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Abstract:

Background: Functional recovery following a spinal cord injury (SCI) is linked to
neuroplasticity, including neurite outgrowth and rewiring of neuronal connections rostral and
caudal to the injury. Plasticity promoting treatments can be targeted to specific locations within
the central nervous system (CNS) to encourage functional recovery and minimize side effects
such as pain or spasticity caused by aberrant or unwanted connections. However, the optimal
location(s) to promote beneficial plasticity have not yet been identified which poses a significant

translational challenge.

My research explores the use of pleiotrophin (PTN) as a neuroplasticity promoting treatment.
PTN is an endogenously occurring growth factor with a unique dual nature that neutralizes
growth inhibitory chondroitin sulfate proteoglycan (CSPGs) and upregulates growth promoting
pathways within neurons. To develop PTN as a plasticity promoting treatment, my thesis aimed
to identify a dose of PTN that would maximize neurite outgrowth from the corticospinal tract
(CST), to determine which location(s) of PTN administration (e.g., rostral or caudal of an SCI)
would encourage the most functional recovery, and to assess whether PTN treatment combined

with rehabilitative training would elicit a complementary effect on functional recovery.

Methodology: PTN was applied onto cortical cell cultures grown on CSPGs at concentrations of
1.25 pg/mL or 10 pg/mL to ensure our supply of PTN could promote neurite outgrowth at a level
similar to published studies. The efficacy of our PTN was also screened using in vivo rat models
of SCI and compared to chondroitinase ABC (ChABC), an alternative plasticity promoting
treatment that acts only by digesting CSPGs. PTN and ChABC was administered into the

intermediate grey matter of the spinal cord to target CSPGs within the perineuronal network



(PNN) that act to stabilize neuronal connections. To identify the optimal dose of PTN, an in vivo
dose-response experiment was conducted using a C4 dorsolateral quadrant (DLQ) rat model of
SCI. Neurite outgrowth from the CST was compared between rats receiving different
concentrations of PTN treatment and between male and female rats for any potential sex
differences. We then used a contusion model of SCI to assess the effects of PTN treatment
targeted to different locations in the spinal cord. PTN treatment was targeted bilaterally rostral
and caudal to the SCI into the intermediate grey matter of the spinal cord. Targeted PTN
treatment was combined with rehabilitative training using the single pellet grasping (SPG) task
as a measure of functional recovery. Following the contusion model, a DLQ model of SCI was
used to assess the effects of PTN treatment targeted into the intermediate grey matter ipsilesional
and caudal to the SCI. PTN treatment was also combined with SPG training to assess functional

recovery in PTN treated rats compared to PBS treated SCI rats.

Principal Findings: Our results indicate that different concentrations of PTN elicit different
extents of neurite outgrowth and PTN induced neurite outgrowth may differ between sexes. PTN
treatment targeted to different locations in the spinal cord did not alter the quantity of midline
crossing fibers rostral or caudal to the SCI compared to PBS treated rats. Paradoxically, PTN
treated rats performed worse than PBS treated rats in the SPG task in both the contusion and
DLQ models of SCI. There may be several factors contributing to the difference in SPG
performance between PTN and PBS treated rats. Firstly, it could be that PTN treatment induces
tissue damage that was not detected from our methods of histological analysis. Secondly,
differences in SPG performance may be due to alterations in the neuronal circuitry controlling

sensory signalling in PTN treated rats. Lastly, PTN treated rats had less synaptic density in the



ventral horn of the spinal cord potentially indicating a decrease in neuronal connections

controlling motor function.

Conclusions: PTN can influence neuroplasticity and functional outcomes following a SCI.
However, further investigation is needed to elucidate the exact anatomical changes underlying

the worse functional outcomes in PTN treated rats.
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Chapter 1: Introduction

1.1 Epidemiology of spinal cord injury (SCI)

Knowing the incidence and prevalence of SCI as well as its primary causes, is significant for
guiding research, developing prevention strategies, and for health care planning. The incidence
of SCI refers to the number of new SCI cases arising over a specified period of time and the
prevalence refers to the number of individuals living with SCI over a specified period of time. In
Canada, the incidence of SCI is ~2,000 new cases per year with a prevalence of ~86, 000
persons!. In the United States, the incidence rate is ~17, 000 new cases per year with a
prevalence of ~282, 000 persons?. The leading cause of SCI varies worldwide and between age
groups. In Canada, unintentional falls is the predominate cause of traumatic SCI in the elderly
population whereas transport injuries and intentional injuries are more frequent in individuals
less than 40 years of age’. The causes of traumatic SCI in the United States are similar to Canada
but SCI due to acts of violence (e.g., gun shot wounds) are much more common?. Following a
SCI, nearly every aspect of a person’s life — physical health, work, personal relationships, and
recreation may be affected. The burden of a SCI is substantial and knwing the incidence and
understanding the physiological mechanisms underlying a SCI can guide the development of
prevention strategies, the development of treatments, and overall, improve the quality of life for

those living with SCI.

1.2 Pathophysiology of SCI

Primary SCI is the immediate mechanical damage sustained to the spinal cord. Examples of a
primary injury include compression of or lacerations to the spinal cord. The level at which the

SCI occurs (e.g., cervical vs. lumbar) and the extent of damage (e.g., anatomically complete,



severing all neural connections across the lesion site(s) or anatomically incomplete, leaving
spared ascending and descending connections) determines the amount of sensation and
functional abilities that may be retained. The primary SCI does not only damage ascending and
descending axon tracts; a SCI damages interneuron circuits in the spinal grey matter, supporting
glial cells, blood vessels, cell membranes, and the blood brain barrier, among other factors. In
doing so, the primary SCI initiates a cascade of biochemical and cellular events that sustains the
initial damage to the spinal cord and spreads the damage to the spinal cord beyond the initial site
of impact. This cascade of events is often referred to as secondary SCI*. Mechanisms of
secondary SCI include excitotoxicity, ischemia and hypoxia to the spinal cord, and inflammation
of the spinal cord®. The injury to axons in the spinal cord also triggers a process known as
Wallerian degeneration®. Wallerian degeneration is the break down of myelin and axon distal to
the site of injury (the portion of axon that becomes detached from the cell body) and this process
is the first step to “repairing” central nervous system (CNS) damage.

In the CNS, injured axons are limited in their ability to regenerate and promote neurite outgrowth
compared to axons injured in the peripheral nervous system (PNS). In the PNS, following
Wallerian degeneration, the proximal portion of axons (attached to the cell body) are able to
regenerate and reinnervate their targets due to the upregulation of regeneration associated factors
(e.g., c-Jun’, activating transcription factor-38, and growth associated protein-43 (GAP-43)°).
The efficient removal of myelin (formed by Schwann cells) by macrophages in the PNS also
contributes to axon regeneration as myelin contains molecules inhibitory to axonal growth
including myelin-associated glycoproteins (MAGs)!?. Conversely, in the CNS, the effects of
upregulating regeneration associated factors following axon injury may be counteracted by the

prolonged clearance of myelin®!! (formed by oligodendrocytes) leading to limited regeneration



and neurite outgrowth in the CNS. Myelin was mostly cleared from the PNS around 30-days
after an injury whereas myelin debris in the CNS was still prominent at 90-days after an injury''.
Oligodendrocytes contain myelin-associated inhibitory molecules including Nogo'?, myelin-
associated glycoprotein (MAG)"?, and oligodendrocyte myelin glycoprotein'®. These molecules
interact with the Nogo-66 receptor, activating a signalling pathway inhibitory to neurite
outgrowth that starts with the ras homolog family member A (RhoA)!*!7. Activated RhoA
targets Rho-associated coiled-coil-containing protein kinase (ROCK), a downstream effector that
regulates neuron cytoskeleton dynamics'®. The isoform ROCK2 is primarily expressed in CNS
19,20

tissue and its activity triggers LIM domain kinase (LIMK) leading to growth cone collapse

Interfering with RhoA or ROCK2 activity has been shown to promote axon regeneration after an
injury?'22,
Following a SCI, there is also the formation of a glial scar, a neuroprotective barrier that encloses
the site of injury and limits the spread of SCI damage?. Secondary damage cause astrocytes to
become reactive and they crosslink to form the glial scar along with other CNS molecules such
as microglia and oligodendrocyte precursor cells (OPCs)**?°. Faulkner et al., 2004
demonstrated that glial scar formation in SCI mice can restrict CNS inflammation and cellular
degeneration, protecting spared CNS tissue and improving functional outcomes after a SCI
compared to mice without glial scar formation. However, the glial scar is considered a double-
edged sword because it provides neuroprotection but also acts as a physical and biochemical
barrier to neurite outgrowth across the injury site, and this is thought to limit functional recovery
(Reviewed in Yang et al., 2020%7). Reactive astrocytes and OPCs express molecules called
chondroitin sulfate proteoglycans (CSPGs), potent inhibitors of neurite outgrowth?®. CSPGs

interact with the protein tyrosine phosphatase sigma receptor (PTPo)*, leukocyte common



antigen-related phosphatase receptor (LAR)*®, and Nogo receptor! on neurons to trigger
signalling cascades that inhibit neurite outgrowth. CSPGs are also found diffusely in the CNS
extracellular matrix (reviewed in Galtrey et al.,2008%? and Avram et al.,2014°?) and concentrated
within the ECM structure called the perineuronal network (PNN)*, further contributing to
neurite outgrowth inhibition in the adult spinal cord. The PNN acts to stabilize the synaptic and
intrinsic physiology of neurons**. In addition to growth inhibitory molecules, adult neurons have
a limited intrinsic capacity to support neurite outgrowth. Cyclic adenosine monophosphate

(cAMP)*® and mammalian target of rapamycin (mTOR)?®

are signalling pathways that modulate
the intrinsic ability of neurons to promote neurite outgrowth. The activity of these signalling
pathways are down-regulated in adulthood, contributing to the reduced ability of neurons to

support neurite outgrowth®>*¢. Collectively, there are a number of intrinsic and extrinsic factors

that limit neurite outgrowth and spinal cord repair following an SCI.

1.3 The development of pharmacological treatments to improve recovery
following an SCI

Plasticity promoting treatments can target various processes or structures in the CNS to promote
functional outcomes following a SCI. These include increasing the intrinsic capacity of neurons
to promote neurite outgrowth, restoring the integrity of neurons surrounding the SCI, or
neutralizing growth inhibitory factors in the CNS environment.

mTOR and cAMP signaling pathways are upregulated in neurons during development to
promote neurite outgrowth®>=7. As development progresses, both pathways undergo an age
associated decline, contributing to the reduced ability of neurons to support neurite outgrowth®>-
38, Following a SCI, mTOR?%*” and cAMP?’ signalling are further down regulated, limiting the

capacity of adult neurons to induce neurite outgrowth and repair the spinal cord after injury. To



mitigate the decline in mTOR signalling, Liu et al., 2010%7 demonstrated that inhibiting
phosphatase and tensin homolog (PTEN), an upstream negative regulator of mTOR, following an
SCI maintained mTOR activity at a level similar to non-injured control mice. This led to neurite
outgrowth from injured corticospinal tract (CST) neurons. Other studies have shown that
administration of cAMP analogues or inhibitors of cAMP breakdown can restore cAMP levels
after SCI and encourage neurite outgrowth***!. Therefore, increasing the activity of signalling
pathways that encourage neurite outgrowth from neurons is one approach to repairing the injured

spinal cord.

The break down of myelin in the CNS occurs during Wallerian degeneration however, Blight,
1985* also noted that spared axons surrounding the lesion site became demyelinated around 7
days after SCI. The myelin sheath is important for rapid neural impulse propagation through a
process called ““saltatory conduction”. As such, disruption of axon myelination can slow and
impair impulse conduction through an axon and consequently, impair motor and sensory
function®**°. Demyelination may also leave axons more susceptible to axonal degeneration***,
further contributing to the limited recovery following an SCI*. The goal of remyelination is
therefore to restore impulse transmission through axons but also to protect and support the
survival of axons*. One method to promote remyelination is the transplantation of neural
progenitor cells (NPCs) with robust potential to differentiate into oligodendrocytes. In studies
conducted by Karimi-Abdolrezaee et al., 2006°°, NPC-derived oligodendrocytes were found to
integrate primarily into the spinal white matter and ensheath axon tracts. The remyelination of
axons was associated with improvements in the Basso, Beattie, and Breshanhan (BBB) open

field assessment of locomotor function and the grid walking task in mice with a SCI°’. Another

approach that has been widely explored is the neutralization of growth inhibitory molecules in



the CNS environment. Targeting Nogo-A is one option. Studies conducted by Simonen et al.,
2003°!' demonstrated that Nogo-A knockout mice had more neurite outgrowth around, caudal,
and into the injury site from the CST compared to wildtype mice following a thoracic dorsal
hemisection SCI°!. Targeting the Nogo-66 receptor is another, potentially more effective option
to neutralize growth inhibitor molecules in the CNS as oligodendrocyte-associated inhibitory
molecules can all signal through the Nogo receptor. Studies conducted by GrandPre et al., 20022
demonstrated that blocking the Nogo-66 receptor using a Nogo antagonist peptide enabled robust
axon regeneration from the transected CST. CST fibers regenerated up to 15mm in length and
the number of CST fibers caudal to the lesion was approximately 10% of the total CST fibers
labelled rostral to the injury. Neutralizing the inhibitory effect of CSPGs is another widely
explored treatment approach to SCI. Chondroitinase ABC (ChABC) is a bacterial enzyme that
digests the chondroitin sulfate glycosaminoglycan side chains on CSPGs, inactivating their
inhibitory effect. ChABC can be targeted to CSPGs in the glial scar or within the PNN in the
spinal grey matter. Both approaches have been shown to increase neurite outgrowth following an
SCI and translate into functional recovery. Bradbury et al., 20023 demonstrated that intrathecal
administration of ChABC digested CSGPs at the SCI site and promoted the regeneration of
sensory and CST axons following a C4 crush SCI. In primate models of SCI, Rosenzweig et al.,
2019°* demonstrated that ChABC targeted into the spinal grey mater significantly increased
neurite outgrowth from the CST and translated into improved recovery of forelimb use in a food
retrieval task. ChABC treatment has been developed over decades with significant advancements
in delivery to the injured spinal cord ranging from gene therapy>’ to nano particles>®, each

advancement showing more promise as an intervention to improve SCI outcomes>’.



While all of these approaches to improve functional outcomes after SCI have shown some
results, there are numerous factors restricting neurite outgrowth and spinal cord repair after an
injury. By targeting only one factor limiting neurite outgrowth, recovery following SCI is

restricted.

1.4 Combinatorial pharmacological treatments

To target multiple factors that limit regeneration and neurite outgrowth following a SCI, the
additive effects of combining more than one plasticity promoting treatment have been tested with
the aim of increasing neurite outgrowth beyond the capabilities of treatments that target only one
limiting factor. Treatments, including scar reducing agents, the upregulation of neurite outgrowth
promoting pathways, the application of neurotrophic factors, and the implantation of cell grafts
can be combined in different ways to bolster neurite outgrowth and functional recovery.

For example, Fouad et al., 20058 took ChABC treatment one step further and administered
ChABC treatment rostral and caudal to the injury site in conjunction with implantation of
Schwann cells (SC) and olfactory ensheathing glia (OEGs) in a complete thoracic transection
model of SCI. The transection site was bridged using a gel containing SC, cells that surround
peripheral nerves and express genes that support axon regeneration, providing a permissive
substrate for axon regeneration across the injury site’s. OEGs, cells similar to SCs that enable the
regeneration of axons in the olfactory system,*” were placed rostral and caudal to the bridge to
enable regenerated axons to exit the bridge and re-enter the spinal cord. ChABC served to digest
growth inhibitory CSPGs, decreasing the growth inhibitory environment of the CNS. This
combination treatment increased the number of myelinated axons and serotonergic fibers

crossing the SC bridge into the caudal spinal cord®®. Axon growth across the injury site was



accompanied by functional improvements assessed using the BBB score and forelimb/hindlimb
coupling®. By combining more than one pharmacological treatment, multiple CNS factors can

be targeted to encourage neurite outgrowth to encourage a greater plasticity after an injury.

1.5 Rehabilitative treatment following a SCI

The benefit of rehabilitative training is based on the observations of Hubel and Wiesel® in the
visual cortex indicating that neurons and connections that are not used are lost and from Hebb’s
postulate®!, the idea that connections between neurons are strengthened when they are
simultaneously activated. Rehabilitative training can trigger coordinated neuronal activity that
maintains and strengthens the neuronal connections being used to carry out tasks. This is true for
both animal models of SCI and humans living with SCI. When neuronal connections are not
used, the CNS reorganizes accordingly. For example, the region of the motor cortex representing
and controlling hindlimb movements reorganized in rats with a bilateral transection of the CST
in the thoracic spine % Stimulation of the cortical region that previously only triggered only
hindlimb movement in intact rats, triggered forelimb, whisker, and trunk activity in SCI rats®2.
Likewise, primates with amputation of forelimb or hindlimbs demonstrate motor cortex
reorganization®®. Stimulation of deafferented regions in the motor cortex triggered activity of
proximal muscle groups (e.g., the trunk) and adjacent body regions (e.g., the shoulder for
forelimb amputation or the tail for hindlimb amputation)®*. Rehabilitative training not only
maintains neuronal circuitry and strengthens connections, but it has been shown to encourage
neurite outgrowth in the spinal cord, and this outgrowth is associated with improvements in

functional recovery following an SCI. For example, rats with a C2/C3 SCI ipsilateral to their

dominant paw showed improvements on the single pellet grasping (SPG) task after receiving



task specific training compared to untrained rats®*. This improvement was accompanied by an
increase in sprouting of collateral fibers from injured and uninjured CST fibers rostral to the
SCI*.

However, it is important to note that structured rehabilitative training is not necessarily required
to maintain neuronal circuitry or promote neurite outgrowth following an SCI. In Fouad et al.,
2000%, rats with a T8 dorsal transection injury receiving treadmill training daily for 5 weeks did
not significantly improve in locomotor function compared to rats who did not receive
rehabilitative training. It was thought that spared fibers in the ventral and ventro-lateral aspect of
the spinal cord in untrained rats were able to sprout and compensate for the SCI because rats
were not restricted in their daily activities and therefore able to ‘self-train’ (e.g., cage rearing and
exploration). This aspect of self-training was able to promote spinal cord repair to such an extent
that the addition of treadmill training did not provide significant functional improvement for
trained rats®. These results support a concept in SCI called spontaneous recovery whereby
spared axons and spared neuronal circuits are capable of promoting some extent of functional
recovery in the absence of training or interventions®®%°. Rehabilitative training may be required

in contexts where self-training is restricted.

The mechanisms by which rehabilitative training is thought to improve functional recovery are
largely due to intrinsic changes within the neurons activated by the training. These mechanisms
include the upregulation of neurotrophic factors such as brain-derived neurotrophic factor
(BDNF)® or enhancing cAMP signalling in neurons’!, which in turn, stimulate neurite outgrowth
and changes in neuronal connectivity within the spinal cord. In a clinical setting, patients living
with an SCI are encouraged to participate in rehabilitative training due to its strong association

with improved functional recovery’?. Due to the frequent use of rehabilitative training clinically,



researchers studying pharmacological treatments aimed at improving functional outcomes
following an SCI should consider incorporating rehabilitative training into their experimental

design.

Similar to rehabilitative training, electrical stimulation (ES) of muscles and nerves is another
approach to promote recovery after SCI. ES provides low electrical impulses to nerves and
muscles to help restore function and harnesses intact neural systems, spared by the SCI to
promote functional recovery, not only of walking or moving but also restoring bladder function,
respiratory function, or stimulating muscles to prevent pressure ulcers’>. The mechanism by
which electrical stimulation promotes functional recovery is similar to that of rehabilitative
training. Electrical stimulation triggers the activity of neuronal circuitry but can also activates
neurite outgrowth promoting pathways to promote axonal sprouting and regeneration including
the cAMP pathways’* and BDNF expression’”. FES is increasingly used in clinical settings to

encourage recovery after SCI”>.

1.6 Benefits of combining rehabilitative training with pharmacological
treatments

A prominent combinatorial treatment in the literature is pairing of ChABC with rehabilitative
training. ChABC treatment targets extrinsic inhibitors of neurite outgrowth while rehabilitative
training boosts the ability of neurons to induce neurite outgrowth. In other words, ChABC
treatment combined with rehabilitative training can amplify neurite outgrowth beyond what
training alone can achieve by targeting more than one factor limiting neurite outgrowth after an
SCI. Training, in turn, can not only induce neurite outgrowth but it can activate the newly
formed neurite outgrowth and spared neuronal circuitry to rewire the injured spinal cord. For

example, Garcias-Alias et al., 20097° demonstrated that rats with a cervical SCI receiving both
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ChABC and rehabilitative training were able to regain the grasping technique used prior to the
SCI. Rat receiving only rehabilitative training showed motor recovery; however, they had to rely
on compensatory strategies (e.g., scooping pellets rather than grasping and lifting pellets) to
retrieve pellets. The therapeutic potential of combining a pharmacological treatment with
rehabilitative training is significant and should be further explored in the preclinical development

of pharmacological treatments to enhance recovery following a SCI.

1.7 Emergence of a new pharmacological treatment to promote neurite
outgrowth following an SCI

Recently, a new treatment avenue is being explored using an endogenously occurring growth
factor called pleiotrophin (PTN). PTN (also known as HB-GAM) was first described by Rauvala,
1989 77 and later named PTN by another group of researchers’®. PTN is unique compared to
other pharmacological treatments for SCI as it can simultaneously neutralize CSPGs while also
amplifying the neurite outgrowth promoting pathways mediated by the glypican-2 receptor and
the anaplastic lymphoma kinase (ALK receptor). These characteristics give PTN the additive
therapeutic advantage of a combinatorial pharmacological treatments however, only one
treatment needs to be administered following SCI.

PTN has a particularly important role in the development of the central nervous system (CNS)
and a significant role in the neuroprotection and maintenance of neural circuits in adulthood”**°,
During development, PTN is secreted by neurons and glial cells to regulate the development of
the CNS, specifically neurite outgrowth’”!, It acts as an axon guidance cue in the formation of
neural connections®?>. PTN expression peaks around 1-3 weeks postnatal and its expression

declines into adulthood®. In adults, PTN is associated with numerous physiological processes

including metabolism, angiogenesis, inflammation, bone development, reproduction, and cancer
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(reviewed in Wang, 2020%%). PTN expression in the adult CNS is limited to select neuron
populations including the hippocampal CA1-3 regions and the cerebral cortex laminae II-IV®. It
is also secreted by pericytes (support cells found on capillaries in the CNS)®¢. Studies by
Krellman et al., 20147° showed that PTN knock-out mice had significant abnormalities in their
behaviour and cognitive function, and this was caused by changes in neural density in the
entorhinal cortex, a region of the brain important for learning and memory. These studies
demonstrate the importance of PTN expression to both the development and maintenance of the

CNS.

PTN expression in the CNS is endogenously upregulated in response to various physiological
processes. In the context of neuropathologies, there is evidence that PTN modulates neuronal
changes in the nucleus accumbens, a brain structure primarily involved in reward circuitry,
following amphetamine use®’. PTN is also secreted by tumour-associated macrophages in
glioblastomas leading to tumour growth®®. In the context of CNS injury, upregulation of PTN
expression is associated with restorative effects to the CNS. Rats with ischemic brain injuries
showed increased PTN gene transcription and protein expression in microglia and
macrophages®. The elevated levels of PTN contributed to the recovery in rats by stimulating
neovascularization®. Following a traumatic SCI, endogenous PTN expression increased in both
surviving neurons and glial cells surrounding the injury site and was thought to contribute to the
recovery process by stimulating regeneration and synaptogenesis®’. These studies demonstrate
that PTN is a versatile growth factor and that high levels of PTN expression can lead to negative

consequences or have beneficial effects depending on the context in which it is upregulated.

The discovery that PTN upregulation occurs endogenously to contribute to CNS repair after an

injury has been of particular interest to researchers developing treatments to repair the CNS and
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promote functional recovery after an injury. Researchers have examined the outcome(s) of
artificially upregulating PTN following a CNS injury and whether this upregulation benefits
recovery both anatomically (e.g., neurite outgrowth) and functionally (e.g., motor and/or sensory
function). In a study by Paveliev et al., 2016°!, PTN treatment following a prick injury to the
cerebral cortex (made by inserting a 30G needle into the cerebral cortex) resulted in the
regeneration of dendrites. In mice with a transection SCI, PTN administered into the injury site
at the time of SCI, increased the number of sensory axons that approached and or crossed the
injury site’!. Additionally, these axons were higher in complexity and number of branch points
coinciding with findings from Fenrich et al., 2011 that highly branched axons terminals are more
successful at regenerating across transection SCI. More recently, PTN injected into the SCI site
and administered intrathecally into mice with a lateral hemicontusion injury has been linked to

motor improvements in mice models of SCI’2,

There are 2 major receptors through which PTN is thought to contribute to the regeneration of
injured axons and neurite outgrowth from axons surrounding the injury site. The first is the ALK

93.94 and the second is the glypican-2 receptor’!. Both receptors are highly expressed on

receptor
CNS neurons and both receptors trigger signalling cascades that encourage neurite outgrowth.
Given the versatility of PTN, it is highly likely that PTN interacts with both receptors in some
capacity to encourage neurite outgrowth. What is notable about the glypican-2 receptor pathway
is that PTN interacts with the glypican-2 receptor as a complex with CSPGs’!. By binding to
CSPGs, not only does PTN trigger a neurite outgrowth promoting pathway, PTN effectively
inactivates the inhibitory effect of CSPGs. CSPGs are present throughout the CNS extracellular

matrix, concentrated within PNNs and upregulated following an SCI in the glial scar and rostral-

caudal to the site of SCI (see section 1.2, Pathophysiology of SCI). The mechanism of PTN is
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most similar to ChABC in that ChABC inactivates CSPGs to eliminate their growth inhibitory
effect. There is strong evidence in the literature supporting the therapeutic potential of ChABC to
increase neurite outgrowth following a CNS injury and promotes significant functional
recovery’ #7695 However, it is unclear whether ChABC is capable of activating neurite
outgrowth promoting pathways. The interaction of PTN with glypican-2, therefore, gives PTN a
unique dual mechanism to promote neurite outgrowth that, in theory, could transcend the
therapeutic potential of ChABC. Furthermore, ChABC is not an endogenously occurring
enzyme, it is isolated from Proteus Vulgaris and the stability of ChABC activity in the CNS has
been reported differently by researchers. Tester et al., 2007°® showed that the enzymatic activity
of ChABC rapidly degrades at body temperature (37°C) after three days and at 39°C, ChABC is
degraded within 1 day”®. They also examined 9 different lots of ChABC and found that ChABC

activity varied between lots, lasting 1 day at the minimum and 6 days at the maximum®®.

PTN has been studied for several decades but it was only more recently that researchers started
to administer exogenous PTN into in vivo models of CNS injury and examine the effects on
recovery. What my thesis aimed to do was to further understand the capabilities of PTN to
promote neurite outgrowth in vivo and in doing so, develop PTN as a potential treatment to
encourage functional recovery following an SCI. We studied rat models of SCI treated with PTN
targeted into the spinal cord rostral and caudal to the SCI site. Neurite outgrowth rostral and
caudal to the injury site has been strongly linked to functional recovery following SCI. Spared
axons and neurons denervated by the SCI can sprout and form new connections to bypass the
SCI site and in essence, rewire the spinal cord®>?’-1%, PTN treatment targeted to different

locations surrounding the SCI site may have effects on neurite outgrowth. Spared axons
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surrounding the lesion site and neurons denervated by the SCI may respond differently to PTN

treatment, potentially leading to differences in functional outcomes.

To assess for changes in functional outcomes resulting from PTN treatment after SCI, we used
the SPG task. The SPG task requires fine motor function of the distal forelimb controlled by the
CST and rubrospinal tract (RST) in the spinal cord. As such, the SCI models used in all
experiments intended to injure the CST and RST unilaterally to impair forelimb motor function
of the unilateral forepaw. Sprouting was measured only from the CST however, as this tract
originates from the motor cortex which can be more reliably traced than the RST which

originates from the red nucleus in the ventral midbrain.

There were three aims to my thesis:

1) to determine the dose of PTN to maximize neurite outgrowth following SCI,

2) to determine the location(s) of PTN administration (e.g., rostral or caudal of an SCI) that

would encourage the most functional recovery, and

3) to determine if there is a complementary effect to combining PTN treatment with

rehabilitative training using the single pellet reaching and grasping (SPG) task.

Several experiments were designed to assess these aims. For clarity, the title of each experiment
included in my thesis is listed here, along with a summary of the purpose of the experiment in

relation to the aims presented.

- PTNin vitro using cortical cell cultures

- PTN dose-response examining neurite outgrowth
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- PTNvs. ChABC in vivo
- PTN following a contusion SCI

- PINDLQ SCI

The PTN in vitro experiment was to ensure our supply of PTN promoted neurite outgrowth at a
level similar to what has been reported in the literature. The PTN vs. ChABC experiment was
also intended to ensure PTN could promote neurite outgrowth but in an in vivo model of SCIL
Neurite outgrowth from PTN was compared to ChABC in this experiment to screen for any
potential differences in neurite outgrowth between treatments. The PTN dose-response
experiment intended to address aim 1 and thereby, apply an optimal dose of PTN in subsequent
experiments. PTN has been administered in previous in vivo studies’! at a concentration of 1.0
mg/mL however, the rationale for this concentration has yet to be provided. Male and female rats
were used in this experiment to examine for sex differences in neurite outgrowth. The PTN
contusion SCI and PTN DLQ SCI experiments were carried out to address aims 2 and 3. In the
PTN contusion SCI experiment, PTN was targeted bilaterally rostral and caudal to the SCI
however, in the PTN DLQ SCI experiment, PTN was only target caudal and ipsilesional to the
SCI to determine if treatment location affects neurite outgrowth and functional recovery. A
contusion model of SCI was used initially, however, adjustments to the experimental design
were made based on the experimental results obtained leading us to switch to a DLQ model of
SCI in the subsequent experiment (full details are provided in the methods and results sections).
The SPG task was used for rehabilitative training as a measure of functional recovery following

SCI and PTN treatment.
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Chapter 2: Methods

2.1 Animal care and ethics:

All experimental procedures were approved by the Health Sciences Animal Care and Use
Committee of the University of Alberta. Lewis rats from Charles River Laboratories Canada
were used for all experiments and arrived weighing between 180-220 g. Rats were housed 2 per
cage with a 12-hour light/dark cycle. Water and food were provided ad libitum except during the
single pellet grasping (SPG) training when rats were trained 5 days per week and food restricted
to 90% of their normal daily intake on the days before completing the task. This was done to
motivate their participation in SPG training. The number of rats used for each experiment varied
based on the purpose of the study.

- PTN dose-response: N=40 (20 males and 20 females), n=8 per experimental group (4

males, 4 females)
- PTNvs. ChABC: N=9 (females), n=3 per experimental group
- PTN Contusion SCI: N= 24 (females), n=12 per experimental group

- PTN DLQ SCI: N=24 (females), n=12 per experimental group

2.2 PTN and ChABC preparation:

Preparation of PTN

PTN was obtained on two occasions from the laboratory of Dr. H. Rauvala. The first batch of
PTN arrived as a 1 mL aliquot at a concentration of 2 mg/mL and the second batch of PTN
arrived as a 1.1 mL aliquot at a concentration of 5 mg/mL. PTN was suspended in 1 M NaCl in a
20 mM phosphate buffer upon arrival. To exchange the buffer for PBS, 4 mL of PBS was added

to the samples and centrifuged using Amicon-Ultra 4 (Millipore, UFC800308) at 6000 for

17



approximately 40 minutes until the original volume of the sample was reached. The Amicon-
Ultra 4 filter has a molecular weight cut-off of 3 kDa, allowing only molecules smaller than 3
kDa to pass, therefore, PTN protein should not have been lost during centrifugation and buffer
exchange. The sample was then sterilized using a Spin-X centrifuge tube (Costar, 8160) at
10,000 for 2 minutes. After exchanging the buffer, PTN was diluted to the required
concentrations by adding specific volumes of PBS to achieve the desired concentration. To
concentrate PTN to higher concentrations, PTN aliquots were centrifuged using Pierce Protein
Concentrator filter tubes with a molecular weight cut-off of 3 kDa (Thermo Scientific, 88512)
designed to allow buffers to pass through the filter but not PTN. The concentrations of PTN were
tested using a DC protein assay (Thermo scientific, 23227) before being used for any experiment
according to the protocol provided by the kit. For this protocol, 8 standards were made using
bovine serum albumin in sterile PBS to generate a line of best fit to which the sample of
unknown concentration of PTN could be interpolated. Standards were made by serially diluting
BSA at 25 mg/mL to a final concentration of 0.195 mg/mL. These standards were then loaded
into the wells on a flat-bottom 96-well plate in 5 uL aliquots alongside aliquots of the sample of
unknown concentration of PTN. After, 5 pL of ‘Reagent A’ (alkaline medium) and 200 pL of
‘Reagent B’ (copper (Cu2+) salt solution was added to each well to react with the protein in each
well and induce a colour change that can be analyzed by a spectrophotometer. The intensity of
the colour change is proportional to the concentration of protein in the sample. The reagents
within each well were mixed thoroughly using a plate shaker for 30 seconds. The plate was
covered using the well plate lid and incubated at 37 °C for 30 minutes. The plate was then read
on a Biorad xMark™ microplate spectrophotometer (Bio-Rad Laboratories, 168-1150) at A280

nm. The spectrophotometer emits light at a wavelength of 280 nm at the sample within the wells
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and measures the amount of light that passes through. There is an inverse relationship between
the amount of light that passes through the sample and the concentration of protein within the
sample. The light measurements are processed using the Microplate Manager software (Bio-Rad
Labratories, 168-9520) to provide a read-out of the protein concentration in each well.
Preparation of ChABC

Five units of ChABC were ordered from Sigma-Aldrich, C3667. ChABC was prepared
according to the protocol provided by the suppliers to make a solution of ChABC at a
concentration of 1.33 U/ul (0.1 U of ChABC per 0.75 pl volume injection). This concentration
of ChABC was consistent with other studies administering PTN into the spinal cord rostral and

caudal to the SCI!04105,

2.3 Cortical cell cultures:

This protocol was taken from the laboratory of Dr. I. Winship. Cell cultures and epifluorescent
imaging for the PTN in vitro experiment was carried out by a graduate student, Somnath Gupta.
The protocol used in my experiments was similar to the protocol used for the cell cultures and
for epifluorescent imaging published in Gupta et al., 2021°. Mr. S. Gupta provided
epifluorescent images of the cell cultures and I carried out the analysis of neurite extension using

the NeurphologylJ extension on Imagel.

Matrices preparation:
Glass coverslips were treated with 100ug/mL 1-poly-L-Lysine (Sigma-Aldrich, P5899, USA) for
2 hours. Coverslips were washed 3x with water and then coated with either a growth permissive

(10 pg/mL of laminin (Corning, 354232)) or growth inhibitory matrix (10 pg/mL of laminin +
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1.25 pg/mL CSPGs or 10 pg/mL of laminin + 10 pg/mL CSPGs (Sigma-Aldrich, CC117) for 2

hours and then washed 2x with PBS.

Primary cortical neuron culture:

Rat primary cortical neurons were isolated from 0-1-day old Sprague Dawley rat pups. The
brains were dissected from the pups and the cerebral cortices were separated from the dura as
well as the midbrain and hindbrain structures. Cortices were then digested with TrypLE (Gibco,
12605-028) at 37 °C for 15-minutes. Cortical cells were isolated from the tissue by trituration in
neurobasal A medium (Thermofisher, 1088802) which contained B27 supplement (1:50 v/v)
(Gibco, 17504-044), antibiotics, and GlutamX (Gibco, 35050-061). On the prepared coverslips,
20,000 cells were seeded per well on a 24-well plate and treated with PTN (10 ng/mL) and then

incubated at 37 °C, 5% CO2.

Analysis of neurite extension:

Cortical cells were fixed after 72 hours of treatment with a 5% formaldehyde solution for 15
minutes. Cells were stained with microtubule-associated protein 2 antibody (MAP2, 1:500,
Sigma Aldrich M9942, to visualize neurons), and imaged using epifluorescent microscopy.
Analysis of neurite extension was done using the NeurphologyJ extension on ImagelJ. Images of
the well plates were uploaded onto ImagelJ. Neurites were traced using the ‘pencil tool’ at a
width of 2 pixels and soma with a width of 10 pixels. Traced images were then converted into
16-bit images for processing on the NeurphologylJ extension. The extension guides the user
through each step. In general, thresholding of the image is done to isolate the neurites and soma.

Any debris or excess pixels are removed using the ‘particle remover’ function. A summary file is
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generated providing the number of soma in the image and the total neurite length of all neurites
in the image. The total neurite length is divided by the total number of soma to obtain the

average neurite length. Data is then compared between groups.

2.3 Surgical timing, preparation, and care:

The timing of SCI surgeries for each experiment was based on purpose of the experiment. For
the PTN dose response experiment and the PTN vs. ChABC experiment, the experiments focused
on neurite outgrowth changes therefore, no SPG rehabilitative training occurred. Some sensory
and motor testing was performed (e.g., von Frey hair and horizontal ladder, respectively)
however, only a baseline assessment was obtained prior to completing the SCI surgeries. The
PTN DLQ SCI experiment and PTN Contusion SCI experiment examined the additive effects of
PTN treatment with rehabilitative training. Therefore, SCI surgeries and spinal injections were
not scheduled until the success rate of rats in the SPG task plateaued (reaching a state of little to
no change in success rate for 2 or more weeks). Details regarding SPG training, von Frey hair
testing, and horizontal ladder task can be found in the behavioural testing and rehabilitative

training sections of the methods (2.7-2.8).

All surgeries were performed under isoflurane anesthesia. Rats were induced using 5%
isoflurane (Sigma-Aldrich, 792632) in carbogen (5% CO2, 95% O?). During induction, the skin
on the dorsal neck of the rats was shaved, and rats were placed into a stereotaxic frame to
stabilize the head and cervical spine during surgery. After placement into the stereotaxic frame,
rats were maintained on isoflurane at 2.5-3% in carbogen. At the onset of surgery, the shaved

skin on the dorsal neck of the rats was disinfected with 10% chlorhexidine digluconate (Sigma-
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Aldrich, PHR1294) and ethanol. Eyes were lubricated (Alcon Systane Ointment) to prevent
corneal dehydration throughout the surgery. A heating mat set to 37 °C was used to prevent
anesthesia-induced hypothermia. Following every surgery (regardless of the number of
procedures), before recovery from anesthesia, all rats received 3 mL of saline and buprenorphine
(0.3 mg/kg) for hydration and pain control, respectively. Rats were then placed into heated
recovery cages with ad libitum food and water and the floor of these cages were lined with paper
towel to absorb urine and moisture within the cage. Rat were returned into their home cage

106

approximately 12-18 hours after their surgery, once their score on the grimace scale'™” was

“moderately present” or “not present” and rats were actively exploring their recovery cages.

2.4 SCI surgeries:

Our rat models of SCI were created by damaging the spinal cord directly (rather than inflicting
damage to the spinal cord through skin, muscle, and bone as would typically occur in a human
SCI) and therefore, required the spinal cord to be exposed. To do so, the skin above the cervical
level 2-5 (C2-C5) vertebrae was incised using a scalpel blade No.10 and the muscle above these
vertebrae were spread apart using curved Metzenbaums to expose the C2-C5 vertebral bone. A
unilateral laminectomy was performed at either the C4 or CS5 level, depending on the SCI model
used (SCI models are described in relation to each experiment below). Following the SCI
surgery, muscles were sutured together with absorbable sutures, and the skin was closed using
9mm stainless steel clips.

PTN dose-response (Figure 1A): All rats received a right-side unilateral dorsal-lateral quadrant
(DLQ) transection SCI at the cervical level 4 (C4)!°71%8 No rehabilitative training occurred for

these rats; therefore, the preferred paw of the rats was not determined. This injury is made by
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inserting a thin blade at the midline on the dorsal side of the spinal cord to a depth of ~1 mm and
sliding the blade laterally to the lesion approximately one-quarter (one quadrant) of the spinal
cord. This injury model intends to injure the corticospinal tract (CST) and part of the rubrospinal
tract (RST) ipsilateral to the side of SCI, tracts that are important for fine motor control of the
distal forelimb.

PTN vs. ChABC (Figure 1B): All rats received a right unilateral DLQ transection injury at the
C4 level. No rehabilitative training occurred for these rats; therefore, the preferred paw of the
rats was not determined.

PTN contusion SCI (Figure 1C). All rats received a lateral hemi-contusion injury at cervical
level 5 (C5) using an Infinite Horizon impactor (Precision Systems & Instrumentation, LLC) set
to a force of 125 kdyns'®. Rats were placed into the impactor at an angle of 15° on the rostral-
caudal axis using a customized frame to induce a lateral hemi-contusion 1.25 mm from the
midline on the side of the rat’s preferred paw determined during SPG training. This injury model
causes a bruising injury to the spinal cord and intends to injure the CST and RST ipsilateral to
the SCI to impair motor control of the distal forelimb.

PTN DLQ SCI (Figure 1D): All rats received a DLQ transection injury at the C4 level on the

side of the rat’s preferred paw determined during SPG training.

2.5 PTN spinal injection surgeries:

To be able to administer spinal injections rostral and caudal to the SCI, a partial laminectomy of
the vertebrae unilateral to and above and below the level of the SCI was performed to expose
more surface area of the spinal cord. If injections were provided only caudal to the SCI (e.g., the

PTN vs. ChABC experiment and the PTN DLQ SCI experiment), a unilateral partial laminectomy
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was only performed caudal and ipsilateral to the SCI. For the PTN dose-response, PTN vs.
ChABC, and PTN contusion SCI experiments, spinal injections occurred at the time of SCI,
therefore the partial laminectomy was performed when exposing the spinal cord for the SCI. For
the PTN DLQ SCI experiment, spinal injections were given 13-days after the SCI and therefore,
the spinal cord needed to be re-exposed according to the methods described in section 2.4 SCI

Surgeries.

Spinal injections

Hamilton syringes (10 pL) fitted with a glass capillary (I mm outer diameter) pulled into a
needle of <1 um in diameter were used to provide spinal injections in the PTN dose-response
experiment. For the PTN vs. ChABC, PTN contusion SCI, and PTN DLQ SCI experiments, a 10
pL blunt Hamilton syringe with a 34-gauge metal needle was used. The metal needles improved
the accuracy of spinal injections because they were more stiff compared to glass capillaries and
did not bend upon contacting the spinal cord. For all spinal injections, a 27-gauge needle was
used to puncture the spinal dura to reduce the resistance against the spinal injection needle when
providing the spinal injection. Spinal injections occurred over a 1- minute duration and the
capillary or needle was left in the spinal cord for 1-minute following the injection to limit the
backflow of PTN out of the injection site.

PTN dose-response (Figure 1A): Forty rats were randomly divided into 1 of 5 experimental
groups: PBS (CTRL) or PTN at concentrations of either 0.5 mg/mL, 1.5mg/ml, 5 mg/mL, or 15
mg/mL. Spinal injections were made under the same anesthesia as the SCI surgery. Injections
were made directly into the intermediate grey matter 0.75 mm lateral of the midline and 1.5 mm

deep from the dorsal surface of the spinal cord. Three injections of 1 uL. were made into the SC
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at the following locations: ~1 mm rostral to the lesion, ~1 mm rostral and contralateral to the
lesion, and ~1 mm caudal to the lesion.

ChABC vs. PTN (Figure 1B): Nine rats were randomly divided into 3 experimental groups: PBS
(CTRL), PTN, or ChABC. Spinal injections were made under the same anesthesia as the SCI
surgery and injections were made directly into the intermediate grey matter 0.75 mm lateral of
the midline and 1.5 mm deep from the dorsal surface of the spinal cord. Rats in the PTN group
were injected with 0.75 pg of PTN (0.75ul at 1.0mg/ml) 2-2.5 mm caudal and ipsilateral to the
SCI. Rats in the ChABC group were injected with 0.1 U of ChABC (0.75 pl at 1.33 U/pl).

PTN contusion SCI (Figure 1C): Twenty-four rats were randomly divided into 2 groups: PBS
(CTRL) or PTN. Spinal injections were made under the same anesthesia as the SCI surgery and
injections were made directly into the intermediate grey matter 0.75 mm lateral of the midline
and 1.5 mm deep from the dorsal surface of the spinal cord. Injections were made into the spinal
cord bilaterally ~2.5 mm rostral and ~2.5 mm caudal to the SCI (4 injections total). PTN was
given at a concentration of 1.25 mg/mL. Injections were initially given at a volume of 1 pL (1.25
ug of PTN) on the first day of surgeries, however, rats were slow to recover after receiving 4
spinal injections at 1 pL and a contusion SCI. The volume of injections was therefore reduced to
0.75 pL (0.94 ug of PTN) on the second day of surgeries. An equal number of rats in the PTN
treated and PBS treated groups received 1 pL and 0.75 pL injection volumes.

PTN DLQ SCI (Figure 1D): Twenty-four rats were randomly divided into 2 groups: PBS
(CTRL) or PTN treated. It is important to note that spinal injections for this experiment occurred
13-days following the SCI surgery. This was done in response to the slow recovery of rats in the
PTN contusion SCI experiment but also has the added benefit of being a more clinically relevant

approach as SCI treatments are typically not administered at the time of SCI in humans. One
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injection was made directly into the intermediate grey matter 0.75 mm lateral of the midline and
1.5 mm deep from the dorsal surface of the spinal cord. For these injections, a solution of 30%
biotinylated dextran amine (BDA) (Invitrogen, BDA-10000, D1956) was added to a 10 uLL
aliquot of PTN or PBS. PTN was co-injected with BDA so that the location of the spinal
injection could be identified with more precision during histological analysis. Rats in the PTN

group were injected with 0.9ug of PTN (0.75 puL at 1.2 mg/mL).

2.6 AAV9 CST tracer injection surgeries:

The CST was traced by injecting an adeno-associated viruses serotype 9 (AAV9) containing a
transgene to express tdTomato (AAV9-tdTom; Boyden Viruses, UNC Vector Core, NC, USA)
or green fluorescent protein (AAV9-GFP; Boyden Viruses, UNC Vector Core, NC, USA) into
the forelimb motor cortex . Tracing the CST allows CST fibres and any potential neurite
outgrowth emerging from the CST to be visualized under fluorescent microscopy. The
coordinates used to landmark the cortical injections were 1.5 mm lateral, 1.5mm rostral to
Bregma, and 1.5mm deep'!®. Two 0.75 pL injections of AAV9-tdTom (5.9 x 10°12 vg/mL) were
used and 3 x 0.75uL injections of AAV9-GFP (2.0 x 1012 vg/mL).

PTN dose-response (Figure 1A): AAV9-tdTom injections were made into the left forelimb
motor cortex (contralesional) and AAV9-GFP injections were made into the right forelimb motor
cortex (ipsilesional). This tracer surgery occurred under the same anesthesia as the SCI surgery.
Cortical injections were made using Hamilton syringes (10uL) fitted with a glass capillary pulled
into a needle of <lum in diameter.

ChABC vs. PTN, PTN contusion SCI and PTN DLQ SCI (Figure 1B-D): Three changes were

made to the AAVO tracer surgeries after the PTN dose-response experiment: 1) AAV9-tdTom
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injection volumes were reduced to 0.6uL to reduce the number of traced axons, 2) AAV9-tdTom
was given in the ipsilesional forelimb motor cortex and AAV9-GFP into the contralesional
forelimb motor cortex, and 3) cortical injections were made using a 10uL. Hamilton syringe with
a custom 32-gauge bevelled metal needle. The volume of tdTom injected was reduced because
excess AAVO tracing can limit the ability to distinguish between individual axons during CST
fiber analysis and the intensity of the tracer at 2x 0.75 pL overwhelmed the Leica HyD hybrid
detector system during image acquisition in the PTN dose-response. The side of AAV9-GFP and
tdTom injections were switched because tdTom is a more potent tracer than GFP, therefore, we
wanted to increase the probability that contralesional CST fibers innervating the ipsilesional side
could be detected during histological analysis. Lastly, custom metal needles were designed to

improve the accuracy of cortical injections compared to needles made from glass capillaries.

2.7 Behavioural testing:

Horizontal ladder assessment

The horizontal ladder task'!! was used to assess functional recovery following an SCI and PTN
treatment. The horizontal ladder apparatus had 1m long plexiglass walls with a thickness of 2 cm
and height of 20 cm. The metal ladder rungs were 3mm in diameter and randomly spaced with
distances ranging from 1-3cm. Rats were first acclimated to the ladder apparatus by allowing
them to walk across the ladder 3 times on the day before the video recording. This acclimation
phase was only done before recording the baseline videos (that is, before the SCI to assess the
normal motor function of each rat). During the recorded assessments (60 fps, Panasonic, DMC-
FZ200 camera; Full HD), each rat crossed the ladder 6 times, 3 times with the right paw facing

the camera and 3 times with the left paw facing the camera. A mirror angled at 45° was placed
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below the ladder and was included in the video recording to improve the visualization of each
paw placement. The videos were analyzed to count the number of correct paw placements, slips,
and misses. The percentage of missteps was then calculated by taking the sum of slips and
misses made over the three crossings and dividing this number by the total number of steps taken
over the three crossings. The average score within a group was taken and compared between

groups to determine if there were any significant differences in motor recovery.

Von Frey hair assessment

An automated von Frey hair system (IITC Life Science, CA, USA) was used to assess the
forepaw of rats for hyperalgesia and allodynia following PTN treatment. This system involves
placing rats into plexiglass enclosures with metal grid floors. Rats were first acclimated to the
enclosures by placing them in the enclosures for 10-minutes without any stimulation the day
before testing. To carry out von Frey hair testing, the right and left forepaws of each rat were
poked with the point of a rigid tip 5 times. The force required to elicit a sensory response (e.g., a
paw raise or a paw lick) was recorded. The 3 recordings yielding the smallest standard deviation

between the 5 trials were averaged and used as the score.

Timeline of horizontal ladder and Von Frey hair assessment

PTN dose-response: Rats were assessed for their baseline performance on the horizontal ladder
(pre-SCI), and then at one, three, and 5-weeks post-SCI. For the von Frey analysis, rats were
assessed for their baseline sensory response (pre-SCI), and then at 1-, 3-, 5-, and 7-weeks post-

SCL
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PTN contusion SCI: Rats were assessed for their baseline performance on the horizontal ladder
after their pre-SCI SPG success scores plateaued. Rats were then assessed at 2-weeks post-SCI to
assess the severity of their injuries and a final time when their post-SCI SPG success scores
plateaued. For the von Frey analysis, rats were assessed for their baseline sensory response after
their pre-SCI SPG success scores plateaued. Rats were assessed post-SCI once their SPG success
scores plateaued.

PTN DLQ SCI: Rats were assessed for their baseline performance after their SPG success scores
plateaued. Rats had a final assessment once their post-SCI SPG success scores plateaued. For the
von Frey analysis, rats were assessed for their baseline sensory response after their pre-SCI SPG

success scores plateaued. Rats were assessed post-SCI once their SPG success scores plateaued.

2.8 Rehabilitative Training

SPG task

The SPG task was used to provide forelimb rehabilitative training to rats post-SCI. The task was
carried out as described by Torres-Espin et al., 2018!!2, For this task, rats were placed into a
plexiglass enclosure with a slit on the front and back walls that allow access to a food pellet
dispenser. The enclosure had metal grid floors which allow any dropped pellets to fall beyond
the grasp of the rat. During pre-SCI training, rats learned to reach their paw through the slit and
grasp a pellet presented on a pedestal (chocolate flavoured food pellet (Dustless Precision
Pellets, Bio-Serv, NJ, USA) or sucrose pellet (TestDiet, STUT sucrose tab, St. Louis USA) in a
4:1 mix, respectively, to motivate their participation in the task). After 1 grasping attempt was
made on one side of the enclosure, the had to walk rat and attempt a grasp on the other end of the

enclosure. One week was required for rats to learn the task and to establish the rat’s preferred
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paw for the task. Rats were then trained 5-days per week for 10-minutes each day. Rats were
filmed 1-day per week (60 fps, Panasonic, DMC-FZ200 camera; Full HD) by the researcher
training the rats and the training videos were analyzed by a different laboratory member to blind
the trainer to any treatment or experimental effects. Videos were analyzed to determine the
number of times the animals dropped, knocked, or successfully grasped and retrieved a pellet.
The success rate was calculated by dividing the number of successful retrievals by the total
number of attempts made during the 10-minute session. Once the success rate of all rats’
plateaued (~6 weeks), rats received their SCI surgery. Following the SCI surgery, rats were
given 1 week to recover from the surgery, after which, they resumed SPG training. Post-SCI
training occurred exactly as pre-SCI training; however, food restriction was not applied until rats
recovered the weight lost from the SCI surgery. Post-SCI SPG training occurred until the success
rate of all rats plateaued. SPG training was used in both the PTN contusion SCI experiment and

the PTN DLQ SCI experiment.

High-speed SPG analysis

A detailed analysis of the reaching and grasping technique of each rat was analyzed as
previously described in Whishaw et al., 2008 and Torres-Espin et al., 2018113 High-speed
video analyses were conducted once at baseline and once after the post-SCI SPG score plateau
was noted (as this indicates the maximum performance rats achieve in the SPG task post-injury).
For this analysis, rats were placed in a training enclosure and 3 successful reaching attempts
were recorded at high-speed (120 fps, Panasonic DMC-FZ200; resolution of 1280 x 720 pixels).
Each successful attempt was scored on 11 components as outlined in Whishaw et al., 2008. A

score of 0 indicates that the movement is absent, 0.5 indicates the movement is present but
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abnormal, and 1 indicates the movement is normal. The score is then averaged for each rat and

the average scores per group are compared.

2.9 Histological analysis:

At the end point of each experiment, rats were euthanized using a lethal dose of Sodium
Pentobarbital (100 mg/kg, 0.8 mL/200g, i.p.) and transcardially perfused with saline followed by
a 0.1 M PB solution containing 4% formalin and 5% sucrose. The spinal cord and brain of each
rat was extracted and post-fixed in the same formalin-sucrose solution for 2-hours. The tissues
were then transferred into a 0.1 M PB solution containing 30% sucrose for 5-days for

cryoprotection.

The spinal tissue was prepared for sectioning by embedding a 1 cm block of tissue, ~5cm above
and below the SCI, in O.C.T. (Sakura Finetek, USA). A 1 cm block ensured all injection sites
were included in the same tissue block as the SCI. Sectioning of each block of tissue would
therefore depict the progression of spinal tissue from rostral injection to SCI to caudal spinal
injection. The block of spinal tissue was then mounted onto filter paper, frozen in 2-methyl

butane at -60 °C (dry ice), and stored at -80°C until sectioned.

Using a NX70 cryostat (Fisher Scientific), spinal cords were cut coronally at a thickness of 35um
in the PTN dose-response experiment and a thickness of 25um in the ChABC vs. PTN, PTN
contusion SCI and PTN DLQ SCI experiments. A thickness of 35um was used in the dose
response experiment to increase the efficiency of spinal sectioning for 40 rats. A thickness of 25

um was used in subsequent experiments when the number of rats per group was lower.
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Sectioning was done in series, over 8 slides such that each slide gave a representation of the
entire tissue block. For the PTN dose-response experiment, only every other section of tissue was
kept and mounted onto the slide, again, to increase the efficiency of tissue sectioning in this

experiment. Tissue slides were stored at -20 °C until further processing.

Lesion analysis

For all experiments, a 0.5% cresyl violet solution was used to stain 1 slide of tissue per rat. This
slide was then visualized under light field and phase-contrast microscopy (Leica DM6000B,
camera Leica DFC350 FX) using a 10x objective lens to observe the lesioned area. The tissue
cross-section showing the largest area of SCI damage was imaged and considered the lesion
epicentre. The total lesioned area was measured using ImageJ software and calculated as a
percentage of the total area of the spinal cord cross-section. The spinal injection sites were also
counterstained with the cresyl violet stain and were visualized using light microscopy. The
imaged spinal section(s) over which the injection sites could be identified were recorded to guide

the neurite outgrowth analysis (see below).

2.10 Immunohistochemistry:

3,3’-diaminobenzidine (DAB) stain

DAB staining was used to visualize the BDA that was co-injected with PTN in the PTN DLQ
SCI experiment to more accurately pinpoint the site of the spinal injection. One slide of tissue
per rat was dehydrated at 37°C for lhr, rehydrated in TBS (0.5%) for 10-minutes x2, and then
incubated in TBS-Tx for 2x 45-minutes. Slides were then incubated overnight at 4°C in the

Vectastain ABC reagent (Vectastain ABC Kit, Vector Laboratories, PK6100) prepared according
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to the instructions provided by the manufacturer. Slides were washed 2 x 10 min in TBS to
remove unbound ABC. The DAB reagent (Vector DAB kit, Vector Laboratories, SK4100,
prepared according to manufacturer instructions) was then applied to the tissue and remained on
the tissue for ~30-seconds until the reagent reacted sufficiently with the BDA (i.e., the tissue
changed from colorless translucent to light brown). The reaction was then neutralized by
immersing the slide in distilled water. Slides were dehydrated in serial dilutions of ethanol and

the cover slipped with permount.

Bassoon Stain

Bassoon is a protein found in presynaptic neuron terminals and is thought to play a role in
neurotransmitter release!'*. THC staining for bassoon can label presynaptic terminals and
differences in the number of presynaptic terminals may indicate changes in synaptic density
resulting from PTN and PBS-treated rats. One slide of tissue per rat was dehydrated at 23°C for
20-minutes. Slides were washed for 10-minutes with PBS and 10-minutes in PBS with triton X-
100 (PBS-Tx) @ 0.5%. They were then incubated for 1 hour in PBS-Tx containing 10% normal
goat serum (NGS) and then with the primary antibody, mouse anti-bassoon, 1:400 (Enzo,
SAP7F407), overnight at room temperature in PBS-Tx, 2% NGS. The following day, slides were
washed 3x 10-minutes in PBS-Tx and then incubated for 2 hours with the fluorescence
conjugated secondary antibody, goat anti-mouse AF647, 1:500 (Invitrogen, A28181). Slides
were washed for 2x 10-minutes in PBS-Tx and then 2x 10-minutes in PBS, then the cover

slipped with Fluoromount.
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2.11 Neurite outgrowth and synaptic density analysis:

The bilateral CSTs were traced using AAV9s containing transgenes that express the fluorescent
reporters GPF and tdTom to be able to visualize CST fibers in the spinal cord. One slide of tissue
per rat was washed with PBS, coverslipped with flouromount, and then imaged using confocal
microscopy (Leica DMi8 and TCS SP8). For the PTN dose-response experiment, images of three
sections of tissue ~1 mm above and below the lesion site were imaged as a tile scan. For the PTN
vs. ChABC and PTN contusion SCI experiments, spinal injection tracks were identified, and 5
sections of tissue were imaged as tile scans at these tracks and immediately surrounding these

> was used to

tracks. To quantify neurite outgrowth, an adapted version of the Sholl analysis'!
examine the density of CST traced fibres on the ipsilateral side. The number of AAVO traced
CST fibres crossing the midline and projecting into the contralateral grey matter was counted
rostral and caudal to the injury both ipsilesional and contralesional. The average number of

crossed fibres at each location from each group was used to compare differences in neurite

outgrowth between groups.

An alternative approach to the neurite outgrowth analysis was taken for the PTN DLQ SCI
experiment. Specifically, as a first step, the location of the spinal injection was identified using
the DAB stain protocol described. Next, one section of spinal tissue was imaged at the injection
site (C5), one section of tissue was imaged from the most caudal tissue sections on the tissue
slide (~C6), and one section was imaged from the rostral most tissue section on the tissue slide
(~C2-C3). For each section, the grey matter was then divided into three areas bilaterally: 1) the
dorsal horn (DH), 2) the intermediate horn (IH), and 3) the ventral horn (VH). To delineate these

regions, a horizontal line was drawn across the grey matter at the most ventral and midline area
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of the grey matter and a second horizontal line was drawn at the point when the CST begins to
diverge from the grey matter (Figure 10A). The grey matter ventral to the first horizontal line
forms the VH, the grey matter ventral to the second horizontal line forms the IH, and the grey
matter dorsal to the second horizontal line forms the DH. The intensity of the AAV9-tdTom and
AAV9-GFP tracers were compared between the injured and non-injured sides in each of these 3
areas for each section of tissue. The mean intensity value of the ipsilesional side was divided by
the contralateral side for each area. A ratio greater than 1 indicates the marker is more prevalent
on the ipsilesional side and vice versa. The same analysis was conducted for the Bassoon IHC

stain to measure changes in synaptic density between PTN- and PBS-treated rats.

Heat Mapping of CST axon density in the grey matter

A heatmap software developed by our laboratory was used to visualize neurite outgrowth in the
PTN dose-response experiment. Three tissue sections imaged using confocal microscopy were
uploaded onto ImageJ and an ImageJ macro was used to convert each pixel of a traced CST fibre
within the grey matter into a coordinate location. These coordinates were saved as a data text file
and these text files were then uploaded onto a script written in R. The R script takes the
coordinates of the traced CST fibres within a group and overlays them to generate a density-
based heat map. A heatmap highlights areas in the spinal grey matter that have different densities
of CST fibres between groups and differences in sprouting between treatment groups can be
visually inspected. The density heatmaps from each rat were normalized to the number of
manually counted CST fibres traced in each rat (normalization = pixel intensity/

# of traced fiber).
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2.12 Statistical analysis:

All statistical analyses were performed with Graphpad Prism 9 Software (v9.1.2). Normality was
assessed using the Shapiro-Wilk test when the number of rats per group was 4 and the

D’ Agostino & Pearson test when the number of animals per group was 8 or greater. For the
horizontal ladder, von Frey hair test, and SPG task, a 2-way ANOVA test was used to examine
whether there was a significant difference between PBS-treated and PTN-treated rats at any time
point. When a significant difference between groups was identified, Tukey’s multiple
comparison test (when comparisons were made between multiple treatment groups at different
time points) or Sidak's multiple comparisons test (when comparisons were made between 2
treatment groups (t-statistic) at different time points) was used to determine which experimental
group differs from the rest. An unpaired t-test was used for lesion analysis and high-speed SPG
analysis when 2 experimental groups were being compared. A 1-way ANOVA was used for
lesion analysis when multiple treatment groups were being compared and for the PTN In Vitro
experiment to compare length of neurite extension between treatment groups. Tukey’s multiple
comparison test was used to determine the groups between which there was a significant
difference following the 1-way ANOVA. For the analysis of midline crossing fibres in the PTN
contusion SCI experiment, normality could not be assumed, therefore, the Kruskal Wallis test

was used.
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Chapter 3: Results

3.1 PTN in vitro experiment: PTN promotes neurite outgrowth in vitro
It was important to first establish that our supply of PTN was active and could promote neurite

outgrowth at a level similar to what has been reported in the literature®! and prior to
administering PTN in in vivo models of SCI. We first tested the effects of our PTN supply in
vitro. PTN was applied to rat cortical neurons plated on different concentrations of CSPGs bound
to laminin and neurite outgrowth length was measured (in pixels). The application of cortical
neurons onto CSPG coated plates significantly hindered neurite outgrowth (laminin 44.38 + 3.83;
laminin + low CSPG 22.19 + 11.56, p <0.05; laminin + high CSPGs 11.27 £ 5.99, p <0.0001)
(Figure 2B). The neurite outgrowth of cortical neurons grown on a low concentration of CSPGs
with PTN was significantly higher than growth on low CSPGs alone (laminin + low CSPG 22.19
+ 11.56, laminin + low CSPG + PTN 41.13 £ 9.60, p <0.01). The neurite outgrowth of cortical
neurons grown on the high concentration of CSPGs with PTN was significantly higher than
growth on high CSPGs alone (laminin + high CSPG 11.27 + 5.99, laminin + high CSPG + PTN
29.78 £ 5.95, p <0.05). These in vitro results indicated that our supply of PTN was active and
capable of promoting neurite outgrowth. From these results, we felt comfortable moving forward

with PTN experiments in vivo.

3.2 PTN vs. ChABC experiment: PTN promotes neurite outgrowth at a

similar level to neurite outgrowth induced by ChABC
We proceeded to screen for the effects of PTN in vivo following SCI by comparing PTN to

ChABC, a treatment known to promote neurite outgrowth with established protocols we could
follow from published studies. Due to the ability of PTN to both neutralize CSPGs and

upregulate growth promoting pathways within neurons, we hypothesized that PTN could
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promote neurite outgrowth to a greater extent than ChABC treatment which only neutralizes
CSPGs. To test our hypothesis, we used a DLQ model of SCI and compared PTN treatment to
ChABC treatment targeted into the intermediate grey matter caudal and ipsilesional to the SCI.
PTN and ChABC promoted more neurite outgrowth compared to PBS treated rats. However,
contrary to our hypothesis, the number of midline crossing CST fibers was similar between PTN
and ChABC treated rats caudal and ipsilesional to the SCI (Figure 3D) (PBS 0.06, PTN 0.12 +
0.02, ChABC 0.11 £ 0.03, values represent the number of midline crossing fibers normalized to
the number of CST axons traced in each rat). The number of rats per group was low (n=3),
therefore, statistics were not run on this data. Regardless, this result provided evidence that our
PTN could promote neurite outgrowth in our rat model of SCI, potentially at a level similar to

ChABC, and we chose to proceed with larger in vivo PTN experiments.

3.3 PTN dose-response experiment: Higher doses of PTN may cause spinal

cord damage
PTN and ChABC induced a similar extent of neurite outgrowth which raised the question of

whether the effects of PTN is dose-dependent and a certain dose of PTN is needed to induce
significant neurite outgrowth promoting effects. The PTN dose-response experiment was used to
determine the optimal dose of PTN that would encourage neurite outgrowth but minimize
potential side effects. Figure 4A shows representative cross-sections at the spinal PTN injection
sites from rats receiving different concentrations of PTN. Injection tracks were visible in rats
receiving 0.5 and 1.5 mg/mL concentrations of PTN however, rats that received 5 or 15 mg/mL
concentrations had notable spinal tissue damage at the injection site, indicating potential PTN
toxicity at higher concentrations. Figure 4B shows the area of damage at the SCI epicentre in

each rat and the average area of damage is compared between treatment groups. There was a
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general upward trend in the total area of SCI as the concentration of PTN administered increased.
The total spinal cord area injured was significantly different between the PBS and 15mg/mL
groups (23% + 10% and 40% + 6%, respectively; p <0.01) and the 0.5 and 15 mg/ml groups
(24% + 8% and 40% = 6%, respectively; p < 0.05). In rats treated with 5 and 15 mg/mL
concentration of PTN, the injection damage overlapped with the SCI which may have
contributed to the greater area of damage at the SCI epicenter. Based on these results, we
concluded that PTN may damage spinal cord tissue in a concentration-dependent manner and

PTN at lower concentrations should be used for subsequent experiments.

3.4 PTN dose-response experiment: PTN does not adversely alter forepaw
sensation or long-term motor performance

An optimal dose of PTN would not only promote neurite outgrowth, but also minimize side
effects. As such, von Frey hairs were used to assess for potential sensory changes resulting from
different concentrations of PTN treatment (Figure 5A) and changes in motor performance was
assessed using the horizontal ladder (Figure 5B). Motor and sensory data from male and female
rats were combined because there was no significant difference between sexes in either the
horizontal ladder task (p-value at baseline 0.99, week 1 0.49, week 3 0.07, week 5 0.52) or the
Von Frey hair assessment (p-value right paw at week 1 0.99, week 3 >0.99, week 5 0.98, week 7
>0.99; p-value left paw at all weeks >0.99) and this provided a larger n per group. From the von
Frey assessment, we detected no hypersensitivity or allodynia resulting from PTN treatment
regardless of the concentration used and the extent of spinal cord damage sustained (from both
the SCI itself and the potential PTN-induced damage). A 2-way ANOVA indicated no significant
differences in sensory function between rats treated with different concentrations of PTN at each

timepoint following the SCI and spinal injections. In the horizontal ladder assessment, rats
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receiving 15 mg/mL performed significantly worse than PBS-treated rats at 1-week post-SCI
(46.65% = 19.01% and 20.78% =+ 16.44%, respectively; p-value <0.01), however, their
performance improved by week 3 to a level similar to the other groups. By weeks 3 and 5, the
percentage of missteps was not significantly different between any groups despite differences in
total lesioned area. These results indicate that PTN treatment at any concentration does not cause

significant changes to sensory function or long-term motor function.

3.5 PTN dose-response experiment: PTN-induced neurite outgrowth is dose-
dependent and may differ between sexes

Neurite outgrowth was quantified at each concentration of PTN administered to determine the
optimal dose of PTN to encourage neurite outgrowth. Both males and females were tested to see
whether sex would affect the extent of neurite outgrowth. Neurite outgrowth was analyzed using
a heatmap software to visualize the density of traced CST fibres in the grey matter (Figure 6).
Visual inspection of these heatmaps indicated a general upward trend in the density of traced
fibres with increasing PTN concentrations in male rats. PBS-treated male rats had the lowest
density. The density increased in the 0.5 and 1.5 mg/mL concentrations in male rats and was the
highest at 5 and 15 mg/mL. Similarly, visual inspection of heatmaps from the female rats
indicated a higher density of traced fibres at the 5 and 15 mg/mL concentrations of PTN.
However, the 1.5 mg/mL group showed the lowest density of traced CST fibres and the PBS and
the 0.5 mg/mL groups showed a similar density of traced fibres. Therefore, the concentration of
PTN administered alters the quantity of neurite outgrowth from the CST and there may be some
dichotomy in neurite outgrowth between sexes following SCI and PTN treatment. Our results did
not indicate a clear dose of PTN to use moving forward. We chose to proceed using PTN at a

concentration of ~1.0 mg/mL because this dose elicited neurite outgrowth at a level similar to
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ChABC in our previous experiment. This concentration of PTN was also used in the experiments

published by Paveliev et al., 2016°! and Kulesskaya et al., 2021°2.

3.6 PTN contusion SCI experiment: PTN-treated rats performed worse than
PBS-treated rats in the SPG task

We next conducted the PTN contusion SCI experiment which combined PTN treatment targeted
bilaterally rostral and caudal to the SCI with SPG training. This experiment aimed to assess for
differences in neurite outgrowth between locations of PTN administration surrounding the SCI
and whether PTN treatment and SPG training would have additive benefits on functional
recovery. Starting with the effects of PTN on SPG training, our results showed that PTN-treated
rats recovered to 16.5 % £ 16.5% of their success rate from baseline and plateaued in their
recovery by week 3 (Figure 7A). Conversely, CTRL rats receiving only training after the SCI
plateaued at 6 weeks post-SCI with a recovery of 44.8% + 55.0% from baseline. The success rate
from baseline of CTRL rats and PTN-treated rats was significantly different at week 6 (PTN
10.8% + 15.2%, CTRL 44.8% £ 55.0%). Using high-speed videography, the reaching and
grasping technique of each rat post-SCI was compared to their baseline performance (Figure 7B).
PTN-treated rats performed notably worse in the pronation and grasping component of the SPG
task with a higher percentage of change from baseline (-53.6% + 31.8%; -36.1% + 64.2%,
respectively) compared to their CTRL counterparts (39.1% =+ 35.3%; -8.9% + 87.7%,
respectively). A lesion analysis was conducted to ensure the difference in SPG success rate and
high-speed SPG performance compared to baseline performance was not due to significant
differences in SCI lesion size. There was no significant difference in SCI size between treatment
groups (CTRL 50.4% + 9.1%, PTN 47.5% + 4.2%). PTN did not induce any additional spinal

cord tissue damage at the injection sites compared to PBS treated rats upon visual inspection. It
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is unlikely that the spinal injections and damage sustained to the spinal cord through the SCI to

be the underlying cause of the difference in SPG and high-speed performance (Figure 7C).

3.7 PTN contusion SCI experiment: changes in midline crossing CST fibers
did not correlate to the poorer SPG performance of PTN treated rats

Midline crossing CST fibres were quantified bilaterally rostral and caudal to the SCI to see the
effects of PTN targeted to different locations in the spinal cord and whether differences in the
quantity of midline crossing fibers between PTN- and PBS-treated rats could potentially explain
the difference in SPG outcomes (Figure 8B). PTN was administered bilaterally rostral and caudal
to the SCI to encourage neurite outgrowth from both spared and injured axons surrounding the
SCI in attempt to rewire the spinal cord to bypass the injury site. The quantity of midline
crossing fibres at the injection sites rostral and caudal to the injury site were similar for both GFP
and tdTom traced CST fibres between PTN- and PBS-treated rats (GFP rostral: CTRL 1.03 +
0.67, PTN 0.99 + 0.35; GFP caudal: CTRL 10.40 +9.04, PTN 10.21 + 7.77; tdTom rostral:
CTRL 1.003 £ 0.84, PTN 1.72 + 1.30; tdTom caudal: CTRL 5.95 + 7.73, PTN 5.117 £ 5.67). An
increase in midline crossing fibers is associated with rewiring of neurons around the injury site.
However, our results indicated no difference in midline crossing CST fibers between PTN- and
PBS-treated rats. As such, the anatomical changes underlying the poorer performance of PTN

treated rats remains unclear.

3.8 PTN DLQ SCI experiment: PTN-treated rats with a DLQ SCI performed
worse than PBS-treated rats in the SPG task

To help elucidate the anatomical and/or physiological cause(s) underlying the poorer SPG
performance of PTN treated rats compared to PBS-treated rats in the PTN Contusion SCI
experiment, we simplified our experimental design in the PTN DLQ SCI experiment. We moved
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to a DLQ model of SCI as it creates a more reproducible lesion between rats and better supports
hypothesis testing. In addition to changing the SCI model, spinal injections for DLQ injured rats
occurred 13-days after the SCI surgery (contusion injured rats received their injections at the
time of the SCI surgery). A gap between the time of SCI and PTN and PBS injections was
intended to give our rats more time to recover from the SCI before receiving spinal injections as
rats in the PTN contusion SCI experiment were slow to recover. Similar to PTN contusion SCI
experiment, rats with a DLQ injury treated with PTN appear to have performed worse in the SPG
task compared to PBS-treated rats however, the performance of PTN treated rats was not
significantly different from that of PBS treated rats at any time point (Figure 9A). PTN-treated
rats plateaued at week 5 (78.0% + 42.9%) and PBS-treated rats plateaued at week 4 with a higher
average score (96.2% + 35.8%). The reaching and grasping technique of each rat was scored
using high-speed analysis (Figure 9B). PTN-treated rats had a larger percent change from
baseline on all components following the ‘aim’ component of the high-speed analysis. The
‘grasp’ component of the analysis had the largest change from baseline. However, there were no
significant differences in any component between the PTN and CTRL groups. The differences in
SPG performance and reaching and grasping ability were not due to differences in lesion size
between treatment groups (CTRL 26.37% + 8.51% and PTN 22.93% + 6.90%) (Figure 9C).
PTN- and PBS- were co-injected with BDA in this experiment to be able to accurately identify
the of spinal injections. Visual inspection of spinal tissue at the injection sites did not show any
additional tissue damage in PTN-treated rats compared to PBS-treated rats. Our results indicate
that PTN treated rats performed worse than PBS-treated rats in the SPG task, although not

significant at any timepoint. It is unlikely that the spinal injections or differences in SCI damage
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between PTN- and PBS-treated rats could account for the difference in SPG performance

between PBS and PTN experimental groups.

3.9 PTN DLQ SCI experiment: PTN-treated rats had more GFP traced CST
fibres in the dorsal horn ipsilesional compared to CTRL rats

In this experiment, we took an alternative approach to quantifying AAV9 traced CST fibers to
see if another neurite outgrowth outcome measure could better identify anatomical changes
underlying our SPG training results. To examine whether PTN treatment had an effect on neurite
outgrowth in the spinal grey matter, the tracing intensity of AAV9-GFP (ipsilesional CST) and
tdTom (contralesional CST) was quantified and compared to PBS treated rats. In this
experiment, PTN was only administered ipsilesional and caudal to the SCI to target spared axons
caudal to the SCI and promote rewiring of neuronal circuits into the denervated region of the
spinal cord. Neurite outgrowth was assessed rostral to the SCI (C2-3), at the spinal injection site
(CS5), and caudal to the injection site (C6) (Figure 10 B-G). At each location, the spinal grey
matter was divided into three regions, VH, IH, and DH. To assess the extent of neurite outgrowth
from the CST, the spinal grey matter on the ipsilesional side was compared to the intensity of
CST sprouting in the contralateral grey matter to generate a ratio (i.e., ipsilesional:
contralesional). A ratio greater than 1 indicates that the intensity of that tracer is greater on the
ipsilesional side. GFP tracing was significantly less in PTN-treated rats in the VH caudal to the
injection site compared to CTRL rats (CTRL 5.95 + 5.75, PTN 3.72 + 2.76; *P<0.05) (Figure
10G). At all other locations, there were no significant differences in tdTom or GFP traced CST
fibres in the DH and IH nor tdTom in the DH (Figure 10 B-E and G) (tdTom rostral DH CTRL
0.03 +£0.02, PTN 0.06 £ 0.08; tdTom rostral IH CTRL 0.03 = 0.02, PTN 0.07 = 0.0.4; tdTom

rostral VH CTRL 0.22 + 0.16, PTN 0.18 + 0.10; tdTom injection site DH CTRL 0.021 £ 0.02,
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PTN 0.04 + 0.04; tdTom injection site IH CTRL 0.10 = 0.07, PTN 0.06 + 0.03; tdTom injection
sitt VH CTRL 0.17 £ 0.13, PTN 0.23 £ 0.17; tdTom caudal DH CTRL 0.01 + 0.01, PTN 0.04 +
0.04; tdTom caudal IH CTRL 0.09 + 0.06, PTN 0.05 + 0.04; tdTom caudal VH CTRL 0.18 +
0.12, PTN 0.19 £ 0.20; GFP rostral DH CTRL 40.8 + 30.82, PTN 70.53 + 43.78; GFP rostral IH
CTRL 54.32 £46.16, PTN 43.08 = 31.79; GFP rostral VH CTRL 10.91 £ 7.87, PTN 10.76 +
9.65; GFP injection site DH CTRL 33.14 = 19.13, PTN 47.64 = 49.31; GFP injection site [H
CTRL 23.87 +, 19.0, PTN 36.92 + 40.5; GFP injection site VH CTRL 5.35 +, 5.71, PTN 7.06 +
4/19; GFP caudal DH CTRL 45.37 £ 36.8, PTN 20.01 + 21.71; GFP caudal IH CTRL 30.02 +

28.98, PTN 26.61 + 19.59).

3.10 PTN DLQ SCI experiment: PTN-treated rats had less synaptic density in
the VH compared to CTRL rats ipsilesional and caudal to the spinal injection
site

To extend our anatomical analysis beyond measuring changes neurite outgrowth in the spinal
grey matter, we used bassoon IHC to visualize presynaptic terminals in PTN and PBS-treated
rats as an alternative marker of spinal plasticity following SCI. The density of presynaptic
terminals was compared between PTN- and PBS-treated rats to assess for any changes in
synaptic density in the spinal grey matter. In the VH caudal to the spinal injection, the intensity
of bassoon staining was significantly higher in the spinal grey matter contralateral to the SCI
compared to the ipsilesional side in PTN-treated rats (Figure 10J). In contrast, CTRL rats had a
greater bassoon intensity on the ipsilesional side in the VH (PTN 0.86 £ 0.27, CTRL 1.15 + 0.23;
*P<0.05). There were no significant differences in bassoon intensity in the DH, IH, and VH
rostral to the SCI and at the injection site (Figure 10H and I) (rostral DH CTRL 1.22 +£0.32, PTN

1.17 £ 0.42; rostral IH CTRL 1.18 + 0.22, PTN 1.08 + 0.27; rostral VH CTRL 1.26 £ 0.61, PTN
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1.02 £ 0.39; injection site DH CTRL 0.99 +0.37, PTN 1.0 £ 0.28; injection site I[H CTRL 1.07 +
0.22, PTN 1.05 + 0.20; injection site VH CTRL 1.14 + 0.25, PTN 1.02 £+ 0.28; caudal DH CTRL

1.27+£0.25, PTN 1.03 + 0.25; caudal IH CTRL 1.17 £ 0.26, PTN 0.99 + 0.17).
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Chapter 4: Discussion

The present studies aimed to examine the neurite outgrowth promoting effects of PTN and
whether this neurite outgrowth could enhance functional recovery in rat models of SCI. In the
PTN in vitro experiment, we showed that our supply of PTN was able to promote neurite
outgrowth in vitro and in the PTN vs. ChABC experiment, PTN could promote neurite outgrowth
in vivo. PTN increased neurite outgrowth in the spinal cord at a level similar to ChABC, contrary
to our hypothesis that PTN would exceed the neurite outgrowth capacity of ChABC. Regardless,
our preliminary studies indicated that our supply of PTN could promote neurite outgrowth and
we moved forward with larger in vivo experiments. A PTN dose-response experiment was
conducted to determine an optimal dose of PTN to promote neurite outgrowth and minimize side
effects. Our results demonstrated that PTN administered at high concentrations can cause spinal
cord tissue damage, however, there was no allodynia or hypersensitivity that resulted from PTN
treatment. Additionally, PTN treatment induced different extents of neurite outgrowth at
different concentrations and between sexes. As such, the results from our dose-response
experiment did not clearly indicate a dose of PTN to proceed with for subsequent experiments.
We chose to proceed with PTN at a concentration of ~1.0 mg/mL in subsequent experiments as
this concentration promoted neurite outgrowth in our PTN vs. ChABC experiment and is the
concentration used in published studies®*. Using this concentration of PTN, we conduced two
more sets of PTN experiments, a PTN contusion SCI experiment and PTN DLQ SCI experiment.
Both experiments aimed to examine for differences in neurite outgrowth resulting from PTN
treatment targeted to different locations in the spinal grey matter as well as for additive effects of
combining PTN treatment with rehabilitative training using the SPG task. In the PTN contusion

SCI experiment, PTN treatment was administered bilaterally rostral and caudal to the SCI in the
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intermediate grey matter and in the PTN DLQ SCI experiment, PTN was administered only
caudal and ipsilesional to the SCI. Both experiments indicated that PTN-treated rats performed
worse on the SPG task compared to PBS-treated rats. However, the anatomical and/or
physiological changes underlying the differences in SPG performance were unclear and further
investigation is needed to understand potential causes of the poorer performance in PTN-treated

rats.

4.1 PTN in vitro:

To ensure that our supply of PTN was able to promote neurite outgrowth similar to other
published studies, we tested our supply of PTN on rat cortical neuron cultures. In our study,
cortical neurons were plated on laminin (a component of the ECM known to support neurite
outgrowth, (reviewed in Powell and Kleinman, 1997'6) and laminin-bound CSPGs. PTN applied
to neurons grown in the presence of laminin bound CSPGs overcame the CSPG induce inhibition
on neurite outgrowth and cortical neurons showed increases in neurite length of ~100% at both
high and low concentrations of CSPGs (Figure 5). Our in vitro results were consistent with other
published studies showing the growth-promoting effects of PTN 771117 For example, Paveliev
et al., 2016°! showed that hippocampal neurons from E17 rats grown on CSPGs at 50 ug/mL
with PTN at 10 ug/mL increased neurite outgrowth up to 350% greater than neurite outgrowth on

CSPGs alone.

Soluble CSPGs were used as an experimental group in this experiment because there is evidence
that neurons respond differently to laminin-bound CSPG versus soluble CSPGs!!8. Our results
showed that PTN treatment, in the presence of soluble CSPGs, promoted extensive neurite

outgrowth. However, an important caveat to this finding is that no control group for soluble
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CSPGs was used to measure their inhibitory effect on neurite outgrowth in the absence of PTN
treatment (data is not shown in Figure 2 for this reason). Regardless, in discussing the effects and
capabilities of PTN, the idea that PTN induced neurite outgrowth may change depending on the
conformation of CSPGs is an important concept to consider when deciding where PTN should be
administered to promote neurite outgrowth. CSPGs are present within the glial scar as well as
within the ECM of the spinal grey matter, such as the PNN, surrounding the glial scar. However,
the structure and composition of CSPGs within the glial scar is different from that of the PNN or
the ECM!!" which may, in turn, affect the activity of PTN if its effects are dependent on the
composition and conformation of CSPGs within different CNS components. If the CSPGs are the
target of PTN treatment, and PTN treatment is affected by CSPG conformation, it would be
important to determine the CSPG population to which PTN treatment should be targeted to be

the most effective.

In summary, our PTN in vitro experiment demonstrated the neurite outgrowth promoting
potential of our supply of PTN. As such, we moved forward with examining the effects of PTN

in vivo.

4.2 Application of PTN compared to ChABC in vivo

There were 2 reasons for comparing PTN and ChABC in vivo: 1) to ensure PTN could promote
neurite outgrowth in vivo in comparison to a well-established promotor of neurite outgrowth and
2) to observe for any differences between ChABC and PTN sprouting. PTN was compared to
ChABC because both factors act to neutralize the inhibitory effects of CSPGs. However, PTN
has the ability to both block growth inhibitory factors and activate growth-promoting pathways.

In theory, this mechanism should give PTN a stronger neurite outgrowth promoting potential.
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However, our results suggested that PTN-induced neurite outgrowth in vivo was similar to
neurite outgrowth induced by ChABC treatment (Figure 6). A caveat to this finding is that the
number of animals per group was low in this experiment (n=3). Given our preliminary findings,
this experiment should be repeated with a larger number of rats per group to determine whether
neurite outgrowth is similar between PTN and ChABC treatment. We did not perform this
experiment with a larger ‘n’ because it was intended primarily to screen for the neurite

outgrowth promoting effects of our supply of PTN was active in vivo.

ChABC induced neurite outgrowth is generally reported as a result of neutralizing growth
inhibitory CSPGs. However, a recent study published by Day et al., 2020'?° reported that SH-
SY5Y neuron cultures transfected with a plasmid encoding ChABC with an axon-targeted signal
enhanced the ability of the axon to promote neurite outgrowth. Targeting ChABC treatment to
the neuronal axon was associated with increased expression of B-integrins, a receptor that plays a
role in neurite outgrowth by interacting with CNS extracellular matrix. ChABC treatment also
decreased the expression of PTEN and RhoA. Their results indicate that ChABC may be capable
of both neutralizing growth inhibitory factors and increasing the capacity of neurons to support
neurite outgrowth, giving ChABC a dual mechanism of action similar to PTN. This finding could
potentially explain the similar extent of neurite outgrowth observed between PTN and ChABC

treated SCI rats.

In summary, PTN injected ipsilesional and caudal to the SCI promoted neurite outgrowth
following an SCI and given these results, we felt comfortable moving forward with larger in vivo

PTN experiments.
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4.3 Dose-response experiment:

Our dose-response experiment aimed to determine an optimal dose of PTN to be used in vivo. An
optimal dose would maximize neurite outgrowth in the spinal cord following an SCI and
minimize any potential side effects resulting from PTN treatment. Previous studies focusing on
the application of PTN in rodent models of SCI have applied PTN at a concentration of 1 mg/mL
into the SCI site at the time of SCI°!?2. These studies have shown evidence of neurite outgrowth
using this concentration however, the rationale behind using this concentration in vivo has not
been explored. We also took the opportunity to examine for any potential differences in PTN
activity between sexes by studying each dose of PTN in both male and female rats. By
conducting a dose-response, we aimed to build an evidentiary foundation to support our dose of

PTN in subsequent experiments.

From our dose-response experiment, we noted that PTN administered at higher concentrations (5
and 15 mg/mL; 15 and 45ug of PTN respectively) caused spinal cord damage at the injection
sites that was not present in rats treated at lower concentrations (0.5 and 1.5 mg/mL) or in PBS
treated rats. In studies conducted by Paveliev et al., 2016°! and Kulesskaya et al., 2021°2, PTN
was administered into the SCI site during the same surgery as the SCI at 1 mg/mL and a volume
of 5 uL and 7 pL respectively, equating to 5 and 7 pg of PTN. No additional spinal cord damage
was reported in these studies which coincides with our results showing that doses of PTN below
15ug do not cause additional spinal cord damage. However, Paveliev et al., 2016°! also
specifically tested for PTN toxicity by injecting 0.1, 1, and 10 mg/mL of PTN into the mouse
cortex at a volume of 1.5 pL (0.15, 1.5, and 15 pg of PTN, respectively) and examining the
cortical tissue for markers of apoptosis. In contrast to our findings in the rat spinal cord, no

toxicity was reported in mice receiving 15 pg of PTN. Cortical toxicity was not tested in our
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dose-response experiment and perhaps, there is a difference in sensitivity to PTN between the

spinal cord and brain or perhaps between rat and mouse models of SCI.

We also considered our spinal injection technique as a potential source of the additional spinal
cord damage observed. We provided spinal injections at a volume of 1 puL over the course of 1-
minute using glass capillaries pulled into a needle of <I um in diameter. Fluid exerts pressure
therefore, PTN or PBS injections can exert pressure onto the spinal cord and cause damage. Like
wise, the speed of an injection can effect the pressure exerted on the spinal cord. The glass
needle must also penetrate through the dura before inserting into the spinal cord. The dura is
more elastic and stiff than the spinal cord itself'?!"!?? and if the glass needles used were too blunt,
it could make it difficult to penetrate the dura, causing compression of the spinal cord during
injections. A lack of tissue damage at the injection site in studies by Paveliev et al., 2016°"
compared to our studies could be that they administered PTN into the SCI site, after inducing a
transection injury and spinal injection damage may have been masked by the SCI. Injecting into
the SCI site would have also created a cavity for PTN to fill, reducing the pressure of the spinal
injections on the spinal cord tissue. Additionally, the transection injury would have decreased the
resistance to backflow from the spinal injections, potentially diluting the dose of PTN
administered into the spinal cord. Regardless, we ruled out our spinal injection technique as a
potential cause given that all rats received their injection using the same type of needle at the
same volume of injection. Each injection was timed to occur over the same interval of time and
the additional spinal cord damage was consistent within the 5 mg/mL and 15 mg/mL groups.
Furthermore, other published studies injecting the same or larger volumes of fluid into the spinal

cord do not report damage to the spinal cord tissue’®%10,
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To further elucidate potential causes of spinal cord damage at the spinal injection site, we
considered the role PTN plays in neuroinflammation. Inflammation in the spinal cord is a
double-edged sword in that it can be neuroprotective in the context of SCI (e.g., the glial scar)
and inducing inflammation following SCI has been associated with functional recovery due to
the upregulation of neurite outgrowth promoting substances'%”'%®. However, inflammation can
also damage spinal cord tissue and cause neuron and cell death in the spinal cord!?*1?*, The
upregulation of PTN during adulthood is associated with inflammatory processes and disease!?
127 and neurodegenerative disorders'?®, among other conditions. PTN can enhance the migration

of inflammatory cytokines to areas of tissue damage!?*13°

and recently, it has been shown that
PTN regulates lipopolysaccharide (LPS) induced microglial activation, inducing
neuroinflammation'?®. This neuroinflammation contributed to the pathology of diseases
including Parkinson’s disease which involves the degeneration of neuronal systems in the

brain'3!

. Given the role PTN plays in neuroinflammation, it is possible that PTN treatment can
induce neurite outgrowth but also modulate harmful inflammatory pathways when administered
into the spinal cord, leading to the spinal tissue damage seen in rats receiving higher doses of
PTN. While higher doses of PTN may cause overt tissue damage, it is also possible that PTN
induces more subtle tissue damage at lower doses. For this reason, it could be worth

investigation spinal cord tissue treated with PTN for signs of inflammatory damage in

comparison to PBS treated rats.

Another important aspect of our dose-response study was to examine for any functional side
effects of PTN treatment. Due to the extensive role of PTN in the body, our experiments
administered PTN directly into the spinal cord to minimize the chances of systemic side effects.

Our results showed that both PTN and PBS-treated rats were hypoalgesic following SCI using
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the von Frey analysis as a higher threshold was required to elicit a sensory response compared to
baseline testing. The pattern of sensory changes was similar between PBS and PTN-treated rats
over 7 weeks post-SCI. Hypoalgesia could be expected following SCI due to the interruption of
ascending pain modulating tracts, however, some studies reported allodynia or hyperalgesia
following SCI'*>!13%, We also reported no benefits to or long-term deficits in motor function in
PTN-treated rats on the horizontal ladder. Rats treated at 15 mg/mL performed worse on the
horizontal ladder compared to PBS-treated rats 1 week post-SCI, presumably due to the greater
extent of spinal damage from both the SCI itself and the effects of a high dose of PTN. However,
their performance was similar to all other treatment groups by week 3. The motor results
obtained from our dose-response experiment contrast the results recently published by
Kulesskaya et al., 2021°%, In this study, mice with a C5 hemisection treated with PTN retained
their motor skills on the vertical screen test and cylinder test at a level similar to sham injured
rats and demonstrated significant functional recovery compared to PBS treated rats. They
hypothesized that PTN administration at the time of SCI blocked the enhanced neuron
excitability in the somatosensory cortex (measured using BOLD imaging) that was detected in
mice without PTN treatment. They also suggested that PTN treatment, which has been reported
to enhance GABAa signalling, may have compensated for the loss of descending inhibition from
the cortex following an SCI. By modulating neuronal activity in the somatosensory cortex and
within spinal circuits, PTN may have improved functional recovery in mice with SCI in tasks
requiring sensory processing and feedback to perform the task. One potential explanation for the
difference in results obtained between our experiment and those published by Kulesskaya et al.,
2021%2 could be the site of PTN administration in the spinal cord. The aforementioned studies

administered PTN at the site of SCI whereas our dose-response experiment administered PTN
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into the intermediate grey matter Imm rostral and caudal to the SCI. Injecting PTN at the
injection site would target CSPGs within the glial scar whereas PTN injected into the
intermediate grey matter would target the CSPGs within the ECM, including the PNN. CSPGs at
the glial scar surround the area of injury and block the regeneration of injured axons across the
injury site?®. In comparison, CSPGs within the ECM act to stabilize neuronal circuitry within the
spinal grey matter'>*!3. Disrupting this circuitry enables neurons to form new connections
around the injury site, and in essence, rewire the spinal cord to bypass the SCI site’®. Comparing
the outcomes of PTN administration at the SCI site versus rostral and caudal to the SCI site

would be important to continue assessing the effects of PTN treatment in future experiments.

PTN treatment was compared between male and female rats to assess for any potential
differences in neurite outgrowth and functional outcomes. Previous studies have reported that
sex-associated hormones such as estrogen and testosterone can influence recovery following an
SCI due to their neuroprotective effects, role in neuroinflammation, and influence on apoptotic
pathways'3¢ 138 A study by Datto et al., 2015'%°, reported that female rats with a thoracic SCI
had greater preservation of spinal grey and white matter compared to male rats and this led to
improved locomotor performance following SCI. Conversely, in a meta-analysis conducted by
Becker et al., 2016'*°, male and female rats did not differ in any behavioural, histological, or
neurochemical traits at any point in the female estrogen cycle. Sex differences in PTN expression
have not been previously explored and whether PTN treatment could be affected by sex is
unknown. Our PTN dose-response experiment indicated a difference in neurite outgrowth
between male and female rats at each concentration. Neurite outgrowth increased in male rats
with increasing PTN concentrations. Conversely, female rats had similar levels of neurite

outgrowth in the PBS, 0.5 mg/mL, and 5 mg/mL concentrations with the lowest neurite
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outgrowth occurring in the 1.5 mg/mL group and the greatest occurring in the 15 mg/mL group.
A potential explanation for the anomalous neurite outgrowth results between sexes could be that
the spinal injections were too close to the SCI causing PTN-treated spinal cord tissue to overlap
with SCI tissue. Spinal cord tissue at the SCI site is often distorted affecting the quantity of
neurite outgrowth that can be observed in the tissue. Alternatively, it could be that female
reproductive hormones influenced neurite outgrowth differently than male reproductive
hormones leading to differences in neurite outgrowth between sexes. Studies have shown that
estrogen therapy induces neuroprotective effects on neurons at the site of SCI'*!. Testosterone
has been shown to reduce the degeneration of spinal motor neurons following an SCI'*. Another
point to consider is that the distribution and concentrations of CSPGs in the CNS may differ
between male and female rats. For example, the PNN composition differs between brain regions
in male and female rats'**"!%*. However, the CSPG composition in the spinal cord between sexes
has yet to be explored to confirm this explanation. Overall, these results indicate a potential
difference in neurite outgrowth between sexes, however, it would be important to confirm these
findings by repeating the experiments with a larger number of rats per group. The finding that
neurite outgrowth may be different between sexes speaks to one of the pitfalls in the field of SCI
research that preclinical studies rarely consider biological sex as a variable. Many studies have

145-147 and these

published findings that biological systems differ between men and women
differences influence the physiological changes that occur after a CNS injury!#!14414° Therefore,
sex may be a crucial factor in the interpretation and generalizability of research results.

Regardless, many factors including the cost and the inconvenience and feasibility of housing and

caring for double the number of rats often overshadows the need to consider sex in preclinical

studies.
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The PTN dose-response neurite outgrowth heatmap data did not indicate a dose of PTN that
should be used for subsequent experiments. From visual inspection of the heatmaps, female rats
treated with 1.5 mg/mL of PTN, the dose that is most similar to the studies by Paveliev et al.,
2016°!, appeared to have a lower neurite outgrowth compared to all other doses of PTN
administered. However, Paveliev et al., 2016°! showed regeneration of injured axons across the
injury site when PTN was administered to the SCI site. The heatmaps of male rats treated with
the 1.5 mg/mL concentration showed more neurite outgrowth compared to PBS treated rats but
less than 5 and 15 mg/mL treated rats. Following the dose-response experiment, it was still
unclear as to what dose of PTN to use. However, given the time constraints of my degree and
with COVID restrictions in place, we chose to proceed with a dose of PTN between 1 and 1.5
mg/mL as these concentrations did not elicit additional spinal cord damage in our models of SCI

and have demonstrated neurite outgrowth promoting effects in the literature.

4.4 PTN contusion SCI:

In this experiment, PTN was administered at 4 locations in the spinal cord, 2 injections rostral
and 2 injections caudal to the SCI, ipsilesional and contralesional in a contusion model of SCI to
analyze the differences in neurite outgrowth between the 4 locations and the impact of PTN
treatment on rehabilitative training using the SPG task. Rodent contusion SCI models are
considered the most clinically relevant model of SCI because it recapitulates the pathology of a
human SCI more closely than other rodent SCI models (e.g., a transection SCI)*. PTN was
administered at 4 locations in the spinal cord to determine if more extensive PTN treatment
surrounding the SCI would be associated with greater sprouting and functional recovery. Several
studies have shown that neurite outgrowth can occur from both injured and spared axons rostral

and caudal to the SCI and this outgrowth was associated with functional recovery following

57



SCI297-193 The administration of PTN to 4 spinal locations was also intended to characterize
any differences in neurite outgrowth that could emerge between the 4 locations. One caveat to
this experimental design is that it is unknown whether PTN could exert effects beyond the site of
injection. Presently, no study has been conducted to examine the spread of PTN in the spinal
cord, therefore, it is unknown whether PTN can spread beyond its site of injection and how far.
Paveliev et al., 2016°! analyzed the spread of PTN through the mouse cortex after a prick injury
to the brain. Their results showed that PTN could be detected in the brain using Western blotting,
20 days after injection into the cortex and the spread of PTN in the cortex at day 20 was ~500
pum from the injury site. In comparison, the spinal injections in our experiments were ~4-5mm
apart from each other, minimizing the chances that PTN effects overlapped between locations.
Regardless, it is important to consider whether the effects of PTN can be treated as separate if

they are administered into different but neighbouring regions of the spinal cord.

Midline crossing CST fibres were used as our measure of neurite outgrowth for this experiment.
There is strong evidence in the literature supporting an increase in midline crossing CST fibres
following an SCI (and other CNS injuries) and their contribution to functional recovery'%%1%
making midline crossing fibres a strong marker of neurite outgrowth. Neurite outgrowth emerges
from the intact (contralesional) CST and crosses the midline to reinnervate and rewire the
neurons denervated by the SCI'?1% Interestingly, our results showed no differences in midline
crossing fibres between PTN-treated and PBS-treated rats at any of the 4 locations of spinal
injections. Sham surgery rats were not used as a control in this experiment, so it is unclear
whether there was an increase in midline crossing fibres in response to the SCI alone (PBS-

treated). A potential explanation for a lack of significant difference between PTN-treated and

PBS-treated rats may be that PTN was unable to increase the extent of midline crossing fibres
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192 Other considerations

beyond what was already triggered by the SCI'®® and SPG training
include the tracer used to label the CST and the method used to quantify midline crossing fibres.
BDA and AAV9s are commonly used CST tracers. Our lab has significant experience using both
tracers and, in our experience, the benefit of using AAV9s is that more CST axons are labelled
compared to BDA which traces a smaller proportion of the total CST fibres (~10%). AAV9s
therefore allow more axons can be visualized in the spinal cord. However, AAV9s need to be
carefully titrated to ensure that the proportion of CST fibres traced is manageable as excess
AAV0 tracing can overwhelm the ability to distinguish between individual axons. This is
generally not a concern with BDA as it is a less potent tracer. In our analysis, it is possible that
the volume of AAV9 being used is too high and overwhelming our ability to distinguish
differences in neurite outgrowth between treatment groups or even between regions within the
spinal cord. To quantify midline crossing fibres, we counted the number of axons crossing the
midline and normalized this number to the number of CST axons traced per rat. Another
approach that has been reported in the literature is to quantify the percentage of labelled CST
axons on the ipsilesional side as a percentage of labelled CST axons on the contralesional side!'%2.

Modifications to our experimental design and data analysis could be considered in the future to

ensure that our methods are not masking any potential treatment effects.

In contrast to our anatomical results, a difference in functional recovery was noted between
PTN- and PBS-treated rats. PTN-treated rats recovered only to ~17% of their baseline
performance whereas PBS-treated rats recovered to ~45%. The high-speed analysis showed that
PTN-treated rats performed more poorly on the pronation and grasping components of the SPG
task. Impaired grasping (digit flexion) is more strongly associated with lesions to the dorsolateral

funiculi'>®!>!, While the total area of SCI damage was not significantly different between groups,
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it could be that a higher proportion of rats in the PTN group sustained damage to the dorsolateral
funiculi region during their contusion SCI. Conversely, an unidentified consequence of PTN
treatment could be negatively affecting motor recovery. Similar to the discussion presented in
section 4.3, PTN is involved in extensive processes throughout the human body, including
processes that trigger damage or disease to the body. It is possible that unidentified consequences
of PTN treatment (e.g., inflammation) maybe occurring at a cellular level in the spinal cord
tissue that has not been detected during our methods of histological analysis for lesion size, IHC
processing, and neurite outgrowth analyses. The disparity in motor performance between PTN

and PBS-treated rats warrants further investigation.

4.5 PTN DLQ SCI:

With inconclusive anatomical results from the PTN contusion SCI experiment, we simplified the
experimental design to help elucidate the cause underlying a worse functional outcome in PTN-
treated rats. We moved to a DLQ model of SCI as it is a more reproducible lesion and a better
option to support hypothesis testing. A single spinal injection was given caudal and ipsilesional
to the SCI. The spinal injections were given 13 days after the SCI for three important reasons.
First, delaying the spinal injections to allow the rats more time to recover after their SCI before
administering spinal injections. Rats from the PTN contusion SCI experiment recovered slowly
from their contusion SCI and 4 spinal injections, likely due to the complexity of the surgical
procedures performed and the increased time under anesthesia to perform all of these procedures.
Secondly, increasing the duration between SCI and treatment had the added benefit of making
treatment injection more clinically relevant in this experiment. In a clinical setting, SCI
treatments are typically not provided at the time of SCI but a period of time after once the

patient’s clinical status has been stabilized. Thirdly, CSPGs have been shown to be upregulated
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at the site of SCI and in the lesion penumbra overtime®®!>2, If one of the mechanisms through
which PTN is thought to act is through CSPGs, therefore, administering PTN at a later time point
could have added therapeutic benefit. To summarize, the experimental design for the PTN DLQ
SCI experimental was simplified from the PTN Contusion SCI experiment to help investigate the
mechanism (s) underlying the poorer SPG performance of PTN-treated rats compared to PBS-

treated rats in the SPG task after SCI.

Rather than counting midline crossing fibres as was done in the PTN contusion SCI experiment,
the analysis of midline crossing fibres was carried out by comparing the quantity of CST fibres
on the ipsilesional side as a ratio to the contralesional side. Crossing fibres were analyzed rostral
to the SCI, at the spinal injection site and caudal to the injection site. AAV9-tdTom was used to
label the contralesional CST therefore, tdTom fibres on the ipsilesional side would represent
intact CST fibres crossing the midline to form new connections on the denervated side of the
spinal cord. Conversely, AAV9-GFP was used to label the ipsilesional CST so midline crossing
fibres would indicate axons moving from the denervated side of the spinal cord towards intact
CST axons. PTN treatment did not increase the quantity of midline crossing fibres targeting the
denervated region of the spinal cord. This result contradicts published findings that neurite
outgrowth promoting treatments encourage CST axons to cross the midline to innervate the
denervated spinal cord region and facilitate motor recovery'%* ', Conversely, GFP tracing was
significantly lower in PTN treated rats caudal to the injection site in the dorsal horn. The dorsal
horn is primarily responsible for relaying sensory information incoming from the periphery
(reviewed by Harding et al., 2020'3). Interestingly, no significant differences were noted
between PTN and PBS treated rats in the von Frey analysis despite significant changes in

quantity of CST fibers in the dorsal horn caudal to the spinal injection site. These contradictory
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findings may indicate that more sensitive measures of sensory changes should be used in future

t154 t155‘

experiments such as the Hargreaves test'>” or hot plate tes

Changes to CST connections in the dorsal horn caudal to the PTN injection site could potentially
underlie the poorer SPG performance in PTN treated rats. While SPG training is often viewed as
a motor task, appropriate sensory input from the forepaw is required to provide feedback to the
rat throughout the task (e.g., detect the pellet grasped in the forepaw)’%!%¢ especially as the visual
feedback is lacking/low due to limited eyesight in Lewis rats. We used von Frey hairs to measure
sensory changes and our analysis indicated no sensory changes resulting from PTN treatment,
however, von Frey hairs can be a subjective outcome measure and the sensitivity of the test can
vary based on the experimenter, the environment in which it takes place, and the instruments
used among other factors'®’. Therefore, it is possible that changes in sensory detection were not
detected by the von Frey hair assessment in our experiments. Changes in connectivity of the DH
may coincide with our finding that PTN-treated rats also showed less presynaptic density
ipsilesional to the SCI and caudal to the spinal injection site in the VH compared to PBS-treated
rats. A significant change in presynaptic density may indicate PTN induced spinal circuit
remodelling in the VH following SCI. The ventral horn of the spinal cord contains the cell bodies
of motor neurons, and the cell bodies of motor neurons are surrounded by a dense PNN network,
therefore, a potent target for PTN treatment °%!%°, A decrease in synaptic density in the VH
could indicate that PTN has disrupted the PNN surrounding the neuronal network in the VH,
inducing spinal plasticity. Alterations to synaptic density in the VH could impair motor function
in rats and if motor connectivity changes alongside changes in sensory connectivity in the DH,
these alterations to sensory-motor systems could account for the poorer performance of PTN

treated rats in the SPG task.
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In summary, the PTN DLQ SCI experiment showed decreased CST fiber density in the DH

ipsilesional and caudal to the spinal injection site as well as decreased synaptic density caudal
and ipsilesional to the spinal injection. No consequences to sensory function were observed in
PTN treated rats however, changes in neuronal connectivity in the VH and DH caudal to PTN

treatment could potentially explain the SPG performance of PTN treated rats

4.6 Bringing together the anatomical and functional data across PTN
experiments:

The anatomical changes, such as CST fiber density and synaptic density, underlying the
differences in SPG training were inconclusive and the potential mechanisms causing PTN-
treated rats to perform more poorly than PBS-treated rats. Moving forward, some considerations
that should be made include taking more steps to determine where PTN should be applied in the

CNS and determining if there are limits to the benefits of promoting plasticity in the spinal cord.

In my studies, the markers of neurite outgrowth used included the quantification of midline
crossing fibres, the comparison of staining intensity between the ipsilesional and contralesional
sides of the spinal cord, as well as bassoon IHC to identify presynaptic neuron terminals. Midline
crossing fibres provided inconclusive results in the PTN contusion SCI experiment, as such, we
moved to the comparison of the staining intensity between the ipsilesional and contralesional
sides of the spinal cord, as well as bassoon IHC in the PTN DLQ SCI experiment. While these
latter 2 approaches to analyzing neurite outgrowth demonstrated some changes in the distribution
and quantity of neurites following PTN treatment, the results we obtained did not match our
hypothesis that PTN would encourage significant neurite outgrowth in our models of SCI. Our in
vivo PTN results also did not reflect the data published in the literature demonstrating significant

neurite outgrowth promoting effects of PTN. There are many possible explanations for the
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discrepancy between our current findings and published data including perhaps that our location
of PTN administration was not maximizing the potential of PTN to promote neurite outgrowth or
perhaps the combination of PTN treatment with rehabilitative training is not additive as we had
hypothesized. As mentioned previously, published in vivo studies have previously administered
PTN at the site of SCI°! whereas our current experiments administered PTN into the intermediate
grey matter rostral and caudal to the SCI. CSPGs are a structural component of the PNN in the
intermediate grey matter whereas, at the SCI site, CSPGs are deposited by astrocytes to seal off
the site of injury. The quantity and organization of CSPGs between these two regions could
potentially impact the effectiveness of PTN. My thesis aimed to only examine the effects of PTN
administered rostral and/or caudal to the SCI. However, a study comparing neurite outgrowth
resulting from PTN administered rostral and/or caudal to the SCI to PTN administered at the site

of SCI could help elucidate whether the effectiveness of PTN differs between these locations.

Another important discussion to consider is that inducing neurite outgrowth may come with
potential caveats. In our current studies, PTN-treated rats performed more poorly in the SPG task
compared to PBS-treated rats. While the mechanism underlying the poor SPG performance is not
clear, it raises the question of whether encouraging neurite outgrowth could negatively impact
functional recovery following SCI. In our experiments, we administered PTN into the
intermediate grey matter to disrupt CSPGs within the PNN that stabilizes neuronal networks.
PNNs are upregulated following an SCI to prevent excitotoxicity of neurons and blocking the
upregulation of PNNs using ChABC has been shown to lead to increased levels of cell
death'3*1%0_ These results could indicate that timing neurite outgrowth promoting treatments
could be crucial to balancing the development of excitotoxicity with the induction of neurite

outgrowth to improve functional recovery. In our PTN DLQ SCI experiment, we partly addressed
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this concern by administering PTN treatment 13 days following the SCI. However, our PTN-
treated rats still performed more poorly on the SPG task compared to PBS-treated rats, although
the performance was better than the PTN contusion SCI rats treated at the time of SCI. PNNs
also surround motor neurons in the VH of the spinal cord'*®. Administering PTN to disrupt the
PNN could, in theory, reopen the window for plasticity as demonstrated in Garcia-Alias et al.,
200976, Conversely, disrupting the PNN surrounding motor neurons could also impair motor
function. This hypothesis could potentially explain the poorer performance of PTN-treated rats
on the SPG task. The concept that changes in neurite outgrowth or spinal plasticity can be
maladaptive is not new. The development of allodynia or neurogenic pain following a SCI is
associated with alterations to the DH of the spinal cord!®!. Not only is pain a negative
consequence of spinal plasticity, but pain can also hinder functional recovery in rodent models of
SCI'®?, Girgis et al., 2007%* demonstrated that SPG training-induced neurite outgrowth in the
spinal cord could lead to improvements in the SPG task performance however, this improvement
came at the expense of an untrained task (e.g., the horizontal ladder). It is important to consider
the caveats of neurite outgrowth promoting treatments such as PTN, to balance the potential to

improve functional recovery following an SCI with the potential to impair functional recovery.

4.7 Future directions:

While I have presented many considerations moving forward with this series of PTN
experiments, I believe the next logical step should be to establish the neurite outgrowth
promoting effect of PTN in vivo. This experiment would apply PTN treatment to a DLQ model
of SCI. PTN treatment targeted rostral and caudal to the SCI would be compared to PTN
treatment targeted at the SCI site. Neurite outgrowth from PTN-treated rats would be compared

to PBS-treated rats and sham injured rats using a variety of measures. Additionally, this
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experiment would occur in the absence of rehabilitative training to simplify the experiment and
remove a potential confounding factor. This study would aim to determine whether PTN is more
effective at promoting neurite outgrowth at the injury site compared to around the injury site and
whether PTN-induced neurite outgrowth in the spinal grey matter re-emerges in the absence of
rehabilitative training. More complex experiments can be performed once the neurite outgrowth

promoting effects of PTN have been established.

Chapter S: Conclusion

My thesis aimed to explore the use of PTN as a neuroplasticity promoting treatment. Each
experiment aimed to examine different aspects of the neurite outgrowth promoting capacity of
PTN. The results obtained from my experiments indicate that PTN plays a role in neuroplasticity
and that PTN can influence functional outcomes following a SCI. However, further investigation
is required to determine what outcome measure best depicts the PTN induced plasticity and

whether this plasticity is maladaptive and hinders functional improvement.

Chapter 6: The future of SCI research

In relation to my field of preclinical SCI research, advancements or new approaches to neurite
outgrowth promoting treatments generally involve targeting multiple factors associated with
growth promotion and/or growth inhibition to generate a combination treatment that bolsters
neurite outgrowth beyond one single factor. This concept was also the focus of my thesis. For
example, a recent study published by Hosseini et al., 2022 targeted CSPGs, LAR and PTPc
signalling pathways and NPCs all in one experiment!'®*. None of these molecules or pathways are
new discoveries, in fact papers dated in the 1900s or earlier can be found regarding these

molecules 41, However, it is becoming increasingly realized that CNS recovery after an
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injury involves such a multitude of factors that a single approach is not sufficient to repair the
injured spinal cord. Another area of advancement in SCI research that goes hand-in-hand with
the development of plasticity promoting treatments, is the development of non-invasive
treatment delivery systems. One of these advancements is nanoparticle (NP) treatment delivery

167 'NPs are structured such that they can be administered systemically (e.g., in the

technology
blood), avoid physiological systems intended to remove foreign substances from the body, cross
the blood-brain barrier to target CNS structures, and then target specific cells of interest by

attaching peptides onto their surface. Advancements in treatment delivery systems are important

in the field of SCI where pharmacological treatments targeted into the spinal cord often require

inducing another SCI to provide the treatment.

In the clinical world of SCI, many clinical trials listed by organizations such as the MayoClinic
that are looking to improve functional outcomes after SCI involve rehabilitative training or along
a similar mechanism, electrical stimulation. These studies are based on the idea that increasing
activity within spared neuronal circuits will help rewire the spinal cord and recover function of
specific body parts or recover function in specific tasks. There are also some clinical trials
revolving around stem cell transplants to regenerate cells within the CNS after injury. Currently,
there is a clinical trial that closely aligns with my preclinical work. This study assesses the
efficacy and safety of MT-3921 in acute traumatic cervical SCI (NIH clinical trials data base,
identifier NCT04683848). MT-3921 is a monoclonal antibody that binds repulsive guidance
molecule A (RGMa), and they are assessing for changes in motor function of upper extremities.
In the developing nervous system (RGMa) plays a role in guiding growth cone and axon
trajectories through the CNS similar to CSPGs'®%!®_ This is an exciting development in clinical

trials as it pertains closely to the principles underlying my preclinical research and may indicate
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the advancement of pharmacological treatments studied in preclinical settings into clinical trials

down the road.

SCI is a complex field of research because a SCI affects so many aspects of an individual’s life
from their mental health and their activities of daily living to changes in their physiological
systems including their bladder and sexual function, and their physical activity. Preclinical SCI
research models often do not account for many factors that influence recovery after SCI
including the sex of the patient or the mental health of the patient. There has been a push towards
considering more variables in preclinical models of SCI to improve the applicability and
generalizability of SCI research data. For example, in 2015, the National Institute of Health
announced that they expect scientists to better account for the possible role of sex in research
studies'’’. A recent development that may help with progressing SCI research and make it more
feasible to account for the numerous variable that influence SCI recovery is the development of
the Open Data Commons (ODC) for SCI research!”!. Data sharing would generate a repository
of data whereby SCI researchers across the globe can access the data, generate more meaningful
meta-analyses, and draw conclusions from a collection of data without having to produce the
results themselves for each data set. The burden of including factors like mental health or sex in
a research design no longer lies with an individual research group but rather, the entire SCI
research community is responsible for generating and contributing to the Open Data Commons
(ODC) and the goal to make SCI research more generalizable becomes more feasible. While [
may not repeat my PTN dose-response examining the effects of sex on neurite outgrowth,
researchers throughout the world studying PTN can build-off the study I initiated if I upload my
data for them to access on the ODC. SCI research, and many other fields of research for that

matter, will be advanced significantly from this development.
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The field of SCI is constantly progressing, and I am hopeful for the future develop of SCI
treatments to encourage spinal cord repair and improve the quality of life for those living with

SCIL.
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Chapter 6: Figures

FTH DLG SCI
SC| on preferred paw

* 5pinal Injections 13 days after 5C1

Figure 1: Schematics of rat SCI, spinal injections, and cortical injections for
each experiment.

To help visualize the methods of each experiment involving a SCI, spinal injections, and cortical

injections.

70



Laminin 10ug/mL +
a/mL | CSPG 1.25ug/mL + PTN 10ug/mL

Laminin 10ug

Laminin 10ug/mL +
CSPG 10ug/mL + PTN 10ug/mL

Laminin 10ug/mL + CSPG 10ug/mL

B

< 1004 * kKK

& * * % %

ﬁ 80 4

5 @® Laminin

< 60 - m Laminin + Low CSPG

8 y -

= . 4 v Laminin + Low CSPG + PTN
5 .0 iy @ Laminin + High CSPG
2711 3F F A Laminin + High CSPG + PTN
(]

o

@ 20 -

> a

< 9 . v

Figure 2: Application of PTN in vitro.
The growth of rat cortical neurons on laminin (10 pg/mL) and CSPGs at 1.25 and 10 ug/mL in

the presence or absence of PTN at 10 ug/mL. (A) Confocal images to visually compare the
relative amount of neurite outgrowth of cortical neurons treated with different combinations of
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substrates. (B) Quantification of neurite outgrowth. Neurite outgrowth on laminin was
significantly greater than outgrowth on laminin + either concentration of CSPGs. The inhibition
of growth on laminin by CSPGs was partly reversed by the addition of PTN. *P < 0.05, **P <

0.01, ****P < 0.0001; error bars show the standard deviation.
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Figure 3: PTN promotes neurite outgrowth in vivo.

PTN-induced neurite outgrowth was compared to ChABC-induced neurite outgrowth to screen
the neurite outgrowth promoting effects of PTN in vivo. (A-C) Spinal cross-sections showing the
midline crossing CST fibres into the contralateral grey matter, traced with AAV9-tdTom, that
were used to quantify neurite outgrowth. (D) Neurite outgrowth in PTN treated rats was similar
to ChABC treated rats. The number of crossing fibres was counted per rat and normalized to the
number of CST axons traced per rat. Both PTN and ChABC treated groups had a higher density
of midline crossing CST fibres compared to PBS control rats. Error bars show the standard

deviation.
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Figure 4: Anatomical results from the PTN dose-response experiment.

(A) Cross-sections of spinal cords at the spinal injection sites treated with cresyl violet stain from
rats receiving different concentrations of PTN treatment. Rats receiving 5 and 15 mg/mL

concentrations showed notable damage at the injection site compared to rats treated with lower
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doses of PTN showing only injection tracts. Arrowheads indicate injection sites and arrows
indicate areas of damage beyond the injection sites themselves. The faint shadow that runs
diagonally across each image is an artifact of tilescan stitching on the brightfield microscope. (B)
The area of spinal cord damage at the lesion epicenter presented as a percentage of the total area
of the spinal cord. The percentage of damaged area was compared between treatment groups. An
upward trend is noted as the concentration of PTN increases, with the lesioned area of the 15
mg/mL group significantly different than the PBS and 0.5 mg/mL groups. There was some
overlap between SCI damage and injection damage in the 5 and 15 mg/mL groups. *P < 0.05,

**P < (0.01, error bars show the standard deviation.
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Figure 5: Sensory and motor changes noted during the PTN dose-response
experiment.

Sensory and motor changes following PTN treatment were assessed using the von Frey hair test

and the horizontal ladder. (A) The von Frey hair test data is presented as the threshold required to

elicit a sensory response at 1,3, 5-, and 7 weeks post-SCI normalized to the threshold at baseline.

Data showed that PTN-treated rats followed the same pattern of sensory changes as PBS-treated

rats in both the right and left paw for 7 weeks post-SCI and PTN treatment. (B) Horizontal ladder

assessment data are presented as the average % of forepaw missteps (slip or miss) within each
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group compared between groups at 1,3-, and 5 weeks post-SCI. The motor performance was
significantly different between PBS and 15 mg/mL treated groups at Wk 1 post-SCI but this

difference was no longer apparent by Wk 3. **P < (.01, error bars show the standard deviation.

78



Male TdTom (ipsilesional) CST fiber density

mean_value

1.00

0.75
15mg/mL 0.50

i 0.25

I
I
I
I
I
0.5mg/mL | 1.5mg/mlL | Smg/mL
I
I 0.00
I
I
I

Female TdTom (ispsilesional) CST fiber density

Figure 6: PTN dose-response heatmaps. analysis.

Visual representation of the differences in neurite outgrowth at the ipsilesional rostral injection
site. Heatmaps are compared between groups treated with different PTN concentrations within
sex and the differences in neurite outgrowth at different concentrations between sexes. The
intensity of pixels of traced CST fibres within the ipsilesional spinal grey matter was compared
between groups. The heatmap provides the density of pixels (therefore, CST fibres) at different
locations across the spinal grey matter. There is some dichotomy between male and female rats

at different concentrations of PTN administered.
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Figure 7: Outcome of rats with a contusion SCI treated with PTN and SPG
training compared to PBS-treated rats.
(A) The SPG score of rats from weeks 1-7 post-SCI normalized to the highest SPG success score

obtained pre-SCI. Rats treated with PTN recovered less than PBS-treated rats in the SPG task.
The difference in recovery was significant at week 6 post-SCI. (B) At the lesion epicentre, the
area of total spinal cord damage was calculated as a percentage of the total spinal cross-section
area. There was no significant difference in lesion size between PBS- and PTN-treated rats. (C)

Using the high-speed recordings rats were assessed on specific components of the SPG task at
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baseline before SCI and post-SCI at the end of SPG training (week 7). The data is presented as
the percentage change from baseline scores following SCI and PTN treatment. PTN-treated rats
performed more poorly in the pronation and grasping component of the SPG task. *P<0.05;
Error bars show the standard deviation. (D) Percent change values for PTN and CTRL rats for
the grasping component of the high-speed analysis. The mean for the CTRL group is 8.9% and

the mean for PTN group is -36.1%.
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Figure 8: Comparison of midline crossing fibres from PTN and PBS treated
rats following the contusion SCI.

(A) Images outlining the midline crossing fibres that were quantified to measure neurite
outgrowth. The white solid lines outline the spinal grey matter. The white dotted lines outline the
CST and central canal. On the enlarged images, the white arrowheads point to examples of
midline crossing fibres. (B) Midline crossing CST fibres traced with AAV9-GFP and tdTom in
the spinal grey matter were quantified in each rat and normalized to the number of CST fibres
traced in each rat. PTN and PBS-treated rats showed no significant differences in the amount of

midline crossing CST fibres both rostral and caudal to the injury site.
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Figure 9: Outcome of rats with a DLQ SCI treated with PTN and SPG
training compared to PBS-treated rats with SPG training.
(A) The SPG score of rats following the SCI and then 1-6 weeks following the spinal injection of

either PTN or PBS. The yellow arrow with an * indicated a 13-day gap between when the SCI
was given to when the spinal injections were given. The SPG score was normalized to the
highest SPG success score obtained pre-SCI. Rats treated with PTN recovered slightly less than
PBS-treated rats in the SPG task. (B) There was no significant difference in the area of lesioned

tissue at the SCI epicentre between PBS- and PTN-treated rats.
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(C) Using high-speed video recordings. specific components of the SPG task were scored at
baseline before SCI and post-SCI at the end of SPG training. The data is presented as the
percentage change in performance from the baseline scores. PTN-treated rats performed more
poorly in all components of the SPG task following the ‘aim’ component. (D) Percent change
values for PTN and CTRL rats for the grasping component of the high-speed analysis. The mean

for the CTRL group is 3.4% and the mean for PTN group is -20.2%.
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Figure 10: Analysis of GFP and tdTom tracing intensity and synaptic density
using bassoon THC.

(A) The intensity of AAV9 tracers and bassoon IHC were compared between the ipsilesional and
contralesional sides at 3 defined areas (VH, IH, and DH) in the grey matter of the spinal cord
(the grey matter and defined regions of the spinal cord are outlined in yellow). The dotted line
labelled ‘1’ is the horizontal line drawn across the grey matter at the most ventral and midline
part of the grey matter. The dotted line labelled ‘2’ is the horizontal line drawn across the grey
matter when the CST begins to diverge from the grey matter. AAV9-GFP and tdTom are in
green and red, respectively. The blue tint in the spinal grey matter is the bassoon stain. The
intensity of each tracer and stain was analyzed rostral to the SCI, at the spinal injection site, and
caudal to the injection site. The ratio of the AAV9 tracer and bassoon staining intensity on the
ipsilesional side to the contralesional side are plotted from graphs B-G. A ratio greater than 1
indicates that the intensity of the tracer is greater on the ipsilesional side (the side with GFP
traced CST). GFP tracing was significantly less in PTN-treated rats in the DH caudal to the
injection site compared to CTRL rats (G). The intensity ratios for bassoon IHC in the VH caudal
to the injection site was significantly less than PBS-treated rats (J). *P < 0.05, error bars show

the standard deviation.
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