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Summary

1.

Summary

Since lately, the fields of neurobiological and immunological research have shared
interests. Evidence exists that chemokines and their receptors, formerly primarily
characterized for their role in development and maintenance of the immune system,
also excert crucial functions in the nervous system, where they are suggestedly
involved in the maintenance of central nervous system, CNS, homeostasis, in
neuronal patterning during ontogenesis, and further act as mediators in
pathophysiological events.
A major aim of neurobiological research is the propagation of axonal outgrowth
following injury of the adult mammalian CNS. Here, regeneration is severely impaired
due to a plethora of factors, and CNS myelin-associated proteins were reported to
mainly inhibit the regenerative growth of lesioned axons.
Recently, the α-chemokine SDF-1 was demonstrated to abrogate embryonic neurite
outgrowth inhibition as induced by potent chemorepellent molecules with a role in
early nervous system development. In this thesis, it was investigated whether SDF-1
is further able to overcome myelin-associated outgrowth inhibition of postnatal
mammalian PNS neurons. It was found that postnatal dorsal root ganglion neurons,
DRG neurons, displayed a significantly reduced outgrowth performance on a surface
coated with adult CNS myelin, and that this effect could be reverted and growth was
restored following application of SDF-1α. Moreover, SDF-1α-mediated effects were
significantly enhanced if cells were “primed” by pretreatment with this chemokine
prior to plating on myelin. Furthermore, experimental findings pointed to a role for the
cognate receptor to SDF-1, CXCR4, and elevation of intracellular cAMP levels in
SDF-1α-induced

neurite

outgrowth

promotion.

While

SDF-1

recently

was

demonstrated to interact with an alternative receptor, RDC1, this study reveals a
region-specific distribution of CXCR4, but not RDC1, in myelin-sensitive DRG
neurons at early stages of cultivation. Thus, these findings further suggested a role
for SDF-1α-/CXCR4-signalling in (postnatal) neurite outgrowth and branching.
Interaction of SDF-1 and CXCR4 thus might constitute, if not a possible therapeutic
tool, a key element in cell growth-regulatory processes.
Albeit SDF-1 exists in several isoforms which are generated from a common mRNAprecursor molecule through alternative splicing, only splice products SDF-1α and β
6
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have been analyzed thoroughly to date. In this thesis, Ca2+-elevating properties of a
novel isoform, SDF-1γ, were investigated and compared to the Ca2+-regulatory
activity of the α-transcript.
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2.
2.1

Introduction
Chemokines and chemokine receptors

2.1.1 Chemokine versatility
In the course of the recent decades, the field of action of chemokines and chemokine
receptors has undergone an enormous evolution and currently displays an almost
stunning complexity. First characterized as key modulators in lymphopoiesis,
chemokines and their cognate receptors were initially described to mainly control
development, differentiation and trafficking of leukocytes, thus excerting crucial
functions in the regulation of the innate and adaptive immune response (Horuk and
Peiper, 1996; Murphy et al., 2000; Rossi et al., 2000; Zlotnik and Yoshie, 2000).
During the recent years, a large number of highly divergent functions in a broad
range of biological processes could be additionally attributed to the chemokine
system (Horuk, 1998). Today, a role for various members of this superfamily has
been confirmed in the healthy and in the diseased organism, respectively, and
chemokines are involved in multiple developmental processes as well as in the
propagation of infectious and autoimmune diseases and cancer. In accordance to
their role in the chemotaxis of hematopoietic cells, they direct the migration of germ
cells and stem cells (Doitsidou et al., 2002; Claps et al., 2005). Chemokines
reportedly function in tumour growth and metastasis formation, and their expression
often is differentially regulated either in malignant cells or in tissues which represent
targets for metastasis, where these molecules were described to act on angiogenesis
and migration (Strieter et al., 1995; Rempel et al., 2000; Müller et al., 2001). Due to
their role in development and maintenance of the immune system, chemokines are
involved in acute and chronic inflammatory events, directing the action of immune
cells in diseases such as atherosclerosis or allergic responses (Murdoch and Finn,
2000). The importance of chemokine systems in viral pathogenesis is documented by
coreceptor functions of the chemokine receptors CCR5 and CXCR4 for various HIVas well as SIV strains (Feng et al., 1996; Zhang et al., 1996). As a singularity, DARC,
the Duffy antigen receptor for chemokines, is a chemokine receptor which lacks any
apparent signalling function, and is solely known for its role in cell entry of the
8
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malaria-causing protozoon Plasmodium vivax (Horuk et al., 1993; Horuk, 1994;
Neote et al., 1994; Horuk and Ng, 2000).
To date, the chemokine system comprises at least 50 structurally related peptide
agonists and 20 cognate receptors. Due to their structural homology, chemokines
proved to be ideal molecules to be discovered through bioinformatics, a method
which further facilitated and accelerated the identification and characterization of new
members of this group (Rossi and Zlotnik, 2000).

2.1.2. Structure and classification of chemokines
The term “chemokines” is short hand for “chemotactic cytokines” and was first coined
in the year 1993 (Lindley et al., 1993). Chemokines are small (8–14 kDa), mostly
basic, molecules sharing a number of characteristic features due to which they
display a common fold even in the case of only a low sequence identity (Fernandez
and Lolis, 2002). Generally, chemokines can be structurally subdivided into three
different parts: They consist of a highly disordered N-terminus, a core protein
comprising three β–sheet strands arranged in the shape of a Greek key with the
single strands separated by short loops, and an α–helical C-terminus (Murdoch and
Finn, 2000; Murphy et al., 2000). All members of the chemokine superfamily exhibit a
characteristic cysteine motif located in their N-terminal amino acid sequence,
commonly comprising four cysteine residues which form disulphide bonds between
the first and third and second and fourth cysteine, respectively. The chemokines
known to date are classified into four subfamilies according to the number and
sequential relationship of these structurally relevant cysteines (Baggiolini et al.,
1997). Two main subfamilies comprise the majority of all chemokine members
hitherto identified. The cysteine residues of the α– or CXC-chemokines are separated
by one additional amino acid, whereas in the β- or CC-chemokine group the
cysteines are immediately adjacent. Of two other subfamilies, only prototypic
members have been characterized to date. The CX3C-chemokine fractalkine is a
membrane-bound glycoprotein, with three amino acid residues interspersed between
the cysteines, whereas the C-chemokine member lymphotactin comprises only two of
the four relevant cysteine residues (Kelner et al., 1994; Imai et al., 1997).
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2.1.3 Chemokine encoding genes
The genes coding for members of the different chemokine subfamilies are currently
designated small secreted cytokines, scy (Murphy et al., 2000). According to this
nomenclature, CC-chemokines are encoded by scya-genes, whereas CXCchemokines are encoded by scyb-genes. The majority of those genes are clustered
in distinct chromosomal locations, probably due to a common origin from a single
ancestral gene by duplication. Spatial distance of a chemokine-encoding gene to
other members of the same subfamily seems to be closely linked to a distinctive role
of the encoded protein (Zlotnik and Yoshie, 2000). The unique function of the
constitutively expressed α–chemokine SDF-1 is emphasized by the fact that the
encoding gene is located on human chromosome 10 (murine chromosome 6),
whereas the other members of this group are mapped to human chromosome 4
(murine chromosome 5).

2.1.4 Structure and classification of chemokine receptors
Chemokines excert their functions mainly as secreted proteins, but are further able to
use glycosaminoglycans to tether to the plasma membrane and thus form a stable
gradient (Murphy et al., 2000; Onuffer and Horuk, 2002). While they mainly act as
monomers, in high concentrations or in crystallographic studies they have been
described to exist in higher orders, as dimers or even as multimers (Fernandez and
Lolis, 2002). Two major sites of receptor interaction have been identified to date in
the flexible N-terminal portion of the chemokine ligand and on the rigid loop following
the second cysteine, respectively (Crump et al., 1997; Murphy et al., 2000;
Fernandez and Lolis, 2002).
Signalling by chemokines occurs upon binding to and activation of chemokine
receptors, members of the rhodopsin family of heptahelical Gi/q protein-coupled
receptors, GPCRs. GPCRs constitute a large family consisting of more than 100
receptor molecules which are activated upon interaction with chemoattractants,
peptide hormones or light. Up to now, at least 20 G protein-coupled chemokine
receptors have been identified, mainly on the basis of structural homology.
10
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Chemokine receptors are generally defined by their ability to induce directional
migration of receptor-expressing cells towards a gradient of a certain chemotactic
cytokine (Horuk and Peiper 1996; Murphy et al., 2000; Bajetto et al., 2002).
According to the classification of their chemokine ligands, the group of chemokine
receptors is subdivided into four different subfamilies or classes. The receptor
nomenclature is based on their preference for a certain chemokine subfamily,
replacing “L” (for ligand) in the chemokine nomenclature with “R” (for receptor),
followed by the number of the encoding gene in the order of identification (Zlotnik and
Yoshie, 2000). Details on the officially approved nomenclature of chemokines and
chemokine receptors can not be comprehensively presented here and are provided
in a review published by the International Union of Pharmacology (Murphy et al.,
2000).
Chemokine receptors display an intrafamily structural homology comparable to that
of their ligands. Their genes are, similar to the chemokine-encoding genes, mostly
grouped together in clusters mapped to the human chromosomes 2 and 3 (murine
chromosomes 1 and 9). Common features of the chemokine receptors described to
date are a conserved structure with an amino acid sequence identity of 25–80%, a
molecular weight of approximately 40 kDa, and a common length of 340–370 amino
acid residues. Chemokine receptors display a tertiary structure characteristic for all
members of the rhodopsin receptor family, including an extracellular N-terminus and
intracellular C-terminus and seven transmembrane domains, and they mainly couple
to various members of the Gi/q class of heterotrimeric G proteins (Horuk and Peiper,
1996; Bajetto et al., 2002). Binding and activation of a chemokine receptor by its
ligand occurs through both the N-terminus and extracellularly located, loop-like
domains, whereas intracellular signalling is triggered upon interaction of the cytosolic
domains and the C-terminal tail of the receptor with various effector molecules.
Signalling through chemokine receptors is often highly promiscuous, as an individual
receptor may bind one or more chemokines of the same subfamily, and vice versa,
but does usually not occur between members of different subfamilies.
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2.1.5 A two-step model of chemokine/chemokine receptor interaction
The current two-step binding and activation model seems to generally hold true for
the interaction of chemokine receptors and their ligands (Yancey et al., 1989;
Siciliano et al., 1994; Kolakowski et al., 1995). In this model, interaction of the
chemokine with an initial binding site leads to a conformational change of the
receptor which effects exposition of binding site 2. The overall conformational change
induced by ligand binding is then transmitted to the intracellular domains and triggers
downstream signalling through a plethora of effector molecules (Murdoch and Finn,
2000). In detail, this model will be exemplarily described for SDF-1 and CXCR4 in the
following.
The majority of chemokine receptors seem to be preferentially coupled to Gi proteins,
since chemokine-triggered signalling events can be mostly abrogated by application
of pertussis toxin, PTX (Murdoch and Finn, 2000). Recent studies hint to the fact that
chemokine receptors convey their functionality not only by signalling through G
proteins, but further directly interact with other downstream effectors as well. This
theory is based on the observation that diverse signalling events are triggered,
depending on the ligand and receptor, and the cell type and developmental stage,
respectively (El-Shazly et al., 1999; Barlic et al., 2000). Apart from an interaction with
chemokine receptors, binding of chemokines to glycosaminoglycans, GAGs, such as
heparin has been shown to either potentiate or inhibit chemokine activities in vitro
(Maione et al., 1991; Webb et al., 1993). The sites for ligand-receptor interaction are
primarily located in the N-terminal region, while the C-terminal α–helix provides
interaction sites for GAGs (Cai et al., 2004).

2.1.6 Chemokines in the nervous system
Since lately, the fields of neurobiological and immunological research have shared
interests. Evidence exists that chemokines, formerly primarily characterized for their
role in development and maintenance of the immune system, also excert crucial
functions in the nervous system (Horuk et al., 1997; Horuk et al., 1998; Mennicken et
al., 1999). Recent data hint to the fact that chemokines and their cognate receptors
12
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are involved in the maintenance of CNS homeostasis, in neuronal patterning during
ontogenesis, and further act as mediators in pathophysiological events in the nervous
system. Both chemokines and chemokine receptors are expressed at low levels in
several structures of the brain, and could be demonstrated to be rapidly upregulated
by neuroinflammatory stimuli. In the CNS, expression of chemokines and chemokine
receptors such as IL-8, MIP-1α, CCR5 and CX3CR1 could be mapped to various cell
types. Amongst others, expression was detected in astrocytes, microglia, and
neurons as well as in fibroblasts and endothelial cells (Lacy et al., 1995; He et al.,
1997; Harrison et al., 1998; McManus et al., 1998). IL-8 reportedly mediates survival
of neurons and leads to proliferation of glial cells in rat hippocampal cultures (Araujo
and Cotman, 1993). Moreover, RANTES could recently be demonstrated to trigger
migration and differentiation in mouse embryonic DRG cells in vitro (Bolin et al.,
1998).
Chemokines are involved in numerous pathophysiological events in the CNS. First,
infiltration of immune cells is indispensable to respond to challenges such as trauma,
stroke, infection or autoimmune disorders. After focal or global ischemia, GRO-α and
MCP-1 are rapidly upregulated in the vicinity of damaged tissue and in infiltrating
immune cells (Liu et al., 1993; Wang et al., 1995; Gourmala et al., 1997).
Furthermore, chemokines and chemokine receptors are involved in the growth and
propagation of tumours and suggestedly act in neurodegenerative diseases as
diverse as Alzheimer´s disease and HIV-associated dementia (Schall, 1994; Strieter
et al., 1995; Horuk et al., 1997; Hesselgesser et al., 1998).
To date, the chemokine system most prominently expressed in the central nervous
system is the α–chemokine SDF-1 and its cognate receptor, CXCR4. The finding that
neurobiology and immunology are closely linked was namely based on the notion
that SDF-1 and CXCR4 direct migration events not only of hematopoietic cells, but
also of neurons during early embryonic development of the CNS, as will be outlined
in the following. The abundant and constitutive expression patterns of both this
chemokine and chemokine receptor suggest that these molecules obtain
fundamental roles in neurophysiology and neuroimmunology.
However, lately it has emerged that neurotactin and its cognate receptor, CX3CR1,
suggestedly excert important functions in the nervous system, as neurotactin is the
only chemokine which was found to be expressed at higher levels in the CNS than in
the periphery including structures of the immune system (Bazan et al., 1997).
13
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2.1.7 SDF-1/CXCL12: general structure and particularities
The chemokine stromal cell-derived factor-1, SDF-1, also designated CXC
chemokine ligand 12, CXCL12, was originally identified applying the signal sequence
trap cloning strategy (Tashiro, 1993). Unlike the genes for the majority of the CXC
chemokines, which can be mapped to human chromosome 4 (murine chromosome
10), the gene coding for SDF-1 is located on human chromosome 10 (murine
chromosome 6), underlining its singularity among the members of this family (Shirozu
et al., 1995; Baggiolini et al., 1997; Dealwis et al., 1998). Human as well as murine
SDF-1 exists in six isoforms (α, β, γ, δ, ε, θ), whereas in rat three isoforms (α, β, γ)
have been described to date (Fig. 2.1), all of which derive from one common mRNA
precursor molecule by means of alternative splicing (Gleichmann et al., 2000; Yu et
al., 2006).
For SDF-1α, the most extensively studied variant, the tertiary structure has been
determined by NMR-spectroscopy and displays both structural homologies to other
chemokine members as well as considerable differences (Crump et al., 1997). SDF-1
exhibits a fold characteristic for chemokines, comprising a highly disorganized,
mobile N-terminal region, three antiparallel β–sheet strands and an α–helical Cterminus. All isoforms share both a common N-terminus and core region, but differ
considerably with regard to the length of their C-terminal domain, which in the
instance of SDF-1β and SDF-1γ comprises 4 and 30 additional amino acid residues,
respectively (Fig. 2.1). Moreover, the SDF-1β and SDF-1γ transcripts display several
putative proteolytic cleavage sites which could give rise to secreted peptides
(Gleichmann e al., 2000). The SDF-1-isoforms identified to date display characteristic
expression patterns, as could be confirmed by quantitative RT-PCR and in situhybridization applying isoform-specific probes. According to recent observations,
human and murine α- and β-variants are expressed in a similar manner and are
highest in liver, pancreas and spleen, whereas SDF-1γ could be solely detected in
the heart. The δ-transcript of SDF-1 is present in several adult tissues but shows
highest expression levels in the fetal liver (Yu et al., 2006). Conversely, earlier
analysis revealed that SDF-1γ mRNA, apart from a prominent expression in heart, is
the major variant in the adult CNS and PNS in rat in vivo (Gleichmann et al., 2000).
Both SDF-1- and SDF-1γ-specific hybridization signals document spatio-temporal
14
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alterations which indicate a post-transcriptional regulation of SDF-1-expression
during rat nervous system development. SDF-1γ-transcripts, and possibly also SDF1β-transcripts, are detected in structures such as neocortex, cerebellum and
hippocampus. Transcripts are prominent in neurons, oligodendroglia and Schwann
cells of the nervous system (Gleichmann et al., 2000).
According to its N-terminally located cysteine motif, SDF-1 belongs to the CXC-family
of chemokines, but differs considerably from other members of this group in the
average sequence identity, packing of the hydrophobic core and surface charge
distribution (Crump et al., 1997). While sequential and structural resemblance to
other chemokines is only low, SDF-1α is highly conserved (99%) between human
and mouse except for a single conservative change at position 18, whereby this
interspecies identity suggests a fundamental role of SDF-1 in various biological
processes (Dealwis et al., 1998; Lapidot et al., 2002). SDF-1 is a highly basic protein
with 21% of the total residues provided by arginine, lysine and histidine. While
clusters of positive surface charges can be mapped to the first and second β–strand
of the core protein, the C-terminal α–helix predominantly comprises negatively
charged amino acid residues. The C-terminal domain thus provides optimal binding
sites for heparin or other cell surface bound GAGs and enables SDF-1 to interact
with the extracellular matrix, ECM, or cell membranes (Avigdor et al., 2004).

15
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Fig. 2.1.

Schematic representation of rat SDF-1-isoforms α, β, and γ. Identical graphic

elements indicate identical or homologous sequences. Protein-coding regions are
represented by rectangles, 5´- and 3´- UTRs are represented by lines. Isoform-specific Cterminal extensions including putative proteolytic cleavage sites are marked by asterisks.
The last four codons of the coding region constituting the C-terminal extension of SDF-1β are
depicted in black. The C-terminal extension of the SDF-1γ-coding region comprising 30
codons is represented as a hatched box. The SDF-1γ-specific insertion of 2572 nucleotides,
nt, is marked by arrows. UTR, untranslated terminal repeat; kb, kilo base; kDa, kilo Dalton;
aa, amino acids.

2.1.7.1

Binding of SDF-1 to CXCR4 as a paradigm for chemokine receptor
activation

SDF-1 binds and signals through the CXC chemokine receptor 4, CXCR4. The two
site model for SDF-1 binding to CXCR4 is compatible with the current knowledge of
other chemokines and their cognate receptors, and suggestedly represents a general
model for this family of chemoattractants. Structural elements crucial for receptor
binding and activation are contained in the amino acid residues 1–17 of SDF-1, with
the sequence KPVSLSYR-CPC-RFFESH, as well as in the proximal N-terminal
region and second extracellular loop, ECL2, of CXCR4 (Crump et al., 1997;
Elisseeva et al., 2000). While approaching the receptor, SDF-1 presumably transmits
an electrostatic signal which facilitates the initial contact of the RFFESH binding motif
with the N-terminus of CXCR4 (Crump et al., 1997). According to the model, the
RFFESH site is required for optimal binding, but is not sufficient for receptor
activation. The first docking step is followed by a conformational change of
extracellular and transmembrane receptor domains, leading to the formation of a
binding groove among the receptor helices. In the course of these events, the Nterminal region of SDF-1, which is disordered in solution, becomes structured and
establishes contact with the receptor groove, whereby the first two N-terminal amino
acid residues of SDF-1, Lys-1 and Pro-2, trigger receptor activation by interacting
with the ECL2 of CXCR4 (Crump et al., 1997; Doranz et al., 1999). As SDF-1 is
highly basic, interaction with the receptor is presumably dependent on a stretch of
17

Introduction
negatively charged amino acid residues in ECL2. The third extracellular domain of
CXCR4, ECL3, might additionally contribute to receptor activation, although data are
inconclusive in this regard.
Cytoplasmic domains of CXCR4 crucial for SDF-1 mediated signalling were identified
by studies performed with CXCR4 chimeras and mutants (Roland et al., 2003, Ahr et
al., 2005). The DRY box (Asp-Arg-Tyr) is located in the second intracellular loop,
ICL2, and represents a highly conserved motif among GPCRs which demonstratedly
is indispensable for G protein-activation. Mutation of this motif was shown to
frequently result in abrogation of chemokine signal transduction, as could be
demonstrated for the α- and β-adrenergic receptors and CCR5, respectively (Fraser
et al., 1988; Gosling et al, 1997). Conversely, this motif, even though present in
CXCR4, is apparently not required for the majority of SDF-1-dependent signalling
events. It could be demonstrated that ICL3 is the only intracellular receptor domain
which is indispensable for at least the transduction of G protein-dependent signalling
upon SDF-1 binding (Roland et al., 2003). Conversely, while ICL1 is essential in
CXCR4 conformation and stability, this domain is not mandatory for CXCR4
activation. Chemotaxis mediated by SDF-1 and CXCR4 requires multiple signal
transduction pathways, including ICL3-dependent activation of Janus kinase
(Jak)/signal transduction and activation of transcription, STAT, and Gi proteinsignalling, ICL2, and the C-terminal part of CXCR4. Except for a role in chemotaxis,
the C-terminal tail of CXCR4 was reported to solely contribute to receptor
desensitization and internalization (Roland et al., 2003). However, recent studies hint
to additional signalling functions of this domain (Lefkowitz and Shenoy, 2005).
Signalling is terminated upon receptor protein phosphorylation at serine/threonine
residues in the C-terminal domain, followed by β–arrestin-dependent receptor
internalization (Roland et al., 2003). Thereby, phosphorylation facilitates the process
of internalization considerably, but is obviously not a prerequisite (Haribabu et al.,
1997). In accordance with this model, the two N-terminal residues of MCP-1, MCP-3
and RANTES, represent the major activation sites for their cognate receptors. As the
activation sites of chemokine receptors are generally located in the N-terminal region,
the

model

presented

here

suggestedly

might

generally

apply

for

chemokine/chemokine receptor interactions.
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2.1.7.2

Downstream effectors and biological functions of SDF-1/CXCR4
signalling

Biological functions conveyed by SDF-1 and CXCR4 are multifold (Fig. 1.2) and can,
in the context given here, be introduced only briefly (Nagasawa et al., 1994; Lazarini
et al., 2003; Kucia et al., 2004). The signalling events involved include
phosphorylation of components of the focal adhesion complex such as proline-rich
tyrosine kinase-2, Pyk2, p130Cas, focal adhesion kinase, FAK, paxillin, Crk and CrkL (Wang et al., 2000; Lee at al., 2004). SDF-1-dependent signalling involves the
activation of extracellular-signal regulated kinases 1 and 2, ERK1/2, protein kinase C,
PKC, phospholipase C-γ, PLC-γ, phosphatidylinositol 3-kinase, PI3K, as well as of
regulators of transcription such as nuclear factor κ–B, NFκ-B, and the Jak/STAT
pathway. One of the main characteristic features of SDF-1-dependent signalling is a
rapid elevation of intracellular Ca2+ levels in a PTX-sensitive manner, mainly by
depletion of intracellular stores.

2.1.7.3

The SDF-1/CXCR4 axis as a key regulator of mammalian development
and maintenance

Expression of SDF-1 and CXCR4 was described to be abundant and constitutive in a
plethora of different cell and tissue types and is mirrored by the impressing versatility
of mediated functions (Fig. 2.2). SDF-1 and CXCR4 are, amongst others,
indispensable for the establishment and maintenance of a functional immune system.
Initial studies on recombinant SDF-1 characterized this chemokine as a pre-B-cell
growth stimulating factor, PBSF, which supports proliferation of stromal celldependent B-cell lines in vitro (Nagasawa et al., 1994). SDF-1 is abundantly
expressed by stromal cells of the bone marrow, where it effects the retention of
CXCR4-expressing

hematopoietic

cells

during

maturation.

SDF-1

promotes

chemotaxis of immune cells and directs them to sites of inflammation, and it further is
a potent regulator for homing, development and maintenance of hematopoietic stem
cells (Kucia et al., 2004). Engraftment and repopulation of non-obese diabetic/severe
combined immunodeficient (NOD/SCID) mice with CD34+ enriched cord blood cells
19

Introduction
demonstratedly depends on the presence of SDF-1 and CXCR4, as application of
CXCR4-blocking antibodies prior to the transplantation of stem cells was shown to
result in a marked reduction of engraftment (Peled et al., 1999).
Lately, it has become obvious that SDF-1 generally acts as a key player in the
developing and mature organism, where it directs organogenesis, vascularization,
and angiogenesis as well as pathophysiological processes (Lazarini et al., 2003;
Kucia et al., 2004; Lieberam et al., 2005). Various publications could demonstrate
that SDF-1, in addition to its effects on hematopoietic progenitors, promotes either
survival or growth of a number of normal or malignant receptor-expressing cell types,
as for example neuronal progenitors and germ cells (Zou et al., 1998; Bagri et al.,
2002; Belmadani et al., 2005): During embryonic nervous system development, a
functional SDF-1/CXCR4 axis is a prerequisite for proper formation of the cerebellum
and the dentate gyrus, as SDF-1 expression in the pia mater reportedly prevents
premature inward migration of CXCR4 positive cerebellar granule cells. Moreover,
this chemokine was demonstrated to concomitantly regulate the mitogenic response
of these cells to Sonic hedgehog, SHH, by downregulation of cAMP and protein
kinase A activity (Klein et al., 2001). A crucial role of the SDF-1/CXCR4 axis in
embryonic development initially was suggested by knock out studies in mice. The
notion that deletion of either the CXCR4 or SDF-1 encoding gene results in almost
identical, perinatally lethal, phenotypes, indicated for the first time that receptor and
ligand presumably interact in a monogamous manner. The phenotype of mutant mice
is characterized by a deficient B-cell lymphopoiesis and myelopoiesis as well as by
an abnormal neuronal and cardiovascular development (Tachibana et al., 1998; Zou
et al., 1998; Peng et al., 2004).
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(see also previous page)
Fig. 2.2.

Schematic representation of SDF-1-mediated biological processes. Interaction

of SDF-1 and its cognate receptor, CXCR4, mediate various biological functions through
activation of diverse signal transduction events. See text for details.

2.1.7.4

SDF-1/CXCR4: pathophysiological implications

Both SDF-1 and CXCR4 are highly expressed in glioma, glioblastoma and
astrocytoma cells, and display a marked upregulation in breast and prostate cancer
(Muller et al., 2001; Zhou et al., 2002; Rubin et al., 2003; Mochizuki et al., 2004;
Wang et al., 2005). Survival and growth of neoplastic cells are stimulated in a
paracrine fashion, and tumour angiogenesis is promoted by the attraction of
endothelial cells to the tumour microenvironment (Barbero et al., 2003; Smith et al.,
2004; Orimo et al., 2005; Burger et al., 2006). Moreover, SDF-1 acts as a molecular
beacon for tumour cells, promoting metastasis formation by directing CXCR4-positive
malignant cells to the sites of SDF-1 expression (Geminder et al., 2001; Muller et al.,
2001; Peled et al., 2002; Allinen et al., 2004). Expression of SDF-1 and CXCR4 is
upregulated during inflammatory processes in several brain diseases (Lazarini et al.,
2003). Exemplarily, SDF-1-overexpression was noted in pontine neurons of human
brains with spinocerebellar ataxia type 3, and CXCR4 expression was demonstrated
to be increased in HIV and SIV encephalitis as well as experimental allergic
encephalitis, EAE. Similar to chemokine receptor CCR5, CXCR4 was early identified
to act as a coreceptor for HIV-1 strains, providing a binding site for HIV-1
glycoprotein gp120 (Zou et al., 1998). The site of interaction with gp120 shows an
overlap with that for SDF-1 binding and activation, thus rendering SDF-1 an inhibitor
to HIV-1 infection. Approaches employing SDF-1 agonists as potential therapeutic
targets are currently being investigated. Interaction of gp120 with CXCR4 has been
reported to be causative for severe neuronal loss in the course of HIV-1
pathogenesis through direct and indirect mechanisms (Hesselgesser et al., 1998).
Whether interaction of SDF-1 and its cognate receptor is also able to mediate
survival or demise of neuronal cells in vitro is highly controversial and presumably
depends on the amount of microglial and astroglial cells present in the cultures. It has
been demonstrated that CXCR4 signalling by SDF-1 as well as HIV glycoprotein
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gp120 can lead to an astrocytic release of tumor necrosis factor α, TNFα, and
glutamate, causing neuronal damage and apoptosis (Kaul and Lipton, 1999).
Contradictory, SDF-1 has been reported to excert neuroprotective functions such as
to increase survival of Purkinje neurons deprived of their trophic support and promote
survival and proliferation of neuronal progenitors (Peng et al., 2004). Furthermore,
SDF-1 was shown to excert crucial functions in tissue repair and regeneration, as it
attracts circulating stem and progenitor cells to areas of tissue damage (Imitola et al.,
2004). According to recent studies, expression of SDF-1β mRNA is transiently
upregulated after peripheral nerve lesion, thus suggesting a role in nerve
regeneration (Gleichmann et al., 2000).

2.1.7.5

Structural heterogeneity of CXCR4 and its functional relevance

The cognate receptor to SDF-1, chemokine receptor CXCR4, displays a remarkable
degree of structural heterogeneity which perfectly mirrors its multifunctional reaction
to SDF-1 exposure and its ability to promote proliferative as well as differentiative or
chemotactic responses in a variety of cell or tissue types (Gupta and Pillarisetti,
1999; Baribaud et al., 2001; Sloane et al., 2005).
The molecular masses of CXCR4 isoforms as characterized by isoform-specific RTPCR, Northern blot and SDS-PAGE analysis to date, are highly divergent, comprising
45–47 kDa in MoltT4 cells, or 59–62 kDa and 90 kDa in monocytes, respectively
(Endres et al., 1996; Feng et al., 1996; Lapham et al., 1996; Lapham et al., 1999).
Other as for the human splice variant CXCR4-Lo, which differs from the normal splice
variant only with regard to an N-terminal extension of 9 amino acids, these
considerable variations in the molecular weight of recently identified CXCR4 isoforms
can not be attributed to either gene splicing or genetic polymorphism alone (Heesen
et al., 1997; Gupta and Pillarisetti, 1999; Sloane et al., 2005). Numerous
posttranslational modifications such as N-glycosylation, disulfide formation, tyrosine
sulfation and serine chondroitin sulfation might be partially responsible for certain
variations (Chabot et al., 1999; Farzan et al., 1999; Chabot et al., 2000; Farzan et al.,
2002). However, as CXCR4 heterogeneity is reportedly observed in cells which
express receptor variants lacking the respective targets for posttranslational
modification, receptor diversity does not seem to be solely dependent on the
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presence of structural motifs required for glycosylation, sulfation or G proteincoupling.

Further

structural

functional

CXCR4-isoforms

might

arise

from

oligomerization of receptor molecules in a non-covalent manner, as was described to
occur in the course of CXCR4-dependent Jak/STAT signalling (Ahr et al., 2005).
According to recent studies, cells can be roughly grouped into two categories based
on their respective CXCR4 SDS-PAGE profiles (Sloane et al., 2005). Members of the
first group express a predominant CXCR4 isoform, which nonetheless differs in a
cell-type dependent manner. Nalm-6 cells and Jurkat cells express a 75 kDa isoform
of CXCR4, whereas primary HUVEC cells demonstratedly express a variant of
approximately 110 kDa. Members of the second group display multiple isoforms; this
group includes CEMT4 cells, transfected cells overexpressing CXCR4 such as HeLa
cells, and primary lymphocytes. In accordance with the structural differences
described, CXCR4 isoforms differ strongly in their function (Amara et al., 1997;
Doranz et al., 1999; Lazarini et al., 2000). Reportedly, T-lymphoid CEMT4 cells are
able to bind SDF-1 as well as to mediate HIV-1 binding and infection, but do neither
display ligand-mediated chemotaxis nor calcium influx (Sloane et al., 2005). Jurkat
cells also fail to elicit a calcium flux response, but migrate towards a gradient of SDF1. Thereby, chemotaxis in Jurkat cells is presumably mediated by a 75 kDa variant of
CXCR4, which is absent in CEMT4 cells. Thus, a cell or tissue specific isoform
expression might underlie the many cell or tissue specific CXCR4 functions
described to date. The structural heterogeneity described in various studies further
accounts for the cell and tissue type-dependent ability of antibodies directed against
CXCR4 to reliably detect receptor expression, block interaction with SDF-1, and
inhibit HIV-1 infection. The antibody most commonly used, mouse monoclonal
antibody 12G5 clone, which binds two epitopes in ECL1 and ECL2 of CXCR4 in a
conformation-dependent manner, recognizes only a subpopulation of CXCR4 and
thus was noted to frequently effect a miscalculation of CXCR4 expression (Sloane et
al., 2005).
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2.1.7.6

RDC1 as an alternative receptor to SDF-1

Recently, an orphan receptor, RDC1, was demonstrated to act as a novel receptor
for SDF-1 as well as a coreceptor to genetically diverse HIV-1, HIV-2 and SIV strains
(Shimizu et al., 2000; Balabanian et al., 2005).
In the course of its varied history, RDC1, originally cloned from a canine thyroid
library on basis of its homology with conserved domains of G protein-coupled
receptors, was initially reported to act as a Gs protein-coupled receptor for vasoactive
intestinal peptide, VIP (Sreedharan et al., 1991). Later, it was defined as the receptor
for calcium gene-related peptide or adrenomedullin, respectively (Sreedharan et al.,
1991). These observations were finally dismissed, rendering RDC1 orphan until only
recently, when, based on combined phylogenetic and chromosomal location studies,
RDC1 was claimed to excert CXC-chemokine receptor function (Cook et al., 1992;
Nagata et al., 1992; Balabanian et al., 2005).
SDF-1, the only known natural ligand for CXCR4, was demonstrated to bind to and
signal through RDC1 (Balabanian et al., 2005). Thereby, binding of this chemokine to
RDC1 reportedly elicits chemotaxis in T lymphocytes and generally triggers receptor
desensitization and internalization in RDC1 expressing cells. SDF-1 mediated
receptor functions of CXCR4 and RDC1, respectively, seem to complement one
another, as the concomitant blockade of both receptors by application of specific
antibodies leads to additive inhibitory effects in T cell migration. Interaction of SDF-1
with RDC1 was described to occur in a specific and dose-dependent manner, and
with an affinity higher than that estimated for CXCR4, as defined by binding studies
with biotinylated ligand molecules. As for CXCR4, binding of SDF-1 to RDC1 involves
the N-terminus of this receptor, as it displaces binding of anti-RDC1 antibody directed
against the N-terminal receptor domain (Balabanian et al., 2005). These observations
are supported by amino acid similarities displayed by sequence alignments of the Ntermini of CXCR4 and RDC1, whereby both receptors exhibit acidic and aromatic
residues known to mediate binding of HIV gp120 and SDF-1 (Balabanian et al.,
2005).
Due to its abundance and to the evolutionary conservation revealed by antibodybased studies of the human homolog of canine RDC1, this receptor was early
predicted to convey crucial physiological functions in various cell and tissue types
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(Law and Rosenzweig, 1994). A hydropathicity plot for RDC1 shows typical features
of a G protein-coupled receptor, such as an extracellular N-terminus, seven
transmembrane-spanning regions and an intracellular C-terminus. RDC1 possesses
high sequence similarity with known chemokine receptors and contains typical
chemokine receptor signatures such as the DRY motif at the boundary of the third
transmembrane helix and the second intracellular loop, a CxNPxxY sequence in the
seventh transmembrane domain, and four conserved cysteine residues in its
extracellular segments. Moreover, the C-terminus of RDC1 comprises several
conserved serine and threonine residues which might act as targets for receptor
phosphorylation during receptor desensitization. Similar to CXCR4, it could be
demonstrated that endocytosis of RDC1 requires the integrity of the C-terminal
domain of the receptor, whereas this domain is not necessarily required to excert
general receptor functions (Haribabu et al, 1997; Balabanian et al., 2005). The gene
encoding murine RDC1 is located on chromosome 1 in close proximity to the genes
coding for the chemokine receptors CXCR1, CXCR2 and CXCR4. In humans, a
similar arrangement was found on chromosome 2. The predicted 362 amino acid
sequence of murine RDC1 displays 92% and 91% similarity to human and dog
orphan receptor RDC1, respectively, with two long trenches of complete amino acid
conservation, and shares 43% amino acid similarity to rabbit and mouse CXCR2.
Underscoring its kinship with members of the chemokine receptor superfamily, RDC1
acts as a coreceptor for various HIV-1, HIV-2 and SIV strains, and in particular for the
CXCR4-tropic HIV-2 ROD strain (Shimizu et al., 2000).
Taken together, these evidences support the hypothesis that RDC1 is a potential
chemokine receptor, although until now there is only limited knowledge on cellular
and tissue distribution of RDC1 gene expression, and reports on RDC1 as a receptor
for SDF-1 are contradictory. (Balabanian et al., 2005; Infantino et al., 2005). Similar
to CXCR4, RDC1 is ubiquitously expressed in hematopoietic as well as in nonhematopoietic tissues, and its mRNA can be detected in brain, heart, spleen, kidney,
and in PBLs as well as in tumours from brain and peripheral vasculature
endothelium. RDC1 appears to be tightly regulated during the development of B
cells, and expression of RDC1 correlates with their capacity to differentiate into
plasma cells upon polyclonal activation (Infantino at al., 2005). The orphan receptor
RDC1 thus presumably acts as a high affinity receptor for SDF-1, whereby interaction
depends on the intact N-terminus of this chemokine. As six CXC-receptors have
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been characterized to date, it has been supposed that RDC1 should, in accordance
with chemokine nomenclature, be renamed CXCR7 (Balabanian et al., 2005). The
reported expression of RDC1 in malignant cells might implicate a function of the
SDF-1/RDC1 axis in pathological processes, as could repeatedly be shown for
interaction of SDF-1 and CXCR4. As mice mutant for either SDF-1 or CXCR4 display
a similar defective phenotype suggestive of a monogamous relationship of receptor
and ligand, the role of RDC1 is not understood yet. Nonetheless, the highly
conserved sequences of RDC1 and SDF-1 among the species suggest that SDF1/RDC1 interactions might have conserved functional significance.

2.2

Nervous system regeneration

As axons and neurites are undistinguishable to the spectator until specification of the
former at a certain time point in development, both will in the following be referred to
as neurites.

2.2.1

Mechanisms of neurite outgrowth and elongation

Neurite outgrowth and branching during developmental and regenerative processes
is based on the dynamic rearrangements of the cytoskeletal apparatus (Dickson,
2002; Dent et al., 2003). External guidance cues influencing neurite outgrowth,
whether they be attractive or repellent forces, are sensed by the growth cone, a
highly motile structure at the distal end of the neurite, in a mechanism not fully
understood yet. Information received and processed in the neuritic tip is then
translated by means of highly complex protein-protein interactions into a coordinated
assembly of cytoskeletal components comprising microtubules and actin filaments.

2.2.2 Structure and function of the nervous system
The vertebrate nervous system can be roughly subdivided into the CNS, comprising
the brain and spinal cord, and the PNS, formed by the cranial and spinal nerves
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including their branches and the autonomic glia. The nervous tissue of the spinal
cord integrates sensory information received from the body and sends it to the brain,
while at the same time coordinating body movements by propagating motor
commands caudally along the spinal cord, transmitting them to local spinal motor
circuits and peripheral nerves. The underlying processes are executed by two groups
of highly specialized cells, neurons and glia.

2.2.3 CNS injury
The origin of a CNS lesion can either be a progressive neurological disease or a
traumatic lesion which affects the brain or spinal cord. Although both brain and spinal
cord tissue are protected to some extent by cranial bones or the vertebrae of the
spinal column, respectively, damage does easily occur.
The origin of a spinal cord lesion is most frequently effected by a mechanical insult
such as the contusion and compression of nervous tissue by a displacement of
bones or vertebrae of the spine (Baptiste and Fehlings, 2006). Damage to the CNS is
often accompanied by severe neuronal loss and a disruption of axonal and neuritic
connections in brain and spinal cord circuitry, which finally results in a marked
impairment of physical and mental abilities (Blight, 2002). Depending on the site and
severity of the lesion, this event leads to an abrogation of communication between
muscles and brain and a partial or complete paralysis (Schwab et al., 2002).
Generally, the initial insult to the nervous system which is characterized by the
mechanical destruction of tissue, is followed by a second phase in which cell loss is
elicited by the disruption of blood supply, or the formation of toxic compounds leading
to apoptosis (Schwab and Bartholdi, 1996; Fawcett and Asher, 1999; Dumont et al.,
2001; Baptiste and Fehlings, 2006).
While in the embryonic central nervous system, as well as in the adult peripheral
nervous system, regeneration of injured nerve fibre tracts occurs spontaneously,
regrowth in the adult mammalian central nervous system is often markedly limited.
Soon after injury, the compromised axons undergo a process termed “Wallerian
degeneration”, during which they are irretrievably lost, and newly formed growth
cones collapse soon after outgrowth. On a cellular level, this degenerative process is
characterized by four phases: After the initial insult, the compromised axon loses its
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myelin sheath, this loss being accompanied by a decrease in conductivity (1).
Subsequently, the lesioned axon retracts, and synaptic connections are lost (2). This
phase is ensued by a reactive cellular response, involving the activation and
attraction of astrocytes and microglia (3). In a terminal stage aberrant sprouting can
occur, which is finally terminated by neuronal cell death, if the level of growthpromoting factors is too low (4).

2.2.4 CNS regeneration failure: inhibitors and mechanisms

Limitation of CNS regeneration can be ascribed to various factors: First, at the site of
injury a fibrous and glial scar is formed by invading fibroblasts and glial cells,
constituting a physical barrier to regrowth (Fawcett and Asher, 1999; Klapka and
Müller, 2006; Yiu et al., 2006). Second, upon contact with the cell body or axons,
inhibitors associated with the extracellular matrix or released by myelin-producing
cells, trigger intracellular events which then lead to a growth arrest and a collapse of
the newly formed growth cone (Tang et al., 2001; Filbin, 2003; Schwab et al., 2005).
Moreover, there is growing evidence that the intrinsic state of the compromised
neuronal cell might be of importance for the regenerative ability of the axon, directing
the cellular response to inhibitory environmental cues according to intracellular
second messengers and effector molecules (Blackmore and Letourneau, 2005). Of
the inhibitors to central nervous system regeneration, various have been identified to
date (Filbin, 2003). Although they are abundantly present in the intact spinal cord,
and at least some are thought to have a role in the control of aberrant sprouting and
the stabilization of mature connections, their normal and developmental functions
have not been clarified as yet. (Benson et al., 2005).
Myelin, which largely contributes to the formation of white matter in the nervous
system, is formed by highly specialized cells in the CNS as well as the PNS,
oligodendrocytes and Schwann cells, respectively, and acts as an insulating
multilayered membrane to axons, maintaining the rapid and efficient transmission of
electrical signals by allowing saltatory excitation. Unlike other membranes, myelin
consists of lipid and protein in a ratio of 70:30%, and contains high amounts of
galactoplipids. In accordance with other membranes, the remaining major lipids of
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both PNS and CNS myelin are cholesterol and phospholipids. Despite various
similarities, quantitative and compositional differences exist concerning the basic lipid
classes and proteins present in PNS and CNS.
In the adult mammalian CNS, white matter areas constitute, amongst others, a major
obstacle to the regenerative growth of lesioned axons. This effect can, before all, be
ascribed to the presence of growth inhibitory molecules associated with myelin or
released by the latter after a traumatic injury (Tang et al., 2001; Schwab et al., 2005).
CNS myelin first was postulated as a major source of inhibition when immobilized
CNS myelin, but not PNS myelin, was found to inhibit axon outgrowth in various
experiments. Proteins associated with CNS myelin and released upon injury were
first demonstrated to negatively regulate neuronal regeneration as early as in 1928,
when Ramón y Cajal pointed to white matter growth adversary effects in the adult
mammalian CNS (Ramón y Cajal, 1928). In the following, these observations were
supported by Schwab and colleagues who in the late 1980s were the first to
characterize molecular mechanisms underlying myelin-induced growth inhibition
(Caroni and Schwab, 1988; Caroni and Schwab, 1988b). Only few of the myelinassociated inhibitors, MAIs, have been characterized to date, of which three have
been extensively studied.

2.2.4.1

Nogo

Nogo, a major inhibitor to CNS axon regeneration, was originally characterized as an
antigen to the IN-1 antibody which was demonstrated to abrogate oligodendrocytemediated neurite outgrowth inhibition in vitro (Caroni et al., 1988; Spillmann et al.,
1998)
Nogo is a glycosylated transmembrane protein with a molecular weight of
approximately 220 kDa which contains a leucin-rich repeat, LRR, domain crucial for
receptor interaction. Members of the LRR protein family have a role in protein-protein
interactions that are of importance, amongst others, in neural development (Kobe et
al., 2001). The MAI Nogo exists in three different isoforms, Nogo-A, Nogo-B, Nogo-C,
which are all dedrived from one common gene template by alternative splicing and
promoter usage. The splice variants comprise a common C-terminus of 188 amino
acids which is also termed the reticulon-homology domain, RHD. Nogo proteins
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constitute members of the reticulon, RTN, family of proteins and are accordingly
named RTN4 (Chen et al., 2000). In evolutionary terms, reticulons are ancient
proteins, and members of this family are found in all eukaryotes.
Of the three different isoforms, Nogo-A in particular has been demonstrated to act as
an inhibitor to regeneration of adult CNS axons, whereby inhibitory effects are
conveyed through at least two different domains (Chen et al., 2000; GrandPrè et al.,
2000; Brittis and Flanagan, 2001). The first inhibitory region is a loop-like domain
comprising 66 amino acids which is located in the RHD between two hydrophobic
stretches, named Nogo-66 (GrandPre et al., 2000). The second inhibitory domain,
even though not thoroughly characterized yet, was termed amino-Nogo, central
inhibitory domain or NiG and can presumably be mapped to a region specific to
Nogo-A (Prinjha et al., 2000). While Nogo-66 is exposed to neuronal contact sites on
the extracellular side of the oligodendrocyte plasma membrane, the method of
interaction for amino-Nogo is not fully understood yet. As this domain is generally
located on the cytosolic site of the membrane, interaction with the neuronal surface
would either require a spatial rearrangement of the whole Nogo molecule or a
release of amino-Nogo from damaged oligodendrocytes in the course of CNS injury.
Nogo has been described to act through a GPI receptor accordingly named Nogo66
receptor, NgR, as part of a tripartite inhibitory complex, by a mechanism that will be
elucidated in the following (Domeniconi and Filbin, 2005; Domeniconi et al., 2005).

2.2.4.2

OMgp

First identified in 1988 in human CNS white matter, the highly glycosylated
oligodendrocyte-myelin glycoprotein, OMgp, has been demonstrated to act as an
inhibitor to post-injury regeneration of CNS neurons in vitro (Wang et al., 2002;
Vourc´h and Andres, 2004).
OMgp comprises approximately 110 kDa, and excerts its inhibitory function
presumably through NgR and its associated receptor complex, as cleavage of NgR
from the cell surface leads to insensitivity of neurons to the inhibitory protein. The
mature form of OMgp comprises 401 amino acid residues which can be subdivided
into four different domains. Binding of OMgp to the tripartite inhibitory receptor
complex, namely NgR, reportedly requires the evolutionary highly conserved LRR
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domain characteristic for GPI-linked proteins, and the C-terminal domain containing
serine-threonine repeats.
OMgp, which is linked to the cell membrane by a glycosylphosphatidylinositol, GPI,
anchor, is abundantly expressed in the CNS, where it is present on the cell surface of
neurons and mature oligodendrocytes positive for myelin basic protein, MBP, and is
enriched in myelin layers adjacent to axons (Mikol et al., 1988; Mikol et al., 1990;
Habib et al., 1998). Northern Blot analysis of rodent CNS showed an increase in
murine OMgp mRNA levels from postnatal day P0 to P21 with a maximum in the late
stages of myelination, before expression of this molecule decreases and reaches a
stable level of expression at P24. Besides promoting growth cone collapse and
regeneration failure in the lesioned adult mammalian CNS, OMgp is suggestedly
involved in the formation and maintenance of myelin sheaths during development
(Vourc´h and Andres, 2004). Moreover, the LRR domain further seems to be involved
in the inhibition of cell proliferation, and mutations in the OMgp gene locus lead to a
heterozygous genotype characteristic for Neurofibromatosis type I (Habib et al.,
1998).

2.2.4.3

MAG

Another well-studied inhibitor present in CNS myelin is the myelin-associated
glycoprotein, MAG (McKerracher et al., 1994; Tang et al., 2001).
MAG, which can be grouped into the superfamily of sialic acid binding, Ig like lectins,
Siglecs, according to five Ig domains in the extracellular region, shares 45–50%
amino acid sequence identity with CD22 and sialoadhesin, two other members of this
superfamily (Kelm et al., 1994). A proteolytic fragment, comprising the complete
extracellular domain of MAG, is released from purified or damaged myelin in the
nervous system, resulting in an enrichment of inhibitory protein at the site of injury
(Tang et al., 2001). Neurite outgrowth inhibition by MAG is dependent on the
complete extracellular domain, as fusion proteins comprising only the first three Ig
domains fail to elicit neuronal growth arrest (Tang et al., 1997). MAG abrogates
neurite outgrowth of neuronal cells in vitro, and regeneration can be promoted by
targeting this MAI with specific antibodies. Similar to various axonal guidance cues
with a role in nervous system development, MAG acts in a bifunctional way
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(Hasegawa et al., 2004). Depending on type and developmental stage of the
neurons, MAG either promotes or inhibits axonal growth (Johnson et al., 1989;
McKerracher et al, 1994; Mukhopadhyay et al., 1994; DeBellard et al., 1996).
Interestingly, the switch from growth promotion to inhibition thereby occurs at birth for
all types of neurons studied to date. Exceptionally, for DRG neurons this switch was
reported to take place at postnatal day P3 to P4 (DeBellard et al., 1996). The
inhibitory effect of MAG on neuronal cells is further confirmed by studies performed
with MAG-deficient mice, where extensive axonal regeneration could be observed
following CNS injury. As stated by early studies on this protein, MAG presumably
accounts for 60% of the total inhibitory properties of CNS myelin in regeneration
(McKerracher at al., 1994).
Surprisingly, axon outgrowth inhibition by Nogo, OMgp, and MAG is, despite of the
structural diversity of these proteins, demonstratedly conveyed by a common
tripartite receptor complex (Domeniconi et al., 2005). The intricate intracellular
signalling machinery downstream of this complex, leading to growth cone collapse
and growth arrest, has not been completely unravelled to date. Initial binding of
myelin-associated inhibitors occurs via the Nogo66 receptor, NgR. As NgR
represents a GPI-linked receptor which lacks a transmembrane as well as a cytosolic
domain, transmission of the inhibitory signal to the intracellular side has to be
conveyed by at least one coreceptor. The neurotrophin receptor p75NTR and the
transmembrane protein LINGO-1 were reported to act together with NgR to trigger
axon growth inhibition upon ligand binding. At least for MAG, the interplay of the
components of receptor complex and intracellular signalling machinery has been
largely elucidated (Fig. 2.3). Signalling thereby involves a process of regulated
intramembrane proteolysis, RIP, which constitutes a novel mechanism in receptor
signalling typified by processing of highly divergent proteins (Brown et al., 2000).
Upon interaction of the ligand with the tripartite receptor complex, cleavage and
shedding of the extracellular domain, ECD, of p75NTR is initiated by activation of a
membrane-bound α–secretase complex (Hooper et al., 1997). This step is obligatory
for a second proteolytic event within the transmembrane domain of p75NTR. The
second cleavage step requires activation of PKC and is performed by a γ–secretase
complex, thus finally releasing the p75NTR intracellular domain, ICD. Release of this
fragment into the neuronal cytosol seems, at least in the instance of MAG, to be a
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prerequisite for activation of the small GTPase Rho and subsequent outgrowth
inhibition. In a number of recent publications, Rho was identified as a key intracellular
effector for growth inhibitory signalling by myelin inhibitors (Wang et al., 2002;
Yamashita et al., 2002; Mi et al., 2004). In its active GTP-bound state, Rho rigidifies
the actin cytoskeleton, a mechanism which under certain conditions could lead to a
complete inhibition of axon elongation and thus mediate growth cone collapse. The
ICD fragment presumably displaces Rho-GDI from the Rho complex, rendering Rho
in an activated state. According to experimental observations published only recently,
a subsequent activation of both Rho and ROCK could lead to phosphorylation of LIM
kinase 1, LIMK1. LIMK1 was described to phosphorylate and deactivate cofilin, a
major regulatory protein of the actin depolymerising factor/cofilin family (Hsieh et al.,
2006). As Nogo-66 and OMgp have also been described to convey their inhibitory
effects through NgR, it can be assumed that their mode of action might be similar to
the one described for MAG. Action of myelin-inhibitory proteins thus suggestedly
triggers deregulation of actin dynamics and stability, which then leads to a collapse of
the axonal growth cone, growth arrest, and regenerative failure.
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Fig. 2.3.

Proposed model of promotion and inhibition of axonal outgrowth. Elevation of

intracellular cAMP levels through neurotrophin-mediated activation of Trk receptor increases
neuronal outgrowth in a transcription-dependent manner (A). Axonal growth inhibition is
induced by myelin proteins MAG, OMgp and Nogo-66 (B). Upon interaction of inhibitors with
the tripartite NgR/p75NTR/LINGO-1 receptor complex, p75NTR is cleaved through consecutive
action of α-secretase (1) and γ-secretase (2). The cytosolic fraction of p75NTR activates RhoA
and abrogates axonal growth (shaded box). Growth inhibition by myelin proteins is partially
regulated in an autocrine fashion by p75NTR-dependent activation of PKC (dashed arrow).

2.2.4.4

Slits, netrins, semaphorins and ephrins

The direction of axons to their proper targets affords the finely tuned cooperation of
attractive and repulsive guidance molecules. Slits, netrins, semaphorins and ephrins
act as signposts to outgrowing neurons during the formation of central and peripheral
nervous system circuitry (Goshima et al., 2000; Dickson, 2002; Goldshmit et al.,
2006). While netrins, slits and the majority of semaphorins are secreted molecules
that tether to the extracellular matrix or cell membranes, ephrins as well as few
semaphorins are cell surface-expressed. Generally, slits, semaphorins and ephrins
act as repellents, whereas netrins can be attractive as well as repulsive. Frequently,
action of these guidance molecules is regulated in a context-dependent manner. For
each of the families, specific receptors have been identified: Netrins bind to and
signal through UNC-40/DCC and UNC-5 receptors, slit proteins interact with
Roundabout, Robo, receptors, signalling of semaphorins is mediated by neuropilin
and plexin receptors, and ephrins constitute ligands to Eph receptors (Dickson,
2002). The modes of action of members of the four families to direct axonal
outgrowth differ and are not fully understood yet. As cytoskeletal rearrangements
represent a key event in the attraction and repulsion of the growth cone, the Rho
familiy of GTPases, which direct the formation of a wide range of cytoskeletal
structures, is presumably implicated in axon guidance (Dent et al., 2003).
While the number of guidance molecules is comparably low, the corresponding
pathways by which axonal direction occurs show a remarkable versatility. According
to recent studies, this can be ascribed to a number of mechanisms by which slit,
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netrin, semaphorin and ephrin functionality is amplified, such as the developmental
regulation of guidance cues, the alternation of cellular responses due to specific
intrinsic or additional extrinsic factors, or the assembly of complexes triggering new
signalling pathways.
In the adult, these guidance molecules presumably take over an inhibitory role upon
contact with regrowing axons after CNS injury. For instance, Ephrin-B3 and
Sema4D/CD100, which excert a role in axonal pathfinding and are expressed in
postnatal myelinating oligodendrocytes, demonstratedly inhibit neurite outgrowth of
postnatal CNS neurons (Moreau-Fauvarque et al., 2003; Benson et al., 2005).

2.2.4.5

CSPGs

In addition to myelin-inhibitory proteins as well as developmentally active guidance
molecules, molecular properties of astrocytes, fibroblasts and microglia contribute to
the formation of a non-permissive environment for lesioned axons. In the wake of a
CNS injury, astrocytes in the affected area often become hypertrophic and attain a
reactive phenotype. Release of inhibitory extracellular matrix molecules such as
aggrecan, phosphacan, and NG2 – chondroitin sulphate proteoglycans, CSPGs –
demonstratedly leads to an outgrowth inhibition of lesioned axons at the site of injury
(Monnier et al., 2003; Yiu and He, 2006). Whether growth-adversary effects are
attributable to the glycosaminoglycan, GAG, side chains, or the core protein, has not
been clearly stated yet, as studies on an overcoming of growth inhibition after
chondroitinase-mediated

side

chain

digestion

remain

inconclusive

or

even

contradictory up to now. CSPGs are present in both the glial scar and in myelin and
mediate inhibition of neurite outgrowth of various neuronal cell types in a manner at
least partly different from the aforementioned inhibitory agents. Nonetheless, as
blocking of the Rho/ROCK pathway abrogates the inhibitory activity of CSPGs, it
might be suggested that different inhibitory to neurite growth share at least some
components of the signalling pathways involved (Monnier et al., 2003; Yiu and He,
2006).
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2.2.5 Strategies for CNS regeneration
With an estimated annual number of approximately 10 000 new cases in North
America alone, spinal cord injury, SCI, resulting in partial or complete paralysis,
mainly contributes to the number of disabled patients requiring life-time intensive
care (Sekhon and Fehlings, 2001; The National SCI Statistic Center, 1999). While
medical means of intervention still are limited, novel therapeutic approaches to
increase CNS regeneration and overcome functional impairment are permanently
under investigation.
The pathobiology of SCI is generally adressed as a “two-staged” process (Sekhon
and Fehlings, 2001; Jacobs and Fehlings; 2003; Stys, 2004). In acute traumatic SCI,
a primary mechanical insult to the spinal cord initially results in a severe loss of
neurological function below the level of injury. While immediate damage is due to
compression, shear, laceration or contusion of the affected nervous tissue, it is later
followed by the activation of a delayed secondary cascade of harmful events, which
finally results in the progressive degeneration of the spinal cord (Baptiste and
Fehlings, 2006). Those events include, amongst others, glutamate excitotoxicity,
disturbance in ionic homeostasis, oxidative cell injury and a robust inflammatory
response. Thereby, the complexity of SCI both allows and requires therapeutical
interventions at different levels.
Several strategies are applied to repair the injured spinal cord, all of which are
currently tested in animal models based on the artificial infliction of CNS injury, or are
already applied in human clinical trials (Schwab, 2002; Baptiste and Fehlings, 2006).

2.2.5.1

Pharmacological approaches

Numerous

pharmacological

approaches

have

been

undertaken

to

prevent

neurological deficits following SCI, of which the most extensively investigated is
application of the glucocorticoid methylprednisolone sodium succinate, MPSS
(Bracken et al., 1984; Bracken et al., 1990; Bracken et al., 1992; Otani et al., 1994;
Bracken et al., 1997). Research on the neuroprotective properties observed for
MPSS demonstrated that the agent acts as an antioxidant and further mediates the
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downregulation of inflammatory response by reduction of TNFα protein synthesis and
NF-κB activity.
Besides of MPSS, several other pharmacological interventions have been tested, as
for example 21-Aminosteroids, gangliosides, or sodium channel blockers to
counteract the deleterious accumulation of intracellular sodium following the injury
(Hall, 1993; Bracken et al., 1994; Rosenberg et al., 1999; Geisler et al., 2001; Stys,
2004). Unfortunately, one of the main drawbacks of these pharmacological
approaches is the fact that treatment has to be administered in a narrow time frame
of hours to days to be efficient. Thus, alternative strategies are tested which are
based on profound knowledge of molecular and cellular events during CNS
development and regeneration provided by developmental neurobiology to allow for
increased flexibility in therapeutic interventions (Horner and Gage, 2000; Blight,
2002; Hulsebosch, 2002; Schwab, 2002).

2.2.5.2

Nerve grafts and abrogation of inhibitory molecules

Peripheral nerve grafts, embryonic tissue grafts or artificially engineered scaffolds
such as polymer channels containing growth-supportive cells or neurotrophins, are
implanted to bridge the lesion and offer a growth-permissive environment to
regenerating axons (Cheng et al., 1996; Ramon-Cueto et al., 1998; Bunge, 2001).
With this, axons are able to avoid contact with MAIs as well as the extracellular
matrix while crossing the lesion site through the graft. Conversely, even though the
implantation of growth-permissive grafts proved to be beneficial for bridging CNS
lesion sites, regenerating axons often cross the borders to the normal CNS
environment only reluctantly.
Following an alternate strategy, inhibitory molecules present in the spinal cord after
injury are targeted either by blocking antibodies or by enzymatic cleavage. Axonal
outgrowth inhibition by Nogo, MAG or OMgp, can demonstratedly be abrogated by
application of specific antibodies or preimmunizing lesioned animals with CNS myelin
(Savio and Schwab, 1990; Schnell and Schwab, 1990; Schwab and Bartholdi, 1996;
Huang et al., 1999). Moreover, enzymatical treatment of growth-adversary CSPGs by
application of chondroitinase ABC was demonstrated to result in growth promotion of
regenerating axons. Besides the various inhibitory molecules, components of the
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ensuing signalling events can be targeted to induce outgrowth promotion. To this
end, effector molecules implicated in growth inhibition, such as Rho and ROCK, are
targeted by specific inhibitors, resulting in improved axonal regeneration (Brösamle et
al., 2000; Brittis and Flanagan, 2001; Moon et al., 2001; McKerracher and Higuchi,
2006).

2.2.5.3

Application of neurotrophic factors

Parallel to the strategies enlisted above, application of neurotrophic factors could
presumably contribute to axonal regeneration in the adult mammalian CNS.
Expression of neurotrophins such as NGF, BDNF or NT-3 is abundant in the
developing nervous system, but decreases in the adult. It was demonstrated that the
delivery of neurotrophic factors into the immediate vicinity of the lesion site by means
of osmotic pumps or genetically engineered cells can, at least partially, re-establish
an environment similar to the one in embryonic development and thus restore the
growth-promoting properties of the CNS environment (Bregman et al., 1998; Horner
and Gage, 2000; Lacroix and Tuszynski, 2000).

2.2.5.4

Cellular replacement strategies

As damage to the spinal cord is often accompanied by a severe loss of both glial and
neuronal cells, of late, cellular replacement strategies employing stem cell grafts
have been considered to represent a promising therapeutic approach for CNS
regeneration (Gage et al., 1995; Flax et al., 1998; Liu et al., 1999). Multipotent stem
cells are engrafted at the lesion site, where they might adapt to the region by
differentiating into the appropriate neuronal and glial subpopulations. Alternately,
engrafted stem cells could obtain a supportive role after transplantation and thus
excert survival promoting effects, as was recently described for Purkinje neurons (Li
et al., 2006).
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2.2.5.5

Altering the intrinsic neuronal state: a role for cAMP in regeneration

As there exists increasing evidence that axonal regeneration in the lesioned adult
mammalian CNS is at least partially dependent on the intrinsic state of the neuronal
cells, approaches are under investigation to manipulate intracellular signalling events
and restore early developmental outgrowth properties at least partially to the effect
that inhibitors to regeneration are ignored and axonal regrowth is performed despite
the presence of an growth-adversary surrounding, as for example during
embryogenesis. Thereby, main targets are cAMP or components of cAMP-dependent
signal transduction cascades, as will be further outlined in the following (Cai et al.,
2001; Gao et al., 2003; Gao et al., 2004).
During the recent decades of research in the field of nervous system regeneration,
the cyclic adenosine monophosphate, cAMP, has increasingly gained attention as a
putative modulator of axonal regeneration after spinal cord injury (Cai et al., 1999). A
role for cyclic nucleotides in neurite outgrowth and regeneration was proposed early,
when a conditioning lesion of the peripheral branch proved to promote central axon
regeneration of dorsal root ganglia, DRGs, and was concomitant with an increase of
intracellular cAMP levels (Qiu et al., 2002). Further, in various studies elevation of
cAMP by injection into the cell body or by application of external stimuli
demonstratedly increased the regenerative capacity of adult neuronal cells
(McQuarrie et al., 1978; Qiu et al., 2002). The second messenger molecule cAMP is
synthesized from ATP mainly by GPCR-dependent, membrane-bound adenylyl
cyclases, and is rapidly degraded by phosphodiesterases. It regulates cellular
processes through a variety of signalling pathways, and an increase of intracellular
cAMP levels triggers, amongst others, the activation of PKA. While this effector
molecule has been reported to promote outgrowth in its active form despite the
presence of CNS inhibitory molecules in vivo as well as in vitro, the mode of action
has not been unravelled to date. PKA could directly act on cytoskeletal behaviour, or
promote neurite outgrowth by altering gene expression (Cai et al., 2002). One of the
genes constituting a putative target for cAMP/PKA action is the Arginase, Arg,
encoding gene, an enzyme to which neuroprotective effects have been ascribed
(Esch et al., 1998). Arginase exists in two isoforms, cytosolic ArgI and mitochondrial
ArgII, both of which catalyze the hydrolysis of arginine to ornithine and urea
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(Nakamura et al., 1990; Seiler, 2000). Recently, it has been suggested that the
growth-promoting properties of intracellular cAMP might be attributable to the ArgIdependent synthesis of polyamines (Cai et al., 2002). Polyamines are polycations
which are ubiquitously present in all prokaryotic and eukaryotic organisms analyzed
to date. The three polyamines identified as yet are the diamine putrescine, the
triamine spermidine, and the tetraamine spermine, which are all synthesized from
ornithine in an ArgI-dependent manner. Initially, polyamines were described to excert
a role in the control of nuclear protooncogene expression, activation of protein
kinases and transcription factors. Moreover, effects of polyamines on growth,
developmental and regenerative processes of the nervous system have been
suggested by various studies (Ingoglia et al., 1982; Gilad and Gilad, 1988; Gilad et
al., 1996). As polyamines are known to be regulators of cytoskeletal rearrangement
processes, they could act upon axonal outgrowth by increasing the stability of
components of the cytoskeleton or rearrange them according to external guidance
cues.

2.3 Aim of this thesis
The aforementioned limited capacity of adult mammalian CNS neurons to recover
has placed neuronal regeneration in the focus of neurobiological investigations.
Although several strategies have been reported to ameliorate shortcomings of
neuronal regeneration following injury, recovery is too often only transient and its
mechanisms are poorly understood. In recent work, SDF-1 and its cognate receptor,
CXCR4, were described to efficiently redirect axonal outgrowth behaviour and
neuronal responses to embryonic inhibitory guidance cues. In this study, it was
intended to apply the findings of latter investigations, which describe a role for SDF-1
in embryonic nervous system development, on an in vitro model of postnatal
neuronal regeneration in the complex inhibitory environment of adult CNS myelin.
Combined with the immunocytochemical analysis of a) neuronal signalling
mechanism as triggered by SDF-1 in postnatal neurons as well as b) expression and
cellular distribution of SDF-1 and its receptors, CXCR4 and RDC1, the investigative
approach intended to answer
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whether SDF-1 has a role in overcoming myelin-induced neurite outgrowth
inhibition in postnatal neurons.
which signalling events mediate a possible growth promoting function of SDF-1.
whether expression and cellular distribution of either or both receptor(s) to SDF-1
are indicative of a specific role in a presumed SDF-1-induced neurite outgrowth
promotion.
In a second part of this thesis, a recently characterized isoform of SDF-1, SDF-1γ,
should be analyzed in its function in cellular Ca2+ homeostasis. While various
transcripts of this chemokine have been characterized to date with regard to
molecular and structural particularities, no isoform-specific biological functions could
be identified. By comparing SDF-1γ- and SDF-1α-mediated Ca2+ signalling, it was
intended to investigate a putative role of the C-terminal extension of the γ-transcript,
and to identify components of the signal transduction pathway for either isoform.
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3.

Materials and methods

3.1 Materials
3.1.1 Animals, primary cells and cell lines
Embryonic and postnatal Wistar rats were subjects for preparation of primary cells
used in the following experiments. Pregnant Wistar rats were subjects for preparation
of adult mammalian CNS myelin. Animals were bred within the animal facility
(Tierversuchsanlage, TVA) of the Heinrich-Heine-Universität, Düsseldorf, under
pathogen-free conditions. They were maintained in temperature- (21°C) and
humidity- (50 +/- 5%) controlled animal housing, on a 12 h light/dark cycle. All
interventions and animal handling procedures described in this thesis were
conducted in compliance with the German Animal Protection Law.

3.1.2 Media and supplementary reagents
3.1.2.1

Media

name/

supplier

catalogue number
Dulbecco´s modified Eagle medium (DMEM)

GIBCO (Invitrogen)

Cat. No. 31885-023

Eggenstein, Germany

HAM´s F12 (nutrient mixture)

GIBCO (Invitrogen)

Cat. No. 21765-029

Eggenstein, Germany
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3.1.2.2

Reagents

name/

supplier

catalogue number
trypsin/EDTA (1x), 0.05%

GIBCO (Invitrogen)

Cat. No. 25300-054

Eggenstein, Germany

recombinant human SDF-1α

R&D Systems

Cat. No. 350-NS

Wiesbaden-Nordenstadt, Germany

poly-D-lysine (PDL) hydrobromide

Sigma-Aldrich

Cat. No. P7889

Munich, Germany

collagenase type I

Sigma-Aldrich

Cat. No. C-0130

Munich, Germany

Dulbecco´s phosphate buffered saline (PBS)

PAA

Cat. No. H15-002

Cölbe, Germany

Fluoromount-G

SouthernBiotech (Biozol Diagnostica)

Cat. No. 0100-01

Eching, Germany

foetal bovine serum (FBS) Gold

PAA

Cat. No. A15-151

Cölbe, Germany

Forene (Isofluran)

Abbott

Cat. No. B506

Wiesbaden, Germany

Fura 2-AM

Sigma-Aldrich

Cat. No. F-0888

Munich, Germany
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laminin (mouse)

Sigma-Aldrich

Cat. No. L-2020

Munich, Germany

nerve growth factor (NGF) -2.5S

Sigma-Aldrich

Cat. No. N 6009

Munich, Germany

penicillin-streptomycine (penicillin G sodium/

GIBCO (Invitrogen)

streptomycine-sulfate), 5000 units/ml

Eggenstein, Germany

Cat. No. 15070-063

Pluronic F-127

Sigma-Aldrich

Cat. No. P-2443

Munich, Germany

5´dFUrd

Sigma-Aldrich

Cat. No. F-8791

Munich, Germany

Aprotinin

Sigma-Aldrich

Cat. No. A-1153

Munich, Germany

Pepstatin

Sigma-Aldrich

Cat. No. P-5318

Munich, Germany

Leupeptin

Sigma-Aldrich

Cat. No. L-2884

Munich, Germany
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3.1.2.3

Antibodies

name/

antigen

host

dilution

fixation

supplier

anti-CD184 (fusin)

CXCR4,

mouse

1:100

4% PFA

BD Pharmingen

Cat. No. 555972

ECL

anti-CD184 (fusin)

CXCR4,

Cat. No. BP2211

ECL

anti-human CXCR4

CXCR4,

(fusin), clone 12G5

ECL

catalogue number

Heidelberg, Germany

rabbit

1:100

4% PFA

Acris
Hiddenhausen, Germany

mouse

1:100

4% PFA

(5 µg/ml)

R&D Systems
Wiesbaden-Nordenstadt,

Cat. No. MAB170

Germany

anti-RDC1

RDC1,

Cat. No.

ECL

rabbit

1:100

4% PFA

Imgenex (Biomol GmbH)
Hamburg, Germany

IMG-71142

antiserum cocktail

neurofilament

to neurofilaments

(NF-L, NF-M,

Cat. No. NA 1297

NF-H)

anti-phospho-

phospho-CREB

CREB

(Ser-133)

rabbit

1:2000

4% PFA

Affinity (Biotrend)
Cologne, Germany

rabbit

1:1000

4% PFA

Cell Signaling Technology
(New England Biolabs)

Cat. No. 9191

Frankfurt, Germany

anti-SDF-1

SDF-1

Cat. No. MAB350

(N-terminus)

mouse

1:100

4% PFA

R&D Systems
Wiesbaden-Norderstadt,
Germany

alexa Fluor® 488
Cat. No. A11001

mouse

goat

1:500

4% PFA

Molecular Probes
(Invitrogen)
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Karlsruhe, Germany

alexa Fluor® 488

rabbit

goat

1:500

4% PFA

Cat. No. A11008

Molecular Probes
(Invitrogen)
Karlsruhe, Germany

alexa Fluor® 594

mouse

goat

1:500

4% PFA

Cat. No. A11005

Molecular Probes
(Invitrogen)
Karlsruhe, Germany s

alexa Fluor® 594

rabbit

goat

1:500

4% PFA

Cat. No. A11012

Molecular Probes
(Invitrogen)
Karlsruhe, Germany

biotinylated IgG

rabbit

goat

1:500

4% PFA

Cat. No. BA-1000

Vector Laboratories
(Alexis)
Grunberg, Germany

isotype control

---

goat

IgG2A,κ

1:100

4% PFA

(5 µg/ml)

Wiesbaden-Norderstadt,

Cat. No. MAB003

isotype control
IgG2A,κ

R&D Systems
Germany

---

mouse

1:50
(5 µg/ml)

4% PFA

BD Pharmingen
Heidelberg, Germany

Cat. No. 550339
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3.1.3 Technical devices and software
Centrifugation steps described for the preparation and maintenance of cells (3.2.1)
were performed using a Hettich Rotana/R centrifuge (Hettich; Tuttlingen, Germany).
Centrifugation steps described for the preparation of myelin (3.2.2) were performed
using a Beckman L8-70 M Ultracentrifuge (Beckman Coulter; Krefeld, Germany).
Determination of total protein concentrations following the preparation of myelin
(3.2.2) was performed using an ELISA Reader MRX (Dynex Technologies; Worthing
UK).
Fluorescence microscopy and data analysis (3.2.3; 3.2.4; 3.2.5) was performed using
the Nikon Eclipse TE200 and Lucia 4.1 software (Nikon GmbH; Düsseldorf,
Germany).
Ca2+ imaging and data analysis (3.2.6) was performed using an Olympus IX50
microscope (Olympus; Hamburg, Germany) and Merlin 2.0 software (Chromaphor;
Ascheberg, Germany).
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3.2 Methods
3.2.1 Preparation and maintenance of cells

3.2.1.1

Dissociated DRGs

P6 Wistar rat pups were anaesthetized for up to 3 minutes with the inhalative Forene
(Abbott). After decapitation and evisceration, the body was disinfected with 70%
ethanol and fixed on a styrofoam board with the ventral side facing upwards. The
muscle tissue surrounding the backbone was carefully removed, and nerve fibre
bundles emanating from the spine were excavated by seizing the individual nerve
fibre bundles at their junction with the spine with tweezers. Nerve fibre bundles were
uprooted by working the tweezers in a combination of pulling and revolving
movements. Alternatively, DRGs of the upper body were prepared by consecutively
discerping corresponding vertebrae with tweezers. DRGs attached to nerve fibre
bundles were dissected from the fibres and transferred into 0.6% glucose solution.
For tissue dissociation, DRGs were transferred to DMEM, dissected, and incubated
in DMEM, 0.3% collagenase type I, and 0.025% trypsin/EDTA, for 30 min at 37°C
and 10% CO2. Pre-digested tissue fragments were triturated with a constricted glass
Pasteur pipette and centrifuged in DMEM/FBS at 1500 rpm for 10 min. After
centrifugation, the supernatant was removed, and the pellet was resuspended in 1 ml
of DRG medium. The cell density was determined using a Thoma chamber.
Dissociated DRGs were cultivated at 37°C and 10% CO2 as described for the
corresponding assays (3.2.3; 3.2.4; 3.2.5)

Glucose solution
%

g/50 ml

6.0

3.0

in PBS
glucose
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DMEM/FBS
ml/500 ml
DMEM

500,0

(low glucose, 1000 mg/ ml)
FBS

50,0

L-glutamine (200 mM)

5,0

penicillin-streptomycin

5,0

(5000 units/ ml)

DRG medium
µl/ml
in DMEM/ FBS
NGF (10 µg/ ml)
5´dFUrd (100 nM)

1,0
10,0
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3.2.1.2

Astrocytes (generation of ACM)

P0-1 Wistar rat pups were anaesthetized for up to 3 min with the inhalative Forene.
After decapitation, the head was placed in an upright position on a sterile gauze
compress. The skin was removed and the head incised along the dorsal midline of
the skull. The skullcap was removed and the brain was taken out. After removal of
the dura mater, the neocortex was dissected for each brain hemisphere sparing the
hippocampi. Brain slices were freed from the meninges and the tissue was crudely
fragmented. Tissue fragments were resuspended in DMEM and subsequently
centrifuged at 1500 rpm for 1 min. Cell separation was achieved by triturating the cell
suspension using a constricted glass Pasteur pipette. Cells were resuspended in an
additional volume of 9 ml DMEM and filtrated through sterile nylon gauze (pore size:
60 µm). Finally, the cell suspension was topped up with DMEM/FBS and was
centrifuged at 1500 rpm for 5 min. The supernatant was discarded and the pellet was
resuspended in 5 ml DMEM/FBS. Astrocytes were cultivated in T75 cell culture flasks
in presence of DMEM/FBS at 37°C and 10% C02. One flask was prepared for each
brain hemisphere. DMEM/FBS was freshly supplemented every 2-4 days until the
cultures reached confluency. To remove non-astroglial contaminations, confluent
astrocyte cultures were incubated on a shaker at 37°C and 200 rpm over night. Then,
astrocyte cultures were rinsed three times with PBS and supplemented with N2. To
generate serum-free astrocyte-conditioned medium (ACM), confluent and purified
astrocyte cultures were rinsed with PBS and cultivated in presence of N2 medium
(20-30 ml/T75 cell culture flask) for at least 24 h. The conditioned medium then was
harvested and filtrated using a sterile filter. Astrocyte cultures were used up to four
times for the generation of ACM.
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DMEM/FBS medium
ml/ 500 ml
DMEM

500,0

(low glucose, 1000 mg/ ml)
FBS
L-glutamine (200 mM)

50,0
5,0

N2
ml/ 500 ml
DMEM

375

(low glucose, 1000 mg/ ml)
HAM´s F12

125

insuline (5 µg/ml)*

1

transferrine (100 µg/ml)

1

hormone mix

0.6

L-glutamine (200 mM)

5

* freshly prepared

Hormone mix
µM
progesterone (in EtOH)*
putrescine (in EtOH)*
sodium selenite*

0.02
100
0.03

Each solution has a final volume of 2 ml. Individual solutions are stored as aliquots at
-20°C.
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3.2.1.3

Cortical neurons

A pregnant Wistar rat was anaesthetized with the inhalative Forene and killed by
dislocation of the cervical vertebrae. The peritoneum was opened and the uterus
containing the embryos was taken out. Embryos were decapitated one at a time, and
each head was placed in an upright position onto a sterile petri dish. The skin was
removed and the head incised along the dorsal midline of the skull. The skullcap was
removed and the brain was taken out. After removal of the dura mater, the brain
hemispheres were folded apart and the neocortex was dissected for each brain
hemisphere sparing the hippocampi. Brain slices were freed from the meninges and
the tissue was crudely fragmented. Tissue fragments were resuspended in DMEM
and subsequently centrifuged at 2000 rpm for 30 sec. After centrifugation, the
supernatant was removed and the tissue was incubated for 8 min in 10 ml
trypsin/EDTA at 37°C and 10% CO2. The reaction was stopped by adding 10 ml
DMEM/FBS, and the tissue suspension was again centrifuged at 1500 rpm for 1 min.
The supernatant was discarded and the pellet was resuspended in 1 ml DMEM. Cell
separation was achieved by triturating the cell suspension using a constricted glass
Pasteur pipette. Cells were resuspended in an additional volume of 9 ml DMEM and
filtrated through sterile nylon gauze (pore size: 30 µm). Finally, the cell suspension
was topped up with DMEM/FBS and was centrifuged at 1500 rpm for 5 min. The
supernatant was discarded and the pellet was resuspended in 1 ml astrocyteconditioned medium (ACM). Cell density was determined using a Thoma chamber,
and the suspension was diluted in ACM to a final density of 2x106 cells/ml. Cortical
neurons were seeded at a density of 1x105 cells/cm2 and cultivated at 37°C and 10%
CO2. For generation of ACM, see 3.2.1.2.
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3.2.1.4

Leptomeningeal fibroblasts

Leptomeningeal fibroblasts were prepared from meninges of P0-1 Wistar rat pups.
Briefly, P0-1 Wistar rat pups were sacrificed as described before (3.2.1.2) and the
brain was harvested. Meninges were prepared from both brain hemispheres, crudely
fragmented and centrifuged in DMEM at 2000 rpm for 30 sec. The tissue was then
incubated in 0.025% trypsin/EDTA for 10 min at 37°C and 10% CO2. The reaction
was stopped by adding 10 ml DMEM/FBS and the tissue was triturated using a
constricted glass Pasteur pipette. Subsequentially, the cell suspension was
centrifuged at 1500 rpm for 5 min. The supernatant was discarded and the pellet
resuspended in 5 ml DMEM/FBS. Leptomeningeal fibroblasts were cultivated in T75
cell culture flasks in presence of DMEM/FBS at 37°C and 10% C02. One flask was
prepared for each brain hemisphere. DMEM/FBS was freshly supplemented every 24 days. Upon reaching confluency, leptomeningeal fibroblasts were propagated by
passage in a ratio of 1:5.

3.2.1.5

HeLa cells

HeLa cells were cultivated in DMEM/FBS up to 70% confluency in T75 cell culture
flasks and propagated by continuous passage in a ratio of 1:10.
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3.2.2 Preparation of adult rat CNS myelin
A pregnant Wistar rat was anaesthetized with the inhalative Forene, killed by
dislocation of the upper cervical vertebrae, and was decapitated. The whole brain
was taken out and shock-frozen at -20°C. The frozen brain was thawed on ice
directly before preparation of myelin. Medulla and brain stem were harvested,
transferred into 2 ml of buffer A, and tissue fragments were minced with a Polytron
(Kinematica; Luzern, Switzerland). After adding 2 ml of buffer A, the tissue
suspension was thoroughly homogenized in a 5 ml-douncer (B. Braun Biotech
International; Melsungen, Germany). Subsequently, 4 ml of buffer B were added and
carefully mixed with a pipette. To build a gradient, 2 ml of buffer D were filled into a
12 ml-Beckman tube (Beckman Coulter; Krefeld, Germany. The tissue suspension
was carefully placed onto buffer D while avoiding bubble formation Finally, 1 ml of
buffer C and 1 ml of buffer A were subsequently put on top of the tissue suspension.
Buckets of a precooled SW 41 Ti ultracentrifugation rotor were put in balance and
fitted into the rotor. The tissue suspension was centrifuged for ≥ 14 h at 40 000 rpm
and 4°C. The Beckman tube containing the brain homogenate was taken out, and the
myelin protein-containing phase forming a lutescent layer was isolated using a glass
Pasteur pipette. Extracted myelin protein was transferred to a 5 ml-douncer, topped
up with ice cold Aqua bidest. and homogenized in a 5 ml-douncer. The homogenate
was transferred to a 12 ml-Beckman tube and centrifuged for ≥ 14 h at 40 000 rpm at
4°C. The Beckman tube containing the myelin protein-pellet was taken out, and the
supernatant was discarded. The pellet was resuspended in an appropriate volume of
10 mM HEPES buffer, and the amount of total protein was determined using a
Lowry-based colorimetric assay (Bio-Rad; Munich, Germany). Myelin was diluted to a
final protein concentration of 10 µg/ml in 10 mM HEPES buffer containing inhibitors
to protease activity. Aliquots were stored at -20°C.
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Buffers
mM

g/100 ml

250,0

8,56

25,0

0,65

500,0

3,72

MgCl2 * 6 H2O

5,0

0,10

DTT

3,0

0,05

2550,0

87,28

25,0

0,65

500,0

3,72

MgCl2 * 6 H2O

5,0

0,10

DTT

3,0

0,05

850,0

29,10

25,0

0,65

500,0

3,72

MgCl2 * 6 H2O

5,0

0,10

DTT

3,0

0,05

Buffer A
sucrose
HEPES pH 7.15
KCl

Buffer B
sucrose
HEPES pH 7.15
KCl

Buffer C
sucrose
HEPES pH 7.15
KCl
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mM

g/100 ml

1900,0

65,00

25,0

0,65

500,0

3,72

MgCl2 * 6 H2O

5,0

0,10

DTT

3,0

0,05

Buffer D
sucrose
HEPES pH 7,15
KCl

HEPES buffer
mM
HEPES pH 7.15

10

Protease inhibitors
mg/ml
Aprotinin1,3

1

Pepstatin2,3

1

Leupeptin2,3

1

1

in Aqua dest.

2

in ethanol

3

diluted to a final concentration of 1 µg/ml in HEPES buffer
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3.2.3 Neurite outgrowth assay
The neurite outgrowth assay was performed on 8-well Permanox labtek chamber
slides (Nalge Nunc; Erkerode, Germany) coated with PDL (1 h/room temperature)
and subsequently laminin (37°C/1 h) at a concentration of 1 mg/ml or 1 µg/ml,
respectively. Myelin was left to dry under a laminar flow (room temperature/over
night) at a final concentration of 2 µg of total protein/well. As a control, slides coated
with PDL and laminin alone were stored at 4°C over night. Prior to plating of cells, the
slides were washed once with PBS. Dissociated P6 DRGs were plated at a final
density of 5x104 cells/well and incubated at 37°C and 10% CO2 for 24 h, if not noted
otherwise. For pharmacological treatment, cells were cultivated with or without
application of SDF-1α at a final concentration of 50, 200, or 500 ng/ml, respectively.
SDF-1α was applied either directly to the cells or in a preincubation step at 37°C and
10% CO2 for 1 h prior to plating. For preincubation experiments, dissociated DRGs
were incubated in DRG medium and SDF-1α for at 37°C and 10% CO2 for 1 h prior
to plating on myelin. After pretreatment, SDF-1α either stayed in the medium during
the whole incubation period, or cells were substituted with SDF-1α free medium after
preincubation. Blocking experiments were performed with the bicyclam antagonist
AMD3100 at a final concentration of 1 µg/ml or 5 µg/ml, respectively. For blocking
experiments, cells were pretreated with AMD3100 for 15-20 min prior to application
of SDF-1α. Pretreated cells were incubated at 37°C and 10% CO2 for additional 23 h.
To abort the experiment, samples were fixed in 4% paraformaldehyde, PFA, at room
temperature for 10 min and subsequently stained for neurofilaments. Optionally, cells
were counterstained for the Schwann cell marker protein S-100. Samples were
viewed with a Nikon Eclipse TE 200 microscope. Picture acquisition and data
analysis were performed using the Lucia software (Nikon GmbH; Düsseldorf,
Germany). For quantitative analysis, nine pictures were taken randomly per well at 4x
magnification, and the number of neurons showing neurite outgrowth as well as the
total number of neurons in the microscopic fields were determined. Outgrowing
neurons were defined as neurofilament-positive cells showing three or more neurites
each with a length of at least the cell body diameter (Ng and Lozano, 1999; Qiu et al.,
2005).
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3.2.4 Assay for CREB phosphorylation and translocation into nuclei
The assay for phosphorylated CREB was performed on glass coverslips (Ø 13 mm)
coated with PDL (4°C/over night) and subsequently laminin (4°C/over night) at a
concentration of 1 mg/ml or 13 µg/ml, respectively. Dissociated DRGs were plated at
a density of 1x105 cells/ well and incubated in DRG medium at 37°C and 10% CO2
for 24 h. Cells were then stimulated by application of SDF-1α at a final concentration
of 200 ng/ml, or forskolin at a final concentration of 6 µM, respectively, at 37°C and
10% CO2 for 1–120 min. Samples were fixed with 4% PFA at room temperature for
10 min, permeabilized in PBS containing 0.2% Triton-X-100 and stained for pCREB
with the rabbit polyclonal antibody 9191 directed against the phosphorylated form of
Ser-133 of pCREB according to the manufacturer´s protocol. Finally, samples were
incubated in DAPI at room temperature for 30 sec to visualize nuclei and mounted in
Fluoromount-G. For staining of neurofilaments, Triton-X-100 was applied at a final
concentration of 0.1% in PBS. Picture acquisition and data analysis were performed
as described before (3.2.3). For analysis of pCREB immunoreactivity, 30 pictures per
coverslip were taken randomly at 20x magnification, and the number of pCREBpositive neurons as well as the total number of neurons was determined. Thereby,
pCREB-positive neurons were defined as cells displaying an intensely labelled
nucleus.
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3.2.5 Immunocytochemistry
For immunocytochemical analysis of receptor expression and distribution, and
chemokine expression and distribution, respectively, cells were seeded on glass
coverslips (Ø 13 mm) coated with PDL (4°C/over night) and subsequently laminin
(4°C/over night) according to cell-specific requirements. Briefly, for cultivation of
primary neurons glass coverslips were coated with PDL and laminin at a
concentration of 1 mg/ml or 13 µg/ml, respectively. For cultivation of leptomeningeal
fibroblasts and HeLa cells, glass coverslips were coated with PDL and laminin at a
concentration of 1 mg/ml or 4 µg/ml, respectively. Dissociated DRGs were plated at a
cell density of 1.25-2.5x104 cells/well. Cortical neurons were plated at a cell density
of 1x105 cells/cm2. Leptomeningeal fibroblasts and HeLa cells were plated at a cell
density of 2.5-5x104 cells/well. After 24-144 h, cultured cells were fixed in 4% PFA at
room temperature for 10 min and preincubated in normal goat serum, NGS, at a final
concentration of 3% in PBS. Samples were stained with primary antibodies at 4°C
over night. For detection of primary antibodies, samples were stained with secondary
antibodies at room temperature for 2 h. For dilution of primary and secondary
antibodies, please refer to chapter 2.1.2.3. Finally, samples were incubated in DAPI
at room temperature for 30 sec to visualize nuclei and were mounted in FluoromountG. For staining of neurofilaments, Triton-X-100 was applied at a final concentration of
0.1% in PBS. Picture acquisition and data analysis were performed as described
before (3.2.3). For immunocytochemical protocols as applied in the neurite outgrowth
assay (3.2.3) or the assay for CREB phosphorylation and translocation into nuclei
(3.2.4), please refer to the corresponding chapters.
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3.2.6 Ca2+-imaging

3.2.6.1

Experimental setup

For Ca2+-imaging experiments (Takahashi et al., 1999), Hela cells were cultivated on
UV-permeant glass coverslips (Ø 15 mm) which were coated according to cellspecific requirements. Briefly, for cultivation of HeLa cells glass coverslips were
coated with PDL (4°C/over night) and subsequently laminin (4°C/over night) at a
concentration of 1 mg/ml or 4 µg/ml, respectively. HeLa cells were plated at a density
of 2.5-5x104 cells/well and grown up to 70% confluency before conducting Ca2+
measurements. Prior to recording, the glass coverslips were transferred into a petri
dish containing 2 ml bath solution supplemented with 10 µl Fura 2-AM dye solution
and 3 µl Pluronic F-127 detergent solution. Cells were incubated at 37°C and 10%
CO2 for 30–45 min and were then transferred into dye-free bath solution for 10–15
min. For recording, a single glass coverslip was tightly fitted into an experimentadapted petri dish with a volumetric capacity of 1 ml and topped with dye-free bath
solution. To assess for non-specific elevation of intracellular Ca2+, cells were first
recorded following application of chemokine-free bath solution prior to starting the
key experiments. To assess for elevation of intracellular Ca2+ mediated by either
SDF-1α or SDF-1γ, respectively, 1 ml of bath solution supplemented with either
isoform at a final concentration of 50–300 nM was applied. Blocking experiments
were performed with either an anti-CXCR4 antibody (12G5 clone; R&D Systems;
Wiesbaden-Nordenstadt, Germany) or Bordetella pertussis toxin, PTX. Cells were
preincubated in supplemented bath solution in presence of either the antibody (500
ng/µl) or PTX (100 ng/ml) for 15-30 min prior to starting the experiments. As a
control, an isotype control antibody to IgG2A (500 ng/µl) was applied. To assess for
the general ability of the recorded cells to perform elevation of intracellular Ca2+, cells
were finally treated with 1 ml of bath solution supplemented with ATP. For each
experiment, cells were recorded for a time span of 120 sec with pictures taken in
alternation each second at an excitation wavelength of 340 nm or 380 nm,
respectively. For experimental analysis, regions of interest, ROIs, were marked
according to cell borders and the background was substracted prior to calculating the
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alteration of Ca2+-dependent fluorescence. Alterations of ROI-specific Ca2+levels/fluorescence intensities were given as ratio units (see 3.2.6.2). Ca2+dependent alterations in fluorescence intensity were plotted in a graph with ratio units
presented on the Y-axis and time presented on the X-axis.

Bath solution
mM

g/500 ml

150,0

4,38

KCl

2,0

0,07

MgCl2 * 6 H2O

1,0

0,10

CaCl2 * 2 H2O

2,8

0,21

sucrose (anhydrous)

20,0

9,45

HEPES

10,0

1,19

mM

g/50 ml

2,0

0,0185

mM

g/50 ml

2.0

0,0551

NaCl

Glutamate solution

glutamate

ATP solution

ATP
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Loading dye

Fura 2-AM*

mM

mg/ml

2,0

1,0

* in DMSO (anhydrous)

3.2.6.2

Qualitative calculation of Ca2+ changes

Alterations of intracellular Ca2+ were calculated from fluorescence intensities at the
two different excitation wavelengths (Fnm) over time. The detected fluorescence
intensities depended on three parameters: (1) Concentration of fluorescent dye in the
cell (c), (2) thickness of the cell or sample (d), and (3) optical properties of the
measurement units (K). Furthermore, fluorescence intensities were considered a
function of intracellular Ca2+-concentrations.
Fnm = c x d x K x f([Ca2+]i)
Relative alterations of intracellular Ca2+ could be calculated without further
knowledge of c, d, and K, as an elevation of intracellular Ca2+ levels resulted in an
increase of F340 and a decrease of F380, respectively, for Fura 2-AM.
F340 = c x d x K x f([Ca2+]i)
F380 = c x d x K x f([Ca2+]i)
As parameters c, d, and K underwent only minor changes in the course of a single
measurement, they could be eliminated to this effect that only the quotient of
fluorescence intensities remained. Information on fluorescence intensities alone thus
allowed the calculation of respective ratio values, R-values, which were given as ratio
units, R-units, for certain time points of measurement.
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R = F340/ F380 = f´´([Ca2+]i)
The basis for calculation of a single R-value was the information of fluorescence
intensities of both wavelengths at a certain time point in measurement, contained in a
single frame. In this study, a single frame consisted of two seconds in which one
picture was taken for each wavelength. One experiment thus entailed 60 frames or
120 seconds, respectively. Experiments were performed and presented in
pseudocolour to allow for an exact representation of intracellular dye concentration.
Prior to starting the experiment, a reference picture was taken for each sample in
greyscale. According to this picture, cell borders were defined and ROIs were chosen
during experimental analysis. To calculate the percentage of responsive cells for
individual experiments, raw data were analyzed using the customized EXCEL
programm Ca2+LCULATE (Fabian Kruse, Düsseldorf, Germany). Briefly, cells were
considered to be responsive to an external stimulus if they displayed an elevation of
intracellular Ca2+ that was at least 20% above the basal level. Cell-specific Ca2+
increase was taken into account if peak length duration was between 2-55 frames, as
a permanent elevation is indicative of an impaired regulation of cellular Ca2+
homeostasis. For cells which displayed an oscillatory elevation of intracellular Ca2+
levels, only the first peak was included in calculation of the overall number of
responsive cells.

65

Results

4

Results

4.1

SDF-1α effects overcoming of myelin-induced neurite outgrowth inhibition

Myelin was demonstrated to represent one of the major obstacles to regenerative
growth of postnatal CNS neurons. To test for growth promoting properties of SDF-1α,
this chemokine was applied in an in vitro model of regeneration of cultured P6 DRG
neurons on a crude fraction of CNS myelin.

4.1.1 Neurite outgrowth of P6 DRG neurons is impaired on CNS myelin
During development, DRG neurons undergo a conversion in their sensitivity towards
adult CNS myelin at P3/P4. Neurite outgrowth of cultured P6 DRG neurons was
significantly impaired on surfaces coated with laminin and myelin, compared to
control cells on laminin alone (Fig. 4.1,A; Fig. 4.2,A,B). In presence of myelin, the
mean number of neurons displaying three or more neurites with a length of at least
the cell body diameter

was significantly reduced to 21.37% (± 3.38% SEM) of

laminin-only controls (Fig. 4.1,A; Fig. 4.2,A,B, arrowheads). Outgrowing neurons on
laminin and myelin displayed an altered patterning characterized by reduction of both
neurite length and number of branching events as well as marked fasciculation,
compared to laminin-only controls (Fig. 4.1,C,D). Reduced numbers of outgrowing
neurons on myelin were not due to an impaired adherence on myelin, as a
comparison of total cell numbers revealed that latter were even slightly elevated on
myelin-coated surfaces, compared to laminin controls (data not shown).
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Fig. 4.1.

SDF-1α mediates overcoming of myelin-induced neurite outgrowth inhibition

(I). Outgrowth of P6 DRG neurons is restricted on myelin substrate. Compared to laminincontrols, the number of outgrowing neurons is significantly reduced on myelin (A), and
neurite patterning is severely impaired (C,D). Application of SDF-1α (B, bars 2-4) markedly
increases neurite outgrowth and improves neurite patterning on myelin (B,E). Pretreatment
with SDF-1α (B, bars 6-8) prior to cell plating on myelin increases outgrowth promoting
effects and significantly enhances the number of outgrowing neurons, while neurite
patterning displays further improvement (B,F). Neurons preincubated in medium (G) alone
show weak outgrowth promotion on myelin. Results (mean + SEM) are from eight (A,B)
independent experiments and are expressed as percentage of neurons displaying three or
more neurites with a length of at least the cell body diameter. Values are normalized for
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numbers of untreated cells growing out on laminin (A) or myelin (B), arbitrarily set at 100%.
*p<0.05, **p<0.01, ***p<0.001 (student´s t-test), compared to control cells. Pictures chosen
for presentation (D-G) are representative of eight independent experiments (n = 8).
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Fig. 4.2. (I, see also next page)
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Fig. 4.2. (II, see also next page)
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(see also previous page)
Fig. 4.2.

SDF-1α mediates overcoming of myelin-induced neurite outgrowth inhibition

(II). Compared to laminin-only controls (A), the number of outgrowing neurons is markedly
reduced on myelin (B). Application of SDF-1α without (C) or with (D) pretreatment leads to an
increase in the number of outgrowing neurons of myelin. Outgrowing neurons are indicated
by arrowheads, selected neurons depicted in both low and high resolution are indicated by
asterisks. Pictures chosen for presentation (A-D) are representative of eight independent
experiments (n = 8).

4.1.2 SDF-1α mediates overcoming of myelin-induced outgrowth inhibition
Myelin-induced neurite outgrowth inhibition was abrogated by application of SDF-1α
in a dose-dependent manner at a concentration of 50–500 nM (Fig. 4.1,B, bars 2-4).
Application of SDF-1α led to an increase in both number and length of neuronal
processes growing out in presence of myelin as well as to improved neurite
patterning (Fig. 4.1,E; Fig. 4.2,C). After 24 h in vitro, the number of DRG neurons
with three or more neurites was markedly, albeit not significantly, increased in SDF1α-treated myelin cultures, compared to control cells cultivated without SDF-1α (Fig.
4.1,B, bars 1-4; Fig. 4.2,B,C, arrowheads). SDF-1α-mediated effects were strongest
at a concentration of 500 nM with an increase in the mean number of outgrowing
neurons of 35.27% (± 26.29% SEM), compared to medium alone (Fig. 4.1,B,
compare bar 1 to 4).

4.1.3 Preincubation with SDF-1α increases outgrowth promoting effects
Neurite outgrowth promoting effects of SDF-1α were increased by preincubation of
cells with this chemokine for 1 h prior to plating the neurons on surfaces coated with
laminin and myelin (Fig. 4.1,B, bars 6-8; Fig. 4.2,D). P6 DRG neurons which were
pretreated with SDF-1α displayed a significant increase in the mean number of
outgrowing neurons of 99.74% (± 22.30% SEM) at a concentration of 50 nM,
compared to cells treated with medium alone (Fig. 4.1,B, compare bar 1 to 6; Fig.
4.2,B,D, arrowheads). SDF-1α-pretreated DRG neurons showed a marked
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improvement of both number and length of neuronal processes growing out in
presence of myelin, compared to cells growing without SDF-1α or cells growing in the
presence of SDF-1α that did not receive pretreatment (Fig. 4.1,D-F; Fig. 4.2,B-D).
Neurite patterning of SDF-1α-pretreated DRG neurons on myelin was similar to
outgrowth of laminin-only controls (Fig. 4.1,C,F; Fig. 4.2,A,D). Preincubation alone
had a weak outgrowth promoting effect, as DRG neurons preincubated with medium
displayed slightly improved outgrowth on myelin (Fig. 4.1,G). However, pretreatment
of myelin-cultivated neurons with SDF-1α was necessary, but not sufficient, to
significantly elevate neurite outgrowth, as withdrawal of SDF-1α following
pretreatment mainly abrogated neurite outgrowth promotion (data not shown).

4.1.4 SDF-1α-mediated growth promotion on myelin is CXCR4-dependent
To assess whether the cognate receptor to SDF-1, CXCR4, is involved in SDF-1αmediated growth promotion, anti-CXCR4 antagonist AMD3100 was applied to P6
DRG neurons prior to pretreatment with SDF-1α and plating on myelin (Fig. 4.3, bars
5-12). At low concentrations of AMD3100 (1 µg/ml), SDF-1α-mediated growth
promotion was significant at 50 ng/ml of applied chemokine with an increase of
88.15% (± 25.55% SEM) in the mean number of outgrowing neurons, compared to
significant outgrowth promotion at concentrations of 50-500 ng/ml in controls
preincubated with SDF-1α alone (Fig. 4.3, compare bars 1-4 to bar 6). Conversely,
cells on myelin which were preincubated with high doses of AMD3100 (5 µg/ml)
displayed no significant neurite outgrowth promotion following pretreatment with
SDF-1α, compared to SDF-1α-only controls (Fig. 4.3, compare bars 2-4 to 10-12).
However, overall outgrowth promotion following AMD3100-treatment was observed
in cultures with or without application of SDF-1α. This growth promotion on myelin
was marked, albeit not significant, at a concentration of 1-5 µg/ml, where neurons
treated with this antagonist alone displayed an increased mean number of
outgrowing neurons of 54.00% (± 28.04% SEM) or 86.27% (± 19.42% SEM),
respectively, compared to neurons without AMD3100 and SDF-1α (Fig. 4.3, compare
bar 1 to 5,9).
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Fig. 4.3.

SDF-1α-induced

neurite

outgrowth

promotion

is

presumably

CXCR4-

dependent. Pretreatment with low doses of AMD3100 without (bar 5) or with (bars 6-8)
subsequent application of SDF-1α does not abrogate SDF-1α-mediated neurite outgrowth
promotion, but effects an increase in the number of outgrowing neurons. Application of high
doses of AMD3100 either alone (bar 9) or together with SDF-1α (bars 10-12) results in
further increased neurite outgrowth promotion on myelin. Results (mean ± SEM) are from
three independent experiments (n = 3) and are expressed as percentage of neurons
displaying three or more neurites with a length of at least the cell body diameter. Values are
normalized for numbers of untreated cells growing out on myelin, arbitrarily set at 100%.
*p<0.05, **p<0.01 (student´s t-test), compared to control cells.
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4.2

SDF-1α

mediates

alterations

of

intrinsic

neuronal

settings

through

cAMP/pCREB
To elucidate the signalling events which are involved in SDF-1α-mediated neurite
outgrowth promotion, DRG neurons were assessed for cAMP-dependent CREB
phosphorylation and translocation into nuclei. P6 DRG neurons were treated with a
short pulse of SDF-1α at a concentration of 200 ng/ml prior to staining for
phosphorylated CREB and for neurofilaments.

4.2.1 Application of SDF-1α leads to CREB phosphorylation and translocation into
neuronal nuclei
SDF-1α-treated cells displayed a significant upregulation in the mean number of
pCREB-positive nuclei 20 min after application of this chemokine (Fig. 4.4,A, arrow).
DRG neurons in which CREB was both phosphorylated and translocated in response
to SDF-1α-treatment displayed intensely labelled nuclei (Fig. 4.5,C,D, arrows). In
non-responsive or untreated cells, cytoplasm was diffusely stained, while nuclei
remained unlabelled (Fig. 4.5,A,B, dashed arrows). Thereby, the mean number of
pCREB-positive nuclei showed a maximum increase of 90.0% (± 32.4% SEM)
following application of SDF-1α, compared to untreated cells. The time which was
required for maximum elevation of pCREB differed in a preparation-dependent
manner (Fig. 4.4,C,D, arrows). Generally, single experiments displayed considerable
variations with respect to SDF-1α-induced CREB phosphorylation and translocation
into neuronal nuclei. An initial downregulation in the number of pCREB-positive
nuclei following application of SDF-1α was repeatedly observed (Fig. 4.4,C,D,
dashed arrows). As experiment-specific variations hampered an evaluation of the
maximum

increase

in

SDF-1α-induced

pCREB-immunoreactivity,

the

time-

independent mean from the maximum values of all experiments was calculated. It
revealed a significant mean maximum increase of 134.3% (± 26.3% SEM) in the
number of pCREB-positive nuclei, compared to control conditions, 1-60 min after
application of SDF-1α (Fig. 4.4,B). Furthermore, the mean number of pCREB-positive
nuclei was significantly increased (1300.4 ± 330.7% SEM) by forskolin at a
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concentration of 6 µM 5 min after application (Fig. 4.4,A, arrowhead; Fig. 4.5,E,F,
arrows).
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Fig. 4.4. (see also next page)
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(see also previous page)
Fig. 4.4.

Application of SDF-1α mediates CREB phosphorylation and translocation into

nuclei of DRG neurons (I). CREB phosphorylation and translocation into nuclei is significantly
increased in SDF-1α-treated P6 DRG neurons, but not in untreated controls (A, arrow, B).
The mean maximum increase in pCREB-immunoreactivity is significant following application
of SDF-1α at a concentration of 200 ng/ml (B). Forskolin induces a significant upregulation in
the number of pCREB-positive nuclei directly after application (A, arrowhead). Upregulation
of the number of pCREB-positive nuclei following application of SDF-1α is highly variable,
and time required for a maximum increase in CREB phosphorylation and translocation to
neuronal nuclei differs in an experiment-dependent manner (C,D, arrows). Following
application of SDF-1α, an initial decrease in the amount of pCREB-positive nuclei is
repeatedly observed (C,D, dashed arrows). Results (mean + SEM) are from nine (A,B)
independent experiments (n = 9) and are expressed as percentage of neurons displaying
intense labelling of nuclei following staining for pCREB. Values are normalized for numbers
of untreated cells. *p<0.05, **p<0.01, ***p<0.001 (student´s t-test).
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Fig. 4.5.

Application of SDF-1α mediates CREB phosphorylation and translocation into

nuclei of DRG neurons (II). The number of pCREB-positive nuclei is low in untreated P6
DRG neurons counterstained for neurofilaments (A,B, dashed arrows). Following application
of SDF-1α, pCREB-immunoreactivity is significantly upregulated in neuronal nuclei (C,D,
arrows). Treatment of cells with the adenylate cyclase activator forskolin results in a
significant increase in the proportion of pCREB-positive nuclei (E,F, arrows). Pictures chosen
for presentation (A,C,E) are representative of nine independent experiments (n = 9).
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4.2.2 SDF-1α-mediated CREB phosphorylation and translocation into neuronal
nuclei is presumably CXCR4-independent
To assess whether SDF-1α-mediated CREB phosphorylation and translocation into
neuronal nuclei is CXCR4-dependent, DRG neurons were pretreated with antiCXCR4 antagonist AMD3100 prior to application of this chemokine. Following an
initial delay in response and a downregulation of pCREB in antagonist-treated cells,
AMD3100-preincubated neurons displayed a significant upregulation (151.7% ± 25.9
SEM) in the mean number of pCREB-positive nuclei subsequent to SDF-1αtreatement, compared to control conditions (Fig. 4.6,B, arrow,C). Application of SDF1α alone resulted in an increase of 117.9% (± 60.6 SEM), compared to untreated
cells, which had no statistical significance (Fig. 4.6,A, arrow,C). Calculation of the
time-independent maximum increase following application of both antagonist and
SDF-1α to P6 DRG neurons resulted in a marked, albeit not significant, upregulation
(215.5% ± 89.7 SEM) in the mean number of pCREB-positive nuclei in DRG neurons,
compared to untreated cells, while the mean number was significantly increased
(125.9% ± 8.0 SEM) following treatment with SDF-1α alone (data not shown). Both
the overall mean numbers (Fig. 4.6,A,B) as well as the mean maximum values (Fig.
4.6,C,D) showed a stronger increase following concomitant application of AMD3100
and SDF-1α than following application of SDF-1α alone. The effect of forskolin (Fig.
4.6,A,B,D) was slightly abrogated following pretreatment with AMD3100 (1063.6% ±
106.5 SEM), as compared to forskolin-only controls (1253.0% ± 194.8 SEM).
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Fig. 4.6.

SDF-1α-mediated increase in CREB phosphorylation and translocation into

neuronal nuclei is CXCR4-independent. Unlike cells treated with SDF-1α alone (A),
pretreatment of P6 DRG neurons with AMD3100 prior to application of SDF-1α results in a
significant increase (B) in the mean numbers of pCREB-positive nuclei. Mean maximum
increase in pCREB-immunoreactivity is prominent following application of both antagonist
and SDF-1α, compared to cells treated with SDF-1α alone (C,D). Mean maximum increase of
pCREB-positive nuclei following application of forskolin is slightly decreased, but statistically
significant, after pretreatment with AMD3100 (C,D). Results (mean + SEM) are from two (AD) independent experiments (n = 2) and are expressed as percentage of neurons displaying
intense labelling of nuclei following staining for pCREB. Values are normalized for numbers
of untreated cells. *p<0.05, **p<0.01 (student´s t-test).

4.2.3 SDF-1α-mediated CREB phosphorylation and translocation into neuronal
nuclei is presumably PKA-dependent
To assess whether SDF-1α-mediated upregulation of pCREB involved cAMPdependent activation of PKA, P6 DRG neurons were pretreated with the PKA
inhibitor KT5720 prior to application of this chemokine. Pretreatment with KT5720
resulted in a slight downregulation in the mean increase of pCREB-positive nuclei
following application of SDF-1α, compared to cells treated with this chemokine alone
(Fig. 4.7,A,B, arrows). While SDF-1α-treated cells displayed a marked, albeit not
significant, increase in the number of pCREB-positive nuclei of 96.6% (± 96.4 SEM),
as compared to untreated cells, application of both the inhibitor and SDF-1α effected
a slighter increase of 86.2%. Calculation of the maximum increase resulted in a
marked, albeit not significant, upregulation (137.05% ± 76.0 SEM) of pCREBimmunoreactivity in SDF-1α-treated cells, and a lower, but significant, increase
(93.0% ± 25.6 SEM) in cells following application of both KT5720 and SDF-1α (data
not shown). Both the overall mean numbers as well as the mean maximum values
displayed a decreased upregulation of pCREB as mediated by SDF-1α, following
application of the inhibitor. Prominent upregulation (1636.3% ± 586.5 SEM) of
pCREB-immunoreactivity following application of forskolin was further increased
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(2330.4% ± 637.4 SEM) if forskolin was applied after pretreatment with KT5720 (Fig.
4.7,A,B).
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Fig. 4.7.

SDF-1α-mediated increase in CREB phosphorylation and translocation into

neuronal nuclei is PKA-dependent. SDF-1α-mediated increase in the mean number of
pCREB-positive nuclei is slightly downregulated following pretreatment of P6 DRG neurons
with KT5720, compared to cells treated with SDF-1α alone (A,B). Mean maximum increase in
pCREB-immunoreactivity is significant following application of both inhibitor and SDF-1α, but
is decreased as compared to cells treated with SDF-1α alone (C,D). Forskolin-induced
upregulation of pCREB-immunoreactivity is markedly increased after pretreatment of
neurons with KT5720, compared to untreated cells or cells treated with SDF-1α alone (C,D).
Results (mean + SEM) are from three (A-D) independent experiments (n = 3) and are
expressed as percentage of neurons displaying intense labelling of nuclei following staining
for pCREB. Values are normalized for numbers of untreated cells. *p<0.05, (student´s t-test).

4.3

In vitro expression and distribution of CXCR4 and RDC1

To assess expression and distribution of both cognate receptors to SDF-1, CXCR4
and RDC1, in various cell types, P6 DRG neurons, Schwann cells, cortical neurons
HeLa cells, and leptomeningeal fibroblasts, were immunocytochemically analyzed.

4.3.1 DRG neurons
CXCR4-immunoreactivity was detected in 95.92% (+ 2.19 SEM) of cultured P6 DRG
neurons, where it was distributed in a characteristic pattern on neuronal cell bodies
and along neurites counterstained for neurofilaments after 24 h in vitro (Fig. 4.8,A-C,
Fig. 4.9,A,C,D). On neurites, CXCR4 displayed an evenly spaced distribution, and
was predominantly located adjacent to growth cones (Fig. 4.8,D-I, dashed arrows)
and near branching points (Fig. 4.8,G-I, asterisks). Thereby, these regions were
further characterized by a splayed configuration of neurofilaments (Fig. 4.8,D-I).
Spatial distribution of CXCR4-immunoreactivity on cellular processes of cultured
DRG neurons was time-dependent (Fig. 4.10,A-F). Expression of CXCR4 was
equally prominent on both neurofilament-positive neurites and cell bodies after 24 h
(Fig. 4.10,A,D). CXCR4-immunoreactivity on neurites decreased in the course of in
84

Results
vitro incubation, while it remained strong on neuronal cell bodies after 48-72 h (Fig.
4.10,B,C). Conversely, staining for neurofilament remained unaltered after 24-72 h in
vitro (Fig. 4.10,E,F). Surface expression of CXCR4 was confirmed by confocal
microscopy (Fig. 4.11,A-H). CXCR4-immunoreactivity was exclusively localized to the
surface of cell bodies and neurites (Fig. 4.11,A-C,H) and was not found in the
cytoplasm (Fig. 4.11,D-G).
The novel receptor to SDF-1, RDC1, was expressed in 95.02% (± 4.98 SEM) of P6
DRG neurons (Fig. 4.9,B-D). RDC1-immunoreactivity was moderately expressed on
neurites (arrows) and was prominent on neuronal cell bodies (arrowheads) after 24 h
in vitro, where it was colocalized with CXCR4 (Fig. 4.12,A-C). On neurites, RDC1
was evenly distributed and displayed a granular pattern (Fig. 4.12,A,D). Expression
of RDC1 in DRG neurons did not decrease during cultivation and remained
prominent on both cell bodies and neurites after 48-72 h in vitro (Fig. 4.12,D-F).
Directly after plating (2-5 h), CXCR4-immunoreactivity was prominently localized to
cellular protrusions (arrows) of DRG neurons as well as to sites where processes
emerged from the cell body (arrowheads) or branching occurred (Fig. 4.13,A;D).
RDC1 was colocalized with CXCR4 on DRG neurons after 5 h in vitro. At this time
point, RDC1 was evenly distributed in the cellular periphery and was prominent in the
central regions of cell bodies (Fig. 4.13,B-D).
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Fig. 4.8.

CXCR4 is expressed in cultured DRG neurons. CXCR4 is expressed in P6

DRG neurons and is distributed in a characteristic pattern (A,C) on neurites (arrows) and cell
bodies (arrowhead) counterstained for neurofilaments (B) after 24 h in vitro. On neurites,
CXCR4-immunoreactivity is predominantly located adjacent to growth cones (dotted arrows)
and near branching points (asterisks) and adjacent to growth cones (D-I). Regions to which
CXCR4 is predominantly localized are further characterized by a splayed configuration of
neurofilament (E,F,H,I). Pictures chosen for presentation (A-I) are representative of eight
independent experiments (n = 8).
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Fig. 4.9.

CXCR4 and RDC1 are expressed in cultured DRG neurons. CXCR4 (A) and

RDC1 (B) are expressed in the majority of P6 DRG neurons (C,D) after 24 h in vitro. Both
receptor molecules are coexpressed in cultured DRG neurons after 24 h, and CXCR4- and
RDC1-immunoreactivity are differently distributed on neurites and cell bodies in vitro (A,B).
CXCR4-immunoreactivity on neuronal cell bodies is indicated by asterisks (A,C), while on
neurites it is indicated by arrows (A). RDC1-immunoreactivity on cell bodies is indicated by
arrowheads (B,C), while on neurites it is indicated by dashed arrows (B). Pictures chosen for
presentation are representative of three (A-C) independent experiments (n = 3). Results
(mean ± SEM) are from three (D) independent experiments (n = 3) and are expressed as
percentage of neurons displaying intense fluorescent labelling of nuclei following staining for
both CXCR4 and RDC1.
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Fig. 4.10.

CXCR4 expression and distribution in cultured DRG neurons is time-

dependent. CXCR4 is prominently expressed in P6 DRG neurons on both cell bodies and
neurites (A) counterstained for neurofilaments (D) after 24 h in vitro. During cultivation,
CXCR4-immunoreactivity decreases on neurites, but remains prominent on cell bodies, after
48 h (B) or after 72 h (C), respectively. Immunoreactivity following staining for neurofilaments
remains unaltered after 48-72 h in vitro (E,F). Pictures chosen for presentation are
representative of five (A-F) independent experiments (n = 5).
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Fig. 4.11.

CXCR4 is surface expressed in DRG neurons. Confocal laser scan

microscopy imaging reveals CXCR4 surface expression in DRG neurons on both neurites
and cell bodies (A-C,H). CXCR4-immunoreactivity is distributed in a patchy pattern on the
outer membrane surface (A, arrows), but not in the cytoplasm (D-G), of neuronal cell bodies
after 24 h in vitro.
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Fig. 4.12.

CXCR4 and RDC1 are coexpressed in cultured DRG neurons. RDC1 (A) and

CXCR4 (B) are coexpressed in P6 DRG neurons after 24 h in vitro (C). While CXCR4immunoreactivity is distributed in a patchy pattern on neurites (arrows) and neuronal cell
bodies (arrowheads), RDC1 expression appears even to granular. Expression and
distribution of RDC1 display no time-dependent alterations during in vitro cultivation (D-F).
RDC1-immunoreactivity on both cell bodies and neurites remains prominent after 48-72 h in
vitro. Pictures chosen for presentation are representative of five (A-F) independent
experiments (n = 5).
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Fig. 4.13.

CXCR4 displays a characteristic patterning in P6 DRG neurons directly after

plating. CXCR4 (A,D) is distributed in a characteristic pattern in DRG neurons in vitro 5 h
after cell plating. Thereby, it is predominantly localized in cellular protrusions (arrows) and at
sites where processes emerge from the cell body (arrowheads). CXCR4 (A) and RDC1 (B)
are coexpressed (C) in DRG neurons at directly after plating. No characteristic patterning is
observed for RDC1 in DRG neurons 5 h after cell plating. Pictures chosen for presentation
are representative of three (A-D) independent experiments (n = 3).

4.3.2 Schwann cells
As for DRG neurons, the Schwann cell fraction of dissociated P6 DRGs was
assessed for expression and distribution of CXCR4 and RDC1.
CXCR4 was prominently expressed in a fraction of Schwann cells (asterisks) after 24
in vitro (Fig. 4.14,A,B,E). Thereby, CXCR4-immunoreactivity was localized to distinct
cellular regions or the cell periphery, where it displayed a filament-like distribution
(Fig. 4.14,F, arrows, G, arrowhead). Unlike CXCR4 expression in P6 DRG neurons,
expression of this receptor in Schwann cells was not markedly decreased in the
course of cultivation, but was prominent after 48 h or 72 h, respectively (data not
shown). RDC1 and CXCR4 were coexpressed in a fraction of Schwann cells after 24
h in vitro (Fig. 4.14,F) as well as on cell bodies of P6 DRG neurons (Fig. 4.14,A-C,
arrowheads). Coexpression of both receptors was maintained after 48-72 h (data not
shown). Thereby, RDC1-immunoreactivity was observed in a larger fraction of cells,
as compared to CXCR4. While RDC1 was weakly expressed at early stages of
cultivation, expression of this receptor increased in the course of in vitro incubation
(data not shown). Unlike CXCR4, RDC1 displayed an even or granular distribution
(Fig. 4.14,C,D,F, dashed arrows, G, arrow) in Schwann cells, and RDC1 expression
was, albeit moderately, observed in the majority of cells after 24-72 h in vitro.
Simultaneously, expression of CXCR4, but not RDC1, was markedly diminished on
neurites of P6 DRG neurons after 48 h in vitro (data not shown). Distribution of both
CXCR4- and RDC1-immunoreactivity in Schwann cells was similar to a
corresponding patterning of CXCR4 and RDC1 in processes of DRG neurons after
24 h in vitro (Fig. 4.15,A-C).
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Fig. 4.14. (I, see also next page)
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(II, see also previous page)
Fig. 4.14.

CXCR4 and RDC1 are expressed in Schwann cells (I). CXCR4 is expressed

in a fraction of Schwann cells (asterisks) and in neurons (arrowheads) of dissociated P6
DRGs after 24 h in vitro (A,B,E). CXCR4-immunoreactivity displays filament-like distribution
in distinct cellular regions of Schwann cells (E, arrows,G, arrowheads). RDC1 shows weak
expression in the majority of Schwann cells and in neuronal cells bodies (arrowheads) at
early stages of cultivation, where it is distributed in an even or granular (dashed arrow)
manner (C,D,E). RDC1 and CXCR4 are coexpressed (F,G) in Schwann cells after 24 h in
vitro. Pictures chosen for presentation are representative of three (A-G) independent
experiments (n = 3).
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Fig. 4.15.

CXCR4 and RDC1 are expressed in Schwann cells (II). Spatial distribution of

CXCR4 (arrowheads) and RDC1 (arrows) in Schwann cells is similar to expression and
distribution of both receptors in neurites and cell bodies of DRG neurons (A-C). Pictures
chosen for presentation are representative of three (A-C) independent experiments (n = 3).
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4.3.3 Cortical neurons
Analysis of CXCR4- and RDC1-immunoreactivity in cultured E15 cortical neurons
revealed a receptor-specific pattern of expression and distribution in vitro.
CXCR4 and RDC1 were coexpressed in all cells of a certain preparation at each time
point tested (Fig. 4.16,A-F). Thereby, CXCR4-immunoreactivity was prominent on the
longest cellular process (Fig. 4.16,A,D, arrows; Fig. 4.17, arrows) and the proximal
part of cell bodies (Fig. 4.16,A,D, arrows; Fig. 4.17, dashed arrows) after 24 h in vitro.
Expression of CXCR4 slightly increased during cultivation and was moderately
present on cell bodies and a fraction of cellular processes after 96-120 h in vitro (Fig.
4.18,A-C). RDC1-immunoreactivity was prominent on the majority of cellular
processes (Fig. 4.16,C,D, arrowheads) and total cell bodies (Fig. 4.16,C,D,
arrowheads; Fig. 4.17, arrowheads) after 24 h in vitro. Expression of this receptor
increased during cultivation and was markedly stronger, compared to early time
points of in vitro incubation and to CXCR4 expression, after 96-120 h (Fig. 4.18,A-E).
While CXCR4- and RDC1-immunoreactivity on cellular processes displayed a
granular distribution at early stages of cultivation (Fig. 4.16,D,E; Fig. 4.17, asterisks),
both receptors were evenly expressed at later time points (Fig. 4.18,A,D).
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Fig. 4.16.

CXCR4 and RDC1 are expressed in cortical neurons (I). CXCR4 (A,D,F) is

expressed in E15 cortical neurons, where it is mapped to the longest neuronal process and
the proximal part of cell bodies after 24 h in vitro (arrows). RDC1-immunoreactivity (B,E,F) is
moderately to prominenlty present on processes and cell bodies of cortical neurons
(arrowheads). RDC1 is coexpressed with CXCR4 (C,F) in the majority of cells at early stages
of cultivation. Pictures chosen for presentation are representative of two (A-F) independent
experiments (n = 2).
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Fig. 4.17.

CXCR4 and RDC1 are differentially distributed in cortical neurons. CXCR4

and RDC1 are coexpressed in E15 cortical neurons after 24 h in vitro. CXCR4immunoreactivity is prominent on specific cellular processes (arrows) and the proximal part
of cell bodies (dashed arrows), while RDC1 displays even or granular distribution on the
whole neuronal cell body (arrowheads). Colocalization of CXCR4 and RDC1 in specific
regions of cellular processes is indicated by asterisks. The picture chosen for presentation is
representative of two independent experiments (n = 2).
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Fig. 4.18.

CXCR4 and RDC1 are expressed in cortical neurons (II). CXCR4-

immunoreactivity (A-C) is moderately present in E15 cortical neurons after 24 h in vitro (A)
and increases during cultivation (B,C). RDC1 is coexpressed with CXCR4 in cortical
neurons. RDC1-immunoreactivity (D-F) increases during in vitro incubation and is strongly
expressed in neuronal processes and cell bodies after 96-120 h. Pictures chosen for
presentation are representative of two (A-F) independent experiments (n = 2).
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4.3.4 Leptomeningeal fibroblasts
CXCR4 and RDC1 were coexpressed in cultivated E15 leptomeningeal fibroblasts in
vitro. During cultivation, CXCR4- and RDC1-immunoreactivity displayed marked
differences with regard to the cellular distribution of receptor molecules. Both CXCR4
and RDC1 were weakly to moderately expressed in meningeal fibroblasts after 1 DIV
(Fig. 4.21,A,C,E,F). While CXCR4 displayed an even distribution (arrows), RDC1
expression appeared granular (arrowheads) at early stages of cultivation (Fig. 4.21,
B,D,F). After 2 DIV, CXCR4-immunoreactivity was predominantly located in cellular
processes and the fibroblast periphery (arrows), but rarely showed an even
distribution (asterisks) in the whole cell (Fig. 4.22,A,B,E,F). RDC1 was coexpressed
with CXCR4 in meningeal fibroblasts after 2 DIV, where it was either evenly
distributed or, conversely, was prominently located in the central region (arrowheads)
of cells (Fig.4.22,C-F). Distribution of CXCR4-immunoreactivity in fibroblasts after 2
DIV was similar to CXCR4-expression in DRG neurons at early stages of in vitro
cultivation (Fig. 4.22,G,H; Fig. 4.13,A,C). Unlike CXCR4, distribution of RDC1
displayed less or no time-dependent alterations in cellular localization in
leptomeningeal fibroblasts. Characteristic distribution of both receptor molecules
remained stable for up to 5 DIV (Fig. 4.23,A-F). Prominent localization of both
receptors in central regions of meningeal fibroblasts at late stages of cultivation was
presumably not due to region-specific distribution, but presumably represented
artefacts of long-term in vitro incubation.
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Fig. 4.19.

CXCR4 and RDC1 are coexpressed in cultured leptomeningeal fibroblasts.

CXCR4 (A,B) and RDC1 (C,D) are weakly to moderately expressed in E15 leptomeningeal
fibroblasts and are colocalized (E,F) after 1 DIV. CXCR4-immunoreactivity is weakly and
evenly expressed (arrows) at early time points of cultivation. Unlike CXCR4, RDC1 displays
a granular distribution (arrowheads) after 1 DIV. Pictures chosen for presentation are
representative of two (A-F) independent experiments (n = 2).
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Fig. 4.20. (I, see also next page)

104

Results

(II, see also previous page)
Fig. 4.20.

CXCR4 and RDC1 display characteristic patterning in leptomeningeal

fibroblasts. After 2 DIV, CXCR4-immunoreactivity mainly displays a region-specific patterning
(arrows), but rarely an even distribution (asterisks) on meningeal fibroblasts (A,B,H). RDC1
(C,D,H) is coexpressed with CXCR4 (E,F,H) after 2 DIV in vitro. CXCR4-immunoreactivity is
preferentially localized to peripheral regions and areas and filopodia-like structures (G,H)
after 2 DIV. RDC1-immunoreactivity is moderate in peripheral regions (arrowheads), but
prominent in central regions, of fibroblasts. Pictures chosen for presentation are
representative of two (A-H) independent experiments (n = 2).
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Fig. 4.21.

Receptor patterning in meningeal fibroblasts remains stable at late stages of

cultivation. Region-specific localization of CXCR4-immunoreactivity (A,B, arrows) is
unaltered after 5 DIV. RDC1 (C,D) is moderately to prominently expressed (arrowheads) in
fibroblasts after 5 DIV. CXCR4 and RDC1 are coexpressed (E,F) in meningeal fibroblasts at
late stages of cultivation. Prominent localization of both receptors in central regions of cells
(dashed arrows) likely represents an artefact after long-term in vitro incubation. Pictures
chosen for presentation are representative of two (A-F) independent experiments (n = 2).
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4.3.5 HeLa cells
CXCR4 and RDC1 were coexpressed in HeLa cells at 1 DIV as well as 5 DIV (Fig.
4.19,E,F, Fig. 4.20,E,F). CXCR4-immunoreactivity was predominantly localized to the
central regions of cells (arrows) at early stages of cultivation (Fig. 4.19,A,B). After 5
DIV, this receptor was evenly distributed in Hela cells and was prominent in the
periphery of cells (arrows), where it was mapped to the cell periphery, cellular
protrusions and filopodia-like formations (Fig. 4.20,A,B). RDC1-immunoreactivity was
evenly or granularly (arrowheads) distributed in HeLa cells after 1 DIV (Fig.
4.19,C,D). Similar to CXCR4, RDC1 was prominent in central regions of cells at early
stages of in vitro incubation (Fig. 4.19,A-F). After 5 DIV, RDC1-immunoreactivity was
mainly mapped to central regions of HeLa cells (arrowheads), but was weak in the
cell periphery (Fig. 4.20,C,D).
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Fig. 4.22.

CXCR4

and

RDC1

are

coexpressed

in

HeLa

cells

(I).

CXCR4-

immunoreactivity (A,B) is predominantly localized to central regions of HeLa cells (arrows)
after 1 DIV (A,B). RDC1-immunoreactivity (C,D) displays an even or granular (arrowheads)
distribution in the cell periphery and is colocalized with CXCR4 (E,F) in central regions of
cells at early stages of cultivation. Pictures chosen for presentation are representative of two
(A-F) independent experiments (n = 2).
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Fig. 4.23.

CXCR4

and

RDC1

are

coexpressed

in

HeLa

cells

(II).

CXCR4-

immunoreactivity (A,B) is evenly distributed in HeLa cells after 5 DIV or is localized to the cell
periphery and filopodia (arrows). RDC1 (C,D) is expressed in HeLa cells after 5 DIV
(arrowheads). While both CXCR4 and RDC1 are colocalized (E,F) in central regions of cells
at late stages of cultivation, RDC1-immunoreactivity is only weakly present in the cell
periphery. Pictures chosen for presentation are representative of two (A-F) independent
experiments (n = 2).
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4.4

SDF-1 is expressed in Schwann cells and neurons of P6 DRGs in vitro

To assess whether SDF-1 is expressed by cultured cells used for both the neurite
outgrowth assay and the assay for detection of CREB phosphorylation and
translocation into nuclei, dissociated P6 DRGs were stained for all known isoforms of
this chemokine using an antibody directed against the common N-terminal domain
(Fig 4.24). It was found that SDF-1 was abundantly expressed in the Schwann cell
fraction of DRGs, where it was prominent in cell bodies (arrowheads) as well as in
cellular processes (arrows) after 24 h in vitro. Conversely, expression of SDF-1 was
only weak in the neuronal fraction of dissociated P6 DRGs. In neurons, SDF-1
expression was mainly limited to cell bodies (asterisks) and was not detected in
neurites after 24 h in vitro.
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Fig. 4.24.

SDF-1 is expressed in dissociated P6 DRGs. In the Schwann cell fraction of

dissociated P6 DRGs, cellular processes (arrows) and cell bodies (arrowheads) display
prominent expression of SDF-1 after 24 h in vitro. Conversely, SDF-1 is only weakly present
in cell bodies of neurons (asterisks).
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4.5

CXCR4 on the surface of DRG neurons is internalized following application of
SDF-1α

To assess a functional interaction of SDF-1α with both CXCR4 and RDC1, P6 DRG
neurons were stained for either receptor without pretreatment or following SDF-1αtreatment at a concentration of 100 ng/ml or 200 ng/ml, respectively, for 2 h in vitro.
Receptor internalization indicating the interaction of SDF-1α with CXCR4 or RDC1
was analyzed by fluorescence microscopy (Fig. 4.25,A-L). CXCR4-immunoreactivity
was prominent on cell bodies and neurites of untreated DRG neurons after 24 h in
vitro (Fig. 4.25,A,D), while RDC1 was prominent on cell bodies, but was only
moderately expressed on neurites (Fig. 4.25,B,D). Both CXCR4 and RDC1 were
coexpressed in P6 DRG neurons after 24 h in vitro (Fig. 4.25,C,D). Following
treatment with high doses (200 ng/ml) of SDF-1α, CXCR4-immunoreactivity was
markedly downregulated on neurites, whereas on cell bodies no or only weak
downregulation was observed (Fig. 4.25,I,K,L). Expression and distribution of RDC1
displayed no alterations following application of SDF-1α (Fig. 4.25,J,K,L). Treatment
with low doses of this chemokine had no effect on both CXCR4- and RDC1immunoreactivity in P6 DRG neurons (Fig. 4.25,E-H).
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Fig. 4.25.

CXCR4 is internalized following application of SDF-1α. CXCR4 (A) and RDC1

(B) are coexpressed on neurites and cell bodies (C,D) of P6 DRG neurons after 24 h in vitro.
Treatment of cells with low doses of SDF-1α for 2 h does not effect the presentation of both
CXCR4 and RDC1 on the surface of DRG neurons (E-H). CXCR4-immunoreactivity on
neurites, but not cell bodies, is downregulated following application of high doses of SDF-1α
(I,K,L). Treatment with this chemokine at high concentrations does not effect the presentation
of RDC1 on both neurites and cell bodies of DRG neurons in vitro (J,K,L).
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4.6

Elevation of intracellular Ca2+ following application of different SDF-1 isoforms

Elevation of intracellular Ca2+ levels is a key event of SDF-1-mediated signalling. It is
triggered by interaction of the N-terminus of this chemokine with its cognate receptor,
CXCR4, in a PTX sensitive, Gi protein-dependent manner. Thus, the ability to elicit
physiological Ca2+ responses in CXCR4 expressing cells is a measuring unit of
functionality of SDF-1 variants sharing a common N-terminal domain. To test for Ca2+
elevating properties of custom-designed rat SDF-1γ, this isoform was applied to
CXCR4 overexpressing HeLa cells in an assay which monitored changes in free
cytosolic Ca2+. SDF-1γ-mediated responses were calculated and compared to
responses induced by commercially available SDF-1α.

4.6.1 SDF-1 isoforms γ and α mediate elevation of intracellular Ca2+ levels
Application of SDF-1γ triggered elevation of intracellular Ca2+ levels in CXCR4
overexpressing HeLa cells in a dose-dependent manner at a concentration of 50–300
nM (Fig. 4.26,A, bars 2,5,8,11,B). SDF-1γ mediated Ca2+ elevation was significant,
compared to application of bath solution alone, at a concentration of 100-300 nM
(Fig. 4.26,A, compare bars 4 to 5,7 to 8, 10 to 11,B). Ca2+ responses effected by
SDF-1γ peaked at 300 nM, at which concentration this isoform activated Ca2+ influx
in 44.9% of cells and triggered Ca2+ influx with a mean amplitude of 0.673 ratio units
(+ 0.129 SEM) shortly after application of this chemokine (Fig. 4.26,B, Fig. 4.27,A,
bar 4,B, left graph, Fig. 4.28,A, bar 8). Ca2+ influx mediated by SDF-1γ was markedly
lower than following application of ATP, at a concentration of 50-200 nM of this
isoform (Fig. 4.26,A, compare bars 2 to 3,5 to 6,8 to 9,B). At 300 nM, SDF-1γ
mediated responses slightly peaked elevation of intracellular Ca2+ levels by ATP with
respect to the proportion of cells displaying Ca2+ influx (Fig. 4.26,A, compare bars 11
to 12,B). Ca2+ responses triggered by SDF-1γ were similar to SDF-1α-mediated
effects concerning the general course of trend plots, but differed with respect to both
the proportion of cells displaying Ca2+ influx as well as the amplitude of the elicited
responses, respectively, at a concentration of 50-300 nM of applied chemokine (Fig.
4.26,A-D).
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Application of SDF-1α induced significant elevation of intracellular Ca2+ levels in
CXCR4-overexpressing HeLa cells in a dose-dependent manner similar to SDF-1γ at
a concentration of 50-300 nM, compared to application of bath solution alone (Fig.
4.26,C, compare bars 1 to 2,4 to 5,7 to 8,10 to 11,D). Thereby, the proportion of cells
displaying Ca2+ influx peaked at 100 nM with 68.2% of responsive cells (Fig. 4.27,A,
bar 6,B, right graph). Conversely, mean amplitudes of SDF-1α mediated Ca2+
responses were highest (1.220 ratio units + 0.298 SEM) at a concentration of 200 nM
(Fig. 4.28,A, bar 14,C). Compared to application of SDF-1α, elevation of intracellular
Ca2+ levels triggered by SDF-1γ was markedly reduced at lower concentrations of
chemokine (Fig. 4.26,A-D, Fig. 4.27,A, Fig. 4.28,C). Ca2+ responses following
application of higher concentrations of chemokine were similar for both isoforms. At a
concentration of 300 nM, the proportion of Ca2+ responsive cells, but not the mean
amplitude, was higher following application of SDF-1γ, compared to SDF-1α
mediated Ca2+ increase (Fig. 4.27,A, compare bar 4 to 8, Fig. 4.28,A, compare bar 8
to 16).
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Fig. 4.26.

SDF-1 isoforms elicit elevation of intracellular Ca2+ levels (I). Application of

SDF-1γ triggers elevation of intracellular Ca2+ levels (A, bars 2,5,8,11, B) in CXCR4
overexpressing HeLa cells in a dose-dependent manner. SDF-1γ-induced Ca2+ influx is
significant at higher concentrations of this isoform, compared to application of bath solution
alone (A, bars 1,4,7,10, B). Following application of SDF-1α (C, bars 2,5,8,11, D,) a
significant increase in intracellular Ca2+ levels is observed as compared to control conditions
(C, 1,4,7,10, D). SDF-1 isoforms display concentration-dependent differences in their
capacity to elevate intracellular Ca2+ levels (A-D). As a control, intracellular Ca2+ levels were
upregulated following stimulation with ATP (A, bars 3,6,9,12, B, bars 3,6,9,12, C,D). Results
(mean ± SEM) are from at least ten (A-D) independent experiments (n ≥ 10) and are
expressed as percentage of HeLa cells displaying elevation of intracellular Ca2+ levels
following application of either isoform of SDF-1. Values are normalized for percentage of
responsive cells following application of bath solution. *p<0.05, **p<0.01, ***p<0.001
(student´s t-test), compared to control cells.
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Fig. 4.27.

SDF-1 mediated Ca2+ responses differ in an isoform-specific manner. The

proportion of cells displaying Ca2+ influx following application of SDF-1γ (A, bars 1-3, B) is
markedly reduced, compared to SDF-1α (A, bars 5-7, C), at low concentrations of this
chemokine. Conversely, SDF-1γ elicits Ca2+ increase in a larger proportion of cells at high
concentrations of applied chemokine, if compared to SDF-1α (A, bars 4,8, B). Ca2+
responses elicited by either isoform can be grouped in two categories and are characterized
as oscillatory elevation or singular event, respectively (B,C). The time point of application is
marked in red. Peaks of oscillatory responses are marked by arrowheads. Peaks of singular
events are marked by arrows.
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Fig. 4.28. (see also next page).
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Fig. 4.28.

SDF-1 isoforms elicit elevation of intracellular Ca2+ levels (II). Ca2+ influx

elicited by SDF-1γ is strictly dose-dependent and is partially significant, compared to
application of bath solution alone (A, bars 1-8). Mean amplitudes of SDF-1γ mediated Ca2+
influx are highest at 300 nM (A,B). Ca2+ responses mediated by application of SDF-1α are
dose-dependent and are significant, compared to control conditions (A, bars 9-16). Mean
amplitudes of SDF-1α mediated Ca2+ influx are highest at 200 nM (A,C). SDF-1 mediated
Ca2+ responses differ in an isoform specific manner (A). The time point of application is
marked in red. Peaks of singular events are indicated by arrows. Results (mean ± SEM) are
from at least ten (A) independent experiments (n ≥ 10) and are expressed as percentage of
HeLa cells displaying elevation of intracellular Ca2+ levels following application of either
isoform of SDF-1. Values are normalized for percentage of responsive cells following
application of bath solution. *p<0.05, **p<0.01, ***p<0.001 (student´s t-test), compared to
control cells. Graphs of single cell Ca2+ responses chosen for presentation are representative
of at least ten (B,C) independent experiments (n ≥ 10).
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Fig. 4.29.

SDF-1 mediated elevation of intracellular Ca2+ levels is abrogated by specific

inhibitors to CXCR4 and Gi proteins (I). The number of Ca2+ responsive cells (A) as well as
the mean amplitude of Ca2+ responses (B) following application of either SDF-1 isoform is
decreased by preincubation with anti-CXCR4 antibody 12G5 clone (bars 2,5) or PTX (bars
3,6), compared to isotype control antibody treated cells (bars 1,4). Results (mean ± SEM) are
from two (A,B) independent experiments (n = 2) and are expressed as percentage of HeLa
cells displaying elevation of intracellular Ca2+ levels following application of either isoform of
SDF-1. Values are normalized for percentage of responsive cells following application of bath
solution (data not shown).

124

Fig. 4.30. (see also next page)

Results

125

Results
(see also previous page)
Fig. 4. 30.

SDF-1 mediated elevation of intracellular Ca2+ levels is abrogated by specific

inhibitors to CXCR4 and Gi proteins (II). The number of Ca2+ responsive cells as well as the
mean amplitude of Ca2+ responses following application of either SDF-1γ (A) or SDF-1α (B)
are decreased by preincubation with anti-CXCR4 antibody 12G5 clone (A II, B II) or PTX (A
III, B III), compared to isotype control antibody treated cells (A I, B I). Ca2+ responses are
abrogated by inhibitors in an isoform-specific manner (A,B). Graphs of single experiment
Ca2+ responses chosen for presentation are representative of two (A,B) independent
experiments (n = 2).

4.6.2 SDF-1-mediated upregulation of intracellular Ca2+ is CXCR4-/G proteindependent
Elevation of intracellular Ca2+ levels triggered by either SDF-1 isoform at a
concentration of 200 nM was significantly decreased by pretreatment of cells with
anti-CXCR4 antibody 12G5 clone or PTX, respectively, compared to cells following
preincubation with isotype control antibody (Fig. 4.29, Fig. 4.30). Pretreatment with
anti-CXCR4 antibody prior to application of chemokine resulted in a decreased
proportion of cells displaying Ca2+ influx of 13.6% for SDF-1γ and 12.5% for SDF-1α
as well as correspondingly decreased mean amplitudes of SDF-1 mediated Ca2+
responses of 0.397 ratio units (+ 0.018 SEM) for SDF-1γ and 0.562 ratio units (+
0.220 SEM) for SDF-1α, respectively, compared to control conditions (Fig. 4.29,A,
compare bars 1 to 2,4 to 5,B, compare bars 1 to 2,4 to 5, Fig. 4.30,A, compare I to
II,B, compare I to II). As SDF-1α-mediated elevation of intracellular Ca2+ levels
demonstratedly is dependent on Gi protein-activation, Gi protein-dependency of Ca2+
influx induced by application of SDF-1γ was tested. Pretreatment of cells with PTX
prior to application of SDF-1γ led to an almost complete abrogation of Ca2+ response,
similar to SDF-1α control cells (Fig. 4.29, A,B). The proportion of PTX treated cells
displaying Ca2+ influx following application of chemokine was limited to 16.7% for
SDF-1γ and 12.5% for SDF-1α, compared to isotype control-treated cells (Fig.
4.29,A, compare bars 1 to 3,4 to 6). Mean amplitudes of Ca2+ responses were
markedly reduced to 0.306 ratio units (+ 0.306 SEM) for SDF-1γ and 0.061 ratio units
(+ 0.061 SEM) for SDF-1α, respectively, as compared to isotype control conditions
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(Fig. 4.29,B, compare bars 1 to 3,4 to 6, Fig. 4.30,A, compare I to III,B, compare I to
III).

4.6.3 Ca2+ responses following application of SDF-1 are variable
Following application of either SDF-1γ or SDF-1α, two different types of Ca2+response were observed. Occurrence of either form of Ca2+-response was not related
to the SDF-1 isoform or the concentration applied (Fig. 4.27,B). Stimulation with
SDF-1 resulted in either an oscillatory elevation of intracellular Ca2+ levels
(arrowheads) or a singular event (arrows). While latter was characterized by rapid
Ca2+ influx followed by a return to base levels, the oscillatory response repeatedly
displayed a sustained increase and decrease of intracellular Ca2+ levels over the
whole recording time.
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Discussion

5.1

SDF-1 as a putative therapeutic target

Generally, the actions of the majority of chemokines are limited to the immune and
hematopoietic system, and most members of this group are upregulated in the
diseased state (Horuk, 1996; Murdoch and Finn, 2000; Murphy et al., 2000; Zlotnik
and Yoshie, 2000). Conversely, the α-chemokine SDF-1 is constitutively and
ubiquitously expressed (Yu et al., 2006). Through interaction with CXCR4, and
probably also a novel receptor, RDC1, SDF-1 signals a multitude of highly diverse
functions (Lazarini et al., 2003; Kucia et al., 2004; Balabanian et al., 2005). Studies
on SDF-1- and CXCR4-deficient animals revealed that this chemokine acts as a key
regulator of embryonic development (Ma et al., 1998; Tachibana et al., 1998; Zuo et
al., 1998; .Lu et al., 2002; Vilz et al., 2005). Moreover, SDF-1 was recently identified
to mediate important functions in the physiology and pathophysiology of the nervous
system, where it was characterized in a dual role in neuronal apoptosis and survival
as well as growth promotion and inhibition (Kaul and Lipton, 1999; Khan et al., 2004;
Khan et al., 2005; Chalasani et al., 2003; Pujol et al., 2004). Apart from a supposable
role in immune system pathology, the SDF-1/CXCR4 axis gained notice as a putative
therapeutic target when SDF-1 was characterized to act as a molecular beacon in the
chemotaxis of CXCR4+ tumour cells (Geminder et al., 2001; Muller et al., 2001;
Burger et al., 2006). The notion that SDF-1 exists in various C-terminally different
isoforms raised the question whether these structural variations contribute to the
functional diversity of this chemokine (Gleichmann et al., 2000; Yu et al., 2006).
While known biological facets of SDF-1 could experimentally be attributed to the
common N-terminal domain of the different transcripts, isoform-specific functions
have yet to be determined.
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5.1.1 Objective targets of SDF-1 analysis in this study
Several aspects have been investigated in this thesis. First, a possible role of SDF-1
and CXCR4 in adult mammalian CNS regeneration was analyzed. While functions for
both ligand and receptor have been characterized in the embryonic nervous system,
still little is known about possible implications in the adult CNS and PNS. Recently,
SDF-1 was described to abrogate neurite outgrowth inhibitory effects of various
chemorepellent molecules with a role in early nervous system development
(Chalasani et al., 2003; Chalasani et al., 2007). Conversely, a role of this chemokine
in the complex inhibitory environment of adult CNS myelin has not been identified to
date. In this study, SDF-1 for the first time was demonstrated to mediate overcoming
of myelin-induced outgrowth inhibition of P6 DRG neurons. Thus, findings presented
here confirm and exceed recent reports on a growth promoting function in the
nervous system. Moreover, an approach was undertaken to elucidate signalling
events which are involved in SDF-1-mediated neurite outgrowth promotion. As SDF-1
was demonstrated to bind to and signal through both CXCR4 and RDC1, expression
and distribution of these receptors was determined in myelin-sensitive DRG neurons
as well as in various primary cells and cell lines. In a second part, the SDF-1 splice
variant most recently characterized in rat, SDF-1γ, was compared to SDF-1α in its
capacity to elevate cytosolic Ca2+. While latter isoform has been extensively studied,
SDF-1γ has not been functionally analyzed to date.

5.1.2 Nervous system regeneration as a possible field of application for SDF-1α
Facing the high annual numbers of patients suffering SCI, it has become a major
goal of neurobiological research to overcome the impairment of the adult mammalian
CNS to efficiently regenerate. As regeneration failure is caused by a vast number of
different factors, targeting these factors holds the promise of promoting CNS repair
processes and thus restoring sensory and motor skills of the affected individuals.
Notably, two different factors have been characterized to conjoinedly constitute a
major impediment to adult CNS regeneration, and have been extensively studied as
promising targets for therapeutic intervention during the recent years (Filbin, 2003).
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Several inhibitory components of CNS myelin have been identified, which are
suggestedly either presented to damaged axons on the membrane surface of
neighbouring cells or released upon damage of spinal cord white matter (Tang et al.,
2001; Filbin, 2003). Recently, a possible mode of action was postulated which linked
MAIs to cytoskeletal alterations and axonal growth arrest. According to this model,
MAIs interact with a tripartite receptor complex to effect the cleavage of one of its
components, p75NTR (Domeniconi et al., 2005). In the following, both kinase LIMK1
(LIM is an acronym of the three gene products Lin-11, Isl-1, and Mec-3) and
phosphatase SSH suggestedly interrupt actin cyling through phosphorylation and
deactivation of the actin depolymerizing factor cofilin (Hsieh et al., 2006). Approaches
to target components of this inhibitory signalling pathway proved to provide important
means to promote CNS regeneration (Higuchi et al., 2003; Kastin and Pan, 2005). In
animal models of SCI, blocking MAIs by either application of predesigned antibodies
or preimmunizing with myelin demonstratedly increased the regeneration efficiency of
lesioned postnatal neurons (Thallmair et al., 1998; Huang et al., 1999; Keirstead et
al., 1999; Kastin and Pan, 2005). Similar effects were observed if Rho GTPase
activity was decreased by specific inhibitors or transfection of dominant negative
forms of this protein (Kastin and Pan, 2005). Surprisingly, a deletion of genes coding
for various inhibitors did not always effect increased CNS regeneration, as it had
been expected (Li et al., 1996; Zheng et al., 2003).
Findings that outgrowth inhibition was restricted to post-embryonic developmental
stages of the CNS strongly suggested an age-dependency in tolerance of negative
guidance cues. Moreover, neuronal outgrowth capacities could be correlated to the
amount of intracellular cAMP, as the developmental downregulation of neuronal
cAMP was demonstrated to coincide with an increased sensitivity towards inhibitors
(Cai et al., 2001; Spencer and Filbin, 2004). Thus, efforts were undertaken to restore
the “embryonic intracellular settings” of adult CNS neurons. Thereby, axonal
outgrowth was successfully increased by either direct injection of cAMP into the cell
body or by application of adenylate cyclase activators such as forskolin.
Neurotrophins were demonstrated to efficiently stimulate neuronal growth due to their
cAMP elevating properties, while they could simultaneously counteract myelininhibitory proteins by competing for p75NTR as a component of the inhibitory tripartite
receptor complex (Bregman et al., 1998; Cai et al., 1999). As the roles of certain
effector molecules of cAMP are being slowly unravelled, future studies hold the
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promise of a more exact manipulation of growth promoting signalling events (Cai et
al., 2002; Mizuno et al., 2004).
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5.1.2.1

SDF-1α in overcoming myelin-induced outgrowth inhibition

Molecules with a role in neurite outgrowth promotion are being investigated not only
with respect to a possible therapeutic application, but also for their functions in
developmental processes. Recently, the α-chemokine SDF-1 was identified to
abolish growth cone collapse induced by sema3A, sema3C, slit-2, and robo
(Chalasani et al., 2003; Chalasani et al., 2007). Thus, while SDF-1 was identified to
abrogate the effect of chemorepellent molecules with a role in early nervous system
development, a function in postnatal regeneration could not be demonstrated to date.
In this thesis, SDF-1 is for the first time described to successfully abolish neurite
outgrowth inhibition which is induced by a complex of diverse myelin components in
an in vitro model of nervous system repair following injury. Unlike in earlier studies,
where SDF-1 effects were demonstrated for only a few selected inhibitors, here
experiments were performed on a crude fraction of adult CNS myelin. Furthermore,
instead of embryonic cells with a reported capacity to regenerate, postnatal neurons
were employed for outgrowth experiments. The model applied in this study thus
mimicks more closely the effect of this chemokine in an in vivo situation of SCI,
where high amounts of myelin debris, including MAIs, are present at the site of injury
(Tang et al., 2001; Schwab et al., 2005).
Cells employed in the neurite outgrowth assay in this study were prepared from
DRGs of P6 rats. DRG neurons have two processes, one extending into the
periphery, and a central axon, which enters the spinal cord at the dorsal root entry
zone, DREZ. DRG neurons provide a useful model system to examine nervous
system regeneration in vivo, as they generally do not die after lesion of either
process (Chong et al., 1999; Neumann and Woolf, 1999). Further, as the intrinsic
regenerative capacities of both axonal branches differ, both growth promotion and
regeneration can simultaneously be observed. While the peripheral process
regenerates well, axonal regeneration through the DREZ into the spinal cord is only
poor. Conversely, if the peripheral branch is inflicted with a conditioning lesion, CL,
prior to an injury of the central axon, latter displays markedly improved outgrowth.
Interestingly, DRG neurons were demonstrated to undergo a conversion in their
sensitivity towards growth inhibitors sharply at P3/P4, which makes them a useful
tool to study age-dependent neuronal outgrowth inhibition in vivo or in vitro,
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respectively (DeBellard et al., 1996; Filbin, 2003). At P6, DRG neurons have already
experienced the intrinsic neuronal switch leading to myelin-sensitivity.

5.1.2.2

SDF-1α restores postnatal neuronal outgrowth capacities

While P6 DRG neurons displayed excellent outgrowth on PDL/laminin-coated
surfaces, this growth was largely reduced if surfaces were additionally coated with a
crude fraction of adult CNS myelin, and the number of neurons growing three or
more neurites of at least the cell body diameter was significantly decreased in
presence of myelin after 24 h in vitro (Fig. 4.1; Fig. 4.2). However, this effect was not
due to a reduced adherence on myelin, as a comparison of total cell numbers
revealed that latter were even slightly elevated on myelin-coated surfaces, compared
to laminin controls. Furthermore, the overall neuronal outgrowth performance was
markedly impaired in presence of CNS myelin. On myelin, processes showed
enhanced fasciculation and a limited tendency to form branches, compared to a
regular pattern of neurites on laminin alone after 24 h in vitro. Myelin-induced
outgrowth inhibition was markedly diminished by application of SDF-1α to cultured
DRG neurons after 24 h in vitro. Observations on SDF-1α-mediated effects as
presented here are in accordance with recent findings by Chalasani and colleagues
(2003, 2007), where treatment of embryonic neurons with SDF-1 reduced axonal
responsiveness to potent chemorepellents such as sema3A, sema3C, slit-2, and
robo. In latter studies, application of SDF-1 led to both an increase in axonal length
and abrogation of growth cone collapse in presence of chemorepellent molecules in
vitro, while SDF-1 signalling was demonstrated to effect axonal pathfinding in vivo.

5.1.2.3

Preincubation with SDF-1α enhances neurite outgrowth promotion

In this thesis, it was found that growth promotion following application of SDF-1α was
considerably enhanced when cells were pretreated with this chemokine prior to
plating on myelin (Fig. 4.1; Fig. 4.2). After preincubation for 1 h in presence of this
chemokine, the number of neurons growing out on myelin-coated slides was
significantly increased after additional 23 h in vitro, compared to cells cultured without
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SDF-1α or without pretreatment. In addition, SDF-1α-treated neurons on myelin
generally displayed a markedly improved neurite patterning which was similar to
laminin-only controls with respect to both the lengths of the neurites as well as the
number of branching events, while fasciculation was largely reduced.
However, pretreatment of myelin-cultivated neurons alone was necessary, but not
sufficient, as withdrawal of SDF-1α following pretreatment largely led to an
abrogation of the mediated effects. Pretreatment with SDF-1α can thus be
considered a priming process which facilitates subsequent outgrowth on myelincoated surfaces. Interestingly, similar priming effects were observed by Cai and
colleagues (1999, 2001; 2002), who noted increased axonal regeneration for
cerebellar neurons pretreated with either BDNF or GDNF (Cai et al., 1999).
Moreover, these findings were in accordance with earlier studies, where a CL of DRG
peripheral branches was shown to be causative for improved outgrowth capacities of
subsequently lesioned central processes (Neumann and Woolf, 1999; Neumann et
al., 2002). Generally, priming of postnatal neurons was demonstrated to be a)
mandatory for successful regeneration, as could be confirmed in this study, and b)
was attributed to a concomitant elevation of intracellular cAMP levels. Conversely,
priming of neurons with SDF-1 was reportedly not required to effectively trigger
outgrowth promotion in vitro in other reports (Chalasani et al., 2003). In this study,
the importance of preincubation was further underlined by the finding that even
neurons which were pretreated in medium alone displayed slightly improved
outgrowth.

5.1.2.4

SDF-1α-induced neurite outgrowth promotion: CXCR4-dependency

In earlier studies, SDF-1-induced axon regeneration was demonstrated to be
CXCR4-dependent, as blocking of this receptor resulted in a decreased neuronal
tolerance of growth inhibitors (Chalasani et al., 2003). However, SDF-1 was recently
reported to interact with two different receptors, CXCR4 and RDC1, suggesting that
SDF-1α-induced neurite outgrowth promotion might be transduced by either receptor
molecule (Balabanian et al., 2005). To address this question, neurons cultured on
myelin were pretreated with the anti-CXCR4 antagonist AMD3100, a potent bicyclam
inhibitor of this receptor, prior to application of SDF-1α. Binding of AMD3100 to
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CXCR4 was reported to involve residues in several transmembrane and extracellular
domains (Zhang et al., 2002). While binding and activation of CXCR4 by SDF-1
results in a conformational shift of the hydrophobic core and cytoplasmic domains of
the receptor to a state permissive for the formation of a high affinity ternary complex
with Gα subunits, this conformational change is suggestedly blocked by antagonisttreatment (Ghanouni et al., 2001; Zhang et al., 2002; Trent et al., 2003).
Surprisingly, it was observed that a simultaneous treatment with both the antagonist
and SDF-1α resulted in only a slight abrogation of the before described growth
promoting effects at low doses of AMD3100, compared to chemokine-only controls
(Fig. 4.3). Conversely, application of high doses of AMD3100 either alone or together
with SDF-1α was observed to facilitate neurite outgrowth on myelin, compared to
untreated cells, albeit this effect was not significant. Interestingly, intrinsic CXCR4stimulatory properties of AMD3100 were noted earlier (Zhang et al., 2002; Trent et
al., 2003). Thus, as targeting CXCR4 with either SDF-1α or AMD3100 generally
increased neurite outgrowth promotion on myelin, this receptor is most possibly
involved in mediating growth promoting effects as described in this study.
Furthermore, while alternative receptor utilization could not be completely excluded,
CXCR4-independent signalling pathways are unlikely to mainly contribute to SDF-1αmediated neurite outgrowth promotion. Activation of this receptor by either ligand
binding or induction of a conformational shift is presumably sufficient to overcome
myelin inhibition, while cross-reaction of AMD3100 with other cell surface receptors
can be excluded due to the high specificity of this inhibitor for its target receptor
CXCR4 (Hatse et al., 2002). A role for CXCR4 in the transduction of SDF-1αmediated signalling was further suggested by a functional interaction of SDF-1α and
this receptor as demonstrated in this study by SDF-1α-induced internalization of
CXCR4 (Fig. 4.25).
Unlike in other studies, application of NGF as a component of fully substituted
medium was not sufficient to overcome myelin-associated outgrowth inhibition in the
model presented in this thesis. Conversely, priming with this neurotrophin was
reported to effectively promote regeneration of postnatal DRG neurons before (Cai et
al., 1999). Interestingly, SDF-1α efficiently abrogated outgrowth-inhibitory effects in
the same concentration range as was noted for various neurotrophins in studies by
Gao and colleagues (2003).
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5.1.3 SDF-1/CXCR4 downstream signalling in neurite outgrowth promotion
As reported before, research on CNS regeneration was strongly influenced by the
notion that beside environmental factors the intrinsic state of the injured neuron is of
additional importance for its regenerative behaviour (Blackmore and Letourneau,
2005). Furthermore, the cyclic nucleotide cAMP was recently characterized to act as
a measuring unit for regenerative abilities of neuronal cells. Postnatal neurons
become in the course of developmental downregulation of intracellular cAMP-levels
increasingly sensitive to negative guidance cues (Cai et al., 2001; Gao et al., 2003;
Gao et al., 2004). Indeed, in earlier reports on SDF-1α-induced axonal tolerance of
growth inhibitors a role of this chemokine in the elevation of cytosolic cAMP was
noted in vitro (Chalasani et al., 2003). It could further be established that
regeneration promoting effects of both neurotrophins and db-cAMP are transcriptiondependent and involve activation of transcription factors such as CREB (Gao et al.,
2004).

5.1.3.1

SDF-1α-mediated resetting of outgrowth capacities coincides with an
upregulation of intracellular cAMP levels: implications of CXCR4 and
PKA

In order to investigate the signalling events involved in SDF-1α-mediated growth
promotion, the regulation of intracellular cAMP levels was assessed following a short
pulse of this chemokine by detection of cAMP-dependent phosphorylation of CREB
and subsequent translocation into neuronal nuclei. Interestingly, a significant
increase in the number of pCREB+ nuclei following application of SDF-1α suggested
a chemokine-dependent upregulation of cAMP in myelin-sensitive DRG neurons (Fig.
4.4; Fig. 4.5). Findings in this study on a cAMP/pCREB elevating role of SDF-1α in
neuronal cells thus are in accordance with earlier studies, in which this event was
related to SDF-1-induced neurite outgrowth promotion and pathfinding (Chalasani et
al., 2003; Chalasani et al., 2007). In the absence of SDF-1α, the adenylate cyclase
activator forskolin both led to a pronounced increase in cAMP/pCREB and mimicked
the ability of this chemokine to induce neurite outgrowth promotion, as was
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demonstrated in this study, thus further indicating a role for cAMP in SDF-1αmediated overcoming of myelin inhibition.
To elucidate the signalling events which transduce SDF-1α-mediated elevation of
pCREB-immunoreactivity, blocking experiments were performed with either the antiCXCR4 antagonist AMD3100 or an inhibitor to the cAMP-dependent downstream
effector molecule PKA, KT5720 (Fig. 4.6; Fig. 4.7). Interestingly, following
preincubation with AMD3100 a pronounced upregulation of pCREB-immunoreactivity
was observed in SDF-1α-treated cultures with respect to both time-independent
mean maximum values as well as to overall mean values, compared to cells treated
with SDF-1α alone or untreated control cells. While intrinsic CXCR4-stimulatory
properties of this antagonist could not be excluded, upregulation of pCREB/cAMP in
AMD3100-treated cultures might also be due to alternative signalling pathways
induced by SDF-1α (Zhang et al., 2002; Trent et al., 2003). In this instance,
application of an inhibitor to CXCR4 could supposedly channel activation of
competing signalling pathways by SDF-1α. As no experiments were performed with
AMD3100 alone, a positive role of this antagonist in CREB phosphorylation and
translocation into nuclei could neither be confirmed nor rejected. Thus, blocking
experiments employing AMD3100 remained inconclusive with respect to a role of
CXCR4 in SDF-1α-induced upregulation of cAMP/pCREB. This was further
emphasized by the finding that a slight downregulation of forskolin-mediated effects
was observed in AMD3100-treated cells. However, findings on a possible CXCR4stimulatory role of AMD3100 noted here are in accordance with observations on a
neurite outgrowth promoting function of this antagonist as described earlier in this
thesis.
The effector molecule PKA was reported to induce downstream phosphorylation and
transcription activation upon elevation of intracellular cAMP levels. Amongst others,
PKA was recently described to promote regeneration on myelin in a pCREBdependent manner (Gao et al., 2004). To investigate a possible role of PKA in SDF1α-mediated upregulation of pCREB/cAMP, the PKA inhibitor KT5720 was applied.
After pretreatment with both KT5720 and SDF-1α, weak pCREB-downregulatory
effects were observed for both time-independent mean maximum values and overall
mean values, as compared to the effects following application of SDF-1α alone.
While
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effect
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SDF-1α-induced

pCREB137

Discussion
immunoreactivity was only moderate, these results hint to a role of PKA in
upregulation of cAMP/pCREB. Surprisingly, no such effect of KT5720-treatment
could be observed for a forskolin-dependent increase in pCREB-immunoreactivity.

5.1.3.2

A variable role of SDF-1α in cAMP/pCREB regulation

The findings presented in this study are only partially in accordance with recent
observations, which noted SDF-1-induced CREB phosphorylation and translocation
into the nuclei of sympathetic neurons to occur stably and reliably 30 min after
application of this chemokine (Chalasani et al., 2003). Moreover, while in latter report
upregulation of pCREB-immunoreactivity was demonstratedly CXCR4- as well as
PKA-dependent, corresponding results could not be obtained in this thesis. Thus,
further studies will be required to confirm the signalling pathways involved in SDF-1αinduced phosphorylation of CREB in postnatal DRG neurons. However, findings
made in this study suggest that SDF-1α-mediated neurite outgrowth promotion on
myelin and an increase of cAMP/pCREB might be independently regulated. While
SDF-1α-induced activation of CXCR4 presumably promotes neurite outgrowth of
myelin-sensitive neurons, upregulation of cAMP/pCREB following application of this
chemokine is not necessarily functionally connected with latter event. Findings on a
possible uncoupling of neurite outgrowth promotion and elevation of intracellular
cAMP levels were already reported in earlier studies, where PKA inhibition was
observed to have no effect on axon regeneration (Liu and Snider, 2001).
Interestingly, latter study demonstrated that axon regeneration of embryonic as well
as adult neurons largely depended on Jak/STAT signalling.
However, as earlier reports on a cAMP/pCREB elevating role of SDF-1 were
performed on neuronal cells of a different age and origin than in this thesis
(Chalasani et al., 2003), SDF-1 might therefore employ different modes of action to
induce neurite outgrowth promotion and elevation of intracellular cAMP levels.
Furthermore, variations in experimental conditions supposedly contribute to diverging
results. While in this study DRG neurons monitored for pCREB were cultivated in
medium supplemented with FBS and NGF to equal treatment conditions with those
applied in the neurite outgrowth assay, sympathetic neurons in earlier reports were
grown in serum-free medium, probably to maximize cAMP-stimulatory effects. As
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NGF alone is reportedly effectual to evoke an increase of cytosolic cAMP, the here
observed low overall increase in the proportion of pCREB-positive nuclei following
application of SDF-1α might mirror a permanent decrease of neuronal sensitivity to
external stimuli in these cultures due to exposure to NGF, albeit the amount applied
in this study was not sufficient to abolish myelin-associated neurite outgrowth
inhibition (Chang et al., 2006). That the efficacy of agents to trigger signalling events
can differ in an experiment-dependent manner was demonstrated earlier for dbcAMP, which failed to elicit detectable Erk activation in cells, if those were not serum
deprived prior to conducting the experiment (Gao et al., 2003). The performance of
assays such as CREB phosphorylation and translocation into nuclei in fully defined
minimal medium thus might lead to a distortion of effects, even more as primary
neurons were demonstrated to tolerate serum starvation and remain healthy for only
a maximum length of time of approximately 6 h (Gao et al., 2003).
However, findings on a cAMP-elevating role of SDF-1 are contradictory to well
described interactions of CXCR4 with members of the Gi protein-family. Dwinell and
colleagues (2003) noted an abrogation of forskolin-mediated cAMP-elevation in
intestinal epithelial cell lines following application of SDF-1. Moreover, enhancement
of cerebellar granule cell proliferation induced by sonic hedgehog, SHH, during
embryogenesis is demonstratedly due to a SDF-1-mediated decrease of cAMP and
subsequent negative modulation of PKA-activity (Klein et al., 2001). Only recently
evidence arose that SDF-1 might elevate intracellular cAMP through a CXCR4dependent pathway, and a dual role of this chemokine has thus evolved (Chalasani
et al., 2003). Notably, overall numbers of pCREB-positive nuclei were comparably
low in untreated as well as in treated cells in this study, while the time required for
reaching maximum elevation of pCREB-immunoreactivity was highly variable in
individual

cultures,

probably

due

to

cell

preparation-dependent

variations.

Furthermore, an initial decrease in the number of nuclei displaying pCREBimmunoreactivity was repeatedly observed. A downregulatory effect of SDF-1α on
levels of intracellular cAMP can therefore not be completely excluded.
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5.1.4 Alternative contributors to neurite outgrowth promotion and upregulation of
cAMP/pCREB
Besides a CXCR4-dependent upregulation of cytosolic cAMP, other signalling events
might possibly contribute to SDF-1α-mediated effects as presented in this study.
First, high variations between single experiments could be due to the presence of
considerable, albeit variable, amounts of endogenous SDF-1 in P6 DRG cultures, as
suggested by immunocytochemical analysis. In this study, this chemokine was
demonstrated to be prominently expressed in the Schwann cell fraction of P6 DRGs,
whereas neurons displayed only low levels of SDF-1 expression (Fig. 4.24). Thus,
endogenous SDF-1 might distort the effects of externally added chemokine in both
the neurite outgrowth assay and the pCREB assay. While only the α- and β-isoform
of SDF-1 have been extensively studied to date (Fig. 2.1), up to six different variants
were recently identified (Gleichmann et al., 2000; Yu et al., 2006). Moreover, the βand γ-transcript were demonstrated to be inversely regulated during CNS and PNS
postnatal development, and a role of certain isoforms in nervous system regeneration
has been suggested (Gleichmann et al., 2000). Findings that CXCR4 forms
oligomers as well as multimers in numerous cell types, further add to complexity
(Sloane et al., 2005). This receptor heterogeneity is suggestedly causative to the
multiple functions of CXCR4, which might implicate a Gi protein-independent
upregulation of intracellular cAMP levels as well as an activation of so far unknown
signalling pathways with a role in neurite outgrowth promotion. Moreover, further
evidence exists that chemokine receptors do not exclusively interact with members of
the Gi protein family to trigger downstream signalling events (Arai and Charo; 1996).
Finally, while SDF-1 was for long considered to solely activate CXCR4, the
identification of RDC1 as a novel receptor implicates an activation of additional
signalling pathways. Both receptors are present on P6 DRG neurons, and could thus
function in neurite outgrowth promotion in either an additive or a competitive manner.
As the signal transduction cascade connected to RDC1 has not been characterized
to date, it might proposedly contribute to SDF-1α-induced neurite outgrowth
promotion and/or upregulation of cAMP/pCREB.
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5.2

Spatio-temporal expression patterns of CXCR4 and RDC1 in vitro

As in earlier studies SDF-1-induced growth promoting effects were demonstrated to
be CXCR4-dependent, the ability of SDF-1 to mediate neurite outgrowth promotion of
myelin-sensitive DRG neurons suggested a neuronal expression of CXCR4 in these
cells (Chalasani et al., 2003; Chalasani et al., 2007). However, the former VIPreceptor RDC1 was recently described to be activated by SDF-1, although data still
are controversial (Balabanian et al., 2005; Infantino et al., 2005). To clarify the
signalling pathways employed in this study, and to characterize RDC1 receptor
expression in cultured rat neuronal cells, the spatial and temporal expression and
distribution of CXCR4 and RDC1 was investigated in P6 DRG neurons.

5.2.1 Distinctive features of receptor patterning on myelin sensitive DRG neurons
Immunostaining of an extracellularly located epitope of CXCR4 revealed a prominent
expression of this receptor in the majority of DRG neurons applied in this study after
24 h in vitro (Fig. 4.8-Fig. 4.13). As described before, CXCR4-immunoreactivity
displayed a characteristic and time-dependent distribution, whereby it was
preferentially localized at branching points and near growth cones of neurites.
Furthermore, accessibility of this receptor for its ligand, SDF-1, was confirmed by
confocal laser scan microscopy, which mapped CXCR4 exclusively to the cell
surface of neurons. The alternative receptor for SDF-1, RDC1, was coexpressed with
CXCR4 in P6 DRG neurons, but differed largely with respect to its cellular distribution
and time-dependency of expression (Fig. 4.9; Fig. 4.12; Fig. 4.13). It can thus be
concluded that SDF-1 activates two different receptors on DRG neurons and
probably affects multiple signalling pathways. Interestingly, both receptors to SDF-1
showed an inverse regulation in myelin-sensitive DRG neurons in this study, which
might imply a functional inversion during cultivation.
Our findings on a time-dependent characteristic distribution of CXCR4 especially in
neuronal processes were supported by earlier observations on the cellular
distribution of this receptor in developing hippocampal neurons at E18 (Pujol et al.,
2005). It was found that CXCR4 was predominantly located at the leading edge of
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growing neurites at early stages of cultivation, while later this receptor was more
broadly distributed along cellular processes. Moreover, different staining intensities
could be observed for axons and dendrites. SDF-1-stimulation of E18 hippocampal
neurons in this model led to a reduction of both growth cone numbers and axonal
outgrowth, but conversely increased axonal branching events, thus directly altering
neuronal patterning. While morphogenic effects of CXCR4 in latter studies were
mainly confined to axons, here, both immunocytochemical results and findings of the
neurite outgrowth assay suggest a potential role for SDF-1 and CXCR4 in the overall
neurite patterning of DRG neurons. Further findings which were made in this thesis
on the distribution of CXCR4 in non-neuronal cells such as leptomeningeal
fibroblasts as well as DRG neurons directly after plating, hint to CXCR4-dependent
signalling as a general cellular means to direct the formation of cellular processes
and protrusion (Fig. 4.14-Fig. 4.23). To these findings will be referred later.
In hippocampal neurons, CXCR4 was mostly located both at the periphery of
perikarya and throughout cell body cytoplasm (Pujol et al., 2003). Conversely, in this
thesis CXCR4-immunoreactivity in DRG neurons was mainly restricted to the cell
surface, as was outlined before. Further, expression of CXCR4 was demonstrated to
specifically decrease on cellular processes at late stages of cultivation, thus
indicating a complementary spatio-temporal receptor distribution, as compared with
RDC1. As CXCR4 in studies by Pujol and colleagues (2003) was investigated as part
of a GFP-fusion protein, and as receptor staining was performed after membrane
permeabilization, the observed pattern might not reflect the actual presentation of
CXCR4 on the outer surface of neuronal membranes.

5.2.1.1

Spatio-temporal patterning of CXCR4 and RDC1 with a possible role in
neurite outgrowth and branching

The distinctive localization of CXCR4 to structures which represent regions of
directional growth in early stages of cultivation is suggestive of a role in neurite
patterning. Especially in regions of neurite branching, CXCR4 was detected in flat
structures of considerable spatial extension, which were further characterized to
harbour splayed or loop-like formations of neurofilament in high resolution images
(Fig. 5.1,A-C). In earlier reports, a direct visualization of fluorescently labelled axons
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suggested that branch points of primary growth cones of cortical axons are
demarcated by developing large complex morphologies and undergoing lengthy
pausing behaviours (Halloran and Kalil, 1994). Moreover, growth cones of cortical
neurons were demonstrated to develop corresponding morphologies in vitro while
pausing (Fig. 5.1,D,E). After the growth cones had resumed their outgrowth, axon
branches later developed from the left-behind remnants of these structures
(Szebenyi et al., 1998). Large complex growth cones further were identified at choice
points in the nervous system where the respective axons have to make directional
decisions, such as crossing the midline, turning or branching (Mason and Erskine,
2000). While growth cones generally are to small (5-10 µm in diameter) to provide a
microscopic resolution required to monitor local changes in cytoskeletal dynamics,
their morphology in pausing states is characterized by considerable extensions of up
to 50 µm in diameter (Dent et al., 2003). In this thesis, CXCR4-immunoreactivity in
postnatal DRG neurons was localized to regions which matched pausing growth
cones and areas of neurite branching with respect to both their size as well as
neurofilament configuration (Fig. 5.1,A-E). As these structures represent regions of
directional growth, it is thus suggested that CXCR4 might govern branching and/or
lengthy neurite growth in these cells. As RDC1 was not prominently present at these
sites at early stages of development, a role of this receptor in directional growth
seems unlikely. A possible function of SDF-1 and CXCR4 in neurite outgrowth and
pathfinding is supported by findings made in knock out animals. Brains of SDF-1 and
CXCR4 deficient animals, respectively, exhibit severe malformation not only of the
cerebellum (Ma et al., 1998; Zou et al., 1998), but also of hippocampal and
neocortical structures (Lu et al., 2002; Stumm et al., 2002). Further, in vitro studies
documented an either repellent or attractant role for SDF-1 in the chemotaxis of
cultured hippocampal, cerebellar, and cortical neurons (Bagri et al., 2002; Zhu et al.,
2002; Stumm et al., 2002), axon guidance (Lu et al., 2001; Xiang et al., 2002;
Chalasani et al., 2003), and axon elongation (Arakawa et al., 2003). Branching
mechanisms reportedly have implications for sprouting after injury, and preliminary
results on axon sprouting in corticospinal tract-, CST-, lesioned rats following SDF-1treatment are suggestive of a stimulatory function of this chemokine (Dent et al.,
2003; Klapka et al., unpublished observations).
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Fig. 5.1.

The SDF-1/CXCR4 axis has a possible role in neurite outgrowth and

branching. In P6 DRG neurons, CXCR4 is predominantly localized to regions of neurite
branching and outgrowth (A-C). These structures have been reported to constitute areas of
directional growth and display a characteristic configuration of neurofilaments in vitro (B,C),
as well as of other cytoskeletal components (D,E). See text for details.
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5.2.2 Spatio-temporal patterning of CXCR4 and RDC1 is present in both neuronal
and non-neuronal cells
In cortical neurons, expression and distribution of both CXCR4 and RDC1 differed
strongly in a preparation-dependent manner. Partially, CXCR4-immunoreactivity was
restricted to the longest cellular process as well as to the respective proximal part of
the cell body after 24 h in vitro. Conversely, while RDC1 was coexpressed with
CXCR4, the former receptor was predominantly localized to small, dendrite-like
processes and the opposing part of the cell body at early stages of incubation. Both
CXCR4 and RDC1 expression increased during cultivation and was evenly
distributed in the whole cortical neurons at late stages of in vitro incubation. The here
presented findings on CXCR4- and RDC1- expression and distribution in cultured
cortical neurons have to the present knowledge not been reported in literature before
(Lazarini et al., 2003).
In both HeLa cells and meningeal fibroblasts, CXCR4 was preferentially localized to
cellular protrusions such as lamellipodia, where it displayed a characteristic pattern
similar to the receptor distribution that was observed in myelin-sensitive neurons.
However, in HeLa cells a region-specific distribution of this receptor was prominent at
late, but not early, stages of in vitro incubation. Similar, CXCR4 could be mapped to
cellular processes and protrusions in meningeal fibroblasts after 2-5 DIV, but
generally not as early as 1 DIV. In accordance with P6 DRG neurons, RDC1immunoreactivity in both meningeal fibroblasts and HeLa cells was evenly distributed
on the cell membrane surface at all stages of in vitro incubation, and a granular
distribution of RDC1 was especially noted on HeLa cells.
The here presented findings thus indicate that a preferential localization of CXCR4 to
regions such as of directional growth or outgrowth does not only apply for neuronal
cells. While latter cells are characterized by a pronounced formation of cellular
processes and extensive lengthy growth, CXCR4 seems to generally map to areas in
which related events occur.
In this study, similar observations on receptor expression and distribution were
further made in the Schwann cell fraction of dissociated P6 DRGs. Interestingly,
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CXCR4 was present in a fraction, but not all Schwann cells, where it was
coexpressed with RDC1 at all stages of cultivation. Thereby, RDC1 was present in a
larger fraction of Schwann cells, compared to CXCR4. While RDC1-immunoreactivity
displayed an even or granular distribution in Schwann cells, CXCR4 was localized to
distinct cellular regions, which could represent areas of pronounced growth. Unlike
expression of both receptors in neurites of P6 DRG neurons, no marked decrease or
increase of either CXCR4- or RDC1-immunoreactivity was observed in Schwann
cells.

5.2.3 SDF-1 and a possible function in cytoskeletal reorganization
Several cytoskeletal functions such as increased cell motility, adhesion to
extracellular matrix proteins, morphological changes, and movement, have already
been described to be regulated through SDF-1-mediated activation of CXCR4. SDF1-induced changes in morphology thereby seem to be strictly cell-specific, as
suggested by contradictory reports on the effects of SDF-1 on various tumour cell
lines. While NCI-H446 small cell lung cancer, SCLC, cells displayed membrane
ruffling as well as increased formation of neurite-like projections, filopodia, and
uropodia, following application of SDF-1 (Kijima et al., 2002), Ba/F3 cells responded
with less dramatic changes of cell morphology (Salgia et al., 1999). Effects on
cytoskeletal components thereby are induced either by SDF-1 alone or in
cooperation with other proteins such as the receptor tyrosine kinase, RTK, c-Kit
(Kijima et al., 2002). Since long, SDF-1 has been known to excert chemotactic
activity toward numerous cell types of the immune and hematopoietic system, such
as T-lymphocytes or dendritic cells (Wang et al., 2000). Moreover, SDF-1 was
demonstrated to govern the migration of germ cells as well as neuronal progenitors in
the course of embryonic development (Doitsidou et al., 2002; Belmadani et al., 2005;
Blaser et al., 2006). Only recently, this chemokine further was reported to direct
tumour cells on their way to sites of metastasis (Muller et al., 2001; Burger et al.,
2006).
Reorganization of the actin cytoskeleton is a central event in cell migration and is an
early cellular response of chemotactic cells after chemokine stimulation. While the
role of SDF-1 in chemotaxis-associated cytoskeletal rearrangements has recently
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been extensively characterized for migrating blood cells, still little is known on
whether these mechanisms might also apply for the events which lead to neurite
formation and outgrowth. In a recently proposed model, SDF-1 directs Jurkat cell
migration by LIMK1-dependent phosphorylation of the actin-depolymerizing and –
severing protein cofilin (Nishita et al., 2002). While phosphorylation of cofilin was
demonstrated to constitute a critical event in sema3A-induced growth cone collapse
in DRG neurons and confers myelin-associated axon inhibition, activation of this
signalling pathway by SDF-1 might conversely favour outgrowth (Aizawa et al., 2001;
Hsieh et al., 2006). In accordance with these assumptions, SDF-1-induced cofilinphosphorylation was reported to be transduced by Rac, whereas cofilin-mediated
growth inhibition as conferred by myelin involves activation of RhoA (Nishita et al.,
2002). Rho family small GTP-binding proteins, including Rho, Rac and Cdc42, play a
central role in regulating actin cytoskeletal reorganization, and LIMK1 is
phosphorylated and activated by ROCK and PAK, which are downstream effectors of
Rho and Rac/Cdc42, respectively. Surprisingly, while both Rho-ROCK and Rac-PAK
signalling pathways mediate phosphorylation and activation of LIMK1, these
pathways effect antipodal cellular responses. As recently suggested, SDF-1mediated phosphorylation of cofilin could lead to a more balanced actin cycling and
thus supposedly effect either a stabilization of actin filaments in cellular protrusions
or, conversely, promote outgrowth by enhancing the rapid turnover of actin (Nishita et
al., 2002).
Thus, findings on a distinctive localization of CXCR4, but not RDC1, to structures of
cell growth suggest a role for this receptor in the direction of cellular mechanisms
such as cytoskeletal rearrangements. In this thesis, a similar spatio-temporal
distribution for both CXCR4 and RDC1 was documented in a cell type-specific
manner in neuronal as well as non-neuronal cells such as meningeal fibroblasts,
Hela cells, cortical neurons,and both the Schwann cell fraction and neuronal fraction
of P6 DRGs. Moreover, this is supported by observations on an early expression of
CXCR4 receptor in primary cells, which temporally coincides with stages of
pronounced outgrowth. In P6 DRG neurons, CXCR4 expression could be mapped to
cellular protrusions directly after plating and attachment of cells. Thereby, CXCR4immunoreactivity was most prominent at sites were cells had to make directional
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decisions. Conversely, RDC1 displayed no pronounced cellular distribution at
respective stages of cultivation.
The elevation of free cytosolic Ca2+ as a key signalling event in the interaction of
SDF-1 and CXCR4 might further argument for a role in the direction of neurite
branching and outgrowth. In vivo experiments in Xenopus spinal cord demonstrated
that a downregulation of Ca2+ transients in growth cones accelerated axon outgrowth,
whereas an increase in the number of Ca2+ transients decreased the rate of advance
(Gomez and Spitzer, 1999). Conversely, at choice points where branching was likely
to occur, growth cones generated higher frequencies of Ca2+ transients. While at
present the mechanistical relationship between growth cone behaviour and
morphology and Ca2+ increase in this structure is not fully understood, a role for
chemokine-/chemokine receptor-induced Ca2+ elevation in branching and outgrowth
can not be excluded. Notably, although L-type channels were demonstrated to mainly
effect this type of Ca2+ increase, a contribution from intracellular stores could also be
observed, and Gi protein-dependent depletion of intracellular stores has been
characterized to predominantly govern the SDF-1-mediated increase of cytosolic
Ca2+ levels. Albeit in this study no evidence was found for SDF-1-/CXCR4-mediated
Ca2+ signalling in P6 DRG neurons, a function of the SDF-1/CXCR4 axis was clearly
defined in the regulation of Ca2+ homeostasis in HeLa cells. Elevation of intracellular
Ca2+ levels thereby was not limited to the α-isoform of this chemokine, but was
further demonstrated for SDF-1γ, as reported in this study.
The anti-CXCR4 antibody applied in this study, 12G5 clone, was demonstrated to
bind only to a subpopulation of CXCR4 molecules on numerous cell types (Baribaud
et al., 2001; Sloane et al., 2005). According to recent findings, CXCR4 antigenic
heterogeneity is attributable to conformational differences in the CXCR4 ECL
domains,

namely

ECL2.

These

differences

are

presumably

not

due

to

posttranslational modifications, as they could be detected irrespective of the
presence of targets of glycosylation, sulfation or G protein-coupling in the structure of
this receptor, and suggestedly originate from CXCR4 multimerization. It might thus
be argued that it can not clearly be stated whether the immunocytochemical stainings
of CXCR4 presented in this study properly reflect the actual expression and
distribution patterns of this receptor. However, as receptor heterogeneity has
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predominantly, but not exclusively, been documented for cell lines and blood cells,
implications for the present study are not clear. Furthermore, as anti-CXCR4
antibody 12G5 clone performed well in blocking of SDF-1-induced Ca2+ signalling, as
reported below, it was concluded that no objections to an application of this antibody
in the present study existed.

5.3

A common function of SDF-1 isoforms in elevation of intracellular Ca2+ levels

As the first SDF-1 isoform to be identified (Tashiro et al., 1993), SDF-1α has been
widely studied and functionally characterized in vivo as well as in vitro (Lazarini et al.,
2003; Kucia et al., 2004). During the recent years, a number of different isoforms with
putative novel functions could be identified in various organisms (Tashiro et al., 1993;
Gleichmann et al., 2000; Yu et al., 2006). SDF-1 transcripts are derived from a
common mRNA precursor by means of alternative splicing, and while their proteins
share a common N-terminal domain, they differ with respect to a C-terminal, isoformspecific, extension. The various isoforms are differentially expressed in a manner
which is dependent on the developmental stage as well as on cell and tissue types,
as could be demonstrated by quantitative PCR, Q-PCR, as well as isoform-specific in
situ hybridization. Nonetheless, expression patterns still are controversial to date
(Gleichmann et al., 2000; Tham et al., 2001; Stumm et al., 2002). The γ-variant of
SDF-1 was recently identified in rat, and has not been characterized on a functional
level yet. The C-terminal extension of SDF-1γ comprises 30 additional amino acids
and thus represents the largest isoform in rat to date. In this thesis, custom-designed
SDF-1γ was compared to commercially available SDF-1α in an in vitro assay to
monitor the isoform-specific capacity to elevate intracellular Ca2+ levels. An increase
of cytosolic Ca2+ levels by a depletion of internal stores was described as a key event
in chemokine-induced intracellular signalling and indicates a functional interaction of
ligand and receptor (Baggiolini et al., 1997; Murphy et al., 2000). Intracellular Ca2+
signalling is demonstratedly evoked by the common N-terminus of SDF-1-variants
and has been extensively studied for the α-isoform in numerous cell types (Tilton et
al., 2000; Lazarini et al., 2003; Roland et al., 2003; Kucia et al., 2004). As SDF-1αmediated elevation of intracellular Ca2+ levels generally is uniform, variations
following application of a certain isoform are therefore indicative of a C-terminus149

Discussion
specific response. Here, a general capacity of both SDF-1γ and SDF-1α was
revealed to trigger an upregulation of cytosolic Ca2+ levels in a concentrationdependent manner (Fig. 4.26-Fig. 4.30). Albeit Ca2+ responses were similar with
respect to their general features, isoform-specific differences could be observed.
Generally, Ca2+ increase mediated by the α-transcript was significantly higher at low
concentrations of this chemokine, compared to SDF-1γ. However, trend plots of Ca2+
responses were demonstrated to be similar for the two different variants.
Interestingly, at higher concentrations responses triggered by either the α- or γisoform were equal, or were even more pronounced for SDF-1γ. ATP-mediated Ca2+
influx was slightly decreased after a preceding stimulation with both splice variants at
high concentrations. Whether this was due to a protein overload of cells or a
sustained activation of competing intracellular pathways, was not determined.
Findings on isoform-specific variations in the intensities of Ca2+ responses as
described in this study are not necessarily due to C-terminal differences in protein
sequence and structure. Mass spectroscopic analysis revealed a high discrepancy in
the respective amount of full length protein for both isoforms. In the case of SDF-1γ,
only 30-50% of all molecules carried an intact N-terminal domain, while the remaining
portion was N-terminally truncated by several amino acids. Thereby, damage was
presumed to originate from production errors due to protein length and extreme
hydrophobicity.
In order to investigate a reported CXCR4-dependency of SDF-1 induced Ca2+
signalling, and as a means to assess a possible participation of SDF-1γ C-terminal
domain, blocking experiments were performed. Cells were pretreated with either an
anti-CXCR4 antibody (12G5 clone) or PTX. While the antibody was directed against
the SDF-1 binding site(s) of the receptor, PTX abrogated receptor functions by
uncoupling Gi protein-signalling. Both SDF-1γ- and SDF-1α-mediated elevation of
intracellular Ca2+ levels displayed an efficient downregulation following preincubation
with either antibody or PTX, while an isotype control antibody proved ineffective. As
noted before, isoform-specific differences were also observed in blocking
experiments. Interestingly, those were contradictory to the aforementioned limited
ability of SDF-1γ to induce Ca2+ influx. Thereby, inhibitory effects following
application of anti-CXCR4 antibody or PTX, respectively, were more pronounced for
the α-variant, compared to the γ-isoform or the isotype control situation.
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To date, a role for the amphiphilic C-terminal α-helix has exclusively been
demonstrated for SDF-1α in binding to GAGs such as heparin (Luo et al., 1999; Cai
et al., 2004). This event suggestedly stabilizes ligand-receptor interactions and was
reported to increase SDF-1-induced chemotaxis and Ca2+ influx in T-lymphocytes.
However, in other studies SDF-1α binding and signalling was demonstrated to occur
through N-terminal peptides alone (Crump et al., 1997; Loetscher et al., 1998;
Elisseeva et al., 2000). Against the background of the results presented in this study,
it might be suggested that the extended C-terminal domain of SDF-1γ binds to GAGs
on the cell surface of CXCR4-overexpressing HeLa cells. Thus, this could lead to a
more sustained interaction of this ligand with receptor molecules which were not
blocked by either anti-CXCR4 antibody or PTX. Alternately, elevation of intracellular
Ca2+ levels following application of SDF-1γ might employ different or at least
additional means of intracellular signalling which presumably is Gi proteinindependent. It has to be noted that in blocking experiments mean Ca2+ responses
were higher than was observed in experiments which were designed to solely
compare SDF-1α and SDF-1γ effects. This can presumably be ascribed to a
pretreatment effect which might result in a more efficient Ca2+ elevation, but could
also be due to the lower n-numbers of this experimental setup. Generally, since the
applied SDF-1 isoforms are of different origin, manufacturing by-products or sample
contamination could easily be responsible for the observed variations.
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5.4

Conclusions and further directions

The interactions of SDF-1 and its cognate receptor, CXCR4, are a well studied
paradigm for chemokine and chemokine receptor biology within the boundaries of the
immune system and beyond. Surprisingly, an increased understanding of their
functions is accompanied by the notion that both this ligand and receptor often
represent an exception to the general rules which have been described for the
chemokine system (Murdoch, 2000). Here, a role for SDF-1α in overcoming myelininduced

outgrowth

inhibition

of

postnatal

mammalian

PNS

neurons

was

characterized and signalling events involved in SDF-1α-mediated growth promotion
were investigated. It was found that myelin-sensitive DRG neurons displayed a
significantly reduced outgrowth performance on a surface coated with CNS myelin,
and that this effect could be reverted and growth was restored following application of
SDF-1α in a dose-dependent manner. Moreover, SDF-1α-mediated effects were
significantly enhanced if cells were pretreated with this chemokine prior to plating on
myelin. Blocking of CXCR4 led to a partial, albeit not complete, abrogation of SDF1α-induced neurite outgrowth promotion, thus probably suggesting the involvement of
an additional signal transduction pathway activated by this chemokine.
Neuronal navigation and outgrowth are highly complex processes, in which external
guidance cues are transduced across the membrane by specific receptors to activate
intracellular signalling pathways and regulatory mechanisms for cytoskeletal
rearrangements. It has become evident that many of these pathways might be similar
to those involved in directional migration of non-neuronal cells such as cells of the
hematopoietic system, albeit guidance cues and receptors are likely to differ. Cell
migration, which plays an essential role in a variety of physiological and
pathophysiological events, could be demonstrated to be dependent on the
interactions of SDF-1 and CXCR4 in such different processes as the metastatic
destination of cancer cells, germ cell migration, or stem cell homing. Reorganization
of actin components of the cytoskeleton is a central event in migration and an early
cellular response of chemotactic cells after chemokine stimulation. In this thesis,
CXCR4-immunoreactivity in DRG neurons was localized to regions which matched
pausing growth cones and areas of neurite branching at early stages of cultivation.
As these structures represent regions of directional growth, CXCR4 might
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suggestedly govern neurite branching or formation of cellular processes. Findings on
expression and distribution of this receptor in various primary cells and cell lines
supported this suggestion, which is especially convincing with respect to recent
observations on a role for SDF-1 in LIMK1/cofilin-dependent actin rearrangements.
Thus, cytoskeletal rearrangements upon SDF-1-induced activation of LIMK1 might
not only be applicable to migrating cells, but could propose an explanation on how
this chemokine directs neurite branching and outgrowth in presence of negative
guidance cues.
Further studies will have to define the exact role SDF-1 plays in growth promotion
and the signalling events herein involved. Possible experimental approaches might
involve a permanent or temporary knock out or knock down of either of the cognate
receptors to SDF-1, CXCR4 and RDC1, to investigate the role of these molecules in
DRG neuron outgrowth and neurite patterning in vitro, and to allow for a more exact
analysis of signalling events involved in SDF-1-induced outgrowth promotion.
In a second part, two different splice variants of SDF-1, SDF-1α and SDF-1γ, were
characterized in their function to elevate the level of intracellular free Ca2+. While
SDF-1 isoforms differ considerably with regard to their C-terminal extension, still no
distinctive features could be characterized for this region apart from a general
supportive function. In this thesis, it could be demonstrated that rat splice variant
SDF-1γ was functional and triggered intracellular Ca2+ increase similar to the αisoform. The ability to elevate cytosolic Ca2+ could mainly be attributed to the Nterminal domain of both splice variants in both a CXCR4- and Gi protein-dependent
manner. However, slight functional differences were observed for the γ–isoform in
this study, which suggested that SDF-1γ-mediated Ca2+ increase might employ
different or at least additional means of intracellular signalling. In recent studies, a
function of the C-terminus in receptor activation was demonstrated for SDF-1α. As
the SDF-1γ C-terminal region comprises 30 additional amino acids, a lack of function
of this domain seems unlikely, regarding its high evolutionary conservation. However,
while SDF-1 isoforms applied here were of different origin, further analysis of
isoform-specific responses would require SDF-1 variants from a common source to
eliminate production-dependent differences in future studies.
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In the past, structural mutants of SDF-1 with altered binding and signalling properties
have repeatedly been suggested as putative therapeutic tools. With respect to the
diversity of molecular and functional properties of SDF-1 and CXCR4, targeting this
system as a possible means of therapeutic intervention might be critical. Moreover,
findings on various functional domains of SDF-1 clearly have to be considered in
context with recent reports on cell-specific differences in CXCR4 expression,
multimerization, and signalling. However, while SDF-1 might not directly find
application as a therapeutic tool in CNS regeneration, studying this potent molecule
might likely forward the understanding of the molecular machinery in CNS growth
inhibition and promotion. Despite the identification of RDC1 as a novel receptor to
SDF-1, CXCR4 might still be considered to represent the major partner in binding
and signalling, and minute knowledge of ligand-receptor interactions might provide
valuable insights into various cellular mechanisms.
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Abbreviations

(p)CREB

(phosphorylated) cAMP responsive element binding protein

ATP

adenosine triphosphate

BDNF

brain-derived neurotrophic factor

BSA

bovine serum albumin (fraction V)

cAMP

cyclic adenosine monophosphate

CCR5

CC chemokine receptor 5

Cdc42

cell division cycle 42

CNS

central nervous system

CSPG

chondroitin sulphate proteoglycan

CXCL12

CXC chemokine ligand 12

CXCR4

CXC chemokine receptor 4

DAB

diaminobenzidine

DARC

Duffy antigen receptor for chemokines

DMEM

Dulbecco´s modified Eagle medium

DREZ

dorsal root entry zone

DRG

dorsal root ganglion

EAE

experimental allergic encephalitis

ECD

extracellular domain

ECL

extracellular loop

ECM

extracellular matrix

ERK

extracellular-signal regulated kinase

FAK

kocal adhesion kinase

FBS

foetal bovine serum

5´dFUrd

5´-fluoro-2´-desoxyuridine

Forene (Isofluran)

1-chloro-2,2,2-trifluoroethyldifluoromethylether

Fura 2-AM

Fura-2 pentakis(acetoxymethyl)ester

GAG

glycosaminoglycan

GDNF

glial cell line-derived neurotrophic factor

GDP

guanidine diphosphate

GPCR

G protein-coupled receptor
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GPI

glycosylphosphatidylinositol

GTP

guanidine triphosphate

HIV

human immunodeficiency virus

ICL

intracellular loop

IDC

intracellular domain

Ig

immunoglobulin

Jak

Janus kinase

LIM

acronym of Lin-11, Isl-1, Mec-3

LIMK1

LIM kinase 1

LRR

leucin-rich repeat

MAG

myelin-associated glycoprotein

MAI

myelin-associated inhibitor

MPSS

methylprednisolone sodium succinate

mRNA

messenger ribonucleic acid

NFκ-B

nuclear factor κ-B

NGF

nerve growth factor

NgR

Nogo66 receptor

NGS

normal goat serum

NOD/SCID

non-obese diabetic/severe combined immunodeficient

NT-3

neurotrophin-3

OMgp

oligodendrocyte-myelin glycoprotein

p75NTR

p75 neurotrophin receptor

PAK

p21 activated kinase

PAM

pan axonal marker

PBLs

peripheral blood leukocytes

PBS

phosphate buffered saline

PBSF

pre-B-cell growth stimulating factor

Pen-Strep

penicilline-streptomycine

PI3K

phosphatidylinositol 3-kinase

PKA

protein kinase A

PKC

protein kinase C

PLC-γ

phospholipase C-γ

PNS

peripheral nervous system

PTX

pertussis toxin (Bordetella pertussis)
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Pyk2

proline-rich tyrosine kinase-2

Q-PCR

quantitative polymerase chain reaction

RHD

reticulon-homology domain

RIP

regulated intramembrane proteolysis

ROCK

Rho-associated kinase

RTK

receptor tyrosine kinase

RTN

reticulon

RT-PCR

reverse transcriptase polymerase chain reaction

SCI

spinal cord injury

scy

small secretred cytokines

SDF-1

stromal cell-derived factor-1

SDS-PAGE

sodium dodecylsulfate polyacrylamide gel electrophoresis

sema 3C

semaphorin 3C

sema3A

semaphorin 3A

SHH

sonic hedgehog

SIV

simian immunodeficiency virus

STAT

signal transduction and activation of transcription

TNFα

tumor necrosis factor α

VIP

vasoactive intestinal peptide
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