Chapter 1: Introduction

1.1 Overview

Central nervous system (CNS) trauma, in the form of spinal cord injury
(SCI), is a debilitating disorder, which in most serious cases leads to
paralysis and loss of normal function below the level of injury (Moon and
Bunge, 2005). In the United States alone, the annual incidence of SCI is
estimated at 40 cases per million of population, consisting of
approximately 12,000 new cases each year (NSCISC, 2009). In Australia,
this is seen to a lesser extent with 12.4 cases per million of population or
approximately 300-400 new cases each year (Cripps, 2004). In addition,
depending on the level and severity of the lesion, SCI creates further
complications that influence the quality of life of those affected; for
instance, some common problems include “paralysis, sensory loss,
intractable pain, pressure sores, and urinary and other infections”

(reviewed in (Rossignol et al., 2007).

SCI is a devastating condition resulting in considerable neuronal injury,
loss of tissue, often manifested in functional deficits consistent with limited
repair (Schwartz and Yoles, 2006). In humans, SCI has been regarded as
a daunting goal and although progress on animal models of injury offer a
realistic objective (Waxman and Kocsis, 1997), axonal regeneration post
SCI remains only partially understood (Buss et al., 2007). The life
expectancy of SCI sufferers remains to escalate as new strategies

improving SCI treatments continue to emerge (Wyndaele and Wyndaele,



2006). Although, it is important to mention that life expectancy is lower in
persons injured as children as compared to those injured as adults
(Shavelle et al.,, 2007). Unfortunately, despite advances in neuro-
regenerative research for SCI, the most notably used pharmacological
agent used in the clinic is methylprednisolone, which effectiveness is
limited to the timing of the injury (Bracken et al., 1997; Braughler et al.,
1987; Gimenez y Ribotta et al., 2002). This post injury treatment helps
decrease the pro-inflammatory response believed to be deleterious to the
organism, however, the contents of this thesis highlight the complexity of
the SCI and discuss the beneficial potential of inflammation in the repair of

injured nerves.

Here, we explore several mechanisms underlying axonal CNS
regeneration after spinal injury and discuss important experimental
concepts of recent findings, which validate extensive progress toward a

better understanding of the injury.

1.2 General Study Aim

This thesis examines possible mechanism/s underlying axonal CNS
regeneration of primary afferent neurons in the dorsal column of the spinal
cord following a peripheral nerve lesion (refer to section 1.4.5 for more
details). Briefly, this type of lesion was first described as part of an in vivo
study by Peter Richardson and Valerie Issa in 1984, where they
demonstrated the intrinsic capability for mature injured neurons to

regenerate through the CNS environment (Richardson and Issa, 1984),



known to be inhibitory for regrowth (David and Aguayo, 1981).
Regeneration, in this experimental model was focused on the dorsal root
ganglion (DRG) neurons and on the fact that anatomically DRG neurons
extend processes both centrally and peripherally (Chong et al., 1999).
Given this, as long as the peripheral DRG branch was lesioned prior to
injury of the CNS branch, axonal regeneration of the CNS branch was
possible (Richardson and Issa, 1984). Interestingly, at present the exact
mechanism/s mediating this regenerative response has not been fully
elucidated. Although, it has been proposed that the inflammatory cascade
(mainly macrophage cells) in the DRG following peripheral axotomy, is a
likely contributor to the CNS regeneration observed (Lu and Richardson,

1991).

The injury model used in this study relies on the regenerative concept of
CNS nerves investigated by Richardson and Issa (1984) and it was
chosen for the following reasons: a) it is based on the intrinsic
regenerative capability for adult, injured CNS neurons to regenerate; b) it
allows for axonal regeneration through the CNS environment without the
application of any exogenous growth-promoting agent to stimulate
regrowth; c) the amount of regeneration has been shown to be limited to
some nerves; d) there is evidence that the inflammatory response might
be playing a crucial role; and e) the regenerative mechanism/s underlying

this response has yet to be fully characterised.



In light of the current information regarding this model of CNS
regeneration, this introductory chapter consists of a brief overview of some
of the challenges involved in achieving CNS regeneration and a final

discussion regarding the role of inflammatory cells after CNS injury.

1.3 Problem: CNS Regeneration

In contrast to the peripheral nervous system (PNS), severed axons in the
adult mammalian CNS fail to regenerate (Ramén y Cajal, 1928). This
inability to spontaneously regenerate following injury often results in loss of
motor and sensory function below the injury site. However, since the
scientific demonstration that mature CNS neurons were capable of
regeneration (David and Aguayo, 1981), many other groups have
attempted to maximise the amount of axonal CNS regeneration through a
variety of techniques (discussed below). Firstly, we begin this section with
a brief discussion on the fundamental differences between the central and
peripheral nervous system in relation to myelin clearance and
phagocytosis, followed by some common misconceptions regarding the
immune privileged status of the CNS. Finally, we highlight experimental
evidence from scientists in field indicating that at least in some cases,
CNS regeneration although limited can be improved depending on the
physical, biochemical and cellular changes that occur in the CNS

environment after injury.



1.3.1 Central versus Peripheral Nervous System

While mature injured neurons in the CNS fail to regenerate, in the PNS
this does not apply and it might be explained by glial differences between
these two systems (reviewed in (Vargas and Barres, 2007). The CNS glia
comprises astrocytes, microglia and oligodendrocytes and the PNS glia

comprises only of Schwann cells.

In the PNS, as well as in the CNS axonal degeneration can be observed
within days after injury with both systems/compartments experiencing
immune cell infiltration, largely consisting of inflammatory cells such as
macrophages (Popovich et al., 2002; Schwartz et al., 1999a). This
inflammatory response has been considered an important process in
wound healing and has been suggested to require active communication
between the injured tissue and the recruited immune cells necessary for
tissue repair (Kodelja et al., 1997; Mantovani et al., 2005). However, the
timing and functionality of inflammatory cells in the degradation of myelin
and removal of debris after injury has been suggested to differ between
these two compartments (reviewed in; (Trivedi et al., 2006; Vargas and
Barres, 2007). In fact, the degradation and removal of debris from the
injury site is cleared within days in the PNS, while in the CNS, this process
is prolonged for weeks (Hughes et al., 2002). This delayed response was
closely studied in transected lumbar dorsal root fibers, which normally
extend through both the PNS and CNS, validating a delay in onset myelin
clearance from the CNS microenvironment as compared to the PNS,

where macrophages have easier access to degenerating nerves (George



and Griffin, 1994). Similarly, Lawson et al (1994) found that inflammatory
responses to Wallerian degeneration following optic or sciatic nerve injury
resulted in the poor clearance of myelin debris from the CNS as observed
in the PNS (Lawson et al., 1994). This was attributed to the synergistic
functionality of Schwann cells and phagocytic cells such as macrophages
in the PNS, whilst the myelin producing cells of the CNS, namely
oligodendrocytes, appeared to contribute minimally to Wallerian

degeneration (Lawson et al., 1994; Ludwin, 1990).

It is therefore clear that the PNS, has not only the ability to mount a robust
inflammatory response but it is also able to rapidly clear degenerating
axonal and myelin debris. This, as discussed by others might be due to the
infiltration of macrophage cells, probably recruited by cytokines such as
tumour necrosis factor-alpha (TNFa) during Wallerian degeneration which
do so “without affecting the extent of myelin damage or phagocytosis”
(Liefner et al., 2000). In addition, other macrophage secreted factors
including interleukin-1 (IL-1) has also been shown to participate during
nerve repair process (LaFleur et al., 1996; Manson et al., 2001; Mason et
al., 2001), together with stimulation of Schwann cell proliferation (Salzer
and Bunge, 1980) and interaction with extracellular matrix components
during the Wallerian degeneration process, promote neurite outgrowth

(Agius and Cochard, 1998).

Concomitantly, macrophage cells also up-regulate apolipoprotein E,

known to participate in the recycling of lipids needed for redistribution and



metabolism in nerve repair, noted to occur during the later stages of
Wallerian degeneration when a higher number of phagocytes could be
detected (Stoll et al.,, 1989). Macrophages have been described to
facilitate debris removal and support neurite outgrowth by secreting
neurotrophic factors such as nerve growth factor (NGF) (Barouch et al.,
2001b; Heumann et al.,, 1987; Moalem et al., 2000) and brain derived
neurotrophic factor (BDNF) (Bouhy et al., 2006; Schulte-Herbruggen et al.,

2005).

Interestingly, an added complexity to axonal regeneration has been
documented in experimental evidence investigating the effect of myelin
taken from either PNS or CNS, found both to be inhibitory for axonal
growth (Bahr and Przyrembel, 1995). However, the inhibitory properties of
myelin on neurite growth can be attenuated by laminin, a Schwann cell
derived product, present in the PNS but not in the CNS (David et al.,
1995). On a separate study investigating the effects of myelination in the
CNS and PNS, found that inhibition of certain regulators such as myosin Il,
impairs PNS myelination although in the CNS inhibition of this regulator is

necessary for myelin formation (Wang et al., 2001).

Given that myelin derived from normal and axotomised peripheral nerves
is inhibitory in nature for axonal regrowth, suggests that these inhibitors
are present in both CNS and PNS compartments (Bahr and Przyrembel,
1995). This led Vargas and Barrens (2007) to propose that the robustness

and rapidity of myelin debris clearance from the PNS might be a likely



contributor to the regenerative ability observed in peripheral nerves
(reviewed in (Vargas and Barres, 2007). The efficient debris clearance in
the PNS has been described as part of the functioning of the immune
response, particularly in regards to phagocytosis by macrophage cells
(reviewed in (Trivedi et al., 2006), a factor noted to occur faster in the
PNS, as opposed to a 3-fold delay observed in the CNS (George and
Griffin, 1994). This has been attributed to poor phagocytic recruitment
during Wallerian degeneration in the CNS, as compared to the PNS
supported by increased adhesion molecule expression on vascular
endothelial cells (Castano et al., 1996). Interestingly, other reports indicate
that macrophage functionality might be related to the timing of their
activation (Lazarov-Spiegler et al., 1998b; Yin et al., 2003), phenotype of
activation (Schwartz et al., 2006a; van Rossum et al.,, 2008) and
phagocytic capabilities (Lazarov-Spiegler et al., 1998b; Zeev-Brann et al.,
1998). Taken together, it would seem advantageous to minimise the
prolonged exposure of injured axons to degenerating CNS myelin debris,
however, the CNS does not favour resealing of axotomised axons,
whereas the PNS does (Ahmed et al., 2001). This, as suggested by
Ahmed and colleagues (2001), is another likely contributor to the ability of
PNS neurons to regenerate following injury, because the maintenance of
sealed central processes may be indicative of a constant supply of

neurotrophic factors to the injured neuron (Ahmed et al., 2001).

Interestingly, the inflammatory response after injury not only varies

between the PNS and CNS but there are published reports, which



describe intra-compartmental variation within the CNS. Notably, there is
evidence indicating that injury to the brain as compared to the spinal cord
results in greater inflammatory response in the latter compartment
(Batchelor et al., 2008; Schnell et al., 1999b). Differences in intra-
compartmental responses to injury as suggested by Popovich and
colleagues (2002), “may be due to unique mechanisms controlling
inflammation in these compartments” (Popovich et al., 2002). Although
advances in neuroimmunology have led to the understanding regarding
the process of inflammation, findings such as those aforementioned
reiterate the importance, complexity and vast knowledge yet to be
deciphered about inflammation. Overall, even though we have only briefly
discussed some of the differences between CNS and PNS, it is clear that
direct comparison between compartmental functionality remains to be

further investigated.

1.3.2 Introduction to Spinal Cord Injury

The spinal cord, in a simplistic way, is a bridge-like structure conveying
neural messages between the CNS and the PNS. For this reason,
traumatic injury to the spinal cord results in varying degrees of motor,

sensory and autonomic loss of function below the site of injury.

Progress to repair the injured spinal cord has shed some new light into the
possible mechanisms for improving the outcome after injury. Here we
describe some of the problems associated with injury to the mammalian

spinal cord, as well as a brief description into some of the strategies used



to overcome these limitations (refer to Table 1 for a brief summary on the

events of secondary neuronal injury following SCI).

1.3.2.1 CNS Regeneration

Since the time of Ramon y Cajal in 1928, it was believed that adult CNS
neurons were not able to regenerate, often forming retraction bulbs, which
Cajal described as ‘abortive regeneration’ (Ramén y Cajal, 1928).
Consequently, there was little interest in conducting research on CNS
regeneration until the publication of a prominent study by David and
Aguayo in 1981, which demonstrated that using a peripheral nerve graft,
transected axons of spinal cord neurons could elongate through the graft
(David and Aguayo, 1981). Briefly, using a sciatic nerve bridge positioned
extraspinally between the medulla and the thoracic spinal cord, a large
number of regenerated neurons were found, providing evidence that many
of the axons within the grafts had originated in the CNS (David and
Aguayo, 1981). This study not only confirmed that CNS axons were
intrinsically capable of regeneration, but also indicated that the CNS

environment limits axonal regeneration of injured neurons.

Evidence of the growth-promoting properties of peripheral nerve (PN)
grafts in the regeneration of injured CNS neurons was further investigated
by Aguayo’s laboratory in 1987, where the concept of CNS regeneration,
in this case of mature retinal ganglion cells (RGCs), following optic nerve
injury was challenged. Briefly, by the removal of the optic nerve and

connecting it with a PN graft joining the eye to the superior colliculus,
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RGCs were found to be not only able to extend through the length of the
graft but also make synapses in the CNS (Vidal-Sanz et al., 1987).
Experiments such as the aforementioned, validated the notion that
intrinsically mature injured CNS neurons were capable of regeneration,
consequently shifting research interest to CNS myelin, myelin-associated
molecules and the glial scar, as major components limiting the

regeneration of injured CNS neurons (discussed below).

1.3.2.1.1  Myelin

An understanding of axonal inhibition came from two reports in 1988 by
Caroni and Schwab, providing evidence that in the CNS, myelin could
actively inhibit growth and prevent regeneration of matured injured
neurons. The first study showed that CNS myelin, derived from
oligodendrocytes, could inhibit neurite growth in vitro (Caroni and Schwab,
1988a). The second study also conducted in vitro, showed that this
inhibitory activity could be neutralised with a monoclonal antibody (IN-1)
generated against protein fractions expressed on the surface of
oligodendrocytes and the myelin they produce (Caroni and Schwab,
1988b). The extent of the inhibitory properties of CNS myelin was
confirmed in a follow up study in 1990, where it was reported that the in
vivo use of the IN-1 antibody promoted axon regeneration in the lesioned
spinal cord (Schnell and Schwab, 1990). This study was the first to provide
evidence that an antibody-mediated approach could be used to block the

axon growth inhibitors associated with myelin.
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At a later time, a protein defined as Nogo was identified as the antigen of
the IN-1 antibody, existing in three isoforms detected in several CNS
regions, including optic nerve, spinal cord and cerebral cortex (Chen et al.,
2000; GrandPre et al., 2000; Prinjha et al., 2000). Prior to the identification
of Nogo, in vitro studies described another myelin protein currently known
as myelin-associated glycoprotein (MAG), to also be a potent inhibitor of
neurite outgrowth (McKerracher et al., 1994) in developing cerebellar as
well as matured DRG neurons (Mukhopadhyay et al., 1994). In relation to
an injured system, in vitro evidence suggests the majority of inhibitory
activity can be accounted from MAG secreted from damaged white matter
(Tang et al., 2001). Yet if regeneration were to occur, neurites will most
likely be geometrically found growing parallel to the longitudinal axis of
white matter tracts (Pettigrew and Crutcher, 1999). Currently, there are
several other known CNS inhibitors of axon regeneration including
oligodendrocyte-myelin glycoprotein (Wang et al., 2002), semaphorin 4D

(Moreau-Fauvarque et al., 2003) and ephrin B3 (Benson et al., 2005).

Interestingly, in the developing CNS, the capacity for nerve regeneration is
more pronounced than what is observed in the adult CNS, and this
coincides with the onset of myelin formation (Keirstead et al., 1992;
Saunders et al.,, 1998; Treherne et al., 1992). Indeed, prevention of
oligodendrocyte development and myelination by repeated x-irradiation of
newborn rats resulted in the elongation of injured fibres, consequently
attributed to a myelin-free CNS environment (Savio and Schwab, 1990).

However, even in the mature CNS, treatment with the IN-1 antibody has

12



been shown to result in functional improvement in the presence of myelin

(Thallmair et al., 1998; Z'Graggen et al., 1998).

The aforementioned studies conducted in vitro and in vivo, restate
evidence for the inhibitory potential of myelin and its associated proteins, a
factor that until now has generated limited regeneration of injured CNS
nerves. However, in addition to the role of myelin in restricting neurite
outgrowth, other type of inhibitors to axonal growth also exists. These are
associated with the post-traumatic scarring formed at the injury site,

forming physical barriers to CNS regeneration (discussed below).

1.3.2.1.2  Physical Barriers

In mammalian CNS, another major barrier to axon regeneration is the glial
scar that forms at the injury site (McKeon et al., 1991; Rudge and Silver,
1990). This scar as reviewed by Silver and Miller, contributes to the
inhibitory environment of the injured CNS and serves as a physical and
biochemical barrier to axonal regeneration (Silver and Miller, 2004) (refer

to Fig. 1 for a schematic representation of a lesioned spinal cord).

In the adult CNS, soon after injury, inhibitory molecules secreted by
reactive astrocytes and together with the formation of a glial scar formed at
the injury site obstructs axonal growth (Mansour et al., 1990). Indeed, in
knock-out animals for major proteins of astrocyte cytoskeleton, such as
glial fibrillary acidic protein (GFAP) and vimentin, demonstrated improved

axonal plasticity observed in anatomical and functional recovery after SCI,
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attributed to a reduction in astroglial presence (Menet et al., 2003).
Therefore, typically the glial scar is often associated with the formation of
‘dystrophic end bulbs’ representing regenerative failure (Ramén y Cajal,
1928). Aside from the physical barrier created by the reactive astrocytes,
there are also other known biochemical inhibitory molecules present in the
extracellular matrix that are expressed after injury, including chondroitin
sulfate proteoglycan (CSPG), keratin sulfate proteoglycan, NG2, and
cytotactin/tenascin (Camand et al., 2004; Jones et al., 2002; Lemons et

al., 1999; McKeon et al., 1991; Tang et al., 2003; Zuo et al., 1998).

The scar formation primarily consists of reactive astrocytes and
proteoglycans, however, it seems reasonable that if the injury
compromises the dura mater, invading cells will also be found at the lesion
site. The predominant cells that enter the lesion site are macrophages,
and these cells are capable of reducing the inhibitory properties of the
CNS white matter with their cellular persistence associated with strain-
specificity (David et al., 1990; Popovich et al., 1997). These cells have
been reported to have beneficial as well as detrimental effects following
CNS tissue damage/repair and their controversial role will be discussed in

more detail later.

After CNS injury, the role of astrocytes can be viewed from two different
perspectives, one where they hinder axonal outgrowth (as
aforementioned) and the other where they contribute to re-establishment

of the blood brain barrier (BBB), reduction in immune cell infiltration, tissue
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disruption and increased motor dysfunction (Faulkner et al., 2004). In other
words, in the regenerative system even though astrocytic ablation proved
useful during axonal growth, the overall progress in repair and wound
healing process in the aforementioned factors is restricted (Bush et al.,
1999). Therefore, the ratio of benefit versus damage cannot be
overlooked. Interestingly, the topical application of steroids such as
glucocorticocoids at the site of CNS injury, reduced the density of cellular
infiltrates which “could enhance the overall degree of axon regeneration”
(Li and David, 1996), perhaps by neutralization of inhibitory factors like
chondroitin sulfate (Moon et al., 2001) and/or by concomitant stimulation of
the neuronal cell body and injured axon to extend beyond the injury site
(Lu et al., 2004). Some of these concepts will be explored next as potential

avenues for improvement of axonal regeneration in the matured CNS.

1.4 Therapeutic Avenues for CNS Regeneration

Experimental therapies for SCI attempt to augment the amount of
regeneration and growth of injured axons in the adult CNS. As
aforementioned, there are several inhibitors of axonal growth present in
the CNS environment that contribute to the failure of axonal regeneration
in the adult spinal cord (reviewed in (Schwab and Bartholdi, 1996), some
of which have been associated to a cascade of secondary tissue damage
(Fitch et al., 1999). Therefore, for regeneration of injured nerves to occur
in the CNS, inhibitors to axonal growth must be either bypassed or

eliminated from the CNS milieu.
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Here, we discuss some of the potential therapeutic avenues for CNS
regeneration including: peripheral nerve grafts/transplants/artificial
scaffolds, growth factors, cell transplants, vaccination with CNS
homogenates and the pre-conditioned lesion (refer to Table 2 for a brief
description of rodent studies of promising human interventions for SCI

repair).

1.4.1 Peripheral Nerve Grafts/Transplants/Scaffolds

The utilisation of peripheral nerves as a means to stimulate regeneration is
logical considering their regenerative capability in the PNS environment
and it is clear that their degree of axonal regeneration in peripheral
neurons is more pronounced than that of CNS axons (Guth, 1974). This
important PNS property has been demonstrated with the use of
transplanted peripheral nerves used in the injured CNS as bridges to
bypass the lesion epicentre, where at least some CNS axons regenerated
when provided with this growth supportive environment (David and
Aguayo, 1981). Thereafter, experimental attempts to promote CNS axonal
regeneration continued to investigate the use of PNS segments as grafts
to circumvent the CNS environment and stimulate regeneration into these
grafts (Aguayo et al., 1981; Benfey and Aguayo, 1982; Richardson and

Issa, 1984).

The use of these grafts led to the successful regeneration of CNS nerves
(David and Aguayo, 1981), however this resulted in limited functional

improvement (Richardson et al., 1982). The regenerative power of injured
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nerves has been validated via the administration of conditioning lesions
resulting in increased regeneration of nerves in the PNS (Sjoberg and
Kanje, 1990) as well as in the CNS (Oudega et al., 1994; Qiu et al., 2005;
Richardson and Issa, 1984). As an effort to increase the functional
recovery, some of the aforementioned techniques have been combined
with various therapies (including anti-inflammatory drugs, vertebral wiring,
growth factors, olfactory cells, fibrin glue and acidic fibroblast growth
factor) to stimulate regeneration of CNS axons into, through and beyond
grafts (Andrews and Stelzner, 2004; Blits et al., 2000; Cheng et al., 1996;

Cheng and Olson, 1995).

An important factor to consider in SCI, is that “the presumed lack of trophic
support to axotomised CNS neurons provided the rationale for the
exogenous application of trophic factors to stimulate regeneration”
(reviewed in (Plunet et al., 2002). In fact, modified peripheral nerves grafts
expressing neurotrophic factors have been found to improve axonal
regeneration (Blits et al., 1999) and recovery of hind limb function after
SClI (Blits et al., 2000). Indeed, many experiments have used a
combination of strategies to obtain significant recovery after CNS injury
such as the fetal spinal cord transplants (Broude et al., 1999; Coumans et
al., 2001), autologous PN grafts (Yick et al., 1999). For example, a
technique using pre-degenerated peripheral nerve graft, a conditioning
lesion and administration of neurotrophins showed that axonal
regeneration beyond the scope of the graft is possible under the right

neuro-nourishment conditions (Oudega and Hagg, 1996, 1999).
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There is now evidence that neurotrophic factors such as BDNF can
promote regeneration of adult CNS axons (Xu et al., 1995; Ye and Houle,
1997), which has been shown to increase the expression of regeneration-
associated genes (RAGs) such as growth-associated protein 43 (GAP-43)
and T-alpha Tubulin-1 (Kobayashi et al., 1997). More importantly, this
intrinsic capacity for axonal regeneration in the presence of these RAGs
has been shown to remain active even 1-year after injury, which “holds

promise to individuals with spinal cord injuries” (Kwon et al., 2002).

Furthermore, the use of intercostal nerve transplants has also been shown
to lead to partial recovery after complete spinal cord transection in rodents
(Cheng et al., 1996), in non-human primates (Levi et al., 2002) and even in
clinical patients with reported sensory and motor recovery of function
below the injury site (Oppenheim et al., 2009). Transplantation studies
using autologous grafts are advantageous to the organism, given that such
strategies promote “CNS axon regeneration and functional repair and are
in part attractive because autologous grafts reduce the risk of immune
rejection” and prevent the need for immunosuppression (reviewed in
(Moon and Bunge, 2005). In experimental animal models of SCI, the
implementation of grafts and transplants provide valuable information
about SCI regeneration especially when using autologous material, yet
further improvements towards increased functional recovery, at least in

high order non-human primates is needed after complete SCI injury.

In addition, advances in bioengineering and the fabrication of artificial
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scaffolds have propelled science to a new stratum in medical research.
Some of which include: non-immunogenic polymers (Moore et al., 2006),
collagen hydrogels (Marchand et al., 1993), neurogel (King et al., 2003),
fibronectin mats (Woerly et al., 2001), carbon filaments (Khan et al., 1991)
and nitrocellulose implants (Houle and Ziegler, 1994). The nature of these
scaffolds can be advantageous to the regenerating system since they can
also be used to deliver neurotrophins and help axons grow in a linear
trajectory (Stokols and Tuszynski, 2006). It is essential to reiterate that all
these strategies have been designed to stimulate and support the
regeneration of injured CNS neurons by modifying their surrounding

microenvironment.

1.4.2 Growth Factors

The beneficial properties of growth factor proteins and their ability to
stimulate axonal growth after SCI has been an area of interest in several
studies (Blesch et al., 1999; Kobayashi et al., 1997; Lu et al., 2001;
Ruitenberg et al., 2003; Schnell et al., 1994; Tuszynski et al., 1996; Xu et
al., 1995). However, for the purpose of this thesis we will mainly focus on
the family of growth proteins known as, neurotrophins (NT), with special
reference to a highly investigated NT molecule known as brain-derived

neurotrophic factor (BDNF).

Generally, the expression of growth factors and their receptors is altered
after injury often resulting in significant neuronal atrophy. This change

neuron-NT tropism has been previously investigated in normal as well as

19



in injured neurons (Tuszynski et al., 1996). Interestingly, it has been
reported that blocking of BDNF antibodies in uninjured or axotomised CNS
neurons, increased neuronal death of lesioned neurons as compared to
controls and this was attributed to the endogenous BDNF support to
neurons (Giehl et al., 1998). This injury-induced neuronal death has been
demonstrated to be completely prevented by the exogenous application of

BDNF to injured corticospinal neurons (Giehl and Tetzlaff, 1996).

In addition, injury-activated immune cells such as microglia and
macrophages are believed to be involved in CNS axonal sprouting process
via NT production and secretion by these cells (Batchelor et al., 1999).
The guidance of these axonal sprouts might be the result of the trophic
gradient found along the wound margin, although as observed in other
CNS injuries, once axonal sprouts reach the injury epicenter growth is
halted (Batchelor et al., 2002). As previously discussed, this inhibition in
axonal growth is most likely due the presence of neurite inhibitory
molecules present at the lesion. The poor axonal elongation at the injury
site, has prompted the exploration of experimental approaches
investigating the regenerative capability of injured axons by the exogenous
application of BDNF via an osmotic mini-pump, demonstrating some
degree of neuroprotection (Namiki et al., 2000), functional recovery in
groups receiving a combination of NT and fetal spinal cord transplants
(Coumans et al., 2001) or in groups grafted with genetically modified cells
secreting NT also stimulated sprouting and some CNS regeneration as

long as NT nourishment is continuously provided to injured axons (Tobias
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et al., 2003).

Interestingly, NT have a close interaction with the immune system and this
provides alternative therapeutic strategies that could potentially be used to
treat SCI (Kerschensteiner et al., 2003). For example, immune cells such
as activated lymphocytes (T cells) can synthesize and release NT, such as
nerve growth factor (NGF) (Ehrhard et al., 1993; Santambrogio et al.,
1994). Which together with the secretion of biologically active BDNF from
B cells and monocytes, could provide a beneficial neuroprotective effect
within the CNS (Kerschensteiner et al., 1999) and might have critical
implications for immuno-regulatory therapies. However, it should also be
mentioned that even though BDNF has been closely related to
neuroprotection, in inflammatory conditions such as Multiple Sclerosis
(MS) immune cell infiltration could also produce damaging effects
(Stadelmann et al., 2002). In fact, essential immune functions such as
macrophage recruitment into the inflammatory lesion are regulated by
NGF (Flugel et al., 2001). The role of immune cells as sources of NT has
generated a lot of interest given that cellular infiltrates like B cells,
macrophages, and T cells are all recruited after injury (Barouch and
Schwartz, 2002). For example, treatment of motoneurons with
inflammatory cytokines resulted in detrimental effects when neurons were
deprived of NT produced by immune cells recruited to the CNS
(Hammarberg et al., 2000). This suggests a beneficial role of immune cells

in protecting injured tissue.
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In essence, the evidence that immune cells can actively contribute to the
survival of injured neurons in the CNS has been a difficult bridge to cross,
given the classical belief that the CNS is an immunologically privileged
site. However, it is becoming clear that cross-talk between the CNS and
immune system has significant implications for CNS repair and is crucial to
consider when designing clinical therapies (Lotan and Schwartz, 1994)
especially in inflammatory conditions such as MS (Kerschensteiner et al.,
2003). Therefore, the role of NT in the nervous system and the immune
system is neither limited to each system but rather shared by each

(Hohlfeld, 2007).

1.4.3 Cell Transplants

The inhibitory nature of the CNS environment for axonal growth after
injury, allowed for the investigation of alternative strategic avenues like
cellular transplantation to create a more permissive environment for
neurite outgrowth in the CNS. A variety of cell-based approaches have
been translated clinically to contribute to the repair of damaged pathways
using neural and non-neural tissue elements as previously reviewed
(Reier, 2004). Some of these approaches include Schwann cells (Guest et
al., 1997; Menei et al., 1998), olfactory ensheathing glial cells (Li et al.,
1997; Ramer et al., 2004), fibroblasts (Tobias et al., 2003; Wu et al.,
2008), stem cells (Liu et al., 2000; McDonald et al., 1999), fetal spinal cord
(Broude et al.,, 1999) and even multifunctional immune cells such as
macrophage cells have emerged as possible candidates (Bomstein et al.,

2003; Lazarov-Spiegler et al., 1996; Rapalino et al., 1998; Schwartz et al.,
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1999a). There are numerous cell types currently being used in research to
stimulate growth of injured CNS neurons, with some including genetically
modified cellular transplant, however, due to the contents of this thesis, we
will only briefly highlight some of the beneficial properties of macrophage

cells.

Note that the beneficial attributes of macrophage cells will be discussed in
more detailed later in this chapter under the section titled “role of

inflammatory cells in CNS injury”.

1.4.3.1 Macrophage Cells

It is noteworthy that the characterisation between microglia (also known as
CNS macrophages) and peripheral macrophage cells has led to conflict
between studies given that commonly used antibodies for antigenic
identification cannot guarantee complete distinction between these cells
(Guillemin and Brew, 2004). However, morphological characteristics have
been employed by researchers as an attempt to distinguish between
microglia (stellate appearance), compared to infiltrating blood monocyte
(smooth surfaces) classified as macrophage cells (reviewed in (Carson et
al., 2006). Therefore, for simplicity, cells testing positive against cluster
differentiation 68 (CD68) immunostaining will hereafter be referred to as
macrophage cells throughout this thesis, which might reflect a mixed

population of the aforementioned cells.
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The need to change the inhibitory property of the adult CNS environment,
where normally nerve regeneration of injured nerves is restricted, has
taken advantage of the beneficial features of macrophage cells to
encourage CNS regeneration. Constraints such as limited macrophage
response during Wallerian degeneration in the CNS as compared to the
PNS, where this response occurs more robustly, interrupts with the
regenerative process in the CNS (Avellino et al., 1995). Which has been
attributed to the ability of PNS injured nerves to attract these immune cells
as they are needed for repair and regrowth (Hirschberg and Schwartz,
1995). Evidence for this comes from studies conducted in vitro, where
macrophages co-cultured ex vivo with PNS tissue, and implanted into the
lesion site of spinal cord, promoted the regeneration of CNS fibres and
partial functional recovery (Lazarov-Spiegler et al., 1996; Rapalino et al.,
1998). This role of macrophage cells is consistent with earlier observations
describing the potential of these cells to change the non-growth supporting
property of the CNS into a growth-permissive (David et al., 1990).
Interestingly, ex vivo pre-incubation of macrophage cells with PNS
segments was found to be more beneficial than CNS exposed
macrophages as indicated by their phagocytic activity (Lazarov-Spiegler et
al., 1996). Although, it is important to mention that the beneficial capacity
of these cells might be dependent upon the number of transplanted

macrophages (Rapalino et al., 1998).

1.4.4 Vaccination with CNS Homogenate

As aforementioned, there have been many attempts aimed at bypassing
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the injured CNS environment. Here, we describe an attractive approach
using antibodies against axon growth inhibitors as a way to neutralise the
effects of myelin and myelin-associated inhibitors. This was first
demonstrated using the monoclonal antibody IN-1 that when introduced
into injured adult spinal cords, it promoted regeneration (Bregman, 1995;
Schnell et al., 1994; Schnell and Schwab, 1990). This approach, although
successful in neutralising CNS inhibitors, resulted in limited regeneration
of CNS fibres. Therefore, it became evident that other CNS inhibitors also

required to be simultaneously blocked in order for regeneration to occur.

An ideal approach, as suggested by David and Ousman (2002), would be
to deliver “a cocktail of monoclonal antibodies against each of the
inhibitors” in myelin, a difficult task to accomplish given the lack of
identification of all CNS inhibitors (David and Ousman, 2002). For this
reason, the novel approach tested by Huang and colleagues (1999),
involved the simultaneous blocking of all axon growth inhibitor by recruiting
the animals’ own immune system to produce antibodies against the
inhibitors in myelin, using myelin-rich tissue (i.e. spinal cord) as the
immunogen (Huang et al.,, 1999). Their results indicated that the
antibodies produced by myelin-rich vaccinated animals were not only able
to cross the BBB and bind to inhibitors associated with myelin, but were
also able to stimulate axon regeneration over long distances (Huang et al.,
1999). Furthermore, sera from these myelin-rich treated animals were able
to block myelin-derived growth inhibition in vitro, supporting the idea that

antibodies mediate this effect (Huang et al., 1999).

25



The idea that an antibody-mediated approach could block myelin-derived
growth inhibition was further investigated by Ellezam and colleagues
(2003), where they evaluated the possibility that myelin-rich vaccination
could promote regeneration of retinal ganglion cells (RGCs). Their findings
indicated that axonal regeneration in myelin-rich treated animals
significantly improved as a result of the vaccination (Ellezam et al., 2003).
In addition, their observations were consistent with previous results by
Huang et al and supported the concept that antibodies obtained through
this vaccination regime are able to bind to white matter in vivo and can be
utilized in vitro to overcome the inhibitory effects of myelin, thus “indicating
that the effect on regeneration is antibody-mediated” (Ellezam et al.,
2003). These authors further suggested that the observed beneficial
effects on CNS regeneration might be attributed to the binding of
antibodies on neuronal epitopes present on non-growth permissive
molecules. These studies highlighted the importance of recruiting the
immune system in CNS regeneration and reiterate the complexity of these
systems. Certainly, a much greater understanding is needed to
comprehend this relationship, which will be explored in the upcoming

chapters.

1.4.5 Pre-Conditioned Lesion

The ability of CNS neurons to regenerate under certain conditions was
demonstrated by David and Aguayo in 1981, where it was confirmed and

clarified that the axonal environment played an important role for the
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axon’s ability to regrow (David and Aguayo, 1981). Consequently, it
became evident that the response of the DRG neuronal cell body played a
critical role in regeneration of CNS afferent neurons (Richardson and Issa,

1984).

Briefly, as previously mentioned DRG neurons have both peripheral and
central processes that project into peripheral nerves and the spinal cord,
and this provides a unique opportunity to study specific changes that
underlie axonal CNS regeneration (Chong et al., 1999). The pioneering
experiment of Richardson and lIssa (1984), demonstrated that DRG
neurons could regenerate their central axons into peripheral nerve
transplants (inserted into the dorsal column of the spinal cord) only if the
peripheral DRG axon had been previously cut (Richardson and lIssa,
1984). The extent of CNS regeneration, although limited in the number of
fibre elongation, was an exciting proof-of-concept proposing intrinsic ability
for CNS neurons to regenerate. This procedure is now known as a pre-
conditioning lesion for its ability to increase axonal regeneration by

“conditioning” DRG neurons.

These observations suggested that the acquired regenerative competence
of DRG neurons depended on some form of cell body activation in
response to peripheral axotomy, ascribed to the inflammatory response
and gene expression of DRG neurons (Broude et al.,, 1997; Lu and
Richardson, 1991). The former response was investigated by Lu and

Richardson (1991), where intraganglionic injections of either an
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inflammatory agent and/or macrophage cells, resulted in the mimicking of
events caused by the peripheral axotomy, consequently promoting axonal
regeneration of the injured CNS DRG branch (Lu and Richardson, 1991).
This regenerative trigger correlated with the increased expression and
transport of growth-associated protein (GAP-43) observed in DRG
neurons (Schreyer and Skene, 1993). Conversely, injury to DRG central
branch alone does not result in a GAP-43 upregulation, and this is

consistent with the poor regenerative capability of injured CNS neurons.

It is important to note the clinical impracticality of performing a conditioning
lesion to stimulate CNS regeneration in humans. Therefore, our aim is to
understand the underlying mechanism/s of the pre-conditioned lesion
model in relation to its regenerative CNS trigger and to further investigate
its relationship to inflammation, especially to ubiquitous immune cells such

as macrophage cells.

1.5 Role of Inflammatory Cells After CNS Injury

Immune responses, especially inflammation, are considered part of the
host-defense repertoire not only in situations requiring elimination of
foreign pathogens but are also involved in the process of tissue repair.
However, as reviewed by Correale and Villa (2004) the prolonged
inflammatory exposure coupled to uncontrolled persistence of
inflammation can be harmful to the living organism as recognised in MS
(Correale and Villa, 2004). The beneficial and detrimental inflammatory

effect occurs depending on the phenotypic activation of immune cells such
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as lymphocytes and macrophages, as they are not only able to produce
anti-inflammatory molecules but also pro-inflammatory molecules, capable
of producing neurotoxic effects in neurons (reviewed in (Carson et al.,

2006).

Inflammation is mediated by the cellular and humoral components of the
immune system and has been described as a neuroprotective response to
injury or destruction of tissues (Hohlfeld, 2007). In the CNS, the
inflammatory response following SCI has been shown to begin rapidly
following cord trauma and this involves the robust activation of immune
cells (both resident and recruited) at different times post injury (Popovich
et al., 1997). This normal response to injury was nicely reviewed by
Schwab and Bartholdi is often accompanied by the release of anti- and
pro-inflammatory regulators, variations in vascular permeability, oedema,
as well as the classic activation and infiltration of resident and recruited

inflammatory cells (Schwab and Bartholdi, 1996).

It is important to acknowledge that after axonal injury (i.e. in either the
PNS or CNS) there are several factors contributing to or mediating the
immunological response to injury, however, for simplicity and to strengthen
our argument, we will mainly focus on inflammatory cells (i.e.

macrophages) throughout this thesis.
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1.5.1 Macrophage Controversy (Detrimental vs Beneficial Effects)

The presence of inflammatory cells (i.e. macrophages) within the CNS
compartment has traditionally been regarded as pathological for some of
these main reasons: (i) these cells are able to exert beneficial as well
detrimental effects in situ with no clarity as to how these effects can be
regulated (Bethea, 2000); (ii) these cells have been negatively perceived
whenever present in the CNS due to the immune-privileged condition of

the CNS (Carson et al., 2006; Popovich et al., 2002).

Within the last decade or so, the involvement of macrophages as
detrimental factors has been progressively modified from experimental
evidence indicating that a well-controlled immune response can be
beneficial to the repair of the injured organism (Hauben and Schwartz,
2003; Hendrix and Nitsch, 2007; Moalem et al., 1999; Rapalino et al.,
1998; Yin et al., 2003). This evidence has identified inflammatory cells as
a ‘double edge sword’ due to their dual-role in tissue repair (Bethea, 2000;
Wyss-Coray and Mucke, 2002). It is also conceivable that given what it is
known now about these cells, suppression of the right type of inflammatory
response could alter the recovery state of the injured tissue (refer to Fig. 2
for a brief comparison of factors dictating the balance between detrimental

and beneficial effects in CNS repair following trauma).

In the forthcoming section we will briefly describe several examples

outlining the dichotomy in macrophage activity and how these changes
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affect CNS injury. Some of the events explained hereafter include:

vascular permeability, remyelination, and T cell activation.

1.5.1.1 Vascular Permeability

Trauma to the CNS, for example in the form of SCI resulted in a robust
inflammatory reaction followed by changes in vascular permeability (Bao
et al.,, 2004; Tator and Fehlings, 1991). Reduction in immune cell
recruitment after SCI has been reported to contribute to the attenuation in
vascular permeability, as well as tissue damage and significant
improvement in functional recovery (Noble et al., 2002). Normally, cellular
infiltration into the CNS compartment is highly regulated and restricted,
however, injury to the CNS disrupts the BBB integrity resulting in a
cascade of events altering the status of the CNS (Pachter et al., 2003).
These events initiated by peripherally derived immune cells such as
neutrophils result in tissue destruction and enlargement of the lesion
(Dusart and Schwab, 1994), which is closely followed by via the release of
inflammatory mediators from macrophages, recruited after 1-2 days and
peaking at 5-7 post injury (Blight, 1992). The acute inflammatory phase
and widespread activation and recruitment of inflammatory cells after CNS
trauma consequently leads to an up-regulation and release of pro-
inflammatory cytokines such as TNFa and IL-1f (reviewed in (Donelly and
Popovich, 2008), described to increase vascular permeability (Schnell et
al., 1999a); a factor reported to occur after an inflammatory response from
trauma (Andersson et al., 1992; Perry et al., 1993; Wedmore and Williams,

1981). Interestingly, the topical application of NT such as BDNF onto the
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spinal cord before or shortly after injury significantly reduces vascular
permeability and SCI pathology (Sharma, 2003). Therefore, the effects of
vascular permeability based on these studies, highlight a detrimental role

for inflammatory cells after CNS injury.

1.5.1.2 Remyelination

Demyelination after axonal injury has been previously shown to be
mediated by infiltrating macrophages cells, driven by axonal breakdown
(Bruck et al., 1995). For this reason, clinical treatments using high-dosage
anti-inflammatory steroid treatment at the acute phase of SCI reported
beneficial effects (Bracken et al., 1997), indirectly suggesting a negative
effect of inflammation in the CNS. However, the use of anti-inflammatory
corticosteroids on spinal cord repair contributed to the inhibition of
oligodendrocytes (myelinating cells of the CNS), consequently affecting
remyelination, altering the release of trophic factors like BDNF (Chari et
al., 2006), as well modifying macrophage functionality such as in the
suppression of inflammatory mediators (Russo-Marie, 1992). Similarly,
there is evidence indicating that the selective depletion of macrophages in
the acute remyelination phase, also results in the functional impairment of
oligodendrocytes, which is an essential component in demyelinating

conditions (Kotter et al., 2001) and during CNS repair.

An obvious explanation of the role of macrophages in promoting
remyelination, may be their requirement for phagocytosis of myelin debris

following CNS trauma (reviewed in (Vargas and Barres, 2007). In fact, in
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vitro evidence indicates that CNS myelin and not PNS myelin can inhibit
the maturation of oligodendrocyte progenitors (Robinson and Miller, 1999),
thus consistent with observations describing impairement of these cells in
vivo, resulting in poor remyelination (Kotter et al., 2006). The involvement
of macrophage cells in remyelination is crucial for oligodendrocyte
progenitor maturation, synthesis of new myelin (Hohlfeld, 2007) and for the
increased rate of remyelination associated with rapid macrophage
recruitment (Hinks and Franklin, 2000). Based on these observations the
inflammatory macrophage response following CNS injury also plays a

beneficial role in remyelination.

1.5.1.3 T Cell Activation

Following the primary CNS insult (e.g. SCI), a sequence of secondary
degenerative cascade of events exacerbate tissue destruction as well as
functional loss of intact neurons that survived the initial trauma, manifested
as neurological deficits (Blight, 1994). This has been typically attributed to
the inflammatory response to the initial injury and to the release of
inflammatory mediators (Dusart and Schwab, 1994). Several studies have
shown that reducing inflammation decreases secondary degeneration and
functional deficit after SCI (Gonzales et al., 2003; Young, 1993), especially
when treatment is administered in the acute injury phase (Ditor et al.,
2006). For example, neutralisation of chemokines, such as CXCL10, which
is a potent T cell chemoattractant, significantly reduced inflammation,
promoted revascularisation and functional recovery of the injured spinal

cord (Gonzales et al., 2003; Gonzalez et al., 2007), as well as enhanced
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angiogenesis and axonal sprouting (Glaser et al., 2004; Glaser et al.,
2006). The extent of recovery was ascribed to the reduced migration and
activation of T cells and most importantly to their close interaction with

macrophage cells (Bucky Jones et al., 2005).

Indeed, T cell-mediated immunity in the form of adoptive transfer has been
found to participate in the local immune response promoting the recovery
from SCI, especially when this treatment was delayed 1-week after injury
(Hauben et al., 2000). The potential for T cell immune regulatory effects in
the injuried CNS has been demonstrated to be neuroprotective even after
optic nerve injury (Moalem et al., 1999). This T cell-mediated
neuroprotective response can be reduced by the loss of these cells in
animals with neonatal thymectomy (Yoles et al., 2001). However, the
extent of T cell participation in the CNS needs to occur in a ‘tightly
regulated’ manner to maximise the beneficial aspects of the immune
response, as well as minimising the potentially destructive effects that
these cells can exert (Schwartz and Kipnis, 2005). Neuroprotection, might
be correlated with the activation of the T cell-mediated response as well as
the regulation of antigen presenting cells like macrophages (Shaked et al.,
2004). Based on these observations, it seems like T cells offer a beneficial
role for CNS repair, however, their role in the CNS has also been
described to be detrimental to the organism, such as in the animal models

of MS (Aharoni et al., 2005).
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1.5.2 Macrophage Involvement in Nerve Repair/Regeneration

Macrophages are multifunctional cells and have the ability to exert
detrimental as well as beneficial effects (Bethea and Dietrich, 2002;
Schwartz et al., 2006a). Interestingly, it was recently demonstrated that
boosting or modulating the functionality of macrophage cells in a SCI
model, via the intraperitoneal injection of regulatory cytokine (granulocyte-
macrophage colony stimulating factor, GM-CSF) significantly improved
locomotor activity in injuried rats (Bouhy et al., 2006); which provides a
minimally invasive strategy for CNS repair that is clinically relevant. The
importance of macrophage cells has also been described in wound repair,
vascularisation and angiogenesis (Kodelja et al., 1997). However, the
limited capability of the CNS compartment to mount a robust inflammatory
response after injury has often been regarded as detrimental during axonal

regenerative attempts.

Hereafter, we will briefly discuss some of the contributions of macrophage
cells in CNS nerve regeneration and highlight their usefulness after
trauma, especially in relation to their activation, exogenous application and

their functional depletion.

1.5.2.1 Macrophage Activation and Exogenous Application

The relationship between macrophage activation, manifested through
phagocytosis, revealed that pre-incubation of these cells with PNS

segments enhanced their phagocytic activity, which was suppressed by
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the pre-exposure of these cells to CNS segments (Lazarov-Spiegler et al.,
1996). The pre-treatment of injured CNS nerves with the benéeficial
macrophage phenotype resulted in the regrowth of these nerves, which
was correlated with the spread of macrophage cells, phagocytic activity
and extent of myelin clearance (Lazarov-Spiegler et al., 1998b). Therefore,
based on these observations, the failure of injured CNS axons to
regenerate might be associated with the inability of the CNS environment
to mount an adequate inflammatory response, suggesting that rapid
myelin clearance from the CNS might promote axonal regeneration in situ

(reviewed in (Vargas and Barres, 2007).

This inability to efficiently recruit inflammatory cells to the site of injury in
the CNS has been circumvented by the exogenous application of
macrophages into the CNS. Increasing the number of macrophage cells at
the injury site has certainly proven efficacious in the stimulation of CNS
regeneration in in vivo studies using exogenous application techniques
such as co-transplantation of microglia cells with fetal spinal cord tissue
(Prewitt et al., 1997), skin-coincubated macrophages (Bomstein et al.,
2003) and cellular grafts of autologous macrophage cells (Franzen et al.,
1998; Rapalino et al., 1998). The beneficial functionality of these cells in
the support of axonal CNS regrowth has been attributed to the elimination
of growth-inhibiting myelin products, most likely by phagocytosis of debris
resulting from the trauma and/or by the secretion of regulatory cytokines
and NT (Batchelor et al., 1999; Dougherty et al., 2000; Franzen et al.,

1998; Prewitt et al., 1997).
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Moreover, for the effects by the exogenous application of macrophage
cells to be of benefit to the injured tissue, the site, number and timing of
macrophage activation have been reported to be of importance (Schwartz
and Yoles, 2006). It is believed that under the appropriate stimulation,
inflammatory cells express a phenotype required for CNS repair, as long
as they avoid commitment to a destructive phenotype (Schwartz et al.,
2006a). However, this is rather challenging to control given that
macrophage cells actively participate in the good and bad outcomes in
inflammation and are commonly regarded as having split personalities
(Duffield, 2003; Gordon, 2003). A proof-of-concept example, where
macrophage cells might be expressing a beneficial phenotype was
provided in 2003, evident in the significant regeneration of RGCs,

determined by the timing of macrophage activation (Yin et al., 2003).

In fact, to complicate this neuroimmune interaction even more, the
synthesis of regulatory cytokines by macrophage cells has been
suggested to be mediated by a subpopulation of macrophages that is able
to produce both pro- and anti-inflammatory cytokines (Calvo et al., 2005).
The realization that macrophages are needed for CNS repair is becoming
more and more interesting with conflicting evidence provided for their
beneficial and detrimental effects. However, as suggested by Fujiwara and
Kobayashi “therapeutic interventions targeting macrophages and their
products may open new avenues for controlling inflammatory diseases”

(Fujiwara and Kobayashi, 2005). Although, it is obvious that in order for
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the use of inflammatory cells to be clinically available as alternative

treatments, this intricate relationship must be better understood.

1.5.2.2 Macrophage Depletion

An understanding into the diverse functionality of macrophage cells has
been demonstrated by the selective depletion of these cells in vivo (Van
Rooijen and Kesteren-Hendrikx, 2003). After SCI, a detrimental role for
immune cell infiltration into the CNS has been associated with secondary
degeneration (Blight, 1985). Studies investigating the role of macrophage
depletion after SCI have described a decrease in post traumatic tissue
loss and an improvement in locomotion ability (Popovich et al., 1999).
Indeed, initiation of secondary degeneration in regards to SCI cavity
enlargement and glial scarring, which counteract axonal regeneration, has
been attributed to macrophage activation; a factor that might be modulated
by the administration of anti-inflammatory agents and thereby reducing
secondary CNS damage (Fitch et al., 1999). Similarly, the accompanying
presence of T cells at the injury site has also been demonstrated to
contribute to the damaging effects resulting from the initial injury, however,
a reduction in T cell recruitment has been shown to ameliorate tissue
preservation and reduction in functional deficit (Gonzalez et al., 2003).
These findings indicate that immune cell infiltration into the CNS injury site
provide harmful outcomes to the organism and these need to be
suppressed or at least controlled to some degree to improve chances of

recovery.
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This dichotomy of inflammatory cell functionality reiterates the significance
of understanding how these cells operate in vivo, so that its beneficial
effects can be translated into clinical settings. It is noteworthy that the use
of therapies administered after CNS injury, which inhibit or suppress the
inflammatory response, could also be worsening the condition. For
example, the importance of macrophages for efficient CNS remyelination
was evident after their depletion during the acute phase of remyelination,
resulting in significant oligodendrocyte impairment (Kotter et al., 2001). In
fact, these authors further suggested that suppression of the inflammatory
response to injury might be undesirable to the regenerative attempts that
follow demyelination. It was later discovered that myelin debris acted as an
inhibitor of oligodendrocyte precursor cell differentiation, which is an
important process in the remyelination phase (Kotter et al., 2006).
Conversely, as aforementioned in the PNS, macrophages promote tissue
repair and regeneration, yet macrophage depletion in experimental
autoimmune neuritis (EAN), an animal model of peripheral nerve
inflammation, suppressed the severity of the disease (Jung et al., 1993). It
is therefore clear that the multi-functionality of these cells provides
conflicting evidence in the repair of CNS tissue and this specific cellular

functionality that will be discussed in chapter 4 of this thesis.

1.5.3 Final Overview and Clinical Problem

Injury to the CNS such as in the case of SCI is a devastating condition
given that injured CNS nerves do not spontaneously regenerate as

compared to nerves in the PNS (Ramén y Cajal, 1928). This
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compartmental difference in regenerative ability has been attributed to the
intrinsic properties of the PNS, such as being able to mount an adequate
inflammatory response to injury due to a lack of immune-privileged status
(Kodelja et al., 1997), the presence of Schwann cells as well as the rapid
removal of myelin debris clearance after injury by macrophages (Hughes
et al., 2002; Vargas and Barres, 2007). In the CNS, together with the
absence of these factors observed in the PNS, there is a biochemical and
physical barrier that deters injured CNS neurons from regenerating (Silver
and Miller, 2004). This is commonly associated with the formation of the
glial scar and the inhibitory effects of myelin and its associated proteins, all

of which inhibit axonal regeneration.

In order to bypass these barriers for axonal growth to occur, alternative
strategies to promote CNS regeneration have been utilised including the
use of peripheral nerve grafts/transplants/scaffolds, growth factors, cell
transplants, and regulation of the immune system (vaccination
experiments). Yet, even though many of these approaches have shed light
into the mechanisms underpinning CNS regeneration, these findings are
still at the early stages. In fact, one half of the scientist community agree
that the inherent restriction of inflammatory effectors in the CNS make this
terrain handicap for regeneration (Lazarov-Spiegler et al., 1998a) and the
other half believe that inflammation in the CNS is deleterious to the
organism, thus providing conflicting views for the role of cells such as
macrophages in inflammation and tissue repair (Bethea, 2000).

Accordingly, the uncontrolled characteristics of macrophage cells make
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the use of these cells problematic as part of any formal treatment for CNS

injuries (Donelly and Popovich, 2008).

In the past decade, “despite advances in medical and surgical care, the
current clinical therapies for spinal cord injury are largely ineffective”
(Eftekharpour et al., 2008). There is still a paramount need to protect the
remaining, uninjured neural tissue from detrimental secondary
degeneration events. This might be mediated by the release of NT from
immune cellular mediators in, around and near the site of damage,
consequently providing support against further neuronal damage and
encouraging the remyelination process (Hohlfeld, 2007). Certainly, the
involvement of immune cells in neuro-regenerative therapies is pivotal for
CNS repair, renewal and regeneration given the emerging evidence
describing a close relationship between the immune and nervous system
(Kerschensteiner et al., 2003; Lotan and Schwartz, 1994). Moreover, in the
search for effective clinical treatments for SCI, via the reduction in the
extent of inflammatory repertoire, is notably methylprednisolone, with the
limiting factor being, that treatment administration needs to occur in the
acute injury phase (Amador and Guest, 2005; Bracken et al., 1997,

Braughler et al., 1987).

1.6 Hypotheses

The order of the following proposed questions is in reference to their

presentation in each of the result chapters throughout this thesis. In
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addition, the rationale for each of these questions is addressed at the end

of each respective introductory chapter.

Here, using the pre-conditioned lesion as the injury model, we investigated

whether:

A) Does the immune response following the use of sciatic nerve
homogenate as a vaccine, affect the regeneration of primary afferent

neurons in the CNS of pre-conditioned animals (Chapter 2)?

B) Do the effects from a pre-conditioning peripheral lesion result in the

regeneration of injured neurons in other CNS locations (Chapter 3)?

C) Does macrophage depletion affect the regenerative trigger

characteristic of the pre-conditioned lesion (Chapter 4)?

Note that the term ‘pre-conditioned’, will be regularly used within the
context of this thesis and it relates to a pre-conditioning peripheral nerve
injury (i.e. sciatic nerve axotomy) performed 7 days prior to CNS lesion

(i.e. spinal cord injury, unless otherwise stated).

It is also important to mention that each of the chapters in this thesis has

been individually structured and formatted as manuscripts to be submitted

for future publications.
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