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Scientific Abstract

The fractalkine ligand (CX3CL1) is a unique chemokine that is synthesised as a transmembrane
protein. One of the unique features of fractalkine is its ability to exist as both a membrane tethered
adhesion molecule and as a soluble chemotactic ligand via activation of its G protein-coupled
receptor CX3CR1. Importantly, the fractalkine ligand is expressed in astrocytes and reported to be
involved in regulating the inflammatory process. Here, we examined how fractalkine is regulated
and cleaved from human astrocytes. Our studies show, for the first time, that ADAM10 is the main
protease responsible for the cleavage of fractalkine from the surface of astrocytes under pro-
inflammatory conditions. We also demonstrate the involvement of p38 MAPK and NF-kB in this
regulation of sCX3CL1 (Results, Chapter 3). Using the S1PR agonist, pFTY720 and recombinant
fractalkine (rCX3CL1), we investigated the effects of SIPR and CX3CR1 activation on oxidative
stress induced demyelination in organotypic cerebellar slice cultures treated with bolus
concentrations of H202 (0.1-1mM) and low-continuous H202 (~20uM) generated from glucose
oxidase and catalase (GOX-CAT). We report that pFTY720 and fractalkine attenuated both bolus
and continuous H202-induced demyelination (Results, chapter 4 and 5). In addition, both bolus
H202 and GOX-CAT treatments caused a significant decrease in vimentin fluorescence in these slice
culture models with no change observed in microglial Ibal fluorescence. Importantly, pre-
treatment with pFTY720 partially attenuated bolus H202-induced decrease in vimentin
fluorescence, while significantly attenuating GOX-CAT induced decrease in vimentin fluorescence.
Of note, pFTY720 did not reduce GOX-CAT induced levels of the inflammatory cytokines, IL-6 and
fractalkine (Results, chapter 4). In contrast, we observed that rCX3CL1 attenuated bolus H20:-
induced decrease in vimentin fluorescence but had no effect on GOX-CAT induced decrease in
vimentin fluorescence. Again we observed that rCX3CL1 did not reduce GOX-CAT induced levels of
IL-6 nor did it alter Ibal fluorescence (Results, chapter 5). Overall, this study establishes a new
model of oxidative stress induced demyelination through the use of GOX-CAT enzymes and suggests
that pFTY720 can attenuate oxidative stress induced demyelination. We also highlight the potential

for fractalkine receptor modulation as a new therapeutic avenue for demyelinating diseases.



Lay Abstract

The brain is made up of four major types of brain cells. Nerve cells (neurons) are specialised cells
that process and carry ‘messages’ through electrical signals. Oligodendrocytes are cells which are
wrapped around neurons and form a layer of insulation (myelin), which help carry the neuron
‘message’. Microglia, are cells which form the brains immune system. Astrocytes help to form and
maintain the network on which neurons grow. All brain cells use oxygen to make energy
(metabolism) and bi-products of this reaction, such as hydrogen peroxide (H202), are created for a
short period of time. The brain normally clears and detoxifies these bi-products, before they
become harmful as they can cause oxidative damage and inflammation. All brain cells have a large
number of proteins on their surface called receptors, which are used to communicate with other
cells. These receptors are activated by molecules released by other cells and can also be activated
by drugs. In this thesis we looked at the drug that is used to treat multiple sclerosis (MS) called
Gilenya (pFTY720). This drug can bind specific receptors, which are called sphingosine 1-
phosphate receptors (S1PRs) on brain cells and immune cells. T cells are one type of immune cell
that are thought to cause damage in the brain during MS. FTY720 is thought to prevent these T cells
from entering the brain and causing damage to nerve cells, which can lead to the symptoms of MS.
We also looked at a molecule called fractalkine, which is naturally released from neurons and
astrocytes. Fractalkine can activate its own receptor called CX3CR1. In many brain diseases such as
MS and Alzheimer’s disease cells start to die from the build up of toxic products such as H202. In
this thesis we used cultures of astrocytes and brain slices from mice to investigate the drug Gilenya
and the natural molecule fractalkine. We showed that they were protective of cells from toxic levels
of H202. This research may provide a better understanding of how we can modulate different brain

cell functions to develop new drugs for brain-related illnesses.
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Aims

The specific aims of this thesis were to:

o Investigate the expression and release of the chemokine fractalkine from human astrocytes
(Results chapter 3)

o Explore the intracellular mechanism of fractalkine synthesis (Results chapter 3)

o Determine the proteases involved in the cleavage of fractalkine from the surface of
stimulated human astrocytes (Results chapter 3)

o Study the effects of H202-induced oxidative stress on myelination in cerebellar slices and
establish a new model of oxidative stress induced demyelination through use of the
enzymes glucose oxidase (GOX) and catalase (CAT) (Results chapter 4)

o Determine if pFTY720 protects against H202-induced demyelination in cerebellar slice
cultures (Results chapter 4)

o Investigate the potential protective effects of pFTY720 on oxidative stress induced cell
death in dissociated astrocyte cultures and astrocytes within organotypic cerebellar slices
(Results chapter 4)

o Examine if pFTY720 modulates GOX-CAT induced levels of IL-6 and fractalkine (CX3CL1)
(Results chapter 4)

o Explore the potential therapeutic effects of recombinant fractalkine on bolus H202 and
GOX-CAT induced demyelination in cerebellar slice cultures (Results chapter 5)

o Determine if recombinant fractalkine has protective effects on vimentin expression in
cerebellar slice cultures (Results chapter 5)

o Investigate if recombinant fractalkine modulates GOX-CAT induced levels of IL-6

Hypothesis

We hypothesise that the chemokine fractalkine can be cleaved from the astrocytic membrane by a

member of the ADAMs family of proteases. We propose that bolus H202 and GOX-CAT induced

levels of H202 will have a deleterious effect on myelination and vimentin in cerebellar slices. We

also hypothesise that pFTY720 and fractalkine will have similar protective effects on bolus as well

as GOX-CAT induced demyelination.
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Value of Research

Fractalkine/CX3CR1 signalling is recognised as a major contributor and regulator of the
inflammatory process. By making use of selective compound and pathway inhibitors we show for
the first time that ADAM10 proteases combined with P38 MAPK and NF-«B, are important for
regulating fractalkine cleavage in astrocytes. These results suggest that ADAM10 is an important
regulator of the astrocyte inflammatory response and shows that fractalkine is differentially
cleaved in astrocytes and neurons. We also describe for the first time, the use of glucose oxidase
and catalase to generate low levels of H:02 continuously, which induces demyelination in
organotypic slice cultures, similar to bolus H202. Importantly, we demonstrate that a drug used in
multiple sclerosis pFTY720, which is an S1PR1, 3, 4 and 5 agonist, attenuates demyelination
induced by both bolus and continuous H202. Moreover, we show that the protective effects of
pFTY720 are independent of changes in the levels of IL-6. Overall this work suggests that
sphingosine 1-phosphate receptors might have utility as drug targets in neurodegenerative
illnesses in which oxidative stress and demyelination are implicated. In addition, we suggest
fractalkine receptor (CX3CR1) modulation may be a potential new target for protecting against

oxidative stress induced demyelination in both inflammatory and non-inflammatory conditions.
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1. Introduction to fractalkine /CX3CR1 signalling

Fractalkine is a unique chemokine because of its structural and functional properties. Fractalkine
signals through CX3CR1, which is a G protein-coupled receptor, permitting chemotactic as well as
cell adhesive properties (D'Haese et al., 2010). The constitutive expression of both fractalkine and
CX3CR1 in the brain sets it apart from most other chemokine/receptor pairs and gives us a new
ligand-receptor duo to consider for discovering the complexities of cell-cell communication in the
CNS (Harrison et al., 1998). Although the expression pattern of fractalkine and its receptor between
rodent and mammalian cells remains controversial, it is thought the fractalkine ligand is primarily
expressed in neurons and to a lesser extent in astrocytes. The fractalkine receptor, CX3CR1 is

expressed primarily by microglia (Hatori et al,, 2002).

1.1 Fractalkine structure and distribution

Chemokines are classified into four subfamilies, which are organised based on their amino acid
sequence. Fractalkine is categorised in the CX3C subfamily (Rostene et al., 2007) and to date it
appears that fractalkine only binds one receptor - CX3CR1, which is unusual for chemokines (Table
1.1). Murine fractalkine shares 85% and 78% sequence homology with rat and human fractalkine
respectively (Harrison et al.,, 2001) (Figure 1.1). The full length fractalkine is larger than most
other chemokines at a size of approximately 373 amino acids, compared to the more common size
of 70 amino acids (Harrison et al., 2001). Fractalkine can also exist in different forms. Firstly, at
approximately 95 kDa, the full length membrane bound molecule contains an N-terminal
chemokine domain, a mucin-like stalk region, a single transmembrane hydrophobic region and a
short intracellular C-terminal domain (Harrison et al, 2001). This membrane bound form of
fractalkine serves as an important adhesion molecule for interactions with CX3CR1 signalling and
for firm adhesion of CX3CR1 expressing immune cells (Harrison et al, 2001). The extracellular
chemokine domain of the fractalkine ligand can be cleaved by different proteases such as ADAM (a
disintigrin and metalloproteinase) 10 and 17 (also known as TNFa converting enzyme or TACE) or
cathepsin-S, which is a lysosomal cysteine protease, in a process known as ectodomain shedding
(Hundhausen et al., 2003, Garton et al, 2001) which is important for chemotaxis of CX3CR1

expressing cells (Figure 1.2).

1.2 Fractalkine and CX3CR1-mediated signalling

Communication between neuronal and glial cells from early development to late adulthood may be
an important factor in many CNS pathologies. In the developing brain fractalkine/CX3CR1
signalling has been shown to play an important role in brain modelling (Paolicelli et al., 2011).
Studies in CX3CR1~/- mice have shown that these mice have more synapses, a reduced number of
circulating microglia in the hippocampus compared to wild type and have delayed maturation of
functional glutamate receptors (Hoshiko et al., 2012, Paolicelli et al, 2011). Disruption to
CX3CL1/CX3CR1 from conception also causes a differential response to fractalkine treatment in

comparison to wild-type animals following inflammatory and neurodegenerative insults (Cardona
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et al,, 2006, Pabon et al,, 2011, Paolicelli et al., 2011). Fractalkine has also been shown to reduce
microglial adhesion to poly-L-lysine coated surfaces in in-vitro assays (Maciejewski-Lenoir et al,,
1999). Fractalkine signalling in developmental stages may act as a chemoattractant for microglia to
enter the brain and perform synaptic pruning, especially in areas of the hippocampus (Paolicelli et
al,, 2011). Interestingly, fractalkine has an inhibitory effect on neuronal migration possibly through
increasing binding and adhesion to the extracellular matrix (Lauro et al, 2006). As well as
maintaining homeostasis in the brain, it has also been suggested that fractalkine is one of the first
responders to neuronal injury (Tsou et al., 2001). High levels of glutamate have been shown to lead
to ADAM17 activation resulting in the cleavage of fractalkine in order to contain the neuronal
damage (Tsou et al,, 2001). In the adult brain, it is thought that tonic fractalkine signalling keeps
microglia in a quiescent state. In vivo studies in aged mice demonstrated decreased levels of
fractalkine, which correlated with an increase in CX3CR1 and microglial activation (Lyons et al,,
2009). If this decrease in fractalkine in aged mice is comparable to human brains, then a decrease in
fractalkine, followed by an increase in microglial activation could play a major role in many
neurodegenerative disorders. Studies have also shown that TNFa secreted from LPS activated
microglia can be attenuated with the addition of exogenous fractalkine (Mizuno et al, 2003).
Additionally, a fractalkine neutralising antibody enhanced LPS induced microglial neurotoxicity,
further suggesting that tonic activation of CX3CR1 by fractalkine may serve as an anti-inflammatory
signal which helps to maintain CX3CR1 expressing microglia in a quiescent state (Mizuno et al,,

2003).
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Sub-family Sub-group Nomenclature Common name
CCL1 1-309
CCL2 MCP-1
CCL7 MCP-3
CCL8 MCP-2
Allergenic CCL11 Eotaxin
CCL12 **MCP-5
CCL13 *MCP-4
CCL24 Eotaxin-2
CCL26 *Eotaxin-3
CCL3 MIP-1a
CCL4 MIP-1B
CC Chemokines CCL5 RANTES
Inflammatory CCL6 **C10
CCL9 **MIP-1y
CCL10 **CCL10
CCL18 *MIP-4
CCL14 *CC-1
. CCL15 *Leukotactin-1
Hemofiltrate CCL16 LEC
CCL23 *MPIF-1
CCL17 TARC
Developmental CCL22 MDC
CCL25 TECK
CCL19 ELC
Homeostatic CCL20 LARC
CCL21 SLC
CCL27 ESkine
Other ccL28 MEC
CXCL1 GROa
CXCL2 GROB
CXCL3 GROY
CXCL5 ENA-78
ELR+ CXCL6 GCP-2
CXC Chemokines CXCL7 NAP-2
o CXCL8 IL-8
| CXCL15 Lungkine
—C CXCL4 PF-4
‘ ) CXCL9 MIG
CXCL10 [P-10
c CXCL11 I-TAC
ELR- CXCL12 SDF-1
CXCL13 BCA-1
CXCL14 BRAK
CXCL16 CXCL16
C Chemokines
Cl —
— XCL1 Lymphotactin a
C|XC ) N/A XCL2 *Lymphotactin 8
C
CX3C Chemokines
c NNNNY, eropnone
(- | ’mfﬂfﬂ N/A CX3CL1 Fractalkine
m—CXXXC dormain
o
CX,C chemokines

Table 1.1 Chemokine classifications

Adapted from Savarin-Vuaillat and Ransohoff (2007). *Human only; **mouse only; ELR+/-,

glutamic acid-leucine-arginine sequence motif present/absent; N/A, non-applicable.
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Hu
Mur
Rat

Hu
Mur
Rat

Hu
Mur
Rat

CX3CL1
CX3CL1
CX3CL1

CX3CL1
CX3CL1
CX3CL1

CX3CL1
CX3CL1
CX3CL1

CX3CL1
CX3CL1
CX3CL1

CX3CL1
CX3CL1
CX3CL1

91

ROAAALTRNG
HQAAALTKNG
HOTAALTRNG

181

PVGTELFRVP
PQSIGSFEAA
PQSTGISEVA

271

AHTDAFQDWG
.HTDNFQERG
.HTDIFQDRG

361
F
F
F

GTFEKQIGEV
GKFEKRVDNV
GKFEKRVDNV

PVSTAATWQS
DIST.TVWPS
AVST.TIWPS

PGSMAHVSVV
PGNTVHPSVA
PGSTVHPSVA

LLAGQHHGVT
LLPGQHLGMT
LLAGQHLGMT

KPRTTPAAGG
TPGITLATRG
TPRITSATRG

SAPHQPGPSL
PAVYQSGSSS
SAVYQSGSSL

PVSSEGTPSR
PISSEETPSP
PTSSEKTPSP

KCNITCSKMT
KCEIMCDKMT
KCNITCHKMT

MDESVVLEPE
LSPSALTKPE
LSPTALAKPE

WAEAKTSEAP
WAEEKATESP
WAEEKATESP

EPVASGSWTP
ELVASGSQAP
ELVASGSQAP

398

SKIPVALLIH
SRIPVALLIR
SPIPVTLLIH

.ATGESSSLE
SATLEDLALE
SATVEDLTLE

STQDPSTQAS
STTAPSPQVS
PTIALSTQAS

KAEEPIHATM
KIEEPIHATA
KVEEPIHATA

YQONOASCGK
YOLNQESCGK
YQLNOESCGK

PTPSSQEAQR
LTTISQEARQ
PTAISQEARR

TASSPAPEEN
TTSPSTPEEN
TTSS..PKQN

DPQRLGVLIT
DPQKLSVLIT
DPQKLSVFIT

RAIILETRQH
RAIVLETTQH
RAIILETROH

ALGTSPELPT
TMGTSQEPPA
PMGTSQEPPA

APSEGQRVWG
VGSEGQPPWV
VGSEGQPPWV

PVPDAQAATR
PVPDTQAATR
PVPDSQAATR

RLFCADPKEQ
RRFCADPKEK
RHFCADPKEK

GVTGSSGTRL
AVTGSSLSTS
AVTGSSPSTS

QGQSPRPENS
QGQODLSPEKS
QEQDSTPEKS

RQAVGLLAFL
RQAVGLLAFL
RQAVGLLAFL

WVKDAMQHLD
WVQDAMKHLD
WVQDAMKHLD

180
PPTPKAQDGG
EAQDAGLTAK
KAQDAGLAAK

270
LEREEMGPVP
LGSEEINPV.
PGPEETNPV.

360
GLLFCLGVAM
GLLFCLGVAM
GLLFCLGVAM

Fractalkine chemokine domain - ribbon diagram

Figure 1.1: Protein sequences of human, rat and mouse fractalkine

The green coloured sequences designate the signal peptide; red sequences are the chemokine

domains; blue sequences are the membrane spanning domains; yellow sequences are the C-termini.

Any difference in sequences in the coloured domains, between human and mouse or rat, are

underlined. Ribbon structure source (Hoover DM, et al., 2000)
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ADAM10

ADAM17
MMP2 Proteases

Cathepsin-S

X

\ , J \ Y l\_'_H J

Chemokine Mucin-like stalk ™ Cytoplasmic
Domain (241aa) Domain tail
(76aa) (21aa) (37aa)

Figure 1.2: Illustration of membrane bound fractalkine

Fractalkine is synthesised as a membrane protein containing a chemokine domain projected out
from the cell by a highly glycosylated mucin stalk, a transmembrane domain and an intracellular
cytoplasmic tail. Cleavage by metalloproteases occurs at an unknown juxtamembrane site that gives

rise to the soluble form of fractalkine.
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2. Role of fractalkine signalling in the CNS

2.1. Neurons

CX3CR1 expression on neurons is controversial as many studies have shown the presence or
absence of CX3CR1. In support of neuronal CX3CR1 expression, investigations into the direct effects
of fractalkine on neurons have shown that signalling through CX3CR1 on neurons activates the
ERK1/2 and AKT pathways and inhibit NMDA induced calcium influx (Deiva et al., 2004, Meucci et
al,, 1998, Meucci et al,, 2000). Fractalkine has also been shown to inhibit neuronal cell death (Tong
et al.,, 2000). Neuronal expression of CX3CR1 may also allow fractalkine to signal in an autocrine
and paracrine fashion (Hatori et al., 2002). Hippocampal neurons have been shown to express
higher levels of fractalkine than neurons in other parts of the brain (Harrison et al., 1998). Although
fractalkine is constitutively expressed in neurons in the CNS, its expression can also be upregulated
by several stimulators such as IL-13 and TNFa (Maciejewski-Lenoir et al., 1999, Chandrasekar et al.,
2003). In general, it is thought that an increase in fractalkine on neurons has an overall protective

effect on neurons (Sheridan and Murphy, 2013).

2.2. Glial Cells

To date, there are no studies suggesting the presence of fractalkine or its receptor on
oligodendrocytes. In contrast, astrocytes have been shown to express the fractalkine ligand (Hatori
et al, 2002). Basal levels of fractalkine expression have been shown to be much lower in
comparison to neurons. Many studies agree that microglia express the fractalkine receptor CX3CR1
(Maciejewski-Lenoir et al., 1999). Astrocytes however, do not appear to express the receptor, which
is in line with studies demonstrating astrocytes do no not migrate towards fractalkine (Lauro et al,,
2006). Astrocytes have been shown to respond to pro-inflammatory cytokines by up-regulating and
shedding the fractalkine ligand (Maciejewski-Lenoir et al., 1999). This up-regulation and shedding
of fractalkine on astrocytes has been suggested to serve as a microglial attractant to sites of
inflammation (Sunnemark et al., 2005). In normal conditions, low levels of soluble fractalkine may
therefore be modulating the release of further pro-inflammatory cytokines suggesting an overall
anti-inflammatory and neuro-protective effect on the CNS. Chemokines have long been thought of
as traffickers of immune cells towards inflammation, however studies show their roles extend into

most physiological as well as pathological states (Rollins, 1997).

Fractalkine is not thought to be expressed by microglia, however its unique receptor, CX3CR1, is
primarily expressed by microglia in the CNS (Hatori et al.,, 2002). Studies have shown that this
allows neurons to regulate microglial activation and proliferation (Hatori et al,, 2002, Limatola and
Ransohoff, 2014). Therefore communication between neurons and astrocytes expressing
fractalkine and CX3CR1 containing microglia may be an important factor in many CNS diseases
(Figure 1.3). In vitro studies show that fractalkine decreases LPS-induced MHC class Il and CD40
levels as well as IL-1f protein expression in microglia, via Akt and PI3Kinase signalling (Lyons et

al,, 2009). Microglia also have an important role to play in CNS development as evidence shows that
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fractalkine can acts as a chemotropic agent for CX3CR1 expressing microglial cells where they
undergo synaptic pruning (Paolicelli et al., 2011). In conjunction, fractalkine has also been shown to
reduce microglial adhesion to the extracellular matrix, making it easier for microglial cells to

migrate throughout the brain (Maciejewski-Lenoir et al., 1999) (Figure 1.4).

3. Fractalkine expression and regulation in the periphery

Fractalkine is also expressed in the periphery and has been detected in heart, kidney, lung and
testis tissue (Bazan et al, 1997, D'Haese et al, 2010). Fractalkine is primarily localised to
endothelial, epithelial and dendritic cells, in contrast to other chemokines, which are
predominantly expressed by immune cells. CX3CR1 expression in the periphery is found to be
expressed on immune cells including lymphocytes, monocytes, natural killer (NK) cells, T cells and
mastocytes (D'Haese et al,, 2010, Imai et al,, 1997, Jung et al,, 2000, Al-Aoukaty et al., 1998, Cambien
etal, 2001, Chapman et al.,, 2000b, Foussat et al., 2000, Inngjerdingen et al., 2001, Kanazawa et al,,
1999, Papadopoulos et al.,, 2000). Fractalkine expression is normally up-regulated in peripheral
tissues during inflammatory conditions. In both in vitro and in vivo studies, fractalkine expression
is shown to be increased following stimulation of endothelial cells with pro-inflammatory cytokines
such as IL-1, TNFq, IFNy and LPS (Bazan et al., 1997, Imaizumi et al.,, 2000). As fractalkine is also a
membrane bound chemokine it directly mediates the firm adhesion of leukocytes under
physiological flow conditions in a selectin- and integrin-independent manner (Fong et al,, 1998,
Goda et al,, 2000, Haskell et al., 1999). Therefore, fractalkine expression on endothelial cells plays a
vital role in leukocyte recruitment from the blood into the tissue interstitium under pro-
inflammatory conditions. Consistent with this finding, increased expression of fractalkine on
endothelial cells has been found in numerous inflammatory diseases such as glomerulonephritis
(Feng et al, 1999, Furuichi et al, 2001), atheroscelerosis (Greaves et al, 2001), cutaneous
inflammatory disease (Raychaudhuri et al,, 2001) and Crohn’s disease (Muehlhoefer et al., 2000). In
parallel, enhanced expression of CX3CR1 in leukocytes has also been found in these peripheral

diseases.

Polarized T-cells can also differentially regulate endothelial fractalkine. The Th1 cytokine, IFNy, has
been shown to stimulate fractalkine expression, while IL-4 and IL-13, which are T2 cytokines, have
no effect (Fraticelli et al., 2001). Indeed, Tnz cytokines can inhibit the increase in fractalkine under
pro-inflammatory conditions. In agreement, Tu1 polarised cells preferentially express CX3CR1
compared to Tuz phenotypic cells (Fraticelli et al.,, 2001). Smooth muscle cells cultured in vitro also
express fractalkine in a pro-inflammatory dependent manner, however, unlike endothelial cells,
smooth muscle cells appear to require co-application of TNFa and IFNy (Ludwig et al., 2002). The
regulation of fractalkine in this Tu1 dependent manner is further supported by the increased
expression of fractalkine on endothelial cells in TH1 dependent pathologies such as psoriasis,
mycobacterium tuberculosis (Fraticelli et al., 2001) and cardiac allograft rejection (Robinson et al.,

2000). Alternatively diseases that are thought to be Tuz driven responses including atopic
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dermatitis, Castelman’s disease and reactive lymph node hyperplasia, show no changes in
fractalkine expression (Fraticelli et al, 2001). Fractalkine has also been shown to induce
chemotaxis in CX3CR1 expressing human dermal microvascular endothelial cells in vitro,

suggesting a potential role for fractalkine signalling in angiogenesis (Volin et al., 2001).

Epithelial cells in the bronchi and intestines also express fractalkine (Fujimoto et al, 2001,
Muehlhoefer et al., 2000). Enhanced levels of fractalkine, in the bronchial epithelium, has also been
documented in patients with inflammatory lung disease as well as increased levels of soluble
fractalkine in bronchoalveolar lavage fluid (Fujimoto et al, 2001). In line with these in vivo
findings, treatment of cultured bronchial epithelial cells with IL-1 and IFNy causes an increase in

the levels of soluble fractalkine (Fujimoto et al., 2001, Muehlhoefer et al., 2000).

Dendritic cells, which play a vital role in antigen presentation, have shown increased levels of
fractalkine when mature. This suggests that fractalkine is involved in the interaction between
mature dendritic cells and lymphocytes (Papadopoulos et al, 1999). Enhanced fractalkine
expression in dendritic cells of psoriasis tissue (Raychaudhuri et al, 2001) and HIV infected
individuals (Foussat et al.,, 2001) has also been shown. Macrophages are also capable of expressing
fractalkine, with Tuz cytokines causing an increase in fractalkine expression (Greaves et al,, 2001).
Notably, increased fractalkine expression in immune cells is evident in rheumatoid arthritis as well

increased levels of soluble fractalkine in synovial fluid (Ruth et al., 2001).
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Disorder

Ischemic renal failure (mouse)
Lupus nephritis (mouse)
CFA-induced monoarthritis (rat)

Chronic intrathecal morphine (rat)

Glomerulonephritis (rat)

Non infectious peritonitis (mouse)
Xenograft lung carcinoma (mouse)
Hepatocellular carcinoma (mouse)
Peripheral and dorsal horn

neuropathy (rat)

Neuropathic pain (mouse)

Neuroblastoma (mouse)

Crohn’s disease & RA (human)

Therapy
CX3CR1-blocking antibodies

NH2-terminally truncated fractalkine
antagonists

Anti-CX3CR1 neutralising antibodies

Anti-CX3CR1 neutralising antibodies

CX3CR1 antagonism via vMIP-II
CX3CR1 antagonist

Vaccination of 3LL lung carcinoma
cells gene-modified with fractalkine

Transfer of a fractalkine eukaryotic
expression vector into tumor cells

Irreversible cathepsin S inhibitor

Intraneural fractalkine injection

Fractalkine gene therapy in
combination with targeted IL-2

E6011 - humanized anti-FKN
monoclonal antibody

Therapeutic effect
IMacrophages & delayed disease

progression
Delayed onset & progression

lAllodynia, {hyperalgesia & pain

Potentiates morphine analgesia,
attenuates tolerance, hyperalgesia &
allodynia

lLeukocyte cheomotaxis & infiltration

IMacrophage accummulation

{Tumour growth

{Tumour growth & Tsurvival

Anti-nociception, anti-hyperalgesia &
reversal of allodynia

INeuropathic pain

{Primary tumour growth & lliver
metastases

Phasel/2 - Safe & well tolerated

Reference

(Oh etal,, 2008)
(Inoue et al.,, 2005)
(Sun etal,, 2007)

(Johnston et al,, 2004)

(Chen etal., 1998)
(Dorgham et al.,, 2009)

(Guo etal., 2003)

(Tang et al,, 2007)

(Clark etal.,, 2007)

(Holmes et al.,, 2008)

(Zeng et al., 2005)

ClinicalTrials.gov Identifier
NCT02039063 &
NCT02196558

Table 1.2: Therapeutic approaches involving fractalkine/CX3CR1 signalling. CFA; Complete Freund’s adjuvant, vMIP; viral macrophage inflammatory

protein, RA; rheumatoid arthritis. Adapted in part from D'Haese et al. (2010).
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Figure 1.3: CX3CR1 mediated signalling in the CNS

Fractalkine is a G protein-coupled receptor and induces many well known signalling pathways
which lead to the activation of NF-kB and CREB. Fractalkine is able to activate numerous signalling
cascades which depend on what cell it signals through and whether the ligand is anchored to the
membrane or in its soluble form. Pi3K, phosphoinositide 3-kinase; IKK. Inhibitor of kappa B kinase;
AKkt, serine/threonine-specific protein kinase; RAS, small GTPase; RAF, small GTPase; MEK, mitogen
activated protein kinase; ERK, extracellular signal regulated kinase; PLC, phospholipase C; PKC,
protein kinase C; JNK, C-Jun N terminal kinase; P38, P38 mitogen activated protein kinase; CREB,

cAMP response element-binding protein; NF-kB, nuclear factor kappa B.

11
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Figure 1.4: Fractalkine and CX3CR1 expression in inflammatory conditions in the CNS

Under normal physiological conditions fractalkine is thought to be expressed on neurons and
CX3CR1 expressed on microglia. Astrocytes have little to no detectable levels fractalkine or CX3CR1.
Under pathological conditions, fractalkine can be up-regulated on neurons and astrocytes and
cleaved by ADAM10 and ADAM17 proteases. Soluble fractalkine activates microglia and creates a
chemotactic gradient to attract microglia and other immune cells to the site of damage where they
release pro-inflammatory cytokines. Overall, increased fractalkine expression should be protective,

and serves to limit inflammation and promote tissue repair.

12
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4. Sphingosine-1-phosphate receptor signalling

Sphingosine-1-phosphate (S1P) is an important signalling sphingolipid. Lipids have important
signalling properties and are also implicated in many diverse cellular functions (Toman and
Spiegel, 2002). S1P can act as an extracellular ligand for cell surface S1P receptors and
intracellularly as a second messenger (Van Brocklyn et al., 1998). The concentration of S1P varies
in different body fluids and tissues, and excessive production at inflammatory sites has an impact in
various pathological conditions (Brinkmann, 2007). The potential for S1P receptors (S1PRs) as
drug targets has been highlighted recently due to a number of studies. FTY720
(Gilenya/Fingolimod) is a structural analogue of sphingosine and targets all known S1P receptor
subtypes except S1P2 (Brinkmann, 2007). In-vivo, FTY720 is phosphorylated by sphingosine
kinases (SphK) to its active form pFTY720 and it is this form that binds to and modulates S1PRs
(Terada et al,, 2004).

4.1 S1P distribution and metabolism

S1P is a platelet derived bioactive sphingolipid produced by the metabolism of sphingosine by
sphingosine kinase-1 (SphK1) and sphingosine kinase-2 (SphK2) (Pappu et al., 2007). As a result,
S1P is found in high concentrations in the plasma and lymph tissue (Pham et al, 2010). High
amounts of SphKs along with low levels of S1P phosphatase (converts S1P to sphingosine) and S1P
lyase (terminally cleaves the sphingolipid) aids in the production of S1P (Figure 1.5). The majority
of sphingosine-1-phosphate signalling occurs through the G protein-coupled receptors previously
known as the endothelial differentiation gene (EDG) family. These cell surface receptors are
expressed ubiquitously across species and together with their diverse cellular functions,
sphingosine lipids and their receptors are an important focus of signal transduction research
(Toman and Spiegel, 2002, Kono et al., 2008). Of the five known subtypes of S1PRs, (SIPR1-S1PR5),
each is approximately 400 amino acids in length. Studies indicate that ceramide, sphingosine and
S1P play a very important role in cell survival, growth and differentiation in many cell types
including neurons (Terada et al, 2004). Therapeutic strategies based on the interaction and

modulation of these receptors is being investigated for a number of different diseases.

4.2 S1P receptor signalling in the CNS

S1P can induce a diverse array of biological responses (Yamagata et al., 2003). Not only is S1P vital
for cellular regulation in the adult, it is also critical for the proper development of the
cardiovascular and central nervous system during the embryonic stage (Brinkmann, 2007). Four
out of the five S1P receptors are found in the CNS, these include S1PR1, 2, 3 and 5, with all four
receptors being expressed on neurons, astrocytes, oligodendrocytes and microglia. The level of
expression of these receptors can vary depending on the age and growth conditions surrounding
the cell. For example, S1PR1 and 3 have been shown to be important for the developing brain and
are also up-regulated in the mature brain when exposed to pathological stimuli (Choi and Chun,

2013). In adult cells, S1P can produce cytoskeletal re-arrangements in order to regulate immune

13
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cell trafficking, vascular homeostasis and cell communication in the CNS (Brinkmann, 2007). In the
immune system it has been well documented that internalisation of SIPR1 prevents B and T cells
from leaving the lymph nodes and entering the lymphatic circulation (Hla and Brinkmann, 2011).
This in turn has important ramifications in many disease states where inflammation plays a

destructive role.

The active form of FTY720 causes internalisation of the S1PR1 receptor which leads to the
reversible inhibition of lymphocyte egress from peripheral lymph nodes. Thus preventing tissue
damaging T cells from infiltrating sites of inflammation in the CNS (Groves et al,, 2013). As S1P
receptors are expressed on all cell types, FTY720 has the capacity to modify diseases on several
different levels (Miron et al,, 2008b). Although there are multiple S1P receptor subtypes in the
brain there is very little known about how they function, either independently or synergistically.
Using synthetic analogues of S1P to act as agonists or antagonists is improving our understanding

how these receptors work in both healthy and diseased brains (Sim-Selley et al., 2009).
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Figure 1.5: Synthesis of Spingosine-1-phosphate

Sphingosine is synthesised from ceramide by ceramidase. In turn, sphingosine is phosphorylated to
Sphingosine-1-phosphate (S1P) by one of two sphingosine kinases (Sphingosine kinase-1 and
Sphingosine kinase-2).
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5. Role of S1P signalling in the CNS

5.1 Neurons

In neurons, in vitro experiments reveal that S1P signalling mainly elicits morphological changes
related to growth cone formation and neurite extension and retraction (Ishii et al., 2004). As in
other cell types, differential expression of S1P receptors can have opposing functions. For example,
stimulation of neurons with nerve growth factor (NGF) activates sphingosine kinase 1 (SphK1),
which converts sphingosine to sphingosine-1-phosphate. The resulting transactivation of S1P1
promotes neurite extension. Over-expression and application of antisense probes to down-regulate
S1P receptors have demonstrated that S1P1 receptors promote neurite extension, while inhibition
of this process is caused by signalling of S1P2 and 5 (Toman et al., 2004, MacLennan et al., 2000). In
addition, neurons lacking S1P2 have been shown to elicit hyper-excitability (MacLennan et al,,
2001). Synaptic activity is another function regulated in part by S1P (Kajimoto et al., 2007, Kanno et
al,, 2010). The regulation of synaptic activity, along with neuronal viability and neurogenesis, is

likely an important factor that relates to psychiatric dysfunctions and memory impairments.

5.2 Glial Cells

Oligodendrocytes are the myelinating cells in the CNS and they also function in development and
nervous system repair, in particular remyelination (Snaidero and Simons, 2014). Depending on the
maturation state of the myelinating oligodendrocytes, S1P receptor expression will be altered. In
mature oligodendrocytes S1P5 is more highly expressed than any other S1P receptor (Kim et al,,
2011). S1P5 has been shown to be crucial for survival of mature cells. As a result of S1P5 being
expressed at such high levels in mature myelinating oligodendrocytes; it was thought that S1P5
should have a key role in myelination. However, S1P5 null mice develop myelin normally and there
were no obvious differences in myelination (Jaillard et al., 2005). Interestingly, animals genetically
altered to lack the S1P1 receptor specifically on oligodendrocytes show a decrease in myelin
proteins, have a thinner myelin sheath and are more vulnerable to chemically induced
demyelination models (Kim et al., 2011). This clearly indicates that S1P1 may have a substantial

role in the formation of healthy myelin in the brain.

Astrocytes express S1P3, S1P1 and low levels of S1P2 (Groves et al., 2013). Expression of S1P5 is
undetectable under basal conditions but can be up-regulated when exposed to growth factors in
culture (Rao et al, 2004). Activated astrocytes up-regulate S1P1 and 3 together suggesting a
synergistic or opposing functions of these signalling cascades, in response to pathogens (Choi and
Chun, 2013). So far, it has been shown that S1P1 and 3 can manipulate astrogliosis in different
disease models including MS and Sandhoffs disease (Choi and Chun, 2013, Wu et al.,, 2008).
However, there are functional differences in that astrogliosis can be either neurotoxic or

neuroprotective (Choi and Chun, 2013).

Known as the resident macrophages of the CNS, microglia are the main form of active immune

defence in the CNS. As a result of the different activation states of microglia, S1P receptor
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expression is very dynamic. For example in activated microglia, S1P1 and 3 are down-regulated but
S1P2 is up-regulated (Choi and Chun, 2013). This tells us that S1P receptor expression is extremely
important for regulating cellular responses and that the same S1P receptors can elicit different
effects in different cell types. Sphingosine lipids have been proposed to regulate pro-inflammatory
cytokines such as TNFq, IL-1B and nitric oxide (NO). S1P1 deletion has been shown to reduce
microglial activation in experimental autoimmune encephalomyelitis (EAE) spinal cords, however
the precise function of these receptors on microglia remains to be established. (Figures 1.6 and
1.7)
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Figure 1.6: S1P receptor expression in the CNS
Distribution pattern and summary of S1P receptor function on cells of the CNS. NPC, neuronal

precursor cell; OPCs, oligodendrocyte precursor cell.
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6. S1P signalling and distribution in the periphery

S1P receptors have specific physiological roles within the cardiovascular, immune and nervous
systems, maintaining vascular tone and barrier integrity and also in the trafficking of lymphocytes
(Brinkmann, 2007). S1P receptors also contribute to the pathophysiology of autoimmunity,
inflammation and cancer (Brinkmann, 2007, LaMontagne et al., 2006). Consequently, the family of
S1P receptors is of high therapeutic value. S1P has a blood concentration of approximately 200-
900nM (Murata et al., 2000). S1P is produced by platelets, mast cells and other non-haematopoietic
cells such as endothelial cells (Ancellin et al., 2002, English et al., 2000, Prieschl et al., 1999). During
inflammatory conditions S1P production is increased through pro-inflammatory cytokine mediated
activation of SphK, which in turn converts the pro-apoptotic sphingosine into anti-apoptotic S1P
(Chalfant and Spiegel, 2005). S1P also regulates cell trafficking and migration by acting as either a
chemoattractant or through modulation of permeability barriers (Brinkmann, 2007). Immune cells
such as B and T cells also express S1P1 receptors with lower levels of S1P4. However, some subsets
express lower levels of S1P1/4 and higher levels of S1P3 (Sawicka et al., 2005, Wang et al.,, 2004).
Indeed, studies have shown that S1P1 is able to control thymocyte and lymphocyte egress from the
thymus and lymphoid tissue into the blood (Matloubian et al., 2004). Dendritic cells in the skin have
also been shown to up regulate S1P1 and 3 and migrate into the lymph nodes following activation
by antigens (Czeloth et al., 2005). Mast cells, which express S1IPR1 and S1PR2 and eosinophils,
which express S1PR1 and S1PR2 and S1PR3 are central players in asthma with S1P receptors
thought to affect processes of degranulation and chemotaxis. Furthermore, S1P levels in asthmatic
patients are raised significantly following an allergen challenge (Chalfant and Spiegel, 2005, Jolly et
al.,, 2004).

Endothelial cells and smooth muscle cells predominantly express S1PR1, 2 and 3 and varying levels
depending on vessel type and tissue source. Evidence suggests that S1P can modulate heart rate,
blood pressure and endothelial integrity. SIPR1 has also been implicated in blood vessel formation
whereby S1P induces tube formation and can also promote de novo angiogenesis, which is critical
for tumor progression (Karliner, 2004, Waeber et al., 2004). This widespread expression of S1P
receptors throughout the periphery and CNS can therefore lead to side effects of S1P receptor
modulation. Common side effects of FTY720 reportedly include fatigue, respiratory tract infections,
headaches and gastrointestinal disturbance. Less frequent but more serious side effects can include

bradycardia, viral infections, macular edema and atrioventricular block (Ward et al., 2014a).
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Figure 1.7: S1P receptor signalling pathways
Upon activation, S1P receptors couple to a specific G protein which results in the activation and/or
inhibition of downstream second messengers. AC, adenyl cyclase; Ras, small GTPase; Pi3K,

phosphoinositol 3-kinase; PLC, phospholipase C.
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7. Oxidative stress in the CNS

Oxidative stress is a pathological condition defined as an imbalance between production and
removal of reactive oxygen species (ROS). ROS is a term used to collectively describe free radicals
and other reactive molecules that have been derived from oxygen (02) (Hancock et al., 2001). These
oxygen radicals are important by-products of mitochondrial respiration and other enzymatic
activities such as oxidation of metals. ROS have a role in many cellular signalling events and can act
as both intracellular and extracellular messengers (Hancock et al., 2001, Veal et al.,, 2007). The
electron structure of atomic oxygen makes it susceptible to radical formation, thus, through the
reduction of oxygen, many types of ROS can be formed. These include superoxide (O2’), hydrogen

peroxide (H202) and nitric oxide (NO) (Hancock et al.,, 2001, Sies, 2014).

Cells of the CNS are exposed to low concentrations of ROS under normal physiological conditions
(Veal et al,, 2007). Through the action of enzymatic antioxidants (e.g. superoxide dismutase (SOD)
and catalase) and non enzymatic molecules (e.g. glutathione and vitamins C and E), these
potentially toxic molecules are neutralised (Satoh and Lipton, 2007) (Table 1.2). In particular, SOD
catalyses the conversion of superoxide anions into H202 and O2. Within the peroxisome, catalase is
then able to convert H20: into water (H20) and 02 (McCord and Fridovich, 1968). The cellular
response to oxidative stress will depend on the strength and duration of the exposure. Importantly,
Foxo transcription factors are known to play a vital part in regulating cell cycle, metabolism,
apoptosis and oxidative stress response (Burhans and Heintz, 2009). The Foxo3a transcription
factor is normally held in an inactive state in the cytoplasm, however, during oxidative stress
Foxo3a moves to the nucleus and initiates transcription of genes, such as SOD, for oxidant
metabolism (Burhans and Heintz, 2009, Kops et al., 2002). It has been suggested that small
increases in H202 can cause cells to re-enter the cell cycle whereas higher, sustained levels of H20z,
lead to cell cycle arrest and apoptosis (Choi et al., 2005, Park et al., 2006). Besides endogenous
sources, the unstable cellular environment caused by oxidative stress can be generated by UV rays,
alcohol, nutrient deficiency, toxins and trauma (Table 1.3). ROS can damage DNA, an early step in
carcinogenesis and damage other biomolecules, which can lead to atherosclerosis, arthritis,
inflammation, diabetes, aging, neurodegenerative diseases and other disorders (Table 1.4) (Valko

etal, 2007).

The brain and central nervous system are particularly susceptible to damage caused by oxidative
stress for several reasons. Brain tissue is composed of nearly 60% lipids and lipids, such as myelin,
are particularly sensitive to oxidation (Aikens and Dix, 1991, Chang et al,, 2009). Furthermore, the
brain has the highest rate of oxygen (02) consumption and neurochemical reactions, such as
dopamine oxidation, generate high levels of ROS and reactive nitrogen species (RNS) (Chiurchiu
and Maccarrone, 2011). There is also a natural increase in the deposition of metal ions with aging,
which catalyse the production of ROS and RNS (Zecca et al., 2001, Ward et al., 2014b). However in
neurodegenerative diseases, iron accumulation is often greater, than levels in healthy aging (Ward

et al, 2014b). ROS are constantly generated by activated microglia and infiltrating macrophages as
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part of the inflammatory response and have been implicated in neuronal damage in the
neurodegenerative process (Chiurchiu, 2014). Mitochondrial dysfunction in cells of the CNS, are
also a likely cause of altered oxidative metabolism, which leads to lipid and DNA oxidation. In
addition, ROS have been shown to regulate protease activity such as MMPs and produced direct and
indirect damage to the blood brain barrier (BBB) (Leppert et al.,, 1995, Lehner et al,, 2011). Free
radicals, derived from ROS, are also known to activate transcription factors such as nuclear factor
kappa B (NF-kB), which is involved in the transcription of many pro-inflammatory cytokines and
adhesion molecules commonly associated with neurodegenerative diseases (Figure 1.8) (Leppert
et al, 1995). Examination of brain tissue from patients with neurodegenerative disorders has
revealed that, along with increased levels of ROS, there are decreased antioxidants such as SOD,

catalase and glutathione (Langemann et al., 1992, Chiurchiu et al,, 2016).
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ROS production

Endogenous sources

Exogenous sources

Autoxidation of small molecules

e.g. thiols, catecholamines and flavins -
superoxide is formed by the dioxygen reduction of
these molecules

Anti-neoplastic drugs
Reduce oxygen to superoxide, hydroxyl radical
and hydrogen peroxide

Enzymes

e.g. xanthine oxide reductase and aldehyde
oxidase - produce superoxide during catalytic
cycle

Electromagnetic radiation
i.e. X-rays, gamma rays

Mitochondrial electron transport chain
Superoxide generated from oxygen metabolism.
Radical production from complex I & II1

Particle radiation
i.e. electrons, protons, deuterons and neutrons

Endoplasmic reticulum and nuclear
membrane

Both membranes contain cytochromes P450 and
b5 which act as oxidisers and reducing agents

Environmental factors
e.g. ozone, pesticides, tobacco smoke, solvents,
anaesthetics, hydrocarbons.

Peroxisomes
Contains oxidase enzymes that produce hydrogen
peroxide

Environmental pollution

Plasma membrane

Free radicals generated extracellularly cross the
plasma membrane which causes lipid/protein
oxidation

Table 1.3: Endogenous and exogenous sources of reactive oxygen species

(Uttara et al., 2009, Jones, 2002, Gandhi and Abramov, 2012)
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Antioxidant systems

Endogenous sources

Exogenous sources

Superoxide dismutase (SOD)
Catalyses the reduction of superoxide into
hydrogen peroxide

Vitamins C & E:

high reducing potential, inhibit formation of
free radical chain reaction and first barrier to
peroxidation of fatty acids

Glutathione system

Converts hydrogen peroxide to water and
oxygen, reduces peroxides, acts on low
concentrations of H202

Metals, Copper & Selenium:
Co-factor for glutathione and synergistic
effects with vit. E

Catalase
Converts hydrogen peroxide to water and
oxygen, acts on high concentrations of H202

Coenzyme Q10
Transfers electrons from complex [&II to
complex III

Table 1.4: Endogenous and exogenous antioxidant systems

(Uttara et al.,, 2009, Jones, 2002, Gandhi and Abramov, 2012)
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8. Role of fractalkine and S1P in neurological conditions

The role of glial cells in brain pathology has become more recognised in recent years.
Neurodegenerative disorders such as Alzheimer’s disease (AD), Parkinson’s disease (PD) and
amyotrophic lateral sclerosis (ALS) predominantly involve neuronal death and inflammation in
distinct brain areas. Areas of degenerating neurons are known to be populated with glial cells such
as microglia and astrocytes (Gao et al., 2003). Traditionally these cells were thought to clear debris
but recent research has shown that upon activation, microglia and astrocytes can promote
neurodegeneration through the production of cytotoxic molecules such as oxidative stress
molecules, cytokines and proteases (Gao et al., 2003). Glial cells are now more accepted as being
key neuromodulators for the developing brain as well as in adulthood and therefore must possess

several mechanisms of communication with neurons as well as other brain cells.

8.1 Amyotrophic lateral sclerosis

ALS is a neurodegenerative disease that affects both upper and lower motor neurons (Rosen, 1993,
Bury et al, 2015, DeJesus-Hernandez et al., 2011). The disease progresses rapidly, resulting in
fatality within 3-5 years of diagnosis (Robberecht and Philips, 2013). 10% of ALS cases are
inherited while 90% are sporadic. Of the familial cases the most common mutation is in the C9orf72
gene, while the autosomal dominant mutation in the Cu/Zn-SOD (SOD-1) has been the most
commonly used model for ALS (Acevedo-Arozena et al., 2011). Mutations in the SOD-1 gene would
implicate ROS in disease pathogenesis (Ghadge et al., 1997). Indicators of excess protein oxidation
were also found to be increased in patients with sporadic ALS (McLean et al,, 2014). Excitotoxicity
and dysfunctional axonal transport have been suggested as a consequence of oxidative stress
(Carter et al,, 2009). Studies in models of mutant SOD-1 in mice have found irregular activation of
Nox2 leading to superoxide radical formation and an increase in pro-inflammatory cytokines

(Harraz et al,, 2008).

Few studies have been conducted in relation to S1P signalling and ALS pathogenesis. To date, there
is only one in vitro study linking the possible role of S1PR signalling in ALS. L-BMMA, an amino acid
capable of triggering neurodegenerative diseases such as ALS, was used on a neuroblastoma cell
line. It was found that S1P was protective against L-BMAA induced necrosis (Munoz-Saez et al.,
2015). Although there has been no in vivo studies examining the role of S1PR signalling or effect of
S1PR drugs in ALS pathology, clinical trials are currently underway to investigate the therapeutic
value of FTY720 (Fingolimod/Gilenya) in this disease. In addition, CX3CR1 has been shown to be a
disease-modifying gene in amyotrophic lateral sclerosis (ALS) (Lopez-Lopez et al., 2014). The rate
of disease progression and patient survival time has been associated with one or two copies of the
CX3CR1 V2491 allele. Patients with 2491/1 or 249V/I genotypes had shorter survival times and
faster disease progression in comparison to patients with V249V genotypes. However, no

association was found between these two variants and risk of developing ALS (Lopez-Lopez et al,,
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2014). While this is the strongest genetic link to ALS survival, these results also show the

importance of the immune system in ALS pathogenesis.

8.2 Alzheimer’s disease

Alzheimer’s disease is the most common age related neurodegenerative disorder and the most
common disease associated with dementia (Asle-Rousta et al, 2013). This progressive,
degenerative disease is characterised by the loss of specific neural populations. The hallmark of AD
is deposition of extracellular amyloid beta (A) plaques and a build up of the toxic intracellular tau
protein (Asle-Rousta et al.,, 2013). The involvement of oxidative stress in the disease pathogenesis
of AD is supported by the significant amount of lipid peroxidation discovered in AD patient’s brains.
(Di Bona et al., 2010). AB plaques also promote the generation of ROS, causing glial activation and
migration, thus triggering localised areas of inflammation. Oxidative stress also decreases
neurogensis, limiting the brains neuroregenerative capacity (Zhu et al., 2004, von Bernhardi and

Eugenin, 2012, Butterfield et al., 2006).

The main abnormalities that have been documented in AD brains, involving S1P, include a decrease
in the total phospholipid and sulfide contents with increases in ceramide and cholesterol (Asle-
Rousta et al,, 2013). Ceramide, which is a precursor to sphingosine-1-phosphate, can have negative
effects on vital cellular processes such as inhibiting glycolysis, inducing oxidative stress and
stabilising BACE1 (the Amyloid precursor protein cleaving enzyme) (Asle-Rousta et al, 2013).
Despite there being no difference in S1P1 expression in post-mortem Alzheimer’s disease tissue
(Brana et al, 2014) animal models of AD have been used to investigate the potential
neuroprotective and neuro-restorative effects of SIPR modulation. In one such model, AD was
mimicked by injecting AP into the frontal cortex of rats. Daily FTY720 treatment decreased the A
induced activation of caspase-3, reduced hippocampal neuronal loss and improved spatial learning
and memory in these rats (Asle-Rousta et al, 2013). In a second study, using the same AD model,
daily FTY720 treatment restored the AP induced passive avoidance memory impairment to a
comparable level as the standard AD drug Memantine (Hemmati et al., 2013). A third in vivo study
performed aimed to investigate the role of the central S1PR1 in the ability of FTY720 to ameliorate
the effects of AP in these animal models. These studies conclude that the protective effects of
FTY720 against experimental AD are likely mediated via SIPR modulation in CNS resident cells
(Asle-Rousta et al., 2014). In addition to the possibility of altered S1PR signalling playing a role in
AD pathogenesis, aberrant fractalkine signalling has also been suggested to be present in AD
pathology. Post-mortem analyses of AD brains have often reported high levels of microglial
activation surrounding Af plaques (Mandrekar-Colucci and Landreth, 2010). As neuronal
fractalkine decreases naturally with age, this may be contributing to the increased activation of
microglial cells (Lyons et al., 2009). Studies in transgenic mouse models of AD, have also suggested
that microglial CX3CR1~/- mice have decreased levels of neuronal loss (Fuhrmann et al., 2010).
CX3CR1 knockdown in rats injected with Af1-s0 fibrils has also been shown to rescue LTP

expression and spatial memory impairment (Wu et al., 2013).

26



Chapter 1 | Introduction

8.3 Parkinson’s disease

Parkinson’s disease is characterised by muscle rigidity, bradykinesia, tremor and loss of balance
(Chiurchiu et al, 2016). The neuropathology of PD involves degeneration of neurons in the
substantia nigra and depletion of the neurotransmitter dopamine and its metabolites. One of the
hallmarks of PD is the formation of cytoplasmic lewy bodies containing a-synuclein (Chiurchiu et
al,, 2016). Although the exact cause of PD is still unknown, post-mortem evidence from PD patients
brains suggests a dominant role in mitochondrial dysfunction as well as pro-oxidant toxins from the
environment leading to oxidative stress (Blesa et al., 2015, Pamphlett, 2014). Post-mortem studies
also show reduced levels of glutathione and increased levels of its precursor glutathione disulfide
(GSSG) (Gu et al,, 2015).

S1P and CX3CR1 signalling has also been implicated in PD. In an in vitro MPP+ (1-methyl-4-
phenylpyridinium) model of Parkinson’s disease, sphingosine kinases have been implicated as
having a key role on neuronal viability (Pyszko and Strosznajder, 2014b). Reduced activity of
SphK1 and 2 is observed in neuronal dopaminergic neurons when treated with MPP+, where the
addition of exogenous S1P exerts a significant neuroprotective effect (Pyszko and Strosznajder,
2014b). In an MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) mouse model of Parkinson’s
disease it has been documented that CX3CR1-/- mice had significantly more dopaminergic cell death
in the substantia nigra compared to wild type (Cardona et al., 2006). In contrast fractalkine was
reportedly neuroprotective in a 6-hydroxydopamine rat model of PD. This neuroprotection was
possibly due to a reduction in microglial activation correlating with protection of dopaminergic

neurons (Pabon etal., 2011).

8.4 Multiple sclerosis

Multiple sclerosis (MS) is seen as a chronic inflammatory and progressive degenerative disorder
characterised by phases of demyelination and axonal loss with BBB damage, which allows
infiltration of peripheral immune cells (Broux et al, 2013). Continuous activation of microglia,
leading to excess ROS generation, is also known to occur in MS and is thought to have a direct effect
on demyelination (Bo et al.,, 1994, Karahalil et al., 2015). Free radicals have also been shown to
upregulate many genes such as TNFa, iNOS and VCAM-1, involved in human MS and the mouse
model of MS, experimental autoimmune encephalomyelitis (EAE) (Winyard and Blake, 1997).
Weakened antioxidant defences as well as increased levels of markers of oxidative stress have been

found in MS patient samples (Karg et al., 1999, Langemann et al., 1992, Karlik et al., 2015).

The role of S1P/S1P receptors has been well documented in recent years due to the positive effects
of FTY720 (also known as Fingolimod/Gilenya) in MS patients. Since 2010, FDA approval of
Gilenya/Fingolimod made FTY720 the first orally available effective treatment for relapsing
remitting Multiple sclerosis (RR-MS). FTY720 is an analogue of S1P and exerts its actions on MS

through sequestering lymphocytes in the peripheral lymph nodes, the down-regulation of
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inflammatory genes and vascular adhesion molecules, promotes BBB integrity and reduces S1P
lyase, all of which result in an increase in the concentration of S1P in the CNS. This effect may lead
to further activation of S1P receptors and an up-regulation of S1P1 and 5 with the concomitant
down regulation of S1P3 and 4 (Portaccio, 2011, Foster et al., 2009). It has also been shown that
there is no astrocytic expression of S1P1 and 5 in active grey matter lesions in MS, while in inactive
lesions it was reported that the receptor expression was returned to normal (Brana et al., 2014). In
a mouse model of EAE, FTY720 potently inhibits disease toxicity. However, this effect is non-
existent in mice with astrocytes selectively lacking the S1P1 receptor subtype (Cohen and Chun,
2011). Interestingly, the effects of FTY720 in the cuprizone model, which is a non T-cell mediated
model of demyelination, attenuated oligodendrocyte and neuronal injury but failed to promote re-
myelination (Kim et al., 2011). Due to the efficacy of FTY720 in both models of demyelination, this
suggests a vital role of sphingolipid signalling in myelination. Other compounds selective to S1P1
and 5 receptors have also demonstrated comparable efficacy to FTY720 in EAE mouse models (Jin
et al, 2014, Ren et al,, 2012, Komiya et al,, 2013). Although sphingolipids are key components of
CNS tissue, S1P receptor expression remains to be fully characterised in normal and diseased

conditions.

Studies suggest that Fractalkine signalling may also have a role to play in autoimmune disorders
such as MS. In the EAE model for MS it was found that there was a build up of microglia expressing
CX3CR1 in active brain lesions and sites of inflammation (Sunnemark et al., 2005). It was also found
that there was an accumulation of CX3CR1 mRNA in periplaque regions as well as active and
inactive demyelinating lesions, indicating a large number of infiltrating microglia. Increased levels
of astrocytic fractalkine have also been observed at sites of inflammation, while no change was
observed in neurons. From this we can propose that astrocytes have a role to play in the
recruitment of microglia to damaged areas of the brain through the up-regulation of the fractalkine
ligand (Sunnemark et al., 2005). CX3CR1~/- mice also reported to have higher levels of inflammatory
cytokines, such as TNFa, IFNy and IL-17 with lower levels of anti-inflammatory cytokines such as
IL-10 (Garcia et al., 2013). From these murine studies we can imply that fractalkine/CX3CR1
signalling may be crucially important in the regulation of immune responses and in autoimmune
disorders such as MS. Interestingly, genetic studies have revealed that there is a lower incidence of
the CX3CR1 1249/T280 haplotype in secondary progressive MS patients compared to patients with
primary progressive. This could be indicative of a positive effect of the 1249 allele when paired with
the T280 allele (Stojkovic et al., 2012). These polymorphisms are located on the transmembrane
domain region of the CX3CR1 protein and it is thought that they alter the binding affinity of
fractalkine in addition to altering the expression levels of CX3CR1 (Stojkovic et al.,, 2012). While it
has been shown that these polymorphisms are not a determining factor in disease onset, the effects
of these variants may be related to the functional properties of CX3CR1 following fractalkine

binding, be it the membrane bound or soluble form.
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Fractalkine has been shown to chemo-attract natural killer (NK) cells to active lesion sites in the
brains of EAE mice (Huang et al,, 2006, Imai et al,, 1997, Yoneda et al., 2000) It has also been shown
that S1P signalling, through S1PR1 and S1PRS5, are necessary to mediate NK cell egress from the
lymph nodes, which then allow NK cells to respond to migrating cues such as fractalkine (Schwab
and Cyster, 2007). FTY720 is known to increase the sensitivity of lymphocytes to certain
chemokine signals (Johnson et al,, 2010). For example, NK cells are also known to express CXCR4
which is the receptor for CXCL12. CXCR4/CXCL12 signalling is known to promote NK cell migration
(Campbell et al., 2001). Despite the fact that both fractalkine and CXCL12 both cause NK migration,
treatment with FTY720 in vitro can reduce the migration response of NK cells to fractalkine
(Johnson et al.,, 2011). In contrast, FTY720 can enhance the migratory effect of NK cells to the
CXCL12 chemokine (Johnson et al., 2011). This reduction in fractalkine mediated NK cell migration
following FTY720 treatment suggests possible crosstalk between S1P and fractalkine receptors.

8.5 Rett syndrome

Rett syndrome is a neuro-developmental disorder usually caused by mutations in the MeCP2 gene
(Amir et al., 1999). A mouse model of this disease has since been developed in which MeCP2-
deficient mice (Mecp2-/y ) mimic the human Rett syndrome with decreased levels of brain derived
neurotrophic factor (BDNF) (Guy et al,, 2001, Deogracias et al., 2012). In-vivo studies on MeCP2
deficient mice, also show signs of oxidative brain damage (De Filippis et al., 2015). This symptom
supports evidence of higher levels of oxidative stress markers found in the circulation of Rett
syndrome patients (De Filippis et al., 2015). This is thought to stem from abnormal mitochondrial
function as high levels of H202 in the brains of Rett syndrome mice (MeCP2-308 heterozygous
female mice) appears to be caused by a dysfunction in complex II in the mitochondria (De Filippis
etal, 2015).

The use of S1PR modulators may represent a novel therapeutic strategy for the treatment of Rett
syndrome. The S1PR agonist FTY720 has been shown to increase levels of BDNF in the MeCP2-/y
mice which correlated with increased locomotive activity. The authors suggest that in addition to
the beneficial effects of FTY720 on lymphocyte egress, FTY720 may also be contributing to
accelerated neuronal repair (Deogracias et al., 2012). MeCP2-/y mice with a CX3CR1+/- in microglia,
has also been shown to reduce hippocampal neuronal soma size back to control levels while also
decreasing microglia process complexity and increasing microglial insulin-like growth factor
release (Horiuchi et al, 2016). CX3CR1/- is also thought to significantly improve motor

performance, respiration, body weight and lifespan of MeCP2-/y mice (Horiuchi et al.,, 2016)

8.6 Lysosomal storage disorders
Lysosomes are cellular organelles containing enzymes capable of recycling of cellular waste and
debris. Lysosomes are highly susceptible to oxidative stress in the aging brain (Bahr and Bendiske,

2002), with evidence suggesting that mitochondrial dysfunction plays an important role in disease
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pathogenesis (Vazquez et al., 2012). Lysosomal strorage disorders (LSDs) are a result of a
deficiency of a particular enzyme in the lysosome, required for the metabolism of large molecules
into smaller subunits, which the cell can utilize. These diseases include Niemann-Pick disease (NPC)
(Speak et al.,, 2014), Sandhoff disease (Wu et al., 2008) and Krabbes disease (Contreras et al., 2010),

where altered levels of sphingosine or related molecules have been shown to occur.

Krabbes disease is a heritable LSD, where there is a deficiency in the enzyme galactosylceramide
beta galactosidase (GALC) that breaks down and prevents accumulation of the toxic metabolite
galactosylsphingosine (psychosine) (O'Sullivan and Dev, 2015). The concentration of psychosine,
which accumulates mainly in the CNS, is found to be at least 10 times higher in cerebral tissue
effected by Krabbe’s disease than normal (Vanier and Svennerholm, 1975) (Contreras et al., 2010).
Addition of pyschosine to astrocytes and oligodendrocytes causes cell death as well as
demyelination in cerebellar organotypic slice cultures (O'Sullivan and Dev, 2015, Voccoli et al,,
2014). Notably, these detrimental effects of pyschosine are attenuated by treatment with pFTY720
(O'Sullivan and Dev, 2015). Sandhoff disease is another neurological LSD in which the catabolic
enzymes, [3-hexosaminidase A and B, required to degrade neuronal membrane components are
deficient (Wu et al., 2008). This results in a toxic build up of lipid metabolites eventually leading to
neuronal cell death. In a mouse model of Sandhoff disease the deletion of SphK1 or S1P3 led to a
milder disease course, with a reduction in the proliferation of glial cells (Wu et al, 2008). No
changes in the levels of fractalkine were detected in a mouse model of Sandhoff disease (Tsuji et al.,
2005). In addition, no studies on the involvement of fractalkine have been reported for Krabbes

disease.

8.7 Psychiatric disorders

Schizophrenia is a psychiatric disorder that occurs in approximately 1% of the population, with
typical symptom onset occurring in adolescence or early adulthood (Hardingham and Do, 2016).
Human and animal studies show that irregular firing of fast-spiking paravalbumin-positive inter-
neurons (PVI's) together with abnormalities in myelination, may account for the onset of
schizophrenic symptoms (Lewis et al., 2012, Mighdoll et al., 2015). Rodent studies propose that in
developing brains, reduced glutathione levels along with oxidative stress are sufficient to induce
schizophrenic like symptoms (Steullet et al.,, 2010). Schizophrenia ‘risk genes’ further emphasise
how oxidative stress may be involved in schizophrenia, such as Dystrobrevin binding protein 1
(DTNBP1), proline dehydrogenase 1 (PRODH), neuregulin 1 (NRG1), D-amino acid oxidase
activator (DAOA) and disrupted in schizophrenia 1 (DISC1) (Hardingham and Do, 2016). DTNBP1
has an antioxidant role in the CNS and has been shown to be degraded in the presence of oxidative
stress (Yap et al, 2014). DAOA has also been associated with oxidative stress, mitochondrial
dysfunction and white matter deficits (Filiou et al, 2012). Furthermore, in human studies, evidence
of oxidative stress in the blood and cerebrospinal fluid (CSF), has been shown in post-mortem

tissue of schizophrenic patients (Yao and Keshavan, 2011, Do et al, 2009). Decreased levels of
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glutathione in the cortex are also thought to be associated with more severe negative symptoms

(e.g social withdrawal) in schizophrenic patients (Matsuzawa and Hashimoto, 2011).

Animal models of anxiety like behaviour show a higher level of S1P in serum samples, which was
reported to cause neurodegeneration (Jang et al, 2011). Notably, elevated levels of S1P were
reported in the serum as well as various brain regions in rats after immobilization and electric
shock stressors (Jang et al,, 2011). These elevated levels of S1P, particularly in the amygdale, may
give rise to stress induced anxiety (Jang et al, 2011). These studies suggest a link between
psychiatric and neurological disorders associated with sphingolipid metabolism (Muhle et al,,
2013). Sphingomyelin and ceramide levels are also altered in post-mortem brain tissue in
schizophrenic patients (Kucharska-Mazur et al,, 2014). In a particular study, the plasma levels of
S1P were found to be a predictor for the risk of psychotic episodes, especially in schizophrenia
subjects (Kucharska-Mazur et al, 2014). Recently, fractalkine has also been associated with

schizophrenia as being an important biomarker (Stuart and Baune, 2014).

9. Concluding remarks

Oxidative stress is known to contribute to many diseases within the CNS. Fractalkine/CX3CR1 and
S1P/S1PR signalling systems are an important communication link between neurons and glial cells
in order to maintain appropriate homeostatic processes. Furthermore, Fractalkine and S1P seem to
take part in several physiological and pathological processes through the recruitment of immune
cells to the site of inflammation and regulating oxidative stress. The importance of CX3CR1 and
S1PR modulation in several neurological and inflammatory disorders is already well recognised,
however, the full therapeutic extent of fractalkine and S1P involvement in disease processes
remains to be elucidated. Therefore, the family of S1PRs as well as CX3CR1 appear worthy of

continued study and may provide significant therapeutic opportunities.
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Disease
Macular degeneration

Diabetes

Chronic fatigue

Autoimmune
disorders

Asthma
Neurodegenerative
diseases (Alzheimer’s,
Parkinson’s, ALS)
Arthritis

Nephritis

Melanoma

Myocardial infarction

Affected areas
Eyes (retina)

Multiple organ

Multiple organ
Multiple organs,
joints, immune
system

Lungs

Central and
peripheral nervous
system

Joints

Kidney

Skin

Heart

Connection to oxidative
stress

Reactive oxygen species
(ROS) and intermediates
ROS, SOD, catalase and
glutathione enzyme
dysfunction
Inflammation, C-reactive
protein (CRP), ROS

Inflammation and ROS

Inflammation and ROS
(H202)

Inflammation and ROS

Free radicals

ROS and glutathione
dysfunction

DNA damage, lipid
peroxidation and ROS

ROS

Table 1.5 Diseases associated with oxidative stress
Adapted from Rahal et al. (2014).
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Figure 1.8: H,0: generation and pathways of oxidative stress
Schematic diagram of main sources of oxidative stress and its link to inflammation, lipid

and protein peroxidation, mitochondrial damage and cell death
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1. Materials

1.1 Compounds and treatments

All compounds used are summarised and can be seen in Table 2.1. All inhibitors used
TACE/ADAM10 inhibitor (BMS-561392), specific TACE inhibitor (BMS-566394), specific ADAM10
inhibitor (TOCRIS; GI 254023X), MMP inhibitor (Millipore; 444289), inhibitor of nuclear factor
kappa-B kinase subunit beta (IKK() (TOCRIS; 2559) and the p38 MAPK inhibitor -VX702 (TOCRIS;
3916) were prepared as 10mM stock solutions dissolved in dimethyl sulfoxide (DMSO, Sigma;
D8418). pFTY720 used in all experiments was the pure active (S)-enantiomer of pFTY720 (2-
amino-2-(2-(4-octylphemyl)ethyl)propane-1,3-dioll) prepared as 10mM stock solutions dissolved
in 90% DMSO and 20mM HCL. Lipopolysaccharide (LPS) was prepared as 1mg/ml stock in H20
(Sigma, L4391). Amplex Red used was obtained from biosciences (A12222). The cytokines used
were IL-13 (R&D Systems, PHC0815), TNFa (R&D Systems, 210-TA) and Interferon y (IFNy; GIBCO,
PHC4031). Hydrogen peroxide (H202; Sigma, 216763) was prepared fresh for every experiment by
diluting appropriately in serum free media. Glucose oxidase solution (GOX; G0543) and catalase
solution (CAT; C3155) were both sourced from Sigma. GOX was supplied at a concentration of
200U/mg, where 1 unit of enzyme activity oxidises 1uM of D-glucose/min to H202. GOX was used at
a fixed concentration of 0.1 units/ml (i.e. 1:100,000 dilution) throughout all experiments. CAT was
supplied at a concentration of 30,000U/mg, where 1 unit of enzyme activity decomposes 1uM of
H202/min to H20. CAT was used at varying concentrations from 0.03 units/ml (i.e. 1:1,000,000
dilution) to 300 units/ml (i.e. 1:100 dilution) as indicated in the figure legends and is stable for up
to 24 hrs (Figure 2.1).

1.2 Antibodies

Table 2.2 highlights all the antibodies used in this study. Primary antibodies used were: myelin
basic protein (MBP; Abcam, ab40390), CX3CL1 (ebioscience; 14-7986), Vimentin (Santa-Cruz; sc-
373717), Neurofilament-H (Abcam; ab5539), myelin oligodendrocyte glycoprotein (MOG, Millipore;
MAB5680) and Ionised calcium binding adapter molecule-1 (Ibal, WAKO; 019-19741). Secondary
antibodies used were: Anti-mouse 549 (Jackson ImmunoResearch; 115-506-068), Anti-rabbit 488
(Alexa; A11008), Anti-chicken 633 (Alexa; A21103). Human primers used were; CX3CL1 (Life
Technologies; Hs00171086_M1), GAPDH (Life Technologies; Hs02758991_g1) and HPRT1 (Life
Technologies; Hs01003267_M1)

1.3 Stains

Dyes and chemicals used for cellular staining were: Nuclear stain Hoechst 34580 (Invitrogen,
H21486) and (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) MTT (Invitrogen,
M6494).
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Compound Company details Use
. ADAM17 inhibitor,
ADAM17 inhibitor Novartis
BMS-566394 Cell culture
. ADAM10 inhibitor,
ADAM10 inhibitor Tocris
3995 Cell culture
ADAM17/ADAM10 dual Novartis ADAM17/10 inhibitor,
inhibitor BMS-561392 Cell culture
Broad spectrum MMP
MMP inhibitor Millipore inhibitor,
4447289
Cell culture
VX702 Tocris P38 MAPK inhibitor,
3916 Cell culture
: NF-xB inhibitor,
IKKB/TPCA-1 Tocris
2559 Cell culture
FTY720 S1P receptor agonist,
p N ti
ovartis Cell/slice culture
CX3CR1 agonist,
. . R&D Systems ’
Recombinant fractalkine 458-MF Slice culture
Amplex red biosciences Quantification of H202,
A12222 Slice culture supernatant
IL-1B R&D Systems Cytokine,
PHCO0815 Cell culture
Cytokine,
TNFa« R&D Systems ytokine
210-TA Cell culture
PHC4031 Cell culture
1,03 Sigma Oxidative stress inducer,
216763 Cell/slice culture
. Oxidative stress inducer,
GOX-CAT Sigma

G0543, C3155

Cell/slice culture

Table 2.1 List of compounds used
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Primary Antibodies
Antibody Type Host Supplier Cat Dilution | Application
number
Vimentin Monoclonal Mouse Santa Cruz | Sc-373717 1/500 [HC
MBP Polyclonal Rabbit Abcam Ab40390 1/1000 [HC
NFH Polyclonal Chicken Millipore AB5539 1/1000 IHC
MOG Monoclonal Mouse Millipore MAB5680 1/1000 IHC
Ibal Polyclonal Rabbit Wako 019-19741 1/1000 IHC
Fractalkine | Polyclonal Rabbit eBioscience 14-7986 1/200 ICC
Secondary Antibodies

Antibody Host Supplier Cat number Dilution Application
A“ti'raf;ét Alexa | oot Invitrogen A11008 1/1000 IHC
‘3;3;?:;:3 Donkey | ) aCki‘e’gel:r’gl““O' 115-506-068 1/1000 IHC
AX}L';;‘E‘;“ Goat Invitrogen A21103 1/1000 IHC

Table 2.2 List of primary antibodies used
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2. Cell Culture
2.1 Aseptic technique

All in vitro cell culture procedures were carried out under strict aseptic technique. All instruments
used were sterilised before use by autoclaving and spraying with 70% ethanol before being placed
in the laminar flow hood (FASTER). A specific cell culture laboratory coat was worn at all times and
gloved hands were sprayed with 70% ethanol before entering the hood or cell culture incubator to
ensure sterility. When not in use the interior of the laminar flow hood including all equipment were
exposed to a germicidal UV lamp which emits ultraviolet radiation at 253.7nm to ensure sterility

before use. All tissue culture preparations took place under the hood.

2.2 Human astrocyte culture

Human astrocytes from fetal brains were purchased from ScienCell Research Laboratory, USA
(1800, Lot No. 9063 and 11065) as we have described previously (Healy et al., 2013, Elain et al,,
2014, Rutkowska et al., 2015, O'Sullivan and Dev, 2015). Human astrocytes were cultured at 37°C
and 5% COz in a humidified incubator and grown in human astrocyte media (ScienCell; 1801) or
DMEM/F12 (Fisher; 10770245) supplemented with 1% astrocyte growth supplement (ScienCell;
1852), 10% fetal bovine serum (FBS, Sigma; F7524), and 1% Penicillin/Streptomycin (pen/strep,
Sigma; P4333) in T75 culture flasks (Corning) unless otherwise indicated in figure legends. The
cells were grown for 14 days until 90% confluent then re-plated in six or 24 well-plates and used

when 80% confluent.

2.3 Murine astrocyte cell culture

Mixed glia cell cultures were prepared from cortical tissue of either male or female one day old wild
type C57BL/6 mice. Animals were decapitated, skull removed and the cortical tissue was detached
from both hemispheres with forceps. The cortical tissue was cross-chopped with a scalpel, placed in
pre-warmed Dulbecco’s Modified Eagle’s Medium/F12 (DMEM/F12, Fisher, 10770245)
supplemented with 10% Fetal Bovine serum (FBS, Labtech; FB-1090) and 1%
penicillin/streptomycin (pen/strep, Sigma, P4333) and gently triturated until a clear solution was
obtained. The resulting solution was passed through a cell strainer (40um). The tubes were
centrifuged at 1,200 x g for three minutes at room temperature and the cell pellet was re-
suspended in media (DMEM/F12, 1% pen/strep, 10% FBS) and plated into separate T75 flasks.
Cells were cultured at 37°C and 5% CO: in a humidified incubator for 14 days at which point
microglial cells were separated from mouse astrocytes by placing them on a rotating shaker for two
hours at 37°C. The supernatant, with detached microglia, was removed and purified astrocytes

were trypsinised and plated accordingly.

2.4 Mouse organotypic cerebellar slice culture
Cerebellar slice cultures were prepared as described previously (O'Sullivan and Dev, 2015,

Pritchard et al, 2014, Sheridan and Dev, 2012, O'Sullivan et al., 2016) using brain tissue isolated
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from both male and female postnatal day 10 C57BL/6 mice, according to the protocol reported
earlier (Sheridan and Dev, 2012). Mice were decapitated; cerebellar tissue was removed from the
skull and separated from hindbrain with spatulas on ice. The cerebellum was cut into 400pum
parasagittal slices using a Mcllwain tissue chopper. Slices were separated in to individual slices
under a dissection microscope. Four slices were grown on each cell culture insert (Millicell,
PICMORGH50). Slices were cultured in media containing 50% Opti-MEM (Invitrogen, 11058021),
25% Hanks’ buffered salt solution (HBSS, Invitrogen, 14025-050), 25% heat inactivated horse
serum (Biosera, HO-290) supplemented with 2mM Glutamax (Invitrogen, 35050-038), 28mM D-
Glucose (Sigma, G8769), 1% pen/strep, 10mM HEPES (Sigma, H3784) for 12-14 days in vitro. Slices
cultures were grown at 35.5°C and 5% CO: in a humidified incubator. Prior to treatments, slices

were starved in serum free media for four hours prior to all treatments (Figure 2.2).

3. Molecular Biology

3.1 Quantitative Polymerase Chain Reaction (Q-PCR)

For mRNA expression of CX3CL1, human astrocytes were grown in six well plates until 80%
confluent. Prior to stimulation, cells were starved in serum free media for three hours. The cells
were then pre-treated with either VX702 (p38 inhibitor) or an IKKf inhibitor in serum free media
for 30 min after which IL-18, TNFa or IFNy were added and incubated for 3 hr or 18 hr. After
treatment, the media was removed and cells were washed twice with phosphate buffered saline
(PBS) in preparation for Q-PCR analysis. RNA extraction was performed using either Qiagen or
Macherey-Nagel methods as described by manufacturers. Using Qiagen Kkits, the cell pellets were
suspended in RLT lysis buffer (Qiagen Hilden, Germany) and then frozen at -802C. RNA was isolated
using RNeasy mini kit (Qiagen, 74104). To eliminate genomic DNA, an on-column DNase digestion
was carried out with the RNase-free DNase set (Qiagen 79254). After reverse transcription of
mRNA (10 minutes at 252C; 120 minutes at 37°C; 5 seconds at 852C) using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, 4368814), RT-PCR was performed with the
7900HT Fast Real-Time PCR System (Applied Biosystems, 4329001) according to the Standard
Thermal Cycler Protocol (2 minutes at 502C; 10 minutes at 952C; 40 cycles of 15 seconds at 952C
and one minute at 60°C). The threshold was set manually for all samples. The analysis was
performed with the SDS 2.3 software. For the Macherey-Nagel method (Macherey-Nagel; 740955),
cells were suspended in RA1 buffer with 1% beta-mercaptoethanol and frozen at -802C. To
eliminate genomic DNA, an on-column DNase digestion was carried out with the RNase-free DNase.
After reverse transcription of mRNA (10 minutes at 252C; 120 minutes at 37°C; 5 seconds at 852C)
using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, 4368814), RT-PCR
was performed using Step One Plus real time PCR system (Applied Biosystems) according to the
Standard Thermal Cycler Protocol (2 minutes at 50°C; 10 minutes at 95°C; 40 cycles of 15 seconds
at 95°C and one minute at 60°C). TagMan Gene Expression Assays using TagMan probes of human
CX3CL1 (Applied Biosystems; Hs00171086_M1) and HPRT (Applied Biosystems; Hs01003267_M1)
(all FAM dye labelled) were used. The relative expression of CX3CL1 to the reference gene HPRT
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was determined. Each condition was run in triplicates and the experiments were repeated

independently three times unless otherwise indicated in the figure legends.

4. Biochemistry

4.1 Amplex Red assay

The production of H20:2 in cell culture media was measured through the Amplex Red® assay. In the
presence of H202, horseradish peroxidise (HRP) catalyses the conversion of amplex red (10-acetyl-
3,7-dihydroxyphenoxazine) to the fluorescent resorufin. Production of H20: is proportional to the
conversion of amplex red to resorufin. Thus the amount of resorufin is considered a quantitative
indicator of the amount of H202 produced. A 16-point standard curve was generated for H20:
(Sigma, 216763), which was diluted in serum free slice media. Freshly prepared standards (100ul)
were added to a black 96 well plate (Greiner; 655076) in duplicate. The assay is sensitive to 10pM
H202. Samples were added to the plate in triplicate. The amplex red mix was prepared by adding
amplex red (50mM) to 100units/ml of HRP and PBS, vortexed quickly and 100pl was added to each
well. The plate was read in a fluorescent plate reader (Molecular devices; SpectraMax Gemini X5)
heated to 37°C, shaken for 30secs and read at excitation 550nm and emission 585nm, cutoff 570nm

(Figure 2.3).

4.2 Enzyme Linked Immunosorbent Assay (ELISA)

Cytokine levels in cell culture supernatant were measured with R&D systems ELISA Kkits according
to the manufacturer’s instructions. Mouse IL-6 with a range of 15.60 - 1,000 pg/ml (DY406), mouse
CX3CL1/fractalkine with a range of 0.391 - 25 ng/ml (DY472) and human CX3CL1/fractalkine with
a range of 0.63ng/ml-20ng/ml (DY365). Briefly, 96 well ELISA plates (Thermo Scientific;
95029780) were coated overnight at room temperature with capture antibodies diluted in PBS. The
plates were washed three times with wash buffer (0.05% Tween 20 (Sigma; P7949), PBS, pH 7.4)
and then blocked for one hour at room temperature with the appropriate reagent diluent. The
plates were then washed three times with wash buffer and any remaining buffer was removed from
the wells by inverting and blotting plate on tissue paper. A standard curve was prepared using
serial dilutions of the recombinant protein diluted in the appropriate reagent diluents. The samples
and standards were then incubated in the antibody coated ELISA plate for two hours at room
temperature. The plate was then washed three times with wash buffer and detection antibody
(diluted in reagent diluent) was added to each well for two hours. Following three more washes,
Streptavidin-HRP diluted in reagent diluent was added to each well and incubated for 20 minutes at
room temperature, protected from light. Three more washes were carried out and the wells were
incubated with substrate solution (R&D Systems; DY999) for 20-40 minutes at room temperature
protected from light. The colour reaction was stopped with the addition of 1M H2SO4. To determine
the optical density of each well absorbance was read immediately using a plate reader at 450nm
and 570nm (Labsystem Multiskan). 570nm readings were subtracted from the 450nm readings to
correct for optical imperfections in the plate. The standard curve was calculated by plotting the

mean absorbance for each standard on the y-axis against the concentration on the x-axis and a best
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fit line was generated to find the slope. All samples were averaged, measured in the linear range of

the curve and calculated using the slope to convert the absorbance values to pg/ml.

4.3 MTT assay

Human or mouse astrocytes were plated in 96-well plates and cultured for at least 24 hours until
70% confluent. The cells were starved for four hours and then treated for 18 or 24 hours with H202
with or without pFTY720 at various concentrations indicated in the figure legends. After the
treatments, media with the compounds was removed and replaced with 100ul of fresh serum free
media supplemented with 10ul of 12ZmM MTT (Invitrogen, M6494). The cells were incubated with
MTT for three hours at 37°C. Next 75ul of media was removed and 50ul of DMSO was added per
well for 10 minutes and incubated at 37°C. The samples were mixed and absorbance was read at

540nm.

4.4 Immunocytochemistry

Human astrocytes were plated on glass cover slips in six well plates (VWR) and cultured for at least
24 hours until 80% confluent. The cells were then washed with PBS and fixed with 4%
formaldehyde solution (Sigma, F1635) for 10 minutes at room temperature. Permeabilisation and
nonspecific binding was reduced by incubating cells for 1 hour at room temperature in blocking
buffer (PBS supplemented with 1% bovine serum albumin (BSA) and 0.1% Triton-X 100). For all
antibody incubation and wash steps, diluted blocking buffer (PBS supplemented with 0.5% BSA and
0.01% Triton-X 100) was used. The cells were incubated overnight at 4°C with rabbit anti-CX3CL1,
which binds the N-terminal chemokine domain, (1:500, eBioscience; 14-7986), washed three times,
and incubated with anti-rabbit secondary antibody conjugated to Alex488 (1:1000; Invitrogen;
A11008) for 1 hr at room temperature. After washing three times in PBS supplemented with 0.01%
Triton-X 100, the cells were then incubated with Hoechst nuclear stain (diluted 1:10,000 in
PBS)(Invitrogen; H21486) for 10 min and washed twice again. The coverslips were the mounted on
glass slides in antifade reagent (life technologies, S36936) and the edges sealed with varnish.
Samples were stored at 4°C in the dark until imaged. The cells were visualized with a confocal

microscope (Leica SP8).

4.5 Immunohistochemistry

Immunohistochemistry for organotypic slices was performed by washing the slices twice in PBS.
The slices were then fixed by incubation in 4% formaldehyde solution (Sigma, F1635) for 10 mins.
The slices were washed twice in PBS and incubated overnight in blocking buffer (PBS
supplemented with 10% BSA and 0.5% Triton-X 100). For all antibody dilutions PBS supplemented
with 2% BSA and 0.1% Triton-X 100 was used. Slices were incubated for 24 hours at 4°C in primary
antibody, washed three times with PBS supplemented with 0.01% Triton-X 100 and incubated
overnight at 42C in secondary antibody. The slices were washed again three times and mounted on
glass cover slides in antifade reagent (life technologies, S36936) and the edges sealed with varnish.

Samples were stored at 4°C in the dark until imaged. Slices were visualised with a Leica SP8
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confocal microscope at 10X magnifications. Four slices per condition were grown and six to eight
images per slice were taken to cover the whole slice, thereby limiting bias and variation between
conditions. Values in graphs show the mean fluorescent intensity of about 130 measurements with
standard error of the mean. Confocal images were captured as 12 bit.lif files of 1024 x 1024 pixel
resolution. Image acquisition settings were kept constant across treatments. Image analysis was
conducted using image] software (https://imagej.nih.gov/ij/). Confocal images were split into
single channels and a minimum threshold was adjusted to remove background staining/noise.
Arbitrary fluorescence values were averaged across the four slices per condition to give a single

value for the total fluorescent intensity of that sample.

5. Statistical analysis

All statistical analysis was performed using GraphPad Prism 6. Independent student t-tests were
performed where only two groups were compared. In experiments where three or more groups
were compared an ordinary one way analysis of variance (ANOVA) was performed and was
followed by post-hoc tests. Tukey’s post-hoc test was used for experiments where all columns were
compared to each other. Detailed data analysis methods are provided in the methods section, figure

legends and results sections.
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Figure 2.1: Schematic depicting bolus versus continuous application of H20: to cell culture
Concentration dependent effects of H202 and signalling pathways are differentially regulated by

various concentrations of H202. H202; hydrogen peroxide, GOX; glucose oxidase, CAT; catalase, Oz;

oxygen.
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Figure 2.2: Molecular structure of cerebellum
A. Mouse brain with lines indicating parasagittal sectioning of cerebellum. B. Representative image
of cerebellar slice post dissection. C. Illustration showing architecture of the cerebellar cortex

highlighting the relative locations of purkinje cells and surrounding glia.
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Figure 2.3: Conversion of amplex red to resorufin
HRP catalyses the conversion of amplex red to resorufin in the presence of H202. Lower level of

detection is 10pM H:0x.
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Chapter aims

The specific aims of this study were to:

o

o

o

Investigate fractalkine expression in human astrocytes
Identify the proteases responsible for the cleavage of the ligand from the cell surface
Explore fractalkine signalling in human astrocytes

Determine intracellular signalling pathways involved in the regulation of fractalkine
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Abstract

The fractalkine ligand (CX3CL1) is expressed in astrocytes and reported to be neuro-protective.
When cleaved from the membrane, soluble fractalkine (sCX3CL1) activates the receptor CX3CR1,
which is expressed in neurons and microglia. The membrane bound form of fractalkine additionally
acts as an adhesion molecule for microglia and infiltrating white blood cells. Here, the mechanisms
involved in the up-regulation and cleavage of fractalkine from human astrocytes was investigated.
A combination of ADAM17 (TACE) and ADAM10 protease inhibitors were found to attenuate IL-1(,
TNFa and IFNy induced sCX3CL1 levels in astrocytes. A specific ADAM10 (but not ADAM17)
inhibitor also attenuated these effects, suggesting ADAM10 proteases induce release of sCX3CL1
from stimulated human astrocytes. A p38 MAPK inhibitor also attenuated the levels of sCX3CL1
upon treatment with IL-1B, TNFa or IFNy. In addition, an IKK( inhibitor significantly reduced the
levels of sCX3CL1 induced by IL-1B or TNFa in a concentration dependent manner, suggesting a
role for the NF-kB pathway. These findings are important for understanding the role of fractalkine
in healthy and stimulated astrocytes and may benefit our understanding of this pathway in neuro-

inflammatory and neurodegenerative diseases.
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1. Introduction

The chemokine fractalkine is expressed in the CNS at relatively high levels in comparison to most
other cytokines (Hulshof et al.,, 2003). Fractalkine is a transmembrane protein with a chemokine
domain attached to a mucin like stalk (Bazan et al,, 1997). Although somewhat controversial, over
the years it has been shown that fractalkine is expressed primarily on neurons and astrocytes, with
its receptor, CX3CR1, expressed on microglia and neurons (Hatori et al., 2002, Hughes et al,, 2002,
Hulshof et al, 2003, Lauro et al, 2006, Maciejewski-Lenoir et al, 1999, Mizuno et al.,, 2003,
Nishiyori et al, 1998). Therefore, neurons and astrocytes can signal to neurons and microglia
expressing CX3CR1. Fractalkine can exist in two different forms, with the membrane bound form
important for adhesion (Haskell et al., 1999). Fractalkine can also be cleaved by ADAM10, ADAM17
or cathepsin S, depending on the cell type and the microenvironment (Clark et al.,, 2009, Bourd-
Boittin et al,, 2009). This cleavage from the cell surface of neurons or astrocytes mainly represents
a response to insult or injury. Within the CNS, fractalkine has potential to be both neuroprotective
and toxic (Cook et al,, 2010, Catalano et al,, 2013, Koyama et al., 2013, Milligan et al., 2008, Mizuno
et al., 2003). It is not completely understood the exact roles for either form of fractalkine within the
CNS but in general because of the high levels in the adult brain, fractalkine is thought to help
maintain a homeostatic environment as well as help regulate the response to CNS insults (Hughes
etal, 2002, Lauro et al., 2006, Sunnemark et al,, 2005). Studies also suggest that tonic signalling of
the fractalkine ligand has an anti-inflammatory effect by somewhat controlling microglial activation
states. Therefore inhibition of this tonic signalling may support inflammatory processes (Zujovic et

al, 2000).

Transmembrane proteins, such as fractalkine, can be proteolytically cleaved at the juxtamembrane
region which results in the detachment of their extracellular region (ectodomain) in a process
known as ectodomain shedding (Montes de Oca, 2010). This shedding process can release proteins
such as cytokines and growth factors from their membrane bound form, or alternatively, it can
down-regulate receptors from the cells surface (Montes de Oca, 2010). Proteases such as the matrix
metalloprotease (MMP) family shed several cell surface substrates (Fu etal., 2013, Kim et al., 2014).
One such family of metalloproteases that mediate these events are known as ADAMs (a disintigrin
and metalloprotease), of which the TNFa converting enzyme (TACE/ADAM17) and ADAM10 are
most studied (Moss et al., 2007, Garton et al., 2001). Recent findings suggest that altered functions
of ADAM10 could contribute to neurodegenerative disease processes such as Alzheimer’s disease
and encephalopathies (Allinson et al., 2003, Checler and Vincent, 2002). Much work has been done
on ADAMs in the periphery, as they are highly abundant in many cells types (Bourd-Boittin et al.,
2009). This shedding process can be activated by cytokines and growth factors via mitogen
activated protein kinase (MAPK) pathways (Bandyopadhyay et al., 2006, Diaz-Rodriguez et al.,
2002, Sheng et al., 2009). For example, it is thought the p38 MAPK is involved in the constitutive
shedding of fractalkine (Jones et al., 2013).
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Many studies performed on peripheral and neuronal cells implicate ADAM10 in the constitutive
shedding of the CX3CL1 ligand from various cell types, while ADAM17 is the main protease
regulating inducible cleavage of this ligand (Hundhausen et al.,, 2003, Cook et al., 2010). While a low
level of CX3CL1 expression in astrocytes has been reported (Hatori et al., 2002), little information
currently exists regarding its regulation, constitutive shedding or inducible cleavage in this cell
type. Here, we present new data examining cytokine-induced regulation of CX3CL1 ligand in

human astrocytes.
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2. Results

2.1 Fractalkine release from human astrocytes is stimulated by pro-
inflammatory cytokines

Fractalkine is expressed in the CNS at relatively high levels compared to other chemokines
(Harrison et al., 1998). Fractalkine is a transmembrane protein and is expressed in astrocytes at
low levels, but can be up-regulated in response to inflammation (Sunnemark et al., 2005). When
cleaved from the membrane, soluble fractalkine (sCX3CL1) activates the receptor CX3CR1, which is
expressed primarily in microglia. The membrane bound form of fractalkine/CX3CL1 additionally
acts as an adhesion molecule for microglia and infiltrating white blood cells. As a result of the low
expression of fractalkine on astrocytes, its functional expression has not been well characterised to
date. Here, we first measured the levels of fractalkine constitutively released from human
astrocytes. The data showed low levels of sCX3CL1 with no significant change in the levels of
sCX3CL1 in astrocyte conditioned media between 6 and 36 hr suggesting minimal surface
expression and subsequent cleavage of fractalkine under basal conditions (Figure 3.1A), in
agreement with previous observations (Maciejewski-Lenoir et al, 1999, Hatori et al, 2002). In
contrast, the treatment of human astrocytes with IL-1B induced a concentration- and time-
dependent increase in the levels of sSCX3CL1 (Figure 3.1B). Specifically, human astrocytes treated
with IL-1B for 6 hr showed no significant increase in the levels of sCX3CL1, whereas 18 hr
treatment with IL-1f at 1pg/ml (220.5 +/- 17.5), 10pg/ml (711.8 +/- 12.8), and 100pg/ml (911.5
+/- 10.0) significantly increased levels of sCX3CL1 (Figure 3.1B). Immunocytochemistry also
showed the treatment of human astrocytes with IL-1f (100pg/ml), TNFa (10ng/ml) or IFNy
(10ng/ml) increased the levels of CX3CL1 in human astrocytes, using an antibody directed against

the chemokine N-terminal domain of CX3CL1 (eBioscience; 14-7986) (Figure 3.1C).

2.2 IL-1B, TNFa and IFNy increases levels of fractalkine mRNA

In human astrocytes pro-inflammatory cytokines have been shown to up-regulate the mRNA
expression of IL-6, IL-8, Tuz cytokines CXCL1, CXCL2, CCL20 as well as BACE1 and the amyloid
precursor protein (Elain et al.,, 2014, Zhao et al,, 2011). To determine whether IL-1, TNFa and I[FNy
alter the levels of fractalkine by increasing protein synthesis, we examined their effect on
fractalkine mRNA using qPCR. Treatment of human astrocytes with IL-1 (100pg/ml, Figure 3.2B),
TNFa (10ng/ml, Figure 3.2C) and IFNy (10ng/ml, Figure 3.2D), for 3 hr, significantly increased
the levels of fractalkine mRNA in all three cases, by 20-fold or more. These effects appeared
transient in so far as cytokine treatment for 18 hr increased levels of fractalkine mRNA but not to
the same extent as 3 hr. In particular, IL-1f treatment significantly increased levels of fractalkine
mRNA but only by approximately 2-fold (Figure 2E) and treatment for 18 hr with TNFa increased
the levels of fractalkine mRNA by approximately 5-fold compared to control (Figure 3.2F). Overall,
these results show that the cytokines IL-1f3, TNFa and IFNy increase the expression of fractalkine,
likely by promoting mRNA and protein synthesis.
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2.3 Matrix metalloprotease inhibitors attenuate IL-13, TNFa and IFNy
induced levels of CX3CL1 in human astrocytes

Matrix metalloproteases (MMPs) are a family of proteases that are capable collectively of degrading
proteins in the extracellular matrix (ECM). MMPs are also involved in the cleavage of cell surface
receptors and ligands such as cytokines and chemokines (Van Lint and Libert, 2007). Thus, MMPs
can play important roles in regulating cellular processes such as cell death and inflammation (Van
Lint and Libert, 2007). Notably, however, the ability of MMPs to cleave the fractalkine ligand is less
well studied in glial cells, particularly in astrocytes. To determine whether MMPs play a role in the
release of the fractalkine ligand from human astrocytes, the soluble levels of fractalkine were
measured in astrocyte conditioned media using ELISA. Human astrocytes were pre-treated with a
pan MMP inhibitor, RS-130830, (1uM; ICso) for 30 mins prior to 18h treatment with the pro-
inflammatory stimuli; IL-1p (100pg/ml), TNFa (10ng/ml) or IFNy (10ng/ml). Treatment with IL-1f3
(1,328.0 +/- 253.8) (Figure 3.3A), TNFa (2,185.0 +/- 113.3) (Figure 3.3B) and [FNy (1,687 +/-
181.2) (Figure 3.3C) increased the levels of soluble fractalkine after 18 h, compared to control
(###p<0.001 n=3; One way ANOVA and Tukey’s post-hoc test). Importantly, pre-treatment with a
pan MMP inhibitor, RS-130830, attenuated the fractalkine induced increase by IL-13 (666.8 +/-
46.8; **p<0.01), TNFa (1,207.0 +/- 108.4; ***p<0.001) and IFNy (821.0 +/- 110.9; *p<0.05)
respectively, compared to matched treated group (One way ANOVA and Tukey’s post hoc test)
(Figure 3.3A-C). Notably, IL-1B, TNFa, IFNy or the MMP inhibitor, RS-130830 had no effect on cell
viability (Data not shown).These results suggest that human astrocytes shed the fractalkine
chemokine in response to IL-1f3, TNFa and IFNy and that pre-treatment a pan MMP inhibitor

significantly reduces this response.

2.4 ADAM10 inhibitors reduce pro-inflammatory cytokine mediated increase

of CX3CL1 in human astrocytes

ADAM10 and ADAM17 proteases have also been implicated in the cleavage of fractalkine from the
cell surface of ECV-304 cells and fibroblasts (Hundhausen et al., 2003, Jones et al, 2013), with
ADAM10 involved in constitutive shedding of the ligand. To our knowledge it is unknown whether
the same proteases are used to cleave fractalkine on astrocytes. We again noted low levels of
sCX3CL1 in conditioned media taken from human astrocytes, suggesting low levels of expression in
these cells under control conditions and which also suggests the amount of constitutive shedding
from human astrocytes is low. Next, to investigate whether ADAM10 and/or ADAM17 proteases are
involved in the inducible shedding of fractalkine from human astrocytes under stimulated
conditions, these cells were pre-treated for 30 min with the dual ADAM10/ADAM17 (BMS-561392)
inhibitor, the selective ADAM17 inhibitor (BMS-566394) or the selective ADAM10 inhibitor
(TOCRIS; GI 254023X) before treatment with the pro-inflammatory recombinant cytokines, IL-13
(100pg/ml), TNFa (10ng/ml) or IFNy (10ng/ml). As expected, IL-1f3 (84.6 +/- 8.7, Figure 3.4A),
TNFa (400.6 +/- 63.06, Figure 3.4B) and IFNy (163.5 +/- 49.05, Figure 3.4C) significantly
increased the levels of sCX3CL1 (###p<0.001 compared to control). Importantly, pre-treatment
with the ADAM10/ADAM17 dual inhibitor significantly decreased the levels of sCX3CL1 induced by
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IL-1B (663.7 +/- 39.5, Figure 3.4A), TNFa (600.3 +/- 30.2, Figure 3.4B) and IFNy (847.8 +/- 146.6,
Figure 3.4C) (***p<0.001, **p<0.01 compared to matched treated group). In contrast, the selective
inhibitor for ADAM17 did not alter the levels of sCX3CL1 induced by IL-1 (973.5 +/- 64.3, Figure
3.4D), TNFa (944.2 +/- 39.0, Figure 3.4E) and IFNy (1776.0 +/- 129.3, Figure 3.4F). However, the
specific ADAM10 inhibitor also attenuated the IL-1f (84.5 +/- 8.7 vs. 32.0 +/- 5.0, Figure 3.4G),
TNFa (401.0 +/- 63.1 vs. 115 +/- 36.0, Figure 3.4H) and IFNy (163.5 +/- 49.1 vs. 47.9 +/- 8.6,
Figure 3.41) (**p<0.01, *p<0.05 compared to matched treated group). Taken together, this data
suggests ADAM10 plays a central role in the shedding of fractalkine from astrocytes. During our
experiments, we noted variations in the absolute levels of CX3CL1, between experiments. These can
be linked to the different batches of human astrocytes used and the age/passage number the cells
were used at. Importantly, however, while the absolute levels of CX3CL1 differed between
experiments, the effects of the cytokines IL-1f, TNFa and IFNy were similar as were the effects of
the inhibitors used. To convince ourselves further of a role for ADAM10 in the inducible increase in
levels of CX3CL1, we replicated experiments examining the effects of ADAM10 inhibitor by co-
stimulating astrocytes with TNFa and IFNy (1ng each). In this experiment we still found that the
ADAM10 inhibitor significantly attenuated TNFo/IFNy-induced levels of fractalkine (19,948 +/-
2,357 vs. 5,208 +/- 1,569) Supplemental Figure 1 (***p<0.001, compared to matched treated

group).

2.5 Inhibition of the p38 MAP Kinase attenuates IL-13, TNFa and IFNy
induced levels of soluble CX3CL1

Several studies have shown that p38 MAP kinase is required for phosphorylation and activation of
ADAM10 and ADAM17 in peripheral cells (Jones et al, 2013, Bandyopadhyay et al, 2006). To
investigate if IL-1B, TNFa and IFNy promote cleavage of fractalkine via a p38 MAPK-dependent
pathway, we tested if the p38 MAPK inhibitor, VX-702 (TOCRIS; 3916), attenuated the increase of
sCX3CL1 levels induced by these pro-inflammatory cytokines. Human astrocytes were serum
starved for 3 hrs prior to pre-treatment with the p38 inhibitor, VX-702 (1uM for 30 min), and then
incubated with IL-18 (100pg/ml), TNFa (10ng/ml) or IFNy (10ng/ml) for 18 hrs. In line with
previous data (Ralay Ranaivo and Wainwright, 2010) (Sheng et al., 2009), the p38 MAPK inhibitor
attenuated IL-1f (2552 +/- 91.18 vs. 1254 +/- 36.46) (Figure 3.5A), TNFa (1475 +/- 91.7 vs. 969.7
+/- 49.07) (Figure 3.5B) and IFNy (2033 +/- 187.6 vs. 1118 +/- 231.6) (Figure 3.5C) induced
levels of sCX3CL1 (***p<0.001, *p<0.05, compared to matched treated group). This data may be
likely explained by a required phosphorylation, preceding an ADAM10-mediated shedding of

fractalkine from human astrocytes.

2.6 IKKp inhibitor attenuates pro-inflammatory cytokine induced protein
levels of CX3CL1 in human astrocytes

The transcription factor NF-kB regulates the production of several pro-inflammatory cytokines (Li
and Verma, 2002). In order to further investigate the mechanism by which pro-inflammatory

cytokines increase fractalkine levels in human astrocytes, effects of the NF-kB pathway inhibitor

53



Chapter 3 | Fractalkine in Astrocytes

IKKB (TPCA-1) were examined on the protein levels of sCX3CL1 using ELISA. Human astrocytes
were pre-treated for 30 min with the IKKB inhibitor (TPCA-1, 3uM, 1uM, 0.3uM, 0.1uM and
0.03uM), prior to the addition of IL-1f3 (100pg/ml) or TNFa (10ng/ml) for 18 hr. As demonstrated
previously, IL-1 and TNFa increased the levels of sCX3CL1, which were significantly attenuated by
the IKKR inhibitor (TPCA-1, using 1uM, 628.3 +/- 138.5 vs. 47.7 +/- 14.9 for IL-1B; 748.0 +/- 120.0
vs. 116.4 +/- 31.7 for TNFa) (Figure 3.6B) (***p<0.001 and **p<0.01 *p<0.05 compared to
matched treated group). From this data, we conclude that the pro-inflammatory cytokines IL-1f3
and TNFa increase the levels of sCX3CL1 by promoting NF-kB-dependent synthesis which results in

subsequent enhanced shedding of fractalkine via an ADAM10 dependent mechanism.
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Figure 3.1: Soluble fractalkine (sCX3CL1) release from human astrocytes

Human astrocytes were (A) serum starved for 6 hr, 18 hr, and 36 hr to measure constitutive release
of sCX3CL1. (B) Cells were treated with IL-1f (1pg/ml, 10pg/ml and 100pg/ml) for 6 or 18 hr to
measure induced release of sCX3CL1. (C) Images show immuno-staining of up-regulated CX3CL1 on
human astrocytes when treated with IL-18 (100pg/ml), TNFa (10ng/ml) and IFNy (10ng/ml) for
18 hr. (B) and (C) groups were serum starved 3 hr before treatments. Quantification of CX3CL1
ELISA revealed (A) no significant increase in CX3CL1 release between 6 and 36 hr. (B) CX3CL1
release was significantly higher after 18 hr treatments compared to 6 hr. All graphs expressed as
mean+/- SEM; n=4, each condition done in duplicate. One way ANOVA and Tukey’s post-hoc test;

*#*p<0.001 compared to control.
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Figure 3.2: IL-18, TNFa and IFNy induce fractalkine mRNA synthesis in human astrocytes

Human astrocytes were serum starved for 3 hr prior to stimulation with (B+E) IL-1f (100pg/ml),
(C+F) TNFa (10ng/ml) or (D) IFNy (10ng/ml) for either 3 or 18 hr. All graphs show significant
increase in CX3CL1 mRNA levels after 3 and 18 hr. Data presented as mean +/- SEM, n=4-8,

unpaired t-test, *P<0.05, ***p<0.001 vs. corresponding control.
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Figure 3.3: Inhibition of matrix metalloproteases attenuates sCX3CL1 release from human
astrocytes

Human astrocytes were pre-treated with a pan MMP inhibitor (MMP inhib.) Marimastat (1uM) for
30 min. Cells were then stimulated with either (A) IL-18 (100pg/ml), (B) TNFa (10ng/ml) or (C)
IFNy (10ng/ml) for 18 hr. All groups were serum starved 3 hr before treatments. Quantification of
CX3CL1 ELISA revealed a significant decrease in CX3CL1 when cells were pre-treated with
Marimastat for all treatment groups. ###p<0.001 Compared to own control; ***p<0.001 and
*¥p<0.05 compared to matched treated group. All values expressed as averages +/- SEM; n=3-5,

each condition done in duplicate. (One way ANOVA and Tukey’s post-hoc test).
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Figure 3.4: ADAM10 inhibitor attenuates IL-13, TNFa and IFNy induced sCX3CL1 release

Human astrocytes were serum starved for 3 hr and pre-treated with a combination of ADAM10/17
inhibitor (BMS-561392; 1uM), specific TACE inhibitor (BMS-566394; 1uM), or specific ADAM10
inhibitor (GI 254023X; 1uM) for 30 min. Cells were then stimulated with either IL-1f3 (100pg/ml)
(A+D+G), TNFa (10ng/ml) (B+E+H) or IFNy (10ng/ml) (C+F+I) for 18 hr. Quantification of
CX3CL1 ELISA revealed a significant decrease in sCX3CL1 when pre-treated with ADAM10/17
inhibitor and specific ADAM10 inhibitor. No significant difference was seen with the specific
ADAM17 inhibitor. ###p<0.001 Compared to own control; *p<0.05 **p<0.01 and ***p<0.001
compared to matched treated group. Values expressed as averages +/- SEM; n=4-8, each condition

done in duplicate. (One way ANOVA and Tukey’s post-hoc test).
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Figure 3.5: The p38 inhibitor (VX-702) reduces IL-1f, TNFa and IFNy induced sCX3CL1
release

Human astrocytes were serum starved for 3 hr and pre-treated with a the P38 inhibitor, VX-702
(1uM) for 30 min. Cells were then stimulated with either (A) IL-18 (100pg/ml), (B) TNF«
(10ng/ml) or (C) IFNy (10ng/ml) for 18 hr. Quantification of CX3CL1 ELISA revealed a significant
decrease in sCX3CL1 when pre-treated with VX-702 for all treatment groups. ###p<0.001
Compared to own control; ***p<0.001 and **p<0.01 compared to matched treated group. Values
expressed as averages +/- SEM; n=3, each condition done in duplicate. (One way ANOVA and

Tukey’s post-hoc test).
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Figure 3.6: IKKp inhibitor attenuates sCX3CL1 release

Human astrocytes were serum starved for 3 hr and pre-treated with the NF-kB inhibitor, TPCA-1
(IKKB inhib; 3uM, 1uM, 0.3uM, 0.1uM and 0.03uM) for 30 min. Cells were then stimulated with
either IL-1B (100pg/ml) or TNFa (10ng/ml) for 18 hr. Quantification of CX3CL1 ELISA revealed a
concentration dependent decrease in sCX3CL1 release for both IL-1f3 and TNFa treated groups.
###p<0.001 Compared to own control; **p<0.01 and ***p<0.001 compared to matched treated

group. Values expressed as averages +/- SEM; n=3 each condition done in duplicate. (One way

ANOVA and Tukey’s post-hoc test).
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Supplemental Figure 1. Soluble fractalkine levels are attenuated with ADAM10 inhibition
following co-stimulation with TNFa and IFNy. Astrocytes were pre-treated with the ADAM10
inhibitor (GI 254023X; 1uM), for 30 min. Cells were then co-stimulated with TNFa (1ng/ml) and
IFNy (1ng/ml) for 18 hr. Quantification of CX3CL1 ELISA revealed a significant decrease in soluble
fractalkine when pre-treated with ADAM10 inhibitor. ###p<0.001 compared to own control and
*#*p<0.001 compared to matched treated group (One way ANOVA and Tukey’s post-hoc test).

Values expressed as averages +/- SEM; n=4, duplicates.
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3. Discussion

3.1 Summary of Findings

In the current study, we investigated fractalkine (CX3CL1) expression and regulation in human
astrocytes. We showed firstly that fractalkine is expressed in human astrocytes and is constitutively
shed at low levels. On stimulation with pro-inflammatory cytokines such as IL-18, TNFa and IFNy
this low level of sCX3CL1 is significantly up-regulated. We noted that a broad spectrum MMP
inhibitor attenuated this increase in sCX3CL1. Using a dual inhibitor of ADAM10/ADAM17 and
selective ADAM10 and ADAM17 inhibitors, we showed further that ADAM10 is the main protease
responsible for the cytokine-mediated inducible shedding of fractalkine. We also found these
cytokines stimulated the mRNA levels of fractalkine, suggesting a mechanism involving increased
mRNA and protein synthesis. Using a p38 MAPK inhibitor, we demonstrated that the pro-
inflammatory cytokine-mediated increase in sCX3CL1 likely involved a phosphorylation event
mediated by p38 MAPK. An inhibitor of IKKf also attenuated the increase in sCX3CL1 induced by
the pro-inflammatory cytokines IL-1f and TNFq, suggesting involvement of the NF-kB pathway.
Taken together, the data indicates that pro-inflammatory cytokines regulate fractalkine expression
on human astrocytes and that ADAM10 is the main protease involved in the liberation of sCX3CL1

from human astrocytes.

3.2 ADAM10 regulates cytokine-mediated levels of soluble fractalkine in
astrocytes

Both ADAM10 and ADAM17 have been implicated in the development of inflammatory diseases
such as Alzheimer’s disease (Manzine et al, 2013, Lammich et al., 1999, Allinson et al., 2003).
Studies have also shown that ADAM10 expression is widespread in the CNS compared to a more
restricted ADAM17 expression (Karkkainen et al., 2000). A more ubiquitous expression of ADAM10
would suggest this enzyme may be responsible for the constitutive basal processing of ligands such
as fractalkine (Karkkainen et al., 2000, Lammich et al., 1999). In contrast, a low expression of
ADAM17 appears to coincide with its proposed involvement in inducible proteolytic processing.
For example, previous studies show that pro-inflammatory cytokines, such as CXCL12, can regulate
cleavage of the fractalkine ligand from neurons (Cook et al., 2010). The treatment of neurons with
CXCL12 stimulates the expression of ADAM17 causing an increase in sCX3CL1 (Cook et al., 2010).
Studies also show that ADAM10 is responsible for constitutive neuronal fractalkine cleavage
(Hundhausen et al, 2003). In contrast, our studies on human astrocytes would suggest that
ADAM10 is the main protease responsible for the cytokine-mediated proteolytic processing of
sCX3CL1. This finding raises the possibility that differential regulation of ADAM10 and ADAM17
may be cell type dependent and provide a mechanism for regulating different cellular responses to

the same stimuli.

3.3 Involvement of p38 MAPK in the regulation of ADAM10
Similar to studies investigating the release of fractalkine from neurons, we show here that the

shedding of fractalkine occurs both constitutively and in response to inflammatory stimuli in
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astrocytes (Hundhausen et al., 2003, Jones et al,, 2013). We find, in particular, that ADAM10 likely
regulates pro-inflammatory cytokine-induced levels of fractalkine in astrocytes. Notably, several
other ligands are shed by ADAM10, such that cleavage by this protease is likely controlled by
multiple regulatory mechanisms (Seals and Courtneidge, 2003). The cytosolic tail of ADAM10, as
well as other ADAM proteases, contains many interaction motifs for signalling and adapter proteins,
which could conceivably regulate protease activity (Seals and Courtneidge, 2003). Indeed, studies
have shown that downstream signalling molecules such as p38 interact with the cytoplasmic
domain of ADAM10 and regulate ADAM-dependent ligand shedding (Diaz-Rodriguez et al.,, 2002,
Fan et al,, 2003, Jones et al,, 2013). Popular thought is that constitutive shedding is governed by p38
(Seals and Courtneidge, 2003, Black et al, 2003). In neurons, it appears that p38 regulates the
constitutive shedding of fractalkine via ADAM10 (Bandyopadhyay et al., 2006, Diaz-Rodriguez et al.,
2002). Here we show that, in astrocytes, inhibition of p38 caused a significant decrease in the levels
of sCX3CL1 induced by treatment with pro-inflammatory cytokines. It is therefore reasonable to
suggest that, in astrocytes, p38 via ADAM10 may enhance cleavage of fractalkine and/or that a p38

signalling pathway is required for increased production of this ligand.

3.4 Functions of astrocyte derived fractalkine

Fractalkine signalling is crucial for proper development during brain maturation (Paolicelli et al.,
2011), synaptic plasticity (Bertollini et al., 2006, Rogers et al., 2011), neuroprotection (Pabon et al,,
2011, Limatola et al., 2005) and neurotoxicity (Cardona et al., 2006) (Sheridan and Murphy, 2013).
More specifically, sCX3CL1 has the capability of enhancing microglial response to CNS damage
thereby promoting a pro-inflammatory environment (Cardona et al., 2006). However, membrane
tethered fractalkine can also serve as an adhesion molecule thereby anchoring cells to the
extracellular matrix and preventing them from migrating (Lauro et al,, 2006). In a MOG induced
EAE rat model of MS, neuronal fractalkine was reported unchanged and remained at control levels
(Sunnemark et al., 2005). However, at sites of inflammation and surrounding active lesions there is
an increase in astrocyte associated fractalkine along with increased expression of CX3CR1 on
microglia (Sunnemark et al., 2005). A possible role for astrocyte derived fractalkine may be to
enhance CX3CR1 signalling on microglia and at the same time promote levels of neuronal
fractalkine as an attachment factor. This dual role of fractalkine within the CNS may thus serve to
protect surrounding tissue from damaged neurons while also mobilizing microglia and astrocytes

to eliminate the damaged tissue.

3.5 Studies using fractalkine as a drug target - lessons learned so far

The genetic manipulation of fractalkine signalling has led to contradictory findings in mouse
models of peritonitis regarding its role in immune defence (Jung et al,, 2000, Ishida et al., 2008). In
particular studies have shown that monocyte extravasation is not affected in CX3CR1 deficient
mice, suggesting that CX3CR1 signalling is not necessary for invading monocytes (Jung et al., 2000).
In contrast CX3CR1 mediated signalling is demonstrated to be essential for macrophages in

mounting defence against bacterial infection (Ishida et al, 2008). As the fractalkine-CX3CR1
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interaction appears exclusive, in contrast to other chemokines, this specificity has been considered
as worthy of exploitation for drug development. Previous studies involving either fractalkine or
CX3CR1 deficient mice have, however, lead to contradictory findings, where fractalkine is suggested
as neuroprotective or neurotoxic. Studies, for example, on middle cerebral artery occlusion (MCAO)
in fractalkine deficient mice exhibited smaller infarct lesions and had lower mortality rates
(Soriano et al,, 2002). However, administration of exogenous fractalkine, to fractalkine deficient
mice, post ischemia, resulted in neurotoxicity and increased infarct size (Soriano et al., 2002).
Notably, these neurotoxic effects of fractalkine were not observed in CX3CR1 deficient mice
(Soriano et al.,, 2002). Studies, in contrast, also show that fractalkine administered to wild type rats,
just prior to MCADO, elicits long lasting neuroprotective effects (Cipriani et al.,, 2011). In addition to
this, a narrow therapeutic concentration range for fractalkine appears to exist, where low
concentrations are neuroprotective (15-70pM) with higher levels (>150pM) becoming toxic
(Cipriani et al,, 2011). Therefore, from these studies its seems that the concentration of fractalkine,
its administration pre or post insult, as well as activity of the endogenous fractalkine signalling

pathway, determine the efficacy of fractalkine in diseased models.

3.6 Concluding Remarks

Here, we find that fractalkine shedding from astrocytes is mediated by pro-inflammatory cytokines
via an ADAM10-dependent pathway and that p38 as well as NF-«B signalling is required. This study
indicates further a complex role for fractalkine in both neuronal and glial cells during inflammatory
events and suggests regulation of this signalling pathway for the purposes of drug development

may require targeting in a cell-specific, temporal and spatial manner.
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Figure 3.7: Overview of the possible mechanisms of cytokine mediated increases in
fractalkine release from astrocytes

IL-1f and/or TNFa signal through NF-kB which causes de-novo synthesis of fractalkine. It is then
transported to the cell surface where it can be cleaved by ADAM10. P38 MAPK may be
phosphorylated simultaneously, which interacts with the cytoplasmic tail of ADAM10 causing it to

switch from its pro- to active form.
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Chapter aims

The specific aims of this chapter were to:

o

Investigate the effects of bolus H202 on myelination and astrocyte reactivity in
cerebellar slice cultures

Investigate the effects of low, sustained levels of H20: generated by glucose oxidase
and catalase enzymes on myelination and astrocyte reactivity in cerebellar slice
cultures

Compare the effects of H202 on astrocytes in dissociated cell culture versus cerebellar
slice culture

Determine whether the S1P receptor agonist, pFTY720, exerts protective effects on
H20: toxicity in cerebellar slices

Investigate the effects of H20z on levels of Ibal in microglia

To examine the levels of select pro-inflammatory cytokines in cerebellar slices treated

with H20:2
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Abstract

Oxidative stress is a pathological condition defined as an imbalance between production and
removal of reactive oxygen species (ROS). This process can cause structural cell damage, disrupt
DNA repair and induce mitochondrial dysfunction, all of which are implicated in
neurodegeneration. Many in vitro studies have used direct bolus application of H20: to investigate
the role of oxidative stress in cell culture. In the current study, using mouse organotypic cerebellar
slice cultures, the effects of H20: induced oxidative stress on myelination state were examined,
using bolus concentrations of H202 (0.1-1mM) and low-continuous H202 (~20uM) generated from
glucose oxidase and catalase (GOX-CAT). Using these models, the potential therapeutic effects of
pFTY720, an oral therapy use in relapsing-remitting multiple sclerosis, were also examined. Here,
bolus treatment of H202 (0.5mM) was found to induce demyelination and, for the first time, it was
demonstrated that low-continuous H202 (GOX-CAT) exposure also induces demyelination in these
slices. Both bolus H20: and GOX-CAT treatments caused a significant decrease in vimentin
expression in these slice culture models as well as increased cell death in isolated astrocyte
cultures. Importantly, pre-treatment with pFTY720 significantly attenuated both bolus H202 and
GOX-CAT induced demyelination and significantly attenuated the GOX-CAT induced decrease in
vimentin in cerebellar slices, without altering levels of the pro-inflammatory cytokine IL-6. Taken
together, this data establishes a novel GOX-CAT model of demyelination and demonstrates that
pFTY720 can act independently of inflammatory cytokines such as IL-6, to attenuate decreases in

vimentin as well as demyelination induced by oxidative stress.
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1. Introduction

Reactive oxygen species (ROS), under physiological conditions, are involved in many biological
events including protection from pathogens, oxidative modifications and regulation of apoptosis
(Veal et al, 2007). The prototypical ROS, hydrogen peroxide (H202), is found at intracellular
concentrations of approximately 10nM (Sies, 2014), of which the major cellular source is NADPH
oxidases or complex III in the mitochondria (Boveris et al., 1972). H202 is under strict regulatory
control by peroxiredoxins, glutathione peroxidises as well as catalase. H20: is readily transported
across cell membranes by aquaporins (peroxiporins), similar to H20 (Bienert et al., 2006). This
reactive molecule acts as a second messenger, for example, regulating insulin signalling (May and
de Haen, 1979, Alim et al., 2014), growth factor signalling (Bae et al, 1997, Lo and Cruz, 1995) and
activation of Akt and MAPK pathways (Ushio-Fukai et al., 1999), as well as regulating transcription
factors such as Nrf2 (Kobayashi et al., 2009), CREB (Ozgen et al., 2009), NF-«kB (Schreck et al., 1991)
and NOTCH (Marinho et al, 2014). H20; can also regulate kinase activity and phosphorylation,
likely by inactivating protein phosphatases (Sies, 2014). In mammalian cells, H202 is known to
regulate cell proliferation (Ma et al, 2015), differentiation (Ho et al, 2013) and inflammation
(Tschopp and Schroder, 2010).

Oligodendrocytes make up roughly 5-10% of the total glial population in the brain (Barateiro et al,,
2015) and have the highest rate of metabolic activity within the CNS (Perfeito et al., 2007). High
concentrations of iron, polyunsaturated fatty acids combined with low levels of glutathione make
oligodendrocytes an ideal target for oxidative stress (Gruber et al., 2015). In oligodendrocytes, H202
is normally removed efficiently from surroundings with an increased ability to detoxify H202 as the
cells mature (Dringen et al., 2005). In mature oligodendrocytes, uncontrolled levels of H202 can
induce cell death, in part, by the phosphorylation of ERK and a decrease in p38 MAPK signalling
(Lee and Won, 2014). Increases in ROS production have also been shown to affect the expression of
genes expressing myelin in oligodendrocytes (Gruber et al., 2015). Some in vitro studies
demonstrate that non-lethal oxidative stress can also induce a reversible shortening of
oligodendrocyte cell processes (Fernandez-Gamba et al, 2012). These studies highlight the
susceptibility of oligodendrocytes to oxidative stress, which contributes to many diseases including
amyotrophic lateral sclerosis (ALS) (Carri et al,, 2015), Alzheimer’s disease (AD) (Milton, 2004,
Wang et al, 2014b), multiple sclerosis (MS) (Lee et al., 2012a, Aydin et al, 2014) and even
schizophrenia (Filiou et al,, 2012, Do et al,, 2015).

Sphingosine 1-phosphate receptors (S1PR) are a family of G-protein coupled receptors composed
of subtypes S1PR1-5 (Dev et al,, 2008). These receptors are the drug targets of the first oral therapy
used in relapsing-remitting multiple sclerosis, namely fingolimod, of which the principle active
molecule is the phosphorylated version of FTY720 (pFTY720) (Dev et al, 2008). S1PRs are
expressed in neurons and glia and have been shown to regulate a range of cellular functions,

including neuronal survival, astrocyte migration, microglia activation state and oligodendrocyte-
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mediated myelination (Brinkmann et al., 2002, Dev et al., 2008). We have demonstrated previously
that S1PR agonists, such as pFTY720, attenuate demyelination induced by a range of toxins and
inflammatory insults, such as LPC (Sheridan and Dev 2012), psychosine (O'Sullivan and Dev, 2015,
O'Sullivan et al,, 2016) and MOG-reactive splenocytes (Pritchard et al., 2014).

Here, we aimed to develop a new model of H20:-induced demyelination through the use of
organotypic cerebellar slice cultures. Our objective was to assess the effects of FTY720 on myelin-
related proteins within a multi-cellular environment that maintains physiological cell-cell
connections. In this study, we firstly induced demyelination in organotypic cerebellar slice cultures
by bolus application of H202 and then, for the first time, developed a new model of H202:-based
demyelination using a glucose oxidase and catalase system (GOX-CAT system). We also describe,

herein, the protective effects of pFTY720 in both of these demyelinating models.
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2. Results

2.1 Application of bolus H:0: to cerebellar slices causes demyelination

The oxidant H202 can cause cellular damage through the production of free radicals (Halliwell,
1992). To study the effects of H202 on myelination state, organotypic cerebellar slices were
prepared from postnatal day 10, C57BL/6] mice and cultured for 12-14 days in vitro. On day 12 the
slices were treated with 0.1mM, 0.5mM or 1mM of bolus H20:2 for 18hrs (Figure 4.1A). The slices
were then subjected to immunohistochemical analysis using confocal microscopy to quantify the
fluorescence levels of myelin basic protein (MBP; as a myelin marker) and neurofilament-H (NFH,
as a neuronal marker) (Figure 4.1D). The results show that MBP fluorescence is significantly
decreased after 0.5mM H202 (Control; 52.9 RFU +/- 3.7 RFU vs. 0.5mM H202; 31.5 RFU +/- 4.6 RFU)
and 1mM H202 (22.4 RFU +/- 3.0 RFU), with 0.1mM H202having no significant effect on the levels of
MBP (46.3 RFU +/- 8.4 RFU) (***p<0.001, **p<0.01 Student t-test) (Figure 4.1B). We also found a
significant decrease in the levels of NFH fluorescence at a high concentration of 1mM H20: (Control;
49.3 RFU +/- 6.4 RFU vs. 1mM H202; 27.8 RFU +/- 2.9 RFU; *p=0.015) (Figure 4.1C). In contrast,
treatment with 0.5mM (36.9 RFU +/- 4.4 RFU; p=0.153) and 0.1mM (45.4 RFU +/- 6.3 RFU)
*p<0.05, n=5, student t-test. H202 did not cause a significant decrease in NFH fluorescence (Figure
4.1C). This data shows that H202 can induce demyelination, without significant damage to neurons,

in a concentration-dependent manner.

2.2 pFTY720 attenuates H20; induced demyelination in cerebellar slice cultures

Fingolimod (FTY720) is the first oral therapy for the demyelinating disease, multiple sclerosis (MS)
and has shown clinical efficacy in preventing relapses in these patients (Kappos et al,, 2006). High
levels of oxidative stress have been documented in MS as well as several other neurodegenerative
diseases (Karlik et al, 2015, Wang et al., 2014b, Blesa et al., 2015). Thus, to determine whether
fingolimod protects from the loss of myelin induced by oxidative stress, we incubated cerebellar
slices with 0.5mM bolus H20: for 18hrs, to induce demyelination without the loss of NFH
expression. Slices were treated with H20: in the presence or absence of the phosphorylated version
of fingolimod, namely, pFTY720. As demonstrated above, a concentration of 0.5mM H:02 did not
significantly alter the levels of NFH fluorescence (82.9% +/- 9.6%, Student t-test, n=4) (Figure 4.2A
and C). In contrast, bolus 0.5mM H:0: treatment induced demyelination in cerebellar slices, as
determined by MBP fluorescence (66.1% +/- 5.6%; #*##p<0.001, student’s t-test), which was
significantly attenuated by pre-treatment with 1nM FTY720 (101.9% +/- 8.6%; *p<0.05, one-way
ANOVA and Tukey’s post-hoc test, n=4) (Figure 4.2A and B). These results demonstrate that

pFTY720 can prevent the deleterious effects of H20z on myelination state.

2.3 Effects of pFTY720 on astrocytes in cerebellar slices treated with bolus H20;

In vitro studies suggest that cortical astrocytes play a protective role in the defence of neurons
against oxidative stress (Desagher et al., 1996). To demonstrate H202-mediated astrocyte cell death
and possible protection by pFTY720, we examined these effects in isolated cell cultures. The

treatment of dissociated human astrocytes with H202, induced a concentration dependent decrease
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in cell viability (Figure 4.3A) (Control 100% vs. 0.7mM H202 28.6% +/- 0.6%; ***p<0.001), which
was not significantly reversed by pFTY720 (Figure 4.3B) (34.8% +/- 8.1%). In hippocampal
organotypic slice cultures and in dissociated hippocampal astrocytes and neurons, astrocytes have
been shown to be the most sensitive to H20: toxicity (Feeney et al, 2008). Thus, we also
investigated the effects of H202 on astrocytes in cerebellar slice cultures. A modest decrease in
vimentin fluorescence was evident when cerebellar slices were treated with 0.1mM H202, however
this is not significantly different from the control (Control; 100% vs. 0.1mM H202; 82.9% +/-
16.9%) (Figure 4.3C). At higher H202 concentrations of 0.5mM (57.5% +/- 13.3%; *p<0.05) and
1mM (36.6% +/- 1.9% **p<0.01) we observed a significant decrease in vimentin fluorescence, n=5;
student t-test (Figure 4.3C). We next examined the effects of pFTY720 on 0.5mM H20: induced
reduction in the levels of vimentin, in cerebellar slice cultures and observed that pre-treatment
with 1nM pFTY720 partly reduced the H20:-mediated decrease in vimentin fluorescence (87.7%
+/- 11.2%) compared to 0.5mM H202 treatment alone (63.9% +/- 9.7%). We note, however these

effects were not statistically significant, n=4 (Figure 4.3D).

2.4 GOX-CAT induced demyelination in cerebellar slice cultures

The generation of H202 using the enzymatic system of glucose oxidase (GOX) and catalase (CAT)
allows for low, continuous production of H202 in cell culture for up to 24hrs leading to a state of
oxidative stress (Mueller et al., 2009). In contrast to bolus H20: treatments, the GOX-CAT model of
oxidative stress is seen as more physiologically relevant with regards to the amount of time that
H:0z2 is present in the media and its concentration. Differences in intracellular signalling pathways
and cellular responses have been observed in response to bolus and continuous low levels of H202
(Pathipati et al.,, 2013, Millonig et al., 2012). Using this GOX-CAT system, generation of H202 can be
controlled by maintaining glucose oxidase constant at a dilution of 1:100,000 and varying the
dilution of CAT. Using GOX (1:100,000 dilution) and CAT (1:500,000 dilution) we quantitatively
determined the amount of H202 present in the media after 18hrs by means of amplex red. A control
containing the same GOX-CAT dilution in the absence of organotypic slices was found to have a
concentration of approximately 20uM H202 (20.0 uM +/- 1.4 uM) (Figure 4.4B). However, in the
presence of four organotypic cerebellar slices, the levels of H202 were found to be approximately
350nM (345.0 uM +/- 47.5 uM) (Figure 4.4B). We therefore next examined the effect of increasing
CAT dilutions (i.e. rising H202 concentration) on the expression of MBP and NFH in cerebellar slices
media. Our results showed a concentration dependent decrease in MBP fluorescence after 18hrs
treatment with GOX-CAT, where a significant decrease in MBP fluorescence was seen as the CAT
dilution increases (Figure 4.4C (i)) (control 44.53 RFU +/- 3.6 RFU; 1:50,000 CAT 31.7 RFU +/- 3.5
RFU; 1:100,000 CAT 29.27 RFU +/- 4.3 RFU; 1:500,000 CAT 25.4 RFU +/- 4.3 RFU; 1:1,000,000 CAT
20.2 RFU +/- 6.8 RFU; *p<0.05, **p<0.01, n=4, student t-test). In contrast to observed changes in
levels of MBP, we observed no concentration dependent effect of GOX-CAT treatment on NFH
fluorescence (except at a CAT dilution of 1:1,000,000; *p<0.05, student t-test) (Figure 4.4C (ii)).
Overall the data is suggestive of the idea that oligodendrocytes exhibit a higher degree of

vulnerability to the effects of low continuous H202 production in comparison to neurons.
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2.5 pFTY720 prevents GOX-CAT induced demyelination in cerebellar slice cultures

As demonstrated above, we showed that the bolus H202-induced decrease in MBP expression is
attenuated by pre-treatment with pFTY720. To further this finding, we next investigated the effects
of pFTY720 on demyelination induced by GOX-CAT treatment. As before, GOX-CAT treatment (using
a 1:500,000 CAT dilution) significantly reduced MBP fluorescence (70.8% +/- 4.6%, student t-test;
###p<0.001, n=6) compared to untreated control (Figure 4.5A and B), without decreasing the
expression of NFH (Figure 4.5C). Importantly, pre-treatment with 1nM pFTY720 significantly
attenuated this GOX-CAT-induced decrease in MBP fluorescence (101.7% +/- 8.9%, one way
ANOVA with Tukey’s post-hoc test **p<0.01, n=6) (Figure 4.5B), without significantly changing
levels of NFH. When examining the expression levels of MOG, similar results were found; in
particular that GOX-CAT treatment induced a significant reduction in the level of MOG (100% v.s
66.15% +/- 8.4%, student t-test; ##p<0.01, n=5), which was significantly attenuated by pre-
treatment with pFTY720 (66.1% +/- 8.4% vs. 130.9% +/- 22.47%, One-way ANOVA; "p<0.05, n=5)
(Figure 4.6). Taken together, this data strongly suggests that pFTY720 can limit demyelination
caused by low levels of continuous H202 treatment (as generated by GOX-CAT treatment), as well as

by higher concentrations of acute H202 (during bolus treatments).

2.6 pFTY720 attenuates GOX-CAT induced vimentin decrease in cerebellar slices

Cells that consume oxygen continuously generate H202, which is thought to be formed at the
highest quantities than compared to other peroxides (Dringen et al., 2005). Astrocytes are known
to play a role in the detoxification of H202, with catalase thought to be the main hydrogen
peroxidase (Desagher et al., 1996). To date, many studies investigating the effects of bolus H202 on
glial cells have been conducted using dissociated glial cell cultures (Ito et al., 2015), although only a
limited number have used GOX-CAT. Notably, no studies have yet been reported for astrocytes,
therefore we next examined the effects of low- continuous H202 on the viability of astrocytes in both
isolated astrocyte cultures and organotypic cerebellar slice cultures. In isolated astrocyte cultures
treatment with GOX-CAT caused a concentration-dependent decrease in cell viability (Control
100% vs. CAT 1:50,000 52.8% +/- 5.1%, ***p<0.001) (Figure 4.7A), which was not rescued by
pFTY720 (55.9% +/- 5.7%) (Figure 4.7B); similar to data shown for bolus H202 (Figure 4.3A and
B). Using organotypic cerebellar slice cultures, however, we observed a significant concentration
dependent decrease in vimentin fluorescence at a CAT dilution of 1:1,000,000 and 1:500,000
(Control; 100% vs. 1:500,000 CAT; 60.8% +/- 11.8%; *p=0.05) and 1:1,000,000 CAT (53.2% +/-
15.4%, *p<0.05, n=4) (Figure 4.7C), that was significantly attenuated with 1nM FTY720 treatment
(66.9% +/- 5.9% vs. 90.4% +/- 8.1%, one way ANOVA with Tukey’s post-hoc test *p<0.05, n=6)
(Figure 4.7D). Overall, this data suggests that pFTY720 may be protective of astrocyte cell loss in
slice cultures at low concentrations of H202 (as generated when using GOX-CAT), but not in isolated

cell cultures or at higher concentrations of H202 (when using bolus H202 treatments).

73



Chapter 4 | pFTY720 & H,0, induced demyelination

2.7 pFTY720 attenuates GOX-CAT induced demyelination independent of changes in
microglial Ibal and pro-inflammatory cytokines

We have previously reported that pFTY720 protects against LPC- (Sheridan and Dev, 2012),
psychosine- (O'Sullivan and Dev, 2015) and splenocyte-induced (Pritchard et al, 2014)
demyelination. In these studies, pFTY720 appears to attenuate LPC-induced levels of pro-
inflammatory cytokines, such as LIX, MIP1a, MIP3a, which may in part explain its protective effect
on demyelination induced by this toxin (Sheridan and Dev, 2012). In contrast, previous studies in
our lab have shown that psychosine-induced demyelination and protection by pFTY720 is not
associated with altered levels of pro-inflammatory cytokines such as IL-6, TNFa or IL-1f3, and
occurs independently of microglia cell response. These studies suggest that pFTY720 may therefore
also have the ability to provide protection independent of the inflammatory response (O'Sullivan
and Dev, 2015). Here, we further investigated whether pFTY720 attenuates H202-induced
demyelination by dampening inflammatory response. Using organotypic cerebellar slices we first
examined the effects of GOX-CAT in the presence or absence of pFTY720 on the expression levels of
the pro-inflammatory marker IL-6. Treatment with bolus H202 showed a modest increase in levels
of IL-6, which were not significant (Figure 4.8A), while GOX-CAT treatment caused a bi-phasic
concentration-dependent increase in the levels of IL-6, which was significant at CAT dilutions of
1:1,000 (Control 43.9 +/- 6.3 vs. 383.6 +/- 66.33; ###p<0.001), 1:500,000 (232.2 +/- 76.7; #p=0.05)
and 1:1,000,000 (586.0 +/- 88.1; ###P<0.001) student t-test (Figure 4.8A and B). In our hands,
however, H20: did not increase the levels of IL-6 in either isolated mouse or human astrocytes,
using either bolus H202 or GOX-CAT derived H202 (Figure 4.8C). Moreover, the effects of bolus H202
or GOX-CAT treatments on levels of IL-6 in organotypic cerebellar slices were not significantly
altered by pFTY720 (Figure 4.8A). Similar results were also found for another pro-inflammatory
chemokine, namely, fractalkine (Control 84.8 +/- 16.4 vs. 389.3 +/- 45.8; ***p<0.001) (Figure
4.8D). This is similar to our previous studies demonstrating the effects of pFTY720 and psychosine
on the levels of IL6 (O'Sullivan and Dev, 2015). A study using isolated mouse microglia cultures has
reported these cells release IL-6 at low concentrations of continuous H202 (GOX 1:100,000:CAT
1:5,000) but not in response to higher levels (1:20,000 and 1:80,000 CAT dilution) with cell death
reported at 1:80,000 CAT dilution (Pathipati et al., 2013). Thus we next examined the effects of
GOX-CAT and pFTY720 on levels of the microglia marker, lonized calcium binding adapter molecule
1 (Ibal), although we note that Ibal is not a specific marker of altered microglia reactivity. In these
experiments, no significant changes in expression of Ibal were observed with any of the treatments
used (Figure 4.8E). Overall, therefore, these results are in agreement with our previous data
(O'Sullivan and Dev, 2015), suggesting that pFTY720 can rescue demyelination independent of

changes in the pro-inflammatory response.
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Figure 4.1: Bolus Hz02 induces demyelination in cerebellar slice cultures

After 12-14 DIV, P10 cerebellar slices were serum starved for 4 hrs prior to addition of H20:
(0.1mM, 0.5mM and 1mM) for 18 hrs. (A) Experimental timeline shown. (B) Shows a significant
decrease in MBP fluorescence at 1mM and 0.5mM H202. (C) Graph shows a significant decrease in
NFH fluorescence at 1mM H:02 only. Slices were analysed using confocal microscopy. (D) Images
are representative of 5 separate experiments with images taken at 10x magnification. Scale bar,

100pum. Graphs expressed as means +/- SEM, t-test; ***p<0.001, **p<0.01 and *p<0.05.
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Figure 4.2: pFTY720 attenuates H20: induced demyelination in cerebellar slice cultures

Organotypic cerebellar slices were serum starved for 4 hrs prior to pre-treatment with pFTY720
(1nM) for 1 hr. This was followed by the addition of bolus H202 (0.5mM) for 18 hrs. (A) Images are
representative of 4 separate experiments. Confocal images taken at 10x magnification. Scale bar,
100pm. (B) Graph show a significant decrease in MBP fluorescence which is attenuated by
pFTY720. (C) NFH shows no significant decrease with GOX-CAT treatment as determined by
student t-test. All data expressed as mean +/- SEM, t-test; ###p<0.001 compared to own control, One

way ANOVA; *p<0.05 and Tukey’s post-hoc test compared to matched treated group, n=4.
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Figure 4.3: Bolus Hz0:2 induced astrocyte cell death is not attenuated with pFTY720

(A) MTT assay of human astrocytes treated with various concentrations of H202 as indicated on

graph. Significant decrease in cell viability at 0.7mM. (B) Human astrocytes pre-treated with

pFTY720 (1uM) does not attenuate astrocyte cell death induced by H202. (C) Organotypic

cerebellar slices treated with H202 (0.1mM, 0.5mM and 1mM) for 18 hrs. Graph shows a significant

decrease in vimentin fluorescence at 0.5mM compared to control. (D) Graph shows a significant

decrease in vimentin fluorescence when treated with 0.5mM H202, which is not attenuated with

pFTY720 (1nM) treatment as determined by one-way ANOVA. Graphs expressed as mean +/- SEM,

t-test; ***p<0.001 **p<0.01 and *p<0.05. Images are representative of 4 - 5 separate experiments.

Confocal images taken at 10x magnification. Scale bar, 100pm.
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Figure 4.4: GOX-CAT induced demyelination in cerebellar slice cultures

(A) Schematic illustrating the formation of H202in a GOX-CAT system. (B) GOX (1:100,000 dilution)
and CAT (1:500,000 dilution) mediated H202 was measured in serum free slice media using amplex
red and measured after 18hrs. Graph shows quantitative H202 measurement where approx. 20uM
H:0z2 is generated in serum free slice media compared to approx. 350nM when cultured with four
cerebellar slices. All experiments carried out contained 4 slices per insert; n=3. (C) Organotypic
cerebellar slices were serum starved for 4 hrs prior to addition of GOX and CAT. GOX (1:100,000
dilution) was maintained constant while the CAT dilution was varied as indicated on graph. As the
CAT concentration decreases, a decrease in myelination is evident as measured by MBP
fluorescence. (D) Images are representative of 3-5 separate experiments. Confocal images taken at
10x magnification. Scale bar, 100um. (C) Graph shows a significant decrease in MBP fluorescence at
CAT dilutions of 1:1,000,000, 1:500,000, 1:100,000 and 1:50,000 and a significant decrease in NFH
fluorescence at a CAT dilution of 1:1,000,000. Graphs are expressed as the mean +/- SEM, t-test;
*¥p<0.01 *p<0.05.
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Figure 4.5: pFTY720 prevents GOX-CAT induced demyelination in cerebellar slice cultures
Organotypic cerebellar slices were serum starved for 4 hrs prior to pre-treatment with pFTY720
(1nM) for 1 hr. GOX-CAT enzymes for production of H202 were then added for 18hrs. GOX was used
at a dilution of 1:100,000 and CAT was used at 1:500,000. (A) Confocal images are representative of
3-6 separate experiments. Images taken at 10x magnification. Scale bar, 100pm. (B) Graph shows a
significant decrease in MBP fluorescence when treated with GOX-CAT. This effect is rescued with
pFTY720 pre-treatment. (C) NFH shows no significant decrease with GOX-CAT treatment as
determined by t-test. Graphs show means +/- SEM, t-test; ###p<0.001 and one way ANOVA with
Tukey’s post-hoc test *p<0.05.
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Figure 4.6: GOX-CAT induced reduction in MOG expression is attenuated with pFTY720
Organotypic cerebellar slices were serum starved for 4 hrs prior to pre-treatment with pFTY720
(1nM) for 1hr. GOX-CAT enzymes for production of H202 were then added for 18hrs. GOX was used
at a dilution of 1:100,000 and CAT was used at 1:500,000. (A) Confocal images are representative of
5 separate experiments. Images taken at 10x magnification. Scale bar, 100um. (B) Graph shows a
significant decrease in MOG fluorescence when treated with GOX-CAT. This effect is rescued with
pFTY720 pre-treatment. (C) NFH shows no significant decrease with GOX-CAT treatment as
determined by t-test. Graphs show means +/- SEM, t-test; ##p<0.01 and one way ANOVA with
Tukey’s post-hoc test *p<0.05.
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Figure 4.7: GOX-CAT induced decrease in vimentin is attenuated by pFTY720 in cerebellar
slices

(A) MTT assay of human astrocytes treated with GOX 1:100,000 with CAT dilution indicated on
graph. Significant decrease in cell viability at 1:50,000 CAT. (B) Human astrocytes pre-treated with
pFTY720 (1pM) does not attenuate astrocyte cell death induced by GOX-CAT. (C) Organotypic
cerebellar slices treated with GOX 1:100,000 dilution while the CAT concentration was varied as
indicated on graph. Upon addition of GOX-CAT, an decrease in vimentin fluorescence is observed.
Graph shows a significant decrease in vimentin fluorescence at CAT dilutions of 1:1,000,000 and
1:500,000 compared to control. (D) Shows vimentin fluorescence is significantly decreased when
treated with GOX-CAT and this effect is attenuated by 1lhr pre-treatment with pFTY720 (1nM).
Graphs expressed as mean +/- SEM, t-test; ###p<0.001 and one way ANOVA with Tukey’s post-hoc
test *p<0.05. (A and B) Images are representative of 3 - 5 separate experiments. Confocal images

taken at 10x magnification. Scale bar, 100um.
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Figure 4.8: pFTY720 attenuates GOX-CAT induced demyelination independent of changes in
microglial Ibal and pro-inflammatory cytokines

Organotypic cerebellar slices were pre-treated with pFTY720 for 1 hr prior to addition of 0.5mM
H202 or GOX-CAT (1:100,000-1:500,000) enzymes. (A) Graph indicates IL-6 levels, as measured by
ELISA, from cerebellar slices treated with 0.5mM H20: and GOX-CAT (1:100,000-1:500,000).
Significant increases in IL-6 are seen with GOX-CAT treatment which is not attenuated by 1nM
pFTY720. (B) GOX-CAT (GOX 1:100,000 and CAT dilution indicated on graph) caused a bi-phasic
concentration-dependent increase in the levels of IL-6. (C) Mouse (MA) and human astrocytes (HA)
were serum starved for three hrs prior to treatment with H202 and GOX-CAT respectively for 18hrs.
Graph shows mouse astrocytes treated with 0.07 and 0.7mM bolus H202 and human astrocytes
treated with GOX (1:100,000) and CAT (1:20,000 or 1:30:000). Mouse astrocytes treated with LPS
(100ng/ml) used as positive control. (D) Shows pFTY720 (1nM) does not attenuate soluble
fractalkine (sCX3CL1) levels from slices treated with GOX-CAT (1:100,000-1:500,000). (E) Shows
no change in microglial Ibal fluorescence with GOX-CAT treatments. Confocal images taken at 10x
magnification. Scale bar, 100pm. All graphs expressed as mean +/- SEM, t-test; ###p<0.001,
##p<0.01, #*p<0.05 and one way ANOVA with Tukey’s post-hoc test; n=3-5.
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3. Discussion

3.1 Summary of findings

The excessive generation of ROS, such as H20z, is thought to be commonly associated with
neurodegenerative conditions, for example, Alzheimer’s disease (Milton, 2004, Wang et al., 2014b),
multiple sclerosis (MS) (Lee et al,, 2012a, Aydin et al,, 2014) and post-ischemic injuries (Gruber et
al, 2015). This accumulation of H20: leads to free radicals and in the case of iron-rich
oligodendrocytes, causes extensive cell damage (Gruber et al., 2015). In this study we investigated
the effects of short acting, bolus concentrations of H202 on myelination in cerebellar organotypic
slice cultures, and for the first time also report the effects of low-continuous concentrations of H202
liberated by a GOX-CAT system. We demonstrate that GOX-CAT generates H20: at nanomolar
concentrations and that both bolus H20: and GOX-CAT treatment induces demyelination, as
determined by a decrease in MBP and/or MOG expression. Importantly, pFTY720 significantly
attenuated this damage in both cases. In organotypic cerebellar slice cultures, both bolus H202 and
GOX-CAT also decreased the expression of vimentin, where pFTY720 attenuated or to a large extent
reduced these effects. In isolated astrocyte cultures, pFTY720 was unable to rescue decreased
astrocyte cell viability induced by treatment with either bolus H202 or GOX-CAT. We also observed
that treatment of cerebellar slices with GOX-CAT, while not causing changes in expression of the
microglia marker Ibal, caused a bi-phasic concentration-dependent increase in the levels of IL-6.
Notably, pFTY720 did not change the levels of Ibal expression, nor did it attenuate the levels of IL-6
induced by GOX-CAT treatment. Together these results suggest that the GOX-CAT system can
induce demyelination in organotypic slice cultures and shows that pFTY720 attenuates H:0:
induced demyelination. The findings also suggest these protective effects of pFTY720 may be
independent of changes of Ibal and the pro-inflammatory cytokine IL-6, but may involve limiting a

decrease in the expression of the astrocyte marker vimentin.

3.2 Using the GOX-CAT system to induce demyelination

To induce oxidative stress in vitro, the amount of radicals in a system can be increased by direct
addition of H202 or by inhibiting antioxidant defences, for example, using inhibitors of catalase
(CAT) (Gille and Joenje, 1992). High concentrations of H202 added directly to the media, tends to
result in a short term exposure of the initial high concentration (Gille and Joenje, 1992). This bolus
H:02 treatment has a short half-life, with estimations ranging from only 4-10 mins exposure in cell
culture conditions (Dringen and Hamprecht, 1997, Mueller et al, 2009). The rate of H:0:
degradation also depends on the cell type, density and antioxidant capabilities (Gille and Joenje,
1992). In cell culture experiments, bolus concentrations of H202 ranging from 50uM to 1mM have
been used extensively to study the harmful effects of H202. However, these high concentrations are
in contrast to physiological levels, which have been reported to range from 10nM to 10uM (Mueller
etal, 2009). In an attempt to establish a more physiologically relevant means of studying oxidative
stress, reports have used a glucose oxidase-catalase (GOX-CAT) system. In this system the levels of
H20: are governed by a ratio of the two enzymes GOX and CAT (Mueller et al., 2009), which can

generate near constant levels of H202 for up to 24hrs (Sobotta et al,, 2013). In our study, we utilised
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the GOX-CAT system to develop a new model of H202-induced demyelination. We found that the
enzymatic mixture of GOX and CAT in serum free slice media generated approximately 20uM H202
when there was no other source of potential peroxidases and, as expected, in the presence of
cerebellar slices the levels of H202 were reduced to approximately 300-400nM. Importantly, our
results show that the addition of GOX-CAT to cerebellar slices induced a loss of the key components

of myelin, namely MBP and MOG, which was attenuated by treatment with pFTY720.

3.3 H20: induced astrocyte cell toxicity

In neurons, pFTY720 protects against damage from bolus H202 in vitro, through the blockade of
astrocyte derived nitric oxide (Colombo et al, 2014) as well as directly decreasing levels of
phosphorylated Foxo3a, a transcription factor involved in oxidative stress mediated neuronal cell
death (Safarian et al.,, 2014). In vitro studies on endothelial and granulosa cells have also shown
that activation of S1PRs attenuates bolus H202-induced apoptosis (Moriue et al., 2008, Nakahara et
al, 2012). In contrast, the potential therapeutic effects of SIPR modulation, via pFTY720, on
astrocyte cell death mediated by H202-induced oxidative stress, have thus far not been reported.
Our data shows that dissociated astrocyte cultures undergo significant cell death when treated with
bolus H202 or GOX-CAT as well as in organotypic slices, where both treatments decrease the
expression levels of vimentin. While pFTY720 was unable to rescue bolus H202 or GOX-CAT induced
astrocyte cell death in dissociated cell cultures, in the organotypic slice culture model, pFTY720
limited the decrease in vimentin caused by these treatments. These results may be likely explained
by the toxic effects of H202 and the protective effects of pFTY720 being dependent on toxin
concentration (i.e. high bolus H202 concentrations versus low continuous GOX-CAT generated H202)
as well as cellular density (i.e. dissociated single cell cultures versus organotypic slice culture
cellular networks). In agreement, we have shown previously that pFTY720 protects against
psychosine induced astrocyte cell death in a manner that is dependent on psychosine concentration

as well as astrocyte cell density (O'Sullivan and Dev, 2015).

3.4 pFTY720 attenuates demyelination in a cytokine dependent and independent
manner

Studies have shown that pFTY720 attenuates increased levels of pro-inflammatory cytokines, such
as IL-6, IL-1p and IL-17, in experimental autoimmune encepthalomyelitis (EAE) (Choi et al., 2011).
In organotypic cerebellar slices, we show that induction of demyelination with MOG-reactive
splenocytes can be attenuated via pFTY720, which is associated with a reduction in IFNy and IL-6
cytokines (Pritchard et al,, 2014). In addition, others and we observe that pFTY720 protects against
demyelination induced by LPC, whereby enhanced levels of cytokines are reduced via S1PR
modulation (Sheridan and Dev, 2012, Miron et al., 2010, Miron et al., 2008a, Miron et al., 2011). Of
interest, demyelination induced by LPC appears to involve activated microglia, increased ROS, and
raised levels of IL-6, TNFa and IL-1f (di Penta et al., 2013). In addition, it has been reported that
pFTY720 can attenuate levels of cytokines in isolated microglial cell cultures stimulated with LPS

(Noda et al, 2013). More recently, we have demonstrated that demyelination induced by
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psychosine is attenuated by S1PR modulation in a manner that is independent of pro-inflammatory
cytokines (O'Sullivan and Dev, 2015, O'Sullivan et al., 2016). Here, we examined further the
inflammatory response associated with demyelination, and show that treatment of cerebellar slices
with GOX-CAT induced an increase in the levels of IL-6 and fractalkine, without altering expression
levels of the microglial marker Ibal, although we note that Ibal is not necessarily a marker of
microglia activation state. Notably, in these slice culture experiments, neither the levels of IL-6,
fractalkine or Ibal were altered by pFTY720. Given that we have shown previously that astrocytes
are also capable of releasing pro-inflammatory cytokines such as IL-6 (Giralt et al., 2013, Elain et al,,
2014, Pathipati et al,, 2013), we also examined the effects of H202 on the levels of IL-6 in isolated
astrocytes, with an aim to then examine the effects of pFTY720. In our hands, however, H202 did not
increase the levels of IL-6 in either isolated mouse or human astrocytes, using either bolus H202 or
GOX-CAT derived H20x.

We also note that different concentrations of pFTY720 were used for dissociated cell culture
experiments with astrocytes (1pM) and organotypic cerebellar slice cultures (1nM). Our lab has
found in previous experiments with cerebellar slices, that lower concentrations of pFTY720 are
effective at preventing demyelination and in promoting remyelination (O'Sullivan and Dev, 2015,
Pritchard et al, 2014, Sheridan and Dev, 2012). This concentration of pFTY720 is also more
therapeutically relevant, i.e. a dose that would reach the CNS in human MS patients as levels of
FTY720 in rodent CSF are reportedly in the sub-nanomolar range (Miron et al, 2008b).
Concentrations of pFTY720 used in dissociated cell culture experiments can range from 10nM-
10uM (Miron et al., 2008b). Higher concentrations of pFTY720 may be used in order to study acute
responses of pFTY720 and to show rapid internalisation of S1P receptors (Healy et al., 2013). In our
experiments on astrocyte cell viability with pFTY720, we used both 1nM (Data not shown) and
1uM.

In conclusion, these results suggest that the GOX-CAT model may be useful in the studying the role
of oxidative stress on myelination as well as examine the effects of novel therapies. They also
suggest that cell toxicity and protection by pFTY720 are dependent on the cell densities used as
well as the cell culture models. Most importantly, these findings suggest that differing
demyelinating agents might regulate levels of cytokines by specific pathway(s), not all of which are
sensitive to modulation by S1PRs, and that S1PRs may have capacity to rescue from demyelination

in both inflammatory and non-inflammatory models.
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Figure 4.9: Demyelination induced by oxidative stress is regulated by sphingosine 1-

phosphate receptors
pFTY720 attenuated demyelination and limited the decrease in vimentin fluorescence caused by

low-continuous (GOX-CAT) and bolus H202. pFTY720 did not alter levels of IL-6 or fractalkine. Ibal

fluorescence levels remained unchanged with treatments.
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The chemokine fractalkine (CX3CL1) attenuates H20:
induced demyelination in cerebellar slices
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Chapter aims

The specific aims of this chapter were to:
o Investigate the effects of recombinant fractalkine (rCX3CL1) on bolus H202 and GOX-
CAT-induced demyelination
o Explore any protective effects of rCX3CL1 on astrocytes in cerebellar slices under
oxidative stress conditions
o To investigate if the protective of rCX3CL1 on oxidative stress induced demyelination
was due to a decrease in the levels of IL-6 or changes to Ibal expression in microglial

cells within cerebellar slices
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Abstract

Fractalkine/CX3CR1 signalling has been implicated in many neurodegenerative and neurological
diseases of the central nervous system (CNS). This signalling pathway plays a important role in
regulating reactive oxygen species (ROS), as well as itself being altered in conditions of oxidative
stress. Here we investigated the effects of recombinant fractalkine (rCX3CL1) in models of H20:-
induced demyelination and astrocyte toxicity, within organotypic cerebellar slice cultures. We show
here, for the first time, that rCX3CL1 significantly attenuated bolus H202 induced demyelination as
measured by expression of MBP and also attenuated reduced vimentin expression. Using a GOX-
CAT system to continuously generate low levels of H202 and induce demyelination, we observed
similar protective effects of rCX3CL1 on MBP and MOG fluorescence, although in this model, the
decrease in vimentin expression was not altered. Interestingly, we observed that bolus H:20x,
induced demyelination was not associated with increased levels of IL-6. In contrast, GOX-CAT
treatment increased the levels of IL-6, without any significant change in microglial Ibal
fluorescence. In all these cases, pre-treatment with rCX3CL1 neither altered levels of IL-6 or Ibal.
Taken together this data highlights the protective effects of fractalkine signalling in oxidative stress

related demyelination, in inflammatory as well as non-inflammatory conditions.
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1. Introduction

Fractalkine and its receptor, CX3CR1, are constitutively expressed in the central nervous system.
This is in contrast to most other chemokines, whose expression in the brain is only detected during
inflammation (Harrison et al, 1998, Nishiyori et al, 1998, Pan et al, 1997). One of the unique
features of fractalkine is its ability to exist as both a membrane tethered adhesion molecule and as a
soluble chemotactic ligand (Harrison et al., 2001). In naive rodent brains, CX3CR1 has been
localised to microglia (Harrison et al, 1998, Hughes et al., 2002) and shown to be expressed
intracellularly by neurons (Hughes et al., 2002). Fractalkine (CX3CL1) is shown to be localised to
neurons (Harrison et al, 1998, Hughes et al, 2002) and astrocytes (Hughes et al, 2002). It is
thought that fractalkine expression in the brain is an important mediator of neuronal-glial
communication. It is also thought to play a homeostatic role in normal physiological functions with
the ability to regulate immune responses during times of injury (Tsou et al., 2001, Boddeke et al,,
1999).

Several studies provide evidence of neurotoxic insults increasing the expression of fractalkine on
neurons and astrocytes as well as increased microglial migration (Cardona et al,, 2006, Cho et al,
2011, Garcia et al., 2013). In the rodent EAE model for MS an increase in astrocytic levels of
fractalkine was observed at sites of inflammation, while neuronal fractalkine remained unchanged.
Microglial CX3CR1 expression has also been reported to be increased around active demyelinating
lesions (Sunnemark et al., 2005). Further experiments suggest that fractalkine plays a direct
neuroprotective role in the regulation of inflammation under oxidative and ischemic conditions
(Chen et al., 2013, Zujovic et al,, 2001). Fractalkine has been shown to promote human monocyte
survival through a reduction in intracellular ROS (White et al., 2014). However, studies also show
that ROS such as Hz202 can enhance the expression of fractalkine and other adhesion molecules on
endothelial cells, which may contribute to vascular injury (Chen et al, 2011). Thus, evidence
suggests that fractalkine can be neuroprotective or neurotoxic depending on the cellular

environment (Wu et al,, 2015, Soriano et al.,, 2002, Cipriani et al., 2011).

Ischemic brain injury has been associated with the generation of excess ROS, which can lead to
oxidative stress and in turn, neuronal damage (Radak et al., 2014). Increases in ROS production
have also been shown to affect myelin producing oligodendrocytes. High concentrations of iron,
polyunsaturated fatty acids combined with low levels of glutathione, make oligodendrocytes an
ideal target for oxidative stress (Gruber et al., 2015). Decreasing the levels of ROS surrounding
these oligodendrocytes has been shown to increase myelin production with a concurrent reduction
in the anti-oxidative response elements Nrf2 and hemeoxygenase-1 (HO-1) (Gruber et al,, 2015,
Fernandez-Gamba et al, 2012). Importantly, neuronal fractalkine has been shown to directly
activate the Nrf2 pathway in microglia (Lastres-Becker et al., 2014). Given the susceptibility of
neuronal and glial cells to oxidative stress and the potential protective effects of

fractalkine/CX3CR1 signalling, we investigated the effects of fractalkine, on H:0: induced
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demyelination, astrocytic vimentin expression, microglial Ibal expression and levels of the pro-

inflammatory cytokine IL-6, in organotypic cerebellar slice cultures.
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2. Results
2.1 Fractalkine (CX3CL1) prevents bolus H202 induced demyelination in

cerebellar slices

Oxidative stress is thought to play a role in aging as well as many neurodegenerative diseases (Beal,
2005). Fractalkine and CX3CR1 expression has been shown to be altered in demyelinating lesions
associated with EAE (Sunnemark et al., 2005, Zhu et al., 2013). To determine whether the soluble
fractalkine ligand (sCX3CL1) is protective of myelin, in an environment of oxidative stress, we pre-
treated cerebellar slices for 1 hr with recombinant fractalkine (rCX3CL1; R&D systems; cat#458-
MF) prior to addition of 0.5mM bolus H202. Our results show, after 18hrs of bolus H202 treatment
there is a significant decrease in MBP fluorescence (59.6% +/-2.5%), which was significantly
attenuated in groups pre-treated with rCX3CL1 (94.5% +/- 10.3%), (student t-test; ###p<0.001, one
way ANOVA and Tukey’s post-hoc test; *p<0.05) (Figure 5.1B(i)). We also note a small decrease in
NFH fluorescence in comparison to the control; however this was not found to be significant
(81.7% +/- 14.6%) (Figure 5.1B(ii)). This data shows that rCX3CL1 may have protective effects on

myelin state in the cerebellum, in an environment of oxidative stress.

2.2 Fractalkine (CX3CL1) prevents bolus H20: induced astrocyte cell death in
cerebellar slice cultures

Fractalkine has been shown to have anti-apoptotic effects on human monocytes through a
reduction in intracellular oxidative stress (White et al., 2014). In certain diseases, the up-regulation
of fractalkine has been shown to help prevent microgliosis, through the activation of the Nrf2
transcription factor and up-regulation of heme-oxygenase 1 proteins (Lastres-Becker et al., 2014).
Therefore, in addition to the positive effects of rCX3CL1 on myelination in an organotypic slice
model of oxidative stress, we next examined the effect of 0.5mM bolus H202 on astrocytes. Vimentin
fluorescence was significantly decreased through the addition of bolus H202 (74.2% +/- 4.0%)
(Figure 5.2A and B). Importantly, pre-treatment with rCX3CL1 (10ng/ml), significantly prevented
this loss in vimentin fluorescence (127.7% +/- 12.6%) (Student t-test; ##p<0.01 and one way
ANOVA and Tukey’s post-hoc test, **p<0.01) (Figure 5.2B). These results show that rCX3CL1
displays a significant protective effect on astrocytes in cerebellar tissue when exposed to large

concentrations of H20z.

2.3 GOX-CAT induced demyelination is prevented by Fractalkine (CX3CL1)
treatment

Administration of large bolus doses of H202 is now being challenged as an inaccurate model of
oxidative stress, as it involves non-physiological H202 concentrations (Sobotta et al., 2013). Bolus
H20:; has also been shown to be metabolised within minutes in cell culture (Mueller, 2000).
Alternatively, the glucose oxidase-catalase (GOX-CAT) system is thought to produce physiologically

appropriate concentrations of H202, over a physiologically appropriate time (Mueller et al., 2009).
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Therefore, differing biological outcomes may result from either large bolus or low continuous H202
delivery. Given we find that rCX3CL1 protects myelin and astrocytes from the effects of a large
bolus dose of H20: (Figure 5.1 and 5.2), we next investigated if rCX3CL1 would have similar
protective effects when using the GOX-CAT model. Cerebellar slices were treated with 100ng/ml,
10ng/ml or 1ng/ml of rCX3CL1 for 1 hr prior to treatment with GOX-CAT (GOX dilution 1:100,000,
CAT dilution 1:500,000) for 18hrs. This GOX-CAT treatment caused significant demyelination (70.8
+/- 4.6%, student t-test, ###p<0.001; n=4) (Figure 5.3B-D), which was attenuated by pre-treatment
for 1 hr with rCX3CL1 (100ng/ml) (105.4% +/- 9.0%, one way ANOVA and Tukey’s post-hoc test,
**p<0.01; n=4) (Figure 5.3B). These effects of rCX3CL1 were concentration-dependent, where pre-
treatment with 10ng/ml (94.9% +/- 4.7%) and 1ng/ml of rCX3CL1 (95.8% +/- 7.8%) did not have a
significant protective effect (Figure 5.3C and D). In the conditions tested, we observed no
significant difference in NFH fluorescence (Figure 5.3E-G). There were also no significant effects of
rCX3CL1 treatment alone on MBP fluorescence, at any of the three concentrations tested,
(100ng/ml, 105.8 +/- 9.2%; 10ng/ml, 127.3% +/- 27.9%; 1ng/ml, 112.0% +/- 18.3%) and NFH
fluorescence (100ng/ml, 107.1% +/-12.7%; 10ng/ml, 112.2% +/- 11.2%; 1ng/ml, 98.9% +/-
13.9%) (Figure 5.3E-G).

2.4 GOX-CAT induced reduction in MOG is attenuated by fractalkine

In vitro studies on oxidative stress, have led to mixed reports as to the protective (White et al,,
2014) or toxic effects (Chen et al., 2011, Xuan et al., 2012) of fractalkine. Like many other cytokines,
fractalkine has been shown to be either anti-inflammatory (Zujovic et al, 2000) or neurotoxic
(Mattison et al., 2013) depending on the circumstances. It has been suggested that the timing and
concentration of fractalkine administration is of importance in determining the response of
neurons and glia to potential neurodegeneration (Sheridan and Murphy, 2013). Given we find that
soluble fractalkine attenuates GOX-CAT induced decrease in MBP (Figure 3), to further convince
ourselves that GOX-CAT treatment is having a deleterious effect on myelin and that recombinant
fractalkine (rCX3CL1) exerts a protective effect, we investigated the effects of GOX-CAT and
rCX3CL1 on levels of MOG. We report, GOX-CAT treatment caused a significant decrease in MOG
fluorescence compared to control (100% vs. 62.7% +/- 7.4%). Pre-treatment with rCX3CL1
(100ng/ml) for 1 hr, produced significant protective effects on MOG levels (110.7% +/- 11.9%), t-
test; ##%p<0.001, and one way ANOVA *p<0.05; n=5 (Figure 5.4). As before, we show that neither
rCX3CL1 nor GOX-CAT significantly reduce NFH fluorescence. These finding suggest fractalkine can

significantly attenuate the toxic effects of low-continuous H202 on myelin proteins.

2.5 Fractalkine does not protect astrocytes from low continuous H20:
exposure

Many in-vitro studies on the effects of oxidative stress on astrocytes have used large bolus H:0:
concentrations in order to measure biological effects (Ito et al., 2015, Kim and Kwon, 2013, Dringen

and Hamprecht, 1997). In this study, we have used the GOX-CAT system to generate low continuous
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concentrations of H202 in order to induce demyelination in cerebellar slice cultures. In this model,
fluorescence levels of the astrocyte marker vimentin, decreased significantly when exposed to GOX-
CAT (GOX dilution 1:100,000, CAT dilution 1:500,000) for 18hrs (66.9% +/- 5.9%) (Figure 5.5B
and C). Pre-treatment with rCX3CL1 for 1 hr at 100ng/ml (70.4% +/- 11.8%) (Figure 5.5B) and
10ng/ml (69.6% +/- 7.4%) (Figure 5.5C) (One-way ANOVA and Tukey’s post-hoc test, n=4) were
unable to significantly attenuate this effect of GOX-CAT treatment on astrocytes. This data shows
that even though rCX3CL1 is able to significantly attenuate the bolus H202 induced decrease in
vimentin fluorescence (see Figure 5.2); rCX3CL1 is unable to counteract the toxic effects of low
continuous H202. These results may be explained by astrocytes displaying a higher vulnerability to

continuous low-level concentrations of H202, in comparison to transient large bolus concentrations.

2.6 Protective effects of recombinant fractalkine on myelination is
independent of IL-6 levels

H20: is not thought to be a potent inducer of pro- or anti-inflammatory cytokines (Pathipati et al.,
2013). In vitro stimulation of primary microglial cells with bolus H202 does not cause significant IL-
6 release. This is in contrast to GOX-CAT treatment, whereby a 2-fold increase in levels of IL-6 are
seen in comparison to controls (Pathipati et al, 2013). Similarly, in these set of experiments,
cerebellar slices were treated with 0.5mM bolus H202, which did not cause a significant increase in
IL-6 levels (Control 16.6pg/ml +/- 8.7pg/ml vs. 0.5mM H:02 73.8pg/ml +/- 34.4pg/ml, t-test;
p=0.182). In contrast, when treated with low-continuous H202 (GOX-CAT) a significant increase in
IL-6 is detected (control 47.8pg/ml +/- 8.6 pg/ml vs. 152.5 pg/ml +/- 23.9 pg/ml) Student t-test,
#p<0.05; n=3-4 (Figure 5.6A). To investigate whether or not this increase in IL-6 was due to
increased microglial fluorescence, which could infer microglial proliferation/activation, cerebellar
slices were pre-treated for 1 hr with rCX3CL1 (100ng/ml) prior to addition of GOX-CAT and stained
for Ibal. No significant difference in fluorescence between treatment groups was observed. A small
increase in Ibal fluorescence is noted in the rCX3CL1 treated control group, however this is not

significant (Figure 5.6B).
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Figure 5.1: Fractalkine prevents bolus H:0: induced demyelination in cerebellar slice
cultures

(A) Experimental timeline shown. (Bi) Organotypic cerebellar slices were pre-treated with
fractalkine (CX3CL1; 10ng) for 1 hr prior to addition of bolus H202 (0.5mM) for 18hrs. Graph shows
a significant decrease in MBP fluorescence after H202 treatment .This effect is rescued with CX3CL1
treatment. (Bii) NFH shows no significant decrease with bolus H202 treatment compared to control.
(D) Images are representative of 3 separate experiments. Confocal images taken at 10x
magnification. Scale bar, 100 pm. Data expressed as mean +/- SEM, t-test; ###p<0.001, one-way

ANOVA and Tukey’s post-hoc test, *p<0.05.
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Figure 5.2: Fractalkine prevents bolus Hz0:2 induced astrocyte cell death in cerebellar slice
cultures

Organotypic cerebellar slices were pre-treated with fractalkine (CX3CL1; 10ng/ml) for 1 hr prior to
addition of bolus H202 (0.5mM) for 18hrs. (A) Images are representative of 3 separate experiments.
Confocal images taken at 10x magnification. Scale bar, 100 pm. (B) Graph shows a significant
decrease in vimentin fluorescence when treated with bolus H202. This effect is rescued when pre-
treated with fractalkine. Data expressed as mean +/- SEM, student t-test; ##p<0.01 and one way

ANOVA and Tukey’s post-hoc test, **p<0.01.
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Figure 5.3: Fractalkine prevents oxidative stress induced demyelination in cerebellar slice
cultures

Organotypic cerebellar slices were pre-treated with fractalkine (CX3CL1; 100ng/ml, 10ng/ml or
1ng/ml) for 1 hr, prior to treatment with glucose oxidase (GOX) and catalase (CAT). Concentrations
were maintained constant at 1:100,000 and 1:500,000 respectively in order to generate low levels
of H202 continuously. (A) Images are representative of fractalkine (CX3CL1) at 100ng/ml treatment
group. Confocal images taken at 10x magnification. Scale bar, 100 pm. (B) Graph shows a significant
decrease in MBP fluorescence with GOX-CAT treatment. This effect is rescued with fractalkine
treatment at 100ng/ml but not at (C) 10ng/ml or (D) 1ng/ml. NFH shows no significant decrease in
fluorescence with GOX-CAT treatment (E-G). Graphs expressed as mean +/- SEM, n=4-6. Student t-
test; ###p<0.001 and one-way ANOVA **p<0.01.
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Figure 5.4: GOX-CAT induced reduction in MOG is attenuated by fractalkine

Organotypic cerebellar slices were pre-treated with fractalkine (CX3CL1; 100ng/ml) for 1 hr prior
to addition of glucose oxidase (GOX; 1:100,000) and catalase (CAT; 1:500,000). (A) Images are
representative of 5 separate experiments. Scale bar, 100pum. Confocal images taken at 10x
magnification. (Bi) Graph shows a significant decrease in MOG fluorescence with GOX-CAT
treatment. This effect is rescued with fractalkine treatment at 100ng/ml. (Bii) NFH shows no
significant decrease in fluorescence with GOX-CAT treatment. Graphs expressed as mean +/- SEM, t-

test; ###p<0.001, and one way ANOVA *p<0.05; n=5.
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Figure 5.5: Fractalkine does not protect astrocytes from low continuous H20: exposure

Cerebellar slices were pre-treated with fractalkine (CX3CL1; 100ng/ml or 10ng/ml) for 1 hr prior
to addition of glucose oxidase (GOX; 1:100,000) and catalase (CAT; 1:500,000) in order to generate
low levels of H20: continuously (A) Images are representative of 4-6 separate experiments.
Confocal images taken at 10x magnification. (B and C) Graph shows a significant decrease in
Vimentin fluorescence when treated with GOX-CAT. Fractalkine treatment does not prevent this
astrocyte cell death. Data expressed as mean +/- SEM, student t-test; ###p<0.001 and one way

ANOVA with Tukey’s post-hoc test.
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Figure 5.6: Protective effects of fractalkine on myelination are independent of IL-6 levels

(A) Graph indicates IL-6 release from cerebellar slices pre-treated with fractalkine (CX3CL1;
100ng/ml or 10ng/ml) for 1 hr followed by 0.5mM H202 or GOX-CAT (1:100,000-1:500,000).
Cerebellar slices were then processed for immunohistochemistry and media used for ELISA. A
significant increase in IL-6 is seen with GOX-CAT treatment, which is not attenuated by CX3CL1. (B)
Shows no significant change in microglial Ibal expression between treatments. Confocal images

taken at 10x magnification. Scale bar, 100pm. Graphs expressed as mean +/- SEM, t-test, #p<0.05;

n=3.
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3. Discussion

High concentrations of H202 can cause oxidation of proteins and lipids resulting in cellular damage
(Barbouti et al., 2002). To date, most studies have focused on bolus H202 treatments to study the
toxic effects of H202 on isolated cells. Addition of GOX-CAT enzymes allows for the generation of
low, continuous levels of H202 to be generated in vitro, which may better mimic the sustained rise
in oxidative stress levels seen in neurological disorders (Denes et al., 2008, Wang et al., 2014a).
Given that oxidative damage is associated with the initiation and progression of many neurological
diseases, it is important to identify new cellular targets for preventing oxidative injury. Fractalkine
is a chemokine, which can regulate neuronal and glial cell responses to oxidative stress (Zujovic et
al,, 2001, Lastres-Becker et al., 2014). Here, we investigated the effects of recombinant fractalkine
(rCX3CL1) in cerebellar slices treated with bolus H202 or GOX-CAT mediated H20.. Addition of
fractalkine to cerebellar slices, prior to H202 induced oxidative stress, significantly attenuated the
loss of myelin associated with H202 treatments. Unlike slices treated with bolus H202, GOX-CAT
treatment showed a significant increase in levels of IL-6. These levels were not altered by rCX3CL1
treatment. The increase in IL-6 was independent of changes in microglial Iba1l fluorescent intensity.
Turning our attention to astrocytes, fractalkine significantly attenuated bolus H20:-induced
decrease in vimentin fluorescence but had little-to-no protective effect over GOX-CAT treated slices.
Overall these studies suggest that fractalkine may protect astrocytes against high levels of H20:
insults but may be limited in its protective effects against low-sustained levels of H202. In addition

fractalkine may regulate myelination state in both inflammatory and non-inflammatory conditions.

3.1 Protective effects of fractalkine on myelination

The involvement of fractalkine in regulating the oxidative stress response has been documented
(Lastres-Becker et al., 2014, White et al., 2014). Administration of fractalkine prior to ischemic
insult in wild type rodents produces neuroprotective effects, with smaller infarct sizes and a
reduced mortality rate reported (Cipriani et al, 2011). In contrast, studies with CX3CR1-/- and
CX3CL1/ rodents following ischemic injury had a better outcome in comparison to their wild type
counterparts, which suggests that fractalkine contributes to neurotoxicity (Cipriani et al, 2011,
Soriano et al, 2002). This apparent contradiction highlights the complex signalling pathways
evoked by fractalkine, suggesting it can be protective or toxic depending on the period of release
and the microenvironment (Re and Przedborski, 2006). In our studies, we demonstrated H:0:
induced demyelination, as reflected by a decrease in the levels of MBP and MOG fluorescence, are
attenuated by pre-treatment with fractalkine, prior to H202 insult. It should be noted that in our
study we used the fractalkine chemokine domain and not full-length fractalkine, which includes the
mucin stalk. Addition of recombinant fractalkine (rCX3CL1) prior to H20: insult may be an
important factor for the protective effects observed. Contrasting effects of chemokine blockade
during the initiation or progression phase of inflammation has been documented (Bruhl et al., 2004,
Sheridan and Murphy, 2013). Therefore, rCX3CL1 may pre-condition microglia, increasing the

efficiency of the antioxidative stress response (Iga et al., 2007).
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3.2 Contrasting responses of astrocytes to bolus and GOX-CAT generated
HZOZ

Studies have suggested that different sub-populations of astrocytes in the brain can vary
considerably in sensitivity to bolus H202. For example hippocampal astrocytes are sensitive to
concentrations as low as 50uM, whereas cortical and cerebellar astrocytes are resistant to 500uM
H202 (Desagher et al,, 1996, Feeney et al., 2008, Ferrero-Gutierrez et al., 2008). Astrocytes may also
vary in their sensitivity towards the method of H202 delivery where different or opposing biological
outcomes may be elicited by cells in response to bolus or GOX-CAT H202 (Sobotta et al, 2013).
Using organotypic cerebellar slice cultures, decreased fluorescent intensity of vimentin, an
intermediate filament protein in astrocytes, is caused by both bolus and GOX-CAT generated H20z.
In contrast to GOX-CAT generated H202, rCX3CL1 significantly attenuated bolus H:0: induced
decrease in vimentin fluorescence. The protective effects of rCX3CL1 on bolus H20: insult may be
due to the short half-life of H202 in cell culture (Dringen and Hamprecht, 1997, Mueller et al., 2009).
The slow dissociation rate of fractalkine from its receptor also suggests that fractalkine signalling
may outlast the effects of bolus H202 and thus contribute to its protective effects. Similarly, the lack
of protective effects observed in GOX-CAT treated slices may be due to the half-life of rCX3CL1 (in
comparison to GOX-CAT), which for chemokines is generally thought to be short (Beal, 2005,
Lambeir et al., 2001, Greer et al., 1994). In addition, persistent H20: levels due to GOX-CAT activity
may outlast any protective effects of rCX3CL1 due to the short signalling duration and half life of
most chemokines. However, the exact half-life of fractalkine in cell culture is unknown. Thus,
rCX3CL1 may be protective of astrocytes in conditions of short-lasting bolus H202 treatments, but

not with GOX-CAT generated H20:.

3.3 Protective effects of fractalkine are independent of IL-6

In primary dissociated microglial cultures, low levels of sustained H20: have been shown to cause
activation of microglia, which promotes a pro-inflammatory response followed by an anti-
inflammatory phenotype several hours later (Pathipati et al, 2013). This suggests that a pro-
inflammatory, neurotoxic phase may precede a second anti-inflammatory and a neuroprotective
phase. Given the important role IL-6 plays in inflammation and the differential levels of IL-6 seen in
cerebellar slices treated with bolus versus continuous H202 we wanted to further investigate
whether CX3CR1 modulation was regulating these levels of IL-6 in cerebellar slice cultures. In this
study, we observed a significant increase in levels of IL-6 from GOX-CAT treated cerebellar slices,
which were not attenuated, nor exacerbated, by pre-treatment with rCX3CL1. Notably, no
significant increase in IL-6 was observed in bolus H20: treated groups. Increased levels of IL-6 from
GOX-CAT may stem from an initial immune mediated response elicited by microglia or perhaps
from microglia-astrocyte mediated cross-talk (Catalano et al., 2013). However, the presence of IL-6
in the media would suggest that rCX3CL1 is not decreasing levels of inflammation generated from
GOX-CAT mediated oxidative stress. On the contrary, the presence of IL-6 may be an indicator of the

regenerative process (Becker et al., 2004). Pro-inflammatory responses of IL-6 are mediated
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through ‘trans-signalling’, whereby a specific protein, namely, gp130, present on cell surfaces
responds only to a complex of IL-6 and soluble IL-6 receptor (sIL-6R) (Drucker et al., 2010). sIL-6R
is generated through ADAM metalloprotease mediated cleavage (Chalaris et al, 2007).
Regenerative or anti-inflammatory activities of IL-6 are mediated by ‘classic signalling’. Here, IL-6
targets the few cell types which express membrane bound IL-6R, mainly hepatocytes, lymphocytes,
neutrophils, macrophages and neurons, which leads to the activation of JAK/STAT pathways and
the activation of target genes within the nucleus (Drucker et al., 2010, Scheller et al., 2011). Thus,
traditionally, high levels of IL-6 are associated with harmful effects of inflammation, however, IL-6
may also have an anti-inflammatory effect, which helps regenerate tissue damage (Scheller et al,,
2011).

3.4 Effects of GOX-CAT on microglial Ibal expression

Ibal is a calcium binding protein that is specifically expressed in microglia in the CNS (Ito et al,
2001). Studies show that Ibal can play an important role in regulating microglial activation and
enhanced Ibal expression has been associated with microglial activation in the ischemic and
oxidative stressed rodent brain (Ito et al, 2001, Matsumoto et al., 2008, Gerecke et al.,, 2013).
However, in our study, no increase in Ibal fluorescence was observed between treatments, which
would suggest that microglia were not in an activated state. A caveat to this conclusion, however, is
that we cannot rule out microglial activation based on these observations alone due to the
complexity of the microglial phenotype. Therefore in order to characterise fully the microglial
response, alternative markers of activation, such as arginase-1, or changes in microglial

morphology should be considered.

In summary, we demonstrate that rCX3CL1 protects astrocytes against bolus H:0: induced
decrease in vimentin fluorescence, however these protective effects are not observed with GOX-
CAT treated groups. We also show in our study that rCX3CL1 may protect against demyelination
caused by pathological levels of Hz202 during oxidative stress conditions. Similar to pFTY720,

rCX3CL1 exerts its protective effects independently of IL-6 levels.
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Figure 5.7: The chemokine fractalkine attenuates H20: induced demyelination in cerebellar
slices

Fractalkine attenuated demyelination caused by low-continuous (GOX-CAT) and bolus H20:.
Fractalkine did not attenuate GOX-CAT induced decrease in vimentin fluorescence but did rescue
bolus induced decrease in vimentin. Fractalkine did not alter levels of IL-6.Ibal fluorescence levels

remained unchanged with treatments.
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6.1. Study overview

The S1P/S1PR and fractalkine/CX3CR1 signalling systems serve as important communication links
between neurons and glial cells (Paolicelli et al., 2011, Brinkmann, 2007). S1P and fractalkine
signalling are known to participate in inflammatory and oxidative stress conditions through the
recruitment of immune cells to the site of inflammation and up-regulation of anti-oxidant genes
(Noda et al, 2011, Colombo et al., 2014, Lauro et al., 2015, Aarthi et al, 2011). Both of these
signalling pathways have been associated with a wide range of pathological conditions (Sheridan
and Murphy, 2013, Aarthi et al, 2011). The vital role of S1PR signalling in neurological and
inflammatory disorders is already well recognised with regulatory approval of the S1PR modulator,
FTY720, for the treatment of relapsing remitting MS (Brinkmann et al., 2010). Fractalkine/CX3CR1
signalling has received a great deal of attention since its discovery in the late 90’s, presenting us
with a novel neurotherapeutic target for such conditions as Alzheimer’s, stroke and MS (Desforges
et al, 2012). Here, we examined the effects of SIPR modulation and CX3CR1 activation in H202
induced demyelination. Furthermore we aimed to develop and validate a new H202 model of
oxidative stress induced demyelination, in order to test the efficacy of pFTY720 and to put forth the

fractalkine receptor (CX3CR1) as a new therapeutic target for demyelinating conditions.

Studies to date on the fractalkine ligand have mainly focused on neurons (Lauro et al, 2015),
therefore we initially investigated fractalkine expression and regulation in human astrocytes. Here
we confirmed that fractalkine is expressed in human astrocytes and is constitutively shed at low
levels. On stimulation with pro-inflammatory cytokines such as IL-1, TNFa and IFNy, this low level
of soluble fractalkine (sCX3CL1) was significantly up-regulated at both the protein and mRNA level.
In addition, we demonstrated that the pro-inflammatory cytokine-mediated increase in sCX3CL1
likely involved a phosphorylation event mediated by p38 MAPK and the NF-kB pathway.
Importantly, ADAM10 was found to be the main protease responsible for the cytokine-mediated
shedding of sCX3CL1 from astrocytes (Chapter 3 results). As oxidative stress is commonly
associated with inflammation in diseases of the CNS (Li et al,, 2013), the effects of short acting,
bolus H202 and low-continuous concentrations of Hz20: liberated by a GOX-CAT system on
myelination was investigated in organotypic cerebellar slice cultures. We demonstrated both bolus
H202 and GOX-CAT induced demyelination was significantly attenuated by pFTY720. Both of these
H202 models, decreased the expression of vimentin, where pFTY720 attenuated or to a large extent
reduced these effects. From these results, the protective effects of pFTY720 may be independent of
changes in Ibal and the pro-inflammatory cytokine IL-6 (Chapter 4 results). Finally,
fractalkine/CX3CR1 signalling may be a potential target for therapeutic manipulation in diseases
where oxidative stress contributes to demyelination. Fractalkine has previously been shown to
regulate neuronal and glial cell responses to oxidative stress (Zujovic et al, 2001, Lastres-Becker et
al, 2014). Focusing on our H202 models, the effects of recombinant fractalkine (rCX3CL1) on
demyelination were investigated. We demonstrate that addition of fractalkine to cerebellar slices,

prior to H202 induced oxidative stress, significantly attenuates the loss of myelin associated with
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toxic levels of H202. Furthermore, unlike GOX-CAT, fractalkine significantly attenuated bolus H202
induced decrease in vimentin fluorescence. Similar to our previous results, we show that the
protective effects of rCX3CL1 are independent of changes in microglial Ibal expression as well as

levels of IL-6 (Chapter 5 results).

6.2 Glial cells regulate oxidative stress and neuro-inflammation

6.2.1 Astrocytes

Astrocytes play an important role in defending the brain against oxidative stress such as H202
(Dringen and Hamprecht, 1997), utilising both glutathione peroxidise and catalase to counteract
H20: toxicity (Dringen et al.,, 2005). Astrogliosis (reactive astrocytes), are often used as hallmarks of
pathological diseases in the CNS (Muller et al., 2011). Reactive astrocytes have also been associated
with increases in the cytoplasmic intermediate filaments, GFAP and vimentin (Kamphuis et al.,
2015), which are thought to play an important role in the astrocytic response to oxidative stress
(de Pablo et al., 2013, Salminen et al., 2011). In vitro, rodent neurons appear to be more susceptible
to oxidative stress damage than astrocytes and this is thought to be a result of neurons containing
much lower levels of glutathione than astrocytes (Sagara et al., 1993, Noble et al., 1994, Desagher et
al,, 1996). It is therefore thought that glial cells and in particular, astrocytes, are more resistant to
oxidative stress when compared to neurons. However, studies on hippocampal slices suggest
astrocytes may be more sensitive to H202 toxicity than neighbouring neuronal and glial cells
(Feeney et al., 2008). In agreement with this study, we demonstrate that H202 caused a significant
decrease in vimentin fluorescence (but not in neuronal NFH fluorescence) in cerebellar slices,
which could suggest a decrease in astrocyte reactivity or perhaps increased cell death. This
highlights further, the idea that astrocytes in different brain regions may be differentially

susceptible to H202 induced toxicity.

6.2.2 Microglia

Activation of microglia in neuroinflammatory conditions are known to be an important source of
ROS, which can help to eliminate pathogens as well as regulate pro-inflammatory genes in an
autocrine manner (Innamorato et al., 2009). Uncontrolled production of ROS through improper
functioning of the Nrf2 pathway may cause microglia to remain in an activated state and exacerbate
the inflammatory response (Innamorato et al,, 2009). ROS producing microglia are considered key
initiators of the demyelination process, with peroxynitrite production important for the initiation
of phagocytosis (Ladeby et al., 2005). Here, we detected no increase in microglial Iba1l fluorescence
after GOX-CAT induced H202 treatment, which may suggest microglia were not in an activated state
and/or were not proliferating. In some cases damaged neurons can produce fractalkine and FGF-2,
which suppresses microglial activation and promotes an anti-inflammatory and anti-oxidant
microglial phenotype (Mizuno, 2014). Our results showed an increase in fractalkine upon GOX-CAT

treatment, which may be released from neurons and altering microglial activation state.

107



Chapter 6 | Discussion

6.2.3 Oligodendrocytes

The myelin sheath is responsible for rapid and efficient conduction of nerve signalling and also for
maintaining and preserving axonal integrity (Barateiro et al., 2015). Oligodendrocytes have the
highest rate of metabolic activity within the CNS (Perfeito et al., 2007). High concentrations of iron,
polyunsaturated fatty acids combined with low levels of glutathione make oligodendrocytes an
ideal target for oxidative stress (Gruber et al., 2015). During peak myelinating periods, the elevated
production of myelin by oligodendrocytes may make these cells vulnerable to damage, resulting in
the production of less myelin or myelin of a poor quality, thus contributing to demyelinating
diseases. (Barateiro et al., 2015). Oligodendrocytes use a large amount of oxygen and ATP in order
to maintain myelin production, which in turn can lead to the production of excess H202 if not
removed efficiently (Thorburne and Juurlink, 1996). Large intracellular stores of iron, required for
myelin production, can interact with H202 causing increased levels of hydroxyl radicals through the
fenton reaction. Hydroxyl radicals are known to cause lipid peroxidation, impair protein functions
and promote membrane damage (Brito et al., 2008). This is in agreement with our studies where
H20: caused a significant decrease in myelin basic protein (MBP) and myelin oligodendrocyte
glycoprotein (MOG). MBP is one of the main constituents of myelin in the CNS and amounts to 30%
of the total protein in myelin (Perfeito et al, 2007). In oligodendrocytes, excess H202 can be
efficiently removed, with the ability to detoxify H202 improving as the cells mature (Dringen et al,,
2005). Increases in ROS production have also been shown to affect genes expressing myelin in
oligodendrocytes. Decreasing the levels of ROS surrounding these oligodendrocytes has been
shown to increase myelin production with a concurrent reduction of the Nrf2 transcription factor
and hemeoxygenase-1 (HO-1) protein (Gruber et al.,, 2015). As fractalkine is also known to regulate
the Nrf2 pathway in microglia (Lastres-Becker et al., 2014) the protective effects we see from
rCX3CL1, upon H202 induced demyelination may be attributed in part to fractalkine mediated

upregulation of the Nrf2 transcription factor and its associated antioxidant proteins.

6.3 Induction of H20z2-mediated oxidative stress in cell culture

Previous studies have shown that organotypic cerebellar slice cultures are a more physiologically
accurate way to study the complex multicellular organisation of the brain in comparison to isolated
cell cultures (Birgbauer et al., 2004, Sheridan and Dev, 2012). Many studies on oxidative stress have
been carried out on dissociated cell cultures in relation to cell viability and the unique adaptive
responses of different cell types (Desagher et al., 1996, Dringen and Hamprecht, 1997, Ito et al,
2015). This thesis looks at the effects of oxidative stress on organotypic slice cultures and how cells
are affected within a multi-cellular structure that has retained its original cytoarchitecture. Here,
we focused on two different means of increasing the radical load through the addition of H:02.
Addition of a high concentration of diluted H20: directly to the media, results in short term
exposure of the initial high concentration, to cells (Gille and Joenje, 1992). The concentration of
H20: diminishes rapidly depending on the cell type, density and antioxidant capabilities (Gille and
Joenje, 1992). Hz20: easily penetrates the cell membrane where it is detoxified by catalase. Studies

suggest that in the presence of high bolus concentrations of H202, cell sensitivity is inversely
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correlated with cellular catalase activity, whereas glutathione peroxidise may act as the dominant
antioxidant against lower H202 concentrations (Engstrom et al,, 1990). The deleterious effects of
H202, such as lipid peroxidation and DNA damage, are thought to be caused indirectly through its
ability to generate the radical hydroxide (OH-) (Gille and Joenje, 1992). Addition of high bolus doses
of H202 has been shown to cause cellular damage in a fast and transient manner. Bolus
concentrations of H202 between 50 and 500uM are regularly used in cell culture experiments to
study the harmful effects of H202. These high concentrations are in contrast to physiological
concentrations which have been reported to range from 10nM to 10uM (Mueller et al., 2009). Bolus
H20: also has a very short half life, with estimations ranging from 4-10 mins in dissociated cell
culture conditions (Dringen and Hamprecht, 1997, Mueller et al.,, 2009). For chronic, continuous
exposure, H202 can be generated enzymatically by glucose oxidase (GOX) and catalase (CAT). As it
remains unclear to what extent bolus H20; treatment mimics the physiological response of cells,

this GOX-CAT system is a novel approach to studying the effects of H202 in organotypic slice culture.

6.4 S1P receptors as targets for oxidative stress

Much evidence shows that oxidative stress can modulate S1P metabolism, which can ultimately
affect the sphingolipid signalling balance between levels of pro-apoptotic ceramide and sphingosine
and the pro-survival sphingosine 1-phosphate (S1P) (Pyne and Pyne, 2010, Neubauer and Pitson,
2013). There is evidence to suggest that oxidative stress causes apoptosis through
sphingomyelinase mediated production of ceramide (Barth et al., 2012, Hernandez et al,, 2000).
High concentrations of ROS degrades SphK1 thereby reducing its activity (Maceyka et al,, 2007,
Pchejetski et al.,, 2007). Importantly, mild levels of oxidative stress have been shown to activate
SphK1, thereby shifting sphingolipid metabolism in favour of the pro-survival S1P (Van Brocklyn
and Williams, 2012). Reports also suggest that exogenous S1P can actively reduce levels of
intracellular ROS and attenuate apoptosis in dissociated cells (Pyszko and Strosznajder, 2014a).
Support for the anti-apoptotic effects of exogenous S1P have also been shown in PC12 neurons
subjected to serum starvation and cortical neurons exposed to amyloid beta (AB) (Edsall et al,,
1997). Interestingly, it appears the pro-survival effects of S1P depend critically on its transient
generation. If S1P is prevented from being broken down, for example with a deficit in S1P-lyase,
S1P initiates apoptosis (van Echten-Deckert et al., 2014, Hagen et al., 2009). Notably, S1P derived
from SphK2 has been shown to have pro-apoptotic effects (Hagen et al., 2009). However, apoptotic
effects of SphK2 may be more complicated as evidence suggests SphK2 induced apoptosis can be
either direct or receptor mediated (Liu et al., 2003). Oxidative stress induced apoptosis has been
reported to be mediated though activation of the JNK signalling pathway. Oxidative stress induced
activation of JNK causes the inhibition of the anti-apoptotic protein Bcl-2 and causes the
upregulation of pro-apoptotic proteins such as Bax and Bak (Sinha et al., 2013). Together with the
knowledge that exogenous S1P inhibits JNK (Lee et al, 2012b) and cytochrome-c release from
mitochondria, S1PRs are possible targets for regulating oxidative stress induced apoptosis.

Alternative evidence also suggests that (Figure 6.1).
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6.5 Fractalkine structure and functional significance

In this thesis, we used the chemokine domain of fractalkine and not full-length fractalkine, which
includes the mucin stalk. Even though there is no known signalling domain within this glycosylated
mucin stalk, which led to the earlier conclusion that the mucin stalk functioned only as a spacer
(Mizoue et al., 2001), more recent reports suggest that full-length fractalkine elicits a more potent
anti-apoptotic effect (White et al., 2014). It is possible that the presence of the mucin stalk region
allows for a more stable receptor-ligand conformation resulting in more potent signalling. The only
other reported membrane spanning chemokine to contain a mucin-stalk, which tethers a
chemokine domain, is CXCL16 (Matloubian et al, 2000). CXCL16 has been shown to exert
differential effects depending on whether or not the stalk is present (Petit et al., 2008). Therefore,
examination of the effects of full-length fractalkine on demyelination and vimentin expression may

be of further interest.

The functional importance of the glycosylated stalk is unknown as it has not been shown to
contribute to fractalkine/CX3CR1 signalling interactions (Harrison et al., 2001). The fractalkine
chemokine domain, similar to that of other chemokines, (Hoover et al., 2000, Mizoue et al., 1999)
has been shown to be globular in structure while the mucin domain projects as a long stalk (Fong et
al., 2000). This data suggests that the role of the stalk region may be to extend the chemokine
domain out from the cell towards the CX3CR1 expressing cells (Fong et al.,, 2000, Ostuni et al,,
2014). Fractalkine has a relatively slow dissociation rate from CX3CR1, which may contribute to its
adhesion properties (Fong et al., 2002, Haskell et al., 2000). As a signalling molecule, the chemokine
domain alone (as well as varying lengths of the attached mucin stalk) has been shown to induce
changes in levels of intracellular calcium, ERK and Akt signalling as well as mechanisms involved in
migration (Bazan et al., 1997, Deiva et al,, 2004, Limatola et al., 2005). It has also been proposed
that soluble fractalkine does not activate integrins (Haskell et al., 1999). Thus, it is possible that
membrane bound fractalkine activation of CX3CR1 mediates cellular adhesion, in the absence of G
protein activation. In contrast, the cleaved molecule activates G protein-mediated signalling
(Felouzis et al., 2016). The higher affinity of fractalkine for CX3CR1, in comparison to most other
chemokine/receptor pairs, may also contribute to the protective effects of fractalkine (Combadiere

etal, 1998, Fong et al,, 2000, Haskell et al., 2000, Imai et al., 1997).

6.6 Fractalkine shedding by the ADAMs family

Metalloproteases, such as ADAM10 and ADAM17, are known to enzymatically cleave fractalkine
from its membrane tethered form (Garton et al., 2001, Tsou et al., 2001, Chapman et al., 2000a). The
ability to regulate soluble and membrane bound fractalkine may also be cell type specific as our
studies revealed ADAM10 as the primary metalloprotease responsible for inducible cleavage of
fractalkine from human astrocytes. This is in contrast to neuronal studies where ADAM17 is shown
to be the main protease responsible for inducible cleavage of fractalkine (Cook et al., 2010). These

findings add to the complexity of the regulation of fractalkine signalling in the CNS. Hence, astrocyte
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derived soluble fractalkine may serve a different function to neuronal derived soluble fractalkine,
which may serve to regulate individual cellular responses to the environment. From our studies on
human astrocytes we report that P38 MAPK is involved in the regulation of fractalkine shedding, as
P38 inhibition significantly attenuates levels of soluble fractalkine. In general, the family of p38
MAPKSs play an important role in cytokine production and the cellular stress response (Baan et al.,
2006, Mittelstadt et al,, 2005). To date,, four isoforms of p38 MAPK have been identified, namely
p38aq, B, Y and 6 (Baan et al,, 2006, Freshney et al,, 1994). This family of kinases are activated in
response to many cellular stress responses including osmotic shock, growth factors, UV light, LPS
and inflammatory cytokines (Freshney et al., 1994, Han et al., 1994, Lee et al., 1994, Raingeaud et
al,, 1995, Rouse et al,, 1994). Activation of p38 MAPKs can be caused by MKK3 (MAPK kinase-3) and
MKK6 (MAPK kinase-6) induced phosphorylation. Many transcription factors such as NF-kB are
known to be direct targets of p38 leading to p38 MAPK manipulation of gene transcription (Baan et
al, 2006, Mittelstadt et al, 2005). p38 MAPKs can also play a major role in apoptosis and
cytoskeletal reorganisation. P38 MAPKs have been implicated in sepsis, ischemic heart disease,
arthritis, HIV and Alzheimer’s disease (Kelkar et al.,, 2005, Lee and Dominguez, 2005). Previous
studies have linked P38 signalling to the fractalkine shedding process (Garton et al., 2001, Fan et al,,
2003). P38 has also been suggested to regulate activity of ADAM17 through interaction with the
cytoplasmic domain (Killock and Ivetic, 2010). Therefore, it is possible that P38 MAPK may interact
with the cytoplasmic tail of ADAM10, causing activation or enhancing its enzymatic abilities in

human astrocytes.

ADAM10 has more than 40 substrates that belong to three different classes of membrane anchored
proteins (Endres and Fahrenholz, 2010). The amyloid precursor protein is probably the most well
known of these substrates. ADAM10 cleaves proteins that are involved in migration (N-cadherin)
(Kohutek et al., 2009), proliferation (CXCL16) (Gough et al., 2004), cell signalling (Notch) (Tian et
al,, 2008) and immune system regulation (low affinity immunoglobulin E receptor) (Lemieux et al.,
2007). Most of the effects produced from ADAM10’s cleavage activities can be associated with the
substrates N-terminal ectodomains, which are released into the extracellular space. However,
studies have shown that the intracellular domains of the substrates can also elicit effects. For
example, following cleavage of the Notch receptor, its C-terminus acts a transcription factor and
translocates to the nucleus (Schroeter et al., 1998, Bozkulak and Weinmaster, 2009). This implies
that shedding of the fractalkine ligand from astrocytes may not only elicit effects on CX3CR1
expressing cells, but that the remaining C-terminus may modulate functions within the astrocyte
itself. As fractalkine has been shown to regulate its own production through its G protein-coupled
receptor in peripheral smooth muscle cells (Chandrasekar et al., 2003), one possibility is that this
auto-regulation may be mediated through its cytoplasmic tail. If this intracellular signalling cascade
is somehow disrupted in pathological conditions, this could lead to the dysregulation of the

fractalkine ligand and aberrant inflammatory signals.
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6.7 Expression pattern of fractalkine and CX3CR1 in the CNS

Even though we did not characterise the full expression pattern of fractalkine and its receptor,
many reports provide evidence of their expression throughout the CNS. The fractalkine ligand has
been shown to be primarily expressed on neurons (Harrison et al., 1998, Hughes et al., 2002) and
astrocytes (Hughes et al., 2002). Studies have reported CX3CR1 expression on neurons, microglia
and astrocytes in the rodent brain (Harrison et al., 1998, Jiang et al., 1998, Maciejewski-Lenoir et al.,
1999, Meucci et al, 1998). However, later studies suggest CX3CR1 protein is not expressed on
astrocytes (Hughes et al,, 2002). Interestingly, in contrast to microglia, astrocytes were shown to
have no migratory responses to fractalkine (Lauro et al, 2006). However, fractalkine has been
shown to stimulate calcium mobilisation within rat astrocytes (Maciejewski-Lenoir et al., 1999).
CX3CR1 protein has been shown to be present in healthy adult human astrocytes (Hulshof et al,,
2003). It is noteworthy however, that in vitro studies on human fetal astrocytes showed no CX3CR1
mRNA expression (Hatori et al,, 2002). This is in line with our findings where no CX3CR1 mRNA
was detected in control or cytokine treated human fetal astrocytes (data not shown). Several
groups have demonstrated that rodent neurons express CX3CR1 (Lauro et al,, 2006, Meucci et al,
2000, Hughes et al,, 2002). CX3CR1 mRNA and moderate CX3CR1 protein immune-reactivity has
also been shown to be expressed in adult human neurons (Hatori et al,, 2002, Hulshof et al., 2003).
Only one study has been found with regards to the expression on oligodendrocytes in which they
report the CX3CR1 was not expressed on cells with “typical oligodendrocyte morphology” (Hughes
etal, 2002).

6.8 Protective effects of pFTY720 in models of demyelination

Previously, our lab has demonstrated the demyelinating effects of LPC (Sheridan and Dev, 2012)
and MOG reactive splenocytes (Pritchard et al, 2014). Both of these demyelinating agents have an
inflammatory component associated with their pathology (Figure 6.2). The protective effects of
pFTY720 have been partly attributed to its ability to attenuate pro-inflammatory cytokine release.
More recently we have also demonstrated the demyelinating capabilities of psychosine (O'Sullivan
and Dev, 2015). Psychosine is a toxic metabolite that builds up in the brain which is caused by a
mutation in the lysosomal enzyme galactosylceramidase (GALC) (O'Sullivan and Dev, 2015).
Cerebellar slices treated with psychosine however, do not cause the release of the pro-
inflammatory cytokines IL-13, TNFa and IL-6. Nevertheless, pFTY720 has been shown to attenuate
demyelination and the neuronal damage associated with this toxic metabolite, through the
pleiotropic effects of pFTY720 on neuronal and glial S1PRs (O'Sullivan and Dev, 2015) (Figure 6.1).
In the present set of experiments we demonstrate that high bolus H20: concentrations and low-
continuous H20: can also lead to demyelination in organotypic cerebellar slice cultures. Similar to
psychosine, pFTY720 attenuates H202 induced demyelination independently of the presence of IL-6
and CX3CL1 pro-inflammatory cytokines. The exact protective mechanism of S1PR modulation on
myelination remains unknown. However, studies show following LPC induced demyelination,
pFTY720 increased the number and promoted process extension of oligodendrocyte progenitor

cells (OPC’s), with the remyelination phase of pFTY720 thought to be mediated through S1PR3 and
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S1PR5 (Miron et al,, 2010). FTY720 has also been shown to increase the number of phagocytosing
microglia, while promoting the secretion of microglial and astrocytic growth factors and
attenuating pro-inflammatory cytokines (Noda et al,, 2013). Functional antagonism of S1PR1 has
been shown to play a vital role in FTY720 mediated efficacy in EAE (Choi et al, 2011). FTY720 has
also been shown to exert direct protection of neurons by increasing growth factors such as BDNF

(Doi et al., 2013, Fukumoto et al., 2014).

6.9 Neuroprotective effects of membrane tethered and soluble fractalkine
equilibrium

The effects of CX3CR1 modulation in myelination has not been looked at thus far. We demonstrate
that addition of recombinant fractalkine in cerebellar slices attenuates H202 induced demyelination.
We observe that the protective effects of fractalkine may be independent of pro-inflammatory
cytokines (Figure 6.2). The protective effects of fractalkine on myelination in cerebellar slices may
however be partly attributed to the regulation of CX3CR1 on microglia. Studies have shown that
exogenous fractalkine reduces microglial mediated neurotoxicity, by suppressing microglial
activation in a rodent model of Parkinson’s disease (Pabon et al., 2011). Fractalkine also modulates
microglial mediated neurotoxicity through the activation of the Nrf2 transcription factor and the
up-regulation of antioxidant proteins (Lastres-Becker et al, 2014). Fractalkine secreted from
damaged or dying neurons promotes microglial phagocytosis without inducing nitric oxide (NO) or
pro-inflammatory cytokines in order to maintain healthy neuronal connections, while
simultaneously up-regulating the antioxidant enzyme hemeoxygenase-1 (HO-1) (Noda et al, 2011).
Direct neuroprotective effects have also been attributed to the equilibrium between membrane
tethered and soluble fractalkine (Harrison et al, 1998), therefore regulating the cleavage of
fractalkine may have important physiological impacts on cell survival. In the rodent model for MS,
MOG-induced experimental autoimmune encephalomyelitis (EAE) shows an accumulation of
CX3CR1 expressing microglia in and around active demyelinating lesions. Interestingly, neuronal
mRNA levels are reportedly unchanged whereas an increase in astrocytic fractalkine was reported
to be attracting microglia to the sites of inflammation (Sunnemark et al., 2005). Even though mRNA
levels of fractalkine were measured and not the protein levels, it is possible that astrocytic
fractalkine may have been up-regulated and shed from the cell surface in order to promote
microglial chemotaxis, which would coincide with the up-regulation of CX3CR1 on microglia. This
cell specific regulation of fractalkine may be possible due to the different ADAM proteases that are
used for cleaving neuronal (ADAM17) versus astrocyte fractalkine (ADAM10). It is therefore
possible that fractalkine/CX3CR1 signalling may be dysregulated in EAE/MS as evidenced from the
studies mentioned. Fractalkine receptor antagonism at a specific stage of the disease may be a
viable therapeutic target. Furthermore, therapeutic effects of Tecfidera (dimethyl fumerate/BG-12),
the marketed drug for relapsing remitting MS (RR-MS), is thought to modulate the Nrf2 pathway,
thus strengthening the therapeutic potential of fractalkine/CX3CR1 mediated Nrf2 modulation in

diseases such as MS.
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reduction in pro-inflammatory cytokines. pFTY720 and fractalkine also attenuated H:02- and
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magnification. Confocal image on right hand side shows demyelinated axons (NFH; red), bolus H20:

treated; 40x magnification.
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6.10 Therapeutic potential of fractalkine/CX3CR1 modulation

The role of fractalkine in several CNS disorders has already been recognised (Arli et al,, 2013, Liu et
al,, 2014, Stuart and Baune, 2014, Lopez-Lopez et al., 2014). Attempts are being made to study the
possible effects of fractalkine inhibition as well as CX3CR1 agonists and antagonists in the CNS
through siRNA and knockout studies in rodents (Mattison et al., 2013, Bertollini et al, 2006,
Cardona et al., 2006, Denes et al., 2008, Lesnik et al., 2003). Studies published, show the potential
for fractalkine/CX3CR1 signalling as a major target for treatment of CNS disorders. However, no
clinical trials have been initiated thus far. One of the fundamental reasons as to the difficulty in
developing chemokine based therapies is due to the many regulatory functions that chemokines
possess. Problems and unexpected results may arise when moving from rodent to human studies,
as all studies to date on the therapeutic effects of fractalkine have been reported in animals. Human
and mouse chemokine families have been shown to exhibit differences in gene clusters and
therefore a similar species difference may also be true with fractalkine, which needs to be taken
into consideration when translating animal findings to human experiments (Zlotnik et al., 2006,
Nomiyama et al., 1999). Experiments using blocking antibodies or peptides may also be more
advantageous than genetic knockout experiments as this would allow for more controlled timing of
agonist/antagonistic effects. This is particularly important for chemokine modulation as reports
suggest chemokines can be both beneficial and harmful depending on the timing and concentration

at which they were administered (Bruhl et al., 2004, Cipriani et al., 2011).

Chemokines actively participate in the development of inflammatory and oxidative stress related
diseases, with modulation of their receptors attracting considerable attention from pharmaceutical
companies (Mladic et al., 2015). There is particular interest on the development of antagonist
molecules for CX3CR1, which may prove useful in peripheral inflammatory diseases (Milligan et al.,
2004). CX3CR1 agonists should also be investigated, as fractalkine has been shown to control
microglial activation (Lyons et al.,, 2009) and neuronal survival (Limatola et al., 2005). However,
while peripheral fractalkine may play the more conventional inflammatory chemokine role, its role
in the CNS may also include more homeostatic functions. Thus, particular care will have to be taken
in relation to fractalkine and its effects on the CNS. CX3CR1 signalling has also been reported to
promote atherosclerosis (Cybulsky and Hegele, 2003), therefore potential therapeutic applications
of fractalkine/CX3CR1 modulation may need to be carefully titrated in order to avoid an increased
risk in cardiovascular disease. Further studies on other chemokines which may be able to bind
CX3CR1 will also have to be investigated. Fractalkine is thought to bind specifically CX3CR1 and
because CX3CR1 is not thought to bind any other ligand, the modulation of fractalkine/CX3CR1
signalling may have promising therapeutic applications. However, one study has suggested a
possible alternate ligand, namely CCL26, which may have an affinity for CX3CR1 (Nakayama et al,,
2010).
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6.11 Limitations and future directions

The current study demonstrated the protective effects of SIPR and CX3CR1 modulation over H202
induced demyelination in an in vitro setting as well as highlighted a major difference in the
protective effects of rCX3CL1 on vimentin depending on the method of H202 delivery. Some of the
limitations we observed over the course of our studies are worthy of mention. Firstly, the
expression levels of fractalkine and its receptor CX3CR1 have previously been characterised in the
rodent brain (Hughes et al, 2002). However, pre- and post-oxidative stress levels of
fractalkine/CX3CR1 expression in cells of the mouse cerebellum have not been characterised in our
study. In this regard, fractalkine and CX3CR1 expression levels could be characterised at
embryonic, newborn and adult stages in naive and mice subjected to oxidative stressed in order to
fully characterise the role of fractalkine signalling in oxidative stressed brains. There are also no
reported studies on the expression of fractalkine or CX3CR1 on oligodendrocytes. Therefore,
clarification on the expression pattern of fractalkine/CX3CR1 is of high importance to fully
understand its role in myelination. A more comprehensive analysis on cytokine levels through the
use of multiplex arrays may also help us to understand the effects of oxidative stress on cytokine

levels, which in turn could lead to new drug targets.

In this thesis we have used fluorescent intensity of myelin markers such as MBP and MOG as an
indicator of myelin state. However, these proteins are also present in non-myelinating
oligodendrocytes and cell debris and consequently may provide an overestimation of myelin.
Additionally, this technique does not address the thickness or compaction of the myelin sheath.
Considering this, the use of electron microscopy to corroborate our findings would be warranted.
Electrical conduction studies could also be carried out in order to test the functional quality of the
restored myelin. Examining the half-life of fractalkine in cell culture would also aid in our
understanding of the efficacy of fractalkine in experimental conditions. Further insight on the
functional role of astrocyte-derived fractalkine and how important it is that ADAM10 is the
selective protease involved would also prove beneficial. The target cell type with which FTY720
and CX3CL1 are exerting their therapeutic effects could also be addressed through slice culture
experiments with tissue specific knock-out mice or through siRNA knock-down of specific S1P

receptors as well as cell specific knock-down of CX3CR1.

6.12 Closing remarks

Oxidative stress is a common feature in many neurodegenerative illnesses. The neuroprotective
effects of pFTY720, across a wide range of neurological diseases, are supported by evidence from in
vivo studies (Guy et al, 2001, Hemmati et al, 2013, Gao et al,, 2012). In addition, the efficacy of
FTY720 (Fingolimod) in patients with multiple sclerosis seems now well accepted, promoting the
use of this drug in additional clinical trials for CNS illnesses, where safety and tolerability studies
are being conducted (Clinicaltrials.gov identifier: ALS, NCT01786174; Stroke, NCT02002390;
Schizophrenia, NCT01779700; Rett syndrome, NCT02061137; Glioblastoma, NCT02490930). Drugs

with a similar method of action to FTY720 also show promising therapeutic effects in peripheral
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diseases. For example Ozanimod (RPC1063), which is an S1PR1 agonist is currently undergoing
clinical trials for patients with ulcerative colitis (NCT02531126) as well as RR-MS (NCT02576717).

In the current study, we demonstrated that the sphingosine 1-phosphate receptor agonist,
pFTY720, attenuated demyelination as well as attenuated the reduction in astrocytic vimentin,
induced by both bolus and continuous H202. Moreover, we show that the protective effects of
pFTY720 are independent of changes in the levels of IL-6. This data further supports the use of
pFTY720 as a potential therapy for a wide range of neurological disorders where oxidative stress is

a major contributing factor.

Centrally acting therapies which protect from demyelination or enhance remyelination following a
demyelinating episode are highly sought after. Fractalkine and its receptor CX3CR1 are expressed
differentially on cells of the CNS, however, the role of fractalkine on myelination state has not been
investigated thus far. Here, we demonstrate that recombinant fractalkine (rCX3CL1) has protective
effects on H202-induced demyelination. Furthermore, we show rCX3CL1 may also have protective
effects on astrocytes under oxidative stress conditions. In closing, we suggest that this work raises
the exciting possibility that CX3CR1 modulation may provide neuroprotection in neurological
disorders associated with oxidative stress. Due to the specificity of fractalkine for CX3CR1,
development of agonists/antagonists may be a promising therapeutic tool in modulating CNS

diseases.

118



Bibliography

Bibliography

AARTHI, J. J., DARENDELILER, M. A &
PUSHPARAJ, P. N. 2011. Dissecting the
role of the S1P/S1PR axis in health and
disease. J Dent Res, 90, 841-54.

ACEVEDO-AROZENA, A., KALMAR, B., ESSA, S.,
RICKETTS, T., JOYCE, P., KENT, R,
ROWE, C., PARKER, A., GRAY, A,
HAFEZPARAST, M., THORPE, J. R,
GREENSMITH, L. & FISHER, E. M. 2011.
A comprehensive assessment of the

SOD1G93A low-copy transgenic
mouse,  which models human
amyotrophic lateral sclerosis. Dis

Model Mech, 4, 686-700.

AIKENS, J. & DIX, T. A. 1991. Perhydroxyl radical
(HOO.) initiated lipid peroxidation. The
role of fatty acid hydroperoxides. J Bio/
Chem, 266, 15091-8.

AL-AOUKATY, A., ROLSTAD, B., GIAID, A. &
MAGHAZACHI, A. A. 1998. MIP-3alpha,
MIP-3beta and fractalkine induce the
locomotion and the mobilization of
intracellular calcium, and activate the
heterotrimeric G proteins in human
natural killer cells. Immunology, 95,
618-24.

ALIM, I., HASKEW-LAYTON, R. E., ALEYASIN, H.,
GUO, H. & RATAN, R. R. 2014. Spatial,
temporal, and guantitative
manipulation of intracellular hydrogen
peroxide in cultured cells. Methods
Enzymol, 547, 251-73.

ALLINSON, T. M., PARKIN, E. T., TURNER, A. J. &
HOOPER, N. M. 2003. ADAMs family
members as amyloid precursor protein
alpha-secretases. J Neurosci Res, 74,
342-52.

AMIR, R. E., VAN DEN VEYVER, I. B., WAN, M.,
TRAN, C. Q., FRANCKE, U. & ZOGHBI,
H. Y. 1999. Rett syndrome is caused by
mutations in  X-linked MECP2,
encoding methyl-CpG-binding protein
2. Nat Genet, 23, 185-8.

ANCELLIN, N., COLMONT, C., su, J., LU, Q.
MITTEREDER, N., CHAE, S. S,
STEFANSSON, S., LIAU, G. & HLA, T.
2002. Extracellular export of
sphingosine kinase-1 enzyme.
Sphingosine 1-phosphate generation
and the induction of angiogenic
vascular maturation. J Biol Chem, 277,
6667-75.

119

ARLI, B., IRKEC, C., MENEVSE, S., YILMAZ, A. &
ALP, E. 2013. Fractalkine gene receptor
polymorphism in patients with
multiple sclerosis. Int J Neurosci, 123,
31-7.

ASLE-ROUSTA, M., KOLAHDOOZ, Z., DARGAHI,
L., AHMADIANI, A. & NASOOHI, S.
2014. Prominence  of  central
sphingosine-1-phosphate receptor-1 in
attenuating abeta-induced injury by
fingolimod. J Mol Neurosci, 54, 698-
703.

ASLE-ROUSTA, M., KOLAHDOOZ, Z., ORYAN, S.,
AHMADIANI, A. & DARGAHI, L. 2013.
FTY720 (fingolimod) attenuates beta-
amyloid peptide (Abeta42)-induced
impairment of spatial learning and
memory in rats. J Mol Neurosci, 50,
524-32.

AYDIN, O., ELLIDAG, H. Y., EREN, E., KURTULUS,
F., YAMAN, A. & YILMAZ, N. 2014.
Ischemia modified albumin is an
indicator of oxidative stress in multiple
sclerosis. Biochem Med (Zagreb), 24,
383-9.

BAAN, B., VAN DAM, H., VAN DER ZON, G. C,,
MAASSEN, J. A. & OUWENS, D. M.
2006. The role of c-Jun N-terminal
kinase, p38, and extracellular signal-
regulated kinase in insulin-induced
Thr69 and Thr71 phosphorylation of
activating transcription factor 2. Mol
Endocrinol, 20, 1786-95.

BAE, Y. S., KANG, S. W., SEO, M. S., BAINES, I. C,,

TEKLE, E., CHOCK, P. B. & RHEE, S. G.

1997. Epidermal growth factor (EGF)-

induced generation of hydrogen

peroxide. Role in EGF receptor-

mediated tyrosine phosphorylation. J

Biol Chem, 272, 217-21.

B. A. & BENDISKE, J. 2002. The

neuropathogenic  contributions  of

lysosomal dysfunction. J Neurochem,

83, 481-9.

BANDYOPADHYAY, S., HARTLEY, D. M., CAHILL,
C. M., LAHIRI, D. K., CHATTOPADHYAY,
N. & ROGERS, J. T. 2006. Interleukin-
lalpha stimulates non-amyloidogenic
pathway by alpha-secretase (ADAM-10
and ADAM-17) cleavage of APP in
human astrocytic cells involving p38
MAP kinase. J Neurosci Res, 84, 106-
18.

BARATEIRO, A., BRITES, D. & FERNANDES, A.
2015. Oligodendrocyte Development

BAHR,



Bibliography

and Myelination in
Neurodevelopment: Molecular
Mechanisms in Health and Disease.
Curr Pharm Des.

BARBOUTI, A., DOULIAS, P. T., NOUSIS, L.,
TENOPOULOU, M. & GALARIS, D. 2002.
DNA damage and apoptosis in
hydrogen peroxide-exposed Jurkat
cells: bolus addition versus continuous
generation of H(2)O(2). Free Radic Biol
Med, 33, 691-702.

BARTH, B. M., GUSTAFSON, S. J. & KUHN, T. B.
2012. Neutral sphingomyelinase
activation precedes NADPH oxidase-
dependent damage in  neurons
exposed to the proinflammatory
cytokine tumor necrosis factor-alpha. J
Neurosci Res, 90, 229-42.

BAZAN, J. F., BACON, K. B., HARDIMAN, G.,
WANG, W., SOO, K. ROSSI, D.,
GREAVES, D. R., ZLOTNIK, A. & SCHALL,
T. J. 1997. A new class of membrane-
bound chemokine with a CX3C motif.
Nature, 385, 640-4.

BEAL, M. F. 2005. Mitochondria take center
stage in aging and neurodegeneration.
Ann Neurol, 58, 495-505.

BEATTY, S., KOH, H., PHIL, M., HENSON, D. &
BOULTON, M. 2000. The role of
oxidative stress in the pathogenesis of
age-related macular degeneration.
Surv Ophthalmol, 45, 115-34.

BECKER, C., FANTINI, M. C.,, SCHRAMM, C.,
LEHR, H. A., WIRTZ, S., NIKOLAEV, A.,
BURG, J., STRAND, S., KIESSLICH, R.,
HUBER, S., ITO, H., NISHIMOTO, N.,
YOSHIZAKI, K., KISHIMOTO, T., GALLE,
P. R., BLESSING, M., ROSE-JOHN, S. &
NEURATH, M. F. 2004. TGF-beta
suppresses tumor progression in colon
cancer by inhibition of IL-6 trans-
signaling. Immunity, 21, 491-501.

BERTOLLINI, C., RAGOZZINO, D., GROSS, C.,
LIMATOLA, C. & EUSEBI, F. 2006.
Fractalkine/CX3CL1 depresses central
synaptic  transmission in mouse
hippocampal slices.
Neuropharmacology, 51, 816-21.

BIENERT, G. P., SCHJOERRING, J. K. & JAHN, T.
P. 2006. Membrane transport of
hydrogen peroxide. Biochim Biophys
Acta, 1758, 994-1003.

BIRGBAUER, E., RAO, T. S. & WEBB, M. 2004.
Lysolecithin induces demyelination in
vitro in a cerebellar slice culture
system. J Neurosci Res, 78, 157-66.

BLACK, R. A., DOEDENS, J. R., MAHIMKAR, R.,

JOHNSON, R., GUO, L., WALLACE, A,
VIRCA, D., EISENMAN, J., SLACK, J.,
CASTNER, B., SUNNARBORG, S. W,
LEE, D. C., COWLING, R., JIN, G,
CHARRIER, K., PESCHON, J. J. &
PAXTON, R. 2003. Substrate specificity
and inducibility of TACE (tumour
necrosis  factor  alpha-converting
enzyme) revisited: the Ala-Val
preference, and induced intrinsic
activity. Biochem Soc Symp, 39-52.

BLACKBURN, A. C., COGGAN, M., SHIELD, A. J.,

CAPPELLO, J., THEODORATOS, A,
MURRAY, T. P., ROOKE, M., LARTER, C.
Z., KOINA, M. E., DAHLSTROM, J. E.,
MATTHAEI, K. I. & BOARD, P. G. 2011.
Glutathione transferase kappa
deficiency causes glomerular
nephropathy without overt oxidative
stress. Lab Invest, 91, 1572-83.

BLESA, J., TRIGO-DAMAS, |., QUIROGA-VARELA,

A. & JACKSON-LEWIS, V. R. 2015.
Oxidative stress and Parkinson's
disease. Front Neuroanat, 9, 91.
DAWSON, T. M., WESSELINGH, S.,
MORK, S., CHOI, S., KONG, P. A,
HANLEY, D. & TRAPP, B. D. 1994.
Induction of nitric oxide synthase in
demyelinating regions of multiple
sclerosis brains. Ann Neurol, 36, 778-
86.

BODDEKE, E. W., MEIGEL, I, FRENTZEL, S.,

BIBER, K., RENN, L. Q. & GEBICKE-
HARTER, P. 1999. Functional
expression of the fractalkine (CX3C)
receptor and its regulation by
lipopolysaccharide in rat microglia. Eur
J Pharmacol, 374, 309-13.

BOURD-BOITTIN, K., BASSET, L., BONNIER, D.,

L'HELGOUALC'H, A., SAMSON, M. &
THERET, N. 2009. CX3CL1/fractalkine
shedding by human hepatic stellate
cells: contribution to chronic
inflammation in the liver. J Cell Mol
Med, 13, 1526-35.

BOVERIS, A., OSHINO, N. & CHANCE, B. 1972.

The cellular production of hydrogen
peroxide. Biochem J, 128, 617-30.

BOZKULAK, E. C. & WEINMASTER, G. 2009.

Selective use of ADAM10 and ADAM17
in activation of Notch1 signaling. Mol
Cell Biol, 29, 5679-95.

BRANA, C., FROSSARD, M. J., PESCINI GOBERT,

R., MARTINIER, N., BOSCHERT, U. &
SEABROOK, T. J. 2014.
Immunohistochemical detection of



Bibliography

BRINKMANN, V.

sphingosine-1-phosphate receptor 1
and 5 in human multiple sclerosis
lesions. Neuropathol App! Neurobiol,
40, 564-78.

2007. Sphingosine  1-
phosphate receptors in health and
disease: mechanistic insights from
gene deletion studies and reverse
pharmacology. Pharmacol Ther, 115,
84-105.

BRINKMANN, V., BILLICH, A., BAUMRUKER, T.,

HEINING, P.,  SCHMOUDER, R.,
FRANCIS, G., ARADHYE, S. & BURTIN,
P. 2010. Fingolimod (FTY720):

discovery and development of an oral
drug to treat multiple sclerosis. Nat
Rev Drug Discov, 9, 883-97.

BRINKMANN, V., DAVIS, M. D., HEISE, C. E.,

BRITO, M. A.,, ROSA, A. I,

BROUX,

BRUHL,

ALBERT, R., COTTENS, S., HOF, R,
BRUNS, C., PRIESCHL, E., BAUMRUKER,
T., HIESTAND, P., FOSTER, C. A,
ZOLLINGER, M. & LYNCH, K. R. 2002.
The immune modulator FTY720
targets  sphingosine  1-phosphate
receptors. J Biol Chem, 277, 21453-7.
FALCAO, A. S.,
FERNANDES, A., SILVA, R. F,
BUTTERFIELD, D. A. & BRITES, D. 2008.
Unconjugated bilirubin differentially
affects the redox status of neuronal
and astroglial cells. Neurobiol Dis, 29,
30-40.

B., STINISSEN, P. & HELLINGS, N. 2013.
Which immune cells matter? The
immunopathogenesis of  multiple
sclerosis. Crit Rev Immunol, 33, 283-
306.

H., CIHAK, J., SCHNEIDER, M. A.,
PLACHY, J., RUPP, T., WENZEL, I,
SHAKARAMI, M., MILZ, S., ELLWART, J.
W., STANGASSINGER, M.,
SCHLONDORFF, D. & MACK, M. 2004.
Dual role of CCR2 during initiation and
progression of  collagen-induced
arthritis: evidence for regulatory
activity of CCR2+ T cells. J Immunol,
172, 890-8.

BURHANS, W. C. & HEINTZ, N. H. 2009. The cell

BURY, J.

cycle is a redox cycle: linking phase-
specific targets to cell fate. Free Radic
Biol Med, 47, 1282-93.

J., HIGHLEY, J. R., COOPER-KNOCK, J.,
GOODALL, E. F., HIGGINBOTTOM, A,
MCDERMOTT, C. J., INCE, P. G., SHAW,
P. J. & KIRBY, J. 2015. Oligogenic
inheritance of optineurin (OPTN) and
C90RF72 mutations in ALS highlights

121

localisation of OPTN in the TDP-43-
negative inclusions of C9ORF72-ALS.
Neuropathology.

BUTTERFIELD, D. A., GNJEC, A., POON, H. F.,

CASTEGNA, A., PIERCE, W. M., KLEIN, J.
B. & MARTINS, R. N. 2006. Redox
proteomics identification of
oxidatively modified brain proteins in
inherited Alzheimer's disease: an initial
assessment. J Alzheimers Dis, 10, 391-
7

CAMBIEN, B., POMERANZ, M., SCHMID-

ANTOMARCHI, H.,
BREITTMAYER, V.,
SCHMID-ALLIANA, A. 2001. Signal
transduction pathways involved in
soluble fractalkine-induced monocytic
cell adhesion. Blood, 97, 2031-7.

MILLET, M. A,
ROSSI, B. &

CAMPBELL, J. J., QIN, S., UNUTMAZ, D., SOLER,

D., MURPHY, K. E., HODGE, M. R., WU,
L. & BUTCHER, E. C. 2001. Unique
subpopulations of CD56+ NK and NK-T
peripheral blood lymphocytes
identified by chemokine receptor
expression repertoire. J Immunol, 166,
6477-82.

CARDONA, A. E., PIORO, E. P, SASSE, M. E,,

CARRI,

KOSTENKO, V., CARDONA, S. M,
DIJKSTRA, I. M., HUANG, D., KIDD, G.,
DOMBROWSKI, S., DUTTA, R., LEE, J.
C., COOK, D. N., JUNG, S, LIRA, S. A,
LITTMAN, D. R. & RANSOHOFF, R. M.
2006. Control of microglial
neurotoxicity by the fractalkine
receptor. Nat Neurosci, 9, 917-24.

M. T., VALLE, C., BOZZO, F. &
COZZOLINO, M. 2015. Oxidative stress
and mitochondrial damage:
importance in non-SOD1 ALS. Front
Cell Neurosci, 9, 41.

CARTER, B. J.,, ANKLESARIA, P., CHOI, S. &

ENGELHARDT, J. F. 2009. Redox
modifier genes and pathways in
amyotrophic lateral sclerosis. Antioxid
Redox Signal, 11, 1569-86.

CATALANO, M., LAURO, C,, CIPRIANI, R., CHECE,

G., PONZETTA, A., DI ANGELANTONIO,
S., RAGOZZINO, D. & LIMATOLA, C.
2013. CX3CL1 protects neurons against
excitotoxicity enhancing GLT-1 activity
on astrocytes. J Neuroimmunol, 263,
75-82.

CHALARIS, A., RABE, B., PALIGA, K., LANGE, H.,

LASKAY, T., FIELDING, C. A., JONES, S.
A., ROSE-JOHN, S. & SCHELLER, J. 2007.
Apoptosis is a natural stimulus of IL6R
shedding and contributes to the



Bibliography

proinflammatory trans-signaling
function of neutrophils. Blood, 110,

1748-55.

CHALFANT, C. E. & SPIEGEL, S. 2005.
Sphingosine 1-phosphate and
ceramide 1-phosphate: expanding

roles in cell signaling. J Cell Sci, 118,
4605-12.

CHANDRASEKAR, B., MUMMIDI, S., PERLA, R.
P., BYSANI, S., DULIN, N. O,, LIU, F. &
MELBY, P. C. 2003. Fractalkine
(CX3CL1) stimulated by nuclear factor
kappaB (NF-kappaB)-dependent
inflammatory signals induces aortic
smooth muscle cell proliferation
through an autocrine  pathway.
Biochem J, 373, 547-58.

CHANG, C. Y., KE, D. S. & CHEN, J. Y. 2009.
Essential fatty acids and human brain.
Acta Neurol Taiwan, 18, 231-41.

CHAPMAN, G. A., MOORES, K., HARRISON, D.,
CAMPBELL, C. A.,, STEWART, B. R. &
STRIJBOS, P. J. 2000a. Fractalkine
cleavage from neuronal membranes
represents an acute event in the
inflammatory response to excitotoxic
brain damage. J Neurosci, 20, RC87.

CHAPMAN, G. A., MOORES, K. E., GOHIL, J.,
BERKHOUT, T. A., PATEL, L., GREEN, P.,
MACPHEE, C. H. & STEWART, B. R.
2000b. The role of fractalkine in the
recruitment of monocytes to the
endothelium. Eur J Pharmacol, 392,
189-95.

CHECLER, F. & VINCENT, B. 2002. Alzheimer's
and prion diseases: distinct
pathologies, common proteolytic
denominators. Trends Neurosci, 25,
616-20.

CHEN, D. L., CHEN, T. W., CHIEN, C. T. & LI, P. C.
2011. Intravenous low redox potential
saline attenuates FeCl3-induced
vascular dysfunction via
downregulation of endothelial H202,
CX3CL1, intercellular adhesion
molecule-1, and p53 expression. Trans/
Res, 157, 306-19.

CHEN, M., LUO, C., PENALVA, R. & XU, H. 2013.
Paraquat-induced retinal degeneration
is exaggerated in CX3CR1-deficient
mice and is associated with increased
retinal inflammation. Invest
Ophthalmol Vis Sci, 54, 682-90.

CHEN, S., BACON, K. B., LI, L., GARCIA, G. E., XIA,
Y., LO, D., THOMPSON, D. A., SIANI, M.
A., YAMAMOTO, T., HARRISON, J. K. &
FENG, L. 1998. In vivo inhibition of CC

122

and CX3C chemokine-induced
leukocyte infiltration and attenuation
of glomerulonephritis in Wistar-Kyoto
(WKY) rats by vMIP-II. J Exp Med, 188,
193-8.

CHIURCHIU, V. 2014. Novel targets in multiple
sclerosis: to oxidative stress and
beyond. Curr Top Med Chem, 14,
2590-9.

CHIURCHIU, V. & MACCARRONE, M. 2011.
Chronic inflammatory disorders and
their redox control: from molecular

mechanisms to therapeutic
opportunities. Antioxid Redox Signal,
15, 2605-41.

CHIURCHIU, V., ORLACCHIO, A. &
MACCARRONE, M. 2016. Is
Modulation of Oxidative Stress an
Answer? The State of the Art of Redox
Therapeutic Actions in
Neurodegenerative Diseases.  Oxid
Med Cell Longev, 2016, 7909380.

H., SUN, B., ZHOU, Y., KAUPPINEN, T.
M., HALABISKY, B., WES, P,
RANSOHOFF, R. M. & GAN, L. 2011.
CX3CR1 protein signaling modulates
microglial activation and protects
against plague-independent cognitive
deficits in a mouse model of Alzheimer
disease. J Biol Chem, 286, 32713-22.

S. & MOON, H. B. 2010. The role of
oxidative stress in the pathogenesis of
asthma. Allergy Asthma Immunol Res,
2,183-7.

CHOI, J. W. & CHUN, J. 2013. Lysophospholipids
and their receptors in the central
nervous system. Biochim Biophys Acta,
1831, 20-32.

W., GARDELL, S. E., HERR, D. R.,
RIVERA, R., LEE, C. W., NOGUCHI, K.,
TEO, S. T.,, YUNG, Y. C, LU, M,
KENNEDY, G. & CHUN, J. 2011. FTY720
(fingolimod) efficacy in an animal
model of multiple sclerosis requires
astrocyte sphingosine 1-phosphate
receptor 1 (S1P1) modulation. Proc
Natl Acad Sci U S A, 108, 751-6.

CHOI, M. H., LEE, I. K., KIM, G. W., KIM, B. U.,
HAN, Y. H., YU, D. Y., PARK, H. S., KIM,
K.Y., LEE, J. S., CHOI, C., BAE, Y. S., LEE,
B. I., RHEE, S. G. & KANG, S. W. 2005.
Regulation of PDGF signalling and
vascular remodelling by peroxiredoxin
IIl. Nature, 435, 347-53.

CIPRIANI, R., VILLA, P., CHECE, G., LAURO, C.,
PALADINI, A., MICOTTI, E., PEREGO, C,,
DE SIMONI, M. G., FREDHOLM, B. B.,

CHO, S.

CHO, Y.

CHOI, J.



Bibliography

EUSEBI, F. & LIMATOLA, C. 2011.
CX3CL1 is neuroprotective in
permanent focal cerebral ischemia in
rodents. J Neurosci, 31, 16327-35.

CLARK, A. K., YIP, P. K., GRIST, J., GENTRY, C.,

STANILAND, A. A., MARCHAND, F.,
DEHVARI, M., WOTHERSPOON, G,
WINTER, J., ULLAH, J., BEVAN, S. &
MALCANGIO, M. 2007. Inhibition of
spinal microglial cathepsin S for the
reversal of neuropathic pain. Proc Nat/
Acad Sci U S A, 104, 10655-60.

CLARK, A. K., YIP, P. K. & MALCANGIO, M. 2009.

The liberation of fractalkine in the
dorsal horn requires microglial
cathepsin S. J Neurosci, 29, 6945-54.

COHEN, J. A. & CHUN, J. 2011. Mechanisms of

fingolimod's efficacy and adverse
effects in multiple sclerosis. Ann
Neurol, 69, 759-77.

COLOMBO, E., DI DARIO, M., CAPITOLO, E.,

CHAABANE, L., NEWCOMBE, I,
MARTINO, G. & FARINA, C. 2014.
Fingolimod may support
neuroprotection via blockade of
astrocyte nitric oxide. Ann Neurol, 76,
325-37.

COMBADIERE, C., SALZWEDEL, K., SMITH, E. D.,

TIFFANY, H. L, BERGER, E. A. &
MURPHY, P. M. 1998. Identification of
CX3CR1. A chemotactic receptor for
the human CX3C chemokine
fractalkine and a fusion coreceptor for
HIV-1. J Biol Chem, 273, 23799-804.

CONTRERAS, M. A, RIES, W. L.,

COOK,

SHANMUGARAJAN, S., ARBOLEDA, G.,
SINGH, I. & SINGH, A. K. 2010. Factors
that affect postnatal bone growth
retardation in the twitcher murine
model of Krabbe disease. Biochim
Biophys Acta, 1802, 601-8.

A., HIPPENSTEEL, R., SHIMIZU, S,
NICOLAI, J., FATATIS, A. & MEUCCI, O.
2010. Interactions between
chemokines: regulation of
fractalkine/CX3CL1 homeostasis by
SDF/CXCL12 in cortical neurons. J Biol
Chem, 285, 10563-71.

CYBULSKY, M. I. & HEGELE, R. A. 2003. The

fractalkine receptor CX3CR1 is a key
mediator of atherogenesis. J Clin
Invest, 111, 1118-20.

CZELOTH, N., BERNHARDT, G., HOFMANN, F.,

GENTH, H. & FORSTER, R. 2005.
Sphingosine-1-phosphate mediates
migration of mature dendritic cells. J
Immunol, 175, 2960-7.

D'HAESE, J. G., DEMIR, I. E., FRIESS, H. &

CEYHAN, G. 0. 2010.
Fractalkine/CX3CR1: why a single
chemokine-receptor duo bears a major
and unique therapeutic potential.
Expert Opin Ther Targets, 14, 207-19.

DE FILIPPIS, B., VALENTI, D., DE BARI, L., DE

RASMO, D., MUSTO, M., FABBRI, A,
RICCERI, L., FIORENTINI, C., LAVIOLA,
G. & ANNA VACCA, R. 2015.
Mitochondrial free radicals
overproduction due to respiratory
chain impairment in brain of a mouse
model of Rett syndrome. Protective
effect of CNF1. Free Radic Biol Med.

DE PABLO, Y., NILSSON, M., PEKNA, M. &

PEKNY, M. 2013. Intermediate
filaments are important for astrocyte
response to oxidative stress induced
by oxygen-glucose deprivation and
reperfusion. Histochem Cell Biol, 140,
81-91.

DEIVA, K., GEERAERTS, T., SALIM, H., LECLERC,

P., HERY, C., HUGEL, B., FREYSSINET, J.
M. & TARDIEU, M. 2004. Fractalkine
reduces N-methyl-d-aspartate-induced
calcium flux and apoptosis in human
neurons through extracellular signal-
regulated kinase activation. Eur J
Neurosci, 20, 3222-32.

DEJESUS-HERNANDEZ, M., MACKENZIE, I. R.,

BOEVE, B. F., BOXER, A. L., BAKER, M.,
RUTHERFORD, N. J., NICHOLSON, A.
M., FINCH, N. A, FLYNN, H,
ADAMSON, J., KOURI, N., WOJTAS, A.,
SENGDY, P., HSIUNG, G. Y., KARYDAS,
A., SEELEY, W. W., JOSEPHS, K. A.,
COPPOLA, G., GESCHWIND, D. H,,
WSZOLEK, Z. K., FELDMAN, H.,
KNOPMAN, D. S., PETERSEN, R. C.,
MILLER, B. L., DICKSON, D. W.,,
BOYLAN, K. B., GRAFF-RADFORD, N. R.
& RADEMAKERS, R. 2011. Expanded
GGGGCC hexanucleotide repeat in
noncoding region of C90RF72 causes
chromosome 9p-linked FTD and ALS.
Neuron, 72, 245-56.

DENES, A., FERENCZI, S., HALASZ, J., KORNYEI, Z.

& KOVACS, K. J. 2008. Role of CX3CR1
(fractalkine receptor) in brain damage
and inflammation induced by focal
cerebral ischemia in mouse. J Cereb
Blood Flow Metab, 28, 1707-21.

DEOGRACIAS, R., YAZDANI, M., DEKKERS, M. P.,

GUY, J., IONESCU, M. C., VOGT, K. E. &
BARDE, Y. A. 2012. Fingolimod, a
sphingosine-1 phosphate receptor



Bibliography

modulator, increases BDNF levels and
improves symptoms of a mouse model
of Rett syndrome. Proc Natl Acad Sci U
S A, 109, 14230-5.

DESAGHER, S., GLOWINSKI, J. & PREMONT, J.
1996. Astrocytes protect neurons from
hydrogen peroxide toxicity. J Neurosci,
16, 2553-62.

DESFORGES, N. M., HEBRON, M. L., ALGARZAE,
N. K., LONSKAYA, |. & MOUSSA, C. E.
2012. Fractalkine Mediates
Communication between Pathogenic
Proteins and Microglia: Implications of
Anti-Inflammatory  Treatments in
Different Stages of Neurodegenerative
Diseases. Int J Alzheimers Dis, 2012,
345472.

DEV, K. K., MULLERSHAUSEN, F., MATTES, H.,
KUHN, R. R., BILBE, G., HOYER, D. &
MIR, A. 2008. Brain sphingosine-1-
phosphate receptors: implication for
FTY720 in the treatment of multiple
sclerosis. Pharmacol Ther, 117, 77-93.

DI BONA, D., SCAPAGNINI, G., CANDORE, G.,
CASTIGLIA, L., COLONNA-ROMANO, G.,
DURO, G., NUZZO, D., IEMOLO, F., LIO,
D., PELLICANO, M., SCAFIDI, V.,
CARUSO, C. & VASTO, S. 2010.
Immune-inflammatory responses and
oxidative stress in Alzheimer's disease:
therapeutic implications. Curr Pharm
Des, 16, 684-91.

DI FILIPPO, C., CUZZOCREA, S., ROSSI, F.,
MARFELLA, R. & D'AMICO, M. 2006.
Oxidative stress as the leading cause of

acute  myocardial infarction in
diabetics. Cardiovasc Drug Rev, 24, 77-
87.

DI PENTA, A., MORENO, B., REIX, S,
FERNANDEZ-DIEZ, B., VILLANUEVA, M.,
ERREA, 0., ESCALA, N.,

VANDENBROECK, K., COMELLA, J. X. &
VILLOSLADA, P. 2013. Oxidative stress
and proinflammatory cytokines
contribute to demyelination and
axonal damage in a cerebellar culture
model of neuroinflammation. PLoS
One, 8, €54722.

DIAZ-RODRIGUEZ, E., MONTERO, J. C., ESPARIS-
OGANDO, A., YUSTE, L. & PANDIELLA,
A. 2002. Extracellular signal-regulated
kinase phosphorylates tumor necrosis
factor alpha-converting enzyme at
threonine 735: a potential role in
regulated shedding. Mol Biol Cell, 13,
2031-44.

124

DO, K. Q., CABUNGCAL, J. H., FRANK, A,
STEULLET, P. & CUENOD, M. 2009.
Redox dysregulation,
neurodevelopment, and
schizophrenia. Curr Opin Neurobiol,
19, 220-30.

DO, K. Q., CUENOD, M. & HENSCH, T. K. 2015.
Targeting  Oxidative  Stress and
Aberrant Critical Period Plasticity in
the Developmental Trajectory to
Schizophrenia. Schizophr Bull, 41, 835-
46.

DOI, Y., TAKEUCHI, H., HORIUCHI, H., HANYU,
T., KAWANOKUCHI, J., JIN, S,
PARAJULI, B., SONOBE, Y., MIZUNO, T.
& SUZUMURA, A. 2013. Fingolimod
phosphate  attenuates oligomeric
amyloid beta-induced neurotoxicity via
increased brain-derived neurotrophic
factor expression in neurons. PLoS
One, 8, €61988.

DORGHAM, K., GHADIRI, A.,, HERMAND, P.,
RODERO, M., POUPEL, L., IGA, M.,
HARTLEY, 0., GOROCHOV, G,
COMBADIERE, C. & DETERRE, P. 2009.
An engineered CX3CR1 antagonist
endowed with  anti-inflammatory
activity. J Leukoc Biol, 86, 903-11.

DRINGEN, R. & HAMPRECHT, B. 1997.
Involvement of glutathione peroxidase
and catalase in the disposal of
exogenous hydrogen peroxide by
cultured astroglial cells. Brain Res, 759,
67-75.

DRINGEN, R., PAWLOWSKI, P. G. & HIRRLINGER,
J. 2005. Peroxide detoxification by
brain cells. J Neurosci Res, 79, 157-65.

DRUCKER, C., GEWIESE, J., MALCHOW, S.,

SCHELLER, J. & ROSE-JOHN, S. 2010.

Impact of interleukin-6 classic- and

trans-signaling on liver damage and

regeneration. J Autoimmun, 34, 29-37.

L. C., PIRIANOV, G. G. & SPIEGEL, S.

1997. Involvement of sphingosine 1-

phosphate in nerve growth factor-

EDSALL,

mediated neuronal survival and
differentiation. J Neurosci, 17, 6952-
60.

ELAIN, G., JEANNEAU, K., RUTKOWSKA, A., MIR,
A. K. & DEV, K. K. 2014. The selective
anti-IL17A monoclonal antibody
secukinumab  (AIN457) attenuates
IL17A-induced levels of IL6 in human
astrocytes. Glia, 62, 725-35.

ENDRES, K. & FAHRENHOLZ, F. 2010.
Upregulation of the alpha-secretase



Bibliography

ADAM10--risk or reason for hope?
FEBS J, 277, 1585-96.

ENGLISH, D., WELCH, Z., KOVALA, A. T,
HARVEY, K., VOLPERT, O. V., BRINDLEY,
D. N. & GARCIA, J. G. 2000.
Sphingosine  1-phosphate released
from platelets during clotting accounts
for the potent endothelial cell
chemotactic activity of blood serum
and provides a novel link between
hemostasis and angiogenesis. FASEB J,
14, 2255-65.

ENGSTROM, P. C., EASTERLING, L., BAKER, R. R.
& MATALON, S. 1990. Mechanisms of
extracellular hydrogen peroxide
clearance by alveolar type |l
pneumocytes. J Appl Physiol (1985),
69, 2078-84.

FAN, H., TURCK, C. W. & DERYNCK, R. 2003.
Characterization of growth factor-
induced serine phosphorylation of
tumor necrosis factor-alpha converting
enzyme and of an alternatively
translated polypeptide. J Biol Chem,
278, 18617-27.

FEENEY, C. J., FRANTSEVA, M. V., CARLEN, P. L.,
PENNEFATHER, P. S., SHULYAKOVA, N.,
SHNIFFER, C. & MILLS, L. R. 2008.
Vulnerability of glial cells to hydrogen
peroxide in cultured hippocampal
slices. Brain Res, 1198, 1-15.

FELOUZIS, V., HERMAND, P., DE LAISSARDIERE,
G. T., COMBADIERE, C. & DETERRE, P.
2016. Comprehensive analysis of
chemokine-induced cAMP-inhibitory
responses using a real-time
luminescent biosensor. Cell Signal, 28,
120-9.

FENG, L., CHEN, S., GARCIA, G. E., XIA, Y., SIANI,
M. A., BOTTI, P.,, WILSON, C. B.,
HARRISON, J. K. & BACON, K. B. 1999.

Prevention of crescentic
glomerulonephritis by
immunoneutralization of the

fractalkine receptor CX3CR1 rapid
communication. Kidney Int, 56, 612-
20.

FERNANDEZ-GAMBA, A., LEAL, M. C,
MAAROUF, C. L., RICHTER-
LANDSBERG, C., WU, T., MORELLI, L.,
ROHER, A. E. & CASTANO, E. M. 2012.
Collapsin response mediator protein-2
phosphorylation promotes the
reversible retraction of
oligodendrocyte processes in response
to non-lethal oxidative stress. J
Neurochem, 121, 985-95.

FERRERO-GUTIERREZ, A., PEREZ-GOMEZ, A,

FILIOU,

NOVELLI, A. & FERNANDEZ-SANCHEZ,
M. T. 2008. Inhibition of protein
phosphatases impairs the ability of
astrocytes to detoxify hydrogen
peroxide. Free Radic Biol Med, 44,
1806-16.

M. D., TEPLYTSKA, L., OTTE, D. M.,
ZIMMER, A. & TURCK, C. W. 2012.
Myelination and oxidative stress
alterations in the cerebellum of the
G72/G30 transgenic schizophrenia
mouse model. J Psychiatr Res, 46,
1359-65.

FONG, A. M., ALAM, S. M., IMAI, T., HARIBABU,

B. & PATEL, D. D. 2002. CX3CR1
tyrosine sulfation enhances
fractalkine-induced cell adhesion. J
Biol Chem, 277, 19418-23.

FONG, A. M., ERICKSON, H. P., ZACHARIAH, J.

P., POON, S., SCHAMBERG, N. J., IMAI,
T. & PATEL, D. D. 2000. Ultrastructure
and function of the fractalkine mucin
domain in CX(3)C chemokine domain
presentation. J Biol Chem, 275, 3781-6.

FONG, A. M., ROBINSON, L. A., STEEBER, D. A.,

FOSTER,

TEDDER, T. F., YOSHIE, O., IMAI, T. &
PATEL, D. D. 1998. Fractalkine and
CX3CR1 mediate a novel mechanism of
leukocyte capture, firm adhesion, and
activation under physiologic flow. J Exp
Med, 188, 1413-9.

C. A, MECHTCHERIAKOVA, D.,
STORCH, M. K., BALATONI, B.,
HOWARD, L. M., BORNANCIN, F.,
WLACHOS, A., SOBANOV, J,
KINNUNEN, A. & BAUMRUKER, T.
2009. FTY720 rescue therapy in the
dark agouti rat model of experimental
autoimmune encephalomyelitis:
expression of central nervous system
genes and reversal of blood-brain-
barrier damage. Brain Pathol, 19, 254-
66.

FOUSSAT, A., BOUCHET-DELBOS, L., BERREBI,

D., DURAND-GASSELIN, I., COULOMB-
L'HERMINE, A, KRZYSIEK, R.,
GALANAUD, P., LEVY, Y. & EMILIE, D.
2001. Deregulation of the expression
of the fractalkine/fractalkine receptor
complex in HIV-1-infected patients.
Blood, 98, 1678-86.

FOUSSAT, A., COULOMB-L'HERMINE, A.,

GOSLING, J., KRZYSIEK, R., DURAND-
GASSELIN, 1., SCHALL, T., BALIAN, A,
RICHARD, Y., GALANAUD, P. & EMILIE,
D. 2000. Fractalkine  receptor



Bibliography

expression by T lymphocyte
subpopulations and in vivo production
of fractalkine in human. Eur J Immunol,
30, 87-97.

FRATICELLI, P., SIRONI, M., BIANCHI, G.,

D'AMBROSIO, D., ALBANESI, C.,
STOPPACCIARO, A., CHIEPPA, M.,
ALLAVENA, P., RUCO, L., GIROLOMONI,
G., SINIGAGLIA, F., VECCHI, A. &
MANTOVANI, A. 2001. Fractalkine
(CX3CL1) as an amplification circuit of
polarized Th1l responses. J Clin Invest,
107, 1173-81.

FRESHNEY, N. W., RAWLINSON, L., GUESDON,

FU,

F., JONES, E., COWLEY, S., HSUAN, J. &
SAKLATVALA, J. 1994. Interleukin-1
activates a novel protein kinase
cascade that results in the
phosphorylation of Hsp27. Cell, 78,
1039-49.

L., SOHAIL, A., VALIATHAN, R. R,
WASINSKI, B. D., KUMARASIRI, M.,
MAHASENAN, K. V., BERNARDO, M.
M., TOKMINA-ROSZYK, D., FIELDS, G.
B., MOBASHERY, S. & FRIDMAN, R.
2013. Shedding of discoidin domain
receptor 1 by membrane-type matrix
metalloproteinases. J Biol Chem, 288,
12114-29.

FUHRMANN, M., BITTNER, T., JUNG, C. K,

BURGOLD, S.,, PAGE, R. M,
MITTEREGGER, G., HAASS, C,
LAFERLA, F. M., KRETZSCHMAR, H. &
HERMS, J. 2010. Microglial Cx3crl
knockout prevents neuron loss in a
mouse model of Alzheimer's disease.
Nat Neurosci, 13, 411-3.

FUIIMOTO, K., IMAIZUMI, T., YOSHIDA, H.,

TAKANASHI, S., OKUMURA, K. &
SATOH, K. 2001. Interferon-gamma
stimulates fractalkine expression in
human bronchial epithelial cells and
regulates mononuclear cell adherence.
Am J Respir Cell Mol Biol, 25, 233-8.

FUKUMOTO, K., MIZOGUCHI, H., TAKEUCHI, H.,

HORIUCHI, H., KAWANOKUCHI, J., JIN,
S., MIZUNO, T. & SUZUMURA, A. 2014.
Fingolimod increases brain-derived
neurotrophic  factor levels and
ameliorates amyloid beta-induced
memory impairment. Behav Brain Res,
268, 88-93.

FURUICHI, K., WADA, T., IWATA, Y., SAKAI, N.,

YOSHIMOTO, K., SHIMIZU, M.,
KOBAYASHI, K., TAKASAWA, K., KIDA,
H., TAKEDA, S., MATSUSHIMA, K. &
YOKOYAMA, H. 2001. Upregulation of

126

fractalkine in  human crescentic
glomerulonepbhritis. Nephron, 87, 314-
20.

GANDHI, S. & ABRAMOV, A. Y. 2012.
Mechanism of oxidative stress in
neurodegeneration. Oxid Med Cell
Longev, 2012, 428010.

GAOQ, F, LIU, Y., LI, X., WANG, Y., WEI, D. &
JIANG, W. 2012. Fingolimod (FTY720)
inhibits neuroinflammation and
attenuates spontaneous convulsions in
lithium-pilocarpine induced status
epilepticus in rat model. Pharmacol
Biochem Behav, 103, 187-96.

GAOQ, H. M., LIU, B., ZHANG, W. & HONG, J. S.
2003. Novel anti-inflammatory therapy
for  Parkinson's disease. Trends
Pharmacol Sci, 24, 395-401.

GARCIA, J. A, PINO, P. A, MIZUTANI, M.,
CARDONA, S. M., CHARO, I. F,
RANSOHOFF, R. M., FORSTHUBER, T.
G. & CARDONA, A. E. 2013. Regulation
of adaptive immunity by the
fractalkine receptor during
autoimmune inflammation. J Immunol,
191, 1063-72.

GARTON, K. J., GOUGH, P. J., BLOBEL, C. P,
MURPHY, G., GREAVES, D. R,
DEMPSEY, P. J. & RAINES, E. W. 2001.
Tumor necrosis factor-alpha-
converting enzyme (ADAM17)
mediates the cleavage and shedding of
fractalkine (CX3CL1). J Biol Chem, 276,
37993-8001.

GERECKE, K. M., KOLOBOVA, A., ALLEN, S. &
FAWER, J. L. 2013. Exercise protects
against chronic restraint  stress-
induced oxidative stress in the cortex
and hippocampus. Brain Res, 1509, 66-
78.

GHADGE, G. D., LEE, J. P., BINDOKAS, V. P,
JORDAN, J.,, MA, L., MILLER, R. J. &
ROOS, R. P. 1997. Mutant superoxide
dismutase-1-linked familial
amyotrophic lateral sclerosis:
molecular mechanisms of neuronal
death and protection. J Neurosci, 17,
8756-66.

GILLE, J. J. & JOENJE, H. 1992. Cell culture
models for oxidative stress: superoxide
and hydrogen peroxide versus
normobaric hyperoxia. Mutat Res,
275, 405-14.

GIRALT, M., RAMOS, R., QUINTANA, A., FERRER,
B., ERTA, M., CASTRO-FREIRE, M.,
COMES, G., SANZ, E., UNZETA, M.,
PIFARRE, P., GARCIA, A., CAMPBELL, I.



Bibliography

L. & HIDALGO, J. 2013. Induction of
atypical EAE mediated by transgenic
production of IL-6 in astrocytes in the
absence of systemic IL-6. Glia, 61, 587-
600.

GODA, S., IMAI, T., YOSHIE, O., YONEDA, 0.,
INOUE, H., NAGANO, Y., OKAZAKI, T.,
IMAI, H., BLOOM, E. T., DOMAE, N. &
UMEHARA, H. 2000. CX3C-chemokine,
fractalkine-enhanced adhesion of THP-
1 cells to endothelial cells through
integrin-dependent and -independent
mechanisms. J Immunol, 164, 4313-20.

GOUGH, P. J.,, GARTON, K. J., WILLE, P. T,
RYCHLEWSKI, M., DEMPSEY, P. J. &
RAINES, E. W. 2004. A disintegrin and
metalloproteinase 10-mediated
cleavage and shedding regulates the
cell surface expression of CXC
chemokine ligand 16. J Immunol, 172,
3678-85.

GREAVES, D. R., HAKKINEN, T., LUCAS, A. D,,
LIDDIARD, K., JONES, E., QUINN, C. M.,
SENARATNE, J., GREEN, F. R., TYSON,
K., BOYLE, J., SHANAHAN, C,
WEISSBERG, P. L., GORDON, S. & YLA-
HERTUALLA, S. 2001. Linked
chromosome  16g13 chemokines,
macrophage-derived chemokine,
fractalkine, and thymus- and
activation-regulated chemokine, are
expressed in human atherosclerotic
lesions. Arterioscler Thromb Vasc Biol,
21, 923-9.

GREER, I. A., LYALL, F., PERERA, T., BOSWELL, F.
& MACARA, L. M. 1994. Increased

concentrations of cytokines
interleukin-6 and interleukin-1
receptor antagonist in plasma of
women  with preeclampsia: a
mechanism for endothelial
dysfunction? Obstet Gynecol, 84, 937-
40.

GROVES, A., KIHARA, Y. & CHUN, J. 2013.
Fingolimod: direct CNS effects of
sphingosine 1-phosphate (S1P)
receptor modulation and implications
in multiple sclerosis therapy. J Neurol
Sci, 328, 9-18.

GRUBER, R. C., LAROCCA, D., MINCHENBERG, S.
B., CHRISTOPHI, G. P., HUDSON, C. A.,
RAY, A. K., SHAFIT-ZAGARDO, B. &
MASSA, P. T. 2015. The control of
reactive oxygen species production by
SHP-1 in oligodendrocytes. Glia, 63,
1753-71.

127

GU, F., CHAUHAN, V. & CHAUHAN, A. 2015.
Glutathione redox imbalance in brain
disorders. Curr Opin Clin Nutr Metab
Care, 18, 89-95.

GUQ, J., ZHANG, M., WANG, B., YUAN, Z., GUO,
Z., CHEN, T., YU, Y., QIN, Z. & CAO, X.
2003. Fractalkine transgene induces T-
cell-dependent antitumor immunity
through chemoattraction and
activation of dendritic cells. Int J
Cancer, 103, 212-20.

GUY, J., HENDRICH, B., HOLMES, M., MARTIN, J.
E. & BIRD, A. 2001. A mouse Mecp2-
null mutation causes neurological
symptoms that mimic Rett syndrome.
Nat Genet, 27, 322-6.

HAGEN, N., VAN VELDHOVEN, P. P., PROIA, R.
L., PARK, H., MERRILL, A. H., JR. & VAN
ECHTEN-DECKERT, G. 2009. Subcellular
origin of sphingosine 1-phosphate is
essential for its toxic effect in lyase-
deficient neurons. J Biol Chem, 284,
11346-53.

HALLIWELL, B. 1992. Reactive oxygen species
and the central nervous system. J
Neurochem, 59, 1609-23.

HAN, J., LEE, J. D., BIBBS, L. & ULEVITCH, R. J.
1994. A MAP kinase targeted by
endotoxin and hyperosmolarity in
mammalian cells. Science, 265, 808-11.

HANCOCK, J. T., DESIKAN, R. & NEILL, S. J. 2001.
Role of reactive oxygen species in cell
signalling pathways. Biochem Soc
Trans, 29, 345-50.

HARDINGHAM, G. E. & DO, K. Q. 2016. Linking
early-life  NMDAR hypofunction and
oxidative stress in schizophrenia
pathogenesis. Nat Rev Neurosci, 17,
125-34.

HARRAZ, M. M., MARDEN, J. J.,, ZHOU, W.,
ZHANG, Y., WILLIAMS, A., SHAROV, V.
S., NELSON, K., LUO, M., PAULSON, H.,
SCHONEICH, C. & ENGELHARDT, J. F.
2008. SOD1 mutations disrupt redox-
sensitive Rac regulation of NADPH
oxidase in a familial ALS model. J Clin
Invest, 118, 659-70.

HARRISON, J. K., FONG, A. M., SWAIN, P. A.,
CHEN, S., YU, Y. R., SALAFRANCA, M.
N., GREENLEAF, W. B., IMAI, T. &
PATEL, D. D. 2001. Mutational analysis
of the fractalkine chemokine domain.
Basic amino acid residues differentially
contribute to CX3CR1 binding,
signaling, and cell adhesion. J Biol
Chem, 276, 21632-41.



Bibliography

HARRISON, J. K., JIANG, Y., CHEN, S., XIA, Y.,
MACIEJEWSKI, D., MCNAMARA, R. K.,
STREIT, W. J.,, SALAFRANCA, M. N,,
ADHIKARI, S., THOMPSON, D. A,
BOTTI, P., BACON, K. B. & FENG, L.
1998. Role for neuronally derived
fractalkine in mediating interactions
between neurons and CX3CR1-
expressing microglia. Proc Natl Acad
Sci US A, 95, 10896-901.

HASKELL, C. A., CLEARY, M. D. & CHARO, I. F.
1999. Molecular uncoupling of
fractalkine-mediated cell adhesion and
signal transduction. Rapid flow arrest
of  CX3CR1-expressing cells is
independent of G-protein activation. J
Biol Chem, 274, 10053-8.

HASKELL, C. A., CLEARY, M. D. & CHARO, I. F.
2000. Unique role of the chemokine
domain of fractalkine in cell capture.
Kinetics of receptor dissociation
correlate with cell adhesion. J Biol
Chem, 275, 34183-9.

HATORI, K., NAGAI, A., HEISEL, R., RYU, J. K. &
KIM, S. U. 2002. Fractalkine and
fractalkine  receptors in  human
neurons and glial cells. J Neurosci Res,
69, 418-26.

HEALY, L. M., SHERIDAN, G. K., PRITCHARD, A.
J., RUTKOWSKA, A., MULLERSHAUSEN,
F. & DEV, K. K. 2013. Pathway specific
modulation of S1P1 receptor signalling
in rat and human astrocytes. Br J
Pharmacol, 169, 1114-29.

HEMMATI, F., DARGAHI, L., NASOOHI, S.,
OMIDBAKHSH, R., MOHAMED, Z,
CHIK, Z., NAIDU, M. & AHMADIANI, A.
2013. Neurorestorative effect of
FTY720 in a rat model of Alzheimer's
disease: comparison with memantine.
Behav Brain Res, 252, 415-21.

HERNANDEZ, O. M., DISCHER, D. J., BISHOPRIC,
N. H. & WEBSTER, K. A. 2000. Rapid
activation of neutral sphingomyelinase
by hypoxia-reoxygenation of cardiac
myocytes. Circ Res, 86, 198-204.

HLA, T. & BRINKMANN, V. 2011. Sphingosine 1-
phosphate (S1P): Physiology and the
effects of S1P receptor modulation.
Neurology, 76, S3-8.

HO, P. J., YEN, M. L., TANG, B. C., CHEN, C. T. &
YEN, B. L. 2013. H202 accumulation
mediates  differentiation  capacity
alteration, but not proliferative
decline, in senescent human fetal
mesenchymal stem cells. Antioxid
Redox Signal, 18, 1895-905.

HOLMES, F. E., ARNOTT, N., VANDERPLANK, P.,
KERR, N. C.,, LONGBRAKE, E. E.,
POPOVICH, P. G. IMAl, T,
COMBADIERE, C., MURPHY, P. M. &
WYNICK, D. 2008. Intra-neural
administration of fractalkine
attenuates neuropathic pain-related
behaviour. J Neurochem, 106, 640-9.

HOOVER, D. M., MIZOUE, L. S., HANDEL, T. M. &
LUBKOWSKI, J. 2000. The crystal
structure of the chemokine domain of
fractalkine shows a novel quaternary
arrangement. J Biol Chem, 275, 23187-
93.

HORIUCHI, M., SMITH, L., MAEZAWA, |. & JIN, L.
W. 2016. CXCR1 ablation ameliorates
motor and respiratory dysfunctions
and improves survival of a Rett
syndrome mouse model. Brain Behav
Immun.

HOSHIKO, M., ARNOUX, 1., AVIGNONE, E.,
YAMAMOTO, N. & AUDINAT, E. 2012.
Deficiency of the microglial receptor
CX3CR1 impairs postnatal functional
development of  thalamocortical
synapses in the barrel cortex. J
Neurosci, 32,15106-11.

HUANG, D., SHI, F. D., JUNG, S., PIEN, G. C,,
WANG, J., SALAZAR-MATHER, T. P., HE,
T. T., WEAVER, J. T., LUJUNGGREN, H.
G., BIRON, C. A,, LITTMAN, D. R. &
RANSOHOFF, R. M. 2006. The neuronal
chemokine CX3CL1/fractalkine
selectively recruits NK cells that
modify experimental autoimmune
encephalomyelitis within the central
nervous system. FASEB J, 20, 896-905.

HUGHES, P. M., BOTHAM, M. S., FRENTZEL, S.,
MIR, A. & PERRY, V. H. 2002.
Expression of fractalkine (CX3CL1) and
its receptor, CX3CR1, during acute and
chronic inflammation in the rodent
CNS. Glia, 37, 314-27.

HULSHOF, S., VAN HAASTERT, E. S., KUIPERS, H.
F., VAN DEN ELSEN, P. J., DE GROOT, C.
J., VAN DER VALK, P., RAVID, R. &
BIBER, K. 2003. CX3CL1 and CX3CR1
expression in human brain tissue:
noninflammatory  control  versus
multiple sclerosis. J Neuropathol Exp
Neurol, 62, 899-907.

HUNDHAUSEN, C., MISZTELA, D., BERKHOUT, T.
A., BROADWAY, N., SAFTIG, P., REISS,
K., HARTMANN, D., FAHRENHOLZ, F.,
POSTINA, R., MATTHEWS, V., KALLEN,
K. J., ROSE-JOHN, S. & LUDWIG, A.
2003. The disintegrin-like



Bibliography

metalloproteinase ADAM10 is involved
in constitutive cleavage of CX3CL1
(fractalkine) and regulates CX3CL1-

mediated cell-cell adhesion. Blood,
102, 1186-95.
IGA, M., BOISSONNAS, A., MAHE, B,

BONDUELLE, O., COMBADIERE, C. &
COMBADIERE, B. 2007. Single CX3CL1-
Ig DNA administration enhances T cell
priming in vivo. Vaccine, 25, 4554-63.

IMAI, T., HIESHIMA, K., HASKELL, C., BABA, M.,
NAGIRA, M., NISHIMURA, M.,
KAKIZAKI, M., TAKAGI, S., NOMIYAMA,
H., SCHALL, T. J. & YOSHIE, O. 1997.
Identification and molecular
characterization of fractalkine
receptor CX3CR1, which mediates both
leukocyte migration and adhesion.
Cell, 91, 521-30.

IMAIZUMI, T., MATSUMIYA, T., FUJIMOTO, K.,
OKAMOTO, K., CUI, X., OHTAKI, U.,
HIDEMI, YOSHIDA & SATOH, K. 2000.
Interferon-gamma  stimulates  the
expression of CX3CL1/fractalkine in
cultured human endothelial cells.
Tohoku J Exp Med, 192, 127-39.

INNAMORATO, N. G., LASTRES-BECKER, I. &
CUADRADO, A. 2009. Role of microglial
redox balance in modulation of
neuroinflammation. Curr Opin Neurol,
22, 308-14.

INNGJERDINGEN, M., DAMAJ, B. &
MAGHAZACHI, A. A. 2001. Expression
and regulation of chemokine receptors
in human natural killer cells. Blood, 97,
367-75.

INOUE, A., HASEGAWA, H., KOHNO, M., ITO, M.
R., TERADA, M., IMAI, T., YOSHIE, O.,
NOSE, M. & FUJITA, S. 2005.
Antagonist of fractalkine (CX3CL1)
delays the initiation and ameliorates
the progression of lupus nepbhritis in
MRL/lpr mice. Arthritis Rheum, 52,
1522-33.

ISHIDA, Y., HAYASHI, T., GOTO, T., KIMURA, A.,
AKIMOTO, S., MUKAIDA, N. & KONDO,
T. 2008. Essential involvement of
CX3CR1-mediated signals in the
bactericidal host defense during septic
peritonitis. J Immunol, 181, 4208-18.

ISHII, 1., FUKUSHIMA, N., YE, X. & CHUN, J.
2004. Lysophospholipid receptors:
signaling and biology. Annu Rev
Biochem, 73, 321-54.

ITO, D., TANAKA, K., SUZUKI, S., DEMBO, T. &
FUKUUCHI, Y. 2001. Enhanced
expression of Ibal, ionized calcium-

129

binding adapter molecule 1, after
transient focal cerebral ischemia in rat
brain. Stroke, 32, 1208-15.

ITO, J. I., NAGAYASU, Y., OGAWA, T., OKIHARA,
H. & MICHIKAWA, M. 2015.
Biochemical properties in membrane
of rat astrocytes under oxidative
stress. Brain Res.

JAILLARD, C., HARRISON, S., STANKOFF, B.,
AIGROT, M. S., CALVER, A. R., DUDDY,
G., WALSH, F. S., PANGALOS, M. N.,
ARIMURA, N., KAIBUCHI, K., ZALC, B. &
LUBETZKI, C. 2005. Edg8/S1P5: an
oligodendroglial receptor with dual
function on process retraction and cell
survival. J Neurosci, 25, 1459-69.

JANG, S., KIM, D., LEE, Y., MOON, S. & OH, S.
2011. Modulation of sphingosine 1-
phosphate and tyrosine hydroxylase in
the stress-induced anxiety. Neurochem
Res, 36, 258-67.

JIANG, Y., SALAFRANCA, M. N., ADHIKARI, S.,
XIA, Y., FENG, L., SONNTAG, M. K,
DEFIEBRE, C. M., PENNELL, N. A,
STREIT, W. J. & HARRISON, J. K. 1998.
Chemokine receptor expression in
cultured glia and rat experimental
allergic encephalomyelitis. J
Neuroimmunol, 86, 1-12.

JIN, J., HU, J., ZHOU, W., WANG, X., XIAO, Q.,
XUE, N., YIN, D. & CHEN, X. 2014.
Development of a selective S1P1
receptor agonist, Syl930, as a potential
therapeutic agent for autoimmune
encephalitis. Biochem Pharmacol, 90,
50-61.

JOHNSON, T. A., EVANS, B. L., DURAFOURT, B.
A., BLAIN, M., LAPIERRE, Y., BAR-OR, A.
& ANTEL, J. P. 2011. Reduction of the
peripheral blood CD56(bright) NK
lymphocyte subset in FTY720-treated
multiple sclerosis patients. J Immunol,
187, 570-9.

JOHNSON, T. A., LAPIERRE, Y., BAR-OR, A. &
ANTEL, J. P. 2010. Distinct properties
of circulating CD8+ T cells in FTY720-
treated patients with  multiple
sclerosis. Arch Neurol, 67, 1449-55.

JOHNSTON, I. N., MILLIGAN, E. D., WIESELER-
FRANK, J., FRANK, M. G., ZAPATA, V.,
CAMPISI, J., LANGER, S., MARTIN, D.,
GREEN, P., FLESHNER, M., LEINWAND,
L., MAIER, S. F. & WATKINS, L. R. 2004.
A role for proinflammatory cytokines
and fractalkine in analgesia, tolerance,
and subsequent pain facilitation



Bibliography

induced by chronic intrathecal

morphine. J Neurosci, 24, 7353-65.

P. S., BEKTAS, M., OLIVERA, A,

GONZALEZ-ESPINOSA, C., PROIA, R. L.,

RIVERA, J., MILSTIEN, S. & SPIEGEL, S.

2004. Transactivation of sphingosine-

1-phosphate receptors by FcepsilonRI

triggering is required for normal mast

cell degranulation and chemotaxis. J

Exp Med, 199, 959-70.

JONES, B. A., RIEGSECKER, S., RAHMAN, A,
BEAMER, M., ABOUALAIWI, W,
KHUDER, S. A. & AHMED, S. 2013. Role
of ADAM-17, p38 MAPK, cathepsins,
and the proteasome pathway in the
synthesis and shedding of
fractalkine/CX(3) CL1 in rheumatoid
arthritis. Arthritis Rheum, 65, 2814-25.

JONES, D. P. 2002. Redox potential of
GSH/GSSG couple: assay and biological
significance. Methods Enzymol, 348,
93-112.

JUNG, S., ALIBERTI, J.,, GRAEMMEL, P.,
SUNSHINE, M. J., KREUTZBERG, G. W.,
SHER, A. & LITTMAN, D. R. 2000.
Analysis of fractalkine receptor
CX(3)CR1 function by targeted deletion
and green fluorescent protein reporter
gene insertion. Mol Cell Biol, 20, 4106-
14.

KAJIMOTO, T., OKADA, T., YU, H., GOPARAIJU, S.
K., JAHANGEER, S. & NAKAMURA, S.
2007. Involvement of sphingosine-1-
phosphate in glutamate secretion in
hippocampal neurons. Mol Cell Biol,
27, 3429-40.

KAMPHUIS, W., KOOIJMAN, L., ORRE, M,
STASSEN, O., PEKNY, M. & HOL, E. M.
2015. GFAP and vimentin deficiency
alters gene expression in astrocytes
and microglia in wild-type mice and
changes the transcriptional response
of reactive glia in mouse model for
Alzheimer's disease. Glia, 63, 1036-56.

KANAZAWA, N., NAKAMURA, T., TASHIRO, K.,
MURAMATSU, M., MORITA, K,
YONEDA, K., INABA, K., IMAMURA, S.
& HONJO, T. 1999. Fractalkine and
macrophage-derived chemokine: T
cell-attracting chemokines expressed
in T cell area dendritic cells. Eur J
Immunol, 29, 1925-32.

KANNO, T., NISHIZAKI, T., PROIA, R. L,
KAJIMOTO, T., JAHANGEER, S., OKADA,
T. & NAKAMURA, S. 2010. Regulation
of synaptic strength by sphingosine 1-

JOLLY,

130

phosphate in the hippocampus.
Neuroscience, 171, 973-80.

KAPPOS, L., ANTEL, J., COMI, G., MONTALBAN,
X., O'CONNOR, P., POLMAN, C. H,,
HAAS, T., KORN, A. A, KARLSSON, G. &
RADUE, E. W. 2006. Oral fingolimod
(FTY720) for relapsing multiple
sclerosis. N Engl J Med, 355, 1124-40.

KARAHALIL, B., ORHAN, G. & AK, F. 2015. The
impact of detoxifying and repair gene
polymorphisms and the levels of
serum ROS in the susceptibility to
multiple  sclerosis.  Clin  Neurol
Neurosurg, 139, 288-94.

KARG, E., KLIVENYI, P., NEMETH, I., BENCSIK, K.,
PINTER, S. & VECSEl, L. 1999.
Nonenzymatic antioxidants of blood in
multiple sclerosis. J Neurol, 246, 533-9.

KARKKAINEN, I, RYBNIKOVA, E., PELTO-

HUIKKO, M. & HUOQVILA, A. P. 2000.

Metalloprotease-disintegrin ~ (ADAM)

genes are widely and differentially

expressed in the adult CNS. Mol Cell

Neurosci, 15, 547-60.

M., VALKOVIC, P., HANCINOVA, V.,

KRIZOVA, L., TOTHOVA, L. & CELEC, P.

2015. Markers of oxidative stress in

plasma and saliva in patients with

multiple sclerosis. Clin Biochem, 48,

24-8.

KARLINER, J. S. 2004. Mechanisms of
cardioprotection by lysophospholipids.
J Cell Biochem, 92, 1095-103.

KELKAR, N., STANDEN, C. L. & DAVIS, R. J. 2005.
Role of the JIP4 scaffold protein in the
regulation of mitogen-activated
protein kinase signaling pathways. Mo/
Cell Biol, 25, 2733-43.

KILLOCK, D. J. & IVETIC, A. 2010. The
cytoplasmic domains of TNFalpha-
converting enzyme (TACE/ADAM17)
and L-selectin are regulated differently
by p38 MAPK and PKC to promote
ectodomain shedding. Biochem J, 428,
293-304.

KIM, E. M., SHIN, E. J., LEE, J. A., SON, H. J,,
CHOI, D. H., HAN, J. M. & HWANG, O.
2014. Caspase-9 activation and Apaf-1
cleavage by MMP-3. Biochem Biophys
Res Commun, 453, 563-8.

KIM, H. J., MIRON, V. E., DUKALA, D., PROIA, R.
L., LUDWIN, S. K., TRAKA, M., ANTEL, J.
P. & SOLIVEN, B. 2011. Neurobiological
effects of sphingosine 1-phosphate
receptor modulation in the cuprizone
model. FASEB J, 25, 1509-18.

KARLIK,



Bibliography

KOBAYASHI,

KOYAMA, Y., KOTANI,

S. & KWON, J. 2013. [6]-shogaol
attenuates neuronal apoptosis in
hydrogen peroxide-treated astrocytes
through  the  up-regulation  of
neurotrophic factors. Phytother Res,
27, 1795-9.

M., L, L, IWAMOTO, N.,

NAKAJIMA-TAKAGI, Y., KANEKO, H.,

NAKAYAMA, Y., EGUCHI, M., WADA, Y.,

KUMAGAI, Y. & YAMAMOTO, M. 2009.

The antioxidant defense system

Keapl-Nrf2 comprises a multiple

sensing mechanism for responding to

a wide range of chemical compounds.

Mol Cell Biol, 29, 493-502.

KOHUTEK, Z. A., DIPIERRO, C. G., REDPATH, G.

T. & HUSSAINI, I. M. 2009. ADAM-10-
mediated N-cadherin cleavage is
protein kinase C-alpha dependent and
promotes glioblastoma cell migration.
J Neurosci, 29, 4605-15.

KOMIYA, T., SATO, K., SHIOYA, H., INAGAKI, Y.,

HAGIYA, H., KOZAKI, R., IMAI, M.,
TAKADA, Y., MAEDA, T., KURATA, H.,
KURONO, M., SUZUKI, R., OTSUKI, K.,
HABASHITA, H. & NAKADE, S. 2013.
Efficacy and immunomodulatory
actions of ONO-4641, a novel selective
agonist for sphingosine 1-phosphate
receptors 1 and 5, in preclinical
models of multiple sclerosis. Clin Exp
Immunol, 171, 54-62.

KONO, M., ALLENDE, M. L. & PROIA, R. L. 2008.

Sphingosine-1-phosphate regulation of
mammalian development. Biochim
Biophys Acta, 1781, 435-41.

KOPS, G. J., DANSEN, T. B., POLDERMAN, P. E.,

SAARLOOQS, ., WIRTZ, K. W., COFFER,
P. J, HUANG, T. T., BOS, J. L,
MEDEMA, R. H. & BURGERING, B. M.
2002. Forkhead transcription factor
FOXO03a protects quiescent cells from
oxidative stress. Nature, 419, 316-21.
M., SAWAMURA, T.,
KURIBAYASHI, M., KONISHI, R. &
MICHINAGA, S. 2013. Different actions
of endothelin-1 on chemokine
production in rat cultured astrocytes:
reduction of CX3CL1/fractalkine and
an increase in CCL2/MCP-1 and
CXCL1/CINC-1. J Neuroinflammation,
10, 51.

KUCHARSKA-MAZUR, J.,, TARNOWSKI, M.,
DOLEGOWSKA, B., BUDKOWSKA, M.,
PEDZIWIATR, D., JABLONSKI, M.,

PELKA-WYSIECKA, .,
A,

KAZIMIERCZAK,
RATAICZAK, M. Z &

131

LADEBY,

SAMOCHOWIEC, .
evidence for enhanced stem cell
trafficking  in  antipsychotic-naive
subjects during their first psychotic
episode. J Psychiatr Res, 49, 18-24.

R.,  WIRENFELDT, M., GARCIA-
OVEJERO, D., FENGER, C., DISSING-
OLESEN, L., DALMAU, I. & FINSEN, B.
2005. Microglial cell population
dynamics in the injured adult central
nervous system. Brain Res Brain Res
Rev, 48, 196-206.

2014. Novel

LAMBEIR, A. M., PROOST, P., DURINX, C., BAL,

G., SENTEN, K., AUGUSTYNS, K.,
SCHARPE, S., VAN DAMME, J. & DE
MEESTER, I. 2001. Kinetic investigation

of chemokine truncation by
CD26/dipeptidyl peptidase IV reveals a
striking  selectivity ~ within  the

chemokine family. J Biol Chem, 276,
29839-45.

LAMMICH, S., KOJRO, E., POSTINA, R., GILBERT,

LAMONTAGNE, K.,

LANGEMANN,

LASTRES-BECKER, 1.,

LAURO,

S., PFEIFFER, R., JASIONOWSKI, M.,
HAASS, C. & FAHRENHOLZ, F. 1999.
Constitutive and regulated alpha-
secretase cleavage of Alzheimer's
amyloid precursor protein by a
disintegrin metalloprotease. Proc Nat/
Acad Sci US A, 96, 3922-7.
LITTLEWOOD-EVANS, A.,
SCHNELL, C., O'REILLY, T., WYDER, L.,
SANCHEZ, T., PROBST, B., BUTLER, J.,
WOOD, A, LIAU, G., BILLY, E., THEUER,
A, HLA, T. & WOOD, J. 2006.
Antagonism of sphingosine-1-
phosphate receptors by FTY720
inhibits angiogenesis and tumor
vascularization. Cancer Res, 66, 221-
31.

H., KABIERSCH, A. &
NEWCOMBE, J. 1992. Measurement of
low-molecular-weight antioxidants,
uric acid, tyrosine and tryptophan in
plagues and white matter from
patients with multiple sclerosis. Eur
Neurol, 32, 248-52.

INNAMORATO, N. G,
JAWORSKI, T., RABANO, A., KUGLER,
S., VAN LEUVEN, F. & CUADRADO, A.
2014. Fractalkine activates
NRF2/NFE2L2 and heme oxygenase 1
to restrain tauopathy-induced
microgliosis. Brain, 137, 78-91.

C., CATALANO, M., TRETTEL, F. &
LIMATOLA, C. 2015. Fractalkine in the
nervous system: neuroprotective or



Bibliography

neurotoxic molecule? Ann N Y Acad
Sci, 1351, 141-8.

LAURO, C.,, CATALANO, M., TRETTEL, F.,
MAINIERO, F., CIOTTI, M. T., EUSEBI, F.
& LIMATOLA, C. 2006. The chemokine
CX3CL1 reduces migration and
increases adhesion of neurons with
mechanisms dependent on the betal
integrin subunit. J Immunol, 177, 7599-
606.

LEE, D. H., GOLD, R. & LINKER, R. A. 2012a.
Mechanisms of oxidative damage in
multiple sclerosis and
neurodegenerative diseases:
therapeutic modulation via fumaric
acid esters. Int J Mol Sci, 13, 11783-
803.

LEE, J. C., LAYDON, J. T., MCDONNELL, P. C,,
GALLAGHER, T. F., KUMAR, S., GREEN,
D., MCNULTY, D., BLUMENTHAL, M. J,,
HEYS, J. R., LANDVATTER, S. W. & ET
AL. 1994. A protein kinase involved in
the regulation of inflammatory
cytokine biosynthesis. Nature, 372,
739-46.

LEE, J. C. & WON, M. H. 2014. Neuroprotection
of antioxidant enzymes against
transient global cerebral ischemia in
gerbils. Anat Cell Biol, 47, 149-56.

LEE, J. P., CHA, H. J, LEE, K. S., LEE, K. K., SON, J.
H., KIM, K. N., LEE, D. K. & AN, S.
2012b. Phytosphingosine-1-phosphate
represses the hydrogen peroxide-
induced activation of c-Jun N-terminal
kinase in human dermal fibroblasts
through the phosphatidylinositol 3-
kinase/Akt pathway. Arch Dermatol
Res, 304, 673-8.

LEE, M. R. & DOMINGUEZ, C. 2005. MAP kinase
p38 inhibitors: clinical results and an
intimate look at their interactions with
p38alpha protein. Curr Med Chem, 12,
2979-94.

LEHNER, C., GEHWOLF, R., TEMPFER, H.,
KRIZBAI, I., HENNIG, B., BAUER, H. C. &
BAUER, H. 2011. Oxidative stress and
blood-brain barrier dysfunction under
particular consideration of matrix
metalloproteinases. Antioxid Redox
Signal, 15, 1305-23.

LEMIEUX, G. A., BLUMENKRON, F., YEUNG, N.,
ZHOU, P., WILLIAMS, J., GRAMMER, A.
C., PETROVICH, R., LIPSKY, P. E., MOSS,
M. L. & WERB, Z. 2007. The low affinity
IgE receptor (CD23) is cleaved by the
metalloproteinase ADAM10. J Biol
Chem, 282, 14836-44.

132

LEPPERT, D., WAUBANT, E., GALARDY, R.,
BUNNETT, N. W. & HAUSER, S. L. 1995.
T cell gelatinases mediate basement
membrane transmigration in vitro. J
Immunol, 154, 4379-89.

LESNIK, P., HASKELL, C. A. & CHARO, I. F. 2003.
Decreased atherosclerosis in CX3CR1-
/- mice reveals a role for fractalkine in
atherogenesis. J Clin Invest, 111, 333-
40.

LEWIS, D. A,, CURLEY, A. A., GLAUSIER, J. R. &
VOLK, D. W. 2012. Cortical
parvalbumin interneurons and
cognitive dysfunction in schizophrenia.
Trends Neurosci, 35, 57-67.

L, J.,, 0, W.,, LI, W,, JIANG, Z. G. & GHANBARI, H.
A. 2013. Oxidative stress and
neurodegenerative disorders. Int J Mol
Sci, 14, 24438-75.

L, Q. & VERMA, |. M. 2002. NF-kappaB
regulation in the immune system. Nat
Rev Immunol, 2, 725-34.

LIMATOLA, C., LAURO, C., CATALANO, M.,
CIOTTI, M. T., BERTOLLINI, C., DI
ANGELANTONIO, S., RAGOZZINO, D. &
EUSEBI, F. 2005. Chemokine CX3CL1
protects rat hippocampal neurons
against glutamate-mediated
excitotoxicity. J Neuroimmunol, 166,
19-28.

LIMATOLA, C. & RANSOHOFF, R. M. 2014.
Modulating neurotoxicity through
CX3CL1/CX3CR1 signaling. Front Cell
Neurosci, 8, 229.

LIU, C,, CUI, G., ZHU, M., KANG, X. & GUO, H.
2014. Neuroinflammation in
Alzheimer's  disease:  chemokines
produced by astrocytes and
chemokine receptors. Int J Clin Exp
Pathol, 7, 8342-55.

LIU, H.,, TOMAN, R. E., GOPARAJU, S. K.,
MACEYKA, M., NAVA, V. E., SANKALA,
H., PAYNE, S. G., BEKTAS, M., ISHII, I.,
CHUN, J., MILSTIEN, S. & SPIEGEL, S.
2003. Sphingosine kinase type 2 is a
putative BH3-only protein that induces
apoptosis. J Biol Chem, 278, 40330-6.

LO, VY. Y. & CRUZ, T. F. 1995. Involvement of
reactive oxygen species in cytokine
and growth factor induction of c-fos
expression in chondrocytes. J Biol
Chem, 270, 11727-30.

LOPEZ-LOPEZ, A., GAMEZ, J., SYRIANI, E.,
MORALES, M., SALVADO, M.,
RODRIGUEZ, M. J., MAHY, N. & VIDAL-
TABOADA, J. M. 2014. CX3CR1 is a
modifying gene of survival and



Bibliography

progression in amyotrophic lateral
sclerosis. PLoS One, 9, €96528.

LUDWIG, A., BERKHOUT, T., MOORES, K.,

GROOT, P. & CHAPMAN, G. 2002.

Fractalkine is expressed by smooth

muscle cells in response to IFN-gamma

and TNF-alpha and is modulated by
metalloproteinase activity. J Immunol,

168, 604-12.

A., LYNCH, A. M., DOWNER, E. J,

HANLEY, R., O'SULLIVAN, J. B., SMITH,

A. & LYNCH, M. A. 2009. Fractalkine-

induced activation of the

phosphatidylinositol-3 kinase pathway
attentuates microglial activation in

vivo and in vitro. J Neurochem, 110,

1547-56.

MA, L., ZHU, W. Z,, LIU, T. T., FU, H. L., LIU, Z. J.,
YANG, B. W,, SONG, T. Y. & LI, G. R.
2015. H202 inhibits proliferation and
mediates suppression of migration via
DLC1/RhoA signaling in cancer cells.
Asian Pac J Cancer Prev, 16, 1637-42.

MACEYKA, M., MILSTIEN, S. & SPIEGEL, S. 2007.
Shooting the messenger: oxidative
stress regulates sphingosine-1-
phosphate. Circ Res, 100, 7-9.

MACIEJEWSKI-LENOIR, D., CHEN, S., FENG, L.,
MAKI, R. & BACON, K. B. 1999.
Characterization of fractalkine in rat
brain cells: migratory and activation
signals for CX3CR-1-expressing
microglia. J Immunol, 163, 1628-35.

MACLENNAN, A. J., CARNEY, P. R., ZHU, W. J.,
CHAVES, A. H., GARCIA, J., GRIMES, J.
R., ANDERSON, K. J., ROPER, S. N. &
LEE, N. 2001. An essential role for the
H218/AGR16/Edg-5/LP(B2)
sphingosine 1-phosphate receptor in
neuronal excitability. Eur J Neurosci,
14, 203-9.

MACLENNAN, A. J., DEVLIN, B. K., MARKS, L.,
GASKIN, A. A., NEITZEL, K. L. & LEE, N.
2000. Antisense studies in PC12 cells
suggest a role for H218, a sphingosine
1-phosphate receptor, in growth-
factor-induced cell-cell interaction and
neurite outgrowth. Dev Neurosci, 22,
283-95.

MANDREKAR-COLUCCI, S. & LANDRETH, G. E.
2010. Microglia and inflammation in
Alzheimer's disease. CNS Neurol Disord
Drug Targets, 9, 156-67.

LYONS,

MANZINE, P. R., DE FRANCA BRAM, J. M,,
BARHAM, E. J.,, DO VALE FDE, A,
SELISTRE-DE-ARAUIJO, H. S,

COMINETTI, M. R. & IOST PAVARINI, S.

133

C. 2013. ADAM10 as a biomarker for
Alzheimer's disease: a study with
Brazilian elderly. Dement Geriatr Cogn
Disord, 35, 58-66.

MARINHO, H. S., REAL, C., CYRNE, L., SOARES,
H. & ANTUNES, F. 2014. Hydrogen
peroxide sensing, signaling and
regulation of transcription factors.
Redox Biol, 2, 535-62.

MARITIM, A. C., SANDERS, R. A. & WATKINS, J.
B., 3RD 2003. Diabetes, oxidative
stress, and antioxidants: a review. J
Biochem Mol Toxicol, 17, 24-38.

MATLOUBIAN, M., DAVID, A., ENGEL, S., RYAN,
J. E. & CYSTER, J. G. 2000. A
transmembrane CXC chemokine is a
ligand for HIV-coreceptor Bonzo. Nat
Immunol, 1, 298-304.

MATLOUBIAN, M., LO, C. G., CINAMON, G,,
LESNESKI, M. J., XU, Y., BRINKMANN,
V., ALLENDE, M. L., PROIA, R. L. &
CYSTER, J. G. 2004. Lymphocyte egress
from thymus and peripheral lymphoid
organs is dependent on S1P receptor
1. Nature, 427, 355-60.

MATSUMOTO, H., KUMON, Y., WATANABE, H.,
OHNISHI, T., SHUDOU, M., CHUAI, M.,
IMAI, Y., TAKAHASHI, H. & TANAKA, J.
2008. Accumulation of macrophage-
like cells expressing NG2 proteoglycan
and Ibal in ischemic core of rat brain
after transient middle cerebral artery
occlusion. J Cereb Blood Flow Metab,

28, 149-63.
MATSUZAWA, D. & HASHIMOTO, K. 2011.
Magnetic resonance spectroscopy

study of the antioxidant defense
system in schizophrenia. Antioxid
Redox Signal, 15, 2057-65.

MATTISON, H. A., NIE, H., GAO, H., ZHOU, H.,
HONG, J. S. & ZHANG, J. 2013.
Suppressed pro-inflammatory
response of microglia in CX3CR1
knockout mice. J Neuroimmunol, 257,

110-5.
MAY, J. M. & DE HAEN, C. 1979. Insulin-
stimulated intracellular  hydrogen

peroxide production in rat epididymal
fat cells. J Biol Chem, 254, 2214-20.

MCCORD, J. M. & FRIDOVICH, I. 1968. The
reduction of cytochrome c by milk
xanthine oxidase. J Biol Chem, 243,
5753-60.

MCLEAN, J. R., SMITH, G. A., ROCHA, E. M,,
OSBORN, T. M., DIB, S., HAYES, M. A,
BEAGAN, J. A, BROWN, T. B,
LAWSON, T. F., HALLETT, P. J,



Bibliography

ROBERTSON, J. & ISACSON, O. 2014.
AlLS-associated  peripherin  spliced
transcripts form  distinct protein
inclusions that are neuroprotective
against oxidative stress. Exp Neurol,
261, 217-29.

0., FATATIS, A., SIMEN, A. A,
BUSHELL, T. J., GRAY, P. W. & MILLER,
R. J. 1998. Chemokines regulate
hippocampal neuronal signaling and
gp120 neurotoxicity. Proc Natl Acad
Sci US A, 95, 14500-5.

MEUCCI, O., FATATIS, A., SIMEN, A. A. &
MILLER, R. J. 2000. Expression of
CX3CR1 chemokine receptors on
neurons and their role in neuronal
survival. Proc Natl Acad Sci U S A, 97,
8075-80.

MIGHDOLL, M. 1., TAO, R., KLEINMAN, J. E. &
HYDE, T. M. 2015. Myelin, myelin-
related disorders, and psychosis.
Schizophr Res, 161, 85-93.

MILLIGAN, E. D., SLOANE, E. M. & WATKINS, L.
R. 2008. Glia in pathological pain: a
role for fractalkine. J Neuroimmunol,
198, 113-20.

MILLIGAN, E. D., ZAPATA, V., CHACUR, M.,
SCHOENIGER, D., BIEDENKAPP, I,
O'CONNOR, K. A., VERGE, G. M,
CHAPMAN, G., GREEN, P., FOSTER, A.
C., NAEVE, G. S., MAIER, S. F. &
WATKINS, L. R. 2004. Evidence that
exogenous and endogenous
fractalkine can induce spinal
nociceptive facilitation in rats. Eur J
Neurosci, 20, 2294-302.

MILLONIG, G., GANZLEBEN, I., PECCERELLA, T.,
CASANOVAS, G., BRODZIAK-JAROSZ, L.,
BREITKOPF-HEINLEIN, K., DICK, T. P.,
SEITZ, H. K., MUCKENTHALER, M. U. &
MUELLER, S.  2012.  Sustained
submicromolar H202 levels induce
hepcidin via signal transducer and
activator of transcription 3 (STAT3). J
Biol Chem, 287, 37472-82.

MILTON, N. G. 2004. Role of hydrogen peroxide
in the aetiology of Alzheimer's disease:
implications for treatment. Drugs
Aging, 21, 81-100.

MIRON, V. E., JUNG, C. G., KIM, H. J., KENNEDY,
T. E., SOLIVEN, B. & ANTEL, J. P. 2008a.
FTY720 modulates human
oligodendrocyte progenitor process
extension and survival. Ann Neurol, 63,
61-71.

MIRON, V. E., KUHLMANN, T. & ANTEL, J. P.
2011. Cells of the oligodendroglial

MEUCCI,

134

lineage, myelination, and
remyelination. Biochim Biophys Acta,
1812, 184-93.

MIRON, V. E., LUDWIN, S. K., DARLINGTON, P.
J.,, JARJOUR, A. A, SOLIVEN, B,
KENNEDY, T. E. & ANTEL, J. P. 2010.
Fingolimod (FTY720) enhances
remyelination following demyelination
of organotypic cerebellar slices. Am J
Pathol, 176, 2682-94.

MIRON, V. E., SCHUBART, A. & ANTEL, J. P.
2008b. Central nervous system-
directed effects of FTY720

(fingolimod). J Neurol Sci, 274, 13-7.

MITTELSTADT, P. R., SALVADOR, J. M,
FORNACE, A. J., JR. & ASHWELL, J. D.
2005. Activating p38 MAPK: new tricks
for an old kinase. Cell Cycle, 4, 1189-
92.

MIZOUE, L. S., BAZAN, J. F., JOHNSON, E. C. &
HANDEL, T. M. 1999. Solution
structure and dynamics of the CX3C
chemokine domain of fractalkine and
its interaction with an N-terminal
fragment of CX3CR1. Biochemistry, 38,
1402-14.

MIZOUE, L. S., SULLIVAN, S. K., KING, D. S.,
KLEDAL, T. N., SCHWARTZ, T. W.,,
BACON, K. B. & HANDEL, T. M. 2001.
Molecular determinants of receptor
binding and signaling by the CX3C
chemokine fractalkine. J Biol Chem,
276, 33906-14.

MIZUNO, T. 2014. [Neuronal dysfunction in
multiple sclerosis]. Rinsho Shinkeigaku,
54, 1066-8.

MIZUNO, T., KAWANOKUCH]I, J., NUMATA, K. &
SUZUMURA, A. 2003. Production and
neuroprotective functions of
fractalkine in the central nervous
system. Brain Res, 979, 65-70.

MLADIC, M., SCHOLTEN, D. J., WIJTMANS, M.,
FALCK, D., LEURS, R., NIESSEN, W. M.,
SMIT, M. J. & KOOL, J. 2015. Metabolic
profiling of ligands for the chemokine
receptor CXCR3 by liquid
chromatography-mass  spectrometry
coupled to bioaffinity assessment.
Anal Bioanal Chem, 407, 7067-81.

MONTES DE OCA, B. P. 2010. Ectdomain
shedding and regulated intracellular
proteolysis in the central nervous
system. Cent Nerv Syst Agents Med
Chem, 10, 337-59.

MORIUE, T., IGARASHI, J., YONEDA, K., NAKAI,
K., KOSAKA, H. & KUBOTA, Y. 2008.
Sphingosine 1-phosphate attenuates



Bibliography

H202-induced apoptosis in endothelial
cells. Biochem Biophys Res Commun,
368, 852-7.

MOSS, M. L., BOMAR, M., LIU, Q., SAGE, H.,

DEMPSEY, P., LENHART, P. M,
GILLISPIE, P. A, STOECK, A,
WILDEBOER, D., BARTSCH, J. W,

PALMISANO, R. & ZHOU, P. 2007. The
ADAM10 prodomain is a specific
inhibitor of ADAMI10 proteolytic
activity and inhibits cellular shedding
events. J Biol Chem, 282, 35712-21.

MUEHLHOEFER, A., SAUBERMANN, L. J., GU, X,,
LUEDTKE-HECKENKAMP, K., XAVIER,
R., BLUMBERG, R. S., PODOLSKY, D. K.,
MACDERMOTT, R. P. & REINECKER, H.
C. 2000. Fractalkine is an epithelial and
endothelial cell-derived
chemoattractant for intraepithelial
lymphocytes in the small intestinal
mucosa. J Immunol, 164, 3368-76.

MUELLER, S. 2000. Sensitive and nonenzymatic
measurement of hydrogen peroxide in
biological systems. Free Radic Biol
Med, 29, 410-5.

MUELLER, S., MILLONIG, G. & WAITE, G. N.
2009. The GOX/CAT system: a novel
enzymatic method to independently

control  hydrogen peroxide and
hypoxia in cell culture. Adv Med Sci,
54, 121-35.

MUHLE, C., REICHEL, M., GULBINS, E. &
KORNHUBER, J. 2013. Sphingolipids in
psychiatric  disorders and  pain
syndromes. Handb Exp Pharmacol,
431-56.

MULLER, C. C., NGUYEN, T. H., AHLEMEYER, B.,
MESHRAM, M., SANTRAMPURWALA,
N., CAO, S., SHARP, P., FIETZ, P. B.,
BAUMGART-VOGT, E. & CRANE, D. I.
2011. PEX13 deficiency in mouse brain
as a model of Zellweger syndrome:
abnormal  cerebellum  formation,
reactive gliosis and oxidative stress.
Dis Model Mech, 4, 104-19.

MUNOZ-SAEZ, E., DE MUNCK GARCIA, E.,
ARAHUETES PORTERO, R. M., VICENTE,
F., ORTIZ-LOPEZ, F. J., CANTIZANI, J. &
GOMEZ MIGUEL, B. 2015.
Neuroprotective role of sphingosine-1-
phosphate in L-BMAA treated
neuroblastoma cells (SH-SY5Y).
Neurosci Lett, 593, 83-9.

MURATA, N., SATO, K., KON, J., TOMURA, H.,
YANAGITA, M., KUWABARA, A., Ul, M.
& OKAIJIMA, F. 2000. Interaction of
sphingosine 1-phosphate with plasma

135

components, including lipoproteins,
regulates the lipid receptor-mediated
actions. Biochem J, 352 Pt 3, 809-15.

NAKAHARA, T., IWASE, A.,, NAKAMURA, T,
KONDO, M., BAYASULA, KOBAYASHI,
H., TAKIKAWA, S., MANABE, S., GOTO,
M., KOTANI, T. & KIKKAWA, F. 2012.
Sphingosine-1-phosphate inhibits
H202-induced granulosa cell apoptosis
via the PI3K/Akt signaling pathway.
Fertil Steril, 98, 1001-8 el.

NAKAYAMA, T. WATANABE, Y., OISO, N,
HIGUCHI, T., SHIGETA, A., MIZUGUCHI,
N., KATOU, F., HASHIMOTO, K.,
KAWADA, A. & YOSHIE, O. 2010.
Eotaxin-3/CC chemokine ligand 26 is a
functional ligand for CX3CR1. J
Immunol, 185, 6472-9.

NEUBAUER, H. A. & PITSON, S. M. 2013. Roles,

regulation and inhibitors of
sphingosine kinase 2. FEBS J, 280,
5317-36.

NISHIYORI, A., MINAMI, M., OHTANI, YV,
TAKAMI, S, YAMAMOTO, 1,

KAWAGUCHI, N., KUME, T., AKAIKE, A.
& SATOH, M. 1998. Localization of
fractalkine and CX3CR1 mRNAs in rat
brain: does fractalkine play a role in
signaling from neuron to microglia?
FEBS Lett, 429, 167-72.

NOBLE, P. G., ANTEL, J. P. & YONG, V. W. 1994,
Astrocytes and catalase prevent the

toxicity of  catecholamines to
oligodendrocytes. Brain Res, 633, 83-
90.

NODA, H., TAKEUCHI, H., MIZUNO, T. &
SUZUMURA, A. 2013. Fingolimod
phosphate promotes the

neuroprotective effects of microglia. J
Neuroimmunol, 256, 13-8.

NODA, M., DOI, Y., LIANG, J., KAWANOKUCHI,
J., SONOBE, Y., TAKEUCHI, H.,
MIZUNO, T. & SUZUMURA, A. 2011.
Fractalkine attenuates excito-
neurotoxicity via microglial clearance
of damaged neurons and antioxidant
enzyme heme oxygenase-1 expression.
J Biol Chem, 286, 2308-19.

NOMIYAMA, H., FUKUDA, S., 110, M., TANASE,
S., MIURA, R. & YOSHIE, O. 1999.
Organization of the chemokine gene
cluster on human chromosome
17911.2 containing the genes for CC
chemokine MPIF-1, HCC-2, HCC-1, LEC,
and RANTES. J Interferon Cytokine Res,
19, 227-34.



Bibliography

O'SULLIVAN, C. & DEV, K. K. 2015.
Galactosylsphingosine  (psychosine)-
induced demyelination is attenuated
by sphingosine 1-phosphate signalling.
J Cell Sci, 128, 3878-87.

O'SULLIVAN, C., SCHUBART, A., MIR, A. K. &
DEV, K. K. 2016. The dual S1IPR1/S1PR5
drug BAF312 (Siponimod) attenuates
demyelination in organotypic slice
cultures. J Neuroinflammation, 13, 31.

OH, D. J.,, DURSUN, B., HE, Z,, LU, L., HOKE, T. S.,
LJUBANOVIC, D., FAUBEL, S. &
EDELSTEIN, C. L. 2008. Fractalkine
receptor (CX3CR1) inhibition s
protective against ischemic acute renal
failure in mice. Am J Physiol Renal
Physiol, 294, F264-71.

OSTUNI, M. A., GUELLEC, J., HERMAND, P.,
DURAND, P., COMBADIERE, C., PINCET,
F. & DETERRE, P. 2014. CX3CL1, a
chemokine finely tuned to adhesion:
critical roles of the stalk glycosylation
and the membrane domain. Biol Open,
3,1173-82.

OZGEN, N., GUO, J., GERTSBERG, Z., DANILO, P.,
JR., ROSEN, M. R. & STEINBERG, S. F.

2009. Reactive oxygen species
decrease cAMP response element
binding  protein  expression in

cardiomyocytes via a protein kinase
D1-dependent mechanism that does
not require Ser133 phosphorylation.
Mol Pharmacol, 76, 896-902.

PABON, M. M., BACHSTETTER, A. D., HUDSON,
C. E., GEMMA, C. & BICKFORD, P. C.
2011. CX3CL1 reduces neurotoxicity
and microglial activation in a rat model
of Parkinson's disease. J
Neuroinflammation, 8, 9.

PAMPHLETT, R. 2014. Uptake of environmental
toxicants by the locus ceruleus: a
potential trigger for
neurodegenerative, demyelinating and
psychiatric disorders. Med Hypotheses,
82, 97-104.

PAN, Y., LLOYD, C., ZHOU, H., DOLICH, S.,
DEEDS, J., GONZALO, J. A., VATH, J,,
GOSSELIN, M., MA, J., DUSSAULT, B.,
WOOLF, E., ALPERIN, G., CULPEPPER,
J., GUTIERREZ-RAMOS, J. C. &
GEARING, D. 1997. Neurotactin, a
membrane-anchored chemokine
upregulated in brain inflammation.
Nature, 387, 611-7.

PAOLICELLI, R. C., BOLASCO, G., PAGANI, F.,
MAGGI, L., SCIANNI, M., PANZANELLI,
P., GIUSTETTO, M., FERREIRA, T. A.,

136

GUIDUCCI, E., DUMAS, L., RAGOZZINO,
D. & GROSS, C. T. 2011. Synaptic
pruning by microglia is necessary for
normal brain development. Science,
333, 1456-8.

PAPADOPOULOS, E. J.,, FITZHUGH, D. J,
TKACZYK, C., GILFILLAN, A. M,
SASSETTI, C., METCALFE, D. D. &
HWANG, S. T. 2000. Mast cells
migrate, but do not degranulate, in
response to fractalkine, a membrane-
bound chemokine expressed
constitutively in diverse cells of the
skin. Eur J Immunol, 30, 2355-61.

PAPADOPOULQS, E. J., SASSETTI, C., SAEKI, H.,

YAMADA, N., KAWAMURA, T,

FITZHUGH, D. J., SARAF, M. A., SCHALL,

T., BLAUVELT, A., ROSEN, S. D. &

HWANG, S. T. 1999. Fractalkine, a

CX3C chemokine, is expressed by

dendritic cells and is up-regulated

upon dendritic cell maturation. Eur J

Immunol, 29, 2551-9.

R., SCHWAB, S. R., CORNELISSEN, I.,

PEREIRA, J. P., REGARD, J. B., XU, Y.,

CAMERER, E., ZHENG, Y. W., HUANG,

Y., CYSTER, J. G. & COUGHLIN, S. R.

2007. Promotion of lymphocyte egress

into blood and lymph by distinct

sources of sphingosine-1-phosphate.

Science, 316, 295-8.

PARK, H. S., PARK, D. & BAE, Y. S. 2006.
Molecular interaction of NADPH
oxidase 1 with betaPix and Nox
Organizer 1. Biochem Biophys Res
Commun, 339, 985-90.

PATHIPATI, P., MULLER, S., JIANG, X. &
FERRIERO, D. 2013. Phenotype and
secretory responses to oxidative stress
in microglia. Dev Neurosci, 35, 241-54.

PCHEJETSKI, D., KUNDUZOVA, 0., DAYON, A.,
CALISE, D., SEGUELAS, M. H., LEDUCQ,
N., SEIF, 1., PARINI, A. & CUVILLIER, O.
2007. Oxidative stress-dependent
sphingosine kinase-1 inhibition
mediates monoamine oxidase A-
associated cardiac cell apoptosis. Circ
Res, 100, 41-9.

PERFEITO, R., PEREIRA, J., OLIVEIRA, C. R.,
BETTENCOURT-RELVAS, J. & REGO, A.
C. 2007. Trolox protection of myelin
membrane in hydrogen peroxide-
treated mature oligodendrocytes. Free
Radic Res, 41, 444-51.

PETIT, S. J., CHAYEN, N. E. & PEASE, J. E. 2008.
Site-directed mutagenesis of the
chemokine receptor CXCR6 suggests a

PAPPU,



Bibliography

novel paradigm for interactions with
the ligand CXCL16. Eur J Immunol, 38,
2337-50.

PHAM, T. H., BALUK, P., XU, Y., GRIGOROVA, I.,
BANKOVICH, A. J., PAPPU, R,
COUGHLIN, S. R., MCDONALD, D. M.,
SCHWAB, S. R. & CYSTER, J. G. 2010.
Lymphatic endothelial cell sphingosine
kinase activity is required for
lymphocyte egress and lymphatic
patterning. J Exp Med, 207, 17-27.

PORTACCIO, E. 2011. Evidence-based
assessment of potential use of
fingolimod in treatment of relapsing
multiple sclerosis. Core Evid, 6, 13-21.

PRIESCHL, E. E., CSONGA, R., NOVOTNY, V.,
KIKUCHI, G. E. & BAUMRUKER, T. 1999.
The balance between sphingosine and
sphingosine-1-phosphate is decisive
for mast cell activation after Fc epsilon
receptor | triggering. J Exp Med, 190,
1-8.

PRITCHARD, A. J., MIR, A. K. & DEV, K. K. 2014.
Fingolimod attenuates splenocyte-
induced demyelination in cerebellar
slice cultures. PLoS One, 9, 99444,

PYNE, N. J. & PYNE, S. 2010. Sphingosine 1-
phosphate and cancer. Nat Rev
Cancer, 10, 489-503.

PYSZKO, J. & STROSZNAJDER, J. B. 2014a.
Sphingosine kinase 1 and sphingosine-
1-phosphate in oxidative stress evoked
by 1-methyl-4-phenylpyridinium
(MPP+) in  human dopaminergic
neuronal cells. Mol Neurobiol, 50, 38-
48.

PYSZKO, J. A. & STROSZNAJDER, J. B. 2014b. The
key role of sphingosine kinases in the
molecular mechanism of neuronal cell
survival and death in an experimental
model of Parkinson's disease. Folia
Neuropathol, 52, 260-9.

RADAK, D., RESANOVIC, I. & ISENOVIC, E. R.
2014. Link between oxidative stress
and acute brain ischemia. Angiology,
65, 667-76.

RAHAL, A., KUMAR, A., SINGH, V., YADAYV, B.,
TIWARI, R., CHAKRABORTY, S. &
DHAMA, K. 2014. Oxidative stress,
prooxidants, and antioxidants: the
interplay. Biomed Res Int, 2014,
761264.

RAINGEAUD, J., GUPTA, S., ROGERS, J. S.,
DICKENS, M., HAN, J., ULEVITCH, R. J.
& DAVIS, R. J. 1995. Pro-inflammatory
cytokines and environmental stress
cause p38 mitogen-activated protein

kinase activation by dual
phosphorylation on tyrosine and
threonine. J Biol Chem, 270, 7420-6.

RALAY RANAIVO, H. & WAINWRIGHT, M. S.
2010. Albumin activates astrocytes
and microglia through mitogen-
activated protein kinase pathways.
Brain Res, 1313, 222-31.

RAO, T. S., LARIOSA-WILLINGHAM, K. D., LIN, F.
F., YU, N., THAM, C. S., CHUN, J. &
WEBB, M. 2004. Growth factor pre-
treatment  differentially  regulates
phosphoinositide turnover
downstream  of  lysophospholipid
receptor and metabotropic glutamate
receptors in cultured rat
cerebrocortical astrocytes. Int J Dev
Neurosci, 22, 131-5.

RAYCHAUDHURI, S. P., JIANG, W. Y. & FARBER,
E. M. 2001. Cellular localization of
fractalkine at sites of inflammation:
antigen-presenting cells in psoriasis
express high levels of fractalkine. Br J
Dermatol, 144, 1105-13.

RE, D. B. & PRZEDBORSKI, S. 2006. Fractalkine:
moving from chemotaxis to
neuroprotection. Nat Neurosci, 9, 859-
61.

REN, F., DENG, G., WANG, H., LUAN, L., MENG,
Q., XU, Q., XU, H., XU, X., ZHANG, H.,
ZHAO, B., LI, C., GUO, T. B., YANG, /.,
ZHANG, W., ZHAO, Y., JIA, Q., LU, H.,
XIANG, J. N., ELLIOTT, J. D. & LIN, X.
2012. Discovery of novel 1,24-
thiadiazole derivatives as potent,
orally active agonists of sphingosine 1-
phosphate receptor subtype 1
(S1P(1)). J Med Chem, 55, 4286-96.

ROBBERECHT, W. & PHILIPS, T. 2013. The
changing scene of amyotrophic lateral
sclerosis. Nat Rev Neurosci, 14, 248-
64.

ROBINSON, L. A., NATARAJ, C., THOMAS, D. W.,
HOWELL, D. N., GRIFFITHS, R,
BAUTCH, V., PATEL, D. D., FENG, L. &
COFFMAN, T. M. 2000. A role for
fractalkine and its receptor (CX3CR1)
in cardiac allograft rejection. J
Immunol, 165, 6067-72.

ROGERS, J. T., MORGANTI, J. M., BACHSTETTER,
A. D., HUDSON, C. E., PETERS, M. M.,
GRIMMIG, B. A.,, WEEBER, E. J,
BICKFORD, P. C. & GEMMA, C. 2011.
CX3CR1 deficiency leads to
impairment of hippocampal cognitive
function and synaptic plasticity. J
Neurosci, 31, 16241-50.



Bibliography

ROLLINS, B. J. 1997. Chemokines. Blood, 90,

909-28.
ROSEN, D. R. 1993. Mutations in Cu/Zn
superoxide dismutase gene are

associated with familial amyotrophic
lateral sclerosis. Nature, 364, 362.

ROSTENE, W., KITABGI, P. & PARSADANIANTZ,
S. M. 2007. Chemokines: a new class
of neuromodulator? Nat Rev Neurosci,
8, 895-903.

ROUSE, J., COHEN, P., TRIGON, S., MORANGE,
M., ALONSO-LLAMAZARES, A,
ZAMANILLO, D., HUNT, T. & NEBREDA,
A. R. 1994. A novel kinase cascade
triggered by stress and heat shock that
stimulates MAPKAP kinase-2 and
phosphorylation of the small heat
shock proteins. Cell, 78, 1027-37.

RUTH, J. H., VOLIN, M. V., HAINES, G. K., 3RD,
WOODRUFF, D. C., KATSCHKE, K. J., JR.,
WOODS, J. M., PARK, C. C., MOREL, J.
C. & KOCH, A. E. 2001. Fractalkine, a
novel chemokine in rheumatoid
arthritis and in rat adjuvant-induced
arthritis. Arthritis Rheum, 44, 1568-81.

RUTKOWSKA, A., PREUSS, I., GESSIER, F.,
SAILER, A. W. & DEV, K. K. 2015. EBI2
regulates intracellular signaling and
migration in human astrocyte. Glia, 63,
341-51.

SAFARIAN, F., KHALLAGHI, B., AHMADIANI, A. &
DARGAHI, L. 2014. Activation of S1P
Receptor Regulates PI3K/Akt/FoxO3a
Pathway in Response to Oxidative
Stress in PC12 Cells. J Mol Neurosci.

SAGARA, J. I, MIURA, K. & BANNAI, S. 1993.
Maintenance of neuronal glutathione
by glial cells. J Neurochem, 61, 1672-6.

SALMINEN, A., OJALA, J., KAARNIRANTA, K.,
HAAPASALO, A., HILTUNEN, M. &
SOININEN, H. 2011. Astrocytes in the
aging brain express characteristics of
senescence-associated secretory
phenotype. Eur J Neurosci, 34, 3-11.

SANDER, C. S., HAMM, F., ELSNER, P. & THIELE,

J. J. 2003. Oxidative stress in malignant

melanoma and non-melanoma skin

cancer. BrJ Dermatol, 148, 913-22.

T. & LIPTON, S. A. 2007. Redox

regulation of neuronal survival

mediated by electrophilic compounds.

Trends Neurosci, 30, 37-45.

SAVARIN-VUAILLAT, C. & RANSOHOFF, R. M.
2007. Chemokines and chemokine
receptors in neurological disease:
raise, retain, or reduce?
Neurotherapeutics, 4, 590-601.

SATOH,

138

SAWICKA, E., DUBOIS, G., JARAI, G., EDWARDS,
M., THOMAS, M., NICHOLLS, A,
ALBERT, R., NEWSON, C., BRINKMANN,
V. & WALKER, C. 2005. The
sphingosine  1-phosphate receptor
agonist FTY720 differentially affects
the sequestration of CD4+/CD25+ T-
regulatory cells and enhances their
functional activity. J Immunol, 175,
7973-80.

SCHELLER, J., CHALARIS, A., SCHMIDT-ARRAS, D.
& ROSE-JOHN, S. 2011. The pro- and
anti-inflammatory properties of the
cytokine interleukin-6. Biochim
Biophys Acta, 1813, 878-88.

SCHRECK, R., RIEBER, P. & BAEUERLE, P. A.
1991. Reactive oxygen intermediates
as apparently widely used messengers
in the activation of the NF-kappa B
transcription factor and HIV-1. EMBO
J, 10, 2247-58.

SCHROETER, E. H., KISSLINGER, J. A. & KOPAN,
R. 1998. Notch-1 signalling requires
ligand-induced proteolytic release of
intracellular domain. Nature, 393, 382-
6.

SCHWAB, S. R. & CYSTER, J. G. 2007. Finding a
way out: lymphocyte egress from
lymphoid organs. Nat Immunol, 8,
1295-301.

SCOFIELD, R. H., KURIEN, B. T., GANICK, S.,
MCCLAIN, M. T., PYE, Q., JAMES, J. A,,
SCHNEIDER, R. 1., BROYLES, R. H,,
BACHMANN, M. & HENSLEY, K. 2005.
Modification of lupus-associated 60-
kDa Ro protein with the lipid oxidation
product 4-hydroxy-2-nonenal
increases antigenicity and facilitates
epitope spreading. Free Radic Biol
Med, 38, 719-28.

SEALS, D. F. & COURTNEIDGE, S. A. 2003. The
ADAMs family of metalloproteases:
multidomain proteins with multiple
functions. Genes Dev, 17, 7-30.

SHENG, W. S., HU, S., NI, H. T., ROCK, R. B. &
PETERSON, P. K. 2009. WIN55,212-2
inhibits production of CX3CL1 by
human astrocytes: involvement of p38
MAP kinase. J Neuroimmune
Pharmacol, 4, 244-8.

SHERIDAN, G. K. & DEV, K. K. 2012. S1P1
receptor subtype inhibits
demyelination and regulates
chemokine release in cerebellar slice
cultures. Glia, 60, 382-92.

SHERIDAN, G. K. & MURPHY, K. J. 2013.
Neuron-glia crosstalk in health and



Bibliography

disease: fractalkine and CX3CR1 take
centre stage. Open Biol, 3, 130181.

SIES, H. 2014. Role of metabolic H202
generation: redox signaling and
oxidative stress. J Biol Chem, 289,
8735-41.

SIM-SELLEY, L. J.,, GOFORTH, P. B., MBA, M. U.,
MACDONALD, T. L., LYNCH, K. R,
MILSTIEN, S., SPIEGEL, S., SATIN, L. S.,
WELCH, S. P. & SELLEY, D. E. 2009.
Sphingosine-1-phosphate  receptors
mediate neuromodulatory functions in
the CNS. J Neurochem, 110, 1191-202.

SINHA, K., DAS, J., PAL, P. B. & SIL, P. C. 2013.
Oxidative stress: the mitochondria-
dependent and mitochondria-
independent pathways of apoptosis.
Arch Toxicol, 87, 1157-80.

SNAIDERO, N. & SIMONS, M. 2014. Myelination
at a glance. J Cell Sci, 127, 2999-3004.

SOBOTTA, M. C., BARATA, A. G., SCHMIDT, U.,
MUELLER, S., MILLONIG, G. & DICK, T.
P. 2013. Exposing cells to H202: a
guantitative comparison  between
continuous low-dose and one-time
high-dose treatments. Free Radic Biol
Med, 60, 325-35.

SORIANO, S. G., AMARAVADI, L. S., WANG, Y. F.,
ZHOU, H., YU, G. X.,, TONRA, J. R,
FAIRCHILD-HUNTRESS, V., FANG, Q.,
DUNMORE, J. H., HUSZAR, D. & PAN, Y.
2002. Mice deficient in fractalkine are
less susceptible to cerebral ischemia-
reperfusion injury. J Neuroimmunol,
125, 59-65.

SPEAK, A. O., TE VRUCHTE, D., DAVIS, L. C,
MORGAN, A. J.,, SMITH, D. A,
YANJANIN, N. M., SIMMONS, L.,
HARTUNG, R., RUNZ, H., MENGEL, E.,
BECK, M., IMRIE, J., JACKLIN, E.,
WRAITH, J. E., HENDRIKSZ, C,
LACHMANN, R., COGNET, C., SIDHU,
R., FUJIWARA, H., ORY, D. S., GALIONE,
A., PORTER, F. D., VIVIER, E. & PLATT,
F. M. 2014. Altered distribution and
function of natural killer cells in
murine and human Niemann-Pick
disease type C1. Blood, 123, 51-60.

STEULLET, P., CABUNGCAL, J. H., KULAK, A,
KRAFTSIK, R., CHEN, Y., DALTON, T. P.,
CUENOD, M. & DO, K. Q. 2010. Redox
dysregulation affects the ventral but
not dorsal hippocampus: impairment
of parvalbumin neurons, gamma
oscillations, and related behaviors. J
Neurosci, 30, 2547-58.

139

STOJKOVIC, L., DJURIC, T., STANKOVIC, A.,
DINCIC, E., STANCIC, O., VELIKOVIC, N.,
ALAVANTIC, D. & ZIVKOVIC, M. 2012.
The association of V249l and T280M
fractalkine receptor haplotypes with
disease course of multiple sclerosis. J
Neuroimmunol, 245, 87-92.

STUART, M. J. & BAUNE, B. T. 2014.
Chemokines and chemokine receptors
in mood disorders, schizophrenia, and
cognitive impairment: a systematic
review of biomarker studies. Neurosci
Biobehav Rev, 42, 93-115.

SUN, S., CAO, H., HAN, M., LI, T. T., PAN, H. L.,
ZHAO, Z. Q. & ZHANG, Y. Q. 2007. New
evidence for the involvement of spinal
fractalkine receptor in pain facilitation
and spinal glial activation in rat model
of monoarthritis. Pain, 129, 64-75.

SUNNEMARK, D., ELTAYEB, S., NILSSON, M.,
WALLSTROM, E., LASSMANN, H.,
OLSSON, T., BERG, A. L. & ERICSSON-
DAHLSTRAND, A. 2005. CX3CL1
(fractalkine) and CX3CR1 expression in
myelin oligodendrocyte glycoprotein-
induced experimental autoimmune
encephalomyelitis: kinetics and
cellular origin. J Neuroinflammation, 2,
17.

TANG, L., HU, H. D., HU, P, LAN, Y. H., PENG, M.
L., CHEN, M. & REN, H. 2007. Gene
therapy  with  CX3CL1/Fractalkine
induces antitumor immunity to regress
effectively mouse  hepatocellular
carcinoma. Gene Ther, 14, 1226-34.

TERADA, N., BANNO, Y., OHNO, N., Fulll, Y.,
MURATE, T., SARNA, J. R., HAWKES, R.,
ZEA, Z., BABA, T. & OHNO, S. 2004.
Compartmentation of the mouse
cerebellar cortex by sphingosine
kinase. J Comp Neurol, 469, 119-27.

THORBURNE, S. K. & JUURLINK, B. H. 1996. Low
glutathione and high iron govern the
susceptibility  of  oligodendroglial
precursors to oxidative stress. J
Neurochem, 67, 1014-22.

TIAN, L., WU, X, CHI, C.,, HAN, M., XU, T. &
ZHUANG, Y. 2008. ADAM10 is essential
for proteolytic activation of Notch
during thymocyte development. Int
Immunol, 20, 1181-7.

TOMAN, R. E., PAYNE, S. G., WATTERSON, K. R.,
MACEYKA, M., LEE, N. H., MILSTIEN, S.,
BIGBEE, J. W. & SPIEGEL, S. 2004.
Differential transactivation of
sphingosine-1-phosphate receptors



Bibliography

modulates NGF-induced neurite
extension. J Cell Biol, 166, 381-92.

TOMAN, R. E. & SPIEGEL, S. 2002.
Lysophospholipid receptors in the
nervous system. Neurochem Res, 27,
619-27.

TONG, N., PERRY, S. W., ZHANG, Q., JAMES, H.
J.,, GUO, H., BROOKS, A., BAL, H.,
KINNEAR, S. A., FINE, S., EPSTEIN, L. G,,
DAIRAGHI, D., SCHALL, T. 1,
GENDELMAN, H. E., DEWHURST, S.,
SHARER, L. R. & GELBARD, H. A. 2000.
Neuronal fractalkine expression in HIV-
1 encephalitis: roles for macrophage
recruitment and neuroprotection in
the central nervous system. J Immunol,
164, 1333-9.

TSCHOPP, J. & SCHRODER, K. 2010. NLRP3
inflammasome activation: The
convergence of multiple signalling
pathways on ROS production? Nat Rev
Immunol, 10, 210-5.

TSOU, C. L., HASKELL, C. A. & CHARO, I. F. 2001.
Tumor necrosis factor-alpha-
converting enzyme mediates the
inducible cleavage of fractalkine. J Biol
Chem, 276, 44622-6.

TSUJI, D., KUROKI, A., ISHIBASHI, Y., ITAKURA,
T., KUWAHARA, J., YAMANAKA, S. &
ITOH, K. 2005. Specific induction of
macrophage inflammatory protein 1-
alpha in glial cells of Sandhoff disease
model mice associated with
accumulation of N-acetylhexosaminyl
glycoconjugates. J Neurochem, 92,
1497-507.

USHIO-FUKAI, M., ALEXANDER, R. W., AKERS,
M., YIN, Q., FUJIO, Y., WALSH, K. &
GRIENDLING, K. K. 1999. Reactive
oxygen species mediate the activation
of Akt/protein kinase B by angiotensin
Il in vascular smooth muscle cells. J
Biol Chem, 274, 22699-704.

UTTARA, B., SINGH, A. V., ZAMBONI, P. &
MAHAIJAN, R. T. 2009. Oxidative stress
and neurodegenerative diseases: a
review of upstream and downstream
antioxidant therapeutic options. Curr
Neuropharmacol, 7, 65-74.

VALKO, M., LEIBFRITZ, D., MONCOL, J., CRONIN,
M. T., MAZUR, M. & TELSER, J. 2007.
Free radicals and antioxidants in
normal physiological functions and
human disease. Int J Biochem Cell Biol,
39, 44-84.

VAN BROCKLYN, J. R., LEE, M. J., MENZELEEV,
R., OLIVERA, A., EDSALL, L., CUVILLIER,

140

0., THOMAS, D. M., COOPMAN, P. J,,
THANGADA, S., LIU, C. H., HLA, T. &
SPIEGEL, S. 1998. Dual actions of
sphingosine-1-phosphate: extracellular
through the Gi-coupled receptor Edg-1
and intracellular to regulate
proliferation and survival. J Cell Biol,
142, 229-40.

VAN BROCKLYN, J. R. & WILLIAMS, J. B. 2012.

The control of the balance between

ceramide and sphingosine-1-

phosphate by sphingosine kinase:
oxidative stress and the seesaw of cell
survival and death. Comp Biochem

Physiol B Biochem Mol Biol, 163, 26-

36.

ECHTEN-DECKERT, G, HAGEN-

EUTENEUER, N., KARACA, |. & WALTER,

J.  2014. Sphingosine-1-phosphate:

boon and bane for the brain. Cell

Physiol Biochem, 34, 148-57.

VAN LINT, P. & LIBERT, C. 2007. Chemokine and
cytokine  processing by  matrix
metalloproteinases and its effect on
leukocyte migration and inflammation.
J Leukoc Biol, 82, 1375-81.

VANIER, M. T. & SVENNERHOLM, L. 1975.
Chemical pathology of Krabbe's
disease. Ill. Ceramide-hexosides and
gangliosides of brain. Acta Paediatr
Scand, 64, 641-8.

VAZQUEZ, M. C., BALBOA, E., ALVAREZ, A. R. &
ZANLUNGO, S. 2012. Oxidative stress:
a pathogenic mechanism for Niemann-
Pick type C disease. Oxid Med Cell
Longev, 2012, 205713.

VEAL, E. A., DAY, A. M. & MORGAN, B. A. 2007.
Hydrogen peroxide sensing and
signaling. Mol Cell, 26, 1-14.

VOCCOLI, V., TONAZZINI, ., SIGNORE, G.,
CALEO, M. & CECCHINI, M. 2014. Role
of extracellular calcium and
mitochondrial oxygen species in
psychosine-induced oligodendrocyte
cell death. Cell Death Dis, 5, e1529.

VOLIN, M. V., WOODS, J. M., AMIN, M. A,
CONNORS, M. A., HARLOW, L. A. &
KOCH, A. E. 2001. Fractalkine: a novel
angiogenic chemokine in rheumatoid
arthritis. Am J Pathol, 159, 1521-30.

VAN

VON BERNHARDI, R. & EUGENIN, J. 2012.
Alzheimer's disease: redox
dysregulation as a common

denominator for diverse pathogenic
mechanisms. Antioxid Redox Signal,
16, 974-1031.



Bibliography

WAEBER, C., BLONDEAU, N. & SALOMONE, S.
2004. Vascular sphingosine-1-
phosphate S1P1 and S1P3 receptors.
Drug News Perspect, 17, 365-82.

WANG, P., XIE, K., WANG, C. & BI, J. 2014a.
Oxidative stress induced by lipid
peroxidation is related with
inflammation of demyelination and
neurodegeneration in multiple
sclerosis. Eur Neurol, 72, 249-54.

WANG, W., GRAELER, M. H. & GOETZL, E. J.
2004. Physiological sphingosine 1-
phosphate requirement for optimal
activity of mouse CD4+ regulatory T
Cells. FASEB J, 18, 1043-5.

WANG, X., WANG, W., LI, L., PERRY, G., LEE, H.
G. & ZHU, X. 2014b. Oxidative stress
and mitochondrial dysfunction in
Alzheimer's disease. Biochim Biophys
Acta, 1842, 1240-7.

WARD, M. D., JONES, D. E. & GOLDMAN, M. D.
2014a. Overview and safety of
fingolimod hydrochloride use in
patients with multiple sclerosis. Expert
Opin Drug Saf, 13, 989-98.

WARD, R. J., ZUCCA, F. A, DUYN, J. H.,
CRICHTON, R. R. & ZECCA, L. 2014b.
The role of iron in brain ageing and
neurodegenerative disorders. Lancet
Neurol, 13, 1045-60.

WHITE, G. E., MCNEILL, E., CHANNON, K. M. &
GREAVES, D. R. 2014. Fractalkine
promotes human monocyte survival
via a reduction in oxidative stress.
Arterioscler Thromb Vasc Biol, 34,
2554-62.

WINYARD, P. G. & BLAKE,
Antioxidants, redox-regulated
transcription factors, and
inflammation. Adv Pharmacol, 38, 403-
21.

WU, J., BIE, B., YANG, H., XU, J. J., BROWN, D. L.
& NAGUIB, M. 2013. Suppression of
central chemokine fractalkine receptor
signaling alleviates amyloid-induced
memory deficiency. Neurobiol Aging,
34, 2843-52.

WU, X. M., LIU, Y., QIAN, Z. M., LUO, Q. Q. & KE,
Y. 2015. CX3CL1/CX3CR1 Axis Plays a
Key Role in Ischemia-Induced
Oligodendrocyte Injury via p38MAPK
Signaling Pathway. Mol Neurobiol.

WU, Y. P., MIZUGISHI, K., BEKTAS, M.,
SANDHOFF, R. & PROIA, R. L. 2008.
Sphingosine kinase 1/S1P receptor
signaling axis controls glial

D. R. 1997.

141

proliferation in mice with Sandhoff
disease. Hum Mol Genet, 17, 2257-64.

XUAN, W., WU, B., CHEN, C., CHEN, B., ZHANG,
W., XU, D., BIN, J. & LIAO, Y. 2012.
Resveratrol  improves  myocardial
ischemia and ischemic heart failure in
mice by antagonizing the detrimental
effects of fractalkine*. Crit Care Med,
40, 3026-33.

YAMAGATA, K., TAGAMI, M., TORI, Y.,
TAKENAGA, F., TSUMAGARI, S., ITOH,
S., YAMORI, Y. & NARA, Y. 2003.
Sphingosine 1-phosphate induces the
production of glial cell line-derived
neurotrophic factor and cellular
proliferation in astrocytes. Glia, 41,

199-206.
YAO, J. K. & KESHAVAN, M. S. 2011.
Antioxidants, redox signaling, and

pathophysiology in schizophrenia: an
integrative view. Antioxid Redox
Signal, 15, 2011-35.

YAP, M. Y., LO, Y. L., TALBOT, K. & ONG, W. Y.
2014. Oxidative stress reduces levels
of dysbindin-1A via its PEST domain.
Neurochem Int, 79, 65-9.

YONEDA, 0., IMAI, T., GODA, S., INOUE, H.,
YAMAUCHI, A., OKAZAKI, T., IMAI, H.,
YOSHIE, O., BLOOM, E. T., DOMAE, N.
& UMEHARA, H. 2000. Fractalkine-
mediated endothelial cell injury by NK
cells. JImmunol, 164, 4055-62.

ZECCA, L., GALLORINI, M., SCHUNEMANN, V.,
TRAUTWEIN, A. X., GERLACH, M.,
RIEDERER, P., VEZZONI, P. &
TAMPELLINI, D. 2001. Iron,
neuromelanin and ferritin content in
the substantia nigra of normal subjects
at different ages: consequences for
iron storage and neurodegenerative
processes. J Neurochem, 76, 1766-73.

ZENG, Y., JIANG, J., HUEBENER, N., WENKEL, J.,
GAEDICKE, G., XIANG, R. & LODE, H. N.
2005. Fractalkine gene therapy for
neuroblastoma is more effective in
combination with targeted IL-2. Cancer
Lett, 228, 187-93.

ZHAQ, J., O'CONNOR, T. & VASSAR, R. 2011. The
contribution of activated astrocytes to
Abeta production: implications for
Alzheimer's disease pathogenesis. J
Neuroinflammation, 8, 150.

ZHU, W., ACOSTA, C., MACNEIL, B., CORTES, C.,,
INTRATER, H., GONG, Y. & NAMAKA,
M. 2013. Elevated expression of
fractalkine (CX3CL1) and fractalkine
receptor (CX3CR1) in the dorsal root



Bibliography

ganglia and spinal cord in
experimental autoimmune
encephalomyelitis:  implications in
multiple sclerosis-induced neuropathic
pain. Biomed Res Int, 2013, 480702.

ZHU, X., RAINA, A. K., LEE, H. G., CASADESUS,
G., SMITH, M. A. & PERRY, G. 2004.
Oxidative stress signalling in
Alzheimer's disease. Brain Res, 1000,
32-9.

ZISKOVEN, C., JAGER, M., ZILKENS, C., BLOCH,
W., BRIXIUS, K. & KRAUSPE, R. 2010.
Oxidative  stress in  secondary
osteoarthritis: from cartilage
destruction to clinical presentation?
Orthop Rev (Pavia), 2, e23.

ZLOTNIK, A., YOSHIE, O. & NOMIYAMA, H.
2006. The chemokine and chemokine
receptor superfamilies and their
molecular evolution. Genome Biol, 7,
243.

ZUJOVIC, V., BENAVIDES, J., VIGE, X., CARTER, C.
& TAUPIN, V. 2000. Fractalkine
modulates TNF-alpha secretion and
neurotoxicity induced by microglial
activation. Glia, 29, 305-15.

ZUJOVIC, V., SCHUSSLER, N., JOURDAIN, D.,
DUVERGER, D. & TAUPIN, V. 2001. In
vivo neutralization of endogenous
brain fractalkine increases
hippocampal TNFalpha and 8-
isoprostane production induced by
intracerebroventricular injection of
LPS. J Neuroimmunol, 115, 135-43.

142



