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“When I lost my sense of smell it was like being struck blind…you smell…maybe not 

consciously, but as a rich, unconscious background to everything else” – Oliver Sacks: The Man 

Who Mistook His Wife for a Hat and other Clinical Tales (1987) 
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Abstract 
Hyposmia, or the diminished capacity to smell, is a robust precursor to the motor symptoms of 

Parkinson’s disease (bradykinesia, rigidity, a resting tremor, and a shuffling gait), preceding 

these by 4-10 years. In pursuit of what causes hyposmia in the virtually unstudied human 

olfactory bulb, a computerised 3D model of the olfactory bulb was created using a combination 

of automated, fluorescent immunohistochemistry and 3D reconstruction methods that provided 

quantitative parameters and a unique method for visualisation of the constituents of the olfactory 

bulb and its functional units (olfactory glomeruli). Antibodies to V-GLUT2 (vesicular glutamate 

transporter type 2) and NCAM (neural cell adhesion molecule) enabled the identification of 

olfactory glomeruli. The number of glomeruli, as counted from the 3D model, was highly 

variable amongst four normal cases (2, 436 – 9, 999 glomeruli) and not significantly different 

from three Parkinson’s disease bulbs (1, 840 – 8, 341 glomeruli). Total glomerular and bulb 

volume was also measured but no significant differences were observed. Nonetheless, the 

experimental and analytical approach employed in these studies represents a unique and 

powerful method for visualisation and objective quantification. The second major aspect to this 

thesis was an experimental approach to understanding the control mechanism of polysialic acid-

neural cell adhesion molecule (PSA-NCAM), a post-translational modification that aids cellular 

migration and dendritic foraging. The putative role of sialidase IV (NEU4) in the downregulation 

of PSA-NCAM was examined; the removal of polysialic acid being a critical step for correct 

positioning of neuroblasts upon migrating into the olfactory bulb. To do this, NEU4 was 

expressed in the TE671 rhabdomyosarcoma cell line, and its effects on PSA-NCAM expression 

were measured. No significant changes in overall PSA-NCAM levels were seen in cells 

expressing either the short or long isoform of NEU4. This was seen under conventional culture 

conditions and also when cells were cultured in an extracellular matrix. In order to detect more 

subtle changes that may be occurring at the cell surface, the same experiments were performed 

and analysed using immunocytochemistry and high content analysis. Depending on the mode of 

analysis small changes were detected suggesting that NEU4 may be involved in reducing the 

amount of PSA-NCAM present at the cell surface. However, owing to the experimental design, I 

was not able to definitively implicate or exclude NEU4 from involvement in the down-regulation 

of PSA-NCAM. Collectively, the findings of this thesis are of relevance when elucidating the 

mechanisms of olfactory bulb wiring and organisation, and how neural progenitors serve to 

maintain this brain region over a lifetime.  
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Chapter 1: Literature Review 

1.1 General Anatomy of the Human Olfactory System: 

The olfactory system consists of three major components: the olfactory mucosa and 

neuroepithelium, the olfactory bulb, and the anterior olfactory cortex. These components will be 

described in detail as a first step towards a greater understanding of the mechanisms underlying 

olfactory perception. Consideration will also be given to the differences amongst the species 

commonly used in the study of olfaction, and its implications for human investigations. 

The human olfactory system is perhaps not as pronounced as in other species, accounting for a 

mere 0.064% of total brain weight in contrast to up to 20%, as one could expect in other 

mammals (1, 2), such as rodents or sheep. However, this is largely due to the massive forebrain 

development in human and is not indicative of any deficits in absolute olfactory capacity (3, 4). 

Furthermore, in the same way that auditory input is simultaneously compared in both ears to 

localise sound, human nostrils are also capable of providing spatial information that enhances the 

capacity to scent-track (3). Additionally, histological comparisons between the human olfactory 

bulb and that of the mouse indicate similar organisational principles and cellular composition 

(5). Furthermore, many of the central olfactory structures within the forebrain have been largely 

deduced from rodent studies involving neurochemical lesions, bulbectomies, and behavioural 

analyses. With the advances in neuroimaging to study the relationships between brain activity 

and behaviour, it has become apparent that the structures predicted to participate in olfaction in 

rodent models are also activated in the human (6-8). Nevertheless, tasks more complex than 

odour discrimination, such as odour memory, comparison, and description inevitably require the 

recruitment of structures that define the sheer cognitive power of the human (9); specifically, 

those found within the temporal and frontal lobes.  

1.1.1 The Olfactory Mucosa and Neuroepithelium: 

The olfactory neuroepithelium is the place where perception of odorants present in the air 

begins. It is located in the most superior aspect of the nasal cavity at the base of the cribriform 

plate and onto the superior turbinate (10), and may extend as far forward as the anterior middle 

turbinate insertion and as far down as the middle turbinate insertion (11). The size and surface 

area distribution varies and generally decreases with advancing age (12), suggesting that over 

time, the neuroepithelium is gradually taken over by that of a respiratory phenotype. 

Additionally, the presence of ‘olfactory pits’; tiny invaginations within the epithelium, serves to 

increase the total receptive area (13). 
1



Olfactory Sensory Neurons: 

Generally speaking, three key cell types can be found within this pseudostratified columnar 

epithelium (Figure 1.1). The most important cell type are the bipolar olfactory sensory neurons 

(OSNs), whose primary role is to receive information from volatile compounds present in the 

inhaled air and whose unmyelinated axons form bundles as they cross the cribriform plate and 

into the olfactory nerve layer of the bulb (5, 13, 14). Their cell bodies are typically found within 

the lower two-thirds of the neuroepithelium and range from about 5-7 µm (15). They are 

characterised by ciliated dendrites that appear to follow a tortuous path towards the mucosal 

surface, wrapping around dendrites of adjacent OSNs themselves, and supporting cells. It is the 

cilia that contain the olfactory receptors, which are G-protein-coupled receptors (GPCRs) (13, 

16-18). Activation of these receptors by specific odorant molecules leads to the activation of the 

Golf protein, which in turn stimulates adenylate cyclase to make the cyclic AMP (cAMP) 

required to open cyclic-nucleotide gated channels, resulting in the generation of an electrical 

impulse (13) that is transmitted to the olfactory bulb for further processing.  

Phenomenally, out of some 1,000 (19) and 200 – 300 intact (20-23) olfactory receptor genes in 

the mouse and human, respectively, current evidence indicates that OSNs express just one type 

of OR each (24-30), which converge and innervate two glomeruli in the OB; one on the medial 

aspect, and one on the lateral aspect (24). The mechanisms that determine how an OSN chooses 

what receptor to express have been explored elsewhere (31-35) and lie beyond the scope of this 

review. These receptor identities are organised into four zones within the neuroepithelium, and 

the general pattern of organisation preserved in the bulb (36-38) (Figure 1.2). Each zone is 

thought to represent a subset of ORs responsive to a particular class of odorants with one or 

several structurally distinct features (25), which may be a mechanism by which olfactory 

information is sorted and delivered to higher order processing areas in an ordered manner (24). 

Activation of the signalling cascade results in the release of glutamate, which acts upon NMDA, 

AMPA, and kainate receptors (39-43). These receptors each make different contributions to the 

processing of odorant information. Whilst the AMPA/kainate subtypes merely activate the 

mitral/tufted cell, the prolonged activity at the NMDA receptor causes an extended period of 

excitation, which may contribute to signal amplification by means of lateral inhibition, or 

strengthen connectivity between a given OSN axon and mitral/tufted cell dendrite. Furthermore, 

glutamatergic receptors of the metabotropic variety are responsible for regulating the release of 

glutamate from OSN axon terminals. In particular, the presence of the mGluR7 receptor subunit 

at this location implies an ‘auto-receptor’ function, whereby the release of glutamate has an 
2



Figure 1.1: Schematic of the olfactory neuroepithelium. Of particular interest are the olfactory sensory neurons (OSNs) 
which traverse the entire length of the epithelium towards the bulb. Each colour indicates expression of a different 
olfactory receptor which is expressed by that neuron only (i.e. ‘one-receptor, one-neuron). The sustentacular cells (red), 
globose basal cells (yellow), and horizontal basal cells (blue) all play a supporting role in ensuring regular OSN function.

Figure 1.2: Schematic detailing the zonal organisation of olfactory receptors in the neuroepothelium and in the bulb. 
Current evidence indicates that four zones can be distinguished based on their ability to detect structurally different 
classes of odorants present in the inspired air.  
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inhibitory and therefore self-regulatory effect (44), in conjunction with the canonical inhibitory 

GABAB receptors (45). 

Basal Cells: 

Located deep within, close to the basal lamina are the basal cells. Approximately 4-7 µm with a 

round and centrally located nucleus (13), these cells are believed to play a regenerative role 

within the epithelium (46). Specifically, basal cells can be divided into two distinct populations: 

the horizontal basal cells (HBCs) and globose basal cells (GBCs). It is currently believed that the 

multipotent nature of HBCs is responsible for the constant supply and repopulation of GBCs, 

sustentacular cells, and olfactory sensory neurons, and is enhanced when the neuroepithelium is 

subject to extensive damage, such as bulbectomies (47) or chemical ablation (48). Conversely, 

the globose population is believed to repopulate the OSNs only. 

Sustentacular Cells: 

Their columnar shape and oval, elongated nuclei define the sustentacular cells within the 

neuroepithelium. It has a supporting role, contributing to the overall homeostasis of the mucosa 

through the regulation of ion and water balance (49) and more importantly, by the metabolism of 

xenobiotic compounds (13), as evidenced by immunoreactivity to glutathione-s-transferase (50), 

whose key function is to neutralise reactive metabolites that could cause damage to surrounding 

cells. The also contribute to the sensory microenvironment by the secretion of various 

mucopolysaccharides (51-53), in addition to those of Bowman’s glands (13). Furthermore, they 

project fine processes into neighbouring OSNs, which may confer electrical isolation of these 

cells (13).  

1.1.2 The Olfactory Bulb: 

The next anatomical centre involved in olfactory processing is the olfactory bulb. Located at the 

rostral end of the telencephalon and under the ventral surface of the frontal lobe, these ovoid 

structures rest on top of the cribriform plate, receiving axonal input from the olfactory sensory 

neurons within the neuroepithelium below (14, 54), as shown in Figure 1.3. The bulb has a 

laminar organisation, consisting of the olfactory nerve layer, the glomerular layer, external 

plexiform layer, mitral cell layer, internal plexiform layer, and finally, the granule cell layer (14) 

(Figure 1.4A).  

The connectivity within the bulb is intricate, with numerous cell types involved (Figure 1.4B). 

However, as with other processing centres in the brain, three fundamental elements of the bulb 
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Figure 1.3: Location of the olfactory bulb in the skull. The bulbs are located in the superior portion of the bulb (green), 
and rest on the cribriform plate.  
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Figure 1.4: Schematic of the laminar organisation of the bulb and connectivity within. A: Coronal overview of the bulb laminae. 
There are six layers; olfactory nerve layer (ONL; red), glomerular layer (GL; purple), external plexiform layer (EPL; orange), 
mitral cell layer (MCL; blue), granule cell layer and internal plexiform layer (GCL/IPL; yellow). The IPL is often difficult to 
distinguish from the GCL, and will thus be considered as one. B: Connectivity of the olfactory bulb. Axons of the OSNs each 
bearing a unique olfactory receptor identity coalesce into glomeruli and synapse with mitral/tufted cells, external tufted cells, 
periglomerular cells, and short axon cells. Granule cells too indirectly provide modulatory input. Information is conveyed to the 
olfactory cortex via the middle and internal tufted cells.  
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essentially form the triad of neuronal elements (14, 55). Axons of OSNs and modulatory 

centrifugal axons from central structures in the forebrain act as input fibres, which synapse onto 

mitral and tufted cells; the principal cells within this system. Finally, the periglomerular and 

granule cells make up the intrinsic neurons of this triad, serving only to modulate the local 

circuitry and processing (55). 

 

Olfactory Nerve Layer: 

As axons of OSNs leave the neuroepithelium and cross the porous cribriform plate they form 

discrete bundles on the outermost surface of the olfactory bulb, weaving amongst each other. 

These bundles constitute the first and outermost layer of the bulb, known as the olfactory nerve 

layer. Axons are packed tightly within each bundle, leading to a prominent layer of neural cell 

adhesion molecule (NCAM) immunoreactivity (5). This arrangement may facilitate ephaptic 

interactions between axons (56), serving as a compensatory mechanism enabling saltatory nerve 

conduction in the absence of myelin. In addition, a network of olfactory ensheathing cells 

surrounds nerve bundles; this is analogous to the mesh of astrocytes surrounding migratory 

neuroblasts in the rostral migratory stream (1, 57, 58). Furthermore, these cells are not only 

immunopositive for glial fibrillary acidic protein (GFAP), but also exhibit Schwann cell-like 

morphology, in addition to expressing the Schwann-specific Po protein (54). Hence, it would 

appear that these cells could have a dual effect, firstly by enhancing axonal conduction in a 

poorly myelinated environment (59), and secondly, by supporting axonal guidance and 

expressing neurotrophic factors (54, 60).  

 

Glomerular Layer: 

The axons of OSNs traverse slightly deeper into the bulb, where they coalesce to form glomeruli 

within the aptly named glomerular layer. Histologically, this layer is the defining feature of the 

bulb and is essentially defined as the functional unit of olfaction (61-63). This is evidenced by 

the discrete activation of specific glomerular populations in response to specific odours (26, 64). 

Immunohistochemical characterisation has revealed that the glomeruli are largely NCAM and 

vesicular glutamate transporter type II (VGLUT-2) positive (5); the former representing OSN 

axons, and the latter being specific for the OSN synaptic terminals (5, 65). It is within each 

glomerulus that the axons of OSNs synapse with the dendrites of mitral, external tufted, short 

axon, or periglomerular cells. Incredibly, the axons of a specific OSN phenotype project to a 

single glomerulus in the bulb (66, 67); an astonishing feat given the extensive olfactory receptor 

gene repertoire and the distinct, scrupulous spatial organisation required in both the 

neuroepithelium and the bulb necessary for this to occur. 
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The axons of each OSN leave the neuroepithelium and converge into distinct glomerular 

identities within the bulb. Much in the same way that zonal organisation is observed at the level 

of the neuroepithelium, glomeruli are organised topographically in the bulb (68, 69). Where 

anterior-posterior positioning is concerned, OSNs bearing the same receptor identity are 

scattered throughout the neuroepithelium (69); therefore, some pre-target mechanism must exist 

in order for glomerular convergence to occur along this axis. It is thought that each OSN 

expressing a given OR generates a unique level of cAMP (70), which in turn positively regulates 

levels of the axon guidance receptor, Neuropilin-1 whilst simultaneously negatively regulating 

levels of its repulsive ligand, Semaphorin 3A (71). In doing so, odorant receptors themselves 

create a anterior-low/posterior-high gradient in the epithelium; deliberate manipulations to this 

gradient results in topographical shifts of glomeruli (71).  

 

Along the dorsal-ventral axis, it is thought that a dorsal-low/ventral-high gradient of Neuropilin-

2 is responsible for positioning. Specifically, axons of early OSNs are thought to deliver 

Semaphorin-3F to the dorsal region of the bulb, which in turn prevents subsequent Neuropilin-2+ 

axons from invading this area (72). Furthermore, these early axons are guided to the correct 

position by its own unique gradient of Robo2/Slit1 interactions (73, 74), thus ensuring delivery 

of Semaphorin-3F to the correct part of the bulb. However, instead of Neuropilin-2/Semaphorin-

3A levels being dictated by molecules downstream of OR signalling, regulation may be dictated 

by cell lineage, implicating additional sets of transcription factors, such as FoxG1 for instance 

(75).  

 

However, these mechanisms are only responsible for establishing a general, if somewhat crude, 

glomerular topography in the bulb. Activity-dependent cell adhesion molecules are thought to 

facilitate the adhesion or repulsion of axons to form distinct, discrete glomeruli. Specifically, 

Kirrel2 and Kirrel3 have been identified as homophilic adhesive molecules; under normal 

conditions, two axons expressing either one of these molecules will bind to one another as part 

of forming a glomerulus. Conversely, ephrinA5 and Eph5A mediate axonal repulsion, 

encouraging two axons of different identities to separate and form different glomerular domains 

(76). Furthermore, it was found that disruption of upstream neuronal activity led to the down-

regulation of Kirrel2 and Eph5A, whilst Kirrel3 and ephrinA5 were up-regulated (76), 

presumably reducing the ability of axons to form glomeruli or leading to the formation of a 

glomerulus of a mixed identity. 

Periglomerular Cells: 
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As the name suggests, periglomerular cells are found in close proximity to the glomeruli, 

appearing as tiny somata surrounding the periphery of each. Modern histochemical approaches 

suggest that the circuitry within the glomerulus is substantially more complex (61). They are a 

relatively heterogenous neuronal population (77), with neurochemical phenotypes including 

immunoreactivity towards tyrosine hydroxylase, parvalbumin, calretinin, calbindin, and γ-

amino-butyric-acid (GABA) (78-80). Their dendrites extend to only one or two glomeruli; axons 

on the other hand innervates three to five (14). Specifically, the presence of tyrosine hydroxylase 

and glutamate decarboxylase implies that these cells are both GABA-ergic and dopaminergic 

(81, 82), and that they are primarily inhibitory (14), although GABA may be excitatory during 

the stages of neuronal maturation and integration into the existing circuitry (83-85).  

The production and function of dopamine is perhaps one of the more fascinating aspects of the 

periglomerular population, as it is known to be a key modulatory neurotransmitter in the 

processing of odorant information. Specifically, the levels of dopamine contribute to the capacity 

to smell. There is now a substantial body of evidence to suggest that any alterations to the levels 

of dopamine in the olfactory system can alter responsiveness to odorant stimulation (86-89), 

primarily via modulation of mitral and tufted cells. Indeed, mitral cells have been shown to 

express a D2-like receptor (90), and the direct application of dopamine appeared to have a 

hyperpolarising effect on mitral cells (91).  

External tufted cells: 

Also found within the glomerular layer are external tufted cells. Approximately 10-15 µm long, 

they are defined by a primary, short, apical dendrite that projects into a single glomerulus and a 

single axon that traverses through the external plexiform layer (61, 92). Furthermore, these cells 

are believed to be glutamatergic and therefore excitatory, and are capable of spontaneously 

generating action potentials in the absence of synaptic input as a consequence of their intrinsic 

membrane properties (92). By providing excitatory input to periglomerular and short axon cells, 

external tufted cells are believed to coordinate the firing of glomeruli bearing the same receptor 

identity, resulting in signal amplification and firing synchrony that ensures olfactory information 

is successfully transmitted to cortical olfactory structures (92).  

Short axon cells: 

The last and perhaps least well-defined population to be considered in this layer are the short 

axon cells. These cells have oval soma of approximately 12 µm (14, 61) and, despite their name, 

account for an extensive interglomerular axonal network, being able to reach distances of several 
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hundred micrometres apart (93). Short axon cells participate in centre-surround inhibition, where 

the excitation of the largely inhibitory periglomerular interneuron population serves to dampen 

mitral cell firing within glomeruli (93). Consequently, this may lead to enhanced contrast and 

reduced background signaling between activated glomeruli, thereby resulting in ‘cleaner’ 

patterns of olfactory output to higher order processing structures (93).  

 

External plexiform layer: 

The external plexiform layer (EPL) is an extremely dense neuropil mostly consisting of mitral, 

tufted and granule cell dendrites (14, 94). Key cell types found within this region are the middle 

and internal tufted cells.  

 

Middle tufted cells are characterised by somata located near the centre of this layer and an apical 

dendrite terminating in a single glomerulus (14, 95, 96); axonal collaterals are thought to project 

to the primary olfactory cortex (14). Within the bulb, middle tufted cells make dendrodendritic 

connections with granule cells (96) and have a spike firing rate in response to an aliphatic 

aldehyde distinct to those of mitral and external tufted cells (97). In addition, a lower threshold is 

required to elicit a response, indicating that these cells may enable the detection of a given 

odorant in extremely low concentrations in a complex mixture of odorants present in the 

environment (97). These cells do not participate in lateral inhibition (where the activity of 

adjacent neurons is reduced, thus enhancing the signal from the main neuron of interest); rather, 

intensification of the spike response was observed during periods of inhalation, followed by a 

diminution during exhalation (97). Taken together, one could surmise that these cells contribute 

to deciphering the complexity of odorants of varying concentrations in the air in synchrony with 

breathing and respiration patterns.  

 

In contrast, internal tufted cells are located deeper in the EPL and are akin to displaced mitral 

cells (94, 96); indeed, some anatomical descriptions of the bulb class these as mitral cells (95). 

Like their more centrally located counterparts, these cells too make dendrodendritic connections 

with granule cells and extend axons throughout the olfactory cortex (96). Though little is known 

about the exact function of these cells, they are believed to exert an inhibitory effect on granule 

cells (94, 96), thereby providing yet another mechanism by which olfactory information is 

refined.  

 

 

Mitral cell layer: 
10



Within this thin and aptly named layer are the somata of mitral cells. These cells are closely 

related to the tufted cell population and are often considered in conjunction with each other(61). 

They are characterised by a single apical dendrite that travels right through the EPL, terminating 

in a single olfactory glomerulus and, at the opposite end, two to nine basal dendrites branch into 

the EPL (14); their total projection field encompassing a radius of 850-900 µm (14, 94).  

Mitral cells are believed to be glutamatergic (98) and make dendrodendritic connections with 

granule cells (99). These cells mediate inhibitory and excitatory coupling. Within a glomerulus, 

coupling between cells may enhance or reduce sensitivity when presented with a weak or strong 

stimulus, respectively (100); between glomeruli, coupling may help to refine patterns of 

glomerular activity in response to specific odours (101, 102). In addition, mitral cells express 

metabotropic glutamate receptors (103); their physiological response differing to ionotropic 

receptors in that the former act slower than that of the latter. Collectively, these two mechanisms 

of signaling contribute to the dynamic nature of these cells and reflect the notion that their 

activity patterns are anything but stationary, changing over the course of a given stimulus (101). 

In doing so, responses to specific odours are sharpened, reducing similarity between structurally 

similar odorants (101, 104), irrespective of concentration (102).  

Internal plexiform layer: 

Deeper into the bulb lies a thin neuropil area known as the internal plexiform layer. It is a 

relatively cell poor area (5),  containing only a few short axon cells (14). It is regarded as a 

primarily transitory layer, with only axons of mitral and tufted cells, in addition to the peripheral 

dendrites of granule cells (14). These dendrites synapse with the axons of the aforementioned 

external tufted cells of the glomerular layer and form what is regarded as the intrabulbar 

associational system (105, 106). This essentially provides a link between isofunctional glomeruli 

(activated glomeruli bearing the same odorant receptor identity on the opposite side of the bulb) 

via their associated odour column (106, 107). The intrabulbar network is thought to indirectly 

modulate mitral cell activity (by way of mitral-granule cell connections) and in so doing, helps to 

shape olfactory bulb output overall before being communicated to the olfactory cortex (106). 

Granule cell layer: 

The innermost layer of the bulb contains granule cells; the most numerous of all cell types 

present in the olfactory bulb, with estimates of 1-3 million in the rodent (14). Their fusiform 

somata are densely packed and range from about 6-10 µm, aggregating in small clusters of three 

to five cells and coupled by gap junctions so as to synchronise the activity of neurons nearby (14, 
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108). Granule cells are unique in that they lack an axon (109); their large dendritic spines instead 

containing both presynaptic and postsynaptic elements (110-112). Specifically, each cell projects 

a single, thick peripheral dendrite that ramifies and terminates within the EPL, encompassing an 

area of up to 200 µm (14). Back within the granular layer, the same cell will project to 1-4 basal 

dendrites deep within. Electron microscopy of the rat olfactory bulb has determined that these 

dendrites have spines in which mitochondria, ribosomes, and vesicles are located (109). In the 

EPL, spines form reciprocal, dendrodendritic synapses with mitral and tufted cells (14); as 

granule cells are GABA-ergic and therefore inhibitory, excitation of these cells by the glutamate 

released from mitral cells causes the release of GABA back onto mitral dendrites, facilitating 

mitral cell self-inhibition or lateral inhibition (111, 113). Moreover, glutamatergic mGluR2 

receptors are expressed on these granule cell spines and have an inhibitory effect by reducing the 

amount of GABA released at that specific location (113). In doing so, the amount of self-

inhibition for a given mitral cell can be regulated at that location, whilst still maintaining lateral 

inhibition in the general vicinity (113) and therefore, maintenance of a highly selective and fine-

tuned capacity for odour discrimination (114). 

Within this layer, three classes of granule cells have been identified, primarily based on their 

position in this zone and also the extent to which they project in the EPL, and the cells they 

synapse with. Type I granule cells typically spread their dendrites across the full length of the 

EPL, with somata located at an intermediary level (115). Because of their random dendritic 

distribution, these granule cells are likely to receive inputs from both mitral and tufted cells (14). 

Type II granule cells are located deep within the layer, whilst type III cells are located 

superficially; accordingly, their peripheral dendrites can be found in the corresponding deep and 

superficial layers of the EPL, respectively (14). Therefore, type II cells are thought to be 

connected with mitral or even middle tufted cells (14, 96), whilst type III cells connect with 

internal tufted cells. However, as aforementioned, middle tufted cells do not participate in lateral 

inhibition, and a dendrodendritic connection with these particular cells would thus lead to self-

inhibition only; presumably, yet another measure by which lateral inhibition and self-inhibition 

is regulated.  

Despite their presence in the glomerular layer and internal plexiform layer, numerous short axon 

cells are also located amongst the granule cells. Specifically, three types can be found; Blanes’ 

cells, Golgi cells, and van Gehuchten cells.  
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Blanes’ cells are characterised by large, ovoid soma (116), and form inhibitory connections with 

granule cells, mediated by the GABAA receptor (117). These cells are activated by glutamatergic 

input of axon collaterals of mitral cells; the release of GABA subsequently inhibits the granule 

cells to which Blanes’ cells are connected, creating a feed-forward inhibitory framework that 

ultimately results in mitral cell disinhibition (117, 118). By firing persistently as a consequence 

of receiving constant glutamatergic input, they are able to control the strength of recurrent and 

lateral inhibition at the level of mitral and tufted cells (118). This may act as a mechanism by 

which synchronicity amongst certain sub-populations of olfactory bulb neurons is achieved and 

coordinate glomerular activity (117, 118).  

 

The other non-granule cell population within this layer are the Golgi cells. They are believed to 

have a similar size and morphology to Blanes’ cells; the only exception being that they are 

almost completely spineless (14, 119). A recent study indicates that these cells participate in the 

inhibition of postsynaptic targets during periods of active sniffing (bursting firing) (120), which 

could assist odour discrimination and identification by taking part in lateral inhibition.  

 

Finally, a third and even less well-characterised population can be found in this layer. Known as 

van Gehuchten cells, they are positioned deeper within the granule cell layer, and their dendrites 

extend to the EPL, parallel to the glomerular layer (121). They display immunoreactivity 

towards NADPH-diaphorase; an enzyme linked to nitric oxide synthase (122, 123), as well as 

neuropeptide Y and somatostatin (121, 124). Whilst their exact function remains speculative, the 

presence of the enzyme responsible for nitric oxide production suggests that regenerative 

mechanisms may be at play within this layer (125), helping newly generated interneurons 

establish connectivity in response to patterns of activity at the glomerular layer. 

 

1.1.3 Connectivity within the olfactory bulb: 

Signal analysis can fall into just one of two categories: input processing and output processing. 

Input processing refers to interactions between axons of OSNs, principal neurons (i.e. mitral and 

tufted cells), and periglomerular neurons encircling the glomeruli. Output processing on the 

other hand occurs primarily in the external plexiform layer and involves principal neurons and 

granule cells. Collectively, both circuits work in conjunction with each other to discriminate, 

enhance, and refine odorant information prior to being communicated to the olfactory cortex; 

equally, these networks are also subject to input from the cortex, modulating neuronal activity 

further still.  
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Input processing: 

Broadly speaking input processing is comprised of intraglomerular and interglomerular 

processing. These two types, in addition to the cell types involved and their function are 

summarised in the table below: 

 

Table 1.1: Olfactory processing circuits 

Processing 
Type Circuit Cell types involved Function References 

Intraglomerular 

OSN-
M/T-PG 
circuit 

• OSNs 
• Mitral/tufted 

cells 
• Periglomerular 

cells 

Signal 
decorrelation; 
enhances 
information 
regarding a 
particular odorant, 
independent of the 
molecular receptive 
range of an odorant 
of location of 
glomerulus 

(14, 61, 
126-130) 

OSN-PG 
circuit 

• OSNs 
• Periglomerular 

cells 

Regulation of 
intraglomerular 
levels and 
excitation of 
mitral/tufted cells 

(61, 79, 
130, 131) 

OSN-
ET-PG 
circuit 

• OSNs 
• External tufted 

cells 
• Periglomerular 

cells 

Signal 
amplification 

(61, 92, 
132) 

Interglomerular 
OSN-
PG-SA 
circuit 

• OSNs 
• Periglomerular 

cells 
• Short axon cells 

Enhances contrast 
between patterns of 
odorant-evoked 
activity by 
facilitating contact 
between glomeruli 
that are far apart 
from one another 

(61, 93) 

 

Output processing: 

Output processing occurs within the external plexiform layer that is adjacent to the glomerular 

layer; the majority of synapses being between basal dendrites of principal neurons (the mitral 

and tufted cell population) and the spines of granule cell dendrites (14). It is believed that the 

majority of synapses are reciprocal, such that the mitral/tufted-granule cell synapse is excitatory, 

whilst the granule cell-mitral/tufted cell synapse is inhibitory (96). Furthermore, as the inhibitory 
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granule cell-mitral/tufted cell synapse is the sole output of the granule cell (14), it is likely that it 

serves some form of localised inhibition of the mitral population, thus aiding the capacity for 

exquisite odour discrimination (114). This is particularly important given the zonal organisation 

of glomeruli in the bulb (18) and that each zone consists of glomeruli with a similar molecular 

receptive range (133, 134); inhibition within this level may ensure the appropriate pattern of 

glomerular activity specific to a given odorant, despite its potential responsiveness for 

structurally similar olfactory receptors and indeed, potential activation of neighbouring 

glomeruli within the same zone.  

 

As previously mentioned, the differential position of cell bodies within the granule cell layer 

ultimately corresponds to different projection areas in the external plexiform layer (135). Hence, 

they will synapse with different cell types depending on the extent to which their dendritic arbors 

extend in the EPL. A notable example are the deep granule cells that project deep into the deep 

EPL, and synapse with the secondary dendrites of mitral cells; in contrast, granule cells that are 

located more superficially extend to the superficial EPL, and synapse with dendrites of tufted 

cells (135, 136). Therefore, the consequences of granule cell mediated inhibition varies, and that 

these parallel pathways collectively function to relay information regarding key characteristics of 

an odorant (14).  

 

1.1.4 Central Olfactory Structures: 

Once an odorant signal has been fully processed in the bulb, communication to higher order 

cortical structures is essential for what we perceive as odour. These structures, which 

collectively form the olfactory cortex, are defined as areas of the forebrain to which the output 

signals of the olfactory bulb project (137) and facilitates the learning, memory, and emotion 

associated with a particular smell. Key structures involved include the anterior olfactory nucleus, 

rostromedial olfactory cortices, the olfactory tubercle, and lateral olfactory cortices (7). This is 

believed to hold true in the human, (137); however, structures that lie beyond the anterior 

olfactory nucleus will not be considered further in this review.  

 

Anterior Olfactory Nucleus: 

The most rostral of the higher-order structures concerned with olfaction (138), the anterior 

olfactory nucleus (AON) is a major structure to which the axons of mitral and tufted cells project 

via the lateral olfactory tract, and is thought to participate in olfactory learning (139, 140). 

Despite the neurochemical heterogeneity of the cell types present in this structure, the AON can 

be anatomically and functionally sub-divided into the pars externa (pE) and pars principalis 
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(pP) (141). A thin, cell-dense layer, the AONpE receives input from the ipsilateral aspect and 

projects to the granule cells of the contralateral bulb, known as the interbulbar association 

system (105). Lacking basal dendrites, these cells have numerous apical dendrites with long, thin 

spines that can project over such a distance (141, 142). In mice, chemical ablation of the AONpE 

led to a severe decline in subsequent tests of odour avoidance (142). Furthermore, neuronal 

activity in this area was observed in synchrony with respiratory phase, which coincided with 

contra-nostril inhibition. Additionally, the simultaneous presentation of the same odorants to 

both nostrils led to a smaller spike response; taken together, the AONpE neurons must therefore 

compute differences in firing which aids the localisation of a given odour (138). Interestingly, 

the respiration cycle is thought to be a mechanism that reduces the potential for olfactory 

receptor desensitisation, thereby allowing for maximum signal contrast that would enable 

AONpE neurons to track changes in localisation (138).  

Generally speaking, the AONpP can be further subdivided into five portions: pars dorsalis, pars 

ventralis, pars medialis, pars lateralis, and pars posterioralis, though the boundaries defining 

each region are arbitrary and vary widely (141). Nevertheless, immunohistochemical and fibre 

tracing suggest that these anatomical subdivisions are functionally distinct from each other (143, 

144). Anterograde and retrograde fibre tracing revealed the pars dorsalis and pars ventralis as 

being two key subdivisions of interconnectivity, with every sub-region sending projections to the 

respective contralateral areas (144). Extensive connectivity between the pars externa and pars 

dorsalis suggests that the pars dorsalis can further refine or enhance incoming information 

before being relayed to the contralateral aspect (144). Functionally, this level of connectivity can 

have one of two consequences, depending on the level of ipsilateral communication between 

pars dorsalis and pars lateralis. Assuming a high level of connectivity, this could lead to the 

integration of information across both hemispheres, creating an overall ‘scene’ of the current 

olfactory environment before being sent to the piriform cortex (144).  

1.2 Olfaction in Parkinson’s disease 
Described by James Parkinson in 1817 as the ‘saddest of diseases’ (145), Parkinson’s disease 

(PD) is the second most common neurodegenerative disorder after Alzheimer’s (146, 147) and is 

estimated to affect approximately 1% of the population over 60 years of age (147, 148). This 

progressive neurodegenerative disorder falls under the umbrella of ‘parkinsonism’, which 

encompasses classical PD-like symptoms as secondary consequence of insults such as brain 

trauma, corticobasal degeneration, hydrocephalus, or medication (146, 149). Idiopathic PD 

however is pathologically defined as a direct cause of dopaminergic neuronal loss in the 
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substantia nigra and the appearance of cytoplasmic inclusions known as Lewy bodies (149), and 

will be the main emphasis of this review.  

 

1.2.1 Symptomatology: 

Broadly speaking, the symptoms of PD fall under two main categories: motor, and non-motor. 

The motor symptoms have been reviewed extensively and constitute what is generally regarded 

as the cardinal signs of Parkinson’s disease: a resting tremor, rigidity, bradykinesia, and postural 

instability (146, 148-151); these lie outside the scope of this discussion, and not be considered 

further. Less well characterised however are the non-motor symptoms, which are likely to 

provide insight into the pathogenesis of PD. Moreover, as these symptoms are perhaps not as 

intuitively associated with neurodegeneration, it is likely that they are overlooked until the motor 

symptoms present, by which some 70-80% of dopamine is lost (152). Key systems affected 

include the olfactory, visual, gastrointestinal, and autonomic nervous systems. 

 

Olfactory dysfunction: 

Of particular interest to this project is the diminished sense of smell in PD, termed hyposmia; the 

most extreme being anosmia, or the total incapacity to perceive smell. However, it is important 

to note that a decline in absolute olfactory capacity is also a part of the ageing process in non-

diseased individuals (153, 154); the decline being more pronounced in smokers than non-

smokers, and females consistently out-performing males (153). Moreover, declines in olfactory 

capacity is somewhat insidious, with many patients not realising that there is a problem in the 

first instance (155). Initially described by Ansari and Johnson (156), numerous studies have 

since confirmed the link between olfactory dysfunction and PD (157-159). In addition to the 

substantial impact on one’s overall quality of life and daily living (160, 161), olfactory 

dysfunction is present in approximately 90% of cases and is one of the earliest signs of this 

disease, appearing up to four years prior to the onset of motor symptoms (162) (163). 

 

Tests of olfactory capacity, most notably the University of Pennsylvania Smell Identification 

Test (UPSIT) (164, 165), can be used as part of a formal PD diagnosis (166). With minor 

adaptations to account for cultural differences in odour perception (167-169), the questionnaire 

consists of forty questions, in which the participant is required to ‘scratch and sniff’ a strip of 

paper impregnated with a given odorant, and identify it as one of four options; olfactory capacity 

is thus measured as the number of odorants correctly identified out of the forty presented (164). 

Amongst PD patients, the most pronounced deficit is in the ability to detect pizza over 

wintergreens (170, 171); in addition, the incapacity to identify gasoline, cinnamon, banana, 
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smoke, and pineapple is sufficient to distinguish PD patients from age-matched controls (172), 

indicating selective olfactory loss as opposed to widespread diminution. This is essential for 

differentiating between PD and other conditions that may fall under the ‘parkinsonism’ umbrella 

such as multiple system atrophy or progressive supranuclear palsy; PD patients typically perform 

substantially worse in comparison to the other two cohorts in aspects of odour identification, 

detection threshold, and discrimination (166). Importantly, olfactory dysfunction in Parkinson’s 

disease is not correlated to disease duration or severity (173). 

 

1.2.3 Pathology: 

The key hallmarks of PD, as determined by post-mortem histopathology, is the presence of Lewy 

bodies; small, eosinophilic inclusions found in the cytoplasm of susceptible monoaminergic or 

cholinergic neurons (174). These inclusions consist primarily of α-synuclein which is a 

predominantly pre-synaptic protein of consisting of 140 amino acids with a molecular weight of 

approximately 14 kDa (175). The presence of Lewy bodies can be seen across a spectrum of 

neurodegenerative disorders (including Alzheimer’s disease, Lewy body dementia, and Pick’s 

disease, for instance (176)) and a PD diagnosis is therefore based on the presence of Lewy 

bodies in the substantia nigra, basal nucleus of Meynert, locus coeruleus, and ventral tegmental 

area (174, 177).  

 

Pathological progression: 

As aforementioned, the majority of PD patients are not diagnosed until the presentation of motor 

symptoms. However, given the variety of non-motor symptoms occurring years prior, it is 

believed that PD begins in one of several ‘induction sites’ (178), gradually spreading to other 

regions of the brain, including the basal ganglia and regions associated with the classical 

Parkinsonian symptom profile. Currently, it is believed that these induction sites include the 

dorsal motor nuclei of the glossopharyngeal and vagus nerves (cranial nerves IX and X, 

respectively), olfactory bulb, anterior olfactory nucleus, and projection neurons of the 

intermediate reticular zone (179). 

 

During Stage 1, pathological involvement is seen almost exclusively in the medulla oblongata. 

Lewy bodies and neurites can be found in the projection neurons of the dorsal IX and X motor 

nuclei (178). Pathology is also observed in the anterior olfactory nucleus, olfactory tubercle, 

entorhinal cortex, piriform cortex, and periamygdaloid cortex (178). At Stage 2, the gradual 

presence of lipofuscin granules in the aforementioned regions is indicative of oxidative stress 

and ongoing degeneration. In addition to the projection neurons of the dorsal motor nuclei of 
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cranial nerves IX and X, Lewy bodies are now present in the melanergic neurons of the same 

region by Stage 3. Importantly, Stage 4 is where involvement of the substantia nigra is observed; 

Lewy bodies are present with a concomitant decrease in the number of pigmented neurons (178). 

Damage in the raphe nuclei, magnocellular nuclei of the basal forebrain and amygdala can be 

observed, accompanied by advanced damage within the anterior olfactory nucleus. This is 

indicative of the idea that even as the pathology spreads to other brain regions from any of the 

given induction sites, damage and degeneration in each of the afflicted areas continues along the 

course of the disease. This is seen also in Stages 5 and 6; by this point, the substantia nigra is 

virtually devoid of melanergic neurons, neocortical involvement is apparent, and damage to the 

limbic system is seen not only at the histopathological level, but also correlates with the 

substantial cognitive decline seen in patients with advanced PD.  

Pathological changes to the olfactory system: 
As olfactory loss in idiopathic PD is a key focus within this project, it is essential to look at 

specific changes within the olfactory system itself. At the level of the olfactory epithelium, there 

is a substantial lack of evidence implicating direct damage to the tissue as being the root cause of 

PD. In particular, Witt et al compared biopsy samples derived from both patients with PD (that 

were either hyposmic or anosmic), patients with hyposmia (without a neurodegenerative 

diagnosis), and normosmic individuals. Amongst normosmics, OMP (marker for mature OSNs) 

immunoreactivity was only seen in some instances and neuronal morphology was highly 

irregular and dysplastic, with some cases presenting none at all. However, neuronal precursors 

were abundant (as indicated by PGP-9.5, a pan-neuronal marker; Ki-67 for cell proliferation; and 

β-III tubulin for neuronal immaturity staining, reflecting the highly dynamic nature of this part 

of the brain (180). Furthermore, in line with the idea that absolute olfactory capacity declines 

even in the absence of a neurodegenerative disorder (153), the balance of respiratory to olfactory 

epithelium was substantially weighted to the former in older, normosmic subjects (180). 

Interestingly, little difference was seen between those diagnosed with PD and hyposmics/

anosmics in the absence of a neurodegenerative diagnosis. In both instances, olfactory epithelia 

was highly disordered and pseudostratified, with little evidence of OMP staining and moderate 

proliferation (180). The decline in regenerative capacity a likely consequence of this particular 

sense being under-utilised (if at all), hence the apparent lack of maintenance of the cell 

population that would otherwise sustain this function.  

Whilst the earlier studies concluded that olfactory loss as a consequence of PD might be 

attributed to dysfunction in higher order processing centres concerning olfaction, more sensitive 
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analyses would suggest that there are subtle yet critical changes within the bulb that must not be 

prematurely discounted.  

 

In terms of the glomeruli themselves, it has been postulated that perhaps the aberrant 

organisation or distributions of these units play a role in PD-related olfactory dysfunction. 

However, comparison of OMP staining in the bulbs of both PD patients and controls revealed no 

differences. Interestingly, ectopic glomeruli and misrouted fibres were observed across the 

board, suggesting that these changes are related to age or some other factor rather than PD itself 

(181). Abnormally shaped and ectopic glomeruli have also been noted in a study of normal 

olfactory bulbs (5). 

 

Interestingly, the dopaminergic cell population within the bulb has also been investigated. It is 

known that activation of dopamine D2 receptors with agonists such as quinpirole interferes with 

odour detection (87). Huisman et al reasoned that a seemingly counter-intuitive increase in the 

number of dopaminergic cells in the bulb would therefore account for olfactory deficits in PD 

(182). From a regenerative standpoint, such an observation was greeted with optimism as it 

meant that the brain had some capacity to replace the dopaminergic population that was being 

depleted in the substantia nigra, and was perhaps being misdirected to the bulb. In support of this 

idea, it was found that in OHDA-lesioned mice an increase in dopaminergic neurons was 

observed in the olfactory bulb (183) and stressed the importance of the balance of 

neurotransmitters influencing cell fate and survival. However, a larger, subsequent study from 

Huisman in 2008 found no such differences (184), throwing the role of dopaminergic 

interference into disarray.   

 

1.2.4 Aetiology: 

As with many other neurodegenerative diseases, the aetiology of PD is complex, with various 

genes and risk factors implicated. Importantly, the majority of PD diagnoses are classed as 

idiopathic; only 15% of PD patients have a first-degree relative with PD (148). Moreover, 

numerous twin/concordance studies suggest that the majority of PD diagnoses are idiopathic 

(185-189), suggesting that the interaction with the environment over a lifetime may play a much 

larger role in the development of this disease.  

 

Associated genes and mutations: 

The genes and mutations associated with inherited forms of PD lie outside the scope of this 

project but nevertheless cannot be discounted from a comprehensive discussion regarding the 
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causes of PD. The key genes and their contribution to parkinsonian pathology is summarised in 

the table below: 

 

Table 1.2: Genes associated with PD 

 

Idiopathic PD and the Olfactory Vector Hypothesis: 

Coined by Richard Doty, the olfactory vector hypothesis suggests that idiopathic PD may be 

attributed to exposure to neurotoxic agents present in the inspired air over a lifetime (201, 202). 

It consists of three key embodiments, neither of which is mutually exclusive. The first is that of 

olfactory vulnerability because OSNs and the second order neurons with which they synapse in 

the bulb are mostly unmyelinated, and they minimally protected by the blood-brain-barrier (201) 

making them especially prone to damage. The second is that of invasion by xenobiotic agents 

given the close proximity of the olfactory mucosa and bulb to the external environment in 

comparison to other parts of the brain. It is entirely plausible that viruses or toxins enter the brain 

via the olfactory nerves, thus seeding the classical parkinsonian pathology to propagate 

throughout the brain and towards the substantia nigra (163, 201). The third embodiment 

acknowledges the role of genetic predisposition, stating that xenobiotic exposure alone may not 

be the sole causative agent, but can act as a trigger in individuals bearing a genetic 

predisposition.  

 

Gene Encodes Aberrant function leading 
to parkinsonism 

Inheritance 
pattern Reference 

SNCA/Park1 α-
Synuclein 

Misfolding and aggregation, 
causing neuronal toxicity 

Autosomal 
dominant (190) 

Park8 
Leucine-
rich repeat 
kinase 

Autophosphorylation, causing 
protein 
misfolding/aggregation 

Autosomal 
dominant (191, 192) 

Park2 Parkin Aberrant E3 ubiquitin ligase 
activity 

Autosomal 
recessive 
(juvenile 
onset) 

(193-195) 

Pink1 
PTEN-
Induced 
kinase 

Increased susceptibility to 
oxidative stress; dysregulation 
of Pink1/parkin that 
contributes to neuroprotection 

Autosomal 
recessive 
(early onset) 

(196) 

Park7 DJ-1 

Loss of antioxidant activity 
may lead to neurons 
becoming more susceptible to 
oxidative stress, interfering 
with neuroprotective capacity 

Autosomal 
recessive 
(early onset) 

(197-200) 
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More recently, the idea of exposure to certain compounds or environmental toxins as a potential 

cause of PD has been explored extensively. As previously mentioned, patients displaying PD-

like symptoms as a consequence of MPTP self-administration (203) was perhaps one of the first 

cases to demonstrate that an external agent was capable of causing the disease. Furthermore, that 

MPTP entered the CNS via the bloodstream and not the nose can be interpreted as the reason 

why little pathological involvement was seen in the olfactory structures of the post-mortem 

samples collected (201).  

In terms of pesticide exposure, numerous studies have implicated the role of rotenone and 

paraquat in the pathogenesis of PD. Mice subjected to a continuous infusion of rotenone 

experience selective degeneration of the nigrostriatal dopamine system (204). Moreover, all the 

mice subjected to rotenone treatment exhibited clear parkinsonian features which correlated with 

the size of the dopaminergic lesion (204). Again, inhibition or dysregulation of Complex I of the 

electron transport chain within the mitochondria has been implicated (204, 205). Also implicated 

in the dysfunction of Complex I is paraquat; with a chemical structure similar to that of MPTP, 

this herbicide too has been shown to induce degeneration and symptoms akin to PD. A distinct 

drop in the number of dopaminergic nigral neurons was observed, which worsened with 

increasing dosage (206, 207). Specifically, it has been proposed that paraquat is converted to a 

monovalent, cationic form (by a reducing agent, such as NADPH oxidase found on microglia), 

where it is then able to act as a substrate for the dopamine transporter, causing accumulation in 

dopaminergic neurons. Therefore, its accumulation induces oxidative stress, causing widespread 

neuronal damage and death (208). From an epidemiological perspective, there appears to be a 

link between the incidence of PD and exposure to paraquat (209). Results from the Agricultural 

Health Study from 1993 to 1997 indicate a positive correlation between the incidence of PD and 

cumulative days of exposure (210), and a subsequent study from the same group found a positive 

association between the type of pesticide used (i.e. mitochondrial Complex I inhibitors, such as 

that of rotenone and paraquat) and the incidence of PD (211). A case-control study conducted in 

Taiwan found that exposure to paraquat was associated with an increased risk of PD (212). 

The deposition of metal has been postulated with an increase in risk of developing PD and 

supports the olfactory vector hypothesis (213, 214). A study of 144 patients diagnosed with PD 

and 464 controls in an urban region of Detroit showed that those with more than twenty years 

exposure to manganese and copper had an increased risk of developing PD (215, 216). Like 

MPTP, it is thought that manganese has the capacity to interfere with regular functioning of 

Complex I of the electron transfer chain (215). In mice, manganese has been shown to interfere 
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with monoaminergic neurotransmission (217), and alter neuronal excitability in the sub-thalamic 

nucleus and globus pallidus (218), providing a potential mechanism by which Parkinsonian 

pathophysiology manifests. In the olfactory bulb, it is entirely plausible that manganese may 

alter dopamine levels, thereby leading to olfactory dysfunction (219, 220). Uptake of manganese 

via the olfactory mucosa is thought to be exacerbated by a deficiency in iron (221), highlighting 

the role of iron homeostasis and the development of PD. Furthermore, X-ray fluorescence to 

measure lead accumulation in the bone, has shown that those who placed in the higher quartiles 

for lead levels had a higher odds ratio for developing PD (2.27), with the bulk of exposure likely 

to have occurred when directly handling lead-containing materials, inevitably liberating fumes 

and/or dust particles that can be taken up to the brain via the nose (222). 

 

Its substantial and widespread role in maintaining cellular homeostasis (223) means that iron 

deposition and alterations in iron levels has garnered some attention with regards to the 

development of PD (214, 223). Generally speaking, iron accumulation is observed in the 

substantia nigra of patients with PD (224, 225), and it is thought that the interaction between iron 

and components characteristic to cell types within that region (alpha-synuclein and 

neuromelanin) may be partially responsible for the neuropathology observed (225). However, it 

is unclear whether direct exposure to iron is responsible for the subsequent course of events 

leading to pathology, or if iron accumulation is secondary to an initial insult resulting from the 

dysregulation of iron homeostasis. While it has been demonstrated that ultra-fine ferric oxide 

particulate is capable of readily entering the CNS via the olfactory system (226), there was no 

behavioural nor histopathological evidence of the disease. However, accumulation of iron in the 

substantia nigra has been observed in monkeys treated with MPTP, suggesting that deposition is 

a secondary event rather than being the initial insult causing disease (227). It is also possible that 

chemical insults such as MPTP may interfere with the ability of iron-binding proteins such as 

ferritin or neuromelanin to function properly or overwhelm their binding capacity, not only 

leading to higher levels but also creating intermediary reactive species, placing additional 

oxidative stress on the cell (223, 225). Alternatively, neurotoxic insults may work to liberate 

bound iron from their binding proteins. For instance, MPTP has been shown to cause an increase 

in expression of the DMT-1 (divalent metal transporter), with a concomitant increase in iron 

levels and decrease in the dopaminergic cell population (228); rotenone on the other hand is 

thought to increase free iron levels by interfering with transferrin and its cognate receptor, 

decreasing the amount of bound iron being transported into the mitochondria and contributing to 

free radical production (229). From an epidemiological stance, there is little evidence directly 

linking iron uptake with the development of PD; the only finding in support of this idea being 
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the results from the Honolulu Aging Study, where elevated levels of haemoglobin (and therefore, 

a high iron load) in males aged 71-75 years appear to be strongly associated with an increase in 

risk of developing PD. 

1.3 Regeneration within the olfactory system: 

1.3.1 The regenerative capacity of the adult human brain: 

Of particular importance to this project is the second of the two neurogenic hubs in the human 

brain; the sub-ventricular zone (SVZ), which feeds neural progenitors into the RMS and 

ultimately the olfactory bulb, where they become integrated into existing bulb circuitry as 

interneurons. A ‘motorway’ of stem cells that has been well established in rodent models (230), 

up until ten years ago the presence of this pathway in humans was debatable; Sanai et al, 

reported the presence of a ribbon of astrocytes lining the ventricles with proliferative capacity 

but failed to observe cells migrating along the pathway to the olfactory bulb (231). Authors 

subsequently reasoned that neurogenic activity might reach its peak during infancy and early 

childhood, with a sharp decline by adolescence to the point of being non-existent by adulthood 

(232). However, given the persistence of progenitors in the SVZ, it is possible that neural 

progenitors may be directed to other places in the brain (232), though the presence of alternate 

pathways have not yet been confirmed. In contrast, using markers for cell migration (PSA-

NCAM), proliferation (PCNA and BrdU), and neuronal maturity (β-III tubulin), Curtis et al 

confirmed the presence of neural progenitors in the post-mortem adult human brain (1), which 

has since been confirmed by others (233). 

Anatomy of the RMS: 

The cellular organisation of the RMS essentially follows that of the SVZ, as initially described in 

the mouse (234) and subsequently, the human brain (235). Essentially, the RMS consists of four 

laminae; Layer I being the outermost and Layer IV lying closest to the caudate nucleus and 

corpus callosum on the opposite side (57). In the descending limb of the RMS, Layers I-III 

consist mostly of CD133+ cells, indicating multipotency (57), or the capacity to differentiate into 

a limited number of cell types. Moreover, co-labelling with PCNA suggests proliferative 

capacity, and the detection of PSA-NCAM on some of these cells indicates they are able to 

migrate (57). In agreement with an earlier finding from the same group, Layer IV is comprised 

mostly of GFAP+ cells (1, 57); a framework of astrocytes thus encircles the migrating cells as 

they traverse towards the olfactory bulb.  
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1.3.2 Dynamics of cell movement in the RMS: 

Given the huge distance required for progenitors to traverse from the RMS and to the bulb, it is 

apparent that the bulb alone cannot account for the correct movement and placement. 

Interestingly, there are a few commonalities with the cues required for OSN guidance and 

placement in the olfactory epithelium, reinforcing the inextricable link between the RMS and 

olfactory system. These cues are summarised in the table below: 

Table 1.3 Summary of guidance cues in the RMS: 

Guidance cue Type Key Functions References 

Slit1/Robo2 Cell signalling Dorsal-ventral positioning. Slit is a 
repulsive factor secreted from the anterior 
SVZ. Interaction with the Robo2 receptor 
facilitates repulsion, driving neural 
precursors into the RMS 

(236, 237) 

ErbB4/ 
Neuregulin-1 

Cell signalling Assists with correct placement and 
differentiation of neural precursors in the 
bulb ErbB4 is a receptor tyrosine kinase 
expressed by migrating cells and 
neuregulin can be found throughout the 
RMS, anterior olfactory nucleus, and the 
GL, MCL, and GCL of the olfactory bulb 

(238) 

Serum 
Response 
Factor 

Transcription 
factor 

Regulates the expression of cytoskeletal 
proteins. Involved in the assembly and 
disassembly of the structural 
microfilaments required for cell migration 
to occur 

(239, 240) 

Connexins 
(Cx-26 and 
Cx-43 

Transmembrane 
proteins 

Ensures appropriate and coordinated cell 
movement by communicating with 
migrating cells adjacent. In addition, Cx-
26 is thought to be involved in nuclear 
translocation during migration 

(241, 242) 

Prokineticin-2 Cell signalling 
(GPCR mediated) 

Receptors are expressed throughout the 
SVZ, RMS, and the olfactory tract. 
Binding of secreted prokineticin-2 to its 
cognate receptor acts as a key factor in 
cells adopting a tangential mode of 
migration (i.e. down the RMS and towards 
the bulb) 

(243) 

Doublecortin Migratory protein 
associated with 
microtubules 

Involved in cytoskeletal arrangements of 
the cell during migration. Also thought to 
stabilise microtubules to allow nuclear 
translocation and maintenance of a bipolar 
morphology for directional movement 
towards the bulb 

(244-246) 
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1.3.3 The role of polysialic acid in the RMS: 

Despite the various guidance cues that work together to ensure migration of neural progenitors, 

the primary factor impeding cell movement is friction by virtue of being in contact with other 

cells and the extracellular matrix/environment. First discovered in 1982, it has been established 

that the molecule responsible for reducing these contacts is a long (at least eight residues) chain 

of α2,8 sialic acid residues, termed polysialic acid (247, 248), and is attached to the neural cell 

adhesion molecule (NCAM), a cell-surface molecule expressed by neurons, glial cells, and some 

immune cells. Current evidence demonstrates that NCAM is the only cell-surface carrier for 

polysialic acid (249). 

Mechanisms of PSA-NCAM regulation: 

Essentially, the addition of polysialic acid to NCAM serves to reduce friction between a 

migrating neuroblast and its contacts in the immediate vicinity. It does so by being a particularly 

hydrated molecule and by occupying a volume larger than that of NCAM; polysialic acid 

reduces adhesion via steric repulsion (247, 250-252) (Figure 1.5). Indeed, early studies into the 

mechanisms of polysialic acid activity demonstrated that desialylated NCAM had a greater 

binding affinity to cells in contrast to its polysialylated form (253, 254). The effects of steric 

inhibition can be further broken down into two types, cis and trans. The cis mechanism is 

perhaps less well recognised and acts locally; polysialic acid serves to shift and cluster NCAM 

or push NCAM into close proximity with other receptors, thereby potentially influencing not 

only adhesion but intracellular signalling events that occur as a consequence (250). In contrast, 

the trans mechanism is more well recognised. The huge volume of polysialic acid serves to 

physically push apart adjacent cells, impeding membrane-membrane contact and therefore 

reducing the chances of complementary cell surface receptors interacting with each other (250). 

Polysialic acid activity and its biological outcomes have been investigated in both neurogenic 

regions. It is also a molecule of interest in the field of cancer biology, as it is involved in the 

metastasis of various aggressive cancers and directly linked to a poor clinical prognosis (255). In 

the hippocampus, mice injected with endoneuraminidase (an endosialidase that effectively 

removes polysialic acid from NCAM) caused clustering of neural progenitors, which was not 

seen in the untreated group (256). Moreover, the cells that had polysialic acid prematurely 

removed expressed markers of neural maturity much earlier than controls, meaning that the 

removal of polysialic acid too acts as a trigger for neuronal differentiation and integration into 

the existing circuitry (256). Additionally, mice deficient in the ability to synthesise polysialic 

acid has disorganised RMS and glia that had an elongated morphology rather than their typical 
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Figure 1.5: Actions of PSA-NCAM. A: When the cell surface is coated with PSA-NCAM, the large hydrated volume makes it difficult, if not impossible, for cell-cell interactions to take 
place (trans effects), resulting in a loss of friction which enables cells to slide across one another during the process of migration. Additionally, PSA-NCAM may push together certain 
types of cell-surface receptors in close proximity with each other (cis effects), which may influence intracellular signalling events. B: In the absence of PSA-NCAM, cell-cell interactions 
are allowed to take place and frictional forces prevent cell movement.

A B

Interactions blocked

Interactions permitted

+ PSA-NCAM

- PSA-NCAM
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short stellate assembly (257). Both tangential and radial migration was adversely affected, 

causing substantial neuroanatomical defects (257). In another study, mice treated with 

endoneuraminidase confirmed previous observations of a disrupted RMS, but triggered the 

premature dispersal of neuroblasts (as determined by BrdU immunohistochemistry) into the 

areas surrounding the RMS, such as the cortex and striatum, rather than migrating normally 

towards the olfactory bulb (258).  

Regulation of polysialic acid addition: 

The mechanism of polysialic acid addition to NCAM is a well-established process and can be 

attributed to two enzymes. The first, polysialyltransferase (PST)/ST8SiaIV, was cloned and 

transiently expressed in a series of cell lines natively expressing NCAM (259). Furthermore, pre-

treatment with endoneuraminidase prior to the assay being performed abolished 

immunoreactivity to PSA-NCAM (259). In addition, Northern blotting and 

immunohistochemistry indicate its robust expression in the human brain, in addition to the 

thymus and bronchial epithelia (260). PST also induced neurite outgrowth (260), presumably by 

the production of polysialic acid that would facilitate movement as the branch grows outward. 

The second of these additive enzymes is known as STX/ST8SiaII. STX was found to be specific 

for sialylated, N-linked oligosaccharides, suggesting that NCAM must be at least partially 

sialylated (presumably through the actions of PST) in order for STX activity to occur (261). This 

also indicates that the balance of sialyltransferase activity may be weighted in favour of PST. 

Another study published in the same year cloned the human variant of STX; transient 

transfections with an expression vector encoding the cDNA for STX showed that NCAM was 

sialylated in Cos7 cells expressing NCAM, but that polysialic acid was also detected in cells 

lacking NCAM (262), opening up the possibility that other proteins or cellular structures may be 

polysialylated, though the biological significance is yet to be elucidated (247).  

Regulation of polysialic acid removal: 

In contrast, little is known about how polysialic acid is removed once a cell has finished 

migration, or how its levels are regulated throughout the lifespan of a neuron. The first and most 

well known treatment used to cleave polysialic acid away from NCAM is known as 

endoneuraminidase (EndoN). Derived from a bacteriophage, EndoN is particularly active 

towards the α-2,8 glycosidic linkages (263) unique to polysialic acid, thereby making it an 

effective treatment for functional studies of PSA-NCAM. However, there is no evidence for a 

eukaryotic version of this enzyme, and certainly nothing to suggest it may be produced in the 

brain; therefore, it cannot count towards a mechanistic theory for endogenous downregulation.  
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In addition to its widespread role in a host of other cellular functions, calcium levels are believed 

to be involved in the amount of polysialic acid at the cell surface. Pulse-chase analysis of tissue 

explants indicate a substantial drop in PSA-NCAM levels (as determined by immunoblotting) 

when treated with A23187, a calcium ionophore that liberates calcium ions from intracellular 

stores and increases the overall cytosolic concentration of calcium (264). Similar results were 

achieved with ionomycin (another ionophore), as well as thapsigargin and BAPTA, which acts 

as an inhibitor of the SERCA pump that reloads intracellular compartments and chelates 

cytosolic calcium, respectively (264). Assays measuring polysialyltransferase activity indicate a 

sharp drop in optimal activity at concentrations below or over 1 mM, suggesting an exquisite 

sensitivity towards calcium (264). These fluxes in calcium concentrations may be a part of the 

cellular events required for dynamic downregulation as in the case of neurite outgrowth and 

subsequent synapse formation, for instance (264).  

However, Brusés & Rutishauser only demonstrated the effects of calcium flux on outgoing 

polysialic acid destined for the cell surface. In a conventional, two-dimensional cell culture 

assay, alterations in calcium concentrations (as induced by ionophores such as A23187) appear 

to have no effect on the amount of polysialic acid at the cell surface (265). Rather, the 

extracellular matrix acts as a trigger for PSA-NCAM to be endocytosed; collagen type IV being 

the main component required for this event to occur (265). Once internalised, confocal 

microscopy indicates that PSA-NCAM is co-localised to Rab5 (265), a small GTPase required 

for endosome formation (266). Thus, it is feasible to suggest that PSA-NCAM is directed to the 

endolysosomal pathway upon internalisation, where NCAM is recycled to cell surface (for re-

sialylation) and polysialic acid is degraded. 

Neuraminidases as a putative mechanism for PSA-NCAM downregulation: 

A family of enzymes has recently garnered some interest by virtue of its capacity to target and 

cleave glycosidic linkages like that seen in polysialic acid. Known as neuraminidases, they are 

classed as exosialidases that are widely distributed in nature and have been implicated in a host 

of human pathologies (267, 268). In particular, they are well-known in the field of virology, 

where the cleavage of sialic acid residues are involved in the spread of viral particles throughout 

an infected host (269). They possess exosialidase activity and cleave terminal sialic acid residues 

from glycoconjugates such as PSA-NCAM (270), rather than from within, as endosialidases do. 
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Of particular interest to this thesis are the human sialidases and in particular, the potential effect 

of human sialidase type IV (NEU4) on polysialic acid downregulation. However, it is essential to 

review the other three variants and their biological activity, which have been reviewed 

extensively elsewhere (267, 270, 271) and is summarised in the table below: 
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Table 1.4 Summary of human sialidases and their actions: 

Name Tissue 
Distribution 

Cellular 
compartmentalisation Known functions 

Glycosidic 
linkage/substrate 
preferences 

Pathological consequences 

NEU1 

Pancreas, skeletal 
muscle, kidney, 
heart, placenta, 
liver, lung, brain 
(272) 

Lysosomes (271, 273) 

Elastic fibre assembly 
(tissue remodelling), 
fibroblast proliferation, 
phagocytosis, and 
contributes to 
appropriate 
haematopoiesis (271) 

α-2,3 and α-2,6 
sialyl linkages (271) 

Sialidosis (NEU1 mutant) and 
galactosialidosis (deficient NEU1 
and β-galactoside) due to a 
dysfunctional cathepsin A protein 
(271) 

NEU2 
Muscle and 
lymphocytes (271, 
274) 

Cytosol (271) 
Muscle differentiation, 
cancer cell proliferation 
(271) 

α-2,3 sialyl linkages 
(275) 

Unknown; however, one group has 
reported adverse effects to 
oseltamivir in a small population 
carrying a SNP variant of NEU2 
(276). 

NEU3 

Bone marrow, eye, 
oesophagus, 
lymph node, 
mammary gland, 
testis, and thymus 
(271) 

Plasma membrane (277) 
Lipid raft formation 
(271), neurite 
arborisation (278) 

GM3 gangliosides 
(277) 

Unknown; has not been linked to 
any pathological outcomes 

NEU4 
Brain, muscle, 
liver, kidney, liver 
(279) 

Short isoform localised to the 
endoplasmic reticulum; long 
isoform to the outer 
mitochondrial membrane 
(280) 

Inhibition of cancer cell 
proliferation (271); 
neuronal differentiation 
and neurite formation 
(281) 

GD-3 ganglioside 
(278), and α-2,8 
sialyl linkages (282) 

Unknown, but capable of rescuing 
sialidosis/galactosialidosis 
phenotype (273) 
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In the last few years, NEU4 has been postulated as a putative mechanism for degradation of 

PSA-NCAM by virtue of its capacity to target α-2,8 glycosidic linkages (282), and its neural 

expression profile (279). To date, there is just one study claiming a definitive link between 

NEU4 and PSA-NCAM hydrolysis. In a cell-free assay, Takahashi et al found that a secreted 

form of polysialic acid was readily hydrolysed by both short and long isoforms at pH 4.6, though 

the short isoform was found to be far more efficient at doing so (282). At slightly higher pH 

levels (pH 5.5 and 6.5), NEU4 (long) was no more effective than the control vector, although 

NEU4 (short) retained its hydrolytic capacity across the pH range tested (282). However, it is 

unknown whether this holds true in vivo, and if these events occur in the bulb as a part of newly 

arrived neuroblasts integrating into existing host circuitry.  

1.4 Summary and aims of this thesis: 

In summary, given that the human olfactory system (namely, the olfactory bulb) may also be one 

of the first sites of damage in Parkinson’s disease, it is essential to understand the structure of the 

human olfactory bulb and associated olfactory components with a mind-set toward 

understanding whether the principles of rodent olfaction are transferable to humans. Additionally 

this will help us understand how the earliest events in Parkinson’s disease begin and are manifest 

in the brain. Also by studying the regenerative aspects of the olfactory system, and the 

mechanisms that facilitate neural stem cell migration in the RMS (in essence, the determinants of 

‘traffic’ in this pathway), it will be possible to determine whether regeneration may delay or 

prevent Parkinsonian degeneration in the olfactory system.  

To advance our understanding of these aspects of olfaction in humans, this thesis has three 

primary objectives: 

1) To establish the anatomy of the normal human olfactory bulb.

2) To develop a high-content method to objectively quantify olfactory glomeruli by

producing a 3D model from complete human tissue data sets (the functional units of

olfaction) and apply this to both normal and diseased (PD) bulbs.

3) To study the role of sialidase IV (NEU4) in PSA-NCAM down-regulation.

32



Chapter 2: General Methods 

2.1 Histological Studies 

2.1.1 Human brain tissue: 

The olfactory bulbs used in these studies were sourced from the Neurological Foundation of 

New Zealand Human Brain Bank. This facility is located within the Centre for Brain Research 

and the Department of Anatomy with Radiology at the Faculty of Medical and Health Sciences 

within the University of Auckland. Olfactory bulbs were acquired through a fully consented 

process and was approved by the University of Auckland Human Subject Ethics Committee 

(2008/279). Further details on the donation and acquisition process is described by Waldvogel et 

al (283). 

2.1.2 Processing of olfactory bulbs: 

Upon notification that a set of olfactory bulbs were ready for collection following careful 

extraction from the skull by hospital morticians, bulbs were collected and delivered to the brain 

bank where they were briefly washed in phosphate buffered saline (PBS) to remove excess blood 

and extraneous debris, and immediately immersed in 15% formalin in 0.1M phosphate buffer for 

at least 24 hours at room temperature.  

A bulb selected for analysis is subjected to a series of alcohol baths designed to progressively 

dehydrate the sample which allowed it to be embedded in paraffin wax. This was an automated 

process and was carried out in a tissue processor (Leica Biosystems). A ‘biopsy’ cycle was 

applied, and comprised of the following schedule: 

Table 2.1: Procedure of tissue processing for paraffin-embedded tissue 

Process Solution Incubation Period 
Dehydration 70% ethanol 20 mins 

80% ethanol 20 mins 
95% ethanol 20 mins 
95% ethanol 20 mins 
100% ethanol 20 mins 
100% ethanol 20 mins 
100% ethanol 20 mins 

Clearing Xylene 30 mins 
Xylene 30 mins 

Paraffin Infiltration Molten paraffin wax 25 mins (x3) 
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Bulbs were embedded in a sagittal or horizontal orientation (for anatomical investigations or 3D 

reconstructions, respectively) and cooled at 4°C prior to sectioning. These were cut at a thickness 

of 10 µm on a rotary microtome (Leica Biosystems, RM2235) and sections floated in a water-

bath set at 37-39°C (Leica Biosystems, HI1210). Sections were collected on to Superfrost-Plus® 

slides (Menzel-Gläser, Braunschweig, Germany) and allowed to dry for at least 18 hours at room 

temperature prior to storage for a subsequent study. 

2.1.3 Histochemical Staining: 

Combined haematoxylin & eosin/Luxol fast blue staining: 

The following solutions were used: 

Table 2.2: List of ingredients used for haematoxylin and eosin staining 

Solution Ingredient Quantity 
Luxol Fast Blue Luxol Fast Blue 1.0 g 

100% ethanol 1,000 mL 
Glacial acetic acid 5.0 mL 

Gils haematoxylin Ethylene glycol 250 mL 
Distilled water 750 mL 
Haematoxylin 2.0 g 
Sodium iodate 0.2 g 
Aluminium sulphate 20 g 
Glacial acetic acid 20 mL 

Acid alcohol 100% ethanol 850 mL 
Distilled water 250 mL 
Concentrated hydrochloric acid (32%) 6.5 mL 

Lithium carbonate (1%) Distilled water 500 mL 
Lithium carbonate 5.0 g 

1% Eosin Y solution (stock) Eosin Y 10 g 
Distilled water 200 mL 
95% ethanol 800 mL 

Eosin Y (Working solution) Eosin Y Stock solution 250 mL 
100% ethanol 750 mL 
Glacial acetic acid 5.0 mL 

All solutions were mixed thoroughly and filtered prior to use. 

Histochemical staining: 

Selected sections (on glass slides) were heated on a flattening table heated to 60°C (Leica 

Biosystems, HI1220) for one hour, dewaxed in xylene and hydrated to 95% ethanol before being 

immersed in Luxol Fast Blue solution overnight at room temperature. Slides were subsequently 

washed in 70% ethanol prior to several quick washes in tap water, which started the 

differentiation process. These were then immersed in a saturated (1%) lithium carbonate 
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solution, until the myelin fibres of the olfactory tract were clearly distinguished, then washed 

again in distilled water. 

These slides were subsequently immersed in Gil’s haematoxylin for one hour at room 

temperature, briefly washed in distilled water, and then washed in a saturated lithium carbonate 

solution again until ‘blueing’ of the nuclei was achieved. Next, they were washed in distilled 

water and briefly stained in a working solution of Eosin Y (no more than ten seconds total), then 

immediately dehydrated through ascending grades of ethanol (80%, 95%, for five minutes each, 

then two changes of 100% for ten minutes each), and cleared in xylene (one change for ten 

minutes; the final two for twenty minutes each). Slides were then coverslipped with dibutyl 

phthalate (DPX; Merck Cat #1.01979.0500) and left to dry for up to a week prior to imaging.  
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Immunohistochemical staining: 

Table 2.3: List of buffers and solutions used for immunohistochemistry 

Solution Ingredient Quantity 
10X PBS, pH 7.4 (Stock); 2.0L Potassium dihydrogen orthophosphate 4.8 g 

Disodium hydrogen phosphate dehydrate 28.8 g 
Sodium chloride 160 g 
Potassium chloride 4.0 g 

1X PBS, pH 7.4 (working solution); 
2.0L 

10X PBS stock 200 mL 

MilliQ water 1.8 L 
1X 0.2% PBS-T (working solution); 
2.0L 

10X PBS stock 200 mL 

MilliQ water 1.796 L 
Triton X-100 4.0 mL 

10mM Tris-EDTA, pH 9.0; 1.0L 
Tris Base 1.21 g 

Ethylenediaminetetraacetic acid (EDTA) 0.37 g 

MilliQ water 1.0 L 
10mM Sodium citrate, pH 6.0; 1.0L Tri-sodium citrate 2.94 g 

MilliQ water 1.0 L 
10mM Citrate; pH 6.0 Anhydrous citric acid 1.92 g 

MilliQ water 1.0 L 
Blocking solution Animal sera directed against host species in 

which primary antibody wasraised 
5.0 mL 

1X PBS (working solution) 45 mL 
1% immunobuffer Animal sera directed against host species in 

which primary antibody was raised 
1.0 mL 

1X 0.2% PBS-T 99 mL 
Solution for blocking endogenous 
peroxidases 

Methanol 50 mL 

30% hydrogen peroxide 3.33 mL 
MilliQ water 46.7 mL 

0.5% 3,3 diaminobenzidine (DAB) 
solution, 10X 

DAB powder 0.5 g 

MilliQ water 100 mL 
0.05% DAB and 0.01% hydrogen 
peroxide in 0.1M phosphate buffer 

10X DAB 0.3 mL 

1% hydrogen peroxide 30 µL 
0.4M phosphate buffer 0.75 mL 
MilliQ water 1.92 mL 

0.4M Phosphate buffer, pH 7.4 
(1.0L) 

Disodium hydrogen phosphate dihydrate 57.7 g 

Sodium dihydrogen phosphate dihydrate 11.8 g 
MilliQ water 1.0 L 
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Table 2.4:  List of primary antibodies used for immunohistochemistry: 

*Note: all antibodies used were polyclonal unless otherwise specified

Antigen detected Company Catalogue 
number Species Dilution 

V-GLUT2 Frontier 
Science GPAf670-1 Guinea-pig 1:1000 

NCAM (H-300) Santa Cruz sc10735 Rabbit 1:1000 
β-III tubulin Sigma T8660 Mouse monoclonal 1:1000 
Olfactory marker 
protein Abcam ab98124 Rabbit 1:500 

Calretinin Millipore MAB1550 Goat 1:1000 
Parvalbumin Swant PV235 Mouse 1:1000 
Tyrosine hydroxylase Millipore MAB5280 Mouse monoclonal 1:1000 

PSA-NCAM Millipore MAB5234 Mouse monoclonal 
(IgM) 1:200 

NEU4 Proteintech EU 12-995-AP Rabbit 1:1000 
GAD67 Millipore MAB5406 Mouse monoclonal 1:500 

Table 2.5: List of secondary antibodies used for immunohistochemistry: 

Species 
Fab 
fragment 
detects 

Company Catalogue 
number Dilution Conjugate 

Donkey Guinea-pig Jackson 
Immunoresearch 706-035-148 1:1000 Biotin 

Goat Rabbit Sigma B7389 1:1000 Biotin 

Donkey Goat Jackson 
Immunoresearch 705-065-003 1:1000 Biotin 

Goat Mouse Sigma B7264 1:1000 Biotin 

Donkey Guinea-pig Jackson 
Immunoresearch 706-605-148 1:1000 Alexa Fluor 

647 

Donkey Rabbit Molecular Probes A21207 1:1000 Alexa Fluor 
594 

Donkey Mouse Molecular Probes A11029 1:1000 Alexa Fluor 
488 

 Chromogenic immunohistochemistry (IHC): 

Slides were heated for one hour at 60°C to melt the wax, and cleared in two changes of xylene 

for 20 minutes each. They were then gradually rehydrated through a series of alcohols (2 x 100% 

and 1 x 95% for ten minutes each; 80% and 75% for five minutes each) and washed in three 

changes of distilled water for five minutes each. 

Slides were then placed in pressure cooker chambers filled with the appropriate antigen retrieval 

buffer (the buffer was optimised for each antibody) and heated for two hours at 121°C. The 
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slides were briefly washed in one change of PBS, followed by two PBS-T washes for five 

minutes each.  

Prior to incubation of the section with the primary antibody solution, sections were blocked with 

a 10% solution of sera from the species in which the secondary antibody was generated for one 

hour at room temperature in order to reduce non-specific binding. Following blocking, 

antibodies were diluted in their respective immunobuffers and dilutions as listed in the table 

above and incubated at 4°C for 72 hours in a humidified chamber to prevent evaporation.  

Following incubation with the primary antibody, sections were washed in one change of PBS-T, 

followed by two more of PBS, each for five minutes to remove excess antibody and further aid 

tissue permeabilisation (with the addition of Triton-X100). Secondary antibodies were diluted in 

the appropriate immunobuffer, applied to the section, and incubated for three hours at room 

temperature. Sections were then washed three times in PBS for five minutes each, and extravidin 

peroxidase (diluted 1:1000 in the appropriate immunobuffer; Sigma, E2886) applied for a further 

hour, also at room temperature. Extravidin binds with high affinity to the biotinylated antibody; 

the subsequent chromogenic development as a consequence of peroxidase reacting with DAB 

facilitates visualisation of the antigen within the section. 

Sections were again washed three times in PBS for five minutes each. The DAB solution was 

then applied in a drop-wise manner using a Pasteur pipette and removed immediately with a 

vacuum pump upon the tissue turning brown, indicating that the chromogenic reaction was 

complete. Sections were thoroughly washed in PBS again prior to being dehydrated and cleared 

(75%, 80%, 95%, for five minutes each; 2 x 100% for ten minutes each, 3 x xylene for twenty 

minutes each) and coverslipped with DPX mounting medium as previously described in. 

Fluorescent immunohistochemistry 

In chapters four and five, olfactory glomeruli were labelled with V-GLUT2 and NCAM, which 

required a fluorescent approach. The protocol was essentially identical to that used for 

chromogenic IHC, with several exceptions following incubation with the primary antibody.  

After rinsing, the sections were incubated for three hours at room temperature with a diluted 

secondary antibody solution conjugated to a fluorophore as opposed to a chromagen. After the 

incubation period, sections were washed three times with PBS; the second wash contained a 

1:10,000 dilution of Hoechst 33342 (Molecular Probes, H1399) as a nuclear counterstain. 
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Following the final wash step, slides were coverslipped with Prolong gold anti-fade reagent 

(Molecular Probes, P36930) and left to cure overnight at room temperature in complete 

darkness. Slides were then sealed around the edges with nail polish the following day, and stored 

at 4°C until imaged.  

2.2 Image acquisition, processing, and analysis: 

2.2.1 Acquisition: 

Olfactory bulb sections were scanned using the Pannoramic MIDI digital microscopy scanner 

(3D Histech, Hungary) with a 20 x objective. For brightfield scanning, exposure times and 

illumination were automatically determined by the scanner. For fluorescence microscopy 

however, exposure times varied between cases and were determined manually for each case prior 

to batch mode scanning. Filter sets to detect DAPI, AlexaFluor 488 (green), AlexaFluor 594 

(red), and AlexaFluor 647 (far red) were used. Following acquisition, images were opened in the 

Pannoramic Viewer software (3D Histech, Hungary), and exported into a .tiff format for 

downstream processing and analysis. 

For fluorescent immunocytochemistry experiments, slides were imaged using the MetaSystems 

VSlide scanner (Metasystems, Germany), again with a 20x objective. Filter sets for DAPI, 

AlexaFluor 488 (green), and AlexaFluor 594 (red) were used A region of interest encompassing 

the majority of the surface area of the coverslip was imaged. Following acquisition, images were 

opened in the Metaviewer software (MetaSystems, Germany), and exported into a .tiff format for 

downstream processing.  

2.2.2 Image processing: 

Immunohistochemical studies: 

In order for programs to analyse the large volume of images generated, an Excel spreadsheet 

with rows and columns detailing the case and section number was generated. This enabled 

computerised detection of images relative to their z-stack position (i.e. position of that particular 

plane when rendered in 3D). A macro for batch cropping was then written in Photoshop CS6 

(Adobe Systems, San Jose, California) to crop all the files in each case to the same pixel 

dimensions, whilst leaving the images in the same sequence.  
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Fluorescent immunocytochemistry: 

Three regions of interest (ROI) were analysed for each experimental condition, which counts 

towards a single replicate (i.e. 3 ROI for n = 1). A macro was written in Photoshop CS6 (Adobe 

Systems, San Jose, California), and ROIs were cropped out of the same general area for each 

replicate, with all ROIs having identical pixel dimensions.  

Analysis: 

For these experiments, the CellProfilerTM analysis program (Broad Institute, Cambridge, 

Massachusetts) (284, 285) was used on a Macintosh OSX platform (Apple, Cupertino, 

California). An analysis pipeline was built out of modules, where biological parameters were 

identified firstly from a selected image in a sequence, and then on pixel size, staining intensity, 

and thresholding strategy. Numerical values obtained from the desired measurements were 

automatically saved to an Excel spreadsheet for analysis. Resultant images from each module 

were generated, and pipelines were tested prior to being applied to an entire data set.  

3D Reconstruction and segmentation of human olfactory bulbs: 

Cropped images were imported into Amira 5.5 (FEI, Hillsboro, Oregon), and rendered into 3D 

using the Orthoslice module. Minor aberrations (e.g. images being incorrectly inverted) were 

manually corrected at this stage. Segmentation of olfactory bulb glomeruli was performed in 

CellProfiler 2.1.1 (Broad Institute, Cambridge, Massachusetts). The following modules were 

used: 

Table 2.6: List of modules used for automated analysis for immunohistochemistry analysis 

Module Description 
Colour to Grey Splits the original RGB images into three separate channels 
Image Math (1)  Inverts the green channel 
Image Math (2)  Inverts the red channel 
Image Math (3) Multiplies the far red channel and subtracts the inverted red and green image 

for enhanced identification of olfactory glomeruli 
Apply threshold Enhanced image is thresholded and a binary image is created (i.e. a pixel is 

part of a glomerulus, or not at all) 

Morph Smoothens the thresholded image to an approximate glomerular shape (i.e. a 
disc/circular structure). Small holes or gaps are filled or removed accordingly 

Identify primary 
objects 

Identifies glomeruli based off the thresholded, smoothened image. 
Approximate glomerular size is defined via pixel units 

Overlay 
outlines 

The original RGB image is superimposed with the glomeruli outlined 

Convert objects 
to image 

Identified glomeruli are converted to an image 

Grey to colour All images are converted back into the original RGB format 
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These commands were exported as a MATLAB (Mathworks, Natick, Massachusetts), which can 

be read by Amira. The ‘Segmentation Editor’ module was opened, where identified glomeruli in 

each plane were visualised and minor aberrations corrected for. The ‘Material Statistics’ module 

generated the volumetric data, which was then used for statistical analysis.  

Segmentation of immunocytochemistry experiments: 

In a similar manner to that used for segmentation and olfactory bulb glomeruli, an analysis 

pipeline was built out of the following modules: 

Table 2.7: List of modules used for automated analysis of immunocytochemistry 

experiments 

Module Description 
Identify primary 
objects (1) Identified the nuclei in each image 

Identify primary 
objects (2) 

Identified NEU4 positive cells on the basis of having a nucleus (as 
identified in the first step) 

Identify secondary 
objects 

Identified PSA-NCAM positive cells on the basis of having a nucleus (as 
identified in the first step) 

Measure object 
intensity 

Measured pixel intensities for each NEU4 positive cell with regards to 
PSA-NCAM staining 

Measure correlation Generated a correlation coefficient for each cell with regards to staining 
intensity for PSA-NCAM and NEU4 

Export to 
Spreadsheet All numerical data were exported to a spreadsheet for statistical analysis 

2.3 Cell Culture: 

2.3.1 Plasmids 

The human NEU4 (short and long isoforms) was obtained and cloned into the pCMV6-XL(Neo) 

expression vector (Origene, Rockville, Maryland) using their custom cloning service. 

2.3.2 Cell Culture: 

Aseptic technique was used at all times; all reagents were sourced from Invitrogen/Life 

Technologies (unless otherwise stated). Wild-type human rhabdomyosarcoma cells (referred to 

from now on as TE671) were obtained from the American Type Culture Collection (ATCC; Cat# 

CRL-8805) and cultured in Dulbecco’s Modified Eagle Medium: Nutrient mixture F12 (DMEM-

F12; Cat# 11320-033) and 1 mM sodium pyruvate (Cat# 11360-070) supplemented with 10% 

fetal bovine serum (FBS; Cat#10099-141) in T-75 flasks (Nunc, Cat# 156472). 
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For transfection, cells were washed with PBS, trypsinised (Invitrogen, Cat# 25300-054) and 

resuspended in a final volume of 5.0 mL of complete culture medium. Viable cell number was 

calculated by counting with a Neubauer counting chamber using the Trypan Blue (Cat# 1520-

061) method, Cells were then seeded at a density of 75,000/well in a 24 well plate (Nunc, Cat#

142475) and left to adhere overnight prior to transfection. On the day of transfection, three

separate transfection mixtures totalling 100µL each were prepared in 1.5 mL microcentrifuge

tubes: one containing the pCMV6-XL(Neo) vector alone (referred to as the ‘Empty’ vector), one

containing pCMV6-XL(Neo)-Short (NEU4S), and one containing pCMV6-XL(Neo)-Long

(NEU4L). The ratio of transfection reagent (Fugene HD; Promega Cat# E2311) to DNA was

optimised based on manufacturers instructions and a ratio of 3µL Fugene HD for every 1µg

DNA was used, made up to a final volume of 100µL in serum free DMEM-F12. 20µL of the

DNA/Fugene HD/Serum-free media (SFM) mixture was added to their respective wells

(approximately 0.2µg of DNA per well) and left to incubate in an incubator set at 37°C, 95% air,

and 5% CO2 for 36 hours. Next, the existing culture medium was removed, and cells were

washed three times with pre-warmed SFM. Wells assigned to a 3D culture were then treated in

the same manner as described by Monzo, et al (265) using a reduced-growth factor MatrigelTM

basement membrane matrix (BD Biosciences, Cat# 356230). Wells assigned to a 2D culture

condition were filled with an equivalent volume of SFM. The reduced growth factor variant was

chosen as it has previously been shown to be more efficient at promoting PSA-NCAM

internalisation compared to the complete version (265).
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2.4 Western blotting: 

The following reagents and solutions were used: 

Table 2.8: List of buffers used for immunoblotting 

Solution Ingredient Quantity 

Tris-buffered saline (10X stock), pH 7.4; 2.0L Trizma-HCl 48.46 g 

Sodium chloride 160.12 g 

MilliQ water 2.0 L 

Tris-buffered saline with 0.1% Tween-20 (TBS-T) 10X TBS (stock) 200 mL 

Tween-20 2.0 mL 

MilliQ water 1.798 L 

RIPA buffer for protein extraction Tris-HCl, pH 8.0 50 mM 

Sodium chloride 150 mM 

NP-40 1.0% 

Sodium deoxycholate 0.5% 

SDS 0.1% 

Table 2.9: List of primary antibodies used for immunoblotting: 

*All antibodies are polyclonal unless otherwise specified

Antigen detected Company Catalogue number Species Dilution 
GAPDH Abcam ab9484 Mouse (monoclonal) 1:3,000 
PSA-NCAM Millipore MAB5324 Mouse (monoclonal) 1:4,000 
NEU4 Proteintech EU 12-995-AP Rabbit 1:2,000 

Table 2.10: List of secondary antibodies used for immunoblotting 

Species Fab fragment detects Company Catalogue number Dilution Conjugate 
Sheep Mouse (IgG) Sigma NA931V 1:3,000 

HRP Sheep Rabbit Sigma NA934V 1:3,000 
Goat Mouse (IgM) Serotec STAR86P 1:2,000 

2.4.1 Protein extraction: 

Following the respective experimental paradigm, cells were removed from wells using sterile 

cell scrapers (Corning, Cat# 3008) and pelleted in screw-cap microfuge tubes (Axygen, Cat# 

SCT-150-A) using a refrigerated bench-top centrifuge set at 10, 000 g for ten minutes. During 

this time, an appropriate volume of RIPA homogenisation buffer was decanted from the stock, 

and one protease inhibitor tablet (Roche, Cat# 1183613001) added for every ten mL of buffer. 

Triton-X100 was added to a final percentage of 0.1%, and mixed thoroughly. The supernatant 

from each tube was decanted and 30µL of protein extraction buffer added. A small quantity of 
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glass beads was then added to each tube before being placed in a Bullet Blender (Next Advance, 

Cat# BBX24B). The homogenate was kept at 4°C for one hour prior to the final centrifugation at 

12,000g and extraction of the supernatant containing the protein extract. Samples were 

immediately used for immunoblotting or stored short-term (1-2 days) at -80°C until used. 

2.4.3 Western Blotting: 

The protein present in each sample was first quantified using the BioRad DC protein assay 

(BioRad, Cat# 1500-011); a colourimetric assay used to determine protein concentration against 

a standard curve (286) From this, a concentration in µg/µL was calculated; 10µg of protein per 

sample was used for blotting. 

The Invitrogen X-Cell Surelock Minicell system (Invitrogen, E10001) was used for 

immunoblotting. Samples were first separated out by molecular weight. A 20µL running solution 

was made consisting of 10µg protein, 5µL of 4X loading sample buffer (Cat# NP0007), 2µL of 

10X sample reducing agent (Cat# NP0009), and deionised water (to achieve the final volume) 

and denatured at 70°C for ten minutes using a PCR thermocycler. 

The X-Cell module was assembled according to manufacturer’s instructions, and pre-cast 

electrophoresis gels loaded (Cat #NP0301), MOPS SDS running buffer (Cat# NP0001) was 

added to the buffer core with 500µL antioxidant (Cat# NP0005). Following denaturation, protein 

samples were carefully loaded to designated lanes in the gel. 10µL of the SeeBlue Plus2 (Cat 

#LC5925) was added to a separate lane to enable monitoring of the electrophoresis, and 2µL of 

MagicMark XP (Cat #LC5602) to another for molecular weight identification following 

chemiluminescence. The module was run at 150V for 90 minutes or until full separation of the 

ladder was observed.  

Next, proteins were transferred from the gel onto a PVDF membrane. Blotting was done using 

the X-Cell-II blot module (Cat# EI9051) as a part of the X-Cell Surelock system. The gel was 

carefully removed from the plastic cassette and any excess from the sides were trimmed off. A 

blotting sandwich was prepared using filter paper and blotting pads pre-soaked in transfer buffer 

(Cat# NP0006) and secured in the module before being packed with ice to reduce the heat 

generated. The module was run at 30V for 90 minutes.  
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Blotted membranes were then blocked in a 5% low-fat milk solution made in TBS-T for one 

hour at room temperature. Antibodies were diluted in a 5% solution of bovine serum albumin in 

TBS-T, and membranes incubated in their respective antibody dilutions overnight at 4°C on an 

orbital shaker. The next day, blots were washed 3 x 5 minutes in TBS-T before being incubated 

with their respective secondary antibodies (diluted in the blocking solution) for two hours at 

room temperature on an orbital shaker. The blots are then washed again 3 x 5 minutes each, and 

then incubated with Amersham ECL Prime Western blotting detection reagent (GE Healthcare 

Life Sciences, Cat# RPN2236) for five minutes at room temperature. Excess solution was 

removed from the blot, placed in an x-ray cassette and exposed to Amersham Hyperfilm (GE 

Healthcare Life Sciences, Cat# 28-9068-36), and films were developed in a darkroom. Films 

were scanned with the HP Scanjet 5470c in greyscale and analysed with Image J’s gel analyser 

tool (National Institute of Health, Bethesda, Maryland), and essentially follows the same 

protocol as described by Monzo et al (265).  

2.5 Immunocytochemistry: 

Table 2.11: List of primary antibodies used for immunocytochemistry 

*Note: All antibodies are polyclonal unless otherwise stated

Antigen 
detected Company Catalogue 

number Species Dilution 

PSA-NCAM Millipore MAB5324 Mouse
(monoclonal) 1:2,000

NEU4 Proteintech EU 12995-AP Rabbit 1:2,000 

Table 2.12: List of secondary antibodies used for immunocytochemistry 

Species 
Fab 
fragment 
detects 

Company Catalogue 
number Dilution Conjugate 

Goat Mouse 
(IgM) 

Molecular 
Probes 

A21042 

1:1000 

Alexa Fluor 
488 

Goat Rabbit A11012 Alexa Fluor 
594 

Donkey Goat  S21467 Alexa Fluor 
488 

Experimental paradigms where cells were to be analysed by immunocytochemistry essentially 

followed the same cell culture conditions, except that a 13mm round, 1.5” coverslip was placed 

in each well prior to plating and subsequent experimentation. At the conclusion of an 

experiment, wells were washed briefly with PBS, and fixed with 4% paraformaldehyde for ten 

minutes at room temperature. Wells were washed 3 x 10 minutes post-fixation before primary 
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antibodies diluted in goat or donkey immunobuffer (1% normal goat/donkey serum in 0.2% 

PBS-T) was added to each well, and incubated for 48h at 4°C.  

Following primary antibody incubation, wells were washed 3 x 10 minutes with PBS and the 

secondary antibody (diluted in their respective immunobuffer) applied to the appropriate wells 

under low light conditions as described for fluorescent immunohistochemistry. Cells were 

washed and counterstained with Hoechst 33342 (Molecular Probes, Cat# H1399) and glass 

coverslips were carefully removed from wells and placed cell-side down onto Superfrost Plus® 

slides (Menzel-Gläser, Braunschweig, Germany) with a small quantity of Prolong Gold antifade 

reagent (Molecular Probes, Cat# P36930). Slides were left to cure at room temperature overnight 

in complete darkness before being sealed with nail polish the following day.  

2.6 Statistical analysis: 

GraphPad Prism v5.02 (SmartDrawNet, La Jolla, California) was used to generate all graphs and 

the relevant statistical analyses. A p value of less than 0.05% was considered to be statistically 

significant. Average changes in olfactory bulb dimensions between normal and PD cases were 

assessed using a one-way ANOVA (analysis of variance). For in vitro experiments, a two-

sample t-test with unequal variance was performed, with a Dunnet’s post-test to compare in 

changes against the control. For in vitro experiments, a two-sample t-test with unequal variance 

was performed with a Dunnet’s post-test.  
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3.1 Introduction: 
One of the first symptoms of Parkinson’s disease is hyposmia or anosmia; the diminished 

capacity or the total incapacity to smell, respectively. The cellular basis for this hyposmia is 

unknown and poorly studied in humans. This is due in part to a poor understanding of the 

anatomy of the human olfactory bulb. Of particular interest to me, and the central work in this 

thesis are the events occurring within the olfactory bulb that may contribute to hyposmia or 

anosmia in Parkinson’s disease. Therefore, in this chapter I will outline the basic structure of the 

human olfactory bulb and will demonstrate the key cell types according to their expression of 

specific cellular marker proteins.  

The laminar organisation and cellular composition of the bulb in rodents have been well 

documented in Chapter 1 and elsewhere (5, 14, 54), and provide an important foundation upon 

which human studies can be built. Within the bulb there are six discernible layers each differing 

in cellular composition, neurochemistry, and with different functions. From the outside in, these 

are the olfactory nerve layer (ONL), glomerular layer (GL), external plexiform layer (EPL), 

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

To date, only two published studies have detailed the organisation and composition of the human 

olfactory bulb. Using a combination of post-mortem bulbs and those derived from intraoperative 

procedures, Maresh et al found that the organisation of the bulb was similar to that found in mice 

(5); however, the laminae and overall shape were far less regular and consistent between cases in 

humans. Importantly, glomerular morphology seen in mice was highly regular and clustered, 

thus adding an element of complexity when distinguishing one glomerulus from another (5) thus 

making quantitative parameters difficult to measure. Qualitatively however, the neurochemical 

phenotypes found in each layer appeared to be similar (5). Furthermore, consistent with the idea 

that the RMS feeds neural precursors into the olfactory bulb (1, 287), markers of neuronal 

immaturity (such as β-III tubulin, PSA-NCAM, and doublecortin for instance) have been 

documented (5, 288). 

Given the scarcity of information regarding the human olfactory bulb, the aims of this study are 

to: 1) to replicate and extend the findings of previous reports on human olfactory bulb anatomy; 

and 2) to demonstrate the presence and locality of the key neuronal proteins, olfactory specific 

markers and to determine which of the PSA-NCAM turnover proteins (specifically, 

Chapter 3: General anatomy of the human olfactory bulb
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neuraminidase IV, or NEU4) are expressed in the olfactory bulb to inform the final chapter of 

this thesis. The results in this chapter also helped to shape the immunostaining strategy used in 

chapters 4 and 5.  

3.2 Methods overview: 

Paraffin embedded sections of two normal olfactory bulbs were processed, cut, stained, and 

imaged for brightfield microscopy as described in 2.1. High-resolution (63x oil immersion) 

images were acquired using a brightfield Leica DMIRB (Leica Biosystems, Nussloch, Germany) 

microscope with a digital camera attachment (Nikon Digital Sight DSU1). The micron : pixel 

ratio was 0.27µm/pixel. 

The following cases were used:  

Table 3.1: List of cases used: 

Case Gender Age Post-mortem 
delay (hours) 

Cause of death 

OFB51	   Male 85 20 Carbon monoxide poisoning 
OFB57	   Female 63 36 Not stated 

3.3 Results: 

3.3.1 Haematoxylin & eosin/Luxol Fast Blue staining: 

Human olfactory bulbs were stained with haematoxylin, eosin, and Luxol fast blue to gain an 

overview of the normal olfactory bulb. Figure 3.1A indicates that the bulb was made up of 

unmyelinated neurons; however, a progressive increase in myelination was seen towards the 

olfactory tract. 

The laminae were irregular compared to what has been reported in mice (5, 14). As depicted in 

Figure 3.1A, the olfactory nerve layer (ONL) was represented by a moderately thick layer of 

neuropil, making up the outermost portion of the bulb. As expected, it is a particularly fibre 

dense, hypocellular region. The few cells present were likely to be olfactory ensheathing cells, 

which play a supportive role in axonal guidance and conductance (59, 61). In all instances, the 

olfactory nerve layer was thicker on the superior aspect of the bulb in contrast to the inferior 

aspect, which at times appeared fragmented and disordered. As the inferior aspect sits on the 

cribriform plate, it is plausible that the apparent degeneration of the ONL in this region may be 

an artefact of removing the bulb from the skull as axon bundles may be torn during the process 

of removal.  48



Figure 3.1: Combined H&E/LFB staining of the olfactory bulb. A: Laminar organisation of the bulb; scale bar = 100μm. B: Olfactory nerve and glomerular layer. C: 
External plexiform layer. D: Mitral cell layer. E: Internal plexiform and granule cell layer; scale bar = 50μm.

B C

D E

A

ONL + GL

EPL

MCL

IPL + GCL

49



The next layer immediately adjacent to the ONL is the glomerular layer and in all cases was 

immediately apparent even in the absence of immunolabelling (Figure 3.1B). Glomeruli were 

distinguished as dense balls of neuropil, reflecting the scarcity of myelination and consistent 

with the idea that glomeruli consist of OSN axons synapsing with the dendrites of periglomerular 

cells or indeed, cells from layers deeper within the bulb. The nuclei of periglomerular cells were 

found surrounding the glomeruli, forming a near perfect circle in most instances. Cells were 

approximately ovoid and ranged from approximately 7-13µm, reflecting the heterogeneous 

nature of cell bodies in this region. The bulk of glomeruli were found in the anterior portion of 

the bulb, and tapered off progressively towards the posterior aspect at approximately the same 

point when myelin fibres began to appear. 

The external plexiform layer (EPL, Figure 3.1C) was approximately 150-250µm thick despite 

being cell poor. Surprisingly, this layer was vacuolated, which is not typically seen in animals 

and may be a consequence of ageing. Three key cell morphologies were apparent and these were 

randomly interspersed throughout:  

1) Small, intensely stained nuclei that were approximately 4-8 µm in diameter (black

arrows)

2) Moderately stained cells with an irregular, ovoid yet pyramidal/stellate-like morphology

that were approximately 11-14 µm in diameter (yellow arrow)

3) Larger (11-15 µm), round, and moderately stained nuclei, where the haematoxylin

staining appears granular and compartmentalised (blue arrows). This could indicate a high

ribosomal content or an extensive endoplasmic reticulum.

The mitral cell layer (MCL; Figure 3.1D), in contrast to the EPL, was immediately apparent and 

characterised by an extremely dense, thin cell layer (75-90 µm-thick). Cells in this layer ranged 

from about 6-11 µm in diameter, and exhibited moderate (green arrows) to intense (red arrows) 

staining, and were almost perfectly round. In addition, this layer was partially myelinated, with 

myelin becoming more prominent as they descend into the olfactory tract.  

Finally, the internal plexiform (IPL) and granule cell (GCL) layers constitute the innermost 

portion of the bulb (Figure 3.1E). Given that it was such a thin, cell-poor area, the IPL was 

difficult to distinguish as a single layer and was only approximated as the few, moderately 

stained round cells located at the inner periphery of the MCL. The GCL too was hypocellular but 

the evident cells were lightly stained and ranged from 6-16 µm. Morphology in this region too 
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Figure 3.2: Immunohistochemical localisation of NCAM, V-GLUT2, and Beta-III tubulin. A, C, E: Approximate laminar 
position of NCAM (A), V-GLUT2 (C), and beta-III tubulin (E). B, D, E: Specific structures/cell types stained by NCAM 
(B), V-GLUT2 (D), and beta-III tubulin (F). Scale bar: 100μm
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was variable with most cells being ovoid, a small number of intensely stained, spherical cells 

were also seen. 

3.3.2 Neural Cell Adhesion Marker (NCAM): 

A commonly used marker for mature neurons, NCAM was used in this instance to identify the 

axons of OSNs. NCAM immunoreactivity was confined exclusively to the ONL and glomerular 

layer (Figure 3.2A). The pattern of staining in the ONL largely reflected what was observed with 

H&E/LFB staining; fibres were densely packed together and ran parallel to each other. In the 

glomerular layer, NCAM was found in the glomeruli only (Figure 3.2B). 

3.3.3 Glutamate vesicular transporter type 2 (V-GLUT2 staining) 

V-GLUT2 is one of two glutamate transporters that mediate the packaging of glutamate into 

synaptic vesicles (5, 65). Additionally, this is a marker of glutamatergic OSN synaptic terminals. 

V-GLUT2 staining was found exclusively in the glomerular layer (Figure 3.2C), localised only 

to the glomeruli and was seen as dense spherical patches of staining approximately 100-150 µm 

in diameter (Figure 3.2D). Interestingly, coupled with NCAM labelling, the glomeruli found in 

humans were found to be highly irregular in overall morphology in contrast to what has been 

observed in animal models, which forms near-perfect circles.  

3.3.4 β-III tubulin: 
A neuronal microtubule element, β-III tubulin immunoreactivity has been reported in the 

olfactory system and is considered a marker of neuronal immaturity (289). β-III tubulin was 

largely confined to the ONL and glomerular layer (Figure 3.2E); a few ovoid-shaped cells were 

found in the EPL and GCL however. Surprisingly, immunoreactivity in the glomerular layer was 

largely confined to the glomeruli, mirroring the staining pattern seen for NCAM and V-GLUT2 

(Figure 3.2F). In addition, not all the glomeruli displayed the same intensity of staining. Figure 

3.2F shows two glomeruli in the centre that were only lightly stained in contrast to neighbouring 

glomeruli. A number of periglomerular cells were also labelled. 
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3.3.5 Tyrosine Hydroxylase: 

As the enzyme responsible for the conversion of tyrosine into DOPA (which then forms 

dopamine), tyrosine hydroxylase immunoreactivity is routinely used as a marker of 

dopaminergic cells (290). In the olfactory bulb, staining was present in all laminae, most notably 

in the glomerular layer. While there were fibres present in the glomeruli themselves, 

dopaminergic cells were found encircling the glomeruli (Figure 3.3A) and are thus one of the 

neurochemical phenotypes that constitute the periglomerular population. These cells were 

approximately 100-160 µm in length (Figure 3.3B), and had fine processes that protruded for a 

short distance away from the soma before traversing out of the plane of focus. In the EPL, MCL, 

and GCL, no cell bodies were present. Immunoreactive dendrites were distributed throughout all 

laminae, consistent with the notion that dopaminergic neurites project from the GL into deeper 

layers. 

3.3.6 Calretinin: 

One of the key calcium binding proteins present in the nervous system (291), calretinin is 

thought to be involved in the regulation of intracellular calcium levels, which inevitably fluctuate 

as a consequence of cellular events such as neurotransmission (292, 293). In the olfactory bulb, 

calretinin immunoreactivity was observed in most layers. Moderate staining of glomeruli and a 

few periglomerular cells were found in the glomerular layer (Figure 3.3C). A number of cells 

were immunoreactive for calretinin in the EPL; these were regularly found closer to the 

boundary with the MCL, and were well separated from the GL. The bulk of calretinin positive 

cells however, were found in the MCL (Fig 3.3D). The staining of cells in this region was 

relatively strong. Moreover, the density in some instances tended to be localised to the periphery 

of the cell rather than being uniformly stained throughout. Immunoreactive cells were 

approximately 90-120 µm in diameter. 

3.3.7 Glutamic Acid Decarboxylase (GAD67): 

GAD is the enzyme responsible for the decarboxylation of glutamate to synthesise GABA (294, 

295) and is a reliable marker for GABA-ergic neurons. In the olfactory bulb, GAD staining was 

observed in all layers (Figure 3.3E), which was to be expected given the heterogeneous 

interneuron population in this region. Cells in all layers exhibited an approximately circular 

morphology of variable size. In the glomerular layer, glomeruli showed light-moderate staining; 

occasionally, distinct inter-glomerular cell bodies were also observed. GAD67+ cells were also 

seen in between glomeruli. Cells in the EPL were more intensely stained in comparison, and 
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Figure 3.3: Immunohistochemical localisation of tyrosine hydroxylase, calretinin, and GAD67. A, C, E: Approximate position of 
tyrosine hydroxylase (A), calretinin (C),. and GAD67 (E). B, D, F: Specific cell types/structures stained by tyrosine hydroxylase (B), 
calretinin (D), and GAD67 (F). G (inset): GAD67 positive cells present in the olfactory tract. Scale bar: 100um
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were randomly interspersed throughout (Figure 3.3F). There was however, a strong tendency for 

some of these cells to be clustered closer to the MCL rather than towards the GL. As expected, 

the MCL was virtually packed with GAD67+ cells; the staining intensity appeared less intense 

compared to the EPL and the GL. In contrast to a previous report however (288), the granule cell 

layer was almost devoid of GAD67 staining (Figure 3.3E); the majority of positive cells were 

more likely to belong to the IPL rather than the GCL itself. However, as only the GAD67 

isoform is detected (GAD67 is responsible for detecting the cytoplasmic pool of GABA. The 

GAD65 isoform on the other hand accounts for the transmitter pool (295)), it is likely that the 

discrepancy in staining pattern was a consequence of the GAD65 isoform going undetected.  

Interestingly, intensely stained cells were found a short distance away from the bulb and in the 

tract (Figure 3.3G, inset). Whilst exhibiting the same morphology as those found in the bulb, 

these cells appeared to run in a straight line parallel to one another in a similar manner to the 

staining pattern observed for PSA-NCAM (see below). This may suggest that these migrating 

cells may have already adopted a distinct neurochemical phenotype prior to its arrival in the 

bulb; however, this was not observed for the other antigens screened. 

3.3.8 Glial Fibrillary Acidic Protein (GFAP) staining: 
As one of the intermediate filaments found in mature astrocytes (296), GFAP+ cells were 

observed primarily in the EPL and also in the ONL and GL (Figure 3.4A). Characterised by a 

unique stellate-like morphology, the processes of these cells were variable ranging from 60-200 

µm in length (Figure 3.4B). There was apparent reorganisation of these cells within the EPL that 

appeared to be randomly interspersed throughout the olfactory bulb. 

3.3.9 PSA-NCAM: 

As discussed in Chapter One, PSA-NCAM is a large glycoprotein that helps to reduce friction 

between a migrating neuroblast and its surrounding environment and is used as a marker of 

neuronal immaturity. As expected, PSA-NCAM staining was virtually absent in the bulb. 

However, as the bulb ended and the tract began, fibres and cell bodies became increasingly 

apparent on the periphery (Figure 3.4C). Furthermore, staining was localised to the cell surface 

only (Figure 3.4D), confirming previous findings with regards to its localisation and presumed 

function.  

3.3.10 Neuraminidase IV (NEU4): 
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Figure 3.4: Immunohistochemical localisation of GFAP, PSA-NCAM, and NEU4. A, C, E: Approximate laminar position of GFAP (A), 
PSA-NCAM (C), and NEU4 (E). B, D, F: Specific cell types/structures stained by GFAP (B), PSA-NCAM (D), and NEU4 (F). Scale bar: 
100μm 
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NEU4 is a sialidase presumed to hydrolyse the glycosidic linkages between PSA motifs on PSA-

NCAM expressing cells (282). In rodents, experiments indicate that NEU4 may be involved in 

the promotion of neuronal maturation by preventing neurite outgrowth (282), presumably when a 

neuron is deemed to have settled in its correct position and established the appropriate 

connections. NEU4 immunoreactivity was present in the glomerular layer, especially in the 

glomeruli and some periglomerular cells (Figure 3.4E). Staining however was more prominent in 

the deeper layers with a few intensely stained cells in the EPL and MCL. In addition, a number 

of moderately stained cells were found in the GCL. Collectively, this implicates a role for NEU4 

within the bulb. 

3.4 Discussion: 

3.4.1 Overall Remarks: 

As evidenced using basic histological staining protocols, the overall laminar organisation of the 

human olfactory bulb appears to be in general agreement with previous reports both conducted in 

human (288) and mouse (116, 297). However, whilst layers in the mouse are distinct and simple 

to delineate, this was not the case in the human. From a technical standpoint, when coupled with 

the effects of post-mortem delay, the method used to process the tissue may to some extent 

contribute to the changes in overall layer thickness or morphology. For instance, floating 

paraffin embedded sections in a water-bath for collection with a glass slide will cause the tissue 

to stretch and warp slightly. However, as this general irregularity was also reported in previous 

studies that employed different modes of preservation and processing (5, 288), its contribution to 

these observations is likely to be minimal. It is important to note that the bulbs used in this study 

were derived from individuals that were at least middle-aged; qualitative declines in bulb 

lamination have been reported in samples from older individuals too (5), although no mention is 

made of specific laminae being vulnerable to ageing. In the present study, the EPL was 

vacuolated. This was initially thought to be a consequence of poor handling, however, this was 

seen in all cases used (including those used for immunofluorescence) to varying degrees despite 

great care in processing the bulbs. Interestingly, a study conducted in mice that investigated the 

effect of aging on bulb circuitry found that selected layers exhibited differential degrees of 

vulnerability as a consequence of advancing age (298). Whilst the EPL was found to be 

remarkably stable (298), it is important to bear in mind that because of the exquisitely controlled 

environment that these mice are housed in (in stark contrast to the general human population), an 

interspecies comparison may not be particularly useful. However, this study does support the 
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notion of selective neuronal loss with advancing age, as opposed to widespread degeneration 

affecting all layers equally. 

3.4.2 The glomerular layer: 

As expected, NCAM and V-GLUT2 were robust markers of olfactory glomeruli, as has been 

reported previously (5). However, unlike the perfectly round glomeruli seen in rodent models, 

human glomeruli as indicated by these two markers appear disordered within this layer, with 

smaller glomeruli appearing in close proximity to other larger ones. A future challenge for 

quantification is determining whether to consider such clusters as a single entity or not. In a 

number of instances, glomeruli were also found just outside of what was considered the 

glomerular layer, instead residing in the EPL. This has been reported previously (5, 181) and 

appears to be independent of any neurodegenerative disorder with olfactory impairment (181). 

These observations may be due in part to the effect of advancing age; it is known that the mitral 

cell population declines with increasing age (299); a lack of cells with which to synapse with 

(which in turn also prevent OSN axons from straying outside the GL (181, 300)) may cause OSN 

axons to venture into deeper layers to increase the chances of glomerular formation, or cause 

them to coalesce with adjacent glomeruli, thus giving rise to ectopic or abnormally shaped 

entities. Another factor to consider is the impact of the quality of inspired air to the olfactory 

system. As OSN regeneration is on going throughout life, it can be assumed that glomerular 

reorganisation too is an on-going event. In rodent models, where air quality is strictly controlled 

(particularly in functional studies where a single or just a few pure odorants are present), it may 

be that such a defined quality of air can account for the orderly fashion glomeruli in which 

glomeruli are histologically defined. Over the course of a lifetime in humans, exposure to a 

multitude of odorants is commonplace, some of which may be toxic to OSNs. Random, repeated 

exposures to thousands of odorants could therefore indirectly act as a stimulus for 

up/downregulation of specific OSN phenotypes that in turn would affect axonal wiring and 

subsequent coalescence into glomeruli. Coupled with the potential aforementioned effects of 

aging, this could well account for the relative disorganisation of this layer, but also highlights the 

dynamic nature and neurogenic capacity of the bulb.  

3.4.3 The interneuronal population: 

The interneuronal population is largely unremarkable in that the expression patterns reported in 

this study are consistent with those described previously (5, 288).  
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Despite employing a different protocol for immunohistochemistry, the present study reveals a 

staining pattern for calretinin that is in good agreement with the findings of Maresh et al (5). 

However, this staining pattern appears to be less complex than observed in rodent models, and it 

has been postulated that this may be due to the differential reliance on the sense of smell when 

comparing microsmatic (heavy reliance) and microsmatic (little reliance) species. Though the 

human capacity to rely on scent alone appears to be intact (3), the fact that other senses are 

called upon in daily life may indicate that these connections, particularly those mediated by 

calcium binding proteins such as calretinin, are not maintained as a consequence of 

underutilisation.  

Tyrosine hydroxylase (TH) staining was confined exclusively to the GL. Specifically, these cells 

encircled glomeruli and in some instances cell bodies were found within glomeruli themselves. 

More commonly however, the dendrites of dopaminergic cells were intertwined amongst the 

glomeruli, which confirms their involvement in primary odorant processing. Dopamine has been 

directly implicated in the capacity to smell; this is likely to be mediated by the hyperpolarising 

effect that TH periglomerular cells have on mitral cells with which they synapse (91). In doing 

so, differential hyperpolarisation of mitral cells may play a role in the learning and 

discrimination between two or more odorant molecules.  

In contrast to a previous study (5), the staining pattern for GAD67 was less pronounced in the 

EPL and the bulk of the immunoreactive cells were located in the MCL. However, as highlighted 

in 3.4.1, the EPL was also an area of extensive vacuolation and therefore, degeneration. Given 

that these samples are assumed to be free of any neurodegenerative disorder, and that differential 

degeneration of selected laminae can occur as a consequence of advancing age (298), the relative 

reduction in GAD67 staining in comparison to that found by Maresh et al (5) may simply be 

ascribed to age differences because bulbs were on average sourced from younger donors than 

those used for the present study. Interestingly, numerous GAD67+ cells were also found further 

down the olfactory tract, with a staining locality very similar to that of PSA-NCAM. Whilst dual 

immunofluorescence studies were not conducted as it was deemed outside of the scope of the 

chapter goals, positive co-localisation of the two markers could suggest that migrating cells may 

have already adopted a neurochemical phenotype prior to integration in the bulb. Therefore, even 

though these cells may go on to express other neurochemical markers, this could indicate that the 

majority of the migrating neuroblasts headed towards the olfactory bulb are of a GABA-ergic 

identity.  
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3.4.4 The distribution of astrocytes in the olfactory bulb: 

Astrocytes are well regarded in the literature as playing an essential role in development and 

support of the nervous system. The olfactory system is no exception, with reports indicating the 

presence of olfactory ensheathing cells displaying astrocytic immunoreactivity and morphology, 

which function to support and guide OSN axon bundles to their positions in the bulb (54). In the 

present study, GFAP staining was found in all laminae with cells with glial morphology being 

most prominent in the ONL, GL, and EPL. While six different morphological subtypes have 

been reported in the developing rodent olfactory bulb (301, 302), just one was observed in the 

present study in which the cells had approximately circular soma with relatively short processes 

protruding radially (though it is entirely plausible that these processes extend for some distance 

throughout the depth of the tissue). While it may be simple to ascribe these as interspecies 

differences, the high degree of conservation of lamination and molecular phenotypes would 

suggest otherwise. If each of these morphological subtypes plays different functions throughout 

development and perhaps even adulthood, the presence of just one subtype in aged human 

samples could indicate the downregulation and gradual disappearance of other subtypes as a 

consequence of aging and/or completion of the maturation process. The remaining GFAP+ in the 

GL are likely to be olfactory ensheathing glia rather than classical astrocytes; these have been 

reported to persist in this layer beyond the developmental stages and not only play a role in 

axonal guidance but also in determining the position of the resultant glomerulus in the bulb (303, 

304). A supportive role for GFAP+ cells in the EPL may be feasible; however, given the diverse 

functional heterogeneity amongst astrocyte subtypes (302), Nevertheless, the present findings 

indicate that there is on-going support for glomeruli and associated cells, even in aged subjects. 

3.4.5 The neurogenic potential of the bulb: 

Despite being the endpoint for migrating cells that have travelled from the SVZ through the 

RMS, these studies, among others (288, 305, 306) confirm that throughout adulthood, the 

olfactory system can still be regarded as a neurogenic hub (305). 

Considered a marker of neuronal immaturity (289), the present study found the bulk of β-III 

tubulin immunoreactivity confined to the glomerular layer. Specifically, the staining was found 

exactly where one would expect NCAM and V-GLUT2 staining. Typically, this is expected to be 

an area of relative neuronal maturity. Despite being a well-established marker of new, committed 

neurons (288), it has also been demonstrated that β-III tubulin is present in mature neurons, and 

is in fact directly proportional to the degree of maturity (307). Notably, not all glomeruli are 
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uniformly stained; whilst the majority of them display particularly intense staining, there are a 

number that exhibit only light-moderate staining. 

In contrast, immature, migrating neuroblasts expressing PSA-NCAM were found along the 

course of the tract but its expression tapered off once in the bulb proper. This is in accordance 

with the findings of Bedard & Parent (288) and is indirect evidence supporting the idea that 

neurons must and are capable of traversing a relatively large distance in order to reach the bulb 

(1). Moreover, the absence of PSA-NCAM in the bulb is consistent with the idea that having 

reached its destination, the immature neuron must then find some mechanism to downregulate 

this glycoprotein from the cell surface, which presumably triggers the downstream processes 

required for neuronal maturation and synapse formation.  

3.4.6 Neuraminidase IV (NEU4) as a putative mechanism for PSA-NCAM downregulation: 

Histological evidence 

From a histological perspective, there appears to be a role for NEU4 in the olfactory bulb. This is 

the first demonstration of NEU4 immunoreactivity in the human olfactory bulb. Like the staining 

pattern for β-III tubulin, there appears to be a slight difference in staining intensity across 

glomeruli. As NEU4 is implicated in ensuring correct synapse formation via inhibition of neurite 

outgrowth (which is also mediated by PSA-NCAM) (282), the presence of NEU4 within the 

glomeruli themselves may be a sign of on-going synapse formation, albeit at different levels of 

activity.  

Additionally, numerous NEU4+ cells were observed in the EPL, MCL, and the GCL. Given that 

a previous report suggests that while the olfactory bulb can undoubtedly be regarded as a 

neurogenic hub, the rate at which this phenomenon is reported to occur (305) is rather 

mismatched with the number of NEU4+ cells present. If NEU4 is indeed meant to hydrolyse 

polysialic acid, a prolonged expression may be necessary to completely suppress PSA-NCAM 

being expressed on the cell surface. From a technical standpoint however, the antibody used to 

detect NEU4 does not distinguish between the short and long isoforms (280, 282) and thus may 

possess different hydrolytic capacities, which may be necessary for other aspects of interneuron 

homeostasis.  

3.5 Summary: 

This chapter has demonstrated an approximate similarity between the general organisation of the 

human olfactory bulb when compared to that of rodent models. Moreover, the neurochemical 
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phenotypes are generally in accordance with previous reports and the functional implications 

have been described. Most interesting is the description of NEU4 immunoreactivity, suggesting 

that this may be a mechanism by which polysialic acid is degraded in the bulb; one of the 

questions central to this project overall. Collectively, this chapter provides a robust foundation 

upon which subsequent chapters can be built. One of the obvious questions though that arises 

from this chapter is how many glomeruli are there in the human olfactory bulb. The next chapter 

will explore this question and will detail the novel methods used to determine the answer to this 

question.
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Virtual Figures 

The reader is encouraged to view the animations of each case (as attached). 

In particular, OFB42 (the first bulb that was reconstructed) highlights the ectopic glomeruli 

found deep within the bulb, in addition to the highly irregular glomerular morphology. While 

glomeruli have been assigned a different colour as an approximation, without specific olfactory 

receptor antibodies it is currently not possible to determine if these are indeed separate entities.  

• Blue arrow: Superior – inferior axis

• Green arrow: Medial – lateral

• Red arrow: Dorsal - ventral
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Chapter 4: 3D Reconstruction of the Normal Human Olfactory Bulb 

 

4.1 Introduction: 

As the site of central odour processing, the olfactory glomerulus is comprised of the axons of 

OSNs synapsing with the dendrites of periglomerular, mitral, external tufted, and short axon 

cells (5). The common understanding is that one OSN axon projects to a single glomerulus (67); 

all glomeruli are thought to contain OSN axons that express a single olfactory receptor (308), 

highlighting the exquisite and discrete activation of certain glomerular populations in response to 

an odorant. It is therefore feasible to suggest that alterations in glomerular number, or size, may 

result in changes in olfactory capacity or ability. 

 

There is a current lack of information in the literature regarding human olfactory glomeruli. A 

study from 2008 indicates that while glomeruli are abundant in the bulb, their absolute numbers 

are highly variable from individual to individual (ranging from ~2, 900 to nearly 10, 000) (5). In 

light of the comparatively small number of putative olfactory receptors expressed, this may 

indicate that the well-established rules for axonal wiring and convergence do not hold true in 

humans. Moreover, as a species which has evolved to rely on senses other than smell for survival 

(i.e. microsmats), there is a need to further characterise and understand the human olfactory 

system as a whole, especially where olfactory dysfunction in neurological conditions are 

concerned, rather than relying on macrosmatic animal models whose sense of smell is vital for 

its very existence 

 

The present study aims to build on the findings from Maresh, et al by rendering fluorescently 

stained sections into 3D in order to produce a model upon which further findings from the 

olfactory system might be applied. In doing so, additional qualitative and quantitative 

information will be gained that will provide a sound basis for making comparison with 

Parkinson’s disease-affected olfactory bulbs.   

 

4.2 Methods: 

Sections were cut, stained, and imaged as per the protocol outline for fluorescent 

immunohistochemistry in Section 2.1. The micron : pixel ratio was 1.29µm/pixel. 

 

The following cases were used: 

Table 4.1:  List of cases used: 

64



Case Gender Age Post-mortem 
delay (h) 

Cause of death 

OFB41 M 83 21 Left ventricular failure 
OFB42 M 83 18 Ischaemic heart disease 
OFB43 F 68 22 Hypertensive heart disease 
OFB48 M 72 34 Ischaemic heart disease with secondary 

coronary heart disease 

4.3 Results: 

4.3.1 General overview of work flow: 
The goal of this chapter was to identify labelled olfactory glomeruli, visualise in 3D, and make 

quantitative observations in an automated fashion. Figure 4.1 encompasses the process from 

acquisition of the bulb through to optimisation of the immunohistochemical process, image 

acquisition, and analysis. Briefly, following optimisation of the immunohistochemical 

procedure, slides were scanned with an automated slide scanner, thus producing raw images that 

are subsequently processed in Cell Profiler and segmented to identify glomeruli within each 

image. These segmented images are then imported into Amira, where the glomeruli can be 

rendered into 3D, and quantitative measurements can be made.  

4.3.2 Modification of the immunohistochemistry protocol: 
Owing to the small size of the olfactory bulb and with the overall goal in mind, only the highest 

quality olfactory bulbs could be used for the 3D reconstruction studies. The process of removal 

often rendered olfactory bulbs slightly damaged, as did post-removal processing. Careful 

attention to the integrity of the olfactory bulbs was critical to ensure accurate measurements 

could be obtained from the 3D reconstructions. To ensure structural integrity, the olfactory bulbs 

were paraffin embedded (as opposed to being stained free floating) for improved preservation of 

cellular architecture and morphology but with the trade-off of reduced immunogenicity. 

Subsequently substantial optimisation was required to maximise the signal: noise ratio for 

detection of each antigen. 

The first parameters to be altered were the antigen retrieval buffers, as it was thought the 

differences in staining quality would be more prominent over optimising antibody dilution or 

incubation. Initially, V-GLUT2 was detected using an Alexa Fluor 488 (green) conjugate to 

facilitate fast, easy detection; this was later switched to Alexa Fluor 647 (far red). The switch in 

fluorophore was not critical for the bulbs presented in this chapter, however with the Parkinson’s 

disease bulbs in mind (where lipofuscin is known to be autofluorescent in the green channel), the 
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Antigen Retrieval Method Antibody Dilution Incubation Period

Sodium Citrate, pH 6.0

Tris-HCl, pH 8.0

Tris-EDTA, pH 9.0

1:500 - 1:1,000

1:500 - 1:1,000

1:500 - 1: 1,000

24 - 72 hours

24 - 72 hours

24 - 72 hours

4
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Figure 4.1: An overview of the process used to achieve the quality of staining required for a 3D reconstruction and segmentation, as described in Chapter 2. (1) Bulbs are acquired from the human brain bank are 
processed for embedding in paraffin wax (2). Sections are cut at 10um on a rotary microtome (3), before being subjeted to a modifed immunohistochemical protocol (4) to ensure optimal staining that was amenable 
to automated segmenation (5). An automated slide scanner, capable of simultaneously acquiring and stitching images was used to image all sections (6 &7). CellProfiler and Amira was used for automated 
segmentation of objects classed as glomeruli (8 & 9), thus giving rise to a fully reconstructed bulb, complete with associated measurements. 
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detection of V-GLUT2 using Alexa Fluor 647 provided good results without the compounded 

problem of autofluorescence. As shown in Figure 4.2A (V-GLUT2) and 4.2B (NCAM), sodium 

citrate (the standard antigen retrieval solution used in our laboratory but optimised for cell cycle 

protein detection) performed the worst of the three antigen retrieval buffers tested; glomeruli 

being barely visible above background and in some cases delineated only by the nuclei 

(counterstained with Hoechst 33342) with the encircling structures presumed to be glomeruli. 

Tris-HCl in contrast improved the NCAM signal markedly (Figure 4.2D), however, the quality 

of V-GLUT2 signal (Figure 4.2C) was the same as that seen for sodium citrate. Furthermore, 

Tris-HCl caused the tissue to fragment significantly, which undermined the processing and 

reconstruction process. Finally, Tris-EDTA performed satisfactorily for both V-GLUT2 (Figure 

4.2E) and NCAM (Figure 4.2F). Whilst the background was high for both antibodies, the 

glomeruli were still easily detected qualitatively and the tissue was not fragmented to the extent 

seen with Tris-HCl. Following the qualitative assessment of the antigen retrieval buffers, three 

additional parameters were iteratively adjusted: 1, an increased dewaxing period (20 minutes in 

each xylene bath with gentle agitation; an increase of 10 minutes); 2, decreased antibody 

concentration (from 1:250 to 1:1000); and 3, an increased primary antibody incubation period 

(72h at 4°C compared with a standard overnight incubation). The increased dewaxing period 

enhanced the antigen retrieval process by removing as much wax as possible. A concomitant 

decrease in antibody concentration and increased primary antibody incubation period was 

thought to help reduce background whilst ensuring optimal binding of the antibody to the target 

antigen. This ‘three-pronged’ approach resulted in the structures of interest being clearly 

identified with minimal background signal (Figure 4.2G), which was the final protocol used for 

these studies. A semi-quantitative approach was used to confirm these observations by 

comparing the histogram for a region defined as background and another known to be a region of 

higher intensity in a region of interest. As shown in Figure 4.2H, an ideal histogram profile is 

one where the pixel distribution of the foreground is weighted towards the right-hand side of the 

x-axis. If a pixel value of zero indicates the complete absence of a signal (in fluorescent 

microscopy, this is essentially a black image), then a pixel distribution substantially shifted away 

from zero indicates robust detection of the foreground. On the other hand, pixel distribution of 

the background should be weighted towards zero for the wavelength in question, as this would 

indicate that these pixels are dark and will therefore not interfere with subsequent object 

segmentation and analysis. In contrast, in an image with a poor signal: noise ratio there is 

substantial if not complete, overlap of pixel distributions for the foreground and background 

(Figure 4.2I), increasing the level of image processing required and significantly hinder object 

segmentation.  
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Figure 4.2: Optimisation of staining conditions. All antibodies were tested at a concentration of 1:250 for an overnight incubation, before
being titred down and the incubation period lengthened towards the end stage of optimistion. A: V-GLUT2/sodium citrate, pH 6.0.
 B: NCAM/sodium citrate, pH 6.0. C: V-GLUT2/Tris-HCl, pH 8.0. D: NCAM/Tris-HCl, pH 8.0. E: V-GLUT2/Tris-EDTA, pH 9.0. 
F: NCAM/Tris-EDTA, pH 9.0. G: The result of a ‘three-pronged’ approach whereby dewaxing was increased, antibody concentration
decreased, and the primary antibody incubation period was decreased. H: To semi-quantitatively assess the final staining protocol, 
histograms of regions defined as foreground and background were generated for both V-GLUT2 and NCAM. A substantial difference in 
the frequency and distribution of grey levels when the foreground and background is compared with each other would indicate that
an automated segmentation process would be able to reliably distinguish between the two. I: Images of poor quality were found to have
histograms whose distribution of pixels in the foreground and background considerably overlapped each other, increasing the complexity
of processing and ability to adequately identfiy the objects of interest.  
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4.3.3 Image acquisition, processing, and analysis: 

Once all cases were stained, slides were imaged with the Pannoramic MIDI slide scanner. The 

number of sections generated per case ranged from about 70 to 200, each requiring 

approximately 45-60 minutes for all four channels to be automatically imaged and stitched. In 

total (including the PD bulbs), nearly 1, 000 sections were imaged in this manner, creating 

several terabytes worth of raw data in this initial stage alone. Scanners such as the one used for 

the present study enable high-throughput, multi-channel imaging that is superior in terms of 

speed and quality in contrast to conventional methods where overlapping regions of interest are 

acquired and manually stitched together. Furthermore, the ability to image multiple slides in a 

single session with minimal hands-on time meant that downstream processing and analysis could 

be performed simultaneously, streamlining the process as a whole.  

Following acquisition and resizing of each image within a case to identical pixel resolution, 

images were first aligned in Amira, thus orienting each 2D image such that the bulb could be 

rendered in 3D. The relative positions of every slice comprising the bulb were saved within the 

program and later used for volume rendering and segmentation.  

The same images were then opened in Cell Profiler™(Broad Institute, Cambridge, MA), an open-

source software designed for the automated detection and measurement of biological objects of 

interest, which in this instance were olfactory glomeruli. An analysis pipeline was built to help 

enhance the image and identify glomeruli. The pipeline was initially tested on a few images per 

case before being applied to an entire data set. A typical pipeline was comprised of the 

following, and is exemplified in Figure 4.3: 

73



Table 4.2: List of modules used for image processing and automated segmentation 

Module Description 
Colour to grey Split the RGB image into three channels, and then into greyscale, 

one for each antibody: 
Red (R) = NCAM 
Green (G) = β-III tubulin 
Blue (B) = V-GLUT2 (far-red pseudo-coloured to blue)  

Image Math (1) The green channel (β-III tubulin) was inverted, making the 
darkest pixels the brightest and the brightest pixels the darkest. 
The overall intensity of the image was reduced by 20%, which 
was later used to subtract from the weighted V-GLUT2 signal (in 
the blue channel) 

Image Math (2) The red channel was inverted and intensity reduced by the same 
degree as that done for β-III tubulin. 

Image Math (3) In this module, three operations were carried out simultaneously. 
Firstly, the V-GLUT2 image was multiplied (weighted) before 
the inverted versions of the red (NCAM) and green (β-III tubulin) 
channels were subtracted. The final result was an image with 
minimal background; glomeruli were easily distinguished.  

Apply threshold This was the point at which the boundary between foreground 
and background was set. A binary option was selected, meaning 
that black pixels were assigned to the background, and white 
pixels to the foreground. As the input image had stable 
background, a manual threshold (where a single number from 0-1 
is used as an absolute threshold across all images) was used.  

Morph The thresholded, binary image was subjected to a selection of 
morphological filters to identify glomeruli. These included: 

1) Close: Dilates and erodes pixels to fill small holes and
join objects in very close proximity to each other. The
shape was approximated to a disc.

2) Open: The opposite of a ‘close’ operation; thresholded
pixels were eroded and then dilated. Rather than link
nearby objects, the goal of this operation was to remove
extraneous, single pixels linking two or more glomeruli
that should have been considered as single entities.

3) Fill small holes: Filled tiny holes within a binary image,
and essentially filled small gaps within a glomerulus that
might otherwise thwart quantitative measurements

Identify Primary 
Objects 

Pixels identified as glomeruli were then defined as objects with 
this module. The estimated diameter of glomeruli was given in 
pixel units, and objects that fall within this range were identified 
as such. 

Overlay outlines Outlines from objects identified in the previous module were 
mapped back against the original RGB image. 

Convert objects 
to image 

Objects identified were converted into a separate, binary (black or 
white) image. 

Grey to colour Here, the red and green (NCAM and β-III tubulin) channel was 
converted from greyscale back into their original colour, and the 
image generated from the previous module was converted into 
blue, thus giving a final RGB image with objects identified as 
glomeruli.  
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Figure 4.3: Raw images generated from the slide scanner undergo a series of processes to minimise any staining inconsistencies and enhance the signal:noise ratio as much as possible. A) Each image
within a case is cropped and resized so that all images are of the same pixel dimensions. The RGB image is split into three separate channels and converted to greyscale; both the green (B) and red (C)
channels are inverted and reduced. The blue channel on the other hand is weighted, with the resultant green and red channels used to subtract from it, resulting in a substantially ‘clean’ image (D). This is
then converted to a binary format (F), where pixels are identified as either background or foreground, and pixels are dilated, eroded or filled to enhance overall glomerular morphology. Objects can then
be identifed (G), with outlines overlaid and mapped back to the original RGB image (H).
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4.3.4 Image segmentation in Amira: 

The consequence of processing in Cell Profiler was that the resultant image was now of an even 

better quality that required less manual interaction had the images not been processed in the first 

place. Thus, the processed images were imported back into Amira in the exact same positions 

from the original alignment. While variation in the position and presence of glomeruli 

throughout the volume of the bulb was expected (i.e. a V-GLUT2/NCAM double-label 

belonging to just one glomerulus will not be found in all sections) it was assumed that the extent 

of variation will not change much locally (for instance, between every 5-10 sections, depending 

on the case), allowing for local interpolation. Thus, the bulb could be divided up into ‘blocks’, 

where glomeruli on the first and last images of each ‘block’ were manually identified, and all 

slices within that block interpolated. Extraneous voxels (volumetric pixels) were removed or 

smoothened, before the quantitative measurements were automatically generated in an Excel 

spreadsheet. The number of glomeruli therefore was simply the sum total of the number of 

‘materials’ identified. As seen in Figure 4.4A, the number of glomeruli identified for each case 

varied substantially across the four cases, yet fell within the glomerular counts as reported 

previously (5). These numbers are listed in Table 4.3: 

Table 4.3: Number of glomeruli, glomerular volume, and bulb volume in normal human 

olfactory bulbs 

Case Number Glomerular 
Count 

Glomerular Volume 
(mm3) 

Bulb Volume 
(mm3) 

OFB41 3180 1.1 282.35 
OFB42 5089 1.11 83.14 
OFB43 2436 0.57 113.523 
OFB48 9999 0.36 62.39 

Given that the number of human olfactory receptor genes is estimated to be around 350, this 

suggests a convergence ratio of 14-16:1. However, there were two important caveats that must 

be taken into account when considering glomerular count. From a technical standpoint, the 

overall glomerular morphology is highly irregular in many instances. Therefore, what might be 

identified as a single glomerulus in one plane of view eventually formed two or sometimes three 

smaller entities in a subsequent plane (Figure 4.4B). Hence, counting glomeruli may not be a 

reliable numerical assessment, irrespective of whether a manual or automated approach is used 

and/or correction factors applied. Secondly, if one assumed that one glomerulus represents axons 

of a single olfactory receptor identity, this raises the issue of what to define as a glomerulus and 

the potential for over/under estimation of absolute numbers as a consequence. Additionally, this 

indicates that there are fundamental differences in the wiring of the olfactory system in 
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Figure 4.4A:Estimated glomerular counts across undiseased cases. This was shown to vary
 substantially, but is in general agreement with counts from a previous report. 

Number of glomeruli in
undiseased cases

Figure 4.4B: The irregularity of glomerular morphology increases the complexity of manual and automated quantification. 
For instance, as highlighted by the white circles, what might be considered a single glomerulus in a given plane of 
view might only end up being part of one as one progresses a little further through the volume of the bulb.
Furthermore, while these glomeruli have been individually coloured to approximate classification as separate entities, 
without specific antibodies directed against different olfactory receptor types, it is misleading to assume that they are 
indeed separate glomeruli. 
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microsmats such as humans and the more commonly studied rodents, which are inherent 

macrosmats. Moreover, there are no known or validated antibodies directed against human 

olfactory receptors and thus no definitive way to establish the boundaries of an olfactory 

glomerulus.  

4.3.5 Assessment of glomerular volume and distribution: 

Once it became apparent that absolute glomerular counts might not provide reliable quantitative 

assessments of events underlying olfactory function/dysfunction, a volumetric assessment of 

space occupied by glomeruli (as defined by V-GLUT2 and NCAM double-labelling) was made 

(Table 4.3). Figure 4.5A indicated that glomerular volume was variable amongst the population 

(based on the four normal olfactory bulbs studied); ranging from 0.36mm3 (OFB48, through to 

1.11mm3 (OFB41). In addition, total bulb volume was calculated (Figure 4.5B), and was 

substantially different from the bulb volumes calculated in a previous study (5), ranging from 

62.39mm3 (OFB48) through to 282.35mm3 (OFB41). This may be attributed to the fact that in 

that particular study, volumetric calculations were made based on the assumption that the 

olfactory bulb was shaped like a cylinder (5). However, as evidenced in the virtual figures 

(please see attached animations) the bulb is better suited to an oblate ovoid shape. Consequently, 

approximating the shape of the olfactory bulb to a cylinder rather than taking a ‘no assumptions’ 

approach in the present study may have led to an underestimation of total bulb volume. 

However, a previous study that utilised functional magnetic resonance imaging (fMRI) to 

measure total bulb volume demonstrated a similar range of bulb volumes in normal patients as 

was demonstrated in the present study (309) and similarly, another fMRI based study was shown 

to corroborate the volumetric findings of Maresh et al (310). Taken together, it is likely that 

overall bulb volume would exhibit wide variability in the population. This variability may be due 

to a variety of factors, including age, gender, and various lifestyle factors (smoking, for instance, 

decreases olfactory capacity, as measured by poor performance in olfactory function tests (311)), 

which could not only affect the glomeruli but additional cell populations. It was observed that 

total bulb volume was particularly high with respect to total glomerular volume. This is to be 

expected, as the contributions of the extracellular matrix and additional cell populations should 

far exceed that of the glomeruli, which are simply synaptic bundles and therefore not expected to 

account for a substantial portion of bulb space. 

In addition to determine if glomerular volume was in any way dependent on total bulb volume, 

the two parameters were plotted against each other (Figure 4.5C). There is no such relationship 

between the two parameters (r2 = 0.4521; p > 0.300), meaning that glomerular volumes 
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Figure 4.5. A: Total glomerular volume across undiseased 
olfactory bulbs. B: Total bulb volume across undiseased cases. 
As with glomerular counts, this varied widely and on average 
was found to be higher than estimates of volume in a previous 
report, and may be attributed to the differences in methodology 
used to calculate these volumes. C:  Relationship between 
glomerular volume and bulb volume. There is no relationship 
between the two parameters (R2 = 0.4521; p > 0.3001), meaning 
that the glomerular volumes calculated were not due to a high or 
low bulb volume in the first place.
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% Glomerular staining
in superior vs. inferior bulb

Figure 4.5D: Glomerular volume versus glomerular number. The relationship appeared to be linear, however this was not significant (p = 0.1975; R2= 
0.6440). While one may argue that this was due to a very small sample population, without the guidance of specific antibodies directed against human 
olfactory glomeruli these numbers are only an approximation, and the presence of any relationship between the two should be interpreted with caution. 
E: Percentage staining in the superior portion of the bulb versus the inferior portion. While one may have expected an approximately even distribution 
along the longitudinal axis, these differences may be a consequence of the different odour environments in which each individual is exposed to over 
the course of a lifetime.   
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calculated were not due to a high or low bulb volume in the first place. Furthermore, this 

indicates that the proportion of the other bulb contributions such as the additional cell 

populations present in the bulb may differ between individuals and ultimately represents yet 

another avenue of inquiry with regards to further understanding the mechanisms of human 

olfaction, and the pathophysiology underlying olfactory dysfunction in neurodegenerative 

disease. No relationship was found between glomerular volumes and glomerular counts either 

(Figure 4.5D; p > 0.1975, r2 = 0.6440). OFB48, for instance, had the highest number of 

glomeruli (9, 999 glomeruli), but the smallest volume out of the four bulbs measured (just 

0.36mm3). This suggests that the absolute number of glomeruli may not necessarily be an 

indicator of olfactory capacity. However, when the neurogenic capacity of the bulb is taken into 

consideration, a low volume coupled with high counts may be an indicator that the bulb is ‘under 

construction’, reflecting a regenerative period during which new glomeruli and connections are 

being formed.  

In order to assess how glomeruli were distributed throughout the bulb, an orthogonal projection 

of the reconstructed bulbs was performed such that 3D data was now represented in 2D. 

Consequently ‘coronal’ sections are generated, each section retaining the thresholded binary 

voxels for glomeruli as identified during image processing (Figure 4.3E) and allowed one to 

subdivide the bulb into superior and inferior portions (the former being furthest away from the 

cribriform plate and the latter being closest to it). This was done with a recursive MATLAB 

script, where each section was measured based on the midpoint between the maximal extent of 

its left/right and top/bottom, and subdivided into quadrants (hence the recursion). The number of 

voxels occupied by/identified as glomeruli were then counted, thus providing region-specific 

volumetric information. As shown by the relative percentages of glomerular staining found in 

inferior and superior portions of the bulb (Figure 4.5E), the distribution of glomeruli along the 

longitudinal axis was somewhat random, with no discernible pattern favouring the superior or 

inferior aspect. This may suggest that the distribution of glomerular volume varies within the 

population; in a ‘perfect world’ scenario, one could assume that this distribution would be 

weighted equally (ie. 50% in both superior and inferior aspects), and could be a reflection of the 

olfactory environment in which an individual is exposed to. 

4.4 Discussion: 

As aforementioned, the goal of this chapter was to make a digital reconstruction in 3D of the 

human olfactory bulb from individuals free from neurological deficits, and to identify olfactory 

glomeruli in an automated and high content fashion. As the glomerulus is arguably the unit of 
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olfaction, efforts were concentrated on this structure, although other cell populations or 

structures of interest can potentially be probed for using the same approach.  

4.4.1 The merits of a 3D approach over conventional methods: 

A 3D reconstruction of serially stained sections, such as that used in the present study, offers 

several advantages over conventional 2D approaches. Such an approach falls under the category 

of high content analysis, defined as methods performed to extract biological information using a 

combination of automated microscopy and analysis (312); the merits of which have been 

extensively reviewed elsewhere (285, 312). Importantly, rendering structures such as the bulb in 

3D allows one to visualise and quantitatively assess objects of interest in a manner that cannot be 

achieved otherwise.  

In the present study, an observation that became immediately clear upon inspection of the 

stained 2D images was that the irregularity of glomerular morphology (which was also observed 

in Chapter 1) would present a challenge to quantification. As seen even during the optimisation 

phases (Figure 4.2) and later on during image processing (Figure 4.3), despite a relatively clean 

signal (i.e. low background, high signal) there are many instances where it is near impossible to 

distinguish between a single glomerulus, or multiple glomeruli in extremely close proximity to 

each other. This has been reported previously (5), but at present, no explanation has been 

provided as to how glomeruli were distinguished from one another to produce a final count. 

Furthermore, counting objects (such as glomeruli) from a sample of 2D sections and applying a 

correction factor, such as Abercrombie’s (which would prevent an object being counted twice) is 

thought to over-estimate the number of objects owing to the ‘split-cell’ error, where partial 

objects in the upper and lower extremities of a sampled section are counted as a whole (313). 

Coupled with irregular object morphology inherent to human olfactory glomeruli, a conventional 

2D counting approach was likely to produce unreliable estimates. The fact that no sampling was 

used (i.e. every section was used) in the present study avoided this issue altogether. While one 

might argue that sampling (especially in the context of human neuroanatomical investigations) 

avoids wastage, it is important to bear in mind that the current approach is not necessarily 

wasteful either; using fluorescent immunohistochemistry and modifying the analytical pipelines 

used to identify other objects or cell populations of interest would allow one to create a rich data 

set that could provide more insight than just a numerical count of a single population/parameter. 

Another alternative to quantification was that of stereology, where geometrical quantities and 

entities can be estimated from a sample population (sections). However, the nature of the 
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olfactory bulb means that a design-based approach is not suitable in this instance. A requirement 

for a design-based stereological approach to provide unbiased estimates, the sampled population 

(sections selected out of the entire data set) must be representative of the brain region of interest 

(in this case, the olfactory bulb), and that any section selected at random would have the same 

chance of reliably contributing to the overall estimate (314). However, owing to the irregular 

morphology of glomeruli, and the non-homogenous distribution of glomeruli within the bulb, it 

was highly unlikely that a sample population would provide reliable estimates. Additionally, 

much in the same way that the aforementioned 2D approach works, stereology is currently not 

amenable to multiplexing or automation, meaning that objects must be identified and calculated 

manually. Not only is this a laborious, time consuming process, the overall output is limited to 

just a numerical measure corresponding to a single biological object of interest. Thus, additional 

objects or cell populations of interest would have to be probed for on remaining sections, and the 

opportunity to visualise all probes and the potential interactions with one another is lost.  

As outlined by Figures 4.2 and 4.3, extensive optimisation was required in order for automated 

segmentation to occur. Hence, the signal: noise ratio must be sufficiently and consistently strong 

enough to enable this - perhaps over and above what would have been acceptable for manual 

quantification. As the bulbs were fixed in formalin, the antigen retrieval system used was likely 

to have the most impact on overall signal quality, as it is this process that destroys the cross-

linkages caused by fixation to allow antibody access to the antigen. Owing to the small size of 

the section, heating the sections (in a solution of antigen retrieval buffer) using microwave oven 

irradiation was not tested, as such a harsh heating regime would cause substantial loss of overall 

tissue integrity, as has been described previously (315). A similarly harsh heating method, such 

as pressure-cooking, was preferable as the entire heating and cooling process occurs over a 

period of several hours (the cooling period is also thought to participate in cross-linkage 

destruction), as opposed to a time scale of just several minutes. Furthermore, while the 

temperature in a microwave oven only reaches 100°C, the temperature inside a pressure-cooker 

reaches 121°C, thus allowing for more efficient destruction of cross-linkages whilst avoiding the 

violent boiling that is often encountered using a microwave oven.  

Unexpectedly, the standard antigen retrieval buffer used in this laboratory (sodium citrate, pH 

6.0) performed the worst during pilot experiments, thus necessitating testing other antigen 

retrieval buffers. As reported elsewhere (315, 316), mildly acidic solutions such as sodium 

citrate performed poorly in contrast to solutions of higher pH. Though the exact mechanisms 

underlying this is unclear, it is thought that cross-linkage destruction via an acidic pathway is an 
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inherently more complex process than that of a basic pathway; hence, a much lower pH would 

be required to achieve the same level of antigen retrieval (315), albeit at the expense of tissue 

integrity. Hence, a more basic solution such as Tris-EDTA is thought to be more efficient at 

breaking down cross-linkages. Furthermore, the addition of EDTA to the standard Tris solution 

is thought to act as a chelating agent, aiding the destruction of tight complexes that proteins form 

with calcium during the fixation process (315). Given the slight increase in cutting thickness (10 

µm compared with 7 µm), an increased dewaxing protocol also contributed to the quality of the 

product of the finalised protocol (Figure 4.2G). Initially, the NCAM signal seemed reasonably 

strong in a small pilot run using Tris-EDTA and the standard 2 x 10 minute xylene treatment; 

however, the V-GLUT2 signal was inconsistent, leading to the impression that perhaps a higher 

antibody titre or longer incubation period would improve both labels. However, it is important to 

bear in mind that while an increase of 3 µm in thickness may not seem substantial, as a 

percentage it represents a 42% increase in section thickness; the time taken to completely dewax 

the section must therefore be adjusted accordingly. Whilst the combined decrease in antibody 

concentration and increased primary antibody incubation period undoubtedly contributed to 

attaining a signal: noise ratio amenable to automated segmentation, both the amended antigen 

retrieval and dewaxing protocol made the biggest contribution overall. 

4.4.2 Assessment of glomerular number: 
The initial aim of this chapter was to determine if an automated segmentation protocol could 

reproduce in some capacity the findings of Maresh et al (5). As shown in Figure 4.4A, the counts 

of glomeruli (extraneous voxels having been corrected for) appear to match up well to previous 

findings (5). On average, the present study found approximately 5, 176 glomeruli in a bulb; 

Maresh et al have previously reported an average of 5, 568 glomeruli (5). This indicates that for 

the most part, the approach used in the present study not only fares well against conventional 

methods of quantification, in addition to the benefit of allowing visualisation of the segmented 

bulb in 3D. However, in addition to the variable glomerular morphology as aforementioned 

(Figure 4.4B), both studies lack clear a clear definition of a human olfactory glomerulus; 

something that can only be defined with a standardised battery of antibodies directed against 

specific human olfactory receptors. To date, these antibodies are not available, or have not been 

validated in human tissue, and attempts to detect ORs or glomerular identities with antibodies 

directed against mouse ORs in human tissue have been unsuccessful (5).  

However, if one were to assume these counts to be a fair numerical estimate, then this reveals 

some interesting insights into the wiring of the olfactory system in humans. Coupled with the 
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numbers obtained from Maresh et al, there appears to be a large variation in the number of 

glomeruli across the population; had the sample size been increased, it is expected that such a 

range would continue to be observed. The extent of variation was not completely unexpected 

because in a highly controlled setting of the laboratory, mice or rodents are exposed to a 

homogenous and regulated odour environment, hence parameters such as the number of 

glomeruli are relatively consistent amongst the population (5). However, this is not the case for 

humans, who are exposed to a diverse and complex array of odorants over a lifetime, some of 

which may be toxic and have the capacity to ablate discrete OSN populations (and therefore, 

glomeruli), thereby leading to variability in total count. Furthermore, given the neurogenic 

potential of the olfactory system, variability in the number of glomeruli may also indicate on-

going growth and/or remodelling of the glomerular population overall. Without antibodies 

directed against specific ORs, it is impossible to determine whether glomeruli have the same OR 

identity (thereby obeying the ‘one receptor, one neuron, one glomerulus’ rule (26, 27, 66). 

However, based on the estimated number of glomeruli as determined in the present study and the 

number of human OR genes (317), a convergence ratio of 14-16 ORs for every glomerulus 

argues against this rule. If proven to be true, this would represent a major divergence from our 

current understanding of olfactory wiring. Functionally, such a high convergence ratio may also 

be a compensatory mechanism for the substantial decrease in OR genes in comparison to 

macrosmats such as mice; while a given odorant in the mouse may only cause the activation 

recruitment of just one or a few glomeruli, many more may be recruited to varying degrees in the 

human to achieve the same degree of perception. Fundamentally, this would indicate substantial 

differences between the way microsmats (humans) and macrosmats (rodents and mice) perceive 

odours.  

4.4.3 Assessment of glomerular volume and distribution: 

In the knowledge that glomerular counts may not necessarily be a fair indicator of events 

occurring within the bulb, we next sought to assess glomerular volume, as that may provide a 

slightly more targeted and accurate insight as opposed to measuring the entire volume of the 

bulb, which lacks specificity owing to the additional cell populations found in other layers and 

the contribution of the extracellular matrix, all of which are likely to vary amongst individuals 

and therefore potentially confound the observation of interest (i.e. combined glomerular 

volume). Functionally, the two markers used to label the glomeruli are ideal; V-GLUT2 is 

indicative of glutamatergic synaptic neurotransmission (65), whilst NCAM detects the presence 

of mature neurons; two key prerequisites for glomerular identity and function. Whilst one may 

argue that olfactory marker protein should have been used, it is important to note that to date, its 
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exact function remains unknown and furthermore, it has been found to be expressed outside the 

olfactory system (318). 

As shown in Figure 4.5A, much like the total counts, glomerular volume too exhibited a high 

level of variability (ranging from 0.36mm3 through to 1.11mm3), which was not related to total 

bulb volume (Figures 4.5B and 4.5C; r2 = 0.4521; p > 0.300). Interestingly, overall bulb volumes 

were substantially higher than a previous report (5), which may be attributed to the different 

methodology used to calculate volume. In particular, the approximation of the bulb to a shape of 

a cylinder may have led to an overall underestimation of bulb volume. In the present study, all 

cases collected largely resembled an ovoid sphere. Approximating and making the relevant 

calculations based off an ovoid structure may have therefore produced results closer to the values 

presented in this study. Nonetheless, the present study demonstrates the value of a 3D approach 

by not making any assumptions about the initial shape, which allowed a more accurate overview 

of the bulb. However, I chose to focus attention on the glomeruli and not the bulb overall. From 

a functional perspective, the remainder of the bulb is essentially a mixed population of cells, 

which in itself represents an additional avenue of inquiry with regards to further understanding 

the mechanisms of wiring in the human olfactory bulb. However, given the glomeruli essentially 

represent the first and perhaps the most important component of olfactory signalling, I reasoned 

that the glomeruli would be a good object of interest with which the analytical process could be 

optimised and tested. 

Unsurprisingly, glomerular number correlated poorly to volume (Figure 4.6D; r2 = 0.2989, p = 

0.4533), indicating that a low count may not indicate poor olfactory function. For instance, 

OFB48, with a count of almost 10,000 glomeruli, had the smallest volume of just 0.36mm3. 

Inspection of this case when rendered in 3D indicates that the glomeruli, despite their abundance 

throughout the bulb, are small in size. Additionally, there are a number of ectopic glomeruli, the 

potential causes of which have been discussed in Chapter 1. Collectively, the presence of small, 

ectopic glomeruli in this particular case may indicate the presence of a) continued neurogenesis 

and synaptic formation and b) potential degeneration of cell layers deep within the bulb, thus 

forcing OSN axons to traverse even further to seek out appropriate targets to synapse with. In 

addition to the other cases, the lack of a clear-cut relationship between the number of glomeruli 

and total glomerular volume may indicate that even during advanced age, the bulb remains a 

dynamic area of remodelling, with both regenerative and degenerative events taking place. A 

high volume, low-moderate glomerular count could reflect a ‘snapshot’ in time where 

neurogenic activity is low, and there is no need to form new glomeruli. Conversely, a low-
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volume, high glomerular count scenario (such as OFB48) reflects the opposite. Taking into 

account the different ‘odour environments’ one may be exposed to over a lifetime, the data 

presented here indicates that remodelling of the olfactory system occurs well into old age; even 

though absolute olfactory capacity is known to decline with advancing age (5), the dynamic 

nature of events occurring within the bulb means that fundamental olfactory capacity cannot be 

ascribed to just the number of glomeruli or volume.  

4.5 Summary: 

In summary, this chapter demonstrates the power of 3D histological reconstructions in being able 

to visualise and objectively quantify biological objects of interest in a high-throughput, 

automated fashion. Importantly, being able to visualise segmented structures in 3D has shown 

that the glomerular numbers do not necessarily correlate to a greater volume; collectively, they 

highlight the dynamic nature of the olfactory system. Using this analytical approach and 

multiplexing with probes specific for different OR subtypes of cell populations would in the 

future build on the current data presented here and provide even more insight into olfactory 

dysfunction overall.  
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5.1 Introduction: 

The second most common neurodegenerative disorder after Alzheimer’s disease (146, 147) is 

Parkinson’s disease (PD). PD is primarily considered a movement disorder characterised by a 

resting tremor, postural instability, bradykinesia, and rigidity (146, 148-151). These symptoms 

are a consequence of damage to key areas responsible for motor control, namely, the 

dopaminergic cells of the substantia nigra are targeted. However, it is not until the vast majority 

of the cells are dead in the substantia nigra that these symptoms manifest (152).  

Whilst the motor symptoms of PD are the most well known hallmarks of this condition, neither 

the substantia nigra nor basal ganglia are the first points of pathological progression. Instead, 

such induction sites include the dorsal motor nuclei of the glossopharyngeal and vagus nerves, 

olfactory bulb, anterior olfactory nucleus, and projection neurons of the intermediate reticular 

zone (179). This would account for the somewhat diverse range of early, pre-motor symptoms 

reported in PD, such as gastrointestinal disturbances (319-322), decline in visual acuity (323), 

and declines in olfactory capacity (156). Even though tests of olfactory function (such as the 

University of Pennsylvania Smell Identification Test, or the UPSIT (164)) may be utilised and 

can form part of PD diagnosis (169, 324-326), the diminished capacity to smell (or in extreme 

cases, the complete inability to smell, termed anosmia) is perhaps often overlooked, in part due 

the fact that this can occur several years before the onset of motor symptoms, and the gradual, 

insidious nature of losing this particular sense. In particular, the inability to detect the smell of 

pizza, wintergreen, lemon, rose, and clove have been reported by PD patients (327). 

To date, apart from the fact that alpha-synuclein deposition has been reported in the bulb (328), 

little work has been conducted to ascertain changes that may be occurring within the bulbs of PD 

patients. Recent fMRI studies have been conflicting, ranging from little or no change in overall 

volume being reported in PD patients compared to controls (329, 330), through to significant 

decreases in total volume, which were directly correlated to tests of olfactory performance that 

were run prior to volumetric imaging (309, 310). Discrepancies aside, it is still unknown if any 

changes in volume are attributed to single cell population changes, or more generalised cell 

population changes, or if one layer is more susceptible than the others.  

Therefore, using the methodology described in Chapter 3, the aim of this study was to assess 

changes in glomerular number and volume in bulbs derived from patients diagnosed with PD. 

Chapter 5: 3D Reconstruction of human  PD olfactory bulb 
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Although the long-term goal of this work is to compare normal with PD olfactory bulbs in order 

to make comparisons between glomerular number and volume, the additional major objective is 

to build a 3D model of the PD bulb. A model like this would allow additional information, such 

as olfactory receptor gene expression for instance, to be added. The current work represents a 

step in this direction. 

5.2 Methods: 

Sections were cut (ranging from 71-211 sections per case, totalling 426 sections for the PD cases 

and 541 sections for the normal cases), stained, and imaged as per the protocol for fluorescent 

immunohistochemistry in Section 2.1. For α-synuclein labelling, the protocol for chromogenic 

development was used instead. Note that a trained and registered pathologist confirmed all 

diseased cases as having idiopathic PD. 

The following cases were used in this chapter: 

Table 5.1 List of cases used: 

Case Gender Age Post-mortem 
delay 

Cause of death 

OFB41 M 83 21 Left ventricular failure 
OFB42 M 83 18 Ischaemic heart disease 
OFB43 F 68 22 Hypertensive heart disease 
OFB48 M 72 34 Ischaemic heart disease with secondary 

coronary heart disease 
PD30 M 82 19 Multiple organ failure 
PD42 M 84 21 Myocardial infarction 
PD50 M 86 6 Myocardial infarction/ischaemic heart 

disease 

5.3 Results: 

5.3.1 Deposition of α-synuclein in the olfactory bulb: 

As expected, α-synuclein deposition was present in the PD olfactory bulbs. Deposits were found 

in the glomerular layer (Figure 5.1A). The pattern of staining was approximately the same as that 

of the periglomerular population. Elsewhere, deposition can be found mainly within the external 

plexiform layer (Figure 5.1B), and occasionally in the granule cell layer (Figure 5.1C). In all 

instances, deposition appeared to be cytoplasmic, though nuclear deposition cannot be 

definitively ruled out.  
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Figure 5.1: Alpha-synuclein deposition in olfactory bulbs afflicted with PD, with a schematic indicating the three key areas where immunoreactivity was found. 
A: Deposits located in the glomerular layer. B: Deposits found in the external plexiform layer. C: Deposits located in the granule cell layer. Deposition appears 
to be cytoplasmic.  Scale bar: 25um

A B C

Glomerular Layer External plexiform layer Granule cell layer
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Collectively, whilst the key neuropathology required for formal pathological confirmation of PD 

is still confined to the substantia nigra (177, 328, 331), the presence of α-synuclein reinforces 

previous findings and confirms the involvement of the olfactory bulb in the pathological 

progression of PD.  

5.3.2 Glomerular counts in PD olfactory bulbs: 
In order to progressively reconstruct the bulb in 3D, PD bulbs were serially sectioned and 

stained. This facilitated the quantification of glomeruli, glomerular volume, and  comparisons 

with the volume of the olfactory bulb and with the data from the normal cases. As shown in 

Figure 5.2A, the number of glomeruli in each PD case showed a similar spread to that of what 

was reported for normal bulbs, ranging from just 1,840 glomeruli (PD42) through to 8,341 

(PD50). Hence, there was substantial overlap in the spread of glomerular counts compared to 

normal bulbs (which ranged from 2, 436 (OFB43) through to 9, 999 (OFB48) glomeruli). 

Comparison between normal and PD olfactory bulbs revealed no significant differences between 

the two (Figure 5.3B; p > 0.99).  

5.3.3. Assessment of glomerular and bulb volume in PD olfactory bulbs: 

Next, as was done with the normal olfactory bulbs, glomerular volume was measured, and 

compared with the normal group. As shown in Figure 5.3A, there was a small degree of 

variability amongst cases, ranging from 0.2 mm3 (PD42) to 0.42 mm3 (PD50). However, 

considering the volume of the normal bulbs, these numbers were not substantially different. 

Moreover, comparison of glomerular volume between normal and PD indicates no statistical 

difference between the two groups (Figure 5.3B; p > 0.4; CI = 95%), although cumulatively, it 

would appear that the PD group trends towards decreased glomerular volume. To investigate the 

relationship between glomerular count and volume, a correlation plot was generated. Whilst 

apparently linear (Pearson’s correlation = 1.0), this was not significant (p > 0.333; CI = 95%). 

In addition, the volume of the whole bulb was also measured and compared with the normal 

group. Again, as with measurements of glomerular volume, there was substantial overlap 

between the spread of volumetric measurements when compared with the normal cases (Figure 

5.2A and 5.4A; PD = 41.15 mm3 – 118.97 mm3; normal 62 mm3 – 282.35 mm3). Furthermore, 

on average, total bulb volume was not significantly different to the normal group (Normal  = 

135.4 mm3; PD = 71.5 mm3, as shown in Figure 5.4B; p > 0.4; CI = 95%). Figure 5.4C indicates 

that there was no relationship between total bulb volume and glomerular volume (Pearson’s 
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B

Figure 5.2: Glomerular counts. A: Number of glomeruli in all cases used in this study, including the normal bulbs from Chapter 
4. Bulb and glomerular volumes for all bulbs are also listed. B: Number of objects identfied as glomeruli across all three PD
cases. C: Number of glomeruli compared between normal and diseased (PD) states. The difference between the two is not 
statistically different (p > 0.99, CI = 95%)

C

A

Number of glomeruli - PD bulbs
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B

Figure 5.3: Glomerular volume. A: Total glomerular volume across all PD cases. B: Comparison of glomerular volume 
between normal and diseased (PD) cases; the difference between the two is not statistically different 
(p > 0.4, CI = 95%) C: Assessment of glomerular volume versus glomerular counts. Whilst apparently linear (r = 1.0, this 
was not found to be significant p > 0.333; CI = 95%)

C
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Figure 5.4: Volumetric assessment of PD 
bulbs. A: Total bulb volume of the three PD 
cases analysed. B: Comparison of PD bulb 
volume against the volume of normal bulbs 
(as calculated in Chapter 4). The differences 
are not significant (p > 0.4; CI = 95%). C: 
Glomerular volume versus bulb volume. 
There is no discernible relationship between 
the two (r = 0.5).

A

B

C
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A

Figure 5.5: Distribution of glomerular volume. A: Comparison of distribution between superior and inferior portions of the bulb. This was 
found to be approximately evenly distributed across both portions of the bulb.B: Percentage of glomerular staining found in the inferior 
portion of the bulb against total glomerular volume across both normal and diseased cases. The PD cases tend to be clustered towards the 
centre of the bulb, indicating that degeneration in the PD bulbs may follow a different pattern to that of age-related degeneration in normal 
bulbs

B

Distribution of glomerular staining
along the longitidunal axis

Distribution of glomerular volume 
in normal and PD bulbs
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correlation = 0.5), meaning that glomerular volume was not dependent on having a low or high 

total bulb volume in the first instance.  

5.3.4 Distribution of glomerular staining in PD olfactory bulbs: 
As described in Chapter 4, a recursive MATLAB script was written to analyse the distribution of 

glomeruli within the bulb. Unlike the normal bulbs, all three cases were remarkably consistent in 

terms of their percentage distribution, with a slightly higher percentage of glomerular volume 

located in the superior aspect (furthest away from the cribriform plate; Figure 5.5A). When 

plotted against total glomerular volume, unlike the normal population they form just a single 

cluster (Figure 5.5B). Coupled with an overall reduction in glomerular volume, this may indicate 

that degenerative changes occurring within the bulbs of those afflicted by PD could follow a 

different trajectory in contrast to degeneration as a consequence of aging.  

5.4 Discussion: 

The overall goal of this chapter was to apply the methodology described in the previous chapter 

and assess any change to glomerular volume or distribution in PD bulbs, which could provide 

some information towards the underlying mechanisms that causes olfactory deficits in this 

condition. 

5.4.1 Confirmation of α-synuclein in the olfactory bulb: 

As the presence of α-synuclein in the cortex and basal ganglia is a requirement for pathological 

confirmation of a PD diagnosis (328, 332), I sought to determine deposition in the bulbs of PD 

patients was present. Indeed, deposits were found in the glomerular layer (Figure 5.1A), with a 

pattern of staining very similar to periglomerular cells encircling glomeruli, and occasionally in 

the external plexiform layer and granule cell layer (Figure 5.1B), thus confirming previous 

reports of early olfactory involvement (332). Surprisingly, α-synuclein was not as abundantly 

expressed as anticipated. However, as α-synuclein loading in the olfactory bulb has previously 

been found to be variable (ranging from zero lesions detected through to well over 50), 

particularly in patients classed in the early stages of Braak’s scale of PD-related pathological 

progression (Stages 1-2) (333), it is plausible that these cases too may fall within this ‘early’ 

category. Furthermore, the fact that deposition was not confined to a single layer or cell 

population indicates that olfactory processing in the PD bulb may be targeted at several points 

within the bulb, including higher processing areas such as the amygdala, entorhinal cortex, or the 

piriform cortex for instance; ultimate consequence being hyposmia or anosmia. 
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Normally, α-synuclein is thought to exist (in the absence of a diseased state) as a folded tetramer 

with a molecular weight of about 58 kDa (334), though previously it has been regarded as a 

largely disordered monomer of just 14 kDA (335); the discrepancy in shape and size a likely 

consequence of methodological and technological advances during the intervening period. 

Nevertheless, it is thought to play a key role in the assembly and disassembly of SNARE 

(Soluble, N-ethylmaleimide Sensitive Attachment protein Receptor) (336). In the context of 

synaptic transmission, α-synuclein therefore contributes to the formation of SNARE complexes 

required for packaging neurotransmitters into vesicles for subsequent release and is thought to 

protect nerve terminals from injury (336). In PD, native α-synuclein is believed to undergo 

protein misfolding as a consequence of cellular insults such as inflammation (thought to increase 

chances of aggregation (337)). Inappropriate aggregation thus reduces the amount of native α-

synuclein available for regular function and creates a cascade of detrimental cellular effects as 

these deposits accumulate (337). Therefore, the presence of α-synuclein aggregates in the 

glomerular layer may be an indicator of poor glomerular health. Given the normal, 

neuroprotective effects of α-synuclein (336), deposition in the periglomerular population (in 

particular, those encircling glomeruli) indeed may serve as one of the factors contributing to 

olfactory deficits. Even though OSNs themselves appear to be spared from pathology (330), the 

capacity for olfactory signalling between glomeruli and to other cell populations is effectively 

compromised at this level. Therefore, inappropriate signalling as a consequence of compromised 

periglomerular cell health (and thus, integrity of the glomeruli) could form a cellular basis for 

PD-related olfactory decline. Furthermore, the presence of deposits in deeper layers (such as the 

EPL and GCL) may contribute to the symptomatology as a result of a diminished capacity to 

facilitate lateral inhibition (one of the key functions of the EPL). The loss of granule cell 

function has been shown to cause deficits in olfactory discrimination in mice (333).  

5.4.2 Glomerular counts in PD olfactory bulbs: 
Following image processing and automated segmentation, the number of glomeruli was 

quantified alongside normal bulbs. As expected, these numbers were variable (Figure 5.2A), and 

fell within the range of what was considered ‘normal’ in a previous study aimed at quantifying 

olfactory glomeruli (5). Furthermore, when compared against the normal bulbs, differences were 

not statistically significant (Figure 5.2B; p > 0.99). Importantly, one must not forget that 

quantifying the number of glomeruli in PD bulbs is subject to all the same caveats as described 

in Chapter 4; namely, that without specific olfactory receptor antibodies we are currently lacking 

definitive guidance over an immunohistochemical definition of an olfactory glomerulus. 

However, should these numbers hold true, given that they still fall within the normal range and 
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the variability observed across the spectrum it seemed unlikely that increases in sample size 

would trend towards significance. Rather, it is more likely that even greater variability would be 

observed. Thus, even though the glomerulus is a functional ‘unit’ of olfaction (63), PD-related 

deficits cannot be ascribed to overall decreases in absolute glomerular counts. This would be in 

agreement with an earlier study indicating no changes within the neuroepithelium (and 

specifically, the OSNs, whose axons contribute to glomerular formation), and that olfactory loss 

is due to detrimental changes in higher order processing centres (330). However, one must not 

forget that PD patients often describe a gradual diminution of certain odours as opposed to total 

incapacity to smell altogether. Assuming that a zonal organisation of olfactory receptors and 

their glomeruli exists in the human as they do for rodents (24), then there may be small, zone 

specific changes in the number of glomeruli that may not contribute towards statistical 

significance when the bulb is considered as a whole, but may do so when considered in the 

context of a certain zone, and certainly when taking into account the capacity of an individual to 

discern specific odorants. This reinforces the need for the development of validated antibodies 

directed against human ORs, and more importantly, the idea that there may be smaller changes 

that may be overlooked by null-hypothesis statistical testing.  

5.4.3 Glomerular and bulb volume in PD olfactory bulbs: 
In the knowledge that glomerular number does not necessarily correlate to volume (Chapter 4; 

Figure 4.6B), the volume of glomeruli was measured in PD bulbs, and compared to normal 

bulbs. Whilst there appeared to be some variation (Figure 5.3A), overall volume did appear to 

decrease (Figure 5.4B), though this difference was not statistically significant (Figure 5.3B, p > 

0.4). Admittedly, the small sample size appeared to be a contributing factor. However, the study 

is inherently limited to bulbs that are of a sufficiently good quality macroscopically to withstand 

the immunohistochemical procedure and confirmed to be idiopathic PD. Moreover, as the chosen 

analytical method requires storage and computing power over and above what conventional 

histological studies demand, the ultimate goal was to extract as much information as possible 

given the small population sample. Moreover, given the different odour environments an 

individual is exposed to over a lifetime, it is difficult to ascertain if a statistically significant 

difference would be of biological relevance. However, given the deposition of α-synuclein in 

periglomerular cells that encircle and whose dendrites contribute to the formation of glomeruli, a 

concomitant decrease in glomerular volume could be an indicator of poor synaptic health, 

inevitably contributing to declines in olfactory capacity.  
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Furthermore, measurement of bulb volume exhibited variability within the spread of normal bulb 

volume, and showed no significant differences when compared against normal bulbs (Figure 

5.4B, p = 0.4; CI = 95%). However, despite the small study, these volumes (PD30 = 41.15mm3; 

PD42 = 54.39mm3; PD50 = 118.97mm3) fall within the range of volumes (as determined by 

fMRI) of PD bulbs (309, 310). Therefore, it is tempting to surmise that substantial differences 

may have been observed had a greater population been sampled. As the rest of the bulb (i.e. 

excluding glomerular volume) is comprised of a wide variety of different cell types, it is 

plausible that declines in specific layers or cell populations may be a part of the mechanisms 

underlying PD-related olfactory loss. Nevertheless, using markers for specific neurochemical 

phenotypes (e.g. the GABA-ergic interneuronal population, or the dopaminergic periglomerular 

population for example), it is possible to alter the current analytical pipeline to quantify these 

populations separately and add to the current information presented here in this study. In so 

doing, this approach would allow one to gain a comprehensive overview of the bulb and see if 

distribution, volume, or number of specific cell populations are altered in PD, thereby providing 

a rich data set overall. In addition, the same analyses could be applied to other neurodegenerative 

diseases where olfactory dysfunction is reported as a part of the symptomatology (Alzheimer’s 

disease, for example), which would allow for the inter-disease comparison of cell populations, 

laminae, or the glomeruli, thus allowing us to further understand the involvement of the olfactory 

bulb in these diseases.  

5.4.4 Glomerular distribution in PD bulbs: 
Unlike normal bulbs whose distribution of glomeruli appeared to vary substantially along the 

superior-inferior axis, the distribution seen in all PD cases appeared to be weighted in favour of 

the superior aspect (Figure 5.4A). Furthermore, when considered in conjunction with normal 

bulbs and plotted against total glomerular volume, these bulbs form a discrete cluster (Figure 

5.4B and 5.4C). In addition to varying odorant environments that an individual is exposed to 

over a lifetime which influences the repertoire of ORs and their representation in the bulb (338, 

339), this would indicate that PD-related diminution of glomerular volume is not the product of a 

uniform degeneration within this layer. Rather, it is likely that certain glomerular populations 

(that are responsible for the detection of a specific array of odorants) may be more vulnerable 

than others. In the mouse, the dorsal and ventral (corresponding to the human posterior-anterior 

axis), portions of the bulb can be distinguished on the basis of non-overlapping labelling with 

NQ01 (NADPH: quinone oxidoreductase) and OCAM (Olfactory Cell Adhesion Molecule) 

(340). In the human, this dorsal-ventral positioning maps to the superior-inferior axis; NQ01 

would therefore be found furthest away and conversely, OCAM in the portion of the bulb closest 
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to the cribriform plate. Of particular interest is the role of NQ01, which is a flavoprotein known 

to have protective effects against free radical and reactive oxygen species generation (341). It is 

therefore, tempting to hypothesise that the reduction of glomerular volume found in the inferior 

portion of the bulb may be a consequence of lacking a detoxifying enzyme, thus increasing 

vulnerability to degeneration. Indeed, the presence of α-synuclein aggregates in the glomerular 

layer already indicates an inflammatory event (337), the pathological accumulation of which 

may be the result of a lack of NQ01 activity in the inferior aspect.  

5.4.5 Evidence supporting the olfactory vector hypothesis: 

Given the substantial latency between the first signs of olfactory dysfunction and the onset of 

motor symptoms, coupled with the idiopathic nature of the vast majority of cases, it has been 

hypothesised that PD may be the direct result of exposure to environmental agents that, by entry 

via the nasal or gastrointestinal route, gives rise to a series of inflammatory events, ultimately 

giving rise to neuronal compromise that travels to areas such as the basal ganglia (163). There 

are a variety of insults hypothesised to contribute to the pathogenesis of PD, including metal 

deposition (213, 214), pesticide exposure (209), and exposure to air pollutants (342). These 

insults are believed to trigger an inflammatory process. Thus, the decrease in total glomerular 

volume as described in the present study may be an indicator of exposure to, or accumulation of 

a combination of such toxicants, leading to α-synuclein deposition, and more importantly, 

reducing the amount of native α-synuclein required for the maintenance of synaptic integrity. 

Given the role of the glomerulus as being responsible for relaying odorant specific information 

to additional cell population in the bulb in order for odour perception to occur, deficits in 

synaptic health at such a critical point of information transmission could account for PD-related 

hyposmia. Furthermore, whilst glomeruli in both superior and inferior aspects suffer from 

declines in volume, the preferential loss of glomerular volume in the inferior aspect of the bulb 

may be a consequence of lacking the capacity to detoxify such inflammatory insults, thus 

overwhelming cellular integrity, ultimately leading to neuronal death.  

5.5 Summary: 

Applying the methodology described in the previous chapter to bulbs derived from patients 

diagnosed with idiopathic PD has provided insight into the distribution and volume of glomeruli, 

which appears to be somewhat different to that observed in normal cases. This chapter has, for 

the first time, demonstrated 3D reconstructions of olfactory bulbs from PD patients that will 

enable more information to be added as a means of gaining insight into the cause of anosmia. 

The capacity to detect distinct OSN populations, and the differential staining pattern of 
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NQ01/OCAM in the human using this analytical approach would allow one to build on the 

current data and determine if PD-related olfactory deficits can be ascribed to the mechanisms as 

aforementioned. 
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6.1 Introduction: 

Of particular interest to this project is the regenerative capacity of the adult human brain and 

how this may be harnessed to save afflicted brain regions in the face of neurodegeneration. In 

particular, the sub-ventricular zone (SVZ) is one of two neurogenic regions (the other being the 

sub-granular zone of the hippocampus), and serves to feed the rostral migratory stream (RMS) 

with progenitors cells destined to become interneurons in the olfactory bulb (1, 287).  

In order to traverse the RMS and reach the olfactory bulb, migrating cells must overcome the 

frictional forces caused by adjacent cells and extracellular contacts in the immediate vicinity. 

Migratory cells therefore express polysialic acid (PSA), which is attached to the neural cell 

adhesion molecule (NCAM; PSA-NCAM), whose hydrated state allows it to occupy a volume 

larger than that of NCAM, thus reducing adhesion by steric repulsion (247, 250, 251). Steric 

inhibition is thus achieved in two ways: 1, Cis effects are local, pushing NCAM into small 

clusters or into proximity with other receptors, influencing autocrine-signalling events, and 2, 

trans effects are more well-recognised, with the huge volume of PSA physically separating 

adjacent cells or contacts, thus impeding membrane-membrane interactions (343). Consequently, 

migrating neuroblasts are able to traverse the RMS, making the appropriate contacts and 

integrating into the surroundings only upon arrival into the olfactory bulb. Indeed, the premature 

removal or a failure of PSA-NCAM to function properly leads to cell maturation outside of the 

bulb region (256) and a disrupted RMS, with cells dispersed into cortical and striatal regions 

(258). 

At present there are substantial gaps in our knowledge regarding regulation of PSA addition and 

removal at the cell surface. The addition of PSA has been well characterised and is attributed to 

the activity of two polysialyltransferase enzymes, (PST) (259) and STX (261). It is thought that 

the former is the more dominant of the two enzymes, as partial sialylation of the cell is thought 

necessary in order for STX activity to occur (261). In contrast, the process of PSA removal once 

a migrating neuroblast has arrived in the olfactory bulb is less conclusive. Currently, there is just 

one enzyme, known as endoneuraminidase (EndoN), which specifically target the α-2,8 

glycosidic linkages characteristic of PSA, as demonstrated in Figure 6.1 (263, 344). 

Neuraminidases are perhaps best known in the field of immunology and virology; neuraminidase 

in the influenza A virus for instance is thought to be involved in the spread of viral particles 

throughout the respiratory tract (269). Neuraminidase inhibitors such as oseltamivir (TamifluTM) 

Chapter 6: The putative role of NEU4 in PSA-NCAM down-regulation
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Intact polysialic acid molecule

Proposed site of sialidase activity and the separation of sialic acid residues

Figure 6.1. Proposed site of neuraminidase/sialidase activity. A: Polysialic acid residues are linked together by an α-2,8 
glycosidic linkage. Two sialic acid residues are displayed for simplicity, but these typically exist in long chains consisting 
of up to 55 residues. B: Hypothesised site of action of endoneuraminidase activity (EndoN). EndoN is thought to cleave 
these α−2,8 glycosidic linkages, thus causing separation of sialic acid residues.

Hypothesised site of EndoN activity

A

B
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therefore serve to limit viral spread in particularly virulent strains of influenza. The use of Endo 

N both in vitro and in vivo is effective at removing PSA-NCAM (Figure 6.1B), however, this 

enzyme is not expressed in mammals. As such, EndoN cannot contribute towards endogenous 

downregulation. It is also thought that changes in calcium flux may be another mechanism for 

regulating the amount of PSA-NCAM at the cell surface. Specifically, ionophores that liberate 

calcium from intracellular stores such as A23187, BAPTA, and thapsigargin all cause substantial 

decreases in PSA-NCAM levels; presumed to be a consequence of sub-optimal sialyltransferase 

activity (264). However, these are pharmacological interventions only and may not necessarily 

reflect events surrounding PSA-NCAM down-regulation within the cell. A more recent study 

indicates that the amount of PSA-NCAM present at the cell surface is the product of a balance 

between polysialic acid addition (PST and STX activity) and its removal, while sialyltransferase 

activity may be affected by changes in calcium flux, it does nothing to the existing PSA-NCAM 

already present at the cell surface (265). Furthermore, it is thought that extracellular matrix 

components may trigger PSA-NCAM internalisation, allowing for the recycling, lysosomal 

degradation of PSA and subsequent re-sialylation of NCAM and transport back to the cell 

surface.  

Substantial advances in the molecular characterisation of the human neuraminidase family of 

enzymes have been made over the last fifteen years. In doing so, and given its activity against 

the unique α-2,8 glycosidic linkage pattern characteristic of PSA-NCAM, the role of 

neuraminidase/sialidase IV (NEU4) has garnered some interest as a contributing factor towards 

the down-regulation of PSA-NCAM. Of the four human neuraminidase enzymes, NEU4 is the 

only one shown to have glycosidic activity against the α-2,8 linkage pattern unique to PSA and 

is robustly expressed in neural tissue (271, 279).  

To date, there is just one study documenting a definitive link between NEU4 activity and PSA-

NCAM downregulation. Recently, Takahashi et al reported that a secreted form of polysialic 

acid was readily hydrolysed by both isoforms of NEU4 (the short form is localised to 

intracellular membranes and the long isoform is associated with mitochondrial membranes) at 

acidic pH levels (282). At higher pH levels, activity of the long isoform tapered, whilst the short 

isoform appeared to retain its capacity to degrade PSA (282). These observations were achieved 

using a cell-free assay in which a secreted form of NCAM was co-transfected with an expression 

vector encoding a sialyltransferase (PST) into HEK293T cells. A secreted version of PSA-

NCAM was thus produced and released into the cell culture medium for purification. Similarly, 

both short and long isoforms were transfected into separate cultures of HEK293T cells and the 
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enzyme was purified prior to its addition to the substrate (that is, purified PSA-NCAM) (282). 

However, a cell-free approach means that it is difficult to ascertain whether these observations 

bear biological relevance, especially when considering the fact that peak hydrolysis occurred at 

an acidic pH, indicating that NEU4 is likely to occur within a cell (presumably localised to an 

acidic organelle) (282). Moreover, it is unknown if the reported suppression of neurite outgrowth 

is accompanied by a concomitant increase and decrease of markers of neuronal maturity and 

immaturity, respectively, making it difficult to determine if NEU4 is involved in the maturation 

and integration of a migrating neuroblast into its external surroundings.  

Given the lack of information available regarding the mechanisms of endogenous PSA-NCAM 

downregulation and its presence in the human olfactory bulb (as demonstrated in Chapter 3), I 

sought to assess the activity of NEU4 in a cell-based model in which PSA-NCAM is abundantly 

expressed. It was anticipated that the introduction of either isoform of NEU4 into such a system 

would allow us to see the true biological activity of NEU4, and its potential effects on cell-

surface PSA-NCAM.  

6.2 Methods overview: 

TE671 human rhabdomyosarcoma cells were cultured and the relevant analyses performed as 

described in Chapter 2.3. 

6.3 Results: 

6.3.1 Transfection of TE671 cells with pCMV6-XL-Neo-NEU4 vector: 

In order to assess whether the TE671 cell line was able to be transfected with the over-

expression vector containing the NEU4 transgene, cells were transiently transfected with the 

short isoform (NEU4S), the long isoform (NEU4L), or the vector excluding either gene of 

interest (empty vector). Figure 6.2 demonstrates that TE671 cells indeed are amenable to 

transfection and the protein was detected by antibodies directed against NEU4 (the antibody 

however is not capable of distinguishing between the two isoforms); therefore, at that point I 

deemed it unnecessary to clone an expression tag, such as green fluorescent protein (GFP), for 

instance, into each of the expression vectors. Cells immunopositive for NEU4 (Figure 6.2C; 

short isoform, and 6.3D; long isoform) were detected using an Alexa Fluor 594 (red) 

fluorophore. NEU4 immunoreactive cells were not found in WT cultures, or in the cells 

transfected with the vector lacking the transgene of interest (empty vector). 
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Figure 6.2: Transient transfection 
of TE671 cells with pCMV6-XL-
(Neo) expression vectors and 
immunostained for PSA-NCAM 
and NEU4. A: Wild-type TE671. 
B: TE671 transfected with the 
control vector. C: TE671 
transfected with and 
immunostained for NEU4 (short), 
as indicated by red (Alexa Fluor 
594) cells D: TE671 transfected 
and immunostained with NEU4 
(long), again with red (Alexa 
Fluore 594) cells. Scale bar: 50um
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In light of this observation and given that the vector used in the cloning strategy contained a 

neomycin resistance gene, cells were passaged and placed under antibiotic selection at a 

concentration of 1.5 mg/mL neomycin (as pre-determined with wild-type cells using the 

conventional selection antibiotic kill curve method), with untransfected control cells plated in 

parallel. Colonies were isolated and passaged as necessary; a small volume from each passage 

was plated separately, fixed, and immunolabelled for NEU4 to assess the selection process in 

lieu of having a GFP tag. In all attempts at stably transfecting NEU4 into these cells, the clonal 

population eventually became resistant to neomycin, however they failed to express any NEU4. 

This was unexpected, as the TE671 cell line is not known to harbour an endogenous resistance 

towards neomycin (unlike other cell lines such as the HEK293T line), and was encountered 

irrespective of the clonal isolation method used, whether the plasmid was linearised or not 

(which can in some instances enhance integration into the host genome), or the days spent under 

antibiotic selection. Given the neomycin resistance gene is under the control of a separate 

(SV40) promoter (which is common in expression vectors such as the one used in this study), 

and that under certain conditions the constitutive cytomegalovirus (CMV) promoter (responsible 

for driving expression of the gene of interest) has been reported to undergo downregulation in 

expression systems (349), it is entirely plausible that the lack of NEU4 expression in an 

antibiotic resistant population may be a consequence of such a phenomenon. Furthermore, it is 

possible that homologous recombination events may have occurred during the process of stable 

integration, causing the transgene to be broken up and thus rendered inactive.  

6.3.2 Western blotting to detect global changes in PSA-NCAM levels in NEU4 transfected 

cells: 

Having failed to obtain stably transfected cells expressing high levels of NEU4, the decision was 

made to transiently transfect instead. Despite being a mixed population of cells  (ranging from 

cells that strongly express NEU4 through to cells that do not express NEU4 at all), it was hoped 

that good expression would cause a robust phenotype, which would lead to a marked reduction 

in overall PSA-NCAM. Western blotting was performed using TE671 cells using a monoclonal 

antibody specific for PSA-NCAM which demonstrated a single band for PSA-NCAM at 

approximately 220 kDa (Figure 6.3A) GAPDH was probed for as a loading control (10 µg 

protein) and produced a single band at 42 kDa. In order to confirm that cells transfected with 

NEU4S and NEU4L, blots were probed for with a polyclonal antibody specific for NEU4 and 

produced a single band at 55 kDa. This was seen in the wells loaded with lysate derived from 

cells that had been transfected with NEU4S or NEU4L only. The western blots indicated no such 

decrease in PSA-NCAM levels, and the small differences (approximately 12% reduction in the 
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Figure 6.3: Western blots of transfected cells cultured in 2D. A: Blot probed for PSA-NCAM, NEU4, and GAPDH, with cells 
treated with EndoN to remove PSA-NCAM as a positive control B: Percentage change in PSA-NCAM intensity, normalised to 
GAPDH and displayed as a percentage of of PSA-NCAM intensity of the empty vector. The differences between the empty 
vector and both NEU4S and NEU4L was not significant (p > 0.1370; n = 5)

Western Blot analysis of cells culured in 2D and
transfected with NEU4
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short isoform, and a 15% reduction for the long isoform) between the treatment groups were not 

significant based on density measurements from the blots (Figure 6.3B; p > 1370). In addition, a 

well containing protein lysate derived from cells that had been treated with endoneuraminidase 

(EndoN) was run alongside each experiment in order to approximate the hypothesised biological 

effect of NEU4; however, as an exosialidase NEU4 is predicted to be less efficient at targeting 

and cleaving the α-2,8 linkages characteristic of PSA owing to steric hindrance (270). Therefore, 

this suggested that the effect of NEU4 (in the context of cell migration in the RMS) was more 

subtle and graduated rather than an ‘all-or-nothing’ effect. 

During the course of these studies it became apparent that the extracellular matrix was influential 

in controlling PSA-NCAM turnover (345). In particular, results from our group indicate a 

requirement for PSA-NCAM to be internalised before degradation can begin and culturing cells 

in an extracellular matrix was required for this internalisation to occur (265). Therefore, and 

according to the intracellular location of NEU4 (265). Therefore, it was feasible to hypothesise 

that the failure to see any decrease in overall PSA-NCAM levels in cells expressing NEU4 may 

have been a consequence of having not internalised PSA-NCAM in the first instance. To this end 

transfected cells were cultured in an extracellular matrix material called MatrigelTM with a low 

growth factor content (growth factor reduced MatrigelTM). However, culturing cells in a growth-

factor reduced matrix failed to show any substantial difference in band intensity or size (Figure 

6.4A). Furthermore, analysis of the blots revealed a 25% decrease in PSA-NCAM band intensity 

in cells transfected with NEU4S and just a 6% decrease in cells transfected with NEU4. 

However, these differences were not significant (Figure 6.4B; p > 0.1411). Interestingly, the 

percentage decrease in PSA-NCAM intensity was greater in cells transfected with NEU4S than 

that of NEU4L, which is in accordance with previous findings (282).  

6.3.3 Using immunocytochemistry to detect changes in PSA-NCAM levels in NEU4 transfected 

cells: 

Analysing changes in PSA-NCAM levels via western blot appeared to lack sensitivity to reflect 

the qualitative changes observed in 6.3.1. Also, the distinct possibility NEU4 was expressed at 

varying levels across the cell population meant that a wide range of results might be obtained 

regarding NEU4 in each cell. To overcome these potential issues, I chose to repeat these 

experiments and analyse the data using a combination of immunocytochemistry and high 

throughput screening instead. By analysing intensity values for PSA-NCAM in cells that had 

been scored as being immunopositive for NEU4 on a per-cell basis, it was anticipated that any 

subtle changes to PSA-NCAM levels as a consequence of NEU4 activity would be detected. 
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Figure 6.4: Western blots of transfected cells cultured in a reduced growth factor extracellular
matrix at a 1:4 concentration (approx 2mg/mL), as described previously by Monzo et al. A: Blot probed for PSA-NCAM, 
NEU4, and GAPDH. B: Western blots demonstrated asa percentage change in PSA-NCAM intensity, normalised to 
GAPDH and displayed as a percentage. The differences between the control vector and both NEU4S and NEU4L was not 
significant (p > 0.1411; n = 5)

Western Blot analysis of cells cultured in 3D and
transfected with NEU4
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Using an analysis pipeline (modules are as described in Chapter 2.3) built in CellProfilerTM (284, 

285), cells from each transfection condition were initially scored as a whole cell based on 

Hoechst nuclear counterstaining, and the intensity of PSA-NCAM and NEU4 measured. In order 

to achieve this, cell size and shape were estimated and measured in pixel units, and thresholding 

strategies tested prior to applying the pipeline to all data sets.  

Analysing cells individually allowed differences in PSA-NCAM levels to be seen that were not 

detected by Western blotting. In cells cultured in 2D and transfected with NEU4S or NEU4L, 

small yet significant decreases in average PSA-NCAM integrated intensity were recorded when 

compared against the empty vector; a reduction of approximately 35% for the short isoform, and 

13% for the long isoform (Figure 6.5A, p < 0.0001).  As the sum total of the pixels in a given 

object, integrated intensity was used in this context as an index of how strongly a protein (e.g. 

PSA-NCAM or NEU4) was expressed in each cell. Therefore, absence of a protein would result 

in an integrated intensity value of zero; the strong expression of a protein would result in a much 

higher value. This is in accordance with a previous report, where the short isoform was more 

effective at PSA-NCAM degradation.  

Unexpectedly, analysis of 3D cultures transfected with NEU4S and NEU4L showed a significant 

increase in PSA-NCAM integrated intensity compared to the empty vector; a 39% increase (p < 

0.01) seen for the short isoform and 36% (p < 0.05) for the long isoform (Figure 6.5B); the 

complete opposite of what was seen in cells cultured in 2D and the trend reported for 3D cultures 

analysed by immunoblotting. 

6.3.4 Correlating the level of NEU4 expression with changes in PSA-NCAM levels: 

Given that data is collected on a ‘per-cell’/individual basis and the unexpected increase in PSA-

NCAM levels seen in cells cultured in an extracellular matrix, I next sought to determine the 

relationship between a NEU4-expressing cell and PSA-NCAM expression at the level of a single 

cell. Theoretically, the expression of NEU4 should have resulted in a concomitant decrease in 

PSA-NCAM expression, though it was unknown whether this relationship was linear. Therefore, 

the staining intensity for PSA-NCAM was plotted against that of NEU4 for each cell identified 

in every transfection condition (Figure 6.6 and 6.7). It is important to note however, that the few 

cells identified in the control vector as being immunopositive for NEU4 is a reflection of the 

false positive rate; with just 27 incorrectly identified cells in the 2D culture and 22 in the 3D 
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Figure 6.5: Average integrated intensity of PSA-NCAM per cell, in cultures transfected
with the control vector, the short isoform of NEU4, or the long isoform of NEU4. A: Changes in PSA-NCAM 
integrated intensity when cultured in 2D. The differences between the control vector and both the short and long 
isoforms were significant (p < 0.0001; n = 3). B: Changes in PSA-NCAM integrated intensitywhen cultured in 
3D. The differences between the control vector and both the short and long isoform were significant (p < 0.0009; 
n = 3)
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cultures out of the several thousand cells analysed in this manner, the error associated with this 

analytical pipeline appears to be low and reflects the robustness of the chosen approach.  

Nonetheless, the changes in PSA-NCAM expression as a consequence of expressing NEU4 were 

not as clear-cut as anticipated for either of the culture conditions. In a 2D cell culture 

environment, the vast majority of cells transfected with NEU4S appeared to show a small shift 

towards the right, reflecting some level of NEU4 expression, however, the integrated intensity of 

PSA-NCAM per cell essentially remained the same when compared to the empty vector (Figure 

6.6A and 6.6B). Furthermore, there were a number of cells that expressed high levels of NEU4 

and also expressed a high level of PSA-NCAM. The same observation was made for cells 

transfected with NEU4L (Figure 6.6C), although there was no evidence of concomitant and high 

levels of both NEU4 and PSA-NCAM expression. Cells cultured in 3D showed similar results, 

with an even stronger degree of linearity. Presented in this manner, it was anticipated that high 

expression of NEU4 would results in a total drop in PSA-NCAM levels, causing data points to 

fall closer towards zero on the y-axis. However, it has not yet been established within a cellular 

system or model whether such a negative, linear relationship exists between NEU4 and PSA-

NCAM. Therefore, changes in the amount of PSA-NCAM as a consequence of expressing 

NEU4 are not apparent.  

6.4 Discussion: 

Having already established the presence of NEU4 in the human olfactory bulb (Chapter 3), and 

in light of a previous report implicating both isoforms of NEU4 in the cleavage of PSA-NCAM, 

the goal of this study was to further investigate the role of NEU4 within a system known to 

express PSA-NCAM in an abundant and robust manner with no known endogenous mechanism 

for its permanent downregulation. 

6.4.1 Experimental procedure: 

The TE671 rhabdomyosarcoma cell line of neuroectodermal origin (346, 347) was chosen owing 

to its robust expression of PSA-NCAM with no known mechanism for permanent, endogenous 

downregulation. Hence, it was reasoned that a system such as this would provide an opportunity 

to intervene and introduce such a mechanism with minimal interference. Whilst the cell line 

chosen for this study appears to be completely unrelated to cells migrating through the RMS to 

the olfactory bulb, the expression of PSA-NCAM on the surface of TE671 cells is thought to be 

required for tumour metastases (346); the central tenet of this process being cell migration. 

Given the aggressive nature of the cancer from which these cells were derived (346, 348), it was 
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Figure 6.6: Integrated intensity profiles of 
PSA-NCAM plotted against that of NEU4 for 
every cell cultured in 2D.A: Empty vector. 
Note that there were a small number of cells 
scored as expressing NEU4, which is a 
reflection of the false positive rate of the 
analytical pipeline and not the control vector 
inducing NEU4 expression. B: NEU4 (short 
isoform). A few cells were found to express 
high levels of NEU4 as well as PSA-NCAM. 
C: NEU4 (long isoform). 

Correlation plot of integrated intensity 
between  PSA-NCAM and NEU4 (Empty 
Vector)

Correlation plot of integrated intensity 
between  PSA-NCAM and NEU4 
(NEU4S)

Correlation plot of integrated 
intensity between  PSA-NCAM and 
NEU4 (NEU4L)
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Figure 6.7: Integrated intensity profiles 
of PSA-NCAM plotted against NEU4 
for every cell cultured in a 3D 
extracellular matrix. A: Empty vector. 
Again, a small number of cells were 
incorrectly scored as having expressed 
NEU4. B: NEU4 (short isoform). C: 
NEU4 (long isoform). There appeared 
to be a large number of cells expressing 
both high levels of NEU4 and PSA-
NCAM.

Correlation plot of integrated 
intensity between  PSA-NCAM and 
NEU4 (Empty Vector)

Correlation plot of integrated 
intensity between  PSA-NCAM and 
NEU4 (NEU4S)

Correlation plot of integrated 
intensity between  PSA-NCAM and 
NEU4 (NEU4L)
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anticipated that any changes to the levels of PSA-NCAM expression as a consequence of 

intervention with NEU4 observed on a substantially shorter time scale in contrast to alternate 

models of neuronal migration and differentiation.  

Given the promising results of the initial transient transfection (Figure 6.1), the initial goal was 

to create a stable cell line (one where the NEU4 transgene is fully integrated into the host 

genome), which would have allowed us to study the potential effects of NEU4 on PSA-NCAM 

expression over a substantially longer period of time and explore additional experimental 

paradigms based on other known regulators of cell-surface PSA-NCAM expression (the role of 

calcium flux, for example (264, 265). Furthermore, sustained and consistent expression over an 

entire population would have allowed us to observe potential global changes to PSA-NCAM 

expression as a consequence. However, after numerous attempts it became apparent that whilst 

cells readily acquired resistance to the selection antibiotic, the expression levels of NEU4 

decreased over time, eventually dropping off altogether. Linearising the plasmid, which can 

sometimes increase the chances of successful, stable integration into the host genome, did not 

appear to improve expression levels. Since then, several factors have been identified which may 

have contributed in some part to this phenomenon. Firstly, despite having a sound molecular 

strategy using a widely used and well-established expression vector from a reputable source, the 

gene of interest (NEU4) and the gene encoding neomycin resistance are under the control of two 

different promoters; the cytomegalovirus (CMV) and SV40, respectively. It has been previously 

reported that the CMV promoter can be down-regulated over time (349); therefore, while a cell 

may have continued to display antibiotic resistance, the down-regulation of the promoter driving 

transgene expression ultimately resulted in the non-expression of NEU4. Secondly, as this was a 

relatively small insert, it is entirely plausible that breakage at random points during 

recombination events may have occurred within the transgene itself, thus resulting in the failure 

of antibiotic-selected cells to express any NEU4. Thirdly and finally, one must consider the 

possibility that the introduction of a gene purported to reduce the metastatic potential (by 

reducing the levels of PSA-NCAM) is deemed to be detrimental to the overall health of the cell. 

Thus, any attempt to integrate this into the genome for long-term expression may be treated as a 

cellular insult, resulting in the activation of mechanisms to remove the transgene or prevent its 

expression. This can be partially supported by the notion that in transient transfections (Figures 

6.1C and 6.1D) cells expressing NEU4 do not appear to co-express PSA-NCAM. As the 

sustained expression of PSA-NCAM is often regarded as a poor prognosis factor in 

neuroectodermal tumours such as the one from which this cell line is derived, forcing a cell of 

this nature to express a gene that might counter its inherent metastatic capacity would ultimately 
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result in its demise. Indeed, expression of NEU4 has been previously shown to be down-

regulated in tissue derived from tumour biopsies (350). Furthermore, the transfection of NEU4 

(though it is unclear which isoform was used) into an colonic adenocarcinoma cell line resulted 

in accelerated apoptosis and a reduction in growth (350). Therefore, whilst this may represent a 

fascinating and critical area of study in the field of cancer biology, the characteristics of both this 

particular cell line and the transgene of interest has meant that such a model is perhaps 

unsuitable for long-term studies. However, in light of the initial pilot experiments indicating 

successful transient transfection and the success from our lab in being able to manipulate PSA-

NCAM levels (by other means) in this particular model, I reasoned that even short-term studies 

would be sufficient to gain some insight into the potential effects of NEU4 on PSA-NCAM 

production.  

6.4.2 Quantitative assessment of changes in PSA-NCAM in cells transfected with NEU4: 

Detection via immunoblotting: 

In light of the qualitative results obtained from the initial pilot transfection, the next step taken 

was to quantify these changes. In anticipation of seeing widespread, global changes to PSA-

NCAM levels as a consequence of transfection with either of the two isoforms of NEU4, western 

blots were first performed and the bands normalised to GAPDH. As demonstrated in Figure 

6.3A, there was no discernible change in PSA-NCAM levels in cells that had been transfected 

with either isoform of NEU4 when compared to the wild-type and cells transfected with the 

vector lacking the transgene (empty vector). Figure 6.3B indicates that these differences were 

not significant. Initially, it was thought that NEU4 might not exert an effect that was pronounced 

as what was observed when a wild-type culture was treated with EndoN (Figure 6.3A), 

essentially, a complete removal of PSA-NCAM. However, it is important to note that 

endosialidases such as EndoN are substantially more effective at cleaving sialic acid residues in 

contrast to exosialidases such as NEU4, which are are less effective owing to steric hindrance 

between the α-2,8 glycosidic linkage and the enzyme itself (270). Therefore, it was feasible to 

suggest that NEU4 may be acting in a more discrete manner than originally anticipated. 

Furthermore, having adopted a transient transfection meant that cells transfected with either 

isoform of NEU4 will inevitably be a mixed population of cells expressing high, moderate, or 

almost none of the gene of interest. Though it was anticipated that collectively, cells would 

express enough NEU4 for a difference (albeit subtle) to be observed, the resultant western blots 

suggest that this is not the case.  
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At the same time as these results were generated, additional findings from our group using the 

same cell line indicated a requirement for PSA-NCAM removal from the cell surface by 

internalisation. Internalisation of this molecule was triggered by culturing cells in a 3D 

extracellular matrix (265). Despite requiring modification of the culture protocol and in some 

regards a slightly higher level of technical competence in contrast to conventional 2D culture 

methods, the role of the extracellular matrix and its potential influence on key biological 

processes is an aspect of cell biology that has garnered increasing attention in recent years (249, 

345). As NEU4 is localised intracellularly (the short isoform to intracellular membranes, and the 

long isoform to the mitochondria) and with no evidence to suggest that this enzyme is secreted or 

acting extracellularly, it was feasible to explore the potential effects of internalising PSA-NCAM 

in cells transfected with either isoform of NEU4; if there was indeed a requirement for PSA-

NCAM to be internalised, then it was anticipated that the differences in band intensity would be 

more pronounced. This was not the case (Figure 6.4A); the band intensities for both isoforms of 

NEU4 appeared to be the same as that of the wild-type and empty vector. Taken together, these 

results indicated that the detection of changes in PSA-NCAM levels in NEU4-transfected cells 

were more subtle than initially thought; coupled with the main disadvantage of utilising a 

transient transfection strategy (thus resulting in a mixed population of cells expressing varying 

amounts of NEU4, if at all), it was reasonable to conclude that perhaps a more sensitive mode of 

detection at the cellular level to detect potential changes would be required.  

Detection by immunocytochemistry and high-throughput screening: 

Having determined that assessment of global changes to PSA-NCAM levels may not be best 

detected by western blotting, efforts were then turned to determining if these changes could be 

observed at the level of individual cells. Thus, in a similar manner to the image processing and 

segmentation process described to detect olfactory glomeruli as described in Chapter 4, an 

analysis pipeline was built and optimised to objectively identify the amount of PSA-NCAM 

expressed by each cell with respect to the amount of NEU4 expressed. Even in 2D culture, a 

small reduction in PSA-NCAM was seen in cells transfected with either isoform of NEU4; it was 

tempting to surmise that, had a stable transfection been achieved, these differences may have 

been more pronounced. However, these findings fell short of what was reported by Takahashi et 

al, where immunoblotting indicated complete removal of polysialic acid, comparable to the 

effects of EndoN. (282). In particular, the short isoform of NEU4 was more effective at PSA-

NCAM degradation than the long isoform (282). This increase in efficiency may be at least 

partially explained by the simple fact that the short isoform is present in almost all intracellular 

membranes, including the endoplasmic reticulum and the plasma membrane (279, 282), whereas 
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the long isoform was expressed exclusively in the mitochondria (279). Therefore, the increased 

capacity to degrade PSA-NCAM may simply be ascribed to having a greater spread of 

distribution (and therefore, activity) in contrast to the long isoform. However, the results in the 

present study also indicate that, assuming overall intracellular pH is approximately that of 

physiological pH (7.4), acidic conditions are not required for optimal NEU4 activity, which was 

reported previously (282). Indeed, acidic conditions as a prerequisite for NEU4 activity would 

suggest that these enzymes are exclusively located to an acidic compartment, such as lysosomes 

for instance; however, previous sub-cellular localisation studies indicate poor co-localisation of 

either isoform to this particular compartment (279). Therefore, acidic conditions may not be a 

requirement for optimal NEU4 activity within a cell, but the use of an experimental set-up such 

as that of Takahashi et al may demand such an environment. Moreover, it is important to note 

that the molecular strategy and transfection approach used to obtain purified PSA-NCAM may 

have resulted in the generation of a substrate bearing slightly different characteristics to that of 

native PSA-NCAM normally expressed on the cell surface, therefore, altering the intrinsic 

properties and behaviour of NEU4 when exposed to this particular variant.  

Correlating the expression levels of PSA-NCAM with NEU4 levels: 

As the integrated intensity of PSA-NCAM and NEU4 were detected using this analytical 

approach, another avenue considered was the causal relationship between the induced expression 

of NEU4 and the resultant effect on PSA-NCAM expression. Thus, correlation dot plots were 

created for each transfection condition (empty vector, NEU4S, and NEU4L), and each culture 

condition (2D and 3D). As expected, a very small number of cells were incorrectly identified as 

having expressed NEU4 in the cells transfected with the empty vector (Figure 6.6A and 6.7A). 

As previously outlined in 6.3.4, this can simply be regarded as the error incurred when analysing 

such a number of cells and does not reflect poorly on the parameters comprising the analytical 

pipeline. 

The correlation plots for cells cultured in 2D indicate that for the most part, the expression of 

NEU4 did not seem to induce large changes in overall PSA-NCAM levels, with the integrated 

intensity of PSA-NCAM per cell remaining well within the range of the empty vector (Figure 

6.6). However, it is important to note the clustering (Figure 6.6B and 6.6C) is not only an 

indication of NEU4 expression (as indicated by the x-axis), but suggests a small diminution in 

PSA-NCAM integrated intensity. Cells cultured in 3D also indicated NEU4 expression, but, as 

shown in Figure 6.5B, the increase in PSA-NCAM is more prominent, highlighting the idea that 

the expression of NEU4 and internalisation of PSA-NCAM may counter-intuitively up-regulate 
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sialyltransferase activity. Interestingly, in a few cells, the expression of NEU4, particularly the 

short isoform when cultured in 2D, displayed a concomitant increase in the amount PSA-NCAM 

as indicated by increased integrated intensity. Given the method of image processing and object 

segmentation used in the analytical pipeline, these are not artefacts of the immunocytochemistry 

or imaging process (for instance, traces of unwashed fluorophore). Rather, given that it is 

undesirable for NEU4 to be expressed in this cell (as its expression undermines its growth and 

metastatic potential), it is entirely plausible that extremely high levels may send these particular 

cells into the very early stages of apoptosis, thus causing the up-regulation of PSA-NCAM in its 

capacity as a pro-survival factor (351) rather than its role as driving metastases. On the other 

hand, it is equally plausible that NEU4 may not be a major regulator of PSA-NCAM, and that 

other mechanisms may be involved.  

6.4.3 The potential influence of calcium flux: 

Another aspect that must be considered in terms of PSA-NCAM biology is the role of 

intracellular calcium. It has been previously reported that sialyltransferase activity is exquisitely 

sensitive to changes in intracellular calcium levels. Specifically, perturbation of calcium 

homeostasis with ionophores such as A23187, which liberates calcium ions from their 

intracellular stores and increases overall cytosolic calcium levels, has been shown to robustly 

inhibit the two enzymes involved in sialylation (PST and STX) (264). On the other hand, the 

presence of calcium is believed to be a requirement for sialidase activity; being bound to 

intracellular membranes (including the mitochondria) which act as calcium stores meant that the 

activity of NEU4 in the present study was able to be observed. Thus, if cells in the present study 

had been treated with an ionophore such as A23187, then this may have successfully inhibited 

sialyltransferase activity, yet at the same time rendered either isoform of NEU4 inactive. Had 

long-term expression of NEU4 been achieved in this particular model, studying the effects of 

changes in calcium flux would allow one to gain a better understanding of the mechanisms 

underlying PSA-NCAM addition and removal. Nonetheless, in the context of an immature 

neuroblast coming towards the end of the migratory pathway and integrating into the existing 

host circuitry of the olfactory bulb, the changes in intracellular calcium levels is an important 

event. During integration and maturation in the bulb, rudimentary GABA-ergic 

neurotransmission is believed to occur as part of forming the appropriate connections with 

existing interneurons in the vicinity (352). Consequently, as the intracellular voltage is fine-

tuned in order to appropriately respond to and process incoming signals upon full maturation, 

changes in intracellular levels are inevitable as the balance of cations and anions within the cell 

ultimately sets the resting membrane potential. Therefore, it is possible that these small changes 
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in intracellular calcium levels may play some part in regulating the activity of both 

sialyltransferases and NEU4; the net result being an exquisitely regulated amount of PSA-

NCAM that be necessary to facilitate neurite outgrowth and form appropriate synaptic 

connections with neighbouring interneurons. In mouse hippocampal neurons, the expression of 

NEU4 was shown to inhibit neurite outgrowth; the immaturity of these cells and the associated 

changes in intracellular calcium levels associated with this particular stage of development may 

therefore serve as a possible mechanism by which NEU4 exerts its exosialidase activity. 

Furthermore, given that the present study indicates that exosialidases such as NEU4 may cause 

subtle changes (rather than dramatic changes caused by endosialidases) to PSA-NCAM levels, it 

would seem that these small changes to PSA-NCAM levels after the initial migration has been 

completed may be necessary for a newly-arrived neuroblast to fully integrate into the existing 

surroundings within the olfactory bulb.  

6.5 Summary: 

The results of the present study indicate that NEU4 is not a major regulator of PSA-NCAM 

removal from the cell surface. However, the intrinsic characteristics of this particular cell line 

(especially considering its origins and metastatic potential) in conjunction with the presumed 

function of NEU4 may require additional further studies directly investigating enzyme activity 

directly. However, based on the data presented here, other mechanisms of PSA-NCAM 

regulation would be the best next step toward understanding this process. 
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7.1 Introduction: 

Parkinson’s disease is a progressive neurodegenerative disorder that primarily affects the motor 

system and is characterised by the loss of melanergic, dopaminergic neurons within the 

substantia nigra (148). However, very early on in the course of the disease and years prior to the 

onset of motor symptoms, approximately 90% of patients report a gradual, partial or complete 

loss of the ability to smell; a condition termed hyposmia and anosmia (163, 179). Despite tests of 

olfactory dysfunction now being a part of an official PD diagnosis (164), little work has been 

done to determine the mechanisms by which hyposmia or anosmia manifests itself in the 

olfactory bulb as part of PD pathophysiology. Furthermore, efforts to do so have been hampered 

by the fact that in humans the sense of smell is regarded by many as largely dispensable owing to 

our heavy reliance on additional sensory modalities (taste, touch, sight, and hearing). In this 

thesis, I have examined the overall organisation of the olfactory bulb with respect to the 

neurochemical identities of cell types and cell populations. In particular, I have sought to 

determine if there were any changes in olfactory glomeruli that may provide some explanation 

for olfactory loss in PD. Utilising the power of 3D reconstruction technology, this thesis is the 

first to visualise and analyse human olfactory bulbs in this manner.  

The olfactory bulb is also the final destination for migrating neuroblasts traversing the rostral 

migratory stream (RMS) from the sub-ventricular zone; a pathway that not only serves to replace 

olfactory bulb interneurons over the course of a lifetime but may also be a region whose 

neurogenic potential may be exploited to replace dying neurons in the face of ongoing 

neurodegeneration (287, 353). However, there is a paucity of knowledge regarding the 

mechanisms of migration in the RMS and in particular, the events leading to the downregulation 

of polysialic acid once a cell has reached its exact location in the bulb. Therefore, this thesis also 

examined the putative role of sialidase IV (NEU4) as a potential candidate for the removal of 

polysialic acid in a cell culture model where polysialic acid production and its addition to the 

neural cell adhesion molecule is abundant and robust. 

7.2 Summary of results: 

The results of this thesis are presented in Chapters 3-6. In chapter 3, the basic anatomical layout 

of the olfactory bulb and the neurochemical identities of cell types present were determined, 

confirming previous reports and importantly, substantially adding to the small body of 

information regarding the possible contributions of each cell population to overall olfactory 

Chapter 7: General Discussion
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function in the human. Chapter 4 describes the development of a technique to visualise in 3D the 

human olfactory bulb stained for histological markers of interest (V-GLUT2 and NCAM), which 

allowed us to detect and make quantitative measurements of glomeruli; the functional units of 

olfaction. In Chapter 5, this methodology of detecting olfactory glomeruli was applied to 

determine if there were any changes (compared to the control bulbs) that may provide some 

information regarding the root cause of olfactory dysfunction in PD. Finally, having detected 

NEU4 in the human olfactory bulb (Chapter 3) and that the exact mechanisms of how a 

neuroblast down-regulates PSA-NCAM once it has arrived in this area of the brain are poorly 

understood, Chapter 6 examines the putative role of NEU4 in a cell culture model where the 

robust and abundant expression of PSA-NCAM appears to be unopposed. The key findings in 

each of these studies will be detailed in this section.  

7.2.1 Chapter 3: The general anatomy of the human olfactory bulb: 

The results of this chapter indicate that the laminar organisation of the bulb is approximately the 

same as that of the mouse (297) and is in good agreement with a previous study that studied 

human bulbs (288). Furthermore, these results demonstrate that each of these layers may 

demonstrate differential vulnerability as a consequence of advancing age; in particular, the 

external plexiform layer showed substantial vacuolation, which was interpreted as a sign of 

ongoing neurodegeneration, in contrast to other laminae. Unlike the mouse olfactory bulb 

however, the human bulb was more irregular in that the boundaries between laminae were 

difficult to distinguish. Furthermore, the olfactory glomeruli appeared disordered in contrast to 

what has been observed in mice (5, 297), where glomeruli form near-perfect circles. Ectopic 

glomeruli were also identified deep within the bulb, which was believed to be a consequence of 

age-related declines in cell populations (such as the mitral cell layer, for instance (299)) with 

which OSN axons synapse with, thus forcing these axons to venture deeper into the bulb in order 

to increase the chances of glomerular formation. This study also demonstrated that even in 

normal, aged individuals, the bulb represents an area of neurogenic activity, with the presence of 

β-III tubulin in olfactory glomeruli and PSA-NCAM expressing cells in the olfactory tract, 

which gradually tapered off in the bulb. Importantly, this study is the first demonstration of 

sialidase type IV (NEU4) immunoreactivity in the human olfactory bulb. As another focus of 

this thesis was to investigate the putative role of NEU4 in the down-regulation of PSA-NCAM in 

the cell surface, the presence of NEU4 in the bulb (i.e. the final destination for migrating 

neuroblasts traversing the rostral migratory stream) gave some evidence that NEU4 is at least 

endogenous to the olfactory bulb.  
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7.2.2 Chapter 4: Reconstruction of the normal human olfactory bulb: 
The aim of this chapter was to quantify these glomeruli in the normal, aged adult human, and 

compare these numbers to those derived from patients who had PD. Given the irregularity of the 

shape of these glomeruli (as documented in Chapter 3) in contrast to what has been reported in 

mice, it became apparent that conventional quantification methods (2D counting, or a 

stereological approach) would not provide reliable estimates of the number of olfactory 

glomeruli. Therefore, I chose to reconstruct human olfactory bulbs from histological sections 

labelled with NCAM and V-GLUT2 (as functional markers of olfactory glomeruli) and render 

these images into a 3D model. Not only does this approach have the added value of allowing 

visualisation of the entire brain structure (however small) but ultimately produced a model to 

which additional information could be added, thereby providing an extremely rich data set and 

extending further our understanding of the human olfactory system. This chapter described the 

extensive optimisation of the immunohistochemical procedure in order to obtain a signal: noise 

ratio that would be amenable to automated acquisition, object segmentation, and 3D rendering of 

nearly 1,000 sections from each of four normal and three PD olfactory bulbs. In addition, the 

development of an acquisition, processing, alignment, and segmentation pipeline using an 

automated slide scanner and both the 3D reconstruction software AmiraTM and high content 

analysis software, CellProfilerTM was developed. The number of glomeruli quantified in this 

manner was found to be variable (ranging from just 2, 436 glomeruli through to 9, 999) but in 

general agreement with a previous report that quantified human olfactory glomeruli using a 

manual 2D counting approach. However, one of the major shortcomings of quantifying the 

number of glomeruli was that due to the irregularity of glomerular morphology and the lack of 

validated antibodies directed against specific olfactory receptors (which would allow for the 

clear definition between glomeruli), counting glomeruli might not provide a reliable numerical 

estimate, irrespective of the methodology employed. Therefore, a measurement of glomerular 

volume, and total bulb volume was also made. Again, substantial variability was found. 

Glomerular volumes ranged from 0.36 mm3- 1.11 mm3 and correlated poorly with glomerular 

counts (OFB48 for instance, had a glomerular count of 9, 999, but the smallest volume at just 

0.36 mm3), suggesting that absolute numbers may not be an indicator of olfactory capacity. Total 

volume too exhibited variability and was in good agreement with fMRI studies (309), albeit 

higher than what was previously reported using an immunohistochemical approach (5). While 

differences in the methodology employed are likely to account for some of the discrepancies in 

the numbers obtained across these studies and the data presented in this chapter, it is more likely 

that a wide variety is to be expected in the general population as a consequence of the various 

odorant environments or lifestyle factors that one is exposed to over the course of a lifetime. The 
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distribution of glomerular staining was also assessed, and was unevenly distributed across the 

longitudinal axis (superior – inferior) and may also be a reflection of the odour environment that 

the individual was exposed to.  

Collectively, these results demonstrated the value of a 3D approach, firstly in being able to see 

the structure of interest as a whole and secondly, being able to extract quantitative parameters in 

a high-content fashion, which will allow for the multiplexing of additional markers (e.g. the 

interneuronal population, and eventually, specific OSN identities), thereby providing an 

extremely rich data set and further insight into the organisation and wiring of the human 

olfactory bulb.  

7.2.3 Chapter 5: 3D reconstruction of PD olfactory bulbs 

The results of this chapter were obtained using the methodology described in Chapter 4, and 

quantitative parameters (the number of glomeruli, glomerular volume, and bulb volume) were 

compared against the normal cases. The number of glomeruli was variable but was still well 

within the range of normal bulbs (as described in Chapter 4), meaning that olfactory dysfunction 

in PD cannot be simply ascribed to declines in the number of functional units/glomeruli, not 

withstanding the fact that the current immunohistochemical definition of an olfactory glomerulus 

remains unclear owing to the lack of olfactory receptor antibodies, which would identify one 

glomerulus from another. Furthermore, assessment of glomerular volume in PD bulbs revealed 

slightly smaller volumes than what was reported in the normal cases, but this difference was not 

significant. Moreover, there was substantial overlap in glomerular volume when the normal 

bulbs were taken into account; OFB43 (0.57 mm3) and OFB48 (0.36 mm3) was in roughly the 

same range of volumes measured for all three PD bulbs (0.20 mm3 – 0.42 mm3). Total bulb 

volume was measured and on average was slightly decreased in comparison to the normal bulbs, 

although this difference was not significant. However, these values appeared to be in good 

agreement with a previous fMRI studies that assessed bulb volumes of PD patients (309, 310). 

Distribution of glomerular staining was approximately evenly distributed along the longitudinal 

axis, though weighted in favour of the superior axis. This suggested that glomeruli in the lower 

half of the bulb exhibited greater vulnerability, leading to cell death and therefore, a reduction in 

volume.  

In addition, α-synuclein was present in bulbs of PD patients, although deposits were not as 

prevalent as anticipated. Cytoplasmic inclusions were found in the periglomerular cells 

encircling glomeruli, and occasionally in the mitral cell layer and granule cell layer. While α-
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synuclein deposition is indeed a pathological hallmark of PD, these results indicate that the 

amount present in the bulb may not be an indicator of disease severity or pathological 

progression. However, the presence of α-synuclein in different layers of the bulb may indicate 

vulnerability at different points in the pathway of signalling, ultimately resulting in olfactory 

loss.  

Collectively, these results demonstrate the usefulness of applying a 3D approach to analyse PD 

olfactory bulbs, particularly where volumetric measurements of glomeruli and distribution are 

concerned. Building on the results of this study, by multiplexing to include other parameters of 

interest (such as the zonal organisation of olfactory glomeruli, or specific interneuron 

populations for instance), would allow one to gain a wealth of information from a single bulb 

and provide insight into the root cause of hyposmia or anosmia in PD.  

7.2.4  The putative role of sialidase-mediated PSA-NCAM down-regulation: 

In this chapter, the putative role of sialidase type IV (NEU4) was assessed with regards to its 

ability to cleave PSA-NCAM. NEU4 was transfected into the TE671 rhabdomyosarcoma cell 

line, where PSA-NCAM is robustly expressed with no apparent endogenous mechanism for its 

down-regulation, and measurements were made to determine if there were any decreases in PSA-

NCAM levels. These changes were initially quantified using western blot densitometry. 

However, there was no difference in PSA-NCAM band intensity in protein lysates derived from 

cells transfected with NEU4S (short isoform) and NEU4L (long isoform) when compared 

against cells transfected with the empty vector (which lacked the transgene of interest). This was 

also seen in cells cultured in a 3D extracellular matrix, which is meant to trigger PSA-NCAM 

internalisation into the cell, where NEU4 is presumed to exert its biological activity. However, 

as western blotting may not be sensitive to subtle changes in the levels of PSA-NCAM 

expression and particularly when dealing with transiently transfected cell cultures, a high 

throughput screening method using NEU4-transfected cells cultured either in 2D or 3D and 

immunostained for PSA-NCAM and NEU4 was developed. In a conventional 2D culture, overall 

PSA-NCAM expression appeared to be decreased (as measured by average integrated intensity) 

in cells transfected with NEU4; the short isoform being more efficient than the long isoform. 

However, when cultured in 3D, average integrated intensity of PSA-NCAM increased in cells 

transfected with either NEU4S or NEU4L, which may have been the result of the enzymatic 

capacity of NEU4 being overwhelmed with the increased influx of PSA-NCAM, and a 

concomitant increase in polysialyltransferase activity in an effort to recoat the cell surface with 

PSA-NCAM as quickly as possible. The analysis of PSA-NCAM integrated intensity with 
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respect to that of NEU4 for each cell indicated that the relationship between the amounts of 

NEU4 expressed by a cell was not necessarily linear (e.g. a cell strongly expressing NEU4 did 

not necessarily result in a sharp decrease in PSA-NCAM). In particular, the cells transfected with 

NEU4 and cultured in 2D indicate that changes to the amount of cell surface PSA-NCAM were 

small and subtle. Curiously, a few cells expressed high levels of NEU4 with an equally high 

level of PSA-NCAM; this was attributed to the idea that, being derived from a particularly 

aggressive neuroectodermal cancer, the forced expression of a transgene whose protein serves to 

inhibit its metastatic (and therefore migratory) capacity is ultimately detrimental, thus causing 

increased polysialyltransferase activity in order to maintain overall cell homeostasis. This 

linearity was more pronounced in NEU4+ cells cultured in 3D and may have been the result of an 

increase in intracellular PSA-NCAM, not only overwhelming the capacity of NEU4 to cleave 

PSA-NCAM but also causing increased polysialyltransferase activity. Therefore, in this chapter I 

did not find convincing evidence that NEU4 plays a major role in regulating the amount of PSA-

NCAM in migrating neuroblasts.  

7.3 General discussion: 

Of the five senses, olfaction is often considered negligible in humans, and thus not given as 

much consideration in comparison to other sensory modalities. Despite this, the sense of smell in 

humans plays an important role. In the field of reproductive biology for instance, have been 

shown to choose mates based on smell preference. Women have been shown to prefer the odour 

of men with a dissimilar immunological repertoire (as defined by major histocompatibility 

complex and human leukocyte antigen genes (354, 355); the rationale being that this will 

increase the chances of producing offspring that are immunologically diverse, thereby increasing 

the chances of survival and also to avoid the possibility of inbreeding (356, 357). On a daily 

basis, the diminution or absence of the sense of smell would undoubtedly reduce ones ability to 

detect smoke, toxic vapours, or spoiled food for instance (161). Moreover, a study of anosmics 

showed that 68% believed that this condition affected their quality of life, and 56% believed that 

it altered their ability to carry out daily activities (160, 161). Aside from the profound effects on 

one’s quality of life (the neurologist Oliver Sacks was reported to have likened losing the ability 

to smell as being ‘struck blind’), olfactory dysfunction is recognised as a key preclinical marker 

of neurodegenerative diseases, most notably Parkinson’s disease (156) (the condition of interest 

to his thesis), Alzheimer’s disease (358), and is implicated in others such as Huntington’s disease 

(359) and multiple sclerosis (360).  Given our lack of understanding regarding the organisation 

and wiring of the human olfactory bulb, it is essential to comprehensively address these 
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questions first in order to understand the mechanisms underlying this important facet of PD (and 

others, like AD) symptomatology. This thesis represents a step in this direction. 

7.3.1 Overall anatomical organisation of the human olfactory bulb: 

In this thesis, the anatomical organisation of the human olfactory bulb was in accordance with 

two previous reports that examined human bulbs (5, 288). Moreover, it appears that the laminar 

organisation of the bulb, and the cell types present in each layer are preserved across species 

(258, 297). Therefore, despite the fact that humans are generally regarded as microsmats 

(olfactory sense reduced, or having little reliance on smell) (361), the conservation in 

organisation represents once piece of evidence suggesting that the mechanisms of signalling may 

be approximately the same across species. This may also account for the reason why humans are 

capable of performing at the same level as macrosmats (species with a heavy reliance on smell) 

when trained to do so in insolation of all other sensory modalities (3), despite the olfactory bulbs 

occupying just 0.064% of total brain weight in humans as opposed to rodents where the bulb 

accounts for approximately 20% (287).  

However, the results from this chapter, in addition with a previous study (5) demonstrate that 

unlike mouse models, the laminar organisation is irregular; the boundaries between each layer 

being more difficult to distinguish. Notably, the glomerular layer in humans bear much of this 

irregularity; rather than forming near perfect circles as has been reported for mice (5, 297), 

glomeruli were only approximately ovoid, and in some cases had substantial sprouting, or 

branching, of smaller glomeruli from a main glomerulus. In addition, several ectopic glomeruli 

were found deep within the bulb and well outside of the defined boundaries of the glomerular 

layer. This raises several questions about the mechanisms underlying glomerular formation in 

the human. If the axons of a single olfactory receptor coalesce to form a glomerulus of a single 

OR identity, as has been demonstrated in the mouse (28, 362), then the presence of secondary 

glomeruli branching out from a primary glomerulus could be indicative of deviation from the 

‘one-receptor, one-glomerulus’ rule that has been previously demonstrated. However, from a 

functional perspective, it would make little sense to have multiple glomeruli bearing the same 

identity in such close proximity, as its activation would only represent one feature of an odorant. 

Alternatively, it is plausible that these glomeruli belong to separate OR identities, but have a 

similar molecular receptive range (68) and potentially activate the same populations of mitral 

and tufted cells (134). However, these avenues of investigation cannot be pursued in the absence 

of tools that enable specific human olfactory receptors to be detected. Even in mice, the lack of 

specific OR antibodies reflects a gap in the methodology used for investigations of this kind, 
130



with the vast majority of reports that have investigated the mechanisms of olfactory system 

wiring in the mouse having the luxury of creating gene-targeted strains of mice where a specific 

OR identity can be readily detected by X-gal histochemistry or, more recently, fluorescent tags 

such as green/red/yellow fluorescent protein (27, 28, 362). Equally, one could argue for the use 

of riboprobes directed against human olfactory receptors for detection via in situ hybridisation 

(chromogenic or fluorescent). However, with some 437 human olfactory receptor genes and the 

presence of a large number of pseudogenes (non-functional genes that are not expressed as 

protein) (363), which will vary between individuals as a consequence of different evolutionary 

pressures causing differences in the olfactory repertoire in humans (364-366), a screening 

program utilising this method is likely to yield little information, especially when the scarcity of 

high quality human tissue required for this application is taken into account. Therefore, a careful 

screening program of antibodies directed against human olfactory receptors is necessary in order 

to substantiate or refute these claims regarding the identity of an olfactory glomerulus and the 

mechanisms of axonal coalescence in the human bulb.  

In addition, the variability in shape and size of olfactory glomeruli could also be an indicator of 

ongoing remodelling and rewiring, even in the aged human. Mouse studies indicate that 

glomerular formation is the product of coalescence of OSN axons bearing the same OR identity 

(28, 308, 367). However, it is entirely plausible that an OSN may switch expression from one 

OR to another (31), especially given the vast array of odorants presented on a daily basis and 

more importantly, the different environments exposed to over a lifetime (especially given the 

ease with which human migration occurs in this day and age, and most certainly over the last 150 

years). Therefore, the process of OR gene switching (the potential mechanisms of which and 

those that ensure monogenic expression lie beyond the scope of this discussion but are described 

elsewhere (31-33) would ultimately cause an axon to regress from a given glomerulus and re-

route to a glomerulus bearing this new OSN identity, potentially causing one to see smaller 

glomeruli (indeed, small glomeruli themselves could be in the process of re-innervation by new 

axons bearing a specific OR identity) or abnormally shaped glomeruli. Nevertheless, these key 

observations demonstrate the dynamic nature and potential plasticity in the bulb, and represent 

further avenues of investigation with regards to axonal wiring and critically, the mechanisms of 

olfactory receptor gene choice in the ever-changing odorant environment that all humans are 

exposed to over a lifetime.  

7.3.2 Using 3D imaging as a tool to further understand normal olfactory function and disease 

mechanisms: 
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The virtual figures present in Chapters 4 and 5 demonstrate the value of adopting a 3D 

reconstructive approach in the sense that one is able to fully appreciate the region of interest (in 

this case, the bulb). Given the scarcity of brain tissue available for analysis, a 3D approach 

would allow for the multiplexing of markers of interest in a given region and more importantly, 

allow one to view potential relationships or interactions between these markers in the context of 

the entire structure. Therefore while this approach requires significant allocation of resources 

(including an automated fluorescent slide scanner, dedicated server space for data storage, and 

substantially more powerful computers to perform the analyses, as discussed elsewhere (312)), it 

also allows for the maximal amount of information to be extracted from a given sample, and in 

so doing may provide unique insight into a given sample that would otherwise be overlooked in 

larger studies. This is not possible with conventional 2D microscopic analysis, and the approach 

undertaken in the present study represents a small advance in anatomical investigations of this 

nature.  

Indeed, rendering histological sections in 3D has been carried out in a wide variety of structures, 

including the entire mouse brain (368), drosophila brain (369), mouse mammary gland (370), the 

human basal ganglia (371), parvalbumin interneurons of the mouse olfactory bulb (372), mouse 

olfactory cortex (373), and the deep fascia of the leg and lumbar region in human (374). 

However, with increased computing power, data storage capacity, and advances in the software 

available to perform these kinds of analyses, the prevalence of studies using this kind of 

approach has only increased in the last 5-8 years, despite the basic technology being available 

since about the year 2000. Nevertheless, as advances in high content analysis are made, the use 

of 3D reconstructions is gaining prominence and represents an exciting advance in the field of 

anatomical investigations. One such example is the recently published connectome of the mouse 

brain. In this study, a fluorescently tagged adenovirus vector designed to mark all neurons was 

injected into various sites of the brain (based on function) and the pattern of fluorescence imaged 

and reconstructed to produce a comprehensive overview of the extent of neuronal connectivity 

within and between each of these regions (375). With an adult human brain transcriptome 

already available (376), it is hoped that in the near future, a similar methodology may be applied 

to the whole human brain (375), including the olfactory bulb. This is a major goal of the well-

publicised BRAIN (Brain Research through Advancing Innovative Neurotechnologies) run by 

the U.S Government.  
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Nonetheless, the volumetric data presented in this thesis reveals some interesting insight into the 

wiring of the olfactory bulb and raises a number of additional avenues of inquiry, which could be 

multiplexed and added to the information gained from the present analysis. 

 

Firstly, the data presented in Chapter 4 indicates that even amongst bulbs free of 

neurodegenerative disease, glomerular volume appears to be variable and Chapter 5 

demonstrates that this is not significantly different in PD. Therefore, it is essential to revisit the 

functional definition of an olfactory glomerulus; a ball of OSN axons bearing a single OR 

identity, synapsing with dendrites of mitral cells (31, 63), which therefore contributes to 

glomerular volume. Hence, the volume (and therefore, size) of each glomerulus is ultimately 

dependent on the number of inputs; the key contributor being the OSN axons. If one were to 

assume that the presentation of a specific odorant activates several olfactory receptor subtypes 

(each conveying a unique characteristic that contributes to one’s overall perception of an odour), 

as has been previously demonstrated in the rat (377) then it is reasonable to suggest that the 

constant presentation of a specific odorant is likely to cause strengthening of the synapse, which 

could involve recruitment of more OSN axons (that now express the same OR to facilitate 

axonal convergence). Indeed, this has been demonstrated in the rat, where an increase in odorant 

concentration not only caused enhanced activation of glomeruli already receptive for amyl 

acetate (an ester resembling the smell of apples and bananas) but caused also caused an increase 

in the number of glomeruli recruited (377). Since each OR has a specific molecular receptive 

range (62), the recruitment of additional glomeruli suggests that glomerular remodelling, which 

includes the switching of OR gene expression, may be necessary. Therefore, in the human, the 

variability in glomerular volume may be an indicator of this remodelling process; larger 

glomeruli representing a scenario where some OSN axons are in the process of re-routing as a 

consequence of changing OR identity, or forming a new glomerulus in response to an odorant 

stimulus. Given the some 400,000 odorants present in the inspired air which humans are capable 

of detecting (133), and that odorant environments greatly differ between cities and countries 

(thus necessitating the development of variants of olfactory tests such as the UPSIT to account 

for cultural differences in odour perception (168, 169, 378)) it would not be surprising if these 

differences in volume were a result of remodelling of glomeruli based on changes to input 

stimuli. Similarly, in PD, changes in overall glomerular volume may not be observed, as only 

specific glomerular populations corresponding to certain odorants (for instance, the odorants 

responsible for the perception of lemon, pizza, wintergreen, rose, and clove are the most 

commonly misidentified in PD (327). Therefore, global changes to glomerular volume may not 
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be apparent, but smaller changes to certain glomerular populations could still contribute to 

hyposmia.  

These scenarios are based on the assumption that glomerular formation and organisation is 

activity dependent. However, there are a number of mouse studies indicating that this may not 

necessarily be the case. For instance, in transgenic mice lacking the transcription factor Gli3 and 

therefore, the incapacity to grow functional olfactory bulbs, olfactory receptors were still capable 

of forming glomeruli in the absence of stimuli and a target in the bulb (379). Furthermore, 

replacing a non-olfactory GPCR (β-adrenergic receptor) led to the formation of a glomerulus 

with a ‘β-adrenergic’ identity (380). It is critical to remember however, that the role of OR 

activation appears to have been ignored in these experiments (63). On the other hand, depriving 

one bulb of odorant exposure (thus ORs in the neuroepithelium receive no stimulus) led to 

irregular glomerular organisation, suggesting that receptor activity and the subsequent signalling 

cascade is essential for this process (381). Thus, the variability in shape, size, and volume in both 

normal and PD bulbs as presented in these chapters suggest that even in the aged adult human, 

glomerular changes are ongoing and dynamic.  

The present analyses also indicate that total bulb volume too exhibits variability, though 

essentially being a mixed cell population I did not ascertain if there were specific changes within 

a given layer. However, having developed a working protocol that can be adapted for to detect 

specific cell layers or populations, it is possible to utilise a 3D approach where various markers 

for each layer are multiplexed and studies in conjunction with one another or in isolation. There 

are two key cell populations in the human olfactory bulb that would benefit from this kind of 

analysis, especially when trying to elucidate the causes underlying olfactory dysfunction in PD. 

The first would be the dopaminergic cells found encircling the olfactory glomeruli. In the 

normal, undiseased individual, dopaminergic signalling in this layer has an inhibitory effect on 

the axodendritic connection between OSNs and mitral cells (86, 87, 382), ensuring the precise 

amount of information is conveyed from that particular synapse regarding a given odorant in 

conjunction with other activated synapses, thus making a small and significant contribution to 

the perception of a particular odour. Hence, one could surmise that dysregulation of dopamine (a 

tenet of PD pathophysiology) in the bulb may account for olfactory deficits (182), though highly 

unlikely to be the sole cause (184). However, given that PD patients perform poorly in the 

detection of specific odours (pizza, rose, clove, or wintergreen, as aforementioned) (327), then it 

is entirely plausible that the different glomeruli responsible for detecting these odours may be 
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affected by dopaminergic input, thereby contributing to a diminution in the capacity to detect 

such odours.  

 

The second of these cell layers that could benefit from this type of analysis is the mitral cell 

layer. Given its connectivity to areas of higher order odour processing, including the entorhinal 

cortex, amygdala, and piriform cortex (7), mitral cells play a critical role in terms of conveying 

information that leads to odorant discrimination and identification. Current thinking suggests that 

mitral cells connect to the glomerulus that are in close proximity to one another (383), 

suggesting mitral cells exhibit a similar organisation to glomeruli based on their responsiveness 

to certain chemical groups (384, 385). If it were possible to trace neuronal activation from the 

level of the glomerulus right through to the mitral cells using a marker such as c-fos (386), then a 

3D approach would allow one to fully visualise the extent of connectivity between a glomerulus 

and the mitral cell population. Furthermore, when analysed in conjunction with a spatial map of 

glomerular organisation, it may be possible to ascertain exactly how mitral cells are organised in 

the human bulb. In addition, even if excessive dopaminergic signalling was partially responsible 

for PD-related olfactory deficits, a careful analysis of the mitral cell population (for instance, the 

number of inputs to each glomerulus) would inevitably shed light on whether this layer is 

affected or not, given its connectivity to higher-order brain regions that are critical in shaping our 

overall perception of smell. 

 

Two further avenues of investigation remain that could represent exciting advances in our 

understanding of neurogenesis in the adult human brain and importantly, the origins of PD (with 

the olfactory vector hypothesis in mind.  

 

Chapter 1 documented the presence of β-III tubulin in the bulb and PSA-NCAM positive cells at 

the border of the olfactory tract and bulb; coupled with previous reports utilising additional 

markers of cell proliferation (namely, the cell cycle marker Ki67 and Proliferating Cell Nuclear 

Antigen (288)), it is evident that the human olfactory bulb remains a neurogenic hub throughout 

life, even at an age where declines in olfactory capacity become increasingly prevalent (153). 

However, the extent of bulb neurogenesis appears to be extremely low (305). A recent study 

indicates that regular bulb neurogenesis is sufficient for the maintenance of the periglomerular, 

dopaminergic population (387), though it is unlikely that this occurs at the same rate in the 

human. In addition, the pattern of interneuron replacement is not understood (i.e. if certain layers 

receive preferential replacement over others, or if neurons are replaced on a ‘as needed’ basis). 

Therefore, interrogation of the entire bulb using markers representing various states of neuronal 
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maturity or immaturity, coupled with those of neurochemical phenotypes typical of interneurons 

(tyrosine hydroxylase, or GAD-65/67, for instance), would allow one to visualise the 

interneuronal population at varying stages of maturity and associate that with a neurotransmitter 

phenotype. An investigation of this kind may provide some insight into the true extent of 

neurogenesis in the adult human, and whether or not cell replacement is preferentially confined 

to specific layers or populations. A simple comparison between bulbs derived from PD patients 

may also be possible in order to determine if a diseased state has an effect on bulb neurogenesis, 

and the functional consequences of up- or down-regulation may be explored.  

Furthermore, one of the fundamental questions in the field of PD research lies in determining the 

cause and origins of this disease. Given that hyposmia is such an early marker and the mostly 

idiopathic nature of PD, considerable attention has been given to the idea that xenobiotic agents 

may enter the nose and cause damage in the olfactory bulbs, before travelling to brain regions 

deeper within, most notably the basal ganglia. Termed the olfactory vector hypothesis (163, 

201), a host of compounds have been postulated as causative agents, including heavy metals 

(222, 388), and pesticides (210-212, 389) for instance. Whilst the mechanisms of cell death 

require further elucidation, it would seem that damage may be a consequence of the 

aforementioned insults causing microglial activation and thus, a provoked inflammatory 

response (163, 342). In the case of pesticide exposure, cell death is thought to be the direct 

response of mitochondrial dysfunction and oxidative stress (390), thereby leading to overall 

inflammation. Furthermore, the inflammatory process is also thought to contribute to α-

synuclein aggregation and deposition (337). Thus, the methodology described in the present 

study could be a useful tool to help determine the cause of olfactory dysfunction. Understanding 

how and why different cell populations are targeted, or if pathology is confined to specific 

glomerular zones or types, may offer some insight into why the capacity to detect certain odours 

is lost before others (327). 

7.3.3 Toward an understanding of cell migration in the adult human brain: the putative role of 

sialidase IV (NEU4): 

Finally, if neurogenic activity is maintained throughout the lifetime of an individual and 

neuroblasts are traversing the rostral migratory stream to replace the interneuron population, then 

the dynamics of neuroblast migration represents a fascinating avenue of inquiry and may yield a 

treatment strategy to replace or repair dying or damaged interneurons in the face of ensuing 

neurodegeneration.  
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The present study explored the putative effects of sialidase type IV (NEU4) on the down-

regulation of PSA-NCAM, which is the key molecule involved in facilitating cell migration 

throughout the rostral migratory stream. Understanding the mechanisms of how NEU4 acts to 

regulate the amount of polysialic acid present at the cell surface once a neuroblast has arrived in 

the bulb could provide some insight into how a neuroblast decides what cell layer to reside in 

(and therefore, what cell type it becomes), which will undoubtedly have functional implications 

for olfactory signalling and ultimately its capacity. The results of the experiments presented here 

do not demonstrate a robust role for NEU4 in PSA-NCAM regulation but additional studies of 

direct activity of NEU4 on PSA-NCAM may be required to definitively rule this out.  

The presence of NEU4 in the bulb, most notably in the olfactory glomeruli and also in the 

external plexiform, mitral, and granule cell layers (Chapter 3) indicates that if NEU4 acts by 

removing polysialic acid, then its continued expression in the bulb indicates that there may be 

ongoing synaptogenesis and refining of interneuron connectivity (282), which would then 

provide indirect evidence of ongoing neurogenesis in the bulb. While it was assumed that the 

expression of NEU4 was primarily derived from the interneuron population, it is equally likely 

that the axons of the OSNs too may be expressing NEU4 as well as the interneurons with which 

they synapse, thus assisting glomerular formation. Furthermore, apart from being targeted to 

different intracellular structures (279, 280), it is unknown if the short and long isoforms of 

NEU4 are expressed at the same time, or if their expression leads to different functional 

outcomes. The ability to distinguish between the short and long isoforms of NEU4, in 

conjunction with the multiplexing of markers of neuronal maturity/immaturity could help with 

elucidating when either isoform of NEU4 is expressed and the functional consequences of being 

expressed at a given point of neuronal maturation.  

However, it is more likely that there are multiple factors that control PSA-NCAM on the cell 

surface. Of particular interest is the contribution of the extracellular matrix; a factor that is 

garnering attention when considering a vast array of cellular events (345). Specifically, key 

matrix components have been implicated in OSN axonal guidance from the olfactory epithelium 

to the bulb (391, 392); there is no reason to suggest that this could work in the opposite direction, 

with cues from the ECM guiding new neuroblasts to specific laminae in the bulb. A previous 

study indicates that the composition of the extracellular matrix is influential in determining the 

extent of PSA-NCAM internalisation and therefore, the amount of PSA-NCAM remaining at the 

cell surface (265). In particular, matrix components such as collagen type IV have been shown to 

induce the endocytosis of PSA-NCAM (265); given the intracellular expression of NEU4 (279, 
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280, 282), it is entirely plausible that components of the extracellular matrix (such as collagen, 

elastins, laminins, and fibronectins, for instance (345)) may influence the amount of PSA-

NCAM present on the cell surface and more importantly, the amount that is internalised upon 

which NEU4 can act. The net result is an exquisitely regulated and correct amount of PSA-

NCAM at the cell surface. A comprehensive analysis of the components comprising the 

extracellular matrix and its effect on the amount of PSA-NCAM internalised and NEU4 activity 

in the interneuron population (the use of isolated cell cultures derived from each of the olfactory 

bulb laminae for instance could be an experimental approach to investigate this) may therefore 

provide some useful information on how NEU4 acts in the bulb. Alternatively, if a model 

representative of immature neurons that are on the cusp of maturation and integration into the 

bulb were available, then a similar experimental strategy could be applied to determine the 

effects of NEU4 on how these cells eventually reside in the appropriate laminae and facilitate 

connectivity. The use of immature neurons too would represent yet another experimental 

paradigm when considering the role of calcium flux. As mentioned in the discussion for Chapter 

6, immature neurons that are destined to be interneurons exhibit highly variable changes in 

intracellular calcium levels as they undergo refinement and fine-tuning to form appropriate 

connections and to be able to process incoming signals correctly (352). Though it is apparent that 

an elevation in cytosolic calcium concentration is capable of inhibiting sialyltransferase activity 

(264, 265), there is evidence that calcium is a requirement for sialidase activity (270). Therefore, 

such a model would allow one to determine how both NEU4 and polysialyltransferase activity is 

regulated in a neuron undergoing maturation. Furthermore, when the contributions of the 

extracellular matrix are taken into account, one would be able to gain significant insight into how 

the precise amount of PSA-NCAM present at the cell surface of an immature neuroblast (that has 

finished the bulk of migration across the RMS) ensures correct placement in the bulb and 

therefore, correct function.  

7.4 Summary: 

In conclusion, despite our continued reliance on other sensory modalities (and the relative 

ignorance of olfaction), these studies represent an exciting and powerful way of visualising a 

structure whose dysfunction could well hold the key to understanding the earliest signs of PD. 

While further studies are required, the results of this thesis represent a significant step forward in 

understanding the human olfactory bulb and understanding the functional units of olfaction. 

Additionally this thesis contains the initial steps toward understanding the earliest changes that 

occur in PD. Finally the molecular studies contained in this thesis have explored the functional 

significance of one of the key polysialic acid related molecules that may have significance in 
138



determining the placement of neuroblasts within the olfactory bulb. In the future, full 

understanding of these processes may be critical in developing new therapies that could 

substantially delay or even halt the progression of neurodegenerative diseases such as PD in this 

early phase of symptomatology.  
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