in which axon begin their journey to the olfactory bulb (Hinds, 1972). Along with 

these axons are a group of pioneer neurons that migrate with the axons. Pioneer neurons 

and axons eventually reach the developing bulb and subsequently create a neural pathway 

for the establishment of the olfactory nerve. The appearance of OECs at this point remains 

elusive. It has been shown that OECs are essential for the extension of olfactory axons and 

so it is speculated that OECs or OEC precursors are present during the initial outgrowth of 

axons. It is possible however that at this point we are unable to visualize OECs or OEC 

precursors as they may not yet express known OEC markers, including S100β, BLBP and 
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P75
ntr

. Are OECs essential for the initial outgrowth of olfactory axons? And at what time 

point do they first appear? To address these questions we need to visualize OECs in very 

early time-points (E10 onwards). This may also be accomplished by the identification of 

OEC specific markers and their promoters that may be used in the future to create a 

transgenic reporter line that allows for visualization of OECs when they first appear. 

 

1.3.2 Development of the nerve fibre layer and axon targeting 

From E11 axons project through the mesenchyme where they fuse with the telencephalon 

(component of the developing cerebrum) which in turn triggers the formation of the 

presumptive NFL of the developing olfactory bulb (Bailey et al., 1999) (Fig 1.6 D). Further 

fasciculated axons then travel along this path with OECs where they reach the presumptive 

bulb in greater numbers. OECs promote this extension of axons to the bulb by providing 

specific molecules that facilitate axon growth (Doucette, 1990, Tisay and Key, 1999, 

Woodhall et al., 2001).  OECs remain adjacent to the deeper layers of the bulb in low 

numbers and proliferate to widen the thickness of the NFL. Eventually two distinct layers 

of OECs in the NFL are established. These are inner OECs and outer OEC, with respect to 

their positioning within the NFL. Outer OECs play a role in axon sorting whilst inner OECs 

are responsible for the targeting of axon. This is contrary to OECs in the periphery which 

specifically ensheathe the fascicles of mixed axons as they project to the olfactory bulb 

(Doucette, 1984, Farbman and Squinto, 1985, Chuah and Au, 1991). Though we know 

OECs remain adjacent to the deeper layers of the bulb we do not know how this occurs. 

What cues are communicated with OECs so that they remain in this location? And what 

prevents OECs and extending axons from migrating further into the olfactory bulb? 
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Understanding this is important in understanding how the integration between the olfactory 

nerve and the olfactory bulb occurs. Thus far these questions have not been answered. 

  

Further along during development several events lead to the formation of connections 

within the glomerular layer of the bulb. This includes the de-fasciculation of axons with the 

help of outer OECs. Therefore, upon reaching the NFL, fasciculated axons are de-

fasciculated and sorted into new fascicles that contain axons which share the same odorant 

receptor. As the newly established axon bundles penetrate into the glomerular layer they 

target specific spherical glomeruli. Thus, the positioning of glomeruli are highly fixed and 

defined by the odorant receptor type, in order for axons to reach their specific glomeruli, 

(Au et al., 2002). However, targeting of the sensory axons is not always accurate and many 

axons over-project into the deeper layers from as early as embryonic day 11.5 in mice 

(Graziadei et al., 1980, Santacana et al., 1992, Gong and Shipley, 1995). Though we know 

that axons reach the NFL and target their specific glomeruli with the help of OECs there are 

several questions that remain elusive. During later development, when glomeruli are being 

formed the axons often inappropriately project into several glomeruli, branch prematurely, 

or over-project past the target layer (Tenne-Brown and Key, 1999). Axons that do over-

project into the deeper layers can continue growing for considerable distances (Tenne-

Brown and Key, 1999, Chan et al., 2011). Why does this occur? And why do these axons 

over-extend to the deeper layers of the olfactory bulb? There is evidence to suggest that 

mis-targeting can occur when specific guidance molecules or molecules of important 

cellular function are perturbed (St John and Key, 2005, St John et al., 2006). What has not 

been addressed to date is the fate of the over-extended axons: how are they degraded and 
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what removes the axon debris that comes as a result? In the NFL debris is removed by 

OECs (Nazareth et al., 2014) however, this is not the case for debris that is situated in the 

deep layers of the olfactory bulb. 

 

 

 

 

 

 

 

Figure 1.6: Early development of the primary olfactory system. (A) Olfactory placode at 

E9.5 (not highlighted) is developing to form (B) the olfactory nasal pit at E10 following 

evagination (dotted box). By E11 the olfactory epithelium appears more distinct (dotted 

box) (D) and is extending axons to the telencephalon.  
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1.4 Olfactory Ensheathing Cells and the Role Played in 

the Olfactory System 

1.4.1 OEC populations 

The OECs/olfactory axon pathway highlights the ability of OECs to uniquely travel from 

the PNS to the CNS. The behaviour OECs display along the nerve pathway and the pattern 

of molecular expression are indicators of the existence of a heterogeneous population of 

cells where different molecules are expressed by OECs in different parts of the olfactory 

system (Ekberg 2012) (Fig 1.7). Peripheral OECs in the lamina propria and OECs situated 

within the outer NFL layer (oOECs) express both S100-β and P75ntr. S100-β is located in 

the cytoplasm and is involved with several roles including the regulation of cellular 

process. It is typically found in astrocytes but is also a widely used marker of OECs. In 

mice P75ntr is an important mediator for several cellular functions, including neural 

survival, neurite outgrowth and axon growth (Anton et al., 1994, Bergmann et al., 1997, 

Bentley and Lee, 2000). In OECs P75ntr has been shown to be implemented in the growth 

of olfactory axons, neural migration and the maturation of OECs (Raucci et al., 2013). 

In contrast OECs within the inner nerve fibre layer (iOECs) do not express P75ntr and 

almost no S100-β (Au et al., 2002, Ekberg et al., 2012). To visualise OECs we have shown 

here OECs expressing S100β -DsRed. 
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Figure 1.7: Heterogeneous population of OECs. (A and E) showing the presence of 

olfactory axons.  The comparison of (B and F) S100β-DsRed (arrows) and (C and G) S100-

β (double-headed arrow) displays the differences between subpopulations of OECs within 

the nerve fibre layer of the olfactory bulb. The images show that S100-β is not expressed 

within the OECs of the inner nerve fibre layer (iNFL) but only within the outer nerve fibre 

layer (oNFL) (dotted line). S100β -DsRed however is expressed throughout the nerve path, 

with the exception of the glomerular layer (GL). Immunohistochemistry was performed to 

obtain images C and G with the anti-S100-β antibody.       

 

1.4.2 Olfactory ensheathing cells facilitate axon extension 

OECs have been shown to possess unique traits that include their ability to promote axonal 

regeneration and targeting of olfactory neurons. This has been observed during 

development and after infection or injury of the olfactory epithelium. The axon extension 

promoting ability of OECs has made them perfect candidates for neural regeneration 

therapies (Chehrehasa et al., 2010, Ekberg et al., 2012). OEC migration is attributed to 

A B C D 
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highly motile lamellipodial protrusions that are capable of inducing cell-cell contact to 

stimulate OEC migration. There are also several molecular factors that are known to 

mediate OEC migration, including glial derived neurotrophic factor (GDNF), Nogo-66, 

Slit-2 (Huang et al., Cao et al., 2006, Su et al., 2007) and fibulin 3 (Vukovic et al., 2009). In 

vitro co-cultures of OECs and primary olfactory neurons have been used in the past to show 

that OECs will always migrate ahead of extending olfactory neurons (Chehrehasa et al., 

2010, Ekberg et al., 2012) and that the migration of OECs was directly related to axon 

growth. Specifically this was shown by increasing the activity of OEC lamellipodia waves 

with GNDF. This subsequently increased OECs migration and in response axon growth 

was increased (Ekberg et al., 2012).  Neural regeneration models have also been used to 

demonstrate the role of OECs in axon growth. By performing a unilateral  bulbectomy 

(removal of olfactory bulb on one side) and by utilising the effects of Methimazole to delay 

axonal regeneration it has been shown that OECs will migrate into the injury site ahead of 

olfactory axons, presumably to form a permissive glial environment that will facilitate axon 

projection into the olfactory bulb (Chehrehasa et al., 2010). In comparison, axons did not 

grow well when Methimazole was not used to delay axonal regeneration as this did not 

allow for OECs to reach the injury site (Chehrehasa et al., 2010). This behaviour holds 

much promise for OEC transplantation as one of the limits presented with axonal 

regeneration in spinal cord injuries is the formation of glial scar tissue which prohibits axon 

extension through the injury site. Though OECs hold much promise there is still much 

speculation regarding their suitability for these therapies. Many studies have investigated 

how OECs may aid axon regeneration, both in vivo and in vitro. Many have gone as far as 

to begin transplantation experiments but with varying success (Ramer et al., 2004, Deng et 
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al., 2006, Li et al., 2007, Chiu et al., 2009, Gorrie et al., 2010, Mackay-Sim and St John, 

2011, Tabakow et al., 2014).   

 

1.4.3 Olfactory ensheathing cells remove axon debris 

As axons make their way to the olfactory bulb during development they may in some cases 

over-extend into the deep layers of the bulb. To correct this, the axons are subsequently 

degraded, which results in an accumulation of axon debris. The removal of the debris 

arising from mis-targeted or degraded olfactory axons has been attributed to OECs that 

wrap around the axon fascicles. Rather than relying on infiltrating macrophages to remove 

debris, it has been shown that the resident OECs are the predominant phagocytic cells in the 

embryonic olfactory system from as early as E14.5 in mice (Nazareth et al., 2014). OECs 

continue to be the major phagocytic cells in the postnatal (Wewetzer et al., 2005) and adult 

(Su et al., 2013) olfactory system as well as during widespread degeneration (Su et al., 

2013, Nazareth et al., 2014). Macrophages are able to phagocytose the olfactory axon 

debris, but as they are largely excluded from the axon fascicles they therefore play a minor 

role (Nazareth et al., 2014). Thus OECs are not only crucial to the growth and guidance of 

axons (Windus et al., 2010, Windus and Chehrehasa, 2011) but also for removing debris 

from degraded olfactory axons. However, OECs are only able to remove the debris within 

the axon fascicles. As olfactory sensory axons also over-extend into the deeper layers of the 

olfactory bulb, cells that reside within the olfactory bulb must be responsible for the 

removal of debris arising from the over-projected axons. 
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1.5 Radial Glia Regulate Olfactory Bulb Development 

One of the principal cell types in the embryonic olfactory bulb are radial glia which are 

crucial to the development of the olfactory bulb. The cell bodies of the radial glia are 

initially located close to the ventricle in the central bulb and they project their processes 

radially to the outer surface of the developing olfactory bulb. It is here at the junction 

between the central nervous system and the peripheral nervous system that the interactions 

between the olfactory sensory axons and the olfactory bulb cells occur. Olfactory sensory 

axons that project to the correct target zone intermingle with the processes of the radial glia 

and astrocytes leading to the formation of proto-glomeruli (Bailey et al., 1999). However, 

olfactory sensory axons that over-project into the deeper layers of the olfactory bulb 

intermingle with the processes of the radial glia (Amaya et al., 2014). Unlike in the 

neocortex, the radial glia in the olfactory bulb have convoluted projections that differ in 

their final location within the olfactory bulb’s outer layers, with some ramifying in the 

glomerular layer and others in the developing external plexiform layer (Bailey et al., 1999, 

Puche and Shipley, 2001). Radial glia have been shown to aid cell migration and are 

precursors to other glia cells (Puche and Shipley, 2001). In the lesions of medial cerebral 

cortex in lizard, radial glia have been shown to actively remove cellular debris from 

degenerated neurons (Nacher et al., 1999). Thus radial glia play numerous roles in 

regulating development of the early brain.  
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1.6 Spinal Cord OEC Transplantation Models 

In the normal spinal cord injury site environment and in the central nervous system in 

general, we see very limited recovery. Such limits may include cell death of the damaged 

neurons, associated oligodendrocytes and loss of astrocytic pathways (Kwon and Tetzlaff, 

2001, Raisman., 2007), fail or limited initiation of growth genes by neurons, the presence 

of growth inhibitory molecules such as chondroitin sulphate proteoglycans (Stainier and 

Gilbert, 1990), and the formation of fibrous scar tissue at the site of injury (Kwon and 

Tetzlaff, 2001). The most promising therapies for spinal cord injuries involve 

transplantation of glial (helper) cells into the injury site. These strategies aim to overcome 

these limits and facilitate axon regrowth within the injury site. In various spinal cord injury 

models, both olfactory ensheathing cells, and Schwann cells have shown to significantly 

improve the function of the injured site. Research to date has shown that OECs are more 

promising than Schwann cells for transplantation therapies (Keyvan-Fouladi et al., 2005). 

In addition it has been suggested that OECs are able to inhibit the formation of scar tissue 

and possess the ability to interact and migrate into the host scar tissue (Kocsis et al., 2009). 

This property of OECs is crucial in developing these therapies as fibroglia scar tissue is 

predominating in the impediment of axon regrowth (Franssen et al., 2007, Raisman., 2007). 

In addition to this, the presence of OECs reduces the concentration of growth‐inhibiting 

factors such as GFAP and chondroitin sulphate proteoglycans at the injury site (Kocsis et 

al., 2009), which plays an important role in inhibiting the migration of axons during 

development of the olfactory system (Stainier and Gilbert, 1990). Furthermore unlike 

Schwann cells OECs are also able to exhibit a microglia‐like cytokine in response to 

bacterial proteins which may be essential in therapy development (Kocsis et al., 2009). 
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They have also been shown to be the major participants of phagocytosis both in in 

embryonic and postnatal stages (Nazareth et al., 2014). Interestingly there is also debate 

regarding the myelinating ability of transplanted OECs with some studies suggesting that 

OECs myelinate axons (Babiarz et al., 2011) and others that they do not (Li et al., 2007). 

More recent research has looked into enhancing the therapeutic properties of OECs with the 

addition of Curcumin, which is a compound found in the popular spice turmeric. Though it 

is typically known for its anti-cancer properties they discovered that low doses yielded very 

different results on OECs. This included an increase in OEC migration rate, an increase in 

proliferation and an increase in phagocytic activity by OECs (Tello Velasquez et al., 2014). 

All these changes are favourable for creating potential therapies.  

 

With what is known about OECs and Schwann cells there have been many transplantation 

models that may contribute to the development of therapies for spinal cord injuries. Past 

research has shown OECs being transplanted into many regions of the nervous system and 

in several different species (Gorrie et al., 2010) most of which were obtained from either 

the olfactory bulb or the olfactory mucosa (Chiu et al., 2009). In preclinical animal trials it 

has been shown that transplanted OECs can survive and migrate within the injured spinal 

cord of rats (Deng et al., 2006), can reduce scar and cavity formation (Ramer et al., 2004, 

Li et al., 2007), can lead to improved functional locomotor recovery (Gorrie et al., 2010) 

and can restore breathing and climbing ability (Li et al., 2003). One study has used human 

OECs and transplanted them into rat spinal cord injury models, where hOECs were derived 

from the human olfactory mucosa. The hOECs were purified and cultured in serum‐free 

media that contained neurotrophin‐3. In this publication the investigators were able to 
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transplant the cultured hOECs into the injury site of the damaged spinal cord of the model 

rat. Six weeks after the transplantation the mouse began to exhibit locomotor and 

histological improvements. This was shown by the mouse’s progression in its hind limbs 

movability and a significant reduction in the lesion site (Gorrie et al., 2010). Importantly 

hOECs are able to induce axon regeneration and reduce astrocytic gliosis (scarring) (Gorrie 

et al., 2010) as well as regenerate myelin sheaths around demyelinated axons in mammalian 

CNS (Chiu et al., 2009). This is essential for the development of these therapies as 

demyelination is a major contributor to further damage of the spinal cord.  

A more recent case further demonstrated that OECs can be used for transplantation 

therapies. In this case a 38 year old male had sustained a traumatic transection of the spinal 

cord at T9. This resulted in a complete chronic spinal cord injury. The treatment involved 

the removal of one olfactory bulb to obtain an OEC and fibroblast culture. This culture was 

then microinjected above and below the spinal cord lesion. After 19 months the patient did 

not report adverse effects from the procedure and no anosmia. In this case the patient 

eventually presented partial functional recovery of his lower limbs and regeneration of 

efferent and afferent fibres (Tabakow et al., 2014). 
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1.7 S100β-DsRed and OMP-ZsGreen transgenic mice for 

visualisation of the olfactory system. 

Current understanding of the olfactory system has greatly been determined by examining 

olfactory cells via expression of specific cellular markers. The unambiguous identification 

of olfactory neurons and associated glia would further our understanding of the olfactory 

system and allow for more in-depth investigations of in vivo assays. The ability to visualise 

these cells is essential for understanding the interactions between cell types and cellular 

physiology. This includes the migration and guidance of axons, and how they interact with 

the associated glia, as well as phagocytic properties olfactory cells may exhibit.  

To unambiguously identify olfactory neurons and glia both in vivo and in vitro we have 

used previously generated lines of transgenic mice, S100β-DsRed and OMP-ZsGreen 

(Windus et al., 2007, Windus et al., 2010, Ekberg et al., 2011, Windus and Chehrehasa, 

2011). S100β-DsRed derived from the previously used S100β-EGF line by replacing the 

EGFP with DsRed. The S100β-DsRed line of transgenic mice provides outstanding and 

clear visualisation of glia cells, including OECs, both in vivo and in vitro. It has also 

enhanced the manner in which we study differences between distinct sub-populations of 

OECs as well as their interactions with olfactory neurons. 

Past publications have used the OMP-GFP mouse line to visualise olfactory axons (Potter 

et al., 2001). It has been found however that OMP-GFP is susceptible to fading (Ekberg et 

al., 2011). Hence we have used the OMP-ZsGreen line in its replacement to visualise 
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olfactory neurons. OMP (Olfactory Marker Protein) is involved in signal transduction and 

is essential in the maturation process of olfactory neurons (Lee et al., 2011). It is expressed 

by mature olfactory neurons and is hence used as a marker for these cells (Margolis, 1972). 

For this reason the promoter of OMP has been used to drive expression of ZsGreen in the 

OMP-ZsGreen transgenic mice. The expression of ZsGreen has been shown to have high 

specificity for olfactory neurons (Ekberg et al., 2011). The fluorescence of the ZsGreen 

protein is less affected by fading than GFP and as a result, remains fluorescent for longer.  

In order to provide a better model for studying the olfactory system a cross was developed 

of S100β-DsRed x OMP-ZsGreen. With the cross of both strains it is possible to study 

interactions between olfactory neurons and glia cells with exceptional detail that is not 

achieved with antibody markers. 

 

 

 

    

 

 

 

Figure 1.8: S100β-DsRed and OMP-ZsGreen in mice. A) Live mouse pup that shows the 

ZsGreen expression within the olfactory system and DsRed (red) expression that can be 

seen through the thin skin of the mouse. B) Sagittal section of a mouse pup olfactory 

system. Bright ZsGreen expression highlights the olfactory mucosa (OM) and the olfactory 

bulb (OB)   
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1.8 Aims

The project looked into the initial establishment of the olfactory nerve and the events that 

occur during the convergence between the nerve and the olfactory bulb.  Transgenic mice 

were utilised to obtain high quality images, which allowed study of the interaction of 

neurons and glia. The following aims apply to the studies performed in this project, these 

are to investigate: 

1. The events that lead to the initial establishment of the olfactory nerve.

 Using OMP-ZsGreen expressing mice, determine the time-point of

the first appearing olfactory neurons.

 Determine the initial out-growth of olfactory axons through the

epithelial basement membrane.

 Determine and visualise the initial establishment of the migratory

mass.

 Determine the initial contact between the extending olfactory axons

and the presumptive olfactory bulb.

 Visualise the initial interactions between OECs and olfactory axons

that lead to the formation of fascicles.

 Visualise the progression of the nerve fibre layer.

2. What cellular events occur during the formation of the nerve fibre layer.

 Determine why axons are able to sometimes over-extend into the

deeper layers of the olfactory bulb.
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 Determine why OECs stop within the nerve fibre layer. 

 Determine why olfactory bulb cells do not cross into the nerve fibre 

layer. 

 Identify the role of a S100β-DsRed positive cell niche found within 

the olfactory bulb during early embryonic development (~E11-E17). 

 Identify (if any) chemical means by which these OECs remain within 

their designated region. 

  

3. What happens to axons that extend too deep into the olfactory bulb and what cells 

help maintain a healthy environment within the olfactory bulb. 

 By utilising OMP-ZsGreen expression follow over-extended axons 

into the olfactory bulb’s deeper layers. 

 Visualise the progress of axon degradation within the olfactory bulb. 

 Demonstrate how radial glia help maintain a clean environment 

following axon degradation. 
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1.9 Relevance of study  

Due to its unique abilities, the olfactory system has become a valuable tool for 

understanding neuroregeneration and neurodevelopment. As this system regularly 

undergoes neurogenesis the present project questions how these events take place and how 

this function may be utilised to develop better treatments for neurodegenerative diseases 

and spinal cord injuries. Research has shown that as olfactory neurons project their axons to 

the olfactory bulb they are met by OECs that guide their migration and help sustain the 

environment required for nerve growth. Though this is now well known, the details of what 

happens when the olfactory nerve meets the olfactory bulb remains elusive. Many questions 

can be raised about the complex cellular interactions that occur during this event. For 

example, what cells are involved and how are they mediated? As olfactory axons first make 

their way to the developing olfactory bulb to merge with the central nervous system, they 

are sometimes mis-targeted, which results in over-extending axons that require pruning. 

The delicate environment of the olfactory bulb needs to be maintained so how does the 

olfactory bulb adapt to this and what cells are involved? These are examples of questions 

that need to be answered to properly understand how the olfactory nerve integrates with the 

olfactory bulb. To further the advancement of spinal cord injury therapies based on insights 

from the olfactory system, we must observe all the different events that take place during 

PNS and CNS convergence, and study how the mechanisms responsible may be applied. 

Being able to create the most suitable environment for axon connectivity is crucial. The 

olfactory system is capable of doing this and thus plays a critical role in developing these 

treatments. Most importantly however is to understand how cells within the olfactory 

system interact with each other during the integration between the PNS and the CNS.  
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2. Materials and methods 

2.1 Solutions preparations  

2.1.1 Disodium Ethylene Diaminetetraacetic Acid (EDTA) – for 

decalcification  

Firstly 25 g of NaOH was dissolved into 600 ml of dH2O. Once fully dissolved 200 g of 

powdered EDTA was dissolved into the mixture. At times it was necessary to use a 

small amount of heat to aid in the dissolving of the EDTA. Following this 200 ml of 0.5 

M sodium phosphate buffer solution, which is made up to 156 ml Na2HPO4 and 44 ml 

of NaH2PO4, was added to the mixture. The mixture was adjusted to pH 7.4 and 

brought to a final volume of 1 L with dH2O. The solution was stored at room 

temperature.  

 

2.1.2 10x (PBS) solution  

To make 1 L, 2.62 g of 1.9 mM NaH2PO4.H2O was added to 14.42 g of 8.1 mM 

Na2HPO4.H2O along with 90 g of 0.154 M NaCl. The solution was then brought to 1 L 

by adding dH2O and finally adjusted to pH 7.35  

 

2.1.3 1x PBS + 0.1% sodium azide in 30% sucrose – for storage  

0.3 g of sodium azide was added to 300 ml 1x PBS stock solution. Following this, 90 g 

of sucrose was dissolved into the mixture. The solution was stored at 4 ºC.  
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2.1.4 PBS triton  

Triton X-100 at 0.1 % was added to 1x PBS stock solution and stored at room 

temperature.  

 

2.1.5 4% Paraformaldehyde (PFA) fixative – for tissue fixation  

Firstly 16 g of powered PFA was weighed with a toxic balance in a fumehood and 

added to 400 ml of 1x PBS. While it was stirring with a magnetic stirrer the mixture 

was heated on a hot plate in the fumehood, until it reached 55 ºC. 1-2 drops of 10 M 

NaOH was patiently added to the solution while it continued to stir. Once the solution 

turned clear and all the PFA dissolved the mixture was adjusted to pH 7.35, always 

assuring the mixture does not exceed 55 ºC. The mixture is then finalized by filtering 

and stored at 4 ºC. 
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2.2 Animal and tissue preparation for chapter 3-4   

2.2.1 Animal strains 

We used a line of transgenic mice that express the following: (1) OMP-ZsGreen in 

which olfactory neurons selectively fluoresce green (Ekberg et al., 2011; Windus et al., 

2011; Windus et al., 2010) and (2) S100β-DsRed in which glia cells selectively 

fluoresce red (Windus et al., 2007). 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. 

 

2.2.2 Generation of immortalised mOEC-GFP cells 

Cultures of mOEC-GFP cells were plated for the OECs monolayer. Cells were obtained 

from GFP-expressing mice (C57BL/6-Tg (ACTB-EGFP)1Osb/J, Jackson Laboratory, 

Bar Harbor, USA). Cells were plated onto wells pre-coated with Matrigel basement 

membrane (1:10) and incubated in media containing Dulbecco’s modified eagle 

medium (DMEM, Gibco), 10% fetal bovine serum, G5 supplement (Invitrogen), 

gentamicin and L-glutamine at 37°C in 5% CO2.    

 

2.2.3 Tissue preparations 

To harvest embryos, pregnant mice were euthanased by cervical dislocation, embryos 

were removed and decapitated. The tissues were fixed in 4% paraformaldehyde (PFA) 

in phosphate-buffered saline (PBS) for 1 h at room temp, then cryoprotected in 30% 

sucrose in PBS with 0.1% azide at 4 ºC. Heads were mounted in embedding matrix 

(O.C.T, Tissue-Tek) and snap frozen by immersion into 2-methyl butane which had 
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being cooled with liquid nitrogen. Serial sagittal or coronal sections (30 μm) were cut, 

mounted on Menzel-Glaser SuperfrostPlus microscope slides and stored at -20 ºC 

before processing for immunochemistry.  

 

2.2.4 Isolation of barrier cells and control glia 

Barrier cells and control brain glia were harvested from S100β-DsRed embryos at E13.5 

(n=8). The embryos were euthanized by cervical dislocation after being removed from 

the mother.   Harvest was performed by carefully removing the deep layers of the 

olfactory bulb and guided by S100β-DsRed expression. The dissection was performed 

using a fluorescent dissecting microscope (Olympus SZX16) and very fine forceps were 

used to remove excess tissue around the olfactory bulb. The bright fluorescent DsRed 

cells were then removed as a singular piece of tissue. Tissue was minced and plated 

onto a monolayer of immortalised GFP-expressing OECs (as previously described). Cell 

preparations from eight different animals were separately isolated. 

 

2.2.5 Animal numbers 

Table 2.1: Chapter 3 animal numbers 

Chapter 3 

Age Strain Animal number (n) 

E10.25, E10.75, E11,  E11.5, 

E12.5, E13.5, E15.7, E17.5 
OMP-ZsGreen x S100β-DsRed 3 per age 

Chapter 4 

Age Strain Animal number (n) 

E11.5, E12.5, E13.5, E15.7, 

E17.5 
OMP-ZsGreen x S100β-DsRed 3 per age 
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2.3 Tissue preparation for chapter 5   

2.3.1 Animal strains 

We used several previously generated lines of transgenic mice of varied sex: (1) OMP-

ZsGreen mice were generated by random insertion into the genome. The transgene of 

these mice contained the full length 5.5 kb OMP promoter sequence that drove the 

expression of the ZsGreen fluorescent protein. In these mice the olfactory neurons 

selectively fluoresce green (Ekberg et al., 2011; Windus et al., 2011; Windus et al., 

2010); (2) Sox10lacZ/lacZ mice (Sox10
tm1Weg

 knockout) (Britsch et al., 2001), along 

with their respective wild-type littermates. Sox10lacZ/lacZ mice were obtained through 

many generations of backcrossing; (3) S100β-DsRed mice were generated by insertion 

of the S100β-DsRed transgene into the mouse oocyte. The transgene contained a full 

length 9.6 kb promoter sequence that drove the expression of the DsRed fluorescent 

protein. In these mice glia selectively fluoresce red (Windus et al., 2007). 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. 

 

2.3.2 Tissue preparation  

To harvest embryos, pregnant mice were euthanized by cervical dislocation, embryos 

were removed and decapitated. The tissues were fixed in 4% paraformaldehyde (PFA) 

in phosphate-buffered saline (PBS) for 1 h at room temp, then cryoprotected in 30% 

sucrose in PBS with 0.1% azide at 4 ºC. Heads were mounted in embedding matrix 
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(O.C.T, Tissue-Tek) and snap frozen by immersion into 2-methyl butane which had 

being cooled with liquid nitrogen. Serial sagittal or coronal sections (30 μm) were cut, 

mounted on slides and stored at -20 ºC before processing for immunohistochemistry. 

2.3.3 In vitro isolation of radial glia 

Radial glia were isolated from crosses of S100β-DsRed and OMP-ZsGreen mice of both 

sexes at P1 (n=4). The pups were euthanized by cervical dislocation and the inner 

olfactory bulb was removed through suction via a sterile syringe. We used DsRed 

fluorescence (expressed by OECs) to guide the dissection and to ensure the nerve fibre 

layer was left intact. Tissue was minced and plated onto glass coverslip-bottom chamber 

wells (X-well Tissue Culture Chambers, Sarstedt) pre-coated with Matrigel basement 

membrane (1:10) and incubated in media containing Dulbecco’s modified eagle 

medium (DMEM, Gibco), 10% fetal bovine serum, G5 supplement (Invitrogen), 

gentamicin and L-glutamine at 37°C in 5% CO2. Cell preparations from four different 

animals were separately isolated and upon attachment to the basement membrane the 

cells were immediately fixed in 4% PFA in PBS for 5 min and then immunostained.  

2.3.4 Animal numbers 

Table 2.2: Chapter 4-5 animal numbers 

Chapter 5 

Age Strain Animal number (n) 

E12.5, E13.5, E15.5 OMP-ZsGreen 3 per age 

E16.5 Sox10 KO 3 

E16.5 Sox10 wild-type 3 
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2.4 Immunofluorescence  

The sections were sealed with a pap pen and left to dry for 5 min. 1x PBS/0.1 % triton 

was used to wash the sections. The sections were then permeabilised with DMSO for 5 

mins to allow better uptake of antibodies, they were then blocked in PBS triton + 10 

%NDS for 1 hr. Following this, once excess PBS triton + 10 %NDS had being removed, 

1º antibody diluted in 1XPBS triton + 10 % NDS was added to the sections and left at 

RT overnight for incubation. The washing process was repeated 3 times for 5 minutes 

each. The sections were then incubated in 2º antibody diluted in 1XPBS triton at RT for 

3 hrs. Once the 3 hr incubation period was complete the sections were washed again and 

finally mounted with DAPI mounting media, covered with cover slips and sealed with 

nail polish. Sections where then stored in 4 ºC for analysis. 

 

2.4.1 Antibody characterisation  

Immunochemistry was performed on tissue sections and cell cultures as previously 

described (Chehrehasa et al., 2012). The following primary antibodies were used. 

Rabbit anti-brain lipid binding protein (BLBP) antibody which has been previously used 

as a marker for radial glia in the developing brain (Anthony et al., 2004) and is also 

expressed by olfactory ensheathing cells (Chehrehasa et al., 2010; Murdoch and 

Roskams, 2007). Anti-beta tubulin III antibody is highly reactive with neuron beta 

tubulin III and positively stains olfactory neurons. Anti-olfactory marker protein (OMP) 

antibody has been used extensively as a marker for olfactory neurons. S100β and P75 

are both glia markers that have shown specificity to OECs. Iba1 is macrophage specific 

and so has been used as a verification marker when identifying OECs and other glia. 

Lamp1 was used as a lysosomal marker. Tyrosine Hydroxylase (TH) is specific to 
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dopaminergic interneurons and is important to identifying cells within the olfactory 

bulb. Calretnin and Calbindin are both specific for interneurons and Vimentin is specific 

for radial glia. CS-56 was used to visualise chondroitin sulphate proteoglycan (CSPG). 

The specificity of both anti-beta tubulin III and anti-OMP antibodies were also verified 

by examining their co-expression with the OMP-ZsGreen transgenic mice in which 

olfactory neurons are fluorescent green. 

 

The secondary antibodies used were anti-rabbit Alexa Fluor 647 (10 μg/ml, Invitrogen) 

anti-goat Alexa Fluor 488 (5 μg/ml, Invitrogen), anti-goat Alexa Fluor 594 (5 μg/ml, 

Invitrogen), anti-chicken biotin (10 μg/ml, Abcam) and streptavidin 647 (10 μg/ml, 

Invitrogen) as a tertiary antibody. Cell nuclei were stained with 4’6-diamidino-2-

pheylindole (DAPI). 
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Table 2.3: Antibody characterisation  

Primary Antibody Host 
Source 

 
Concentration 

BLBP 
Rabbit 

 

Abcam (ab32423) 

 

2μg/ml 

 

Beta tubulin III 
Chicken 

 

Abcam (ab41489) 

 

0.6μg/ml 

 

OMP 
Goat 

 

Wako (019-22291) 

 
0.05μl/ml 

S100β Rabbit 
Dako (040908) 

 
1:200 

P75 Rabbit BioLegend (PRB-608P) 1:200 

CS-56 Mouse Sigma-Aldrich (C8035) 
2μg/ml 

 

Iba1 Rabbit Wako (019-19741) 1:200 

TH Mouse 
Immunostar (22941) 

 
1:500 

Calretnin Goat Swant (CG1) 1:500 

Calbindin Mouse Biosensis (M976-100) 1:250 

Vimentin Mouse Sigma (V6630) 1:100 

*Concentration can be obtained from the provider. Where dilutions are indicated, full 

concentration was not available. 

 

2.5 Image Capture 

Confocal images were taken using an Olympus FV1000 microscope and processed on 

FV10-ASW 3.1 Viewer software. Epifluorescent images were taken on a Ziess 

AxioImager Z1 with images merged to form mosaic view of the larger field of view. 

Brightness and contrast were adjusted using the FV10-ASW 3.1 Viewer software, 

AxioVision software and ImageJ 1.40g software. Image panels were created by using 

Adobe Illustrator CS5 15.0.2, and schematics on Adobe Photoshop CS3 10.0.1. 
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3. The establishment of the olfactory nerve 

 

3.1 Abstract 

The inability to successfully promote the repair of lost neural connections is one of the 

major complications with developing therapies for spinal cord injuries and 

neurodegenerative diseases. This is usually due to the creation of an unfavorable 

environment for neural growth. As a way to study how this can be resolved, 

investigators have turned to the olfactory system due to its remarkable ability to 

undergo constant neuroregeneration. This is usually in response to nasal infection or as 

a result of toxin inhalation. In this project we look into the events that lead to the 

establishment of the olfactory nerve in embryonic mice. To achieve this, a previously 

developed line of mice was utilized. These mice allow the detailed visualization of 

olfactory neurons and the supporting glia. This is possible due to the expression of the 

fluorescent ZsGreen protein via the OMP promotor by primary olfactory neurons. 

Similarly glia are visualized by the expression of DsRed protein which in this case is via 

the S100β promotor. The expression of these markers has allowed for detailed study of 

the olfactory system both in vivo and in vitro.  We have successfully highlighted the 

initial growth of olfactory neurons and demonstrate the fasciculation of their axons in 

response to interactions made with the supporting glia. In this case the glia are olfactory 

ensheathing cells (OECs) which encase olfactory axon fascicles through their entire 

path to the olfactory bulb. We also highlight the first contact made with the presumptive 

olfactory bulb and the progression of the nerve fibre layer. 
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3.2 Introduction 

Throughout adult life olfactory neurons have the capability to regenerate following 

neural apoptosis. The new neurons project their axons to the olfactory bulb facilitated 

by olfactory ensheathing cells (OECs) (Graziadei & Graziadei, 1979; Mackay-Sim & 

Kittel, 1991).The turnover of olfactory neurons is constantly occurring as a manner of 

maintaining the neural pool that provides the nerve connection between the olfactory 

epithelium in the peripheral nervous system and the olfactory bulb in the central 

nervous system. As a consequence of this ability the olfactory system has become a 

high interest area of research for studying the mechanism of neurogenesis with the aim 

of developing neuroregeneration therapies that promote axon growth (Ramer et al., 

2004; Ramon-Cueto & Nieto-Sampedro, 1994).  

 

During the development of the olfactory system there are many events that lead to the 

final functional system. To study these events several techniques can be utilized. 

Commonly used methods rely on the specificity of antibody markers for olfactory 

neurons and glia, including anti-BLBP, anti-S100β, anti-p75 neurotrophin receptor 

(p75ntr) and anti-GFAP. However these markers do not always provide sufficient 

resolution of cellular detail and the immunolabelling intensity can vary with 

developmental age.  Also anti-S100β and anti-p75ntr do not label inner OECs, and anti-

BLBP is a marker for radial glia (as well as OECs) which may complicate imaging 

when studying the bulb during development. Many of these antibodies also fade faster. 

For these reasons two transgenically modified mouse lines were developed to provide 

highly specific and unambiguous ways to detect and visualize both olfactory neurons 

and glia. (Ekberg et al., 2011).  



Chapter 3:   48 
 

 

To understand the mechanisms that control neural connectivity Potter et al (2001) 

investigated how axon pathways were organized and established. This was achieved by 

constructing a line of mice in which the olfactory marker protein (OMP) coding 

sequence was replaced by green fluorescent protein (GFP) (Potter et al., 2001). OMP is 

expressed by olfactory neurons during development and in adult. OMP protein is 

expressed at low levels, if at all, in immature olfactory sensory neurons, and becomes 

more strongly expressed as the neurons mature. In the OMP-GFP mice, the GFP is 

detected in the more mature olfactory sensory neurons, while it is not detected in the 

immature neurons. OMP protein is critical for proper electrophysiological activity 

(Youngentob & Margolis, 1999) and in its absence primary olfactory neurons reduce 

their response to odorant stimuli (Buiakova et al., 1996). St John and Key (2005) also 

reported that the loss of OMP resulted in the exuberant outgrowth of olfactory axons (St 

John & Key, 2005). Though these OMP-GFP mice have provided excellent results, the 

deletion of OMP protein makes them unsuitable for developmental studies examining 

normal cellular processes (St John & Key, 2005), and the  susceptibility of GFP to 

fading makes them unsuitable for live cell in vitro imaging studies (Ekberg et al., 2011). 

For this reason we have utilized the transgenic OMP-ZsGreen mouse line where the 

5.5kb OMP promoter drives the expression of ZsGreen (Ekberg et al., 2011), and 

endogenous OMP gene is unaltered. OMP-ZsGreen mice have been shown to give 

highly detailed images of olfactory neurons and their axons, and enables enhanced 

visualization of olfactory development.  

 

OMP-ZsGreen expression has allowed us to examine the interaction between olfactory 

neurons and other cells within the olfactory system. Olfactory ensheathing cells (OECs) 
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promote axons extension and targeting by providing specific growth promoting factors 

(Doucette, 1990; Tisay & Key, 1999; Woodhall, West, & Chuah, 2001). Therefore, to 

better understand the development of the olfactory system and the interactions between 

olfactory neurons and OECs, S100β-DsRed mice crossed with OMP-ZsGreen were used 

(Ekberg et al., 2011; Windus, Claxton, Allen, Key, & St John, 2007). S100β-DsRed 

mice strongly fluoresce the OECs red by expression of the Discosoma species red 

fluorescent protein (DsRed) which is driven by 9.6kb of the human S100β promoter 

gene. The S100β promoter gene has been used in the past to observe glia within 

neuromuscular junctions by inserting the gene upstream of the fluorescent protein 

(EGFP) coding region to create the S100β-EGFP mouse line. This resulted in labelling 

patterns within different subsets of glia, neurons, macrophages and dendritic cells and 

confirms that the human S100β promoter gene can regulate the expression of receptors 

in transgenic mice (Zuo et al., 2004).  The S100β promoter gene has been further used 

to create the S100β-DsRed transgenic mouse line that has been used in this report. The 

S100β-DsRed mouse line was created by digesting the pS100β-EGFP vector to remove 

the GFP tag and replace with the DsRed fluorescent protein from the pDsRed-Express 

vector (Windus et al., 2007).   
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3.3 Results 

3.3.1 OMP-ZsGreen and S100-DsRed are expressed throughout 

the primary olfactory system 

In this study we used OMP-ZsGreen expression to investigate the early development of 

the olfactory nerve. To demonstrate the intensity of OMP-ZsGreen expression in mice 

we imaged whole-mount heads with skin and fur removed. Bright green fluorescence 

was witnessed throughout the mouse olfactory system (Fig 3.1 A and G). It allowed us 

to clearly identify the turbinates (Fig 3.1 B, arrow) that house the olfactory mucosa. The 

olfactory bulb was also highly visible (Fig 3.1 A OB). To obtain highly detailed images, 

sagittal sections of whole-mount heads were imaged (Fig 3.1 B). With bright OMP-

ZsGreen expression we are able to clearly identify the division between the olfactory 

mucosa and the olfactory bulb (Fig 3.1 B dotted line). Also visible are the turbinates 

(Fig 3.1 B arrows), the vomeronasal organ, (Fig 3.1 B arrowhead) and the accessory 

olfactory bulb (Fig 3.1 B and D, AOB). Coronal sections of the adult mouse (Fig 3.1 C) 

revealed that OMP-ZsGreen enables us to visualize the olfactory neurons that line the 

olfactory epithelium (Fig 3.1 C arrow). The turbinates are identified by their spiral 

shape. Along the medial aspect of the nasal cavity is the nasal septum, which houses 

epithelial tissue as well as lamina propria. The olfactory bulb is clearly evident (Fig 3.1 

C OB) and is surrounded by axons of the nerve fibre layer. In the olfactory bulb axons 

brightly fluoresce green and can be visualized with very high detail in the nerve fibre 

layer (Fig 3.1 E). In embryonic mice as young as E10.75 the olfactory system can 

already be visualized due to OMP-ZsGreen expression (Fig 3.1 F arrow).                
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Figure 3.1: OMP-ZsGreen/S100β-DsRed expression in mice. (A) Whole-mount adult 

mouse head (P21) showing the visibility of the olfactory system due to the high 

expression of OMP-ZsGreen. The olfactory bulb (OB) is well presented. The eyes 

expressed DsRed due to S100β expressing Muller cells (Zayas-Santiago et al., 2014). 

(B) Sagittal section of a whole-mount adult mouse head (P21) displaying the division 

between the olfactory bulb (OB) and the olfactory mucosa (OM) that consists of the 

olfactory epithelium and the lamina propria. The epithelium and the lamina propria are 

located in the spiral shaped turbinates. Also present is the vermonasal organ 

(arrowhead) and the accessory olfactory bulb (AOB) (Ekberg et al., 2011). (C) Coronal 

section of adult mouse head (P21) showing the structural layout. Image is divided into 

the CNS which houses the OB and the PNS which houses the olfactory mucosa. The 

nasal septum (S) is also indicated as is the nasal cavity (NC). (D) Posterior view of the 

adult (P21) accessory olfactory bulb (AOB) and the olfactory bulb (OB). S100-DsRed 

OECs populate the AOB. (E) Olfactory bulb and surrounding nerve fibre layer (NFL) in 

E13.5 mouse. F) E10.75 mouse embryo showing the development of the olfactory 

epithelium (arrow) and the telencephalon (T). (G) Mouse pup (P1) highlighting the 

expression of both OMP-ZsGreen and S100-DsRed. Arrow highlights the olfactory 

mucosa and the arrowhead indicates the olfactory bulb. Muller cells of the eyes also 

expressed S100β-DsRed. 

 

Coronal sections of the mice heads highlighted expression of both ZsGreen and DsRed 

within the olfactory mucosa and in the olfactory bulb (Fig 3.2 A-C). In the mucosa 

olfactory neurons were clearly visualized in the epithelium (Fig 3.2 E OE) with 

dendrites protruding into the nasal cavity (Fig 3.2 E arrow). Axons were also visualized 

in the lamina propria after they had projected from the epithelium’s basal layer (Fig 3.2 
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B and E arrowhead) and extended to the nerve fibre layer (Fig 3.2 B NFL) to terminate 

in their specific glomeruli. DsRed expression showed brightly fluorescent OECs in 

close association with axons both within the lamina propria and in the nerve fibre layer 

(Fig 3.2 A, C). Detailed images of the septum that comprises of the olfactory epithelium 

and lamina propria (Fig 3.2 D-F), revealed the presence of OECs (Fig 3.2 D arrow) as 

they fasciculated axons in the lamina propria (Fig 3.2 F circles). 

High magnification images of the olfactory epithelium showed that ZsGreen provided 

outstanding expression on the somas of the neurons (Fig 3.2 G-I arrow), their dendrites 

(Fig 3.2 H double-headed arrow) and the full length of their axons (Fig 3.2 G-I 

arrowheads). Expression was verified by the co-localization with the anti-OMP marker 

(Fig 3.2 G and I). It was interesting to note however that numerous of OMP-ZsGreen 

neurons were not labelled with the anti-OMP antibody, and that a very small number of 

anti-OMP positive neurons did not express OMP-ZsGreen. High magnification images 

of coronal sections were then used to demonstrate interactions between olfactory 

neurons and OECs. OECs (Fig 3.2 J arrow) wrapped around axons to establish fascicles 

that project to the olfactory bulb (Fig 3.2 J).  We also demonstrate that DsRed cells can 

be isolated from the dissected olfactory mucosa and visualized in vitro using live cell 

time-lapse imaging. In this instance we have shown a still image of live primary DsRed 

positive OECs in vitro where we can see OECs somas (Fig 3.2 K arrow) and their 

filaments (Fig 3.2 K arrowhead).  
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Figure 3.2: OMP-ZsGreen and S100-DsRed expression in images of the olfactory 

mucosa and the olfactory bulb. (A) Coronal sections of mouse olfactory system showing 

the expression of OMP-ZsGreen and S100 DsRed. S100-DsRed expression is high 

within the nerve fibre layer and surrounding axon bundles. The olfactory bulb also 

shows the presence of the glomerular layer (GL). Boxed area is a representation of D-

F. (D-F) High magnification images showing the expression of S100-DsRed in OECs 

(arrow) and how they encase fasciculated axons (dotted circles). These images show the 

olfactory epithelium (OE) and the lamina propria (LP). (G-I) Olfactory epithelium and 

lamina propria showing co-expression of OMP-ZsGreen and the OMP antibody 

marker. Neuron soma (arrow), axons (arrow-head) and dendrites (double-headed 

arrow) are present in high clarity. (J) Axon fasciculation by OECs (arrow) in the 

lamina propria and olfactory epithelium (OE) showing neuron soma. (K) OECs (arrow) 

removed from the lamina propria (in vitro). OECs fluoresce bright red and can be 

studied under live-cell imaging. Arrow-head highlights OEC filament. Scale bar: A-C is 

120 µm, D-F is 60 µm, G-J is 30 µm, and K is 60 µm. 
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3.3.2 Emergence of olfactory neurons and the initial outgrowth 

of OMP-ZsGreen axons from the basal layer 

OMP-ZsGreen was highly expressed in early development during the evagination of the 

olfactory placode. This allowed for visualization of the olfactory neurons that reside 

within the pits of the placode (Fig 3.3 A) and for clear visualization of olfactory axons 

(Fig 3.3 B arrow) and dendrites (Fig 3.3 B double-headed arrow).  

During early development the neurons within the placode pits increased in number and 

shaped the epithelium. Using ZsGreen it was possible to study the first appearance of 

olfactory neurons in high detail. We confirm that the first appearance of olfactory 

neurons occurred as early as E10.25. These neurons resided in a disorganized manner 

within the developing epithelium (Fig 3.3 C arrow) and some along the epithelium’s 

basement membrane (Fig 3.3 C arrowhead). At E10.75 the olfactory neurons appear to 

be present in a more uniformed layer and now project dendrites to the nasal cavity (Fig 

3.3 D double-headed arrow).  Axons (Fig 3.3 D arrow) were also present from this age 

but their growth cones did not penetrate through the basement membrane (Fig 3.3 D 

dotted line) into the lamina propria. Past the basement membrane however we could see 

pioneer neurons within the lamina propria, adjacent to the epithelium (Fig 3.3 D 

arrowhead). At E11 pioneer neurons (Fig 3.3 E) were present in the developing lamina 

propria to establish the migratory mass. At this stage the epithelium housed more 

neurons and immature axons (Fig 3.3 E arrow).  In E12 the population of neurons in the 

epithelium increased. This was also true for their axons which assembled into thick 

fascicles (Fig 3.3 F and G arrows). Anti-brain lipid binding protein (BLBP) antibody 

which has been previously used as a marker for radial glia in the developing brain is 

also expressed by OECs (Chehrehasa et al., 2010; Murdoch & Roskams, 2007).  
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In this study we demonstrate that OECs and olfactory axons interact very early in 

development. S100β-DsRed expression was detected from E11 around olfactory 

fascicles. However, at this stage of development the expression of S100β-DsRed was 

not strong enough to clearly study their interaction (Fig 3.3 F double-headed arrow). 

Using anti-BLBP antibody we were able to reveal OECs surrounding the axons (Fig 3.3 

F and G dotted circles). OEC expression of BLBP coincided with fascicle formation this 

which showed that axons fasciculated at the same time as the first detection of OECs.  

 

At E11.5 there was a noticeable increase in the number of axons that extended through 

the mesenchyme (Fig 3.4 A and B asterisk), where they sharply turned at approximately 

the same distance from the epithelium and in the same direction (Fig 3.4 B arrow). The 

axons subsequently fasciculated into axon bundles that helped establish the olfactory 

nerve. As the initial axons migrated into the underlying mesenchyme they were joined 

by small a population of pioneer neurons (Fig 3.4 B and C arrowheads).  The axons, 

pioneer neurons and several other cells made up the migratory mass (Fig 3.4 C-E MM). 

Anti-BLBP marker highlighted OECs that appeared within the migratory mass (Fig 3.4 

D-E arrow). Here the OECs wrapped around the axons as they form axons fascicles that 

extended to the olfactory bulb. These  results highlight the initial outgrowth of olfactory 

axons in a detailed manner that has not been presented and the presence of OEC during 

the first stages of axon fasciculation where they are required for axons guidance.   
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Figure 3.3: Early developing of the olfactory epithelium and olfactory axons. (A) 

E10.75 sagittal section of mouse embryo. The placode begins to evaginate, revealing 

the developing olfactory epithelium (OE). ZsGreen expression allows for visualization 

of olfactory neuron bodies within the OE. Beneath the OE lies the mesenchyme (Ms). 

Dotted box highlights the higher magnified region shown in  D. (B) ZsGreen expression 

shows the olfactory neuron bodies within the OE (double-headed arrow). Dendrites and 
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axons within the lamina propria (LP) were visualised in high detail due to the ZsGreen 

expression. (C) E10.25 embryonic olfactory epithelium (OE) containing very few 

ZsGreen neurons and no axons entering the mesenchyme (Ms). (D) E10.75 embryonic 

OE containing olfactory neurons. Dendrites (double-headed arrow) are extending to the 

nasal cavity. Axons (arrow) remain within the epithelium and do not cross the basement 

membrane. Pioneer neurons (arrowhead) are also present in the mesenchyme (Ms).(E) 

E11 embryonic OE contains more axons passing into the mesenchyme (arrow) and 

more pioneer neurons (arrowheads). (F, G) Many more axons are now present (arrows) 

as well as DsRed positive OECs.  BLBP positive OEC surround fasciculated axons 

(dotted circle).  Scale bar: A is 80 µm., B and D is 20 µm., C, E and F is 40 µm., and G 

is 50 µm. 

 

 

Figure 3.4: Axon fasciculation in early embryonic development (E11.5) and initial 

outgrowth of the migratory mass. (A) Axons extend from the olfactory epithelium (OE) 

and are fasciculated (asterisk) in the lamina propria (LP).  (B) As axons penetrate into 

the lamina propria from the olfactory epithelium (OE) they sharply turn to join the pre-
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established fascicle (asterisk). In this case axons are part of the migratory mass (MM). 

As the migratory mass extends to the presumptive olfactory bulb axons are joined by 

pioneer neurons (arrow-head). (C-E) E11.5. The migratory mass extending to the 

presumptive olfactory bulb. Pioneer neurons are indicated by the arrow-head. OECs 

(axons) are also present and are encasing migratory mass axons bundle. Scale bar: A 

and B is 30µm, and C-E is 60 µm.      

3.3.3 Convergence of axons in the nerve fibre layer with OECs 

In E11.5 embryos axons have made their way to the developing olfactory bulb (Fig 3.5 

A OB). During this time many pioneer neurons, belonging to the migratory mass were 

still present (Fig 3.5 A arrow-head). As they reached the olfactory bulb they 

subsequently contributed to the development of the NFL. The layers of the olfactory 

bulb, including the NFL, GL and EPL began to appear more defined following the 

increase in axons that extended to the olfactory bulb (Fig 3.5 E GL, EPL). At this stage 

of development it is easy to detect individual glomeruli within the GL of the olfactory 

bulb (Fig 3.5 E dotted circle) where axons have begun for establish synaptic 

connections with higher order neurons. S100β-DsRed expression also highlighted the 

presence of OECs within the outer NFL and inner NFL as they facilitated axons to 

target their receptor specific glomeruli (Fig 3.5 C arrowhead iNFL, oNFL).  
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Fig 3.5: DsRed and ZsGreen expression in the NFL. (A) Axons from the olfactory 

mucosa (OM) extending to the olfactory bulb (OB) (arrow). (B) NFL of the bulb and 

glomeruli (arrow) in the glomerular layer. (C, E) Postnatal mouse bulb highlighting 

ZsGreen expression of axons in the NFL and GL with the presence of OECs 

(arrowhead) in both the inner NFL (iNFL) and outer NFL (oNFL). (D) High 

magnification image of glomeruli (dotted circle)where axons express ZsGreen. External 

plexiform layer, EPL. Scale bar A and D N/A, and B, C and E is 100 µm.      
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3.4 Discussion 

In this study we investigated the ability to use OMP-ZsGreen and S100-DsRed 

expressing mice to study the early outgrowth of the olfactory nerve. We showed that 

due to the high clarity and exceptional brightness of ZsGreen we were able to visualize 

several time points in development that subsequently resulted in the convergence 

between the olfactory nerve and the developing olfactory bulb, more specifically, the 

connections between the primary axons in the PNS and the second order neurons in the 

CNS. Though the use of OMP-ZsGreen has been described in the past (Ekberg et al., 

2011)  we show here for the first time its use in studying the early development of the 

olfactory system and our ability to visualize individual axon as they penetrate the 

basement membrane of the olfactory epithelium.  

 

OMP-ZsGreen has been used previously and has been defined as being very stable and 

fade resistant. These qualities make it a great tool when performing studies under harsh 

settings, for example high laser intensity and long exposure times when imaging under a 

confocal microscope to obtain highly detailed images. In this case its brightness and 

unambiguity allowed us to distinguish different specific parts of the olfactory nerve.  

Potter et al (2001) describes the use of the OMP-GFP mouse line to study the 

mechanisms of neural connectivity. This mouse line was created by replacing OMP 

with GFP (Potter et al., 2001). However, studies on OMP deletion have shown that the 

absence of OMP can have detrimental effects on olfactory neuron physiology including 

a change in electrophysiological activity (Youngentob & Margolis, 1999), a reduction in 

response to odor stimulation (Buiakova et al., 1996) and the exuberant outgrowth of 

axons (St John & Key, 2005). OMP-GFP has also been shown to fade quickly when 
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imaged with confocal and epifluorescent microscopy (Ekberg et al., 2011). When 

examining axon extension, normal endogenous OMP expression is necessary. For these 

reasons we have used the transgenic OMP-ZsGreen mouse line in which the 

endogenous OMP gene is unaffected and a transgene driving expression of the ZsGreen 

protein under the control of the OMP promoter is inserted into the genome.  

Investigating the early growth of the olfactory neurons allowed us to distinguish 

dendrites and individual axons. Interestingly we observed that OMP-ZsGreen 

expression was at times miss-matched with the OMP marker (Ekberg et al., 2011). In 

younger embryonic mice ZsGreen was very bright and could be seen before the anti-

OMP antibody could detect the OMP protein. ZsGreen also allowed us to see immature 

neurons where the anti-OMP antibody does not typically detect the OMP protein. 

Ekberg et al (2011) highlighted the discrepancy between ZsGreen expression and the 

detection of the OMP protein by the anti-OMP antibody. It was demonstrated that 

approximately (25.8 ± 0.5%) of ZsGreen neurons were not detected by the anti-OMP 

antibody (Ekberg et al., 2011). Immature olfactory neurons that were labelled by anti-

GAP43 antibodies also expressed ZsGreen protein (Nazareth et al., 2014) indicating that 

the expression of ZsGreen enabled the visualization of the immature olfactory sensory 

neurons that could not be detected by anti-OMP immunofluorescent labelling.  It was 

also shown that a small number (1.7 ± 0.5%) of anti-OMP positive cells did not express 

ZsGreen (Ekberg et al., 2011). The results presented by Ekberg et al (2011) were 

consistent with the OMP-ZsGreen/anti-OMP labelling that is presented in this report. 

Early studies have used several techniques to report on the early development of the 

olfactory nerve. Light microscopy was used in one such investigation to report on 
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presumptive neurons from E10 and cellular processes that protruded into the underlying 

mesenchyme that closely resembled olfactory axons. This study also describes 

“Schwann cell sheaths” adjacent to the epithelium from E11 (Cuschieri & Bannister, 

1975). This is similar to what is observed in our study. However their use of light 

microscopy did not enable them to specifically visualize olfactory neurons and OECs in 

early development as we do in our study with the OMP-ZsGreen x S100β-DsRed 

transgenic mice. In another early study Marin-Padilla and Amieva (1989) studied 

neurogenesis of the mouse olfactory nerve by electron microscopy and rapid Golgi 

technique. They demonstrated the early association of “sheath” cells (olfactory 

ensheathing cells) with extending olfactory axons and describe the formation of OEC 

conduits where regenerating axons were guided to the developing bulb. In this paper 

they used electron microscopy on 1 μm thick tissue on E11.5 to E12 embryos (Marin-

Padilla & Amieva, 1989). However, they did not examine axon growth prior to E11.5. 

Also OECs were not shown until after E12. In our study we have used thicker tissue (30 

μm) to visualize longer lengths of individual axons and study axon extension from as 

early as E10.25 in OMP-ZsGreen mice.  

 

Though much of this early work has provided a fundamental base that reports on 

olfactory development it lacked the means of observing olfactory axons in more detail. 

We have shown that with OMP-ZsGreen transgenic mice we were able to visualize 

numerous immature olfactory axons prior to the period at which they can be detected by 

the OMP antibody. Due to this we have shown the first immature OMP-ZsGreen 

neurons at E10.25 and axons in the epithelium at E10.75 which coincided with the first 

detection of OECs with anti-BLBP immunohistochemistry and then the expression of 

DsRed. Thus the appearance of OECs at between E10.75 and E11coincides with the 
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emergence of the first axons from the olfactory epithelium. This suggests that the 

extension of axons into the lamina propria requires the presence of OECs, however to 

confirm this would require abolishing the OECs prior to E11. One approach to 

abolishing OECs is to knockout transcriptional factors that regulate the differentiation 

of OECs. For example, the loss of Sox10 reduces the OEC population, but does not 

completely abolish it (Barraud, St John, Stolt, Wegner, & Baker, 2013). However it is 

not yet possible to completely abolish the development of OECs and therefore the role 

of OECs in the initial outgrowth of the olfactory sensory axons, will need to be 

examined in future research. 
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4. Barrier cells form a transient barrier for primary 

olfactory axons and olfactory ensheathing cells in the 

developing olfactory bulb 

 

4.1 Abstract 

The formation of the murine olfactory system involves the fusion of in-growing primary 

olfactory axons and olfactory ensheathing cells with the evaginating telencephalon. The 

expression of various axon guidance signals act to restrict the entry of primary olfactory 

axons into the developing olfactory bulb. However many axons fail to stop at their 

target zone and penetrate the deeper layers of the olfactory bulb. We used the transgenic 

S100ß-DsRed fluorescent reporter line of mice that we previously generated in which 

the human promoter of S100ß drives expression of DsRed mice. In these mice, we have 

identified a transient discrete band of cells within the evaginating telencephalon that 

expresses DsRed protein from E12.5 which we have named barrier cells with respect to 

the behaviour they portrayed. The barrier cells were situated adjacent to the developing 

nerve fibre layer of the olfactory bulb. In regions where the barrier cells were absent or 

low in numbers, olfactory axons penetrated the deeper layers of the olfactory bulb. The 

barrier cells were not reactive to a suite of antibodies against potential marker proteins, 

including anti-S100ß antibodies indicating that the expression of DsRed by these cells is 

a fortuitous occurrence due to the random insertion of the transgene into the genome 

and likely interaction with regulatory elements. In vitro co-culture assays of the DsRed 

barrier cells confirmed that OECs were repelled from the barrier cells. These results 

demonstrate that a transient cell population within the developing olfactory acts as a 

barrier to restrict the entry of primary olfactory axons and OECs into the deeper layers 

of the embryonic olfactory bulb. 
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4.2 Introduction 

The development of the mammalian olfactory system involves the coordinated 

integration of the peripheral and central nervous systems. In the peripheral nervous 

system, olfactory sensory neurons and olfactory ensheathing cells (OECs) arise from the 

olfactory placode in the nasal cavity and project towards the telencephalon (Cuschieri & 

Bannister, 1975). Within the central nervous system, the telencephalon evaginates and 

produces the second order neurons, interneurons and astrocytes that constitute the major 

cells within the olfactory bulb (Treloar HB, 1996). As the cells from the two regions 

merge, there are complex interactions as the various layers of the olfactory bulb are 

established and the cells migrate to their appropriate positions. 

In mice, the olfactory system commences developing around embryonic day 10. From 

E11, the primary olfactory axons and OECs project out from the olfactory placode and 

fuse with the evaginating telencephalon that will form the developing olfactory bulb 

(Treloar HB, 1996; Valverde, Santacana, & Heredia, 1992). The OECs migrate ahead of 

the axons (Tenne-Brown & Key, 1999) and are therefore crucial to the interactions with 

cells within the developing olfactory bulb. However, OECs remain restricted to the 

exterior of the telencephalon where they establish the nerve fibre layer (NFL) to 

facilitate axon sorting (Chuah & Au, 1991; Doucette, 1984; Farbman & Squinto, 1985). 

While the olfactory sensory axons are also initially restricted to the outer layer (where 

the OECs are located) with increasing development, the olfactory sensory axons 

penetrate deeper into the olfactory bulb as they project to the glomeruli where they form 

synaptic connections with the second order neurons (Mombaerts et al., 1996). However, 

not all axons stop at the appropriate zone where glomeruli will form but instead some 

axons project much deeper into the developing olfactory bulb (Chan et al., 2011). This 
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is particularly evident in the later embryonic and early postnatal period when over-

projecting axons are common (Chan et al., 2011; St John & Key, 2003). Chan et al 

(2011) has shown that in young postnatal OMP-ZsGreen mice, axons over-extended 

considerable distances through the external plexiform layer of the olfactory bulb. With 

increasing postnatal age fewer axons were detected in the deeper layers, which 

coincided with the upregulation of inhibitory cues within the external plexiform layer. 

While it is clear that axons can over-project into the deeper layers of the olfactory bulb 

during embryonic and postnatal development, the cells responsible for removing the 

mistargeted axons within the deeper layers has not been determined.  

Why is it that some axons over-project into the deeper layers, while others do not and 

why is it that OECs do not penetrate into the deeper layers of the developing olfactory 

bulb?  To address these questions, we have investigated the cellular events that occur 

during the early development of the olfactory bulb. We have previously generated a 

transgenic fluorescent reporter line of mice, S100ß-DsRed mice (Windus, Claxton, 

Allen, Key, & St John, 2007) in which the human promoter of S100ß drives expression 

of DsRed protein. In these mice, a discrete band of transient cells within the early 

developing olfactory bulb strongly expresses the DsRed protein. The cells are easily 

visible from E12.5 until E15.5 which is the period when the nerve fibre layer is 

forming. We have examined the role of these cells and found that they form a barrier to 

the in-growing axons and OECs that prevents the entry of axons into the deeper layers 

of the olfactory bulb. However, in regions where the barrier cells were absent or in low 

numbers, primary olfactory axons penetrated the deeper layers of the olfactory bulb. 

Our results provide evidence of a population of cells that contributes to the coordinated 

fusion of the evaginating olfactory bulb with the in-growing primary olfactory axons.  
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4.3 Results 

4.3.1 Primary olfactory axons over-extend in some regions of 

the developing olfactory bulb 

Axon over-extension has been shown to occur in the olfactory bulb of embryonic and 

postnatal mice using antibody staining to detect the axons (Chan et al., 2011; Royal & 

Key, 1999; Santacana, Heredia, & Valverde, 1992; Tenne-Brown & Key, 1999). We 

verified that over-extending axons in the early embryos could be visualised in the OMP-

ZsGreen mice using sagittal sections of the OMP-ZsGreen embryonic mice. The 

ZsGreen protein was strongly expressed by the primary sensory neurons and their axons 

from early in development (Fig. 4.1A). The ZsGreen protein provided superior 

visualisation of the trajectory of individual primary olfactory axons (Fig. 4.1B) 

compared to that obtained using immunohistochemistry with antibodies against OMP 

protein (Fig. 4.1C) and thus we could more easily detect the trajectory and fate of the 

over-projecting axons than by using immunohistochemistry.  

 

At E12.5 most axons remained within the nerve fibre layer (Fig. 4.1D and E arrow). 

However many primary olfactory axons projected around the rostral region of the 

developing olfactory bulb.  Some axons over-projected into the deeper layers of the 

olfactory bulb (Fig. 4.1D double-headed arrows). At E13.5, numerous axons in the 

ventral region of the olfactory bulb over-projected (Fig. 4.1E and F double-headed 

arrow). In the rostral-dorsal region fewer axons appeared to over-project. At E15.5, 

over-projecting axons were detected in all regions (Fig. 4.1 G, H double-headed 

arrows).. In addition to the intact axons that were present in the deeper layers of the 

olfactory bulb, there was also numerous punctate accumulations of ZsGreen from the 
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degraded axonal debris  which was present throughout the deeper layers, but was more 

concentrated within the ventricular surface of the olfactory bulb (Fig 1F, H arrowhead).   

The ability to visualise over-extending axons and axon debris with high detail is unique 

to OMP-ZsGreen expression, and such clarity of the axons and the resultant axon debris 

has not been previously reported.. At E17.5, primary olfactory axons projected deeper 

into the bulb from all regions of the nerve fibre layer (Fig. 4.1I arrow), in order to 

commence the establishment of glomeruli. 

         

 



Chapter 4:   72 

Figure 4.1: OMP-ZsGreen axon extension to the olfactory bulb. (A) Sagittal whole 

mount of mouse embryo head. (B) Sagittal cryostat section of E13.5 embryo with OMP-

ZsGreen expression in the primary olfactory axons. (C) Immunostained primary 

olfactory axons with anti-OMP antibodies that coincides with OMP-ZsGreen 

expression. (D and E) The axons along the developing NFL. These axons remain within 

the outer most region of NFL and do not enter deeper into the olfactory bulb (arrow). 

However, axon over-extension can occur (double-headed arrow). (F and H) High 

magnification images of the developing NFL showing axon over-extension (double-

headed arrow) and axon debris (arrow-head). (G) E15.5 embryo head where the NFL 

appears much thicker. Axons are still entering into the deeper layers of the bulb 

(double-headed arrow). The boxed region corresponds to the higher magnification 

image in H. (I) E17.5 mouse embryo head where the NFL has increased in thickness. By 

this stage the glomeruli are visible (arrow). Scale bars: A is 900μm, B-C is 90 μm, D is 

80 μm, E is 70 μm, F is 20 μm, G is 90 μm, H is 30 μm and I is 110 μm, 

4.3.2 Transient barrier cells in developing olfactory bulb prevent 

axon penetration in vivo 

In the S100ß-DsRed transgenic fluorescent reporter line of mice that we previously 

generated (Windus et al., 2007) we observed a discrete band of cells in the early 

developing olfactory bulb that strongly expressed DsRed fluorescent protein (Fig 4.2 A 

and B arrow) with distinct DsRed expression in these cells detected in E13.5 embryos. 

When viewed in the sagittal plane in mice (which co-expressed ZsGreen), the band of 

DsRed cells were restricted to the region of the developing olfactory bulb (Fig. 4.2 C-F) 
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and lay adjacent to the primary olfactory axons and matched the elliptical curvature of 

the developing nerve fibre layer (Fig. 4.2 G and H arrowhead). Sagittal cryostat sections 

also revealed DsRed barrier cells along the rostral aspects of the bulb (Fig 4.3 A and B 

arrow). We further referred to these cells as barrier cells. 

 

The DsRed barrier cells were first detected at E12.5 (not shown). At E13.5, the barrier 

cells formed a distinct barrier along the ventral region where the nerve fibre layer was 

thickest. In these regions, primary olfactory axons did not over-project into the deeper 

layers of the olfactory bulb. However, in discrete regions where the barrier cells were 

absent or in low numbers, primary olfactory axons over-projected into the deeper layers 

of the olfactory bulb (Fig. 4.3 B dotted square).  High magnification imaging showed 

that the axons avoided the barrier cells (Fig. 4.3 C-D arrow head).  

 

At E15, the barrier cells were no longer in contact with the developing NFL but instead 

resided deeper in the olfactory bulb (Fig 4.3 G and H between dotted line). However in 

the dorsal and ventral region, over-extending axons (Fig 4.3 F asterisk) were still seen 

where there were less or no barrier cells present (Fig 4.3 E asterisk). At this age, OECs 

were clearly visible within the NFL by their expression of DsRed (Fig 4.3 E double-

headed arrow). The primary olfactory axons continued to over-extend into the deeper 

layers, but particularly where barrier cells were less numerous (Fig 4.3 J arrow-head, F 

asterisk). In some regions they were completely absent (Fig 4.3 I-J dotted box 2). Where 

barrier cells were present in high numbers, axons scarcely over-extended (Fig 4.3 I-J 

dotted box 1). This further supports the notion that the barrier cells were primarily 

responsible for establishing a barrier for extending axons. 
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OECs were localised within the NFL but appeared much fainter than the barrier cells. In 

E13.5-E15.5 embryos we noted that the OECs and barrier cells did not mix. This was 

more obvious in E15.5 embryos where the barrier cells migrated centrally within the 

bulb. OECs (Fig 4.3 E, G double headed arrow) remained within the NFL and did not 

mix with the barrier cells (Fig 4.3 E, G arrow); between the two cell bands was the 

external plexiform layer (Fig 4.3 G between dotted line).     
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Figure 4.2: Whole mount images of OMP-ZsGreen x S100β-DsRed E13.5 mouse 

embryo. (A and B) Sagittal and coronal views of mouse embryo, highlighting bright 

expression of S100β-DsRed on barrier cells (arrows). (C and D) Sagittal and coronal 

views highlighting the DsRed expression and the olfactory system expressing OMP-

ZsGreen. Dotted box in C corresponds to the higher magnifications views in E and G. 

Dotted area in D corresponds to the higher magnification views in F and H. (E and G) 

Sagittal views highlighting DsRed barrier cells (arrow) and the NFL (arrowhead). (F) 

Coronal view of olfactory bulbs. The barrier cells lie in the medial-ventral region of the 

olfactory bulb, immediately adjacent to the NFL. (H) The NFL (arrowhead) is clearly 

visible adjacent to the DsRed cells (arrows) Dotted line represents division between 

NFL and barrier cell location. Scale Bar: A and C is 1000 μm, B and D is 540 μm, E 

and G is 420 μm, and F and H is 105 μm.     
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Figure 4.3: DsRed cells form a transient barrier for OECs and axons. (A-B) E13.5 

embryo showing the niche of DsRed barrier cells (arrow) that is adjacent to the nerve 

fibre layer (NFL) that is formed by the primary olfactory axons (ZsGreen) and OECs 

(not shown) The border between the NFL and the inner olfactory bulb is represented by 

the solid line. Over-extending axons enter the olfactory bulb where there are few 

barrier cells present (boxed area in B, which is shown in C-D. (C-D) Higher 

magnification images showing over-extending axons (green) penetrating the deeper 

layers of the olfactory bulb. In regions where few barrier cells were present, numerous 

axons over-extended (arrow-head). In regions where DsRed barrier cells were 

abundant and adjacent to the NFL, few axons over-extended (arrow). (E-F) At E15.5 a 

thin layer developed that separated the barrier cells (arrow) from the NFL (arrowhead) 

so that the barrier cells were no longer immediately adjacent to the NFL. The border 

between the NFL and the inner olfactory bulb is represented by the solid line. Dotted-
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lines in E highlights similar region in G and H. (F) In regions where barrier cells were 

absent, numerous axons entered the ventral and dorsal olfactory bulb (asterisk). These 

areas were absent of barrier cells (asterisks in E). (G-H) Olfactory bulb where 

numerous axons penetrated a short distance into the olfactory bulb. (H) Axons (arrow-

head) enter the olfactory bulb to begin the establishment of the glomerular layer. This is 

not the same as over-extending axons as seen in B and D (arrowhead). Barrier cells 

(arrow) and OEC (double-headed arrow) remain in their respective layers. (I-J) High 

magnification image from E13.5 embryo showing the difference between regions where 

there are many barrier cells (dotted-box 1) and where they are absent (dotted-box 2). 

Absent region contains many over-extending axons (arrow-head). (K-L) E15.5 showing 

many axons (arrow-head) entering further into the bulb. At this stage the barrier cells 

are deeper in the bulb. OECs (double-headed arrow) remain in the NFL. Ventricle (V).  

Scale bar: A, B, E and F is 100 μm, C, D, I, J, K and L is 30 μm, and G and H is 40 μm.   

 

4.3.3 Chondroitin sulphate proteoglycans in the olfactory bulb  

We next studied the expression of signalling molecules typically associated with 

cellular attachment and repulsion. Anti-CS-56 is specific to the molecule chondroitin 

sulphate proteoglycans (CSPG) and has been shown to have growth and migration 

inhibitory properties (Tisay & Key, 1999). E12.5 embryo contained DsRed barrier cells 

within the olfactory bulb and OECs in the NFL (Fig 4.4 A). In E12.5 – E14 embryos 

CS-56 was expressed external to the NFL boundary (Fig  4.4 B and C asterisk) and was 

not present in the deeper layers of the bulb where the barrier cells were situated (Fig 4.4 

C, F arrows). By E17, CS-56 was expressed both external to the NFL where it appeared 

within the olfactory nerve, and within the presumptive glomerular layer (Fig 4.4 I 

astrix). At this stage the barrier cells were no longer detected by DsRed expression but 
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the OECs (Fig 4.4 F, J double-headed arrows) in the NFL were encapsulated by CS-56 

expression (Fig 4.4 H, I and K, L astrix). These results demonstrate that though 

chondroitin sulphate proteoglycans appear to have a role in establishing the olfactory 

bulb architecture, they do not seem to be directly associated with the barrier cells           
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Figure 4.4: Chondroitin sulphate proteoglycan expression (anti-CS-56 

immunostaining) in the developing olfactory bulb. (A-C) E12.5, barrier cells in the 

olfactory bulb (arrow) and OECs in the developing NFL (double-headed arrow). CS-56 
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was not expressed by barrier cells but was external to the NFL (asterisk). (D-F) E14, 

CS-56 expression remains external to the NFL (asterisk); CS-56 is also expressed in 

cells deep in the bulb near the ventricle (V). (G)) E17.5, NFL is highly populated by 

OECs (double-headed arrow); barrier cells do not express DsRed and are no longer 

visible. (H-I)CS-56 expression is seen with in the olfactory nerve and in the olfactory 

bulb (asterisk). (I) CS-56 is not expressed within NFL by OECs. Boxed area 

corresponds to L. (J) NFL house mass population of DsRed expressing OECs (double-

headed arrow). (K) CS-56 expression (asterisk) encapsulates the NFL (between dotted 

lines). (L) No CS-56 expression within NFL or by OECs (double-headed arrow). Some 

CS-56 expression is seen surrounding some OECs (arrows). Solid line in A,D,G and J 

represents the border between the NFL and the deeper layers of the olfactory bulb. 

Scale bar: A-F, J-L is 50 μm, G-I is 100 μm.     

4.3.4 Identification of barrier cells 

In an attempt to identify the barrier cells, we examined the expression of a suite of 

potential markers. Firstly we studied the expression of GFAP which has been shown to 

be specifically expressed by astrocytes in adult mice CNS. In this case however GFAP 

was not expressed by the barrier cells. Other markers that were examined included 

BLBP (expressed by glia), Iba1 (expressed in macrophages), TH (dopaminergic 

interneurons), Calretinin (interneurons), Calbindin (interneurons), and Cimentin (radial 

glia) and Vimentin. Unfortunately, the barrier cells did not appear to express any of the 

markers and the identity of the cell type could not be determined.  
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 Table 4.1. Tested antibodies.     

Marker Expression found in DsRed 

section 

Barrier cells 

GFAP Astrocytes No 

BLBP OECs, radial glia No 

S100β OECs No 

P75 OECs No 

Iba1 Macrophages No 

Tyrosine Hydroxylase (TH) Dopaminergic interneurons No 

Calretinin Calretnin+ interneurons No 

Calbindin Calbindin+ interneurons No 

Vimentin Radial glia No 

 

4.3.5 In vitro assays of barrier cells interaction with olfactory 

ensheathing cells 

To study the effect of DsRed barrier cells, we dissected out the olfactory bulbs 

containing the band of DsRed barrier cells from E14 embryos. These olfactory bulbs 

were dissociated into single-cell suspension and plated on a bed of immortalized OECs 

that expressed GFP and brightly fluoresced green (Tello Velasquez et al., 2014). The 

identity of the immortalised OECs has been analysed previously (Tello Velasquez et al., 

2014) but we again confirmed the expression of known markers of OECs by 

immunohistochemistry,  using anti-pP75 (Fig 4.5 A, C and E) and anti-S100β (Fig 4.5 

B, D and F) antibodies. Analyses showed that the immortalised OECs co-localised with 

these markers.  
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From observations made directly after attachment of the DsRed barrier cells we noted 

that the OECs and barrier cells separated into distinct groups and migrated to form 

small niches (Fig 4.6 A, B, D, E ). The two niches of cells were in very close proximity 

to one another and made contact, however OECs and barrier cells never mixed (Figure 

4.6 C, F). As this was similar to what was witnessed in the tissue sections (Fig 4.3). 

This supports the notion that barrier cells had repulsive properties that were likely 

mediated by cell-cell contact. 

 

To verify that this behaviour was specific to the DsRed cells, we isolated tissue from the 

cortex of E14 embryos to use as a control group. This tissue contained several glia 

including astrocytes as they expressed DsRed (Fig 4.6 G-L arrows). In contrast to the 

assays performed using the barrier cells, the dispersed cortical cells did not segregate 

into separate groups. The OEC monolayer remained uniform and the introduced cortical 

glia cells intermixed resulting on a heterogeneous population (Fig 4.6 L). No isolated 

niches were identified. 

 

 

 

 

 

 

 

 

 

Figure 4.5: Immortalized OECs express OEC markers. A, C, E) mOECs (green) 

express p75. B, D, F) mOECs (green) express S100β. Scale bar: A-F is 10 μm. 
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Figure 4.6: OEC and barrier cells did not mix but instead formed clusters that 

remained in close proximity to one another. (A-C) Low and (D-F) high magnification 

images showing that the OECs (double-headed arrows, green) did not mix with the 

barrier cells (arrows, magenta). Small clusters formed for each cell type. The clusters 

remain adjacent to one another. G-I and J-L) Low and high magnification images of 

control group (brain glia co-cultured with OECs). OECs (arrow-head, green) and the 

control cells (arrow, magenta) mixed. Scale Bar: A-C and G-I is 120μm. D-F and J-L is 

50μm. 
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4.4 Discussion 

In this study, we investigated the presence and role of barrier cells that resided adjacent 

to the developing NFL in the olfactory bulb of mice. These cells exhibited properties 

that suggest they play an important role in the establishment of the olfactory bulb by 

providing a physical and chemorepellent barrier for extending axons/OECs and the 

deeper layers of the olfactory bulb. We demonstrated that from the time axons first 

make contact with the olfactory bulb they are met by barrier cells. However, when the 

population of barrier cells was minimal the extending axons did not remain at the NFL 

boundary but instead over-projected to the deeper layers of the bulb.  

To identify the barrier cells, we used known antibody markers that show specificity in 

the olfactory bulb. Firstly BLBP, S100β, p75 and GFAP were used as they have great 

specificity for olfactory glia. Though positive expression of the markers was witnessed 

in many other cell types, including OECs, astrocytes, and radial glia, we did not witness 

expression of the candidate markers in the barrier cells. We next tested Iba1 as it is a 

common marker for macrophages. Results showed Iba1 in macrophages, as expected. 

However it was not present in the barrier cells. Periglomerular and granular 

interneurons (Alvarez-Buylla & Garcia-Verdugo, 2002) regulate the activity of mitral 

and tufted cells, which in turn relay sensory information from the glomerular layer of 

the olfactory bulb to the cortex  (Kohwi et al., 2007). As well as interneurons, astrocytes 

populate the olfactory bulb. Therefore our final attempt to label the barrier cells was to 

use antibodies specific for interneurons and astrocyte precursors. As expected we 

achieved positive labelling on dopaminergic interneurons and precursor cells within the 

ventricular surface. However no expression was witnessed in the barrier cells. At this 

point the barrier cells have not been identified via the antibody specificity. It would be 
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beneficial to further study mRNA expression as proteins may not be expressed, 

specifically looking for patterns that are associated with olfactory development.  We 

further investigated the interactions of barrier cells and OECs by in vitro assays where 

barrier cells were plated onto a bed of OECs. We showed that the barrier cells and 

OECs did not integrate. In fact, both cell types remained with their familiar cell niche to 

form homogenous clusters of OECs and barrier cells. It was clear that barrier cells 

repelled OECs in vitro however it is still unsure if this is the case in vivo. While OECs 

were abutted up to the barrier cells at E13 to E15 it would necessary to perturb the 

expression of the repellent molecules to verify that the barriers cells and their repellent 

molecules prevented the OECs migrating deeper into the olfactory bulb. In vivo results 

showing that barrier cells do not permit axons to enter into the deeper layers of the 

olfactory bulb are correlative at this point. Further experiments are required to verify if 

this is indeed the case. This can be achieved by performing different assays with mixed 

populations of barrier cells, OECs and axons. These results support the notion that a 

barrier is established that may prohibit OECs and axons from entering deeper into the 

olfactory bulb. In order to verify this, further investigations are required to show that the 

chemorepellent molecule is expressed on barrier cells and that the corresponding 

receptor is expressed on both OECs and olfactory axons. 

Previous investigations have demonstrated axon-overextension in both neonatal and 

adult mice (Chan et al., 2011; Royal & Key, 1999; Santacana et al., 1992; Tenne-Brown 

& Key, 1999). Chan et al (2011) demonstrated that the EPL plays an important role in 

inhibiting axon growth in postnatal animals and it was shown that as development 

progressed in neonates the number of over-extending axons was reduced and linked to 

the upregulation of axon growth inhibitory cues (Chan et al., 2011). In this report we 
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have identified a new cell population  that likely provides an inhibitory mechanism that 

prevents axons from over-extending into to the deeper layers of the embryonic olfactory 

bulb before the ELP is properly established.  
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5. Radial glia phagocytose axonal debris from

degenerating over-extending axons in the developing 

olfactory bulb 

5.1 Abstract 

Axon targeting during the development of the olfactory system is not always accurate 

and numerous axons over-extend past the target layer into the deeper layers of the 

olfactory bulb. To date, the fate of the mis-targeted axons has not been determined. We 

hypothesised that following over-extension, the axons degenerate, and that cells within 

the deeper layers of the olfactory bulb phagocytose the axonal debris. We utilised a line 

of transgenic mice that expresses ZsGreen fluorescent protein in primary olfactory 

axons. We found that over-extending axons closely followed the filaments of radial glia 

present in the olfactory bulb during embryonic development. Following over-extension 

into deeper layers of the olfactory bulb, axons degenerated and radial glia responded by 

phagocytosing the resulting debris. We used in vitro analysis to confirm that the radial 

glia had phagocytosed debris from olfactory axons. We also investigated if the fate of 

over-extending axons was altered when the development of the olfactory bulb was 

perturbed. In mice that lacked Sox10, a transcription factor essential for normal 

olfactory bulb development, we observed a disruption to the morphology and 

positioning of radial glia and an accumulation of olfactory axon debris within the bulb. 

Our results demonstrate that during early development of the olfactory system, radial 

glia play an important role in removing over-extended axons from the deeper layers of 

the olfactory bulb. 
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5.2 Introduction 

The primary olfactory system comprises a complex neural network in which primary 

olfactory neurons express one of ~1000 odorant receptors (Buck and Axel, 1991). The 

neurons are mosaically distributed in restricted regions throughout the olfactory 

epithelium. Olfactory axons extend inwards through the lamina propria, where they 

form fascicles and project towards the nerve fibre layer of the olfactory bulb. Upon 

entering the olfactory bulb, axons defasciculate and sort out depending on their receptor 

type (Mombaerts et al., 1996). Here they establish synapses with secondary neurons of 

the olfactory bulb (Au et al., 2002; Malun and Brunjes, 1996). During development of 

this complex topographical map, axon targeting is not always accurate and numerous 

axons project to inappropriate sites within the target layer (Tenne-Brown and Key, 

1999) or over-extend a considerable distance past their target into the deeper layers of 

the olfactory bulb (Chan et al., 2011; Gong and Shipley, 1995; Graziadei et al., 1980; 

Santacana et al., 1992; St John and Key, 2005). While the mis-targeted axons are likely 

to undergo pruning, their fate has not been determined and it is not known which cells 

are responsible for removing the cellular debris from the deeper layers of the olfactory 

bulb.  

 

A critical point of the development of the olfactory bulb is when the developing 

telencephalon fuses with the olfactory nerve. This is generally observed at embryonic 

day 11 (E11) of mouse development (Treloar et al., 1996; Valverde et al., 1992). The 

olfactory nerve consists mainly of primary olfactory axons and the accompanying glia 

of the olfactory system, olfactory ensheathing cells (OECs) (Doucette, 1989; Valverde 

et al., 1992). The OECs penetrate only into the nerve fibre layer, which lines the 
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exterior surface of the developing olfactory bulb, and within this layer the OECs are 

thought to contribute to the sorting and targeting of axons (Chehrehasa et al., 2010; 

Chuah and Au, 1991; Doucette, 1984; Ekberg et al., 2012). The transcription factor 

Sox10, containing the SRY box as HMG-type DNA-binding domain is an important 

factor for embryonic development (Britsch et al., 2001; Herbarth et al., 1998; Kuhlbrodt 

et al., 1998). It has also been found to be an important regulator of the development and 

migration of OECs and loss of Sox10 leads to a reduced OEC population and disturbed 

axon targeting (Barraud et al., 2013). In adult rats, OECs phagocytose the cellular debris 

from degraded olfactory axons that arises during normal turnover of primary olfactory 

neurons (Su et al., 2013). However, as OECs are restricted to the exterior region of the 

olfactory bulb during development, they cannot be responsible for clearing the pruned 

axons that over-extended into the deeper layers of the olfactory bulb; thus, other cells 

must be involved. 

Within the developing olfactory bulb, radial glia project from the centrally located 

ventricle towards the exterior surface of the olfactory bulb. In the cerebral cortex of the 

lizard brain, radial glia contribute to the removal of cellular debris arising from neuronal 

degeneration (Nacher et al., 1999). Hence, we hypothesised that radial glia interact with 

over-extending primary olfactory axons in the developing olfactory bulb, and that the 

radial glia remove the cellular debris that arises when the over-extended axons are 

degraded. 

We have tested this hypothesis in a line of transgenic reporter mice that we previously 

generated, olfactory marker protein (OMP)-ZsGreen mice, in which the OMP promoter 

drives the expression of the reporter fluorescent protein ZsGreen and providing 
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outstanding visualisation of olfactory neurons (Ekberg et al., 2011). We now show that 

in these mice the ZsGreen protein remains intact and strongly fluorescent during axon 

degradation. Our results reveal that the over-extending axons in the developing 

olfactory bulb closely follow the filaments of the radial glia into the deeper layers of the 

olfactory bulb and that the radial glia remove the cellular debris that arises when the 

axons are degraded. We also re-examined the Sox10 knockout mice (Barraud et al., 

2013; Britsch et al., 2001), and found that the radial glia had perturbed morphology and 

that axon debris accumulated within the olfactory bulb. This perturbation of the radial 

glia is likely to contribute to the increased accumulation of primary olfactory axons in 

deeper layers of the olfactory bulb in these mice. 
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5.3 Results 

5.3.1 Olfactory axons over-extend into the developing olfactory 

bulb 

To visualise the trajectory of the primary olfactory axons we used the OMP-ZsGreen 

transgenic line of mice that we previously generated (Ekberg et al., 2011). In these 

mice, ZsGreen fluorescent protein is expressed under the control of the promoter of 

olfactory marker protein (OMP) and thus primary olfactory neurons and their axons 

express ZsGreen (Fig. 5.1A) (Ekberg et al., 2011), however, a few neurons in the 

olfactory epithelium express OMP but not ZsGreen (Fig. 5.1B-C). OMP protein has 

been demonstrated to be expressed during early olfactory development and hence has 

been reliable as a detection tool (Graziadei et al., 1980). In OMP-ZsGreen mice, the 

ZsGreen expression enables easy visualisation of primary olfactory axons as early as 

E10.75 (Fig. 5.1M and N), long before they reach the telencephalon (Miller et al., 

2010). Thus in the OMP-ZsGreen mice, immature as well as mature olfactory sensory 

axons are visualised. After axons reached the telencephalon, the strong expression of 

ZsGreen in primary olfactory axons enabled clear visualisation of the axons that over-

extended past the nerve fibre layer and inappropriately entered the deeper layers of the 

developing olfactory bulb (Fig. 5.1D). Over-extending axons could also be detected 

with OMP immunolabelling, however, the ZsGreen expression provided superior detail 

of the axons (arrow in Fig. 5.1E). Immunolabelling for ß-tubulin III, which is a 

cytoskeleton protein and a neuron-specific marker, showed that almost all neurons 

within the epithelium expressed both ZsGreen and ß-tubulin III (Fig. 5.1F-G). It should 

be acknowledged that OMP-ZsGreen was not expressed in some immature neurons that 
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expressed ß-tubulin III (Fig. 5.1G). However, the ZsGreen expression provided superior 

detail of the axons (Fig. 5.1F, arrow) compared to the ß-tubulin III immunolabelling. 

 

We first confirmed that, during the early development of the olfactory bulb, numerous 

axons over-extended past their target layer, the nerve fibre layer, and projected into the 

deeper layers of the olfactory bulb (arrows in Fig. 5.1J-L). The axons over-extending 

the furthest distance into the deeper bulbar regions appeared to be undergoing 

degeneration, with the degradation products accumulating around the surface of the 

ventricle in the centre of the olfactory bulb (Fig. 5.1J-L, double-headed arrows).  

 

We used immunohistochemistry in an attempt to confirm the origin of the ZsGreen 

fluorescent axonal debris with immunolabelling for OMP and ß-tubulin III, however the 

very fine debris was not labelled by the antibodies (Fig. 5.1E, I, double-headed arrows). 

We concluded that this was likely due to the OMP and ß-tubulin III proteins having 

been degraded more rapidly than the ZsGreen fluorescent protein. However, as the 

primary olfactory neurons and their axons are the only cells that express ZsGreen 

fluorescent protein, the debris in the olfactory bulb must have arisen from the axons.   
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Figure 5.1. Z-stack laser scanning confocal images (LSCM) of over-extending primary 

olfactory axons degrading in deeper layers of the olfactory bulb. Panels show sagittal 

sections of embryonic mouse heads, dorsal is to the top and rostral is to the left. (A) At 
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E15.5, OMP-ZsGreen fluorescence labels primary olfactory neurons lining the 

olfactory mucosa (OM) and their axons that project into the olfactory bulb (OB). Cell 

nuclei are labelled with DAPI (blue); the image is a mosaic of several images. Regions 

similar to those outlined by the dotted squares are shown in B-C and D-E. (B-C) In the 

olfactory epithelium (OE) and ventral nerve fibre layer (NFL), ZsGreen fluorescence 

shows fine detail of the primary olfactory axons (arrow) and co-localises with anti-

OMP immunostaining. (D-E) In the rostral olfactory bulb, primary olfactory axons that 

over-extended past the NFL into the deeper layers of the olfactory bulb expressed 

ZsGreen and were positive for anti-OMP immunostaining; (E) anti-OMP 

immunostaining labelled primary olfactory axons but ZsGreen fluorescence was 

stronger and enabled visualisation of some axons (arrow) and axon fragments (double-

headed arrow) that were not labelled by OMP antibodies. (F-G) ß-tubulin III 

immunostaining co-localised with OMP-ZsGreen fluorescence on primary olfactory 

neurons and their axons (arrow) in the mucosa, (H-I) but did not co-localise with the 

ZsGreen axonal debris (double-headed arrow) situated adjacent to the ventricle (V). (J-

L) During development, primary olfactory axons over-extended past the NFL into the 

deeper layers of the developing olfactory bulb (arrow) and green fluorescent axonal 

debris (double-headed arrow) accumulated in the central region of the olfactory bulb in 

cells lining the ventricle (V). OMP-ZsGreen fluorescence was observed as early as 

E10.75 as shown in the mosaic image in M and the high magnification image of the 

developing olfactory epithelium (OE) in N. Image properties: A: single plane mosaic, 

B-C: 26 slice Z-stack (1.26 μm/slice), D-E: 71 slice Z-stack (0.55 μm/slice), F-G: 47

slice Z-stack (0.55 μm/slice), H: 20 slice Z-stack (1.26 μm/slice), I: 58 slice Z-stack 

(0.51 μm/slice),  J: 28 slice Z-stack (1.26 μm/slice), K: 24 slice Z-stack (1.26 μm/slice), 

L: 19 slice Z-stack (1.26 μm/slice), M: single plane mosaic, N: 59 slice Z-stack (0.19 
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μm/slice). Scale bar is 300 μm for A, 50 μm for B-C, 30 μm for D-E, 20 μm for F-G, 70 

μm for H, 10 μm for I, 60 μm for J-L, 600 μm for M and 20 μm for N.  

 

5.3.2 Axonal debris is phagocytosed by radial glia during 

olfactory bulb development 

The distribution of the ZsGreen fluorescent axonal debris near the ventricle suggested 

that the debris was contained within cells at both E13.5 (Fig. 5.1K) and E15.5 (Fig. 

5.1L) indicating that cells in the region had phagocytosed the debris. During the early 

development of the olfactory bulb, radial glia are the principal cells within that region 

(Puche and Shipley, 2001). To detect radial glia, we used immunolabelling for brain 

lipid-binding protein (BLBP) which is a cytoplasmic protein and a marker for radial glia 

(Feng et al., 1994) (Fig. 5.2A-C). The radial glia were organised in a distinct pattern 

with their cell bodies close to the ventricle and their processes extended towards the 

outer surface of the olfactory bulb (Fig. 5.2D-F). The ZsGreen fluorescent axonal 

fragments clearly co-localised with the radial glia (Fig. 5.2G-L). At E13.5, the 

distribution of the intact olfactory axons and the degradation products followed the 

organisation of the radial glia. Axons were intact in the outer layers of the olfactory bulb 

where the radial glial processes are localised (arrows, Fig. 5.1J-L) whereas accumulated 

degraded axon fragments were found deeper within the bulb, close to the ventricle, 

where the glial cell bodies reside (double-headed arrows, Fig. 5.1J-L). We therefore 

examined the relationship between the over-extending axons and the radial glia in more 

detail. As the axons over-extended into the olfactory bulb, they initially interacted with 

the radial glial processes (Fig. 5.3A-C arrows); as they extended further into the region 

that was densely populated with radial glial cell bodies, the axons became fragmented 
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(Fig. 5.3D-H) and co-localised with the glial perikarya (Fig. 5.3I-K double-headed 

arrows) and absent outside radial glia in this location (Fig. 5.3K arrow). We next used 

antibodies against lysosomal-associated membrane protein 1 (Lamp1) which verified 

that the ZsGreen debris was located within lysosomes of the radial glia (Fig. 5.3L-N 

arrows). These results indicate that the degraded axonal debris was internalised at sites 

distant from the radial glial cell bodies and transported to the perikarya for processing 

within lysosomes and other intracellular compartments.   
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Figure 5.2. Z-stack LSCM images of radial glia and axonal debris accumulating in 

radial glia in the developing olfactory bulb. Sagittal views of the olfactory bulb at E12.5 

(A), E13.5 (B) and E15.5 (C); rostral is to the left, dorsal is to the top in all panels. (A-
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C) BLBP immunostaining (magenta) highlights the presence of radial glia and olfactory 

ensheathing cells. These images also show the progression of the developing olfactory 

system, in particularly the olfactory bulb. (D-F) High magnification images show the 

nerve fibre layer and the radial glia filaments. At this point the external plexiform layer 

and glomeruli layer and not formed. (F) E5.5, the external plexiform layer (EPL) and 

glomeruli layer (GL) are now distinguishable (dotted lines). (G-L) High magnification 

images showing axon debris within the ventricular surface after being internalised by 

radial glia. Image properties: A: 8 slice Z-stack (4.77 μm/slice), B: 4 slice Z-stack 

(30.41 μm/slice), C: 2 slice Z-stack (30.41 μm/slice), D: 61 slice Z-stack (0.51 μm/slice), 

E: 25 slice Z-stack (0.55 μm/slice), F: 22 slice Z-stack (0.55 μm/slice), G and J: 15 slice 

Z-Stack (0.55 μm/slice), H and K: 44 slice Z-stack (0.56 μm/slice), I and L: 65 slice Z-

stack (0.51 μm/slice). Scale bar is 133 μm for A, 200 μm for B, 193 μm for C, 40 μm for 

D, E and F, 9 for G, H and J, K, and 20 μm, μm for I and L. 
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Figure 5.3. Z-stack LSCM images of over-extending primary olfactory axons 

interacting with radial glia filaments and axonal debris in radial glia. (A-C) Over-

extending axons in the olfactory bulb. Images taken adjacent to nerve fiber layer (NFL). 

NFL NFL NFL 

NFL 
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Arrow highlights axon that is extending along a radial glia filament demonstrating 

interaction. (D) Over-extending axons (arrow) are degraded into axonal debris 

fragments (Double-headed arrow). (E-H) Intact axons are indicated by the arrow. Axon 

debris was not continuous with axons (circle). (L-N) Double headed arrow highlights 

axonal debris which is internalised within the radial glia (BLBP positive). (L-N) The 

ZsGreen debris co localised with anti Lamp1 immunostaining (arrows). Image 

properties: A-C: 39 slice Z-stack (0.51 μm/slice), D-H: 30 slice Z-stack (0.51 μm/slice), 

I-K: 10 slice Z-stack (0.51 μm/slice), L-N: 53 slice Z-stack (0.56 μm/slice). Scale bar is 

9 μm for A-C, 30 μm for D, 23 μm for E-H, 9 μm for I-K and 10 μm for L-N.     

 

5.3.3 Radial glia isolated from the olfactory bulb contain 

fragments from olfactory axons 

To verify that the radial glia were phagocytosing the axonal debris, we dissected and 

isolated radial glia from mouse pups of crosses of S100β-DsRed and OMP-ZsGreen 

transgenic mice. In these crosses, OECs are easily identified by expression of DsRed 

(Windus et al., 2007) whereas radial glia do not express DsRed. The radial glia were 

removed from the central region of the olfactory bulb while leaving the nerve fibre layer 

intact. The cells were plated out, fixed immediately upon adhesion and then 

immunolabelled for BLBP expression. Different cell types were present in the 

dissociated cell mix, but the radial glia were easily identified by the expression of BLBP 

and the lack of DsRed expression, with 46.4% +/- 4.1 of the cells in the preparation 

being identified as radial glia  (Fig. 5.4). In tissue sections of the olfactory bulb, OECs 

strongly express DsRed and BLBP (Fig. 5.4G-H arrow), whereas radial glia only 

express BLBP (Fig. 5.4H arrow with tail). All BLBP-positive radial glia also contained 
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ZsGreen debris within the cytosol (Fig. 5.4D, F). Higher magnification imaging clearly 

showed the axonal debris within the cytosol of the BLBP-labelled radial glia (Fig. 5.4C-

F). Cells that did not express BLBP did not contain ZsGreen fluorescent axonal debris 

(arrow in Fig. 5.4B) indicating that the radial glia were the only cells within the central 

region of the olfactory bulb that were contributing to the phagocytosis of axonal debris.  
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Figure 5.4. Z-stack LSCM images of primary olfactory axonal debris, phagocytosed by 

radial glia. (A-B) Low magnification view of a heterogeneous cell population isolated 

from the ventricular surface. (A) Nuclei stained with DAPI; ZsGreen fluorescence 

shows axonal debris; (B) radial glia immunostained with anti-BLBP (white). Cells not 

labelled with anti-BLBP did not contain ZsGreen debris (arrow). (C-D) Higher 

magnification view of ZsGreen axonal debris contained within radial glia 

immunostained with anti-BLBP. (E-F) A single radial glia immunostained with anti-

BLBP and containing ZsGreen axonal debris. (G-H) A comparison between DsRed-

positive OECs and radial glia. Radial glia (arrow with tail) do not express DsRed 

(blue) but strongly express BLBP (white), whereas OECs express both DsRed and 

BLBP (arrow).  Image properties: A-B: 14 slice Z-stack (4.77 μm/slice), C-D: 42 slice 

Z-stack (0.25 μm/slice), E-F: 51 slice Z-stack (0.28 μm/slice), G-H: single plane image.   

Scale bar is 120 μm for A-B, 40 μm for C-D, 10 μm for E-F and 20 μm for G-H.  

 

5.3.4 Sox10 knockout results in disrupted development of the 

olfactory bulb and altered morphology of radial glia. 

Mutations in the transcription factor Sox10 leads to Kallmann’s syndrome in humans, a 

neurodevelopmental disorder characterised by perturbed migration of GnRH-releasing 

hypothalamic neurons, anosmia and disrupted development of the olfactory bulb 

(Barraud et al., 2010; Cadman et al., 2007; Cariboni et al., 2007; Hardelin and Dode, 

2008). Importantly, in Sox10 knockout mice, olfactory axon targeting is perturbed 

(Barraud et al., 2013; Pingault et al., 2013), suggesting that regulatory mechanisms 

determining correct axon targeting may be disrupted. Before investigating how the 
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absence of Sox10 affected the fate of over-extending olfactory axons, we first compared 

the overall morphology of the developing olfactory bulb in Sox10 knockout mice and 

wild-type littermates. In wild-type mice, the nerve fibre layer was thick and a distinct 

external plexiform layer was present (Fig. 5.5A, E). Nuclear staining showed that there 

were fewer cell bodies within the external plexiform layer compared to the adjacent 

regions (Fig. 5.5C). In contrast, in the absence of Sox10, the nerve fibre layer was thin 

and the external plexiform layer was not obvious (Fig. 5.5B, F). The region 

corresponding to the position where the external plexiform layer should be located was 

densely packed with cell nuclei (dotted lines in Fig. 5.5D). However, we also noted that 

in the Sox10 knockout embryos there were some areas where the nerve fibre layer was 

slightly thicker (Fig. 5.5B, arrowhead). Immediately adjacent to these thicker areas, a 

more distinct external plexiform layer could be observed. After statistical analyses we 

found that there was a significant 48.2% decrease in the thickness of the NFL in Sox10 

KO embryos compared to the wild-type littermates (t-test p<0.01 n=3) and that there 

was a significant 58.3% increase in the number of cells in the EPL region in the Sox10 

KO embryos compared to the wild-type littermates (t-test p<0.001 n=3).     

We focussed particularly on comparing the morphology and anatomical distribution of 

glia in the olfactory bulb in the absence and presence of Sox10. Here, we studied two 

types of glia; radial glia and olfactory ensheathing cells (OECs). It has been previously 

shown that differentiation and distribution OECs is perturbed in the absence of Sox10 

(Barraud et al., 2013). OECs are present in the nerve fibre layer of the olfactory bulb, 

but not in the deeper regions where radial glia reside. BLBP is expressed in both OECs 

and radial glia (Chehrehasa et al., 2010; Feng et al., 1994), however, as the two glial cell 

types are not present in the same anatomical location the two populations can easily be 
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distinguished in vivo. We confirmed that loss of Sox10 results in perturbed OEC 

distribution. We showed that in wild-type E16.5 embryos, the thick nerve fibre layer 

was highly populated by OECs (Fig. 5.5A, E). In contrast, in Sox10 knockout littermate 

embryos, the OEC population of the nerve fibre layer was dramatically reduced in many 

regions. Only a few limited regions of the nerve fibre layer were thickly populated by 

OECs (arrowhead, Fig. 5.5B). We then examined the distribution of radial glia in the 

olfactory bulbs of Sox10 knockout mice and wild-type littermates. As discussed earlier, 

in wild-type embryos, processes of radial glia were restricted to the central region of the 

olfactory bulb (Fig. 5.5A, arrow). In contrast, in the absence of Sox10, the radial glial 

processes (double-headed arrow in Fig. 5B) extended all the way to the nerve fibre layer 

(Fig. 5.5B, arrow). Only adjacent to the very thickest areas of the nerve fibre layer, 

where we showed that OECs were present, did we observe a more normal morphology 

of radial glia; here, processes of radial glia were shorter and did not reach the nerve 

fibre layer (Fig. 5.5B, F). This suggests that there may be a repulsive cue produced by 

the OECs within the nerve fibre layer that repels the processes of the radial glia and 

contributes to the formation of the external plexiform layer. In the wild-type embryos 

the radial glia possessed a more uniform morphology with the filaments and cell bodies 

radially aligned as they projected away from the ventricle (Fig. 5.5I). In comparison, in 

the olfactory bulbs of Sox10 knockout embryos the radial glia were less aligned, 

appeared disorganised and the cell bodies were often located further from the ventricle 

than in the wild-type embryos (Fig. 5.5J, arrow). Thus, loss of Sox10 from OECs results 

in fewer OECs populating the nerve fibre layer and there is a perturbation in the 

development of the radial glia within the deeper layers of the olfactory bulb. 
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Figure 5.5. Z-stack LSCM images showing that loss of Sox10, disrupts development of 

radial glia. (A) Coronal sections of an olfactory bulb of wild-type E16.5 embryo 

immunostained with anti-BLBP to show olfactory ensheathing cells within the normal 

nerve fibre layer (NFL) around the periphery and the radial glia (arrow) in the central 

region of the olfactory bulb. (B) Olfactory bulb of Sox10 knockout embryo. The NFL is 

thinner (arrow) and the radial glia extended their filaments to the NFL (double-headed 

arrow). The arrowhead is highlighting a slightly thicker NFL area. (C, E, G) Higher 

magnification view of the developing external plexiform layer (EPL) in a wild-type 

embryo. The dotted lines highlight the EPL; radial glia filaments are largely absent 

from the EPL at this age and the NFL is thickly populated by OECs. (D, F, H) In 

contrast in Sox10 knockout embryos the region of the EPL was less defined and radial 

glia filaments (arrows) extended to the NFL which was thinner and poorly populated 

with few OECs. (I, J) Sox 10 wild type and knockout bulbs showing the distinct 

differences in radial glia morphology. (I) In wild type embryos, the radial glia and their 

filaments project radially from the ventricle to the NFL. (J) In Sox10 knockout embryos, 

the cells bodies of many radial glia are located further from the ventricle (V) and the 

cells appeared disorganised in their alignment (arrow points to a cell that is 

perpendicular to the radial alignment seen in I). Image properties: A: 8 slice Z-stack 

(4.77 μm/slice), C, E, G: 42 slice Z-stack (0.55 μm/slice), D, F, H: 49 slice Z-stack (0.55 

μm/slice), I: 24 slice Z-stack (1.26 μm/slice), J: 22 slice Z-stack (1.26 μm/slice). Scale 

bar is 180 μm A-B, 40 μm for C-H and 60 μm for I-J. 
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5.3.5 Axonal debris accumulates in the Sox10 knockout 

embryos 

We next examined the fate of the axons that over-extended past the nerve fibre layer 

into the deeper regions of the olfactory bulb in Sox10 knockout mice. As the OMP-

ZsGreen mice were of a different background strain to the Sox10 mice, back-crossing 

the two strains was considered to be too time consuming, so for this series of 

experiments, we instead used OMP immunostaining to visualise the initial degradation 

of the axonal debris. 

Similar to the results shown in Fig. 1, E16.5 wild-type embryos exhibited axon over-

extension where olfactory axons entered the developing external plexiform layer of the 

olfactory bulb (Fig. 5.6A-C, G). Intact axons (Fig. 5.6A, G, arrows) as well as some 

fragmented and degraded axonal debris (Fig. 5.6A, G, double headed arrows) were 

present in the external plexiform layer. Over-extending intact axons were also present in 

the Sox10 knockout littermate embryos (Fig. 5.6D, arrow), but there was a striking 

difference in the amount of fragmented axonal debris between wild-type and knockout 

mice. In the Sox10 knockout embryos, immunolabelling for OMP showed considerably 

more axonal debris present within the deeper layers of the olfactory bulb (Fig. 5.6D-F, 

H, double headed arrow) in comparison to wild-type littermates. Since we previously 

showed that there are fewer OMP-positive neurons in the Sox10 knockout mice at 

E16.5 than in wild-type mice (Barraud et al., 2013), the increased accumulation of the 

axonal debris is not due to an increased total number of olfactory axons but more likely 

due to a perturbation in the phagocytic clearance of the axonal debris by the radial glia 

(summarised in Fig. 5.7A, B). 
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Figure 5.6. Z-stack LSCM images showing that loss of Sox10 results in increased axon 

extension and axon debris in the deeper layers of the olfactory bulb. (A-C) 

Immunostaining of wild-type E16.5 olfactory bulb with anti-OMP antibodies revealed 

axon over-extension (arrow) past the NFL in wild-type embryos and the presence of 

degraded axons (double-headed arrow).; (B) is immunostained with anti-BLBP and 

merged images are shown in C. Orientation and region of interest are similar to those 

shown in Fig. 5C-H. (D-F) In Sox10 knockout littermate embryos, anti-OMP 

immunostaining revealed that there were fewer axons within the NFL (asterisk) and 

more degraded primary olfactory axons in the deeper layers (double-headed arrow) 

although intact axons were also present (arrow). (G-H) Higher magnification view of 
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boxed areas in C and F, showing the difference in axon degradation within the olfactory 

bulb. (G) In wild-type embryos, a few axons (arrow) and axon debris (double-headed 

arrow) were present in the EPL. (H) In Sox10 knockouts there was an increased amount 

and spread of ZsGreen debris (double-headed arrow) and little evidence of intact 

axons. (E,H) In Sox10 knockouts, radial glia bodies were present much closer to the 

nerve fibre layer but were not detected in similar regions in wild-type littermates (B,G). 

Image properties: A-C, G: 52 slice Z-stack (0.55 μm/slice), D-F, H: 57 slice Z-stack 

(0.55 μm/slice). Scale bar for A-F is 40 μm and scale bar for G-H is 15 μm.  
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Figure 5.7. Schematics summarising the changes observed between the wild-type and 

Sox10 KO embryos. (A) In the wild-type embryos there is a mass accumulation of 

axonal debris as it is taken up by the radial glia. The radial glia have short processes 

and are uniformly aligned.   (B) In the Sox10 knockout embryos, there are fewer 

olfactory ensheathing cells in the NFL, the radial glia and external plexiform layer do 

not develop properly and there is more axonal debris. The radial glia also display a 

disrupted orientation 
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5.4 Discussion 

In this study, we investigated the fate of olfactory axons that during development miss 

their target and over-extend into deeper layers of the olfactory bulb, and the behaviour 

of glial cells in contact with these axons. We showed that during olfactory bulb 

development, the mis-targeted axons are degraded into axonal debris which is 

phagocytosed by radial glia that reside in the central region of the bulb. We also 

demonstrated that in Sox10 knockout mice, the development of radial glia was 

perturbed and axonal debris accumulated within the deeper layers of the olfactory bulb 

indicating that the radial glia did not clear the axonal debris from mis-targeted axons 

with the same efficiency as during normal development. 

 

Previous studies showed that during development, primary olfactory axons over-extend 

past their target layer and enter the deeper layers of the olfactory bulb (Chan et al., 

2011; Gong and Shipley, 1995; Graziadei et al., 1980; Santacana et al., 1992; Tenne-

Brown and Key, 1999). These studies, however, did not examine any relationship 

between the over-extending axons and other cells within the olfactory bulb, such as 

radial glia and olfactory ensheathing cells. We now show that olfactory axons that 

extend past their target closely follow the filaments of the radial glia that reside in the 

deeper layers of the olfactory bulb. In the cerebral cortex, radial glia actively guide the 

migration of neurons to their final destination and also phagocytose cellular debris 

(Nacher et al., 1999). Previous studies also suggested that radial glia may play a role 

together with olfactory ensheathing cells in establishing the glomerular layer of the 

olfactory bulb by ramifying their glial processes to interact with the axons of primary 

olfactory neurons (Bailey et al., 1999). Thus, it is possible that the radial glia play a 
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crucial role in guiding the extension of olfactory axons to their correct targets in the 

olfactory bulb during development.  

To determine the fate of the over-extending axons, we used a previously generated line 

of mice, OMP-ZsGreen mice, in which olfactory neurons and their axons selectively 

express a bright green fluorescent coral protein. We analysed cryostat sections of the 

developing olfactory tract and found that ZsGreen fluorescence provided exceptional 

clarity and detail of olfactory axons, significantly superior to immunolabelling for β-

tubulin III, a marker that has previously been used for identifying axon debris within 

cells (Su et al., 2013). One reason for this was that ß-tubulin III over-saturated the 

images with axons that were not of interest. This was especially true in the olfactory 

bulb which is populated with numerous different neurons (Fig. 5.1H). We also postulate 

that there was more rapid degradation of the β-tubulin III protein in comparison to the 

ZsGreen coral protein, thus ZsGreen protein enabled the debris to be visualised over a 

longer period. We found that mis-targeted olfactory axons that extended past their 

bulbar target were degraded and that the resulting axonal debris was internalised by 

radial glia. After internalisation, the debris co-localised with the lysosomal marker 

Lamp1 within the radial glia, suggesting that the debris was degraded by the glial cells. 

It has been previously shown that adult rat OECs also phagocytose axonal debris in 

vivo, and that the debris co-localises with Lamp1 within the cells (Su et al., 2013). 

During embryonic development, however, olfactory ensheathing cells are not in contact 

with over-extending axons and therefore cannot be responsible for phagocytosis of 

debris arising from degeneration of these axons. At this stage, it is not clear whether the 

axons are pruned or entirely degenerated, however, the entire part of the axons localised 

within the olfactory bulb appears to degenerate following mis-targeting (Fig. 5.3A). 
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We have previously shown that the transcription factor Sox10 is critical for normal 

development of the olfactory bulb (Barraud et al., 2013). Sox10, a crucial regulator of 

normal embryonic development and cell fate, is expressed in neural crest-derived OECs 

(Barraud et al., 2010), and in Sox10 knockout mouse embryos, the OEC population 

displays disturbed development, resulting in a significantly thinner than normal nerve 

fibre layer in the olfactory bulb (Barraud et al., 2013). However, the effect on axon 

over-extension in the absence of a properly formed nerve fibre layer was not 

investigated. Because the primary olfactory axons are in close contact with radial glia in 

the developing bulb, we also examined the behaviour of the radial glia at the time in 

development that mis-targeting of axons occurs in Sox10 knockout animals. We found 

that the development of normal radial glial morphology was perturbed. In Sox10 

knockout mice at E16.5, the filaments of the radial glia projected almost all the way to 

the nerve fibre layer and hence, no distinct external plexiform layer was present, 

contrary to what was witnessed in the wild-type littermates. Since the radial glia 

themselves do not express Sox10 (Barraud et al., 2013), the effect of the loss of Sox10 

must be indirect, effecting radial glia morphology and maturation in a manner that 

renders them unable to perform normal function. Our analyses revealed that there is an 

accumulation of axon debris within the EPL of the Sox10 knockout mice. We consider 

that there are two possibilities that may account for the accumulation of axon debris. 

First, the perturbed development of the radial glia reduces their ability to phagocytose 

axon debris and hence it accumulates in the EPL. Second, the loss of OECs from the 

nerve fibre layer of the Sox10 knockout mice could perturb the ability of the in-growing 

primary sensory axons to find their target in the developing glomerular layer. OECs and 

radial glia are suggested to interact together with axons to contribute to the formation of 

glomeruli (Bailey et al., 1999) and thus the loss of OECs may lead to poor formation of 
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the target zone. Without an appropriate stop signal, more axons would over-project into 

the deeper layers of the olfactory bulb. While previous analysis revealed that there were 

fewer olfactory sensory neurons in the Sox10 knockout mice (Barraud et al., 2013), the 

resultant effect of a loss of a stop signal could be an overall increased number of over-

projecting axons. However, while the loss of a stop signal may be a contributing factor 

we detected very few intact over-projecting axons; instead there was considerable debris 

from axons in the EPL of the Sox10 knockout mice. We therefore favour the first model 

in which reduced phagocytosis by radial glia leads to accumulation of the axon debris 

but with the caveat that it is a complex system with numerous different cell types each 

of which may play a contributing role. 

 

In summary, we have investigated the fate of primary olfactory axons that extend past 

their targets in the olfactory bulb during embryonic development. We found that the 

distal region of many axons that over-extend closely follow the filaments of central 

radial glia and that these axons eventually degenerated and the fragments were 

phagocytosed by the radial glia. We demonstrated that knockout of Sox10 led to 

perturbed development of the external plexiform layer and of normal radial glial 

morphology and resulted in an accumulation of axonal debris from degenerating 

olfactory axons deep within the bulb. Together these results show that radial glia are 

active participants in the regulation of primary olfactory axon fate within the olfactory 

bulb.  
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6. General discussion and future directions 

 

This thesis constitutes a thorough characterisation of the development of the olfactory 

nervous system in mice. The key outcomes are: 1) a characterisation of the early 

development of the olfactory nervous system with focus on initial outgrowth of the 

olfactory nerve and the events that lead axons to the olfactory bulb;  2) the identification 

of a novel cell population essential for the formation of the nerve fibre layer (NFL) of 

the olfactory bulb by establishing a physical barrier that inhibits axon extension and 

OEC migration;  3) the demonstration of phagocytic activity in radial glia, a previously 

unknown property of these cells critical for removal of debris arising from over-

extending axons, in turn crucial for normal development of the olfactory bulb.  

 

6.1 Characterisation of the early development of the olfactory 

nervous system in OMP-ZsGreen/S100β-DsRed transgenic 

mice 

In rodents, the olfactory epithelium arises from the cranial ectoderm and specialised 

placodes, and can be easily visualised from embryonic day 10 (E10) (Hinds, 1972). The 

placodes form the olfactory pits, which around E10.5 start to give rise to the olfactory 

epithelium, where olfactory sensory neurons are generated. Olfactory axons start 

extending through the epithelium into the lamina propria and then dorsally towards the 

telencephalon, in which the olfactory bulb subsequently develops  (Whitesides & 

LaMantia, 1996). The nostrils start to form around E11 (Treloar, Miller, Ray, & Greer, 

2010), and by E11.5, OECs encase olfactory fascicles consisting of multiple axons 
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expressing different odorant receptors (Doucette, 1989). The fascicles together form the 

early olfactory nerve, which over time terminates in the developing olfactory bulb. 

Here, in what becomes the inner nerve fibre layer, the axons defasciculate and sort out 

to reach specific targets in the bulb depending on their odorant receptor profile, thus 

establishing the complex olfactory map within the bulb.  

 

The study presented in this thesis was undertaken primarily to determine the roles of 

glial cells in the development of the olfactory nervous system. In particular to verify the 

time-point by which OECs initially make contact with olfactory neurons, to determine 

the cellular events that occur during the merging of the peripheral nervous system with 

the central nervous system as the olfactory system develops, and to investigate the roles 

of glial cells in correcting the overshooting of olfactory axons past their target that is 

known to occur in the developing olfactory bulb.   

 

Conventional methods for visualising olfactory axons and glia, in particular antibody 

immunolabelling, do not always provide high enough microscopic clarity for 

characterisation of early axon outgrowth and the role of associated glial cells. While the 

use of transgenic fluorescent reporter mice has been previously used and provided 

valuable information about olfactory neurons and glia, these studies have typically used 

variants of the common Green Fluorescent Protein (GFP) (Potter et al., 2001).  

Specifically, the previous studies using fluorescent reporter mouse lines to study 

olfactory cells used the OMP-GFP and S100β-EGFP mouse lines, in which olfactory 

neurons and glial cells exhibited GFP-mediated fluorescence, respectively. GFP 

fluorescence is not bright enough for studies of detailed cellular structures and also 

fades rapidly, enabling only short-term visualisation and is therefore not suitable for 
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live-cell imaging. In contrast, the ZsGreen and DsRed fluorescent proteins provide 

considerably brighter and much more stable fluorescence which make them particularly 

suitable for live-cell imaging and long exposure times. For these reasons our laboratory 

has generated two transgenic mouse lines, the OMP-ZsGreen mice, in which the 

Olfactory Marker Protein (OMP) drives the expression of ZsGreen in primary olfactory 

neurons (Ekberg et al., 2011), and the S100β-DsRed mice, in which the S100β-promoter 

mediates the expression of DsRed in all glial cells, including olfactory glia (Windus, 

Claxton, Allen, Key, & St John, 2007).  

 

In the OMP-ZsGreen mouse line, ZsGreen was expressed from very early on during the 

development of the olfactory system (embryonic day 10.25), allowing us to for the first 

time visualise olfactory sensory neurons and their axons that could not be detected by 

conventional immunolabelling at such early ages. In addition, the intensity of ZsGreen 

provided high signal to noise ratio and enabled the visualisation of the olfactory neurons 

and their axons with remarkable quality and unambiguity. These unique mouse lines 

have enabled a detailed study of how the olfactory system develops, down to the 

behaviour of individual cells. Thus, the findings presented in this thesis constitute the 

in-depth characterisation of olfactory cell behaviours such as cell-cell interactions and 

phagocytosis of axonal debris throughout development of the olfactory nervous system. 

Crosses of OMP-ZsGreen and S100β-DsRed mice allowed for studies of interactions 

between olfactory neurons (ZsGreen) and olfactory glial cells (DsRed). We showed that 

olfactory ensheathing cells (OECs; one type of olfactory glia) interacted with olfactory 

axons extending towards the olfactory bulb at very early developmental ages. S100β-

DsRed expression was detected from E11 however the expression of DsRed was at that 

stage not strong enough to enable clear visualisation of the interactions between OECs 
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and the olfactory sensory axons. At E11, numerous olfactory neurons in the olfactory 

epithelium had already extended their axons into the lamina propria, and thus, we could 

not establish whether OECs are crucial for the initial axon penetration of the basement 

membrane of the olfactory epithelium and the very early formation of the axon fascicles 

within the lamina propria. To address this deficiency in the future, the identification of 

OEC-specific markers expressed earlier than E11 and their promoters could be used to 

generate transgenic reporter lines. Such lines would be highly warranted for studying 

how the OECs and olfactory neurons interact during early development, in particular for 

determining whether the axons are sorted and fasciculated by the OECs. With new 

techniques in tissue clearing and visualisation of large depths of tissue with three-

dimensional reconstruction, it is possible to generate 3D maps of how the axons and 

OECs integrate to form the olfactory nerve. The ScaleA clearing technique was 

attempted on the embryos during the current project, however there was insufficient 

improvement in the visualisation of the tissue to add to the findings presented. The 

newer generation of clearing methods such as CUBIC or ScaleS may result in a better 

presentation of olfactory neurons and OECs in 3D during early development.  It would 

also be beneficial to trace the growth and interaction of olfactory axons and OECs in 

real-time within slice cultures using live-cell imaging. The bright fluorescent proteins 

are highly suited to long term live cell imaging, and thus slice cultures of the developing 

olfactory mucosa could reveal the behaviour of the axons and glia as they interact and 

migrate through the lamina propria. The detailed understanding of how axons and glia 

interact in 3D would be of interest for neural regeneration therapies where the re-

establishment and connection of severed and damaged nerves are required. Further, 

peripheral nerve injuries are very common and while the peripheral nerves are able to 

regenerate to some degree, the regeneration is often incomplete and patients suffer 
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ongoing deficits. Current approaches being explored for regeneration therapies include 

the transplantation of glia into the injured nerves; however, the integration of the 

transplanted cells and subsequent axon regeneration is often insufficient. If we can 

better understand how glia interact with the axons, we can develop improved strategies 

for transplantation and integration of glia. 

 

6.2 Barrier Cells: a previously unknown cell population 

critical for establishing the boundaries in the nerve fibre layer 

of the olfactory bulb 

At E13-15 the developing axons have reached the area of the bulb that will later develop 

into a structure with three defined layers: the outer and inner nerve fibre layer, and the 

glomerular layer. Later in development, the axons terminate in their respective 

glomerulus depending on odorant receptor profile. Thus, it is essential that the axons do 

not extend deeper into the olfactory bulb. This thesis describes for the first time the 

identification of a distinct population of olfactory nervous system cells that emerges 

transiently during development and is critical for establishing part of the characteristic 

layered structure of the olfactory bulb. We determined that these cells, which we have 

termed barrier cells, play crucial roles in creating a barrier between the deeper layers of 

the olfactory bulb and the nerve fibre layer. The barrier cells were only present within a 

small time window during development, between the embryonic ages E12 to E15.  

Interestingly, the disappearance of barrier cells coincided with the expression of the 

neurorepulsive extracellular matrix protein, chondroitin sulphate proteoglycan (CSPG). 

CSPGs are compounds that are known to be involved in several cellular processes, 

including cell-cell adhesion and cell migration. They are associated with glial scar 
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formation and have been shown to inhibit axon regeneration in the spinal cord (Rhodes 

& Fawcett, 2004). Anti-CS-56 is a known marker for CSPG that binds to the 

glycosaminoglycan (GAG) portion of CSPG type A and B. Using anti-CS-56, we 

detected CSPGs mainly surrounding the nerve fibre layer of the olfactory bulb from E17 

once the barrier cells were no longer present. This may suggest that the barrier cells may 

be responsible for establishing a physical barrier for the initial development and 

precedes the chemical barrier resulting from expression of CSPG.  

Numerous attempts were made to identify the barrier cells using a suite of antibodies 

against candidate markers such as those expressed by astrocyte precursors but at the 

completion of this thesis, the identity of the cells remains elusive. It is possible that the 

expression of the proteins screened for was below detectable levels at early 

developmental stages. Future work could examine the expression of mRNAs for 

candidate markers rather than using immunolabelling. Another approach that could be 

used to identify the cells is to selectively dissect out the cells and examine them in more 

detail in vitro cultures. This is in  order to assess their morphological characteristics and 

to determine what markers they express after extended culture as the barrier cells may 

differentiate. While culture conditions can alter the normal expression of molecules by 

any cell type, this approach may give us information to help include or exclude certain 

cell types.  

We were able to successfully dissect out and culture the barrier cells, and since the cells 

expressed the DsRed protein it was easy to verify that the cells were indeed the barrier 

cells. To investigate how the barrier cells behaved in contact with OECs, we plated 

barrier cells over a monolayer of OECs. This experiment revealed that OECs and barrier 



Chapter 6:   125 

cells did not mix and were instead repelled from each other. The proximity of the 

separated OECs and barrier cells suggested that there was contact-repellent mechanism 

driving the separation of the cells, as a secreted compound would act at a distance and 

therefore the cells would tend to separate further away. What has not been determined is 

which molecule is responsible for the contact repulsion. There was a slight overlap in 

time with the expression of CS-56 suggesting that it involvement of CSPGs, however 

the repulsive effect in vivo appeared to occur several days earlier than the CS-56 was 

detected. It may be that several molecules act to form the repulsive barrier or that very 

low levels of CSPGs undetectable with immunohistochemistry are sufficient to repel the 

OECs. It would therefore be of interest for future studies to determine the active 

repellent molecules that are expressed by the barrier cells.  

We also attempted to co-culture barrier cells with olfactory neurons to study their 

interaction, but unfortunately the results were inconclusive. This was due to the time 

required to successfully culture primary olfactory neurons with barrier cells, as the 

neurons needed longer incubation time than the barrier cells. This was especially true 

when wanting to observe the barrier cells with extended olfactory axons in vitro. To 

better understand how the repulsive properties of barrier cells act on olfactory axons it 

would be beneficial to perform barrier cell assays under different conditions and to 

optimise a barrier cell/olfactory neuron assay.  Extended culture of the barrier cells was 

beyond the scope of this thesis, but will no doubt reveal crucial information about cell 

morphology, antigenic profile and cell behaviour. Here, it is possible that barrier cells 

may start expressing key markers specific for candidate cell types with longer culture 

periods, as is seen with astrocytes which can express GFAP in culture along with 

exhibiting a distinct multipolar morphology.  In particular, cell-cell contacts between 
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barrier cells and other olfactory cell types could be studied using live-cell imaging. A 

thorough understanding of the roles of the barrier cells, a previously unknown 

population of olfactory cells, may open new avenues for studying olfactory bulb 

development and how the CNS and PNS integrate, and potentially also be of importance 

when developing novel nerve repair strategies.   

 

6.3 Radial glia  

During early development (E11-E15), axon over-extension past the intended target in 

the olfactory bulb is a common occurrence (Amaya et al., 2014; Gong & Shipley, 1995; 

Graziadei, Stanley, & Graziadei, 1980; Santacana, Heredia, & Valverde, 1992). 

Olfactory axon debris is generated in large amounts in adult mice as a result of the 

normal turnover of olfactory axons; here, debris is present in the fascicles throughout 

the olfactory nerve. This debris is phagocytosed and cleared by OECs and to a lesser 

extent, macrophages (Nazareth et al., 2014). Current studies by our laboratory have also 

shown that OECs phagocytose debris during early development (Nazareth et al., 2014), 

however again this is restricted to the peripheral olfactory system and the nerve fibre 

layer of the olfactory bulb.  

 

In the study presented in this thesis, we have shown that during early embryonic 

development of the olfactory system when axons over-extend into deeper layers of the 

bulb they are subsequently degraded, resulting in a mass accumulation of axon debris 

near the ventricular surface. It is not clear whether the overextending axons are pruned 

or undergo degeneration. It is possible that the axons undergo apoptosis independently 

of contact with other cells, or it may be that they interact with cells within the deeper 

layers of the olfactory bulb that result in repulsive signalling that leads to degradation, 
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or possibly pruning, of the axons. In the current study, we were not able to determine 

which cell type that was responsible for the degeneration, or pruning, of these axons. 

We did, however, determine the identity of the cells responsible for removing the debris 

generated by the degeneration of the overextending axons; we demonstrated that the 

debris was phagocytosed by radial glia. Radial glia are progenitor glia present in the 

developing central nervous system, capable of differentiating into a variety of central 

nervous system cells, as well as providing structural and growth-factor mediated 

support for developing central neurons. Previous studies have also suggested that radial 

glia may, together with OECs, have crucial roles in establishing the glomerular layer of 

the olfactory bulb by interacting with and directing olfactory axons to their bulbar 

targets (Bailey, Puche, & Shipley, 1999). Here, we have demonstrated a previously 

unknown role for the radial glia in clearing the debris from overextending axons. We 

were able to show this due to the bright and stable fluorescence providing exceptional 

clarity of olfactory axons and axon-derived debris (ZsGreen) in tissue sections from the 

OMP-ZsGreen mouse line. In the past, such studies have not been possible; those 

studies have primarily used β-tubulin III (BTIII) immunolabelling which does not 

provide enough detail to visualise phagocytosis of axonal debris. This again highlights 

the usefulness and necessity of using the OMP-ZsGreen mouse line to visualise 

olfactory neurons on a cellular and even subcellular levels, to reveal new cell 

behaviours. 

 

A recent study demonstrated that knocking out the transcription factor Sox10 abolished 

the majority of OECs (Barraud, St John, Stolt, Wegner, & Baker, 2013). In the study 

presented in this thesis, we also determined that loss of Sox10 inhibited normal 

functions of radial glia and in turn delayed the development of the olfactory bulb due to 
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the insufficient removal of axonal debris, demonstrating that radial glia-mediated 

phagocytosis of axonal debris generated by correction of mistargeted axons is crucial 

for the development of the olfactory bulb.  

 

In regards to how Sox10 knockout affected the radial glia, the study presented in this 

thesis showed that lack of Sox10 resulted in perturbed maturation, morphology and 

function of radial glia  (Amaya et al., 2014). Because radial glia do not express Sox10 

(Barraud et al., 2013), the resulting effects on radial glia must be indirect. Future 

experiments into this aspect of the study could focus on determining the direct 

mechanism causing the perturbed development of the radial glia and how these 

abnormalities are linked to the inability for radial glia to take up axon debris.  

 

6.4 Summary 

This thesis constitutes a thorough characterisation of the development of the olfactory 

system in mice, beginning with the initial outgrowth of the olfactory nerve and the 

interaction between OECs and axons. The results demonstrated that OECs must be 

present before olfactory axons can start extending into the lamina propria at E10.5-E11, 

and that olfactory axons extend into the lamina propria forming the first part of the 

olfactory nerve at E11. 

 

The next key discovery presented in this thesis is that a previously unknown cell 

population was a key regulator of the formation of the internal barrier of the nerve fibre 

layer and glomerular layer of the olfactory bulb. These cells, here termed barrier cells, 

were present between E12-E15, the critical time point when olfactory axons in the 

developing olfactory nerve have extended all the way to the olfactory bulb. We 
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postulate that the specific role of the barrier cell appearance at E12-15 is to prevent 

olfactory axons and OECs from extending too deep into the developing olfactory bulb, 

and that around E15, CSPGs expressed by in the bulb take over the role of inhibiting 

axonal overextension. Thus, the barrier cells are an important regulator for the 

development of the merging zone between the peripheral and central nervous system.  

Despite this tight regulation of how far into the bulb olfactory axons can extend, the 

data demonstrated that there are areas where barrier cells are not present. In these areas, 

olfactory axons overextend past their intended target zone in the bulb. These 

overextending, mistargeted axons were degraded and the resulting debris was 

phagocytosed by radial glia. Rendering the radial glia non-functional by knocking out 

Sox10 showed that phagocytosis by radial glia resulted in severely perturbed olfactory 

bulb development. This demonstrated that the radial glia-mediated phagocytosis of 

overextending axons is absolutely crucial for the development of the olfactory bulb.  

Thus the findings presented in the thesis constitute the first characterisations of several 

key events that are crucial for development: OEC-mediated regulation of the first 

extension of olfactory axons into the lamina propria, barrier cell prevention of axonal 

overextension in the developing olfactory bulb, and radial glia-mediated phagocytosis 

of debris arising from axons extending too deep into the bulb at sites devoid of barrier 

cells. These events are crucial for normal development of the olfactory nervous system 

and the merging zone between the central and peripheral nervous system.  

The olfactory nervous system is unique amongst neural tracts in that it continuously 

regenerates itself. Thus, discoveries of how the olfactory nervous system develops, as 
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those presented here, leads to an increased understanding of the normal olfactory 

nervous system biology and may ultimately pave way for novel therapies for nervous 

system injuries and neurodegenerative diseases. It is vital to understand the mechanisms 

of axon guidance and mechanisms that correct developmental errors such as 

overextension of axons past their target. For example, axonal re-targeting after injury 

remains to be one of the most difficult problems to solve in curing central nervous 

system injuries, such as spinal cord injury.  Many of these guidance and regulatory 

mechanisms are mediated by chemical cues that may have implications when designing 

therapies for neurodegenerative diseases. Olfactory glial transplantation has been 

trialled for spinal cord injury repair and while the method has been shown to be safe 

(Mackay-Sim & St John, 2011), functional outcomes are highly variable ranging from 

no difference to dramatic functional improvement as highlighted in a recent study where 

a paralysed Polish patient regained his ability to walk using a frame (Tabakow et al., 

2014). If we can understand which glial-mediated properties are most favourable for 

axonal guidance and repair, the glial cells can be manipulated to exhibit the most 

optimal behaviour. Of particular interest is also the phagocytic role of glia cells, as 

clearance of debris and potential invading microorganisms is another key factor towards 

successful neural regeneration. This is also an avenue that can also be manipulated 

chemically and molecularly. As the glial cells are potential candidates for 

transplantation therapies it is crucial we understand how they facilitate phagocytosis. 

This thesis constitutes an essential step towards understanding the development of the 

olfactory nerve and bulb and the area where the central and peripheral nervous systems 

meet, and of key functions mediated by individual cell populations throughout the 

olfactory nervous system. The findings can be expanded upon by continued 

characterisation of these cellular functions on both a cellular and molecular level. 
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Further, it would be of particular interest to elucidate the interaction of the different 

olfactory cell types behave with advanced microscopy, in particular live-cell 

microscopy in three dimensions. 

In humans, chemical insults or widespread infections within the nasal cavity can lead to 

destruction of the olfactory epithelium leading to permanent reduction or complete loss 

of the ability to detect odours. In addition, head trauma can sometimes result in the 

olfactory nerve being severed. While the olfactory system can successfully regenerate in 

normal healthy humans, after widespread injury or disease any neurons that can 

regenerate are often unable to successfully target their correct sites within the olfactory 

bulb. There has been a focus on understanding how olfactory sensory axons grow and 

target their appropriate topographical terminations in the olfactory bulb, however this 

has not led to the development of therapies to repair the injured olfactory system. What 

is now needed is to use a more holistic approach to understand how the numerous 

different cell types within the olfactory system interact to regulate the formation of the 

olfactory nerve. By further understanding how the axons and glia interact with the cells 

of the olfactory bulb it may be possible to develop therapies to repair the injured 

olfactory system.    
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Radial Glia Phagocytose Axonal Debris From
Degenerating Overextending Axons in the
Developing Olfactory Bulb

Daniel A. Amaya,1 Michael Wegner,2 C. Claus Stolt,2 Fatemeh Chehrehasa,1,3 Jenny A.K. Ekberg,1,3

and James A. St John1*
1Eskitis Institute for Drug Discovery, Griffith University, Nathan, Brisbane, Queensland, 4111, Australia
2Institute for Biochemistry, Emil-Fischer-Zentrum, Friedrich-Alexander University Erlangen-N€urnberg, Erlangen, 91054, Germany
3School of Biomedical Sciences, Queensland University of Technology, Brisbane, Queensland, 4000, Australia

ABSTRACT
Axon targeting during the development of the olfactory

system is not always accurate, and numerous axons

overextend past the target layer into the deeper layers

of the olfactory bulb. To date, the fate of the mis-

targeted axons has not been determined. We hypothe-

sized that following overextension, the axons degener-

ate, and cells within the deeper layers of the olfactory

bulb phagocytose the axonal debris. We utilized a line

of transgenic mice that expresses ZsGreen fluorescent

protein in primary olfactory axons. We found that over-

extending axons closely followed the filaments of radial

glia present in the olfactory bulb during embryonic

development. Following overextension into deeper

layers of the olfactory bulb, axons degenerated and

radial glia responded by phagocytosing the resulting

debris. We used in vitro analysis to confirm that the

radial glia had phagocytosed debris from olfactory

axons. We also investigated whether the fate of overex-

tending axons was altered when the development of

the olfactory bulb was perturbed. In mice that lacked

Sox10, a transcription factor essential for normal olfac-

tory bulb development, we observed a disruption to the

morphology and positioning of radial glia and an accu-

mulation of olfactory axon debris within the bulb. Our

results demonstrate that during early development of

the olfactory system, radial glia play an important role

in removing overextended axons from the deeper layers

of the olfactory bulb. J. Comp. Neurol. 523:183–196,

2015.

VC 2014 Wiley Periodicals, Inc.

INDEXING TERMS: Sox10; nerve fiber layer; axon pruning; regeneration; telencephalon

The primary olfactory system comprises a complex

neural network in which primary olfactory neurons

express one of �1,000 odorant receptors (Buck and

Axel, 1991). The neurons are mosaically distributed in

restricted regions throughout the olfactory epithelium.

Olfactory axons extend inward through the lamina prop-

ria, where they form fascicles and project toward the

nerve fiber layer of the olfactory bulb. Upon entering

the olfactory bulb, axons defasciculate and sort out

depending on their receptor type (Mombaerts et al.,

1996). Here they establish synapses with secondary

neurons of the olfactory bulb (Au et al., 2002; Malun

and Brunjes, 1996). During development of this com-

plex topographical map, axon targeting is not always

accurate, and numerous axons project to inappropriate

sites within the target layer (Tenne-Brown and Key,

1999) or overextend a considerable distance past their

target into the deeper layers of the olfactory bulb

(Chan et al., 2011; Gong and Shipley, 1995; Graziadei

et al., 1980; Santacana et al., 1992; St John and Key,

2005). The mis-targeted axons are likely to undergo

pruning, but their fate has not been determined and it

is not known which cells are responsible for removing
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the cellular debris from the deeper layers of the olfac-

tory bulb.

A critical point of the development of the olfactory

bulb is when the developing telencephalon fuses with

the olfactory nerve. This is generally observed at embry-

onic day 11 (E11) of mouse development (Treloar et al.,

1996; Valverde et al., 1992). The olfactory nerve con-

sists mainly of primary olfactory axons and the accom-

panying glia of the olfactory system, olfactory

ensheathing cells (OECs) (Doucette, 1989; Valverde

et al., 1992). The OECs penetrate only into the nerve

fiber layer, which lines the exterior surface of the devel-

oping olfactory bulb, and within this layer the OECs are

thought to contribute to the sorting and targeting of

axons (Chehrehasa et al., 2010; Chuah and Au, 1991;

Doucette, 1984; Ekberg et al., 2012). The transcription

factor Sox10, containing the SRY box as an HMG-type

DNA-binding domain, is an important factor in embry-

onic development (Britsch et al., 2001; Herbarth et al.,

1998; Kuhlbrodt et al., 1998). It has also been found to

be an important regulator of the development and

migration of OECs, and loss of Sox10 leads to a

reduced OEC population and disturbed axon targeting

(Barraud et al., 2013). In adult rats, OECs phagocytose

the cellular debris from degraded olfactory axons that

occurs during normal turnover of primary olfactory neu-

rons (Su et al., 2013). However, as OECs are restricted

to the exterior region of the olfactory bulb during devel-

opment, they cannot be responsible for clearing the

pruned axons that overextend into the deeper layers of

the olfactory bulb; thus, other cells must be involved.

Within the developing olfactory bulb, radial glia pro-

ject from the centrally located ventricle toward the

exterior surface of the olfactory bulb. In the cerebral

cortex of the lizard brain, radial glia contribute to the

removal of cellular debris arising from neuronal degen-

eration (Nacher et al., 1999). Hence, we hypothesized

that radial glia interact with overextending primary

olfactory axons in the developing olfactory bulb, and

that the radial glia remove the cellular debris that

arises when the overextended axons are degraded.

We have tested this hypothesis in a line of transgenic

reporter mice that we previously generated, olfactory

marker protein (OMP)–ZsGreen mice, in which the OMP

promoter drives the expression of the reporter fluores-

cent protein ZsGreen and provides outstanding visual-

ization of olfactory neurons (Ekberg et al., 2011). We

now show that in these mice the ZsGreen protein

remains intact and strongly fluorescent during axon

degradation. Our results reveal that the overextending

axons in the developing olfactory bulb closely follow the

filaments of the radial glia into the deeper layers of the

olfactory bulb and that the radial glia remove the

cellular debris that arises when the axons are degraded.

We also re-examined the Sox10 knockout mice (Barraud

et al., 2013; Britsch et al., 2001), and found that the

radial glia had perturbed morphology and that axon

debris accumulated within the olfactory bulb. This pertur-

bation of the radial glia is likely to contribute to the

increased accumulation of primary olfactory axons in

deeper layers of the olfactory bulb in these mice.

MATERIALS AND METHODS

Animal strains
We used several lines of transgenic mice of both

sexes: 1) OMP–ZsGreen mice, in which olfactory neu-

rons selectively fluoresce green (Ekberg et al., 2011;

Windus et al., 2010, 2011); 2) Sox10lacZ/lacZ mice

(Sox10tm1Weg knockout) (Britsch et al., 2001), along

with their respective wild-type littermates; Sox10lacZ/

lacZ mice were obtained through many generations of

backcrossing; and 3) S100b-DsRed mice in which glia

selectively fluoresce red (Windus et al., 2007). All pro-

cedures were carried out with the approval of the Grif-

fith 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.

Tissue preparation
To harvest embryos, pregnant mice were euthanized

by cervical dislocation, and embryos were removed and

decapitated. The tissues were fixed in 4% paraformalde-

hyde (PFA) in phosphate-buffered saline (PBS) for 1

hour at room temperature, and then cryoprotected in

30% sucrose in PBS with 0.1% azide at 4�C. Heads

were mounted in embedding matrix (O.C.T. Tissue-Tek,

Sakura, Torrance, CA) and snap-frozen by immersion

into 2-methyl butane, which had being cooled with liq-

uid nitrogen. Serial sagittal or coronal sections (30 lm)

were cut, mounted on slides, and stored at 220�C

before processing for immunohistochemistry.

In vitro isolation of radial glia
Radial glia were isolated from crosses of S100b-

DsRed and OMP–ZsGreen mice of both sexes at P1.

The pups were euthanized by cervical dislocation, and

the inner olfactory bulb was removed through suction

via a sterile syringe. We used DsRed fluorescence

(expressed by OECs) to guide the dissection and to

ensure the nerve fiber layer was left intact. Tissue was

minced and plated onto glass coverslip-bottom chamber

wells (X-Well Tissue Culture Chambers, Sarstedt,

N€umbrecht, Germany) precoated with Matrigel base-

ment membrane (1:10) and incubated in media

D.A. Amaya et al.
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containing Dulbecco’s modified eagle medium (DMEM;

Gibco, Grand Island, NY), 10% fetal bovine serum, G5

supplement (Invitrogen, Carlsbad, CA), gentamicin, and

L-glutamine at 37�C in 5% CO2. Cell preparations from

four different animals were separately isolated and

upon attachment to the basement membrane, the cells

were immediately fixed in 4% PFA in PBS for 5 minutes

and then immunostained.

Antibody characterization
Immunochemistry was performed on tissue sections

and cell cultures as previously described (Chehrehasa

et al., 2012). The following primary antibodies (Table 1)

were used. Rabbit anti-brain lipid-binding protein (BLBP)

antibody (RRID: AB 880078), which has been previously

used as a marker for radial glia in the developing brain

(Anthony et al., 2004) and is also expressed by OECs

(Chehrehasa et al., 2010; Murdoch and Roskams, 2007).

Anti-b-tubulin III antibody (RRID: AB 727049) is highly

reactive with neuron b-tubulin III and positively stains

olfactory neurons. Anti-OMP antibody (RRID: AB 664696)

has been used extensively as a marker for olfactory neu-

rons. The specificity of both anti-b-tubulin III and anti-

OMP antibodies was also verified by examining their

coexpression with the OMP–ZsGreen transgenic mice in

which olfactory neurons are fluorescent green.

The secondary antibodies used were anti-rabbit Alexa

Fluor 647 (10 lg/ml, Invitrogen, RRID:AB_10561706),

anti-goat Alexa Fluor 488 (5 lg/ml, Invitrogen, RRI-

D:AB_10564074), anti-goat Alexa Fluor 594 (5 lg/ml,

Invitrogen, RRID:AB_2313737), anti-chicken biotin (10

lg/ml, Abcam, Cambridge MA, RRID:AB_954958), and

streptavidin 647 (10 lg/ml, Invitrogen, RRID:

AB_2336066) as a tertiary antibody. Cell nuclei were

stained with 406-diamidino-2-pheylindole (DAPI).

Image capture
Confocal images were taken by using an Olympus

FV1000 microscope and processed on FV10-ASW 3.1

Viewer software. Epifluorescent images were taken on

a Ziess AxioImager Z1 with images merged to form a

mosaic view of the larger field of view. Brightness and

contrast were adjusted by using the FV10-ASW 3.1

Viewer software, AxioVision software, and ImageJ 1.40g

software (RRID: nif-0000-30467). Image panels were

created by using Adobe Illustrator CS5 15.0.2, and

schematics were created on Adobe Photoshop CS3

10.0.1.

Statistical analysis
Statistical analysis using a two-sample Student’s two-

tailed t-test was performed to compare the morphology

of the olfactory bulb between Sox10 KO and their wild-

type littermates.

RESULTS

Olfactory axons overextend into the
developing olfactory bulb

To visualize the trajectory of the primary olfactory

axons, we used the OMP–ZsGreen transgenic line of

mice that we previously generated (Ekberg et al.,

2011). In these mice, ZsGreen fluorescent protein is

expressed under control of the OMP promoter, and

thus primary olfactory neurons and their axons express

ZsGreen (Fig. 1A) (Ekberg et al., 2011); however, a few

neurons in the olfactory epithelium express OMP but

not ZsGreen (Fig. 1B,C). OMP protein has been demon-

strated to be expressed during early olfactory develop-

ment and hence has been reliable as a detection tool

(Graziadei et al., 1980). In OMP–ZsGreen mice, the

ZsGreen expression allows easy visualization of primary

olfactory axons as early as E10.75 (Fig. 1M,N), long

before they reach the telencephalon (Miller et al.,

2010). Thus in the OMP–ZsGreen mice, immature as

well as mature olfactory sensory axons are visualized.

After axons reached the telencephalon, the strong

expression of ZsGreen in primary olfactory axons allowed

clear visualization of the axons that overextended past

TABLE 1.

Primary Antibodies Used in This Study

Antibody Immunogen and preparation Source, species, clonality Concentration (mg/ml)

BLBP Synthetic peptide conjugated to
KLH derived from within resi-
dues 1–100 of mouse brain
lipid-binding protein

Abcam, #Ab32423, rabbit,
polyclonal RRID:AB_880078

2

b-Tubulin III Three different synthetic peptides
(2nd and 3rd quarters and near
the C-terminus) conjugated to
KLH; from human sequence for
b-tubulin III

Abcam, #Ab41489, chicken,
polyclonal RRID:AB_727049

0.6

OMP Multiple immunizations of rodent
olfactory marker protein

Wako, #019–22291, goat,
polyclonal RRID:AB_664696

0.0 5
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the nerve fiber layer and inappropriately entered the

deeper layers of the developing olfactory bulb (Fig. 1D).

Overextending axons could also be detected with OMP

immunolabeling; however, the ZsGreen expression pro-

vided superior detail of the axons (Fig. 1E, arrow). Immu-

nolabeling for ß-tubulin III, which is a cytoskeleton

protein and a neuron-specific marker, showed that

almost all neurons within the epithelium expressed both

Figure 1.
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ZsGreen and ß-tubulin III (Fig. 1F,G). It should be

acknowledged that OMP–ZsGreen was not expressed in

some immature neurons that expressed ß-tubulin III (Fig.

1G). However, the ZsGreen expression provided superior

detail of the axons (Fig. 1F, arrow) compared with the ß-

tubulin III immunolabeling.

We first confirmed that, during the early development

of the olfactory bulb, numerous axons overextended

past their target layer, the nerve fiber layer, and

projected into the deeper layers of the olfactory bulb

(1 J–L, arrows). The axons overextending the furthest

distance into the deeper bulbar regions were degener-

ating, and the degradation products accumulated

around the surface of the ventricle in the center of the

olfactory bulb (Fig. 1J,L, double-headed arrows).

We used immunohistochemistry in an attempt to con-

firm the origin of the ZsGreen fluorescent axonal debris

with immunolabeling for OMP and ß-tubulin III; however,

the very fine debris was not labeled by the antibodies

(Fig. 1D,E,H,I, double-headed arrows). We concluded

that this was likely due to the OMP and ß-tubulin III

proteins having been degraded more rapidly than the

ZsGreen fluorescent protein. However, as the primary

olfactory neurons and their axons are the only cells

that express ZsGreen fluorescent protein, the debris in

the olfactory bulb must have arisen from the axons.

Axonal debris is phagocytosed by radial glia
during olfactory bulb development

The distribution of the ZsGreen fluorescent axonal

debris near the ventricle suggested that the debris was

contained within cells at both E13.5 (Fig. 1K) and E15.5

(Fig. 1L), indicating that cells in the region had phago-

cytosed the debris. During early development of the

olfactory bulb, radial glia are the principal cells within

that region (Puche and Shipley, 2001). To detect radial

glia, we used immunolabeling for BLBP, which is a cyto-

plasmic protein and a marker for radial glia (Feng et al.,

1994) (Fig. 2A–C). The radial glia were organized in a

distinct pattern with their cell bodies close to the ven-

tricle and their processes extended toward the outer

surface of the olfactory bulb (Fig. 2D–F). The ZsGreen

fluorescent axonal fragments clearly colocalized with

the radial glia (Fig. 2G–L). Overextended axons and

radial glia were viewed from early development. At

these ages the presence of the developing olfactory

bulb layers, including the nerve fiber layer, the external

plexiform layer, and the glomerular layer can be

detected (Fig. 2F) From E11.5, the distribution of the

intact olfactory axons and the degradation products fol-

lowed the organization of the radial glia. Axons were

intact in the outer layers of the olfactory bulb where

the radial glial processes are localized (Fig. 1J–L,

arrows), whereas accumulated degraded axon frag-

ments were found deeper within the bulb, close to the

ventricle, where the glial cell bodies reside (Fig. 1J–L,

double-headed arrows). We therefore examined the

relationship between the overextending axons and the

radial glia in more detail. As the axons overextended

into the olfactory bulb, they initially interacted with

the radial glial processes in the developing external

plexiform layer (Fig. 3A–C, arrows); as they extended

further into the region that was densely populated with

radial glial cell bodies, the axons became fragmented

(Fig. 3D–H) and colocalized with the glial perikarya (Fig.

3I–K, double-headed arrows; three-dimensional recon-

struction shown in Supplementary Movie 1). In the

region close to the ventricle where the cell bodies of

Figure 1. Z-stack laser scanning confocal images (LSCM) of overextending primary olfactory axons degrading in deeper layers of the olfac-

tory bulb and epifluorescent mosaic images of whole embryo and embryo head. Sagittal sections of embryonic mouse heads; dorsal is to

the top and rostral is to the left. A: At E15.5, OMP–ZsGreen fluorescence labels primary olfactory neurons lining the olfactory mucosa

(OM) and their axons that project into the olfactory bulb (OB). Cell nuclei are labeled with DAPI (blue); the image is a mosaic of several

images. B–E: Regions similar to those outlined by the dotted squares. B,C: In the olfactory epithelium (OE) and ventral nerve fiber layer

(NFL), ZsGreen fluorescence shows fine detail of the primary olfactory axons (arrow) and colocalizes with anti-OMP immunostaining. D,E:

In the rostral olfactory bulb, primary olfactory axons that overextended past the NFL into the deeper layers of the olfactory bulb expressed

ZsGreen and were positive for anti-OMP immunostaining. E: Anti-OMP immunostaining labeled primary olfactory axons, but ZsGreen fluo-

rescence was stronger and allowed visualization of some axons (arrow) and axon fragments (double-headed arrow) that were not labeled

by OMP antibodies. F–I: ß-Tubulin III immunostaining colocalized with OMP-ZsGreen fluorescence on primary olfactory neurons and their

axons (arrow) in the mucosa (F,G), but did not colocalize with the ZsGreen axonal debris (double-headed arrow) situated adjacent to the

ventricle (V; H,I). J–L: During development, primary olfactory axons overextended past the NFL into the deeper layers of the developing

olfactory bulb (arrow), and green fluorescent axonal debris (double-headed arrow) accumulated in the central region of the olfactory bulb

in cells lining the ventricle (V). M,N: OMP–ZsGreen fluorescence was observed as early as E10.75, as shown in the mosaic image in M

and the high magnification image of the developing OE in N. Image properties: A: epifluorescent mosaic; B,C: 26-slice Z-stack (1.26 lm/

slice); D,E: 71-slice Z-stack (0.55 lm/slice); F,G: 47-slice Z-stack (0.55 lm/slice); H: 20-slice Z-stack (1.26 lm/slice); I: 58-slice Z-stack

(0.51 lm/slice); J: 28-slice Z-stack (1.26 lm/slice); K: 24-slice Z-stack (1.26 lm/slice); L: 19-slice Z-stack (1.26 lm/slice); M: epifluores-

cent mosaic, N: 59-slice Z-stack (0.19 lm/slice). Scale bar in N 5 300 lm for A; 50 lm for B,C; 30 lm for D,E; 20 lm for F,G; 70 lm for

H; 10 lm for I; 60 lm for J–L; 600 lm for M; and 20 lm for N. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Radial Glia Phagocytose Olfactory Axon Debris

The Journal of Comparative Neurology |Research in Systems Neuroscience 187

http://wileyonlinelibrary.com


Figure 2. Z-stack LSCM images of radial glia and axonal debris accumulating in radial glia in the developing olfactory bulb. Sagittal views of

the olfactory bulb at E12.5 (A), E13.5 (B), and E15.5 (C); rostral is to the left, and dorsal is to the top in all panels. A–C: BLBP immunostain-

ing highlights the presence of radial glia and olfactory ensheathing cells in the developing olfactory bulb. D,E: High-magnification images

show the nerve fiber layer (NFL) and the radial glia filaments that extend toward the NFL. At this point the external plexiform layer (EPL)

and glomeruli layer (GL) are not distinguishable. F: E15.5, the EPL and GL are distinguishable (dotted lines). G–L: High-magnification images

showing ZsGreen axon debris (double-headed arrow, G–I) associated with radial glia (J–L) near the ventricular surface (V). Image properties:

A: 8-slice Z-stack (4.77 lm/slice); B: 4-slice Z-stack (30.41 lm/slice); C: 2-slice Z-stack (30.41 lm/slice); D: 61-slice Z-stack (0.51 lm/

slice); E: 25-slice Z-stack (0.55 lm/slice); F: 22-slice Z-stack (0.55 lm/slice); G,J: 15-slice Z-stack (0.55 lm/slice); H,K: 44-slice Z-stack

(0.56 lm/slice); I,L: 65-slice Z-stack (0.51 lm/slice). Scale bar in L 5 133 lm for A; 200 lm for B; 193 lm for C; 60 lm for D; 40 lm for

E,F; 9 lm for G,H,J,K; 20 lm for I,L. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

http://wileyonlinelibrary.com


Figure 3. Z-stack LSCM images of overextending primary olfactory axons interacting with radial glia filaments and axon debris in radial

glia. A–C: In the EPL, axons overextended past the NFL (to left of image) and projected along a radial glia filament. D: Overextending

axons (arrow) are degraded into axonal debris fragments (double-headed arrow). E–H: Axon debris (circles) was not continuous with intact

axons (arrows). I–K: Double-headed arrow highlights axon debris that is internalized within the radial glia (BLBP positive); three-

dimensional reconstruction is shown in Supplemental Movie 1. L–N: The ZsGreen debris colocalized with anti-Lamp1 immunostaining

(arrows). Image properties: A–C: 39-slice Z-stack (0.51 lm/slice); D–H: 30-slice Z-stack (0.51 lm/slice); I–K: 10-slice Z-stack (0.51 lm/

slice); L–N: 53-slice Z-stack (0.56 lm/slice). Scale bar in N 5 9 lm for A–C; 30 lm for D; 23 lm for E–H; 9 lm for I–K; 10 lm for L–N.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the radial glia are located, the axon debris was almost

always associated with BLBP immunostaining (Fig. 3K).

We next used antibodies against lysosomal-associated

membrane protein 1 (Lamp1), which verified that the

ZsGreen debris was located within lysosomes of the

radial glia (Fig. 3L–N, arrows). These results indicate

that the degraded axonal debris was internalized at

sites distant from the radial glial cell bodies and trans-

ported to the perikarya for processing within lysosomes

and other intracellular compartments.

Radial glia isolated from the olfactory bulb
contain fragments from olfactory axons

To verify that the radial glia were phagocytosing the

axonal debris, we dissected and isolated radial glia

from crossed S100b–DsRed and OMP–ZsGreen trans-

genic mice pups. In these crosses, OECs are easily

identified by expression of DsRed (Windus et al., 2007),

whereas radial glia do not express DsRed. The radial

glia were removed from the central region of the olfac-

tory bulb while leaving the nerve fiber layer intact. The

cells were plated out, fixed immediately upon adhesion,

and then immunolabeled for BLBP expression. Different

cell types were present in the dissociated cell mix, but

the radial glia were easily identified by the expression

of BLBP and the lack of DsRed expression, with

46.4% 6 4.1% of the cells in the preparation being iden-

tified as radial glia (4). In tissue sections of the

olfactory bulb, OECs strongly expressed DsRed and

BLBP (Fig. 4G,H, arrow), whereas radial glia only

expressed BLBP (Fig. 4H, arrow with tail). All BLBP-

positive radial glia contained ZsGreen debris within

the cytosol (Fig. 4D,F). Higher magnification imaging

clearly showed the axonal debris within the cytosol

of the BLBP-labeled radial glia (Fig. 4C–F). Cells that

did not express BLBP did not contain ZsGreen fluo-

rescent axonal debris (arrow in Fig. 4B) indicating

that the radial glia were the only cells within the

central region of the olfactory bulb that were con-

tributing to the phagocytosis of axonal debris.

Sox10 knockout results in disrupted
development of the olfactory bulb and
altered morphology of radial glia

Mutations in the transcription factor Sox10 leads to

Kallmann’s syndrome in humans, a neurodevelopmental

disorder characterized by perturbed migration of

gonadotropin-releasing hormone (GnRH)-releasing hypo-

thalamic neurons, anosmia, and disrupted development

of the olfactory bulb (Barraud et al., 2010; Cadman et al.,

2007; Cariboni et al., 2007; Hardelin and Dode, 2008).

Importantly, in Sox10 knockout mice, olfactory axon tar-

geting is perturbed (Barraud et al., 2013; Pingault et al.,

2013), suggesting that regulatory mechanisms

Figure 4. Z-stack LSCM images of primary olfactory axon debris,

internalized within radial glia. A,B: Low-magnification view of a heter-

ogeneous cell population isolated from the ventricular surface. A:

Nuclei stained with DAPI; ZsGreen fluorescence shows axonal debris.

B: Radial glia immunostained with anti-BLBP (white). Cells not labeled

with anti-BLBP did not contain ZsGreen debris (arrow). C,D: Higher

magnification view of ZsGreen axonal debris contained within radial

glia immunostained with anti-BLBP. E,F: A single radial glia immuno-

stained with anti-BLBP and containing ZsGreen axon debris. G,H: A

comparison between DsRed-positive OECs and radial glia. Radial glia

(arrow with tail) do not express DsRed (blue) but strongly express

BLBP (white), whereas OECs express both DsRed and BLBP (arrow).

Image properties: A,B: 14-slice Z-stack (4.77 lm/slice); C,D: 42-slice

Z-stack (0.25 lm/slice); E,F: 51-slice Z-stack (0.28 lm/slice); G,H:

single-plane image. Scale bar in H 5 120 lm for A,B; 40 lm for C,D;

10 lm for E,F; 20 lm for G,H. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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determining correct axon targeting may be disrupted.

Before investigating how the absence of Sox10 affected

the fate of overextending olfactory axons, we first com-

pared the overall morphology of the developing olfactory

bulb in Sox10 knockout mice and wild-type littermates.

In wild-type mice, the nerve fiber layer was thick, and a

distinct external plexiform layer was present (Fig. 5A,E).

Nuclear staining showed that there were fewer cell

bodies within the external plexiform layer compared with

the adjacent regions (Fig. 5C). In contrast, in the absence

of Sox10, the nerve fiber layer was thin and the external

plexiform layer was not obvious (Fig. 5B,F). The region

corresponding to the position where the external plexi-

form layer should be located was densely packed with

cell nuclei (Fig. 5D, dotted lines). However, we also noted

that in the Sox10 knockout embryos there were some

areas where the nerve fiber layer was slightly thicker

(Fig. 5B, arrowhead). Immediately adjacent to these

thicker areas, a more distinct external plexiform layer

could be observed. After statistical analyses, we found a

significant 48.2% decrease in the thickness of the nerve

fiber layer in Sox10 KO embryos compared with the wild-

type littermates (t-test, P< 0.01, n 5 3) and a significant

58.3% increase in the number of cells in the external

plexiform layer region in the Sox10 KO embryos com-

pared to the wild-type littermates (t-test, P< 0.001,

n 5 3).

We focused particularly on comparing the morphology

and anatomical distribution of glia in the olfactory bulb in

the absence and presence of Sox10. Here, we studied

two types of glia; radial glia and OECs. It has been

Figure 5. Z-stack LSCM images showing that loss of Sox10 dis-

rupts development of radial glia. A: Coronal sections of an olfac-

tory bulb of wild-type E16.5 embryo immunostained with anti-

BLBP to show olfactory ensheathing cells within the normal nerve

fiber layer (NFL) around the periphery and the radial glia (arrow)

in the central region of the olfactory bulb. B: Olfactory bulb of

Sox10 knockout embryo. The NFL is thinner (arrow) and the

radial glia extended their filaments to the NFL (double-headed

arrow). The arrowhead is highlighting a slightly thicker NFL area.

C,E,G: Higher magnification view of the developing external plexi-

form layer (EPL) in a wild-type embryo. The dotted lines highlight

the EPL; radial glia filaments are largely absent from the EPL at

this age and the NFL is thickly populated by OECs. D,F,H: In con-

trast, in Sox10 knockout embryos the region of the EPL was less

defined and radial glia filaments (arrows) extended to the NFL,

which was thinner and poorly populated with few OECs. I,J: Sox

10 wild-type and knockout bulbs showing the distinct differences

in radial glia morphology. I: In wild-type embryos, the radial glia

and their filaments project radially from the ventricle to the NFL.

J: In Sox10 knockout embryos, the cells bodies of many radial

glia are located further from the ventricle (V), and the cells

appeared disorganized in their alignment (arrow points to a cell

that is perpendicular to the radial alignment seen in I). Image

properties: A: 8-slice Z-stack (4.77 lm/slice); C,E,G: 42-slice Z-

stack (0.55 lm/slice); D,F,H: 49-slice Z-stack (0.55 lm/slice); I:

24-slice Z-stack (1.26 lm/slice); J: 22-slice Z-stack (1.26 lm/

slice). Scale bar in J 5 180 lm for A,B; 40 lm for C–H; 60 lm

for I,J. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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previously shown that differentiation and distribution of

OECs is perturbed in the absence of Sox10 (Barraud

et al., 2013). OECs are present in the nerve fiber layer of

the olfactory bulb, but not in the deeper regions where

radial glia reside. BLBP is expressed in both OECs and

radial glia (Chehrehasa et al., 2010; Feng et al., 1994);

however, as the two glial cell types are not present in the

same anatomical location, the two populations can easily

be distinguished in vivo. We confirmed that loss of Sox10

results in perturbed OEC distribution. We showed that in

wild-type E16.5 embryos, the thick nerve fiber layer was

highly populated by OECs (Fig. 5A,E). In contrast, in

Figure 6. Z-stack LSCM images showing that loss of Sox10 results in increased axon extension and axon debris in the deeper layers of the

olfactory bulb. A–C: Immunostaining of wild-type E16.5 olfactory bulb with anti-OMP antibodies revealed axon overextension (arrow) past the

nerve fiber layer (NFL) in wild-type embryos and the presence of degraded axons (double-headed arrow); B is immunostained with anti-BLBP,

and merged images are shown in C. Orientation and region of interest are similar to those shown in Fig. 5C–H. D–F: In Sox10 knockout lit-

termate embryos, anti-OMP immunostaining revealed fewer axons within the NFL (asterisk) and more degraded primary olfactory axons in

the deeper layers (double-headed arrow), although intact axons were also present (arrow). G,H: Higher magnification view of boxed areas in

C and F, showing the difference in axon degradation within the olfactory bulb. G: In wild-type embryos, a few axons (arrow) and axon debris

(double-headed arrow) were present in the external plexiform layer (EPL). H: In Sox10 knockouts, there was an increased amount and spread

of ZsGreen debris (double-headed arrow) and little evidence of intact axons. E,H: In Sox10 knockouts, radial glia bodies were present much

closer to the nerve fiber layer but were not detected in similar regions in wild-type littermates (B,G). Image properties: A–C,G: 52-slice Z-

stack (0.55 lm/slice); D–F,H: 57-slice Z-stack (0.55 lm/slice). Scale bar in H 5 40 lm for A–F; 15 lm for G–H. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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Sox10 knockout littermate embryos, the OEC population

of the nerve fiber layer was dramatically reduced in many

regions. Only a few limited regions of the nerve fiber layer

were thickly populated by OECs (Fig. 5B, arrowhead).

We then examined the distribution of radial glia in

the olfactory bulbs of Sox10 knockout mice and wild-

type littermates. As discussed earlier, in wild-type

embryos, processes of radial glia were restricted to the

central region of the olfactory bulb (Fig. 5A, arrow). In

contrast, in the absence of Sox10, the radial glial proc-

esses (Fig. 5B, double-headed arrow) extended all the

way to the nerve fiber layer (Fig. 5B, arrow). Only adja-

cent to the very thickest areas of the nerve fiber layer,

where we showed that OECs were present, did we

observe a more normal morphology of radial glia; here,

processes of radial glia were shorter and did not reach

the nerve fiber layer (Fig. 5B,F). This finding suggests

that there may be a repulsive cue produced by the

OECs within the nerve fiber layer that repels the

processes of the radial glia and contributes to the for-

mation of the external plexiform layer. In the wild-type

embryos the radial glia possessed a more uniform mor-

phology, with the filaments and cell bodies radially

aligned as they projected away from the ventricle

(Fig. 5I). In comparison, in the olfactory bulbs of Sox10

knockout embryos, the radial glia were less aligned and

appeared disorganized and the cell bodies were often

located further from the ventricle than in the wild-type

embryos (Fig. 5J, arrow). Thus, loss of Sox10 from OECs

results in fewer OECs populating the nerve fiber layer,

and there is a perturbation in the development of the

radial glia within the deeper layers of the olfactory bulb.

Axonal debris accumulates in the Sox10
knockout embryos

We next examined the fate of the axons that overex-

tended past the nerve fiber layer into the deeper

regions of the olfactory bulb in Sox10 knockout mice.

As the OMP–ZsGreen mice were of a different back-

ground strain than the Sox10 mice, back-crossing the

two strains was considered to be too time consuming,

so for this series of experiments, we instead used OMP

immunostaining to visualize the initial degradation of

the axonal debris.

Similar to the results shown in Figure 1, E16.5 wild-

type embryos exhibited axon overextension where olfac-

tory axons entered the developing external plexiform

layer of the olfactory bulb (Fig. 6A–C,G). Intact axons

(Fig. 6A,G, arrows) as well as some fragmented and

degraded axonal debris (Fig. 6A,G, double-headed

arrows) were present in the external plexiform layer.

Overextending intact axons were also present in the

Sox10 knockout littermate embryos (Fig. 6D, arrow),

but there was a striking difference in the amount of

fragmented axonal debris between wild-type and knock-

out mice. In the Sox10 knockout embryos, immunolab-

eling for OMP showed considerably more axonal debris

present within the deeper layers of the olfactory bulb

Figure 7. Schematics summarizing the changes observed between

the wild-type and Sox10 knockout embryos. A: In the wild-type

embryos, there is a mass accumulation of axonal debris as it is

taken up by the radial glia. The radial glia have short processes and

are uniformly aligned. B: In the Sox10 knockout embryos, there are

fewer olfactory ensheathing cells in the NFL, the radial glia and

external plexiform layer do not develop properly, and there is more

axonal debris. The radial glia also display a disrupted orientation.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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(Fig. 6D–F,H, double-headed arrow) in comparison with

wild-type littermates. Because we have previously

shown that there are fewer OMP-positive neurons in the

Sox10 knockout mice at E16.5 than in wild-type mice

(Barraud et al., 2013), the increased accumulation of the

axonal debris is not due to an increased total number of

olfactory axons but more likely to a perturbation in the

phagocytic clearance of the axonal debris by the radial

glia (summarized in Fig. 7).

DISCUSSION

In this study, we investigated the fate of olfactory

axons that during development miss their target and over-

extend into deeper layers of the olfactory bulb, and the

behaviour of glial cells in contact with these axons. We

show that during olfactory bulb development, the mis-

targeted axons are degraded into axonal debris which is

phagocytosed by radial glia that reside in the central

region of the bulb. We also demonstrate that in Sox10

knockout mice, the development of radial glia was per-

turbed and axonal debris accumulated within the deeper

layers of the olfactory bulb, indicating that the radial glia

did not clear the axonal debris from mis-targeted axons

with the same efficiency as during normal development.

Previous studies have shown that during develop-

ment, primary olfactory axons overextend past their tar-

get layer and enter the deeper layers of the olfactory

bulb (Chan et al., 2011; Gong and Shipley, 1995; Gra-

ziadei et al., 1980; Santacana et al., 1992; Tenne-

Brown and Key, 1999). These studies, however, did not

examine any relationship between the overextending

axons and other cells within the olfactory bulb, such as

radial glia and OECs. We now show that olfactory axons

that extend past their target closely follow the filaments

of the radial glia that reside in the deeper layers of the

olfactory bulb. In the cerebral cortex, radial glia actively

guide the migration of neurons to their final destination

and also phagocytose cellular debris (Nacher et al.,

1999). Previous studies have also suggested that radial

glia may play a role together with OECs in establishing

the glomerular layer of the olfactory bulb by ramifying

their glial processes to interact with the axons of pri-

mary olfactory neurons (Bailey et al., 1999). Thus, it is

possible that the radial glia play a crucial role in guiding

the extension of olfactory axons to their correct targets

in the olfactory bulb during development.

To determine the fate of the overextending axons, we

used the previously generated line of OMP–ZsGreen

mice, in which olfactory neurons and their axons selec-

tively express a bright green fluorescent coral protein.

We analyzed cryostat sections of the developing olfac-

tory tract and found that ZsGreen fluorescence pro-

vided exceptional clarity and detail of olfactory axons,

significantly superior to immunolabeling for b-tubulin III,

a marker that has previously been used for identifying

axon debris within cells (Su et al., 2013). One reason

for this was that ß-tubulin III oversaturated the images

with axons that were not of interest. This was especially

true in the olfactory bulb, which is populated with

numerous different neurons (Fig. 1H). We also postulate

that this was due to more rapid degradation of the

b-tubulin III protein in comparison with the ZsGreen

coral protein. We found that mis-targeted olfactory

axons that extended past their bulbar target were

degraded and the resulting axonal debris was internal-

ized by radial glia. After internalization, the debris colo-

calized with the lysosomal marker Lamp1 within the

radial glia, suggesting that the debris was degraded by

the glial cells. It has been previously been shown that

adult rat OECs also phagocytose axonal debris in vivo,

and that the debris colocalizes with Lamp1 within the

cells (Su et al., 2013). During embryonic development,

however, OECs are not in contact with overextending

axons and therefore cannot be responsible for phagocy-

tosis of debris arising from degeneration of these

axons. At this stage, it is not clear whether the axons

are pruned or entirely degenerated; however, the entire

part of the axons localized within the olfactory bulb

appears to degenerate following mis-targeting.

We have previously shown that the transcription factor

Sox10 is critical for normal development of the olfactory

bulb (Barraud et al., 2013). Sox10, a crucial regulator of

normal embryonic development and cell fate, is

expressed in neural crest–derived OECs (Barraud et al.,

2010), and in Sox10 knockout mouse embryos, the OEC

population displays disturbed development, resulting in a

significantly thinner than normal nerve fiber layer in the

olfactory bulb (Barraud et al., 2013). However, the effect

on axon overextension in the absence of a properly

formed nerve fiber layer was not investigated. Because

the primary olfactory axons are in close contact with

radial glia in the developing bulb, we also examined the

behavior of the radial glia at the time in development

that mis-targeting of axons occurs in Sox10 knockout ani-

mals. We found that the development of normal radial

glial morphology was perturbed. In Sox10 knockout mice

at E16.5, the filaments of the radial glia projected almost

all the way to the nerve fiber layer and hence, no distinct

external plexiform layer was present, contrary to what

was witnessed in the wild-type littermates. Because the

radial glia themselves do not express Sox10 (Barraud

et al., 2013), the effect of the loss of Sox10 must be indi-

rect, effecting radial glia morphology and maturation in a

manner that renders them unable to perform normal

function. Our analyses revealed an accumulation of axon

D.A. Amaya et al.
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debris within the external plexiform layer of the Sox10

knockout mice.

We consider two possibilities that may account for the

accumulation of axon debris. First, the perturbed develop-

ment of the radial glia reduces their ability to phagocy-

tose axon debris, and hence it accumulates in the

external plexiform layer. Second, the loss of OECs from

the nerve fiber layer of the Sox10 knockout mice could

perturb the ability of the in-growing primary sensory

axons to find their target in the developing glomerular

layer. OECs and radial glia are suggested to interact

together with axons to contribute to the formation of glo-

meruli (Bailey et al., 1999), and thus the loss of OECs

may lead to poor formation of the target zone. Without an

appropriate stop signal, more axons would overproject

into the deeper layers of the olfactory bulb. Although pre-

vious analysis revealed that there were fewer olfactory

sensory neurons in the Sox10 knockout mice (Barraud

et al., 2013), the resultant effect of a loss of a stop signal

could be an overall increased number of overprojecting

axons. However, although the loss of a stop signal may

be a contributing factor, we detected very few intact over-

projecting axons; instead, there was considerable debris

from axons in the external plexiform layer of the Sox10

knockout mice. We therefore favor the first model, in

which reduced phagocytosis by radial glia leads to accu-

mulation of the axon debris but with the caveat that it is

a complex system with numerous different cell types,

each of which may play a contributing role.

In summary, we have investigated the fate of primary

olfactory axons that extend past their targets in the

olfactory bulb during embryonic development. We found

that the distal region of many axons that overextend

closely followed the filaments of central radial glia and

that these axons eventually degenerated and the frag-

ments were phagocytosed by the radial glia. We demon-

strated that knockout of Sox10 led to perturbed

development of the external plexiform layer and of nor-

mal radial glial morphology and resulted in an accumula-

tion of axonal debris from degenerating olfactory axons

deep within the bulb. Together, these results show that

radial glia are active participants in the regulation of pri-

mary olfactory axon fate within the olfactory bulb.
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