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Abstract
Abstract:

Growth/Differentiation Factor-15 (GDF-15) is a distant member of the TGF-3
superfamily, which is widely expressed in the body, most prominently in liver,
lung, kidney and exocrine glands. Functions assigned to GDF-15 to date are
mostly related to cancer biology and progression, inflammation and
cardioprotection. In the field of the nervous system, several studies had shown
that injured cortical neurons, microglia, Schwann cells and activated
macrophages are the main producers of GDF-15. Exogenous GDF-15 has
neurotrophic functions for cultured neurons, and can promote maturation of the
regenerating axons. GDF-15 deficient mice exhibit postnatal progressive
neuron loss. However, the functions and underlying signaling pathways of

GDF-15 in the nervous system are largely unknown.

In this project, crush or transection lesion on the sciatic nerve was performed
on GDF-15 knock out (KO) mice and wild type (WT) littermates. The main
parameters and markers related to GDF-15 expression, neuron survival, nerve

regeneration and functional recovery were analyzed.

GDF-15 mRNA levels in the dorsal root ganglia (DRG) were slightly
upregulated at 3 and 7 days after sciatic nerve lesion, and returned to control
level thereafter. GDF-15 expression in the sciatic nerve segments distal to the
lesion peaked at 7 days after injury, which may be related to dedifferentiation of
Schwann cells and infiltration of macrophages. GDF-15 was then
downregulated after 7 days in the sciatic nerve crush model, but it remained at
high level in the transection model. The potential neurotrophic factor Galanin
was higher expressed in the GDF-15 deficient DRG than in the WT. The
immunoreactivity of the survival-promoting molecule phospho-Bad was found

to be constitutively expressed in the GDF-15 KO DRG, but was only seen in



Abstract
the WT DRG after lesion. In the GDF-15 KO mice, the myelination modulator

Krox-20 was maintained at a high level in unlesioned nerve, which might
account for the hypermyelination phenotype. However, it did not alter the
remyelination during nerve regeneration. The macrophage attractor MAC-2,
cytokines IL-1B and IL-6 were found to be more prominently expressed in the
GDF-15 knock out nerve than in WT littermates. As a consequence, the levels
of macrophage markers CD11b and F4/80 in KO mice were higher than in the
WT; this was further substantiated by the staining of F4/80 in the nerve distal to
the lesion. The alternative macrophage activation markers Arginase 1 and
Ym1 were more prominently expressed in lesioned nerves from GDF-15 KO

than in WT mice.

After sciatic nerve lesion, DRG neuron loss and axon remyelination showed no
significant difference between the genotypes. However, regenerated axons in
wild type animals gained a larger diameter at a later time point after sciatic
nerve lesion, and showed a better improvement in terms of conduction velocity
and amplitude in the electromyography test, meaning a better functional

recovery.

In conclusion, GDF-15 does not alter DRG neuron death after sciatic nerve
lesion; GDF-15 suppresses macrophage recruitment and alternative activation;
finally, GDF-15 promotes the maturation of regenerated axons by enlarging the

diameter.



Zusammenfassung

Zusammenfassung:

Growth/Differentiation Factor-15 (GDF-15) ist ein entferntes Mitgleid der
TGF-B Superfamilie und ist bei Saugern weit verbreitet; die hochste
Expression findet man in den Organen Leber, Lunge, Niere und in exokrinen
Drusen. Bisher meist untersuchte Funktionen von GDF-15 betreffen die
Biologie von Krebszellen, Metastasierung, Entziindung und das pathologische
Herz. FUr das Nervensystem ist in mehreren Studien gezeigt worden, dass
GDF-15 im ladierten cerebralen Cortex, in Mikroglia, in Schwannzellen und in
aktivierten Makrophagen synthetisiert und sekretiert wird. Exogen appliziertes
GDF-15 wirkt neurotroph und kann die Regeneration ladierter Axone Uber
einen Spalt hinweg fordern. GDF-15 Knockout-Mause zeigen einen
progredienten postnatalen Verlust motorischer und sensorischer Neurone.
Allerdings sind die meisten Funktionen von GDF-15 im Nervensystem noch

nicht aufgeklart.

In meiner Dissertationsarbeit habe ich an GDF-15 WiIldtyp- und
Knockout-Mausen Quetschungs- und Durchtrennungs-Experimente am
Nervus Ischiadicus durchgefiihrt und die morphologischen, molekularen und
biochemischen Konsequenzen sowie die Nervenregeneration (nach

Quetschung) untersucht.

GDF-15 wurde in Spinalganglien (dorsal root Ganglien, DRG) nach 3 — 7
Tagen postlasional hochreguliert und normaliserte sich danach. Distal der
Nervenlasionsstelle erreichte die GDF-15 Expression 7 Tage nach Verletzung
ihren  Gipfel, dies steht offenbar im Zusammenhang mit der
Aktivierung/Dedifferenzierung von Schwannzellen und der
Makrophageninfiltration. Nach Quetschung kehrten die GDF-15 Werte jenseits

von Tag 7 auf Kontrollniveau zurick; nach Nerv-Durchtrennung blieben die



Zusammenfassung

Werte hoch. Galanin ist ein neurotropher Faktor und war in GDF-15
defizienten DRGs hoher exprimiert als in WIldtyp-Ganglien. GDF-15
Knockouts exprimierten phosphoryliertes Bad (das als Uberlebenssignal
funktioniert) konstitutiv; in  WIldtyp-Tieren wurde es nur nach Lasion
beobachtet. Krox-20 ist ein positiver Regulator der Myelinisierung; es war
prominent heraufreguliert in unladierten Nerven von Knockout-Tieren; wir
sehen dies im Zusammenhang mit dem Hypermyelinisierungs-Phanotyp
dieser Tiere. Allerdings forderte hochreguliertes Krox-20 nicht die
Remyelinisierung bei der Nervenregeneration. Der Makrophagen-Attractor
MAC-2 sowie die Cytokine IL-18 und IL-6 waren hdher exprimiert in GDF-15
knockout-nerven als in Wildtypen. Dies fuhrte in Kockout-Tieren zu einer
hoheren Makrophagen-Invasion, erkennbar an hohen Werten der
Makrophagen-Marker CD11b und F4/80. Dies entsprach auch den
immuncytochemischen Resultaten. Arginase 1 und Ym1 sind Marker fur den
alternativen (M2) Aktivierungsweg fur Makrophagen; beide Marker waren
prominenter exprimiert in Iasionierten Nerven von GDF-15 Knockout Tieren als
in Wildtyp-Tieren. Nach Nervenlasion entwickelten sich DRG Neurontod und
Axonremyeliniserung in  Knockout- und Wildtyp-Tieren nahezu ohne
Unterschied. Allerdings hatten regenerierte  WIIdtyp-Axone gréflere
Durchmesser und eine verbesserte Leitungsgeschwindigkeit, also eine

bessere funktionelle Erholung.

Die Gesamt-Schlussfolgerung ist, dass GDF-15 nach Nervenlasion flr das
Uberleben sensorischer Neurone in vivo unerheblich ist. Jedoch unterdriickt
GDF-15 die Makrophagen-Aktivierung und ihre alternative (M2) Aktivierung.
Wichtig ist schlieRlich, dass GDF-15 die Reifung regenerierender Axone durch

VergroéRerung ihrer Durchmesser fordert.
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Introduction

1. Introduction

1.1. Peripheral nervous system (PNS)

1.1.1. Origin and development of the PNS

The mammalian nervous system can be divided into two sub-systems: the
central nervous system (CNS) and the peripheral nervous system (PNS). The
CNS consists of the brain and the spinal cord, while the PNS encompasses the
nerves and ganglia external to the CNS, mainly includes spinal nerves which
derive from the spinal cord and cranial nerves which come from the brain. The
PNS contains both the autonomic system and the somatic system, each with
components locating within the CNS and the PNS. The autonomic system
transfers information between the CNS and visceral organs (Irwin, 1993). The
somatic system conducts information between the CNS and the skin, skeleton

muscles, bones, and joints (Elenkov et al., 2000).

As reviewed extensively by numerous articles and books (e.g. Neuroscience,
3 edition, Dale Purves, et al.; Developmental Biology, 6" edition, Scott F
Gilbert), during embryonic development, the ectoderm overlying the notochord
thickens and becomes a temporary structure, the neural plate (Chang and
Hemmati-Brivanlou, 1998; Duprat et al., 1990). The neural plate then begins to
fold and forms a transitional structure, named neural tube (Bronner-Fraser,
1994). A group of cells locating between the neural plate and the ectoderm
starts to differentiate and migrate laterally and dorsally to the neural tube. This

group of cells is termed the neural crest (Bronner-Fraser, 1995) (Fig 1.1).

The marginal region of the neural tube consists of neural ectodermal cells
which are named the neuroepithelium, and will later give rise to a
subpopulation of cells called neuroblasts (Morest and Silver, 2003). The

neuroblasts form the mantle layer locating peripherally to the neuroepithelial
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cells. The cells in the mantle layer finally become the gray matter of the spinal
cord (McConnell, 1995; Tanabe and Jessell, 1996). Neuroblasts send out
processes peripherally from the mantle layer and form the nerve fibers, which
are then myelinated and become the white matter in the spinal cord
(McConnell, 1995). Neuroepithelial cells also give rise to spongioblasts

(gliablasts), which will finally become the glial cells in the CNS (Morest and

Silver, 2003).

Neural crest Ectodem
Neuroepithelial Neural tube

cells

Marginal layer
Mantle layer Ventricular
layer
Neural crest cells b
@ 1 Neural crest cells
@ Alar plate Sulcus @

Basal plate R
Dorsal hom l Dorsal root
Lateral Dorsal

hom root

ganglion

Ventral hom
Ventral root

Sympathetic chain
ganglia and preaortic ganglia

Ganglia of parasympathetic

nervous system derived from

neural crest cells for cranial
and sacral regions

Fig 1.1 Development of spinal cord and peripheral nervous system.

Viewed transversely, the neural tube includes the central canal. The lateral

corners of the canal are called the sulcus limitans (Miller et al., 2010). This
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sulcus forms the boundary between the cells located dorsally from the alar
plate, and the cells located more ventrally, the latter are termed the basal plate.
The cells located in the alar plate are connected to sensory function, while the
cells from the basal plate are related predominently to motor function. During
neural development, the intermediate region between the alar plate and the
basal plate become an intermediolateral region of the gray matter, with the
neurons showing autonomic function (Bronner-Fraser, 1994; McConnell, 1995;

Tanabe and Jessell, 1996).

A group of neural crest cells, which locate dorsolaterally to the neural tube, will
further divided into segments corresponding to the somites which develop in
the mesoderm. Some of the neural crest cells go through
epithelial/mesenchymal transitions and migrate to form ganglion primordial
(finally form the dorsal root ganglia), in which the sensory neuron precursors
undergo terminal differentiation and extend axons centrally to spinal cord and
peripherally to various targets (muscle spindles, cutaneous receptors, sensory
receptors) (Miller et al., 2010). Another group of neural crest cells, located in
the margins of dorsal neural tube, migrate ventrally to a region near the dorsal
aorta. They develop to a column of sympathetic ganglion primordia, and
differentiate to obtain mainly noradrenergic properties. Finally, these cells
become the sympathetic ganglia, some of which migrate rostrally to form, e.g.,
the superior cervical ganglion (SCG) and some migrate ventrally to establish
the prevertebral ganglia, leaving the remaining cells in the column forming the

sympathetic chain (Cowen and Gavazzi, 1998; Francis and Landis, 1999).

1.1.2. Origin and development of Schwann cells

Except neurons, there are two main types of glial cells in the PNS, satellite glia
cells (SGCs) and Schwann cells (SCs). SGCs originate from the early cell
pools, e.g. boundary cap cells in neural crest. They normally surround neuron

9
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bodies within ganglia, and are considered to have various functions, such as
nutrients supply, protection, and microenvironment control (Fex et al., 2004;

Nascimento et al., 2008; Pannese, 2010).

Besides SGCs, SCs are of particular importance. SCs are the myelinating and
non-myelinating glial cells in the PNS. Depending on the formation of myelin
sheath, SCs can be further divided into two subgroups, myelinating Schwann
cells (produce myelin sheath) and non-myelinating Schwann cells (NMSCs),
both derived from the neural crest (Griffin and Thompson, 2008; Woodhoo and
Sommer, 2008) (Fig 1.1). Three developmental stages are involved in the
formation of SCs: firstly, neural crest cells migrate to the nerve trunks and
become Schwann cell precursors (SCPs) at mouse embryo day (E) 12/13;
secondly, SCPs develop into immature Schwann cells at E15/16; finally,
around birth, the immature Schwann cells differentiate into myelinating
Schwann cells and the non-myelinating Schwann cells (Jessen and Mirsky,

2005; Jessen, 2005) (Fig 1.2).

Myelinating
Schwanncell /

Pro-myelin
Schwann cell

A L
ot A ‘
CEN @
: ,g.‘.”_.‘,.s :, > 1O 5
& .
Neural crest Schwann cell Immature Non-myelinating
cell precursor Schwann cells Schwann cell

Fig 1.2 The Schwann cell lineage. Figure obtained from (Jessen and Mirsky, 2005).

Sox10 is thought to be critical for the formation of the glial lineage from the
migrating neural crest cells. Sox10 is expressed in developing SGCs and

10
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SCPs, but downregulated in immature neurons. In mice lacking Sox10, the
SGCs and SCPs are missing while neurons are in normal number. One
possible function of Sox10 might be maintaining the response to Neuregulin 1
(NRGH1) in early glial cells (Garratt et al., 2000; Jagalur et al., 2011; Kuspert et
al., 2012) (Fig 1.3).

Adenosine SOX-10
ATP BDNF
Autocrine BRN2
survival factors cAMP
SOX-10 B1 integrin GDNF
c-Jun IGF
Claw paw KROX20/NAB1/2
NRG1 _ Ets transcription Laminin
. > factors NF-xB
‘Notch & IGF NRG1
FGF2 . Laminin OCTé6
- NRG1 Progesterone |
NT3 PI3K-Akt
SOX2 SKI
\/ p38 Myelinating
Schwann cell
/e
Q0 c-Jun
B2 Notch
o o R, —————p NT3
" PAX3
Ax o - 2 SOX2
Neural crest Schwann cell Immature TGFB
cell precursor Schwann cells Krox24
ERG3
Endothelin 1d2
e
BMP2/4 20
- <

Fig 1.3 Factors involved in Schwann cell development and myelination. Figure

adapted from (Jessen and Mirsky, 2005).

Early embryonic nerves are tightly associated with SCPs, forming a column
structure without connective tissue, protective perineurium or blood supply.
Thus SCPs are thought to be essential for trophic support and proper nerve
fasciculation to immature neurons (Jessen and Mirsky, 2005). SCPs, in

contrast of mature SCs, lack autocrine survival loops and largely depend on a

11
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NRG1 signaling, which is provided by axons, for survival (Chen and Strickland,
2003; Feltri et al., 2002; Meyer and Birchmeier, 1995; Wallquist et al., 2002).
NRG1 is also a major regulator during the transition of SCPs to immature

Schwann cells (Cornejo et al., 2010; Newbern and Birchmeier, 2010).

The formation of immature Schwann cell is, in time course, paralleled with the
increase in vascularization, connective tissue spacing, and the formation of the
perineurium in the peripheral nerve (Jessen and Mirsky, 2005). At this stage,
immature Schwann cell processes surround large bundles of axons. Immature
Schwann cells gain the ability to support their own vitality by autocrine survival
factors, such as leukaemia inhibitory factor (LIF), neurotrophin 3 (NT3),
insulin-like growth factor 2 (IGF2), and platelet-derived growth factor-3
(PDGFB) (Dowsing et al., 1999; Meier et al., 1999; Weiner and Chun, 1999). It
is crucial that the autocrine circle could also promote self-survival after lesion
and the regeneration of axons. On the other hand, excess immature Schwann
cells need to be eliminated, this is probably controlled by the balance between
survival and death factors (Jessen and Mirsky, 2005). Survival factors include
axon associated NRG1, laminin from the basal lamina, as well as the autocrine
factors mentioned above (Chen and Strickland, 2003; Feltri et al., 2002; Meyer
and Birchmeier, 1995; Wallquist et al., 2002). At least two death factors have
been identified: p75 neurotrophin receptor (p75N™R), which is required for SCs
cell death, probably activated by binding of nerve growth factor (NGF) (Syroid
et al.,, 2000); and TGF-B, as the elevated cell death in neonatal SCs after
lesion is suppressed by injection of TGF-B-blocking antibody (Einheber et al.,

1995; Parkinson et al., 2001) (Fig 1.3).

During late embryo stages, individual immature Schwann cells gradually
associate with single axons only to reach a 1:1 ratio, which is termed radial
sorting, the pre-myelinating step (Webster et al., 1973). Around birth, immature
Schwann cells begin to differentiate into myelinating Schwann cells and,

12
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subsequently, NMSCs (Jessen and Mirsky, 2005). This reversible process
takes several weeks to complete in rodent nerves and is thought to be
controlled by axonal signals, as random association with axons of different
caliber determines subsequent maturation. Those SCs associated with large
diameter axons (>~1 pm) will bacome myelinating SC and those associated
with small diameter axons become NMSCs (Griffin and Thompson, 2008;

Woodhoo and Sommer, 2008) (Fig 1.2).

After radial sorting, myelinating Schwann cells go through comprehensive
biochemical and morphological changes concerning lipids, protein and myelin
synthesis and wrapping of lamellae to form myelin sheaths (Sherman and
Brophy, 2005). Myelination offers several biological advantages such as a
dramatic increase in conduction velocity, which directly correlates with total
fiber diameter, as well as reduction in energy costs to generate an action
potential (Gillespie and Stein, 1983; Nave, 2010). This structure increases
conduction velocity in two known ways: saltatory conduction and an increase
in axon diameter (Gillespie and Stein, 1983). Each myelinated segment of an
axon is referred to as an internode and internodes are separated by nodes of
Ranvier. Nodes of Ranvier are ~1 um in length, rich in sodium channels, and
are seperated by the insulating myelin sheath, therefore, the electric signal can
‘jlump” from one node to the next (Lustig et al., 2001; Sakurai et al., 2001;
Sherman and Brophy, 2005). Myelination can also induce the phosphorylation
of neurofilament M (medium) and H (heavy), which enlarges the interfilament
spacing and consequently, increase the axonal caliber (Hisanaga and
Hirokawa, 1989; Julien and Mushynski, 1983). Myelination also offers axonal
protection and limits collateral sprouting from myelinated shafts, the latter
effect probably results from growth inhibitory molecules in the myelin, such as
netrin, myelin-associated glycoprotein (MAG) and oligodendrocyte myelin
glycoprotein (OMgP) (Gan et al., 1999; Gupta et al., 2006; Ji et al., 2008; Lim
et al., 1999; Pagany et al., 2003; Willison et al., 1988). In the PNS, myelinating
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fibers are mainly A and B group fibers (Navarro et al., 2007).

The non-myelinating Schwann cells (NMSCs) consist of the Schwann cells in
the Remak fibers, the terminal Schwann cells (tSCs) found at neuromuscular
junctions, and specialized sensory transducers, e.g. Pacinian corpuscles and
Meissner ’s corpuscles (Griffin and Thompson, 2008; Vega et al., 2009). All of
these NMSCs keep the ability to myelinate if they receive the appropriate
axonal signal (Navarro et al., 2007; Stoll and Muller, 1999).

In contrast to the CNS, the PNS contains large population of unmyelinated
axons, which are estimated to be 4 times more frequent than myelinated axons
(Holland et al., 1998). In rodents, 85-90% NMSCs usually ensheath more than
one axon, while the remaining 10-15% NMSCs enclose small axons in a 1:1
ratio. Interestingly, in human, all NMSCs associate with small axons in a 1:1
ratio (Sharghi-Namini et al., 2006). Non-myelinating fibers consist of
postganglionic sympathetic fibers, C fiber nociceptors, as well as some
preganglionic sympathetic and parasympathetic fibers (Griffin and Thompson,
2008). NMSCs are highly plastic, and have the ability to sprout out if necessary.
This is due to the absence of myelin, which contains the inhibitory molecules

for sprouting (Murinson and Griffin, 2004).

1.1.3. Mechanism of myelination

Myelination is a complex process and includes signals from microenvironment
and axon (Jessen and Mirsky, 2005; Sherman and Brophy, 2005).
Axon-associated neuregulin-1 controls the formation and thickness of the
myelin sheath (Cornejo et al., 2010; Newbern and Birchmeier, 2010; Stassart
et al., 2013; Wolpowitz et al., 2000). Many neurotrophic factors participate in
the myelination process, including glial cell line-derived neurotrophic factor
(GDNF) (Averill et al., 2004; Hoke et al., 2003; Piirsoo et al., 2010),
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brain-derived neurotrophic factor (BDNF)(Omura et al., 2005; Tolwani et al.,
2004; Xiao et al., 2009; Yamauchi et al., 2004), and insulin-like growth factors
(IGF-1/2)(Cheng et al., 2000; Silva et al., 2009). Schwann cells also produce
myelin structrue proteins to construct myelin sheaths: myelin protein zero
(PO)(Trapp, 1988), myelin basic protein (MBP)(Topilko et al., 1994), peripheral
myelin protein 22 (PMP22)(Snipes et al., 1999), and
myelin-associate-glycoprotein (MAG)(Trapp, 1988). Current evidence has
shown that myelination is regulated by balancing the positive and negative
transcriptional regulators. Positive transcription factors for myelin are normally
upregulated in immature Schwann cells, which are essential for the initiation of
myelination, inter alia, Sox10 (Britsch et al., 2001; Paratore et al., 2001),
Krox-20 (Egr-2)(Topilko et al., 1997; Zorick et al., 1999), octamer-binding
transcription factor 6 (Oct-6)(Ghazvini et al., 2002; Mandemakers et al., 2000;
Smith et al., 2001) and brain 2 class Il POU-domain protein (Brn-2) (Jaegle et
al., 2003). Sox10, except its role in the transition from neural crest cells to
SCPs, is critical for Oct-6 expression and the induction of myelin genes in
immature Schwann cells (Jagalur et al., 2011; Paratore et al., 2001). Krox-20
deficient mice show a 1:1 ratio of axon to immature Schwann cells, but fail to
form myelin sheaths, indicating that Krox-20 is crucial for myelination but not
radial sorting (Topilko et al., 1994). However, Krox-20 is shown to be essential
to maintain the myelin sheath in physiological condition (Decker et al., 2006).
Oct-6 has functional overlap with Brn-2 in terms of myelinogenesis, as Oct-6
conditional KO mice showed a delayed initiation of myelination compared with

WT littermates (Ghazvini et al., 2002; Jaegle et al., 2003).

On the other hand, there are negative transcriptional regulators of myelination,
which are generally activated in immature Schwann cells, deactivated in
myelinating Schwann cells, re-activated upon denervating/lesion conditions to
induce Schwann cell dedifferentiation, orchestrating suppression of myelin
protein gene expression. After lesioning the nerve, the negative regulators are
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believed to induce the dedifferentiation program of SCs, which leads to a
phenotype similar to immature Schwann cells and then remyelinate the
regrowed axons (Jessen and Mirsky, 2008). Currently, several candidates of
negative regulators have been documented, including the transcription factors
c-Jun (Parkinson et al., 2008), Pax-3 (Blanchard et al., 1996), Sox2 (Le et al.,
2005; Parrinello et al., 2010), Krox-24 (Grose et al., 2002; Topilko et al., 1997),
Egr-3 (Mercier et al., 2001), Notch (Mirsky et al., 2008; Woodhoo et al., 2009)
and 1d2 (Le et al., 2005; Mager et al., 2008). c-Jun is a central member of the
AP-1 transcription factor family and can be phosphorylated by Jun N-terminal
kinases (JNKs) (Raivich et al., 2004). c-Jun is actively expressed in Krox-20
deficient nerves, where axon myelination is restricted (Parkinson et al., 2004;
Pham et al., 2009). c-Jun is essential for SC dedifferentiation: firstly, c-Jun is
upregulated in denervated SCs following nerve lesion; secondly, c-Jun
deficient SCs fail to phagocytose myelin debris; thirdly, c-Jun null SCs are
unable to suppress myelin genes expression (Arthur-Farraj et al., 2012; Pham
et al., 2009). Notch is a transmembrane receptor, and is cleaved after binding
to the ligand. The Notch intra-cellular domain (NICD) is then released and
passes the signal down and regulates downstream transcription (Li et al.,
2004). Notch is also known to control the developmental transition from SCPs
to immature Schwann cells, as well as SC proliferation within embryonic
nerves (Kubu et al., 2002; Morrison et al., 2000). Like c-Jun, Notch also acts as
a negatively regulator of myelination postnatally (Woodhoo et al., 2009)(Fig

1.3).

1.1.4. PNS can regenerate

One of the most significant differences between the PNS and CNS is the fact
that the PNS has the ability to spontaneously regenerate after lesion. Although
in clinical cases in humans, the regenerative results are mostly suboptimal, the
experiments on rodents have produced satisfactory results in many instances
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(Reyes et al., 2005). The major features leading to the regenerative difference
in the PNS and CNS are well documented and include multiple facets of
intrinsic growth programs, the inhibitory molecules associated with myelin,
removal of myelin debris, glial scar formation, activation of phagocytic cells,
and bridging for regeneration in lesion sites (Cafferty et al., 2008; Giger et al.,

2010).

The major events in the PNS after lesion include: axon degradation, collapse
of myelin sheaths, proximal neurite sprouting, Schwann cell proliferation
forming the Bands of Bungner, invasion of circulating macrophages, removal of
myelin debris, elongation of the axon distally, reconstruction of the myelin
sheath, and reinnervation of the targets (Abe and Cavalli, 2008; Chen et al.,
2007; Fawcett and Keynes, 1990; Navarro et al., 2007; Stoll and Muller, 1999)
(Fig 1.4).

Fig 1.4 Major events after PNS lesion. Figure obtained from (Navarro et al., 2007).
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The most widely used methods for studying regeneration in the PNS in rodents
are nerve transection (neurotmesis), crush injury (axonotmesis) and chronic
constrictive injury (neuropraxia) (Chen et al.,, 2007; Navarro et al., 2007).
Among these, crush injury and chronic constrictive injury, which normally leave
the epineurium intact, allow fast regeneration and fully functional recovery;
while in case of nerve transection, surgical or mechanical repair is necessary
to obtain satisfactory regeneration (Fawcett and Keynes, 1990; Hudson et al.,

2000).

1.1.5. Intrinsic signals in PNS regeneration

Axons are complex structures that require a combined support for the
functional maintainance and regeneration from the neuronal cell bodies and
the attached glial cells. Lesioning an axon leads to the loss of a large amount
of axonplasmic volume and results in chromatolysis (dissolution of the Nissl
bodies) of the neuron soma; furthermore, this intervention causes soma and
nucleolar swelling, as well as nuclear eccentricity (Lieberman, 1971; Navarro
et al., 2007; Stoll and Muller, 1999). The injured neurons switch their metabolic
machinery from generating neural transmitters and nerve impulses to
promoting self-survival and regenerating axons. The percentage of sensory
neuron death in DRG after SN lesion has been reported to amount to between
10 and 30%, affecting preferentially more the small than the large neuron
populations (Groves et al., 1999; Shi et al., 2001; Tandrup et al., 2000). A slight
loss of 0—10% motoneurons has been found after adult SN injury (Lowrie et al.,
1994; Vanden et al., 1993). Neurons in the adult are less vulnerable to die than
immature neurons, whereas lesions close to the cell bodies cause more

neuronal death than distal lesions (Snider et al., 1992; Ygge, 1989).

Nerve injury also results in the activation of an intrinsic growth capacity which
has been extensively studied: several molecules are strongly upregulated or
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reexpressed in neurons after nerve lesion. Cyclic adenosine monophosphate
(cAMP) signaling functions through protein kinase A (PKA) activity and
switches on downstream genes via cCAMP response element binding protein
(CREB), to initiate and promote regeneration program (Cai et al., 2002; Gao et
al., 2004). Downstream molecules of cAMP signaling include Arginase 1
(ARG1), neuropeptide Y (NPY), protein kinase A (PKA), CREM (cAMP
response element modulator), and IL-6 (Parlato et al., 2006; Spooren et al.,
2010; Zhou et al., 2012). Lesion also upregulates trophic factors, such as
BDNF, NGF, and NGF receptor (Averill et al., 2004; Delcroix et al., 2003;
Meyer et al., 1992; Micera et al., 2007; Piirsoo et al., 2010; Wilhelm et al.,
2012). c-Jun has been shown to contribute to regeneration, as the c-Jun null
neurons fail to organize a proper regeneration program (Arthur-Farraj et al.,
2012; Fontana et al., 2012; Yuan et al., 2012). c-fos, similar to c-Jun, also
promotes neuron regeneration (Dai et al., 2009; Jergova et al., 2008; Yuan et
al., 2009). ATF3 and signal transducer and activator of transcription 3 (STAT3)
are induced in DRG neurons after peripheral injury, but not central lesion
(Kiryu-Seo et al.,, 2008; Reid et al., 2010; Saul et al., 2010). STAT3 may
promote the survival of motor neurons after peripheral nerve injury by
activating some motor neuron survival factors, such as Reg-2 and Bcl-xl
(Schwartz et al., 2002; Sekikawa et al., 2008). Other regeneration-associated
genes upregulated in neurons following injury include Galanin, Integrin a731,
CD44, and GAP-43 (Frey et al., 2000; Hirata et al., 2002; Lindwall et al., 2004;
Raivich et al., 2004; Son et al., 2007). These genes differentially promote
neuron survival or regeneration by enhancing neurite sprouting and

cytoskeletal reconstruction (Fig 1.5).
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Fig 1.5 Intrinsic signals in PNS regeneration. (Chen et al., 2007).
1.1.6. Changes in poximal stump

Lesion leads to a retrogradely degeneration from the lesion site towards
neuron body, but depends on the degree of injury, only one or a few intermodal
lengths are affected, and certain amount of cytosol outflows before the
opening reseals by the fusion of cellular membrane. Within hours, proximal
axons start to regrow collaterally and distally inside of the basal lamina
(Navarro et al., 2007; Stoll and Muller, 1999). The newly sprouted neurites are
protruding through the injury and are decreased in numbers when they reach
and contact the endoneurium in the distal stump (Fawcett and Keynes, 1990).
This process is strongly dependent on the guidance of SCs which form
physical contact to the regrowing axons (Donnerer, 2003). The regenerating

sprouts will stay unmyelinated until a later stage, regardless of the previous
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myelination status of axons (Flores et al., 2000). Regrowing axons will
preferentially reinnervate the endoneurial tubes in the distal stump over the

neighboring tissues (Son and Thompson, 1995).

1.1.7. Changes in distal stump

Immediately after lesion, the axonal membranes proximal to the injury site fuse
the opening ends to stop the cytosolic content from outflow (Fawcett and
Keynes, 1990). On the contrary, the distal axonal segment will undergo
Wallerian degeneration, a process first described by Augustus Waller in 1850.
Wallerian degeneration involves the granular disintegration of the cytoskeleton
systems and the breakdown of previous myelin sheath which is due to the
calcium-mediated proteolysis triggered by the damage of membrane. Schwann
cells and macrophages are activated and phagocytose the myelin breakdown
products and axonal debris (Fu and Gordon, 1997; Makwana and Raivich,
2005; Navarro et al., 2007). This is a critical step for Wallerian degeneration
that helps to provide a permissive microenvironment for axon regeneration.
SCs form column-shaped structures (Bands of Bungner) which could guide
axons to correct targets. Axons reconnected to the proper distal targets would
benefit from trophic supply and finally enlarge their diameter to normal level in
a late stage. On the contrary, axons that fail to reconnect with correct targets,
may grow into connective tissue, and will later be eliminated (Hall, 1997; Liu,

1996).

Neurotrophic factors, such as NGF, NT-3 and BDNF, have all been shown to
be upregulated after lesion and induce axon growth (Makwana and Raivich,
2005; Snider et al., 2002). Cytokines such as interleukin-6 (IL-6) are related to
nerve regeneration, as mice with conditional knock out of IL-6 exhibit sensory
defects and impaired DRG axons regeneration after lesion (Tofaris et al., 2002;
Zhong et al., 1999). Another immune regulator, leukemia inhibitory factor (LIF)
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also shows its role in the nerve regeneration by studies using LIF knockout
animals (Cafferty et al., 2001; Livesey et al., 1997). STAT3 has been shown to
be not only essential for the survival of spinal motor neurons, but also critical
for the expression of IL-6 and LIF (Dominguez et al., 2010; Haas et al., 1999;
Ohbayashi et al., 2007). Extracellular matrix molecules and cell adhesion
molecules, such as laminin, NCAM, fibronectin and L1 are also necessary for
guiding axons to pass the injury site, to enter the distal stumps and finally to
reach the targets (Chen et al., 2005; Chen and Strickland, 2003; Chernousov
et al., 2008; Parrinello et al., 2010; Hansen et al., 2008; Schafer and Frotscher,
2012; Schmid and Maness, 2008).

1.1.8. Post-lesion Schwann cell activity

Nerve lesion triggers dramatic morphological and physiological changes in the
nerve segment distal to injury. Schwann cells transit to a status similar to
immature Schwann cells, termed dedifferentiation (Arthur-Farraj et al., 2012).
The SCs phagocytose axon and myelin debris and briefly proliferate, which
peaks at 3-4 days post lesion (Navarro et al., 2007; Stoll and Muller, 1999).
The molecular phenotype of immature Schwann cells and adult
dedifferentiated Schwann cells is different (Arthur-Farraj et al., 2012; Jessen
and Mirsky, 2005). Several molecules are well documented: the lipid antigen
O4 is a marker of immature Schwann cells, also expressed in both myelinating
and non-myelinating adult Schwann cells, but downregulated in
dedifferentiated cells (Mirsky et al., 1990). Conversely, Integrin a1p1 is absent
from immature cells but is expressed in denervated SCs (Stewart et al., 1997).
In vivo, N-cadherin is suppressed to a low level in immature cells, but is
strongly activated in lesioned nerves (Thornton et al., 2005; Wanner et al.,
2006). Furthermore, immature cells in developing nerves are known to be
different from mature NMSCs, because NMSCs are PO mRNA negative,
galactocerebroside positive and Integrin a1B1, a7p1 positive. The NMSCs also

22



Introduction

differ from dedifferentiated cells, as the latter express PO mRNA, but lack of

galactocerebroside and O4 (Mirsky et al., 2008).

Schwann cell dedifferentiation is a key step of successful regeneration. At the
dedifferentiation stage, SCs downregulate genes related to myelin production
and maintainance, including myelin structural proteins, PO, MBP, MAG,
periaxin and cholesterol synthesizing enzymes (LeBlanc and Poduslo, 1990;
Scherer et al., 1995; Stoll and Muller, 1999). Dedifferentiated Schwann cells
also reprogram to express molecules normally found in immature SCs, such as
L1, NCAM, p75 low affinity neurotrophin receptor (p75N'R), and glial fibrillary
acidic protein (GFAP) (Johnson et al., 1988; Schmid and Maness, 2008; Tacke
and Martini, 1990; Thornton et al., 2008; Triolo et al., 2006). Furthermore,
dedifferentiated SCs upregulate trophic factors such as NGF, BDNF and GDNF,
and cytokines, such as TNF-q, IL-1B, IL-6, LIF and MCP-1, to facilitate the
regenerative program (Flugel et al., 2001; Nadeau et al., 2011; Piirsoo et al.,
2010; Taskinen and Roytta, 2000; Wilhelm et al., 2012). Although the details of
transcriptional control of the phenotype transition are still unclear, a recent
study has demonstrated that c-Jun is actually the major controller of the

dedifferentiation phenotype (Arthur-Farraj et al., 2012).

1.1.9. Macrophage-Schwann cell interaction

During Wallerian degeneration, products of degenerated neural tissue could
stimulate monocyte chemotactic protein-1 (MCP-1) expression in SCs partially
through Toll-like receptor 2/3 (TLR2/3) (Boivin et al., 2007; Karanth et al., 2006;
Lee et al., 2006). Other cytokines such as tumor necrosis factor alpha (TNF-a),
IL-1a and macrophage inflammatory protein 1 alpha (MIP-1a) are also found in
SCs immediately after SN injury. IL-1B expression is then induced by TLRs and
related to the early response to injury (Taskinen and Roytta, 2000). After
macrophages have infiltrated into the nerve, they also express TNF-qa, IL-1q,

23



Introduction
and IL-1B (Gordon and Martinez, 2010; Martini et al., 2008; Tofaris et al., 2002).

Those molecules mentioned above stimulate the expression of the
phospholipase A2 (PLA2) family members, which consist of both intracellular
and secretory forms (Murakami et al., 1997). PLA2s hydrolyze membrane
phosphotidylcholine, which is a main component of the myelin membranes,
resulting in the production of lysophosphotidylcholine (LPC), which has
potential myelinolytic activity. Injection of LPC into the SN could induce
demyelination within short time, which probably results from the activation of
the classic complement pathway, since LPC could bind to C-reactive protein
(Larsen et al., 2003; Ousman and David, 2000). Thus, the PLA2s induced LPC
generation has the ability of stimulating myelin breakdown at the beginning of
Wallerian degeneration. Myelin-derived lipids are also reabsorbed for
regeneration and remyelination. Lipid binding proteins, such as
Apolipoproteins D and E (ApoD, ApoE), accumulate in the distal nerve portion
after injury. ApoD is mainly expressed by endoneural fibroblasts, while ApoE is
primarily produced by infiltrating macrophages (Li et al., 2010; Spreyer et al.,
1990; Stoll and Muller, 1986).

Macrophages play an important role in the processes of removing myelin and
axonal debris in the lesioned nerve, especially the ones from hematogenous
origin (Hu and McLachlan, 2003; Rosenberg et al., 2012; Shibata et al., 2003).
They invade into the lesioned loci within the first 48 hours and spread to the
whole distal part of the nerve by no later than day 4, and their quantity peaks
by 14 days (Bendszus and Stoll, 2003). In vitro studies have demonstrated that
IL-18 and TNF-a promote myelin phagocytosis by recruiting infiltrating
macrophages (Shamash et al., 2002). In vivo evidence shows that functional
blocking antibodies neutralizing MCP-1/MIP-1a or IL-18 dramatically reduce
the number of phagocytic macrophages (Perrin et al., 2005). Macrophage
surface marker, MAC-2 (galactin-3) participates in myelin phagocytosis and
has been reported to be induced by Granulocyte-macrophage

24



Introduction

colony-stimulating factor (GM-CSF) in peripheral nerve (Reichert et al., 1994;
Saada et al., 1996). GM-CSF is found to be expressed predominantly by active
fibroblasts in the lesioned nerve, pointing out the involvement of non-neural
cells in the process of Wallerian degeneration (Mirski et al., 2003).
Nevertheless, fibroblasts can also form a bridge connecting the nerve stumps
in transection lesions and, through ephrin-B/EphB2 signaling, guide the SC
migration and direct the axon regrowth (Parrinello et al., 2010). SCs express
MAC-2 and surprisingly, are able to phagocytose myelin debris; thus, before
macrophages infiltrating into the distal stump, SCs are the main contributor of

phagocytosis (Saada et al., 1996)(Fig 1.6).
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Fig 1.6 A pathway map of Schwann cell-Macrophage interaction during PNS

regeneration. Figure obtained from (Martini et al., 2008).

Macrophages exhibit an anti-inflammatory phenotype after they have started
phagocytosing myelin. NgR1, which is found to be a common receptor for all
three axonal regrowth inhibitory molecules in myelin (Nogo-A, MAG and
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OMgp), could lead to the growth cone collapse in the CNS and impair neurite
growth (Martini et al., 2008). NgR2 is also found in peripheral nerve, and has a
higher affinity binding to MAG than to Nogo-A or OMgp (Venkatesh et al.,
2005). NgR1 is downregulated in axons after nerve lesion, but is highly
expressed in phagocytic macrophages. The proportion of all macrophages
expressing NgR1 and NgR2 increases after lesion and reaches a peak by day
7 (Fry et al., 2007). On the contrary, only a few (12%) circulating monocytes
express NgR1 and NgR2 (Fry et al., 2007). Circulating macrophages have to
infiltrate into the basal lamina of SCs for phagocytosis, and afterwards, at the
end stage of Wallerian degeneration, they have to migrate out of the basal
lamina (Martini et al., 2008). NgR plays an essential role on the outward
migration of macrophages after clearance of debris, as NgR expressing
macrophages are pushed away when they contact with the NgR ligands (MAG
and OMgp) in newly synthesized myelin of regenerated axon. This repulsion is
believed to be induced by the Rho-A pathway (David et al., 2008; Fry et al.,
2007).

1.2. Growth/Differentiation Factor-15 (GDF-15)

1.2.1. Discovery, structure and expression of GDF-15

Growth/Differentiation Factor-15 (GDF-15) is a distant member in the
transforming growth factor beta (TGF-B) superfamily and was discovered in
the late 1990s almost simultaneously by several different laboratories (Bootcov
et al., 1997; Bottner et al., 1999; Fairlie et al., 1999). According to the different
screening/cloning methods and functions involved, GDF-15 has received
various names, such as Nonsteroidal anti-inflammatory drug (NSAID)
activated gene-1 (NAG-1)(Baek et al., 2001), macrophage inhibitory cytokine-1
(MIC-1)(Bootcov et al., 1997), placental transformation growth factor-f3
(PTGFB)(Lawton et al., 1997), prostate-derived factor (PDF)(Paralkar et al.,
1998) and placental bone morphogenetic protein (PLAB)(Hromas et al., 1997).

26



Introduction

The GDF-15 gene consists of two exons seperated by a single intron. This
pattern resembles closely GDF-9 and inhibin a and 3 in the TGF- superfamily.
The rat and mouse GDF-15 preproprotein contains 303 amino acids (aa),
compared to human which has 308 amino acid, including a 29 aa signal
peptide, a 167 aa propeptide and a 112 aa mature protein (Bottner et al.,
1999)(Fig 1.7). The preproprotein contains an RXXR dibasic cleavage site at
the C-terminal. The generation of active mature protein, which is a 25 KDa
secreted dimer, needs the removal of a signal sequence, disulfide-linked
dimerization of GDF-15 monomers, and the furin-like protease cleavage at the
RXXR site (Bottner et al., 1999). Nevertheless, recent evidence also suggests
that GDF-15 can be secreted in both processed and unprocessed form, using
different secretory pathways (Bootcov et al., 1997). The mature peptides from
the three species all contain two cysteine residues in addition to the seven
cysteines required to form the cystine knot, which is also the conserved feature
among TGF-B superfamily members. Unlike the other members, GDF-15
shows the lowest conservation between species, as the mature protein from
human and rat only share 70% conserved residues (Béttner et al., 1999). The
analysis of the promoter region has identified many regulatory sites upstream
of the ORF region, including several AP-1 and SP-1 sites, as well as WT-1,
NF-kB, AP-2, PUR factor, HiNF-c and MIG-1 binding sites, suggesting that
GDF-15 can be regulated by various upstream molecules (Boéttner et al.,

1999).
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Fig 1.7 Gene structure of gdf-15. Figure obtained from (Fairlie et al., 1999).

GDF-15 has been shown to be expressed ubiquitously in adult tissues, with
relatively higher expression in prostate, placenta, bronchi, bronchioli, exocrine
glands, macrophages, brain choroid plexus, kidney, lung, liver and spleen, and
with comparably lower expression in heart, gut, skeletal muscle, thymus and
pituitary, suggesting its multiple functionality (Bottner et al., 1999; Kadara et al.,
2006; Nakamura et al., 2003; Unsicker et al., 2013; Xu et al., 2006). GDF-15 is
also found in mouse embryo, e.g. in skin and cartilaginous tissue, indicating

that it has a role in developmental control (Paralkar et al., 1998).

1.2.2. GDF-15 in the nervous system

GDF-15 has been shown to have a neurotrophic function in in vitro
experiments, as it could promote the survival of cultured midbrain
dopaminergic neuron, cerebellar granule neurons, sensory, sympathetic and

spinal cord motor neurons (Strelau et al., 2009). Furthermore, GDF-15 KO
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mice exhibit a postnatal progressive neuron loss phenotype, including spinal
cord, trigeminal, facial motoneurons and DRG sensory neurons, with a
reduction of ~20% in quantity from postnatal day 90 (P90) to P180. Neuron
loss is accompanied by impaired behavioral function and rotarod performance
(Strelau et al., 2009). GDF-15 KO mice also upregulate myelin-related genes,
including MBP, PO and PMP22, leading to hypermyelination in the PNS
(Strelau et al., unpublished data). SCs have been identified as a producer of
GDF-15, which can be retrogradely transported along the axons (Strelau et al.,
2009). The GDF-15 KO phenotype partially resembles the CNTF KO
phenotype, but exact underlying mechanisms are still uncovered (Sendtner et

al., 1994).

In normal physiological conditions, GDF-15 expression is found ubiquitously in
all regions of rodent CNS and PNS, with the highest mRNA levels in the
choroid plexus, where GDF-15 protein is secreted into the cerebrospinal fluid
(Strelau et al., 2000). Current studies show that GDF-15 is regulated after
lesioning the nervous system. In the cold-lesioned cerebral cortex, GDF-15
mRNA is found to be upregulated in the region adjacent to the lesion and
peaks at 36-48h (Schober et al., 2001). Interestingly the main source of
GDF-15 are the lesioned neurons as well as a moderate number of microglia,
this is in contrast to the notion that activated macrophages are the major
producer of GDF-15 in other tissue (de Jager et al., 2011; Fairlie et al., 1999;
Schlittenhardt et al., 2004). A more recent experiment on mouse optic nerve
lesions has shown GDF-15 to be upregulated post lesion, together with some
important cell-death/survival related molecules, such as ATF-3, Bad, and Bcl-2
(Charalambous et al., 2013; Subramaniam et al., 2003). Galanin and Caspase
8 were shown to be differentially regulated in GDF-15 KO and WT mice.
However, cell death of retinal ganglion cells in GDF-15 KO and WT mice
follows identical quantitative and temporal patterns (Charalambous et al.,
2013).
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Local application of GDF-15 into the gap after a sciatic nerve transection has
been shown to result in an improved sensory, but not motor regeneration.
Additionally, in the GDF-15 treated animal, less but more mature regenerated
axons were found suggesting that GDF-15 may be involved in the scenarios of

PNS regeneration (Mensching et al., 2012).

1.2.3. GDF-15 in cardiovascular functions

The largest portion of all publications related to GDF-15 is concentrated on its
cardiovascular functions. After myocardial infarction, GDF-15 is rapidly
upregulated in the infarcted myocardium in both mouse models and human
patients, and can keep this high expression level for a prolonged period
(Kempf et al., 2006; Kempf et al., 2007; Kempf et al., 2011). GDF-15 has been
reported to be increased in atherosclerotic lesions, colocalized with
macrophages. GDF-15 deficient mice have a decreased macrophage
infiltration, chemokine receptor 2 (CCR2) expression, apoptosis and necrotic
core formation (Bonaterra et al., 2012; de Jager et al., 2011). Increased levels
of GDF-15 in circulating blood have been observed in patients with acute
myocardial infarction (Kempf et al., 2006). GDF-15 also shows a protective
effect on cultured cardiomyocytes in reducing apoptosis (Kempf et al., 2006).
In patients with heart failure, levels of GDF-15 and increases in GDF-15 over
time have been linked to an adverse outcome (Kehl et al., 2012). Collectively,
GDF-15 is viewed as a marker and predictor of cardiometabolic risk and heart
failure. GDF-15 has also been identified as a novel autocrine/endocrine
molecule that antagonizes the hypertrophy and loss of ventricular function,

possibly via the SMAD 2/3 pathway (Xu et al., 2006).

1.2.4. GDF-15 in tumorigenesis

Elevated GDF-15 expression has been characterized as a feature of various
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tumors, including breast, gastric, colon, ovarian and prostate cancer. Serum
GDF-15 levels are significantly increased in metastatic cancers, particularly
colorectal cancer (Baek et al., 2009; Brown et al., 2003; Dubey et al., 2012;
Kim et al., 2005, Welsh et al., 2003). During epithelial neoplastic
transformation, GDF-15 is upregulated in response of many antitumorigenic
stimuli e.g. anti-inflammatory chemicals and gamma irradiation. During the
early stages of carcinogenesis, anti-cancer reagent-induced GDF-15 can
result in tumor cell apoptosis, cell cycle arrest and inhibition of blood vessel

formation (Unsicker et al., 2013).

The specific role of GDF-15 in tumorgenesis is still not fully understood, but
some clues give a preliminary idea about it. GDF-15 is shown to be stimulated
on the activation of the MAPK-ERK1/2 or PKB/Akt pathway by SP-1 family
transcription factors in breast or gastric cancer (Wollmann et al., 2005).
GDF-15 can also activate HIF-1 and VEGF by phosphorylation and activate
the ErbB receptor, mTOR, and ERK1/2 pathways, while downregulating ErbB2
can lead to the suppression of GDF-15-mediated downstream signaling (Kim
et al., 2008). GDF-15 is also found to be induced by hepatitis C virus and in
hepatocellular carcinoma, where the GDF-15 autocrine signaling of infected
hepatocytes mediates GSK-3/B catenin, Akt and Raf phosphorylation (Si et al.,
2011). This is followed by cell-cycle regulation by e.g. cyclins A2, D2 and E1,
or cell adhesion molecules, such as E-cadherin (Si et al., 2011). In malignant
glioblastomas, GDF-15 is upregulated following anoxia, indicating its role in
angiogenesis (Boyle et al.,, 2009; Huh et al., 2010). GDF-15 is highly
expressed in malignant melanomas and leads to the formation of new vessels

affecting the tumor tissue size (Huh et al., 2010).

The effect of GDF-15 in tumorgenesis is also related to immunoregulation.
Studies based on GDF-15 deletion or knock down show an enhanced natural
killer T cell mediated cytotoxicity, and delayed growth of glioma cells, which
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resembles the phenotype of TGF-B downregulation (Friese et al., 2004; Roth
et al., 2010). p53 has been reported to be necessary for GDF-15 expression.
Tumor cell migration decreased in response to GDF-15, with unaffected
proliferation (Cheng et al., 2011; Song et al., 2012). Furthermore, in a model of
prostate cancer, GDF-15 has been shown to influence tumor invasion through
the Rho GTPase network, however, the underlying mechanisms are still

unclear (Cheng et al., 2011).

1.2.5. GDF-15 in other systems

Because of its ubiquitous tissue distribution, GDF-15 is involved in diverse
functions and in multiple processes. GDF-15 can serve as an
anti-inflammatory cytokine in the model of heart infarction, by inhibiting the
recruitment of macrophage towards the lesion loci (Kempf et al., 2011). This is
achieved by the activation of Cdc42, repression of Rap 1, and clustering of 32
integrin on leukocytes. GDF-15 has also been verified as an acute phase
mediator of the CCR2/TGFBRII dependent inflammation, and as a regulator of
the IL-6 dependent inflammation in response of vascular injury (Kempf et al.,
2011). GDF-15 also has an impact on metabolic control, such as appetite,
obesity, and body weight change (Johnen et al., 2007). Obese patients
express high levels of GDF-15, especially patients suffering from type I
diabetes (Lajer et al., 2010). GDF-15 is associated with keratinocyte
differentiation and several skin diseases, such as skin sclerosis and melanoma
(Ichikawa et al., 2008; Kluger et al., 2011; Yanaba et al., 2012). GDF-15 also
regulates osteoclastic differentiation through inhibiting carbonic anhydrase Il

and cathepsin K (Hinoi et al., 2012; Vanhara et al., 2009).
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1.3. Research rationale and purpose

The probably most fascinating feature of the peripheral nervous system is its
ability to spontaneously regenerate after lesion. This regeneration requires a
complex orchestration of different physiological processes, including the
retrograde transfer of lesion signal(s), transcriptional transition, morphological
changes, neuron survival, axon degeneration, Schwann
cell/macrophagef/fibroblast activation, neurite regrowth, axon remyelination
and target reinnervation, finally leading to functional recovery. Research on
PNS regeneration has a great and profound significance: firstly, to better
understand the mechanisms of PNS regeneration provides new approaches to
promote CNS regeneration; secondly, research on rodent models may

eventually lead to improvements for the therapy of human patients.

GDF-15 has been shown to have ubiquitous origins and involvement in
different biological processes. Our particular interests focuses on nervous
system regeneration: firstly, GDF-15 may be expressed by macrophages and
Schwann cells, both of which are the most important participants in PNS
regeneration; secondly, GDF-15 is related to the trophic support of cultured
neurons and maintenance of adult neuron in vivo, which might be applied to
the in vivo situation following injury; thirdly, GDF-15 has a role in the regulation
of cell adhesion molecules and recruitment of macrophages, as well as in the
suppression of inflammation. These facts revealed by previous research have
generated the hypothesis that GDF-15 might be involved in the orchestration

of PNS regeneration.

We used GDF-15 knock out mice and respective wild types as model animals,
applied sciatic nerve crush or transection+stump ligation, to investigate: firstly,
whether GDF-15 plays a role in PNS regeneration; secondly, what is the
expression pattern of GDF-15 during PNS regeneration; thirdly, which are the
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targets and interacting molecules within the GDF-15 network.
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2. Materials and Methods

2.1. Animals

All animal treatments were performed with permission from the responsible
authority of the University Clinic Freiburg. C57BL6/J WT mice were provided
by the animal facility of the BioMed Zentrum, University Clinic Freiburg. The
GDF-15=¢Z'acZ mouse colony was established in Heidelberg (Strelau et al.,
2009) on a C57BL6/J background and was reestablished in Freiburg by
embryo transfer. The animals were held under standard conditions, with a
12/12 hours day/night cycle. Food and water were provided ad libitum. All

experiments were done on the mice of 5~6 months old.

WT Probe
— %1_2___— o m—
1 hs I
Afe W, 6720bp BsrGl

A Y
5
A )

— lacZ ___|[PgK| neo‘1— Targeting vector

Mutant Probe
—— — lacZ |[PgK||_neo | —
I |
Afel 9781bp BsrGl

Fig 2.1 Structure of the GDF-15 gene and strategy for knock out this gene. Figure

obtained from (Strelau et al., 2009).

2.2. Reagents and equipments

2.2.1. Chemicals, reagents and antibodies

All chemicals used in the present study are listed below in Table 2.1.
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Table 2.1 Chemicals

Chemicals Catalog # Company
Acetic acid 20104.334 VWR
Ammonium persulfate (APS) 9592.2 Carl Roth
Bromochloropropane B9673-200ML Sigma
Citric acid monohydrate C7129-500G Sigma
Cresyl echt violet 1A396 Chroma
Glutaraldehyde 1.12179.0025 VWR
Hydrogen chloride 30271-1L Sigma
Isopropanol P/7500/17 Fisher Scientific
K2HPO4 1.05104 Merck
KCI 1.04936.1000 Merck
KH2PO4 3904 .1 Carl Roth
Methanol 20847.320 VWR
Na2HPO4 P030.3 Carl Roth
NaHPO4-2H20 4984 .1 Carl Roth
NaH2PO4-2H20 6345.1000 Merck
NaCl 9265.1 Carl Roth
Osmium tetraoxide 8088.1 Carl Roth
Paraformaldehyde (PFA) 1.04005.1000 Merck
Propylene oxide 00236-1 Polysciences
SDS pellets CN30.2 Carl Roth
Sodium hydroxide 1.06498.1000 Merck
Sucrose 4621.1 Carl Roth
TEMED T9281-25ML Sigma
Toluidin blue 1B481 Chroma
Triton X-100 X100-100ML Sigma
Trizma base T6066-1KG Sigma
Tween-20 P9416-100ML Sigma
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All reagents and kits used in the present study are listed below in Table 2.2.

Table 2.2 Reagents and Kits

Reagents Catalog # Company
Agarose M3044.0500 GENAXXON
BCA Protein Assay Kit 23227 Thermo Scientific
Blue film 30-100 Genesee Scientific
Bovine serum albumin (BSA) 3737.2 Carl Roth

DNA Extraction Solution QE09050 Epicentre

DNA Ladder SM0241 Thermo Scientific
dNTP Mix u1511 Promega
Durcupan™ ACM A 44611-100ML Sigma
Durcupan™ ACM B 44612-100ML Sigma
Durcupan™ ACM C 44613-100ML Sigma
Durcupan™ ACM D 44614-100ML Sigma

ECL Prime
Entellan

Fluoromount-G

GelRed™ Nucleic Acid Gel Stain

GoTag® gPCR Master Mix
Hyperfilm ECL
Inhibitorcocktail Plus
Isofluran

Ketamine

M-MLV Reverse Transcriptase
Non-fat milk

Paraffin

Protein ladder

PVDF membrane 0.2 um
PVDF membrane 0.45 um

RPN2232
1.07691
0100-01
41003
A6001
28-9068-37
3751.1
CDS019936
400203.00.00
M1701
T145.2
39502004
7711s
39-4010

NEF1002001PK
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VWR
SouthernBiotech
Biotium
Promega

Life Sciences
Carl Roth
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Cp-pharma
Promega
Carl Roth
McCormick
NEB

PeqglLab

Pekin Elmer
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Random Primers C1181 Promega
RedTaq Mastermix (2x) M3029.0100 GENAXXON
RNA Clean & Concentrator™-25 R1018 ZYMO Research
RNAlater Stabilization Solution AM7020 Life Technologies
RNasin® Plus RNase Inhibitor N2611 Promega
Rotihistol 6640.1 Carl Roth
Rotiphorese® Gel 30 (37.5:1) 3029.1 Carl Roth

RQ1 RNase-Free DNase M6101 Promega

Tissue freezing medium 020108926 Leica

TriFast 30-2020 PegLab
Xylazine 6293841.00.00 BAYER

All antibodies used in the present study are listed below in Table 2.3.

Table 2.3 Antibodies

Antibody Host Catalog # Company Dilution

F4/80 Rat ab6640 Abcam 1:1000 WB

Galanin Goat sc-16411 Santa Cruz  1:200 IHC/1:500 WB

GAPDH Mouse ab8245 Abcam 1:10000 WB

GDF-15 Rabbit custom made ImmunoGlobe 1:200 IHC/1:500 WB

Iba-1 Rabbit #019-19741 WAKO 1:500 IHC

NF-kB Rabbit 4765 Cell Signaling 1:2000 WB

phospho-Bad Rabbit AB10423 Millipore 1:125 IHC

S1008 Rabbit 20311 DAKO 1:500 IHC

Tuj-1 Mouse MMS-435P Covance 1:1500 IHC
Stemcell

Ym1 Rabbit 01404 1:1000 WB
Technology

anti-mouse-HRP Horse 7076 Cell Signaling 1:5000 WB

anti-goat-HRP  Rabbit P0449 DAKO 1:5000 WB

anti-rabbit-HRP  Goat 7074 Cell Signaling 1:5000 WB
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anti-rat-HRP Goat 7077 Cell Signaling 1:5000 WB
DaM-Dylight405 Donkey 715-475-151 Dianova 1:500 IHC
DaM-Alexa488 Donkey 715-545-151 Dianova 1:500 IHC
DaM-Cy3 Donkey 715-165-151 Dianova 1:500 IHC
DaR-Dylight405 Donkey 711-475-152 Dianova 1:500 IHC
DaR-Alexa488 Donkey 711-545-152 Dianova 1:500 IHC
DaR-Cy3 Donkey 711-165-152 Dianova 1:500 IHC
DaR-Alexa594 Donkey 711-585-152 Dianova 1:500 IHC
Life
DaG-Alexa488 Donkey A-11055 1:500 IHC
Technologies
DaG-Cy3 Donkey 705-165-147 Dianova 1:500 IHC
DaM-Biotin Donkey 715-065-151 Dianova 1:500 IHC
DaR-Biotin Donkey 711-065-152 Dianova 1:500 IHC
DaG-Biotin Donkey 705-065-147 Dianova 1:500 IHC
Streptavidin-Cy2 016-220-084 Dianova 1:500 IHC
Streptavidin-Cy3 016-160-084 Dianova 1:500 IHC
Donkey Serum Donkey C06SBZ AbD serotec 10% IHC

2.2.2. Recipes

All recipes used in the present study are listed below in Table 2.4—Table 2.20.

Table 2.4 10X PBS:

Components Amount
NaCl 80¢g
KCI 2g
NazHPO4 1449
KH2PO4 2449

Add ddH20 to 800 ml. Adjust pH to 7.4.
Add ddHO to 1 L.
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Table 2.5 1X PBST:

Components Amount
10X PBS 100 ml
H20 900 ml
Triton X-100 1 mi

Stir to dissolve Triton X-100.

Table 2.6 0.1M PB

Components Amount
Na2HPO4-2H20 14.24 g
NaH2PO4-2H20 31249

Add ddH2O to 1 L.

Table 2.7 10X TBS:

Components Concentration Amount
Tris-Base 0.2M 2423 g
NaCl 1.5M 87.66 g

Mix in 800 ml ddH20. Adjust pH to 7.6 with 37% HCI. Add ddH20 to 1 L.

Table 2.8 1X TBST:

Components Amount
10x TBS 100 ml
ddH20 900 ml
Tween 20 1 ml

Stir to dissolve Tween 20.

Table 2.9 4X Tris buffer, pH=6.8:

Components Concentration Amount

Tris-Base 0.5M 6.06 g
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ddHz20 80 ml

Adjust pH to 6.8 with 10N or 6N HCI. Add ddH20 to 100 ml.

Table 2.10 4X Tris buffer, pH=8.8:

Components Concentration Amount
Tris-Base 1.5M 454 g
ddH20 200 ml

Adjust pH to 8.8 with 10 N or 6 N HCI. Add ddH20 to 250 ml.

Table 2.11 10X Western blot electrophoresis buffer:

Components Concentration Amount
Tris-Base 250 mM 30.3¢
Glycine 1.92M 1441 g
SDS 1% 10g

Add ddH20 to 1 L. Do not adjust pH, it should be ~8.3.

Table 2.12 10X Western blot transblot buffer:

Components Concentration Amount
Tris-Base 250 mM 30.3¢
Glycine 1.92M 1441 g

Add ddH20 to 1 L. Do not adjust pH, it should be ~8.3.

Table 2.13 Western blot transblot working buffer:

Components Amount
10x Transblot buffer 100 ml
Methanol 200 ml
ddH20 700 ml

Pre-cool before use.
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Table 2.14 5X Western blot sample loading buffer:

Components Concentration Amount
SDS 19
DTT 25M 2ml
Tris buffer pH=6.8 2M 1.5ml

Mix well to dissolve SDS in a 15 ml tube, incubate in 37°C if necessary.

BPB 5% 100 ul

Add ddH20 to 5 ml and mix thoroughly.

Add 5 ml prewarmed glycerol and mix thoroughly.

Table 2.15 Western blot stripping buffer:

Components Amount
Glycine 759
ddH20 800 ml

Adjust pH to 2.5 by 6 N or 10 N HCI.
Add ddH20 to 1 L.

Table 2.16 SDS-PAGE separating gel:

Components 8% 12% 15% 18%
4X Tris buffer pH=8.8 5 mi 5 ml 5 ml 5 mi
ddH20 9.7 ml 7 ml 5 ml 3 ml
30% Acrylamide (37.5:1) 5.3 ml 8 ml 10 ml 12 ml
10% SDS 200 pl 200 pl 200 pl 200 pl
TEMED 25 pl 25l 25yl 25yl
10% APS 62.5 pl 62.5 pl 62.5 pl 62.5 pl

Table 2.17 SDS-PAGE 4% stacking gel:

Components Amount

4X Tris buffer pH=6.8 1.25 ml
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ddH20 3.05 ml
30% Acrylamide (37.5:1) 0.65 ml
10% SDS 50 pl
TEMED 15
10% APS 37.5 pl

Table 2.18 0.1M Citric acid buffer:

Components Amount

Citric acid monohydrate  21.01 g

Add ddH-O to 800 ml. Adjust pH to 6.0 by NaOH.
Add ddH20 to 1 L.

Table 2.19 0.5% Cresyl violet for Nissl staining:

Components Amount
1M Na-acetate 40 ml
100% Acetic acid 9.6 ml

Add ddH20 to 1 L.

Cresyl violet 59

Stir overnight.

Table 2.20 Resin for Electron Microscope sample embedding:

Components Amount
Durcupan™ ACM A 24 ml
Durcupan™ ACM B 36 ml
Durcupan™ ACM C 0.3 ml

Durcupan™ ACM D 0.9 ml

43


http://en.wikipedia.org/wiki/Cresyl_violet
http://en.wikipedia.org/wiki/Cresyl_violet

Materials and Methods

2.2.3. Equipments

All equipments used in the present study are listed below in Table 2.21.

Table 2.21 Equipments:

Equipments Catalog # Company
Balance BP4100S Sartorius

CCD camera 2K Sharp-eye Troendle
Centrifuge 5804R Eppendorf
Cryo-microtome cm3050s Leica

DAKO Pen S200230-2 DAKO

Data acquisition device PowerLab26T AD Instruments
DNA electrophoresis chamber Horizo 11.14 Life Technologies
DNA electrophoresis power supply EPS601 Amersham
Electron microscope LEO 906E Carl Zeiss
EMG electrode MLA1204 AD instruments
FC Multiscan plate reader 357 Thermo Fisher
Fluorescence microscope Axioplan 2 Carl Zeiss
Heating rack 2-2515 Neolab
Horizontal shaker KS250 basic IKA

iQ™ 96-Well PCR Plates 223-9441 Bio-Rad
Laboratory temperature controllers LTR 2055 Jucheim Solingen
Michel suture clips 12040-01 F.S.T
Microtome 2050 Reichert Jung
PCR cycler Mastercycler Eppendorf

pH meter FEP20 Mettler Toledo
Precellys Keramik-Kit 1.4 mm 91-PCS-CK14S PeqglLab
Precellys 24 homogenisator 91-PCS24 PeglLab
Real-time PCR cycler iQ5 System Bio-Rad

Silk Suture Thread 18020-60 FS.T
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Stereoscope Stemi DV4 Carl Zeiss
Superfrost Plus slide J1800AMNZ Thermo Scientific
Ultramicrotome EM UC6 Leica
Westernblot chember Mini Trans-Blot Bio-Rad
Westernblot power supply PowerPac HC Bio-Rad

X-Clear Advanced Polyolefin StarSeal E2796-9795 StarLab

2.3. Methods

2.3.1. Genotyping

Total genomic DNA was extracted by the QuickExtract™ DNA Extraction
Solution from Epicenter. Briefly, 50 pl extraction buffer was added into tubes
containing mouse tail tips, vortexed for 15 sec and incubated at 65°C for 6 min.
Then samples were vortexed again for 15 sec and incubated at 98°C for 2 min.

Resulting DNA was processed immediately or stored at -20°C until use.

2 sets of primers for genotyping were used, as listed in Table 2.22 (Strelau et
al., 2009).

Table 2.22 Primers for GDF-15 knock out mice genotyping:

Set Name Sequence 5'--3'

Set1 F21 GCAGAGAGGCTGAGGAACTT
LacZR4 GTTCTTGTTGGTCAAAGTAAACGAC
F30 TTGGGAAAAGGTTGGAGAGA
R18 GATACAGGTGGGGACACTCG

Set2 NeoF1 TCGCCTTCTTGACGAGTTCT
R20 CCCAGTCTTGTAGACAGAGCAA
F26 ATGCGCACCCAAGAGACT

R21 GGCCACCAGGTCATCATAAG
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All primers were ordered from Metabion, and diluted to 50 yM with ddH2O.

The RedTaq Mastermix (2x) from Genaxxon was used for PCR. Each reaction

had a total volume of 25 pl, including 8.5 pl H20, 12.5 yl RedTaq Mastermix

(2x), 3 ul DNA, 1 pl primer set 1 or 2 (0.25 pl of each individual primer). The

programs are listed below (Table 2.23).

Table 2.23 Programs for genotyping:

Reaction for primer Set 1

Reaction for primer Set 2

94°C hot start

94°C 3 min

94°C 1 min

61°C 2 min

72°C 3 min

Repeat for another 39 cycles
72°C 10 min

8°C

94°C hot start

94°C 3 min

94°C 30 sec

59°C 30 sec

72°C 1 min

Repeat for another 39 cycles
72°C 5 min

8°C

The PCR products were then loaded onto 1% agarose gels and detected by

Gel Red. The outcome of genotyping was the following (Fig 2.1):
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Fig 2.1 Genotyping results using the 2 sets of primers.
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2.3.2. Surgery

Animals were anesthetized with 2.5% (v/v with oxygen) Isoflurane (Forane)
through inhalation. When the respiration became deep and slow (~1 time per
second), the toe tips were pinched to check the reflection. After reaching deep
anesthesia, the animal was placed onto a heating plate with constant 39°C,
cornea gel was applied, hair on the limb was shaved and the skin was
disinfected by 70% isopropanol. The skin and muscle was opened by scissors
at mid-thigh level, until reaching the sciatic nerve. Lesions were introduced at a
locus 1 cm proximal to the branching point of tibial nerve and common fibular
nerve. For crush lesion, 5/45 forceps, with graphite powder sticking on it, was
used to crush the sciatic nerve for 15 seconds; for transection lesion, 2 knots
were made by 6/0 suture silk with a 1 mm interval, followed by the transection
of nerve between the 2 knots. The wound was then closed by wound clips.
Animals were kept on the heating plate until wakeup, and then put back to the

standard condition mentioned above.

2.3.3. RNA and protein extraction

The animals were sacrificed by cervical translocation. The tissues needed (e.g.
sciatic nerve, DRG) were dissected, briefly washed in pre-cooled PBS, and
then kept in RNALater reagent. After shaking overnight at 4°C, the tissue could
be used for RNA extraction or for long-term storage at -20 or -80°C. Tissue
from 2 animals of same treatment were pooled and transferred from RNALater
to homogenesis tube containing ceramic beads and 400 pl Trifast reagent.
Tissues were smashed by bead-beating in homogeniser (5000 rpm 15 sec x2
for nerve, 5000 rpm 15 sec x3 for DRG). The RNA extraction protocol was
modified from literature (Chey et al., 2011), basically, after homogenesis in 400
pI Trifast, 80 ul bromochloropropane was added and samples were shaked
vigorously by hand for 15 sec, kept at room temperature (RT) for 5 min,
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followed by centrifugation at 12000g 4°C, 15 min. Then the colorless

supernate (~200 ul) was transferred to a new 0.5 ml tube, with 200 pl
isopropanol added, while the remaining intermediate white layer and
red-colored organic layer was for the protein extraction later. The compound
was invert-mixed by hand and kept at -20°C for at least 10 min to precipitate
RNA. The tubes were then centrifuged at 12000g 4°C, 10 min, followed by
discarding the supernate, adding 300 pl 75% ethanol, inverting the tube and
centrifuged at 7500g 4°C, 5 min. The ethanol was completely removed by
pipette, and the remaining RNA pellet at the bottom of tube was air-dried in the
hood for 3~5 min, then 80 ul RNase-free water was added to dissolve the RNA.
RNA solution was then purified by RNA Clean & Concentrator™-25 kit, from
Zymo Research. This procedure was exactly followed the instruction of the kit.

The purified RNA was measured by Nanodrop N-1000 spectrophotometer.

The white layer and red organic phase bearing protein was mixed with 120 pl
ethanol, inverted by hand, kept at RT for 5 min, then centrifugated at 2000g
4°C, 5 min. The supernate was then transferred into a new 2 ml tube, followed
by adding 700 ul ethanol and vortex, then by adding 200 ul
bromochloropropane and vortex, furthermore, by adding 600 ul water and
vortex. The mixture was left at RT for 5 min, followed by 12000g 10 min
centrifugation for phase seperation. The upper colorless layer was discarded
while the intermediate white layer and bottom red organic phase was
transferred into a new 1.5 ml tube. 700 pl ethanol was added to the 1.5 ml tube,
and mixed by vortex, centrifuged at 12000g for 15 min. All the liquid phase was
then discard, the pellet was air-dried in the hood for 10 min. 4% SDS solution
containing proteinase inhibitor (1% inhibitorcocktail plus) was added to
dissolve the pellet, by shaking at RT. The protein concentration was

determined by BCA kit.
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2.3.4. Reverse transcription and Real-time qPCR

Total RNA concentration was determined, and 1 uyg RNA was used for reverse
transcription. The reaction was listed below (Table 2.24).

Table 2.24 Reaction for reverse transcription:

Components Volume pl
Total RNA+H20 20
Ribonuclease Inhibitor (40 u/pl) 0.5
RQ1 DNase 0.5

Incubate at 37°C 20 min, 70°C 10 min

5 x reaction buffer 8
dNTP (10 mM each) 4
Random primers 2
H20 4.3
M-MLYV reverse transcriptase 0.7

Incubate at 37°C 2 hours, 90 °C 5 min

cDNA product could be used for Real-time gPCR immediately or stored at

-20°C.

For Real-time gPCR, each well in 96 wells plate contained 10 pul GoTagq®
gPCR Master Mix, 4.8 yl H20, 0.1 pl forward primer (50 mM), 0.1 pl reverse
primer (50 mM) and 5 ul cDNA (diluted according to the gene expression). The
reaction was the following (Table 2.25).

Table 2.25 Real-time gPCR reaction:

Components Volume pl
GoTag® gPCR Master Mix 10
Forward primer (50 uM) 0.1

Reverse primer (50 yM) 0.1
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H20 4.8
cDNA (diluted) 5
Total 20

The Real-time PCR program is the following (Table 2.26).

Table 2.26 Real-time PCR program:

Temperature Time
95°C start 3 min
95°C cycle 10 sec
61°C cycle 30 sec
72°C cycle 30 sec

Total 40 cycles.

All Real-time PCR primers were ordered from Metabion or Eurofins, listed

below (Table 2.27).

Table 2.27 primers for Real-time qPCR:

Gene Sequence 5'--3' Product length
a-SMA Fw CTCTCTTCCAGCCATCTTTCAT 60
a-SMA Rv TATAGGTGGTTTCGTGGATGC

Arginase 1 Fw
Arginase 1 Rv
Caspase 8 Fw
Caspase 8 Rv
CD11b Fw
CD11b Rv
c-Jun Fw
c-Jun Rv
Collagen 1 Fw
Collagen 1 Rv

TCATGGAAGTGAACCCAACTCTTG
TCAGTCCCTGGCTTATGGTTACC
TTGAACAATGAGATCCCCAAA
CCATTTCTACAAAAATTTCAAGCAG
TGTCCCTGGCTGTTTCTACTG
ATTCTCCTTGCAGTTTTGGTG
CCAGAAGATGGTGTGGTGTTT
CTGACCCTCTCCCCTTGC
CATGTTCAGCTTTGTGGACCT
GCAGCTGACTTCAGGGATGT

50
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F4/80 Fw
F4/80 Rv

Fibronectin Fw

Fibronectin Rv

Fizz 1 Fw
Fizz1 Rv
Galanin Fw
Galanin Rv
GAPDH Fw
GAPDH Rv
GDF-15 Fw
GDF-15 Rv
Iba-1 Fw
Iba-1 Rv
IL-18 Fw
IL-138 Rv
IL-6 Fw
IL-6 Rv
Krox-20 Fw
Krox-20 Rv
MAC-2 Fw
MAC-2 Rv
MCP-1 Fw
MCP-1 Rv
NCAM Fw
NCAM Rv
NF-kB Fw
NF-kB Rv
NGF Fw

ATGGACAAACCAACTTTCAAGGC
GCAGACTGAGTTAGGACCACAA
CGGAGAGAGTGCCCCTACTA
CGATATTGGTGAATCGCAGA
TCCTGCCCTGCTGGGATGACTGCTA
CAGCGGGCAGTGGTCCAGTCAA
TTTCTCAGTTTCTTGCACCTTAAA
CAGTGGACATGGTCTCAGGA
GGCATTGCTCTCAATGACAA
ATGTAGGCCATGAGGTCCAC
GAGCTACGGGGTCGCTTC
GGGACCCCAATCTCACCT
ATGAGCCAAAGCAGGGATTT
ACTCCATGTACTTCACCTTG
CGTGGACCTTCCAGGATGAG
CGTCACACACCAGCAGGTTA
GCTGGTGACAACCACGGCCT
TGCACAACTCTTTTCTCATTTCCACGA
CTACCCGGTGGAAGACCTC
AATGTTGATCATGCCATCTCC
GCCTACCCCAGTGCTCCT
GGTCATAGGGCACCGTCA
TTAAAAACCTGGATCGGAACCAA
GCATTAGCTTCAGATTTACGGGT
CCAGTGGACAAGCCTCTGA
GGGGGCTCAGACTTTGTTT
GGGTCTGGGGATACTGAACA
GCCTCCATCAGCTCTTTGAT
TATACTGGCCGCAGTGAGGT
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NGF Rv GGACATTGCTATCTGTGTACGG

Olig1 Fw CTCGCCCAGGTGTTTTGTTG 149
Olig1 Rv TAAGTCCGAACACCGATGGC

S1008 Fw AACAACGAGCTCTCTCACTTCC 66
S100B Rv CTCCATCACTTTGTCCACCA

SHH Fw TGGAAGCAGGTTTCGACTGG 165
SHH Rv CGGGACGTAAGTCCTTCACC

Ym 1 Fw AGACTTGCGTGACTATGAAGCATTG 96
Ym 1 Rv GCAGGTCCAAACTTCCATCCTC

2.3.5. Western blot

25 or 50 ug total proteins (depending on the expression level) were loaded
onto SDS-PAGE gels; the concentration of gel differed according to the
molecular weight of the target protein. Electrophoresis was performed under a
condition of constant 120 V, for 100 min. Then proteins in the gel were
transblotted onto 0.2 um or 0.45 ym PVDF membrane (depending on the
molecular weight of protein) under 100 V, for 100 min. After a brief washing by
TBST, the membrane was blocked by 5% non-fat milk for 1 hour at RT,
followed by TBST washing and primary antibody (dissolved in 3% BSA)
incubation at 4°C overnight with shaking. Generally, following 3 times 5 min
washing by TBST, the secondary antibody conjugated with HRP (in 5% non-fat
milk) was then applied onto the membrane for 1 h at RT. Subsequently, the
membrane was washed and incubated with the substrate of HRP for enhanced
chemiluminescence (ECL) (500 pl A + 500 pl B /membrane) for 5 min and the
signals were visualized by film. The optical density of the Bands on the film
was measured by Image J software and used for quantification (GAPDH was

used in all cases as a reference gene).
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For stripping the membrane was incubated with stripping buffer at RT for 1.5 h

with shaking, and then further incubated with 1% SDS at RT for 1.5 h with

shaking. To detect proteins, whose molecular weights differed from the
reference protein GAPDH (~37 KDa), the membrane could also be cut and

incubated with different primary antibodies simultaneously, avoiding re-blotting.

2.3.6. Tissue preparation

Animals were anesthetized by an intraperitoneal injection of Ketamine (187.5
mg/kg body weight). Nervous reflexes were checked by pinching the toe tip.
The thorax was opened and animals were transcardially perfused with 20 ml of
pre-cooled 0.1 M PB, followed by 20 ml pre-cooled 4% PFA (in 0.1 M PB), with
a speed of 3~3.5 ml/min. The tissues were then carefully dissected and
immersed in 4% PFA (in 0.1 M PB) at 4°C with shaking for post-fixation (for

DRG and nerve, 4 hours post-fixation).

2.3.7. Paraffin embedding and sectioning

After post-fixation, the tissues underwent a dehydration process as the follows

(Table 2.28).

Table 2.28 Dehydration process for paraffin embedding:

Reagents Sciatic nerve DRG Tibial nerve
50% Ethanol 5 min 3 min 3 min

70% Ethanol 5 min 3 min 3 min

80% Ethanol 5 min 3 min 3 min

90% Ethanol 5 min 3 min 3 min

95% Ethanol 5 min 3 min 3 min
100% Ethanol 5 min X2 3 min X2 3 min X2

Rotihistol 5 min X2 3 min X2 3 min X2
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Paraffin 15 min 15 min 15 min

Paraffin 30 min X2 30 min X2 30 min X2

The tissues were then embedded in paraffin and left at RT overnight for
solidification. After microtome sectioning at the desired thickness, the sections
were mounted onto Superfrost slides and left on the heating plate (~40°C)
overnight. Before staining, sections went through a de-paraffinization
procedure as follows (Table 2.29).

Table 2.29 De-paraffin procedure:

Reagents Time
Rotihistol 5 min X4
100% Ethanol 5 min X2
95% Ethanol 5 min
90% Ethanol 5 min
80% Ethanol 5 min
70% Ethanol 5 min
PBS 5 min

For antigen retrieval, sections were immersed in boiling 0.1 M citric acid buffer
(pH=6.0) for 3 min. Sections could then be used for staining immediately or

stored in PBS at 4°C for 1~2 days if preferred.

2.3.8. Cryo-embedding and sectioning

After post-fixation, DRG and sciatic nerve were immersed in 15% sucrose
(dissolved in PBS) solution at 4°C for 6~8 hours with shaking, and
subsequently transferred to 30% sucrose (in PBS) solution at 4°C overnight
with shaking for cryo-protection. After carefully absorbing the excess sucrose,

with cooling of dry ice and a metal plate, tissues were embedded in tissue
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freezing medium and then stored at -20°C (short term) or -80°C (long term).

Cryo-embedded tissue was cut on a cryotome to the preferred thickness and
mounted onto superfrost slides, then kept at -20°C (short term) or -80°C (long
term). Before staining, sections were brought to RT and re-hydrated in PBS for

3 times 5 min prior to further processing.

2.3.9. DRG neuron quantification

DRG neuron quantification was down as previously described (Strelau et al.,
2009). Briefly, DRGs were cut into serial sections of 8 um thickness, Nissl
stained (see Table 2.30), and mounted with Entellan. Neuronal profiles with a
visible nucleolus were counted in every fifth section using the Image J program.
Total numbers were corrected by Abercrombie’ s formula.

Table 2.30 Nissl staining for DRG section:

Reagents Time
0.5% Cresyl Echt Violet 7~8 min
H20 + 250 pl acetic acid 5 sec
H20 5 sec
70% Ethanol 5 sec
80% Ethanol 5 sec
90% Ethanol 5 sec
95% Ethanol 5 sec
100% Ethanol 5 min X2
Rotihistol 5 min X3

2.3.10. Immunohistochemistry

Generally, cryo- or paraffin embedded tissues were cut at 10 ym thickness.
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After pre-staining procedures (re-hydration or de-paraffin) as mentioned above

in 2.3.7. and 2.3.8., the sections were encircled by DAKO pen with its water
repellence property. 10% normal donkey serum in PBST (300 ul per slide) was
used for antigen blocking at RT for 1 hour, followed by 3 times 5 min PBS
washing. Then primary antibody/antibodies (antibodies from different animal
source could be used together) diluted in PBST (200 pl per slide) was/were
applied onto the slides and incubated at 4°C overnight. After 3 times 5 min
PBS washing, secondary antibody/antibodies diluted in PBS (200 ul per slide,
antibodies with different species reactivity could be used together) conjugated
with fluorescent tags was/were incubated at RT for 1 hour. After washing by
PBS, 1:500 Hoechst or 1:1000 DAPI in PBS was utilized to stain the nucleus at
RT for 10 min. Finally, after washing, slides were mounted with fluoromount-G

medium.

For proteins with very low expression, e.g. GDF-15, modification in the
protocol was helpful. Basically, the secondary antibody was not conjugated
with fluorescent group, but with biotin. Subsequently, streptavidin linked with

fluorescent tag was used to visualize the signal.

2.3.11. Electron Microscopy

After perfusion with 4% PFA, the sciatic nerve/tibial nerve was dissected and
attached to a piece of thick filter paper to maintain the shape. Then the nerve
piece with the filter paper was incubated in 2.5% glutaraldehyde solution (in
0.1 M PB) for 2 h at RT. Tissue was then washed 3 times for 5 min each with
0.1 M PB, and incubated in 1% OsO4 in 0.05 M PB in the dark, at RT for 2 h,
followed by 3 times 5 min washing with 0.05 M PB. Samples could then be

stored at 4°C overnight, and were dehydrated as described in Table 2.31.

56



Materials and Methods

Table 2.31 Dehydration procedure for Electron Microscopy embedding:

Reagents Time
50% Ethanol 10 min
70% Ethanol 10 min
80% Ethanol 10 min
90% Ethanol 10 min
95% Ethanol 10 min
100% Ethanol 10 min X3
Propylene oxide 10 min X3
1:1 Propylene oxide:Resin 2 hours
Resin 2 hours

After dehydration, the nerve was carefully seperated from filter paper, and
embedded into Epoxy resin in a rubber mold, polymerized at 58°C in the oven

for ~3 days.

The tissue was then transversely cut into semi-thin sections (500 nm) on an
ultramicrotome and stained with 1% toluidin blue to check the quality of fixation.
To measure the g-ratio, samples were cut into ultra-thin sections (60 nm) at 0.5
cm distal to the lesion site, mounted onto copper slot grids coated with
Formvar, and photos were taken at 1670x fold magnificantion on a Zeiss
electron microscope. Random photos were chosen and all intact myelinated
axons on the screen were measured in two directions (long axis and short axis)
for the diameter of the axon, the axon plus myelin, as shown in Fig 2.2. The

g-ratio was then calculated by the formula: g=((A/B)+(C/D))/2.
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A g=((A/B)+(C/D))/2
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Fig 2.2 g-ratio measurement.

2.3.12. Electromyography (EMG)

5 and 9 weeks after the unilateral sciatic nerve crush, WT or GDF-15 KO mice,
were anesthetized by intraperitoneal injection of 187.5 mg/kg ketamine and
12.5 mg/kg xylazine in physiological saline. Reflexes were checked by
pinching the toe tip. One grounding electrode was subcutaneously injected into
the tail. To stimulate the sciatic nerve, skin and muscles were opened at
mid-thigh level and two stimulation needle electrodes were placed next to the
sciatic nerve. Two recording needle electrodes were injected subcutaneously
above the musculus digitorum brevis. The sciatic nerve was stimulated by
increasing current pulses with a duration of 200 ms, and the resulting EMG

signals were recorded at the musculus digitorum brevis.

First, the left unlesioned control site was measured and then the EMG of the
right lesioned site was recorded. For the analysis of latency and amplitude,
only signals triggered by supramaximal stimuli were evaluated. Amplitude was
defined as voltage interval between minimal and maximal peak of the recorded
signal. The latency was defined as the time interval between the given stimulus
and the maximal peak of the recorded signal. The conduction velocity (CV)
was calculated by distance from stimulation to recording site divided by
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latency.

2.3.13. Statistical analysis

Data are shown as mean £ SEM (only in EMG test) or mean = SD (all the other
tests). Significant differences were determined by unpaired t-test (neuron
quantification, g-ratio, EMG test) or by One-Way ANOVA followed by Tukey
post test using GraphPad software. P value was shown as: ns (p>0.05, not
significant), * (0.05>P>0.01, significant), ** (0.01>P>0.001, very significant), ***
(P<0.001, extremely significant).
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3. Results
3.1. GDF-15 expression pattern

It has previously been shown that GDF-15 is upregulated in cerebral cortical
neurons following a “cold lesion” of the cortex and in retinal ganglion cells
(RGCs) after optic nerve crush (Charalambous et al., 2013; Schober et al.,
2001; Unsicker et al., 2013). One question addressed in the present study
concerns whether in the peripheral nervous system (PNS) GDF-15 is similarly
regulated in lesion paradigms. We used sciatic nerve (SN) crush and

transection lesions.

3.1.1. GDF-15 in DRG after sciatic nerve lesion

Since the two types of lesion to SN (crush and transection) were previously
shown to have different effects on dorsal root ganglia (DRG) neuron survival
(Navarro et al., 2007), both lesion methods were initially applied to wild type
(WT) animals in the present study. At different time points post lesion, animals
were sacrificed and total RNA from DRGs was isolated and GDF-15 mRNA
transcriptional levels were determined by quantitative Real-Time qPCR
(QRT-PCR). After crush lesion, GDF-15 mRNA levels were slightly increased,
reaching the maximum at 3 and 7 days post crush, followed by a decrease to
control levels after 28 days (Fig 3.1 A). In the transection model, GDF-15
showed a similar pattern as in the crush model, however, with a slight increase
in the size of the peaks at 3 and 7 days, respectively (2 fold in crush, 3 fold in
transection) (Fig 3.1 B). Western blots of GDF-15 failed to mimic the mRNA
study (Fig 3.1 C D); possibly, the transcriptional elevation was not high enough

to produce a steady translational change.
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Fig 3.1 GDF-15 expression in DRG. GDF-15 mRNA levels were quantified by gRT-PCR
at different time points after crush (A) or transection (B) lesion of SN (normalized to
GAPDH, n=3). Representative Western blots of GDF-15 protein in DRG at different time
points after crush (C) or transection (D) lesion of SN are shown. (E, F) Schematic
diagrams of lesion and tested tissue showing the different segments of the nerve for
analysis. Data are shown as mean + SD. P-values were calculated by One-Way ANOVA
followed by Turkey post-hoc test, *p<0.05, **p<0.01, ***p<0.001.

3.1.2. GDF-15 in sciatic nerve

As shown in previous studies, Schwann cells (SCs) and macrophages
(Charalambous et al., 2013; de Jager et al., 2011; Strelau et al., 2009) can
synthesize and release GDF-15 under certain physiological and pathological
conditions. My specific interest was to determine the GDF-15 expression in the
lesioned SN. Following crush, GDF-15 mRNA in segment B (proximal to lesion)
gradually increased and reached levels ~6 times higher than control at 7 days,
and subsequently returned to levels ~2 times higher than control at 28 days
(Fig 3.2 A). In segment C (distal to lesion), GDF-15 mRNA showed a similar

pattern of up- and downregulation, but surprisingly peaked at 7 days with ~25
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times higher than basal level, followed by stabilization at 14/28 day with 10~15
times higher than control (Fig 3.2 B). The dramatic increase of GDF-15 mRNA
in the distal part of the nerve was confirmed by Western blot (Fig 3.2 D), which,
after quantification, showed that protein expression was ~8 times higher than

control at 7 days (Fig 3.2 C).
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Fig 3.2 GDF-15 expression in sciatic nerve (SN) after crush lesion. GDF-15 mRNA
levels in Segment B (A) or Segment C (B) were shown by qRT-PCR at different time
points after crush lesion of SN (normalized by GAPDH, n=3). (C) GDF-15 protein
regulation in Segment C after crush was quantified based on Western blot (normalized by
GAPDH, n=3). (D) Representative Western blot graphs of GDF-15 protein in Segment C
at different time point after crush lesion of SN are shown. (E) Schematic diagrams of
lesion and tested tissue. Data are shown as mean + SD. P-values were calculated by
One-Way ANOVA followed by Turkey post-hoc test, *p<0.05, **p<0.01, ***p<0.001.

The same measurement was done in the transection model. GDF-15 mRNA in
Segment B slightly increased and reached levels ~3 times higher than control
at 7/14 day, and stayed at a basal level at 28 days (Fig 3.3 A). In Segment C,
GDF-15 mRNA reached a ~12 times increase at 7 days, followed by
stabilization at 14/28 day being ~10 times higher than control levels (Fig 3.3 B).
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Western blot of GDF-15 in Segment C lent further support to lesion-dependent
regulation, there was a ~8-fold change at 7 days, and 5-fold at 28 days (Fig 3.3
C D).
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Fig 3.3 GDF-15 expression in SN after transection. GDF-15 mRNA levels in Segment B
(A) or Segment C (B) were shown by qRT-PCR at different time points after transection of
SN (normalized by GAPDH, n=3). (C) GDF-15 protein regulation in Segment C after
transection was quantified based on Western blot (normalized by GAPDH, n=3). (D)
Representative Western blot graphs of GDF-15 protein in Segment C at different time
points after transection of SN are shown. (E) Schematic diagrams of lesion and tested
tissue. Data are shown as mean * SD. P-values were calculated by One-Way ANOVA
followed by Turkey post-hoc test, *p<0.05, **p<0.01, ***p<0.001.

GDF-15 expression was also checked at a histological level. For wild type (WT)
and knock out (KO) animals, SN segments both proximal and distal to the
crush lesion, were dissected at 7 days, cryo-sectioned (10 um), and stained
with GDF-15 and S100B (marking Schwann cells) antibodies. In WT, both
proximal (Fig 3.4 A a-c) and distal (Fig 3.4 A d-f) segments in crushed nerve
exhibited increased GDF-15 immunoreactivity (ir) compared to unlesioned
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nerves (Fig 3.4 A g-i). In the proximal part, GDF-15 ir displayed a special
pattern approximately vertical to the fibers, pointing out it might locate at the
node of Ranvier. However, the staining with Ankyrin G antibodies (node of
Ranvier marker) failed to show the co-localization of GDF-15 and node region
(data not shown). In the distal part, GDF-15 ir was strongly upregulated, which
further confirmed the above qRT-PCR and Western blot results. For the KO
nerve, no GDF-15 ir was detected in any proximal (Fig 3.4 B a-c), distal (Fig
3.4 B d-f) and unlesioned parts (Fig 3.4 B g-i).
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Fig 3.4 GDF-15 immunoreaction in SN after crush lesion. GDF-15/S10083
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immunohistochemistry in WT (A) and GDF-15 KO (B) SN at 7 days post crush lesion. (a-c)
nerve proximal to lesion; (d-f) nerve distal to lesion; (g-i) unlesioned nerve. GDF-15: red
channel; S100B: green channel; DAPI: blue channel. Bar=10 ym.

In summary, in both SN crush and transection models, GDF-15 mRNA levels
revealed an increase at 7 days, and subsequent decrease to control levels in
DRG. GDF-15 peaked at 7 days and fell back in SN proximal to lesion, while it
was greatly elevated at 7 days and kept at high levels until 28 days in SN distal

to lesion.

3.2. DRG neuron survival/death in WT and GDF-15 KO animals
3.2.1. Survival/death related genes in WT and GDF-15 KO animals

When injuring the sciatic nerve, due to the depolarization of membrane and
influx of ions, an “injury signal” is generated and retrogradely transported to the
DRG neuron body, where it triggers downstream gene expression controlling
cell survival/death (Abe and Cavalli, 2008; Chen et al., 2007). To investigate
the role of GDF-15 on neuron survival/death after injury, representative
candidate genes were chosen to be studied, including c-Jun for transcriptional
control of regeneration (De Leon et al., 1995; Raivich et al., 2004), Galanin for
neuroprotection (Coronel et al., 2008; Holmes et al., 2000; Raivich et al., 2004),

Caspase 8 for apoptosis (Monnier et al., 2011) and Bad for promoting survival.

After SN crush lesion, DRGs of WT and GDF-15 KO animals were collected,
and underwent either RNA isolation or cryo-sectioning (10 um). Upregulation
of c-Jun mRNA was found at 1 day after injury, and then decreased, but still
remained higher than control, at 7 days (Fig 3.5 A). There was a trend that KO
DRG had higher c-Jun levels after injury than WT, although this was not
statistically significant (Fig 3.5 A). Galanin mRNA was dramatically elevated
following the lesion (Fig 3.5 C), with significantly higher expression in KO than

in WT animals (almost double level). As Galanin is transcriptionally controlled
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by c-Jun (Raivich et al., 2004), the higher Galanin level in KO might result from

the higher c-Jun in KO animals. Caspase 8 mRNA was gradually leveled up in
WT, ~3 times higher than control at 7 days (Fig 3.5 B); however, it remained
stable in KO, being not significantly different to WT. Staining of phosphorylated
Bad in WT DRG showed an upregulation of p-Bad ir in the nucleus, while, on
the contrary, KO animals displayed constitutive expression before and after

injury (Fig 3.5 E).
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Fig 3.5 Neuron survival/death related genes in DRG. Survival-promoting gene c-Jun
(A), Galanin (C) and cell-death related gene Caspase 8 (B). mRNA levels were
determined by qRT-PCR in DRG at different time points after SN crush (normalized to
GAPDH, n=3). (D) Schematic diagrams of lesion and tested tissue. (E) Phospho-Bad
staining of DRG in WT and KO animals after SN crush lesion (p-Bad: red channel; DPAI:
blue channel; arrow head: p-Bad ir in the nucleus). Data are presented as mean + SD.
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P-values were calculated by One-Way ANOVA followed by Turkey post-hoc test, *p<0.05,
**p<0.01, ***p<0.001; or by unpaired t-test, ##p<0.01.

3.2.2. DRG neuron quantification

To further study whether GDF-15 was involved in neuron survival/death, L4
DRGs from WT and KO animals at 14 days and 28 days after SN transection
were dissected, paraffin sectioned (8 ym), Nissl stained and counted (Fig 3.6
C). In unlesioned conditions (Fig 3.6 A B, wt con/ko con), the KO had fewer
neurons than WT (although not statistically significant), which coincided with
previous observations that KO DRG underwent a mild postnatal neuron loss
(Strelau et al., 2009). At 14 days after SN transection, DRG neuron numbers of
the lesion side revealed a reduction of ~25%, without an imparity between WT
and KO (Fig 3.6 A). At 28 days after transection, the reduction reached
50~60%, however, both genotypes showed no difference (Fig 3.6 B).
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Fig 3.6 L4 DRG neuron quantification after SN transection. L4 DRGs from WT and
GDF-15 KO animals were sectioned, Nissl stained and analyzed at 14 days (A, n=3) or 28
days (B, n=3) after SN transection. (C) Representative DRG Nissl staining. (D) Schematic
diagrams of lesion and tested tissue. Data are shown as mean + SD. P-values were
calculated by unpaired t-test, *p<0.05, **p<0.01.

In summary, survival-promoting molecules as e.g. c-Jun, Galanin, and Bad
were distinctly expressed in DRGs of WT and KO animals, however, the final
fate of DRG neurons after lesion was similar in the two genotypes. GDF-15 did

not alter neuron survival/death.
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3.3. GDF-15 and axonal regeneration
3.3.1. Demyelination and regeneration related genes in WT and GDF-15

KO animals

After SN lesion, the distal nerve segment undergoes complex molecular and
morphological changes called Wallerian degeneration. During this process,
myelination related genes are repressed, while cell adhesion related and
neurotrophic genes are promoted (Navarro et al., 2007; Stoll and Muller, 1999).
To investigate whether there was a difference between WT and KO animals in
terms of demyelination and regeneration, representative genes were studied,
including Krox-20 for demyelination (Jessen and Mirsky, 2008), NF-kB for
activation of glial cells (Nickols et al., 2003; Smith et al., 2009), MAC-2 for
macrophage-Schwann cell interaction (Saada et al., 1996; Stoll and Muller,
1999) and NCAM for SC migration (Hansen et al., 2008; Thomaidou et al.,
2001). After SN crush, the distal Segments C from WT and KO animals were
collected at different time points, RNAs and proteins were isolated for
gRT-PCR and Western blot analysis. Krox-20 mRNAs decreased following
crush injury in both genotypes, while under unlesioned conditions and at 1 day
after lesion, the KO showed a significantly higher expression than WT (Fig 3.7
A) (this might be related to the hypermyelination phenotype of KO animals,
unpublished data). MAC-2 mRNA was upregulated after lesion in both
genotypes, however, the KO showed higher expression at all time points
compared to WT (Fig 3.7 B). NCAM mRNA in WT was increased in a
time-dependent manner, in contrast to the KO, which remained stable at the
tested time points (Fig 3.7 C). In control and 1 day after injury, KO had higher
NCAM mRNA levels, but in the late stage, which is more important for the
regrowing axon, it did not show significant disparity to WT. NF-kB mRNA levels
in KO were always higher than in WT, while both decreased over time (Fig 3.7
D). An opposite result was obtained in NF-kB Western blots, which revelaed
that the protein was up-regulated over time, and at 1 and 7 days, the KO

70



Results

tended to express more NF-kB than WT (Fig 3.7 E F).
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Fig 3.7 Regeneration-related genes in SN Segment C. (A) Krox-20, (B) MAC-2, (C)
NCAM, (D) NF-kB mRNA levels from WT and GDF-15 KO animals were determined by
gRT-PCR at different time points after SN crush in Segment C (normalized by GAPDH,
n=3). (E) NF-kB (p65) protein regulation in Segment C after SN crush was quantified
based on Western blot (normalized by GAPDH, n=3). (F) Representative photograph of
NF-kB Western blot. (G) Schematic diagrams of lesion and tested tissue. Data are shown
as mean = SD. P-values were calculated by One-Way ANOVA followed by Tukey post-hoc
test, *p<0.05, **p<0.01, ***p<0.001; or by unpaired t-test, #p<0.05, ##p<0.01,
###p<0.001.
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3.3.2. Inflammatory genes and macrophage recruitment in WT and

GDF-15 KO animals

As the clearance of degraded axon debris after lesion is a critical step for
effective regeneration, inflammation after injury and recruitment of circulating
macrophages is of particular interest (Martini et al., 2008; Stoll and Muller,
1999). To verify whether GDF-15 had an impact on inflammation, immune
mediators such as MCP-1, IL-1B3, IL-6 (Shamash et al., 2002; Taskinen and
Roytta, 2000; Ydens et al., 2012), and alternative immune pathway markers
such as Arg 1, Fizz 1 and Ym1 were chosen for analysis (Arora et al., 2006;
Cai et al., 2002; Teng et al., 2003). After SN crush lesion, distal Segments C
from WT and KO animals were collected at different time points, RNAs and
proteins were isolated for gRT-PCR and Western blot analysis. MCP-1 mRNA
followed an up-and-down pattern after lesion, from 1 day to 7 days, there was
a 5~8 fold increase over basal levels, but no difference between the genotypes
was observed (Fig 3.8 A). IL-1B mRNA exhibited two peaks, at 6 h/1 day
(30~40 fold), and at 7 days (10~20 fold)(Fig 3.8 B). At all time points, higher
levels of IL-13 were seen in the KO than in WT, especially at 1 day and 7 days.
IL-6 mRNA also revealed two waves of upregulation, at 6 h/1 day (10~20 fold),
and at 3/7 day (5~15 fold), while levels in the KO significantly surpassed the
WT at 3 and 7 days (Fig 3.8 C). Arg 1 mRNA levels were 150~250 fold
elevated at 1 day, and then started to drop (Fig 3.8 D). Arg 1 mRNA levels in
the KO tended to exceed those in the WT at all time points (not statistically
significant). Fizz 1 mRNA was first decreased and then increased again,
without difference between the genotypes (Fig 3.8 E). The pattern of Ym1
mRNA was similar to Arg 1, levels in the KO exceeded those in the WT at all
time points, especially at 1 day (Fig 3.8 F). The Ym1 result was reinforced by
Western blot (Fig 3.8 H).
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Fig 3.8 Inflammation related genes in SN Segment C from WT and GDF-15 KO
animals after crush lesion. (A) MCP-1, (B) IL-1B, (C) IL-6, (D) Arg 1, (E) Fizz 1, (F) Ym1
mRNA levels were determined by qRT-PCR (normalized by GAPDH, n=3). (G) Schematic
diagrams of lesion and tested tissue. (H) Representative photograph of Ym1 Western blot.
Data are shown as mean * SD. P-values were calculated by One-Way ANOVA followed by
Tukey post-hoc test, *p<0.05, **p<0.01, ***p<0.001; or by unpaired t-test, #p<0.05,
##p<0.01.
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Macrophage markers CD11b and F4/80 were used to compare the
macrophage recruitment in the nerve distal to the lesion (Mueller et al., 2003;
Murray and Wynn, 2011). CD11b and F4/80 mRNA patterns were similar,
increased during time, indicating accumulation of macrophages distal to the
lesion (Fig 3.9 A B). Both graphs show that expression in the KO was
consistently higher than in WT (especially at 14 days for CD11b, at 1 and 7
days for F4/80). Western blot of F4/80 corroborated the qRT-PCR result (Fig
3.9 C D). IHC of F4/80 in the distal nerve further verified the phenotype
suggesting that more macrophages were present after injury in the KO (Fig 3.9

F).
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Fig 3.9 Macrophage markers in SN Segment C from WT and GDF-15 KO animals
after crush. (A) CD11b, (B) F4/80 mRNA levels (normalized to GAPDH, n=3). (C)
Regulation of F4/80 protein levels based on Western blot in WT and KO Segment C after
SN crush (normalized to GAPDH, n=3). (D) Representative photograph of F4/80 Western
blot. (E) Schematic diagram of lesion and tested tissue. (F) Immunohistochemistry of
F4/80 in SN Segment C, 7 day post crush lesion (F4/80: red channel; DAPI: blue channel).
Data are shown as mean * SD. P-values were calculated by One-Way ANOVA followed by
Tukey post-hoc test, ***p<0.001; or by unpaired t-test, #p<0.05.
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3.3.3. Fibroblast and Schwann cell activation in WT and GDF-15 KO

animals

Fibroblasts and SCs also contribute to the rapid and successful regeneration,
as the former provide favorable extracellular matrix conditions and guide
Schwann cells across the lesion site, while the latter participate in
phagocytosis, guidance of axon and remyelination (Griffin and Thompson,
2008; Parrinello et al., 2010; Stoll and Muller, 1999). To clarify whether deletion
of GDF-15 leads to alterations in fibroblast or SC performance, fibroblast
markers Fibronectin, alpha-smooth muscle actin (a-SMA) and Collagen 1
(Parrinello et al., 2010), as well as SC activation markers sonic hedgehog
(SHH), Olig1 and S100B3 were tested (Arthur-Farraj et al., 2012). After SN
crush lesion, distal Segments C from WT and KO animals were collected at
different time points, RNAs were isolated for gRT-PCR. Fibronectin mRNA,
after a delay period at 1 day, was upregulated and remained at high levels from
3 to 14 days, without revealing differences between WT and KO (Fig 3.10 A).
All other markers, a-SMA (Fig 3.10 B), Collagen 1 (Fig 3.10 C), SHH (Fig 3.10
D), Olig1 (Fig 3.10 E) and S1008 (Fig 3.10 F) shared the same regulatory
mode and were upregulated at 7 days, but showed no difference between WT

and KO.
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Fig 3.10 Fibroblast and SC markers in SN Segment C from WT and GDF-15 KO
animals after crush. (A) Fibronectin, (B) a-SMA, (C) Collagen 1, (D) SHH, (E) Olig1, (F)
S1008 mRNA levels are shown (normalized to GAPDH, n=3). (G) Schematic diagram of
lesion and tested tissue. Data were shown as mean + SD. P-values were calculated by
One-Way ANOVA followed by Tukey post-hoc test, *p<0.05, **p<0.01, ***p<0.001.

3.3.4. Remyelination analysis of regrowing axons in WT and GDF-15 KO

animals

Although some regeneration-related genes showed discrepancies in WT and
KO (see above), morphological evaluation was essential to determine the
impact of molecular changes on structural regeneration. To identify the
maturation/remyelination of regenerating axons, unlesioned and crushed
sciatic nerves were dissected at 28 days after injury from both WT and KO
animals. Samples were OsOs fixed, resin-embedded and cut into 60 nm
ultrathin section to determine the g-ratio (Fig 3.11 A). As shown in Fig 3.11 B,
on the non-lesioned side, the KO nerve had a smaller g-ratio than the WT

indicating a relatively thicker myelin sheath which corrorborated the previously
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documented hypermyelination phenotype (Strelau et al., unpublished).
However, after lesion, when the original myelin sheath was broken down and
the new axon was enwrapped by myelin, both genotypes showed a similar

g-ratio of the new myelin sheath.

\WT ‘control

pi09 |euids

Fig 3.11 Remyelination and g-ratio of regenerating axons. (A) Representative
photograph of ultrathin sections from sciatic nerve of WT and GDF-15 KO animals, at 28
days after SN crush. (B) g-ratio of axons is given (n=3, ~100 axons measured per nerve).
(C) Schematic diagrams of lesion and tested tissue. Data are shown as mean = SD.
P-values were calculated by unpaired t-test, **p<0.01, ####p<0.001. Bar=5 um.

3.3.5. Regenerating axon quantification in WT and GDF-15 KO animals

Highly efficient regeneration can be assumed to lead to a faster axon regrowth
from the lesion site towards distal targets. To determine axon regrowth,
unlesioned and crushed sciatic nerves/tibial nerves were collected from WT
and KO animals at 5 and 9 weeks after injury. Samples were PFA fixed,
paraffin embedded and cut into 10 ym sections, at 0.5 cm, 1.2 cm and 2.0 cm
distal to crush site. Sections were stained with antibodies against Tuj1 for

axons and S100p for SCs (Nikolaev et al., 2009; Saijilafu et al., 2011)(Fig 3.12
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G). Axon numbers in tibial nerve or in the tibial bundle of sciatic nerve were
recorded (Fig 3.12 A-F). As previously reported, KO animals have a
progressive motor-/sensory neuron loss phenotype (Strelau et al., 2009),
which would result in a reduced axon number in KO animals. Thus, as
expected, the KO control group had fewer axons than WT control group
throughout. After lesion, axon numbers on the WT crush side were similar to
the WT control side (only except Fig 3.12 E). However, numbers of axons on
the KO crush side were slightly reduced as compared to the KO control side
(Fig 3.12 B C E F). This reduction was more prominent in the more distal part
of the nerve, suggesting a retarded protrusion of axons towards the distal

nerve end in the KO.
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Fig 3.12 Axon quantification of tibial nerve from WT and GDF-15 KO animals at 5
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and 9 weeks after SN crush. Total axon numbers are shown at 5 weeks after crush in
tibial nerve at 0.5 cm (A), 1.2 cm (B), 2.0 cm (C) distal to lesion (n=4). Total axon numbers
are shown at 9 weeks after crush in tibial nerve at 0.5 cm (D), 1.2 cm (E), 2.0 cm (F) distal
to lesion (n=4). (G) Representative photograph of tibial nerve (Tuj1: green channel; S100:
red channel; DAPI: blue channel). (H) Schematic diagrams of lesion and tested tissue.
Data are presented as mean + SD. P-values were calculated by unpaired t-test, *p<0.05,
**p<0.01, ***p<0.001; #p<0.05, ##p<0.01.

3.3.6. Regenerating axon diameter distribution in WT and GDF-15 KO

animals

For regeneration, efficiency, speed and maturation/diameter of the regrowing
axon are all essential. Conduction velocity is correlated to the axon diameter
(Kriz et al., 2000; Waxman, 1980). To determine the axon size distribution, an
identical experiment as described in Chapter 3.3.5. was performed, but axon
numbers were recorded and subdivided in three groups: axon diameter larger
than 5 um; diameter between 2 and 5 ym; diameter less than 2 pm. Two time
points were analyzed, at 5 (Fig 3.13) and 9 weeks after injury (Fig 3.14). In Fig
3.13 A, E, | show overall diameter distribution: under control conditions,
middle-sized (2~5 um) axons constituted the majority of axons, but after lesion,
small-sized (less than 2 ym) axons formed a larger portion in the most distal
part while middle-sized axons still predominated in the nerve portion close to
the lesion. This may be due to the maturation process, which starts from the
proximal nerve portion. Although a tendency was noted that WT nerves had
more regenerating axons in all groups than KO, only the small diameter
regrown axons 0.5 cm away from the lesion showed statistical significance (Fig

3.13 D).
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Fig 3.13 Tibial nerve axon diameter distribution in WT and GDF-15 KO animals 5
weeks after SN crush. (A-D) Tibial nerve axon diameter distribution at 0.5 cm distal to
lesion (n=4). (E-H) Tibial nerve axon diameter distribution at 1.2 cm distal to lesion (n=4).
(I-L) Tibial nerve axon diameter distribution at 2.0 cm distal to lesion (n=4). (M) Schematic
diagrams of lesion and tested tissue. Data are shown as mean + SD. P-values were
calculated by unpaired t-test, **p<0.01, ***p<0.001; #p<0.05, ##p<0.01.

9 weeks after lesion, the axon size distribution was quite similar to that of 5
weeks (Fig 3.14). Of particular interest was that the middle-sized regrown
axons (grey bar) at 9 weeks occupied a slightly larger portion compared to 5
weeks (Fig 3.13 AE | vs Fig 3.14 A E |), suggesting an improved maturation at
a later time point. Another finding was that 9 weeks after lesion, in all three
locations, WT displayed more middle-sized axons than the KOs (Table 3.1). As
axons thicker than 2 ym were mostly myelinated, this category could be the
main contributor to improved impulse conduction (see physiological tests,
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Fig 3.14 Tibial nerve axon diameter distribution in WT and GDF-15 KO animals 9
weeks after SN crush. (A-D) Tibial nerve axon diameter distribution at 0.5 cm distal to
lesion (n=4). (E-H) Tibial nerve axon diameter distribution at 1.2 cm distal to lesion (n=4).
(I-L) Tibial nerve axon diameter distribution at 2.0 cm distal to lesion (n=4). (M) Schematic
diagram of lesion and tested tissue. Data are shown as mean + SD. P-values were
calculated by unpaired t-test, ***p<0.001; #p<0.05, ##p<0.01, ##H#p<0.001.
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Table 3.1: Percentage of middle size axon (2~5 pm) in WT and KO crushed nerve, 9

weeks after lesion.

Percentage of 2~5 Distance to crush site

Mm axon 0.5cm 1.2cm 2.0cm

WT lesion 66.92% + 0.64% 45.31% £ 1.55% [17.57% + 2.60%
KO lesion 60.74% + 2.26% 41.44% £ 2.15% [14.60% = 1.83%
WT vs KO > * ns

n=4. Data are shown as mean £ SD. P-values were calculated by unpaired t-test, *p<0.05;
**p<0.01; ns=not significant.

In summary, at molecular levels, GDF-15 KO animals showed higher
expression of axon regeneration related genes, inflammatory genes, and a
tendency towards more macrophage recruitment, but no indication of
increased fibroblast and SC activation. On a morphological level, the myelin
sheath of regrown axons was similar in the 2 genotypes (g-ratio), while at 9
week after crush, WT showed significantly more middle-sized (2~5um)

regrown axons than the KO animals.

3.4. Functional recovery in WT and GDF-15 KO animals after SN crush

lesion

The above morphological and molecular investigations were supplemented by
electrophysiological studies. To determine the functional outcome of axon
regeneration in WT and KO animals, electromyography (EMG) was performed
at 5 and 9 weeks after SN crush. EMG provided information on velocity and
strength of impulse conduction from nerve to muscle (Pattichis et al., 1999). 5
weeks after crush, both WT and KO showed a significant reduction of
conduction velocity (CV) (Fig 3.15 A). Nevertheless, the amplitude was
significantly decreased when comparing the control side to crush lesion side
(Fig 3.15 C). However, there were no significant differences between WT
control vs KO control or WT lesion vs KO lesion sides. 9 weeks after lesion,

both CV and amplitude patterns resembled the 5 weeks pattern, with
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significant changes between control and lesion sides, but not between WT and

KO (Fig 3.15 B D).

A CV 5 weeks / m/s B CV 9 weeks / m/s

20 4 20
* %k * %k
¥k * k%

16 - B wt control 16 -

wt + lesion

12 12 4

B GDF-15 KO

B GDF-15 KO lesion

C Amplitude 5 weeks /mV D Amplitude 9 weeks /mV

*
ko -

Fig 3.15 Electromyography analysis of WT and GDF-15 KO animals after sciatic
nerve crush lesion. Conduction velocity recovery from sciatic nerve to musculus
digitorum brevis was shown at 5 weeks after SN crush (A)(n=6), and 9 weeks after SN
crush (B)(n=6). Amplitude changes were shown at 5 weeks after SN crush (C)(n=6), and 9
weeks after SN crush (D)(n=6). Data are shown as mean + SEM. P-values were
calculated by unpaired t-test, *p<0.05, **p<0.01, ***p<0.001.

Interestingly, when comparing data between 5 and 9 weeks post-injury, a
significant difference in the lesioned WT EMG was observed, in contrast to the
lesioned GDF-15 KO EMG, where no significant differences were detected
(Table 3.1). In the lesioned WT, the CV was increased after 9 weeks by 20% (p
< 0.05) and the amplitude was increased by 204% (p < 0.05). In the lesioned
GDF-15 KO, the CV was decreased by 6% and the amplitude was increased
by 27%, but no statistical differences between the two time points were
observed. The difference in functional recovery might result from the better
maturation of regenerated axons in WT (Fig 3.14 C G K), which contributed to

better impulse conduction.
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Table 3.2: Comparison of conduction velocity (CV) and amplitude at 5 and 9 weeks

of lesioned WT and GDF-15 KO mice (unpaired t-test, * p < 0.05).

5> 9 weeks wt lesion GDF-15 KO lesion
CcVv +20% * -6%
Amplitude +204% * +27%

In summary, at an early time point after lesion (5 weeks), there was no
significant discrepancy between WT and KO animals in terms of conduction
velocity and amplitude. However, at 9 weeks the WT displayed more robust

functional recovery compared to KO.
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4. Discussion

4.1. GDF-15 expression pattern

GDF-15 is expressed ubiquitously in animal organs and tissues, as described
previously, including the nervous system (Bottner et al., 1999; Charalambous
et al., 2013; Strelau et al., 2009; Strelau et al., 2000). Here we have shown the
MRNA level of GDF-15 in DRG to be slightly upregulated at 3 and 7 days after
SN crush and transection lesion (Fig 3.1 A B). However, the protein levels do
not follow the same pattern (Fig 3.1 C D), possibly resulting from the mild
change in transcriptional levels. In the brain, GDF-15 is highly expressed
predominantly by the neurons in both cortex cryolesion and cerebral ischemia
models, but also expressed by a small proportion of microglial cells
(Schindowski et al., 2011; Schober et al., 2001). Another study on optic nerve
showed that GDF-15 is mainly expressed in retinal ganglion cells and neurons
in the inner nuclear layer after optic nerve crush (Charalambous et al., 2013). It
remains unclear which type of cell is the main source for GDF-15 in DRG after
sciatic nerve lesion. As active macrophages have a notion of being producers
of GDF-15 (Bottner et al., 1999; de Jager et al., 2011), and macrophages
infiltrate the DRG after lesioning, macrophages might be a source of GDF-15
after lesion (Hu and McLachlan, 2003; Vega-Avelaira et al., 2009). However,
satellite glia cells and DRG neurons should also be considered as production

sites of GDF-15.

A previous article points out that GDF-15 is expressed by SCs (Strelau et al.,
2009), which could help to interpret our findings in the SN lesion models. After
SN lesion, the distal nerve undergoes Wallerian degeneration, myelin sheaths
break down, SCs become dedifferentiated, proliferate and enter a “debris
removing” phase. This active stage starts within 24 h; SCs proliferation peaks

at 3~7 days, can last until they contact the regrowing axons, and finally triples
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SC cell numbers (Griffin and Thompson, 2008; Navarro et al., 2007). In

addition to proliferation, SCs also gain phagocytic ability when being
stimulated by myelin break down products, such as lysophosphotidylcholine
(LPS). Thus, SCs may be considered to be the major executor of phagocytosis,
before macrophage invasion occurs on a large scale (Ousman and David,

2000).

Macrophages also play an important role in cleaning up the debris from
degradation of axon and myelin. Circulating macrophages infiltrate the lesion
and distal nerve, together with the proliferating local resident macrophages,
starting phagocytosis no later than day 2, and reaching their peaks at day 4~7
(Rosenberg et al., 2012; Stoll and Muller, 1999; Tofaris et al., 2002). The
increasing activation of SCs and macrophages could explain the gradual
upregulation of GDF-15 in lesioned SN, as numerical increase and
phagocytotic activity of both cell types match the growth curve of GDF-15 (Fig
3.2, 3.3). At the late time points (14, 28 days, Fig 3.2 B C), the SN crush model
shows a downregulation of GDF-15, which could be a consequence of the
renewed contact of axon and SCs. At a speed of 1~3 mm per day,
regenerating axons reach the distal stump and re-contact the dedifferentiated
SCs. The latter then re-enter the myelinating phase (Arthur-Farraj et al., 2012;
Giger et al., 2010; Napoli et al., 2012; Navarro et al., 2007). However, in the
SN transection model, due to the ligation of the nerve stumps, the contact of
axons and dedifferentiated SCs is forbidden, thus the SCs remain active, and

the GDF-15 expression stays at a relative high level after 7 days (Fig 3.3 B C).

4.2. GDF-15 and DRG neuron survival

Lesion in SN could lead to DRG neuron death. Depending on the distance
between lesion and cell body and the type of injury, the percentage of cell
death varies, from 5~30% in distal crush lesion to ~50% in a more proximal
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transection model (Groves et al., 1999; Shi et al., 2001; Tandrup et al., 2000).

A couple of transcription factors, as well as survival/death mediators
orchestrate for the final outcome. Neurotrophic factors including NT-3, BDNF,
and NGF are known to promote cell survival and induce axonal regrowth, via a
precisely controlled activation of PI3K at the frontier of the proximal axon, and
inactivation of GSK-3p (Chen et al., 2007). c-Jun in the DRG neurons is among
the most important factors in the context of promoting survival, and is also one
of the first responding genes after peripheral nerve lesion (Kenney and Kocsis,
1998). Lesion induces local activation and retrograde transport of several
MAPKs, e.g. Erk, JNK, protein kinase G (Hanz et al., 2003; Lindwall and Kanje,
2005; Perlson et al., 2005; Sung et al., 2006). JNK then phosphorylates c-Jun,
and the latter transcriptionally switches on/promotes the expression of trophic
factors and survival mediators, such as Integrin a7f81, CD44, Galanin, NPY
(Frey et al., 2000; Hirata et al., 2002; Lindwall et al., 2004; Raivich et al., 2004;
Son et al., 2007).

A recent study demonstrated that the survival mechanisms in c-Jun null DRG
are impaired, leading to extensive cell death after SN crush (Arthur-Farraj et al.,
2012). Galanin, a neuropeptide with a protective and pro-regeneration function,
is controlled by c-Jun, and has three G-protein coupled receptors, GALR1,
GALR2, and GALRS3, among which, GALR2 is believed to mediate the sensory
neuron survival and regeneration (Burazin and Gundlach, 1998; Webling et al.,
2012; Xu et al., 2012). After axotomy of SN, Galanin-expressing DRG neuron
counts go up to 40~50% of all DRG neurons, compared with 2~3% in
unlesioned DRG. Deletion of Galanin results in a reduction of peripheral nerve
regeneration and long-term functional deficiency (Holmes et al., 2000; Wynick

et al., 2001).

Bad is a pro-apoptotic member in the Bcl-2 family, it can be rapidly
phosphorylated by serine-threonine kinases in non-apoptotic conditions.
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Phospho-Bad then binds to 14-3-3, instead of binding to Bcl-xL and Bcl-2. The

free Bcl-xL and Bcl-2 can then inhibit cytochrome C release and therefore
inhibits the activation of the caspase cascade (Fang et al., 1999; Springer et al.,

2000).

As described in previous paper, GDF-15 KO mice undergo a progressive
postnatal reduction in DRG neuron numbers resulting in the loss of ~20%
neurons between P90 and P180. GDF-15 in cell culture media can promote
the survival of cultured neurons (Strelau et al., 2009). Thus, GDF-15 seems to
be connected to neuron survival. However, GDF-15 knock out animals failed to
show a significant difference to WT animals with regard to selected
survival/death molecules, including c-Jun and Caspase 8 (Fig 3.5 A B).
Phospho-Bad expression differs between genotypes (Fig 3.5 E). Expression of
p-Bad in unlesioned KO DRG, in contrast to WT, may suggest that
endogenous GDF-15 suppresses p-BAD. However, after injury, the KOs and
WTs have a similar p-BAD immunoreactivity suggesting involvement of other

regulatory mechanisms.

GDF-15 KO mice have higher expression levels of Galanin than WT mice (Fig
3.5 C), further supporting the notion that GDF-15 is a physiological regulator of
Galanin (Charalambous et al., 2013). Given that Galanin is a potent
neurotrophic molecule, it was surprising that no survival rate difference could
be seen in the DRG neuron quantifications between genotypes (Fig 3.6).
Although its receptors have been identified, the Galanin-mediated neuronal
protective pathway is largely unknown. Especially the downstream effectors
are not known. It could be speculated that some still unidentified molecule(s)
neutralize(s) the downstream function of Galanin. As a summary to this part of
the discussion, endogenous GDF-15, despite the observed alterations in
Galanin and phospho-Bad, does not play a role in lesion-associated DRG
neuron survival.
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4.3. GDF-15 and SN regeneration

4.3.1. GDF-15 and axon myelination/remyelination

GDF-15 KO mice have a hypermyelination phenotype, and have higher
expression levels of myelin-related genes, e.g. PO, MBP (Strelau et al.,
unpublished data). Zinc finger transcription factor Krox-20 is known to be a key
positive regulator of myelin related genes, which drives the myelination
program and maintains the myelin sheath in a physiological condition (Topilko
et al., 1994; Zorick et al., 1996). In case of nerve lesions, negative regulators,
such as c-Jun and Pax-3, are upregulated, while Krox-20 is downregulated to
suppress myelination. SCs enter the dedifferentiation phase for phagocytosis
(Jessen and Mirsky, 2008; Kioussi et al., 1995; Parkinson et al., 2008; Pham et
al., 2009). Krox-20 is re-expressed again, when the regenerating axons enter
the distal stump and establish contact with local SCs for remyelination
(LeBlanc and Poduslo, 1990; Zorick et al., 1996). In the present study, | could
show that in unlesioned GDF-15 KO mice the background level of Krox-20 is
higher than it in WT mice (Fig 3.7 A). Possibly, this might explain the
hypermyelination phenotype, making GDF-15 a key regulator of Krox-20.

After lesionings, the myelin sheath breaks down and the debris is
phagocytosed by active (dedifferentiated) SCs and macrophages. Active SCs
form the Bands of Bungner guide the axons. When regenerating axons contact
SCs, SCs wrap the axon and start the remyelination process (Navarro et al.,
2007; Stoll and Muller, 1999). NF-kB is a multiple-function transcription factor,
which participates in neuroinflammation, neural plasticity, cell survival and
apoptosis (Pollock et al., 2005). Through TNFR1, NF-kB is activated by TNF-a,
leading to a pro-inflammatory process. NF-kB is a key modulator of Wallerian
degeneration for successful axon regeneration (Smith et al., 2009).
Furthermore, inhibition of NF-kB activation results in a delayed sensory axon
bundle formation and delayed compact remyelination (Morton et al., 2012). In
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our study, the analysis of Krox-20 and NF-kB was terminated at 7 days after

lesion, which leaves the role of these genes at later time points open.

Analysis of the g-ratio at 28 day after crush lesion did not reveal obvious
differences between the two genotypes studied. We could speculate that at
day 28, the Krox-20 levels in both genotypes may be still comparable to each
other, since myelin sheath thickness is similar. Considering that remyelination
after lesion might be a longer process, perhaps at an even later time points,
the small discrepancy in myelin thickness between the genotypes might

become re-established.

4.3.2. GDF-15 and Schwann cells/fibroblasts/macrophages

Fibroblasts are another player during nerve regeneration. They accumulate at
the lesion site, mediate SC sorting via ephrin-B/EphB2 signaling and Sox2,
N-cadherin relocalization, finally orchestrate SC migration and formation of
Bands of Bungner, and eventually guide the regrowing axon (Parrinello et al.,
2010). In our study, markers such as Fibronectin, a-SMA were determined as a
measure of fibroblast activity (Kalluri and Zeisberg, 2006; Parrinello et al.,
2010). However, we did not detect differences between GDF-15 KO and WT
littermates (Fig 3.10 A B C). It is not clear whether fibroblasts are a source of
GDF-15, but apparently their phenotype is not prominently affected in the
GDF-15 gene knock out.

SCs are main players during the PNS lesion and regeneration (Chen et al.,
2007; Navarro et al., 2007; Stoll and Muller, 1999). Immediately after lesion,
they exhibit an early response, including alterations in calcium fluxes. cAMP
conducts the injury signal via ERK/MAPK, JNK/c-Jun, Notch, JAK-STAT to the
nucleus for transcriptional remodulation (Newbern and Snider, 2012).
Increased cAMP levels trigger PKA, which activates CREB and downstream
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genes such as Arginase 1 (Cai et al.,, 2002; Gao et al., 2004). cAMP also

promotes immune regulators such as IL-6 via the STAT3 pathway, which

further leads to expression of GAP-43, promoting axon regrowth.

c-Jun is a central molecule in the orchestration of axon regeneration (Blom et
al., 2014; Ishii et al.,, 2013; McDonald et al., 2006; Monje et al., 2010;
Parkinson et al., 2004; Yang et al.,, 2012). The activation of c-Jun inhibits
Krox-20, thereby suppressing myelination. c-Jun also promotes the level of
transcription factor SHH, trophic factors such as GDNF and BDNF, cell surface
molecules such as NCAM, N-cadherin, and the neurotrophin receptor p75N™R
(Ahmad et al., 2014; Arthur-Farraj et al., 2012; Coulson et al., 2000; Coulson et
al., 1999; Fontana et al., 2012; Hashimoto et al., 2008; Jiang et al., 2005; Klein
et al., 2014; Parkinson et al., 2008; Pham et al., 2009; Shy et al., 1996; Topilko
et al., 1997; Topilko et al., 1994). SCs are then entering a unique active stage
normally named dedifferentiation. As markers for the active SCs, the SHH and
Olig1 levels were not significantly changed when comparing GDF-15 KO to
WT (Fig 3.10 D E). This suggests that the activation of Schwann cells in the
lesion condition is not markedly influenced by GDF-15. However, the
proliferation and phagocytosis of SCs, two additional aspects of SC activity,

were not analyzed in the present study.

SCs are one of the first cells to react to the injury, they detect the axon
degradation products via Toll-like receptors (TLR2/3/4) and MyD88 signaling
(Boivin et al., 2007; Karanth et al., 2006; Lee et al., 2006), and switch on the
expression of pro-inflammatory cytokines including IL-18, IL-1a, MCP-1 and
TNF-a within hours after lesion, followed by the expression of IL-6 and IL-10
(Bolin et al., 1995; Perrin et al., 2005; Reichert et al., 1996; Saada et al., 1996;
Shamash et al., 2002; Taskinen et al., 2000). Fibroblasts in the lesion site also
secret GM-CSF, which promotes the expression of MAC-2 for the attraction of
phagocytosing macrophages (Saada et al., 1996). The degraded lipid
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components in the myelin sheath and axon membrane need to be recycled,
thus apolipoproteins are upregulated for binding of lipids. ApoD is mainly
expressed by fibroblasts while ApoE is generated by invading macrophages
(Spreyer et al., 1990; Stoll and Muller, 1986b). Schwann cell-derived MCP-1,
IL-18 and MIP-1a contribute to the macrophage recruitment, as neutralizing
these factors leads to a severe reduction of phagocytic macrophages (Perrin et
al., 2005). MAC-1 and MAC-2 are also crucial for the myelin phagocytosis by
macrophages and SCs (Makranz et al., 2004; Makranz et al., 2006; Saada et
al., 1996). In the present study, | observed that MAC-2, IL-1B and IL-6 are
significantly higher expressed in GDF-15 KO nerve, furthermore, MCP-1 levels
in the KO also showed a trend to surpass its expression in WT (Fig 3.7 B, Fig
3.8 A B C). These observations possibly indicate stronger macrophage
recruitment in the KO animals. This was in part supported by the mRNA
analysis and staining of macrophages marker CD11b and F4/80 (Fig 3.9)
(Murray and Wynn, 2011).

A previous publication on an atherosclerosis model had shown that GDF-15
deficiency impairs the expression of CCR2, attenuates MCP-1 mediated
macrophage migration, and as a consequence, leads to reduced macrophage
recruitment (de Jager et al., 2011). Interestingly, another study on the
polymorphonuclear leukocytes (PMNs) demonstrates an increased PMNs
recruitment into the infracted myocardium in GDF-15 deficient animals (Kempf
et al., 2011). This phenotype may result from the activation of small GTPase
Cdc42 and inhibition of the small GTPase Rap1, which leads to the
conformation and clustering change of B2 integrin (Kempf et al., 2011). The
results are contradictory concerning the immunocell response to GDF-15,
however, the underlying mechanism for macrophages and PMNs must not be
the same. A further question concerning macrophages has not been answered
in my study, namely whether the excess macrophages in GDF-15 animals are
a consequence of reinforced recruitment or proliferation.
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Controlled SN lesion is a type of “sterile inflammation”, as there is no pathogen
to be removed by macrophages; instead, a more predominant task for
macrophages is to restructure the damaged tissue. Pro-inflammatory cytokines
recruiting macrophage are necessary, but the magnitude of inflammation
needs to be carefully limited by negative feedback loops, or switched to a T
helper 2 cytokines, such as IL-4 and IL-13, mediated pathway, preventing
excessive tissue damage (Gordon and Martinez, 2010; Murray and Wynn,
2011). Classical activation of macrophages (M1) is triggered by interferon-y
(IFNy) and TNF, leading to an enhanced anti-microbe and anti-tumor activity,
as well as reinforced pro-inflammatory cytokine secretion of, e.g. IL-1, IL-6
(O'Shea and Murray, 2008). On the other hand, IL-4 and IL-13 are the most
important cytokines to mediate an alternative activation pathway (Gordon and
Martinez, 2010). Fizz1 and Arginase 1 (Arg 1) have been shown to decrease
the magnitude of inflammation and be beneficial for tissue healing (Herbert et
al., 2010; Sutherland et al., 2009). Although the secondary pathway is still not
fully clarified, several studies demonstrate that the T help 2 cytokine pathway
(alternative activation of macrophage, M2 pathway) promotes nerve
regeneration (Kigerl et al., 2009; Pannu et al., 2005; Ydens et al., 2012). Our
results possibly suggest a higher degree of alternative activation of
macrophages in GDF-15 KO animals, as they expressed higher levels of Arg 1
and Ym1 (Fig 3.8 D F), which are signature molecules for the M2 pathway
(Gordon and Martinez, 2010; Murray and Wynn, 2011). A recent study showed
that in the M2 pathway macrophages undergo massive local proliferation,
rather than infiltration from the circulation (Jenkins et al., 2011). This might also
be applicable to the sciatic nerve lesion issue (Jenkins et al., 2011; Ydens et

al., 2012) (Fig 3.9).

4.3.3. GDF-15 and regenerated axons

The relation between SN lesion and neuron death has been investigated for
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many years, and several factors, including age, severity of injury and distance
of injury to the cell body are believed to influence the neuron fate (Navarro et
al., 2007). In general, the percentage of DRG sensory neuron death varies
between 5 and 30%, and the death rate of motoneurons amounts to 0~10%
(Arvidsson et al., 1986; Groves et al., 2003; Lowrie et al., 1994; Tandrup et al.,
2000; Valero-Cabre et al., 2001; Vanden et al., 1993; Vestergaard et al., 1997).
As graphed in Fig 3.12, there is a difference in axon number in control
conditions between GDF-15 KO and WT, which can be interpreted as resulting
from the progressive postnatal neuron loss (up to 20%) in the KO animals
(Strelau et al., 2009). Interestingly, at 5 weeks or 9 weeks after crush lesion,
the difference in axon number between KO and WT remains, which
demonstrates there is no additional neuron loss after crush lesion; thus,
GDF-15 deficiency does not change the neuron fate after lesion. Nevertheless,
the measurement of axon number in different loci distal to the lesion site shows
that the axonal regrowth velocity towards the distal nerve part is similar in both

genotypes (Fig 3.12).

Regenerated axons, however, normally have a small diameter, which is a
consequence of downregulation and reduced transport of neurofilament
proteins (Fawcett and Keynes, 1990; Fenrich and Gordon, 2004).
Nevertheless, upregulation of tubulin and actin permits a relatively high speed
of neurite outgrowth, but in turn, further reduce the axonal caliber (Gordon et
al., 1991; Tetzlaff et al.,, 1991; Tetzlaff et al., 1996). At late time points of
regeneration, myelination of newly formed axons could induce the
phosphorylation of neurofilament M and H, which leads to a larger interfilament
space and finally an increase in axonal diameter (Hisanaga and Hirokawa,
1989; Hoffman et al., 1987; Kriz et al., 2000). In the present study | could show
that at a late time point (9 weeks post lesion), WT nerves contain a larger
proportion of mid-caliber (2~5 ym) axons than KO nerves, as well as a lower
proportion of small caliber (smaller than 2 pm) axons than KO nerves (Fig 3.13,
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3.14, Table 3.1). The axon size distribution result is also supported by the
electromyography study, which shows from 5 weeks post lesion to 9 weeks
post lesion, that there is significant improvement in terms of conduction
velocity and amplitude in WT animals, with magnitude of +20% and +204%,
respectively. On the contrary, the change in KO animals is only -6% and +27%
respectively (Table 3.2). This is a proof of better functional recovery in WT
animals (Kriz et al., 2000). Our result is also supported by a previous study on
a local substitution of GDF-15 in a sciatic nerve after gap lesion, where
animals with exogenous GDF-15 applied into the nerve gap exhibited a lower
density of myelinated axons and larger axon diameters, meaning that GDF-15
could promote the maturity of newly regenerated axons (Mensching et al.,
2012). This could be the result of GDF-15-controlled production or
phosphorylation of neurofilaments. However, this issue needs further

investigation.
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5. Conclusion

In this study, | used GDF-15 KO mice as a model organism, and introduced SN
crush or transection plus stump ligation to analyze the potential role of GDF-15
in peripheral nerve lesion and regeneration. | have found that GDF-15 does not
finally alter the DRG neurons’ fate after SN transection. GDF-15 expression in
the distal nerve after lesion reaches the peak at 7 days post lesion, the putative
source is very likely the activated macrophages and SCs. GDF-15 KO animals
show a stronger expression of inflammatory modulators, M2 pathway markers
and more macrophages in lesioned nerve. However, the activation of
fibroblasts and SCs is not significantly changed between genotypes. The
GDF-15 KO exhibits a higher level of Krox-20 in physiological (unlesioned)
conditions, possibly accounting for the hypermyelination phenotype, but failed
to obtain significant hypermyelination after axonal regeneration. Both KO and
WT animals show a similar axon protruding speed, but WT animals exhibit
better axon maturation after lesion, as they gain a larger axonal caliber. Thus
the WT mice show a better improvement in the conduction velocity and signal

amplitude in the electromyography test.
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