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ABSTRACT

The olfactory pathway represents a potential route for pathogens to access the central nervous
system (CNS) from the nasal cavity. Since infection by this route remains relatively
uncommon, powerful endogenous mechanisms for preventing microbial infection must exist,
but these remain poorly understood. Olfactory ensheathing cells (OECs), glial cells which
ensheath the olfactory nerves from the nasal cavity to the olfactory bulb are in a prime
position to assist with host immunity. Previous studies unexpectedly revealed that OECs
expressed genes associated with the immune system and were able to phagocytose bacteria.
OECs may play a role in host immunity, including the production of nitric oxide (NO), a
potent antibacterial and antiviral agent. In this study I show that OECs are able to detect, and
respond to bacterial challenge via the synthesis of NO. OECs were incubated with
Escherichia coli and Staphylococcus aureus. Processes involved in NO and nitrite (a
metabolite of NO) production were analysed using immunocytochemistry, live cell imaging
and high performance liquid chromatography.

The results showed that in bacteria-treated OECs nuclear translocation of nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB), was detectable in the majority of
OEC:s at between one and six hours following bacterial incubation. Three isoforms of nitric
oxide synthase convert L-arginine to L-citrulline and NO. mRNA expression for inducible
nitric oxide synthase (iNOS) but not for neuronal nitric oxide synthase or endothelial nitric
oxide synthase, was up-regulated in bacteria-treated OECs. Expression of iNOS protein and
the production of NO was higher in bacteria-incubated OECs compared to untreated OECs.
In the presence of NO inhibitor NG-Methyl-L-arginine which competitively inhibits the
conversion of L-arginine to L-citrulline, levels of NO and nitrite were significantly
attenuated. An in vivo rat model was established to investigate iNOS expression in the

compromised olfactory pathway. Preliminary observations following instillation of



fluorescently-labelled S. aureus into the damaged rat olfactory epithelium, showed the
presence of iNOS expressing OECs and other iNOS expressing cells, presumably
macrophages. These iNOS expressing cells were not apparent in untreated control rats.

To investigate the contribution of CX3CRI1 signalling to innate immunity in olfactory tissues,
[ utilised the CX3CR1°""9*" mice that had enhanced green fluorescent protein (eGFP)
inserted into the coding region of the CX3CRI1 receptor via targeted deletion, critical for
binding of its ligand, CX3CLI1. As a result, microglia lacked CX3CR1 and expressed green
fluorescent protein which facilitated easy visualisation of their location.

The results showed that compared to wild type mice following the instillation of

FP/GFP .
16FPGFP mice

fluorescently-labelled S. aureus into the compromised nasal cavity of CX3CR
greater numbers of bacteria were observed in the olfactory bulb, many of which infiltrated the
granule layer of the olfactory bulb. In the CX3CR1°""“*" mice the number of microglia in
the granule layer was significantly higher rather than that in the wild type mice. However,
following exposure to S. aureus the number of microglia in the granule layer of
CX3CRI1°™"“*F mice showed a significant decrease, which was not observed in the wild type
mice. Additionally, in CX3CR1°""9*" mice elevated numbers of iNOS-expressing cells were
reduced following S. aureus exposure in the nasal septum and olfactory bulb that were
possibly OECs, suggesting cell death. In contrast to wild-type mice, there were no changes in
tumour necrosis factor-o (TNF-a), interleukin-6 (IL-6), interleukin-10 (IL-10), and
interleukin-1beta (IL-1P) expression following S. aureus exposure in the nasal septum and
olfactory bulbs of the CX3CR1°""5F mice.

Increased understanding of the immune response of the olfactory pathway overall, as
indicated by these studies showing that CX3CR1/CX3CLI signalling plays a key role in the

immune response to bacterial challenge will be beneficial, considering that the olfactory

pathway is being investigated as a potential route for drug delivery to the brain.



This thesis supports the hypothesis that OECs and their signalling to macrophages and
microglia are essential components of the innate immune response against bacterial invasion

of the CNS via olfactory nerves.
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Chapter 1 - Introduction.

1.1 Life-threatening infection of the central nervous system

Infection of the central nervous system (CNS) is acute and life-threatening. Despite vast
advances in imaging, antibiotics and other therapeutic interventions, infections such as acute
bacterial meningitis remain a major worldwide cause of mortality (Sahu et al. 2009). Some
pathogenic agents, bacteria, viruses, protozoa or fungi, are able to evade the body’s defence
mechanisms with often fatal consequences. The brain is, for the most part, protected by the
skull, meninges and the blood-brain barrier (BBB). The BBB segregates the brain’s
extracellular fluid from circulating blood and consists of tight junctions between endothelial

cells which are further supported by endfeet of astrocytes (Crone 1986; de Vries et al. 1997).

Despite these defence barriers, pathogenic agents can still breach the defences of the BBB,
and meninges. Acute diseases of the CNS with high morbidity/mortality rates include
meningitis (van de Beek et al. 2004), encephalitis (Jmor et al. 2008), brain abscess (Kielian
2004), trypanosomiasis (Maya et al. 2007) and cerebral malaria (Beare et al. 2011). Most
infectious agents are carried via the bloodstream, but some may be carried into the CNS via
peripheral nerves (Sahu et al. 2009). Other routes of CNS infection can be via the sinuses
(Papanagiotou et al. 2008a), eyes (Papanagiotou et al. 2008b), middle ear (Teissier et al.
2011) and the nasal cavity (Sahu et al. 2009). The olfactory pathway has a very distinctive
anatomy that ought to lend itself to being a prime route of infection. Infection via this route
though, is relatively uncommon and the olfactory pathway must have effective mechanisms

to assist with host immunity against invading pathogens.

1.2 Anatomy of the primary olfactory pathway
The primary olfactory pathway is an ancient, remarkably conserved pathway from worms to

mammals (Ma 2012). It consists of olfactory sensory neurons (OSNs) that reside in the
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olfactory epithelium (OE) and in humans, occupy the superior region of the nasal cavity. The
pseudostratified columnar OE contains OSNs, globose and basal cells, supporting
(sustentacular) cells and ducts of mucosecretory Bowman’s glands (Greer 1991) (Figure 1.1).
Supporting cells are involved with regulation of the ionic composition of the mucous and also
have protective functions (Getchell and Getchell 1991). OSNs have ciliated dendritic knobs
with receptors for odour stimuli (Getchell et al. 1984). A thin basement membrane separates
the epithelium from the lamina propria which contains Bowmans glands, axons of OSNs,
olfactory ensheathing cells (OECs), blood vessels, macrophages and connective tissue.
Macrophages are normally present in small numbers for disposal of degenerating cells. More
are recruited to the nasal cavity in the case of injury or infection to deal with the increased
death of olfactory neurons due to various factors including environmental toxins or
conditions such as nasosinusitis (Ge et al. 2002). Perineural cells lie outside of the OEC-
ensheathed OSNs (Figure 1.1).

OSNs are unique in their ability to regenerate, have a turnover of about one month and are
replaced by a new population generated from globose basal cells in the OE (Mackay-Sim and
Kittel 1990). This can occur more often if they are subjected to environmental damage and
chemicals (Rose et al. 1992; Schwartz et al. 1989). When mature, the neurons are bipolar
with dendrites exposed to the nasal cavity and bear unmyelinated axons which traverse
through small foramina in the cribriform plate of the skull to form the olfactory nerve layer
(ONL) of the olfactory bulb (OB) in the CNS. The olfactory axons then synapse with axons
of mitral and tufted cells in the glomerular layer (GmL) of the OB (Greer, 1991). Along the
length of the olfactory axons, specialised glia, OECs, are closely associated with them as they
traverse from the nasal cavity through the cribriform plate to their termination in the

glomerular layer of the OB (Figure 1.1).
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The olfactory bulb is a highly laminated structure. From the outside to the inside of the bulb
the layers are the olfactory nerve layer, glomerular layer, external plexiform layer, mitral cell
layer, internal plexiform layer and granule layer (Farbman 1992). Olfactory sensory axons
synapse with dendrites of second order neurons (mitral and tufted cells) in the glomerular
layer. Peri-glomerular cells form dendrodendritic synapses with tufted and mitral cell
dendrites within the glomeruli to modulate synaptic input from OSNs (Farbman 1992). The
external plexiform layer contains dendrites of mitral and tufted cells, as well as the reciprocal
synapses with granule cells. Within the mitral cell layer are pyramidal mitral cells. The
internal plexiform layer is a narrow band containing proximal axons of mitral and tufted
cells. Axons of mitral cells course through the granule layer as they project to the olfactory

cortex via the olfactory tract (Shipley and Adamek 1984).

1.3 Central nervous system infections - agents and modes of transmission

Central nervous system infection causing encephalitis and meningitis via the olfactory
pathway is relatively infrequent, suggesting the presence of effective endogenous defence
mechanisms. Individual olfactory neurons extend from dendritic processes exposed to the
microbiologically complex environment of the nasal cavity to axonal terminations within the
CNS. This is a unique connection of the PNS with the CNS over a short distance via a single
synapse. Some of the pathogens that have been known to access the CNS from the nasal

cavity are listed in Table 1.1. Modes of transmission vary in these studies.

1.3.1 Bacterial invasion of the CNS

The rapid speed of bacterial invasion of the CNS was shown in an early study whereby mice
were inoculated intranasally with Streptococus pneumoniae or Salmonella enteriditis. Within

2mins, the pathogens had entered the OE, the perineural sheath of olfactory nerve bundles,
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and had reached the subarachnoid space and the pia mater (Rake 1937). Neisseria
meningitidis, sometimes called meningococcus, is a part of the normal flora in the nasal
cavity but can also cause a serious and potentially fatal meningitis (Ryan and 2004). In a
study of meningoccocal infection induced in mice by intranasal inoculation, severely
damaged and atophied OE tissue was observed by day 3 and the bacteria caused lethality in
some mice by day 4 (Sjolinder and Jonsson 2010). In addition bacteria co-localised with
olfactory marker protein, a marker for OSNs, near the cribriform plate and within the ONL of
the OB and were also observed in meningeal cells. Bacteria were not found in the blood of
infected mice indicating that the vascular route was unlikely to be the mode of transmission.
OSNs were therefore confirmed in these studies as the route of CNS infection for V.

meningitidis (Sjolinder and Jonsson 2010).

Staphylococcus aureus is another component of natural nasal flora, but can cause meningitis
and brain abscesses (Sheen et al. 2010) and infects the CNS via both the vascular route and
the olfactory pathway. Nasal swabs and blood samples from patients who developed CNS .
aureus bacteraemia, secondary to S. aureus-induced endocarditis, pneumonia, soft tissue,
bone or urinary tract infections, were positive for S. aureus as well (von Eiff et al. 2001).
This implied that the infection was principally a result of vascular carriage, however, the
authors proposed that the presence of endogenous S. aureus in the nasal cavity was also a
major contributing factor and that disruption of nasal carriage of S. aureus would assist in
prevention of systemic infections (von Eiff et al. 2001). In a recent study, S. aureus
administered into the damaged nasal cavity was observed in supporting cells of the OE, in
macrophages and olfactory nerve bundles in the lamina propria and within the OB 6 h after

inoculation, but remained restricted to peripheral layers for up to 5 days (Herbert et al. 2012).
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1.3.2 Amoeba that access the CNS via the olfactory pathway

Amoeba such as Naegleria fowleri can travel along OSNs to the OB and as far as the
cerebellum causing lethal encephalitis in immunologically compromised humans (Martinez
and Visvesvara 1997). In another study, the soil-dwelling amoeba Balamuthis mandrillaris
inoculated into the nasal cavity of mice adhered to and invaded the OE, travelled along nerve
fibres in the lamina propria, and were observed passing through the cribriform plate to the
brain (although exact tissue was not specified) within 3 days (Kiderlen and Laube 2004). No
evidence of amoeba was found in vascular tissue, but the authors suggested that B.
mandprillaris also infects the brain when introduced either orally or intra-ocularly (Kiderlen

and Laube 2004).

1.3.3 Viruses that travel along olfactory sensory neurons.

Immunohistological studies of mice inoculated with Herpes Simplex Virus (HSV) have
shown that the virus can access the CNS via both the olfactory pathway and trigeminal nerves
to cause encephalitis. Following a HSV facial infection in mice, positive staining for HSV
was observed within the OM, the olfactory perineural cells, the OB and also within the
trigeminal nerve (Esiri and Tomlinson 1984). In another study of HSV and also of mouse
hepatitis virus (MHV), intranasal inoculation of HSV or MHYV into mice resulted in the
migration of viral cells into the glomerular layer, mitral cell layer and granule layer by day 3,
although earlier time points were not examined (Barnett et al. 1993a). Interestingly, the
authors also infected bulbectomised mice with both HSV and MHV and found that MHV
could not infect the CNS following bulbectomy indicating that for this virus, the nasal cavity

was the preferred route of entry (Barnett et al. 1993a).
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In mice subjected to intranasal inoculation of Venezuelan Equine Encephalitis (VEE), virus
was detected within the perivascular regions of the OM by 18h and in the OB by 30h and was
thought to have entered the CNS by the vascular route (Charles et al. 1995). Other studies of
VEE have implicated both the vascular and the olfactory pathways (Ryzhikov et al. 1995a;
Ryzhikov et al. 1995b). Vesicular stomatitis virus (VSV) is zoonotic and a member of the
Rhabdoviradae family, as is the Rabies virus (Norkin 2010). In mice infected intranasally
with VSV following Triton X-100 depletion of the OE, OSNs were infected within 6h. Four
days post-infection, viral antigens were detected in the glomerular layer and granule layer of
the OB (Plakhov et al. 1995). Antigen was detected in the cell bodies of a few supporting
cells in the OE of mice inoculated intranasally with rabies virus within 1 day, and in the
glomerular layer and olfactory nerve layer of the OB within 48h post-infection (Astic et al.
1993).

Polioencephalitis is a serious CNS infection that results in paralysis. It was the subject of
intense research for many years and the development of an effective vaccine, has resulted in
eradication virtually world-wide (Aylward 2006). Microscope mapping studies of monkeys
inoculated intranasally with various strains of poliomyelitis virus indicated that polio virus
could migrate from the OM along OSNs to the OB, causing severe paralysis (Howe and
Bodian 1941).

In a study of intranasal instillation of Borna disease virus into rats, immunohistological
studies also demonstrated that the virus migrated along OSNs to the OB (Morales et al.
1988). Canine distemper virus instilled intranasally in ferrets, infected OSNs, entered the
lamina propria and passed through the cribriform plate to the glomerular layer (Rudd et al.
2006). In another study adenovirus carrying the LacZ gene, under the control of the
cytomegalovirus promoter was instilled into the nasal cavity of rats (Zhao et al. 1996). Beta-

galactosidase expression could be traced from OSNs in the OE to the glomerular layer in the
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OB for at least 21 days post-infection (Zhao et al. 1996). Arboviruses such as St Louis
encephalitis have also been found to infect the brain via the olfactory pathway. St Louis
encephalitis virus inoculated intranasally into Syrian hamsters and mice was detected by day

1 post-infection in OSNs, and in the OB, by day 5 post-infection (Monath et al. 1983).

The virus family, Parainfluenza, causes severe illnesses such as Guillian-Barre syndrome
(Roman et al. 1978) and aseptic meningitis (Vreede et al. 1992). Sendai antigen was detected
in mice inoculated intranasally with Sendai virus, a parainfluenza virus, in OSNs by 3 days
post-infection and in the glomerular layer by 7 days post-infection (Mori et al. 1995). In
another study, intranasal inoculation of RNA virus Semliki Forest Virus (SMV) into mice

resulted in the spread of SMV to the ONL of the OB by 16h (Oliver and Fazakerley 1998).

Thus, it has been firmly established that many pathogens can enter the OE, travel along
olfactory nerve bundles into the OB, thereby invading the CNS. The olfactory pathway is
therefore potentially a vulnerable route for infection. CNS infection via the olfactory

pathway, however, is rare, and powerful defence barriers must exist to protect the CNS.

1.4 The immune system

Immunity falls into two broad categories, the innate (or non-adaptive) immune response and
the adaptive immune response. Although the innate and adaptive immune systems both
function to protect against invading organisms, they differ in a number of ways. The adaptive
immune system generates delayed reactions to an invading organism and is dependent on T
and B cell populations (Akira and Sato 2003). The innate immune system includes defences
that, for the most part, are constitutively present and ready to be mobilised upon infection.
The adaptive immune system has specificity and memory resulting in often life-long
immunity. In contrast, the innate system responds to the first encounter with a potential
microbe or pathogen, is not antigen specific, does not change with repeated exposure and

reacts to a variety of organisms (Roitt et al. 1998). Pathogens bind to Toll-like receptors
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(TLRs) expressed on cell surfaces and activate cell signalling pathways within the cell
resulting in the production of genes associated with the immune response such as cytokines
and inducible nitric oxide synthase (iNOS) (Akira 2006). Overall, the innate immune system
is the first line of defence against invading organisms and potentiates the development of
subsequent immune responses while the adaptive immune system acts as a second line of
defence and also affords protection against re-exposure to the same pathogen (Medzhitov and

Janeway 2002).

1.4.1 Innate immunity

Innate immunity is an evolutionarily-conserved mechanism found in all classes of animals
and is the first line of defence used by the body in response to bacteria, viruses and fungi
(Janeway et al. 2001). The innate immune system comprises cells such as macrophages,
neutrophils and dendritic cells and mechanisms that defend the host from microbes, providing
immediate defence against infection (Janeway 2001). Examples of innate immunity include
structural barriers, mechanical removal, pattern-recognition receptors, defence chemicals,
complement pathways, phagocytosis, inflammation and fever (Male et al. 2006). Structural
barriers include skin and mucous membranes, mechanical removal includes desquamation of
skin epithelium and movement of cilia (Roitt et al. 1998). Defence chemicals include
lysozyme, phospholipase, gastric secretions with low pH, lactoferrin, commensals, defensins,
surfactants and opsonins, all of which assist with reducing growth of bacteria (Male et al.
2006). Lysozyme acts by breaking down bacterial cell walls making it an important
component of the innate immune system, and is present in tears, saliva, breast milk and
mucus (Revenis and Kaliner 1992).

Bacteria, some of which may be harmful, colonise the upper respiratory tract from birth.

They are minimised in the nasal cavity by mucociliary clearance, sneezing and recruitment of
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immune cells to sites of infection and through the production of chemical factors, including
specialized chemical mediators such as cytokines (Janeway and Medzhitov 2002).

Structural barriers are generally very effective in preventing colonisation of tissues by
microbes. However, when there is damage to tissues, the anatomical barriers are
compromised and infection may occur. Once infectious agents have penetrated tissues, acute
inflammation characterised by oedema and the recruitment of phagocytic cells such as
macrophages occurs at the site of infection (Male et al. 2006).

Components of the innate immune system recognise pathogen associated molecular patterns
(PAMPS) via cell-surface expressed Pattern Recognition Receptors (PRRs) including
nucleotide-binding oligomerisation domain (NOD) like receptors and toll-like receptors
(TLRs) present on cell membranes (Akira 2006). NOD-like receptors and TLRs both signal
through the transcription factor nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-kB) (Takeda and Akira 2001). NOD-like receptors enter the cytoplasm by phagocytosis
and can join forces with TLRs to mediate inflammation (Franchi et al. 2009). Collectively,
thirteen TLRs have been identified to date. TLRs recognise PAMPS including peptidoglycan
(TLRs1 and 2) (Rock et al. 1998), lipopolysaccharide (LPS) (TLR4) (Medzhitov et al. 1997),
flagellin (TLRS) (Hayashi et al. 2001), lipopeptides (TLR6) (Takeuchi et al. 1999b), RNA
(TLRs3, 7 and 8) and DNA (TLR9) (Chuang and Ulevitch 2000). The first TLR to be
discovered was TLR4 which responds to LPS, a bacterial cell wall component of gram-
negative bacteria such as Escherichia coli. Peptidoglycan is a bacterial cell wall component
of gram-positive bacteria such as S. aureus which is recognised by TLR2 (Takeuchi et al.
1999a). TLR10 is expressed in humans but not in mice; and mice but not humans, express
TLRs 11-13 (Chuang and Ulevitch 2000; Du et al. 2000; Tabeta et al. 2004). All TLRs except
TLR3 recruit the adaptor molecule Myeloid differentiation primary response gene (88)

(MyD88), to modify immunological responses that signal through NF-kB (Akira et al. 2006;
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Lee et al. 2012). The signalling pathways activated by TLRs lead to the activation of genes
involved in antimicrobial host defence, including inducible nitric oxide synthase (iNOS),
chemokines and pro-inflammatory cytokines such as tumour necrosis factor alpha (TNF-a),
interleukin 6 (IL-6) and interferon gamma (IFN-y) (Akira et al. 2006).

INOS catalyses the oxidation of L-arginine to L-citrulline and nitric oxide (NO), that also
reacts with O, to form superoxide and peroxynitrite (Figure 1.2) used by both microglia and
macrophages to kill pathogens (Bogdan 2001a). NO is known as a potent anti-bacterial and
anti-viral agent (Akaike et al. 1996; Granger et al. 1988; Hsu 1989; Nathan 1997; Nathan and
Shiloh 2000).

Chemokines are mediators of inflammation and are subdivided into four subfamilies, C, CC,
CXC, and CX;C, based on the number and spacing of the first two cysteines in a conserved
cysteine structural motif (Rollins 1997). Macrophages and microglia, the “professional”
innate immune cells, express toll-like, cytokine and and chemokine receptors (Kierdorf and
Prinz 2013). The adaptive immune response to macrophages and microglia does however
differ. It has been shown in adoptive transfer experiments that different T helper cells (Th1
and Th17) are attracted to macrophages or microglia respectively during brain abscess

infections (Holley and Kielian 2011).

1.4.2 Killing of microorganisms by macrophages and microglia

Macrophages in the PNS and microglia in the CNS migrate to areas of inflammation and
phagocytose and kill microbes by generating a toxic respiratory burst of superoxide,
hydrogen peroxide or NO (MacMicking et al. 1997). Macrophages and microglia up-regulate
pro inflammatory cytokines, TNF-a, IFN-y , and IL-6 in response to bacterial cell wall
components such as LPS and peptidoglycan (Bogdan 2001b). Signalling pathways are

activated within the cell leading to nuclear translocation of NF-kB that binds to the promoter
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of genes such as iNOS (Bogdan 2001a) (Figure 1.3). The resultant production of NO is used
to to kill bacteria which diffuses into the phagosome to mediate antimicrobial killing or, as it
is a soluble free radical, diffusing out of the cell into neighbouring cells and tissues to
participate in antimicrobial killing, tissue injury inflammation and cytokine/chemokine
induction (Nathan and Shiloh 2000) (Figure 1.3).

INOS induction results in the sustained production of NO and is widely known to occur in
macrophages as a part of the innate immune response (Bogdan 2001a; MacMicking et al.
1997; Nathan 1997). The bacterial cell wall components of gram-negative and gram-positive
bacteria are recognised by TLRs (Fournier and Philpott 2005; Zhou et al. 2006). Early studies
on mechanisms involved in host immunity on LPS-exposed mouse macrophages
demonstrated nuclear translocation of NF-kB and enhanced expression of iNOS (Xie et al.
1994). Similarly, LPS activation of rat microglia by binding to TLR4 resulted in translocation
of the NF-kB p65 sub-unit, iNOS expression, NO production and TNF-a, IL-1p, and MCP-1
cytokine production (Wang et al. 2010). LPS is thought to signal through mitogen-activated
protein kinases (MAPKSs) to activate NF-kB (Watters et al. 2002). Nitric oxide is also induced
by the binding of cytokines such as TNF-a and IFN-y to cytokine receptors on the cell
surface that also activate NF-xB, iNOS expression and NO production and has been
demonstrated in RAW 264.7 macrophages (MacMicking et al. 1997; Zhou et al. 2006).

Thus, NO production can be stimulated by bacteria and also through cytokines.

NO production as a result of exposure to the zoonotic, Streptococcus suis, which is
transmissible from swine to humans causing septicaemia, sudden death and meningitis
(Higgins 2005), was investigated in a murine microglia cell line (Dominguez-Punaro Mde et
al. 2010). S. suis has a cell wall component made from capsular polysaccharide (CPS) that
allows it to evade phagocytosis. In both WT and the mutant strains of S. suis it was found that

NO production increased from 6h, reached a plateau after 24h of incubation and was higher
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in the CPS™ mutant treated cells. In addition microglia were able to phagocytose more CPS-
deficient cells and in these cultures levels of TNF-o and MCP-1 were higher. The presence of
the CPS capsule therefore modulated microglial immune responses such as the ability to
phagocytose and induce inflammatory mediators including NO and cytokines. These findings
highlight the critical role played in innate immunity by macrophages and microglia as shown
by their ability to recognise bacterial cell wall components and evoke appropriate responses
to pathogens (Dominguez-Punaro Mde et al. 2010).

It has been shown that signalling between chemokines such as CX3CR1 expressed by
microglia and macrophages and its ligand CX3CL1, mediates release of TNF-o and IFN-y,
activates NF-kB and transcription of iNOS mRNA (Mizuno et al. 2003). Studies showed that
LPS induced inflammation in CX3CR1”" mice resulted in activated microglia and significant
neuronal loss (Cardona et al. 2006). CX3CR1/CX3CLI1 signalling therefore can be
neuroprotective by inhibiting excessive production of pro-inflammatory molecules such as
TNF-a and IFN-y, thus supporting the notion that CX3CL1 acts as an anti-inflammatory
chemokine and regulator of microglial activation (Cardona et al. 2006; Zujovic et al. 2000).
Neurotoxic microglia have been implicated in neurodegenerative diseases such as
Alzheimer’s disease. In hAPP-J20 mice used in Alzheimer’s studies, deficiency of CX3CR1
resulted in increased tau phosphorylation, increased microglial activation, excitotoxicity, up-
regulated TNF-a and IL-6 expression and increased cognitive impairment (Cho et al. 2011).
Intriguingly, in a later study utilising a quintuple transgenic Alzheimer’s disease mouse
model in which neurons were labelled with yellow fluorescent protein and microglia with
green fluorescent protein (GFP) it was found that knockout of the CX3CR1 receptor was
beneficial in preventing neuronal loss and was thought to be related to an amelioration in

microglial cytotoxicity (Fuhrmann et al. 2010). Altogether these studies suggest that
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recruitment of microglia and aberrant CX3CR1/CX3CLI signalling may be key factors in

neurodegenerative diseases, although mechanisms are incompletely understood.

1.4.3 Innate immunity in the olfactory pathway

Infections via the olfactory pathway are relatively uncommon and robust innate mechanisms
must exist to prevent invasion of OSNs by pathogens. Mucus lines the nasal mucosa and traps
microbes and dust particles and cilia propel them towards the nasopharynx where they are
swallowed. Sneezing and the presence of cilia and mucus in the nasal cavity with its
associated defence chemicals such as lysozyme form the first frontier of the innate immune
response to protect the CNS from invasion by pathogens (Roitt et al. 1998). The first hint of
the mechanisms involved in innate immunity of the nasal cavity was the discovery of the
presence of lysozyme in the mucus of the nose, which was thought to be immunogenic
(Giannoni and Bernicchi 1955). In a later study, immunohistochemical analysis was
performed for components of the immune barrier in salamander and rats (Getchell and
Getchell 1991). In the salamander, lysozyme and lactoferrin were present in Bowman’s
glands, sustentacular cells in the OE and within blood cells in the lamina propria, while
lactoferrin was present in OSNs (Getchell and Getchell 1991). Lactoferrin has antimicrobial
and fungicidal properties (Sanchez et al. 1992) and can bind to other cells to confer
immunomodulatory roles (Nishiya and Horwitz 1982). The secretion from Bowman’s glands
and sustentacular cells produce the thick gel-like protective mucus lining of the OE (Hilger
1989). Mucins, a component of the mucus lining, are high-molecular weight polymeric
glycoproteins, each comprising a protein core with hundreds of O-linked carbohydrate chains
(Kufe 2009). More than 20 mucins have been identified, 16 of which have been found in
airways (Higuchi et al. 2004). Of these, the main airway mucins are MUC1, MUC2, MUCA4,

MUCSAC, MUC5B, MUC7 and MUCS (Sharma et al. 1998). Many are thought to have
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antimicrobial properties and protect against insults such as enzymatic digestion and bacterial
adherence. In particular, Mucin SAC and Mucin 5B have been shown to be up-regulated by
various stimuli, including antigenic exposure and have been identified in the mucus lining of
the nose (Chapman et al. 2009; Solbu and Holen 2011). In recent preliminary experiments
Mucin 5B was demonstrated in rat Bowman’s glands and ducts and was not affected by
ablation of the OE with Triton X-100, and Mucin 7 was observed in the apical part of the OE
which was absent in the ablated OE (Chapman et al, unpublished ). Other mucins are up-
regulated by inflammatory mediators such as TNF-a (Thathiah et al. 2004). Bowman’s
glands also strongly express aquaporin channels to provide sufficient fluid for rapid secretion
of mucins and to protect the OE from dehydration and infection (Solbu and Holen 2011).
Naegleria fowleri is an amoeboflagellate that can lyse mucins, degrade the mucus, enter the
OM and invade the CNS to cause amoebic meningoencephalitis, with fatal consequences
(Cervantes-Sandoval et al. 2008a). It was shown in mice with N. fowleri instilled
intranasally, that within 6h, mucus secretion was increased and mucus and neutrophils were
observed enveloping the amoeba, indicating a robust inflammatory response (Cervantes-
Sandoval et al. 2008D).

As well as microbes, xeno and endo-biotics can access the brain via the nasal cavity, usually
via the perineural space (Heydel et al. 2010). Multidrug resistance P-glycoproteins (MDRs),
multidrug resistance-related proteins (MRPs) and organic anion transporters (OATs) present
in the OE are protective against cellular uptake and cytotoxicity generated by xenobiotics and
endobiotics (Bakos and Homolya 2007; Leslie et al. 2005; Thiebaud et al. 2011). They are
cytochrome P450 enzymes and UDP-glucuronosyltransferases similar to those used by the
liver for detoxification (Heydel et al. 2010; Nef et al. 1989). MDRs, MRPs and OATs also
differ between species with rodents being more susceptible to nasal toxicity from inhalants

than humans (Thornton-Manning and Dahl 1997). This would be of interest to
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pharmaceutical companies when developing drugs for intranasal delivery, in particular for
determining toxicological levels. Expression of various MDRs, MRPs, OATs and
equilibrative nucleoside transporters (ENTs) have been found, in the OE -ENT1 and 2;
OATP2, 3 and 6; OCT2; MRP1, 2, 3, and 5; MDR1a; MDR1b; and in the OB all of the latter
except OATP6 (Genter et al. 2010; Thiebaud et al. 2011). The cellular localisation varies, for
example MRP1 was observed in supporting cells of the OE and in acinar cells of Bowman’s
glands whereas MRP3 and 5 were observed in olfactory nerves in the lamina propria,
expression patterns of which were opposite to those in liver (Thiebaud et al. 2011).

These findings suggest that many components of the olfactory pathway have a role in innate
immunity. A better understanding of the immune properties of the olfactory pathway is
relevant given that the nasal cavity is being considered as a possible route of drug delivery to

the brain.

1.4.4 Immune respose following experimental damage of the olfactory pathway

Normally pathogens do not breach the innate immune barriers of the nasal mucosa, but
studies involving disruption of the olfactory pathway by either bulbectomy or ablation of the
OE provided further clues to immune responses that may be evoked in response to pathogens.
One example is the capacity of cells of the olfactory pathway to undertake phagocytosis, a
process which is also pivotal in antimicrobial defence. When the target of OSNs, the OB was
surgically removed, OSNs died, macrophages invaded and were shown to phagocytose
degenerating neurons (Cowan et al. 2001; Getchell et al. 2002; Suzuki et al. 1995).
Bulbectomy of rats led to infiltration of activated macrophages and upregulation of mRNA
expression for chemotactic proteins, monocyte chemoattractant proteinl (MCP-1) and
macrophage inflammatory protein-1a (MIP-1a) within 16h in the OE (Getchell et al. 2002).

Indication of a phagocytic role for OECs was initially observed by Chuah and co-workers
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(1995) who instilled zinc sulphate unilaterally into the nasal cavity of rats. Zinc sulphate
ablated the OE to a basal cell level. Seven days after epithelial ablation, OECs near the OB
had extended processes around cell debris and lysosome-like organelles were prominent
within OECs (Chuah et al. 1995).

In a recent study Triton X-100 was used to ablate the OE to a basal level then S. aureus
labelled with fluorescein isothiocyante (FITC) was instilled into the nasal cavity of C57BL/6
mice. FITC-labelled S. aureus were observed in the olfactory bulb by 6h (Herbert et al.
2012). By 24h, the level of IL-6 and TNF-a in the compromised olfactory tissues challenged
with bacteria was significantly higher than that in compromised olfactory tissues alone
(Herbert et al. 2012). Immunohistochemistry confirmed that IL-6 was present in several cell
types including OECs and mitral cells of the olfactory bulb. Concurrently, there was a 4.4-,
4.5- and 2.8-fold increase in the density of iNOS-expressing cells in the OE, ONL and
glomerular layer combined, and granule layer of the olfactory bulb, respectively (Herbert et
al. 2012).

Pro-inflammatory cytokines such as TNF-o and IL-6 are produced in response to
inflammation and infection (Kawasaki et al. 2002; van der Poll et al. 1997) and have been
shown to be vital in the initiation of immune responses to pathogens (Nau et al. 2002; Wang
et al. 2000). In the olfactory pathway, immune cells may all play a part in carefully regulating
immune responses such as cytokine expression levels to invading pathogens. The chemokine
CX3CLI and its receptor CX3CR1 have been shown to mediate chemotaxis of macrophages
and microglia (Ruitenberg et al. 2008) and also release of TNF-a, which in turn activates
NF«B, iNOS and NO production (Mizuno et al. 2003). This indicates that tight regulation
must exist between TNF-a and NO production to effectively remove infectious agents while

maintaining tissue integrity. Therefore it is relevent to establish whether chemokines,
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cytokines and NO production by immune cells in the olfactory pathway work in synergy to

maintain olfactory tissue homeostasis while removing bacterial infection.

The results of these studies coupled with the unique anatomical location of OSNs being both
in the PNS with the CNS, are consistent with an immune role for the olfactory pathway.
OEC:s that ensheath OSNs are therefore in a prime position to assist with host immunity to

invading microorganisms.

1.5 Olfactory ensheathing cells

1.5.1 Roles of OECs

OEC:s are glial cells that ensheath the olfactory axons into large bundles as they traverse from
the lamina propria of the olfactory mucosa in the nasal cavity to the ONL of the OB
(Doucette 1990) (Figure 1.1). OECs were originally thought to arise from the olfactory
placode (Chuah and Au 1991; Doucette 1989), but it is now accepted in the field that they
have dual origins, both the olfactory placode and the neural crest as do Schwann cells (Forni
et al. 2011). OECs purified from the OB, and based on o*'GC staining, which distinguished
them from oligodendrocytes and astrocytes in the ONL, were identified as a novel glia
(Barnett et al. 1993b). It has however, more recently been determined that the o* fragments
seen in OECs are a result of phagocytosis of neurons rather than just a marker which
distinguishes them from other oligodendrocytes and astrocytes (Wewetzer et al. 2005).
Microarray experiments have confirmed that the transcriptome of OECs differs from
Schwann cells and astrocytes (Vincent et al. 2005a). OECs have been a focus of research for
many neuroscientists for the past decade and have multiple roles. Their expression of
guidance cues and extracellular matrix molecules enables them to provide directional and

tropic support to olfactory neurons and therefore guide axons to their targets in the glomeruli
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of the OB (Doucette 1984; Graziadei and Graziadei 1979). Guidance cues expressed by
OEC:s include the repulsive factor, Sema3A receptor, and galectin-1 and its ligand 32-
laminen in the ONL, and galectin-7 during development (Crandall et al. 2000). OECs also
express cell adhesion molecules NCAM, E-NCAM and collagen 1V. Punctate laminin which
is important for migration, cell differentiation and adhesion, was observed along axons in the
developing mouse olfactory pathway (Gong and Shipley 1996). This potential neuron-glia
inter-dependence was confirmed in studies of rat OEC and olfactory epithelium explant
cultures (Tisay and Key 1999). The cultures were plated onto or incubated with various
substrates including poly-;-lysine (PLL), laminin, heparin sulphate proteoglycan (HSPG) and
chondroitin sulphate proteoglycan (CSPG). It was observed that the production of HSPG and
laminin by OECs provided a rich extracellular matrix which promoted axon growth (Tisay
and Key 1999). OECs have also been shown to express growth factors such as glial cell-line
derived neurotrophic factor (GDNF), brain derived neurotrophic factor (BDNF) and nerve
growth factor (NGF) (Woodhall et al. 2001). These properties have encouraged researchers
to use OECs as a promising therapy in CNS lesions. In one study human OECs were obtained
by surgical removal of olfactory bulbs from patients and purified on the basis of expression
of human low-affinity nerve growth factor receptor (L-NGFr) (Barnett et al. 2000). They
were then transplanted into demyelinated areas of adult rat thorocolumbar spinal cord where
they subsequently differentiated into a myelinating phenotype (Barnett et al. 2000). Others
found that OECs transplanted into the spinal cord were able to remyelinate experimentally
demyelinated axons (Franklin et al. 1996; Li et al. 1997; Ramon-Cueto et al. 1998). Thus, it
appears that OECs not only accompany and ensheath OSNs but may also be induced to
myelinate other neuronal axons. Recently it has been found that OECs migrate ahead of

gonadotrophin-releasing (GnRH-1) neurons from the vomeronasal organ to the forebrain
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during embryogenesis and may express the guidance cues Semaphorin 4D and nasal

embryonic luteinizing hormone-releasing hormone (LHRH) factor (Geller et al. 2013).

1.5.2 OECs and plasticity

The expression of growth factors, extracellular matrix molecules and guidance cues and their
response to environmental cues by OECs is thought to contribute to two different kinds of
morphology and migratory properties important for development and regeneration of the
olfactory system. Indication of a malleable phenotype was observed in cultured OECs that
switched from a flat morphology in medium supplemented with serum to a more process-
bearing morphology in serum-free medium (Vincent et al. 2005b). This finding was
confirmed in another study in which cultured rat OECs were plated onto different substrates
including PLL, laminin, Matrigel matrix or collagen (Huang et al, 2008). Two different types
of OEC morphology with differing migratory properties were observed, Schwann-cell-like
OECs (with processes) and cells with a flat astrocyte cell-like morphology which also
developed lamellipodia. The two different cell types were shown to spontaneously transform
into each other depending on the substrate. It was found that laminin and Matrigel were
preferred substrates rather than PLL or collagen, that Schwann cell-like OECs were more
motile than astrocyte-like OECs and also that the two OEC sub-populations had different F-
actin and microtubule cytoskeletal arrangements (Huang et al. 2008). This may affect their
ability to propagate lamellipodial waves and also to migrate towards microbes. Lamellipodia
are small protusions on OECs that propagate waves along the shaft of the cell to mediate
migration and interactions with other cells (Windus et al. 2007). Radial lamellipodia on
Schwann cells are similar structures to those on OECs, but have different roles in myelination

of peripheral axons (Nodari et al. 2007). Highly motile OECs and lamellipodia were observed
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when suspensions of primary OECs prepared from adult mice that expressed DsRed in the
promoter region of the S100p gene were injected into olfactory bulbs of wild type mice
(Windus et al. 2007). Further, the migration of OECs in culture and lamellipodial wave
activity was found to be glial cell-derived neurotrophic factor (GDNF) dependent, activating
tyrosine kinase cell signalling pathways that regulate cell-cell interactions, adhesion and
migration (Windus et al. 2007). It has been found recently that there are many different
populations of OECs dependent on their location which may be peripheral (in the nasal
cavity) or central (after traversing the cribriform plate) and that their cell to cell contact
behaviour varies (Windus et al. 2010). Peripheral OECs are a homogeneous population of
cells derived from the lamina propria have been found to he highly adherent with most cells
in close cell to cell contact. In contrast, central OECs derived from the olfactory bulb were
less dependent on cell to cell contact and exist as a heterogenous population of cells with

three different behaviours, adhesion, repulsion and attraction (Windus et al. 2010).

1.5.3 Markers of OECs

It has been shown in a number of studies that OECs obtained from the OE and OB differ in
expression of markers (Vincent et al. 2005b). OECs obtained from the rat OE expressed p75,
S100 and GFAP (Ramer et al. 2004; Vincent et al. 2005b) and when rat LP and ONL were
combined expressed both p75 and GFAP (Chuah and Au 1993). Rat OECs obtained from the
OB alone expressed p75 and S100 and GFAP (Polentes et al. 2004; Ramon-Cueto et al.

1998) . Human OECs obtained from the OB for spinal cord repair studies expressed p75
(Barnett et al. 2000). It is thought by some that there are two populations of OECs (Alexander
et al. 2002; Pixley 1992). This view, however, is contentious due to the differences in purity

of cultures and species, as well as isolation techniques of different laboratories.
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1.5.4 OECs, phagocytosis and innate immunity

Olfactory axons are ensheathed by OECs that are unique in having a presence in both the
PNS and the CNS. OECs, because of their close proximity to both olfactory neurons and to
the outside environment in the nasal cavity are in a prime position to assist with host
immunity against invading pathogens. Attention was drawn to their proposed role in host
immunity by data from microarray experiments demonstrating that OECs expressed mRNA
of proteins associated with the innate immune system including lysozyme and chemokines
such as CXCL1 and MCP1 (Vincent et al. 2005a). Nuclear translocation of NF-kB with
subsequent increased expression of Grol protein and TLR4 in OECs incubated with E. coli or
LPS was also demonstrated (Vincent et al. 2007).

If OECs have an immune function it is possible that they behave as other immune cells such
as macrophages. OECs appeared to associate with and internalise fluorescently labelled dead
Micrococcus luteus (Vincent et al. 2005b). This function was investigated further by others
who demonstrated that cultured OECs extend pseudopodia towards E. coli (Leung et al.
2008). Using LysoTracker (a fluorescent marker for lysozymes) and transmission electron
microscopy Leung and co-workers observed that OECs were capable of phagocytosing E.
coli. Co-immunoprecipitation experiments confirmed that the LPS component of E. coli was
recognised by TLR4 which was expressed on OECs (Leung et al. 2008). Confocal analysis
showing phagocytosis of degenerating OSNs by OECs rather than by macrophages confirm
their place as the primary immune cells in the olfactory mucosa (Su et al. 2013a). Selectivity
for ability to phagocytose bacterial species was observed in a recent study involving human
and mouse OECs and Schwann cells derived from mouse trigeminal nerves and dorsal root
ganglia. It was found that the three cells types were able to phagocytose E. coli but that

murine OECs and Schwann cells were unable to phagocytose Burkholderia thailandensis.
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The authors proposed that this may have implications in the use of OECs in CNS repair
therapies (Panni et al. 2013).

Thus, it has been firmly established that OECs can behave like other immune cells such as
macrophages and microglia, and can phagocytose pathogens. Induction of chemokines are an
important component of the immune response and the discovery that both OSNs and OECs
express CX3CL1 provides further support for an immune role for OECs (Ruitenberg et al.
2008).

These data support the notion that OECs possess the cellular machinery to enable them to
play a role in innate immunity. Infections via this route are relatively uncommon and
powerful endogenous mechanisms for preventing microbial infection must exist but these
remain poorly understood. Could the properties of OECs be one of the reasons that microbial
infection via olfactory neurons is uncommon? Much of the research into immune properties
of OEC:s is currently based on cell culture models. No mechanism for killing of microbes has
as yet been established and the hypothesised immune role of OECs has not been
demonstrated in vivo. Increased understanding of the functional plasticity of OECs may lead
to multiple functions extending beyond their role in the olfactory pathway. Their future

developments clinically can only be helped by a better understanding of their cell biology.
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Hypothesis and aims of thesis

I hypothesise that OECs form an integral part of the innate immune system and that they
work in concert with macrophages and microglia in the olfactory pathway to maintain an
effective immune barrier to the brain.

This hypothesis leads to the following questions, which will be tested in the aims of this
thesis.

1. Do OECs contribute to the innate immune defence barrier by production of the
antimicrobial agent NO?

2. Do OEC:s constitute part of the additional defence barrier which exists to protect a

compromised olfactory pathway?

3. What is the overall immune response to bacterial challenge in the compromised olfactory

pathway?
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FIGURE 1.1.
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Figure 1.1. Anatomy of the rat olfactory pathway.

Olfactory ensheathing cells (OECs) ensheath and accompany olfactory sensory neurons (OSNs)
as they traverse from the nasal cavity via the lamina propria, through the cribriform plate of the
skull and synapse with mitral cells within the glomerular layer of the olfactory bulb. The
dendrites of OSNs terminate in the nasal cavity within the mucus layer, and are in direct contact
with the outside environment.

Adapted from Mathison et al. 1998.
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FIGURE 1.2

BH,
HN  NH,* Fap HN N-OI FAD 4N O
N/ e AN
NO,’, NO3 = S-nitrosylation
NH NADPH 1/2 NADPH /
NH NH + N=—=0
~ e
2 0,
Nitric oxide
™~ ~N +0,#0> »0ONOO’
/N /N
H,'N COOr H,N COO- H,'N COO-
L-Arginine N"-hydroxy-L=arginine L-Citrulline

Figure 1.2. Synthesis of NO.

The synthesis of NO is a 2-step process. L-arginine is converted to N"-hydroxy-L-arginine,
then to L-citrulline and NO (Bredt and Snyder 1989; Palmer et al. 1988a; Palmer and
Moncada 1989; Palmer et al. 1988b). Nicotinamide adenine dinucleotide phosphate
(NADPH) is an electron donor and several co factors are required including flavin adenine
nucleotide (FAD) (Stuehr et al. 1989), flavin mononucleotide (FMN) (Forstermann et al.
1994), tetrahydrobiopterin (BHy4) (Tayeh and Marletta 1989), NADPH (Palmer and Moncada
1989), molecular oxygen as a co-substrate (Kwon et al. 1990) and calmodulin.

NO has a short half life and rapidly degrades to NO;™ (nitrite) and then NOj3" (nitrate) which
can be S-nitrosylated. NO also reacts with O, to form 0* (superoxide) and ONOO"
(peroxynitrite).

Adapted from Aktan et al, 2004
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FIGURE 1.3
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Figure 1.3. Nitric oxide production by macrophages.

Macrophages respond to pro inflammatory cytokines TNF-a, IFN-y and IL-6 through
cytokine receptors expressed on the cell surface. They also respond to immunoglobulin
immune complexes and to bacterial cell wall components such as LPS via TLRs. Signalling
pathways within the cell are activated leading to nuclear translocation of transcription factors
e.g. NF-kB to the cell nucleus and binding to the promoter of genes such as iNOS. NADPH
oxidase catalyses the respiratory burst to produce superoxide that then combines with NO
forming peroxynitrite. iNOS catalyses the oxidation of L-arginine to L-citrulline and NO. NO
participates in a number of reactions including diffusing into the phagosome to mediate
antimicrobial killing or, as it is a soluble free radical, diffusing out of the cell into
neighbouring cells and tissues to participate in antimicrobial killing, tissue injury
inflammation and cytokine/chemokine induction.

Adapted from “Production of nitric oxide by phagocytes via iNOS” poster library Abcam.
Cambridge. MA. USA.
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TABLE 1.1 Pathogens that can access the olfactory pathway

PATHOGEN

S. aureus

S. pneumoniae
Adeno virus
Borna Virus

Canine distemper virus
Herpes Simplex Virus
Influenza A

Mouse hepatitus virus
Neisseria meningitidis
Polio virus

Rabies virus

St Louis encephalitis
Sendai virus

Semliki forest virus
Venezuelan equine virus
Yellow fever virus

Vesicular stomatitis virus
Balamuthia mandrillaris-Amoebic
meningocephalitis

MODEL

human
mouse
rat
rat

ferret
mouse
mouse

mouse
mice
monkey

mouse

syrian hamster
mouse

mouse

mouse

mouse, monkey

mouse

mouse

Region of infection and detection methods

OM- nasal swabs and blood-PCR

OM, perineural space-OB - microscopy

OM, OSNs, GL of OB- immunofluorescence

OM, OB - immunohistochemistry

OM, OSNs, cribriform plate, GmL of OB -
immunohistochemistry

OE, perineural cells, OB - immunofluorescence

OM, OSNs, OB - mRNA

OM, periglomerular layer, mitral, GL of OB, cortices,
basal forebrain, amygdala - immunohistochemistry
OM, OSNs, OB, meninges -electron microscopy
OM,0SNs, OB, olfactory tracts — light microscopy
Supporting cells of OE, OB, olfactory tracts -
immunofluorescence

OM,0SNs, OB, olfactory tracts - microscopic mapping
OM, OSNs, GmL - PCR, immunohistochemistry
OM, OSNs, OB — light microscopy

OM, CNS - ultrastructural studies

OM, OSNs, CNS — light microscopy

OM, supporting cells, basal cells, OSNs, OB, olfactory
tracts - immunofluorescence

OM, OE, LP, OSNs,cribriform plate, CNS -
immunohistochemistry
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(Howe and Bodian 1941)

(Astic et al. 1993)
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(Mori et al. 1995)

(Oliver and Fazakerley 1998)
(Ryzhikov et al. 1995a)
(Findlay GM and LP 1935)

(Plakhov et al. 1995)

(Kiderlen and Laube 2004)
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Chapter 2- Materials and Methods.

2.1 Materials

2.1.1 Materials for cell culture

Minimum essential medium Eagle with Hepes medium (MEMH; Sigma). Stored at 4°C.
Hanks Balanced Salt solution (HBSS; Sigma). Stored at 4°C.

Dulbecco’s modified eagle medium + 10% foetal calf serum (FCS) (Gibco) + 1% penicillin-
streptomycin-amphotericin B solution (DMEM-10S; Gibco). Stored at 4°C.

0.01% poly--lysine solution (Sigma). Stored at 4°C.

Trypsin/collagenase solution
Stock solution — 0.75% trypsin (Gibco) + 0.9% collagenase (Sigma) in MEMH.

Working solution — Diluted stock solution 1:3 in MEMH. Used at 37°C. Stored at -20°C.

Trypsin solution
Stock solution - 2.5% trypsin (Gibco) in HBSS. Stored at -20°C.

Working solution — diluted 1:200 in HBSS for a solution of 0.01%.

Trypsin/EDTA solution (0.25%) (Gibco)
2.5 g/L irradiated porcine trypsin and 0.2 g/ EDTA.4Na in HBSS without calcium and

magnesium, with phenol red, pH 7.4.

Cell freezing medium
DMEM + 10% FCS + 10% DMSO + 1% penicillin-streptomycin-amphotericin B solution

(Gibco). Stored at -20°C.
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Cytosine-f-D-arabinofuranoside (AraC)
Stock solution — 30mM (AraC; Sigma) (0.08381g in 10ml distilled water, filter sterilised).
Stored at -20°C.

Working solution (100uM) — diluted 1:300 in DMEM (13.3pul in 4ml for a 25¢cm? flask).

Bovine pituitary extract (BPE)
Stock solution — 2.5mg/ml BPE (Sigma) in HBSS. Stored at -80°C.

Working solution (100pg/ml) — diluted 1:25 in DMEM (160p1 in 4ml for a 25c¢m? flask).

Lipopolysaccharide (LPS)
Stock solution — 10pg/ml LPS (Sigma) dissolved in HBSS. Stored at -20°C.

Working solution — diluted in cell culture medium to a final concentration of 100ng/ml.

2.1.2 Materials for HPLC experiments
Medium for HPLC experiments
Neurobasal (Gibco) + 2% B27 (Gibco) + 1% penicillin-streptomycin-amphotericin B solution

(Gibco). Stored at 4°C.

Isocratic buffer for HPLC

Added 190ul NH; (Ajax) to 1L of filtered, degassed deionised water, mixed with 100%
acetonitrile (Sigma) in a ratio of 70:30, then adjusted the pH to 9 using IM HCL. The buffer
was then filtered through a 0.45uM filter (Millipore) and degassed under vacuum. Stored at

4°C until use at room temperature.
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2.1.3 Materials for live cell imaging experiments
Medium for live cell imaging experiments
RPMI 1640 without phenol red (Gibco) + 10% FCS (Gibco) + 1% penicillin-streptomycin-

amphotericin B solution (Gibco). Stored at 4°C.

2.1.4 Materials for immunohistochemistry

4% paraformaldehyde

Dissolved 16g of paraformaldehyde (Sigma) in 200ml distilled water at 60°C by adding 10M
NaOH drop wise until solution was clear. 200ml 2x PBS was added and the pH was adjusted

to 7.4. Stored at -20°C.

Phosphate Buffered Saline (PBS), 0.01M
100ml (90g/L NaCl), 10ml (31.2g/L NaH,P04.2H,0) (Sigma), 40ml (28.4g/L Na,HPO,)
(Sigma). Made up to 1L with distilled water. Stored at room temperature.

Alternatively dissolved 1 PBS tablet (Gibco) in 1L distilled water.

Tris Buffer 10mM

1.57g TrisHCL (Sigma) dissolved in 1L distilled water, pH 7.5. Stored at 4°C.

Nuclear Yellow dye solution

Stock solution — 0.1% Nuclear Yellow (Sigma) in distilled water. Stored at 4°C.

Working solution (0.0001%) — diluted 1:1000 in PBS.

Hoechst blue dye solution

Stock solution — 10mg/ml bisbenzamide (Sigma) dissolved in DMSO. Stored at 4°C.
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Working solution (100ng/ml) — diluted 1:100,000 in DMEM.

2.1.5 Materials for RNA isolations and Real-time RT-PCR

1% agarose gel.

1g agarose (Gibco) in 100ml 1x TBE in microwave oven. Added 1pg/ml ethidium bromide

(Molecular Probes). Stored at room temperature.

TBE

Stock solution (10x) — 1M Tris base (Sigma), 1M boric acid (Sigma), 20mM EDTA (Sigma)
dissolved in 2L of distilled water, pH to 8.3. Stored at room temperature.

Working solution (1x) — diluted 10x stock solution 1:10 in distilled water. Stored at room

temperature.

6x Gel loading buffer with glycerol

25mg bromophenol blue (Amresco) and 25mg xylene cyanol FF (Amresco) dissolved in S5ml
of distilled water, 3ml glycerol was added and the volume was made up to 10ml with distilled

water. Stored at 4°C.

Diethylpyrocarbonate (DEPC) treated water

Added 0.1% v/v diethylpyrocarbonate (Invitrogen, CA, USA) to distilled water for at least 1
hour at 37°C and then autoclaved at 121°C for 15 min to inactivate traces of DEPC. This

agent chemically inactivates any RNase that could potentially contaminate the water.

2.1.6 Materials for preparation of bacteria

Luria-Bertani Broth (L-Broth)
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Dissolved 10g trytone (Oxoid), 10g NaCl and 5g yeast extract (Oxoid) in 1L distilled water

and adjusted pH to 7.4. Autoclaved at 121°C for 20mins. Stored at room temperature.

Nutrient Agar plates
Dissolved 28g Bacteriological Agar (Oxoid) in 1L distilled water and boiled for 15 mins to

dissolve completely. Sterilised by autoclaving at 121°C for 15 mins.

2.2 Methods

2.2.1 Tissue culture

All animal procedures were approved by the Animal Experimentation Ethics Committee of
the University of Tasmania and are consistent with the Australian Code of Practice for the
Care and Use of Animals for Scientific Purposes. Tissues for in vitro experiments were
harvested from neonatal Hooded Wistar rats which were anaesthetised in ice and killed by

decapitation.

2.2.2 Olfactory ensheathing cell culture

OECs were cultured from the outer olfactory nerve layer of the olfactory bulb with
modifications to increase the yield to at least 95% pure OECs (Vincent et al. 2005a). In each
culture 3-6 rats were used. Singularly 2-3day-old rats were buried in ice for 10 mins,
beheaded and the skull was removed to expose the brain and olfactory bulbs. The olfactory
bulbs were transferred to a sterile 90mm? petri dish containing warm MEMH where, using a
stereoscope (Carl Zeiss, Stemi, 1000 model, Germany), the bulb was rolled away from the
ONL layer and placed in a 35mm” petri dish containing 500p warm MEMH. The ONL is

slightly pink in colour and semi-transparent and the bulb is opaque.
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The above procedure was repeated with the remaining rats. The tissues were then digested by
addition of 0.25% trypsin + 0.03% collagenase solution for 15mins at 37°C. The supernatant
was removed and replaced with fresh warmed solution for a total of three times, then
digestion was terminated by addition of 1ml DMEM containing 10% serum. The tissue was
triturated gently using a 1ml pipette tip or a fire-polished pasteur pipette and filtered through
sterile 80um pore size nylon gauze into a centrifuge tube. The volume was made up to 10ml
with DMEM and centrifuged for 10mins at 500g. The supernatant was removed; the pellet
was flick-mixed and resuspended in Iml DMEM. The cell suspension was transferred to a
25mm? flask (TPP) pre incubated with warm DMEM and incubated undisturbed at 37°C in
5% CO,. After 24 hours half of the culture medium was replaced with warm fresh DMEM
and 100uM AraC, a mitotic inhibitor targeting contaminating cells such as fibroblasts. This
procedure was repeated on the following day with the only exception being S0uM AraC
instead of 100uM AraC. On day 3 AraC was removed by 3 successive 15min incubations in
fresh DMEM and the cells were expanded with the addition of 100-125ug/ml BPE. After 2-3
days during which time the OECs recovered and proliferated, the cells were ready for
replating on to coverslips. The cells were rinsed twice with HBSS and dissociated with 0.01%
trypsin in HBSS for 5mins at 37°C. DMEM -10S culture medium was added to inactivate the
trypsin and a cell scraper (TPP) was also used to assist with removal of cells from the flask.
The cell suspension was centrifuged at 500g for 10mins, the pellet was resuspended in 1ml
DMEM culture medium and the cell number was calculated using a haemocytometer
(Assistant, Germany) and cell viability assessed using Trypan Blue exclusion dye (Sigma).
Cells were carefully plated onto 13mm coverslips (Nunc, Rochester, NY) at 1.5 x 10*
cells/well in 24-well tissue culture plates (Awaki, Japan), and allowed to attach for
approximately 1h. 500ul DMEM culture medium was then added gently and the cells were

incubated until confluent at 37°C in a 5% CO, incubator. This procedure allows maximal
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attachment of cells to the coverslips. The coverslips had been boiled in HCL for 2h, washed 3
x with distilled water, flame-sterilised in ethanol and coated in 0.01% poly-;-lysine (Sigma)
which enhanced cell attachment.

An improved method was later adapted whereby cells were not subjected to trypsinisation
and replated as described above, but were plated directly as described above onto acid
washed and poly-; -lysine treated coverslips instead of into 25cm? flasks. This method was
found to enhance OEC proliferation and purity. The identity of OECs was confirmed by

immunocytochemistry for p75.

2.2.3 Fibroblast culture

A neonatal (1-2 day-old) Hooded Wistar rat was euthanased with exposure to CO,, dipped
into absolute ethanol and transferred to a 35mm? petri dish for dissection.

The head was removed with sharp scissors and small pieces of skin were removed from the
back of the rat and placed into a 35mm? petri dish with warmed HBSS.

The tissue was minced into smaller pieces and transferred to a 50cm * flask (TPP) containing
10ml of DMEM containing 10% FCS, 200mM glutamine (2.92%) and
penicillin/streptomycin (5000ug/ml), with the dermis on the underside. Tissues were
incubated at 37°C in a 5% CO; incubator. The medium was changed every two days and the
pieces of skin were removed when fibroblasts had migrated out from the skin. After one week
to ten days, the medium was removed and the cells were incubated with Smls of 0.01%
Trypsin/EDTA solution at 37°C for Smins. The flask was tapped firmly to dislodge the cells
and the cell suspension was centrifuged at 250g for 10 minutes. The trypsin was removed; the
cells were resuspended in 20ml of DMEM and incubated at 37°C in a 5% CO, incubator until

confluent. Fibroblasts were identified on the basis of their spindle-shaped morphology.
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For isolation of RNA from fibroblasts six passages were required to optimise yield.
Fibroblasts were used for experiments when confluent or were frozen down as follows. Cell
freezing medium was thawed on ice. Medium was removed from the flasks and the cells were
washed twice with HBSS to remove traces of serum and incubated with Sml of pre-warmed
Trypsin/EDTA solution at 37°C for 5mins. The cell suspension was pelleted by centrifugation
at 250g for 10mins, the trypsin was removed and the cells were resuspended in freezing
medium at 10° to 10’ cells/ml, aliquoted into 1ml cell freezing vials (Greiner) and held on ice
for Smins. The vials were placed into foam boxes at -80°C which allowed the cells to freeze
at approximately -1°C/min. For use, cells were thawed rapidly at 37°C, spun at 250g for
10mins (to remove cell freezing medium), resuspended in Iml of DMEM and plated at 1 x
10* cells/ml onto HC1 washed and rinsed coverslips (as described for OECs) in 500ul of

warm DMEM culture in a 24-well tissue culture plate (Awaki, Japan).

2.2.4 Microglia cell culture

To isolate microglia, initially astrocyte cultures were prepared according to methods
developed by (McCarthy and De Vellis 1980) and (Rao et al. 1998). The cerebral cortex of
two 2 day-old Hooded Wistar rats was dissected away from the brain stem, cerebellum and
meninges using a dissecting microscope and pooled into MEMH. The tissue was finely
minced using a scalpel blade and dissociated in 0.25% trypsin/0.03% collagenase/MEMH
solution for 30min at 37°C. The supernatant was removed and replaced with fresh solution
for a total of three times, then digestion were terminated by addition of 1ml DMEM
containing 10% serum. The tissue was triturated gently using a Iml pipette tip or a fire-
polished pasteur pipette and filtered through sterile 80um pore size nylon gauze into a
centrifuge tube, made up to 10ml with DMEM and centrifuged for 10mins at 500g. The

supernatant was removed; the pellet was flick-mixed and resuspended in I1ml DMEM. The
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cell suspension was transferred to a 75mm? flask (TPP) pre incubated with warm DMEM
culture medium and incubated undisturbed at 37°C in a 5% CO, incubator. Medium changes
were performed after 24 h, then at day 4 and day 7. After 9 days the flask was shaken at
200rpm at 37°C in an orbital shaker (Ratek Instruments, Australia) and microglia were
harvested after 1 hour and replated into a 25mm? flask. The culture medium was changed
after 3 days and after 8 days the cells were washed twice with HBSS, and incubated in 1ml of
0.25% trypsin for Smin at 37°C. The cells were pelleted at 250g for 10min, resuspended in
DMEM culture medium and replated onto HCL treated and rinsed (with water) 13mm
coverslips (as described for OECs) at 1 x 10* cells/ml. Microglia were identified based on

immuncytochemical staining for Isolectin B4.

2.2.5 Macrophage culture.

A 6 week-old C57BL/6 mouse was euthanased using CO, and swabbed with ethanol.
Abdominal skin and muscle was removed exposing the peritoneal cavity into which 2ml
RPMI 1640 medium supplemented with 10% foetal calf serum and 1% penicillin-
streptomycin-amphotericin B was injected. The cavity was massaged, peritoneal fluid was
collected in a syringe and RPMI medium was added to make up to 10ml. The cells were
pelleted at 250g for 10 min and resuspended in RPMI 1640 culture medium, plated onto acid
washed 13mm coverslips in 24-well plates at 10* cells/ml and incubated at 37°C in a 5% CO,
incubator until confluent. Macrophages were identified based on immuncytochemical

staining for CD11b.

2.2.6 Growth of bacteria and quantification

A loopful from slope cultures of Escherichia coli JIM109 strain (Promega) and

Staphyloccocus aureus (ATCC 33862) (kindly donated by the Microbiology Department of
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the University of Tasmania) were streaked onto nutrient agar plates and incubated overnight
at 37°C. Single colonies were then picked and inoculated into 1ml L-broth cultures and
incubated overnight at 37°C, shaking at 300rpm in an orbital shaker (Ratek Instruments,
Australia).

For in vitro experiments bacterial cultures were heat-killed at 100°C for 30 min (E. coli) or
autoclaved at 121°C for 15min (S. aureus). 10° bacteria were conjugated with 100 pg/ml
fluorescein isothiocyanate (FITC) (Sigma) for 1.5h at 37°C, in a rotating Hybaid oven
(Thermo Scientific, USA), washed three times with PBS and resuspended in 50ul of PBS.
Bacteria were added to OEC cultures at a concentration of 1.6 x 10° bacteria/well, according
to the formula: 1 OD unit at 600 nm = 10°cells/ml (Lech and Brent 1992).

Live FITC-conjugated bacteria were used for in vivo experiments. To assess the viability of
FITC-conjugated E. coli or S. aureus, 50l of bacteria was streaked onto a nutrient agar plate

and incubated overnight at 37°C.

2.2.7 Live Cell Imaging

Live cell imaging experiments were performed to visualise NO production in live cells. OEC
and microglia cultures were prepared as described above in separate tissue cultures plates per
condition. When confluent, cells were medium changed to 0.25 ml RPMI 1640 without
phenol red + 10% FCS + 1% penicillin-streptomycin-amphotericin B. Bacterial cultures
were prepared overnight and heat inactivated as described above. Twenty-four hours after the
medium change to RPMI 1640 medium, 25ul bacteria, 1ul of 4,5-diaminofluorescein
Diacetate (DAF2-DA) and L-N“- Mono- methyl-arginine (L-NMMA), (1.68g/L) (Sigma) or
D—NG—Mono—methyl—arginine (D-NMMA), (1.68 g/1) (Sigma) or S-nitroso-N-
acetylpenicillamine (SNAP), (ImM), (Invitrogen, Carlsbad, CA, USA) was added to

appropriate wells. Control wells had no additional treatments. After 2 hours 0.5ul Hoechst
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Blue (from 1:10,000 stock — 10mg/ml - final concentration 10ng/ml) was added. The plates
were transferred quickly to the microscope for live cell imaging and photography. Bright
field and fluorescent images at standard exposures were taken and the cells were immediately
fixed in 4% paraformaldehyde for 15 mins, washed 3 x PBS and stored at 4°C until

immunohistochemistry was performed.

2.2.8 Total RNA isolation

RNA was isolated from olfactory bulbs and olfactory mucosa (from two 2 day-old rats), brain
and soleus skeletal muscle (from a 4week-old Hooded Wistar rat). Dissected tissue was
transferred to a heat-treated (8 hours at 180°C) mortar and pestle, ground to fine powder
under liquid nitrogen, transferred to a Falcon tube with Sml of Tri-Reagent (Sigma),
homogenised for 2 x 45sec and centrifuged at 12000g for 10min at 4°C. 0.5ml of chloroform
(Ajax) was added and the suspension was shaken for 15sec after which it was centrifuged at
12000g for 15min at 4°C. The aqueous layer was transferred to Eppendorf tubes, mixed well
by inversion in 0.5ml of propan-2-ol (Crown Scientific) and incubated at room temperature
for 10min. The suspension was centrifuged at 12000g for 25min at 4°C and the supernatant
was removed. The pellet was washed in Iml 70% ethanol in DEPC water and centrifuged at
12000g for 10min at 4°C. The pellet was then dried under vacuum and dissolved in 20pul
DEPC water, snap frozen in liquid nitrogen and transferred to -80°C until use.

RNA was prepared from cultures of OECs, fibroblasts and microglia grown in 24-well plates
as follows. Culture medium was replaced with 0.5ml Tri-Reagent and the cells were lysed by
pipetting up and down. Contents of 3 wells were pooled and incubated in Eppendorf tubes for
Smin at room temperature. 0.5ml of chloroform was added and the cells were treated as for

the dissected tissues as described above and the RNA was stored at -80°C until use.
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An alternative method for RNA isolation was used for Chapter 5 whereby tissue samples
were homogenised in TRI reagent (1ml per 50-100mg of tissue). The homogenates were spun
12000g for 10min at 4°C and the supernatants were removed to fresh tubes to avoid any fatty
scum on the surface. Samples were allowed to stand at RT for S5min then 0.2ml per ml of
TRI-reagent of chloroform was added. They were then were shaken vigorously, allowed to
stand at RT for 2-15min and centrifuged at 12000g for 15min at 4°C. The aqueous layers was
transferred to fresh tubes and 1/10 volume of isopropanol was added, mixed and allowed to
stand at RT for 5min. The samples were centrifuged 12000g for 10min at 4°C and the
supernatants were transferred to fresh tubes to which 0.5ml isopropanol per 1ml of TRI
reagent used originally was added. This was mixed and allowed to stand for 5-10min at RT
then pelleted at 12000g for 10min at 4°C. The supernatant was removed and the RNA pellets
were washed by adding 1ml of 75% EtOH per ml of TRI reagent used originally. The
samples were vortexed and spun at 7500g for Smin at 4°C.

The RNA pellets were air-dried for 5-10min and dissolved in 20ul of DEPC water. A
Nanodrop spectrophotometer (BioLab) was used to analyse the samples for concentration and

purity and samples were frozen at -80°C until Real-Time RT-PCR.

2.2.9 Assessment of RNA purity and RNA quantification.

If the RNA is of high quality 2 distinct bands should be seen on an agarose gel, with a faint
smear behind these bands. To assess RNA purity Sul DEPC water, 3ul loading dye and 1l
RNA sample were loaded onto a 2% agarose gel. Sul of RNA was added to 95ul DEPC water
and spectrophotometer (SmartSpec 3000, BioRad Laboratories, Hercules, CA, USA) analysis
was performed at 260 and 280nm to assess RNA concentrations (1 ODygp = 40pg/ml RNA)
and purity (Aze0/Azgo gives an estimate of purity, optimally should be around 2). All RNA

samples were stored at -80°C.
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2.2.10 Real-time RT-PCR

Primers were designed using Primer 3 (Rozen and Skaletsky 2000) and checked for
specificity using the BLAST function of the NCBI database (Table 2.1). Total RNA was
isolated from cells using TRI- Reagent (Sigma) as described above. Quantitative RT-PCR
was performed for iNOS, nNOS, eNOS and Glyceraldehyde 3-phosphate dehydrogenase,
(GAPDH) using the QuantiTect SYBR Green RT-PCR kit (Qiagen) and run on a Rotor-Gene
2000 cycler (Corbett Research, Mortlake, NSW, Australia). GAPDH was chosen as a
housekeeping gene, which is expressed at relatively constant levels in all cells.

Master mixes were set up on ice according to the number of samples using the following
reagents per sample: 12.5ul SYBR Green Master Mix (Qiagen), 1ul forward primer (Spm),
Lul reverse primer (Sum), 0.2ul Reverse Transcription Mix (Qiagen), MilliQ water to 20pl.
20ul of the master mix was placed in 0.2ml thin wall clear PCR tubes (Axygen Scientific,
Inc., Union City, CA, USA) to which 1pg RNA diluted in Sul of MilliQ water was added. A
“no template control” (NTC) was run for each primer set whereby RNA was substituted with

Sul MilliQ water. The following program was run on the cycler —

Step 1 50°C for 30 minutes (reverse transcription step)
Step 2 95°C for 15 minutes (activation and denaturation step)
Step 3 95°C for 15 seconds (denaturation step)

55-60°C for 60 seconds (primer annealing step) — (repeat 40 times)
Step 4 60°C to 95°C increasing by 1°C increments, holding for 5 secs at each
increment (melt step - provides an analysis of the products that have
been generated in the PCR - ensures that each PCR product contained
only one peak indicating no contamination from other products).
Data were acquired using Rotor-Gene Version 5.0 software (Corbett research, Mortlake,

NSW, Australia) using a threshold of 0.1. The products were run on a 1% agarose gel in TBE
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to ensure that there were no primer dimers, contamination and that the product size was
correct (see Table 2.1).

Three standard curves were prepared for each primer set — iINOS, eNOS, nNOS and GAPDH
and averages obtained allowed calculation of absolute concentration of RNA. Serial dilutions
of RNA samples were made from 1000ng/ul RNA as indicated from spectrophotometer
readings i.e. 100, 10, 1, 0.1/ul RNA. 5ul of each sample was added to 20ul of master mix for
each set of primers and run on the Rotogene cycler using the previously described program.
The concentration of the product in each sample was calculated from the equation obtained
for the standard curve and normalised to GAPDH concentration (from the GAPDH standard
curve), amplicon abundance of which was approximately equal across three separate
experiments. In each case a “no template control” was run to ensure that no contamination
was present and to check for primer dimer formation. A melt curve analysis was performed
with each run to ensure that only one peak was observed, indicating a single product. The
PCR products were also run out on a 1% agarose gel to check for primer dimer formation,
contamination in the NTC and to estimate the product size.

For in vivo experiments Real-Time RT-PCR was performed using primers for IL-6, IL-18,
IL-10, TNF-a and GAPDH. Reverse transcription was performed using the QuantiTect
Reverse Transcription Kit (Qiagen). Briefly, 2ul gDNA wipout buffer was added to 1pug
RNA, the volume was made up to 14ul and the solutions were incubated at 42°C for 2mins
and placed on ice. To each reaction the following was then added: 1ul Quantitscript reverse
transcriptase, 4ul Quantiscript RT Buffer 5X and 1ul RT primer mix. The samples were
incubated at 42°C for 15mins, the reverse transcriptase was inactivated at 95°C for 3mins and
the reactions were stored at -20°C. Real-Time RT-PCR master mixes were set up as follows
and placed on ice: 6.5u1 SYBR Green Master Mix (Qiagen), 1ul forward primer (10pum), 1l

reverse primer (10pum) for either GAPDH, TNF-a, IL-6, IL-10 or IL-1p and 3.75u1 RNase-
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free water. 12l of the master mix was placed in 0.2ml thin wall clear PCR tubes (Axygen) to
which 1ul cDNA was added. A NTC was run for each primer set whereby cDNA was
substituted with 1ul RNase-free water. The following program was run on the Rotor-Gene
cycler: 95°C for Smins, (95°C for 5sec, 60°C for 5sec) x 40 cycles. A melt cycle was
performed from 60°C to 95°C increasing by 1°C increments, holding for 5secs at each
increment. Data were acquired using Rotor-Gene Version 2.1.0.9 software (Corbett research,

Mortlake, NSW, Australia) using a threshold of 0.005.

2.2.11 High performance liquid chromatography (HPLC)

HPLC was performed to determine nitrite levels in bacteria-treated cells. This procedure was
adapted from a method developed by (Misko et al. 1993) and (Woitzik et al. 2001). Cultures
of OECs, fibroblasts and microglia were seeded at 1 x 10* cells/ml and grown to confluence
in 24 well tissue culture plates with DMEM-10S medium. The medium was replaced with the
chemically-defined medium i.e. Neurobasal medium supplemented with 2% B-27 and 1%
Penicillin/Streptomycin/Amphotericin because serum could potentially block the HPLC
column. After 24h triplicate wells for each experimental group were treated with either 1.6 x
10° E. coli cells or S. aureus cells/well. Control wells contained untreated cells, medium
without cells, medium without cells but with E. coli, and medium without cells but with S.
aureus. To investigate the effect of NOS inhibitors, cultures were treated with either 1.6 x 10°
E. coli cells or S. aureus cells /well and NG-Methyl-L-arginine (L-NMMA), (1.68gm/L)
(Sigma) or D-NG-Mono-methyl-arginine (D-NMMA), (1.68 gm/I) (Sigma). Medium from
cultures was harvested and 0.5ml was applied to Millipore Ultrafree-MC ultracentrifugal
filters (Millipore) and spun at 7500g for 1.5h at 4°C to remove particulate matter that could
potentially block the HPLC column. 80ul of supernatant was incubated with 10ul of freshly-

prepared 2, 3-diaminonaphthalene (0.0158 mg/ml) (Invitrogen) in 0.76 M HCI for 10 mins in
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the dark, then 10ul 0.2M NaOH was added. The HPLC machine (Varian ProStar, CA, USA)
was equilibrated with the isocratic buffer at a rate of 1ml/min for 1 hour prior to each run.
Samples were diluted 1:10 in filtered MilliQ water and nitrite was detected using a Jupiter
C18 column (Phenomenex, CA, USA) at A excitation = 365 nm and A emission =425 nm at
3-3.5 mins. Standard solutions (0-20nM) of NaNO; were prepared and run at the start of each

experiment.

2.2.12 In vivo experiments

In vivo experiments were performed to confirm the in vitro results of induction of NO and
INOS in OECs when challenged with bacteria. An in vivo animal model for compromising
the nasal epithelium was used (Chuah et al. 1995). 50ul of 0.7% Triton X-100 or 0.17 M zinc
sulphate in filter-sterilized 0.9% saline or 0.9% saline alone was introduced unilaterally into
the nasal cavity of 4 to 6-week old Hooded Wistar rats under anaesthesia using 3%
isofluorane with 0.6% oxygen. For experiments using mice, the volume of Triton X-100 was
reduced to 30ul to avoid respiratory distress. Triton X-100 and zinc sulphate solutions
induced degeneration of olfactory epithelial cells leaving a markedly thinner epithelium
(Murray and Calof 1999). Four days later, 50ul (30ul for mice) live FITC-conjugated E. coli
or S. aureus or saline was administered into the same nasal cavity. After 24h, rats or mice

were transcardially perfused under sodium pentobarbitone anesthesia.

2.2.13 Transcardial perfusions.

Hooded Wistar rats, C57BL/6 and CX3CRI1 transgenic mice (a generous gift from Dr M
Ruitenberg) used for in vivo experiments were lightly anaesthetised with 0.6% isofluorane
(PSM Healthcare, Auckland, NZ) in oxygen and deeply anaesthetised using Nembutal

(sodium pentobarbitone) (Boehringer Ingelheim, Artarmon, Australia) at 50mg/kg for
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perfusion experiments. The chest cavity was opened to expose the heart, a 23G needle was
introduced into the right ventricle and an incision was made in the left atrium to drain blood
and perfusate. Rats and mice were perfused with 50ml ice-cold PBS pH7.4 followed by ice-

cold 4% paraformaldehyde pH 7.4 for 10min.

2.2.14 Tissue processing and cryostat sectioning.

Following perfusion, the lower jaw, tongue, muscle and excess bone were removed from the
head which was fixed in 4% paraformaldehyde. Following fixation, the head was trimmed
further to remove excess tissues and washed for 6h in PBS, 1h in distilled water and
decalcified in 250mM EDTA for 4 days. Further trimming of bone was performed if required
and tissue was transferred to 10% sucrose for 24h, then to 30% sucrose until it had sunk to
the bottom of the falcon tube. Tissue was then transferred to OCT (Tissue Tek, Sakura
Finetek, CA, USA) and frozen and equilibrated at -25°C within the cryostat machine (Leica
CM 1850, Germany). Tissue was sectioned at -25°C at 10um from the most superior part of
the olfactory tissue to the most inferior part. The following regions were included:-

1. olfactory bulb, olfactory mucosa and the first appearance of turbinates

2:- olfactory bulb and deeper into the nasal tissue

3:- the most inferior part of the olfactory tissue and the appearance of respiratory tissue.

The sections were placed onto SuperFrost Plus slides (Menzel Glaser, Germany) and stored at

-20°C until digital imaging was performed.

2.2.15 Fluorescence immunocytochemistry for in vitro experiments cell cultures
Cells cultures of OECs, fibroblasts, macrophages and microglia were grown on acid-washed
13mm glass coverslips as described above. OECs were plated onto poly-;-lysine coated

coverslips as described. At the appropriate time-point the medium was removed and the cells
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were fixed in 4% paraformaldehyde for 15mins, washed 3 x 5mins in PBS, shaking on an
orbital shaker (Rotomix, Thermolyne, lowa, USA) and stored in PBS (with 0.1% sodium
azide) at 4°C for up to 4 days. The cells were permeabilised in 5% acetic acid in 95% ethanol
at -20°C for 15min followed by incubation in Dako Protein Block Serum-free
(DakoCytomation, Carpentaria, CA, USA) for Smin to block non-specific binding. Primary
antibodies (Table 2.2) were diluted in PBS and applied to the cells for 2h at room temperature
or overnight in a humidified container. The cells were washed 3 x PBS on an orbital shaker
and incubated in secondary antibodies (Table 2.2) that had been diluted in PBS, for 1h in the
dark. The cells were washed 3 x PBS again and counterstained in 0.0001% Nuclear Yellow
(Sigma) for Smin. Cells were washed 3 x PBS and were mounted onto ethanol wiped glass
slides (Objekttrager, Germany) using Dako Fluorescent Mounting Medium
(DakoCytomation). Control slides were included whereby primary or secondary antibodies
were replaced with PBS alone. The coverslips were examined after 1h of drying and stored at

4°C.

2.2.16 Fluorescence immunohistochemistry for in vivo experiments

Sections were post-fixed with 4% paraformaldehyde for 15mins and washed gently with 3 x
PBS, blocked using Dako Protein Block Serum-free (DakoCytomation) for Smin and
incubated in primary antibodies (see Table 2.2) for 2h. The sections were washed gently 3 x
PBS and incubated with secondary antibodies (Table 2.2) for 1h at room temperature in the
dark. Sections were washed 3 x PBS and counterstained in 0.0001% Nuclear Yellow (Sigma)
for S5min. Sections were washed 3 x PBS and coverslips were mounted over the sections
using Dako Fluorescent Mounting Medium (DakoCytomation). The sections were examined

after 1h of drying and stored at 4°C.
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2.2.17 Digital Imaging

Phase contrast or bright-field images were captured using an Olympus DP10 digital camera
and Olympus C-W95 Utility software connected to an inverted CK2 microscope. Digital
fluorescent images were captured using an Olympus MagnaFire digital camera and a BX50
microscope fitted with Viewfinder Lite and Studio Lite 1.0 software (Pixera Corporation).

Images were coloured and overlayed using Adobe PhotoShop9.

2.2.18 Animal behaviour studies
Animal behaviour studies were performed to assess morbidity. Mice were placed daily into
the centre of a black box (22cmx22cm) with marked quadrants for one minute at a time and

the numbers of movements into separate quadrants were recorded.

2.2.19 Bacteria counts

Bacteria counts were performed to assess migration of bacteria. At 0, 24 and 48 hours
following instillation of FITC-conjugated S. aureus, olfactory tissue (left and right septum —
pooled and left and right bulb- pooled) was dissected, weighed and homogenised in 200ul
sterile PBS. 10pl was placed under a haemocytometer and the FITC-conjugated bacteria
were counted using a 488nm wavelength filter on a fluorescent microscope. Counts were

expressed as mg/ml of tissue.
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TABLE 2.1 Primers for use in Real-time RT-PCR experiments

Primer

rat iNOS
rat eNOS
rat nNOS
GAPDH
IL-1B
IL-6
TNF-a
IL-10

Sequence forward primer

GCTGTCACCGAGATCAATGC
CTCTTTCGGAAGGCGTTTGACC
CAATGGCAATGACCCTGAGC
TGCCACTCAGAAGACTGTGG
CAG GCA GGC AGT ATC ACT CA
TTC CAT CCA GTT GCC TTC TT
AGT CCG GGC AGG TCT ACTTT
CCA AGC CTT ATC GGA AAT GA

Sequence reverse primer

AGCAAAGAACACCGCTTTCACC
AACACACAGAACCTGAGGGTGC
ATGTGTTTGATGAAGGACTCC
GGATGCAGGGATGATGTTCT
AGC TCA TAT GGG TCC GAC AG
CAG AAT TGC CAT TGC ACA AC
CTC CAG TGA ATT CGG AAA GC
TTT TCA CAG GGG AGA AAT CG

Product
size
336bp
329bp
408bp
67bp
249 bp
199 bp
296 bp
162 bp

NCBI access.no.

NM012611

NM021838.2
NM052799

NMO017008
NM008361.3
DQ788722.1
BC137720.1
NMO010548.2
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TABLE 2.2 Antibodies used in immunocytochemistry

Antibody Supplier Dilution
NOS2 monoclonal Santa Cruz 1/100
Rabbit anti-iINOS polyclonal BD Bioscience 1/400
Rabbit anti-eNOS polyclonal Santa Cruz 1/400
Rabbit anti-nNOS polyclonal Santa Cruz 1/400
Ibal Wako 1/200
Anti nerve growth factor Chemicon 1/200
receptor mouse p75 "'\

antibody (MAB365)

Rabbit anti p75" « Abcam 1/200
S100 o/ chain Santa Cruz 1/100
NF-«B p65 Santa Cruz 1/200
Goat anti-mouse Alexa Fluor | Molecular Probes 1/1000
488

Goat anti-rabbit Alexa Flour Molecular Probes 1/1000
594

Nuclear yellow Sigma 0.0001%
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Chapter 3 - Escherichia coli and Staphylococcus aureus induce
translocation of NF-kB to the nucleus prior to increased iNOS expression

in OECs.

3.1 Introduction

The olfactory system provides a pathway for pathogens to reach the brain directly via the
nasal cavity (Mori et al. 2002; van Ginkel et al. 2003). In spite of this potential vulnerability,
little is known about the biological response mounted by olfactory and associated tissues to a
bacterial challenge. Previous studies had indicated a role for OECs in promoting new axonal
growth (Chuah and West 2002) and in host immunity (Leung et al. 2008; Vincent et al.
2005a; Vincent et al. 2005b). Expression of mRNA for proteins such as lysozyme, CXCL1
(Grol) and MCPI in microarray studies was a key to investigation of potential pathways
involved in innate immune function (Vincent et al. 2005a). Activation of NF-kB resulting
from lipopolysaccharide (LPS) or bacterial exposure has been shown to induce iNOS
expression in macrophages (Xie et al. 1994) and Grol (Katsuyama et al. 1998; Loukinova et
al. 2001). In vitro experiments showed that nuclear translocation of NF-xB with subsequent
increased expression of Grol protein (a cytokine belonging to the CXC chemokine family)
(Haskill et al. 1990) was observed in OECs incubated with Gram-negative bacteria
Escherichia coli or LPS (Vincent et al. 2007).

OECs have also been shown to possess lamellipodial protrusions which propagate
lamellipodial waves that travel along the OEC processes and regulate cell-cell interactions,
adhesion and migration (Windus et al. 2007). The ability of OECs to undergo cell migration
via lamellipodial waves may explain not only their ability to migrate ahead of and to guide

olfactory neurons but also how they can migrate to and associate with bacteria. These data
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strongly support the notion that OECs possess the cellular machinery to enable them to play a
role in innate immunity including the ability to mount a robust response to bacteria.

To gain a better understanding of the mechanism involved in the immune response of OECS
to pathogens, I extended these findings to investigate iNOS expression and the production of
NO by OECs. I hypothesise that OECs express iNOS as a part of their immune response to
bacteria challenge. Nuclear translocation of NF-kB will be assessed using

immunocytochemistry and induction of iNOS, using Real-Time RT-PCR.

3.2 Materials and Methods.

3.2.1 RNA isolation from control tissues.

Duplicate samples of RNA were isolated as described in 2.2.8, from the soleus muscle and
brain of a 4 week-old Hooded Wistar rat and from the olfactory bulbs and olfactory mucosa
of two 2 day-old rats. A 5ul sample of each was added to 95ul DEPC water for

spectrophotometry analysis. The RNA was immediately frozen at -80°C until use.

3.2.2 Preparation, treatment and isolation of RNA from cell cultures.

OEC and fibroblast cultures were prepared as described in 2.2.2 and 2.2.3 respectively. Three
separate experiments were conducted with each experiment including triplicate wells for
addition of heat-killed E. coli (30min at 100°C) or heat-killed S. aureus (autoclaved for
15min at 121°C) or LPS (10pg/ml) as described in 2.2.6. Triplicate control wells of untreated
cells were also included. After 24h, RNA was isolated from wells as described in 2.2.8. A 5ul
sample was added to 95ul DEPC water for spectrophotometry analysis. The RNA was

immediately frozen at -80°C until use.

71



3.2.3 Real-time RT-PCR.

Real-time RT-PCR and quantification were performed as described in 2.2.10. Three separate
experiments were conducted and amplicon abundances were normalised to GAPDH
concentration, which was deemed to be constant. The averages were taken from 3 separate
standard curves for all primer sets — iINOS, eNOS, nNOS and GAPDH. 5ul of each PCR
product was added to 2l of gel loading dye and loaded onto a 1% agarose gel to check the
product size, for the presence of primer dimers and to ensure that there was no contamination

in the no template control (NTC).

3.2.4 Statistical analysis

Data were analysed from three separate experiments and fold change was normalised to
GAPDH having an amplicon abundance of 1. SigmaStat 2.03 software (Jandel Scientific
Corporation) was used to calculate amplicon abundance of iNOS, eNOS and nNOS following
exposure to LPS, E. coli and S. aureus using Two-way ANOVA and All Pairwise Multiple

Comparison (Tukey Test). A p-value of <0.05 was considered significant.

3.2.5 Immunocytochemistry.

OEC, fibroblast, microglia and macrophage cultures were prepared and treated with E. coli,
S. aureus or LPS as described in 2.2.2,2.2.3,2.2.4 and 2.2.5. Immunocytochemical staining
for iNOS, and initially for nNOS and eNOS was performed as described in 2.2.15. Time trial
experiments were conducted to assess levels of iNOS expression by bacteria-treated OECs
and macrophages and fibroblasts after 24h, for microglia after 24 and 48h of treatments. Cells
were fixed at these time points with freshly prepared 4% paraformaldehyde and
immunocytochemistry was performed as described within 4 days. Further time trial

experiments were conducted to assess levels of iNOS protein expression and NF-xB
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translocation after 1h, 6h and 24h. Cells were fixed at these time points with freshly prepared

4% paraformaldehyde and immunocytochemistry was performed as described within 4 days.

3.3 Results

3.3.1 OECs express mRNA for iNOS but not for eNOS or nNOS.

Initially RNA was isolated from olfactory tissue, soleus muscle and the brain of rats to assess
the levels of NOS isoforms. Cycle Threshold (Ct) values from preliminary Real-time RT
PCR results indicated that olfactory tissue expressed iNOS and GAPDH mRNA, low levels
of nNOS and no detectable eNOS as shown by the raw data (Appendix 3.1). In contrast,
mRNA isolated from control tissues obtained from rat brain and soleus muscle, expressed
robust levels of mRNA for all three NOS isoforms (Appendix 3.1). 1% agarose gel
electrophoresis of the PCR products confirmed significant bands at 336bp consistent with
iNOS mRNA expression for OECs, brain and muscle, and robust bands at 408 and 329bp
consistent with nNOS and eNOS expression for brain and muscle, but not for OECs. All
samples had bands of similar intensity at 67bp consistent with GAPDH mRNA expression

(Figure 3.1).

3.3.2 LPS, E. coli- and S. aureus- treated OECs express mRNA for iNOS but not for
eNOS or nNOS.

Cellular levels of iNOS are determined by de novo synthesis; resting cells have no

detectable or very low levels of INOS mRNA which are increased markedly as a

result of stimulation (Rao 2000). RNA was isolated from OECs treated with LPS, E. coli or S.
aureus for 24h and Real-time RT-PCR experiments were conducted in triplicate using
primers designed for iNOS, eNOS, nNOS and GAPDH. Raw data from these experiments are

shown in Appendix 3.2. Ct values for iNOS mRNA expression for OECs treated with LPS, E.
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coli or S. aureus were lower than those of untreated cells. In contrast, Ct values for eNOS
and nNOS mRNA expression were unchanged due to treatments. The PCR products were
run out on a 1% agarose gel (Figure 3.2) and robust bands were observed for iNOS
expression in LPS, E. coli and S. aureus-treated OECs (Figure 3.2 Lanes 3-5) but not in the
untreated sample (Figure 3.2 Lane 2). A small amount of nNOS PCR product was observed
for untreated, LPS, E. coli and S. aureus- treated OECs (Figure 3.2 Lanes 7-10), although
contamination may also be observed in the NTC (Figure 3.2 Lane 11). No PCR product was
observed for eNOS (Figure 3.2 Lanes 13, and 16-18). Immunocytochemistry using antibodies
for p75 NTR, @ marker for OECs (Figures 3.3 B, E, H) and nNOS (Figures 3.3 C, F, I)
confirmed no up regulation of nNOS protein expression due to E. coli or S. aureus treatment
of OECs (Figure 3.3). The addition of heat-killed S. aureus appeared to have a variable effect
on the health and morphology of OECs in some cultures (Figure 3.3 G), although the reasons
for that are not clear. It is possible that in some cases the bacteria were not completely
inactivated.

When values were normalised to GAPDH expression which was relatively constant for all
samples, Real-time RT-PCR showed that exposure to E. coli or S. aureus significantly
induced iNOS mRNA expression in cultured OECs (2.27 fold, p = 0.007 and 1.63 fold, p =
0.018, respectively) compared to untreated OECs (0.01 relative to GAPDH) (Figure 3.4).
nNOS and eNOS expression levels were not increased by bacterial challenge, indicating that

the response was specific (Figure 3.4).

3.3.3 Fibroblasts express a basal level of iNOS mRNA but do not upregulate iNOS
protein in response to LPS, E. coli or S. aureus treatment.
The contribution of iNOS expression by fibroblasts needed to be assessed as they can be

contaminants of OEC cultures. For fibroblasts Ct values for eNOS and nNOS were
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unchanged following LPS, E. coli or S. aureus treatment (Appendix 3.3). When values were
normalised to GAPDH expression which was relatively constant for all samples and set to 1,
Real-time RT-PCR showed that a basal level of iNOS mRNA expression (0.52 fold) was not
significantly altered due to exposure to LPS (0.63 fold), E. coli (0.62 fold) or S. aureus (0.72
fold) (Figure 3.5) Immunocytochemistry confirmed no detectable basal iNOS protein
expression which was unchanged due to E. coli or S. aureus treatments (Figures 3.6 B, D, F).
Although iNOS was not induced in OECs, in retrospect olfactory fibroblasts could have been
used although there was not a suitable protocol in our laboratory at the time. This could be

addressed in future studies.

3.3.4 E. coli- incubated OECs translocate NF-kB to the nucleus for between 1 and 6
hours prior to iNOS protein expression which was maintained for at least 24 hours.
When activated, NF-kB translocates to the nucleus where it binds to the promoter of

several genes including iNOS (Baeuerle and Henkel 1994) and Grol (Zhou et al. 2003). In
this study nuclear translocation of NF-kB was observed in OECs by 1h following incubation
with E. coli (Figure 3.7 A). Low (background) iNOS protein expression was observed at the
same time-point (Figure 3.7 D). By 6h, NF-«kB had returned to the cytoplasm (Figure 3.7 B)
while iNOS protein expression remained up-regulated (Figure 3.7 E). Similarly at 24h no NF-
kB translocation was observed (Figure 3.7 C) while iNOS protein expression was still

observed in several cells (Figure 3.7 F).

3.3.5 OECs, microglia and macrophages express elevated iNOS upon exposure to LPS,
E. coli and S. aureus.
Consistent with the Real-time RT-PCR data, unstimulated OECs (Figure 3.8 A-C) expressed

low basal levels of iNOS protein (Figure 3.8 C) which increased markedly upon exposure to
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E. coli (Figure 3.8 F) or S. aureus (Figure 3.8 I). p75 immunostaining (Figure 3.8 B, E, H)
confirmed that the iNOS expressing cells were OECs. All photos were taken at the same
exposure time. Cells immunostained with primary antibodies (p75 or iNOS) omitted showed
little evidence of non-specific staining (Figure 3.8 J). Untreated mouse macrophage cultures
showed elevated basal iNOS expression which was not markedly changed due to E. coli and
S. aureus treatments (Figures 3.9 B, D, F). Fewer cells appeared to be present in bacteria-
treated macrophages and this could indicate cell death due to treatments although cell
viability assays or quantitative assessment were not undertaken in these studies.

Microglia cultures treated with E. coli and S. aureus showed elevated levels of INOS
expression after 24h which was maintained for at least 48h. Earlier time points were not
assessed so it is not known when the cells first became activated. Numerous small nuclei of
contaminating cells were present in untreated microglia compared to hypertrophied cells
which were B4 positive. Contaminating cells were not visible following bacteria treatments

(Figure 3.10).

3.4 Discussion

These studies revealed that OECs stimulated by E. coli or S. aureus expressed iNOS mRNA
and protein, which was barely detectable in untreated OECs. Neuronal NOS and eNOS were
not expressed by OECs pre- and post-bacterial incubation. Nuclear translocation of NF-kB,
detectable in the majority of OECs one hour following bacterial incubation, preceded iNOS
induction.

This project sought to elucidate further evidence of the proposed immune function of OECs
including the production of NO. Evidence of a possible immune function for OECs was
unexpectedly revealed in microarray experiments (Vincent et al. 2005a). Nuclear

translocation of NF-«kB, expression of TLR4 and phagocytosis of bacteria by OECs (Leung
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et al. 2008) provided further evidence that OECs behave as other immune cells such as
macrophages and microglia. The finding that bacteria-treated OECs up-regulate iNOS
expression adds to this knowledge.

NF-«B is a key transcription factor for the expression of many genes essential for immune
responses including those encoding cytokines, adhesion molecules, vascular cell adhesion
molecule and endothelial leukocyte adhesion molecule, chemokines and inducible enzymes,
including iNOS (Ghosh et al. 1998; Liang et al. 2004; May and Ghosh 1998). In mammals,
the NF-«xB family comprises five sub-units: NF-kB1 (p105/p50), NF-xB2 (p100/p52), RelA
(p65), RelB, and c-Rel (Liang et al. 2004; Verma et al. 1995). Combinations of these sub-
units produce NF-kB homo- and hetero-dimers that are able to regulate target genes
transcription and therefore also specific biological responses. The most commonly induced
heterodimer consists of the p5S0 and p65 subunits. In my studies I found that nuclear
translocation of NF-kB, as detected by anti-p65, ceased after 6h (Figure 3.7). This was
consistent with studies in the leukaemic macrophage cell line RAW 264.7 which
demonstrated that nuclear translocation of NF-kB ceased after 8h and was due to s-
nitrosylation of the p50 sub-unit of NF-kB by NO or of the p65 sub-unit by iNOS (Kelleher
et al. 2007). The production of NO resulting from iNOS protein translation has been shown to
inhibit further NF-xB nuclear translocation (Katsuyama et al. 1998). This could limit mRNA
transcription and subsequent translation of proteins associated with inflammatory responses
including cytokines (Kelleher et al. 2007). In these studies although nuclear translocation of
NF-«xB was not evident after 6h (Figure 3.7 B), iNOS was maintained for at least 24h (Figure
3.7 F). This is consistent with others who have shown that NO production from up-regulated
iINOS can occur for lengthy periods of up to hours and even days (MacMicking et al. 1997) in
contrast to production of NO from eNOS or nNOS which is very short-lived i.e. 6-7 seconds

(Knowles and Moncada 1994).
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In this study iNOS mRNA and protein expression by cultured OECs, macrophages, microglia
and fibroblasts were investigated. Results indicated that OECs up regulate iNOS mRNA and
protein expression but not eNOS or nNOS when treated with S. aureus, E. coli or LPS, the
bacterial cell wall component of gram-negative bacteria. A low basal level of iINOS
expression was observed in these experiments indicating that iNOS may be constitutive in
OEC:s. This is consistent with findings that iNOS is constitutive in other tissues as in the
mouse ileac mucosa (Hoffman et al. 1997), primary cultures of human bronchial epithelial
cells (Asano et al. 1994) and human lung epithelial cells (Stamler and Meissner 2001). The
novel finding of up-regulation of iNOS expression in bacteria-treated OECs is consistent with
an immune function similar to other immune cells such as macrophages and microglia
(MacMicking et al. 1997; Stuehr et al. 1991; Stuehr and Marletta 1985). eNOS and nNOS are
not known to be associated with immune functions and the findings that eNOS and nNOS
expression levels were not up-regulated due to bacteria treatment in OECs in these studies is
consistent with this. eNOS is primarily known for its role in cardiac regulation and function
and is largely associated with endothelial cell membranes (Forstermann et al. 1991) and rat
skeletal muscle (Kobzik et al. 1995). The primary roles of nNOS are as a neurotransmitter
(Bredt et al. 1991; Bredt and Snyder 1989; Lin 2009) and in long term potentiation (Malen
and Chapman 1997). OECs were isolated from the olfactory bulb for these experiments and
it is now known that the properties of OECs isolated from the lamina propria are different to
those of OECs isolated from the olfactory bulb (Windus et al. 2010). Peripheral OECs are a
homogeneous population of cells have been found to be highly adherent with most cells in
close cell to cell contact. In contrast, OECs derived from the olfactory bulb were less
dependent on cell to cell contact and exist as a heterogenous population of cells with three

different behaviours, adhesion, repulsion and attraction (Windus et al. 2010). It is possible
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therefore that their responses to bacteria may differ particularly as peripheral OECs are more
likely to encounter bacteria.

Fibroblasts are present in both the lamina propria (Rizek and Kawaja 2006) and in the
olfactory bulb where they are thought to be a source of mesenchymal stem cells (Soleimani et
al. 2008). Fibroblast cultures were therefore included in these studies as they can be a low-
level (<5%) contaminant in OEC cultures and their contribution to production of NO needed
to be assessed. Untreated and E. coli- or S. aureus-treated rat skin fibroblast cultures
expressed low basal levels of iNOS which remained unchanged due to treatments (Figure 3.6)
and were therefore not deemed to have contributed to induced NO production.

In preliminary studies it appeared that both untreated and bacteria-treated macrophages
expressed iNOS. As the cells were isolated from the peritoneal cavity which is normally
sterile it is possible that the resident macrophages are always “under surveillance” and are
therefore always activated to express iNOS and to produce nitric oxide. It is thought that the
process of peritoneal macrophage isolation can result in “activated” macrophages (Konat
2008). In my study in bacteria-treated microglia markedly elevated iNOS expression and this
was evident for at least 48h. Later time points were not observed in these studies, it is
possible that iNOS expression in microglia could be detected for longer periods.

In my studies I have shown that OECs express mRNA and protein for iNOS in response to
bacteria treatment.

Consideration must also be given to other neuroglia such as Schwann cells that may be
present in the lamina propria in their role of myelinating the trigeminal nerves (LaPoint et al.
2000). Schwann cells provide trophic support to and myelinate axons of neurons in the PNS
and have also been shown to have roles in inflammation such as in phagocytosis, expression
of pro-inflammatory cytokines TNF-a, IL-6 and MCP-1, and recruitment of macrophages in

the PNS (Tofaris et al. 2002). It has been shown that rat Schwann cells treated with LPS up-

79



regulate iNOS expression and NO production, which was inhibited in the presence of
mitogen activated protein kinase (MAPK) pathway inhibitors, the proposed pathways
involved in NO production (Wang et al. 2009). In these studies, the contribution of Schwann
cells to iNOS, nNOS or eNOS expression can be discounted as mRNA was isolated from
OEC cultures prepared from the olfactory bulb alone, from which Schwann cells are normally
excluded. Similarly immunocytochemistry for iNOS, eNOS and nNOS protein was
performed on OEC cultures prepared only from olfactory bulbs, thus, it would be expected
that the possibility of the contribution of iNOS production from contaminating Schwann cells
could be discounted.

This study further extends our appreciation of the plasticity of OECs and builds on our
knowledge of their innate immune function. The findings that E. coli-and S. aureus-incubated
OEC:s translocate NF-kB to the nucleus and up-regulate iNOS expression provide strong
clues about the mechanism involved. Evidence of production of NO which could be used to
kill micro-organisms would provide more information about their cell biology and role in

host immunity.
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FIGURE 3.1

GAPDH

Figure 3.1. Rat OEC, brain and soleus muscle iNOS, nNos, eNOS and GAPDH mRNA
expression.

RNA was isolated from rat OEC cultures, rat brain and soleus muscle. Real-Time RT-PCR
was performed using primers designed to iNOS, nNOS, eNOS and GAPDH. The PCR
products were 336, 408, 329 and 67bp respectively and were run out on a 1% agarose gel.
Even though the Ct value for iNOS in OECs was high (31.02) (Appendix 3.1) there was a
significant band at around 336bp on the gel that was consistent with iNOS mRNA
expression.
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FIGURE 3.2
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Figure 3.2. iNOS, nNOS, eNOS and GAPDH mRNA expression in untreated, LPS, E.
coli and S. aureus —treated cultured rat OECs.

RNA was isolated from rat OEC cultures that were either untreated or treated with LPS or
heat-killed E. coli or S. aureus for 24h. Real-Time RT-PCR was performed using primers
designed to iNOS, nNOS, eNOS or GAPDH after which the products were run out on a 1%
agarose gel.



Figure 3.3
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Figure 3.3. Expression of nNOS in untreated and bacteria-treated rat OECs.
Rat OECs were either untreated (A-C) or treated with E. coli (D-F) or S. aureus (G-1) for 24h,

fixed and immunostained for Nuclear Yellow (A, D, G), p75 (B, E, H) and nNOS (C, F, I).
Cells with nNOS primary antibody omitted are shown in J. Scale Bar = 100um.
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FIGURE 3.4
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Figure 3.4. iNOS mRNA in OECs incubated with bacteria for 24 hours.

Real time RT-PCR demonstrated that iNOS mRNA expression was up regulated in
OEC:s in the presence of E. coli (2.27 fold, p=0.007) and S. aureus (1.63 fold, p =
0.018) relative to GAPDH abundance which was set at the baseline value of 1. The
level of INOS mRNA in untreated OECs (NT) was 0.01 relative to GAPDH. No up
regulation in nNOS or eNOS was observed in bacteria-treated OECs. Results are
represented as averages = SEM. * denotes p < 0.01
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FIGURE 3.5
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Figure 3.5. iNOS mRNA expression in LPS and bacteria treated fibroblasts.

Rat embryo fibroblasts were either untreated or treated with LPS, E. coli or S. aureus for 24h,
RNA was isolated and Real-time RT-PCR was performed using primers designed to iNOS
and GAPDH. A basal level of iNOS mRNA expression was 0.52 fold which was not
significantly changed following treatment with LPS (0.63 fold), £. coli (0.62 fold) or S.
aureus (0.72 fold) relative to GAPDH abundance which was set at a baseline value of 1.
Results are represented as averages + SEM.
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FIGURE 3.6
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Figure 3.6. iNOS expression in rat skin fibroblasts.

Rat skin fibroblasts were either untreated (A, B) or incubated with E. coli (C, D) or S. aureus

(E, F) for 24h, fixed and immunostained for Nuclear Yellow (A, C, E) and iNOS (B, D, F).
Scale bar = 100pm.
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FIGURE 3.7

Figure 3.7. Nuclear translocation of NF-kB and iNOS expression.

OECs were incubated with E. coli for 1h (A, D), 6h (B, E) and 24h (C, F). NF-xB
translocation to the nucleus occurred within 1h (right arrow in A) while in a few cells NF-xB
remained cytoplasmic (left arrow in A). By 6h and 24h NF-kB appeared to be entirely
cytoplasmic (arrows in B, C) while up regulation of iNOS expression was maintained in
many cells (arrows in E, F). Scale bar = 15 pm.
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FIGURE 3.8
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Figure 3.8. iNOS protein expression in OECs.

Olfactory ensheathing cells were either untreated (A-C) or incubated with E. coli (D-F) or S.
aureus (G-1) for 24h and stained with Nuclear Yellow (NY) (A, D, G), anti-p75~ntr (B, E, H),
and anti-iINOS (C, F, I). Intense staining for iNOS was observed in bacteria-incubated (F, I)
but not untreated OECs which showed a low basal level (C). No fluorescent staining was
observed when the primary antibodies were omitted (J). Scale bars = 15um (A-I) and 100um

).
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FIGURE 3.9
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Figure 3.9. iNOS protein expression in mouse macrophages.

Mouse macrophages were either untreated (A, B), incubated with E. coli (C, D) or S. aureus
(E, F) for 24h, fixed in 4% paraformaldehyde and immunostained for Nuclear Yellow (A, C,
E) and iNOS (B, D, F). Scale bar = 100 pm.
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FIGURE 3.10
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Figure 3.10. iNOS protein expression in rat microglia.

Rat microglia were either untreated or incubated with heat-treated E. coli, fixed after 24 or
48h, immunostained for Nuclear Yellow, IB4s and iNOS and the images were overlayed. Scale
bar =200um.
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Chapter 4 - Escherichia coli and Staphylococcus aureus induce production

of NO in OEC:s.

4.1 Introduction

In the preceding chapter I established that E. coli- and S. aureus-incubated OECs translocate
NF-«B to the nucleus and up-regulate iNOS mRNA and protein expression. In these further
studies I have extended the findings to ask whether OECs produce NO and its metabolite
nitrite as a means of neutralising endocytosed gram-positive and gram-negative bacteria.
Nitric oxide will be visualised and evaluated using live cell imaging and the presence of
nitrite will be assayed using HPLC.

Nitric oxide is generated from arginine by the action of nitric oxide synthases (NOS). It is
known to be a potent anti-bacterial and anti-viral agent giving it a key role in the immune
system (Angulo et al. 2000; Bogdan 2001a; Bogdan 2001b; Dalton et al. 2000). NO is a
major signalling molecule that is soluble in and plasma membranes. Thus it can act within the
cell in which it is produced or can affect adjacent cells. Additionally, NO produced by iNOS
is sustained for relatively long periods compared to NO generated by eNOS or nNOS (Datta
and Lianos 1999; Knowles and Moncada 1994; Lorsbach et al. 1993; Nathan and Xie 1994;
Szalay et al. 2006; Thomsen et al. 1994; Zhang et al. 1995). These unique characteristics
make NO production catalysed by iNOS an ideal candidate for studies utilising live cell
imaging techniques. In these studies a live cell imaging technique was developed for
detection of NO production by E. coli -and S. aureus-incubated OECs.

Preliminary experiments were conducted using bacteria- treated microglia as positive
controls. Nitrite is a downstream metabolite of NO, assessment of which provides an accurate

indication of NO production (Ignarro et al. 1993). I hypothesise that bacteria-treated OECs
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produce NO and nitrite. The presence of NO will be assessed using live cell imaging and

nitrite will be assayed using HPLC.

4.2 Materials and Methods

4.2.1 Live cell imaging experiments.

4.2.1.1 Initial experiments.

A live imaging method was used to detect the production of NO by cultured OECs and
microglia incubated with heat-killed E. coli or S. aureus. 4,5-diaminofluorescein.diacetate
(DAF2-DA) permeates readily into cells and once inside, is hydrolysed by intracellular
esterase to produce the compound, DAF2. This reacts rapidly with NO produced from NOS
to form the green fluorescent triazolofluorescein DAF-2T (Kojima et al. 1998) (Figure 4.1).
DAF-2T can be assessed by fluorometry or visualised and photographed on a fluorescent
microscope.

OECs were prepared as described in 2.2.2 and microglia cell cultures were prepared as
described in 2.2.4 and seeded on to 13mm coverslips in 24-well plates. Initially cells were left
in DMEM-10S medium, but it was found that medium with phenol red which was mixed with
DAF2-DA caused autofluorescence when viewed under the microscope. The procedure was
altered so that once the cells were confluent, DMEM-10S medium was replaced with RPMI
1640 (without phenol red) supplemented with 10% FCS and 1%
penicillin/streptomycin/amphotericinB. E. coli and S. aureus were grown overnight, heat-
inactivated and FITC-conjugated as described in 2.2.6. Inactivation of bacteria was confirmed
by spreading 100ul over nutrient agar plates, incubating at 37°C and noting the lack of
bacterial cell growth after 24h. 25ul of heat-inactivated bacteria were added to appropriate
wells. Twenty-two hours later 1ul of DAF2-DA (Sigma) was added to the appropriate wells.

After 2 hours 0.5u] Hoechst Blue (10ng/ml final concentration) was added and live cell
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imaging performed. Bright field and fluorescent images were captured with an Olympus
BX50 microscope fitted with Magnafire camera. Immediately following imaging cells were
fixed in 4% paraformaldehyde for 15 min, washed 3 times with PBS and stored at 4°C until
immunocytochemical staining (within 4 days) for iNOS, p75 (for OECs), IB4 (for microglia)

and Nuclear Yellow as outlined in 2.2.15.

4.2.1.2 Live cell imaging of bacteria-treated OECs with and without L-NMMA, D-
NMMA or SNAP.
OEC and microglia cultures were prepared as described in 2.2.2 and 2.2.4. Live cell imaging
experiments as described in 2.2.7 were conducted. Cells were divided into experimental
groups and 3 wells of each group in separate 24-well tissue culture plates were prepared as
follows:
Experiment 1

untreated OECs (no bacteria)

untreated OECs (no bacteria) + DAF2-DA

OECs untreated + SNAP + DAF2-DA

OECs untreated + SNAP

OECs + E. coli + DAF2-DA

OECs + E. coli

OECs + E. coli + DAF2-DA + L-NMMA

OECs + L-NMMA

OECs + E. coli + DAF2-DA + D-NMMA

OECs + D-NMMA
The production of NO is catalysed by NOS using the following equation

L-arginine + NADPH + H™ + O, = L-citrulline + NO + NADP" (Aktan 2004).
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Murine macrophages activated with IFN-y and LPS produced nitrite which inhibited the
growth of Mycoplasma tuberculosis. This effect was attenuated in the presence of NO
inhibitor L-NMMA, (Chan et al. 1992; Jordao et al. 2008; Stuehr and Marletta 1987) .

The amount of NOS inhibitor L-NMMA used in these experiments was based on a study in
which ten times the amount of L-arginine present in the cell culture medium was suggested
(Vallance 1996). L-NMMA being a competitive inhibitor, bound to the same site on the
iNOS protein molecule as L-arginine. Saturation of the substrate, in this case, L-arginine, was
required to block the conversion of L-arginine to citrulline and NO. 25ul of heat-killed
bacteria were added along with L-NMMA or its enantiomer, D-NMMA (all at 1.68gm/I) or
NO donor SNAP (1mM) to the appropriate wells. Twenty-two hours later 1ul of DAF2-DA
was added to appropriate wells. After 2 hours 0.5ul Hoechst Blue (10ng/ml final
concentration) was added and cultures were viewed on the fluorescent microscope.
Immediately following imaging OECs or microglia were fixed in 4% paraformaldehyde for
15mins, washed 3 times with PBS and stored at 4°C until immunocytochemical staining

within 4 days.

4.2.1.3 Live cell imaging experiments — Time course experiments to assess NF-kB
translocation to cell nuclei.

OECs were cultured and treated as for initial experiments except that cells were imaged and
fixed after 1h, 2h, 4h. Immunocytochemistry was performed as described in 2.2.15 for NF-

kB.

4.2.1.4 Quantification for time course experiments.
Coverslips were divided into 4 quadrants and 2 non-overlapping frames were taken in each

quadrant. Cell counts were performed using HCA Vision Version 1.7.0 (CSIRO, North Ryde,
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Sydney, NSW, Australia) which allows a threshold to be established to eliminate bias in cell
counting. Cell counts were grouped as follows — those that demonstrated Hoechst Blue
staining alone; nuclear NF-xB but no NO; cells that were positive for nuclear NF-xB and NO
production; and cells that were NO positive but no longer demonstrated nuclear translocation
of NF-«xB. These four categories of cells were quantified after 1, 2 and 4h of incubation with
E. coli and additionally in the presence of L-NMMA. Data were analysed using Two-way
ANOVA and pair-wise multiple comparison (Student-Newman-Keuls Method). P values <

0.05 were considered significant.

4.2.3. HPLC experiments

A technique was developed to analyse nitrite concentrations using HPLC in OECs,
fibroblasts and microglia pre and post incubation with E. coli and S. aureus. A method
utilising HPLC was required that allowed accurate quantification of nitrite concentrations in
cell culture medium. Optimisation of HPLC included choice of column, buffers, conditions
(gradient versus isocratic elution) and sample run times such that nitrite was eluted at the
same time for each run.

Preliminary experiments were performed using OEC, microglia and fibroblast cultures. For
each cell type triplicate wells for each experimental condition in 24-well tissue culture plates
were prepared for addition of heat-killed E. coli (30min at 100°C) or heat-killed S. aureus
(autoclaved for 15min at 121°C). Triplicate control wells of untreated cells, cell culture
medium alone, medium plus E. coli and medium plus S. aureus were also included. To avoid
the problem of serum protein blocking the HPLC column, the culture medium was changed
to serum-free Neurobasal medium supplemented with 0.02% B27 and antibiotic/antimitotic
24 hours prior to addition of bacteria. The experiments were conducted as described in

2.2.11. A further three experiments were conducted using bacteria treated OECs followed by
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experiments to assess the level of nitrite in cells with and without L-NMMA or D-NMMA. A
nitrite standard curve made from 0-30nM NaNO, diluted in Neurobasal cell culture medium
was prepared for each HPLC run. The amount of L-NMMA to use was based on a multiple of
the amount of L-arginine in Neurobasal medium which was 0.08gm/L. I found that twenty
times rather than ten times the amount of L-arginine of L-NMMA i.e. 1.68gm/L rather than
0.84gm/ml was effective for attenuating nitrite production. Data were analysed using 2-way
ANOVA and pair wise multiple comparison (Tukey Test). P values < 0.05 were considered

significant.

4.3 Results

4.3.1 Microglia produce NO following exposure to E. coli and S. aureus.

In initial experiments fluorescence from NO production was clearly visualised in microglia
(Figure 4.2). Rat microglia were either untreated (Figures 4.2 A, B) or incubated with heat-
killed E. coli (Figures 4.2 C, D) or heat-killed S. aureus (Figures 4.2 E, F). DAF2-DA
fluorescence indicating robust NO production was captured at 488nm (Figures 4.2 B, D, F).

Microglia therefore provided effective positive controls for these experiments.

4.3.2 E. coli-incubated OECs produce NO which is attenuated by L-NMMA.

The fluorescent signal of NO-producing cells (Figures 4.3 A, C, E, G, I, K) and
corresponding bright-field images were captured (Figures 4.3 B, D, F, H, J, L) following
incubation of rat OECs with heat-killed FITC-conjugated E. coli for 22h, followed by 2 hours
incubation with DAF2-DA. OECs incubated with E. coli and DAF2-DA produced NO as
indicated by the fluorescent signal (Figures 4.3 A, B) which was of similar intensity to that
obtained when OECs were incubated with the NO donor, SNAP (Figures 4.3 K, L). In only a

few cells NO was undetected (arrows in Figure 4.3 A, B). The production of NO was
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markedly diminished when the NO inhibitor L-NMMA was added to OECs incubated with E.
coli (Figures 4.3 E, F). NO production was unchanged in the presence of D-NMMA, the
enantiomer of L-NMMA (Figures 4.3 G, H). In the absence of E. coli, when OECs were
incubated with DAF2-DA, a small number of cells (14% as shown in Figure 4.5 C)
demonstrated low-intensity fluorescence suggesting that a low basal level of NO was present
within these cells (Figures 4.3 I, J). Control cultures consisting of OECs incubated with E.

coli alone in the absence of DAF2-DA revealed no fluorescent signal (Figures 4.3 C, D).

4.3.3 S. aureus-incubated OECs produce NO which is attenuated by L-NMMA.

Similar experiments were conducted with OECs incubated with heat-killed FITC-conjugated
S. aureus for 22h followed by 2 hours incubation with DAF2-DA. The fluorescent signal of
NO-producing cells (Figures 4.4 A, C, E, G) and corresponding bright-field images were
captured (Figures 4.4 B, D, F, H). Most OECs incubated with S. aureus and DAF2-DA
produced NO as indicated by the fluorescent signal (Figure 4.4 A, B). Production of NO was
attenuated when L-NMMA was added to OECs incubated with S. aureus (Figure 4.4 E, F)
while NO production was undiminished in the presence of D-NMMA (Figure 4.4 G, H).
Control cultures consisting of OECs incubated with S. aureus alone in the absence of DAF2-

DA revealed no fluorescent signal (Figure 4.4 C, D).

4.3.4. Nuclear factor kappa B translocation and nitric oxide production in olfactory
ensheathing cells exposed to bacteria.

Time lapse experiments (1, 2 and 4h time points) showed that following incubation with E.
coli and DAF2-DA, OECs underwent nuclear translocation of NF-xB and/or NO production
(Figures 4.5 A, B). In untreated cultures, 13% and 14% of cells showed nuclear staining of

NF-kB and presence of NO (Figure 4.5 C). After 1 h of exposure to E. coli, 80% of OECs
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demonstrated translocation of NF-«B to the nucleus. Thereafter the percentage decreased
(52% at 2h, 40% at 4h), although it remained significantly more than that of untreated cells (p
< 0.001). The majority of the E. coli-treated cells that demonstrated nuclear translocation of
NF-kB also contained NO. Nitric oxide was detected in 81-84% of OECs from 1h to 4h of
incubation with E. coli compared to 14% in untreated OECs (p < 0.001). An increasing
percentage of OECs lacking nuclear NF-kB were observed at the later time points (15% at
1h; 34% at 2h; 44% at 4h) (Figure 4.5 C). This suggested that production of NO was
sustained in OECs up to 4h even though some of the NF-xB had translocated out of the
nucleus. In OECs incubated with E. coli and L-NMMA, the percentage of NO producing
cells was significantly decreased after 4h (6%; p < 0.001) compared to that at 1h (66%) and
2h (33%) (Figure 4.5 D). The percentage of cells showing nuclear translocation of NF-kB in
the presence of L-NMMA, showed a progressive decrease from 70% at 1h, 50% at 2h to 34%
at 4h. This decreasing trend was not significantly different from that obtained in the absence
of L-NMMA (Figure 4.5 C), suggesting that the inhibitor had negligible effect on NF-xB

translocation.

4.3.5 Morphology was unaffected by DAF2-DA and bacteria treatment in OECs and
microglia.

Following live cell imaging, OECs and microglia were fixed and immunostained for p75 and
IB4 respectively. When compared to untreated OECs (Figure 4.6 A), OEC cell morphology
was relatively unaltered by DAF2-DA + bacteria treatment and most cells were p75 positive
(Figures 4.6 C). Similarly, when compared to untreated microglia (Figure 4.6 B) microglia
cell morphology appeared to be unaltered by DAF2-DA + bacteria treatment and most cells

were B4 positive (Figure 4.6 D).
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4.3.6 Exposure to E. coli and S. aureus results in elevated levels of nitrite in OECs and
microglia, but not fibroblasts.

Nitrite levels, a degradation product of NO (Fang 1997) in medium collected from E.

coli- and S. aureus-incubated OECs were determined using HPLC. A nitrite standard curve
made from 0-30nM NaNO, was prepared for each HPLC run and the equation of the line
generated from the data was used in each case to determine nitrite levels in test samples. An
example of a nitrite standard curve is shown in Figure 4.7. In each run a small amount of
nitrite was observed at 0nM NaNQO, which was attributed to the medium diluent. This amount
was deducted from each sample during analysis. In preliminary experiments nitrite levels in
medium collected from E. coli- and S. aureus-incubated OECs, microglia and fibroblasts
were determined. Fold-change in nitrite levels was expressed in terms of the level obtained in
untreated samples and was set at 1 (Figure 4.8). Fold change in nitrite levels in medium
collected from OECs increased significantly to 1.61 (p = 0.037) in the presence of E. coli and
to 1.42 (p = 0.04) in the presence of S. aureus. Fold change in nitrite levels in medium
collected from microglia increased significantly to 2 (p = 0.04) in the presence of E. coli and
to 1.3 in the presence of S. aureus. In contrast, fold change in nitrite levels in medium
collected from fibroblasts decreased to 0.63 in the presence of E. coli and to 0.65 in the
presence of S. aureus (Figure 4.8). This could be attributed to the adverse effect of bacteria

on fibroblast cell survival (data not shown).

4.3.7 L-NMMA significantly attenuates nitrite levels in E. coli- and S. aureus-incubated
OECs.
The data were analysed from a further three experiments in untreated and bacteria-treated

OECs and additionally in the presence of L-NMMA or D-NMMA. Medium collected from
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untreated OECs contained basal levels of nitrite (0.99 nM) which increased significantly to
1.51 nM in the presence of E. coli (p = 0.002) and to 1.42 nM in the presence of S. aureus (p
=0.013) (Figure 4.9). Nitrite levels in medium collected from E. coli- and S. aureus-
incubated OECs were significantly attenuated in the presence of L-NMMA (p < 0.001 and p
= 0.006 respectively) (Figure 4.9). D-NMMA had no effect on nitrite levels in untreated or

bacteria-treated OECs (Figure 4.10).

4.4 Discussion

In this study I show that OECs, when exposed to bacteria, undergo nuclear translocation of
NF-kB within 1h, accompanied by increased expression of iNOS protein with subsequent
production of NO and nitrite. In the presence of L-NMMA, production of NO is inhibited
which is reflected by a corresponding reduction of nitrite in the culture medium.

This study builds on findings that OECs are attracted to and can endocytose bacteria (Leung
et al. 2008). Evidence of phagocytic activity in OECs is consistent with a bactericidal
function. Bacteria phagocytosed by macrophages are sequestered within phagolysosomes, in
which reactions of products originating from NOS and other cytoplasmic enzymes take place
(Fang 1997; Pacelli et al. 1995).The findings shown here that OECs generate NO are further
support that OECs may be regarded as an immune-system cell, sharing similarities with
macrophages and microglia (Bogdan 2001a; Vincent et al. 2008). When bacteria bind to
TLRs on the cell membrane of macrophages and microglia, NF-kB is translocated to the
nucleus, leading to the transcription of genes involved in antimicrobial host defence, such as
iINOS, pro-inflammatory cytokines TNF-a, IL-6 and chemokines (Akira et al. 2006).

The results show that nuclear translocation of NF-«kB occurred in 80% of OECs 1h after
exposure to E. coli and is consistent with nuclear translocation of NF-«kB in 80% of LPS-

stimulated RAW264.7 macrophages within 1h (Hsieh et al. 2011). The proportion decreased

100



progressively at 2h (52%) and 4h (40%) even though production of NO was sustained for up
to 4h. Because observations at additional time points were not made in these experiments, it
can be presumed from earlier experiments that the basal level (13%) (Figure 4.6) would be
reached by 6h (Figure 3.7 B) and iNOS expression maintained for at least 24h (Figure 3.7 F).
NO production can also be detected by its more stable metabolite nitrite (Bogdan 2001a;
Nathan and Xie 1994). HPLC studies revealed that nitrite levels increased significantly in E.
coli- and §. aureus- incubated OECs and microglia, but not in fibroblasts (Figure 4.8). In the
presence of L-NMMA, a competitive inhibitor of NOS, production of NO is inhibited (Palmer et al.
1988b). In these studies attenuation of nitrite levels in bacteria-incubated OECs due to L-
NMMA (Figure 4.10) was consistent with attenuation of NO production due to L-NMMA in
live imaging experiments (Figures 4.3 and 4.4). Nitrite levels have been proposed as a
regulator of NOS gene expression (Bryan 2006; Bryan et al. 2005; Gladwin 2005; Gladwin et
al. 2005; Tota et al. 2010). In physiological fluids such as plasma NO is oxidised to nitrite
where it remains stable for several hours (Kelm et al. 1992). It was previously thought that
nitrite and nitrate were end-point products but it is now thought that it can be recycled back to
NO by commensal bacteria in the gut. Thus, it is possible that the recycling of nitrite and
nitrate to NO could supplement NO supply when NOS activity is insufficient (Lundberg et al.
2009; Lundberg et al. 2004; Lundberg et al. 1994).

All immune cells such as monocytes, macrophages, microglia, dendritic cells, NK cells, mast
cells, eosinophils, neutrophils and Kupffer cells produce NO as part of an immune response
(Bogdan 2001a; Moncada 1993; Moncada and Higgs 1993). NO and nitrite produced as a
result of iNOS expression is regulated by cytokines and its roles as an immunomodulatory
agent have been studied in macrophages and microglia (Hibbs et al. 1988; MacMicking et al.
1997; Marletta et al. 1988; Xie et al. 2002). In these studies the production of NO by

activated microglia was consistent with others who have shown that cultured microglia
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respond to PAMPs with NFkB activation, cytokine expression and nitric oxide (Gonzalez-
Scarano and Baltuch 1999; Lehnardt et al. 2002; Lehnardt et al. 2003; Rivest 2003; Xie et al.
2002).

Besides its anti-bacterial function, NO may be involved in controlling the cell kinetics of
OEC:s in bacterial challenge. Bromodeoxyuridine uptake in mice OECs remains low after the
first month of postnatal life, suggesting a slow turnover (Watanabe et al. 2006). It is
conceivable that confronted with invading live bacteria, many OECs will eventually die and
will need to be replaced. This replacement may be facilitated by NO. It has been shown in
vitro that NO diverts neural stem cell fate from neurogenesis to gliogenesis (Covacu et al.
2006). Leukaemia Inhibitory factor (LIF) is a cytokine that is involved in neurogenesis in the
OE after injury (Kim et al. 2005). In rat primary cultures of olfactory neurosphere-derived
cells the addition of LIF resulted in iNOS induction and increased cell proliferation which
was reversed in the presence of an iNOS inhibitor and rescued by NO donor SNAP (Lopez-
Arenas et al. 2012). Additionally, LIF and iNOS share the Janus kinase/signal transducers
and activators of transcription (JAK-STAT) signalling pathway, with iNOS downstream of
LIF (Guo et al. 2007) and may work in concert to effect neurogenesis in the olfactory
pathway (Lopez-Arenas et al. 2012).

Numerous studies in the last decade have focused on the use of OECs as a cell-based therapy
to promote repair in the injured CNS with variable success (Barnett and Chang 2004;
Bartolomei and Greer 2000; Richter and Roskams 2008). Although OECs produce a number
of growth factors (Woodhall et al. 2001), their precise interactions with injured axons remain
largely unknown. The finding that OECs produce NO suggests that transplanted OECs could
modulate inflammation in the lesion site. When olfactory nerves were sectioned, it was
suggested that OECs phagocytosed degenerating axons, thus providing an open channel for

the growth of new axons (Li et al. 2005). This was confirmed when during dissociation of
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olfactory nerves in vitro, OECs were shown to phagocytose adherent axonal membrane
(Wewetzer et al. 2005) and verified in a recent paper in which OECs were found to be the
primary immunocytes to engulf degenerating OSNs (Su et al. 2013b). Olfactory ensheathing
cells transplanted into the X-irradiated spinal cord exhibited a phagocytic phenotype
(Lankford et al. 2008). One study by Lopez-Vales and co-workers has assessed the
inflammatory response following OEC transplantation. They showed that photochemically
injured spinal cords transplanted with OECs demonstrated a significantly higher reactivity for
iINOS and IL-1B at 7 days post injury than control ones which did not receive OECs (Lopez-
Vales et al. 2004) while at a later time point no difference was observed between the two
groups. Rats transplanted with OECs also showed a higher locomotor score and improved
electrophysiological recovery (Lopez-Vales et al. 2004). Because the OECs were not
prelabeled prior to transplantation, it was not possible to ascertain whether some of the iNOS-
and IL-1B positive cells were OECs.

Over production of NO has been implicated in disease states such as sepsis, inflammation and
in neurodegenerative diseases such as ALS, Multiple Sclerosis (MS) and Parkinson’s disease
(Beckman et al. 2001; Rejdak et al. 2004; Zhang et al. 2006). As a result there has been much
research undertaken into the development of inhibitors that attenuate NO production.
Experiments targeting NO production using inhibitors provided further evidence of the use of
NO to dispose of bacteria. N%-derived analogues of L-arginine have been found to be potent
inhibitors of NO production and the most commonly used inhibitor in human studies has been
L-NMMA (Atalay et al. 2002; Moore et al. 1990; Pahan et al. 2001). L-NMMA is a
competitive inhibitor of NO production and binds to the L-arginine site of iNOS, thus
preventing the conversion to L-citrulline and NO (Palmer et al. 1988b). The results from my
study are consistent with Atalay and co-workers who found that L-NMMA is a competitive

inhibitor of iNOS therefore it acts directly on inhibition of NO production instead of NF-xB

103



translocation and protein expression (Atalay et al. 2002). In studies involving inhibitors it is
desirable to ensure that the presence of the inhibitor does not adversely affect structure and
binding of substrates. Therefore concurrent experiments should be conducted in the presence
of its enantiomer i.e. if using L-NMMA, then D-NMMA should also be tested. My studies
showing that D-NMMA had no effect are consistent with experiments conducted using IL-
12p40 monomer, a mediator of immune response and which is implicated in MS,
Autoimmune Encephalitis and Guillain Barre Syndrome (Pahan et al. 2001). When IL-12p40
was added to mouse microglial cultures nuclear translocation of NF-kB, expression of iNOS
and production of NO was observed which was inhibited using L-NMMA but not in the
presence of D-NMMA (Pahan et al. 2001).

The NO donor, S-nitroso-N-acetyl penicillamine (SNAP) a nitrosothiol derivative which
releases NO under physiological conditions (Shaffer et al. 1992), was included in some wells
as a positive control to demonstrate that OECs can respond positively to a NO donor.

NO has a half-life of only a few seconds in vivo, although NO production by iNOS is
sustained for extended periods (Datta and Lianos 1999; Furusu et al. 1998; Jansen et al. 1994;
Lianos and Liu 1997). The standard assays for NOS activity are solubilised cell-free enzyme
preparations such as cell lysates, crude tissue extracts or purified enzymes and measures the
production of radiolabelled citrulline from radiolabelled arginine substrate that are often more
time-consuming (Knowles and Salter 1998). The live cell imaging technique developed in
these studies exploits the unique characteristics of NO i.e that it is soluble in both aqueous
and lipid media, readily diffuses through the cytoplasm and plasma membranes and, if
produced as a result of iNOS catalysis, is sustained. Live cell imaging allows for accurate
and immediate NO detection that can be photographed in situ.

In this study I show that OECs are able to detect, and respond to bacterial challenge via

synthesis of iNOS, NO and nitrite. Thus, iNOS, NO and nitrite have a major function in the
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regulation of inflammation not just by their direct action but could also feedback on their own
and also NF-«B activity which controls the expression of numerous cytokines, chemokines,
surface receptors, inducible enzymes such as iNOS and apoptotic mediators (Li and Verma
2002). The immune barrier presented by the olfactory pathway, in particular the production
of NO by OEC:s is of vital importance as OEC transplants are being used in clinical trials for
spinal cord injury. A better understanding of their cell biology may translate to more effective

clinical outcomes for both spinal cord injury and neurodegenerative diseases.
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FIGURE 4.1
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Figure 4.1. Detection of NO using 4, 5-diaminofluorescein diacetate (DAF2-DA).

DAF2-DA is a fluorescent dye which when it penetrates cells is hydrolysed by intracellular
esterase activity to produce the parent DAF2 compound. This reacts rapidly with NO
produced by NOS to form a fluorescent product (DAF-2T). This fluorescent product can be
visualised, using an excitation filter of 492nm and an emission filter of 515nm.
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FIGURE 4.2
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Figure 4.2. NO production in untreated, E. coli -and S. aureus- incubated microglia.

Rat microglia were either untreated (A, B) or incubated with heat-killed E. coli (C, D) or
heat-killed S. aureus (E, F) for 22h, then incubated with DAF2-DA for 2h. Bright field
images (A, C, E) and DAF2-DA fluorescence were captured at 488nm (B, D, F). Scale Bar =
[Spum.
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FIGURE 4.3

Figure 4.3. Live cell imaging of NO
production by E. coli-incubated OECs.

Olfactory ensheathing cells were incubated
with heat-killed FITC-conjugated E. coli for
22h, then for 2h in the presence of DAF2-
DA. The fluorescent signal of NO-producing
cells (A, C, E, G, I, K) and corresponding
bright-field images were captured (B, D, F,
H, J, L). Except for a few cells in which NO
was not detected (arrow in A, B), the
fluorescent signal of NO production by most
E. coli-incubated OECs (A) was similar in
intensity to that induced by S-nitroso-N-
acetylpenicillamine (SNAP) in the absence of
E. coli (K). NO was undetected in E. coli-
incubated OECs in the absence of DAF2-DA
(C, D) while low basal NO was detected in a
few cells in the presence of DAF2-DA but in
the absence of E. coli (arrow in I, J). L-
NMMA attenuated NO production in E. coli-
incubated OECs (E, F) while D-NMMA had
no effect on NO production by E. coli -
incubated OECs (G, H). Scale bar = 15um.
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FIGURE 4.4

Figure 4.4. Live cell imaging of
NO production by S. aureus-
incubated OECs.

Olfactory ensheathing cells were
incubated with heat-killed FITC-
conjugated S. aureus for 22h, and
then in the presence of DAF2-DA
for 2h. The fluorescent signal of
NO-producing cells (A, C, E, G)
and corresponding bright-field
images were captured (B, D, F,
H). NO was detected in most cells
except for a few (arrow in A, B).
NO was undetected in S. aureus-
incubated OECs in the absence of
DAF2-DA (C, D). L-NMMA
attenuated NO production in S.
aureus -incubated OECs (E, F)
while its enantiomer D-NMMA
had no effect on NO production
by S. aureus -incubated OECs

(G, H). Scale bar = 15um.
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FIGURE 4.5
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Figure 4.5. Nuclear translocation of NF-kB and NO production in OECs.

Following incubation with heat-killed FITC-conjugated E. coli, in the presence of DAF2-DA
and Hoechst Blue (HB), cells were fixed and immunostained for NF-kB. Fluorescence
imaging revealed cells that stained positively with HB alone (small arrow in A, B; dark blue
in C, D); cells that showed nuclear NF-kB but not NO (large arrow in A, B; purple stripes in
C, D); cells that showed nuclear NF-xB and NO (large arrowheads in A, B; brown horizontal
stripes in C, D); cells that remained NO positive but no longer possessed nuclear staining for
NF-kB (small arrowhead in A, B; green checkerboard pattern in C, D). These four categories
of cells were quantified after 1, 2 and 4h of incubation with E. coli (C) and additionally in the
presence of L-NMMA (D). Data were analysed using ANOVA and pairwise multiple
comparison (Student-Newman-Keuls Method). Treatment with E. coli (C) induced
significantly more OECs to produce nitric oxide, 81-84% from 1h to 4h of incubation
compared to 14% in untreated OECs (* denotes p<0.001). In OECs incubated with E. coli
and L-NMMA (D), the percentage of NO-producing cells was significantly decreased after
4h (6%; * denotes p<0.001) compared to that at 1h (66%) and 2h (33%) Results are presented
as averagestSEM. Scale bar = 15um.
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FIGURE 4.6
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Figure 4.6. Morphology of untreated and E. coli-incubated OECs and microglia post-
incubation with DAF2- DA.

Rat OECs and microglia were either untreated (A, B) or incubated with heat-killed E. coli for

24h and then with DAF2-DA for 2h (C, D), imaged, fixed with 4% paraformaldehyde and
post stained with p75 (C) or Isolectin B4 (D). Scale Bar = 100um.
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FIGURE 4.7
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Figure 4.7. HPLC nitrite standard curve.

For each HPLC experiment a nitrite standard curve was prepared. The area of a curve
corresponding to nitrite detection was plotted from 0, 5, 10, 20nM of NaNO, solutions run on
HPLC and the equation of the line was used to calculate nitrite concentrations in test samples.
The y intercept is 0.36 due to nitrite levels in medium diluent and was accounted for in
calculations.
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FIGURE 4.8
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Figure 4.8. Fold change in nitrite levels in bacteria-treated OECs, fibroblasts and
microglia.

Rat OECs, fibroblasts and microglia were either untreated or incubated with E. coli or S.
aureus for 24h. HPLC analysis of nitrite revealed significantly elevated levels in medium
from E. coli-incubated OECs (1.6, p =0.002) and in S. aureus-incubated OECS (1.4, p =
0.013) compared to untreated OECS set at 1. Nitrite levels in E. coli treated microglia
increased significantly to 2 (p = 0.04). Data were analysed from 3 separate experiments using
2-way ANOVA and pairwise multiple comparison (Tukey test). Results are presented as
averages+SEM. ** denotes p < 0.02.

114



FIGURE 4.9
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Figure 4.9. Nitrite production in OECs.

HPLC analysis of nitrite revealed significantly elevated levels in medium from E. coli-
incubated OECs (1.51 nM, p = 0.002) and in S. aureus-incubated OECS (1.42 nM, p =0.013)
compared to untreated OECS (NT) (0.99 nM). L-NMMA significantly attenuated nitrite in
medium collected from E. coli-incubated OECs (0.843 nM, p<0.001) and in S. aureus-
incubated OECs (1.008 nM, p = 0.005). Data were analysed from 3 separate experiments
using 2-way ANOVA and pairwise multiple comparison (Tukey test). Results are presented
as averagestSEM. * denotes p < 0.02.
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FIGURE 4.10
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Figure 4.10. Effect of D-NMMA on nitrite levels in bacteria-treated OECs.

Rat OECs were either untreated or incubated with heat- killed E. coli or S. aureus for 24h in
the presence of D-NMMA. Medium was collected and analysed for nitrite levels using
HPLC. Percentage change in nitrite between untreated and bacteria-incubated cells due to D-
NMMA was calculated.
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Chapter S CX3CRI1 deficiency results in an impaired immune
barrier following bacterial challenge in the compromised

olfactory pathway.

5.1 — Introduction.

The in vitro findings described in Chapters 3 and 4 show that OECs generate NO and behave
as an immune-system cell, sharing similarities with macrophages and microglia (Bogdan
2001a). This study aims to build on these previous findings and obtain new knowledge about
the immunological status of the olfactory mucosa (OM) and olfactory bulb (OB).

What then happens in vivo when the olfactory pathway is challenged with bacteria? To
answer this question, two models were investigated. In the first model, bacteria were
introduced into the intact nasal cavity of rats to determine if normal innate mechanisms such
as sneezing and antimicrobial mucociliary clearance (Janeway and Medzhitov 2002) were
sufficient to prevent infiltration of bacteria into the olfactory epithelium (OE). The second
model was a compromised olfactory pathway model utilising Triton X-100 to ablate the OE.
The resulting olfactory epithelial ablation mimics damage caused by smoking (Sridhar et al.
2008) and environmental toxins (Block and Calderon-Garciduenas 2009) and is likely to
facilitate access of pathogens. In order to track migration of bacteria and therefore determine
the precise anatomical location during infection, the bacteria were labelled with fluorescein
isothiocyante (FITC). In the lamina propria, infiltrating bacteria are likely to encounter
macrophages and OECs. OECs ensheath OSNs from the lamina propria in the nasal septum
to the glomerular layer of the OB and an immune role for OECs based on in vitro studies has
been described in chapters 3 and 4. If the infiltrating bacteria gain access to the olfactory
bulb, they will encounter microglia of the OB which have been shown to have a lower

activation threshold than microglia elsewhere (Lalancette-Hebert et al. 2009). Cerebral
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ischaemia induced by occlusion of the left middle cerebral artery was shown to upregulate
TLR2 in olfactory bulb microglia within 6h which preceded TLR2 induction at the injury
site. Additionally, LPS, a bacterial cell wall component of gram-negative bacteria, introduced
into the nasal cavity resulted in OB TLR2 induction by 6h (Lalancette-Hebert et al. 2009).
This implies that OB microglia have an alert, activated phenotype and may play a role in
modulating inflammation in the brain.

Microglia and macrophages express the CX3CR1 receptor which regulates innate immunity
by signalling to its sole ligand CX3CLI1 (Imai et al. 1997) which is expressed in neurons
including OSNs as well as OECs (Ruitenberg et al. 2008; Tarozzo et al. 2003). In a recent
study it was found that in LPS-stimulated mixed neuron-microglia cultures derived from mice
lacking the CX3CRI1 receptor, NO production and TNF-a expression were reduced
implicating the CX3CR1 receptor in the immune response (Mattison et al. 2013). In the
primary olfactory pathway CX3CRI1 deficiency adversely affected branching and migration
of intra and transepithelial dendritic cells and macrophages in the OE (Ruitenberg et al.
2008). To investigate the contribution of CX3CRI1 signalling to innate immunity in olfactory
tissues, I utilised the CX3CR1%"""9*” mjce that had enhanced fluorescent green protein
(eGFP) inserted into the coding region of the CX3CRI1 receptor via targeted deletion, critical
for binding of its ligand (Jung et al. 2000). As a result, the microglia lacked CX3CR1 and
were green fluorescent which enabled easy visualisation of their location. The
CX3CRI1°""“*F mice were bred on a C57BL/6 background with a predominantly Th1
immune response for induction of pro-inflammatory cytokines such as TNF-a (Watanabe et
al. 2004).

I hypothesise that signalling between CX3CL1 and CX3CR1 forms part of an orchestrated
response to invading pathogens, influencing bacterial migration and cytokine release in the

olfactory pathway. A compromised olfactory pathway model will be utilised to investigate
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infiltration of fluorescently-labelled bacteria into the nasal septum of both wild-type and
CX3CR1CFP mice. iNOS expressing cells, the distribution of macrophages and microglia

will be quantified and cytokine expression will be assessed.

5.2 Materials and Methods

5.2.1 Intranasal instillation of Hooded Wistar rats with FITC-conjugated S. aureus.

Preliminary qualitative data relating to bacterial infiltration of olfactory tissues were first
obtained from experiments in rats. An in vivo animal model for compromising the nasal
epithelium was used (Chuah et al. 1995). Briefly, 50ul of 0.7% Triton X-100 or 0.17 M zinc
sulphate in filter-sterilised 0.9% saline or 0.9% sterile saline alone was introduced
unilaterally into the nasal cavity of 4 to 6-week old Hooded Wistar rats under anaesthesia
using 3% isoflurane with 0.6% oxygen (n = 3 for each group). Triton X-100 and zinc
sulphate solutions induced degeneration of olfactory epithelial cells leaving a markedly
thinner epithelium (Murray and Calof 1999). Low doses of Triton X-100 were used in
subsequent experiments with mice to ablate the OE rather than zinc sulphate which has been
shown by others to ablate both sensory and non-sensory regions (Igbal and Byrd-Jacobs
2010) and whose effects may last for up to 30 days (Burd 1993). Fluorescein labelling of
bacteria is a useful way to study interactions of bacteria with mammalian cells (Drevets and
Campbell 1991; Hed 1986; Weingart et al. 1999). S. aureus was conjugated with FITC prior
to inoculation in the nasal cavity based on a method developed to label proteins
(Rinderknecht 1962) as outlined in 2.2.6, and were cultured on nutrient agar plates overnight.
Growth of colonies confirmed viability of cells (Figure 5.2 A) and when checked under a
fluorescence filter at 488nm, continued fluorescence was observed (Figure 5.2 B). Four days
after Triton X-100 or zinc sulphate treatment, 50ul live FITC-conjugated E. coli or S. aureus

or saline was administered into the same nasal cavity. After 24h, rats were transcardially
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perfused under sodium pentobarbitone anaesthesia as outlined in 2.2.13. Tissue processing
and cryostat sectioning were performed as outlined in 2.2.14 and fluorescence
immunohistochemistry for iNOS, S100 and nuclear yellow was performed as outlined in

2.1.16.

5.2.2 Generation of CX3CR1¢""/** mice

To examine the immune response of the compromised olfactory pathway to bacterial
challenge an established model using CX3CR 179" mice was used to enable accurate
visualisation of fluorescently-labelled macrophages and microglia and their response to
bacteria. CX3CR1%"*" mice (males and females, 2-4 months of age) were generated from
heterozygous CX3CRI1 breeding pairs on a background of C57BL/6 mice. The cDNA for
enhanced GFP gene was inserted into the N-terminus of the CX3CR1 coding region shown to
be crucial for CX3CL1 signalling (Mizoue et al. 1999), thereby making the receptor non-
functional, via targeted deletion (Blomster et al. 2011; Jung et al. 2000). Control wild type
mice were from a C57BL/6 background. The CX3CR1%""“*" mice and some of the C57BL/6

mice were a kind gift from Dr Mark Ruitenberg.

5.2.3 Immunostaining to identify INOS-expressing cells

C57BL/6 (WT) (n = 3) and CX3CR1""SFF (n = 3) mice were treated with Triton X-100
followed by FITC-conjugated S. aureus 4 days later as outlined in 2.2.12 except that the
volume was reduced from 50pl to 30ul to avoid respiratory distress in the animals. After 24
hours, mice were transcardially perfused under sodium pentobarbitone anaesthesia as
outlined in 2.2.13. Tissue processing and cryostat sectioning in the transverse plane was
performed as outlined in 2.2.14 and fluorescence immunohistochemistry for iNOS, S100 and

nuclear yellow as outlined in 2.1.16.
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5.2.4 Quantitation of iNOS, Ibal and GFP expressing cells

Low magnification of a 10um transverse cryostat section is shown in Figure 5.1. The sections
for counting were obtained midway through the nasal cavity. Cells counts were performed in
three separate sections that were at least 30pum apart on three separate slides from three
different WT and CX3CR1™"S™ mice. Density of iNOS, Ibal or GFP positive cells were
quantified within the areas defined in Figure 5.1, in the OM and glomerular and granule
layers of the olfactory bulb. More specifically, in the OM, counts were performed along the
rostral-caudal axis of the OM with the caudal end being close to the cribriform plate. Areas
with well-defined epithelia showing the basal, intermediate and apical regions (Ruitenberg et
al. 2008) and lamina propria were chosen from the untreated mice and compared to treated
mice where the OE was less clearly defined due to Triton X-100 treatment. Photographs were
taken at 400x magnification and cells were counted per unit length of the section measured
along the basement membrane of the OF using Image J. For each animal, an average of 1.4 £+
0.025 (mean + SEM) mm of OE was analysed. In the glomerular layer, the area (mm?) in the
rostro-medial quadrant of the OB was measured in Image J covering an average of 0.4 +
0.0065 mm” per animal. The central region of the granule layer area was selected for counts
(an average of 0.4 £ 0.007 mm® per animal). Statistics were performed using Two-Way
Repeated Measures ANOVA (One Factor Repetition) and All Pairwise Multiple Comparison

Procedures (Student-Newman Keuls Method). P-values < 0.05 were considered significant.

5.2.5 Real-Time RT-PCR experiments for TNF-a, IL-1p, IL-10 and IL-6 mRNA
expression in untreated and Triton X-100 and S. aureus-treated wild-type and
CX3CRI1°"™"“"" mice.

C57BL/6 (WT) (n=8) and CX3CR]CFPCrP (n = 8) mice were either untreated or treated

with Triton X-100 and with S. aureus 4 days later as outlined in 2.2.12. After 24 and 48h OB
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and nasal septum were removed, RNA isolations and Real-Time RT-PCR were performed as
outlined in 2.2.8 and 2.2.10. Fold-change was calculated relative to the house-keeping gene
GAPDH which was deemed to be constant. Statistics were performed using Students T-Test

(one-tailed, one type) and p values < 0.05 were considered significant.

5.2.6 Determination of bacterial clearance in Triton X-100 and S. aureus-treated wild-
type and CX3CR1°F"¢** mice.
Wild type (n = 3) and CX3CR]CFPGFP (n = 3) mice were processed for counting as outlined

in 2.2.19. Counts were expressed per mg/ml of tissue.

5.2.7 Observations on the activity of Triton X-100 and S. aureus-treated WT and
CX3CR1°""“*F mice.

All mice used in experiments 5.3.4 (n = 30) were placed in a box with 4 marked quadrants
and the number of times that they moved into a quadrant were recorded over a period of 1

minute as outlined in 2.2.18.

5.3 Results

5.3.1 Bacteria can infiltrate the lamina propria and subsets of OECs express iNOS in
the compromised olfactory mucosa.

In saline-treated rats, FITC-conjugated S. aureus were sequestered within mucous clumps in
the nasal cavity (inset in Figure 5.3 A), with no noticeable infiltration of bacteria into the
lamina propria (Figure 5.3 A). This suggests that in the intact epithelium innate immune
mechanisms involving antimicrobial mucociliary clearance (Janeway and Medzhitov 2002)
effectively maintained an immune barrier. In order to facilitate access of S. aureus into the

olfactory epithelium, the nasal cavity was irrigated with zinc sulphate or Triton X-100 and
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this induced degeneration of olfactory neurons and supporting cells, thus resulting in a
thinner layer of epithelium than normal (Chuah et al. 1995; Murray and Calof 1999) (Figure
5.3 B). FITC-conjugated S. aureus and E. coli were observed within the olfactory epithelium
and lamina propria of the zinc sulphate compromised rat olfactory tissue (arrows in Figure
5.3 B). Immunostaining of E. coli-treated nasal tissue subsequent to damage revealed several
cells positive for iNOS in the lamina propria (arrows in Figure 5.3 C). Double
immunolabeling with anti-S100 over nerve bundles coursing towards the olfactory bulb
demonstrated that some of the iNOS-positive cells were OECs (Figure 5.3 D) while the rest
of the iINOS-positive cells were most likely macrophages which had migrated into the lamina
propria from blood vessels. Scarce or no iNOS-expressing cells were observed in E. coli-
treated olfactory mucosa which had previously been irrigated with saline (Figure 5.3 E, F) or
in olfactory mucosa irrigated with zinc sulphate or Triton X-100 alone (data not shown). This
indicates that the bacterial challenge and not degeneration of epithelium per se, is the main

inducer of iNOS expression.

5.3.2 FITC-labelled S. aureus in the olfactory bulb of WT mice and
CX3CR1"™"“mice.

Twenty four hours after FITC-conjugated S. aureus were instilled into the nasal cavity of
Triton X-100 compromised WT mice a few FITC-labelled S. aureus could be localised to the
glomerular and olfactory nerve layers of the OB (Figure 5.4 A). The majority of those were
found on the ipsilateral side, although some could be found in the olfactory nerve and
glomerular layers of the contralateral bulb (Figure 5.4 A). Five days after bacterial
inoculation, FITC- labelling remained largely in the olfactory nerve layer of the ipsilateral

OB (Figure 5.4 B). At no time was FITC labelling observed past these layers. In contrast, in
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CX3CR1CFF mice by 24h, FITC-labelled bacteria had infiltrated the granule layer of the
OB (Figure 5.4 C).

Bacterial presence in the nasal septum and OB was quantified in both WT and
CX3CR1CFF mice for up to 48h (Figure 5.5). The numbers of S. aureus present in the WT
mice 24h after instillation of S. aureus were 96 £ 17 cells/mg/ml in the septum and 330 =
196 cells/mg/ml) in the OB, but they were not significantly different. In contrast, in the
septum of CX3CR1"SFF mice after 24h of S. aureus exposure, 93 + 8 cells/mg/ml were
present compared to 839 + 163 cells/mg/ml in the OB (p = 0.02). The numbers of S. aureus
present in the septum of WT mice 48h after instillation of S. aureus (48 £ 7 cells/mg/ml)
were significantly fewer than in the OB (291 £ 154 cells/mg/ml) (p = 0.006) (Figure 5.5).
The numbers of S. aureus present in the septum of CX3CR1""°* mice by 48h were 56 + 7
cells/mg/ml and in the OB, 919 £ 260 cells/mg/ml (p = 0.02) (Figure 5.5).

Overall, there were 2.54 times and 3.15 times more bacteria in the OB of CX3CRI1 GFP/GEP
mice compared to WT mice at 24h (p =0.04) and 48h (p = 0.02) respectively.

In summary, CX3CR1 “*"*? deficiency allowed increased numbers of bacteria to infiltrate

the OB.

5.3.3 Activity is unchanged in S. aureus-treated WT and CX3CR1*"*Ppice.

To compare the effect of S. aureus exposure on the activity of wild type and CX3CR19"/FP
mice, mobility observations were conducted prior to Triton X-100 instillation, at days 1 and 4
post Triton X-100 instillation and also 24h and 48h post-instillation of S. aureus (Figure 5.6
A). The results showed that the activity of mice was unchanged in all experimental groups.
Untreated WT and CX3CR1 “"“*" mice moved an average of 3.83 £0.29 and 4.29 £ 0.32
times respectively between quadrants within 1min (Figure 5.6 B). Twenty-four hours after

Triton X-100 treatment WT and CX3CR1 “*"“*" mice moved an average of between 3.44 +
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0.18 and 3.36 + 0.27 times respectively between quadrants and on day 4 post-Triton X-100
and pre-S. aureus instillation, 3.25 £ 0.25 and 4.67 + 1.45 times respectively. Twenty-four
hours after S. aureus treatment WT mice moved an average of 3.78 + 0.47 times between
quadrants and CX3CR1 GFPIGFP ice 3.69 + 0.59 times. Forty-eight hours after S. aureus
exposure WT mice moved an average of 5.2 &+ 0.66 times between quadrants and CX3CR1
GFPIGFP mice an average of 4.75 £ 0.48 times (Figure 5.6 B). However, two mice (one WT and
one CX3CR1 9Py were euthanased 6 hours after S. aureus instillation because of high
morbidity. These mice had a hunched posture, were disinterested in food or water, were
unresponsive and when placed in the black box did not move at all between quadrants. The

mice may have been affected by the S. aureus infection or were experiencing respiratory

distress resulting from inhalation of Triton X-100 or S. aureus or a combination of the two.

5.3.4 iNOS, Ibal and GFP expression in the compromised olfactory mucosa

Given that FITC-conjugated S. aureus were present in the glomerular layer of the OB 24h
after bacterial exposure, immunostaining for iNOS and Ibal followed by quantitative analysis
was conducted to establish whether this process induced nitric oxide production in the OM
and in the OB. Use of the transgenic mice model whereby the GFP-encoding gene replaced
the CX3CRI1 receptor allowed for accurate visualisation of the distribution of macrophages
present within the OM and microglia in the OB in these mice. Representative examples of
Ibal immunostaining of the OM, glomerular and granule layers of WT mice are shown in
Figures 5.7 A-C respectively. The macrophage population as indicated by Ibal expression
was evenly distributed throughout the lamina propria of the OM, but was not apparent in the
OE (Figure 5.7 A). Microglial population as shown by Ibal expression was also evenly
distributed throughout the glomerular and granule layers (Figures 5.7 B, C). GFP expression
in CX3CR1 “S*" mice is shown in Figures 5.7 D—-F. Macrophages were present within the

lamina propria, but were not apparent in the OE (Figure 5.7 D), as well as the glomerular and
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granule layers (Figures 5.7 E, F). Microglia in the granule layer of CX3CR1 GFPIGFP mice
(Figure 5.7 F) appeared more hypertrophied than microglia in the granule layer of WT mice
(Figure 5.7 C). Expression of iNOS was evident within the lamina propria of CX3CR1 GFP/GFP
mice (Figure 5.7 G) and throughout the glomerular and granule layers (Figures 5.7 H, I). In

order to quantify the immunohistochemical observations, cells counts were performed in the

OM, glomerular and granule layers for iNOS, Ibal and GFP.

5.3.5 Cell counts of iNOS-expressing macrophages in the OM.

In the OM of untreated WT mice, numbers of iNOS expressing cells (29 £ 2 cells/mm) were
significantly lower than in Triton X-100 and S. aureus-treated WT mice (129 + 10 cells/mm)
(p <0.001) (Figure 5.8 A). In untreated CX3R 17" mice, significantly elevated numbers
of iNOS positive cells were observed (289 + 23 cells/mm) compared to untreated WT mice
(29 + 2 cells/mm) (p < 0.001). Twenty-four hours after S. aureus treatment of CX3CRI1
GFPIGEP mice, a significant reduction in numbers of iNOS expressing cells (51%) was
observed (142 £ 10 cells/mm), (p < 0.001) (Figure 5.8 A).

Additionally, in the OM (Figure 5.8 B), Ibal expression in untreated WT mice (65 + 6
cells/mm) was significantly lower than the numbers of GFP expressing cells in untreated
CX3CR1 P mice (103 + 9 cells/mm) (p =0.03). There was no significant change in
numbers of macrophages in the OE due to treatments in either genotype (Figure 5.8 B).
However, by comparing Figures 5.8 A and B, in WT mice exposed to S. aureus, 38% of
iNOS expressing cells were not macrophages (49 + 7 cells/mm) (p = 0.001) and could be
OECs. In CX3CR1°""S*F mice prior to treatments, 65% of iNOS expressing cells were not
macrophages (186 + 16 cells/mm) (p < 0.001) and could be OECs. After treatments, this

population decreased to 28% of iNOS expressing cells. This implies that OECs may

constitute a large proportion of the cells that died following bacterial exposure.
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To summarise, the CX3CR1-deficient OM had greater numbers of macrophages and iNOS-
expressing cells than WT OM prior to treatments. However, upon exposure and infiltration of
bacteria, the number of iNOS-expressing cells declined significantly, in contrast to WT

mucosa in which there was a significant increase in the number of iNOS-expressing cells.

5.3.6 Cell counts of iINOS-expressing microglia in the glomerular layer.

In the glomerular layer (Figure 5.8 C), numbers of iNOS expressing cells in untreated WT
mice (468 + 46 cells/mm?) were significantly increased following exposure to S. aureus
(2102 + 241 cells/mm?) (p < 0.001). In untreated CX3CR 1" mice the number of iNOS-
expressing cells (1952 + 222 cells/mm?) was higher than that in untreated WT mice (468 + 46
cells/mm?) (p < 0.001), and was unchanged following S. aureus exposure (1497 + 282
cells/mm?) (Figure 5.8 C). Additionally, in the glomerular layer (Figure 5.8 D) more Ibal

expressing cells were observed in WT mice compared to CX3CR1 GFP/GEP

mice both pre
(WT mice 2027 + 53 cells/mm?, CX3CR 19" mice 1647 + 192 cells/mm?; p = 0.047) and
post (WT mice 2414 + 363 cells/mm?, CX3CR 1" mice 1383 + 205 cells/mm?; p = 0.01)
bacterial exposure. There were no significant changes in numbers of microglia in the
glomerular layer due to treatments within both genotypes.

To summarise, in the CX3CR1 “"9" mice fewer microglia were present than in WT mice in

the glomerular layer and the number of iNOS-expressing cells remained unchanged following

S. aureus exposure.

5.3.7 Cell counts of INOS-expressing microglia in the granule layer.
In the granule layer (Figure 5.8 E) the number of iNOS expressing cells in untreated WT
mice (403 + 21 cells/mm?) was significantly increased 24h post-instillation of S. aureus

(1113 + 180 cells/mm?) (p = 0.0017). Notably more iNOS expressing cells were observed in
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untreated CX3R 1P mice (2542 + 254 cells/mm?) (p < 0.001) compared to untreated WT
mice and were markedly reduced by 51% 24h after S. aureus treatment (1247 + 179
cells/mm?) (p<0.001) (Figure 5.8 E). In addition, in the granule layer (Figure 5.8 F)
significantly fewer microglia were observed in untreated WT mice (1351 + 122 cells/mm?)
compared to untreated CX3CR1 GFPIGFP mice (2091 + 173 cells/mm?) (p = 0.002). Twenty-

four hours after S. aureus instillation into CX3CR1 SFP/GFP

mice 50% fewer GFP expressing
cells were present in the granule layer (1051 + 204 cells/mm?) (p = 0.001) compared to
untreated CX3CR1 PP mice (Figure 5.8 F).

Based on the data in Figures 5.8 D, F, it can be calculated that the number of microglia in the
glomerular and granule layers combined in WT mice (3376 + 173 cells/mm?) and CX3CR1
GFPIGEP mice (3737 + 366 cells/mm?) was not significantly different. However, post-treatment,
more microglia (3930 + 493 cells/mm?) were present in the glomerular and granule layers
combined in WT mice compared to that in CX3CR1 " mice (2433 + 389 cells/mm?) (p
=0.002). Additionally, there was a distinctly different distribution of microglia in the layers
of the OB in comparing the genotypes. Unlike the glomerular layer in which there were 19%
fewer microglia than in untreated WT mice (p < 0.001), the granule layer of untreated
CX3CR1 “*P“*F mice had significantly more microglia (36%; p = 0.002). Following S.
aureus exposure 43% fewer microglia were present in the glomerular layer (p = 0.01) and
31% fewer were present in the granule layer of CX3CR1 “*"“*F mice compared to WT mice
(p =0.05).

To summarise in the OB of CX3CR 1" mice, the microglia distribution was different to
WT mice with greater numbers of microglia localised to the granule layer rather than in the

glomerular layer, there was a 50% reduction in numbers of microglia and elevated numbers

of iNOS-expressing cells were reduced following S. aureus exposure.
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5.3.8 Signalling between the chemokine CX3CL1 and its receptor CX3CR1 affects
cytokine expression following infiltration of S. aureus into the olfactory pathway.
Studies of microglia have shown that CX3CR1/CX3CL1 signalling can be neuroprotective by
inhibiting excessive production of pro-inflammatory molecules such as TNF-a (a key
activator of NO production), thus supporting the notion that CX3CLI1 acts as an anti-
inflammatory chemokine and regulator of microglial activation (Cardona et al. 2006; Zujovic
et al. 2000). Fold change expression of cytokines TNF-a, IL-1p, IL-6 and IL-10 were

determined relative to GAPDH expression which was deemed constant.

5.3.9 TNF-o expression is up-regulated in WT but not in CX3CR1“""°** mice following
S. aureus exposure in the compromised olfactory pathway.
In the nasal septum there was no significant induction of TNF-a in the nasal septum due to S.

GFPIGEP mice (Figures 5.9 A, B). However, in the

aureus exposure in either WT or CX3CR1
OB of WT mice, TNF-a expression increased from 0.63-fold £ 0.13 to 1.41 fold = 0.35(p =
0.01) within 24h of S. aureus exposure and remained significantly high for at least 48h (1.28
fold + 0.05, p =0.01) (Figure 5.9 A). There was no change in TNF-a expression in the OB of
CX3CR1"“* mice due to treatments (Figure 5.9 B).

To summarise, CX3CR1 deficiency resulted in unchanged TNF-a expression in the OB

following S. aureus exposure.

5.3.10 IL-1p expression is down-regulated in the compromised olfactory mucosa of WT
but not in CX3CR1°*"*F mice following S. aureus exposure.

In the nasal septum of untreated WT mice, IL-1P expression was significantly higher (0.93
fold + 0.1) than in WT mice exposed to S. aureus by 48h (0.6 fold + 0.11, p=0.007) (Figure

5.9 C). However, in CX3CR19""9*" mice IL-1B expression remained fairly constant (0.9 +
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0.09 - 0.82 £0.11 fold) (Figure 5.9 D). In WT mice exposed to S. aureus there was a
significantly higher level of IL-1p expression in the OB (0.88 & 0.03 fold) at 24h compared
to the septum (0.65 + 0.08 fold; p=0.01) (Figure 5.9 C).

To summarise, CX3CR1°7/6FP deficiency resulted in unchanged IL-1p expression in both the

OM and the OB following S. aureus exposure.

5.3.11 IL-6 expression is up-regulated in WT but not in CX3CR1%*"“** mice following
S. aureus exposure in the compromised olfactory pathway.

In the nasal septum, IL-6 expression was significantly up-regulated in WT mice (0.62 fold +
0.03 to 1.0 fold + 0.14, p = 0.04), exposed to S. aureus for 24h (Figure 5.9 E). However there

19"PGFP mice. Similarly, in the OB

was no change in IL-6 expression in the septum of CX3CR
of WT mice, IL-6 expression was significantly up-regulated after 24h of S. aureus exposure
(0.6 £0.14 —0.9 fold £ 0.13, p = 0.03) and was increased to 1.15 fold = 0.16 by 48h,
although this was not statistically significant (Figure 5.9 F).

To summarise, CX3CR 19" deficiency resulted in unchanged IL-6 expression in both the

OM and the OB following S. aureus exposure.

5.3.12 IL-10 expression is down-regulated in WT but not in CX3CR1""“** mice
following S. aureus exposure in the compromised olfactory pathway.

In the nasal septum of untreated WT mice a basal level of IL-10 expression (1.27 fold = 0.06)
decreased following exposure to S. aureus for 24h, (0.95 fold = 0.21; p = 0.003) and was
further reduced after 48h (0.84 fold £ 0.71; p = 0.04) (Figure 5.9 G). There were no changes
in IL-10 expression in the septum or the OB of CX3CR1“""“** mice due to treatments.
Although the OB of both WT and CX3CR1"PC*F mice did not demonstrate up-regulation of

IL-10 expression following exposure to S. aureus, a significantly higher basal level of IL-10
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was present in the CX3CR1PCFP mice (1.11 fold + 0.14) than in the WT mice (0.7 fold +
0.22) (p =0.04) (Figure 5.9 G, H).

To summarise, CX3CR1°™7/6"P deficiency resulted in unchanged IL-10 expression in both the
OM and OB following S. aureus exposure.

Overall, in CX3CR1°""9*" mice, there were no changes in TNF-a, IL-1p, IL-6 or IL-10

expression following S. aureus exposure.

5.4 Discussion

The results show that bacteria administered into the intact nasal cavity were either expelled or
remained sequestered in mucus clumps within the nasal cavity. When the OE was damaged
by Triton X-100, bacteria infiltrated the OE, lamina propria and OB, and remained there for
up to 5 days. Infiltration of bacteria into the primary olfactory pathway induced iNOS
expression in cells in the lamina propria, some of which were OECs. Distinct differences in
the extent of bacterial infiltration, macrophage and microglia distribution, iNOS protein and
cytokine expression were detected when WT mice and mice lacking the CX3CR1 receptor
were exposed to S. aureus. CX3CR1 “PFP deficiency allowed increased numbers of
bacteria to infiltrate the olfactory bulb more easily. Elevated numbers of iNOS-expressing
cells were reduced by 51% in both the OM and OB. Compared to WT mice, CX3CR1 4P
mice had more macrophages present at basal levels in the OM, fewer microglia in the
glomerular layer, and greater numbers in the granule layer of the OB. Numbers of microglia
were depleted by 50% following S. aureus exposure. There were no changes in TNF-a,, IL-
1B, IL-6 or IL-10 expression following S. aureus exposure in the nasal septum and OB of the

CX3CR1"CGFP pice.

131



Experimental ablation of the olfactory epithelium.

Under normal circumstances, sneezing and mucociliary clearance, antimicrobial

molecules in the mucus lining, and apoptotic cell death of infected olfactory

neurons all contribute to minimise harmful nasal flora (Janeway and Medzhitov 2002).
Typically a small number of macrophages and leucocytes may be present in the olfactory
epithelium to further assist with the immune response (Getchell and Getchell, 1991).
Therefore, in this study it is not surprising that bacteria were unable to access the intact OM.
In order to study the immune response of the olfactory pathway to a bacterial challenge, it
was necessary in these studies to damage the OE to facilitate access of bacteria. Thus, when
olfactory epithelium was damaged, as induced in this study by Triton X-100 or zinc sulphate,
then much of the first line of defence was compromised. Under such adverse conditions, NO-
expressing OECs and infiltrating macrophages would be expected to provide protection
against harmful pathogens.

Various methods have been used to ablate the OE (Boorman et al. 1987; Chuah et al. 1995;
Cummings et al. 2000; Igbal and Byrd-Jacobs 2010; Lazarini et al. 2012; Mancuso et al.
1997; Schwob et al. 1995; Verhaagen et al. 1990). Previously it was found that nasal tissues
of rats and mice irrigated with zinc sulphate resulted in destruction of nasal epithelium and
the migration of and phagocytosis of degenerating tissue by OECs. After four days it was
noted that OECs were present beneath the basal lamina of the olfactory epithelium (Chuah et
al. 1995). In these studies zinc sulphate was used initially to ablate the rat nasal epithelium to
only a basal cell layer after 4 days. Triton X-100 has also been previously used and is a well-
characterised method for OE ablation in rodents, as well as in zebra fish (Cummings et al.
2000; Igbal and Byrd-Jacobs 2010; Verhaagen et al. 1990).

Other neuroepithelium ablation methods include intra-peritoneal administration of the

herbicide dichlobenil which results in vascular carriage to the olfactory pathway. Dichlobenil
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induced necrosis of Bowman’s glands, surrounding lamina propria and olfactory neurons
(Mancuso et al. 1997), and also activated microglia in the OB, lasting for at least 1 month
(Lazarini et al. 2012). Hence, this method caused widespread cell death and was too severe
for the current studies.

Another widely used method is exposure to methyl bromide gas which destroyed
sustentacular cells and neurons, with cellular regeneration commencing after 24h (Schwob et
al. 1995). However, some parts of the OE did not recover and were replaced by respiratory
tissue indicating that in fact, methyl bromide caused irreparable damage in some areas
(Schwob et al. 1995). Similarly, inhalation of 30ppm of methyl isocyanate caused severe
necrosis of respiratory and irreparably, of olfactory epithelial tissue (Boorman et al. 1987).
Dosage was critically important, as compared to the effects of the higher dosage of 30ppm, a
lower dosage of 3-10ppm of methyl isocyanate resulted in complete recovery of the OE
within 14 days (Boorman et al. 1987).

Naris exclusion has also been used as a method to ablate the OE (Cummings et al. 1997).
This procedure resulted in 18% reduction of olfactory epithelial thickness and 20% reduction
in OB volume (Cummings et al. 1997). This method, however did not reduce OE thickness
substantially or affect Bowman’s glands which may continue to secrete mucus and associated
antimicrobial chemicals such as lysozyme, lactoferrin (Getchell and Getchell 1991) and
mucin SAC (Chapman et al. 2009; Solbu and Holen 2011). In this case the innate immune
response would prevent infiltration of bacteria into the OE. The Triton X-100 method utilised

in these current studies was optimal to effect OE ablation and allow access of bacteria.

Migration of bacteria into the olfactory bulb.

The Triton X-100 damaged OE allowed access of bacteria into the OB within 24h. In a recent

study Streptococcus pneumoniae was endocytosed by mannose receptors present on the cell
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surface of cultured OECs and it was suggested that they could act as host cells for bacteria to
travel from the septum to the olfactory bulbs (Macedo-Ramos et al. 2011). In these current
studies FITC-labelled S. aureus present in the lamina propria and the ONL of the OB may
have been in OECs. The migration of bacteria to the ONL suggests that the immune barrier
provided by both OECs and macrophages in the lamina propria, was not sufficient to prevent
infiltration into the CNS. Thus, it is possible that OECs may host invading bacteria and carry
them to the OB. However, this function may be limited given that in the CX3CR1 GFP/GEP
mice there was significant bacterial infiltration of the OB after 24h and the fact that a
percentage of iNOS-expressing cells that were not macrophages died and could be OECs
(Figures 5.8 A, B). It is not surprising then that bacteria that had been in OECs could have
been phagocytosed by macrophages and were transported to the OB. In previous ultra-
structural studies other possible routes for bacteria to access the OB have been demonstrated
(Herbert et al. 2012). Six hours after inoculation into the compromised nasal cavity of WT
mice, the presence of S. aureus was detected in the nasal septum, within vesicles in cells that
resembled macrophages and in the cytosol of supporting cells with junctions intact (Herbert
et al. 2012). S. aureus was also observed in a small number of olfactory nerve bundles which
were unmyelinated and therefore distinguished them from trigeminal nerves (Herbert et al.
2012). Hence, in this current study it is possible that in both genotypes, S. aureus migrated
along olfactory nerve bundles as well as within macrophages and OECs.

There was a clear difference in the extent of bacterial migration between WT and CX3CR1
GFPIGEP mice. In both genotypes bacteria migrated to the OB, but significantly more so in
CX3CR1 PSP mice. In WT mice the bacteria were restricted to the ONL and GmL while

in the CX3CR1 “"9*F mice bacteria infiltrated the deeper granule layer of the OB,

suggesting an impaired immune barrier.
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My studies show that the CX3CLI1 signalling to microglia and macrophages therefore played
a key role in restricting the entry of bacteria to the CNS and lack of signalling allowed
unrestricted access. The lack of signalling and immune responses by macrophages and
microglia as indicated in the CX3CR1 GFPIGFP mice removed the major defence barrier to the
CNS. In other areas of the body the effect of a CX3CR1 deficiency may not be as critical as
along with macrophages the additional benefit of the lymphatic system would be present. A
study on CX3CRI1 deficiency did not alter respiratory syncytial virus (RSV) viral load in the
lungs of mice that had been infected intranasally with RSV (Johnson et al. 2012). However,
an impaired immune response was demonstrated including decreased recruitment of natural
killer cells, leukocytes and IFN-y (Johnson et al. 2012). Although the virus was instilled via
the nasal cavity, the authors did not evaluate the immune response of the CNS to viral
challenge and may have found that RSV had infiltrated the CNS as has been shown in this
current study with bacteria.

Cytokines are important components in the initiation and regulation of the immune response
and expression of TNF-a and IL-6 by macrophages and microglia has been shown to be vital
for eliminating pathogens (Wang et al. 2000). My study is consistent with other studies
showing up-regulation of IL-6 expression in the OB, and restriction of the bacteria to the
peripheral layers of the OB in WT mice (Herbert et al. 2012). In the CX3CR1 “"9" mice,
IL-6 expression was not induced and bacteria infiltrated the granule layer of the OB. This
suggests that induction of IL-6 plays a key role in preventing infiltration of bacteria deeper
into the OB.

Immune roles for Schwann cells were discussed in chapter 3. In assessing the quantitative
data of the in vivo experiments on bacterial cell counts, iNOS, GFP and Ibal expression, |
have discounted the possibility of contributions from Schwann cells because observations

were made at anatomical locations in which Schwann cells would not be present. S100 and
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iNOS positive cells were observed over nerve bundles that were coursing towards the
olfactory bulb confirming that they were OECs (Figures 5.3 C, D). RNA for cytokine
expression was isolated from both the olfactory bulb from which Schwann cells are normally
excluded and the nasal septum and results were analysed separately (Figure 5.9). It is possible
that the nasal septum contained trigeminal nerves with associated Schwann cells and this
could be viewed as a limitation for that data set.

In WT mice iNOS was induced following S. aureus exposure, confirming the in vitro results
in bacteria-treated cultured OECs. However, in the OM of CX3R]CFPCEP mice, the marked
decrease of iNOS expressing cells that were not macrophages following S. aureus exposure
from an elevated basal level suggests that the population of OECs was markedly depleted due
to the impaired immune response. In the OB, at the basal level, elevated iNOS expression
was observed in the CX3CR 19" mice compared to WT mice. However, despite greater

numbers of bacteria infiltrating the OB in CX3CR1F"/9FP

mice, iNOS expression was
markedly reduced with a corresponding depletion in microglia population, suggesting an

impaired immune response and cell death. Apoptosis studies could be performed in future

studies to confirm.

Contribution of CX3CR1 signalling to immunological defence

CX3CLI1 is present in neurons and is also in fibres penetrating into glomerular and internal
plexiform layers of the bulb and rarely in cell bodies in the granule layer (Tarozzo et al.
2003). CX3CLI1 protein level is disproportionally higher in the OB compared to other parts of
the CNS (Tarozzo et al. 2003) which implicates a key role for CX3CR1/CX3CLI1 signalling
in the olfactory pathway.

In the CNS, microglia are normally in a quiescent state with an oval cell body and ramified

processes (Streit 2000). Olfactory bulb microglia have been proposed to act as modulators of
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brain inflammation with a low activation threshold to injury, after which an amoeboid
phenotype can be observed (Lalancette-Hebert et al, 2009; Cardona, 2006). In this current
study amoeboid shaped microglia were observed in the granule layer of untreated
CX3CR1PCF mice suggesting a basal activated state which has been reported previously in
CX3CR1” mouse hippocampal cells (Rogers et al. 2011). An alternative explanation is that
perceived differences could be attributed to Ibal labelling versus GFP expression and could
be investigated in future studies. Activation of microglia, particularly in response to injury, is
characterised by the release of pro-inflammatory cytokines such as TNF-a and IL-6, as well
as NO (Block and Hong, 2005; Kim and de Vellis, 2005; Woo et al., 2008). iNOS induction
and inflammatory responses are mediated by cytokines (Jaffrey and Snyder 1995; Pahan et al.
1997) and appropriate activation of macrophages and microglia is required for them to
phagocytose microbes and dispose of using nitric oxide (Pacher et al. 2007; Ransohoff and
Perry 2009). Additionally, induction of cytokines I1-6, TNF-a and IFN-y induce up-regulation
of CX3CLI1 and cleavage of membrane-bound CX3CL1 monocytes is mediated by
metalloproteinases (Ludwig et al. 2002). Soluble CX3CL1 then traffics to the CX3CR1
receptor on the surface of macrophages or microglia (Ludwig et al. 2002). This, in turn
induces up-regulation of cytokines.

In this study, TNF-a and IL-6 were found to increase 24h after S. aureus instillation into the
compromised OF of WT mice but not in CX3CR1 GFPIGFP mice. It is possible that abscesses
could form in these mice as studies have shown that in the absence of induction of TNF-a and
IL-6, brain abscesses induced by S. aureus can persist (Kielian and Hickey 2000). S. aureus
infection is a major cause of brain abscesses causing loss of function related to the particular
site, seizures and death (Townsend and Scheld 1998). The results are consistent also with a
study that showed that TNF-a and IL-6 nRNA were elevated in the OM and OB of mice

infected intranasally with a mycotoxin, Satratoxin G (Islam et al. 2006). The potential loss of
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OECs in CX3CR1 “™S™ mice and lack of IL-6 induction may have also affected the
regeneration of OSNs. The binding of IL-6 to its receptor in OECs has been implicated in
activation of Stat-3 anti-apoptotic pathways (Yamashita et al. 2005). The survival of OECs
would be critical in compromised olfactory tissue as these cells play a key role in the
regeneration of olfactory nerves. As well as OECs and OSNs (Ruitenberg et al. 2008),
CX3CLI1 s also expressed by macrophages (Greaves et al. 2001) and endothelial cells under
inflammatory conditions (Ludwig et al. 2002). Observations of IL-6 expression in supporting
cells in the OE, OECs, macrophages, endothelial cells under inflammatory conditions
(Herbert et al. 2012) implicates a key role for CX3CL1 and signalling to its receptor for
appropriate induction of IL-6 to ameliorate the inflammatory process. In a recent study 48h
after bulbectomy of CX3CR1 “"°** mice, expression of TNF-o was up-regulated in the OE
and after 72h both TNF-a and IL-6 were up-regulated in the OE (Blomster et al. 2011). Itis
possible that a different result may have been obtained from OE tissue in my studies if I had
assessed cytokine induction after 72 hours. The differing models used, i.e. bulbectomy versus
bacteria challenge of the compromised olfactory pathway may also have some bearing on the
cytokine response.

IL-1B is a pro-inflammatory cytokine involved in apoptosis and neurogenesis and aberrant
CX3CR1-CX3CLI signalling has been shown to result in elevated IL-1f, reduced
hippocampal neurogenesis and long-term potentiation (LTP) (Bachstetter et al. 2011). In
these studies IL-1P was not reduced in CX3CR1-deficient mice and this may have
contributed to the death of cells as high levels of IL-1f are thought to contribute to microglia
neurotoxicity (Kierdorf, K. 2013).

In summary, in CX3CR1%" " mice CX3CR1/CX3CL1 signalling, activation of
macrophages and microglia, cytokine induction, and NO production to dispose of the bacteria

were absent, resulting in marked infiltration of bacteria into the deeper layers of the OB.
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A proposed mechanism is illustrated in Figure 5.10 for the innate immune response in WT
mice and describes how CX3CR1/CX3CLI1 signalling and NO production play a role in the
immunological barrier protecting the OB and the rest of the CNS from bacterial insults. Nitric
oxide can be produced by two processes. Briefly, S. aureus is known to bind to TLR2 by
recognition of peptidoglycan, the bacterial cell wall component (Fournier and Philpott 2005;
Kielian et al. 2005a; Kielian et al. 2005b). The binding of bacteria to TLRs activates NF-kB
which induces cytokines TNF-a, IFN-y, IL-6, IL-1p and IL-10, iNOS protein and NO
production (Gonzalez-Scarano and Baltuch 1999; Lehnardt et al. 2002; Lehnardt et al. 2003;
MacMicking et al. 1997; Xie et al. 2002). Many of the cytokines induced are pro-
inflammatory, which can be regulated by the anti-inflammatory and neuroprotective cytokine,
IL-10 (Ouyang et al. 2011). Additionally, iNOS is induced by cytokines binding to cytokine
receptors on the cell surface which activates NF-kB and signalling pathways leading to iNOS
induction and NO production (Stuehr et al. 1991; Stuehr and Marletta 1987). Nitric oxide
participates in a number of reactions including killing of phagocytosed bacteria or diffuses
out of the cell into the interstitium to participate in antimicrobial killing, tissue injury
inflammation and cytokine/chemokine induction.

In unstimulated cells CX3CL1 exists in a membrane-bound form as a part of a 373-amino
acid protein that carries the chemokine domain on top of an extended mucin-like stalk
(Garton et al. 2001). Cleavage of membrane bound CX3CL1 can occur by two different
processes. In macrophages and microglia, binding of bacteria to TLRs and subsequent NF-kB
translocation also up-regulates chemokines such as MCP-1 which can release proteases
including cathepsinS (CatS) that cleave CX3CL1 (Ji and Suter 2007). Alternatively, the
induction of TNF-a and IFN-y in OECs up-regulates production of CX3CL1 which then
activates TNF- a converting enzyme (TACE), also called ADAM17, and additionally

ADAMI0, both of which are metalloproteases, and subsequently cleavage of membrane-
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tethered CX3CLI1 (Bazan et al. 1997; Garton et al. 2001; Ludwig et al. 2002). Binding of
CX3CLI1 to the CX3CRI1 receptor on macrophages or microglia modulates intracellular
calcium concentrations, synaptic transmission, CAMP extracellular receptor-stimulated kinase
(ERK1/2) (Roux and Blenis 2004) and response element-binding (CREB) (Meucci et al.
1998; Tarozzo et al. 2003). As a result, the ERK1/2, p38 MAPK and JAK-STAT pathways
are activated to promote secretion of inflammatory mediators such as IL-18, TNF-a, IL-6
(Aaronson and Horvath 2002; Zhuang et al. 2007) and IL-10 which is neuroprotective
(Ouyang et al. 2011; Saraiva and O'Garra 2010). JAK-STAT pathways are thought to be
involved in iNOS expression (Dell'Albani et al. 2001). Cytokines are then released and bind
to cell surface receptors such as TNFR (Wang et al. 2000) on OECs and microglia leading to
the activation of NF-kB, which translocates to the cell nucleus and binds to the promoters for
further release of cytokines, iNOS expression and NO production. Thus, the innate immune
response following bacterial exposure results in a positive feed-forward process involving
cytokine release and NO induction. CX3CR1/CX3CL1 signalling therefore plays a key role
in regulating innate immune responses.

In CX3CR1*"“*F mice, while endogenous cytokine and iNOS production would still occur,
cleavage of membrane-bound CX3CL1, binding of CX3CL1 to its receptor CX3CR1 and
therefore signalling pathways would not be activated to produce cytokines and iNOS. Steps
7-14 in Figure 5.10 would not operate in these mice. As a result, cytokine and iNOS
production would be impaired compared to wild type mice. Thus, the results of this study
showing a lack of cytokine and iNOS induction in CX3CR1"S* mice are consistent with
aberrant CX3CL1/CX3CR1 signalling and an impaired immune barrier in CX3CR]CFP/GFP

mice.
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Conclusions

GFP/GFP ___.
1 mice as shown by marked

The immune barrier was breached in the CX3CR
infiltration S. aureus into the granule layer of the OB, reduced numbers of, and activation of
microglia leading to a lack of both cytokine and iNOS induction and possible cell death.
Thus, CX3CR1/CX3CLI1 signalling plays a key role in the innate immune response in the

olfactory pathway.
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FIGURE 5.1

Figure 5.1. Transverse cryostat section of mouse olfactory mucosa and bulb.

Overview of a nuclear yellow stained 10um transverse cryostat section midway through a
mouse head showing the nasal septum, glomerular layer including ONL(GmL), external
plexiform layer (EPL), mitral cell layer (MCL), internal plexiform layer (IPL) and granule
layer (GL) of the olfactory bulb. Areas that were designated for counting cells positive for
iNOS, GFP or Ibalare represented by horizontal red lines in the GL, outlined in blue for the
GmL and yellow in the OM. Depletion of the OE on the left hand side of the nasal cavity due
to Triton X-100 treatment may be observed when compared to the untreated right hand side
of the nasal septum. Scale bar = 200um.
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FIGURE 5.2

Figure 5.2. Conjugation of S. aureus with FITC does not affect viability.

(A) shows S. aureus conjugated with FITC prior to inoculation in the nasal cavity. (B) shows
S. aureus conjugated with FITC and cultured on nutrient agar plates overnight, confirming
viability and continued fluorescence. Scale bar = 10 um.
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FIGURE 5.3
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Figure 5.3. Bacterial challenge in rat olfactory mucosa.

IonEtranasal irrigation with zinc sulphate, Triton X-100, or control saline was performed 4 days
prior to bacterial challenge. In saline treated rats, S. aureus was absent from olfactory tissue
(A), and remained in the lumen (inset in A). Auto fluorescence was observed in Bowman’s
glands (arrows in A).Unstained sections revealed infiltration of FITC-conjugated S. aureus in
the compromised olfactory epithelium (OE) and underlying lamina propria (arrows in B).
Subsets of OECs expressed iNOS in the compromised olfactory tissue (arrow in C) and were
confirmed by staining for S100 (arrow in D). Some OECs did not express iNOS (small
arrowheads in C, D), while subsets of cells expressed iNOS (large arrowhead in C), but not
S100 (D). iNOS was undetected within saline treated olfactory mucosa (E, F), including the
S100-positive nerve bundles (asterisks in F). Scale bar = 200um (A, B), 400um (inset in A),
(B, C, E, F) 50pm.
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FIGURE 5.4
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Figure 5.4 Location of FITC-conjugated S. aureus in the olfactory nerve layer (ONL)
and glomerular layer (GmL) of the olfactory bulb.

In WT mice 24h post-inoculation FITC-conjugated S. aureus are present in the ONL and
GmL on the treated side with the corresponding layers of the untreated side (ONL/NT,
GmL/NT) showing the presence of a small number of bacteria (A). At 5 days post-
inoculation, FITC-conjugated S. aureus are restricted largely to the ONL (B). In
CX3CR1°"PS*F mice 24h post-inoculation FITC-conjugated S. aureus are present throughout
the granule layer (C). EPL = external plexiform layer, NT = no treatment. Scale Bar =
200pum.
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Figure 5.5 "
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Figure 5.5. Location of bacteria following instillation of S. aureus into the compromised
olfactory pathway of wild type and CX3CR1 **¢** mice,

Graph showing the density of FITC-conjugated S. aureus cells in the septum and olfactory
bulb (OB) following instillation into the nasal cavity of wild type (WT) (white bars) and
CX3CR1 “*PS*F mice (black bars). Error bars are SEM. *denotes p < 0.05 and ** denotes p
<0.01.
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FIGURE 5.6
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Untreated = Day 0, prior to Triton X-100 treatment (n = 14)
TX + Day 1 = Day 1 post Triton X-100 treatment (n = 14)
TX + Day 4 = Day 4 post Triton X-100 treatment (n = 14)

TX + Day 5, 24h S.aur = Day 5 post Triton X-100 treatment, 24h post S. aureus treatment (n

TX + Day 6, 48h S.aur = Day 6 post Triton X-100 treatment, 48h post S. aureus treatment (n
=6)
Figure 5.6. Activity of wild type and CX3CR1°*"“** mice exposed to Triton X-100 and

S. aureus.

Graph showing activity in wild type (WT) (white bars) and CX3CR1 “"°*" mice (TG)
(black bars) prior and post treatments. Error bars are SEM.
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FIGURE 5.7
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Figure 5.7 Ibal, GFP and iNOS expression in the olfactory mucosa, glomerular and
granule layers of the olfactory bulb.

Ibal expression in WT mice is shown in A-C, GFP expression in CX3CR1 S mice is
shown in D-F and the corresponding micrograph showing iNOS expression in CX3CR1
GFPIGEY mice is shown in G-I in the olfactory mucosa (OM), glomerular layer (GmL) and
granule layer (GL) of the olfactory bulb. Scale bar = 200um.
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FIGURE 5.8
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Figure 5.8. iNOS, Ibal and GFP expressing cells in the compromised olfactory pathway
following exposure to S. aureus.

Graphs showing numbers of iNOS (A, C, E) and Ibal or GFP (B, D, F) expressing cells pre
(white bars) and post (black bars) incubation with S. aureus in the olfactory mucosa (OM)
(A, B), glomerular layer (GmL) (C, D) and granule layer (GL) (E, F) in wild type (WT) and
CX3CR1"SFP (TG) mice. Error bars are SEM. * denotes p < 0.05, ** denotes p < 0.01.
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Figure 5.9. Cytokine expression by wild type and CX3CR
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<0.01.
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Figure 5.10
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Figure 5.10. Proposed pathway of CX3CR1/CX3CL1 signalling in the primary olfactory
pathway.

The recognition of S. aureus by TLR2 (1), activates NF-xB (2), cytokine and iNOS
expression (3), cytokine release (4) and NO production (5) by OECs, microglia and
macrophages. Cytokine release (6) initiates cleavage of the membrane-bound form of
CX3CL1 by metalloproteases TACE/Adam 17 and ADAM 10 (7). Binding of bacteria to
TLRs and subsequent NF-«B translocation up-regulates chemokines such as MCP-1 which
can release proteases including cathepsinS (CatS) that can traffic to and cleave CX3CLI1 (8).
Soluble CX3CLI1 is released (9) and binds to its sole receptor CX3CR1 (10) expressed on the
cell surface of macrophages in the olfactory epithelium and microglia in the olfactory bulb.
Signal transduction pathways p38 MAPK, JAK-STAT and ERK1/2 (11) are activated to
promote secretion of neuroprotective cytokines such as IL-10 (12) and inflammatory
mediators such as IL-1B, TNF-a, IL-6 (13) that can bind to cell surface receptors, including
TNEFR (14).
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Chapter 6

Conclusions, limitations and future directions

Conclusions

For this thesis, I hypothesised that OECs form an integral part of the innate immune system
and that they work in concert with macrophages and microglia in the olfactory pathway to
maintain an effective immune barrier to the brain. I asked whether OECs contribute to the
innate immune defence barrier by production of the antimicrobial agent NO? Additionally, I
asked whether OECs constitute part of the additional defence barrier which exists to protect a
compromised olfactory pathway. The final question was what is the overall immune response

to bacterial challenge in the compromised olfactory pathway?

Thus, the questions proposed for this thesis were answered in the affirmative. OECs
constitute part of the additional defence barrier which exists to protect a compromised
olfactory pathway by production of NO. The interaction of OECs with other immune cells
such as macrophages and microglia assists with the immune response. This highlights yet
another role for OECs and further extends our understanding of their plasticity which may
lead to multiple functions extending beyond their roles in the olfactory pathway. Their future
developments clinically can only be helped by a better understanding of their cell biology.
Increased understanding of the immune response of the olfactory pathway overall, as
indicated by these studies showing that CX3CR1/CX3CL1 signalling plays a key role in the
immune response to bacterial challenge will be beneficial, considering that the olfactory

pathway is being investigated as a potential route for drug delivery to the brain.
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Limitations and future directions

In chapter 3, skin fibroblast cultures were used to assess the contribution to NO production by
fibroblasts as they are possible contaminants of OEC cultures. In retrospect, olfactory
fibroblast cultures could have been utilised as their properties may be different to skin
fibroblasts and this could be addressed in future studies. The contribution of fibroblasts
would however be minimal as procedures were undertaken to ensure that the OEC cultures
were at least 95% pure. If indeed skin fibroblast properties were similar to olfactory
fibroblasts it would be expected that there would be no contribution to NO production.

In chapter 5, while quantification of macrophages and microglia as indicted by Ibal and GFP
labelling and iNOS expressing cells provided total numbers of iNOS expressing cells, iINOS-
expressing OECs in CX3CR1 “*"“FF mice were not able to be identified due to the
unavailability of appropriate antibodies and microscope filters to accommodate the green
GFP labelling and this could be in investigated in future studies. Triple-labelling may be
accommodated with additional fluorescent filters.

In the in vivo studies of chapter 5, in the OM and in the OB of CX3R1%""“*F mice, the
marked decrease of iNOS expression following S. aureus exposure of cells that were not
macrophages or microglia and could be OECs was markedly depleted suggesting cell death.
Additionally in the granule layer of CX3R1°""9*F mice a significant reduction of iNOS
expressing cells corresponded with a similar depletion in microglia numbers suggesting either
cell death or lack of recruitment. Apoptosis studies could be conducted in future studies to
investigate cell death. The most commonly used method utilises the apoptosis assay, terminal
deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling (Tunel) assay that
detects DNA fragmentation (Cardona et al. 2006; Kohl et al. 2010). In another study Hoechst
33342/PI stain was used determine apoptosis of PC12 cell cultures exposed to conditioned

medium from rat OECs with a view to determining whether OECs might be candidates for
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Parkinson’s Disease therapies (Feng et al. 2008). Others have investigated indicators of
programmed cell death such as Bcl-2, Bax or caspase-3 (Ge et al. 2002; Yagi et al. 2007).

1 SFPGFP nice could be stained with

Sections from S. aureus-treated wild type and CX3CR
antibodies to Bcl-2, Bax or caspase-3 and co-localised to specific cells. Migration assays to

assess migration of OECs and migroglia towards bacteria could also be compared in WT and

CX3CR1 “P9*P mice as described by others in WT mice (Leung et al. 2008).
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APPENDIX 3.1

"'Name : ' Ct
1| B |oEc'siNOS |sample 31.02
2 Brain iNOS Sample 25.01
3| I [MuscleiNOS |Sample 24.83
4| B |NTC NTC 29.99
5| [l |oEc'snNOS |Sample 32.89
6 . Brain nNOS Sample 19.11
7| BB [Muscle nNOS |Sample 23.53
8 NTC NTC 27.39
9| I |oEC'seNOS |Sample 31.01
10| B8 |[BraineNOs |Sample > 26.48
11| B [Muscle eNOS |Sample 25.74
12 NTC NTC 303
13 e Sample 14,54
14 Brain GAPDH |Sample 14,66
15 'é'g;%‘f_i Sample 13.88
16 NTC NTC 26.24

Appendix 3.1. Ct values from Real-Time RT-PCR experiments investigating iNOS,
eNOS and nNOS mRNA expression in rat OECs, brain and soleus muscle.

Real-Time RT-PCR Ct values from experiments where RNA was isolated from cultured rat
OEC:s, rat brain and soleus muscle and Real-Time RT-PCR using primers designed to iNOS,
nNOS, eNOS and GAPDH was performed.

In this preliminary experiment the Ct value for iNOS in OECs was high (31.02) although
when the PCR products were run out on an agarose gel a distinct band was observed at 336bp
consistent with iNOS mRNA expression (Figure 3.1) indicting that for this sample there was
a problem with the Real-Time RT-PCR experiment.
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APPENDIX 3.2

" Name Ct
1| B |NotreatiNOS |Sample 34.02
2| B LPS iINOS Sample 23.62
3| I |E coliiNnOS Sample 22.88
4 - S aureus INOS |Sample 228
5| Il |NTCinOS NTC 31.38
6| MM |Notreat nNOS |Sample 31.28
7| H@ [LrsnNOS Sample 31.04
8| I |E colinNOS Sample 31.85
9| IM |saureus nNOS |sample 30.56
10| @ |NTCnNnOS NTC 2852
11 | B |No treat eNOS |Sample 30.61
12 LPS eNOS Sample 33.51
13 - E coli eNOS Sample 31.41
14 | B |s aureus eNOS Sample 30.02
15 | B |NTC eNOS NTC | 33.04
17| M@ |LPs GAPDH Sample 14.04
18 } E coli GAPDH Sample 14.03
10| 333’5&5 Sample 15.39
20| I |NTCGAPDH |NTC 32.07

Appendix 3.2. iNOS, eNOS and nNOS mRNA expression in untreated and E. coli, S.
aureus or LPS-treated rat OECs.

Real-Time RT-PCR Ct values from further experiments where cultured rat OECs were

treated with LPS, heat killed E. coli or S. aureus for 24 hours, RNA was isolated and Real-
Time RT-PCR using primers designed to iNOS, nNOS, eNOS and GAPDH was performed.
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APPENDIX 3.3

Name | : e Ct
1| B |cECLPS#3iNOS |Sample 25.29
2 OECE. coli #3 iNOS |Sample 2338
OEC §. aureus #3
al M | Sample 33.01
4| M [oEcNT#3iNOS  |sample 28.26
5 Fib LPS #2 iNOS Sample 26.48
Fib 5. aureus #3
[ iNOS Sample 3N.T75
7 Fib E. coll #3 iINOS | Sample 2461
8| M |FibNT#3iNOS Sample 2673
9 NTC iNOS NTC 3195
10| @ |oECcLPsS#3nNOS |Sample 30.43
QECE. coli #3
1| oe Ly sample 2984
QEC 5. aureus #3
12| W TNOS sample 2879
13| [ |ocECNT#3nNOS  |sample 2972
14| [ |FibLPS#3anNOS  |Sample 3064
Fib 5. #3
15| nll\los LI Sample 3
16| M |FibE. coli #3 nNOS Sample 30.54
17 Fib NT #3 nNOS Sample 3034
16| @ |nTCnnos NTC 2050
19| [l |oEcLPs#3enos |sample 31.18
OECE. coli #3
2| W Nos Sample 3303
21| B fggss' aureus #3 - sample 3214
22| I |ocECNT#3eNOS  |sample 30.75
23| M |FibLPs#3eNOS  [Sample a1 g
Fib S. #
24| B [0 Sample 3217
25| M |FibE.coi#aeNOS [sample 3165
26 | M |Fib NT #3 eNOS sample 31.46
27 NTC eNOS NTC 32.83
m |cECLPS#3
28| B |Giron Sample 16.3
OEC E. coli #3
2| B SRPE Sample 16.87
OEC S #3
30 . GAPDH atxaus Sample 15.03
k1 OEC NT #3 GAPDH |Sample 15.03
32| I |FibLPS#3GAPDH |Sample 14.66
Fib S. #
a3 . G:APD:'ufeus Sample 15.9
Fib E. coli # .
4| b 2 Sample 14,25
35 Fib NT#3 GAPDH  |Sample 1463
36| I [nTc caPoH NTC 2833

Appendix 3.3. iINOS, eNOS and nNOS mRNA expression in untreated and E. coli, S.
aureus or LPS-treated rat OECs and fibroblasts.

Real-Time RT-PCR showing Ct values from experiments where cultured rat OECs and
fibroblasts were treated with heat killed E. coli, S. aureus or LPS for 24 hours, RNA was
isolated and Real-Time RT-PCR using primers designed to iNOS, nNOS, eNOS and GAPDH
was performed. In this preliminary experiment the Ct value for iNOS in S. aureus treated
OECs was higher (33.01) than expected, therefore in this particular experiment there may
have been a problem with the Real-Time RT-PCR treatment of the sample.

191



