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ABSTRACT
The olfactory mucosa (OM) is an area of life-long constant regeneration and constitutes a
potential cell source for cell-based treatments for neuronal injury, including olfactory
ensheathing cells (OECs). Inconsistency in knowledge regarding cell isolation,
characteristics and culture methods may influence the efficacy of OEC-based therapies.
The aim of the work was to characterise the olfactory mucosa and the bulb to develop a
method for isolation of a relatively pure population of OECs as well as to determine a
suitable source of OECs. For that purpose immunohistochemical and gene analysis was
performed to characterise the OM of postnatal day 16 (young) rat to identify the different
cell types in the tissue. The results suggested that ecto-mesenchymal stem cells are
present at the junction between the olfactory epithelium and lamina propria (LP) and that in
addition, a neural crest (derived) stem cell (NCSC) population was also present at the
border of the LP, near the cartilage, and that both cell populations share marker expression
with OECs.
Furthermore, OM cells were cultured and OECs were isolated using differential
adhesion. From these studies it was inferred that this method may result in NCSC
contamination in the enriched OEC culture and that a distinctive combination of markers is
required to select the OECs. A similar method was used to select for NCSCs using short
and long (‘all cells’) trypsination durations. The results suggested the presence of EMSCs
in the short trypsination population, whereas the NCSCs were suggested to be present in
the ‘all cells’ population. Although differential adhesion may select for certain stem cell
populations, the method would not suffice to obtain pure populations. As alternative
strategy to select for OECs, EMSCs and NCSCs an attempt at FACS-based cell sorting
was made based on the combination of p75, SSEA-1 and ErbB4 expression. Unfortunately,
due to low cell viability it was not possible to obtain purified populations.
In addition, a comparison was made between the OM of young and adult rat and
between the olfactory mucosa and the bulb to determine the most suitable tissue source of
OECs. Based on immunohistochemical, gene, Western blotting and flow cytometry
analysis, the NCSC population was also suggested to be present in the OM of adult rats
and in the olfactory bulb.
To obtain insight into neurotrophic ability of the olfactory mucosa, gene expression
of six neurotrophic factors in OM tissue and isolated cell populations were studied. From
the results it was inferred that BDNF, CNTF, GDNF, NGF, NT3 and NT-4/5 were expressed
in both OM tissue and cultured OM cells from young and adult rats, although not to the
same extent. These results may suggest that the cells release neurotrophic factors and
may be used in neuroprotection strategies to treat neuronal injury. When comparing gene
expression of the six factors in cultured OM cell populations to BMSCs, the results may
indicate that their neurotrophic potential is not higher compared to BMSCs. The knowledge
obtained from the characterisation of the olfactory system may be of use to develop new or
improve existing treatment strategies for neuronal injury.
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1. INTRODUCTION
1.1 OLFACTORY SYSTEM AND OLFACTORY MUCOSA
The olfactory system continuously regenerates throughout life. The axons of olfactory
neurons extend from the olfactory epithelium to the olfactory bulb, from the peripheral to the
central nervous system (CNS): these neurons contain dendritic processes for odour
detection and their axons synapse to second order neurons in the olfactory bulb (Figure
1-1) 1. The olfactory mucosa (OM) is composed of two distinct tissues: the olfactory
epithelium (OE) and the lamina propria (LP). The olfactory receptor neurons (ORNs) -or
also referred to as sensory neurons- reside in this epithelium together with supporting cells
and basal stem cells, which reside in the basal layer of the epithelium 2. The primary
olfactory axons of the ORNs penetrate the basal layer of the epithelium and enter the
underlying lamina propria. This lamina propria is composed of connective tissue and further
holds olfactory nerve fascicles, serous glands, arterioles and venules. It is connected to the
underlying bone of the turbinates and to the nasal septum by dense connective tissue 2.
Olfactory axons extend through the LP of the olfactory mucosa and enter the cranial vault
via the cribriform plate of the ethmoid bone 2. Axons are able to permeate the LP through
the olfactory nerve fascicles. These fascicles are tunnel-like structures, which are formed
by olfactory ensheathing cells (OECs) that send multiple processes around the thin
unmyelinated olfactory axons 2. Every unit of OECs and axons is surrounded by a basal
lamina. The fascicles are surrounded by one or two layers composed of olfactory nerve
fibroblasts (ONFs) in the rodent and murine lamina propria, whereas in higher mammals
such as feline and non-human primate, the fascicles are surrounded by multiple layers of
ONFs 2. In addition to OECs, Schwann cells are also present in the LP of adult mice, rats
and rabbits and can be detected in rats as early as one week post-natal. These Schwann
cells are associated with both myelinated and unmyelinated axons of peripheral nerves 2.
The transition between the peripheral nervous system (PNS) and the CNS is at the
olfactory nerve fibre layer, which is the outermost layer of the olfactory bulb. At this location
the fascicles of olfactory axons penetrate the olfactory bulb to innervate second-order
neurons 2. The olfactory axons form larger nerve bundles just before penetrating the
olfactory bulb. OECs are found clustered together and extend processes around the
bundles of olfactory axons 2 (Figure 1-1).
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Figure 1-1: Schematic representation of the olfactory system with olfactory mucosa and
olfactory bulb of human and rat. The olfactory mucosa consists of the lamina propria and
epithelium, in which the cell bodies of olfactory receptor neurons are present. The axons of the
ORNs penetrate the LP and cribriform plate of the ethmoid bone to reach the olfactory bulb.
These ORNs synapse to the dendrites of secondary neurons, which are named the mitral cells.
The axons of ORNs are ensheathed by OECs. This figure was adapted from Thuret et al. 2006 1
and Khan et al. 3.

1.1.1 REGULATION OF NEUROGENESIS IN THE OLFACTORY MUCOSA
To maintain a constant number of mature olfactory sensory neurons in the olfactory
epithelium with a constant surface density of sensory dendrites, neurogenesis is strictly
regulated 4. To establish this, more immature neurons are generated than mature neurons
are necessary, as only a small population of immature neurons survives 4 5. Neurogenesis
is stimulated by the death of sensory neurons, due to basal cell mitosis 4, followed by
recovery of sensory neuron population and function 4. Stimulation of neurogenesis as a
result of sensory neuron death has been shown in models of olfactory nerve transection 4
and induced apoptosis using toxins such as zinc sulphate and methimazole 4 6. Due to a
strict balance between cell proliferation and apoptosis, the olfactory epithelium maintains its
thickness, as shown in adult rats from 60-330 days of age 4 7. Cell apoptosis occurs during
all stages of neuron development, from stem cell death to mature neuronal death 4.
Homeostasis of the olfactory mucosa tissue is maintained by positive and negative
feedback. Basal cell proliferation and survival is stimulated by leukaemia inhibitor factor
(LIF), released by dying neurons 8 9 and nitric oxide, which is released during inflammation
or cell death 1011. On the other hand, local density of developing neurons negatively
regulates basal cell proliferation as shown in vivo 4 and in vitro 12. This is most likely done
via bone morphogenetic protein (BMP) 2, 4 and 7 13 14. Differentiation of sensory neurons is
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induced by transforming growth factor-β2 (TGFβ2), insulin like growth factor (IGF) -1 and
dopamine as demonstrated in vitro 15 16 17 18. Since both IGF-1 and dopamine are present
in the mucus covering the olfactory mucosa epithelium

19 20

, both factors could select for

developing neurons whose dendrites reach the surface of the olfactory epithelium 4.
Dopamine is also released by periglomerular interneurons, which synapse with sensory
axons in the olfactory bulb. Therefore dopamine could function as target-derived factor for
sensory neurons as well 4. Immature olfactory neuron survival in vitro is enhanced by
platelet-derived growth factor (PDGF) and to a lesser extent brain-derived neurotrophic
factor (BDNF) 17. Growth factors regulating stem cell and progenitor proliferation include
epidermal growth factor (EGF) and transforming growth factor-α (TGFα) for horizontal basal
cells 4 15 17 and fibroblast growth factor (FGF) -2 for globose basal cells 4 17.

1.2 ANATOMY OF THE OLFACTORY BULB
The olfactory bulb is part of the olfactory system and located in the front part of the brain,
above the cribriform plate of the ethmoid bone and under the frontal lobe 21. The OB
consists of six different layers, which are named based on their anatomical composition
and cell types that are present. The OECs ensheath the olfactory nerve layer (ONL),
considered as the first layer, which consists of the axons of the olfactory receptor neurons
(Figure 1-1). The cell bodies of these ORNs are located in the neuro-epithelium of the
olfactory mucosa and their axons penetrate the cribriform plate to reach the OB to synapse
to secondary order olfactory neurons, which are named mitral cells 21 (Figure 1-1). The
axons of ORNs which synapse to the dendrites of mitral cells, periglomerular and tufted
cells form the second cell layer which is called the glomerular layer (GL), named after the
glomeruli structures formed in this layer, which are the structures where the synapses are
located.
The third layer is named the external plexiform layer (EPL), mainly consisting of
secondary dendrites of the mitral and tufted cells which synapse to interneurons such as
juxtaglomerular, periglomerular and granule cells. The fourth layer, known as the mitral cell
layer (MCL), contains the cell bodies of the mitral cells. Both the internal plexiform layer
(IPL) and granule cell layer (GCL) contain the cell bodies of the granule cells, which are
most abundant in the OB. The olfactory tract is formed by the axons of mitral and tufted
cells. These cells project to different brain regions to process olfactory information 21.
Figure 1-2 shows the six different layers in the olfactory bulb of the rat 22. To support the
different neuronal cell types in the layers, different glial cell types are present. Different
subtypes of astrocytes have been identified in the different layers of the olfactory bulb
mainly based on their cell morphology 23.

26

Figure 1-2: The different layers of
rat olfactory bulb, adapted from
22

Nagayama et al. 2004 . The
olfactory bulb consists of six different
layers which are based on anatomical
composition and cell types present: 1)
the olfactory nerve layer, 2) the
glomerular layer, 3) the external
plexiform layer, 4) the mitral cell layer,
5) the internal plexiform layer and 6)
the granule cell layer.

1.2.1 NEUROGENESIS IN THE OLFACTORY BULB
The olfactory system is a unique system due to its regenerative capacities throughout life.
The ORNs are in direct contact with the environment and consequently are easily damaged
by chemicals, toxins and trauma. Hence every few weeks new olfactory receptor neurons
are formed to replace the damaged cells 21. Neurogenesis is therefore a continuous
process in the olfactory system. Two different routes of neurogenesis have been proposed:
1) via the olfactory epithelium by the formation of new ORNs from basal cells located in the
basal layer of the neuro-epithelium in the OM and 2) via continuous regeneration of the
subventricular zone (SVZ) of the lateral ventricle, of which the walls contain neural stem
cells giving rise to neuroblasts as found in adult rats and monkeys. These neuroblasts
migrate rostrally towards the olfactory bulb and differentiate into olfactory interneurons.
These neuroblasts have also been identified in humans 21.
In addition to the two proposed methods a third possible route of neurogenesis has
been proposed which is based on the presence of multipotent stem cells within the rostral
extension (RE) of the SVZ in rodents, including the part that is located in the OB, residing in
the RE and not migrating from the SVZ 24. In addition to rodents neural stem cells have also
been identified in humans 25.
Due to continuous neurogenesis throughout life, the olfactory bulb is considered to
be a highly plastic tissue. Although the mechanisms of neurogenesis in humans have not
been fully understood yet, much evidence has been found for neurogenesis in human adult
olfactory bulb. Analysis of the transcriptome of adult human olfactory bulbs showed that a
fifth of the genes is involved in neurodevelopment or functions in the nervous system 26,
which is a good indication that neurogenesis takes place. Furthermore the volume of the
olfactory bulb changes over time, which is another indication of OB plasticity. For instance
the volume of the OB is directly positively correlated to specific olfactory function such as
odour identification and thresholds 27.

27

1.3 OLFACTORY ENSHEATHING CELLS
Olfactory ensheathing cells are a unique class of glial cells and are only present in the
primary olfactory system
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. These cells are also referred to as olfactory nerve glia,

olfactory ensheathing glia, olfactory nerve Schwann cells or olfactory Schwann cells 28.
OECs contribute to growth and targeting of olfactory nerve axons during development and
in adult tissue to olfactory sensory neurogenesis, by enfolding growing axons when they
project from the epithelium to the olfactory bulb 28. Unlike other glial cell types, OECs reside
in both the PNS -the lamina propria-derived OECs (LP-OECs)- and CNS -the olfactory
bulb-derived OECs (OB-OECs)- 28 and share features with both astrocytes and Schwann
cells 29 30. Due to their regeneration-promoting capacities, OECs have been studied
intensively as candidates for cell transplant strategies to repair neural lesions 28.

1.3.1 OLFACTORY ENSHEATHING CELL CHARACTERISATION
Due to their properties, OECs appear to be ideal candidates for neural repair treatment
strategies. However, their heterogeneity should be taken into account. OECs present
themselves in various ways: ultra-structurally, two populations of OECs can be found in the
developing olfactory system, based on their different cytoplasmic electron densities 31.
Their morphology ranges from elongated cells with thin laminar processes, which ensheath
olfactory nerves, to rounded cells which are not able to ensheath 32. Other morphologies
include flat, bipolar and tripolar shapes, which have been identified in different cultures of
olfactory epithelium, lamina propria, olfactory nerves and outer olfactory bulb layer from
embryonic, neonatal or adult mice and rats 28. In a study by Pixley 33 two types of olfactory
glial cells were identified in a mixed population of cells, enzymatically dissociated from the
OM of new born rats. These cells were named Schwann cell-like olfactory nerve glial cells
and astrocyte-like olfactory nerve glial cells. Both cell types expressed glial fibrillary acidic
protein (GFAP) and s100β, markers considered to be expressed by OECs 2. The Schwann
cell-like OECs resembled peripheral Schwann cells and differed from astrocyte-like OECs
in morphology and antigen expression: Schwann cell-like OECs were more spindle-shaped
and expressed 75 kilo Dalton neurotrophin receptor (p75) whereas astrocyte-like OECs
showed denser GFAP immunoreactivity and greater volume of cytoplasm around their
nucleus. However, at present all olfactory ensheathing cells are referred to as OECs or
olfactory ensheathing glia (OEG) and no distinction is made between subtypes of OECs 34.
Although no distinction is made between subtypes of OECs, different phenotypes of
OECs do exist with different neural repair potentials. For example OECs from different
regions respond differently in co-culture with neurons: while neurons distribute themselves
on monolayers of olfactory bulb-derived olfactory ensheathing cells (OB-OECs), these
neurons interact closely with monolayers of lamina propria-derived olfactory ensheathing
cells (LP-OECs) 35. Also a difference in neural repair characteristics was found between the
Schwann cell-like and astrocyte-like OECs. For instance in a study by Huang et al. 2008
the two phenotypes, identified in adult rat OB, displayed differences in migration abilities in
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vitro could spontaneously transform from one type to another 36. Another study by Kumar et
al. 2005 noticed a correlation between polysialylated-Neural Cell Adhesion Molecule (PSANCAM) expression in OECs and their ability to support dorsal root neurite outgrowth 37. It
appeared that the NCAM-positive astrocyte-like OECs are less supportive in neurite
outgrowth than Schwann cell-like OECs 34.
Not only functional differences exist between LP-OECs and OB-OECs, but also
differences in antigen expression between the two subtypes of OECs can be observed. E.
Au & a J. Roskams 2003 showed with OECs from neonatal mice that LP-OECs resemble
OB-OECs in their expression of variable levels of p75, s100β, GFAP and oligodendrocyte
marker 4 (O4), which are also considered characteristic markers of OB-OECs 38. However,
they also showed that LP-OECs do express markers for developmentally important proteins
which are not expressed by OB-OECs: cluster of differentiation (CD) 44, β1 integrin
(CD29), P200, Notch3, neuron-glial antigen 2 (NG2), vascular epidermal growth factor
(VEGF), pituitary adenylate cyclase-activating peptide (PACAP) and cyclic adenosine
monophosphate element binding protein (CREB) 38.
The heterogeneity of cultured OECs depends among other factors on: differences
in age of the donor, different source of donor tissue, method of isolation and culture
conditions 28. In addition, OEC morphology could be influenced by extracellular and
intracellular molecules such as cAMP, dibutyryl cyclic adenosine monophosphate
(dBcAMP), endothelin-1 and fibulin-3 -an extracellular glycoprotein, abundantly expressed
in various human tissues during development and adulthood 36 39 40 41 42. In different
studies it has been shown that OECs could change their morphology from one type to
another 28 36. The difference in antigen expression profiles of OECs from different sources
may indicate the influence of environment or functional differences 28. Indeed, it has been
shown that in vitro antigen expression of OECs is greatly influenced by culture conditions
and that antigen expression can be induced by changing them. As an example, only some
OECs cultured from rodent embryos express p75 and GFAP under normal conditions, but
GFAP expression can be induced by addition of dBcAMP to the culture medium 28. It was
suggested that the antigen expression profile is an indication of maturation and function, as
for instance p75 expression reduced over time in adult porcine OECs and with that the
capacity to proliferate and myelinate 43.
Generally it is agreed that OECs co-express GFAP, p75 and s100β in vivo.
However, these markers do not appear to be unique for OECs, but are also expressed by
Schwann cells 2. Finding a unique marker for OECs is a requirement to effectively
distinguish OECs from Schwann cells. In a study described by Kawaja et al. 2009 markers
were found, that were expressed by OECs but not by Schwann cells, namely smooth
muscle actin-α (αSMA), calponin, caldesmon (light form) tropomyosin and transgelin, based
on the proteome of the cells. Furthermore, immunostaining showed that both αSMA and
calponin were expressed by OECs from the OM and the OB of adult rats 2. Also OECs from
other mammalian sources, such as cats, were found positive for αSMA 2. On the contrary,
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two studies were not able to show expression of αSMA or calponin in cultured OECs from
the developing and adult rat olfactory system 44 45. Kawaja et al. 2009 ascribes these
differences in results to technical issues regarding antigen expression 2.
Distinction between OECs and Schwann cells was thought to be important for cell
isolation to exclude potential Schwann cell contamination from the obtained OEC cultures 2.
To purify OEC cultures using live cell sorting based on antigen expression, the marker
αSMA would be, due to its intracellular nature, inconvenient to use. ErbB4 is an neuregulin1 receptor tyrosine kinase 46 and a transmembrane protein 47. In a study by Thompson et
al. 2000 gene expression of ErbB4 was studied in OB-OECs -isolated from postnatal day
(p) 7 rat and sorted using O4- and compared to expression in Schwann cells -isolated from
p4-p6 rat sciatic nerve 46. Its expression was shown to be high in OB-OECs and low in
Schwann cells 46. Based on this result and due to the nature of the receptor, it was thought
that ErbB4 could be used as marker for live cell sorting to distinguish between OECs and
Schwann cells.
Based on the similarities in expression of GFAP, p75 and s100β between OB-OECs
and LP-OECs, the markers were chosen to identify OECs in both olfactory mucosa and
bulb. Furthermore the marker αSMA was used as it is also expressed by both LP-OECs
and OB-OECs 2. ErbB4 completed the chosen set of OEC markers, as it was found to be
expressed by OB-OECs 46. Although no reference was found for expression of ErbB4 in
LP-OECs, it was expected that based on similarities between LP-OECs and OB-OECs
ErbB4 would be expressed in both cell types. These five OEC markers are also expressed
in vitro 2. Therefore these five markers were used in the experiments in this thesis to
identify OECs in situ and in vitro.
OECs are in morphological, molecular and functional ways similar to Schwann cells
and astrocytes 28. Like Schwann cells, OECs can present themselves in a spindly bipolar
morphology and both cell types produce similar axon growth-promoting molecules. On the
other hand, like astrocytes OECs exhibit a flat morphology and express a fibrous form of
GFAP that strengthens and provides support to the cell 28. Despite many similarities, OECs
differ from Schwann cells such that OECs have poor re-myelinating ability compared to
Schwann cells 28 48. Furthermore, OECs intermingle with meningeal cells when co-cultured,
unlike Schwann cells, which aggregate into well-defined cell clusters 49.
Unlike Schwann cells, OECs are well-capable of intermingling with astrocytes and
do not create a barrier between themselves and these astrocytes 50. It has been suggested
that these differences concerning response to astrocytic contact of OECs and Schwann
cells are a result of certain factors such as N-cadherin, which determines Schwann cell and
OEC differential adherence and migration, although levels are similar in both cell types 28.
Furthermore, these differences in cellular interaction with astrocytes also influence their
properties like expression of chondroitin sulphate proteoglycan (CSPG). OECs induce less
expression of CSPGs in astrocytes compared to Schwann cells as shown both in vitro 50
and in vivo 51. In addition, in the presence of OECs activated astrocytes produce
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significantly less GFAP compared to astrocytes in the presence of Schwann cells 52.
Proliferation of reactive astrocytes was increased in the presence of either OECs or
Schwann cells 52.
Migration of OECs from the olfactory epithelium towards the olfactory bulb is
guided by some factors, most likely secreted by the olfactory bulb, as OECs in culture are
attracted by olfactory bulb-conditioned medium
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. Interneurons from the olfactory bulb

secrete high levels of glial cell-derived neurotrophic factor (GDNF) 54 and it has been
shown that GDNF induces cytoskeletal reorganisation and promotes OEC migration in vitro
55

. Most likely other factors not coming from the olfactory bulb are also involved, since

olfactory axons were still able to extend after removal of the olfactory bulb 28. OEC
migration can be promoted by lysophosphatidic acid, due to the induction of actin
cytoskeleton reorganisation 56. On the other hand, it has been demonstrated that fibulin-3 present in the lamina propria- can reduce OEC motility 42.
Furthermore, the migration abilities of OECs depend on their subpopulation: it has
been demonstrated that different subpopulations show differences in motility due to their
unique cytoskeletal architecture. For instance Schwann cell-like OECs are more mobile
than astrocyte-like OECs 36. Lastly, OEC migration also depends on Ca2+availability as it
has been shown that both calcium blockage and reduction of calcium signals from glial
cells by calcium chelators, can prevent OEC migration 57.
In another way OECs differ from Schwann cells and astrocytes in that the former
express higher levels of various innate immune factors such as lysozymes, chemokines
and monocyte chemotactic proteins 58. Furthermore, OECs can phagocytose cellular debris
or axonal fragments due to their expression of components of the glial phagocytic
machinery 59. Even though Schwann cells are also capable of phagocytosing cellular
debris, OECs exhibit different phagocytic activity and microglia-like cytokine responses to
bacterial proteins 28.

1.3.2 ROLE OF OLFACTORY ENSHEATHING CELLS IN OLFACTORY DEVELOPMENT
AND REGENERATION

Olfactory ensheathing cells are important for development and regeneration of the olfactory
system in several ways. Firstly, OECs release diffusible factors which activate the Notch
signalling pathway and thus stimulate the proliferation and suppress the differentiation of
neural progenitors as demonstrated by Zhang and others in vitro 60. Furthermore, it has
been demonstrated that OEC-conditioned medium influences the survival and
differentiation of neural stem cells (NSCs) 61 62. According to Rojas-Mayorquín and
colleagues OEC-mediated differentiation of multipotent neural precursors may depend on
the inactivation of Wnt- and the activation of BMP-signalling 61. Different diffusible factors
have been identified that are secreted by OECs, including FGF and IGF, which have been
suggested to play part in olfactory neurogenesis 63. For instance FGF-2, also known as
basic fibroblast growth factor (bFGF), can stimulate globose basal cell (GBC) proliferation
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in culture and in olfactory epithelium explants it can induce neuronal differentiation 28 64. As
FGF-2 is secreted by OECs in the LP of the olfactory mucosa and one of its receptors, FGF
receptor 1, is highly expressed by the basal cells and neuronal layers of the olfactory
epithelium, it suggests that endogenous FGF-2 regulates olfactory neurogenesis 63. IGF-1
may also contribute to neurogenesis, because IGF-1 can stimulate neuronal precursor
proliferation in the olfactory epithelium and both IGF-1 and its receptor are expressed by
GBCs and mature olfactory neurons 63.
In addition to secreting factors, OECs influence olfactory axon growth by physical
contact. OECs ensheath olfactory axons along their entire length and thereby isolate them
from other cells. This is thought to favour axon growth due to provision of a cellular
wrapping creating a supportive environment with factors facilitating axon binding and
elongation 28 40. Furthermore, at all developmental stages OECs express factors on their
surface which are involved in glia-axon binding, including Neural Cell Adhesion Molecule
(NCAM), PSA-NCAM and N-cadherin 63. Extracellular matrix proteins such as laminin and
fibronectin are also produced by OECs and it has been shown that these proteins facilitate
axon outgrowth 28.
OECs are known to release various neurotrophic factors, which is one of the
elements involved in axon-growth 63. Other factors that have been implicated in olfactory
sensory neuron elongation include Wnt-4 -a downstream target of BMP2- 65 and OECderived MMP2 66. In vivo it has been shown that OECs are interconnected by tight
junctions, forming micro-compartments within the olfactory fibre tract 67. Intracranial
transection of olfactory nerves results rapidly in their apoptosis. However, OECs are able to
survive and form stable channels for axons to regenerate 68.
Besides stimulating axon extension, OECs may also play a role in directing the
trajectory of axon elongation. It appears that OECs migrate ahead of growing olfactory
axons 63. Various guidance cues are expressed by OECs in the inner olfactory nerve layer
(ONL), such as the membrane-associated chemorepellant semaphorin 3A (Sema3A).
During olfactory development, Sema3A is expressed by OECs in the ONL of the ventral
olfactory bulb and in Sema3A-deficient mice the sorting of olfactory axons is disturbed 69.
Furthermore OECs also express ephrins and their receptors during different time points in
development, just like olfactory sensory neurons 28. For instance the ephrinB2 receptor is
expressed by primary olfactory neurons, while OECs express its ligand 28.
In addition to axon growth, OECs also play a part in the regulation of olfactory bulb
formation. OECs penetrate the glia limitans -a thin barrier of astrocyte foot processes,
which is normally not penetrable by neurons- and intermingle with astrocytes, which results
in the formation of a new glia limitans at the bulb surface. In this area in the CNS, unlike in
other areas, the glia limitans will maintain its permeability for olfactory neuron axons
throughout life. OECs attract neural progenitors by diffusible factors. OECs provide
targeting information also in olfactory bulb formation, in this case rostro-caudal targeting
information 28. In addition, OECs may also play a role in regulating synaptic function via
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their stimulation by glutamate and ATP -released from electrically stimulated olfactory
neurons- resulting in increase in cytosolic Ca2+-levels in OECs 70. Furthermore, it has been
demonstrated that stimulation of olfactory receptor neurons leads to an increase in
extracellular potassium levels, resulting in voltage-dependent calcium influx in the OECs,
which can affect for instance synaptic efficacy 28.

1.4 OLFACTORY STEM CELLS
The basal layer of the olfactory mucosal epithelium contains two stem cell populations: the
GBC and horizontal basal cell (HBC) 4 as shown in Figure 1-3. Both GBCs and HBCs give
rise to sensory neurons, supporting cells, Bowman’s glands and duct cells 4. The question
arises: ‘Which cell type is the ‘real’ stem cell?’ Most evidence indicates that the horizontal
basal cell is the stem cell responsible for regeneration. This cell type is a slowly
proliferating (once every 60 days) and self-renewing cell population as demonstrated by
using cell dynamics 5. In the same study a rapidly dividing cell population was identified,
which migrated from the basement membrane to the neuronal layer 5. This cell type has
been identified as the globose basal cell. However, the slowly dividing cell type remained
on the basement membrane and was identified as the horizontal basal cell. HBCs can give
rise to GBCs as was demonstrated in vitro 71. Some GBCs are immature neurons 4.
The stem cell niche in the olfactory mucosa is important for stem cell behaviour and
maintenance. Antigens expressed by horizontal basal cells include Intercellular Adhesion
Molecule (ICAM) and the integrins β1 (CD29), β4 (CD104), α1 (CD49a), α3 (CD49c) and
α6 (CD49f) which act as receptors for fibronectin, collagens and laminin in the basement
membrane 9. To maintain a stem cell population, polarity is required to regulate
symmetrical versus asymmetrical cell division. It is thought that the surface membrane
exposed to the matrix proteins of the basement membrane may define polarity 4.
Furthermore many growth factors and their receptors are present in the olfactory
epithelium, including TrkA and NT4 which are expressed by HBCs, whilst sensory neurons
express TrkB and TrkC and all neurotrophins 72. Other combinations of neurotrophins and
its receptors are expressed by supporting cells, developing neurons and OECs 72. Ciliary
neurotrophic factor (CNTF) is expressed by basal cells and neurons as well as dopamine
D2 receptor, whereas GDNF is only expressed by neurons. FGF-2 is expressed by
supporting cells, neurons and basal cells 4. Furthermore HBCs express the EGF receptor
and proliferate in response to its ligand EGF and TGFα 4. HBCs are also closely associated
with Bowman’s glands in the LP and their ducts in the epithelium 4.
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Figure 1-3: Schematic representation of the olfactory mucosa. The olfactory mucosa
consists of the lamina propria and the olfactory epithelium, in which the cell bodies of olfactory
receptor neurons are present. The axons of the ORNs penetrate the LP and cribriform plate of
the ethmoid bone to reach the olfactory bulb. The axons of ORNs are ensheathed by OECs,
located in the LP. Globose basal cells and horizontal basal cells are located in the basal layer of
the OE. The LP contains mesenchymal stem cells. This figure was adapted from Lindsay et al.
73

.

1.4.1 ECTO-MESENCHYMAL STEM CELLS IN THE LAMINA PROPRIA OF THE
OLFACTORY MUCOSA

In addition to the basal stem cells identified in the olfactory epithelium, another stem cell
population has been identified in the lamina propria of the olfactory mucosa as shown in
Figure 1-3. Tomé et al. identified non epithelial multipotent stem cells in the lamina propria
of embryonic rat OM. These cells grew in spheres and expressed neural stem cell marker
Nestin and markers of peripheral glia, neurons and connective tissue 74. Based on this
work, an ecto-mesenchymal stem cell population which expresses some mesenchymal
stem cell (MSC) markers and retain neural lineage phenotype was identified in humans 75.
This cell type has been cultured from adult mouse, rat and human olfactory mucosa 4.
These cells were also named lamina propria-derived mesenchymal stem cells (LP-MSCs)
by Lindsay et al. 2013 and were shown to express Nestin 76. Furthermore it has been
demonstrated that this cell type is multipotent and can differentiate into epithelial and neural
lineages as well as embryonic mesodermal and endodermal lineages 77 78 79 80.
The recent discovery of an ecto-mesenchymal stem cell population in the LP of the
OM

74 75

, indicates that characterisation of the olfactory mucosa is not yet complete. At

present, its precise location in the LP is not known nor whether these cells share antigen
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expression with OECs, thereby potentially complicating OEC isolation. The cells identified
in the LP of the OM by Delorme et al. were considered to be EMSCs due to the retention of
their neural phenotype 75. EMSCs originate from the neural crest and cranial derived
EMSCs differentiate into various phenotypes such as neurogenic, myogenic, chondrogenic,
osteogenic and odontogenic cells 81. A small population of neural crest-derived MSCs are
also present in bone marrow, which may explain the claimed potential of BMSCs to
differentiate into neurogenic phenotypes 82.
General characteristics of MSCs, accepted in labs world-wide include 1) long-term
self-renewal and growth in fibroblast colony forming units (CFU-Fs) and 2) multi-linage
differentiation potential into mesodermal lineages such as adipocytes, chondrocytes and
osteocytes 83. The MSC cell population is heterogeneous and as no unique cell-surface
marker is known for isolation of these cells, the Society for Cellular Therapy recommended
a set of criteria that MSCs should at least satisfy: 1) the capability to adhere to plastic
surfaces, 2) the expression of cell surface markers CD44, CD73, CD90 and CD105 and the
absence of CD14, CD19, CD34, CD45 and human leukocyte antigen- DR (HLA-DR)
expression 84. The International Society of Cryotherapy uses similar criteria as above in
addition to the requirement of differentiation potential into osteocytes, adipocytes and
chondrocytes 85. Other commonly used markers to identify MSCs include stromal marker-1
(STRO-1) 86, CD44 83, CD29 83, fibronectin 87 and ICAM 75 88. STRO-1 as MSC marker
should cautiously be used as a recent study showed that not all STRO-1-positive cells are
necessarily MSCs. This was inferred from observations that in bone marrow 78.6% of the
STRO-1-positive cells also express CD34 89.
The EMSCs identified in the OM are also referred to as olfactory ecto-mesenchymal
stem cells (OE-MSCs) or olfactory mucosa mesenchymal stem cells (OM-MSCs). They
display morphological and phenotypical similarities to BMSCs 75. In a study by Diaz-Solano
and colleagues it was shown that OM-MSCs expressed CD90, CD73, CD166 and CD49b
and were negative for CD34 90. A different study showed that OE-MSCs, in addition to MSC
markers such as CD29, CD44, ICAM (CD54) and CD90, expressed neural stem cell
markers such as Nestin 75. Differences between the OE-MSCs and BMSCs included their
clonogenicity which was much higher in the former compared to the latter. Altogether, the
results from this study evidently showed that OE-MSCs and BMSCs are closely related 75.

1.4.2 NEURAL CREST STEM CELLS IN THE OLFACTORY MUCOSA
Neural crest cells (NCC) are important for the development of the embryo 91. The neural
crest (NC) is formed in the region of the neural plate between the border of the neural plate
and the non-neuronal ectoderm. During gastrulation, signalling pathways are initiated to
specify the NCCs. During the process of neurulation, when the neural folds are formed from
the neural plate and the neural tube closes, the NCCs reside in the dorsal neural tube. The
NCCs, which are considered the neural crest precursor population, are characterized by
their unique expression pattern of different transcription factors such as snail2, Sox10,
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Forkhead-box-D3 (FoxD3) and Sox9 91. During embryonic development the cells undergo
epithelium to mesenchyme transition (EMT) and the cells often migrate over long distances.
The markers snail, FoxD3, c-Myc, Sox9 and Sox10 are all expressed in pre- and postmigratory NC and facilitate EMT which allow the NCC to migrate from the neural tube to
their destination and subsequently differentiate into NC derivatives 91.
Due to their limited self-renewal capacity and several studies showing that many
early NCCs are multipotent, these cells are considered to be stem cell-like 91. However,
according to Dupin et al. NCCs range from highly pluripotent to oligopotent cells and faterestricted progenitors 92. It has been debated whether NCCs are stem cells or not.
Stemness is in the strict sense defined by the capacity of cells to self-renew by giving rise
to an identical daughter cell and a second cell which has restricted differentiation potential.
NCCs are generated transiently during embryonic development and hence do not satisfy
this ‘rule’. Therefore the concept of NCCs being true stem cells is considered to be
controversial and many groups refer to NCCs as being progenitors 93. However, despite
differences in terminology the research community is highly interested in these cells due to
their pivotal role in vertebrate development, evolution and disease 93. Altogether, NCCs
could be determined by three characteristics: 1) origin at the neural plate border, 2)
expression of a combination of different neural crest markers and 3) migration from the
neural tube to their destination and differentiate in derivatives 91.
The NC consists of three parts: 1) cranial, 2) cardiac and 3) trunk neural crest with
each of the cell populations containing their unique characteristics. From the three cell
populations of the NC, cranial neural crest cells could differentiate into the largest variety of
cells. Derivatives include both ectodermal such as peripheral nerves and mesenchymal cell
types, including skeletal bone, cartilage, dentin, smooth muscle and corneal endothelial
cells 94. Cranial NCCs give rise to neuronal, glial and melanocyte lineages as well as
mesectodermal progenitors, which could differentiate into cartilage, bone and connective
tissue cells -a unique characteristic of cranial NCCs 93. The majority of migrating cranial
NCCs have limited differentiation potential and could differentiate into one or two cell types.
However, rare multipotent precursors are present among the migrating NCCs, which could
differentiate into neurons, glia, cartilage and pigment cells 93. These cells were identified by
Baroffio et al. 1991 using quail cephalic NC cells 95. Due to the preserved nature of the
neural crest gene regulatory network across vertebrates, studies in a particular species are
applicable to other mammalian species and humans 96. However, in vitro many studies
have shown that NCCs are multipotent, although cells were cultured and cell characteristics
were determined by addition of exogenous factors such as Sonic Hedgehog in the culture
medium

93

.

Post-migratory neural crest (derived) cells are multipotent, able to self-renew and
express neural crest (derived) stem cell (NCSC) markers 97. Post-migratory cranial NCCs
have been isolated from different tissue sources such as the rat foetal sciatic nerve 98 using
p75-positivity and P0-negativity. Their differentiation potential was similar to early NCSCs
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of the rat NC 98. Furthermore, NCSCs were isolated from mouse E10 branchial arch 99.
Also from the gut NCSCs were isolated using p75/α4-integrin or p75 alone both from
embryonic and postnatal stages, indicating that NCSCs are also present in adult tissues.
Although at both stages NCSCs are present in the gut, the cells do behave differently both
in cell motility as well as differentiation preference 100.
NCSCs are highly multipotent stem cells, with a broad differentiation potential only
excelled by ESCs 101. These cells could differentiate into neuronal, glial, αSMA-positive
mesodermal cells, osteogenic cells, adipocytes, chondrocytes, melanocytes, keratinocytelike cells and multinucleated MyoD-positive myotubes 101. NCSCs form spheres and the
majority of the cells express high levels of Nestin. It has been suggested that NCSCs still
remain present in adulthood which was confirmed by identification of NCSCs in different
adult tissues including, the skin 93, dental pulp 93, palate (rat) 102, carotid body (mouse) 103,
cornea (mouse) 104, iris (mouse) 105, the gut (rat) 100, the oral mucosa (human) 106, the
respiratory mucosa 107, the heart (mouse) 108, dorsal root ganglions (mouse) 109 and as a
subpopulation in the bone marrow 93 84.
The olfactory mucosa does not originate solely from the olfactory placode -the
tissue that gives rise to olfactory sensory neurons and supporting cells- but also partly from
the neural crest 110. Barraud et al. 2010 showed that OECs derive from neural crest 111. The
horizontal basal cells -the true stem cell population for olfactory receptor neurons- renew.
Although HBCs originate during development from the olfactory placode, it has been shown
that when this population renews, the new population originates from the neural crest: in
embryonic OM HBCs were placode-derived and with increasing age, the number of
placode-derived HBCs went down and the number of NC-derived HBCs increased.
Numbers of NC-derived cells were significantly higher in regenerated OE compared to
normal OE 112.
Based on the partial NC origin of the olfactory mucosa, stem cells present in this
tissue could be neural crest-derived. It has already been demonstrated that neural crestderived cells are present in the embryonic olfactory epithelium of mice. Sox10-positive cells
have been identified at the earliest at E13.5 in the mouse OE. It was suggested that these
Sox10+ cells migrated from the LP, where these cells were identified at E12.5 110.
Multipotent stem cells have previously been identified in both OE and LP of the olfactory
mucosa. Chen et al. showed that the globose basal cell population contains multipotent
progenitors giving rise to supporting cells and cells from the ducts of Bowman’s glands 113.
These cells were thought to also give rise to HBCs 114. Murrell et al. 2005 proposed a
multipotent cell type which is located in both OE and LP cultures 77. In Katoh et al. 2011
cells were dissociated and the spheres were formed in culture. The cultured spheres were
from the whole olfactory mucosa as it was impossible to separate the OE from the LP. They
showed that the sphere-forming cells were derived from the NC 110. Based on these
observations it was hypothesised that NCSCs may be present in the LP of olfactory
mucosa.
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1.4.2.1 Markers of neural crest stem cells
One of the characteristics of neural crest cells is that the cells share a molecular signature,
consisting of different transcription factors 96. These markers are referred to as neural crest
markers. Genes expressed almost exclusively in the neural fold are considered
premigratory neural crest markers which include the markers slug and its close relative but
functional equivalent snail 115. Both these transcription factors are part of the zinc-finger
transcriptional repressors. Their specificity for neural crest depends on the vertebrate: mice
only express snail. The activity of slug/snail is pivotal to early neural crest development 115.
In addition to the cell nucleus snail could be expressed in cytosol which was observed in
NCSCs from adult human oral mucosa 106.
Sox10 is expressed in migratory neural crest cells and this marker is involved in
differentiation of the cells into different cell types. Therefore Sox10 is considered a classical
NC marker 110. From studies in mouse embryos it was observed that Sox10 expression is
required for glial differentiation 116 and furthermore Sox10 is important for stem cell and
precursor maintenance as it preserves both glial and neuronal potential and inhibits
neuronal differentiation. In non-glial NC derivatives Sox10 expression is downregulated 117.
Sox10 is also expressed by embryonic OECs 110. Sox9 is expressed in cranial neural crest
cells 118. In mice Sox9 is expressed in both pre-migratory and migrating NCCs 115. Sox9
mutants do not experience defects in neural crest formation similar to Sox10 mutants and
in contrast to Sox10 mutants, the cells do not undergo apoptosis 115. Both Sox9 and Sox10
undergo nucleocytoplasmic shuttling and as a consequence could be detected in the
nucleus as well as the cytoplasm of cells 115. With immunocytochemistry (ICC) it was
shown that in NCSCs from human adult oral mucosa, Sox10 was indeed found in the
cytosol and not in the nucleus of the cells 106.
FoxD3 expression is a characteristic of pre-migratory and early post-migratory
neural crest 96 and therefore suitable as neural crest stem cell marker. Its expression is
specific to neural crest precursors in the ectoderm of al vertebrates and is expressed in NC
precursors as well as in undifferentiated ESCs where it is required for ESC maintenance
115

. The activity of the FoxD3 gene is pivotal to cell differentiation into NC derivatives. It

was shown in FoxD3 ablated mice that when FoxD3 activity is lost, mice died before birth
due to lack of craniofacial structures, nerves, DRG and enteric NCCs 119. However, FoxD3
expression decreases when cells differentiate into their derivatives 120. In mouse lines it
was observed that FoxD3 accomplishes important functions in NCSC maintenance and
self-renewal. The importance of FoxD3 for self-renewal of NCSCs became evident based
on the size of formed neurospheres: FoxD3-null mice NCSCs produced smaller and less
frequently neurospheres compared to wild-type, an indication of lower self-renewal capacity
121

. Furthermore FoxD3 expression maintains NCSC marker expression in NCSCs such as

the co-expression of p75 and Sox10 and limitation of αSMA 121. In cranial NC FoxD3
regulates mesenchymal differentiation: FoxD3-null mice displayed increased and advanced
levels of Sox9, resulting in accelerated differentiation of the NC into mesenchymal lineages.
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Furthermore the cranial NCCs preferred non-neuronal cell differentiation 121. In addition
FoxD3 is required for multi-lineage potential and to maintain multipotency, but not for
differentiation to any particular lineage 121. FoxD3 as well as Sox10 expression are key
characteristics of neural crest lineage 115.
For the isolation of NCSCs from tissue it is important to use cell surface markers to
be able to keep cells in culture. As explained above, NCSC marker p75 was used to isolate
NCSCs from both embryonic and postnatal tissues. The marker p75 is not only expressed
by NC but also by its derivatives such as OECs 110. Marker human natural killer-1 (HNK-1)
is a surface marker and an early neural crest marker 92. Therefore HNK-1 has also been
acknowledged as NCSC marker 122. However, p75 and HNK-1 are not expressed in all
multipotent NCSCs as the glial-like stem cells identified in the carotid body are negative for
both p75 and HNK-1 103. These cells are unique in its way that their physiological role in
adult tissues is evident, whereas for NC progenitors in other tissues their physiological role
remains elusive. Furthermore a study in canine olfactory mucosa showed that HNK-1 is not
expressed by OECs either in situ or in vitro. On the contrary, p75 expression was observed
in OECs in vitro but not in situ. Expression of p75 in situ was associated with connective
tissue surrounding olfactory nerve fascicles 123.
Table 1-1: NCSC markers expressed in adult neural crest (derived) stem cells.
NCSC Markers

Tissue source

References

Snail

Bone marrow

109

Sox10

Bone marrow, DRG, skin

109 124 125 126 127 128

Sox9

skin

129

FoxD3

Olfactory bulb

130

p75

Bone marrow, gut, DRG,
skin, teeth

100 109 124 125 126 131 132 133

HNK-1

teeth

133

DRG: Dorsal root ganglion.
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1.5 NEUROPROTECTION STRATEGIES FOR TREATMENT OF
NEURODEGENERATIVE DISEASE
At present people live longer than ever before and the average life-expectancy is
considerably high. An aging population results in higher prevalence of neurodegenerative
disease, simply due to the fact that several of these diseases manifest themselves at a late
point in life such as Parkinson’s disease (PD) 134 and Alzheimer’s disease (AD) 135. This
fact does not hold for all diseases, such as amyotrophic lateral sclerosis (ALS) which
manifests itself usually around mid-adulthood, although this could also be at younger age
136

and spinal cord injury which can present itself at any age. Neurodegenerative diseases

are multifaceted and all diseases and their common feature is that neurons become
diseased and eventually die, causing disability and potential death of the affected patients.
Due to the complexity of disease origin and lack of understanding of the involved disease
mechanisms in many neurodegenerative diseases, a specific therapy to cure diseases
such as ALS 137 or AD 135 has not been developed yet. A succinct description of several
neurodegenerative diseases has been given below.
Parkinson’s disease is a neurodegenerative disease characterised by loss of
dopaminergic neurons in the substantia nigra and loss of neurotransmitter phenotype
neurons in the rest of the brain 138. Clinical features include motor-related symptoms such
as bradykinesia, tremor, rigidity and postural instability as well as non-motor features such
as depression, olfactory deficits, autonomic dysfunction, cognitive deficits and sleep
disorders 138. Parkinson’s disease is not terminal; however the disease process is causing
suffering to the patient due to its progression over time, its prolonged time span and its
effect on the patient’s daily life. Symptoms fluctuate throughout the day over the course of
the disease and are individual 139. Although genetic mutations have been associated with
PD such as PARK1, PARK4 and PARK8, the specific connection between molecular
changes and PD behaviour is not yet found 140.
Alzheimer’s disease is a neurodegenerative disease characterised by extracellular
senile plaque and intracellular neurofibrillary tangle formation resulting in progressive
neuronal cell loss. Senile plaques are formed by amyloid β (Aβ) peptides whereas tangles
are formed from tau protein. Several hypotheses about the underlying mechanisms of AD
were made which include inflammation, mitochondrial dysfunction and oxidative stress 141.
Evidence indicates that neuronal vulnerability to mitochondrial dysfunction is enhanced by
Aβ accumulation via impairment of electron transport chain and oxidative stress 141.
Abnormal mitochondrial trafficking and movement eventually results in synaptic
degeneration 142.
Huntington’s disease (HD) is an autosomal dominant hereditary
neurodegenerative disease which manifests itself in midlife and its characteristic symptoms
include both cognitive and psychiatric disturbances. Cognitive symptoms include loss of
motor control, chorea -fast abnormal involuntary movements-, dystonia -muscle
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contractions causing twitches, repetitive movements and abnormal postures- and lack of
gestural coordination 143. In later stages of the disease learning disabilities and even
dementia could occur. At present no treatment is available for HD and experimental
treatment regimens only aspire symptomatic relief 143.
Stroke or acute brain ischemia is a disease that in addition to causing neuronal
damage, it affects other cell types such as glial and vascular cells. The acute brain
ischemia triggers immediate neuronal death, followed by secondary neuronal death as a
result of several molecular mechanisms. Due to severe hypoxia in ischemic stroke, an
excessive amount of free radicals is produced, causing damage especially in the reperfused area 144. Hypoxic-ischemic injury affects not only adults but also immature
subjects: it is the main mechanism responsible for periventricular white matter damage
which is often the cause of cerebral palsy. Common causes of the hypoxia/ischemia in
neonates include perinatal stroke, intraventricular haemorrhage and asphyxia 145.
ALS is considered to be a moto-neuron disease and its prevalence is around 1:800.
At present this disease is still fatal and the median survival rate is three to five years post
diagnosis. Its characteristic symptoms include progressive muscle weakness, muscle
wasting and eventual death. Despite the large amount of research that has been performed
over the years, the cause of ALS and its precise disease mechanisms are still unknown 146.
Several genes have been identified that are related to the cause of disease in their mutated
form in familial ALS, which is the hereditary form of the disease 147. In addition several
polymorphisms have been identified that increase the risk of developing the sporadic form
of the disease 148 149. Although moto-neurons are the cells that cause the muscle weakness
and wasting, other cell types are involved in the disease mechanisms, including astrocytes
which are reactive and toxic in ALS 150 151 152. In addition, reactive glia appear to be
involved in the toxicity process 146. The cause for moto-neuron death in ALS has not been
unravelled yet, but several hypotheses about initiation site of the disease process have
been made including the neuromuscular junction 153, axon 154, mitochondria 134 155 156 and
nucleus 157. Molecular processes that are thought to be involved in neuronal death include
glutamate excitotoxicity 136 and reactive oxygen species (ROS) 158. ALS falls into the
category of moto-neuron diseases which also includes spinal muscular atrophy,
progressive muscular atrophy, primary lateral sclerosis and progressive bulbar palsy 159 160.
Multiple sclerosis (MS) is a chronic disease of the CNS which causes
demyelination of axons. It is considered to be an autoimmune disorder; however it is still
not known what exactly triggers the pathogenesis. Although neurodegeneration as a
consequence of an immune reaction is a widely accepted concept, some data supports the
concept of MS to be a primary disease of axons, neurons or oligodendrocytes resulting in
an autoimmune response 161. The course of MS is variable with relapsing and remitting
phases of the disease and after 10 to 15 years in 50% of the untreated cases the disease
becomes progressive, resulting in progressive clinical symptoms over a period of years 162.
In the conventional view of MS pathology neuro-inflammation is caused by systemic
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activation of myelin reactive cells which migrate from the periphery into the CNS causing
inflammation and development of focal demyelinating lesions 162. Other examples of neuroinflammatory diseases similar to MS include neuromyelitis optica, and experimental
autoimmune encephalomyelitis which is considered an animal model for MS 163.
Spinal cord injury (SCI) is a disease which occurs in two steps: first primary
mechanical damage occurs within minutes as a result of mechanical SCI, followed by
secondary injury triggered by the primary injury. Secondary injury includes microvascular
damage, oedema, demyelination, ischemia, excitotoxicity, electrolyte imbalances, free
radical production, inflammation and late cell apoptosis 164. SCI is a good example of
neuro-trauma caused by mechanical neural injury.
Glaucoma is recognised as an optic neuropathy and considered to be present
when at least one eye shows typical structural and functional defects including optic disc
damage and visual field loss 165. Glaucoma is classified according to anterior-segment
variations that can elevate intraocular pressure 166. The most common form of the disease
is open-angle glaucoma (OAG), which affects around 2% of the population above 40 years
of age in the United Kingdom. Glaucoma is the second main cause of blindness in the UK
after age-related macular degeneration 167.

1.5.1 NEUROTROPHIC FACTORS
Neurotrophins are a group of molecules which are considered to be growth factors due to
their ability to support neuronal differentiation and growth and therefore most neurotrophins
are required during development 168. Neurotrophins bind to two different classes of surface
receptors: the first is the tropomyosin related kinase (Trk) family and the second is the p75
receptor. The Trk family consists of three family members: TrkA, the receptor for NGF;
TrkB the receptor for BDNF and NT-4/5; and TrkC the receptor for NT-3. The p75 receptor
binds all neurotrophic factors with similar affinity 168 169. Activation of Trk receptors has
been correlated with neuronal survival, while activation of the p75 receptor can both
stimulate survival and apoptotic pathways 169. Both receptor families could be expressed by
the same cell population. In addition to the mature form of neurotrophins, pro-neurotrophins
-neurotrophins in their uncleaved state- bind to the p75 receptor. The response to p75
receptor activation depends on the state of the neurotrophin binding and whether a
combination of p75 with other receptors is activated or not, resulting in either neuronal
survival or death or myelination 161.
The balance between neuronal survival and death is regulated by the amount of
neurotrophins and the type of receptors present on neurons 168. The importance of the
different neurotrophins depends on the type of neurons they affect: NGF is the most
important neurotrophin for the PNS, due to its action on sympathetic and sensory neurons,
while BDNF is more dominant in the CNS due to the abundant presence of TrkB receptors.
NGF does also provide support in the CNS, specifically to the TrkA expressing basal
forebrain cholinergic neurons. Due to their characteristics neurotrophins are required during
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development, as they are important for the process of neuronal differentiation and also the
formation of synaptic connections. However, in adulthood neurotrophins still play an import
role to maintain and modulate synaptic connections. Both NGF and BDNF are considered
to be essential in several functions in adulthood: memory acquisition and retention, longterm potentiation and cholinergic innervation 168.
Neurotrophins such as NGF and BDNF bind to the Trk receptors, which in turn
activate pathways which evoke a pro-survival response. The canonical pathways involved
in this response include the mitogen-activated protein kinase (MAPK) pathway, the
phosphatidylinositol-3 kinase (PI3K)/ protein kinase B (Akt pathway) and phospholipase Cγ pathway. Upon activation, Src and Shc adaptor proteins are recruited to the Trk receptor
and activate other signalling pathways. Activated Shc proteins activate downstream
signalling pathways by increasing the activation of Ras which results in MAPK/ERK1/2
activation and eventually in neuronal survival and differentiation. Moreover cell survival is
also promoted by activation of the Akt pathway via activation of PI3K, due to inhibition of
apoptosis (Figure 1-4) 168.
Figure 1-4: Tropomyosin related kinase
activation by neurotrophins adapted from
Weissmiller et al. 2012 168. Binding of
neurotrophins results in activation of signalling
pathways via Src and Shc protein, binding to
Trk. The protein Shc results in higher activation
of Ras activating MAPK/ERK1/2, resulting in
differentiation and survival. Survival also occurs
via the PI3K pathway upon Shc activation,
resulting in increased Akt and inhibition of
apoptosis. Ras-related protein1 (rap1); tyrosine
phosphatases (Shp2) 168.

In addition to neurotrophins two other groups of neurotrophic factors have been described,
namely the neuropoietic cytokines which include CNTF and LIF and the family of glial-cell
line neurotrophic factor ligands, including GDNF 161. CNTF is a cytoplasmic protein that is
thought to be secreted as a result of injury under pathological conditions 169. It is a survival
factor for a wide variety of neuronal cells. CNTF is mainly expressed by glial cells of the
peripheral and central nervous system. Highest concentrations are found in Schwann cells
and in white matter tract astrocytes in mice 170. GDNF is active both inside and outside the
CNS. For instance it promotes survival of embryonic dopaminergic neurons of the midbrain,
which are degenerated in Parkinson’s disease 171. In addition to the above mentioned
neurotrophic factors other factors are important for neuronal survival such as EGF, FGF,
VGF and IGF. However, these factors will be not in the scope of this thesis.
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1.5.2 NEUROTROPHIC FACTOR SUPPLEMENTATION FOR TREATMENT OF
NEURODEGENERATIVE DISEASES AND ITS CHALLENGES

Different neurotrophic factors can offer neuronal support by activating signalling cascades
promoting neuronal survival. Moreover, these factors could provide glial support, by acting
on various stages of glial cell development of oligodendrocytes in CNS and Schwann cells
in the PNS. For instance BDNF acts on oligodendrocytes in the CNS and supports their
proliferation and differentiation 172 173. Also NT-3 supports their survival, proliferation and
differentiation and furthermore also promotes survival and migration of Schwann cells in the
PNS similar to the influence of NGF on Schwann cells 174. Therefore administration of
neurotrophic factors constitutes an interesting approach for treatment of neurodegenerative
diseases, not only for potential neuronal rescue but also for their support of glial cells.
Although neurotrophic factor supplementation appears a good strategy to treat
neuronal injury, several challenges remain to be solved before it could be used as an
effective treatment. The first problem to encounter for delivery of neurotrophic factors to the
CNS is the presence of the blood brain barrier (BBB). This barrier severely restricts the
uptake of large proteins and complex compounds to the brain. Neurotrophic factors are
relatively large, polar molecules which cannot easily cross the BBB and therefore need to
be administered directly into the CNS using invasive techniques such as direct
intracerebroventricular (ICV), intrathecal or intraputamenal administration 168.
Administration of the factors using these techniques was shown to cause serious
adverse effects. For instance the injection of NGF via ICV administration caused significant
side effects such as hyper-innervation of cerebral blood vessels, hypophagia, Schwann cell
hyperplasia with sprouting of sensory and sympathetic neurons and neuropathic pain not
outweighing long-term beneficial effects 168. Another example of the occurrence of serious
side effects was in a study of intraputamenal infusion of GDNF in rhesus monkeys. These
side effects included weight loss, meningeal thickening and Purkinje cell loss in the
cerebellum
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Not only adverse effects were found to constitute a concern for neurotrophic factor
supplementation, but also limited efficacy was found to be a problem in several studies. For
instance in a study with patients with PD the intraputamenal infusion of GDNF did not
provide any beneficial effect 176. Also in a study with ALS patients intrathecal infusion of
recombinant BDNF did not provide significant benefit to the patients 177 178. At present, no
clinical trial has proven to be successful to treat ALS yet 179. In a study to treat SCI with
intrathecal administration of PEGylated BDNF no improved axonal response or locomotor
recovery was found despite successful delivery of BDNF to the spinal cord 180. A reason for
the lack of beneficial effect was suggested to be due to an insufficient dose of neurotrophic
factor 168. Also the use of BDNF for treatment of MS, Huntington, PD and AD provided
disappointing results mainly due to difficulties in delivery of neurotrophic factors to the CNS
161

.
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Thus a sufficiently high enough dose of the neurotrophic factor in the target tissue is
required for effective treatment of neuronal injury. Therefore several aspects of
neurotrophic factor delivery require consideration. First of all, the plasma half-life of injected
CNTF is only a few minutes and therefore it cannot reach the target tissues. For BDNF a
similar scenario is applicable 146. As a consequence to reach the appropriate dose of BDNF
and CNTF for treatment, repetitive administration is required which is observed in several
studies for the treatment of ALS 178 181 182. Secondly, the route of administration requires
also consideration. Delivery of factors to the CNS is limited due to the presence of the BBB
(described above). Furthermore, due to connections between different regions of the brain
specific delivery to the affected area is a challenge 168. Moreover, neurodegenerative
disease is not restricted to a specific region of the CNS and therefore targeting all affected
areas of the CNS is also challenging 179.
Also the therapeutic window is important for the efficacy of treatment. The time of
administration of the neurotrophic factor(s) after symptom onset is critical as these factors
have only a short time frame for protection of neurons once the harmful disease process
has started 179. For instance in ALS the neuroprotective effect of neurotrophic factor
therapy clearly depended on time of administration with the most effect when starting
treatment well before symptom onset 179.

1.5.3 CELL-MEDIATED NEUROPROTECTION
As neurotrophic factor supplementation as treatment for neuronal injury is very challenging
in terms of delivery, dose, requirement of repetitive supplementation and adverse effects,
alternative strategies have been considered for treatment of neurodegenerative diseases
including cell replacement using stem cells. However, much disappointment has been
generated in extensive investigations addressing the use of cell replacement for treatment
of neuronal injury such as glaucoma and much of the work is now focussed on
neuroprotection 183 184.
Stem cell-mediated neuroprotection has the advantage over stem cell replacement
therapies that cell differentiation and establishment of synaptic connectivity by the
transplanted cells is not required, as the strategy is based on neurotrophic factor
supplementation but with the advantage of being produced by the transplanted cells. This
strategy has several advantages over neuroprotection by pharmacological approaches,
because when transplanted cells are properly incorporated in the to be treated tissue,
effects will be long-lasting 184. Stem cells are suitable to facilitate neuronal survival, due to
their secretion of several neurotrophic factors. For instance neural stem cells transplanted
into the brain of rats were more beneficial for neuronal protection than a single
administration of neurotrophic factors and even more than prolonged delivery by local
infusion as demonstrated in a Parkinson model 185. Furthermore neuronal survival could be
achieved via immunomodulation 186. The application of specific neurotrophic factors for
treatment of neuronal injury will be further explained in the next section. To prevent adverse
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immunological responses and to minimise risk of graft rejection, autologous transplants
could be used. Candidates for autologous stem cell transplantation with the aim of
neuroprotection include mesenchymal stem cells 187 and olfactory mucosa cells 63 73.
In addition to stem cells, genetically modified cells expressing neurotrophic factors
have been used in neuroprotection strategies. The use of autologous fibroblasts,
genetically engineered using viral vectors to express neurotrophic factors, has been
examined in rodent and primate models and in clinical trials. In the primate brain NGF
release for at least 8 months was observed 188. A clinical trial with 8 patients with
Alzheimer’s Disease, treated with autologous fibroblasts expressing NGF, showed the first
clinical evidence of successful NGF delivery over periods of time up till 18 months with
therapeutic benefit and without adverse effects related to neurotrophic infusion 189.
Genetically modified cells have also been used for NT-3 and BDNF expression.
Disadvantages of the approach to use genetically modified fibroblasts include limitations in
the release of neurotrophic factors. Although long-term neurotrophic factor release has
been observed in patients for up to one year, it is likely that patients require more injections
during their life-time to sustain therapeutic benefit 168.
Furthermore, the risk factors related to the presence of large numbers of fibroblasts
in the brain are not fully understood yet 168. Another aspect of the use of genetically
modified fibroblasts requires consideration: these cells only release what they are
engineered to produce. In contrast, endogenous stem cells such as OM cells and MSCs
release a large variety of neurotrophic factors and show additional benefits: OECs from the
OM are able to ensheath axons 63 and MSCs have the ability to modulate the immune
system
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. Due to their limitations, genetically modified cells are out of the scope of this

chapter.

1.5.4 C ANDIDATE NEUROTROPHIC FACTORS FOR TREATMENT OF
NEURODEGENERATIVE DISEASES

BDNF is a predominant neurotrophin in the CNS and plays an important role in neuronal
development and survival 168. It has been studied for treatment of several neurological
disorders, including Alzheimer’s disease, Huntington’s disease, ALS, stroke, MS and spinal
cord injury (Table 1-2) 161 168 191 192. NGF is the most important neurotrophin in the PNS but
has nevertheless been investigated for treatment of several CNS diseases such as
Alzheimer’s disease, ALS and ischemic brain injury 168 191 192. Both NGF and BDNF are
considered to be essential in several functions in adulthood such as memory acquisition
and retention, long-term potentiation and cholinergic innervation due to its functions in
synaptic connectivity 168 191 192.
In addition to BDNF and NGF the neurotrophic factor GDNF is also important for
neuronal survival, phenotypic maturation, synapse formation, synaptic plasticity,
maintenance and regeneration of specific neuronal populations in the brain. In several
neurodegenerative diseases altered levels of GDNF have been observed and related to
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symptoms and disease pathology 193. Therefore this factor has been studied for treatment
of neurological diseases such as ALS and stroke 168 191 192 and it is thought to potentially
enhance the survival and maturation of dopaminergic neurons in Parkinson’s disease 193.
CNTF has been identified as a potent survival factor for moto-neurons both in vitro and in
vivo

194 195

and has been studied in the context of ALS 196 and spinal cord injury 197.

NT-3 is important in the development of the CNS and therefore it has been studied
in treatment strategies for instance for spinal cord injury (Table 1-2) 168. It promotes
neuronal survival and differentiation as well as neurite outgrowth 198, which is particularly
important for treatment of spinal cord injury. NT-4/5 is very similar to NT-3 in its structure
and it has been shown to be a potent neurotrophic factor in neuroprotection strategies.
When studied in moto-neurons, NT-4/5 was able to attenuate loss of developing neurons
198

, which is relevant to ALS. In spinal cord injury models, NT-4/5 showed moderate

promises as some axon elongation took place, although axon regeneration over long
distances did not occur 199. In the table below examples have been given of specific
neurotrophic factors which have been studied for treatment of these mentioned
neurological disorders (Table 1-2).
Table 1-2: Examples of neurotrophic factors which are currently studied for treatment of
different neurological disorders.

Disorder

Neurotrophic
factor

Targeted cell
type

Current status

Published

Parkinson’s
disease

GDNF/ neurturin

Striatal neurons

Phase 1 and
phase 2

168 193

Alzheimer’s
disease

NGF and BDNF

Cholinergic
neurons and
entorhinal
neurons

Phase 1

168

Huntington’s
disease

BDNF

Striatal neurons

Pre-clinical

168

ALS

NGF, BDNF and
GDNF

Moto-neurons

Recruiting
phase 1 and
phase 2

168 191

Stroke

BDNF, NGF and
GDNF

Pre-clinical

192

MS

BDNF

Pre-clinical

161

Spinal cord
injury

BDNF and NT-3

Pre-clinical

168

Site of injury

This is not a full list of disorders that potentially would benefit from neurotrophic factor
supplementation, but the most studied neurodegenerative diseases, with most of them
representing a category of neurological disorders as described in the introduction.
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1.5.5 NEUROTROPHIC FACTORS IN THE OLFACTORY MUCOSA
Due to continuous neuro-regeneration throughout life, neurotrophic factors are important for
the maintenance of the OM. Different neurotrophic factors were previously observed in
olfactory mucosa: for instance NGF was observed in the embryonic olfactory mucosa 72 200
and in clusters of neurons in the OE in 3 week-old rats 72. Whilst NGF was not found in
undisturbed adult rat olfactory mucosa 201, it has been observed in regenerating adult
olfactory epithelium. On the contrary, the study by Feron et al. identified NGF in all cell
layers of the olfactory epithelium, except in the horizontal basal cells 72 (Figure 1-5). NGF
may provide neurotrophic support to maturing olfactory neurons 72 and was suggested to
promote proliferation of human OECs from the LP in which it was also expressed 202.
Results regarding BDNF expression are contradictory: BDNF was previously found
in horizontal basal cells 203, whereas Feron et al. observed its expression throughout the
OE with the exception of HBCs 72. Also NT-3, which was previously observed in supporting
cells 204 and subsets of neurons 205, appeared to be expressed in all cell layers of the OE,
except for the HBCs 72. BDNF and NT-3 expression was also observed in OECs from
human LP and expressed by this cell type 202. NT-4/5 was observed by Feron et al. in all
cell types of the OE, including HBCs 72. In addition, NGF, BDNF, NT-3 and NT-4/5 have all
been shown to be secreted by OECs 206.
CNTF is highly expressed by the olfactory system: cells intensely positive for CNTF
were observed in the olfactory epithelium and OECs in the olfactory bulb were observed to
express CNTF in the cytoplasm and nucleus as well as astrocytes of the lateral olfactory
tract 207. Furthermore CNTF is also secreted by OECs 206. GDNF is expressed by olfactory
sensory neurons in the mature and immature layer of the OE and was suggested to be also
expressed in the basal layer of the OE 208.
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Figure 1-5: Expression of neurotrophic factors and their receptors in the adult olfactory
epithelium adapted from Feron et al. 2008 72. NGF, BDNF, NT-3 and NT-4/5 are all
expressed in the adult rat olfactory mucosa. NT-4/5 is expressed by all cell types, including the
HBCs. NGF, BDNF and NT-3 are expressed in all cell types, except for the HBCs.

1.6 OLFACTORY ENSHEATHING CELLS FOR TREATMENT OF NEURONAL INJURY
1.6.1 PROPERTIES OF OLFACTORY ENSHEATHING CELLS FOR NEURAL REPAIR
Neuronal injury takes place in many forms in the CNS and in contrast to the PNS,
regeneration in the CNS is negligible and therefore neuronal injury has detrimental
consequences. The two major elements which inhibit axonal regeneration include glial scar
formation and the release of myelin-associated inhibitors of axonal growth 63. Different
strategies have been investigated for inhibition of glial scar formation with only limited
successes. One of these strategies has been focused on overcoming the inhibitory effects
of CSPGs, which can be degraded by the enzyme chondroitinase ABC (ChABC). It has
been demonstrated that degradation of CSPGs with this enzyme has some beneficial effect
on axon regeneration through the glial scar 63. However, CSPGs are not the only inhibitory
elements in axon regeneration through the glial scar and therefore other strategies have
also been investigated focused on myelin-associated inhibitors which form another part of
the problem of axon regeneration in the CNS 63. Products of the degradation of
oligodendrocyte-produced myelin (located in the CNS) are different from the products
following Schwann cell myelin breakdown (located in the PNS) and the former can be
inhibitory to axon growth 63. In many studies it has been attempted to stimulate axonal
regeneration by inhibition of these products, using antibodies or by genetic manipulation.
The success rate has not been constant with some studies succeeding and other failing in
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stimulating axonal regeneration 63.
Due to limited success, cellular transplant strategies have been developed to
overcome inhibition of axonal regeneration in the CNS. One of the candidates is the
Schwann cell population. It has been demonstrated that Schwann cells encourage axonal
growth due to their release of neurotrophic factors. Furthermore these cells, which remove
myelin and axonal debris after damage, can create pathways for axons to regenerate and
re-myelinate these regenerated axons 63. However, astrocytes are activated upon contact
with Schwann cells and are causing these Schwann cells to organise themselves in
isolated cell groups. As a further consequence of their activation, the activated astrocytes
increase their expression of CSPGs and GFAP 63. Astrocyte activation could potentially be
overcome by reducing levels of heparin sulphate proteoglycans (HSPGs), which have been
identified as the responsible factor in this process. Reducing levels of HSPGs could be
achieved by using heparinase or chlorate, which allows Schwann cells to intermingle with
astrocytes 63.
Another candidate as cellular source for neural repair strategies includes the
embryonic neuron, which can act as a bridge for severed axons to form synapses with their
distal targets. However, similar to embryonic stem cells (ESCs), disadvantages of the use
of these cells include ethical issues and requirement of immunosuppression which have to
be taken into consideration 63.
A different strategy is based on the use of stem cells, which could differentiate into
oligodendrocytes and remyelinate axons. For instance it has been shown in spinal cord
injuries in rats that transplanted oligodendrocyte progenitors can restore some level of
functional ability 63. However, this strategy may be only beneficial in demyelinating diseases
such as multiple sclerosis and some other spinal cord injuries, but hardly in all conditions 63.
In that respect, neuroprogenitors are more suitable candidates as they can differentiate into
all cell types of the CNS, which has been demonstrated in trials where the transplanted
cells differentiated into neurons, astrocytes and oligodendrocytes 63. However, in some
trials some problems related to neuronal differentiation have occurred and in some other
trials even though neuronal differentiation did occur, the result regarding regeneration has
been modest 63.
OECs express similar neurotrophic factors to Schwann cells, but unlike the latter
they are able to mingle with astrocytes and do not stimulate their activation 63 209. The
olfactory system, connecting the PNS with the CNS, is a rather unique system which
regenerates throughout life with the help of OECs. These cells overcome the inhibitory
environment and facilitate axonal regeneration in the olfactory system. Due to their
regeneration-promoting properties, OECs have been studied as the prime candidate as a
source for axon regeneration treatment in for instance spinal cord injury. Furthermore
OECs from the olfactory mucosa could be used for autologous transplants, which is
desirable 210 due to circumvention of any ethical or immune response-related problems.
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OECs are thought to create a permissive environment for axon regeneration in two
different ways: 1) OECs ensheath growing axons and thereby isolate them from the
inhibitory CNS environment and 2) OECs secrete neurotrophic factors and cellular
substrates and thereby promote a favourable environment for axonal growth 63.
Neurotrophic factors which are produced by OECs after being transplanted into damaged
CNS include: PDGF, BDNF, nerve growth factor (NGF), neurotrophin (NT) -3 (NT-3), NT4/5, GDNF, CNTF 211 and VEGF 212. In addition to secreting neurotrophic factors, OECs
can also express transcription factors involved in the myelin pathway 213 214. Furthermore,
OECs express desert hedgehog (DHH), which has been shown to promote development of
motor neurons and differentiation of interneuronal cells in spinal cord. Moreover, it can also
act as axonal guidance cue to attract commissural axons in the developing spinal cord 215
216

. Other cellular substrates produced by OECs include several ECM proteins which

directly promote neuronal survival, neurite initiation, axon extension and axonal guidance
212 217 218

. Moreover, axon guidance molecules galectin-1,-3 and-4 and β-laminin and

chemorepulsant Sema-3A are differentially expressed by OECs from the ONL of the
olfactory bulb 219 220. Moreover, several other cell adhesion proteins were found to be
expressed by OECs and thought to promote cell migration, guidance and interactions with
other cells such as embryonic NCAM, collagen IV, N-cadherin and fibulin 3 212.
A third, indirect mechanism by which OECs are thought to promote axon
regeneration is OEC-mediated phagocytosis of axonal debris. OECs share this phagocytic
characteristic with microglia and are not only able to phagocytose bacteria and apoptotic
cells but also neuronal debris, which is an inhibitory factor to the regeneration process. By
rapidly removing neuronal debris, OECs make the environment more permissive to axon
regeneration 212. The migrating ability of OECs is considered to be another advantage for
their use. In a spinal cord model it was shown that OECs could migrate longitudinally and
laterally from the injection side into the spinal cord stump and not being hindered by glial
scar formation 221. OECs can migrate a long distance and can accompany growing axons
212

.
Myelinating capacities of OECs are controversial due to inconsistency in obtained

results, which was ascribed to the variability in OEC sources (both age of the donor and
region of which the cells were isolated). Furthermore inconsistency in myelinating
capacities appeared based on studies in which myelination was attributed to contaminating
Schwann cells, fibroblast-like subtype of OECs or contamination with oligodendrocyte
precursor cells. Moreover, OEC plasticity and heterogeneity contributes towards
inconsistent results in myelinating capabilities 212.
The first study to demonstrate that OECs are able to promote neural repair in spinal
cord lesions was performed by Raisman and others in an adult rat model of spinal cord
injury 222. At present, multiple studies have been performed in which OECs from the OM or
OB have been investigated for treatment of SCI either in animal models or in clinical trials.
For instance a study by Gorrie et al. 2010 showed that human LP-OECs which were
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transplanted in an adult rat model of SCI resulted in greater functional improvement in hind
limbs of treated animals compared to controls. Although the authors did not understand the
precise mechanism of action of the OECs, their suspicion is that the OECs are
neuroprotective due to neurotrophic factor release and that the cells modulated the
inflammatory processes and reduced secondary damage to the cord both a result of the
primary lesion 223.
Furthermore not only for SCI but also for other neuronal injuries OECs have been
studied as potential treatment (Table 1-3). For instance in a rat 6-hydroxydopamine (6OHDA) model for PD a study has shown that the combination of allogenic adult OECs from
the OB with foetal ventral mesencephalic cells (VMCs) could increase dopamine and 3,4Dihydroxyphenylacetic acid (DOPAC) levels and result in functional restoration compared
to non-treated animals 224. Another study showed that the combination of allogenic adult
OB-OECs and foetal VMCs enhanced dopamine cell survival, resulted in striatal reinnervation and functional recovery 225. In both studies transplantation of OECs alone did
not prove to be as effective as the combination of OECs with VMCs. In the study by
Johansson et al. 2005 OECs alone had no effect. The OECs provided neurotrophic support
for the VMCs to survive engraftment 224 225.
OECs have also been studied for treatment of stroke. W. Shyu et al. 2008 showed
that transplantation of human LP-OECs and ONFs might be of clinical benefit in treatment
of stroke 226. Furthermore, they showed that in a rat stroke model human OECs derived
from the LP of the OM together with ONFs could result in enhanced neuroplasticity, neurite
outgrowth and homing of stem cells 226. They also showed that OECs secrete neurotrophic
factors including BDNF, GDNF and VEGF and furthermore that SDF-1α was secreted
under hypoxic conditions which was suspected based on the resemblence of OECs with
other glial cells 226. It was suggested that secretion of SDF-1α played a significant role in
neural regeneration and survival in their model for hypoxia. Furthermore they also thought
that secretion of SDF-1α by the OECs and ONFs was responisble for homing of
endogenous stem cells, observed after implantation of the OECs/ONFs. Moreover, they
showed that co-expression of C-X-C chemokine receptor type 4 (CXCR4) and PrPc in the
cortical neurons might enhance neurite growth in their stroke model 226. PrPc plays an
important role in regulating neurite regeneration 227 and must interact with some
intracellular matrix proteins to facilitate this process. W. Shyu et al. 2008 thought that
possibly co-expression of CXCR4 and PrPc in cortical neurons would facilitate interaction
with the extracellular matrix protein or surface of the adjacent cell, in this case the
OEC/ONF, resulting in enhanced neurite growth 226. In addition, they suggested that
cell/nuclear fusion beween OECs/ONFs and bone marrow-derived mesenchymal stem cells
(BMSCs) might be involved in tissue repair in their stroke model.
Another study by X. Shi et al. 2010 showed that treatment with allogenic neonatal
OB-OECs in rats which underwent middle cerebral artery occlusion (MCAO) as a model for
brain ischemia, resulted in decreased infarct volume, decreased mortality and improved
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neurological deficits compared to untreated animals 228. The suspected mechanism of
action was neuroprotection by OECs, although no neurotrophic factor release by the
transplanted OECs was measured. Furthermore X. Shi et al. 2010 presumed that OECs
also re-myelinated endogenous axons in the white matter tract or promoted OPC
proliferation and thereby evoke white matter tract remodeling 228.
OECs have also been studied for treatment of ALS. Ying Li et al. 2013 studied the
influence on OB-OEC transplantation in a rat model for ALS 229. Transplantation of
allogenic OECs from the olfactory bulb of p7 rats in an adult rat model of ALS resulted in
prolonged survival of motor neurons compared to untreated animals 229. The authors
ascribed the effect of OEC transplantation to the neuroprotective effect of the OECs due to
neurotrophic factor secretion such as NGF and GDNF as well as re-myelination of axons.
Furthermore they thought that OECs could also modulate or stimulate motor neurons and
would facilitate neuro-nutrition by axonal plasma transport from upper to lower motor
neurons 229.
In addition to animal models, the efficacy of OEC transplantations has been studied
in the clinic. A pilot study with embryonic OECs was performed in China for treatment of
patients with ALS 230. In a study in the Netherlands seven patients treated with human
embryonic OB-OECs in China were followed to determine long-term effects of OEC
transplantation 231. Even though outcomes of the study in China were optimistic with
claimed success of OEC transplantation in 50-70% of patients, no beneficial effects were
identified in the Dutch follow-up study six months after treatment. A reason for the
discrepancies in results between the Dutch follow-up of the Chinese study and the Chinese
study itself could be found in several shortcomings in the Chinese treatment protocol: 1)
patients in the Chinese study were not randomised 2) control patients went back to their
home country instead of staying in China, 3) follow-up period was short in the Chinese
study and 4) patients were not HLA matched with the donor and no immunosuppression
was given 231. From the seven patients involved in the Dutch study two patients died and no
autopsy results became available. Therefore it could not be excluded that treatment failure
was a result of not injecting OECs or that the cells did not survive 231. In the Dutch study it
became apparent once more that the design of the clinical trial is essential for the
interpretation of the results.
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Table 1-3: Examples of studies in which olfactory ensheathing cells (OECs) have been
used for treatment of neurodegenerative diseases described in the section above.
Disorder

Cell type

Disease
model

Mechanism of
action

Effect(s)

Current
status

Publish
ed

PD

Allogenic
rat OBOEC
(adult)
and VMC
(foetal)

Rat 6OHDA
model

Neurotrophic
factor release to
support VMCs

- Functional
restoration

Preclinical

224

Allogenic
rat (foetal)
OB-OEC
and VMC

Rat 6OHDA
model

Preclinical

225

Preclinical

226

Preclinical

228

- Higher
dopamine and
DOPAC levels
Neurotrophic
factor release

- Enhanced
dopamine cell
survival
- Striatal reinnervation
- Functional
recovery

Stroke

Human
LP-OEC
and ONF

Allogenic
rat
(neonatal)
OB-OEC

Rat
stroke
model

Rat
MCAO
model

- Neurotrophic
factor release

- Enhance
neuroplasticity

- SDF1α release
and CXCR4
expression

- Facilitate
neurite
outgrowth

- Cell/nuclear
fusion with
BMSCs

- Stimulate
stem cell
homing

- Suspected
neuroprotection

- Decreased
infarct volume
- Decreased
mortality
- Improved
neurological
deficits

ALS

SCI

Allogenic
rat (p7)
OB-OEC

Rat ALS
model

Neuroprotection
and remyelination

Prolonged
survival of
motor neurons

Preclinical

229

Allogenic
human
embryonic
OB-OEC

Seven
patients
with
ALS

Not given

No beneficial
effect

Clinical
trial

231

Syngeneic
rat OBOEC
(adult)

Rat SCI
model

Not given

- Formation of
bridge over the
lesion

Preclinical

222

- Improved
forepaw
reaching
function
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Human
LP-OEC
(adult)

Rat SCI
model

- Suspected
neuroprotection
- Suspected
modulation of
inflammatory
processes and
reduced
secondary
damage to the
cord

Greater
functional
improvement
in hind limbs

Preclinical

223

ventral mesencephalic cell (VMC); C-X-C chemokine receptor type 4 (CXCR4); middle cerebral
artery occlusion (MCAO) and 3, 4-Dihydroxyphenylacetic acid (DOPAC).

1.6.2 SOURCE OF OLFACTORY ENSHEATHING CELLS
Due to the presence of OECs in both olfactory mucosa and bulb, OECs could be isolated
from different regions of the olfactory system and at different stages in life: the cells could
be isolated from embryonic, neonatal and adult sources. Depending on the type of
transplantation, allogenic versus autologous, some sources may be more practical than
others. As in young adults and adults the incidence of both traumatic and myelinating
neuronal injuries is higher 232, for autologous treatment adult cells are more relevant to use.
Furthermore OECs from the olfactory mucosa would be more accessible compared to
OECs from the OB, although the latter could be safely removed. However, some practical
problems related to LP-OEC isolation include 1) the difficulty in accessing the olfactory
mucosa in humans LP and 2) the OM tissue may degenerate with age or as a result of
damage 73. After damage occurred to the OE for instance by virus infections or head
trauma, almost total replacement of the OE with non-neural respiratory tissue was
observed 233 234 235.
Not only is it important to consider a source choice for the type of treatment, but the
heterogeneity of the OEC population also requires consideration. OECs from embryonic,
neonatal and adult donors are heterogeneous as well as OECs from different regions

28
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In several human clinical trials the benefit and safety of several olfactory cell treatments for
spinal cord injury have been tested. These treatment strategies included the use of
olfactory tissue explants, autologous olfactory mucosa-derived OECs and human foetalderived OECs from the olfactory bulb 28. Olfactory mucosa tissue -containing a mix of cells
including OECs, putative stem cells, supporting cells and olfactory neurons- has been used
for clinical trials. At present, grafts of both lamina propria and whole olfactory mucosa have
shown promise for treatment of spinal cord injury in the majority of studies 28. However,
studies have been limited and more trials and higher patient numbers are required 28.
As primary OECs are limited in their availability and their proliferative capacity in
vitro, solutions have been sought to increase cell number in culture to use OECs for human
clinical trials 28. Alternative sources to primary OECs include several genetically modified
cell lines which have been developed from isolated OECs and have been suggested to
promote regeneration and functional recovery in spinal cord injury in a rat model. In
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addition, a human immortalised OEC cell line has been developed which conserved
antigenic markers and neuro-regenerative properties 236 237.
A possible alternative source for neurotrophic support to promote neural repair is
the LP-MSC population recently identified in the rat LP 74 and in humans 75. It was thought
by Lindsay et al. 2010 that the LP-MSCs may secrete factors influencing proliferation and
differentiation of neural cell components of the olfactory system based on differentiation
promoting characteristics of and release of neurotrophic factors by MSCs 73. A recent study
by Lindsay et al. 2013 showed that LP-MSCs could alter biological properties of OECs and
also of OPCs in vitro and may contribute to the repair of SCI 76.

1.6.2.1 The potential use of olfactory bulb cells in cell-based therapies to
treat neuronal injuries
The olfactory bulb has been used as a source for cell-based therapies to treat neuronal
injury in the past. The most commonly used cell source for cell-based therapies include the
olfactory bulb derived OECs or also called olfactory bulb-derived olfactory ensheathing glia
(OB-OEG) 232. In Table 1-4 examples are given of studies in which OB-derived OECs have
been investigated for treatment of neurological disorders mentioned in the introduction.
OB-OEGs play a critical role in neurogenesis in the olfactory system. These OECs
showed axonal growth promoting properties both in vitro and in vivo. Furthermore purified
OB-OEGs from adult OBs still displayed neurite extensive and ensheathment
characteristics in culture, which makes the cells desired for cell-based treatments of
neuronal injury 232. Many scientific articles have reported beneficial effects of OB-OEGs in
the promotion of nervous system repair. In studies that did not show beneficial effects, the
reason for lack of therapeutic effect was ascribed by Almudena Ramón-Cueto & MuñozQuiles 2011 to difference in cell source and preparation method 232. In six of eleven studies
that did not show beneficial effects of OB-OEGs to treat spinal cord injury, cells had been
isolated from fetal and neonatal donors. Furthermore in two studies the preparation
method, namely purification using magnetic nanoparticles, could have affected neuronal
survival and axonal regeneration 232.
OB-OEGs have been proven to be a suitable cell source for treatment of neuronal
injury due to their reliability, safety and potential for the use in autologous cell
transplantations. Regarding reliability of OB-OEGs, these cells display typical OEG
phenotypic characteristics and do not display senecence for up to 2.5 months in vitro and
34 passages 232. Furthermore due to a division rate of circa 2.5 population doublings each
week, a single primate OB could provide around 1.5x106 cells in three weeks and during
the pre-senescence period another 20x109 cells. Safety of the cells was assured by
absence of spontaneous immortalisation. Moreover, it was shown that adult OB-OEGs are
terminally differentiated cells, which increases the likelihood that the cells integrate into the
host tissue. Furthermore studies using non-human primate or human adult OB-OEG for cell
transplants in injured spinal cords displayed no sign of neoplastic transformation or adverse
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effect in the host 232.
It has been shown that OB tissue could be isolated using minimally invasive
procedures and that OB-OEGs could be cultured in serum, obtained from the patient itself.
Moreover, due to the possibility of delaying treatment of spinal cord injury until the subacute
to chronic stage of the disease up till three months after injury, the required time for
preparation of autologous cells is available. Therefore autologous cells could be used 232.
In addition to OECs, olfactory bulb neural stem cells (OBNSCs) have been
considered as a source for cell-based treatments. These multipotent NSCs have been
identified in the OB and isolated from adult human OB 238 239. These cells have been
studied to use for treatment of PD and AD (Table 1-4). Marei, Lashen, et al. 2015 showed
that transplantation of hNGF-over-expressing OBNSCs resulted in improved scores in
behavioural, pole and rotarod tests in a 6-OHDA rat model of PD due to a neurotrophic
effect of NGF 238. Furthermore Marei, Farag, et al. 2015 showed that transplantation of
hNGF-over-expressing OBNSCs could also improve cognitive dysfunction in a rat model of
AD. The authors attributed the result to the trophic effect of the transformed cells and to
glial and neuronal replacement as a result of cell differentiation 239.
Table 1-4: Studies in which olfactory bulb cells have been used for cell-based treatment
of several neurological disorders mentioned in the introduction.
Disorder

Cell type

Mechanism
of action

Effect

Current
status

Published

Parkinson’s
disease

OBNSChNGF

hNGF release in
combination with
neuronal and glial
cell replacement

Improved result
in behavioural,
pole and rotarod
tests in a 6OHDA rat model
of PD

Pre-clinical

238

Rat foetal
OB-OEC
and VMC

Neurotrophic
factor release

tests in a 6OHDA rat model
of PD

Pre-clinical

225

Rat adult
OB-OEC
and foetal
VMC

Neurotrophic
factor release to
support VMCs

tests in a 6OHDA rat model
of PD

Pre-clinical

224

Alzheimer’s
Disease

OBNSChNGF

NGF release in
combination with
neuronal and
astrocyte-like cell
differentiation

Improved
cognitive
dysfunction in a
rat model of AD

Pre-clinical

239

Stroke

Allogenic
rat
(neonatal)
OB-OEC

Suspected
neuroprotection

- Decreased
infarct volume
- Decreased
mortality
- Improved
neurological
deficits

Pre-clinical

228
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ALS

Spinal cord
injury

Allogenic
rat (p7)
OB-OEC

Neuroprotection
and remyelination

Prolonged
survival of motor
neurons

Pre-clinical

229

Allogenic
human
embryonic
OB-OEC

Not given

No beneficial
effect

Clinical trial

231

Syngeneic
rat OBOEC (adult)

Not given

- Formation of
bridge over the
lesion
- Improved
forepaw
reaching
function

222

This is not a full list of disorders that potentially could benefit from neurotrophic factor
supplementation, but the most popular neurodegenerative diseases, with most of them
representing a category of neurological disorders as described above.
1.6.2.1.1

The olfactory bulb in neurodegenerative disease

Olfactory dysfunction is often seen in several neurodegenerative diseases such as
Alzheimer’s Disease, Parkinson’s disease and Huntington’s Disease 240. In these conditions
olfactory dysfunction manifests itself partly a result of olfactory bulb degeneration and partly
by damage to other brain areas. For instance in 90% of AD patients olfactory involvement
is present, which manifests itself in olfactory bulb atrophy visible on MRI and might be used
as marker for AD 241. However, OB atrophy also occurs in elderly, non-demented, healthy
subjects 242. A study by Mundiñano et al. 2011 showed significantly reduced olfactory bulb
volumes in AD patients compared to healthy subjects as well as significantly reduced
volumes of the GL, although for PD no significant difference was observed 243. Also protein
deposits were found in the OB of patients: tau protein was identified in all symptomatic AD
and 80% of PD patients and β-amyloid was observed in 85.7% of AD cases but not in PD.
Lewy bodies were identified in 60% of PD and 10% of AD cases 243. Interestingly, the tau
deposits were suggested to be directly related to reduced OB volumes in AD patients 243.
Also positive correlations between olfactory performance and OB volumes were found in
PD patients 244.
Although patients with HD displayed olfactory impairment compared to control
subjects, this impairment was related to degeneration of structures involved in olfaction
such as the entorhinal cortex, the thalamus, the parahippocampal cortex and caudate
nucleus and not directly to olfactory bulb degeneration itself 245. Furthermore olfactory
impairment was of moderate degree compared to PD 246 247. For ALS results regarding OB
dysfunction are contradictory: slight olfactory dysfunction was observed in some cases of
ALS 240, although in a different study by Lang et al. 2011 no difference between ALS
patients and control subjects was found for olfactory function 248. In a study by Hawkes
2003 16% of patients with moto-neuron disease scored significantly different compared to
healthy subjects on a smell test 246. Also for MS olfactory dysfunction was suggested to
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occur: Goektas et al. 2011 showed reduced olfactory function in MS patients compared to
healthy controls 249. Furthermore in 9 out of 36 MS patients OB volumes were smaller than
100 mm3, which was identified as threshold for hyposmia -reduced ability to smell. The
reason for olfactory dysfunction remains unclear 249.
Olfactory cells including OB-derived OECs and OBNSCs have been studied for
treatment of different neurodegenerative diseases, including PD, AD and ALS. Considering
the involvement of the olfactory bulb in these diseases and related pathology, it requires
consideration whether the OB would be a suitable cell source for cell-based treatments.
Due to plasticity the OB could be a suitable cell source and even adult cells may be used.
However, given the protein deposits and related pathology in the OB, it is questionable
whether OB plasticity is still maintained. Secondly, patients suffering from
neurodegenerative disease already could suffer from hyposmia and using the OB as
source could even further reduce their ability to smell.
In summary, to determine whether the OB may be used as a source for cell-based
therapies requires consideration of its role in specific neurodegenerative diseases.

1.6.2.2 Differences between LP-OECs and OB-OECs
Although LP-OECs and OB-OECs resemble each other antigenically 38, their gene
expression profile appears to be different: for OB-OECs activation of genes related to
nervous system development was observed whereas for LP-OECs genes more involved
with wound healing were activated 250 251. Also functionally the two cell populations show
different neural repair characteristics. Although both types of OECs promote angiogenesis,
endogenous Schwann cell infiltration and axonal sprouting, differences in neural repair
abilities were observed in a study by Richter et al. 2005, which directly compared neural
repair abilities between LP-OECs and OB-OECs in a rat model of SCI 252. Differences were
found in intrinsic migration abilities, cavity formation and the authors suggested differences
in secretion of neurotrophic factors 252. Based on the study by Richter et al. 2005, LP-OECs
may have the advantage over OB-OECs for treatment of SCI 252. However, studies by
Paviot et al. 2011 and Ibrahim et al. 2014 reported only functional recovery after treatment
with OB-OECs and not with LP-OECs in a lesioned rat vagus nerve model 253 and a
rhizotomy paradigm 254 respectively.

1.6.3 OLFACTORY ENSHEATHING CELL ISOLATION
OECs can be isolated from different developmental stages form embryonic to adult. In this
project we were interested in the rat as model, so for isolation purposes isolation from rat
tissues will be discussed only. Due to significant similarities between olfactory mucosa from
different species, such as human, cat, dog and others, the same isolation techniques may
be applicable to human cell isolation.
Isolating embryonic OECs from the nerve fibre layer of E18 rat olfactory bulbs has
the advantage that contamination is minimal, as these cells are the only cell type present at
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this developmental stage. Therefore no special selection techniques are required. Potential
contamination of OECs with other astrocyte types is reduced due to the nature of
embryonic ONL, which is only loosely attached to the marginal zone of the primordial OB
255

. Special cultures ensure that meningeal fibroblasts do not survive. It was observed that

at 7 to 10 days in vitro the culture yielded an enriched population of p75+ OECs 2 256 257.
However, using embryonic cells complicates translation of the research, because of the
ethical and immune response-related issues. Furthermore embryonic OEC cultures from
either olfactory bulb or mucosa could be contaminated with other cell types 212. For
instance it was thought that the OEC population, isolated from neonatal olfactory bulb and
sorted using p75, was contaminated with oligodendrocyte precursor cells (OPCs). This
isolation method for embryonic bulbar OECs is not selecting for any subtypes of OECs and
therefore the collected cells will display a heterogeneous OEC phenotype 2.
OECs can also be isolated from adult bulbar olfactory nerve and glomerular layers.
Several groups have isolated OECs from these tissues 258 259. The latter group did not use
a purification step in their protocol as in their opinion the olfactory nerve fibroblast is not a
contaminant, but plays an essential role in axon growth-promotion of OEC grafts in spinal
cord injuries 259. It has been demonstrated that isolation following their protocol yields
cultures containing no more than a third of p75-positive cells, which they assume to be
OECs 259. In another study the same protocol yielded cultures with around 50% OECs and
50% fibronectin-positive olfactory nerve fibroblasts 260.
Raisman and colleagues adapted the protocol for cell isolation from the olfactory
mucosa 261. This protocol yielded cultures with around 40% p75-postive cells and 45%
fibronectin-positive cells 261. However, unlike embryonic nerve fibre layer, both the olfactory
bulb and olfactory mucosa of adult rats possess Schwann cell-containing peripheral nerves.
During cell isolation, their presence will most probably lead to a Schwann cell
contamination of the obtained cell cultures. In addition, these Schwann cells also express
the p75 marker, which is therefore not a specific marker for identification of OECs in the
obtained culture 2.
Different techniques used for separation of OECs from other cell types in the cell
isolation process include immunopanning for p75, fluorescence-activated cell sorting
(FACS) for p75 or O4 and differential adhesion 2. Cell cultures generated from olfactory
mucosa or olfactory bulb isolation followed by p75-based FACS, generated cultures of
100% p75-expressing cells, co-expressing GFAP and s100β. Furthermore, two distinct cell
populations of p75+ cells have been found: 1) large polygonal-shaped cells, positive for
SMA and 2) smaller cells exhibiting processes, lacking SMA. It has been proposed that the
former are OECs, while the latter are Schwann cells. The proportion of these cells
depended on the source of OECs (mucosa versus bulb) and the timing (immediate versus
time-delayed) of p75 FACS 2.
For OEC isolation from olfactory bulbs, O4 has also been used as marker for
FACS-based sorting 262. S C Barnett et al. 1993 selected for O4+ cells using FACS and
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sorted sequentially for galactocerebroside-negative cells to exclude astrocytes, O-2A
progenitors and Schwann cells 262. However, Wewetzer and colleagues demonstrated that
immunoreactivity of O4 in OECs is due to phagocytosis of O4-positive axonal processes
and not expression of this marker by OECs. In this study two different subtypes of OECs
were identified in situ in the neonatal olfactory bulb: p75+ cells and O4+ cells. The p75+
cells were found predominantly in the outer layer of the ONL, whereas O4+ cells could be
detected throughout the entire ONL and no overlap in cell populations was found. The O4+
population appeared to be the major OEC population with 10% of total OB cells. The p75+
population was considered the minor OEC population with 1.5% of total cells 59. However, it
was observed that O4+ OECs in vitro upregulate p75, resulting in a 100% p75+ OECs in
culture.
Based on the presence of these two apparent subpopulations of OECs, selecting
for p75 would result in one and selecting for O4 would result in another population when
sorting immediately after isolation. If cultured first, the full OEC population could be sorted
for using p75 as O4+ cells in vitro upregulate p75 59. However, when using p75 alone as
selection marker, potentially contaminating Schwann cells would not be excluded from the
OEC population.
A completely different technique not relying on antigen expression is differential
adhesion, which has been used as well for OEC isolation from rat olfactory bulbs by Kocsis
and colleagues. The group used a pre-plating step to get rid of most of the adherent cells in
the culture, because the OECs do not adhere. It was demonstrated that more than 95% of
the non-adherent cells expressed the markers p75 and s100β and various cells also
expressed GFAP 2 263. A similar method was used by Nash et al 2001 264 using a plastic
surface to adhere contaminating cells, such as fibroblasts and replating the non-adherent
cells after 48 hours (including the population of OECs) to a new coated flask. This resulted
in CD90-positive fibroblasts and GFAP-positive astrocytes to adhere to the plastic surface
and the ‘replated’ cultures to contain cells of which over 90% of them expressing p75,
GFAP and CD90 264. Although methods of Kocsis and colleagues and Nash et al. 2001 are
very similar, a considerable difference is the pre-plating period with 48 hours for Nash et al.
2001 and only 1-2 hours for Kocsis and colleagues. With such a short pre-plating period it
is questionable whether all ‘contaminating cells’ will be excluded from the culture.
Currently, it is generally agreed that OECs in vivo co-express p75, s100β and
GFAP 2. However, all three markers can also be used to identify Schwann cells 2.
Furthermore all techniques used may not remove possible Schwann cell contamination
from OEC cultures. In addition, evidence has indicated that olfactory stem cells are present
in the lamina propria. Although their antigen expression pattern is not fully known, their
presence may influence isolation of OEC and other cell populations from the olfactory
mucosa.
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1.6.4 DISCREPANCIES IN THE USE OF OECS
Many studies have reported that OEC transplantation resulted in enhanced neural repair in
animal models of different neuropathologies 250. In many studies of SCI the use of OECs
appeared to be beneficial for axonal regeneration in spinal cord damage. However, not all
studies have demonstrated the benefit of OEC transplantation. According to Franssen et al.
265

circa 20% of the studies using transplantation of OECs to treat SCI, reported minimal to

no beneficial effects after OEC transplantation. Moreover, with not many negative results
published, the number of studies could even be higher 250. For instance in a study by P. Lu
et al. 2006 no beneficial effect was found when transplanting OECs compared to bone
marrow stromal cells or fibroblasts in a study of spinal cord injury 266. Another study that
was not successful in promoting axon growth in spinal cord injury using OECs includes a
study by Collazos-Castro et al. 2005 267. An explanation for the mixed results could be due
to different variables in the study, including the nature of injury, OEC preparation and
transplantation procedures. OEC preparation depends on the age and strain of the donor,
the tissue source and method of preparation which could introduce heterogeneity in the
OEC cell population 28. Due to differences between LP-OECs and OB-OECs the two cell
types could have different effects on neural repair 34 36 37. Another reason for limited
beneficial effects of OECs could be the survival rate of the cells. Only a survival rate of 13% was found in studies measuring OEC survival in contused rat spinal cord 268 269 270.
Therefore it was thought that OECs only show beneficial effects during a short period of
time and only a few cells continue to promote neural repair over longer periods of time 250.
Furthermore, it has also been demonstrated that the timing of OEC transplantation
into the injured spinal cord influenced the results. Apparently, delayed OEC transplantation
after 7 days of injury is more beneficial at promoting axonal regeneration and functional
recovery 28. The site of transplantation also influenced success of transplantation 28. A
problem related to assessment of the success rate of OEC transplantation is due to the
difficulty of assessing whether axon regeneration and functional improvement is caused by
OEC transplantation or whether it is rather caused by a compensation by other spared
tracts in a partial transection model 28. Also branching of axons could influence functional
outcome, but this criteria has not been included in many OEC transplantation studies 28.
Lastly, due to problems identifying OECs it is difficult to distinguish transplanted OECs from
invading endogenous Schwann cells and in addition also from other transplanted cells,
which potentially could have a neurotrophic effect on the axons. Furthermore it is difficult to
determine whether OECs affect axon growth by ensheathing the axons or just promote
axon growth by releasing neurotrophic factors only or a combination of both. Therefore it is
not certain which cell type may have an effect on the promotion of axonal regeneration.
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1.6.5 COMPARISON OF BMSCS AND OECS FOR CELL-BASED TREATMENTS
In addition to olfactory mucosa cells, BMSCs have been thoroughly investigated to use as a
source in different cell-based treatments for several neurological disorders (Table 1-5). In
these described studies of both pre-clinical and clinical studies in various disease models
an evident improvement was observed after treatment with either autologous or nonautologous BMSCs (Table 1-5), demonstrating their potential to use in treatment of
neuronal injury. The diseases described were limited to these described in the introduction.
With this in mind the question arose why olfactory mucosa cells or OECs would be a better
candidate than BMSCs. The use of BMSCs has several advantages for cell therapy: 1)
BMSCs release neurotrophic factors and cellular mediators 271, which could be enhanced
using either cytokine driven protocols or can be increased by genetic modification 184, 2)
BMSCs modulate the immune system 190, 3) BMSCs migrate toward the lesion site due to
homing 272, 4) the cells are easy to isolate with minimally invasive procedures, 5) the cells
are easy to culture and could be expanded in vitro for several passages, 6) the cells are
hypo-immunogenic allowing allogeneic cells for transplantation and 7) no ethical concerns
are involved, due to their adult character 271. On the other hand, one of the disadvantages
of the use of BMSCs includes the low numbers of isolated BMSCs after bone marrow
aspiration. Ex-vivo expansion of MSCs has been utilized to overcome this disadvantage
and to ensure the required amount of cells for therapy. However, currently it is not known
whether this method preserves the biological traits of native MSCs, which could influence
homing of the cells to the site of injury and as a consequence may influence also efficacy of
the therapy. Furthermore the condition of the donor, their gender and age also influence
these traits either of native MSCs at isolation or during manufacturing. This needs to be
taken into consideration especially for autologous treatments 272. As was stated above, due
to their hypo-immunogenic character, it was believed that MSCs from allogeneic and
autologous sources behave in the same way. However, recently it was shown that
allogeneic MSCs could be rejected due to their induction of a T-cell response 273.
Moreover, although MSCs have shown promise in cell-based therapies, true
potential of mesenchymal stem cells can only be determined after analysing long-term
data, as the effect of these stem cells only has been studied up to five weeks 274. In
addition, the route of administration is an important factor in the efficacy of these cells for
therapy. Even though mesenchymal stem cells are considered to possess the ability to
migrate from the blood into the diseased tissue after systemic delivery, the migration
towards chronically damaged neural tissue is considered to be limited as demonstrated for
instance in a study by Johnson and colleagues who showed that intravenously injected
MSCs have not been detected in the eye and did not reduce retinal ganglion cell (RGC)
loss 275.
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Table 1-5: Examples of studies in which BMSCs were used for treatment of neurological
diseases.
Disorder

Donor

Disease model

Effect

Published

Parkinson’s
disease

Human
autologous
BMSCs

Patients with PD

Improved motor
function

276

Huntington’s
Disease

Autologous
bone marrow
stem cells

Rat HD model

Reduced working
memory deficits

277

ALS

Human
autologous
BMSCs

Patients with
ALS

Delayed decline
of lung and motor
function

278

Human
BMSCs

Transgenic ALS
mouse model

Improved motor
function;
prevention of
astrogliosis and
microglia
activation

279

Human
autologous
BMSCs

Patients with
stroke

Improved motor
function

280

Human
BMSCs

Rat MCAO
model

Engraftment into
host tissue;
improved motor
function

281

Mouse
BMSCs

Rat MCAO
model

Promoted
angiogenesis;
improved
sensory and
motor function;
decreased
infraction volume

282

MS

Human
autologous
BMSCs using
intrathecal
and
intravenous
administration

Patients with MS

MSC migration
and improvement
of EDSS from 6.7
to 5.9

283

Spinal cord
injury

Several
sources

Patients with SCI

Stroke

283

Middle cerebral artery occlusion (MCAO); Expanded Disability Status Scale (EDSS).
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Olfactory mucosa cells have similar advantages to the use of MSCs for cell-based
therapies: 1) the OECs present in the OM release neurotrophic factors and cellular
mediators 63 2) isolation of the cells could be performed with minimally invasive procedures,
3) due to the ability to use autologous cells, no adverse immune responses occur 4) and
due to their adult character, no ethical concerns are involved. In the OM several cell types
are present which could potentially be used as source for cell-based therapies. OECs have
their unique characteristics and not only release neurotrophic factors, but physically could
support neurons by ensheathing the cells 63.

1.7 GENERAL AIMS
It was thought that the knowledge obtained from characterisation of the olfactory system
may be of use to develop new or improve existing treatment strategies for neuronal injury.
Therefore the aim of this PhD project was to characterise the olfactory mucosa and bulb
with the objective to obtain the knowledge to develop an isolation method which could be
used for obtaining a relatively pure population of OECs as well as to determine a suitable
source of OECs. Specific aims for each chapter are described below.

1.7.1 CHAPTER 2: IDENTIFICATION OF CELLS PRESENT IN THE POSTNATAL DAY 16
RAT OLFACTORY MUCOSA

Using immunohistochemistry (IHC) and RT-PCR the objective of the work presented in this
chapter was to:
1) identify the location of EMSCs within the tissue
2) show whether other stem cell populations are present in the LP including NCSCs
3) investigate whether these populations share marker expression with OECs.

1.7.2 CHAPTER 3: COMPARISON OF YOUNG VERSUS ADULT RAT OLFACTORY
MUCOSA TO DETERMINE WHICH DONOR AGE WOULD BE MOST SUITABLE TO USE
FOR

OM CELL ISOLATION CONCERNING CELL THERAPY

The objective of the work presented in this chapter was to compare olfactory mucosa tissue
of young and adult rats for the gene and protein expression of characteristic markers of
OEC, MSC, NSC, ESC and NCSCs using immunohistochemistry, RT-PCR, Western
blotting and flow cytometry.
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1.7.3 CHAPTER 4: CHARACTERISATION OF OLFACTORY MUCOSA CELLS IN
CULTURE AND THEIR SELECTION

With the objective to create a strategy for isolation of relatively pure populations of
individual cell types and thereby reduce heterogeneity in transplantation studies the work
presented in this chapter was aimed at:
1) understanding which cell types are present in the cultures after cell isolation using
different isolation methods and culture techniques to identify cell types and their
behaviour in vitro
2) examine potential contamination with other cell types studying protein and gene
expression profiles using immunostaining, Western blotting and RT-PCR after
sorting for OECs by differential adhesion
3) examine whether NCSCs may be selected for using an adapted method based on
differential adhesion
4) develop a new selection method for OECs based on p75 expression complemented
with two other markers to exclude Schwann cells and multipotent stem cells such
as LP-MSCs.

1.7.4 CHAPTER 5: NEUROTROPHIC POTENTIAL OF CELL POPULATIONS ISOLATED
FROM RAT OLFACTORY MUCOSA

The work described in this chapter was aimed at:
1) studying gene expression of neurotrophic factors in OM tissue and isolated cell
populations to gain insight into their neurotrophic ability
2) comparing gene expression between olfactory mucosa tissue from young and adult
sources to provide knowledge for selecting cell donors
3) comparing cell populations obtained using differential adhesion after OM isolation
to BMSCs for their expression of neurotrophic factors.

1.7.5 CHAPTER 6: T HE OLFACTORY BULB AS POTENTIAL ALTERNATIVE SOURCE
FOR CELL- BASED THERAPIES :

COMPARISON OF OLFACTORY MUCOSA TO

OLFACTORY BULB OF RATS

The objective of the work presented in this chapter was to investigate the difference
between olfactory mucosa and bulb with the aim to determine whether the olfactory bulb
could be a suitable alternative source of cells for cell-mediated therapies.
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2. IDENTIFICATION OF CELLS PRESENT IN THE POSTNATAL DAY 16 RAT
OLFACTORY MUCOSA

2.1 INTRODUCTION
Although neural repair promoting characteristics of OECs have been extensively studied for
use in cell transplantation studies 28 222 224 226 229, not all studies have reported beneficial
effects of OEC transplantation for the treatment of neuronal injury 250 265. Discrepancies
between different studies concerning neural repair promoting abilities of OECs is partly
caused by variabilities in origin of OECs, age of donor and isolation method which could
introduce OEC heterogeneity 28 resulting in complications during OEC characterisation.
Furthermore, OEC isolation is further complicated by shared expression of markers with
other cells present in the olfactory tissue such as Schwann cells 2 284.
Moreover, due to the complicated disease mechanisms in neurodegenerative
diseases, it is of paramount importance to better understand the olfactory mucosa tissue
and its cell types to prevent adverse effects when used for cell therapies. The importance
of properly characterising the cell source before transplantation is emphasised by the
occurrence of adverse effects after use of whole olfactory mucosa tissue in a
transplantation treatment of SCI. In this study, the patient had no beneficial effect regarding
her neurological symptoms and in addition she experienced back pain due to the formation
of a multi-cystic mass with cysts lined with respiratory epithelium, submucosal glands and
goblet cells, caused by the implanted OM cells in the injected spinal cord 285. Due to the
lack of large numbers of patients that have been treated and lack of long-term follow up
data, more research is required to improve safety of transplantation studies for all
applications of this particular tissue.
Considering the difficulty of obtaining pure populations of OECs, the question arises
whether it is important for a treatment strategy to use a relatively pure population of OECs
or whether a mixture of cells would suffice. This is a fair question and research has indeed
been published such as Mackay-Sim et al. 2008 in which a mixture of cells was used for
treatment 286. When using a combination of cells, it is not evident which cell type or
combination of cells is causing the desired effect. One could argue that as long as a
beneficial effect by the transplanted cells is established, it is not relevant which cells are
causing the effect. However, the consequences of this approach may result in unwanted
adverse effects. Indeed all treatments involve risk, nevertheless by fully understanding
characteristics of the transplant material, occurrence of adverse effects could be minimised
or anticipated and thereby minimising the risk for the patient.
Due to the neural crest origin of OECs 110, other neural crest-derived cells including
NCSCs, may also be present in the olfactory mucosa tissue. Previous studies
demonstrated that NCSCs are present in several adult tissues including skin 93, dental pulp
93

and oral mucosa 106. Moreover, it was suggested that ecto-mesenchymal stem cells
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originate from the neural crest 82. As the identified EMSC population by Delorme et al.
resembles BMSCs, was thought to be originated from neural crest-derived tissue and
exhibited increased expression of neural cell related genes

75

, it was suggested that these

EMSCs may be NCSCs.
As p75, a commonly used marker for OEC isolation 2, is also considered to be a
neural crest marker 93, presence of NCSCs in the OM may potentially complicate the OEC
isolation process. For this purpose, the objective of the present study was to examine
whether NCSCs may be present in the OM. Therefore a set of five NCSC markers,
including Sox10, snail, p75, HNK-1 and FoxD3, was chosen to identify these cells in the
OM using immunohistochemistry as these markers are known to identify NCSCs except for
FoxD3 which has only been expressed in human adult olfactory bulb NPCs 130 (Table 1-1).
In addition the same set of markers with addition of Sox9 was used to examine NCSC gene
expression in the OM tissue.

2.1.1 ANIMAL SOURCE
As a source of tissue and cells, postnatal day 16 Lister Hooded (LH) rats were used for the
investigation, as this particular age has previously been used in our group. The advantage
to use rats of this age is that they are considered to be adolescents, which increases
clinical relevance with respect to autologous treatment as the incidence of both traumatic
and myelinating neuronal injuries is higher in young adults and adults 232. In addition, as the
olfactory epithelium develops until postnatal day 14, at which time the olfactory epithelium
is at its thickest 287, it was suggested that at postnatal day 16 the rats will have a fully
developed olfactory mucosa. Furthermore, the use of rats from this particular age has the
practical feature that isolation of the OM tissue is relatively effortless due to the softness of
the skull as compared to adult animals. Therefore all the work presented in this chapter
was performed using LH p16 rat donors. For experiments rats from both genders were
used from the litter.

2.1.2 AIMS
The objective of the work presented in this chapter was to 1) to identify the location of
EMSCs within the tissue, 2) to show whether other stem cell populations are present in the
LP such as NCSCs and 3) to investigate whether these populations share marker
expression with OECs. Therefore sets of several markers were used to examine the
presence of OECs, EMSCs, NSCs, multipotent stem cells and NCSCs in the OM.
Immunohistochemistry (IHC) and RT-PCR were used to characterise the tissue using
markers from these sets.
For immunohistochemical analysis of the OM, tissue was isolated from p16 LH rats
and processed for immunostaining followed by analysis using confocal microscopy as
described in detail in material and methods (chapter 8). The tip of the nose of the rat was
cut off to prevent contamination with respiratory mucosa. Sets of antibodies were used to
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identify the different cell populations in the OM tissue. RNA isolated from p16 rat OM tissue
was used for investigation of gene expression of the above genes using RT-PCR.
The specific aims of the work presented in this chapter include:
1. Characterisation of rat postnatal day 16 olfactory mucosa tissue using
immunohistochemistry for identification of OECs, MSCs, NSCs, multipotent stem
cells and NCSCs and investigation of shared markers by the cells
2. Examine gene expression of rat postnatal day 16 olfactory mucosa tissue using RTPCR for identification of OEC, NSC, ESC and NCSC markers.

2.2 RESULTS AND DISCUSSION
2.2.1 ORGANISATION OF RAT POSTNATAL DAY 16 AND ADULT OLFACTORY
MUCOSA

The primary olfactory axons of the olfactory receptor neurons penetrate the basal layer of
the epithelium and enter the underlying lamina propria via fascicles, which are tunnel-like
structures formed by OECs 2. These olfactory nerve fascicles were clearly observed in the
LP in the examined tissue sections (white arrow, Figure 2-1B). In addition to these
fascicles, serous glands were also observed in the LP (Figure 2-1A, white arrow).
Haematoxylin and eosin (H&E) staining was performed according to the protocol as
described in the materials and methods (chapter 8).

Figure 2-1: H&E staining of LH postnatal day 16 rat olfactory mucosa. The OM holds
serous glands which are present in the LP and indicated with a white arrow (A). Furthermore,
olfactory nerve fascicles are present in the LP which allow permeation of olfactory nerve
receptor axons in the LP (white arrow, B). Scale bars, 200 μm.
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2.2.2 IMMUNOHISTOCHEMICAL CHARACTERISATION OF POSTNATAL DAY 16 RAT
OLFACTORY MUCOSA TISSUE

To identify OECs, MSCs, NSCs, multipotent stem cells and NCSCs in rat OM tissue,
immunohistochemistry was performed for OEC, MSC, NSC, ESC and NCSC markers.
Tissue was isolated from p16 (young) rats and the immunohistochemical analysis was
performed as described in the materials and methods (chapter 8). The presented images
in this chapter are representative results for the staining results from multiple
immunohistochemical analyses for which most of them are at least n=2. More staining
results are shown in 3.2.2.

2.2.2.1 Expression of OEC markers in postnatal day 16 rat olfactory mucosa
tissue
The markers p75, s100β and GFAP in combination with αSMA were used to identify OECs,
as these markers are considered to be typical OEC markers 2. The latter marker was
chosen in an attempt to distinguish between OECs and Schwann cells in the tissue, with
the former being positive and the latter negative for αSMA 2.
GFAP expression was observed in cells lining the fascicles in the LP of the OM, the
region where OECs are known to be present (Figure 2-2A; yellow arrows). Although GFAP
is a glial marker expressed by both OECs and Schwann cells 2 and Schwann cell
contamination in the tissue is possible, it was thought that contamination would be minimal
as the OECs constitute the vast majority of glia in the olfactory mucosa 38. Therefore the
GFAP-positive cells present in the OM were thought to be OECs.
The marker s100β was expressed in different regions of the LP: 1) cells at the
junction between OE and LP (Figure 2-3A; white arrow), 2) cells close to the fascicles in
the LP of the OM and lining these fascicles (Figure 2-3A; yellow arrows) and 3) cells at the
border of the LP, adjacent to the cartilage (Figure 2-3A; red arrow). However, part of the
observed staining at the anatomical border of the OE and the LP as well as the lining of the
LP on the cartilage side may be attributed to non-specific binding of primary antibodies to
the ECM proteins which might be present. Cells close to the fascicles were thought to be
OECs due to their location in the LP (Figure 2-3A).

70

Figure 2-2: Expression of GFAP in the lamina propria of LH postnatal day 16 rat olfactory
mucosa. GFAP was observed in cells lining the fascicles in the LP, where OECs are known to
be located (A, yellow arrows). Negative control stained with secondary donkey anti rabbit
(green) only (-/+, B). Cell nuclei in the OM were stained with 4', 6-diamidino-2-phenylindole
(DAPI; blue). Scale bars, 40 µm. Dashed line identifies the anatomical boundaries between LP
and OE.

Figure 2-3: Expression of s100β in the lamina propria of LH postnatal day 16 rat olfactory
mucosa. The marker s100β was expressed at different regions in the LP: 1) cells at the junction
between OE and LP (A, white arrow), 2) cells close to the fascicles in the LP of the OM and
lining these fascicles (A, yellow arrows) and 3) cells at the border of the LP adjacent to the
cartilage (A, red arrow). Negative control was stained with secondary donkey anti mouse (red)
only (-/+; B). Cell nuclei in the OM were stained with DAPI (blue). Scale bars, 40 µm. Dashed
line identifies the anatomical boundaries between LP and OE.
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Figure 2-4: GFAP and αSMA were expressed in the lamina propria of LH postnatal day 16 rat olfactory mucosa. Cell nuclei were stained with
DAPI (A). Cells in the LP close to the OE lined the fascicles (A; blue arrows) and stained positive for both GFAP (B; blue arrow) and αSMA (C; blue
arrow). Some cells stained for both markers (D; blue arrows). Some cells at the junction between OE and LP were only positive for αSMA (C-D; yellow
arrows) and αSMA-positive only cells were also present in the mid-region and near the border (adjacent to the cartilage) of the LP (C-D; green arrows).
Some cells next to the double positive cells were only GFAP positive (B-D; red arrows). Negative controls were stained with secondary donkey antirabbit (green) and (E) anti-mouse (red) only. Scale bars, 40 µm. Dashed line identifies the anatomical boundaries between LP and OE.
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Cells, in the LP near the OE, line the fascicles (blue arrows; Figure 2-4A) and these cells
stained positive for both GFAP (Figure 2-4B, blue arrow) and αSMA (Figure 2-4C, blue
arrow). Co-expression of both markers is shown in Figure 2-4D. These double positive
cells were thought to be OECs, due to their GFAP-positivity and location in the LP. Some
cells at the junction between OE and LP were only positive for αSMA (Figure 2-4C-D,
yellow arrows) and αSMA-positive only cells were also present in the mid-region of the LP
and near the border of the LP, adjacent to the cartilage (Figure 2-4C-D, green arrows). As
αSMA is also considered a MSC marker 288, the cells observed at the junction between OE
and LP and the cells in the mid-region and near the border of the LP may possibly be ectomesenchymal stem cells. More markers were used for IHC to identify the EMSCs in the LP
as described below.
Some cells closely located to the double positive cells were only GFAP positive
(Figure 2-4B-D, red arrows), which may indicate that another glial cell population is present
in the OM as all OECs were thought to be co-expressing GFAP and αSMA. OECs
constitute the vast majority of glia in the OM 38, which may suggest that the GFAP+ cells
may constitute a subpopulation of OECs, negative for αSMA. Another explanation for the
finding may be the presence of other cell types positive for GFAP but negative for αSMA.
Because of the location of GFAP+ / αSMA- cells it may be that these cells are the Schwann
cells in the peripheral nerves, which penetrate the LP via the fascicles. These cells are
known to be positive for GFAP 284 and negative for αSMA 2.
Differences in appearance of tissues slides with respect to fascicles may be due to
the difference in fixation method. Tissues shown in Figure 2-2 and Figure 2-3 were both
fixed using PFA, whereas the tissue stained for both GFAP and αSMA (Figure 2-4) was
fixed with methanol. The difference in their appearance may be caused by the harsher
methanol fixation compared to PFA.
The p75 marker was observed in cells lining the fascicles in the LP of the OM
(Figure 2-5A and B, yellow arrows) in tissue slides from both analysed p16 rats. This
finding is in agreement with observations in neonatal (p5) mice by E. Au & a J. Roskams
2003 38 and adult rats by Kueh et al. 2011 289. These p75+ cells lining the fascicles
appeared to be the same cells expressing GFAP, αSMA and s100β and were thought to be
OECs based on their location in the tissue and marker expression. Furthermore in the LP
near the OE weaker staining for p75 was observed (Figure 2-5A and B, white arrows),
which was also found in studies by E. Au & a J. Roskams 2003 38 and Kueh et al. 2011
289

. This observation may suggest that another p75-positive cell type is present in the LP

(Figure 2-5B, white arrows).
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Figure 2-5: Expression of p75 in the lamina propria of LH postnatal day 16 rat olfactory
mucosa. The marker p75 was expressed by cells close to the fascicles in the LP (A and B;
yellow arrows) which were located in the same region as OECs are found. Weaker staining was
observed in cells near the OE (A and B; white arrows). Cell nuclei in the OM were stained with
DAPI (blue). Scale bars, 40 µm. Dashed line identifies the anatomical boundaries between LP
and OE. n=2.
2

The data showed that the well-established OEC markers GFAP, s100β and p75 and the
2

acknowledged OEC marker αSMA were indeed expressed in the lamina propria of the
OM in cells lining the fascicles, suggesting that these cells are the OECs known to be
2

present in that region of the tissue . However, these markers are all not unique for OECs
and are expressed by other cell types. For instance GFAP is expressed by Schwann cells,
which could be present in olfactory mucosa due to contamination with peripheral nerves 2.
Furthermore, s100β was also expressed by other cell populations present in the LP, which
were not positive for GFAP. In addition the p75 marker was found in what appeared to be
the same cells which were positive for GFAP, but its expression was less abundant. As
none of the mentioned markers are unique to OECs and isolation of live cells relies on the
use of a surface marker, it is important to examine which other cell types are present in the
mucosa and what markers these cells express to find a unique combination for OEC
isolation to obtain a relatively pure population of OECs.

2.2.2.2 Expression of mesenchymal stem cell markers in postnatal day 16 rat
olfactory mucosa tissue
Based on the similarity between MSCs and EMSCs a set of commonly used MSC markers
was used in this study, including STRO-1, CD44, CD29, fibronectin, ICAM and CD90, in an
attempt to locate the EMSCs in the OM. The MSC marker STRO-1 was expressed in
different regions in the LP: 1) cells at the junction between OE and LP (Figure 2-6A; white
arrows) and 2) cells at the border of the LP, adjacent to the cartilage (Figure 2-6A; red
arrow). CD44 was expressed in cells present at the same two locations where STRO-1
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positive cells were observed (Figure 2-6B). Part of the observed staining may be attributed
to non-specific binding of primary antibodies binding to ECM proteins potentially present at
the lining of the LP. Cells close to the fascicles in the LP of the OM were negative for
STRO-1 and for CD44 (Figure 2-6A and B respectively; green arrow). It was thought that
these cells were OECs due to their location in the tissue. This observation of negative
CD44 staining was not in agreement with the staining observed in OECs from the LP 38.
Cells, in the LP near the OE, were negative for both STRO-1 and CD44, but showed weak
non-specific staining (Figure 2-6A and B; yellow arrows compared to C). The outlines of
blood vessels present in the LP were stained with STRO-1 (Figure 2-6A; turquoise arrow).

Figure 2-6: Immunostaining of LH postnatal day 16 rat olfactory mucosa for STRO-1 and
CD44. The markers STRO-1 (A) and CD44 (C) were expressed in different regions of the LP: 1)
cells at the junction between OE and LP (white arrows) and 2) cells at the border of the LP,
adjacent to the cartilage (red arrows). The outlines of blood vessels in the LP were stained with
STRO-1 (turquoise arrow). Cells in the mid-region of the LP were negative for STRO1 and for
CD44 (green arrows). Negative controls were stained with secondary donkey anti mouse (red)
only (-/+; C). Cells near the OE in the LP of the OM showed non-specific staining (Figure 2-6A
and B; yellow arrows compared to C). Cell nuclei in the OM were stained with DAPI (blue).
Scale bars, 40 µm. Dashed line identifies the anatomical boundaries between LP and OE.

Cells at the junction between OE and LP expressed the MSC markers CD29 and
fibronectin (Figure 2-7A and C respectively; white arrows). These markers were also
expressed by cells at the border of the LP, adjacent to the cartilage (Figure 2-7A and C
respectively; red arrows). Cells present in the same regions also expressed ICAM (Figure
2-8), which is also considered a MSC marker 88. Similar to previous staining, part of the
observed staining may be attributed to non-specific binding of primary antibodies to the
ECM proteins, possibly present on the lining of the LP. Furthermore, ICAM was observed in
the mid-region of the LP (Figure 2-8A; green arrows) and in the basal epithelium (Figure
2-8A; turquoise arrow) which is in correspondence with the observation that the horizontal
basal cells, present in the basal layer of the OE, are known to be ICAM-positive 9.
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Figure 2-7: Expression of integrin β1 (CD29) and fibronectin in the lamina propria of LH
postnatal day 16 rat olfactory mucosa. CD29 (A) and fibronectin (C) were present in the LP
of postnatal day 16 Lister Hooded rat OM. The most prevalent staining for the markers was at
the junction between the OE and the LP (white arrows) and at the border of the LP, adjacent to
the cartilage (red arrows). Cells in the mid-region of the LP were negative for CD29 (A, green
arrow) and weakly positive for fibronectin (C, green arrow). Cells inside the LP showed weak
non-specific staining of both secondary donkey anti mouse (red) and donkey anti rabbit (green)
alone (-/+; A and C compared to B and D; yellow arrows), which were the negative controls.
Cell nuclei in the OM were stained with DAPI (blue). Scale bars, 40 µm. Dashed line identifies
the anatomical boundaries between LP and OE.
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Figure 2-8: Immunostaining of LH postnatal day 16 rat olfactory mucosa for ICAM. ICAM
was predominantly observed throughout the LP of p16 rat OM in cells at: 1) the interface
between the OE and LP (A; white arrows) 2) in the mid-region of the LP (A; green arrows), 3) in
the cells at the border of the LP, adjacent to the cartilage (A; red arrow) and 4) in the basal
epithelium (A; turquoise arrow). Negative control was stained with secondary donkey anti
mouse (red) only (-/+; B). Cells in the LP near the OE stained non-specifically (A; yellow arrow).
Cell nuclei in the OM were stained with DAPI (blue). Scale bars, 40 µm. Dashed line identifies
the anatomical boundaries between LP and OE.

As negative controls, tissue was stained with donkey anti rabbit immunoglobulin γ (IgG;
green) or donkey anti mouse IgG (red) alone. Weak staining was observed in cells in the
LP near the OE (Figure 2-6C; Figure 2-7B, D; Figure 2-8B; Figure 2-9B). Because the
same cells were stained in all negative control slides, it was suggested that these cells
interacted with the secondary antibodies directly. The sticky nature of the OM tissue
increases the risk of high background staining, due to non-specific binding of secondary
antibodies, and is caused by the presence of Bowman’s glands, which extend canals
through the OE and LP of the OM. These glands produce mucus to moisten the mucosal
surfaces and to dissolve odoriferous substances 73. It was thought that the cells, to which
the secondary antibodies non-specifically bound to, are gland cells as these cells have
been identified in the lamina propria of the olfactory mucosa 290.
CD90 or Thy-1 is considered a MSC marker and was recommended by the
International Society for Cellular Therapy to identify MSCs 84. The marker is also
acknowledged as an olfactory nerve fibroblast marker 38 289. CD90 was strongly expressed
by cells lining the fascicles in the LP near the OE (Figure 2-9A; yellow arrows).
Furthermore staining was observed at the junction between OE and LP (Figure 2-9A; white
arrows). Cells at the border of the LP, adjacent to the cartilage, did not express CD90
(Figure 2-9A; red arrow). Furthermore also the large cells in the mid-region of the LP were
negative for CD90 (Figure 2-9A; green arrow).
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Figure 2-9: Expression of CD90 in LH postnatal day 16 rat olfactory mucosa. CD90 was
observed throughout the LP: weaker staining at the interface between the OE and LP (white
arrows; A), and stronger staining in cells in the LP near the OE (A; yellow arrow). Cells in the
mid-region of the LP (A; green arrow) and cells at the border of the LP, adjacent to the cartilage,
did not express CD90 (A; red arrow). Negative control was stained with secondary donkey anti
rabbit (green) only (-/+; B). Cell nuclei in the OM were stained with DAPI (blue). Scale bars, 40
µm. Dashed line identifies the anatomical boundaries between LP and OE.

This part of the study has shown that all investigated MSC markers were present in the LP
of the OM, suggesting that the EMSC population identified by Tomé et al. 74 and Delorme et
al. 75 is present in that region of the OM which is in agreement with their findings. Based on
the present results, it may be suggested that EMSCs are located at the junction between
the OE and the LP because this cell population was found to express all of the studied
MSC markers, although CD90 expression was weak. However, the cells lining the border of
the LP, close to the cartilage, also expressed all MSC markers except for CD90. Due to
similarity in MSC marker expression in both regions of the LP, it was thought that an EMSC
population may be located in both parts of the LP. A different explanation for similar
observations in both regions of the LP may be the presence of a different stem cell type
which is closely related to EMSCs, but due to the overlapping markers difficult to
distinguish from the EMSC population.
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2.2.2.3 Expression of neural stem cell markers in postnatal day 16 rat
olfactory mucosa tissue
NSC markers were also used in this study, in an attempt to identify the previously identified
globose and horizontal basal cells present in the basal layer of the OE 4 and to determine
whether the identified MSC-like populations and OECs also express these markers. The
NSC markers Pax6 and Nestin were expressed in different regions in the OM. Cells at the
junction between OE and LP (Figure 2-10B-D; white arrows) expressed Nestin and were
negative for Pax6, similarly to the cells at the border of the LP, adjacent to the cartilage
(Figure 2-10B-D; red arrows). Part of the staining may be attributed to non-specific binding
of primary antibodies to the lining of the LP. Furthermore, a cell population in the LP near
the OE appeared to be similar based on its antigen expression (Figure 2-10B-D; purple
arrows). It was thought that this population is the same as the population indicated with
white arrows, as it may be possible that the population forms crypts in the region of the LP
near the OE.
NCAM was also expressed in cells located at the junction between OE and LP
(Figure 2-11E; white arrows). This cell population was thought to be the same population
to be positive for Nestin and negative for Pax6 based on location of the expression of these
markers in the LP (Figure 2-11A and C respectively; white arrows). Also the population at
the border of the LP, adjacent to the cartilage, was positive for NCAM (Figure 2-11E; red
arrow). As the identified EMSCs in the LP by Delorme et al. expressed some MSC markers
and Nestin 291 and also retained neural lineage phenotype 75 and given that expression of
NSC markers Nestin and NCAM by the cell populations may indicate neural lineage
phenotype, both populations indicated by white and red arrows may be the ectomesenchymal stem cell population.
Cells co-expressing Pax6 and Nestin were found lining the fascicles (Figure 2-10BD; yellow arrows) and similar cells were also found positive for NCAM (Figure 2-11E;
yellow arrows). Due to their location in the tissue, these cells were thought to be the OECs.
A cell population at the basal layer of the OE expressed both Pax6 and Nestin, although to
a weak extent (Figure 2-10B-D; right turquoise arrows). These cells might be the horizontal
basal cells present in the OM, based on their location in the basal layer of the OE and also
stained for NCAM (Figure 2-11E; right turquoise arrows). Based on the staining pattern of
NSC markers in the LP it may be suggested that these cells formed crypts of stem cells. In
the mid-region of the OE Nestin and Pax6 expression was not observed (Figure 2-10B-D;
left turquoise arrows). This result was unexpected as the globose basal cells, which are
known to be located above the horizontal basal cells in the LP 4 were thought to also
express these markers, although NCAM expression was found in these cells (Figure
2-11E; left turquoise arrows).
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Figure 2-10: Pax6 and Nestin were
expressed in the lamina propria of
postnatal day 16 LH rat olfactory
mucosa. OM was stained with DAPI (C).
Cells in the LP near the OE lined the
fascicles (C; yellow arrows) and stained for
both Pax6 (D; yellow arrows) and Nestin (A;
yellow arrows). Co-expression was found in
some cells (B). Cells at the junction
between OE and LP expressed Nestin and
were negative for Pax6 (A, B and D; white
arrows). Furthermore cells lining the border
of the LP, adjacent to the cartilage,
appeared similar in antigen expression (A,
B and D; red arrows). Cells in the midregion of the OE were negative for Nestin
and Pax6 (A, B and D; left turquoise
arrows).
Furthermore cells were identified which were found to be strongly positive for Pax6 and weakly positive for Nestin (A, B and D; pink arrows) and which
were Nestin positive and Pax6 negative (A, B and D; purple arrows). Negative controls were stained with secondary donkey anti rabbit (green) or
secondary donkey anti mouse (red) only (-/+; E-F). Some cells inside the LP stained positive for secondary antibody only. Pax6 and Nestin were
expressed in these cells (A, B and D; grey arrows). Scale bars, 40 µm. Dashed line identifies the anatomical boundaries between LP and OE.
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As negative controls tissue was stained with only donkey anti rabbit immunoglobulin γ (IgG;
green) or only donkey anti mouse IgG (red; Figure 2-10E-F). The donkey anti rabbit
staining displayed a higher background in certain cells present in the lamina propria. These
cells were thought to be gland cells (described above). These cells were positive for Nestin
and Pax6 and were found throughout the LP indicated with grey arrows (Figure 2-10B-D).
Based on the expression pattern in the LP, it was thought that these cells were also
positive for NCAM. However, to ascertain this finding co-staining needs to be performed.
At the border of the LP, adjacent to the cartilage, cells were strongly positive for
Nestin and weakly positive for Pax6 (Figure 2-10B-D; pink arrows). Based on expression
of the markers that have been used in this study, these cells could not be identified. At the
border of the LP the large cells were negative for Pax6 and Nestin (Figure 2-10B-D; green
arrows), but expressed NCAM (Figure 2-11A, C and E; green arrows) also these cells
could not be identified at this moment.

Figure 2-11: Expression of
Pax6, Nestin and NCAM in LH
postnatal day 16 rat olfactory
mucosa. Expression of NSC
markers Pax6 (A), Nestin (C) and
NCAM (E) was found in different
regions of the OM: 1) cells at the
junction between OE and LP
which expressed Nestin and
NCAM and were negative for
Pax6 (A, C and E; white arrows),
2) cells at the border of the LP,
adjacent to the cartilage, which
appeared similar in antigen
expression (A, C and E; red
arrows), 3) cells in the LP near the
OE including cells lining the
fascicles expressing Pax6, Nestin
and NCAM (A, C and E; yellow
arrows) and 4) large cells in the
mid-region of the LP positive for
NCAM and negative for Pax6 and
Nestin (A, C and E; green arrows).
Negative controls were stained with secondary donkey anti rabbit (green) or secondary donkey
anti mouse (red) only (-/+; B, D, F). Some cells inside the LP of the OM showed non-specific
binding of secondary antibody. Cell nuclei in the OM were stained with DAPI (blue). Scale bars,
40 µm. Dashed line identifies the anatomical boundaries between LP and OE.
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2.2.2.4 Expression of embryonic stem cell markers in postnatal day 16 rat
olfactory mucosa tissue
Embryonic stem cell marker stage-specific embryonic antigen-1 (SSEA-1) is a ESC marker
for rodents 292 and was used in this study to investigate whether multipotent stem cell types
may be present in the OM. SSEA-1 staining was performed in combination with Pax6 to
determine whether, if present, pluripotent stem cells would also be positive for NSC
markers. As a control for SSEA-1 embryonic day 5 (E5) LH rat tissue was stained. Some
cells in the tissue weakly expressed the marker (Figure 2-12).

Figure 2-12: Immunohistochemistry of SSEA-1 protein expression in whole rat embryonic
stage 5 (E5) Lister Hooded rat (20 µm slice). SSEA-1 was expressed by some cells in E5 rat
embryo which was the positive control for this marker. Scale bars measure 20 µm.

Expression of both markers was found in different regions of the LP of the OM: 1) cells at
the junction between OE and LP which expressed Pax6 and were negative for SSEA-1
(Figure 2-13 A-C; white arrows), 2) cells at the border of the LP, adjacent to the cartilage,
which were positive for SSEA-1 and weakly stained for Pax6 (Figure 2-13 A-C; red
arrows), 3) cells, in the LP near the OE, positive for SSEA-1 and weakly staining for Pax6
(Figure 2-13 A-C; yellow arrows), 4) cells positive for Pax6 and SSEA-1-negative (Figure
2-13 A-C; purple arrows) and 5) cells in the mid-region of the LP positive for Pax6 and
SSEA-1 (Figure 2-13 A-C; dark blue arrows).
Co-staining for SSEA-1 positive cells and Pax6 was observed in some cells,
although not all cells expressed the markers to the same extent: the cells in the LP near the
OE expressed SSEA-1 to a higher extent than Pax6 (Figure 2-13 A-C; yellow arrows),
similar as for the cells at the border of the LP, adjacent to the cartilage (Figure 2-13 A-C;
red arrows). In contrast, cells in the mid-region of the LP strongly expressed both markers
(Figure 2-13A-C; dark blue arrows). The observation of Pax6 expression in the cells at the
border of the LP, adjacent to the cartilage, was unexpected as in the previous experiment
the cells appeared to be negative for Pax6 (Figure 2-10B-D; red arrows and Figure 2-11A;
red arrows). The discrepancy between the two obtained results may be explained by a
difference in background staining due to a difference in fixation method. PFA fixation is
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based on forming intermolecular and intramolecular cross-links due to its reaction with
protein whereas methanol fixation is based on the precipitation of proteins by replacing
water. Methanol fixation permeabilizes the cells but could also result in tissue shrinkage
and protein denaturation 293. The difference in fixation may affect the background of the
staining due to a difference in performance of the antibody together with a certain fixation
method. Therefore it may be possible that these cells do express Pax6 as shown in Figure
2-13 and that the Pax6 staining was not observed in Figure 2-10B-D (red arrows) and
Figure 2-11A (red arrows) due to high background as a consequence of PFA fixation. This
may also apply to the cells at the junction between OE and LP, which were also found to be
weakly positive for Pax6 (Figure 2-13A-C; white arrows).
Cells in the mid-region of the LP were strongly positive for both SSEA-1 and Pax6
(Figure 2-11A; green arrows), which may suggest that these cells are multipotent and
express neural stem cell markers. However, due to rupture of the tissue in this sample it
was difficult to determine whether the cells were located in the mid-region of the LP or
nearer the OE. According to the results above (Figure 2-10B-D; green arrows and Figure
2-11A; green arrows), Pax6 was not expressed in the mid-region of the LP, although it may
be possible that what appeared to be background in the slide was in fact weak staining of
Pax6 as shown in Figure 2-13A-C; dark blue arrows.
The cells at the anatomical border between OE and LP (indicated with white
arrows) were negative for SSEA-1, which suggests that these cells are not multipotent.
Nevertheless, cells located in the LP near the OE expressed SSEA-1 (Figure 2-13A-C;
yellow arrows). Due to deformation of the tissue as a consequence of the rupture, it may be
that these cells are the cells found at the junction between OE an LP, which were shown to
be positive for MSC markers (previous paragraph). MSCs express pluripotency markers
including oct4, Nanog and SSEA-4 in humans 85. Therefore it was thought that the EMSCs
in the rat OM would express SSEA-1, which is the rodent equivalent of human SSEA-4 294.
Taken together, it may be suggested that the EMSC population is located at the junction
between OE and LP.
A second staining was performed to confirm SSEA-1 expression in p16 rat OM
tissue. SSEA-1 was again found to be strongly expressed at the border of the LP, adjacent
to the cartilage, and in the mid-region of the LP (Figure 2-14A; red and purple arrows
respectively), which may suggest that cells present in these regions of the tissue are
multipotent. Also cells in the LP near the OE were found to be weakly expressing SSEA-1
(Figure 2-14A; yellow arrow), which may be the same cells found positive for SSEA-1 in
Figure 2-13A-B; yellow arrows). This result may suggest that EMSCs are SSEA-1 positive.
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Figure 2-13: Expression of Pax6 and SSEA-1 in the lamina propria
of postnatal day 16 LH rat olfactory mucosa. OM was stained with
DAPI (D). Cells in the LP near the OE lined the fascicles (D, blue arrow).
Cells in the LP stained positive for Pax6 (C; white, yellow, purple dark
blue and red arrows) and SSEA-1 (B; white, yellow, dark blue and red
arrows) and some of the cells in the LP co-expressed both markers (A;
yellow, red and green arrows).

Expression of Pax6 and SSEA-1 was found in different regions of the OM: 1) cells at the junction between OE and LP which expressed Pax6 and were
negative for SSEA-1 (A-C; white arrows), 2) cells at the border of the LP, adjacent to the cartilage, which were positive for SSEA-1 and weakly for Pax6
(A-C; red arrows), 3) cells, in the LP near the OE, positive for SSEA-1 and weakly staining for Pax6 (A-C; yellow arrows), 4) cells positive for Pax6 and
SSEA-1-negative (A-C; purple arrows) and 5) cells in the mid-region of the LP positive for Pax6 and SSEA-1 (A-C; dark blue arrows). Negative controls
were stained with secondary donkey anti-rabbit (green) and anti-mouse (red) only (-/+; E). Scale bars, 40 µm. Dashed line identifies the anatomical
boundaries between LP and OE.
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Figure 2-14: Expression of SSEA-1 in the lamina propria of postnatal day 16 LH rat
olfactory mucosa. Cells in the LP stained positive for SSEA-1 (A; yellow, purple and red
arrows). Expression of SSEA-1 was found in different regions of the OM: 1) cells at the border
of the LP, adjacent to the cartilage (A; red arrow), 2) cells, in the LP near the OE, weakly
positive for SSEA-1 (A; yellow arrow) and 3) cells in the mid-region of the LP (A; purple arrow).
Negative controls were stained with secondary donkey anti-rabbit (green) only (-/+; E). Scale
bars, 40 µm. Dashed line identifies the anatomical boundaries between LP and OE.

2.2.2.5 Expression of neuronal cell markers in postnatal day 16 rat olfactory
mucosa tissue
The marker microtubule-associated protein-2 (MAP2) was used to identify neurons as this
marker is particularly enriched in neuronal dendrites 295. However, this marker is also
expressed by cells derived from neural crest 295 and therefore it may potentially be
expressed by OECs. The cells expressing MAP2 in the mid-region of the OE were thought
to be olfactory receptor neurons due to their unique location in the tissue (Figure 2-15B, D;
purple arrow). The marker s100β was expressed by cells located in the mid-region of the
LP (Figure 2-15C, D; red arrow) and some of these cells co-stain with MAP2 (Figure
2-15B, D; green arrow). These cells were thought to be OECs which ensheath the MAP2positive olfactory receptor neurons penetrating the LP. However, presence of large empty
spaces in the fascicles, which may be due to fixation damage, complicates the
interpretation of this result. Furthermore, s100β was observed at the junction between the
OE and LP (Figure 2-15C, D; white arrows) and at the cells at the border of the LP,
adjacent to the cartilage (Figure 2-15C, D; pink arrow), which also weakly expressed
MAP2 (Figure 2-15B, D; pink arrow). Cells in the LP near the OE stained for MAP2 and
were negative for s100β (Figure 2-15B, C and D; yellow arrows).
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Figure 2-15: Expression of
MAP2 and s100β in LH
postnatal day 16 rat OM.
MAP2 was expressed in both
OE and LP (A, C). The marker
s100β was expressed in cells
located in the mid-region of the
LP (A, B; red arrow) and the
staining partly overlaps with
MAP2 staining (A, B, and C;
green arrows). These cells were
thought to be OECs which
ensheath the MAP2-positive
olfactory receptor neurons
penetrating the LP.
Furthermore, s100β expression was observed at the junction between the OE and LP (A and B;
white arrows) and at the cells at the border of the LP, adjacent to the cartilage (A and B; pink
arrows), which also stained weakly for MAP2 (A and C; purple arrows). In the OE MAP2 stained
the olfactory receptor neurons (A and C; purple arrows). Cells in the LP near the OE stained for
MAP2 and were negative for s100β (A, B and C; yellow arrows). Cell nuclei in the OM were
stained with DAPI (D, blue). Scale bars, 40 µm. Dashed line identifies the anatomical
boundaries between LP and OE.

2.2.2.6 Neural crest stem cell markers identified in the olfactory mucosa of
postnatal day 16 LH rat by immunohistochemistry
To optimize staining for Sox10, snail and p75 a different staining protocol was used which
involved methanol fixation instead of PFA to reduce background staining. Tissue sections
were fixed using 100% ice-cold methanol and further processed as described in the
materials and methods (chapter 8). This procedure improved the background staining
previously observed with these antibodies (previous results for Sox10 and snail not shown).
Cells lining the fascicles in the LP, previously identified as OECs, (Figure 2-17A;
blue arrows) stained positive for snail (Figure 2-17B, D; blue and yellow arrows) and
negative for HNK-1 (Figure 2-17C-D; yellow arrows). At the junction between OE and LP
as well as at the border of the LP, adjacent to the cartilage, cells strongly stained for snail
and weakly for HNK-1 (Figure 2-17B-D; white arrows and Figure 2-17B-D; pink arrows
respectively). Cells co-expressing both markers were also observed at the border of the LP,
adjacent to the cartilage (Figure 2-17B-D; green arrows). Some cells were positive for
secondary antibody only (Figure 2-17E; grey arrow), which may be attributed to nonspecific binding of antibodies to gland cells as described previously.
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Figure 2-16: Immunohistochemistry of FoxD3 protein expression in whole rat embryonic
stage 5 (E5) Lister Hooded rat (20 µm slice). FoxD3 was expressed in cells of E5 rat embryo
which was the positive control for this marker. Scale bars measure 20 µm.

Cells lining the fascicles in the LP (Figure 2-18A; blue arrows) stained negative for
both p75 and FoxD3 (Figure 2-18B; blue arrows), which was unexpected as these cells
were thought to be OECs and were seen to express p75 in the previous section (Figure
2-5). Cells in the LP near the OEC expressed FoxD3 and p75 to a weak extent (Figure
2-18B-D; white arrows). In the mid-region of the LP two different populations appeared to
be present: 1) cells strongly expressing p75 and FoxD3 (Figure 2-18B-D; pink arrows) and
2) cells expressing FoxD3 to a stronger extent than p75 (Figure 2-18B-D; green arrows).
Furthermore some cells were positive for secondary antibody only (Figure 2-18E; grey
arrows), which may be gland cells. The difference in expression of p75 between Figure
2-18 and Figure 2-5 may be explained by the phenomenon that p75 expression is not
always observed in situ 123. Furthermore, also a difference in fixation may explain the
different results. Fixation with methanol may have disrupted the p75 epitope structure,
which may be sensitive to the harsh fixation strategy, as a consequence of denaturation 293,
whereas fixation with PFA as in Figure 2-5 may have not. Therefore results of p75 staining
are more difficult to interpret. Furthermore, methanol fixation may have damaged the
tissue. The maximum intensity projection of NCSC marker expression of a z-stack of OM
tissue is shown in Figure 2-19.
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Figure 2-17: NCSC markers HNK-1 and snail were expressed in LH postnatal day 16 rat olfactory mucosa. OM was stained with DAPI (A). Cells
in the LP lined the fascicles (A; blue arrow), stained for snail (B, D; blue arrow and yellow arrows) and were negative for HNK-1 (C-D; yellow arrows).
These cells were thought to be OECs. Some cells at the junction between OE and LP were strongly positive for snail and weakly positive for HNK-1 (BD; white arrows). Furthermore, strongly positive snail and weakly positive HNK-1 cells were also observed at the border of the LP, adjacent to the
cartilage (B-D; pink arrows) as well as cells strongly expressing both HNK-1 and snail (B-D; green arrows). Negative controls were stained with
secondary donkey anti-rabbit (red) and anti-mouse (green) only (-/+; E). Some cells showed non-specific binding of secondary antibody (E; grey arrow).
Scale bars, 40 µm. Dashed line identifies the anatomical boundaries between LP and OE.
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Figure 2-18: NCSC markers FoxD3 and p75 were expressed in LH postnatal day 16 rat olfactory mucosa. OM tissue was stained with DAPI (A).
Cells in the LP near the OE lined the fascicles (A; blue arrows) and stained negative for both p75 and FoxD3 (B; blue arrow). Cells in the LP near the
OE expressed FoxD3 and p75 to a weak extent (B-D; white arrows). At the border of the LP, adjacent to the cartilage, two different populations were
observed to be present: 1) cells strongly expressing p75 and FoxD3 (B-D; pink arrows) and 2) cells expressing FoxD3 to a stronger extent than p75 (BD; green arrows). Furthermore, some cells were positive for secondary antibody only (E; grey arrows). Negative controls were stained with secondary
donkey anti-goat (green) and anti-rabbit (red) only (-/+; E). Scale bars, 40 µm. Dashed line identifies the anatomical boundaries between LP and OE.
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Figure 2-19: Expression of NCSC markers Sox10, HNK-1, p75, snail and FoxD3 in lamina
propria of LH postnatal day 16 rat olfactory mucosa. The maximum average projection was
determined from the three dimensional picture using z-stacks. The NCSC markers Sox10 (A),
HNK-1 and p75 (B), snail (C) and FoxD3 (D) were expressed in the LP of the OM. Sox10 was
only observed in the LP near the OE (A; white and yellow arrows), while snail, FoxD3 and p75
were observed throughout the LP (B-D; white, purple and green arrows). HNK-1 was expressed
mainly in the mid-region of the LP (B; purple arrow). Cell nuclei in the OM were stained with
DAPI (blue). Scale bars, 40 µm. Dashed line identifies the anatomical boundaries between LP
and OE. Images are maximum intensity projections from z-stacks.

As NCSCs and OECs share a common NC origin, the tissue was stained for the
combination of the NCSC marker Sox10 and the OEC marker GFAP. Based on the staining
results three types of cell populations appeared to be present in the LP near the OE: 1)
cells strongly expressing Sox10 and weakly GFAP (Figure 2-20B-D; white arrows), 2) cells
strongly expressing GFAP and weakly Sox10 (Figure 2-20B-D; red arrows) and 3) cells
both strongly positive for Sox10 and GFAP (Figure 2-20B-D; green arrows). Furthermore,
cells located in the mid-region of the LP only stained for GFAP (Figure 2-20B-D; yellow
arrows). At the border of the LP, adjacent to the cartilage, neither GFAP nor Sox10 was
expressed (pink arrow, Figure 2-20B-D). The population of GFAP-hi/Sox10-low cells was
suggested to be the OEC population as these cells were lining the fascicles. The population
of Sox10-hi/GFAP-low cells was thought to be the EMSC population (observed in chapter
2) based on its location and low GFAP expression. The population of Sox10-hi/GFAP-hi
cells was thought to constitute gland cells. The lack of Sox10 expression at the border of
the LP, near the cartilage, was unexpected as early post-migratory NC markers such as
p75, HNK-1, snail and FoxD3 were all expressed. Possible tissue damage due to methanol
fixation requires careful interpretation of this result.
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Figure 2-20: Sox10 and GFAP were expressed in LH postnatal day 16 rat olfactory mucosa. Cells in the OM tissue were stained with DAPI (A).
Three types of cell populations were thought to be present in the LP: 1) cells strongly expressing Sox10 and weakly GFAP (B-D; white arrows), 2) cells
strongly expressing GFAP and weakly Sox10 (B-D; red arrows) and 3) cells both strongly staining for Sox10 and GFAP (B-D; green arrows).
Furthermore, cells located in the mid-region of the LP were only positive for GFAP (B-D; yellow arrows). At the border of the LP, adjacent to the
cartilage, neither GFAP nor Sox10 was expressed (B-D; pink arrow). Negative controls were stained with secondary donkey anti-goat (green) and antirabbit (red) only (-/+; E). Scale bars, 40 µm. Dashed line identifies the anatomical boundaries between LP and OE.
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In summary, NCSC markers, including Sox10, snail, HNK-1, p75 and FoxD3, are
expressed in the LP of the p16 rat OM (Table 2-3). Although markers such as Sox10 and
p75 2 are known to be expressed by OECs 110, expression of early post-migratory NC
markers such as FoxD3 and snail may suggest that NCSCs are present in the tissue. To
ascertain these findings, localisation of mRNA expression of NCSC markers such as
FoxD3 may be studied using in situ hybridisation, which has been previously used for
investigation of FoxD3 expression 119. To confirm whether these cells are NCSCs, cell
isolation is required and differentiation studies need to be performed.
Given the observations of multipotent cells in the OE and LP by Murrell et al. 2005
77

and in the whole olfactory mucosa by Katoh et al. 2011 110, the lack of NCSC markers in

the OE was unexpected. Due to the difficulty of separating OE and LP, it may be possible
that contamination of the two samples could occur and hence potentially contaminating OE
cell cultures with multipotent NC derived cells from the LP. However, considering the NC
origin of HBCs in postnatal animals 112, it was thought that at least at the basal membrane
NCSC markers would be expressed. A possible explanation for this observation could be
that HBCs from postnatal rats are NSCs which are derived from the NC, but do not express
NCSC markers anymore.

2.2.2.7 Summary and implication of findings
In summary, expression of different markers that characterise OEC, MSC, NSC and NCSC
was identified in different locations in the OE and LP. The focus of this study was the LP,
which was divided in four parts for analysis: 1) the junction between OE and LP, 2) the LP
near the OE, 3) the mid-region of the LP and 4) cells lining the border of the LP, adjacent to
the cartilage. Table 2-1 shows the antigen expression pattern for individual markers in the
four assigned locations in the LP. The expression pattern for individual markers is shown in
Table 2-2. Based on their marker expression, it was suggested that different cell types are
present in the lamina propria of the OM: 1) EMSCs, 2) OECs, 3) the olfactory receptor
nerve axons penetrating the LP, 4) gland cells and 5) NCSCs (Table 2-3).
The first population expressed MSC markers including STRO-1, CD44, CD29,
fibronectin ICAM and CD90; OEC markers including s100β, p75 and αSMA and NSC
markers including Pax6, Nestin and NCAM. This cell population, located at the junction
between OE and LP, was suggested to be an ectomesenchymal stem cell population due
to the expression of different MSC markers in combination with the NSC markers. The
observed presence of SSEA-1 in this cell population may indicate that it is multipotent,
which is a characteristic of EMSCs 75. Furthermore these cells expressed Sox10, snail and
to a weak extent p75, HNK-1 and FoxD3, which may indicate a NC origin.
The second population expressed the OEC markers GFAP and s100β and some
cells stained for αSMA and p75. Both GFAP+/ αSMA- cells and GFAP+/αSMA+ cells were
present in the same region of the LP near the OE and in the mid-region of the LP lining the
fascicles, suggesting the presence of different subpopulations of OECs or possibly
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Schwann cell contamination at the ORN axon bundles. Based on these characteristics the
cells were identified as OECs. In addition, the cells were positive for MSC markers CD44,
fibronectin, ICAM and CD90. This observation was in agreement with previously reported
observations, showing that different MSC markers, including CD90, CD29, CD44 and
fibronectin are expressed by OECs in the olfactory mucosa 296. Furthermore, these cells
expressed NSC markers such as Nestin and NCAM. This population also expressed NCSC
markers such as snail and Sox10. Observed expression of Sox10 was in agreement with
previous reports that showed that this marker is expressed by embryonic OECs 110.
The third population of cells was suggested to contain the olfactory receptor neuron
axons which were stained for MAP2.
The fourth population expressed the MSC markers fibronectin and ICAM as well as
the NSC markers Nestin, Pax6 and NCAM. These cells were thought to be gland cells due
to their high background staining when staining for secondary antibodies alone. This cell
population was observed to express NCSC markers such as snail, HNK-1, FoxD3, p75 and
Sox10, which may indicate that these cells are NC-derived.
The fifth population forms the cells lining the border of the LP, adjacent to the
cartilage. This population appeared to be very similar to the first population in antigen
expression and was observed to express the MSC markers STRO-1, CD44, CD29,
fibronectin and ICAM, the OEC markers s100β, αSMA and p75 and the NSC markers
Nestin, NCAM and Pax6. The cells also expressed SSEA-1, which may suggest that the
cells are multipotent. Due to a difference in CD90 expression between this and the first
population, these cells were thought to be closely related to EMSCs, although the cell
population may also constitute EMSCs.
Cell populations at the junction between the OE and LP and at the border of the LP,
adjacent to the cartilage, could be the EMSC population as their antigen expression pattern
was very similar. However, a difference was found in CD90 expression. It was suggested
that the cell population at the junction between the OE and LP is the EMSC population and
the population at the border of the LP, near the cartilage, is a closely related cell
population. Investigation of NCSC marker expression in the LP showed that snail, HNK-1,
FoxD3 and p75 are expressed by both populations and Sox10 is only expressed by the
suggested EMSCs (Table 2-3). The expression of all studied NCSC markers by the
suggested EMSCs may indicate a NC origin. Another difference between the EMSC
population and the cells at the border of the LP, adjacent to the cartilage, was the stronger
expression of FoxD3 in the latter population. As FoxD3 expression is specific to neural
crest precursors 115 and FoxD3 expression decreases when cells differentiate into their
derivatives 120, it may be suggested that the cells at the border of the LP, adjacent to the
cartilage, are NCSCs.
Based on the antigen expression patterns five different cell populations were
identified in the LP of the postnatal day 16 rat OM in this study. However, the difficulty in
identifying the different populations lies in the overlap of marker expression. For instance
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MSC markers are expressed by OECs 296 and Nestin was not only expressed by HBCs,
but also expressed in EMSCs 75 and by end feet of supporting cells, close to the basement
membrane 77. Furthermore, according to Osada et al. also OECs express Nestin 297, which
was in agreement with the observations in the present study. In the present study, a
distinction between the OEC and EMSC population was made based on both marker
expression and the characteristic that OECs ensheath LP-penetrating ORN axons and
thereby line the fascicles in the LP.
Table 2-1: Immunohistochemistry results of postnatal day 16 rat olfactory mucosa tissue
per location in the lamina propria.
Markers
Cell
population

OEC

MSC

NSC

ESC

Neural

NCSC

1: OE-LP

s100β
αSMA
p75

STRO-1
CD44
CD29
fibronectin
ICAM
CD90

Nestin
Pax6
NCAM

SSEA-1

2: LP near
OE

s100β
GFAP
αSMA
p75

Nestin
Pax6
NCAM

SSEA-1

MAP2

snail
p75
Sox10

3: Midregion of
LP

s100β
αSMA
p75

fibronectin
ICAM

Pax6
NCAM

SSEA-1

MAP2

snail
HNK-1
FoxD3
p75

4: Border
of LP

s100β
αSMA

STRO-1
CD44
CD29
fibronectin
ICAM

Nestin
Pax6
NCAM

SSEA-1

MAP2

snail
HNK-1
FoxD3
p75

snail
HNK-1
FoxD3
p75
Sox10
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Table 2-2: Summary of immunohistochemistry results of postnatal day 16 rat olfactory
mucosa tissue.
Markers

Type of
marker
OEC

OE

midregion

LP

basal
layer

s100β

junction
OE-LP

near
OE

midregion

border

++

++

++

++

-/+

GFAP

MSC

+

p75

-/+

+

++

αSMA

+

+

+

STRO-1

++

++

CD44

-+

-+

CD29

++

++

fibronectin

++

-+

++

+

-/+

+

+

-/+

ICAM

+

CD90
NSC

-/+

+

Pax6

-/+

-/+

+

Nestin

-/+

++

+

NCAM

-/+

++

+

++

+

+

++

++

+

+

++

-+

+

-/+

++

++

+

+

++

-/+

ESC

SSEA-1

Neuronal

MAP2

NCSC

HNK-1

-/+

snail

++

FoxD3

-/+

p75

-/+

+

Sox10

+

+

++

++

+
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Table 2-3: Immunohistochemistry results of postnatal day 16 rat olfactory mucosa tissue
per cell type of the lamina propria.
Markers
Cell
population

OEC

MSC

NSC

ESC

NCSC

1: EMSCs

s100β
αSMA
p75

STRO-1
CD44
CD29
fibronectin
ICAM
CD90

Nestin
NCAM
Pax6

SSEA-1

snail
HNK-1 (-/+)
p75 (-/+)
Sox10
FoxD3 (-/+)

2: OECs

GFAP
s100β
p75
αSMA

CD44,
fibronectin
ICAM
CD90

Pax6
Nestin
NCAM

Neural

snail
p75
Sox10

3: ORN
axons

MAP2

4: Gland
cells

GFAP

5: NCSCs

s100β
αSMA
p75

Nestin
Pax6
NCAM

STRO-1
CD44
CD29
fibronectin
ICAM
CD90

Nestin
NCAM
Pax6

SSEA-1

snail
HNK-1
p75 -/+
Sox10
FoxD3

MAP2

snail
p75
HNK-1 (-/+)
FoxD3 (++)

MAP2

2.2.3 CHARACTERISATION OF P16 RAT OLFACTORY MUCOSA TISSUE BY GENE
EXPRESSION

Different sets of gene markers were used in this study to identify OEC, NSC, multipotent
stem cell and NCSC presence in OM tissue. These markers were chosen based on the
observations shown in the previous section (Table 2-3) supplemented with additional
markers. Gene expression in olfactory mucosa tissue of postnatal day 16 rats was
examined by RT-PCR. Briefly, olfactory mucosa tissue was collected from postnatal day 16
LH rats and individually processed for RNA isolation and transcription into cDNA for PCR
as described in detail in materials and methods (chapter 8). Primer sequences and
expected product sizes are shown in Table 8-12. Four animals were used for analysis of
gene expression.
To identify gene expression related to the presence of OECs in the tissue, similar
OEC markers were used as for immunohistochemistry (Table 2-3) with the addition of OEC
marker ErbB4 46. The results showed that OEC genes were expressed in the tissue (Figure
2-21), which suggests that OECs are present in the OM tissue, confirming the observed
IHC results (Table 2-3).

96

Figure 2-21: Gene expression profile of OEC markers in LH postnatal day 16 rat olfactory
mucosa, normalised against GAPDH. OEC genes p75, GFAP, s100β, αSMA and ErbB4,
were all expressed in the OM of LH rat (A). The histogram shows the average normalised gene
expression of the five examined OEC genes (n=4). The agarose gel shows bands for individual
samples of the five OEC genes (B). Bars from the ladder represent 100 base pairs (bp). L:
ladder.

In addition to OEC markers the olfactory mucosa tissue was investigated for expression of
different stem cell markers. The adenosine-5’-triphosphate-binding cassette sub-family G
member 2 (ABCG2) protein is a transporter which is capable of transporting both
endogenous and exogenous compounds from the cells and is considered to be a chemoresistance receptor in different types of cancer

298

. This transporter is responsible for the

nuclear dye Hoechst 33342 efflux and cells expressing this protein are considered part of a
side population of cells with this characteristic, which is considered a characteristic of stem
cells. Therefore ABCG2 is recognised as a universal stem cell marker and some evidence
suggests that it plays an important role in stem cell proliferation and stem cell phenotype
maintenance 298. Gene expression of ABCG2 was studied in the OM tissue, as to
investigate whether stem cells are present which may form a side population. Expression of
ABCG2 was observed in OM tissue (Figure 2-22), which may suggest that stem cells are
present in the OM which display Hoechst 33342 efflux. Also NSC gene expression was
observed in the OM tissue (Figure 2-22) which was in agreement with the expression of
neural stem cell markers in the OM, particularly in the LP, observed in the histochemical
study (Table 2-3).
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Figure 2-22: Gene expression profile of NSC markers and ABCG2 in LH postnatal day 16
rat olfactory mucosa, normalised against GAPDH. NSC genes Pax6, Nestin, Sox2 and stem
cell marker ABCG2 (A) were all expressed in the OM of LH rat. The histograms show the
average normalised gene expression of the three examined NSC genes and ABCG2 (n=4). The
agarose gel shows bands for individual samples of the three NSC genes and ABCG2 (B). Bars
from the ladder represent 100 base pairs (bp). L: ladder.

To investigate whether multipotent stem cells are present in the OM, gene expression for
ESC markers was studied, including genes needed for inducing pluripotency in cells: Sox2,
Kruppel-like factor 4 (Klf4), c-Myc and octamer-binding transcription factor 4 (Oct4). These
genes were all expressed by the OM (Figure 2-23). Furthermore SSEA-1, an embryonic
stem cell marker in rodents was also expressed (Figure 2-23), which was in
correspondence with the immunohistochemistry results (Table 2-3). The expression of all
five ESC genes in the OM suggests that multipotent stem cells may be present in this
tissue.
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Figure 2-23: Gene expression profile of ESC markers in LH postnatal day 16 rat olfactory
mucosa, normalised against GAPDH. ESC genes SSEA-1, oct4, Sox2, c-Myc and Klf4 were
all expressed by the OM of LH rat (A). The histogram shows the average normalised gene
expression of the five examined ESC genes (n=4). The agarose gel shows bands for individual
samples of the five ESC genes (B). Bars from the ladder represent 100 base pairs (bp). L:
ladder.

To further examine the presence of NCSC markers in OM tissue, the gene expression of
six different NCSC markers was studied. The same set of NCSC markers was used as for
immunohistochemistry (Table 1-1) with the addition of NCSC marker Sox9 which is
expressed by both pre-migratory and migrating NCCs 115 and is expressed by cranial
neural crest stem cells 118. All genes were expressed by the olfactory mucosa (Figure
2-24Figure 3-5), which is in agreement with the observations for the five examined NCSC
markers in the immunohistochemical study (Table 2-3) and may suggest that NCSCs are
present in the OM tissue. However, expression of FoxD3 was lower in two of the four
samples. For Sox10, expression was lower in one sample compared to the other three. The
reason for these individual differences may be due to the preparation of the samples as
p75, snail, Sox10 and FoxD3 showed all to be lower for the fourth sample compared to the
other three. However, these differences are not reflected in the results as all gene
expression was normalised against GAPDH to correct this.
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Figure 2-24: Gene expression profile of NCSC markers in LH postnatal day 16 rat
olfactory mucosa, normalised against GAPDH. NCSC genes Sox10, HNK-1, snail, p75,
Sox9 and FoxD3 were all expressed by the OM of LH rat (A). The histogram shows the average
normalised gene expression of the six examined NCSC genes (n=4). The agarose gel shows
bands for individual samples of the six NCSC genes (B). Bars from the ladder represent 100
base pairs (bp). L: ladder.

2.2.4 SUMMARY AND IMPLICATION OF PRESENT RESULTS FOR OEC ISOLATION
Using immunohistochemical assays it was observed that commonly used OEC markers
such as p75, GFAP and s100β and the acknowledged marker αSMA were all expressed in
the LP of the OM and found in cells lining fascicles. Based on these characteristics, these
cells were suggested to be OECs. However, overlap in expression was observed with other
cell types. For example s100β was expressed by several cell populations, including a
population at the junction between OE and LP, which also expressed αSMA both an OEC 2
and MSC marker 288. Moreover, this population also expressed all studied MSC markers.
Based on the expression pattern, these cells were suggested to be EMSCs.
The marker αSMA was also expressed by cells which were thought not to be OECs
as the cells were negative for GFAP and located in the LP in the region not lining fascicles,
but in close proximity of the GFAP+/αSMA+ OECs. Also p75 was expressed by more than
OECs as expression of p75 was found in the mid-region of the LP. This result indicates that
OECs are not the only p75+ cell population in the LP. Gene expression analysis showed
that all OEC genes were expressed in OM tissue, indicating that OECs may be present in
this tissue. The observed presence of expression for NSC genes such as Pax6, Nestin and
Sox2 may indicate the presence of neural stem cells in this tissue which was in agreement
with the suggested presence of globose and horizontal basal cells in the OE 4. Moreover,
these observations are also in agreement with the observation by Delorme et al. that the
identified EMSC population expressed also Nestin 75, which is in agreement with the
observed Nestin staining at the junction between OE and LP in the present study where
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EMSCs were suggested to be located. Furthermore, the observed presence of ESC gene
expression in the OM may suggest the presence of multipotent stem cells in this tissue,
which is in correspondence with the observations of multipotent stem cells being present in
the OM

75 77 110 299

.

The presence of several NCSC markers including Sox10, snail and FoxD3
expression in the tissue at both protein and mRNA level may suggest the presence of
NCSCs in the LP of the OM. Given that p75 is not only expressed by OECs but also
NCSCs, it is possible that these present NCSCs could interfere with OEC isolation when
using p75 as a selection marker. Therefore it was suggested that more than a single
marker for isolation of OECs needs to be used. Due to their shared origin, OECs, EMSCs
and NCSCs cells also share marker expression and could behave similarly in culture under
specific conditions in vitro. It has been suggested that cells could de-differentiate in culture
and revert to the phenotype of their NC ancestors, therefore cells are not necessarily
phenotypically stable in culture 92. Moreover, as OECs, EMSCs and NCSCs are all
heterogeneous in culture, the task of isolating a single cell population becomes very
challenging. To help determine individual specific cell types, the cells need to be isolated
and cultured and their potential for differentiation needs to be determined. In addition the
neurotrophic potential of suggested EMSCs and NCSCs could also be examined as these
cells might provide an alternative source of neurotrophic support.

2.3 CONCLUSION
In the present study OECs expressing GFAP, p75, s100β and αSMA were identified in
postnatal day 16 LH rat OM lining the fascicles. These cells also expressed MSC and NSC
markers. Ecto-mesenchymal stem cells were suggested to be present in the LP located at
the junction of the OE and LP, based on the expression of all investigated MSC markers,
OEC markers s100β, αSMA and p75 (weakly), the NSC markers Nestin and NCAM and the
ESC marker SSEA-1. Furthermore, expression of OEC, NSC and ESC genes was
observed in the OM tissue. The immunohistochemical analysis of p16 rat OM for NCSC
markers showed that snail, HNK-1, p75, FoxD3 and Sox10 were all expressed in the LP. In
addition, gene expression analysis showed that the above studied NCSC genes and Sox9
were expressed in the OM tissue. These results strongly suggest that a NC-derived
population is present in the OM which has not been identified by others and may constitute
NCSCs. Based on the antigen expression, these cells may be present at the border of the
LP, adjacent to the cartilage.

101

3. COMPARISON OF POSTNATAL DAY 16 VERSUS ADULT OLFACTORY
MUCOSA

3.1 INTRODUCTION AND AIMS
Efficacy of stem cell treatments in general and olfactory mucosa cells in particular depends
among other factors on the source of the donor. OECs could be isolated from embryonic,
neonatal and adult sources 28. Depending on the type of transplantation, allogenic versus
autologous, some sources may be more practical than others. Autologous cells for cell
transplantation would reduce the risk of adverse effects which in turn will increase efficacy
of the cell therapy. Furthermore, cells from different sources, for instance different ages of
the donor cause heterogeneity of OECs 28 and it was thought that therefore the choice of
cell source may influence therapeutic outcome. As in young adults and adults the incidence
of both traumatic and myelinating neuronal injuries is higher 232, for autologous treatment
adult cells are more relevant to use.
Therefore the main objective of the work presented in this chapter was to study the
difference in young and adult OM tissues to determine whether adult donors would be
suitable to use for cell-based treatments in addition to younger donors. For this purpose a
comparison was made between the OM of p16 and adult (3-6 months) old donors for OEC,
MSC, NSC, ESC and NCSC markers to study the presence of OEC, EMSCs and NCSCs in
adult OM tissue and to compare their respective numbers. Due to an overlap in marker
expression for OECs, EMSCs and NCSCs in OM tissue (Table 2-3), isolation of a relatively
pure population of OECs becomes more complicated. Both EMSCs and NCSCs may also
potentially be used as an alternative source for cell-based therapies.
Immunohistochemical analysis was used to investigate whether NCSCs may be
present in adult OM tissue and to compare expression of OEC, NCSC, NSC, MSC and
ESC markers to gain insight into numbers of OECs and NCSCs in the two age groups. In
addition, gene expression was examined using RT-PCR for the OEC, NSC, ESC and
NCSC markers, previously used in chapter 2. Expression of intracellular proteins for OEC
and NCSC markers was studied using Western blotting whereas for study of cell surface
markers flow cytometry was used. Using flow cytometry, the markers p75, SSEA-1 and
ErbB4 were used to identify different cell populations based on the combination of marker
expression and to compare their respective numbers between the two age groups. It was
suggested that a combination of these three markers could select for OECs and NCSCs.
Also OM cell cultures of p16 and adult rats were compared based on cell morphology and
cell growth.

102

The specific aims of the work presented in this chapter include:
1. Study postnatal day 16 and adult rat olfactory mucosa tissue organisation using
H&E
2. Compare OEC, NCSC, MSC, NSC and ESC marker expression in the OM of
postnatal day 16 with expression in adult rat olfactory mucosa tissue using
immunohistochemistry
3. Compare gene expression characteristics of postnatal day 16 OM with expression
characteristics of adult rat olfactory mucosa tissue using RT-PCR
4. Compare protein expression of OEC and NCSC markers in postnatal day 16 with
expression in adult rat OM tissue using Western blotting
5. Compare the number of cells of the identified cell populations based on the
expression of p75, SSEA-1 and ErBb4 present in postnatal day 16 and adult rat
olfactory mucosa tissue using flow cytometry
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3.2 RESULTS AND DISCUSSION
3.2.1 ORGANISATION OF RAT POSTNATAL DAY 16 AND ADULT OLFACTORY
MUCOSA

Both in the olfactory mucosa of postnatal day 16 and 3-6 months-old rats olfactory nerve
fascicles were observed in the LP for the axons of olfactory nerve receptors to permeate
this region (yellow arrow, Figure 3-1A and Figure 3-1B respectively. These observations
are in agreement with previously reported results 2.
A marked structural difference in the OM from the two age groups of rats was not
present. The only discernible difference in tissue organisation between postnatal day 16
and adult olfactory mucosa is the colour of the tissue, which for the adult rat is much pinker
due to a stronger eosinophilic staining and for the p16 OM, is more violet due to stronger
basophilic haematoxylin staining. A stronger eosinophilic staining is an indication of the
presence of more positively charged substances in the tissue -such as proteins and amino
acids- whereas a stronger haematoxylin staining indicates the presence of more negatively
charged substances -such as DNA and RNA 300. Tissue from young animals is much easier
processed due to the softness of the skull of the animal. Therefore a sagittal cut through
the skull can be used to approach the OM from the side. For adult animals the OM was
firstly approached from the back side of the skull. Enough brain was taken away so the
nose became accessible followed by cutting of the front of the nose to exclude the
respiratory mucosa. As much skull as possible was removed before the tissue was frozen
down using acetone and dry ice and cut in slices using a cryostat. Due to the difference in
stiffness of the soft tissue, OCM and skull, it is more difficult to obtain smooth and intact
slices of tissue. Detail methods are described in chapter 8.

Figure 3-1: H&E staining of postnatal day 16 and adult (3-6 month-old) LH rat olfactory
mucosa. Olfactory nerve fascicles are present in the LP which allow permeation of olfactory
nerve receptor axons in the LP (yellow arrows) are present in p16 (A) and adult rats (B). Scale
bars, 200 μm.
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3.2.2 COMPARISON OF POSTNATAL DAY 16 VERSUS ADULT RAT OLFACTORY
MUCOSA USING IMMUNOHISTOCHEMISTRY

To identify OECs, EMSCs and NCSCs in adult tissue and to compare their numbers in
young rat OM, immunohistochemistry was performed for OEC, NSC, NCSC, MSC and ESC
markers, three dimensional pictures were taken of the tissue using z-stacks and maximum
intensity projections were made for all images. Quantification of signal intensity to compare
staining intensity between the two sources was difficult due to the difference in tissue size.
Therefore instead of determining the signal intensity per arbitrary unit an intensity projection
per marker of the maximum intensity projections was made so the signal could be semiquantitatively determined and compared. Tissue was isolated from p16 (young) and 3-6
months-old rats (adult) and the immunohistochemical analysis was performed as described
in the materials and methods (chapter 8).
GFAP expression was expressed in the LP of adult OM (Figure 3-2D), whereas
expression on p16 OM was not detected (Figure 3-2A), which was confirmed by the
intensity projections of the staining (Figure 3-2F and C respectively, red arrows).
Expression of αSMA expression was observed in the LP near the OE, in the mid-region of
the LP and at the border of the LP, near the cartilage for p16 rats (Figure 3-2A; yellow
arrows), which was shown to be weak based on the intensity projection (Figure 3-2B).
Expression of this marker was noticeably higher in adult OM (Figure 3-2D) as confirmed in
the intensity projection (Figure 3-2E versus B). Some of the cells in the adult OM costained for both markers (Figure 3-2D; white arrow). Higher expression of GFAP and
αSMA in adult compared to p16 OM may indicate an increase in the number of OECs, as
OECs constitute the vast majority of glial cells in the OE 38.
On the contrary, the marker p75 was weakly expressed at the border of the LP,
near the cartilage, and in the mid-region of the LP in p16 rats (Figure 3-3A, C; red arrows),
whereas very weak expression was observed in adults only at the border of the LP (Figure
3-3D, F; red arrow). The intensity projections demonstrate that p75 is expressed to a lower
extent in adult tissue compared to p16 OM (Figure 3-3F versus C). However, a decrease in
other NCSC markers was observed with age. For instance a strong expression of FoxD3
was observed in p16 OM tissue at the border of the LP, near the cartilage (Figure 3-3A)
confirmed by the intensity projection (Figure 3-3B), whereas adult OM showed very weak
expression in this area (Figure 3-3D; yellow arrows) as confirmed by the intensity
projection (Figure 3-3E; yellow arrows). In p16 OM FoxD3 was also weakly expressed at
the junction between OE and LP (Figure 3-3A, B white arrow) and in the mid-region of the
LP (Figure 3-3A, B red arrow).
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Figure 3-2: Comparison between
young and adult OM tissue for the
expression of GFAP and αSMA.
Staining for GFAP was not observed in
the LP of the OM in the p16 LH rat and
only a small proportion of cells stained
weakly for αSMA in the LP of these
animals (A). The intensity projection of
the same section confirmed the lack of
staining for GFAP and the weak stain
for αSMA (B and C). GFAP and αSMA
expression was noticeably higher in the
OM of 3-6 month-old rats (D; red and
yellow arrows respectively). This was
confirmed by the intensity projection
shown in E and F. In adults some of the
cells co-expressed both markers (D;
white arrow).

The OM was stained with DAPI to visualize nuclei. Scale bars, 20 µm. Increase in the intensity of staining in the projections is identified by the colour
code at the bottom of the images, where light blue is negative staining and green indicates the highest intensity of staining (black arrows). Dashed line
identifies the anatomical boundaries between LP and OE. Images are maximum intensity projections from z-stacks.
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Figure 3-3: Comparison between
young and adult OM tissue for the
expression of FoxD3 and p75. A
strong expression of FoxD3 was
observed in p16 OM tissue at the
border of the LP, near the cartilage of
tissue (A), whereas expression in the
OM of 3-6 months old adults was very
low (A, B and D, E respectively; yellow
arrows). In p16 OM FoxD3 was also
weakly expressed at the junction
between OE and LP (A, B; white arrow)
and in the mid-region of the LP (A, B;
red arrow). The marker p75 was weakly
expressed at the border of the LP, near
the cartilage, and in the mid-region of
the LP in p16 rats (A, C; red arrows),
whereas very weak expression was
observed in adults only at the border of
the LP (D, F; red arrow).
The intensity projections of the staining for p16 and adult OM are shown in B-C and E-F respectively. The OM was stained with DAPI to visualize nuclei.
Scale bars, 20 µm. Increase in the intensity of staining in the projections is identified by the colour code at the bottom of the images, where light blue is
negative staining and green indicates the highest intensity of staining (black arrows). Dashed line identifies the anatomical boundaries between LP and
OE. Images are maximum intensity projections from z-stacks.

107

Also for NCSC markers Sox10 and snail a decrease in expression was observed in adults.
Although a strong expression of NCSC markers Sox10 and snail was observed in p16
tissue at the border of the LP, near the cartilage, (Figure 3-4A) expression in adult OM was
weaker for both markers (Figure 3-4D). This observation was demonstrated in the intensity
projections for the staining (Figure 3-4B and C versus E and F). Some of the cells costained both markers (Figure 3-4A and D; yellow arrows), whereas cells in the LP near the
OE only expressed snail (Figure 3-4A, B and D, F; red arrows). A difference in expression
between Sox10 and snail was that Sox10 expression was observed mainly in the midregion and at the border of the LP near the cartilage, whereas snail was expressed
throughout the LP of young rats (Figure 3-4A). Also for HNK-1 a decrease in expression
was observed with age. Although expression of HNK-1 in p16 OM was weak (Figure 3-5A,
B), in adult OM expression was not detected (Figure 3-5D, E). For NSC marker Pax6 a
strong expression was observed in p16 OM, whereas expression in adult OM was weak
(Figure 3-5A and D respectively). This observation was confirmed by the intensity
projections (Figure 3-5C and F). Pax6 was co-expressed with HNK-1 in some cells in the
LP (Figure 3-5A; yellow arrows), whereas other cells in the LP were Pax6+/HNK-1 (Figure
3-5A; red arrows). Altogether, all studied NCSC markers were expressed to a higher extent
in young compared to adult OM, which may suggest that NCSCs are present in both tissue
sources, although in fewer numbers in adult compared to young OM.
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Figure 3-4: Comparison between
young and adult OM tissue for the
expression of Sox10 and snail. A
strong expression of Sox10 and snail
was observed in p16 tissue at the
border of the LP (A), near the cartilage,
whereas expression in adult (3-6 month
old) OM was weaker for both markers
(D), which was confirmed by the
intensity projections (B, C versus E, F).
Some of the cells co-stained both
markers (A and D; yellow arrows),
whereas cells in the LP near the OE
only expressed snail (A, B and D, F;
red arrows). Sox10 expression was
observed mainly in the mid-region and
at the border of the LP near the
cartilage, whereas snail was expressed
throughout the LP of young rats (A).

The OM was stained with DAPI to visualize nuclei. Scale bars, 20 µm. Increase in the intensity of staining in the projections is identified by the colour
code at the bottom of the images, where light blue is negative staining and green indicates the highest intensity of staining (black arrows). Dashed line
identifies the anatomical boundaries between LP and OE. Images are maximum intensity projections from z-stacks.
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Figure 3-5: Comparison between
young and adult OM tissue for the
expression of HNK-1 and Pax6. A
strong expression of Pax6 was
observed in p16 OM, whereas
expression in adult (3-6 months old)
OM was weak (A and D respectively),
which was confirmed by the intensity
projections (C and F). Pax6 was coexpressed with HNK-1 in some cells in
the LP (A; yellow arrows), whereas
other cells in the LP were Pax6+/HNK-1
(A; red arrows). Expression of HNK-1 in
p16 OM was weak (A, B) and in adult
OM the expression was not detected
(D, E).

The OM was stained with DAPI to visualize nuclei. Scale bars, 20 µm. Increase in the intensity of staining in the projections is identified by the colour
code at the bottom of the images, where light blue is negative staining and green indicates the highest intensity of staining (black arrows). Dashed line
identifies the anatomical boundaries between LP and OE. Images are maximum intensity projections from z-stacks.
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For MSC marker CD90 a strong expression was observed at the border of the LP, near the
cartilage, in p16 OM tissue (Figure 3-6A and B; red arrows), whereas expression in adult
(3-6 month old) OM was weaker (Figure 3-6C). This result was confirmed by the intensity
projections (Figure 3-6B and D). CD90 was also expressed in the LP near the OE in p16
OM (Figure 3-6A, B; white arrows).

Figure 3-6: Comparison between young and adult OM tissue for the expression of STRO1 and CD90. A strong expression of CD90 was observed at the border of the LP, near the
cartilage, in p16 OM tissue (A; red arrow), whereas expression in adult (3-6 month old) OM was
weaker (C). The intensity projections confirmed this result (B and D). CD90 was also expressed
in the LP near the OE in p16 OM (A, B; white arrow). The OM was stained with DAPI to
visualize nuclei. Scale bars, 20 µm. Increase in the intensity of staining in the projections is
identified by the colour code at the bottom of the images, where light blue is negative staining
and green indicates the highest intensity of staining (black arrows). Dashed line identifies the
anatomical boundaries between LP and OE. Images are maximum intensity projections from zstacks.

For the ESC marker SSEA-1, a strong expression throughout the LP was observed in p16
OM, whereas expression in adult OM was not observed (Figure 3-7A and C respectively).
This observation was confirmed by the intensity projections (Figure 3-7B and F). This
result may suggest that in adult tissue no multipotent stem cells are present. Expression of
SSEA-1 was studied in combination with p75 and ErbB4, which may be used as selection
markers to isolate OECs and NCSCs based on the observed antigen expression in p16 rat
OM (Table 2-3). Expression of p75 for both p16 and adult OM was weak (Figure 3-7A and
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C) although some cells in the LP of adult rat strongly expressed p75 (Figure 3-7E and G;
red arrows). ErbB4 was present throughout the LP of both p16 and adult OM (Figure 3-7A
and C) and the intensity projections showed no difference in expression (Figure 3-7D and
H).
In summary, based on OEC marker expression in the adult rat OM, including
GFAP, αSMA and p75, it may be suggested that OECs are present in this tissue. The
higher expression of GFAP and αSMA may indicate an increase in the number of OECs in
adults. From the NCSC markers, p75, FoxD3, Sox10 and snail, were expressed in the LP
of adult OM, which may suggest the presence of NCSCs in this tissue. Only HNK-1 was not
detected in this tissue. For the four observed NCSC markers expression was lower in
adults compared to young animals, which may suggest that in adult OM fewer NCSCs may
be present compared to young OM. Decreased expression of SSEA-1 with age supported
this suggestion.
When comparing the staining results from this section to the results for p16 rats in
the previous chapters (Table 2-3), differences were found. This may be explained by a
difference in fixation methods. For instance marker CD90 showed a higher expression
when the tissue was fixed with methanol and not PFA. Therefore it is suggested that CD90
is not only expressed in the LP near the OE, but also in the large cells located in mid-region
of the LP. Also a difference in expression was found at the border of the LP, adjacent to the
cartilage, where CD90 was more strongly expressed than was observed in Table 2-3.
Differences in observed Sox10 expression in this study and Table 2-3 may be a result of
different settings to compare staining between young and adult slides and possibly the
background of the tissue. The difference is quite substantial in that Sox10 in the present
study was expressed in the mid-region and at the border of the LP, near the cartilage, and
not only in the LP near the OE (Table 2-3).
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Figure 3-7: Comparison between young and adult OM tissue for the expression of SSEA-1, p75 and ErbB4. A strong expression of SSEA-1
throughout the LP was observed in p16 OM, whereas expression in adult (3-6 month old) OM was not observed (A and E respectively), which was
confirmed by the intensity projections (B and F). Expression of p75 for both p16 and adult OM was weak (A and C) although some cells in the LP of
adult rat strongly expressed p75 (E and G; red arrows). ErbB4 was present throughout the LP of both p16 and adult OM (A and C) and the intensity
projections showed no difference in expression (D and H). The OM was stained with DAPI to visualize nuclei. Scale bars, 20 µm. Increase in the
intensity of staining in the projections is identified by the colour code at the bottom of the images, where light blue is negative staining and green
indicates the highest intensity of staining (black arrows). Dashed line identifies the anatomical boundaries between LP and OE. Images are maximum
intensity projections from z-stacks.
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3.2.3 COMPARISON OF GENE EXPRESSION IN POSTNATAL DAY 16 VERSUS ADULT
RAT OLFACTORY MUCOSA TISSUE USING

RT-PCR

To further explore the differences in cell types between young (p16) and adult (3-6 months)
animals, gene expression was studied in the OM tissue. The four different sets of markers,
used to identify OEC, NSC, ESC and NCSC markers in OM tissue in the previous chapter
(Table 2-3). Gene expression was examined using RT-PCR as described in the materials
and methods (chapter 8). Average gene expression (n=7-8) was compared and statistically
analysed using a two-tailed parametric unpaired t-test (two-tailed unpaired t-test) as the
assumption was made that gene expression was normally distributed with equal variances
in the populations. For comparison of gene expression the whole olfactory mucosa of both
age groups was used.
In adult OM, GFAP and ErbB4 genes were both expressed to a significantly higher
extent compared to p16 OM tissue (p< 0.01 and p< 0.05 respectively), whereas p75 gene
expression was significantly lower in tissue from adults compared to young animals (Figure
3-8; p<0.05). These results are in agreement with the immunohistochemical analysis in the
previous section for GFAP (Figure 3-2A, C and D, F) and ErbB4 (Figure 3-7A, C and D,
F). As OECs are the vast majority of glial cells in the OM 38, the higher GFAP expression in
adults may be explained by a higher number of OECs in adult compared to young animals.
This theory could also be supported by the higher expression of ErbB4 in adults compared
to young rats as the marker ErbB4 is known to be expressed by OECs, but its expression in
Schwann cells is low 46. The decrease of p75 gene expression with age, which was in
agreement with the IHC results (Figure 3-3 and Figure 3-7), did not directly support the
explanation of an increasing number of OECs with age. However, as p75 is also a NCSC
marker, it is possible that the decrease of p75 expression with age may be attributed to a
decreasing number of NCSCs.
Both s100β and αSMA genes did not show a significantly different expression in the
two tissue sources, although for αSMA a trend was found which showed lower expression
in adult compared to p16 rats (Figure 3-8; p>0.05). The gene expression profile for αSMA
did not correspond to the IHC result, which showed an increase at adult age compared to
young (Figure 3-2). As it was suggested that both s100β and αSMA were not only
observed to be expressed by OECs, but also by EMSCs and NCSCs (Table 2-3), based
on s100β and αSMA expression no conclusion could be drawn concerning a difference in
number of OECs.
When studying NSC markers no significant difference was found in gene
expression of Pax6, Nestin and Sox2 was not significantly different in adult compared to
younger rats (Figure 3-9; p>0.05), which was not in agreement with the observed
difference in Pax6 expression with IHC (Figure 3-5). Although more HBCs were suggested
to be present at a later stage in life 287 and therefore an increase in NSC markers may be
expected, the size of the OE will decrease with increasing age and furthermore the
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development of sensory cells slows down 287. Therefore it might be possible that the
number of GBCs decreases with age and thereby compensates for higher numbers of
HBCs resulting in similar levels of NSC gene expression in the two age groups.
For ESC markers no significant difference was observed (Figure 3-10; p>0.05),
including expression of SSEA-1 (Figure 3-10A; p>0.05), which was not in agreement with
the observed protein expression using IHC which showed a decrease in SSEA-1 in adults
(Figure 3-7). Although not significant, for SSEA-1 and c-Myc gene expression a trend was
observed which showed lower expression at adult age compared to young animals.
Together with the IHC results, it may be suggested that the number of multipotent stem
decreases with age.
For NCSC markers the expression of Sox10 was significantly lower in adult animals
compared to postnatal day 16 rats (Figure 3-11; p<0.05), which is in accordance with the
immunohistochemistry results (Figure 3-4). For the marker p75 a similar result was
observed (Figure 3-11; p<0.05). These results may suggest a decrease in the number of
NCSCs in adults compared to young rats, although also the abundance of mRNA
expression in the cells may be decreased and not the cell number. On the contrary, FoxD3
is expressed to a higher extent in adults compared to young adults (Figure 3-11), although
this result is not in agreement with the IHC results which showed the opposite (Figure 3-3
A and D). Expression of other NCSC markers such as HNK-1, snail and Sox9 was not
significantly different in the two groups (Figure 3-11; p>0.05). Based on the results in
combination with no decrease in ESC gene expression with age, it was suggested that the
number of NCSCs was similar between the two age groups.

3.2.3.1 Gene expression in olfactory mucosa of 18 months-old rats
In the previous section it was suggested that older animals as a source of OM tissue are
not necessarily disadvantageous in terms of marker expression and therefore may
potentially be a more suitable source concerning OEC-based treatments. The question
then arose whether tissue from older individuals is always better or whether there would be
an age limit for the donor concerning OEC and NCSC numbers. To study whether
differences at older age may be present in the numbers of OECs and NCSCs, OEC, ESC
and NCSC gene expression was examined in a group of older animals and compared to
expression in p16 and 3-6 months-old rats using RT-PCR. For this study 18 months-old
GFP mutated Sprague Dawley rats (SD) were used as source of OM tissue (chapter 8).
Although the different groups of rats did not share the same genetic background, it was
thought that differences in genetic background were relatively small for the studied genes in
the albino rats compared to the LH animals and therefore the gene expression patterns
were directly compared and the animal model was thought to be relevant to the study.
Average gene expression was compared and statistically analysed using a two-tailed
parametric unpaired t-test under the assumption of normally distributed gene expression
with equal variances in the populations.
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When comparing OEC gene expression in the different groups, GFAP expression
significantly decreased in the 18 months-old rat group compared to the adult LH rats
(Figure 3-8; p<0.05), whereas GFAP expression in adults was significantly higher
compared to young animals (p<0.01). These results may suggest that GFAP expression
peaks at middle age. On the contrary, αSMA gene expression was shown to further
decrease with age as the significant difference in gene expression between p16 and 18
months-old animals was even larger than the difference between p16 and adult animals
(Figure 3-8; p<0.01 and p<0.05 respectively). The difference in gene expression for this
marker between adult and old-age OM was also significant (Figure 3-8; p<0.05).
Based on these results it may be possible that numbers of OECs decrease at oldage in rats (at 18 months). As GFAP is most likely the best representative gene for OECs, it
may be suggested that the number of OECs peaks at adult age.
A possible explanation for the further decrease of αSMA expression at old age may
be the decrease of NCSC numbers with age, as NCSCs were suggested to express this
marker (Table 2-3). However, no significant differences were found in NCSC gene
expression between the three age groups (Figure 3-11; p>0.05), except for a significantly
higher expression of HNK-1 in 18 months-old rats compared to p16 (Figure 3-11; p<0.05).
These results may indicate no differences in the number of NCSCs. Moreover, gene
expression analysis of ESC markers did not show significant differences in the three age
groups (Figure 3-10; p>0.05). This may suggest that the number of multipotent stem cells
is not significantly different in the age groups which further supports the theory that the
number of NCSCs, which were thought to express SSEA-1 (Table 2-3), are similar in the
groups.

116

Figure 3-8: Comparison of gene expression profile in olfactory mucosa tissue of young, adult and GFP adult rats examined for five OEC
markers, normalised against GAPDH. GFAP expression in LH young (p16) compared to adult (3-6 months-old) animals was significantly lower
(p<0.01; two-tailed unpaired t-test) and expression was significantly higher in LH adult compared to GFP (18 months-old) adult (p<0.05; two-tailed
unpaired t-test). The expression of αSMA was significantly lower in GFP animals compared to p16 rat olfactory mucosa tissue (p<0.01; two-tailed
unpaired t-test) and between LH adult and GFP adult (p<0.05; two-tailed unpaired t-test). Expression of p75 and s100β was not significantly different in
the three groups (p>0.05; two-tailed unpaired t-test). n=4-8; * p<0.05; ** p<0.01.
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Figure 3-9: Comparison of gene expression profile in olfactory mucosa tissue of young and adult rats examined for three NSC markers,
normalised against GAPDH. NSC genes Pax6, Nestin and Sox2 were not expressed to a significantly different extent when comparing postnatal day
16 to adult (3-6 months) olfactory mucosa tissue (p>0.05, two-tailed unpaired t-test). n=7-8.
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Figure 3-10: Gene expression profile of olfactory mucosa tissue examined for five ESC markers, normalised against GAPDH. The genes for
the ESC markers SSEA-1, oct4, Sox2, c-Myc and Klf4 were all not expressed to a significantly different extent when comparing postnatal day 16 versus
adult (3-6 months) olfactory mucosa tissue and GFP adult (18 months) olfactory mucosa tissue (p>0.05; two-tailed unpaired t-test). n=4-8.
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Figure 3-11: Comparison of gene expression profile in olfactory mucosa tissue of young, adult and GFP adult rats examined for six NCSC
markers, normalised against GAPDH. Sox10 and p75 were significantly lower expressed in adult (3-6 months) compared to p16 LH rat olfactory
mucosa, whereas FoxD3 was expressed to a significantly higher extent in adult compared to postnatal day 16 rat olfactory mucosa tissue (p< 0.05, twotailed unpaired t-test). Snail, Sox9 and HNK-1 expression was not significantly different between the two groups (p>0.05, two-tailed unpaired t-test).
Whereas HNK-1 was not expressed to a significantly different extent (p>0.05; two-tailed unpaired t-test) when comparing LH p16 with LH adult (3-6
months), a significantly higher expression was observed in the GFP adult (18 months) OM compared to LH p16 OM (p<0.05; two-tailed unpaired t-test).
For both snail and p75 no significant difference was observed (p>0.05; two-tailed unpaired t-test), although for snail a trend was observed for which
snail expression decreased with age, whereas for p75 a trend was observed which showed lowest gene expression at adult age (3-6 months). n=4-8.
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3.2.4 COMPARISON OF POSTNATAL DAY 16 VERSUS ADULT RAT OLFACTORY
MUCOSA TISSUE USING

WESTERN BLOTTING

Based on the immunohistochemistry results differences in protein expression were
observed between young and adult rats as described in the previous section. However, the
difference in expression could not be quantified using IHC. The Western blotting technique
is particularly useful for semi-quantification of intracellular protein expression. Therefore to
further explore whether differences in protein expression between postnatal day 16 and 3-6
months-old adult rats directly correlate to their gene expression levels, protein was
extracted from both sources of rat olfactory mucosa tissue and analysed by Western
blotting. Protein expression was normalised against expression of the housekeeping
protein β-actin. Average protein expression (n=3) was compared and statistically analysed
using a two-tailed parametric unpaired t-test under the assumption that gene expression
was normally distributed with equal variances in the populations. Methods are described in
more detail in chapter 8. As a positive control for FoxD3 whole LH rat embryo tissue at
embryonic day 5 (E5) was used. For Sox10 adult rat brain tissue was used as positive
control. Bands of proteins are shown in Figure 3-12. Individual bands for the different
proteins in whole olfactory mucosa tissue of p16 and adult rats are shown in Figure 3-13.

Figure 3-12: Bands of FoxD3 protein expression in whole rat E5 LH rats with n=4 and
Sox10 protein expression in LH adult brain with n=3. The proteins for FoxD3 were
expressed by E5 rat embryos which was the positive control for this marker. Sox10 was
expressed in LH adult rat brains, which was the positive control for this marker.
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Analysis showed that significantly higher expression of GFAP and αSMA was found
in adults compared to young animals (Figure 3-14; p< 0.001 and p<0.05 respectively),
which was in agreement with the IHC results (Figure 3-2) and gene expression for GFAP
(Figure 3-8). These results may suggest an increased number of OECs with age.
This suggestion was further supported by significantly higher expression of p75 in
adult compared to young animals (Figure 3-14 and Figure 3-15; p<0.05). To the contrary,
the IHC results showed a decrease with age (Figure 3-3 and Figure 3-7), which was in
agreement with the gene expression results (Figure 3-8).
For FoxD3 protein expression no significant differences were found between the
two age groups (Figure 3-15; p>0.05). However, for Sox10 a significant higher expression
was found in adults compared to young rats (Figure 3-15; p<0.05), which does not reflect
gene expression analysis which showed a decrease in Sox10 expression (Figure 3-11)
and immunohistochemical analysis which showed a decrease of all NCSC markers with
age (Figure 3-4). The contradictory results may be due to the poor housekeeping protein
expression in the samples and therefore further studies are required.

Figure 3-13: Bands of protein expression in olfactory mucosa tissue of p16 and 3-6
months-old (adult) LH rats. The proteins for GFAP, αSMA, Sox10, p75, FoxD3 and β-actin
were all expressed by olfactory mucosa tissue of both p16 and adult rats. n=3.
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Figure 3-14: Comparison of protein expression profile in olfactory mucosa of young and
adult tissue for three OEC markers, normalised against β-actin. GFAP, αSMA and p75
were all expressed to a significantly higher extent in LH 3-6 months-old (adult) rat OM
compared to p16 OM (*p<0.05, ***p<0.001; two-tailed unpaired t-test). The histograms show the
average normalised protein expression of the three OEC markers (n=3).

Figure 3-15: Comparison of protein expression profile in olfactory mucosa of young and
adult tissue for three NCSC markers, normalised against β-actin. Sox10 and p75 were
expressed to a significantly higher extent in in LH 3-6 months-old (adult) rat OM compared to
p16 OM (p<0.05, two-tailed unpaired t-test), whereas the difference in FoxD3 expression was
not significantly different between the two age groups (p>0.05, two-tailed unpaired t-test). The
histograms show the average normalised protein expression of the three NCSC markers. n=3.

3.2.5 CELL CULTURE OF YOUNG AND ADULT OLFACTORY MUCOSA CELLS
To further explore the difference between young and adult animals, differences in cell
morphology and growth were studied by taking pictures of cell cultures. For this purpose
cells were isolated from postnatal day 16-18 LH rat pups, female 3-6 months-old LH rats or
18 months-old SD GFP rats. This GFP adult population was used to further study the
influence of old age (18 months) on the OM cells. Methods are described in materials and
methods section (chapter 8).
Tissue from young animals is much easier to process due to the softness of the
skull of the animal, allowing to perform a sagittal cut through the skull to approach the OM
from the side. For adult animals the OM needs to be accessed from the back side of the
skull. Enough brain was taken away so the nose became accessible followed by cutting of
the front of the nose to exclude the respiratory mucosa. Furthermore, the difference in
toughness of the OM tissue influenced the efficacy of the OM digestion. For the young
animals, enzymatic digestion was optimised and worked very well. Many cells were
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obtained after isolation and cells began to quickly grow in culture. At seven days in culture
cells formed different colonies in the flask and grew well (Figure 3-16A). On the contrary,
for adult cells the isolation process did not work optimally. Adult cells were much lower in
number, despite their larger OM, due to the low cell viability and high number of debris in
the obtained culture. An example showed that at seven days in culture hardly any viable
cells were present (Figure 3-16B). Despite unfavourable digestion circumstances for adult
animals, isolated OM cells that were viable reached confluence (Figure 3-17A) and at 26
days in culture no differences in cell morphology or cell growth were observed between
cells from the three age groups (Figure 3-17A-C).

Figure 3-16: Cell culture of rat olfactory mucosa cells from p18 and adult rats at 7 days in
culture. Culture of cells isolated from OM of p16 (A) or 3-6 months-old adult (B) LH rats using
enzymatic digestion and plated in ECM-coated flasks. Scale bars, 200 µm.

Figure 3-17: Cell culture of rat olfactory mucosa cells from p16, adult and GFP adult rats
at 26 days in culture. Culture of cells isolated from olfactory mucosa of LH p16 (A), LH 3-6
months-old adult (B) or 18 months-old GFP adult (C) using enzymatic digestion and plated in
ECM-coated flasks. Scale bars, 200 µm.

3.2.6 COMPARISON OF CELLS ISOLATED FROM POSTNATAL DAY 16 VERSUS ADULT
RAT OLFACTORY MUCOSA TISSUE USING FLOW CYTOMETRY

To further study differences in the OM between young and adult rats, expression of cellsurface proteins was studied using flow cytometry on cells isolated from p16 and adult (3
months-old) rats (n=5 for each group). This technique was performed as it is possible to be
performed on live cells, which is a requirement for FACS as a potential selection method to
obtain desired cell populations. With the intention to eventually isolate OECs for cell-based
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therapies and NCSCs as a potential alternative, the combination of cell surface markers
p75, SSEA-1 and ErbB4 was chosen.
The marker p75, expressed by both OECs and NCSCs (Table 2-3), has frequently
been used as selection marker for OECs 2. Due to its expression by EMSCs and NCSCs in
young animals (Table 2-3), it was thought that EMSCs and NCSCs from adult animals also
expressed p75 and therefore it was suggested that OEC selection based on p75 alone
would not suffice to obtain a pure population. It was thought that to distinguish between
OECs and NCSCs at least another marker is required. A marker to distinguish between
OEC and NCSCs was suggested to be SSEA-1, which was observed in NCSCs from p16
rat OM but not in OECs (Table 2-3). In addition to potential NCSC contamination when
selecting for OECs, Schwann cell contamination may also occur, which also express p75 2.
To distinguish between OECs and Schwann cells the marker ErbB4 complemented the
combination of markers, as ErbB4 is a known OEC marker and its expression in Schwann
cells is low
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. Altogether, it was thought that co-expression of p75 and ErbB4 and no

expression of SSEA-1 would be an indication of the cells to be OECs. Furthermore it was
thought that cells positive for both p75 and SSEA-1 would be NCSCs.
In the OM of young rats both EMSCs and NCSCs were suggested to be present,
which were similar in antigen expression but displayed slight differences. NCSCs were
suggested to more strongly express FoxD3 and p75 compared to EMSCs (Table 2-3).
Therefore when selecting for the NCSC population using high expression for p75, it was
thought that the combination of p75+ and SSEA-1+ would result in NCSC population, while
EMSCs would be SSEA-1+, but p75-low. ErbB4 gene expression was observed in BMSCs
as shown in Figure 4-26B and due to their similarity to EMSCs from the OM 75, it was
thought that EMSCs also express ErbB4. However, whether the other NCSC population
would express ErbB4 or not is uncertain. As the suggested NCSC population has not
previously been identified in the OM. Due to their similarities in antigen expression to
EMSCs, it was thought that NCSC might express ErbB4. The purpose of this study was to
determine whether the suggested cell populations, based on marker expression, were
present in the OM and whether a difference in cell number of different populations could be
identified in the two age groups. This study was preparatory work for isolation of OECs and
NCSCs.
At the first attempt to perform flow cytometry it became evident that instead of using
an indirect antibody reaction, it was important to use directly conjugated antibodies. In
preliminary experiments, when a primary antibody followed by a secondary antibody was
applied, the secondary antibodies bound non-specifically to some of the cells isolated from
the OM (results not shown). This observation may be explained by the presence of gland
cells in the OM tissue (Table 2-3). Furthermore, OM tissue has a very sticky nature due to
mucus forming in the tissue, which also stimulated non- specific binding of the antibodies.
Therefore directly conjugated antibodies for p75 and SSEA-1 were used, namely p75phycoerythrin (p75-PE) and SSEA-1-488 respectively. For ErbB4 no directly conjugated
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antibody could be obtained, therefore an indirect system was chosen based on biotinylation
instead of IgG. The secondary antibody, a streptavidin-labelled allophycocyanin (APC),
bound directly to the biotin on the primary ErbB4 antibody. This system reduced
background considerably, due to the strong biotin-streptavidin interaction. However, a
disadvantage of using this system lies in the potential presence of biotin in the to be
investigated tissue. If this is the case, the secondary antibody will bind non-specifically to
the cells. Due to the use of brain tissue as control -which is known to express biotin in
certain cells 301-, non-specific binding of the antibody was investigated and controlled for
(results not shown).
Cells were isolated from the whole OM tissue of p15 and 3 months-old LH rats
using enzymatic digestion and all obtained cells were cultured overnight in ultra-low
attachment flasks for the cells to recover as cell surface markers are lost during digestion of
the tissue. OM cells were stained and analysed using flow cytometry. Used methods are
described in the materials and methods (chapter 8). Due to practical reasons regarding
tissue isolation, postnatal day 15 instead of 16 day-old rats were used, which was thought
not to make a difference as the OE is fully developed after postnatal day 14 287. Cell
numbers positive for cell surface markers p75, SSEA-1 and ErbB4 were compared
between p15 and adult animals and statistical analysis was performed using a two-tailed
parametric unpaired t-test (two-tailed unpaired t-test) as the assumption was made that
gene expression was normally distributed with equal variances in the populations. A
representative single plot for cells isolated from olfactory mucosa from p15 and 3 monthsold rats and stained with SSEA-1-488, p75-PE and ErbB4-APC and control (unstained) is
shown in Figure 3-18.
Only for SSEA-1 a significantly lower expression was observed in adult compared
to younger animals (Figure 3-19; p<0.05). This observation may suggest a decrease in
number of multipotent stem cells with age. When comparing the number of OM cells from
both age groups, the numbers of p75+/SSEA-1+ cells (Figure 3-20A) and p75+/SSEA-1cells (Figure 3-20B) were not significantly different (p>0.05). On the contrary, significantly
fewer p75-/SSEA-1+ cells were observed for adults (Figure 3-20C; p<0.05), which is in
agreement with the results that showed a decrease in SSEA-1 while p75 levels remained
similar between the two groups (Figure 3-19).
In adult animals the number of cells expressing p75+/ErbB4+ was significantly
larger compared to p15 animals (Figure 3-21A; p<0.05), whereas p75+/ErbB4- (Figure
3-21B) and p75-/ErbB4+ (Figure 3-21C) populations were not significantly different in
number (p>0.05). This result may indicate an increase in the number of OECs with age and
correlates to the observed increase in GFAP expression in the previous sections. However,
EMSCs were thought to express also the combination of these markers, although
expression of p75 was thought to be lower compared to OECs. Therefore it could not be
concluded whether the number of OECs increased or not. For the ErbB4+/SSEA-1+
(Figure 3-22A), ErbB4+/SSEA-1- (Figure 3-22B) and ErbB4-/SSEA-1+ (Figure 3-22C) cell
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populations no significant difference in cell number was observed between the different
ages (p>0.05).
Figure 3-23 shows the number of cells staining for the relevant combinations of
markers as described above and Figure 3-23D shows the number of cells within the cell
populations based on the combination of p75, SSEA-1 and ErbB4 expression in both age
groups, which was not significantly different (p>0.05). As mentioned above p75+/SSEA-1/ErbB4+ cells were thought to be OECs. This population was not significantly different in
size when comparing younger and adult sources, although a trend was observed which
showed higher numbers in adult compared to young OM (Figure 3-24C). NCSCs were
thought to be expressing p75+/SSEA-1+/ErbB4- or p75+/SSEA-1+/ErbB4+. Both of these
populations were not significantly different (p>0.05) in number between young and adult
OM (Figure 3-24B) and (Figure 3-24A) respectively.
In summary, although it may be suggested based on the difference in the number of
p75+/ErbB4+ cells between young and adult animals that the number of OECs increased
with age, the lack of difference in the number of p75+/SSEA-1-/ErbB4+ cells suggests that
no difference in numbers of OECs is present between the two age groups. Also the lack of
difference in p75+/SSEA-1+/ErbB4+ cell numbers -most likely containing the EMSC
population- and the p75+/SSEA-1+/ErbB4- cell numbers may suggest that the number of
NCSCs do not change with age. However, the decrease of SSEA-1 expression with age
may indicate a general loss in number of multipotent stem cells with age.
Although marker combinations were chosen to identify OECs and NCSCs, it needs
to be confirmed whether the observed populations with flow cytometry are indeed the
OECs and NCSCs. For this purpose selected populations need to be cultured and
characterised, which merits further studies.
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Figure 3-18: Representative flow cytometry plots of olfactory mucosa cells isolated from
p15 and adult rats unstained (control) and stained for SSEA-1-488, p75-PE and ErbB4APC. Cells were isolated from p15 and female 3 months-old adult LH rat OM. The lines indicate
the threshold for positive staining. Above or to the right of the threshold cells were considered
positive for the particular marker. R1-R12 represent the areas with the number of positive and/
or negative cells for staining based on the thresholds. The percentages are calculated based on
the number of cells in the specific area compared to the total amount of cells that have been
counted by the flow cytometer.
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Figure 3-19: Comparison of single cell surface marker expression for p75, SSEA-1 and
ErbB4 between young and adult OM. Using flow cytometry analysis significantly higher
expression was observed between p15 and female 3 months-old adult LH rat OM in the number
of cells expressing SSEA-1 only (B; p<0.05), whereas for p75 (A) and ErbB4 (C) no significant
difference was observed (p>0.05). n=5; analysed using two-tailed unpaired t-test.

Figure 3-20: Comparison of expression of the combination of p75 and SSEA-1 between
young and adult OM. Using flow cytometry analysis no significant difference in number of cells
was observed between p15 and female 3 months-old adult LH rat olfactory mucosa in the
number of cells expressing p75+/SSEA-1+ (A; p>0.05) and p75+/SSEA-1- (B; p>0.05), whereas
the number of cells expressing p75-/SSEA-1+ was significantly larger in young compared to
adults (C; p<0.05). n=5; analysed using two-tailed unpaired t-test.
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Figure 3-21: Comparison of expression of the combination of p75 and ErbB4 between
young and adult OM. Using flow cytometry analysis the number of cells expressing
p75+/ErbB4+ was significantly larger in female 3 months-old adult compared to p15 LH rat
olfactory mucosa (A; p<0.05), whereas no significant difference was found in the number of
cells expressing p75+/ErbB4- (B; p>0.05) and p75-/ErbB4+ (C; p>0.05). n=5; analysed using
two-tailed unpaired t-test.

Figure 3-22: Comparison of expression of the combination of ErbB4 and SSEA-1 between
young and adult OM. No significant difference in number of cells was observed between the
postnatal day 15 and female 3 months-old adult LH rat OM cells expressing for ErbB4+/SSEA1+ (A), ErbB4+/SSEA-1- (B) and ErbB4-/SSEA-1+ (C). n=5; analysed using two-tailed unpaired
t-test.
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Figure 3-23: Comparison of expression of the combination of markers for p75, SSEA-1
and ErbB4 between young and adult OM. Using flow cytometry analysis no significant
difference was observed between p15 and female 3 months-old adult LH rat olfactory mucosa in
the number of cells expressing p75+/SSEA-1- (A), ErbB4+/SSEA-1+ (C) and p75+/SSEA1+/ErbB4+ (D), whereas adult OM showed a significantly higher number of cells expressing
p75+/ ErbB4+ (B; p<0.05). n=5; analysed using two-tailed unpaired t-test.

Figure 3-24: Comparison of expression of the combination of markers for p75, SSEA-1
and ErbB4 between young and adult OM. Using flow cytometry analysis no significant
difference was observed (p>0.05) between p15 and female 3 months-old adult LH rat olfactory
mucosa in the number of cells expressing p75+/SSEA-1+/ErbB4+ (A), p75+/SSEA-1-/ErbB4+
(B) and p75+/SSEA-1-/ErbB4+ (C). n=5; analysed using two-tailed unpaired t-test.
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3.2.7 SUMMARY AND IMPLICATIONS OF PRESENT RESULTS FOR CHOICE OF
SOURCE FOR CELL- BASED THERAPIES

The main objective of this chapter was to study the difference in young and adult tissues to
determine whether adult donors would also be suitable to use for cell-based treatments in
addition to young sources. Based on the results it was suggested that a higher number of
OECs is present in adults compared to young rats, which was reflected by the
immunohistochemical analysis for GFAP and αSMA and the gene expression of GFAP and
ErbB4. Also the higher protein expression of GFAP, αSMA and p75 supported this
suggestion. Flow cytometry results also showed a higher number of p75+/ErbB4+ cells in
adults compared to young animals, which were thought to contain the OEC population.
However, the number of p75+/SSEA-1-/ErbB4+ cells, which were thought to constitute the
OEC population, was not significantly different in the two age groups, although a trend was
observed which showed higher numbers in adult compared to young OM. To ascertain
whether the population of p75+/SSEA-1-/ErbB4+ cells constitutes the OECs further studies
are required. As ensheathing is a unique characteristic of OECs, co-cultures of isolated
cells (using the above combination of markers) and neurons need to be performed to study
whether ensheathment occurs.
Based on the expression of NCSC markers in adult OM tissue, it may be suggested
that NCSCs are present in this tissue, which may emphasize the requirement for a unique
combination of markers for OECs due to their overlap in expression. When comparing
NCSC marker expression in the two age groups, results were inconsistent. Although all
studied NCSC markers showed lower expression in adult compared to young OM when
using IHC, gene expression analysis showed increase expression of FoxD3 and Western
blotting analysis showed no difference in FoxD3 protein expression and for Sox10 and p75
an increase in expression. A possible reason for the difference in results may be that IHC
results are not quantitative, just an indication of expression. As Sox10 is also expressed by
embryonic OECs 110, it is possible that this marker is also expressed by adult OECs, which
may suggest that higher expression of Sox10 is a result of higher numbers of OECs in adult
OM compared to p16 OM. As no difference in FoxD3 protein expression was observed with
Western blotting, it supports the suggestion that no difference in NCSC numbers is present
between the two age groups, which is in agreement with the lack of difference observed for
the number of p75+/SSEA-1+ cells- which were thought to constitute the NCSC population.
To ascertain that NCSCs are present in the OM and could be sorted for using p75 and
SSEA-1, the cells need to be isolated, cultured and differentiated using several culture
conditions to confirm their multipotency and their NCSC identity 93 302.
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3.3 CONCLUSION
In conclusion, both OECs and NCSCs were suggested to be present based on antigen
expression and gene expression patterns using IHC, RT-PCR, Western blotting and flow
cytometry. Furthermore, differences between young and adult tissue were present both at
gene and protein levels. Immunohistochemistry, Western blotting, flow cytometry and PCR
studies indicated a potential increase in the number of OECs with age, when comparing
postnatal day 15-16 and adult rats, whereas for NCSCs the data is less consistent.
However, flow cytometry showed that numbers of suggested NCSCs are similar in both age
groups. Therefore it was suggested that adult donors may be a potential source of NCSCs
and potentially could obtain larger OEC numbers compared to younger donors. These
results support the strategy to use autologous cells for treatment of neuronal injury.
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4. CHARACTERISATION OF OLFACTORY MUCOSA CELLS IN CULTURE
AND THEIR SELECTION

4.1 INTRODUCTION AND AIMS
To create a strategy for isolation of individual cell types, it is important to understand which
cell types are present in the cultures after cell isolation. In the present study different
isolation methods and culture techniques were used to learn which cell types were present
and how cells would behave in vitro under different culture conditions.
Cells were isolated from the tissue by gentle digestion using collagenase and
trypsin. This isolation method was used to maintain sensitive cell types in culture, which
could potentially be lost using more severe digestion methods. This procedure yielded both
individual cells in suspension and tissue fragments that did not digest fully. These tissue
fragments were plated in flasks and cultured as explants to learn which cell types were able
to migrate from the explant into the flask. Cell differentiation was used to examine the stem
cell properties of these cells. In addition to antigen expression, differentiation of cells can
be used as a method to learn their origin, as cells differentiate into specific cell types under
specific cell culture conditions. For instance specific culture conditions allow mesenchymal
stem cells to differentiate into adipocytes, osteoblasts or chondrocytes 86. Moreover, it has
been suggested that MSCs were able to differentiate into neurons under specific cell
culture conditions 303. It is known that embryonic neural crest stem cells could differentiate
into autonomic neurons, sensory neurons, glia and SMA-positive cells under specific
culture conditions 122. Furthermore NCSCs from adult tissues are able to differentiate into
multiple cell types, including neuronal and glial cells 101. Based on observations from
chapter 2 (Table 2-3), it was thought that neural crest (derived) multipotent stem cells may
be present in the cultures in the form of EMSCs and NCSCs. Given the suggested
presence of these cell types, it was thought that neuronal differentiation would take place
under special culture conditions 299 101.
A second culture method involved the induction of sphere formation, which was
used as a method to culture stem cells. Self-renewal is one of the characteristic properties
of stem cells 93 and neurosphere cultures have been used to culture neural stem cells 77.
This type of culture was used as an alternative method to culture cells from olfactory
mucosa. It already has been shown that multipotent stem cells from the olfactory mucosa
can be cultured in this way

75 77 110 299

.

Enzymatic digestion was used as a more vigorous isolation method for isolation of
OECs, based on the protocol by Dai et al. 304. In this particular study cells, isolated from the
olfactory mucosa, were examined for their antigen expression by immunocytochemistry
following in vitro culture. As it was thought that in addition to OECs, EMSCs and NCSCs
may be present in culture, cells were stained for OEC, NSC, NCSC and the ESC marker
SSEA-1.
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If it is intended to use OECs for cell-based therapies and hence high numbers of
OECs in culture are required, it is important to effectively isolate OECs from the OM. Due to
the suggested presence of EMSCs and NCSCs in the cultured OM cells, it was important to
examine whether these NCSCs share marker expression with OECs to avoid
contamination. BMSCs are very similar in antigen expression to the identified EMSCs in the
LP 75. Moreover, a small population of BMSCs derived from the neural crest and is
considered to be a NCSC population 84. These cells share origin with the EMSCs and
therefore it was suggested that the cells would be very similar in antigen expression.
Therefore in the present study, isolated OM cells were compared to BMSCs to investigate
whether MSCs express OEC markers.
Heterogeneity of OECs makes their isolation and characterisation difficult.
Moreover, difficulties with OEC isolation result in further problems: 1) low cell numbers, 2)
low reproducibility of the studies and 3) difficulties determining the therapeutic effect of the
cells. Furthermore, efficacy of transplantation of OECs depends among other factors on
their source and method of preparation 28. Although the question whether the use of a pure
population of OECs or a mixture results in the highest therapeutic efficacy is not in the
scope of this chapter, it is thought that to reliably determine therapeutic efficacy of a cell
source, its components -either a single cell type or a combination- require full
characterisation. To accomplish this for OECs, a reliable and reproducible isolation method
is required to obtain a relatively pure population of OECs. Furthermore, with a fully
characterised cell source adverse effects of the treatment may be better anticipated.
Differential adhesion has been used in the past as a selection method for OECs 2.
The principle is based on elimination of fibroblasts from the culture due to their strong
adherence to plastic, whereas OECs do not adhere 2. Given that Delorme et al. 2010
showed that EMSCs are very similar to BMSCs 75 and given that all MSCs display the
characteristic of adherence to plastic 84, it was thought that not only fibroblasts present in
the OM culture, but also EMSCs and/or NCSCs would be eliminated from the culture by
using differential adhesion to select for OECs. To test this hypothesis, cell populations were
obtained using differential adhesion and their cell morphology, antigen expression and
gene expression profile were studied.
As it was thought that NCSCs alone may be an alternative source for cell-based
treatments, it was attempted to use a similar principle to differential adhesion to select
these cell populations and obtain a relatively pure culture. While it was thought that OECs
would not be present in the culture growing on uncoated plastic -the ‘non coat’ population-,
EMSCs and/ or NCSCs were thought to be present in this population. Therefore as a
starting point for further selection these ‘non coat’ cell populations were used. When
isolating BMSCs the characteristic of plastic adherence is used to separate BMSCs from
hematopoietic cells. As fibroblasts and epithelial cells also adhere to plastic, a two-minute
trypsination was used to purify the MSC culture by eliminating unwanted cell types based
on their stronger adherence compared to MSCs 305. In this study the same principle was
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used for selection of EMSCs and/or NCSCs due to their similarity to BMSCs 75. By
frequently passaging the cells, it was thought that the cultures would be purified over
passage number.
In addition to using cell culture techniques to select for certain cell populations,
antigen expression profiles of desired cell populations were used to distinguish one
population from another. A commonly used technique for cell sorting is FACS, which allows
live sorting of cells based on a combination of markers. It is well known that p75 is a
common marker for selection of OECs 2, but it is also expressed by NCSCs 100 109 124 125 126
131 132 133

. Therefore it was suggested that selecting for OECs using only p75 would not be

suitable due to the presence of EMSCs and NCSCs in the OM.
To effectively isolate OECs without contamination of other cell types it is important
to select a unique combination of markers to obtain relatively pure populations of cells.
Based on the observations from chapter 2 (Table 2-3) it was thought that co-expression of
p75 and ErbB4 and no expression of SSEA-1 may be an indication of the cells to be OECs
and it was thought that cells positive for both p75 and SSEA-1 are NCSCs (as described in
chapter 2). In this chapter the combinations of these markers were used to sort for the
OEC and NCSC populations. Postnatal day 16 LH rats were used as a source of tissue and
cells as this particular age has previously been used for characterisation of tissue (chapter
2). Methods are described in detail in the materials and methods section (chapter 8).
The specific aims are described below:
1. To culture olfactory mucosa cells using different isolation methods and culture
techniques
2. To differentiate isolated cells using neural stem cell differentiation factors to study
their stem cell properties
3. To compare gene and protein expression of olfactory mucosa cells to BMSCs from
the rat
4. To use differential adhesion methods to isolate OECs
5. To use various cell culture methods to select for NCSCs
6. To use cell sorting to select different cell populations
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4.2 RESULTS AND DISCUSSION
4.2.1 OLFACTORY MUCOSA CELL CULTURE AND DIFFERENTIATION
4.2.1.1 Culture of dissociated olfactory mucosa cells and tissue explants and
their differentiation
Cells were isolated from the olfactory mucosa of postnatal day 16 rats using a gentle
digestion method as described in detail in the materials and methods (chapter 8). Cells,
which were dissociated during digestion, formed spheres or directly attached to the culture
flasks (Figure 4-1A-B). Pieces of incompletely digested OM tissue were plated as explants.
Most explants attached to the bottom of the culture flasks (Figure 4-1C) and after five days
in culture, cells began to migrate away from these explants (Figure 4-2C). The dissociated
cells that attached to the culture flask began to proliferate at five days in culture (Figure
4-2A-B). Twelve days after isolation, these dissociated cells proliferated slowly (Figure
4-3A-B) in contrast to the many cells which migrated away from the explants, which
proliferated more extensively and formed a confluent monolayer (Figure 4-3C-D).

Figure 4-1: Olfactory mucosa cell and explant culture three days after isolation.
Dissociated cells from postnatal day 16 rat OM, formed spheres or directly adhered to the
culture flasks (A-B). Incompletely digested OM tissue was plated as explant. Most explants
adhered to the culture flasks (C). The explants that did not adhere, did not survive (D). Scale
bars, 200 µm.
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Figure 4-2: Olfactory mucosa cell and explant culture five days after isolation. Dissociated
cells from postnatal day 16 rat olfactory mucosa started to proliferate (A-B). Cells began to
migrate away from OM explants (C). Scale bars, 200 µm.

Figure 4-3: Olfactory mucosa cell and explant culture twelve days after isolation. Only few
dissociated cells from postnatal day 16 OM at 12 days in culture were present (A-B) in contrast
to the many cells that migrated away from these explants which formed a confluent monolayer
(C-D). Scale bars, 200 µm.

Cultured cells which were fully dissociated during isolation and cells which migrated out of
the undigested pieces of OM tissue were seeded onto glass coverslips and stained for
different markers using immunocytochemistry as described in detail in the materials and
methods (chapter 8). As the interactions between the cells and the material they adhere to
may influence cell behaviour, two different coating materials were used to culture the cells.
Laminin was used as this extracellular matrix protein promotes cell adherence and is often
used to culture stem cells and neurons 306. On the contrary, poly-L-lysine (PLL) was used
as a material to prevent cells from directly adhering and forming spheres according to a
previously used protocol 299. Difference in cell behaviour was observed for cells plated onto
the different coatings: cells tended to spread out and adhered more strongly to laminin,
whereas on PLL-coated coverslips the cells attached to the PLL aggregates and formed
spheres on top of these aggregates (results not shown). The reason that the spheres were
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not in suspension was most likely due to the formation of these aggregates which the
spheres preferred to adhere to.
Cells isolated from the OM included epithelial as well as lamina propria cells as the
whole tissue was digested and no separation was performed. However, due to the isolation
process and culture conditions it was thought that neurons would not survive, which may be
indicated by the lack of neuronal marker expression such as β3tubulin in cells cultured on a
laminin-coated surface (Figure 4-4C) and PLL-coated surface, with the latter showing nonspecific staining in spheres (Figure 4-5A). Also Pax6 staining was non-specific in cells
cultured on laminin coated surfaces (Figure 4-4A-D and Figure 4-5A-B, C-D). For PLL
coated surfaces secondary antibodies may have directly interacted with the PLL resulting in
non-specific staining for Pax6, whereas for laminin coated surfaces it appears that nonspecific staining was due to non-specific binding of the primary antibody as the control
(secondary antibody only) did not show staining. Indicated by the antigen expression in
cells cultured on both laminin- and PLL-coated surfaces it was suggested that the cells
isolated from the OM were a mixed population.
On laminin-coated surfaces some of the cells expressed s100β, which was
expressed both in the cytoplasm and nucleus as seen in some of the cells (Figure 4-4D).
Also in spheres, cells expressed s100β (Figure 4-5B) both in the nucleus and cytoplasm.
In adult brain s100β is expressed in the cytoplasm of astrocytes and in the PNS this marker
is expressed in myelin-forming Schwann cells. It is thought that in the adult CNS s100β is
involved in differentiation of specific cell types. Nuclear s100β is transiently expressed by
oligodendroglial progenitor cells and it has been suggested that it is important for
oligodendroglial cell and astrocyte maturation. The dual localisation of s100β in both the
nucleus and cytoplasm suggests that s100β may be involved in both nuclear and
cytoplasmic cell processes 307. The presence of nuclear s100β in OM cells in culture may
be an indication of glial cell maturation.
The MSC markers STRO-1 (Figure 4-4A) and CD44 (Figure 4-4B) were not
detected in cells cultured on laminin, as the little signal present in the cells was thought to
be background staining. On the contrary, cells that formed spheres on the PLL-coated
surfaces stained for the MSC marker STRO-1 (Figure 4-5D). In individual cells staining for
CD44 was not detected (Figure 4-5E). Although MSC markers were not detected in cells
cultured on laminin, it is not certain that olfactory cells on laminin did not express STRO-1.
A potential explanation for the lack of marker expression in cells cultured on laminin was
that the signal was too weak to be detected in individual cells and when cell spheres were
formed -as the cells did on PLL-coated coverslips - the STRO-1 signal potentially would
have been detected. On the other hand sphere structures might show non-specific staining
due to the non-specific binding of antibodies to ECM proteins which may be released by
cells.
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Figure 4-4: Immunostaining of olfactory mucosa cells plated on laminin-coated
coverslips (day 1). Cells isolated from postnatal day 16 rat OM were plated on laminin-coated
coverslips and stained. Cells were weakly positive for s100β (D). Cells did not express neuronal
marker β3 tubulin (C) and staining for STRO-1 (A), CD44 (B) and Pax6 (A-D) and was nonspecific. Secondary donkey anti rabbit (green) and donkey anti mouse (red) antibodies only
were used as negative control (-/+; E). Cell nuclei were stained with DAPI (blue). Scale bars, 40
µm.

Figure 4-5: Immunostaining of olfactory mucosa cells plated on poly-L-lysine coated
coverslips (day 1). Cells isolated from postnatal day 16 rat OM were plated on poly-L-lysine
coated coverslips and stained. Markers s100β (B), and STRO-1 (D) were expressed in cells that
formed spheres. No staining of CD44 was observed in individual cells (C) and staining for β3
tubulin (A) and Pax6 (A-B, C-D) was non-specific. Secondary donkey anti rabbit (green) and
donkey anti mouse (red) only were used as negative control (-/+, C, F). Cell nuclei were stained
with DAPI (blue). Scale bars, 40 µm.
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In addition to antigen expression, the ability of olfactory mucosa cells to differentiate into
other cell types was examined to learn about their stem cell properties. Both dissociated
cells and cells, which had migrated away from undigested parts of the tissue plated as
explants, were replated. These replated cells were cultured in Dulbecco’s modified Eagle
medium and Ham’s F12 medium (DMEM-F12) Glutamax supplemented with 10% FBS and
antibiotics for three days before differentiation medium was applied (Figure 4-6A-D).
Neuronal differentiation was induced using laminin (coating on coverslip) or retinoic acid in
combination with culture medium, containing bFGF, B27 and N2 to favour neuronal
differentiation as described in the material and methods (chapter 8). Retinoic acid is a wellknown drug to use to induce neuronal differentiation and therefore this compound was
chosen 303. The ECM glycoprotein laminin was chosen as it plays an important role in
neuronal differentiation: it is involved in neurite formation, extension, migration and
regeneration 308. Furthermore, it was observed that MSCs, adhered to laminin and cultured
in medium free of differentiation factors, showed neurite outgrowth 309.
Antigen expression was studied to determine the success rate and type of cell
differentiation. After seven days of differentiation, the cells, originally isolated from cell
suspension, displayed a different and more neuronal cell morphology (Figure 4-7A). This in
contrast with cells that had migrated away from explants, which did not appear to display
different cell morphology from the start of differentiation (Figure 4-7B-C). Even though cell
morphology appears to be neuronal, immunocytochemistry results showed that no increase
in neuronal marker expression was observed. Cells expressed more s100β and some cells
also expressed GFAP (Figure 4-8A), which possibly may indicate that the cells could have
been differentiated into a glial cell type. Considering that different multipotent stem cells are
present in the OM, including a suggested NCSC population (observed in chapter 2), it is
might be possible that these cells could have been differentiated into glial cells as this is
one of the potential phenotypes NCSCs could differentiate into 101, although due to short
differentiation duration this may be unlikely.
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Figure 4-6: Culture of dissociated cells and cells, migrated away from undigested parts of
OM tissue plated as explants, 3 days after replating and prior to differentiation. Culture of
dissociated cells 3 days after replating on laminin (A) and poly-L-lysine (B). Cells, which
migrated away from explants, at 3 days in culture after replating on laminin (C) and poly-L-lysine
(D). Scale bars, 200 µm.

Figure 4-7: Culture of dissociated cells isolated from olfactory mucosa and cells, which
had migrated away from undigested parts of the tissue plated as explants, in
differentiation medium for 7 days. Cells isolated from whole olfactory mucosa cultured in
differentiation medium (A-B). Cells appeared to display long processes that are characteristic of
neurons and glia, indicated with red circle (A). Cells isolated from olfactory mucosa replated on
poly-L-lysine and cultured in differentiation medium, treated with 100 µM retinoic acid (C). Scale
bars, 200 µm.
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Figure 4-8: Cells isolated from olfactory mucosa replated onto laminin-coated coverslips
were fixed after 7 days of differentiation and stained with s100β and GFAP. The cells
expressed GFAP and both nuclear and cytoplasmic s100β (A). Secondary donkey anti rabbit
(green) and donkey anti mouse (red) only were used as negative controls (-/+, B). Cell nuclei
were stained with DAPI (blue). Scale bars, 50 µm.

In summary, cells isolated from the olfactory mucosa and cells grown from explant culture
showed long cell processes characteristic of neuronal and glial cell morphology upon
culture with various differentiation factors. However, instead of showing an increase in
neuronal marker expression, the cells expressed glial markers including s100β and GFAP,
suggesting that no neuronal differentiation took place.

4.2.1.2 Sphere formation and differentiation of cells isolated from olfactory
mucosa
Multipotent stem cells from the OM have been cultured in spheres

75 77 110 299

. For this

study an attempt was made to culture isolated OM cells as neurospheres to study presence
of multipotent stem cells. To obtain full digestion of the tissue and hence to obtain all cells
in suspension, a more vigorous digestion was used to isolate cells from the OM of postnatal
day 16 rat. The digestion was based on the previously used method used in section 4.2.1.1
but Dispase was added as a preceding step to collagenase. Dissociated cells were plated
in PLL-coated flasks to prevent them from directly adhering and forming spheres according
to a previously used protocol 299. In addition, cells were plated into non-coated flasks as it
was thought that only fibroblasts in culture would directly adhere to plastic and that the
multipotent stem cells, which were thought to be NC-derived based on previous
observations (Table 2-3; chapter 2) were not expected to adhere to plastic as it is known
that NCCs require extracellular matrix for adherence and growth 94 310 as well as NCSCs
106

. Used methods are described in detail in the materials and methods section (chapter 8).
Both in non-coated and poly-L-lysine-coated flasks sphere-like structures were

formed two days after plating (Figure 4-9A) and (Figure 4-9B) respectively. The cells were
cultured in DMEM-F12 Glutamax supplemented with human EGF and FGF to stimulate
neurosphere formation. At six days in culture the cells adhered to the surface of both noncoated (Figure 4-10A-C, E-F) and PLL-coated culture flasks (Figure 4-10D), although for
non-coated flasks adherence was considerably more profound. The sphere-like structures
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also settled and cells began to migrate away from them (Figure 4-10B, E). An explanation
for the large amount of cells which adhered to the non-coated plate could be proliferation of
the few cells in culture that grow on plastic surfaces. Furthermore, it was thought that
presence of these increasing numbers of these cells may have caused differentiation of
sphere-forming cells which were on top of this cell layer due to cell signalling between the
two cell types. Apparently, PLL-coated surfaces prevented cells from adherence.
Cells isolated from rat olfactory mucosa and cultured under neurosphere-inducing
conditions were replated on poly-L-lysine-coated coverslips and cultured as adherent cells
in differentiation medium (neurobasal medium supplemented with 50 ng/mL bFGF, 1U B27
and 1U N2). To compare cell morphology before and after differentiation, pictures were
taken at different time points. At the start of differentiation (day 1), the cells appeared to be
elongated with short, thick processes (Figure 4-11A-D). The cells appeared to maintain
their morphology after two days in differentiation medium (Figure 4-12A-C). After three
days in the medium, cells began to grow longer processes as indicated with red arrows
(Figure 4-13A-C). After six days of differentiation, these processes were considerably
longer, which may be an indication for neuronal differentiation.

Figure 4-9: Cells isolated from olfactory mucosa 2 days after isolation and cultured under
conditions stimulating neurosphere formation. Cells isolated from postnatal day 16 rat
olfactory mucosa formed sphere-like structures, resembling neurospheres, when cultured under
neurosphere-inducing conditions. Isolated OM cells were plated into non-coated (A) and poly-Llysine-coated (B) flasks and cultured in DMEM-F12 supplemented with 50 ng/mL EGF and 50
ng/mL human bFGF. Scale bars, 200 µm.
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Figure 4-10: Cells isolated from olfactory mucosa 6 days after isolation and cultured under conditions stimulating neurosphere formation.
Cells isolated from adult rat olfactory mucosa formed neurosphere-resembling structures from which cells migrated away at 6 days in culture. The cells
were cultured for 6 days under neurosphere-inducing conditions after being isolated from olfactory mucosa and plated into non-coated (A-C, E-F) and
poly-L-lysine-coated (D) flasks. Cells were cultured in DMEM-F12 supplemented with 50 ng/mL EGF and 50 ng/mL human bFGF. Cells attached to the
flask independent of whether the flasks were not-coated or poly-L-lysine-coated. In addition, some spheres settled on the flask surface and cells
migrated away from these structures (B, E). Scale bars, 200 µm.
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Figure 4-11: Culture of cells isolated from olfactory mucosa in differentiation medium for
1 day. Cells isolated from olfactory mucosa were cultured under neurosphere-inducing
conditions. Cells, dissociated from sphere-like structures of primary cultures, were replated on
poly-L-lysine-coated coverslips and cultured in differentiation medium (Neurobasal
supplemented with 1U B27, 1U N2 and 50 ng/mL human bFGF) as adherent cells (day 1; A-D).
Scale bars, 200 µm.

Figure 4-12: Culture of cells isolated from olfactory mucosa in differentiation medium for
2 days. Cells isolated from olfactory mucosa were cultured under neurosphere-inducing
conditions. Cells, dissociated from sphere-like structures of primary cultures, were replated on
poly-L-lysine-coated coverslips and cultured in differentiation medium (Neurobasal
supplemented with 1U B27, 1U N2 and 50 ng/mL human bFGF) as adherent cells (day 2; A-C).
Scale bars, 200 µm.
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Figure 4-13: Culture of cells isolated from olfactory mucosa in differentiation medium for
3 days. Cells isolated from olfactory mucosa were cultured under neurosphere-inducing
conditions. Cells, dissociated from sphere-like structures of primary cultures, were replated on
poly-L-lysine-coated coverslips and cultured in differentiation medium (Neurobasal
supplemented with 1U B27, 1U N2 and 50 ng/mL human bFGF) as adherent cells (day 3). Cells
that were in differentiation medium for 3 days began exhibiting longer processes, as indicated
with red arrows (A-C). Scale bars, 200 µm.

Figure 4-14: Culture of cells isolated from olfactory mucosa in differentiation medium for
six days. Cells isolated from olfactory mucosa were cultured under neurosphere-inducing
conditions. Cells, dissociated from sphere-like structures of primary cultures, were replated on
poly-L-lysine-coated coverslips and cultured in differentiation medium (Neurobasal
supplemented with 1U B27, 1U N2 and 50 ng/mL human bFGF) as adherent cells (day 6). Cells
cultured in differentiation medium for 6 days exhibited longer processes, which give them a
neuronal-like cell morphology, indicated with red arrows (A-D). Scale bars, 200 µm.

In addition to studying cell morphology, again differentiation was assessed by studying
antigen expression of cells as in the previous section. At the start of differentiation (day 1),
some cells expressed s100β both in their cytoplasm and nucleus (Figure 4-15A) and also
some cells weakly expressed GFAP (Figure 4-15B). Based on these results, it was
suggested that OECs were present in the sphere culture. Although the neuronal marker
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β3tubulin appeared to be expressed by the cells, staining was found to be non-specific
because the cells did not show the typical staining pattern for β3 tubulin which would be
tubule staining and not punctate (Figure 4-16A-C). This result suggests that these cells are
not neurons, which was expected at day 1 of differentiation. Pax6 was observed in the
cells, although its expression pattern was punctate. Therefore this staining might be nonspecific.
After six days of differentiation and fixation of the cells, some of the cells expressed
OEC markers s100β and GFAP. To the contrary, β3tubulin expression was not observed
(Figure 4-17A) and Pax6 expression was low and appeared to be non-specific (Figure
4-17A). GFAP staining intensity appeared to be increased at this time point (Figure 4-17B).
Based on these observations, it may be suggested that some cells differentiated into a glial
cell type and did not undergo neuronal differentiation under the used conditions. However,
based on OEC marker expression at the start of differentiation, it may very well be that the
cells that were analysed at day 6 of differentiation were OECs or other GFAP-expressing
cells. It is very difficult to determine neural differentiation success of these cells as the cell
population is heterogeneous.

Figure 4-15: Expression of s100β and glial fibrillary acidic protein (GFAP) by cells
isolated from olfactory mucosa. The cells were cultured under conditions inducing
neurosphere-formation, replated and cultured in differentiation medium as adherent cells (day
1). Cells were cultured on poly-L-lysine-coated coverslips in differentiation medium (start of
differentiation) and fixed after 24 hours. GFAP was expressed in some cells, but not all (B). The
marker s100β was expressed in the cytoplasm of some cells and for other cells in both
cytoplasm and nucleus (A-B). Cell nuclei were stained for DAPI (blue). Scale bars measure 10
µm.
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Figure 4-16: Staining of olfactory mucosa cells with neuronal marker β3tubulin and stem
cell marker Pax6. The cells were cultured under conditions inducing neurosphere-formation,
replated and cultured in differentiation medium as adherent cells (day 1). Cells were cultured on
poly-L-lysine-coated coverslips in differentiation medium (start of differentiation) and fixed after
24 hours. Expression of β3tubulin (A-C) and Pax6 (B-C) appeared to be non-specific. Cell
nuclei were stained with DAPI (blue). Scale bars, 10 µm.

Figure 4-17: Staining of cells isolated from olfactory mucosa with β3tubulin, Pax6, GFAP
and s100β. Cells were isolated from olfactory mucosa and cultured under neurosphereinducing conditions, replated and cultured in differentiation medium as adherent cells (day 6).
Cells were replated on poly-L-lysine-coated coverslips and fixed after 6 days in differentiation
medium (start of differentiation) and stained. Expression of β3tubulin (A) and Pax6 (A) was
observed in the analysed cells, but staining patterns were considered to be non-specific. GFAP
was expressed in the analysed cells which co-expressed nuclear s100β (B). Cell nuclei were
stained with DAPI (blue). Scale bars, 20 µm.

In summary, olfactory mucosa cells were isolated and an attempt was made to induce the
formation of neurospheres. Cultured cells formed sphere-like structures in both non-coated
and PLL-coated flasks. Some of these structures adhered to the surface of the flask and
either cells migrated away or adherent cells formed connections with the structures. The
cells formed longer processes under the differentiation culture conditions, but no increase
in neuronal marker expression was detected. On the other hand, GFAP appeared to be
increased in the differentiated cultures and therefore it might be possible that either glial
cell differentiation or maturation took place.
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4.2.2 STUDY OF OLFACTORY ENSHEATHING AND STEM CELL MARKERS IN
OLFACTORY MUCOSA CELL CULTURE

To study whether OEC, MSC, NSC, ESC and NCSC markers are also expressed in vitro,
cells were isolated from olfactory mucosa tissue using enzymatic digestion, an even more
vigorous digestion method compared to the previously used methods (as described above),
and plated onto ECM-coated coverslips. This isolation procedure was based on a
previously used method by Dai et al. 304. Briefly, whole OM tissue from p16 rats was
digested using filter-sterilised Dispase II (2.3U/mL) solution in 1×PBS at 37ºC for 40-45
minutes, followed by incubation with a 0.005% collagenase solution in 1× DPBS for 20
minutes at 37ºC and digestion in 0.05% trypsin-EDTA in 1×PBS for 5 minutes. A more
extensive description can be found in the materials and methods section 8.1.9. The cells
were cultured for 2 days in complete DMEM-F12 medium, followed by ice-cold methanol
fixation. Expression of markers was studied using immunocytochemistry. Methods are
described in detail in the materials and methods section (chapter 8).
The cultured olfactory mucosa cells expressed GFAP (Figure 4-18; Figure 4-20B)
and αSMA (Figure 4-18; Figure 4-20A), although not all cells expressed both markers.
Most cells expressed αSMA, although expression was not observed in all cells to the same
extent (Figure 4-18; Figure 4-20A) and some cells were positive and other cells were
negative for GFAP (Figure 4-18 and Figure 4-20B). Co-staining of GFAP and αSMA
showed that some cells were highly positive for GFAP, while weakly expressing αSMA
(Figure 4-18B-D; white arrows) and other cells highly expressed αSMA and stained weakly
for GFAP (Figure 4-18B-D; yellow arrows). These results may suggest that the cultured
population was not homogeneous either by presence of subpopulations of OEC or by
presence of other cell types in the culture. Expression of p75 was observed in all analysed
cells (Figure 4-20C).
When staining for MSC markers it was observed that STRO-1 (Figure 4-19A and
Figure 4-20D) and CD90 (Figure 4-19C and Figure 4-20E) were expressed by the cells.
For STRO-1 the staining was observed in the nucleus (Figure 4-19A), which was
unexpected as STRO-1 is a surface marker. Therefore this staining was repeated.
However, the second staining produced exactly the same result (Figure 4-20D), which
makes the result more plausible. CD90 was observed in some cells and CD90+ and CD90cells were closely located to one another (Figure 4-19C). Staining for CD90 was repeated
to identify an area with a higher number of cells. Although CD90 was expressed in all
analysed cells in Figure 4-20E, the results of Figure 4-19 may suggest that not all cells in
culture express CD90. The presence of MSC marker expression may indicate that MSClike cells are present in the OM cell culture such as EMSCs or NCSCs, which were
suggested to be present in OM tissue (Table 2-3).
This suggestion was supported by the observed expression of NCSC markers
Sox10 (Figure 4-20F) and snail (Figure 4-20G) at two days in culture, although Sox10 is
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also expressed by embryonic OECs 110. Although transcription factors Sox10 and snail
were both observed in OM cells, Sox10 expression was found in the nucleus whereas snail
was expressed in the cytoplasm which was in agreement with published reports as Sox10
and snail could either be expressed in the nucleus or cytoplasm 106. ESC marker SSEA-1
was expressed in only a few cells in the OM cell culture (Figure 4-20F), which may indicate
that only few cells in culture may be multipotent stem cells. Altogether, the staining results
suggest that the cells in culture are not a homogeneous population and may be a mixture of
different cell types.
Figure 4-18: Olfactory mucosa
cells in culture expressed
GFAP and αSMA. Cells,
isolated from postnatal day 16
rat OM, plated onto ECM-coated
surfaces and cultured for 2 days
were stained with DAPI (A),
GFAP (B), αSMA (C) and
merged expression of the three
(D). Some cells were highly
positive for GFAP, while weakly
expressing αSMA (white arrows;
B-D) and other cells highly
expressed αSMA and weakly
GFAP (yellow arrows; B-D)
Scale bars, 40 µm.

Figure 4-19: Olfactory mucosa
cells in culture expressed
STRO-1 and CD90. Cells,
isolated from postnatal day 16
rat OM, plated onto ECM-coated
surfaces and cultured for 2 days,
expressed the MSC markers
STRO-1 (A) and CD90 (C).
Negative controls were stained
for secondary antibodies only (/+; B and D). Cell nuclei were
stained with DAPI (blue). Scale
bars, 40 µm.
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Figure 4-20: Cells isolated from olfactory mucosa expressed all the studied markers to
identify OECs, which were also observed in OM tissue. The OEC markers αSMA (A), GFAP
(B) and p75 (C), the MSC markers STRO-1 (D) and CD90 (E) and the NCSC markers Sox10
(F) and snail (G) were all expressed by cells at two days in culture. Cell nuclei were stained with
DAPI (blue). Scale bars, 40 µm.

To further investigate marker expression in the cultured cells gene expression was studied
using RT-PCR. Briefly, cells isolated from LH p16 rat OM using enzymatic digestion were
plated into ECM coated flasks and cultured until confluence. Cells were collected from
individual flasks and processed for RNA isolation followed by RNA transcription. For the
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PCR reaction 1 µg of cDNA was used. The methods are described in detail in the materials
and methods section (chapter 8). Three samples were used for analysis of gene
expression. The same sets of markers as in chapter 2 were used to identify OEC, NSC,
ESC and NCSC gene expression in cultured olfactory mucosa cells which were plated onto
ECM-coated surfaces and referred to as ‘ECM coat’. All studied genes were expressed by
the isolated cells as described in section 4.2.4.3 (Figure 4-36, Figure 4-37, Figure 4-38
and Figure 4-39).

4.2.3 COMPARISON OF OLFACTORY MUCOSA CELLS WITH BONE MARROW-DERIVED
MESENCHYMAL STEM CELLS

Overlap in marker expression between OECs and EMSCs has been observed in situ
(Table 2-3). However, in vitro this has not been done as it was not possible to isolate
EMSCs from OM tissue. As BMSCs and EMSCs are very similar 75, it was thought that
BMSCs may be a good alternative to EMSCs for studying OEC expression to investigate
whether EMSCs from the OM may express OEC markers. For this purpose BMSCs were
isolated from adult rat bone marrow and cultured in vitro using a protocol adapted from
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and 311. OM cells were isolated using enzymatic digestion and cultured onto ECM-coated
surfaces. The used methods are described in detail in the materials and methods (chapter
8).
Many cells were obtained from the bone marrow isolation and no difference was
observed between using a 40 µm cell strainer (Figure 4-21A-B) or no cell strainer at all
(Figure 4-21A-B versus Figure 4-21C-D). One day after cell isolation, the culture medium
was replaced to discard floating hematopoietic cells (Figure 4-21E) according to the
protocol adapted from
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and 311. The cells adhered to non-coated flasks, which is one of

the characteristic properties of MSCs as was recommended by the International Society for
Cellular Therapy 84. DMEM-F12 is not the typical culture medium to use for mesenchymal
stem cells, therefore for half of the cells the culture medium was changed to minimum
essential medium α (MEMα), a more commonly used culture medium for MSCs compared
to DMEMF12 312 but not available at the time of isolation. However, cultures in DMEM-F12
and MEMα medium did not display differences in morphology (Figure 4-22). At larger
passage numbers no difference between BMSCs in the two different cell culture media was
observed (results not shown).
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Figure 4-21: Culture of bone marrow-derived cells 24 hours after cell isolation. Bone
marrow cells were isolated from adult rats and plated into non-coated culture flasks after filtering
them using a 40 µm cell strainer (A-B) or without filtering (C-D). After 24 hours the culture
medium was changed to discard floating cells (E). Scale bars, 100 µm.

Figure 4-22: Culture of BMSCs at passage 1. Bone marrow cells were isolated from adult rats
and plated into non-coated culture flasks. The adherent cells were passaged and cultured in
either DMEM-F12 (A) or in MEMα (B). Scale bars, 200 µm.

To characterise the BMSC cell population and confirm whether the cells fulfil the criteria
concerning marker expression 84 for the cells to be considered MSCs, the cells were
stained with different MSC markers. The BMSCs used in this experiment were passaged
several times (passage 7), as it was thought that passaging enriched the cultures for
BMSCs based on differential adhesion 305. The cells expressed CD44 (Figure 4-23B),
some cells expressed STRO-1 (Figure 4-23C, F) and CD90 (Figure 4-23D). CD29
expression was not observed (Figure 4-23A) and CD105 staining was non-specific (Figure
4-23A), which was thought to be due to poor antibody performance for this particular
staining. Furthermore, a weak staining was detected for CD45 which was non-specific
staining (Figure 4-23E). These results are in agreement with the characteristic expression
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pattern of MSCs 84 . BMSCs also strongly expressed fibronectin, which is also a marker
expressed by mesenchymal stem cells 87 (Figure 4-24B).
In summary, it was shown that the cultured cells expressed multiple MSC markers,
adhered to plastic and grew in typical colony unit formation -all characteristics of MSCs 84
83

- so based on this, the cells were considered to be MSCs.

Figure 4-23: Immunostaining of BMSCs for MSC markers. BMSCs at passage 7 stained
strongly for CD44 (B), STRO-1 (C) and CD90 (D). CD29 staining was not observed (A) and
staining for CD105 was non-specific (A). The cells were negative for CD45, which showed nonspecific staining (E). BMSCs expressed Pax6 (C) and were negative for MAP2 (B). Cell nuclei
were stained with DAPI (blue). Scale bars, 20 µm.

Figure 4-24: Immunostaining of BMSCs for MSC marker fibronectin. BMSCs at passage 7
expressed fibronectin (A). Secondary donkey anti rabbit (green) antibody only was used as
negative control (-/+; B). OM cells were stained with DAPI (blue). Scale bars, 20 µm.
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4.2.3.1 Comparison of protein expression in olfactory mucosa cells with
BMSCs using immunocytochemistry
In the following experiment antigen expression of the OEC markers was studied in
BMSC at passage 7 and OM cells at P0 (as control). BMSCs were expanded and after
reaching confluence (12 days in culture), the cells were replated onto glass coverslips
(3*104 per well), fixed and stained with s100β, GFAP and p75. Immunostaining was
performed as described in the materials and methods section (chapter 8). BMSCs
expressed s100β (Figure 4-25D), similar to the expression found in OM cells (Figure
4-25A). The marker p75 was also expressed by BMSCs, although to a lower extent
compared to OM cells (Figure 4-25E versus B). GFAP staining was non-specific for
BMSCs (Figure 4-25F). Interestingly, nuclear expression of s100β was only observed in
olfactory mucosa cells and not in BMSCs, which may suggest that the OM cells with
nuclear s100β expression may be maturing glial cells as described in the previous section.
The observed expression of s100 and p75 by BMSCs may suggest that EMSCs also
express both markers, which is in agreement with the in situ results (Table 2-3). Therefore
it may be possible that the presence of EMSCs could interfere with OEC isolation based on
the expression of p75 alone.

Figure 4-25: Comparison of OEC markers in primary olfactory mucosa cells plated on an
ECM-coated surface (P0) and rat BMSCs (P7). The cells were stained for the OEC markers
GFAP, s100β and p75. The BMSC shared s100β marker expression with the olfactory mucosa
cells (A, D) and p75 was also expressed by BMSCs, although to a lower extent (B, E). Staining
for GFAP was non-specific in the BMSCs (F). OM cells were stained with DAPI (blue). Scale
bars, 20 µm.
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4.2.3.2 Comparison of gene expression in olfactory mucosa cells with bone
marrow-derived mesenchymal stem cells
In the present study gene expression of OEC, NCSC, NSC and ESC genes was examined
in the OM cell population and compared to gene expression in the BMSCs. OM cells were
isolated using enzymatic digestion and BMSCs were isolated from adult rat as described in
the previous section and in detail in the materials and methods (chapter 8). RNA was
isolated from the cells and analysed using RT-PCR for expression of the sets of genes
previously used in this thesis. OEC markers s100β, αSMA, ErbB4 and GFAP (to a lower
extent) were expressed by BMSCs (Figure 4-26A). Only the marker p75 was not
expressed by these cells (Figure 4-26A-B), which was not in agreement with the observed
expression at protein level (shown above). Furthermore, both NSC and ESC genes were
expressed by olfactory mucosa cells and BMSCs (Figure 4-26C and Figure 4-26D
respectively). NCSC markers such as Sox10, HNK-1, snail and Sox9 were expressed by
BMSCs (Figure 4-26B), which may indicate that NC-derived cells were present in the
BMSC population. However, FoxD3 was hardly expressed by BMSCs (Figure 4-26B),
which may be explained by the role of FoxD3 in mesenchymal differentiation. Downregulating FoxD3 resulted in accelerated differentiation of the NC into mesenchymal
lineages 121.
In summary, the gene expression for markers of OECs by the BMSCs, may suggest
that EMSCs from the OM also express these genes and may also express the proteins.
This suggestion implicates the need for a well-chosen set of markers to obtain a relatively
pure population of OECs. Otherwise the risk of contamination with EMSCs may occur.
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Figure 4-26: Comparison of OM
cell and BMSC gene expression.
Gene expression of OEC (A),
NCSC (B), NSC (C) and ESC
markers (D) were compared. Both
olfactory mucosa cells and BMSCs
expressed the OEC markers
s100β, ErbB4 and αSMA (A). Most
NCSC markers were also
expressed, except for FoxD3 and
p75 (B). All NSC markers were
expressed by BMSCs, but for
Nestin to a lower extent (C). All
ESC genes were also expressed
by both cell populations (D).

4.2.4 SELECTING FOR OLFACTORY ENSHEATHING CELLS FROM THE OLFACTORY
MUCOSA USING DIFFERENTIAL ADHESION

In this section the aim of this study was to select for OECs using differential adhesion to
obtain more pure cultures. The fundament of this method was the use of the isolation
method based on enzymatic digestion adapted from Dai et al. 304, complemented with the
use of differential adhesion according to a previously used protocol 264 to select for cells not
adhering to plastic such as OECs. The cells were plated either in non-coated cell culture
flasks for the purpose of differential adhesion or directly onto ECM-coated surfaces
(control). For the cells plated onto non-coated surfaces, the non-adherent cells present in
the media were replated into ECM-coated flasks after 24 hours to enrich the population for
OECs (‘replated’ population). The cells which adhered to plastic formed the ‘non coat’
population and were also studied. A full description of used methods is given in the
materials and methods (chapter 8).
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4.2.4.1 Morphological features of cell populations obtained upon differential
adhesion
The cell populations obtained using differential adhesion were first characterised by their
cell morphology. Pictures were taken of the different cell populations ‘non coat’ (Figure
4-27A), ‘replated’ (Figure 4-27B) and ECM coat (Figure 4-27C) after nine days in culture
(P0). These populations appeared to be different both in cell morphology and cell number:
‘replated’ cells exhibited a spindle-shaped morphology with long processes, while ‘non coat’
cells appeared to be more fibroblast-like. The ‘ECM coat’ population was a combination of
different types of cell morphology.
In addition to the observed differences in cell morphology between the three
different cell populations, cells within the populations displayed heterogeneous cell
morphology and growth patterns (Figure 4-28). In the ‘ECM coat’ population it was thought
that different types of cell morphology would be present due to their heterogeneous nature
by being a mixture of cell types. Cells displayed a fibroblast-like morphology (Figure
4-28G; green arrow), a spindle-shaped morphology (Figure 4-28G; red arrow) or showed
long processes (Figure 4-28G; yellow arrow). In addition, their cell growth pattern
appeared to be also heterogeneous: while some cells formed dense colonies of cells -like a
fibroblast growth pattern- spindle shaped cells grew in less dense colonies (Figure 4-28I
and H respectively). In the ‘non coat’ population some cells displayed also a fibroblast-like
morphology (Figure 4-28A and C; green arrow), while spindle-shaped cells were also
present (Figure 4-28C; red arrow). These cells were closely located to one another (Figure
4-28C). The ‘replated’ cell population was low in number compared to the other cell
populations, which was expected as most cells from the OM culture were thought to adhere
to plastic and therefore the non-adherent population was thought to be small. Furthermore,
based on previous culture experiences OECs were not expected to grow fast within the first
week. Cell morphology in the ‘replated’ population appeared to be more elongated (Figure
4-28E; yellow arrow), similar to cells observed in the ‘ECM coat’ population (Figure 4-28G;
yellow arrow). These cells might be OECs.

Figure 4-27: Culture of olfactory mucosa cells 9 days after isolation from postnatal day
16 Lister Hooded rat olfactory mucosa. Cell populations were selected using differential
adhesion and named ‘non coat’ (A), ‘replated’ (B) or ECM coat (C) after the initial plating
methods on plastic or on extracellular matrix (ECM). Scale bars measure 200 µm.
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Figure 4-28: Culture of olfactory
mucosa cells 9 days after isolation
from p16 LH rat OM. Cell populations
were selected using differential adhesion
and named ‘non coat’ (A), ‘replated’ (B)
or ECM coat (C) after the initial plating
methods on plastic or on ECM. The
‘ECM coat’ cells displayed a fibroblastlike (G; green arrow) or a spindle-shaped
morphology (G; red arrow) as also seen
in the ‘non coat’ population (A and C
(green arrow) or C (red arrow)
respectively). Also long processes (G;
yellow arrow) were present in the ‘ECM
coat’. Cell morphology in the ‘replated’
population appeared to be more
elongated (E; yellow arrow). Differences
in cell growth pattern within the ‘ECM
coat’ population were observed: while
some cells formed dense colonies of
cells -like a fibroblast growth patternspindle shaped cells appeared to grow in
less dense growth patterns (I and H
respectively). Scale bars, 200 µm.
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4.2.4.2 Immunocytochemistry analysis of cell populations isolated by
differential adhesion
To compare cell populations obtained using differential adhesion, antigen expression was
studied using immunocytochemistry. First a preliminary study was performed to obtain
more insight into antigen expression of different cell types in the three different populations.
A limited set of markers was chosen which was a combination of OEC, neuronal, MSC,
NSC and NCSC markers to identify the different cell types and to determine whether
neuronal cells were still present in the cultures.
It was observed that cells plated directly onto ECM-coated coverslips expressed
MAP2 (Figure 4-29A, D, G), which may be an indication of the cells being neuronal;
although this marker may also indicate that the cells were NC-derived 295. The coexpression of MAP2 with CD44 suggests that these cells are not EMSCs, as it was
observed that cells at the junction between OE and LP and previously identified as EMSCs
did express CD44 but not MAP2 (Table 2-3). However, the suggested NCSC population
was thought to be both positive for CD44 and MAP2 (Table 2-3). Therefore these double
positive cells may be NCSCs. In the ‘non coat’ population both MAP2+/CD44+ and MAP2/CD44+ cells were present (Figure 4-29B), which may constitute the NCSC and EMSC
populations respectively. OECs which also express CD44+ (Table 2-3), were thought to be
only present in the ‘replated’ population.
The marker p75 was expressed to a higher extent in cells from ECM-coated
surfaces compared to ‘replated’ cells and in cells from non-coated surfaces this marker was
not expressed (Figure 4-29B, E and H). It might be possible that the weak expression of
p75 by the ‘replated’ cells reflects the presence of OECs, which were thought to be present
in this population based on the differential adhesion principle. Expression of p75 in the
‘ECM coat’ cell population was thought to be due to the presence of OECs as well as
EMSCs and NCSCs, which may be present in the culture based on antigen expression of
MSC and NCSC markers in culture (as described above). Expression of p75 in the ‘non
coat’ population was not observed (Figure 4-29B). However, due to the small number of
analysed cells, it was not suggested that p75 expression is not present in any of the cells in
this population. The marker Notch1 which is used as marker for neural crest specification
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, was not detected in the three populations (Figure 4-29B, E, H).
The MSC marker fibronectin was detected in all three populations (Figure 4-29C, F,

I), which was in agreement with the observations of fibronectin expression in the suggested
EMSCs, OECs and NCSCs in OM tissue (Table 2-3), which were thought to be present in
the three populations. NSC marker Sox2 was also expressed by all three populations as
well, which may indicate the presence of NSCs in the cultures. However, as Sox2 is also an
ESC marker it may be possible that it is expressed by NCSCs. Due to lack of data for Sox2
expression in the OM tissue, it could not be determined which cell type(s) express(es)
Sox2.
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The preliminary results of the comparison of olfactory mucosa cell populations
based on differential adhesion are summarised in Table 4-1. Expression was indicated -, /+, + or ++ based on visual estimation. A more extensive study was performed for several
markers for which the results are summarised in Table 4-1. The individual results are not
shown. A difference observed between the populations was a higher expression of Nestin
in cells on ECM-coated, compared to non-coated surfaces. Furthermore, the cells that were
in the ‘replated’ population expressed less MAP2 compared to the two other populations
(Table 4-1). Moreover, when comparing MSC markers such as CD44, CD29 and CD105 it
was found that these markers were expressed to a lower extent in ‘replated’ compared to
the other two populations. For CD90 a higher expression was observed in ‘ECM coat’
compared to ‘non coat’.

Figure 4-29: Expression of different markers in the three isolated olfactory mucosa cell
populations based on differential adhesion. Cells from the olfactory mucosa were isolated
using enzymatic digestion and separated using differential adhesion. Cells were either plated
directly onto ECM (ECM coat) or onto non-coated surfaces (non coat) or plated onto a noncoated surface and replated after 24 hours into ECM-coated flasks (replated). A proportion of
the cells in the three populations stained for MAP2 (A, D, G), CD44 (A, D, G), fibronectin (C, F,
I) and Sox2 (B, E, H). Expression of p75 was strong in ECM coat, low in replated and not
detected in non coat (B, E and H). Notch1 expression was not detected (B, E, H). Cell nuclei
were stained with DAPI.
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Table 4-1: Comparison of cell population isolated from olfactory mucosa based on
differential adhesion.
OM cells

OM cells

OM cells

‘non coat’ P0

‘ECM coat’ P0

‘replated’ P0

s100β

+/++*

-+/+ * **

GFAP

-+/+*

-+/+*

p75

-+/+*

-+*

-

Fibronectin

+/++*

-+/++*

Few cells

β3tubulin

-+*

-+/+*

RT97

+**

MAP2

+/++*

+/++*

Nestin

-/+*

-+/++*

Pax6

-+/+*

-+*

Sox2

+*/**

+*/**

No cells

Notch1

-

-

-

STRO-1

-+*

-+*

CD90 Ab1

-

-+*

CD90 Ab2

/

-+*

+*

-

CD29

+*

+*

-

CD105

+*

+*

-

CD44

++*

++*

-+*

+*

-

CD45

- no expression; -+ weak expression; + fair expression; ++ strong expression; / separates
different groups of cells; *Cytoplasmic; ** Nuclear.

In addition to P0 different passage numbers were compared for the obtained cell
populations, separated based on differential adhesion. For the ‘replated’ cell population, the
only difference detected between P0 and P1 was an increase in expression of CD45 (Table
4-2). Expression was indicated -, --/+, -/+, + or ++ based on visual estimation.
Unfortunately, due to the limited amount of cells it was not possible to study higher passage
numbers and to study more markers. Individual staining results are not shown.
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Table 4-2: Comparison of passage 0 and 1 of the ‘replated’ population, isolated from the
olfactory mucosa and after differential adhesion.
OM cells ‘replated’
P0

OM cells ‘replated’
P1

p75

-+*

-+*

fibronectin

No cells

-/-+*

MAP2

-+*

-+*

Sox2

No cells

-/+*

Notch1

-+*

-+*

CD90

-

--+*

CD29

-

-

CD105

-

-

CD44

-+*

-+*

CD45

-

+*

- no expression; -+ weak expression; + fair expression; ++ strong expression; / separates
different groups of cells; *Cytoplasmic expression.

For the cells that were plated onto non-coated flasks and that adhered (‘non coat’), it was
possible to passage the cells multiple times. When comparing cells at passage 1 and at
passage 4 (both in DMEM-F12 medium), it was suggested that at a higher passage number
expression of the markers p75, fibronectin, MAP2, Sox2, CD29, CD44 and CD105 was
decreased (Table 4-3; bold).
Furthermore, these cells were cultured in two different media, DMEM-F12 and
MEMα, to study influence of culture medium on antigen expression. This study was
performed as the latter medium is considered to be a more commonly used medium for
culturing MSCs 312. In this study it was attempted to increase the population of
mesenchymal-like stem cells and reduce the presence of other populations. No difference
was found between the cell populations in the two different media, except a difference in
CD29 and fibronectin, which was observed to be lower in cells cultured in MEMα compared
to cells cultured in DMEM-F12 (Table 4-3; in red). Expression was indicated -, -/+, + or ++
based on visual estimation.
Because of the inconsistency in data obtained from preliminary staining of the
differentially adherence populations, it was not possible to draw any conclusion. For this
reason an additional study was performed to directly compare antigen expression at two
days and seven days in culture between the three different populations. A more extensive
set of OEC, MSC, NSC, NCSC and ESC markers was used to compare antigen expression
in the populations.
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Table 4-3: Comparison of marker expression in cells adhering to a plastic surface at
passage 1 and 4 of and of cells cultured in two different types of media. Differences in
expression at higher passage numbers are indicated in bold, whereas differences in culture
medium are indicated in red.

OM cells ‘non
coat’ P0

OM cells ‘non
coat’ P4
MEMα

OM cells ‘non
coat’ P4
DMEM-F12

DMEM-F12
s100β

+/++*

GFAP

-+/+*

p75

-+/+*

-

-

fibronectin

+/++*

-/+*

-/-+**

β3tubulin

-+*

RT97

+**

MAP2

+/++*

-+*

-+*

Nestin

-/+*

Pax6

-+/+*

Sox2

+*/**

-+*

-+*

Notch1

-+*

-

-

STRO-1

-+*

CD90 Ab1

-+*

-+*

CD90 Ab2
CD29

+*

-

-+*

CD105

+*

-

-

CD44

++*

-+*

-+*

-+*

-+*

CD45

- no expression; -+ weak expression; + fair expression; ++ strong expression; / separates
different groups of cells; *Cytoplasmic; ** Nuclear.
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When studying OEC marker expression, GFAP was not observed in the ‘replated’
population at two days in culture (Figure 4-30B). However, only few cells were analysed
due to low cell numbers and therefore no conclusive information could be derived from this
observation. Furthermore, only some cells expressed αSMA in the three populations at two
days in culture (Figure 4-30A-C). At two days in culture different cell populations were
observed in the ‘non coat’ population based on marker expression: GFAP+/ αSMA-, GFAP/ αSMA+ and GFAP+/ αSMA+ cells (Figure 4-30A), which may suggest the presence of
different cell types in the ‘non coat’ population. Also in the ‘ECM coat’ population GFAP+/
αSMA- and GFAP+/ αSMA+ cells were observed (Figure 4-30C). This observation is in
agreement with observations made in situ (Figure 2-4). At seven days in culture GFAP and
αSMA were both expressed in all differential adhesion populations and most cells in all
three populations expressed αSMA (Figure 4-30D-F). Some cells were positive for both
GFAP and αSMA, whereas single positive cells were also present.
The MSC marker CD90 was expressed both at day two (Figure 4-31A-C) and day
seven (Figure 4-31D-F) by all three differential adhesion populations.

Figure 4-30: Expression of GFAP and αSMA in the three isolated olfactory mucosa cell
populations based on differential adhesion. Cells from the olfactory mucosa were isolated
using enzymatic digestion and separated using differential adhesion. Cells were either plated
directly onto ECM (ECM coat) or onto non-coated surfaces (non coat) or plated onto a noncoated surface and replated after 24 hours onto an ECM-coated surface (replated). GFAP was
expressed in cells from ‘non coat’ and ‘ECM coat’ but not in the ‘replated’ population at day 2
(A-C). The marker αSMA was expressed in some cells in the three populations at day 2 (A-C).
At day 7 both GFAP and αSMA were expressed by the three populations, although GFAP was
only observed in some cells whereas αSMA was expressed in almost all cells of the three
populations (D-F). Cell nuclei were stained with DAPI (blue). Scale bars, 20 µm.
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The p75 marker was expressed in all cells obtained by differential adhesion both at two and
seven days in culture (Figure 4-32). Although at two days in culture all analysed cells
expressed p75 (Figure 4-32A-C), at seven days in culture only some cells expressed p75
in the ‘non coat’ and ‘ECM coat’ populations (Figure 4-32D and F respectively). In the
‘replated’ population all analysed cells expressed p75 at seven days in culture (Figure
4-32E), which may suggest that these cells are OECs.
NCSC marker snail was expressed by all three cell populations at two days in
culture, but not present anymore at seven days in culture (Figure 4-33A-C versus D-F). On
the other hand, increased expression of Sox10 was observed at seven days (Figure
4-35D-F) compared to two days in culture (Figure 4-35A-C) in all three populations. Sox10
expression was observed in the cells in both the cytoplasm and nucleus, which is in
agreement with previous reports 106. Also FoxD3 was expressed in the three populations,
although not to the same extent: cells in the ‘replated’ populations were only weakly stained
for FoxD3 compared to the strong expression in ‘non coat’ and ‘ECM coat’ (Figure 4-34B
and E versus A and D and C and F respectively). Some FoxD3 positive cells were costained for NCAM, but most were NCAM negative.

Figure 4-31: Expression of CD90 in the three isolated olfactory mucosa cell populations
based on differential adhesion. Cells from the whole olfactory mucosa were isolated using
enzymatic digestion and separated using differential adhesion. Cells were either plated directly
onto ECM or onto non-coated surfaces or plated onto a non-coated surface and replated after
24 hours onto an ECM-coated surface. CD90 was expressed in all three populations at two (AC) and seven days (D-F) in culture. Cell nuclei were stained with DAPI (blue). Scale bars, 20
µm.

NSC marker NCAM was also expressed by all populations, but only in some cells, some of
them which were negative for FoxD3 and some which were positive (Figure 4-34).
Expression of NCAM was not observed in the few cells analysed from the ‘replated’
population at two days in culture, although this may be due to the low number of cells
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analysed (Figure 4-34B). At seven days in culture the cells in this population strongly
expressed NCAM (Figure 4-34E). Expression of NCAM may indicate presence of NSCs in
the cultures, although NCAM is also expressed by OECs 2. Only few cells appeared to be
present for SSEA-1 in all populations at two and seven days in culture (Figure 4-35),
indicating that only few cells were multipotent.
In summary, based on the immunostaining results it was suggested that the
‘replated’ population was not a more pure population of OECs due to expression of OEC
markers GFAP, αSMA and p75 in the other two populations. Furthermore, the presence of
expression of NCSC markers snail, FoxD3 and Sox10 in the ‘replated’ population may
indicate the presence of a NCSC contamination in this cell population. The large variability
in expression of markers within the three cell populations and the different cell sizes and
morphology indicate the large heterogeneity in the cell populations and may suggest the
presence of multiple cell types. However, large variability in OEC marker expression may
also be due to heterogeneity of OECs.

Figure 4-32: Expression of p75 in the three isolated olfactory mucosa cell populations
based on differential adhesion. Cells from the olfactory mucosa were isolated using
enzymatic digestion and separated using differential adhesion. Cells were either plated directly
onto ECM or onto non-coated surfaces or plated onto a non-coated surface and replated after
24 hours onto an ECM-coated surface. Expression of p75 was observed in all three populations
at 2 (A-C) and 7 days (D-F) in culture. The cells were stained for p75 at two and seven days in
culture. Cell nuclei were stained with DAPI (blue). Scale bars, 20 µm.
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Figure 4-33: Expression of snail in the three isolated olfactory mucosa cell populations
based on differential adhesion. Cells from the olfactory mucosa were isolated using
enzymatic digestion and separated using differential adhesion. Cells were either plated directly
onto ECM or onto non-coated surfaces or plated onto a non-coated surface and replated after
24 hours onto an ECM-coated surface. Snail was observed in all three populations at 2 days in
culture (A-C), but was not detected at 7 days in culture (D-F). Cell nuclei were stained with
DAPI (blue). Scale bars, 20 µm.

Figure 4-34: Expression of NCAM and FoxD3 in the three isolated olfactory mucosa cell
populations based on differential adhesion. Cells from the olfactory mucosa were isolated
using enzymatic digestion and separated using differential adhesion. FoxD3 was strongly
expressed in the ‘non coat’ and ‘ECM coat’ populations in some cells at 2 days and 7 days in
culture (A and C and D and F respectively). Most FoxD3+ cells were negative for NCAM, some
of the cells co-stained. FoxD3 expression in the ‘replated’ population was weak (B and E). Cell
nuclei were stained with DAPI (blue). Scale bars, 20 µm.
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Figure 4-35: Expression of SSEA-1 and Sox10 in the three isolated olfactory mucosa cell
populations based on differential adhesion. Cells from the olfactory mucosa were isolated
using enzymatic digestion and separated using differential adhesion. Cells were either plated
directly onto ECM or onto non-coated surfaces or plated onto a non-coated surface and
replated after 24 hours onto an ECM-coated surface. Nuclear and cytoplasmic staining was
observed for Sox10 in all three populations at 2 days (A-C) and 7 days (D-F) in culture. SSEA-1
was only expressed in a few cells in the populations both at 2 days and 7 days in culture (B, C
and F). Cell nuclei were stained with DAPI (blue). Scale bars, 20 µm.

4.2.4.3 Comparison of gene expression levels in differentially adhered cell
populations using RT-PCR
To further characterise the cell populations at gene level, RT-PCR was performed on the
differential adhesion populations at passage 0. Results were analysed using a two-tailed
parametric unpaired t-test as the assumption was made that gene expression was normally
distributed with equal variances in the populations. Methods are described in detail in
chapter 8.
Comparison of OEC gene expression in the three cell populations for individual
genes did not show a significant difference (Figure 4-36). As GFAP was thought to be only
expressed by OECs -OECs constitute the vast majority of glial cells in the OM 38 -this result
may suggest the presence of contamination of OECs in the ‘non coat’ population.
Moreover, no significant difference in GFAP expression between the three populations was
detected which was unexpected considering that a larger number of OECs was thought to
be present in the ‘replated’ population compared to ‘ECM coat’ and ‘non coat’ populations
as this was the principle of differential adhesion 2 263. For the markers p75, s100β and
αSMA the lack of difference may be a result of presence of EMSCs and NCSCs in the
populations, as these markers were thought to be expressed by these cells (Table 2-3).
Comparison of NSC genes between the three populations showed a significant
difference for Nestin expression between the ‘non coat’ and the ‘replated’ population
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(Figure 4-37; p<0.05). Nestin expression was observed in OECs 297 which were thought to
be present in large numbers in the ‘replated’ population. The relatively large numbers of
OECs in ‘replated’ population could cause this difference in expression, although NSCs,
EMSCs 75 and suggested NCSCs (Table 2-3) also express Nestin and could be present as
contamination in this population.
ESC gene expression was observed in all three populations, which may suggest
that multipotent stem cells are present in these populations. Moreover, no significant
difference was observed between the three populations (Figure 4-38; p>0.05), which may
suggest that the number of stem cells may be similar in each population. As it was thought
that OECs do not express ESC markers based on previous observations (Table 2-3), ESC
gene expression most likely was expressed by a contaminating stem cell type in the
‘replated’ population such as NCSCs. Expression of NCSC genes was observed in all three
populations which may indicate the presence of NCSCs in these populations. Furthermore,
no significant difference was observed in gene expression between the three populations
(Figure 4-39; p>0.05), which may suggest in all three populations NCSCs were present.
In summary, based on the RT-PCR results it was suggested that the ‘replated’
population was not a more pure population of OECs due to the lack of difference in
expression of OEC genes. Moreover, the presence of gene expression of all studied NCSC
markers in the ‘replated’ population may indicate the presence of a NCSC contamination in
this cell population.
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Figure 4-36: Gene expression profile of olfactory mucosa differential adhesion populations for OEC markers p75, GFAP, s100β, αSMA and
ErbB4, normalised against GAPDH. No genes were expressed to a significantly different extent when comparing the olfactory mucosa differential
adhesion populations (p>0.05, two-tailed unpaired t-test). Cell populations were selected using differential adhesion and named ‘non coat’, ‘replated’ or
‘ECM coat’ after the initial plating methods on plastic or on ECM. n=3.
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Figure 4-37: Gene expression profile of olfactory mucosa differential adhesion populations for NSC markers Pax6, Nestin and Sox2,
normalised against GAPDH. Nestin was expressed to a significantly higher extent in ‘replated’ compared to ‘non coat’ population when comparing the
olfactory mucosa differential adhesion populations (p<0.05, two-tailed unpaired t-test), for Pax6 and Sox2 no significant difference was observed
(p>0.05, two-tailed unpaired t-test). Cell populations were selected using differential adhesion and named ‘non coat’, ‘replated’ or ‘ECM coat’ after the
initial plating methods on plastic or on ECM. n=3.
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Figure 4-38: Gene expression profile of olfactory mucosa differential adhesion populations for five ESC markers, normalised against GAPDH.
The genes for the ESC markers SSEA-1, oct4, Sox2, c-Myc and Klf4 were studied were not expressed to a significantly different extent when
comparing the olfactory mucosa differential adhesion populations (p>0.05, two-tailed unpaired t-test). Cell populations were selected using differential
adhesion and named ‘non coat’, ‘replated’ or ‘ECM coat’ after the initial plating methods on plastic or on ECM. n=3.
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Figure 4-39: Gene expression profile of olfactory mucosa differential adhesion populations for six NCSC markers, normalised against
GAPDH. NCSC genes Sox10, HNK-1, snail, p75, Sox9 and FoxD3 were not expressed to a significantly different extent when comparing the olfactory
mucosa differential adhesion populations (p>0.05, two-tailed unpaired t-test). Cell populations were selected using differential adhesion and named ‘non
coat’, ‘replated’ or ‘ECM coat’ after the initial plating methods on plastic or on ECM. n=3.
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4.2.4.4 Comparison of protein expression levels in differentially adhered cells
using Western blotting
To further characterise the cell populations at protein level, Western blotting was performed
on the differential adhesion populations at passage 0 as described in materials and
methods (chapter 8). GFAP and αSMA were chosen to identify OEC protein expression in
the differential adhesion cell populations. In addition, the NCSC marker Sox10 was used to
study potential NCSC contamination in the differential adhesion cell populations. Protein
expression was normalised against expression of the housekeeping protein β-actin.
Average protein expression of three independent animals was compared and statistically
analysed using a two-tailed parametric unpaired t-test under the assumption that protein
expression was normally distributed with equal variances in the populations.
Western blot bands for αSMA, GFAP and Sox10 in differential adhesion populations
was shown in Figure 4-40A. The normalised protein expression did not show a significant
difference in expression between the three populations for αSMA, GFAP and Sox10
(Figure 4-40B; p>0.05). The presence of GFAP protein expression in all differential
adhesion populations is in agreement with the gene expression data and may indicate that
OEC contamination is present in the ‘non coat’ population. Moreover, the measured
expression of Sox10 in the ‘replated’ population suggests the presence of a contamination
with NCSCs of this cell population.

Figure 4-40: Western blot bands of protein expression (A) and protein expression profile
normalised against β-actin (B) of olfactory mucosa differential adhesion populations.
GFAP, αSMA and Sox10 proteins were not expressed to a significantly different extent when
comparing the olfactory mucosa differential adhesion populations (p>0.05, two-tailed unpaired ttest). Cell populations were selected using differential adhesion and named ‘non coat’ (NC),
‘replated’ (R) or ‘ECM coat’ (MC) after the initial plating methods on plastic or on extracellular
matrix (ECM). n=1, populations 1, 2 and 3 from three independent animals.
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4.2.5 SELECTIVE CULTURE OF OLFACTORY MUCOSA STEM CELLS USING
DIFFERENTIAL ADHESION

In addition to using differential adhesion for selecting OECs, the aim of this study was to
use a modification of the differential adhesion method to obtain the EMSC and NCSC
populations. In the previous section, sequential plating was to obtain a relatively pure
population of OECs, based on previously used strategies to isolate OECs from tissue 2 263.
As EMSCs are very similar to BMSCs 75 and the suggested NCSCs from the OM may also
be similar to BMSCs, it was thought that these cell populations may be selected using
similar culture methods used for MSCs. BMSC cultures are passaged using short trypsin
incubation to prevent contamination with epithelial cells (as described above), which is
based on differential adhesion. As MSCs adhere to plastic 84, in this study the starting point
for the differential adhesion was the use of cultures from non-coated flasks obtained in the
previous section.
Selection of cells using differential adhesion was used by trypsinising cells for either
two minutes (short) to collect MSC-like cells or for around 10 minutes (long) to collect all
cells from the flask. As it was not certain in which population (obtained by either short or
long trypsination) the suggested NCSCs from the OM may be present, both populations
were studied to determine cell morphology and examined for gene expression using RTPCR. NCSCs commonly are cultured on collagen, fibronectin or a different extracellular
matrix 121 310, therefore it was thought that these cells might possibly strongly adhere to
plastic.
No marked differences were found in cell morphology between ‘non coat 2 min
trypsin’ and ‘all cells’ populations at passage 1 (Figure 4-41A and B respectively). At
passage 9 cell morphology of the two populations was still very similar (Figure 4-41E-F).
These observations may suggest that the largest cell populations in the culture are
removed from the flask within 2 minutes of trypsination and also may suggest that the fast
dividing population of cells in the culture were cells requiring only short trypsination duration
such as the MSCs. A possible explanation for this phenomenon may be the higher dividing
rate of these cells compared to the cells that require longer trypsination duration. As a
control to determine the influence of the coating material on cell morphology ‘non coat all
cells’ and ‘ECM coat all cells’ were compared. The two populations strongly resembled
each other (Figure 4-41C-D), which may indicate that the largest cell populations in the
culture adhere to plastic.
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Figure 4-41: Culture of
olfactory mucosa cell
population ‘non coat’ at
passage 1 and 9. Cells
were initially plated and
further expanded on noncoated flasks and either
trypsinised for 2 minutes
(A, C and E) or for a longer
period of time until all cells
lifted off the surface (B, D
and F). As a control for
coating material a
comparison between ‘non
coat’ (C) and ECM coat all
cells (D) was made. Scale
bars, 200 µm.

RT-PCR analysis of the cell populations ‘2 min trypsin’ and ‘all cells’ at passage 8 showed
no significant difference in OEC gene expression between populations, except for αSMA,
which showed a significantly higher expression in ‘all cells’ compared to ‘2 min trypsin’
(Figure 4-42; p<0.05). The influence of passaging was studied when comparing ‘non coat
all cells’ population P8 to ‘non coat’ P0. When comparing the two populations, a
significantly higher expression of GFAP and s100β was observed at P8 compared to P0
(Figure 4-42; p<0.001).
Due to the similarity between EMSCs and BMSCs as observed by Delorme et al.
2010

75

, it was thought that most EMSCs would be present in the ‘non coat 2 min trypsin’

population due to the use of short trypsination to select for MSCs and therefore also in the
‘non coat all cells’ population. The increase in s100β in ‘non coat all cells’ (P8) compared to
‘non coat’ (P0) may be a result of a difference in passage number. It was suggested that by
repeatedly passaging ‘non coat’ cells and collecting all of them (all cells), the number of
NCSCs and EMSCs may increase.
In addition to s100β the marker GFAP was increased with higher passage number
(Figure 4-42; p<0.001). As OECs were suggested to be the vast majority of glial cells
present in the OM culture 38, observed GFAP expression may be due to the presence of
OECs. However, OECs do not adhere to plastic, which is the principle of differential
adhesion 2. Therefore the observed increase in GFAP expression with higher passage
number could not be explained by increasing OEC numbers. A possible explanation for the
increase may be spontaneous differentiation of NCSCs into glial cells, which are known to
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be derivatives of these cells 101.
When comparing the αSMA expression, a significant difference in expression was
observed between ‘2 min trypsin’ and ‘all cells’ (Figure 4-42; p<0.05). Based on
observations from chapter 2 it was suggested that EMSCs and the NCSC population
express αSMA (Table 2-3). As EMSCs were thought to be present in the ‘non coat 2 min
trypsin’ population, the difference in αSMA expression may be the result of the presence of
the suggested NCSC population in addition to the EMSC population in the ‘non coat all
cells’. It was thought that the increase in αSMA expression was not the result of increasing
OEC numbers, as these cells require coating material to adhere and would therefore not be
present in the populations at passage 8.

Figure 4-42: Gene expression profile of differentially adhered cells from the olfactory
mucosa for OEC markers, normalised against GAPDH. Expression of GFAP and s100β was
significantly higher (p<0.01, two-tailed unpaired t-test) in the ‘non coat’ (P0) population, as
compared with the ‘non coat all cells’ (P8). Gene expression of αSMA was significantly higher
(p<0.05, two-tailed unpaired t-test) in ‘non coat all cells’ (P8) compared to ‘non coat 2 min
trypsin’ (P8). For p75 no significant difference was observed (p>0.05, two-tailed unpaired t-test).
n=3.

When comparing NCSC gene expression in the two populations ‘non coat 2 min trypsin’
and ‘non coat all cells’ no significant differences were observed (Figure 4-43). Although for
both HNK-1 and snail the difference in expression between ‘2 min trypsin’ and ‘all cells’ was
not significant, a trend was observed which showed that gene expression was higher in the
‘all cell’ population. The lack of significance may be explained by the relatively large error
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bar for the populations. When studying the influence of passage number by comparing ‘non
coat’ P0 and ‘non coat all cells’ P8 an increase of both snail and HNK-1 was observed with
increasing passage number (Figure 4-43; p<0.05), while no difference in Sox10 and p75
was detected. However, for both p75 and Sox10 expression a trend was observed which
showed higher expression in ‘all cells’ compared to ‘non coat’. The lack of significance may
also be explained by large error bars.
For ESC markers the difference in gene expression was even more
prevalent. All studied genes showed significantly higher expression in ‘non coat all cells’
(P8) compared to ‘non coat’ (P0) including SSEA-1 (p<0.01), Oct4 (p<0.01), Sox2 (p<0.05),
c-Myc (p<0.05) and Klf4 (p<0.01) as shown in Figure 4-44. Furthermore, a difference in the
‘2 minutes trypsin’ and ‘all cells’ populations was found in Sox2 gene expression, which
was significantly higher in the latter compared to the former population (Figure 4-44,
p<0.001). These results may suggest that with increasing passage number the multipotent
stem cell population in the ‘non coat all cells’ population is enriched.

Figure 4-43: Gene expression profile of differentially adhered cells from the olfactory
mucosa for neural crest stem cell markers, normalised against GAPDH. Both HNK-1 and
snail genes were expressed to a significantly lower extent in ‘non coat’ P0 compared to ‘non
coat all cells’ P8 (p<0.05, two-tailed unpaired t-test), whereas Sox10 and p75 expression was
not significantly different (p>0.05, two-tailed unpaired t-test). For all NCSC genes no significant
difference was found between ‘2 min trypsin’ and ‘all cells’ (p>0.05, two-tailed unpaired t-test).
n=3.
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Figure 4-44: Gene expression profile of differentially adhered cells from the olfactory mucosa for five ESC markers, normalised against
GAPDH. SSEA-1, oct4, Sox2, c-Myc and Klf4 were all expressed to a significantly lower extent (*p<0.05, **p<0.01 and ***p<0.001 two-tailed unpaired ttest) in the ‘non coat’ (P0) population, as compared with the ‘non coat all cells’ (P8). For Sox2, gene expression in ‘all cells’ was significantly higher
compared to ‘2 min trypsin’ populations (p<0.05, two-tailed unpaired t-test). For the other ESC genes no significant differences were observed between
‘all cells’ and ‘2 min trypsin’ populations (p>0.05, two-tailed unpaired t-test). n=3.
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In summary, no marked difference in cell morphology between the two cell populations ‘2
min trypsin’ and ‘all cells’ was observed, suggesting that most cells were lifted off the flasks
within 2 minutes of trypsination. Gene expression analysis showed that no significant
differences were present between the two populations for OEC, NCSC and ESC genes,
except for αSMA and Sox2. The difference in αSMA expression between the two
populations may be explained by the presence of EMSCs in the ‘2 min trypsin’ populations
and the presence of EMSCs and NCSCs in the ‘non coat all cells’ population.
With increasing passage number several genes were expressed to a higher extent
(P8 versus P0). The increased expression of all ESC genes over passage number may
suggest that during passaging of the population of ‘non coat’ OM cells the multipotent stem
cell population was enriched, including both EMSC and NCSC populations, which was
supported by the increased expression of snail and HNK-1 at P8 compared to P0.
If the suggested NCSCs are present in the ‘all cells’ population, apparently, the
NCSC population attaches very strongly to the plastic flask, inferred from the need for a
longer trypsination duration. A possible explanation for their strong adherence may be that
the cells prefer an ECM-based surface and due to the lack of this surface form strong
interactions of cell integrins with the plastic instead. To reduce the trypsination duration of
the cell population, therefore the ‘non coat all cells’ population was plated on an ECMcoated surface and also cultured serum free to investigate the influence of serum on cell
cultures. As a control also the ‘2 minutes trypsin’ cell population was cultured in serum free
medium. Serum free culture was performed by plating the cells in ECM-coated flasks. The
cells were cultured in serum free DMEM-F12 Glutamax supplemented with 1U of PenStrep,
1U B27, 20 ng/mL human EGF and 20 ng/mL human bFGF as described in the materials
and methods (chapter 8).
Cell morphology was studied in the cell populations in serum and serum free
medium to study the influence of ECM-coating and serum on the cell morphology. No
difference in cell morphology in the ‘non coat all cells’ population cultured in the presence
or absence of serum was observed (Figure 4-45A-B). In serum free medium the number of
cells was much lower compared to serum conditions which may be a result of decreased
cell growth to the lack of serum (Figure 4-45B and D versus A and C respectively).
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Figure 4-45: Culture of OM differential adhesion cell population ‘non coat’ at passage 9,
passaged using short or long incubation of trypsin. OM cells from the ‘non coat’ population
were either trypsinised for 2 minutes (short) or 10 minutes (long) during passaging. All cells
collected using long trypsination are showed in A-B and cells collected using short trypsination
are showed in C-D. Cells were cultured in serum on non-coated flasks (A and C) or serum free
on ECM-coated flasks (B and D). Serum free conditions showed lower cell numbers. Scale
bars, 200 µm.

In conclusion, these results may indicate that differential adherence based on trypsination
duration could not select for the specific stem cell populations.

4.2.6 ISOLATION OF OLFACTORY CELL POPULATIONS USING CELL SORTING
Cell sorting was performed using FACS as alternative method for OEC and NCSC
selection as this technique could select cells based on a combination of markers,
increasing specificity of the selection method and could be performed on live cells. To
isolate OECs and as a potential alternative the NCSC population for cell-based therapies,
the combination of cell surface markers p75, SSEA-1 and ErbB4 was chosen, as selected
in chapter 3 based on the observations that OECs and the suggested NCSCs both
express p75, but that OECs are negative for SSEA-1, whereas NCSCs do express the
marker (Table 2-3). Furthermore, the ErbB4 was added to the combination, which
eliminates Schwann cell contamination due to their low ErbB4 expression 46. OECs were
thought to constitute the p75+/SSEA-1-/ErbB4+ cell population and EMSCs were thought to
be present in the p75+/SSEA-1+/ErbB4+ population. It was thought that NCSCs were
present in the p75+/SSEA-1+ population and either ErbB4+ such as EMSCs or possibly
ErbB4-.

183

In the preliminary study OM from p15 animals was used to identify the different
populations. Following enzymatic dissociation from the tissue cells were cultured overnight
in ultra-low attachment flasks for the cells to recover their cell surface markers, lost during
isolation from the tissue. Cells were stained and analysed using flow cytometry. Methods
are described in detail in materials and methods (chapter 8).
The results of this preliminary study are shown in Figure 4-46. The different
populations identified in chapter 3 were found again, except for the p75+/SSEA-1-/ErbB4+
population. It was thought that this particular population consisted of OECs and it was
completely unexpected that this population could not be identified. A possible explanation
for this observation may potentially be found in the difference in parameters compared to
the study in chapter 3. In this preliminary study the settings were tested as preparatory
work for cell sorting. Differences in experimental parameters included the use of a different
apparatus (BD Influx, BD Biosciences versus a BD FACS Calibur used in chapter 3), a
lower number of samples (n=3 instead of n=5) and the use of stricter settings for the
selection of the cells with the aim to obtain high purity of selected cell populations.
Furthermore, based on the raw data, cell viability was observed to be very low (Figure
4-46A). Moreover, from observations described in chapter 3 it was inferred that the
number of the to be selected cells was a small percentage of the isolated viable cells. Low
cell viability in combination with low numbers of the to be selected cells and with strict
selection criteria resulted in very low numbers of obtained populations and for the
p75+/SSEA-1-/ErbB4+ cells, detection may have fallen outside the detection range.
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Figure 4-46: Cell surface marker expression for p75, SSEA-1 and ErbB4 in cells isolated
from postnatal day 15 LH rat olfactory mucosa. An example of stained sample used for
FACS is shown (A). The number of live cells in this sample is extremely low (only 0.6%) of
counted cells. The histogram with the average cell numbers (n=3) of the different cell
populations in the OM is shown (B).

The results from chapter 3 showed that no difference in cell numbers was observed
between adult and postnatal p16 rats. Therefore the choice to use adult (from 2 months of
age) instead of young animals was based on the larger clinical relevance 232 . For the
eventual sorting similar preparation methods were used for the isolation and staining of
cells from 10 week-old rats (described in chapter 8). However, some difficulties in the
process resulted in extremely low cell viability (lower than 1%; not shown). For instance the
nature of the adult tissue with it being stiffer than p15 OM, required harsher digestion which
made the process lengthier. Secondly, the working volume for antibody incubation was 500
µl for the first attempt, which appeared to large, resulting in limited cell staining. Both
factors resulted in the failure of identifying the desired cell populations.
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In the next experiment the protocol was slightly adapted by using different collection
tubes (v-bottom shaped instead of round bottom) and smaller volumes for antibody
incubation (100 µl instead of 500 µl). In addition to these slight changes, the digestion was
handled more gently, resulting in improved cell viability to 5.66% (Figure 4-47A). However,
although some cell populations were identified among the isolated OM cells, not all
populations previously identified in chapter 3 were found (Figure 4-47B). Furthermore, a
different population p75+/SSEA-1-/ErbB4- was identified (Figure 4-47B). A possible
explanation for this observation could be the low sensitivity for detection of the markers due
to high background and therefore strict selection settings in combination with low cell
viability. Unfortunately, due to the nature of the selection and length of the process,
obtained cell populations did not survive.

Figure 4-47: Cell surface marker expression for p75, SSEA-1 and ErbB4 in cells isolated
from 10 week-old LH rat olfactory mucosa. An example of stained sample used for FACS (A)
and the histogram with the average cell numbers (n=3) of the different cell populations in the
OM (B) are shown.
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4.2.7 SUMMARY AND IMPLICATION OF RESULTS FOR OEC AND NCSC ISOLATION
When culturing OM cells as spheres, it was observed that the cells indeed formed spherelike structures in both non-coated and PLL-coated flasks, suggesting that stem cells may
be present in this culture as previously observed by other investigators 75 77 110 299. Under
culture conditions used to induce neuronal cell differentiation, the OM cells formed longer
processes although no increase in neuronal marker expression was detected.
Heterogeneity of cultured OM cells was confirmed by immunocytochemical study of
cells cultured for two days. OECs were isolated using enzymatic digestion and staining of
the cells suggested a heterogeneous population with expression of OEC, MSC, NSC, ESC
and NCSC markers. As it has been shown that NCSCs isolated from different regions of
the tissue or at different time points display different characteristics such as response to
micro-environmental cues 97, the observed heterogeneity in antigen expression in the OM
culture may be explained by this phenomenon. Previous observations of expression of
MSC markers, NSC markers such as Nestin and NCSC markers such as Sox10 in OECs
would consolidate this concept. It may also explain why heterogeneity of OECs in culture
has been observed throughout the literature. However, the immunohistochemical
characterisation of the OM (chapter 2; Table 2-3), suggests the presence of multiple cell
types in the OM.
To effectively isolate OECs without contamination of other cell types it is important
to obtain insight into the expression of OEC markers by NCSCs such as EMSCs. It was
thought that EMSCs most likely express NCSC markers such as p75. Due to the inability to
study marker expression in EMSCs in culture, BMSCs were used as alternative because of
their similarities to EMSCs 75. The present study showed that BMSCs indeed strongly
expressed s100β and p75 (protein expression only), which may suggest that EMSCs in
culture also express these markers. Therefore it was suggested that when selecting OECs
using p75 only, contamination of the obtained cell population with EMSCs may occur.
As an alternative to selection of OECs using antigen expression, in the present
study differential adhesion was used to separate OECs from the other cell populations
based on the principle that mesenchymal stem cells 84 and fibroblasts adhere to plastic,
while OECs do not adhere 2 263. Enrichment of the OEC population (‘replated’) resulted in a
morphologically different cell population compared to the ‘non coat and ‘ECM coat’
populations. However, the immunocytochemistry and PCR results suggested that the
‘replated’ culture was heterogeneous. Moreover, the presence of NCSC marker expression
in the ‘replated’ population may suggest contamination of this cell population with NCSCs.
Due to the lack of difference in OEC marker expression in the ‘non coat’ and ‘ECM coat’
populations compared to ‘replated’ cells, it was suggested that the differential adhesion did
not work for selection of OECs. Although, as only passage 0 was studied it may be possible
that the ‘non coat’ population was contaminated with OECs, which could explain the small
difference in OEC marker expression in the three populations. A possible explanation of the
lack of specificity for OECs using differential adhesion is that for selection of OECs in the
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‘replated’ population the process of sequential plating may require repetition to discard all
MSC-like cells and fibroblasts.
Selection of NCSCs was attempted also based on differential adhesion from the
starting point of the ‘non coat’ population. Cells were selected using either a short (2
minutes) or long (10 minutes) trypsination incubation. It was thought that the EMSC
population was present in the ‘2 min trypsin’ population due to the similarity with BMSCs.
For the NCSC population it was not certain whether the cells would require short or longer
trypsination, therefore the full population after long trypsination was collected (‘all cells’). No
marked difference in cell morphology was observed for both populations, which may
suggest that most cells were lifted off the flasks within 2 minutes of trypsination. However,
some significant differences in gene expression were found. Furthermore, the results
support the hypothesis that EMSCs were present in the ‘2 min trypsin’ population and that
the ‘all cells’ population contained both EMSCs and NCSCs. Altogether, these results may
suggest that differential adherence based on trypsination duration may select for certain
stem cell populations, although no clear separation between the different stem cell types
could be made and therefore a more specific method would be required.
Due to the limited success of NCSC selection using differential adhesion and lack
of success selecting OECs, a more specific method was studied for cell selection based on
antigen expression. Cell sorting was performed using FACS based on the co-expression of
three markers. The markers p75, SSEA-1 and ErbB4 were chosen based on obtained
results from chapter 3. OECs were thought to be p75+/SSEA-1-/ErbB4+, whereas EMSCs
were thought to be p75+/SSEA-1+/ErbB4+ cells. It was thought that NCSCs were present
in the p75+/SSEA-1+ population and either ErbB4+ such as EMSCs or possibly ErbB4-.
However, when sorting, these particular populations were not identified and cell populations
that were selected did not survive in culture, although the used methodology was the same
as in chapter 3. In addition, cell viability of adult OM cells was very low to begin with and in
combination with low cell numbers of the selected cell populations, these populations may
have fallen out of the detection range.
To solve this problem it was thought that first OM cells could be isolated as a mixed
population, followed by plating the cells on ECM-coated surfaces to expand viable cells in
culture. It was suggested that when sorting this obtained cell population, cell viability would
increase dramatically. A disadvantage of this method was considered to be that the
characteristics of cells may change in culture and percentages of cell numbers within the
full population could also change. It is known that OECs are heterogeneous in antigen
expression and morphology and it would be possible that keeping cells in culture for longer
periods of time may alter their characteristics. However, based on results from OM cells in
culture at day 2 and day 7 (described in the previous section), it was suggested that cell
characteristics would not change dramatically if kept in culture for a short period of time.
Furthermore, if using this strategy in combination with the use of three markers, it was
thought that heterogeneity in antigen expression would be limited for OECs. Furthermore,
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this strategy may be advantageous for sought-after populations which are small. For
instance for the suggested NCSCs the starting percentage is low. As these cells could be
expanded rapidly in culture, when culturing these cells before sorting the number of cells
may be increased dramatically and therefore more easily detected. By using this method it
may be possible to create cell stocks in cell banks, arranging continuous availability of cells
for transplants. However, this method would not allow autologous transplants which might
potentially be a disadvantage, depending on the used treatment strategy.

4.3 CONCLUSION
Altogether, this study showed that culturing OM cells under neurosphere-inducing
conditions, sphere-like structures were formed, which may suggest that multipotent stem
cell are present in culture. Although neuronal differentiation was stimulated in these
cultures, no neuronal differentiation occurred. Immunostaining of isolated OM cells using
enzymatic digestion showed a heterogeneous cell population of different cell types, which
may include OECs, EMSCs and NCSCs. Immunostaining and gene expression analysis of
BMSCs, showing expression of OEC markers s100β and p75, suggested that EMSCs also
express these markers due to their similarity. Therefore it was suggested that a unique
combination of markers is required to effectively isolate OECs, as isolation based on p75
only may result in a cell population with contamination from NCSCs.
Differential adhesion, used to enrich the population of OECs, yielded a
morphologically different cell population. Nevertheless, the obtained population was
suggested to be heterogeneous based on ICC and PCR results. Moreover, the presence of
NCSC marker expression in the enriched population may indicate contamination of this cell
population with NCSCs. When using differential adhesion as a selection method for NCSCs
based on the duration of trypsination, the results support the suggestion that EMSCs were
present in the ‘2 min trypsin’ population and that the ‘all cells’ population contained both
EMSCs and NCSCs, which may indicate that differential adhesion could select for certain
stem cell populations. As a more specific method, cell sorting was used based on the
combination of p75, SSEA-1 and ErbB4 expression. However, the sought populations could
not be identified and the cell populations that were selected, did not survive in culture.
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5. NEUROTROPHIC POTENTIAL OF CELL POPULATIONS ISOLATED FROM
RAT OLFACTORY MUCOSA

5.1 INTRODUCTION AND AIMS
Neurotrophic factors are involved in neuronal differentiation and growth and could provide
neuronal support for diseased neurons and therefore neurotrophic factor supplementation
may potentially be very beneficial for the patient as described in the introduction.

5.1.1 AIMS
Studying the potential of olfactory mucosa cells and their use in cell-based therapies to
treat neuronal injury would benefit from the study of their potential to release neurotrophic
factors. In this chapter the RT-PCR technique was used to rapidly obtain an insight into
gene expression of important neurotrophic factors in the olfactory mucosa tissue and its
isolated cell populations. Since various neurotrophins have been previously identified to be
produced by OECs 206 211, the objective of this chapter was to investigate the gene
expression of neurotrophins BDNF, NGF, NT-3 and NT-4/5 as well as neurotrophic
cytokines GDNF and CNTF.
To understand whether olfactory mucosa tissue or cells may be used for cellmediated neuroprotection, the first question to answer was whether olfactory mucosa tissue
and isolated cells express the above neurotrophic factors. Postnatal day 16 rat OM was
used for studying neurotrophic factor expression as it was thought that neurotrophic factors
are abundantly expressed in young rat OM due to their importance in neuronal
development and survival and the presence of continuous neural regeneration in the OM.
In addition, young and adult OM tissue was compared for neurotrophic gene expression to
determine the suitability of adult donors concerning cell-based therapy as adult sources
are more relevant for autologous cell transplantations due to the higher incidence of both
traumatic and myelinating neuronal injuries 232 and neurodegenerative diseases such as
PD 134, AD 135, HD 143 and ALS 136.
Due to the similarities between BMSCs and the EMSCs found in the OM 75 it was
thought that both cell populations may display similar neurotrophic potential, which may be
comparable to the potential of the identified NCSCs in the OM (observed in chapter 2) due
to a suggested shared NC origin 81. As it was suggested in chapter 4 that obtained OM cell
populations using differential adhesion may contain OECs, EMSCs and NCSCs, the
question arose whether neurotrophic potential of OM cultures may be higher than the
potential of BMSCs alone. For this purpose neurotrophic gene expression was examined in
olfactory mucosa cell populations, obtained after differential adhesion, and compared to
expression of above genes in BMSCs.
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The specific aims of this chapter include:
1. Determining whether the OM tissue and isolated cell types express mRNA coding
for neurotrophic factors indicated above
2. Determining whether differences in neurotrophic factor gene expression between
young and old animals are present
3. Determining whether neurotrophic factor gene expression is different in the
differential adhesion populations

5.2 RESULTS AND DISCUSSION
5.2.1 NEUROTROPHIC FACTOR EXPRESSION IN POSTNATAL DAY 16 RAT
OLFACTORY MUCOSA

Gene expression in olfactory mucosa tissue of postnatal day 16 rats and in cells, isolated
from the mucosa using enzymatic digestion and plated onto ECM-coated surfaces, was
studied using RT-PCR and was normalised against the expression of GAPDH. Four
animals were used for analysis of gene expression in OM tissue and for isolated cell
populations separate RNA isolations were performed on three confluent flasks of cultured
cells. These methods are described in detail in the materials and methods (chapter 8).
Figure 5-1 displays gene expression of the six studied neurotrophic factors in olfactory
mucosa tissue (Figure 5-1A) and cells isolated from the OM and plated on ECM-coated
surfaces (Figure 5-1B). This figure demonstrates that both OM tissue and isolated cells
showed expression of all studied neurotrophic factors, which may suggest that both OM
tissue and isolated cells from the OM of postnatal day 16 rats could provide neurotrophic
support. Gene expression of the factors appeared to be similar, although CNTF and NT-3
expression may be relatively higher in OM tissue compared to isolated cells.
Based on the observed gene expression in OM tissue and cells, it may be
suggested that neurotrophic factors are expressed at protein level and also released by the
cells based on the observation that MSCs express neurotrophic factors at gene level and
also release these factors 314. However, to ascertain that neurotrophic factors are released
by the OM, further studies are required. To confirm protein expression of the six factors in
OM tissue and cells, Western blotting needs to be performed and ELISA may be used to
confirm secretion of neurotrophic factors. Unfortunately, neurotrophic factor release from
cells could not be studied due to lack of time.
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Figure 5-1: Gene expression profile of neurotrophic factors in olfactory mucosa tissue
and cells plated on ECM coat, normalised against GAPDH. The histograms display
expression of BDNF, CNTF, GDNF, NGF, NT-3 and NT-4/5 in OM tissue (A; n=4) and in cells
isolated from the OM and plated on ECM coating (B; n=3). The two histograms show similar
expression of the factors, except for CNTF and NT-3 expression which may be relatively higher
in tissue compared to cells.

5.2.2 COMPARISON OF NEUROTROPHIC FACTOR EXPRESSION BETWEEN THE OM
OF YOUNG AND ADULT RATS

Gene expression of the six selected neurotrophic factors was determined in olfactory
mucosa tissue of LH postnatal day 16 (young) and female 3-6 months-old (adult) rats using
RT-PCR as described in detail in the materials and methods chapter (chapter 8). Statistical
analysis was performed using a two-tailed unpaired t-test under the assumption that gene
expression was normally distributed with equal variances in the two groups. Seven to eight
animals were used for analysis.
Differences in gene expression between the OM of p16 and adult rats of the studied
neurotrophic factors are displayed in Figure 5-2. BDNF, CNTF, GDNF and NT-4/5 were
expressed to a significantly higher extent in adult compared to p16 rat OM (p<0.01 for
BDNF, CNTF and GDNF and p< 0.001 for NT-4/5), while NGF and NT-3 gene expression
was not significantly different in adult compared to young animals (p>0.05). These results
may suggest that the release of BDNF, CNTF, GDNF and NT-4/5 is increased in adults
compared to young rats. These differences in gene expression may be attributed to
differences in cell composition of the rat OM at different ages. It was suggested that
postnatal day 16 animals will have a fully developed olfactory mucosa 287. However, with
age the size of the OE will decrease over time which was observed at p28, when the OE is
thinner compared to p14, and also the development of sensory cells slows down 287. For
the HBCs it was observed that more cells were present at a later stage in life 287. Moreover,
with increasing age, the number of placode-derived HBCs decreases and the number of
NC-derived HBCs increases 112.
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The increase in GDNF and NT-4/5 expression in adult compared to young animals
may be explained by the increasing numbers of HBCs during aging as GDNF is expressed
in the OE, including the basal layer of the OM 208 and NT-4/5 is expressed in all cell types
of the OE, including HBCs 72. Both NGF and NT-3 are not expressed by HBCs 72 and their
expression was not increased with age as shown in Figure 5-2, which supports this theory.
On the contrary, BDNF which is not expressed by HBCs 72 was also expressed to a higher
extent in adult compared to p16 OM tissue. The same applies to CNTF which is expressed
by cells in the OE but not HBC 207. However, both BDNF and CNTF are expressed by
OECs 206 and an increase of the number of OECs in the OM with age may explain why both
neurotrophic factors were expressed to a higher extent in adults compared to young
animals.
Based on the above data, the question then arose whether older sources always
show advantage concerning neurotrophic potential or that neurotrophic potential is limited
to a certain age. In an attempt to answer this question OM of 18 months-old GFPexpressing Sprague Dawley rats (SD) was used to determine gene expression of the same
neurotrophic factors. It was observed that even though GDNF expression was significantly
higher in adults compared to young animals of the same strain, GDNF was expressed to a
significantly lower extent in GFP adults compared to LH adults (Figure 5-2; p<0.001).
Higher GDNF in LH adults compared to young rats was thought to be caused by increased
numbers of HBCs with age (described above). A possible explanation for lower GDNF
expression in GFP adults may be that at old-age the decrease in thickness of the OE -and
thereby the loss of GDNF expression from the olfactory sensory neurons in the mature and
immature layer of the OE- surpasses the GDNF expression from the basal layer -with
increasing number of HBCs- thereby resulting in a decrease of the nett GDNF expression.
NT-3 expression was significantly lower in GFP adults compared to young animals
(Figure 5-2; p<0.01). An explanation for this observation may be thinning of the OE with
age 287. NT-3 is expressed in all cell layers of the OE except for the HBCs 72 and when the
OE becomes thinner NT-3 expression may be reduced. For the other neurotrophic factors
no significant difference was observed in GFP animals compared to both young and adult
LH rats (Figure 5-2; p>0.05).
Although GFP adults are not perfectly comparable to the LH OM tissue of p16 and
adult rats due to the difference in their genetic background, it was thought that differences
in genetic background are relatively small for the studied genes in the albino rats compared
to the LH animals.
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Figure 5-2: Gene expression profile of neurotrophic factors in olfactory mucosa tissue of LH p16, adult and GFP adult, normalised against
GAPDH. BDNF, CNTF, GDNF and NT-4/5 were expressed to a significantly higher extent in female LH adult (3-6 months-old) compared to p16 rat
olfactory mucosa tissue (*p<0.01 and **p<0.001, two-tailed unpaired t-test), while NGF and NT-3 gene expression was not significantly different in LH
adult compared to young animals (p>0.05, two-tailed unpaired t-test). GDNF was expressed to a significantly lower extent in GFP adults (18 monthsold) compared to LH adults (p<0.001, two-tailed unpaired t-test) and NT-3 expression was significantly lower for GFP adult compared to young animals
(p<0.01, two-tailed unpaired t-test). For the other neurotrophic factors no significant difference was observed for GFP animals compared to both LH
groups (p>0.05, two-tailed unpaired t-test), n=5-8.
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5.2.3 NEUROTROPHIC FACTOR EXPRESSION IN SELECTED CELL POPULATIONS
FROM POSTNATAL DAY

16 RAT OLFACTORY MUCOSA COMPARED TO BMSCS

To study whether olfactory mucosa cell populations obtained by differential adhesion may
be a more potent source than BMSCs for cell-mediated neuroprotection, gene expression
of the chosen neurotrophic factors was studied in isolated cell populations and compared to
expression in BMSCs. These populations were chosen as it proved impossible at this time
to isolate pure populations of OECs and NCSCs. These cell populations were obtained
using enzymatic digestion followed by differential adhesion as used in chapter 5. The
obtained cells were cultured until confluent and separate RNA isolations were performed on
each flask. Isolated BMSCs from an adult (3-6 months-old) rat were used to compare. A
difference between animal sources was their genders: BMSCs were isolated from female
rats, while OM cells came from a litter with mixed genders. Although most benefits of
gender difference for BMSCs occur in the patient with female more benefitting than male
due to the presence of oestrogen, female BMSCs by itself do have several advantages. For
instance in endotoxic and hypoxic injury models, activated female BMSCs displayed
decreased apoptosis and VEGF, TNF and IL-6 expression and thereby showed stronger
resistance against certain stimuli compared to male BMSCs 315. Therefore it may be
possible that female donors may be more beneficial for neurotrophic factor expression
compared to male donors. Whether the gender of the donor affects neurotrophic potential
of BMSCs and or OM cells merits further studies. A full description of the used methods is
described in the materials and methods (chapter 8).
BDNF expression was significantly higher in BMSCs compared to the ‘non coat’
and ‘ECM coat’ population of olfactory mucosa cells (Figure 5-3; p<0.01 and p<0.05
respectively), which may indicate that BMSCs may be a better source for neurotrophic
support. The lack of significant difference in BDNF expression in BMSCs compared to the
‘replated’ population of olfactory mucosa cells may suggest that the enriched ‘replated’
population in that respect is not more effective than BMSCs. Also for NGF similar
significant differences between BMSCs and ‘non coat’ and ‘ECM coat’ populations of
olfactory mucosa cells were observed (Figure 5-3; p<0.05 and p< 0.01 respectively), which
may be explained by a similar reasoning as for BDNF.
Other genes did not show significant differences in expression between the different
cell populations, which may implicate that all three OM populations were not more effective
than BMSCs concerning neurotrophic potential. However, as BMSCs were isolated from
adult and OM cells from p16 rats, the differences in gene expression may not solely be
caused by the difference in neurotrophic potential of the different cell types but also the age
of the source may play a role. It was thought that neurotrophic factor expression would be
higher at younger age compared to older age in BMSCs as it was suggested that the
production of factors by BMSCs such as VEGF, EGF and IGF decreases significantly with
age 315. As a consequence it was thought that the observed significant difference in
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neurotrophic gene expression between BMSCs and the OM cell populations may be
smaller than the true difference in BDNF and NGF expression between the cell populations.
Therefore the observed significant difference was thought to be due to the difference in the
neurotrophic potential of the cell types and not the age of the source. On the other hand,
the significantly higher BDNF expression in adult compared to p16 OM rat tissue (Figure
5-2), may suggest that OM cells in culture from adult animals would also express
significantly more BDNF compared to cells from p16 OM. Therefore the observed
difference in BDNF expression between cultured OM cells (p16) and BMSCs (adult) may
have appeared larger than the true difference, which contradicts the previous reasoning.
Unfortunately, the study could not be performed as adult OM cells did not grow well in
culture. On the contrary, NGF expression was not significant different between young and
adult OM sources (Figure 5-2), whereas its expression was significantly higher in BMSCs
compared to OM cells (Figure 5-3). Therefore it was thought that the observed difference
in NGF expression between cultured OM cells and BMSCs was indeed due to differences
in gene expression in the cell populations. In addition it may be possible that difference in
gender of the donors may have affected the difference in BDNF and NGF expression
observed between cell populations in this study.
Altogether, from these results it may be suggested that all three OM populations did
not show to be any more effective than BMSCs concerning neurotrophic potential.
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Figure 5-3: Comparison of gene expression of the studied neurotrophic factors between olfactory mucosa cells (n=3) and BMSCs (n=4),
normalised against GAPDH. BDNF expression was significantly higher in BMSCs compared to the ‘non coat’ and ECM populations of OM cells
(p<0.01 and p<0.05 respectively, two-tailed unpaired t-test), while no significant difference was observed in BDNF expression in BMSCs compared to
the ‘replated’ population of OM cells (p>0.05, two-tailed unpaired t-test). Also for NGF similar significant differences between BMSCs and ‘non coat’ and
‘ECM coat’ populations of OM cells were observed (p<0.05 and p< 0.01 respectively, two-tailed unpaired t-test). CNTF, GDNF, NT-3 and NT-4/5 genes
did not show significant differences in expression between the different cell populations (p>0.05, two-tailed unpaired t-test).
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5.2.4

IMPLICATIONS OF RESULTS FOR THE CHOICE OF CELL TYPE

CONCERNING CELL- BASED TREATMENTS

In the present study gene expression of chosen neurotrophic factors (BDNF, NGF, GDNF,
CNTF, NT-3 and NT-4/5) in the OM tissue and the studied OM cell populations of p16 LH
rat may indicate that these sources of cells could provide neurotrophic support. As
autologous transplantation of cells would be aspired to minimise adverse effects, adult age
sources would be commonly used as many neurodegenerative diseases manifest
themselves at a later stage in life 134 135 136 143 232. When comparing young (p16) to adult (36 months-old) OM tissues for gene expression, differences were observed: BDNF, CNTF,
GDNF and NT-4/5 were all expressed to a significantly higher extent in adults compared to
young rat OM tissue.
The second consideration in determining the most suitable cell source would be
which source could deliver the most beneficial neurotrophic factor(s) for the treatment of
the disease. Based on the observed results, requirement of BDNF would be more
beneficial in neuronal injury manifested at adult stage in life, while for NT3 and NGF no
difference in efficacy was thought to be present. The situation would be different if instead
of whole OM tissue specific cell sources would be used. In that case, for instance the
number of OECs or NCSCs in OM tissue at a certain age would matter. For these individual
cell populations, neurotrophic potential needs to be studied to learn whether differences in
potential of specific cell types may exist between the two age groups. Another potential
candidate for autologous cell-based treatments includes the MSC population. Based on the
comparison between neurotrophic factor gene expression of OM and BMSCs it may be
suggested that all three OM populations were not more effective than BMSCs concerning
neurotrophic potential. The question then arises whether purified cell populations from the
OM would be more effective such as a pure population of OECs or NCSCs. As BMSCs are
very similar to NCSCs in antigen expression and behaviour 75, it was thought that the
subpopulation of NCSCs present in the BMSC population may be responsible for the
neuronal potential of BMSCs 82 and consequently that their neurotrophic potential in terms
of the six described neurotrophic factors may be due to the presence of NCSCs in the
population. Therefore it was suggested that the NCSCs -suggested to be present in the OM
(chapter 2)- may display higher neurotrophic potential compared to the BMSC population,
which constitutes only a small percentage of NCSCs.
However, in that respect the population of NCSCs from the bone marrow may also
be used as source for cell-based therapies. NCSCs are present in multiple adult tissues 93
100 102 103 104 105 106 107

and therefore NCSCs from different sources could be used in

neuroprotection strategies.
Nevertheless, different NCSC populations from different tissues are not necessarily
identical, especially not in vitro: NCSCs isolated from different regions of the tissue or at
different time points display different characteristics such as response to micro-
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environmental cues 97. It was thought that due to the unique characteristics and role of the
OM in neurogenesis, the NCSCs from the OM may display higher neurotrophic potential
compared to NCSCs from other tissue sources. This hypothesis could be tested by
isolating NCSCs from OM tissue and directly comparing its neurotrophic potential to
NCSCs from bone marrow and possibly other sources of adult NCSCs such as skin 93.

5.3 CONCLUSION
In conclusion, this study showed that all the six studied neurotrophic factors were
expressed in both olfactory mucosa tissue and cultured cells after cell isolation from
postnatal day 16 LH rats, which may suggest that the cells release neurotrophic factors and
may be used in neuroprotection strategies to treat neuronal injury. Furthermore differences
were observed in different ages: BDNF, CNTF, GDNF and NT-4/5 were all expressed to a
significantly higher extent in adults (3-6 months-old) compared to young (p16) rat OM
tissue. Moreover, for NT-3 expression decreased in old age (18-months) compared to
young and adults. However, GDNF expression showed the highest expression at adult
stage. When comparing the cultured OM cell populations to BMSCs, no increased gene
expression for neurotrophic factors was observed for all three OM populations compared to
BMSCs, which may indicate that their neurotrophic potential is not higher compared to
BMSCs.
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6. THE OLFACTORY BULB AS POTENTIAL ALTERNATIVE SOURCE FOR
CELL-BASED THERAPIES :

COMPARISON BETWEEN THE OLFACTORY

MUCOSA AND THE OLFACTORY BULB IN THE RAT

6.1 INTRODUCTION AND AIMS
OECs can be isolated from both peripheral olfactory mucosa and central olfactory nerve
fibre or glomerular layers of the olfactory bulb 2. In this chapter the use of olfactory bulbderived OECs for treatment of neuronal injury was considered.

6.1.1 AIMS
The suggested presence of EMSCs and NCSCs in the olfactory mucosa tissue (observed
in chapter 2, Table 2-3), may complicate OEC isolation from the OM. An alternative source
for OECs is the olfactory bulb, as OECs have been isolated from this tissue 232 and have
been studied as a source in cell-based treatment of neuronal injury (Table 1-4). Therefore it
was thought to be desirable to investigate the differences between OB and OM with the aim
to determine whether the OB may be a suitable alternative source for OECs in terms of
numbers of OECs. In addition, as previous studies have shown that multipotent stem cells
are present in the OM 238 239, the question arose whether NCSCs may also be present in
the OB which may influence OEC isolation.
To understand whether the OB may be used as a suitable source for a relatively
pure population of OECs, it is important to investigate whether cell types expressing similar
markers to OECs are present in this tissue. Therefore in this chapter the OB was examined
for the expression of genes coding for OEC, NSC, ESC and NCSC markers. In addition,
Western blotting analysis was used to investigate protein expression of OEC and NCSC
markers and flow cytometry was used to study whether suggested OEC, EMSC and NCSC
cell populations may be present based on the expression of markers p75, SSEA-1 and
ErbB4. In addition, cells from both OM and OB were isolated and cultured to observe
commonalities and differences between their respective cultures. As LP-OECs and OBOECs resemble each other antigenically 38, the same set of OEC markers was used as in
previous chapters.
For the characterisation of the olfactory bulb and comparison to the mucosa adult
animals were used (3-6 month old females) as NCSC markers have already been identified
in the adult OM as observed in chapter 3 and for autologous cell transplantations adult
tissue is a more relevant source than young donors 134 135 136 143 232. In addition it is also
more practical, as the bulb and mucosa could both be isolated from the same animal.
To study differences between OM cells and OB cells in 3 months-old female LH
(adult) rats, expression of cell-surface proteins was studied using flow cytometry analysis
(n=5 for each group). This technique was used as it is possible to be performed on live
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cells, which is a requirement for FACS as a potential selection method to obtain desired cell
populations. With the intention to eventually isolate OECs for cell-based therapies and
NCSCs as a potential alternative, the combination of cell surface markers p75, SSEA-1 and
ErbB4 was chosen as used in chapter 3. It was thought that co-expression of p75 with the
OEC marker ErbB4 and no expression of SSEA-1 was an indication of the cells to be
OECs, whereas for NCSCs the cells were thought to be p75+/SSEA-1+ and either ERbB4+
or ErbB4-.
In the present study the same set of markers was used for the OB as for the OM for
sorting of OECs. The cell surface marker p75 is commonly used for selection of bulbar
OECs 255, although based on the study by Wewetzer et al. 2005 selecting for p75+ cells
would exclude the major p75-/O4+ OEC population 59. However, p75 expression is
upregulated in culture, resulting in the almost exclusive use of p75+ OECs in
transplantation studies 59. Therefore in this study p75 was used to select for OECs. As it
was suggested that NCSCs may be present in the OB, isolation of cells that were
p75+/SSEA-1+ and either ERbB4+ or ErbB4- were sorted as it was thought these cells
might be NCSCs, similar to NCSCs from the OM (chapter 3).
The specific aims of the work presented in this chapter were to:
1. Compare gene expression characteristics of adult rat olfactory mucosa with
characteristics of bulb tissue using RT-PCR
2. Compare protein expression of OEC and NCSC markers between adult rat
olfactory mucosa and bulb tissue using Western blotting
3. Compare cell culture of olfactory mucosa and bulb cells
4. Analyse expression of cell surface markers p75, SSEA-1 and ErbB4 in cells
isolated from OM and OB tissue using flow cytometry and sort for cells using FACS.

6.2 RESULTS AND DISCUSSION
6.2.1 COMPARISON OF GENE EXPRESSION IN OLFACTORY MUCOSA VERSUS BULB
TISSUE

Gene expression of the OEC, NSC, ESC and NCSC markers was compared between OM
and OB tissue from 3-6 month old female rats from the same animal. A full description of
the used methods is given in the materials and methods section (chapter 8). Average gene
expression (n=4-8) was compared and statistically analysed using a two-tailed parametric ttest with assumption of equal variances (two-tailed unpaired t-test) under the assumption
that gene expression in both OM and OB follows a normal distribution within the population.
The results of the comparison in OEC gene expression between OM and OB
showed that GFAP, ErbB4 and s100β were expressed to a significantly higher extent in the
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OB compared to the OM (Figure 6-1; p<0.05 for GFAP and ErbB4 and p<0.01 for s100β),
whereas differences in expression of p75 and αSMA were not significant (Figure 6-1;
p>0.05). Higher expression of GFAP and s100β genes in the OB compared to the OM may
suggest the presence of larger numbers of OECs in the OB compared to the OM or
alternatively expression may be higher due to expression of these genes by other cell types
such as Schwann cells 2 and astrocytes 289 23 as six different types of astrocytes have been
identified based on their cell morphology and GFAP reactivity 23. The difference in ErbB4
gene expression between OM and OB may be due to expression of ErbB4 expression in
cortical astrocytes 46 which may be present in the OB tissue. Furthermore, ErbB4 is
expressed by newly formed neurons migrating from the SVZ to the olfactory bulb 47 as well
as by migrating neuroblast progenitor cells 47. The presence of both cell types may
therefore also contribute towards the difference in ErbB4 gene expression between OM
and OB.
When comparing NSC gene expression, Pax6 expression was significantly higher
in olfactory bulb compared to mucosa (Figure 6-2; p<0.05). Both for Nestin and Sox2
expression no significant difference was observed (Figure 6-2; p>0.05), although a
tendency was found for higher Nestin and Sox2 expression in the OB compared to the OM.
Gene expression of ESC markers was not significantly different when comparing
adult olfactory mucosa with bulb (Figure 6-3; p>0.05). The lack of significant differences in
ESC gene expression between OM and OB might indicate that the number of multipotent
stem cells in both tissues is similar. An alternative explanation for this observation may be
that a difference in number of multipotent stem cells does exist, but that the observed gene
expression is similar due to the differences in abundance of mRNA for these genes in the
cells.
All studied NCSC genes were expressed in both OM and OB but no significant
difference in their expression was observed (Figure 6-4, p>0.05), except for Sox10 which
expression was significantly higher for the OB compared to the OM (Figure 6-4, p<0.05). It
was thought that Sox10 expression in the OB was due to the presence of OECs and
NCSCs in the tissue. The presence of Sox10 gene expression in combination with the
presence of gene expression of FoxD3 may suggest that NCSCs are present in the OB.
Furthermore the higher expression of Sox10 with no difference in expression of other
NCSC genes may indicate larger numbers of OECs in the bulb compared to the OM.
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Figure 6-1: Gene expression profile of olfactory mucosa tissue and olfactory bulb for five OEC markers, normalised against GAPDH. The
genes for p75, GFAP, s100β, αSMA and ErbB4, were all expressed by the OM and OB of LH female 3-6 months-old (adult) rats. The histograms show
the average normalised gene expression of the samples for the five OEC genes for OM (n=5-8) and OB (n=4). GFAP, ErbB4 and s100β were
expressed to a significantly higher extent in adult OB compared to OM (p< 0.05 for GFAP and ErbB4 and p<0.01 for s100β, two-tailed unpaired t-test).
Gene expression of p75 was not significantly different (p>0.05, two-tailed unpaired t-test).
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Figure 6-2: Gene expression profile of adult olfactory mucosa tissue and olfactory bulb for three NSC markers, normalised against GAPDH.
The genes for the NSC markers Pax6, Nestin and Sox2 were all expressed by the OM (n=5-8) and OB (n=4) of LH female 3-6 months-old (adult) rats.
The histograms show the average normalised gene expression of the samples for the three NSC genes. Both Nestin and Sox2 genes were not
expressed to a significantly different extent when comparing adult olfactory mucosa tissue versus bulb (p>0.05, two-tailed unpaired t-test), whereas for
Pax6 gene expression in the adult bulb was significantly higher compared to olfactory mucosa (p<0.05, two-tailed unpaired t-test).
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Figure 6-3: Gene expression profile of adult olfactory mucosa tissue and olfactory bulb (OB) for five ESC markers, normalised against
GAPDH. The genes for the ESC markers SSEA-1, oct4, Sox2, c-Myc and Klf4 were all expressed by the OM (n=5-8) and OB (n=4) of LH female 3-6
months-old (adult) rats. The histograms show the average normalised gene expression of the samples for the five ESC genes. No genes were
expressed to a significantly different extent when comparing adult olfactory mucosa to bulb tissue (p>0.05, two-tailed unpaired t-test).
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Figure 6-4: Gene expression profile of olfactory mucosa tissue and olfactory bulb for six NCSC markers, normalised against GAPDH. NCSC
genes Sox10, HNK-1, snail, p75, Sox9 and FoxD3 were all expressed by the OM (n=5-8) and OB (n=4) of LH female 3-6 months-old (adult) rats. The
histograms show the average normalised gene expression of the samples for the six NCSC genes. No genes were expressed to a significantly different
extent when comparing adult olfactory mucosa tissue versus bulb (p>0.05, two-tailed unpaired t-test), except for gene expression for Sox10 in the adult
bulb which was significantly higher compared to olfactory mucosa (p<0.05, two-tailed unpaired t-test).
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6.2.2 COMPARISON OF PROTEIN EXPRESSION OF VARIOUS CELL MARKERS
BETWEEN ADULT RAT OLFACTORY MUCOSA AND BULB TISSUE

To further explore whether differences in protein expression between the olfactory mucosa
and bulb tissue directly correlate to their gene expression levels, intracellular protein
expression was semi-quantified using Western blotting. For this purpose protein was
extracted from adult rat olfactory mucosa and bulb tissue from the same animal and
analysed using Western blotting. Protein expression was normalised against expression of
the housekeeping protein β-actin. Average protein expression (n=3) was compared and
statistically analysed using a two-tailed parametric unpaired t-test. The methods are
described in detail in chapter 8. Individual bands for the different proteins are shown in
Figure 6-5.
No significant difference in protein expression was observed between the OM and
the OB for GFAP (Figure 6-6; p>0.05). This observation was not in agreement with the
gene expression data. A reason for this discrepancy in results may be the lower quality of
β-actin staining, potentially influencing the normalised results. Protein expression of αSMA
in the OB was also not significantly different from expression in the OM (Figure 6-6;
p>0.05), which was in correspondence with the gene expression profile.
The marker p75 -both an OEC and NCSC marker- was expressed to a significantly
lower extent in olfactory bulb compared to mucosa (Figure 6-6 and Figure 6-7; p<0.05),
which was not in agreement with the gene expression result. A possible reason for this
discrepancy may be the limited accuracy in quantification of p75 expression using Western
blotting. As p75 is a cell surface marker, more accurate quantification of its protein
expression would require the use of flow cytometry on cells isolated from the two tissues,
which was performed in the next section.
FoxD3 and Sox10 protein expression was significantly lower in OB compared to
OM tissue (Figure 6-7; p<0.05 and p<0.01 respectively), which was in agreement with the
significant difference observed for p75. These observations may suggest that a NCSC
population could be present in the OB and secondly that the lower expression of NCSC
markers in the OB may indicate a lower number of NCSCs in the OB compared to the OM.
However, these results are not in agreement with the gene expression results, which
showed no difference for FoxD3 and the opposite result for Sox10 (Figure 6-4).
In summary, the lack of significant difference in protein expression of both GFAP
and αSMA between the two tissues may indicate that no difference in the number of OECs
in the two tissues is present. The lower p75 expression in the OB compared to the OM, if
veritable, does not necessarily indicate a lower number of OECs, as p75 is expressed by
other cell types such as EMSCs and NCSCs in the OM; neurons from the SVZ and RMS 316
and OBNSCs in the bulb 130. The lower expression of p75 may be a result of fewer
numbers of NCSCs in the bulb, which would be in agreement with the lower expression of
NCSC markers FoxD3 and Sox10.
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Figure 6-5: Bands of protein expression in olfactory mucosa tissue and olfactory bulb of
LH 3-6 months-old (adult) rats. The proteins for GFAP, αSMA, Sox10, p75, FoxD3 and
housekeeping protein β-actin were all expressed by olfactory mucosa tissue and olfactory bulb
of adult rats (n=3).

Figure 6-6: Comparison of protein expression in olfactory mucosa and bulb tissue for
three OEC markers, normalised against β-actin. The proteins for GFAP, αSMA and p75 were
all expressed by OM and OB tissue of LH 3-6 months-old (adult) rats. The histograms show the
average normalised protein expression of the three OEC markers (n=3). Only p75 was
expressed to a significantly higher extent in the olfactory mucosa compared to the bulb (p<0.05
respectively, two-tailed unpaired t-test).

Figure 6-7: Comparison of protein expression in olfactory mucosa and bulb tissue for
three NCSC markers, normalised against β-actin. NCSC proteins FoxD3, Sox10 and p75
were all expressed by OM and OB tissue of LH 3-6 months-old (adult) rats. The histograms
show the average normalised protein expression of the three NCSC markers (n=3). All three
proteins were expressed to a significantly higher extent in the olfactory mucosa compared to the
bulb (p< 0.05 for FoxD3 and p75 and p<0.01 for Sox10, two-tailed unpaired t-test).
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6.2.3 CELL CULTURE OF OLFACTORY MUCOSA AND BULB CELLS
To further explore the difference between the olfactory mucosa and bulb, differences in cell
morphology and cell growth were studied in cell cultures isolated from the two sources. For
this purpose cells were isolated from the olfactory mucosa and bulb of female 3-6 monthsold LH rats. Due to the toughness of the skull of adult rats, reaching the OM and OB
required an approach from the back side of the skull. Enough brain was taken away,
without disturbing the OB, so the nose became accessible followed by cutting of the front of
the nose to exclude the respiratory mucosa. OM cells were isolated using enzymatic
digestion and plated onto ECM-coated surfaces. The OB tissue was much softer and fattylike, similar to brain tissue and therefore a digestion method was used, similarly to cell
digestion from the full rat brain. Detailed methods are described in chapter 8.
The difference in tissue nature and digestion method resulted in differences in cell
viability. For both tissue types the digestion method required careful handling: with the
tough adult OM under-digestion was at risk whereas for the soft OB tissue over-digestion
was at risk. Due to the nature of the tissue for adult OM cells the isolation process did not
work optimally. Adult cells were much lower in number, despite their larger OM, due to the
low cell viability and high number of debris in the obtained culture. Therefore OM cells did
not always survive in culture. At seven days in culture hardly any viable cells were present
(Figure 6-8A). For OB cells, when working carefully during cell titration, a high cell number
and fewer debris was obtained and thereby increasing cell viability considerably. Therefore
at 8 days in culture cells grew in groups and displayed different morphologies, which may
suggest that multiple cell types were present (Figure 6-8B-C). Despite unfavourable
digestion circumstances for OM cells from adult animals, a different culture of cells was
able to reach confluence with enough patience and care at 26 days in culture (Figure
6-8D). Due to higher cell viability for OB cells, the cells were very confluent at 18 days in
culture (Figure 6-8E-F).
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Figure 6-8: Cell culture of adult LH rat olfactory mucosa and bulb cells. Culture of cells
isolated from olfactory mucosa (A and D) or olfactory bulb (B-C and E-F) of LH female 3-6
months-old adult rats. At day 7 in culture, no OM cells were growing in this culture (A), whereas
for OB cells at day 8 groups of cells were present which displayed different cell morphologies
(B-C). For adult OM cultures, that did grow, at day 26 in culture the cells were confluent,
whereas for OB cultures at day18 the cells were already very confluent (D versus E-F
respectively). Scale bars, 200 µm.

6.2.4 COMPARISON BETWEEN CELLS ISOLATED FROM ADULT RAT OLFACTORY
MUCOSA AND BULB TISSUE USING FLOW CYTOMETRY

For flow cytometry cells were isolated from olfactory mucosa and olfactory bulb using
enzymatic digestion from the same adult (3 months-old) female LH rats (n=5 for each
group) and cultured overnight in ultra-low attachment flasks for the cells to recover. The
cells were stained and analysed using flow cytometry. Methods are described in detail in
chapter 8. Numbers of cells positive for surface markers p75, SSEA-1 and ErbB4 were
compared between OM and OB and statistical analysis was performed using a parametrical
two-tailed unpaired t-test under the assumption that cell surface marker expression in both
tissues was normally distributed and variances were equal in both groups. Figure 6-9
shows a representative single plot for cells isolated from olfactory mucosa and bulb from 3
months-old female rats stained with SSEA-1-488, p75-PE and ErbB4-APC and control cells
(unstained).
When comparing single antibody expression between the two different cell
populations, both SSEA-1 and ErbB4 positive cell populations were larger in the olfactory
bulb compared to the mucosa (Figure 6-10B and C respectively, p<0.001 and p<0.01
respectively). Larger expression of SSEA-1 in the OB may indicate a higher number of
multipotent stem cells compared to the mucosa. Higher expression of ErbB4 in the bulb
may suggest a higher number of OECs, although the marker was thought to be also
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expressed by EMSCs as EMSCs resemble BMSCs 75, which showed ErbB4 gene
expression (Figure 4-26B). Moreover, the proportion of cells staining for p75 was not
significantly different between the two sources (Figure 6-10A) and as this marker is
expressed by both OECs and was suggested to be expressed by EMSCs (chapter 4),
presence of a higher number of OECs in the bulb is less likely. Moreover, as ErbB4 is also
a neuronal marker 47, the difference in the number of ErbB4+ cells may be a result of a
difference in number of neurons in the bulb compared to the OM.
In addition to staining for single markers, combinations of surface markers were
investigated to identify different cell populations. When comparing the adult OM and OB
cells the number of p75+/SSEA-1+ (Figure 6-11A) cells was not significantly different,
which may indicate that the number of NCSCs was similar. Furthermore, for the bulb the
number of p75+/SSEA-1- cells was significantly lower (Figure 6-11B; p<0.05) of which the
population of OECs were a component. On the contrary, the number of p75-/SSEA-1+ cells
was larger in OB tissue compared to OM (Figure 6-11C; p<0.01), which may suggest the
presence of a higher number of multipotent stem cells which are p75-.
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Figure 6-9: Representative flow cytometry plots of olfactory mucosa and bulb cells
unstained (control) and stained for SSEA-1-488, p75-PE and ErbB4-APC. Cells were
isolated from 3 months-old female adult LH rat OM and OB from the same animal.
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Figure 6-10: Comparison of single cell surface marker expression for p75, SSEA-1 and
ErbB4 between OM and OB. Using flow cytometry analysis significantly higher expression was
observed (n=5; two-tailed unpaired t-test) between female 3 months-old adult LH rat olfactory
mucosa and bulb in the number of cells expressing SSEA-1 (B; p<0.001) and ErbB4 only (C;
p<0.05), whereas for p75 no significant difference was observed (A; p>0.05; two-tailed unpaired
t-test; n=5).

Figure 6-11: Comparison of expression of the combination of p75 and SSEA-1 between
OM and OB. Using flow cytometry analysis no significant difference in number of cells was
observed (n=5; two-tailed unpaired t-test) between female 3 months-old adult LH rat olfactory
mucosa and bulb in the number of cells expressing p75+/SSEA-1+ (A; p>0.05), whereas a
significant difference (n=5; two-tailed unpaired t-test) was found in the number of cells
expressing p75+/SSEA-1- (B; p<0.05) and p75-/SSEA-1+ (C; p<0.001).

Analysis of cell number expressing p75 and ErbB4 showed that the number of
p75+/ErbB4+ cells was not significantly different between cells isolated from OM and OB
(Figure 6-12A; p>0.05), which suggest that both tissues may contain an equal number of
OECs. However, a tendency was found that the number of p75+/ErbB4+ cells was larger in
OM compared to OB. Also the p75+/ErbB4- population was not significantly different in size
in both tissues at all (Figure 6-12B; p>0.05), whereas the p75-/ErbB4+ population was
significantly larger in the olfactory bulb compared to the mucosa (Figure 6-12C; p<0.01). As
ErbB4 is also a neuronal marker 47, the difference in the number of p75-/ErbB4+ cells may
be a result of differences in the number of neurons with more in the OB compared to the
OM.
For the number of ErbB4+/SSEA-1+ cells no significant difference was observed
between the OM and the OB (Figure 6-13A; p>0.05), which may indicate that the number
of ErbB4+ multipotent stem cells was similar in both tissues. Also for the number of

213

ErbB4+/SSEA-1- cells no significant difference was observed between cells isolated from
the two tissues (Figure 6-13B; p>0.05). This result may indicate that the significantly larger
number of ErbB4+ cells in the OB compared to the OM may not be due to larger numbers
of neurons in the bulb compared to the OM, which were thought to be ErbB4+/SSEA-1- as
these cells were thought not to be multipotent and therefore to be SSEA-1-. To the
contrary, the ErbB4-/SSEA-1+ cell population was significantly larger in the OB compared
to the OM (Figure 6-13C; p<0.05), which may indicate the presence of a larger number of
ErB4- multipotent stem cells in the OB.

Figure 6-12: Comparison of expression of the combination of p75 and ErbB4 between OM
and OB. Using flow cytometry analysis no significant difference in number of cells was
observed (n=5; two-tailed unpaired t-test) between female 3 months-old adult LH rat olfactory
mucosa and bulb in the number of cells expressing p75+/ErbB4+ (A; p>0.05), whereas a
significant difference (n=5; two-tailed unpaired t-test) was found in the number of cells
expressing p75-/ErbB4+ (C; p<0.001). No p75+/ErbB4- cells were measured in the adult OM
and only a low number in the adult olfactory bulb (B).

Figure 6-13: Comparison of expression of the combination of ErbB4 and SSEA-1 between
OM and OB. Using flow cytometry analysis no significant difference in number of cells was
observed (n=5; two-tailed unpaired t-test) between female 3 months-old adult LH rat olfactory
mucosa and bulb in the number of cells expressing ErbB4+/SSEA-1+ (A; p>0.05) and
ErbB4+/SSEA-1 (B; p>0.05), whereas a significant difference (n=5; two-tailed unpaired t-test)
was found in the number of cells expressing ErbB4+/SSEA-1- (C; p<0.001).
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Figure 6-14A-C shows the average number of cells within the double positive populations
and Figure 6-14D and Figure 6-15A show the average number of triple positive cells in
both groups. Given that OECs were thought to be p75+/ErbB4+, NCSCs to be p75+/SSEA1+ and EMSCs to be p75+/SSEA-1+/ErbB4+ and no significant differences were observed
in numbers of these cells between the OM and OB, it may be suggested that no significant
differences in OEC, NCSC and EMSC numbers are present between the two sources.
When observing the p75+/SSEA-1-/ErbB4+ cells, which were thought to be the OECs, no
significant difference was found, although a tendency was observed for a lower number of
OECs in the OB compared to the OM (Figure 6-15C; p>0.05). When observing the
p75+/SSEA-1+/ErbB4- population, which may contain the NCSCs but not the EMSCs, it
was observed that this population was significantly larger in the OB compared to the OM
(Figure 6-15B; p<0.05).

Figure 6-14: Comparison of expression of the combination of markers for p75, SSEA-1
and ErbB4 between OM and OB. Using flow cytometry analysis no significant difference was
observed (n=5, p>0.05; two-tailed unpaired t-test) between female 3 months-old adult LH rat
olfactory mucosa and bulb in the number of cells expressing p75+/SSEA-1- (A), p75+/ ErbB4+
(B), ErbB4+/SSEA-1+ (C) and p75+/SSEA-1+/ErbB4+ (D).

215

Figure 6-15: Comparison of expression of the combination of markers for p75, SSEA-1
and ErbB4 between OM and OB. Using flow cytometry analysis no significant difference was
observed (n=5, two-tailed unpaired t-test) between female 3 months-old adult LH rat olfactory
mucosa and bulb in the number of cells expressing p75+/SSEA-1+/ErbB4+ (A) and
p75+/SSEA-1-/ErbB4+ (C). On the contrary, OB tissue contained a significantly higher number
of p75+/SSEA-1-/ErbB4+ cells compared to the OM (B, p<0.05; two-tailed unpaired t-test; n=5).

Flow cytometry analysis was also used to examine differences between numbers of cells
isolated from OM and OB of young LH rats (p15) using the same experimental procedures
only different apparatus. The histograms show the number of cells in the different cell
populations based on expression of p75, SSEA-1 and ErbB4 for OM (Figure 6-16A) and
OB (Figure 6-16B). The population of p75+/SSEA-1+/ErbB4+ cells was not observed in the
olfactory bulb, in contrast with the OM. Furthermore also the p75+/SSEA-1-/ErbB4+
population was, similarly to the OM, not identified in the bulb. These results were not in
agreement with the results for the 3-6 months-old rats (Figure 6-15) which showed that
both cell populations were present in both tissues. A potential explanation for these
discrepancies in results may be the difference in apparatus (BD Influx, BD Biosciences
versus a BD FACS Calibur) and parameters such as numbers of samples (n=3 instead of
n=5) used for the experiments. Furthermore, the most important difference between the two
studies was the stricter settings for the selection of the cells with the aim to obtain high
purity of selected cell populations for the study in p15 rats. Cell viability for the bulb cells
was slightly higher compared to the OM (14.86% versus 12.47%; results not shown).
However, cell viability was still low and in combination with the low percentage of the
sought-after cells and strict selection criteria the sought-after populations may have fallen
outside the detection range.
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Figure 6-16: Comparison of cell surface marker expression for p75, SSEA-1 and ErbB4
between OM and OB. The histograms show the average cell numbers (n=3) of the different cell
populations for the OM (A) and OB (B) of p15 LH rats analysed by flow cytometry.

When comparing the numbers of cells of the different cell populations between the OM and
the OB based on single marker expression of p75, SSEA-1 and ErbB4, no significant
difference was observed (Figure 6-17; p>0.05), although a tendency was observed for both
larger numbers of SSEA-1+ and ErbB4+ cells in the OM compared to the OB. Also for other
cell populations no significant difference was found (Figure 6-18 and Figure 6-19; p>0.05),
although a tendency was observed for a larger number of p75-/SSEA-1+/ErbB4+ cells in
the OM compared to the OB. The only difference between the OM and OB was the lack of
p75+/SSEA-1+/ErbB4+ cells in the olfactory bulb, whereas a population was present in the
mucosa (Figure 6-19C).

Figure 6-17: Comparison of single cell surface marker expression for p75, SSEA-1 and
ErbB4 between OM and OB. Using flow cytometry analysis no significant difference was
observed (n=3, two-tailed unpaired t-test) between the postnatal day 15 OM and bulb in the
number of cells expressing p75 only (A), SSEA-1 only (B) and ErbB4 only (C).
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Figure 6-18: Comparison of cell surface marker expression for p75, SSEA-1 and ErbB4
between OM and OB. Using flow cytometry analysis no significant difference was observed
(p>0.05; two-tailed unpaired t-test; n=3) between the postnatal day 15 OM and bulb in the
number of cells expressing the antigen combinations p75-/SSEA-1+/ErbB4+ (A) and p75+/
SSEA-1+/ ErbB4- (B). For the OB no p75+/SSEA-1+/ErbB4+ cells were observed (C).

Figure 6-19: Comparison of cell surface marker expression for p75, SSEA-1 and ErbB4
between OM and OB. No significant difference was observed (p>0.05; two-tailed unpaired ttest; n=3) between the postnatal day 15 OM and bulb in number of cells expressing
p75+/SSEA-1+/ErbB4- (A). For the OB no p75+/ SSEA-1+/ ErbB4+ cells were observed (B).

6.2.4.1 FACS sorting of olfactory mucosa and bulb cells
Cell sorting was performed using FACS as alternative method for OEC and NCSC
selection as this technique could select cells based on a combination of markers. To isolate
OECs and as a potential alternative the NCSC population for cell-based therapies, the
combination of cell surface markers p75, SSEA-1 and ErbB4 was chosen. Cells from
olfactory mucosa and bulb of 10 week-old (adult) LH rats were used as this particular age
was thought to be more relevant for autologous cell transplants 134 135 136 143 232 than p15.
Methods for sorting are described in the materials and methods section (chapter 8).
Although some cell populations were identified among the isolated OB cells, not all
populations, that previously have been observed in adult OM and OB (Figure 6-15), were
found in 10 week-old rats (Figure 6-20). Furthermore, a different population p75+/SSEA-1/ErbB4- was identified both within the OM and OB cell populations (Figure 6-20). The
explanation for this observation may most likely be the low cell viability (average for OM
was 11.8 % and for OB was 10.8%) in combination with the low sensitivity for detection of
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the markers due to high background and as a result strict selection settings. Due to the low
cell viability cell numbers within the found populations could not be accurately compared.
Unfortunately, due to the nature of the selection and length of the process, obtained cell
populations did not survive.

Figure 6-20: Cell surface marker expression for p75, SSEA-1 and ErbB4 in OM and OB.
The histograms show the average cell numbers (n=3) of the different cell populations for the OM
(A) and OB (B) of 10 week-old LH rats sorted using FACS. Cell viability was low for both OM
and OB cell populations ( average viability was 11.8 % and 10.8 % respectively), therefore a
comparison between cell numbers within the found populations could not be properly made.

6.2.5 SUMMARY AND IMPLICATIONS OF THE PRESENT RESULTS FOR CHOICE OF
CELL SOURCE CONCERNING CELL- BASED THERAPIES

The aims of this chapter were twofold: 1) to investigate whether NCSCs are present in the
OB and 2) to study the difference between OM and OB for different cell types based on
sets of OEC, NSC, ESC and NCSC markers. The possible presence of NCSCs in the OB
was not only studied for the purpose of determining the most optimal method to isolate
OECs from the OB, but also as potential alternative cell source for cell-based treatments.
Comparison of the olfactory mucosa and bulb was performed to identify differences in the
tissue and thereby determining whether the OB may be a suitable source of OECs. To
determine whether a tissue would be a suitable source for cell-based treatments, different
considerations need to be made.

6.2.5.1 Considerations for the use of OB-OECs in cell-based treatments
OB-derived OECs have been investigated for the treatment of several types of neuronal
injury (Table 1-4). However, their isolation and purification is not straightforward,
particularly not from adult sources. To purify OECs from the bulb mainly p75 is used for
sorting of the cells 232, although it was suggested that this marker is not exclusively present
in OECs: it is expressed by OBNSCs 130 and furthermore p75-expressing neurons are
present in the OB 316. Moreover, not all OECs showed to express p75 255. In situ two
different subtypes of OECs were suggested to exist in the neonatal olfactory bulb: p75+
cells and O4+ cells. The p75+ cells were found predominantly in the outer layer of the ONL,
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whereas O4+ cells could be detected throughout the entire ONL and no overlap in cell
populations was found. Furthermore, the O4+ population was shown to be the major OEC
population with 10% of total OB cells. The p75+ population was considered the minor OEC
population with 1.5% of total cells 59. Nevertheless, it was observed that O4+ OECs in vitro
upregulate p75 resulting in only p75+ OECs in culture.
These two subpopulations of OECs described by Wewetzer et al. 2005 59 are most
likely the same populations identified by Bailey & Shipley 1993 23 which were described as
two types of astrocytes that are exclusively present in the ONL which separate ORN axons
with their long unbranched processes and are strongly reactive to GFAP. The observations
of both Wewetzer et al. and Bailey & Shipley 1993 may indicate that at least two subsets of
OECs are present in the olfactory bulb. These two astrocyte types have been described in
the study by Bailey & Shipley 1993 as being unipolar and possessing an irregular capacity
in branching 23. Whether these properties are due to the heterogeneity of OECs in the OB
or whether different OEC subtypes are present, remains unclear. However, whatever the
reason, the fact that the cells do not form a homogeneous population does complicate their
isolation and our understanding of their potential efficacy in cell-based treatments. Both
heterogeneity and potential subtypes of OECs may be an explanation for contradictory
reports in marker expression in OECs in literature due to differences in obtained cell
populations in culture after purification. Other astrocyte subtypes were also identified in the
OB, which may potentially contaminate OEC cultures. Astrocytes express GFAP 23 and
s100β 289, but were observed to be negative for p75 which was hardly expressed in the GL
and deeper layers of the OB 289.
In addition, adult OB tissues may contain Schwann cells, expressing p75, which
could contaminate OEC cultures 2. Moreover, astrocytes with stem cell-like characteristics
are present in the OB: neuroblasts migrate towards the OB along the RMS within tube-like
structures of GFAP+ astrocytes which display stem cell-like properties themselves. These
cells were suggested to be multipotent as they display neurogenic, astrocytic and
oligodendroglial potential and have not only been isolated from the SVZ and RMS but also
as far as the distal part of the OB 317. Potential contamination of OECs with GFAP positive
cell types may be reduced by choice of donor: due to the nature of embryonic ONL, which
is only loosely attached to the marginal zone of the primordial OB, possible contamination
of other astrocyte subtypes is reduced compared to OEC isolation from adult OB 255.
In the present study it was attempted to sort for OECs based on three markers:
p75, SSEA-1 and ErbB4, similarly to the markers used for sorting of OM-derived OECs as
described in chapter 4. Although based on the study by Wewetzer et al. 2005 selecting for
p75+ cells would exclude the major p75-/O4+ OEC population from the OB, it was thought
to select for p75+ OECs due to the almost exclusive use of p75+ OECs in previous
transplantation studies 59. Unfortunately, the cell sorting did not yield clear cell populations.
An explanation for failure to sort OECs based on the markers may be due to the low
sensitivity for detection which required strict selection settings. Furthermore in combination
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with low cell viability, strict selection criteria may have resulted in very low or undetectable
numbers of the sought-after cells.
As an alternative strategy it was thought that OB cells may be isolated and plated
onto ECM-coated surfaces to culture all cells from the OB first, before sorting the cell
population. Using this strategy may increase cell viability dramatically and as a
consequence increase sensitivity for detection. Using sorting straight after cell isolation
proved to be impossible to select for the sought-after cell populations. An extra advantage
of using this strategy is that, when culturing OB cells first before sorting, both p75+ and
p75- OEC subpopulations are sorted for due to p75 upregulation in culture. If sorting for
p75+ OECs straight after isolation, only the minor subpopulation of OECs would be
selected for.
A possible alternative candidate for cell-base treatments might be the multipotent
OBNSCs, which were previously identified in the adult human OB by Marei, Lashen, et al.
2015 238 and Marei, Farag, et al. 2015 239. Presence of these cells in the OB was suggested
in the present study by the observed gene expression of NSC markers such as Nestin,
Pax6 and Sox2 in OB tissue. Furthermore, presence of ESC markers may indicate that
multipotent stem cells are present in the OB. Protein expression of ESC marker SSEA-1
was studied in isolated cells using flow cytometry and cells positive for SSEA-1 were found
both in the OM and OB, which may indicate that in both the OM and OB multipotent stem
cells are present.
Due to the presence of NCSCs in the OM and their relevance to OEC isolation, it
was thought to be important to study presence of NCSCs in the OB. Expression of the
studied NCSC genes, including p75, Sox10, Sox9, HNK-1, snail and FoxD3, was found in
the OB, which may suggest that NCSCs are present in the tissue. In addition, protein
expression of Sox10, p75 and FoxD3 was also observed in OB tissue. To sort for OECs,
EMSCs and NCSCs, the markers p75, SSEA-1 and ErbB4 were chosen. NCSCs were
thought to be p75+/SSEA-1+ and EMSCs p75+/SSEA-1+/ErbB4+, similarly to the soughtafter populations in the OM (chapter 4). These cell populations were observed in the adult
OB. Therefore it is possible that NCSCs may be present in the OB. When comparing to the
OM, no significant differences in population size were observed therefore it was thought
that no significant differences in OEC and EMSC numbers were present between the two
sources. However, when observing the p75+/SSEA-1+/ErbB4- population, which may
contain the NCSCs, it was observed that this population was significantly larger in the OB
compared to the OM.
Marei et al. 2012 showed that OBNSCs express, in addition to NSC markers such
as Nestin, also NCSC markers such as p75 (to a high extent) and Sox10 130. Moreover, it
was suggested that FoxD3 expression was also present in these cells 130. In the present
study these NCSC markers were also observed in the adult rat OB. Furthermore, gene
expression of NCSC markers Sox9, snail and HNK-1 was also identified. Due to high
expression of p75 and expression of other NCSC markers such as FoxD3 and Sox10 by
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OBNSCs, it was thought that the cells potentially may have a neural crest origin and hence
might be the same cells as the suggested NCSCs. In addition, the study by Marei et al.
2012 showed that the OBNSCs differentiated into neuronal and glial derivatives, when
cultured in serum conditions130. Neuronal and glial differentiation potential is also a
characteristic of NCSCs 101.
The presence of NC-derived cells in the OB would support the hypothesis of NCderived stem cells being present in the OB. NC-derived OECs were suggested to be
present in the ONL of the OB, although not all glial cells were shown to be NC-derived:
Forni et al. 2011 showed that OECs, ensheathing axons projecting to the OB, indeed derive
from the NC. However, they showed that GFAP+ glia from the OB did not have a NC origin
318

. The two subtypes of OECs identified in the neonatal OB by Wewetzer et al. 2005,

namely the p75+ and p75- cell populations may derive from different sources. As Forni et
al. 2011 showed in p1 mice that p75+ OECs in the outer layer of the ONL were NC-derived
and p75- glia in the inner layer of the ONL were not 318, it may be possible that the p75/O4+ OECs identified by Wewetzer et al. 2005 59 would be these p75- glia identified by
Forni et al, whereas the p75+ OECs identified by Wewetzer et al. 2005 59 would indeed be
the OECs that are derived from the NC. Taken this thought futher into consideration this
could suggest that the two subtypes of OECs previously identified in the OB are based on
their different origins and thereby displaying not only different antigens but also different
physical characteristics. Moreover, different isolation strategies for OECs could result in
selection of certain subpopulations of OECs with either a NC origin (p75+ cells) or not (O4+
cells). However, it has been shown that upregulation of p75 in p75-/O4+ OECs in culture
takes place 59, which may indicate that these cells have the potential to express p75.
Although both populations express p75 in culture, it is questionable whether both
populations display similar characteristics. This merits further studies.
OBNSCs have been previously studied in treatment strategies for Alzheimer’s
disease and Parkinson’s disease and showed their potential for use in the development of
cell therapies to treat these diseases 238 239. If these cells share characteristics with NCSCs
in the OM due to their common origin, they could potentially display other beneficial
features such as modulating the immune system and release of neurotrophic factors and
therefore they may be used as a potential alternative source for stem cell-mediated
neuroprotection.
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6.2.5.2 Considerations for the use of the olfactory bulb as cell source
To understand whether the olfactory bulb could be a suitable source for cell-based
therapies it is important to understand the contra-indications. For autologous cell-based
treatments of certain neurodegenerative diseases such as PD, AD, HD and ALS, possible
occurrence of olfactory dysfunction needs to be taken into consideration. However, for HD
olfactory impairment is most likely not caused by OB pathology. Furthermore the
prevalence of PD and AD in older subjects is higher and therefore age of the patient or
donor requires consideration: OB volumes correlate directly to a decrease in OB volume
with age. The olfactory function decreases strongly over the age of 55 21. It was thought
that age-related olfactory dysfunction in part is caused by damage to the olfactory
epithelium
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. Furthermore protein depositions occur in the OB of the elderly: 86% of aged

subjects display neurofibrillary tangles and 33% amyloid disposition 320. In addition to age
OB volumes correlate directly to sex with men having larger OBs compared to women.
These observations need to be taken into consideration for the choice of OB as cell source
for cell-based therapies and for suitability of the chosen donor.

6.3 CONCLUSION
Altogether, based on the expression of NCSC genes and FoxD3 and Sox10 proteins, it
may be inferred that NCSCs are present in the olfactory bulb. With respect to the OM and
OB tissue, the present studies showed few differences between OM and OB tissue in terms
of OEC markers. Furthermore, flow cytometry investigations did not indicate a difference in
the number of OECs between the two tissues. Also gene expression of NSC and ESC
markers was shown to be similar in both tissues, except for a higher protein expression of
SSEA-1 in the OB, measured with flow cytometry. Also the p75+/SSEA-1+/ErbB4+
population, which may potentially contain EMSCs, was similar in size in the two tissues.
However, the p75+/SSEA-1+/ErbB4- population, which could contain the NCSCs, was
larger in the OB compared to the OM. On the contrary, protein expression of FoxD3 and
Sox10, which may indicate the presence of NCSCs, was observed to be lower in the OB
compared to the OM.
Based on the results, it was suggested that due to the lack of difference in number
of OECs, the bulb could be used as a potential source of OECs, although a unique
selection method may be required due to potential NCSC contamination. Furthermore, due
to their suggested presence in the OB, NCSCs may also be a potential cell source, which
merits further studies. When choosing the most optimal cell source and donor for cellbased treatments, different considerations have to be taken into account: 1) the cell source,
2) isolation method for the cell source, 3) in case of autologous cell transplantation the age,
sex and disease of the donor and 4) for allogeneic transplantation possible adverse effects.
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7. GENERAL DISCUSSION AND CONCLUSIONS
Due to continuous regeneration taking place in the olfactory mucosa throughout life and its
unique properties, cells from the olfactory mucosa have been of great interest for the use in
cell-based therapies to treat neuronal injuries. Due to their unique properties, OECs have
intensely been studied to use for treatment of neuronal injury 28 222 224 226 229, especially
spinal cord injury 232 (Table 1-3).
This project started with the aim to further develop a potential new treatment
strategy for glaucoma based on previous work from our group which was focused on the
use of the OM and isolation of its OECs for glaucoma therapy. The aim to use OECs for
treatment of glaucoma is based on the work previously performed by Raisman who has
used OECs from both OM and OB for treatment of spinal cord injury 222. Spinal cord injury
and glaucoma have many disease mechanisms in common, which could explain the
interest in OECs for treatment of glaucoma. The group of Raisman has recently published
some work in which OECs were used for the treatment of glaucoma in a rat model 261 304 .
Due to the potential applications of the work, this thesis is not limited to glaucoma only, but
describes a wider spectrum of neurodegenerative diseases for which OECs could be used
in cell-based treatments.
Repairing neuronal injury in the CNS caused by neurodegenerative disease is
difficult due to the lack of naturally occurring regeneration, in contrast to regeneration in the
PNS. Due to glial scar formation and release of myelin-associated inhibitors of axonal
growth, CNS repair is negligible. Different agents have been studied to overcome these two
factors in neuronal repair such as chondroitinase ABC which breaks down CSPGs 63. Due
to limited successes, cellular transplant strategies have been studied to overcome the
inhibiting environment for axon regeneration. OECs are thought to protect growing axons
from the inhibitory environment by 1) physically protect the axons by ensheathing them and
2) release neurotrophic factors, supporting their survival 63.
OECs are present in both the olfactory mucosa and the bulb and therefore both
sources could be used for OEC isolation. Furthermore, different ages could be used as a
cell source: embryonic, neonatal and adult tissue 28. Depending on the type of
transplantation, allogeneic versus autologous, a specific source may be preferred.
However, to circumvent adverse immune responses and circumvent ethical issues,
autologous transplantation is desirable. Autologous cell transplantation requires cells to be
isolated as non-invasively as possible, which is thought to be the advantage of the OM,
although the OB could also be removed safely. Furthermore, as the incidence of both
traumatic and myelinating neuronal injuries is higher in young adults and adults 232, for
autologous treatment adult cells would be more appropriate for isolation. Unfortunately,
practical issues concerning OM removal from human adults constitute the lack of
accessibility of human LP and the possibility of degeneration of the OM as a result of OM
damage or degeneration with age 73.
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The choice of cell source has implications for the efficacy of the OEC
transplantation: OECs from embryonic, neonatal or adult sources display heterogeneity 28
and also LP-OECs and OB-OECs behave differently 35 influencing their neural repair
capability 34 36 37 252. Although LP-OECs and OB-OECs share marker expression, these
cells also display differences in antigen expression 38. Due to contradictory results, it has
not been proven yet which source LP-OECs or OB-OECs would yield the most optimal
results regarding neuronal regeneration 252 253 254.
Although OEC transplantation appeared to be beneficial for treatment of SCI based
on the positive results reported by some studies, around 20% of the studies have found
only minimal to no beneficial effects 265. Moreover, this number could be an
underestimation as many negative results are not published 250. Also for other studies in
which OEC transplantation was performed to treat other neurodegenerative diseases such
as ALS, no beneficial effect has been found 231 266 267 (Table 1-3).
It was thought that to thoroughly determine efficacy of OEC transplantations for
treatment of different types of neuronal injury, standardised protocols are required in terms
of 1) the nature of injury for each disease OECs could be used for, 2) the therapeutic
window and 3) the assessment criteria for neuronal regeneration. Furthermore accurate
determination of the efficacy of OEC transplantation would require the distinction between
each source (bulbar versus mucosa OECs) and embryonic versus neonatal and adult. In
addition, OEC preparation methods also require standardised protocols, as the use of
different markers to isolate OECs could introduce variability in the studies. It has been
shown that different methods of OEC isolation yield different OEC populations with variable
levels of purity 2. For instance isolation of LP-OECs using only p75 could introduce
Schwann cell contamination into the culture 2 and the selection of OB-OECs using p75 or
O4 results in different populations
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. However, the most challenging problem related to

solving the variety in OEC transplantation studies is the heterogeneity of the OEC
population itself in terms of morphology, antigen expression and functionality and their
heterogeneity in culture, which is influenced by culture conditions 36 39 40 41 42.
The aim of this PhD project was to alleviate some of these problems by
characterising the olfactory mucosa and bulb with the objective to obtain the knowledge to
develop an isolation method which could be used for obtaining a relatively pure population
of OECs as well as to determine a suitable source of OECs. It was thought that the
knowledge obtained from characterisation of the olfactory system may be of use to develop
new or improve existing treatment strategies for neuronal injury. Therefore the scope of this
thesis comprises work related to the characterisation of the olfactory mucosa and bulb with
the aim to use this knowledge to develop new or improve existing therapies to treat
neuronal injury such as glaucoma.
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7.1 LESSONS FROM CHARACTERISATION OF THE OLFACTORY MUCOSA
Due to their heterogeneous nature, the use of OECs in cell-based therapies is challenging.
An alternative source of OECs, which circumvents the problems related to their isolation
and culture, would be the whole olfactory mucosa. However, the long-term safety aspects
for using complete tissue are not fully understood yet. Complicated disease mechanisms in
neurodegenerative diseases require adequate knowledge of transplant material for
successful treatment of neuronal injury to best predict and anticipate efficacy and adverse
effects, emphasising the importance of characterisation of the olfactory mucosa.
The recent identification of LP-MSCs in the LP of the rat 74 and in humans 75
suggests that, although thoroughly characterised, not everything is known about the OM
and still new discoveries are made. For instance the exact location of these LP-MSCs in
the LP is not known, let alone their function in the tissue. Based on immunohistochemical
analysis of p16 rat OM, EMSCs were suggested to be present at the junction between OE
and LP (Table 2-3). These cells also expressed NSC markers such as Nestin, NCAM and
Pax6 (Table 2-3). The observation of Nestin expression was in agreement with the
observations reported by Delorme et al. 2010 75. The presence of EMSCs in the LP may
have consequences for the use of OM transplant material and isolation of OM cells.
Susan L Lindsay et al. 2010 suggested that the LP-MSCs may secrete factors
influencing proliferation and differentiation of neural cell components in the olfactory system
and that they may secrete neurotrophic factors 73, therefore the presence of these cells in
OM transplant material could affect transplantation outcome. When using the whole OM,
the contribution of LP-MSCs or EMSCs towards neural repair may not be distinguished
from the beneficial effect of OECs and hence it would not be correct to attribute the
beneficial effect of a treatment only to OECs. Based on their characteristics EMSCs may
even constitute an alternative cell source of neurotrophic support in cell-based treatment
strategies.
Another point for discussion is the implication of the presence of these EMSCs in
the LP of the OM for isolation of OECs. To learn whether other cell types such as EMSCs
share marker expression with OECs and thereby may complicate their isolation, marker
expression was studied in the OM using immunohistochemical and gene expression
analysis. Although OECs were identified in the LP of the OM based on their typical
expression of p75, GFAP, s100β and αSMA, other cell types present in the LP also
expressed some of these markers (Table 2-3). The identified EMSCs also expressed the
OEC markers s100β, αSMA and p75 (weakly). Therefore when isolating OECs using only
p75, the obtained OEC population could be contaminated with these EMSCs. However,
presence of EMSCs is not necessarily a concern for efficacy of OEC transplantation. Susan
L Lindsay et al. 2013 showed that LP-MSCs could alter biological properties of OECs in
vitro and may contribute to the repair of SCI. Furthermore, the resemblance between
EMSCs and BMSCs 75 may indicate the potential of these EMSCs for neurotrophic factor
release and neural repair.
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In light of recent discoveries of a partial neural crest origin of the olfactory mucosa
with NC-derived OECs and HBCs and the presence of EMSCs in rats and humans, the
question arose whether other NC-derived stem cells may be present in the postnatal OM.
In addition to studying OEC, MSC, NSC and ESC markers in the OM tissue, NCSC
markers were studied in whole OM using RT-PCR and immunohistochemistry. NCSC gene
expression was found in postnatal OM for all six studied markers, which may suggest that
NCSCs are present in the tissue. Furthermore, it was suggested that the EMSCs at the
junction between the OE and the LP also expressed some NCSC markers such as snail
and Sox10 and to a weaker extent p75, HNK-1 and FoxD3, which may indicate a NC origin
of these cells (Table 2-3). Moreover, the population identified at the border of the LP,
adjacent to the cartilage, was similar in antigen expression to EMSCs and also expressed
NCSC markers such as Sox10, snail, FoxD3 and HNK-1 but to a higher extent compared to
the EMSCs (Table 2-3). Based on these differences it was suggested that the EMSCs are
located at the junction between the OE and LP and that a NCSC population is located at
the border of the LP, adjacent to the cartilage.
As this other NCSC population also expressed p75, OEC isolation based on this
marker alone may result in NCSC contamination in the obtained population of OECs.
Again, the presence of these NCSCs is not necessarily a concern for the use of these cells
for transplantation. However, NCSC contamination may influence neurotrophic potential of
the transplant material as these cells may also release neurotrophic factors, considering
their similarity to BMSCs 321.
Based on the results from this study, that showed an overlap in marker expression
between OECs, EMSCs and NCSCs (Table 2-3), it can be suggested that a well-chosen
combination of cell surface markers is required for isolation of a relatively pure population
of OECs in order to 1) standardise the OEC purification process, 2) be able to compare
OEC transplantation efficacy amongst studies, 3) characterise OECs and 4) determine the
true neural repair potential of OECs.

7.1.1.1 Potential role of EMSCs in the olfactory mucosa
Although EMSCs have been identified and localised in the tissue, their function in the OM is
not understood yet. These cells, which have been identified at the junction between the OE
and LP in the OM, are very similar to BMSCs 75. It is therefore possible that EMSCs have a
similar role as MSCs in various tissues. In several studies MSCs have been identified as a
supporting cell type, communicating with present stem cells, such as in gut 288. In the
intestinal crypts, it was suggested that MSCs are present to support the basal layer of the
epithelium

322

and signalling between the MSCs and the epithelium takes place 288.

In the OM, EMSCs are directly located beneath the basal membrane, under the
HBCs. Based on the immunostaining (Figure 2-11) it can be suggested that HBCs may
form crypts of stem cells in the OE, similarly to the intestinal crypts. It is very well possible
that MSCs portray a similar role in the OM as MSCs do in the gut. A reason for the possible
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location of EMSCs cells at the interface between epithelium and LP could be signalling
between the two cell types to maintain the stem cell or neural progenitor population in the
basal layer of the epithelium. In addition to the LP of olfactory mucosa, ecto-mesenchymal
stem cells have been identified in other tissues including dental pulp 323 and oral mucosa
324

and it is possible that the MSCs portray a similar role in these tissues.

7.2 DIFFERENCES BETWEEN YOUNG AND ADULT OLFACTORY MUCOSA
To minimise adverse effects of cell transplantations, the immune response should be
considered, therefore autologous cell transplantation would be desirable. Furthermore, this
type of transplantation would also circumvent any ethical problems. As in young adults and
adults the incidence of both traumatic and myelinating neuronal injuries is higher 232, for
autologous treatment adult cells are more relevant to use. Also neurodegenerative
diseases such as PD and AD manifest themselves at later age 134 135 136 143. Adult sources
of OECs would therefore be desirable to use for cellular treatments in these conditions.
In addition to existing differences between OECs from different ages, OM tissue
from young and adult sources may be different in terms of cell composition. Therefore to
determine whether adult sources would be suitable for OEC isolation, not only the
characteristics of adult OECs require consideration, but also adult OM tissue needs to be
examined in terms of numbers of OECs and whether contaminating cell sources may be
present in the tissue. To determine the beneficial effects of OECs, either the use of a
relatively pure population of OECs or a profound knowledge of cell types present in the mix
of cells is required. Schwann cells, EMSCs and newly identified NCSCs from the OM may
all contaminate the OEC isolation process. The presence of these cell types may influence
the effect of OEC transplantation studies and differences in cellular composition of the OM
and therefore may be a reason for differences in efficacy of OEC transplantation using
different sources. This study investigated differences between young and adult OM tissues
in terms of number of OECs and whether NCSC and EMSC populations may be present in
adult rats. Moreover, as NCSCs may be a potential alternative cell source for a cell-based
therapy for neuronal injury, it is important to study the adult OM to learn whether this cell
type may be present in the OM.
In addition, it was important to characterise the OM to identify which cell markers
could be used for isolation and selection of OECs from this tissue. To study differences
between young and adult OM, tissue was isolated from postnatal day 16 and 3-6 monthsold adult rats and examined for antigen and gene expression to determine the presence of
OECs and NCSCs in the OM and their respective numbers. Immunohistochemical analysis
of the tissue also suggested the presence of both EMSCs and NCSCs in adult tissue. Gene
expression and Western blotting data further consolidated the theory of the presence of
NCSCs in adult OM tissue due to the expression of several NCSC markers. Flow cytometry
was used to determine the number of OECs and NCSCs based on the thought that coexpression of p75 and ErbB4 and no expression of SSEA-1 would be an indication of the
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cells to be OECs, whilst cells positive for both p75 and SSEA-1 were suggested to be
NCSCs.
Although GFAP expression was found to be higher in adult OM tissue compared to
p16 OM tissue, significant differences for other OEC markers such as p75, ErbB4 and
αSMA were not consistently found. However, some differences in OEC marker expression
between young and adult OM may indicate higher numbers of OECs in adult OM. Based on
these results it was suggested that because of the numbers of OECs, the adult OM is as
suitable as a cell source as the young (p16) OM.
NCSCs were identified in adult tissue based on the expression of several NCSC
markers. Although differences existed in NCSC marker expression between the two age
groups, NCSC data was not consistent. Based on mostly flow cytometry numbers of what
were thought to be NCSCs were found to be similar in both age groups. The lack of
difference in FoxD3 protein expression which was observed with Western blotting also
supported the theory that no difference in NCSC numbers is present when comparing the
two age groups.
The presence of NCSCs in adult tissue and the lack of difference in NCSC numbers
between the two age groups may suggest the need for a more optimal OEC isolation
method just as for p16 OM and that a difference in numbers of NCSCs or OECs cannot be
hold accountable for potential differences in OEC transplantation efficacy using cells
isolated from the two age groups. Furthermore, the presence of NCSCs in the OM of both
age groups may suggest that both tissue sources could be used for NCSC-based therapy.
Altogether, these observations suggest that adult donors could potentially be used for
isolation of both OECs and NCSCs for cell-based therapies, which is desirable with respect
to autologous transplantation strategies.
With respect to age it was thought that adult sources would suffice for isolation of
OECs. However, the question arose whether very old donors would be suitable for cell
transplantation strategies as neuro-epithelium tends to be replaced with respiratory
epithelium with age 246. This question was partly answered by studying gene expression of
OEC and NCSC markers in the OM of 18 months-old rat. Based on gene expression
analysis, it was thought that numbers of OECs decrease at old-age in rats, whilst a
decrease in NCSCs with age may be present due to a decrease in expression of p75 and
Sox10 in old animals. However, a decrease in NCSCs contradicts the increased expression
of HNK-1, which was significantly higher in 18 months-old rats compared to p16 animals.
Furthermore, gene expression of ESC markers did not show a significant difference in the
three age groups. This may be an indication that the number of multipotent stem cells did
not significantly decrease with age. The obtained gene expression results with respect to
old age OM tissue, do not cause immediate exclusion of old age OM tissue for OM
transplantations. However, old age and also disease should be taken into consideration for
source choice as neuro-epithelium not only tends to be replaced with respiratory epithelium
with age but also this replacement may be progressed in AD patients 246.
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7.3 LESSONS FROM OLFACTORY MUCOSA CELL CULTURE
A large problem concerning OEC preparation methods is OECs heterogeneity in culture,
which is influenced by culture conditions 134 135 136 143. It was suggested that the antigen
expression profile is an indication of maturation and function, as for instance p75
expression reduced over time in adult porcine OECs and with that the capacity to
proliferate and myelinate 43. A possible explanation for OEC heterogeneity in culture may
lie in their NC origin. It has been suggested that cells derived from the NC could dedifferentiate in culture and revert to the phenotype of their NC ancestors, therefore cells are
not necessarily phenotypically stable in culture 92. This de-differentiation may also apply to
EMSCs and NCSCs. Furthermore, NCSCs isolated from different regions of the tissue or at
different time points display different characteristics such as response to microenvironmental cues 97. Therefore EMSC and NCSC heterogeneity could also be a result of
culture conditions. As OECs also derive from the NC, it may be that isolating OECs from
different regions of the tissue or at different time points could influence their characteristics.
Moreover, as OECs, EMSCs and NCSCs are all heterogeneous in culture, the task of
isolating a single cell population becomes very challenging.
To examine which cell types were present in the OM cell cultures and how cells
would behave under different culture conditions, different isolation methods and culture
techniques were used. To learn whether multipotent stem cells (such as EMSCs and
NCSCs) may be present in OM cell cultures, neurosphere-inducing conditions were used to
culture cells from olfactory mucosa. It already has been shown that multipotent stem cells
from the olfactory mucosa can be isolated and cultured in this way 75 77 110 299. When
culturing OM cells using conditions to promote neurosphere formation the OM cells formed
spheres-like structures, which may suggest that stem cells were present in this culture as
observed by Delorme et al. 2010 75, Murrell et al. 2005 77, Katoh et al. 2011 110 and Girard
et al. 2011 299.
To learn more about the origin of stem cells present in the OM cultures, cell
differentiation was studied. It has been shown that MSCs were able to differentiate into
neurons under specific cell culture conditions 303 and embryonic neural crest stem cells
could differentiate into autonomic neurons, sensory neurons, glia and SMA-positive cells
under specific culture conditions 122. Also NCSCs from adult tissues are able to differentiate
into multiple cell types, including neuronal and glial cells 101 . Therefore it was thought that
neuronal differentiation would take place under special culture conditions 101 299 as it was
thought that the EMSCs and NCSCs, identified in the LP, may be present in the OM
cultures. Although under neuronal differentiation promoting conditions cells changed
morphologically more into neurons, no difference was found in their neuronal antigen
expression. However, based on marker expression it may be suggested that glial
differentiation took place instead. As NCSCs are able to differentiate into glial cells 101 , it
may be that glial cell differentiation indicates the presence of NCSCs in OM cell cultures.
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To study whether contaminating EMSCs and NCSCs may be present in OM
cultures isolated using enzymatic digestion, immunocytochemistry was used. NCSC marker
expression was identified in the cells, which may suggest the presence of NCSCs in
culture. Furthermore, the ICC results showed heterogeneity in the obtained cell cultures
with expression of OEC, MSC, NSC, ESC and NCSC markers.
The suggested presence of these EMSCs and NCSCs in OM cell cultures may
result in problems related to the OEC isolation process due to potentially shared marker
expression. To effectively isolate relatively pure OECs without contamination of these
EMSCs and NCSCs, it is required to know whether these cells share marker expression
with OECs. As it was not possible to sort for EMSCs and NCSCs from the OM to compare
marker expression with OECs, a similar cell type to NCSCs was used for the comparison.
As Delorme et al. 2010 showed that EMSCs express multiple MSC markers and that these
cells are very similar to BMSCs 75, isolated OM cells were compared to BMSCs to
investigate whether EMSCs may express OEC markers in vitro. The study showed that
BMSCs indeed strongly expressed s100β and p75 (protein expression only), which may
indicate that EMSCs and NCSCs could contaminate OEC populations when using p75based purification methods.

7.4 DIFFERENT METHODS FOR OEC ISOLATION
Heterogeneity of OECs complicates their use in cell-based treatments due to the lack of
standardised OEC isolation procedures, which complicates comparison of OEC
transplantation efficacy between different studies and reproducibility of studies.
It was thought that the establishment of reliable and reproducible isolation method
for OECs may contribute to standardising OEC transplantation protocols to facilitate
comparison of efficacy between studies and reduce heterogeneity of cells for
transplantation, as well as to facilitate their characterisation. The question whether the
efficacy of cell transplantation is aid by the use of a relatively pure population of OECs or a
mixture of cells is not discussed here. The argument of reliably obtaining a relatively pure
population of OECs in a reproducible manner is for the benefit of 1) standardising OEC
transplantation strategies by reducing heterogeneity, 2) reliably determining beneficial
effects of OECs and 3) reducing adverse effects by the ability to fully characterise the
OECs.
Different methods for OEC isolation have been described, which include isolation
based on expression of a cell surface marker or differential adhesion 2. The suggested
presence of EMSCs and NCSCs in the OM (Table 2-3), the biggest concern for OEC
isolation was potential contamination of NCSCs. A commonly used marker for OEC
isolation includes p75, which is expressed by NCSCs 100 109 124 and was suggested to be
expressed by EMSCs in the OM (Figure 4-25). Furthermore, the use of p75 may result in
contamination of Schwann cells in the obtained cell population which also express p75 2.
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Differential adhesion is not based on surface marker expression but on the
characteristic that OECs do not adhere to plastic surfaces whereas fibroblasts and MSClike cells do 2. It was thought that using this isolation method may result in a relatively pure
population of OECs as these NCSCs and EMSCs were thought to be adhering to plastic
due to their similarities to BMSCs 75 321. The cell populations, obtained by differential
adhesion, displayed heterogeneity when studied for OEC and NCSC markers, including the
enriched population. Moreover, expression of NCSC markers was observed in the cultured
cells, which may suggest that NCSCs were present. Based on the lack of significant
difference of OEC gene expression in the cultures, it was suggested that the differential
adhesion did not work for selection of OECs.
In addition to studying differential adhesion as isolation method for OECs, FACSbased cell sorting based on antigen expression was used. Instead of relying on a single
marker such as p75, a combination of markers was used with the aim to isolate a relatively
pure population of OECs. Based on the results of chapter 2 (Table 2-3) it was suggested
that OECs are present in the p75+/SSEA-1-/ErbB4+ cell population. This population was
identified in both young (p16) and adult animals in the OM and adult OB using flow
cytometry. Unfortunately, this particular population was not identified during cell sorting and
the populations that could be identified did not survive in culture. The explanation was
found in the low cell viability of the isolated cells in combination with low numbers of
p75+/SSEA-1-/ErbB4+ cells in the mixture. Culturing OM cells before cell sorting for
specific cell populations could enhance cell viability and may constitute an alternative
strategy to direct sorting.
As it was thought that NCSCs by itself could be an alternative source for cell-based
treatments, it was attempted to use a similar principle to differential adhesion based on
trypsination duration to obtain a relatively pure population of NCSCs. It was suggested that
NCSCs would be most prominent in the cell population that grew on plastic which was used
as starting point for differential adhesion. By frequently passaging the cells, it was
conjectured that the cultures would be enriched over passage number. Unfortunately,
although differential adherence based on trypsination duration could select for certain stem
cell populations, no clear separation between the different stem cell types could be made.
Therefore a more specific method may be required to obtain a more pure population of
NCSCs. Cell sorting was also used in an attempt to isolate NCSCs, based on coexpression of p75 and SSEA-1. Although these populations were identified using flow
cytometry, no populations were found during cell sorting. The same problem as for OEC
isolation was found.
Although the cell sorting experiments did not yield relatively pure populations of
OECs and NCSCs due to problems related to cell viability and low detection, using a
combination of markers may constitute a reliable and reproducible method for OEC
isolation. In theory, by using the three suggested markers potential contaminators such as
Schwann cells, EMSCs and NCSCs may be eliminated from the cultures. Most likely the
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solution to improve the cell sorting protocol would be to culture the cells before sorting.
Culturing OM cells before sorting may improve cell viability and increase numbers of
sought-for cells. When making these alterations to the cell sorting protocol, this cell sorting
method may provide a reliable and reproducible method to isolate a relatively pure
population of OECs.

7.5 NEUROTROPHIC FACTOR SUPPORT FOR NEURAL REPAIR
Neurotrophic factors offer neuronal support by activating signalling cascades promoting
neuronal survival and therefore were studied for neural repair strategies. Part of the benefit
of the use of OECs for axon regeneration is attributed to neurotrophic factor release.
Neurotrophic factors not only support neuronal but also glial cell survival 174 . Based on the
beneficial effects of neurotrophic factors, its supplementation appears to be a good strategy
for treatment of neuronal injury. However, several challenges remain to be solved before it
could be used as an effective treatment, including their delivery 168, reaching sufficient dose
168

, requirement of repetitive supplementation 178 181

182

and adverse effects 168 175.

Cell-mediated neurotrophic factor support has the advantage of increased dose,
long-lasting and endogenous (for autologous transplants) release of neurotrophic factors in
contrast with problems of delivery and requirement of repetitive administrations.
Furthermore, differentiation of cells is not required for neuronal repair in contrast to cell
replacement strategies 325.
Endogenous (stem) cells such as OECs and MSCs have an advantage over
genetically modified cells as these cells release a large variety of neurotrophic factors 63
and 326 and show additional benefits. These benefits include ensheathment of axons by
OECs 63 and immune-modulation by MSCs 327. NCSCs have been identified in several
tissues such as the oral mucosa and also display the potential to modulate the immune
system
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. It was thought that the NCSCs, suggested to be present in the OM, would

display similar characteristics and therefore may be used as alternative cell source for cellmediated neuroprotection.
Due to the inability to isolate pure populations of OECs and NCSCs from the OM,
the cell populations, obtained using differential adhesion, were used to study neurotrophic
factor expression. It was thought that the ‘replated’ population would be enriched for OECs,
whilst the NCSCs would predominantly be present in the ‘non coat’ population.
Neurotrophic factor expression was studied using PCR for six factors that were chosen
based on their expression in the OM and their use in treatment strategies of neuronal
injury. Unfortunately, due to time restrictions no ELISA could be performed to measure
neurotrophic factor release from the cells. It was found that OM tissue and the OM cell
populations obtained by using differential adhesion expressed the six studied neurotrophic
genes. However, compared to BMSCs this expression was not significantly different, which
suggests that the OM populations may not be more suitable regarding neurotrophic
potential compared to BMSCs. However, for the purified populations of OECs and NCSCs
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it was questioned whether these cells are more beneficial in neuroprotection strategies.
BMSCs are very similar to EMSCs in antigen expression and behaviour 75 and the BMSC
population contains a subpopulation of NCSCs. It is thought that this subpopulation of
NCSCs is responsible for neuronal potential of BMSCs 82, which may suggest that the
neurotrophic potency of purified NCSCs could be much higher compared to BMSCs.
Comparison of neurotrophic potential of OECs and NCSCs to BMSCs would be important
to determine which source would be most suitable to use in neuroprotection strategies.
When studying neurotrophic potential of OM tissue, higher expression of BDNF,
CNTF, GDNF and NT-4/5 genes was observed in adult compared to young (p16) rats. This
result is important for determination of the choice of source for cell-based therapies and
may indicate that also from a point of neurotrophic factor release adult donors are more
relevant compared to younger donors. The difference in neurotrophic factor expression
could be a result of differences in composition of the OM. The present results suggest that
the number of OECs in adults is higher compared to younger rats (chapter 3), which may
influence neurotrophic potential of the tissue. For the number of NCSCs no difference
appears to exist between the two age groups.
In general, points of consideration for a cell-based therapy, which are critical to its
success include: 1) method of delivery of neurotrophic factors, 2) dose, 3) potential adverse
effects and 4) the disease to be treated. A consideration for the choice of cell source would
also be the suitability of the cells in specific diseases: if intended to use autologous cells,
the patient’s health may potentially influence the potency of the cells such as using OB
cells for treatment of PD 246 247.

7.6 COMPARISON OF MUCOSA VERSUS BULB: WHICH SOURCE NOW?
As isolation of OECs from the OM is a challenge, an alternative source of OECs is the
olfactory bulb, from which OECs have been isolated and studied for cell-based treatment of
neuronal injury (Table 1-4). However, the question arose whether it is possible that NCSCs
are also present in the OB which may influence efficacy of OEC isolation. To answer this
question gene and protein expression in OB tissue was studied for the presence of NCSC
markers and hence NCSCs. The possible presence of NCSCs in the OB was studied not
only for the purpose of determining the most optimal method to isolate OECs from the OB,
but also as potential alternative cell source for cell-based treatments. Furthermore,
differences between OM and OB tissue were studied to determine the suitability of the OB
as a cell source for OECs. For that purpose, the expression of the genes and proteins in
the OB was compared to levels in the olfactory mucosa which were used as a reference
level. Differences between the OM and OB for different cell types were studied using sets
of OEC, NSC, ESC and NCSC markers.
Although differences between LP-OECs and OB-OECs have been documented, the
OEC markers that were used were thought to be expressed by both cell types 38.
Furthermore, also the combination of p75, ErbB4 and SSEA-1 was used to isolate cells
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which were thought to be OECs. Although differences were found in OEC gene expression
between OB and OM, flow cytometry results did not indicate a difference in the number of
OECs between the two tissues and therefore it was suggested that the OB could be a
potential source of OECs.
Both gene and protein expression of NCSC markers in the OB suggests that
NCSCs are present in the bulb. Therefore OEC isolation using p75 may result in potential
NCSC contamination. Also the p75+/SSEA-1+/ErbB4+ population, which may contain
NCSCs such as EMSCs, was identified in the OB and was observed to be similar in
number compared to the OM. On the other hand, the p75+/SSEA-1+/ErbB4- population,
which may contain the NCSCs, was observed to be larger in the OB compared to the OM.
However, when comparing NCSC gene and protein levels between OM and OB, results did
not show a marked difference between the two tissues.
In light of recent discoveries of a partial NC origin of the olfactory mucosa 110,
including OECs 111, it can be questioned whether differences between LP-OECs and OBOECs may be explained by their origin. Studying the origin of different OM cells showed
that the two tissues which formed the OM, namely the olfactory placode and the neural
crest, formed a mosaic pattern during development: parts of the OM such as the Bowman’s
glands originate from the placode 318, whereas OECs originate from the NC 111.
Furthermore, whereas embryonic HBCs were placode-derived, with age the number of
HBCs originating from the NC increases 112. Although for the bulb NCSCs were thought to
be present in the tissue, it was suggested that glia in the inner layer of the ONL were not
NC-derived 318. The difference in origin of OECs, might be an explanation for difference in
their characteristics.
Wewetzer et al. suggested the existence of two subtypes of OECs in the ONL of the
OB: p75+/O4- OECs, mainly located in the outer layer of the ONL and p75-/O4+ OECs,
spread through the entire ONL. Both cell types have been isolated from the bulb 59. These
two subtypes not only differ in antigen expression, but also in origin: Forni et al. 2011
showed in p1 mice that p75+ OECs in the outer layer of the ONL were NC-derived and
p75- glia in the inner layer of the ONL were not 318. It was suggested that this difference in
origin may result in difference in cell characteristics. Due to a common NC origin of LPOECs and p75+ OB-OECs, these cells might behave similarly and it may be possible that
only p75- OECs from the OB would display different characteristics compared to LP-OECs.
When selecting for p75+ cells, the other subpopulation of OECs would be excluded.
However, to fully understand the neural repair potential of OECs and which cell type would
be most suitable to use, these two subtypes require studying and comparison of their
neural repair potency.
When choosing a cell source for OB-OECs, the question arises whether differences
exist in OB tissue from different ages. Would it be more straightforward to isolate OB-OECs
from embryonic sources? Cell isolation from E18 rat ONL results in lower contamination
with other glial cells in the ONL, however is less practical to use during translation of the
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treatment. Although adult OB cells would be more suitable to use in autologous treatments,
OB tissues may contain Schwann cell-containing peripheral nerves, which express p75
and could contaminate OEC cultures 2. Furthermore, p75 is expressed by other potentially
contaminating cell types as well such as p75+ neurons 316 and OBNSCs 238 239 which may
be the NCSCs found in the OB . The question arises whether these OBNSCs are also
present in the embryonic OB.
In this study it was attempted to FACS sort for OECs based on three markers: p75,
SSEA-1 and ErbB4, similarly to the markers used to sort for OM-derived OECs. Although
based on the study by Wewetzer et al. 2005 selecting for p75+ cells would exclude the
major p75-/O4+ OEC population from the OB, it was decided to select for p75+ OECs p75
due the almost exclusive use of p75+ OECs in transplantation studies 59. As the sorting did
not work for freshly isolated cells, it was thought that culturing cells before sorting might
improve cell viability and sorting outcome. Moreover, by using this strategy OECs could be
sorted for p75, as this alternative strategy includes the collection of both p75+ and p75OEC subpopulations due to p75 upregulation in culture.
In summary, it was thought that the olfactory bulb would be a suitable source for
OECs and potentially for NCSCs. However, due to the suggested presence of NCSCs in
the bulb, a unique selection method is required to prevent potential contamination with
these cells. Moreover, differences in antigen expression between OB-OECs from inner and
outer layer of the ONL have to be taken into consideration as well for development of a
suitable combination of markers for OEC isolation. Furthermore, different considerations
have to be taken into account when choosing the most optimal cell source and donor for
cell-based treatments: 1) the cell source either OECs or as possible alternative OBNSCs,
2) isolation method for the cell source, 3) in case of autologous cell transplantation the age,
sex and disease of the donor and 4) for allogeneic transplantation possible adverse effects.

7.7 DESIGNING THE MOST OPTIMAL CELL-BASED TREATMENT STRATEGY FOR
TREATMENT OF NEURAL INJURY
Although cell replacement strategies have been investigated for treatment of glaucoma,
these strategies show several shortcomings 183. The requirement of stem cell integration in
the retina or the optic nerve head (ONH), when injecting into the optic nerve directly,
constitute a problem for retinal ganglion cell replacement to treat glaucoma. Different layers
of the retina need to be penetrated by the cells for them to integrate into the retina and
migrate towards the ONH. It has been demonstrated that NSCs can migrate into the host
retina, but do not express retinal phenotypes which make them unsuitable for replacement
strategies 329. On the other hand, retinal stem cells are able to differentiate into retinal
phenotypes, but cannot migrate and integrate into the host retina 329. The retina is an
inhibitory environment for cellular migration and only about 1% of intra-ocularly
transplanted cells migrate into the host retina. In addition, activated microglial cells and
astrocytes produce among other things chondroitin sulphate proteoglycans, which prevent
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stem cell integration 329.
Due to problems related to 1) stem cell differentiation into retinal ganglion cells, 2)
integration into the retina and 3) axon growth all the way to the visual centre in the occipital
lobe in the brain through an inhibiting environment for CNS regeneration, it was suggested
that the development of a potential glaucoma treatment should be aimed at neuroprotection
of the remaining RGCs and possibly neuronal rescue of damaged, but not dead, RGCs.
OECs could be used as a possible cell source in this strategy, as these cells release
neurotrophic factors and are able to ensheath cell axons. This has been attempted in a
study by Raisman and colleagues 261. However, more studies need to be performed to
confirm whether OECs can protect RGCs and maintain their survival.
Using OECs in neuroprotection strategies appeared anything but a straightforward
task and therefore several considerations have to be taken into account. First of all, due to
the combination of several molecular mechanisms contributing to optic nerve head damage
and retinal ganglion cell damage and eventual death, the environment at the optic nerve
head may not support transplant cell viability or integration 169. Especially for OECs -which
not only release neurotrophic factors, but also ensheath RGCs- this could be a huge
problem in order for the transplanted cells to survive.
A solution to this problem could be to use a material to encapsulate cells and
instead of delivering them, just release their neurotrophic factors as a continuous
neurotrophic factor depot. However, the cells in this material need to be in contact with the
environment to obtain their required nutrients. Although they are still in contact with the
toxic environment, the cells are more likely to survive and less of a target for macrophages.
MSCs can be stimulated to improve release of neurotrophic factors for instance by using
cytokine driven protocols 184. Therefore it was considered whether the hostile environment
present in glaucoma may potentially be beneficial for the neurotrophic effect of the cells or
whether the environment would be too hostile for the cells to benefit. It would be beneficial
if the pore size of this material could be controlled, so that no cells could penetrate the
material and that only neurotrophic factors would be released into the environment and the
required nutrients could reach the cells. A supplementary advantage would be the
possibility of genetic modification for increased release of neurotrophic factors, as cells
would not be in direct contact with the host tissue.
If the intended strategy for glaucoma is to use a depot system for olfactory cells, the
question arises what the additional advantage of the use of OECs would be compared to
other (stem) cells. A unique property of OECs is their ability to ensheath axons and thereby
physically support axon regeneration 63. However, when OECs would not be able to reach
the optic nerve head and survive in the hostile disease environment and therefore as a
solution the cells would be encapsulated into a neurotrophic factor delivery system, the
unique properties of OECs could not be used and any type of stem cells which releases
neurotrophic factors may be just as suitable as a cell source for this purpose.
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Cell-mediated neuroprotection has the advantage of long-lasting, endogenous
release of neurotrophic factors as long as the cells are able to survive in the hostile disease
environment. A potential concern for using a depot of cells is the potential reaction of the
cells to the hostile environment. Several questions require answering before it is known
whether an olfactory (stem) cell depot may work such as: ‘Are the cells able to survive in
the depot and for how long?’ and ‘Do the cells differentiate under conditions of the hostile
cell environment?’ Furthermore, when using a cell depot, OM cells would not be able to
interact directly with the diseased neurons and therefore the question arises whether to use
olfactory cells at all. MSCs also release neurotrophic factors 326 and were suggested to
show similar neurotrophic potential to OM cell populations (chapter 5).
Although mixed cell populations of OM cells did not appear to be more beneficial to
BMSCs in terms of neurotrophic potential, the potential of individual cell populations such
as OECs, EMSCs and NCSCs requires investigation. NCSCs may modulate the immune
system which was suggested in studies of oral mucosa-derived NCSCs 328 and they may
positively influence the hostile disease environment. A combination of OECs and EMSCs
and/or NCSCs may also be an alternative source for a depot system, as they may provide
higher neurotrophic factor release compared to single cell types alone. As it has been
shown that EMSCs (LP-OECs) may influence the neural cell component of the olfactory
system
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, it was thought that these EMSCs may also influence OEC behaviour. Therefore,

the combination of OECs with EMSCs/NCSCs may positively influence OEC cell survival
and may potentially work for OEC transplantation strategies for which ensheathment is
required such as in SCI.
Furthermore, as NCSCs are present in other tissues such as oral mucosa 106 and
skin 93, neurotropic potential of the NCSCs from those tissues requires comparison to
NCSCs from the OM. As the neuro-regenerative properties of OM tissue are unique,
NCSCs from the OM might behave differently from NCSCs from the skin and oral mucosa.
This comparison would be an interesting study, as isolation of NCSCs from the skin would
be much more straightforward and less invasive, due to accessibility and fewer stem cell
types present.
It has been suggested that the best treatment strategy for glaucoma would be a
combination of neurotrophic support with some physical support to somehow counteract
the high intraocular pressure. Otherwise, the RGCs will eventually die. It could be that a
well-chosen material can actually physically either partly protect the retina from high intraocular pressure or support the lamina cribrosa. In summary, cells for use in glaucoma
treatment would require the following characteristics: 1) long-lasting, endogenous
neurotrophic factor release, 2) the ability to survive in the depot and 3) the ability to not
differentiate under hostile conditions. When using OM cells, OECs, EMSCs, NCSCs or
combination of these cells may be candidates for a depot system.
Types of neuronal injury described in the introduction may also be treated using
cell-mediated neuroprotection. Spinal cord injury is the most intensively used model to
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study the efficacy of OEC transplantations 28. The use of a SCI model has the advantage of
accessible neuronal injury, located to a specific area. OECs only or in combination with
EMSCs and/or NCSCs may be very suitable for treatment of SCI as these OECs are able
to ensheath the damaged neurons and promote neural repair 63.
However, for other diseases the use of OECs is less straightforward. Diseases such
as PD 139, and ALS 137 are not limited to a small area of damage and progress over time.
As neurodegenerative disease is not restricted to a specific region of the CNS, it is difficult
to determine which transplantation site would be most optimal for treatment 325. When using
a cell depot, it is most likely that the most difficult problem would be to determine where to
place it. When transplanting only OECs, the question arises whether neural repair may be
promoted enough to rescue dying neurons. In addition, to effectively repair neural damage,
the therapeutic window is important. If neurons have died already, cell replacement would
be required and this could not be done only by OECs. Timing of cell transplantation also
influences cell survival 330, thereby influencing treatment efficacy. The combination of OM
cells and NSCs, which may differentiate into neurons that have been lost, may work more
effectively to promote neural repair when cell replacement is required. The neurotrophic
support of the OM cells could improve cell viability of the NSCs. This is exactly what has
been studied already in PD (Table 1-3). As NCSCs are able to differentiate into neurons
and glial cells, these cells may provide an alternative to NSCs to replace lost neurons.
Whatever the treatment, the main principle that needs to be considered for the design of a
successful treatment strategy for neuronal injury is that all the molecular mechanisms
underlying the disease will be overcome. Otherwise it will be possible to treat symptoms or
prolong neuronal survival, but in the end the patient will not be cured.

7.8 FUTURE DIRECTIONS
Based on a broad literature study and results of the performed experiments, many aspects
of transplanting OECs for promotion of neural repair were studied. The questions
concerning ‘What is in the OM tissue?’, ‘How to isolate OECs?’, ‘What source to use for
OECs? and ‘Are there any alternatives?’ where all addressed. Unfortunately, not all
answers were found. Based on the results it can be suggested that a new OEC isolation
method based on a unique combination of markers may be required to obtain a relatively
pure population of OECs. Unfortunately, isolating only OECs has not been successful so
far and their full characterisation is still needed, including determination of their true neural
promoting potential. These are studies which require further pursuing.
When referring to the question of ‘What is in the OM tissue?’ this study suggested
the existence of a NCSC population present at the border of the LP, adjacent to the
cartilage. However, due to problems related to their isolation, confirmation of these cells to
be NCSCs was not possible and further studies to characterise these cells are needed. As
these cells may be an alternative source for neurotrophic support, determination of their
neurotrophic potential may also be important to investigate.
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Lastly, as NCSCs appear to be present not only in the OM but also in more
accessible tissues such as skin and oral mucosa, it would be interesting to compare
characteristics of isolated cells and to determine whether differences exist between the
NCSCs from different sources in terms of neurotrophic potential and differentiation
capacity. Based on this information the most suitable source of NCSCs may be determined.

7.9 CONCLUSIONS
The OM is a complex tissue with different stem cell populations residing in the LP. EMSCs
have been identified in the postnatal rat OM, which were suggested to reside at the junction
between the OE and LP. In addition, another NCSC population was suggested to be
present at the border of the LP, adjacent to the cartilage. Based on studying marker
expression in situ and in vitro, it was suggested that EMSCs and NCSCs share marker
expression with OECs due to their common NC origin. Also in adult rats these EMSCs and
NCSCs were suggested to be present in the OM and in the OB and therefore these cells
may be isolated from these sources. Moreover, adult donors were also suggested to be
suitable for isolation of OECs.
The presence of EMSCs and NCSCs may influence the OEC isolation process due
to shared marker expression with OECs. The presence of these cells in OEC cell
populations may cause difficulty in determining the true neural repair potential of OECs and
in determining their treatment efficacy. A distinctive combination of markers for cell sorting
may provide a relatively pure population of OECs for the study of their neural repair
potency. Furthermore, this combination of markers may simultaneously select for NCSCs,
which may serve as an alternative cell source for cell-mediated neuroprotection for
treatment of glaucoma and other neuronal injuries. Moreover, the use of fully characterised
transplant materials may facilitate determination of transplant efficacy, anticipation of
adverse effects and comparison of studies.
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8. GENERAL M ATERIALS AND METHODS
General materials and methods are described in this chapter. Specific methods related to
particular experiments are described in the relevant sections. A list of materials is given
below (Table 8-1) and a list of the used antibodies is given in the relevant sections of this
chapter.
Table 8-1: General list of materials used for experiments described in this thesis.
Category

Item

Supplier

Catalogue
number

Isolation

Dispase II

Roche

04942078001

Collagenase

Roche
2+

1×DPBS (no Ca

Cell culture

Immunostaining

2+

and no Mg )

Gibco

14190-136

L15

Gibco

11415-064

Cell strainer 40 µm

BD

734-0002

DMEM-F12 Glutamax

Gibco

31331-028

MEMα, no nucleosides

Gibco

22561-021

Neurobasal-A medium

Gibco

10888022

B27 supplement minus vitamin A
(50×), liquid

Invitrogen

12587-010

bFGF

Sigma-Aldrich, UK

F0291

human EGF

Sigma-Aldrich, UK

E9644

N2 (100×) liquid

Invitrogen

17502-048

Penicillin-Streptomycin, liquid

Gibco

15070-063

Antibiotic-antimycotic 100×

Gibco

15240-062

Foetal bovine serum, qualified,
heat inactivated, EU approved
regions

Gibco

10108165

0.05% trypsin-EDTA (1×)

Gibco

25300054

trypleE (1×), no phenol red

Gibco

12563-011

ECM

Sigma-Aldrich, UK

E1270-5ML

laminin

Sigma-Aldrich, UK

L2020-1MG

Poly-L-lysine

Sigma-Aldrich, UK

Retinoic acid

Sigma-Aldrich, UK

R2625

Trypan blue 0.4%

Sigma-Aldrich, UK

T8154100ML

Normal donkey serum

Stratech

017-000-121-
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JIR

Western
blotting

Flow cytometry

RT-PCR

Superfrost plus glass microscope
slides 25x75x1.0 mm

Fisher Scientific

10149870

FluoroShield with DAPI

Sigma-Aldrich, UK

F6057-20ML

OCT

Raymond A Lamb

triton-X100

Sigma-Aldrich, UK

BCA Protein Assay Kit

ThermoScientific

23227

RIPA buffer

ThermoScientific

89900

Protease cocktail

Sigma-Aldrich, UK

P8340

PMSF

Sigma-Aldrich, UK

P7626

DTT

Sigma-Aldrich, UK

D-9779

Sodium orthovanadate

Sigma-Aldrich, UK

S6508

NuPAGE 10% Bis-Tris gel 1.5 mm
10 well

Invitrogen

NP0315BOX

NuPAGE MOPS SDS Running
Buffer (20×)

Invitrogen

NP0001

NuPAGE Transfer Buffer (20×)

Invitrogen

NP0006-1

Ponceau S

Sigma-Aldrich, UK

P3504-10G

Prestained protein marker

NEB

P7708S

ECL2

ThermoScientific

11884584

Immobilon-FL PVDF 0.45 µm 26.5
cm x 3.75 m roll

Millipore

PFL00010

Extra thick blot paper (7.5x10 cm)

Biorad

170-3965

HBSS 1×, no Ca and Mg , no
phenol red

Gibco

14025092

EDTA

Sigma-Aldrich, UK

03690100ML

Ultralow attachment flasks T25

Corning (via
Appleton Woods)

BC370

RNeasy Minikit (50)

Qiagen

74104

Oligo dT

Bioline

BIO-38029

Superscript III Reverse transcript

Invitrogen

18080044

RNase inhibitor

Promega

N2511

Gotaq Green Master mix

Promega

M7122

TrackIt 100bp DNA ladder

Invitrogen

10488-058

GelRed 10,000× in water

Biotium

41003

2+

2+
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Rnase zap

Ambion

AM9780

Primers

Eurofins mwg
operon

Specific
primers
described in
Table 8-12

Dulbecco’s phosphate buffered saline (DPBS); Leibovitz L-15 (L15); Dulbecco’s modified Eagle
medium and Ham’s F12 medium (DMEM-F12); minimum essential medium α (MEMα); basic
fibroblast growth factor (bFGF); epidermal growth factor (EGF); phenylmethylsulfonyl fluoride
(PMSF); 1,4-Dithiothreitol (DTT); Hank's Balanced Salt Solution (HBSS);
ethylenediaminetetraacetic acid (EDTA).

8.1 TISSUE ISOLATION AND CELL CULTURE TECHNIQUES
8.1.1 ANIMALS
All animals were supplied by Harlan, UK and all animal experiments were approved by the
local ethical committee and the UK Home Office. All experiments followed the UK
regulations related to the personal licence. Experiments were performed using Lister
Hooded (LH) rats from mixed genders at postnatal day 15 or 16 or female 3-6 months old
animals. For some experiments 18 months-old GFP rats were used, which were also
referred to as Green SD rats. These Sprague Dawley have a mutation in their genome so
they are expressing GFP in every cell in the body. Animals were not selected based on
whether they were hetero- or homozygote for GFP.

8.1.2 OLFACTORY MUCOSA AND OLFACTORY BULB TISSUE ISOLATION
The olfactory mucosa of the rat is located in the upper part of the nasal cavity (Figure 8-1).
To isolate the tissue a midline skin incision was made on top of and through the skull,
slightly to the left of centre, to prevent cutting through the nasal septum (Figure 8-2A). A
relaxing incision to the side was then made to access the OM tissue. The tip of the nose
was cut off in order to prevent contamination with respiratory mucosa (Figure 8-2C). The
nasal septum, which holds the olfactory mucosa on both sides, was cut loose by making
incisions on all four sides (Figure 8-2D). The whole olfactory mucosa including septum was
removed and transferred to either Leibovitz L-15 (L15; Gibco) medium to be later
processed for direct cryopreservation or to 4% paraformaldehyde (PFA) for direct fixation.
For cell and RNA isolation the mucosa was scraped off using a forceps and collected in
medium on ice until being processed further. The appearance of the OM is white-yellow
and could be distinguished from brain tissue based on that it is highly vascularised.
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Figure 8-1: Structure of rat nasal cavity with olfactory epithelium (OE) adapted from Khan
3

et al. .

Adult LH rats (3-6 months-old) were sacrificed using the same procedure as described for
p16 rats. Olfactory mucosa tissue was isolated by decapitating the animal and removing
skin and muscles from the side, followed by breaking of the skull from the back to approach
the brain and olfactory bulbs. A cut through the eye socket and cutting of the tip of the nose
and the skull was performed to approach the mucosa. Adult OM was distinguished from
brain tissue by its specific brown colour. Adult olfactory bulb tissue was carefully isolated
from the same animal as the olfactory mucosa. Both bulbs were collected per animal.
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Figure 8-2: Isolation procedure of postnatal day 16 rat olfactory mucosa.
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8.1.3 R AT OLFACTORY MUCOSA AND BULB TISSUE ISOLATION FOR HISTOLOGY
Olfactory mucosa tissue was isolated from Lister Hooded postnatal day 16 rat pups as
described above and fixed in 4% PFA. The tissue was stored at 4ºC for 24 hours and
transferred to a 30% sucrose solution in milliQ water for cryopreservation. The tissue was
frozen in liquid nitrogen and embedded in Optimal Cutting Temperature (OCT; Raymond A
Lamb) medium and was cut with a cryostat in 20 µm sections. The sections were kept at
4ºC. Olfactory mucosa tissue was also isolated from adult LH rats as described above and
processed in the same way as for p16 tissue.

8.1.4 H AEMATOXYLIN AND EOSIN STAINING
H&E staining was performed according to a standard protocol as in 331, but using the
Shandon Linistain SLS Slide Stainer (Thermo Scientific). Briefly, the slides were placed on
the machine, washed in water, followed by staining using a haematoxylin solution and later
an eosin solution bath. The samples were dehydrated using 95% and 100% ethanol baths
and cleared using xylene (Genta) and iminodiacetate (IDA; Genta). After staining a
coverslip was mounted onto the slides with mounting medium (Leica DPX).

8.1.5 OLFACTORY MUCOSA CELL CULTURE
Six postnatal day 16 LH rat pups were used for olfactory mucosa cell isolation. The rat
pups were sacrificed using a CO2 chamber. Incisions were made as described above to
collect the OM tissue with forceps from both sides of septum into L15 medium on ice and
was transferred from the medium to a 5 mL 0.005% collagenase (Roche) solution in
phosphate buffered saline (1×PBS) in a sterile cell culture hood (Hera safe). The tissue was
incubated in collagenase for 30 min at 37ºC. Digested tissue was spun at 1400 rpm
(Heraeus) for 5 minutes and supernatant was aspirated off. The digested tissue was resuspended in pre-warmed diluted trypsin solution (5.0 mL; 0.05% trypsin-0.025%
ethylenediaminetetraacetic acid (EDTA; Gibco) in 1×PBS and incubated for 15-20 minutes
at 37ºC. The tissue was triturated using a pipette and afterwards 5 mL of complete DMEMF12 Glutamax medium, consisting of DMEM-F12 Glutamax medium (Invitrogen, UK)
supplemented with 10% foetal bovine serum (FBS; Gibco) and 1U antibiotic-antimycotic
(Gibco), was used to deactivate the trypsin. Again the cell suspension was spun for 5
minutes at 1400 rpm and the supernatant was aspirated off. The cells were re-suspended
in 3 ml of DMEM-F12 Glutamax. Cells were counted using a haemocytometer using 10 µl
cell suspension. The supplements 1U antibiotic-antimycotic, 1U B27 supplement
(Invitrogen, UK), 50 ng/mL human epidermal growth factor (Sigma-Aldrich, UK), 50 ng/mL
basic fibroblast growth factor (Sigma-Aldrich, UK) and 1U N2 supplement (Invitrogen, UK)
were added to the media and the 3 mL cell suspension (8.7*104/mL) was added to a T25
flask (Corning). Pieces of tissue which did not digest in trypsin solution were plated as
explants in ECM-coated T25 flasks and cultured in 1 mL complete DMEM-F12 Glutamax

(DMEM-F12 supplemented with 10% FBS and 1U antibiotic-antimycotic). After 24
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hours 3 mL of complete DMEM-F12 Glutamax supplemented with 1 U B27, 50 ng/mL bFGF
and 50 ng/mL EGF was added to the explant cultures. A schematic of the isolation method
is shown in Figure 8-3.

Figure 8-3: Protocol for OM cell isolation to culture dissociated cells and explants as
described above.

8.1.6 DIFFERENTIATION OF CELLS ISOLATED FROM OLFACTORY MUCOSA
Culture medium with cells in suspension was collected and the cells were spun for 5
minutes at 1400 rpm followed by resuspension in 1 mL of complete medium (DMEM-F12
supplemented with 10% FBS and 1U antibiotic-antimycotic). The adherent cells were
washed with 1×PBS and trypsinised with 200 µl 0.5% trypsin-EDTA for 2 minutes at 37 ºC.
Trypsin was deactivated using 1 mL complete medium. The explants were also washed
with 1×PBS and trypsinised with 500 µl 0.5% trypsin-EDTA for 2 minutes at 37 ºC. Trypsin
was deactivated using complete medium. Cells from sphere-like structures, adherent cells
from cell suspension and cells from explants were separately counted and cell viability was
determined using trypan blue (0.4%; Sigma-Aldrich, UK). For cells, which were fully
dissociated during isolation, 4*104 cells were plated and for cells, migrated out of
undigested tissue, the amount was 3.6*104 cells. The cells were replated onto coverslips
(VWR) coated with poly-L-lysine (300 µl of 1:100) or laminin (200 µl of 20 µg/mL (1:50))
dilution in 1×PBS, which had been incubated with the coating material for 2 hours at 37 ºC.
After three days the medium was changed to differentiation medium (DMEM-F12
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supplemented with 1U antibiotic-antimycotic, 50 ng/mL bFGF, 1U N2 and 1U B27).
Differentiation was induced using either laminin-coated coverslips or supplementation of
retinoic acid (RA; 100 µM; Sigma-Aldrich, UK) to the differentiation medium. Poly-L-lysine
coated coverslips were used as control.

8.1.7 CULTURE OF P16 RAT OLFACTORY MUCOSA CELLS UNDER NEUROSPHEREFORMING CONDITIONS

Rat olfactory mucosa tissue from 9 LH rats postnatal day 16 was collected and kept on ice
in L15 medium until processing. Tissue was transferred to 10 mL pre-warmed, filtersterilised Dispase II (2.3U/mL; Roche) solution in 1×PBS and incubated for one hour at
37ºC. The digested tissue was re-suspended in 5 mL of 0.005% collagenase solution
(Roche) in 1× Dulbecco’s phosphate buffered saline (DPBS; Gibco), dissociated using a
pipette and incubated in collagenase for 10 min at 37ºC. Dissociated tissue was spun at
1400 rpm for 5 minutes at room temperature and re-suspended in 5 mL 1×PBS. The cell
suspension was filtered through a 40 µm cell strainer and centrifuged again. The cells were
re-suspended in culture medium consisting of DMEM-F12 Glutamax supplemented with 1U
antibiotic-antimycotic, 1U B27 supplement, 50 ng/mL EGF and 50 ng/mL bFGF. Cells were
counted using a haemocytometer using 10 µl cell suspension and cell viability was
determined using trypan blue (0.4%). The cells were plated at a density of 90,000 cells per
cm 2 in 5 mL of culture medium in poly-L-lysine (PLL) coated T12.5 flasks (Corning) or noncoated T12.5 flasks. A schematic of the isolation method is shown in Figure 8-4.

Figure 8-4: Protocol for OM cell isolation and plating for cell culture under neurosphereinducing conditions as described above.
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8.1.8 DIFFERENTIATION OF NEUROSPHERE-LIKE STRUCTURES FROM P16 RAT
OLFACTORY MUCOSA

Supernatant containing neurosphere-like structures from non-coated flasks was collected
and the adherent cells in the flask were washed with 1×PBS and trypsinised with 200 µl
0.5% trypsin-EDTA. Trypsin was deactivated using 1 mL medium (DMEM-F12
supplemented with 10% FBS and 1 U antibiotic-antimycotic). Cells were counted and cell
viability was determined using trypan blue. The cells (8.5*104) were replated onto poly-Llysine-coated coverslips (300 µl of 1:100 dilution of poly-L-lysine in 1×PBS; 2 hours
incubation at 37 ºC). Differentiation was induced using differentiation medium: neurobasal
medium supplemented with 1U antibiotic-antimycotic, 50 ng/mL bFGF, 1U N2 and 1U B27.

8.1.9 OLFACTORY MUCOSA CELL CULTURE USING ENZYMATIC DIGESTION
Ten postnatal day 16-17 LH rat pups were used for olfactory mucosa lamina propria (OMLP) cell isolation. The rat pups were sacrificed using a CO2 chamber and the olfactory
mucosa tissue was removed and collected in L-15 medium on ice. It was spun at 1400 rpm
for 5 minutes at room temperature. Afterwards the supernatant was aspirated off and the
tissue was re-suspended in 10 mL pre-warmed, filter-sterilised Dispase II (2.3U/mL)
solution in 1×PBS and incubated at 37ºC for 40-45 minutes. The digested tissue was
centrifuged again and re-suspended in 5 mL of 0.005% collagenase solution in 1× DPBS.
The tissue was incubated in collagenase for 20 min at 37ºC. Digested tissue was spun
again and re-suspended in a pre-warmed 5 mL diluted trypsin solution (1:10; 0.05% trypsinEDTA in 1×PBS) and incubated for 5 minutes at 37ºC. Trypsin was deactivated with 5 mL
of complete DMEM-F12 Glutamax (DMEM-F12 supplemented with 10% FBS and 1U
PenStrep). Again the cell suspension was spun and re-suspended in 5 mL of complete
DMEM-F12 Glutamax. The cell suspension was triturated about 30 times and sent through
a 40 µm cell strainer (BD). Cells were counted using a haemocytometer using 10 µl cell
suspension and cell viability was determined using trypan blue. A schematic of the isolation
method is shown in Figure 8-5.
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Figure 8-5: Protocol for OM cell isolation using enzymatic digestion as described above.

8.1.10 BONE MARROW DERIVED MESENCHYMAL STEM CELL ISOLATION AND CELL
CULTURE
Two Lister Hooded adult female rats were sacrificed using a CO2 chamber. The fur was
removed from the hind limbs and these limbs were removed from the torso. The removed
limbs were kept in 70% ethanol until ready for processing. They were transferred to a
sterile cell culture hood (Hera safe). Muscles and connective tissue were removed until only
bones were left. Both tibia and femur were used for bone marrow isolation. The bones were
washed in 1×PBS and kept in a Petri dish (Corning; 100 mm in diameter) in DMEM-F12
Glutamax supplemented with 1U antibiotic-antimycotic. A 22 Gauge needle (BD) and 5 mL
syringe (BD) were used to flush the bone marrow from the bone with 1 mL DMEM-F12
Glutamax supplemented with 10% FBS and 1U antibiotic-antimycotic. Flushing was
repeated for each bone three times using the same media.
The collected bone marrow cell suspension from the hind limbs of the LH rats was
counted with a haemocytometer and cell viability was determined with trypan blue. The cell
suspension was plated into two T25 flasks (Corning) in a volume of 5 mL media and with a
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density of 12,000 cells per mL. The rest of the cell suspension was again counted, cell
viability was determined and the cells were filtered through a 40 µm cell strainer (BD) and
plated into four T25 flasks in a volume of 5 mL media and with a density of 12,000 cells per
mL. After 24 hours, the medium containing floating cells was discarded and replaced by 5
mL fresh culture media. When cells were passaged, the flasks were washed with 1×PBS
followed by trypsin (2 mL) incubation at 37ºC for 2 minutes. Complete medium was used
to de-activate the trypsin and a third of the cells was plated into a new flask (either T25 or
T75 into 5 mL or 10 mL of medium respectively).

8.1.11 OLFACTORY BULB CELL CULTURE USING ENZYMATIC DIGESTION
Olfactory bulb tissue was removed as described above and collected in L15 medium on ice.
It was spun at 1400 rpm for 5 minutes at room temperature. Afterwards the supernatant
was aspirated off and the tissue was re-suspended in 10 mL (for a litter) or 1mL per animal
of pre-warmed, trypleE solution (Gibco) and incubated at 37ºC for 15 minutes. The
digested tissue was centrifuged again and re-suspended in 10 mL (per litter) or 1 mL (per
animal) of complete DMEM-F12 Glutamax (DMEM-F12 supplemented with 10% FBS and
1% PenStrep) to deactivate trypleE. Again the cell suspension was spun and re-suspended
in 10 mL (around 3 mL per animal) of complete DMEM-F12 Glutamax. The cell suspension
was gently triturated about 10 times and sent through a 40 µm cell strainer (BD). Cells were
kept overnight in complete DMEM-F12 medium in T25 ultra-low attachment flasks
(Corning) for flow cytometry (5 mL per flask) or plated into ECM-coated T75 flasks (10 mL
per flask). Cells were counted using a haemocytometer using 10 µl cell suspension and 10
µl trypan blue (0.4%) for determination of cell viability.

8.2 SELECTION OF CELL POPULATIONS
8.2.1 OLFACTORY MUCOSA CELL CULTURE USING DIFFERENTIAL ADHESION
The cells were plated at a density of 20,000 cells per cm2 in 3 mL of complete DMEM-F12
Glutamax medium in T25 flasks (Corning) either not coated or coated with ECM (SigmaAldrich, UK) -1:100 dilution in extracellular matrix buffer (15 mM sodium carbonate; 35 mM
sodium bicarbonate, pH 9.6) for 2 hours (500 µl for T25; 2 mL for T75 and 300 µl for 24well). Cells were plated in both non-coated and ECM-coated T75 flasks (Corning) at 3,330
cell per cm 2 in 10 mL complete DMEM-F12 Glutamax. For immunocytochemistry 10,000
cells in 1 mL complete DMEM-F12 Glutamax were plated onto non-coated or ECM-coated
coverslips in a 24-well (Corning). After 24 hours 2 mL of complete DMEM-F12 Glutamax
medium was added to the coated T25 flasks and 500 µl was added to each well of the 24well plate. In addition, the cells plated in the non-coated flasks or wells that did not adhere
to the plastic (floating in culture medium) were replated in previously prepared ECM-coated
flasks or wells respectively (Figure 8-6).
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Figure 8-6: Schematic of cell populations from olfactory mucosa after enzymatic
digestion using differential adhesion. Studied differential adhesion populations were named:
‘non coat’ (NC), ‘replated’ and ‘ECM coat’ (EC) after their respective plating methods either on
plastic or on extracellular matrix.

8.2.2 SELECTION OF CELL POPULATIONS USING CULTURE TECHNIQUES
Obtained cell populations from differential adhesion were further cultured using special
culture conditions to obtain a more pure population of NCSCs. The ‘non coat’ cell
population was used as a starting point. Cells were cultured in complete DMEM-F12
medium (DMEM-F12 Glutamax medium, supplemented with 10% FBS and 1U penicillinstreptomycin. Cells were trypsinised either for two minutes only or for 10 minutes until all
cells were collected and plated at 1:3 dilution in a new culture flask (T75, not coated).
Serum free culture of the cell population ‘non coat all cells’ was performed after
passage 8. Cells were plated in ECM-coated flasks and cultured in DMEM-F12 Glutamax
supplemented with 1U of PenStrep, 1U B27, 20 ng/mL human EGF and 20 ng/mL human
bFGF.

8.2.3 SELECTION OF CELL POPULATIONS USING CELL SORTING
Tissue was isolated from 3 months-old rats (3 animals were pooled per sample and an
extra sample of one animal was used). Cells were isolated from OM tissue using enzymatic
digestion and from olfactory bulb. Cells were plated in T25 ultra-low attachment flasks
(Corning) and left overnight in complete DMEM-F12 Glutamax medium (DMEM-F12
Glutamax medium, supplemented with 10% FBS and 1U penicillin-streptomycin. After the
olfactory bulb tissue had been collected in L15 medium, the cells were centrifuged at 1400
rpm for 5 minutes and supernatant was aspirated off. Tissue was incubated in 2 mL of prewarmed triple E (1x; Gibco) per sample and placed in the incubator for 15 minutes at 37°C.
TrypleE was deactivated using 2 mL of complete DMEM-F12 Glutamax medium. Again the
samples were centrifuged and trypleE was removed. The cells were re-suspended in
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around 5 mL complete DMEM-F12 Glutamax and sent through a 40 µm cell strainer. The
cells were plated in T25 ultra-low attachment flasks to leave overnight.
On day 2 the cells were counted and divided into tubes to include unstained and
fluorescent minus one controls. The cells were collected in 5 mL v-bottom tubes placed in
15 mL Falcon tubes and spun for 5 minutes at 1400 rpm at 4°C (Labofuge 400R, Heraeus).
Supernatant was removed and cells were washed in 3 mL of ice-cold 1× Hank's Balanced
Salt Solution (HBSS)-0.05% EDTA (1×HBSS, Gibco and 0.5 M EDTA; Sigma-Aldrich, UK)
for washing. The cells were spun again at 4°C at 1400 rpm for 5 minutes. Cells were resuspended in 100 µl of primary antibody (Table 8-9) or buffer alone (1×HBSS-0.05%
EDTA; control) and incubated at 4°C for 60 minutes in the dark. The cells were washed
again with buffer (2 mL) and spun again. Cells were re-suspended in 100 µl of secondary
antibody (Table 8-10) at 4°C for 15 minutes in the dark, followed by another wash with
buffer (2 mL). The cells were re-suspended in 200 µl of 1×HBSS-0.05% EDTA-1% FBS
and kept on ice until analysis with the cell sorter (BD Influx, BD Biosciences) was
performed.
Table 8-2: Primary antibodies for cell sorting.
Antibody

Host

Isotype

Supplier

Catalogue
number

Concentration

Dilution

p75-PE

Goat

IgG

Santa Cruz

sc-6188
PE

200 µg/mL

1µg/1*10^6
cells (1:20)

SSEA-1488

Mouse

IgM

Santa Cruz

sc-21702
AF488

200 µg/mL

1µg/1*10^6
cells (1:20)

ErbB4biotin

Mouse

IgG

Thermo
Fisher
Scientific

H4.77.16
(Ab77)

200 µg/mL

1:20

Alexa488 (488); immunoglobulin γ (IgG); immunoglobulin M (IgM).

Table 8-3: Secondary antibodies for cell sorting.
Antibody

Host

Supplier

Catalogue
number

Concentration

Dilution

SA-APC

-

Biolegend

405207

0.2 mg/mL

0.625 µl/ 100
µl

Streptavidin-allophycocyanin (SA-APC).
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8.3 PROTEIN ANALYSIS TECHNIQUES
8.3.1 IMMUNOHISTOCHEMISTRY
Before staining tissue sections were brought to room temperature. A hydrophobic barrier
pen (Vector labs) was used to restrict the area of fluid to the sections. The sections were
blocked with 200 µl blocking solution (5% normal donkey serum (Stratech) and 0.1% tritonX100 (Sigma-Aldrich, UK) in 1×PBS) for one hour at room temperature. Afterwards the
sections were incubated with 100 µl diluted primary antibody in blocking buffer according to
the specific dilution factor for the antibody (Table 8-4) or washing buffer alone (control)
over night at 4ºC in a humidified atmosphere. The following day the sections were washed
four times in a slide container with washing buffer (twice 1×PBS, followed by 1×TBS and at
last 1×PBS) for 5 minutes on the shaker and incubated with 100 µl secondary antibody
donkey anti mouse Alexa 555 1:500 dilution, donkey anti rabbit Alexa 488 1:500 dilution, or
donkey anti goat Alexa 555 1:500 dilution (Table 8-6) in blocking buffer in the dark for one
hour at room temperature followed by another four washes following primary antibody
incubation. Subsequently, a glass coverslip was mounted on top of the glass with 4', 6diamidino-2-phenylindole (DAPI) containing mounting medium (FluoroShield, SigmaAldrich, UK). The coverslips were fixated on top of the glass slides with nail polish. The
slides were imaged with a confocal fluorescent microscope (Zeiss 700 or 710) with 40X or
63X objective.
For some antibodies (indicated with *) the staining method had been adapted due
to poor performance of the antibody. Instead of fixating the freshly obtained tissue directly
in 4% PFA, the tissue was directly frozen using acetone with dry ice and stored in -80°C
until cryosectioned. Before staining of the sections, these were fixed using 150 µl of 100%
ice-cold methanol per section, followed by 3x10 minutes washes in 1×PBS-0.05% tritonX100 for cell permeabilisation. Furthermore, all washes were performed in 1×PBS with
0.05% tween. For every staining a control was performed to determine non-specific binding
of the secondary antibodies.

8.3.2 IMMUNOCYTOCHEMISTRY
Cells were plated (amount of cells described in specific sections) in 24 wells on glass
coverslips coated with ECM (Invitrogen, UK) and fixed with 300 µl of 4% PFA or 100%
methanol (- 20°C) for 10 minutes at room temperature and for the methanol fixed cells
followed by air-drying them for 5 minutes. Afterwards the coverslips were washed twice
with 500 µl 1×PBS followed by 5 minutes of washing in 500 µl 1×PBS-0.1% triton-X100 on
a shaker. The cells were blocked with 100 µl blocking solution (5% normal donkey serum
and 0.1% triton-X100 in 1×PBS) for one hour at room temperature. Afterwards the
coverslips were incubated with 100 µl diluted primary antibody in blocking buffer according
to the specific dilution factor for the antibody (Table 8-5) or washing buffer alone (control)
over night at 4ºC in a humidified atmosphere. The following day the coverslips were
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washed again four times with 500 µl washing buffer (twice 1×PBS, followed by 1×TBS and
once 1×PBS) for 5 minutes on the shaker and incubated with 100 µl secondary antibody
donkey anti mouse Alexa 555 1:500 dilution or donkey anti rabbit Alexa 488 1:500 dilution,
or donkey anti goat Alexa 555 1:500 dilution (Table 8-6) in blocking buffer in the dark for
one hour at room temperature followed by another four washes following primary antibody
incubation. Furthermore, the coverslips were mounted and stained with DAPI using
FluoroShield on a glass slide followed by fixation of the coverslip on the glass with nail
polish. The slides were imaged with a confocal fluorescent microscope (Zeiss 700) with
40X or 63X objective. For every staining a control was performed to determine non-specific
binding of the secondary antibodies.
Table 8-4: Antibodies used for immunohistochemistry.
Antibody

Supplier

Catalogue number

Dilution factor

s100β

Sigma-Aldrich, UK

SAB1402349-100UG

1:100 of 8.7 mg/mL

GFAP

Dako

Z033429-2

1:100 of 0.40 mg/mL

fibronectin

Dako

A0245

1:100 of 2.1 mg/mL

p75*

Sigma-Aldrich, UK

N3908-.2ML

1:100 of 0.73 mg/mL

MAP2

Millipore

AB5622

1:100 of 1.0 mg/mL

Nestin

DSHB

Rat-401

1:50 of 36 µg/mL

Pax6

Santa Cruz

sc-11357

1:50 of 0.20 mg/mL

Sox2

Santa Cruz

ICAM

DSHB

P2A4

1:50 of 30 µg/mL

NCAM

DSHB

AG1

1:50 of 27 µg/mL

STRO-1

DSHB

STRO-1

1:50 of 18 µg/mL

CD90

Santa Cruz

sc-9163

1:50 of 0.20 mg/mL

CD29 Ab1

Chemicon

50-173-332

1:50 of 0.10 mg/mL

CD44 1

DSHB

ID10

1:50 of 53 µg/mL

Snail*

Santa Cruz

sc-28199

1:50

HNK-1

Sigma-Aldrich, UK

C 6680

1:100

Sox10*

Santa Cruz

sc-17342

1:50

SSEA-1-488*

Santa Cruz

sc-21702 AF488

1:50

FoxD3*

Santa Cruz

sc-27888

1:50

ErbB4-biotin

Thermo Fisher
Scientific

H4.77.16 (Ab77)

1:50

1:50 of 0.20 mg/mL

Developmental Studies Hybridoma Bank (DSHB). * Antibodies perform better using methanol
fixation instead of 4% PFA.
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Table 8-5: List of antibodies and dilution factors for immunocytochemistry.
Antibody

Supplier

Catalogue number

Dilution factor

s100β

Sigma-Aldrich, UK

SAB1402349-100UG

1:200 of 8.7 mg/mL

GFAP

Dako

Z033429-2

1:100 of 0.40 mg/mL

fibronectin

Dako

A0245

1:100 of 2.1 mg/mL

p75

Sigma-Aldrich, UK

N3908-.2ML

1:200 of 0.73 mg/mL

β3tubulin

Abcam

04-1049

1:50

RT97

DSHB

RT97

1:50 of 30 µg/mL

MAP2

Millipore

AB5622

1:50 of 1.0 mg/mL

Neun

Millipore

MAB377

1:50 of 1.0 mg/mL

Nestin

DSHB

Rat-401

1:50 of 36 µg/mL

Pax6

Santa Cruz

sc-11357

1:50 of 0.20 mg/mL

Sox2

Santa Cruz

Notch1

Millipore

MAB5352

1:50 of 1.0 mg/mL

ICAM

DSHB

P2A4

1:50 of 30 µg/mL

NCAM

DSHB

AG1

1:50 of 27 µg/mL

STRO-1

DSHB

STRO-1

1:50 of 18 µg/mL

CD90

Santa Cruz

sc-9163

1:50 of 0.20 mg/mL

CD90

Abcam

ab225

1:100

CD29 Ab2

Chemicon/ Millipore

50-173-332

1:50 of 0.10 mg/mL

CD105

Abcam

ab44967

1:80

CD44

DSHB

ID10

1:50 of 53 µg/mL

CD44

DSHB

H4C4

1:50 of 45 µg/mL

CD45

DSHB

H5A5

1:50

1:50 of 0.20 mg/mL
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Table 8-6: List of secondary antibodies and dilution factors for immunohistochemistry
and immunocytochemistry.
Antibody

Supplier

Catalogue
number

Dilution factor

Donkey anti rabbit
Alexa 488

Invitrogen, Molecular
Probes, UK

A21206

1:500 of 2 mg/mL

Donkey anti rabbit
Alexa 555

Invitrogen, Molecular
Probes, UK

A31572

1:500 of 2 mg/mL

Donkey anti mouse
Alexa 488

Invitrogen, Molecular
Probes, UK

A11029

1:500 of 2 mg/mL

Donkey anti mouse
Alexa 555

Invitrogen, Molecular
Probes, UK

A31570

1:500 of 2 mg/mL

Donkey anti goat
Alexa 555

Invitrogen, Molecular
Probes, UK

A21432

1:500 of 2 mg/mL

Donkey anti goat
Alexa 647

Invitrogen, Molecular
Probes, UK

A21447

1:500 of 2 mg/mL

8.3.3 CONFOCAL ANALYSIS
For the analysis of images obtained using confocal microscopy the ZEN software (black
edition; Zeiss; 2011) was used. All images were obtained by taking pictures at a single
plane except for all maximum intensity projections, which were obtained using z-stacks and
then transformed to a two dimensional image using the maximum intensity projection option
in the software. Intensity images shown in 3.2.2 were created by changing the colours of
the channels to look up table (LUT) 16-colour setting and thereby obtaining intensity
projections.

8.3.4 PROTEIN ISOLATION
Cells were lysed in T25 or T75 flasks with 500 µl or 1 mL RIPA buffer (ThermoScientific)
containing protease inhibitors including 0.01% v/v protease cocktail (Sigma-Aldrich, UK),
0.5 mM 1,4-Dithiothreitol (DTT; Sigma-Aldrich, UK), 0.002% phenylmethylsulfonyl fluoride
(PMSF; Sigma-Aldrich, UK) and 0.005% sodium orthovanadate respectively (SigmaAldrich, UK). Rat olfactory mucosa and olfactory bulb tissue were lysed with 200 µl
complete RIPA buffer. The tissue was disrupted using a pestle and mortar and
homogenised using a syringe and 23G needle. All collected samples were occasionally
vortexed and left on ice for 30 minutes, followed by centrifugation for 30 minutes at 10,000
rpm at 4°C. Supernatant was collected and stored at -80°C.
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8.3.5 WESTERN BLOTTING
Protein concentrations were determined with the BCA assay (Pierce, Rockford, IL). Ten µg
of protein was loaded for cell lysates and 15 µg for tissue lysates and electrophoresed in
10% Bis-Tris SDS-polyacrylamide gels (Invitrogen, UK) at 200V for 60 minutes using the
XCell II™ Blot Module (Invitrogen, UK) and 1×NuPAGE MOPS running buffer (stock of 20×;
Invitrogen, UK). The proteins were transferred to Polyvinylideenfluoride (PVDF)
membranes (Millipore) for 90 minutes at 30V using XCell II™ Blot Module (Invitrogen, UK)
and 1× NuPAGE Transfer Buffer (stock of 20×; Invitrogen, UK) with 10% methanol. The
membranes were blocked for one hour at room temperature in 5% non-fat milk powder with
5% FBS in TBS-T (150 micromolar NaCl, 50 micromolar TRIS pH 8.0 and 0.1% Tween).
After blocking the membranes were incubated with primary antibodies (Table 8-7) against
αSMA (1:2000; Sigma-Aldrich, UK), p75 (1:1000; Sigma Aldrich, UK), GFAP (1:1000;
ThermoScientific), Sox10 (1:500; Santa Cruz), FoxD3* (1:1000; Santa Cruz), snail (1:200;
Santa Cruz), and β-actin (1:5000) as housekeeping protein for normalisation in blocking
solution over night at 4°C. The membranes were washed three times for 20 minutes with
1×TBS-T and afterwards incubated with the secondary antibodies (Table 8-8) horseradish
peroxidase (HRP) donkey anti rabbit IgG (Jackson) 1:20,000 dilution in blocking solution for
p75 and snail or with HRP donkey anti mouse IgG (Jackson) 1:10,000 dilution in blocking
solution for GFAP, αSMA and β-actin or with HRP donkey anti goat IgG (Jackson) 1:5,000
dilution in blocking solution for Sox10 and FoxD3. ECL Chemiluminescent Substrate TM
(Pierce, Rockford, IL) was used for protein detection in a dark room using film.
Table 8-7: List of primary antibodies for Western blotting.
Antibody

Species raised
in

Supplier

Catalogue
number

Dilution factor

GFAP

Mouse

ThermoScientific

MA5-12023

1:1000

p75

Rabbit

Sigma-Aldrich, UK

N3908-.2ML

1:1000 of 0.73
mg/mL

αSMA

Mouse

Sigma-Aldrich, UK

A2547

1:2000

Sox10

Goat

Santa Cruz

sc-17342

1:500 of 0.20
mg/mL

FoxD3*

Goat

Santa Cruz

sc-27888

1:1000 of 0.20
mg/mL

β-actin

Mouse

Sigma-Aldrich, UK

A2228

1:5000

*For FoxD3 the primary antibody had been incubated in 5% bovine albumin serum instead of
5% milk in 1×TBS-T.
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Table 8-8: List of secondary antibodies for Western blotting.
Antibody

Supplier

Catalogue
number

Dilution factor

Donkey anti rabbit
HRP

Jackson
immunoresearch

AS038-ABC

1:20,000

Donkey anti mouse
HRP

Jackson
immunoresearch

AS033-ABC

1:10,000

Donkey anti goat
HRP

Jackson
immunoresearch

705035147

1:5,000

8.3.6 FLOW CYTOMETRY
Tissue was isolated from postnatal day 16 and 3 month old rats (10 animals in each age
group) as described above. Cells were isolated from olfactory mucosa tissue using
enzymatic digestion (as described above), were plated in T25 ultra-low attachment flasks
(Corning) and left overnight in complete DMEM-F12 Glutamax medium (DMEM-F12
Glutamax medium, supplemented with 10% FBS and 1U penicillin-streptomycin. Cells were
isolated from tissue of two animals which had been pooled to obtain n=5. For the control, a
fifth of each sample of cells was used.
For the olfactory bulb cell isolation bulbs of two animals were pooled in a sample
and cell isolation was performed. After the tissue being collected in L15 medium, the cells
were centrifuged at 1400 rpm for 5 minutes and supernatant was aspirated off. Tissue was
incubated in 2 mL of pre-warmed triple E (1×) per sample and placed in the incubator for 15
minutes at 37°C. TrypleE was deactivated using 2 mL of complete DMEM-F12 Glutamax
medium. Again the samples were centrifuged and trypleE was removed. The cells were resuspended in around 5 mL complete DMEM-F12 Glutamax and sent through a 40 µm cell
strainer. The cells were plated in T25 ultra-low attachment flasks to leave overnight. In total
10 animals were used to obtain n=5. Again one fifth of the cells was used from each
sample to create a control sample. For brain samples the same procedure was used,
except that the samples all had been pooled, hence a single digestion was needed.
Cells were collected on the second day in falcon tubes and spun for 5 minutes at
1400 rpm. Supernatant was removed and cells were washed in 5 mL of ice-cold 1×HBSS0.05% EDTA (1×HBSS, Gibco and 0.5 M EDTA, Sigma-Aldrich, UK). The cells were put in
Eppendorfs and spun again at 4°C at 3000 rpm for 5 minutes in a table-top centrifuge
(5417R, Eppendorf). Cells were re-suspended in 100 µl of primary antibody (Table 8-9) or
buffer alone (1×HBSS-0.05% EDTA; control) and incubated at 4°C for 60 minutes in the
dark. The cells were washed again with buffer (1 mL) and spun again. Cells were resuspended in 100 µl of secondary antibody (Table 8-10) at 4°C for 15 minutes in the dark,
followed by another wash with buffer (1 mL). The cells were re-suspended in 200 µl of
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1×HBSS-0.05% EDTA in 5 mL polystyrene round bottom tubes (BD Falcon) and stored on
ice until analysis with the flow cytometer (FACSCalibur, BD, Cowley, UK) was performed.
Table 8-9: Primary antibodies for flow cytometry.

Antibody

Host

Isotype

Supplier

Catalogue
number

Concentration

Dilution

p75-PE

Goat

IgG

Santa Cruz

sc-6188
PE

200 µg/mL

1µg/1*10^6
cells (1:20)

SSEA-1488

Mouse

IgM

Santa Cruz

sc-21702

200 µg/mL

1µg/1*10^6
cells (1:20)

200 µg/mL

1:20

AF488
ErbB4biotin

Mouse

IgG

Thermo
Fisher
Scientific

H4.77.16
(Ab77)

Table 8-10: Secondary antibodies for flow cytometry.

Antibody

Host

Supplier

Concentration

Dilution

SA-APC

-

Biolegend

0.2 mg/mL

0.625 µl/ 100 µl

8.4 GENE ANALYSIS TECHNIQUES
8.4.1 RNA ISOLATION
Rat olfactory mucosa tissue was isolated from postnatal day 16 and 3-6 months-old adult
animals and collected in L-15 medium (described above), washed with 1×PBS and RNA
was isolated using the RNeasy mini kit (Qiagen, Valencia, CA), following the instructions for
RNA isolation from tissue. The tissue was disrupted in 600 µl RLT buffer per sample with a
pestle and mortar and homogenised using a syringe and 23G needle (10 times up and
down) on ice. Olfactory bulb tissue was processed using the same protocol from the kit,
although tissue was disrupted only by triturating the tissue 10 times, followed by
homogenisation using also a 23G needle (10 times up and down) on ice. For RNA isolation
from cells, the cells were plated on ECM-coated T25-flasks and when confluent, lysed in
the flasks using 350 µl of RLT buffer from the kit with β-mercapto-ethanol (10µl per 1 mL of
RLT). RNA was eluted in 30 µl RNase free H2O (kit) and concentrations were measured of
all samples using a spectrophotometer (NanoDrop, ND1000) at 260 nm wavelength. Before
working with RNA the working area was thoroughly cleaned with Rnasezap (Ambion).
Preparation of samples for the PCR reactions were performed on ice and all primers, RNA,
cDNA and agents were kept on ice during sample preparation.
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8.4.2 REVERSE TRANSCRIPTION-POLYMERASE CHAIN REACTION (RT-PCR)
Reverse transcription was performed using Superscript III reverse transcription kit
(Invitrogen, UK) on 500 ng, 750 ng or 1µg RNA in a 20 µl reaction. In short, oligo d (T)
primers (Bioline), doxynuclease (dNTP mix; Invitrogen, UK) and RNase free water (Qiagen)
were added to the RNA to a total volume of 13 µl and incubated for 5 minutes at 65 °C.
Samples were chilled on ice for a minute followed by addition of 7 µl of master mix
containing 1st strand buffer (Invitrogen, UK), 0.1 M DTT (Invitrogen, UK), RNase inhibitor
(Promega, UK) and Superscript III (Invitrogen, UK). The samples were left in the PCR
machine (Mastercycle gradient, Eppendorf) for one hour at 50 °C followed by 15 minutes at
70 °C. The obtained cDNA was stored at -20 °C or immediately used in the PCR.
From the obtained cDNA sample, 50 ng was used for PCR. The PCR reaction was
performed in a 20 µl reaction volume using the GoTaq PCR master mix (Promega, United
Kingdom) and 10 picomoles of the primers (Eurofins mwg operon) in an thermocycler
(Vapo protect, Eppendorf) following a standard PCR protocol. The specific temperature and
number of cycles that were used in the PCR protocol for each gene are described in Table
8-11. For the specific genes, primer sequences with their specific annealing temperatures
and expected product size are described in Table 8-12. The gene expression was analysed
by running 10 µl of PCR product on a 2 w/v% agarose gel for 60 min at 100V. The agarose
gel was made by dissolving 3 g of agarose in 150 ml 1× TAE buffer (40 mL of 50× TAE
(242 g Tris-base; 57.1 mL of 100% acetic acid and 100 mL of 0.5M sodium EDTA; distilled
water for a total volume of 1L) supplemented with distilled water in a total volume of 2 L) in
a microwave for 90 seconds, until the mixtures had boiled and the agarose completely
dissolved. The mixture was cooled under running water and 10 µl GelRed (10,000×;
Biotium) was added. Afterwards, the mixture was poured in the mould and set for at least
30 min to obtain a firm gel. Gene expression was measured using a gene genius
bioimaging system (Syngene) and genesnap (Syngene) programme. The product size was
confirmed by simultaneously running 5 µl of 100 base pair ladder (Invitrogen) on the gel
with the PCR products. Gene expression for specific genes was analysed using ImageJ for
a minimum of n=3 samples and was normalised against the housekeeping gene GAPDH.
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Table 8-11: List of primers used for RT-PCR with temperature and amount of cycles for
PCR reaction.
Markers for

Primers

Temperature

Cycles

OEC

Rat GFAP

58

30

Rat s100β

58

30

Rat p75*

58

30

Rat αSMA

54

30

Rat ErbB4

58

30

Rat Sox10

60

30

Rat Snail

54

30

Rat HNK-1

60

30

Rat Sox9

62

30

Rat FoxD3

56

34

Rat Pax6

54

30

Rat Nestin

58

34

Rat Sox2*

58

32

Rat c-Myc

58

30

Rat Klf4

58

30

Rat Oct4

58

30

Rat SSEA-1

58

30

Stem cell marker

Rat ABCG2

60

30

Neurotrophic factors

Rat BDNF

60

28

Rat CNTF

60

28

Rat GDNF

66

30

Rat NGF

60

28

Rat NT-3

56

30

Rat NT-4/5

60

32

Rat GAPDH

58

32

* also NCSC marker

NCSC

NSC

*Also ESC marker

House-keeping
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Table 8-12: List of primers used for RT-PCR.
Markers for

Primers

5-3

Sequence

Length

Tm

GC%

Target
gene

Product
length

OEC

Rat
GFAP

FW

ACATCGA
GATCGCC
ACCTAC

20

59.3
3

55.0
0

NM_0
17009.
2

199 bp

RV

TGCTTCG
ACTCCTT
AATGACC

21

57.7
5

47.6
2

FW

TTGCCCT
CATTGAT
GTCTTCC
A

22

59.9
6

45.4
5

NM_0
13191.
1

605 bp

RV

TCTGCCT
TGATTCTT
ACAGGTG
AC

24

60.5
6

45.8
3

FW

GGCTACT
ACCAGGA
CGAGGAG

21

61.0
9

61.9
0

NM_0
12610.
2

446 bp

RV

GCCAAGA
TGGAGCA
ATAGACA

21

58.0
8

47.6
2

FW

GCATCCA
CGAAACC
ACCTA

19

57.4
6

52.6
3

NM_0
31004.
2

455 bp

RV

CACGAGT
AACAAAT
CAAAGC

20

53.2
4

50.0
0

FW

GGAGCAC
TCTTCAG
CACCCA

20

62.1
2

60.0
0

NM_0
21687.
1

265 bp

RV

GGTAGAA
GGAAGAC
TGCCAG

20

57.3
2

55.0
0

FW

CCAGGCT
CACTACA
AGAGTGC

21

60.6
7

57.1
4

NM_0
19193.
2

477 bp

RV

CCTGTGG
TCTCTGT
CTTCACC

21

60.0
0

57.1
4

FW

CATCCAA
GGATCAC
AGTGGTT

21

57.9
2

47.6
2

NM_0
13035.
1

462 bp

RV

TTTTGGA
GCAGTTT
TTGCACT

21

57.3
2

38.1
0

Rat
s100β

* also NCSC
marker

Rat
p75*

Rat
αSMA

Rat
ErbB4

NCSC

Rat
Sox10

Rat
Snail
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Rat
HNK-1

Rat
Sox9

Rat
FoxD3

NSC

Rat
Pax6

FW

GAAGAAC
CGGACAG
AGACCC

20

59.7
5

60.0
0

NM_0
80397.
1

323 bp

RV

GCCGGAT
GTCTCGT
TTGCTG

20

61.9
7

60.0
0

FW

CATCAAG
ACGGAGC
AACTGAG

21

59.0
0

52.3
8

XM_00
10816
28.3

148 bp

RV

GTGGTCG
GTGTAGT
CATACTG
C

22

60.7
3

54.5
5

FW

CAAGAAC
AGCCTAG
TGAAGC

20

56.4
5

50.0
0

XM_57
5873.6

366 bp

RV

CCGAAGC
TCTGCAT
CATGAG

20

58.7
8

55.0
0

FW

ATGCCCA
GCTTCAC
CATG

18

57.6
5

55.5
6

XM_00
62346
36.1

217 bp

FW

AGAGAAG
CGCTGGA
ACAGAG

20

59.7
5

55.0
0

XM_00
62326
00.1

234 bp

RV

AGGTGTC
TGCAACC
GAGAGT

20

61.1
2

55.0
0

FW

CACAACT
CGGAGAT
CAGCAA

20

57.9
2

50.0
0

NM_0
01109
181.1

820 bp

RV

CCCTCCC
AATTCCC
TTGTAT

20

56.5
5

50.0
0

FW

AGC TCG
CCC AAA
TCC TGT
AC

20

60.1
1

55.0
0

NM_0
12603.
2

311 bp

RV

TGC TGG
TGA GTA
GAG ACA
TGG

21

59.1
7

52.3
8

FW

CTTTCCT
GCCAGAC
CAGATG

20

58.2
5

55.0
0

NM_0
53713.
1

226 bp

RV

GGTTTCT
CGCCTGT

20

60.2
5

55.0
0

RV
Rat
Nestin

*Also ESC
marker

ESC

Rat
Sox2*

Rat
c-Myc

Rat
Klf4
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GTGAGT
Rat
Oct4

Rat
SSEA-1

Stem cell
marker

Neurotrophic
factors

Rat
ABCG2

Rat
BDNF

Rat
CNTF

Rat
GDNF

Rat
NGF

FW

AGAACCG
TGTGAGG
TGGAAC

20

59.8
9

55.0
0

NM_0
01009
178.2

423 bp

RV

TGTCTAC
CTCCCTT
CCTTGC

20

58.7
2

55.0
0

FW

GCTGTCT
ATCGCCG
CTACTT

20

59.9
7

55.0
0

BC061
776.1

404 bp

RV

TGGCCAA
AGAAAGG
CCACTT

20

60.4
0

50.0
0

FW

CCATAGC
CGCAGGC
CAAAGC

20

64.4
5

65.0
0

XM_00
62365
77.1

327 bp

RV

GGGCCAC
ATGATTC
CTCCAC

20

60.7
5

60.0
0

FW

GAG CTG
AGC GTG
TGT GAC
AG

20

61.2
8
(60)

60.0
0

NM_0
01270
638.1

278 bp

RV

CGC CAG
CCA ATT
CTC TTT
TTG C

FW

TACCAGT
GGCAAGC
ACTGATC
GTT

24

64.6
4

50.0
0

NM_0
13166.
1

194 bp

RV

GGCAAAG
GCAGAAA
CTTGGAG
CAT

24

64.4
0

50.0
0

FW

GCGGTTC
CTGTGAA
GCGGCCG
A

22

69.9
1

68.1
8

NM_0
19139.
1

199 bp

RV

TAGATAC
ATCCACA
CCGTTTA
GCGG

25

62.4
5

48.0
0

FW

CTTCAGC
ATTCCCTT
GACAC

20

56.7
1

50.0
0

NM_0
01277
055.1

594 bp

RV

AGCCTTC
CTGCTGA
GCACACA

21

64.3
3

57.1
4

265

Rat NT3

FW

GAGCATA
AGAGTCA
CCGAGG

20

57.5
0

55.0
0

NM_0
01270
870.1

264 bp

NM_0
13184.
3

123 bp

AF106
860.2

592 bp

(56)

Rat NT4/5

Housekeeping

Rat
GAPDH

RV

AGTCAGT
GCTCGGA
CGTAGG

20

61.3
1

60.0
0

FW

TGCGTCA
GTACTTC
TTCGAGA
CGC

24

64.8
9

54.1
7

RV

TAGCCTT
GCATTCT
GAGAGCC
AGT

24

63.9
7

50.0
0

FW

CTCCTGA
ACTTGAG
GCAGTTT

21

58.1
4

47.6
2

RV

CAGGCAT
TGTCTGA
GAGGCA

20

60.0
4

55.0
0

base pair (bp); Forward (FW); Reverse (RV); transition temperature (Tm).
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