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Abstract

This thesis examines the roles of inflammation and the chondroitin sulphate
proteoglycan NG2 in regeneration of injured axons in the adult mammalian nervous
system, against a background suggesting that inflammation around the cell bodies of
axotomised neurons enhances axonal regeneration and that NG2 is a major inhibitor of

CNS axonal regeneration.

1) Lipopolysaccharide was placed on / injected in motor cortex of rats, with or without
concomitant injury of the cervical corticospinal tract (CST). The inflammatory résponse
and expression of the growth-associated genes c-jun, ATF3, SCG10 and GAP-43 was
investigated by immunohistochemistry or in situ hybridisation. Retrograde labelling
identified CST neuron cell bodies, and anterograde tracing of CST axons identified
axonal sprouting / regeneration. Lipopolysaccharide-induced inflammation promoted
upregulation of GAP-43 (briefly), c-jun and SCG10 (for two weeks) in CST neurons,

but did not enhance regeneration of injured CST axons.

2) Axonal regeneration was examined in the CNS and PNS of NG2 knockout mice.

CNS regeneration was assessed following dorsal column injury in ascending axons with
cholera toxin-conjugated horseradish peroxidase (CT-HRP) and in descending CST
axons with anterograde labelling with biotinylated dextran amine (BDA), as well as
transganglionic labelling of transected dorsal roots with CT-HRP. PNS regeneration

after sciatic nerve crush was assessed anatomically by: retrograde labelling (from the



hindpaw) of L4/5 dorsal root ganglion cells; immunohistochemistry to detect sensory
axons in hindpaw skin; silver-cholinesterase staining of soleus motor axons / end plates;
EM counts of tibial and digital nerves. Functional recovery was assessed by the (motor)
toe spreading reflex and (sensory) responses to von Frey hairs. There was neither
anatomical nor functional evidence for significant effects on CNS or PNS axonal
regeneration in the knockout mice. These findings suggest that NG2 is not a major
inhibitory factor in the failure of CNS regeneration and is not important for successful

axonal regeneration in the PNS.
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1 Introduction

Axons regenerate in the peripheral nervous system (PNS) and central nervous system
(CNS) of lower vertebrates (Singer et al., 1979), but the CNS is incapable of
regenerating with any degree of functional significance in adult higher vertebrates. As
early as 2640 B.C., medical literature has documented a patient with spinal cord injuries
as "One having a dislocation in a vertebra of his neck, while he is unconscious of his
two legs and his two arms, and his urine dribbles. An ailment not to be treated." (Edwin
Smith Papyrus, ca. 1700 B.C.; translated into English by James H. Breasted, 1930).
Even today, the consequences of this in every day life are clear to see, with spinal cord
injury having devastating effects on the lives of the (typically young) victims and their
family (McDonald and Sadowsky, 2002). Whereas lesions in the CNS result, at the
most, in abortive sprouting of axons proximal to the injury site (Ramén y Cajal, 1928,
reprinted 1991), injured axons in peripheral nerves are attracted to the nerve stump
distal to the lesion (Anderson and Turmaine, 1986; Abernethy et al., 1992), through
which they regenerate, often resulting in functional recovery. However, even in the
PNS, aberrant target reinnervation is a common problem, causing neuropathic pain and

incomplete motor recovery (see Ruijs et al., 2005).

The first experiments to suggest that the innate difference between the regenerative
ability of the PNS and CNS could be altered were performed by Tello (1911). He
implanted a peripheral nerve graft in to the CNS and demonstrated invasion of the graft
by axons, presumably from the CNS. However, the origin of the regenerating axons

could not be proved until the discovery of anterograde and retrograde tracers.
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After Richardson et al. (1980) used horseradish peroxidase to conclusively show that
CNS axons had regenerated into peripheral nerve grafts implanted into spinal cord - and
later in brain (David and Aguayo, 1981; Benfey and Aguayo, 1982), it was clear that,
given the right environment, CNS axons could regenerate. In the 25 years since those
landmark experiments, two main theories aim to explain the lack of CNS regeneration

in adult mammals:

1. Lack of an intrinsic CNS cell body response adequate enough to support axonal
regeneration;
2. The inhibitory environment of CNS tissue that does not support axonal

regeneration.

In order to understand the axonal response to CNS injury, it is prudent to study the
events that result in successful regeneration of injured PNS axons, with the aim of
translating as many of these mechanisms as possible to the CNS and thereby stimulate

axonal regeneration (reviewed by Chen et al. (2007)).

1.1 Peripheral nerve regeneration

Axons injured in the PNS successfully regenerate due to two main factors:

1. the massive response at the lesion site and distal stump of an injured peripheral

nerve that results in a milieu conducive to axon growth and target reinnervation;

2. neurons with axons in peripheral nerves show a very strong response to

axotomy, upregulating genes and proteins necessary for regeneration.
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1.1.1 Response in the distal stump

After peripheral nerve injury, whether chemical or mechanical, the axon distal to the
lesion undergoes Wallerian degeneration (Waller, 1850), a histological description of
the progressive destruction of the axonal cytoskeleton and myelin sheaths. Subsequent
experiments have shown that Schwann cells in the distal stump endocytose axonal
debris and the myelin sheath and then transfer the remaining debris to macrophages
(Beuche and Friede, 1985; Fernandez Valle et al., 1995), which clear the route for axons
by removing the vast majority of myelin debris (Stoll et al., 1989;Perry et al., 1995).
The Schwann cells de-differentiate, proliferate and extend processes within the basal
lamina tubes that used to surround the former distal nerve fibres to form bands of
Biingner (Salzer et al/, 1980). These not only act as an anatomical guidiné structure, but
also a chemical guide through their expression of neurotrophic molecules, both surface
bound and diffusible (Nathan, 1987; Hikawa and Takenaka., 1996; see Stoll et al.,
(2002) and Makwana and Raivich, (2005) for review. The proliferating Schwann cells
also fill the gap produced by axotomy, by migrating from proximal and distal stumps, to
form a continuous substrate for regeneration to occur (Ramoén y Cajal 1928). They
rapidly produce interleukin-1 (IL1), which stimulates NGF release from Schwann cells
(Lindholm et al., 1987), IL6 and TNFa (also produced by macrophages) and other
cytokines. Although the exact role of the cytokine cascade is not known, it is likely to
stimulate not only inflammatory-cell mediated myelin clearance, but also the injured
cell body response. Cell body responses and survival or regenerative responses of dorsal
root ganglia (DRG) neurons to axotomy are suppressed in mice with null mutation of
the gene for either _leukaemia inhibitory factor (LIF) (Corness et al., 1996; Sun and
Zigmond, 1996; Cafferty et al., 2001) or IL-6 (Murphy et al., 1999; Cafferty et al.,

2004), but see (Cao et al., 2006). However, macrophages are not essential, as complete
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removal of myelin from some Schwann cells can occur without their recruitment
(achieved by prior whole animal irradiation), but macrophages accelerate the removal of
myelin in the later stages of Wallerian degeneration (Perry et al., 1995b). It has also
been suggested that macrophages mediate the transformation of the distal nerve

environment into one that supports stable neurites (Luk et al., 2003).

Successful target reinnervation is guided by appropriate guidance molecule / receptor
binding. For example, the L2/HNK-1 epitope, which mediates binding of neural cells to
laminin (Hall et al., 1993) is more strongly expressed on Schwann cells previously
associated with motor axons, and regenerating motor axons are more attracted to it and
cause it to be much more upregulated after injury to a peripheral nerve than sensory
neﬁrons (Martini, 1994). Pathway specificity is also gained by pruning off those
collaterals which have grown into the inappropriate nerve branch (Brushart, 1993).
‘Motor’ Schwann cells also express different trophic factors than sensory ones (Brushart
et al., 1995; Hoke, 2006) and this may account for preferential motor (and sensory)

regeneration.

Schwann cells upregulate pleiotrophin during Wallerian degeneration (Blondet et al.,
2005), nerve growth factor (NGF; Heumann et al., 1987), brain derived neurotrophic
factor (BDNF; Meyer et al., 1992), glial-cell line derived nerve factor (GDNF;
Hammarberg et al., 1996; Hoke et al., 2003) and neurotrophin-4 (NT-4), but not NT-3
(Funakoshi et al., 1993), vascular endothelial growth factor (VEGF; Samii et al., 1999)
and insulin-like growth factor-1 (IGF-1; Pu et al., 1995), which interestingly is
predominantly expressed by macrophages 7 days after injury (Cheng et al., 1996b).

Although NGF is essential for embryonic neuron development (Greene and Shooter,
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1980) and is thought to enhance neuronal regeneration (Lindsay, 1988), experiments
with antibodies blocking the action of NGF suggest that it is not vital for regeneration
(Diamond et al., 1992). However, one study suggests that BDNF is important for
regeneration (Boyd and Gordon; 2003). Even the loss of one copy of the trkB gene (that
encodes for the BDNF receptor) impairs motor axon regeneration and mice deficient in
its other receptor, p75, have decreased motorneuron survival after injury (Boyd and
Gordon, 2001). Interestingly, ciliary neurotrophic factor (CNTF) mRNA and protein is
downregulated in neurons following sciatic nerve crush (Rabinovsky et al., 1992),
which is unexpected, as CNTF has been shown to protect newborn motorneurons from
cell death after injury (Sendtner et al., 1990). A separate study also demonstrated a
decrease in neuronal CNTF mRNA after sciatic nerve injury, but the downregulation in
Schwann cells after loss of axonal contact was followed by re-expression with ensuing
regeneration, and extracellular CNTF protein levels rose to above normal levels
(Sendtner et al., 1992). The initial downregulation of CNTF by Schwann cells after
peripheral nerve injury, means that it is unlikely to have a neurotrophic function, but it
may play a role in signalling. The nuclear transcription factor signal transducer and
activator of transcription-3 (STAT3), is the downstream target of activated CNTF
receptor. STAT3 activates the transcription of many genes (Akira., 1999). If STAT3 is
conditionally knocked out of neurons, post-traumatic cell death is increased, suggesting
that STAT3 has a neurotrophic role (Schweizer et al., 2002). Knocking out CNTF
delays phosphorylated STAT3 expression in neuronal cell bodies suggesting that,
ultimately, CNTF has a neurotrophic role via STAT3 signalling (Makwana and Raivich,

2005).

Schwann cells synthesise surface-bound cell adhesion molecules, such as N-CAM, L1,

CHL1 (a close homologue of L1) and N-cadherin, which are found at points of contact
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with axons and are preferred substrates for axonal growth (Nieke and Schachner, 1985;
Rutishauser et al., 1985; Rathjen, 1988; Shibuya et al., 1995). Schwann cell N-CAM
and L1 bind homophilically to similar molecules on the surface of growth cones
(Martini and Schachner, 1988). However, in vitro studies have shown that the form of
L1 on Schwann cells is not able to directly interact with L1 on growth cones (de
Angelis et al., 2001; Jacob et al., 2002), suggesting that there are other heterophilic
ligands on Schwann cells to which neuronal L1 binds, which then regulates correct
sorting and ensheathment of axons (Itoh et al., 2005). Schwann cells also upregulate
laminin and tenascin-C on their basal laminae, which are both thought to guide
successful regeneration (Salonen et al., 1987; Martini et al., 1990, Luckenbill-Edds,
1997; Chen et al., 2005). Absence of the laminin gamma 1 gene, which codes for
laminin-2 protein in peripheral Schwann cells, causes a significant decrease in the
number of axons crossing into the distal portion of crushed sciatic nerve for up to 30
days (Chen and Strickland, 2003). One of the receptors for laminin is the alpha7 betal
integrin, which is upregulated by neurons after PNS injury (which successfully
regenerate), but not in injured CNS neurons (which do not regenerate). In the same
study, genetic deletion of the alpha7 subunit integrin gene resulted in approximately
40% reduction in the speed of motor axon regeneration following facial axotomy and a

significant delay in target reinnervation (Werner et al., 2000).

1.1.2 Peripheral nerve cell body response and conditioning

lesions

Axotomy of peripheral nerves elicits morphological and cytological changes in the

appearance of their cell bodies (Lieberman, 1971). Subsequently, it was shown that
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these changes reflect the changes in proteins being produced after peripheral nerve
injury (McQuarrie, 1978; Skene and Willard, 1981). It is now thought that the strong
cell body response of neurons with axons in peripheral nerves promotes neuronal
survival and vigorous axonal regeneration. Gene array analysis has shown that over 200
genes are upregulated or downregulated in sensory and sympathetic ganglia after
axotomy, but only just over 20 genes have altered expression in neurons (Costigan et
al., 2002). Changes include increased production of the transcription factors c-Jun
(Jenkins and Hunt, 1991) and ATF3 (Tsujino et al., 2000), with downregulation of
ATF2 after axotomy (Herdegen et al., 1997; Martin-Villalba et al., 1998), but the
downstream genes that they control are still unknown. Growth cone molecules such as
GAP-43 and CAP-23 (which control actin dynamics; (Frey et al., 2000; Laux et al.,
2000) and SCG10 (which controls tubulin dynamics; (Riederer et al., 1997)) are
upregulated (van der Zee et al., 1989; Woolf et al., 1990; Chong et al., 1992; Mason et
al., 2002). The importance of the growth-associated genes c-Jun, ATF3, GAP-43 and

SC10 to axonal regeneration are discussed in Section 1.2.3.

Cytoskeletal changes after peripheral nerve injury include upregulation of tubulins
(Hoffman et al., 1988; Miller et al., 1989) and downregulation of neurofilaments
(Hoffamn et al., 1987; Tetzlaff et al., 1988); note that neurofilaments maintain axon
diameter, rather than longitudinalgrowth. Cell adhesion molecules including L1, CHL1
are upregulated in many types of neurons (Zhang et al., 2000; Kiryushko et al., 2004).
However, it is still uncertain which, if any, of these molecules is necessary for
regeneration: mice deficient in NCAM and L1 still regenerate axons (Franz et al., 2005;
Jakeman et al., 2006) and GAP-43 and CAP-23 knockout mice do not live long enough
for regeneration experiments (personal communication, P.Anderson). The studies that

have been performed on GAP-43 knockout mice (Strittmatter et al., 1995) and studies
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with mice that overexpress GAP-43 (Aigner et al., 1995) both suggest roles in axonal

pathfinding.

Growth-promoting factors continue to be discovered, such as oxidised galectin-1, which
is upregulated by neurons after facial nerve injury; galectin-1 knockout mice have a
reduced rate of functional recovery after facial crush injury (McGraw et al., 2004).
Oxidised galectin-1 is upregulated by axons and Schwann cells after sciatic nerve injury
(Horie et al., 1999) and, though its exact mechanism of action is still unclear, it has been
shown to stimulate neuronal regeneration by promoting macrophages to release growth-

promoting factors (Horie et al., 2004).

Around the cell bodies of axotomised sensory and autonomic neurons, macrophages
accumulate, with accumulation of microglia around perikarya of motor neurons in CNS
tissue (Lu and Richardson, 1993; Hu and McLachlan, 2002). They are thought to
produce molecules that aid injured motorneuron survival (Raivich, 2002), but are not
essential for regeneration. For example, following a crush injury to the sciatic nerve,
C57/BL/Ola mice (which undergo extremely slow Wallerian degeneration) motorneuron
axons regenerate into soleus muscle at a similar rate to normal mice, despite the
presence of many intact axons and a paucity of macrophages (Lunn et al., 1989).
However, sensory regeneration in these mice is delayed (Brown et al., 1991). There is
evidence that motorneurons are intrinsically able to regenerate more vigorously than
sensory neurons after injury (Fawcett and Keynes, 1990) but it is not possible to tell
whether it was the lack of Wallerian degeneration or the lack of macrophages that led to
poor sensory regeneration in the C57/BL/Ola mice. Gene deletion of IL-6 reduces

inflammatory changes around axotomised facial motorneurons, which results in a
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moderate decrease in the rate of axonal regeneration (Klein et al., 1997). However, mice
lacking macrophage colony stimulating factor, which markedly reduces microglial
proliferation as well as early lymphocyte recruitment, does not affect the speed of
axonal regeneration (Raivich and Kreutzberg, 1994; Kalla et al., 2001). Similarly,
continuous infusion of cytosine-arabinoside, which selectively inhibits microglial cell
proliferation following peripheral nerve injury, made no difference to hypoglossal nerve
axonal regeneration and target reinnervation after injury (Svensson and Aldskogius,

1993).

Regeneration of axons in the PNS is also dependent on:
1. age of the animal;
2. distance of the axotomy site from the cell body;

3. whether a conditioning lesion has been performed.

Rat motorneurons are most sensitive to injury in the first two weeks after birth
(Schmalbruch, 1987). After sciatic nerve transection and surgical repair, 6 day old rats
have significantly lower numbers than adult rats of motorneurons surviving up to 14
months later (Watanabe et al., 1998). There then appears to be a period of stability
followed by a decline in axonal regenerative potential. Studies have shown that aged
rats have a slower rate and degree of recovery after peripheral nerve injury (Verdu et al.,
1995), with slower regeneration (Black and Lasek, 1979; Navarro et al., 1988) that
involved fewer axons (Tanaka and Webster, 1991; Vaughan, 1992) than young animals.
Peripheral nerves axotomised close to the neuronal cell body elicit a greater
regenerative response than those injured distally (Lieberman, 1971), presumably

because the lesioning stimulus is greater and there is a shorter distance required for
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regeneration-associated molecules to travel from the cell body. These findings suggest
that the cell body response is important to regeneration. However, the greater lesioning
stimulus of proximal axotomy also results in more cell death. Fewer DRG neurons
survive a proximal axotomy of sciatic nerve compared to a distal one (Ygge, 1989), but
there is no such difference in injured hypoglossal nerve (T6érnqvist and Aldskogious,

1994).

The best evidence for the importance of the neuronal cell body response to axotomy
comes from experiments with DRG neurons, as they have a stem process that branches
both into the PNS (sciatic nerve) and into the CNS (dorsal roots become the dorsal
column). Injuring dorsal roots results in regenerating fibres stopping at the border with
the CNS, known as the dorsal root entry éone (DREZ) (Carlstedt et al., 1988). Dorsal
root injury also results in a smaller cell body response than injuring sciatic nerves: c-Jun
is more transiently upregulated, with almost no increase in GAP-43 (Schreyer and
Skene, 1993; Jenkins et al., 1993a; Chong et al., 1994; Broude et al., 1997);
neurofilament is also less downregulated (Oblinger and Lasek, 1988; Greenberg and
Lasek, 1988). As a consequence, central axotomy results in poor regeneration.
However, this poor regenerative effort can be overcome with a concomitant injury of
the peripheral branch (a ‘conditioning lesion’) of the same nerve. This was first shown
by Richardson and Verge (1987) who demonstrated a four-fold increase in the rate of
dorsal root regeneration following dorsal root crush. When injuring the same nerve in
the CNS — i.e. transecting the dorsal columns — there is minimal sprouting and no
regeneration across the lesion. However, a small proportion of these transected primary
sensory axons will regenerate into a peripheral nerve graft inserted into the spinal cord.
If the peripheral processes of these neurons is subjected to a conditioning lesion, the

numbers of axons invading the graft increased by up to a factor of one hundred,
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maximal when performed a week prior to cord lesioning (Richardson and Issa, 1984;
Oudega et al., 1994). Later it was shown that axons transected in the dorsal column
without a growth-promoting peripheral nerve graft can be stimulated to sprout much
more into the lesion, through grey matter around the lesion and even regenerate across
the lesion, if a conditioning lesion is performed as well (Neumann and Woolf, 1999;
Bavetta et al., 1999). Thus, the growth-inhibitory environment of the CNS can be
overcome by a vigorous enough cell body response. However, the response of intrinsic
CNS neurons to axotomy varies considerably. This and the other factors contributing to

the lack of regeneration in the CNS will be discussed in the next section.

1.2 Causes of failure of CNS regeneration

The causes of the failure of CNS neurons to regenerate their axons after injury can be
divided into two groups. Intrinsic factors are those that are related to the response of the
axotomised CNS neuron and mechanisms that may alter this regenerative response,
notably expression of growth-associated genes/proteins; extrinsic factors are those that
are related to inhibitory molecules, physical barriers, lack of neurotrophic support and
response to injury of non-neuronal cells in the CNS environment that injured axons are
attempting to regenerate through. Certainly both sets of factors need to be overcome for
successful CNS regeneration to occur, and there are probably interactions between the

two. These intrinsic and extrinsic factors are described in more detail below.
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Intrinsic Factors:

1.2.1 Realising the regenerative potential of many CNS neurons

with peripheral nerve grafts

It has been shown that many CNS neurons can regenerate axons if provided with an
environment conducive to growth. For example some CNS axons regenerate readily
into peripheral nerve grafts inserted into the brain or spinal cord or attached to severed
optic nerves (Richardson et al., 1980; Berry et al., 1986) — the latter experiment
unequivocally showed that regenerated axons originated from axotomised CNS
neurons, and not from collateral sprouting of uninjured neurons. Regeneration relies on
living cells in these grafts, presumed to be Schwann cells, as regrowth of axons fails if
grafts are cleared of living cells by repeated freeze-thawing prior to implantation (Berry
et al., 1988). Placing a graft in the vitreous humour stimulates retinal ganglion cell
(RGC) regeneration across an optic nerve transection (Berry et al., 1996), suggesting
that growth-promoting factors are released from peripheral nerve grafts. However, not
all classes of CNS neuron regenerate into peripheral nerve grafts. This has been shown
by experiments in which grafts have been placed into the thalamus, striatum and
cerebellum, resulting in significant regeneration of neurons from the thalamic reticular
nucleus, substantia nigra pars compacta (SNpc), globus pallidus and deep cerebellar
nuclei, but not of thalamic projection, striatal projection or Purkinje neurons (Dooley
and Aguayo, 1982; Benfey et al., 1985; Morrow et al., 1993; Woolhead et al., 1998;

Chaisuksunt et al., 2000).
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Variation in regenerative abilities of neurons is also seen in the spinal cord. For
example, rubrospinal axons show a high propensity to regenerate into peripheral nerve
grafts placed in the low cervical cord (Richardson et al., 1982b; Ye and Houle, 1997,
Blits et al., 2000), though one study demonstrated CST regeneration through
intercostals nerve grafts (Cheng et al., 1996a). The variation in CNS neurons’ innate
ability to regenerate is in part due to the strength of their cell body response (see section
1.2.2), their differing sensitivity to neurotrophic factors (see section 1.2.14) and

expression of receptors for inhibitory molecules (Hunt et al., 2002b).

1.2.2 Variation in the cell body response of CNS neurons to

injury

A ‘conditioning lesion’ of the peripheral process of DRG axons alters the expression of
many genes in the DRG cell bodies that are associated with regeneration (Schreyer and
Skene, 1993; Lu and Richardson, 1995; Chong et al., 1996; Broude et al., 1997) and can
improve the regenerative ability of their axons within the CNS (Richardson and
Riopelle, 1984; Neumann and Woolf, 1999; Bavetta et al., 1999). It appears that the
regenerative ability of different classes of CNS neurons is correlated with their ability to
express these growth-associated genes and proteins — e.g. c-Jun (Jenkins and Hunt,
1991; Vaudano et al., 1993; Jenkins et al., 1993a), SCG10 and CAP-23 (Mason et al.,
2002), ATF3 (Takeda et al., 2000; Tsujino et al., 2000; Campbell G. et al., 2004) and
GAP-43 (Reh et al., 1987; Skene, 1989; Campbell et al., 1991; Vaudano et al., 1995).
GAP-43, cJun, L1 and CHL1 are upregulated after peripheral nerve graft implantation
into the cerebellum by deep cerebellar nuclei (which successfully regenerate into the

graft), in contrast to a modest upregulation of c-Jun only in (non-regenerating) Purkinje
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cells— but only after axotomy close to Purkinje cell bodies (see Anderson et al., 1998;

Anderson and Lieberman, 1999).

This leads us to the finding that in the CNS, as seen in the PNS, proximal axotomy
elicits a greater regenerative response than distal axotomy (Lieberman, 1971), but at the
expense of a greater proportion of neurons undergoing cell death. This is seen with
intraorbital vs. intracranial RGC axotomy (Misantone et al., 1984; Aguayo, 1985;
Sievers et al., 1987; Sievers et al., 1989), in L1 vs. C5 dorsal column lesions (Loewy
and Schader, 1977) and septal cholinergic neuron lesions (Sofroniew and Isacson,
1988). The reasons are unclear, but it is of interest that the both c-Jun and ATF-3, which
are upregulated after, and associated with neuronal regeneration are both associated also
with cell death (Ham et al., 1995; Herdegen et al., 1997b; Hai et al., 1999; Mashima et

al., 2001; Hartman et al., 2004).

The decreasing regenerative response with greater distance of the lesion from the cell
body is seen with peripheral nerve graft insertion into the spinal cord at different levels,
which results in more regeneration into grafts by local neurons (Richardson et al.,
1984). Grafts apposed to a severed optic nerve result in greater RGC regeneration if
placed 2mm from the retina than when placed 7mm away (Richardson et al., 1982a;
Berry et al., 1986). Correlating with this is a greater expression of growth-associated
genes and downregulation of neurofilament mRNAs with a cervical injury to
rubrospinal axons compared to a thoracic injury (Tetzlaff et al., 1991; Jenkins et al.,
1993b; Fernandes et al., 1999), and with proximal axotomy of RGCs compared to distal

axotomy (Doster et al., 1991; Hull and Bahr, 1994). Even CST neurons, which fail to

37



upregulate growth-associated genes after spinal injury, are made capable of doing so

following intracortical injury (Tetzlaff et al., 1994; Mason et al., 2003).

1.2.3 Importance of growth-associated genes

c-Jun

The transcription factor c-Jun is expressed by many different cell-types, and can
dimerise either with itself to form homodimers or with other proteins such as JunB,
JunD, c-Fos or CREB/ATF family members, amongst others, to form heterodimers. Its
activity is regulated through the phosphorylation of two serine residues within the
“amino terminal of the protein by the c-Jun N-terminal kinase (JNK). Its widespread
expression in brain decreases posnatally to the basal levels seen in adult CNS and PNS
(Herdegen et al., 1991; De Leon et al., 1995). It has been implicated in both neuronal
cell death and survival after injury (Jenkins and Hunt, 1991, Estus et al., 1994; Behrens
et al., 1999) and is consistently upregulated after axotomy in regenerating neurons
(Herdegen et al., 1997b; Vaudano et al., 1998; Raivich et al., 2004), with levels falling
in neurons following successful regeneration, and elevated levels falling in Schwann
cells when they remyelinate axons. There is a correlation between the ability of CNS
neurons to upregulate c-Jun and regeneration up peripheral nerve grafts, with the
exception of SNpc neurons, which show modest c-Jun upregulation despite growing
axons up grafts (Chaisuksunt et al., 2003). The functional importance of c-Jun has been
shown in mice lacking neuronal c-Jun. These mice have decreased expression of
growth-associated molecules, with reduced axonal regeneration and less cell death after

axotomy (Raivich et al., 2004); see (Raivich and Behrens, 2006) for review.
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ATF3

ATF3 is also a transcription factor that is induced in many cell types by a range of
stresses, its induction being correlated with cellular injury. It is thought to be a key
regulator of cell stress responses (Hai and Hartman, 2001). ATF3 has been shown to
prevent cell death and be a neurite growth-promoting factor in cultured neurons,
apparently acting through HSP27 (Nakagomi et al., 2003) and is expressed after
axotomy (Takeda et al., 2000; Tsujino et al., 2000). Contrary to Tsujino’s (2000) claims
that it is neuron specific, it now appears that ATF3 is expressed in the glial cells through
which neurons regenerate following sciatic nerve injury (Hunt et al., 2004; see chapter
5). It is also co-expressed with c-Jun in the CNS neurons capable of regenerating
through peripheral nerve grafts (Campbell et al., 2005). Co-localisation studies indicate
that ATF3 and c-jun mRNA are co-expressed in several types of neuron after injury.
Transfecting ATF3 alone into two neuron-like cell lines did not cause neurite
outgrowth; c-Jun expression alone caused some outgrowth, but co-expression of both
ATF3 and c-Jun greatly increased neurite outgrowth (Pearson et al., 2003), highlighting

their synergistic growth-promoting roles.

Gap-43

GAP-43 is a 43kDa growth-associated protein noted to be important in neurite
outgrowth (Skene and Willard, 1981). It is found at the growth cone during neurite
extension, where it is membrane-bound and contacts axon guidance molecules, resulting
in signal transduction, which culminate in cytoskeletal rearrangements. Strongly
expressed by neurons during development and regeneration, levels diminish upon target
(re-)innervation (see review by Benowitz, and Routtenberg, (1997)). It is also detected

in presynaptic nerve terminals, remaining present at low levels throughout adulthood in
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classes of neuron thought to be particularly plastic, implying multifunctional roles.
Interestingly, the promoter sequence for the gap-43 gene contains an AP-1 binding site
(Weber and Skene, 1998), suggesting that c-Jun plays a role in the high-level of gap-43
mRNA detected in many injured neurons, perhaps in conjunction with ATF3. GAP-43
is upregulated in the successfully regenerating axons of the peripheral nervous system,
and in DRG neurons given a conditioning lesion that stimulates regeneration in CNS
tissue (see section 1.1.2). Like c-Jun and ATF3, GAP-43 expression is positively
correlated with intrinsic CNS neuronal ability to regenerate through peripheral nerve

grafts (see Anderson et al., 1998).

SCG10

SCG10 is a member of the stathmin family of ubiquitous cytosolic proteins. It is
believed to be neuron specific and expressed during development of the PNS and CNS
Anderson and Axel, 1985; it has a high level of co-expression with GAP-43 in the
embryonic rat brain (Sugiura and Mori, 1995). Although tightly bound to the Golgi
apparatus (Lutjens et al., 2000; Charbaut et al., 2005), it is present in axons and some
dendrites and accumulates in growth cones (Stein et al., 1988). Here, its membrane
attachment uses the same covalent attachment mechanism as GAP-43 (Skene and Virag,
1989), the prevention of which abolished growth-cone targeting (Lutjens et al., 2000).
SCG10 promotes disassembly of microtubules and counteracts microtubule assembly
(Riederer et al., 1997), producing instability in the growth cone that is necessary for
both forward motion and turning (Letourneau and Ressler, 1984; Bamburg et al., 1986;
Williamson et al., 1996; Challacombe et al., 1997). Overexpression of SCG10 in PC12
cell lines increased frequency and speed of neurite outgrowth (but only in the presence
of NGF (Riederer et al., 1997)), suggesting a role in neurotrophically-guided neurite

outgrowth. Its high expression in adult hippocampus and cerebellar cortex suggests a
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predeliction for long axons or ones with extensive dendritic arbours, prompting Himi et

al., (1994) to believe it may play a role in synaptic plasticity, as suggested for GAP-43.

It has been hypothesised that GAP-43 and SCG10 are important for axonal elongation,
through their role in cytoskeletal dynamics (Benowitz and Routtenberg, 1997; Riederer
et al., 1997; Caroni, 1997). Motor and DRG neurons upregulate these molecules soon
after axotomy. Expression decreases markedly following target reinnervation, but
remains high if reinnervation is prevented by cut and ligation experiments, suggesting
that contact with target tissues regulates expression of these molecules (Mason et al.,
2002). Together with its location and role in microtubule reorganisation, these findings

make SCG10 a suitable candidate for a regeneration-associated protein.

The in vivo effects of ATF3, GAP-43 and SCG10 expression individually on axonal
regeneration are difficult to assess. It is not clear whether ATF3 knockout mice
(Hartman et al., 2004) completely lack the protein in neurons but in any case, no axonal
regeneration experiments on such animals have been reported, although it is noted that
they appear grossly normal and are viable. GAP-43 deficient mice show
neuroanatomical abnormalities but their CNS has been described as grossly normal with
no interference in nerve growth rates (Strittmatter et al., 1995); hence GAP-43 is
unlikely to be essential for axonal growth but probably is required for successful axonal

pathfinding. No SCG10 knockout animals have been described.

Certainly, no single growth-associated molecule is able to drive regeneration on its own.
Transgenic overexpression of individual growth-associated molecules has induced some
sprouting (Buffo et al., 1997), but has not turned non-regenerating neurons into

regeneration-competent cells, even when presented with favourable environments such
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as implanted sections of peripheral nerve or Schwann cells (Mason et al., 2000; Rossi et
al., 2001). However, overexpression of GAP-43 and CAP23 together, greatly enhanced
the ability of ascending dorsal column axons to regenerate into peripheral nerve grafts
placed in the spinal cord without a conditioning peripheral lesion (Bomze et al., 2001).
Even growth-refractory Purkinje cells can be made to increase axonal outgrowth into
predegenerated (but not fresh) peripheral nerve grafts by overexpressing GAP-43 and
L1 in transgenic mice (Zhang et al., 2005). This regeneration can be improved further
by transducing graft Schwann cells to produce polysialic acid (a growth permissive
molecule) (Zhang et al., 2007). It would appear that a combination of ameliorating

intrinsic and extrinsic factors is necessary for successful CNS regeneration to occur.

1.2.4 Inflammation and the cell body response of CNS neurons

The most encouraging results in the field of CNS regeneration have been seen with
studies of injured dorsal columns, possibly reflecting their greater ability to regenerate,
but also reflecting our ability to manipulate their cell body environment, located in
dorsal root ganglia. It has been postulated that inflammation near the cell bodies of
axotomised neurons enhances axonal regeneration. Injection of corynebacterium into
the DRG prior to crushing the dorsal spinal root results in a four-fold increase in
regenerating fibres (Lu and Richardson, 1991). Subsequently, it was found that 2-4 days
after sciatic nerve transection macrophage numbers increase in injured DRGs (Lu and
Richardson, 1993). Injection of corynebacterium into uninjured DRGs raises neuronal
c-Jun and GAP-43 mRNA to similar levels to those found during regeneration after

nerve injury. The upregulation of c-Jun precedes macrophage influx, suggesting that
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inflammation alone isn’t the pre-requisite factor for growth-associated gene

upregulation and successful regeneration (Lu and Richardson, 1995).

Similarly, the greatest regeneration of RGC axons across an optic nerve injury has been
achieved after stab injury to the lens (Leon et al., 2000; Fischer et al., 2000). Even with
an intact optic nerve, the lens injury promotes GAP-43 expression by RGCs, unlike
optic nerve injury alone or needle injury of the eye with no lens injury (Leon et al.,
2000; Lorber et al., 2002). The growth-promoting effect may depend on inflammation
in the retina, as macrophages enter the eyeball after lens injury and it is possible to
produce regeneration of RGC axons by injecting the pro-inflammogen zymosan into the
eyeball without lens injury (Leon et al., 2000). Ir vitro, media conditioned by activated
macrophages stimulated adult RGCs to regenerate their axons (Yin et al., 2003). The
principal molecule mediating this was recently found to be a calcium-binding protein,
termed oncomodulin (Yin et al., 2006), which is secreted by macrophages, binds to
RGCs and requires the elevation of cAMP to exert its neurotrophic effects. However,
the intact lens has been shown to provide additional trophic factor(s) in rat (Lorber et
al., 2002) and mouse models (Lorber et al., 2005), suggesting that lens and macrophage-
derived factors act synergistically to stimulate optic nerve regeneration. Myelination of
axons in the optic nerve may also be stimulated by the effects of zymosan, as shown

with injection of OPCs and zymosan into the eyeball (Setzu et al., 2006).

1.2.5 Role of microglia in axonal regeneration

Wallerian degeneration in the CNS is much slower than in the PNS, as is the clearance
of myelin debris. Unlike degenerating peripheral nerve, where there is recruitment of a
large number of macrophages (see Section 1.1.1), there is a much slower increase in
their numbers in CNS tracts undergoing Wallerian degeneration (Perry et al., 1987).
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There is also a difference in morphology, with CNS macrophages taking on the form of
microglia, which appear to be less active phagocytes than PNS macrophages (Perry and

Brown, 1992).

Microglia are the resident macrophages of the CNS parenchyma, are morphologically
highly differentiated macrophages and have a ramified quiescent (downregulated)
phenotype at rest (Perry and Gordon, 1991), although in vivo imaging shows that they
are actively monitoring the CNS environment with motile processes (Nimmerjahn et al.,
2005; Davalos et al., 2005). They are upregulated within milliseconds after a variety of
insults, such as excitotoxic lesions and even if there is no evidence of neuronal
degeneration, such as spreading depression and epileptic activity (Perry et al., 1995a).
They thicken and retract their processes and may eventually adapt a morphology
indistinguishable from monocytes giving rise to macrophages. The plethora of
mechanisms by which microglia may be activated also tends to also cause them to
proliferate and alters their gene expression. This results in altered actin binding
(potentially with micotubules or the plasma membrane to affect motility), cell adhesion
and signalling, and antigen presentation (Moran et al., 2004). The most significant of
these changes may be the increase of complement type 3 receptor within hours of
neuronal injury (Graeber et al., 1988) and MHCII upregulation (Kreutzberg, 1996;

reviewed by Aloisi (2001)).

Microglial activation occurs in the CNS around facial, hypoglossal and spinal motor
neurons after axotomy (Aldskogius, 2001; Raivich, 2002). These injuries occur in the
periphery, suggesting that microglia are sensitive to signals communicated from
axotomised neurons, in particular macrophage-colony stimulating factor (Kalla et al.,
2001). In contrast to those around regenerating facial nucleus neurons, microglia in the

red nucleus do not divide, show only minimal hypertrophy and do not become closely
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applied to the neurons after section of the rubrospinal tract (Barron et al., 1990; Tseng et
al., 1996; Streit et al., 2000). Axotomised rubrospinal neurons atrophy and it has been
suggested that this may be related to a lack of perineuronal microglial activation (Streit,
2002). However the importance of microglia around axotomised neurons for axonal
regeneration in peripheral nerves or the CNS has not been demonstrated (Perry and
Brown, 1992; Perry et al., 1995a). Indeed Kalla et al. (2001) have shown that animals
lacking macrophage-colony stimulating factor, which show an absence of a microglial
response to injury, exhibit little difference from non-transgenic animals in the
regeneration of their motor axons in peripheral nerves. Similarly, Svennson and
Aldskogius virtually eradicated the local microglial cell population in the hypoglossal
motor nucleus following hypoglossal nerve injury with an intraventricular infusion of a
mitotic inhibitor, cytosine arabinoside. They demonstrated that the neuronal response,
the rate of axon outgrowth, axon maturation and target reinnervation were all unaffected

by such treatment (Svensson and Aldskogius, 1993a; Svensson and Aldskogius, 1993c).

It has been suggested that the main role of microglia around axotomised neurons is in
immune surveillance (Raivich et al., 1999; Ling et al., 2001). Microglial activation may
serve a protective function in the CNS, but the cytokine profile of microglia may be
altered if they are subjected to excessive or sustained activation (Hanisch, 2002). In
vitro studies have shown microglia to be capable of producing cytotoxic molecules such
as nitric oxide, free oxygen radicals, proteases, arachidonic acid intermediates and
excitatory amino acids (Banati et al., 1993; Lee et al., 2002). They produce cytokines
including TNF-a (Lee et al., 2002) and IL-18 (Quan et al., 1994), which could lead to
tissue damage or enhance cell repair, and release a range of factors in vitro that may be

neuroprotective and pro-regenerative (see (Raivich et al., 1999) for review).
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During development, as well as removing cellular debris and temporary or
inappropriately connected axons (Ashwell, 1990; Ashwell, 1991), microglia also play a
role in neuronal differentiation through the release of trophic factors (Nagata et al.,
1993; Jonakait et al., 1996; Mazzoni and Kenigsberg, 1997). The expression of nerve
growth factor and brain-derived neurotrophic factor by cultured microglia are increased
following stimulation with lipopolysaccharide (LPS) (Miwa et al., 1997; Nakajima et
al., 2001). Neurotrophin 3 (NT-3) is present in some brain microglia, and in vitro,
addition of LPS increased NT-3 expression by microglia (Elkabes et al., 1996; Elkabes
et al., 1998). In vivo, striatal microglia activated by kainic acid injection, produced
thrombospondin which stimulated neurite outgrowth (Chamak et al., 1994).
Implantatioﬁ of cultured microglia into lesions of dorsal spinal cord enhanced sprouting
of neurites into the lesion site (Rabchevsky and Streit, 1997; Prewitt et al., 1997). In
theory, the expression of factors produced by microglia may be altered in a manner that

would actively support neuronal regeneration, for example with LPS.

1.2.6 LPS-induced cerebral inflammation

LPS, an endotoxin derived from the cell wall of E.coli, is a potent inflammatory agent
(Burrell, 1990), that has been used extensively in previous experimental studies in CNS
and other tissues to study the effects of inflammation (Andersson et al., 1992). LPS is
not directly chemotactic and pro-inflammatory signals have to be transduced initially by
resident cells (see Andersson et al., 1992); in the CNS it is believed that microglia play
this role (Ling et al., 2001) and their limited reactions may partially account for some of
the muted character of the inflammatory response in the brain (Perry et al., 1998).
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Although the effects of LPS application onto the surface of the cerebral cortex have not
been studied, its injection into cerebral cortex is followed by an increased number of
recruited macrophages, activation of local microglia and, later, by activation of
astrocytes (Perry et al., 1995a; Montero-Menei et al., 1996). Neutrophils are not
recruited, in contrast to what occurs after LPS injection into peripheral tissues
(Andersson et al., 1992), which may explain the absence of overt damage to the brain.
Effects of LPS injections into brain include activation of complement (Boos et al.,
2005) and production of the cytokines TNF-a and IL-1 (Quan et al., 1994; Cai et al.,
2003), both of which can be either neurotrophic or lead to neuronal damage depending
on their level of expression (Cajal, 1991; Miller et al., 1994; Hiebert et al., 2002). In
slices of parietal cortex exposed to LPS, there is rapid glutamate and noradrenaline
release, which causes inappropriate neuronal excitation (Wang and White, 1999).
Neurons have been shown to express membrane histone H1 receptors that bind LPS and
may provide a pathway for direct action of LPS on neurons (Bolton and Perry, 1997).
However, in vitro studies suggest that LPS exerts its effects on CNS neurons via glial
cells (Weis and Humpel, 2002). The Toll-like receptor 4 (TLR-4) acts as an LPS
receptor on microglia (Laflamme and Rivest, 2001; Rivest, 2003), but is absent from

cortical neurons (Lehnardt et al., 2003).

Extrinsic factors:

Research on extrinsic factors has concentrated on the inhibitory effects of the glial scar,
namely NG2, and one inhibitory component of myelin, namely Nogo (and subsequently
the Nogo receptor complex). Although the following section therefore concentrates on

these molecules, the other extrinsic causes of CNS axons failing to regenerate should
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not be downplayed. The intracellular pathways by which they are thought to act are

summarised in Fig. 1.1 (page 77).

1.2.7 Response of non-neuronal cells to injury

We have seen that the PNS responds to injury by rapidly filling the gap formed by nerve
transection. In contrast, there is an absence of CNS tissue within spinal cord lesions,
which are either cystic or filled with a fibrous scar. This finding is species dependent,
with mice usually having fibrotic, tissue-filled scars (Ma et al., 2001) and rats typically
having cysts after injury, as found in humans (Bunge and Pearse, 2003). Cyst formation
is thought to involve secondary insults, such as excitotoxicity, causing apoptosis and
necrosis (Beattie et al., 2000). In rodents, lesion sites fill with blood and macrophages,
are then invaded by meningeal cells, endothelial cells and Schwann cell, together with
axons, which are usually of peripheral origin (Zhang et al., 1997). There are few
astrocytes within the lesion, rather they form part of a hypertrophic gliotic scar around
the lesion (Farooque et al., 1995), which contains many molecules thought to be

inhibitory for axonal regeneration.

1.2.8 The glial scar

Surrounding a CNS injury site is an area of astrogliosis (Berry et al., 1996; Zhang et al.,
1997) where chondroitin sulphate proteoglycans (CSPGs) and tenascins are upregulated
(McKeon et al., 1991; Laywell et al., 1992; Zhang et al., 1997; Davies et al., 1999; Tang

et al., 2003), and meningeal fibroblasts accumulate (Krikorian et al., 1981), which
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express semaphorins (Pasterkamp et al., 1999; Pasterkamp et al., 2001; Niclou et al.,
2003). Both astrocytes and meningeal cells upregulate ephrins after spinal cord injury
(Miranda et al., 1999; Bundesen et al., 2003). The inhibitory properties of these
molecules are discussed below. One should note that each individual molecule in this
region may seem to play a potential or even weak role in blocking axonal regeneration,

but the evidence that the scar as a whole is a profoundly inhibitory region, is strong.

Following injury, astrocytes proliferate and form a dense meshwork of hypertrophic
processes that interact with meningeal fibroblasts to form a glia limitans, which has its
own basal lamina (Bunge et al., 1994; Zhang et al., 1997; Shearer and Fawcett, 2001)
containing extracellular matrix (ECM) molecules such as laminin and collagen (Timpl,
1996). This process is thought fo prevent further spread of damage to the rest of the
CNS. The ECM molecules and other ‘stop signals’, rather than the physical density of
the astrocytic mesh of the glial scar, are some of the factors stopping axonal
regeneration. For example, most regenerating dorsal root axons appear to form synaptic
terminals with the purely astrocytic barrier of the DREZ rather than grow past it (Liuzzi
and Lasek, 1987), but a few axons are able to penetrate the DREZ, often along blood
vessels (Chong et al., 1999). Disrupting ECM formation with 2,2’—dipyridine allows
regeneration in the injured fimbria-fornix (Stichel et al., 1999), but not the CST
(Weidner et al., 1999)- presumably because in injured spinal cord external meningeal
cells are present, which are a separate source of collagen IV (Hermanns and Werner,
2001). Injured CNS axons do not grow through the glial scar in a number of injuries,
including those to the corpus callosum (Davies et al., 1997) and dorsal columns
(Bavetta et al., 1999). Interestingly, the few axons that breach the glial scar after limited
injury to the corticospinal tract become myelinated by the Schwann cells (that later

enter the lesion centre) and are eventually able to enter the lesion site, but end there with
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a massively extended terminal (Li and Raisman, 1995). Davies et al., (Davies et al.,
1997; Davies et al., 1999) attributed axonal growth arrest to the presence of CSPGs in
the glial scar, although not all groups ascribe to this view (Lips et al., 1995).
Subsequently, much research has concentrated on the inhibitory capacity of this family

of molecules (Bovolenta et al., 1997; Fawcett and Asher, 1999).

1.2.9 Chondroitin sulphate proteoglycans and NG2

There are many different types of CSPGs, which are made up of chondroitin sulphate
linear polysaccharides (repeating disaccharide units of N-acetylgalactosamine and
glucuronic acid), known as glycosaminoglycans (GAGs), attached to different core
proteins. Members of the CSPG family in the mammalian CNS include aggrecan,
versican, neurocan, brevican, neuroglycan D, NG2, the receptor-type protein tyrosine
phosphatase PTPb and its splice variant phosphacan (Hartmann et al., 1991; Carulli et

al., 2005).

Their ability to block neurite outgrowth has been attributed to the GAG sidechains
(Yamada et al., 1997, Talts et al, 2000), the core proteins (Dou and Levine, 1994;
Schmalfeldt et al., 2000), or both (Fidler et al., 1999; Ughrin et al., 2003), depending on
which CSPG was studied. GAG sulphation pattern results in varying inhibitory activity
(Gilbert et al., 2005). They have also been shown to block the growth-promoting ability
of molecules, such as L1, N-CAM, Ng-CAM and laminin (Grumet et al., 1993;
Friedlander et al., 1994; Smith-Thomas et al.. 1994) It has been suggested that CSPGs
act as molecular barriers, preventing the growth of axons into inappropriate regions

during development (Snow et al., 1990; Snow and Letourneau, 1992; Pindzola et al.,
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1993; Landolt et al., 1995).They tend to be expressed on the cell surface of reactive
astrocytes and meningeal cells (McKeon et al., 1991) and oligodendrocyte progenitor
cells (Levine, 1994), both in vitro and in the glial scar that surrounds CNS lesions
(Rudge and Silver, 1990; Snow et al., 1990; Snow et al., 1991). They are not evenly
distributed at CNS lesion sites, with differing patterns of expression temporally and
spatially (Tang et al., 2003). In brief, neurocan and NG2 are rapidly upregulated in and
around spinal injury sites and phosphacan and brevican are more slowly upregulated,;
phosphacan, NG2 and tenascin C are strongly expressed in spinal cord lesions by
invading meningeal cells compared to neurocan being strongly expressed by glia at the
lesion margins. The receptor for CSPGs has not yet been discovered, but they are
known to activate RhoA (Monnier et al., 2003) and they require PKC intracellular
signalling to mediate their inhibitory effects on axonal regeneration (Sivasankaran et al.,
2004). The mechanism appears to involve EGFR and intracellular calcium Koprivica et
al., 2005. Among a variety of CSPGs expressed by a growth-inhibitory astrocyte cell
line (Neu 7), NG2 was found to be the one with by far the strongest inhibitory effects on
neurite growth (Fidler et al., 1999), resulting in NG2 becoming the focus of much

research into the inhibitory properties of the glial scar.

NG?2 expression

NGQG2 is a large transmembrane proteoglycan, with a large ectodomain and a short
cytoplasmic tail (Nishiyama et al., 1991; Stallcup, 2002). It is expressed in many
different tissues, especially during development, but in the adult mammalian brain and
spinal cord, it is expressed predominantly by a subset of glial cells with astrocyte-like
morphology and the antigenic characteristics of oligodendrocyte progenitor cells
(Nishiyama et al., 1999). These cells are present throughout white and grey matter at a

density similar to that of oligodendrocytes and microglial cells and have been shown to
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respond to neuronal and astroglial signals by raising intracellular calcium (Wigley et al.,
2007; Ziskin et al., 2007). It has been proposed that they constitute a novel class of glial
cells (for which the term synantocytes or polydendrocytes has been proposed, but I shall
use the term NG2+ cells) with as yet poorly understood roles in adult nervous system
function (Nishiyama et al., 1999; Butt et al., 2002b; Peters, 2004). NG2+ cells
accumulate around CNS lesions and become rounded, making it difficult to distinguish
whether NG2 immunoreactivity seen inside the lesion is from glia or from cells of other
origin. It is possible that some of the NG2+ cells in the lesion are non-myelinating
Schwann cells, although the expression of NG2 by Schwann cells remains controversial
(Schneider et al., 2001; Martin et al., 2001; Morgenstern et al., 2003). One current
concept is that the NG2+ cells are a form of neural stem cell, as in vivo studies show
that they are the major dividing population in the CNS (Horner et al., 2000; Dawson et
al., 2003) and they can differentiate into oligodendrocytes (or astrocytes) (Polito and
Reynolds, 2005). Recent evidence shows that NG2+ cells proliferate around CNS lesion
sites and if these reactive cells are placed in vitro, they can differentiate into
oligodendrocytes (Yoo and Wrathall, 2007), suggesting that they have the potential to
fill CNS lesion cavities. However, current thinking links them to the glial scar that

forms instead.

There is evidence from studies in vitro that NG2, like most other CSPGs, inhibits
neurite outgrowth in culture (Dou and Levine, 1994), and possesses several domains
that cause growth cone collapse (Ughrin et al., 2003). It has also been shown that
antibodies against NG2 block its inhibitory effects on neurite growth (Fidler et al.,
1999; Chen et al., 2002b), but it is still not clear whether the core protein or the GAG
sidechains are the main site of inhibitory activity. In vivo, NG2 is present at sites at

which regenerative growth of axons within or into the CNS is arrested, notably around
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CNS injury sites and at the DREZ, where NG2+ cells proliferate and accumulate after
injury (Levine, 1994; Zhang et al., 2001; Jones et al., 2002; Chen et al., 2002a; Rezajooi
et al., 2004; McTigue et al., 2006); see reviews by Butt et al., (2002b) and Nishiyama,

(2007).

Chondroitinase ABC

Findings such as those above have led to a widespread belief that NG2 is one of the
major inhibitors of axonal regeneration within or into the mammalian CNS after injury
(Levine et al., 2001). In vitro, neutralisation of NG2 on meningeal cells with an
antibody promotes neurite extension (Shearer et al., 2003). Moreover, in vivo studies
with an antibody called chondroitinase ABC (ChABC), which removes sidechains from
CSPGs leaving only a disaccharide stub, has been claimed to promote axonal
regeneration through CSPG-rich CNS lesions. Experiments with hyaluronidase, which
has chondroitinase activity, showed some enhancement of retinal ganglion cell axon
regeneration in crushed optic nerves ((Tona and Bignami, 1993)) and some
enhancement of sprouting by injured nigrostriatal axons ((Moon et al., 2003)). ChABC
has been reported to stimulate axons of the nigrostriatal tract to regenerate to their
targets (Moon et al., 2001), although this tract has been found to have a greater innate
propensity to regenerate axons than most others (Woolhead et al., 1998; Anderson and
Lieberman, 1999). It is in the injured spinal cord that the most encouraging results have
been found. A single application of ChABC was reported to greatly enhance the
regeneration of dorsal spinocerebellar axons into a peripheral nerve graft placed in the
thoracic spinal cord (Yick et al., 2000). The experiment was repeated by the same group
without a peripheral nerve graft and using ChABC placed in Gelfoam at the lesion site.
They showed that up to 12% of spinocerebellar neurons in the L1 segment had taken up

the retrograde label — i.e. they had regenerated through the scar to (at least) the site of
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Fluorogold label injection in cervical cord — some 30mm. Impressive results have been
achieved with intrathecal infusion of ChABC after crush injury to the cervical cord of
adult rats, with regeneration of injured dorsal column axons up to 4mm rostral to the
lesion and CST axons up to Smm caudal to borders of the lesion. Chondroitin sulphate
GAGs were degraded at the lesion site and post-synaptic activity below the lesion after
electrical stimulation of corticospinal neurons was restored, with functional recovery of
locomotor and proprioceptive behaviours promoted, compared to controls (Bradbury et
al., 2002). Partial crush lesions are more likely to spare axons than transection injuries
(some axons distal to the lesion were seen in controls), and the location of the
regenerating axons was not entirely clear. One of the findings was of increased
branching of CST fibres into grey mater, although there was no anatomical evidence of
these fibres then bypassing the lesion. Other research groups have since shown ChABC
treatment after CNS injury to stimulate motor and bladder function recovery (Caggiano
et al., 2005), rubrospinal regeneration (Yick et al., 2004) and dorsal root regeneration
into the spinal cord (Steinmetz et al., 2005). It has also been used to successfully
enhance axonal regeneration into and beyond grafts of olfactory ensheathing glia and/or

Schwann cells in the spinal cord (Fouad et al., 2005).

These findings would suggest that the GAG sidechains are the site of axonal inhibition,
but the paucity of lengthy axonal regeneration through a lesion seen in the published
anatomical figures, combined with statistically significant improvements in behavioural
scores after spinal cord injury suggest that ChABC exerts its effects via axonal
sprouting and synaptic plasticity with remodelling of spinal circuits rostral and caudal to
injury sites rather than by lengthy regeneration of transected axons (see section 1.2.13.5
regarding IN-1 antibody to Nogo). ChABC is a protein extracted from bacteria and may

therefore contain impurities and/or elicit an immune response. It is interesting to note
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that the experiments of Bradbury et al (2002) produced upregulation of GAP-43 in
cervical DRG neurons. Do GAGs in the spinal cord suppress the expression of GAP-43
or was this a direct effect of a multifunctional antibody? Similarly, the enhanced
regeneration seen by Fouad et al., (2005) using tissue grafts may have been due to
ChABC’s action on the graft cells (see Kim et al., (2006) regarding the effect of
ChABC on transplanted embryonic cells in spinal cord injury). Cafferty et al., (2007)
used the gfap promoter to express ChABC in astrocytes and reported that transected
corticospinal axons extended within the lesion site, but not caudal to it in the transgenic
mice, with no significant improvement in motor function recovery. It therefore appears
that functional recovery (and the sprouting that presumably is the cause of this
recovery) is due to ChABC antibody. There is good evidence that chondroitinase can
enhance axonal sprouting in CNS grey matter and the resulting functional plasticity
(Tropea et al., 2003; Corvetti and Rossi, 2005; Massey et al., 2006), reviewed by
(Bradbury and McMahon, 2006). ChABC has been shown to stimulate sprouting above
and below a cord lesion, even in uninjured axons (Barritt et al., 2006). After dorsal
column crush, injured CST and intact serotonergic descending axons as well as
uninjured primary afferents showed robust sprouting. ChABC in uninjured controls did
not induce sprouting in any system, indicating that some form of denervation is required
for this effect to occur. Similar sprouting has recently been reported in a study that
claims to improve functional recovery following peripheral nerve repair, by injecting
ChABC antibody into the ventral horn of spinal cord; they demonstrated increased
axonal sprouting in the spinal cord grey matter with MAP-1B-P immunohistochemistry
(Galtrey et al., 2007). Separate investigators have used a monoclonal antibody that
specifically neutralises NG2 to promote regeneration of sensory axons into the lesion
site when applied to dorsal column lesion sites, and when combined with a conditioning

lesion of the sciatic nerve, resulted in regenerative growth of axons rostral to the lesion
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site (Tan et al., 2006). It would be interesting to see if treatment with this mononclonal

antibody would also result in functional recovery after spinal cord injury.

The role of NG2 in inhibition of axons is not clear

In addition to abundant evidence for the presence in the CNS of other molecules which
are thought to inhibit regenerative axonal growth (including Nogo, myelin associated
glycoprotein and oligodendrocyte myelin glycoproteins), there are numerous findings
that cast doubt on the general validity of the view that NG2 is a major axon growth
inhibitor and suggest the need for further investigation. For example, AN2, the mouse
homologue of NG2, does not inhibit outgrowth of mouse DRG cell neurites growing on
“a laminin substrate (Schneider et al., 2001) and mouse cerebellar granule cells adhere to
and extend neurites on substrates containing AN2 (Nichaus et al., 1999). Also, whereas
NQG?2 inhibits neurite outgrowth from rat cerebellar granule cells plated on a substrate of
L1 (an axon-growth-promoting cell adhesion molecule), it has no effect on the
outgrowth of neurites from DRG cells on the same substrate (Dou and Levine, 1994)
suggesting that the inhibitory effects of NG2 are exerted selectively on only some types
of neuron. There is also evidence that regenerating CNS axons may grow through
regions rich in NG2+ cells (Jones et al., 2003; McTigue et al., 2006). Moreover, in very
recent work, it has been shown that NG2+ cells promote neurite outgrowth from
hippocampal and neocortical neurons in vitro, and that both in vitro and in vivo NG2+
cells are preferentially and extensively contacted by axonal growth cones (Yang et al.,
2006). This is in keeping with earlier evidence that NG2+ cells may receive synaptic

input from glutamatergic axons (Bergles et al., 2000; Lin and Bergles, 2004).
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The presence of NG2 in the normal and regenerating PNS raises further questions about
its roles. NG2 is expressed by fibroblast-like cells and microvascular pericytes in
peripheral nerves (Zhang et al., 2001; Morgenstern et al., 2003; Rezajooi et al., 2004), is
present at nodes of Ranvier (Martin et al., 2001; Rezajooi et al., 2004) and may also be
expressed by a subset of non-myelinating Schwann cells (Schneider et al., 2001).
Moreover, the peripheral axons of DRG neurons in the sciatic nerve regenerate through
the prominent cap of NG2+ cells that forms over the proximal stump following
resection of the nerve, and continue to grow along the distal stump in close proximity to
NG2+ cells (Rezajooi et al., 2004). Such observations suggest that NG2 has no
generalised inhibitory effect on regenerating PNS axons or that it is involved in subtle
focal inhibitory functions directed at preventing profuse branching of the axons and/or

perhaps serving to confine regenerating axons to the bands of von Biingner.

I have attempted to answer some of these inconsistencies regarding the role of NG2 in
the nervous system with the studies performed and described in this thesis. The aims

and basis of these studies are summarised at the end of this chapter.

1.2.10 Semaphorins

Semaphorins, tenascins and some proteoglycans, are involved in the guidance of
developing axons to their targets during development, by binding to receptors on growth
cones that activate intracellular cascades which result in changes to the cytoskeleton and
pathfinding via contact inhibition (Goodman, 1996; Guan and Rao, 2003; Huber et al.,
2003). The same molecules seen in development are often expressed in the adult

nervous system and/or upregulated after CNS injury, which leads one to believe that
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they play a role in inhibiting, or at least regulating, axonal regeneration (De et al., 2002;

Koeberle and Bahr, 2004); see (Pasterkamp and Verhaagen, 2006) for review.

Semaphorins form a family of secreted and membrane-bound proteiens that can either
repel or attract axons. Membrane-associated Semaphorin-4D, -5A and -6A are
expressed by oligodendrocytes (Moreau-Fauvarque et al., 2003; Cohen et al., 2003;
Goldberg et al., 2004, Kerjan et al., 2005). Semaphorin-4D is strongly inhibitory for
postnatal sensory and cerebellar granule cell axons (in stripe assays) and is transiently
upregulated in oligodendrocytes after CNS lesions (Moreau-Fauvarque et al., 2003). It
is therefore thought to be an inhibitory factor for axonal regeneration, expressed in
myelin. Semaphorin-3 proteins are the most studied, and bind to neuropilins on neuron
receptor complexes that also have plexin subunits to transduce signals (Raper, 2000).
Other cell surface molecules may be part of the receptor complex, including L1, which
is thought to transduce a repulsive signal from Semaphrin-3A to CST neurons.
Fibroblast expression of Semaphorin-3A in CNS lesions has already been mentioned,
but they also secrete Semaphorin-3b, -3C, -3E and 3F in the lesion (Pasterkamp et al.,
1998a; De Winter et al., 2002). Semaphorin-3A and a component of its receptor,
neuropilin-1 (NP-1) are also upregulated after optic nerve injury (Nitzan et al., 2006).
However, after spinal cord injury, though Semaphorin-3A (Hashimoto et al., 2004) and
Semaphorin-4F mRNA are upregulated, neuropilin-2 (NP-2) rather than neuropilin-1
was upregulated in axotomised motorneurons (Lindholm et al., 2004); NP-2 is a co-
receptor for Semaphorin-3F (Scarlato et al., 2003). Another puzzling observation is that
although Semaphorin-3A is upregulated within the lesions of transected spinal cord, it is
not upregulated after contusion injury of the spinal cord (De Winter et al., 2002).
Instead of being upregulated within the lesion site, Semaphorin-3A expression is limited

to a fibrotic rim of meningeal cells surrounding the injury site. Though contusion
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lesions are just as inhibitory to axonal regeneration as transections, this discrepancy
may simply be because meningeal cells tend not to invade the lesion site itself after

spinal cord contusion injuries.

The presence of Semaphorin receptor components on injured CNS neurons suggests that
they may be sensitive to the repulsive effects of Semaphorins-3 molecules. This is seen
with DRG neurons transected in the dorsal column with a conditioning lesion, which
would usually stimulate sprouting into the lesion. DRG collaterals expressing both NP-1
and plexin-A1 failed to grow into scar tissue expressing Semaphorin-3A, although they
did manage to grow over areas of strong tenascin-C and CSPG expression (Pasterkamp
et al., 2001). Interestingly, Semaphorin-5A can be made to be an attractive axon
guidance cue or an inhibitory one by interaction with HSPGs and CSPGs respectively
(Kantor et al., 2004)— this may be particularly relevant to the failure of optic nerve
regeneration, where Semaphorin-5A is constitutively expressed (Goldberg et al., 2004),
but CSPG levels rise after injury at the lesion site (Butt et al., 2002b). It is not known
whether CSPGs are able to convert other semaphorins to an inhibitory role in vivo, but
ChABC releases cell surface bound Semaphorin- 3A in vitro (de Wit et al., 2005),
implying that such release of inhibitory Semaphorin-3A may be one of the mechanisms
by which ChABC ameliorates axonal regeneration. One CSPG, NG?2, is expressed on
polydendrocytes (oligodendrocyte precursor cells (OPC)) found in and around CNS
lesions. Semaphorins (including -3A) may regulate OPC reaction to injury, as they can

induce them to retract processes and orientate their migration (Cohen et al., 2003).

Selective inhibition of Semaphorin-3A after spinal cord transection (with fungal-derived
SM-216289 administered into the lesion site for 4 weeks) appears to substantially
enhance regeneration and/or preservation of injured axons, increase myelination and

axonal regeneration in the lesion site, decrease cell death and markedly enhance
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angiogenesis (Kaneko et al., 2006). The increased angiogenesis may be due to the
finding that NP-1 is expressed in blood vessels in CNS lesion scars (Pasterkamp et al.,
1999). Semaphorin-3A downregulation is seen after peripheral lesion of motorneuron
axons (but with no change in levels of semaphorin receptor proteins and signalling
molecules) (Pasterkamp et al., 1998b; Gavazzi et al., 2000), which regenerate
vigourously. Intraspinal injury of motorneurons, in the ventral funiculus, results in
increased levels of Semphorin-3A, and poor regeneration (Lindholm et al., 2004) —
again correlating Semaphorin-3A with failed axonal growth. Scarlato et al., (2003)
found that Semaphorin-3A, -3F, NP-1 and NP-2 are all upregulated after sciatic nerve
crush in the distal stump and suggested that semaphorins may play a role in guiding

regenerating axons in the adult PNS.

1.2.11 Tenascins

The expression of Tenascin-C around CNS lesions (e.g. (Fitch and Silver, 1997; Tang et
al., 2003) has been attributed to meningeal cells (Zhang et al., 1997; Deller et al., 1997).
Co-cultures of astrocytes and meningeal cells, upon which RGCs were plated, resulted
in extension of neurites over the astrocytic component, but avoidance or contact
termination with meningeal cells (Hirsch and Bahr, 1999). Tenascin-C has distinct
adhesive, anti-adhesive and neurite outgrowth promoting sites and differentially
regulates neurite growth depending on whether it is surface-bound, or soluble (Meiners
et al.; Gotz et al., 1996). Initially Tenascin-C was thought to be present in the DREZ,
where injured dorsal root axons stop regenerating (Pindzola et al., 1993). Later
immunohistochemical and in sifu studies revealed that Tenascin-R (and NG2) are
present at the DREZ, with Tenascin-C upregulated in injured dorsal roots (Zhang et al.,

60



2001). Clearly, the role of Tenascin-C following dorsal root injury does not provide
strong evidence for its role in preventing regeneration. Its presence in the distal stumps
of injured peripheral nerve (Martini, 1994), and the ability of pre-conditioned DRG
neurons to grow over it in dorsal column injury scars (see paragraph above), suggests

that it may play a role that is more permissive for regeneration.

Tenascin-R glycoproteins are expressed as 160 and 180 kD isoforms by
oligodendrocytes and OPCs, secreted into the ECM, and upregulated at CNS lesion sites
after injury (Pesheva et al., 1989; Fuss et al., 1993; Wintergerst et al., 1993; Angelov et
al., 1998; Probstmeier et al., 2000). Expression is regulated by cytokines and growth
factors including TNFa and platelet-derived growth factor (Jung et al., 1993;
Probstmeier et al., 1999). Tenascin-R can promote and inhibit axon growth, depending
on what it is bound to. Neurites are inhibited if its EGF-like domain (in rats), or the 2"-
3™ fibronectin-III like domains (in chickens) binds to neuronal GPI-linked Rc protein
F3/F11 (Brummendorf et al., 1993; Pesheva et al., 1993; Norenberg et al., 1995; Xiao et
al., 1999). Removal of GAG side chains from Tenascin-R 160 with ChABC promotes
cell adhesion (Probstmeier et al., 2000). Tenascin-R blocks neurite adhesion and
outgrowth on fibronectin by inhibition of integrin/RGD-dependent adhesion to it
(Pesheva and Probstmeier, 2000). Tenascin-R isoforms interact heterophilically with
fibronectin and collagen 1, but not with either collagen IV or laminin (Faissner and

Kruse, 1990; Pesheva et al., 1994).

Although Tenascin-R is inhibitory to the outgrowth of RGCs in vitro (Becker et al.,
2000), it is present in the regenerating optic nerves of zebrafish (Becker et al., 2004),
suggesting a role in axonal guidance via contact inhibition in this anatomical location

and species, compared to an inhibitory role in the mammalian DREZ.
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1.2.12 Ephrins

Ephrins are membrane-bound ligands for the Eph family of tyrosine kinases. They play
a role in neuronal pathfinding during development via contact inhibition (Pasquale,
2005). There are two groups of Ephrins - A and B - which are GPI linked or integral
membrane proteins respectively. The Ephs are divided into A and B subclasses
depending on their ligand affinity and sequence similarity, though some functional
interactions between classes do occur. Cell-cell contact is required for them to mediate
repulsion via the Rho family of small GTPases, particularly RhoA (Stein et al., 1998;
Kullander and Klein, 2002). There can be co-expression of ligands and receptors on
neurons, which can modulate receptor sensitivity (Iwamasa et al., 1999; Eberhart et al.,

2000).

Expression in the adult nervous system

Most tissues stop expressing ephrins postnatally, but, along with ephs, they remain
present in human, primate and rodent brain and spinal cord (Liebl et al., 2003; Hafner et
al., 2004; Sobel, 2005; Xiao et al., 2006). Ephrin B3 is found in adult myelin and is as
potent as Nogo, MAG and OMGp combined in causing retraction of and repulsing
neocortical neurites (Benson et al., 2005). Its role in development is that of a midline
guidance marker for EphA4-positive corticospinal tract axons (Dottori et al., 1998;

Kullander et al., 2001); reviewed by Harel and Strittmatter, (2006).
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Ephrin expression by astrocytes (Miranda et al., 1999) has been implicated in gliosis
and scar formation. Following partial transection of the spinal cord, reactive astrocytes

upregulate ephrin B2 and meningeal cells upregulate EphA4 (Bundesen et al., 2003).

EphA4 is expressed in cortical neurons after spinal cord contusion (Miranda et al.,
1999), as well as some astrocytes and oligodendrocytes (Willson et al., 2002). It
accumulates in lesioned CST neurons, conferring them with susceptibility to inhibitory
ephrins, such as those found in the glial scar. Cell surface signalling between ephrins
and Ephs can occur ‘in reverse’ — i.e. with Eph receptors acting as ligands to transduce
signals into cells. Thus, the astrocyte upregulation of ephrinB2 and meningeal cell
upregulation of EphA4 may allow bidirectional signalling between these cell types that
limits meningeal infiltration into cord and initiates the development of a glia limitans at

the injured surface of the cord (Bundesen et al., 2003).

Role in regeneration

EphA4 null mice with hemisection of the spinal cord display reduced astrogliosis and
CSPG expression at the lesion site, with enhanced motor recovery (Goldshmit et al.,
2004). The use of tracers in these experiments is more anatomically credible than use of
5-HT or MAP-1B immunohistochemistry by other groups. The tracers demonstrated
anterogradely labelled fibres crossing the lesion site, with retrograde labelling of
corticospinal and rubrospinal cell bodies, as well as other brainstem nuclei. The neurite
inhibitory findings of Benson et al., (above) also suggest a role for EphB3 in axonal

regeneration.
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1.2.13 Myelin and other inhibitory factors

Not only is the glial scar an inhibitory barrier to regeneration, but there is strong
evidence that CNS myelin contains molecules which repel growing axons. These
include Nogo (Chen et al., 2000), myelin-associated glycoprotein (McKerracher et al.,
1994) and myelin oligodendrocyte glycoprotein (Kottis et al., 2002). Semaphorin-4A
and Ephrin B3 are also found in myelin, and were discussed in the previous section,

together with the glial scar derived semaphorins and ephrins.

The inhibitory nature of myelin was first postulated by Berry, (1982), who noted that
chemical ablation of growth-permissive monoaminergic neurons allowed their
regeneration, but mechanical injury did not. The key difference in these injury models
was that mechanical injury damaged myelin and Berry concluded that myelin
breakdown products are inhibitory. In vitro studies later showed that CNS myelin
inhibited neurite outgrowth (Schwab and Caroni, 1988; Caroni and Schwab, 1988b),
predominantly due to two molecules of ~250kDa and 35kDa (termed NI-250 and NI-35)
(Caroni and Schwab, 1988b). A monoclonal function blocking protein raised against
NI-250 (IN-1) reacted against both proteins (Caroni and Schwab, 1988a) and was
subsequently administered to rats with spinal cord lesion with claims of axons
regenerating 11mm past a thoracic corticospinal lesion compared to 2.6mm in controls
(Schnell and Schwab, 1990) — note that this would not injure the dorsolateral
corticospinal tract (DLCST). In retrospect, this appears to be a remarkable amount of
regeneration, especially in control rats. Subsequent studies by the same group have
moved away from claims of regeneration to interpretations based on sprouting of CST
axons. Analysis of the 1990 paper reveals that the regenerating axons were in the region
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of distal corticosopinal tract. This contrasts with their later studies, where regenerating
axons were seen in the dorsal columns, lateral tracts and grey matter for up to 2mm,
after pyramidotomy (i.e. lesioning rostral to the split of the CST into dorsal and ventral
branches, which transects the entire CST —- see Appendix Fig. A1) (Raineteau et al.,
1999). It is therefore pertinent to question whether the 1990 experiments spared the
most ventral part of the lesion or sprouting from the DLCST was not accounted for,
which may have been the main - and still highly significant - effect of IN-1 treatment.
At the time, however, these experiments prompted much excitement, and its encoding
gene nogo was cloned (GrandPre et al., 2000; Chen et al., 2000; Prinjha et al., 2000).
The Nogo protein, MAG and OMgp are the most-studied inhibitory molecules derived
from myelin, and will be discussed with their receptors below. Other inhibitory
molecules resident in myelin, such as Semaphorin-4A (see section 1.2.10 above) and

ephrinB3, will be mentioned thereafter.

1.2.13.1 Nogo

Nogo is a member of the Reticulon family, and is also known as Reticulon 4 (others are
Reticulon 1-3), named because they reside largely in the endoplasmic reticulum. There
are three isoforms of Nogo: A, B and C (from largest to smallest) expressed in the adult
nervous system, all generated by the nogo gene. An extracellular domain sequence
(Nogo-66) is common to all isoforms and inhibits axonal extension with growth cone
collapse (Fournier et al., 2001; GrandPre et al., 2002). Nogo-A also has inhibitory
domains in its N-terminal sequence (Prinjha et al., 2002; Oertle et al., 2003). Nogo-A is
found in CNS myelin where it is highly expressed by oligodendrocyte membranes,
which suggests that it can be present on the cell surface and therefore able to interact

with other proteins. However, data suggest that only 1-2% of total Nogo-66/A in
65



oligodendrocytes is actually expressed at the cell surface, which may be enough to exert
axonal inhibition, but suggests that the other 98-99% plays another role in subcellular

compartments.

The receptor to Nogo (NgR) is a glycosylphosphatidylinositol (GPI) -linked cell surface
protein of 473 amino acids, which binds the Nogo-66 loop of the Nogo family of
proteins with high affinity (Fournier, et al., 2001; Zander et al. 2007). The Nogo-66
receptor, NgR1, is also a functional receptor for MAG and OMgp, and it is therefore
worth discussing these two other main inhibitory molecules found in myelin, before

continuing with the evidence linking Nogo to inhibition of regeneration.

1.2.13.2 Oligodendrocyte myelin glycoprotein (OMgp)

OMgp is a GPI-linked cell surface CNS myelin protein that induces growth cone
collapse and inhibits neurite outgrowth (Kottis et al., 2002; Wang et al., 2002b),
(previously known as arretin (McKerracher et al., 1994)). Depending on its tissue of
origin, it may possess the HNK-1 moiety (Mikol et al., 1990), which is also found on
MAG, and which was mentioned earlier as being associated with selective motor axon
regeneration of regenerating peripheral nerves (Low et al., 1994; Martini et al., 1994). It
is expressed strongly by neurons (Habib et al., 1998) and glial cells that contact nodes
of Ranvier (probably NG2+ cells) (Huang et al., 2005) with a putative role in

suppressing formation of collaterals.
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1.2.13.3 Myelin-associated glycoprotein (MAG)

MAG (or siglec 4a) is a transmembrane protein of the immunoglobulin superfamily,
found in both Schwann cell and oligodendrocyte myelin membranes (Sternberger et al.,
1979; Martini, 1994), where it plays a role in the formation and maintenance of myelin
sheaths (Fruttiger et al., 1995; Carenini et al., 1997, Fujita et al., 1998; Marcus et al.,
2002). MAG-mediated signalling (at least in the PNS) affects the diameter of
myelinated axons by increasing expression of phosphorylated neurofilaments, but it is
not known why there is degeneration of PNS axons if this signalling is disrupted

(Quarles, 2007).

It was initially thought to prom.ote neurite outgrowth from neonatal DRG cells in vitro
(Johnson et al., 1989), but was subsequently found to inhibit axonal growth from adult
DRG cells and cerebellar granule cells (Mukhopadhyay et al., 1994; McKerracher et al.,
1994), suggesting a role in the age-related changes of mammalian regenerative ability.
MAG binds tightly to the gangliosides GD1 and GT 1b, that are expressed on axons
(Calderon et al., 1995), but it is not clear if this is the mechaninsm of neurite inhibition
used by MAG. McKerracher (2002) contemplated an inhibitory role induced by
clustering gangliosides into lipid rafts that could activate Rho A, but the strongest
evidence of its effects comes from the evidence that NgR1 is part of one neuronal

functional receptor complex for MAG (see below).

The functional significance of MAG in the adult CNS is not clear. Although MAG is
generally recognised as a potent inhibitor of axonal growth in vitro, MAG knockout

mice show little or no enhancement of axonal regeneration in the spinal cord (Bartsch et
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al., 1995; Li et al., 1996). However, there is evidence that MAG can be inhibitory to
axonal regeneration in the slow-degenerating mutant mouse if the mag gene is
inactivated, resulting in enhanced regeneration in the sciatic nerves of these mice
(Schafer et al., 1996). Furthermore, MAG makes up the great majority of the neurite-
outgrowth inhibiting substance released from myelin damaged in the CNS (suggesting
that the release of Nogo from the cell surface is negligible), and a soluble form of MAG
released in such a way inhibits neurite outgrowth from P6 DRG neurons (Tang, et al.,

2001).

1.2.134 Nogo receptors and co-receptors

NgR1 has two structural homologues called NgR2 (RTN4RL2; NgRL3; NgRH1) and
NgR3 (RTN4RL1; NgRL2; NgRH2) (Barton et al., 2003; Pignot et al., 2003; Lauren et
al., 2003). NgR2 is a functional receptor for MAG (Venkatesh et al., 2005) and although
its co-receptors are not yet discovered, gangliosides seem to be involved in MAG-

mediated neurite inhibition (Yang et al., 1996; Vinson et al., 2001).

NgR1 mediates growth cone collapse in response to the three myelin proteins discussed
above, and NGR2 is a receptor for MAG, but many neurons lack these receptors or co-
receptors in vivo (Hunt et al., 2002b), which complicates claims that myelin is
inhibitory to regeneration of these same neurons, due to Nogo, MAG or OMgp. MAG
competes with Nogo-66 for binding to NgR (Domeniconi et al., 2002), which is also the

site where IN-1 binds (Zander et al., 2007).
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NgR1, 2 and 3 are unlikely to be the only receptors for Nogo-A, MAG and OMgp.
Gangliosides interacting with MAG and oligodendrocytes do not express NgR, yet they
show trophic effects with MAG (Gard et al., 1996). Furthermore, the N-terminal of
Nogo-A is also inhibitory to neurites and prevents cell spreading (GrandPre et al., 2000;
Fournier et al., 2001; Niederost et al., 2002; Prinjha et al., 2002), but no receptor for it

has yet been found.

NgR is present in much higher levels in adults than in embryos (Fournier et al., 2001;
Mingorance A, 2004), as one would expect, although two different NgR knockout mice

are viable and healthy, suggesting that NgR is not vital to development.

NgR knockout mice show varying amounts of regeneration following spinal cord injury;
genetic NgR deletion improved the ability of serotonin-containing but not CST fibres to
regenerate after spinal cord injury (Kim et al., 2004; Zheng et al., 2005).
Pharmacological NgR inhibition has resulted in more robust and reproducible effects in
models of stroke and spinal cord injury (Lee et al., 2004; Li et al., 2004), where
enhanced CST regeneration is seen following spinal cord injury, but growth is limited
and proceeds along ectopic pathways. The discrepancy between genetic and
pharmacological inactivation of NgR1 is not clear, but may include compensatory
upregulation of other receptors during development of the mutant mice (Teng and Tang,
2005). NgR deficient mice upregulate Nogo-A until day P6 (Kim et al., 2004), which
may have other as yet unidentified receptors, through which it may act. However, the
fact that the neurons with the greatest expression of NgR1 (CST) do not regenerate in

NgR knockout mice suggests that other factors are involved.
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Co-receptors and signal transduction

NgR is not capable of transmembrane signal transduction because it is a GPI-anchored
cell surface protein. Three other proteins have been found to be signal transducing co-
receptors: p75, LINGO-1 and TROY (Wong et al., 2002; Wang et al., 2002b; Mi et al.,

2004; Shao et al., 2005; Park et al., 2005).

p75 is a transmembrane protein belonging to the tumour necrosis factor receptor
(TNFR) superfamily (Roux and Barker, 2002) and is necessary for MAG-induced
inhibition of neurite outgrowth from adult DRG and postnatal cerebellar granule
neurons (Yamashita et al., 2002). Its signalling has been shown to occur with NgR1
binding of Nogo-66, MAG or OMgp (Wang et al., 2002a). It has other roles when
bound to different proteins, such as when bound to Trk family members, including a
role in cell death (see Bronfman and Fainzilber, (2004).Vice-versa’, one can’t exclude
the possibility that neurotrophins may act to promote axonal sprouting (see section
1.2.14 below) by competitive inhibition of NgR rather than via Trk receptors. It may be
significant that p75 is upregulated by several types of intrinsic CNS neurons after
injury, including corticospinal neurons (Giehl, 2001) and Purkinje cells (Vaudano et al.,
1998), neither of which has the capacity to regenerate axons. p75 knockout mice
demonstrate enhanced sprouting of serotonergic (raphespinal) axons within the spinal
cord and CGRP-containing primary afferents after dorsal rhizotomy (Scott et al., 2005).
However, there was no enhancement of CST regeneration after dorsal hemisection
(Zheng et al., 2005). The difference in results may reflect the greater regenerative ability
of sympathetic, serotonergic and primary afferent neurons compared to CST neurons (at
least into peripheral nerve tissue), suggesting that p75 is just one part of the

multifactorial intracellular cascades that result in regeneration.
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LINGO-1 is a transmembrane protein, found only in nervous tissue, which co-
immunoprecipitates with NgR1 and p75, whose expression peaks at P1. The expression
of all three co-receptor proteins is necessary for the downstream activation of RhoA in
response to Nogo-66, MAG or OMgp (in the COS cell line; there is no such evidence in
neurons yet) (Mi et al., 2004). LINGO-1 is apparently an obligatory co-receptor for
NgR1, with either p75 or TROY required to complete the functional receptor complex
(Mi et al., 2004). One study did not detect any LINGO-1 in the adult spinal cord
(Carim-Todd et al., 2003), but it is upregulated in descending axonal tracts after spinal
cord injury. LINGO-1 is also more predominantly expressed in Purkinje cells (which
are refractory to regeneration), rather than cerebellar granule cells in adults (Mi et al.,
2004). Transfection of a dominant negative LINGO-1 into embryonic cerebellar granule
cells reduced the inhibitory effects of myelin, Nogo-66 and OMgp (Mi et al., 2004), but
no regeneration experiments have been carried out using this construct. Its functional
significance has recently been shown in vivo using soluble LINGO-1, which has an Fc
fragment that acts as an antagonist to block binding of LINGO-1 to NgR1. LINGO-1-Fc
treatment to rats after dorsal or lateral hemisection of the spinal cord decreased RhoA
activation, promoted sprouting into the lesion and improved functional recovery (Ji et

al., 2006)

TROY is a receptor in the tumour necrosis factor family (like p75) and binds to NgR1.
It can replace p75 in the p75/NgR1/LINGO-1 complex to activate RhoA in the presence
of myelin-derived inhibitory molecules and is more widely expressed in the CNS (and
in a higher percentage of DRG neurons) than p75 is (Shao et al., 2005; Park et al.,
2005). Transfection of P28 DRG neurons with a dominant negative TROY blocked the

inhibitory effects of Nogo-66 and OMgp on neurite outgrowth (Park et al., 2005).
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TROY knockout mice are healthy and fertile, and they have a greatly enhanced ability

to grow neurites on myelin-derived inhibitory substrates (Shao et al., 2005).

The pathway from NgR binding to rearrangement of the actin cytoskeleton and
subsequent growth cone collapse has not been fully elucidated, and is complicated by
binding of p75 with other membrane-associated proteins (Fujitani et al., 2005). One can
summarise current findings by stating that Nogo-66, MAG or OMgp binds to the
tripartite receptor compromised of NgR1/LINGO-1/p75 or TROY. This probably
stimulates intramembrane proteolysis of p75 (Domeniconi et al., 2005), activates PKC
(Sivasankaran et al., 2004) and the epidermal growth factor receptor (EGFR; (Koprivica
et al., 2005)), which releases RhoA from its inhibitor Rho-GDI (Yamashita and
Tohyama, 2003) to activéte it. Downstream, Rho kinase and the antagonistic effects of
LIM kinase and Slingshot (a phosphatase enzyme) on cofilin, in the presence of
calcium, result in growth cone collapse (see Ahmed et al., (2005) and Logan et al.,
(2006)). It is noteworthy that this growth cone collapse cascade is prevented by
Schwann cell-derived factors that promote axon regeneration (Ahmed et al., 2006),

although the presence of p75 in RGCs is disputed (Hu et al., 1999; Hirsch et al., 2000).

NgR1 and its ligands clearly play a part in limiting regeneration of some types of axon.
None the less, since some neurons do not express NgR1 and since its inactivation has

failed to produce significant regeneration of one class of axon (the corticospinal tracts)
that express the receptor strongly, it is difficult to conclude that NgR1 signalling is the
major cause of the failure of regeneration in the spinal cord. Surprisingly, inactivating
NgR1 has been shown to allow rubrospinal and raphespinal axons to regenerate across

complete transections of the spinal cord- i.e. through regions lacking the myelin-derived
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inhibitors. This may be explained by the possibility that overcoming the inhibitory
effects of some myelin-derived factors may upregulate neuronal growth-associated
genes, altering the growth state of the neurons, so that regenerating axons can
vigorously overcome other inhibitory influences. Such considerations may also explain

the strong evidence that some neurons can regenerate axons through CNS white matter.

1.2.13.5 Role of Nogo-A in axonal regeneration

Studies on mice lacking nogo-a/b resulted in three different results of CST injuries from
three different research groups, from no corticospinal regeneration (Zheng et al., 2003),
through slight CST sprouting (Simonen et al., 2003)(nogo a/a knockouts), to significant
regeneration and functional recovery (Kim et al., 2003)(NB: the mice with the greatest
and least regeneration were both nogo-a/b knockouts). The disparity in findings could
be explained by the effects of genetic background (see Dimou et al., (2006)) and/or
compensatory changes of other molecules during development; for instance, Nogo-B
was upregulated ten-fold in the nogo a/a knockouts. However the nogo a/b knockouts
showed completely opposite results in different laboratories (Zheng et al., 2003); see
Woolf (2003). The experiments were repeated by Steward et al., (2007), using the
knockout mice of Kim et al., and Zheng et al. (i.e. both nogo a/b knockouts). Steward’s
group demonstrated that inadvertent injection of anterograde tracer into the ventricles
below motor cortex and labelling of axons at the time of lesioning, resulted in false-
positive labelling of axons below the cervical lesion site. Moreover, these incorrectly
labelled axons had similar profiles to those seen by Kim et al., who had claimed

regeneration occurred in their Nogo knockout mice, and did not occur with delayed
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BDA labelling (Steward et al., 2007). This was countered by Kim’s research group, who
stated that only 5% (3 of 58) of their mice were labelled artefactually in this manner,
and that there was still a statistically significant increase in ectopic sprouting of CST
fibres in Nogo knockout mice, but accepted that it was far from complete (Cafferty et

al., 2007).

If genetic deletion of the Nogo receptor does not stimulate regeneration, the transgenic

expression of a soluble receptor antagonist appears to give better results (Li et al., 2005;

Zheng et al., 2005). It is not known why genetic targeting of putative growth inhibitory

molecules often fails but pharmacological targeting succeeds, but one can assume that

pharmacological treatments have a broader mechanism of action. For instance, infusion
| of IN-1 into CSF almost certainly affected the cell bodies of, as well as the growth

cones of, injured CST neurons.

Antibodies to Nogo

It is difficult (and provocative) to discount the results of the IN-1 antibody experiments,
especially as their results were most conclusive with injured CST neurons, whose cell
bodies contain very high levels of NgR1, Nogo-66 and Nogo-A mRNAs and recent
evidence suggests that IN-1 acts on Nogo-66 and the N-terminal of Nogo-A (Zander et
al., 2007). In vitro, IN-1 treatment promoted sprouting of uninjured Purkinje cell axons
(Buffo et al., 2000). The effects of IN-1 were further enhanced by implantation of foetal
spinal cord at the lesion site (Schnell and Schwab, 1993) and additional treatment with
NT-3 (Schnell et al., 1994) with subsequent functional recovery (Bregman et al., 1995).
Use of different antibodies — e.g. to the active sites of the Nogo-A specific region have

given broadly similar behavioural results (Liebscher et al., 2005), but the regeneration
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appears to be mainly through tissue adjacent to the lesion sites and grey matter distal to
the lesion. Often no regeneration was seen through a lesion if there was a cyst or large
scar (Brosamle et al., 2000; Liebscher et al., 2005), which is not surprising. More recent
work with IN-1 has emphasised that it mainly promotes axonal sprouting above and
around the lesion (Thallmair et al., 1998; Raineteau et al., 1999; Kartje et al., 1999)
rather than growth through it. Even animals without axotomy had sprouting of CST
fibres into abnormal territories (Bareyre et al., 2002). Moreover, after unilateral
pyramidotomy, the IN-1 treatment resulted in behavioural recovery, but this was not
later reversed by re-lesioning the CST rostral to the original injury (Z'Graggen et al.,
1998). This showed that plasticity, rather than regeneration was responsible for the
behavioural improvement. These findings correspond with other studies in which the
motor improvement in injured animals seen with IN-1 treatment has been attributed
potentially to enhanced plasticity of corticofugal axons or of the descending

serotonergic system (Bregman et al., 1995; Bareyre et al., 2002).

A key point that is often overlooked is that Nogo-A is widely expressed in neurons
(Josephson et al., 2001; Hunt et al., 2002a; Hunt et al., 2003) where it is expressed on
the cell surface (Dodd et al., 2005). Therefore antibodies, such as IN-1 will not bind
solely to myelin. It is expressed in groups of CNS neurons with varying innate abilities
to regenerate - e.g. adult Purkinje cells and CST neurons, which are refractory to
regeneration, as well as RGCs, which show a propensity to regenerate given the right
environment - in their cell bodies (not their axons). All the neurons that respond to IN-1
in adult animals in vivo express Nogo-A mRNA and protein. IN-1 may function in vivo
via neuronal binding to Nogo-A and stimulating a cell body response that drives
regeneration. If Nogo-A is driven down axons, the scenario would resemble

successfully regenerating adult peripheral nerves, which strongly express Nogo-A (Hunt
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et al., 2003). Against this theory are reports that IN-1 does not stimulate DRG neurite
outgrowth onto non-myelin substrates (Anderson et al., 2007) and
immunohistochemical evidence of IN-1 binding to white matter in vivo (Huber et al.,
2002; Mingorance, 2004). It may be that IN-1 has many actions in vivo, binding to other
myelin products of injury and other molecules expressed by corticospinal neurons when
delivered systemically (see Fournier et al., 2002), just as ChABC was postulated to do
(above). Certainly this seems just as plausible as the idea that blocking only one of the
major inhibitors in CNS myelin has such profound effects on axonal sprouting and

regeneration.
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both the 66 amino acid loop (Nogo—66) and the amino-terminal domain (amino-Nog
are known to be inhibitory to axon outgrowth. The neuronal receptors and downstre;
signalling pathways known to be involved in transducing these inhibitory signals are
shown. Among the signalling components that are common to both CSPG and myel
inhibition are the activation of RhoA and the rise in intracellular calcium. A gradien
MAG receptor activation induces Ca release from internal stores, leading to a gradie
of low-level [Ca] elevation that is highest on the side of the growth cone facing the
MAG source. This causes repulsive growth cone turning. Coincident elevation of cA
through a parallel signalling péthway can also lead to Ca release from internal stores
creating a high-level [Ca] elevation that triggers attractive growth cone turning. Thu
cAMP elevations can impinge on MAG-induced Ca signals and perhaps downstrean
effectors to switch the growth cone turning response from repulsion to attraction.
Whereas the signals downstream of RhoA that lead to the actin cytoskeleton are wel
characterised (solid grey arrows), the relationship between components upstream of
RhoA and the role of calcium influx are still ambiguous (dashed grey arrows). For
example, calcium transients might activate protein kinase C (PKC), which is require
for p75 cleavage by a-secretase66, or trigger the transactivation of epidermal growtl
factor receptor (EGFR).

GAP-43 is upregulated in all known examples of successful axonal regeneration. It :
bound to the plasma membrane and its binding to actin filaments can alter growth c«
morphology. Binding of PKC or calmodulin to GAP-43 is mutually exclusive.
Phosphorylated GAP-43 stabilises long actin filaments, whereas calmodulin-bound
dephosphorylated GAP-43 inhibits actin polymerisation and short filament extensio
(He et al., 1997). Pi(4,5)P, are phosphoinositol second messenger lipids that are
concentrated in the inner leaflet of cholestrol-rich membrane raft domains. GAP-43
functionally related proteins can stabilise Pi(4,5)P; in rafts, thus promoting actin anc
possibly microtubule stability, and leading to membrane protrusion essential for axc

growth.
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1.2.13.6 Summary

It is unlikely that CNS myelin, containing MAG, OMgp and Nogo, is the key
impediment to axon regeneration into and beyond lesion sites. Nogo is absent from

CNS lesion sites (Hunt et al., 2002b; Hunt et al., 2003) and myelin is removed by 7 days
after some injury models (L1 et al., 1999), resulting in OPCs and meningeal cells being
the major component of the subsequent scar (Levine, 1994; Stichel et al., 1995), both of
which express NG2 (Jones et al., 2002; Shearer et al., 2003). Furthermore, transplanted
adult DRG neurons have been shown to regenerate axons through undamaged CNS and
even degenerating white matter (Davies et al., 1997; Davies et al., 1999) and given a
strong enough stimulus, RGCs can regenerate through optic nerve white matter (Lorber
et al., 2005). Blocking Nogo with the IN-1 antibody had no effect on the regeneration of
ascending sensory axons (Oudega et al., 2000) although it was claimed to promote the
regeneration of descending CST axons (Schnell and Schwab, 1990). This suggests that
the effects of IN-1 (which is an IgM protein and thus less specific than IgG antibodies)
may be in other parts of the CNS, rather than on the myelin distal to the lesion site. For
example, when IN-1 was delivered via an intracerebral hybridoma graft to rats with
pyramidotomy, cells in the spinal cord upregulated genes needed for axon growth,
including actin, myosin and GAP-43 (Bareyre et al., 2002) and resulted in aberrant

sprouting of CST neurons (although CST cell bodies were not examined).
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1.2.14 Lack of trophic support and a growth promoting

substrate

Neurotrophic factors are secreted soluble proteins whose actions on the nervous system
include promoting cell survival, axon outgrowth and maintaining cellular morphology.

There are a number of neurotrophic factors, but I shall concentrate on:

NGF, BDNF, NT-3 and NT-4.

In theory, BDNF, NT-3 and NT-4 all act like NGF (the first neurotrophin to be
identified (Levi-Montalcini and Hamburger, 1951)), which is a target-derived molecule
taken up after binding to its neuronal receptor as a complex and retrogradely transported
to the cell body where it exerts its effects (Thoenen et al., 1988). However, BDNF and
NT-3 act differently (DiStefano et al., 1992) and undergo anterograde transport in
developing RGCs and primary sensory neurons, become stored in vesicles in axon

terminals to be released when needed (von Bartheld et al., 1996).

1.2.14.1 Nerve growth factor

Studies with NGF resulted in the current theory regarding the role of neurotrophins in
development. Excessive sympathetic and sensory neurons exist during development and
the only neurons that survive to maturity are those that make functional connections
with their target and retrogradely transport target-derived neurotrophic factors, such as

NGF (Korsching and Thoenen, 1983). Adult primary sensory neurons remain sensitive
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to NGF, although it is not vital for survival, but it retains the ability to stimulate neurite

outgrowth.

Despite not being expressed in the adult spinal cord (Korsching and Thoenen, 1985),
NGF is upregulated by meningeal cells and some Schwann cells of nerve roots around
spinal cord compression or transection sites, peaking 1 day post-lesioning (Widenfalk et
al., 2001). In the injured PNS, NGF is plentiful in axons and is upregulated by Schwann

SNTR

cells that also upregulate p7 (Taniuchi et al., 1986), possibly as a store to stimulate

5NTR

the regenerating axons as they grow through the p75™ "-positive distal stump back to

their original targets (Sandrock, Jr. and Matthew, 1987).

Neurotrophic factors are widely used to promote CNS regeneration in vivo. Continuous
NGF infusion into the dorsal spinal cord is reported to promote the ingrowth of over a
third of central processes of injured dorsal roots for several millimetres into spinal cord,
compared to 3% ingrowth in untreated controls (Oudega and Hagg, 1996). The
regenerating fibres were typically small diameter unmyelinated fibres, immunopositive
for CGRP (these DRG neurons are known to express trkA, the NGF receptor).
Implanting autologous grafts of fibroblasts genetically modified to express high levels
of NGF promoted the growth of coerulospinal fibres and ventral motor axons, as well as
CGRP immunoreactive primary sensory fibres, but not CST and raphespinal axons
(Tuszynski et al., 1996). The axons did not exit the distal side of the lesion, and it is
likely that this is because the neurotrophin concentration was highest within the lesion.
More recent experiments using neurotrophins have therefore injected them directly into
spinal cord distal to the lesion site, as well as within the lesion, with subsequent

regeneration of axons across and out of a lesion to the injection site (Lu et al., 2004).
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However, it appears that an absolutely continuous (gap-free) gradient of neurotrophins
is necessary for successful regeneration, and axons do not grow past the site of injection

(Taylor et al., 2006).

1.2.14.2 Brain Derived Neurotrophic Factor (BDNF)

BDNF has roles in the developing and mature CNS, including chemotaxis (Ming et al.,
2002), neurotransmission (Yang et al., 2002), long-term potentiation (Kovalchuk et al.,
2002), cortical inhibition (Huang et al., 1999) and neuroprotection (Jones and Reichardt,

1990).

Developing chick RGCs are dependent on BDNF between E6 and E11, which
corresponds to the timecourse of their target innervation and apoptosis of superfluous
RGCs (Rodriguez-Tebar et al., 1989). BDNF, like NGF, also has an antiapoptotic role
on a subpopulation of developing primary sensory neurons. However, these neurons still
depend on BDNF in adulthood, unlike NGF-dependent neurons, continuing to secrete
BDNF themselves for autocrine regulation (Acheson et al., 1995). Studies with the
BDNF knockout mouse have shown that trigeminal and facial sensory neurons and a
subset of nodose-petrosal ganglion neurons (probably those involved in chemosensory
regulation of respiration (Erickson et al., 1996) depend on BDNF for survival. Mice
heterozygous for BDNF have some abnormalities in the morphology and physiology of
serotonergic neurons (Lyons et al., 1999) and studies on conditional BDNF knockouts
suggest that postnatal BDNF plays more of a role in maintaining post-synaptic 5-HT2A

(and possibly other) receptors than pre-synaptic ones (Rios et al., 2006).
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In adult brain, BDNF is present in hippocampus, amygdyla and neocortex (Erfors et
al., 1990; Phillips et al., 1990; Wetmore et al., 1990). In BDNF knockout mice, there is
increased postnatal cell death of neurons in areas of the dentate gyrus and olfactory bulb
that continuously regenerate neurons in adulthood (Linnarsson et al., 2000), confirming

a role of BDNF in protection from apoptosis.

Peripheral nerve transection results in delayed BDNF upregulation in the distal stump,
with peak expression several weeks after injury (Meyer et al., 1992) with knockout
studies suggesting a role in regeneration (see section 1.1.1). Mice heterozygous for
BDNF have delayed regeneration of periodontal Ruffini endings after transection of the

inferior alveolar nerve (Harada et al., 2003).

In spinal cord, BDNF is found only in some neurons of lamina VII of the dorsal horn
and some DRG neurons of varying size strongly express BDNF. There is no obvious
regulation of BDNF expression after compression or transection of the cord (Widenfalk
et al., 2001), although it is upregulated in spinal cord after treatment of injuries with
IN-1 (Bareyre et al., 2002). Studies on regeneration of injured DRG primary afferents
treated with exogenous BDNF give conflicting results. Directly infusing BDNF into
spinal cord after dorsal root crush has been reported to promote their regeneration in
ascending dorsal columns to a greater extent than NGF or NT-3 infusion, with no
synergistic effect if all three neurotrophins are infused together (Oudega and Hagg,
1999). Intrathecal infusion of BDNF did not enhance axonal growth through the DREZ

after dorsal root crush (Ramer et al., 2000).
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Perhaps the most impressive results using BDNF to stimulate spinal cord regeneration
have resulted from injecting it around the cell bodies of rubrospinal neurons to enhance
the cell body response to cervical axotomy. This resulted in increases in cell body GAP-
43 and Ta-1 tubulin mRNA and significant axonal growth into peripheral nerve grafts
compared to vehicle-treated controls. Further to this, if the graft and BDNF injection
was delayed for a year after cervical injury, the axons were still able to regenerate up
the peripheral nerve graft, and it was discovered that the BDNF reversed some of the
atrophy of the chronically injured rubrospinal neurons (Kwon et al., 2002; Plunet et al.,
2002). CST axons again showed themselves to be more refractory to regeneration, with
only an increase of sprouting at the proximal end of peripheral nerve grafts placed into
cervical lesions, following BDNF application into sensorimotor cortex (Hiebert et al.,
2002). There was no growth-associated protein upregulation and no regeneration into
peripheral nerve grafts by injured rubrospinal axons when BDNF was injected into the
spinal cord injury site (Kwon et al., 2004). This is not the case with injection of
fibroblasts genetically modified to secrete BDNF into a hemi-cervical aspiration lesion,
which resulted in regeneration of 7% of rubrospinal axons for 3-4 segments caudal to
the injury, and improved functional motor recovery (Liu et al., 1999). In contrast, if this
treatment was delayed by 6 weeks, there was limited regeneration and functional
recovery (Tobias et al., 2003; Shumsky et al., 2003). It is therefore difficult to tell if
peripheral nerve grafts or BDNF-expressing fibroblasts are more growth-conducive for
injured rubrospinal axons, but it appears that combining the injury site altering qualities
of a peripheral nerve graft with the cell-body stimulating effect of BDNF is necessary
for rubrospinal regeneration to occur in chronically injured fibres. Recently, viral vector
mediated transfection of BDNF into rubrospinal cell bodies has resulted in their

upregulation of growth-associated genes GAP-43 and Tal tubulin with less damage to
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the parenchyma around the red nucleus than neurotrophins injection directly (Kwon et

al., 2007), although no concomitant spinal cord study was published.

1.2.14.3 Neurotrophin-3

NT-3 stimulates survival and outgrowth of neurites from embryonic placodes and the
neural crest (Kalcheim et al., 1992). In developing peripheral nerves, it is thought to
suppress myelination, which commences as levels of NT-3 decrease. It acts as an
inhibitory modulator of the trkC receptor (Cosgaya et al., 2002). NT-3 knockout mice
die perinatally from cardiac maldevelopment (Donovan et al., 1996), but also have
severe neurological abnormalities including some missing primary sensory,
proprioceptive and sympathetic.: neuronal subpopulations. In the adult brain, NT-3
mRNA is found only in CA1 and CA2 neurons in the hippocampus (Ernfors et al.,

1990) and it is not detected in the spinal cord, even after injury (Widenfalk et al., 2001).

The developmental defects seen in knockout mice demonstrate the importance of NT-3.
It is also the only neurotrophin to have been used experimentally that has stimulated
regeneration of injured CST axons. After CST injury, NT-3 injections into cord
significantly increased anterogradely labelled CST fibres, whereas BDNF made no
difference and NGF injection led to a moderate increase only, compared to control
injections. Addition of IN-1 antibody injections led to significant regeneration of CST
fibres past the lesion, compared to NT-3 alone and controls (although there were no
images of axons crossing the lesion) (Schnell et al., 1994). Grill et al., (1997) reported
that injured CST axon regenerated past an aspiration lesion filled with fibroblasts

expressing NT-3, compared to unmodified grafts or grafts engineered to express NGF
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(which the group had shown to increase sprouting of other CNS tracts the year before)
which led to no CST regeneration. The latter group later performed mid-thoracic spinal
cord dorsal hemisection lesions, but with a three month delay before implantation of
fibroblasts genetically modified to express human neurotrophin-3 (NT-3) into and distal
to, the lesion cavity. Upon sacrifice 3 months later, NT-3-grafted animals exhibited
significant growth of corticospinal axons up to 15 mm distal to the lesion site and
showed a modest but significant improvement in locomotor scores compared to control-
grafted animals (Tuszynski et al., 2003). Thus, even chronic CST lesions were found to

respond to therapeutic intervention with NT-3.

Zhou et al., (2003) performed unilateral cervical CST transections in adult rats and
overexpressed NT-3 in the motorneurons distal to the lesion by transfecting .them with
NT-3 expressing adenovirus, retrogradely uptaken by injecting it into the sciatic nerve.
This resulted in increased neuronal plasticity, as demonstrated by increased numbers of
fibres crossing the midline compared to controls. In a further study, they repeated the
experiment and, in addition, stimulated the CST cell body response by administering
BDNF or GDNF with an adenoviral vector via six injections into the sensorimotor
cortex. This resulted in significantly more sprouting of axons at the injury site than NT-
3 treatment alone (Zhou and Shine, 2003), highlighting the importance of the cell body

résponse.

1.2.144  Neurotrophin 4/5 (NT-4/5)

NT-4/5 is widely expressed in the adult rodent CNS (Timmusk et al., 1993). It is

strongly upregulated in the distal stump after peripheral nerve transection, but its role in
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regeneration is not well studied. NT4 knockout mice have selective structural and
chemical deficits in sympathetic ganglia and their preganglionic innervation (Roosen et
al., 2001), but are viable. If the distal stump of a mouse common peroneal nerve is
replaced with a peripheral nerve graft of a NT-4/5-deficient or heterozygote NT-4/5
mouse, then regeneration is impaired, compared to wild-type grafts (English et al.,
2005). Interestingly grafts from BDNF heterozygote knockouts had similar lengths of
regenerating fibres as wild-type grafts. The regeneration of Ruffini endings in the
periodontal ligament in NT-4/5-deficient mice following transection of the inferior
alveolar nerve was slower compared to wild-type mice, and was partially reversed by

administration of NT-4/5 to the knockout mice (Jabbar et al., 2007).

It has. become clear that in addition to their axon outgrowth promoting effects,
neurotrophic factors may positively influence axon regeneration by changing the
responsiveness of regenerating fibres to outgrowth inhibitory molecules. NT-3, NGF
and BDNF modulate growth collapse responses to Semaphorin-3A (Tuttle and O'Leary,
1998; Dontchev and Letourneau, 2002). Both NGF and BDNF have been shown to
protect embryonic chick DRG growth cones from Semaphorin-3A-induced growth cone
collapse in a concentration-dependent manner (Dontchev & Letourneau 2002), whereas
Semaphorin-3F antagonises NGF-induced TrkA signalling (Atwal et al., 2003). Exactly
how and where neurotrophin and Semaphorin-3 signalling pathways intersect is still

unknown.
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1.3 Summary of techniques used to assess spinal cord
regeneration

The optic nerve is considered a useful model for investigating the failure of regeneration
after CNS injuries. It is composed of only one type of nerve fibre — the RGC axons —
and is easy to access, being separate from the brain. All fibres can be seen to be
transected, without much damage to surrounding tissue, which minimises extended
inflammatory processes. The cell bodies of the axons being studied are also easily
accessed, with pharmacological agents, viral vectors and tracers easily administered into
the vitreous humour of the eyeball, where they can diffuse and reach all RGCs. Finally,
functional recovery can be assessed by monitoring visual evoked potentials in the visual

cortex or superior colliculus.

Spinal cord injuries in rats are difficult to study, as compression injuries (although
more closely mimicking human injuries) result in very large cystic cavities (Bresnahan
et al., 1991), which are impossible for axons to regenerate through. Transection injuries,
although allowing detailed examination of the lesion site and axons within it, may result
in sparing of fibres, especially at the bottom of the lesion (You et al., 2003). Transection
injuries can result in return of function (Freeman, 1954); even removal of 2cm of a
dog’s spinal cord (and reapposition with plasma clot) eventually results in the animal
regaining the ability to walk, if it can be kept alive for long enough (unpublished
observations by Freeman, (in Heimburger, 2005)), and it is now clear that the injured
spinal cord spontaneously forms new intraspinal circuits after injury (Bareyre et al.,
2004). The functional recovery seen by investigators with some of the treatments
mentioned in the preceding sections seems to be ameliorating this intraspinal circuitry

formation. Compression injuries have different histopathological features to transection
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injuries, and physically mimic human injury more closely and therefore seem to be the

better model to use for looking at functional recovery.

However, some degree of regeneration across injury sites will always be required for
complete spinal cord lesions and anatomical tracing techniques are the gold standard
method for assessing regeneration following injury. The main risk with this technique is
spread of the tracer to adjacent tissues. For example, if injected distal, but too close to
the lesion site, the label may spread into the lesion and therefore label fibres that have
merely reached the lesion site, rather than labelling those that have regenerated across
the lesion to the injection site. This may have occurred in a study by (Yick et al., 2004)
who performed lateral hemisections at C7, but injected Fluorogold at T1, when
assessing the efficacy of ChABC treatment, with subsequently excellent regeneration.
Inadvertent injection of tracer into the lateral ventricles (located just under the motor
cortex used for CST labelling) has been discussed at the beginning of Section 1.2.13.5
(pages 73-4), when discussing the discrepancies of CST labelling in different types of

Nogo knockout mice (Steward et al., 2007).

The anterograde tracer (for labelling descending axons) of choice tends to be
biotinylated dextran amine (Li et al., 1997) or, less frequently, cholera toxin subunit B
(CTB)(Hagg et al., 2005) injected near the cell bodies of the injured neurons.
Retrograde tracers used to label ascending fibres include CTB or CTB conjugated to

horseradish peroxidase (Chong et al., 1996; Chong et al., 1999).

Some axon tracts are easier to study than others. For example, the dorsal columns
synapse at the gracile nucleus (dorsal column nucleus; DCN) in the medulla. These can

easily be checked for spared axons, as it is unlikely that axons would regenerate across a
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lesion and several centimetres up to the DCN in the timecourse that most studies are
carried out in. The rubrospinal tracts are located entirely within the dorsolateral
funinculus in rodents, and a lateral lesion will completely transect them. The
corticospinal tract, so important for locomotion, is unfortunately the most difficult to
lesion completely, unless performing a whole cord transection. Descending fibres
decussate at the medulla where they also split to form the DLCST and the ventral CST
(located immediately below the dorsal columns (see Appendix Fig. Al, which is taken,
with permission, from Steward et al., (2004)). Tracing of DLCST axons in mice with
selective lesions of the dorsal column revealed that DLCST axons arborise extensively
throughout the dorsal and ventral horns and that the overall territory that the DLCST
axons invade is similar to the territory innervated by the CST axons in the main tract
(Steward et al., 2004). Thus, a dorsal column lesion deep enough to transect / crush the
ventral CST may spare the DLCST, which will send branches into the grey matter
caudal to a lesion. These branches would be indistinguishable from any ventral CST
axons that managed to regenerate across or - more likely — around the lesion. Careful
analysis should enable one to distinguish spared CST axons, which will be in the correct
white matter tract distal to the lesion, straighter and broader than the more ‘feeble’
regenerating fibres, although this is often ignored (see Cafferty et al., (2007) in reply to
Steward et al., (2007). Sprouting of lesioned CST axons distal to a lesion is in itself an
interesting phenomenon (well illustrated in Bradbury and Macmahon’s (2006) review),
but may also be misinterpreted as regeneration. It therefore comes as no surprise that so
many claims of CST regeneration have gone unrepeated or are not replicated in other

laboratories.
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1.4 Attempts to stimulate CNS regeneration

In discussing the causes of failure of CNS neurons to regenerate, experimental methods
of providing a suitable environment for regeneration, stimulating the cell body,
depleting the glial scar, reducing the effect of inhibitory factors and use of
neurotrophins have been discussed. Complex interactions between these factors in the
injured CNS have been highlighted by studies showing, for example, that neurotrophic
stimulation (Cai et al., 1999; Logan et al., 2006) or a vigorous cell body response to
axotomy may decrease axonal sensitivity to inhibitory molecules. It is clear that certain
CNS neurons have the ability to regenerate, but finding a simple means to target such a
broad range of factors that prevent CNS regeneration is difficult. Some experimental
therapies have been shown to have a broader range of actions than exﬁected and are

briefly discussed below.

One of the most encouraging papers regarding approaches to breach the inhibitory glial
scar of CNS lesions used EphA4 knockout mice (Goldshmit et al., 2004). Their results
suggested that blocking EphA4 signalling could reduce astrogliosis around the lesion
site as well as disinhibiting some axons attempting to regenerate. One should note that
not all CSPGs are inhibitory to axonal regeneration. Decorin, a small leucine-rich
proteoglycan which has a single chondroitin sulphate or dermatan sulphate side chain,
reduces astrogliosis and extracellular matrix deposition following cortical stab wounds
(Logan et al., 1999). When decorin was infused around partial spinal cord lesions in
adult rats, there was a downregulation of the inhibitory CSPGs NG2, neurocan,
phosphacan and brevican, and the reduced scarring allowed regenerating axon to grow

across and out of the lesion site (Davies et al., 2004). Since decorin downregulates
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EGFR on tumour cells and cell lines (Csordas et al., 2000, Zhu et al., 2005) and EGFR
activation appears necessary for signalling from several axonal growth inhibitory

molecules, decorin could also have a direct disinhibitory effect on regenerating axons.

RhoA has been explored as a potential target for encouraging CNS regeneration, as it
involved in the downstream signalling of many inhibitory molecules, including Nogo-
A, MAG, OMgp, (Niederost et al., 2002) Ephs (Wahl et al., 2000), semaphorins (but not
Semaporin-3) (Driessens et al., 2001; Swiercz et al., 2002) and CSPGs (Jain et al.,
2004; Schweigreiter et al., 2004). RhoGTPases and their downstream effector proteins
are expressed in lesioned neurons, and blockage of RhoA, by treatment with C3
transferase or Rho kinase (ROCK) inhibitors (Y27632), has resulted in impressive

| anatomical and functional recovery in different models of spinal cord injury (Cai et al.,
1999; Lehmann et al., 1999; Dergham et al., 2002; Fournier et al., 2003; Sivasankaran
et al., 2004; Bertrand et al., 2005). Current therapeutic strategies aimed at inactivating
Rho or its downstream effectors are, therefore, likely to neutralise the repulsive effects
of not only Nogo and other myelin inhibitors, but also a subset of repulsive

semaphorins.

Similar to RhoGTPases, CAMP has been targeted to try and stimulate regeneration in
the injured CNS. cAMP signalling may have either a direct influence on neurons by
stimulating the synthesis of neuropoietic cytokines or influence neighbouring non-
neuronal cells (Cao et al., 2006). Neuronal cyclic nucleotide levels also have
modulatory effects on signalling from inhibitory molecules in vitro. For example, they
can change the response of Xenopus motor axons to MAG from repulsion to attraction

(Song et al., 1998). Arginase-1 and polyamines (that arginase-1 catalyses the production
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