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Abstract 

The olfactory system continually turns over its neuronal population throughout life. As a 

consequence, newly generated olfactory receptor neurons (ORNs) grow axons centrally 

towards the olfactory bulb; thus the olfactory system continually accommodates axon 

growth and does so employing a unique glial cell type, olfactory ensheathing cells 

(OECs). Because of their involvement in providing a permissive environment for ORN 

axon growth, OECs have been employed in repair strategies in other parts of the nervous 

system, most prominently the injured spinal cord. However, little is known about how 

OECs promote regeneration. 

OECs reside in two compartments, the lamina propria and the nerve fibre layer of the 

olfactory bulb. LP-OECs were examined in vivo and in vitro and compared with what 

has been reported on olfactory bulb OECs (OB-OECs). LP-OECs are very similar to 

OB-OECs in vivo and in vitro with several subtle differences. LP-OECs express CD44 

in vivo while OB-OECs do not. LP-OECs also proliferate robustly without exogenous 

mitogens added, suggesting a more immature phenotype. LP-OEC cultures can be 

purified to greater than 95% and express novel developmentally regulated markers such 

as p200 and NG2. 

Purified cultures of LP-OECs were used to elucidate mechanisms of OEC-mediated 

neurite outgrowth. Using an embryonic dorsal root ganglion (DRG) culture system, LP-

OECs promoted outgrowth in co-culture and also with LP-OEC conditioned media (LP-

OCM) alone. LP-OCM from passage 2 and passage 6 LP-OECs were assayed for 

biological activity using the outgrowth assay and passage 2 LP-OCM was found to have a 

more effective dose-response curve. 

Secreted factors underlying this difference in biological activity were identified using 

isotope coded affinity tags (ICAT) proteomics, which provides the identity and relative 

quantity. By correlating biological activity with relative quantity, SPARC (secreted 

protein acidic rich in cysteine) was identified as a candidate factor. Gain- and loss-of-
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function experiments confirmed the important role of SPARC in the outgrowth activity of 

LP-OCM. In summary, the work in this thesis characterizes a previously poorly 

understood cell type and uses it as a model system to prospectively elucidate mechanisms 

of OEC-mediated neurite outgrowth. 
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Chapter 1: Literature Review and Introduction 

1.1 Literature Review 

1.1.1 Olfactory Turnover 

The mammalian olfactory system is unique in several regards. It receives its primary 

input not in the form of light or mechanical energy but rather by chemical ligand binding. 

The gustatory system shares this feature also but without the same magnitude of 

complexity. With a complement of hundreds to thousands of olfactory receptors each 

with differential affinities to a given odourant, the olfactory system is capable of 

discerning seemingly limitless different odours (reviewed in Mombaerts, 2001). Such a 

system requires a certain degree of flexibility in order to accommodate the changing 

environment and the evolving needs of the animal. Likely, it is through this need that the 

olfactory system has retained an unusual feature: the constant turnover of its olfactory 

neuron population (Graziadei and Graziadei, 1979a; Graziadei and Graziadei, 1979b). 

By and large, olfactory receptor neurons (ORNs), which reside in the olfactory 

epithelium (OE) of the nasal cavity (see figure 1.1), have a finite lifespan estimated at 

approximately four to six weeks (reviewed in Farbman, 1990). They undergo 

programmed cell death (Holcomb et al., 1995; Michel et al., 1994) and are replaced by 

newly generated neurons arising from progenitor cells situated in the basal region of the 

OE (Graziadei and Monti Graziadei, 1976) (see figure 1.2). With their cell body residing 

in the periphery, ORNs are bipolar neurons that extend a short dendrite out into the nasal 

cavity to detect odour molecules and a longer axon basally into lamina propria (LP) 

where they fasciculate with other ORN axons into nerve bundles (Doucette, 1991). The 

nerve bundles course through the LP, deep to the OE, en route to the olfactory bulb (OB) 

(see figure 1.3). When the ORN axons reach the outer layer of the bulb, they begin to 
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defasciculate (Whitesides and LaMantia, 1996) and path find towards their appropriate 

individual targets known as glomeruli. Thus, as new ORNs are generated to replace 

dying ones, they must grow axons long distances into the central nervous system (CNS). 

Since this turnover takes place throughout the life of an animal, it can be said that the 

olfactory system accommodates CNS axon growth even during adulthood. 

1.1.2 Olfactory Ensheathing Cells in the Olfactory System 

While the capacity to support axon growth in the adult nervous system is not unique to 

the olfactory system, the manner in which it occurs is. The peripheral nervous system 

(PNS) can undergo extensive repair following injury to restore near-normal function 

(Liuzzi and Tedeschi, 1991). The olfactory system does not undergo repair in a similar 

fashion but rather replaces its neurons. The other difference is that ORNs target in the 

central nervous system where, in general, axon growth is severely limited after 

development (reviewed in Fawcett and Asher, 1999). ORNs undergo constant 

replacement and regularly grow axons into the CNS and form functional synaptic 

connections, thus setting them apart. 

How the olfactory system continuously re-targets is likely dependent on multiple factors. 

The fact that ORNs are newly generated and may be more immature or embryonic in 

nature may contribute to their growth capabilities. There may be additional intrinsic 

properties of ORNs that make them uniquely capable of successfully navigating the CNS 

environment. Also, there are likely environmental factors. For example, the outer layers 

of the olfactory bulb may be especially amenable to axon growth regardless of the nature 

of the neuron itself whereas everywhere else in the CNS, the environment is less 

hospitable. 

Residing in the outer layers of the OB and also peripherally in the lamina propria are glial 

cells unique to the olfactory system, olfactory ensheathing cells (OECs) (reviewed in 

Ramon-Cueto and Avila, 1998) (see figure 1.3). In fact, OECs are in direct contact with 

ORN axons from where they exit the OE to just before they synapse with mitral cells in 
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glomeruli - effectively the entire length of the ORN axon (Doucette, 1991). Therefore, 

OECs are well situated to provide a permissive environment for ORN axon growth. But 

which factors play a more important role in the unique regenerative capacity of the 

olfactory system? Is it intrinsic to ORNs or the environment created by OECs? 

1.1.3 The Intrinsic Plasticity of ORNs 

The idea that olfactory receptor neurons possess an intrinsic degree of plasticity is 

supported by the observation that ORNs can synapse with and form ectopic glomeruli 

with parts of the brain other than the olfactory bulb. Several groups have demonstrated 

this using olfactory bulb ablation studies (bulbectomies, see figure 1.4) as well as 

embryonic engraftment experiments. In a bulbectomy, the olfactory bulb is surgically 

ablated leading to a synchronous wave of ORN cell death via distal axotomy, prompting 

a large scale mobilization of the progenitor population in the OE to replace the dying 

ORNs (reviewed in Graziadei and Monti Graziadei, 1983). The newly generated ORNs 

robustly extend axons back towards the OB in an attempt to form new connections 

(Doucette et al., 1983a). In the case of incomplete bulbectomies, ORNs have 

demonstrated the ability to synapse inappropriately with other brain structures, 

stimulating the formation of glomerular structures (the functional synaptic unit normally 

found within the olfactory bulb) (Graziadei et al., 1978; Graziadei and Monti Graziadei, 

1986). This suggests that ORNs exert a degree of influence over the area of the brain 

with which they interact, molding it to suit their purposes (Gong and Shipley, 1996). It is 

reasonable to speculate that this ability to direct glomerular formation (Doucette et al., 

1983b) may not be confined to the special circumstance of a lesioned bulb but may also 

occur in the normal state to accommodate the changing needs of the animal's olfactory 

system. Such changes may be necessary to adapt to a changing environment or changes 

associated with reaching sexual maturity. Embryonic engraftment studies have also 

suggested that ORNs can re-model the brain. Isochronic transplantation of olfactory 

placode (a region of neuroectoderm that gives rise to the olfactory system) in place of the 

optic vesicle results in an ectopic olfactory nerve that inappropriately establishes 

glomeruli on the diencephalic wall (Magrassi and Graziadei, 1985). If two-thirds of the 
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optic vesicle is replaced with donor olfactory placode, the ORNs are able to out-compete 

the developing optic nerve for the diencephalic target. Therefore, the intrinsic properties 

of ORNs are likely a contributing factor to the olfactory system's remarkable 

regenerative abilities. 

There is also evidence that ORNs provide trophic support contributing to their growth 

capabilities in an autocrine manner. Mackay-Sim's group (Hsu et al., 2001) suggest that 

ORNs are a source of basic fibroblast growth factor, previously demonstrated to promote 

axon and neurite outgrowth in other systems (Dingwell et al., 2000; Grothe et al., 2000; 

Kornblum et al., 1990). ORNs also influence the glia with which they interact. When a 

short length of sympathetic nerve is transplanted into the olfactory system, ORN axons 

will extend into the nerve graft (Barber, 1982). The ORNs influence Schwann cells of 

the sympathetic nerve to bundle ORN axons differently than sympathetic nerves; in a 

manner similar to OEC ensheathement (see section 1.2.1). However there were subtle 

differences. Schwann cells surrounded each bundle of ORN axons with a basal lamina 

whereas OECs segregated ORN axons into dicrete bundles called mesaxons that lacked a 

basal lamina (see section 1.2.1). 

There are, however, limitations to the growth and plasticity potential of olfactory receptor 

neurons. Several groups have autologously transplanted olfactory mucosa (OM, the soft 

tissue overlying the cartilaginous turbinates; containing both olfactory epithelium and 

underlying lamina propria tissue layers, see figure 1.1) into other regions of the body. 

Olfactory mucosa can successfully engraft into the anterior chamber of the eye, become 

vascularized and maintain both OE and LP tissue layers (Barber et al., 1982). A subset of 

the transplanted ORNS, presumably newly generated ones, expressed olfactory marker 

protein (OMP, an antigen specific to ORNs) and grew moderate distances into and along 

the connective tissue of the iris. This was confirmed in a separate study using carnosine 

to specifically label the graft (Novoselov et al., 1983). OM was also transplanted in 

apposition to neuronal tissue in various regions of the brain including the fourth ventricle, 

parietal cortex, and the cerebellum (Amemori et al., 1987; Monti Graziadei and Morrison, 

1988). Pieces of OM were transplanted into the parietal cortex but the transplant was 
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exposed via a removable plastic lid. Even three weeks post transplant, the olfactory 

mucosa was electrophysiologically responsive to odourant stimulation (Amemori et al., 

1987). The authors found that the OM transplant was unable to form glomerular-like 

structures. In an attempt to direct glomerular formation using OM transplants, OM was 

transplanted directly into its corresponding olfactory bulb (Monti Graziadei and 

Graziadei, 1989). Even then, ORNs did not form new glomeruli or interact with existing 

glomeruli in the OB. Furthermore, the transplants all contained OECs making it difficult 

to discern the growth capabilities of the ORNs themselves. More recently, an antibody 

against PDGF-B (platelet derived growth factor isoform B) was used to identify OECs 

from pieces of embryonic olfactory bulb transplanted into a bulbectomized neonate host. 

They found close association of OECs with growing bulb neurons (Kott et al., 1994). It 

appears that, at the very least, the intrinsic capabilities of ORNs are linked to the unique 

spatial context and likely the environment of the olfactory system. 

When the olfactory system is intact and in the correct spatial context, even then there are 

limitations to its regenerative capabilities. Work by Doucette and coworkers has called 

into question the ability of ORNs to regenerate in the injured state (Doucette et al., 

1983b). In their study, they made a small lesion on the dorsal surface of the olfactory 

bulb, effectively creating a distal axotomy to a small subset of ORNs but leaving the 

target organ intact. The regenerating ORNs were traced by horseradish peroxidase to 

follow where they re-targeted. They found that newly generated ORNs, while able to 

create new glomeruli and synapse with existing ones, were largely unable to cross the 

small glial scar formed when lesioning the bulb surface. Thus, like other CNS neuronal 

populations, an astrocytic scar barrier also obstructs ORN growth. 

In summary, ORNs exhibit a great deal of plasticity in the olfactory system by robustly 

extending axons following injury, re-targeting and directing the formation of new 

glomeruli. When transplanted, strips of OM can successfully engraft, become 

vascularized, express OMP and respond to odourants. However, there are limitations to 

ORN plasticity. Strips of OM cannot direct glomerular formation (suggesting that this 

ability may be lost in adulthood), ORNs cannot overcome the glial scar formed after a 
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microlesion on the surface of the olfactory bulb and finally the transplantation studies 

cannot parse apart the contributions of ORNs versus OECs. 

1.2 Olfactory Ensheathing Cells 

The other factor contributing to the regenerative capacity of the olfactory system is the 

environment in which the ORN axons reside. This environment is generated and 

regulated by the glia of the olfactory system, olfactory ensheathing cells. 

1.2.1 OEC Introduction 

The glial environment of the olfactory system is made up of a unique cell type found only 

in the primary olfactory pathway: olfactory ensheathing cells, OECs. Olfactory 

ensheathing cells, as their name implies, ensheathe ORN axons virtually along their entire 

length: from where they exit the olfactory epithelium up to where they synapse with 

mitral cells at the glomerulus (see figure 1.3) (Doucette, 1991). OECs associate with 

many ORN axons in nerve bundles, each bundle typically containing over one hundred 

axons each. The outside of the bundle is entirely surrounded by OECs and is further sub-

compartmentalized into sub-fascicles (mesaxons) by involuting OECs processes 

(Doucette, 1991). It is in this configuration that axons traverse through the lamina 

propria, the extracellular matrix (ECM) rich tissue layer deep to the olfactory epithelium. 

Separate nerve bundles begin to coalesce as they approach the cribriform plate (CP), a 

specialized portion of the skull that separates the olfactory mucosa from the olfactory 

bulb. En masse, the nerve bundles weave through the porous surface of the CP to 

contribute to the most superficial layer of the olfactory bulb, the nerve fibre layer (NFL) 

(Doucette, 1989; Valverde et al., 1992). The nerve fibre layer is structurally complex 

with tens of thousands of nerve bundles coursing every which way along the surface of 

the bulb. Ultimately, individual ORNs arrive at the appropriate glomerulus and form a 

synapse with mitral cell dendrites. OECs are directly in contact with ORN axons until 

just before the ORN axon terminal enters the glomerulus (Doucette, 1989). 
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It is interesting to speculate exactly what role the close association of OEC and ORN 

axon plays in the setting up and maintenance of the primary olfactory pathway. Clearly, 

the nature of the olfactory system poses a unique set of requirements. For instance, there 

is a precise targeting of millions of ORNs (see figure 1.5) (reviewed in Mombaerts, 

2001), to their appropriate target glomeruli; ORNs target to just one glomerulus among 

hundreds or even thousands depending on the species. In addition, the mature olfactory 

system contains ORNs at all different stages of their life cycle and there must be a 

mechanism in place for newly generated ORNs to find their way to the correct glomerular 

target to replace ORNs undergoing apoptosis. While there is a wealth of data to support 

an olfactory receptor-based mechanism of glomerular specificity, it does not address how 

receptor expression translates meaningfully into a pathfinding mechanism. With the 

ORN axons arranged into discrete nerve bundles and mesaxons by OECs, it is an 

attractive hypothesis that ensheathing cells are the first order 'sorting station' for 

olfactory axon targeting. One could envision a mechanism where like ORNs are brought 

together into nerve bundles and the sorting process is further refined by arrangement into 

mesaxons. Additionally, OECs may be contributing to the development and maturity of 

each individual ORN by providing growth factor trophic support (see section 1.2.3) and 

helping immature ORNs reach electrophysiological competence (Hegg et al., 2003). 

1.2.2 OEC Development 

One way to examine the role of OECs in the olfactory system is to follow them 

developmentally. What is their role in the initial setup of the primary olfactory neuraxis 

and initial synapse formation in the olfactory bulb? It is well established that OECs, like 

the rest of the primary olfactory system, originate from the olfactory placode (Chuah and 

Au, 1991; Doucette, 1989; Farbman and Squinto, 1985; Marin-Padilla and Amieva, 

1989). The placode is a disc-like neuroectodermal structure originally part of the antero­

lateral neural ridge (Couly and Le Douarin, 1985). At about embryonic day 10 (E10) in 

the mouse, the OP invaginates to form the olfactory pit, a structure that continues to 

deepen and convolute to make up both the respiratory and olfactory epithelia that line the 
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nasal cavity. By E l 1.5, the olfactory epithelium is a pseudostratified epithelium with a 

clear basal lamina separating it from the underlying lamina propria (Farbman and 

Squinto, 1985). Olfactory neurons have already differentiated and in concentrated areas 

throughout the basal lamina, holes form through which axons exit the OE. Shortly 

afterwards, cells from the basal layer of the primitive OE begin to migrate through these 

same holes and closely associate with ORN axons (Marin-Padilla and Amieva, 1989). 

The work of Doucette and others indicate that these migrating basal layer cells are the 

precursors of olfactory ensheathing cells (Doucette, 1990; Tennent and Chuah, 1996). 

The OEC precursors migrate along with the ORN axons, and divide in situ; collectively 

they are referred to as the migratory mass (MM). By electron microscopic analysis, 

Valverde and coworkers suggest that the precursors also differentiate as they divide and 

migrate; the more differentiated OECs are situated peripherally and arise from OEC 

precursors found within the nerve bundle (Valverde et al., 1992). While these structures 

are not arranged as well-defined nerve bundles and mesaxons, OECs are ensheathing 

these pioneer ORN axons (Doucette, 1990). Meanwhile centrally, a pocket of the 

cerebral vesicle has evaginated and will ultimately become the olfactory bulb (Doucette, 

1989). Making its way through the mesenchyme, the M M along with the first ORN 

axons reach the cerebral vesicle (by El4 in rat) and proceeds to cover its surface forming 

the nerve fibre layer of the OB (see figure 1.6). 

Several salient points about the developing olfactory system at this stage should be 

highlighted. First, the embryonic origin of OECs sets them apart from all other glial cell 

types. In the peripheral nervous system, Schwann cells (reviewed in Jessen and Mirsky, 

2002) derive from the neural crest along with enteric glia (reviewed in Gershon et al., 

1993). In the central nervous system, astrocytes arise from radial glia of the 

subventricular zone (Malatesta et al., 2003) and oligodendrocytes from the ventral neural 

tube (reviewed in (Liu and Rao, 2004)). That OECs arise separately from the olfactory 

placode (Chuah and Au, 1991; Doucette, 1989; Farbman and Squinto, 1985; Marin-

Padilla and Amieva, 1989) which may account for some of their hybrid-like 

characteristics (Doucette, 1990) (see section 1.2.4). Second, it does not appear that OECs 

facilitate the exit of the ORN axons through the basement membrane of the OE. Farbman 
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and Squinto suggest however that nearby endothelial cells may aid in this process 

(Farbman and Squinto, 1985). Third, even at the earliest stages, OECs are closely 

associated with the developing olfactory nerve and are therefore well situated to help 

ORNs pathfind towards their target. In twirler knockout mice, Gong found severe 

deficits in ORN pathfinding coincident with defasciculation (Gong, 2001). It is possible 

that failure of proper OEC ensheathement contributes to this phenotype. Unfortunately 

with the twirler mouse, the genetic defect has only been characterized at the chromosome 

locus level so molecular mechanisms cannot readily be ascertained. 

Over the next 24 hours of mouse embryonic development, the nerve fibre layer remains a 

separate entity from the developing olfactory bulb. ORNs, OECs and OEC precursors 

accumulate at the nerve fibre layer increasing its thickness and breadth until it covers 

nearly the entire surface of the bulb. Also, the meningeal layer overlying the OB is 

remodelled by OECs (Doucette, 1989); where once there was a continuous meningeal 

layer (produced by leptomeningeal cells) covering the entire surface of the developing 

OB, ORNs have penetrated through and OECs have fused the basal lamina covering the 

outside of the nerve bundles with the meningeal layer of the OB (see figure 1.7). This 

rearrangement, while subtle, is likely key to the regenerative capacity of the olfactory 

system: OECs, in effect, are the glia limitans of the olfactory system. In fact, with the 

meningeal layer now continuous with the basal lamina covering the nerve bundles, it can 

be said that the CNS/PNS boundary of the olfactory system is continuous along the 

length of the ORN axon from the point that it exits the OE to when it crosses the 

cribriform plate. This is a unique arrangement found only in the olfactory system. 

Everywhere else with a CNS/PNS boundary, there is a clear delineation that separates 

CNS glia from PNS glia (reviewed in Fraher, 1992). As such, OECs can be thought of as 

both CNS and PNS glia; no boundary is formed and there is no barrier to growing axons 

throughout life. 

As with their perforation of the basal lamina, separating the OE from the LP, ORNs are 

the first to break through the pial surface that separates the olfactory bulb from the 

developing nerve fibre layer. However Marin-Padilla and Amieva observed that ORNs 
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may make their first synaptic contacts prior to infiltrating the OB (Marin-Padilla and 

Amieva, 1989). Via a series of EM studies where they found synaptic vesicle assemblies 

before ORN infiltration into the bulb, they suggest that ORNs may in fact form 

temporary 'synapses' with OECs or OEC progenitors first. They further suggest that, in 

this manner, OECs may aid in the refinement of ORN subsets as they form their initial 

glomerular targets. Once ORNs have penetrated the pial surface, OECs follow closely 

and associate with ORN axons to the point just before they form glomeruli. At this stage 

of development, astrocytes are just beginning to be generated. OECs in the bulb and 

astrocytes interact and form a poorly defined boundary (not delineated by a basal lamina) 

at the interface between nerve fibre layer and glomerular layer, a process that continues 

well into postnatal development (Doucette, 1984; Doucette, 1993). 

In summary, OECs play a significant role in the development of the primary olfactory 

neuraxis. While not directly involved in breaking the barriers at the basal lamina or the 

bulb pial surface, OECs follow closely behind. In their wake, self-contained and 

continuous conduits are formed from the base of the OE to the nerve fibre layer. In 

addition to providing a 'highway' for subsequent axon growth, these OEC conduits may 

aid in the initial sorting of ORNs to their target glomeruli. OECs in the nerve fibre layer 

may also aid in the initial refinement of ORN sorting prior to initial glomerular formation 

(reviewed in Key and St John, 2002). Furthermore, OECs and astrocytes interact to form 

a diffuse border (Doucette, 1990) in contrast to the definitive and solid barrier formed 

between astrocytes and Schwann cells at the CNS/PNS interface (reviewed inFraher, 

1992). In this manner, OECs help in establishing and maintaining the physical 

arrangement of the primary olfactory system in addition to contributions made via cell 

surface and secreted molecules. 

1.2.3 Molecules Implicated in OEC-Mediated Axon Growth and Pathfinding 
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OECs help regulate ORN axon extension via molecular cues both cell surface and 

secreted. Many of these molecules also have a known role in regulating neuronal 

development in other parts of the nervous system as well and are reviewed below: 

1.2.3.1 Neurotrophin Family 

The neurotrophins are the most well characterized family of growth factors related to 

neuronal growth and survival. Nerve growth factor (NGF) was the first member 

identified (as reviewed in Cowan, 2001) and was in fact one of the first proteins to be 

sequenced (Angeletti et al., 1971). The other family members include BDNF (brain 

derived neurotrophic factor), NT-3 (neurotrophin-3) and NT-4/5 (neurotrophin-4/5) 

(reviewed in Both well, 1995). Neurotrophins have high affinity receptors known as the 

tropomycin-related kinase (trk) receptors with trkA binding to NGF, trkB binding to 

BDNF and NT-4/5, and trkC binding to NT-3. In the olfactory system, trkB and trkC 

have been found in ORNs at different stages of maturity. Roskams and coworkers (1996) 

found trk B expression in both immature and mature ORNs and trk C only in the mature 

population. This pattern was re-capitulated following bulbectomy with newly generated 

ORNs expressing first trkB and then trkB and C together at later timepoints. The 

expression of trkA in ORNs is, however, unclear. One group (Miwa et al., 1998) found 

trkA in both horizontal basal cells and ORN axons and another group detected trkA only 

in horizontal basal cells (Roskams et a l , 1996). Olfactory ensheathing cells, in different 

contexts, have been reported to express NGF, BDNF and NT-4/5 (summarized in table 

1.1). NGF was found in OECs shortly after bulbectomy in response to ORN injury 

(Roskams et al., 1996) and was detected in an olfactory bulb ensheathing cell line 

(Goodman et al., 1993) by RT PCR and ELISA (Boruch et al., 2001). Woodhall and 

coworkers (2001) also found NGF by ELISA in the conditioned media and cell lysates of 

neonate OB OECs. BDNF, which could affect immature ORN survival (reviewed in 

Calof et al., 1996; Carter and Roskams, 2002), has been found in OECs by several groups 

(Boruch et al., 2001; Lipson et al., 2003; Woodhall et a l , 2001). All three groups 

detected low levels of BDNF in OEC conditioned media. In vivo, BDNF has been 
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detected in the glomeruli of the olfactory bulb and it is possible that the source of BDNF 

are neighbouring OB-OECs. Boruch and coworkers also found NT-4/5 present in their 

olfactory ensheathing cell line (Boruch et al., 2001) however the expression of NT-4/5 in 

the olfactory system in vivo has not been described. These data indicate that 

neurotrophins are important in the ORN maturation process and that OECs may supply at 

least some neurotrophins to ORNs in vivo. In vitro studies have been somewhat 

contradictory, suggesting that OEC production of neurotrophins may depend on ORN 

axon contact or an ORN-derived signal. 

1.2.3.2 Low Affinity Nerve Growth Factor Receptor, p75 

Many groups have reported p75 expression by olfactory ensheathing cells (Barnett et al., 

1993; Gong et al., 1994; Koh et al., 1989; Yan and Johnson, 1988). It is in fact one of the 

most widely recognized antigens for OECs (reviewed in Ramon-Cueto and Avila, 1998). 

The functional significance of p75 is not well understood. p75 is the low affinity 

neurotrophin receptor and has approximately equal binding activity for all four 

neurotrophins (Rodriguez-Tebar et al., 1990; Rodriguez-Tebar et al., 1992; Squinto et al., 

1991). Its function in neurotrophin signalling is still a contentious issue and to date it has 

been implicated in modulating neuron survival, growth, death and differentiation 

(reviewed in Bothwell, 1995; Nykjaer et al., 2005). While the expression data for 

neurotrophins in the olfactory system is incomplete, it is possible that p75 binds and 

presents neurotrophins to aid ORN survival and growth thereby acting as a signal 

enhancer (reviewed in Bibel et al., 1999; Ramon-Cueto and Avila, 1998). Recent studies 

also indicate that the pro-form of NGF (proNGF) binds preferentially to p75 to induce 

apoptosis (Lee et al., 2001). Whether such a pathway initiates OEC turnover in response 

to ORN turnover remains to be tested. 

There is evidence of a functional correlation between p75 expression and OEC-mediated 

neurite outgrowth. In a recent study, Kumar and coworkers examined two 

subpopulations of olfactory ensheathing cells in the olfactory bulb (Kumar et al., 2005). 
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The authors found that OECs residing along the outer edge of the OB and coursing 

through the cribriform plate, olfactory nerve rootlet (ONR) OECs, contained a higher 

proportion of p75 positive cells and performed better in promoting retinal ganglion cell 

(RGC) outgrowth. If both populations, ONR-OECs and OB-OECs, are immunoselected 

for p75 expression, the difference in outgrowth promotion disappears. The authors 

propose that the p75-expressing population of OECs is functionally distinct (Kumar et al., 

2005). Perhaps this is due to neurotrophin presentation by p75, which enhances 

signalling, as mentioned above. The functional significance of p75 expression by OECs 

is not well understood, although there is some evidence that both p75-positive and p75-

negative populations of OECs exist and cooperate in mediating neuronal regeneration 

(see section 1.2.6.1.2 for more details). 

1.2.3.3 Fibroblast Growth Factor 

Two forms of fibroblast growth factor have been described in the olfactory system: FGF-

1 (also known as acidic fibroblast growth factor) and FGF-2 (also known as basic 

fibroblast growth factor). Both forms of FGF have been reported to promote neurite 

outgrowth, survival and neural development (Dono, 2003; Hossain and Morest, 2000; 

Pataky et al., 2000). FGF-1 has been detected in the developing olfactory system (Key et 

al., 1996) and both ORNs and OECs demonstrated a morphological response to FGF-1. 

Expression of FGF-1, however, is downregulated postnatally coincident with its 

upregulation in mitral cells. With its transient expression in OECs coincident with mass 

ORN axon growth, FGF-1 may be an important neurotrophic factor during the initial set­

up of the primary olfactory neuraxis. As its expression switches postnatally to mitral 

cells, FGF-1 may become a target-derived survival/growth factor. FGF-2 has also been 

detected in OECs (Chuah and Teague, 1999; Matsuyama et al., 1992) in vivo and in OB-

OECs in vitro (Chuah and Teague, 1999). FGF-2 has a mitogenic effect on olfactory 

ensheathing cells (Alexander et al., 2002; Au and Roskams, 2003; Chuah and Teague, 

1999) and this effect is dependent on perlecan (Chuah and Teague, 1999). Whether FGF-

2 is important in promoting ORN axon growth is uncertain but there is abundant evidence 
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that FGF-2 promotes axon/neurite outgrowth in other systems (reviewed in Dono, 2003). 

Fibroblast growth factor receptor isoform FGFR-1 is highly expressed throughout the OE 

including in OECs (Hsu et.al., 2001) suggesting perhaps that FGF-2 may be acting in an 

autocrine mitogenic manner on OECs and paracrine manner mediating ORN growth. It 

has also been proposed that FGF-2 produced by cells in the OE may be involved in 

controlling neuronal differentiation (Calof et al., 1996; Hsu et al., 2001; Mackay-Sima 

and Chuahb, 2000). 

1.2.3.4 Other Growth Factors 

Additionally, many other growth factors and their receptors have been reported in the 

olfactory system (Mackay-Sima and Chuahb, 2000). Of particular interest are platelet 

derived growth factor (PDGF) and hepatocyte growth factor (HGF). PDGF has two 

isoforms PDGF-A and PDGF-B, which form the homodimers PDGF-AA and PDGF-BB 

and the heterodimer PDGF-AB. Sasahara and coworkers have reported OECs expressing 

PDGF-B in vivo (Kott et al., 1994; Sasahara et al., 1992) and embryonically PDGF-A is 

expressed by cells of the developing olfactory system (Orr-Urtreger and Lonai, 1992). 

The homodimer PDGF-BB has been found to have mitogenic effects on OECs in vitro 

(Alexander et al., 2002; Yan et al., 2001a). Intriguingly, the heterodimer PDGF-AB has 

been found to promote the survival of differentiating ORNs in vitro (Newman et al., 

2000). The biological significance of this finding remains to be seen as the source of 

PDGF-A in the olfactory system has not been described. 

Hepatocyte growth factor has been reported as a potent mitogen for OECs in vitro (Yan 

et al., 2001a; Yan et al., 2001b) and the expression of HGF mRNA in the lamina propria 

(Thewke and Seeds, 1996) has been interpreted as belonging to OECs (Mackay-Sima and 

Chuahb, 2000). The receptor for HGF, c-met appears to be confined to the OE in vivo 

(Thewke and Seeds, 1996) and the activator for HGF expression, tissue plasminogen 

activator (tPA) appears to be neuronal: ORNs, mitral cells and periglomerular cells. 

HGF, in addition to its mitogenic effect on OECs, has been implicated in neuronal 
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development (Jung et al., 1994) and in the specific axon growth of thalamic but not 

cortical neurons in vitro (Powell et a l , 2003). The expression patterns suggest an 

interesting interplay whereby tPA is mediated by ORNs at the glomerulus, which could 

be regulating HGF expression by OECs that then regulates ORN growth and OEC 

division. 

1.2.3.5 Extracellular Matrix Molecules 

Extracellular matrix (ECM) proteins can have a profound effect on axon growth and 

certainly the environment within ORN nerve bundles and the olfactory nerve fibre layer 

is rich in ECM. Julliard and Hartmann examined the expression of three ECM molecules 

in the developing and adult rat olfactory system: laminin, fibronectin and type IV 

collagen (Julliard and Hartmann, 1998). The authors found all three ECM molecules in 

the basement membrane separating the OE and the LP, which fragments as ORNs and 

OECs begin to course towards the olfactory bulb (see section 1.2.2). The expression of 

the three molecules coincides with migrating OECs and with their establishment of a self-

contained basal lamina continuous from the NFL to the OE (see section 1.2.2). They 

report that the expression of laminin and type IV collagen persists into adulthood whereas 

fibronectin levels drop perinatally. There is considerable evidence that laminin (reviewed 

in Grimpe and Silver, 2002) is involved in neurite and axon growth in various contexts. 

Collagen has been found to be permissive (Joosten et al., 2004), inhibitory (Hermanns et 

al., 2001; Kawano et al., 2005), or as a potential scaffold to promote axon growth (Itoh et 

al., 2001). Fibronectin, like laminin is also thought to be permissive (Zhang et al., 2005) 

if not actively promoting axon growth (Robinson et al., 2004). Taken together, the basal 

lamina created by OECs during development and, in the case of laminin and collagen, 

maintained throughout life likely facilitates ORN turnover and growth (Carter et al., 

2004). In addition to affecting ORN growth directly, ECM molecules may also influence 

the efficacy with which OECs promote axon growth (Tisay and Key, 1999). In their 

study, Tisay and Key cultured E l 9.5 rat OE explants on a variety of substrates and found 

differential neurite outgrowth. Suspecting modulation of OECs by the different 
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substrates, they examined OEC cultures from neonate rat LP grown on various substrates 

and found differences in morphology. OECs grown on matrigel (a basement membrane 

cognate, made up of various ECM molecules including type IV collagen (Kleinman et al., 

1986) and laminin were considerably more spindle-shaped with longer processes. It is, 

however, difficult to interpret whether ECM interaction switches OECs to an axon 

growth-promoting state, as the authors assert, since their outgrowth assays were co-

cultures. 

1.2.3.6 Cell Adhesion Molecules 

Olfactory ensheathing cells also express cell adhesion molecules that may be important in 

mediating ORN axon growth including LI , N C A M (neural cell adhesion molecule) and 

PSA-NCAM (polysialated-NCAM) (Miragall et al., 1989). LI and N C A M are both 

implicated in neurite outgrowth and axon growth in vivo (reviewed in Kiryushko et al., 

2004). LI can bind homophillically and to other cell adhesion molecules such as NCAM, 

ECM molecules and integrins (Brummendorf and Rathjen, 1995). N C A M binds 

homophillically and also interacts with ECM molecules such as chondroitin sulphate 

proteoglycan (CSPG) and heparan sulphate proteoglycan (HSPG) (Brummendorf and 

Rathjen, 1995). The polysialated form of NCAM, PSA-NCAM is expressed 

developmentally and downregulated in adulthood (Miragall et al., 1989). Due to its 

bulky polysialic acid moiety, PSA-NCAM has weaker binding affinity due to steric 

hindrance. It is generally assumed that this less adhesive form of N C A M accommodates 

neuronal plasticity during development and is replaced by N C A M as synaptic 

connections become stable in adulthood. Mechanistically, LI and N C A M signal via the 

FGF receptor (FGFR1) in a calcium-dependent manner (Williams et al., 1994) and are 

dependent on the MAP kinase pathway (Schmid et al., 1999; Schmid et al., 2000). 

Likely, both LI and N C A M promote ORN growth as it has been demonstrated that ORNs 

express FGFR1 (Hsu et al., 2001). PSA-NCAM appears to be important in olfactory 

development as well with respect to the olfactory bulb since mice treated with 

endoneuranimadase-N (to cleave PSA moieties) have much smaller olfactory bulbs (Ono 
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et al., 1994). The result was effectively a phenocopy of the NCAM-180 null mouse 

(NCAM 180 kDa variant) (Tomasiewicz et al., 1993). Defects in the primary olfactory 

neuraxis of NCAM-180 null mice were examined by Treloar and coworkers (1997). The 

authors found fewer and smaller glomeruli in the olfactory bulb in a subset of ORNs 

labelled with DBA (Dolichos biflorus agglutinin, a lectin that specifically labels a subset 

of ORNs). The authors suggest that the ORNs are less able to fasciculate within the 

nerve fibre layer and form glomeruli. It is possible that NCAM-positive OECs in the 

nerve fibre layer may aid in this sorting/fasciculating process. Functionally however, 

there have been conflicting reports as to the olfactory discrimination abilities of the 

NCAM-180 null mouse (Gheusi et al., 2000; Schellinck et al., 2004). 

1.2.3.7 Ion Channels 

An intriguing new mechanism for regulating OEC-mediated neurite outgrowth is by 

manipulation of intracellular calcium. It has been proposed that a TRP-like (transient 

receptor protein-like) Ca channel may be involved in switching OECs to a growth 

promoting state (Hayat et al., 2003b). By increasing intracellular calcium in OECs via 

release of intracellular stores, the authors report increased neurite outgrowth in 

RGC/OEC co-cultures. In a follow-up study, OECs were treated with pertussis toxin to 

block Gj/o protein activity (Hayat et al., 2003a). Pre-incubation with pertussis toxin 

increased OEC ability to promote RGC outgrowth in co-culture. Furthermore, the effect 

could be ablated by Ca 2 + depolarization by treating OEC with KC1. With the putative 

TRP-like Ca 2 + channel being affected by potassium depolarization in the same manner, it 

suggested that the G-protein and TRP-like channel mechanisms may be linked. In a 

comparison of olfactory nerve rootlet OECs with OB-OECs (see section 1.2.3.2) it was 

found that the p75-negative OECs in their population were the ones responsive to 

pertussis toxin (Kumar et al., 2005). 
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1.2.3.8 Guidance Molecules 

Since OECs co-migrate with ORNs developmentally and ensheathe ORN axons into 

nerve bundles and sub-sort them into mesaxons, it is an attractive hypothesis that OECs 

are involved in ORN axon guidance. During the initial set-up of the olfactory neuraxis, 

OECs migrate along with neurons and possibly respond to guidance cues on their way to 

the olfactory bulb (Key and St John, 2002). Perhaps OEC migration leads ORN axons 

towards the bulb by acting as a preferred substrate for ORN growth. Key and St John 

(Key and St John, 2002) propose that since OECs avoid CSPG in vitro (Tisay and Key, 

1999), they may also do so in vivo and respect CSPG boundaries such as the one rostral 

to the OE and in the marginal zone of the developing bulb prior to ORN infiltration 

(Treloar et al., 1996). In reality, however, the situation is likely more complex. Storan 

and Key made OE/OB cocultures where a subpopulation of ORNs expressing P2 (an 

odorant receptor (Mombaerts et al., 1996)) project caudally then turn dorsally, 

independent of OEC migration as visualized by S100|3-dsRed (Storan and Key, 2004). 

One candidate for OEC-mediated ORN axon guidance is the netrin family of guidance 

molecules (Manitt and Kennedy, 2002). There is evidence that luteinizing hormone 

releasing hormone (LHRH) neurons (a neural cell type also derived from the olfactory 

placode) rely on netrin-1 (Schwarting et al., 2004) and its receptor DCC (deleted 

colorectal cancer) (Schwarting et a l , 2001) to migrate towards the forebrain. DCC is 

expressed by developing ORNs embryonically but the expression drops off by birth 

(Astic et al., 2002). The expression of netrin-1 was detected directly beneath the 

basement membrane and in the lamina propria, it has been attributed to OECs (Astic et 

al., 2002). Netrin expression in the mesenchyme was not uniform, with a tendency for 

higher expression dorsally towards the cribriform plate but no expression in the 

developing olfactory bulb. Like DCC, netrin-1 expression levels dropped perinatally. 

However, unlike DCC, netrin-1 levels increased bilaterally in the lamina propria 

following a unilateral bulbectomy (Astic et al., 2002). It is possible that netrin-1 

expression by OECs during development and following bulbectomy could aid in ORN 

pathfinding towards the olfactory bulb. The nasal septum expresses the repulsive 
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guidance cue, slit (Pini, 1993) which may prevent ORN mistargeting to the contralateral 

bulb. Also, the olfactory bulb expresses slit as well'as its receptor Robol (Nguyen Ba-

Charvet et al., 1999; Yuan et al., 1999). While there is evidence of slit-1 being necessary 

for vomeronasal axon targeting (Cloutier et al., 2004), slit/Robo involvement in olfactory 

guidance has not been described. In an in vitro study by Patel and coworkers, the authors 

co-cultured embryonic OE explants with nasal septum (Patel et al., 2001). While they 

found repulsion of OE neurites, it could not be blocked by competitive inhibition with 

soluble Robo. 

During embryonic development, OECs appear to play a role in ORN guidance through a 

semaphorin-mediated pathway (Renzi et al., 2000). In their study, the authors blocked 

semaphorin-3A signalling in ORNs by electroporating soluble neuropilin-1 extracellular 

domain into chick olfactory placode. Neuropilin-1, a pan receptor for class 3 

semaphorins (Feiner et al., 1997) can act as a dominant negative receptor for 

semaphoring-3A and 3C signalling in its soluble truncated extracellular form (Renzi et 

al., 1999). By blocking semaphorin-3A, ORNs did not stop at the olfactory bulb and 

accumulate as a nerve fibre layer (see section 1.2.2) but instead overshot deep into the 

telencephalon. Semaphorin-3 A expression was examined by in situ and the staining 

pattern coincided with OECs lining the olfactory bulb (Renzi et al., 2000). 

Another likely candidate for OEC-mediated ORN guidance are Eph/ephrins. Eph/ephrins 

are generally repulsive contact-mediated guidance molecules (O'Leary and Wilkinson, 

1999). There are two forms of the receptor, Eph: EphA and EphB. Generally, EphA 

binds to ephrinA and likewise EphBs bind to ephrinBs. Binding is generally 

promiscuous between the various forms of EphB/ephrinB and EphA/ephrinA but in the 

case of EphA4, it can also bind to ephrinB2 and ephrinB3 (see figure 1.8). Many 

members of the Eph/ephrin family are found in the olfactory system (St John and Key, 

2001; St John et al., 2002). ORNs express a number of ephrin ligands: A2, A5 and B l 

and the Eph receptors A3, A4 and A5 (Cutforth et al., 2003; St John et al., 2002). 

Ensheathing cells express ephrin B2 (St John and Key, 2001) but only in the nerve fibre 

layer of the bulb. Two potential mechanisms can be gleaned from this expression profile. 
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One, ORNs expressing EphA4 may be facilitated in defasciculation and sorting in the 

nerve fibre layer by OECs expressing ephrinB2. Two, in the lamina propria there is also 

EphA4 expression, although it cannot be determined if it is in the OECs (St John et al., 

2002). Perhaps EphA4/ephrinB2 signaling also aids in OEC migration away from the OE 

towards the olfactory bulb and, by extension, aiding ORN axon growth towards the OB. 

1.2.4 OEC Antigenic Profile 

There is still much work to be done to elucidate the molecular cues and growth factors 

employed by OECs. In fact, what even what defines them as a discrete cell population is 

not entirely clear. While anatomically and ontogenically OEC are distinct (Chuah and 

Au, 1991; Doucette, 1989; Farbman and Squinto, 1985; Marin-Padilla and Amieva, 

1989), there has been a degree of controversy over the antigenic profile of olfactory 

ensheathing cells and there is a paucity of definitive markers that uniquely identify them. 

The most widely agreed upon markers are: p75 (Gong et al., 1994; Ramon-Cueto and 

Nieto-Sampedro, 1992), GFAP (glial fibrillary acidic protein) (Barber and Lindsay, 1982; 

Barnett et al., 1993), and SI00 (Astic et al., 1998; Doucette, 1993). Other markers that 

have been described in OECs include 04 (oligodendrocyte marker 4) (Barnett et al., 

1993; Franceschini and Barnett, 1996), N C A M (Chuah and Au, 1994) and nestin (Barnett 

et al., 1993; Doucette, 1993). There are many more antigens reported in the literature 

concisely summed up by Ramon-Cueto and Avila (1998). None of the markers listed 

above or additional markers reviewed by Ramon-Cueto and Avila definitively identifies 

OECs by themselves. However, in combination they distinctly identify OECs from other 

glial populations as well as other cell types found in the olfactory system. Heredia and 

coworkers have reported on two monoclonal antibodies that can identify OECs found in 

the nerve fibre layer (Heredia et al., 1998). However, the specificity of these two 

antibodies are is age-dependent and exhibit cross reactivity with radial glia in the case of 

monoclonal antibody 1.9.E and sciatic nerve-derived Schwann cells in the case of 

monoclonal antibody 4.1 l.C. Also, neither monoclonal has been verified by other 
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groups. The purification and full characterization of OEC cultures is vital prior to their 

use in experiments. 

1.2.5 Comparison of OECs with Other Glial Cell Types 

Since OECs reside in both the central and peripheral nervous systems, an obvious 

question is how similar are OECs to Schwann cells and astrocytes? 

1.2.5.1 OECs vs. Schwann cells 

OECs and Schwann cells are very similar in most respects. They are derived 

embryonically from different origins, the olfactory placode in the case of OECs (Chuah 

and Au, 1991; Doucette, 1989; Farbman and Squinto, 1985; Marin-Padilla and Amieva, 

1989) and the neural crest in the case of Schwann cells (Jessen and Mirsky, 2002). 

However, the origins are similar in that the neural crest and the olfactory placode are both 

derived from the neural ridge, in the case of the olfactory placode, the anterolateral neural 

ridge (Couly and Le Douarin, 1985). Both OECs and Schwann cells express the low 

affinity nerve growth factor receptor, p75 (see section 1.2.3.2). Schwann cells can 

myelinate axons under the appropriate circumstances (Lobsiger et al., 2002), and while 

this issue is contentions, there is considerable evidence that OECs can also myelinate 

axons in vitro (Devon and Doucette, 1992) and in vivo (Franklin et al., 1996; Imaizumi et 

al., 2000b; Imaizumi et al., 1998; Smith et a l , 2002; Smith et al., 2001) (see section 

1.2.6.2 for more details). The manner in which the two cell types myelinate is also 

strikingly similar (Franklin, 2003). OECs and Schwann cells also share several mitogens 

in common including FGF-2 (Alexander et al., 2002; Au and Roskams, 2003; Chuah and 

Teague, 1999; Watabe et al., 1994), neuregulin (Alexander et al., 2002; Lobsiger et al., 

2002; Yan et al., 2001a) and hepatocyte growth factor (Alexander et al., 2002; 

Krasnoselsky et al , 1994; Lobsiger et al., 2002; Yan et al., 2001a; Yan et al., 2001b). 
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However, in the absence of mitogens, OECs can proliferate in serum-containing media 

(Au and Roskams, 2002; Au and Roskams, 2003; Hayat et al., 2003a; Hayat et a l , 2003b; 

Kumar et al., 2005; Nash et al., 2001; Ramon-Cueto and Nieto-Sampedro, 1992; Ramon-

Cueto and Nieto-Sampedro, 1994) whereas Schwann cells do so very slowly (Brockes et 

al., 1979). The two cell types interact with astrocytes differently both in vivo (Doucette, 

1990) and in vitro (Lakatos et al., 2000). In the in vitro Lakatos study, a direct 

comparison was made between OEC and Schwann cell interactions. The authors found 

that Schwann cells induced astrocyte hypertrophy and tended to stay away from 

astrocytes in culture. OECs on the other hand, freely mingled with astrocytes. Another 

difference between OECs and Schwann cells is the manner in which they ensheathe 

axons. Schwann cells, even non-myelinating ones, are surrounded by a basal lamina. 

OECs on the other hand lack a basal lamina and ensheathe much larger bundles of axons 

(Barber, 1982). Finally, the response to injury is different between the two glial types. In 

the case of Schwann cells, nerve injury is followed shortly by rapid proliferation and 

migratory to rearrange and form a 'growth channel' to guide regenerating peripheral 

nerves (Liuzzi and Tedeschi, 1991). This also occurs in non-myelinating Schwann cells 

(Clemence et al., 1989). However, in response to a zinc sulfate lesion of the OE where 

all ORNs are eliminated, OECs are largely quiescent, maintaining the integrity of existing 

axon conduits (Williams et al., 2004). The fact that the conduits remain may underscore 

the importance of OECs in maintaining proper ORN targeting during adulthood. 

1.2.5.2 OECs vs. Astrocytes 

While there are similarities between OECs and astrocytes, they are not as similar as 

OECs and Schwann cells (Vincent et al., 2005). OECs, like astrocytes express GFAP and 

both upregulate its expression in response to injury (Barber and Dahl, 1987). GFAP is 

typically not expressed by Schwann cells (Jessen and Mirsky, 1985). Also, in both OECs 

and astrocytes, each individual cell is not encased in its own basal lamina (Doucette, 

1990) which is not the case with myelinating or non-myelinating Schwann cells. Finally, 

OECs contribute to the glia limitans of the olfactory bulb (see section 1.2.2) in a 
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cooperative manner with astrocytes (Doucette, 1991), unlike the CNS/PNS boundary 

anywhere else in the body formed only by astrocytes (reviewed in Fraher, 1992). Such 

cooperativity may suggest a greater similarity between OECs and astrocytes. In vitro 

interactions between the two cell types also support this claim (Lakatos et al., 2000). In 

the olfactory bulb, OECs and astrocytes may be differentiated by expression of glutamate 

transporters only in the astrocytes (Roskams lab unpublished observations). 

1.2.6 OEC-mediated Neuronal Repair 

OECs can provide an appropriate environment for continual ORN axon growth 

throughout adult life. It was a natural progression of logic that OECs placed in other 

environments may do the same for other neuronal populations. Perhaps OECs can help 

neuronal regeneration in areas where repair is problematic and severely limited. To this 

end, many studies have been performed to assay the ability of OECs to mediate neuronal 

repair and regeneration. 

Following injury, the central nervous system is only capable of limited repair. The major 

obstacles to regeneration are: (1) the atrophy and death of injured neurons, (2) formation 

of a glial scar at the lesion site that persists as both a physical and biochemical barrier to 

regenerating axons and (3) the non-permissive environment of the adult CNS to axon 

growth (Fawcett and Asher, 1999; Kwon and Tetzlaff, 2001; Ramer et al., 2005). Many 

groups have attempted to use OEC transplantation as a means of alleviating and 

circumventing the above issues with some limited success. Their assessment of repair can 

be loosely placed in two categories: axon growth/sprouting/regeneration and axon re-

myelination. 

1.2.6.1 OEC mediated Axon Growth/Sprouting/Repair in Transplantation Studies 
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1.2.6.1.1 The Injured Dorsal Root Entry Zone and OEC Transplantation 

The first study using OECs for transplant-mediated repair were performed by Ramon-

Cueto and Nieto-Sampedro using a rhizotomy (crush) of the sensory root as a lesion 

model (Ramon-Cueto and Nieto-Sampedro, 1994). This type of lesion, while performed 

in the periphery, is considered a CNS lesion because the injured sensory axons are unable 

to cross the dorsal root entry zone (DREZ), to re-form connections in the spinal cord 

(Bradbury et al., 2000). Since OECs and astrocytes appear to share the duty of forming 

the CNS/PNS boundary in the developing olfactory system (Doucette, 1989; Doucette, 

1991), it was of interest to Ramon-Cueto and Nieto-Sampedro to see if OECs could alter 

the CNS/PNS boundary of the dorsal root entry zone (DREZ) (Ramon-Cueto and Nieto-

Sampedro, 1994). The authors found that in the absence of OEC transplantation, sensory 

axons could grow up to the CNS/PNS boundary between the sensory rootlet and the 

spinal cord but no further. However, with OEC transplantation, many Dil-labeled 

sensory axons appeared to cross the boundary and grow into the dorsal horn. Some axons 

were reported to cross the midline into the contralateral dorsal horn while others even 

reached the ventral horn. The authors concluded that OECs were able to manipulate the 

dorsal root entry zone in such a way that sensory neurons were now able to grow robustly 

into the spinal cord. These findings were supported by three follow-up studies lesioning 

the lumbar (Li et al., 2004; Navarro et al., 1999) and lumbo-sacral (Pascual et a l , 2002) 

dorsal roots. In the Navarro study, electrophysiological tests were performed on treated 

and control animals and the authors found significant functional recovery with OEC 

transplantation. In the case of Pascual and coworkers, the authors also reported a 

behavioural outcome in response to OEC treatment with respect to bladder control 

(Pascual et al., 2002). These findings are not without controversy. Two subsequent 

studies by other groups and another study by the Nieto-Sampedro group, show no 

significant regeneration across the DREZ (Gomez et al., 2003; Ramer et al., 2004b; 

Riddell et al., 2004). The Gomez study performed the dorsal root transection at the 

cervical level and by multiple visualization methods (including cholera toxin B, 

calcitonin gene related peptide (CGRP) antibody, P2X3 antibody) found minimal axon 

growth across the DREZ into the spinal cord. The authors did find a minimal level of 
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small diameter unmyelinated axons positive for CGRP and P2X3 crossing the lesion but 

were unable to rule out axon sparing (Gomez et al., 2003). The Riddell study (Riddell et 

a l , 2004) directly examined many aspects of the Navarro study (Navarro et al., 1999) but 

their findings are contradictory. Riddell and coworkers observed negligible functional 

recovery, and axon growth across the DREZ was not significantly better than controls. 

Ramer and coworkers also found that OEC transplantation failed to promote significant 

axonal growth into the CNS following dorsal root crush (Ramer et al., 2004b). The 

authors noted however, an affinity of small and medium diameter axons for OEC 

laminin-rich channels, however the axons were not able to exit the channel into the dorsal 

horn. Additionally, increased angiogenesis and a general loosening of the astrocytic scar 

were noted. The studies generally agree that if any there is any regeneration of axons 

across the DREZ, they tended to be small diameter CGRP positive axons. It is however, 

difficult to reconcile the disparate results of these studies. The results of the Ramer and 

coworkers study suggest that if the DREZ was disrupted by the injection of OECs, the 

axons could progress further, although not outside of the OEC channel. Perhaps it was 

this disruption coupled with spared fibres from an incomplete lesion that explains the 

regeneration in the Nieto-Sampedro studies (Navarro et al., 1999; Pascual et al., 2002; 

Ramon-Cueto and Nieto-Sampedro, 1994). In the case of OEC transplantation at the 

injured DREZ, the astrocyte/Schwann cell boundary had long ago been established and is 

not permissive to regeneration (Bradbury et al., 2000). Developmentally, OECs, arrive at 

the CNS/PNS boundary of the olfactory bulb before astrocytes and the two cell types 

successfully and cooperatively form a glia limitans permissive to ORN axon growth 

(Doucette, 1991; Doucette, 1993). So in the context of OEC development (see section 

1.2.2), it may be asking too much for OECs to penetrate and create a channel for sensory 

regeneration in an adult organism. 

1.2.6.1.2 The Injured Spinal Cord and OEC Transplantation 

OECs have shown promise in mediating repair, to varying extents, after spinal cord 

injury. The first studies transplanting OECs following spinal cord injury (SCI) were 
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performed by Raisman's group (Li et al., 1997) and Franklin and Barnett's group 

(Franklin et al., 1996). The Franklin and Barnett study focuses on OEC-mediated re-

myelination and will be reviewed in the next section (see section 1.2.6.2). In the Li and 

coworkers study (1997), the researchers transplanted OECs into an electrolytic lesion of 

the corticospinal tract (CST). They found remarkable directed robust growth that they 

termed a 'continuous bridge of OECs and axons' across the lesion. They further found a 

correlation between the presence of an OEC/axon bridge and behavioural recovery as 

assayed by a food pellet-reaching test. In a follow up study, they more thoroughly 

examined the OEC-mediated regeneration histologically (Li et al., 1998). In this study, 

they also suggest cooperativity between p75-positive 'S-type' (Schwann cell type) and 

fibronectin-positive 'A-type' (astrocyte type, later called olfactory nerve fibroblasts (Li et 

al., 2003a) OECs in the ensheathement of regenerating axons. S-type OECs, the authors 

claim, myelinate axons through the lesion site and pass them off to be myelinated by 

oligodendrocytes. A-type OECs cover the outside of the S-type myelin sheaths. The 

group suggest in a subsequent study that a similar arrangement also exists in the olfactory 

system (Field et al., 2003) although these finding are not consistent with reported ECM 

expression patterns with respect to fibronectin downregulation postnatally (Doucette, 

1996; Julliard and Hartmann, 1998). Other studies by this group suggest behavioural 

recovery following OEC transplantation as assayed by food pellet reaching in a chronic 

CST electrolytic lesion (Keyvan-Fouladi et al., 2003) and behavioural recovery as 

assayed by climbing and breathing after lateral hemisection of the cervical spinal cord (Li 

et al., 2003b). Remarkably, the climbing and breathing study found a behavioural 

recovery in climbing ability in as little as ten days post-procedure. It is important to note 

that in all of the Raisman group studies, all lesions were performed unilaterally. It is 

possible that sprouting of contralateral spared fibres could account for some behavioural 

recovery. Another notable factor is that only the Raisman group uses the electrolytic 

lesion paradigm in OEC transplant studies. This type of lesion can be prone to axon 

sparing with temporary loss of conduction due to demyelination (Wolfram Tetzlaff, 

personal communication). 
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The Bunge group, in collaboration with Ramon-Cueto, used Schwann cells together with 

OECs in transplant studies of SCI (Ramon-Cueto et al., 1998). In this study OECs were 

transplanted as 'caps' on the ends of a Schwann cell/matrigel filled channel. The lesion 

was a full transection and wheat germ agglutinin (WGA) labelled axons were found 

growing into the Schwann cell channel into which the OEC 'caps' were also found 

migrating. The authors suggest that the OECs have facilitated axon growth through the 

Schwann cell channel by modulating the astrogliotic scar. They argue this may occur 

because OECs migrated long distances away from the injection site. This finding is not 

consistent with later studies using genetically labelled OECs (Boyd et al., 2004; Li et al., 

2003b; Ramer et al., 2004a) which found very limited migration of OECs. The 

discrepancy could be explained by the labelling method. Since the OECs were Hoechst-

labelled, and ED-1 positive macrophages were present at the lesion site, the Hoechst 

detected at long distances could be due to macrophage phagocytosis of labelled OECs 

which then migrated. Ramon-Cueto and coworkers performed a similar study without 

the Schwann cell channel but retaining the rostral and caudal injection strategy and 

assessed behavioural recovery (Ramon-Cueto et al , 2000). This study reported 

significant axon growth across the lesion and, strikingly, found treated rats climbing up 

80° inclined ramps several months after injury after treatment with OECs. 

Since these initial OEC transplantation studies, there have been numerous other studies 

performed, many of which await replication by other groups. Some studies have found 

quantifiable regeneration and recovery following transplantation (Garcia-Alias et al., 

2004; Imaizumi et al., 2000a; Nash et al., 2002; Plant et al., 2003). However, not all 

studies reported promising results. In a study by the Bunge group, Takami and 

coworkers performed a direct comparison between OECs, Schwann cells and 

OEC/Schwann cell combination (Takami et al., 2002). The authors found improved re-

myelination and limited hindquarter movement recovery following contusion injury only 

in treatment groups receiving Schwann cells. Guntinas-Lichius and coworkers found 

OEC mediated facial nerve regeneration, however much of this represented inappropriate 

sprouting of select populations of motoneurons (Guntinas-Lichius et al., 2001). No 

motor (whisking) recovery was detected. 

27 



Some groups have attempted to augment OECs by having them deliver additional 

neurotrophic factors into the lesion site (Cao et al., 2004; Ruitenberg et al., 2005; 

Ruitenberg et al., 2003). In the two Ruitenberg studies, OECs were transduced by 

adenovirus to deliver BDNF, NT-3 or BDNF and NT-3 into the SCI. In the 2003 study, 

the authors found improved rubrospinal axon growth with BDNF and better ropewalking 

behaviour recovery with neurotrophin expressing OECs and OECs alone (Ruitenberg et 

al., 2003). In the 2005 study, NT-3 expressing OECs increased traced CST axon 

regeneration over OECs without NT-3 (Ruitenberg et al., 2005). Cao and coworkers 

found similar results with OECs delivering GDNF after retroviral transduction (Cao et 

al., 2004). The authors found limited CST and rubrospinal axon regeneration by 

retrograde tracing in OEC-treated animals. The regeneration was increased modestly 

with GDNF expression. 

Another trend in the OEC field that has recently emerged is the potential cooperation of 

different cell types from the olfactory system (reviewed in Barnett and Chang, 2004). 

This idea was first introduced by the Raisman group (Li et al., 1998). In that study, they 

described their OEC population as an approximately 50:50 ratio of p75-positive, 

fibronectin-negative and fibronectin-positive, p75-negative cell types, working 

cooperatively to mediate repair. The Franklin and Barnett group found that meningeal 

cells (lining the outside of the olfactory bulb), when co-transplanted with 04-positive 

OECs, synergistically improved OEC myelination (Lakatos et al., 2003b). The Mackay-

Sim group has reported positive effects from transplanting strips of lamina propria (Lu et 

al, 2001) or unpurified LP constituent cell types (Lu et al., 2002) into SCI. A replication 

study of these two works has recently been performed and the results are not consistent 

(Steward lab, manuscript submitted). Guntinas-Lichius also used strips of LP and found 

that it promoted facial nerve targeting and regeneration (Guntinas-Lichius et a l , 2002) 

whereas dissociated OECs promoted growth but in an inappropriate manner (Guntinas-

Lichius et al., 2001). Testing this mixed cell theory, Andrews and Stenzler transplanted 

purified p75-positive OECs and 50:50 p75- and fibronectin-positive cells but reported no 

difference in their lesion paradigm - a dorsal column crush injury very similar to the 
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Koscis group lesion (Imaizumi et al., 2000b) - (Andrews and Stelzner, 2004). 

Unfortunately, the authors did not quantify the amount of regeneration and sprouting so 

that an objective comparison could be made. More work will need to be done to parse 

apart the subtleties of this particular issue. 

With many different groups performing different spinal cord lesions, using OECs from 

different cell preparations and assessing recovery by a variety of methods at different 

times post-operation, it is difficult to compare their findings and come away with a well-

defined effect of OEC transplantation. There appears, however, to be common themes 

that have been reported by various groups in spite of their differences in experimental 

approach, method and materials. (1) OECs can mediate a limited amount of regeneration. 

Whether this regeneration has functional consequences is debatable since very few of the 

studies claim more than modest behavioural improvement. Thus, it can be safely stated 

that OECs do not by themselves mediate targeted functional recovery. (2) OECs are 

effective in minimizing tissue loss after injury (Plant et al., 2003; Ramer et al., 2004a; 

Ruitenberg et al., 2003; Takami et al., 2002). This effect has largely been overlooked as 

a positive effect of OEC-mediated repair. With reduced cavitation, regenerating axons 

have more substrate through which to grow. It should be noted however, that reduction 

in cavity size following injury is not the unique property of OECs. Schwann cells 

(Takami et al., 2002), bone marrow cells (Ankeny et al., 2004) and even fibroblasts 

(Franzen et al., 1999) can aid in tissue sparing following SCI. (3) OECs can mediate 

Schwann cell infiltration at the lesion site (Boyd et al., 2004; Ramer et al., 2004a; 

Ruitenberg et al., 2003; Sasaki et al., 2004; Takami et al., 2002). This theme is clearly 

demonstrated by xenotransplantion using a host-specific p75 antibody (Ramer et al., 

2004a) and by immunohistochemistry with electron microscopy (Boyd et al., 2004; 

Sasaki et a l , 2004). Likely all three of these themes are interrelated, with Schwann cell 

infiltration potentially contributing to regeneration and reduced cavitation. (4) OECs can 

modify the astrogliotic environment at the lesion site (Andrews and Stelzner, 2004; 

Garcia-Alias et al., 2004; Lakatos et al., 2003a; Ramer et al., 2004a). In an in vitro study, 

Fairless and coworkers propose that this may have to do with differential N-cadherin 

signalling between OECs and Schwann cells (Fairless et al., 2005). When N-cadherin 
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activity was inhibited by a cyclic peptide inhibitor or by siRNA, Schwann cell adhesion 

to astrocytes was reduced. Down regulation of N-cadherin activity had no effect on OEC 

interactions with astrocytes. (5) There is a strong body of evidence that OEC 

transplantation results in re-myelination. Whether this is a direct or indirect effect is a 

contentious issue in the field (see section 1.2.6.2). 

1.2.6.2 Re-Myelination by OECs Following Spinal Cord Lesion 

In addition to promoting sprouting and regeneration, OEC transplantation has also been 

accompanied by remyelination (reviewed in Franklin, 2003). The initial interest in 

employing OECs for transplant re-myelination came from pioneering studies by the 

Doucette group. ORN axons are very small in diameter, often less than 0.5 urn (Doucette, 

1990) and there is a well-documented correlation between axon diameter and myelination 

(reviewed in Jessen and Mirsky, 1991). While in their native environment OECs are in 

contact with axons below the minimal diameter threshold for myelination, perhaps 

exposure to axons of the appropriate size could promote a myelinating phenotype. By 

electron microscopy, Doucette noted OEC ensheathement of both ORN and myelinated 

trigeminal axons in the lamina propria (Doucette, 1990). In a subsequent study, Devon 

and Doucette co-cultured OECs with dissociated dorsal root ganglion sensory neurons 

and found that OECs could myelinate large diameter axons in vitro (Devon and Doucette, 

1992). In a study by the Bunge group, the authors suggest that this phenomenon may be 

attributed to Schwann cell and satellite cell contaminants in the culture (Plant et al., 

2002). 

Different groups have also drawn different conclusions when it comes to OEC-mediated 

re-myelination of the spinal cord. An initial study used a temperature-sensitive OEC cell 

line in a focal demyelination lesion using ethidium bromide and x-irradiation (Franklin et 

al., 1996). The authors found Schwann cell-like peripheral myelination and reasoned the 

transplanted OECs seeded into the focal lesion were myelinating. In a follow-up study, 
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Smith and coworkers examined OEC-treated focal lesions for the expression of 

promyelinating transcription factors (Krox-20 and SCIP) normally found in myelinating 

Schwann cells (Smith et al., 2001). They found expression of Krox-20 and low levels of 

SCIP by in situ at the lesion as well as the morphogen desert hedgehog (dhh). Dhh, the 

authors hypothesize, is expressed by myelinating OECs to direct non-myelinating OECs 

to form fascicles analogous to the perineural sheath in myelinated peripheral nerves. This 

finding fits well with a subsequent study by the group that found better myelination when 

OECs and olfactory bulb meningeal cells were co-transplanted (Lakatos et a l , 2003b). 

The authors reported that the meningeal cells, while not able to myelinate axons, formed 

a perineural sheath-like structure around myelinating OECs. The mixed cell phenomenon 

(see section 1.2.6.2.1 for more examples) may also be a contributing factor in work by 

the Kocsis group. OECs used in their transplantation studies are prepared fresh without a 

purification regimen and they also found remyelination after OEC transplantation 

(Imaizumi et al., 2000b; Imaizumi et al., 1998; Sasaki et al., 2004). The Imaizumi study 

(1998) used the ethidium bromide X-irradiation lesion like the Franklin and Barnett 

group. They were able to repeat the results of the Franklin et al. study (Franklin et al., 

1996) and found faster conduction velocities across the lesion site in the OEC treated 

group versus controls. Imaizumi and coworkers also examined re-myelination following 

bilateral dorsal column transection of the spinal cord (Imaizumi et al., 2000b). While the 

authors observed only modest regeneration, both with Schwann cell and OEC-treated 

groups, conduction velocity across the lesion site was increased versus controls. In fact, 

the authors report faster than normal conduction, which they ascribe to preferential 

myelination of large, and fast conducting axons. 

It has been suggested that endogenous Schwann cells, not OECs, infiltrating from the 

periphery are responsible for re-myelination in the above studies (Boyd et al., 2004; 

Takami et al., 2002). Schwann cell infiltration has been reported by other groups as well 

following OEC transplantation (Ramer et al., 2004a; Ruitenberg et al., 2003). Two 

studies, one by the Franklin and Barnett group and one by the Kocsis group, strongly 

suggest that at least some of the re-myelination is performed by OECs. In the Franklin 

and Barnett group's study (Smith et al., 2002), canine OECs were xenotransplanted into 
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rat focal de-myelinated lesions. In nude or immunosuppressed rats, the canine OECs 

were able to mediate re-myelination while non-immunosuppressed animals receiving 

OECs were not re-myelinated. It is possible to infer from these findings that OECs are 

directly responsible for re-myelination. However, there remains the possiblility that 

OECs must be present in order for Schwann cells to integrate with the host cord - a 

possibility that cannot be discounted by the Smith et al. study. The Kocsis group recently 

published a paper to more directly tackle this issue (Sasaki et al., 2004). In this study, 

Sasaki and coworkers transplanted OECs from GFP rats into a transected dorsal column 

lesion similar to an earlier study (Imaizumi et al., 2000b). By electron microscopy, the 

authors identified GFP-positive and GFP-negative cells myelinating axons in the lesion 

site accompanied by some behavioural recovery assessed by the Basso Beatie and 

Bresnahan open field test. Sasaki and coworkers suggest that OECs and host Schwann 

cells share the duty of re-myelinating the spinal cord. In the Boyd et al. study, the 

authors also used genetically labelled OECs and EM microscopy to examine the source 

of re-myelination (Boyd et al., 2004). They did not find Lac-Z-positive OECs actively 

myelinating axons or even OECs directly contacting axons. As such, the authors 

concluded that all of the re-myelination was due to host Schwann cells. These contrary 

results may be due to culture conditions, the age of the donor animal and the lesion 

paradigm. In the Boyd study, they used a spinal cord compression injury (Fehlings and 

Tator, 1995) and the OECs were obtained from embryonic rats and cultured long-term 

(Boyd et a l , 2004) while Sasaki and coworkers used adult rat OECs without culturing 

into a dorsal column transection injury (Sasaki et al., 2004). Regardless of the cell type 

or whether the effect is primary, secondary or both, all groups agree that OEC 

transplantation is coincident with re-myelination following spinal cord injury. 

In summary, OECs are a promising candidate cell for transplantation to treat neural 

injury. Data from animal models suggest that OECs can, at least to a limited degree, 

translate their ability to promote ORN axon growth into promoting regeneration in other 

systems. Also, there is strong data to suggest that they possess the latent ability to 

myelinate when interacting with appropriate diameter axons, thus expanding their 

potential application to treating demyelinating disorders such as multiple sclerosis. More 
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work will need to be done to bridge the current research, however promising, to lesion 

paradigms and model systems that more closely mimic human neuronal dysfunction. 
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1.3 Thesis Rationale 

At the start of this thesis (September 1999), there were many outstanding issues to be 

addressed in the olfactory ensheathing cell field. One such issue was the anatomical 

delineation between OECs derived from the nerve fibre layer of the OB, OB-OECs and 

the OECs derived from lamina propria of the periphery, LP-OECs. By following the two 

populations developmentally (see section 1.2.2), it would make sense that they are very 

similar, if not identical since they are both derived from the same tissue, the olfactory 

placode (Chuah and Au, 1991; Doucette, 1989; Farbman and Squinto, 1985; Marin-

Padilla and Amieva, 1989). But then again, so too are ORNs, sustentacular cells and 

LHRH neurons (Schwanzel-Fukuda and Pfaff, 1989) - a fairly disparate cell population. 

It is possible that there are subtypes of OECs along the olfactory neuraxis; their function 

and phenotype varying depending on where they are along the length of the ORN axon. 

There is evidence that such a situation exists within the nerve fibre layer itself. 

Heterogeneity in the OEC population between inner and outer layers of the NFL has been 

reported with respect to antigenicity and degree of ORN bundling by OECs (Au et al., 

2002). Could there be differences between the OECs found on the periphery versus the 

ones found along the nerve fibre layer? From a clinical aspect, this question is also 

relevant since OECs from the lamina propria are far more accessible for autologous 

transplantation strategies. 

Another issue in the field is, mechanistically, how do OECs mediate axon growth? There 

have been a number of studies examining the presence of various factors that could 

contribute to OEC function (see section 1.2.3). However, the presence of a factor does 

not demonstrate function and there is little evidence correlating the presence of say, a 

neurotrophic factor and said factor's relative contribution to OEC-mediated axon growth. 

It can be said that, to date, the ability of OECs to (A) provide a permissive and promotive 

environment for ORN axon growth and (B) mediate axon growth in other systems such as 

SCI is not well understood. It can only be assumed that the ability to do (A) is related to 

OEC ability to do (B) but there is no definitive evidence to show that that is the case. 
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The need to understand OEC function is necessary to more effectively use this cell type 

in therapies to treat neuronal dysfunction. In light of clinical trials currently underway to 

treat SCI and amyotropic lateral sclerosis with OECs, it is incumbent upon the field to 

understand how OECs work. That way we can assess what useful aspects OECs can 

provide, and perhaps just as importantly, what potential negative effects can arise. 

1.4 Thesis Objectives 

My attempt to address these two issues form the basis of this PhD thesis and can be 

summarized by the following objectives and aims: 

Objective 1; Characterization and Purification of Lamina Propria-

Derived Olfactory Ensheathing Cells 

STATEMENT: OECs from the lamina propria can be directly compared with 

OECs from the olfactory bulb to determine the similarities and differences between 

the two cell populations. The comparison will help characterize a poorly 

understood cell type and be informative about OECs and how they relate to other 

glial cell types. 

• Examine the antigenic profile of olfactory ensheathing cells residing in the 

nerve fibre layer and lamina propria in vivo 

• Culture and purify olfactory ensheathing cells from the lamina propria, 

LP-OECs 

• Examine the antigenic profile of cultured LP-OECs and compare with 

what has been reported in the literature about bulb-derived OECs in vitro 

• Examine the expansion characteristics of LP-OECs 

• Describe differences between LP-OECs and OB-OECs 
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Objective 2: The Neurotrophic Properties of Olfactory Ensheathing 

Cells in an In Vitro Assay for Neurite Outgrowth 

HYPOTHESIS: Secreted factors generated by LP-OECs will promote neurite 

outgrowth. As the LP-OECs senesce, their combination of secreted factors will be 

less effective, thereby allowing for a comparison of conditioned media from fresh 

and senescent cells to identify individual factors responsible for the biological 

activity. 

• Establish an assay system to quantify neurite outgrowth 

• Examine the effect of LP-OECs on the outgrowth assay 

• Establish different culture conditions whereby OEC-mediated neurite 

outgrowth is differentially effective 

• Use the different culture conditions as a means to isolate candidate factors 

that may be responsible for OEC-mediate neurite outgrowth 

Objective 3: The Identification and Functional Validation of the 

Candidate Factor 

HYPOTHESIS #1: Conditioned media samples with different biological activities 

can be analysed using ICAT proteomics to determine the identity of constituent 

proteins as well as their relative quantity. By correlating activity with the results of 

the ICAT dataset and a priori data on the proteins detected, a shortlist of candidate 

factors can be assembled. 

HYPOTHESIS #2: Candidate factors can be tested individually using the same 

neurite outgrowth assay and their relative contribution to the conditioned media as 

a whole can be determined using function-blocking reagents. 
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Employ isotope-coded affinity tagged (ICAT) proteomics to determine the 

protein constituents and their relative quantities of the differentially 

bioactive OEC samples 

Identify candidate factors from the ICAT results based on relative 

quantity, abundance and a priori data 

Confirm the presence of the candidate factor identified by the ICAT run 

Test the bioactivity of the candidate factor by adding the factor to the 

assay and also carry out function-blocking antibody studies 

Identify the cellular target of the candidate factor - is the promotion of 

neurite outgrowth a direct or indirect effect? 
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olfactory bulb 

olfactory turbinates 

nasal cavity 

cartilage 

olfactory epithelium 
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axon/nerve bundle 

FIGURE 1.1 
Neuroanatomy of the Primary Olfactory System to the Histology of the Olfactory Mucosa 
(A) Mid-sagittal view of mouse head depicting the primary olfactory system. Olfactory turbi­
nates in green and olfactory bulb in pink. (B) Cut away of one olfactory turbinate exposing 
layers of soft tissue overlying cartilage. Olfactory epithelium in green, underlying lamina 
propria in orange and cartilage in blue. 
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FIGURE 1.2 
Various Cell Types of the Olfactory Epithelium and Lamina Propria 
Diagram depicts various cell types found in the olfactory epithelium (OE) and lamina propria 
(LP). Basal cells (horizontal basal cell, pink; globase basal cell, red) give rise to neuronal pro­
genitors. Progenitors differentiate into immature neurons (light purple) that mature into olfactory 
receptor neurons, ORNs (dark purple). Sustentacular cells (blue) span the height of the olfactory 
epithelium. ORN axons are ensheathed by olfactory ensheathing cells (green) once they enter 
the lamina propria through the basement membrane. 
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OB olfactory bulb 
Gl glomerulus 
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NB nerve bundle 
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ORN olfactory receptor neuron 
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NC nasal cavity 

OEC ensheathment 

FIGURE 1.3 
Olfactory Ensheathing Cells are Found Throughout the Olfactory Neuraxis 
Olfactory ensheathing cells (OECs) ensheathe the olfactory nerve from the basement membrane 
(BM of the olfactory epithelium (OE) all the way through to the glomerular layer (Gl) of the 
olfactory bulb (OB). Ensheathement depicted in red with dashed lines. Modified from Au and 
Roskams (2003) Glia 41(3):224-236. 
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FIGURE 1.4 
Bulbectomy Lesion Model and its Effect on the Olfactory Epithelium 
Diagram depicting a unilateral bulbectomy. Unlesioned bulb is on the left, lesioned bulb is on 
the right marked with a red " X " . The removal of the olfactory bulb causes a distal deafferenta-
tion of all ORNs that have reached the nerve fibre layer of the olfactory bulb. Due to injury 
ORNs synchronously degenerate and die as shown in the olfactory epithelium on the right. 
Concurrently, neural progenitors (green) are mobilized to divide and replace the dying ORNs. 
Modified from Calof et al (1996) Ciba Foundation Symposium 196: 188-205. 
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FIGURE 1.5 
Circuit Diagram of Olfactory Receptor Neuron Target Specificity to Glomerular Target 
Olfactory receptor neurons expressing the same odourant receptor have the same colour. They 
all specifically target to the same glomerulus of the corresponding colour. Modified from 
Shipley, M.T., Puche, A.C., and Ennis, M. (2003) The olfactory system. In The Rat Nervous 
System. George Paxinos Ed., Academic press, NY). 
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FIGURE 1.6 
Migration of the Migratory Mass over the Telencephalon to Form the Olfactory Nerve 
Fibre Layer 
Three stages of early olfactory bulb (OB) development are shown. The left column is a sagittal 
view and the right column is a diagram showing the cell layers of the OB found within the rect­
angular box on the left. (A) Radial glia form the basal lamina of the glia limitans (red dashed 
lines) in the rostral cerebral vesicle (mouse embryonic day 12). (B) The migratory mass made of 
ORN axons and OECs (in green) moves over the surface of the cerebral vesicle and partially 
breaks down the glia limitans (mouse embryonic day 15). (C) New glia limitans is formed by 
OECs of the nerve fibre layer (ONL) (E 18-perinatal). Abbreviations: MZ = marginal zone; VZ 
= ventricular zone; ONL = olfactory nerve fibre layer (migratory mass becomes of the olfactory 
nerve fibre layer); SVZ = subventricular zone. Modified from Doucette (1990) Glia 3(6): 433-



FIGURE 1.7 
The Olfactory Nerve Fibre Layer of the Olfactory Bulb 
A schematic diagram of the olfactory nerve fibre layer showing the various constituent cell 
types. Three olfactory rootlets (ORN axon bundles merge to form rootlets prior to passing 
through the cribriform plate) are shown merging with the olfactory nerve fibre layer (ONL). 
Note the fusion of the basal lamina covering the olfactory rootlet (green) is continous with the 
basal lamina of the glia limitans of the olfactory bulb (red). Abbreviations: SAS = subarachnoid 
space; As = astrocyte; R = olfactory rootlet; LM = leptomeningeal cell; D= dura mater. Modi­
fied from Doucette (1991) The Journal of Comparative Neurology 312(3): 451-466. 
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FIGURE 1.8 
Eph Receptor - ephrin Ligand Binding Specifities 
Generally, EphA receptors bind ephrin-A ligands and EphB receptors bind ephrin-B ligands. The 
exceptions are: EphAl is specific to ephrin-A 1, EphA4 can also bind ephrin-B2 and ephrin-B3 
and the ligand for EphB5 is unknown. From O'Leary and Wilkinson (1999) Current Opinion in 
Neurobiology 9(1): 65-73. 
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TABLE 1.1 Expression of Growth-Promoting Molecules by OECs 

OEC factors NFL LP in vitro species reference(s) 

growth factors 

NGF nd + + rat Roskams et al, 1996; Woodhall et al, 2001 
BDNF + nd + rat Woodhall et al, 2001; Boruch et al, 2001; Lipson et al, 2003 
FGF-1 + + nd rat Key etal, 1996 
FGF-2 + + + rat Chuah and Teague, 1999; Matsuyama et al, 1992 
FGFR-1 + + + rat Chuah and Teague, 1999; Hsu et al, 2001 
PDGF + nd - rat Sasahar et al, 1992; Kott et al, 1994 
HGF nd + nd rat Thewke and Seeds, 1996 
ECM 

Julliard and Hartmann, 1998; Kafitz and Greer, 1998; 
laminin + + + rat Ramon-Cueto and Nieto-Sampedro, 1992 
collagen IV + + nd rat Julliard and Hartmann, 1998 
fibronectin + + nd rat Julliard and Hartmann, 1998 
CAMs 

LI + + + rat Miragall et al, 1989; Ramon-Cueto and Nieto-Sampedro, 1992 
N C A M + - + rat Miragall et al, 1989; Franceschini and Barnett, 1996 
PSA-NCAM + nd + rat Miragall et al, 1989; Kumar et al, 2005 

+ = present, nd = not described, - = not present 
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Chapter 2: Materials and Methods 

2.1 Animals Used in Experiments 

LP-OECs were cultured from postnatal day 5 mice, predominantly outbred CD-I strain. 

The exceptions were the green fluorescence protein-expressing LP-OECs used for spinal 

cord transplantation (strain: C57/black6 x SVJ/ICR) and SPARC null mice (kind gift 

from Dr. E Helene Sage) for generating SPARC null conditioned media (strain: 

C57/black6). Al l DRG explants were cultured from E13.5 CD-I mouse embryos. 

Bulbectomy experiments were performed on male CD-I mice 8-10 weeks old. Al l 

animal housing and experimental protocols were approved by the University of British 

Columbia Committee on Animal Care. 

2.2 Culturing Lamina Propria-Derived Olfactory Ensheathing Cells 

A detailed protocol for the culture of OECs from neonatal mouse lamina propria can be 

found in Au and Roskams (2002). The following is a brief description of the procedure. 

Postnatal day 5 mouse pups are decapitated and their heads are split in the mid-sagittal 

plane. Using a pair of curved number 7 forceps, the olfactory mucosa and underlying 

cartilaginous turbinates are dissected out and transferred into DMEM (Dulbecco's 

modified Eagle's medium, Gibco, Burlington ON). The tissue is chopped into fine pieces 

with a razor blade, transferred into a 50 ml conical tube and spun at 120xg for 10 minutes 

at room temperature. The supernatant is removed, 3 ml of fresh DMEM is added and the 

tissue is triturated with a PI 000 pipet tip (enlarged by cutting last 5 mm off the end). The 

resulting slurry is spun again at 230xg for 5 minutes. A digestion mix containing dispase 

I (Roche, Baie D'Urfe QC), collagenase D (Sigma, St Louis MO), hyaluronidase (Sigma) 

DNAse (Invitrogen, Burlington ON) and bovine serum albumin (Sigma) is added to the 
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tissue pellet. The pellet is resuspended and incubated in digestion mix for 60 minutes at 

37°C. The tissue is triturated with a serum-coated glass Pasteur pipet and passed through 

a 40um nitex filter (Becton-Dickenson, Mississauga ON). The cells are spun down at 

230xg for 5 minutes and plated in MEM-d-valine (minimal essential medium 

supplemented with d- instead of 1-valine, US Biological, Swampscott MA). For the next 

two passages, the cells are purified by complement-mediated lysis using an anti-Thyl.l 

hybridoma antibody (American Type Culture Collection, Manassas VA). Briefly, the 

complement (rabbit complement, Sigma) and anti-Thyl.l are added to the cell pellet after 

trypsinization and incubated for 30 minutes at 37°C. The cells are then re-plated at 5600 

cells/cm2. 

2.3 Immunohistochemistry and Immunocytochemistry 

Mice were anesthetized, cardially perfused, their heads were carefully dissected of skin, 

lower jaw, teeth and muscle. The dissected head was cryoprotected by stepwise 

increasing concentrations of sucrose in PBS (10% then 30%) and then embedded in 

Tissue Tek (Sakura Finetek, Torrance CA) and the olfactory mucosa and olfactory bulb 

were sectioned between 8 and 14 um using a HM500 OM cryostat (Microm International 

GmbH, Walldorf Germany). Tissue sections were mounted onto charged Superfrost Plus 

glass slides (Fisher, Edmonton AB) and stored at -20°C in a non-frostfree freez6er. 

LP-OECs were grown in Lab-Tek 4 chambered glass slides (Nalge Nunc, Naperville IL) 

at 37°C in 5% CO2. When they achieved the appropriate density, the cells were fixed in 

4% paraformaldehye (Fisher) in PBS and washed twice with PBS for 5 minutes each. 

They were then stored at 4°C in 0.05% azide (Sigma) in PBS sealed with Parafilm 

(Pecheney, Menasha WI). 

2.3.1 Immunofluorescence 
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Tissue sections (of OE and OB) were first thawed on a slide warmer (Lab-Line 

Instruments Inc., Melrose Park IL) at a setting of 3 for 10 minutes and post-fixed in 4% 

paraformaldehyde in PBS for 10 minutes. This was followed by 2 PBS washes for five 

minutes each and permeablization in 0.1% triton X-100 (Sigma) in PBS for 30 minutes. 

Two more rinses with PBS follow and the sections are then blocked in 4% normal serum 

in PBS for 20 minutes. Following block, the tissue is incubated with primary antibody 

(see table 2.1) in 2% normal serum in PBS at 4°C for 12 to 16 hours. Then the sections 

are washed twice with PBS and incubated with secondary antibody (see table 2.2) in 2% 

normal serum in PBS for 1 hour at room temperature. Two more washes with PBS 

follow and then the sections coverslipped with Vectashield (Vector Laboratories, 

Burlingame CA) before viewing. Images were captured using a Retiga 1.3 megapixel 

CCD camera (Qlmaging, Burnaby BC) mounted to an Axioplan2 Imaging microscope 

(Zeiss, Jena Germany) using Northern Eclipse 6.0 imaging software (EMPIX Imaging 

Inc., Mississauga ON). 

2.3.2 Immunochemistry developed with VIP 

The procedure is identical to immunofluoresence up to the primary incubation step. After 

incubation with primary antibody, the sections are washed twice with PBS and incubated 

with biotinylated secondary antibody in 2% normal serum in PBS for 30 minutes at room 

temperature. The sections are then washed twice in PBS, blocked with 0.5% hydrogen 

peroxide (Sigma) in PBS followed by another 5-minute wash with PBS. They are then 

conjugated to avidin using the Vectastain ABC kit (Vector Laboratories) for 30 minutes 

at room temperature. Two more washes with PBS follow and then the sections are 

developed with VIP (Vector Laboratories). Developing is stopped by a 10-minute wash 

in ddF^O and the sections are coverslipped in Aqua Poly/Mount (Polysciences Inc., 

Warrington PA). Imaging is the same as in section 2.3.1. 
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2.3.3 DAPI 

For some sections, DAPI (Sigma) was used to label nuclei. The sections were incubated 

in DAPI at a concentration of 0.5 ng/ml for 5 minutes at room temperature. This was 

done after the two PBS washes that follow the secondary incubation. After DAPI, the 

sections are washed twice more with PBS before coverslipping with Vectashield. 

2.4 Neurite Outgrowth Assay 

To set up timed pregnancies, female mice were checked each morning for the presence of 

a vaginal plug. The time the plug was detected was deemed E0.5. At E13.5, the dame 

was anesthetized with xylaket (25% ketamine (Biomeda-MTC, Cambridge ON) and 

12.5% xylazine (Bayer Inc., Toronto ON), and tested for nociception by pinching the tip 

of the tail and the toes using forceps. Once the dame was unresponsive, a horizontal 

incision was made along the abdomen and the uterus was isolated. The embryos were 

freed from the uterus and the amniotic sac under a Stemi DV4 dissecting microscope 

(Zeiss) using 5/45 forceps (Fine Science Tools, North Vancouver BC). The DRGs were 

dissected from the embryos using the methods described in Banker and Goslin, (1998). 

The six largest lumbar DRGs are cleaned of spinal and peripheral rootlets and plated onto 

15 mm circular glass coverslips pre-coated with poly-L-lysine (50 fxg/ml, Sigma) and 

laminin (Chemicon, Temecula CA). The coverslips are placed in wells of a 24 well plate 

with 225 uL of media in each well. The media was a DMEM base supplemented with 

1% penicillin/streptomycin (Gibco, Hamilton ON), 2 mM 1-glutamine (Sigma), 1.5 g/L 

D-glucose (Sigma), 1% FBS (Gibco) and 1.5 ng/ml recombinant human NGF (gift from 

Regeneron, Vancouver BC). The explants were grown for 48 hours at 37°C in 5% CO2 

and then fixed in 4% paraformaldehyde in PBS for 10 minutes, washed twice with PBS 

and stored in 0.05% azide in PBS at 4°C. 

50 



2.4.1 Variations on the Basic Neurite Outgrowth Assay 

In order to test different aspects of LP-OEC mediated neurite outgrowth, modifications 

were made to the outgrowth assay for different experiments. These modifications are 

outlined below: 

2.4.1.1 LP-OEC Co-Culture 

LP-OECs were plated on poly-L-lysine and laminin coated coverslips at a density of 15 

000 cells/cm2 the day before the assay. They were grown in DMEM with 1% FBS. On 

the day of the assay, the media was switched to that described in section 2.5 before the 

explant was added directly on top of the LP-OEC monolayer. 

2.4.1.2 LP-OEC Conditioned Media Added to the Outgrowth Assay 

Conditioned media was added to the baseline media at various concentrations normalized 

to the number of cells generating the media (see section 2.6.1). The explants were plated 

into the conditioned media-supplemented media for the entire duration of the assay. 

2.4.1.3 SPARC and SPARC Function-Blocking Antibodies 

As with conditioned media, SPARC was added to baseline media and the explants were 

grown in the SPARC-supplemented media for the duration of the assay. For the 

function-blocking antibody studies, a twenty molar excess of function-blocking antibody 

was added to SPARC in 200 uL of DMEM. The mixture was incubated on a rocker 

platform at 4°C for 1 hour and then added to the baseline media for assay with explants. 
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2.4.1.4 Antimitotic Regimen to Remove Dividing Cells 

Explants were plated in media supplemented with 10 uM cytosine arabinoside (Sigma) 

and grown for 48 hours. The media was removed and the explants were gently rinsed 

with DMEM to wash off any remaining AraC. New media was then added without AraC 

and the explants were grown with or without SPARC for 48 hours prior to fixing. 

2.4.1.5 Inhibitor Studies 

The MAPK inhibitor PD 98059 (Calbiochem, San Diego CA) was added to the media at 

a concentration of 100 uM and the pan trk inhibitor k252a (Biosource, Camarillo CA) 

was added at 100 nM. The explants were grown in the presence of the inhibitor for the 

entire duration of the assay. 

2.4.2 Canvassing and Montaging the Neurite Outgrowth Assay 

Fixed explants were processed for analysis by immunofluoresence using neurofilament 

heavy chain antibody (see section 2.3.1). The only difference was the explants were 

transferred from step to step by inverting them onto 80uL droplets on Parafilm. 200x z-

stacked images of the explant were captured using the equipment described in section 

2.3.1. Each z-stack was 100 nm and 10 steps were captured per image. The steps were 

combined using an X - Y maximum intensity algorithm. The entire explant was canvassed 

in this fashion and then pieced together as separate layers using Photoshop 7.0 (Adobe, 

San Jose CA). 
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2.4.3 Quantifying Neurite Outgrowth 

The outgrowth was quantified using four different methods, the primary method being 

skeletonization (section 2.4.3.1) to quantifiy total outgrowth. The other method 

commonly used was average neurite carpet radius (section 2.4.3.2). Measuring axon 

carpet surface area (section 2.4.3.3) and total neurite signal (2.4.3.4) were used primarily 

as a basis for comparison. Carpet surface area was also used to determine DAPI nuclei 

density. 

2.4.3.1 Skeletonization to Determine Total Neurite Length 

Canvassed and montaged images were processed using Northern Eclipse running the 

macro "Neurobinary". Neurobinary reduces the image, originally an 8-bit grayscale 

image to a purely black and white image after user-specified thresholding. The ganglion 

is omitted from analysis and the image is skeletonized by comparing each pixel to its 8 

neighbours and eliminating them one by one until the continuous signal is reduced to one 

pixel width. Al l of the pixels above a user-defined threshold of 25 pixels are counted and 

in this way, the number of pixels correlates with the total neurite outgrowth. 

2.4.3.2 Average Neurite Carpet Radius 

The montaged DRG was processed using Northern Eclipse running the macro 

"Neuroquant". In this macro, the user defines the centre of the ganglion and then outlines 

the outer edge of the explant. A series of equidistant points are laid along the outline and 

the computer measures the distance from the centre of the ganglion to each of the points. 

The distances are averaged to produce an average outer radius (Rl in figure 4.3B). A 

similar analysis is performed outlining the ganglion itself to give the inner radius (R2 in 

figure 4.3B). R2 is subtracted from R l to give the average neurite carpet radius. 
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2.4.3.3 Axon Carpet Surface Area 

The montaged DRG was processed using Photoshop 7.0 (Adobe) to determine axon 

carpet surface area. The magic wand tool was used to select the area surrounding the 

explant and then the selection was inverted to select the entire explant. Using the 

polygon tool, the ganglion was deselected to only select the axon carpet. The total 

number of pixels was determined in the histogram dialog box (see Appendix 2) 

2.4.3.4 Total Neurite Signal 

The same processing used for carpet surface area (see section 2.4.3.3) was used in this 

method. After selecting the carpet, the image was posterized into 4 bins. The top three 

bins were selected in the histogram dialog box to give a measurement in pixels (see 

Appendix 3). 

2.4.4 Error Analysis 

Outgrowth measurements of a given experimental group were pooled, averaged and the 

standard deviation was determined. Error bars were reported as standard error of the 

mean (s.d/vn). Statistical significance was determined using a two-tailed Student's T test 

assuming normal variance. ANOVA was performed using the same parameters. Number 

of replicates for each experimental group can be found in table 2.2. 

2.5 Generating Conditioned Media Libraries 

LP-OECs were cultured as described in Au and Roskams (2002) (see section 2.2). The 

only difference was for passage 2 conditioned media where the primary culture was 

plated in MEM-d-valine containing 5% FBS instead of 10% FBS. For passage 6 LP-

OCM (LP-OEC conditioned media), the culture and purification protocol is the same as 

that described previously (Au and Roskams, 2002). For passage 2 conditioned media, the 
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cells were grown in 5% FBS initially and stepped down to 2.5% FBS two days later. 

When the cells reached confluency, they were passaged and complement lysed and re-

plated in 2.5% FBS. Two days later the cells were stepped down to 1% FBS, passaged, 

complement lysed and re-plated in 1% FBS. Two days later, the cells were switched to 

serum-free DMEM-BS (DMEM Bottenstein-Sato) media which contains: DMEM 

supplemented with 0.5 nM bovine pancreatic insulin, 100 ug/ml human transferrin, 0.2 

nM progesterone, 0.1 nM putrescine, 0.49 nM triiodo-l-thyronine, 0.45 nM 1-thyroxine, 

0.224 nM sodium selenite and 2 mM 1-glutamine (all supplements from Sigma). The 

cells were grown in DMEM-BS for 96 hours prior to harvesting conditioned media. For 

passage 6 LP-OCM, the serum step regimen began at passage 4 when the serum 

concentration was dropped from 10% FBS to 5% FBS two after plating. The regimen is 

then the same as passage 2 conditioned media without the complement lysis during 

passage (see figure 4.7 for a schematic representation). 

2.5.1 Axon Membrane-Stimulated Conditioned Media 

Axon membrane fragments (axolemma) were harvested from 60 mm plates containing 

150 DRG explants each using the method of Salzer and coworkers, (Salzer et al., 1980). 

Briefly, under a dissecting scope the ganglia were excised using a fine scalpel, leaving 

behind neurite carpets. The carpets were scraped off and gently disrupted using a 

Dounce homogenizer (Kontes Glass Co., Vineland NJ). The mixture was centrifuged at 

35 OOOxg for one hour at 4°C in silanized Corex tubes (Corning Glass, Corning NY). The 

resulting pellet was resuspened in 0.1% bovine serum albumin and contained the 

enriched membrane fraction. One 60 mm plate of axolemma was added to the media for 

each T175 (175 cm2 flask) of LP-OECs in DMEM-BS. LP-OCM was then generated as 

per usual. 
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2.5.2 Harvesting and Concentrating Conditioned Media 

LP-OCM was removed from the cells and transferred into 50 ml conical tubes. The tubes 

were spun at 280xg for 5 minutes at 4°C to remove cellular contaminants. The 

supernatant was carefully removed and added to an Ultrafiltration Cell (Millipore, 

Billerica MA) using a 1 kDa molecular weight cut-off membrane (Millipore). Under 50 

psi N2 pressure, the conditioned media was forced through the membrane, concentrating 

the protein constituents greater than 1 kDa. The concentrate was filtered using a syringe-

driven 0.22 urn filter (Millipore) and stored at -80°C. Concurrently, the LP-OECs that 

generated the conditioned media were trypsinized, counted and stored at -80°C. By 

measuring the volume of the filtrate, the x concentration of the media was determined. 

Each batch of conditioned media was standardized by the number of cells generating 1 ml 

of LP-OCM and the x concentration after ultrafiltration. In this fashion, each batch of 

conditioned media could be directly cross-compared by the number of cells generating 

the media. Arbitrarily, full strength conditioned media was set at 30 000 cells/ml LP-

OCM, 1:2 media would then be 15 000 cells/ml LP-OCM, etc. 

2.6 Recombinant Mouse SPARC and Recombinant Human SPARC 

Recombinant human SPARC was a gift from Dr. E. Helene Sage (University of 

Washington). Details of its production can be found in Bradshaw et al. (Bradshaw et al., 

2000). Recombinant mouse SPARC was generated using the RT-PCR product of 

passage 2 LP-OECs as a template (figure 2.1). The full length mRNA was amplified by 

PCR and confirmed by on-campus DNA sequencing (UBC NAPS unit). Flanking the N -

and C- termini were the restriction sites Hindlll and Xhol respectively and appropriate 

nucleotide overhang for efficient endonuclease digestion. Downstream of the Hindlll 

site, an Ig K-chain leader sequence was added to facilitate secretion (Coloma et al., 1992). 

An extra nucleotide was inserted upstream of Xhol to accommodate the reading frame for 
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C-terminus epitope tags. Upstream of the extra nucleotide was a short glycine hinge 

CCACCAC to minimize steric hindrance from the epitope tags. The insert was 

directionally ligated into a pcDNA-V5/His plasmid using T4 DNA ligase (Roche). The 

vector was transformed into heat-competent DH5a bacteria (Invitrogen) and selected for 

by ampicillin resistance. Clones were selected and sequenced to test for the presence, 

correct orientation and reading frame of the insert. DNA from verified clones were 

purified using a Plasmid Midi Kit (Qiagen, Mississauga ON). 

Plasmids were lipofected into.cos-7 cells using Lipofectamine (Invitrogen) and successful 

transfectants were selected for using 400 u.g/ml neomycin. The cos-7 cells were selected 

for 3 weeks to obtain stable transfectants. Cell lysates and conditioned media were tested 

for the presence of the V5 epitope by Western blotting. Recombinant mouse SPARC 

was purified using Ni-NTA (nickel nitriloacetic acid) agarose resin (Qiagen). 

Concentrated cos-7 conditioned media (by ultrafiltration, see section 2.5.1) was added to 

Ni-NTA resin and incubated for 2 hours at 4°C, washed with low salt tris 

(tris(hydroxymethyl)-aminomethane) buffer (200 mM NaCl), high salt tris buffer (400 

mM NaCl) and eluted with 300 mM imidazole in low salt (100 mM NaCl). The fractions 

were assayed for protein content using a BCA kit (Pierce, Rockford IL) and selected 

fractions were pooled and dialysed in 10% glycerol in PBS for 18 hours at 4°C to remove 

tris. A BCA protein assay was performed after dialysis to quantify the dialysed, sterile 

filtered sample. 

2.7 Lesion Paradigms 

2.7.1 Bulbectomy 
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The unilateral bulbectomy procedure is described in greater detail in Roskams et al. 

(1996). Briefly, an adult CD-I mouse (8-10 weeks old) was anesthetized with xylaket 

(4.5 ml/kg). A 1.4 mm diameter hole was drilled through the skull directly above the 

olfactory bulb and the bulb was ablated by suctioning. The wound was filled with 

Gelfoam (Pharmacia & Upjohn, Kalamazoo MI) and the skin sealed with VetBond (3M, 

Minneapolis MN). Twelve days after the procedure, the mouse was processed for 

sectioning (see section 2.3). 

2.7.2 Rubrospinal Crush and Cell Transplantation 

The details of the rubrospinal crush injury and transplantation of LP-OECs can be found 

in greater detail in Ramer et al. (2004). Briefly, a hemilaminectomy was performed at 

cervical spinal cord section C4 of a 225 g Sprague-Dawley rat host and a crush injury 

was performed on the dorsolateral funiculus using a pair of fine forceps. Immediately 

after injury, 1.5 ui of OEC cell slurry was injected directly into the lesion site, 100 000 

cells in total. The rat was immune suppressed for two days prior and throughout the 

duration of the experiment with cyclosporin A (Novartis Pharmaceuticals, Mississauga 

ON). 7 days after injury the animal was prepared for sectioning. 
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Hind 111 Ig K-chain mTmrn^ Jr i l i \ "M glycine hinge Xho I 

FIGURE 2.1 
Schematic Representation of Recombinant Mouse SPARC Insert and pcDNA Vector 
Flanking the insert are Hind III (green) and Xho 1 (blue) restriction sites with appropriate over­
hangs to facilitate endonuclease digestion. Downstream of the Hind III site is an Ig k-chain 
leader sequence to facilitate secretion (pink). Upstream of the Xho I site are a glycine hinge 
(light blue) and an extra nucleotide (light green) to reduce steric hindrance and maintain the 
proper reading frame respectively. On the C-terminus of recombinant mouse SPARC are a V 5 
epitope and 6xHis tag. pcDNA 3.1/V5-His provides two selection genes, ampicillin resistance 
(orange) and neomycin resistance (purple). To facilitate DNA sequencing of the insert, T7 and 
BGH flank the multiple cloning site. Adapted from the user's manual for pcDNA 3.1/V5-His A, 
B and C from Invitrogen. 
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TABLE 2.1 Antibody Suppliers and Dilutions 

Primary Antibody Supplier Dilution 

(31 integrin Pharmingen 1/500 
CBP 300 Santa Cruz 1/50 
CD44 Pharmingen 1/250 
DAPI Sigma 1/10000 
GAP-43 Chemicon 1/250 
GFAP Diasorin 1/500 
laminin Sigma 1/1000 
N C A M Chemicon 1/500 
nestin Chemicon 1/100 
Neurofilament heavy chain Serotec 1/500 
Notch 3 Santa Cruz 1/100 
04 Chemicon 1/100 
OMP gift (Dr. Frank Margolis) 1/10000 
p200 (type V collagen) gift (Dr. David Carey) 1/500 
p75 Chemicon 1/500 
PACAP Penninsula Laboratories 1/250 
rat-specific p75 Chemicon 1/1000 
sioop Sigma 1/500 
SPARC R&D Systems 1/1000 
thy 1.1 American Type Culture Collection 1/125 
VEGF US Biological 1/250 
vimentin Accurate 1/50 

Secondary Antibody Supplier Dilution 

Alexa 594 (various hosts, specificities) Molecular Probes 1/100 
Alexa 488 (various hosts, specificities) Molecular Probes 1/100 
Biotinylated anti-IgG (various hosts) Vector Laboratories 1/200 
Cascade Blue goat anti-mouse Molecular Probes 1/100 
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TABLE 2.2 Outgrowth Assay Experimental Groups and Replicates 

# Experimental 
Experiment Groups Total Replicates 
NGF controls 
NGF baseline 8 34 
NGF + heat denatured LP-OCM 3 9 
NGF + Ab236 3 10 
NGF + Ab255 3 13 
NGF + AraC 3 16 
NGF + PD 98059 3 18 
NGF + K252a 3 18 
LP-OEC co-culture 4 22 
P2 LP-OCM 
lx 4 15 
0.5x 4 14 
0.25x 4 16 
0.1 x 3 12 
0.05x 3 10 
0.025x 3 10 
lx +Ab255 3 13 
P6-LPOCM 
lx 4 13 
0.5x 4 12 
0.25x 4 14 
lx + Ab255 3 13 
SPARC null LP-OCM lx 3 16 
rhSPARC 
1 ng/ml 3 16 
2.5 ng/ml 3 15 
5 ng/ml 5 25 
10 ng/ml 3 18 
5ng/ml + Ab236 3 14 
rmSPARC 
1 ng/ml 3 14 
2.5 ng/ml 3 16 
5 ng/ml 3 17 
10 ng/ml 3 15 
5 ng/ml + Ab 255 3 15 

Total: 463 
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Chapter 3: Purification and Characterization of Olfactory 

Ensheathing Cells In Vivo and In Vitro 

Note: The majority of Chapter 3 was published as Au and Roskams (2003) Glia 41(3): 

224-236 with the following additions and modifications: It has been formatted to match 

the style of the thesis, the Introduction has been revised, expanded and updated and the 

Materials and Methods section has been integrated into Chapter 2. 

3.1 Introduction 

3.1.1 Background 

OECs reside within the two main regions of the primary olfactory neuraxis: the lamina 

propria (LP) in the periphery and along the olfactory nerve fibre layer (NFL) of the 

olfactory bulb centrally (Figure 1.3). OECs of the lamina propria ensheathe ORN axons 

as they exit the olfactory epithelium through the basal lamina, fasciculating them into 

nerve bundles (Doucette, 1990). OECs also secrete the extracellular matrix of the lamina 

propria and its basal lamina (Barnett et al., 1993; Gong and Shipley, 1996; Kafitz and 

Greer, 1998; L i et al., 1997; L i et al., 1998; Raisman, 2001; Treloar et al., 1996). 

Ensheathement of ORN axons stops just short of the ORN synapse at the mitral cell 

glomerulus of the olfactory bulb. In this context, OECs are the only glial population that 

can continuously ensheathe axons from the periphery into the central nervous system (see 

figure 1.3 and 1.6; section 1.2.2). 

To deal with their dynamic environment, OECs possess characteristics that are both 

peripheral (Schwann cell-like) and central (astrocyte-like) (Li et a l , 1997; Li et al., 1998; 

Raisman, 2001) (see section 1.2.5). OECs also express developmentally regulated 
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proteins normally found in immature or progenitor cell populations, such as nestin, 

vimentin and PSA-NCAM, throughout adulthood (Imaizumi et al., 2000b; Imaizumi et 

al., 1998). 

Because of their versatility, OECs have been transplanted into lesioned areas of the 

nervous system and can promote the regeneration of PNS and CNS axons in vivo 

(reviewed in Bartolomei and Greer, 2000) (see section 1.2.6.1). While OECs do not 

normally myelinate ORN axons, they can myelinate axons in a demyelinating lesion, 

restoring near-normal conduction properties (Barnett et al., 1993; Farbman and Margolis, 

1980; Yan and Johnson, 1988) (see section 1.2.6.2). OECs used in these transplantation 

paradigms, for the most part, have been derived from the olfactory bulb, a structure that is 

surgically inaccessible in a live rodent or human as a source of cells for 

autotransplantation (Barber and Lindsay, 1982). As an alternative, OECs of the olfactory 

mucosa are more accessible and less invasive in both rodent and human. Here, we 

provide a simple method for purifying and characterizing OECs from the olfactory 

mucosa. In so doing, we have expanded the developmental characterization of OECs, and 

reveal additional gene expression patterns that may yield insight into the remarkable 

degree of plasticity they exhibit. 

3.1.2 Review of OEC Culture Approaches by Other Groups 

There are a number of methods employed by different groups to culture and study OEC 

function. The age of donor, source of tissue, rat strain, purification process, and 

expansion regimen are unique to each method and there has yet to be a consensus as to 

which method is best. An examination of the OEC literature reveals that this 

confounding issue has not been scrutinized and reviewed to any great detail. In the 

context of this results section (introducing yet another new method for culturing and 

purifying OECs) it is appropriate to summarize the main methods of OEC culture and the 

experimental context in which they have been employed. 
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3.1.2.1 The Chuah Method 

At about the same time, three groups began to prospectively culture and purify OECs, all 

of them from the nerve fibre layer of the olfactory bulb. The Chuah group obtained 

OECs from neonate rat olfactory bulbs by careful dissection of the nerve fibre layer 

followed by enzymatic digestion in trypsin and collagenase (Chuah and Au, 1993). The 

cells were initially maintained in DMEM (Dulbecco's modified Eagle's medium) with 

10% fetal bovine serum (FBS), MEM (minimal essential medium) vitamin supplement 

and penicillin/streptomycin. Originally, the group removed fibroblast contaminants by 

treatment with cytosine arabinoside (AraC) and immunoadsorption to anti-Thy 1.1-coated 

plates. More recently, the protocol has been modified so that OECs, which the authors 

claim are less adherent than fibroblasts, are detached earlier by trypsinization during 

passaging. By carefully monitoring the trypsinization procedure, the more adherent 

fibroblasts are left on the plate and the OECs can be preferentially isolated (Chuah and 

Teague, 1999). After the purification regimen, OECs are supplemented with bovine 

pituitary extract (BPE) to enhance proliferation (Chuah and Au, 1993). The Chuah group 

has mainly used their OECs for in vitro studies (for example: Chuah et a l , 2000; Chuah 

and Teague, 1999; Liu et al., 1995). To date they have published one transplantation 

study directly comparing OECs and encapsulated OECs in a spinal cord injury model 

(Chuah et al., 2004). A modified version of this protocol is employed by the Kocsis 

group for their transplantation studies (see section 1.2.6.2). Instead of enzymatic 

digestion, however, the group cuts the dissected nerve fibre layer into small chunks and 

triturates them into a cell slurry to be used immediately for transplantation. 

3.1.2.2 The Doucette Method 

Dr. Ronald Doucette obtained OECs from Theiler stage 23 rat embryos (rat embryonic 

day 18). At this stage, the nerve fibre layer is not firmly attached to the telencephalon 

(developing olfactory bulb) and can be peeled off of it (Devon and Doucette, 1992). By 

electron microscopy, the authors claim that astrocytes and Schwann cell contaminants are 
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not present at this stage. The dissected tissue is dissociated through a 75u.m mesh and 

plated onto tissue culture plastic in DMEM/F12 (DMEM in a 1:1 ratio with Ham's F12 

medium) with 10% FBS (Smale et al., 1996). The Doucette group has used this 

preparation for studying OEC-mediated myelination of dorsal root ganglion neurites 

(Devon and Doucette, 1992; Devon and Doucette, 1995) and in transplantation studies 

into the brain (Smale et al, 1996) and the injured spinal cord (Boyd et al., 2004). A 

similar approach was used in an OEC in vitro study by Dr. Charles Greer except that the 

rats used were embryonic day 15 instead of 18 (Kafitz and Greer, 1998; Kafitz and Greer, 

1999) (see section 4.1.1 for more details). 

3.1.2.3 The Ramon-Cueto Method 

The Ramon-Cueto group obtained OECs from adult rat olfactory bulbs. The nerve fibre 

layer was dissected and the tissue was minced and digested in trypsin. In their original 

characterization paper (Ramon-Cueto and Nieto-Sampedro, 1992), the authors noted 

fusiform (fibroblast) and 'fried-egg' (macrophage) shaped cell contaminants. The cells 

are maintained in DMEM with 10% FBS on poly-L-lysine coated tissue culture plastic. 

After the cells achieved confluency, they are a trypsinized in step similar to Chuah 

(Chuah and Teague, 1999) where the fried-egg shaped macrophages were left behind. 

Transfer of the cells to a poly-L-lysine coated glass slide prevented fusiform-shaped 

fibroblasts from adhering leaving only OECs behind. This observation is at odds with 

another OEC characterization paper by Nash and coworkers which found fibroblast 

contaminants were preferentially adherent even to uncoated glass slides (Nash et al., 

2001). 

This original protocol but without the purification step is the method used by the Raisman 

group. Their description of p75 and fibronectin positive populations (Li et al., 1998) in 

their culture is consistent with Ramon-Cueto and Nieto-Sampedro's original observations 

(Ramon-Cueto and Nieto-Sampedro, 1992). Although it is not explicitly stated in the 

earlier studies (Li et al., 1997; Li et al., 1998), the Raisman group does not passage the 
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OECs until just prior to transplantation approximately two weeks after primary culture. 

At this point, the cells are reported to be extremely confluent, approximately 20u,m thick 

(Li et al., 2003b) before being scraped off the flask with a cell scraper, ready for 

transplantation. Also, without the purification step, it stands to reason that the ED-1 

positive macrophage contaminants reported by Ramon-Cueto and Nieto-Sampedro are 

still present in the Raisman OEC cultures. There was a recent report of macrophage-

mediated axon growth via galectin-1 activation (Horie et al., 2004) and it is possible that 

this macrophage population could be contributing the remarkable degree of regeneration 

reported by the Raisman group (see section 1.2.6.1). 

Since the original characterization paper, the Ramon-Cueto group has changed their 

purification procedure. Now the cells are immunopanned twice with anti-p75 antibody 

(clone Igl92) and the maintenance medium is supplemented with bovine pituitary extract 

(Ramon-Cueto and Nieto-Sampedro, 1994). Many groups employ the Ramon-Cueto and 

Nieto-Sampedro newer method of purifying OECs (for example, recently: Gomez et al., 

2003; Ruitenberg et al., 2005; Sasaki et al., 2004) including the Bunge group (see section 

1.2.6.2.2) who additionally supplements their OECs with forskolin (Ramon-Cueto and 

Avila, 1998). In fact, it can be argued that this is the most common method for OEC 

transplantation to mediate spinal cord regeneration, with the exception of re-myelination 

studies. 

3.1.2.4 The Barnett Method 

The Barnett group employed fluorescence activated cell sorting (FACS) to select for 04-

positive, GalC-negative cells from whole olfactory bulbs of neonate rats (Barnett et al., 

1993). The cells are grown in serum-free media DMEM-BS (modified DMEM with 

Bottenstein-Sato supplements (Bottenstein et al., 1979)) supplemented at 20% with 

astrocyte conditioned medium (astrocytes were also grown in DMEM-BS). Later, the 

group developed a clonal temperature-sensitive cell line using this method (Barnett and 

Roskams, 2002; Franceschini and Barnett, 1996). Because of the large T antigen driving 
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cell division, the cell line can proliferate efficiently without astrocyte-conditioned media 

(ACM). This cell line has been used by Franklin and coworkers in the original OEC re-

myelination study (Franklin, 2002). Using this purification method, the Barnett group 

has since examined OEC and Schwann cell interaction with astrocytes (Fairless et al., 

2005; Lakatos et al , 2003a; Lakatos et al., 2000) and collaborated with Dr. Robin 

Franklin on a number of transplantation studies examining OEC-mediated re-myelination 

(Franklin et a l , 1996; Lakatos et al., 2003b; Smith et al., 2002; Smith et al., 2001). 

3.1.2.5 The Wigley Method 

Olfactory ensheathing cells have also been cultured from nerve rootlets entering the nerve 

fibre layer (see figure 1.7). The Wigley group obtained OECs from adult rats (Sonigra et 

al., 1996). To obtain rootlets, the OB was dissected out and the meninges removed. The 

rootlets hanging off the bulb surface were isolated, digested in trypsin and plated on poly-

L-lysine and laminin. The cells were maintained in DMEM with 10% FBS. An OEC 

cell line termed RolfBl.T was generated by spontaneous transformation (Sonigra et al., 

1996) using this method. However the Wigley group's subsequent studies have been 

from fresh nerve rootlet OEC cultures (Hayat et al., 2003a; Hayat et al., 2003b; Kumar et 

al., 2005). 

3.1.3 Olfactory Ensheathing Cell Mitogens 

Because of their potential therapeutic value, it has been of interest to several groups to 

find optimal expansion conditions for OECs. The Chuah group demonstrated that bFGF 

was a mitogen for OECs (Chuah and Au, 1993) and they suspect that the active 

ingredient in the bovine pituitary extract used to expand their OECs (see section 3.1.2.1) 

is basic fibroblast growth factor (Chuah and Teague, 1999). Similarly, the Barnett group 

found that neuregulin-1 was an important component in astrocyte conditioned media and 

was a potent mitogen for OECs (Pollock et al., 1999). The two groups also reported that 
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OECs can produce bFGF (Chuah and Teague, 1999) and neuregulin-1 (Thompson et al., 

2000) in vivo and in vitro. OECs are also responsive to forskolin (Alexander et al., 2002; 

Ramon-Cueto and Avila, 1998; Yan et al., 2001a) and Yan and coworkers reported that 

forskolin can synergize with other OEC mitogens such as the neuregulin-1 isoform 

heuregulin pi (HRG(31), platelet-derived growth factor (PDGF) and insulin growth 

factor-1. The Kocsis group reported that hepatocyte growth factor is a potent OEC 

mitogen (Yan et al., 2001b). The Barnett group reported that while astrocyte conditioned 

media promotes OEC proliferation, it did not do so indefinitely. In an attempt to rescue 

the drop-off in proliferation, Alexander and coworkers found that a cocktail of HRG|31, 

forskolin and FGF2 was successful in that regard (Alexander et al., 2002). It was not 

made clear in their study, however, the passaging regimen for the OECs as contact-

mediated inhibition would likely be a factor over the long timescale of their assay. A 

summary of this section can be found in table 3.1. 

It was in the context of previously established approaches for culturing OB-OECs from 

the nerve fibre layer of the olfactory bulb, coupled with their mitogenic response to 

various growth factors, that I began to culture, purify and characterize the ensheathing 

cell population from the lamina propria, LP-OECs. The general approach was to 

compare what had previously been described in OB-OECs with LP-OECs and correlating 

this data both in vivo and in vitro. 
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3.2 Results 

3.2.1 Lamina Propria olfactory ensheathing cells express the same characteristic 

proteins as olfactory bulb-derived ensheathing cells in vivo 

Olfactory ensheathing cells within the lamina propria in vivo have not been directly 

compared, with respect to their antigenicity, to OECs from the bulb. The olfactory 

epithelium and bulb were therefore examined at neonatal postnatal day five (P5 - the 

same time point chosen for in vitro isolation) for the expression of the low affinity nerve 

growth factor receptor/ p75 (Barnett et al., 1993) and olfactory marker protein (OMP), 

which is expressed in mature olfactory receptor neurons (ORNs) (Carey and Stahl, 1990). 

Expression of p75 was detected in processes in both the lamina propria and olfactory 

nerve fibre layer, with no co-localization of p75 in mature ORN axons expressing OMP 

(Figures 3.1 A and 3.IB). Given that p75 could ostensibly be expressed by immature 

ORNs (which do not express OMP), we examined the co-expression of p75 with two 

other OEC markers, the oligodendrocyte lineage marker, 04 and the astrocytic marker, 

glial fibrillary acidic protein (GFAP) (Alexander et al., 2002; Yan et al., 2001a). Both 

p75 and 04 detected immunoreactivity in glial processes surrounding and penetrating 

nerve bundles, and also along the outer layer of the olfactory nerve fibre layer, (NFL; 

Figure 3.1C). Although 04 and GFAP clearly recognized cell processes outside axon 

bundles in the lamina propria, the expression of the two markers overlapped in only some 

instances. Whereas GFAP was mainly in processes surrounding mesaxons (the 

subcompartments of the nerve bundles delineated by OEC processes), thinner 04-

positive cell processes were found chiefly around the outside of whole nerve bundles 

(Figure 3.1C). Both antigens could be detected in glial processes streaming across the 

cribriform plate into the NFL. 04 and the calcium binding protein, SI00(3 displayed 

comparable expression patterns and neither displayed significant overlap of expression 

with GFAP (Figures 3.1C and 3.1D). 
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3.2.2 Lamina Propria-derived olfactory ensheathing cells express the same characteristic 

proteins as bulb-derived ensheathing cells in vitro 

Using the in vivo OEC antigenic profile as a guide to identify cell fractions from the OE 

enriched in OECs, we developed a paradigm to culture OECs from the P5 lamina propria. 

These cells were first examined for retention of expression of the characteristic bulb OEC 

markers examined in vivo. The majority of the cells obtained using this approach 

expressed p75 (Figure 3.2A), SI00(3 (Figure 3.2B) and GFAP (Figure 3.2C). Cells 

expressing each of these antigens were bi- and tripolar Schwann cell-like (S-type) and 

also flat, astrocyte-like (A-type), morphologies previously described in cultured bulb-

derived ensheathing cells (Yan et al., 2001b) (Figure 3.2). Using double 

immunofluorescence, the OECs demonstrated co-expression of 04 and p75 (Figure 

3.2D), vimentin and p75 (Figure 3.2E) and nestin and p75 (Figure 3.2F). At 5 DIV, cells 

within our cultures were also negative for the neuronal marker beta-Ill neuron-specific 

tubulin (TuJl, data not shown). 

3.2.3 Optimizing the purity of cultured olfactory epithelium-derived ensheathing cells 

After 5 days in vitro (5DIV), although many of the cells displayed an OEC phenotype 

with negligible neuronal contamination, it was evident that there was significant 

contamination with fibroblasts. Therefore, a concerted effort was made to actively select 

against fibroblast growth first by plating initially in M E M d-Valine (to minimize 

fibroblast mitosis) followed by cytotoxic lysis of remaining fibroblasts by Thy 1.1-

mediated complement lysis (Pollock et al., 1999), an approach that has been effective in 

eradicating fibroblasts from Schwann cell cultures. Following 1, 2 and 3 successive 

complement lyses, we assayed for the percentage of cells (DAPI-stained nuclei = 100%) 

expressing S100(3, for co-expression of S100|3 and p75 (Figure 3.3A), and co-expression 

of SI 00(3 and GFAP (Figure 3.3B). The efficacy of the complement-mediated removal of 

fibroblasts was thus quantified by assaying % S100|3+/DAPI+ cells per complement 

lysis. Prior to any complement lyses, 81±3% of the enriched population of cells was 

S100P -positive. Following the third complement lysis, 97±3% of the cells expressed 
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S100I3 (Figure 3.3C, 3.3D), 97±2% of the purified LP-OEC population expressed p75, 

69±3% expressed GFAP (Figure 3.3D). 

To determine if there were any cells that were S100|3+/P75- or S100f3-/P75+, overlap of 

the two markers was also assessed in these cells. Virtually all SI00(3 positive cells 

examined co-expressed p75 (99±2%; Figure 3.3A). 

3.2.4 Assessing the proliferative capacity of purified LP-OECs 

Olfactory ensheathing cells derived from the olfactory bulb have exhibited a wide variety 

of expansion rates under a number of growth conditions, many of which are dependent on 

the addition of exogenous growth factors (Ikeda et al., 1996); (Chernousov et al., 1999; 

Wang and Barres, 2000; Zanger et al., 2001). We tested both the effect of plating density 

and different media conditions on LP-OEC proliferation. In order to determine maximal 

expansion characteristics for the LP-OECs, proliferative rate was primarily measured by 

a standard 3H-thymidine uptake assay. Maximum proliferation was achieved at a plating 

density of 5800 cells/cm2, 24 hours after plating (Figure 3.4A). Thus in all subsequent 

experiments, the LP-OECs were plated at a standard density of 5800 cells/cm2. At this 

standard density, the proliferative rates of LP-OECs were compared between the 

following media conditions: DMEM with 10% FCS, DMEM-BS (a serum-free medium), 

and DMEM-BS with 10 ng/mL basic fibroblast growth factor, a known OB-OEC 

mitogen. LP-OECs had an average doubling time of 60 hours in DMEM-10% FCS. By 

supplementing the serum-free media with bFGF the proliferative capacity of the cells was 

comparable to that of 10% FCS (Figure 3.4B). To confirm the validity of the 3 H -

thymidine uptake assay, a growth curve assay with haemocytometer counts was 

performed in parallel with the same cells and the same media conditions (Figure 3.4C). 

The resulting growth curves were consistent with the proliferation assays. The mitogenic 

effect of bFGF, however, was found to tail off over time whereas serum did not (Figure 

3.4D). An additional control media condition (DMEM/F12 with 10%FCS) was used in 

the growth curve to confirm that DMEM DMEM/F12 would comparably support the 

growth of OECs. DMEM was used in all uptake assays, because F12 media contains a 
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high concentration of endogenous thymidine, which will decrease the sensitivity and 

accuracy of the thymidine uptake assay. Finally, the proliferative capability of the LP-

OECs was assessed as a function of their passage number, where proliferative capacity 

was assessed at passage 3, 6 and 9. The ability of LP-OECs to divide diminished with 

increased time in culture (Figure 3.4D) Passage 6 cells had 74% of the proliferative rate 

of cells at passage 3 and decreased to 34% by passage 9. From a standard preparation (1 

litter of mice, average 10 pups per litter), it was possible to generate 20 million purified 

LP-OECs by 14 DIV. 

3.2.5 Novel markers in vitro and in vivo 

OECs from the lamina propria antigenically resemble OECs from the olfactory bulb, but 

appear to have a greater capacity for expansion and passage under standard culture 

conditions (DMEM/10%> FCS, no exogenous growth factors). Because of this, and their 

established functional plasticity, we wished to test whether these OECs might express 

additional proteins of a more developmental nature than other mature glial cells. By 

immunocytochemical detection, LP-OECs expressed the ECM receptors CD44 

(hyaluronic acid receptor) and the (31 integrin subunit, which can form laminin and 

collagen receptors, in vitro (figure 3.5 A and 3.5B) and in vivo. Both of these receptors are 

also expressed by embryonic, but not mature, Schwann cells (Chuah and Au, 1991). LP-

OECs (probed for co-expression of either SI00(3 or p75) also secrete the ECM 

components P200 (a type IV collagen) and the secreted proteoglycan NG2 (Doucette, 

1993) (figure 3.6C and 3.6D). OB-OECs have been shown to produce some secreted 

neurotrophic factors; sub-populations of LP-OECs also express the vascular endothelial 

growth factor (VEGF) and the neuropeptide, pituitary adenylate cyclase-activating 

peptide (PACAP) (Figure 3.6E and 3.6F). 

The Notch family of receptors has been implicated in a number of developmental 

functions, including over-riding pro-neurogenic mechanisms and instructing bipotential 

cells towards a glial fate. When activated at the cell surface by their preferred cell surface 
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ligands, these receptors are cleaved and translocated to the nucleus to influence 

transcription (Ramon-Cueto et al., 1993). The Notch 3 receptor is highly expressed in the 

processes of a sub-population of OECs in vitro (Figure 3.5G) and in vivo (Figure 3.6), but 

is not found in their nuclei. The CREB binding protein, CBP/ p300, however, is found in 

the nucleus. It binds to the cyclic amp response element binding protein, and can be 

activated by a number of developmentally-regulated pathways, including growth factor 

stimulation (Barnett et al., 1993). CBP/p300 exhibits a nuclear localization in most (but 

not all) OECs (Figure 3.5H). 

Several of the novel markers were found not only in purified LP-OEC cultures in vitro 

but also yielded a clear glial labeling pattern in vivo (Figure 3.6). CD44 

immunoreactivity was detected in ensheathements around nerve bundles and 

demonstrated partial overlap with p75 (Figure 3.6A) in the lamina propria. While p75 

antibody labels OECs in the outer olfactory nerve fibre layer, no CD44 expression was 

detected anywhere in the olfactory bulb (Figure 3.6B). CD44 immunoreactivity could 

however be found in the overlying skull and cribriform plate. Pituitary adenylate cyclase 

activating polypeptide (PACAP) signal was detected in OECs of the lamina propria as 

well as some ORN axon bundles (Figure 3.6C). GFAP expression in the lamina propria 

was restricted to OECs and virtually overlapped with PACAP positive LP-OECs. Notch 

3 was present in a subpopulation of GFAP-positive OECs of the lamina propria (Figure 

3.6D). 
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3.3 Discussion 

OECs from the olfactory bulb have demonstrated significant promise in transplantation 

paradigms, to stimulate repair of the lesioned CNS. For the practical purposes of 

generating cells for transplantation, the lamina propria offers a more attractive source of 

OECs than the olfactory bulb, but relatively little is known about OECs from the lamina 

propria. Given that the OECs throughout the length of the olfactory nerve are all derived 

from the same embryonic origin - within the olfactory placode, it is possible that LP-

OECs and OB-OECs are identical in nature (Barber and Lindsay, 1982; Vickland et al., 

1991). In the neonatal and adult olfactory system, however, LP-OECs reside in a 

peripheral cellular compartment vastly different from their CNS-based olfactory bulb 

counterparts. It is therefore not guaranteed that LP-OECs will demonstrate the same 

cellular characteristics as OB-OECs, given the differences in vivo environments (Figure 

1.3). The four most established OB-OEC markers, p75 (Gong et al., 1994), 04 , SI00 

(Astic et al., 1998) and GFAP (Chuah and Au, 1991), demonstrated an in vivo expression 

profile within the olfactory lamina propria that directly reflects that seen in the OECs of 

the olfactory bulb (Figure 3.1). Prior to this study, p75 and S100|3 were the only 

established OEC markers to display a dynamic glial-specific expression pattern in the 

developing olfactory system (Barnett et al., 1993; Chuah and Teague, 1999; Doucette, 

1993). The peripheral expression patterns for p75, 04, SI00(3 and GFAP, were restricted 

solely to the lamina propria component of the olfactory mucosa, primarily on ensheathing 

cell processes within and around ORN nerve bundles. Thus, the co-expression of these 

proteins should be useful, in combination in the mouse to definitively distinguish OECs 

from other cells derived from the olfactory mucosa. 

Olfactory ensheathing cells, (also known as olfactory Schwann cells or olfactory 

ensheathing glia) have remained a poorly understood cell type. Their origin - the 

olfactory placode - (Yan et al., 2001a), is separate from that of neural crest-derived 

peripheral glia and neural tube-derived central glia and yet OECs share properties of both 

central and peripheral glia. Furthermore, OECs from the olfactory bulb exhibit a variety 
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of morphological and expression phenotypes in vitro, depending largely upon the 

purification and/or expansion procedures used to culture them (Alexander et al., 2002; 

Barnett et al., 1993; Dong et a l , 1997; Nash et al., 2001; Ramon-Cueto and Nieto-

Sampedro, 1994). This variation could arise either as an in vitro artefact or because the 

expression of some of these proteins is dependent on interaction with neurons or other 

glial cells. The subcellular distribution of gene products within a population of OECs can 

be more easily monitored in vitro. Expression of the cytoskeleton-associated calcium 

binding protein SI00(3, the diffuse cell surface expression of p75 and 04, and the 

intracellular expression of the developmentally-regulated intermediate filaments, 

vimentin, GFAP and nestin can be distinctly seen in LP-OECs (Figure 3.2). In addition, 

the co-expression of GFAP and 04, with either p75 or SI00 (3 is a pattern that has only 

been reported for OECs, and not other glial cells (Smale et al., 1996). 

When purifying olfactory ensheathing cells from the periphery, we had to take pains to 

eradicate fibroblasts from the cultures. The combination of initial plating in MEM-d-

Valine coupled with Thy 1.1-mediated complement lyses appears to be an inexpensive 

and effective method to yield a pure preparation of OECs (Figure 3.3). Although it has 

been suggested that OECs from the olfactory bulb may express Thy 1.1 (Franklin et al., 

1996), it does not appear to be the case with this cell population as the majority of LP-

OECs are resistant to complement-mediated lysis. Cell density had a significant effect on 

the rate of proliferation of LP-OECs. By using a standard optimal plating density (5800 

cells/cm), LP-OECs (Unlike OB-OECs), expanded rapidly in DMEM/10%FBS without 

addition of exogenous growth factors as measured by thymidine uptake or 

haemocytometer counts of viable cells (Figure 3.4). When serum was removed and 

replaced with BS defined media, the expansion rate dropped considerably, but was 

restored by the addition of bFGF to DMEM-BS. OB-OECs (which do not expand well in 

serum) also exhibit a significant mitogenic response when grown in the presence of 

bFGF, whereas Schwann cells do not. Although the LP-OECs will continue to expand 

over several passages (as many as 12 passages, data not shown), expansion rate dropped 

after P6 (Figure 3.4), and by passage 5 the OECs assumed a morphology that was 

predominately A-type. 
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It is not out of the question that the OEC cultures derived from the lamina propria may 

have minor Schwann cell contamination from the extrinsic innervation of the nasal 

cavity. Although the classic OEC expression profile is not normally reflected in non-

embryonic Schwann cells, each of the proteins used to identify OECs (Figures 3.1, 3.2 

and 3.3) could be expressed by Schwann cells at some stage in embryonic development 

that could be re-established when SCs are placed in an in vitro environment. The culture 

conditions used in this study that readily expand and characterize the OE-OECs 

(DMEM/F12 with 10% FCS) do not promote Schwann cell proliferation which requires 

exogenous factors that upregulate cAMP levels (Li et al., 1997). Although this does not 

negate the possibility of SC contamination, it is unlikely the contamination is significant 

since olfactory ensheathing cells constitute the vast majority of glia in the olfactory 

mucosa where they ensheathe several million ORNs. 

Although important milestones have been reached in studies involving OEC 

transplantation (Barnett et al , 2000; Chernousov et al., 1999; Chernousov et al., 2001; 

Ikeda et al., 1996; Imaizumi et al , 2000a; Imaizumi et al., 2000b; Schwartz, 2001), the 

question of mechanistically how OECs promote neurite outgrowth, myelinate neurons 

and achieve the general level of plasticity that they do when introduced into a foreign 

environment have yet to be addressed fully. The degree of plasticity exhibited by OECs 

both within and outside the olfactory system indicates that they have a more immature 

phenotype than that of other glial cells in the adult CNS. 

We have identified several novel proteins, previously unreported in OECs, which are 

expressed by LP-OECs in vitro and may shed some light as to how OECs interact with 

their cellular and extracellular environment and also in promoting regeneration (Figure 

3.6). CD44 recognizes a receptor for hyaluronic acid, a major component of cartilaginous 

ECM, which is prevalent within the lamina propria. In vivo, CD44 is expressed by LP-

OECs (but not OB-OECs) and is also expressed by Schwann cells during embryonic 

development (Levine and Stallcup, 1987). Of particular interest, CD44 expression could 

only be detected in OECs residing in the lamina propria. As CD44 is a hyaluronic acid 
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receptor, the difference in CD44 expression may indicate a difference between the 

hyaluronic acid-rich environments of the periphery compared to the olfactory bulb. The 

(31 integrin isoform (CD 29) can form heterodimers with many different a-integrin 

subunits (Levine et al., 1993) to form laminin, collagen and fibronectin receptors and is 

expressed robustly by OE-OECs in vitro. Purified OECs also express two ECM 

molecules normally associated chiefly with developing glia. The alpha 4 type V collagen 

isoform p200 (Boruch et al., 2001) is expressed by Schwann cells embryonically and re-

expressed in SCs following peripheral lesion where it has been shown to play a role in 

Schwann cell migration and nerve fasciculation (Hsu et al., 2001). NG2, a chondroitin ' 

sulphate proteoglycan transiently expressed by developing oligodendrocytes (Hiraizumi 

et al., 1993; Lacroix and Tuszynski, 2000) is also expressed by OECs, but has not been 

reported on SCs. Cultured OECs from the bulb express a number of secreted factors with 

neurotrophic activity (Illing et al., 2002; Skold et al., 2000; Zhang and Guth, 1997). In 

vitro, LP-OECs also express vascular endothelial growth factor, (VEGF) and pituitary 

adenylate cyclase activating polypeptide, (PACAP) (Figure 3.6). VEGF is an important 

mediator of angiogenesis and may be part of a mechanism whereby increased 

vascularization could assist in promoting neuronal growth and survival in a transplant 

paradigm (Hansel et al., 2001; Vaudry et al., 1998; Wang and Barres, 2000). PACAP is 

a neuropeptide implicated in the stimulation of neurogenesis, neuroprotection and the 

stimulation of mature ORN electrophysiology (Lundkvist and Lendahl, 2001). PACAP 

expression in vivo was found not only in the glia of the lamina propria but also the ORN 

axon bundles. A neurostimulant, PACAP may be secreted to specific populations of 

ORNs to mediate neuronal maturation and survival (Chan and La Thangue, 2001; Li et 

al., 2002; Morrison et al., 2000; Zanger et al., 2001). Little is known about the 

transcriptional mechanisms that define the developmental state of OECs, and what their 

downstream effects may be when OECs are shifted from one environment into another. A 

role for Notch 3 has yet to be identified in developing glial populations but it is highly 

expressed by LP-OECs in vitro. In vivo, only subpopulations of OECs were positive for 

Notch3 and, in all cases examined, these glia did not appear to be actively ensheathing 

ORN axon bundles. When activated appropriately by an environment that contains a 

DSL ligand, the interaction may drive a transcriptional switch within the OECs which 
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will allow them to respond differentially to a new environment (Lundkvist and Lendahl, 

2001; Morrison et al., 2000; Wang and Barres, 2000). Similarly, CBP/p300 has been 

implicated in glial developmental gene regulation as a transcriptional co-activator either 

directly as a histone acetyl transferase or by its ability to complex with and either activate 

or inhibit other transcription factors (Chan and La Thangue, 2001; Li et al., 2002; Zanger 

et al., 2001). Some of the proteins expressed by LP-OECs (e.g. CBP/p300, Nestin, NG2) 

are also suggested to be characteristic markers of a new class of glia - aldynoglia - that 

exist as growth-promoting glia within the mature nervous system (Gudino-Cabrera and 

Nieto-Sampedro, 1999). 

Collectively, these data establish LP-OECs as cells that are highly similar to OB-OECs, 

both morphologically and antigenically with the exception of CD44 expression in vivo. 

Their in vitro expansion characteristics, however, set them apart from either OB-OECs or 

SCs. Finally, the expression of a set of developmentally-regulated proteins more 

commonly found within the embryonic nervous system appear to place LP-OECs in a 

class of their own as a readily accessible growth-promoting class of glia which exist in 

the mature nervous system. 
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FIGURE 3.1 
Olfactory Ensheathing Cells From the Lamina Propria (LP-OECs) Express the Same 
Characteristic Markers as Olfactory Bulb Ensheathing Cells In Vivo 
(A) The low affinity nerve growth factor receptor, p75 (red, arrow) is expressed in ensheathe-
ments of olfactory marker protein (OMP) positive olfactory receptor neuron (ORN) axons 
(green) on both sides of the cribriform plate (CP). (B) p75 positive ensheathments (red, arrow) 
are more clearly seen at higher magnification. (C) Peripheral OECs also express the oligodendro­
cyte marker 4 (04; green) which partially overlaps (yellow, arrow) with p75 expression (red). 
(D) 04 expression (green) in LP-OECs only partially overlaps with OEC expression of glial 
fibrillary acidic protein, GFAP (red). (E) GFAP expression (red) partially overlaps (yellow, 
arrow) with expression of S100J3 (green). In all cases, LP-OECs exhibit close association to 
nerve bundles leading up to the olfactory bulb. Scale bars represent 50 microns. Abbreviations: 
OE = olfactory epithelium; CP = cribriform plate; NFL = nerve fibre layer; Gl = glomerulus; OB 
= olfactory bulb. 
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p75 + Vimentin p75 + Nestin 

FIGURE 3.2 
OECs Purified from the Lamina Propria Express Characteristic Ensheathing Cell Markers 
In Vitro 
When cultured in vitro, lamina propria olfactory ensheathing cells express (A) the low affinity 
nerve growth factor receptor, p75, (B) SI00(3 and (C) glial fibrillary acidic protein (GFAP) as 
demonstrated by horseradish peroxidase VIP immunocytochemistry. Cells expressing p75 
(green) also co-express the OEC markers (D) 04, (E) vimentin and (F) nestin (all in red). In all 
cases, cells co-expressing these proteins exhibit both astrocyte-like (A-type, denoted by arrow 
head) and Schwann cell-like (S-type, denoted by arrow) morphologies (A). Scale bars represent 
50 microns. 
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FIGURE 3.3 
Purification and Antigenic Characterization of LP-OECs 
When plated at 5800 cells/cm, lamina propria-derived olfactory ensheathing cells co-express (A) 
SI00b and p75 and (B) SI00(3 and GFAP. Because SI00b exhibited strongest immunoreactivity, 
it was used to assess (C) the % of SlOOP-positive glial cells following each complement lysis. 
(D) Immunoreactivity to S100p\ P75 and GFAP was used collectively to assess both the purity of 
the glial population and the relative % of cells expressing each antigen following the third round 
of complement lysis. Scale bars represent 50 microns. 
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FIGURE 3.4 
LP-OECs Demonstrate a Significant Proliferative Capacity 
(A) LP-OECs were plated at three successive densities (2900, 5800, 11,600 cells per cm2) and 
their proliferation capacity measured for 24 hrs using a 3H-thymidine uptake assay. (B) LP-
OECs were plated at a standard density of 5800 cells/cm2 in 3 different media conditions: 
DMEM with 10% FCS, serum-free DMEM-BS and DMEM-BS with basic FGF, and assessed for 
proliferative capacity over 24 hrs using a thymidine uptake assay. (C) The proliferative capacity 
of LP-OECs was measured in LP-OECs plated at 5800 cells/cm2 following by measuring thymi­
dine uptake for 24 hrs following passage 3, 6 and 9 of LP-OECs grown in DMEM with 10% 
FCS. (D) Growth curves of the 3 media conditions tested in B were determined by haemocytom-
eter counts at 1, 3 and 7 days post-plating. 
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FIGURE 3.5 
Novel Proteins Expressed by LP-OECs In Vitro. 
LP-OECs were fixed following plating at passage 3 and were examined for the co-expression of 
the extracellular matrix receptors (A) CD44 (green) with S100P (red) (B) bl integrin (CD29; 
red) with p75 (green). LP-OECs also co-expressed the extracellular matrix (ECM) components 
(C) alpha 4 type V collagen (p200; green) with S 100(3 (red) and (D) NG2 (green) with SI 00(3 
(red). LP-OECs also co-express the secreted factors (E) vascular endothelial growth factor, 
(VEGF; green) with SI 00(3 (red) and (F) pituitary adenylate cyclase activating polypeptide 
(PACAP; green) with S100(3 (red). LP-OECs also co-express the transcriptional regulators (G) 
Notch 3 (green) with S100(3 (red) and (H) nuclear expression of the CREB binding protein 
(p300; red) with p75 (green), found chiefly on the cell surface. Scale bar represents 50 microns. 
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FIGURE 3.6 
Novel Markers Expressed by LP-OECs In Vivo 
(A) OECs situated in the lamina propria, between the cartilage (Ctg) and the olfactory 
epithelium (OE), express CD44 (green) and p75 (red). (B) p75 expression (red) could be 
detected in the olfactory bulb (OB) whereas CD44 (green) could only be detected up to 
the cribriform plate (CP). (C) LP-OECs also express PACAP (green) and GFAP (red). 
(C) PACAP signal was also found in ORN nerve bundles (arrow heads). (D) A subpopu-
lation of GFAP (green) positive LP-OECs also expressed Notch 3 (red) (arrow). 
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TABLE 3.1 OEC Mitogens 

Mitogen Concentration Reference 

bovine pituitary extract lOOug/ml Chuah and Au, 1993 

Chuah and Teague, 1999; 

FGF-2 10 ng/ml Yan, Bungeetal, 2001 

forskolin 1 uM Alexander et al, 2002 

glial growth factor 2 50 ng/ml Alexander et al, 2002 

heuregulin (31 (HRG (31) 5-50 nM Yan, Bungeetal, 2001 

heuregulin (31 (HRG (31) 50 ng/ml Alexander et al, 2002 

IGF-1 50 ng/ml Alexander et al, 2002 

IGF-1 5 hg/ml Yan, Bungeetal, 2001 

neuregulin-1 1-100 ng/ml Pollock etal, 1999 

forskolin, FGF-2, 

olfactory mitogen medium HRG (31 Alexander et al, 2002 

PDGF-AA 50 ng/ml Alexander et al, 2002 

PDGF-AA 10 ng/ml Yan, Bungeetal, 2001 
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Chapter 4: Assessing Neurite Outgrowth Promotion by Lamina 

Propria-Derived Olfactory Ensheathing Cells 

4.1 Introduction 

I have established culture conditions that generate a highly pure population of olfactory 

ensheathing cells derived from neonate mouse olfactory mucosa (see Chapter 3). This 

cell population is an ideal model system to study OEC function. The cultures are robust, 

reproducible and can proliferate sufficiently to generate a sizeable starting material from 

which to proceed. With this model system in place, I decided to study the mechanisms 

by which OECs promote axon growth. As reviewed in Chapter 1, OECs appear to play a 

major role in providing a permissive and promotive environment for ORN axon growth 

(see section 1.2). On a mechanistic level however, it is poorly understood how this 

occurs. 

4.1.1 Olfactory Ensheathing Cell Interaction with Neurons In Vitro 

To study OEC-mediated axon growth, I developed an in vitro model system to study 

neurite outgrowth. There are several distinct advantages to this type of approach over in 

vivo analysis: (1) it is a well-defined system where many of the variables can be 

manipulated to ask different questions. (2) In vitro models can readily accommodate 

large numbers of replicates and can be set up for rapid analysis. (3) Because of the well-

controlled conditions and the number of replicates possible, in vitro systems are well 

suited to quantitative analysis and comparisons between treatment groups. 

Previously, there have been studies examining OEC interactions with neuronal cultures in 

vitro. Devon and Doucette were the first to examine purified OEC-neuron co-cultures 

(Devon and Doucette, 1992) and the authors reported OEC myelination of dissociated 
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embryonic dorsal root ganglion neurons by electron microscopy. A more recent study 

has questioned whether this myelination might be due to residual Schwann and satellite 

cell contamination (Plant et al., 2002). Whether OECs can or cannot themselves 

myelinate axons is controversial (see section 1.2.6.2). 

In vitro studies of OEC-ORN interactions reveal ORNs from embryonic OE explants 

grew preferentially on adult OB-OECs and that the p75-positive subpopulation of cells 

were the ones responsible for ensheathing the ORN axons (Ramon-Cueto et a l , 1993). In 

a comparison of adult ORN growth on neonate OB-OECs versus astrocytes, better 

growth was found on OECs and the beginnings of axon ensheathement by OECs after 

two days (Chuah and Au, 1994). The authors also found that conditioned media from 

OECs alone did not promote ORN growth. However, they also reported that ORNs 

would only grow on cell monolayers and not the underlying substrate so it is difficult to 

interpret the significance of this finding. Conversely, dissociated ORNs from embryonic 

rats were able to grow neurites on various substrates including poly-L-lysine and laminin 

(Kafitz and Greer, 1998; Kafitz and Greer, 1999). These two studies report the longest 

neurite lengths with OEC co-culture or when grown in the presence of OEC conditioned 

medium. The authors found no significant difference in ORN neurite length between co-

culture on an OEC monolayer or in the conditioned medium with both conditions 

producing greater neurite length than on a laminin substrate. 

OECs have also been examined in co-culture with other neuronal populations. Glial cells 

(not specified or characterized as being OECs) from neonate olfactory bulb promoted 

greater neurite outgrowth in embryonic dopaminergic projection neurons than astrocytes 

(Denis-Donini and Estenoz, 1988). OB-OECs increased dendritic density in embryonic 

cortical neurons either in co-culture or when grown in conditioned media (Le Roux and 

Reh, 1994). In co-culture, OB-OECs increased retinal ganglion cell frequency for 

producing neurites. The length of the neurites was not reported, however (Sonigra et al., 

1999; Sonigra et al., 1996). Follow up studies from the same group have used the same 

method for assessing outgrowth (Davies et al., 2004; Hayat et al., 2003a; Hayat et al., 

2003b; Kumar et al., 2005) (see sections 1.2.3.2 and 1.2.3.7). OEC conditioned media 
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was found to promote PC12 cell differentiation and survival (Wang et al., 2003). 

However, another study found that OEC conditioned media had no effect on peripheral 

ganglion explant outgrowth even though known neurotrophic factors were detected in 

OECs by a ribonuclease protection assay (Lipson et al., 2003). In an in vitro model of 

brain injury, OECs mediated cortical neuron re-growth after a scratch injury to an 

astrocyte/cortical neuron monolayer (Chung et al., 2004). When OECs were seeded or 

conditioned media was added following injury, there was increased cortical neuron 

sprouting at the scratch site. Seeded OECs were found to be more effective than 

conditioned media. 

While these studies do not agree on the efficacy of OEC conditioned media, there is a 

general consensus that OECs promote neurite outgrowth in vitro. Based on these data, I 

developed an in vitro model system to study the neurotrophic properties of lamina 

propria-derived olfactory ensheathing cells. 

4.1.2 Neurite Outgrowth Assays 

Even within the OEC field, there is a great variety in neurite outgrowth assays employed, 

each with their advantages and disadvantages. In an ideal system, one would want the 

following features in a neurite outgrowth assay: (1) the neuronal population would be 

directly relevant to the question of interest. For example, both Chuah and Au, and Kaftitz 

and Greer were interested in how OECs mediate ORN growth (Chuah and Au, 1994; 

Kafitz and Greer, 1998; Kafitz and Greer, 1999) and both assayed ORN primary cultures. 

The Chuah and Au study used adult ORNs, which were not adherent to the substrate and, 

according to the authors, neurite length was difficult to assess. Kafitz and Greer had a far 

more robust ORN culture system derived from embryos. While both groups used ORNs, 

the adult population, which may be more relevant to the question of how OECs facilitate 

ORN turnover, appears to be less than ideal as an outgrowth assay. (2) The assay would 

have a broad sensitivity range so as to detect subtle differences between treatment groups. 

(3) The neurons would demonstrate robust growth to minimize variability between 

replicates. (4) The analysis would be simple, comprehensive and rapid, allowing for 
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accurate measurements of large numbers of assays. This criterion is particularly 

problematic because simple and rapid analyses often come at the expense of 

comprehensive and accurate measurement. Careful balance between the two 

considerations is necessary for an effective neurite outgrowth assay. For example, the 

Sonigra et al. study assessed retinal ganglion cell neurite outgrowth by only one criteria: 

whether the neuron was process-bearing or not (Sonigra et al., 1999). While this method 

allows for more rapid assessment, no information was provided for how long the neurites 

were and so it was a less comprehensive and informative. 

In spite of recent advances in image capture, computer processing speed and imaging 

software, the methods of quantifying neurite outgrowth remain fundamentally unchanged 

(reviewed in Connolly, 2001). The process ultimately involves three main stages: (1) 

Preparing the neurites for visualization, (2) capturing images of the neurites and (3) 

quantitation and analysis of neurite growth. The process of preparing neurites for 

visualization broadly varies. Live neurons have been labeled by molecules transported 

anterogradely down its axon length such as tritiated leucine (Edstrom et al., 1986) and 

crystallized horseradish peroxidase (Bewick et al., 1991). More recently, neurons have 

been genetically modified to express fluorescent proteins such as green fluorescent 

protein and Ds-red (Klimaschewski et al., 2002). Fixed neurons have been labeled by 

immunocytochemistry of neurite-specific antigens such as PGP 9.5 (Wilson et al., 1988), 

neurofilament (Fryer et al., 1997) and (3-III tubulin (Chakrabortty et a l , 2000). With 

dense neurite outgrowth, as in the case of dorsal root ganglion explants, the neurite can 

simply be visualized by phase contrast microscopy with darkfield optics (Tonge et al., 

1998). Images of the neurites are then commonly captured by a charge-coupled device 

(CCD) digital camera connected to a computer system with an imaging software suite, 

which leads to the third phase: data processing and analysis. Computer programs still 

have difficulty defining the often convoluted and complex shapes of neurites and it is 

often necessary for the user to define neurites to be analyzed. Many options are available 

including time lapse imaging of growth cones (Saxod and Bizet, 1988) and morphometric 

analysis which can quantify neurite length and density by pixel counts and assign shape 

factors to neuronal soma (Klimaschewski et al., 2002). Another method is to apply 
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concentric circles on a captured and processed image to measure neurite length and 

branching at each successive circle (Studer et al., 1994). 

4.1.3 Development of a Neurite Outgrowth Assay 

4.1.3.1 Embryonic Dorsal Root Ganglia 

In order to examine and elucidate the mechanisms of OEC-mediated axon growth, I 

needed to develop a robust in vitro model system. The model ideally would use a 

relevant neuronal population that would repeatably give a baseline level of growth, upon 

which the effect of OECs could be assessed. Preferably, the model would also be 

modular, flexible and easy to analyze. Ultimately, I wanted to use the model to study 

how OECs can be better used to mediate regeneration, especially in the context of spinal 

cord injury. With this in mind, I decided on a neuron population with a wealth of 

literature and precedent behind it: dorsal root ganglion sensory neurons. The reasoning 

behind this is that DRGs are simple to grow, grow robustly, there are widely accepted 

protocols for their culture, and much is known about DRG neurite outgrowth allowing me 

to change variables in their growth conditions to test various aspects (i.e. good 

modularity). Also, dorsal root ganglion axons project into the spinal cord and 

transplantation studies have demonstrated that sensory sprouting is enhanced in the 

presence of OECs (for example, Ramer et al., 2004a). In vivo spinal cord transplantation 

studies to validate the in vitro findings can be examined directly by lectin tracing of DRG 

axons (such as cholera toxin B, wheat germ agglutinin and IB4). 

I decided to use an embryonic population of DRGs for two reasons. One, I wanted to 

maximize the robustness of the assay in order to attain the greatest dynamic range of 

neurite outgrowth. That is, I wanted to work with the widest range of growth in order to 

establish the lowest possible baseline condition. With such conditions I hoped to achieve 

the greatest amount of assay sensitivity. Second, embryonic neurons chosen at the 
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correct age are dependent on few growth factors. In an assay designed to test for OEC-

derived factors that influence neurite outgrowth, it was important to simplify the baseline 

growth conditions of the neuronal population. With dorsal root ganglion neurons, 

approximately 80% are NGF-dependent embryonically after E l 3 (Mu et al., 1993; Ruit et 

al., 1992) (embryonic day 13). From E10-E13, dorsal root ganglion neurons are 

predominantly NT-3 dependent in vitro and in vivo (Baudet et al., 2000; McMahon et al., 

1994). Thus, by adding NGF alone to embryonic DRG neurons, a large percentage can 

be expected to survive and grow. This simplifies the parameters of the assay allowing me 

to examine OEC-mediated neurite outgrowth in a simple, controllable, low background. 

The choice of mouse E l 3.5 for the age of the DRG is partly based on the NT-3 to NGF 

dependency switch and partly to do with practicality. This particular age is uniquely 

suitable to dissection of the dorsal root ganglia because the developing vertebral bodies 

surrounding each DRG have formed enough for the ganglia to pull free along with the 

spinal cord. And at the same time, a fibrous capsule has yet to form around the ganglion, 

minimizing fibroblast contamination (Banker, 1998). Also, at both younger and older 

ages, the dissection of DRGs is not as simple and, as a result, not as clean and repeatable. 

4.1.3.2 Outgrowth Assay Configuration 

Several different assay systems were explored during the development of the outgrowth 

model system. Many of these were largely unsuccessful in that they lacked robustness, 

repeatability or simply did not work. They will be mentioned here only briefly. Initially, 

I wanted to develop a purely neuronal culture with which to test OEC function. I hoped 

to dissociate the ganglia and enrich for neurons by size separation using the method of 

Delree et al. (1989). This method took advantage of the observation that neurons have 

larger cell bodies (17-100 urn in diameter) and are retained on a 10 urn filter. Using this 

method, dissociated neurons were plated in a concentrated region, one region per 

coverslip. It was my intention that the concentrated neuron region would acts a 'pseudo 

explant': one that did not include fibroblasts and Schwann cells but retained the geometry 
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of an explant, facilitating quantitation because the neurites would radiate from a single 

region and their lengths could be assessed all at once. 

Dissociated, enriched neuron fractions were plated in several ways, trying to keep them 

all in small confined area. First, I attempted to plate the neurons into the centre of a glass 

cylinder, hoping the cells would have had time to settle to the bottom and plate onto the 

substrate. Several internal diameter glass cylinders were tried and the time allowed for 

plating down was also varied all without much success. There were problems with 

surface tension that kept the neurons from settling to the bottom effectively. Second, I 

attempted to resuspend the neurons in a concentrated slurry of matrigel or collagen gel 

and plate droplets of the mixture onto collagen-coated coverslips. While the cells were 

more successful in settling to the bottom, this technique also had technical issues. For 

one, the neuronal survival was poor unless high concentrations (15 ng/ml) of NGF were 

added to the matrigel or collagen gel. At this concentration, the neurites grew robustly in 

the gel and tended to stay within the droplet. I also suspect that the diffusion of nutrients 

from the media to the gel was not very efficient as the neurons would die over the course 

of a week. And since their neurites rarely exited the droplet, retrograde uptake of NGF 

from the media was minimal. I did not fully explore the underlying reasons why the 

culture conditions were unsuccessful largely because I deemed the starting point too 

inconsistent to be worth further pursuit. 

After working through various 'pseudo explant' models, none of which displayed the 

robustness and repeatability I wanted in a neurite outgrowth assay, I decided to go with a 

straightforward DRG explant. I initially considered using AraC to kill off the dividing 

cells but decided against it. First, it gave me the freedom to test the effect of OECs on 

Schwann cells and if I so chose, I would simply eliminate the Schwann cells to test the 

effect on the neurites themselves. Secondly, in the context of the question I was 

interested in, namely how OECs mediate axon growth in the spinal cord and the olfactory 

system, glial cells are present in the vivo environment. There is good evidence that 

Schwann cells are present at the spinal cord lesion when OECs are transplanted (Boyd et 

al., 2004; Ramer et al., 2004a; Ruitenberg et al., 2003; Sasaki et al., 2004; Takami et al., 
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2002) (see section 1.2.6.1.2 for more details). Therefore, it was biologically relevant to 

keep the dividing cells in the baseline conditions. 

4.2 Results 

4.2.1 Quantitation of Neurite Outgrowth 

In order to work out the best method for quantifying neurite outgrowth, I generated a 

series of DRG explants grown in increasing concentrations of NGF - a dose response 

curve. The NGF concentration varied from 1 ng/ml to 20 ng/ml with 4 replicates per 

condition. NGF acted as a positive control with increasing concentrations of NGF 

resulting in increasing neurite outgrowth. Four quantitative methods were assessed for 

their sensitivity to differences in NGF concentration (see figure 4.1). The explants were 

labelled with anti-neurofilament antibody and detected by fluorescent secondary. Al l of 

the quantitative methods measured the same explants, which were canvassed and 

montaged at 200X magnification (see section 2.4.3). 

(1) In the first method (see figure 4.1A), I defined the region to be ignored by the 

computer (the ganglion itself). The neurite carpet was processed by an eight-direction 

regression algorithm, which reduced the signal to 1 pixel width, a process known as 

skeletonization (for a more detailed image of an explant after skeletonization, see 

Appendix 1). The total pixel number was counted with a minimum cut-off to screen out 

background signal. The total pixel count was then converted to microns to give the total 

outgrowth from the entire explant. (2) In the second method (see figure 4.IB), I defined 

the centre of the explant and drew a polygon around the outside edge of the neurite 

carpet. A computer program calculated the radius from hundreds of evenly spaced points 

along the polygon from the defined soma (ganglion) centre. These radii are averaged to 

give the average total radius. A second average radius is taken by drawing another 
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polygon around the outside edge of the soma. A similar average radius is determined. 

The average total radius is subtracted from the average soma radius to give the average 

neurite radius. (3) The third method measured the surface area of the axon carpet (see 

figure 4.1C). The whole explant was selected and then the soma was subtracted from the 

selection. The total pixels within the selection were converted to u,m2. (4) In the fourth 

method (see figure 4.ID) as in the third method, the explant was selected and the soma 

was excluded. The signal within the neurite carpet was then binned into four sections 

based on intensity. The top three bins were taken as being above background and 

measured in pixels. This effectively measures the total number of pixels represented by 

the neurite carpet. More details on the quantitation methods 3 and 4 can be found in the 

Appendix (see Appendix 2 and 3). 

4.2.2.1 Cross-Comparison of the Four Different Methods of Quantitation 

Neurite outgrowth was quantified using the four methods described above (see section 

4.2.1.3). Using a linear Y-axis, the data is represented in figure 4.2. 4.2A shows 

quantitation by skeletonization (see figure 4.1 A and figure 4.2A), 4.2B shows average 

neurite radius (see figure 4.IB and 4.2B), C shows neurite carpet surface area (see figure 

4.1C and 4.1C) and D shows neurite signal (see figure 4.ID and 4.2D). Al l graphs were 

fit to natural log curves. The formula and R value for each curve is also displayed. In 

the low range of NGF (lng/ml to 5 ng/ml), there are noticeable differences between the 

methods. In 4.2A, there is fairly even separation between 1, 2.5, 5 and 10 ng/ml. This is 

in contrast to 4.2D where the method appears to be less sensitive at low ranges of NGF. 

Also 4.2A appears to have the least overlap in error bars (representing standard error of 

the mean) compared with the other quantitation methods. ANOVA is an indication of the 

quantitation method's ability to discern differences in outgrowth between NGF 

concentrations. By single variable ANOVA analysis, the p values for the four methods 

were: skeletonization (p=0.003398191), radius (p=0.036618973), surface area 

(p=0.0274756) and neurite signal (p=0.000234). Therefore by ANOVA, neurite signal 

and skeletonization, with the smallest p values, were the most sensitive quantitation 
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methods. This observation is further confirmed by plotting data for all four methods on 

the same graph after taking the natural log of each y value (figure 4.3). Each dataset was 

fit to a best-fit line. The slope of each line is an indication of the sensitivity of each 

method. Once again, both skeletonization (m=0.305) and neurite signal (m=0.415) had 

the steepest slopes. Next, I binned the natural log data points into three categories: low-

(1-5 ng/ml NGF; figure 4.4A), mid- (2.5-10 ng/ml NGF; figure 4.4B) and high- (10-20 

ng/ml NGF; figure 4.4C) range NGF. Best-fit lines were applied to each binned data set 

(figure 4.4). By this analysis as well, skeletonization and neurite signal had the steepest 

slopes in low and midrange. At high range, there was little difference between the four 

methods reflecting the fact that NGF-induced growth plateaus in this range (more clearly 

seen in figure 4.2). At the low range of NGF (figure 4.4A), the slope was slightly steeper 

for the skeletonization method (m=0.554) than neurite signal (m=0.479). The trend was 

reversed in the midrange of NGF (figure 4.4B) with neurite signal (m=0.446) having a 

steeper slope than skeletonization (m=0.394). Thus, it is possible that between the two 

methods, skeletonization may be more sensitive at low ranges whereas quantifying 

neurite signal has a broader dynamic range. This makes sense because skeletonization 

underestimates dense neurite growth, as large fascicles of neurites will be reduced to one 

pixel width. In contrast, with total neurite signal, all pixels are counted. Therefore a 

more conservative estimate of OEC-mediated neurite outgrowth will be measured using 

skeletonization. 

Choosing between total neurite signal and skeletonization, I decided to quantify my 

outgrowth assay using the skeletonization method. I did so for two reasons: One, 

skeletonization gives a concrete measurement (total neurite length) of outgrowth whereas 

neurite signal gives pixels. An increase in pixel count can be interpreted as thicker 

neurites or longer neurites. With skeletonization, length is the only measurement and is 

the more conservative method so it more stringently assays the effect of OECs on neurite 

outgrowth. However, I did not discount the value of the average neurite radius method. 

It can provide an added dimension of information not provided by total neurite 

outgrowth. Average neurite radius was also used to complement the skeletonization data 

for some of the conditions tested. 
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4.2.3 Co-Culture of Dorsal Root Ganglion Explants with OEC Monolayers 

As a preliminary test of LP-OEC mediated neurite outgrowth, dorsal root ganglion 

explants were plated directly onto LP-OEC monolayers. The assay ran for 48 hours after 

which time the co-culture was fixed with paraformaldehyde and labeled with anti-

neurofilament antibody. The explant was then imaged and montaged and the outgrowth 

quantified by skeletonization (figure 4.1 A). Representative images to scale are shown in 

figure 4.5A and B. LP-OEC co-culture (figure 4.5B) greatly increases neurite outgrowth 

versus baseline conditions (figure 4.5A). The quantified total outgrowth is shown in 

figure 4.5C. In co-culture with an LP-OEC monolayer, approximately 3 times as much 

total growth is measured (166682 \im for co-culture versus 52632 urn for baseline NGF 

condition). These findings agree with other studies that also demonstrate OEC-mediated 

neurite outgrowth in co-culture with neurons (reviewed in section 4.1.1). 

4.2.4 Experimental Rationale 

The co-culture of LP-OECs with DRG explants provided a proof-of-principle that this 

model system could be used to study OEC mechanisms of axon growth. However, a co-

culture system is complex and almost certainly multifactorial. Also, there could be 

feedback communication between the OECs and the neurites, further complicating 

analysis. The system required further simplification in order to isolate and identify 

individual mechanisms. Several general hypotheses were considered as to how OECs 

mediate axon growth (diagrammed schematically in figure 4.6). The first possibility is 

that OECs express cell surface factors to which axons preferentially adhere. Their 

preferential adherence may activate intracellular pathways that drive neurite extension 

(figure 4.5A). A second possibility is that OECs secrete factors that are received by the 

neurites, which then transduce pathways leading to neurite extension (figure 4.6B). The 

third possibility is that OECs secrete factors, which bind to the substrate, such as an ECM 
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molecule. The secreted molecules then act as a preferred substrate for neurites and may 

also activate intracellular pathways that drive neurite extension (figure 4.6C). 

For this study, hypotheses two and three were chosen for a purely practical reason: It is 

much more difficult to assay the cell surface factors expressed by OECs in a controlled 

manner. This is because cell surface factors are anchored to the cell membrane, 

introducing three difficult problems: (1) it could be difficult to store and normalize 

samples of OEC plasma membranes due to its hydrophobic nature. (2) Adding the plasma 

membrane fraction of OECs to the neurite outgrowth assay means that, statistically, half 

of the membrane fragments will be inside out and biologically inactive. (3) To further 

complicate the problem, cell surface factors may require a unique spatial context in order 

to function biologically. That is, a protein embedded in a membrane may require 

clustering of several other factors in order to mediate neurite outgrowth. 

In contrast, OEC secreted molecules, whether they act directly on neurites (figure 4.6B) 

or indirectly as a preferred substrate (figure 4.6C), can easily be isolated by harvesting 

the conditioned media from LP-OEC cultures. The media can be normalized to the 

number of cells generating a given volume making it easy to add controlled doses of 

conditioned media back to the outgrowth assay. The potential drawback to this approach 

is that there are conflicting findings concerning the bioactivity of OB-OEC conditioned 

media (section 4.1.1). However, no data have been reported about the outgrowth 

promoting properties of LP-OECs and I have already demonstrated that in a co-culture, 

LP-OECs robustly promote DRG outgrowth (figure 4.6). Given the potential upside for 

analyzing OEC secreted factors over cell surface factors, the bioactivity of LP-OEC 

conditioned media was tested. 

The purpose of my study, however, was not only to test if LP-OECs promote neurite 

outgrowth but also to use them as a model system to elucidate mechanisms. Therefore, 

instead of just testing whether LP-OEC conditioned media promoted outgrowth, a more 

prospective approach was taken. An assumption was made that LP-OEC conditioned 

media (LP-OCM) would be neurotrophic and it was anticipated that a detailed analysis of 
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the constituents of LP-OCM would be necessary to infer mechanism; But a major 

stumbling block would be the analysis of LP-OCM, more specifically generating a short 

list of candidate factors with which to validate function. Thus, instead of generating one 

sample of conditioned media, two different samples were generated (passage 2 and 

passage 6 LP-OEC conditioned media). Ideally, I wanted to have two samples that were 

very similar to one another (to simplify analysis) but distinct in terms of their biological 

activity. That way I could focus on the constituents that were different between the two 

samples with the rationale that they were likely responsible for the difference in 

biological activities. Therefore, assuming that LP-OCM indeed promotes neurite 

outgrowth and that variants of LP-OCM with different biological activities could be 

generated, here was a way to meaningfully elucidate mechanisms of OEC-mediated axon 

growth. 

4.2.5 LP-OEC Conditioned Media Samples 

To try and simplify the analysis, ideally the conditioned media samples would be very 

similar to one another. This could be accomplished by changing how the LP-OECs are 

cultured prior to harvesting their conditioned media. I did not want to change the culture 

conditions drastically because this could introduce unwanted variables such as affecting 

the general health of the cells. I also could not add factors to the media that could not be 

removed prior to assaying the outgrowth activity otherwise, the factor itself could 

confound the results. Finally, I wanted to generate repeatable libraries of conditioned 

media so I needed a simple, repeatable method of changing culture conditions to reduce 

variability between batches of LP-OCM. 

With these considerations, an observation while characterizing the LP-OECs proved 

particularly useful: As the cells are successively passaged, their proliferative capacity 

diminishes (figure 3.4C). The hypothesis was that as the cells lose their proliferative 

capacity and senesce in culture, the biological activity of their conditioned media would 

also diminish. This is a simple way to generate two forms of LP-OCM from the same 
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primary preparation in a controlled and reproducible manner. The samples should be 

very similar because I would only be analyzing secreted factors produced by the same 

cell population grown for different amounts of time in culture. I proceeded to work out 

conditions for generating conditioned media from early passage and late passage cells 

(schematically represented in figure 4.7) and chose passage 2 for the early passage media 

based on my purification data for the LP-OECs. It was demonstrated that the cell purity 

based on SI 00(3 antigenicity plateaus by the second round of complement-mediated cell 

lysis (figure 3.3C). Thus, passage 2 was the earliest time point when I was confident that 

the cells were of high purity. Passage 6 was chosen as my late passage time point. 

Originally, I had wanted to use passage 9 LP-OECs but there were concerns about their 

overall health when grown in serum-free conditions (figure 4.7). Also by passage 6, as 

shown in figure 3.4C, the proliferative capacity of the cells is significantly diminished 

compared to passage 3. 

4.2.6 Early Versus Late Passage Conditioned Media 

Conditioned media from OECs was harvested and the number of cells generating the 

media was counted. Abitrarily, full strength conditioned media was taken to be 30 000 

cells generating 1 ml of conditioned media. In this way, I could normalize between 

batches of conditioned media and also between passage 2 and passage 6 LP-OCM. This 

was important because as the cells aged in culture, they became larger and grew less 

densely, therefore normalizing media by volume alone would bias towards passage 2 LP-

OCM. Representative montages of DRGs grown in NGF baseline alone or supplemented 

with full strength passage 2 conditioned media are shown in figure 4.8A and B. The total 

outgrowth quantified by skeletonization is shown in figure 4.8C. Passage 2 LP-OCM (P2 

LP-OCM, green) was added at full strength (1:1) and at lower concentrations (1:2, 1:4, 

etc.) to NGF baseline conditions and the outgrowth is compared with NGF baseline 

(blue) and heat denatured P2 LP-OCM control (red). In a dose-dependent fashion, 

passage 2 conditioned media increases neurite outgrowth to a maximum of 155315 urn 

total growth which is nearly three-fold more than baseline NGF (52632 \im). It required 
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diluting the P2 LP-OCM 1:40 before the outgrowth effect was no longer statistically 

significant. The heat-denatured control had very little outgrowth (11321 um) so it 

appears that boiled P2 LP-OCM was actually deleterious to outgrowth, likely due to heat 

precipitated proteins. As a further control, DMEM-Bottenstein Sato (the baseline serum-

free media with which LP-OEC conditioned media was generated, see section 2.6 for 

more details DMEM-BS constituents and how LP-OCM was generated) components 

were added to NGF baseline conditions. No effect on outgrowth was detected and the 

data were added to the rest of the NGF baseline dataset. 

Passage 6 LP-OCM was added to NGF baseline conditions. Representative montages of 

DRGs grown in NGF baseline and P6 LP-OCM at 1:1 concentration are shown in figure 

4.9A and B. The total outgrowth of the various conditions assessed by skeletonization is 

shown in figure 4.9C. P6 LP-OCM (purple) was added at various concentrations from 

1:1 (full strength) to 1:4 (one quarter strength). Full strength (1:1; 104502 urn) and half 

strength (1:2; 76656 um) P6 LP-OCM both increased neurite outgrowth over NGF 

baseline conditions (blue). However, by 1:4 concentration (34497 um), P6 LP-OCM 

neurite outgrowth was statistically indistinguishable from baseline; in fact, its mean was 

considerably less than baseline. 

The difference between passage 2 and passage 6 LP-OCM is highlighted in figure 4.10. 

Again, total outgrowth by skeletonization is shown in both 4.1 OA and 4.1 OB. While P2 

LP-OCM (green) needed to be diluted to 1:40 before the outgrowth activity was 

statistically insignificant compared to baseline, P6 LP-OCM (purple) needed only be 

diluted 1:4. While it appears that full strength P2 LP-OCM is considerably more 

effective than full strength P6 LP-OCM, the difference is not statistically significant 

(figure 4.1 OB). There is a statistically significant difference at the lower concentrations, 

1:2 and 1:4 however. Figure 4.1 OB also highlights how much more dilute P2 LP-OCM 

can be before its outgrowth activity is no longer detectable, as represented by baseline 

NGF (blue stripe). 
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4.2.7 LP-OEC Mediated Neurite Outgrowth Summary 

LP-OECs can promote the growth of dorsal root ganglion explants in co-culture and 

when grown in conditioned media. A summary of all of the total outgrowth data is 

shown in figure 4.11. There is a clear difference in the biological activity between early 

and late passage conditioned media. Thus the two samples are suitable for ICAT analysis 

to try and find the protein factor(s) responsible for the discrepancy in biological activity. 

However, the outgrowth found in P2 LP-OCM 1:1 versus co-culture with an LP-OECs 

monolayer is somewhat deceptive. While by skeletonization, the total amount outgrowth 

is similar between the two groups; there is a significant difference in neurite length. 

Figure 4.12 shows the average neurite radius between NGF baseline (blue), P6 LP-OCM 

1:1 (purple), P2 LP-OCM 1:1 (green) and co-culture with LP-OEC monolayer (orange). 

Here the difference between P2 LP-OCM and co-culture is clearly illustrated. In fact, the 

difference in neurite radius between P2 LP-OCM and NGF baseline is only just 

statistically significant (p=0.0216). Also, in the co-culture group, the DRG neurites are 

highly fasciculated (compare figure 4.5B and 4.8B). As I made reference to earlier, 

skeletonization will underestimate highly fasciculated explants (section 4.2.1.4). 

4.3 Discussion 

I have developed an in vitro assay to quantify LP-OEC mediated neurite outgrowth. The 

assay itself is highly dependent on its repeatability and sensitivity. With respect to 

repeatability, the baseline values can fluctuate to a degree. Baseline NGF conditions are 

1.5 ng/ml and the mean is 52633 urn. Comparing this mean with figure 4.2A, one can 

see that there is some degree of variability (1 ng/ml measured 66612 um total growth). 

That value, however, was determined with only four replicates whereas NGF baseline 

values were determined with 30 replicates, n=6 (see table 2.2 for a summary of replicates 

and n). In an attempt to minimize variation, I used the same six DRGs for each 

outgrowth assay - lumbar DRG 2-4 on both sides. Slight differences in dissection and 

culturing conditions from assay to assay and the stochastic nature of neurite outgrowth 
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probably accounts for any remaining variability. The degree of variability does not 

however invalidate the outgrowth observed when co-cultured with LP-OECs or grown in 

P2 or P6 LP-OCM. Nor does it invalidate the difference in biological activity observed 

between P2 and P6 LP-OCM. The statistical analysis between the groups clearly shows 

a difference in outgrowth. 

A comparison of figure 4.11 and 4.12 highlights the deficiencies of the skeletonization 

method. Total outgrowth can be informative but it does not paint a complete picture of 

LP-OEC mediated outgrowth. However, in terms of sensitivity, this quantitation method 

was shown to be quite effective (section 4.2.1.3). Skeletonization can more distinctly 

discern the difference between P2 LP-OCM and NGF baseline levels (compare figure 

4.11 with 4.12). If neurite radius was the only measure of outgrowth used, I may well 

have concluded that LP-OCM had only a marginal effect on neurite outgrowth. I may 

also have concluded that there was a negligible difference in biological activity between 

P2 and P6 LP-OCM. This may explain why Lipson and coworkers did not find a 

noticeable effect with OEC conditioned media on sensory or autonomic ganglion 

explants (Lipson et al., 2003). 

The difference in outgrowth promotion between LP-OCM and LP-OEC co-culture bears 

extra commentary. There is a striking difference in neurite radius when DRG explants 

are grown on LP-OEC monolayers (figure 4.12). Neurites are fasciculated and grow 

straight and long. This is likely due to OEC cell surface interactions with DRG neurites 

as has been reported previously (Devon and Doucette, 1992). In conditioned media a 

similar level of total outgrowth was measured (figure 4.11). While there may have been 

slightly more fasciculation of neurites over NGF baseline, the most obvious difference 

was the density of the neurite carpet. This density difference rather than neurite radius 

had the largest effect on the measured increase in total outgrowth. In this chapter I have 

not examined whether the increased neurite density arises from increased neuronal 

survival or increased neurite branching. To a certain degree, I address this in the next 

chapter (see section 5.2.7). As an additional comment on survival, I have attempted to 

grow DRG explants in LP-OCM without NGF. No DRG explants survived under these 
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conditions. The explants appear to be dependent on NGF for survival and any NGF that 

may be present in the conditioned media was insufficient for DRG survival and growth. I 

also found that to a limited degree NT-3 could also support the growth of DRGs at this 

stage. Perhaps, a similar conclusion can also be drawn about the presence of NT-3 in LP-

OCM. 

The difference in biological activity between passage 2 and passage 6 conditioned media 

is interesting. There are several possible explanations as to how this could be taking 

place. (1) There are more kinds of neurotrophic factors present in P2 LP-OCM than P6 

LP-OCM. With additional factors present, P2 LP-OCM has different dose response 

curves and can support increased outgrowth at lower concentrations than P6 LP-OCM. 

(2) Both LP-OCM types have the same complement of neurotrophic factors but P6 LP-

OCM contains more kinds or higher levels of an outgrowth inhibitor. Thus, at lower 

concentrations, the inhibitory effect overtakes the neurotrophic activity. This would 

certainly account for the below baseline mean of 1:4 P6 LP-OCM (figure 4.9). (3) 

Perhaps the simplest explanation, P2 and P6 LP-OCM have the same complement of 

neurotrophic factors but P2 LP-OCM contains higher levels of them leading to a more 

effective dose response curve. Likely, the effect of the conditioned media is 

multifactorial with promoters and inhibitors of outgrowth at play. With a clear difference 

in biological activity and ostensibly a high similarity between the two LP-OCM types, I 

decided that these samples were suitable for further analysis to identify key secreted 

factors that may underlie the biological activity. 

Finally, these data underscore the importance of how LP-OECs are cultured and the 

potential effect that this could have on their ability to promote growth. I reviewed 

previously that there is a great deal of heterogeneity in how the OECs are prepared, 

expanded and harvested for transplantation studies (section 3.1.2). With just a difference 

of four passages, I have demonstrated a quantifiable difference in the biological activity 

of LP-OECs. Perhaps the differences in culture conditions used by various groups can 

help to account for the differences in their findings. This also demonstrates the need for 
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standardization in the OEC field and careful characterization of the cells themselves prior 

to experimentation. 
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FIGURE 4.2 
NGF Dose Response Curve Quantified by Four Different Methods 
Embryonic dorsal root ganglion explants grown in increasing concentrations of nerve 
growth factor. Neurite outgrowth is assessed by four quantitative methods. Data fit to 
best-fit natural log line. (A) Skeletonization of explant excluding cell bodies, total pixels 
converted to microns. (B) Average neurite radius measured in microns. (C) Neurite 
carpet surface area measured in u,m2. (D) Total signal of neurite carpet measured in 
pixels. 
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FIGURE 4.3 
Natural log of NGF Dose Response Curve Quantified by Four Different Methods 
Natural log of data from figure 4.4 re-plotted on a single graph. Skeletonization analysis in blue, 
average neurite radius in red, neurite carpet suface area in green, neurite carpet total signal in 
purple. 
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FIGURE 4.4 
Natural log of NGF Dose Response Curve Quantified by Four Different Methods 
Bracketed into Low-, Mid- and High-Range 
Natural log of data from figure 4.2. (A) showing only the low range (1-5 ng/ml) of 
NGF, (B) showing only the mid range (2.5-10 ng/ml) of NGF and (C) showing only the 
high range (10-20 ng/ml) of NGF. Skeletonization analysis in blue, average neurite radius 
in red, neurite carpet suface area in green, neurite carpet total signal in purple. 
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NGF co-culture FIGURE 4.5 

Comparison of Baseline NGF conditions with Co-culture with LP-OECs 
Embryonic DRG explants were cultured in baseline NGF (1.5 ng/ml) on (A) poly-L-
lysine/laminin substrate or (B) on poly-L-lysine/ laminin with a monolayer of LP-OECs and 
labeled with neurofilament heavy chain antibody (NF/H). (C) Total outgrowth quantified for 
baseline NGF (blue) and LP-OEC co-culture (orange). Scalebar represents 500 microns. Aster­
isks: * is p < 0.05; * is p < 0.005; *** is p < 0.0005. 
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FIGURE 4.6 
Three Potential Mechanisms of Olfactory Ensheathing Cell-Mediated Neurite Outgrowth 
(A) Olfactory Ensheathing Cell (OEC, green) expresses cell surface factors (orange) that act as a prefer­
ential substrate and/or growth-promoting signal for neurites (blue). (B) OEC releases factors (orange) 
that promote growth of neurites. (C) OEC releases factors (orange) that settle and act as a preferential 
substrate and/or growth-promoting signal for neurites. 
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FIGURE 4.7 
Schematic of Generating Conditioned Media Samples from Passage 2 and Passage 6 LP-
OECs 
Over the course of passage and purification, LP-OECs are weaned off of serum by gradual step-
down and increasing plating density. Purified LP-OECs are grown in serum-free media for 5 
days before harvesting conditoned media at either passage 2 or passage 6. Media is then concen­
trated to 10-30X using an ultrafiltration cell with a 1 KDa MWCO filter. To fairly cross compare 
early and late passage media, the samples are normalized to the number of cells generating a 
given volume of media. 
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FIGURE 4.8 
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FIGURE 4.8 
Comparison of Baseline NGF conditions with Baseline Supplemented with Passage 2 
Conditioned Media 
Embryonic DRG explants were cultured in (A) baseline NGF (1.5 ng/ml) or (B) baseline 
NGF supplemented with passage 2 conditioned media (1:1 concentration). (C) Total 
outgrowth quantified for baseline NGF (blue), heat-denatured conditioned media (red) 
and various concentrations of passage 2 conditioned media (green). Al l explants were 
labeled with neurofilament heavy chain antibody (NF/H). Scalebar represents 500 
microns. Asterisks: * is p < 0.05; * is p < 0.005; *** is p < 0.0005. 
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FIGURE 4.9 
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FIGURE 4.9 
Comparison of Baseline NGF conditions with Baseline Supplemented with Passage 6 
Conditioned Media 
Embryonic DRG explants were cultured in (A) baseline NGF (1.5 ng/ml) or (B) baseline 
NGF supplemented with passage 6 conditioned media (1:1 concentration). (C) Total 
outgrowth quantified for baseline NGF (blue), heat-denatured conditioned media (red) 
and various concentrations of passage 6 conditioned media (purple). Al l explants were 
labeled with neurofilament heavy chain antibody (NF/H). Scalebar represents 500 
microns..Asterisks: * is p < 0.05; * is p < 0.005; *** is p < 0.0005. 
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FIGURE 4.10 
Comparing the Biological Activity of Passage 2 and Passage 6 Conditioned Media 
(A) Total outgrowth quantified for baseline NGF (blue), heat-denatured conditioned 
media (red), various concentrations of passage 2 conditioned media (green) and various 
concentrations of passage 6 conditioned media (purple). (B) Same data as in (A) plotted 
as a line graph. Passage 2 media (green), passage 6 media (purple) and baseline NGF +/-
SEM (blue stripe). Asterisks: * is p < 0.05; * is p < 0.005; *** is p < 0.0005. 
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FIGURE 4.11 
Summary of Total Outgrowth in All Conditions Assayed 
Total outgrowth quantified for baseline NGF (blue), LP-OEC co-culture (orange), heat-denatured 
conditioned media (red), various concentrations of passage 2 conditioned media (green) and 
various concentrations of passage 6 conditioned media (purple). Asterisks: * is p < 0.05; * is p < 
0.005; *** is p < 0.0005. 
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FIGURE 4.12 
Comparing Average Neurite Radius of NGF Baseline, Conditioned Media and LP-OEC Co-
culture 
Average neurite radius quantified as described in figure 4.IB. Baseline NGF (blue), LP-OEC co-
culture (orange), 1:1 concentration of passage 2 conditioned media (green) and 1:1 concentration 
of passage 6 conditioned media (purple). Asterisks: * is p < 0.05; * is p < 0.005; *** is p < 0. 
0005. 
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Chapter 5: Analysis of Conditioned Media Samples by Isotope 

Coded Affinity Tags Proteomics 

5.1 Introduction 

5.1.1 Rationale for Proteomic Analysis 

While the in vitro assay can measure the ability of OECs to promote neurite outgrowth, a 

bridge is needed between the functional data and potential candidates responsible for 

OEC activity. To accomplish this, it was decided that potential mediators of OEC 

biological activity would be identified using a screen approach (see section 5.1.2 and 

figure 5.1). Proteomics was chosen as the screening method for a variety of reasons, and 

it has advantages and disadvantages compared with other methods such as microarray 

and SAGE (serial analysis of gene expression). Perhaps the most compelling argument in 

favour of proteomics is that it directly identifies the factors responsible for the biological 

activity. The other two methods mentioned are indirect in that it must be inferred that the 

mRNA (messenger ribonucleic acid) is properly translated and trafficked by the cell. No 

such assumption is required with proteomics - the protein is either present or absent in 

the sample. In this study, proteomics was particularly appropriate, because of the nature 

of the sample analyzed: Since OEC conditioned media contains the proteins being 

secreted by OECs, it was not necessary to deal with whether candidate factors were truly 

being trafficked out of the cell. Instead, by virtue of their being in the conditioned media, 

there was a strong likelihood that they were part of the OEC 'secreteome'. This approach 

can bypass problems encountered in another study looking for neurotrophic factor 

expression in OECs by a ribonuclease protection assay (Lipson et al., 2003). While the 

presence of transcripts for known neurotrophic factors were detected, with documented 

biological effects on the neuronal populations assayed (peripheral sensory and autonomic 

ganglion explants), the authors did not find a biological effect from the conditioned 

122 



media and postulated that the neurotrophins were not being secreted or secreted at too 

low levels for bioactivity. 

As with any screen approach, there are also inherent difficulties with employing a 

proteomic approach to study OEC function, the most obvious issue being what if the 

factor(s) responsible for the biological activity is not proteinaceous? There are controls 

that can be built-in to the experimental design to test this possibility. But even if this 

were the case, microarray and/or SAGE may not fare any better in this respect. Second, 

proteomics tends to be less sensitive than other screening methods. A direct cross-

comparison of yeast proteins analyzed by 2-D gel electrophoresis and mass spectroscopic 

sequencing and found that there was a definite bias for detecting high abundance proteins 

based on codon bias (Gygi et al., 1999b). Third, proteomic techniques can have issues 

resolving proteins with extremes in isoelectric point and hydrophobicity (reviewed in 

Haynes and Yates, 2000). Fourth, proteomics has issues with processing large, complex 

samples due to limitations in mass spectrometer cycling frequency and data processing 

speed (Aebersold and Mann, 2003). 

5.1.2 Using ICA T to Analyze Conditioned Media Samples 

ICAT proteomics is well suited to compare the differences between passage 2 and 

passage 6 LP-OCM. ICAT not only provides the identities of the constituent proteins, 

but also provide relative quantitation (section 5.1.3). So even if the two samples of 

conditioned media have identical protein constituents, differences in protein levels could 

be informative for identifying key candidate factors. Since the two conditioned media 

samples were derived from the same cell population, separated only by age in culture, 

analysis of the ICAT dataset for differences should be greatly simplified. 

Whether the active factors in the conditioned media were proteins was tested by heat 

denaturing the conditioned media prior to bioassay. If the activity was lost, there is a 
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strong likelihood of a protein-based mechanism; and indeed this is what was observed 

(see figures 4.8 and 4.9). An assumption was made that sufficient quantities of the 

proteins responsible for the activity would be presnt to be detected by ICAT. Also the 

active factors would have to contain cysteine residues. Otherwise, regardless of 

expression level, ICAT would not identify the protein. 

5.1.3 Isotope-Coded Affinity Tags Proteomics 

Isotope coded affinity tags (ICAT) proteomics is a tandem mass spectroscopic method 

that integrates protein sequencing and relative quantitation (Gygi et al., 1999a). ICAT 

has several advantages that made it particularly suitable for analyzing OEC function. 

First, ICAT proteomics uses a stable isotope tag to differentiate the samples to be 

analyzed, in contrast with metabolic labeling which has been used previously with yeast 

(Oda et a l , 1999), which could have adverse effects on the OECs as they incorporate the 
1 5 N isotope. Instead, ICAT reagent is added after the sample has been collected and it 

binds covalently to the protein sample. Second ICAT proteomics is quantitative, adding 

another dimension to the data set by cross-comparing the relative quantities of a given 

protein between samples rather than just absence/presence. Third, ICAT proteomics has 

practical advantages over traditional 2-D gel electrophoretic (2-DE) techniques. Not 

limited to separating the proteins by isolectric point, as is the case with 2-DE, ICAT can 

work in line with any number of HPLC (high pressure liquid chromatography) columns 

which separate samples by various criteria (Gygi and Aebersold, 2000). This enables 

ICAT to analyze a broader range of protein samples. 

The general principle behind ICAT is that two samples are analyzed concurrently by 

tandem mass spectroscopy (MS-MS), giving information on the identity and relative 

quantity of the constituent proteins in both samples (Gygi et al., 1999a) (see figure 5.2A). 

First, the two samples are differentially labeled with ICAT reagent, of which there are 

two forms: heavy and light. In the light form, the nine carbons that make up the 

backbone of the isotope-labeling region (see figure 5.2B) are common 1 2 C carbon atoms. 

In the heavy form, the nine carbons are l 3 C carbon isotope atoms, which makes it nine 
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atomic mass units (amu) heavier than the light form. ICAT reagent covalently binds to 

cysteines in the two samples via alkylation of the sulfhydryl R-group residue. 

Next, the protein sample is separated from the unbound ICAT reagent by SDS-PAGE 

(sodium dodecyl sulphate - polyacrylamide gel electrophoresis) and then digested with 

trypsin. Trypsin cleaves proteins at the peptide bond on the C-terminus end of lysine and 

arginine residues and breaks the proteins down into small peptide fragments in a 

stochastic manner. The fragments from both light- and heavy-labeled samples are mixed 

together and passed through a monomeric avidin affinity column. Peptides covalently 

labeled by ICAT reagent are retained on the column via biotin-avidin complex formation. 

The bound fraction is eluted in a mild formic acid solution and the peptides are dried by 

evaporation under vacuum. To minimize steric hindrance, the biotin tag is cleaved at the 

acid cleavable linker region by reconstituting the peptides in a solution containing 

trifluoroacetic acid (Applied Biosystems). 

The mixture is then loaded into an HPLC (high pressure liquid chromatography) reverse 

phase column. Reverse phase chromatography separates peptides by size and 

hydrophobicity and like peptides elute directly into the first MS. Mass spectrometer #1 

measures the signal amplitudes of the eluted peptides and measures their mass to charge 

ratio (m/z) (see figure 5.3A). Like peptides differently labeled with light and heavy 

ICAT reagent and can be distinguished as paired peaks typically 9 amu apart (assuming 

the peptide contains one cysteine residue or is singly labeled). The mass spectrometer 

measures the height of each peak as a measure of peptide abundance. As the paired 

peaks continue to elute from the HPLC, the entire elution profile is measured and thus, 

the area under the elution curve is the measure of peptide abundance (see figure 5.3B). 

This method of quantitation is particularly valid because the peptides measured are 

almost completely identical to one another and act as their own internal controls. 

As mass spectrometer #1 measures peak height and sorts b m/z ratio, a peak is selected 

for analysis by mass spectrometer #2. Peak selection is an automated process (Yi et al., 

2005). First the largest peak is analyzed and then subsequently smaller peaks are 

125 



analyzed in succession. While the process cycles relatively quickly between MS#1 and 

MS#2, there is a strong likelihood that very low abundance proteins will be missed, 

especially if their elution profile is shallow, resulting in generally low signal amplitude. 

In MS#2, the peak is selected by its mass/charge ratio and fragmented by electron spray 

ionization. Using this method, the majority of the peptides are broken between peptide 

bonds resulting in N-terminus (y+ ions) and C-terminus ((3+ ions) fragments. 

Theoretically, this process is purely stochastic. However there are tendencies for 

fragmentation influenced by R-groups and, in the case of a tryptic digest like this, there is 

a bias towards y+ ions due to the positive charged lysine or arginine at the C-terminus 

(reviewed in Mann and Pandey, 2001). The y+ and |3+ ions are measured by MS#2 to 

produce collision induced (CID) spectra. These spectra provide information about the 

mass of the ions, which can then be used to determine its amino acid composition (known 

as mass fingerprinting). In addition, the spectrum as whole is analyzed to provide 

information about the amino acid sequence. This is accomplished using a series of 

algorithms that attempt to 'best fit' the data with computer-derived theoretical CID 

spectra. The combined use of both mass fingerprinting and 'best fit' spectral analyses 

can provide the sequence of the peptide with a corresponding statistical margin of error. 

The cycle repeats between MS#1 and MS#2 to analyze all of the peptides that elute from 

the HPLC. The data is processed and compiled after collection using the software 

programs SEQUEST, Peptide Prophet and ASAPRatio. SEQUEST matches CID spectra 

and mass fingerprints to peptide sequences and correlates the sequence with a database to 

deduce protein identity (Ducret et al., 1998). The nature of the database is flexible; it can 

be protein, genomic or EST (expressed sequence tagged). Peptide Prophet uses statistical 

models to assign a margin of error to the SEQUEST results (Keller et al., 2002) and 

ASAPRatio matches the quantitative data with the SEQUEST results and gives an 

estimated margin of error (Li et al., 2003a). The data is presented in a graphical user 

interface (INTERACT) to effectively navigate and filter the dataset. 

There are several assumptions made in ICAT proteomics. First is that a small peptide 

fragment can uniquely identify the protein that it belongs to. Second, the protein of 

interest contains a cysteine residue, to which the ICAT reagent binds. Third, proteins 
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present in one sample are also present in the other sample. Absence/presence of proteins 

cannot easily be interpreted because there is no basis for relative comparison. Fourth, 

due to the bias towards high abundance proteins, it must be assumed that one's protein(s) 

of interest is at a detectable level. 

5.2 Results 

5.2.1 ICATDataset 

The proteomic dataset reported a large number of proteins detected in the two 

conditioned media samples. However, not all of these proteins were reported with high 

confidence. I set my cut-off for high confidence to be a peptide probability score greater 

than 0.9. The peptide probability is based on the clarity and quality of the fragment mass 

spectrum, which directly impacts the certainty with which peptide sequence can be 

assigned. The statistical model also takes into account the number of peptides identifying 

a given protein. Thus, the individual probabilities of each peptide increase as the number 

of peptides also identifying the same protein increase (Nesvizhskii et al., 2003). As such, 

I decided to look at all proteins identified by peptides with probability scores greater than 

0.9 regardless of how many unique peptides indicate the same protein. A cut-off of 0.9, 

while to a degree arbitrary, provides a sound compromise between sensitivity and 

accuracy. Nesviszhskii and coworkers found with their positive control protein sample 

that a cut-off of 0.9 yielded negligible error rates (>1%) while still accounting for 

approximately 90% of the proteins detected. 

With this cut-off alone, the number of peptides in the dataset shrinks from 755 peptides 

(corresponding to 702 unique proteins) to 97 peptides (corresponding to 63 unique 

proteins). These data have been included in spreadsheet format in the Appendix (see 

Table 5.1). This indicates that the dataset generated from the conditioned media was not 

nearly as robust as that generated by Nesvizhskii and coworkers. This has been 

represented graphically in figure 5.4. In general, the error and sensitivity graphs as 
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modeled by the method of Nesvizhskii et al. (2003) indicate that the data was of poorer 

quality than the well-defined mixture of proteins used by the authors. The drop in quality 

is not due to error rate; in this respect the datasets are comparable. The main difference is 

that the Nesviszhskii et al. dataset has far superior sensitivity. This may be because a 

conditioned media sample, even though it has been concentrated by ultrafiltration prior to 

analysis, is more dilute than is ideal. Nonetheless, it is important to note that with the 

stringent cut-off of 0.9,1 have reduced my dataset sensitivity to approximately 50%. 

Dropping the cut-off to 0.6 raises the false positive error rate to approximately 7.5% but 

increases the sensitivity to almost 70%. I examined the datasets at multiple cut-offs in an 

attempt to identify candidate factors. The trade-off between error rate and sensitivity is 

an obvious consideration but also important was to look for trends with respect to 

proteins and the peptides uniquely identifying them. I needed to consider questions such 

as: As the cut-off drops, are the same proteins being represented by peptides of lower 

probability or are new proteins making the cut, represented by peptides of lower scores? 

In general, the latter was the case. Thus, I stayed with the 0.9 cut-off, despite its obvious 

drawbacks, to minimize false positives at the expense of low abundance proteins. That is 

not to say that the data was not useful; only that it is important to note that by using a 

stringent cut-off of 0.9, it is possible that key proteins were not considered as potential 

candidate factors. 

In a subsequent ICAT run, using the same cut-off of 0.9 peptide probability score, only 

42 peptides remained. They corresponded to 24 unique proteins. Cross comparing the 24 

proteins with the 63 identified in the first run, 10/24 were found on the shortlist of 63. 

There is a high likelihood that all 10 of these proteins were correctly identified since they 

were found in both ICAT runs and passed the cut-off criteria of 0.9. Two other proteins 

from the list of 24 were found in the full list of 702 proteins from the first run. Both of 

these proteins had low peptide probability scores reported in the first run. 

These results can be interpreted in a number of ways. One is that the ICAT runs were not 

entirely successful in identifying the protein constituents of the conditioned media 

samples. Likely, further optimization may be required to generate a more comprehensive 
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list. Two, the conditioned media sample is relatively simple with few constituent 

proteins. A silver stained gel of passage 2 and passage 6 conditioned media samples can 

be found in the appendix (see Appendix 4). Qualitatively, the mixture looks fairly 

complex but it is difficult to assign identities to individual bands because there is the 

possibility that there may be a laddering effect due to heat denaturation or protein 

breakdown. Three, as mentioned previously (see section 5.1.3) there are limitations to 

the sensitivity and detection range of ICAT and this may simply be a shortcoming of the 

technique chosen. Four, even though some of the proteins were detected with high 

probability, they were not likely secreted by OECs, but rather a product of cell lysis as 

the conditioned media was being generated (for example: poly(A) binding protein II, 

Table 5.1). Cell lysate proteins were highly variable between the two ICAT runs and 

added an extra level of background that needed to be accounted for when analyzing the 

dataset. Overall however, the ICAT data provided me with ample data to identify 

candidate proteins responsible for the biological activity of the conditioned media. 
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FIGURE 5.1 
Schematic of Experimental Approach to Find Candidate Secreted Factors Important in 
OEC-Mediated Neurite Outgrowth 
Starting with a purified population of lamina propria-derived OECs (LP-OECs), the cells are 
cultured under different conditions. Conditioned media (CM) is harvested and assayed for bio­
logical activity by a neurite outgrowth assay. CM is analysed by ICAT (isotope coded affinity 
tagged) proteomics. The identity and relative quantities of the constituent proteins within the 
CM samples are compared and correlated with their respective biological activity. 
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FIGURE 5.2 
Schematic of Isotope-Coded Affinity Tags Proteomic Procedure 
(A) Two samples are labeled with either light (red) or heavy (green) isotope-coded affin­
ity tags (ICAT) reagent. The samples are mixed together and digested with trypsin. The 
digest is run through an avidin affinity column, and labeled peptides are released via acid 
cleavage. The peptides are separated by reverse phase liquid chromatography in-line 
with the first mass spectrometer (MS). The first MS measures peptide amplitudes to 
determine relative quantity and then cycles to the second MS which fragments and 
sequences the peptide to provide protein identity. All data is collected and compiled via 
SEQUEST software suite and presented in a graphical user interface by INTERACT. (B) 
Salient features of the ICAT reagent. Biotin affinity group is connected to the isotope-
labeled region via an acid cleavable group. Upon binding to an avidin affinity column, 
the biotin group is cleaved to reduce steric hindrance. The isotope-labeled region either 
contains 9 normal 12C atoms (light) or 9 13C atoms (heavy) giving a difference of 9 
atom mass units between the two reagents. A sulfhydryl reactive group covalently binds 
to cysteine residues in the sample. 
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FIGURE 5.3 
Relative Quantitation Using ICAT Proteomics 
(A) Two identical peptides are eluted from the HPLC. One peptide is labeled with heavy reagent 
(green) and the other with light (red). They are detected by the mass spectrometer as two peaks, 
9 atomic mass units (amu) apart. (B) To quantify the peptide abundances, the entire elution 
profile is analyzed such that the areas under the entire elution curves, not the peak height at any 
given time, corresponds to relative quantity. 

132 



0 minimum probability threshold 1 minimum probabiity threshold 

6 8 . 1 8 . 2 8 . 3 8 . 4 0 . 5 6 . 6 8 . 7 6 . 8 9 . 9 1 
Min P r o b a b i l i t y Threshhold <MPT) To Aocep 

FIGURE 5.4 
Sensitivity and False Positive Identification Error Rate Plots 
Sensitivity to false positive identification error rate plots are a graphical representation of ICAT 
data quality. The x-axis is the minimum cut-off for acceptable data. As the cut-off decreases, the 
false positive and sensitivity rates both increase. (A) represents an idealized plot with very low 
false positive rates and very high sensitivity. (B) Taken from Nesvishskii et al (2003) Analytical 
Chemistry 75(17): 4646-4658. Shows the plot of a known protein mixture processed by ICAT 
(solid lines) compared to a theoretical plot based on mathematical modeling (dashed lines). (C) 
Error and Sensitivity plot for ICAT dataset from P2 and P6 LP-OCM. 
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TABLE 5.1 List of ICAT Results using 0.9 Protein Probability Cut-Off 

protein 
probability Protein Name 

IPI Protein DB 
# 

0.9989 
1 
0.9281 
1 

Insulin-like growth factor binding protein 4 precursor IPI00112487 
IPI00112487 
IPI00112487 
IPI00112487 

0.9928 2810025A12Rik protein IPI00112492 

0.9993 
0.9805 

Polydom protein precursor IPI00112858 
IPI00112858 

1 
1 
0.9922 
1 

72 kDa type IV collagenase precursor IPI00112904 
IPI00112904 
IPI00112904 
IPI00112904 

0.9993 CYR61 protein precursor IPI00113117 

0.9465 
1 
0.999 
0.973 
0.9981 

Fibronectin precursor IPI00113539 
IPI00113539 
IPI00113539 
IPI00113539 
IPI00113539 

0.9047 
Recombining binding protein suppressor of hairless-
like protein IPI00114954 

0.9238 Serine proteinase inhibitor NK13 IPI00116247 

0.903 
Splice isoform 1 of P35329 B-cell receptor CD22 
precursor IPI00117413 

0.9374 None Mouse germ cell-less haploid specific IPI00118128 

0.9106 Tumor necrosis factor, alpha-induced protein 2 IPI00119978 

1 Procollagen C-proteinase enhancer protein precursor IPI00120176 
0.9996 IPI00120176 
1 IPI00120176 

134 



protein 
probability Protein Name 

IPI Protein DB 
# 

0.9676 Procollagen type V alpha 2 IPI00121120 
0.9773 IPI00121120 

0.9217 Nonmuscle heavy chain myosin II-A IPI00123181 
0.9452 IPI00123181 
0.9741 IPI00123181 

0.9979 Biglycan precursor IPI00123194 
0.9997 IPI00123194 
0.9423 IPI00123194 
0.9186 IPI00123194 
0.9665 IPI00123194 
0.999 IPI00123194 
0.998 IPI00123194 

0.9834 Follistatin-related protein 1 precursor IPI00124707 

0.9978 Protein kinase A anchoring protein 11 IPI00125322 
0.9906 IPI00125322 
0.9863 IPI00125322 

0.9858 SPARC precursor IPI00126343 
0.9831 IPI00126343 
0.9212 IPI00126343 
0.9665 IPI00126343 
0.9754 IPI00126343 
0.9972 IPI00126343 
1 IPI00126343 
1 IPI00126343 
0.9783 IPI00126343 
0.9896 IPI00126343 
0.9956 IPI00126343 
0.9235 IPI00126343 
0.9244 IPI00126343 
0.9436 IPI00126343 
0.9232 IPI00126343 
1 IPI00126343 
1 IPI00126343 
1 IPI00126343 
1 IPI00126343 
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protein IPI Protein DB 
probability Protein Name # 
0.9995 SPARC precursor IPI00126343 
0.9796 IPI00126343 
1 IPI00126343 
0.9757 IPI00126343 
0.9925 IPI001263.43 
0.9995 IPI00126343 
0.9995 IPI00126343 
0.9979 - IPI00126343 
0.9974 IPI00126343 
0.9962 IPI00126343 
0.9986 IPI00126343 
0.9918 IPI00126343 
1 IPI00126343 
0.999 IPI00126343 
0.9426 IPI00126343 
0.9955 IPI00126343 
0.9999 IPI00126343 
1 IPI00126343 
0.988 IPI00126343 
1 IPI00126343 
0.9689 IPI00126343 
0.997 IPI00126343 
0.9982 IPI00126343 

0.9206 Serine/threonine protein kinase SSTK IPI00126982 

0.9759 Chondroitin 6-sulfotransferase IPI00128074 
0.9901 IPI00128074 

1 None 5'-3' exonuclease IPI00129132 

0.9996 RPE-retinal G protein-coupled receptor IPI00130998 

0.9156 Splice isoform 1 of P54265 Myotonin-protein kinase IPI00133497 

Splice isoform 1 of Q9QX66 Zinc-finger protein 
1 neuro-d4 IPI00134511 

1 Poly(A) binding protein II IPI00136169 
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protein IPI Protein DB 
probability Protein Name # 
0.9998 Serotransferrin precursor IPI00139788 
1 IPI00139788 
1 IPI00139788 
0.9997 IPI00139788 
1 IPI00139788 
0.9816 IPI00139788 
1 IPI00139788 
1 IPI00139788 
0.988 IPI00139788 
1 IPI00139788 
0.9995 IPI00139788 
1 IPI00139788 
0.9908 IPI00139788 
1 IPI00139788 
0.9814 IPI00139788 
1 IPI00139788 
0.9829 IPI00139788 
0.9997 IPI00139788 
0.9998 IPI00139788 
0.9998 IPI00139788 
0.9998 IPI00139788 
0.9988 IPI00139788 
0.9996 IPI00139788 
1 IPI00139788 
0.9996 IPI00139788 
0.9959 IPI00139788 
0.9998 IPI00139788 
0.9996 IPI00139788 
0.9978 IPI00139788 
0.9988 IPI00139788 
0.9938 IPI00139788 
0.9728 IPI00139788 
0.993 IPI00139788 
1 IPI00139788 
0.9982 IPI00139788 
0.9979 IPI00139788 
1 IPI00139788 
0.9893 IPI00139788 
0.9727 IPI00139788 
1 IPI00139788 
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protein 
probability Protein Name 

IPI Protein DB 
# 

0.9508 Serotransferrin precursor IPI00139788 
0.9999 IPI00139788 
0.9999 IPI00139788 
0.9996 IPI00139788 
1 IPI00139788 
0.9994 IPI00139788 
0.996 IPI00139788 
0.9991 IPI00139788 
1 IPI00139788 
1 IPI00139788 
0.9343 IPI00139788 
0.9994 IPI00139788 
0.947 IPI00139788 
0.9106 IPI00139788 
0.9998 IPI00139788 
0.9995 IPI00139788 
0.9987 IPI00139788 
0.9998 IPI00139788 
0.9317 IPI00139788 
0.9999 IPI00139788 
1 IPI00139788 
0.9557 IPI00139788 
0.9976 IPI00139788 

0.9762 Similar to RIKEN cDNA 1700008D07 gene IPI00153305 

0.9735 Tumor-related protein IPI00165849 

Similar to follicle stimulating hormone primary 
1 response gene 1 IPI00169777 

0.951 Inducible 6-phosphofructo-2-kinase homolog IPI00177072 
0.996 IPI00177072 
0.9722 IPI00177072 
0.9899 IPI00177072 
0.9621 IPI00177072 
0.9617 IPI00177072 
0.9896 IPI00177072 

0.9403 NS1-associated protein 1 IPI00221655 

138 



protein 
probability Protein Name 

IPI Protein DB 
# 

1 Similar to CUBITUS INTERRUPTUS IPI00222006 

1 
0.9988 
0.9998 
0.9977 
0.9975 
0.9933 
1 

procollagen, type I, alpha 2 IPI00222188 
IPI00222188 
IPI00222188 
IPI00222188 
IPI00222188 
IPI00222188 
IPI00222188 

0.9144 
Hypothetical fibronectin type III domain containing 
protein IPI00225355 

0.9258 MKIAA0826 protein IPI00229629 

0.9905 Splice isoform 2 of Q61701 ELAV-like protein 4 IPI00229977 

0.9998 cytochrome c, testis IPI00230033 

0.9104 Ensembl_locations(Chr-bp): 14-114366276 IPI00261268 

0.9127 MKIAA0734 protein IPI00264338 

0.964 Ensembl_locations(Chr-bp):7-34268464 IPI00271619 

1 Ensembl_locations(Chr-bp):5-106198580 IPI00273479 

1 
0.9808 
0.9998 
0.9997 

Tissue inhibitor of metalloproteinase 2 IPI00310128 
IPI00310128 
IPI00310128 
IPI00310128 

0.9526 Similar to interleukin-1 receptor-associated kinase 2 IPI00311613 

1 Insulin-like growth factor binding protein 2 precursor IPI00313327 
°-984 IPI00313327 
0 9 4 1 3 IPI00313327 
0.9989 IPI00313327 
° - 9 7 5 7 IPI00313327 
1 IPI00313327 
0.9794 IPI00313327 
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protein IPI Protein DB 
probability Protein Name # 
0.9984 Insulin-like growth factor binding protein 2 precursor IPI00313327 
1 IPI00313327 
0.9925 IPI00313327 
1 IPI00313327 
0.9967 iIPI00313327 
0.9922 IPI00313327 
0.9967 IPI00313327 
0.9958 IPI00313327 
0.9998 IPI00313327 
0.9534 IPI00313327 
1 IPI00313327 
0.9959 IPI00313327 
0.9959 IPI00313327 
0.9123 IPI00313327 
0.99 IPI00313327 
1 IPI00313327 
0.9952 IPI00313327 
0.9988 IPI00313327 

0.9124 Lactotransferrin IPI00317340 

1 Angiotensinogen precursor IPI00320617 

0.9958 Connective tissue growth factor precursor IPI00322594 
0.9968 IPI00322594 
0.971 IPI00322594 

0.9947 Fibulin-5 precursor IPI00323035 

0.9944 procollagen, type I, alpha 1 IPI00329872 
0.9936 IPI00329872 
0.9869 IPI00329872 
1 IPI00329872 
0.9903 IPI00329872 
1 IPI00329872 
0.9981 IPI00329872 
0.9686 IPI00329872 
1 IPI00329872 

1 Pigment epithelium-derived factor IPI00331088 
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protein 
probability Protein Name 

IPI Protein DB 
# 

0.9815 
1 

Pigment epithelium-derived factor IPI00331088 
IPI00331088 

0.9999 
0.9999 

Collagen alpha 1 (VI) chain precursor IPI00339885 
IPI00339885 

0.922 similar to RIKEN cDNA 2610028H07 IPI00341459 

0.9761 RIKEN cDNA 2410003A14 IPI00346015 

1 gene model 252 IPI00350399 

0.9908 
Latent transforming growth factor beta binding 
protein, isoform 1S precursor IPI00352982 

0.9972 
0.9733 

fibrillin 1 IPI00353445 
IPI00353445 

0.9573 
similar to glyceraldehyde-3-phosphate 
dehydrogenase IPI00353598 

0.9475 
similar to Melanoma-associated antigen B3 (MAGE-
B3 antigen) IPI00355959 

0.9471 
Similar to Bernardinelli-Seip congenital 
lipodystrophy 2 IPI00377352 

1 similar to placenta-specific 4 IPI00378092 

0.9062 similar to Pro-Pol-dUTPase polyprotein IPI00378297 

0.9452 
0.9523 

similar to Transcription factor BTF3 (RNA 
polymerase B transcription factor 3) IPI00379807 

IPI00379807 

0.9664 
similar to cytochrome P450 monooxygenase 
CYP2T1 IPI00379809 

0.9438 similar to Muncl3-1 IPI00381088 

0.9513 Spermatid-specific heat shock protein 70 IPI00387394 



protein IPI Protein DB 
probability Protein Name # 
0.9441 procollagen, type III, alpha 1 IPI00387550 
0.9981 IPI00387550 
0.9306 IPI00387550 

Note: The mass spectroscopic data was analyzed using the International Protein Index 

Database. Its website can be found at: http://www.ebi.ac.uk/IPI/IPIhelp.html 

Summary Table of ICAT Dataset 

ECM and ECM-interacting molecules 
Fibronectin precursor 
Procollagen type V alpha 2 
Biglycan precursor 
Procollagen type I, alpha 2 
Hypothetical fibronectin type III domain containing 
Fibrillin 1 
Procollagen type III alpha 1 
Collagen alpha 1 (IV) chain precursor 
SPARC precursor 
Fibulin-5 
Latent transforming growth factor beta binding protein, isoform 1 S precursor 

Growth Factor/Growth Factor-Related 
Polydom protein precursor 
CYR61 protein precursor 
Follistatin-related precursor protein 1 precursor 
Similar to follicle stimulating hormone primary response gene 1 
Insulin-like growth factor binding protein 2 precursor 
Angiotensinogen precursor 
Connective tissue growth factor precursor 
Pigment epithelium-derived factor 

Note: proteins excluded from summary table either have no known function or are likely 

not secreted but rather from lysed cell contaminants 
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Chapter 6: Functional Studies on Secreted Protein Acidic Rich 
in Cysteine 

6.1 Introduction 

6.1.1 Secreted Protein Acidic Rich in Cysteine 

After a thorough analysis of the ICAT dataset from passage 2 and 6 LP-OCM, SPARC 

(secreted protein acidic rich in cysteine) was determined to be the most promising 

candidate factor responsible for the biological activity. Based on relative quantity, 

SPARC fit the profile of a molecule that could account for the difference in activity 

between the two samples. ICAT reported higher levels of SPARC in passage 2 versus 

passage 6 conditioned media (by approximately 30%). An important caveat however, is 

that there is a considerable bias for SPARC by ICAT analysis. As the name implies, 

SPARC contains a disproportionate number of cysteine residues and therefore is 

overrepresented in the ICAT dataset. That does not, however, affect SPARC'S high 

peptide probability scores or overall quantitative ratio reported in both datasets. Also, 

there were several aspects about SPARC a priori that suggested it was a potentially 

important factor in conditioned media (described below). 

6.1.1.1 General Features of SPARC 

SPARC belongs to the matricellular family of proteins. Matricellular proteins, which 

include thrombospondin-1 and 2 and tenascin-C, and do not contribute to extracellular 

matrix structure but rather modulate cellular interactions with ECM molecules (reviewed 

in Brekken and Sage, 2001). SPARC is made up of three domains (see figure 6.1 A): (1) 

an acidic calcium-binding domain, (2) a follistatin-like domain and (3) an extracellular 

calcium-binding domain. Each domain has specific functions and some of the functions 
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overlap between domains suggesting cooperativity. SPARC has many different effects 

on different systems and in different contexts. In general, SPARC has been reported to 

decrease cell adhesion, affect angiogenesis and cell migration and modulate growth factor 

activity and cell proliferation. 

SPARC is a widely expressed protein in development. It has been found in heart, 

cartilage, bone, gut epithelium, skin and blood vessels (Holland et al., 1987; Sage et al., 

1989). Its expression in adulthood however is confined primarily to tissue undergoing 

continual turnover or following injury such as bone and gut. In this regard, with its 

neuronal population undergoing constant turnover, it is not surprising that the olfactory 

system retains SPARC expression postnatally. In fact, SPARC mRNA was detected by 

differential display in an olfactory cell line, OLF442 grown in serum and serum-starved 

conditions (Zehntner et al., 1998). 

6.1.1.2 SPARC Interaction with ECM Molecules 

Like other members of the matricellular protein family, SPARC binds to ECM molecules. 

Its third domain, extracellular-calcium binding (E-C) domain, is largely responsible for 

this activity and mediates SPARC binding to collagen, thrombospondin-1, vitronectin and 

entactin/nidogen (reviewed in Brekken and Sage, 2001). SPARC also binds to laminin-1 

via its E-C domain (Sweetwyne et al., 2004). The biological significance of SPARC-

ECM binding is only beginning to be understood. Analysis of the SPARC null mouse 

reveals defects in collagen fibril formation (Bradshaw et al., 2003) and collagen a l 

deficient mov-\3 mice show mis-targeting of SPARC (Iruela-Arispe et al., 1996). 
SPARC can be specifically cleaved at leucine-197 and leucine-198 by a number of matrix 
metalloproteases (several of which were detected in the ICAT run, Table 5.1) in vitro 
resulting in a significantly higher affinity for collagen (Sasaki et al., 1997). 

There is evidence that laminin can augment SPARC activity (Rempel et al., 2001). In an 
examination of glioma cell line division, attachment and migration on various ECM 
substrates normally found in the CNS, SPARC slowed proliferation and increased cell 
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attachment to different degrees depending on the substrate. SPARC had the most effect 
on collagen and laminin. Collagen and laminin substrates also interacted with SPARC to 
modulate glioma cell migration but the trend was not dose-dependent. Mid levels of 
SPARC increased migration and low levels were similar to control migration rates. High 
SPARC levels decreased migration rate; an effect the authors propose may be due to 
increased attachment. These data indicate that the interplay of SPARC with different 
ECM molecules is complex and likely dependent on context. 

6.1.1.3 SPARC Modulation of Growth Factor Activity 

SPARC has also been shown to modulate the activity and expression of a number of 
different growth factors most notably bFGF, PDGF, VEGF and TGFp\ In the case of 
PDGF and VEGF, there is evidence of direct physical interaction with SPARC. SPARC 
can bind PDGF-AB and PDGF-BB dimers to prevent growth factor-receptor binding 
resulting in decreased smooth muscle cell proliferation (Raines et al., 1992). There is 
also evidence that SPARC may also bind PDGF-AA (Gohring et al., 1998). SPARC 
binds to VEGF via its E-C domain and can inhibit endothelial cell proliferation 
(Kupprion et al., 1998). SPARC can also interfere with bFGF signaling although not 
through direct interaction with the growth factor. It was suggested that SPARC does not 
interfere with bFGF2-FGFR ligand-receptor interaction but rather indirectly interferes 
with downstream signal transduction pathways including PKA activation (Motamed et 
al., 2003). It is possible that SPARC itself may have a receptor whose signaling pathway 
interferes with the bFGF MAPK pathway. To date, however the identity of the putative 
SPARC receptor has not been reported. SPARC also interacts with TGFp\ While there 
is no evidence of a direct interaction, it has been suggested that there may be an indirect 
interaction via ECM (Bradshaw and Sage, 2001; Nunes et al., 1997). Indirect or 
otherwise, there appears to be a link between their expression levels. Increasing TGF|3 
levels induce increased SPARC and collagen-1 expression (Reed et al., 1994) while 
adding SPARC to SPARC null mesangial cells can restore TGFf3 to normal levels 
(Francki et al., 1999). Upregulation of TGF|3 can have multiple downstream effects 
depending on cell type and environment (see section 6.3.6). 

It has also been suggested that certain portions of SPARC may have intrinsic growth 
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factor function. SPARC expression is coincident with angiogenesis (Iruela-Arispe et al., 
1991) and in a subsequent study the same group found that fragments (including 
(K)GHK; see figure 6.1A) of SPARC were potent activators of endothelial cell 
differentiation and proliferation (Lane et al., 1994). More recently, it was found that 
SPARC is a substrate for matrix metalloprotease-3 which cleaves SPARC into 3 
fragments one of which is (K)GHK (Sage et al., 2003). The resulting fragment was able 
to mediate angiogenesis in a dose dependent manner. 

6.1.1.4 The Effect of SPARC on Cell Differentiation 

With the modulatory effect of SPARC on growth factors and ECM molecules, it is not 
surprising that SPARC also impacts cell differentiation. The effect of SPARC, or more 
accurately its lack thereof, on cell differentiation is hypothesized to be the underlying 
cause of the most pronounced phenotype in SPARC null mice: Null mutants experience 
early onset cataract formation with 100% penetrance (Norose et al., 1998). SPARC is 
localized to the normal lens capsule to which immature cells of the lens remain attached 
prior to differentiation. Upon differentiation, lens cells elongate and detach from the 
basement membrane of the capsule, lose their organelles and become the well-ordered 
transparent cells of the lens. The lens cells in SPARC null mice are irregularly shaped 
and disordered suggesting a defect in differentiation and/or cell organization. Delany and 
coworkers (2000) have reported defects in bone formation resulting in late onset 
osteopenia in SPARC null mice. SPARC is a major component of bone and the 
phenotype suggests that SPARC plays a role in osteoclast and osteoblast differentiation. 
By blocking bFGF, PDGF and VEGF signaling and augmenting TGFp levels (see section 
6.1.1.3), SPARC likely impacts the differentiation of a host of other cell types. 

6.1.1.5 SPARC and Wound Healing 

Wound healing is a multifactorial and complex biological process that involves cell 
migration, ECM re-modeling a host of cytokines, growth factors and matrix 
metalloproteases (reviewed in Singer and Clark, 1999). With its ability to modulate 
many of these processes, it is not surprising that SPARC expression is increased at sites 
of injury (Reed et al., 1993). There are conflicting reports about the ability of SPARC 
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null mutants to recover from dermal wounds. Basu and coworkers (2001) found deficits 
in wound healing both in vivo and in vitro using fibroblasts cultured from SPARC null 
mice. The authors attribute the effect to poor cell migration which could be rescued by 
exogenous SPARC. Bradshaw and coworkers (2002) found that SPARC null mice 
exhibited faster than normal wound closure. The authors hypothesize that the effect is 
secondary with defects in collagen fibril formation resulting in weaker skin tensile 
strength and easier wound closure. Differences in the severity of the wound could help 
account for the discrepancies between the two studies. The effect of SPARC on wound 
healing may be complex and context dependent. With SPARC having an antagonistic 
effect on PDGF, bFGF and VEGF (all of whom have been documented to contribute to 
wound healing (reviewed in Bradshaw and Sage, 2001), levels of SPARC and the 
severity of the injury may tip the balance on the role of SPARC in wound repair. It is 
possible that, as in dermal wounds, SPARC may also be upregulated following nervous 
system injury. To support this idea, a study by Mendis and coworkers (1998) found 
increased SPARC mRNA levels following traumatic brain injury. Gillen and coworkers 
(1995) also observed upregulation of SPARC coincident with Wallerian degeneration in 
the peripheral nervous system. 

SPARC is a multifunctional protein that is retained in tissues undergoing constant 

turnover, making it likely expressed by olfactory ensheathing cells to accommodate ORN 

turnover. SPARC can modify cell-ECM interaction, modulate growth factor activity and 

expression levels and influence angiogenesis and wound healing. Al l of these features 

could potentially help OECs to maintain a plastic environment for ORN axons and may 

also contribute to the regeneration and functional recovery found after OEC 

transplantation into spinal cord injury models (see section 1.2.6.1.2). With all of these 

considerations in mind, I decided to investigate the role of SPARC in the biological 

activity of LP-OEC conditioned media. 
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6.2 Results 

6.2.2 Examining SPARC Expression in Cultured LP-OECs 

Of the ten high certainty candidates, one of the most well represented was secreted 

protein acidic rich in cysteine (SPARC). To confirm the results of the ICAT screen, I 

initially looked for the presence of SPARC mRNA from passage 2 and passage 6 cell 

pellets used to generate conditioned media as well as postnatal day 5 olfactory 

epithelium, the tissue used to culture the LP-OECs. RNA was purified from all three 

samples and used as the template for reverse transcriptase reactions using a poly d-T 

primer to obtain cDNA. PCR reactions using SPARC primers confirmed the presence of 

SPARC in all three samples (figure 6.2A). By immunohistochemistry using a goat anti-

SPARC antibody, SPARC was also expressed in cultured LP-OECs (figure 6.2B). 

Conditioned media was loaded normalized to the number of cells generating the media -

in essence, to mimic the levels used in the outgrowth assays (Chapter 4). SPARC was 

detected in both samples and was detected at greater levels (33% ± 9.8% as determined 

by densitometry, n=3) in passage 2 compared to passage 6 conditioned media (figure 

6.2C). However, when the cell pellets were analyzed for SPARC expression, there was 

considerably more SPARC detected in passage 6 LP-OECs than passage2, suggesting 

that older cells may retain rather than secrete SPARC (figure 6.2D). The blot was re-

probed with anti-(3 actin to confirm equal loading 

6.2.3 SPARC Expression in the Olfactory System 

To further confirm SPARC expression by olfactory ensheathing cells, I examined the 

expression of SPARC in the olfactory system during development and maturity. It has 

been previously reported that SPARC is expressed in cartilage and bone (Sage et al., 

1989) and not surprisingly, SPARC was detected in cartilaginous turbinates as well as the 

cribriform plate in the olfactory system (figure 6.3). At E14.5, cells immunolabelled with 
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SPARC were detected along GAP-43 positive ORN axons en-route to the olfactory bulb 

(figure 6.3A and 6.3B). SPARC was also expressed by ensheathing cell processes that 

surround ORN nerve bundles (figure 6.3D). Of note, SPARC signal overlaps with 

laminin in the lamina propria suggesting perhaps a functional relationship between the 

two (figure 6.3C). SPARC was also detected in OB-OECs aligned parallel to the nerve 

fibre layer (figure 6.3E) and along ORN axons entering glomeruli (see Appendix 6) and 

in the glomeruli themselves (figure 6.3E). In the adult, SPARC expression is decreased 

coincident with a more quiescent mature olfactory system (figure 6.3F). 

6.2.4 SPARC Expression in the Injured Nervous System 

It was possible that SPARC downregulation in adulthood reflects less ORN growth and 

pathfinding associated with a low basal rate of ORN turnover. To test this hypothesis I 

examined the expression of SPARC 12 days following unilateral bulbectomy, a timepoint 

during which ORN regeneration is robust (Struble et al., 2001). I wanted to examine if a 

synchronous wave of ORN regeneration would result in a coincident increase in SPARC 

expression. SPARC levels in ensheathing cells were elevated on both the lesioned and 

unlesioned sides following a unilateral bulbectomy compared to uninjured animals 

(figure 6.4A) but SPARC expression was more concentrated and potentially more highly 

expressed on the lesioned side by comparison (figure 6.4A and 6.4B). This expression 

pattern is consistent with ensheathing cell expression of SPARC being involved in ORN 

growth. Could the same be happening with OECs transplanted into spinal cord injury? 

In control animals 7 days post injury, there is a modest increase in SPARC levels likely 

expressed by GFAP-positive astrocytes (figure 6.4C). In the OEC-treated spinal cord, 

there is considerably more SPARC detected and neurofilament-positive axon sprouting 

into the lesion site is coincident with areas high in SPARC expression (figure 6.4D). 

While there is only a correlative relationship between SPARC and neural regeneration, it 

further suggested that SPARC might be an important contributor to the effect of LP-OEC 

conditioned media. 
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6.2.5 Gain-of-Function Studies with SPARC 

Based on the data above, it was clear that SPARC was expressed in LP-OECs and in their 

conditioned media. In the olfactory system, SPARC was expressed in olfactory 

ensheathing cells of the lamina propria and olfactory bulb and expression appeared to be 

developmentally regulated. SPARC expression could be re-upregulated after bulbectomy 

and OECs transplanted into spinal cord injured animals appeared to express high levels of 

SPARC. This was sufficient evidence to suggest that SPARC may be an important 

component in LP-OCM. Therefore I decided to test the effect of SPARC on my 

outgrowth assay. Two forms of SPARC were used: recombinant mouse SPARC and 

recombinant human SPARC. 

I generated recombinant mouse SPARC from the PCR product using RT reaction 

template obtained from passage 2 LP-OECs. The primers included additional flanking 

sequences for restriction sites to allow for directional insertion, a signal peptide to 

facilitate secretion and a c-terminus glycine hinge to minimize steric hindrance from V5 

and His tag epitopes (figure 6.2B). The sequence was inserted into a pcDNA vector with 

C-terminus V5 epitope and 6xHis tag and lipofected into cos-7 cells. Cos-7 conditioned 

media was harvested and recombinant mouse SPARC (rmSPARC) was batch purified 

using nickel resin (for a more detailed description see section 2.7). Recombinant human 

SPARC (rhSPARC) was a gift from Dr. E. Helene Sage (University of Washington) 

(Bradshaw et a l , 2000). Sf9 cells were transfected with baculovirus containing the 

human SPARC inserted into the gp67 coat protein gene for efficient expression. 

Conditioned media from sf9 cells was harvested and SPARC was purified using anion 

exchange chromatography. The authors reported that rhSPARC was properly 

glycosylated and biologically active as assayed by endothelial cell proliferation and 

mesangial cell collagen production. The Sage lab and others have since used the protein 

in subsequent studies as a reliable source of SPARC (for example: Sweetwyne et al., 

2004; Yan et al., 2005). 
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Both rmSPARC and rhSPARC mediated significant increase in neurite outgrowth over 

NGF baseline levels (figure 6.5). Overall, rhSPARC (figure 6.5A) was more effective 

than rmSPARC (figure 6.5B), likely due a higher level of protein purity. The SPARC 

generated by the Sage lab was reported to be 95% pure as measured by circular dichroism 

(Bradshaw et al., 2000). rmSPARC was purified by nickel affinity chromatography from 

serum-containing media and was likely a less pure sample. Both SPARC samples 

exhibited a high degree of biological activity at 5 ng/ml and the effect dropped somewhat 

at 10 ng/ml. 

6.2.6 Loss of Function Studies with SPARC 

The Sage lab also generously provided function-blocking antibodies against different 

forms of SPARC (Sweetwyne et al., 2004). Antibody clone 236 (Ab 236) specifically 

blocks rhSPARC activity. Mouse SPARC (purified from parietal yolk sac; (Sage et al., 

1989)) was specifically blocked by antibody clone 255 (Ab 255). By pre-incubating 

rhSPARC and rmSPARC with a 20-fold molar excess of Ab 236 and 255 respectively, 

the outgrowth activity was abolished (figure 6.6A). Reversing the antibodies did not 

affect rh- or rmSPARC outgrowth activity, which demonstrated the species specificity of 

Ab 236 and Ab 255 and acted as ideal isotype controls (figure 6.6A). Having worked out 

effective conditions to block SPARC activity, I applied these conditions to passage 2 and 

passage 6 conditioned media (figure 6.6B). In both cases, there was a general decrease in 

outgrowth when Ab 255 was added. No effect on outgrowth was detected when antibody 

was added alone. However, only in passage 2 conditioned media was there a statistically 

significant decrease. Additionally, LP-OECs were cultured from SPARC null mice 

(Norose et al., 1998) and passage 2 conditioned media was harvested from them. 

Antigenically, SPARC null LP-OECs appeared normal when labeled with anti-S 100(3, 

anti-GFAP and anti-p75, although there may be some subtle differences in cell adhesion 

(noticeable when passaging the cells). The biological activity of passage 2 SPARC null 

conditioned media was significantly less than passage 2 conditioned media from wild 

type LP-OECs, supporting the function-blocking experiments. However, the decrease in 
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total outgrowth for SPARC null mice is somewhat deceptive since the nature of the 

outgrowth was different. SPARC null conditioned media treated explants had less dense 

and potentially less branched outgrowth compared to wildtype (figures 6.7 A and B vs. C 

and D) but the average neurite carpet radius of SPARC null conditioned media is 

statistically indistinguishable from wild type passage 2 conditioned media and both 

conditions exhibited longer neurites than NGF baseline (figure 6.7E). 

6.2.7 Studying the Mechanisms of SPARC Activity 

Having established that SPARC promotes neurite outgrowth in my assay system, and that 

it is an important factor in the biological activity of LP-OEC conditioned media, I wanted 

to examine how SPARC was mediating this effect. Was the increase in outgrowth due to 

a direct effect of SPARC on neurites or was there a secondary effect on dividing cells that 

ultimately resulted in neurite outgrowth? I initially wanted to test this using a Campenot 

compartment culture system whereby neurites would be separated from cell bodies and I 

could not only examine the effect of SPARC on neurons alone but also individually 

examine the effect on cell body versus neurites. Unfortunately, I found that the growth 

was not reliable enough for quantitative analysis so I decided to use a much simpler 

method: kill the dividing cells in my assay prior to adding SPARC. To do so, I plated the 

explants in cytosine arabinoside (AraC) for two days baseline conditions before 

switching them to normal media with and without SPARC; this regimen eliminated 

approximately 85% of the dividing cells, even with the 2 extra days to recover in AraC-

free media. Under these conditions, I found that the effect of SPARC was eliminated 

suggesting that SPARC may be acting secondarily via the dividing cells of the explant. 

The effect of NGF on DRG explants is twofold. NGF not only mediates neurite 

outgrowth but also survival (reviewed in Bothwell, 1995). These two effects can be 

separated by using the MAP kinase inhibitor PD98059, which inhibits NGF-mediated 

outgrowth but not survival or spontaneous outgrowth when used at 50 l i M (Sjogreen et 

al., 2000). In the presence of PD 98059, NGF baseline levels were largely the same as 
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untreated (figure 6.8B), suggesting that 1.5 ng/ml NGF is sufficient for survival but has 

little impact on outgrowth. NGF was necessary for DRG survival since in the absence of 

NGF or by using a pan-trk inhibitor K252a (Berg et al., 1992) no outgrowth was ever 

observed (data not shown). SPARC was still able to significantly increase outgrowth in 

the presence of PD, but the effect was greatly diminished compared to SPARC without 

PD. This suggests that SPARC may be acting through both a MAPK dependent and 

independent pathways to mediate outgrowth. 

Since SPARC can be modulated by its association with ECM molecules (see section 

6.1.1.2), I also examined the effect of removing laminin substrate from the outgrowth 

assay (figure 6.8C); all other parameters were kept the same only that the DRGs were 

grown on poly-L-lysine alone. Under these conditions, the outgrowth activity of SPARC 

was diminished significantly. Although there was a trend towards increased outgrowth, 

the difference was not statistically significant over NGF control levels. This result 

suggests that the outgrowth activity of SPARC is dependent on laminin and the modest 

increase in outgrowth with SPARC is likely due to laminin production by dividing cells 

in the explant. 

These data suggest that the activity of SPARC is sensitive to the parameters of the assay. 

When the dividing cells were eliminated or laminin was removed from the assay, the 

ability of SPARC to promote neurite outgrowth was greatly diminished. Therefore it is 

likely that SPARC increases outgrowth via a secondary effect mediated by the dividing 

cells in the explant (predominantly Schwann cells). The effect appears to be dependent 

on laminin for its activity and signals partially but not entirely through the MAP kinase 

pathway. 

6.2.8 Correlating Dividing Cell Number with Total Outgrowth 

For some of the outgrowth assay conditions, I also labeled the dividing cell nuclei with 

DAPI (4'6-diamidino-2-phenylindole) to see if there was an effect on dividing cell 

number, density and distribution in response to SPARC. The dividing cells, most of 
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which are Schwann cells when explants of this age are cultured (Banker, 1998), should 

divide in proportion to the total amount of neurite outgrowth since neuregulin expression 

by neurites regulates Schwann cell number by acting as the rate limiting source of 

mitogens (reviewed in Lobsiger et al., 2002). To examine this relationship, I tested the 

correlation between total outgrowth and the total number of DAPI nuclei in the neurite 

carpet in NGF and SPARC-treated conditions (figure 6.9). Figure 6.9A and B show 

representative montages of DAPI nuclei associated with the explant. The ganglion and 

its associated DAPI signal was excluded and only the nuclei in the surrounding region 

were counted. A scatter plot correlating individual explant total growth versus DAPI 

nuclei number shows a significant difference between NGF baseline and SPARC-treated 

groups (figure 6.9C). There is much more outgrowth per dividing cell in the SPARC-

treated versus NGF baseline condition. Grouping all of the data together as a ratio of 

total outgrowth divided by DAPI number, demonstrates that the difference between the 

two groups is statistically significant. There is a possibility that the disparity between the 

two ratios was due to a difference in DAPI nuclei density. To account for this, the 

number of DAPI nuclei per explant was divided by the neurite carpet area (figure 4.1C) 

to determine nuclei density. By this measurement, SPARC also had a lower DAPI nuclei 

density (figure 6.9D). Thus, the total amount of outgrowth attributed to each DAPI 

nuclei is significantly greater in SPARC-treated outgrowth assays, suggesting that 

SPARC may influence the phenotype dividing cells making them better able to promote 

neurite outgrowth. 

I then tested if this correlation holds true for the outgrowth assays where SPARC 'S effect 

was greatly diminished or altogether abolished (figures 6.6 and 6.8). That is, I wanted to 

see if under those conditions if the total outgrowth attributed to each DAPI nucleus was 

similar to its NGF baseline control. Figure 6.10 compares the ratio of total outgrowth 

divided by total DAPI nuclei in outgrowth assays where SPARC activity is disrupted. In 

all of these conditions, the ratio of outgrowth to DAPI number is similar between 

SPARC-treated and NGF control groups. In both AraC- and PD 98059-treated groups, 

the ratio outgrowth to DAPI number is high because in both groups, there are fewer 

dividing cells in general. With AraC the reason is obviously that the mitotically active 
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cells are being killed off while with PD 98059, the decrease in cell number is most likely 

due to inhibition of the MAP kinase pathway. Maurel and Salzer (2000) demonstrated 

that neuregulin-based Schwann cell proliferation is dependent on PI3 kinase activation of 

the MAP kinase pathway. Regardless, the ratio of outgrowth to DAPI number is 

statistically indistinguishable between NGF baseline and SPARC-treated conditions in 

both AraC and PD-treated groups (figure 6.1 OA and B). There is a trend towards higher 

ratios in the PD and SPARC-treated group however. The outgrowth assay where laminin 

was not included in the substrate, SPARC outgrowth was abolished and this was 

coincident with equal ratio of outgrowth to DAPI number between control and treated 

groups (figure 6.10C). In the assay involving SPARC null conditioned media, the 

difference between ratios is also statistically insignificant (6.10D). 

Figure 6.11 shows the relative difference in ratios of outgrowth per DAPI number 

between SPARC and NGF control groups. By showing the relative difference between 

the two ratios, there is a positive correlation between the difference in outgrowth per 

DAPI nucleus and the resulting total outgrowth. This correlation also supports the 

hypothesis that the role of SPARC is to increase the ability of dividing cells to promote 

outgrowth. 
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6.3 Discussion 

6.3.1 SPARC expression in the olfactory system 

SPARC is expressed at higher levels during the development of the olfactory system than 

in maturity. This trend makes sense with regard to the degree of turnover and ORN 

growth during embryonic development and neonatally and the lower, basal rate exhibited 

during adulthood. A molecule known for 'loosening up' ECM, modulating growth factor 

activity, cell adhesion and angiogenesis (see section 6.1.1.1) would certainly be useful 

and conducive to ORN pathdfmding and growth. And certainly, OECs are 

advantageously situated to provide SPARC when needed. It has also been suspected that 

SPARC may play a role in establishing synaptic connections (Mendis et al., 1995) and 

expression of SPARC in developing glomeruli also suggests that this may be the case. 

A unilateral bulbectomy lesion to the olfactory system causes a distal axotomy of all 

ORNs that have reached the nerve fibre layer of the olfactory bulb. ORNs die rapidly 

following injury, leaving a void for newly generated ORNs to attempt to grow back into 

the olfactory bulb. SPARC is upregulated by OECs in this scenario, likely to re-create an 

environment conducive to ORN axon growth. SPARC was also upregulated on the 

uninjured side, although not to the same degree, consistent with previous studies where 

growth and survival factors were upregulated bilaterally following unilateral bulbectomy 

(reviewed in Carter and Roskams, 2002). This pattern of expression also suggests that 

SPARC could be involved in the outgrowth-promoting properties of SPARC. 

6.3.2 The Role of SPARC in OEC Repair of Spinal Cord Injury? 

Perhaps even more intriguingly, the ability of OEC to upregulate SPARC expression 

following injury could have multiple effects in cell transplantation experiments into 

spinal cord injury. Firstly, OECs reduce cavitation and in its place is a lesion site into 

which many axons sprout (see section 1.2.6.1.2). SPARC could be modulating the local 
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ECM environment within the lesion site resulting a more 'porous', less adhesive 

environment through which to grow. Secondly, SPARC can be cleaved by matrix 

metalloprotease-3 to yield a highly angiogenic (K)GHK peptide (Sage et al., 2003). 

Ramer and coworkers (2004) report increased local angiogenesis that appeared to radiate 

from the lesion site - potentially, SPARC could be involved in this phenomenon. 

Thirdly, several groups have reported Schwann cell infiltration following spinal cord 

injury (Boyd et al., 2004; Ramer et al., 2004b; Ruitenberg et al., 2003; Sasaki et al., 2004; 

Takami et al., 2002). In the context of the neurite outgrowth assay, SPARC appears to 

act secondarily by making Schwann cells more neurotrophic. Might the same 

phenomenon be taking place at the lesion? Of course, with Schwann cells and OECs 

sharing so many of the same characteristics (see section 1.2.5.1), SPARC could also be 

having an autocrine/paracrine effect signalling OECs to become more neurotrophic as 

well. 

6.3.3 SPARC Gain- and Loss-of-Function Experiments Using the Outgrowth Assay 

Gain-of-function experiments strongly suggest that SPARC increases the total outgrowth 

in this neurite outgrowth assay. Comparing the total growth in passage 2 LP-OCM with 

SPARC at optimal concentration (5 ng/ml), they are very similar (155315 urn to 170780 

Lim). In fact, they are statistically indistinguishable (p = 0.588). One interpretation is 

that all of the outgrowth-promoting properties of LP-OCM can be attributed to SPARC. 

This is however unlikely. Conditioned media from SPARC null mice was still able to 

increase total outgrowth, although not to the degree of wild type conditioned media. 

Also, an analysis of average neurite carpet radius between SPARC null and wild type P2 

LP-OCM shows that both conditions increase neurite above control levels and the 

difference between the two is not significant. Both data are suggestive of other factors 

present in conditioned media that also contribute to the biological activity of LP-OCM. 

The fact that SPARC alone was able to increase outgrowth to levels similar to P2 LP-

OCM, suggests that there could be inhibitors of neurite outgrowth also present in 

conditioned media. 
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The function-blocking antibody studies strongly suggest that SPARC plays a significant 

role on in the biological activity of LP-OEC conditioned media. Addition of Ab255 to 

the cultures reduced total outgrowth in both passage 2 and passage 6 conditioned media-

treated explants (figure 6.6B). Even with Ab 255, passage 2 conditioned media was still 

able to promote outgrowth significantly above NGF baseline. Again, this suggests that 

other factors may contribute to the biological activity of LP-OCM. In the case of passage 

6 media however, the effect of the Ab255 was not statistically significant. This suggests 

that SPARC is a less important component of the outgrowth activity in passage 6 

conditioned media. 

By ICAT analysis and confirmed by Western blotting, passage 2 conditioned media 

contains more SPARC than passage 6. Counter to this, passage 6 LP-OEC cell lysates 

contained more SPARC than passage 2. In both cases, the samples were normalized to 

cell number and in the case of the cell lysate, were confirmed by re-probing with (3-actin. 

These results are not readily reconcilable. It is possible that there were errors in counting 

the cell numbers generating the media or making up the cell lysate. However, SPARC 

was more strongly detected in passage 2 conditioned media and yet far less SPARC was 

detected in passage 2 cell lysate. This would have required a gross miscounting of cell 

number. The other explanation is that passage 6 LP-OECs, as a result of senescence, lose 

the ability to effectively traffic and secrete SPARC. Intracellular localization of SPARC 

in lens epithelial cells (Yan et al., 2005) and Xenopus embryos (Huynh et al., 2000) has 

been reported. In the case of cultured lens epithelial cells, they actively internalize 

exogenous rhSPARC. The function of intracellular SPARC is not well understood and 

why passage 6 LP-OEC would retain or actively take up SPARC is an interesting 

question. Perhaps SPARC is internalized upon binding to its receptor to effect 

downstream signaling pathways and LP-OECs are more responsive to SPARC as they 

sensesce in culture. 

The manner in which SPARC null LP-OCM promotes outgrowth bears further 

discussion. While there is less total outgrowth, the neurite radius is still similar to wild 

type passage 2 media. A closer look at the neurites in SPARC null and wild type 
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conditioned media-treated explants suggests that the neurites are less branched and 

overall less dense. It is interesting to speculate that two distinct modes of neurite 

outgrowth promotion could be at play between the two conditioned media samples. 

Perhaps SPARC, in addition to increasing length, also promotes branching and plasticity 

while unknown factor(s) present in SPARC null conditioned media only increases length 

without promoting branching. Perhaps the unknown factor is present in wildtype 

conditioned media but its effect is masked by SPARC. Or alternatively, this unknown 

factor is upregulated by SPARC null OECs. as a compensatory mechanism in the absence 

of SPARC. This is an issue that should be examined in future as it could have important 

implications for OEC-mediated spinal cord repair. Factors that can increase branching 

and neurite length could be useful for initiating novel local neural circuitry. Factors that 

just drive neurite length alone are useful to possibly repair axon tracts where branching 

would be undesirable. Perhaps by identifying these types of factors with different ways 

of promoting growth, more directed methods could be used for treating injury in the 

CNS. 

6.3.4 Studying Mechanisms of SPARC Activity By Using the Modularity of the Outgrowth 

Assay 

In retrospect, the parameters of the outgrowth assay provided an ideal platform for 

elucidating mechanisms underlying SPARC activity. The dorsal root ganglion explant 

proved to be a robust culture system with multiple components that could be removed 

piece-by-piece to show if each piece was necessary for the activity of the growth factor. 

6.3.4.1 Removal of Nerve Growth Factor 

The first component I removed was NGF. I took away the outgrowth-promoting 

properties of NGF and looked to see if the bioactivity of SPARC was left intact. I found 

that while SPARC-treated explants still grew significantly better than controls, its effect 

159 



was significantly diminished compared to SPARC without PD 98059 inhibitor (see figure 

6.8B). This finding can be interpreted in a number of ways. (1) SPARC 'S action is 

partially dependent on the MAP kinase pathway. (2) With inhibition of MAPK, Schwann 

cell proliferation was greatly affected resulting in decreased outgrowth by SPARC. (3) 

The neurotrophic support given by the Schwann cells acts through the MAPK pathway. 

Without additional experiments, it is not easy to interpret the results. I do, however, 

favour the second hypothesis because there is a noticeable decrease in DAPI-positive 

nuclei in explants treated with PD 98059. In addition to inhibiting NGF's outgrowth 

ability, I also used K252A, a pan-trk inhibitor (Berg et al., 1992) to block all NGF 

signaling. With every explant grown with either the inhibitor or in the absence of NGF, 

no growth was observed. I tried these conditions supplemented with passage 2, passage 

6, SPARC null and rhSPARC also with no explant survival. Thus, I conclude that NGF 

is necessary for this outgrowth assay and the conditioned media used in its present 

concentrations was not able to mediate embryonic DRG survival. 

6.3.4.2 Removal of Dividing Cells 

The second component of the outgrowth assay I removed was the dividing cells. The 

neurites grow on a carpet of Schwann cells (predominantly, but also fibroblasts) that 

migrate out of the explant to where neurites are present. There are complex interactions 

occurring between the two cell types with axonal neuregulin regulating Schwann cell 

number and differentiation (reviewed in Lobsiger et al., 2002) and Schwann cells 

influencing neuronal survival and growth (reviewed in Corfas et al., 2004). Schwann 

cells were eliminated by adding AraC to the media for two days, followed by two days 

growth with SPARC. Under these conditions, the ability of SPARC to promote 

outgrowth was abolished (figure 6.8A). The simplest explanation is that SPARC acts on 

Schwann cells, which are then more effective in promoting outgrowth. Another 

possibility is that AraC could have rendered the neurites incapable of responding to 

SPARC, thus NGF control and SPARC-treated groups would exhibit similar outgrowth. 

This is unlikely since many groups have shown that cultured neurons are responsive to 
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growth factors for differentiation, growth and survival even when grown in the presence 

of AraC (for example: Maclnnis and Campenot, 2002; Tucker et al., 2005). At high 

concentrations, AraC has been reported to induce neuronal apoptosis (Leeds et al., 2005; 

Martin et al., 1990) however only at concentrations 10-50 times the concentration used in 

this study (10 uM). Also, the AraC is washed from the culture before testing SPARC -

after 2 days in 10 uM AraC, the media was changed to SPARC-containing media without 

AraC for an additional 2 days. Subjectively, the overall health of the cultures was not 

noticeably different than the explants grown in other conditions. 

That SPARC is nullified by removing dividing cells from the culture is consistent with 

the DAPI analysis results. Under normal conditions, axonal neuregulin drives Schwann 

cell proliferation and regulates their population size and maturity (reviewed in Lobsiger, 

2002). SPARC appears to interfere with this relationship since the density of DAPI 

nuclei is significantly reduced (figure 6.9E). This correlates with increased outgrowth 

overall and therefore increased outgrowth per Schwann cell. It is possible that the 

decrease in Schwann cell proliferation and increase in outgrowth are linked. The data 

suggest that the proliferation via neuregulin is being affected by SPARC. Could SPARC 

also be affecting Schwann cell differentiation - perhaps keeping them in a more growth-

promoting state? The capacity for promoting axon growth at different stages of Schwann 

cell maturity is not well understood. However, based on what is known about SPARC 

and its downstream effects and the factors that regulate Schwann cell differentiation, 

possible links can be made (see section 6.3.6). 

6.3.4.2 Removal of Laminin 

The final component that I removed from the outgrowth system was laminin in the 

substrate. When the explants were grown on poly-L-lysine alone, even with everything 

else still in place, the effect of SPARC was greatly attenuated if not entirely eliminated 

(figure 6.8C). With SPARC activity intertwined with ECM binding, perhaps this result is 

not entirely surprising. The small increase in outgrowth observed in the SPARC-treated 
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versus NGF baseline group can be attributed to laminin or other ECM molecules 

produced by the dividing cells. Based on these results, I tried looking at SPARC-laminin 

binding from another angle. SPARC was added with the substrate and incubated 

overnight. I hoped that SPARC would have a chance to form a strong attachment to the 

laminin and when the explant was grown on this substrate, it would mimic the effect of 

having SPARC in the media. Unfortunately, I did not find a difference between this 

condition and NGF baseline controls. It is possible that in the process of washing the 

substrate, the relatively weak interaction between SPARC and laminin was disrupted and 

most of the SPARC washed off. 

6.3.5 Correlation Between Schwann Cell Number and Total Outgrowth 

In SPARC-treated explants an inverse trend emerges between Schwann cell density and 

total outgrowth (figure 6.9-6.11) resulting in increased outgrowth per DAPI-positive 

nucleus. As components of the outgrowth assay are systematically removed, the 

outgrowth activity of SPARC is attenuated or altogether eliminated, accompanied by 

outgrowth to DAPI ratios indistinguishable from NGF controls (figures 6.10 A-C). The 

two effects mirror one another through all of the conditions such that as the total amount 

of outgrowth per DAPI nucleus increases, so does the total outgrowth in total (figure 

6.11) and the trend continues with SPARC null conditioned media (figure 6.10D). This 

strongly suggests that total outgrowth and SPARC 'S influence on Schwann cells are 

interrelated. 

6.3.6 A Putative Pathway for SPARC Outgrowth Activity 

The outgrowth assay used to test LP-OEC conditioned media can be thought of as a 

modular system. Taking away a module, any module, undermines SPARC 'S ability to 

mediate neurite outgrowth. The dependence of SPARC on NGF, Schwann cells in the 

explant as well as laminin is telling of its mode of action. SPARC appears to act 
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indirectly by influencing Schwann cells. It appears to slow or prevent their proliferation 

and the result is an overall increase in both total neurite outgrowth as well as increased 

neurite length. It does not appear to be a stand-alone survival factor for embryonic DRG 

neurons as it cannot compensate for a lack of NGF or when grown with K252A trk 

inhibitor. Its influence on Schwann cells both with respect to regulating cell density and 

total outgrowth appears to require laminin. 

These results can be reconciled by previous studies on SPARC'S downstream effects and 

Schwann cell development. As mentioned previously in section 6.1.1.3, SPARC can 

influence TGF-|3 expression. The two factors have been reported to have a positive 

feedback loop where expression of one increases the expression of the other (Francki et 

al., 1999; Reed et al., 1994). It has been proposed that TGF-(3 interacts with SPARC via 

an intermediate protein: latent TGF-(3 binding protein (LTBP-1, reported in the ICAT 

dataset, Table 5.1) (reviewed in Bradshaw and Sage, 2001) leading downstream to 

release of TGF-(3 from its latent complex thereby activating it (Annes et al., 2004; Nunes 

et al., 1997). LTBP-1 and the bound, inactive form of TGF-i3 are associated with ECM 

via transglutaminase-mediated cross-linking. SPARC is also a substrate for 

transglutaminase (Aeschlimann et al., 1995) and it may be via this crosslinking that the 

two pathways intersect. The association with ECM by both molecules could account for 

SPARC'S dependence on laminin. The prevalent view in the field is that fibronectin is 

the intervening ECM molecule (Annes et al., 2004; Taipale et al., 1996). It might be 

worthwhile to see if fibronectin can replace or even improve upon laminin as a partner in 

SPARC-mediated outgrowth. Additionally, Francki and coworkers (2004) have found 

interaction of SPARC TGF-|3 and TGF receptor II'but only when all three components 

are present. The authors suggest that the interaction may be via a SPARC-receptor 

complex, which leads to increased downstream effect upon ligand binding. Therefore, 

SPARC may also potentiate the effect TGF-|3 signaling. 

6.3.6.1 The Effect of TGF-B on Schwann Cells 

SPARC activation of TGF-|3 in Schwann cells could be having multiple effects and 
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interpretation is made more difficult by the conflicting data as to the role of TGF-p in 

Schwann cell biology. When grown as a purified culture, TGF-(3 is a potent Schwann 

cell mitogen (Eccleston et a l , 1989; Watabe et al., 1994). However, in co-culture with 

neurons, TGF-f3 inhibits Schwann cell proliferation (Einheber et al., 1995; Guenard et al., 

1995b), consistent with SPARC inhibiting Schwann cell proliferation in the explant 

(figure 6.9). TGF-f51 has also been shown to both be necessary for proper myelination 

(Day et al., 2003) and also inhibitory to a pro-myelinating phenotype (Atanasoski et al., 

2004; Awatramani et al , 2002; Guenard et al., 1995a). TGF-f3 also regulates Schwann 

cell production of growth factors and cell adhesion molecules. In purified Schwann cell 

cultures, TGF-(3 decreases NT-3 mRNA stability (Cai et al., 1999), and upregulates LIF 

(leukemia inhibitory factor) expression (Matsuoka et al., 1997). N C A M and LI are also 

upregulated in purified Schwann cells in response to TGF-f3 (Stewart et al., 1995). TGF-

(3, in combination with TNF-ct, has also been implicated in Schwann cell apoptosis (Skoff 

etal., 1998). 

While these results appear disparate, even contradictory, it is possible that they can be 

reconciled. In cultures of Schwann cells alone, TGF-(3 appears to induce proliferation 

and upregulate pro-survival factors such as LIF and growth promotive CAMs such as LI 

and N C A M (Stewart et al., 1995). This makes biological sense with respect to Schwann 

cells forming a growth tube following peripheral nerve injury in the absence of axonal 

contact (reviewed in Liuzzi and Tedeschi, 1991). Cytokines such as TNF-a are also 

upregulated shortly following injury, and in combination with TGF-p\ could be 

facilitating Wallerian degeneration. However, when Schwann cells are in contact with 

axons, the effect of TGF-p" is altogether different. Here TGF-fS in some ways antagonizes 

the effects caused by axon contact. Consistent with this, TGF-f3 expression by Schwann 

cells is downregulated upon contact with axons (Einheber et al., 1995). However, 

myelination is not normal in the absence of TGF-P (Day et al., 2003) which suggests that 

it may be required again later on in Schwann cell maturity. A similar relationship exists 

with Schwann cells and neuregulin where it is needed as a mitogen early on (reviewed in 

Lobsiger et al., 2002) and then later to regulate myelin sheath size (Michailov et al., 
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2004). 

6.3.6.2 SPARC-Mediated Neurite Outgrowth Via TGF-B Signaling 

Given this, how does SPARC 'S influence on TGF-|3 expression and signaling result in 

increased neurite outgrowth? The effect of TGF-|3 on purified cultures of Schwann cells 

is not directly applicable to the outgrowth assay. The outgrowth assay has a more 

complex neuron-glia relationship where myelination and neuregulin-mediated Schwann 

cell proliferation are reportedly disrupted (Einheber et al., 1995). In this system, I 

propose three alternate hypotheses through which SPARC via TGF-|3 could be promoting 

neurite outgrowth (figure 6.12B). (1) SPARC increases TGF-fi expression (Francki et al., 

1999; Reed et al., 1994) and therefore increases TGF-(3 signaling. (2) SPARC releases 

TGF-|3 from its latent state by its co-localization with ECM via LTBP-1 (LTBP-1 was 

found in the ICAT dataset, Table 5.1). This may account for why the effect of SPARC is 

eliminated when laminin is not added to the system. (3) SPARC potentiates TGF-fi 

signaling via modulation of ligand-receptor interactions (Francki et al., 2004). These 

three hypotheses are not mutually exclusive. In fact, all three could be happening 

concurrently. 

It has been suggested that TGF-|3 induces Schwann cells in co-culture to adopt a non-

myelinating phenotype (Guenard et al., 1995a; Mews and Meyer, 1993) and defects in 

myelination have been observed when exogenous TGF-fi is added to an in vitro 

myelination system (Einheber et al., 1995; Guenard et al., 1995a). I hypothesize that in 

addition to its role in regulating myelination, SPARC increases TGF-fi signaling even in 

the presence of neurons. This interferes with neuregulin signaling and consequently 

interferes with Schwann cell transition to a pro-myelinating phenotype. Instead, the 

Schwann cells either adopt or retain a growth tube-like, outgrowth promoting state which 

results in increased total outgrowth and decreased Schwann cell proliferation (see figure 

6.12). This assertion is supported by the following: When purified Schwann cells are 
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treated with TGF-p\ they proliferate and express growth-promoting molecules such as LI 

and N C A M (Stewart et al., 1995). After sciatic nerve injury, treatment of the distal 

stump with TGF-(3 results in improved nerve regeneration (Rufer et al., 1994). Upon 

contact with axons, TGF-|3 is downregulated and loss of contact leads to upregulation. It 

has been suggested that TGF-(3 may drive Schwann cell differentiation to a growth-

promoting state as it coincided with formation of Schwann cell growth tubes following 

neural injury (Rogister et al., 1993; Scherer et al., 1993). More recent work has also 

corroborated these conclusions (Gordon et al., 2003; Sulaiman and Gordon, 2002). In 

these studies the authors treated denervated distal stumps with TGF-(3 and waited long 

periods of time (up to 6 months). Normally, with prolonged denervation, regeneration 

back into the distal stump is poor. In the TGF-(3 treated groups, the recovery was 

significantly better. Therefore, while SPARC may also be affecting other processes in 

the outgrowth assay, these studies strongly indicate that TGF-f3 signaling should be 

examined further. 
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FIGURE 6.1 
Schematic Diagrams of SPARC and Recombinant Mouse SPARC 
(A) Secreted protein acidic rich in cysteine (SPARC) has three domains: (1) an N-terminus acidic 
domain (white), (2) a follistatin domain (red and black) and (3) a C-terminus extracellular matrix 
binding domain (blue and yellow). Summarized below each domain are its putative functions. 
From Bradshaw and Sage (2001) Journal of Clinical Investigation 109(9): 1045-1054. (B) A 
schematic diagram of recombinant mouse SPARC used in this study. The mouse SPARC 
sequence was obtained from passage 2 LP-OEC reverse transcriptase product. Flanking the 
sequence from the N-terminus is a start site (green) and an Ig-k chain leader sequence to facili­
tate secretion (blue). On the C-terminus, a glycine hinge (purple, to minimize steric hindrance) 
joins SPARC to a V5 epitope (light blue), a 6xHis tag (lime green) and a stop codon (red). 

167 



FIGURE 6.2 
SPARC Expression in Cultured LP-OECs and LP-OEC Conditioned Media 
(A) SPARC PCR product from RT reactions obtained from passage 2 and passage 6 LP-OECs 
and postnatal day 5 olfactory mucosa tissue. (B) LP-OECs are labeled with S100F5 (red), SPARC 
(green; yellow is overlap) and DAPI (blue). Inset is a higher magnification of box showing 
SPARC-containing vesicles (arrowheads). (C) Western blot of passage2 and passage 6 condi­
tioned media probed with goat anti-SPARC. Sample loading was normalized to number of cells 
(30 000 LP-OECs) generating media. (D) Western blot of passage 2 and passage 6 cell pellets 
probed with mouse anti-b actin and goat anti-SPARC. Abbreviations: LD = DNA ladder; P2 = 
passage 2; P6 = passage 6; LP-OCM = lamina propria derived olfactory ensheathing cell condi­
tioned media. Scalebar represents 100 microns. 
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FIGURE 6.3 
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FIGURE 6.3 
SPARC Expression in the Olfactory System 
SPARC is expressed by olfactory ensheathing cells developmentally and also in 
adulthood. (A and B) The olfactory system at embryonic day 14.5 is immunolabeled 
with GAP-43 (red), SPARC (green) and DAPI (blue). OECs and cartilage are labeled 
with goat anti-SPARC (green) (B) Higher magnification of box in A. Arrowheads 
indicate OECs co-migrating with growing ORNs (red). (C and D) Postnatal day 5 
olfactory mucosa immunolabeled with SPARC (green). (C) SPARC expression overlaps 
with laminin (red). (D) SPARC immunolabels OEC ensheathement (green, arrowhead) 
of N C A M positive ORN axon bundles (red). (E) Postnatal day 5 olfactory bulb 
immunolabeled with SPARC (green) and N C A M (red). SPARC is found in OB-OECs 
along the nerve fibre layer (arrowheads) as well as in the glomeruli (asterisks). (F) Adult 
olfactory mucosa labeled with SPARC (green) and N C A M (red). Arrowheads indicate 
OEC ensheathement (green). Abbreviations: OE = olfactory epithelium; LP = lamina 
propria; S = nasal septum; ctg = cartilage; Ax = axon bundle; OB = olfactory bulb; OEC 
= olfactory ensheathing cell; ORN = olfactory receptor neuron; N C A M = neural cell 
adhesion molecule; GAP-43 = growth associated protein 43 kDa. Al l scalebars represent 
100 um. 
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FIGURE 6.4 
SPARC Expression After Nervous System Injury 
(A and B) Adult mouse olfactory mucosa at the septum 12 days following bulbectomy is labelled 
with GAP-43 (red) and SPARC (green). SPARC signal in ensheathing cells is stronger on the 
lesioned side. (B) Higher magnification of box in A. (C and D) Transverse section of spinal 
cord 7 days following rubrospinal crush lesion. (C) Media-injected control animal immunola­
beled with GFAP (blue), SPARC (red) and a large cavity is present (black). Higher magnifica­
tion inset show GFAP-positive astrocytes (blue, arrowhead) co-labeled with SPARC (red). (D) 
OEC-treated animal immunolabeled with neurofilament (blue) and SPARC (red); olfactory 
ensheathing cells express GFP (green). Higher magnification inset shows OECs (green) co-
labeled with SPARC (red) and neurofilament-positive axons (blue, arrowheads) growing in 
SPARC-rich regions (red). 
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FIGURE 6.5 
Recombinant Human and Recombinant Mouse SPARC Promote Neurite Outgrowth 
(A) Recombinant human SPARC (rhSPARC, orange) and (B) recombinant mouse SPARC 
(rmSPARC, red) was added to baseline outgrowth conditions at increasing concentrations. All 
concentrations of rhSPARC and three of the rmSPARC concentrations tested exhibited signifi­
cantly increased outgrowth over NGF baseline (blue). Asterisks: * is p < 0.05; * is p < 0.005; 
*** is p < 0.0005. 
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FIGURE 6.6 
SPARC Loss-of-Function Experiments 
(A) The increase in neurite outgrowth by both recombinant mouse (rmSPARC) and recombinant 
human (rhSPARC) SPARC is attenuated by adding function-blocking antibodies specific to 
mouse (Ab 255) and human (Ab 236) SPARC. (B) Addition of Ab 255 to passage 2 and passage 
6 conditioned media decreases total outgrowth. Passage 2 conditioned media generated from 
SPARC knockout LP-OECs promotes neurite outgrowth above baseline levels but significantly 
less than wild type passage 2 conditioned media. Asterisks: * is p < 0.05; * is p < 0.005; *** is p 
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FIGURE 6.7 
Comparison of Average Neurite Carpet Radius Between Wild Type and SPARC 
Knockout Conditioned Media 
(A and C) Representative montages of DRG explants grown in (A) P2 LP-OCM and (C) 
SPARC null P2 LP-OCM. (B and D) Higher magnifications of (B) red box in (A) and 
(D) red box in (C). (E) rhSPARC, passage 2 wild type and passage 2 SPARC KO 
conditioned media increase the average length of neurites over the NGF baseline control. 
There is no statistical significance between the 2 conditioned media groups. Asterisks: * 
is p < 0.05; * is p < 0.005; *** is p < 0.0005; ns= not statistically significant. Scalebar 
represents 500 [xm. 
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FIGURE 6.8 
The Effect of SPARC can be Attenuated By Altering the Parameters of the Neurite Out­
growth Assay 
(A) Cytosine arabinoside (AraC) was added to the assay for two days to kill dividing cells. The 
media was changed and the explants received either NGF (red) or NGF and SPARC (green). (B) 
The MAP kinase inhibitor PD 98059 was added for the duration of the assay to inhibit NGF-
mediated outgrowth. NGF alone (red) or NGF and SPARC (green) were tested with the inhibi­
tor. (C) The assay was performed excluding laminin as a substrate and NGF baseline (red) was 
tested against NGF with SPARC (green). Asterisks: * is p < 0.05; * is p < 0.005; *** is p < 0. 
0005; ns= not statistically significant. 
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FIGURE 6.9 
Correlation Between Number of Dividing Cells and Total Outgrowth 
(A and B) Representative montages of DAPI labeled explants grown in (A) NGF baseline condi­
tions or (B) NGF and 5ng/ml SPARC. (C) Scatter plot of number of DAPI nuclei versus total 
outgrowth. SPARC-treated group (green) tends to have more outgrowth per number of DAPI 
nuclei than NGF baseline group (blue). (D) Average ratio of total outgrowth per DAPI nuclei in 
NGF (blue) and SPARC-treated (red) groups. (E) The DAPI nuclei density of NGF (blue) versus 
SPARC-treated (red) groups. 
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FIGURE 6.10 
Correlation Between Number of Dividing Cells and Total Outgrowth When SPARC Activ­
ity is Distrupted 
Ratio of outgrowth per dividing cell in (A) AraC-treated explants, (B) PD 98059-treated 
explants, (C) grown on PLL alone and (D) grown in SPARC null conditioned media. Blue bars 
are NGF control and red bars are 5 ng/ml rhSPARC treated. 
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FIGURE 6.11 
Correlation Between Outgrowth/DAPl # Ratios and Resulting Outgrowth 
The outgrowth/DAPI# ratios of SPARC-treated groups were divided by the outgrowth/DAPI# 
ratios of their corresponding NGF control groups. The resulting ratio is compared with the total 
outgrowth of the SPARC-treated group in each condition (black line). 
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FIGURE 6.12 
Putative Mechanism of SPARC-Mediated Neurite Outgrowth 
(A) SPARC is secreted by OECs (green) and affects Schwann cells (blue), potentially in an auto­
crine manner. Laminin (LN, red) is shown directly interacting with the ECM binding domain of 
SPARC. The pathway initiated by SPARC, which may signal via TGFp\ results in increased 
expression of ougrowth-promoting molecules (orange) and decreased Schwann cell proliferation. 
(B) Three potential mechanisms by which SPARC impinges on TGFp*: 1) increases expression 
level, 2) releases latent form and 3) modulates ligand-receptor interactions. 
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Chapter 7: Conclusions 

Chapter 3 Purification and Characterization of Olfactory Ensheathing Cells In Vivo 

and In Vitro 

SUMMARYOF RESULTS 

• Olfactory ensheathing cells residing in the lamina propria express many of the 

same markers as OECs residing the olfactory bulb in vivo in postnatal day 5 mice 

• LP-OECs can be cultured from P5 mouse olfactory mucosa 

• In vitro, LP-OECs express many of the same antigens reported in OB-OECs by 

other groups 

• The primary culture starts as an approximately 80% glial population 

• By actively eliminating fibroblast contaminants, the culture achieves a purity 

level of 95% as measured by SI00(3 positivity 

• LP-OECs can proliferate in the absence of exogenous mitogens but basic 

fibroblast growth factor was found to be a potent mitogen 

• With successive passaging, LP-OECs lose their capacity to proliferate, likely due 

to senescence 

• LP-OECs express novel markers CD44, (31 integrin, P200, NG2, VEGF, PACAP, 

Notch 3, CBP300 in vitro 
• CD44 expression in vivo is restricted to OECs residing in the lamina propria 

CONCLUSIONS 

• Both in vivo and in vitro, LP-OECs are very similar to OB-OECs supporting the 

work of others that they share a common origin 

• LP-OECs can robustly proliferate in serum-containing media in the absence of 

mitogens while OB-OECs are reported to be dependent on mitogens for 
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proliferation. This suggests that LP-OECs may be more immature than OB-OECs 

and it is possible that there is a developmental gradient of glial cell maturity from 

the lamina propria to the nerve fibre layer. 

• Despite their propensity to proliferate, LP-OECs their proliferative capacity over 

time 

• With their greater ability to proliferate and their expression of developmentally-

regulated markers, LP-OECs appear to be a more plastic, immature glial cell type 

Chapter 4 Assessing Neurite Outgrowth Promotion by Lamina Propria-Derived 

Olfactory Ensheathing Cells 

SUMMARY OF RESULTS 

• Four methods of quantifying neurite outgrowth were compared: skeletonization, 

average neurite radius, neurite carpet surface area, total neurite carpet signal 

• Of these methods, skeletonization and total neurite carpet signal were found to be 

the most sensitive 

• E l 3.5 DRGs grown on a monolayer of LP-OECs grew more robustly than DRGs 

grown on PLL-laminin alone 

• LP-OECs can be grown in serum-free media by gradually stepping down serum 

concentration and stepping up plating density. With this method, serum-free 

conditioned media libraries can be generated. 

• Adding conditioned media from LP-OECs increase total neurite outgrowth above 

baseline NGF conditions in a dose dependent manner 

• The effect is protein based since heat denaturation abolishes the effect 

• Passage 2 and Passage 6 conditioned media promote neurite outgrowth 

differentially such that P2 LP-OCM has a more effective dose response curve 

• By measuring total outgrowth, P2 LP-OCM is as effective as co-culturing on a 

monolayer of LP-OECs 

• However, co-cultured DRGs exhibited longer neurites as measured by average 

neurite radius 
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CONCLUSIONS 

• LP-OECS promote robust neurite outgrowth both in co-culture and also by the 

secreted factors present in conditioned media 

• As the cells age in culture, their ability to produce secreted factors that promote 

neurite outgrowth diminishes 

• This is an ideal model system with which to analyze the conditioned media by 

ICAT proteomics. By analysis of proteins differentially expressed in the two 

samples, candidate factors important in OEC-mediated neurite outgrowth may be 

identified. 

Chapter 6 Expression and Functional Studies on Secreted Protein Acidic Rich in 

Cysteine 

SUMMARY OF RESULTS 

• By analyzing ICAT results, SPARC was identified as a likely candidate 

underlying the biological activity of LP-OCM 

• SPARC expression in LP-OECs was confirmed by RT-PCR, 

immunocytochemistry and western blot analysis of conditioned media and cell 

pellet lysates 

• SPARC is expressed in LP-OECs in vivo at all stages of development in both 

the LP and OB. Expression levels drop with age. 

• In response to bulbectomy, SPARC expression is upregulated globally and 

more so on the injured side 

• Recombinant human and mouse SPARC added to the neurite outgrowth assay 

robustly increases total outgrowth 

• Human- and mouse-specific function-blocking antibodies to SPARC can 

block the SPARC-mediated increase in outgrowth 
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• Mouse-specific function-blocking antibody can greatly attenuate the 

biological activity of P2 and P6 LP-OCM 

• P2 SPARC null LP-OCM is less effective in promoting total neurite 

outgrowth compared with wild type P2 LP-OCM. 

• However, the average neurite radius of SPARC null LP-OCM treated groups 

is greater than NGF baseline levels 

• Removal of dividing cells using AraC ablates the outgrowth effect of SPARC 

• The outgrowth effect of SPARC is attenuated by removing laminin from the 

assay or by adding the MAPK inhibitor PD 98059 

• In SPARC-treated groups, the density of DAPI nuclei in the neurite carpet is 

decreased and the amount of neurite outgrowth per DAPI nucleus is increased. 

• In outgrowth assays where laminin was removed, PD 98059 was added or 

SPARC null LP-OCM was used, there is no significant effect on DAPI 

density or outgrowth per nucleus 

CONCLUSIONS 

• With its differential expression between P2 and P6 LP-OCM and a priori data 

on SPARC'S involvement in growth factor modulation and plasticity, SPARC 

was determined to be a promising candidate factor 

• Expression of SPARC is developmentally regulated. However, SPARC is still 

expressed at low levels in adulthood, likely to accommodate the re-modeling 

required for continual ORN turnover 

• Following bulbectomy when a synchronous wave of ORNs re-grows towards 

the olfactory bulb, SPARC expression is re-upregulated suggesting its 

importance in mediating ORN axon growth 

• In the neurite outgrowth assay, SPARC greatly increases neurite outgrowth 

• Using function-blocking antibodies, SPARC was found to be an important 

contributor to the biological activity of LP-OCM 
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The effect of SPARC is dependent on the presence of dividing cells and 

laminin substrate. The removal of either all but eliminates the outgrowth 

effect of SPARC. 

When SPARC is added, dividing cells are less proliferative and the total 

neurite outgrowth ascribed to each cell is significantly increased. This 

suggests that SPARC increases the neurotrophic properties of the dividing 

cells in the explant. 

As the effect of SPARC is attenuated, the outgrowth per DAPI nucleus ratio 

also drops. This is strongly suggesting that SPARC 'S outgrowth properties act 

secondarily via the dividing cells of the explant. 
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Chapter 8: General Discussion and Future Directions 

8.1 A Critique of Thesis Results 

At the onset of my thesis there were two main questions I wanted to address. One, I 

wanted to study olfactory ensheathing cells residing in the lamina propria, since at the 

time very little was known about them. There had been two reports indirectly examining 

glial cells cultured from nasal mucosa (Barnett et al., 1993; Ramon-Cueto and Nieto-

Sampedro, 1992) but without carefully characterizing them as had been done with 

olfactory bulb OECs (2003). Two, I wanted to study mechanistically how OECs promote 

axon growth. The question was interesting to me because of the remarkable degree of 

ORN axon growth still possible in the adult olfactory system and also because of the 

growing interest in using OECs to mediate spinal cord repair. I felt that while many 

groups observed regeneration in both systems, how exactly OECs contributed to this 

process was poorly understood. Perhaps with more insight into how OECs work, they 

could be more effectively employed to restore function in the spinal cord and the 

olfactory system. To that end, I have included a critique of how successful (and 

unsuccessful) I have been in addressing these two issues. 

5.1.1 Culture and Characterization of Lamina Propria-Derived Olfactory Ensheathing 

Cells 

This portion of my thesis was largely successful in that it provided a solid basis from 

which to proceed. The culture of OECs from olfactory mucosa proved to be robust and 

repeatable giving me a sufficient supply of cells with which to examine OEC function. 

Also, I found that LP-OECs are very similar to what has been previously reported for 

OB-OECs in vitro. Subsequent work from the Roskams lab comparing OB-OECs and 

186 



LP-OECs has also supported this (Richter et al, manuscript under review). This is 

perhaps not surprising since embryonically both populations are derived from the 

olfactory placode (see section 1.2.2) and they are situated continuously along the length 

of ORN axons from the OE to glomeruli. I noted in vivo that LP-OECs but not OB-

OECs express CD44, the hyaluronic acid receptor, known to have anti-adhesive 

properties (figure 3.6) and that they proliferate in serum-containing media without the aid 

of additional mitogens. This suggests that there may be some subtle differences between 

the two cell types, perhaps a maturity gradient where younger, more proliferative OECs 

reside in the LP and migrate towards the olfactory bulb to become more mature OB-

OECs. 

Setting aside the practical considerations of having developed a robust model system, 

there is still much to be done to address the differences between OB- and LP-OECs. 

There are likely many important differences between the two cell types functionally 

given that they associate with different subdomains of ORN axons. Even within the nerve 

fibre layer, there are subsets of OB-OECs that serve to promote axon growth or facilitate 

pathfmding (Au et al., 2002). It is an important issue to address given the relative 

accessibility of LP-OECs and inaccessibility of OB-OECs for autotransplantation 

strategies - is it especially worthwhile to harvest OECs from the olfactory bulb because 

of their unique properties over LP-OECs? In section 7.2.11 speculate on different 

strategies to address the differences between the two cell types later. 

The purification, culture and characterization of lamina propria-derived OECs resolved 

an important question in the field: Are OECs residing in the lamina propria and olfactory 

bulb similar, as has been suspected but not proven, or fundamentally different? The 

answer appears to be that they are largely similar, however, the fact that LP-OECs appear 

to have a greater capacity to proliferate and reside in a more accessible region for harvest 

and autotransplantion, argue in favour of LP-OECs as a potentially superior candidate for 

mediating neuronal repair. The data in chapter 3 also suggests that there may be a 

gradient of maturity along the olfactory neuraxis where peripheral OECs are more 

immature than OECs of the olfactory bulb. One can imagine newly generated LP-OECs 
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migrating with new ORN axons en-route to the olfactory bulb and then undergoing 

differentiation to become OB-OECs to accommodate ORN targeting. This would be 

certainly be consistent with the observation that different subtypes of OB-OECs reside in 

the nerve fibre layer coincident with ORN growth, defasciculation and targeting (Au et 

al.,2002). 

8.1.2 The Neurite Outgrowth Assay 

In retrospect, there are several aspects of the neurite outgrowth assay that were 

particularly fortuitous given the properties of SPARC. Counting in favour of the assay, it 

was robust, reproducible and very sensitive to adding exogenous factors (such as more 

NGF or LP-OCM). In that regard, it proved to be a reliable screen for the bioactivity of 

LP-OEC conditioned media. Its robustness also allowed it to be somewhat modular such 

that components (laminin for example) could be removed or added (for example, an OEC 

monolayer) to suit and address different questions. Because of the modularity I was able 

to determine that SPARC required both the presence of Schwann cells and laminin to 

effectively promote outgrowth. Also, the assay reflected the question I was interested in, 

namely how do OECs promote axon growth in the context of spinal cord injury and in the 

olfactory system? In both of these cases, glial cells are present and play an active role in 

the outcome. Because the Schwann cells were kept in the assay, the interaction between 

neurons and glia remained intact, more accurately modeling the situation in the spinal 

cord and olfactory system. 

There were however, aspects of the outgrowth assay that were less satisfactory. For one, 

the primary method of quantification was measuring total outgrowth by skeletonization. 

While this method is very sensitive for detecting changes in neurite outgrowth, it doesn't 

provide information on other potentially important parameters such as neurite length, 

fasciculation and branching. To try and account for this, I also reported average neurite 

length in conditions where total outgrowth was misrepresenting the differences between 

groups (see figures 4.12 and 6.7). The degree of branching and fasciculation are 
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inherently difficult to measure, especially in an explant with such high density growth. 

Measuring branching is better suited to a low-density dissociated neuronal culture, where 

one can tell the difference between branching and two neurites simply crossing over one 

another. 

There is also the issue that the outgrowth assay does not distinguish increased survival 

versus increased outgrowth. Here, while not definitive, something can be gleaned from 

the experiments involving NGF inhibitors. First, in the absence of NGF or using the pan-

trk inhibitor K252a, no outgrowth was ever observed even when supplemented with P2, 

P6 LP-OCM or SPARC. This suggests that if LP-OCM or SPARC mediates increased 

outgrowth via increased survival, it does so in an NGF-dependent manner. Second, in the 

presence of a MAPK inhibitor (PD 98059) ostensibly to block NGF-mediated outgrowth 

while leaving NGF-mediated survival intact, the effect of SPARC was greatly attenuated 

(figure 6.8B). Thus, even with NGF survival pathways intact, SPARC was considerably 

less effective. This could be interpreted as a dependence on the MAPK pathway for 

SPARC-mediated neuronal survival or that SPARC acts to increase outgrowth with at 

least a partial dependence on MAPK. With the many processes through which MAPK is 

involved, it is difficult to interpret further. 

Finally, it should be mentioned that there is an inherent bias in how the outgrowth assay 

was set up. The assay was used to screen the biological activity of LP-OCM and 

candidate factors with the highest degree of sensitivity possible. At 1.5 ng/ml NGF, the 

explant was growing well enough to survive but not so well as to mask the effect of 

factors added to the assay. As such, effects of LP-OCM and SPARC were presented in 

the best light possible and not necessarily representing their relative importance in vivo. 

It will be important to test the biological effect of SPARC using in vivo models in order 

to truly validate its impact on OEC-mediated axon growth. 

There have been conflicting reports as to the ability of OEC conditioned media to 

promote neurite outgrowth (Chung et al., 2004; Kafitz and Greer, 1999; Lipson et al., 

2003). I have found that at least with LP-OECs grown in serum-free media, the 

189 



biological activity of LP-OCM is considerable; it has proven to be a rich source from 

which to search for novel candidate molecules that underlie its functional activity. There 

is likely much more that we can learn from LP-OEC conditioned media. For example, in 

addition to its neurite outgrowth-promoting properties, LP-OCM appears to robustly 

promote neuronal differentiation of progenitors cultured from the olfactory epithelium 

(Roskams lab, unpublished observations). Based on candidates found in the ICAT 

dataset, as well as additional candidates that can be identified by straight MS sequencing, 

other processes potentially involving OEC signaling (neuronal survival, maturation and 

differentiation, to name but a few) may be elucidated in future. LP-OCM, by virtue of its 

purity and relatively simple composition, could prove to be a valuable starting material 

with which to identify key molecules and mechanisms regulating fundamental processes 

in the olfactory system. 

8.1.3 The Use of ICAT Proteomics to Screen for Factors In Vitro 

The use of ICAT proteomics to deduce mechanisms of OEC function is appealing on 

several levels. One, it is a prospective approach unbiased by what has been previously 

reported in the literature about OEC growth factors. At its core, the question was reduced 

to: Given that there is a biological activity in LP-OCM, what factors are present in LP-

OCM and how can we simplify or shorten the list of candidate factors irrespective of 

what those factors are? Two, the approach helped to simplify the question from a 

complex biological interaction between different cell types to that of a biochemical 

question where a well-defined fraction (LP-OCM) has a given activity and the agent(s) 

responsible need only be isolated and tested systematically. Three, this particular 

question was inherently well suited for proteomic analysis. The conditioned media was 

relatively simple (compared with say, a whole cell lysate), it could be readily isolated by 

harvesting the media from the cells and the validation of candidates only involved adding 

the protein back to the outgrowth assay. In this manner, it may have been the simplest 

possible approach to tackle a seeming very difficult biological question. The promise of 
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using proteomics to meaningfully address black box issues in biology is considerable. 

This study has demonstrated that a prospective screening approach is potentially feasible 

if the parameters of the question synergize with the strengths of the technique used. 

On the downside, the datasets provided by ICAT were less than ideal (see figure 5.1C). 

This is probably due to the limited to the sensitivity of ICAT (because of its requirement 

for cysteine labeling) and that the protocol for analyzing LP-OCM needs further 

optimization. There are probably other candidate factors in LP-OCM that were either not 

detected or detected with low confidence and therefore not carefully scrutinized. As a 

complement to the ICAT data, it is probably a good idea to analyze LP-OCM using mass 

spectroscopy or 2-D electrophoresis without pre-screening with ICAT reagent, to get 

better overall coverage of the proteins present. Also, there is something to be said for the 

cysteine bias in the ICAT dataset. Perhaps fortuitously, there was an overrepresentation 

of SPARC in the dataset because, as its name implies, it is rich in cysteine residues. Even 

so, SPARC was readily detectable by Western blotting and even without the unusually 

high cysteine content, would have been seriously considered as a potential candidate 

much in the same way as say, pigment epithelium derived factor (see Table 5.1). Finally, 

it is worth commenting on the conditioned media samples analyzed. Even with the 

stringent cut-off, one can see that there are proteins reported that are not likely secreted 

(for example: non-muscle heavy myosin chain Il-A, Table 5.1). This is probably due to 

cell lysis while generating the conditioned media and not a failing of ICAT as a 

technique, but it did make analysis of the dataset somewhat more difficult. 

8.1.4 SPARC as a Significant Contributor to the Biological Activity of LP-OCM 

ICAT and western blotting confirms that SPARC is expressed at different levels in P2 

and P6 LP-OCM; its higher levels in P2 LP-OCM certainly suggest that it could account 

for the difference in biological activity between the two samples. Based on the gain- and 

loss-of-function experiments using SPARC, SPARC null conditioned media and 

function-blocking antibodies there is a strong case for SPARC playing a significant role 
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in LP-OCM activity. At optimal concentration, the total outgrowth with SPARC is 

statistically indistinguishable from passage 2 conditioned media. Its expression 

developmentally (figure 6.3) and its upregulation following injury in the olfactory system 

(figures 6.4A and B) suggest that it is important in olfactory regeneration and re­

modeling. Although its effect appears to act secondarily via Schwann cells, there is a 

potential TGF|3 pathway that could link the two pathways together. 

What is lacking about SPARC as a candidate factor is that it raises more questions than it 

answers. One, what are the growth factors/preferential substrates etc. that are 

upregulated in Schwann cells as a result of SPARC that directly impact neurite 

outgrowth? Two, is there an autocrine/paracrine effect of SPARC on OECs? Three, 

SPARC, especially developmentally, is widely expressed and it is unclear how it could 

signal for migration, and differentiation in one cell type while signaling for axon growth 

in another. Potentially context could be important, for example by association with ECM 

molecules. In the outgrowth assay, laminin appears to be important in SPARC-mediated 

outgrowth. Laminin expression pattern also closely mimics SPARC expression in the 

olfactory system (figure 6.3C), suggesting perhaps such a signaling partnership is also 

important in vivo. 

The identification of SPARC as a key component in OEC-mediated outgrowth is an 

important contribution to the OEC field as a whole. Other studies have proposed secreted 

factor based mechanisms testing for known neurotrophic factors (Lipson et al., 2003; 

Woodhall et al., 2001). Here, SPARC was identified prospectively by using an approach 

that directly links candidate secreted factors with the biological activity of the 

conditioned media as a whole. Moreover, SPARC provides a novel mechanism of 

neurite, and potentially axon, growth employed by OECs that may facilitate ORN 

turnover throughout adult life. That SPARC appears to work secondarily through glial 

cells may also help explain how OECs promote regeneration in the injured spinal cord via 

infiltrating Schwann cells (Boyd et al., 2004; Ramer et a l , 2004a; Sasaki et al., 2004). 

Also, what is known about SPARC and its modulation of growth factor and ECM, 

suggests it may also play a role in maintaining the plasticity of the olfactory system 
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(sections 5.1.2.2 and 5.1.2.3) and that this role may also carry over to the spinal cord 

lesion site. 

In conclusion, I have characterized LP-OECs, a poorly understood cell population, and 

employed them as a model system for deducing OEC mechanisms. Starting first with 

biological activity, both in co-culture and also in two conditioned media samples, I 

employed ICAT proteomics to elucidate a key component of OEC-mediated neurite 

outgrowth. In so doing, I have revealed a novel pathway of glial-neuronal interaction 

through which OECs may be facilitating ORN axon growth and neural regeneration in 

the spinal cord. 

8.2 Future Directions 

The findings in this thesis clear the way for a number of new directions and raise issues 

to be addressed in future. This section has been divided into three categories: (1) OB- vs. 

LP-OECs: what are potential ways that one can highlight the key differences and 

fundamental similarities between these two populations? (2) Mechanisms of OEC 

function: are there other ways to extend the approach used in this thesis to better 

elucidate OEC function. (3) Mechanisms of SPARC activity: how can we more 

definitively understand how SPARC promotes neurite outgrowth and validate its function 

in vivo? 

8.2.1 OB-vs. LP-OECs 

Resolving the origin of LP- and OB-OECs will go a long way to understanding the 

relationship between the two cell types. Do the cells have a long lifespan and replenish 

their populations slowly by dividing in situ or is there a dedicated population of OEC 

progenitors. If it is the latter, is there a separate progenitor population for OB- and LP-
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OECs? With the proliferative capabilities of LP-OECs seemingly greater than OB-OECs 

in vitro, it is possible that there is a progenitor population residing peripherally from 

which both OB- and LP-OECs arise. To test this possibility, an S100f3-GFP-IRES-

thymidine kinase mouse could be generated similar to the S100P-GFP mouse generated 

previously (Vives et al., 2003). A localized injection of gancyclovir would be 

administered to the olfactory bulb intracranially, selectively ablating OB-OECs and 

creating the need for OEC replacement. Along with the gancyclovir, a halogenated 

thymidine analog, IdU (iododeoxyuridine) could be co-administered. Some time later, 

another BrdU-like analog, CldU (chlorodeoxyuridine) could be administered 

systemically. The two analogs can be distinguished by different antibodies (Vega and 

Peterson, 2005). The general idea is to temporally and spatially distinguish the cells that 

move in and replenish the OB-OECs thereby deducing the source of OEC progenitors. If 

the source of OEC progenitors can be identified, it may be possible to follow the 

development and maturation of OECs using a promoter-specific CRE-ER system to fate 

map the cells in adulthood. Already with the mouse developed by Vives and coworkers 

(2003) or the one used in Storan and Key (2004), such experiments can be performed 

embryonically. Perhaps by tracing their lineage, functional differences between OEC 

subtypes can be brought to light. 

8.2.2 Mechanisms of OEC Function 

Making use of the fact that LP-OECs senesce in culture is only one of many ways in 

which one can generate LP-OCM with different biological activities. Another method I 

attempted, but did not get the chance to analyze is stimulating LP-OECs with axon 

membrane shards to mimic axon contact. In this way, OECs secrete factors as if they are 

in contact with neurons without the confounding issue of neurons also secreting factors 

into the media. When I tested the biological activity of P2 LP-OCM vs. axon-stimulated 

P2 LP-OCM, I found a trend towards greater neurite outgrowth with axon-stimulated 

media over and above P2 LP-OCM (Appendix 7). It would certainly be interesting to 

compare the constituents of the two media samples and possibly identify novel candidates 
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responsible for this effect. Other potential media conditions that could be compared 

include adult vs. neonate OECs or OECs cultured from intact and bulbectomized animals. 

OEC cell surface factors could also be examined but there are practical issues such as 

how to generate and store libraries of cell surface factors and also how to test factors 

individually for biological activity. 

8.2.3 Mechanisms of SPARC Activity 

More work should be done to elucidate how SPARC impacts neurite outgrowth. The 

potentiation of the TGF(3 pathway is an attractive hypothesis but requires further 

examination. For example, there are three potential mechanisms by which SPARC could 

be modulating TGFP activity: (1) increasing overall TGFp" levels, (2) promoting the 

release of latent TGFp or (3) potentiation of TGFp ligand-receptor interactions as has 

been suggested by Franki and coworkers (2004). These possibilities can be explored by 

analysis of conditioned media and cell lysates of DRG explants grown with or without 

SPARC. Overall TGFp levels and free vs. latent TGFp could be examined by ELISA. 

Probing for phosphorylated Smad2 could assess TGFp signaling. To complete the story, 

in vivo studies should be performed to assay the relative importance of SPARC on OEC 

function. To that end, OECs from SPARC null and wild type mice could be transplanted 

into a spinal cord injury model and assessed for ability to promote regeneration. Also, 

bulbectomies could be performed on SPARC null and wild type mice and ORN 

regenerative response could be examined by Dil labeling the gelfoam used to plug the 

cavity where the OB used to be. 
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APPENDIX 1 
A Skeletonized DRG Explant 
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APPENDIX 3 
Measuring Total Neurite Pixels 
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APPENDIX 4 
Silverstain of P2 and P6 LP-OCM 
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APPENDIX 5 
Alternate Image of SPARC Expression in the Olfactory Bulb 
(A and B) Postnatal day 5 olfactory nerve fibre layer and glomeruli (Gl) immunolabeled with 
NCAM (red), SPARC (green) and DAPI (blue). Arrowheads indicate SPARC-positive OB-OEC 
accompanying ORN axons towards glomeruli. (B) is higher magnification of box in (A). Scale-
bar represents 100 microns. 
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APPENDIX 6 
Comparison of P2 LP-OCM and Axolemma-stimulated LP-OCM 
Total outgrowth for passage 2 (dark green) and axolemma-stimulate passage 2 (teal) media at 
various concentrations. 
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