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Abstract
Spinal cord injury (SCI) affects an estimated 2.5 million people worldwide yet no effective
regenerative therapies are available to victims. Astrocytes play a critical role in the secondary injury
pathogenesis of SCI. Reactive astrocytes are key contributors to the deposition of chondroitin sulphate
proteoglycans (CSPGs) after injury, which are potent inhibitors to axon regeneration and plasticity. A
disintegrin and metalloproteinase with thrombospondin motifs-4 (ADAMTS4) is a human enzyme
that catalyses the proteolysis of CSPG protein cores. Infusion of ADAMTS4 into the damaged spinal
cord was previously shown to improve functional recovery after SCI; however, this therapy is limited
in its enzyme form. Gene therapy is a method that allows for long-term expression of therapeutic
molecules. Adeno-associated viral (AAV) vector gene therapy, in particular, has emerged as the
vector of choice for safe, robust and long-term transgene expression in the central nervous system
(CNS). Since astrocytes play an important role in SCI pathology, the first objective of this thesis
involved the creation of an AAV vector capable of producing robust transgene expression selectively
in spinal cord astrocytes. An expression cassette containing a destabilised yellow fluorescent reporter
(dYFP) reporter transgene under the control of a GFAP promoter was packaged into the astrocyte
tropic AAV serotypes: AAV5, AAV9, and AAVRec2. In cell culture and slice culture experiments,
AAV5 was superior in terms of transduction efficiency, transgene expression, and astrocyte
selectivity. Due to the packaging constraints of AAV vectors, an additional AAV5 vector was created
that contained the shorter GFAP variant GfaABC1D, which equalled the qualities observed by the
full-sized promoter. In a clinically relevant rodent model of spinal cord contusion injury, AAV5
vectors with either promoter elicited robust, widespread, astrocyte-selective transgene expression
without negatively impacting behavioural scores. An expression cassette containing the ADAMTS4
gene under the control of the GfaABC1D promoter was subsequently packaged into an AAV5 vector
for astrocyte-mediated degradation of CSPGs in vitro and in vivo. Sustained expression of ADAMTS4
expression was achieved in vivo, which led to widespread degradation of CSPGs. AAV-ADAMTS4
resulted in significantly decreased lesion size, increased neuroplasticity and improved functional
recovery after moderate contusive SCI. Whilst histologically, the effects of AAV-ADAMTS4
appeared to be large, improvements to motor functions were only modest. The last objective included
hindlimb-specific exercise rehabilitation as a method to drive and strengthen the formation of
beneficial connections whilst pruning aberrant connections. Indeed, the combination of hindlimb
rehabilitation with AAV-ADAMTS led to enhanced functional recovery after SCI. Thus, widespread
and long-term degradation of CSPGs through AAV-ADAMTS4 gene therapy, from a single
administration, represents a promising candidate for clinical translation.
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Chapter One
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1 Chapter One:
General introduction
1.1 Spinal cord injury: Defining the problems
1.1.1

The clinical issue

Spinal cord injuries (SCIs) significantly impact the quality of life – both physically, through pain and
disability, and financially, through loss of income and the cost of primary care. According to the 2015
report by the National Spinal Cord Injury Statistical Center (NSCISC), in the United States, there was
an annual incidence of SCI of approximately 12,500 injuries per year. This totals to a prevalence of
approximately 276,000 persons in the U.S. living with SCI; an estimated 2.5 million people
worldwide (Fong et al., 2009). In New Zealand for comparison, the annual incidence of SCI
(traumatic and non-traumatic) is approximated at 30 per million (Derrett et al., 2012). This incidence
is one of the highest rates in the western world (Dixon, Danesh, & Caradoc-Davies, 1993; Wyndaele
& Wyndaele, 2006). Aside from the social impact, the ongoing health care costs for SCIs are among
the highest for all types of injuries. It is estimated that a high-level (cervical) tetraplegic can have a
lifetime cost of over $4.5 million if the injury occurs at 25 years of age (Center, 2016). The majority
of injuries occur in young males aged between 25-45 years; a time when individuals are at the peak of
their productivity. Data published in 2004 reported that of 180 SCI cases the lesions predominated in
the cervical region as the result of vehicle accidents (40%), gunshot wounds (22%), and falls (20%)
(Norenberg, Smith, & Marcillo, 2004).
SCIs can be categorized based on clinical viewpoints into complete and incomplete injuries. Complete
SCIs are rare and result in complete loss of muscle control and sensation below the lesion site due to
large damage across the width of the cord. Interestingly, whilst an injury may be neurologically
complete, often few spared axons may remain connected – residual motor functions have been
observed in patients with approximately 7-8% of spared axons at the injury level (Couillard-Despres
S., 2017). Incomplete injuries, as the name suggests, describe injuries in which parts of the cord are
spared from damage and therefore partial sensation and/or muscle control remains below the level of
injury. Another important factor to remember is that the spinal cord is segmented and where the injury
occurs will impact on the outcome. The higher the level of injury in the spinal cord the greater the
extent of whole-body paralysis. For example, an injury in the cervical region will cause loss of
function to the arms and legs while a lower injury in the thoracic region will result in paralysis of the
legs while leaving the arms unaffected.
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Accepted by the International Standards for Neurological Classification of Spinal Cord Injury
(ISNCSCI), the American Spinal Injury Association (ASIA) Impairment Scale (AIS) is the most
widely used system for the classification of the severity of spinal cord injuries (Kirshblum et al.,
2011). There are five categories on the scale from A-E that reflect neurological function. A patient
with an ASI-A has a complete injury; no sensory or motor function is preserved in sacral segments
S4-S5. The AIS categories B, C, and D reflect varying degrees of ‘incompleteness’. The final
category, AIS-E, represents normal sensory and motor functions (Kirshblum et al., 2011). Aside from
the obvious sensory-motor functions, SCIs cause further burdens on the sufferer. Non-motor
disabilities of SCI are often overlooked by the non-affected, though in some cases these burdens are
reported to be more important to patients as opposed to regaining motor functions (Thuret, Moon, &
Gage, 2006). These include neurogenic bladder and bowel, urinary tract infections, depression,
pressure ulcers, orthostatic hypotension, fractures, deep vein thrombosis, and spasticity, which are
only a few among other complications (Nas, Yazmalar, Sah, Aydin, & Ones, 2015). Addressing these
problems rather than regaining motor functions may be more important to SCI sufferers. For example,
in one study, paraplegics ranked recovery of bowel, bladder and sexual function, eliminating chronic
pain and autonomic dysreflexia more important than regaining motor functions (Anderson, 2004). For
the purposes of this thesis, however, this introduction will only focus the recovery motor functions
and the current therapies that aim to repair damaged spinal cord tissue.
Despite the substantial socioeconomic cost of SCI, prevention is currently the best medicine as there
are no effective regenerative therapies available for the condition. Current clinical interventions after
SCI aim to ameliorate secondary damage and provide ongoing rehabilitative care. Acute surgical
interventions aim to prevent further mechanical damage which includes immobilisation of the spine;
spinal decompression, spinal realignment, spinal stabilisation. Often, a high dose of the steroid antiinflammatory drug, methylprednisolone, is administered to patients in efforts to ameliorate the
secondary damage. This therapy, however, is contentious. Methylprednisolone treatment for SCI was
based on findings from three large clinical trials that reported that the drug led to improved functional
recovery after SCI when delivered within eight hours of the injury (Bracken et al., 1984; Bracken et
al., 1990; Bracken et al., 1997). Since then the use of methylprednisolone has been reviewed through
meta-analysis concluded that any benefits are negligible or may worsen the condition as well as
concerns about the toxicity and medical complications associated with the high steroid dose (Evaniew
et al., 2016). Rehabilitation is almost invariably included in a patient’s recovery program whereby
physical activity is used to help them adjust to the chores of daily life with their now limited range of
motion as well as facilitating and improving function by spontaneous regeneration.
Regrettably, the combinations of these few currently clinically available interventions for SCI result
in mild benefits at best. Therefore there is a significant, unmet need for not only effective therapies
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that ameliorate acute damages but for therapies that aim to promote regenerative repair for people that
currently live with SCI.

1.1.2

Pathogenesis of spinal cord injury

SCI is heterogeneous in cause and outcome. Pathologically, SCIs are divided into four classifications
based on gross anatomical findings: maceration, contusion, laceration, and compression. All of these
injuries lead to the death of neural cells: neurons, astrocytes, microglia oligodendrocytes, and
endothelial cells; however, the outcome of each type is heterogeneous with regards to the anatomical
and molecular changes (Thuret et al., 2006). The most common type of injury seen is contusive (49%
of cases) and will be the main focus of this thesis (Norenberg et al., 2004). These injuries typically
occur as the result of a blow to the spine with a blunt object. The spinal cord shows intact surface
anatomy and the dura remains intact. However, underneath the surface of the spinal cord, tissue
undergoes haemorrhaging and necrosis that eventually develops into a cyst (these pathophysiological
processes are summarised in Figure 1-1). Death of cells and the formation of cysts disrupt descending
and ascending axonal tracts that relay information between the brain and the peripheral body.
Circumferential white matter is often spared (Couillard-Despres S., 2017). As the dura remains intact
in these types of injury the lesion does not have the presences of meningeal fibroblast and therefore
does not evolve a fibrotic scar (Norenberg et al., 2004). SCI can be divided into two acts: the primary
and secondary phases.

1.1.2.1 Primary Phase
The primary phase of SCI spans the first two hours after injury and includes the mechanical trauma
that results in the destruction of the neural parenchyma. This primary damage directly severs axon
tracts and disrupts blood vessels, membranes, and neural cells. Furthermore, vasodilation, congestion,
and haemorrhage can occur because of this trauma, although, the spinal cord appears histologically
normal at this stage (Norenberg et al., 2004). The paucity of little observable pathological changes at
this primary phase brings attention to the fact that secondary damage is significant to the pathology of
SCI.

1.1.2.2 Secondary Phase
SCI trauma causes rapid death of neurons and glia, yet insidiously, secondary damage exacerbates the
initial pathology. This secondary damage unfolds as a temporal cascade of complex biological
processes that can last months, years and even decades after the initial injury (Donnelly & Popovich,
2008). For example, demyelinating axons have been observed up to a decade after SCI in humans
(Norenberg et al., 2004). These secondary events are not mutually exclusive and they do influence
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each other, however, they can be characterised as follows: vascular changes, inflammation,
excitotoxicity, demyelination and degeneration, as well as astrogliosis and scar formation.

Figure 1-1: A schematic summary of the main pathological processes that occur in contusive spinal cord injury. Not
in temporal order: 1) Formation of a fluid-filled cyst. 2) The formation of the astroglial scar surrounds the cyst, sealing it
from the spinal cord parenchyma. 3) The scar tissue composition includes large amounts of inhibitory chondroitin sulphate
proteoglycans which act as a physical and molecular barrier to axon regeneration. 4) Severed axons rostral to the lesion site
typically retract and form retraction bulbs. 5) The distal segments of severed axons undergo Wallerian degeneration, which
also releases inhibitory myelin debris into the extracellular matrix. 6) Demyelination of spared axons proximal to the lesion
site occurs as a result of oligodendrocyte death. These focally demyelinated axons have conduction blocks. 7) Limited and
short-distance regenerative processes occur but are thwarted by inhibitory factors in the extracellular environment and lack
of intrinsic growth capability. This figure was produced using Servier Medical Art, available from
www.servier.com/Powerpoint-image-bank. Servier Medical Art by Servier is licensed under a Creative Commons
Attribution 3.0.

1.1.2.2.1 Vascular changes
Vascular changes associated with the primary phase of injury include mechanical disruption to the
blood vessels. Also, vasodilation, hyperaemia, and petechial haemorrhages occur within the first two
hours (Norenberg et al., 2004). The cause of these changes is not fully clear but has been described
post injury (Tator & Koyanagi, 1997). In the secondary phase, SCI causes changes to the vasculature
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following injury, namely breakdown of the blood-spinal cord barrier (BSCB), haemorrhage,
oedema/swelling, and ischemia.
Secondary haemorrhages can occur within the initial days following SCI (Norenberg et al., 2004).
These events are small and within postcapillary venules and sulcal arterioles arising from
intravascular coagulation leading to venous stasis and distention (Norenberg et al., 2004; Tator &
Koyanagi, 1997). Loss of vascular perfusion results in a lack of vital blood-derived components to the
tissue such as oxygen and glucose, sending cells into ischemic shock. Ischemic conditions have been
shown to induce apoptosis in all neural cells (Hayashi et al., 1998). Cytotoxicity attributed to
increased reactive oxygen species (ROS) in ischemic conditions has also been described (Xu et al.,
2005). Breakdown of the BSCB mediated by inflammatory events leads to leakage of plasma fluid
into the spinal cord parenchyma causing oedema and swelling leading to intraspinal pressure
(Kiyatkin, Brown, & Sharma, 2007; O'Carroll, Alkadhi, Nicholson, & Green, 2008). Maximum
barrier disruption occurs 24 hours post-injury, with significant disruption occurring for a following
five days (Figley, Khosravi, Legasto, Tseng, & Fehlings, 2014).

1.1.2.2.2 Neuroinflammation
Inflammation is a ubiquitous response to trauma that aims to protect and repair tissue. The role of
inflammation in the CNS, however, has been, and still is, controversial; both reparative and
destructive forces of the immune system have been ascribed to all of the player’s involved CNS
inflammation. In saying this, the general consensus is that the complex ongoing local
neuroinflammation after SCI ultimately exacerbates pathology (Donnelly & Popovich, 2008).
The spinal cord has a distinct inflammatory response compared to the brain, where the magnitude of
the response in the spinal cord is typically two-fold (Schnell, Fearn, Klassen, Schwab, & Perry, 1999).
Most information is courtesy of animal studies – the human context does differ slightly. Residential
astrocytes and microglia are among the first cells to respond to the injury, taking on an ‘activated’
phenotype. Reactive astrocytes play a critical role in restoring homeostasis, though they also play
roles that hinder the ability of the CNS to regenerate, particularly in chronic stages (discussed in detail
in 1.1.2.2.5). Reactive glial cells release proinflammatory cytokines and chemokines that recruit
leukocytes from the peripheral system, to enter the spinal cord parenchyma (Bartholdi & Schwab,
1997; David & Kroner, 2011; Rice, Larsen, Rivest, & Yong, 2007). The proinflammatory cytokines,
particularly TNFα and IL-1β, enhance vascular permeability by modulating the BSCB (David &
Kroner, 2011). Once peripheral leukocytes enter the spinal cord they release further cytokines,
chemokines, proteases, and ROS. An outcome of these factors is increased vascular permeability, and
upregulation of endothelial adhesion molecules (Alexander & Popovich, 2009). Therefore this
produces a feed-forward system that recruits more leukocytes to the CNS parenchyma. In all species,
neutrophils are the first leukocytes to arrive and do so within two hours following the injury. They
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reach a peak soon after and they are cleared by the first week (in most species; neutrophils persist in
mice for several months) (Beck et al., 2010). This infiltration is followed by monocyte-derived
macrophages, beginning two days after the injury (Beck et al., 2010). Unlike neutrophils,
macrophages persist in the spinal cord for months to years, as seen in humans (Norenberg et al.,
2004).
Macrophages appear to have a dual role in SCI inflammation, separated into immediate and latent
phases. These cells can exist in a variety of phenotypes based on certain cytokine stimuli but are
largely categorised into M1 and M2 phenotypes. In the early stages, the microenvironment of the
injured spinal cord favours polarisation of M1 macrophages, with only a weak and transient M2
polarisation (David & Kroner, 2011). IFNγ stimulates macrophages to polarise towards an M1
phenotype, which are more present in the early stages of inflammation, in which they produce large
amounts of TNFα and IL-1β (David & Kroner, 2011). Therefore this phenotype is associated with
pro-inflammatory and cytotoxic functions. Macrophages and neutrophils undergo non-specific
microbial phagocytosis which can be destructive to tissue (Zhou, He, & Ren, 2014). Both of these cell
types release matrix metalloproteases and ROS that damage cells and cause leakiness of the BSCB
(Zhou et al., 2014). Indeed, recovery is increased when blood-derived leukocytes are restricted or
their activation is limited (Popovich et al., 1999), however, reparative roles of macrophages have been
described in the later stages. After approximately 14 days, the M2 phenotype is more abundant (IL-4
is known to polarise macrophages to an M2 phenotype) where they carry out more reparative
functions such as inhibiting pro-inflammatory cytokines and producing anti-inflammatory cytokines
like IL-10 (David & Kroner, 2011).
Once thought to be an immune privileged site, we now know that the CNS is not devoid of the
adaptive immune system, albeit to a lesser extent and induced at a later time point than the innate
responses. The role of the T and B cells in the spinal cord after SCI is highly contentious and the
adaptive immune system differs for different CNS pathologies and has been largely studied in the
context of multiple sclerosis (MS). Through studying models of MS, neuroantigen-reactive T
lymphocytes and B cells that mostly recognise myelin-associated molecules are detected (von
Budingen et al., 2001). These auto-immune responses exacerbate macrophage effector functions that
result in toxicity to neurons and oligodendrocytes (Schroeter & Jander, 2005). After SCI, T and B
cells begin to enter the spinal cord around three days post-injury and peak at nine days (Beck et al.,
2010). In addition, self-recognising T and B cells have been detected (Ankeny & Popovich, 2007; Fee
et al., 2003; Jones, Hart, & Popovich, 2005). Thus, irrespective of the antigens used to trigger an
immune response, neuropathology was enhanced when the immune system was primed (Ankeny &
Popovich, 2007).
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Contrary to this destructive aspect of the adaptive immune system, positives have also been observed.
In 2001, Michal Schwartz coined the notion of ‘protective autoimmunity’, stating that self-antigen
recognising T cells are in fact an advantageous but insufficient in response to CNS injury –
conflicting with the then current dogma (Schwartz & Kipnis, 2001). Schwarz has shown that
immunisation of myelin basic protein limits secondary damage in the injured spinal cord (Hauben et
al., 2000). This protective mechanism is believed to be through the secretion of trophic factors and
antithrombin III by autoreactive T cells (Friedmann, Hauben, Yoles, Kardash, & Schwartz, 2001;
Kerschensteiner et al., 1999). Other researchers have suggested that the protective effects arise from
non-cell reactive T cells (Donnelly & Popovich, 2008; Hammarberg et al., 2000). Clearly, our
understanding around the involvement of the adaptive immune system in SCI is incomplete.

1.1.2.2.3 Excitotoxicity
Excitotoxicity refers to the prolonged or excessive exposure to excitatory glutamate which plays a key
role in neuronal cell death early after SCI (Doble, 1999). This was thought to be exclusive to neurons,
however, high levels of glutamate is also toxic to glial cells (Li., Hogan, & Banik, 1995).
Extracellular excitatory amino acid concretions increase to neurotoxic levels within minutes after SCI
(Liu., Thangnipon, & McAdoo, 1991). This is largely due to glutamate release from lysed or necrotic
neural cells as a result of the immediate trauma (Park., Velumian, & Fehlings, 2004). The glutamate
present in the ECM triggers the activation of the glutamate receptors: AMPA, kainate and NMDA
receptors. This leads to cell lysis through high intracellular sodium from excessive depolarisation
(Matyja, Naganska, Taraszewska, & Rafalowska, 2005) or apoptosis (Matute, Domercq, & SanchezGomez, 2006). Excitotoxicity is observed in both grey and white matter. In the white matter, diffusion
of glutamate from grey matter occurs as well as release via reverse operation of astrocytic excitatory
amino acid transporters (EAAT3) (Park. et al., 2004). This causes damage to oligodendrocytes, in
particular, leading to demyelination of axons and even axon degeneration (Park. et al., 2004).

1.1.2.2.4 Degeneration and demyelination
Many axons will be severed during SCI. The proximal segments of these axons undergo Wallerian
degeneration whilst the proximal segments will generally survive (Norenberg et al., 2004). These
proximal segments often will make initial attempts to sprout and regrow however these attempts are
transient and will typically undergo axonal swelling, and retraction from the lesion site. These
retracted axons then form retraction bulbs due to continued axoplasmic flow after the tip has been
sealed. Retraction bulbs can be observed as early as one day after SCI (Norenberg et al., 2004). Intact,
perilesional axons are often also affected by the damage whereby lack of vasculature and glial support
can cause the degeneration of these axons (Hagg & Oudega, 2006). For example, loss of myelinating
oligodendrocytes leads to characteristic swelling of the myelin sheath, fragmentation, and
phagocytosis by macrophages (Norenberg et al., 2004). The subsequent loss of myelin covering of
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axons leads to conduction block in axons, which become focally demyelinated at the lesion site and
may degenerate (Sun et al., 2012). There is a debate about whether demyelination events carry into
the chronic stages of injury as it does not appear so in rodent models. However, chronic
demyelination has been observed in humans (Norenberg et al., 2004).

1.1.2.2.5 Astrogliosis and scar formation
Astrocytes are complex and highly differentiated cells and are the primary responders following SCI.
Astrogliosis refers to the responsive spectrum of changes in astrocytes that result from an insult of any
sort to the CNS, which involves changing their molecular expression and morphology (Sofroniew,
2009). It must be noted that astrogliosis is not an all-or-none response and varies in nature depending
on the type and degree of the stimuli.
Molecular triggers for astrogliosis include proinflammatory cytokines (IL6, IL10, TGFβ TNFα, IFNγ,
IL1 (John, Lee, & Brosnan, 2003)), bacterial lipopolysaccharide and other toll-receptor ligands
(Farina, Aloisi, & Meinl, 2007), glutamate, ATP (Neary, Kang, Willoughby, & Ellis, 2003), nitric
oxide and ROS (Swanson, Ying, & Kauppinen, 2004), hypoxia and glucose deprivation (Swanson et
al., 2004), and ammonia (Norenberg, Rama Rao, & Jayakumar, 2009). It appears that astrogliosis
activation in SCI is largely regulated through the signal transducer and activator of transcription-3
(STAT3) (Herrmann et al., 2008), although other signalling pathways including NFκB can be
involved (Sofroniew, 2009). The molecular expression of astrocytes in response to different stimuli
has been collected over decades of in vitro experiments. Reactive astrocytes become hypertrophic,
proliferate, and upregulate intermediate filaments (GFAP, vimentin, and nestin). They produce
cytokines, which can be either pro- or anti-inflammatory as well as growth factors (Gris, Tighe,
Levin, Sharma, & Brown, 2007). Importantly, large amounts of chondroitin sulphate proteoglycans
(CSPGs) are secreted as well as other ECM molecules which form a major component of astroglial
scar tissue (Figure 1-2) (Gris et al., 2007; Silver & Miller, 2004). Scar formation is not ubiquitously
synonymous with astrogliosis but instead is the end result of severe astrogliosis; mild astrogliosis has
the potential to resolve without scar formation (Sofroniew, 2009). The action of the proliferative
growth factors: transforming growth factor-β (TGFβ) and epidermal growth factor (EGF) are known
to be key molecular signals toward proteoglycan production, hypertrophy and proliferation leading to
the formation of the glial scar (Hamel, Mayer, & Gottschall, 2005; Smith & Strunz, 2005; Sofroniew,
2009). Described by Santiago Ramón y Cajal, scar formation has been known for over a hundred
years to inhibit axon regeneration (Cajal, 1928). However, both reparative and destructive functions
of reactive astrocytes have later been observed. For example, abolition of astrocytes exacerbates
lesion size, prevents repair of the BSCB, increases demyelination, increases the persistence of
inflammatory cells, and impairs recovery (Li et al., 2008). Knockdown of molecules associated with
astrogliosis such as GFAP provides further insights. For example, axon regeneration was witnessed
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following knockdown of GFAP and vimentin (mouse models) as well as reduced astrogliosis and scar
formation; however, the lesion size was increased and ultimately worsened outcome (Li et al., 2008;
Wilhelmsson et al., 2004). Ultimately, it is clear that preventing astrogliosis and scar formation in
early phases of SCI is deleterious as the dense scar tissue contains the injury site, sealing the cytotoxic
inflammatory response from the otherwise healthy tissue. It is the persistence of astrogliosis and scar
tissue in chronic phases that is detrimental to regenerative processes. As well as providing a physical
barrier to axon regeneration, the large amounts of CSPGs that make up the scar tissue also act as
molecular barriers to axon regeneration. CSPGs are major inhibitory factors within the ECM of the
CNS that have long been demonstrated to inhibit axon regeneration.

Figure 1-2: The glial scar forms at the penumbra of a lesion. Reactive astrocytes form a tight barrier between the lesion
cavity and the spinal cord tissue, sealing off the injury site. Large amounts of chondroitin sulphate proteoglycans are
secreted by reactive astrocytes which are strongly inhibitory toward regenerating axons. This causes the retraction and
collapse of severed axon tips from the injury site. This figure was produced using Servier Medical Art, available from
www.servier.com/Powerpoint-image-bank. Servier Medical Art by Servier is licensed under a Creative Commons
Attribution 3.0.

1.1.3

Spontaneous recovery and axonal regeneration

Cajal’s statement that “in adult centres, the nerve paths are something fixed, ended, immutable;
Everything may die, nothing may be regenerated” (Cajal, 1928) is now known to be not entirely true.
In fact, some degree of spontaneous recovery is observed in experimental animal models and to a
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lesser extent in humans (Courtine et al., 2008; Fawcett et al., 2007). Recovery of neurological
function is at least in part mediated through the recovery of ionic balances and remyelination of
demyelinated spared fibres (Hagg & Oudega, 2006). Recovery can potentially also occur through
spontaneous compensatory plasticity of the intact fibres at the injury site, as well as reorganisation at
distant CNS sites (Bareyre et al., 2004; Courtine et al., 2008; Raineteau & Schwab, 2001; Topka,
Cohen, Cole, & Hallett, 1991; Wall, Xu, & Wang, 2002) and substantial reorganisation of the cortical
activation areas (Bruehlmeier et al., 1998). Retrograde and anterograde tracers are the main tool for
investigating anatomical regeneration and plasticity in the CNS. For example, after thoracic SCI in
rats, hindlimb CST axons sprouted into the cervical spinal cord where they became forelimb CST
projections from the former hindlimb cortex (Ghosh et al., 2009). Reticulospinal and propriospinal
tracts have been highlighted in animal models as key tracts associated with anatomical plasticity
(Ballermann & Fouad, 2006; Filli et al., 2014). Following C4 hemi section in adult rats, substantial
regenerative sprouting of reticulospinal axons above the injury site was witnessed by anterograde
tracing (Filli et al., 2014). Later it was shown that spared axons, rather than injured axons, were
largely involved in the recovery of locomotion (Ballermann & Fouad, 2006). The same has been
observed for the compensatory sprouting of spared CST fibres rather than damaged ones (Starkey,
Bartus, Barritt, & Bradbury, 2012).
Spontaneous plasticity and reorganisation of the spinal circuitry have been observed in rodents and
non-human primates, however, despite these regenerative processes neurological recovery is still very
much limited. Therefore we require a better understanding of these processes and how they can be
enhanced to strengthen this endogenous repair mechanism following human SCI.

1.1.4

The limited regenerative capacity of the adult central nervous system

Through silver staining neurons, Cajal and his colleagues discovered that peripheral nerves have
regenerative capacity in contrast to neurons within the spinal cord that do not. It is apparent that CNS
neurons have a meagre regenerative response compared to development of CNS neurons or to neurons
in the peripheral nervous system (PNS). This then begged the question: do CNS neurons lack the
intrinsic capability of regeneration or are there environmental factors that influence this dichotomous
observation?
Pioneering work that added to the understanding of this phenomenon was led by Aguayo and
colleagues, who showed that in the injured spinal cord, axons can grow through the permissive terrain
of a PNS nerve graft transplanted into the lesion site of the spinal cord (Benfey & Aguayo, 1982;
David & Aguayo, 1981; Richardson, Issa, & Aguayo, 1984; Richardson, McGuinness, & Aguayo,
1980). Since then, many other researchers have expanded our knowledge from this seminal finding,
summarised in Figure 1-3 (Cote, Amin, Tom, & Houle, 2011a). Regenerating peripheral neurons
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grow until they reach the CNS (the dorsal entry zone) at which point growth cones collapse or the
growth direction is reversed (Di Maio et al., 2011). Both central and peripheral neurons can grow
through the permissive substrate of peripheral nerve grafts but both the central and peripheral neurons
growth collapses as soon as they reach the CNS environment, forming retraction bulbs (Aguayo,
David, & Bray, 1981; David & Aguayo, 1981). These findings alluded to the hypothesis that PNS
nerves have an intrinsic capacity and/or permissive extracellular cues favourable for axon
regeneration that is not present in CNS neurons. Significant attempts have since been made to identify
and characterise the intrinsic and extrinsic factors associated with promoting and inhibiting axon
outgrowth.

Figure 1-3: CNS neurons have limited regenerative capacity due to extrinsic and extrinsic factors. Experiments have
demonstrated that axons in the peripheral nervous system regenerate, in comparison, axons in the adult central nervous
system do not. Regenerative peripheral sensory axons grow until they reach the CNS at which point their growth collapses.
A peripheral nerve graft can provide a permissive conduit for the growth of both peripheral and central neurons but neither
can grow beyond the graft. These observations highlight that adult central pervious system neurons have intrinsic and
extrinsic growth limiting factors. Image adapted from a lecture by James Fawcett (Fawcett, 2012).

1.1.4.1 Intrinsic factors
Despite being provided with a growth-permissive environment, such as a peripheral nerve graft, it is
also apparent that CNS neurons regenerate feebly compared to immature CNS neurons or to PNS
neurons (David & Aguayo, 1981). For example, the removal or blockade of various extracellular
inhibitory factors only partly restored regenerative capacity (Liu, Tedeschi, Park, & He, 2011). Also,
despite being provided with growth permissive substrates in vitro, axonal regeneration of adult CNS
neurons paled in comparison to their immature (embryonic and neonatal) or PNS neuron counterparts
(Blackmore & Letourneau, 2006). This indicates that whilst the environment is indeed important to
axon regeneration, adult CNS neurons have intrinsic growth limiting factors (referring to the pattern
of gene regulation and protein expression).
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A considerable amount of research has been done over the last few decades comparing the cellular
and molecular mechanisms of axon growth in invertebrate and vertebrate models, as well as in the
mammalian PNS. For regeneration of a cut axon to occur, the tip of the axon must form a growthcone structure (Bradke, Fawcett, & Spira, 2012). The growth cone is an extension of the axon that is
characterised by dynamic actin that forms filopodia that direct neurite outgrowth (Bradke et al., 2012).
The cell bodies of axotomised spinal cord neurons display characteristic changes which include the
dispersal of Nissl substance, displacement of the nucleus and swelling of the cell body (Lieberman,
1971). In the long-term, cell bodies become atrophic, displaying reduced cell volume and dendritic
arborisation (Lieberman, 1971). As mentioned previously, PNS neurons are capable of regeneration
and, as such, comparing the neuronal response can give important insights. Axotomised PNS neurons
remain hypertrophic, showing signs of increased metabolism and protein synthesis (Kreutzberg,
1982). This difference exemplifies the continued requirement of a cell body response in order to
sustain axonal regrowth. Primary sensory neurons of dorsal root ganglions (DRGs) are unique as they
have axons projecting in the both the PNS and CNS, therefore reflect the regenerative ability of both
systems. ‘Preconditioning lesions’ of DRGs have provided much insight and has been an important
tool in understanding how the regenerative program is turned on or off. A preconditioned lesion
involves an initial injury at the peripheral branch of the DRG neuron combined with intraganglionic
cAMP administration prior to an injury in the SCI. Interestingly, preconditioning drastically increases
the regenerative response in the CNS (Neumann, Bradke, Tessier-Lavigne, & Basbaum, 2002;
Neumann & Woolf, 1999; Richardson & Issa, 1984). Through studying DRG neurons, regenerationassociated genes (RAGs) were identified to be upregulated after injury which allows for the
recapitulation of the developmental program (Fenrich & Gordon, 2004; Huebner & Strittmatter,
2009). The expression of these RAGs led to the expression of growth-associated proteins: GAP-43,
CAP43, SPRR1A, and cytoskeleton components which are associated with growth cone formation
and elongation (Liu et al., 2011; Tedeschi & Bradke, 2017). RAGs are highly expressed during the
development of the nervous system therefore immature neurons have high growth capacity. However,
this declines with age (Bregman, Kunkel-Bagden, McAtee, & O'Neill, 1989) and only a limited level
of RAG expression is observed after an injury to adult neurons. For example mTOR (a central
regulator of cell growth and protein translation activity) is significantly down-regulated in injured
CNS neurons but remains active in injured PNS neurons (Park et al., 2008).

1.1.4.2 Extrinsic factors
The elegant experiment conducted by David and Aguayo demonstrated that a peripheral nerve grafted
into the spinal cord allowed for injured axons to grow long distances into the passive environment of
the PNS (David & Aguayo, 1981). Growth then halted when the regenerating axons were tasked with
leaving the graft and entering the CNS terrain describing an inhospitable CNS environment. However,
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the specific molecules present in the ECM of the CNS that were causing this observation eluded
researchers at the time. Landmark discoveries in the quest for these unknown molecules came in the
1980s, first by Berry and then largely from Schwab and colleagues, who discovered that molecules
associated with CNS myelin were potent inhibitors of axon regeneration and growth (Berry, 1982;
Caroni & Schwab, 1988; Schwab & Caroni, 1988). Schwab demonstrated that myelin protein
fractions at 35 and 250 KD were highly non-permissive substrates in vitro (Caroni & Schwab, 1988).
Later, he demonstrated that a monoclonal antibody directed against these two proteins (IN-1) could
enable severed axons to regenerate in the otherwise hostile environment of the damaged spinal cord
(Schnell & Schwab, 1990). Eventually, it was discovered that NogoA was the main protein that was
targeted by the IN-1 antibody (Chen et al., 2000). Two other myelin-associated inhibitors have also
been discovered: myelin-associated glycoprotein (MAG) (Li et al., 1996) and oligodendrocyte myelin
glycoprotein (OMgp) (Kottis et al., 2002). All three of these molecules are known to exert their
inhibitory effects through the Nogo receptor (NgR). This receptor forms a complex with LINGO-1
and p75NTR where activation transduces a signal then converges on the activation of the small
GTPase RhoA (Hunt, Coffin, & Anderson, 2002). This signalling event ultimately leads to the
collapse of the growth cone (Hunt et al., 2002).
Axon guidance via molecules that exert chemorepulsion to an advancing growth cone plays a critical
role in the developing CNS. Semaphorins are a family of membrane-bound or diffusible factors that
perform such a role. Semaphorin 3A, in particular, has been suggested to be a critical factor that
impedes the regeneration of the CNS, and several experimental drugs have been developed to inhibit
semaphorin 3A activity in order to promote CNS regeneration (Worzfeld & Offermanns, 2014). It is
produced by cells of the glial scar and has shown to collapse the growth cones from DRGs (Niclou,
Franssen, Ehlert, Taniguchi, & Verhaagen, 2003). Another family of negative guidance molecules that
is associated with inhibiting regeneration after SCI are the ephrins. These molecules and their
receptors are upregulated following SCI (Miranda et al., 1999; Willson et al., 2002) and in the context
of SCI they are believed to be inhibitory to axonal regeneration as blocking their activity with a
blocking peptide enhances a regenerative response (Goldshmit et al., 2011).
The deposition of CSPGs by reactive astrocytes is arguably the most inhibitory factor present in the
ECM of the spinal cord whereby CSPGs act as a physical and molecular barrier to axon regeneration
(Silver & Miller, 2004). The inhibitory effects of CSPGs are known to be exerted through their CSGAG sidechains through electrostatic repulsion (although this is debated), and signalling through
several receptors including protein tyrosine phosphatase sigma (PTPσ), leukocyte common-antigen
related phosphatase (LAR) and the NgR. CSPGs and their inhibitory effects are to be discussed in
greater detail in 1.3.
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1.2 Therapeutic interventions after spinal cord injury
Over the last several decades, researchers have uncovered a plethora of molecules and pathological
processes that occur following SCI. As such, an equalling number of experimental therapeutic
interventions have been trialled in the quest to find a cure for SCI.

1.2.1

Acute surgical treatment

Acute surgical treatments for SCI are limited and there is little clinical evidence to prove their
effectiveness. Aside from initial immobilisation of the spinal cord to prevent further mechanical
damage, surgical treatment involves stabilisation, spinal realignment and/or decompression. A
systematic review article on spinal cord surgical stabilisation concluded that, in the absence of
adequate randomised controlled trials, no benefit could be made on the risk or benefit of this surgical
intervention (Bagnall, Jones, Duffy, & Riemsma, 2008). However, a review of surgical
decompression through laminectomy revealed that timing is critical to the outcome. When
decompression via laminectomy was performed more than 24 hours after injury there was no
improvement in AIS score aside from patients having a shorter hospital stay (Li, Walker, Zhang,
Shields, & Xu, 2014). However, decompression within 24 hours has shown to improve by as much as
2 AIS scores (in 24% of patients) (Cengiz, Kalkan, Bayir, Ilik, & Basefer, 2008; Fehlings et al., 2012;
Tator, Fehlings, Thorpe, & Taylor, 1999), although the validity of these results is contentious (Li et
al., 2014).

1.2.2

Transplantation

Transplantations of growth permissive and growth promoting substrates can be in the form of grafts or
cellular transplants. Transplantations can be used to address a number of issues such as bridging any
cyst or cavity, creating a permissive conduit, as well as secreting factors which promote protection
and regeneration of damaged tissue.

1.2.2.1 Peripheral nerve grafts
Expanding on the seminal work of Aguayo, the ability of PNS grafts to provide a permissive conduit
for regenerating CNS axons has been thoroughly studied (Cote et al., 2011a). A remaining challenge
of these grafts is that regenerating CNS and PNS neurons fail to extend beyond the distal graft-host
interface because of the deposition of growth inhibitors at the site of SCI (Cote et al., 2011a). In rats,
autologous transplantation was found to support growth of various axonal types but not supraspinal
axons and regeneration does not extend beyond the graft (Richardson et al., 1980). The same lack of
extension was observed in primates with spinal hemisection and no functional improvements were
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detected (Levi et al., 2002). To overcome this, combinations of PNS grafts with the proteoglycandegrading enzyme chondroitinase alone, and in combination with trophic factors, have been
investigated (Houle et al., 2006; Tom et al., 2009; Ye & Houle, 1997). Through such interventions,
regenerating axons are capable of exiting the graft and are likely to form functional synaptic contacts.
A peripheral nerve graft combined with fibrin glue and FGF has been conducted in a single human
patient with incomplete SCI without any control patients (Cheng, Liao, Liao, Chuang, & Shih, 2004).
The results from the intervention report that the patient improved ASIA score from C to D (Cheng et
al., 2004). This is a promising result from a single patient and we therefore require more attempts in
human patients to determine whether the safety and effectiveness observed in animal models is
translated.

1.2.2.2 Cell-based transplantation
Transplantation of many cell types to ameliorate SCI damage or to facilitate the replacement of
damaged tissue has been investigated. Cellular transplantations appears to have superseded nerve
grafts for several reasons: they can be injected into the spinal cord to fill the lesion site; they are less
likely to cause further damage compared to a nerve graft, and cells can be genetically modified to
secrete specific growth factors (Ramer et al 2005). The mechanisms by which cell-based therapies aid
SCI are not entirely clear but can be the result of direct replacement of damaged neural cells;
neuroprotection of the host cells; promoting axon regeneration and synapse formation; and/or
promoting myelination of damaged or newly formed axons. A variety of cells have been used for SCI
transplantation, mainly including mesenchymal stem cells (MSCs), Schwann cells, olfactory
ensheathing cells (OECs), oligodendrocyte precursor cells (OPCs), and neural progenitor cells
(NPCs). Each of these cell types has advantages and disadvantages when compared to one another.
MSCs and NPCs are stem cells and can differentiate into neurons or glia in vitro (Billon, Jolicoeur, &
Raff, 2006; Liu et al., 2000). Neurons obtained from in vitro differentiation can survive and integrate
into the injured rat spinal cord (Deshpande et al., 2006). However, whether this differentiation occurs
in vivo is unclear as the vast majority of transplanted cells do not differentiate and if they do, they
become glial cells (Karimi-Abdolrezaee, Eftekharpour, Wang, Morshead, & Fehlings, 2006; Vallieres
& Sawchenko, 2003). There is little evidence that these multipotent cells have the ability to
differentiate into neurons in vivo, become electrically capable and also form functional connections
with appropriate partner neurons (Muheremu, Peng, & Ao, 2016). Therefore, the therapeutic potential
of true stem/progenitor cells in terms of replacing damaged tissue is still unknown. On the other hand,
injured axons grow into the grafts of either cell type and therefore they function as a permissive
substrate (Ankeny, McTigue, & Jakeman, 2004; Hofstetter et al., 2002; Lu, Jones, Snyder, &
Tuszynski, 2003). Injured axons in SCI have been shown to grow into a NPC transplant-mediated by
the secretion of various neurotrophic factors from the transplant (Lu et al., 2003). Similar to that
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observed in PNS grafts, it appears that the regenerating host axons terminate their growth at the
border of the transplant and therefore do not make appropriate connections (Assinck, Duncan, Hilton,
Plemel, & Tetzlaff, 2017; Ruff, Wilcox, & Fehlings, 2012). Whilst undoubtedly these grafts provide a
permissive substrate, recent evidence suggests that the beneficial effects of transplanted NPCs may
arise from modulation of neuroinflammatory processes (Kokaia, Martino, Schwartz, & Lindvall,
2012); which resulted in a paradigm shift in the use of cell-based therapies. Up until the year 2000,
the dogma was the substitution of damaged cells through differentiation into the desired cell type.
However, from 2000 onwards this ideology has changed to view NPCs to have a bystander
(paracrine) effect, where they prevent and repair tissue damage in their undifferentiated states (e.g.
immunomodulation and trophic factor secretion) (Kokaia et al., 2012). Schwann cells and OECs are
terminally differentiated, myelinating and regeneration promoting cells found in the PNS and
olfactory system, respectively. Therapeutic effects have been documented through the transplantations
of either cell type into the damaged spinal cord. Like other transplantation studies, both Schwann cells
and OECs confer structural and trophic support (Barnett & Riddell, 2007; Bunge & Pearse, 2003).
Schwann cells transplanted into the damaged spinal cord resulted in reduced cavitation and
regeneration of both ascending and descending axons into the graft, axons became myelinated and
were electrophysiologically active (Pinzon, Calancie, Oudega, & Noga, 2001; Takami et al., 2002;
Xu, Chen, Guenard, Kleitman, & Bunge, 1997; Xu, Guenard, Kleitman, & Bunge, 1995); however,
similar to MSC and NPC transplants, in these studies, regenerating axons do not leave the graft
distally to reinnervate the host. Recovery of limb functions was reported by some (Takami et al.,
2002) but not all (Pearse et al., 2004a). Currently, there have been no peer-reviewed clinical trials for
the transplantation of Schwann cells (Thuret et al., 2006).
Similar observations have been seen for OECs. After injection of OECs into a cervical unilateral
lesion site of the CST, BDA tracing of lesion hindlimb axons revealed extensive regeneration through
the graft and integration with the CST beyond the injury site (Li, Field, & Raisman, 1997). Later it
was shown that this intervention could improve respiratory function and climbing ability (Li,
Decherchi, & Raisman, 2003). Other studies, including veterinary studies, have also shown the ability
of OECs alone to promote robust regeneration of some spinal pathways even beyond the graft and
enhance functional recovery (Jeffery, Lakatos, & Franklin, 2005; Li et al., 2003; Lu, Feron, MackaySim, & Waite, 2002; Ramon-Cueto, Plant, Avila, & Bunge, 1998; Toft, Scott, Barnett, & Riddell,
2007). The benefits of Schwann cells and OECs can be further improved by combined delivery. For
example, a combination of the two cell types potentiated long-distance axonal regeneration through
and around guidance channels compared to what is achieved by either the cell type alone (RamonCueto et al., 1998). Autologous transplantation of cells collected from adult human lamina propria
into three patients with thoracic SCI was investigated in one Phase I clinical trial including three
matched controls (Feron et al., 2005). Three years following the surgery, all three patients showed
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improvements. Two patients improved from ASIA A to ASIA C and ASIA B, while the third patient,
although remaining ASIA A, showed improved motor and sensory function of the first spinal cords
segments below the level of injury (Tabakow et al., 2013).
Indeed transplantation of tissue and cells has the potential for treating SCI, and combination with
other synergistic therapies will likely be required to achieve full restoration of functionally useful
connections.

1.2.3

Pharmacological and molecular therapies

1.2.3.1 Neuroprotection
Ongoing secondary damage is a large contributor to the final functional deficit following SCI. For this
reason, substantial efforts have been made to limit these secondary processes, known as
neuroprotection. Pharmacological agents that suppress the immune system or inhibit key signalling
pathways involved in inflammation have been studied including non-steroidal inflammatory drugs
(NSAIDs), minocycline, cyclosporine A, and methylprednisolone, to varying results. The
controversies of methylprednisolone were mentioned at the start of this thesis. Furthermore,
indomethacin (an NSAID) led to tissue sparing and slight functional recovery (Simpson, Baskin,
Dudley, Bogue, & Rothenberg, 1991), whilst minocycline treatment reduced oligodendrocyte and
neuronal death and improved outcome after spinal cord injury (Stirling et al., 2004). However, a
reassessment of both drugs found no changes to pathology or outcome, or potentially worsening
outcome (Erdmann, Asplund, & Bahnasy, 1992; Guven, Cirak, Yuceer, & Ozveren, 1999). Similar
conflicting results have been reported for cyclosporine A, an immunosuppressant (Erdmann et al.,
1992). Since the immune system has both beneficial and detrimental effects a broad spectrum
suppression of inflammation may not be applicable. Neuroprotection can also be achieved
experimentally through preventing glutamate excitotoxicity (blockade of NMDA receptors by
magnesium (Ditor et al., 2007) or gacyclidine (Feldblum, Arnaud, Simon, Rabin, & D'Arbigny,
2000); blockade of tetrodotoxin-sensitive sodium channels using riluzole; preventing apoptosis using
erythropoietin (Baptiste & Fehlings, 2006); and many more (Baptiste & Fehlings, 2006; Thuret et al.,
2006). However, these experimental successes, more often than not, fail to translate to the clinic.
Stroke has a similar neuropathology to SCI and huge efforts, particularly in the 1990’s, have been
made to development neuroprotective treatments. In such attempts, over 1000 potential therapeutic
agents, leading to nearly 200 clinical trials have resulted in no successful treatments (Minnerup,
Sutherland, Buchan, & Kleinschnitz, 2012). Worrisomely, clinical trials testing neuroprotective agents
for SCI are starting to reflect this also (Santamaria A.J., 2017). Overall, neuroprotection has largely
been unsuccessful and the mechanisms by which neuroprotection is conferred is not well understood.
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Our understanding of the neuroprotective mechanism needs to be improved in order for this to
change.

1.2.3.2 Trophic support
Trophic factors have been postulated to encourage effective and efficient axonal regeneration.
Through neuronal signalling, trophic factors modulate neuronal survival, neurite outgrowth, and
synaptic plasticity and therefore have been delivered to the spinal cord in efforts to address the lack of
trophic support in the adult CNS; for example, brain-derived growth factor (BDNF) (Houweling et al.,
1998; Jakeman, Wei, Guan, & Stokes, 1998; McTigue, Horner, Stokes, & Gage, 1998; Namiki,
Kojima, & Tator, 2000), neurotrophin-3, (NT3) (McTigue et al., 1998; Namiki et al., 2000; Shumsky
et al., 2003), nerve growth factor (NGF) (Namiki et al., 2000; Tuszynski, Grill, Jones, McKay, &
Blesch, 2002), and glial-cell derived growth factor (GDNF) (Blesch & Tuszynski, 2003; Zhou &
Shine, 2003) are some of the trophic factors that have been investigated.
Administration of growth factors to the damaged spinal cord may be by direct infusion, by ex vivo
gene therapy, or by viral vector gene therapy. NT3, BDNF and GDNF infusions into the damaged
CNS have all reported to promote axonal survival and axonal growth (Jakeman et al., 1998; Oudega
& Hagg, 1999). For example, a continuous infusion of NGF in the dorsal spinal cord rostral to
peripheral nerve graft promoted the growth of sensory axons from the graft into the dorsal column of
the spinal cord (Oudega & Hagg, 1996). There are, however, several issues pertaining to continuous
infusions of trophic factors such as the location of the infusion site, low stability, limited diffusion and
that they cannot cross the BSCB. To address these issues as well as providing a substrate for growth,
ex vivo gene therapy of cellular transplants (typically fibroblasts) has been employed and comprise the
majority of the literature. Transplantation of fibroblasts modified to secrete NGF, BDNF or NT-3 or a
combination of them into the spinal cord reported regeneration of CST axons accompanied with
behavioural recovery (Mitsui, Fischer, Shumsky, & Murray, 2005; Nakahara, Gage, & Tuszynski,
1996). Interestingly, differing neurotrophic factors have differing effects. For example, NT3 elicits
growth of CST axons; NT3 and NGF promote extensive DRG-origin sensory or coerulospinal axon
extensions whilst BDNF has no such effect but rather stimulates sprouting and growth of rubrospinal,
reticulospinal, vestibulospinal, raphespinal, and motor axons (Bradbury, King, Simmons, Priestley, &
McMahon, 1998; Bregman et al., 2002; Grill, Murai, Blesch, Gage, & Tuszynski, 1997; Nakahara et
al., 1996; Tuszynski et al., 1996). Transplantation of modified cells is also not without their
limitations. The high concentration gradient produced by the cells allows regenerating axons to grow
into the graft but often not beyond it (Blesch, Yang, Weidner, Hoang, & Otero, 2004) but this can be
overcome by lentiviral-mediated expression of NT3 administered beyond the graft (Taylor, Jones,
Tuszynski, & Blesch, 2006). The complexity of the spinal networks conveys a limitation of the use of
neurotrophic factors. For example, overexpression of NGF in the dorsal horn resulted in overshooting
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of targets and formed inappropriate connections, resulting in severe hyperalgesia (Tang, Tanelian, &
Smith, 2004). However, regardless of these limitations, through the use of neurotrophins, particularly
in the form of modified cellular transplants it may be possible to carefully guide regenerating axons
towards appropriate targets.

1.2.3.3 Targeting intracellular pathways
Preconditioning DRG lesion experiments have exemplified that local administration of cAMP appears
to control the ability of axons to regenerate. cAMP can induce axonal sprouting and growth of
cultured neurons (Cai et al., 2001), and the injured rat sensory neurons in vivo (Neumann et al., 2002).
Rolipram, a drug that prevents the hydrolysis of cAMP, has been shown to sustain elevated levels of
cAMP and mimic effects of a conditioning lesion to some extent, alone or when combined with
Schwann cells (Nikulina, Tidwell, Dai, Bregman, & Filbin, 2004; Pearse et al., 2004b). Another
strategy is to target intrinsic molecules that are essential to RAG expression through modulation of
GTPases. Many factors that limit the intrinsic growth response of CNS neurons converge through the
signalling of Rho and Rac GTPases (Niederost, Oertle, Fritsche, McKinney, & Bandtlow, 2002) and
any of the inhibitory molecules like NogoA and CSPGs signal through a common signalling pathway
that involves Rho GTPase (Dergham et al., 2002). Blocking of Rho using the molecule Cethrin has
shown promise in preclinical and multi-centre Phase I/IIa clinical trials; some patients with one dose
reported improvements in an ASIA grade (Fehlings et al., 2011).

1.2.4

Removal of myelin-associated inhibitors

After the discovery that myelin-associated molecules are potent inhibitors of axon regeneration,
efforts were made in the early 1990s to neutralise and remove them from the damaged spinal cord.
The IN-1 antibody, now known to be a monoclonal antibody for NogoA, was the first therapeutic to
be developed for the removal of NogoA. Independent laboratories have reported CNS axon growth
and recovery of limb function following the use of anti-NogoA antibodies (Chen et al., 2017; Yazdi et
al., 2016). In non-human primates, anti-NogoA antibody therapies promoted the growth of CST tract
axons after unilateral dorsal hemisection and regain of fine hand control (Freund et al., 2009). With
these promising results, the antibody has been trialled in a Phase I human clinical trial to evaluate the
safety and has been successful. This has led to the recruitment of a multi-nation Phase II trial.

1.2.5

Extracellular matrix modification

Targeting inhibitory molecules within the ECM of the damaged spinal cord, particularly CSPGs, has
proven to be an important intervention in promoting plasticity and repair. Section 1.3 of this thesis
will focus on the ECM and as such therapeutic intervention aimed at ECM will be described there.
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1.2.6

Neurorehabilitation

After SCI, almost all patients will undergo some form of rehabilitation. Rehabilitation is long,
expensive, and both physically and mentally exhausting. Rehabilitation is based on the idea that many
repeats of certain movements will instruct the CNS to form new, beneficial connections. However, as
the regenerative capacity of the spinal cord is limited, restoration of function through rehabilitation is
modest at best (Fawcett & Curt, 2009). Therefore, rehabilitation strategies are mainly compensatory
in nature: making use of the little remaining function, ameliorating muscle atrophy and learning to
live a new life with lost function. However, recent evidence has documented that rehabilitation in the
right context can play a critical role in the regeneration and plasticity.
The assumption that the motor cortex almost exclusively controls movement or that most movements
are controlled consciously is incorrect. Rather, movements are performed without much conscious or
voluntary control in parts of the brain and spinal cord not commonly associated with such (Shik &
Orlovsky, 1976). Spinal circuitry below SCI lesion sites remains active and functional, and can
respond to peripheral input from below the level of the injury; these networks are capable of
generating supraspinal-independent, complexly coordinated motor patterns thorough central pattern
generator (CPG) activity (Edgerton, Tillakaratne, Bigbee, de Leon, & Roy, 2004). For example,
stimulation via epidural electrodes placed anywhere between the T12 and L6 spinal cord segments
can induce locomotor-like and standing-like movements in animals (Ichiyama, Gerasimenko, Zhong,
Roy, & Edgerton, 2005; Lavrov et al., 2008). Furthermore, modulations of this system through the
combined application of neurotransmitters and electrical stimulation can even restore full weightbearing stepping ability in rats with complete spinal cord transections (Courtine et al., 2009). It is well
established that various forms of rehabilitation can enhance the recovery motor of functions after SCI
in mice, rats, and cats (Barbeau & Rossignol, 1987; Cha et al., 2007; Fong et al., 2005; Fong et al.,
2009; Nessler et al., 2005). Engaging the spinal circuitry with sensory input associated with weightbearing stepping is essential to activating the locomotor circuitry so that effective locomotion can be
regained. The mechanisms by which improvements occur may be the result of pruning of the many
aberrant pathways that spontaneously form after a SCI, and strengthening those circuits that are
relevant to the motor tasks (Ichiyama et al., 2008). However, it has also been reported to stimulate the
local production of neurotrophins (Cote, Azzam, Lemay, Zhukareva, & Houle, 2011b; Ying, Roy,
Edgerton, & Gomez-Pinilla, 2005), modulate multiple neurotransmitter systems (Edgerton et al.,
2004), and stimulate sprouting of compensatory relay networks (Courtine et al., 2009; van den Brand
et al., 2012).
Experimental rehabilitation can come in multiple forms through any form of physical exercise or
environmental enrichment to more specific manipulations such as bipedal locomotion or other ‘taskspecific’ approaches. Simple environment and social enrichment were even shown to significantly
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increase Basso, Beattie and Bresnahan locomotor scale (BBB) scores (Berrocal et al., 2007). Rats with
incomplete SCI and subject to three exercise rehabilitation paradigms (quadrupedal treadmill training,
swim training, and stand training) were shown to differentially improve recovery after spinal cord
injury (Hutchinson, Gomez-Pinilla, Crowe, Ying, & Basso, 2004). Treadmill-trained rats showed
reduced allodynia, and restored sensation; swim training reduced allodynia and stand training had no
benefit. In humans, most motor functions depend on the integrity of the CST, whereas CST damage in
rodents primarily causes deficits in the fine control required for grasping and holding objects
(Anderson, Gunawan, & Steward, 2007; Courtine et al., 2007). For this reason, skilled paw use in
rodents is an effective method for evaluating treatments relevant to the CST and human SCI. General
environmental enrichment rehabilitation can improve locomotor function, but extinguish skilled tasks
(Garcia-Alias, Barkhuysen, Buckle, & Fawcett, 2009). Using ‘task-specific’ rehabilitative strategies
such as skilled paw retrieval, horizontal ladder training or hindlimb-specific training makes intuitive
sense that the best way to relearn a given task is to train specifically for that task.
In humans, rehabilitation traditionally involves supporting the subject in a harness over a moving
treadmill while assistants repeatedly guide the legs through a step cycle. Rehabilitation can also
involve physiotherapy, therapeutic electrical stimulation, and the use of robotic prostheses.
Locomotor training in humans have also yielded improvements to walking abilities (Dietz &
Harkema, 2004; Harkema, 2008; Van de Crommert, Mulder, & Duysens, 1998) Many clinical trials
have investigated the role of rehabilitation for human spinal cord injury (Nas et al., 2015). However,
results compiled from randomised controlled trials appear to provide inefficient evidence to conclude
that it improves function after SCI (Mehrholz, Kugler, & Pohl, 2012); although a systematic review of
eighteen articles that used body-weight supported gait training in people with incomplete injury
reported that patients reached a higher level of independent walking with overground walking
compared to body-weight-supported treadmill training, though more randomised controlled trials are
required to validate this (Wessels, Lucas, Eriks, & de Groot, 2010). Furthermore, the use of robotassisted rehabilitation is unclear (Mehrholz et al., 2012). The use of robotic orthoses is in its infancy.
Various forms of orthotic systems have been trailed for SCI. A review of ten papers found that two
clinical trials reported improvements to body function and activities through the use of a robotic
device, although, there is insufficient information to conclude on its efficacy (Karimi, 2013b).
Subsequently, a systematic review looking at the functional walking ability of paraplegics through
robotic orthoses reported considerable potential in restoring standing and walking abilities (Karimi,
2013a). However, improvements in the design, definitions, and operation of orthoses are required to
demonstrate that these systems enable users to improve their performance over that currently possible
with mechanical orthoses (Karimi, 2013a).
Whilst there needs to be more clarity for the methods, outcomes and mechanisms of the application of
rehabilitation strategies for SCI in animal models, there is certainly therapeutic benefit from this
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approach. Rehabilitation, particularly task-specific, is likely to be more effective if combined with
therapies that address the intrinsic and extrinsic factors that limit axon regeneration and restore
plasticity.

1.2.7

A cure for SCI will likely involve a combination of treatment strategies

Neither solely focusing on reducing inhibition nor promoting regeneration is going to facilitate
successful and functional regeneration of SCI in humans. Conversely, it will likely require the
combination of various treatment strategies that have been described here. Removal of growth
inhibitory molecules like NogoA and CSPGs as well as boosting the intrinsic growth response will be
required. The use of tissue or cell transplants may be required to replace tissue, act as a permissive
bridge and/or facilitate repair. Finally, rehabilitation will tie together the outcome of these
interventions. New connections will form; some of them appropriate, and others not. Rehabilitation
will facilitate the strengthening of new connections and a cure for SCI could be realised.

1.3 The extracellular matrix of the spinal cord and its role in plasticity
1.3.1

ECM structure and composition

The extracellular matrix (ECM) in the CNS is more specialised and diverse compared to that of other
tissues. It represents a large component of the brain, approximately 10-20% of the total brain volume
(Nicholson & Sykova, 1998). The ECM is not a passive supportive environment but rather a dense
substratum influencing many cellular functions. The ECM of the CNS differs to that found in
systemic tissues as the similar proportions of fibrillary collagens and fibronectin are different. Instead,
proteoglycans, hyaluronan, and tenascins represent the major constituents of the neural ECM (Figure
1-4).
Laminins are cell adhesion glycoproteins of high molecular weight within the ECM and are the
dominant non-collagenous component of the basal lamina. They are heteromeric proteins that contain
α, β and γ side chains of varying combinations that form 15 unique isotypes with differing functional
properties. Collagen is the most abundant protein in the human body and is the main component of
systemic connective tissues, providing structural integrity. The most abundant form of collagen in the
central nervous system is collagen IV. This form of collagen is non-fibrillar and forms triple helices
that polymerise into a flexible network that associates with laminin in the basal lamina (Figure 1-4).
Another important molecule of the basement membrane of the CNS ECM is fibronectin. These highmolecular-weight glycoproteins bind to cell surface receptors and matrix components including
collagen, laminin, fibrin, and heparin sulphate proteoglycans. Fibronectin is involved in cell adhesion,
growth, migration, and differentiation. Hyaluronan (HA), an anionic, protein-free, non-sulphated
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glycosaminoglycan, is widely distributed in the tissues and is a major component to the neural ECM.
HA is a very large linear polymer of repetitive N-acetylglucosamine and glucuronic acid subunits
joined by β1-4 and β1-3 linkages. HA is synthesised by one of three mammalian hyaluronic acid
synthase isoenzymes (HAS1,2,3) (Itano & Kimata, 2002). These HAS glycosyltransferases form
transmembrane proteins that catalyse the linkage of the monosaccharide subunits and extrude HA to
the pericellular space. This growing string is attached to the cell surface by the enzyme that it has
been produced from. Neural HA binds most prominently with CSPGs, particularly of the lectican
family.
Proteoglycans of the CNS ECM include heparan sulphate, keratan sulphate, dermatan sulphate and
chondroitin sulphate. These proteoglycans consist of a protein core that is covalently linked to side
chains of negatively charged glycosaminoglycans (GAGs). CSPGs are a well-studied family of
molecules. Originally considered to play mainly a structural role in the ECM, they are now known to
have roles in development, cell migration, cell survival, tissue homeostasis, ECM plasticity and
learning and memory (Burnside & Bradbury, 2014). Similar to HA, CS-GAGs are composed of
repeating disaccharide units of N-acetylglucosamine (GalNAc) and glucuronic acid (GlcA) subunits.
The core proteins of CSPGs confer individual properties and how they will be incorporated into the
ECM is based on the different binding and signalling domains of the proteins. The lectican family of
proteoglycans are the most abundant proteoglycans present in the adult brain. Members of the lectican
family include brevican, aggrecan, versican, and neurocan of which brevican is the most abundant
proteoglycan in the CNS (Figure 1-5). This family of proteoglycans is characterised by an N-terminal
G1 domain and C-terminal G3 domain flanking a GAG binding region. The amount of CS-GAG
chain on a single CSPG is highly variable. For example, brevican typically has less than five CS-GAG
chains while aggrecan may have over 100 (Galtrey & Fawcett, 2007). The CS-GAGs are then variably
sulphated by chondroitin sulfotransferases (CSSTs) which define the type of CS. Furthermore, the
sulphation occurs at particular residues and forms distinct motifs that alter their molecular binding.
Monosulphation at the 4 or 6 position of the GalNAc residue produce CS-A and CS-C respectively,
disulphation at the 2 position of GlcA and 6 position off GalNAc produces CS-D, and disulphation at
the 4 and 6 position of GalNAc produces CS-E (Galtrey & Fawcett, 2007; Sugahara et al., 2003).
CSPGs interact with a variety of binding partners that include neural cell adhesion molecule, laminin,
neural glial cell adhesion molecule, fibronectin, growth factors, chemokines, glycolipids, and protein
tyrosine phosphatase (PTPσ) (Grumet, Flaccus, & Margolis, 1993; Milev et al., 1994; Snow, Smith, &
Gurwell, 2002). Interactions of CSPGs with the other CNS ECM molecules form the specialised ECM
structures perineuronal nets (PNNs).
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Figure 1-4: Structure and composition of the extracellular matrix of the central nervous system. The ECM of the CNS
is diverse from that found in systemic tissues and consists of basement membrane surrounding blood vessels, a diffuse
interstitial matrix and specialised that surround proximal neurites and inhibitory interneurons called perineuronal nets. The
main components of the CNS ECM are listed. This figure was produced using Servier Medical Art, available from
www.servier.com/Powerpoint-image-bank. Servier Medical Art by Servier is licensed under a Creative Commons
Attribution 3.0.

Figure 1-5: The structure of the lectican CSPGs. Aggrecan, versican, neurocan and brevican make up the lectican family
of CSPGs. The components and their binding partners are listed.
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PNNs are unique, specialised, cartilage-like ECM structures within the CNS that are mainly
composed of CSPGs as well as hyaluronan, glycoproteins including tenascin and various link
proteins. They surround inhibitory interneurons and proximal neurites. PNNs have long been known
to play a critical role in the stability of the adult CNS as their removal can open critical period-like
synaptic plasticity in the adult brain (Wang & Fawcett, 2012). The discovery of PNNs is credited to
Camillo Golgi, as the first to draw them with precise detail in 1893. Even at this time, Golgi observed
that this structure was impeding the current from cell to cell.

1.3.2

CSPGs in neuroplasticity

Neuroplasticity is the ability to form and reorganize synaptic connections, especially in response to
learning or experience following injury. The brain is incredibly plastic during development where it
acts to refine developing connections; this period of heightened plasticity is referred to as the critical
period. During this period, CSPGs play an important role in axon guidance, cell adhesion, receptor
binding, cell migration and barrier formation (Avram, Shaposhnikov, Buiu, & Mernea, 2014;
Bandtlow & Zimmermann, 2000; Katoh-Semba, Matsuda, Kato, & Oohira, 1995; Katoh-Semba,
Matsuda, Watanabe, Maeda, & Oohira, 1998). CNS plasticity dramatically declines as it reaches the
end of the critical period and whilst the overall amount of CSPGs does not increase, during this
transition changes in the expression pattern, sulphation pattern and amounts of CSPGs in certain
regions do (Nandini & Sugahara, 2006). Moreover, the formation of CSPGs into PNNs coincides with
the end of the critical period, stabilising the CNS (Pizzorusso et al., 2002). The critical period of the
visual system is well defined whereas other regions such as the motor or sensory system are much less
defined (Hensch, 2005). In humans, the final critical period switch is estimated to occur around 12
years of age whereas in rodents it is generally accepted to be weeks to months after birth (Hensch,
2004). Plasticity does also occur in the adult brain but to a much lesser level, without manipulation
(Hensch, 2005).
One of the most studied examples of the control of PNNs on plasticity is within the visual system. In
the visual cortex, cells receiving inputs from either the left or right eye are arranged into ocular
dominance stripes (ocular dominance columns). When one eye is obscured during development
(monocular deprivation) the ocular dominance stripes from the non-deprived eye cover much of the
cortical territory of the deprived eye (Pizzorusso et al., 2002; Pizzorusso et al., 2006). However, if one
eye is obscured after the critical period then this change in ocular dominance does not occur.
Mounting evidence suggests that PNN development plays a key role in the closure of the critical
period as selective removal of net components has shown to restore a plastic environment, re-opening
the critical period (Bartus, James, Bosch, & Bradbury, 2012). For example, digestion of CS-GAGs of
CSPGs in the visual cortex by the bacterial enzyme chondroitinase ABC (ChABC) has been shown to
incur ocular dominance shifts in adult or critical period rats after monocular deprivation determined
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by anatomical, electrophysiological and behavioural methods (Pizzorusso et al., 2002; Pizzorusso et
al., 2006). CS-GAGs are strongly refractory to plasticity and axonal regeneration and therefore have
been targeted. The CS-GAGs are indicated to confer most of the inhibition while the core protein acts
as structural scaffolding.

1.3.3

CSPGs in spinal cord injury

After an injury to the CNS, the local environment undergoes significant cellular and biochemical
changes. Largely orchestrated by reactive astrocytes, the glial scar is typically formed and is
composed of hypertrophic astrocytes, microglia, macrophages and large amounts of CSPGs.
Triggered by TGFβ and fibrinogen extravasation, the main source of the CSPGs comes from
astrocytes, although neuronal production is also present (Schachtrup et al., 2010; Siebert, Conta
Steencken, & Osterhout, 2014). In rodent models, overall CSPG expression is drastically upregulated
after SCI (Fitch & Silver, 1997) with peak expression occurring 8-14 days after injury and continuing
into chronic injury stages (Jones, Margolis, & Tuszynski, 2003; Lemons, Howland, & Anderson,
1999; Moon, Asher, Rhodes, & Fawcett, 2002), although the expression profiles of the different
CSPGs are differentially regulated (Jones et al., 2003). For example, brevican expression is reduced
after SCI and returns to normal levels after 14 days.
The inhibitory influence of CSPGs has been exemplified in many ways both in vitro and in vivo. This
was first evident from in vitro studies, where DRG neurons from embryonic chick brains
preferentially grew on laminin as opposed to CSPG stripes or failed to extend when seeded on a
substrate containing CSPGs (Snow, Lemmon, Carrino, Caplan, & Silver, 1990; Snow & Letourneau,
1992). Furthermore, rat hippocampal neurons seeded on a spinal cord glial scar explant failed to
extend neurites (Rudge & Silver, 1990) and contact of a growth cone with CSPGs disrupted growth
cone dynamics (Snow, Brown, & Letourneau, 1996). Evidence from early in vivo studies has
confirmed the aforementioned observations. Using microtransplantation of DRG neurons rostral to a
SCI long-distance axon extension that halted and formed retraction bulbs when they came in contact
with the site of astrogliosis (Davies et al., 1997; Davies, Goucher, Doller, & Silver, 1999). The
assumption is CS-GAGs confer most inhibitory functions of CSPGs while the core protein acts as
structural scaffolding. This is based on the observation that digestion of these sidechains reverses the
inhibition. Since the early in vivo studies linking CSPGs to inhibition of neurite outgrowth after SCI,
CSPG inhibition of removal has been a key topic for therapeutic intervention.

1.3.4

Therapeutic targeting of CSPGs for spinal cord injury

Given that CSPGs are potent inhibitors of axonal growth, disruption of CSPGs has been achieved
through many approaches including inhibition of their synthesis, enzymatic degradation, antibody
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neutralisation or by pharmacological targeting of effector molecules (Figure 1-6) (Bradbury et al.,
2002; Burnside & Bradbury, 2014; Grimpe & Silver, 2004; Lang et al., 2015; McKeon, Hoke, &
Silver, 1995; Moon, Asher, Rhodes, & Fawcett, 2001; Petrosyan et al., 2013)
Preventing the synthesis or deposition of CSPGs by glial and neuronal cells in response to injury is an
option. X-irradiation of the injury site was used to restrict cell proliferation, therefore hindering
astrogliosis and CSPG secretion (Zhang, Geddes, Owens, & Holmberg, 2005). This intervention
showed that with low-dose X-irradiation scar tissue and CSPG content was not observed; however,
this did not translate to improvements in motor function. Likewise, suppression of collagen synthesis
through local injection of anti-collagen IV antibodies or alpha, alpha'-dipyridyl, an inhibitor of
collagen triple helix formation and synthesis promotes CNS axon growth after brain injury (Stichel et
al., 1999)
A more specific approach for inhibiting CSPG production has been achieved through the inhibition of
specific enzymes involved in their synthesis. For example, xylosyltransferase-1 (XT-1) is an enzyme
is catalyses the transfer of UDP-xylose to serine residues of an acceptor protein substrate – a process
necessary for the biosynthesis of glycosaminoglycan chains of CPSGs. Knock-down of XT-1 by a
mRNA-cleaving DNA enzyme was shown to strongly reduce CSPG-GAG chains and allowed for
injured axons to regenerate around the lesion, however, no testing of locomotion was reported
(Grimpe & Silver, 2004). Through a similar intervention using deoxyribozyme-mediated knock-down
of XT-1 mRNA, resulting in complete knock-down of XT-1, significantly reduced proteoglycan
expression and an increase in length and density of ascending axons were observed, albeit no
behavioural data to support these observations (Hurtado, Podinin, Oudega, & Grimpe, 2008). The
same research team then tested systemic administration of the deoxyribozyme of rats after spinal cord
contusion. Increases in serotonergic innervation caudal to the injury correlated with a reduction in
errors during a horizontal ladder test but the intervention did not improve BBB scores (Oudega et al.,
2012). Similarly, in another approach, glycosyltransferases enzymes have been manipulated. To date,
six glycosyltransferases for chondroitin synthesis have been identified, and the complex of
chondroitin sulfate synthase-1 (CSS1)/chondroitin synthase-1 (ChSy-1) and chondroitin sulfate
synthase-2 (CSS2)/chondroitin polymerizing factor is assumed to play a major role in CS biosynthesis
(Ogawa et al., 2010), but manipulation of these enzymes for SCI are yet to be described.
Degradation of CSPGs using nonspecific enzymes was trialed early on in the transected spinal cords
of rats before a sound understanding of the ECM in SCI pathology was established. For example,
hyaluronidase, trypsin, and elastase were trialed in the transected spinal cord yet proved to be of no
benefit and could cause vascular haemorrhage (Burnside & Bradbury, 2014). Hence, more discrete
methods were required.

27

1.3.4.1 Chondroitinase ABC as a therapeutic strategy for SCI
Currently, enzymatic modification of the ECM is most commonly achieved by chondroitinase.
Derived from the bacteria Proteus vulgaris, it catalyses the degradation of the glycosidic bonds
between CS-GAGs of CSPGs, liberating them from the CSPG core protein (Prabhakar, Capila,
Bosques, Pojasek, & Sasisekharan, 2005a; Prabhakar et al., 2005b). There are three subtypes of
chondroitinase that differ in substrate specificity: Chondroitinase AC, Chondroitinase B and
Chondroitinase ABC (ChABC). Chondroitinase AC depolymerizes chondroitin-4-sulphate and
chondroitin-6-sulphate;

chondroitinase

B

degrades

dermatan

sulphate

specifically;

whilst

chondroitinase ABC has the broadest spectrum of substrate specificity and degrades chondroitin
sulphate, dermatan sulphate and hyaluronan (Prabhakar et al., 2005b). Early experiments showed that
ChABC treatment of CSPG-rich glial scar explants could become growth permissive (McKeon et al.,
1995). Subsequent studies showed that ChABC could promote neurite extension in the face of
astrocytic or oligodendrocyte-derived inhibitory ECM (Asher et al., 2002; Smith-Thomas et al.,
1994). Later it was shown that ChABC could allow neurite extensions to overcome inhibitory CSPGs
in a microfluidic-based strip assay (Vahidi, Park, Kim, & Jeon, 2008).
Following these in vitro observations that ChABC-mediated degradation of CS-GAGs allows growth
permissive environments, ChABC was trialed in animal models of SCI to investigate whether it could
promote regeneration and repair. The first time ChABC was infused into the contused rat thoracic
spinal cord revealed that the enzyme could degrade CSPG-rich glial scar tissue; although no
behavioural data was reported from this study (Lemons et al., 1999). A landmark discovery led by
Elizabeth Bradbury reported that intrathecal infusion of ChABC for 10 days into rats that had received
a C4 dorsal column crush lesion could degrade CSPGs, increase CST-axonal regeneration, and
improve the functional score on several behavioural tests (Bradbury et al., 2002). This was the first
study to show improvements using ChABC in an in vivo model of SCI and subsequently, these results
have been replicated and further investigated in a variety of injury models. For example, ChABC
treatment enhanced recovery of a skilled forelimb reaching task after cervical dorsal column injury
(Garcia-Alias et al., 2008). Using anterograde tracing and immunohistochemical markers for
neuroplasticity, ChABC treatment was shown to promote sprouting of intact and injured spinal
systems after SCI (Barritt et al., 2006). These results have also been confirmed in larger animals. In
adult cats following thoracic hemisection, for example, ChABC enhanced functional recovery of
skilled locomotion and kinematic measurements of hindlimb function (Tester & Howland, 2008).

1.3.4.1.1 Rehabilitation in a plastic environment
Despite the many efforts made by patients, physiotherapists and trial designers, rehabilitation as a
treatment for SCI achieves a modest recovery at best. However, combining rehabilitation with
therapies that aim to restore the intrinsic regenerative capacity of neurons and/or remove inhibitory
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factors in the ECM may be more effective. Plasticity promoting therapies like ChABC can restore
plasticity to how it appears in early childhood and promote compensatory sprouting of spared fibres to
form new neural connections. Despite the large observable increase in axonal regeneration and
neuronal plasticity, correlation functional improvement is often poor. For example, treatment of rat
cervical spinal cord injuries with ChABC also only produced a modest recovery in CST function, as
measured by skilled paw function despite a large observable increase in axonal regeneration and
neuronal plasticity (Garcia-Alias et al., 2008). Arguably, new connections are no good if the host does
not know how to use them and the authors reasoned that promoting plasticity by itself may not be
sufficient to promote functional recovery if it leads to random new connections (Garcia-Alias et al.,
2008). Instead, the formation of appropriate connections in the spinal cord and brain may need to be
driven by appropriate rehabilitation. Indeed, several studies have subsequently shown that ChABC
treatment combined with rehabilitation leads to enhanced recovery through opening a window during
which rehabilitation becomes more effective (Garcia-Alias et al., 2009; Shinozaki et al., 2016; Wang,
Ichiyama, Zhao, Andrews, & Fawcett, 2011).

1.3.4.1.2 Limitations of ChABC therapy
The approach of delivering the bacterial enzyme to the spinal cord entails practical problems such as
enzyme instability, damage by repeated or continuous infusion and generation of antibodies
(Holcenberg, 1982). Like most enzymes, ChABC is rapidly degraded by proteases in vivo as well as
rapidly losing its enzymatic activity at temperatures over 37°C (Lee, McKeon, & Bellamkonda,
2010). Thermostabilising the enzyme has allowed the enzyme to remain active in vivo for up to six
weeks (Lee et al., 2010). However, the need for longer enzymatic activity and the safety concerns of
using the bacterial enzyme have limited it for clinical translation. More recently, lentiviral
chondroitinase gene therapy using a modified ‘mammalianised’ ChABC gene has allowed for longterm expression (over one year) of ChABC in the rodent spinal cord (Bartus et al., 2014; James et al.,
2015). Whilst in the form of gene therapy this addresses the issues associated with enzyme
administration and stability, there remain safety concerns for clinical translation as the gene, even
though it is ‘mammalianised’, it is of bacterial origin. Furthermore, the vector is a potentially harmful
lentivirus and uses a constitutively active, ubiquitously expressed promoter (discussed further in 1.4.2
and 1.4.8). To address the issues associated with ChABC it may be of benefit to investigate whether
endogenous human proteoglycan degrading enzymes are capable of producing similar results.
Furthermore, using a safe gene therapy option such as adeno-associated viral vector gene therapy
could potentially be beneficial over lentiviral gene therapy.

29

1.3.4.2 Endogenous modification of CSPGs as a therapeutic intervention
Endogenous extracellular proteinases are present in humans and have diverse roles in tissue
remodelling of extracellular matrices. The majority of this is done by a family of closely related
proteinases known as matrix metalloproteinases (MMPs), a disintegrin and metalloproteases
(ADAMs), and a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTSs)
(Troeberg & Nagase, 2012). These proteins have differing tissue expression, roles, and substrate
specificity. The structure of these proteins is organised into a modular structure. The first three
domains of MMP, ADAMs and ADAMTSs are comparable (Gottschall & Howell, 2015). At the Ntermini there is a common signaling sequence followed by putative pro-domains of varying lengths
and then the catalytic domains. ADAMTSs, ADAM proteinases and MMPs belong to the superfamily
of metzincins (Gottschall & Howell, 2015). These metzincins are characterised by the consensus
catalytic sequence ‘HEXXHXXGXXH’ in which contains reprolysin-type active site, zinc-binding
signature, and two calcium binding sites and a conserved methionine sequence that forms a ‘met-turn’
(Tang, 2001). The catalytic site is followed by a disintegrin-like domain that shares 25-45% sequence
homology to snake venom disintegrins which bind platelet integrins (Mosyak et al., 2008; Tang,
2001). This domain is important for mediating cell-matrix interactions of ADAMs for binding to
integrins (Mosyak et al., 2008). The thrombospondin-like domain type 1 (TSP-1) distinguishes the
ADAMTSs from the ADAMs. The TSP-1 domain is known to be critical for substrate recognition
based on folding topology and is critical in substrate-specific cleavage (Lauer-Fields et al., 2007).
Subsequently, the TSP-1 domain proved essential for binding to the GAGs of CSPGs. This was
confirmed by observing no aggrecan cleavage in aggrecans deficient of GAGs (Tortorella et al.,
2000). It has been postulated that the disintegrin-like domain of the ADAMTSs may function as
auxiliary substrate recognition due to its proximity to TSP-1 in three-dimensional structure (Mosyak
et al., 2008). Following the TSP-1 motif is a cysteine-rich domain, a diverse region known as the
spacer, and then a tail of TSP-1 motifs of a various number.
MMPs, ADAMs, and ADAMTSs have been implicated to play a beneficial role in CNS injury
(Burnside & Bradbury, 2014). Knockout of MMP-9 in mice caused worsened motor deficit after
traumatic brain injury (Wang et al., 2000). It is proposed that MMPs may limit the formation of the
glial scar and degrade CSPGs (Burnside & Bradbury, 2014). MMP substrates, however, are very
broad, ranging from CSPGs to all types of collagen, fibronectin, laminin, and elastin which may limit
their clinical application. ADAMs and ADAMTSs are of particular interest as they display CSPGspecific substrate recognition. However, for the purposes of this thesis, only the role of ADAMTSs in
CNS tissues will be considered. ADAMTSs are expressed throughout all CNS tissue including the
spinal cord, as detected by several techniques (Cross et al., 2006; Demircan et al., 2013; Gottschall &
Howell, 2015; Krstic, Rodriguez, & Knuesel, 2012; Yuan, Matthews, Sandy, & Gottschall, 2002).
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ADAMTSs act at a cleavage site conserved among the lecticans (including between species), located
near the junction between the G1 domain and the CS-bearing domain (Figure 1-5). The ADAMTSs
cleave aggrecan at a unique cleavage site termed the ‘aggrecanase site’. Antibodies raised against this
site can indicate if there is an increase in CSPG digestion by ADAMTSs.
Different ADAMTSs are expressed in a temporal and regional manner in the developing CNS.
ADAMTS1 and 4 showed the highest levels of transcript expression at all developmental and adult
periods compared to ADAMTS 5, 9 and 15, whilst ADAMTS4 is consistently the most highly
expressed in the adult CNS under basal conditions (Howell, Torres-Collado, Iruela-Arispe, &
Gottschall, 2012; Thai & Iruela-Arispe, 2002; Yuan et al., 2002). Interestingly, the expression of
ADAMTS4 increased from day 8 to day 28 and then dramatically decreased in adulthood, coinciding
with the critical period of a mouse (Howell et al., 2012). In the damaged spinal cord, reactive
astrocytes increase production of ADAMTSs; mRNA expression of ADAMTS1, 5 and 9 was found to
be increased after spinal cord injury to mice whilst no significant increase was observed for
ADAMTS4 expression (Demircan et al., 2013). This was accompanied by increases in cleavage of the
aggrecan, versican and brevican. ADAMTS8 and 15 were not found to be expressed in SC tissue in
mouse (Demircan et al., 2013). In the same study, the authors found ADAMTS-generated
proteoglycan fragments that are produced after SCI indicating that the ADAMTSs have an active role
in reducing CSPG deposition and may prevent glial scaring for neurite outgrowth.
ADAMTS4 is responsible for brevican cleavage at the Glu (395) – Ser (396) site, as witnessed in a
glioma cell line (Matthews et al., 2000). ADAMTS4 belongs to the aggrecanase and proteoglycanase
clades and acts selectively on the lecticans aggrecan, brevican, versican and neurocan (Stanton,
Melrose, Little, & Fosang, 2011). Cleavage of brevican by ADAMTSs facilitates the invasiveness of
glial tumours and other brain tumours (Held-Feindt et al., 2006; Matthews et al., 2000; Viapiano,
Hockfield, & Matthews, 2008). This is not surprising as the ECM becomes more permissive in the
matrix remodelling event. ADAMTSs have been identified to be modulators of neuroinflammation; in
the heart, ADAMTSs 4 and 8 have been shown to differentiate and activate macrophages (Wagsater et
al., 2008). As previously mentioned, ChABC has been shown to cause the polarisation of
macrophages to an M2 phenotype and perhaps ADAMTSs function in a similar way. Recently,
ADAMTS4 was infused intrathecally into the contused rat spinal cord (Tauchi et al., 2012). In this
study, rats treated with the enzyme regained a significant improvement in the BBB score that was
comparable to ChABC infusion. However, there was no accompanying data to support its therapeutic
benefit other than increased serotonergic innervation caudal to the injury. To date, this is the only
endogenous human ECM modifying enzyme to be investigated as a therapeutic for SCI and therefore
it will be interesting to see if other research groups test other members of the ADAM and ADAMTS
family of enzymes. While there is little information about the precise role of ADAMTS4 in spinal
cord injury, when taking into consideration its functional similarity to ChABC, there is undeniably
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therapeutic potential for this endogenous enzyme. However, there are first some issues that need to be
addressed. Similar to the ChABC enzyme, ADAMTS4 would be rapidly degraded in the body and
long-term intraspinal infusion of the enzyme in the clinical setting is not realistic. Therefore, there is a
real need to develop a method in which allows the continued activity of ADAMTS4 whilst being a
minimally invasive procedure.

Figure 1-6: Targeting chondroitin sulphate proteoglycans for spinal cord injury. Many approaches have achieved
removal of CSGP content or prevented its synthesis. Proteolytic approaches such as chondroitinase ABC and ADAMTSs
degraded proteoglycan content. Reduction of the expression of proteoglycans can result from inhibition of key enzymes
involved in their synthesis. Genetic manipulation can also be used to either knockdown gene involved in CSPG synthesis or
deliver genes that enhance CSPG clearance. This figure was produced using Servier Medical Art, available from
www.servier.com/Powerpoint-image-bank. Servier Medical Art by Servier is licensed under a Creative Commons
Attribution 3.0.

1.4 Gene therapy
1.4.1

What is gene therapy?

Gene therapy is an approach that could overcome the issues associated with enzyme therapies.
Broadly speaking, gene therapy is a method to introduce nucleic acids, into cells with the intention of
altering gene expression in efforts to intervene in a certain pathological condition (Kay, 2011). For
successful gene therapy to occur, nucleic acids must penetrate the cell membrane, pass through to the
nuclear membrane and be incorporated into the host genome (or persist as episomes). However, being
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highly negatively charged with massive molecular weights and being easily degraded outside of the
nucleus, it is difficult to get therapeutic genetic material where it needs to be.
Various approaches for gene therapy have been developed by viral and non-viral methods. Non-viral
methods of gene therapy such as using cationic lipids for DNA delivery have some advantages,
namely low immunogenicity and the ability for large-scale production. However, there are also many
drawbacks associated with non-viral approaches including low levels of transfection and gene
expression as well as a lack of gene persistence, rendering them unfeasible for gene therapy. The
more effective and common method of delivering exogenous nucleic acid into cells is through viral
vectors. This method utilises the natural ability of viruses to infect host cells and by overtaking the
cellular machinery of the host cell to produce its viral proteins necessary for replication. This ability
of viruses is exploited in the laboratory whereby viral genetic material is replaced with DNA or RNA
believed to be therapeutic in a certain pathological condition. Typically, the vector delivers a gene to
increase the production of the translated protein. Knockdown of genes is another method for a
therapeutic outcome. Furthermore, unlike non-viral approaches, the cellular tropism, transduction
efficiency, and regional expression of viral vector transgene expression can be selectively adjusted
through pseudotyping and using cell type-specific promoter elements.
Many technical obstacles for gene therapy have been overcome. The progress and problems with the
use of viral vectors for gene therapy have previously been summarised (Thomas, Ehrhardt, & Kay,
2003). The greatest challenge faced has been the destructive force of the host immune system. The
pathogenic nature of viruses means that humans have evolved mechanisms in order to detect viral
particles and remove infected cells. This was brought to mass attention in 1999 when the first death
directly due to the administration of adenoviral vectors was reported (Thomas et al., 2003). The
recipient suffered from a partial deficiency of ornithine transcarbamylase and the gene therapy used to
replace this missing enzyme. The patient suffered multiple organ failure, a result of a severe immune
response against adenoviral components and died four days later (Marshall, 1999). Subsequently,
initial trials of gene therapy for X-linked SCID appeared to be successful in correcting immune
dysfunction; however, 4 of the 9 patients that received the retroviral-mediated gene therapy developed
leukaemia, and one died (Hacein-Bey-Abina et al., 2010). Whilst the trials showed bona fide therapy,
the risk of death or cancer far outweighed any benefits. Researchers have since begun trials with
vectors that are much less likely to cause cancer or life-threatening immune reactions. The technology
has come a long way but still has a long way to go. Several successes from human patients have been
reported. For example, for X-linked severe combined immune deficiency (SCID) (Hacein-Bey-Abina
et al., 2010; Hacein-Bey-Abina et al., 2002), adenosine deaminase deficiency (Montiel-Equihua,
Thrasher, & Gaspar, 2012), Leber congenital amaurosis hereditary blindness (Simonelli et al., 2010),
factor IX-deficient haemophiliacs (Kay et al., 2000; Manno et al., 2006), lipoprotein lipase mutations
(Gaudet et al., 2010).
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There are several viral vectors available in the gene therapy toolkit; the most widely used vectors
being adenovirus (AdV), adeno-associated virus (AAV), lentivirus (LV) and herpes simplex virus
vectors (HSV). Each has its own properties and specific advantageous and disadvantages associated
with each type (Table 1-1).
Table 1-1: Specific properties of the various viruses used for gene therapy
Summarised from (Lentz, Gray, & Samulski, 2012; Thomas et al., 2003; Waehler, Russell, & Curiel, 2007)

Quality

Lentivirus

Genome
Genome size
Coat
Virus diameter
Viral polymerase
Infection
Integrating/nonintegrating
Expression
Packaging capacity
Toxicity ranking
Immunogenicity
ranking
Transduction
efficiency

1.4.2

Adenovirus

ssRNA
3-10 Kb
Enveloped
80 – 130 nm
Yes
Dividing and nondividing cells
Integrating

Herpes simplex
virus
dsDNA
~150 KB
Enveloped
150 – 200 nm
No
Diving and nondividing cells
Non-integrating

dsDNA
~36 KB
Naked
70 – 90 nm
No
Diving and nondividing cells
Non-integrating

Adeno-associated
virus
ssDNA
4.7 Kb
Naked
18 – 26 nm
No
Diving and nondividing cells
Non-integrating

Long-lasting
~8 Kb
+
++

Can be long-lasting
~30 Kb
++
++

Transient
~7.5 Kb
+
+++

Long-lasting
~4.5 Kb
±
+

++

+++

+++

++

Lentiviral vectors

LV vectors are a genus of retroviruses, meaning that they have their own reverse transcriptase to
produce DNA from its RNA genome and the DNA incorporates into the genome. LV vectors are
mainly based on the human immunodeficiency virus type 1 (HIV-1). These are lipid-enveloped
viruses that have the ability to transduce dividing and non-dividing cells (unlike other retroviruses)
with a large packaging capacity of up to 10 Kb. Replication-competent LV vectors are the greatest
safety concern including the possibility that infusion of the vector into a patient infected with wildtype LVs could create the spread of the LV vector through the population. The use of LV vectors for
gene therapy raises additional safety and ethical issues including because these vectors result in the
incorporation of the transgene into the genome. This integration creates the risk of insertional
mutagenesis, proto-oncogene activation, the possible generation of replication competent lentiviruses
during production, germline alteration (Connolly, 2002). To combat this concern, LV vectors are
often modified so that they are integrase-deficient and therefore transgene exist as episomes rather
than become inserted. Despite the concerns mentioned above, LV vectors are advantageous in that
they provide long-term and relatively high transgene expression. Furthermore, when appropriately
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pseudotyped LV vectors have reported to having cell-selective CNS targeting, highly efficient and
with low immunogenicity (Connolly, 2002).

1.4.3

Herpes simplex viral vectors

The HSV is a very large virus with a double-stranded DNA genome of approximately 150 Kb and a
lipid envelop. Its large genome and many redundant genes allow for essentially limitless cassette (up
to 50 Kb) flexibility, and high-titres can be obtained during vector production and purification. HSVs
transduce a broad range of tissue but are highly neurotropic in the CNS when vectors are derived from
the wild-type HSV-1. They do not integrate, avoiding the risk of insertional mutagenesis. A major
limitation for the use of this virus is that they, particularly replication-competent, are highly toxic
through cellular lysis and their use has largely been restricted to the treatment of cancers. Another
major obstacle is the complexity of their interactions with the host cell that is required for cellular
entry, making it difficult to target specific cell types. However, development of glial targeting HSV
vectors has been achieved through specific pseudotyping (Anderson et al., 2000). Furthermore, longterm expression of transgenes is poor compared to other vectors. Consequently, the use of HSV as a
vector has lagged behind the other candidates.

1.4.4

Adenoviral vectors

AdVs are double-stranded DNA viruses with a genome of approximately 36 Kb and have been most
commonly used in clinical trials where more than 400 gene therapy trials using AdV vectors have
been conducted (Uchida et al., 2014). Like HSVs, these vectors are non-integrating and exist extrachromosomally in the nucleus. There are at least 57 serotypes of human AdV (AdV 1-57). The
serotypes are defined by the ability of the infection to be neutralised by specific antisera. All of the
serotypes are similar in structure and function but differ in the proteins that are expressed on the viral
surface. Replication-deficient vectors can be created by deleting certain viral genes. Replicationcompetent vectors are currently are restricted to use for cancer gene therapy. Many clinical trials
indicated that adenoviruses are safe and have therapeutic activity. However, safety concerns remain.
AdVs are strongly immunogenic, inducing a strong innate immune response that has been studied
extensively in mouse models. AdV administration to humans has resulted in deaths (Thomas et al.,
2003). Most people have been infected with AdV and immunity is life-long, meaning that they are
quickly be neutralised. Whilst they elicit high transgene expression the T-lymphocyte response in the
CNS greatly reduces the vectors expression period to approximately 14 days (Ahi, Bangari, & Mittal,
2011). Therefore, gene therapy using AdV is likely to be succeeded by the use of more a more
appropriate viral vector such as AAVs.
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1.4.5

Adeno-associated viral vectors

The adeno-associated virus (AAV) has quickly become the virus of choice for contemporary gene
therapy strategies owing to its non-pathogenic nature and ability to elicit strong transgene expression
in a wide variety of cells (Daya & Berns, 2008).
Of the Parvoviridae family, AAV is a small virus of approximately 25 nm in diameter (Daya &
Berns, 2008). It is a non-enveloped virus that contains a linear single-stranded DNA genome of
approximately 4.7 Kb (Srivastava, Lusby, & Berns, 1983). The virus was named adeno-associated as
it was discovered as a contaminant in an adenovirus culture. AAV belongs to the genus Dependovirus,
describing the virus’s dependency on the presence of a helper virus in order to replicate (adenovirus
or herpes virus). There are twelve known human serotypes (AAV1-12) and many more laboratory
created, recombinant serotypes. AAV2 has been the most studied serotype and the following
descriptions pertain predominantly to this serotype. The AAV genome comprises of only two open
reading frames (ORFs): rep and cap flanked by 145-bp inverted terminal palindrome repeats (ITRs) at
both ends of the DNA strand which folds upon itself. The 5’ ORF side contains the Rep gene,
encoding for proteins (Rep78, Rep68, Rep52, and Rep40) that are required for the replication process.
The 3’ ORF side contains the Cap gene, which produces three proteins required for encapsidation
(VP1, VP2, and VP3) (Daya & Berns, 2008). There are two stages of the AAV life cycle: the lytic and
lysogenic cycles. The lytic phase requires the presence of helper virus and is characterised by genome
replication, viral gene expression, and viral protein production (Daya & Berns, 2008). Herpes virus or
adenovirus can provide different sets of genes that the AAV can use in order to replicate. Herpes virus
donates DNA polymerase and helicase needed for replication whilst the adenovirus provides several
helper genes that include E1a, E1b, E2a, E4a and VA RNA (Daya & Berns, 2008). AAV viruses are
capable of transducing dividing and non-dividing cells alike. If helper virus is not present then the
lysogenic phase ensues. AAV replication is limited and the virus establishes latency in the host cell.
AAV2 has the potential to display site-specific integration into a 4 kb region on chromosome 19
termed AAVS1. Other serotypes commonly persist as episomes. As aforementioned, one of the most
attractive qualities of the AAV virus is its low immunogenicity. The immune response to AAV is
primarily a humoral response, which is a non-cell mediated adaptive immune response mediated by
macromolecules in the extracellular fluids (complement, non-neutralising antibodies and
antimicrobial peptides); A very low innate response is seen with AAV (Zaiss et al., 2002).

1.4.6

AAV gene therapy in the CNS

Currently, AAV is the most widely used viral vector for clinical trials for neurological disorders
(Bourdenx, Dutheil, Bezard, & Dehay, 2014). AAV2 was the first AAV serotype isolated in 1982 and
is the best characterised serotype thus far. This serotype has been trialled in over 20 clinical trials as a
36

gene therapy candidate (Mingozzi & High, 2011). Numerous studies have reported that AAV2
infusion into the brain mediates transduction of neurons exclusively in the absence of immunogenicity
or toxicity (Bartlett, Samulski, & McCown, 1998; Markakis et al., 2010). Consequently, AAV2 has
been the most approved serotype for CNS gene therapy clinical trials. In 2016 it was reported that 22
phase I and phase II trials were being conducted using AAVs to target CNS disease (mostly
Parkinson’s disease) and 61 preclinical trials were conducted (Hocquemiller, Giersch, Audrain,
Parker, & Cartier, 2016). Long-term AAV therapeutic gene expression was maintained in the human
Parkinson’s disease brain with an impressive safety profile (Feigin et al., 2007). AAV2 was reported
as the most common serotype trialled, followed by AAV9 and then AAV1, 5, 8 and rh10.
Interestingly, aside from one, all of the 83 pre-clinical and clinical trials conducted were using either
constitutively active exogenous promoters (such as CMV) or endogenous neuronal promoters
(synapsin or NSE) (Hocquemiller et al., 2016). Therefore AAV gene therapy for CNS disease remains
largely neuron-centric, most likely due to their natural tropism toward neuronal transduction and little
glial targeting is observed without engineering the vector to do so.

1.4.7

Glial targeting by AAV vectors

To date, there has been little widespread transduction of glial cells observed. Considering the role of
astrocytes in CNS diseases and their role in the on-going secondary damage in spinal cord injury,
particularly the production of inhibitory CSPGs, an AAV vector targeting astrocytes would be
beneficial.
Many factors determine the cell populations transduced and to what extent: the promoter, the dose, the
tissue and region, the transgene, the disease or injury state, the age of the animal, and most
importantly, the serotype. AAV serotypes differ based on the capsid proteins that are expressed on the
viral coating, altering their cell-binding and intracellular trafficking (Wu, Asokan, & Samulski, 2006).
These differences in receptor binding among capsid serotypes contribute to differences in tropism
within tissues as well as relative transduction strength (Table 1-2). The AAV serotypes AAV1-9 are
the most characterised. Several novel serotypes, including cy5, rh43, rh10, rh8, hu11, hu32, and
hu.37 also appear to mediate strong and widespread neuronal and glial transduction in the CNS,
however, these serotypes have not yet been extensively tested (Castle, Turunen, Vandenberghe, &
Wolfe, 2016; Cearley et al., 2008). Whilst most AAV vectors show an inherent tropism toward
neuronal transduction, some have been characterised to exhibit a proportion of tropism toward glial
cells (AAV4, AAV5, AAV8, AAV9; Table 1-2). The ability to selectively produce transgene
expression within a certain population of cells can be achieved through using appropriate serotypes
with a natural propensity toward a given cell type, pseudotyping the vector, and using cell-type
specific promoters to confine expression within the desired population.
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Combining AAV2 with a GFAP promoter in an effort to target astrocyte populations failed to alter
this, an initial sign that changing their inherent tropism through this method may not be possible (Xu
et al., 2001). Thankfully, a number of alternative AAV serotypes, particularly serotypes 5, 8 and 9,
have since been identified to have a propensity towards glial cell transductions. Using cell-specific
promoters to target transgene expression in glial cells has been achieved whilst reducing the
expression in neuronal cells (Siu et al., 2017). For example, the bb2, cy5, rh20, rh39 and rh43, and
AAV8 serotypes derived from non-human primates, showed preferential targeting of either neurons or
astrocytes when gene expression was driven by the constitutively active viral CMV promoter (hybrid
chicken β-actin/GAG); The rh43 and AAV8 largely transduced astrocytic populations while all others
transduced predominantly neurons in the rodent striatum and hippocampus (Merienne, Le Douce,
Faivre, Deglon, & Bonvento, 2013). The authors then went on to show that using a GFAP promoter,
astrocyte targeting of rh43 and AAV8 could be increased to over 88% and interestingly, the total
number of transduced cells nearly doubled – indicating that coupling particular capsid-tropism to
particular promoters is not only capable but advantageous (Merienne et al., 2013).

Table 1-2: AAV serotype tropism (without cell-specific promoters) and levels of expression in the mammalian CNS. +
low levels of transduction; ++ moderate levels of transduction; +++ high levels of transduction; –no transduction.
Information sourced from the following articles: (Castle et al., 2016; Hutson, Verhaagen, Yanez-Munoz, & Moon, 2012;
Murlidharan, Samulski, & Asokan, 2014; Samaranch et al., 2013; Srivastava, 2016).

Serotype

Receptor binding

Neuronal

Glial

transduction

transduction

++

+

AAV1

α2,3/α2,6 N-linked sialic acid

AAV2

Heparan sulphate proteoglycan, FGFR1, +

-

laminin receptor
AAV3

Heparan sulphate proteoglycan, FGFR1,

+/-

-

Laminin receptor
AAV4

α2,3 O-linked sialic acid

-

+

AAV5

α2,3 N-linked sialic acid, PDGFR

++

+

AAV6

α2,3/α2,6 N-linked

++

-

sialic acid, heparan sulphate proteoglycan
AAV7

?

++

-

AAV8

?, Laminin receptor

++

++

AAV9

Galactose, laminin receptor

+++

++
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1.4.7.1 The GFAP promoter
The GFAP promoter is considered the classical marker of astrocytes and therefore the common
promoter of choice for directing cellular tropism of viral vectors toward astrocyte-selective
transduction. The size of the human GFAP promoter is 2.2 kb. A pioneering investigation in which
transgenic mice expressing the human GFAP promoter linked to the LacZ reporter gene could
mediate efficient transgene expression in CNS astrocytes (Brenner, Kisseberth, Su, Besnard, &
Messing, 1994). Interestingly, following a stab injury and subsequent upregulation of an endogenous
GFAP response, paralleled increases in LacZ expression was observed. Therefore, a gene therapy
construct that uses a GFAP promoter in the context of CNS can confer some conditional expression
(expression is enhanced in pathology and decreases at resolution). The 2.2 Kb gene size, however,
takes up a significant portion of the small, ~4.7 Kb packaging capacity of AAVs, greatly limiting the
size of the transgenes that could be packaged. As such it may be beneficial to characterise other
endogenous astrocyte promoters or to determine the critical elements of the GFAP promoter that
mediate astrocyte expression so that the promoter could be shortened.

1.4.7.2 The GfaABC1D promoter
Characterisation of the specific sequences of the GFAP promoter which regulate gene and regional
expression has been investigated by creating shorter transgenic variants in transgenic mice (Lee,
Messing, Su, & Brenner, 2008). By removing certain motifs within the 2.2 Kb promoter, differences
in regional expression were seen as well as certain sequences resulted in increased GFAP expression
(Lee et al., 2008). The study generated a novel 694 bp GFAP promoter (by deleting 5' nucleotides 2163 to -1758 and an internal segment from -1255 to -133), GfaABC1D, that had the same expression
pattern yet two-fold greater activity than the 2.2 Kb GFAP promoter (Lee et al., 2008). This promoter
allows for greater flexibility in creating therapeutic AAV constructs with fewer transgene size
restrictions, which can be a drawback of using AAV for gene delivery (Daya & Berns, 2008),
regardless, AAVs appear to be reviewed as the most promising for spinal cord gene therapy (Uchida
et al., 2014).

1.4.8

Gene therapy for spinal cord injury

A limitation in the clinical application of enzyme or protein-based therapies to treat SCI is that they
are quickly degraded by the body and therefore require either continuous infusion or repeated
administration. Therefore either stabilisation of enzymes through molecular biology techniques or
creating a genetic therapy may be the only viable options. Gene therapy for SCI is emerging as a
possible solution to the problems of the limited regenerative capacity of the adult CNS as well as the
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issues around the long-term administration of therapeutically active molecules in the spinal cord
parenchyma.
Various direct-to-spinal cord gene therapies for SCI using AAV vectors have been constructed to alter
the molecular expression of endogenous CNS cells. Gene therapy strategies to date have largely
focused on the delivery of neurotrophins via direct delivery of ex vivo transductions of cellular
transplantations, while more recently has seen efforts to remove specific inhibitory molecules. Ex vivo
gene therapy involves transducing an ex vivo population of cells to express trophic factors that are
then transplanted into the spinal cord. For example, BDNF, NT-3, and GDNF has been directly
delivered by AdV’s (Nakajima et al., 2010), HSV’s (Koelsch, Feng, Fink, & Mata, 2010), LV’s
(Taylor et al., 2006) and AAV’s (Blits, Oudega, Boer, Bartlett Bunge, & Verhaagen, 2003; Kwon et
al., 2007). Irrespective of the vector type, the gene therapy strategies were successful in producing
high levels of neurotrophin and result in increased neuronal survival, decreases in apoptosis as well as
modest improvements in limb function. Importantly, the beneficial effects following a single injection
of a viral vector are at least equalled by that obtained by constant intraspinal infusion of BDNF or by
repeated administration via a catheter (Bamber et al., 2001; Blits et al., 2003; Oudega & Hagg, 1999).
Whilst delivery of neurotrophic factors have been the most common form of gene therapy for SCI, a
number of other strategies have been investigated. For example, transient expression of IL-10 using
HSV vectors to down-regulate pro-inflammatory molecules can lead to neuronal survival (Zhou,
Peng, Insolera, Fink, & Mata, 2009). Vectors used to deliver transgenes that function to stimulate
intrinsic growth capacity include downregulation of PTEN by shRNA-expressing AAV enhances CST
sprouting and regeneration and some motor recovery (Zukor et al., 2013). Furthermore, LV overexpression of the transcription factor retinoic acid receptor beta can allow severed DRGs to grow past
the dorsal root entry zone via the activation of RAGs (Wong et al., 2006).
Of particular interest is the delivery of matrix-modifying enzymes to allow for the long-term
expression. Long-term gene expression of ChABC and the low immune response has been observed
through LV gene therapy. This used a ‘mammalianised’ ChABC under the control of a constitutively
active and ubiquitously expressed phosphoglycerate kinase promoter. The therapy has shown to be
effective at reducing the lesion size and restoring motor function to rats after C4 injury (Bartus et al.,
2014). However, as aforementioned, the use of LV vectors for gene therapy comes with clinical
concerns and an AAV vector expressing the mammalianised chondroitinase ABC gene may be of
more clinical benefit. Gene therapies that target glial populations to deliver therapeutic transgenes in
the damaged spinal cord are largely undescribed. Furthermore, there are no reports of a gene therapy
for the delivery of the endogenous human proteoglycan degrading enzymes such as ADAMTS4.
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1.5 Thesis aims
The main aims of this thesis were to generate an astrocyte-tropic AAV vector construct that
selectively and effectively transduces spinal cord astrocytes. Once established, this vector was utilised
to evaluate the effect of astrocyte-specific overexpression of the human endogenous CSPG degrading
enzyme ADAMTS4 on the outcome of contusive SCI. A particular focus was placed on neuronal
plasticity. Lastly, a neurorehabilitation strategy was combined with the therapeutic ADAMTS4 vector
to investigate whether rehabilitation can direct and enhance plasticity events.
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2 Chapter Two:
In vitro and ex vivo assessment of astrocyte-specific AAV
vectors
2.1 Introduction
Once considered passive framework cells, glial cells are now known to be key responders to CNS
injury and play a crucial role in the pathogenesis of SCI (Oberheim, Wang, Goldman, & Nedergaard,
2006). After SCI, reactive astrocytes synthesise and secrete a range of molecules, including
chondroitin sulphate proteoglycans (CSPGs), into the ECM (Siebert et al., 2014). These proteoglycan
molecules form a major component of the glial scar: a potent physical and molecular barrier to axon
regeneration in the damaged spinal cord (Avram et al., 2014; Bartus et al., 2012; Silver & Miller,
2004). For this reason, targeting proteoglycan production by astrocytes is seen as beneficial. In fact,
degradation of CSPG content using the endogenous proteoglycan-degrading enzyme ADAMTS4
promotes neuronal plasticity leading to functional recovery after SCI (Tauchi et al., 2012). Rapid
degradation of enzymes and requirement of continuous intraspinal administration, however, is a major
limiting factor for their therapeutic use (Holcenberg, 1982).
Gene therapy is an alternative and attractive tool to allow for the continued delivery of protective
molecules into the damaged spinal cord. The most effective form of gene therapy is through the use of
viral vectors. There are several viral vectors available in the gene therapy toolkit; the most widely
used vectors are adenovirus, adeno-associated virus (AAV), lentivirus, and herpes simplex virus
vectors. Each virus has their own properties, specific advantageous and disadvantages. AAV vectors,
however, are emerging as the leading vector system for several reasons including their unparalleled
safety profile, lack of insertional mutagenesis, long-term gene expression and ability to target a wide
range of cells (Hocquemiller et al., 2016). Currently, clinically available AAV gene therapies for the
CNS almost exclusively target neurons, and glial cell targeting is relatively unexplored in the clinical
setting (Mingozzi & High, 2011). This is due to the AAV virus serotypes having a natural propensity
towards transducing neurons. However, glial-specific transduction has been reported using capsid
engineering and classical glial promoters such as glial fibrillary acidic protein (GFAP) for astrocytes
and myelin basic protein (MBP) for oligodendrocytes (Lawlor, Bland, Mouravlev, Young, & During,
2009; von Jonquieres et al., 2013). For example, in one study an AAV2 vector with a GFAP promoter
resulted in robust transduction of primary astrocyte cultures and almost 100% astrocyte-specific
transduction after infusion into the neonatal mouse brain (von Jonquieres et al., 2013). Furthermore,
in another study, which combined the GFAP promoter with AAV8 or AAVrh43 serotypes, a greater
total number of transduced cells could be achieved compared to a CMV promoter and over 80% of
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astrocyte-specific transduction was observed after infusion into the brain of adult non-human primates
– indicating that altering tropism was not only possible but advantageous (Lawlor et al., 2009).
The work described in this chapter set out to determine the astrocyte tropism of a number of AAV
serotypes. The serotypes AAV5, AAV9 and AAV8 have been previously characterised to exhibit the
greatest propensity for astrocyte transduction in various CNS regions including the spinal cord when
combined with ubiquitous or glial-specific promoters (Ayers et al., 2015; Drinkut, Tereshchenko,
Schulz, Bahr, & Kugler, 2012; Foust et al., 2009; Ortinski et al., 2010; Petrosyan et al., 2014; Young
et al., 2014). AAV8, however, was excluded from the current study as the previous investigation
within our lab revealed that AAV8 was the least effective at mediating astrocyte transduction in the
substantia nigra (Mudannayake., 2015) and instead AAV8 was substituted for a recombinant chimeric
vector: AAVRec2. Within our lab, the recombinant chimeric AAV serotype AAVRec2 was created by
combining the capsid sequences of the non-human primate AAV serotype rh20 with AAV8 (Charbel
Issa et al., 2013) using a known restriction site present in both serotypes (details of construct and
protein sequence can be found at Charbel Issa et al., 2013). These serotypes (rh20 and AAV8) were
shown in the brain of non-human primate to have superior transduction and although rh20 was
largely neuron-centric, it was hypothesised that the astrocyte-tropic nature of AAV8 would be
retained (Merienne et al., 2013). Therefore, I hypothesised that AAVRec2 controlled by a GFAP
promoter would exhibit highly efficient astrocyte transduction.
GFAP is the major intermediate filament of astrocytes and therefore is a common promoter of choice
for directing cellular tropism. The size of the promoter gene, however, is 2.2 Kb, which takes up a
significant portion of the small, ~4.7 Kb packaging capacity of AAV vectors. Therefore an additional
truncated GFAP promoter, GfaABC1D, was also used in this study. The GfaABC1D promoter lacks
the C regions of the 2.2 Kb GFAP promoter (by deleting 5' nucleotides -2163 to -1758 and an internal
segment from -1255 to -133). With the size of 694 bp, this promoter was included in this study as the
ability to use this short promoter would allow for greater flexibility in creating therapeutic AAV
constructs with less transgene size restrictions. Removal of the C regions of the GFAP sequence does
not appear to negatively impact gene expression, for example, in a transgenic mouse model the
GfaABC1D expression properties were indistinguishable from the full 2.2 kb GFAP promoter (Lee et
al., 2008). However, GfaABC1D was only packaged into an AAV5 vector as preliminary findings
revealed superior transduction properties of AAV5 in spinal cord astrocytes. The transgene that was
packaged into the constructs was the destabilised yellow fluorescent protein (dYFP) gene. Yellow
fluorescent protein (and green fluorescent protein) is known to cause toxicity to cells whilst the
destabilised variant, on the other hand, does not (Ansari et al., 2016) and was therefore used to allow
for detection of AAV driven gene expression.
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Transduction properties of AAV vectors have previously been investigated in primary cortical
astrocyte cultures (von Jonquieres et al., 2013) but not primary spinal cord cultures. Using primary
cultures to study transduction properties of several vectors can give important insights toward
effective vectors prior to commencing an in vivo study whilst reducing cost, time and animals used in
research. Similarly, organotypic slice cultures have previously been utilised to investigate AAV
vector transduction efficiencies and therapeutic transgene expression in brain tissue (Gray et al., 2011;
Keir, House, Li, Xiao, & Gainer, 1999; Nihira et al., 2011), but not spinal cord tissue. Organotypic
slice culture systems offer an advantage over histotypic astrocyte cultures in that other cell types are
present, conveying more realistic insights into the in vivo comparison whilst also being simple to
create and providing rapid results. Currently, there is no information on the transduction efficiencies
and transgene expression of AAV5, AAV9 and AAVRec2 in primary spinal cord astrocyte cultures or
spinal cord slice cultures. Therefore, the aim of this chapter is to compare and contrast the
transduction efficiencies of AAV5, AAV9 and AAVRec2 using primary astrocytes and organotypic
slices isolated from rat spinal cord prior to in vivo studies. These results will then determine the most
effective serotype for transducing astrocytes in the living spinal cord.

2.2 Materials and methods
2.2.1

Generation of GFAP-dYFP and GfaABC1D-dYFP plasmid constructs

AAV expression constructs expressing the destabilised yellow fluorescent protein (dYFP) were
created by Dr Alexandre Mouravlev, University of Auckland. Two reporter plasmids were generated:
one containing the full length (GFAP promoter and one containing the truncated GfaABC1D (refer to
Le et al, 2008 (Lee et al., 2008)). The dYFP transgene was followed by a woodchuck hepatitis virus
post-transcriptional regulatory element (WPRE) and bovine growth hormone polyadenylation signal
(BGHpA) or synthetic polyadenylation sequence (SpA). The construct was flanked by AAV2 inverted
terminal repeats. Therefore, the following expression cassettes were generated in this study:
pAM/GFAP-dYFP-WPRE2-SpA and pAM/GfaABC1D-dYFP-WPRE-BGHpA.

2.2.1.1 Bacterial strain
MAX efficiency DH5α competent cells (Escherichia coli; Thermo Fisher) were used for molecular
cloning and expansion of plasmid DNA. The genotype used was F- Φ80lacZΔM15 Δ(lacZYA-argF)
U169 recA1 endA1 hsdR17 (rk-, mk+) phoA supE44 λ-thi-1 gyrA96 relA1. Unless otherwise
specified, bacterial cultures were grown in 4% Luria-Bertani (LB) broth (composition: 10g NaCl, 10g
tryptone and 5g yeast extract per Litre of water). The broth was autoclaved and then stored at 4°C
until required.
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2.2.1.2 Transformation of competent cells
An aliquot of DH5α competent cells was removed from -80 °C storage and thawed on ice. 10 µL was
removed aliquoted into a 1.5 mL tube and 5 µL of plasmid DNA was added to the competent cells,
gently mixed by flicking, and then incubated on ice for 30 minutes. The cells were then heat-shocked
at 42°C for exactly 30 seconds to incorporate plasmid DNA into the cells and then placed on ice for
two minutes to cool. 250 µL of super optimal broth with catabolite repression (SOC: 2% tryptone,
0.5% yeast extract, 8.56 mM NaCl, 2.5 mM KCL, 10 mM MgCl2, 10 mM MgSO4 20 mM glucose)
was added to the cells and incubated at 37°C on a shaker (Innova-4000, New Brunswick Scientific,
NJ, USA) for one hour. 10 µL of the culture was inoculated onto LB-agar plates containing 100
µg/mL ampicillin and incubated overnight at 37°C to grow transformed bacteria.

2.2.1.3 Small-scale purification of plasmid DNA
Ampicillin-resistant colonies were added to 0.75 mL LB broth containing 100 µg/mL ampicillin
(Sigma) and incubated for at least four hours at 37°C in a shaking incubator at 140 rpm (Innova 4000,
New Brunswick Scientific, USA). The cultures were then centrifuged (5417R, Eppendorf) at 15,000
xg for one minute at room temperature to pellet cells and decant broth. Plasmid DNA was isolated
using the High Pure Plasmid Isolation Kit (Roche), as follows: 70 µL of suspension buffer was added
to suspend the pelleted cells. The cells were lysed by adding 70 µL lysis buffer and precipitated by
adding 70 µL precipitation buffer. After centrifugation at 15,000 xg for three minutes, the supernatant
was transferred to a fresh tube and 400 µL of 100% ethanol was added. The DNA was pelleted by
centrifugation at 15,000 xg for three minutes. The supernatant was removed and the purified DNA
was suspended in 25 µL TE buffer.

2.2.1.4 Restriction enzyme analysis of purified plasmid DNA
Plasmid maps were generated using Vector NTI software (Informax, Frederick, MD, USA) based on
DNA sequence information in Genbank and previously generated AAV expression plasmid sequences
from our group. Restriction endonucleases (RE) were used to confirm correct ligation products by
cleaving specific sites in the plasmid DNA sequence represented by the plasmid maps. Approximately
200 ng of plasmid DNA was mixed with 1 µL of each restriction enzyme(s) (New England Biolabs;
specific enzyme details on figures) and 10x restriction buffer (SuRE/Cut; ThermoFisher) to a final
volume of 20 µL. Digestion mixtures were incubated at 37°C for one hour and then analysed by
agarose gel electrophoresis.
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2.2.1.5 Agarose gel electrophoresis
Agarose gel electrophoresis was used to separate DNA fragments by molecular size and therefore
isolate particular fragments or as a function of a restriction analysis. Gels were prepared by dissolving
1% (w/v) agarose in 1x Tris-Acetate EDTA (TAE) buffer by heating in the microwave. 2 µL ethidium
bromide (100 mg/mL) was added and then the solution poured into a cast. The set gels were
submerged in an electrophoresis tank containing TAE buffer. DNA samples were mixed with 10x
loading buffer and 25 µL of DNA sample was added per well. 5 µL Hyperladder I (Bioline) was
added to one well to enable molecular weight comparisons. Gels were then run at 125V for
approximately 30 minutes and bands were visualised under UV light (BioRad ChemiDoc Gel Imager)

2.2.1.6 Large-scale production of purified plasmid DNA
Following confirmation of the correct plasmid DNA sequence by restriction analysis and DNA
sequencing, large-scale production of plasmid DNA was carried out to produce large amounts of
plasmid for vector packaging. DH5α cells were transformed with confirmed DNA plasmid as
described in section 2.2.1.2. A single colony of the transformed cells was selected and grown in 90
mL LB broth overnight in a shaking incubator at 37°C. The cells were pelleted by centrifugation at
7000 rpm for five minutes. Purified plasmid DNA was obtained using a PureLink® HiPure Plasmid
Filter Maxiprep kit (Thermo Fisher Scientific) as per the manufacturer’s instructions. Plasmid DNA
was resuspended in Tris-EDTA buffer (10 mM Tris-HCL, 0.1 mM EDTA, pH 8.0; TE) to a final
concentration of 1 µg/µL. Restriction analysis was carried out again to confirm the correct plasmid
sequence following large-scale production and then the DNA was stored at -20°C for AAV
packaging.

2.2.1.7 Determination of DNA concentration and purity
UV spectrophotometry (NanoDrop 1000, DE USA) was used to determine the concentration and
quality of the DNA produced by small and large-scale DNA purification. 2 µL of plasmid DNA was
measured at 260 nm and 280 nm with TE buffer serving as a blank, and A260/280 was used to assess
DNA quality/purity; values between 1.8 – 2.0 was considered good quality DNA.

2.2.1.8 DNA sequencing
Primer sequences were designed that would anneal to regions throughout the plasmid, including the
transgene, promoter and WPRE regions, and were created by Integrated DNA Technologies. Samples
of plasmid and primers were then sent to the Massey Genome Service (Massey University) to be
sequenced. All constructed plasmids were found to be 100% correct DNA sequence.
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2.2.2

AAV vector production

All of the AAV vectors used in this study were kindly packaged, purified and genomic titers
determined by Dr Dahna Fong. The protocol used was the same as previously reported by Janitha
Mudannayake 2015 (Mudannayake., 2015): HEK 293 cells were plated onto five 15 cm2 tissue culture
plates (Nunc, ThermoFisher Scientific) at a density of 2 x 107 cells in 25mL of DMEM/ 10% FBS
media per plate and incubated at 37ºC, 5% CO2. Three hours prior to transfection, the media was
removed and replaced with 25mL of pre-warmed IMDM (Iscove’s Modified Dulbecco’s Medium;
GibcoBRL, 5% FBS, 36mM NaHCO3).
For a batch of five plates, a transfection mixture consisting of 62.5μg AAV expression plasmid, 62.5
μg AAV helper plasmid, 125μg of Ad helper plasmid (pFΔ6), 1.65 mL CaCl2, and 12 mL of sterile
MilliQ water was prepared and filter sterilised through a 0.2μm Acrodisc filter (Pall, Ann Arbor, MI)
into a 75cm2 tissue culture flask (~13mL total volume). To precipitate the DNA for transfection, 13
mL of sterile 2x HeBs buffer (50 mM HEPES, 280 mM NaCl, 1.5 mM Na2HPO4, pH 7.0) was added
to the transfection mixture while vortexing for 15 seconds. The transfection mixture was incubated at
room temperature for a further one minute and 45 seconds for a fine CaPO4 precipitate to form.
Subsequently, 5 mL of the transfection mixture was added drop-wise in a circular motion onto each
plate, the plates were swirled gently to evenly distribute the precipitate and incubated at 37°C. Sixteen
hours post-transfection, the media was replaced with 25 mL of fresh pre-warmed DMEM. To harvest
the AAV vectors, sixty hours post-transfection, the cells were carefully rinsed with 25 mL of prewarmed 1x phosphate buffered saline (1 x PBS; 137 mM NaCl, 4.3 mM Na2HPO4, 2.7 mM KCl, 1.47
mM KH2PO4). The 1x PBS was replaced with an additional 25 mL of 1x PBS, and the cell monolayer
detached with a cell scraper. The detached cells were collected in sterile 50 mL tissue culture tubes
(~3 tubes per batch) and pelleted by centrifugation at 600 xg, 4ºC for 35 minutes in a Multifuge 3S-R
centrifuge (Heraeus, Hanau, Germany) equipped with a swing-out rotor. The supernatant was
discarded and the cell pellets were resuspended in a total volume of 8 mL of lysis buffer (150 mM
NaCl, 50 mM Tris-HCl pH 8.5) and stored overnight at -20ºC.
The following day, the cell lysates were thawed at room temperature for ~20 minutes, and 400 μL of
10% sodium deoxycholate (Sigma) (final concentration of 0.5% (w/v), and 1.6 μL of 250 U/μL
benzonase (Sigma; final concentration of 50 U/mL) were added to each tube. Additionally, 8 μL of
pluronic acid per tube was added to a final concentration of 0.001% to prevent vectors adhering to the
tubes. The cell lysates were incubated in a 37ºC water bath for 60 minutes, and vortexed briefly every
15 minutes. Subsequently, the cell lysates were centrifuged at 3000 xg, 4ºC for 30 minutes in a
Multifuge 3S-R centrifuge equipped with a fixed angle rotor to pellet cellular debris. The supernatant
was transferred to a fresh 50 mL Falcon tube and stored overnight at -20ºC.
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The supernatants were thawed and centrifuged at 5000 xg, 4ºC for 30 minutes to remove any residual
cellular debris, and transferred to new 50 mL tubes. Iodixanol gradients were assembled in an
ultracentrifuge tube using a spinal needle attached to a 10 mL syringe in the following order; 7.58.0mL cell lysate; 8.5 mL 15% iodixanol; 6.0mL 25% iodixanol; 5.0 mL 40% iodixanol; and 5.0 mL
54% iodixanol. The ultracentrifuge tubes were sealed and centrifuged at 243,000 xg using a T865
rotor at 18ºC for 90 minutes in an ultracentrifuge (Sorvall WX Ultra 100).
Viral vector samples were retrieved by inserting an 18-gauge needle attached to a 5 mL syringe into
the 40/54% interface. A 21-gauge needle was inserted at the top of the tube to allow the sample to
flow. Approximately 3.5 mL of the 40% layer containing vector was withdrawn and transferred to a
50 mL tube and diluted with 16 mL of 1x PBS-MK+pluronic acid before concentrating. The samples
were loaded into 15 mL capacity 100 KDa MWC Amicon concentrator tubes (Millipore), 15 mL at a
time. The samples were centrifuged at 1500 xg until approximately 200μL remained in the centrifuge
tube. The samples were washed 2-3 times in 1x PBS-MK+ pluronic acid until the iodixanol was
removed. Following the final wash, the samples were concentrated to a final volume of approximately
200 μL and transferred to a fresh microcentrifuge tube. The concentrator reservoir was rinsed with an
additional 100 μL of 1x PBS-MK+ pluronic acid and this was added to the tube. The samples were
then filter sterilised using a 13mm 0.2 μm syringe filter (Pall) and stored at -80°C.

2.2.2.1 Genomic titering of AAV vectors
The number of AAV vector genomes packaged within the virions was quantified using genomic
titering as previously described (During, Young, Baer, Lawlor, & Klugmann, 2003), kindly performed
by Dr Dahna Fong. Real-time qPCR was performed to determine the number of genomic copies per
mL of the vector using primers specific to the WPRE sequence (shown below). The titres were
determined from a standard curve produced from a reference plasmid of known molarity serially
diluted over a range of 102-107 copies per μL. A no-template control of PCR grade water was also
included.
5ʹ-GGCTGTTGGGCACTGACAAT-3ʹ
5ʹ-CCGAAGGGACGTAGCAGAA-3ʹ
To remove any contaminating DNA not packaged within the virion, an aliquot of vector stock was
incubated with 350 units (17.5μL) of DNase I and 80 μL of buffer (50 mM KCl, 10 mM Tris-HCl) at
37°C for 30 minutes. The DNase was inactivated by incubation at 70°C for 10 minutes. The vector
aliquot was then incubated with 10μg of proteinase K at 50°C for one hour to digest the AAV capsids,
which was followed by enzyme inactivation by incubation at 95°C for 20 minutes. The DNase I/
proteinase K-treated vector aliquot was subsequently serially diluted 5x101-5 fold to ensure that the
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quantity of AAV vector genome amplicon generated was within the linear range of the standard
curve. The PCR master mix consisted of 6.25 μL of 2x Platinum SYBR Green qPCR Supermix UDG
with ROX (Invitrogen) and 1 μL of 300 μL of 300 nM primers designed to the WPRE sequence in the
vector genome.
The PCR reaction mix comprised 7.5 μL of PCR master mix and 5 μL of vector sample or notemplate control, in a total volume of 12.5 μL of combined in a wells of a 384-well plate (Applied
Biosystems), and duplicates of each reaction were performed using an ABI 7900HT Sequence
Detection System (Applied Biosystems). The vector titre was calculated based on the standard curve
generated from the reference plasmid and multiplied by two to generate the number of single-stranded
AAV viral genomes per mL (vg/mL). The AAV vectors were then diluted to the same concentration
(1x1012 vg/mL) ready for experimentation.

2.2.2.2 Sodium dodecyl sulphate polyacrylamide gel electrophoresis of AAV vectors
Coomassie Blue-staining of sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDSPAGE) was used to determine the purity of AAV vector stocks. The separating gel consisting of 12%
(w/v) acrylamide (Bio-Rad, Hercules, CA) in 375 mM Tris-HCl, pH 8.8, containing 0.1% (w/v) SDS
was prepared, and polymerisation was catalysed by the addition of 0.03% tetramethylethylenediamine
(TEMED, BioRad) and 0.08% ammonium persulphate (BioRad). The separating gel was poured into
a gel casting chamber and overlaid with 500 μL of 50% isopropanol to level the interface between the
separating and the stacking gels. Once the separating gel had set, the isopropanol was decanted. The
stacking gel consisting of 5% (w/v) acrylamide, 0.13% bis-acrylamide, 125 mM Tris pH 6.8, 0.1%
(w/v) SDS, 0.1% (w/v) ammonium persulphate and 0.1% (v/v) TEMED was prepared and poured
above the separating gel. A comb was inserted to form wells for samples. 10 μL of sample buffer (0.2
M Tris-HCl, pH 6.8, 30% glycerol, 2% SDS, 0.03% bromophenol blue and 4% 2-mercaptoethanol)
was added to 10 μL aliquot of each AAV vector preparation and mixtures were heated at 95ºC for 10
minutes to denature the AAV capsid proteins. The heat-denatured samples were loaded into wells and
the proteins were separated by electrophoresis using 180 V current in an electrophoresis tank buffer
(25 mM Tris, 192 mM glycine, 0.1% (w/v) SDS) until the bromophenol blue dye front reached the
bottom of the gel. A protein molecular weight standard (Broad Range, Bio-Rad) was also loaded on
the gel to allow for determination of protein size. Following electrophoresis, the running gel was
removed from the gel plates and fixed in 100 mL of fixative solution (50% (v/v) methanol, 10% (v/v)
acetic acid) for 30 minutes. To visualise the protein bands, the gel was stained with Coomassie blue
stain (50% (v/v) methanol, 0.05% (v/v) Coomassie Brilliant Blue R-250 (Bio-Rad), 10% (v/v) acetic
acid) for two hours. The gel was destained in 5% (v/v) methanol, 7% acetic acid overnight to remove
non-specific background staining.
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2.2.3

Isolation and culture of primary rat spinal cord astrocytes

Unless otherwise stated, all cell culture reagents were acquired from ThermoFisher Scientific.
Primary spinal cord astrocytes were isolated from Sprague-Dawley rat pup postnatal days 0-2 (P0-2;
Vernon Jansen Unit, The University of Auckland) in compliance with the University of Auckland
Animal Ethics Committee Guidelines (University of Auckland AEC approval 1627) and the New
Zealand Animal Welfare Act 1999. Pups were euthanised by decapitation and the bodies chilled in
ice-cold phosphate-buffered saline (PBS: 8.1 mM Na2HPO4, 1.5 mM KH2PO4, 137 mM NaCl, 2.7
mM KCl, pH 7.4) on ice for two minutes. The spinal cord was excised from the body and placed in a
petri dish containing cold Hank’s Balanced Salt Solution (HBSS) -Ca2+ -Mg2+. The meninges were
then carefully removed from the tissue and then transferred into a fresh dish containing HBSS -Ca2+ Mg2+. Two spinal cords were used per experiment. The cords were then cut up into small pieces and
transferred into a 15 mL centrifuge tube and centrifuged at 180 xg for 5 minutes. The spinal cord
tissue was resuspended in 2.5 mL warm HBSS -Ca2+ -Mg2+ and 2.5 mL of 0.25% trypsin-EDTA and
laid flat in a 37°C incubator for 30 minutes to allow for dissociation of the cells. The trypsin was
inactivated by adding 5 mL of media and then the cells were pelleted by centrifugation for five
minutes at 180 xg. The supernatant was decanted and 1 mL of primary culture medium (DMEM
supplemented with 10% fetal bovine serum (FBS), penicillin-streptomycin-neomycin (PSN), 1x
Fungizone AmphoB, and 1x Glutamax). A sterile, flame-polished glass pipette was used to triturate
the cell pellet until a single cell suspension appeared evident. 12 mL of primary culture medium was
added and the cells were mixed and then seeded in a 75 cm2 culture flask coated with 20 µg/mL polyd-lysine (Sigma). For coating, poly-d-lysine was diluted in warm sterile water to a concentration of 20
µg/mL and 7.5 mL added to each flask and left overnight at 37°C to allow for poly-d-lysine to bind to
the flask. The solution was then aspirated and the flask washed two times with warm PBS. Cultures
were maintained in this flask for at least four weeks with media changes every three days to allow for
maturation of the cells before plating for experimentation.

2.2.3.1 Plating of primary spinal cord astrocytes
After four weeks of culture, astrocytes were plated into multi-well plates for experimentation. The
cells were washed twice with PBS and then 5 mL of versene was added for two minutes. The versene
was aspirated and 2 mL of 0.05% trypsin-EDTA was added for five minutes to detach the cells. 8 mL
of media was added to inactivate the trypsin and the resulting cell suspension was centrifuged at 180
xg for five minutes. The pellet of cells was then resuspended in 4 mL of primary culture medium for
counting. For counting, 50 µL of the cell suspension was mixed with 50 µL 0.4% trypan blue and a
volume applied to fill a Neubauer counting chamber (Sigma) and the cell count was determined. The
suspension of cells was then diluted to 4.0x105 cells/mL and 4.0x104 cells (100 µL) were added per
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well of a 96 well plate (Falcon) and agitated for even distribution. Two days after plating, the cells
were washed 1x with PBS and fresh media replaced. This routine was continued until a monolayer of
cells was achieved.

2.2.3.2 AAV vector transduction on primary spinal cord astrocytes
When a confluent monolayer had been acquired, the astrocytes were transduced with the AAV
vectors: AAV(5, 9, Rec2)-GFAP-dYFP and AAV5-GfaABC1D-dYFP. Concentrated viral vector
stocks were removed from -80°C storage and were diluted to 1x1012 vg/mL in 1x PBS-MK, 0.001%
pluronic acid. Cultures in 96 well-plates were transduced with 8x108 vg, 1x109 vg, 2x109 vg or 4x109
vg of AAV vector. The media was gently swirled to disperse viral particles and then maintained for
two days before they were washed with PBS and then fresh culture medium replaced. Cultures were
maintained for a further seven days to allow for transgene expression before they were fixed with icecold 4% paraformaldehyde-PBS (PFA-PBS) for 10 minutes and then washed three times with PBS.
PBS + 0.1% sodium azide was added to preserve the cells and they were stored at 4°C until
immunocytochemistry was performed.

2.2.4

Fluorescent immunocytochemistry of primary spinal cord astrocytes

Fixed primary spinal cord astrocytes were permeabilised using PBS + 0.1% Triton-X-100 (Sigma;
PBS-T) and then incubated overnight at room temperature in primary antibody (Table 2-1) diluted in
PBS-T (0.1%) + 4% goat serum. After two washes, the cells were then incubated with fluorescencesecondary antibodies at room temperature for two hours (Table 2-1).
Table 2-2-1: List of primary secondary antibodies used for immunocytochemistry
Antibody
Anti-GFP
Anti-MBP
Anti-Iba1
Anti-β Tubulin 3
Anti-GFAP-Cy3
direct conjugate
(clone GA5)
Anti-rabbit Alexa
Flour 488

Primary/
Secondary
Primary
Primary
Primary
Primary
Primary
conjugate

Supplier

Catalogue Number

Dilution

Species

Detects

Abcam
Merck
Wako
Sigma
Sigma

Ab290
MAB386
019-19741
T8660
C9205

1:20,000
1:1,000
1:1,000
1:1,000
1:500

Rabbit
Rat
Rabbit
Mouse
Mouse

dYFP reporter
Oligodendrocytes
Microglia
Neurons
Astrocyte
cytoskeleton

Secondary

Thermo
Fisher

Ab1500077

1:500

Goat

Rabbit primary
antibody

2.2.4.1 Hoechst counterstaining
The nuclei of cells were counterstained using Hoechst 33342 (bisbenzimide; Thermo Fisher). Hoechst
was diluted 1:5000 in PBS and added to each well. The solution was incubated for 20 minutes at room
temperature in the dark. This was followed by 2 x 5 minutes washes with PBS-T.
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2.2.4.2 Imaging of fluorescently labelled astrocytes
Fluorescently labelled astrocytes were imaged at 10x magnification (three images per well; three
wells; four independent cultures) using a Nikon Eclipse TE2000-U microscope using the same
exposure. Individual colour channels were merged using ImageJ. Every dYFP positive cell was
counted using the cell counter plugin. As a measure of transgene expression, the channels were split,
thresholded to a constant value and integrated density was measured. This value was divided by the
number of dYFP positive cells in that image as a measure of pixel intensity per cell.

2.2.5

Ex vivo slice culture; Excision, slicing and maintenance of rat spinal cord

An organotypic ex vivo spinal cord slice culture system was utilised to investigate differences the
transduction efficiency and astrocyte-specificity between the AAV serotypes in a model that
represents the cell types found in vivo, therefore, producing more reliable information on vector
specificity. The method that was developed was modified from Pakan et al (2014) and Kearns et al
(2006) (Kearns et al., 2006; Pakan & McDermott, 2014). Sprague Dawley Rats (aged P10-P15) were
obtained from the Vernon Jansen Unit, University of Auckland, New Zealand. Proceedings were
carried out in accordance with approved guidelines from the University of Auckland Animal Ethics
Committee and New Zealand Animal Welfare Act 1999. The animals were euthanized by decapitation
and bodies were cooled in an ice-bath of HBSS for two minutes. The spinal cord was carefully
removed from the body and embedded in cool, liquid 4% agar and placed on ice to set. The block of
agar with spinal cord embedded inside was cut into 400 µm thick sections using a McIlwain Tissue
Chopper. Sections were transferred to ice-cold-HBSS and the agar was removed. The sections were
then transferred to a six well-plate Transwell polyester membrane cell culture insert (Corning- Sigma)
and 1 mL of media was added per well (DMEM supplemented with 10% fetal bovine serum (FBS),
penicillin-streptomycin-neomycin (PSN), 1x Fungizone (Amphotericin B), and 1x Glutamax. Slices
were maintained at 37°C with 5% CO2, 95% air and media were replaced every 2-3 days. Slices were
maintained for seven days before experimentation to allow for the slices to stabilise; in this time there
is a considerable amount of ‘thinning’ due to death of cells and the slices thin to approximately 150
µm – which is typical for spinal cord slice cultures.

2.2.5.1 Transduction and fixation of spinal cord slice cultures
After seven days in culture, spinal cord slices were transduced with the AAV vectors: AAV(5, 9,
Rec2)-GFAP-dYFP, AAV5-GfaABC1D-dYFP. Concentrated viral vector stocks were removed from 80°C storage and were diluted to 1x1011 vg/mL in 1x PBS-MK, 0.001% pluronic acid. Slices were
transduced by viral vectors at a dose of 1x109 vg by pipetting the vector drop-wise onto the top
surface of the slice. Slices were returned to the incubator and maintained for four days before the
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slices were washed with PBS and fresh media was added. Slices were maintained for a further three
days (total transduction time of seven days) and fixed for two hours in cold 4% PFA-PBS at 4°C. The
slices were then washed three times to remove the PFA and stored in PBS + 0.1% sodium azide at
4°C until required for immunohistochemistry.

2.2.6

Fluorescent immunohistochemistry of spinal cord slice cultures

To permeabilise and block endogenous binding sites, spinal cord slices were incubated in PBS-T +
4% goat serum for two hours. The slices were then incubated overnight at room temperature in
primary antibody (Table 2-1) diluted in PBS-T + 4% goat serum. After two 10 minute washes, the
cells were incubated with fluorescence secondary antibodies at room temperature for four hours
(Table 2-1) followed by a further two washes.

2.2.6.1 Imaging and analysis of fluorescently labelled spinal cord slices
Fluorescently labelled spinal cord slices were imaged using an EVOS FL Auto microscope fitted with
GFP and RFP filter cubes (Thermo Fisher Scientific). Mosaic images of each colour channel were
taken at 10x magnification and automatically stitched together using the microscope software. Higher
magnification images of the slices were captured at 20x magnification. 20x magnification images
were analysed using ImageJ software by an independent and masked observer. As a measure of
astrocyte-specific transduction, every dYFP was counted in the green channel using the cell counter
plugin. The channel was then switched to the red GFAP channel and every dYFP plus GFAP positive
cell was counted and presented as a proportion of astrocytic dYFP positive cells.

2.2.7

Statistical analyses

Values are expressed as the mean ± standard error of the mean (SEM). Statistical analyses were
conducted using Prism 7.0 (GraphPad, La Jolla, USA). One-way analyses of variance (ANOVA)
followed by a Tukey’s multiple comparison tests were used to compare vectors tested in the transgene
expression and vector tropism ex vivo experiments where P < 0.05 (*), P < 0.001 (**), P <
0.0001(***). Two-way ANOVA’s were used to investigate the differences in the primary cell culture
transduction efficiency and to compare the transduction spread in vivo P < 0.05 (*), P < 0.001 (**), P
< 0.0001 (***).
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2.3 Results
2.3.1

Plasmid restriction enzyme analysis

The GFAP-dYFP and GfaABC1D-dYFP plasmids have previously been subject to extensive
restriction enzyme analysis and DNA sequencing (Mudannayake., 2015). However, following
plasmid DNA amplification purification, correct gene configuration and DNA sequences within the
constructed plasmids were reconfirmed using restriction analyses (Figure 2-1). Each expression
cassette was flanked by inverted terminal repeats (ITRs). Additionally, each plasmid contains an
astrocyte-specific promotor (GFAP or GfaABC1D) followed by a destabilised yellow fluorescent
protein (dYFP) reporter and downstream woodchuck hepatitis virus post-transcriptional regulatory
element (WPRE/WPRE2) and bovine growth hormone polyadenylation signal (BGHpA) or synthetic
poly(A) sequences. The sizes of the fragments produced by restriction enzyme digestion were
consistent with the predicted fragment sizes calculated therefore confirming the correct plasmid DNA
sequences represented in the plasmid map. Following this, the plasmid was sequenced to ensure the
correct DNA sequences. This was conducted by the Massey Genome Service (Massey University)
using appropriate forward and reverse primers. The GfaABC1D promoter, woodchuck hepatitis virus
post-transcriptional regulatory element and the dYFP transgene were found to have 100% correct
DNA sequences.
The expression plasmids were then packaged into the AAV serotypes: AAV5, AAV9 or AAVRec2.
To confirm the presence and purity of the vector stocks, a sample of each vector was subject to SDSPAGE and then stained with Coomassie blue to visualise the presence of the AAV capsid proteins;
VP1 (87 kDa), VP2 (73 kDa) and VP3 (62 kDa) and this is confirmed by SDS-PAGE (Figure 2-2)
These proteins are expressed in a ratio of 1:1:18 respectively. Three bands were observed on the gel at
the corresponding molecular weight of the capsid proteins for all of the vectors produced.
Furthermore, the absence of non-specific bands across all vectors indicates the vector stocks are of
high purity. The genomic titres of the vectors were then determined by genomic titering and the
vectors were matched to high concentrations of the vector between 2.0x1013 to 5x1013 viral
genomes/mL (vg/mL).
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Figure 2-1: Plasmid maps and restriction enzyme analyses of the AAV reporter expression plasmids. (A)
pAM/GFAP-dYFP-WPRE2-SpA and (B) pAM/GfaABC1D-dYFP-WPRE-BGHpA were generated and then subjected to
restriction enzyme analysis to confirm the correct plasmid maps. Restriction enzyme-digested fragments (C, D) were
consistent with fragments sizes calculated from predicted cleavage sites in the plasmid maps confirming plasmid integrity.
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Figure 2-2: SDS-PAGE gels showing the viral proteins present in the packaged AAV vectors. Expression cassettes
were packaged into AAV vectors and then the purity was determined by denaturing SDS-PAGE and Coomassie blue
staining. Three bands can be observed that correspond to the three AAV capsid proteins: VP1 (87kDa), VP2 (73kDa) and
VP3 (62kDa). A) AAV5-GFAP-dYFP B) AAV5-GfaABC1D-dYFP C) AAVRec2-GFAP-dYFP D) AAV9-GFAP-dYFP.
The absences of non-specific bands indicate the high purity of the vector stocks.

2.3.2

Characterisation of primary cultures derived from postnatal rat spinal cord

Primary cultures were isolated from the postnatal rat spinal cord and matured in culture as described
in section 2.2.3. In order to assess astrocytic transduction, it was essential to first generate a culture in
which differentiated GFAP-positive astrocytes are rich. GFAP expression was weak early after initial
isolation and culture (data not shown). By four weeks, however, a mature population of GFAP-rich
astrocytes were produced, indicated by strong GFAP immunoreactivity (Figure 2-3 a). Neurons were
mostly non-existent in the cultures (Figure 2-3 b) There was a population of Iba1-positive microglia
and a small population of MBP-positive oligodendrocytes present on top of the astrocyte cell layer
(Figure 2-3 d, e). The cultures did not show immunoreactivity for GFP (Figure 2-3 c). This was
important as the reporter transgene was to be detected using an antibody specific for a sequence in
GFP that is conserved in the dYFP transgene.
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Figure 2-3: Characterisation of the cell types present in primary rat spinal cord cultures. Cultures derived from P0-2
rat spinal and immunocytochemistry were used to identify specific cell populations. The cultures are predominately
astrocytes, identifiable by extensive immunoreactivity to GFAP (A). A small number of Iba1-positive cells were present (E).
There is no immuno-reactivity towards GFP/dYFP (C). Scale = 300 µm.

2.3.3

In vitro transduction efficiencies and transgene expression properties of AAV
serotypes 5, 9 and Rec2

The transduction efficiencies and transgene expression levels were investigated in primary cell culture
prior to in vivo studies in order to determine the most effective serotype for transducing astrocytes in
the living spinal cord. Cultures were transduced by AAV5, AAV9 or AAVRec2 vectors containing a
dYFP expression cassette under the control of a GFAP or GfaABC1D promoter. AAV vectors were
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applied to the culture at 4x109 vg and fixed 7 days later. Immunocytochemistry was used to visualise
the reporter gene expression. The AAV9-GFAP-dYFP vector mediated the least efficient transduction
as determined by the amount of dYFP positive cells: 33.8 cells per field at 4x109 vg (Figure 2-4 a-b).
The AAVRec2-GFAP-dYFP was slightly more efficient than AAV9 (Figure 2-4 a, b). The AAV5
serotype showed the greatest efficiency compared to the AAV9 and REC2 serotypes with a mean
dYFP cell values of 54.5 at 4x109 vg (Figure 2-4 a, b). The AAV5 serotypes with the truncatedGfaABC1D promoter showed the greatest number of dYFP positive cells. At the highest viral dosage
of 4x109 vg, an average of 139 dYFP positive cells was observed per 10x objective field. In
comparison 103 positive cells were observed for the full-GFAP promoter. At 4x109 vg, AAV5GfaABC1D-dYFP had significantly greater astrocyte transduction than AAV9-GFAP-dYFP and
AAVRec2-GFAP-dYFP (P < 0.01) but not compared to AAV5-GFAP-dYFP (P < 0.3). Transduction
by AAV5-GfaABC1D-dYFP appeared to plateau by 2x109 vg, indicating a saturation of the cells
available in the cultures.
Transgene expression levels were determined by dividing the integrated density of thresholded images
by the cell count of each image. Effectively, this indicated the average fluorescence of individual
cells. AAV5-GFAP-dYFP and AAV5-GfaABC1D-dYFP showed the highest level of transgene
expression (Figure 2-4 c). Transduction of astrocytes with AAVRec2-GFAP-dYFP showed the lowest
transgene expression of the serotypes, whereas AAV9-GFAP-dYFP showed moderate expression –
half the arbitrary value of the AAV5 serotype. There was no difference in transgene expression levels
between AAV5 with GFAP promoter and GfaABC1D (P = 0.99). AAV5-GfaABC1D-dYFP and
AAV-GFAP-dYFP were statistically different compared to AAVRec2-GFAP-dYFP (P < 0.009 and P
< 0.01 respectively) but not to AAV9-GFAP-dYFP (P < 0.17 and P < 0.21 respectively).

2.3.4

Transduction of ex vivo spinal cord slice cultures with the AAV serotypes 5, 9
and Rec2

Gene transfer into astrocytes was also investigated in an organotypic slice-culture system to
investigate transduction efficiencies and astrocyte-tropism prior to planning the in vivo study. The
spinal cords of P7 – P15 rat pups were excised, sliced and grown in culture. Titre-matched vectors,
AAV5-GFAP-dYFP, AAV5-GfaABC1D-dYFP, AAV9-GFAP-dYFP, and AAVRec2-GFAP-dYFP
(1x109 vg per slice) were added to spinal cord slices and processed for immunohistochemistry one
week later. AAV5-GFAP-dYFP, AAV5-GfaABC1D-dYFP, AAV9-GFAP-dYFP and AAVRec2GFAP-dYFP all showed strong dYFP-transgene expression in the spinal cord slice cultures (Figure
2-5 a). Neither vector showed greater or lesser transduction/transgene expression than another.
However, a major limitation is that since slices vary in thickness and viability, rendering quantifying
transduction efficiencies unfeasible. As slices were too thick to be imaged by standard fluorescence
microscopy images were captured at the perimeters of the slices where cells could be discriminated.
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Images captured at 20x magnification were used to determine the GFAP specificity of the vectors
(Figure 2-5 b). The AAV5 serotype containing the full GFAP promoter exhibited the highest
GFAP/dYFP colocalisation; 88% of dYFP positive cells were also GFAP positive astrocytes (Figure
2-5 b, c). Interestingly, the AAV5 serotypes containing the truncated GfaABC1D promoter resulted in
less dYFP/GFAP colocalisation with 76% of dYFP positive cells also GFAP positive. This percentage
was matched by the AAV9-GFAP-dYFP vector. However, despite these values, these results were not
statistically different from one another. The AAVRec2-GFAP-dYFP vector produced the smallest
amount of dYFP transgene expression within GFAP-positive cells, with only 46% of double positive
cells. This was significantly different to the AAV5-GFAP-dYFP group (P < 0.0217; Figure 2-5 b, c)
but not to AAV-GfaABC1D-dYFP or AAV9-GFAP-dYFP.
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Figure 2-4: The AAV5 serotype leads to the most efficient transduction and strongest transgene expression in
primary spinal cord astrocytes. A) Vector constructs containing a dYFP transgene under the control of a GFAP or
GfaABC1D promoter were packaged into AAV serotypes (5, 9 or Rec2) and transduced cultures; AAV5-GFAP-dYFP,
AAV5-GfaABC1D-dYFP, AAV9-GFAP-dYFP, AAVRec2-GFAP-dYFP (4x109 vg/well). dYFP gene expression was
visualised using fluorescent immunocytochemistry and captured at 10x magnification using a Nikon Eclipse TE2000-U
microscope. A) Each is a representative image. Scale bar = 200 µm. B) the number of dYFP positive cells per image were
counted. Values represent the mean and standard error of the mean (n = 4; independent cultures). Two-way ANOVA
followed by Tukey’s multiple comparisons were used to determine statistical significance (not reported on the graph). C)
dYFP gene expression was visualised using fluorescent immunocytochemistry and images captured at 10x magnification
using a Nikon Eclipse TE2000-U microscope using identical settings and the number of dYFP positive cells were counted.
The integrated densities were determined for each image using ImageJ and used to determine the fluorescent intensity per
cell. Values represent the mean and standard error of the mean (n = 3; independent cultures). One-way ANOVA followed by
Tukey’s post-hoc analysis *P < 0.05 *, **P < 0.001.
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Figure 2-5: Organotypic slice cultures transduced with AAV vectors show robust gene expression and AAV5 results
in the greatest astrocyte-tropic transductions. Spinal cords were excised from P10-15 rat pups, sliced and then cultured.
Slices were transduced with AAV vectors: AAV5-GFAP-dYFP, AAV5-GfaABC1D-dYFP, AAV9-GFAP-dYFP, and
AAVRec2-GFAP-dYFP (1x109 viral genomes each). Gene expression was developed for seven days before fixing.
Immunohistochemistry was used to visualised dYFP gene expression (green) and GFAP expression (red). A) 10x
magnification images were stitched together to display the whole slice. B) Images were captured on an EVOS FL Auto
imaging station at 20x magnification to analyse co-localisation of dYFP and GFAP. Images are representative. C) Data is
represented as a percentage of GFAP positive dYFP positive cell ± S.E.M, (n = 4) independent slice cultures. A one-way
ANOVA with Tukey’s multiple comparison tests was used to determine statistical differences between the vectors, *P <
0.05.
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2.4 Discussion
AAV vectors that exhibit a propensity toward transducing astroglial cell populations are attractive
candidates as it is clear that astrocytes play a critical role in spinal cord injury pathogenies as well as
other neurotrauma or neurodegenerative conditions (Sofroniew, 2009). In this study, I investigated the
transduction efficiency, transgene expression and cellular tropism of the AAV serotypes: AAV5,
AAV9 and AAVRec2 in spinal cord astrocytes using in vitro and ex vivo models. AAV5 and AAV9
were selected for investigation in this study because previously they were characterised to exhibit the
greatest propensity for transducing astrocytes in various CNS regions, including the spinal cord
(Ayers et al., 2015; Drinkut et al., 2012; Foust et al., 2009; Ortinski et al., 2010; Petrosyan et al.,
2014; Young et al., 2014). AAVRec2 is an engineered hybrid serotype that is related to AAV8. It was
created by shuffling the capsid sequences of three non-human primate AAV serotypes: cy5, rh20 and
rh39, with AAV8 – these serotypes were shown in the brain of non-human primate to have superior
transduction qualities when injected into the hippocampus – albeit the cy5, rh20 and rh39 were largely
neuron-centric (Charbel Issa et al., 2013). Since AAV8 showed tropism to target astrocytes, I
therefore hypothesised that the engineered AAVRec2 would exhibit greater transduction and astrocyte
tropism than its AAV8 predecessor when under the control of a GFAP promoter.
My goal in this chapter was first to determine the most effective serotype at transducing astrocytes in
culture and investigate whether this observation is carried through to an ex vivo slice culture system.
In the cell culture experiments the AAV5 serotype showed superior transduction efficiency and
transgene expression at all three vector dosages compared to AAV9 and AAVRec2. Given that vector
transduction properties in histotypic cultures may not accurately represent vector transduction in vivo,
the vectors were subsequently tested in rat spinal cord slice culture. Interestingly, slice cultures
showed robust transgene expression for all of the serotypes tested, though this was possibly due to
dosing the slices with a large number of viral particles that saturated each slice. Determining
transduction efficiencies in the slice cultures was not entirely plausible due to variations in the
viability and thickness between slices and confocal microscopy could not be performed. Slice cultures
were therefore limited to investigating astrocyte tropism. AAV5 was found to show the highest degree
of astrocyte transduction as indicated by the percentage of transgene-expressing cells that were GFAP
positive astrocytes. AAV9 reported approximately 75% of colocalisation whilst AAVRec2 was the
least astrocyte-specific with less than 50% colocalisation of dYFP and GFAP.
Previously, when combined with constitutively active promoters such as CMV or CBA, exclusive
neuronal transduction by AAV5, AAV9 and AAV8 was observed in various CNS regions and the
spinal cord (Drinkut et al., 2012; Foust et al., 2009; Ortinski et al., 2010; Petrosyan et al., 2014;
Young et al., 2014). In a previous study, using a CMV promoter, AAV9 was shown to be a far more
effective serotype in terms of transgene expression compared to AAV5, whilst having comparable
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transduction efficiency (Petrosyan et al., 2014) – a result inconsistent with the present study.
Conversely, in another study using a CBA promoter, AAV5 displayed more than double the number
of GFP positive neurons and twice the transduction spread compared to AAV9 when infused into the
rat spinal cord (this is consistent with our results) (Klaw, Xu, & Tom, 2013). Results pertaining to
AAV serotype-specific tropisms and transduction efficiencies in the CNS are difficult to interpret due
to differences in vector titres, purification methods, route of administration, DNA regulatory elements
and transgenes, duration of transgene expression and animal species used by different research groups
(Mudannayake., 2015).
Whilst transduction by AAV5, AAV8 or AA9 is largely neuron-centric when gene expression is
controlled by non-cell specific promoters, using astrocyte-specific promoters could drastically change
their tropism to target glial populations. Specifically, using a GFAP promoter, astrocyte targeting
could be increased to over 88% and interestingly, the total number of transduced cells nearly doubled
– indicating that coupling particular capsid-tropism to particular promoters is advantageous (Merienne
et al., 2013). AAV5 has been previously shown to exhibit almost completely astrocyte-specific
transduction (99%) when a GFAP promoter was used after infusion into the mouse hippocampus
(Ortinski et al., 2010). This result is consistent with what I observed in the slice cultures. AAV5 is the
most divergent serotype, sharing only ~55% sequence homology with other serotypes (Sen et al.,
2013), and may exhibit unique transduction properties. Additionally, AAV5 is immunologically
distinct by virtue of their low seroprevalence and minimal cross-reactivity against pre-existing AAV2
neutralising antibodies which is clinically attractive (Halbert et al., 2006).
There was no information available at the beginning of this study pertaining to the transduction
properties of the AAVRec2 vector in the brain or spinal cord tissue aside from the use of the vector in
adipose tissue (Liu et al., 2014). Recently, however, the transduction properties of AAVRec2 with a
CBA promoter in the mouse spinal cord was investigated in comparison to the serotypes AAV9,
AAVRec3 and AAVRec4 serotypes (Siu et al., 2017). In that study, AAVRec2 infusion into the
mouse thoracic spinal cord resulted in approximately half the transduction range than the other three
serotypes – however, transgene expression levels as measured by GFP fluorescence intensity were
comparable (Siu et al., 2017). Whilst gene expression was largely neuronal, AAVRec2 showed a
greater number of transduced astrocytes compared to AAV9 indicating that this could be improved by
the use of a GFAP promoter. I indeed observed greater transduction efficiency by AAVRec2
compared to AAV9 yet the transgene expression was not comparable and much lower which may
reflect a difference between mouse and rat species.
The ~4.7kb packaging capacity of AAV imposes a sequence length restriction on the regulatory
elements and therapeutic genes that can be cloned into the expression cassette, as larger expression
plasmids compromise the stability of the vector capsids leading to inefficient assembly and
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transduction (Grieger & Samulski, 2005; Wu, Yang, & Colosi, 2010) Although the widely used 2.2kb
GFAP promoter effectively directs transgene expression to astrocytes, it is a relatively large promoter
occupying almost half of the packaging capacity. Given that it is desirable to utilise smaller promoters
that significantly ease the GFAP promoter-dependent length restriction on therapeutic sequences, I
tested the ability of the recently characterised shorter GFAP promoter (GfaABC1D) that lacks
redundant C region sequence motifs to regulate AAV tropism and transgene expression. AAV5GfaABC1D-dYFP transduction of cell cultures led to a far greater number of dYFP positive cells –
saturating the number of astrocytes present in the cultures - compared to the full GFAP promoter in
the same serotype. Furthermore, transgene expression was not compromised through the use of the
shortened promoter. This highlights that the GfaABC1D can be a useful tool in astrocyte-targeting
AAV vectors without using a bulky promoter.
To summarise, this chapter demonstrated through in vitro and ex vivo experimentation that AAV5
serotype was superior in terms of transduction efficiency, transgene expression and astrocyte tropism
compared to AAV9 and AAVRec2. The compact GfaABC1D promoter was investigated
retrospectively as its compact size allows for greater flexibility for construct design. GfaABC1D
promoter driven dYFP expression in an AAV5 serotype resulted in greater transduction efficiency and
transgene expression compared to the GFAP promoter. Based on these results, the AAV5 serotype
was selected to be tested in an in vivo model of spinal cord contusive injury where both the GFAP and
GfaABC1D were to be tested.
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3 Chapter Three:
In vivo assessment of astrocyte-specific AAV vectors in a rat
model of spinal cord contusion injury
3.1 Introduction
The data presented in Chapter Two demonstrated that AAV vectors can selectively target astrocytes
and produce robust transgene expression as measured by destabilised yellow fluorescent protein
(dYFP) reporter gene expression in primary spinal cord astrocyte cell cultures and spinal cord slice
cultures. The AAV5 serotype with either full-length GFAP or truncated-GfaABC1D promoters
resulted in the greatest level of transduction efficiency, transgene expression and astrocyte tropism
when compared to the AAV9 and AAVRec2 serotypes. The next goals were to confirm that these
results are mirrored in an in vivo model of spinal cord contusion injury and expand on the cellular
tropism of the AAV5 vectors. AAV9 and AAVRec2 serotypes were removed from in vivo
experimentation because of animal ethics constraints and that Chapter Two highlighted these
serotypes were less effective than the AAV5.
Using non-cell-specific promoters the selective transduction efficiency for neurons, astrocytes and
other glial cell types have been investigated in rat spinal cord tissue. For example, when under the
control of a cytomegalovirus (CMV) promoter, AAV5 was reported to have amongst the highest
levels of neuron transduction as well as the area of tissue transduced compared to other AAV
serotypes tested (AAV1, AAV9, rh10 and hu11) (Petrosyan et al., 2014). The mean transgene
expression intensity of AAV5 however, was much lower than that compared to AAV1, AAV9 and
rh10 – though this does not reflect astroglial expression exclusively. Furthermore, AAV5 transduction
showed robust neuron transduction while glial transduction displayed ‘many positive cells’, rather
than ‘robust’ (Petrosyan et al., 2014). In another study, AAV5, compared to serotypes AAV1, AAV2,
AAV8 and AAV9, showed the highest number of transduced neurons in the thoracic spinal cord when
gene expression was under the control of a chicken β-actin (CBA) promoter (Klaw et al., 2013). This
study also observed that AAV5 at 8x109 vg resulted in a transduction spread through 12 mm from the
injection site whereas the other serotypes showed less than half this spread. Furthermore, the
expression of AAV5 retrogradely transported to distant regions in the brain (particularly the Raphe
nuclei) which implies that therapeutic effects of the vectors could be observed at distant CNS regions
(Klaw et al., 2013).
GFAP expression is a critical element in astrocytic differentiation and is considered the classical
marker of astrocytes and as such is the promoter of choice for AAV transduction of astrocyte
populations (Lee et al., 2008). The use of GFAP promoter driven AAV vectors in the rat spinal cord is
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a relatively unexplored field of research and at the start of this study, there have been no reports of its
use in the rat spinal cord. In comparison, there are many accounts of the use of GFAP promoter driven
AAV transduction in the rat brain which are likely to reflect events in the spinal cord (Drinkut et al.,
2012; Lawlor et al., 2009; Mudannayake., 2015; von Jonquieres et al., 2013; Xu et al., 2001). For
example, in the immature (P10) mouse brain, AAV1/2-GFAP-GFP resulted in 100% astrocyte
transduction (von Jonquieres et al., 2013). However, it is known that glial transduction is greater in
the immature CNS compared to adult (von Jonquieres et al., 2013). For example, in the adult CNS,
AAV2-GFAP-Luc did not provide glial–specific expression in the adult rodent brain with only 5% of
astrocytes showing luciferase reporter gene expression (Xu et al., 2001).
AAVrh43-GFAP-EGFP and AAV8-GFAP-EGFP restrict transgene expression to astrocytes in the
adult brain (Arregui, Benitez, Razgado, Vergara, & Segovia, 2011; Lawlor et al., 2009; Mamber,
Verhaagen, & Hol, 2010). However, the efficiency and spread of this expression were very weak
compared to what is achievable by other vectors (Lawlor et al., 2009). On the other hand, the use of
AAV5-GFAP-dYFP has been shown to provide highly efficient astrocyte-specific transduction with
no expression observed in neurons or microglia when infused into the substantia nigra and
hippocampus (Drinkut et al., 2012; Mudannayake., 2015). In fact, in a review article from 2013
comparing all studies available, AAV5 was reported as displaying the highest propensity toward
astrocyte transduction when combined with a GFAP promoter (Merienne et al., 2013). Up until
recently, GFAP was the only AAV-astrocyte-specific promoter investigated in the CNS. Most
recently, the pan-astrocyte ALDH1 promoter packaged in an AAV9 serotype led to neuron-exclusive
transduction in the substantia nigra pars compacta and in the hippocampus suggesting that there are
more influencing factors than promoters for cell-specific transduction (cell-surface receptors,
intracellular trafficking of vector DNA and protein translation/post-translational modification)
(Mudannayake., 2015). Other promotors such as S100β, and vimentin could possibly be used that may
result in robust gene expression in astrocytes.
As mentioned in the previous chapter, the GfaABC1D promoter has been investigated in the brain of a
transgenic mouse (Lee et al., 2008). Interestingly, this promoter resulted in a two-fold greater
improvement in activity compared to the 2.2 Kb GFAP variant. In Chapter Two, I observed greater
transduction efficiency from the AAV5-GfaABC1D-dYFP in primary cell cultures compared to the
AAV5-GFAP-dYFP vector but the same transgene expression level and comparable astrocyte
tropism. More recently, AAV2/5- GfaABC1D-GFP was injected into the dorsal horn of the mouse
(Kohro et al., 2015). This study reported that almost all AAV-mediated gene expression was
occurring in GFAP positive astrocytes, indicating that the vector is highly astrocyte-specific, at least
in the mouse spinal cord. Unfortunately, no information was given regarding to transduction
efficiency or spread of the vector (Kohro et al., 2015).
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The aim of this chapter was to determine whether the highly efficient and astrocyte-tropism observed
in primary cell culture and ex vivo slice culture for AAV5-GFAP-dYFP and AAV5-GfaABC1D-dYFP
is shared in the in vivo context of spinal cord contusion injury. Through this investigation, the
optimum expression cassette was selected to be used for the therapeutic ADAMTS4 expression
cassette.

3.2 Materials and methods
3.2.1

AAV vectors and titering

The AAV vectors AAV5-GFAP-dYFP and AAV5-GfaABC1D-dYFP were packaged as per detailed
in Chapter 2 (2.2.2). Prior to use in the study, the genomic titres were determined as per Chapter 2
(2.2.2.1) and the titres were matched (Table 3-1).
Table 3-1: Titres of the AAV vectors used in this chapter

Vector
AAV5-GfaABC1D-dYFP
AAV5-GFAP-dYFP

3.2.2

Titer
2.40x1013 vg/mL
2.49x1013 vg/mL

Animals and spinal cord surgery

A total of 34 adult female Sprague Dawley rats weighing 200-300g were used in this study (obtained
from the Vernon Jansen Unit, University of Auckland, New Zealand). Rats received a thoracic spinal
cord injury alone (n = 9) or with either AAV5-GfaABC1D-dYFP (n = 11) or AAV5-GFAP-dYFP (n =
10); or the animals received sham surgery (n = 4). All experiments were carried out in accordance
with approved guidelines from the University of Auckland Animal Ethics Committee (University of
Auckland AEC approval 1627) and the New Zealand Animal Welfare Act 1999. Rats were housed
one per cage after surgery for one week and then they were housed four per cage in a temperature and
humidity controlled atmosphere with a 12 hour light/dark cycle and ad libitum access to food and
water.

3.2.2.1 Thoracic Spinal cord injury and AAV vector injection
Animals were anaesthetised with isoflurane and given subcutaneous injections of local anaesthetic at
the surgery site (Bupivicane; 1 mg/kg), analgesic (Carprofen; 5 mg/kg) and antibiotic (Enrofloxacin; 5
mg/kg. Throughout the procedure, the body temperature of the animals was maintained at 37°C using
a heat pad and anaesthesia was constantly monitored by checking breathing and paw pinch reflex. For
thoracic contusion, a laminectomy was performed to expose the spinal cord at spinal level T10. The
animal was then transferred to an Infinite Horizon Impactor (Precision Systems Instrumentation) and
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impacted in the midline with a force of 175 KDyne. Immediately after contusion injury, the rats were
transferred to a stereotaxic frame (David Kopf Instruments). Local anaesthesia was provided by
dropping Marcaine onto the opened spinal cord and allowed five minutes to absorb. A glass
micropipette with a tip diameter of 100 µm coupled to 10 µL Hamilton syringe and a Micro Syringe
Pump Controller (World Precision Instruments) was used to inject viral vectors into the spinal cord
(vectors: AAV5-GFAP-dYFP and AAV5-GfaABC1D-dYFP were tested). One injection of 4x109 vg
(1 µL) at a depth of 1 mm was made at each corner of the lesion site (four in total) at a rate of 250
nL/min (Figure 3-1). The needle was left in the spinal cord for a further two minutes before it was
slowly removed. The subcutaneous tissue was sutured using an absorbable suture (ChomicGut) and
the skin was sutured closed suing nylon suture (Ethicon, Johnson and Johnson). Rats were placed in
an empty cage on a heated mat for post-operative monitoring until they regained consciousness and
were returned to their home cage. Following surgery, animals were administered subcutaneously
antibiotics (Enrofloxacin; 5 mg/kg), analgesic (Carprofen; 5 mg/kg) and supplementary fluid (0.9%
saline, 3 mL) for three days. Bladders were expressed manually three times daily until the normal
voiding response returned and antibiotics were continued until the urine was clear.

Figure 3-1: Schematic diagram of the locations of the injections in reference to the spinal cord injury. This figure was
produced using Servier Medical Art, available from www.servier.com/Powerpoint-image-bank. Servier Medical Art by
Servier is licensed under a Creative Commons Attribution 3.0.

3.2.2.2 Basso, Beattie, and Bresnahan hind limb locomotion scoring
The Basso, Beattie and Bresnahan locomotor rating scale (BBB) was used to measure motor function
after spinal cord thoracic contusion. The scale was developed to assess limb movements and walking
characteristics in rats with mid-thoracic spinal cord injuries (Basso, Beattie, & Bresnahan, 1995). In
paralysed rats that are unable to stand or step on their hindlimbs, the BBB scale assesses the degree of
hip, knee and ankle movements. Once weight support is achieved, walking parameters are assessed
based on the coordination of fore/hind limbs, paw position and trunk stability. Testing was carried out
in a circular open field (100cm diameter with 20 cm walls). Animals were acclimatized to the
behavioural testing apparatus for one week prior to the surgery. Following the surgery, rats were
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tested in the open field for five minutes each. This length of time has been determined as providing
sufficient time to observe and record behavioural recovery of individual rats with minimal risk of
missing key findings. The BBB scores range from 0 (total paralysis) to 21 (normal movement).
Scoring was conducted by two blinded observers. The scores from each observer were compared to
ensure consistency. BBB scores for each limb were averaged to give each animal an overall score.
Testing was carried out on days 1, 3, 5, 7 and weekly thereafter for a total of 4 weeks.

3.2.2.3 Catwalk XT analysis
The CatWalk XT is a software-assisted system by Noldus (Noldus Information Technology,
Netherlands) for automated and quantitative gait analysis in rodents. It allows rapid and objective
quantification of a wide range of static as well as dynamic gait parameters. The system consists of an
encased glass walkway where green light from a LED is internally reflected, and a camera positioned
underneath the walkway. Only at those points where a paw touches the glass, light exits the floor and
scatters at that paw, illuminating the contact area only. The camera captures an image of each print
and feeds it into the software system, where it is digitized and stored for off-line analysis. The
Catwalk system observes gait parameter in unforced moving animals and thus enables researchers to
measure natural gait differences without data bias introduced by other techniques. Animals were
habituated to the system for three days prior to surgery. For analysis animals were tested weekly
starting at week two post surgeries until the end of the experiment. To allow for correct locomotor
analysis the rat needed to cross the walkway, without any interruption or hitch for a minimum of three
correct crossings. The period of each correct pass was less than 30 seconds. At least three runs were
reordered for each animal per time point. The Catwalk software automatically processes the runs and
exports the data in an excel format.

3.2.2.4 Euthanasia and tissue processing
Animals were overdosed with sodium pentobarbitone (Pentobarb 300; 100 mg/kg, i.p) and
transcardially perfused with 0.9% saline followed by 4% paraformaldehyde (PFA) in 0.1 M phosphate
buffer (PB). Immediately after perfusion, the whole spinal cord of the animal was removed. The cord
was postfixed in 4% PFA in 0.1 M PB overnight at 4°C before being cryoprotected in 20% sucrose in
0.1 M PB until the cord sunk. The cord was then transferred into 30% sucrose in 0.1 M PB until the
cord sunk. Cryosectioning was performed using a Leica CM3050S cryostat. The tissue was embedded
in OCT and frozen and 12 mm of the cord with the lesion located centrally was cut. Free-floating
sections were cut in a serial 30-μm-thick transverse using a cryostat and place into at 48-well plates
containing PBS + 0.1% sodium azide and stored at 4°C until required. 10 sections were added to each
well representing a 300 µm region of spinal cord tissue.
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3.2.3

DAB immunohistochemistry

Diaminobenzidine (DAB) immunohistochemistry was used to visualise viral vector gene expression
in the spinal cord sections. Spinal cord sections from each animal were mounted onto series of
positively charged slides, such that the adjacent sections mounted on each slide represented regions
spaced 300 μm apart. Sections were briefly dried in an oven at 70°C. Endogenous peroxidase activity
was quenched by incubating section with 1% hydrogen peroxide in 50% methanol for 20 minutes and
then washed with PBST (PBS + 0.1% Triton X-100). Sections were incubated with rabbit anti-GFP
primary antibody (reactivity to dYFP; Abcam AB290) diluted 1:50000 in PBST + 4% goat serum
overnight at room temperature. The sections were then washed in PBST (2 x 10 minutes) and
incubated with biotinylated goat-anti-rabbit secondary antibody diluted 1:250 in PBST + 4% goat
serum for two hours at room temperature and then washed 2 x 10 minutes. The sections were then
incubated with ExtrAvidin Peroxidase (Sigma) diluted 1:250 in PBST + 4% goat serum for two hours
at room temperature. Following 2 x 10 minutes washes in 0.1 M phosphate buffer the sections were
stained with DAB; 0.2 mg/mL DAB, 0.01% hydrogen peroxide, 0.1 M phosphate buffer pH 7.2.
Following colour development, the sections were washed three times with 0.1 M phosphate buffer to
remove DAB. The sections then underwent ethanol dehydration; 75% ethanol 2 minutes, 95% ethanol
two minutes, 100% ethanol 10 minutes and then air-dried overnight. The sections were then cleared
by emersion in xylene for 20 minutes before being coverslipped with DPX mounting medium and left
to dry before imaging.

3.2.3.1 Imaging of DAB-stained spinal cords and quantification of vector gene expression
Images of DAB-stained spinal cord sections were captured using at Leica DMR microscope at 2.5x
magnification using Nikon NIS Elements for image acquisition under identical image capture settings.
As a measure of viral vector gene expression level, the percentage fraction of staining was calculated
using ImageJ software. Each image was converted to 8 bit and thresholded (all images were
thresholded using the same values) to report true staining as determined by a stained section of tissue
that was not transduced with either vector. The total area of the stained section was expressed as a
percentage fraction of the total section area. Two slides were used per animal and the values obtained
from each were averaged to reduce variability.

3.2.4

Immunofluorescence and confocal imaging

Fluorescent immunohistochemistry was used to AAV transgene expression and to visualise in which
cells the gene expression was occurring. As determined by DAB immunohistochemistry, sections
were selected that have highest vector expression in the series; this was from the penumbra of the
lesion to 600 µm rostral. Sections from the same region were used to compare between animals. The
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sections were blocked and permeabilised with 10% goat serum in PBST (0.2%). Sections were
incubated overnight at room temperature with primary antibodies (Table 3-2) diluted in PBST + 4%
goat serum. Primary antibody was removed and sections were washed 3x10 minutes with PBST
before being incubated with secondary antibodies (Table 3-2) diluted in PBST + 4% goat serum for
four hours at room temperature. Sections were then washed 3x10 minutes in PBS before being
mounted onto positively charged glass slides and coverslipped with ProLong Gold (ThermoFisher).
After two days of curing the slides were imaged on an Olympus FV1000 confocal laser scanning
microscope.

3.2.5

Data exclusion and statistical analyses

Animals were excluded from the study if their combined hindlimb BBB score was greater than five at
day one after spinal cord surgery; if their BBB scores did not improve past a combined score of eight
by the end of the four weeks, and if the animal was euthanized because of complications of the
surgery. Values are expressed as the mean ± standard error of the mean (SEM). Statistical analyses
were conducted using Prism version 7.0 (Graph Pad, La Jolla, USA). One-way ANOVA followed by
a Tukey’s multiple comparisons was used to determine statistically significant differences between
the means of groups split by one independent variable (treatment) where *P < 0.05, **P < 0.001,
***P <0.0001. Two-way ANOVA’s and a Bonferroni’s multiple comparisons test were used to
compare the mean differences in data between groups that have been split on two independent
variables (e.g. treatment and time) where *P < 0.05, **P < 0.001, ***P < 0.0001.
Table 3-2: Primary and secondary antibodies used for immunofluorescence.
Antibody

Primary/
Secondary

Supplier

Catalogue
Number

Dilution

Species

Detects

Anti-GFP

Primary

Abcam

Ab290

1:20,000

Rabbit

dYFP reporter

Anti-GFP

Primary

Abcam

Ab291

1:500

Mouse

dYFP reporter

Anti-NeuN

Primary

Merck Millipore

MAB 377

1:500

Mouse

Neuron cell bodies

Anti-Iba1

Primary

Wacko-chem

019-19741

1:250

Rabbit

Microglia /
macrophages

Anti-GFAP-Cy3
direct conjugate
(clone GA5)

Primary
conjugate

Sigma

C9205

1:500

Mouse

Astrocyte
cytoskeleton

Anti-Olig2

Primary

Sigma

SAB1404798

1:250

Mouse

Oligodendrocytes

Anti-Rabbit-Alexa
Fluor 594

Secondary

ThermoFisher

Ab150076

1:500

Donkey

Rabbit primary
antibody

Anti-rabbit Alexa
Flour 488

Secondary

Thermo Fisher

Ab1500077

1:500

Goat

Rabbit primary
antibody

Anti-Mouse Alexa

Secondary

ThermoFisher

R37114

1:500

Donkey

Mouse primary
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Fluor 488

antibody

Anti-mouse Alexa
Flour 594

Secondary

ThermoFisher

R37121

1:500

Goat

Mouse primary
antibody

3.3 Results
3.3.1

Infusion of AAV vectors into the contused spinal cord do not worsen locomotion

Based on the data obtained from the in vitro and ex vivo investigation we evaluated the transduction
efficiencies between the full GFAP and the compact-GfaABC1D promoters packaged in the AAV5
serotype in an in vivo rodent model of spinal cord contusion. Immediately after a 175 KDyne
contusive injury, four injections of either vector were delivered. Following surgery, the animals were
subjected to behavioural assessments to test whether infusions of the vectors do not worsen
locomotion.
The BBB open field locomotor scale and CatWalk XT Gait Analysis System were used to assess
motor functions for four weeks after thoracic spinal cord contusion and AAV vector infusion. One
day after the injury, all injury groups have a BBB score of less than two; slight movement of one or
two joints (Figure 3-2 a). This confirms that all animals received a consistent impaction. Animals that
received contusion injury alone showed spontaneous improvements in the BBB from day 1 to day 14
post-injury at which point this improvement plateau, which is expected from this moderate contusive
injury. Animals that received AAV5-GfaABC1D-dYFP injections had a BBB profile that overlapped
with the contusion only control, implying that these injections do not worsen the injury. Animals that
received AAV5-GFAP-dYFP injections had a BBB profile that was consistently lower than that of the
contusion control and the contusion plus AAV5-GfaABC1D-dYFP groups, however, this was not
statistically significant (P = 0.6328). Sham surgery shows a minor deficit in BBB scores 1-3 days
post-surgery. This deficit, however, is fully recovered to a score of 21 by day 7. Compared to
contusion control, P values were less than 0.0001 at every time point.
The CatWalk XT Gait analysis system was also used to investigate whether infusions of AAV vectors
into the contused spinal cord would worsen locomotion four weeks after SCI. Of all the parameters
measured by CatWalk, only four were reduced between sham and the other groups: hindlimb speed,
stride length, print area and print width (Figure 3-2 b-e). Hindlimb speed was significantly reduced for
injury, injury + AAV5-GFAP-dYFP and injury + AAV5-GfaABC1D-dYFP groups (P < 0.0001)
(Figure 3-2 b). Print width was significantly reduced for injury and injury + AAV5-GFAP-dYFP (P <
0.05) but not for AAV5-GfaABC1D-dYFP (P < 0.1279) (Figure 3-2 e). As for stride length and print
area, values were reduced compared to sham, however, none were significant indicating a lack of
appropriate sensitivity by the CatWalk system (Figure 3-2 c, d). No significant differences were
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observed between the injury + AAV5-GFAP-dYFP and injury + AAV5-GfaABC1D-dYFP groups (P
> 0.47).

3.3.2

Transgene expression in spinal cord astrocytes does not allow for cell counting

Immunohistochemistry was used to investigate the spread of the dYFP transgene and results were
reported as a percentage of the total area of the section immunoreactive for the transgene. Initially, it
was intended that dYFP positive cells would be counted per spinal cord section and results would then
be expressed as a number of dYFP positive cells per area. However, this could not be done because
dYFP transgene expression results in differing intensities and the undulating structural nature of
astrocyte morphology in the spinal cord means that it is not possible to accurately count how many
individual cells are expressing the transgene (Figure 3-3 a, b). Instead, images were captured using
identical microscope settings and images were thresholded to the DAB staining. The percentage of the
total area of the spinal cord stained was used to compare the transduction area and spread between the
two vectors investigated (Figure 3-3 c, d).
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Figure 3-2: Infusions of AAV vectors into the contused spinal cord do not worsen hindlimb locomotor scores. The
Basso-Beattie-Bresnahan Locomotor Rating Scale (A) and CatWalk XT Gait Analysis System (B-E) were used to assess
hindlimb motor function recovery for four weeks following 175 KDyne thoracic contusion and infusions of AAV vectors.
Data represents the mean ± SEM (sham n = 4; n = 9 for the other groups). For BBB data, a two-way repeated measure
ANOVA followed by a Bonferroni’s multiple comparison was used to determine statistical significance between contusion
and other groups where P < 0.05*. For Catwalk data, a one-way ANOVA followed by a Tukey’s multiple comparison was
used to determine statistical significance between contusion and other groups where *P < 0.05, NS = not significant.

Figure 3-3: The morphology of astrocytes in the spinal cord makes it impossible to count individual cells. DAB
immunohistochemistry was carried out on spinal cord sections to detect dYFP transgene expression. As a measure of gene
expression, 2.5x magnification images were captured on a Leica DMR microscope (C), the images were then thresholded
using consistent values and the percentage of staining per the whole section was measured (D).

3.3.3

Infusion of AAV5-GFAP-dYFP and AAV5-GfaABC1D-dYFP results in largescale gene expression

The spinal cord of rats was removed and 12 mm, with the lesion in the centre, were sectioned into 0.6
mm (600 µm) blocks and DAB immunohistochemistry was performed to detect dYFP transgene
expression. Both vectors showed robust gene expression in spinal cord tissue (Figure 3-4 a). We
found that the two vectors had equal transduction area and transduction spread (P > 0.99 at all points;
Figure 3-4 a, b). The lesion site typically encompassed three 0.6 mm blocks and therefore the lesion
size was 1.8 mm in total. The 0.6 mm block immediately rostral to the lesion site (from the penumbra
of the lesion site to 0.6 mm rostral) showed the highest level of transgene expression where on
average 60% of the spinal cord sections were positive for dYFP immunostaining. Expression caudal
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to the injury tapered off more greatly than the rostral side of the injury; 4.2 mm expression caudally
was less than 20% of the spinal cord section whereas at 4.2 mm rostral there was approximately 30%
expression by either vector. It was not hypothesised that gene expression would exceed the 12 mm of
spinal cord tissue that was used for sectioning. However, dYFP expression was present beyond 12
mm of tissue, particularly rostral to the injury. Some, not all, spinal cords were sectioned further in the
rostral direction to investigate the extent of spread. Rostral expression spread much further than
caudal; 6000 µm rostral to the lesion centre there remained approximately 30% of tissue
immunoreactive for the transgene (Figure 3-4 a). Gene expression was observed in some cords to be
present beyond 7.5 mm rostral to the injury site (~16% of the spinal cord dYFP positive) therefore in
total, transgene expression was observed through over 13.5 mm of tissue.
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Figure 3-4: AAV5-GFAP-dYFP and AAV5-GfaABC1D-dYFP infusion into the contused spinal cord results in a high
percentage of transduced sections of spinal cord tissue and large rostral and caudal spread from the injection site.
Rats received at 175 KDyne contusive injuries and then immediately received four injections of either AAV5-GFAP-dYFP
or AAV5-GfaABC1D-dYFP (4x109 vg at each). Four weeks later the animals were euthanized and DAB
immunohistochemistry was performed to visualize dYFP transgene expression in the spinal cord tissue. Images were
captured at 2.5x magnification on a Leica DMR upright microscope and ImageJ was used to determine the percentage of
tissue that was immunoreactive for transgene expression. Each bar represents the mean ± SEM of transgene expression
within 600 µm blocks from the injury center (n = 9). A two-way ANOVA followed by a Bonferroni’s multiple comparisons
was used to determine statistical significance between contusion and other groups where P < 0.05*.

3.3.4

Qualitative analysis of cell type specificity of AAV5-GFAP-dYFP and AAV5GfaABC1D-dYFP in the damaged spinal cord

Spinal cord sections from the region of highest transgene expression (the first 0.6 mm block rostral to
the lesion) were selected and immunohistochemistry using cell-specific markers was performed to
determine the cell types in which the transgene was being expressed. Qualitative evaluation was
performed using a scoring system adapted from Cearley et al and Petrosyan et al (Cearley & Wolfe,
2006; Petrosyan et al., 2014). Scores were as follows: (-) no observable transgene-positive cells; (+)
very few positive cells or processes; (++) several positive cells or processes per image; (+++) many
positive cells or processes per image; (++++) robust transduction region completely saturated with
positive cell or processes (Table 3-3). Transgene expression of both AAV5-GFAP-dYFP and AAV5GfaABC1D-dYFP in grey and white matter of the spinal cord was largely astrocytic, as evident by the
colocalisation of dYFP and GFAP immunofluorescence channels (Figure 3-5, Table 3-3).
Immediately rostral to the injection site (from the penumbra of the lesion site to 600 µm rostral),
where transgene expression is at its highest, there is near saturation of transduced GFAP positive
astrocytes (Figure 3-5, Table 3-3). Transgene expression in neurons, as indicated by co-localisation of
dYFP and NeuN (neuronal nuclei) immunoreactivity, was present in spinal cords transduced with
both AAV5-GFAP-dYFP or AAV5-GfaABC1D-dYFP (Figure 3-5, Figure 3-6, Table 3-3). Large
neurons within the ventral horn showed the strongest level of transgene expression (Figure 3-6). No
neurons within the dorsal horn exhibited dYFP expression. Neurons in areas of the grey matter other
than the dorsal or ventral horn showed only low levels of dYFP expression (Figure 3-6). An ionised
calcium-binding adapter molecule 1 (Iba-1) antibody was used to visualise microglia and bloodderived macrophages. As expected, extensive staining of activated microglia and foamy macrophages
were observed in the tissue due to the proximity of the lesion center. No dYFP transgene expression
was observed in any Iba1 positive cell indicating that either the AAV5 vectors do not transduce these
cell types and/or do not express the transgene (Figure 3-5, Table 3-3). Oligodendrocyte transcription
factor 2 (Olig2) was used to identify oligodendrocytes in the spinal cord tissue. Olig2 is required for
oligodendrocyte and motor neuron differentiation in the brain and spinal cord and is expressed in
oligodendrocytes in the mature CNS. In tissue transduced by either AAV5-GFAP-dYFP or AAV5GfaABC1D-dYFP very weak transgene fluorescence observed in very few Olig2 positive cells or
processes (Figure 3-5, Table 3-3).
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Table 3-3: Scores for AAV tropism of astrocytes, neurons, microglia and oligodendrocytes.

AAV Vector

Astrocytes
(GFAP)
++++
++++

Neurons
(NeuN)
++
++

Microglia/Macrophage
(Iba1)
-

Oligodendrocytes
(Olig2)
+
+

AAV5-GFAP-dYFP
AAV5-GfaABC1DdYFP
Scoring: (-) no observable transgene positive cells; (+) very few positive cells or processes; (++)
several positive cells or processes per image; (+++) many positive cells or processes per image;
(++++) robust transduction region completely saturated with positive cell or processes (adapted from
Petrosyan et al) (Petrosyan et al., 2014).
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Figure 3-5: AAV5 vector dYFP expression driven by GFAP or GfaABC1D promoter’s results in astrocyte-selective
transgene expression. Constructs containing a dYFP reporter transgene driven by either a GFAP or GfaABC1D promoter
were packaged into AAV5 vectors and four infusions of 4x109 viral genomes into the contused rodent spinal cord. Four
weeks later the animals were euthanized and tissue was processed for immunohistochemistry to detect dYFP (Green)
colocalisation with the cell type markers: GFAP, Iba1, Olig2 and NeuN (Red). Images were captured at 60x magnification
on an Olympus FV1000 confocal microscope. Images presented are representative images. Scale bar = 50 µm.
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Figure 3-6: Differing transduction properties toward neurons are observed in different spinal cord grey matter
regions by the vectors: AAV5-GFAP-dYFP and GfaABC1D-dYFP. Fluorescent immunohistochemistry was used to
detect dYFP colocalisation with NeuN. Images were captured at 10x magnification (scale bar = 350 µm) using an Olympus
FV1000 confocal microscope to observe a larger proportion of the sections or at 60x magnification (scale bar = 50 µm) for
certain regions of the grey matter (dorsal grey matter; central grey matter; ventral grey matter). The grey matter of each
merge 10x magnification image is highlighted. Large neurons in the ventral horn display high transgene expression levels.
Images are representative images.
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3.4 Discussion
Following spinal cord injury, astrocytes undergo astrogliosis and subsequently produce large
quantities of chondroitin sulphate proteoglycans that act as a physical and molecular barrier to axon
regeneration and neural plasticity (Silver & Miller, 2004). The ultimate goal of this thesis was to
develop an astrocyte-tropic AAV vector to deliver the human CSPG-degrading enzyme ADAMTS4
as a therapy for spinal cord injury. The specific aim of this chapter was to compare and contrast the
transduction efficiency, transgene spread as well as the cellular tropism between the AAV5-GFAPdYFP and AAV5-GfaABC1D-dYFP vectors that were, based on the results from the previous chapter,
selected to be investigated in an in vivo spinal cord contusion model.
Despite being something that is rarely reported in the literature for similar studies, I first thought it
was important to ensure that the AAV vectors do not worsen hindlimb locomotion possibly resulting
from insertion of the needle into the spinal cord parenchyma, toxicity attributed to the vehicle, the
osmotic/hydrostatic pressure of the fluid, and/or by an immunological reaction to the viral particles.
Four weeks following spinal cord injury and AAV infusion, behavioural assessments using BBB open
field and CatWalk Gait analysis were performed. No significant differences of the vector infusions on
motor functions as measured by BBB or CatWalk. A slight decrease in the average BBB score with
the AAV5-GFAP-dYFP vector compared to injury control was observed, though again, this was not a
significant difference. Petrosyan et al, 2014 reported no changes in BBB scores after infusions of
AAV1, AAV9, AAV5, AAVrh10 or AAVhu11 following a 150 KDyne contusion alone, nor were
there changes in body weights, nor was ED1 immunoreactivity observed (Petrosyan et al., 2014). The
BBB scoring system largely encompasses gross changes in locomotion and coordination therefore
subtle changes could possibly go unnoticed. For this reason CatWalk XT Gait Analysis was also
utilised as a more sensitive technique for many parameters associated with gait and locomotion. Of
the many parameters tested, only four showed differences in the mean between sham and injury
control groups, which were: body speed, stride length, print area and print width. Of these four
parameters, infusions of either vector did not worsen the readout compared to injury alone and
therefore does not appear to worsen hindlimb locomotion. CatWalk Gait analysis is marketed as a
highly sensitive and accurate piece of equipment, however, we have found this to not be true as the
system struggled to differentiate between sham and injured animals, let alone between injured groups.
After searching the literature it appears that this may be a common problem. These limitations were
highlighted in a review for the use of CatWalk in spinal cord injury models (Hamers, Koopmans, &
Joosten, 2006). Specifically, CatWalk was able to able detect significant differences between several
fore and hind limb parameters after spinal cord contusion or dorsal transection but not hindlimb
parameters between injured and uninjured groups (Hamers, Lankhorst, van Laar, Veldhuis, & Gispen,
2001). For future attempts, the selection criteria for compliant runs will be restricted in efforts to
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obtain less variable data, although it may also be likely that the CatWalk is system is not suitable for
such use. In future tests, it may be beneficial to include another behavioural assessment that does so
such as the horizontal ladder test. The horizontal ladder test involves injured rats walking along a
horizontal ladder and the amounts of foot errors are counted. It is often used in spinal cord injury
research to measure subtle losses of paw dexterity, coordination and limb function.
Measuring transduction efficiencies by AAV vectors in spinal cord tissue is typically only done by
counting the cell bodies of neurons as neurons are their main natural target. As our constructs target
astrocytes through the use of GFAP promoters I first intended to count the number of transduced
astrocytes in the spinal cord. However, unlike neurons, astrocytes in the spinal cord have no clear cell
bodies, and undulating morphology with interdigitating processes (Cajal, 1897). This made counting
of individual cells unfeasible as exemplified by the DAB immunohistochemistry detecting dYFP. For
this reason, instead, the area of tissue immunoreactive for the transgene was measured as a percentage
of the total area of each section transduced using intensity thresholding of images. Four weeks
following injections into the thoracic spinal cord, robust transgene expression throughout spinal cord
tissue was observed from both AAV5-GFAP-dYFP and AAV5-GfaABC1D-dYFP vectors. These two
vectors equalled each other in terms of transduction spread whereby over 13.5 mm of tissue was
transduced. The ability of AAV5 to spread through CNS tissue allowing for widespread transgene
expression has been reported by many other accounts (Burger et al., 2004; Hutson et al., 2012;
Markakis et al., 2010; Paterna, Feldon, & Bueler, 2004). The spread observed by AAV5-GFAP-dYFP
and AAV5-GfaABC1D-dYFP far exceeded that observed previously by an AAV5-CBA-GFP vector
that used the same number of viral genomes injected rostral to the injury site (8x109 vg) indicating that
the GFAP/GfaABC1D promoters are more efficient than the CBA promoter when packaged in AAV5
(Klaw et al., 2013).
Transgene expression mediated by AAV5-GFAP-dYFP and AAV5-GfaABC1D-dYFP in the contused
spinal cord was largely astrocyte-centric, evident by colocalisation of dYFP to GFAP, aside from
several neuron cell bodies displayed lower levels of transgene expression. AAV5-mediated gene
expression in the brain and spinal cord under control of ubiquitous promoters is largely neuronal in
vivo, but also within astrocytes and other cells (Davidson et al., 2000; Gray et al., 2011; Klaw et al.,
2013; Petrosyan et al., 2014; Shevtsova, Malik, Michel, Bahr, & Kugler, 2005). In comparison, the
use of the GFAP promoter to direct tropism toward astrocytes has been achieved, although to varying
results. For example, injection of a high titer of AAV5-GFAP-EGFP into the mouse striatum or
substantia nigra has been shown to provide astrocyte-specific transgene expression with no expression
observed in neurons or microglia (Drinkut et al., 2012). Conversely, in another account injection of
AAV5-GFAP-EGFP into the substantia nigra did result in astrocyte expression yet neuronal
expression was much greater with approximately 70% of colocalisation of GFP to a neuronal marker
indicating that species differences between mouse and rat may have a large effect (Mudannayake.,
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2015). Such discrepancies make interpreting data difficult. A number of factors alter the tropism of
AAV vectors. These include the serotype used, regulatory elements of the construct, the purity of the
vector, the mode of production, the site of administration, species, the developmental stage, and
normal or pathophysiological conditions. Even the purification method has also a major impact on the
tropism of AAV8 (Merienne et al., 2013). For example, in the mouse hippocampus, the CsCl-purified
AAV8-CMV-GFP displayed an astroglial pattern in contrast to the expected neuronal expression
obtained with an iodixanol purification method (Klein, Dayton, Tatom, Henderson, & Henning,
2008). Additional studies are therefore still warranted to fully characterize the tropism of these vectors
in the CNS.
Gene expression was not observed in microglia or macrophages as indicated by an absence of dYFP
co-localisation with Iba1. This indicates that there is an inability of AAV5 to transduce these
populations of cells and or inactivity of the GFAP promoter within these cells. Microglia of a different
lineage of differentiation (arising early in development from progenitors in the embryonic yolk sac),
and so this is not unexpected (Ginhoux, Lim, Hoeffel, Low, & Huber, 2013). Double labelling of
transduced spinal cord for dYFP and the oligodendrocyte marker, Olig2, resulted in very low colocalisation of these markers. Whilst Olig2 is predominantly used as a specific marker for
oligodendrocytes, after searching the literature there is reports that Olig2 is expressed in immature
developing astrocytes, playing an important role in astrocyte differentiation, and also Olig2
expression was witnessed in reactive astrocytes after cortical injury (Cai et al., 2007; Chen et al.,
2008). Therefore, the colocalisation of dYFP to Olig2 in spinal cord tissue may represent transduction
in astrocyte precursor cells or low-level Olig2 expression in reactive astrocytes. It may have been
beneficial to have used another oligodendrocyte marker such as oligodendrocyte specific protein or
myelin basic protein. Furthermore, clearly astrocytes, neurons and oligodendrocytes possess (to
varying degrees) to cell-surface receptors responsible for transduction yet gene expression is largely
controlled by the promoter within the construct. Using antibodies to detect capsid proteins (VP1-3) in
combination with cell-specific markers as this technique would reveal the true transduction profile of
AAV5 in the spinal cord. Why gene expression mediated by AAV vectors containing a GFAP
promoter can occur in neurons is unclear. The ITR elements of the expression plasmids that are
essential for packaging and replication have an intrinsic transcriptional activity which may facilitate
expression of the transgene in the absence of promoter activity (Flotte et al., 1993). However other
reports conclude that this heterologous promoter expression is negligible (Mudannayake., 2015).
The ~4.7 kb packaging capacity of AAV vectors poses a strict size restriction for expression cassettes.
Plasmids that exceed this packing limit result in decreased stability of the vector which in turn
decreases transduction efficiency (Lai, Yue, & Duan, 2010; Wu et al., 2010). With the size of 2.2 kb,
the GFAP promoter greatly restricts the size of transgenes that could be expressed in a therapeutic
cassette. Pioneering work by Lee et al, 2008 investigated promoter elements of GFAP that are
90

responsible for region- and astrocyte-specific expression (Lee et al., 2008). In doing this, they created
the GFAP variant GfaABC1D that lacks C regions 2-6 and has a size of only 600 bp. Interestingly,
despite the removal of these regions, increased transcriptional activity and retention of astrocytespecificity was observed in a transgenic mouse model (Lee et al., 2008). More recently, the same
vector construct (AAV5-GfaABC1D-dYFP) mediated weaker expression compared to AAV5-GFAPdYFP when infused into the rat substantia nigra pars compacta which may reflect CNS-region specific
differences or lesser numbers of astrocytes in the substantia nigra (Mudannayake., 2015).
To summarise, AAV5-GFAP-dYFP and AAV5-GfaABC1D-dYFP vector infusion into the contused
spinal cord of the rat exhibited widespread, astrocyte-selective transgene expression. Infusions did not
worsen hindlimb locomotion, although AAV5-GAP resulted in a slight, non-significant, decrease in
BBB score. Largely based on packaging flexibility, superior transduction efficiency observed in
primary cultures and no indication of worsening behavioural observations, the GfaABC1D promoter
was selected to be used in the therapeutic cassette in the following chapters.
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4 Chapter Four:
In vitro and in vivo functional assessment of an astrocyteselective AAV vector expressing the human proteoglycan
degrading enzyme ADAMTS4
4.1 Introduction
Spinal cord injuries can lead to permanent loss of sensory and motor functions to those affected. This
is due to the fact that adult CNS neurons have limited regenerative capacity. A major focus of SCI
research has therefore been to focus on overcoming this failure through promoting axonal
regeneration. We now know that the ECM plays an important role in preventing axonal regeneration.
This phenomenon was first encountered over 100 years ago, by Cajal (Garcia-Lopez, Garcia-Marin, &
Freire, 2010). He identified that peripheral nervous system neurons, which are regenerationcompetent, would grow up to the dorsal entry zone of the spinal cord at which point they will cease to
grow. This exemplified that something about the environment of the central nervous system is
inhospitable to new growth. The question remained – what are these inhibitory cues?
Following an injury to the spinal cord, the local environment undergoes significant biochemical
changes. Most importantly, astrocytes and other neural cells deposit CSPGs, which are now known to
be potent inhibitors of axon regeneration and neuronal plasticity (Silver & Miller, 2004). Removal of
CSPGs with the bacterial enzyme chondroitinase ABC (ChABC), which catalyses the degradation of
the CS-GAG sidechains of CSPGs, has been tested for approximately two decades with promising
results (Barritt et al., 2006; Bradbury et al., 2002; James et al., 2015). Delivery of ChABC into both
the brain and spinal cord enhances circuit plasticity, by allowing sprouting of axons and remodelling
of intact circuits (Bradbury & Carter, 2011b). Following transection SCI, ChABC treatment can
promote local sprouting and axonal regeneration, both of which are accompanied by functional
recovery (Barritt et al., 2006; Bradbury & Carter, 2011a; Bradbury et al., 2002; James et al., 2015).
However, the approach of delivering the enzyme to the spinal cord can entail practical problems such
as enzyme instability, damage by repeated or continuous infusion and generation of antibodies
(Holcenberg, 1982). Studies have addressed these issues by creating a ChABC lentiviral gene therapy
to allow for the continued activity of ChABC from a single injection (Bartus et al., 2014). However,
there are also negative clinical implications associated with this gene therapy as it is packaged in a
lentivirus and is a bacterial gene, which carries both the possibility of causing immunological
reactions, mutagenesis and cytotoxicity in humans (Schlimgen et al., 2016).

93

In contrast, the role of the human endogenous ADAMTS4 (A disintegrin and metalloproteinase with
thrombospondin motifs 4) in the injured spinal cord is a relatively unexplored area of research and
may overcome the problems associated with ChABC and LV-ChABC use. ADAMTS4 is the most
highly expressed ADAMTS enzyme in the CNS and catalyses the proteolysis of several CSPG protein
cores including aggrecan, brevican, neurocan and versican (Gottschall & Howell, 2015). When
ADAMTS4 was infused into the severely contused rat spinal cord for 14 days it was discovered that
the ADAMTS4 treated rats had a significant improvement in BBB scores, equalling that of ChABC
(Tauchi et al., 2012). Furthermore, evidence of axonal sprouting was witnessed in the form of
serotonin staining.
The therapeutic potential of ADAMST4 has been demonstrated but remains limited in the form of
enzyme administration (Holcenberg, 1982). Creating a gene therapy system with the ADAMTS4
gene, as was done with ChABC, would be beneficial because a single injection can have long-lasting
and widespread effects. The AAV vector developed in the previous chapter of this thesis is a suitable
vector for safe and long-lasting expression of the human ADAMTS4 gene under the control of an
endogenous, astrocyte-selective promoter.
The specific aim of this chapter was to create a therapeutic AAV5 vector expressing ADAMTS in the
GfaABC1D-pl-WPRE-BGHpA plasmid which was determined to be the most effective from the
previous chapters. The vector was first functionally assessed in primary spinal cord astrocyte cell
culture before investigating its potential in a rodent model of spinal cord contusion injury.
Behavioural assessments were used to determine whether the vector promotes functional recovery
after injury and histological analysis was used to investigate the lesion size, evidence of transgene
expression, transgene activity as well as evidence of axonal regeneration and plasticity.

4.2 Materials and methods
4.2.1

Generation of GfaABC1D-ADAMTS construct and AAV packaging

4.2.1.1 Polymerase chain reactions and fragment isolation
Polymerase chain reaction (PCR) was used to expand the gene of interest to be cloned into a suitable
plasmid cassette. A plasmid containing the human ADAMTS4 ORF clone (Origene: RC209226;
NM_005099) was used as a template. Primers were designed for this template so that a SpeI
restriction site was inserted prior to the start of the open reading frame and a HindIII site was inserted
after the end of the ADAMTS4 so that compatible enzymes were used between the PCR product and
the pAM/ITR-GfaABC1D-WPRE-BGHpA-ITR plasmid to allow ligation of the gene into the vector.
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10 µL of template DNA (1 µg DNA) was added to 84 µL DNA-grade water, 10 µL accuprime buffer I
(Thermo Fisher #12339-016) and 1 µl of the following primers (single-stranded 5’-3’; 100 µM; IDT):

2 µL Accuprime Taq-polymerase (Thermo Fisher) was added and the reaction was carried out using a
Kryatec Thermal Cycler PCR machine with the following cycle setting:
1. 95°C 2 minutes
2. 94°C 30 seconds
3. 55°C 30 seconds

35 cycles

4. 68°C 3 minutes
5. 68°C 2 minutes
The PCR product was then subjected to agarose gel electrophoresis as detailed in Chapter Two
(2.2.1.5) to ensure the correct size PCR product was produced (2.5 kb). The PCR product was then cut
from the gel and incubated with 700 µL gel solubilisation buffer (ThermoFisher) at 50°C until
dissolved. The PCR product was then isolated using a High Pure Plasmid Isolation Kit (Roche) as per
the manufacturer’s instructions. 50 µL of the product was eluted from the column and checked for
concentration and purity by Nanodrop spectrophotometry.

4.2.1.2 PCR product restriction ligation into the plasmid
Restriction enzyme digestions and DNA ligase reactions were used to create sticky-end entry points
into the expression cassette determined to be most effective by Chapter Three: pAM/ITR-GfaABC1DdYFP-WPRE-BGHpA-ITR. 50 µL of the isolated PCR product was mixed with 2 µL of SuRE/Cut
buffer (Sigma) and 2 µL of SpeI and HindIII. The same reaction was set up but with the pAM/ITRGfaABC1D-ADAMTS4-WPRE-BGHpA-ITR plasmid (from here on referred to simply as AAVADAMTS4). The reactions were heated to 37°C for one hour before inactivation at 75°C for 25
minutes. Restriction digests were purified by agarose gel electrophoresis and the digested plasmid and
ADAMTS4 gene were isolated. For ligation, 7.5 µL of the ADAMTS4 fragment was mixed with 1 µL
of the plasmid along with 1 µL of ligation buffer (Sigma) and 0.5 µL of T4 DNA ligase (New
England Biolabs) and incubated for 30 minutes at room temperature.
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4.2.1.3 Large scale preparation of plasmid DNA, purification, and restriction analysis
Expansion of the plasmid was performed by transformation into Max efficiency DH5α cells as
detailed in Chapter Two (2.2.1). Similarly, DNA purification and restriction analysis were performed
as detailed in Chapter Two (2.2.1).

4.2.1.4 AAV vector production and genomic titering
Vector production and genomic titering were performed as detailed in Chapter Two (2.2.2).

4.2.2

Primary rat embryonic cortical neuron cultures and neurite assay

All animal procedures in this thesis were approved by the University of Auckland Animal Ethics
Committee and performed in accordance with the New Zealand Animal Welfare Act 1999. Cultures
of primary cortical neurons were performed as previously described (Beaudoin et al., 2012) with some
adaptions. Glass coverslips (12 mm diameter; Heinz Herenz Medizinalbedarf) were placed in a glass
beaker, covered with 1 N nitric acid, sonicated for one hour with occasional swirling to increase
coverslip exposure to the acid, and then rinsed three times with sterile water and sonicated in 1 N
hydrochloric acid for one hour, washed 10 times with Milli-Q water, and stored in 90% ethanol until
use. Glass cover-slips were coated in 10 µg/mL poly-d-lysine (PDL) overnight at room temperature
before being washed twice with warm sterile water. Pure extracellular CSPGs (Merck Millipore;
#CC117) were used to coat the PDL coverslips by diluting them to a concentration of 20 µg/mL and
incubating at 37°C for three hours. The proteoglycans were digested using recombinant human
ADAMTS4 (R&D systems; #4307-AD-020). The enzyme was diluted to 20 nM in 50 mM 4-(2hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 50 mM NaCl2, 10 mM CaCl2 and pH 7.5
and incubated for three hours at 37°C before being washed twice with sterile PBS.
Dissections of rat embryos were kindly performed by Tania Fowke. Pregnant dams at E16 of
pregnancy were euthanised with CO2 for five min, and cervical dislocation then performed. Embryos
were removed from the abdomen and placed in HBSS -Ca2+ -Mg2+ on ice. The embryos were
extracted, rinsed in HBSS -Ca2+ -Mg2+, and placed in fresh Complete HBSS -Ca2+ -Mg2+ on ice. The
embryos were then decapitated and brains removed under a dissection microscope (PZMTIII; World
Precision Instruments, Sarasota, FL, USA). Meninges and non-cortical tissue were removed using fine
forceps. Cerebral cortices from approximately 14 embryos were cut into pieces in HBSS -Ca2+ -Mg2+
using fine curved forceps and transferred to 10 mL dissociation solution (HBSS -Ca2+ -Mg2+ with 20
U/mL papain) for 20 minutes at 37°C. The tube was rocked every 2–3 min to prevent clumping.
Complete HBSS -Ca2+ -Mg2+ + bovine serum albumin (10 mg/mL) and soybean trypsin inhibitor
(ThermoFisher; 10 mg/mL) was added to inhibit the action of papain. The inhibitory solution was
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removed, the tissue rinsed in culture medium (Neurobasal culture medium (#21103-049; Thermo
Fisher) supplemented with 1x B-27 serum-free supplement (Thermo Fisher; #17504-044) 1x
GlutaMAX (Thermo Fisher; #35050-061), and penicillin-streptomycin (Thermo Fisher; #15140-122).
Five mL of fresh culture medium was added and a fire-polished glass pipette was used to gently
triturate the tissue approximately 10 times to produce a single cell suspension. A 10 μL aliquot of the
suspension was diluted 10× in trypan blue, and cell counts were obtained using a haemocytometer.
Cells were plated at 1×105 cells/well (1 mL per well in a 24-well plate). Cells were maintained in a
37°C, 5% CO2 incubator (HeraCell; Thermo Fisher Scientific). An initial full medium change was
performed 24 h after plating, followed by a 50% medium change twice weekly. Three days after
plating the cells were fixed with 4% PFA-PBS at 4°C for 10 minutes.

4.2.3

Primary spinal cord astrocyte cell culture

For these experiments, all primary rat spinal cord astrocytes were isolated, cultured and plated as
described in Chapter Two (2.2.3).

4.2.3.1 Stimulation of chondroitin sulphate proteoglycan synthesis and AAV vector
transductions
After astrocyte cultures had matured (four weeks in culture), they were plated into 96 well plates for
immunocytochemistry (4.0x105 cells/mL; 100 µL) or six-well plates for western blotting (4.0x105
cells/mL; 1000 µL) and cultured for four days. The cultures were transduced with AAV-ADAMTS4
(4x109 vg or 8x109 vg for 96 well plates; 4x1010 vg for 6 well plates). 20 nM recombinant human
ADAMTS4 was also applied to the cells as a control. The cultures were incubated for two days to
transduce before being washed. CSPGs were then stimulated with 10 ng/mL TGFβ1 in primary
culture medium. After three days the cultures in the 96 well plates were fixed with 4% PFA-PBS as
detailed in Chapter Two (2.2.3.2). The media and cell lysates were collected from the 6 well plates.
For lysate: cells were washed two times with cold PBS and then 150 µL of 1x laemmli lysis buffer
(2% SDS; 10 % glycerol; 60 mM Tris-Cl) including proteinase inhibitor cocktail (Roche). Lysates
were scraped and collected in a microcentrifuge tube. Lysates were heated to 90°C for five minutes
and then centrifuged at 12,000 x g for 20 minutes before being frozen at -20°C until required for
blotting.

4.2.3.2 Western blotting
Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and western blotting was
used to validate that CSPGs are a substrate for ADAMST4 degradation, as well as detecting
ADAMTS4 transgene expression in transduced astrocyte cultures. A vial of chick brain CSPGs
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(Merck Millipore) was thawed and 10 µg of protein was added to two 0.5 mL tubes. Recombinant
human ADAMTS4 was then added to produce a concentration of 1 µM, diluted in 50 mM HEPES, 50
mM NaCl2, 10 mM CaCl2 at pH 7.5. The proteoglycans and ADAMTS4 were then incubated for three
hours at 37°C. 6x Laemmli loading buffer was then added to each sample and they were loaded onto a
4-15% acrylamide gel and run at 40V for 10 mins and then 120V for 40 minutes. The gel was
removed from the apparatus and fixed with 50% methanol, 10% acetic acid, 40% water for 30
minutes and then stained with the same solution plus 0.25% Coomassie blue R-250 overnight on a
rocker. The gel was then de-stained with 67.5% water, 7.5% acetic acid and 25% methanol for several
hours until the background was clear.

4.2.4

Thoracic spinal cord injury and AAV vector injection

A total of 30 adult female Sprague Dawley rats weighing 200-300g were used in this study (obtained
from the Vernon Jansen Unit, University of Auckland, New Zealand). Rats received a thoracic spinal
cord injury (n = 13) with or without AAV5-GfaABC1D-ADAMTS4 (n = 13 for both) or a sham
surgery with AAV5-GfaABC1D-ADAMTS4 (n = 4). All experiments were carried out in accordance
with approved guidelines from the University of Auckland Animal Ethics Committee. Rats were
housed one per cage after surgery until healthy at which point they were housed four per cage in a
temperature and humidity controlled atmosphere with a 12 hour light/dark cycle and ad libitum access
to food and water. Thoracic spinal cord contusion surgery, post-operative care and infusions of AAVADAMTS4 were performed as detailed in Chapter Three (3.2.2).

4.2.4.1 Locomotor behavioural scoring
All behavioural testing was completed by fully blinded observers. The Basso, Beattie, and Bresnahan
(BBB) score and Catwalk XT gait analysis were used to test hind limb motor functions as per detailed
in Chapter Three (3.2.2.3) with the following changes to CatWalk: The period of each correct pass
was less than 10 seconds. At least four runs were recorded for each animal per time point. For BBB,
animals were scored days 1, 3, 7 post surgery and then weekly. For CatWalk Gait analysis, animals
were tested 10 weeks after surgery (the final week of the study).

4.2.4.2 Horizontal ladder test
The horizontal ladder test is able to assess skilled walking and measures forelimb and hindlimb
placing, stepping, grasping and inter-limb co-ordination (Metz & Whishaw, 2009). Animals were
acclimatised to the one meter long ladder with irregularly spaced rungs for three days (one 30 minute
session each day) before testing. Testing began two weeks after surgery (once animals are typically
weight-bearing in the hind limbs) and continued weekly for the remainder of the study. Each animal
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completed three runs of the ladder which was recorded using a GoPro Hero4 camera. The footage was
analysed frame by frame (by a blinded observer) to observe footfalls and the total number of errors
was recorded over the three runs.

4.2.5

BDA tracing of hind-limb corticospinal tract neurons

Biotinylated dextran amine (BDA) was injected into the hind-limb sensory motor cortex of animals (n
= 5 per group) that received spinal cord injury +/- viral vector injections. Axonal tract tracing is a
powerful tool for identifying axonal connections in the spinal cord. Injection of BDA into the
sensorimotor cortex allows for analysis of sparing, sprouting and regeneration of corticospinal tract
neurons following injury. Nine weeks after spinal cord injury surgery, rats were anesthetised by
isoflurane. Throughout the procedure, the body temperature of the animals was maintained at 37°C
using a heat pad and anaesthesia was constantly monitored by checking breathing and paw pinch
reflex. The animal’s scalp was shaved and local analgesia (Bupivicane 1mg/kg) was injected
subcutaneously and left to absorb for five minutes. The animal was placed in a stereotaxic frame
(David Kopf Instruments). The head of the rat was held firmly in place with an incisor bar and ear
bars. Using a scalpel, an incision was made in a rostrocaudal direction to expose the skull surface. The
skull surface was ensured to be level by measuring the dorsoventral (DV) position of the landmarks
bregma and lambda. Four bilateral burr holes (eight in total) were made at following coordinates in
reference to bregma: 1) 0.5 mm posterior, 1.5 mm lateral; 2) 2.0 mm posterior, 1.0 mm lateral; 3) 0.5
mm posterior, 3.0 mm lateral; 4) 2.0 mm posterior, 3.0 mm lateral (Figure 4-1). All injection were
made 3 mm from the surface of the skull, and 1 µL of BDA (10% w/v in sterile PBS) injected into
each site via a 26 gauge Hamilton syringe needle attached to a microinfusion pump (World Precision
Instruments). The infusion was delivered at a rate of 250 nL/min and left for an additional 2 minutes
before withdrawal. The skin was sutured with a nylon suture (Ethicon suture 3-0, FS-2 needle,
Johnson and Johnson). Rats were removed from isoflurane anaesthesia and placed in a heated
chamber and monitored until they were well enough to be returned to their home cage. Post-operative
care was performed as detailed in Chapter Three (3.2.2.1).
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Figure 4-1: A schematic illustration of the BDA injection sites to target the hindlimb motor cortex. Four bilateral
injections of BDA were made into the brains of rats at the following locations in reference to bregma: 1) 0.5 mm posterior,
1.5 mm lateral; 2) 2.0 mm posterior, 1.0 mm lateral; 3) 0.5 mm posterior, 3.0 mm lateral; 4) 2.0 mm posterior, 3.0 mm lateral
(highlight on the figure in blue). These sites were selected based on previous studies mapping the forelimb (green) and
hindlimb (red) sensory motor cortex of rats (Neafsey et al., 1986). Image was modified from (Bareyre et al., 2004).

4.2.5.1 Brain and spinal cord tissue processing for immunohistochemistry
One week following the BDA injections the animals were euthanized and their brain and spinal cord
were collected for histological analysis. Animals were overdosed with sodium pentobarbitone
(Pentobarb; Euthatal 300; 100 mg/kg, i.p). Once the animal had lost paw pinch reflex they were
transcardially perfused with 0.9% saline followed by 4% paraformaldehyde (PFA) in 0.1 M phosphate
buffer (PB). Immediately after perfusion, approximately five centimetres of spinal cord with the
lesion in the centre and the brain of the animal were removed. The cord and brain were post-fixed in
4% PFA in 0.1 M PB for four hours at 4°C before being cryoprotected in 20% sucrose in 0.1 M PB
until the cord and brain sunk. The cord and brain were then transferred into 30% sucrose in 0.1 M PB
until the cord sunk. Cryosectioning was performed using a Leica CM3050 S Cryostat. The tissue was
frozen inside the cryostat and 1.2 centimetres of the cord with the lesion in the centre was cut. The
cord was then embedded in OCT cut onto positively charged microscope slides so that each adjacent
section on a slide represented 600 µm of distance. The slides were left overnight at room temperature
to dry before being frozen for long-term storage.

4.2.6

Luxol fast blue, eosin and cresyl violet statin for tissue integrity

A combination of luxol fast blue, eosin and cresyl violet were used to visualise grey and white matter
and lesion size in the spinal cord tissue sections. Sections were defrosted and OCT was washed off
with PBST. The sections were incubated in 75% ethanol for five minutes and 90% ethanol for five
minutes. The sections were then incubated at in 0.1% luxol fast blue at 60°C for six hours. Excess
stain was washed off with 95% ethanol and then tap water. The sections were differentiated in 0.1%
lithium carbonate for 30 seconds before changing to 70% ethanol for 30 seconds and then rinsed off in
water. These steps were repeated until sufficient differentiation between white and grey matter was
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reached. The sections were counterstained with cresyl violet for one minute and eosin for 30 seconds.
The sections were then differentiated and dehydrated in 95% ethanol for five minutes and 100%
ethanol for 20 minute before being cleared with xylene and coverslipped. A Leica DMR upright
microscope was used to capture 2.5x magnification images of the stained sections. ImageJ software
was used to trace the regions of white matter, grey matter (defined by LFB and eosin staining) and
lesion size for every section. This staining was performed twice and the values were averaged to
minimise variation in the data.

4.2.7

DAB immunohistochemistry for detection of BDA and aggrecan neoepitope

Diaminobenzidine (DAB) immunohistochemistry was used to visualise BDA within traced neurons
and the ADAMTS-specific proteolysis of aggrecan. For BDA labelling: sections from brain,
brainstem and thoracic spinal cord were first washed with PBST for 20 minutes before being
incubated overnight at 4°C with Avidin-Biotin-Peroxidase-Complex reagent (ABC) diluted in PBS +
1% BSA. The sections were then washed in PBS and incubated with biotinyl-tyramide-xx signal
amplification reagent (ThermoFisher), as per the manufacturer’s instructions, for two hours at room
temperature and then washed two times with PBS. The sections were then incubated with ExtrAvidin
Peroxidase (Sigma) diluted 1:250 in PBS for two hours at room temperature. Following washes 0.1 M
phosphate buffer (PB) the sections were stained with DAB; 0.2 mg/mL DAB, 0.01% hydrogen
peroxide, 0.1 M PB pH 7.2. Following colour development, the sections were further washed three
times with 0.1 M PB to remove excess DAB. The sections were then subjected to ethanol
dehydration; 75% ethanol 2 minutes, 95% ethanol two minutes, 100% ethanol 10 minutes and then
air-dried overnight. The sections were cleared by immersion in xylene for 20 minutes before being
coverslipped with DPX mounting medium and left to dry before imaging. Stained sections were then
imaged using a Leica DMR microscope at 2.5x magnification to image the whole section or, at 10x or
40x magnification to obtain higher magnification images.
For the detection of ADAMTS-specific aggrecanase activity, an antibody specific to the neoepitope
produced by ADAMTS4 proteolysis of aggrecan (anti-ARGxx) was used. The same protocol for
DAB IHC as above was used with the following changes: The primary antibody was mouse antiARGxx (Abcam; ab3773) diluted at 1:200 in PBST without serum. A biotinylated goat-anti-mouse
secondary antibody (Sigma; SAB46000004) was diluted at 1:250 in PBST without serum. After
washes, the sections were then incubated at room temperature for two hours with ABC reagent diluted
in PBS + 1% BSA. DAB colour development and coverslipping were then performed as per above.
Stained sections were then imaged using a Leica DMR microscope at 2.5x magnification to image the
whole section or, at 10x or 40x magnification to obtain higher magnification images.
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4.2.8

Immunofluorescence, image acquisition and analysis

Fixed neuron and astrocyte cultures as well as spinal cord sections were permeabilised using PBST
and then incubated overnight at room temperature in primary antibody diluted in PBS-T + 4% goat or
donkey serum (Table 4-1). After two washes, the cells or sections were then incubated with
fluorescent-secondary antibodies (Table 4-1) at room temperature for two hours before a final wash.
A Hoechst nuclear stain was performed as detailed in Chapter Two (2.2.4.1). Fluorescently labelled
astrocytes were imaged at 10x magnification, with three images per well in triplicate using a Nikon
Eclipse TE2000-U microscope using the same exposure. Images were thresholded to a constant value
and mean arbitrary fluorescence values were measured. For neuron cultures, images were captured
using an EVOS FL Auto microscope at 10x and 20x magnification. Using ImageJ software the
number of neurites, length of neurite and nuclei were counted for each image by a blinded observer.
Over 100 neurons were counted for each group. Fluorescently labelled spinal cord sections were
imaged using an EVOS FL Auto microscope at 20x magnification. Images were stitched together
creating a high-resolution image of the whole section.
Table 4-1: Primary and secondary antibodies used for immunocytochemistry and immunohistochemistry
Antibody/lectin

Primary/
Secondary

Supplier

Catalogue
Number

Dilution

Species

Detects

Anti-β Tubulin III
Anti-GFAP-Cy3
conjugate (clone GA5)
Anti-ADAMTS4

Primary
Primary conjugate

Sigma
Sigma

T8328
C9205

1:250
1:500

Mouse
Mouse

Primary

Abcam

Ab28285

1:1000

Rabbit

Biotinylated Wisteria
lectin floribunda
Anti-Chondroitin
sulphate proteoglycan

Primary

Sigma

L1516

1:200

NA

Neuronal tubulin
Astrocyte
cytoskeleton
ADAMTS4
transgene
GAG

Primary

Abcam

Ab11570

1:200

Mouse

Anti-serotonin
Anti-Rabbit-Alexa Fluor
594
StrepAvidin-Alexa
Fluor 488
Anti-Mouse Alexa Fluor
488
Anti-goat Alexa Fluor
594

Primary
Secondary

Abcam
ThermoFisher

Ab66047
Ab150076

1:500
1:200

Goat
Donkey

Secondary

ThermoFisher

S11223

1:200

NA

Secondary

ThermoFisher

R37114

1:200

Donkey

Secondary

Abcam

Ab150132

1:200

Donkey

4.2.9

Chondroitin
sulphate GAG
moiety
Serotonin
Rabbit primary
antibody
Biotinylated
WFA
Mouse primary
antibody
Goat primary
antibody

Data exclusion and statistical analysis

Animals were excluded from this study under the following exclusion criteria: If their day zero BBB
score was greater than five, implying that they did not receive a correct impaction; if the animals are
incapable of regaining a BBB score of at least nine by 42 days post-injury, implying that the
impaction was too severe or that the animal was damaged more than intended during the surgery;
three AAV-ADAMTS4 animals were removed from the study as the infusion apparatus failed to
function during the procedure and it was uncertain whether they received any volume of vector. One102

way ANOVA followed by a Tukey’s multiple comparisons was used to determine statistically
significant differences between the means of groups split by one independent variable where *P <
0.05, **P < 0.001, ***P < 0.0001. Two-way ANOVA’s followed by a Bonferroni multiple
comparisons test were used to compare the contribution to the variance of the variables, and the mean
differences in data between groups that have been split on two independent variables (e.g. treatment
and time) where *P < 0.05, **P < 0.001, ***P < 0.0001. A repeated measure, two-way ANOVA was
used was values were recorded from the same animal over time.

4.3 Results
4.3.1

Human ADAMTS4 polymerase chain reaction and gene isolation

The human ADAMTS4 ORF clone was purchased from Origene (#RC209226; NM_005099) and
used as a template for polymerase chain reactions for insertion into a therapeutic plasmid whereby
forward and reverse primers were designed based on the fully sequenced open reading frame (ORF).
The product of the polymerase chain reactions was subject to gel electrophoresis to check the correct
size of the product. The PCR product was found to be approximately 2.5 kb: the correct size of the
ADAMTS4 ORF clone (Figure 4-2). The PCR product was then isolated and ligated into the
therapeutic expression plasmid: pAM/ITR-GfaABC1D-ADAMTS4-WPRE-BGHpA-ITR.

Figure 4-2: The PCR product of ADAMTS4 ORF amplification. Primers specific to the human ADAMTS4 ORF clone
were designed and used for PCR to amplify and then be ligated into the AAV expression cassette. Agarose gel
electrophoresis was used to confirm the correct size of the product before being isolated from the gel.
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4.3.2

Restriction enzyme analysis of the GfaABC1D-WPRE-BGHpA plasmid and
AAV vector packaging

The correct DNA sequence of the plasmid in relation to the plasmid mad constructed was confirmed
using restriction enzyme digests (Figure 4-3). The same restriction enzymes used to insert the
ADAMST4 gene were used; SpeI and HindIII. Two fragments were produced by this enzyme
treatment. The sizes of the fragments produced by restriction enzyme digestion were consistent with
the predicted fragment sizes calculated (5100 bp plasmid and 2387 bp transgene) therefore confirming
the correct plasmid DNA sequences represented in the plasmid map (Figure 4-4). The restriction
enzymes KpnI and BamHI were used to observe three fragments that correspond to the GfaABC1D, a
687 bp segment of the ADAMTS4 transgene and two fragments (1240 bp and 5560 bp) of the
remaining 6.8 kb or the plasmid. Following these confirmations, the transgene was sequenced to
confirm the correct DNA sequence was inserted into the plasmid. This sequencing was conduction by
Massey Genome Services (Massey University) using appropriate forward and reverse primers.
Sequencing data revealed that the ADAMTS4 gene sequence in the plasmid matched 100% to the
gene sequence of the human ADAMTS4 gene.
The expression plasmid was then packaged into an AAV5 vector. The vector was titre-matched to
control for variability between titering runs. To confirm the presence and purity of the vector stocks, a
sample of each vector was subject to SDS-PAGE and then stained with Coomassie blue to visualise
the presence of the AAV capsid proteins; VP1 (87 KDa), VP2 (73 KDa) and VP3 (62 KDa) (Figure
4-5). The AAV5-GfaABC1D-ADAMTS4 packaged vector (from now referred to simply as AAVADAMTS4) showed these three proteins at the correct ratios and only minor levels of contaminant
were detected on the gel.
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Figure 4-3: Plasmid map of the AAV5-GfaABC1D-ADAMTS4 plasmid. The endogenous proteoglycan-degrading
enzyme ADAMTS4 was packaged into an AAV expression cassette under the control of the truncated GfaABC1D promoter.
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Figure 4-4: Agarose gel electrophoresis of restriction enzyme digested AAV expression plasmids. The restriction
digest-generated fragments were consistent with fragment sizes calculated from predicted RE cleavage sites in the plasmid
maps confirming plasmid integrity.

Figure 4-5: SDS-PAGE gel showing the viral proteins present in the packaged AAV-ADAMTS4 vector. Purity of the
expression cassette was determined by denaturing SDS-PAGE and coomassie blue staining. The three distinctive bands can
be observed that correspond to the three AAV capsid proteins: VP1 (87kDa), VP2 (73kDa) and VP3 (62kDa). a) Ladder b)
AAV5-GfaABC1D-ADAMTS4.
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4.3.3

Chondroitin sulphate proteoglycans are a substrate for ADAMTS4-mediated
degradation

To confirm that CSPGs are a substrate that is degraded by the recombinant human ADAMTS4
enzyme, SDS-PAGE was used. Extracellular CSPGs isolated from chick brains were used for this
investigation. The solution is a mixture of the CSPGs: neurocan, phosphacan, versican and aggrecan.
Un-digested proteoglycans are too large (<400kDa) to run on a gel, however, the digested forms of
proteoglycans can. Figure 4-6 (lane B) demonstrates that chondroitin sulphate proteoglycans cannot
migrate in SDS-PAGE. However, shown in lane C, proteoglycans that had been incubated with
ADAMTS4 are degraded and are able to separate on the gel. The molecular weight of ADAMTS4 is
53kD and therefore the band corresponding to that molecular weight in lane C is likely to be the
ADAMTS4 enzyme.

Figure 4-6: Chondroitin Sulphate Proteoglycans are a substrate for ADAMTS4-mediated degradation. 10 µg of
CSPGs isolated from chick brain were incubated with 1 µM ADAMTS4 at 37°C for three hours before being subject to
SDS-PAGE and Coomassie blue staining. A) ladder; B) undigested CSPGs; C) CSPGs after incubation with ADAMTS4
showing digested fragments of CSPGs on the gel.

4.3.4

ADAMTS4 reverses chondroitin sulphate proteoglycans-induced reductions in
neurite number and length

The effects of ADAMTS4 on CSPG-mediated inhibition were investigated in a neurite outgrowth
assay. Embryonic (day 16) cortical neurons were plated on glass coverslips that were coated with
poly-d-lysine (PDL), PDL with CSPGs, or the same but then treated with ADAMTS4. The neurons
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were cultured for two days before being processed for ICC to detect the neuronal marker β-tubulin 3.
Neurons plated on CSPG substratum resulted in decreased neurite numbers and decreased neurite
length compared to PDL alone (Figure 4-7 a-d) (results are from one independent culture; statistics
are not given). ADAMTS4 digestion of CSPGs from coated coverslips reversed the inhibitory effects
of CSPG on neurite number and length (Figure 4-7 a-c). No changes to the number of nuclei resulted
from treatment with CSPGs indicating that the changes to neurite numbers and neurite length are
unrelated to cell viability (Figure 4-7 d).

Figure 4-7: ADAMTS4 reverses CSPG-induced inhibition of neurite outgrowth. E16 cortical neurons were cultured on
PDL, PDL+CSPG, or PDL+CSPG treated with ADAMTS4. Images were captured at 20x magnification on an EVOS FL
Auto microscope and representative images are displayed (A). The number of neurites per cell (B) and neurite lengths (C)
were counted from over 100 individual neurons and graphed. Data represent the mean ± SEM (n = 1 independent culture, n =
>100 cells for each group). Statistical analysis was not conducted on this data.

4.3.5

AAV5-GfaABC1D-ADAMTS4 transduces primary spinal cord astrocytes and
degrades TGFβ1-induced CSPGs

Following confirmation that ADAMTS4 reverse CSPG-induced inhibition towards neurons, the
AAV-ADAMTS4 vector was tested in primary astrocyte cell culture for its ability to transduce and
degrade CSPGs. TGFβ1 has previously been shown to increase chondroitin sulphate proteoglycans in
primary astrocyte cultures (Smith & Strunz, 2005) and so was used in this experiment to stimulate
their production in order to test whether the vector can degrade the proteoglycan content.
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Immunocytochemistry was used to visualise the expression of GAGs (WFA staining) and CS-GAGs
(CS56 staining). After exposure to TGFβ1, astrocytes produced large amounts of CS-GAG, and all
GAGs (P < 0.0001; Figure 4-8 a, c, d). Astrocytic expression of ADAMTS4 was low in the control
conditions and TGFβ1 treatment resulted in a small, decrease in mean ADAMTS4 fluorescence (P =
0.9281; Figure 4-8 a, b). Transduction with 4x109 or 8x109 vg AAV-ADAMTS4 in combination with
TGFβ1 resulted in a significant, three-fold increase in the expression of ADAMTS4 (P < 0.05).
Equalling ADAMTS4 expression was achieved by either 4x109 or 8x109 vg, indicating saturation of
the cultures.
Degradation of TGFβ1-induced CSPGs by AAV-ADAMTS4 was visually evident. 4x109 or 8x109 vg
AAV-ADAMTS4 reduced the fluorescence values for CS-GAGs and GAGs (P < 0.001; Figure 4-8 a,
c, d)). GAG content was reduced to levels comparable to control whilst CS-GAG expression was
reduced slightly more than half that observed by TGFβ1 alone. 8x109 vg degraded slightly more CSGAG and GAG content compared to 4x109 vg, though these differences were not significant. 20 nM
recombinant ADAMTS4 enzyme was also effective at significantly reducing levels of CS-GAG and
GAG (P < 0.0001). Interestingly, AAV-ADAMTS4 was more effective than 20 nM ADAMTS4 at
degrading GAG (WFA) content whereas the opposite can be said for CS-GAG (CS56).
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Figure 4-8: AAV5-GfaABC1D-ADAMTS4 transduces primary spinal cord astrocytes and degrades CSPG components. Primary spinal cord astrocytes were transduced with the AAV5GfaABC1D-ADAMTS4 vector (with either 4x109 or 8x109 vg) and stimulated with 10 ng/mL TGFβ1 two days later. The cells were fixed three days later and fluorescent immunocytochemistry
was then used to detect the ADAMTS4 transgene (ADAMTS4), chondroitin sulphate (CS56) and glycosaminoglycan (WFA). A) 10x magnification images were captured using a Nikon TE2000-U microscope. Images were thresholded and arbitrary fluorescence units were measured for B) ADAMTS4, C) CS56 and D) WFA. Data represents mean ± SEM (n = 4 independent
cultures). A one-way ANOVA followed by a Tukey’s multiple comparisons test was used to test statistically significant differences *P < 0.05, **P < 0.001, ***P < 0.0001.
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4.3.6

ADAMTS4 transgene is expressed in the rat spinal cord after infusion of AAVADAMTS4

Transgene expression and function mediated by AAV-ADAMTS4 was confirmed in astrocyte
cultures. The next step was to investigate the whether the vector is expressed in vivo when injected
into the spinal cord of rats in a contusion model of spinal cord injury.
Immunohistochemistry was used to detect the ADAMTS4 transgene expression in the thoracic spinal
cord ten weeks after thoracic SCI and infusions of AAV-ADAMTS4. Similar to what was detected at
four weeks after infusion of the reporter vector (detailed in Chapter Three), efficient ADAMTS4
expression was detected in the thoracic cord at the penumbra of the lesion compared to the uninjected
spinal cord (Figure 4-10 a-d). Confocal microscopy was used to visualise ADAMTS4 expression and
colocalisation with GFAP (Figure 4-10 c, d). ADAMTS4 expression was present in spinal cords that
were not injected with the vector but this expression is at low levels (Figure 4-10 c).
Immunostaining is largely diffuse in grey and white matter, although staining is present around the
cell bodies of neurons (Figure 4-10 c arrows) which resembles extracellular staining of chondroitin
sulphate or glycosaminoglycan. Spinal cord sections from treated animals display greatly increase
ADAMTS4 immunofluorescence, particularly in grey matter (Figure 4-10, d). This expression
appears to largely colocalise with GFAP, although ADAMTS4 immunofluorescence appears diffuse
through the ECM and strong expression is observed at neuron cell bodies. Neuronal ADAMTS4
immunofluorescence may possibly be the result of cytoplasmic expression (as a result of neuronal
transgene expression), or extracellular localisation to the CSPG-rich neuron cell bodies. The staining
at neuron cell bodies appears similar to what CSPG staining looks like (images not shown); Given
that CSPGs are concentrated in PNNs at the cell bodies of certain neurons this is an expected result.
However, in the AAV-ADAMTS4 treated animals it is unclear whether the neuronal expression is
cytoplasmic or localisation at the cell surface.
The next goal was to provide evidence that the ADAMTS4 transgene is functional in transduced
spinal cord cells. An antibody raised against an ADAMTS4-specific, aggrecan-degraded neoepitope
(ARGxx) was used to serve as a proxy for ADAMTS4 transgene functional activity. DAB
immunohistochemical staining revealed robust aggrecanase activity throughout large volumes of
spinal cord tissue (Figure 4-11). Very faint staining was evident in untreated tissue, indicating that
aggrecanase activity is present in low levels in pathophysiological conditions (Figure 4-11, a-c).
Infusion of AAV-ADAMTS4 caused large increases in DAB staining. White matter ARGxx staining
appeared to be localised to astrocytes (Figure 4-11 c). Staining was more intense in grey matter,
particularly around the cell bodies of neurons (Figure 4-11 b). Matching the expression of dYFP
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reported in Chapter Three, elevated aggrecanase activity mediated by the vector was observed through
the one centimetre of tissue that was processed for each animal injected with the vector.
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Figure 4-9: ADAMTS4 expression is increased in spinal cord tissue transduced with AAV-ADAMTS4. Spinal cords
were processed for immunohistochemistry to detect ADAMTS4 (green) and GFAP (red) expression in sections neighbouring
the lesion for both treated and untreated animals. Sections were imaged using and EVOS FL Auto microscope using
identical setting. Multiple 10x images were acquired and the images were stitched together to create mosaic images of
control (A) and AAV-ADAMTS4-injected spinal cord (B). An Olympus FV1000 microscope was used to capture images at
60x magnification, using conserved capture settings, in grey and white matter regions of sections between the penumbra of
the lesion to 600 µm rostral. Two representative images of grey and white matter areas are displayed (C, D). Scale bar = 50
µm. An increased ADAMTS4 expression is evident in the spinal cord of animals infused with AAV-ADAMTS4 (D) and the
expression is largely astrocytic, although neuronal expression is present also.
Figure 4-10: Increased ADAMTS4 expression mediated by AAV-ADAMTS4 injection leads to increased ADAMTSspecific activity in spinal cord tissue. DAB immunohistochemistry was used to detect the neoepitope (ARGxx) created by
ADAMTS-specific proteolysis in injured, treated and untreated spinal cords. A Leica DMR microscope was used to capture
images with conserved capture setting at 10x (A), 40x (B, C), and 2.5x (D). Large increases in the neoepitope were present
in the grey matter of spinal cords injected with the vector compared to un-injected cords (A, B). Increases in the staining
were also observed in white matter (A, C) but to a lesser extent. AAV-ADAMTS4-mediated activity is widespread through
infused spinal cords (D)
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4.3.7

AAV-ADAMTS4 reduces lesion size after spinal cord injury

A combination of luxol fast blue, eosin and cresyl violet stains were used to visualise grey and white
matter and lesion size in the spinal cord tissue sections. Ten weeks after infusion of AAV-ADAMTS4
into the contused rat spinal cord, a decrease in lesion size compared to contusion injury alone was
observed (Figure 4-12 a, b). The lesion epicentre area was significantly reduced compared to
contusion alone (0.91 mm2 vs. 1.6 mm2; P < 0.001; Figure 4-12 c) and 600 µm caudal to the injury
center (0.37 mm2 vs. 0.90 mm2; P < 0.05). The two-way ANOVA, comparing the variable of
treatment between contusion groups reveals a P value of 0.0025, a very significant difference.
Similarly, a greater amount of white matter was observed in spinal cords infused with AAVADAMTS4 which is likely reflects sparing or regeneration (Figure 4-12 d). At no individual specific
points in reference to the lesion was statistical significance reported as measure by a Bonferroni
multiple comparisons test; however, the two-way ANOVA comparing the variable of treatment
between contusion groups reveals a P value of 0.0048. The vector did not appear to have an effect on
the area of grey matter (P = 0.91; Figure 4-12 f). Total tissue area was slightly increased with the
AAV-ADAMTS4 treatment at the lesion centre (2.22 mm2 vs. 1.50 mm2; Figure 4-12 e), which likely
reflects the increase in white matter tissue. Although since grey matter tissue is unaffected and total
tissue include grey matter, the ANOVA does not report a statistically significant difference (P = 0.07).
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Figure 4-11: ADAMTS4 gene therapy leads to significantly reduced lesion size. Luxol fast blue-eosin-cresyl violet
histology was used to determine the area of the lesion (C), white matter (D), total remaining tissue (E) and grey matter (F).
Data represent mean ± SEM. A two-way ANOVA and Tukey’s multiple comparisons test was used to determine statistical
significances where *P < 0.05, **P < 0.001. Results of the ANOVA comparing the variable of treatment between the
contusion and contusion plus vector are reported for each parameter

4.3.8

Expression of biotinylated dextran amine in the brain, brainstem and spinal cord

DAB immunohistochemistry was used to visualise the expression of BDA after injection into the
hindlimb motor cortex one week prior to euthanasia and tissue processing. Strong DAB staining
within cells and in the extracellular matrix was observed in the motor cortex at the site of injections
(Figure 4-13 a). At higher magnification, individual cell bodies and axons positive for BDA could be
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seen (Figure 4-13 b). Similarly, BDA-loaded axons descending from the hindlimb motor cortex were
observed in the brainstem (Figure 4-13 c, d). These tissue positive controls were used for detection of
BDA present in the thoracic spinal cord. BDA expression within axons in the CST of the thoracic
spinal cord, however, was not evident (Figure 4-13 e, f). This is likely due to an insufficient amount
of time to ensure that the BDA had trafficked to the thoracic level before the animals were euthanised.
For this reason, an investigation could not be conducted into the degree of axonal sprouting and
regeneration in response to treatment with AAV-ADAMTS4.
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Figure 4-12: Expression of biotinylated dextran amine in the brain, brain stem and spinal cord. DAB
immunohistochemistry was used to visualise the expression of BDA within neurons after injection into the hindlimb motor
cortex. Expression of BDA in the hindlimb motor cortex was high (A, B). BDA-positive axons that descend from the motor
cortex were observed in the brainstem (C, D). However, BDA expression in the corticospinal tract of the thoracic spinal cord
was not observed.
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4.3.9

Gene delivery of ADAMTS4 leads to increased density of descending
serotonergic projections following spinal cord injury

It is known that a consequence of digesting CSPGs in the spinal cord is the enhancement of axonal
sprouting and regeneration (Starkey et al., 2012). Evidence of axonal spouting from BDA-traced
axons was not achieved due to an error in the study design. I therefore investigated whether AAVmediated ADAMTS4 expression would lead to increased serotonergic (5HT) input onto targets caudal
to the lesion 10 weeks after contusion and vector injections. 5HT fibres and terminals are known to
predict the extent of locomotor recovery following thoracic spinal cord injury and regeneration of
these fibres, attributed to a plasticity-promoting treatment, is associated with improved motor
functions (Barritt et al., 2006; Bartus et al., 2014; Saruhashi, Young, & Perkins, 1996). Dense 5HT
innervation was apparent in the ventral horn of AAV-ADAMTS4 treated animals. In contrast,
significantly lesser 5HT immunoreactivity was observed in the ventral horns of untreated animals
(mean pixel intensity of 8.57 ± 3.96 vs. 3.53 ± 1.51; P < 0.001; Figure 4-14).
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Figure 4-13: Increases in serotonergic activity in ventral horns caudal to the lesion site attributed to AAVADAMTS4. Fluorescent immunohistochemistry was performed to detect serotonin. The dorsal horns of sections caudal to
the injury (three sections: 600, 1200 and 1800 µm caudal to the injury were used). Images were captured using a Leica DMR
fluorescent microscope at 10x magnification. Images were consistently thresholded and the mean pixel intensity of the
ventral horns was measured. The pixel intensity was then subtracted from the mean intensity of an ROI in the dorsal horn
(subtracting background fluorescence) Images are representative images. Data represent the mean ± SEM (contusion n = 10,
contusion + AAV-ADAMTS4 n = 8). A two-tailed, unpaired t-test was used to determine a statistical between the two
groups where *P < 0.05, **P < 0.001

4.3.10 Behavioural assessments of AAV-ADAMTS4 in a model of moderate spinal cord
contusion
The ADAMTS gene therapy has shown evidence of expression in spinal cord cells, leading to
degradation of CSPGs in the contused rat spinal cord. This correlated with decreased lesion size and
increased serotonergic innervation below the injury. The next goal was to determine whether the
treatment had an effect on the recovery of motor functions.
Rats received a spinal cord injury contusion of 175 KDyne at spinal cord level T10. Data recorded
from the IH impactor revealed that the actual force delivered to the cords was within 10% of the
intended 175 KDyne (Figure 4-15 a). The mean values between treated and untreated groups were
nearly identical, indicating that impactions were consistent between both groups.
The body weights of the animals were monitored as an overall indicator of health and whether the
AAV-ADAMST4 had an influence on this parameter. Vector infusion did not cause any further
weight loss compared to animals that only received the contusion (Figure 4-15 b). The changes in
body weights between the two groups showed an overlapping trend up to 40 days post-surgery which
is a peak decrease of approximately -25 grams by day four. Body weights gradually increase by
approximately 50 grams by day 40, where the two groups slightly separate. After 70 days the group
that received the vector infusions weighed 10 grams more weight than those that received contusion
alone. These values were significantly different (P <0.05) at days 63 and 70-post SCI.
CatWalk XT Gait analysis, BBB open-field locomotor scoring and the horizontal ladder tests were
used to assess motor functions following SCI and vector infusions. The selection criteria for
compliant runs was refined from what was defined in Chapter Three whereby the period of each
correct pass was less than 10 seconds and at least four compliant runs were reordered for each animal
per time point. Compared to the sham group, significant decreases in contusion and contusion plus
AAV-ADAMST4 for the parameters of stride length, step sequence regularity, max contact, print
length, print width and print area (Figure 4-16). For all parameters the values between contusion and
contusion plus AAV-ADAMST4 were comparable and as such, no significant differences were
observed. Baseline measurements (data combined from all animals before surgery) were inconsistent.
In most case, measurements were often significantly less than the sham group (as seen in Figure 4-16
b, d-h). Values recorded for parameters pertaining to print width, length and area were comparable to
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contusion groups. This result may reflect that those values were recorded 11 weeks prior to the others
at which point significant growth of the animals could have increased their paw sizes.
For BBB scores, all of the animals displayed a BBB score of less than two (2 = slight movement of
one or two joints), one day after spinal cord contusion indicating a consistent injury for all animals
(Figure 4-15 c). The score increases over the following weeks with overlapping profiles until
approximately 35 days at which point the two groups slightly separated; the AAV-ADAMTS4 treated
group had slightly improved mean BBB scores. This difference in the mean BBB scores of the groups
is maintained for the remainder of the study but is not a significant difference (P = 0.19; repeated
measure, two-way ANOVA).
The horizontal ladder test is used to assess finer motor control and coordination. Animals were tested
on the ladder two weeks after surgery in compliance with ethical approval obligations, at which point
the animals can adequately complete the task. Sham animals made two errors or less during the testing
period and values are significantly different at all time points compared to both contusion groups (P
<0.0001; P value not shown on the graph; Figure 4-15 d). Two weeks after SCI and vector injections,
a large number of errors made during runs of the test were made by both groups. Animals that
received the contusion alone had more errors compared to those treated with the vector (46.72 ± 21.25
vs. 38.30 ± 17.24; Figure 4-15 d) which may indicate that the therapeutic benefit of the AAVADAMTS4 occurs earlier than two weeks. For both groups, fewer errors were made over the course
of the following five weeks at which point the number of errors appears to plateau for the remaining
three weeks of scoring. Large standard deviations are evident for the contusion group, for example, at
day 35 SD = 32.89 vs. 8.20 for treated group. This is because many of these animals do not recover to
a point at which they recover dexterity of their hindlimbs; if an animal is unable to display plantar
placement of a hindlimb then every step from that limb will result in an error. In the contusion group
there were several animals that did not regain plantar placement of a hindlimb whereas in the
contusion + vector group, all of the animals regained plantar placement of their hindlimbs. For this
reason, there are some animals in the contusion groups that make a large number of errors compared
to the remainder of the cohort, which in turn resulted in a large standard deviation. Considering there
is likely to be a therapeutic action of the vector prior to the beginning of test, a repeated measure
ANOVA is not a valid statistical method for comparing these data sets due to a violation of sphericity,
and in fact no, significant differences are reported using such test. Instead, a regular two-way
ANOVA was used. Whilst significance was not reported for any individual time point, the variable of
treatment over the testing period is extremely significant between the groups (P <0.0001).
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Figure 4-14: ADAMTS4 gene therapy after thoracic spinal cord injury leads to minor improvements in behavioural
assessments. Rats received a 175 KDyne contusion at spinal cord level T10 and 4 infusions of AAV-ADAMTS4 at each
corner of the injury (1 µL; 4x109 vg at each site). A) The actual force delivered to the spinal cords of individual animals with
within 10% of the intended force of 175 KDyne and the mean values were not significantly different from each other. This
confirms that the differences seen in the study between treatment groups were not due to differences in impaction forces.
The data represents the mean ± SEM. An unpaired, two-tailed t-test was used to determine statistically significant
differences where *p < 0.05. B) Following spinal cord contusion ± vector infusion, the body weights (in grams) were
measured for 70 days. Data is reported as a change in grams from their surgery day. C) BBB scores were measured for 10
weeks following the injury. D) Testing on the ladder began two weeks after injury where animals were recorded as they
crossed a one-meter horizontal ladder with irregular rungs. Data reported is the sum of the number foot slips made during
three runs. For B, C and D, data represents the mean ± SEM (contusion n = 10, contusion + AAV5-GfaABC1D-ADAMTS4
n = 9). For all of these assessments, a two-way, repeated measure ANOVA was used to determine significant differences
between the groups over time and a Bonferroni multiple comparisons test was used to determine differences at each time
point. For the Ladder test, since testing began two weeks after SCI and AAV injections, an additional non-repeated measures
two-way ANOVA was used with Bonferroni multiple comparisons (displayed) as a repeated measures test is not appropriate
in this instance. For all figures: *P < 0.05, **P < 0.001, ***P < 0.0001.
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Figure 4-15: Analysis of hindlimb locomotion parameters measured by CatWalk XT Gait Analysis. The CatWalk Gait
Analysis was used to assess hindlimb motor function recovery at week 10 after 175 KDyne thoracic contusion and infusions
of AAV-ADAMTS4. Data represents the mean ± SEM. A one-way ANOVA followed by a Tukey’s multiple comparisons
was used to determine statistical significance between contusion and other groups where *P < 0.05, **P < 0.001, ***P <
0.0001.

4.4 Discussion
These results demonstrate that an AAV vector expressing the human ADAMTS4 gene under the
control of an astrocytic promoter is capable of transducing spinal cord astrocytes, degrades CSPGs,
can limit lesion size, promote neuroplasticity and lead to an improvement in hindlimb locomotor
ability in a contusive experimental model that closely mimics human traumatic SCI.

4.4.1

CSPGs inhibit neurite outgrowth which is reversed with ADAMTS4 treatment

Two proof of concept experiments were performed to confirm reports that 1) CSPGs are a substrate
for ADAMTS4-mediated proteolysis, 2) that CSPGs inhibit neurite number and extension and 3) that
ADAMTS4 degradation of CSPGs removes these inhibitory influences on neurons. SDS-PAGE was
used to confirm that CSPGs are a substrate for ADAMTS4. A sample of CSPGs including neurocan,
phosphacan, versican, and aggrecan was incubated with recombinant human ADAMTS4 and then
separated by SDS-PAGE. Only samples treated with the enzyme were able to separate on the gel as
the proteolysis enabled fragments small enough to do so whereas undigested CSPGs were too large
(>250 KDa). Following this, a neurite assay extension experiment was conducted in which cortical
neurons were plated on CSPG substrate, and a substrate that had been pre-treated with ADAMTS4.
This experiment has been conducted previously by Tauchi et al., 2012, in which the authors reported
decreases in neurite length by CSPGs that could be completely reversed by ADAMTS4 or ChABC
pre-treatment (Tauchi et al., 2012). Similarly, I observed decreases in neurite length and neurite
number of neurons plated on CSPG substratum compared to PDL or to ADAMTS4-degraded CSPG.
This was independent to cell viability as a comparable cell number was counted for all groups. As
these were proof of concept experiments and the results were consistent with other reports, each was
performed in one independent experiment.

4.4.2

ADAMTS4 transgene is expressed in vitro and is functional

The therapeutic benefit of ADAMTS4 has been investigated in the severely contused spinal cord
where it was shown to significantly improve BBB scores, equalling the efficacy of ChABC (Tauchi et
al., 2012). In this study, ADAMTS4 was continuously infused into the spinal cord via intrathecal
mini-osmotic pump for 14 days. Chronic and widespread expression of ChABC has been achieved via
LV-mediated gene delivery whereby transgene expression was maintained for over one year (Bartus
et al., 2014). Chronic expression of ADAMTS4, however, has not previously been shown. In this
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chapter, I created an AAV vector expressing ADAMST4 to allow for chronic expression of the
enzyme from a single injection. The ADAMTS4 gene was amplified and isolated by PCR using
primers specific to the gene including restriction sites required for packaging into the therapeutic
vector determined to be most effective for spinal cord astrocyte transduction in the previous chapters.
The DNA sequence of the therapeutic vector was confirmed using restriction enzyme analysis and
DNA sequencing; which were found to be 100% correct. The purified vector stock was confirmed to
be free of contaminants as indicated by SDS-PAGE. To test that the vector is functional, transductions
were performed on primary spinal cord astrocytes prior to in vivo use. AAV-ADAMST4 transduction
of astrocytes resulted in a large increase in ADAMTS4 expression in astrocytes compared to untreated
astrocytes or astrocytes treated with TGFβ1. TGFβ1 is frequently used to stimulate CSPG expression
by astrocytes (Smith & Strunz, 2005) and was done so in order to investigate whether the AAVADAMST4 vector was capable of decreasing CSPG expression. Immunocytochemistry was not used
to detect specific proteoglycans such as aggrecan or neurocan, rather glycosaminoglycan expression
was observed as a proxy. Significant decreases in both chondroitin sulphate and glycosaminoglycan
content was present in transduced cells.

4.4.3

ADAMTS4 transgene is expressed in vivo and is functional

Following the confirmation that the AAV-ADAMTS4 vector is functional in cultures, it was then
delivered into the rat spinal cord in a contusion injury model to investigate whether it could be
therapeutic. AAV-ADAMTS4 enabled the efficient expression of the enzyme for at least 10 weeks, at
which the point the tissue was collected. It is however likely that gene expression continues for much
longer as this as AAV expression has been reported in brains of non-human primates to persist for 15
years. (Sehara et al., 2017). ADAMTS’s are expressed throughout the CNS, and ADAMTS4 appears
to be the most highly expressed ADAMTS in the CNS under basal conditions (Yuan et al., 2002).
Literature pertaining to the regional and cellular expression, as well as the biological functions of
ADAMTS4 in the CNS is relatively undescribed. ADAMTS4 has been found to be expressed in
spinal cord astrocytes and microglia as well as neurons, however, the relative levels or ECM
expression were not described (Cross et al., 2006; Yuan et al., 2002). In untreated, injured tissue I
observed low, diffuse immunostaining of ADAMTS4 not appear to be localised to any specific cell
population. This is not unexpected as it is an ECM-acting enzyme. The large increase in ADAMTS4
expression with treatment resulted in cellular staining as well as increased ECM expression.
Expression was present in astrocytes and neuronal expression was also evident; although colabelling
of ADAMTS4 to a neuronal marker was not performed, the morphology of ADAMTS4-positive cells
was neuronal. Potentially this could reflect localisation to CSPG-rich surroundings of neuronal cell
bodies; however, optical slices obtained from confocal imaging reveal that expression appears to be
largely cytoplasmic. This would reflect ADAMTS4 transgene expression within neurons before being
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secreted to the ECM. It would have been interesting to colabel ADAMTS4 with a marker of the cell
membrane or for PNNs to show the interaction of extracellular ADAMTS4 interacting with CSPGs on
the membrane of neurons.
The C-terminal peptide sequences of the N-terminal fragments within the G1 domain of CSPGs
produced by ADAMTS proteolysis are used to raise neoepitope antibodies that specifically recognize
only the cleaved fragment, and not the intact proteoglycan (Gottschall & Howell, 2015). Therefore,
immunohistochemistry using these neoepitope antibodies would signify activity of the enzyme in
tissues. In this study an antibody was used that recognises the ADAMTS-1, -4 and -5)-generated Nterminal neoepitope ARGxx after cleavage between amino acids EGE and ARG within the
interglobular domain of aggrecan. AAV-ADAMTS4 injections led to a dramatic increase in this
neoepitope expression, widespread through the spinal cord. Aggrecan expression is known to be
mainly localised to the grey matter in adult spinal cord tissue where expression is present in the ECM
and found on all PNN-bearing neurons (Galtrey, Kwok, Carulli, Rhodes, & Fawcett, 2008).
Consistent with the present study, staining was greater in the grey matter as opposed to white matter
and the localisation of staining appeared to be present in the ECM and localised to the cell bodies of
neurons in grey matter. Neurocan expression in the spinal cord appears similar to aggrecan. Versican
and phosphacan expression, however, are also highly expressed in white matter (Galtrey et al., 2008).
Therefore it would have been beneficial to also detect expression of neoepitopes generated by
ADAMTS proteolysis of versican and phosphacan to reveal ADAMTS4 activity throughout both grey
and white matter.

4.4.4

AAV-ADAMTS4 leads to functional improvements

Improvements in motor function have previously been reported after large-scale CSPG degradation
mediated by a lentiviral ChABC gene therapy (Bartus et al., 2014). Similarly, a significant functional
recovery on the horizontal ladder following AAV-ADAMTS4 treatment was observed. This
improvement occurred early, and continued throughout the testing period. It is likely due to
neuroprotective effects since these animals did not show the same level of impairments in the task at
week two, despite having the same severity of injury. A similar observation was made for the
lentiviral ChABC therapy whereby significant therapeutic benefit was reported prior to one week after
injury and vector injection (Bartus et al., 2014). The authors of this study confirmed that LV-ChABC
could reduce progression of secondary injury pathology in early time points: LV-ChABC shifted
macrophage polarisation to an M2 phenotype indicated by increased expression of CD206 that
weren’t always associated with IBA1 staining (Bartus et al., 2014). Enhanced recovery is associated
with infiltrating M2 macrophages leading to enhanced tissue recovery and repair following SCI
(Shechter et al., 2013).

Immunostaining for markers of neuroinflammation or macrophage

polarisation was not performed in this study however, it would have been helpful to explain whether
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the early benefits associated with the ladder test are the result of alternatively activated macrophages,
promoting resolution of inflammation, clearance of cytotoxic debris and positive tissue remodelling.
Despite significant improvements in performances in the ladder task, there was a lack of a significant
effect on BBB locomotor scoring. This may suggest a limit to the observed recovery of AAVADAMTS4 although it may also highlight one of the potential issues with the BBB scoring system
(Basso et al., 1995). The BBB scoring system is the most frequently used method for evaluating motor
recovery after SCI because it is simple, practical and is accepted as part of the MASCIS (The
Multicentre Spinal Cord Injury Study) guidelines. Whilst showing high reproducibility and
satisfactory sensitivity of mild injuries, the BBB has been reported to have non-satisfactory sensitivity
for moderate and severe injuries (Barros Filho & Molina, 2008). The major limitation of the scale is
that “scores obtained in the upper or lower ranges of the scale have distinct characteristics and do not
permit accurate comparisons” (Barros Filho & Molina, 2008). The BBB score relies on animals
achieving certain milestones in their locomotor recovery in order to get a higher score. For example,
an animal can be capable of inter-limb coordination before aspects of paw angle, paw placement, toe
clearance, and trunk stability can be considered and these more finely graded distinctions would not
be considered. This aspect of non-linearity of the scale means that whilst the lower end of the scale is
sensitive to minor changes in limb function, the upper end of the scale reflects greater improvements
in function and therefore is harder to achieve higher scores. Difficulty to achieve higher scores at the
upper end of the scale, as well as the BBB scoring system being limited in identifying more subtle
changes in limb function may be why significant differences were not observed in this study. For
example, previously, improvements to BBB scores were not reported after LV-ChABC treatment in a
moderate SCI (Bartus et al., 2014) whereas significant improvements were reported by another team
after either ChABC or ADAMTS4 treatment following severe contusion (Tauchi et al., 2012). There
is further controversy over the specific statistical test that should be used since parametric tests are the
standard choice despite the BBB scoring system providing non-parametric data (Barros Filho &
Molina, 2008). For future testing, it would be preferential to include other, more sensitive methods
for investigating motor recovery.
I also encountered a major limitation for the application of CatWalk Gait analysis. In Chapter Three,
the system struggled to make distinctions between injured and uninjured animals. Following this, the
selection criterion for compliant runs was refined in efforts to obtain more accurate and less variable
data. Whilst more parameters showed differences in the means between injured and injured groups,
the system still lacked adequate sensitivity to report significant changes between injured and noninjured groups, let alone between the two injured groups. These limitations were previously
highlighted in a review for the use of CatWalk in spinal cord injury models (Hamers et al., 2006).
Specifically, CatWalk was able to able detect significant differences between the forelimbs and
hindlimbs after either spinal cord contusion or dorsal transection but could not detect differences of
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hindlimb parameters between injured and uninjured groups (Hamers et al., 2001). CatWalk is
therefore not an adequate system for the detection of motor recovery in rats following SCI. Therefore,
it was not used in this study in future experiments presented in this thesis.

4.4.5

AAV-ADAMTS4 leads to changes in plasticity

The formation of compensatory spinal networks due to the plasticity of intact pathways form
spontaneously after SCI which is a mechanism correlating with functional recovery in motor systems
in the adult CNS (Rosenzweig et al., 2010; Weidner, Ner, Salimi, & Tuszynski, 2001). These
plasticity events are enhanced through the application of ChABC or anti-Nogo A antibody treatment
by removing inhibitory factors in the ECM (Barritt et al., 2006; Gonzenbach et al., 2012). It is
probable that AAV-ADAMTS4-mediated degradation of CPSGs is likely to cause a similar effect.
BDA anterograde tracer was injected into the hindlimb sensory motor cortex of animals to trace axons
in the thoracic spinal cord. Animals were euthanised one week after the injection and processed for
IHC, however, this proved to be an inefficient amount of time to allow for trafficking of the tracer to
the thoracic region and as such, tracing could not be done. Tracing fibre tracts of the hindlimb sensory
motor cortex would have been particularly beneficial in elucidating the contribution of regeneration
stimulated by AAV-ADAMTS4. Whilst attempts at tracing in this present study were unsuccessful,
for future experiments, three weeks was allowed so that the BDA has adequate time to reach the
thoracic spinal cord. As spared tissue is a feature of incomplete injuries it would also be of interest to
achieve successful tracing of ascending spinal pathways as well as descending pathways pre- and
post-injury. Specifically, pre-injury anterograde tracing of the posterior column tracts followed by
post-injury, sub-lesional, retrograde tracing would allow for distinctions between axonal sparing and
axonal regeneration. Furthermore, calcitonin gene-related peptide (CGRP) and protein kinase C
gamma (PKCγ) immunostaining would also be informative. PKCγ immunostaining is used as a
marker of the dorsal CST, therefore, lack of staining in sections caudal to the injury reveal the
completeness of damage to the CST (Wang et al., 2011). Therefore, observing BDA-traced CST
axons at and below the lesion site would imply compensatory sprouting. Furthermore, sublesional
PKCγ in dorsal portion of the dorsal column, where the CST does not normally project, has revealed
plasticity events in response to ChABC treatment (Barritt et al., 2006) CGRP immunostaining is
present on primary afferents and sprouting of these fibres is associated reported to be associated with
aberrant connections resulting in hyperalgesia (McMahon, Bennett, Priestley, & Shelton, 1995),
however, beneficial effects of such primary afferent plasticity below a lesion after ChABC treatment
are also reported (Barritt et al., 2006; Goldberger & Murray, 1988). While these investigations are not
reported in this thesis, all are currently ongoing.
AAV-ADAMTS4 treatment led to significant plasticity of the intact descending raphe-spinal
serotonergic system after SCI. A significant increase in serotonergic innervation in the ventral horn
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occurred caudal to the injury. Spinal serotonin levels are known to facilitate locomotor function and
may influence functional recovery after SCI (Schmidt & Jordan, 2000). Furthermore, increased
innervation of the ventral horn by sprouting serotonergic fibres after ChABC, LV-ChABC and antiNogoA treatments have been associated with a recovery in locomotor function (Barritt et al., 2006;
Bartus et al., 2014; Bregman et al., 1995; Li et al., 2004). Thus, the serotonergic sprouting observed in
the current study may be an additional mechanism underlying recovery of function after SCI and
AAV-ADAMTS4 treatment.

4.4.6

Could rehabilitation enhance functional outcomes of AAV-ADAMTS4
treatment?

ADAMTS4 gene therapy resulted in significantly decreased lesion size and enhanced serotonergic
system plasticity. Although tracing of the hindlimb CST could not be completed, treatment is likely to
be causing regeneration and plasticity of CST axons. Whilst significant improvements were reported
for treated animals on the ladder task, this improvement was modest and no significant improvement
was observed for BBB scoring.
Previously, treatment of rat cervical spinal cord injuries with ChABC also only produced a modest
recovery in CST function, as measured by skilled paw function (Garcia-Alias et al., 2008). The
authors reasoned that promoting plasticity by itself may not be sufficient to promote functional
recovery if it leads to random new connections (Garcia-Alias et al., 2008). Instead, the formation of
appropriate connections in the spinal cord and brain may need to be driven by appropriate
rehabilitation. Indeed, ChABC treatment combined with rehabilitation leads to enhanced recovery
through opening a window during which rehabilitation becomes more effective (Garcia-Alias et al.,
2009; Shinozaki et al., 2016; Wang et al., 2011). In humans, most motor functions depend on the
integrity of the CST, whereas CST damage in rodents primarily causes deficits in the fine control
required for grasping and holding objects (Anderson et al., 2007; Courtine et al., 2007). For this
reason, skilled paw use in rodents is an effective method for evaluating treatments relevant to the CST
and human SCI. Interestingly, recovery of skilled paw function is achieved if ChABC treatment is
combined with task-specific rehabilitation (i.e. specific training of a skilled paw task), whilst general
rehabilitation enhanced locomotor function but extinguished skilled paw reaching (Garcia-Alias et al.,
2009).Therefore, rehabilitation only enhances the functions that are practised and can even worsen
behaviours that are not trained for. In this scenario of a thoracic SCI, rehabilitative training of the
hindlimbs specifically would make intuitive sense to drive plasticity in the connections relating to
their motor function. Therefore in the following chapter, hindlimb-specific exercise rehabilitation in
combination with AAV-ADAMTS4 gene therapy will be investigated in a rodent model of thoracic
spinal cord contusion in efforts to enhance functional recovery.
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5 Chapter 5:
The Inclusion of hind limb-specific exercise rehabilitation with
AAV-ADAMTS4 therapy to enhance functional improvements
after spinal cord injury
5.1 Introduction
Chapter Four demonstrated that AAV-ADAMTS4 could degrade CSPGs in vitro and in vivo, decrease
lesion size, and stimulate the plasticity of neuronal pathways in vivo. This correlated with a modest
improvement in motor function measured by BBB open field scoring and in the horizontal ladder test.
It is hypothesised that new connections are being formed in these animals, evident by increased tissue
sparing and plasticity markers compared to non-treated injured animals. This chapter will investigate
whether hindlimb-specific rehabilitation can enhance hindlimb motor functions attributed to AAVADAMST4 treatment.
Neuroplasticity is the adaption and reorganisation of the neuron anatomical and functional
connectivity in response to stimuli, thereby modifying their output (Dunlop, 2008). This can be
accomplished through sprouting and short-distance regeneration of axons above and below the lesion
site, connections forming with other pathways, and modifying synapses. From rodent and primates
studies, there is now a large amount of data showing that following injury, recovery can occur through
spontaneous compensatory plasticity in the intact fibres at the injury site, reorganisation at distant
CNS sites (Bareyre et al., 2004; Courtine et al., 2008; Raineteau & Schwab, 2001; Topka et al., 1991;
Wall et al., 2002) as well as substantial reorganisation of the cortical activation areas (Bruehlmeier et
al., 1998). In efforts to make use of these processes, patients will typically carry out rehabilitation
therapy based on the idea that repetitive specific movements will strengthen that movement (Fawcett
& Curt, 2009). Whilst these processes occur in humans, functional recovery is limited by intrinsic
(such as low RAG expression) and extrinsic factors (such as CSPGs).
Plasticity-promoting treatments have been explored to enhance plasticity after spinal cord and brain
injury to boost recovery, including NogoA antibody therapy and ChABC therapy (Barritt et al., 2006;
Bradbury et al., 2002; Freund et al., 2009; Starkey et al., 2012; Yazdi et al., 2016). Whilst dramatic
increases in neuroplasticity were observed in these studies, there were only modest functional
improvements skilled tasks and no improvements to BBB scores (Bartus et al., 2014; Chen et al.,
2017; Garcia-Alias et al., 2009; Garcia-Alias et al., 2008; Liebscher et al., 2005). Histologically it was
clear that tissue sparing, axonal regeneration, and enhanced serotonergic innervation was occurring in
these studies but the animals were not getting the full benefit of these new connections. It was
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hypothesised by Fawcett and colleges that these animals have new connections, but these new
connections are of no use without proper instruction. Therefore the team then suggested that
rehabilitation may enhance functional recovery. Subsequently, indeed, ChABC treatment combined
with rehabilitation led to enhanced recovery through opening a window during which rehabilitation
became more effective (Garcia-Alias et al., 2009; Shinozaki et al., 2016; Wang et al., 2011).
However, the timing of the treatment and rehabilitation appears to be critical. In one experiment
involving thoracic spinal cord contusion the animals developed an abnormal stepping pattern when
rehabilitation was included (Maier et al., 2009). Similarly, parallel treatment of anti-NogoA antibody
therapy with rehabilitation in a model of stroke led to ‘chaotic hyperinnervation’ leading the
researchers to hypothesise that rehabilitation at an early stage was reinforcing incorrect connections
(Wahl et al., 2014). However, if the rehabilitation began one or two weeks after injury and treatment
then there was a full recovery in specific tasks (Wahl et al., 2014). It therefore appears to be important
to allow new connections to form through the aid of a plasticity-promoting therapy and that
rehabilitative training should follow the growth phase, thereby fine-tuning connections.
Whilst many rehabilitative strategies are available, ‘task-specific’ rehabilitation (i.e. training of the
specific task that you wish to test the improvement of) makes intuitive sense in that the best way to
relearn a given task would be to train specifically for that task (Bayona, Bitensky, Salter, & Teasell,
2005). In the case of animals following thoracic SCI, rehabilitative training of the hindlimbs
specifically is advantageous over training that includes the use of the forelimbs (Fouad, Metz,
Merkler, Dietz, & Schwab, 2000; Hayashibe et al., 2016; Multon, Franzen, Poirrier, Scholtes, &
Schoenen, 2003). This is thought to be the result of quadrupedal training utilising spinal systems
involved in both fore and hindlimb motions, and not being advantageous over ‘self-training’, whereas
bipedal, hindlimb treadmill training directs rehabilitation efforts specifically on the hindlimbs.
Furthermore, it has been reported that locomotor recovery is dependent on the amount of activity
imposed on the hindlimbs during treadmill training (Cha et al., 2007). In Chapter Four, AAVADAMTS4 gene therapy led to decreased lesion size, greater white matter sparing, and serotonergic
innervation. This correlated with a moderate improvement in fine motor coordination and control. The
aim of this chapter is to incorporate sequential, hind limb-specific exercise rehabilitation in efforts to
improve hindlimb functional recovery beyond what was observed in the previous chapter.

5.2 Materials and methods
5.2.1

AAV vector construction and packaging

The AAV5-GfaABC1D-ADAMTS4 therapeutic vector was constructed and packaged as detailed in
Chapters Four and Two (4.2.1 and 2.2.2.).
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5.2.2

Animals, thoracic spinal cord injury and AAV vector injection

A total of 28 adult female Sprague Dawley rats weighing 250-340g were used in this study (obtained
from the Vernon Jansen Unit, University of Auckland, New Zealand). Rats received a thoracic spinal
cord injury (n = 14) with or without AAV5-GfaABC1D-ADAMTS4 (n = 14). All experiments were
carried out in accordance with approved guidelines from the University of Auckland Animal Ethics
Committee. Rats were housed one per cage after surgery for two weeks at which point they were
housed four per cage in a temperature and humidity controlled atmosphere with a 12 hour light/dark
cycle and ad libitum access to food and water. Thoracic spinal cord contusion and infusions of
AAV5-GfaABC1D-ADAMTS4 were performed as detailed in Chapter Three (3.2.2.1).

5.2.2.1 Locomotor behavioural scoring
BBB scoring and horizontal ladder test were used to test hind limb motor functions as detailed in
Chapters Three and Four (3.2.2 and 4.2.4).

5.2.2.2 Hindlimb-specific exercise rehabilitation
Hindlimb bipedal exercise training on a rodent treadmill was used as task-specific rehabilitation in
spinal cord injured rats. All animals used in this study were subjected to treadmill training beginning
two weeks after surgery. A five-lane rodent treadmill (Pan Lab/Harvard Apparatus, #LE8710RTS;
Figure 5-1 a) was used. For training, a custom built frame was constructed and rats were suspended in
handmade, custom fitted jackets so that only their hindlimbs were in contact with the treadmill belt
(Figure 5-1 b). This apparatus allowed for animals to be kept upright whilst having near full weight
bearing movements on their hindlimbs. Prior to training program, the rats were acclimatised to the
treadmill and to their suspension jackets. For the first week of the rehabilitation, program rats were
trained for 10 minutes a day at a speed of 5 cm/sec. After one week the rats were then trained for 30
minutes a day at a speed of 25-35 cm/sec. Animals were generally fully compliant with the
rehabilitation program and were monitored constantly by a trainer to ensure the animals were
maintaining a full range of motion in their hindlimbs for the full 30 minutes. Animals received eight
weeks of this treadmill training in total before they then received cortical injections of BDA.
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Figure 5-1: A five-lane rodent treadmill was used for hindlimb-specific rehabilitation following SCI. A five-lane
rodent treadmill (Pan Lab, Harvard Apparatus; model: LE8710RTS) was used for the exercise rehabilitation (A). The system
was customised including custom-fitted jackets so that the rats could be suspended upright with partial weight support and
only their hindlimbs in contact with the treadmill belt (B).

5.2.3

Biotinylated dextran amine anterograde tracing of hindlimb corticospinal tract
axons

Axonal tract tracing of hindlimb CST tract axons was performed as detailed in Chapter Four (4.2.5)
with the following modification: injections were performed at week 10 after SCI and the animals were
euthanised three weeks after the infusions. DAB staining of BDA was performed as detailed in
Chapter Four (4.2.7). Sections immediately rostral to the lesion site were imaged. 20x magnification
images were captured using an EVOS FL Auto microscope and images were stitched together to
create an image of whole spinal cord sections. The size of the images was calibrated using ImageJ and
the total length of axons outside of the CST was traced by freehand (Figure 5-2).

5.2.4

Brain and spinal cord tissue processing, histology and immunohistochemistry

Brain and spinal cord tissue were processed as detailed in Chapter Four (4.2.5.1). All histological and
immunohistochemistry techniques used in this study were the same as described in the methods of
Chapter Four (4.2.6).
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Figure 5-2: Example of tracing BDA-labelled hindlimb CST axons. Images of DAB-stained spinal cord sections
detecting the presence of BDA were captured using an EVOS FL Auto at 20x magnification and stitched together. ImageJ
was used to trace to axons outside of the CST using a scale bar from a 20x image. The total sum of the axon length outside
was then calculated. In the image above, three axons are highlighted in red.

5.2.5

Data exclusion and statistical analyses

Animals were excluded from this study under the following exclusion criteria: If their day zero BBB
score was greater than five, implying that they did not receive a correct impaction; if the animals are
incapable of regaining a BBB score of at least nine by 42 days post-injury, implying that the
impaction was too severe or that the animal was damaged more than intended during the surgery. One
AAV-treated animal was removed from the study as it becomes chronically constipated after the
surgery and was euthanised as recommended by the University Animal Welfare Officer. Another
AAV-treated animal was excluded from the study as the spinal cord was damaged during the
injection; the needle was moved to cause what amounted to a hemisection injury. Two-tailed,
unpaired t-tests were used to compare statistical differences between two groups split by one variable.
One-way ANOVA followed by a Tukey’s multiple comparisons were used to determine statistically
significant differences between the means of more than two groups split by one independent variable.
Two-way ANOVAs followed by a Bonferroni multiple comparisons test were used to compare the
mean differences in data between groups that were split by two independent variables. Repeated
measures, two-way ANOVA, followed by Bonferroni post-hoc test was used where values were
recorded from the same animal over time. A Fisher multiple t-tests was also used for BBB data to add
support to the ANOVA analysis. For all analyses: *P <0.05, **P <0.001, ***P <0.0001.
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5.3 Results
5.3.1

ADAMTS4 transgene is expressed in the rat spinal cord and degrades CSPGS

Chapter Four demonstrated that AAV-ADAMTS4 infusions into the contused spinal cord resulted in
an upregulation of ADAMTS4 expression which was largely astrocytic, but neuronal expression is
also present. Immunohistochemistry and confocal microscopy were used in to confirm increased
expression of ADAMTS4 following vector infusion. Consistent with observation in Chapter Four,
efficient ADAMTS4 expression compared to uninjected spinal cord was detected in the thoracic cord;
ADAMTS4 expression was present in spinal cords that were not injected with the vector but this
expression was at low levels and immunostaining is diffuse in grey and white matter (Figure 5-3).
Spinal

cord

sections

from

treated

animals

displayed

greatly

increase

ADAMTS4

immunofluorescence, particularly in grey matter. This expression appears to largely be astrocytic,
evident by GFAP colocalisation. ADAMTS4 immunofluorescence also appears diffuse through the
ECM and strong expression is observed at neuron cell bodies (shown with arrows). Given that CSPGs
are concentrated in PNNs at the cell bodies of certain neurons this is an expected result. However, in
the AAV-ADAMTS4 treated animals it is unclear whether the neuronal expression is cytoplasmic or
at the cell surface.
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Figure 5-3: ADAMTS4 expression is increased in spinal cord tissue transduced with AAV-ADAMTS4. Spinal cords
were processed for immunohistochemistry to detect ADAMTS4 (green) and GFAP (red) expression in sections neighbouring
the lesion (approximately 600-1200 µm rostral of the lesion edge). An Olympus FV1000 microscope was used to capture
images at 60x magnification, using conserved capture settings, in grey and white matter regions. Images are representative
images. Scale bar = 50 µm. An increased ADAMTS4 expression is evident in the spinal cord of animals infused with AAVADAMTS4 and the expression appears largely astrocytic, although neuronal expression is also present. Arrows highlight
neuron cell bodies.
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The next goal was to confirm that the ADAMTS4 transgene is functional in transduced spinal cord
cells. An antibody raised against an ADAMTS4-specific, aggrecan-degraded neoepitope (ARGxx)
was used to investigate the activity of the transgene in tissue. DAB immunohistochemical staining
revealed robust aggrecanase activity throughout large volumes of spinal cord tissue, consistent with
the previous chapter (Figure 5-4). Very faint staining was evident in untreated tissue, indicating that
aggrecanase activity is present in low levels in pathophysiological conditions. Infusion of AAVADAMTS4 caused large increases in DAB staining indicative of elevated aggrecanase activity.
Staining was more intense in grey matter, which was diffuse through the ECM and dense around the
cell bodies of neurons.

Figure 5-4: Increased ADAMTS4 expression mediated by AAV-ADAMTS4 injection leads to increased ADAMTSspecific activity in spinal cord tissue. DAB immunohistochemistry was used to detect the neoepitope (ARGxx) created by
ADAMTS-specific in spinal cord sections. A Leica DMR microscope was used to capture images with conserved capture
settings at 2.5x (A). Large increases in the neoepitope were present in of spinal cords injected with the vector compared to
un-injected cords. Images are representative images at either the lesion center or 1200 µm rostral to the edge of the lesion.
Images at 25x magnification were captured in the grey matter of untreated (B) and treated animals (C). The neoepitope
staining appears to be diffuse through the ECM and localised to the cell bodies of neurons.
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5.3.2

AAV-ADAMTS4 treatment reduces lesion size after spinal cord injury

A combination of luxol fast blue, eosin and cresyl violet stains were used for stereological
quantification of the lesion size and areas of grey and white matter. In the previous chapter, a
significant decrease in lesion size, increased white matter area, and increased total tissue area
compared to contusion injury alone was observed. Similarly, in the present study, AAV-ADAMTS4
treatment significantly decreased lesion size at the lesion center (two-way ANOVA Tukey’s post hoc;
P < 0.05; shown with *; Figure 5-5 c-e). An ANOVA revealed that the variable of treatment has a P
value of 0.0051, a very significant finding (Figure 5-5 e). Similarly, treatment significantly increased
white matter area and total tissue area (two way ANOVA P < 0.0001; Figure 5-5 f), but not grey
matter area (two way ANOVA P = 0.21; Figure 5-5 h).
Unexpectedly, tissue from animals that received rehabilitation appeared to have a larger lesion size
compared to their unrehabilitated, treated and untreated counterparts. The animals used in this chapter
had a larger average body weight at the beginning of the study compared to the previous chapter
(285.65 g ± 25.10 g vs. 242.40 g ± 15.19 g). However, if the lesion sizes of animals are standardised
to body weights the result is unchanged (Figure 5-6), indicating that although the animals were larger
in this chapter, it did not affect lesion size. Furthermore, the size of sections from the rehabilitation
groups (excluding the lesion area) is not significantly larger than the total tissue area of sham animals
from the corresponding section. Instead, tissue from rehabilitated animals had a more rounded
structure whereas the lesion center of unrehabilitated animals appears to be collapsed inwards Figure
5-5 a-d). Therefore, exercise rehabilitation may influence the shape and structure of the spinal cord,
rather than affect lesion or tissue area.
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Figure 5-5: ADAMTS4 gene therapy leads to significantly reduced lesion size. Luxol fast blue-eosin-cresyl violet
histology was used to investigate the integrity of spinal cord tissue following contusion (A), contusion and AAV-ADAMTS4
treatment (B), contusion with rehabilitation (C), and contusion with AAV-ADAMTS4 treatment and rehabilitation (D).
Staining was used to determine the area of the lesion (E), white matter (F), total remaining tissue (G) and grey matter (H).
Data represent mean ± SEM (contusion n = 10, contusion + AAV5-GfaABC1D-ADAMTS4 n = 9; contusion + rehabilitation
n = 12; contusion + AAV5-GfaABC1D-ADAMTS4 + rehabilitation n = 9). A Two-Way ANOVA and Tukey’s multiple
comparisons test were used to determine statistical significances where # compares contusion to contusion plus AAVADAMTS4 plus rehabilitation; * compares contusion plus rehabilitation to contusion plus AAV-ADAMTS4 plus
rehabilitation. Results from the ANOVA tests comparing the variable of ‘treatment’ between the contusion plus
rehabilitation to contusion plus AAV-ADAMTS4 plus rehabilitation are displayed on the figures. For all figures: NS = Non
significant, */#P < 0.05, **/##P < 0.001, ***/###P < 0.0001.
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Figure 5-6: Standardising lesion size to body weight does not change the results. To investigate whether the larger
average size of animals in the current study affected the results, the lesion area was divided by the weight of the animal at
the beginning of the study. Through this standardisation process, the final results are not altered, indicating the size of the
animals did not affect the comparison between the previous and present chapter. Data represents the mean ± SEM (contusion
n = 10, contusion + AAV5-GfaABC1D-ADAMTS4 n = 9; contusion + rehabilitation n = 12; contusion + AAV5-GfaABC1DADAMTS4 + rehabilitation n = 9).

5.3.3

AAV-ADAMTS4 stimulates regeneration of CST axons in the damaged spinal
cord

A known consequence of CSPG digestion in the spinal cord is enhanced axonal sprouting and
regeneration (Starkey et al., 2012). Therefore I investigated whether AAV-ADAMTS4 could enhance
sprouting and regeneration of hindlimb CST axons rostral to the lesion site. Intense BDA staining
within neuron cell bodies and their axons was confirmed in the hindlimb motor cortex spanning -0.5
mm to -2.0 mm posterior and up to 3.0 mm lateral in reference to bregma (the coordinates for
hindlimb neurons (Bareyre et al., 2004; Neafsey et al., 1986) Figure 5-7 a). Hindlimb CST axons were
detected in the thoracic spinal cord, immediately rostral to the lesion site (Figure 5-7 b). Axons
leaving the CST and entering grey matter territories were observed in both treated and untreated
animals. To quantify the level of axonal sprouting and regeneration, the total length of BDA labelled
axons outside of the CST was traced and measured (Figure 5-7 c). In untreated animals, loaded axons
were mainly confined to the CST, whereas treated animals displayed axon sprouting and regeneration
widespread through grey matter and non-CST white matter. The average sum of the length of axons
traced for untreated animals was 4098.25 µm ± 2398.46 µm compared with 9576.31 µm ± 4160.09
µm for treated animals (P < 0.05; Figure 5-7 d).
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Figure 5-7: AAV-ADAMTS4 enhances regeneration of hindlimb CST axons. BDA was injected into the hindlimb motor cortex of rats 10 weeks after SCI, AAV-ADAMTS4 injections and
8 weeks of hindlimb-specific treadmill training. DAB IHC was used to visualise the expression of BDA in the brain and spinal cord tissue. Intense BDA staining was observed in neuron cell
bodies and axons in the hindlimb motor cortex (A; scale bar = 200 µm). BDA-loaded axons were observed in the thoracic spinal cord (B). In untreated animals, loaded axons were mainly
confined to the CST, whereas treated animals displayed axon sprouting and regeneration widespread through grey matter and distant white matter (C). ImageJ was used to quantify the total
length of traced axons outside of the CST; treated animals had a significantly greater amount of traced axons outside of the CST. Data represents the mean ± SEM. A two-tailed unpaired t-test
was used to determine statistical differences between the two groups where *P < 0.05 (n = 7 for both groups).
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5.3.4

AAV-ADAMTS4 leads to increased serotonergic innervation below the injury

5HT projections that descend from the raphe nuclei and terminate in the ventral horn of the spinal
cord provide excitatory input to motor neurons. Loss of these projections correlates with locomotor
dysfunction. To investigate serotonergic input onto targets caudal to the injury, 5HT
immunoreactivity was examined in the ventral horns. Consistent with the previous chapter, dense 5HT
innervation was apparent in the ventral horns of AAV-ADAMTS4 treated animals (Figure 5-8). In
contrast, significantly less 5HT immunoreactivity was observed in the ventral horns of untreated
animals and in untreated animals that received rehabilitation (P < 0.001 for both). The mean pixel
intensity values of 5HT staining in both untreated groups were nearly identical (3.52 ± 1.51 vs. 3.54 ±
1.21), indicating that rehabilitation did not affect serotonergic plasticity in the absence of AAVADAMTS4 expression. Interestingly, the addition of rehabilitation to AAV-ADAMTS4 treatment
resulted in less 5HT immunoreactivity compared to animals that received AAV-ADAMTS4 alone
(6.29 ± 2.46 vs. 8.57 ± 3.96) and this was not statistically different compared to any of the other
groups.

Figure 5-8: Increases in serotonergic innervation in the ventral horns caudal to the lesion site attributed to the AAVADAMTS4 vector. Fluorescent immunohistochemistry was performed to detect serotonergic innervation in the ventral
horns of sections caudal to the injury (three sections: 600, 1200 and 1800 µm caudal to the injury were used). Images were
captured using a Leica DMR fluorescent microscope at 10x magnification. Images were consistently thresholded and the
mean pixel intensity of the ventral horn was measured. Data represent the mean ± SEM (contusion n = 10; contusion +
AAV5-GfaABC1D-ADAMTS4 n = 7; contusion + rehabilitation n = 10; contusion + rehabilitation + AAV5-GfaABC1DADAMTS4 n = 6). A one-way ANOVA followed by a Tukey’s multiple comparisons test was used to test statistically
significant differences where *P < 0.05, **P < 0.001.
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5.3.5

AAV-ADAMTS4 combined with hindlimb rehabilitation enhances functional
recovery after spinal cord injury

AAV-ADAMTS4 increased transgene expression of ADAMTS4, leading to degradation of CSPGs in
the contused rat spinal cord. This correlated with decreased lesion size and increased axonal
regeneration and serotonergic innervation below the injury. The next goal was to determine whether
the treatment in combination with rehabilitation had an effect on the recovery of motor functions
greater than without rehabilitation.
Rats received a spinal cord injury contusion of 175 KDyne at spinal cord level T10. Data recorded
from the IH impactor revealed that the actual forces delivered to the cords were within 10% of the
intended 175 KDyne (Figure 5-9 a). The mean values between treated and untreated groups were
nearly identical, indicating that impactions were consistent among all groups.
The body weights of the animals were monitored as an overall indicator of health and whether AAVADAMTS4 and/or rehabilitation had an influence on this parameter. Chapter Four demonstrated that
vector infusion did not cause any further weight loss compared to animals that only received the
contusion. In contrast, in this study, animals that received rehabilitation recovered body weight at a
significantly slower rate than those that were not rehabilitated (shown with #; Figure 5-9 b). By day
70, the mean body weights of the contusion alone, contusion with rehabilitation and contusion with
AAV-ADAMTS4 with rehabilitation were all comparable. Interestingly, rehabilitated animals that
also received AAV-ADAMTS4 did not display increased body weights compared to untreated,
rehabilitated animals at day 70. Animals that received contusion and AAV-ADAMTS4 had
significantly greater body weight at days 63 and 70 compared to contusion rats that received AAVADAMTS and rehabilitation (two-way ANOVA with Bonferroni’s multiple comparisons test; shown
with *; P <0.05; P <0.001).
For BBB scores, all of the animals displayed a BBB score of less than two (2 = sight movement of
one or two joints) one day after spinal cord contusion indicating a consistent injury for all animals
(Figure 5-9 c). Interestingly, between days 14-35 after injury, both rehabilitation groups showed lower
BBB scores than their un-rehabilitated counterparts; at days 21 and 28 this was significantly less (P
>0.05 by two-way RM ANOVA, Bonferroni’s post hoc; P <0.05; Fisher’s t-tests (not shown)). This
negative impact towards BBB scores was unexpected but may be the result of rehabilitation enforcing
uncoordinated locomotion, preventing animals from reaching higher scores. From 35 days onwards,
both rehabilitated groups displayed higher mean BBB values compared to the contusion only group
(without rehabilitation) though this was not a significant improvement measured by a RM two-way
ANOVA. At day 70 there was a larger improvement for the AAV-ADAMTS4 + rehabilitation
animals compared to the contusion only group (16.88 ± 2.54 vs. 13.22 ± 3.85; P > 0.05 two-way RM
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ANOVA, Bonferroni’s post hoc; Fishers t-test P < 0.05 (not shown on figure)). Furthermore, the
AAV-ADAMTS4 treatment + rehabilitation group had consistently higher BBB scores compared to
the untreated + rehabilitation group though, again this was not a significant improvement measured by
a RM two-way ANOVA; however at day 70 this difference (16.88 ± 2.54 vs. 14.54 ± 2.38) was
significant measured by a Fisher’s t-test (P < 0.05; not shown on figure). The trend of the treated and
rehabilitated animals does not appear to plateau at the end of the testing period, as is the case with the
other groups. Therefore, further improvements to BBB scores may have been observed is
rehabilitation and behavioural testing were to continue. However, through doing so, several
confounding variables would have been added to the study including unblinded observers, which
would invalidate comparisons between data obtained in Chapter Four.
Functional effects were also assessed using the horizontal ladder test, a skilled motor task. Animals
were tested on the ladder, beginning two weeks after surgery in compliance with ethical approval
obligations. As mentioned in the previous chapter, as there is therapeutic activity of the vector prior
to the beginning of the horizontal ladder test, a repeated measure ANOVA is not a valid statistical
method for comparing datasets (due to violation of sphericity), and in fact no significant differences
are reported (in this current study and from Chapter Four) using this test. Instead, a regular two-way
ANOVA was used. Clear and significant differences were observed between treatment groups (Figure
5-9 c). At the beginning of testing, on day 14, animals that received rehabilitation displayed mean
scores less than contusion alone. Whilst the means for contusion + AAV-ADAMTS4 and contusion +
rehabilitation were comparable, the mean number of errors recorded for the contusion + AAVADAMTS4 + rehabilitation was less than all other groups. Over the course of testing, the addition of
AAV-ADAMTS4 alone or in combination with rehabilitation significantly improved function (P <
0.0001; two-way ANOVA). Similarly, rehabilitation alone led to significantly improved function (P <
0.001; two-way ANOVA).
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Figure 5-9: ADAMTS4 gene therapy with rehabilitation after thoracic spinal cord injury enhances improvements in
behavioural assessments. Rats received a 175 KDyne contusion at spinal cord level T10 and 4 infusions of AAV5GfaABC1D-ADAMTS4 at each corner of the injury (1 µL; 4x109 vg at each site). A) The actual force delivered to the spinal
cords of individual animals was within 10% of the intended force of 175 KDyne and the mean values were not significantly
different from each other. This confirms that the differences seen in the study between treatment groups were not due to
differences in impaction forces. B) Following spinal cord contusion ± vector infusion, the body weights (in grams) were
measured for 70 days. Data is reported as change in grams from their surgery day. C) BBB scores were measured for 10
weeks following the injury. D) Testing on the ladder began two weeks after injury where animals were recorded as they
crossed a 1-meter horizontal ladder with irregular rungs. Data reported is the sum of the number of foot slips made for three
runs. Data represents the mean ± SEM (contusion n = 10, contusion + AAV5-GfaABC1D-ADAMTS4 n = 9; contusion +
rehabilitation n = 12; contusion + AAV5-GfaABC1D-ADAMTS4 + rehabilitation n = 9). For A, one-way ANOVA was used
to determine differences. For B and C, a two-way, repeated measure ANOVA was used to determine significant differences
between the groups over time and a Bonferroni multiple comparisons test was used to determine differences at each time
point. For D, since testing began two weeks after SCI and AAV injections, an additional non-repeated measure two-way
ANOVA was used with Bonferroni multiple comparisons as a repeated measures test is not appropriate in this instance. For
B, * compares contusion to contusion + AAV5-GfaABC1D-ADAMTS4 + rehabilitation and # compares contusion +
rehabilitation to contusion + AAV5-GfaABC1D-ADAMTS4 + rehabilitation at individual time-points. */#P <0.05, **/##P
<0.001, ***/###P <0.0001.

5.4 Discussion
Having established that AAV-ADAMTS4-mediated degradation of CSPGs in the damaged spinal
cord leads to reduced lesion size, increased neuroplasticity, and modest functional recovery, the next
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goal of this study was to investigate whether hindlimb-specific rehabilitation could enhance functional
recovery attributed to AAV-ADAMTS4 gene therapy. The results from this study demonstrated that
indeed such rehabilitation can enhance functional outcome.
In line with the previous chapter, ADAMTS4 transgene expression, as well as its aggrecanase activity,
was detected in the spinal cords of treated animals. Likewise, ADAMTS4 expression was
predominantly present in the grey matter where expression was largely astrocytic, as well as neuronal
and diffuse through the ECM. Confirming my hypothesis, hindlimb rehabilitation in combination with
AAV-ADAMTS4 resulted in an enhanced functional recovery in BBB and horizontal ladder tests
compared to AAV-ADAMTS4 alone. Between days 14-35 after SCI (the onset of their intense,
hindlimb rehabilitation program), rehabilitation worsened BBB scores compared to animals that
weren’t subjected to rehabilitation. In comparison, this deficit was not observed in the horizontal
ladder test. Interestingly, there are no other reports of treadmill training worsening BBB scores in rats
after SCI. On the contrary, no improvements, or early improvements to BBB scores following
treadmill training, have been reported by multiple teams (Fouad et al., 2000; Hayashibe et al., 2016;
Heng & de Leon, 2009; Multon et al., 2003). Specifically, quadrupedal training did not affect BBB
scores above ‘self-training’ (Fouad et al., 2000), whereas bipedal, hindlimb treadmill training was
shown to improve BBB scores, in some cases with an improvement of more than eight points
(Hayashibe et al., 2016; Multon et al., 2003). Perhaps there are subtle differences in protocols that
could account for this. In the studies that reported early functional improvements, the investigators
were not blinded to the experimental groups. Otherwise, the protocols used by these researchers are
consistent with those detailed in this present study. The deficits in BBB scores in the present study
could be the result of specifically training hindlimb, bipedal locomotion. This makes intuitive sense
since the BBB scoring system requires the assessment of quadrupedal parameters. A BBB score
greater than 10 requires that the animal reaches the milestone of inter-limb coordination before
aspects such as hindlimb paw angle, paw placement, toe clearance, and trunk stability can be
considered, and these more finely graded distinctions could therefore not be considered. By day 14,
following a 175 KDyne contusion, animals would typically have regained at least occasionally
coordinated movements. However, animals that received hindlimb rehabilitation appeared to be
hindered at this milestone. After day 35, natural quadrupedal, self-training movements within their
home cages may have allowed the animals to eventually recover inter-limb coordination. Following
this achievement, animals that received both treatment and rehabilitation appear to have a further,
linear improvement representing their previously masked improvements. Whereas, for rehabilitated
animals without treatment BBB scores begin to plateau.
The conflicting results from BBB scoring were not present in the horizontal ladder data. The
horizontal ladder test is a skilled task that requires sensorimotor integration, and this revealed clear
differences between the treatment groups. At the beginning of testing (two weeks after SCI), fewer
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errors were made by AAV-ADAMTS4 treated animals compared to untreated animal indicating that
the therapeutic benefit of AAV-ADAMTS4 occurs prior to this time. This was not unexpected since
LV-ChABC therapy was shown previously to have a therapeutic effect prior to one week after
injections, which is likely due to early neuroprotective effects but early regenerative processes could
not be completely ruled out (Bartus et al., 2014). Rehabilitated animals made significantly fewer
errors than animals that did not receive hindlimb rehabilitation. Furthermore, this was enhanced with
AAV-ADAMTS4 combined therapy.
A well-known consequence of CSPG digestion by ChABC is enhanced anatomical sprouting and
plasticity (Burnside & Bradbury, 2014; Kwok, Warren, & Fawcett, 2012; Starkey et al., 2012). I
observed these expected effects on descending fibres after AAV-ADAMTS4 and rehabilitation. The
presence of hindlimb CST axons, outside of the CST, was observed in rehabilitated, AAVADAMTS4 treated and untreated animals. The total length of these axons was significantly greater in
animals that were treated with AAV-ADAMTS4 compared to untreated, indicating that ADAMTS4
therapy has similar effects to ChABC in vivo. Unfortunately, this could not be compared to
unrehabilitated animals from the previous chapter due to the time frame between BDA injections and
tissue collections being too short. This would have provided important information as to whether
rehabilitation enhances axonal regeneration or refines it. Increased sublesional 5HT innervation was
observed in the present study. Interestingly, this was to a lesser extent than what was observed for
AAV-ADAMTS4 treated animals that did not also receive rehabilitation. “Rehabilitation is likely to
act by a process of refinement of these connections, strengthening appropriate and removing
inappropriate connections” (Kanagal & Muir, 2009; Wang et al., 2011). By this definition, decreased
5HT innervation is expected as fewer fibres would be present due to aberrant connections being
removed. However, this is not always reported to be the case. In animals with cervical SCI treated
with ChABC and task-specific rehabilitation, the opposite observation was seen whereby
rehabilitation increased the number of 5HT fibres 0.5 mm rostral to the lesion site compared to treated
animals that didn’t have rehabilitation (Wang et al., 2011). Furthermore, BDA tracing of CST axons
revealed a large increase in the number of CST axons rostral to the lesion in AAV-ADAMTS4 +
rehabilitation animals compared to treated alone (Wang et al., 2011). Similarly, in another study, taskspecific rehabilitation enhanced ChABC-mediated sprouting and regeneration of CST axons whereas
the extent of sprouting was decreased with ChABC in combination with general rehabilitation
(Garcia-Alias et al., 2009); although in both of these, the authors did not comment on how this could
occur. These contrasting findings may be explained by the model used. Selective, discrete ablation to
both dorsal CST and dorsal column were performed in these studies, therefore focusing specifically
on CST plasticity. Whilst this provides valuable information about CST plasticity, it is not a clinically
relevant model of SCI as it does not involve the multiple relevant pathways involved in SCI. Taskspecific rehabilitation is heavily reliant on CST function and is likely to enhance and guide the
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plasticity of this pathway in particular. Therefore, in models that cause selective damage to the CST,
it is always likely to lead to only beneficial effects. Rehabilitation strategies that are less task-specific
and more ‘general’ such as quadrupedal treadmill training and environmental enrichment display
decreased CST regeneration compared to treated, unrehabilitated animals (Garcia-Alias et al., 2009).
General rehabilitation is sufficient to improve performances on horizontal ladder walking, which is
driven mainly by plasticity events in the lateral and ventral spinal tracts utilised more by general
rehabilitation (Garcia-Alias et al., 2009). This is further evident by the fact that general rehabilitation
is detrimental to the performances of specific tasks (Garcia-Alias et al., 2009). Therefore, whilst
hindlimb-specific rehabilitation is arguably indeed a form of ‘task-specific’ rehabilitation as it
selectively trains for the task that is measured, it undoubtedly involves many more spinal pathways
such as the ventral and lateral spinal tracts compared to the heavily CST-driven task of pellet retrieval
(these hypothetical sprouting events are represented in Figure 5-10). Therefore, since only CST axons
were traced in the present study, the plasticity of other pathways may be more implicated in a
contusion injury combined with hindlimb rehabilitation compared to a dorsal column injury combined
with pellet retrieval training. For future investigation, it would therefore be of interest to investigate
whether AAV-ADAMTS4 increases the plasticity of other spinal tracts.
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Figure 5-10: Spinal cord pathway anatomy. A schematic representation of the main ascending sensory (right) and
descending motor tracts (left) of the rat spinal cord and the hypothetical observations of sprouting of the tracts following
discrete CST injury, or contusion injury, accompanied with either task-specific rehabilitation or general rehabilitation. This
figure was produced using Servier Medical Art, available from www.servier.com/Powerpoint-image-bank. Servier Medical
Art by Servier is licensed under a Creative Commons Attribution 3.0.

Thus, using an AAV vector-based approach to deliver the human endogenous ADAMTS4 allows
spinal cord cells to stably secrete ADAMTS4 in vivo. This therapy promotes functional recovery after
SCI through reducing secondary pathology and enhancing neuroplasticity. Combining hindlimbspecific rehabilitation with AAV-ADAMTS4 therapy further enhances functional outcomes, through
refining and strengthening new, useful connections. These findings have widespread implications for
the treatment of spinal cord injuries.

151

Chapter Six
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6 Chapter Six:
Summary, general discussion, and conclusion

6.1 Summary of findings
This thesis reported the construction and testing of an astrocyte-selective AAV vector expressing the
endogenous ADAMTS4 enzyme as a potential therapy for SCI. The main findings of this thesis were
(i) that selective, robust and widespread targeting of astrocytes can be achieved using an AAV vector,
(ii) that using this vector to deliver ADAMTS4 to the damaged spinal cord promotes functional
recovery after SCI, and (iii) that hindlimb-specific rehabilitation can enhance this functional
improvement.
The ability of the AAV serotypes 5, 9 and Rec2 containing a dYFP reporter gene under the control of
the GFAP promoter were tested for their ability to elicit robust astrocyte transduction in astrocyte cell
culture and slice culture isolated from rat spinal cord. From these experiments, AAV5 was superior in
terms of transduction efficiency, transgene expression and astrocyte-selectivity. The size of the
ADAMTS4 gene and the GFAP promoter would have exceeded the restrictive 5 Kb packaging
capacity of AAV vectors. For this reason, an addition AAV5 vector was created containing the
truncated, 694 bp GfaABC1D promoter. In cultures, this vector resulted in higher transduction
efficiency compared to the full GFAP and did not significantly decrease transgene expression or
astrocyte selectivity.
Chapter Three went on to assess whether the full or truncated GFAP promoter in an AAV5 vector was
more effective at transducing astrocytes in a clinically relevant rat model of contusive SCI. Either
vector displayed an equalling level of robust, widespread transgene expression in the spinal cord.
Expression was largely astrocytic, although neuronal expression was also present. Neither vector
significantly worsened BBB locomotor scores compared to uninjected animals, although the vector
with the full promoter slightly reduced mean BBB scores. Due to this observation, as well as superior
transduction efficiency in cell cultures and the benefit of greater packaging flexibility, the AAV5
serotype in combination with the GfaABC1D promoter was selected for packaging the therapeutic
ADAMTS4 transgene.
The therapeutic potential of ADAMTS4 gene therapy for SCI was investigated in Chapter Four. It
was confirmed that CSPGs are a substrate for ADAMTS4-mediated proteolysis and that this
proteolysis could reverse the CSPG-mediated inhibition of neurite number and growth in cortical
neuron cultures. Transduction of spinal cord astrocyte cultures with AAV-ADAMTS4 resulted in
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increased ADAMTS4 transgene expression. This correlated with decreased GAG expression
following TGFβ1 stimulation. These observations were further confirmed in an in vivo model of
spinal cord contusion. Long-term, robust and widespread ADAMTS4 expression was observed in
spinal cords injected with the vector. This therapy resulted in significantly smaller lesion size and
dramatically increased proteolysis of the CSPG aggrecan. In this plastic environment, increased
serotonergic innervation was observed below the lesion in treated animals. Importantly, this translated
to a modest improvement in motor functions.
The significant decreases in lesion size and enhanced serotonergic innervation did not seem to be
reflected in the only modest improvement in motor functions seen. For this reason, hindlimb-specific
exercise rehabilitation was investigated in Chapter Five in efforts to enhance the functional outcomes
of ADAMTS4 gene therapy. Animals were supported upright with their hindlimbs on a treadmill as a
form of hindlimb-specific training. Transgenic ADAMTS4 expression and function equalled that
observed in the previous chapter. Tracing of hindlimb CST axons revealed significantly increased
sprouting and regeneration of CST axons resulting from AAV-ADAMTS4 therapy. Serotonergic
innervation below the lesion was lesser than the previous chapter which may be the result of
rehabilitation pruning non-beneficial connections. Importantly, the inclusion of hindlimb
rehabilitation significantly improved functional scores in the horizontal ladder test compared to
treated animals that did not receive rehabilitation.
Thus the findings presented in this thesis have established a novel genetic therapy, using the
endogenous human ADAMTS4 gene, for promoting functional and anatomical repair in a clinically
relevant spinal cord contusion injury model.

6.2 Astrocyte targeting
Whilst the AAV vector created in this thesis was largely selective towards astrocyte transgene
expression, neuronal expression was also present. While it was the intention of this thesis to promote
astrocyte-specific transduction and expression, this complete specificity for the one cell type may not
be essential.
As is the case with most viral vectors, AAV vectors have a natural propensity toward efficient gene
delivery mostly within neurons. Due to the relevance of astrocytes in pathology, efforts to develop
more efficient vectors for astrocyte targeting have been made, with some success. To direct transgene
expression towards astrocytes, I utilised the AAV5 serotype (a native serotype which exhibits a
propensity towards astrocyte transduction) coupled to the modified GFAP promoter to drive transgene
expression within astrocytes whilst preventing expression in other cell types that lack GFAP
transcriptional activity. How transgene expression can occur in cells in which the cell-specific
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promoter is not transcriptionally active is frequently documented but not well understood. After
observing neuronal expression following AAV5-GFAP-dYFP infusion into the substantia nigra it was
hypothesised that neuronal transgene expression must indicate that GFAP promoter activity may be
weakly active in neurons (Mudannayake., 2015). Given that cell-specific promoters only mask the
transduction profile of cells rather than transgenic expression and that AAV5 retains a high propensity
towards neuronal transduction, the cellular machinery of transduced neurons may have been
overwhelmed by transgenic material and the transgene may, in fact, had been expressed due to a very
low transcriptional activity of GFAP. The results reported in this thesis showed that the combination
of GFAP promoter and the AAV5 serotype was more effective in terms of transgene expression
compared to what was accomplished by another group using a CBA promoter with AAV5, however,
using cell-specific promoter is often a trade-off for efficiency (Merienne et al., 2013). Technology
around cell-targeting is further developing. One team have created novel AAV vectors that target
astrocytes more effectively than currently available vector serotypes. Using random mutagenesis,
DNA shuffling, random peptide display, a new semi-random peptide replacement strategy and
multiple evolutionary cycles of diversification, these novel variants mediated gene delivery to both
human and rat astrocytes in vitro with up to 15-fold higher efficiency than the native AAV serotypes
(Koerber et al., 2009).
Targeting of astrocytes is undoubtedly beneficial for many applications. These include understanding
specific roles of astrocytes in physiology and pathology through knock-in or knock-out experiments;
or through gene therapies for CNS pathologies in which astrocyte dysfunction is pivotal in the
aetiology of a particular disease. Although astrocytes play important roles in the pathogenesis of a
SCI, whereby beneficial and detrimental qualities are attributed to them, it may not always be
beneficial for gene therapies to target these cells specifically. In the current situation for example,
whilst astrocytes are large contributors to the deposition of extracellular CSPGs, neurons and other
glial cells produce CSPGs too (Hamel et al., 2005). Furthermore, astrocytes are not the only cells
involved in the removal of CSPGs. MMPs, ADAMs and ADAMTSs including ADAMTS4 are
expressed by neurons, and other glial cells (Gottschall & Howell, 2015). Therefore, targeting
astrocytes may have limited the capacity to which ADAMTS4 could be expressed and therefore elicit
beneficial effects. Upregulation of ADAMTS4 following AAV-ADAMTS4 infusions was observed in
this thesis yet arguably, using a non-cell-specific promoter may have further increased the expression
and spread, potentially resulting in greater efficacy of the therapy. For this reason, it would be
beneficial to test other promoters in future studies.
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6.3 Regulated gene therapy
There is evidence to show that the AAV5-GfaABC1D promoter used in this thesis is, to some extent,
inducible in parallel with astrogliosis through upregulation of GFAP, although expression in naïve
CNS tissue is also high (Mudannayake., 2015). What would be the significance of continued
ADAMTS4 transgene expression in the human spinal cord? Unfortunately, there is little information
available to answer this question. In human SCI, ongoing secondary processes have been observed
months to years after the initial injury. Furthermore, the processes through which AAV-ADAMTS4
produces therapeutic effects likely require a considerable amount of time (especially taking into
account the size difference between rat and human spinal cords). For these reasons, continued
expression of ADAMTS4 is certainly seen as beneficial, but the consequence of gene expression after
recovery has been achieved remains unknown. Mice knockout models of enzymes involved in GAG
biosynthesis typically show embryonic lethality or death shortly after birth (Mizumoto, Yamada, &
Sugahara, 2014). Furthermore, GAGs are ubiquitously expressed throughout the body and knock
down would need to be restricted to the CNS. Chronic expression of ChABC has been achieved in the
form of LV gene therapy. Strong transgene expression was observed one year after injection with no
associated detrimental effects (Bartus et al., 2014). Animals that have a knockout of link protein have
attenuated PNNs and retain juvenile levels of ocular dominance plasticity and their visual acuity
remains sensitive to visual deprivation (Carulli et al., 2010). While these animals had unchanged
levels of CSPGs, this manipulation was not associated with detrimental effects. This may suggest that
long-term ECM manipulation may not be detrimental, however many more studies will need to be
completed to gain further insights.
In order for a gene therapy to be clinically viable, it is proposed that viral vector gene therapies should
be regulatable (Naidoo & Young, 2012). Transgene expression levels should be low under basal
conditions to limit the possibility of side-effects from overexpression of transgene in the nonpathogenic state as well as being positively induced. Several exogenous and endogenous gene
regulated systems have been developed. Tetracycline-regulated gene expression is the most widely
used. This can either turn off gene expression (Tet-Off) or turn on gene expression (Tet-On) in the
presence of tetracycline derivative doxycycline. Other exogenous regulation systems are available
including rapamycin and RU486 systems which all have specific advantages and disadvantages.
Recently, endogenous gene regulation systems have been described including hypoxia-regulated and
caspase/calpain induced regulation systems (Naidoo & Young, 2012; Naidoo., 2015). These
endogenous expression systems may be advantageous as they rely on cellular stressors to activate
transgene expression rather than administering of antibiotics. Therefore many gene regulation systems
are available for AAV vector gene therapy. For AAV-ADAMTS4 gene therapy to be clinically viable,
it may need to be modified to include one of these regulatory systems.
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6.4 Mechanisms underlying the effects of ADAMTS4
This thesis reported that ADAMTS4 gene therapy is therapeutic after spinal cord injury. However, the
underlying biological mechanisms through which this occurs are not elucidated in this thesis or
elsewhere. Very little is known about the role of ADAMTS4 in SCI, in contrast, there has been
extensive research towards understanding the mechanisms behind ChABC therapeutic action over the
last three decades. Since CSPGs are a substrate for both ADAMTS4 and ChABC, we can hypothesise
the mechanisms through which these enzymes are therapeutic are largely similar. Initially, the
beneficial effects of ChABC were thought to be the result of long-distance, axon regeneration to
reinnervate target connections, but subsequent investigations have revealed that changes in
neuroplasticity are the main contributor to functional recovery (sprouting, short distance regeneration,
synapsing onto other spinal pathways). Probing experiments have been conducted to understand the
underlying mechanisms, which were discovered to be many and varied.
Several membrane receptors have been implicated as being receptors for the glycosylated sidechains
of CSPGs. First, the transmembrane receptor protein tyrosine phosphatase sigma (PTPσ) has been
implicated to signal neurons to inhibit axonal growth in response to the CS-GAGs of CSPGs (Shen et
al., 2009). This is highlighted by the fact that mimetic-peptide inhibition of the PTPσ receptor
promotes recovery after SCI (Lang et al., 2015). Furthermore, the phosphatase leukocyte common
antigen-related (LAR) receptor, as well as NgR1 and NgR3, have also been recently identified as
receptors for CS-GAGs (Dickendesher et al., 2012; Fisher et al., 2011). A number of intracellular
cascades have already been implicated in CSPG-mediated activation of these receptors leading to
growth cone inhibition (Ohtake, Wong, Abdul-Muneer, Selzer, & Li, 2016).
Since CSPGs have a wide variety of ECM binding partners including hyaluronan, link protein,
tenascins, fibronectin, and integrins, the observed outcomes may also be attributed to these other
molecules involved. CSPGs can prevent the cellular interaction with growth and migration permissive
basement membrane components including laminins, collagen IV and tenascin-C, and ChABC may
unmask this potential and allow growth to occur (Crespo, Asher, Lin, Rhodes, & Fawcett, 2007;
Jakeman, Williams, & Brautigam, 2014). CSPGs are also thought to sequester factors of the spinal
cord parenchyma such as limiting the bioavailability of a range of neurotrophic factors and other
endogenous protective mediators that they bind to (Crespo et al., 2007).
Functional improvements attributed to ChABC therapy were shown to occur within one week of
administration, therefore indicating that neuroprotection is increased after treatment. ChABC has been
shown to modulate microglia/macrophage activation in vitro and in vivo (Bartus et al., 2014;
Didangelos, Iberl, Vinsland, Bartus, & Bradbury, 2014; Kigerl et al., 2009; Rolls et al., 2006; Rolls et
al., 2008). This was hypothesised to be the underlying mechanism through which acute ChABC
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treatment can result in spared tissue following SCI (Bartus et al., 2014). Later it was shown that these
effects were associated with a distinct, IL-10-mediated anti-inflammatory response in ChABC-treated
spinal cords (Didangelos et al., 2014). The mechanism through which this occurs is not known but it
is hypothesised that stub structures or sulphated products of CSPG degradation may have antiinflammatory properties since it is known that synthetic chondroitin sulphate disaccharides do have
such properties (Rolls et al., 2006).
Whether ADAMTS4 shares these mechanisms are currently unknown and these experiments would
need to be conducted in order to answer this question. ADAMTS4 may be beneficial in ways not
conserved between ChABC and ADAMTS4. For example, it would make intuitive sense that
removing CSPGs from the ECM would allow for greater cellular migration, especially since CSPGs
bind with many other ECM molecules and also form a dense matrix as the glial scar. However,
ChABC does not appear to affect cell migration and invasion (Dmitrieva et al., 2011), whereas
ADAMTS cleavage of lecticans facilitates invasiveness of glial tumours and other brain tumours
(Held-Feindt et al., 2006; Matthews et al., 2000; Viapiano et al., 2008). This is possibly due to
ADAMTS4 degrading the protein core rather than GAG sidechains, allowing for less structural
obstructions in the ECM. Another aspect is that some of the beneficial effects of CSPGs are thought
to be through degrading hyaluronan which ADAMTSs does not affect.

6.5 AAV-ADAMTS4 gene therapy for human SCI
To recapitulate the human condition, there is evidence from human spinal cord tissue to confirm
CSPGs are upregulated following injury (Bruce et al., 2000; Norenberg et al., 2004). Whilst their
inhibitory effects towards regenerating axons have not been reported in human tissue, there is a large
body of research from many animal models including non-human primates to justify this claim.
No clinical trial has been completed for the use of an AAV vector in human spinal cord injury. Very
recently, however, the first trial for AAV therapy in the spinal cord was completed, but for spinal
muscular atrophy disease (Mendell et al., 2017). This study reported that a single intravenous infusion
of AAV vector expressing survival motor neuron 1 (SMN1) resulted in longer survival, superior
achievement of motor milestones, and better motor function compared to historical cohorts (Mendell
et al., 2017). Many clinical trials using AAV vectors have been conducted in the human brain,
particularly for Parkinson’s disease (Hocquemiller et al., 2016). These Phase I/II clinical trials in
human patients have demonstrated that AAV gene therapy in the CNS is relatively safe and can be
efficacious.
Clinical trials for SCI have clearly lagged behind trials for other CNS diseases. Trials to overcome
SCI can be categorized into neuroprotective and regenerative approaches. Unfortunately,
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neuroprotection trials for human SCI have largely failed (Kim, Ha, & Kim, 2017). Neuroregeneration
trials have emerged more recently and only a small number of treatments have reached the stage of
human testing. These include anti-NogoA antibody therapy and Cethrin therapy, which have each
completed a phase I trial with no adverse effects and some promising results, and phase II trials are
underway. A large number of clinical trial efforts have recently been centred on cell-based therapies.
Trials have determined cell transplant therapies to be an efficient and safe treatment for SCI and
simultaneously improved sensory and bladder functions (Fan, Wang, Lin, & Zhang, 2017). The drive
towards translating the promising results of ChABC to being clinically available is currently led by a
collective team named the CHASE-IT (Chondroitinase ABC for Spinal Injury Therapy) consortium.
This team includes several scientific leads working with Acorda Therapeutics Inc. for this
developmental project. The consortium is now focussed on optimising the LV-ChABC gene therapy
approach to making it clinically acceptable by using an AAV-ChABC vector instead and with gene
regulation.
Many exciting therapeutic approaches are reaching human clinical trials following decades of
preclinical research. Whilst individually, some of these therapies have reported improvements to the
human condition, it is agreed that trials will eventually need to involve combinations of treatments
and rehabilitative strategies to address both the extrinsic and intrinsic factors that prevent recovery
after SCI.

6.6 Final conclusion
To conclude, the key aim of this thesis was to develop an astrocyte-selective AAV vector for gene
transfer of ADAMTS4 into the spinal cord in a clinically relevant injury model, in efforts to enhance
neuroplasticity and improve functional recovery. Through the work described in this thesis, a novel
AAV vector was created for gene delivery to spinal cord astrocytes. This thesis also showed that using
this vector system to deliver ADAMTS4 promotes functional recovery after spinal cord injury by
enhancing neuroplasticity. Combining AAV-ADAMTS4 gene therapy with specific rehabilitation can
further enhance functional improvements. These are all novel and significant contributions to the
field. Due to the unparalleled safety profile of AAV vectors, and the safety associated with using a
human gene, this therapy provides a promising candidate for clinical translation.
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