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Title: Molecular biology of peripheral nerve regeneration: Expression and role of

Netrin-1, DCC and Runx2

By Lolita Singh

ABSTRACT

Damage to the peripheral nerves causes a series of molecular, cellular, and structural
changes critical to initiating a successful regenerative process involving degeneration,
inflammation, axon re-growth and innervation of the denervated target, and finally

functional recovery.

In this thesis | sought to study the expression and role of an axon guidance molecule -
Netrin-1 in peripheral nerve repair. Using a Schwann cell-specific Netrin-1 knockout
mouse model, | showed an increased disorganisation and misdirection of re-growing
axons within the nerve bridge following transection injury. However, this did not affect
the number of axons innervating the distal nerve. Moreover, functional recovery was not
impacted after a crush injury. Additional studies on axon outgrowth following crush
injury, and analysis of Schwann cell proliferation, migration and remyelination of axons
following injury, showed that Schwann cell-derived Netrin-1 is expendable for these

functions.

Furthermore, on analysing recently compiled single-cell RNA sequencing data for the
sciatic nerve following injury, | report the highest expression of Netrin-1 in perineurial

cells with low expression of Netrin-1 in Schwann cells both before and after injury.



Therefore, | attempted to generate a global knockout of Netrin-1 in adult mice to study
the effect of the overall loss of Netrin-1 on peripheral nerve regeneration, however this

attempt unfortunately proved to be unsuccessful.

Netrin-1 has been shown to mediate attraction on growing axons during development
by binding to its receptor - deleted in colorectal carcinoma (DCC). To study the role of
DCC in peripheral nerve injury and repair, | generated a global knockout of DCC in adult
mice using a Tamoxifen inducible Cre recombinase system. A transection injury in DCC
global knockout mice revealed aberrant trajectory of axons in the nerve bridge, however
innervation of the distal nerve was not affected. Similar to the Schwann cell-specific
Netrin-1 mouse model, functional recovery was comparable to the control following a
crush injury. My data suggested that DCC might not be important for successful end-
target innervation of axons as well as functional recovery following peripheral nerve

injury.

The final part of my thesis focused on studying the role of runt related transcription
factor-2 (Runx2) in peripheral nerve regeneration. While the published literature and my
in-silico analysis showed significant upregulation of Runx2 in Schwann cells following
peripheral nerve injury, Runx2 has no previously established role in peripheral nerve
repair. Therefore in collaboration with other members of my research group we

established a Schwann-cell specific Runx2 knockout mouse model and investigated the



effect of loss of Runx2 on the events of peripheral nerve repair. My work on the Runx2
mouse model showed normal myelination of axons by Schwann cells during
development, however remyelination was impaired following a crush injury in the sciatic
nerve. | also attempted to validate three predicted injury associated Runx2 targets;
however, my results showed that they were not apparently regulated by Runx2. My
results for this project, along with that of my research group identified Runx2 as a novel
regulator of Schwann cell plasticity with a role in the regulation of peripheral nerve

regeneration biology.
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CHAPTER 1: INTRODUCTION
1.1 PERIPHERAL NERVE STRUCTURE

The nerves and ganglia outside of the central nervous system (CNS) constitute the
peripheral nervous system (PNS). The main function of the PNS is to transmit
communication between the CNS (comprising of the brain and spinal cord), and the rest
of the body. Peripheral nerves contain sensory, motor and autonomic axons. Sensory
axons consist of somatic afferent axons that carry nerve impulses from sensory receptors
on skin, muscles and other tissues to the CNS and the visceral afferent axons that carry
information from the organs to the CNS. Similarly, the motor axons include somatic
efferent axons that relay communication from the CNS to the somatic muscles; branchial
motor axons to the skeletal muscles originating from the branchial arches, and visceral
motor axons to muscles in organs such as the heart. The autonomic axons are
responsible for regulating involuntary physiologic processes such as heart rate and blood
pressure essential to maintaining homeostasis. Motor axons have their cell bodies in the
gray matter of ventral horn of the spinal cord whereas sensory axons have the cell bodies
in the dorsal root ganglia (DRG), along cranial nerves and trigeminal ganglia as well as
some in the dorsal horn of the spinal cord. Peripheral nerves, such as the sciatic nerve,

are made of a mix of both sensory and motor nerve axons.

Several axon populations in the PNS are myelinated while many remain unmyelinated

and this property is highly dependent on the size of the axons. The axons have been
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classified into class A (with several sub-types), B, and C based on the diameter of the
axons, conduction velocities of nerve impulses and state of myelination. Large diameter
axons such as the A-alpha fibres that are responsible for muscle contraction, are
myelinated in the PNS. Myelinated axons are wrapped around with plasma membrane
of Schwann cells (SCs) known as the myelin sheath in a 1:1 ratio. Each SC myelinating an
axon is interrupted along the longitudinal length of an axon with periodic 1-2 um gaps
called the Node of Ranvier and the divided segments of myelin are termed as internodes
(Figure 1). Small diameter axons, such as the C fibres that respond to thermal,
mechanical, and chemical stimuli are responsible for producing the sensation of ache
and delayed pain, are non-myelinated. This means that they are not wrapped in a myelin
sheath however they are surrounded by SC processes such that they do not allow the
axons to physically touch each other and are called Remak bundles. Light and electron
microscopy in human tissue has revealed that these unmyelinated axons have a
diameter of 0.2-3.0 um while the myelinated axons have a diameter of 2-14 um (Ochoa
and Mair, 1969). SCs are covered by a thin basal lamina, made up of extracellular matrix
(ECM) molecules such as fibronectin, heparan sulphate proteoglycans, laminins and type
IV collagen, with a role in regulating several aspects of SC development and peripheral

nerve regeneration (PNR) (Gonzalez-Perez et al., 2013; Monk et al., 2015).

Three connective tissues, namely the endoneurium, perineurium and the epineurium

serve to support the peripheral nerve and axons within (Figure 1). The innermost
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endoneurium located between individual axons comprises of endoneurial fluid and also
houses fibroblasts, macrophages and mast cells. The axons, along with myelin (or
without), basal lamina and surrounding endoneurium are bundled into fascicles which
are enveloped by a dense middle connective tissue called perineurium (Figure 1).
Perineurium is made up of circular layers of large and flat perineurial cells. Pockets with
extracellular matrix (ECM) are located between the neighbouring perineurial cell layers
(Peltonen et al., 2013). The ECM made up of collagens and fibronectin allow the
perineurium to regulate the effect of external stretching forces. The perineurium creates
a metabolically active continuous diffusion barrier with a role in maintaining

homeostasis of the endoneurium (Shanthaveerappa and Bourne, 1962).

Finally, the outermost epineurium comprises of dense irregular connective tissues made
up of collagen and holds all the fascicles together along with blood vessels and
adipocytes (Figure 1). The epineurium also provides mechanical strength and elasticity
to the peripheral nerve against forces of injury such as stretching. The epineurium also
contains lymphatic vessels and the vasa nervorum, the blood supply of the peripheral
nerve (Figure 1). The vasa nervorum can be segregated into intrinsic and extrinsic vessels
(Boissaud-Cooke et al., 2015). The extrinsic blood supply are the regional blood vessels
from adjacent muscles and organs, located outside of the epineurium and supply the
intrinsic vessels. The intrinsic blood supply consists of vessels within the epineurium,

perineurium and endoneurium along the length of the nerve. The epineurial vessels are
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large and their endothelium has fenestrations with open clefts thereby allowing the
movement of serum proteins from the blood across the walls of the vessels, and
therefore they are not involved in maintaining the blood-nerve barrier (BNB) (Olsson et
al., 1971). The blood-nerve-barrier also known as the blood-nerve-interface (BNI)
maintains homeostasis within the endoneurium to create compartment pressures
required for blood flow as well as to provide an environment favourable for conduction
of action potentials by the axons (Weerasuriya and Mizisin, 2011). The BNB consists of
perineurial cell layers and the endothelial microvessels of the endoneurium and their
tight junctions that prevents the entry of large molecules into the nerve while permitting
entry to small ions (Rechthand et al., 1987). The perineurial vascular network is
important for supplying the fascicles with circulation (Boissaud-Cooke et al., 2015). The
endoneurial microvasculature consists of capillaries that navigate the perineurium and
enter the endoneurium. They are highly anastomotic, with no fenestrations and have

tight junctions at endothelial junctions.
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Figure 1: Structure of the peripheral nerve

The three outer connective tissue layers of the peripheral nerve — the outermost epineurium, the

perineurium in the middle and the innermost endoneurium. Nerve impulses in the peripheral nerve are

transmitted via axons that are either enveloped by Schwann cells (myelin sheath) or remain

unmyelinated. A nerve fascicle is a collection of axons enclosed by the perineurium. Several blood

vessels also run through a peripheral nerve with only the epineurial vasculature shown in the image

(Kuliasha et al., 2018).
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1.2 SCHWANN CELLS AND THEIR ROLE IN DEVELOPMENT

Schwann cells’ (SCs) function in a normal adult nerve is to support axons, whether by
myelination and/or trophic support. SCs also have a major role in both development and
injury of the peripheral nerve. During development neural crest cells (NCCs) differentiate
into SC precursors (among several other cell types) which generate immature SCs with
the ultimate goal of forming myelinating and non-myelinating mature SCs (Jessen and

Mirsky, 2005).

1.2.1 From neural crest cells to Schwann cell precursors

Neural crest cells (NCC) are multipotent embryonic progenitors and give rise to several
other structures such as craniofacial bone and cartilage, neurons and other glial subtypes
of the PNS and the enteric nervous system. NCC induction requires the activation of
several signalling pathways and transcription factors. Among them fibroblast growth
factor (FGF) and Wnt signalling induce neural crest progenitors at the edge of the neural
and non-neural ectoderm (Stuhlmiller and Garcia-Castro, 2012). Expression of
transcription factor sex-determining region Y-box 10 (Sox10) and neuregulin-1(NRG1) is
required for the generation of Schwann cell precursors (SC precursors) from NCCs which
occurs around embryonic day 12.5 (E12.5) in mice (Britsch et al., 2001; Birchmeier and
Nave, 2008). The formation of SC precursors signifies the start of gliogenesis, a process

defined by the generation of non-neuronal cells, in the developing nerves.
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All NCCs express Sox10 which is necessary for the specification of glial cells of the PNS,
as observed in Sox10 null mice resulting in absence of peripheral glia, however Sox10
expression is turned off in differentiated neurons (Britsch et al., 2001). Additionally,
Sox10 also regulates the response of NCCs to neuregulin-1 (NRG1) by controlling the
expression of one of the NRG-1 receptors ErbB3 (Britsch et al., 2001). In vitro NRG1 was
shown to be an inhibitor of neurogenesis or neuronal differentiation from NCCs which is

crucial for gliogenesis to occur (Shah et al., 1994).

Very akin to the neural crest cells, SC precursors are proliferative and migratory and give
rise to several cell types such as immature SCs, enteric neurons, endoneurial fibroblasts
and dental mesenchymal stem cells among several others (Furlan and Adameyko, 2018).
SC precursors unlike the NCCs begin to associate with the newly formed axons. In this
context, axonal contact via NRG1 is important for survival of SC precursors, with NRG1
type 3 specifically implicated for its expression by axons and binding with ErbB2/3
receptors on SC precursors (Meyer and Birchmeier., 1995; Dong et al., 1995; Birchmeier,
2009).

1.2.2 From Schwann cell precursors to immature Schwann cells

Next, SC precursors give rise to immature SCs (E15-16 in mice), a process that requires
the activation of Notch signalling (Recombination signal binding protein for

immunoglobulin kappa J region (RBP-J) (Woodhoo et al., 2009). This period is also
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consistent with axons making their first synaptic contact and the downregulation of N-
Cadherin (Wanner et al., 2006). It has been suggested that N-Cadherin is involved in
compaction of the nerve and its downregulation at the time of immature SC generation
causes endoneurial space to appear between the glial cells, along with increased
vascularisation and the development of the perineurium (Wanner et al., 2006; Woodhoo
and Sommer, 2008). Immature SCs, like SC precursors, are in close proximity to the axons
but their survival is no longer dependent on this contact. Instead, their survival is
mediated by an ‘autocrine survival loop’ involving a medley of survival factors including
insulin-like growth factor -2 (IGF-2), leukemia inhibitory factor (LIF), neurotrophin 3
(NT3), lysophosphatidic acid and platelet-derived growth factor- B (PDGF-B) (Meier et
al., 1999; Weiner and Chun, 1999). Jessen and Mirsky (2005) suggested that SC
precursors’ dependence on axons for survival might be necessary to match the number
of SCs to axons, whereas immature SCs ‘autocrine survival loop’ is to solely ensure SC

survival and allow axon regeneration in a scenario wherein axons are injured.

The formation of immature SCs coincides with increased proliferation. Low level of
intracellular cAMP promotes neuregulin-dependent proliferation (Arthur-Farraj et al.,
2011). It is worth noting that high levels of cAMP is required for NRG1-dependent myelin
differentiation (Arthur-Farraj et al., 2011). Notch signalling is also key in controlling
proliferation of immature SCs thus maintaining their population for matching axon/SC

numbers (Woodhoo et al., 2009).
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1.2.3 Radial sorting and formation of mature Schwann cells

Immature SCs develop an extracellular matrix (ECM)-rich basal lamina which persists in
normal adult nerves. Endoneurial fibroblasts also secrete vital ECMs and separate mixed
caliber axons into bundles with their associated immature SCs into ‘families’ (Webster et
al., 1973). Webster et al.’s (1973) work in studying this process in developing nerves,
shed some light on the mechanism of radial sorting, a process involving the segregation
of single axons from their families to be enveloped by a single SC in preparation for
myelination. These surrounding immature SC families, extend cytoplasmic processes
among the axon bundle and separates the larger axons at the edge of the bundle. Notch
signalling also delays myelination during this stage to prevent premature myelination
without interfering in radial sorting (Woodhoo et al., 2009). SCs subdivide the axon
bundles and ensheath the large caliber axons in 1:1 ratio, after depositing SC’s own basal

lamina (termed as defasciculation), a prerequisite for myelination.

G protein-coupled receptor Gpr126 has been shown to be required for axonal sorting in
mice, with a delay in axonal sorting observed in Gpr126 knockout mice and SC-specific
Gpr126 knockout mice from postnatal day 1 (P1) (Monk et al., 2011; Mogha et al., 2013;
Monk et al., 2015). However, in Gprl26 mutant zebrafish radial sorting was not affected
(Monk et al., 2009). Importantly, in both zebrafish and mouse Gprl26 mutant models,

SCs were arrested at the promyelinating stage and failed to myelinate the axons (Monk
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et al., 2009; Monk et al., 2011; Mogha et al., 2013). The level of cAMP was shown to be
regulated by Gpr126, with elevation of cAMP and protein kinase A (PKA) in vitro restoring
myelination in DRG cultures derived from Gprl126 knockout mice (Mogha et al., 2013).
The extracellular N-terminal fragment of Gpr126 was shown to be important for radial
sorting in zebrafish while the seven transmembrane (7TM)-containing C-terminal
fragment (CTF) was important for cAMP-dependent activation of myelin gene expression
(Petersen et al., 2015). Additionally, these functions of the two fragments of Gpr126 in
SC development is regulated by interactions of Gpr126 with Laminin-211 (Peterson et
al., 2015). While Laminin-211 activity has been thought to promote myelination, it may
also suppress the activity of Neuregulin 1 type Il to inhibit PKA activation in myelination,

which may be aberrant in hypermyelinating neuropathies (Ghidinelli et al., 2017).

Radial sorting is suggested to be highly ECM dependent, with laminin available in the
basal lamina interacting with B1 integrins on SCs. This is required to polarise SCs and
regulate their signalling including regulating SC proliferation (around E19/20 in mice),
crucial to maintaining the 1:1 ratio (Feltri et al., 2002; Yu et al., 2005). This polarisation
of SCs is required to organise the cytoskeleton for the cytoplasmic protrusions and to
contact and identify large caliber axons (Feltri et al., 2016). Racl, a Rho family GTPase
was demonstrated as a downstream effector responsible for extension of the SC

cytoplasm for radial sorting (Nodari et al., 2007; Benninger et al., 2007).
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As mentioned, the larger axons during radial sorting have SCs envelop them and thus
begins the creation of the myelin sheath that improves the conduction of nerve impulses.
Whereas non-myelinating SCs (Remak SCs) surround multiple small caliber axons,
however a 1:1 ratio of axons with non-myelinating SCs is also possible contributing to
approximately 15% of unmyelinated axons in several mammals (Jessen and Mirsky.,
2008). Myelination is initiated around the time of birth in rodents, with the
differentiation of immature SCs to the pro-myelinating SCs requiring several molecular
changes and downregulation of genes that are prevalent during immature SC formation
and proliferation (Woodhoo and Sommer, 2008). These molecular changes for
establishing myelination are suggested to be in part contributed by large caliber axons
that require myelination. One such example is axonal NRG1 that has been shown to be
essential for regulating myelin thickness and precise SC to axon association (Michailov et
al., 2004). As mentioned above Gpr126 has been shown to be important for SC
myelination (Monk et al., 2009; Monk et al., 2011; Mogha et al., 2013).0Other secreted
molecules such as those from the neurotrophic factor family — brain derived
neurotrophic factor (BDNF), glial cell line derived neurotrophic factor (GDNF) and
Neurotrophin-1 (NT-3) among others, have been shown to promote myelination in vitro

(Chan et al., 2001; Hoke et al., 2003).

Several transcription factors are also involved in myelination such as Krox-20, a key

myelination driver and a suppressor of immature SCs; and POU transcription factor Oct-
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6, important for the transition of pro-myelin SCs to myelinating SCs (Topilko et al., 1994;
Jaegle et al., 1996). The alignment of the Remak cells around non-myelinating axons
suggests that there might be molecular changes that drive this existence, however this

has not been widely elucidated (Harty and Monk, 2017).

Finally in a mature peripheral nerve, SCs can be segregated into two types — myelinating
SCs that ensheath several axons and non-myelinating or Remak SCs (Griffin et al., 1995).
The former is responsible for forming a multi-layered myelin sheath surrounding the
motor and sensory axons. They are uniformly located along the length of an axon and
surround a single axon. Myelinating SCs insulate the axons thus allowing the axons to
transmit action potentials considerably faster than they could without the myelin sheath.
Meanwhile, Remak cells, loosely enclose small, 0.5 to 1.5 um diameter axons. The non-

myelinating SCs use their cytoplasmic processes to partition the axons.

Although the developmental differentiation and generation of mature SCs has been
studied there are still gaps in key molecular changes during the different transitions. The
intricacy of SC generation during development is almost as and, in many ways, more
complex in the event of an injury wherein SC plasticity or their ability to acquire a repair

phenotype to aid in regeneration and repair of the injury site is highlighted.
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1.3 PERIPHERAL NERVE INJURY

Traumatic peripheral nerve injuries (PNI) are becoming increasingly common and most
severe injuries require surgical repair. These injuries often cause neuropathic pain and,
in several cases, permanent loss of motor and sensory function (Siemionov and Brzezicki,
2009). This further affects the quality of life of such patients, resulting in physical

disability, and in many cases leads to damaging social and economic consequences.

There are several causes of PNI such as direct trauma, stretching, vibration, compression,
and microvascular injury. Seddon (1943) classified nerve injuries into three types —
Neuropraxia is a comparatively milder form of nerve injury which commonly occurs
when a nerve is compressed or stretched such that there is demyelination at the site of
injury whereas axonal continuity remains intact (Figure 2) (Seddon et al., 1943).
Axonotmesis, the second type of injury occurs because of compression or more serious
trauma to the nerve causing damage to the axons and the myelin sheath (Figure 2)
(Seddon et al., 1943).The outer connective tissues of the nerve
namely the perineurium and the epineurium are not affected, due to which the
structural shape of the nerve is maintained. Neurotmesis is the most critical form of
injury characterised by a full transection of the axons and the layers covering the nerve
(Figure 2) (Seddon et al., 1943). Surgical intervention is required for this type of injury,

however complete recovery is highly unlikely.
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Figure 2: lllustration of three classes of peripheral nerve injuries

Three classes of nerve injury — neuropraxia, axonotmesis and neurotmesis have been described by
Seddon et al. (1943). L, D and R denotes lesion/injury site, demyelination/Wallerian degeneration, and
regeneration, respectively for the three types of peripheral nerve injuries. In neuropraxia only the
myelin sheath is damaged. In axonotmesis both, the axons and surrounding myelin sheath is damaged
however the outer connective tissues remain intact. In neurotmesis, the nerve is completely severed.
Wallerian degeneration involving demyelination of myelin and removal of myelin debris is more
pronounced in axonotmesis and neurotmesis requiring Schwann cells to aid in the regeneration of

axons (Fugleholm, 2013).

1.4 CENTRAL VS PERIPHERAL NERVOUS SYSTEM IN REGENERATION

When compared to the central nervous system (CNS), nerves of the PNS are able to

regenerate mainly owing to the presence of Schwann cells (SCs) and recruitment of
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macrophages. Following a traumatic injury to a peripheral nerve such as the sciatic
nerve, axons can regenerate and reinnervate their targets again (Scheib and Hoke,
2013). In an injury with damage to the axons, axons degenerate, and SC demyelination
of axons occurs which then requires the elimination of the myelin and axonal debris by
SCs and macrophages. This is then followed by axonal regeneration and the formation
of new myelin for myelinating axons and new Remak bundles for non-myelinating axons
(Scheib and Hoke, 2013; Lutz and Barres, 2014). Although the regenerated nerve is
almost similar in structure and function as that of an uninjured nerve, the new myelin is
often thinner and the internodal distance of myelinating axons is reduced (Schroder,
1972; Sherman and Brophy, 2005). This entire process of degeneration and regeneration
in the peripheral nervous system (PNS) is covered in detail in the next few sections. In
comparison, in the CNS, oligodendrocytes (OLs) (that myelinate axons), microglia and

astrocytes are the major cell types involved in injury response (Rotshenker, 2011).

The experiments of David and Aguayo (1981) clearly demonstrated the environment of
the PNS and CNS as the reason for their differing capacity to regenerate injured nerve
fibres. Using rat sciatic nerve as a bridge graft connecting spinal cord and the lower
medulla, with the grafting site acting as injury, axons elongated from both ends and were
ensheathed by SCs suggesting that it is the environment within the CNS that does not
support axon growth. Another striking difference is the ratio of myelinated to

unmyelinated axons in both systems. In the CNS very few axons are unmyelinated thus
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in intact CNS, there is faster conduction of nerve impulses with low energy consumption
whereas in PNS there are higher population of unmyelinated axons such as the C fibres
nociceptors, in comparison to the myelinated (Griffin and Thompson, 2008). However, it
is not known whether there is a relevant link between this difference in unmyelinated
fibres in intact CNS and PNS versus the regenerative capabilities of both systems

following injury.

Post-injury, the denervated SCs respond promptly to create an environment favouring
regeneration, however in comparison OLs are sensitive to the toxic environment at the
lesion site and undergo apoptosis and necrosis (Li et al., 1999; Lytle and Wrathall., 2007).
The toxic environment of the lesion site is caused by many factors. For instance, the
secretion of proteolytic enzymes that can digest cells from necrotic cells; ischemia
contributing to free radical formation and reactive oxygen which results in oxidative
stress and adversely affects OLs (Almad et al.,, 2011). A CNS injury naturally causes
demyelination of OLs resulting in myelin debris, which is not cleared in the CNS and
inhibits axonal regeneration. Moreover OLs provide little to no support for axonal
growth, thus preventing axonal regeneration and survival (Almad et al., 2011). However,
remyelination of axons albeit with thinner myelin does takes place post-injury of the
CNS, with studies showing that oligodendrocyte progenitor cells (OPCs) proliferate and
migrate to myelinate axons (Watanabe et al., 2002; Blakemore and Keirstead, 1999;

Almad et al., 2011). These OPCs, as the name suggest are the progenitor cells for OLs,
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are abundant in the adult CNS and after demyelination, they proliferate and migrate to

the site of demyelination and remyelinate axons.

Another major difference between CNS and PNS is the absence of basal lamina in OLs
while in the PNS SCs assemble basal lamina consisting of several extracellular matrices
such as laminin, collagen and fibronectin that promote axon growth during development
and in regeneration of axons among their many other roles (Colognato and Tzvetanova,

2011).

In terms of inflammatory response post-injury, in the PNS it is crucial that macrophages
remove myelin debris by phagocytosis before the initiation of axonal outgrowth.
However, in the CNS macrophage recruitment is hindered due to restrictive blood-brain
barrier which is only permeable at the injury site (George and Griffin., 1994). In the PNS,
the blood nerve barrier, which is damaged at the site of injury also becomes permeable
along the distal nerve segment thus allowing the entry of inflammatory molecules. In the
CNS, the astrocytes are the main cells involved in inflammation that have been
demonstrated to express a high number of phagocytotic receptors (Lutz and Barres,
2014). Astrocytes produce several cytokines and chemokines, however it is not very clear
why astrocytes are unable to clear injury-caused debris in the CNS (Lutz and Barres,
2014). It is therefore evident that for successful CNS regeneration in an injury model, it

is important to study the environment of not only the CNS but the PNS as well in order
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to navigate therapeutic options and strategies for introducing a pro-axon re-growth

environment in the CNS.

1.5 EVENTS POST TRAUMATIC PERIPHERAL NERVE INJURY

1.5.1 Wallerian degeneration

An axonal injury provokes a cascade of non-neuronal cell responses in the peripheral
nerve, specifically in the distal end of an injured nerve, termed as Wallerian degeneration
(WD) (Waller, 1850). As such both crush and transection injuries trigger WD, with the
injured nerve divided into three segments — the injury site, the portion of the nerve
proximal to the injury and the segment of the nerve distal to the injury site. As mentioned
previously, in a transection injury the distal nerve segment is completely severed from
the proximal segment of the nerve (Figure 3A). The degeneration of the detached distal
axons is a critical step in WD (Figure 3B). This prompts a well-synchronised non-neuronal
cell response for the removal of regeneration-inhibiting myelin debris in the injured
nerve as well as regulation of gene expression and secretion of growth factors that
promote axonal outgrowth post-injury (Griffin et al., 1995). The degeneration of distal
axons is often delayed, which can take anywhere from 24-48h after injury in rodents

(Figure 3B) (Miledi and Slater, 1970; Beirowski et al., 2005).

Extensive work done on the Wallerian degeneration slow (WId°) mice demonstrated a

longer survival period of distal axons (2-3 weeks) following nerve transection injury (Lunn
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et al., 1989). Prior to this, it was thought that WD was initiated due to lack of
nourishment of the distal axons from the cell body of the axons following transection
injury (Waller, 1850). WId* gene encodes a fusion protein of ubiquitin ligase Ube4b and
nicotinamide mononucleotide adenylyltransferase 1 (Nmnatl) (Mack et al., 2001).
Nmnatl is an enzyme involved in the synthesis of nicotinamide adenine dinucleotide
(NAD). Overexpression of nuclear Nmnatl in five lines of transgenic mice was not
sufficient to protect distal axons from degeneration after sciatic nerve transection in
comparison to the WId®* mouse (Conforti et al., 2007). However, targeting Nmnatl to
axons in transgenic mice prevented degeneration of distal axons for a longer duration

than WId® mouse following transection injury (Babetto et al., 2010).

Another mammalian Nmnat isoform - Nmnat2, was shown to be an essential axon
survival factor (Gilley and Coleman, 2010; Gilley et al., 2013). The half-life of Nmnat2 is
very short, and therefore its loss during injury, or any disruption of Nmant2 transport to
the axons from the cell body results in quick depletion of Nmant2 in the distal axons
(Coleman and Hoke, 2020). This loss of Nmnat 2 also leads to a decrease in NAD levels,
however NAD degradation is also initiated by Toll-like receptor adaptor protein called
sterile-a and Toll/interleukin 1 receptor (TIR) motif containing protein 1 (SARM1), which
acts downstream of Nmnat2 loss in WD (Gerdts et al., 2015; Gilley et al., 2015; Essuman
et al., 2017). This depletion of NAD might be central to axon degeneration due to a failure

in synthesis of ATP. Changes in calcium influx is one alternative mechanism. Other
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SARM1 substrates such as ADPR and cADPR that are involved in regulation of calcium
could be important for the later stages of WD (Zhao et al., 2019; Coleman and Hdke,

2020).

Entry of calcium into the axoplasm (the cytoplasm of the axons) activates calpain, an
axonal protease that brings about the granular fragmentation of the cytoskeleton of
axons and its degeneration (Figure 3B) (Schlaepfer and Bunge, 1973; George et al., 1995;

Touma et al., 2007).

1.5.2 Demyelination

In the initial days following an injury involving WD, SCs are key to ensuring the
degradation and phagocytosis of the myelin and axon debris (Figure 3B). As discussed
previously, during development as well as for mature axons, SCs provide critical trophic

support, but this becomes quite obvious during axonal injury.

Early on in WD, SCs in the distal nerve segment convert to repair SCs which is suggested
to be facilitated by the ubiquitin-proteosome system. It was shown that inhibition of this
system post-injury in mice, supressed this conversion of SCs (Lee et al., 2009). Both
myelinating and non-myelinating SCs undergo several gene expression changes to allow
the glial cells to shift its function to axon regeneration from maintaining axonal
ensheathment (Figure 3B). Myelinating SCs of the injured axons actually respond very

early on, prior to axonal degeneration by shifting gene expression (Liu et al., 1995;
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Guertin et al.,, 2005). This involves first downregulating genes that encourage
myelination including the early growth response protein 2 (Egr2/Krox20), PO, myelin
protein zero (MPZ)/myelin basic protein (MBP), myelin-associated glycoprotein, gap
junction protein connexin 32 (Cx32), and periaxin, POU domain class 3 transcription
factor 1 (or known as Oct-6) (Topilko et al., 1994; Balakrishnan et al., 2016; Jessen and
Mirsky et al., 2008; Ghislain and Charnay, 2006; LeBlanc et al., 2006). This also involves
upregulation of genes such as c-Jun and neurogenic locus notch homolog protein (Notch)
that inhibit myelination (Parkinson et al., 2008; Arthur-Farraj et al., 2012; Woodhoo et
al., 2009). Several of these growth factors and transcription factors are discussed in more

detail in future sections.

Gene expression changes allow the SCs to demyelinate the axons distal to the injury site
and are converted into repair SCs that significantly contribute to the regeneration of the
damaged axons (Nocera and Jacob, 2020). Once the axons degenerate, the breakdown
of myelin can take place within 48 hours of injury, with SCs fragmenting their own myelin
sheath resulting in myelin ovoids (Figure 3B) (Stoll et al., 1989). Therefore, in the first 4-
7 days following PNI, mainly the repair SCs are involved in degrading and clearing the
myelin by myelinophagy (Perry et al., 1995; Gomez-Sanchez et al., 2015; Jang et al., 2016;

Lutz et al., 2017).
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1.5.3 Blood-nerve barrier permeability

The blood-nerve barrier (BNB) consists of endothelial cells interconnected by tight
junctions and restricts the passage of blood-borne substances (Kanda, 2013). It is
situated at the inmost layer of the perineurium and the endoneurial microvessels
(Malong et al., 2023). Following a peripheral injury, the BNB becomes ‘leaky’, distal to
the injury site thus allowing the entry of molecules from blood into the neural tissue
(Weerasuriya and Mizisin, 2011) (Figure 3C). During this event, the BNB is partially

permeable for a period of approximately four weeks after injury (Gray et al., 2007).

Even though a breach in the BNB is to be expected at the injury site, the breakdown of
the barrier is not observed anywhere else until axon degeneration is initiated.
Interestingly, the period of peak immune response in an injured nerve coincides with the
maximum permeability of the perineurium, which occurs between four days to a week
post-injury (Weerasuriya and Hockman, 1992). The BNB therefore becomes permeable
enough to allow critical immune cells in blood circulation to enter the nerve for the
purpose of repair. This permeability of the BNB reduces two weeks post PNI and
increases again for a second time which is suggestive of the timepoint during which

myelin is discharged from the endoneurium (Weerasuriya, and Hockman., 1992).
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1.5.4 Recruitment of inflammatory factors for myelin debris clearance

In this next stage of WD, macrophages and SCs work in tandem to clear the myelin debris,
the clearance of which is key to establishing a permissive milieu for the future
regenerating axons (Figure 3C). As mentioned previously, SCs also initiate myelin debris
clearance by myelinophagy following peripheral nerve injury (Perry et al., 1995; Gomez-
Sanchez et al., 2015). Additionally, these newly formed repair SCs perform a myriad of
functions, for instance they produce several trophic factors, cytokines such as leukemia
inhibitory factor (LIF), several interleukins and monocyte chemoattractant protein-1
(MCP-1) which works to attract macrophages (Siebert et al., 2000; Tofaris et al., 2002).
Blood derived macrophage recruitment is also dependant on the expression of
chemokine receptor CCR2 which binds to MCP-1 secreted by SCs. Siebert et al. (2000)
demonstrated a reduced influx of macrophages in CCR2-knockout mice post-transection

injury.

Within a week of PNI, hematogenous macrophages, recruited by SCs, invade the injury
site, due to the leaky blood-nerve barrier, and take on the leading role of clearing myelin
and axonal debris by phagocytosis, a process involving engulfment of particles by cells
via membrane protrusions (Figure 3C) (Hirata and Kawabuchi, 2002; Hall, 2005). The

macrophages are directed to the injured area by local cues and when there is damage to
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only a subgroup of axons in a peripheral nerve, they mainly gather around the injured

axons (Stoll et al., 1989).

Macrophages have also been shown to produce mitogenic factors which aid in SC
proliferation (Figure 3C) (Baichwal et al., 1988). They also upregulate apolipoprotein E
(apoE), which is known to be an essential lipid carrier and during WD helps in
metabolising lipids post myelin breakdown (lgnatius et al., 1987; Boyles et al., 1989).
ApoE also helps in reutilisation of the degraded lipid during axonal regeneration by SCs

and axons (lgnatius et al., 1987; Boyles et al., 1989).

Barrette et al. (2008) used transgenic mice that expressed a mutant form of the HSV-1
thymidine kinase (TK) regulated by the myeloid-specific CD11b gene promoter (CD11b-
TK™3%) wherein delivery of ganciclovir (GCV) to the mice caused the selective deletion
of proliferating CD11b positive cells. In their mouse model, 7 days following a sciatic
nerve crush injury, the recruitment and proliferation of macrophages and granulocytes
distal to the injury site, was significantly reduced (Barrette et al., 2008). The authors
showed that this depletion of the two populations of immune cells severely impaired
functional recovery, diminished myelin debris clearance in the distal sciatic nerve and
angiogenesis or the formation of new blood vessels was significantly reduced following
a sciatic nerve crush injury. In another experiment the authors performed a crush injury

in the sciatic nerves of the GCV treated CD11b-TK™3° or saline control mice and 7 days
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following injury they cut out and grafted the distal sciatic nerve between the proximal
and distal stumps of transected recipient mice to study axon regeneration (Barrette et
al., 2008). Their observation on axonal regrowth showed that the axons failed to
regenerate within the graft as compared to the control mice, two weeks following the
allograft. The work of Barrette et al. (2008) was important in elucidating the role of

macrophages in myelin clearance, axon regeneration and angiogenesis.

There are a small number of resident macrophages which in an uninjured nerve in the
PNS, accounts for 2-9% of all cells and have been shown in rat sciatic nerve explant
cultures to not only proliferate post-injury but also phagocytose myelin debris (Shen et
al., 2000). Resident endoneurial macrophages begin phagocytosis of neuronal debris at
the earliest, two days after a crush injury in rats and proliferate at day 3 and 4 before the
recruitment of hematogenous macrophages from across the blood-nerve barrier
(Mueller et al., 2001). They constitutively express major histocompatibility complex

molecules (MHC), essential for initiating immune responses (Monaco et al., 1992).

Other than macrophages, the lesion site is also infiltrated by inflammatory immune cells
such as neutrophils (Perkins and Tracey, 2000), T-lymphocytes (Moalem et al., 2004) and
non-inflammatory fibroblasts (during a transection injury) (Parrinello et al., 2010) (Figure
3C). Neutrophils are the earliest inflammatory leukocytes to gain entry with a role in

phagocytosis of nerve debris as well as recruiting monocytes and are also involved in
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deciding the differentiation of macrophages to a pro- or anti-inflammatory state
(Chertov et al., 1997; Lindborg et al.,, 2017). In a rat injury model, the density of
neutrophils was substantial at the site of nerve injury, 8 hours post-surgery peaking at
24 hours after injury before decreasing in numbers by day 3 (Perkins and Tracey, 2000).
Another study demonstrated that neutrophils are effective phagocytes and are essential
for myelin clearance (Lindborg et al., 2017). As described above, mice with a global
knockout of chemokine receptor CCR2, had a reduction in the recruitment of
macrophages after PNI (Siebert et al., 2000). Niemi et al. (2013), demonstrated that
myelin debris clearance was not impeded 7 days after transection injury. Further work
done by the same lab group showed that depletion of neutrophils by antibody treatment
in the wild-type and the same CCR2 knockout mice, impeded myelin debris clearance 7

days after transection injury (Lindborg et al., 2017).

T-lymphocytes are one of the last immune cells to be recruited (Figure 3C). They were
detected on day 3 at the injury site and a lower count detected in the proximal and distal
nerve stump post-sciatic nerve constriction injury, peaking at three weeks post-injury,
following which their numbers decreased (Moalem et al., 2004). In the first stage of WD,
around day 3 after injury, Type 1 helper cells (Th1) cells produce pro-inflammatory
cytokines such as IL-18, tumour necrosis factor a (TNF-a) and interferon y (IFN-y) that
polarise and activate M1 macrophages (associated with acute inflammatory responses),

natural killer cells (NK cells) and neutrophils (Fregnan et al., 2012; Bombeiro et al., 2020).
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Type 2 helper cells (Th2) produce anti-inflammatory cytokines such as IL-10 and IL-4 after
macrophage recruitment, thus promoting M2 polarisation of macrophages and also

suppressing pro-inflammatory signalling pathways (Fregnan et al., 2012).

Macrophages can persist in the injured nerve for months after which they either undergo
apoptosis or travel to the lymphoid organs via the circulation (Kuhlmann et al., 2001).
The exit of phagocytotic macrophages is essential to resolving the inflammatory state of
the regenerating nerve (Figure 3F). Study done on macrophage clearance has shown that
macrophages express Nogo receptors, NgR1 and NgR2, whose function is to bind myelin-
associated inhibitory proteins (Fry et al., 2007). Post-axon regrowth and remyelination,
macrophages expressing these receptors are repelled by myelin on the new axons via
RhoA activation and leave the nerve via SC basal lamina and enter circulation via the
blood-nerve barrier. Therefore, a complex interaction between SCs and various
inflammatory cells is required for removal of axonal and myelin debris post-PNI to allow

regeneration of injured axons.

1.5.5 Control of Schwann cell proliferation and gene regulation post-injury

SC proliferation, early in WD, was previously shown to be modulated by neuregulin and
its receptors erbB kinases (erbB2 and 3) in an autocrine or paracrine manner by SCs
themselves (Carroll et al., 1997). However subsequent in vivo work has contradicted this

finding (Atanasoski et al. 2006; Fricker et al., 2013). Atanasoski et al. (2006) using adult
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mice with Schwann cell-specific ablation of erbB2 showed that this deletion did not
affect SC proliferation at 4 and 12-days post-transection injury in the distal sciatic nerve.
In another study, deletion of neuregulin 1 in axons using a tamoxifen inducible Cre
recombinase mouse did not affect distal SC proliferation following transection injury of

the sciatic nerve (Fricker et al., 2013).

Several mitogens promote SC proliferation in vitro such as platelet-derived growth factor
(PDGF-B) and fibroblast growth factors (FGFs) and have been shown to be secreted by
macrophages (Schubert, 1992; Oya et al., 2002; Brecknell and Fawcett, 1996). Evidently
there is an additional SC proliferation phase after the regenerated axons innervate the
distal nerve (Pellegrino and Spencer, 1985). These proliferating SCs are restricted to their
basal lamina tubes wherein their longitudinal alignment is necessary to form bands of
Blingner, which serve as substrate for the growing axons to allow their re-growth to their

distal target (Figure 3D) (Stoll et al., 1989).

Kim et al. (2000) reported impaired proliferation of SCs in the distal nerve stump, 7 days
following a sciatic nerve transection injury in cyclin D1 knockout mice. Interestingly, the
axonal outgrowth in the cyclin D1 knockout mice was comparable to the wild-type
control mice following a crush injury, despite the inability of SCs to replicate in the
knockout model. Atanasoski et al. (2008) showed in cyclin-dependent kinase 4 (CDK4)

deficient mice, an absence of SC proliferation in the distal nerve stump at a timepoint of
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4 and 12-days post sciatic nerve transection injury as compared to the wild-type injured
mice. This showed that cdk4 is required for SCs to re-enter the cell cycle following

transection injury.

Repair SCs also secrete several inflammatory cytokines including interleukin-1a (IL-1a),
interleukin-1B (IL-1B) and the tumour necrosis factor a (TNFa), (Shamash et al., 2002).
They also upregulate several neurotrophic factors such as the brain-derived
neurotrophic factor (BDNF), and its receptor, the low affinity nerve growth factor
receptor (NGFR), and the glial cell-line-derived neurotrophic factor (GDNF) among
others, many of which are essential for axonal regrowth (Meyer et al., 1992; You et al.,
1997; Chen et al., 2007; Hoke et al., 2002). Several transcription factors such as SRY (sex
determining region Y)-box 2 (Sox2), cJun, oligodendrocyte transcription factor 1 (Oligl),
paired box gene 3 (Pax3), Runx2, as well as axon guidance molecules and their receptors
are also upregulated post-injury such as Roundabout Guidance Receptor 1 (Robol) and
EphB2 (Li et al., 2021, Balakrishnan et al., 2021). Several of the above mentioned genes,
neurotrophins, transcription factors and axon guidance molecules are discussed in detail

in the later sections of the introduction.
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Figure 3: The steps involved in peripheral nerve repair after an injury

Steps describing the events following peripheral nerve injury as studied in rodents with a transection

injury in the sciatic nerve illustrated as an example. (A) A normal peripheral nerve undergoes a

traumatic injury with a complete transection injury as depicted in the figure. The cell body of neurons

is located in gray matter in the ventral horn (motor axons) or the dorsal root ganglia (sensory axons).

The myelinated axons extend to their target, depicted by an image of a muscle in this instance, where

they terminate and synapse to mediate their action. (B-D) The process of Wallerian degeneration is

described in detail. (E-F) This is followed by axonal regeneration with the axons innervating their target

organ during the outcome of a successful peripheral nerve regeneration. (G) In contrast depicts an

unsuccessful regeneration leading to atrophy of the muscle.
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1.5.6 Axonal Regeneration

Unlike the distal nerve, the proximal segment of the nerve undergoes changes based on
the type of injury and its vicinity to the neuronal body. The proximal nerve also exhibits
degeneration, typically back up to the first node of Ranvier and is dependent on calcium
influx via voltage-dependent ion channels (Stoll et al., 2002; Bradke et al., 2012). The
proximal end also undergoes swelling at the injury site, which can be explained by the
blockade of materials such as organelles and proteins that are being transported from
the cell body towards their end-targets via the axons (Figure 3B) (Zelena et al., 1968; Fu
and Gordan, 1997). Nissl’s granules are made up of rough endoplasmic reticulum and
ribosomes in the cytoplasm of the cell body. Following injury, Nissl’s granules are
dissolved and become dispersed from the centre to the edge of the cell body along with
the nucleus, to increase protein synthesis for regeneration of axons (Figure 3B). This is
also accompanied by swelling of the neuronal cell bodies and this process is called

chromatolysis (Figure 3B) (Fu and Gordan, 1997)

Axonal regrowth into the distal nerve is initiated only once the myelin debris in the distal
nerve segment is cleared. However in the proximal end, the injured parental axons
sprout multiple daughter axons with growth cones, located at the tip of the axons, within
hours of injury (Figure 3D) (Hall, 2005) Nevertheless, it takes several days before these

axonal sprouts that make up the ‘regenerating unit,” to emerge from the proximal stump
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and enter the nerve ‘bridge’ (Morris et al., 1972; Hall, 2005). This nerve bridge is made
up of perineurial cells, SCs, blood vessels and fibroblasts that migrate from the proximal
and distal nerve between the two ends of the transected nerve (Figure 3E) (Schroder et
al., 1993; Parrinello et al., 2010; Zochodne, 2012). Initially, the regeneration of the
daughter axons is largely dependent on the cystoskeletal materials available in the
vicinity of the axons such as actin and tubulin (Tetzlaff et al., 1988). The microtubules
serve as a link to transport other specific components needed for axonal growth
between parent and daughter axons (Miller et al, 1987). Axons regenerate at a pace of
1-3 mm per day as studied in rabbits, rats and humans (Gutmann et al., 1942; Seddon et
al., 1943; Sunderland, 1947), which corresponds to the general slow pace of cytoskeletal

material transport in the PNS (McKerracher and Hirscheimer, 1992).

The growth cone is capable of clearing its path of any scar tissue that can interrupt the
growth of the axons by secreting proteases and plasminogen activators (Siconolfi and
Seeds, 2001). Axonal regeneration from the proximal end and past the lesion site is
‘staggered’ due to the slow and unsynchronised rate at which these axons regenerate
also contributing to delayed axonal growth (Al-Majed et al., 2000). In the distal nerve
stump, it is critical that the growth cone extends along the bands of Blingner to
accurately innervate the peripheral target organ (Figure 3E). Additionally, the growth-
permissive environment produced by the SCs in the distal end of the lesion site is also

required for further elongation and regeneration of the axons through the distal nerve
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(Sulaiman and Gordon, 2013). On entering the distal nerve segment, the number of
regenerating daughter axonal branches decreases with time as they begin to compete
for the limited SC-lined regeneration tracks (Figure 3F) (MacKinnon et al., 1991). Those
axons that do not innervate their targets are atrophied while the axons that do
innervate, mature and enlarge in size (Aitken et al., 1947). Nevertheless, this process is

quite long, spanning several months in humans.

If the regenerating axons are unable to innervate the distal end of the injured nerve or
are misdirected during regeneration, they may form neuromas, a result of disorganised
growth of immature axons and connective tissue (Figure 3G) (Battista and Cravioto,
1981). The growth cone’s motility during axonal regeneration is reliant on the expression
of specific receptors on its membrane which interacts with axon guidance cues that
either repels or attracts the growth cone and can be either mediated by contact or
chemical signals (Goodman, 1996; Zang et al., 2021). Several axon guidance cues and
their role in PNR has been studied by my lab group including ephrins, slits and netrins as

presented in this thesis.

1.5.6.1 Role of Schwann cells in axonal regeneration and remyelination

In mice, SCs begin migrating from the proximal and distal nerve stumps 4-5 days post-
injury, while the growing axons start to attach to these migrating SCs, six days post-injury

and negotiate their path through the nerve bridge (Chen et al., 2019a) (Figure 3E). As
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described previously (refer to Section 1.5.4), Barrette et al. (2008) showed that
depletion of macrophages in vivo compromised the formation of blood vessels
(angiogenesis) following PNI. Additionally, in their study, they observed that several
axons regenerated along the trajectory of the growing blood vessels post-PNI. Cattin et
al. (2015), further showed that at day 3 post-transection injury in rats, there was a
significant invasion of blood vessels into the nerve bridge with analysis at day 2
demonstrating that this invasion arose from the proximal and distal nerve segments.
Vascularisation of the injured nerve was completed prior to the influx of migrating SCs.
In mice similar results were observed but with a slower rate of regeneration as compared
to rats. Additionally, they showed that the macrophages in the bridge of the injured
nerve secrete vascular endothelial growth factor A (VEGF-A) to aid in the creation of a
polarised vascular scaffold that can direct SCs from the nerve stumps and across the
bridge thus guiding the regrowing axons (Cattin et al., 2015). At around day 7 the
migrating SCs form ‘Schwann cell cords’ that contributes to the nerve bridge, thus
allowing the growing axons to cross the site of lesion and innervate the distal nerve

segment (Chen et al., 2019a) (Figure 3E).

As mentioned before, repair SCs play a vital role in promoting axonal regeneration. The
repair SCs regulate several neurotrophic factors, axon guidance molecules, cytokines,
cell adhesion molecules, and extracellular matrix (ECM) proteins like laminin and

fibronectin to create a microenvironment promoting axonal regeneration and
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remyelination which will be discussed in detail further in the chapter. For axons to
regenerate (elongate), repair SCs in the distal nerve stump proliferate and align within
the basal membrane of endoneurial tubes to form bands of Blingner or regeneration
tracks and provide guidance to the axons for selective reinnervation of the denervated
end-target (Bunge, 1987; Nathaniel and Pease, 1963). Gomez-Sanchez et al. (2017) by
means of lineage tracing, demonstrated that both myelinating and non-myelinating SCs
elongate and branch to form the bands of Blingner. Moreover once axonal regeneration
is achieved, the SCs that form the bands of Blingner then convert back to the myelinating
or non-myelinating SC phenotype (Gomez-Sanchez et al., 2017). Once target innervation
by axons is achieved, complete functional recovery is dependent on the redifferentiation
of repair SCs into the myelinating and non-myelinating phenotype. However, often the
new myelin is thinner than required for an axon of that diameter with shorter internodes

(Schroder, 1972).

The axons that require myelin are remyelinated in a 1:1 ratio as observed in uninjured
nerves and is initiated when SCs interact with the axolemma, inducing synthesis of
galactocerebroside (an important component of myelin) and upregulation of pro-
myelination genes in SCs (Gomez-Sanchez et al., 2017; Jessen et al., 1987). LeBlanc and
Poduslo (1990) studied the expression of myelin proteins post rat sciatic nerve crush
injury which included myelin basic protein (MBP), myelin protein zero (P0), peripheral

myelin protein 2 (P2) and myelin associated glycoprotein (MAG). Their study revealed
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that protein levels of all the studied genes decreased post-crush injury however the rate
at which they returned to levels comparable to that of normal nerve differed
significantly. Post-crush injury, MAG attained normal nerve protein expression at 12
days, P2 at approximately day 14 and for PO and MBP around day 35 in the distal nerve
segment (LeBlanc and Poduslo, 1990). They further suggested a role of MAG in the SC-
axon interaction after axonal regeneration and initiating myelin assembly and P2 in the
transport of lipids during remyelination. Whereas PO and MBP’s late accumulation after
injury suggests their role in maintaing the structure and compactness of myelin sheath

(LeBlanc and Poduslo, 1990).

Such a complex repair mechanism post-PNI necessitates a well-coordinated regulation
of SC plasticity. It is observed however that mainly post-transection injury, complete
regeneration of the axons is often not feasible due to slow regeneration, large nerve
gaps or the failure of the repair machinery to sustain a repair-supportive environment
for a long time (Gaudet et al., 2011). Therefore, understanding how SCs can be
manipulated to aid in axon regeneration can potentially be used as a novel therapeutic
strategy to treat PNI. Moreover, such research can also benefit in the discovery of

potential correlations with the CNS to improve CNS regeneration following injury.
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1.6 KEY MEDIATORS AND AFFECTORS OF PERIPHERAL NERVE

REGENERATION

1.6.1 Cyclic adenosine monophosphate (cAMP)

Post-PNI the injury site is exposed to the extracellular environment. This results in a
variety of action potentials being retrogradely transported to the cell body of axons,
leading to chromatolysis (Mandolesi et al., 2004). This further triggers an inflow of
calcium in the neuronal cell bodies via voltage-dependent ion channels thus promoting
the activation of several proteins including adenylyl cyclase responsible for converting
adenosine triphosphate (ATP) to cyclic adenosine monophosphate (cAMP). cAMP
activates several signal transduction pathways post-PNI which is essential for nerve
regeneration including converting the quiescent neurons to a state favouring growth
through several downstream signalling pathways (Knott et al., 2014). cAMP in a PKA-
dependent manner can facilitate axon regeneration, overcoming inhibitory elements by
activating multiple transcription factors including activating transcription factor-3
(ATF3), cyclic AMP responsive element binding protein (CREB) and signal transducer and
activator of transcription 3 (STAT3) which are involved in axonal regeneration (Mahar

and Cavalli, 2018).

cAMP has also been implicated in regulating the attractive and repulsive axonal guidance

cues. For instance in cultured Xenopus spinal neurons, a competitive analogue of cAMP
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converted the attractive response in growth cones mediated by neurotrophic factors —
nerve growth factor (NGF) and brain-derived neurotrophic factor (BDNF), into that of
repulsion (Song et al., 1997). cAMP signalling and downstream effectors also play a vital
role in the cellular changes that takes place in SCs post-injury including transition into a
repair SC phenotype and SC proliferation (Knott et al., 2014). Forskolin is known to
activate adenylyl cyclase, thereby elevating intracellular cAMP levels. In rat SC cultures,
elevation of cAMP was shown to be vital, via secondary agents like forskolin, for the
mitogenic activity of platelet-derived growth factors (PDGF), glial growth factor (GGF)
and fibroblast growth factors (FGF) in stimulating mitosis and proliferation of SCs (Davis

and Stroobant, 1990; Stewart et al., 1991).

1.6.2 Transcription factors in peripheral nerve repair

Once axons are severed during injury, several intracellular regulatory pathways within
neurons are activated, resulting in the production of various transcription factors that
co-ordinate to establish the fate of the damaged neurons (Patodia and Raivich, 2012).
Transcription factors are proteins that bind to the DNA with the ability to transcribe DNA
into RNA and thus play an important role in activating and suppressing target gene
expression (Barnes and Adcock, 1995). Additionally, these proteins can bind to
multiple promoter sites, allowing a single transcription factor to turn on or off many

genes. In the process of regeneration, transcription factors play an important role by
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translating stress signals induced by an injury responseinto downstream protein

expression.

1.6.2.1 Transcription factors in neurons that promote regeneration

Using phosphoproteomics and microarray, Michaelevski et al. (2010) discovered 400
overlapping axonal signalling networks associated with 39 transcription factors in the
sensory neurons of DRGs that were involved in response to a sciatic nerve crush injury
in rats. Axonal injury results in the activation of several signalling pathways that can lead
to gene transcription. These transcription factors are responsible for regulating several
regeneration-associated genes (RAGs) in injured neurons (van Kesteren et al., 2011;
Mahar and Cavalli, 2018). As mentioned previously upregulation of cAMP after PNI is
required for the activation of several pro-regeneration transcription factors. In relation
to this, transcription factors such as c-Jun and activating transcription factor 3 (ATF3)
have been widely studied for their involvement in axonal regeneration, among many
others (Jenkins and Hunt, 1991; Seijffers et al., 2007). Raivich et al. (2004) showed in
mice lacking c-Jun in neural cells, a reduced facial nerve reinnervation and a delay in
functional recovery. Seiffers et al. (2007) observed in transgenic mice that constitutively
expressed ATF3 in adult DRG neurons, an increased/earlier regeneration as compared to
wild-type mice following PNI. As such several transcription factors are involved in
peripheral axonal injury response such as JunD, signal transducer and activator of
transcription 1 and 3 (Stat 1 and 3), Myc, interferon regulatory factor 7 (Irf7), p53, cAMP
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response element binding protein (CREB), CCAAT/enhancer binding proteins (C/EBPs),
suppressor of others against Decapentaplegi 1 (Smad1), X-Box binding protein 1 (XBP1),
SRY-Box transcription factor 11 (Sox11 ) among several others (Jenkins and Hunt, 1991;
Qin et al., 2018; Schwaiger et al., 2000; Raivich et al., 2004; Saijilafu et al., 2013; Nadeau
et al., 2005; Di Giovanni et al., 2006; Jankowski et al., 2009; Lonze et al., 2002; Ofate et

al., 2016).

1.6.2.2 Transcription factors in Schwann cells that promote peripheral nerve repair
1.6.2.2.1 c-Jun

Schwann cell-derived c-Jun has been extensively studied for its role in PNR. In SCs, the
expression of c-Jun is limited to non-myelinating SCs in an adult and has been shown to

be an inhibitor to myelination (Shy et al., 1996; Parkinson et al., 2008).

Single-cell RNA sequencing of the distal nerve stump post-nerve transection injury
showed that c-Jun is significantly upregulated in SCs but this upregulation was also
observed in endothelial cells and endoneurial fibroblasts, three days after injury with
surprisingly the highest expression in mast cells on day nine (Li et al., 2021). Using mice
with an ablation of c-Jun in SCs, Arthur-Farraj et al. (2012) demonstrated c-Jun’s function
as a 'global regulator' of SC response during Wallerian degeneration and subsequent
axon regeneration, following PNI. In their experiments, deletion of c-Jun in SCs caused

formation of abnormal bands of Blingner, which is required for axon guidance in the
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distal nerve segment, and delayed myelin clearance post-transection injury. Moreover,
after crush injury they observed a significant death of sensory DRG axons specifically in
the unmyelinated axons and a failure in functional recovery as compared to the control

mice (Arthur-Farraj et al., 2012).

In another study, transection injury in mouse model with SC-specific deletion of c-Jun,
reduced macrophage recruitment, functional recovery and prevented axonal
innervation of peripheral targets (Fontana et al., 2012). Moreover, the same study
showed that expression of several neurotrophic genes such as glial cell line-derived
neurotrophic factor (GDNF) and brain-derived neurotrophic factor (BDNF) were reduced

post-injury in nerves with c-Jun null SCs.

Once axons enter the distal nerve segment post-injury, c-Jun is downregulated as its
presence in the distal nerve prevents the myelination of the axons by SCs (Shy et al.,
1996). In in vitro studies and in a transection injury model of 5-day old mice with a c-Jun
deletion in SCs, Parkinson et al. (2008) demonstrated that c-Jun blocks myelination and
contradicts the role of Krox-20, a myelin-favouring transcription factor. Fazal et al. (2017)
generated mice with an overexpression of c-Jun in SCs, wherein there is a 6-fold protein
elevation of c-Jun in uninjured sciatic nerve as compared to the wild-type mice. In their
mouse model there was a significant delay in remyelination 2 weeks following a crush

injury. However, by the 10-week timepoint, myelination of axons that require myelin was
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comparable to the control, albeit with thinner myelin sheath. Interestingly, the role of c-
Jun was found to be injury dependent, as c-Jun deletion in SCs did not produce any
effects in the PNS during development or the normal functioning of the adult mouse

nerve (Arthur-Farraj et al., 2012).

1.6.2.2.2 Sex determining region Y (SRY)-box 2 (Sox2)

Sex determining region Y (SRY)-box 2 (Sox2) is a transcription factor recognised for its
role in sustaining stem cell pluripotency and thus regulating embryonic development
(Sarlak and Vincent, 2016). In conjunction with various transcription factors, Sox2 can
revert differentiated cells to their pluripotent state (Takahashi and Yamanaka, 2006;
Chambers and Tomlinson, 2009). Le et al. (2005) showed in in vitro experiments, that
SCs treated with Sox2 adenovirus or lentivirus, blocked the expression of the genes
involved in myelination including Krox-20 and Mpz but increased the proliferation of SCs

when stimulated with B-neuregulin, a SC mitogenic factor.

In peripheral nerves, Sox2 is upregulated in the SCs of the distal nerve post-injury (Le et
al., 2005). Previously my research group demonstrated in mice overexpressing Sox2
specifically in SCs, an inhibition of myelination of axons in intact nerve (Roberts et al.,
2017). Moreover, the SCs remained in a proliferative and non-differentiated state and

was also linked with increased number of macrophages in the nerve. Their work on post-

63



PNI in these mice also showed reduced functional recovery as well as hypomyelination

of axons (Roberts et al., 2017).

In contrast, Sox2 was also reported to be necessary during peripheral injury (Parrinello
et al., 2010). In an injured nerve, interaction between ephrin-B expressed in fibroblasts
and its receptor EphB2 expressed in SCs results in sorting of SCs into clusters (Parrinello
et al., 2010). This ephrin-B/ephB2 cell sorting is mediated by Sox2 through N-cadherin
relocalisation to SC cell junctions. Essentially, this cell sorting was shown to be important
in the collective migration of SCs tracts across the injury site to guide the regenerating
axons (Parrinello et al., 2010). Additionally in in vitro experiments on Sox2 deficient SCs
(knockdown by siRNA), soluble ephrin-B2 ligand could not rescue the impaired ephrin-
B2-dependent clustering, however when Sox2 was overexpressed in EphB2-knockdown
SCs, normal SC clustering was observed implying that EphB2 receptor acts upstream of

Sox2 (Parrinello et al., 2010).

Our research group had previously shown in mice with a SC-specific knockout of Sox2,
the evidence of aberrant trajectory of axons in the nerve bridge following a transection
injury of the sciatic nerve (Dun et al., 2019). This resulted in the formation of an abnormal
nerve bridge as observed at 3-months post-injury as well as significant loss of axon
innervation in the distal tibial nerve. Using the same mouse model, they also showed

that this defect in axon pathfinding is due to ectopic SC migration following transection
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injury with the regenerating axons following the same abnormal trajectory (Dun et al.,
2019). However, a crush injury in the same mouse model showed a small decrease in
axon outgrowth and a transient delay in functional recovery, yet remyelination of the

nerve was not impaired (Dun et al., 2019).

1.6.2.2.3 Krox-24, Krox-20, Oct 6 and Sox10

With an antagonistic role to c-Jun in SCs, the transcription factor - early growth response
2 (EGR2) also known as Krox-20 regulates myelin formation during development (Topilko
et al., 1994), myelin maintenance in adult peripheral nerves (Decker et al., 2006) and
remyelination post-injury (Topilko et al., 1997). Homozygous deletion of Krox-20 in mice
prevented the myelination of axons at postnatal day 15 (P15) and although the SCs had
initiated myelination (the promyelin state), full compacted myelin was not formed due
to the absence of late myelin genes such as MPZ and MBP as confirmed at postnatal day

10, thus establishing the role of Krox-20 in myelination (Topilko et al., 1994).

Post-injury Krox-20 is downregulated in SCs which is consistent with the downregulation
of genes favouring myelination during Wallerian degeneration. Whereas Krox-24,
normally expressed in non-myelinating SCs in an adult nerve is upregulated post-injury,
implying its role in the non-myelinating or proliferative state of SCs (Topilko et al., 1997).

As mentioned, Krox-20 is an antagonist of c-Jun and Sox2, with Krox-20 driving

65



myelination whereas the latter two implicated in inhibition of myelination (Parkinson et

al., 2004; Le et al., 2005; Parkinson et al., 2008; Fazal et al., 2017; Roberts et al., 2017).

POU domain transcription factor 1 also known as Oct-6 and SRY-box transcription factor
10 (Sox 10) are two other transcription factors other than Krox-20 that have been
implicated as SC differentiation and myelin regulators during development. Oct-6’s
expression is transient during myelination and deletion of Oct-6 in mice resulted in
arrested myelination of the peripheral nerve during development, very similar to the
results in Krox20 null mice (Bermingham et al., 1996). In adult nerves, Oct-6 is expressed
in the myelinated SC cytoplasm whereas it was absent in non-myelinating SCs (Kawasaki

et al., 2003).

In comparison, in peripheral nerves undergoing axonal degeneration, Oct-6 expression
was identified in denervated SCs, while in nerves experiencing active axonal
regeneration peak nuclear expression of Oct-6 was observed. This data implied that
during nerve degeneration post-injury or in peripheral neuropathies, myelin breakdown
results in the upregulation of Oct-6 in SCs (Kawasaki et al., 2003). Once axon
regeneration is initiated, Oct-6 is transported to the nucleus to upregulate the
transcription of axon regeneration-related genes including and not limited to those that
support remyelination such as Oct-6 itself. Once compact myelin is achieved around the

regenerated axons, Oct-6 is again transported to the cytoplasm of SCs and is
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downregulated (Kawasaki et al., 2003). These results were in agreement with previous
work of Scherer et al. (1994) wherein they demonstrated that post-injury in mice, Oct-6
MRNA peaked during axonal regeneration with Oct-6 located in the nuclei of SCs
associated with regenerating axons. In another study, using Oct6 A SC enhancer (SCE)
mice, wherein the deletion of the SCE prevents Oct-6 upregulation after injury resulted in
an earlier/higher upregulation of c-Jun levels after crush injury as compared to the control
mice (Brigger et al., 2017). Additionally, the authors in the same mouse model reported

earlier demyelination of SCs and faster axonal regrowth following a crush injury.

Although the role of Sox10 in development of PNS has been widely studied (as discussed
previously), very little is known about its role in PNR. Sox10 expression persists in mature
SCs and satellite glial cells, long after development is achieved (Kuhlbrodt et al., 1998).
Sox10 deletion in SCs of adult mice using Tamoxifen-inducible PLP-Cre (proteolipid
protein (myelin) 1 promoter) system, resulted in the development of severe peripheral
neuropathy marked by demyelination, axonal degeneration, neurological symptoms and
changes in peripheral nerve conduction velocity (Bremer et al., 2011). The authors
reported the survival of SCs devoid of Sox10 in the sciatic nerve post Tamoxifen injections
indicating that Sox10 might not be essential for mature SC survival. However, the
demyelination phenotype observed in the mice indicates that Sox10 is important for
maintaining the differentiated state of SCs in adult peripheral nerves (Bremer et al.,

2011).
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1.6.2.2.4 Runt related transcription factors

The family of evolutionary conserved runt-related transcription factor (Runx) has been
studied for their role in regulating several processes during development including
apoptosis, proliferation, differentiation and cell growth, and as oncogenic regulators. In
mammals, three Runx genes have been defined -Runx1 (CBFa2, AML1), Runx2 (CBFal,
AML3) and Runx3 (CBFa3, AML2). Runxl is a key regulator of embryogenesis and is
required for the differentiation of hematopoietic cells as well as establishing definitive
hematopoiesis and thereby its mutation has been studied as the cause of several
haematological cancers (Yzaguirre et al., 2017). Runx2 is mainly known as a regulator of
bone development and skeletal morphogenesis during development (Otto et al., 1997;
Komori et al., 1997). Runx2 regulates the expression of Indian Hedgehog (lhh), which in
turn is essential for proliferation of chondrocytes during skeletal development (Komori
et al., 2018). |hh activates parathyroid hormone-like hormone (Pthlh) which
subsequently inhibits Runx2 and maturation of chondrocytes, thus establishing a
negative feedback loop (Komori et al., 2018). Runx3 has a role in the growth regulation
of the gastrointestinal tract during development and in gastric tumours; (Fukamachi and
Ito, 2004), regulating dorsal root ganglia neurons during development (Levanon et al.,

2002) as well as a tumour suppressor role (lto et al., 2005).

68



Two alternative promoters, namely a proximal (P2) and a distal (P1) to the start codon,
transcribe all three mammalian Runx genes, giving rise to several isoforms, with different
properties, varying from cell to cell (Geoffroy et al., 1998; Coffman et al., 2003). All of
the Runx isoforms have a distinct C-terminus containing both inhibitory and activation
domains, as well as a highly conserved 128 amino acid DNA-binding domain at the N-
terminus known as the Runt domain (Coffman et al, 2003). Runx proteins form
heterodimers with an unrelated beta subunit known as CBFB to bind DNA, which explains
their alternative nomenclature as core-binding factors (CBF). Although the runt domain
binds DNA as a monomer, interaction with CBF8 (which does not bind DNA by itself)

strengthens this binding (Adya et al., 2000).

Until now, Runx1 and Runx3 have been studied to a certain extent for their role in the
development of the nervous system (Inoue et al., 2008). Global deletion of Runx1 in
mouse embryo reduced a select population of vestibulocochlear and trigeminal ganglion
neurons at embryonic day 11.5 (Theriault et al., 2004). Using Runx3 deficient mice, Inoue
et al. (2002) demonstrated that Runx3 was necessary for axonal projection of
proprioceptive DRG neurons during development and its absence caused severe limb
ataxia. However, up until recently, limited work was done to study the role of Runx2

during the development of the nervous system as well as its role post-injury.
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1.6.2.2.4.1 Role of Runx2 in peripheral nerve regeneration

Previously, the activator protein-1 (AP-1) binding site and the runt domain binding site
were shown to be located very close to each other in the rat collagenase-3 promoter
(D'Alonzo et al., 2002). Moreover, the authors demonstrated that their binding
transcription factors — c-Fos.c-Jun (binding to AP-1) and Runx2 (binding to runt domain),
physically interact with each other to form ternary structures and regulate the

collagenase-3 promoter (D'Alonzo et al., 2002).

Hung et al. (2015) using chromatin immunoprecipitation sequencing (ChlIP-seq),
investigated the transcription factor binding sites that were enhanced after nerve
transection injury in rats revealing several related binding sites for transcription factors
such as c-Jun that are upregulated post-injury. ChIP-seq, surprisingly showed that the
Runt-binding domain was located on injury-enhancers proximal to thirteen c-Jun-
dependent, injury-induced genes such as oligodendrocyte transcription factor 1 (Oligl),

sonic hedgehog (Shh) and Runx2 itself (Hung et al., 2015).

As previously discussed, c-Jun is essential for regulating several genes following PNI and
its interaction with Runx2 (D'Alonzo et al., 2002), as well as the location of the runt
binding domain proximal to several genes upregulated post-injury, hinted on a role of
Runx2 in PNR (Hung et al., 2015). By immunohistochemistry, the authors showed Runx2

upregulation in the distal nerve SCs 3 days after mouse sciatic nerve transection injury
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(Hung et al., 2015). In siRNA analysis of c-Jun and Runx2 in primary rat SCs, Hung et al.
(2015) showed by RT-gqPCR that c-Jun siRNA downregulated the expression of several
genes including Runx2, however Runx2 downregulation by siRNA did not alter c-Jun

expression.

Arthur-Farraj et al. (2017) also showed by RNA sequencing and gPCR, the upregulation
of Runx2 mRNA in the distal nerve stump as early as 24hrs after mouse sciatic nerve
transection injury. Additionally the authors showed by gqPCR that Runx2 was mainly
expressed in cultured SCs, with low expression in fibroblasts and none in activated
macrophages (Arthur-Farraj et al., 2017). Ding et al. (2018) studied the expression of
Runx2 post-crush injury in rats. The authors reported an upregulation of Runx2, 3 days
post-injury  with highest expression observed 7 days post-injury and
immunohistochemical analysis showed that Runx2 was mainly expressed by SCs. The
upregulation of Runx2 was also confirmed in SCs in in vitro studies, using cAMP to induce
differentiation in SCs (Ding et al., 2018). Additionally, reduced SC migration in siRNA
mediated knockdown of Runx2 in SCs suggested that Runx2 might be important in SC
migration post PNI (Ding et al., 2018). These preliminary results for Runx2 indicated a
much larger role of Runx2 in PNR. Also, prior to the work done for this thesis, in vivo

knockout of Runx2 had not been previously used to study PNR.
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A general lack of information in vivo for the role of Runx2 in regulating gene expression
for successful peripheral nerve repair after injury, led us to study it in a mouse model
with a SC-specific knockout of Runx2 in mice. Homozygous germline deletion of Runx2
in mice is not viable due to a lack of osteoblast differentiation resulting in absence of
ossification and respiratory failure (Otto et al., 1997; Komori et al., 1997). Therefore, in
my model the SC-specific knockout of Runx2 was achieved in mice using Cre-mediated

deletion regulated by the PO promoter (described in detail in Chapter 2.1.2).

1.7 AXON GUIDANCE

1.7.1 Growth cones and their role in axon guidance

The "fan-shaped" growth cone is located at the distal end of an axon continually
examining its surroundings by expanding and withdrawing membrane protrusions
known as filopodia, a tapering finger-like actin meshwork and lamellipodia, together
with a flat sheet-like veil (Figure 4) (Dent and Gertler, 2003). The growth cone consists
of three domains: the highly motile and actin-rich peripheral domain made up of the
filopodia and lamellipodia; a more stable transition zone rich in myosin that contracts
the actin network; and a third central domain which displays significant molecular
mobility, including steady organelle and vesicle shuttling and contains microtubules

(Figure 4) (Bouquet and Nothias, 2007).
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Figure 4: Structure of the growth cone

The growth cone is located at the tip of growing axons taking part in pathfinding. It consists of three
regions — the peripheral domain, consisting of F-actin network in the sheet-like lamellipodium and the
F-actin bundles in the finger-like filopodium; the transition zone, with contractile myosin structures
termed as actin arcs (contractile structures) and a central domain, rich in microtubules (with stable and

dynamic microtubule populations) that further on make up the axon shaft.

Axon outgrowth is achieved by the growth cone in three steps, namely - protrusion,
engorgement and consolidation (Figure 5) (Goldberg and Burmeister, 1986; Dent and
Gertler, 2003). The growth cone integrin receptors bind with surrounding permissive
substrate such as the extracellular matrix (ECM) at specific adhesion sites thus activating

signalling pathways and the generation of a 'molecular clutch' (Figure 5A) (Nichol et al.,
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2016). During protrusion, the anchoring of the actin to the ECM allows the filopodia and
lamellipodia to migrate forward and expand as F-actin polymerisation continues in front
of the clutch site (Figure 5B). In the next stage of engorgement, the F-actin flow is
reduced in the peripheral domain of the growth cone thus creating an F-actin void
between the central domain and the clutch site and allowing the influx of microtubules,
vesicles and organelles in the protrusions (Figure 5C) (Lin and Forscher, 1995). During
the final stage of consolidation, the microtubules compact to form the new section of
the cylindrical axon shaft while the F-actin depolymerises at the base of the growth cone
thus allowing the retraction of the membrane protrusions around the microtubule
bundle (Figure 5D) (Schaefer et al., 2008). The three concurrent stages of axon growth

occur during the production of new axons and axon branching (Dent and Gertler, 2003).
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Figure 5: Goldberg and Burmeister’s (1986) description of axon outgrowth

Goldberg and Burmeister in 1986 described the process of axonal outgrowth that occurs in three stages

of protrusion, engorgement and consolidation in response to a permissive/adhesive substrate. (A) The
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receptors on the growth cone bind to the available substrate and activates intracellular signalling
pathways as well as formation of a ‘molecular clutch’ through clutch proteins that anchors the actin
cytoskeleton to the substrate and reduces F-actin retrograde flow. (B) During protrusion, F-actin
polymerisation still persists in front of the clutch site, and this pushes actin-rich finger-like filopodia and
the sheet-like lamellopodia projections forward. (C) Once the actin is cleared in the passage between
the adhesion site and the central domain, engorgement involves the invasion of microtubules in the
extended protrusions guided by actin arcs. (D) Consolidation occurs when the F-actin now
depolymersises at the base or the base of the growth cone forming a new segment of the axon shaft

(Lowery and Vactor, 2009)

As the growth cone navigates its path, the budding axons also lengthens. At this stage,
the microtubules from the central domain areintegrated into the newly
generated cytoskeleton sustained by microtubule-associated proteins (MAPs) such
as growth-associated protein-43 (GAP-43), whose expression is increased during axon

growth and is required for stabilising actin filaments (He et al., 1997).

1.7.2 Axon growth and axon guidance cues

As discussed previously, the growth cone guides the axons to their end targets also
referred to as pathfinding (Tessier-Lavigne and Goodman, 1996). For instance, growth
cones can bind noncovalently to permissive/adhesion molecules whose distribution can
enable axon growth while presence of inhibitory molecules defines the region wherein
the axons do not grow (Letourneau, 2009; Raper and Mason, 2010). Examples of

permissive substrates includes the extracellular matrix (ECM) components available in
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basement membranes (such as SC basal lamina) as well as cell adhesion molecules
(CAMs) localised on non-neuronal or neuronal cell surfaces. On the other hand, several
tropic and trophic factors act as cues in ‘steering’ the migration of growth cones to their
target (Letourneau, 2009). Growth cones can thus respond to a gradient of long- and
short-range cues that can be attractive or repulsive by a process called chemotaxis.
Tropic cues include the Netrin, Slit, Ephrin and Semaphorin families. Whereas trophic
factors include several neurotrophic factors. Trophic factors are widely known to
stimulate growth cone motility and have been known to orient axonal outgrowth mainly
in vitro such as the glial cell line-derived neurotrophic factor (GDNF), hepatocyte growth
factor (HGF) and nerve growth factor (NGF) among the many neurotrophic factors (Ye et

al., 2019; Onesto et al., 2021).

In the absence of such instructional stimuli, growth cones grow randomly, with a
balanced actin polymerisation and depolymerisation thus resulting in a balanced

protrusion and retraction of the growth cone with the axons following the same pattern.

During axon outgrowth of developing nerves and post-PNI, the growth cone can come
across several cues and its interaction with these cues is important in navigation of axons
to their end targets. The majority of the research and literature in axon guidance is
centred around development of the nervous system while the processes of axon

guidance in PNR is still poorly understood. Ramoén y Cajal in 1890 accurately suggested
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long-range chemoattraction, which occurs when target cells release diffusible
chemoattractant molecules that attract distantly located axons (Figure 7). However,
since then it has been shown that axons in vitro can also be repelled by diffusible
substances released by tissues demonstrating long-range chemorepulsion (Tessier-
Lavigne and Goodman, 1996) (Figure 7). Moreover, short range, contact-based or locally
available permissive and inhibitory cues also play a role in axon growth including cell-
adhesion molecules such as neural cell adhesion molecule (NCAM), LLCAM and ECMs
such as laminin, tenascin, proteoglycans/glycosaminoglycans and fibronectin among

others that are presented by neighbouring cells (Figure 6).
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Figure 6: Adhesion mediated axon growth and contact-mediated axon guidance

The figure illustrates the mechanism of axon growth in the presence of inhibitory and growth promoting
substrates as well as contact-mediated repulsion and attraction of the growth cone. Extracellular
matrices, located in the basal lamina, such as laminin, collagen, vitronectin, fibronectin, pleiotrophins
and heparin sulfate proteoglycans (HSPG) are known to provide permissive substrates for axon growth
upon binding to receptors on the growth cone such as the integrins. Whereas tenascins and chondroitin
sulfate proteoglycan (CSPG) are known to be inhibitory or non-permissive to growth, by binding to the
growth cone. Immunoglobulin superfamily cell adhesion molecules (IgCAMs) such as neural cell
adhesion molecule (NCAM) mediate axon growth via axon-axon adhesion by fasciculation or bundling
of axons. The IgCAMs mediate axon growth by homophilic binding or binding to other CAMs and
integrins. Whereas the Ephrin/Eph family of axon guidance and receptors as well as membrane bound
semaphorins have been shown to mediate contact-based repulsion on the growth cone, with recent
evidence also pointing to a contact-mediated attraction function of Ephrin/Ephs. The growth permissive
and inhibitory cues as well as the contact-mediated attractive and repulsive axon guidance cues have

been extensively studied during development of the nervous system with similar guidance patterns

79



observed in peripheral nerve regeneration. Some axon guidance cues can mediate both attraction and
repulsion. The molecules represented in this image are for explanation purpose only and do not

represent the actual structure. For simplicity, Schwann cells have not been defined in the image.

During development, growth cones come across intermediate targets which relay vital
axon guidance information for further navigation of the axons but how the intermediate
targets are chosen or presented is still not well understood (Tessier-Lavigne and
Goodman, 1996; Zang et al., 2021). The presence of a chemoattractant results in a
preference of actin-mediated growth cone membrane protrusions towards the
chemoattractant and vice-versa when a chemorepulsive cue is encountered (Dent and
Gertler, 2003). Although axons can grow towards an intermediate target in the presence
of a permissive substrate or growth promoting signals, a synapse formation is prevented
by a shift in growth cone relay and axons continue to their intended target (Squarzoni et
al., 2015; Stoeckli, 2018). This shift has to be accurately timed to prevent missing the
intermediate target or in an opposite scenario, a lag at the intermediate target. During
axon guidance in the ventral midline of the spinal cord there is no lag of axons at the
floor plate (Wang and Scott, 2000). However in chick embryos, motor axons stop in the
plexus region at the base of the limb for approximately 24hrs before invading the limb,
although this lag is thought to allow for maturational changes to occur in the limb (Wang

and Scott, 2000; Huber et al., 2005).
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Originally it was suggested that some axon guidance molecules served as attractive "go"
cues and others as repulsive "stop" cues. However, it is now known that it is the
particular receptors that are engaged on the growth cone and the subsequent internal
signalling pathways in the growth cone that are activated, rather than the integral aspect
of the specific cue, that decides the response (Goodman, 1996; Zang et al., 2021). Axonal
growth is not synchronised and therefore in theory, if the intermediate targets that
produce the guidance cues were to determine the axonal trajectory, the faster growing
axons would reach earlier to the intermediate target by attractive signalling (Stoeckli,
2018). To further direct the faster growing axons to its next direction, the intermediate
target would have to change its signalling to that of repulsion (Stoeckli, 2018). This would
mean that the axons that are lagging behind or are growing at a slower pace would
encounter repulsive signalling even before they arrive at their intended intermediate
target. Hence it is more likely that the intermediate targets produce only one type of cue
(either attractive or repulsive), and it is the growth cone receptors that are responsible
for interpreting the signal they receive from external cues (Stoeckli, 2018). However,
changes in the intracellular signalling such as regulation of cAMP levels can also be

responsible for producing this effect.

81



| Chemoattractive cues |

I Diffusible Chemoattractive cues

Ligand Receptor
Netrins DCC
\% C
Extension of protrusions NGF TrkA
Q/ BDNF TrkB
Q/ GDNF RET and
NCAM,
\ NT-3 TrkC

=
——— Diffusible Chemorepulsive cues
= sl X :
1 sqpr— Ligand Receptor
i i - /
= - B ~— Netrins UNC5
Pl _.\,
3 // \ Secreted Neuropilin,
semaphorins
Slits ROBOs

3 »
3 »3

Retraction of protrusions

| Chemorepulsive cues

Basal lamina

Figure 7: Axon guidance by secreted molecules

Several non-neuronal cells such as Schwann cells, epineurial, perineurial cells and other cells as well as
neurons themselves secrete diffusible chemoattractants and chemorepellents that can bind to
receptors on the growth cones and decide the trajectory of growing axons at a distance from their site
of synthesis. Chemorepulsive cues repel growth cones while chemoattractants pull the growth cone
towards them thus preventing them from lengthening along an unsuitable projection and guiding them
to their end target. Several examples of both cues are presented in the image. Deleted in colorectal
carcinoma (DCC), nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), glial cell line-
derived neurotrophic factor (GDNF), rearranged during transfection (RET), neural cell adhesion
molecule (NCAM), neurotrophin-3 (NT-3), roundabouts (ROBOs) and tyrosine kinase (Trk) receptors are
represented. Several molecules can mediate both attraction and repulsion. These cues have been
extensively studied for their role in axon guidance during neural development and few in peripheral
nerve regeneration. The shapes used to depict molecules in this figure are not an actual description of

their structure. For simplicity, Schwann cells have not been defined in the image.
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1.7.3 Extracellular matrix and cell adhesion molecules

The extracellular matrix (ECM) is located in the basal lamina of SCs and the endoneurium
in peripheral nerve, with the basal lamina ECM consisting of collagen, fibronectin,
entactin, heparan sulphate proteoglycan, laminin and nidogens (Bannerman et al., 1986;
Baron-Van et al., 1986). ECM molecules are known to act as both promoters and

inhibitors of axon outgrowth.

In vitro studies on chicken DRG neurons demonstrated that axonal growth cones are
guided by the regulated ratios of axon outgrowth-supporting substrate like laminin, to
that of inhibitory substrate such as chondroitin sulfate proteoglycans (CSPG) (Snow et
al., 2002). The growth cone’s response to the presence of these mixed cues depends on
growth cone integrins and consequent activation of signalling pathways in growth cones.
In rats, post-crush injury to the peroneal nerve, injected soluble laminin polymer
enhanced axon growth and functional recovery compared to a phosphate buffer saline
(PBS) injected control (Haggerty et al., 2019). Laminin alpha 2 chain and laminin alpha 3
chain were overexpressed as early as 2 days post-crush injury in rats (Gantus et al., 2006).
Moreover, type IV collagen expression progressively increased post-crush injury with

maximum expression observed on day 21 post-injury, while CSPG expression was
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significantly reduced as early as day 2 post PNl and returned to normal by day 21 (Gantus

etal., 2006).

Chen et al. (2015) also reported upregulation of Type VI collagen post nerve injury and
its expression by macrophages was important for macrophage migration and
polarisation during PNR. Their studies on mice lacking Type VI collagen resulted in
impaired macrophage migration and delayed PNR. Collagen is present in abundance in
the ECM of peripheral nerves and has been studied for its role in development of the
PNS and maintenance of normal function in adults. One study showed that in rats, a
collagen scar is formed post sciatic nerve injury and thus could potentially block the

axonal sprouts from regenerating (Pleasure et al., 1974).

Integrins are a large family of transmembrane receptors and are a type of cell adhesion
molecule (CAM) which are responsible for physical interactions of cells with the
extracellular matrix (ECM). They associate with cytosolic adaptor and signalling proteins
that control cytoskeletal movements of growth cones and have been widely implicated
in their role in axonal growth and pathfinding (Bourgin et al., 2007; Schlomann et al.,
2009). Several integrins are upregulated post-PNI many of which are overexpressed in
the axons and their growth cones post-injury (Werner et al., 2000; Hammarberg et al.,

2000; Wallquist, 2004). Deletion or absence of these integrins in vitro and in vivo resulted
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in reduced neuronal outgrowth and delay in re-innervation of end targets post-injury

(Werner et al., 2000; Gardiner et al., 2005).

1.7.4 Neurotrophins

Neurotrophic factors are a family of small proteins extensively investigated for their roles
in neuronal differentiation, proliferation, survival, and growth in the CNS and PNS during
development as well as in injury and neurological disorders (Lykissas et al., 2007). The
neurotrophic factors family can be segregated into neurotrophins, neurotrophic
cytokines, glial cell line-derived neurotrophic factor (GDNF) family ligands, and cerebral

dopamine neurotrophic factor (CDNF).

Neurotrophins are secreted by neurons and their target tissues, and among their many
roles are essential for axon guidance, promoting axonal outgrowth and survival of
neurons post PNI. Neurotrophins consist of the nerve growth factor (NGF), brain-derived
neurotrophic factor (BDNF), neurotrophin-3 (NT-3) and neurotrophin-4/5 (NT-4/5). They
bind to two classes of receptors - tropomyosin kinase family of tyrosine kinase receptors
(Trks) as well as the low-affinity nerve growth factor receptor (NGFR) from the tumour
necrosis factor superfamily (Lykissas et al., 2007). Neurotrophins exert varied effects on
the growth cones, however most studies point to an attractive response rather that a
repulsive one (Lykissas et al., 2007). It has been suggested that neurotrophins regulate

the actin content in the growth cones in embryonic sensory neurons to mediate
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chemoattraction or repulsion (Paves and Saarma, 1997). Moreover, each neurotrophin

can mediate both functions on the same growth cone.

Nerve growth factor (NGF) was the first of the family to be discovered with significance
in promoting sensory and sympathetic neuron survival, their differentiation, and
maintenance during embryonic development and in adults (Levi-Montalcini and
Hamburger, 1951). Although NGF and its specific receptor TrkA are highly expressed
during development in the peripheral nerves of rats, in intact adult sciatic nerves NGF is
not detected. This changes post-injury with approximately 15-fold upregulation of NGF
MRNA reported in the proximal and distal nerve stump following rat sciatic nerve
transection injury (Heumann et al., 1987a; Heumann et al., 1987b; Meyer et al., 1992).
TrkA mRNA was not detected in the proximal or distal sciatic nerve post-injury
(Funakoshi et al., 1993). Additionally, for NGFR, the common receptor for the
neurotrophins, its mMRNA was upregulated post-injury by SCs (Heumann et al., 1987b).
To understand the purpose of this gene expression, in vitro cultures of sciatic nerves
explants were studied in two separate studies by the same research group (Heumann et
al., 1987b; Lindholm et al., 1987). Addition of primary rat peritoneal macrophages or the
conditioned media of the cells increased NGF mRNA expression suggesting that NGF
expression is stimulated by invading macrophages (Heumann et al., 1987b; Lindholm et
al., 1987). The authors also showed that interleukin-1 beta released by macrophages is

responsible for the upregulation of NGF (Heumann et al., 1987b; Lindholm et al., 1987).
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Post-sciatic nerve transection injury in rats, NGF injected into a silicone nerve conduit
improved the regeneration of motor axons (He et al., 1992), although some studies point

to a potential role of sensory axon regeneration for NGF (Derby et al., 1993).

Brain derived neurotrophic factor (BDNF) is another widely studied neurotrophin due to
its role in axon guidance and PNR. As studied in sciatic nerve transection injury in rats, in
the distal sciatic nerve, BDNF mRNA was upregulated at day 3 after injury and peaking
at 3-4 weeks (Meyer et al., 1992). BDNF peak mRNA upregulation following injury was
ten times higher than the peak mRNA expression of NGF. Additionally, SCs were cited as

the source of BDNF expression (Meyer et al., 1992).

Various elegant experiments in mice and rat injury models have demonstrated BDNF’s
role in promoting survival and elongation of injured motor axons (Sendtner et al., 1992;
Yan et al., 1992; Vejsada et al., 1998). BDNF’s function in regeneration of motor axons is
potentially determined by its receptor, as homozygous NGFR knockout mice showed
increased axonal regeneration while trkB heterozygous null mice suffered from reduced
regeneration (Boyd and Gordon, 2001). This suggested that NGFR, a common receptor
for the neurotrophins might inhibit PNR whereas BDNF binding to trkB enhances it.
However, a few studies have conflicting view, for instance, Tomita et al. (2007),
demonstrated impaired motor axon regeneration and hypomyelination following injury

in @ mouse model with sciatic nerve graft from mice with an NGFR global knockout. This
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model was specifically designed to investigate the role of SC-derived NGRF separate from
axonal effect of loss of NGFR, as the nerve graft was devoid of DRGs (no cell bodies of

neurons).

NT-3, another neurotrophin binds to TrkC and to a lesser extent, trkA while NT-4/5 binds
to trkB similar to BDNF. NT-3 mRNA is expressed in the intact sciatic nerve of adult rats
but was reduced immediately in the distal nerve segment post-crush injury and the
expression returned to baseline within 2 weeks (Funakoshi et al., 1993). A similar pattern
was observed for NT-4/5 mRNA up until two weeks post-injury when the level of NT-4/5
increased significantly as compared to the intact nerve. NT-3 along with NGF promoted
axonal outgrowth in cultured DRG neurons while BDNF did not demonstrate such
potential (Edstrom et al., 1996). Sahenk et al. (2005) studied the role of NT-3 in three
peripheral neuropathy models. First model was using sural nerve grafts from patients
with Charcot—Marie—Tooth type 1A (CMT1A) xenografted in nude mice. A second model
using TremblerJ (TrJ) mice, with a naturally spontaneous occurring point mutation in the
PMP22 gene resulting in abnormal myelination of the PNS. And a third model of patients
with CMT1A. In both mouse models, NT-3 improved axonal regeneration whereas in the
patient study there were more myelinated fibres in the regenerating unit for patients

treated with NT-3 as compared to placebo (Sahenk et al., 2005).
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NT-4/5 administration post rat sciatic nerve injury improved axonal regeneration,
functional recovery as well as increased myelin thickness (Yin et al., 2001). Simon et al.
(2003) observed that NT-4/5 carrying conduits in rat sciatic nerve injury model helped in

improving the innervation of motoneurons to type 1 muscle fibres.

In one injury model, following sciatic nerve resection injury in rats, lentiviral vectors to
overexpress either BDNF, GDNF, NGF, CNTF or NT-3 was injected in the resected sciatic
nerve ex vivo and sutured back with the original nerve (Hoyng et al., 2014). In their data
only BDNF, GDNF or NGF overexpression increased number of axons in the grafted nerve
segment, two weeks following resection injury. However, functional recovery studies
showed that rats with overexpression of BDNF and GDNF exhibited impaired motor
functional recovery while overexpression of NGF showed impaired sensory functional
recovery by week 20 following injury. This impairment in rats with elevated levels of
BDNF and GDNF was shown to be a result of reduced myelination and impaired muscle
innervation distal to injury site, 20 weeks following injury. Sensory functional recovery
in NGF-overexpressing rats was shown to be due to extensive growth of sensory axons
and increased SC proliferation causing the formation of axon coils in the grafted region

(Hoyng et al., 2014)
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1.7.5 Axon guidance molecules

1.7.5.1 Ephrin ligands and their Eph receptors

Erythropoietin-producing human hepatocellular receptors (Ephs) are a large family of
tyrosine kinase receptors that mediate contact-dependent cell-cell communication via
Eph receptor-interacting proteins (Ephrin ligands) (Lisabeth et al., 2013). Both the ligand
and receptor are divided into two classes: A-subclass ephrins, which are attached to the
cell membrane by a glycosylphosphatidylinositol (GPl) linkage and bind to EphA
receptors; and B-subclass ephrins which have a transmembrane domain and bind to
EphB receptors (Gale et al., 1996). The receptor to ligand binding is promiscuous within
each A or B class, with certain differences in binding affinities (Gale et al., 1996; Himanen
etal., 2004). Upon cell contact Eph-ephrin can transduce signals bidirectionally into cells
expressing Eph (forward signalling) and the cells expressing the Ephrin ligand (reverse

signalling) (Huot, 2004).

Although previously Ephrins have been shown to act as growth cone repellents, some
studies have also shown that contact mediated attraction is also possible (Holmberg and
Frisén, 2002). Eph/Ephrin signalling is known to direct the movement of cells and has
been extensively studied during development, for instance in guiding of growth cones of
axons and neural crest cells during development (Krull et al., 1997; Wang and Anderson,

1997; Wilkinson, 2001; Lackmann and Boyd, 2008). Although initially it was thought that
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each Eph or ephrin family member responded specifically by mediating either attraction
or repulsion, current thinking is that the same Eph/Ephrin duo can mediate either

response (Halloran and Wolman, 2006; Egea and Klein, 2007)

In the peripheral nerve, EphA4 expression was reported in SC cultures obtained from
intact and injured sciatic nerves (Wang et al., 2013). Additionally, the authors also
demonstrated the inhibitory effect of EphA4 on SC migration and PNR. By knocking down
EphA4 in SCs they observed an increase in SC migration. While in in vivo experiments,
EphA4 expression in rats was inhibited by shRNA and four days post-transection surgery,
axonal outgrowth increased in the target group as compared to the control (Wang et al.,
2013). EphA4 was also shown to inhibit myelination in vitro by inhibiting SC
differentiation but increasing SC proliferation (Chen et al., 2019b). The authors also
demonstrated an upregulation of EphA4 in SCs post sciatic nerve crush injury in rats up
until day 14 which was followed by a decrease until day 28. Additionally, in rats by siRNA-
mediated knockdown of EphA4 or an EphA4 overexpression vector injected in the sciatic
nerve post-crush, they demonstrated the role of EphA4 as a negative regulator of

myelination (Chen et al., 2019b).

In another study, it was reported that ephrin-B/EphB2 signalling between fibroblasts and
SCs was crucial for cell sorting (Parrinello et al., 2010). The study demonstrated that SCs

and fibroblasts expressed EphB receptors and ephrin-B ligands. However, fibroblasts
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expressed much higher levels of ephrin-B2 ligand, which was very low in SCs and vice
versa for EphB receptors, with the most significant difference observed for EphB2
expression. Furthermore, deletion of EphB2 in mice and administration of inhibitory
EphB2 fusion proteins at the transection site in rats resulted in disorganised migration of
SCs from the nerve stumps post-transection injury which also led to misdirection of
regenerating axons. Their results demonstrated that EphrinB2/EphB2 interaction
between fibroblasts and SCs was needed for regeneration of the nerve bridge and

thereby alignment of axons post transection injury.

1.7.5.2 Semaphorins

Semaphorins/collapsins are a large family of chemorepulsive proteins that are both
secreted and membrane-bound and, similar to Eph/ephrin system, are essential during
development of the nervous system as well as organogenesis (Raper, 2000). Among the
eight classes of Semaphorins Sema3s (Sema3A-Sema3G) are the most characterised in
vertebrates. Sema3s mediate their function by binding to neuronal receptor complexes
comprised of neuropilins (NRP) and plexins (Raper, 2000). Semaphorins are expressed
in several neuronal cells of the developing and mature peripheral and central nervous
systems (Wright et al., 1995; Giger et al., 1996; Kolodkin, 1996; Giger et al., 1998). In the
developing spinal cord Sema3s participate in the correct patterning of sensory

projections (Messersmith et al., 1995; Wright et al., 1995; Piischel et al., 1996). Whereas
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in the developing peripheral nerves the mesenchymal cells express Sema3 and have
been shown to guide growing axons to their targets (Wright et al., 1995; Giger et al.,

1996).

Peripheral nerve crush injury in rats resulted in a decrease of Sema3 mRNA in injured
motor neurons however its receptor, Neuropilin-1 mRNA’s expression in both sensory
and motor neurons did not change post-injury (Pasterkamp et al., 1998). The authors
hypothesised that downregulation of Sema3 is essential for regeneration of sensory and
motor neurons post-PNI. Scarlato et al. (2003) demonstrated a significant increase in
MRNA of Neuropilin 1 and 2 (NRP1 and NRP2) and NRP2 ligand Sema3F in the distal
segment of the sciatic nerve 4 days post-crush and transection injury, with almost a 14-
fold increase in NRP2 four days post axotomy. Bannerman et al. (2008), using mice with
a global knockdown of NRP2 demonstrated that axonal regeneration towards the distal
segment post-crush injury in mice was impeded. Moreover remyelination of regenerated
axons and functional recovery was significantly impeded in the NRP2 deficient mice, 2

weeks following crush injury thus outlining its role in PNR.

1.7.5.3 Slits and Robos

Another family of key axon guidance molecules is the Slit family and its receptors -
roundabout (Robo). The Slit/Robo pairing has been widely studied for its repellent

signalling in axon pathfinding and neuronal migration during the development of the
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nervous system (Kidd et al., 1999; Yuan et al., 1999; Brose and Tessier-Lavigne, 2000;
Hammond et al., 2005). Three Slit subtypes — Slit1-3 (Holmes et al., 1998; Yuan et al.,
1999) and four Robo receptor subtypes — Robo1-4 (Kidd et al., 1998; Yuan et al., 1999;

Huminiecki et al., 2002) have been identified in vertebrates.

In the adult mouse peripheral nervous system, Carr et al. (2017) reported that Slit1-3
and its receptors Robol and 2 were expressed by the perikarya of dorsal root ganglia
(DRG) and ventral spinal cord as well as motor and sensory axons. Their data also showed
that Slit2, Slit3, and Robo1 were also expressed by satellite cells of DRGs, fibroblasts and
SCs in peripheral nerves while Robo2 and Slitl are only expressed by axons in the PNS.
In an injury model in rats, Slitl mRNA was found to be weakly expressed in the facial
nerve which increased from day 5 up until day 28 post-transection injury (Fujiwara et al.,
2008). On the other hand, Slit2 mRNA expression decreased from day 1 of transection
injury up until day 7, while Slit 3 expression remain unchanged. In a study carried out on
zebrafish, Robo2 was found to be important for preventing erroneous trajectories of the
dorsal nerve axons at nerve branch points after transection injury (Murphy et al., 2022).
Therefore the authors suggested that Robo2 promotes the regeneration of axons toward

their dorsal targets (Murphy et al., 2022).
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1.7.5.4 Netrin-1 and its receptors

Netrins are a family of extracellular, laminin-related proteins that have been identified
as key players in axonal guidance, cell migration and proliferation, inflammation, stem
cell maintenance and angiogenesis during neural development (Cirulli and Yebra, 2007,
Sun et al., 2011; De Castro, 2003). A significant breakthrough in axon guidance came with
the discovery of Netrin-1. In C.elegans, unc5 mutants presented a disruption in dorsal
migration of pioneer axons and cell migration alongside the body wall of the nematode
(Hedgecock et al., 1990). Whereas unc40 mutants showed a disruption in mainly ventral
migration but uncé mutants showed a disruption in either of the directions (Hedgecock
et al., 1990). The uncé6 protein was identified as a secreted laminin related protein in C.
elegans (Ishii et al., 1992). Serafini et al. (1994) purified Netrin-1 and Netrin-2,
homologous to uncé6 in C.elegans from embryonic chick brain and showed that both
Netrins promoted axonal outgrowth in cultured explants of embryonic rat dorsal spinal
cord. Deleted in colorectal cancer (DCC) and Neogenin in mammals as well as Frazzled in
D. melanogaster were identified as homologs of unc40 in C.elegans (Chan et al., 1996;
Keino-Masu et al., 1996; Kolodziej et al., 1996). All three are transmembrane receptors
of the immunoglobulin superfamily. Several UNC5 homologs of unc5 in C.elegans have

also been identified in vertebrates (Ackerman et al., 1997; Leonardo et al., 1997).
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Other than Netrin-1 and -2, Netrin-3, -4,-5,-G1 and -G2 have been identified (Van Raay
et al., 1997; Koch et al., 2000; Nakashiba et al., 2000; Nakashiba et al., 2002; Yamagishi
et al., 2015). Among the Netrin proteins identified, Netrin-1 is the best-characterised
member of the family. Kennedy et al. (1994), showed that Netrin-1 was a diffusible
chemoattractant, secreted by floor plate cells in rat chick embryo. Their study also
showed that recombinant Netrin-1 promoted commissural axon outgrowth and
reorientation in in vitro explant cultures of rat dorsal spinal cord. However, Netrin-1 also
exhibited repulsion of trochlear motor axons (that innervate the superior oblique
muscles of the eye) in vitro thus suggesting the bifunctional guidance role of Netrin-1 as
both a chemoattractant and a chemorepulsive cue (Colamarino and Tessier-Lavigne,
1995). Netrin-1 deficient embryos at embryonic day 10.5 and 11.5 (E10.5 and E11.5)
exhibited aberrant trajectories of spinal commissural axons and brain development
defects with mice homozygous for Netrin-1 mutant allele, dying shortly after birth

(Serafini et al., 1996).

DCC was first recognised as a tumour suppressor gene with evidence showing deletion
of one DCC allele associated in chromosome 18q in human patients with colorectal
cancer (Fearon et al., 1990). However, several studies since then were focused on
studying DCC as a chemoattractive receptor to Netrin-1 for guidance of commissural
axons during development (Keino-Masu et al., 1996). The work of Keino-Masu et al.

(1996) showed DCC expression by spinal commissural axons in rats. Also, their in vitro
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experiments on explant cultures of rat dorsal spinal cord using anti-DCC antibody,
blocked Netrin-1-mediated outgrowth of commissural axons (Keino-Masu et al., 1996).
Similar to Netrin-1, mouse pups with a homozygous deletion of DCC die shortly after
birth (Fazeli et al., 1997). Studying the DCC null mouse embryos at embryonic day 9.5-
11.5 showed misdirection of commissural axons in the ventral spinal cord as well as
impaired development of the brain with absence of corpus callosum and hippocampal
commissure (Fazelietal., 1997). Unrelated to axon guidance, their data also showed that

DCC deletion did not increase or affect tumorigenesis in the mice.

The chemorepellant activity of Netrin-1 is thought to be mediated by the binding of
Netrin-1 to the UNC5 family of receptors. In studies on cultured Xenopus spinal cord
neurons from neural tube tissue of stage 22 embryos, 5 pg/ml of Netrin-1 gradient
mediated attraction of growth cones (Hong et al, 1999). Whereas neurons from
embryos injected with either mammalian UNC5A, UNC5B or unc5 mRNA (C.elegans)
mediated repulsion of growth cones of neurons away from the Netrin-1 gradient (Hong
et al., 2000). Delivery of a monoclonal antibody against the extracellular domain of DCC
in cultured Xenopus axons from UNC5B mRNA injected embryos, saw neither attraction
nor repulsion of axons in the presence of a Netrin-1 gradient (Hong et al., 1999). Several
studies on Netrin-1’s axon guidance bifunctionality showed that to mediate
chemoattraction Netrin-1 binds to two neighbouring DCC receptors thus initiating the

homodimerisation of DCC on the growth cone (Figure 8). This triggers the recruitment of
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several intracellular signalling complexes thus activating Src family kinases which initiate
actin cytoskeleton rearrangement (Liu et al., 2004; Finci et al., 2014; Dun and Parkinson,
2017). In the presence of UNC5 receptors, Netrin-1 binds to UNC5 and DCC on two
separate receptor-binding sites and this leads to the linkage of DCC and UNCS5 resulting
in an intracellular signalling pathway that mediates repulsion (Figure 8) (Hong et al.,
1999; Finci et al., 2014). However, in Drosophila Netrin-1 binding with both Frazzled
(mammalian DCC homolog) and UNC5 was shown to facilitate only long-range repulsion,
while UNC5-Netrin-1 binding was sufficient to facilitate short-range repulsion of
commissural axons (Keleman and Dickson, 2001). This shows that Netrin-1’s function in

axon guidance is dependent on its binding to the specific receptor on the growth cone.
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Figure 8: Netrin-1 mediated chemoattraction and repulsion is dependent on receptor
binding

Netrin-1 binds to two neighbouring DCC receptors presented on the cell membrane resulting in
homodimerisation via its P3 intracellular domain. Netrin-1 binding to DCC mediates chemoattraction,
involving several intracellular signalling components resulting in the reorganisation of actin
cytoskeleton. Substrate-bound Netrin-1 can also potentially link DCC dimers to the extracellular matrix

(ECM). The structure of DCC and Neogenin comprises of four Ig domains and six fibronectin type lll
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domains (FN3), a single-pass transmembrane region and a cytoplasmic tail with three highly conserved
sequence motifs called P1-3 motifs. Netrin-1 has been suggested to bind to the FN3 repeats number 4,
5 and 6 in Neogenin and DCC. Two Netrin-1 molecules form an X-shaped dimer and bind to two
Neogenin molecules. The function of Neogenin and Netrin-1 complex is yet to be defined but attraction
has been suggested. The UNC5 receptors comprises of two extracellular Ig domains and two
thrombospondin (TSP) domains while the intracellular domain is composed of a ZU5 domain, a DCC-
binding domain (DB) and a death domain (DD). Both Ig repeats are Netrin-1 binding sites in UNC5. For
Netrin-1 mediated repulsion, it has been shown that long range repulsion requires Netrin-1 binding to
both DCC and UNCS5 receptors resulting in a heterodimer and linkage of P1 motif in DCC with DB domain
of UNC5 receptors. Short-range repulsion has been suggested to be mediated by Netrin-1 binding to
UNCS and a co-receptor DSCAM. DSCAM consists of ten extracellular Ig domains and six FN3 repeats, a
transmembrane domain, and a cytoplasmic domain with Netrin 1 suggested binding to the Ig domain.

Structural studies are yet to describe Netrin-1 binding to UNC5 and DSCAM (Boyer and Gupton, 2018).

Other receptors of Netrin-1 have been identified such as the Down syndrome cell
adhesion molecule (DSCAM) that is expressed in the mammalian spinal commissural
axons. DSCAM was previously suggested to interact with Netrin-1 for guiding of
commissural axons across the ventral midline towards the floor plate cells during
development in Drosophila and in in vitro studies (Andrews et al., 2008; Ly et al., 2008;
Liu et al., 2009). However subsequent studies have shown that DSCAM is not important
for this function. Palmesino et al. (2012) in DSCAM null mice observed normal
commissural axon trajectory in the spinal cord of embryos. Moreover their in vitro
experiments showed that axon outgrowth from dorsal spinal cord explants of the DSCAM
knockout embryos was comparable to the control littermates in response to Netrin-1
(Palmesino et al., 2012). DSCAM is expressed by mouse retinal ganglion cells (RGC)
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during early development and while Netrin-1 is known to regulate the growth of the RGC
axons through the optic disc to exit the eye into the optic nerve, studies performed on
several DSCAM mutant mice showed that DSCAM was not required for this function
(Bruce et al., 2017). These studies showed that DSCAM mutants do not display Netrin-

like axon guidance deficits in the spinal cord or retina.

Other than axon guidance, Netrin-1 has also been shown to have a rather contradictory
role in the development of the vasculature with studies showing Netrin-1-UNC5B
mediated inhibition of angiogenesis (Larrivée et al., 2007) and some describing Netrin-1
as a pro-angiogenic factor (Wilson et al., 2006). CD146 (also known as melanoma cell
adhesion molecule, MCAM) is a recently identified receptor of Netrin-1 implicated in

facilitating angiogenesis and vascular development (Tu et al., 2015).

1.8 NETRIN-1 IN INJURY OF THE NERVOUS SYSTEM

Several studies have also investigated the role of Netrin-1 following CNS injury (Bayat et
al., 2012; Liao et al., 2013; Bai et al., 2017). Administration of Netrin-1 improved spatial
memory and synaptic dysfunction in rats with global cerebral ischemia (Bayat et al.,
2012). Exogenous Netrin-1 treatment also attenuated neuronal loss by reducing
apoptosis in the ipsilateral ventroposterior thalamic nucleus after focal cerebral
infarction in renovascular hypertensive rats (Liao et al., 2013). In a model of rat spinal

cord injury, Netrin-1 treatment prevented the loss of motor neurons and improved
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functional recovery (Bai et al., 2017). This data suggests a neuroprotective role of Netrin-
1 in the CNS following injury.

1.8.1 Netrin-1 and DCC expression in intact peripheral nervous system and after injury

Major research on Netrin-1 and its receptors has been focused on studying its role in
neural development as well as in CNS injury yet very few studies have been carried out
to understand its potential role in PNR. Madison et al. (2000) reported a 40-fold
upregulation of Netrin-1 mRNA two weeks post-transection injury in the distal sciatic
nerve but no change in the mRNA levels following a crush injury. Their data also showed
that Netrin-1 was undetectable in intact nerves but was expressed by not all but several
SCs of the distal nerve segment (Madison et al., 2000). Therefore, it was hypothesised
that SCs could be one of the main sources of Netrin-1 upregulation in the distal nerve
segment post-injury. In agreement with this, in a recent study on a model of chronic
restriction injury on rat sciatic nerves, the authors reported as much as a 2.6-fold
increase in Netrin-1 mRNA in the sciatic nerve. This upregulation was observed as early
as 6 hours post-injury and a peaked at 21 days post-injury, which was the maximum time-
point analysed in this study (Chen et al., 2021b). However, the same study showed that
despite  upregulation of Netrin-1 mRNA, the protein expression by

immunohistochemistry was reduced by 58% in the sciatic nerve 7 days following injury.
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Lee et al. (2007) reported no expression of DCC mRNA in RT4 schwannoma cells (rat
schwannoma cell line) and primary rat SCs by RT-PCR. Immunoblotting to detect DCC and
Neogenin also showed that both proteins were not expressed in RT4 and iSC
schwannoma cell lines (immortal Schwann cell line) (Lee et al., 2007). Lv et al. (2015) by
RT-gPCR showed that RSC96 cells (an immortalised rat SC line) expressed Netrin-1 mRNA
whereas DCC mRNA was not detected. Webber et al. (2011) studied the expression of
Netrin-1 and DCC in rat dorsal root ganglia, with no variation in Netrin-1 mRNA levels
post-transection injury while there was a significant upregulation of DCC protein and
MRNA level at 7 days post-injury. Their data also showed that DCC was expressed
robustly in both the proximal nerve stump and distal nerve segment 7 days following a
transection injury in some regenerating axons, but more importantly in the leading

migrating SCs immediately distal to the injury site (Webber et al., 2011).

1.8.2 Role of Netrin-1 and DCC in peripheral nerve regeneration

Netrin-1 is thought to be involved in regulating SC proliferation and migration post nerve
transection injury (Lee et al., 2007; Lv et al., 2015). When treated with exogenous Netrin-
1 (50 ng/ml), cell proliferation was induced in RT4 schwannoma cells, however this
proliferation was inhibited by knocking down UNC5B using UNC5B specific RNAI,
indicating that UNC5B might be the receptor involved in stimulating SC proliferation (Lee

et al., 2007). Yet another study carried out on RSC96 cells saw that Netrin-1 at a
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concentration ranging from 0 to 500 ng/ml had no effect on the proliferation of the
RSCI6 cells yet significantly promoted SC migration only at a dose of 100 ng/ml (Lv et al.,
2015). The authors stated that Netrin-1 promoted SC migration in a dose-depended
manner by activating p38 mitogen activated protein kinase (MAPK) and PI3K-Akt. They
hypothesised that at lower dosage, Netrin-1 was responsible for increase in the
phosphorylation of p38 MAPK and PI3K-Akt and promoted migration of RSC96 cells
whereas the exact opposite effect was observed at a higher dosage of Netrin-1
(500ng/mL). UNC5B was described as the receptor involved with Netrin-1 in migration
of RSC96 cells as 100 ng/ml of Netrin-1 also increased UNC5B protein expression,
explained by the authors, as a way to adapt to a higher Netrin-1 concentration (Lv et al.,
2015). However, Netrin-1 physiological concentration varies between 50 — 150 ng/ml in
vertebrates (Castets and Mehlen, 2010; Serafini et al., 1994). Moreover, several studies
have shown the dose-dependent function of Netrin-1 with evidence pointing to an
inhibitory role of Netrin-1 at higher concentrations for its role in angiogenesis, axon

guidance and migration (Serafini et al., 1994; Lu et al., 2004; Larrivee et al., 2007).

Very little has been done to study the role of Netrin-1 and DCC in PNR in in vivo models.
Previously, Jaminet et al. (2013) observed a significantly slower functional recovery in
grasping tests post-median nerve transection and repair in Netrin-1 heterozygous mice
(50% reduction in mRNA and protein expression), with reduced grasping strength even

50 days following injury as compared to pre-injury. In zebrafish, DCC mutants (90%
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reduction of DCC mRNA), exhibited aberrant trajectories of motor axons at the injury

site, 48hrs post-motor nerve transection injury (Rosenberg et al., 2014).

Despite Netrin-1 and its receptors such as DCC gaining attention for its potential to
mediate PNR, not much is known about the underlying molecular mechanisms involved
or their function in vivo. This might be in part owing to the difficulties in generating an
appropriate mouse model lacking Netrin-1 or DCC. As described previously, mice with
global deletion of either Netrin-1 or DCC causes abnormal commissural axon extension
towards the floor plate; several brain developmental defects and in both cases death of
mouse pups shortly after birth (Serafini et al., 1996; Fazeli et al., 1997). However,
recently several lab groups have successfully generated Netrin-1 and DCC conditional

knockout mouse models (Dominici et al., 2017; Krimpenfort et al., 2012).

In this study to circumvent embryonic lethality after the deletion of DCC or Netrin-1
during embryonic development, | employed the use of a Cre-lox system to generate
conditional mutants. Breeding Ntn1'*/1o** mice (Dominici et al., 2017), with SC-specific
Cre recombinase mice PO-Cre (mPo-TOTACRE) (Feltri et al., 1999), | generated SC-specific
Netrin-1 knockout mice (Ntn1 KO) to investigate if Netrin-1 is a key signalling molecule
produced by SCs to direct axon regeneration. | also bred DCC'**/® (Krimpenfort et al.,
2012) with ROSA-26-Cre/ERT2 mice and induced global DCC knockout in adult mice by

Tamoxifen injection to study a possible Netrin-1/DCC signalling after peripheral nerve
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injury in adult mice. However, | could not generate a global deletion of Netrin-1 after
Tamoxifen dosing in adult mice on breeding the Ntn1'“*/*® mice (Dominici et al., 2017)
with ROSA-26-Cre/ERT2 mouse line (Hameyer et al., 2007) for further experiments to

study the effect of complete Netrin-1 ablation on PNR.

My hypothesis, based on the data available in literature, was that SCs express Netrin-1
to guide both motor and sensory regenerating axons across the nerve gap after an injury
by interacting with DCC expressed on the regenerating axons. Thus, one aim of this study
was to confirm the regulation and expression of Netrin-1 and its receptor DCC in intact
PNS and following injury. But importantly | was interested in investigating the role of

Netrin-1 and DCC in PNR following injury in the described mouse models.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Generation of transgenic mouse strains

All animal work was performed following Home Office regulations under the UK Animals
(Scientific Procedures) Act, 1986. Ethical consent for the work carried out in this study
was approved by Plymouth University Animal Welfare and Ethical Review Board. All
mouse lines were kept in a dedicated animal facility under a 12hr light and 12hr dark
cycle. Food and water were provided ad libitum to the mice with daily cage checks,
periodical change of cage bedding and humane sacrifice of the animals by a Schedule 1

procedure at appropriate time points.
2.1.1 Netrin-1 and DCC mice strains

Breeding pairs for C57BL/6 mice were previously procured from Charles River
Laboratories (Wilmington, Massachusetts). The Ntn1'"*® mijce having two
unidirectional loxP sites flanking the exon 3 of the Netrin-1 gene (Dominici et al., 2017)
and DCC'o*?/'o*P mjce having two loxP site insertions flanking exon 23 of DCC (Krimpenfort
et al., 2012) were obtained from Professor Alain Chedotal (Institut de la Vision, Paris,
France). The PO-Cre (mPO-TOTACRE) strain has been described previously (Feltri et al.,
1999), wherein PO-Cre expression is controlled by the myelin protein zero promoter and
is expressed specifically in the SCs. Mice with SC-specific knockout of Netrin-1 (PO-Cre*

Ntn1'o®/o®) were generated by crossbreeding floxed Netrin-1 (Ntn1'“"/°®) mice with the
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PO-Cre* line. Ntn1'*/*® mice were cross-bred with ROSA-26-Cre/ERT2* mice (R26-
CreERT2) (Hameyer et al., 2007), provided by Professor Karen Blyth (University of
Glasgow, U.K), to produce Netrin-1 global knockout mice (R26-CreERT2* Ntn1'oxP/1oxP),
Here, R26-CreERT2 transgene is driven by the endogenous mouse Gt (ROSA)26Sor
promoter which is ubiquitously expressed in mouse embryos and is active in most cells.
The PLP-GFP transgenic mice express GFP in oligodendrocytes in the CNS and in
myelinating and non-myelinating SCs of the peripheral nerve (Mallon et al., 2002; Chen
et al., 2019a) and were crossed with PO-Cre* Ntn1'*®/°* mice to generate SC-specific
Netrin-1 knockout mice expressing GFP in SCs (PO-Cre* Ntn1'®*/*® p| p_-GFP*). Global
knockout of DCC was generated in mice (R26-CreERT2* DCC'o**/'®) by breeding
DCC'o*P/P mjce with R26-CreERT2* mice . For all experiments, age and sex matched
littermates having the floxed allele but negative for Cre were used as controls. All mice

were kept on a C57BL/6 background.
2.1.2 Runx2 mouse strain

The Runx2 """ mouse (having two loxP site insertions flanking exon 3 of Runx2) were
described previously (Ferrari et al., 2015). Similar to Netrin-1 mice, deletion of Runx2 in
Schwann cells was achieved by breeding the Runx2 '*/©® mjce with PO-Cre mice (mPO-
TOTACRE) (Feltri et al., 1999) to get mice with SC-specific knockout of Runx2 (PO-Cre*

Runx2'©®/1o®) These mice were bred with PLP-GFP mice to obtain SC-specific Runx2
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knockout mice that expressed GFP in SCs (PO-Cre* Runx2'/*® pLG-GFP*) (Mallon et al.,
2002). For all experiments, age and sex matched littermates having the loxP inserts but
lacking the Cre transgene were used as controls. All mice were maintained on an FVB

background.
2.2 Genotyping and Polymerase Chain reaction (PCR)

For mouse genotyping, newly weaned mice were ear notched and genomic DNA was
extracted using hot sodium hydroxide and tris (HotSHOT) technique (Truett et al., 2000).
Briefly, 75 uL of alkaline lysis reagent (For recipe refer to Table 10) was added to the ear
notches and heated to 95°Cin a PTC-100 Peltier Thermal Cycler (M.J. Research, Waltham,
USA) for 90 minutes followed by cooling to 4°C. The samples were vortexed briefly and
75ul of neutralisation reagent (For recipe refer to Table 10) was added followed by
another round of vortexing and storage at -20°C. 2 ul of DNA was used for genotyping in
a typical PCR mix as described in Table 1 and the PCR program was setup on G-Storm

GS0004M PCR machine as described in Table 2.

Agarose gel electrophoresis was used to resolve the PCR products. 15ul of the PCR
product was loaded onto a 1-2% agarose gel (For recipe refer to Table 10) and
electrophoresed in 1X Tris-acetate-EDTA (TAE) buffer (For recipe refer to Table 10) at

120V for 30-60 minutes with a Bio Rad Power Pac 300 and a BioRad Sub-Cell GT tank

109



(Hercules, California, USA). The gel was imaged on Pxi Genesys gel imaging system (NI,

Austin, Texas, USA).

Table 1: Optimised concentration of polymerase chain reaction (PCR) components for

genotyping of mice

Reaction Components Volume Final Concentration

5X Green GoTaq® Flexi Buffer |5 pul 1X
(Promega, M891A)

dNTP mix (Promega, U120A-|0.5ul 200 puM each
U123A)

MgCl, (Promega, A351H) 1.5 ul 1.5mM
Forward and reverse primers |1 pl 0.5 uM each

(Eurofins, Germany)

Nuclease free water (Invitrogen, | 14.9 ul

750023)

GoTaq® G2 Hot Start Polymerase | 0.1 ul 1.25U
(Promega, M740B)

DNA template 2 ul

Total volume 25 ul
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Table 2: Polymerase chain reaction (PCR) program. Annealing temperature and time

were modified for different primer pairs.

Steps Temperature °C Time Cycles
Initial Denaturation 95°C 5 minutes 1
Denaturation 95°C 30 seconds 35
Annealing 55-62°C 40 seconds

Extension 72°C 40 seconds

Final Extension 72°C 5 minutes 1

For mice with SC-specific knockout of Netrin-1 (PO-Cre* Ntn1'®*/o®) ' genotyping was
carried out to check the presence of PO-Cre, loxP sites and the deletion of exon 3 of
Netrin-1 (Table 3). The PCR for loxP sites would show a single band of 458bp for the
presence of homozygous loxP sites, a single band at 312bp for wild-type Netrin-1 and
two bands of both sizes if heterozygous for loxP site. PCR for presence of PO-Cre would
show a single band of 492 bp. For mice with global knockout of Netrin-1 (R26-CreERT2*
Ntn1'oP/o ) genotyping was done for the presence of homozygous loxP sites (as
described above) and to detect presence of R26-CreERT2 transgene with the primers
designed to amplify a 300bp product if the transgene was present (Table 3). For both the
mouse lines | could also confirm the knockout of Netrin-1 by genotyping. Primers for
confirming deletion of exon 3 of Netrin-1 were designed by GenOway (Lyon, France) who

generated the Netrin-1 floxed mouse line for Professor Alain Chedotal (Table 3).
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Genotyping would give a band of 498bp only after deletion of exon 3 of Netrin-1 whereas
the product size was too large to be amplified by PCR for the control mice with no

deletion of Netrin-1 (Table 3).

For DCC global knockout mice (R26-CreERT2* DCC'**?/°*P) genotyping was required to
determine the presence of R26-CreERT2 transgene (as described above) and loxP sites
and was genotyped as previously described (Krimpenfort et al., 2012). PCR for loxP sites
in DCC showed a single band of 300bp for insertion of two loxP sites, a single band of
200bp for presence of wild-type DCC gene and two bands of both sizes if they were
heterozygous for the loxP sites (Table 3). After Tamoxifen injections, the DCC mice were
again genotyped as previously described (Krimpenfort et al., 2012), with a band of 400bp
only after deletion of exon 23 of DCC and no band observed for the control mice (Table

3).

In mice with SC-specific knockout of Runx2 (PO-Cre* Runx2'®®/°®) genotyping was
performed for the presence of loxP sites and PO-Cre (as mentioned above). PCR for loxP
sites amplified a band of 203bp for the presence of loxP, a band of 169bp for wild-type
genotype and double bands of both sizes for mice heterozygous for loxP (Table 3). To
confirm the presence of heterozygous GFP in mice, primers were designed to amplify a

173bp product (Table 3).

112



Table 3: List of primers for the amplification of target genes by PCR with their individual

sizes
Gene Forward Primer 5’- 3’ Reverse Primer 5’- 3’ Size (bp)
PO-Cre CCACCACCTCTCCATTGCAC GCTGGCCCAAATGTTGCTGG 492
mouse
R26Cre | CGATGCAACGAG GCACGTTCACCGGCATCAAC 300
mouse TGATGAGGTTC
GFP AAGTTCATCTGCA TCCTTGAAGAAGATGGTGCG 173
mouse CC ACCG
DCC loxP | CAAGACACATGGAAGGTGAAA | GACCTCACTTACATATCAAAAT | WT:200
site TG GG loxP :300
Netrinl | CACCTCTGAACTCTGGCTG GGATACAGTAATCTGGGCTC WT:312
loxP sites loxP: 458
Runx2 GACCTCCTCCCTACAGCTTC CCCTCGCGTTTCAAGGTGCC WT:169
loxP sites loxP:203
DCCKO | CAAGACACATGGAAGGTGAAA | CCCAAATCTTCTATATTACAATA | 400
mouse TG TC
Netrin-1 | AACTGGTTCCAAGCTGC AAGGAAGCCCTTGGGCCAGA 498
KO AAGGAGCT AT

2.3 Tamoxifen Injections

To induce Cre recombination, 5-7 week old floxed DCC or Netrin-1 mice with ROSA-26-

Cre/ERT2 (R26-CreERT2* DCC'o**/1o*P or R26-CreERT2* Ntn1'/°®) were intraperitoneally

injected with Tamoxifen (Sigma-Aldrich, T-5648) once a day for 5 consecutive days at a
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dosage of 75 mg Tamoxifen/kg per day. For R26-CreERT2* Ntn1'>?/1*®? mice, gavaging of
Tamoxifen was also attempted using the same dosage of Tamoxifen. The Tamoxifen was
dissolved in corn oil at a concentration of 20 mg/ml by shaking overnight at 37°C and
stored at 4°C. Two weeks after the last injection the mice were re-genotyped to detect
DCC and Netrin-1 deletion as previously described (Krimpenfort et al., 2012; Dominici et

al., 2017).
2.4 Peripheral nerve surgery

Six to eight-week-old male and female mice were selected and anesthetised with
isoflurane. The mice were subcutaneously injected with nonsteroidal anti-inflammatory
drug Meloxicam (Metacam Boehringer Ingelheim 5mg/ml) as an analgesic at a dosage of
5mg/kg for adult mice. Either nerve transection or crush injury protocols was performed
on the mice. After a longitudinal incision, nerve transection was performed on the
exposed right sciatic nerve, 0.5 cm distal to the sciatic notch and the two disconnected
nerve ends were not sutured or joined back together. To induce nerve crush injury, the
right sciatic nerve was compressed for 30 seconds using delicate forceps, and again for
30 seconds at the same location but orthogonal to the initial crush. The left sciatic nerve
was left uninjured. Following either transection or crush injury, the overlying muscle
covering the nerve was sutured. Post suturing, analgesia (0.025% bupivacaine solution),

was topically administered above the muscle suture and the skin was closed with an auto
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clip applier. The animals were monitored daily and depending on the experiment, at
necessary time points post-surgery, the mice were euthanised humanely according to

UK Home Office regulations and the required tissue was dissected out.

2.5 Immunofluorescence

2.5.1 Antigen Retrieval for immunohistochemistry

Dorsal root ganglia (DRGs), spinal cord (SC) or injured and uninjured sciatic nerves were
dissected out from the experimental mice at required time points and fixed for minimum
5 hrsin 4% paraformaldehyde (For recipe refer to Table 10). The tissue was washed twice
in 1X PBS and incubated in pre-heated 10mM sodium citrate buffer with 0.05% Tween20
(For recipe refer to Table 10) in a 12-well plate. The plate was placed in a water bath pre-
heated to 80°C for 30 minutes. The tissue was removed from the water bath, washed
twice with 1X PBS and left for 48 hrs in 30% sucrose at 4°C. Following this, each tissue
was embedded in OCT embedding matrix (Cell Path, KMA-0100-00A) and cut into 10um
transverse sections using a Leica CM1860 Cryostat (Leica Microsystems, Wetzlar,
Germany) and placed onto SuperFrost Plus microscope slide (VWR, 631-0448) for

immunohistochemistry.

2.5.2 Immunohistochemistry

DRGs, spinal cord, and injured and intact sciatic nerves were dissected out after

euthanisation of mice. The tissue samples were fixed in 4% paraformaldehyde for 5 hrs
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at 4°C followed by three times wash with 1X PBS. The samples were immersed in 30%
sucrose at 4°C overnight to cryoprotect the tissues. The tissue was then put in a plastic
embedding mould (VWR, 720-0820-22) and OCT embedding matrix (Cell Path, KMA-
0100-00A) was poured to cover the tissue. The moulds were then placed in a box with
liguid nitrogen to freeze the tissue in OCT. 10um sections of the tissue was cut from the
solid OCT blocks using the Leica CM1860 Cryostat and the sections were picked onto a

SuperFrost Plus microscope slide (VWR, 631-0448) and left to dry.

For staining a hydrophobic barrier was drawn around the sectioned tissue on the slides
using a PAP pen (Vector laboratories, H-4000). Once the barrier was dry, the slides were
washed with 1X PBS to remove the OCT and the tissue permeabilised with 0.25% Triton
X-100 (Sigma, T9284) in PBS (PTX) diluted in 1% bovine serum albumin (BSA) (Fisher
Scientific, BP9702-100) for an hour (For recipe refer to Table 10). The permeabilisation
solution was removed and the tissue blocked with a solution containing 3% BSA with
0.05% Triton X-100 in PBS (PTX) for an additional hour (For recipe refer to Table 10).
Following the removal of the blocking buffer, primary antibodies (diluted in blocking
buffer) were added to the slides and left overnight at 4°C (Refer to Table 4 for a list of
primary antibodies). Following three washes with 1X PBS (ten minutes each), sections
were incubated with the secondary antibody (Refer to Table 4 for a list of secondary
antibodies) and Hoechst dye (Thermo fisher Scientific, 62249) for an hour at room

temperature. Again after three 1X PBS washes, a drop of CitiFluor mounting solution
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(Agar Scientific, R1320) was added to each slide and the tissue was covered with a
coverslip (VWR, 631-0135). The edges of the coverslip were sealed with nail varnish and
the slides were imaged on a Leica SPE confocal microscope (Leica Microsystems, Wetzlar,

Germany).

2.5.3 Whole nerve staining

The whole nerve staining protocol was previously described by my research group (Dun
and Parkinson, 2018). At the described time points after surgery, the sciatic nerve was
dissected out and fixed in 4% paraformaldehyde (PFA) for 5 hrs at 4°C. They were then
washed in 1X PBS three times for ten minutes each and incubated overnight in
permeabilisation solution - 1% PTX in 10% foetal bovine serum (FBS, Sigma, F7524) (For
recipe refer to Table 10) overnight at 4°C on a shaker. The next day, the tissue was kept
in a solution containing 0.1% PTX in 10% FBS along with the primary antibody (Refer to
Table 4) and incubated for 72hrs at 4°C. After the incubation with primary antibody,
nerves were again washed with 1X PBS three times for 15 minutes for each wash. This
was followed by continuous washes in 1X PBS for 6 hrs at room temperature, with a
change of the PBS every 1 hr. The nerves were then immersed in a solution of 0.1% PTX
in 10% FBS with secondary antibody (Refer to Table 4), for 48hrs at 4°C on a shaker. This
was again followed by the 1X PBS washing steps as mentioned after removal of primary

antibody. The nerves then underwent three stages of tissue clearing in 25%, 50% and
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75% glycerol (Sigma-Aldrich, G6279) diluted in 1X PBS for 24hrs for each glycerol
concentration. Mounting solution (Agar Scientific, R1320) was added to the slides and
covered with a coverslip. Coverslip edges were sealed using nail varnish and slides were

imaged on a confocal microscope.

Table 4: Primary and secondary antibodies

Antibody Host Supplier Cat. No Dilution Analysis
Species

PRIMARY ANTIBODIES

Anti-neurofilament | Rabbit | Abcam ab8135 1:50(WM), | Whole

heavy chain 1:500 (IHC) | nerve

polyclonal staining,
IHC

Anti-neurofilament | Chicken | Abcam Ab4680 1:50(WM) | Whole

heavy chain 1:600(IHC) | nerve

polyclonal staining,
IHC

Anti-DCC Goat Santa Cruz sc- 1:100 IHC

polyclonal Biotechnology | 515834

Anti-Netrin-1 Rabbit | Abcam ab126729 | 1:500 WB, IHC

monoclonal

Anti-Netrin-1 Rat R&D systems MAB1109 | 1:100 IHC

monoclonal

Anti-GAPDH Mouse | Abcam ab8245 1:8000 WB

monoclonal
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Anti-NeuN Rabbit | Abcam ab177487 | 1:500 IHC

monoclonal

Hoechst dye Thermo fisher | 62249 1:500 IHC
Scientific

Anti-S100 Rabbit | Agilent GA50461- | Ready to IHC

polyclonal 2 use

Anti-CD34 Rabbit | Abcam ab198395 | 1:400 IHC

monoclonal

Anti-GFP Chicken | Abcam ab13970 | 1:400 IHC

polyclonal

Anti-myelin basic Rabbit | Abcam Ab40390 | 1:400 IHC

protein polyclonal

Anti-Glucose Rabbit | Abcam ab652 1:200 IHC

Transporter GLUT1

polyclonal

Anti-Runx2 (D1H7) | Rabbit | Cell Signaling 8486 1:1000(WB) | WB, IHC

monoclonal Technology 1:400 (IHC)

Recombinant Alexa | Rabbit | Abcam ab195179 | 1:200 IHC

Fluor® 488 Anti-

P75 NGF Receptor

monoclonal

Anti-Cre Rabbit | Cell Signaling 15036 1:1000 WB

Recombinase Technology

(D7L7L)

monoclonal
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Anti-Vinculin Mouse | Sigma-Aldrich | V9131 1:2000 WB
monoclonal

Anti-CD31 Rabbit | Cell Signaling | 77699T 1:200 IHC
monoclonal Technology

SECONDARY ANTIBODIES

Donkey Anti-rabbit | Donkey | Jackson 711-025- | 1:200 Whole
Rhodamine (TRITC) Immuno 152 nerve
polyclonal Research staining
Donkey Anti- Donkey | Jackson 711-095- | 1:200 Whole
Rabbit Fluorescein Immuno 152 nerve
(FITC) polyclonal Research staining
Donkey Anti- Donkey | Jackson 703-095- | 1:200 Whole
Chicken Immuno 155 nerve
Fluorescein (FITC) Research staining
polyclonal

Donkey Anti- Donkey | Jackson 703-025- | 1:200 Whole
Chicken Immuno 155 nerve
Rhodamine (TRITC) Research staining
polyclonal

Donkey Anti-Goat | Donkey | Jackson 705-025- | 1:200 IHC

IgG Rhodamine Immuno 147

(TRITC) polyclonal Research

Alexa Fluor 633 Goat Invitrogen A21094 1:200 IHC

goat anti- rat IgG

(H+L) polyclonal
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Alexa Fluor 488
donkey anti-Rat
I1gG (H+L)

polyclonal

Donkey

Invitrogen

A-21208

1:200

IHC

Alexa Fluor 488
goat anti-Chicken
IgY (H+L)

polyclonal

Goat

Invitrogen

A-11039

1:200

IHC

Alexa Fluor 568
goat anti-chicken
IgY (H+L)

polyclonal

Goat

Invitrogen

A-11041

1:200

IHC

Alexa Fluor 488
goat anti-Rabbit
I1gG (H+L)

polyclonal

Goat

Invitrogen

A-11008

1:200

IHC

Alexa Fluor 568
goat anti-Rabbit
IgG (H+L)

polyclonal

Goat

Invitrogen

A-11011

1:200

IHC

Goat Anti-Rabbit
1gG (H + L)-HRP

Conjugate

Goat

Bio-Rad

1706515

1:5000

WB

Goat Anti-Mouse
IgG (H + L)-HRP

Conjugate

Goat

Bio-Rad

1706516

1:5000

WB
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2.6 Edu labelling and cell proliferation assay

At appropriate time points post-peripheral nerve injury, the mice were injected
intraperitoneally with EdU (Invitrogen, C1033), at a concentration of 1mg per 10g body
weight. To make the solution, 100 mg/ml stock solution of EQU was made in dimethyl
sulphoxide (DMSO) and then diluted 1 in 10 in PBS and injected followed by
euthanisation of animals 3 hrs later. The nerves were dissected followed by fixation,
cryoprotection, embedding in OCT compound, cryosectioning, permeabilisation and
blocking steps (Refer to Section 2.5.2). The slides with the adhered tissue were incubated
with the EdU Click-iT reaction cocktail (Invitrogen, C10339) for 30 min at room
temperature. The slides were then washed with 1X PBS, three times for ten minutes
each. If staining for other proteins, the slides were then incubated with the necessary
primary antibody (Refer to Table 4) diluted in a blocking solution (3% BSA and 0.05% PTX)
overnight at 4°C. The following day, after three washes with 1X PBS for ten minutes each,
the sections were incubated with the secondary antibody (Refer to Table 4) diluted in
3% BSA and 0.05% PTX and Hoechst dye for 1hr at room temperature. The slides were
again washed three times with 1X PBS and mounted in CitiFluor (Agar Scientific, R1320)

for confocal imaging.

2.7 Western blotting
Sciatic nerves were dissected out and lysed in 1x SDS lysis buffer (Alfa Aesar, J61337)

using a Fisherbrand™ Model 120 Sonic Dismembrator (Fisher Scientific, Waltham,
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Massachusetts, USA). The samples were centrifuged down to 14,000 xg for 5 minutes to
confirm absence of any remnant tissue particles and then heated at 95°C for 5 minutes
for protein denaturation.

The lysates were loaded onto polyacrylamide gels (For recipe refer to Table 10) with gel
percentage determined based on the size of the protein to be detected or on 4-20%
Mini-PROTEAN® TGX™ Precast Protein Gels (BioRad, 4561094). SDS-PAGE was carried
out in 1X Running buffer (For recipe refer to Table 10) using a Bio-Rad PowerPac Basic
(Hercules, California, USA) with voltage kept constant at 120V until the bands have
migrated from stacking to running gel and then at 150V for 60-90 minutes until the
loaded protein size markers have separated sufficiently and the bromophenol blue has
reached the bottom of the gel. The separated proteins were then transferred onto a
0.45um polyvinylidene fluoride (PVDF) transfer membrane (Bio-Rad, 4561086) in 1X
transfer buffer (For recipe refer to Table 10) at constant 250mA for 90 minutes with an
ice pack submerged in the electrophoresis chamber to prevent generation of excess
heat. Post-transfer the membrane was blocked either with 5% skimmed milk in Tris
buffered saline with 0.1% Tween-20 (TBST; for recipe refer to Table 10) or with 5% BSA
(w/v) in 1X TBST for 1hr at room temperature. The membrane was then incubated with
primary antibodies (Refer to Table 4) diluted in 5% skimmed milk (in TBST) overnight at
4°C. The next day, the membranes were washed three times in 1X TBST for 10 min each

followed by incubation with HRP conjugated secondary antibody (Refer to Table 4) in 5%
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milk (in TBST) for 1hr at room temperature. The membrane was washed in 1X TBST three
times for ten minutes for each wash and Pierce ECL western blotting substrate (Thermo
Fisher Scientific, 32106) was added onto the membrane to develop the
chemiluminescent signal. The intensity of the chemiluminescent signal was captured on
Pxi Genesys gel imaging system (NI, Austin, Texas, USA). Western blot results were
analysed using grayscale with Image J1.52a (National Institutes of Health, Bethesda, MD,

USA).

2.8 mRNA extraction and cDNA synthesis

Sciatic nerves were dissected out from euthanised mice and kept in RNALater solution
(Invitrogen, AM7020) overnight at 4 °C. The following day, the sciatic nerves were
transferred to 500 ul of QIAzol lysis reagent (QIAGEN, 79306) and lysed using a
Fisherbrand™ Model 120 Sonic Dismembrator (Thermo Fisher Scientific, Waltham,
Massachusetts, USA). Extraction of total RNA was performed using miRNeasy Mini Kit
(QIAGEN, 217004) following manufacturer’s protocol and RNA was eluted in 30ul of
RNase free water. Concentration and purity of the RNA was measured using a Nanodrop
2000 spectrophotometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA) and

the RNA samples were stored at -20 °C.

As RNA cannot be amplified by PCR, the RNA template was first reverse transcribed to a

single strand cDNA template using M-MLV reverse transcriptase (Promega, M368) as
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recommended by the manufacturer. For first stand cDNA synthesis, the RNA template,
nuclease free water (Invitrogen, 750023) and random hexamer primers (Promega,
C1181) were made up as detailed in Table 5 and maintained at 70°C for 5 minutes in a
PTC-150 Thermal MiniCycler (MJ Research, Waltham, Massachusetts, USA) after which
the samples were kept on ice for 5 minutes. In the next step, the rest of the reaction
mixture was added (Table 5) and reverse transcription was carried out in the PTC-150
Thermal MiniCycler as described in Table 6 to synthesise the cDNA. The cDNA was then

stored at -20°C for future analysis.

Table 5: Reaction mixture for cDNA synthesis.

Reaction Components Volume Final Concentration
MRNA template As required 2ug

Nuclease free water (Invitrogen, 750023) As required

Random hexamer primers (Promega, C1181) 1l 0.5ug

M-MLV reverse transcriptase 5X reaction buffer | 10 ul 1X

(Promega, M368)

dNTP mix (Promega, U120A-U123A) 2.5 ul 500uM
RNAse inhibitor (Promega #N2111) 1.25 pl 50U
M-MLYV reverse transcriptase (Promega, M368) 1 ul 200U
Final Volume 50 pl
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Table 6: Protocol for single strand cDNA synthesis from mRNA template.

Steps

Purpose

Nuclease free water, random hexamer

primers and mMRNA template s

incubated at 70°C for 5 minutes

To denature secondary structure within

the mRNA template

Cool on ice for 5 minutes

To prevent the reformation of the
secondary structures and anneal the

random primers.

Add the remaining reaction mixture

and incubate at 25°C (room

temperature) for 10 minutes

For extension of random primers

55 °C for 50 min

For cDNA synthesis. Higher

temperatures reduce RNA secondary
and

structure formation improves

cDNA synthesis.

70 °C for 15 min

Enzyme inactivation

2.9 Quantitative polymerase chain reaction

Quantitative polymerase chain

LightCycler480 Real-Time PCR Instrument (Roche Applied Science, Penzberg, Germany)
using The LightCycler 480 SYBR Green | Master (Roche Applied Science, 04707516001)
with the reaction mixture detailed in Table 7 and the gPCR program cycles detailed in

Table 8. The primers used for qPCR are described in Table 9. Relative gene expression

reaction

126

(qPCR) was carried out in the PCR



was performed by using the 222" method with GAPDH as the reference gene. Three

technical replicates for each sample was carried out for statistical analysis.

Table 7: Reaction mixture for quantitative polymerase chain reaction (qPCR)

Reaction Components Volume Final Concentration
2X SYBR green (Roche, 04707516001) 5ul 1X

RNase-free water (QIAGEN) 2 ul

Primers (Forward and Reverse) (Eurofins, |2 ul 0.25 uM each
Germany)

cDNA 1l

Total volume 10 pl

Table 8: Standard program for quantitative polymerase chain reaction (qPCR)

Program Temperature and hold time Number of cycles
Hotstart 95°C for 3 min 1
Amplification 95°C for 10 sec

58°C for 20 sec 40

72°C for 10 sec

Melting curve 65°C for 1 min 1

Cooling 40°C for 30 sec 1
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Table 9: List of qPCR primers for the amplification of target genes with their individual

sizes.
Gene Forward Primer 5’- 3’ Reverse Primer 5’- 3’ Size (in
bp)
OLIG1 AAGCGCATGCAGGACCTGAACT | AGCGTGGCAATCTTGGAGAGCT 116
SHH GGATGAGGAAAACACGGGAGCA | TCATCCCAGCCCTCGGTCACT 129
NGFR ACCGCTGATGTTCTAGCCCC TGGTCCTATCTCTCGCCGGA 181
GAPDH CATCACTGCCACCCAGAAGACTG | ATGCCAGTGAGCTTCCCGTTCAG | 153

2.10 Electron Microscopy

2.10.1 Tissue preparation

Following dissection, injured and uninjured sciatic nerves were fixed in 2.5% (w/v)
glutaraldehyde diluted in 0.1M sodium cacodylate buffer (pH 7.2) for 24 hrs .The samples
were then processed, sectioned and imaged for electron microscopy (EM) by microscopy
senior technician Mr. Glenn Harper at Plymouth Electron Microscopy Centre (PEMC,
Plymouth, UK). Briefly, sciatic nerves were washed two times with 0.1M sodium
cacodylate buffer (For recipe refer to Table 10) followed by a second fixation step with
1% omium tetroxide (in sodium cacodylate buffer) for 1 hr. The nerves were washed
twice again with sodium cacodylate buffer for 5 minutes and the tissue was dehydrated
through an ascending series of alcohol concentrations - first with 30% ethanol, 50%, 70%,

90% and finally 100% ethanol. The nerves were washed twice with 100% ethanol for 15
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minutes each time. Following alcohol dehydration, the nerves were kept in agar low
viscosity resin (Agar Scientific, U.K). The nerves went through increasing concentrations
of resin (diluted in ethanol) - 30%, 50%, 70% and 100% resin, each concentration left on
overnight. To allow the resin to thoroughly penetrate the tissue, the 100% resin step
was repeated twice. The nerves were then embedded in Beem capsules and moved into
a TAAB embedding oven (Agar Scientific, UK), at 60°C overnight where the resin was
polymerised.

2.10.2 Tissue Sectioning and Imaging

Tissue sectioning and imaging was kindly carried out by Mr Glenn Harper at the Plymouth
Electron Microscopy Centre however the methodology is briefly described. Following
embedding, 0.5 micron semithin sections were cut using an Ultramicrotome Reichert-
Jung Ultracut E (Leica Microsystems, Wetzlar, Germany) using a glass knife (Agar
Scientific). The sections were collected on slides in water droplets. The slides were dried
on a hot plate and the myelin stain methylene blue was added for 1 minute to stain the
sections and then washed off with double distilled water. The slides were then imaged
using a Leica IM8 microscope (Leica Microsystems, Wetzlar, Germany).

For Transmission Electron Microscopy (TEM), the embedded tissue blocks were cut on a
Leica EM UC7 ultramicrotome (Leica Microsystems, Wetzlar, Germany) using a diatome
diamond knife (Agar Scientific) to a thickness of 80nm. The sections were then

transferred onto copper grids and counterstained with first a saturated solution of uranyl
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acetate followed by staining with Reynold’s lead citrate for about 15 minutes each with
a water wash between the two staining steps. Finally, the sections were imaged using a
JEOL 1400 transmission electron microscope (Jeol, Welwyn Garden City, UK). For
analysis, 200 myelinated axons per mouse were analysed for g-ratio using Adobe
Photoshop software (Adobe Systems, San Jose, CA, USA). For each genotype, a minimum

of three mice were used for the measurements.

2.10.3 Myelin sheath thickness and g-ratio calculation

For calculating the g-ratio, the images were opened on photoshop on a touch screen
laptop and a stylus was used to draw around the inner circumference of the axon to
calculate the area and the same was repeated with the outer circumference to get the
area of the myelinated axon. This was done for all 200 myelinated axons per mouse while
blinded to the genotype of the sample analysed. The area of the myelin and the axon
was used to calculate the diameter which was then used to calculate the g-ratio as
previously described (Rushton, 1934). The g-ratio was calculated as inner axon

diameter/outer myelin diameter.

2.11 Static sciatic index

Static sciatic index (SSI) measurements (Bozkurt et al., 2008) was used to study functional
recovery post-sciatic nerve crush injury. The animals were placed in a transparent

ventilated acrylic box (15cm x15cm x 15¢m) which restricted their movement within the
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camera’s field of view. A camera was placed below the box and a video of the mouse’s
movements were captured. The captured videos were then analysed on a computer and
chosen frames were utilised to measure the toe spread and intermediate toe spread.
The calculation for the toe spread factor (TSF) and intermediate toe spread factor (ITSF)

was carried out as previously described (Bozkurt et al., 2008). SSI was calculated using

the formula SSI = (108.44 x TSF) + (31.85 x ITSF) - 5.49.

2.12 Imaging

The tissue samples for immunohistochemistry were scanned by a Leica SPE confocal
microscope (Leica Microsystems, Wetzlar, Germany). For whole nerve staining, several
Z-series were captured of the area of interest and each separate series was then merged

into a single image by Adobe Photoshop (Adobe Systems, San Jose, CA, USA).

2.13 Data Analysis and statistics

The accession numbers for the Affymetrix gene chip microarray data sets reported in this
study are GEO: GSE22291 (Barrette et al., 2010); GSE74087 (Pan et al., 2017); GSE30165
(Lietal., 2013) and GSE38693 (Arthur-Farraj et al., 2012) and for RNA sequencing data it
is GSE103039 (Clements et al., 2017). Additionally, GSE147285 (Toma et al., 2020);
GSE120678 (Carr et al., 2019) and GSE137870 (Gerber et al., 2021) datasets were
reported for single-cell RNA sequencing. The microarray data was accessed on Gene
Expression Omnibus (GEO) (https://www.ncbi.nlm.nih.gov/geo/), a public repository of
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gene expression profiles. The data was then analysed by NCBI online tool GEO2R
(https://www.ncbi.nlm.nih.gov/geo/geo2r/) for fold change expression of genes in
injured tissue relative to the uninjured tissue. The data was checked to ensure it was
normalised and that the data was log2 transformed (by looking at the box plots). For the
single-cell RNA sequencing (scRNA-seq) datasets GSE147285 and GSE120678, Dr
Matthew Banton previously analysed them using the R package Seurat and created an
interactive R shiny app that provided a graphical method to interrogate the scRNA-seq
data sets. Dr Xin-peng Dun used this app to examine the clustering and gene expression
of the cells in my recent publication (Chen et al., 2021a). This interactive R shiny
application was then used to look at the gene expression patterns for the target genes

presented in this thesis.

The experiments that required measurements such as length, area or counting points in
an image, were all carried out on Adobe Photoshop (Adobe Systems, San Jose, CA, USA).
For quantification of number of regenerated axons, all axons in a transverse section of
the sciatic nerve or its tibial branch were counted. The area of each cross section was
calculated, and data was represented as total number of axons per total area of cross

section of the nerve.

The data for each experiment was first analysed for normal distribution using GraphPad

Prism 8.4.3 software (GraphPad Software, La Jolla, CA, USA). With data being normally

132



distributed, a Student's two-tailed t-test was carried out using the same software to
determine the statistical significance. When data was not normally distributed including
data derived from g-ratio analysis a nonparametric Mann Whitney U test was performed.
For comparison across multiple groups, one way ANOVA was used to determine
statistical significance. P<0.05, P<0.01, P < 0.001 were considered as statistically
significant and labelled with one, two and three asterisk, respectively, in the figure. If no
significant difference was observed between the control and the sample groups, the
graphs were not labelled with any asterisks. All data is represented as mean values *
SEM in the figures. The sample size (n) for each experiment has been described in the
figure legends. Sample size was determined by carrying out a pilot experiment with n <
3 and using G*power software (Faul et al., 2009) to determine the sample size required

to achieve full statistical significance.

Table 10: Detailed list of reagents and recipes

Reagents Recipe Source

1. Alkaline lysis buffer | e 25 mM NaOH Sigma
e 0.2 mM Disodium EDTA | Sigma
(pH12 dissolved in water

without adjusting pH)
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. Neutralising buffer

40 mM Tris-HCl (pH5
dissolved in water without

adjusting pH)

Sigma

. 50X

Tris-acetate-

EDTA (TAE)

242.0g Tris Base

18.6g EDTA

57.1ml Glacial acetic acid
Made up to 1L with water
(pH 8.0)

Fisher bioreagents

Sigma

Fisher Chemical

. 2% Agarose gel (for 1.4g Agarose Sigma
small gel) Boiled in 70mL of water
1.4 pl of GelRed nucleic acid | Millipore
stain
. 10X Phosphate Ready to use Fisher BioReagents

Buffered Saline (PBS)

Saline in 0.1% Tween

20 (TBST)

dissolved in 900mL of water

1mL of Tween 20

. Laemmli SDS sample Ready to use Alfa Aesar
buffer, reducing(6X)
. 10X Tris Buffered 80g Sodium chloride Sigma
Saline (TBS) 24.4g Tris base Fisher bioreagents
Made up to 2L with water
pH to 7.6 with HCI
. 1X Tris Buffered 100mL of 10X TBS

Fisher BioReagents
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9. 10% Polyacrylamide 4.8ml water
Running gel 2.5ml Trizma®-HCl 1.5M | Sigma

(pH 8.8)
2.5ml 40% acrylamide/Bis
Solution Bio-Rad
100ul 10% SDS
75ul  10%  ammonium | Sigma
persulphate (APS) Sigma
10ul Tetramethylethylene
diamine (TEMED) Fisher Chemical

10. 5% Polyacrylamide 2.95mL water

Stacking gel

1.4mL Trizma-HCl 1.5M(pH
6.8)

0.625 mL 40% acrylamide/
Bis Solution

50ul 10% SDS

37.5ul 10% ammonium
persulphate (APS)

S5ul  Tetramethylethylene

diamine (TEMED)

Sigma

Bio-Rad

Sigma

Sigma

Fisher Chemical

11.1X Running Buffer

3g Tris base
14.4g Glycine
10mL 10% SDS

Made up to 1L with water

Fisher BioReagents
Fisher BioReagents

Sigma

12.1X Transfer Buffer

3g Tris base

Fisher BioReagents
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14.4g Glycine
200mL methanol

Made up to 1L with water

Fisher BioReagents

VWR Chemicals

13.5% (w/v) milk 2.5g skimmed milk Sigma
powder in TBST Dissolved and made up to
50 mLin TBST
14.5% (w/v) Bovine 2.5g bovine serum albumin | Fisher BioReagents

Serum Albumin in

TBST

(BSA)
Dissolved and made up to

50mL in TBST

15. Sodium Citrate

Buffer

2.94g Trisodium
(dihydrate)

citrate

0.5mL Tween 20
Made up to 1L with water
pH to 6.0 with HCI

Sigma

Fisher BioReagents

16. 4% PFA

40g Paraformaldehyde
Dissolved and made up to

1L in 1X PBS, stirring

overnight at 60 °C (pH 7.4)

Sigma

17. 30% Sucrose

15g Sucrose
Dissolved and made up to

50mL with 1X PBS

Sigma

18.1% Triton in PBS

Dissolve 100 ul of TritonX-
100 in 900 pl of 1X PBS

Sigma
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19.1% BSA in PBS with
0.25% Triton X-100

0.5g of Bovine Serum
Albumin (BSA)

125 ul of TritonX-100
Dissolved and made up to

50mLin 1X PBS

Fisher Scientific

Sigma

20.3% BSA in PBS with
0.05% Triton X-100

1.5g of BSA
2.5mL of 1% Triton in PBS

Dissolved and made up to

50 mLin 1X PBS

Sigma

21. 1% PTX in 10% FBS

5mL Fetal bovine serum
(FBS)

500 ul 1%Triton in PBS
Dissolved and made up to

50mlin 1X PBS

Sigma

22.0.1% PTX in 10% FBS

5mL FBS
5ml 1% Triton in PBS

Dissolved and made up to

50 mLin 1X PBS

Sigma

23. 2.5%Glutaraldehyde
in  0.1M sodium

cacodylate buffer

10mL 25% Glutaraldehyde
50 mL 0.2M Cacodylate

buffer at required pH

e Made up to 100mL with

distilled water.

Sigma
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CHAPTER 3: EXPRESSION AND ROLE OF NETRIN-1 IN PERIPHERAL NERVE
REGENERATION

3.1 Preliminary work done on Netrin-1 expression in peripheral mouse sciatic nerve

before and after injury.

Prior to the start of this project, my research group carried out preliminary experiments
to study the expression of Netrin-1, 3, 4 and 5 by RT-PCR in the adult mouse sciatic nerve
both before and after injury. They observed that Netrin-4 and 5 are not expressed in the
peripheral nerve both before and after injury (Dun et al., 2018, unpublished). Netrin-3
MRNA was detected in the 7-day transected, proximal, bridge and distal sciatic nerve
segments however not in cultured rat Schwann cells (SCs) (Figure 9A). In contrast, Netrin-
1 mRNA was present in intact and injured peripheral nerves, and cultured SCs (Figure
9A). They also performed RT-qPCR analysis to study Netrin-1 mRNA expression in intact
(control) and injured nerves 4-, 7-, 10- and 14-days post-transection injury (Figure 9B).
The results surprisingly showed that Netrin-1 mRNA was significantly downregulated as
compared to the uninjured control, contrary to the literature available (Madison et al.,
2000; Chen et al., 2021b). Additionally, immunohistochemical analysis of the intact
sciatic nerve in PLP-GFP mice that express endogenous GFP in SCs of the peripheral
nervous system (Mallon et al., 2002; Chen et al., 2019a), showed Netrin-1 expression in
mainly non-myelinating SCs (Figure 9 C-F). The antibody used for this immunostaining

was later found to be non-specific (Please refer to Section 3.3 and Figure 14 E-L).
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Figure 9: Netrin-1 mRNA is downregulated post-peripheral nerve transection injury

and Netrin-1 is expressed in Schwann cells

Preliminary data for Netrin-1 as investigated by my research group. (A) RT-PCR of Netrin-1 and Netrin-
3 mRNA in the intact and separate segments of the transected (7 days post-injury) mouse sciatic nerve
(labelled as proximal, bridge and distal) and in cultured rat SCs. 18S ribosomal RNA is used as a reference
RNA (B) RT-gPCR of Netrin-1 mRNA depicted in fold changes relative to the control intact sciatic nerve
(Con) for different segments of the nerve - proximal (P), nerve bridge (B) and the distal nerve stump (D)
at 4, 7, 10 and 14 days post sciatic nerve transection injury (n=3 for each time point). (C-F) Intact
transverse sections of PLP-GFP sciatic nerve with endogenous expression of GFP (green) in Schwann
cells of the peripheral nervous system, immunolabelled for Netrin-1 (Ntn1, red). (F) Co-localisation of
Netrin-1 in mainly non-myelinating Schwann cells that have a brighter expression of GFP and are
marked by white arrows. Note: The staining depicted in C-F was later found to be non-specific and

immunohistochemistry with another antibody was repeated in Figure 14. *P<0.05, **P < 0.01, and ***P
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< 0.001. Error bars represent () SEM of triplicates (Dun, 2019, unpublished)

3.2 Netrin-1 mRNA regulation following peripheral nerve injury.

Data mining and analysis to study Netrin-1 gene expression in rodent dorsal root ganglia
(DRGs), intact and injured sciatic nerve as well as in SCs was carried out. Different
published datasets for microarray were obtained from the NCBI Gene Expression
Omnibus (GEO). First, | looked at microarray data sets GSE22291 and GSE74087 to study
Netrin-1 gene expression in the distal nerve stump of wild-type mouse sciatic nerve post-
injury (Barrette et al., 2010; Pan et al., 2017). For both datasets C57BL/6 mice underwent
sciatic nerve crush injury and the injured distal stump of the sciatic nerve was collected
at day 3, 7 and 14 post-injury along with the uninjured sciatic nerve. The distal nerve
stumps were pooled by group and RNA extracted by the authors. The log2 transformed
normalised values were downloaded for each biological replicate at the mentioned time
points using NCBI online tool GEO2R and expression of Netrin-1 mRNA analysed relative
to the uninjured control. The data was then plotted in terms of fold changes relative to

the expression of uninjured sciatic nerve.

Both datasets, in agreement with the data produced by my research group (Figure 9B)
showed that Netrin-1 mRNA was downregulated post-crush injury at all the recorded
time points (Figure 10 A,B) and does not recover to the expression levels of uninjured
nerve even at 14-days post-injury. Next, | analysed the microarray dataset GSE38693,

which looked at total RNA expression from distal nerve stump of transected mouse
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sciatic nerve 7 days post-injury (Arthur-Farraj et al., 2012). In a similar pattern to the
previous two datasets, Netrin-1 mRNA expression was significantly downregulated in the

distal nerve stump 7 days post sciatic nerve transection injury (Figure 10 C).
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Figure 10: Netrin-1 mRNA expression is downregulated in the distal sciatic nerve of

mice following injury

(A, B) Time course of fold change Netrin-1 downregulation in the distal nerve stump at day 3, 7 and 14
(3D, 7D, 14D, respectively) following sciatic nerve crush injury in mouse, relative to uninjured sciatic
nerve (SN). The data was analysed from microarray datasets GSE22291 (n=2 for each time point) and
GSE74087 (n=3 for each time point). (C) Netrin-1 mRNA downregulation in the distal sciatic nerve 7
days post-nerve transection injury, relative to the uninjured sciatic nerve, from microarray dataset

GSE38693 (n=2). *p<0.05, **p<0.01. Error bars represent () SEM.

Previously, Webber et al. (2011) reported that there was no significant Netrin-1 mRNA

expression change in the dorsal root ganglia (DRG) at day 3 and day 7 following rat sciatic
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nerve transection injury. Therefore, | analysed another microarray dataset - GSE30165
to study Netrin-1 mRNA expression changes in proximal nerve segments and L4-L6 DRGs
of Sprague-Dawley rats at day 1, 4, 7 and 14 post-sciatic nerve transection (Li et al.,
2013). On analysing this data, | confirmed no change in Netrin-1 mRNA expression in the
DRGs at all the time points when compared to the uninjured DRGs (Figure 11 A). However
significant downregulation of Netrin-1 mRNA was observed in the proximal stump of the
sciatic nerve at day 1, 4 and 7 post-injury with the expression level at day 14 approximate

to that of uninjured nerve (Figure 11 B)
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Figure 11: Netrin-1 mRNA expression in dorsal root ganglia, proximal sciatic nerve and

Schwann cells after sciatic nerve injury

(A) Netrin-1 transcript expression in the L4-L6 dorsal root ganglia (DRG) of adult Sprague-Dawley rats
in terms of fold change relative to uninjured DRG as analysed from microarray studies at day 1, 4, 7 and
14 (1D, 4D, 7D and 14D respectively) following sciatic nerve (SN) transection injury. Data analysed from

GSE30165 microarray dataset (n=3 for each time point) with no change in expression levels in the DRGs.
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(B) Netrin-1 mRNA downregulation in the proximal sciatic nerve at day 1, 4, and 7 post-nerve
transection injury with upregulation at day 14, relative to the uninjured SN from GSE30165 microarray
dataset (n=3 for each time point). (C) Netrin-1 mRNA downregulation in the Schwann cells (SC) purified
from the bridge segment of the sciatic nerve but no change observed in the SCs of the distal nerve
stump 6 days after mouse sciatic nerve transection injury analysed from high throughput RNA
sequencing dataset GSE103039 (n=4). The expression is relative to the SCs purified from uninjured SN.

*p<0.05. Error bars represent () SEM.

Finally, as SCs have been described as the main source of Netrin-1 expression in the
peripheral nerve (Madison et al., 2000), | studied Netrin-1 mRNA in SCs after transection
injury. | looked at the dataset GSE103039, wherein the authors performed sciatic nerve
transection on adult mice with a tdTomato reporter expression in SCs. In their study,
injured and the contralateral uninjured nerve were dissected and collected 6 days post-
injury (Clements et al., 2017). In their experiment, the bridge and distal segment of the
nerve were separated and the tissue from three mice was pooled for each segment
separately as well as for the intact nerve. SCs were sorted from other cells based on
tdTomato expression by fluorescence activated cell sorting (FACS) and RNA extracted
followed by high throughput RNA sequencing (Clements et al., 2017). Data analysis from
this dataset for Netrin-1 mRNA expression showed significant downregulation in the SCs
derived from the nerve bridge in comparison to the SCs extracted from the intact nerve
(Figure 11 C). However, six days post-transection injury, surprisingly the distal SCs

express Netrin-1 mRNA almost at the level of the SCs from the intact nerves.
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In the intact nerves, the SCs exist as myelinating and non-myelinating SCs whereas post-
injury they assume a repair phenotype more prevalent in the distal nerve stump
responsible for Wallerian degeneration (Arthur-Farraj et al. 2012; Nocera and Jacob,
2020; Balakrishnan et al., 2021). While at around day 6 post-transection injury, the nerve
bridge is invaded by migratory and proliferating SCs that guide regenerating axons across
the lesion site (Chen et al., 2019a). Therefore, it was interesting to note that the level of
Netrin-1 mRNA expression by the SCs of the distal segment did not change despite the
change in the phenotype of the SCs. Although observing a marked downregulation of
Netrin-1 mRNA in the distal sciatic nerve from datasets GSE22291, GSE74087 and
GSE38693 (Figure 11) as well as RT-qPCR (Figure 9B) performed by my research group
prior to this project, it was surprising to note that SCs that were described as the main
source of Netrin-1 expression in the peripheral nerve did not show the expected
downregulation of Netrin-1 in the distal nerve stump six days after transection injury
(Figure 11 C). However, it is to be noted that Clements et al. (2017) described in their
methodology the dissociation of the sciatic nerves — “Nerves were digested for a total of
20 min at 37°C with trituration after 10 min,” and therefore the effects of artefactual

gene expression in their data cannot be ruled out (Adam et al., 2017; Marsh et al., 2022).
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3.3 Generating Schwann cell-specific knockout of Netrin-1 in mice

Preliminary work on Netrin-1 expression in the sciatic nerve by my research group and
as reported in literature (Madison et al., 2000; Lv et al., 2015) showed that Netrin-1
expression was primarily localised to SCs. Based on this data and the concept that SCs
are responsible for guiding regenerating axons to innervate their end target following
traumatic injury, | had initially generated SC-specific Netrin-1 knockout mice to study
whether SC-derived Netrin-1 was involved in peripheral axon regeneration by interacting

with its attractive receptor Deleted in colorectal carcinoma (DCC).

Schwann cell-specific Netrin-1 knockout mice (Ntnl KO) were generated by breeding
Ntn1 '/1o® mice (Dominici et al., 2017) with PO-Cre* mice (mPO-TOTACRE) (Feltri et al.,
1999) (Figure 12). The PO-Cre expression is controlled by the myelin protein zero
promoter and is expressed specifically in the SCs in the peripheral nervous system
(Ogawa et al., 2015). PO-Cre mice have been used extensively by my research group and
have been well characterised (Roberts et al., 2017; Mindos et al., 2017; Laraba et al.,
2022). Offsprings generated from a cross between a strain with a floxed gene sequence
and a strain with PO-Cre®, results in Cre-mediated recombination and deletion of the

flanked sequence in the SCs between embryonic days 13.5-14.5.
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Step 1 Step 2
X
PO-Cre* Ntn1 'oxP/loxP PO-Cre* Ntn1 'oxP/wt Ntn1 loxP/loxP
PO-Cre* Ntnl loxP/wt Ntn1i loxP/loxP PO-Cre* Ntnl loxP/loxP

(Control) (SC-specific Ntn1 KO)

Figure 12: Breeding scheme to generate Schwann cell-specific Netrin-1 knockout mice.

[llustration of the necessary breeding steps taken to produce Netrin-1 knockout in SCs. In step 1,
homozygous mouse with loxP sites flanking exon 3 of Netrin-1 (Ntn1'**/°*") was bred with mice carrying
the Cre transgene regulated by the myelin protein zero promoter in Schwann cells (PO-Cre). The
resulting offspring was heterozygous for loxP sites and was back crossed in step 2 with Ntn1'oxP/lox?
mouse. The resulting progeny that was homozygous for Netrin-1 loxP sites and had the PO-Cre
transgene (PO-Cre* Ntn1'oP/oxP) \ere used as the Schwann cell-specific knockout mice in my

experiments and mice without PO-Cre but homozogyously floxed for Netrin-1 were used as controls.

No significant phenotypic differences were observed when comparing the Netrin-1
knockout mice to the control including the body weight at the two-month time point
(Figure 13 A). Transmission electron microscopy (TEM) studies also showed that in the
sciatic nerve of postnatal day 60 mice there was no difference in the g-ratio (a measure

of myelin thickness) compared to the control (Figure 13 B-D). These results suggested
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that Netrin-1 is not required by SCs for myelination of myelinating axons during
development. Although minor developmental changes in myelin thickness, if any, cannot

be excluded, however, by postnatal day 60 they appear to have been corrected.
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Figure 13: Schwann cell-specific Netrin-1 knockout does not affect the myelin thickness

of myelinated axons during development

(A) Weight comparison of control and Schwann cell specific Netrin-1 knockout (Ntn1 KO) mice for both
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males and females at postnatal day 60 (n=9 for control or Ntn1 KO males; n= 6 for control females; n=5
for Ntnl KO females). (B) No difference in g-ratio of Ntn1 KO mice as compared to control. (C-D)
Transmission electron microscopy (TEM) representative images of the structure of sciatic nerve in
transverse sections of control and Ntnl KO mice (n=3). (A, B) There was no statistically significant

difference (p > 0.05) between the two groups. Error bars represent () SEM.

To confirm the knockout of Netrin-1 in SCs | performed a western blot using the Netrin-
1 Abcam antibody (Cat no: ab126729) on intact sciatic nerves from control and Netrin-1
knockout mice, however surprisingly | did not observe the expected reduction of Netrin-
1 levels (Figure 14 A, B). Immunohistochemistry carried out with the same Netrin-1
Abcam antibody (Cat no: ab126729) previously used by my research group to show
Netrin-1 expression in SCs of sciatic nerves (Figure 9 C-F) also showed inconclusive results
(data not shown). Therefore, | used PCR to confirm Netrin-1 gene deletion. | used primers
as designed by GenOway (Lyon, France) located outside the two loxP sites that flanked
exon 3 of Netrin-1 gene. The forward primer was located at the 5’ end of the first loxP
site and the reverse primer was located at the 3’ end of the second loxP site (Figure 14
C). In a normal polymerase chain reaction (PCR), these primers would only amplify a
498bp sequence if recombination was successful and exon 3 of Netrin-1 was deleted
while for the control mice, no band would be observed as the exon 3 of wild-type Netrin-
1 sequence is too large to be amplified (3.8 kbp) under normal PCR conditions. | observed
the expected 498bp band only for Netrin-1 mice that had the PO-Cre® transgene
indicating that recombination and Netrin-1 gene deletion was successful (Figure 14 D). |
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also sent the PCR product from Netrin-1 knockout mice for sequencing and the results
showed deletion of exon 3 sequence along with one loxP site confirming Netrin-1 gene

deletion (data not shown). However, this did not confirm absence of Netrin-1 protein in

the SCs.
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Figure 14: Confirming Netrin-1 knockout in Schwann cells of Netrin-1 PO-cre mice

(A) Intact sciatic nerves were immunoblotted for Netrin-1 in control and Schwann cell-specific Netrin-1
knockout mice (Ntnl KO) with vinculin used as a loading control. (B) Quantification of Netrin-1
expression in intact sciatic nerves relative to Vinculin showed no difference when comparing Ntn1 KO
to control mice (n=4 per group). (B) There was no statistically significant difference (p > 0.05) between

the two groups. Error bars represent (+) SEM. (C) Primers (yellow arrows) were located on either end
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of the two loxP sites (flanking exon 3 of Netrin-1) to perform a polymerase chain reaction (PCR) and
confirm deletion of Netrin-1 after Cre-mediated recombination. A 498bp amplified product would be
observed if deletion was successful in Ntn1 KO mice. (D) PCR performed on lysates from Ntnl KO (+)
and control (-) mice showed a 498bp band observed only for Ntn1 KO mice. (E-L) Distal sciatic nerves
were dissected from mice 7-days after sciatic nerve transection injury and longitudinal sections were
used for immunohistochemistry. These mice carried a PLP-GFP transgene thus expressing endogenous
GFP in Schwann cells (green) and were immunostained for Netrin-1 (red). Absence of Netrin-1 in GFP
expressing cells confirmed Netrin-1 knockout in SCs. Hoechst (blue) labels the nuclei. Scale bar is 20

um.

After testing several Netrin-1 antibodies (data not shown), on the recommendation of
another lab group, | procured a Netrin-1 antibody from R&D systems (Cat no: MAB1109).
Immunohistochemistry on the distal sciatic nerves after a 7-day transection injury with
the new Netrin-1 antibody allowed the confirmation of Netrin-1 knockout in SCs (Figure
14 E-L). But more importantly, the antibody showed a different Netrin-1 protein
expression pattern as compared to what was previously shown by Madison et al. (2000)
and my research group (Figure 9 C-F). In light of this new information, | decided to re-
characterise the expression of Netrin-1 in the peripheral nervous system with the Netrin-
1 antibody from R&D systems. Western blotting using both antibodies showed similar

results and a band at 75kDa (data not shown).
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3.4 Expression of Netrin-1 in dorsal root ganglia and spinal cord.

Sciatic nerve comprises both sensory and motor axons, with the cell body of sensory
axons located in the DRGs and some in the dorsal horn of the spinal cord while the cell
bodies for motor neurons are located in the ventral horn of the spinal cord. Therefore,
when there is an injury to sciatic nerve both populations of axons can get damaged. As
mentioned previously, Webber et al. (2011) observed Netrin-1 mRNA expression both
before and after sciatic nerve axotomy, in adult rat DRG neurons however there was no

change in netrin-1 mRNA levels after injury.

| therefore first examined the expression of Netrin-1 before and after mouse sciatic
nerve transection injury using the new Netrin-1 antibody from R&D systems (Cat no:
MAB1109). From here on, | used only the Netrin-1 R&D systems (Cat no: MAB1109)
antibody for all immunohistochemistry work presented for Netrin-1 in this thesis. L4-L5
DRGs were dissected out before and after a 7-day transection injury to the sciatic nerve
from wild-type C57BL/6 mice. Double staining of NeuN, a well-known neuronal marker
and Netrin-1 on transverse sections of the DRGs showed that Netrin-1 was expressed by
sensory neurons both before and after injury (Figure 15 A-H). Although not quantified
the staining performed at the same time and under the same conditions, did not show
any observable changes in Netrin-1 expression in DRGs before and after injury (Figure 15

A-H). In a similar manner, L4-L5 spinal cord was dissected out and double stained for
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NeuN and Netrin-1. It was observed that majority of the NeuN positive neuronal cell
bodies of the ventral horn, that are the source of motor axons, expressed Netrin-1 before
and 7-days after a transection injury to the sciatic nerve (Figure 15 I-T). Cell bodies of

dorsal horn of the spinal cord were also positive for Netrin-1 (Figure 15 I-L).
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Figure 15: Expression of Netrin-1 in the neuronal cell bodies of dorsal root ganglia and

the spinal cord

(A-H) Double staining of dorsal root ganglia (DRGs) from C57BL/6 mice before (A-D) and 7 days (7D)
post sciatic nerve axotomy (E-H) of C57BL/6 mice labelled by Netrin-1 (red), and NeuN (green), a
neuronal marker to label cell bodies. (D, H) Merged images show co-localisation of Netrin-1 in sensory
cell bodies (yellow). (I-L) NeuN and Netrin-1 staining of uninjured spinal cord with white dashes
demarcating the ventral and dorsal horns of the spinal cord. The ventral and dorsal horns are
distinguishable by the large diameter sized cell bodies for ventral motor neurons and smaller diameter
for dorsal sensory neurons. Netrin-1 co-localisation observed in both ventral and dorsal horns. (M-P)
Magnified image of the ventral horn of the spinal cord before injury with NeuN labelling (green) of
motor axons. (Q-T) Ventral horn of the spinal cord 7-days after sciatic nerve transection injury with
Netrin-1 expression observed in NeuN positive motor neurons. (P, T) White arrows depicts the co-
localisation of Netrin-1 in cell bodies of motor neurons. Hoechst (blue) labels the nuclei. (A-H and M-T)

Scale bar is 50 pm and 100 um for (I-L).

3.5 Expression of Netrin-1 in uninjured and regenerating axons following injury

Preliminary immunohistochemical examination of the sciatic nerve carried out by my
research group showed that Netrin-1 was expressed mainly by SCs (Figure 9 C-F).
Madison et al. (2000) also had previously shown that Netrin-1 expression was not
observed in uninjured or crushed sciatic nerves in rats however following a transection
injury there was evident expression of Netrin-1 associated with several, but not all, SCs.

However, | observed Netrin-1 expression in DRGs and the spinal cord which suggested
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that Netrin-1, like other transported proteins and membranous organelles (Guillaud et

al., 2020), could also be anterogradely transported to the axons of the peripheral nerves.

Therefore, | re-investigated the expression of Netrin-1 in uninjured and injured sciatic
nerves of C57BL/6 mice. Sciatic nerve transection injury was performed on mice and 7
days post-injury the injured nerve with the muscle (to stabilise the nerve bridge) was
dissected out as well as the contralateral uninjured side. The nerves were processed for
immunohistochemistry and double stained for Netrin-1 and a neurofilament heavy chain
antibody (NF) to label axons. | observed evident expression of Netrin-1 in the axons of

the intact sciatic nerve (Figure 16).
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Figure 16: Netrin-1 expression in the axons of intact mouse sciatic nerve

(A-H) Netrin-1 (green) staining on transverse sections of intact sciatic nerve colocalises with
neurofilament heavy chain (NF, red) depicting Netrin-1 expression in axons. (D, H) The area of co-
localisation appears in yellow. (E-H) Magnified image of (A-D). Hoechst (blue) staining labels the

nucleus. (A-D) Scale bar is 20 um and for (E-H) its 10pum.

In the 7-day transected nerves, a timepoint at which the regenerating axons have only
just crossed the nerve bridge with the distal nerve stump still devoid of axons (Figure 17
A), Netrin-1 expression was observed in the proximal nerve segment where axonal
degeneration is less pronounced (Figure 17). Moreover, the intensity of Netrin-1
immunofluorescence appeared to be more prominent in the nerve bridge. However,

interestingly in the distal part of the sciatic nerve, Netrin-1 expression was observed in
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what appears to be the axonal debris, formed as a result of axonal degeneration after

injury (Figure 17 B, D, F).

A Proximal

100 pm

Figure 17: Netrin-1 expression in axons of mouse sciatic nerves seven days post-

transection injury

(A, B) Neurofilament (NF, green) and (C, D) Netrin-1 (Ntn1, red) double staining in longitudinal sections
of sciatic nerve 7-days after mouse sciatic nerve transection injury. (E, F) Axons of proximal and bridge
sections of the injured sciatic nerve express Netrin-1 as well as axon debris of the distal stump. (B, D, F)
Magnified image of the box in (E) with the white arrows depicting axon debris and Netrin-1 co-

localisation. (A, C, E) Scale bar is 500 um and for (B, D, F) it is 100pum.
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| also examined Netrin-1 expression in the sciatic nerves 14-days after a transection
injury, a timepoint in mice at which axons have innervated the distal nerve segment but
peripheral nerve repair is still not complete. | looked at transverse sections of the
proximal, bridge and distal nerve stump, immunostained for Netrin-1 and neurofilament
heavy chain antibodies. Netrin-1 expression was robustly seen in the three nerve

segments (Figure 18).
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Figure 18: Netrin-1 expression in axons 14 days following sciatic nerve transection
injury

Netrin-1 (red) and neurofilament heavy chain (NF, green) immunostaining of transverse sections of
mouse sciatic nerve 14 days after sciatic nerve transection injury. (A-D) Netrin-1 colocalises with NF in
the proximal nerve segment of the sciatic nerve depicting expression of Netrin-1 in axons. (E-H) Netrin-
1 expression in regenerating axons of the nerve bridge and (I-L) and the distal sciatic nerve. White
arrows depict Netrin-1 colocalisation with NF (D, H, L). Netrin-1 staining is observed in surrounding cells
as well. Hoechst (blue) staining labels the nucleus of cells. (A-D and I-L) Scale bar is 20 um and for (E-H)

itis 50um.
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3.6 Netrin-1 expression in the Schwann cells of injured and uninjured sciatic nerve.

Madison et al. (2000) showed in their histochemical analysis that two weeks post-
transection Netrin-1 was robustly expressed by SCs in the rat peripheral nerve and
suggested that Netrin-1 could be strategically situated in the SCs to regulate axon
regeneration post-injury. Rosenberg et al. (2014) also reported that in zebrafish, Netrin-
1b mRNA colocalises with SCs along the motor nerve prior to and post-transection injury
of the motor nerve. Moreover, | had already observed Netrin-1 expression in SCs when
validating my knockout model 7-days post-injury (Figure 14 E-L). However, | further
wanted to study the expression of Netrin-1 in SCs in intact sciatic nerves and at 14 days

post-injury.

Therefore, | used PLP-GFP transgenic mice that express GFP in oligodendrocytes in the
CNS and in myelinating and non-myelinating SCs of the peripheral nerve (Mallon et al.,
2002). The mice underwent transection surgery on the right sciatic nerve followed by
dissection at 14 days whereas the left uninjured sciatic nerve was used to study Netrin-
1 expression in intact nerve. My research group’s extensive work with the PLP-GFP mice
has shown that GFP expression is more prominent in non-myelinating SCs and
comparatively dull or weaker in the myelinating SCs (Chen et al., 2019a; Li et al., 2021).
Similar to the results of my research group using the Abcam Netrin-1 antibody (Cat no:

ab126729) (Figure 9 C-F), my immunohistochemical analysis with Netrin-1 antibody from

160



R&D systems (Cat no: MAB1109) showed that Netrin-1 was expressed mainly in non-

myelinating SCs of intact sciatic nerves (Figure 19).

Hoechst PLP-GFP

Figure 19: Netrin-1 expression in Schwann cells of intact mouse sciatic nerve

(A-H) Colocalisation of Netrin-1 (red) with endogenous GFP expressed in Schwann cells in transverse
sections of intact sciatic nerve from PLP-GFP mice. (E-H) is a magnified image of (A-D). The white arrows
in (H) show colocalisation of Netrin-1 mainly in bright green (non-myelinating) Schwann cells. Hoechst

(blue) staining labels the nucleus. (A-D) Scale bar is 50 um and for (E-H) it is 20um.

At 14-days post-transection injury, Netrin-1 staining on transverse sections of PLP-GFP
sciatic nerve showed that Netrin-1 colocalised with GFP expressing SCs in the proximal,
bridge and distal nerve segments (Figure 20). However, | did observe Netrin-1 expression

in cells other than SCs in all three nerve segments (Figure 20).
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Figure 20: Netrin-1 expression in Schwann cells 14 days post-transection injury in

transverse PLP-GFP mouse sciatic nerve sections.

Netrin-1 (red) staining colocalises with Schwann cells (green) in transverse sections of the proximal (A-
D), bridge (E-H) and the distal (I-L) nerve segments of the sciatic nerve 14 days after a transection injury.
The white arrows in (D) show co-localisation of Netrin-1 mainly in bright green (non-myelinating)
Schwann cells. Netrin-1 staining is observed in surrounding cells as well. Hoechst (blue) staining labels

the nucleus. (A-D) Scale bar is 20 um and for (E-L) its 50um.
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3.7 Axon guidance defect in Netrin-1 knockout mice following nerve transection injury

My immunohistochemical examination of the sciatic nerve showed expression of Netrin-
1 both in SCs and axons among the identified cell-types. However, it was still important

to study whether SC-derived Netrin-1 had a role in peripheral nerve regeneration.

To study the role of SC-derived Netrin-1 in regeneration of axons, | performed a
transection injury on the sciatic nerve in control and SC-specific Netrin-1 knockout mice
to assess whether Netrin-1 was required for SCs to guide regenerating axons across the
sciatic nerve gap. At 2 weeks post-transection injury, the sciatic nerve was harvested for
whole mount staining (Dun and Parkinson, 2018). Briefly, unsectioned nerves were fixed
and incubated with neurofilament heavy chain (NF) primary antibody for 48hrs to label
axons followed by a secondary Alexa fluor antibody and stages of clearing in 25%, 50%
and 75% glycerol. It was observed that in the Netrin-1 control animals, the majority of
the axons crossed the bridge 14 days post-injury with a few axons showing aberrant
trajectories (Figure 21 A). However, | observed a severe disruption in the trajectory of
axons in the Netrin-1 knockout mice with the axons extending to the left and right of the
transection site (Figure 21 B) rather than following the normal path to the distal segment
of the nerve. From all animals, | also harvested the right tibial nerve which was processed
for immunohistochemistry and cut transversally to quantify the number of axons that

had effectively crossed the nerve bridge and entered the distal nerve stump 14 days
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post-injury (Figure 21 C, D). All axons per fascicle were counted and depicted as total
number of axons per total area of cross section of the tibial nerve. However, | did not
observe any significant difference in the number of axons that had regenerated into the

tibial nerve (Figure 21 E).

These results suggested that SC-derived Netrin-1 might be important for the initial
guidance of the axons across the nerve bridge after a transection injury. However, no
comparable difference in the number of axons that innervate the tibial nerve suggested
that Netrin-1 expression by other neuronal and non-neuronal cells in the sciatic nerve
such as the axons themselves could compensate for the loss of Netrin-1 in SCs. This

compensation could be sufficient to correct the aberrant axon trajectories.
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Figure 21: Axon guidance defect in the nerve bridge of Schwann cell-specific Netrin-1

knockout mice

(A and B) Whole mount nerve staining of sciatic nerve with antibody for neurofilament heavy chain (NF,
green) depicting axonal regeneration in the nerve bridge of (A) control (n=3) and (B) SC-specific Netrin-
1 knockout mice (Ntnl KO) (n=4), 14 days post-nerve transection injury. The dotted lines depict the
segregation of the proximal, the nerve bridge and the distal end of the nerve. (C and D) Transverse
section of the tibial branch of the sciatic nerve immunolabelled with neurofilament heavy chain (NF,

red) antibody shows axon density in the distal nerve stump in control (C) and Ntn1 KO mice (D) 14 days
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post nerve transection injury. Scale bars in (A and B) represents 500 um and in (C and D) represents 50
pum. (E) Quantification of total number of axons per total area of cross section of the tibial nerve in
control (n=3) and Ntnl KO mice (n=4), 14 days post-transection injury. There was no statistically

significant difference (p > 0.05; not significant) between the two groups. Error bars represent () SEM.

3.8 Normal axon outgrowth in Netrin-1 knockout mice post-nerve crush injury.

In comparison to a transection injury, sciatic nerve crush results in a break of axons but
SCs basal laminae are preserved which significantly improves the chances of
regeneration (Amado et al., 2008; Luis et al., 2008). This facilitates the precise study of
the ability of a regenerating axon to interact with both the SC and basal lamina (Luis et

al., 2008).

To study whether axon outgrowth was affected post-crush injury in my mouse model,
SC-specific Netrin-1 knockout and control mice were subjected to nerve crush injury in
the right sciatic nerve and the whole length of the nerve including the tibial branch was
harvested 7 days post-injury. The nerves were fixed in 4% paraformaldehyde (PFA) for a
minimum of 5 hrs and the epineurium was carefully removed with sharp forceps
followed by whole mount staining (Dun and Parkinson, 2018). The speed of axon
regrowth was examined with whole nerve neurofilament heavy chain (NF) antibody
staining as described previously. Under a confocal microscope, | assessed the neurite
outgrowth from the crush site up until the leading axon (Figure 22 A-D). Despite

observing off-trajectory axons after a transection injury in the Netrin-1 knockout mice,
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in the crush injury where the basal lamina is still intact, the axons regenerated at a pace
close to that of the control indicating that probably in a crush injury SC-derived Netrin-1
does not influence axon outgrowth. However, it is to be noted that axon outgrowth at
time-points earlier than 7 days following crush injury was not studied. Therefore, the
possibility that in SC-derived Netrin-1 knockout mice, there can be a lag in axon

outgrowth earlier than 7 days post-crush injury, cannot be ruled out.
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Figure 22: Normal axon outgrowth in Schwann cell-specific Netrin-1 knockout mice 7

days post-crush injury

(A-D) Whole nerve preparation labelled for neurofilament heavy chain (NF, red) antibody 7 days post-
sciatic nerve crush injury in (A) control and (B) Schwann cell-specific Netrin-1 knockout mice (Ntn1 KO)
to depict axonal outgrowth. Multiple serial micrographs were captured from the site of crush injury
(shown by a white arrow) up until the leading axon (white box) and tiled into a single composite image.
(C, D) Magnified views from the boxed area depicting the leading axons are shown for (C) control and
(D) Ntn1 KO mice as shown by small arrows. Scale bar in (A and B) is 1000pum and in (C and D) is 100
um. (E) Quantification of the length (in cm) of the leading axon from the crush site 7 days post-injury in
control and Ntnl KO mice (n=4 per group). There was no statistically significant difference (p > 0.05;

not significant) between the two groups. Error bars represent (+) SEM.
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3.9 Netrin-1 is not essential for functional recovery post-crush injury

As no significant differences were observed in the SC-specific Netrin-1 knockout mice
compared to the control in terms of axon outgrowth post crush injury, | wanted to
confirm whether the same was true in terms of functional recovery. For this purpose, a
crush injury on the right sciatic nerve was performed in mice followed by static sciatic
index (SSI) measurements to study functional recovery (Bozkurt et al., 2008). Each mouse
was kept in a plastic transparent box and a camera was positioned below the box to
record the toe spread of the right (injured) and left (uninjured) paw (Figure 23 A-D). The
data was collected from each mouse prior to injury on day 0 and every alternative day
from 7 days post-injury (when the mouse could fully place its paw down on a surface) up

until day 21.

Prior to surgery as expected no difference in the SSI between the mouse groups was
observed. Following surgery for crush injury on the right sciatic nerve of both control and
Netrin-1 knockout mice, the SSI decreased from -5.49 (pre-operative condition for
normal posture) to -60 £ 5 in both groups (Figure 23 E). There was no statistically
significant difference in the SSI score when comparing both groups from day 7 up until
day 21, when a mean score of -5.49+ 5 was recorded for both groups indicating complete

functional recovery (Figure 23 E).Thus, the data from axon outgrowth and functional
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recovery suggested that SC-derived Netrin-1 was not required for axonal regeneration
after a crush injury. However, it is to be noted that the SSI does not assess the
regeneration of small unmyelinated axons such as the C-fibre nociceptors which is better
evaluated by tests such as Hargreaves test. Therefore, role of SC-derived Netrin-1 in the

regeneration of small unmyelinated fibres cannot be ruled out.
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Figure 23: Functional recovery is not affected in Schwann cell-specific Netrin-1

knockout mice post-crush injury.

(A, C) Representative images for control and SC- specific Netrin-1 knockout (Ntn1 KO) mice 7 days post-
crush injury with the right paw unable to spread all digits when in static position. (B, D) The same mice
21 days post-crush injury with paw spread of the right foot (green) almost equal to that of uninjured
left foot (red). (E) The course of Static Sciatic Index (SSI) for control and Ntn1 KO mice following nerve
crush injury. In the plotted graph, values approaching zero imply a trend to recovery of function (n=9
for each group). There was no statistically significant difference (p >0.05) for SSI between the two

groups. Error bars represent (+) SEM.
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3.10 Netrin-1 does not affect Schwann cell proliferation post-transection injury

Wallerian degeneration post-traumatic PNI triggers a cascade of glial cell responses such
as SC proliferation and migration important for successful peripheral nerve repair
(Koeppen, 2004; Guertin, 2005). Therefore, | wanted to study whether proliferation of

SCs post-injury was affected by the absence of Netrin-1 in SCs.

Both control and SC-specific Netrin-1 knockout mice were crossed with, PLP-GFP mice to
generate control (Ntn1 '*/® GFP*) and knockout (PO-Cre* Ntn1 '*"/*® GFP*) mice that
had endogenous expression of green fluorescent protein (GFP) in SCs and can be
detected on a confocal microscope (Mallon et al., 2002; Dun et al., 2019). These mice
then underwent sciatic nerve transection surgery and 7 days post-injury they were
injected with Edu followed by dissection of the sciatic nerve distal to the site of injury,
3hrs after injection. The tissue was then fixed in 4% PFA, cryopreserved in 30% sucrose,
embedded in OCT followed by 10 um longitudinal cryosectioning of the nerve.
Immunohistochemistry was carried out with Hoechst to label nuclei and EdU Click-iT
reaction cocktail to label EdU-positive cell. Images were taken on confocal microscope,
and | counted the number of EdU positive nuclei in GFP positive SCs in the distal nerve

segment (Figure 24 A-H). Quantification of the GFP-labelled proliferating cells revealed
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that there was no significance in the rate of proliferation of SCs in the distal sciatic nerve

in the SC-specific Netrin-1 knockout mice compared to the control (Figure 24 1).

Hoechst Merged

Control
| 250
| |
o 200
£
& 150 .
2
1004 %
% A m N
w50
= ~ == <7 o 0 T T
Ntnl1KO Control  Ntn1KO

Figure 24: Loss of Netrin-1 in Schwann cells does not affect Schwann cell proliferation

after peripheral nerve transection injury

(A-H) Confocal microscope images of longitudinal sections of the distal sciatic nerve labelled with EdU
(red), and endogenous Schwann cell-specific GFP (green), 7 days post nerve transection injury in control
(A-D) and Schwann cell-specific Netrin-1 knockout mice (Ntnl KO) (E-H). The merged images
demonstrate the colocalisation of Schwann cells (SCs) and EdU labelled proliferating cells in control and
Ntnl KO mice. Scale bar is represented as 100 um. Hoechst (blue) staining labels the nucleus. ()
Quantification of the number of proliferating SCs in the distal nerve stump 7 days post-transection
injury (n=4 for control and n=5 for Ntn1 KO mice). (I) There was no statistically significant difference

(p > 0.05) between the two studied groups. Error bars represent () SEM.
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3.11 Netrin-1 does not affect Schwann cell migration post-nerve transection.

Torigoe et al. (1996), established a film sandwich model, wherein a mouse peroneal
nerve was fitted in between two thin plastic fluorine resin films after nerve transection
injury. This model was used to study early axon regeneration up to a 6-day time point.
In their study, they showed that SCs migrate near the transection site at day 3 post-injury
that gradually increases by day 4 (Torigoe et al., 1996). My research group had previously
used the PLP-GFP mouse model and whole mounting of the sciatic nerve to study SC
migration and similarly observed the appearance of first migrating SCs 4 days post mouse
sciatic nerve transection injury (Dun and Parkinson, 2018; Chen et al., 2019a). They
demonstrated that SCs migrating from the proximal stump of the nerve go beyond the
regenerating axons on day 5 post PNI and form ‘SC cords’ within the nerve bridge by 7
days. Their study also showed that SC migration and guiding the regenerating axons
across the nerve injury site, is essential for preventing misdirection of regenerating

axons.

Therefore, to study SC migration in my model, | again used the GFP expressing SC-specific
Netrin-1 knockout and control mice and performed nerve transection injury. Ideally, |
wanted to observe the rate of SC migration in the nerve bridge of my model before the
formation of the SC cords and therefore based on the timeline for SC migration as

observed by my research group (Chen et al., 2019a), | sacrificed the mice 6 days post-
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transection injury. After dissection of the sciatic nerve, fixation in 4% PFA, the nerves
went through clearing stages in glycerol for a period of 24hrs for each concentration of
glycerol (25%, 50% and 75%). The nerves were then mounted and imaged. A series of z
stack images were taken along the nerve on a confocal microscope and were stitched
together using Adobe Photoshop. However, | observed that the SCs had already crossed
the bridge to form a SC cord at day 6-post-injury connecting the proximal and distal nerve

stumps in both, the control and SC-specific Netrin-1 knockout mice (Figure 25 A, B).

Thus, the experiment was repeated again this time with the nerves dissected at 5 days
post-transection injury. | observed that at 5 days, the SCs had just initiated migration
both from the proximal and the distal stumps of the nerve (Figure 25 C, D). When
measuring the distance of the leading processes of the SCs from the proximal end of the
nerve and the same from the distal end of the nerve no significant difference was
observed between the two groups (Figure 25 E). Similarly, no major difference was
observed in the area covered by the migrating SCs from both the proximal and distal
stump of the nerve when comparing the control and SC-specific Netrin-1 knockout

mouse groups (Figure 25 F).
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Figure 25: Schwann cell migration in the nerve bridge is not affected in Schwann cell-

specific Netrin-1 knockout mice after a transection injury

(A and B) Whole mounted sciatic nerve 6 days post-transection injury depicting Schwann cell (SC) cord

formation (GFP, green) in (A) control and (B) SC-specific Netrin-1 knockout mice (Ntn1 KO). The mice
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express endogenous GFP in Schwann cells. White dashes depict the segregation between the proximal,
bridge and distal nerve stump. (C and D) Whole mounted sciatic nerve 5 days post-transection injury
shows SC migration (GFP) in the nerve bridge of (C) control and (D) Ntn1 KO mice. Scale bars in (A-D)
represented as 200 um. (E) Graph showing the distances (in mm) of the leading migrating SCs from
either the proximal or distal end in the nerve bridge of control and Ntn1 KO mice 5 days post-transection
injury. (F) Graph depicts the area (in mm?) covered by the migrating SCs from the proximal and distal
stump of the sciatic nerve in the nerve bridge of control and Ntnl KO mice 5 days post-transection
injury (n= 5 for each group). Error bars represent () SEM. There was no statistically significant

difference (p > 0.05) between the two studied groups for either the distance (E) or the area covered (F).

3.12 Schwann cell derived Netrin-1 is not important for remyelination of axons

following injury

In the process of nerve repair, another important mechanism is remyelination of
regrown axons. Despite the possibility of spontaneous remyelination post-injury in the
PNS, the remyelinated axons often have thinner myelin sheaths as well as a reduced
internodal length thus resulting in slower nerve conduction (Schréder, 1972; Sherman

and Brophy, 2005).

To determine whether absence of SC derived Netrin-1 was capable of affecting
myelination post-injury in the peripheral nerves, | performed a crush injury on the right
sciatic nerve of the SC-specific Netrin-1 knockout and control mice. The tibial nerve was
dissected at two time points, an earlier 28 day and a later 60-day time point and fixed in

2.5% (w/v) glutaraldehyde diluted in 0.1M Sodium cacodylate buffer (pH 7.2). The
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samples underwent the long process of further fixation, dehydration in alcohol, resin
permeation and embedding to prepare the samples for transmission electron
microscopy (TEM). The embedded tissue samples were cut using a diamond knife and
imaged on the TEM. The g-ratio were then calculated from several images taken for each

sample.

TEM data revealed that 28 days post-injury, there was no significant difference in the g-
ratio when comparing the control and SC-specific Netrin-1 knockout mice nerves (Figure
26 A-D). A Mann-Whitney U test also showed no significant difference in the average g-
ratio between the two groups (Figure 26 D). For both mouse groups, almost 50% of the
axons had a g-ratio between 0.6 to 0.7 (Figure 26 C). This is indicative of optimal axonal
myelination from Rushton’s theoretical estimate of 0.6 as the optimal g-ratio based on

speed of nerve fibre conduction (Rushton, 1934).
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Figure 26: Schwann cell deletion of Netrin-1 has no affect on remyelination of axons
following injury

(A, B) Transmission electron micrographs of transverse sections of the tibial nerve taken from (A)
control and (B) Schwann cell-specific Netrin-1 knockout mice (Ntn1 KO), 28 days post peripheral nerve

crush injury. (C) Graph depicting the percentage distribution of axons relative to their g-ratio in the two
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groups. (D) Graph comparing the average g-ratio of the two groups (n=4 per group). Error bars
represent () SEM. There was no statistically significant difference (p > 0.05) between the two studied

groups for g-ratio.

TEM data for 60 days post-crush injury was carried out to observe whether this
myelination trend continues in the later time point of peripheral nerve repair. Again, |
did not observe any difference for g-ratio between the control and the Netrin-1 knockout
group (Figure 27). Similar to the data for 28-day time point majority of the axons had a
g-ratio ranging between 0.6-0.7 for both the studied groups, however, for this time point
the percentage of axons having a g-ratio ranging between 0.7-0.8 went up from 10% to
almost 25% (Figure 27 C). A Mann-Whitney U test did not show any significant difference
in the average g-ratio between the two groups (Figure 27 D). These results confirmed

that loss of Netrin-1 in SCs does not affect the remyelination of axons post-crush injury.
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Figure 27: Schwann cell derived Netrin-1 deletion does not affect remyelination 60

days post-crush injury

(A, B) Transmission electron micrographs of transverse sections of the tibial nerve taken from control
and Schwann cell specific Netrin-1 knockout mice (Ntn1 KO), 60 days post peripheral nerve crush injury.
(C) Graph depicting the percentage distribution of axons with reference to their g-ratio in the two

groups. (D) Graph comparing the average g-ratio of the two groups (n=3 per group). Error bars
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represent () SEM. There was no statistically significant difference (p > 0.05) between the two studied

groups for g-ratio.

3.13 Transcriptomic profiling of Netrin-1 from single cell RNA sequencing data

The work carried out on the Netrin-1 SC-specific knockout mice did not show any
significant defects in the absence of Netrin-1 in SCs post-transection and crush injury in
terms of peripheral nerve repair. Coincidentally, as | neared the end of the experiments
for my Netrin-1 conditional knockout mouse model, two papers were published
describing the transcriptomic profiles of injured and uninjured rodent sciatic nerves.
Gerber et al. (2021) published a paper describing the transcriptional profiles of intact
mouse sciatic nerve from embryonic day 13.5 (E13.5) to postnatal day 60 (P60) using
single-cell RNA sequencing technology. Additionally, their results were formulated into
a useful resource called the Sciatic Nerve ATlas available at SNAT:

https://www.snat.ethz.ch. Using this resource to run a search query for Netrin-1 in intact

P60 sciatic nerve revealed high Netrin-1 mRNA expression in perineurial and epineurial
cells and comparatively lower expression in endoneurial cells and in a few populations
of endothelial cells. Most importantly, in SCs, Netrin-1 mRNA expression was quite low

in P60 sciatic nerve (Figure 28).
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Figure 28: Netrin-1 single cell transcriptome profiling in mouse sciatic nerve cells at

postnatal day 60 from the Sciatic nerve ATlas

(A) A t-SNE plot showing cell clusters for single cell transcriptomic analysis (GSE137870) of uninjured

postnatal day 60 (P60) mouse sciatic nerve with Netrin-1 expression (orange) superimposed on non-

Netrin-1 expressing cells (grey) after running a search query on the resource Sciatic nerve ATlas

(https://snat.ethz.ch/). (B) Violin plot from the same resource depicting Netrin-1 expression levels in

uninjured sciatic nerve of P60 mouse. (A, B) The figure key 1-8 describes the identity of the clusters as

determined by the authors.
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The second publication of interest was by Toma et al. (2020) that also looked at single-
cell transcriptional profiling of distal sciatic nerve from CD1 mice 3 days post-transection
injury. Their aim was to describe the sciatic nerve ligand environment following injury in
rodents (Toma et al., 2020). To analyse the cell-specific expression of Netrin-1 before
and after injury from this publication, raw data was obtained from Gene Expression
Omnibus (GSE147285). Additionally, an earlier publication by Carr et al. (2019),
performed a similar study in mice on the distal sciatic nerves 9 days post transection
injury (GSE120678). These two datasets were combined and re-analysed as described in
the recently published paper by my research group (Chen et al., 2021a). Using the
interactive R shiny app developed by Dr Banton, | further studied the combined data sets

for Netrin-1 expression in the intact and distal sciatic nerve post-injury.

My analysis revealed that in uninjured sciatic nerve, Netrin-1 is not expressed in
myelinating SCs and the expression in non-myelinating SCs is low (Figure 29, Table 11).
Instead, Netrin-1 mRNA showed highest expression in perineurial cells followed by
epineurial fibroblasts (Figure 29, Table 11) in terms of percentage of cells expressing as
well as average expression of Netrin-1 (Figure 29, Table 11). Netrin-1 expression was also
observed in endoneurial fibroblasts and endothelial cells (Figure 29, Table 11). This
expression pattern in uninjured sciatic nerves was very similar to that of the data

obtained from the ATlas search query published by Gerber et al. (2021).
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11: Perineurial cells
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mast cells, T/NK cells)
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Figure 29: Single cell transcriptomic profiling of Netrin-1 in uninjured nerves

Data published for single cell transcriptomic (GSE147285) of intact mouse sciatic nerve was re-analysed

and a t-SNE cluster generated, annotated for cell types as identified by marker gene expression. (A)

Netrin-1 (Ntn1) mRNA expression (in blue) superimposed on the segregated cell clusters of the dataset.

(B) Dot plot showing Netrin-1 expression in the clustered cell types in the intact sciatic nerve. (A, B) The

figure key describes the identity of the 14 clusters.
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Table 11: Netrin-1 mRNA expression in uninjured sciatic nerve and 3 days and 9 days
post-transection injury in the distal mouse sciatic nerve segment from published
transcriptomic data GSE147285 and GSE120678 (Carr et al., 2019; Toma et al., 2020;
Chen et al., 2021a).

Ntnl in intact nerve cell| Percentage | Average Ntnlin day 3 nerve |Percentage| Average Ntnlin day 9 nerve|Percentage| Average
types of cells |expression cell types of cells |expression cell types of cells expression
e Endoneurial Endoneurial

Endoneurial fibroblasts| 8.9 01 1 fibroblasts 1491 | 017 | | fibroblasts 5.22 0.06

Differentiating
Perineurial cells 54.93 0.64 fibroblasts and Differentiating

perineurial cells 13.66 0.23 fibroblasts 5.53 0.07
Epineurial fibroblasts 22.73 0.26 Epineurial fibroblasts 24.89 0.335 Perineurial cells 50.56 0.66
Non-myelinating 073 0.01 Epineurial
Schwann cells (hmSC) ’ ’ Schwann cells 2.21 0.02 fibroblasts 18.57 0.23
Myelinating Schwann 0 0
cells (mSCs) Endothelial cells 243 0.03 Schwann cells 2.1 0.02
Arterial endothelial 6.25 0.06 . -
cells VSM/pericytes 3.53 0.06 Endothelial cells 2.48 0.02
Capillary endothelial
cells 1.36 0.02 Macrophages 1.98 0.03 VSM/pericytes 0 0
Venous endothelial 4 0.04
cells i T, NK and mast cells 1.12 0.01 Macrophages 0 0
Lymphatic endothelial
cells 1034 0.22 Neutrophils 0 0 Mast cells 2.78 0.03
Pericytes 0 0 B cells 0 0 Neutrophils 0 0
Vascular smooth 0 0
muscle (VSM) cells B cells 0 0
Immune cells (resident
macrophages, mast 0 0
cells, T/NK cells) NK cells 0 0

T cells 0 0

The re-analysed single cell RNA-seq dataset GSE147285 for 3-days post-injury showed
Netrin-1 mRNA expression was slightly upregulated in epineurial fibroblasts as compared
to the uninjured sciatic nerve (Figure 30, Table 11). In comparison, the expression of
Netrin-1 was notably downregulated in perineurial cells and endothelial cells as
compared to intact sciatic nerve. For endoneurial fibroblasts, the average expression was
comparable to the expression in the intact nerve, but more cells were expressing Netrin-

1 mRNA. In the case of SCs, although | did observe a slight increase in the number of SCs
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expressing Netrin-1 however the increase in average expression was still very low (Figure

30, Table 11).
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Single cell transcriptomic profiling of Netrin-1 in day 3 post-transection

injury distal mouse sciatic nerve.

Data published for re-analysis of single cell transcriptomic dataset GSE147285, 3 days post mouse sciatic

nerve transection injury from the distal stump of the nerve. A t-SNE cluster was generated, annotated

for cell types as identified by marker gene expression. (A) Netrin-1 (Ntn1) mRNA expression (in blue)

superimposed on the segregated cell clusters. (B) Dot plot showing Netrin-1 expression in the clustered

186



cell types in the distal stump of the injured nerve. (A, B) The figure key describes the identity of the 11

clusters.

In the distal mouse sciatic nerve segment at day 9 post-injury, Netrin-1 expression in
perineurial cells and epineurial cells was almost comparable to intact sciatic nerve. In
endoneurial fibroblasts, | observed a downregulation in average expression of Netrin-1
compared to both intact and 3-days post-injury. Interestingly, Netrin-1 expression in
endothelial cells was still quite low in comparison to the intact sciatic nerve, while in SCs

the expression of Netrin-1 was the same as 3 days post-injury (Figure 31, Table 11).
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Figure 31: Single cell transcriptomic profiling of Netrin-1 in day 9 post-transection

injury distal mouse sciatic nerve

Published single cell transcriptomics (GSE120678) data for 9 days post mouse sciatic nerve transection
injury from the distal stump of the nerve was re-analysed and a t-SNE cluster generated, annotated for
cell types as identified by marker gene expression. (A) Netrin-1 (Ntnl) mRNA expression (in blue)
depicted in the cell clusters. (B) Dot plot showing Netrin-1 expression in the clustered cell types in the

distal stump of the injured nerve. (A, B) The figure key 1-12 describes the identity of the clusters.
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As shown previously, data derived from the high throughput RNA sequencing dataset-
GSE103039 showed Netrin-1 mRNA expression in SCs derived from intact, bridge and
distal sciatic nerve stump (Figure 11C). Additionally, there was downregulation of Netrin-
1 in the SCs from the nerve bridge 6 days post-transection injury (Figure 11C). Moreover
RT-PCR for Netrin-1 in cultured rat SCs (Figure 9A) and immunohistochemical
examination of the sciatic nerve showed Netrin-1 expression in the SCs (Figure 19, 20).
Contradictory to this, the above-described single cell transcriptomic analysis showed

that Netrin-1 mRNA expression is quite low in SCs before and after injury.

However, it is to be noted that in most protocols for tissue processing for single-cell RNA
sequencing (including the datasets analysed in this thesis), the tissue is incubated at 37°
C with enzymes such as trypsin. This step required for the dissociation of the tissue
sample and has been suggested to induce alterations in transcription, a variable that
cannot be ruled out when analysing mRNA expression for the gene of interest (Adam et

al., 2017; Marsh et al., 2022).

3.14 Netrin-1 expression in epineurial fibroblasts, tactocytes and perineurial cells

The single cell transcriptomic profiling of Netrin-1 showed for the first time that Netrin-
1 is highly expressed by the connective tissues of the sciatic nerve — namely the
perineurial, endoneurial and epineurial cells and additionally in endothelial cells. This

data did not include Netrin-1 expression for axonal RNA, which is mainly synthesised in
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the cell body (Lasek et al. 1973) and the translated proteins are transported to the axons

(Droz and Leblond, 1963).

| wanted to observe whether the expression pattern of Netrin-1 protein would follow
that of the transcriptomic profiling data in the newly identified cell types. CD34
(Hematopoietic progenitor cell antigen CD34), a transmembrane glycoprotein is
expressed on surface of hematopoietic progenitor cells and previously the marker has
been reported to be expressed in epineurial cells and endoneurial fibroblast-like cells
(Richard et al., 2012; Sidney et al., 2014; Richard et al., 2014; Manong et al., 2023). In
addition, the previously poorly studied endoneurial fibroblast-like cells, have been
studied for their interaction with endothelial cells along the length of endoneurial blood
vessels in the endoneurium, and were recently named as tactocytes (Stierli et al., 2018;
Manong et al., 2023). From here on, the endoneurial fibroblasts will be described as

tactocytes.

To study Netrin-1 expression, C57BL/6 mice underwent a transection injury, and the
injured and contralateral uninjured sciatic nerves were dissected out at 7 or 14 days post-
injury, fixed in 4% PFA, cryosected and double stained for Netrin-1 and CD34. In intact
transverse sections of the sciatic nerve, CD34 labelled the epineurium as observed by
the morphology, and the tactocytes. Netrin-1 expression was observed in the CD34

positive cells (Figure 32).
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Figure 32: Netrin-1 expression in the epineurium and tactocytes of an uninjured mouse

sciatic nerve

(A-H) Immunofluorescent staining of transverse sections of uninjured sciatic nerve dissected from
C57BL/6 mice. CD34 (red) labels epineurial fibroblasts and tactocytes. (D) Netrin-1 (green) staining
colocalises with CD34 in the uninjured sciatic nerve with evident immunoreactivity in the epineurium
as shown by white triangles. (E-H) Magnified image of (A-D). White arrows show co-labelling of
tactocytes and Netrin-1. Hoechst (blue) staining labels the nucleus. (A-D) Scale bar is 100 um and for

(E-H) its 10um.

For 7-days post-injury | observed the colocalisation of Netrin-1 with CD34 in the proximal

and the distal stump of the sciatic nerve, with the specificity of CD34 in the outer
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membrane of the nerve section showing that the region is the epineurium (Figure 33). |
also observed an influx of both epineurial cells and tactocytes in the nerve bridge positive

for Netrin-1 however the two cell types could not be differentiated in the region.
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Figure 33: Netrin-1is expressed in the epineurial cells and tactocytes 7-days post sciatic

nerve transection injury

(A-C) Longitudinal sections of the sciatic nerve immunolabelled for CD34 (green) and Netrin-1 (Ntn1,
red). CD34 labels epineurial fibroblasts and tactocytes. Based on sciatic nerve morphology, the
proximal and distal epineurium shows a high expression of CD34 and additionally it is expressed by a

mix of both cell types in the nerve bridge. (A-C) Scale bar is 500um.
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In the 14 days post-injury mice, | used transverse sections of the sciatic nerve to look at
Netrin-1 expression and observed a similar pattern with Netrin-1 staining clearly
observed in the epineurium of the nerve (Figure 34 A-D and I-L). In the proximal stump
and distal nerve stump | also observed Netrin-1 expression in the tactocytes (Figure 34
A-D and I-L). Similar to the 7-day injury model, | detected Netrin-1 expression in the
bridge with a similar influx of CD34 positive cells, however | could not differentiate

between the epineurial fibroblasts and the tactocytes (Figure 34 E-H).
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Figure 34: Netrin-1 expression in epineurial cells and tactocytes 14-days post

transection injury

Transverse sections of the sciatic nerve of C57BL/6 mice 14 days following transection injury. CD34
(green) labels the epineurial fibroblasts and tactocytes in the proximal (A-D), bridge (E-H) and distal (-
L) nerve segments. White arrows and triangles in the proximal and distal nerve depict colabelling of
Netrin-1 with tactocytes and epineurial cells, respectively. (E-H) Netrin-1 colocalises with CD34 positive
cells in the nerve bridge however the cell types present cannot be differentiated. Hoechst (blue)

staining labels the nucleus. (A-D) Scale bar is 20 um and (E-L) 50um.
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Next, | wanted to study the expression of Netrin-1 in perineurial cells as the single-cell
RNA sequencing data for Netrin-1 showed that perineurial cells have the highest
expression of Netrin-1 before and after injury (Table 11). | therefore used glucose
transporter 1 (Glut-1), an erythrocyte glucose transporter, that is expressed in
perineurial cells and endoneurial blood vessels whereas CD34 seems to be
immunoreactive to endoneurial fibroblasts/tactocytes and the epineurium
(Tserentsoodol et al., 1999; Hirose et al., 2003; Manong et al., 2023). | used C57BL/6
mice to study Netrin-1 expression in the perineurium in intact and injured sciatic nerves.
In the uninjured sciatic nerve, Netrin-1 showed robust expression in the perineurium and

appeared to colocalise with the endoneurial blood vessels (Figure 35).
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Figure 35: Netrin-1 is expressed in the perineurium and endoneurial blood vessels of

uninjured mouse sciatic nerve.

(A-H) Transverse sections of uninjured sciatic nerve from C57BL/6 mice were co-stained for Glut-1
(green) and Netrin-1 (red) antibodies. Glut-1 labels the perineurium and endoneurial blood vessels
(shown by white arrows) and co-localisation with Netrin-1 (D, H) is observed in both the cell types.
Hoechst (blue) labels the nuclei of the cells. (E-H) Magnified image of (A-D). (A-D) Scale bar is 20 um
and (E-H) 10 um.

Glut-1 staining on the longitudinal sciatic nerve sections 7 days after injury clearly labels
the perineurium (Figure 36). Netrin-1 colocalisation was observed in the proximal and
distal nerve stump and appears to be more robustly expressed in the bridge of the
transected nerve in the area negative for Glut-1 (Figure 36). This indicated that although

Netrin-1 expression might be high in the perineurium, it is still expressed by several cell
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types such as endoneurial and epineurial fibroblasts, endothelial cells, SCs and
regenerating axons as observed in the previous immunohistochemical analysis of injured

sciatic nerve.
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Figure 36: Netrin-1 is expressed in the perineurium 7 days following transection injury

(A-C) Glutl (green) labels the perineurium in longitudinal section of mouse sciatic nerve 7 days post-

transection injury. Netrin-1 (Ntnl, red) co-localises with Glutl in the perineurium however its
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expression can be seen in several other cell types. (A-C) Scale bar is 500um.

Netrin-1 staining in the 14-day time point post mouse sciatic nerve transection revealed
similar results, with Netrin-1 showing costaining with Glut-1 in the perineurium of the
proximal, bridge and distal nerve segments of the sciatic nerve (Figure 37 A-L). | also
observed Netrin-1 in the endoneurial blood vessels along the sciatic nerve (Figure 37 A-
D and M-P) This immunohistochemical analysis of Netrin-1 in the perineurium and
endoneurial blood vessels correlates with the data from the single-cell sequencing

analysis of the sciatic nerve before and after injury.
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Figure 37: Netrin-1 expression in the perineurium and endoneurial blood vessels in

sciatic nerves 14 days after transection injury

Netrin-1 (red) double staining with Glutl (green) in the transverse sections of the proximal (A-D), bridge
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(E-H) and the distal (I-P) segment of the sciatic nerve 14-days post-transection injury of C57BL/6 mice.
Glutl labels the perineurium, based on the morphology of the sciatic nerve and the endoneurial blood
vessels (shown by white arrows) and Netrin-1 colocalised with Glut1l in all three segments of the sciatic
nerve. (M-P) Magnified region with endoneurial blood vessels in the distal nerve segment. Hoechst

(blue) labels the nuclei of cells. (A-D and M-P) Scale bar is 20um, for (E-L) it is 50 um.

3.15 Netrin-1 expression in blood vessels/endothelial cells of the peripheral nerve

Single cell RNA-seq data showed that Netrin-1 was expressed in endothelial cells with
the highest average expression observed in lymphatic endothelial cells before injury
(Table 11). Following injury, Netrin-1 mRNA expression in endothelial cells was
downregulated even on day 9 (Table 11). Therefore, | wanted to study Netrin-1
expression in intact and injured sciatic nerves using a marker only for endothelial cells.
For this purpose, | used transverse sections of intact sciatic nerve or 6-day injured sciatic
nerves from C57BL/6 mice double stained for Netrin-1 and CD31, a well-known

endothelial cell marker.

The staining results confirmed that Netrin-1 is expressed in endothelial cells of the intact
mouse sciatic nerve (Figure 38). Moreover, as Netrin-1 is expressed prominently in the
perineurium, which can be used to demarcate between endoneurial and epineurial
blood vessels, my staining showed Netrin-1 expression in endoneurial blood vessels. The

size/diameter of the endoneurial blood vessels suggest that these are mainly small

201



arteries and capillaries that have been implicated in blood nerve barrier function

(Malong et al., 2023).

Hoechst

Figure 38: Netrin-1 expression in endothelial cells in the intact sciatic nerve

(A-D) Immunofluorescent images of transverse sections of the uninjured sciatic nerve dissected from
C57BL/6 mice. CD31 (green) labels endothelial cells. Netrin-1 (red) staining colocalises with CD31 in the
uninjured sciatic nerve (shown by white arrows) depicting Netrin-1 expression in endoneurial blood
vessels as demarcated by the perineurium (C; depicted by white dashes). (E-L) Magnified image of (A-
D) showing Netrin-1 expression in several CD31 positive cells. Hoechst (blue) staining labels the nucleus.

CD31 (A-D) Scale bar is 50 um and for (E-I) its 20um.
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Next, | transected the sciatic nerve in C57BL/6 mice to reveal Netrin-1 expressing cells in
the nerve bridge and in the distal nerve stump at day 6 post-transection injury, a
timepoint at which the sciatic nerve is known to be fully vascularised in mice (Cattin et
al., 2015). Staining for CD31 on transverse sections of nerve bridge tissue revealed that
several blood vessels in the nerve bridge expressed Netrin-1 (Figure 39 A-H). Blood
vessels in the distal nerve stump continue to express Netrin-1 (Figure 39 I-P). Moreover,
| could clearly see Netrin-1 expression in the small sized endoneurial and in the
heterogenous epineurial blood vessels (Figure 39 I-P). The epineurial blood vessels
consist of mainly large diameter vessels such as venules and arterioles (Malong et al.,
2023). Thus, my immunohistochemical analysis revealed that Netrin-1 is expressed in

endothelial cells/blood vessels of intact and injured mouse sciatic nerve.
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Hoechst Netrin-1

Distal

Figure 39: Netrin-1 expression in blood vessels of mouse sciatic nerve 6-days after

transection injury

Double staining of Netrin-1 and CD31 endothelial cell marker on transverse section of C57BL/6 mice 6-

days after a transection injury. (A-H) Blood vessels and vascularisation of the nerve bridge can be




observed by CD31 staining. Netrin-1 is expressed in CD31 positive cells as depicted by white arrows. (E-
H) Magnified image of (A-D). (I-) Netrin-1 expression in CD31 positive cells in the distal sciatic nerve
shown by white arrows and depicting expression in inner endoneurial blood vessels and epineurial
blood vessels as demarcated by the perineurium (shown in white dashes). (M-P) Image specifically
depicts Netrin-1 expression in epineurial blood vessels. Hoechst (blue) labels cell nuclei. Scale bar for

(A-D) is 100 um, (E-H) is 20 um and (I-P) is 50 um.

3.16 Failure to generate a global knockout of Netrin-1 in mice

My data for Netrin-1 including analysis of single-cell RNA sequencing data and
immunohistochemical analysis of the mouse sciatic nerve before and after injury
revealed that several cells express Netrin-1 and not just SCs. Therefore, | wanted to
generate a global knockout of Netrin-1 in mice. The objective was to perform the
experiments carried out on SC-specific Netrin-1 knockout mice such as axon guidance
and outgrowth; impact on SC migration, proliferation and remyelination. Additionally, as
| observed Netrin-1 expression in endothelial cells and in the membranes of the sciatic
nerve such as the perineurium, | wanted to study angiogenesis, effects upon
regeneration of the perineurium and the blood nerve barrier function after global loss of

Netrin-1.

As mentioned previously, knocking out Netrin-1 in mouse embryo causes death of the
pups within 24hrs of birth (Serafini et al., 1996). Therefore | employed the use of ROSA-
26-Cre/ERT2 (R26-CreERT2) mice, wherein Cre-mediated deletion of a floxed gene is
induced by the presence of Tamoxifen and the expression of CreER is regulated by the
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endogenous mouse Gt(ROSA)26Sor promoter (Hameyer et al., 2007). In these mice, the
ligand-binding domain of a mutated estrogen receptor (ERT2) is fused to Cre. The ligand-
binding domain does not bind to its natural ligand at physiological concentrations but
will bind to the non-steroidal estrogen analog — 4-hydroxytamoxifen (Tamoxifen). This
fusion product (CreERT2) is restricted to the cytoplasm of the cell and its translocation
to the nucleus, to mediate recombination, is only feasible in the presence of Tamoxifen.
Therefore, in my model, | bred Ntn1 '**/'o** mjce with the transgenic R26-CreERT2* mice
to delete Netrin-1 globally in adult mice on delivery of Tamoxifen either via gavaging or
intraperitoneal injections. | had successfully generated mice with a deletion of Deleted
in colorectal carcinoma (DCC) in adult mice (P35) after gavaging with Tamoxifen using

the same R26-CreERT2* mice (Refer to Chapter 4.2)

Briefly, Ntn1'>?/*" mjce were crossed with R26-CreERT2* mice and their offspring bred
with Ntn1'@?/9® mice to produce R26-CreERT2* Ntn1'>®/o*" mijce (Figure 40 A). Five- to
seven week-old mice were then intraperitoneally injected with Tamoxifen made up in
corn oil at a concentration of 75 mg Tamoxifen/kg per day for five consecutive days. To
confirm the global knockout of Netrin-1, mice were sacrificed four weeks after the last
injection of Tamoxifen. L4-L5 DRGs from control (Ntnl '"/®) and R26-CreERT2*
Ntn1'o®/o® tamoxifen-treated mice were dissected, fixed in 4% PFA and cryosected

transversally. The sections of DRGs were immunolabelled for Netrin-1 and NeuN, to label
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axons (Figure 40 B-1). However, surprisingly, | observed no change in Netrin-1 expression
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Figure 40: Attempt to generate Netrin-1 global knockout in mice

(A) Breeding steps carried out to generate Netrin-1 global knockout mice (Ntnl global KO). In step 1,
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homozygous mouse with loxP sites flanking exon 3 of Netrin-1 (Ntn1'®"/**") was bred with R26-
CreERT2* mouse carrying the Cre transgene regulated by the constitutively and ubiquitously expressed
Gt(ROSA)26Sor promoter. The Cre protein is fused to a mutated estrogen receptor (ERT2) and is
restricted to the cytoplasm of the cell. Its translocation to the nucleus, to mediate recombination and
target gene deletion, is only feasible in the presence of Tamoxifen. The progeny obtained from step 1
(R26-CreERT2* Ntn1'oP/"t) was back-crossed with Ntnl 'P/1® mice to generate mice that were
homozygous for Netrin-1 loxP sites and had the R26-CreERT2 transgene (R26-CreERT2 * Ntn1 'oxP/loxP),
These mice were intraperitoneally injected with Tamoxifen, 5-7 weeks after the birth of the mouse pups
to facilitate Cre mediated recombination and deletion of Netrin-1. Mice without the Cre transgene were
used as controls. (B-1) Immunostaining of dorsal root ganglia (DRGs) from control and unsuccessful
Netrin-1 global knockout mice (Ntnl Tamox) four weeks after the last dose of Tamoxifen injection.
NeuN (green) labels the cell bodies of neurons in DRGs colabelled with Netrin-1 (red). Hoechst (blue)
labels the nuclei. No change in Netrin-1 expression was observed comparing the two groups. Scale bar

is 100um.

As | did not observe recombination in the Tamoxifen injected Netrin-1 mice (R26-
CreERT2 * Ntn1 '?/1°**) on the first attempt, | repeated the Tamoxifen treatment several
times. Once by increasing the wait time after the last Tamoxifen injection; once by
increasing the number of days of Tamoxifen injections from 5 to 7 and; once by changing
the technique of Tamoxifen delivery from injection to gavaging. | also performed western
blots on the intact sciatic nerve to probe for Netrin-1 as well as the presence of Cre
recombinase after Tamoxifen delivery (Figure 41 A-C). | observed Netrin-1 expression

comparable to the control. Although Cre recombinase was only present in mice with the
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R26-CreERT2" transgene, it was not indicative of the activity of the enzyme (Figure 41 A-
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Figure 41: Gavaging of Tamoxifen in R26-CreERT2* Ntn1'®/'°*® for five consecutive days

did not induce Cre mediated recombination.

(A) Western blots probing for Netrin-1 and Cre Recombinase on intact sciatic nerves obtained from
Tamoxifen treated control (Ntnl 'o*P/1°XP) and R26-CreERT2* Ntn1'o**/1P mice (Ntnl Tamox) five days
after gavaging the mice with Tamoxifen. Vinculin was used as a loading control. (B) Netrin-1 expression
relative to vinculin and (C) Cre recombinase expression relative to vinculin for control and Ntn1 Tamox

mice. (A-C) Netrin-1 expression in Ntn1 Tamox mice was relative to control however Cre recombinase
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was only present in the Ntnl Tamox mice after Tamoxifen treatment. (D) PCR to confirm excision of
exon-3 of Netrin-1 before (samples in white) and two weeks after (samples in yellow) Tamoxifen
treatment. DNA from C57BL/6 mice (C57) was used as negative controls and DNA from PO-Cre*
Ntn1'oxP/loxP \was used as positive control. The expected band size after excision is 498 bp. (E-J) Intact
transverse sections of sciatic nerves dissected out four weeks after last day of Tamoxifen treatment and
stained for Netrin-1 (red). Confocal images showed Netrin-1 expression in control (E-G) and Ntn1 Tamox
(H-J) mice indicating that the knockout was not successful. Hoechst (blue) labels nuclei of cells. Scale

bar is 50 um.

| also performed PCR on DNA extracted from the Tamoxifen injected mice before and
after injections (Figure 41 D). However, my results did not show the expected 498bp
band after deletion of exon 3 of Netrin-1 (Figure 41 D), as observed in the PO-Cre*
Ntn1'©®*/o* mijce (Figure 14 D). Finally, immunohistochemical analysis of the uninjured
sciatic nerve showed no difference in Netrin-1 expression between the control and
Tamoxifen treated R26-CreERT2* Ntn1'>*/°** mijce (Figure 41 E-J). Therefore, as | was
unable to determine the cause of lack of recombination in this mouse model, | could not
perform any experiments to confirm the role of Netrin-1 in peripheral nerve repair in

Netrin-1 global null mice.
3.17 Discussion and conclusions

In this study, | looked to study the role of SC-derived Netrin-1 in peripheral nerve
regeneration (PNR), with the main objective of studying effect of Netrin-1 global

ablation, on PNR. The concept that Netrin-1 was involved in PNR, came from several
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studies that showed Netrin-1 upregulation following PNI. Madison et al. (2000) reported
low levels of Netrin-1 mRNA expression in uninjured rat sciatic nerve, with no change in
expression two weeks after a crush injury. However, 2-weeks following sciatic nerve
transection and repair, by quantitative competitive PCR of the distal sciatic nerve, they

reported a 40-fold increase in Netrin-1 mRNA (Madison et al., 2000).

In agreement with this report, Jaminet et al. (2013), by RT-PCR reported a 1.9-fold and a
2.4-fold upregulation of Netrin-1 mRNA 2- and 3-weeks, respectively, in the distal nerve
segment after mouse median nerve transection and repair. Their western blot data also
showed that Netrin-1 was upregulated at day 14 post-injury in the distal nerve segment
followed by a massive drop in protein expression by day 21 (Jaminet et al., 2013). The
authors inferred that the sudden peak in protein expression coincided with the timepoint
at which the regenerating axons are elongating in the distal nerve segment surrounded
by SCs expressing Netrin-1. Chen et al. (2021b) in a chronic constriction injury model of
the sciatic nerves in wild-type Wistar rats also reported a 2.6-fold increase in Netrin-1
MmRNA by RT-qPCR of sciatic nerve, starting 6 hrs after injury with the highest
upregulation observed 3-weeks post-injury. Albeit the immunohistochemical analysis of
the sciatic nerve showed a 58% drop in protein expression as compared to control, 7-

days after injury.
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Contradictory to this, my research group showed Netrin-1 mRNA downregulation
starting from 4 days after injury up until 14 days (the last studied timepoint) in the
proximal, bridge and distal nerve segments, following sciatic nerve transection in mice.
This data was also validated by three microarray datasets for the distal (two datasets for
crush and one for transection), and one for the proximal sciatic nerve (transection injury)
confirming the downregulation of Netrin-1 in injured nerves. Additionally, my analysis
of high throughput RNA sequencing data of Netrin-1 expression in SCs derived from
injured mouse sciatic nerves showed downregulation of Netrin-1 in the SCs of the nerve
bridge but surprisingly not in the distal sciatic nerve. This meant that possibly the
downregulation of Netrin-1 mRNA after injury in the distal sciatic nerve was not

contributed to by SCs.

The transcriptomic profiling of Netrin-1 revealed that Netrin-1 is downregulated in
perineurial cells at day 3 following transection injury in the distal sciatic nerve and
upregulated to normal uninjured levels by day 9. However, Netrin-1 was also
downregulated in endothelial cells persisting even on day 9 in the distal sciatic nerve.
This suggested that endothelial cells and perineurial cells are the main source of the
initial drastic downregulation of Netrin-1 following injury in the distal sciatic nerve. In
later stages of peripheral nerve regeneration, perineurial cells quickly upregulate Netrin-

1 to normal levels by day 9 but endothelial cells do not, possibly explaining why even at
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day 14 Netrin-1 mRNA is not upregulated to the expression levels that of the uninjured

sciatic nerve.

However, as mentioned previously the datasets that were reanalysed and presented in
this thesis, obtained from high throughput RNA sequencing (Clements et al., 2017), and
single cell sequencing (Gerber et al., 2021; Carr et al., 2019; Toma et al., 2020) have
certain drawbacks. Namely, the element of artefactual changes in gene expression that
is induced by the process of single-cell dissociation. To obtain single-cell suspensions the
tissue is usually incubated at 37° C with enzymes such as trypsin, a step that has been
suggested to induce alterations in transcription (Adam et al., 2017; Marsh et al., 2022).
Another limitation is the possibility of low-quality data obtained from damaged or dead
cells which hamper the downstream analysis and can result in misinterpretation of data

(Hlicic et al., 2016).

During embryonic development, Netrin-1 is known to regulate angiogenesis and is
expressed in endothelial cells (Larrivée et al., 2007). Netrin-1 stimulated the production
of endothelial nitric oxide in a dose-dependent manner in cultures of mature aortic
endothelial cells and this was additionally shown to be DCC dependent (Nguyen and Cai,
2006). The study also showed that Netrin-1 was responsible for promoting proliferation
and migration of endothelial cells in vitro. In a previous study however, Lu et al. (2004)

showed that Netrin-1 was an inhibitor of endothelial cell migration, a role mediated by
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its interaction with UNC5B receptor. Their studies in vitro, via transwell migration and
wound-healing assay showed that Netrin-1 reduced the migration of UNC5B-expressing
primary human umbilical artery endothelial cells (HUAECs). In vivo, by intraocular
injection of 1 ug/ml of Netrin-1 into postnatal day 5 mice, they observed a reduction in
filopodial extension particularly at the tip cell (Lu et al., 2004). However, it is to be noted
that Netrin-1 physiological concentration varies between 50 - 150 ng/ml (Castets and
Mehlen, 2010; Serafini et al., 1994), and 1 pug/ml Netrin-1 is much higher than the
physiological range. In a recent publication, vascularisation of sciatic nerve was
significantly reduced in Netrin-1 deficient mice at embryonic day 17.5 as compared to
control thus suggesting a role in blood vessel formation in the developing nerve (Taib et

al,, 2022).

My data showed expression of Netrin-1 in blood vessels of injured and intact sciatic
nerves and no role of Netrin-1 has been described in angiogenesis following a peripheral
nerve injury (PNI). Cattin et al. (2015) reported an influx of blood vessels into the nerve
bridge of transected rat sciatic nerve at day 3 following injury also suggesting a role of
blood vessels in directing SC migration. Considering the single-cell RNA-seq data, and the
downregulation of Netrin-1 in day-3 transected sciatic nerves, it is possible that Netrin-
1 inhibits the invasion and regeneration of the vasculature following PNI. Therefore, it
can be suggested that at later stages of PNR, endothelial cells again upregulate Netrin-1

once the vasculature is established.
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The perineurium is thought to be derived from fibroblasts of the mesodermal origin
unlike the SCs that are derived from neural crest cells (Bunge et al., 1989; Joseph et al.,
2004; Ma et al., 2018). The perineurium surrounds nerve fascicles and protects the
endoneurium against mechanical forces and is an important component of the blood
nerve barrier (BNB) (Weerasuriya and Mizisin, 2011; Malong et al., 2023). However,
unlike the endoneurial microvessels, which also make up the BNB, the perineurium is a
more restrictive diffusion barrier (Weerasuriya and Mizisin, 2011). The role of perineurial
cells in PNR is yet to be fully elucidated. However, it is known that the BNB is damaged
at the injury site after a transection injury, but it also becomes ‘leaky’, distal to the injury
site allowing immune cells to infiltrate the peripheral nerve (Gray et al., 2007,
Weerasuriya and Mizisin, 2011; Malong et al., 2023). Using Evans blue dye tracer in rats
following crush injury, Gray et al. (2007) showed that the BNB integrity is compromised
by day 7 post-injury and persisted till day 28. There is no known function of Netrin-1 in
maintaining the BNB, however its high expression by perineurial cells in intact nerves
and endoneurial blood vessels (as shown in this thesis), can be suggestive of maintaining
the BNB in intact peripheral nerves. Whereas its downregulation on day 3 in both
perineurial and endothelial cells/ endoneurial blood vessels and consequent
upregulation on day 9 by perineurial cells, as shown by my transcriptomic analysis,
indicate a possible involvement of Netrin-1 in the regulation of BNB, distal to the injury

site.
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Previously, Schroder et al. (1993) demonstrated in transection studies of rat sciatic
nerve, using a silicone tube inserted between the proximal and distal nerve stump, that
perineurial cells were the first cells to invade the nerve bridge post-injury. The authors
also stated that the perineurium acts as a guiding structure for other cells during
regeneration (Schroder et al., 1993). Parrinello et al. (2010) in elegant experiments
conducted in vitro and in vivo on rats and mice, after a transection injury, showed that
fibroblasts were responsible for clustering of SCs in the nerve bridge. This clustering was
shown to be mediated by receptor tyrosine kinase Ephrin B2 (EphB2) on SCs interacting
with ephrin-B on fibroblasts leading to sorting of SCs. This sorting was essential for SC
migration out of the proximal and distal nerve stumps into the nerve bridge. Moreover,
in rats upon inhibiting EphB2 signalling using inhibitory EphB2-Fc fusion proteins and in
EphB2 null mice, the authors observed that in the proximal nerve stumps 4 days after
partial transection, axon regrowth was less organised and there were more fragmented
axons, in the rat and mouse models, respectively. Although, the authors did not specify
the identity of the fibroblasts (endoneurial or epineurial), my data showed that Netrin-1
was expressed by all fibroblasts in the nerve bridge. It is possible that Netrin-1, which
like Eph/Ephrins is an axon guidance molecule, whose expression by fibroblasts and
perineurial cells could potentially be involved in mediating SC migration and axonal
regeneration by interacting with any one of its several receptors expressed on SCs or

directly with receptors expressed on the axons.
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Madison et al. (2000) showed Netrin-1 expression in several SCs of the distal sciatic nerve
of rats 2 weeks after transection injury, which was not observed in uninjured or crushed
nerves at the same timepoint. The authors further stated that the increase in Netrin-1 is
not attributed to proliferation of SCs that are expressing Netrin-1 following transection
injury because such an increase would have been observed after a crush injury as well
(Madison et al., 2000). My analysis of high throughput RNA sequencing dataset derived
from purified SCs of the bridge and distal segment of the sciatic nerve 6 days after mouse
sciatic nerve transection injury showed Netrin-1 expression in intact sciatic nerve as well
as downregulation in the nerve bridge. Immunohistochemical analysis of the sciatic
nerve carried out by my research group showed Netrin-1 expression in mainly non-
myelinating SCs and in cultured rat SCs by RT-PCR for Netrin-1. Previously Lv et al. (2015)
also demonstrated Netrin-1 expression in immortalised rat SCs by gRT-PCR. However, on
re-analysing sciatic nerve tissue with a different antibody (R&D systems; Cat no:
MAB1109), | was surprised to observe Netrin-1 expression in several other cell types
including robust expression in axons as well as in non-myelinating SCs. However, the
single cell RNA-seq data for Netrin-1 in uninjured and the distal nerve stump of mouse
sciatic nerve contradicts the previous data. The analysis showed low expression of
Netrin-1 mRNA only in non-myelinating SCs before injury with a marginal increase at day

3 and day 9 in the distal nerve after injury. One explanation is that possibly Netrin-1
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translation in SCs is high resulting in a higher copy number of Netrin-1 protein molecules

from low levels of mMRNA.

Previously Webber et al. (2011) reported no change in Netrin-1 mRNA expression in the
dorsal root ganglia (DRGs), the location of cell bodies of sensory neurons, following
sciatic nerve transection injury in rats. My analysis of a microarray dataset for the
expression of Netrin-1 mRNA in the DRG’s after sciatic nerve transection injury in rats
also showed no change in Netrin-1 expression. Moreover, | showed expression of Netrin-
1 in the DRGs and the ventral horn of the spinal cord (location of cell bodies of motor
neurons) both before and after injury re-affirming the expression of Netrin-1 observed
in axons. This new evidence was only gathered once | had established and had begun
experiments on the SC-specific Netrin-1 knockout mice. Contradictory evidence for
Netrin-1 expression is probably due to lack of reliable commercially available Netrin-1

antibodies that are compatible with immunohistochemical staining of the mouse tissue.

Therefore, | had aimed to complete the work on describing the role of SC-derived Netrin-
1 with future experiments planned for Netrin-1 global knockout mice. Previous studies
on PNR had worked with either heterozygous Netrin-1 knockdown mice (Jaminet et al.,
2013) or by adding recombinant Netrin-1 to neuronal cultures or injecting Netrin-1 in
sciatic nerves of rats (Park et al., 2007; Webber et al., 2011) . This was the case due to

the embryonic defects and lethality in Netrin-1 global knockout mouse pups (Serafini et
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al., 1996). Therefore, in this study by using conditional mutants regulated by the Cre-lox
system | generated Netrin-1 knockout in SCs however was unable to generate global

knockout of Netrin-1.

Netrin-1 is capable of mediating both attractive and repulsive signalling which is
dependent on its interaction with its receptors. Netrin-1, if bound to an attractive DCC
receptor on both binding sites, mediates attractive cues during axon guidance whereas
presence of UNC5 receptor at only one binding site is sufficient for switching the
attractive cue to a repulsive one when both DCC and UNC5 are present (Hong et al.,
1999; Finci et al., 2014; Dun and Parkinson, 2017). Moreover, this bi-functionality of
Netrin-1 has been shown to be dose dependant, as previously mentioned (Serafini et al.,
1994; Larrivée et al., 2007; Tu et al., 2015). Park et al. (2007) observed Netrin-1 mediated
inhibition of neurite outgrowth of sensory neurons at a concentration of 500ng/mL in
DRG explants and dissociated DRG cultures, therefore, suggesting Netrin-1 as an
inhibitor of axon regeneration of adult sensory neurons. They also suggested that this
inhibition was attributed to the UNC5 repulsive receptors. Contradictory to this, Webber
et al. (2011), performed sciatic nerve transection injury in rats and injected 100ug/mL of
exogenous Netrin-1 for 7 days using a T-chamber with a microinjection port. They did
not find any comparable difference to the saline control in terms of SC migration or axon
regrowth past the injury site. In pre-conditionally lesioned DRG cultures, addition of

recombinant Netrin-1 at either low (5 ng/mL) or high concentrations (200 ng/mL) did not
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alter the outgrowth of DRG neurites (Webber et al., 2011). This indicated that Netrin-1
might not be important for axon outgrowth however as described above, normal
physiological concentrations of Netrin-1 are much lower, and these studies did not take

into account the dose-dependent bi-functionality of Netrin-1.

The contradictory evidence available in literature for role of Netrin-1 in axon guidance
following PNI, led me to investigate the SC-derived Netrin-1 in axon outgrowth following
a crush injury and the more traumatic transection injury using SC-specific Netrin-1
knockout mice. Following crush injury, functional recovery was achieved at the same rate
as the control mice. However, in Netrin-1 heterozygous mice (50% reduction in mRNA
and protein expression), Jaminet et al. (2013) showed a significantly slower functional
recovery in grasping tests after median nerve transection and repair, and the mice did
not regain their pre-injury grasping strength even 50 days following injury. A transection
injury usually results in a few aberrant axon trajectories not observed after crush injuries
where the basal lamina is still intact (Amado et al., 2008; Luis et al., 2008). However, in
the SC-specific Netrin-1 knockout mice, | observed several axons displaying incorrect
trajectories in the nerve bridge in comparison to the few axons observed in the control
mice. Nevertheless, there was no significant difference in the number of axons re-
innervating the tibial nerve. It is possible that although SC deletion of Netrin-1 causes an
initial disruption in axon pathfinding, expression of Netrin-1 by other cells including

axons themselves in the absence of any axon growth, compensates for such loss, thus
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guiding the axons along their intended path and further preventing straying of rogue

axons.

For a successful peripheral repair, changes in the phenotype of SCs is essential which
includes transition to a repair SC phenotype, proliferation, migration and
redifferentiation of SCs into myelinating and non-myelinating cells (Chen et al., 2007).
Treating RT4 schwannoma cells with exogenous Netrin-1 (50 ng/ml), induced
proliferation and this was inhibited by a knockdown of UNC5B implying that UNC5B is
the receptor involved in promoting SC proliferation (Lee et al., 2007). My in vivo data
showed no difference in SC proliferation of the distal sciatic nerve, 7 days after
transection injury in the SC-specific Netrin-1 knockout mice. This data was in agreement
with that of Lv et al. (2015), wherein in RSC96 cells (an immortalised rat SC line),
recombinant Netrin-1 (varying doses from 0 to 500 ng/ml) produced no effect on
proliferation of the cells. However, in the same study, 100 ng/ml of Netrin-1 increased
SC migration of the RSC96 cells but not other doses, again demonstrating dose-
dependent activity of Netrin-1. They also suggested UNC5B as the main receptor
involved with Netrin-1 in migration of RSC96 cells as 100 ng/ml of Netrin-1 also increased
UNCS5B protein expression, explained by the authors as a way to adapt to a higher Netrin-
1 concentration (Lv et al., 2015). My results however showed that a SC-specific knockout
of Netrin-1 had no significant effect on SC migration 5 days post-PNI with migrating SCs

forming a cord in the nerve bridge of the Netrin-1 knockout mice 6 days post-injury.
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Regenerating axons attach to these migrating SCs to navigate their path to the end organ,
and a failure or disruption in the formation of the SC cord can also indicate a disruption
in axon growth (Chen et al., 2019a). My data for axon guidance and SC migration when
considered together show that a SC-specific Netrin-1 knockout is not important for either

of these functions.

Previous work carried out on oligodendrocytes cultured in vitro by addition of 100 ng/ml
Netrin-1 for 24hrs, demonstrated a significant increase in the production of myelin-like
membrane sheets (Rajasekharan et al., 2009). However, Tepavcevic¢ et al. (2014) in mice
showed that in induced spinal cord lesions, antibody-facilitated disruption of Netrin-1
led to an increase in the recruitment of oligodendrocytes precursor cells, which further
promoted remyelination. Additionally, the authors also showed that lentiviral-induced
Netrin-1 expression prior to the recruitment of oligodendrocyte precursor cells led to a
decrease in the number of cells recruited and subsequently inhibited remyelination
(Tepavcevic¢ et al., 2014). As there is no data available in literature for a function of
Netrin-1in SC remyelination of axons after injury, | examined the same in the SC-specific
Netrin-1 knockout mice. My results showed that SC-specific Netrin-1 deletion is

dispensable for SC remyelination at the timepoints | studied.

Finally, | had intended on generating a mouse model with a Tamoxifen induced global

knockout of Netrin-1 using the R26-CreERT2 mice (Hameyer et al., 2007). However,
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despite success of the use of this system to knockout DCC in mice (Refer to Chapter 4.2),
| was unsuccessful in the Netrin-1 mouse model. | made several attempts to generate
the knockout in these mice by modifying the protocol including initially injecting
Tamoxifen (75 mg/kg of animal) for five days or seven days and using intraperitoneal
injections as well as gavaging as method of Tamoxifen delivery. However, these
modifications were not successful in knocking out Netrin-1 in my mouse model. |
attempted to identify the issue and based on my PCR results | believe that Cre mediated
recombination and deletion of floxed Netrin-1 exon 3 did not occur. Although, | observed
recombination in mice with PO-Cre transgene, as shown by PCR and
immunohistochemistry, | could not determine the reason behind the recombination
failure in the mice with the R26-CreERT2 transgene. Sequencing of the PCR product from
the SC-specific Netrin-1 knockout mice (PO-Cre* Ntn1 '®/°*) confirmed the deletion of
Netrin-1 exon 3 along with the expected one loxP site. Additionally, PCR for the presence
of two loxP sites (homozygous) in all Netrin-1 mice was also confirmed (data not shown).
This lack of Netrin-1 deletion in my mouse model might be due to the size of the target
deletion between the two loxP sites, mosaic expression of CreERT2 or incomplete
deletion of the floxed loci (Sandlesh et al., 2018) However, ultimately, | could not study

the effects of Netrin-1 global deletion on peripheral nerve injury in this thesis.

Taken together, in this study, SC-derived Netrin-1 was shown to be dispensable for

successful axonal regeneration and functional recovery; SC proliferation, migration and
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remyelination of axons following nerve injury. Contrary to literature, the work done by
my research group and as shown by my transcriptomic data, demonstrated
downregulation of Netrin-1 following injury. | have also described novel expression of
Netrin-1 in the perineurium, blood vessels, tactocytes, epineurial fibroblasts and axons,
whereas previously Netrin-1 expression was thought to be mainly SC-derived in the

peripheral nerve.
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CHAPTER 4: EXPRESSION AND ROLE OF DELETED IN COLORECTAL
CARCINOMA (DCC) IN PERIPHERAL NERVE REGENERATION

4.1 Expression of DCC in the peripheral nervous system before and after peripheral

nerve injury

Deleted in colorectal carcinoma (DCC) has been widely studied as a chemoattractive
receptor of Netrin-1 for axon guidance during development (Keino-Masu et al., 1996),
however its role in peripheral nerve regeneration has yet to be fully elucidated. To study
DCC expression in mice, my research lab previously performed immunohistochemistry
on adult mouse L4-L5 DRGs, spinal cord and the sciatic nerve before and after a 7-day
transection injury. The cell bodies of sensory neurons in the DRGs and motor axons in
the ventral horn as well as sensory axons in the dorsal horn of the spinal cord of mice
showed expression of DCC both before and after sciatic nerve injury (Figure 42).
Moreover, there was no detectable difference in DCC expression in the injured versus
uninjured DRGs for sections stained and imaged under same conditions, however this

was not quantified.
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Figure 42: Expression of DCC in dorsal root ganglia and ventral horn of the spinal cord

before and after peripheral nerve injury in adult mice.

(A-H) Immunostaining to label DCC (green) and neuronal cell bodies (NeuN, red) in the L4-L5 spinal




cord (SP) before (A-D) and 7 days after sciatic nerve cut injury (E-H). White dashes demarcate the dorsal
and ventral horn of the spinal cord. (I-P) DCC expression in the cell bodies of sensory neurons in the L4-
L5 dorsal root ganglion (DRG) before (I-L) and 7 days after sciatic nerve injury (M-P). The merged image
shows co-localisation (in yellow) of neurons and DCC. Scale bar is 100 um in (A-H) and 50 um in (I-P)

(Dun, 2018, unpublished).

| immunostained adult PLP-GFP intact mouse sciatic nerve with DCC antibody to study
DCC localisation in the intact sciatic nerves (Mallon et al., 2002). Confocal microscopy
showed no expression of DCC in the SCs of PLP-GFP mice (Figure 43 A-H). Localisation of
DCC in the neuronal cell bodies of DRGs and ventral spinal cord suggested that DCC, like
Netrin-1, is anterogradely transported to the axons of the peripheral nerves. Therefore,
intact sciatic nerves were double stained for neurofilament heavy chain, to label axons

along with DCC antibody. My staining showed DCC localisation in axons. (Figure 43 I-L).
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Figure 43: Expression of DCC only in axons of the intact peripheral mouse sciatic nerve

(A-H) DCC (red) staining on transverse sections of intact sciatic nerve from PLP-GFP mice showing
absence of DCC in endogenous GFP-expressing SCs. (E-H) Magnified image of (A-D). (I-L) DCC (red) and
neurofilament heavy chain (NF, green) double staining on intact mouse sciatic nerve depicting DCC
expression only in axons. (L) The area of colocalisation appears in yellow. Hoechst (blue) staining labels

the nuclei of cells. (A-D) Scale bar is 100 um and for (E-L) its 50pum.

Previously, my research group had looked at DCC expression 7-days after transection

injury in C57BL/6 mice (Figure 44). Following injury, DCC expression appeared to be quite
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low in the nerve bridge in comparison to the proximal nerve segment. In the distal nerve,
DCC expression appears to be localised to axonal debris/degenerated axons (Figure 44).

This showed that DCC expression before and after injury is restricted to axons.
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Figure 44: Expression of DCC in 7-day injured sciatic nerve
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(A-D) Longitudinal section of sciatic nerve from C57BL/6 mouse labelled for DCC (green) and
neurofilament (red), 7 days after a transection injury. (D) DCC colocalises with neurofilament in the
proximal nerve segment indicating DCC expression in regenerating axons. DCC staining in the bridge is
almost negligible with low expression in the distal nerve segment of the sciatic nerve that appears to

be colocalising with only axonal debris (shown in arrows). Scale bar is 500 um. (Dun, 2018, unpublished).

My research group had also previously investigated DCC mRNA expression by RT-gPCR
in the spinal cord and DRG at day 4, 7, 10 and 14 after mouse sciatic nerve transection
injury and did not observe any significant changes compared to uninjured contralateral
spinal cord and DRG, respectively (Dun et al., 2018, unpublished). No DCC expression
was detected from the combined single-cell RNA seq data in the distal sciatic nerve at
day 3 and day 9 following injury (data not shown) (Carr et al., 2019; Toma et al., 2020;
Chen et al., 2021a). Likewise, there was no DCC mRNA expression detected on running a
search query on the previously mentioned single cell RNA-seq resource for intact sciatic
nerve called the Sciatic Nerve Atlas (Gerber et al., 2021). The lack of mRNA data for DCC
in the sciatic nerve suggested that my immunohistochemistry results showing DCC
expression only in axons was accurate. This is because axonal RNA is located in the
perikaryon of the neurons, which is in the L4-L5 DRGs and the L4-L5 spinal cord for the
sciatic nerve of mice and would not be detected by RNA sequencing of the sciatic nerve.
Although, some mRNAs are also transported to the axons to be translated locally (Yoon

et al., 2009).
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Therefore, at the start of this project, before discovering expression of Netrin-1 in other
cells besides SCs, | hypothesised that migrating SCs in the nerve bridge expressed Netrin-
1 to guide both motor and sensory regenerating axons across the nerve gap after an

injury by interacting with DCC on the regenerating axons.

4.2 Generating global knockout of DCC in adult mice

DCC was previously known to only act as a receptor for Netrin-1 (Keino-Masu et al., 1996;
Fazeliet al., 1997), and therefore | hypothesised that any role of DCC in peripheral nerve
repair after global ablation of the gene, would also be observed in the Netrin-1 null mice.
However, the opposite wouldn’t be accurate as Netrin-1 can interact with several other
receptors besides DCC. Therefore, while studying SC-specific Netrin-1 null mice, | also

began experiments in mice with a global deletion of DCC.

To generate a global knockout of DCC and circumvent embryonic lethality (Serafini et al.,
1996), | used the previously mentioned Tamoxifen-inducible ROSA-26-Cre/ERT2 (R26-
CreERT2) mice driven by the endogenous mouse Gt(ROSA)26Sor promoter which is
constitutively and ubiquitously expressed in mouse embryos and adult mice (Hameyer
et al., 2007). The R26-CreERT2* mice were crossed with DCC '*/*® mice wherein the loxP
sites flanked exon 23 of mouse DCC gene (Krimpenfort et al., 2012) to generate R26-
CreERT2*DCC """ mice (Figure 45 A). These offspring were back crossed with DCC'*"/1ox?

mice to produce R26-CreERT2* DCC /P mijce (Figure 45 A). Five consecutive days of
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Tamoxifen (75mg/kg) injections were given intraperitoneally to the R26-CreERT2* DCC
loxP/loxP mjce once they were about five to seven weeks of age. | did not observe any
Tamoxifen induced weight loss, measured at postnatal day 56 (P56) (Figure 45 B). It is
worth noting that DCC has been widely studied as a tumour suppressor (Fearon et al.,
1990). However, in the span of experiments performed on the DCC null mice, | did not

observe any increased occurrence of tumours.
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Figure 45: Generating global knockout of DCC in adult mice

Illustration of the necessary breeding steps taken to generate a complete knockout of DCC (DCC KO) in
adult mice. (A) Homozygous mouse with loxP sites flanking exon 23 of DCC (DCC 'o**/1°X?) was bred with
R26-CreERT2* mouse carrying the Cre transgene regulated by the constitutively and ubiquitously
expressed Gt(ROSA)26Sor promoter. The Cre protein is fused to a mutated estrogen receptor (ERT2)
whose ligand binding domain when bound to Tamoxifen allows for translocation of the fusion protein
to the nucleus for Cre-mediated recombination and target gene deletion. The resulting offspring from
step 1 (R26-CreERT2* DCC'*/%t) were back-crossed with DCC 'P/1o* to generate homozygously floxed
DCC mice that had the R26-CreERT2 transgene (R26-CreERT2* DCCo*/oxP)  These mice were

intraperitoneally injected with Tamoxifen 5-7 weeks after birth to induce Cre mediated recombination
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and deletion of DCC. (B) Weight of mice approximately at day 56 post-birth (P56) plotted for control
and Tamoxifen-treated DCC KO male and female mice (n=9 for control males; n=7 for DCC KO males;
n=8 for control females; n=7 for DCC KO females). No significant weight difference (p > 0.05) was

observed.

Two weeks post Tamoxifen injection, | re-ear notched the mice and genotyped them with
primers designed to detect deletion of exon 23 of DCC gene. DNA recombination in DCC
knockout mice was confirmed in experimental mice with PCR as previously described
(Krimpenfort et al., 2012), which detects a 400bp amplified DNA band after Cre-
mediated recombination and gene deletion (Figure 46 A). As expected, this amplified
band was not detected in control mice that were negative for R26-CreERT2* transgene
as well as for the mice positive for R26-CreERT2" but prior to Tamoxifen injections (Figure
46 B). To validate deletion of DCC at protein level, | dissected the DRGs of control and
knockout DCC mice four weeks after the last Tamoxifen injection. The DRGs were double
stained with neurofilament heavy chain and DCC antibodies. Confocal imaging showed
DCC expression in the cell bodies of DRGs in control mice but was seemingly absent in
the Tamoxifen-treated R26-CreERT2* DCC '**/1*® mijce thus confirming knockout of DCC

(Figure 46 C-J).
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Figure 46: Confirming global deletion of DCC in Tamoxifen injected R26-CreERT2*

DccloxP/loxP mice

(A) Primers (yellow arrows) on either end of the two loxP sites (flanking exon 23 of DCC), amplify a
400bp product by PCR after Tamoxifen treatment of R26-CreERT2* DCC'**P/1oxP (DCC KO) mice to confirm
deletion of DCC after Cre-mediated recombination. A 400bp amplified product would be observed if

deletion was successful in DCC KO mice. (B) PCR for DCC confirming gene deletion post-Tamoxifen
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injection. The 400bp band was only observed after Tamoxifen treatment (sample numbers in yellow)
and no band was detected for the same samples before Tamoxifen injection (sample numbers in white)
or in control mice (con; DCC 'oP/1°%) (C-J) Immunohistochemistry of transverse sections of dorsal root
ganglia (DRGs) double labelled for neurofilament heavy chain (NF, green) to label neurons and DCC
(red) in control (C-F) and DCC knockout mice (G-J) four weeks after the last Tamoxifen injection. DCC
expression only in control DRGs. Hoechst (blue) labels cell nuclei. Scale bars in (B-1) represented as 50

pum.

4 .3 Axon Guidance defect in DCC knockout mice following nerve transection injury

Our hypothesis was that Netrin-1 mediates axon regeneration by interacting with its
receptor DCC post PNI. Whole mount immunolabelling of injured sciatic nerve showed
abnormal trajectory of axons of the nerve bridge in SC-specific Netrin-1 knockout mice
14-days after a transection injury. However counting the number of axons that had
innervated the tibial branch of the sciatic nerve, did not show any loss of axons in the
target mice (Figure 21). | therefore wanted to examine if similar results are obtained

upon global deletion of DCC in adult mice.

As previously described, the control and DCC knockout mice underwent sciatic nerve
transection injury and 14 days later, the animals were sacrificed, and the sciatic nerve
was dissected along with the surrounding muscle for whole mount staining (Dun and
Parkinson, 2018). | used neurofilament heavy chain antibody to label axons in the sciatic
nerve. Several axons in the nerve bridge seemingly grew into surrounding tissues (Figure

47 A, B). The aberrant trajectory of axons also appeared to be more severe in comparison

237



to the control mice. However, again on quantifying the total number of axons in a cross
section of the tibial nerve no difference in the number of axons that had innervated the
tibial nerve was observed (Figure 47 C, D). This suggested that although Netrin-1/DCC
signalling might be important for guiding some populations of axons, the majority of

axons can regenerate into the distal nerve in the absence of DCC.
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Figure 47: Axon guidance defect in the nerve bridge of DCC knockout mice

(A and B) Whole nerve staining of sciatic nerve labelled for neurofilament heavy chain (NF, green)
depicting axonal regeneration in the nerve bridge of (A) control (n=4) and (B) DCC knockout mice (DCC
KO) (n=3), 14 days post-nerve transection injury. The dotted lines depict the segregation of the
proximal, the nerve bridge and the distal end of the nerve. The white box shows regenerating axons
that appear to be innervating surrounding tissues and leaving the nerve bridge. (C, D) Transverse
section of the tibial branch of the sciatic nerve immunolabelled for NF (red) shows axon density in the
tibial nerve in control (C) and DCC knockout mice (D) 14 days post-nerve transection injury. Scale bars

in (A and B) represents 500 pm and in (C and D) represents 50 um. (E) Quantification of axon numbers
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in the tibial nerve of control and DCC knockout mice 14 days post-transection injury (n= 4 for control
and n=3 for DCC KO mice). All axons per fascicle were counted and depicted as total number of axons
per total area of cross section of the tibial nerve. There was no statistically significant difference

(p > 0.05; not significant) between the two studied groups. Error bars represent () SEM.

4.4 Normal functional recovery in DCC knockout mice post-crush injury

With no significant role apparent for DCC in axonal regeneration | wanted to study
whether | would observe similar results after a sciatic nerve crush injury. Therefore, |
looked at functional recovery after a sciatic nerve crush injury in the DCC knockout mice.
As described previously, images of mice were captured before injury and from day 7
onwards following right sciatic nerve crush injury. The mice were kept in a transparent
box and the camera was positioned below it (Figure 48 A-D). The toe spread function
was measured from the images and static sciatic index (SSI) was calculated as previously

described by Bozkurt et al. (2008).

| recorded a mean preoperative SS| score of -5.49 + 5 for both control and DCC knockout
mice (Figure 48 E). Seven days post-injury, by measuring the toe spread of the right paw,
| recorded a mean SSI score of -95 + 5 for both groups (Figure 48 E). | recorded an SSI
score of =9 + 5 for both groups 21 days post-injury indicating full functional recovery
(Figure 48 E). This showed that DCC was not important for functional recovery after a

crush injury by this measure thus suggesting that deletion of DCC does not affect the
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speed of axonal regrowth and re-innervation following peripheral nerve crush injury.
However, as my experiment on functional recovery did not include tests for regeneration
of unmyelinated small diameter axons, such as the Hargreaves test, any potential role of

DCC in the regeneration of these axons could not be ruled out.
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Figure 48: Normal functional recovery in DCC knockout mice post-crush injury

(A-D) The experimental setup for recording static sciatic index (SSI) for control and DCC knockout (DCC
KO) mice following right sciatic nerve crush injury. A camera was positioned below a transparent box
to record the toe spread of each mouse starting from day 0 (before injury), followed by day 7 (after
injury) and every other day until day 21. (A, B) Control mouse at day 7 (7D) and day 21 (21D) after injury.
(C, D) DCC KO mouse at day 7 and day 21 after injury. The blue lines show toe spread in the injured right
paw whereas the red lines depict toe spread in the uninjured left paw. (E) Plotted graph for measured
SSI, values approaching zero imply a trend to recovery of function (n=3 for control, n=5 for DCC KO).
There was no statistically significant difference (p > 0.05; not significant) for SSI between the two groups

at any time point. Error bars represent () SEM.
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4.5 Discussion and Conclusions

As described previously, during development, Netrin-1 has been shown to have bi-
functionality showing both chemoattraction and chemorepulsion during axon guidance,
angiogenesis and vasculogenesis (Keino-Masu et al., 1996; Larrivée et al., 2007; Finci et
al., 2014; Lu et al., 2014; Dun and Parkinson, 2017). Deleted in colorectal carcinoma
(DCC) is a transmembrane receptor for Netrin-1. Netrin-1 can mediate axonal attraction
on interaction with DCC, while repulsion is observed when Netrin-1 binds to
uncoordinated-5 receptors (UNC5A-D). Moreover, it has been shown that DCC is

required to switch the attractive cues to that of repulsion (Hong et al., 1999).

With Netrin-1/DCC interaction shown to be important for mediating both repulsion and
attraction of axons in developmental axon pathfinding, DCC was primed as an important
molecule for studying its role in peripheral nerve repair (PNR), in tandem with Netrin-1.
Therefore, in the course of the present investigation, | studied the expression of DCC in
the PNS of adult mice as well as its role in PNR by generating global knockout of DCC in

mice.

Previously, Webber et al. (2011) showed a significant increase in expression of DCC
MRNA by day 7 in the DRGs following sciatic nerve transection injury in rats. However,
the previous results of my research group showed no change in DCC mRNA expression

up until day 14 post-sciatic nerve injury in the mouse, both in the spinal cord and the
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DRGs (Dun et al., 2018, unpublished). Webber et al. (2011) also reported DCC expression
in the sensory neuronal cell bodies of adult rat DRGs, in unmyelinated axons of the sciatic
nerve and in the paranodes and Schmidt-Lantermann incisures of myelinated axons
before injury. However, after injury the authors reported that along with expression in a
few axons, robust DCC expression was primarily observed in migrating SCs proximal and
distal nerve segments, 7 days following transection injury. Lee et al. (2007) reported that
DCC mRNA was not expressed in RT4 schwannoma cells (rat schwannoma cell line) and
primary SCs cultured from adult rat sciatic nerves. Also immunoblotting did not detect
DCC in RT4 and iSC schwannoma cells (an immortal Schwann cell line) (Lee et al., 2007).
This was in agreement with the results of Lv et al. (2015), wherein the authors did not

detect any DCC mRNA in RSC96 cells (an immortalised rat SC line).

My immunostaining results showed DCC expression only localised to axons (both motor
and sensory) in intact sciatic nerves and no expression observed in SCs. Also, unlike
Webber et al. (2011), DCC expression was localised to only regenerating axons with low
expression in the nerve bridge and only in the axonal debris/degenerating axons of the
distal nerve, 7-days post sciatic nerve transection in mice. Moreover, DCC was not
detected in the single-cell RNA-seq analysis of the sciatic nerve before and after injury.

This further suggested that DCC expression is confined only to axons.
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Previously in DCC mutant zebrafish, the motor axons elongated along aberrant
trajectories at the injury site, 48hrs after transection injury (Rosenberg et al., 2014). To
validate this result in the DCC global knockout mouse model, | performed sciatic nerve
transection injury and observed similar aberrant trajectory of axons in the bridge
segment of the nerve, 14 days post-injury. However, | did not observe any significant
difference in the number of axons that had innervated the tibial nerve at the same time
point, indicating that although aberrant trajectories are evident after loss of DCC in mice,
itis not enough to severely affect axonal regeneration. Possibly the misdirection of axons
is more pronounced earlier than the 14-day time point, however this was not
investigated in this study as there was no pronounced defect in innervation of the axons
in the distal nerve segment at 14 days following PNI. My studies for functional recovery
following a crush injury up until day 21 in the DCC knockout mice also did not show any
difference compared to control, with almost full functional recovery as that of an
uninjured nerve attained by day 21 post-injury. This indicated that following a less
traumatic crush injury, axon regeneration and target innervation is not affected by the
loss of DCC. Thus, data for DCC taken together with Netrin-1 suggests that Netrin-1/DCC

might not be important for axonal regrowth and functional recovery following PNI.
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CHAPTER 5: EXPRESSION AND ROLE OF RUNT RELATED TRANSCRIPTION
FACTOR 2 (RUNX2) IN PERIPHERAL NERVE REGENERATION

5.1 Runx2 mRNA upregulation post peripheral nerve injury

My lab is particularly interested in studying the role of SCs in peripheral nerve repair in
terms of phenotypic changes, upregulation and downregulation of molecules, including
the role of transcription factors regulated by SCs post PNI. One of the dramatically
upregulated transcription factors following PNI is the transcription factor Runx2 and was
shown to be expressed mainly by SCs (Hung et al., 2015; Arthur-Farraj et al., 2017; Ding
et al 2018). My research group’s work on identifying transcription factors upregulated
post PNI also showed Runx2 upregulation in SCs of the distal nerve stump after mouse

sciatic nerve transection injury on day 3 and day 9 (Li et al., 2021).

Based on this data, Runx2 mRNA expression was also studied using the same datasets as
described above for Netrin-1 and DCC projects. For crush injury | analysed microarray
datasets GSE22291 and GSE74087 with data available for the distal nerve segment of the
mouse sciatic nerve (Barrette et al., 2010; Pan et al., 2017), and | confirmed that Runx2
MRNA is significantly upregulated for all the analysed time points (day 3, 7 and 14)
(Figure 49 A, B). Similar results with dramatic upregulation of Runx2 mRNA was also
observed for the data analysed from microarray dataset GSE38693 for transection injury

in mice 7 days post-sciatic nerve injury (Arthur-Farraj et al., 2012).

245



A GSE22291 B GSE74087 c GSE38693

404 60 50
* ok ok
354 * kK 55 o 454 =
5 ]‘F e 50 Y 40
- - -
° 30 g 2 45 * ok k % % 35
85 25- 85 407 S5 304
Kog7) ) 35 =0
[ * kK -3 O = 25
o o o3
@ L 20 &5 304 €=
2.2 * kK E’ 3, © .S 20
cc = 25+ £t
© .= S .= * kK
= = 15— L c o 3 15
G 3 © 3 20 ©
3 3 154 © 10
© 104 (<) L
w L 104 5
54 5 0-
oL 0= o| A \o@b Q
B N AV » &
S ° 0P & 3 S
& & Runx2
0‘0
Runx2 Runx2

Figure 49: Runx2 mRNA expression in the distal sciatic nerve following sciatic nerve
injury.

(A, B) Fold change upregulation of Runx2 in the distal sciatic nerve (SN) stump at day 3, 7 and 14 (3D,
7D, 14D, respectively) following SN crush injury in mouse, relative to uninjured SN. The data was
analysed from publicly available microarray datasets GSE22291 (n=2 for each time point) and GSE74087
(n=3 for each time point). (C) Runx2 mRNA upregulation 7 days after SN transection injury in mice,
relative to uninjured SN, from microarray dataset GSE38693 (n=2). *p<0.05, **p<0.01, ***p<0.001.
Error bars represent () SEM.

| next compared the expression of Runx2 to c-Jun and Sox2, two well-characterised
transcription factors, both of which have been widely studied for their role in PNR and
their expression by SCs (Parkinson et al., 2008; Parrinello et al., 2010; Arthur-Farraj et
al., 2012; Fontana et al., 2012; Roberts et al., 2017). The same three microarray datasets

as above were used to compare expression of Runx2, c-Jun and Sox2 in the distal sciatic

nerve segment, after either a crush or transection injury.
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In contrast to c-Jun and Sox2, the fold change expression of Runx2, relative to the
uninjured nerve, was significantly higher for the three analysed datasets (Figure 50 A). |
also looked at Runx2 mRNA expression in SCs isolated from the bridge and distal
segments of the sciatic nerve 6 days after transection injury in mice from published RNA-
seq dataset GSE103039 (Clements et al., 2017). Our analysis confirmed that Runx2 was
upregulated significantly in the SCs from both the bridge and the distal segment of the

sciatic nerve post-transection injury (Figure 50 B).

247



il GSE103039
50
g 45+ . 20—
-t 18"
’%Z 404 @ 16— * %
L . >
<3 T2 14-
5 307 To  12-
3 =0 -
- 25 = Q 10 =
S5 =2 T
S 20 SE 8- [
: e £5 o
10 i 4+
(<] y
5 - (T 0 ==
g g & & F
2 2 O e 2
o o 0\ bg O
R N 0\
Sl
GSE22291 GSE74087 GSE38693
Runx2

Figure 50: Runx2 mRNA expression in comparison to c-Jun and Sox2 and its expression

in Schwann cells post-crush injury.

(A) A fold change comparison of expression of Runx2, Sox2 and c-Jun mRNA in the distal segment of
mouse sciatic nerve (SN) 7-days after injury, relative to the uninjured SN from publicly available
microarray datasets GSE22291 (crush injury; n=2), GSE74087 (crush injury; n=3) and GSE38693
(transection injury; n=2). (B) Runx2 mRNA fold change upregulation in the Schwann cells (SC) in the
bridge and the distal nerve segment, relative to SCs from uninjured SN, 6 days post-mouse sciatic nerve

transection injury, analysed from dataset GSE103039 (n=4). *p<0.05, **p<0.01, ***p<0.001.

5.2 Transcriptomic profiling of Runx2 post peripheral injury with single cell sequencing

With an interesting change in expression observed for the RNA-seq data in SCs for Runx2,

as well as based on existing literature showing Runx2 upregulation in SCs (Hung et al.,
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2015; Arthur-Farraj et al., 2017; Ding et al 2018), | wanted to confirm this evidence by
single cell RNA-seq analysis of the sciatic nerve before and after injury. | accessed the
publicly available Sciatic Nerve ATlas and ran a search query for Runx2 mRNA expression
in cells of the sciatic nerve before injury (Gerber et al., 2021). My search for Runx2
showed that similar to microarray data, Runx2 mRNA expression is very weak prior to
injury in adult mice (P60), with the expression observed in only very few epineurial and

endoneurial cells and its expression in SCs is almost non-detectable (Figure 51)
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Figure 51: Runx2 single cell transcriptome profiling in mouse sciatic nerve cells at P60

from Sciatic Nerve ATlas

(A) A t-SNE plot depicting clusters for single cell transcriptomic analysis (GSE137870) of uninjured P60
mouse sciatic nerve with Runx2 expression (orange) superimposed on non-Netrin-1 expressing cells
(grey) after running a search query on the resource Sciatic nerve ATlas (https://snat.ethz.ch/). (B) Violin
plot from the Sciatic nerve ATlas depicting Runx2 expression levels in uninjured sciatic nerve of adult

mouse. (A, B) The figure key 1-8 describes the identity of the clusters as grouped by the authors.
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Additionally, as mentioned previously, Dr. Dun and Dr. Banton compiled and re-analysed
single cell RNA-seq data for the distal nerve segment, 3 days and 9 days post-transection
injury (Toma et al., 2020; Carr et al., 2019; Chen et al., 2021a). This combined data was
used in this study to investigate Runx2 mRNA expression after injury. Again, in the
uninjured sciatic nerve, Runx2 expression was almost negligible, both, in terms of the
percentage of cells expressing Runx2 mRNA as well as the average expression and mainly

observed in very few epineurial and endoneurial fibroblasts (Figure 52; Table 12).
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Figure 52: Single cell transcriptomic profiling of Runx2 in uninjured sciatic nerves.

Data published for single cell transcriptomic (GSE147285) of intact mouse sciatic nerve was re-analysed

and a t-SNE cluster generated, annotated for cell types as identified by marker gene expression. (A)

Runx2 expression (in blue) superimposed on the segregated cell clusters of the dataset. (B) Dot plot

showing Runx2 expression in the clustered cell types in the intact sciatic nerve. (A, B) The figure key

describes the identity of the 14 clusters.
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Table 12: Mouse Runx2 mRNA expression in uninjured, 3 days and 9 days post-
transection injury in the distal sciatic nerve stump, re-analysed from published

transcriptomic data GSE147285 and GSE120678 (Carr et al., 2019; Toma et al., 2020;

Chen et al., 2021a).

Percentage

Average

Runx2 in intact nerve cell Percentage | Average Runx2 in day 3 nerve cell . Runx2 in day 9 nerve | Percentage | Average
. of cells expression i
types aof cells expression types cell types of cells expression
Endoneurial fibroblasts 1.83 0.02 Differentiating fibroblasts | ;5 ;¢ 0.15 Differentiating 10.92 0.13
and perineurial cells fibroblasts
. . e Endoneurial
Perineurial cells 0 0 Endoneurial fibroblasts 1.55 0.02 . 1.83 0.02
fibroblasts
Epineurial 3 2.88 3 0.04
2 056 | 2 0.01 ;
i L fibroblasts(cluster 3,5) 5 | 2.50 5 0.03
Epineurial fibroblasts . . X X
luster 2,6,7) Perineurial cells 3.37 0.03
(cluster 2,86, 6 1.77 |6 |0.02 Schwann cells 29.41 0.45
7 o 7 0 Endothelial cells 0.81 0.01
Ronyelinatnebchivany 0.73 0.01 VSM/pericytes 1.18 0.01 Epineurial fibroblasts 2.86 0.03
cells (nmSC)
Myelinating Schwann cells
0 0 Macrophages 2.54 0.03 Schwann cells 22.90 0.30
(mSCs)
Arterial endothelial cells 0 0 T, NK and mast cells 3.37 0.07 Endothelial cells 0.57 0.01
Capillary endothelial cells 0 0 Neutrophils 2.33 0.02 VSM/pericytes 1.47 0.01
Venous endothelial cells 0 0 B cells 2.44 0.07 Macrophages 1.22 0.02
Lymphatic endothelial cells 0 0 Mast cells 0 0
Pericytes 0 0 Neutrophils 0 0
Vascular smooth muscle
(VSM) cells 0 0 B cells 0.52 0.01
Immune cells(resident
macrophages, mast cells,
T/NK cells) 0 0 NK cells 7.89 0.19
T cells 1.83 0.02

Analysis of the single cell RNA-seq data for day 3 post-sciatic nerve transection injury in

the distal nerve showed Runx2 upregulation in SCs as compared to the intact nerves with

29.41% of SCs now expressing Runx2 with an average expression of 0.45 (Figure 53; Table

12). Runx2 was also expressed by differentiating fibroblasts and perineurial cells

however the average expression was not as high as the SCs.
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Figure 53: Single cell transcriptomic profiling of Runx2 in distal mouse sciatic nerve on

day 3 post-transection injury

Single cell RNA sequencing data (GSE147285) from the mouse for day 3 post-sciatic nerve transection
injury from the distal stump of the nerve re-analysed and a t-SNE cluster generated, annotated for cell
types as identified by marker gene expression. (A) Runx2 expression (in blue) is the highest in the
Schwann cell cluster and also expressed in differentiating fibroblasts and perineurial cells. (B) Dot plot
showing Runx2 expression in the clustered cell types in the distal stump of the injured nerve. (A, B) The

figure key describes the identity of the 11 clusters.
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Finally, for day 9 days post-transection injury in distal sciatic nerve, Runx2 mRNA
expression is still high in SCs with average expression of 0.30, albeit, slightly reduced in
comparison to day 3 (Figure 54; Table 12). Differentiating fibroblasts and perineurial cells
were segregated into separate clusters on day 9 and for differentiating fibroblasts
10.92% of cells showed an average expression of 0.13. The natural killer cells (NK cells)
also expressed Runx2 mRNA on day 9, with 7.89% of cells showing an average expression
of 0.19 (Figure 54; Table 12). The single cell transcriptomic profiling of Runx2 showed

that Runx2 mRNA is highly upregulated by SCs post-injury.
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Figure 54: Single cell transcriptomic profiling of Runx2 expression in the mouse distal

sciatic nerve 9 days post-transection injury

Published single cell transcriptomics (GSE120678) mouse data for 9 days post—sciaticl nerve transection
injury from the distal stump of the nerve was re-analysed and a t-SNE cluster generated, annotated for
cell types as identified by marker gene expression. (A) Runx2 mRNA expression depicted in the cell

clusters with the highest expression in the Schwann cell cluster. (B) Dot plot showing Runx2 expression
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in the clustered cell types in the distal stump of the injured nerve. (A, B) The figure key 1-12 describes

the identity of the clusters.

5.3 Generating a Schwann cell-specific knockout of Runx2

With SCs being the target cell of interest in my research group and the dramatic increase
of Runx2 transcription factor by the SCs post-injury, this suggested a possible role for
Runx2 in PNR. To validate the observed transcriptomic analysis of Runx2, my research
group performed sciatic nerve transection injury on wild type adult C57BL/6 mice over
the course of 4, 7, 10 and 14 days. By RT-gPCR they showed strong upregulation of Runx2

until day 14, however peaking around day 7 (Rong et al., 2021, unpublished).

Therefore, to understand the role of Runx2 in PNR we generated a SC-knockout of Runx2.
Several experiments in this work were carried out in part by my colleagues Rong Hu and
Dr. Xin-peng Dun (referred from here on as my research group), whereas animal
breeding, genotyping, assistance with surgery, processing of several samples and few
experiments, deemed necessary for the completion of the project, were performed by

me and have been presented in this thesis.

To study Runx2 function in SCs, we generated a SC-specific knockout of Runx2 following
the same methodology as that of the SC-specific Netrin-1 knockout mouse. Briefly,
Runx2'oP/oP mice (Ferrari et al., 2015), were bred with PO-Cre* mice (mPO-TOTACRE)

(Feltri et al., 1999) to generate a SC-specific Runx2 knockout mouse line, homozygously
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floxed for Runx2 with the PO-Cre transgene (PO-Cre* Runx2'*/*®) Mice that did not

have the PO-Cre transgene were used as a control for all experiments (Runx2'®F/oxP)

(Figure 55 A).
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Figure 55: Generating Schwann-cell specific knockout of Runx2 in mice

(A) Breeding steps to generate a knockout of Runx2 in Schwann cells (Runx2 KO) in mice. Homozygous
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mouse with loxP sites flanking exon 3 of Runx2 (Runx2 '©?/19x*) was bred with PO-Cre* mouse wherein
the Cre transgene is regulated by the myelin protein zero promoter in Schwann cells (PO-Cre). The

resulting offspring was heterozygous for loxP sites and was back crossed with Runx2 'o*/1? mouse. The

+

resulting progeny that were homozygous for Runx2 loxP sites and had the PO-Cre transgene (PO-Cre
Runx2 'oP/loxP) \were used as the Schwann cell-specific knockout mice in my experiments and mice
without PO-Cre but homozogyously floxed for Runx2 were used as controls. (B) Weight of mice
approximately at day 60 post-birth (P60) plotted for control and Runx2 KO male and female mice (n=8
for control males; n=13 for Runx2 KO males; n=15 for control females; n=10 for Runx2 KO females). No

significant difference (p > 0.05) was observed.

Global embryonic ablation of Runx2 results in death of the pups due to respiratory failure
caused by a failure of ossification (Komori et al., 1997; Otto et al., 1997), however the
SC-specific Runx2 KO mice in our lab were viable with no difference observed in body
weight between the target and control mouse groups (Figure 55 B). We had also bred
the Runx2 mouse line with the PLP-GFP line to get mice expressing endogenous GFP in
SCs of the peripheral nerve (Mallon et al., 2002). | carried out immunohistochemical
analysis of the sciatic nerve post-injury to confirm Runx2 knockout. Briefly, control and
SC-specific Runx2 knockout mice underwent right sciatic nerve transection injury. 7 days
post-injury the distal sciatic nerve was dissected, fixed in 4% PFA and 10 um longitudinal
cryosections were used for immunohistochemistry to stain for Runx2. Runx2 expression
was observed in GFP-expressing SCs of distal sciatic nerve in control mice while a few

non-GFP cells in the SC-specific Runx2 knockout mice expressed Runx2 (Figure 56 A-H).
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A western blot for Runx2 with the uninjured and 7-day injured sciatic nerves also saw a
marked decrease of Runx2 in the Runx2 KO mice 7 days post-injury (Figure 56 1, J). The
western blot results also confirmed that Runx2 was not expressed in intact nerves (Figure

561, J).
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Figure 56: Confirming Runx2 knockout in Schwann cells.

(A-H) Immunohistochemistry on longitudinal sections of distal sciatic nerve from Schwann cell-specific
Runx2 knockout mice (Runx2 KO) and control mice at 7 days post-sciatic nerve transection injury. Both
mouse groups express endogenous GFP in SCs (green) and are labelled for Runx2 (red). (A-D) Runx2
expression in GFP positive cells in control mice after injury. (E-H) Runx2 KO mice do not express Runx2
in GFP positive SCs, confirming deletion. Hoechst labels nuclei of cells. (I, J) Western blot of intact and

7-day (7D) post-transection injury distal sciatic nerves of control (con) and SC-specific Runx2 KO mice.
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Runx2 is not present in intact nerves and is upregulated 7 days after injury in control mice. Runx2

deletion is shown in Runx2 KO mice (n= 3 for each group). Error bars represent () SEM. ***p<0.001.

5.4 Runx2 regulates remyelination post-injury but not during development

My research group studied the levels of myelin proteins Mpz and myelin basic protein
(Mbp) by western blot in the tibial nerve 28 days post-crush injury. Their results showed
that both the myelin proteins were significantly downregulated in the SC-specific Runx2
knockout mice compared to control (Rong et al., 2021, unpublished). They further
examined remyelination using transmission electron microscopy (TEM) on tibial nerves,
28 days after crush injury and reported significant decrease in myelin thickness and an
increase in g-ratio in the SC-specific Runx2 knockout mice as compared to control (Rong
etal., 2021, unpublished).

To look at this myelination defect at an earlier time point, | used tibial nerves for
immunohistochemistry, 21 days post-crush injury. The tibial nerves were double stained
for neurofilament heavy chain, to label axons, and Mbp. Staining revealed that many
axons in the SC-specific Runx2 KO mice were unmyelinated in comparison to the control
(Figure 57 ). On quantifying the number of myelinated axons relative to the total number
of axons in the nerves, | observed that at 21 days post-crush injury the SC-specific Runx2
knockout mice had a severe demyelination defect thus confirming the results observed

by my research group at 28 days post-injury (Figure 57 K). This led me to examine the
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number of axons in the tibial nerve at day 21 post-crush injury, and my quantification
showed no significant difference in the number of axons that had innervated the tibial
nerve (Figure 57 L). Therefore, the remyelination defect observed in our mouse model
was seemingly attributed to Runx2-null SCs being unable to adequately myelinate axons

rather than a factor of reduced number of axons.
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Figure 57: Remyelination defect 21 days post-crush injury in Schwann cell-specific

Runx2 knockout mice.

(A-J) Tibial nerve of control and Schwann-cell specific Runx2 knockout (Runx2 KO) mice was stained
with neurofilament heavy chain (NF, red) to label axons and myelin basic protein (MBP, green) to label
myelin, 21 days after a crush injury to the right sciatic nerve. (D, H) The merged channels show axons
surrounded by myelin with higher density of axons without myelin in the Runx2 KO tibial nerve. (I, J)
Higher magnification of control and Runx2 KO tibial nerve with white arrows showing unmyelinated
axons. Hoechst (blue) staining labels the nuclei of cells. (K) Graph depicting the number of myelinated
axons to the ratio of total number axons counted in the tibial nerve (n=4 for each group). (L)

Quantification of total number of axons per total area of cross section of the tibial nerve for control and
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Runx2 KO mice (n=4 for each group) showed no significant difference (ns). Error bars represent () SEM.

***p<0.001. Scale bar is 20 um for (A-H) and 10 um for (1,J).

Although | have shown that Runx2 is not expressed in intact sciatic nerves, | wanted to
confirm that the remyelination defect observed post-injury was not observed during
development after loss of Runx2 in SCs. For this purpose, | dissected the sciatic nerves of
SC-specific Runx2 knockout and control pups at postnatal day 7 (P7) and these were fixed
in 2.5% glutaraldehyde in 0.1M sodium cacodylate buffer. Semithin sections of the sciatic
nerves were cut and stained with toluidine blue and imaged on the confocal microscope.
Total number of myelinated axons were counted across the whole cross section of the
nerve and were represented as total number of myelinated axons per area of the cross
section of the sciatic nerve imaged. No difference was observed on analysing the nerves
from the control and SC-specific Runx2 knockout mouse groups (Figure 58). In agreement
with this, transmission electron microscopy carried out by my research group showed
normal myelination and unaltered axon diameter and g-ratio in two-month-old SC-
specific Runx2 knockout mice compared to controls (Rong et al., 2021, unpublished).
Taken together, the data exhibited that SC-deletion of Runx2 does not affect myelination
during development and in adult mice but remyelination was severely impaired after

injury.
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Figure 58: Normal myelination of the sciatic nerve during development in Schwann cell

specific Runx2 knockout mice.

(A-B) Toluidine blue staining on sciatic nerve semithin sections from postnatal day 7 (P7) control and
Schwann cell-specific Runx2 knockout mice (Runx2 KO) mouse pups. (C) Quantification of the number
of myelinated fibres in sciatic nerve of P7 control and Runx2 KO mice (n= 3 for each group). All
myelinated axons were counted for each cross section of the sciatic nerve and plotted as total number
of myelinated axons per total area of a cross section of the sciatic nerve. Error bars represent () SEM.
There was no statistically significant difference (p > 0.05; not significant) between the two studied

groups.
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5.5 Potential Runx2 targets after a peripheral nerve injury.

My research group had looked to identify potential genes that are activated by Runx2 in
SCs after injury. Using SCENIC (Single-Cell Regulatory Network Inference and Clustering)
(Aibar et al., 2017) , they analysed the scRNA-seq data from dataset GSE147285 for post-
injury day 3 distal nerve (Toma et al., 2020), and data set GSE120678 for post-injury day
9 distal nerve (Carr et al., 2019). Briefly, genes that are expressed in SCs at day 3 and day
9 post-injury were analysed for the Runx2 cis-regulatory binding motifs and genes with
significant motif enrichment of the correct upstream regulator were retained. The SCs in
the distal nerve were then resolved into two sub-clusters - SC1 and SC2. SC1 expressed
high level of Runx2 while SC2 express low level of Runx2. They then analysed the
identified genes with significant motif enrichment, i.e., Runx2 binding, to identify the
genes that like Runx2 were highly expressed by SC1 cluster and saw low expression in

SC2 cluster.

Thus, their in-silico analysis of potential genes with significant Runx2 cis-regulatory
binding motif enrichment, identified nerve growth factor receptor (Ngfr) also known as
neurotrophin receptor p75 (p75"™®) among several other targets. Additionally, Ngfr
showed the highest expression in SCs and similar fold changes upregulation as that of

Runx2 in the distal nerve stump following injury (Rong et al., 2021, unpublished).
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To initially study Ngfr as a potential injury-associated target of Runx2, distal and intact
sciatic nerve of control and SC-specific Runx2 knockout mice was dissected out, 7 days
post-transection injury for immunoblotting. My results showed that Ngfr was barely
expressed in intact sciatic nerve of both control and SC-specific Runx2 knockout mice
(Figure 59 A, B). Ngfr was upregulated after injury in the distal nerve stump of both
control and SC-specific Runx2 knockout mice, however no significant difference was
observed comparing the two groups (Figure 59 A, B). Immunohistochemistry of the distal
sciatic nerve for Ngfr, 7 days after a crush injury also did not show any apparent
difference when comparing the SC-specific Runx2 knockout mice to the control,

suggesting that Ngfr was not a potential target of Runx2 (Figure 59 C, D).
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Figure 59: Nerve growth factor receptor is not an injury-induced target of Runx2.

(A) Immunoblotting for nerve growth factor receptor (Ngfr) on intact and 7-day transection injury sciatic
nerves from control and Schwann cell specific Runx2 knockout mice (Runx2 KO). (B) Ngfr expression
was low in intact sciatic nerve for both control and Runx2 KO mice and was upregulated significantly
after injury in both groups. No significant difference was shown comparing the injured sciatic nerves of

control and Runx2 KO mice (n=3 for each group). GAPDH was used as a loading control. (C, D)
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Longitudinal sections of sciatic nerves from crush site, 7 days following injury, labelled for Ngfr (green)
in control (C) and Runx2 KO mice (D). (B) *p<0.05 and error bars represent () SEM. (C, D) Scale is
500pm.

Hung et al (2015) previously showed that Runx2 siRNA transfection in primary rat SCs
also resulted in downregulation of sonic hedgehog (Shh) and oligodendrocyte
transcription factor 1 (Oligl). To study this in our mouse model, | first performed a 7-day
crush injury in control and SC-specific Runx2 knockout mouse on the right sciatic nerve.
Total RNA was extracted from the dissected injured sciatic nerve (from the nerve bridge
to the distal nerve segment) of both mouse groups and reverse transcribed to cDNA.
Quantitative PCR was performed for Oligl, Shh, Ngfr and Gapdh as a reference control
(Figure 60). However, my results showed no difference in the gene expression for both
Oligl and Shh in the injured sciatic nerve from SC-specific Runx2 knockout mice relative
toinjured control sciatic nerve (Figure 60 B, C). Moreover, in agreement with my findings
from the western blot and immunohistochemistry results for Ngfr (Figure 59), | did not
see any difference for its gene expression in the injured distal nerve segment of SC-
specific Runx2 knockout mice, relative to injured control by gPCR (Figure 60 A).
Therefore, in the case of a crush injury, Runx2 does not appear to be an injury-induced

activator of Ngfr, Oligl and Shh.

270



Ngfr Olig1 Shh

2.0+ 1.5=-
) 1.5 :
- o o
2=z o © z
= 1.5 2 % N7
[ o - -
s £ S T 1.0- < O 1.0-

c - € et E

" o _ »w o 7]
g 3 10 8 S o 8
€T e 25
- - S 2 054 S 2 0.5+
G .2 0.5+ G 2, S 3
T £ T £ a8
e s e

0.0~ 0.0- 0.0-

QO RO QR
o o o o N o
) + ¢ g & -
N U & & &
® F o & 0 4

Figure 60: Nerve growth factor receptor, oligodendrocyte transcription factor 1 and

sonic hedgehog are not regulated by Runx2 after a crush injury.

(A-C) Graphs plotted for gene expression by quantitative PCR, 7 days (7D) following a sciatic nerve (SN)
crush injury in control and Schwann cell specific Runx2 knockout mice (Runx2 KO). No significant
difference for gene expression of (A) nerve growth factor receptor (Ngfr), (B) oligodendrocyte
transcription factor 1 (Oligl) and (C) sonic hedgehog (Shh), in the distal SN of injured Runx2 KO mice
relative to injured control SN (n=3 for each group). GAPDH was used as a reference control. (A-C) There
was no statistically significant difference (p > 0.05; not significant) between the two studied groups.

Error bars represent () SEM.
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5.6 Discussion and conclusions

After an injury to the peripheral nerve, several transcription factors are upregulated
distal to the injury site and have been shown to be important for conversion of SCs into
the repair phenotype, potential role in regulating macrophage recruitment as well as
regulating the microenvironment of the distal nerve among other functions (Parkinson
et al., 2008; Arthur-Farraj et al., 2012; Doddrell et al., 2012; Roberts et al., 2017). In this
context, although the role of few transcription factors has been studied (e.g Sox2, Pax3,
c-Jun), recent in-silico analysis of the peripheral nerve post injury, suggests that there
are several more transcription factors that are regulated after injury with no previously
described role (Barrette et al.,, 2010; Arthur-Farraj et al., 2012; Hung et al., 2015;
Clements et al., 2017; Li et al., 2021). Runx2 is one such transcription factor that was
shown to be upregulated post PNI however there is not much known about Runx2’s

involvement in peripheral nerve repair.

Hung et al. (2015) carried out analysis of injury-induced enhancers by Chromatin
Immunoprecipitation sequencing (ChiP-seq) and identified a c-Jun binding enhancer
motif proximal to Runx2 gene. siRNA mediated knockdown of c-Jun in primary rat SCs
downregulated the expression of Runx2 showing that clun is required for the activation
of Runx2 however, Runx2 siRNA did not show the same effect on c-Jun (Hung et al.,

2015). The authors also showed upregulation of Runx2 in Sox10 positive SCs, distal to
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transection site, 3 days after mouse sciatic nerve injury (Hung et al., 2015). This data was
in agreement to that of Arthur-Farraj et al. (2017), wherein the authors by qPCR showed
Runx2 upregulation in the first 24 h in the distal nerve stump following sciatic nerve
transection injury in wild-type mice. Moreover, Runx2 showed approximately 80-times
fold change upregulation, 7 days after injury relative to an intact nerve in the same
model. Their quantification for relative expression of Runx2 in cultured mouse SCs,
nerve-derived fibroblasts and LPS-treated macrophages showed the highest expression
in SCs and low expression in fibroblasts (Arthur-Farraj et al., 2017). Ding et al. (2018) also
reported an upregulation of Runx2, 3 days post-crush injury in rats with highest
expression at 7 days post-injury and by immunohistochemistry showed Runx2

expression in SCs.

In this study, analysis of previously published RNA data for the expression of Runx2 in
the distal nerve stump after sciatic nerve injury confirmed the dramatic fold change
upregulation of Runx2. This upregulation was observed to be significantly higher in
comparison to two other well-documented transcription factors — c-Jun and Sox2, that
are known to be upregulated following injury (Parkinson et al., 2008; Arthur-Farraj et al.,
2012; Fontana et al., 2012; Roberts et al., 2017; Li et al., 2021). Moreover, microarray
and single cell RNA-seq data of the sciatic nerve following injury showed that SCs are the
main source of this upregulation. The results of Dr. Xinpeng Dun and Rong Hu of our

research group, who were the main lead on this project, along with my work (presented
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in this thesis), confirmed Runx2 expression and upregulation by SCs distal to the injury

site following mouse sciatic nerve injury.

Embryonic deletion of global Runx2 is not viable due to absence of bone ossification and
respiratory failure (Otto et al., 1997; Komori et al., 1997). Therefore, to study the role of
Runx2 in PNR, we generated SC-specific knockout of Runx2 using the previously
described PO-Cre mouse line. Our research group’s work on this mouse line showed an
inhibitory role of Runx2 in SC proliferation after injury. Specifically, they reported
increased SC proliferation in SC-specific Runx2 knockout mice, 7 days following sciatic
nerve transection injury (Rong et al., 2021, unpublished). Their experiments on SC
migration showed impaired SC migration in the nerve bridge of the SC-specific Runx2
knockout mice, 6 days after a sciatic nerve transection injury (Rong et al., 2021,
unpublished ), suggesting that Runx2 is a promoter of SC migration following PNI. Their
work on axon regeneration showed reduced axonal growth 7 days post-sciatic nerve
crush injury and a transient delay in functional recovery on day 11 and day 13 following
crush injury in the SC-specific Runx2 knockout mice (Rong et al., 2021, unpublished ).
However, my data on axon innervation of the tibial nerve, 21 days following nerve crush
injury showed no difference in the axon numbers. This data along with the functional
recovery studies by my research group suggested that in the absence of Runx2 in SCs,

any axonal outgrowth defect is corrected by day 21 following a crush injury.
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The work of my research group also showed normal macrophage recruitment, however
immunohistochemistry and electron microscopy studies exhibited an impaired
macrophage clearance in SC-specific Runx2 knockout mice by day 28 following a crush
injury (Rong et al., 2021, unpublished). Finally, my research group observed low levels of
myelin proteins (Mbp and Mpz) in the tibial nerve of SC-specific Runx2 knockout mice,
28 days following a crush injury (Rong et al., 2021, unpublished). Transmission electron
microscopy (TEM) on tibial nerves, 28 days after crush injury also showed a
remyelination defect in the SC-specific Runx2 knockout mice (Rong et al., 2021,
unpublished). My work on studying the remyelination defect in the tibial nerve of SC-
specific Runx2 knockout mice at an earlier time point of 21 days following crush injury
also saw a significant defect in the number of myelinated axons compared to the control.
Moreover, as mentioned, there was no difference in the axon numbers in the tibial nerve
21 days following crush injury implying that the myelination defect is due to impaired
ability of SCs to remyelinate axons (in this thesis). My examination of the sciatic nerve of
postnatal day 7 (P7) SC-specific Runx2 knockout mouse pups and as studied in two-
month-old animals by my research group (Rong et al., 2021, unpublished) showed that
the myelination defect appears to not be developmental or in intact adult nerves but

instead, it is injury mediated.

Fry et al. (2007) showed that post-PNI, invading macrophages express Nogo receptors -

NgR1 and NgR2 and show reduced binding to myelin and their ligands such as myelin
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associated glycoprotein (MAG). This binding activates Rho-associated (RhoA) kinase in
macrophages and induce a repulsive signaling in macrophages for clearance (Fry et al.,
2007). The authors also observed that in rat sciatic nerves, 14 days after a crush injury,
regenerated axons with new myelin have fewer macrophages than transected nerves
that lack axons and myelin at the same timepoint. Almost all macrophages in the
transected nerves still lie within the SC basal lamina while in the crushed and
regenerated nerves the majority macrophages have migrated out the SC basal lamina
(Fry et al., 2007). Our data showed a remyelination defect by SCs in SC-specific Runx2
knockout mice whereas the work of my research group showed a macrophage clearance
defect in the same mouse model. Taken together, it can be suggested that impaired SC
remyelination in SC-specific Runx2 knockout mice prevents the binding of myelin to Nogo
receptors on macrophages and subsequent activation of RhoA-induced repulsive
signalling in macrophages. This in turn results in an impaired macrophage efflux in the

SC-specific Runx2 knockout mice.

Building on Hung et al. (2015)’s work that saw a downregulation of sonic hedgehog (Shh)
and oligodendrocyte transcription factor 1 (Oligl), after siRNA mediated knockdown of
Runx2 in primary rat SCs, in this study, | looked to confirm whether these two genes were
injury-associated targets of Runx2 in our mouse model. Additionally, my research
group’s in silico work had shown nerve growth factor receptor (Ngfr) as a potential

injury-induced SC target of Runx2 (Rong et al., 2021, unpublished). However, my gPCR
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results showed no significant difference in gene expression for all three candidates in the
distal sciatic nerve of SC-specific Runx2 knockout mouse 7 days after a crush injury.
Additionally, even at protein level, SC-specific Runx2 knockout in mice did not affect Ngfr
expression level 7 days after sciatic nerve injury (both transection and crush). Therefore,
our data showed that Runx2 appears not to drive the activation of injury-associated

genes - Ngfr, Oligl and Shh, following peripheral nerve injury.
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CHAPTER 6: GENERAL DISCUSSION AND FUTURE WORK

Despite the enhancement in surgical methods, peripheral nerve injuries and specially
transection injuries still pose a huge challenge to surgeons. Presently, several
microsurgical repair techniques such as direct repair, autograft or allograft
transplantation, fibrin glue and the use of biological and synthetic nerve guidance
conduits have been employed in the clinical setting (Kornfeld et al., 2019; Hussain et al.,
2020). Nevertheless, complete functional recovery is very rarely achieved. Therefore,
current research is centred on using suitable therapeutic cells (e.g. SCs or stem cell-
derived alternatives) or novel adjuvant therapeutic strategies to enhance
functional recovery. Thus, understanding the key molecular mechanisms of how cells
guide regenerating axons across the injury site to finally innervate the distal end of the
nerve, has great potential to underpin the future development of novel therapeutic

strategies for repairing damaged peripheral nerves.

Repair SCs are integral to axon regeneration after a peripheral nerve injury. Besides
being important for Wallerian degeneration, SCs regulate and express several
neurotrophic factors, axon guidance molecules, cytokines, transcription factors,
extracellular matrix proteins and signalling pathways to create a permissive environment
for axonal growth. However, there is still a knowledge gap in the mechanism of PNR as

well as all the roles fulfilled by SCs. In the current study | had therefore attempted to
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elucidate the role of Netrin-1 and its receptor DCC as well as Runx2 transcription factor
in peripheral nerve repair (PNR) after injury. Netrin-1 is one of the best characterised
molecule for its role in axon guidance during development (Kennedy et al., 1994; Serafini
et al., 1994). However, even though Netrin-1 and DCC have attracted attention regarding
its potential in PNR in mainly in vitro studies, the underlying molecular mechanism of the
molecule-receptor duo in regulating adult PNR in vivo has not been determined. This is
mainly due to the embryonic lethality of Netrin-1 and DCC knockout mice and owing to
contradictory results observed in literature largely due to the dose dependent
functionality of Netrin-1 (Serafini et al., 1996; Fazeli et al., 1997). Therefore, initially
Netrin-1 and DCC were primed as exciting new targets to study in SCs and PNR, following
injury. This study also appeared to be feasible in vivo with the availability of Netrin-1
(Dominici et al., 2017) and DCC (Krimpenfort et al., 2012) floxed mouse lines as well as
the PO-Cre (Feltri et al., 1999), and R26-CreERT2 mice (Hameyer et al., 2007). Thus, |
originally thought | could circumvent embryonic lethality in Netrin-1 and DCC mice that

would provide good animal models to study PNR.

In my experiments, | showed novel downregulation and expression of Netrin-1 in the
PNS and most importantly showed that SC-derived Netrin-1 is not important for PNR.
Although | observed several aberrant trajectories of axons in the nerve bridge of SC-
specific Netrin-1 knockout mice following transection injury, end-target innervation by
the axons was not affected. Potential future work could involve looking at axon
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branching/sprouting in my mouse model. It is possible that the aberrant trajectories in
the nerve bridge could mainly be caused by axon branches in the nerve bridge. However
use of axonal markers in immunohistochemistry makes it difficult to look at the
trajectory and branching of single axons. Therefore, it would be useful to sparsely label
and quantify a subset of axons that are misdirected in the nerve bridge. For instance,
using tamoxifen-induced, Cre-mediated recombination in fluorescently labelled single
neurons to label distinct neuronal populations (Young et al., 2008). Or by using mice that
fluorescently label all axons under the control of a tamoxifen-inducible Cre but
administer low doses of Tamoxifen in order to activate fluorescence in a few axons, as
has been done previously for SCs (Gomez-Sanchez et al., 2017). However, in my mouse
model, SC-specific Netrin-1 knockout is mediated by the PO-Cre transgene which would
mean that along with neurons, the SCs will also display fluorescence making it difficult
to distinguish between the SCs and the axons. Therefore, using other transgenic mice
not reliant on a Cre system such as the thyl-YFP-H mice that express YFP in a subset of
axons could be crossed with my mouse model and be used to study single axon branching
and for quantification of axons following injury (Feng et al., 2000; Barrette et al., 2008).
This model of sparsely labelling axons would also be useful to study the similar aberrant

trajectories of axons observed in the nerve bridge of the DCC global knockout mice.

Seven days following a sciatic nerve crush injury in my SC-specific Netrin-1 knockout
mouse model, axon outgrowth was comparable to that of the control. There is a
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possibility that at earlier time-points, for instance on day 4 post-crush injury, there could
be a delay in axon outgrowth which is corrected by day 7 (as shown in this thesis).
Therefore, future experiments could be done to look at crush injury in my mouse model
at earlier time-points to confirm this. Additionally, using alternative axon markers
besides the neurofilament antibody (demonstrated in this thesis) to study axon
regeneration such as growth-associated protein-43 (GAP-43), the neurotransmitter
calcitonin gene-related peptide (CGRP) and galanin to label regenerating sensory and
motor axons following injury (Arthur-Farraj et al., 2012; Carriel et al., 2017). Another
potential set of experiments would be to perform functional tests such as Hargreaves
test (thermal pain sensation) and Von Frey hair test (mechanical sensitivity) to
specifically assess sensory neuron regeneration following a crush injury in both SC-

specific Netrin-1 knockout and DCC global knockout mouse models.

By immunohistochemistry | showed that Netrin-1 is localised to several other cell types
other than SCs such as the axons, epineurial, perineurial, endoneurial and endothelial
cells. Although the single-cell RNA sequencing data presented in this thesis provided the
basis of the immunohistochemical analysis, in future, it would be also useful to confirm
cell-specific mRNA expression of Netrin-1 by other techniques such as RNAscope or
hybridisation chain reaction (Wang et al., 2012). Moreover, using PLP-GFP mice | showed
Netrin-1 expression mainly in non-myelinating SCs. However PLP-GFP mice show GFP
expression in both myelinating and non-myelinating Remak SCs of the intact sciatic
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nerve. Although the two cell types are disceriable by the intensity of GFP expression and
their structure in an intact peripheral nerve, it would be useful in the future to use a
Remak SC-specific marker such as glial fibrillary acidic protein (GFAP) and L1 neural cell
adhesion molecule (LLCAM) to confirm Netrin-1 expression in the Remak SCs (Jessen and

Mirsky, 2019).

Global knockout of DCC in adult mice also showed that DCC might not be important for
axonal regrowth and functional recovery after PNI. This contrasts with previous work on
the CNS that showed that both Netrin-1 and DCC deficient mouse embryos had
significant defects in the development of commissural axonal projections (Serafini et al.,
1996; Fazeli et al., 1997). However, | could not study the effect of Netrin-1 global

knockout in adult mice on PNR, due to a failure in Cre-mediated deletion of Netrin-1.

Therefore, generating a complete knockout of Netrin-1 would be a potential future aim
to determine how complete deletion of Netrin-1 affects PNR. In another project in my
lab, we used Tamoxifen in PO-CreER* Ai9 Rosa tdTomato '*?'°" mice. The Ai9 Rosa
tdTomato mouse model has a loxP-flanked STOP cassette that prevents the transcription
of a CAG promoter- mediated red fluorescent protein variant (tdTomato) which is
inserted into the Gt(ROSA)26Sor locus (Madisen et al., 2010). In the PO-CreER* Ai9 Rosa
tdTomato ' mice, administration of Tamoxifen would induce expression of red

fluorescent protein (RFP) in SCs after removal of the floxed stop cassette through Cre-
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mediated recombination. However, similar to the Netrin-1 mice, we did not see
expression of RFP in SCs thus suggesting that Tamoxifen-inducible Cre systems are not
always reliable and can often require intensive optimisation to determine the optimal
dose and time required to achieve Cre-mediated recombination. Thus, in future
experiments, further optimisation of the dose, method of Tamoxifen delivery and
waiting time after dosage could be useful in knocking out Netrin-1 globally in the mouse

model presented in this thesis.

Another option would be to potentially breed in a Cre reporter with expression of
fluorescent proteins (as mentioned in the above example) such as the Ai9 Rosa tdTomato
mice that express tdTomato fluorescence after Cre-mediated recombination (Madisen
et al., 2010). This could be useful to study Cre-mediated recombination in my mouse
model at a cellular level. Alternative route would be to breed Ntn1'™?/'°* mice with other
Tamoxifen inducible Cre mice such as CAGGCre-ER™ transgenic mice (Hayashi and
McMahon, 2002) or UBC-Cre-ERT2 mice (Ruzankina et al., 2007) to get a complete
knockout of Netrin-1. If this is achieved, it would also be interesting to study angiogenesis
and blood-nerve-barrier function of Netrin-1, if any, after PNI as my data showed

downregulation of Netrin-1 largely in perineurial and endothelial cells following injury.

Netrin-1 has been shown to have a dual role in angiogenesis and morphogenesis of the

vasculature during vertebrate development, with inhibition shown to be mediated by

283



UNCS5B receptor and its pro-angiogenic role mediated by binding to its other receptor
CD146, also known as melanoma cell adhesion molecule (MCAM) (Park et al., 2004;
Wilson et al., 2006; Larrivée et al., 2007; Castets and Mehlen., 2010; Tu et al., 2015).
Netrin-1 was also shown to be an inhibitor of UNC5B-expressing primary human
umbilical artery endothelial cells (Lu et al., 2004). In this context, CD146 and UNC5B are
primed as important receptors, in conjunction with Netrin-1, to study angiogenesis and
blood-nerve-barrier function in mice after PNI. Possibly the repulsive UNC5 receptors, in
comparison to DCC, might be better candidates for Netrin-1-mediated axon guidance
after a PNI. Therefore, future work on mice lacking UNC5 receptors such as UNC5B might

be of interest to fully investigate this.

Another brief project presented in this thesis demonstrated the role of Runx2
transcription factor in PNR. The effect of transcription factors is often multiplied as one
transcription factor can bind to several sites (promoter or enhancer) of one gene; one
transcription factor can bind to several genes; and more than one transcription factor
can regulate one gene. Not much was previously known about Runx2 in the peripheral
nerve and its role in PNR. However, in this thesis, in collaboration with members of my
lab group, we showed an important phenotype in mice lacking Runx2 in SCs. This
included a defect in SC migration and axon regrowth, increase in SC proliferation,

reduced remyelination of axons by SCs and impaired efflux of macrophages, after PNI.
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These results suggest a novel role of Runx2 as a key regulator of SC plasticity and PNR

following injury.

Future work on this project could involve looking at immune cells other than
macrophages such as neutrophils in the SC-specific Runx2 knockout mice following
injury. This would be of interest to see if there is any defect in their entry and clearance
after PNI. Moreover, | can look to study Nogo receptor expression by macrophages as
well as the expression of their ligands such as myelin associated glycoprotein (MAG)
following injury in the SC-specific Runx2 knockout mice (Fry et al., 2007). This would be
useful to test our hypothesis that impaired myelination in SC-specific Runx2 knockout
mice reduces the repulsion of macrophages via the Nogo receptor-MAG binding and thus

prevents the efflux of macrophages from the injured nerve following regeneration.

Runx2 is known to be upregulated by c-Jun after peripheral nerve injury however, Runx2
injury-associated targets are not well-known (Hung et al., 2015). In-silico analysis by my
research group and previous in vitro work by Hung et al. (2015) identified several
potential genes that are regulated by Runx2 following injury. However, my data on SC-
specific Runx2 knockout mice could not validate three of those genes (Oligl, Shh and
Ngfr) as Runx2 targets. Future work on Runx2 would thus, be poised to identify the

injury-based genes upregulated by Runx2 following injury.
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