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ABSTRACT 

Traumatic spinal cord injury (SCI) results in the loss of sensation and function to areas 

below the injury, and significantly impacts the quality and length of life for an injured 

individual. Immediately following SCI, pro-inflammatory cytokines (tumour necrosis 

factor alpha (TNF ) and interleukins 1  and 6), glutamate and reactive oxygen species 

are released from damaged neurons and glia, triggering an inflammatory cascade that 

initiates the immune response to injury. Resident and peripheral immune cells become 

activated and migrate to the lesion site where they clear damaged cells and debris, and 

contribute to the inflammatory milieu through the release of inflammatory factors. This 

activity results in widespread secondary degeneration that contributes to the extensive 

loss of tissue and functional connections following SCI. Limiting secondary degeneration 

can significantly improve tissue sparing, preserve functional connections, and improve 

functional outcomes following SCI. Furthermore, combinatorial approaches that target 

multiple facets of SCI may produce greater improvements than individual therapies. 

Extensive research has focused on cell transplantation for the treatment of SCI. 

Mesenchymal precursor cells (MPC) frequently improve functional and morphological 

outcomes in animal models, despite poor donor cell survival. Promoting MPC survival 

may enhance their beneficial effects following SCI. This thesis investigates 

immunomodulatory and neuroprotective strategies, alone and in combination with 

human MPC (hMPC) transplantation following moderate contusive SCI. These therapies 

aim to reduce secondary degeneration to ensure there are a greater number of spared 

axons at the injury site that may be capable of regrowth/regeneration, and improve the 

injury site environment so it may be more supportive of axonal regeneration, 

remyelination and donor cell survival.  

Chapter 3 investigates anti-asialo GM1 depletion of natural killer (NK) cells to prevent 

NK-mediated hMPC death following transplantation. Donor hMPCs survived to four 

weeks post-transplantation, however survival was not improved with GM1. There were 

no improvements in functional outcome with any treatment. Donor hMPCs significantly 

reduced cyst size compared to SCI, but this was not enhanced by GM1. GM1 

significantly increased the III tubulin+ (neuronal), GFAP+ (glial) and laminin+ 

(extracellular matrix) tissue, and influenced the balance between pro-/anti-inflammatory 

microglia/macrophages, with a significant increase in Iba1 fluorescence, and decreases 

in ED1 fluorescence and ED1+ tissue. Although NK cell depletion did not significantly 

improve hMPC survival, it may have subtle effects on inflammation and immune cell 

activation/infiltration at the lesion site, which may significantly improve tissue morphology 

following SCI.  
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Chapter 4 investigates TNF  inhibition using etanercept, a TNF  antagonist that 

significantly reduces inflammation and immune cell activity following SCI. There were no 

improvements in functional outcome with any treatment. Donor hMPCs significantly 

reduced cyst size compared to SCI, but this was not enhanced with etanercept. 

Etanercept did not influence hMPC survival. Etanercept significantly improved tissue 

morphology with increased III tubulin+, GFAP+ and laminin+ tissue, and decreased ED1+ 

tissue. Etanercept may have a modest effect on reducing secondary inflammatory 

damage and improving tissue morphology following injury, which may be enhanced when 

combined with hMPC transplantation.  

Chapter 5 investigates the neuroprotective effects of the APP96-110 peptide, a heparin 

binding site at residues 96-110 of the amyloid precursor protein (APP). APP96-110 has 

marked neuroprotective effects following traumatic brain injury, and may produce similar 

effects following SCI. There were no improvements in functional outcome with any 

treatment. APP96-110 alone did not improve tissue morphology, however APP96-110 + 

hMPCs significantly reduced cyst size compared to SCI. Donor hMPCs significantly 

increased III tubulin fluorescence, and GFAP+ and laminin+ tissue, and decreased ED1+ 

tissue. This preliminary study demonstrates that the APP96-110 peptide may have 

modest neuroprotective effects following SCI, which may be enhanced when combined 

with hMPC transplantation.  

Although no functional improvements were reported in these studies, there were 

significant improvements in tissue morphology with individual and combined therapies, 

which highlights the potential of combinatorial approaches for SCI. Better understanding 

of how hMPCs exert immunomodulatory/neuroprotective/neuroregenerative effects may 

improve the favourable outcomes reported with hMPC transplantation following SCI. 

Optimising drug dose/concentration, and the timing and duration of early 

immunomodulatory and neuroprotective interventions may also significantly improve the 

efficacy of these therapies. Utilising combinatorial approaches that target specific 

pathophysiological events at different stages following SCI can significantly improve the 

efficacy of individual therapies and lead to greater functional and morphological 

improvements. Combinatorial strategies remain the way forward for SCI repair. 
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Introduction 

1 

1 INTRODUCTION 

1.1 Spinal cord injury  

Traumatic spinal cord injury (SCI) is a debilitating injury that can have a significant impact 

on many aspects of day-to-day, work and social life for an injured individual, and places 

a considerable financial burden on the healthcare system. In the United States, the 

estimated incidence of SCI is 12,500 annually (~40 new cases per million population) 

with an estimated 240,000 to 337,000 people living with SCI (National Spinal Cord Injury 

Statistical Centre, 2015). In Australia these numbers are much lower with 362 new cases 

of SCI reported for the 2007-08 period (~15 new cases per million population) and 

between 10,000 and 12,000 people currently living with SCI (Norton, 2010). In Australia, 

traumatic SCI affects males (84%) more than females (16%), and injuries are more 

common in young individuals aged 15-24 (30% of all SCI cases; ~27 new cases per 

million population). The most common causes of SCI in Australia are motor vehicle 

accidents (46%) and falls (28%), followed by being struck by an object (9%), water-

related accidents (9%) and other causes (8%) (Norton, 2010). Incomplete injuries, where 

some sensation and motor function below the injury site is preserved, are much more 

common than complete injuries which result in the complete loss of sensory and motor 

function below the injury site (65% incomplete vs 35% complete) (Norton, 2010; 

Kirshblum et al., 2011). There are considerable financial costs associated with SCI due 

to the need for extensive hospital and at home care, home modifications and personal 

aids, which depend greatly on the severity and type of SCI. The cost of healthcare alone 

is estimated at $150,000 (paraplegia) to $210,000 (tetraplegia) per individual, for the first 

two years following injury, and decreases substantially for each subsequent year (Access 

Economics Pty Limited, 2009). When other costs such as long term care, personal 

equipment and modifications, and productivity losses are included, the lifetime cost of 

SCI is estimated at $5 million for an individual with paraplegia, and $9.5 million for an 

individual with tetraplegia (Access Economics Pty Limited, 2009). The personal and 

financial costs associated with SCI are so extensive due to the nature of the injury and 

the current lack of any effective methods for SCI repair. Current clinical approaches can 

involve immobilisation and/or surgery to stabilise the spinal column, decompressive 

surgery to remove fragments of bone, herniated disc or foreign bodies that are 

compressing the spinal cord, or medication (e.g. methylprednisolone) to reduce 

inflammation immediately after injury (Walker, 1991; Stahel et al., 2012; Li et al., 2014b). 

Once the spinal cord is stabilised, the focus shifts to preventing further damage from 

occurring and managing any long term issues or illnesses that may arise as a result of 

the SCI (Hagen, 2015). There are currently no clinical therapies that can successfully 

repair or regenerate the spinal cord and restore the functional connections that are lost 
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as a result of SCI. 

1.1.1 Injury types 

The amount of impairment a person suffers following SCI relates to the location and 

extent of the initial injury. Cervical injuries affect both upper and lower limb function 

(tetraplegia) while thoracic, lumbar and sacral injuries affect only the lower limbs 

(paraplegia) (Kirshblum et al., 2011; Stahel et al., 2012). Patients can experience partial 

or complete loss of sensation and/or function to the affected limbs and to areas below 

the injury site. Clinically, sensory or motor incomplete patients (American Spinal Injuries 

Association (ASIA) Impairment Scale (AIS) B–D) are described as having some degree 

of sensory or motor function preserved below the neurological level of injury, while 

patients with complete injuries are described as having no sensory or motor function 

preserved in the sacral segments S4-S5 (AIS A) (Ditunno et al., 1994; Kirshblum et al., 

2011; Stahel et al., 2012). Additionally, almost all SCI patients will experience some 

degree of autonomic dysfunction which can affect normal cardiovascular, respiratory, 

thermoregulatory, gastrointestinal, urinary and sexual function (Karlsson, 2006; Hou and 

Rabchevsky, 2014).  

Traumatic SCIs can be classified as contusion or transection injuries that are 

morphologically incomplete or complete. The majority of injuries seen in humans are 

incomplete contusion injuries resulting from swelling within the vertebral column or 

dislodged bone or disk fragments compressing the spinal cord (Sekhon and Fehlings, 

2001; Rowland et al., 2008; Stahel et al., 2012). Axons at the immediate injury site are 

disrupted or damaged while surrounding axons can be left intact following the initial injury 

(contributing to the incomplete nature of the injury) (Figure 1.1) (Hodgetts et al., 2009; 

Stahel et al., 2012). Incomplete transection injuries involve the severing of some, but not 

all, fibre tracts at the injury site. Incomplete injuries typically result in partial disruption of 

sensory and/or motor pathways, with the extent of functional loss relating to the severity 

and location of the injury, as mentioned previously. Some spontaneous functional 

recovery can occur in these cases with the remaining uninjured (spared) axons present 

at the injury site compensating for the functional loss of injured axons through plasticity 

or axonal sprouting (Raineteau and Schwab, 2001; Rosenzweig et al., 2010). Complete 

spinal cord transection is extremely rare and involves the severing of all ascending and 

descending fibre tracts, resulting in complete and often permanent loss of sensation and 

function below the injury site (Figure 1.1) (Hodgetts et al., 2009). There is usually no 

spontaneous functional recovery after complete SCI due to the lack of uninjured axons 

at the injury site to promote repair or to compensate for the loss of function from damaged 

axons. However, some functional recovery may occur due to central pattern generator 

(CPG) activity within the lumbosacral spinal cord. CPGs are involved in the generation 
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of rhythmic stepping patterns during locomotion, and their activity may be altered as a 

result of injury, or manipulated to contribute to functional improvements following SCI in 

the absence of supraspinal inputs or sensory feedback from the limbs (Dietz, 2003; 

Boulenguez and Vinay, 2009; Flynn et al., 2011). 

Figure 1.1 Schematic of contusion and complete transection spinal cord injuries. Contusion SCI 

shows severed axons at the immediate injury site, surrounded by uninjured (spared) axons that 

can become demyelinated or damaged as the injury progresses. Primary and secondary injury 

events (oedema, haemorrhage, inflammation, excitotoxicity, apoptosis and necrosis) contribute 

to secondary degeneration and the development of a fluid filled cyst at the injury site that is 

surrounded by glial scarring. Complete transection shows the severing of all axons at the injury 

site, and subsequent demyelination and axonal degeneration away from the transection site (not 

shown). Diagrams are orientated with dorsal aspect coming out of the page. Modified from Mothe 

and Tator (2013). 

1.2 Animal models of SCI 

Animal models are invaluable for studying the pathophysiology of SCI and assessing the 

safety and efficacy of possible repair strategies. The majority of experimental SCI 

research is conducted using rodent models due to their relatively low purchase and 

maintenance costs, their availability, and the opportunity to use genetically modified 
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strains. Rodents have similar functional, electrophysiological and morphological 

outcomes to humans following SCI, however differences in tract location (e.g. 

corticospinal tract (CST)) (Figure 1.2) (Hodgetts et al., 2009), inflammatory response 

(Hagg and Oudega, 2006; Bowes and Yip, 2014), secondary injury development (e.g. 

accumulation of connective tissue and a lack of cyst formation in mouse models (Zhang 

et al., 1996; Kuhn and Wrathall, 1998; Sroga et al., 2003)), and methods of locomotion 

(quadrupedal (rodents) vs bipedal (humans)) need to be considered when designing 

experiments, or translating the results seen in rodent models to potential outcomes in 

humans. Care also needs to be taken when selecting an appropriate rodent model as 

there are some strain specific differences in the inflammatory immune response, lesion 

development and functional recovery following SCI (Popovich et al., 1997; Mills et al., 

2001; Sroga et al., 2003; Basso et al., 2006; Kigerl et al., 2006; Potas et al., 2006). The 

sex of experimental animals may also be an important factor to consider as male and 

female rodents exhibit different functional and morphological outcomes due to the 

presence of the sex hormones estrogen and progesterone in females having 

neuroprotective effects following SCI (Yune et al., 2004; Gonzalez et al., 2005; Hu et al., 

2012; Lee et al., 2012; Datto et al., 2015). Because rodents are so much smaller, and 

before experimental approaches are moved to clinical trials, large animal and nonhuman 

primate models that more closely model human SCI can be used to validate the results 

seen in rodent models (Kwon et al., 2015). 

Figure 1.2 Approximate location of selected ascending (sensory (S)) and descending (motor (M)) 

tracts within rat and human spinal cords. In some cases, fibres can be scattered within the white 

matter, therefore tract location is a representation of where the majority of the axons for a 

particular tract are found. Orientated with dorsal aspect at the top of the diagram. Modified from 

Hodgetts et al. (2009). 

A number of traumatic SCI models have been developed and are well characterised in 



Introduction 

5 

rodents (reviewed by (Onifer et al., 2007; Cheriyan et al., 2014)). Contusion and 

compression injury models are widely used to replicate the blunt trauma injuries that are 

most commonly seen in humans. Devices such as the New York University/Multicenter 

Animal Spinal Cord Injury Study (NYU/MASCIS) (Gruner, 1992), Ohio State University 

(OSU) (Bresnahan et al., 1987; Noyes, 1987) and Infinite Horizon (IH) (Scheff et al., 

2003; Nishi et al., 2007; Lee et al. 2012) impactors are easy to use and produce highly 

reproducible graded (e.g. mild, moderate and severe) contusion injuries that have all 

been well characterised in rodents. Aneurism clips (Rivlin and Tator, 1978; Fehlings and 

Tator, 1995; von Euler et al., 1997), forceps (Zhang et al., 1997; Plemel et al., 2008) and 

extradural balloons (Khan and Griebel, 1983; Hitchon et al., 1988) produce compression 

injuries that are also well characterised in rodents. Incomplete or complete transection 

models can be used to investigate the effect of severing specific fibre tracts (e.g. CST 

for forelimb (FL) motor function in rodents), or severing all connections in order to assess 

axonal sprouting and regrowth/regeneration in the absence of spared tissue (Luttge et 

al., 1975; Matthews et al., 1979; Feringa et al., 1983; Zingale, 1989). Many studies 

employ a thoracic level injury to investigate the effects of SCI on hindlimb (HL) function, 

however there has been a recent shift to using cervical level injuries that better represent 

the majority of SCIs in humans, and can specifically investigate regeneration of the CST 

that controls FL motor function in rodents.  

A range of functional tests can be used to assess sensory and motor improvements over 

time following SCI, and to determine the effectiveness of potential therapies on functional 

outcomes (reviewed by (Kesslak and Keirstead, 2003; Basso, 2004; Webb and Muir, 

2005)). In rodents, HL motor function (thoracic or lumbar SCI models) is most commonly 

assessed during open field locomotion and scored using the Basso, Beattie, Bresnahan 

(BBB) Locomotor Rating Scale (rats) (Basso et al., 1995) or the Basso Mouse Scale 

(BMS) for Locomotion (mice) (Basso et al., 2006), and less often, the modified Tarlov 

scale (Gale et al., 1985). Other tests such as LadderWalk/grid walking (Soblosky et al., 

1997), inclined plane (Rivlin and Tator, 1977; Murphy et al., 1995), RatWalk (Godinho et 

al., 2013) or CatWalk Gait Analysis system (Hamers et al., 2001; Hamers et al., 2006) 

can be used to assess both sensory and motor improvements, and aspects of locomotion 

such as stance width/base of support, stride length, paw position, paw rotation, and 

coordination. For cervical injury models, FL motor function can be assessed with forepaw 

preference/reaching tasks such as the staircase and pellet retrieval tests (Montoya et al., 

1991), or locomotor tasks such as the cylinder test (Schallert et al., 2000) and 

LadderWalk (Soblosky et al., 1997). Sensory function can also be assessed with 

nociceptive tests that examine the stimuli threshold and latency of withdrawal of fore- or 

hind-paws to mechanical (Von Frey test), chemical or thermal stimuli (Christensen et al., 

1996). It is common for multiple functional tests to be used to assess different aspects 
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of sensory and motor functional improvement, and in different ways. 

1.3 SCI pathophysiology 

Contusive SCI occurs in two characteristic stages (Sekhon and Fehlings, 2001). The 

primary injury is caused by the physical insult to the spinal cord and results in bruising of 

the cord with extensive haemorrhage and necrosis at the injury site (Kwon et al., 2004; 

Stahel et al., 2012). From here, secondary injury events initiated by vascular changes, 

disruption of the blood-spinal cord barrier (BSCB), biochemical events and the 

inflammatory immune response lead to the ongoing damage of spared (uninjured) tissue 

(Hausmann, 2003; Park et al., 2004; Donnelly and Popovich, 2008; Rowland et al., 

2008). Secondary degenerative events are initiated almost immediately following injury 

and can persist from days to weeks in rodents and weeks to months in humans. 

1.3.1 Vascular events 

Haemorrhage immediately following SCI leads to extensive tissue necrosis and ischemic 

injury due to the disrupted blood flow to the spinal cord. Haemorrhagic necrosis is initially 

isolated to the grey matter at the injury site but extends to the surrounding white matter 

and spreads along the rostro-caudal axis of the spinal cord within hours after injury 

(Noble and Wrathall, 1989a, b). Oxygen and nutrient deprivation due to disrupted blood 

flow (ischemia) leads to further cell death and the production of reactive oxygen species 

(ROS) that can cause damage to the adjacent (spared) tissue (Hagg and Oudega, 2006; 

Mortazavi et al., 2015). Oedema (swelling) within the spinal cord places additional 

physical stress on surrounding uninjured axons, causing them to stretch or break, 

contributing to damage and necrosis at the injury site (Hagg and Oudega, 2006). Once 

oedema has been resolved and normal blood supply is returned to the spinal cord, 

additional damage can occur due to reperfusion injury. Rather than restoring normal 

function, the reestablishment of blood flow leads to inflammation and oxidative stress 

resulting in further cell death (Zhu et al., 2013; Anwar et al., 2016). 

The BSCB is a selective permeable barrier formed by endothelial cells connected by tight 

junctions, and closely associated with astrocytes and pericytes, that separates and 

maintains homeostasis between circulating blood and the spinal cord (Persidsky et al., 

2006; Bartanusz et al., 2011; Obermeier et al., 2013). The BSCB regulates the transport 

of molecules and nutrients that are required for metabolism and cell survival to pass 

between the blood and the spinal cord. Small lipophilic molecules such as oxygen and 

carbon dioxide are able to diffuse across the barrier while nutrients and larger molecules 

such as glucose, amino acids and some hormones cross the barrier via active transport 

or receptor-mediated endocytosis (Persidsky et al., 2006; Banks, 2009). The BSCB also 

provides a physical barrier to protect the spinal cord from pathogens, neurotoxins and 
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circulating immune cells that can damage the spinal cord. Mechanical injury to the BSCB 

(from SCI) results in BSCB breakdown and an increase in permeability at the injury site 

within five minutes of SCI (Maikos and Shreiber, 2007). BSCB permeability increases 

along the rostro-caudal axis of the spinal cord as the SCI progresses (Popovich et al., 

1996; Whetstone et al., 2003; Matsushita et al., 2015), with the amount and spread of 

BSCB damage directly related to the severity of the initial injury (Noble and Wrathall, 

1989a; Maikos and Shreiber, 2007). Additionally, matrix metalloproteinases (MMPs), 

glutamate, ROS, nitric oxide (NO) and inflammatory cytokines that are produced as 

secondary inflammatory events occur can also contribute to BSCB damage (Persidsky 

et al., 2006; Bartanusz et al., 2011; Rochfort and Cummins, 2015; Kumar et al., 2016). 

BSCB breakdown is a key event in the development of SCI pathophysiology as it allows 

circulating immune cells to infiltrate the spinal cord where they contribute secondary 

degenerative processes and the propagation of the inflammatory immune response (see 

section 1.3.3). Immune cell infiltration can occur for a number of weeks while the integrity 

of the BSCB is gradually restored over time (Cohen et al., 2009; Matsushita et al., 2015). 

Reestablishment of the BSCB is vital to restoring homeostasis to the injured spinal cord 

and early or enhanced repair of the BSCB may reduce or limit secondary inflammatory 

damage and improve outcomes following injury (Thal and Neuhaus, 2014; Kumar et al., 

2016). 

1.3.2 Biochemical events 

Glutamate is a major excitatory neurotransmitter in the central nervous system (CNS) 

and its production and removal from the extracellular space is tightly controlled under 

normal conditions (Danbolt, 2001; Platt, 2007). Clearance of excess glutamate (by 

astrocytes) is vital to protecting cells from glutamate mediated excitotoxicity, where 

neuronal and glial cell death can occur due to prolonged over activation of glutamate 

receptors (e.g. N-methyl-D-aspartate (NMDA) and -amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) receptors) (Lipton and Rosenberg, 1994; Li and Stys, 

2000; Matute et al., 2006; Lau and Tymianski, 2010). Following SCI, glutamate released 

from damaged cells and imbalances in the rate of glutamate production and removal 

from the extracellular space lead to an increase in extracellular glutamate concentrations 

to potentially neurotoxic levels (Park et al., 2004; Platt, 2007). Glutamate activation of 

NMDA receptors leads to an influx of calcium ions (Ca2+) into neurons, which can activate 

various enzymes (e.g. phospholipases, proteases, nucleases) that break down cellular 

components, leading to Ca2+-mediated neuronal death (Choi, 1985, 1987; Manev et al., 

1989; Lipton and Rosenberg, 1994; Camacho and Massieu, 2006; Lau and Tymianski, 

2010). Increases in intracellular glutamate (through glutamate uptake) and calcium also 

lead to increased free radical production, mitochondrial damage and oxidative stress, 
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which exacerbate cell damage and result in further cell death (Oka et al., 1993; Castillo 

and Babson, 1998; Chen et al., 2000; Schubert and Piasecki, 2001).  

1.3.3 Inflammatory response 

The primary injury event in SCI is followed by an almost immediate inflammatory immune 

response that is a major contributor to the spread of secondary inflammatory damage. 

At the injury site, pro-inflammatory cytokines such as tumour necrosis factor alpha 

(TNF ) and interleukins (IL) 1  and 6 (IL-1 , IL-6) are released from damaged cells and 

resident cells of the spinal cord (Yan et al., 2001; Hausmann, 2003; Yang et al., 2004; 

Pineau and Lacroix, 2007). In rodents, inflammatory cytokine levels within the spinal cord 

rapidly increase and peak within four to eight hours before returning to baseline levels 

by one week post-injury (Donnelly and Popovich, 2008). In humans, TNF  and IL-1  

levels in serum, and IL-6 and TNF receptor 1 (TNFR1) levels in cerebrospinal fluid (CSF) 

increase immediately following injury and can remain elevated for up to 72 hours (Kwon 

et al., 2010; Biglari et al., 2015). In some cases, TNF , IL-2 and IL-6 levels remain 

elevated in the chronic stages of SCI (> 12 months) when compared with uninjured 

control subjects (Hayes et al., 2002; Davies et al., 2007). This early cytokine signalling 

activates resident and peripheral immune cells and recruits them to the injury site, 

initiating and orchestrating the body’s immune response to injury (reviewed by (Ankeny 

and Popovich, 2009; Neirinckx et al., 2014; Zhou et al., 2014; David et al., 2015)).  

Microglia are the resident macrophages of the CNS and respond rapidly to subtle 

changes within the CNS microenvironment following infection, inflammation or injury. 

Resting microglia present in the uninjured CNS have a ramified morphology with long, 

thin processes that extend from the cell body into the surrounding environment (Kierdorf 

and Prinz, 2013). They constantly assess the CNS microenvironment for changes in 

tissue homeostasis or the presence of pathogens, infectious agents, and apoptotic or 

necrotic cells that could be damaging to the CNS and would warrant an immune 

response (Davalos et al., 2005; Nimmerjahn et al., 2005). Following SCI, microglia 

become activated in response to increases in pro-inflammatory cytokines, ROS and 

extracellular glutamate (Nakamura, 2002; Lull and Block, 2010). Resting microglia 

transition to an activated state through changes in morphology (from star-shaped to 

rounded) and cell surface marker expression, and begin to produce pro-inflammatory, 

excitatory and neurotoxic factors (Liu and Hong, 2003; David and Kroner, 2011). 

Microglial numbers within the spinal cord increase (due to proliferation) and peak within 

hours following injury, before plateauing and remaining elevated for a number of weeks 

to months (Donnelly and Popovich, 2008; Beck et al., 2010). During this time, activated 

microglia phagocytose cellular debris within the injury site and produce pro-inflammatory 

cytokines (such as TNF , IL-1 and IL-6), chemokines (leukotrienes, prostaglandins) and 
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ROS to propagate the inflammatory response and recruit immune cells to the lesion site 

(Lull and Block, 2010; Smith et al., 2012). The microglial response is primarily focussed 

on clearing debris from the injury site in order to reduce inflammation and restore tissue 

homeostasis, and this response is vital for minimising secondary degeneration following 

injury. As the injury progresses into the chronic phases, microglia can have 

neuroprotective effects and contribute to tissue regeneration through the secretion of 

anti-inflammatory cytokines (e.g. IL-4, IL-10, transforming growth factor beta (TGF- )), 

and growth factors (e.g. IGF-1, GDNF) that can promote and support neuronal survival 

and regrowth/regeneration (Hashimoto et al., 2005; Chen and Trapp, 2016; Jin and 

Yamashita, 2016).  

Circulating peripheral immune cells such as neutrophils, monocytes/macrophages and 

lymphocytes (T cells, B cells, natural killer (NK) cells) respond to inflammatory signals 

and are attracted to sites of injury and infection through chemotaxis. Neutrophils are 

attracted to sites of infection and inflammation by chemoattractants including 

chemokines, IL-8, interferon gamma (IFN ) and complement component 5a that are 

produced during inflammation (Neirinckx et al., 2014). The neutrophil response in SCI is 

rapid and short-lived with significantly increased neutrophil activity in grey and white 

matter adjacent to the injury site within the first three hours, that continues for up to three 

days post injury in rats, and a number of weeks in mice (Fleming et al., 2006; Donnelly 

and Popovich, 2008; Beck et al., 2010). Neutrophils accumulate within the lesion site 

and in adjacent tissues (e.g. vascular endothelium) where they produce pro-

inflammatory cytokines and ROS, release proteins and enzymes to breakdown damaged 

cells, and phagocytose debris (Neirinckx et al., 2014). The neutrophil response also 

significantly contributes to early inflammatory signalling and the recruitment of immune 

cells to the injury site after SCI.  

Monocyte/macrophage infiltration immediately succeeds the neutrophil response. 

Circulating monocytes respond to inflammatory signals (e.g. IFN ), migrate to and 

infiltrate the injury site within five days post-injury. Monocyte numbers peak 

approximately seven days post-injury and can remain significantly elevated for a number 

of weeks to months (Donnelly and Popovich, 2008; Beck et al., 2010). During this time, 

the injury site microenvironment significantly influences macrophage differentiation from 

monocytes, and subsequent macrophage phenotypes and functions. Early after injury 

pro-inflammatory cues (IFN , TNF) lead to the classical activation of M1 macrophages 

that have a pro-inflammatory phenotype (Mosser and Edwards, 2008; Novak and Koh, 

2013). M1 macrophages have a significant role in inflammatory tissue damage through 

the production and release of pro-inflammatory cytokines (TNF , IL-1 , IL-6), ROS, NO, 

MMP-9 and proteases (Mosser and Edwards, 2008; Gensel and Zhang, 2015). On the 
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other hand, as the injury progresses and the lesion site becomes stabilised, anti-

inflammatory cues (IL-4, IL-10, IL-13) lead to the alternate activation of M2 macrophages 

that have a more anti-inflammatory and reparative phenotype (Mosser and Edwards, 

2008; Kigerl et al., 2009; Novak and Koh, 2013). M2 macrophages produce anti-

inflammatory cytokines (IL-10, TGF- ) and interleukin 1 receptor agonist, and have an 

important role in wound healing, remodelling of damaged tissue and tissue repair 

(Gensel and Zhang, 2015). It is important to note that the M1/M2 phenotypes described 

here represent the extremes on a spectrum of macrophage phenotypes (Mosser and 

Edwards, 2008; David and Kroner, 2011), and that these phenotypes can be altered in 

response to changes in the local injury microenvironment. This allows the macrophage 

response to be tailored to the injury site environment accordingly as the injury progresses 

(Stout and Suttles, 2004; Novak and Koh, 2013; Gensel and Zhang, 2015). In the injured 

CNS, activated microglia and macrophages are indistinguishable from one another due 

to similarities in their morphologies and cell surface marker expression, therefore the 

combined microglial/macrophage response is usually discussed (David and Kroner, 

2011; Zhou et al., 2014). 

The lymphocyte (T and B cell) response to SCI and the numbers of infiltrating cells is 

significantly reduced compared to the responses discussed previously (Donnelly and 

Popovich, 2008; Beck et al., 2010). Although T and B cells provide adaptive immunity to 

specific pathogens, rather than providing immediate responses to injury and infection, 

they still have a significant role following SCI. Lymphocyte infiltration begins at 

approximately three days and continues for several weeks following SCI, although low 

levels of lymphocytes persist in the spinal cord for a number of years following injury 

(which may contribute to CNS autoimmunity) (Popovich et al., 1997; Sroga et al., 2003; 

Beck et al., 2010). CNS trauma results in the production of CNS autoantigens (e.g. 

myelin basic protein, GM-1 ganglioside, galactocerebroside, glutamate receptors) that 

can be presented to T cells to prime and activate T cells to specifically target CNS tissue 

in a response known as trauma induced autoimmunity (Ankeny and Popovich, 2009; 

Jones, 2014). This response is important for contributing to the clearing of cellular debris 

from the lesion site, particularly the clearing of damaged myelin that can inhibit axonal 

regrowth/regeneration (Hunt et al., 2002; Yiu and He, 2006). Because T cell responses 

are acquired and are dependent on antibody/pathogen presentation by B cells and DCs, 

presentation of CNS autoantibodies prior to injury (i.e. immunisation) may enhance the 

T cell response post-injury (Yoles et al., 2001). Consequently, the potential of vaccination 

(against CNS autoantibodies) to enhance the T cell response has been investigated as 

a neuroprotective approach following SCI (Hauben and Schwartz, 2003; Ang et al., 

2006). T cell priming (following vaccination) can significantly improve cytotoxic T cell 

responses following injury, resulting in improved clearing of cellular and myelin debris, 
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and subsequent stabilisation of the lesion site, leading to improved tissue sparing and 

functional recovery (Hauben et al., 2000; Hauben et al., 2001; Martinon et al., 2007). B 

cells can also contribute to these effects through the production of CNS autoantibodies 

that can activate the complement system and promote subsequent immune cell activity 

(Ankeny et al., 2006; Ankeny et al., 2009). 

Inflammatory signalling also significantly influences astrocyte activation and activity 

following SCI. Astrocytes are glial cells that are largely involved in providing support and 

maintaining homeostasis within the CNS through maintenance of the BSCB, provision of 

nutrients to neurons, regulation of extracellular ion concentrations, neurotransmitter 

uptake and secretion, modulation of synaptic transmission and nervous system repair 

(Ransom et al., 2003; Sofroniew and Vinters, 2010). Like microglia, astrocytes can be 

activated by a number of inflammatory factors that are produced following CNS injury 

(e.g. glutamate, ROS, NO, TNF , IFN , IL-6) (Sofroniew and Vinters, 2010). Reactive 

astrocytes proliferate rapidly and accumulate within injured tissue in a process known as 

astrogliosis (characterised by hypertrophy of processes and upregulation of glial fibrillary 

acidic protein (GFAP)) that precedes glial scar formation (see section 1.3.5) (Eddleston 

and Mucke, 1993; Pekny and Nilsson, 2005). This response is important in “sealing off” 

the injury site and creating a physical barrier that separates the healthy spared tissue 

from injured tissue, and limits the spread of secondary degeneration (Faulkner et al., 

2004; Karimi-Abdolrezaee and Billakanti, 2012).  

The inflammatory and cellular responses that occur following SCI significantly contribute 

to secondary tissue damage and the development of SCI pathophysiology. Although this 

activity appears to be largely detrimental, these responses are part of the body’s carefully 

orchestrated response to injury, and are crucial for the proper stabilisation of the lesion 

site to prevent the uncontrolled spread of secondary damage, and to promote 

subsequent endogenous repair responses (reviewed by (Jones et al., 2005; Hagg and 

Oudega, 2006)). Nevertheless, modulation of the inflammatory immune response is a 

promising therapy for SCI and results in significant reductions in inflammatory tissue 

damage and degeneration, and improvements in morphological and functional outcomes 

(Schwartz and Yoles, 2006; Plemel et al., 2014).  

1.3.4 Demyelination and axonal degeneration 

As discussed previously, a significant amount of tissue loss following SCI occurs due to 

the inflammatory immune response and subsequent damage to spared tissue that 

surrounds the lesion site. Axons and glia that are initially spared or uninjured following 

SCI can die or become damaged as a consequence of these inflammatory processes 

(Totoiu and Keirstead, 2005; Hagg and Oudega, 2006). Oligodendrocytes that form the 
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insulating myelin sheath that surrounds axons are particularly sensitive to changes in the 

CNS microenvironment and can become damaged due to cellular stress following injury 

(Mekhail et al., 2012). Glutamate, Ca2+, ROS, NO and inflammatory cytokines 

(specifically TNF ) can be cytotoxic to oligodendrocytes leading to oligodendrocyte 

apoptosis and the subsequent demyelination of spared axons (D'Souza et al., 1995; 

Akassoglou et al., 1998; Casha et al., 2001; Totoiu and Keirstead, 2005). Demyelination 

of white matter can affect fibres along the length of the spinal cord (~12 mm in rats) and 

has been reported to occur up to 450 days post-injury (Li et al., 1999; Totoiu and 

Keirstead, 2005). In instances of oligodendrocyte stress or death the insulating myelin 

sheath surrounding axons begins to degrade and can be lost completely, resulting in 

slowed or completely disrupted conduction of action potentials to downstream targets 

(Felts et al., 1997; James et al., 2011). This can significantly impair residual sensory 

and/or motor function that was preserved following the initial injury. Demyelination can 

also lead to destabilisation of the axonal cytoskeleton and subsequent axonal injury 

through the loss of physical and trophic support (Piaton et al., 2010).  

Axonal injury following SCI, whether it be due to the initial mechanical injury or secondary 

inflammatory events, can lead to extensive axonal degeneration which contributes to 

ongoing tissue loss and may hinder axonal repair or regeneration (Gaudet et al., 2011). 

Soon after injury, the injured rostral and caudal axon projections begin to degenerate 

due to cytoskeletal breakdown initiated by an influx of extracellular Ca2+ and the 

activation of proteases (George et al., 1995; Kerschensteiner et al., 2005). Following this, 

the residual axonal projections retract from the injury site and axonal (retraction) bulbs 

form at the severed ends to seal off and stabilise the axon terminal (Kerschensteiner et 

al., 2005; Wang et al., 2012). Axonal projections that are rostral to the injury site and 

remain connected to the cell body can become stabilised and may be involved in axonal 

sprouting or attempted regeneration at later stages (Huebner and Strittmatter, 2009; 

Wang et al., 2012). Axonal projections caudal to the injury will continue to degrade in a 

process known as Wallerian degeneration, where anterograde axonal degeneration 

occurs due to a lack of nutrients, trophic support or signals from the (severed) cell body 

(Gaudet et al., 2011; Wang et al., 2012). Wallerian degeneration begins within the first 

few days of injury (24-48 hours in rats and mice, and several days for humans) and can 

continue for a number of weeks (Chaudhry and Cornblath, 1992; Beirowski et al., 2005). 

During axonal degeneration, cytoskeletal breakdown results in the fragmentation of the 

axon and break down of residual myelin sheath, with fragments and debris being cleared 

by immune cells (Gaudet et al., 2011; Rotshenker, 2011). 

1.3.5 Cyst formation and glial scarring 

The formation of fluid filled cysts within injured tissue is a characteristic event following 
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contusive SCI in rats and humans, but does not occur in mice (Sroga et al., 2003). The 

extensive loss of tissue at the lesion site results in the formation of fluid filled cysts that 

are void of cellular material and as such cannot provide adequate physical or trophic 

support for cell survival and axonal regeneration. Over time these cysts become 

surrounded by an inhibitory glial scar that forms within the spinal cord at the border 

between uninjured and injured tissue, acting as a physical barrier to effectively “seal off” 

the injury site (Faulkner et al., 2004; Silver and Miller, 2004). The glial scar is primarily 

made up of reactive astrocytes, microglia, endothelial cells, extracellular matrix 

molecules, chondroitin sulphate proteoglycan (CSPGs), and other inhibitory molecules 

such as semaphorins (Jones et al., 2003; Busch and Silver, 2007). In the acute phase of 

injury, glial scar formation is important in limiting the infiltration of immune cells and 

preventing the spread of secondary degeneration, and may be key to restoring 

homeostasis in the spinal cord by isolating the damaged tissue from surrounding healthy 

tissue (Renault-Mihara et al., 2008; Rolls et al., 2009). Glial scarring may also be a pivotal 

step in the repair process by repairing the BSCB, stabilising the injury site, attenuating 

inflammation and allowing endogenous repair processes to occur (Silver and Miller, 

2004; Sofroniew, 2005; Bradbury and Carter, 2011). However, in the chronic phase of 

injury, the glial scar is considered to be detrimental as it acts as a physical and chemical 

barrier that is inhibitory to axonal regeneration (Bradbury and Carter, 2011; Yuan and 

He, 2013).  

1.4 Approaches for spinal cord repair 

There are numerous experimental approaches for SCI repair due to the complex nature 

of SCI pathology and the different aspects of the injury that can be targeted. Stem cell 

transplantation has been widely studied in animal models of SCI with a variety of different 

cell types and treatments being investigated (reviewed by (Tetzlaff et al., 2011; Mothe 

and Tator, 2012; Li and Lepski, 2013)). Cell transplantation can be combined with other 

experimental therapies to target more than one facet of the injury or to improve upon the 

favourable results that are seen with cell transplantation alone (reviewed by (Shrestha 

et al., 2014; Assuncao-Silva et al., 2015; Harvey et al., 2015; Morales et al., 2016)). 

Although little can be done to combat primary injury events, a window of opportunity 

exists to act quickly and minimise the amount of secondary degeneration that occurs due 

to the inflammatory immune response to injury. Neuroprotective and immunomodulatory 

strategies aim to lessen the effects of the inflammatory response and protect spared 

spinal cord tissue from secondary degeneration (reviewed by (Alexander and Popovich, 

2009; Plemel et al., 2014; Siddiqui et al., 2015)). These approaches can significantly 

increase the amount of spared tissue at the injury site that may be capable of 

regeneration, and help to preserve remaining functional connections. These strategies 
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may also alter the overall injury environment, making it more supportive of axonal 

regeneration and remyelination, and transplanted cell survival. 

1.4.1 Cell transplantation 

In CNS injury models, cell transplantation strategies aim to replace damaged neuronal 

and glial cells, reduce tissue damage, and promote axonal regeneration, remyelination 

and functional recovery. There are many candidate cell types used in experimental SCI 

models including embryonic and adult stem and progenitor cells (neural, mesenchymal 

and induced pluripotent stem cells (Forostyak et al., 2013; Kramer et al., 2013; Mothe 

and Tator, 2013; Vawda and Fehlings, 2013; Wang et al., 2013; Dasari et al., 2014; 

Doulames and Plant, 2016; Khazaei et al., 2016)) and myelinating cells (olfactory 

ensheathing glia and Schwann cells (Ruitenberg et al., 2006; Raisman et al., 2012; 

Wiliams and Bunge, 2012; Kanno et al., 2015)). In many studies, cell transplantation 

results in decreased tissue damage and cyst formation, increased tissue sparing, axonal 

regeneration and remyelination, and improved functional recovery following SCI 

(reviewed extensively by (Tetzlaff et al., 2011)). Even greater improvements are seen 

when cell transplantation is combined with other therapies (such as anti-inflammatory 

drugs, growth factors, scaffolds) (Thuret et al., 2006; Morales et al., 2016). Although 

there are many candidate cell types available, for cell transplantation to be effective and 

adopted as a clinical therapy the cell type used must either be available from a stem 

cell/cell bank or readily available from a patient or donor (and rapidly and easily 

expandable in vitro to obtain sufficient numbers for transplantation), and promote 

reliable, effective regeneration and functional recovery with no adverse effects when 

delivered to the patient. 

1.4.1.1 Mesenchymal precursor cells 

Originally described as plastic-adherent, fibroblastic colony forming units (CFU-F) 

isolated from the bone marrow (Friedenstein et al., 1970; for review see Kfoury and 

Scadden, 2015), mesenchymal stem or stromal cells (MSCs) are now defined as plastic-

adherent cells that express specific cell surface markers (CD105+, CD73+, CD90+, CD45-

, CD34-, CD14- or CD11b-, CD79a- or CD19-, and HLA-DR- (for human MSCs)) and can 

differentiate along the mesenchymal lineage into osteoblasts, adipocytes and 

chondrocytes (Pittenger et al., 1999; Dominici et al., 2006). They have been isolated 

from several sources of rodent and human, foetal and adult tissue including bone 

marrow, compact bone, dental pulp, adipose tissue, umbilical cord blood and placenta, 

with populations from different sources (and species) exhibiting similar but not identical 

properties in vitro (Pittenger et al., 1999; Peng et al., 2008; Strioga et al., 2012; Jin et al., 

2013; Jones and Schafer, 2015; Neofytou et al., 2015; Heo et al., 2016; Hoffmann et al., 

2016; Wang et al., 2016b). The variety in tissue sources and isolation and culture 
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protocols used produce MSC populations that appear similar in vitro but may exhibit very 

different properties and outcomes when used experimentally. This prompted the 

International Society of Cellular Therapy to outline the “minimal criteria for defining 

multipotent mesenchymal stromal cells” (outlined above) (Dominici et al., 2006). 

Additionally, some have questioned the self-renewing capacity of MSCs and therefore if 

they are to be considered as “true” stem cells (Horwitz et al., 2005; Lindner et al., 2010; 

Keating, 2012). For these reasons, this thesis will use the abbreviation “MPCs” to refer 

to mesenchymal precursors cells that are isolated from bone marrow samples and exhibit 

the properties outlined above. All studies discussed use bone marrow derived MPCs 

unless otherwise stated.  

MPCs were initially considered as an attractive cell type for transplantation studies as 

they were found to transdifferentiate into cells of non-hematopoietic lineages including 

hepatocytes, cardiac muscle, skeletal muscle, and neuronal and glial precursors 

(reviewed by (Herzog et al., 2003; Grove et al., 2004)). This ability is particularly 

important for transplantation therapies that aim to replace the cells that are lost or 

damaged due to disease or injury. Accordingly, many studies have investigated MPC 

transplantation in animal models of CNS injury, including traumatic brain injury (TBI) and 

SCI, which result in extensive neuronal and glial cell loss with subsequent neurological 

impairments. In vitro studies show that when cultured with specific growth factors, rodent 

and human MPCs, can differentiate into neuronal and glial cell populations that express 

neurofilament (NF), neuronal specific nuclear protein (NeuN), neuronal specific enolase 

(NSE) or GFAP (Sanchez-Ramos et al., 2000; Woodbury et al., 2000; Suon et al., 2004) 

that are not present in undifferentiated MPC populations. When injected into the 

uninjured brain or delivered systemically MPCs migrate to and infiltrate areas of the 

brain, where they express NF, NeuN, microtubule-associated protein 2 (MAP2) or GFAP 

(Azizi et al., 1998; Kopen et al., 1999; Brazelton et al., 2000; Mezey et al., 2000; Lee et 

al., 2003). Similarly, when transplanted into the lesion site or adjacent tissue following 

SCI, MPCs migrate and integrate into host tissue where they express neuronal (NF, 

NeuN, MAP2) and glial (GFAP) markers (Chopp et al., 2000; Lee et al., 2003; Ankeny et 

al., 2004; Zurita and Vaquero, 2004; Vaquero et al., 2006; Deng et al., 2008; Chiba et 

al., 2009; Yan et al., 2011). MPC transplantation also leads to significant morphological 

improvements with increased tissue sparing, axonal regeneration and remyelination 

(Sasaki et al., 2001; Akiyama et al., 2002; Ankeny et al., 2004; Deng et al., 2008; Chiba 

et al., 2009; Yan et al., 2011), and significant functional improvements (Chopp et al., 

2000; Zurita and Vaquero, 2004; Vaquero et al., 2006; Deng et al., 2008; Chiba et al., 

2009; Yan et al., 2011) compared to SCI only controls. Although these improvements 

have been attributed to MPCs differentiating into neurons and glia and replacing lost 

tissue within the lesion site, there are many contradictory studies that show no evidence 
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of MPC differentiation in vitro or in vivo (Wu et al., 2003; Lu et al., 2004a; Lu et al., 2005; 

Yoshihara et al., 2006; Lu et al., 2007). The beneficial outcomes that are seen in these 

circumstances may instead be due to MPCs having neuroprotective or 

immunomodulatory effects, or promoting endogenous repair responses within host 

tissue (Uccelli et al., 2011; Drela et al., 2013; Laroni et al., 2015). In this way, donor 

MPCs could simply be providing or promoting a better environment within the lesion site 

for host cell survival and axonal regrowth/regeneration. 

Many studies report improvements in functional and morphological outcomes with hMPC 

transplantation following SCI despite poor transplanted MPC survival and/or no clear 

evidence of MPCs differentiating into neurons and glia. Rodent and human MPCs 

transplanted into the lesion site frequently promote tissue sparing and reduce cyst 

formation that is associated with secondary degenerative events (Wu et al., 2003; Sheth 

et al., 2008; Gu et al., 2010; Ide et al., 2010; Ritfeld et al., 2012). Transplanted MPCs 

can integrate into surrounding host tissue (Wu et al., 2003) or remain within the lesion 

site where they occupy cyst cavities, provide support for regenerating axons and 

significantly increase axonal regeneration (Neuhuber et al., 2005; Gu et al., 2010). Even 

greater morphological improvements are reported when MPC transplantation is 

combined with other experimental therapies (e.g. scaffolds, growth 

factors/neurotrophins, anti-inflammatory approaches) that may improve the injury 

environment and provide additional support for axonal regeneration. A variety of 

scaffolds and biomaterials can be used to reduce scarring, join severed spinal cord 

stumps and bridge the injury site, and provide physical support for regenerating axons 

(reviewed by (Bunge, 2001; Sykova et al., 2006; Sakiyama-Elbert et al., 2012; Assuncao-

Silva et al., 2015)). Prior to implantation scaffolds can be seeded with MPCs to provide 

an alternative method to deliver donor cells directly to the lesion site, and to improve the 

environment within the scaffold to make it more conducive to axonal regeneration. 

Combined scaffold-MPC treatment results in improved donor MPC survival, improved 

tissue sparing and axonal regeneration, with significantly higher numbers of regenerating 

axons within grafts and longer axonal outgrowth compared to either treatment alone 

(Hejcl et al., 2010; Zeng et al., 2011; Gao et al., 2013; Chen et al., 2014; Onuma-

Ukegawa et al., 2015; Kim et al., 2016). However, the lack of trophic support in 

surrounding tissue means regenerating axons often fail to exit the graft and extend into 

host tissue (Neuhuber et al., 2005). Combining MPC transplantation with the 

administration of neurotrophins, or modifying MPCs to produce neurotrophic factors such 

as brain derived neurotrophic factor (BDNF) or neurotrophin-3 (NT-3), also significantly 

increase tissue sparing and axonal regeneration following SCI (Lu et al., 2005; Koda et 

al., 2007; Lu et al., 2007; Zhang et al., 2010; Sasaki et al., 2011; Wang et al., 2014b; 

Gunther et al., 2015). Neurotrophin injection into uninjured tissue rostral or caudal to the 
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lesion site produces greater axonal regeneration into the host tissue (beyond the graft-

host border) than MPCs only, or MPCs combined with neurotrophin injection into the 

lesion site (Lu et al., 2004b; Taylor et al., 2006; Gros et al., 2010; Lu et al., 2012). 

Neurotrophins may also promote transplanted MPC survival, further enhancing 

morphological and functional improvements (Lu et al., 2005; Dong et al., 2014). 

Importantly in these studies, MPC transplantation significantly improves sensory and 

motor functional outcomes following SCI (Wu et al., 2003; Koda et al., 2007; Hejcl et al., 

2010; Ide et al., 2010; Zhang et al., 2010; Sasaki et al., 2011; Ritfeld et al., 2012; Wang 

et al., 2014b).  

Although there are many functional and morphological improvements with MPC 

transplantation, many studies report that donor MPC survival in the injured spinal cord is 

limited with very few or no MPCs surviving to two to four weeks post-transplantation (Wu 

et al., 2003; Ide et al., 2010; Torres-Espin et al., 2014; Ruzicka et al., 2016). Even studies 

that utilise immunosuppressive drugs (e.g. Cyclosporin A (CsA), tacrolimus) or T cell 

immunodeficient animal models to negate the T cell activity that is largely responsible for 

graft rejection, report poor donor cell survival (Sheth et al., 2008). Particularly, our own 

SCI studies using heterozygous Nude rats (with reduced and variable T cell responses 

(Festing et al., 1978; Brooks et al., 1980)) report no hMPC survival at four weeks post-

transplantation (Hodgetts et al., 2013b). Furthermore, we find no significant improvement 

in cell survival when these Nude rats are treated with CsA (Hodgetts et al., 2013a), 

suggesting that any residual T cell activity in these animals is not responsible for the 

death of transplanted donor hMPCs. Other immune cells may in fact be responsible for 

the early cell death and clearance of MPCs from the injury/injection site. Identification 

and suppression of the immune cells responsible for graft rejection may prolong the 

survival of donor MPCs and increase the beneficial effects of MPC transplantation that 

have already been reported in SCI injury models.  

The studies discussed previously utilise intraspinal transplantation to deliver donor 

MPCs directly to the injury site where it is thought that they will have the greatest effect 

on modifying the injury environment and promoting cell survival and regeneration. 

However, intraspinal injection is invasive and may be harmful to (human) SCI patients 

where unnecessary spinal cord surgery could cause additional damage to the spinal cord 

and exposes patients to the risks of undergoing further surgery. This is especially 

relevant if repeated cellular injections are required for the successful treatment of SCI or 

prove to be more beneficial than single injections, as has been investigated previously 

(Bakshi et al., 2006; Cizkova et al., 2011; Bryukhovetskiy and Bryukhovetskiy, 2015; 

Jarocha et al., 2015). Less invasive routes of transplantation, such as intravenous (IV) 

and intrathecal (via lumbar puncture) injection, may be better suited to clinical settings. 
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Like studies that use intraspinal injection, IV or intrathecal injection of MPCs following 

SCI in rodents significantly increases tissue sparing (reduction in lesion size) and 

improves functional outcomes (Ohta et al., 2004; Cizkova et al., 2006; Osaka et al., 2010; 

Cizkova et al., 2011; Quertainmont et al., 2012; Matsushita et al., 2015; White et al., 

2016) however, the engraftment and survival MPCs varies greatly across experiments. 

While some studies report that injected MPCs migrate to and infiltrate the injured spinal 

cord (Cizkova et al., 2006; Paul et al., 2009; Cizkova et al., 2011; Kim et al., 2013a), 

others have found that MPCs home exclusively to other tissues/organs (Matsushita et 

al., 2015; White et al., 2016) or are cleared from the body by one week post-injection 

(Quertainmont et al., 2012). The studies that have reported functional and morphological 

improvements despite no engraftment of MPCs to the spinal cord suggest that MPCs do 

not need to be within the injury site (or the CNS) to produce beneficial effects following 

SCI. These studies also provide further support that MPCs may exert immunomodulatory 

effects on the host immune system following SCI. 

Recently, considerable attention has been given to how MPCs interact with the immune 

system due to their low immunogenicity and ability to modulate immune cell activity. 

MPCs have low or no expression of major histocompatibility complex (MHC) class I and 

II molecules, and co-stimulatory molecules CD80 and CD86 which are necessary for T 

cell activation (Le Blanc et al., 2003; Tolar et al., 2006; Nauta and Fibbe, 2007; Lohan et 

al., 2014). As a result, MPCs fail to elicit normal allogeneic immune cell responses in 

vitro and may evade detection by the immune system in vivo (Tse et al., 2003; 

Klyushnenkova et al., 2005; Lee et al., 2014). The MHC is an essential part of the 

immune system and is involved in pathogen/antibody presentation to immune cells, and 

“self” recognition (where the immune system recognises and does not target its own 

healthy cells) (Mason and Rahbari, 2015). In transplantation therapies, mismatch of MHC 

molecules (between donor cells/tissue and host immune cells) can activate the host 

immune response and lead to graft rejection (Ayala Garcia et al., 2012).  

MPCs can interact with immune cells and exert immunomodulatory effects on adaptive 

and innate immune cells both in vitro and in vivo (reviewed by (Uccelli et al., 2008; Duffy 

et al., 2011; Shi et al., 2011; Abumaree et al., 2012; Uccelli and de Rosbo, 2015)). The 

potential of MPCs to modify the responses and activity of host immune system adds to 

their attractiveness in transplantation therapies, particularly in studies of graft-versus-

host disease (GvHD), autoimmune and inflammatory diseases where transplantation 

may lead to reduced immune cell activity and increased survival of host and graft tissues 

(reviewed by (English et al., 2010; Kim et al., 2013b; Pileggi et al., 2013; Stenger et al., 

2015; Wang et al., 2016a)). In vitro studies investigating the interactions between MPCs 

and immune cells have found that MPCs act to suppress the immune system overall, 
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inducing an anti-inflammatory phenotype through the suppression of normal cellular 

activities and by modifying immune cell responses to inflammatory stimuli. These actions 

can be mediated by cell-cell contact and/or MPC secretion of soluble factors such as 

prostaglandin E2 (PGE2), TNF-stimulated gene protein 6 (TSG-6), NO, TGF-  and IL-

10 (Sotiropoulou et al., 2006; Spaggiari et al., 2008; English et al., 2009; Li et al., 2014a). 

Co-culture with MPCs leads to the suppression of proliferation, differentiation and 

maturation of T cells (Di Nicola et al., 2002; Krampera et al., 2003; Tse et al., 2003; 

Rasmusson et al., 2005), B cells (Corcione et al., 2006; Tabera et al., 2008; Asari et al., 

2009), dendritic cells (DCs) (Jiang et al., 2005; Nauta et al., 2006; Spaggiari et al., 2009; 

Saeidi et al., 2013) and NK cells (Krampera et al., 2006; Sotiropoulou et al., 2006; 

Spaggiari et al., 2006; Spaggiari et al., 2008; Pradier et al., 2011). MPCs skew the 

differentiation of CD4+ T helper (Th) cells, inhibiting inflammatory phenotypes (Th1, 

Th17) and promoting suppressive and regulatory phenotypes (Th2, regulatory T cells 

(Tregs)) (Maccario et al., 2005; Ghannam et al., 2010). The ability of cytotoxic immune 

cells (CD8+ T cells and NK cells) to lyse target cells is significantly reduced when 

stimulation occurs in the presence of MPCs (Rasmusson et al., 2003; Krampera et al., 

2006; Sotiropoulou et al., 2006; Spaggiari et al., 2008), however if these cells have 

already been stimulated (by cytokines, mitogens or alloantigens) and have progressed 

into the cytotoxic phase then MPC co-culture does not affect cytotoxic ability 

(Sotiropoulou et al., 2006; Spaggiari et al., 2006; Spaggiari et al., 2008). MPC co-culture 

also alters the cytokine secretion profiles of T cells (including Th17 cells), DCs and NK 

cells with decreases in the production of pro-inflammatory cytokines TNF , IFN-  and IL-

12 and increases in the production of the anti-inflammatory cytokine IL-10 (Krampera et 

al., 2003; Aggarwal and Pittenger, 2005; Sotiropoulou et al., 2006; Ghannam et al., 

2010).  

Likewise, MPCs exert immunomodulatory effects in vivo and can supress the activation, 

migration and cytotoxic ability of T cells (Auletta et al., 2015), DCs (Chiesa et al., 2011; 

Zeng et al., 2015) and NK cells (Li et al., 2011; Liu et al., 2016). MPCs also promote the 

differentiation of T helper cells into suppressive and regulatory phenotypes (Th2, Tregs) 

over inflammatory phenotypes (Th1, Th17), and can shift the balance between Th1/Th2 

populations (Lim et al., 2014). This modulation can affect subsequent immune cell 

function via impaired T cell priming and activation, and the inability to stimulate cytokine 

production necessary for immune cell signalling (Chiesa et al., 2011; Consentius et al., 

2015; Zeng et al., 2015). Consequently, the immunomodulatory potential of MPCs has 

been investigated in a number of experimental models and early clinical trials (reviewed 

by (Figueroa et al., 2012; Algeri et al., 2015; Stenger et al., 2015)). Specifically, in SCI 

models MPC transplantation reduces the activation and infiltration of neutrophils, 

microglia/macrophages and T cells, resulting in subsequent reductions in pro-
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inflammatory cytokine production and inflammatory tissue damage, and improvements 

in functional and morphological outcomes (Dasari et al., 2007; Zeng et al., 2011; 

Nakajima et al., 2012; Urdzikova et al., 2014; Han et al., 2015; Watanabe et al., 2015; 

Wang et al., 2017).  

Human MPCs are an attractive candidate cell type for experimental (animal) and clinical 

studies as they can be easily isolated from bone marrow samples taken from the ilium of 

the hip of a patient or donor. These samples can be purified and cultured to give MPC 

populations that can be rapidly expanded in vitro and used for transplantation studies. 

This gives the potential to use a patient’s own cells for autologous transplantation which 

may greatly reduce the risk of cell rejection and the need for extensive 

immunosuppressive regimes. Alternatively, MPCs from multiple donors can be 

expanded, cryopreserved (i.e. cell banking) and thawed for transplantation when 

required (Hunt, 2011; Yong et al., 2015). The use of autologous and allogeneic hMPC 

transplantation to treat neurological diseases (multiple sclerosis, amyotrophic lateral 

sclerosis and SCI) has been investigated in a number of phase I/II/III clinical trials 

(registered with the US National Institutes of Health) (reviewed by (Forostyak et al., 2013; 

Squillaro et al., 2016)) and to date, hMPC transplantation has shown no significant 

adverse events (Karamouzian et al., 2012; Park et al., 2012; Dai et al., 2013; Jiang et 

al., 2013; Satti et al., 2016).  

1.4.2 Immunomodulation and neuroprotection 

Although the initial mechanical injury to the spinal cord results in disruption of axons and 

cell death at the immediate injury site, it is the secondary degenerative events that 

contribute to the widespread loss of surrounding spared tissue (Hausmann, 2003; Park 

et al., 2004; Donnelly and Popovich, 2008; Rowland et al., 2008). Early interventions that 

modify the host immune response to injury or protect the spinal cord from secondary 

damage can significantly reduce the amount of secondary degeneration that occurs, 

thereby improving tissue sparing and preserving functional connections at the lesion site. 

Immunomodulatory approaches aim to reduce the effects of the host immune response 

by attenuating pro-inflammatory cytokine production and subsequent immune cell 

activity immediately following injury (Bethea and Dietrich, 2002; Bowes and Yip, 2014; 

Plemel et al., 2014). These approaches can also target immune cells directly by depleting 

peripheral immune cell numbers and inhibiting proliferation, maturation, migration and 

activity. Neuroprotective approaches also aim to reduce host tissue damage by 

modulating inflammation at the lesion site, protecting neuronal and glial cells against 

excitotoxicity, or inhibiting or blocking apoptosis (Thuret et al., 2006; Alexander and 

Popovich, 2009; Kwon et al., 2011; Siddiqui et al., 2015). Due to the complex 

inflammatory immune responses that occur following injury, and the number of factors 
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that can contribute to secondary tissue damage, there are a variety of therapeutic 

approaches that can be utilised to reduce secondary damage following SCI.  

1.4.2.1 Natural killer cell depletion 

Natural killer cells are cytotoxic lymphocytes of the innate immune system that provide 

the first line of defence against infection and tumour formation (Pegram et al., 2011; 

Campbell and Hasegawa, 2013). NK cells are derived from hematopoietic stem cells 

(HSCs) that progress through a complex maturation process that involves the sequential 

acquisition of cell surface receptors and functions, and occurs in the bone marrow and 

secondary lymphoid tissues (e.g. thymus, lymph nodes, tonsils) (Caligiuri, 2008). Cells 

at different stages of maturation are distinguishable by the expression of different cell 

surface markers (reviewed extensively by (Montaldo et al., 2013)). Once mature, NK 

cells migrate into the blood where they are able to move through the body, become 

activated and respond to potential immune challenges.  

Figure 1.3 Natural killer cell inhibitory, stimulatory (activatory) and co- receptors, and their 

associated ligands. DNAM-1, DNAX accessory molecule-1; HLA, human leukocyte antigen; IgG, 

immunoglobulin G; KIR, killer-cell immunoglobulin receptor; MICA/B, major histocompatibility 

complex class I chain-related polypeptides A and B; NKG2A/C/D, natural killer group 2, A/C/D; 

ULBP, UL16-binding protein. Reproduced from Lankester et al. (2010). 

NK cells are unique in that unlike other immune cells, they do not require antibody or 

pathogen presentation by MHC to become activated. There are instead a number of 

inhibitory, stimulatory and co- receptors expressed on the surface of NK cells that 

facilitate NK-target cell interactions and NK cell activation (Figure 1.3) (Moretta et al., 

2001; Raulet and Vance, 2006; Lankester et al., 2010; Pegram et al., 2011) (for an 

extensive list of receptors and associated ligands see (Montaldo et al., 2013)). Ligands 
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expressed on the surface of potential target cells bind to these receptors, providing 

inhibitory and stimulatory signals to the NK cell. If the inhibitory signal is greater the NK 

cell will remain inactive, however if the stimulatory signal is greater (through 

loss/downregulation of inhibitory ligands or upregulation of stimulatory ligands on target 

cells) an NK cell can become activated and lyse the target cell (Figure 1.4) (Raulet and 

Vance, 2006). The killer-cell immunoglobulin-like receptor (KIR) is a major inhibitory 

receptor expressed on human NK cells that binds MHC and is essential for NK cell “self” 

recognition and to prevent healthy host cells from being targeted (Mason and Rahbari, 

2015). Instances of stress, infection or transformation can lead to the loss of MHC or 

induce the expression of stimulatory ligands on target cells which can lead to activation 

of NK cells and subsequent target cell death (Yu et al., 2006). NK cells can also be 

activated by inflammatory cytokines, predominantly interleukins (IL-2, IL-12, IL-15, IL-18) 

and chemokine (C-C motif) ligand 5 (CCL5), that are produced by cells in a stressed 

state (due to infection or injury) (Lehmann et al., 2001; Robertson, 2002; Yu et al., 2006; 

Zwirner and Domaica, 2010).  

Figure 1.4 Self recognition by natural killer cells. NK cells remain inactive when inhibitory and 

stimulatory receptor binding is balanced (self-recognition (“protection”) under normal conditions). 

NK cells will become activated and lyse target cells when the inhibitory signal is lost (missing-self 

recognition) or when the stimulatory signal becomes greater than the inhibitory signal (induced-

self recognition). Reproduced from Raulet and Vance (2006). 

Once activated, NK cells kill target cells primarily through the initiation of apoptosis 

(Warren and Smyth, 1999). Small granules present in the cytoplasm of NK cells contain 

proteins such as perforin and granzymes (Krzewski and Coligan, 2012). When released 
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into the extracellular space, perforin forms pores in the membrane of the target cell 

through which granzymes can pass through and initiate programmed cell death (through 

the activation of caspases), leading to apoptosis of the target cell (Warren and Smyth, 

1999; Voskoboinik et al., 2015). NK cells also produce inflammatory cytokines and 

chemokines to enhance their response to target cells, and to promote and modulate host 

immune cell responses (Caligiuri, 2008). Specifically, NK cells can variably modulate T 

cell responses through cell-cell contact, inflammatory cytokine release (predominantly 

IFN  and TNF ), and immune cell lysis, to suppress or promote DC and T cell 

proliferation, maturation and activity (Walzer et al., 2005; Lunemann et al., 2009; Crome 

et al., 2013; Gasteiger and Rudensky, 2014; Pallmer and Oxenius, 2016). 

Although NK cells have a limited role in the inflammatory immune response and 

pathophysiology of SCI, NK cell activity may significantly impact the success (or failure) 

of cell transplantation therapies. MPCs in particular may be more susceptible to NK-

mediated rejection compared to other cell types used in transplantation studies. All donor 

cells/tissues no matter how closely they are matched to the host, often express MHC 

molecules that are not recognised by host immune cells, leading to poor tolerance or 

complete rejection of the transplant (Ayala Garcia et al., 2012). MPCs however are 

considered to be hypoimmunogeneic as they express low levels of MHC that normally 

facilitate cell rejection (discussed previously in section 1.4.1.1). However, while MPCs 

may evade rejection by other immune cells, the low MHC expression means that MPCs 

cannot provide adequate inhibitory signals to NKs through MHC-KIR binding (Spaggiari 

et al., 2006; Crop et al., 2011). Furthermore, hMPCs express several ligands (UL16 

binding proteins (ULBPs), poliovirus receptor (PVR) and Nectin-2) that bind to NK 

activating receptors (NKp30, natural-killer group 2D (NKG2D) and DNAX accessory 

molecule-1 (DNAM-1)) (Figure 1.3) (Poggi et al., 2005; Spaggiari et al., 2006; Poggi et 

al., 2007). This lack of inhibition, paired with stimulatory receptor binding may increase 

the likelihood of MPC activation of, and subsequent lysis by, NK cells. As suggested 

previously (section 1.4.1.1), this may be the reason for the poor donor MPC survival that 

occurs in a number of transplantation models, even when utilising immunosuppressive 

drugs or T cell immunodeficient animal models.  

The anti-asialo GM1 antibody depletes (rodent) NK cells (Kasai et al., 1980; Kasai et al., 

1981) and may be useful in preventing or reducing NK-mediated lysis of transplanted 

cells in experimental therapies. Anti-asialo GM1 depletion of NK cells improves graft 

survival and functional outcome in a number of cell and tissue transplantation models 

(Hodgetts et al., 2000; Yamanokuchi et al., 2005,Yoshino, 2000 #1110; Chen et al., 

2006; Thorrez et al., 2008; Ishiyama et al., 2011) and can significantly improve the 

survival of transplanted MPCs in a T and B cell immunodeficient (Rag2-/-) mouse model 
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(Tolar et al., 2006). By depleting NK cells it may be possible to improve the survival of 

donor MPCs thereby enhancing the potential effects of MPC transplantation in a number 

of disease and injury models.  

1.4.2.2 Tumour necrosis factor alpha inhibition 

Cytokine signalling is involved in many pathways within the body and is crucial in 

mediating cell survival and cell death, and maintaining tissue homeostasis. The 

inflammatory cytokine response is crucial in the generation of appropriate responses to 

injury and infection in all tissues of the body (Turner et al., 2014). TNF  is a major 

inflammatory cytokine that is predominantly produced by immune cells in response to 

inflammatory stimuli although it can also be produced by other cell types in situations of 

stress or injury (Yan et al., 2001; Sedger and McDermott, 2014). It is a transmembrane 

protein that forms membrane bound and soluble homotrimers that can bind to two cell 

surface receptors, TNFRs 1 (p55/p60) and 2 (p75/p80) (Esposito and Cuzzocrea, 2009; 

Sedger and McDermott, 2014). TNFR1 is variably expressed on all nucleated cells of the 

body while TNFR2 is expressed only on immune cells and other hematopoietic cells, 

although TNFR2 expression can be induced in other cell types by pro-inflammatory 

cytokine signalling (Yan et al., 2003; Esposito and Cuzzocrea, 2009; Grewal, 2009). 

TNFR binding activates several pathways involved in the regulation of cell survival, 

proliferation, and cell death, including the nuclear factor kappa-B (NF- B; anti-apoptotic) 

and mitogen-activated protein kinase (MAPK; pro-apoptotic) pathways (Esposito and 

Cuzzocrea, 2009; Sedger and McDermott, 2014). As TNFR1 contains an intracellular 

death domain, binding to this receptor can initiate cell death by activation of the apoptotic 

pathway. Due to the role of TNF  in many regulatory pathways and its key role in 

inflammation and regulating immune cell activity, dysregulation of TNF  has been 

associated with a number of inflammatory and autoimmune diseases, and disease/injury 

states (Palladino et al., 2003; Atzeni et al., 2005; Esposito and Cuzzocrea, 2009; 

Frankola et al., 2011; Olmos and Llado, 2014). 

Pro-inflammatory cytokines are released almost immediately following SCI and help 

initiate the inflammatory immune response to injury, leading to extensive cell death at 

the lesion site and the subsequent degeneration of surrounding spared tissue (as 

discussed previously, section 1.3.3) (Hausmann, 2003; Pineau and Lacroix, 2007). TNF  

is one of the first pro-inflammatory cytokines released following SCI and levels at the 

injury site increase almost immediately due to secretion from damaged neurons and glia 

(Yan et al., 2001; Yang et al., 2004). The time course of inflammatory cytokine release 

immediately following injury is not well detailed in humans, however serum levels of 

TNF  increase immediately following injury, and continue to increase and remain 

elevated for up to 12 weeks post-injury (not tested past 12 weeks) (Biglari et al., 2015). 
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TNFR1 levels in CSF also increase immediately following injury and can remain elevated 

for up to 72 hours (Kwon et al., 2010). In rodents, TNF  levels peak at approximately 

one hour, remain elevated for up to four hours, and return to baseline levels within a 

number of days following injury (Wang et al., 1996; Pineau and Lacroix, 2007; Chi et al., 

2008; Donnelly and Popovich, 2008). Likewise, TNFR expression on neurons, astrocytes 

and oligodendrocytes increases within minutes, peaking at eight hours and four hours 

post-injury for TNFR1 and TNFR2, respectively (Yan et al., 2003). Expression is greatest 

at the immediate injury site, however TNF  and TNFRs can be detected up 7 mm away 

from the lesion epicentre within eight hours post-SCI (Yan et al., 2001; Yan et al., 2003). 

The early release of TNF  following SCI initiates inflammatory cytokine cascades, and 

activates and recruits immune cells (such as resident CNS microglia/macrophages, and 

peripheral neutrophils, monocytes/macrophages and T cells) to the injury site 

(Hausmann, 2003; Gadani et al., 2015). These immune cells clear debris and damaged 

cells in an effort to reduce the spread of damage and restore homeostasis to the spinal 

cord. As well as its key role in orchestrating the immune response to injury, TNF  can 

directly contribute to secondary degeneration via cytotoxic effects on oligodendrocytes, 

resulting in oligodendrocyte apoptosis and the subsequent demyelination and injury to 

remaining spared axons (as discussed previously, section 1.3.4) (D'Souza et al., 1995; 

Akassoglou et al., 1998).  

Anti-TNF  strategies that inhibit TNF  production and/or TNFR binding can have 

neuroprotective effects following CNS injury (reviewed by (Lenzlinger et al., 2001; 

Esposito and Cuzzocrea, 2011; Tuttolomondo et al., 2014)). Blocking TNF  activity leads 

to a significant reduction in inflammation following CNS injury with reduced production of 

pro-inflammatory cytokines (TNF , IL-1 ) and reduced activation and infiltration of 

immune cells (Genovese et al., 2008a; Genovese et al., 2008b; Palencia et al., 2015). 

This can lead to a significant reduction in inflammatory tissue damage, neuronal 

apoptosis and lesion size following ischemic injury (Arango-Davila et al., 2015; Palencia 

et al., 2015), and SCI (Genovese et al., 2008a; Genovese et al., 2008b). TNF  blockage 

also results in significant reductions in neuropathic pain (Lindenlaub et al., 2000; 

Sommer et al., 2001; Sweitzer et al., 2001; Andrade et al., 2014) and improvements in 

functional outcomes following SCI (Lee et al., 2007; Genovese et al., 2008a; Genovese 

et al., 2008b). Similar results are also seen with studies that increase anti-inflammatory 

cytokine levels to reduce or inhibit TNF  production. Treatment with IL-10 reduces the 

levels of pro-inflammatory cytokines TNF , IL-1  and IFN-  following injury, 

subsequently reducing immune cell infiltration into the injury site (Fiorentino et al., 1991; 

Bethea et al., 1999; Plunkett et al., 2001; Oruckaptan et al., 2009). IL-10 also reduces 

inflammatory tissue damage, and promotes neuronal survival, tissue sparing and 

functional recovery following SCI (Bethea et al., 1999; Brewer et al., 1999; Takami et al., 
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2002; Oruckaptan et al., 2009; Zhou et al., 2009). 

The drug etanercept (trade name Enbrel®) is a TNF  antagonist that has US Food and 

Drug Administration (FDA) approval to treat chronic inflammatory diseases in humans, 

including rheumatoid arthritis, juvenile rheumatoid arthritis, ankylosing spondylitis and 

plaque psoriasis (Immunex Corporation, 2016). Etanercept may be beneficial in reducing 

TNF -mediated inflammation in other disease and injury models. Etanercept is a dimeric 

fusion protein consisting of two soluble TNFRs (TNFR2) bound to the fragment 

crystallisable (Fc) region of human immunoglobulin G (hIgG). It binds two TNF  

molecules to prevent TNFR binding, thus “blocking” TNF  and rendering it biologically 

inactive (Tracey et al., 2008). The use of etanercept to block TNF  activity has been 

investigated in a number of inflammatory disorders in animal models, and is currently 

being used in human clinical trials of GvHD, blood cancers, Alzheimer’s disease (AD) 

and others (Woyach et al., 2009; Scott et al., 2010; Murdaca et al., 2014; Butchart et al., 

2015; Kitko et al., 2016; van Groningen et al., 2016).  

Experimental studies of CNS injury have shown that etanercept exerts neuroprotective 

effects similar to those seen with other TNF  blockers or anti-inflammatory therapies (IL-

10) (Esposito and Cuzzocrea, 2011). Etanercept administered one or 24 hours prior to 

injury (to prime the body) can significantly reduce the numbers of infiltrating neutrophils 

within the injury site at four hours post-SCI (Genovese et al., 2006), and eight and 24 

hours post-TBI (Campbell et al., 2007). Etanercept administered up to 24 hours post-

injury can significantly reduce TNF  and IL-1  expression, and the upregulation of 

TNFRs in injured tissue (Genovese et al., 2006; Chen et al., 2011; Cheong et al., 2013; 

Wang et al., 2014a), as well as reducing TNF , IL-1  and IL-6 levels and increasing IL-

10 levels in circulation (blood sera) (Chio et al., 2010). This can lead to a significant 

reduction neutrophil infiltration and microglial activation in injured tissue (Marchand et 

al., 2009; Chio et al., 2013). There is also a significant decrease in the number of 

apoptotic cells at the injury site contributing to decreases in infarction size (TBI) (Chio et 

al., 2010; Cheong et al., 2013) and cyst size (SCI) (Chen et al., 2011; Wang et al., 

2014a). Furthermore, etanercept combined with neural stem cell (NSC) transplantation 

improves the survival of transplanted NSCs (within the spinal cord) at seven and 14 days 

post-transplantation, leading to a greater reduction in cyst size and increased axonal 

regeneration and myelination than either therapy alone (Wang et al., 2014a). Etanercept 

also significantly improves sensory and motor outcomes in the first seven to 14 days 

following injury (Marchand et al., 2009; Chio et al., 2010; Chen et al., 2011; Bayrakli et 

al., 2012; Cheong et al., 2013; Chio et al., 2013; Wang et al., 2014a) however, this 

improvement may only be transient and extended analysis of functional recovery is 

required to determine if etanercept promotes significant long-term functional 
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improvements. Furthermore, these beneficial outcomes are not seen if etanercept 

treatment is delayed to 14 days post-injury (Vidal et al., 2013), highlighting the role of 

early TNF  expression in the inflammatory response, and the importance of the 

appropriate timing of anti-inflammatory therapies.  

Etanercept has been trialled as a treatment for AD in humans in phase I and II (safety 

and efficacy) clinical trials due to the possible involvement of TNF  in the development 

of AD pathology, and the increase in inflammation that results from AD pathology (Rubio-

Perez and Morillas-Ruiz, 2012; Cheng et al., 2014; Zheng et al., 2016). In one (open-

label) trial, patients received subcutaneous (SC; “perispinal”, in the posterior neck) 

etanercept injection weekly for six months, with neurological performance assessed 

monthly. There were significant improvements in cognitive function (compared to 

baseline scores; assessed by Mini-Mental State Examination (MMSE), Alzheimer's 

Disease Assessment Scale-cognitive subscale (ADAS-Cog), and Severe Impairment 

Battery (SIB)) from one (ADAS-cog), two (SIB) and three (MMSE) months post-

treatment, which were maintained for the remainder of the study (six months) (Tobinick 

et al., 2006). In a more recent trial, patients received SC (“peripheral”, location not 

specified) etanercept injection weekly for 24 weeks, and although the authors suggest a 

trend towards improvement with etanercept there were no significant improvements in 

cognitive function assessed at 12, 24 or 28 weeks, compared to the start of treatment 

(Butchart et al., 2015). Cognitive and motor improvements have also been reported 

following a single (“perispinal”) etanercept injection in chronic stroke or TBI patients 

(Tobinick et al., 2012), with some patients showing rapid improvement within ten minutes 

of injection, and further improvements with repeated injection (Tobinick, 2011; Tobinick 

et al., 2014). While these results appear significant, rather than using standard clinical 

measures to score outcomes, qualitative assessment, where patients were classed as 

“improved” or “not improved”, was used in some cases. Also, the authors use an open-

trial format where patients and clinicians are aware of the treatment being given (no 

blinding), and no placebo or control groups are included. This may embellish the results 

seen and produce biased or highly variable results that are inconclusive and warrant 

more extensive testing. Proper random and controlled clinical trials utilising 

internationally approved treatment protocols and well-known, established outcome 

measures need to be conducted to determine and quantify the effects etanercept (and 

other therapies) may have on improving outcomes in CNS disease and injury models 

(proposed guidelines for conducting clinical trials in SCI are outlined in detail by 

(Lammertse et al., 2007; Steeves et al., 2007)). Nevertheless, these studies highlight the 

potential effects of etanercept treatment for chronic or established CNS disease and 

injury.  
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Etanercept has not yet been trialled as an early intervention following CNS injury in 

humans. To date there has been one reported case of SCI occurring in a patient who 

had been treated with etanercept for ankylosing spondylitis (Dinomais et al., 2009). The 

patient had received etanercept injection weekly for two years prior to SCI, with the final 

injection occurring on the day of injury (etanercept administration ceased following SCI). 

The patient suffered a mid-thoracic (T6-T7) SCI and was classified as AIS A (complete 

injury) at time of injury, but recovered to AIS D (motor incomplete) by one year post-

injury. The authors note that while spontaneous recovery can occur following SCI, ~80% 

of AIS A patients (on presentation) remain AIS A at one year following injury (10% 

improve to AIS B, 10% improve to AIS C). Thus the improvement to AIS D in this patient 

is highly unusual and may be attributed, in part, to the pre-existing etanercept treatment 

(Dinomais et al., 2009). While these pre-clinical and clinical studies suggest treatment 

with etanercept may improve cognitive and/or motor outcomes following CNS disease or 

injury, these are preliminary studies that can be taken further. As discussed previously, 

in pre-clinical traumatic injury models etanercept attenuates early inflammation and 

associated secondary damage, however studies have not investigated how this affects 

further injury development, and long-term morphological outcomes (such as tissue 

sparing, myelination and axonal regeneration) and functional recovery. Additionally, 

combining etanercept with other therapies (e.g. cell transplantation) may give even 

greater improvements in functional and morphological outcomes.  

1.4.2.3 Neuroprotective amyloid precursor protein peptide 

Neuroprotective approaches aim to reduce the vulnerability of host tissue to damage 

from stressors within the local injury environment, thereby reducing the amount of 

secondary degeneration that occurs following injury (Alexander and Popovich, 2009; 

Siddiqui et al., 2015). This may be through changes to the local environment, such as 

modulating inflammation or immune cell responses (as discussed previously, sections 

1.3.3 and 1.4.2.2), and reducing the production of excitotoxic and neurotoxic factors, or 

by direct effects on host tissue such as promoting cell survival/blocking apoptosis, and 

preventing excitotoxicity. A number of different neuroprotective approaches are currently 

being investigated in SCI models including hypothermia to slow metabolism, modulate 

inflammation and prevent excitotoxicity (Batchelor et al., 2013; Wang and Pearse, 2015), 

immunomodulation to attenuate inflammatory immune responses (Plemel et al., 2014), 

modulation or blocking of membrane channels and hemichannels to prevent 

inflammation and excitotoxicity (Liu et al., 2011; Tonkin et al., 2014; Wilson and Fehlings, 

2014), and upregulation or administration of growth and trophic factors to promote cell 

survival, neurogenesis and neuroplasticity (Thuret et al., 2006; Awad et al., 2015; Harvey 

et al., 2015). Furthermore, promoting or enhancing endogenous neuroprotective 
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responses may significantly improve the efficacy of these responses and enhance the 

body’s own response to injury. Recently, the amyloid precursor protein (APP) that is 

upregulated following CNS injury, has been found to have neuroprotective effects in 

experimental TBI models (Thornton et al., 2006; Corrigan et al., 2012b, a, c) and may 

have similar neuroprotective effects in other inflammatory CNS diseases or injury 

models.  

Figure 1.5 Amyloid precursor protein (APP) proteolysis by secretases. Non-amyloidogenic 

pathway: extracellular cleavage by  secretase within the A  region, and transmembrane 

cleavage by  secretase produce extracellular sAPP  and p3 peptides. Amyloidogenic pathway: 

extracellular cleavage by  secretase and transmembrane cleavage by  secretase produce 

sAPP  and  amyloid (A ) peptides. Both pathways produce APP intracellular domain (AICD). 

Reproduced from Nicolas and Hassan (2014). 

The APP is a transmembrane protein encoded for by a single gene on chromosome 21. 

Alternative splicing of the APP gene produces different isoforms with the most common 

isoforms being APP-695, APP-751 and APP-770 (Kitaguchi et al., 1988). APP has a long 

extracellular (N-terminal) domain, a transmembrane domain and short intracellular (C-

terminal) domain and is proteolysed by secretases to produce different functional 

fragments (reviewed by (De Strooper et al., 2010; Prox et al., 2012; Zhang et al., 2012)). 

Extracellular cleavage by  secretase (ADAM10, ADAM17, MDC9) and  secretase 

(BACE1, BACE2) occurs close to the membrane and produces large soluble APP 

peptides, sAPP  and sAPP , and carboxy-terminal fragments, C83 and C99, 

respectively (Figure 1.5). These carboxy-terminal fragments undergo further processing 

by  secretase (presnilin 1, presnilin 2, nicastrin) within the transmembrane region to 

produce extracellular p3 and amyloid-  (A ) peptides, and the APP intracellular domain 

(AICD) (De Strooper and Annaert, 2000; Zhang et al., 2012). APP contains several 

different functional regions including copper, zinc and heparin binding sites, growth factor 
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like domains, and neurotrophic and neuroprotective regions that are thought to contribute 

to a range of biological functions (Figure 1.6) (Reinhard et al., 2005). 

The exact function of APP is not known however it is thought to have numerous biological 

roles due to its range of functional binding sites and expression in several tissues 

throughout the body (Reinhard et al., 2005). APP expression is highest in neurons and 

glia of the CNS, particularly during development and within regions of the brain that 

undergo high levels of neurogenesis and synaptogenesis (Chen and Tang, 2006; Aydin 

et al., 2012). In vitro, APP promotes neurite outgrowth and synaptogenesis, and 

improves long-term survival of rat cortical and hippocampal neurons (Milward et al., 

1992; Small et al., 1994). In contrast, downregulation or inhibition of APP expression in 

neuronal cultures impairs neurite outgrowth and synapse formation. In vivo, APP 

knockout mice (APP / ) show several developmental and functional deficits with 

reductions in body weight, brain weight, FL grip strength and locomotor activity when 

compared to age-matched wild-type controls (Zheng et al., 1995; Senechal et al., 2008). 

Studies utilising APP /  mice also show that these mice have reduced neuronal volume, 

fewer neuronal connections, impaired synapse formation and impaired cognitive 

outcomes (Dawson et al., 1999; Senechal et al., 2008; Weyer et al., 2011). 

Figure 1.6 Schematic representation of the functional domains of sAPP  (based on the APP-695 

isoform). Domains D1 and D6a have neuroprotective effects in CNS injury models, thought to be 

due to the heparin binding sites located at amino acids 96-110 (D1) and 382-447 (D6a). A , 

amyloid beta; GFLD, growth factor-like domain; RERMS, amino acid sequence “RERMS”. 

Modified from Chasseigneaux and Allinquant (2012) and Corrigan et al. (2011). 

Although APP is most widely known for its role is AD pathology (Barage and Sonawane, 

2015; Kalra and Khan, 2015), it has also been implicated in other CNS injury models. 

APP is significantly upregulated in neurons and reactive astrocytes following TBI and 

SCI (Otsuka et al., 1991; Blumbergs et al., 1994; Li et al., 1995; Pierce et al., 1996; 
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Bramlett et al., 1997; Van den Heuvel et al., 1999; Kobayashi et al., 2010). Until recently, 

this increase in APP expression was thought to be a detrimental event, largely due to 

the role of APP in the formation of damaging A  aggregates in AD, and limited evidence 

that TBI is linked to, and increases the risk of AD development over time (Mortimer et 

al., 1991; Plassman et al., 2000; Fleminger et al., 2003; Yang et al., 2015; Scott et al., 

2016). However, rather than showing improvements following TBI, APP-/- mice perform 

significantly worse on motor and cognitive tests, and have significantly more neuronal 

cell apoptosis and axonal injury than wildtype controls (Corrigan et al., 2012a). This 

suggests that APP may in fact have a neuroprotective role following injury, which could 

be mediated by the increased production of endogenous sAPP  (from APP cleavage), 

which is known to have growth promoting and neuroprotective effects in vitro and in vivo 

(Jin et al., 1994; Ohsawa et al., 1997; Caille et al., 2004; Bell et al., 2008; Taylor et al., 

2008). Accordingly, administration of sAPP  following TBI significantly reduces axonal 

injury, and neuronal cell apoptosis in the hippocampus and cortex, and improves motor 

and cognitive function in rats, and APP-/- wildtype mice (Thornton et al., 2006; Corrigan 

et al., 2012b, c). 

Analysis of the functional domains of sAPP  identified the D1 (APP28-123) and D6a 

(APP316-611) (Figure 1.6) domains as contributing to these neuroprotective effects 

following TBI. Animals treated with peptides corresponding to D1 or D6a showed 

significantly improved motor and cognitive outcomes following TBI compared to injury 

only animals, and animals treated with peptide corresponding to the D2 domain (non-

heparin binding) (Corrigan et al., 2011). These outcomes were associated with 

significantly reduced axonal injury at ten days post-injury, and these results were no 

different to those seen with sAPP  treatment (Corrigan et al., 2011). As D1 and D6a 

contain heparin binding sites (HBS), it is thought that the heparin binding ability of these 

peptides contribute to their neuroprotective effects (Corrigan et al., 2011; Chasseigneaux 

and Allinquant, 2012). Specifically, binding of the HBS of D1 to heparin sulphate 

proteoglycans (HSPGs) may have roles in neurite outgrowth and synaptic function (Small 

et al., 1994; Morimoto et al., 1998). Intracerebroventricular injection of APP96-110 at 30 

minutes post-TBI results in decreased lesion volume with reduced axonal injury, and 

increased numbers of spared cortical and hippocampal neurons in APP-/- mice and 

wildtype rats (Corrigan et al., 2014). In both experiments there were no significant 

differences in functional or cognitive outcomes between animals that received APP96-

110 treatment following TBI and sham operated animals. Additionally, rats that received 

treatment with mutant APP96-110 (mAPP96-110), that has a reduced heparin binding 

affinity, performed worse on functional and cognitive tests, and showed greater axonal 

injury following TBI when compared to APP96-110 treated animals (Corrigan et al., 

2014). There were also no significant differences in functional or cognitive outcome, or 
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the amount of axonal injury between vehicle and mAPP96-110 treated animals. These 

results suggest that the neuroprotective effects seen with APP or sAPP  treatment are 

due to the HBS at residues 96-110 of the APP protein, and are dependent on the heparin 

binding ability of this region. APP96-110 may also exert neuroprotective effects in other 

CNS injury models where secondary degeneration significantly contributes to tissue loss 

following injury.  

1.5 Thesis aims 

Although extensive research has been conducted, there are currently no clinically 

approved treatments for SCI that can effectively repair the injured spinal cord and restore 

functional connections. While many pre-clinical approaches appear promising, they are 

often limited in their capacity to promote to axonal repair and/or regeneration, or are not 

as efficacious when translated from animal models to humans. Current research 

suggests that combinatorial therapies that target multiple aspects of SCI may be more 

beneficial at promoting functional and morphological improvement than those therapies 

administered individually. This thesis investigates immunomodulatory and 

neuroprotective strategies, alone and in combination with hMPC transplantation, for the 

treatment of moderate contusive thoracic SCI. These therapies aim to reduce the amount 

of secondary degeneration that occurs following SCI in order to preserve functional 

connections and ensure that there are a greater number of axons present at the injury 

site that may be capable of regrowth/regeneration, and to improve the injury site 

environment so that it may be more supportive of axonal regrowth/regeneration, 

remyelination and transplanted cell survival.  

Anti-asialo GM1 antibody will be used to deplete host NK cells immediately after SCI, in 

order to reduce NK cell activity and to prevent early NK-mediated hMPC death following 

transplantation. As MPCs are potential targets of NK cells, NK cell depletion is expected 

to prolong the survival of donor hMPCs in the injured spinal cord, which may enhance 

the functional and morphological improvements that have been reported previously with 

hMPC transplantation. Although NK cells are not major contributors to SCI 

pathophysiology, reducing NK cell activity may also have subtle effects on reducing 

inflammation and immune cell activity following SCI, which could also improve functional 

and morphological outcomes.  

Etanercept, a TNF  antagonist, will be administered to block TNF  activity immediately 

following SCI. It is hypothesised that attenuating TNF  activity immediately following SCI 

will significantly reduce the inflammatory immune response to SCI, leading to reductions 

in pro-inflammatory cytokine levels, immune cell infiltration and activity, and secondary 

degeneration, and associated improvements in functional and morphological outcomes. 
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Furthermore, reducing inflammation within the spinal cord will improve the injury site 

environment which may prolong transplanted hMPC survival, and enhance the effects of 

hMPC transplantation.  

APP96-110, a peptide sequence based on the heparin binding region at residues 96-110 

of the APP, will be assessed for its neuroprotective potential following SCI. It is 

hypothesised that APP96-110 will exert neuroprotective effects following SCI, leading to 

significantly reduced tissue damage, preservation of functional connections and 

improved morphological and functional outcomes.  
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2 GENERAL METHODS 

These methods are common to all experimental chapters. Methods specific to each 

experiment will be mentioned in the appropriate experimental chapter. A complete list of 

the reagents and equipment used is included in Appendix A. 

2.1 Cell culture 

2.1.1 Human mesenchymal precursor cell culture 

Clinical grade human mesenchymal precursor cells (hMPCs), from two healthy adult 

donors, were obtained as frozen vials from Cell and Tissue Therapies WA (CTTWA; 

Royal Perth Hospital, Perth, Western Australia, Australia). Human MPCs were isolated 

from bone marrow samples taken from the iliac crest of the pelvis, and were cultured 

according to good manufacturing practice (GMP) (Herrmann et al., 2012). Flow 

cytometry analysis carried out by CTTWA showed that both donor cell populations were 

positive for CD105, CD90 and CD73 (  95% positive), and negative for CD45, CD34, 

CD19, CD11b and HLA-DR (  2% positive) cell surface markers. The donor cells were 

independently tested and shown to be mycoplasma negative prior to transplantation.  

Frozen hMPCs were rapidly thawed in a 37°C water bath and transferred to a 15 mL 

centrifuge tube (Corning, Corning, NY, USA) containing culture media consisting of 

minimum essential medium alpha modification (MEM ; Gibco, Thermo Fisher Scientific, 

Waltham, MA, USA) supplemented with 10% (v/v) heat inactivated foetal bovine serum 

(hiFBS; Gibco) and 1% (v/v) GlutaMAX™ (GM; Gibco) (MPC culture media). Cell 

suspensions were washed by centrifugation at 300 ×g for 3 minutes (mins) before the 

supernatant was discarded and cells resuspended in fresh MPC culture media. Cell 

number was determined and hMPCs were seeded into T75 flasks (Corning) at a density 

of 2.5-3.5 × 103 cells/cm2 in 15 mL MPC culture media and incubated at 37°C in a 5% 

(v/v) carbon dioxide (CO2) incubator (Heraeus, Hanau, Hessen, Germany). The media 

was refreshed every 3-4 days and cells were grown to ~90% confluence.  

At ~90% confluence, adherent cells were washed 3 times with Hanks’ balanced salt 

solution (HBSS; Gibco) and incubated with 1 mL 0.05% (v/v) Trypsin-EDTA (Gibco) at 

37°C for 3-5 mins until cells detached. Fresh MPC culture media was added to the flasks 

to inhibit trypsin activity, and the non-adherent cells were washed off the flask surface 

and transferred to a 15 mL centrifuge tube. Cell suspensions were washed by 

centrifugation and the total cell number was determined. Human MPCs were diluted and 

reseeded into T75 flasks for expansion, or seeded into 6-well plates for differentiation 

and onto 12 mm glass coverslips for immunocytochemistry, as follows (sections 2.1.1.1 

and 2.1.1.2). 
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2.1.1.1 In vitro differentiation 

To confirm multipotency, donor hMPCs were differentiated into osteoblasts, adipocytes 

and chondrocytes using StemXVivo Ostegenic/Adipogenic/Chondrogenic differentiation 

medias (R&D Systems, Minneapolis, MN, USA) according to manufacturers’ instructions. 

For osteogenic differentiation, hMPCs were seeded into 6-well plates (Corning) at a 

concentration of 4.2 × 103/cm2 in 2 mL/well StemXVivo Osteogenic/Adipogenic Base 

Media (R&D Systems). Once 70% confluence was reached, the base media was 

replaced with Osteogenic Differentiation Medium (base media + StemXVivo Human 

Osteogenic Supplement (R&D Systems)), which was refreshed every 3-4 days. Cells 

were maintained in differentiation media for 21 days, before the media was removed and 

cells were fixed with 4% (w/v) paraformaldehyde solution (PFA; (Sigma-Aldrich) in 0.1 M 

Sorensen’s Phosphate buffer (0.2 M sodium phosphate monobasic (Sigma-Aldrich) and 

0.2 M sodium phosphate dibasic (Sigma-Aldrich) in distilled water (dH2O)), pH 7.4) for 

30 mins at room temperature (RT). Osteogenic differentiation was confirmed by Alizarin 

Red staining of extracellular calcium deposits (Yang et al., 2011). Cells were washed 

with phosphate buffered saline (PBS; Gibco) and incubated with 2 mL/well 2% (w/v) 

Alizarin Red S (Sigma-Aldrich) in dH2O (pH 4.2) for 45 mins at RT. The stain was 

removed and cells were washed 3-4 times in PBS, and stored in PBS for imaging. 

Brightfield images were taken at 20X magnification using a Nikon DS-Fi1 camera (Nikon, 

Minato-ku, Tokyo, Japan) attached to a Nikon Eclipse Ti inverted microscope (Nikon) 

using NIS-Elements BasicResearch software (version 4.13.05; Nikon). 

For adipogenic differentiation, hMPCs were seeded into 6-well plates at a concentration 

of 2.1 × 104/cm2 in 2 mL/well StemXVivo Osteogenic/Adipogenic Base Media (R&D 

Systems) and grown to 100% confluence. At confluence, the base media was replaced 

with Adipogenic Differentiation Medium (base media + StemXVivo Adipogenic 

Supplement (R&D Systems)), which was refreshed every 3-4 days. Cells were 

maintained in differentiation media for 21 days, before the media was removed and cells 

were fixed as described above. Adipogenic differentiation was confirmed by phase 

microscopy (morphological changes) and Oil Red O staining of intracellular lipid droplets 

(Yang et al., 2011). Cells were washed with PBS and incubated with 2 mL/well 0.5% 

(w/v) Oil Red O (Sigma-Aldrich) in PBS (from 5% (v/v) Oil Red O in isopropyl alcohol 

(Sigma-Aldrich) stock solution) for 20 mins at RT. The stain was removed and cells were 

washed 3-4 times in PBS, and stored in PBS for imaging. Brightfield images were taken 

as described previously. 

For chondrogenic differentiation, 2.5 × 104 hMPCs in culture media were transferred to 

a 15 mL centrifuge tube and centrifuged at 300 ×g for 3 mins. The supernatant was 
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removed and the cell pellet resuspended in 1 mL Chondrogenic Differentiation Media 

(Human/Mouse/Rat StemXVivo Chondrogenic Base Media + StemXVivo Human/Mouse 

Chondrogenic Supplement (R&D Systems)). The cell suspension was centrifuged at 300 

×g for 3 mins to pellet hMPCs for differentiation and the media was not removed. Cells 

were maintained in differentiation media for 21 days, with the media refreshed every 2-

3 days, ensuring that the cell pellet was not disrupted or aspirated during refeeding. 

Following differentiation, the cell pellet was fixed with 4% (w/v) PFA for 24 hours at 4°C. 

Chondrogenic differentiation was confirmed by toluidine blue staining of paraffin wax 

sections of the pellet. The cell pellet was embedded in 2% (w/v) agarose (Sigma-Aldrich) 

in double distilled water (ddH2O), then prepared for wax embedding with a Leica 

ASP200S tissue processor (Leica Biosystems, Nussloch, Baden-Württemberg, 

Germany) (standard processing cycle: dehydrated in graded alcohols (70, 90, 100, 100, 

100% (v/v)) for 2 hours each, cleared twice in toluene (Sigma-Aldrich) for 1 hour each, 

and treated 3 times with paraffin wax (Leica Biosystems) for 1 hour each). The processed 

pellet was embedded in paraffin wax and sectioned at 7 μm on a Leica RM2255 

microtome (Leica Biosystems). Sections were collected onto SuperFrost™ microscope 

slides (Menzel-Gläser, Braunschweig, Lower Saxony, Germany), dewaxed in toluene 

(twice, for 2 mins each), hydrated in ethanol (100, 100, and 70% (v/v) for 1 min each) 

and rinsed in dH2O for 2 mins. Slides were submerged in a toluidine blue solution (0.05% 

(w/v) Toluidine blue O (Sigma-Aldrich) and 0.005% (w/v) sodium tetraborate (Sigma-

Aldrich) in dH2O) for 1-2 mins, rinsed in dH2O, dehydrated in graded ethanol (70, 90 and 

100% (v/v) for 3 mins each) and cleared twice in toluene. Slides were left to air dry 

overnight (O/N) then coverslipped with Leica CV mount (Leica Biosystems). Brightfield 

images were taken as described previously. 

2.1.1.2 In vitro characterisation 

To prepare for hMPC seeding, glass coverslips (12 mm; Menzel-Gläser) were incubated 

with 0.1 mg/mL (w/v) poly-L-lysine (PLL; Sigma-Aldrich, St Louis, MI, USA) for 30 mins, 

followed by incubation with 0.05 mg/mL (w/v) laminin (Sigma-Aldrich) for 30 mins and 

rinsed in sterile dH2O. Human MPCs were seeded onto glass coverslips in 24-well plates 

(Corning) at a density of 1 × 104 cells/well and allowed to grow to 80-90% confluence. 

Once cells had reached 80-90% confluence, the media was removed and cells were 

fixed in 4% (w/v) PFA for 15 mins at RT. Cells were blocked in 10% (v/v) normal goat 

serum (NGS; Gibco) and 0.02% (v/v) Triton-X 100 (Sigma-Aldrich) in PBS for 15 mins at 

RT. Cells were washed 3 times over 5 mins in PBS and incubated with primary antibodies 

diluted in PBS (Table 2.1) for 30 mins at RT. The primary antibody was removed, cells 

were washed 3 times over 5 mins with PBS, and incubated with secondary antibodies 

diluted in PBS (Table 2.1) for 30 mins at RT, protected from light, then incubated with 
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Hoechst 33258 (25 mg/mL in dH2O; Sigma-Aldrich) diluted 1:2500 in PBS for 10 mins at 

RT, protected from light. Hoechst was removed and cells were washed 3 times over 5 

mins with PBS before being mounted (coverslips placed cell side down) onto microscope 

slides (Menzel-Gläser) with fluorescence mounting medium (Dako, Glostrup, Region 

Hovedstaden, Denmark). Fluorescence images were taken at 20X magnification using a 

Photometrics CoolSNAP EZ camera (Photometrics, Tuscon, AZ, USA) attached to a 

Nikon Eclipse Ti inverted microscope using NIS-Elements BasicResearch software. 

Table 2.1 Primary and secondary antibodies used for immunocytochemistry; targets of each 

antibody are italicised. *Previously manufactured by StemCells Inc, now manufactured by 

Cellartis. Cy, cyanine; FITC, fluorescein; GAP, growth associated protein; GFAP, glial fibrillary 

acidic protein; Gt, goat; Ms, mouse; MAP, microtubule associated protein; Rb, rabbit.  

Primary Antibody Host Dilution Manufacturer Catalogue # Lot # 
Anti-Fibronectin 
(extracellular matrix) Rb 1:400 Sigma F3648 060M4777 

Anti-GAP43 
(neuronal) Ms 1:200 Life Technologies 33-5000 QC214626 

Anti-GFAP 
(glial) Rb 1:1000 Dako Z0334 20025480 

Anti-Human p75 
(glial) Rb 1:400 Promega G323A 23642604 

Anti-MAP1b (MAP5) 
(neuronal) Ms 1:500 Sigma M4528 - 

Anti-MAP2 
(neuronal) Ms 1:500 Millipore AB5622 2677860 

Anti-Neurofilament H 
(SMI32) (neuronal) Ms 1:1000 BioLegend 801701 B198916 

Anti-S100-  
(glial) Ms 1:500 Sigma S2532 070M4767 

STEM101* 
(human cells) Ms 1:200 

StemCells Inc AB-101-U-050 112221117 

Cellartis Y40400 AF2L001 
AF9L001 

STEM121* 
(human cells) Ms 1:500 StemCells Inc AB-121-U-050 112250118 

Anti-Tubulin -3 
( III tubulin) (neuronal) Rb 1:1500 BioLegend 802001 B209045 

Secondary Antibody Host Dilution Manufacturer Catalogue # Lot # 

Cy3 Anti-Ms Gt 1:500 Jackson 
ImmunoResearch 115-166-062 121709 

FITC Anti-Rb Gt 1:400 Jackson 
ImmunoResearch 111-096-045 122343 

 

2.1.1.3 Preparation for cell transplantation 

Human MPCs (passage 3-5) for spinal cord transplantation were used directly from 

culture. Once cells had grown to ~90% confluence, the flasks were trypsin treated and 

collected as described above (section 2.1.1). The cell suspension was centrifuged, the 

supernatant discarded and the cell pellet resuspended in PBS. Cell viability was 

determined using trypan blue staining (Sigma-Aldrich) showing at least 95% viability, and 
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the cell suspension was adjusted to a concentration of 6.25 × 104 cells/ L. For non-viable 

(nv; control) cells (nv-hMPCs), prepared cell suspensions were repeatedly freeze-

thawed in liquid nitrogen until the cells were no longer viable as indicated by trypan blue 

staining (< 5% viability after 4 freeze/thaw cycles). All cell suspensions were stored on 

ice prior to and for the duration of the transplantation surgery (viable cells remain ~90% 

viable after 6 hours on ice as determined by trypan blue staining). 

2.2 Animals 

Adult female CBH-rnu/Arc (Athymic Nude) rats (  12 weeks, 140-170 g; Animal 

Resources Centre, Perth, Western Australia, Australia) were used in these studies. All 

experimental procedures conformed to National Health and Medical Research Council 

guidelines and were approved by the University of Western Australia Animal Ethics 

Committee. Animals were housed in filter top cages with absorbent bedding and access 

to food and water ad libitum, on a 12-hour light-dark cycle (red lights on 1000-2200). 

Animals were acclimated to the holding room, handled and pre-trained on all behavioural 

testing apparatus’ daily for 2 weeks prior to SCI surgery. 

2.3 Spinal cord injury 

Pre-surgical buprenorphine (Temgesic, 1 μg/100 g body weight, 300 U/mL, 

intraperitoneal (IP); Reckitt Benckiser Healthcare, West Ryde, NSW, Australia) was 

administered 30 mins prior to the induction of anaesthesia. Animals were anaesthetised 

with isoflurane (induced at 3-4% (v/v) and maintained at 1.5-2.5% (v/v); Bayer, 

Leverkusen, Germany) combined with nitrous oxide (60% (v/v); 0.4 l/min) and oxygen 

(38.5% (v/v); 2 l/min). Ophthalmic eye ointment was applied to the eyes to prevent drying 

during surgery. Any hair was shaved from the back of the animal and the surgical site 

was cleaned with Betadine® antiseptic liquid (Mundipharma, Sydney, NSW, Australia). 

The skin overlying the thoracic area of the back and the underlying musculature were 

incised using a #11 scalpel blade (Swann-Morton, Sheffield, England). Excess muscle 

was removed from the dorsal and lateral processes of the vertebrae to expose the spinal 

column and enable identification of individual vertebrae (surgical scissors (Fine Science 

Tools (FST), North Vancouver, BC, Canada); bone curette (Medicon, Tuttlingen, Baden-

Württemberg, Germany)). A partial laminectomy of the 10 vertebra was performed using 

Rongeurs (FST) to expose the underlying spinal cord without disrupting the dura. The 

surrounding bone was cleared as needed to provide sufficient clearance of the impactor 

head to the dorsal surface of the spinal cord. A moderate (200 kDyne) contusive SCI 

was performed at the T10 level using an Infinite Horizon impactor (Precision Systems 

and Instrumentation; Lexington, KY, USA) (all impactor data was collected to compare 

the actual force delivered across all animals (see Appendix C)). Following injury, the 
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musculature of the back was sutured (5.0 Coated Vicryl, Violet Braided suture; Ethicon, 

Sommerville, NJ, USA) and the overlying skin was closed with wound clips (Michel 

Suture Clips; FST). Rehydrating normal saline (2 mL, subcutaneous (SC) (0.9% (w/v) 

sodium chloride; Baxter, Deerfield, IL, USA)) and antibiotic Benacillin (0.02 mL/100 g 

body weight, 300 U/mL, intramuscular (IM; gastrocnemius) (150 mg/mL procaine 

penicillin, 150 mg/mL benzathine penicillin, 20 mg/mL procaine hydrochloride); Ilium, 

Troy Laboratories, Glendenning, NSW, Australia) were administered immediately 

following surgery. Animals were returned to clean cages and placed in a heating cabinet 

(26°C) for 24-48 hours post-surgery to aide recovery from anaesthesia. Normal saline 

(0.5-2 mL) and buprenorphine (0.25-1 μg/100 g body weight; dose reduced every second 

day) were administered (SC) daily for 1 week post-surgery. To prevent bladder 

infections, antibiotic (Benacillin; 0.02 mL/100 g body weight) was administered (IM; 

alternating legs) every second day for 1 week post-surgery. Bladders were manually 

expressed twice daily for 2 weeks or until normal bladder function returned.  

2.4 Experimental design 

Immediately following SCI, rats received drug/peptide therapy or were subjected to no 

additional treatment (see experimental chapters for intervention details: Chapter 3, 

section 3.2.2; Chapter 4, section 4.2.2; Chapter 5, section 5.2.1). At 1 week post-injury 

(wpi) a cohort of animals received transplantation of viable/nv hMPCs into the injured 

spinal cord (section 2.5). Greater cell survival has been reported with cells transplanted 

during the subacute (1 wpi) stage following SCI than at acute (1 hour) or chronic (> 4 

wpi) stages (Hofstetter et al., 2002; Nandoe Tewarie et al., 2009; Cizkova et al., 2011). 

This timing also corresponds with that of previous studies by Hodgetts et al. (2013a, b) 

that this thesis builds on. Animals were allowed to recover to 3, 5, 8 or 9 wpi (see 

experimental chapters, as outlined above, for experimental groups and numbers of 

animals used). 

2.5 Cell transplantation surgery 

At 1 wpi animals were prepared for cell transplantation surgery and anaesthetised as 

described previously (section 2.3). The incision site along the dorsal surface of the skin 

and the underlying musculature were reopened, and clamps from the IH impactor 

apparatus were attached to vertebra adjacent to the injury site (~T8, T12) in order to 

immobilise the spinal column of the animal. The scar tissue overlying the spinal cord was 

removed using fine forceps (Dumont #5 forceps; FST) and the dura was carefully 

disrupted using a fine needle tip (26G; Terumo, Shibuya, Tokyo, Japan) without 

disturbing the spinal cord below, to allow easy insertion of the micropipette into the spinal 

cord. Glass micropipettes (60 μm tip diameter; Blaubrand, Wertheim, Baden-
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Württemberg, Germany) for cell injection were pulled using a P-2000 Laser-Based 

Micropipette Puller (Sutter Instruments, Novato, CA, USA) with the following settings; 

heat = 750, filament = 5, velocity = 30, delay = 200, pull = 50. Fine forceps (FST) were 

used to modify the pipette tip to the appropriate diameter. The micropipette was attached 

to a 10 μL Hamilton syringe (Hamilton, Reno, NV, USA) with polyethylene tubing (Becton 

Dickinson, Franklin Lakes, NJ, USA) and positioned using a stereotaxic frame (Kopf 

Instruments; Tujunga, CA, USA). Two injections of 2.5 × 105 donor hMPCs/nv-hMPCs in 

4 μL PBS (5 × 105 cells in 8 μL total) were delivered into the injury site of the contused 

spinal cord (rostral and caudal to the lesion epicentre, at the midline of the spinal cord) 

at a depth of 1 mm. Donor cells were delivered at a rate of 0.5 μL/min for 8 mins using a 

syringe pump (Harvard Apparatus, Holliston, MA, USA). The micropipette was left in 

place for 1 min following delivery to minimize efflux of the donor cells after pipette 

withdrawal. Following cell transplantation, the musculature of the back was sutured and 

the overlying skin closed with wound clips. Animals were returned to clean cages and 

placed in a heating cabinet (26°C) for 24 hours to aide recovery following surgery. 

Rehydrating normal saline, analgesic and antibiotic were administered for 1 week post-

surgery, as described previously (section 2.3).  

2.6 Functional recovery 

As the thoracic (T10) contusion model disrupts sensory and motor function of the 

hindlimbs (HLs), the behavioural assays used in these studies will assess HL function 

only. Open field locomotor analysis is one of the most commonly used behavioural 

assays which assess HL function during spontaneous locomotion, however it utilises a 

subjective, descriptive scoring system which may not identify subtle differences in 

locomotor characteristics, therefore LadderWalk and RatWalk will also be used to assay 

HL function. LadderWalk assesses sensorimotor function of the HLs as animals cross a 

horizontal ladder. RatWalk utilises a semi-automated computer program to provide 

objective assessment of particular characteristics of HL function. 

2.6.1 Open field locomotor analysis 

Hindlimb (HL) function was assessed weekly from day 7 post-SCI using the 21-point 

Basso, Beattie, Bresnahan (BBB) locomotor rating scale (Table 2.2) (Basso et al., 1995). 

Rats were allowed to freely move about an open field for 3-4 mins while observers scored 

the degree of HL function demonstrated. At least 2 observers independently scored each 

animal and all observers were blinded to the treatment group. All BBB runs were video 

recorded for further analysis by additional observers (if needed).  

Individual scores were assigned for the right (R) and left (L) HL, and the highest recorded 
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score was used for analysis (most scores differed by  2 points). Larger differences in 

R/L HL scores were most common early after SCI (D7, D14) and often resolved in the 

following weeks. Animals that had a significant (  3 point) difference between their R/L 

HL scores for the duration of the study were excluded from BBB analysis at all time 

points. Animals were excluded from BBB analysis for a given week if they were noted to 

have significant HL impairments (e.g. foot/hock swelling/inflammation) that would hinder 

HL function and subsequent BBB scores. These animals were included in BBB analysis 

in later weeks once the issue/s had resolved. BBB scores for each treatment at each 

time point were averaged and presented as non-rounded values for ease of visualisation 

(alternatively, averaged scores can be rounded up (0.5-1.0) or down (0-0.4) to give whole 

numbers that correspond to individual BBB scores). Rats that attained a BBB score of 

10, representing occasional (  50%) weight supported plantar steps, were subjected to 

further behavioural testing on LadderWalk and RatWalk platforms.  

Table 2.2 21-Point BBB locomotor rating scale. BBB scores and their associated criteria, and 

definitions of terms used. FL, forelimb; HL, hindlimb. Reproduced from (Basso et al., 1995). 

0 No observable HL movement 

1 Slight movement of one or two joints, usually the hip and/or knee 

2 Extensive movement of one joint or extensive movement of one joint and slight movement 

of one other joint 

3 Extensive movement of two joints 

4 Slight movement of all three joints of the HL 

5 Slight movement of two joints and extensive movement of the third 

6 Extensive movement of two joints and slight movement of the third 

7 Extensive movement of all three joints of the HL 

8 Sweeping with no weight support or plantar placement of the paw with no weight support 

9 Plantar placement of the paw with weight support in stance only (i.e., when stationary) or 
occasional, frequent, or consistent weight supported dorsal stepping and no plantar 

stepping 

10 Occasional weight supported plantar steps, no FL-HL coordination 

11 Frequent to consistent weight supported plantar steps and no FL-HL coordination 

12 Frequent to consistent weight supported plantar steps and occasional FL-HL coordination 

13 Frequent to consistent weight supported plantar steps and frequent FL-HL coordination 

14 Consistent weight supported plantar steps, consistent FL-HL coordination; and 

predominant paw position during locomotion is rotated (internally or externally) when it 

makes initial contact with the surface as well as just before it is lifted off at the end of stance 

or frequent plantar stepping, consistent FL-HL coordination, and occasional dorsal 

stepping 

 

(continued on following page) 
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(from previous page) 

 

15 Consistent plantar stepping and consistent FL-HL coordination; and no toe clearance or 

occasional toe clearance during forward limb advancement; predominant paw position is 

parallel to the body at initial contact  

16 Consistent plantar stepping and consistent FL-HL coordination during gait; and toe 

clearance occurs frequently during forward limb advancement; predominant paw position 

is parallel at initial contact and rotated at lift off 

17 Consistent plantar stepping and consistent FL-HL coordination during gait; and toe 

clearance occurs frequently during forward limb advancement; predominant paw position 

is parallel at initial contact and lift off 

18 Consistent plantar stepping and consistent FL-HL coordination during gait; and toe 

clearance occurs consistently during forward limb advancement; predominant paw position 

is parallel at initial contact and rotated at lift off 

19 Consistent plantar stepping and consistent FL-HL coordination during gait; and toe 

clearance occurs consistently during forward limb advancement; predominant paw position 

is parallel at initial contact and lift off; and tail is down part or all of the time 

20 Consistent plantar stepping and consistent coordinated gait; consistent toe clearance; 

predominant paw position is parallel at initial contact and lift off; tail consistently up, and 

trunk instability 

21 Consistent plantar stepping and coordinated gait, consistent toe clearance, predominant 

paw position is parallel throughout stance, consistent trunk stability, tail is consistently up 

 

Slight: partial joint movement through less than half the range of joint motion 

Extensive: movement through more than half of the range of joint motion 

Sweeping: rhythmic movement of HL in which all three joints are extended, then fully flex and 

extend again; animal is usually sidelying, the plantar surface of paw may or may not contact the 

ground; no weight support across the HL is evident 

No weight support: no contraction of the extensor muscles of the HL during plantar placement of 

the paw; or no elevation of the hindquarter 

Weight support: contraction of the extensor muscles of the HL during plantar placement of the 

paw, or elevation of the hindquarter 

Plantar stepping: The paw is in plantar contact with weight support then the HL is advanced 

forward and plantar contact with weight support is re-established 

Dorsal stepping: weight is supported through the dorsal surface of the paw at some point in the 

step cycle 

FL-HL coordination: for every FL step an HL step is taken and the HLs alternate 

Occasional: less than or equal to half;  50% 

Frequent: more than half but not always; 51-94% 

Consistent: nearly always or always; 95-100% 

Trunk instability: lateral weight shifts that cause waddling from side to side or a partial collapse of 

the trunk  
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2.6.2 LadderWalk analysis 

Rats were video recorded while completing 3 passes of a 1 m long horizontal ladder with 

varying distances between the ladder rungs (Soblosky et al., 1997; Soblosky et al., 2001; 

Webb et al., 2003). The number of R and L HL missteps were noted individually, where 

a misstep is defined as an incorrect paw placement that results in the foot falling below 

the ladder rungs and/or the loss of controlled HL weight support. The total number of 

missteps (R + L HL missteps) were averaged over the 3 passes for each animal and 

used to calculate the average number of missteps for each treatment group at each time 

point.  

2.6.3 RatWalk analysis 

Rats completed 3 passes across a 1 m long horizontal glass platform while their paw 

prints were video recorded from below. The paw prints were later identified and assigned 

as R/L fore- (FL)/HL, in step sequence, using the RatWalk computer program designed 

independently in lab, based on the CatWalk program (Hamers et al., 2001; Hamers et 

al., 2006). RatWalk generates data that reflects locomotor characteristics such as step 

sequence, coordination pattern, stride length and stance width (Figure 2.1) (Godinho et 

al., 2013). The results generated were averaged over the 3 passes for each animal, then 

averaged for each treatment group at each time point. 

Figure 2.1 Schematic representation of stride length and stance width measurements (A), and 

coordinating patterns (B) generated by RatWalk analysis. Coordinating patterns occur with paw 

placement in a 1-4 pattern. LF, left forelimb; LH, left hindlimb; RF, right forelimb; RH, right 

hindlimb.  
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2.7 Tissue processing and morphological analysis 

At the experimental end point rats were euthanised with a lethal injection (IP) of sodium 

pentobarbitone (lethabarb; Virbac, Carros, France). Cardiac blood was collected from 

the right atrium (“heart bleed”) using a 26G needle attached to a 3 mL syringe (Terumo) 

immediately before transcardial perfusion with 150 mL of heparinised PBS (1% (v/v) 

heparin (Hospira, Lake Forest, IL, USA)) and fixation with 150 mL of 4% (w/v) PFA. The 

vertebral column was removed and post-fixed (4% (w/v) PFA) for at least 24 hours at 

4°C before the spinal cord was dissected out and stored in 4% (w/v) PFA at 4°C. 

A 1 cm segment of spinal cord, with the injury site at the midpoint of the segment, was 

removed for sectioning. The spinal cord segment was cryoprotected in 30% (w/v) 

sucrose in PBS O/N at 4°C, then embedded in 10% (w/v) gelatin (Difco™; Becton 

Dickinson) in PBS. The gelatin block was fixed in 4% (w/v) PFA for 2 hours at RT, 

cryoprotected in 30% (w/v) sucrose O/N at 4°C, then frozen O/N at -20°C. Spinal cord 

blocks were sectioned using a CM3050 Leica cryostat (temperature maintained at -20--

22°C; Leica Biosystems, Nussloch, Baden-Württemberg, Germany) and serial 40 μm 

thick longitudinal sections were transferred in sequence to 24-well plates containing 

0.2% (v/v) sodium azide (Sigma-Aldrich) in PBS. All sections were stored at 4°C until 

used for histological staining and immunohistochemistry.  

2.7.1 Toluidine blue staining and cyst analysis 

To analyse cyst formation within the lesion site, every sixth spinal cord section was 

mounted onto subbed slides (2% (w/v) gelatin, 0.2% (w/v) chromium (III) potassium 

sulphate (Sigma-Aldrich) in dH2O) and allowed to air-dry O/N. Slides were submerged in 

toluidine blue solution for 30-40 seconds, immediately rinsed in dH2O and dehydrated in 

graded alcohols (70, 90 and 100% (v/v)) for 3 mins each. Slides were air-dried O/N then 

coverslipped with DPX mounting medium or Leica CV Mount (Leica Biosystems). 

Toluidine blue stained slides were scanned at 20X magnification using a Leica Aperio 

ScanScope XT digital slide scanner (Leica Biosystems), and the resulting data files were 

processed using Aperio ImageScope software (Leica Biosystems). The centre of the 

injury site of each section was aligned to 0 mm and a 6-7 mm long (± 3-3.5 mm from 0 

mm) area was extracted for image analysis. Only complete sections that contained areas 

of cyst or with an observable injury site were used for cyst analysis (i.e. incomplete 

sections towards the outer edges (right to left) of the spinal cord were excluded).  

Image-Pro Plus software (version 6.2; Media Cybernetics, Rockfield, MD, USA) was 

used to outline the borders of each section and all cysts, in order to calculate the total 

tissue and cyst areas. The resulting measurements were exported to Microsoft Excel for 
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further analysis. The cyst areas for each section were summed and used to calculate the 

total cyst area as a percentage of the total section area. The percentage cyst for each 

section was averaged across all sections analysed to give the average percentage cyst 

per animal, which were then averaged for each treatment group.  

2.7.2 Immunohistochemistry and fluorescence quantitation 

The fluorescence intensity of neuronal ( III tubulin, GAP43, SMI32), glial (S100, GFAP), 

extracellular matrix (ECM; laminin) and immune cell (Iba1, ED1) markers was analysed 

on 3 sections (each 240-320 μm apart) per antibody, surrounding the midline of the spinal 

cord. Free-floating sections were blocked in 10% (v/v) FBS and 0.02% (v/v) Triton-X 100 

in PBS for 30 mins at RT. Sections were washed 3 times over 5 mins in PBS and 

incubated with primary antibodies (Table 2.3) diluted in PBS O/N at 4°C in a humidified 

chamber. The primary antibody was removed, sections were washed 3 times over 5 mins 

in PBS and incubated with secondary antibodies (Table 2.3) diluted in PBS for 30 mins 

at RT, protected from light. The secondary antibody was removed and sections were 

washed 3 times over 5 mins in PBS, mounted onto slides (Menzel-Gläser) and allowed 

to air-dry (1-2 hours) before being coverslipped with ProLong® Diamond Antifade 

Mountant (Molecular Probes, Eugene, OR, USA) and air-dried O/N, protected from light. 

All slides were stored at 4°C, protected from light, until imaged.  

Table 2.3 Primary and secondary antibodies used for immunohistochemistry; targets of each 

antibody are italicised. Cy, cyanine; FITC, fluorescein; GAP, growth associated protein; GFAP, 

glial fibrillary acidic protein; Gt, goat; Ms, mouse; Rb, rabbit. 

Primary Antibody Host Dilution Manufacturer Catalogue # Lot # 
Anti-Rat CD68 (ED1) 
(microglia/macrophages) Ms 1:250 Bio-Rad MCA341R 1014 

Anti-GAP43 
(neuronal) Ms 1:200 Life Technologies 33-5000 QC214626 

Anti-GFAP 
(astrocytes, Schwann cells) Rb 1:1000 Dako Z0334 20025480 

Anti-Iba1 
(microglia/macrophages) Rb 1:500 Wako 019-19741 LKN4881 

Anti-Laminin 
(extracellular matrix) Rb 1:1000 Sigma L9393 015M4881V 

Anti-Neurofilament H 
(SMI32) (neuronal) Ms 1:1000 BioLegend 801701 B198916 

Anti-S100-  
(astrocytes, Schwann cells) Ms 1:500 Sigma S2532 070M4767 

STEM101 
(human cells) Ms 1:200 Cellartis Y40400 AF2L001 

AF9L001
Anti-Tubulin -3  
( III tubulin) (neuronal) Rb 1:1500 BioLegend 802001 B209045 

Secondary Antibody Host Dilution Manufacturer Catalogue # Lot # 

Cy3 Anti-Ms Gt 1:500 Jackson 
ImmunoResearch 115-166-062 121709 

FITC Anti-Rb Gt 1:300 Jackson 
ImmunoResearch 111-096-045 122343 
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Tiled fluorescent images were taken at 20X magnification on 2 different platforms using 

a Photometrics CoolSNAP EZ camera attached to a Nikon Eclipse Ti microscope with 

NIS-Elements BasicResearch software or a Photometrics CoolSNAP EZ camera 

attached to an Olympus IX81 inverted microscope (Olympus, Shinjuku, Tokyo, Japan) 

with Cell P software (version 3.4; Olympus). For quantitative analysis of fluorescence 

intensity, the images for each antigen were taken using the same exposure time, gain 

and camera settings. Sections were not exposed to light prior to imaging and all sections 

stained with a particular antibody, for each experiment, were imaged on the same 

platform during the same imaging session. Following imaging, some sections were 

reimaged using confocal microscopy (as outlined below, section 2.7.3) in order to 

analyse possible donor hMPC and host tissue interactions using various neuronal, glial 

and immune cell markers.  

Fluorescent images were analysed with NIS-Elements BasicResearch software to 

determine (i) the fluorescence intensity of whole images, and (ii) the areas of 

background, negative tissue and positive tissue based on thresholding. Thresholds were 

determined by eye based on the criteria outlined in Table 2.4, and the suitability of these 

thresholds was tested on at least 10 randomly chosen sections per antigen, per 

experiment. The minimum, maximum, average and sum intensity, and threshold area 

(threshold analysis only) were recorded and averaged across the 3 images for each 

animal, then averaged for each treatment group.  

Table 2.4 Thresholding criteria for fluorescence quantitation analysis for background (BG), and 

negative (-), weak positive (+), positive (++), and strong positive (+++) tissue. 

BG slide background – areas surrounding sections and within large cysts that are void of 
tissue 

- negatively stained tissue – tissue autofluorescence based on the average 
fluorescence intensity of control sections incubated with secondary antibody only 

+ weak positive staining with tissue and macrophage autofluorescence 

++ positive staining with minimal background macrophage autofluorescence 

+++ strong positive staining with no background autofluorescence 
 

2.7.3 Detection and quantification of human nuclei 

Human MPC survival was confirmed with STEM101 detection of human nuclei in spinal 

cord sections. Three sections per animal were double stained to assess the potential co-

localisation of STEM101 with III tubulin (neuronal), GFAP (glial), and laminin (ECM). 

The sections analysed were selected based on the results of toluidine blue staining. 

Potential hMPC grafts were identified in toluidine blue stained sections as dark blue 

stained, dense fibrous, areas that had a particular alignment within the tissue (see 
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Chapter 3, section 3.3.4). Where possible, sections immediately adjacent to hMPC 

containing toluidine blue sections were stained for human nuclei, otherwise the nearest 

possible sections were used (either 3 consecutive sections, or 3 sections each 240-320 

μm apart were used). If hMPCs were not identified on toluidine blue stained sections, 

sections around the midline of the spinal cord were used. Immunohistochemistry was 

carried out as detailed above (Section 2.7.2). 

For identification of human nuclei (hMPCs), tiled confocal images were taken at 20X 

magnification on a Nikon A1 Confocal Microscope (Nikon) with NIS-Elements 

AdvancedResearch software (version 4.13; Nikon). Images were taken at 1.5 μm z-step 

intervals through the tissue, and the resulting image at each step was analysed for 

antigen co-localisation. Maximum intensity projection images were created from z-stacks 

using NIS-Elements AdvancedResearch software, and were analysed for human nuclei. 

Due to limitations on the location of sections (within the spinal cord and relative to the 

cell transplant location) and the number of sections available for STEM101 

immunohistochemistry, one section per animal was used for human nuclei counts. The 

section that appeared to have the largest number of STEM101+ nuclei was analysed. 

STEM101+ human nuclei were manually counted using Image-Pro Plus software and the 

average number of human nuclei was calculated for each treatment group.  

2.7.4 Image presentation 

All toluidine blue stained and fluorescent images presented in the results sections are 

orientated with the dorsal aspect of the spinal cord towards the top of the page and the 

ventral aspect towards the bottom of the page.  

All representative images used for fluorescence intensity quantitation that are presented 

in the Spinal cord morphology results sections have been identically modified to maintain 

differences between groups (see Chapter 3, section 3.3.6; Chapter 4, section 4.3.5; 

Chapter 5, section 5.3.4). All fluorescent images presented in the Donor human 

mesenchymal precursor cell survival results sections are confocal maximum projection 

images (see Chapter 3, section 3.3.4; Chapter 4, section 4.3.3; Chapter 5, section 5.3.2).  

2.8 Statistical analysis 

All statistical tests were conducted using GraphPad Prism (version 7.01; GraphPad, San 

Diego, CA, USA) and/or GenStat (18th Edition; VSN International Ltd, Hemel Hempsted, 

Hertfordshire, England). Statistical analysis of BBB scoring was carried out using the 

Kruskal-Wallis test (non-parametric analysis of variance (ANOVA)) with Bonferroni 

correction for multiple comparisons. Paired t-tests were used to assess differences 

between individual treatment groups at different time points (APP96-110 LadderWalk 
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and RatWalk data only). Two-sample t-tests were used to assess differences in human 

nuclei counts for all experiments. One- or two-way ANOVA with Fisher’s Least Significant 

Difference (LSD; at 5%) were used for all other analyses to assess differences between 

pre-injury animals and each treatment group (one-way ANOVA), and differences 

between treatment groups while accounting for the possible effect of cell/drug therapy 

(two-way ANOVA). P < 0.05 was considered to be statistically significant for all statistical 

tests. 

A list of the significance indicators used for each experiment are included in Appendix E. 
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3 NATURAL KILLER CELL DEPLETION 

3.1 Introduction 

Rodent and human mesenchymal precursor cell (MPC) transplantation frequently 

improves functional and morphological outcomes in a number of experimental spinal 

cord injury (SCI) models in rodents, with improvements in functional recovery, tissue 

sparing (reductions in cyst size), axonal regrowth/regeneration and remyelination 

(Sasaki et al., 2001; Hofstetter et al., 2002; Ankeny et al., 2004; Chiba et al., 2009; Gu 

et al., 2010; Ritfeld et al., 2012). These improvements occur even with no or poor survival 

of transplanted MPCs in the injured spinal cord (Wu et al., 2003; Ide et al., 2010; Torres-

Espin et al., 2014). However, multiple MPC injections can also significantly improve 

donor MPC grafting and functional and morphological outcomes following SCI (Bakshi 

et al., 2006; Cizkova et al., 2011; Jarocha et al., 2015). Promoting or prolonging donor 

MPC survival may enhance their beneficial effects, and lead to greater functional and 

morphological improvements than those that have been reported previously with hMPC 

transplantation following SCI (reviewed by (Forostyak et al., 2013; Vawda and Fehlings, 

2013; Dasari et al., 2014; Oliveri et al., 2014)). In many experimental studies, donor 

MPCs are often cleared from the body within two to four weeks post-transplantation, 

even with the use of immunosuppressive drugs or immunodeficient animal models to 

reduce the T cell activity that is usually responsible for graft rejection (Sheth et al., 2008; 

Hodgetts et al., 2013a, b). This suggests that another aspect of the immune system may 

be responsible for early donor MPC death following transplantation.  

Natural killer (NK) cells of the innate immune system provide immediate defence against 

infection and tumour formation through direct target cell-NK cell interactions. Ligands 

expressed on potential target cells bind to inhibitory or activatory NK cell receptors, which 

can activate NK cells and lead to lysis of the target cell (Moretta et al., 2001; Pegram et 

al., 2011; Campbell and Hasegawa, 2013). NK cells may specifically target transplanted 

MPCs due to MPCs lacking major histocompatibility complex (MHC) antigens, which 

provide major inhibitory signals to NK cells, as well as MPCs expressing a number of NK 

cell activating ligands on their cell surface (Le Blanc et al., 2003; Poggi et al., 2005; 

Spaggiari et al., 2006; Poggi et al., 2007). These ligand-receptor interactions may 

facilitate NK cell activation and subsequent NK-mediated MPC death. The potential for 

NK cell depletion to promote donor cell/tissue survival has been demonstrated previously 

(Hodgetts et al., 2000; Yoshino et al., 2000; Yamanokuchi et al., 2005; Chen et al., 2006; 

Thorrez et al., 2008; Ishiyama et al., 2011), and may also be useful in MPC 

transplantation therapies where reducing or inhibiting NK cell activity may prolong donor 

MPC survival. Additionally, although NK cells may not have a major role in the 
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development of SCI pathophysiology, depleting NK cells may assist in reducing 

inflammatory signalling at the immediate injury site (from NK cells, and dendritic cells 

and T cells that are modulated by NK cells) (Walzer et al., 2005; Caligiuri, 2008; 

Lunemann et al., 2009; Pallmer and Oxenius, 2016) and perhaps ameliorate secondary 

inflammatory events.  

In this study, Nude rats received a moderate contusive SCI and were treated with anti-

asialo GM1 antibody twice weekly for two weeks, starting immediately following SCI 

surgery, in order to deplete NK cells. This regime was chosen in order to prime the body 

and deplete NK cells prior to viable/non-viable (nv) human MPC (hMPC) transplantation 

at one week post-injury, and to maintain NK cell depletion for at least one additional week 

post-transplantation (up to two weeks post-injury). Because the majority of donor hMPCs 

are cleared from the body within two weeks post-transplantation, it is hypothesised that 

depleting NK cells will prevent early NK-mediated hMPC death and may prolong donor 

cell survival, potentially improving the beneficial outcomes that are reported with hMPC 

transplantation following SCI.  
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3.2 Methods 

3.2.1 Chromium-51 release cytotoxicity assay 

To confirm NK cell depletion by anti-asialo GM1, a chromium-51 (51Cr) release 

cytotoxicity assay was used to determine the percentage lysis of target cells (YAC-1, 

labelled with 51Cr) by effector cells (NK cells present in fresh spleen preparations) 

(Wallace et al., 2004). For untreated samples or where NK cell depletion has been 

ineffective, higher levels of 51Cr will be detected, whereas where NK cell depletion has 

been achieved, lower levels of 51Cr will be detected. 

3.2.1.1 Target cell preparation 

YAC-1 cells (TIB-160™) obtained from American Type Culture Collection (ATCC; 

Manassas, VI, USA) were subcultured as per suppliers’ instructions. Briefly, frozen cells 

were rapidly thawed in a 37°C water bath and transferred to a 15 mL centrifuge tube 

(Corning) containing RPMI-1640 media (Gibco) supplemented with 10% (v/v) heat 

inactivated foetal bovine serum (hiFBS; Gibco) and 1% (v/v) GlutaMAX™ (GM; Gibco) 

(YAC-1 culture media). Cell suspensions were centrifuged for 5 mins at 125 ×g, the 

supernatant was discarded and the cell pellet resuspended in fresh YAC-1 culture media 

to wash. Cell number was determined and the cells were seeded into T25 flasks 

(Corning) at a concentration of 2 × 105 cells/mL in 5 mL and incubated at 37°C in a 5% 

(v/v) CO2 incubator for subculture. Fresh YAC-1 culture media (5 mL) was added to the 

flasks every 3-4 days to maintain cell concentration at 2 × 105-2 × 106 cells/mL. To 

perform a complete media change, the flasks were gently tapped to return semi-adherent 

cells to suspension, and cell suspensions were collected in 50 mL centrifuge tubes 

(Corning). Cell suspensions were centrifuged, the supernatant was discarded and the 

cell pellet was resuspended in fresh YAC-1 culture media and reseeded into T25 flasks. 

For labelling with 51Cr, YAC-1 cells were seeded into T25 flasks at a concentration of  

5 × 106 in 5 mL YAC-1 culture media, and 200 μL sodium chromate (5 mCi/mL; 

PerkinElmer, Waltham, MA, USA) was added to the media and incubated for 4 hours 

(37°C, 5% (v/v) CO2). Following incubation, the cells were transferred to a 15 mL 

centrifuge tube, centrifuged and washed in fresh media. Labelled YAC-1-51Cr cells were 

seeded into 96-well culture plates (Corning) at a concentration of 1 × 105 cells in 50 μL 

media/well (Table 3.1). 

3.2.1.2 Effector cell preparation and sample incubation 

To deplete NK cells, uninjured CBH-rnu/Arc (Athymic Nude) rats (  12 weeks, 140-170 

g; Animal Resources Centre, Perth, Western Australia, Australia) were treated with low 

(80 μL/injection, intraperitoneal (IP)) or high (200 μL/injection, IP) dose anti-asialo GM1 
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reconstituted in sterile distilled water (dH2O), as per manufacturer’s instructions (lot 

#DBJ5790; Wako, Richmond, VA, USA) twice weekly for 2 weeks (D0, 3, 7, 10, 14) prior 

to sampling (D15). Splenocyte populations (containing NK cells (effector cells)) were 

isolated from the spleens of untreated (control) and antibody treated animals. All spleens 

and resulting splenocyte populations were maintained as individual samples and 

prepared separately. Animals were deeply anaesthetised with 4% (v/v) isoflurane 

(Bayer) combined with nitrous oxide (60% (v/v); 0.4 l/min) and oxygen (38.5% (v/v); 2 

l/min), the spleen was removed and animals were euthanised by decapitation. Individual 

spleens were transferred to 35 mm tissue culture dishes (Corning) containing cold 

phosphate buffered saline (PBS; Gibco), and finely minced with surgical scissors (FST). 

The resulting cell suspensions were passed through 100 μm cell strainers (Becton 

Dickinson), centrifuged at 150 ×g for 5 mins and washed twice in PBS. Cell number was 

determined and the cell concentration was adjusted to 2 × 108 cells/mL for each sample. 

Effector cells were added in triplicate, to 96-well plates containing target cells, at 

target/effector cell ratios of 1:10, 1:50 and 1:100 (Table 3.1) (50 μL/well, final volume 100 

μL/well). Effector cells were not added to control samples, which instead received 

additional media (negative, spontaneous release) or 10% (v/v) sodium dodecyl sulphate 

(SDS; Sigma-Aldrich) in culture media (maximum release). The 96-well plates were 

incubated for 4 hours (37°C, 5% (v/v) CO2) to allow NK cells in the effector cell population 

to lyse YAC-1 target cells.  

Table 3.1 Chromium-51 (51Cr) release cytotoxicity assay target cell (YAC-1 ± 51Cr) and effector 

cell (splenocyte) seeding numbers. Dash (-) indicates the absence of 51Cr and/or effector cells for 

control samples. 

Sample 
Target Cells Effector Cells 

51Cr # cells # cells 

Negative control - 1 × 105 - 

Spontaneous release (SR)  1 × 105 - 

Maximum release (MR)  1 × 105 - 

Sample 1:10  1 × 105 1 × 106 

Sample 1:50  1 × 105 5 × 106 

Sample 1:100  1 × 105 1 × 107 

Following incubation, 96-well plates were centrifuged at 300 ×g for 10 mins and the 

supernatant from each well was transferred to scintillation vials (PerkinElmer) containing 

0.5 mL scintillation cocktail (PerkinElmer), ensuring that the cell pellet was not disrupted 

during transfer. Each sample was analysed with a Tri-Carb 1500 liquid scintillation 

analyser (Packard BioScience, PerkinElmer) and the number of 51Cr particles released 
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per minute (counts per minute) was recorded for each sample. Target cell lysis was 

calculated by the formula; 

Percent specific lysis = [(sample release – SR)/(MR – SR) x 100]. 

3.2.2 Experimental groups 

SCI surgery was performed as detailed previously (Chapter 2, section 2.3). Anti-asialo 

GM1 (in sterile dH2O, 80 μL/injection, lot #DBJ5790, lot #TGP5888; Wako) was 

administered (IP) twice weekly for 2 weeks (D0, 3, 7, 10 and 14) starting immediately 

following SCI surgery (D0). The anti-asialo GM1 dose for was determined from the 

results of the 51Cr release cytotoxicity assay (see section 3.3.1). A group of animals 

received control antibody, human immunoglobulin G (hIgG; 0.5 mg/kg in dh2O; Sigma), 

twice weekly for 2 weeks (D0, 3, 7, 10 and 14) starting immediately following SCI (D0). 

At 1 week post-injury (wpi), a cohort of animals received transplantation of viable/nv-

hMPCs (5 × 105 cells in 8 μL PBS total; detailed methods outlined in Chapter 2, section 

2.5). A number of animals (n = 8) experienced severe weight loss, rash development 

and/or issues with bladder voiding (due to suspected clitoral/vaginal cysts) shortly after 

SCI and GM1 treatment and were sampled earlier than planned, at 3 wpi rather than 5 

wpi, therefore animals were sacrificed at 3, 5 or 9 wpi (Table 3.2). 

Table 3.2 NK cell depletion treatment groups and numbers of animals sacrificed at 3, 5 and 9 

weeks post-injury. Asterisk (*) indicates control treatment groups that are shared with the TNF  

inhibition experiment (Chapter 4); double asterisk (**) indicates animals that were due to be 

sampled at 5 wpi, but experienced adverse events following SCI and GM1 treatment and were 

sampled at 3 wpi; -, no animals; hIgG, human immunoglobulin G; hMPCs, human mesenchymal 

precursor cells; nv, non-viable; wpi, weeks post-injury. NOTE: This experiment was originally 

designed to have an extended 9 week time point which was completed for some treatment groups, 

and these have been included accordingly (9 week time points were not completed as the 5 week 

time points did not show any functional or morphological improvements). 

Treatment 
N = 

3 wpi 5 wpi 9 wpi 

SCI only* - 13 10 

SCI + 0.5 mg/kg hIgG* - 6 7 

SCI + GM1 3** 3 - 

SCI + hMPCs* - 10 7 

SCI + GM1 + hMPCs 5** 5 - 

SCI + nv-hMPCs* - 11 7 

SCI + GM1 + nv-hMPCs - 6 - 
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3.3 Results 

3.3.1 Chromium release assay 

NK cell depletion by anti-asialo GM1 was assessed using a 51Cr release assay. At a 1:10 

target/effector cell ratio the percent specific lysis was 10.7% for untreated animals, and 

5.7%, and 7.1% for animals treated with low (80 μL/injection), and high (200 μL/injection) 

dose anti-asialo GM1, respectively. GM1 treatment reduced YAC-1 cell lysis, indicating 

that some degree of NK depletion had been achieved in these animals. Based on these 

results, all SCI GM1 treated animals received 80 μL of GM1/injection. 

3.3.2 Donor human mesenchymal precursor cell differentiation and 
characterisation 

Flow cytometry analysis carried out by CTTWA showed both donor hMPC populations 

were positive (  95% positive) for CD105, CD90 and CD73, and negative (  2% positive) 

for CD45, CD34, CD19, CD11b and HLA-DR cell surface markers (not shown).  

Human MPCs were successfully differentiated in vitro into osteoblasts, adipocytes and 

chondrocytes (Figure 3.1), confirming their multipotent potential. Osteogenic 

differentiation was confirmed by the presence of Alizarin Red S stained extracellular 

calcium deposits which covered a large proportion of the culture area (ii). Adipogenic 

differentiation was confirmed by the appearance of Oil Red O stained lipid vacuoles 

within cells (iii). No Alizarin Red S or Oil Red O staining was present in undifferentiated 

(control) hMPC populations (i). Chondrogenic differentiation was confirmed by the 

development of a chondrogenic pellet in vitro, that contained extensive extracellular 

matrix that was visible on pellet sections stained with toluidine blue (vi). 

Immunostaining demonstrated that both donor cell populations (A, B) were positive for 

STEM101 human nuclear (Figure 3.2 i) and STEM121 human cytoplasmic (not shown) 

markers. Human MPC populations showed variable expression of III tubulin (ii), 

fibronectin (iii), S100 (vi) and laminin (not shown), and were negative for GAP43, SMI32, 

MAP2, MAP5, GFAP and p75 (not shown). 
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Figure 3.1 In vitro differentiation of hMPCs. Human MPCs (i) from two donor cell populations (A, 

B) were differentiated along the mesenchymal lineage. Differentiation was confirmed by Alizarin 

Red S staining of extracellular calcium deposits produced by osteoblasts (ii), Oil Red O staining 

of lipid vacuoles within adipocytes (iii) and toluidine blue staining of extracellular matrix in 

chondrocyte pellet sections (iv). Scale bar represents 50 μm.  
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Figure 3.2 In vitro characterisation of hMPCs. Human MPCS from two donor cell populations (A, 

B) were positive for STEM101 human nuclei marker (i), III tubulin (iii), fibronectin (iii) and S100 

(iv). Both donor cell populations showed similar growth, morphology and antigen expression in 

vitro. Scale bar represents 50 μm. 



Natural Killer Cell Depletion 

83 

3.3.3 Functional recovery 

Hindlimb (HL) function was assessed weekly using open field locomotor (BBB) scoring 

(see Chapter 2, Table 2.2 for BBB scores and associated criteria) (Basso et al., 1995). 

There was a gradual recovery of function over the five week experimental period after 

complete loss of HL function immediately following moderate contusive SCI (D0) (Figure 

3.3; weekly average BBB scores ± SEM are shown in Appendix D, Table D.1). All groups 

demonstrated slight to extensive movement of all 3 HL joints (BBB 5-7) at D7 post-SCI 

with some exhibiting a HL sweeping pattern (rhythmic movement of the HL with extensive 

joint movement; BBB 8). All groups demonstrated occasional (BBB 10), or frequent (BBB 

11) weight-supported plantar stepping by D28, but did not recover FL-HL coordination 

by the experimental end point (D35). There was a significant increase in BBB score with 

GM1 (10.8 ± 0.17) compared to nv-hMPCs (9.0 ± 0.27) and GM1 + nv-hMPCs (9.0 ± 

0.26) at D14 (P < 0.05, Kruskal-Wallis test), however this was a transient increase early 

after SCI and did not contribute to any significant functional recovery at D35. There were 

no significant differences in the average BBB score at D35 between any groups (P > 

0.05, Kruskal-Wallis test). 

B
B

B
 S

co
re

Figure 3.3 Open field locomotor recovery as assessed with BBB scoring. Weekly average BBB 

scores (± SEM) show a gradual recovery of hindlimb function following induction of SCI at D0. At 

D14, GM1 (dark green) animals scored significantly higher than nv-hMPCs (light blue) and GM1 

+ nv-hMPCs (dark blue) (* P < 0.05, Kruskal-Wallis test). There were no significant differences in 

BBB scores at D35 (P > 0.05, Kruskal-Wallis test), with GM1 + hMPCs scoring 10 (rounded 

average), and all other groups scoring 11 (rounded average) (P > 0.05, Kruskal-Wallis test); hIgG, 

human immunoglobulin G; hMPCs, human mesenchymal precursor cells; nv, non-viable. 
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3.3.4 Donor human mesenchymal precursor cell survival 

Donor hMPCs were identified in toluidine blue stained sections and their presence was 

confirmed with the detection of STEM101 immunoreactivity for human nuclei on 

neighbouring spinal cord sections. Regions containing hMPCs were visible in toluidine 

blue stained sections as dark blue stained, dense, fibrous areas that had a particular 

alignment within the tissue (extending rostral/caudal from the injection site or 

dorsal/ventral along the transplantation needle track) (Figure 3.4 Ai, Bi; dotted lines 

represent the approximate location of the hMPC graft). In fluorescent images, STEM101 

was associated with oval nuclei that were uniform in size and shape (Figure 3.4 Aii, Bii; 

dotted lines border the STEM101+ human nuclei, representing the majority of the hMPC 

graft). Human nuclei were distinguishable from surrounding autofluorescent 

macrophages due to their uniform fluorescence, oval shape and smooth/even borders, 

whereas macrophages exhibited intense and varied autofluorescence and a 

foamy/spongy morphology with uneven borders. This was also confirmed on 

neighbouring double labelled sections where human nuclei appear red and 

autofluorescent macrophages appear yellow (Figures 3.5 Ai and 3.6 Ai, Aii). Human 

MPCs were found in discrete niches within the lesion site and/or aligned within the needle 

track (Figures 3.4 Bii, arrowheads, and 3.5 Bi), with no migration into surrounding intact 

host tissue, although in some cases hMPCs did migrate 1-2 mm (rostral/caudal) within 

the lesion site itself (Figure 3.4 Aii, Bii). 

Donor hMPCs survived to at least 4 weeks post-transplantation (wpt) and were present 

within the spinal cords of the majority of animals that received transplantation of viable 

hMPCs (100% of hMPCs, 75% of GM1 + hMPCs; identified by STEM101 

immunofluorescence) (Table 3.3). The number and location of STEM101+ nuclei varied 

between sections from individual animals, and between animals within treatment groups, 

with some sections containing numerous STEM101+ nuclei while others had very few 

STEM101+ nuclei (e.g. Figure 3.6 Ai vs Aii). In contrast, no animals that received nv-

hMPCs had cells present at 4 wpt (Table 3.3). There was a significant increase in the 

average number of STEM101+ nuclei with viable hMPCs (hMPCs and GM1 + hMPCs) 

compared to nv-hMPCs (nv-hMPCs and GM1 + nv-hMPCs; P < 0.05, t-test), but there 

was no difference in the average number of STEM101+ nuclei between hMPCs (318.5 ± 

109.1) and GM1 + hMPCs (421.3 ± 94.3; P > 0.05, t-test). GM1 depletion of NK cells did 

not influence the number of animals that had hMPCs surviving to 4 wpt (as it was 100% 

with hMPCs only), nor the number of cells surviving to 4 wpt. Analysis of toluidine blue 

stained sections indicated that nv-hMPCs were present in a greater number of animals 

than what was confirmed with STEM101 immunofluorescence (Table 3.3). This may be 

due to hMPCs influencing tissue morphology within the injury site shortly after 
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transplantation (irrespective of viability), resulting in the development of a fibrous graft 

area that is not characteristic of uninjured or injured spinal cord tissue. Additionally, nv-

hMPCs may be present within the spinal cord at 4 wpt but undetectable with STEM101 

antibody (which binds the Ku80 protein within the nucleus) due to their non-viability and 

related breakdown of nuclear proteins. Alternatively, the presence of nv-hMPCs could 

be assessed by western blot analysis of whole spinal cord lysates. 

Table 3.3 Quantitative analysis of donor hMPC survival at 4 weeks post-transplantation. Toluidine 

blue staining indicated that hMPCs and nv-hMPCs were present in spinal cord sections from a 

number of animals, however STEM101 immunofluorescence confirmed that only viable hMPCs 

were present at 4 weeks post-transplantation. There was a significant increase in the average 

number of STEM101+ human nuclei with viable hMPCs (hMPCs, GM1 + hMPCs) vs nv-hMPCs 

(nv-hMPCs, GM1 + nv-hMPCs) (* P < 0.05, t-test); hMPCs, human mesenchymal precursor cells; 

nv, non-viable. 

Treatment 
Samples with hMPCs Identified Avg # STEM101+ 

nuclei (± SEM) Toluidine Blue STEM101 

hMPCs 78% (7/9) 100% (4/4) 318.5 ± 109.1 * 

GM1 + hMPCs 100% (5/5) 75% (3/4) 421.3 ± 94.3 * 

nv-hMPCs  20% (2/10) 0% (0/4) 0 ± 0 

GM1 + nv-hMPCs 50% (3/6) 0% (0/4) 0 ± 0 
 

The in vivo phenotype of donor hMPCs and possible interactions between the cell graft 

and host tissue were assessed with double labelling of STEM101 with various markers, 

and immunostaining of sections adjacent to those that were positive for STEM101. 

Numerous III tubulin+ axons filled the lesion site and were closely associated with 

STEM101+ hMPCs (Figure 3.5 Ai, Bi), however there was no indication of hMPCs 

differentiating into neurons. Likewise, numerous GAP43+ (Aii, Bii) and SMI32+ (Aiii, Biii) 

fibres surrounded and extended through hMPC graft areas (on neighbouring sections). 

The majority of sprouting/regenerating neuronal fibres were disorganised and lacked 

uniform orientation through the injured tissue but appeared to be denser, more organised 

and orientated in the same direction in areas associated with donor hMPCs. Many fibres 

aligned with the hMPC graft and extended in both dorsal/ventral (Bii-iii, arrowheads) and 

rostral/caudal directions (Aii, arrowheads), which may indicate that donor hMPCs are 

promoting and/or supporting neuronal regrowth/regeneration. 

There was limited interaction between donor hMPCs and host glial cells, identified by 

GFAP (astrocytes) or S100 (astrocytes and infiltrating Schwann cells) immunoreactivity. 

There was intense GFAP immunoreactivity at the border between host tissue and the 

hMPC graft, and very few GFAP+ processes found within the graft (Figure 3.6 Ai, Bi). 
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Occasionally reactive GFAP+ astrocytes interacted with hMPCs at the border of the graft 

or in areas where there were fewer or more dispersed hMPCs than within the graft centre, 

although GFAP+ processes appeared to extend around the hMPCs rather than 

interacting with donor hMPCs or extending into the graft area (Ai, arrowheads). S100 

immunoreactivity followed a similar pattern with abundant S100+ profiles surrounding the 

graft, and very few S100+ process extending into the graft area (not shown). Intense 

GFAP immunoreactivity at the border between host tissue and donor cells may be an 

indicator of the early stages of glial scarring and over time GFAP+ process may extend 

into and/or seal off the graft area. Importantly, the absence of reactive astrocytes and/or 

Schwann cells within the graft may also be indicative of modulatory actions by the 

hMPCs to prevent or limit glial cell infiltration. 

As expected, extensive laminin deposition occurred within the injury sites of all hMPC 

transplanted animals and was strongly associated with donor hMPCs (Figure 3.6 Aii). 

The amount and density of laminin deposition appeared to be related to the size of the 

hMPC graft (not quantified), and tubular laminin+ profiles were orientated with the hMPC 

graft direction (as with the neuronal markers discussed previously; Figure 3.6 Bii).  

Iba1 and ED1 immunoreactivity identified resident and infiltrating microglia/macrophages 

within the injury site. Iba1+ cells exhibited an amoeboid morphology with short processes, 

characteristic of activated microglia (Figure 3.7 Ai, Bi), while ED1+ cells were large and 

foamy/spongy in appearance, characteristic of phagocytotic microglia/macrophages (Aii, 

Bii). Iba1+ cells were present throughout the injury site and within the graft area, often 

aligning with the hMPC graft (Bi, arrowheads). In contrast, ED1+ cells were often 

concentrated at the border of the graft with few ED1+ cells infiltrating the graft area. While 

some animals exhibited greater ED1+ microglial/macrophage infiltration into graft sites 

than others (Aii vs Bii), the overall ED1 immunoreactivity was weaker within hMPC graft 

areas than the surrounding tissue, suggesting that donor hMPCs may be influencing the 

activation and infiltration of microglia/macrophages to varying degrees. It is possible that 

microglia/macrophages were infiltrating the graft to clear donor hMPCs, however 

STEM101 and Iba1/ED1 double labelling could not be assessed due to antibodies being 

raised in the same host.  
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Figure 3.4 Donor hMPC survival at 4 weeks post-transplantation. Graft areas appear dark blue, 

dense and fibrous when stained with toluidine blue (i), and are positive for STEM101 human nuclei 

marker (ii) on adjacent sections. Dotted lines represent the approximate location of the majority 

of the hMPC graft. Human MPCs typically fill the lesion site (A) and/or extend dorsally and 

ventrally within the transplantation needle track (B, arrowheads). Scale bar represents 500 μm. 
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Figure 3.5 Association between donor hMPCs and neuronal fibres at 4 weeks post-

transplantation. Human MPC (A) and GM1 + hMPC (B) animals show abundant III tubulin (i), 

GAP43 (ii) and SMI32 (iii) positive neuronal fibres extending within the lesion site, and closely 

associated with donor hMPCs. Neuronal fibres were largely disorganised within the lesion site, 

however many were orientated with the hMPC graft (arrowheads). Scale bar represents 200 μm. 



Natural Killer Cell Depletion 

89 

Figure 3.6 Association between donor hMPCs and glial (GFAP) and extracellular matrix (laminin) 

markers at 4 weeks post-transplantation, in hMPC (A) and GM1 + hMPC (B) animals. GFAP+ 

astrocytes (i) surrounded the hMPC graft, occasionally associating with hMPCs (Ai, arrowheads), 

or extending fine processes into the graft. Extensive laminin (ii) deposition filled the lesion site 

and was closely associated with, and in some cases, orientated with donor hMPCs. Laminin 

deposition appeared denser in areas associated with donor hMPCs than in surrounding tissue. 

Scale bar represents 200 μm. 
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Figure 3.7 Association between donor hMPCs and microglia/macrophages at 4 weeks post-

transplantation. Iba1+ (i) and ED1+ (ii) microglia/macrophages were present throughout the lesion 

site of hMPC (A) and GM1 + hMPC (B) animals. Iba1+ cells exhibited an amoeboid morphology 

with short processes and were closely associated with donor hMPCs, often orientating with the 

hMPC graft. ED1+ (ii) cells exhibited a large, foamy/spongy morphology and were dispersed 

throughout the injury and graft sites (Aii), or concentrated at the graft border with very few cells 

infiltrating the hMPC graft (Bii). Scale bar represents 200 μm.  
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3.3.5 Cyst formation 

Every sixth spinal cord section was toluidine blue stained to assess tissue morphology 

and cyst formation at 5 wpi. Cyst formation occurred in all animals following SCI (Figure 

3.9 A-D). Large cysts were visible within the lesion epicentre of SCI only (A) and GM1 

(B) animals, and in some cases, cyst formation occurred in uninjured tissue rostral and 

caudal to the lesion site. In contrast, in animals that received hMPC transplantation (C, 

D), donor cells, spared/sprouting/regrowing tissue and extracellular matrix (ECM) 

deposits were present within the lesion epicentre, with smaller cysts surrounding, and 

rostral and caudal to, the primary injury site. The average cyst size was significantly 

smaller with hMPCs (7.1%), GM1 + hMPCs (8.0%) and GM1 + nv-hMPCs (7.6%) 

compared to SCI only (12.2%) (Figure 3.8;  P < 0.05, 2-way ANOVA), however there 

were no significant differences in the average cyst size between treatment groups (P > 

0.05, 2-way ANOVA). 

No Cells hMPCs nv-hMPCs
0

5

10

15

Cyst Size D35

Cell Preparation

C
ys

t S
iz

e 
(%

 ti
ss

ue
 a

re
a)

No GM1
GM1
No GM1
GM1

Figure 3.8 Analysis of cyst size at 5 weeks post-injury (D35). Every sixth spinal cord section was 

toluidine blue stained and analysed to calculate the average cyst size (± SEM) as a percentage 

of the total tissue area of a 7 mm long section. Human MPCs, GM1 + hMPCs and GM1 + nv-

hMPCs significantly reduced the average cyst size compared to SCI only (light green) (  P < 0.05, 

2-way ANOVA). There were no significant differences in the average cyst size between treatment 

groups (P > 0.05, 2-way ANOVA). Open bars indicate no GM1, striped bars indicate GM1 

treatment; hMPCs, human mesenchymal precursor cells; nv, non-viable.  
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Figure 3.9 Cyst formation in toluidine blue stained spinal cord sections. Representative images 

from SCI only (A), GM1 (B), hMPC (C), and GM1 + hMPC (D) animals. There is noticeable cyst 

formation (*) within, and immediately surrounding the injury site of all animals, with some smaller 

cysts present in uninjured tissue rostral and caudal to the injury site. The average cyst size of 

hMPCs (C) and GM1 + hMPCs (D) is significantly smaller than SCI only (A) (P < 0.05). Scale bar 

represents 500 μm. 
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3.3.6 Spinal cord morphology 

Neuronal immunostaining identified a clear injury site that was void of organised neuronal 

tissue, lacked distinguishable grey and white matter regions, and was bordered rostrally, 

caudally and ventrally by uninjured/spared tissue (Figures 3.10 ( III tubulin), 3.11 

(GAP43) and 3.12 (SMI32)). In some cases, the injury site extended up to 6 mm in length 

(rostral/caudal). There was a dense network of III tubulin+ fibres within the lesion site of 

all animals (Figure 3.10 A-D), while the numbers of GAP43+ and SMI32+ fibres varied 

greatly between animals and appeared more numerous in hMPC transplanted animals 

(Figures 3.11 and 3.12 C, D). In hMPC transplanted animals, SMI32+ fibres extended 

from uninjured tissue into the lesion site and/or graft area (Figure 3.12 C, D), however in 

animals that did not receive cell transplantation, SMI32+ fibres failed to extend into the 

lesion site (A, B). The majority of neuronal fibres extending within the lesion site lacked 

the orientation and organisation that is seen in uninjured tissue, however many fibres 

orientated in the direction of the hMPC graft (as discussed previously, section 3.3.4). 

Quantitation of the fluorescence intensity of neuronal markers revealed a significant 

increase in the average fluorescence intensity of III tubulin (Figure 3.13 A) and GAP43 

(Figure 3.13 B) with GM1 compared to SCI only ( ) and nv-hMPCs ( ), and GM1 + 

hMPCs and GM1 + nv-hMPCs compared to SCI only, hMPCs and nv-hMPCs (*) (P < 

0.05, 2-way ANOVA). This corresponded to a significant increase in the percentage of 

III tubulin+ tissue for GM1 (51.1%), GM1 + hMPCs (55.4%) and GM1 + nv-hMPCs 

(51.8%) compared to SCI only (29.2%), hMPCs (37.0%) and nv-hMPCs (29.6%), and 

was also significant when classified into weak positive (+), positive (++) and/or strong 

positive (+++) tissue (see Chapter 2, Table 2.4 for classifications) (GM1, GM1 + hMPCs 

and GM1 + nv-hMPCs compared to SCI only, hMPCs and nv-hMPCs (*), SCI only ( ) 

and/or nv-hMPCs ( ); Figure 3.14 A; P < 0.05, 2-way ANOVA). GM1 treatment (± 

viable/nv hMPCs) did not affect the average fluorescence intensity of SMI32 

immunostained sections, although there was a significant increase in fluorescence 

intensity with nv-hMPCs compared to GM1 ( ) (Figure 3.13 C). 

Glial immunomarkers identified astrocytes (S100+ or GFAP+; not double labelled) and 

infiltrating Schwann cells (S100+) that were evenly distributed throughout uninjured 

tissue but present within the lesion site in varying amounts (Figures 3.15 (S100) and 3.16 

(GFAP)). The lesion site was largely void of S100 and GFAP immunoreactivity, 

particularly in cell transplanted animals (as discussed previously, section 3.3.4), however 

some S100+ and GFAP+ cells did infiltrate the lesion site (Figures 3.15 A, C, D and 3.16 

A-D). GFAP immunoreactivity was strongest in tissue immediately adjacent to the injury 

site and/or the hMPC graft where glial scarring was likely to occur. There was a 

significant increase in the average fluorescence intensity of S100 (Figure 3.13 D) for 
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GM1 + hMPCs and GM1 + nv-hMPCs compared to SCI only ( ) and/or hMPCs ( ), and 

GFAP (Figure 3.13 E) for GM1, GM1 + hMPCs and GM1 + nv-hMPCs compared to SCI 

only, hMPCs and nv-hMPCs (*) (P < 0.05, 2-way ANOVA). The percentage of GFAP+ 

tissue was significantly higher with GM1 (56.2%), GM1 + hMPCs (60.9%), and GM1 + 

nv-hMPCs (63.9%) compared to SCI only (32.8%), hMPCs (37.6%) and nv-hMPCs 

(33.9%). This was also shown by a significant increase in the percentage of GFAP weak 

positive (+), positive (++) and strong positive (+++) tissue for GM1, GM1 + hMPCs and 

GM1 + nv-hMPCs compared to SCI only, hMPCs and nv-hMPCs (*) and/or SCI only ( ) 

and nv-hMPCs ( ) (Figure 3.14 B; P < 0.05, 2-way ANOVA).  

Laminin deposition occurred within the injury site of all animals; laminin filled and bridged 

the lesion site, extending between uninjured tissue rostral and caudal to the lesion site 

(Figure 3.17). Tubular laminin profiles appeared denser and more uniformly orientated 

in hMPC treated animals (C, D; as discussed previously, section 3.3.4). There was a 

significant increase in the average fluorescence intensity of laminin for GM1 compared 

to SCI only ( ), and GM1 + hMPCs and GM1 + nv-hMPCs compared to SCI only, hMPCs 

and nv-hMPCs (*) (Figure 3.13 F; P < 0.05, 2-way ANOVA). The percentage of laminin+ 

tissue was significantly higher with combined GM1 + hMPCs (29.8%), and GM1 + nv-

hMPCs (37.3%) compared to SCI only (14.0%), hMPCs (13.4%) and nv-hMPCs (15.3%). 

This was also shown by marked increases in the percentage of laminin weak positive 

(+), positive (++) and strong positive (+++) tissue for GM1 + hMPCs and GM1 + nv-

hMPCs compared to SCI only, hMPCs and nv-hMPCs (*) and/or GM1 ( ), hMPCs ( ) 

and nv-hMPCs ( ) (Figure 3.14 C; P < 0.05, 2-way ANOVA). GM1 significantly increased 

the amount of laminin positive (++) tissue compared to hMPCs ( ) only. 

Iba1+ and ED1+ microglia/macrophages were present within the lesion site and in 

surrounding uninjured tissue of all animals at 5 wpi (Figures 3.18 (Iba1) and 3.19 (ED1)). 

As discussed previously (section 3.3.4), Iba1+ cells exhibited a morphology characteristic 

of activated microglia, while the morphology of ED1+ cells was more characteristic of 

phagocytotic microglia/macrophages. There was a significant increase in the average 

fluorescence intensity of Iba1 with GM1, GM1 + hMPCs and GM1 + nv-hMPCs compared 

to SCI only, hMPCs and nv-hMPCs (*) (Figure 3.13 G; P < 0.05, 2-way ANOVA. Although 

there were no significant differences in the average fluorescence intensity of ED1 (Figure 

3.13 H) or the total amount of ED1+ tissue between groups, there was a significant 

decrease in the percentage of ED1 positive (++) and/or strong positive (+++) tissue for 

GM1 and GM1 + hMPCs compared to nv-hMPCs ( ), and for GM1 + nv-hMPCs 

compared to SCI only, hMPCs and nv-hMPCs (*) and/or hMPCs ( ) and nv-hMPCs ( ) 

(Figure 3.14 D; P < 0.05, 2-way ANOVA). A summary of the morphological changes with 

each treatment compared to SCI only is presented in Table 3.4. 
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Figure 3.10 III tubulin immunoreactivity. Representative III tubulin fluorescence intensity 

images from SCI only (A), GM1 (B), hMPC (C) and GM1 + hMPC (D) animals. III tubulin+ fibres 

were largely disorganised within the lesion site but appeared denser and/or more organised with 

hMPC transplantation (C, D). III tubulin fluorescence intensity was significantly higher for GM1 

(B) vs SCI only (A), and GM1 + hMPCs (D) vs SCI only (A) and hMPCs (C). The amount of III 

tubulin+ tissue was significantly higher for GM1 (B) and GM1 + hMPCs (D) vs SCI only (A) and 

hMPCs (C) (P < 0.05, 2-way ANOVA). Scale bar represents 500 μm. 
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Figure 3.11 GAP43 immunoreactivity. Representative GAP43 fluorescence intensity images from 

SCI only (A), GM1 (B), hMPC (C) and GM1 + hMPC (D) animals. GAP43+ neuronal fibres 

extended into the lesion site of all animals but were more numerous with hMPC transplantation 

(C, D). GAP43 fluorescence intensity was significantly higher for GM1 (B) vs SCI only (A), and 

GM1 + hMPCs (D) vs SCI only (A) and hMPCs (C) (P < 0.05, 2-way ANOVA). Scale bar 

represents 500 μm. 
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Figure 3.12 SMI32 immunoreactivity. Representative SMI32 fluorescence intensity images from 

SCI only (A), GM1 (B), hMPC (C) and GM1 + hMPC (D) animals. Few SMI32+ neuronal fibres 

were present within the lesion site of SCI only (A) and GM1 (B) animals, whereas numerous 

SMI32+ fibres fill the lesion site with hMPC transplantation (C, D). There were no significant 

differences in SMI32 fluorescence intensity between any groups (P > 0.05, 2-way ANOVA). Scale 

bar represents 500 μm. 
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Figure 3.13 Mean fluorescence intensities (± SEM) of immunostained sections. GM1 (± viable/nv 

hMPCs; striped bars) significantly increased the mean fluorescence intensity of III tubulin (A), 

GAP43 (B), S100 (D), GFAP (E), laminin (F) and Iba1 (G), but had no significant effect on SMI32 

(C) or ED1 (H) fluorescence intensity. Significance to SCI only, hMPCs and nv-hMPCs (*), SCI 

only ( ), nv-hMPCs ( ), hMPCs ( ) and GM1 ( ) (P < 0.05, 2-way ANOVA). Open bars indicate 

no GM1, striped bars indicate GM1 treatment; hMPCs, human mesenchymal precursor cells; nv, 

non-viable. 
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Figure 3.14 Percentage of immunoreactive tissue. Weak positive (+; purple), positive (++; red) 

and strong positive (+++; orange) tissue for III tubulin (A), GFAP (B), laminin (C) and ED1 (D) 

immunostained sections. GM1 (± viable/nv hMPCs) significantly increased the total amount of III 

tubulin+, GFAP+ and laminin+ tissue (not indicated), and the proportions of weak positive, positive 

and strong positive tissue. GM1 had no effect on the overall amount of ED1+ tissue, but 

significantly decreased the proportions of ED1 positive and strong positive tissue. Coloured 

markers represent significance between bars of the same colour. Significance to SCI only, 

hMPCs, nv-hMPCs (*), SCI ( ), GM1 ( ), hMPCs ( ) and nv-hMPCs ( ) (P < 0.05, 2-way ANOVA); 

hMPCs, human mesenchymal precursor cells; nv, non-viable. 
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Figure 3.15 S100 immunoreactivity. Representative S100 fluorescence intensity images from SCI 

only (A), GM1 (B), hMPC (C) and GM1 + hMPC (D) animals. S100+ astrocytes and/or Schwann 

cells were evenly distributed throughout uninjured tissue, but immunoreactivity varied greatly in 

injured tissue. Few S100+ profiles were found within the lesion site of all animals. S100 

fluorescence intensity was significantly higher for GM1 + hMPCs (D) vs SCI only (A) and hMPCs 

(C) (P < 0.05, 2-way ANOVA). Scale bar represents 500 μm. 
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Figure 3.16 GFAP immunoreactivity. Representative GFAP fluorescence intensity images from 

SCI only (A), GM1 (B), hMPC (C) and GM1 + hMPC (D) animals. GFAP+ astrocytes were 

distributed throughout uninjured tissue, however immunoreactivity was greatest in tissue 

immediately adjacent to the injury site and/or the hMPC graft (C). Few GFAP+ cells were found 

within the lesion site of all animals. GFAP fluorescence intensity and the amount of GFAP+ tissue 

were significantly higher for GM1 (B) and GM1 + hMPCs (D) vs SCI only (A) and hMPCs (C) (P 

< 0.05, 2-way ANOVA). Scale bar represents 500 μm. 
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Figure 3.17 Laminin immunoreactivity. Representative laminin fluorescence intensity images 

from SCI only (A), GM1 (B), hMPC (C) and GM1 + hMPC (D) animals. Extensive laminin 

deposition filled the lesion site of all animals, but was denser and more organised with hMPC 

transplantation (C, D). Laminin fluorescence intensity was significantly higher for GM1 (B) vs SCI 

only (A); and fluorescence intensity and the amount of laminin+ tissue was significantly higher for 

GM1 + hMPCs (D) vs SCI only (A) and hMPCs (C) (P < 0.05, 2-way ANOVA). Scale bar 

represents 500 μm. 
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Figure 3.18 Iba1 immunoreactivity. Representative Iba1 fluorescence intensity images from SCI 

only (A), GM1 (B), hMPC (C) and GM1 + hMPC (D) animals. Iba1+ microglia/macrophages 

exhibited an amoeboid morphology with short process and were present within the lesion site of 

all animals. Iba1 fluorescence intensity was significantly higher with GM1 (B) and GM1 + hMPCs 

(D) vs SCI only (A) and hMPCs (C) (P < 0.05, 2-way ANOVA). Scale bar represents 500 μm. 



Natural Killer Cell Depletion 

105 

 

Figure 3.19 ED1 immunoreactivity. Representative ED1 fluorescence intensity images from SCI 

only (A), GM1 (B), hMPC (C) and GM1 + hMPC (D) animals. ED1+ microglia/macrophages 

exhibited a large, foamy/spongy morphology and were distributed throughout uninjured and 

injured tissue in all animals. ED1 immunoreactivity was greater at the lesion site than in 

surrounding (uninjured) tissue. There were no differences in ED1 fluorescence intensity or the 

amount of ED1+ tissue between any groups (P > 0.05, 2-way ANOVA). Scale bar represents 500 

μm. 
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3.4 Discussion 

This experiment assessed whether anti-asialo GM1 depletion of NK cells prolongs the 

survival of transplanted hMPCs (in the injured spinal cord) and results in subsequent 

improvements in functional and morphological outcomes post-SCI, greater than those 

that have already been reported with hMPC transplantation (Forostyak et al., 2013; 

Vawda and Fehlings, 2013; Dasari et al., 2014; Oliveri et al., 2014).  

Clinical grade hMPCs used in this study were provided by Cell and Tissue Therapies 

Western Australia (Royal Perth Hospital, Perth, Western Australia, Australia) (Chapter 

2, section 2.1.1) and met all criteria to be defined as MPCs; plastic adherence in culture, 

specific cell surface marker expression and multipotent differentiation into osteoblasts, 

adipocytes and chondrocytes (Dominici et al., 2006). In vitro, hMPCs were positive for 

STEM101 (human nuclei), STEM121 (human cytoplasm), III tubulin, fibronectin, laminin 

and S100, and were negative for GAP43, SMI32, MAP2, MAP5, GFAP and p75. In 

contrast to our previous studies (Hodgetts et al., 2013a, b), in this study, viable donor 

hMPCs survived to at least four weeks post-transplantation and were present in the 

spinal cords of 100% of hMPC, and 75% of GM1 + hMPCs treated animals. No animals 

that received nv-hMPCs showed cells present within the spinal cord at four weeks post-

transplantation. There was a significant increase in the average number of STEM101+ 

human nuclei with transplantation of viable hMPCs (hMPCs, and GM1 + hMPCs) 

compared to nv-hMPCs (nv-hMPCs, and GM1 + nv-hMPCs) (P < 0.05), however there 

was no difference in the average number of STEM101+ nuclei between hMPCs and GM1 

+ hMPCs. NK cell depletion with anti-asialo GM1 did not improve donor hMPC survival 

at four weeks post-transplantation compared to hMPCs only. Although prolonged donor 

hMPC survival occurred (compared to our previous studies), there were no significant 

functional improvements (assessed with BBB scoring) with hMPC transplantation alone, 

or when combined with GM1 treatment. Morphologically, there was a significant 

reduction in cyst size with hMPCs only (P < 0.05), and a trend for reduced cyst size with 

GM1 treatment, which was significant when combined with viable/nv hMPCs (compared 

to SCI; P < 0.05). Donor hMPC viability did not significantly affect outcomes, however 

viable hMPCs appeared to have a greater influence on tissue morphology than nv-

hMPCs (qualitative observations of neuronal fibre and laminin density and organisation). 

Finally, GM1 treatment (± viable/nv hMPCs) altered tissue morphology, with increased 

fluorescence intensity of neuronal ( III tubulin, GAP43), glial (S100, GFAP) and ECM 

(laminin) markers (P < 0.05), and increased percentages of III tubulin+, GFAP+, and 

laminin+ tissue (P < 0.05), which was not seen with hMPC transplantation alone. GM1 

may also significantly influence immune cell activation and infiltration, and the balance 

between pro- and anti-inflammatory microglia/macrophage profiles, as seen by a 
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significant increase in Iba1 florescence intensity and a decrease in ED1 fluorescence 

intensity and the proportion of ED1+++ (strong positive) tissue (P < 0.05).  

The findings presented in this chapter contradict previous studies from our lab and others 

that reported donor hMPCs were cleared from the spinal cord within two weeks post-

transplantation (Hodgetts et al., 2013a, b; Ruzicka et al., 2016), but are in accordance 

with other studies that showed prolonged (> four week) survival of MPCs (Hofstetter et 

al., 2002; Ankeny et al., 2004; Lu et al., 2005; Sheth et al., 2008). The variation in the 

graft location and numbers of surviving hMPCs (within treatment groups) may be due to 

variation in the T cell responses of the heterozygous Nude rats used in this study (Festing 

et al., 1978; Brooks et al., 1980). While the T cell response may have a minimal 

contribution to hMPC rejection (as discussed previously, Chapter 1, section 1.4.1.1), T 

cell immunosuppression with Cyclosporin A (CsA) can somewhat improve hMPC survival 

in Nude rats (by two weeks), but did not improve functional or morphological outcomes 

above what was seen with hMPCs only (Hodgetts et al., 2013b). Although hMPC survival 

was prolonged in this study, there were no significant improvements in functional 

outcomes that are commonly, but not always, reported with hMPC transplantation (Gu 

et al., 2010; Ide et al., 2010; Quertainmont et al., 2012; Ritfeld et al., 2012; Matsushita 

et al., 2015; White et al., 2016). Donor hMPCs significantly reduced cyst size but had no 

effect on tissue morphology when assessed with neuronal, glial and ECM 

immunomarkers. Furthermore, there were no differences in functional or morphological 

(assessed with immunomarkers) outcomes between viable and non-viable hMPCs, 

however viable hMPC transplantation appeared to influence the morphology of the lesion 

site, which was not seen with nv-hMPCs. The disparity in the results presented in this 

study raises questions regarding MPCs and their effects following SCI, specifically, how 

do MPCs exert their beneficial effects in vivo, does MPC survival influence this activity, 

and importantly, do MPCs from different donors and sources produce different 

outcomes? 

The mechanisms by which MPCs exert their beneficial effects following SCI is still 

debated, with some researchers suggesting neuronal and glial differentiation are 

important factors, while many others believe MPCs promote endogenous (host) repair 

responses and/or interact with the host immune system (reviewed by (Forostyak et al., 

2013; Dasari et al., 2014; Spees et al., 2016)). In this study, there was no evidence of 

neuronal or glial differentiation of hMPCs (in vitro or in vivo) which supports the findings 

of others (Wu et al., 2003; Lu et al., 2005; Yoshihara et al., 2006; Lu et al., 2007). Even 

those that do report MPC differentiation (in vivo) often find that only a very small 

proportion (< 10%) of surviving MPCs express neuronal or glial markers (Chopp et al., 

2000; Lee et al., 2003; Ankeny et al., 2004; Zhao et al., 2004; Zurita and Vaquero, 2004; 
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Cizkova et al., 2006), and very rarely do these studies investigate whether these cells 

also exhibit functional properties of neurons or glia. The functional potential of 

“neuronally differentiated” MPCs is still questioned with some reporting that MPCs 

express neuronal markers but do not demonstrate electrophysiological properties of 

neurons (Hofstetter et al., 2002; Choi et al., 2006; Barnabe et al., 2009), while others 

report action potential generation, synapse formation, response to neurotransmitters, 

and neurotransmitter production in vitro (Cho et al., 2005; Wislet-Gendebien et al., 2005). 

However, the characteristics of these cells in vitro is not an indicator of how they may 

behave in vivo, particularly in disease or injury models. It may be that MPC upregulation 

of neuronal or glial markers (in vitro and in vivo), and morphological or functional changes 

may be part of a stress response rather than an indicator of true functional differentiation 

(Scuteri et al., 2011). Therefore, other mechanisms, aside from MPC differentiation, are 

likely to be responsible for the improvements that occur following MPC transplantation in 

SCI models.  

MPC transplantation into the spinal cord can directly influence the lesion site 

environment through the production of growth and trophic factors (by MPCs) and/or 

modulation of inflammation and immune cell responses, which can significantly improve 

tissue sparing, cell survival and axonal regeneration following SCI. In this study, surviving 

hMPCs often filled and bridged the lesion site, extending between uninjured rostral and 

caudal tissue. Here, they significantly reduced cyst size, and influenced the density, 

organisation and orientation of neuronal fibres, as previously reported (Hofstetter et al., 

2002; Ankeny et al., 2004; Zurita and Vaquero, 2004, 2006; Ide et al., 2010). The 

potential of MPCs to support neurite growth has been demonstrated previously in a 

number of in vitro co-culture experiments where MPCs significantly increased neurite 

number, length, density and branching from dorsal root ganglia (DRG), spinal neurons 

and neuroblastoma (SH-SY5Y) cells (Crigler et al., 2006; Wright et al., 2007; Gu et al., 

2010, 2012; Hodgetts et al., 2013a; Lin et al., 2014). This activity is mediated by MPCs 

producing trophic factors such as brain-derived neurotrophic factor (BDNF), glial cell line-

derived neurotrophic factor (GDNF), and nerve growth factor (NGF) that are important 

for neuronal survival and growth (Crigler et al., 2006; Gu et al., 2012; Lin et al., 2014; 

Wright et al., 2014). Treating neuronal cells with MPC conditioned media can also 

improve cell survival and neurite outgrowth in vitro, demonstrating that MPCs can secrete 

these factors in the absence of target cells or stimuli, and that MPC growth promoting 

effects are not cell-cell contact dependent (Nakano et al., 2010; Gu et al., 2012; Pires et 

al., 2014). In vivo, it is possible that surviving donor hMPCs act locally within the spinal 

cord and secrete neurotrophic factors that alter the injury site environment and promote 

neuronal survival and axonal sprouting/regeneration. Analysis of cytokine or 

neurotrophic factor levels in cerebrospinal fluid samples or whole spinal cord lysates may 
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give a better indication of potential changes in cytokine and neurotrophic factor 

production within the spinal cord following MPC transplantation, however this would not 

determine whether any changes are due to production from donor MPCs or host tissue, 

or a combination of both.  

It is also possible that the beneficial effects of MPC transplantation following SCI are due 

to interactions with the host immune system that may occur shortly after transplantation 

and are independent of donor MPC survival or grafting to the spinal cord. Although some 

donor hMPCs survived in this study, the majority of transplanted hMPCs (> 99% of the 

initial transplant) were cleared by four weeks post-transplantation. Because the majority 

of the donor hMPCs had been rejected, it is possible that they acted as a decoy for the 

immune system where they were preferentially cleared by immune cells over host tissue, 

thus protecting host tissue from secondary degeneration and improving tissue sparing at 

the lesion site. This may also be the case in previous studies where functional and 

morphological improvements were reported with MPC transplantation despite poor donor 

MPC survival (Wu et al., 2003; Ide et al., 2010; Torres-Espin et al., 2014; Ruzicka et al., 

2016). However, similar improvements have also been reported in studies that utilise 

intravenous (IV) or intrathecal injection of MPCs and report no grafting of MPCs to the 

spinal cord (Ohta et al., 2004; Quertainmont et al., 2012; Urdzikova et al., 2014; White 

et al., 2016). It may be that MPCs can modulate host immune responses systemically 

through the secretion of soluble factors or by modifying immune cell maturation and 

activation (and subsequent activity) in peripheral tissues. MPCs can modulate immune 

cell activity and responses in vitro through the production of soluble factors such as 

prostaglandin E2 (PGE2), TNF-stimulated gene protein 6 (TSG-6), NO, TGF- 1 and IL-

10 (Sotiropoulou et al., 2006; Spaggiari et al., 2008; English et al., 2009; Li et al., 2014). 

Accordingly, in vivo, MPC transplantation significantly reduces the activation and 

infiltration of neutrophils, microglia/macrophages and T cells following SCI, leading to 

significant reductions in pro-inflammatory cytokine production and inflammatory tissue 

damage, and improvements in functional and morphological outcomes (Dasari et al., 

2007; Abrams et al., 2009; Zeng et al., 2011; Nakajima et al., 2012; Urdzikova et al., 

2014; Han et al., 2015; Watanabe et al., 2015; Wang et al., 2017). As these 

immunomodulatory effects can occur systemically (without hMPCs infiltrating or being 

grafted to the spinal cord), IV injection of hMPCs could be adopted as a less invasive 

clinical therapy over intraspinal transplantation. 

The potential of MPCs to modulate the host immune system could also be utilised in 

combinatorial approaches, where co-transplantation with MPCs can improve the grafting 

and function of other transplanted donor cells. Co-transplantation with MPCs significantly 

improves hematopoietic stem cell (HSC) engraftment to the bone marrow and spleen in 
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irradiated animals (Noort et al., 2002; Kim et al., 2006; Delalat et al., 2009; Carrancio et 

al., 2013), and islet grafting and function in experimental diabetes models (Cavallari et 

al., 2012; Wu et al., 2013), and may prevent GvHD following allogeneic HSC 

transplantation (Lin and Hogan, 2011; Zhao et al., 2015). In CNS disease and injury 

models, MPC co-transplantation significantly improves oligodendrocyte precursor cell 

(OPC) engraftment, migration, maturation and myelination (Cristofanilli et al., 2011), and 

neural stem cell (NSC) survival and subsequent (motor) functional recovery (Oh et al., 

2011; Rossignol et al., 2014), and may enhance the anti-apoptotic effects, axonal 

sprouting/regeneration and functional improvements seen with olfactory ensheathing cell 

(OEC) transplantation (Deng et al., 2008; Wu et al., 2015). These effects may be due to 

MPCs producing anti-apoptotic cytokines, growth factors and trophic factors that support 

donor cell survival, and modulating host immune cell responses to prevent graft rejection 

(Cristofanilli et al., 2011; Oh et al., 2011; Cavallari et al., 2012; Wu et al., 2013).  

It is also important to consider how differences in tissue source, isolation and culture 

protocols, and individual donor variation may alter MPC properties in vitro (e.g. growth, 

morphology, cell surface marker expression), and if or how these differences may 

influence their effects in vivo. Rodent and human MPCs isolated from different tissues 

(e.g. bone marrow, adipose tissue, umbilical cord blood) exhibit similar, but not identical, 

properties in vitro and in vivo (Peng et al., 2008; Jin et al., 2013; Zhou et al., 2013; Taran 

et al., 2014; Heo et al., 2016). Likewise, MPCs isolated from different mouse strains and 

human donors exhibit different properties (Peister et al., 2004; Neuhuber et al., 2005; 

Zhukareva et al., 2010; Samsonraj et al., 2015). Our previous work utilised hMPCs 

isolated from SCI individuals to assess whether SCI altered the therapeutic potential of 

hMPCs (for the potential to use a SCI patients’ own cells for autologous transplantation 

in the clinic) (Hodgetts et al., 2013b). The studies presented in this thesis however, like 

many others, used hMPCs isolated from healthy donors (that could therefore be banked 

and readily available for transplantation when a SCI patient required this type of therapy). 

Although the studies presented in this thesis were conducted similarly to those by 

Hodgetts et al. (2013) – hMPC transplantation into the spinal cord at one week after 

moderate T10 contusion in a Nude rat model – the outcomes regarding functional 

recovery and donor hMPC survival were conflicting. It is likely that differences in donors, 

culture media used, hMPC subculture (to increase cell numbers for transplantation), and 

transplantation of fresh (this study) versus frozen cells (Hodgetts et al), may alter the 

phenotype and subsequent in vivo function of these hMPCs. Currently, there are 

conflicting reports regarding the effects of subculture, culture media and 

cryopreservation on MPC properties in vitro, with some reporting that these culture 

differences can affect MPC growth, phenotype, differentiation and immunomodulatory 

capacity (Francois et al., 2012; Hagmann et al., 2013; Menard et al., 2013; Moll et al., 
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2014; Fajardo-Orduna et al., 2016; Rogulska et al., 2016), while others report no change 

in MPC characteristics (Gonda et al., 2008; Mamidi et al., 2012; Luetzkendorf et al., 

2015). While these differences may seem minor, variation in MPC phenotypes makes it 

difficult to replicate results between studies, determine the therapeutic potential of MPC 

transplantation in vivo, and may prevent pre-clinical research from being translated to 

clinical trials (due to conflicting or non-significant results). The potential of subculture or 

cryopreservation to significantly alter or impair MPC functions in vivo may also have 

significant impacts on stem cell banking (for therapeutics), and the efficacy of 

transplantation therapies (reviewed by (Asghar et al., 2014; Yong et al., 2015)). 

Accordingly, it has been suggested that the isolation and culture protocols used to obtain 

hMPCs populations to be used for transplantation need to be standardised (Ikebe and 

Suzuki, 2014; Wuchter et al., 2015). This could help improve the efficacy and 

development of clinical trials that utilise hMPC transplantation and may also help 

determine what factors, if any, specifically contribute to or may improve the efficacy of 

hMPCs following transplantation. Finally, clinically it may not be a “one size fits all” 

situation where hMPCs from any tissue source or donor will be appropriate for 

transplantation therapies, and it is possible that the donor cell selection process will have 

to be tailored to each individual, as is the case currently with organ and tissue 

transplantation.  

The potential of NK cell depletion to improve graft survival has been shown in a number 

of transplantation models including islet cells into liver (Ishiyama et al., 2011), myoblasts 

into muscle (Hodgetts et al., 2003; Thorrez et al., 2008) and hematopoietic stem cells 

into lethally irradiated mice (to repopulate the bone marrow) (Yoshino et al., 2000), yet 

to our knowledge, no studies have utilised NK cell depletion as a therapy to modulate 

the immune system following SCI, or to promote donor cell survival following 

transplantation in a traumatic injury model. Our novel study aimed to deplete NK cells in 

order to improve donor hMPC survival following transplantation in a SCI model, however, 

we report that anti-asialo GM1 depletion of NK cells did not improve hMPC survival when 

compared to hMPCs only. Although there were more STEM101+ human nuclei within the 

spinal cords of GM1 + hMPC treated animals (Table 3.3), this was not statistically 

different when compared to that of hMPC only animals. As mentioned previously 

(Chapter 2, section 2.7.3), limitations in the location of sections (within the spinal cord, 

relative to the cell transplant location) and the number of sections available for analysis, 

meant that only one section per animal was analysed for the presence of human nuclei. 

Because no significant functional recovery had been seen with any treatment throughout 

the experimental period, it was assumed that donor hMPCs did not survive or have an 

effect within the spinal cord, therefore other immunohistochemical analyses (e.g. 

fluorescence quantitation) were prioritised over quantifying donor hMPC survival. In 
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future, using a dedicated cohort of animals specifically for the assessment of cell survival 

would allow for the assessment of multiple sections (every second or third) through the 

spinal cord and may give a better indication of cell survival. This method of analysis 

would also account for any variance in cell transplant location between animals. 

Furthermore, as many studies report some MPC survival to at least four weeks post-

transplantation (Hofstetter et al., 2002; Lee et al., 2003; Ankeny et al., 2004; Lu et al., 

2005; Cizkova et al., 2006; Sheth et al., 2008), the potential of NK cell depletion to 

promote MPC survival may not have been fully assessed in this study. While we had 

intended to continue the study to nine weeks post-injury (eight weeks-post 

transplantation), health complications in some Nude rats receiving GM1 treatment 

(discussed below) prevented us from doing so. Repeating this study in an 

immunocompetent model, with and without T cell immunosuppression, may allow for the 

investigation of extended time points while also investigating the individual and combined 

influence/s of NK and T cell activity on hMPC survival. Utilising an immunocompetent 

model with immunosuppressive therapies would also better replicate a clinical setting.  

In this study, the primary aim of NK cell depletion was to prolong donor hMPC survival, 

however NK cell depletion also significantly influenced tissue morphology following SCI. 

The role of NK cells following SCI has not been investigated or discussed previously in 

the literature, possibly due to the difficulty in identifying NK cells in tissues, and the lack 

of a role for NK cells in SCI pathophysiology. The identification of NK cells in tissue with 

immunohistological techniques is particularly difficult as NK cells are present in the blood 

and tissues in extremely low numbers, they have a short lifespan of approximately two 

to three weeks in the body, and many commercially available antibodies detect cell 

surface markers (often CD antigens) that may be variably expressed and in low numbers 

(Campbell and Hasegawa, 2013; Mandal and Viswanathan, 2015). Alternatively, flow 

cytometry analysis of whole blood or dissociated spinal cord samples may give an 

indication of changes in peripheral (whole blood) and infiltrating (spinal cord) NK cell 

numbers following SCI (Beck et al., 2010).  

The primary role of NK cells in the body is to detect and eliminate virally infected cells 

and tumour cells via receptor binding and the initiation of apoptosis, rather than clearing 

infected/damaged cells and debris in response to a cytokine/chemokine response, as is 

seen in SCI (Caligiuri, 2008; Pegram et al., 2011; Mandal and Viswanathan, 2015). 

Although NK cells can be activated by cytokine signalling, this influences their effector 

function/s rather than driving NK-mediated cell death (Zwirner and Domaica, 2010). 

Therefore, it is unlikely that NK cells respond to inflammatory signals produced following 

SCI like other immune cells. However, NK cells also have a significant role in crosstalk 

between immune cells and can influence immune cell maturation, activation and 
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migration to sites of injury, inflammation and infection (Walzer et al., 2005; Gasteiger and 

Rudensky, 2014; Pallmer and Oxenius, 2016). In this study, it is possible that NK cell 

depletion inhibited subsequent NK cell-mediated immune cell activation and migration to 

the lesion site, thereby attenuating inflammation and immune cell activity. This response 

could lead to reduced pro-inflammatory cytokine production which could significantly 

influence monocyte or T cell differentiation and the balance between pro- and anti-

inflammatory immune cell profiles (e.g. pro-inflammatory cytokines promote the 

generation of M1 over M2 macrophages (Mosser and Edwards, 2008; Kigerl et al., 2009), 

and Th1 over Th2 T helper (Th) cells (Zhu and Paul, 2010)), as seen by the significant 

increase in Iba1 fluorescence intensity and decrease in the amount of ED1 

(predominantly activated microglia/macrophages) strong positive tissue. Furthermore, 

attenuating inflammation and the pro-inflammatory immune cell response could improve 

tissue sparing at the lesion site and may account for the significant increases seen in 

fluorescence intensity and the amounts of neuronal, glial and ECM positive tissues with 

GM1 treatment.  

As mentioned previously, GM1 treatment was associated with health complications for 

some of the Nude rats used in this study, leading to the early sacrificing of these animals. 

These animals experienced severe weight loss (possibly due to pneumocystis carinii 

microbial presence (contributing to pneumocystis pneumonia) within the rat populations 

at the Animal Resources Centre, that was only announced toward the end of our studies) 

and/or issues with bladder voiding (due to the development of suspected clitoral/vaginal 

cysts) shortly after SCI and GM1 treatment, which we very rarely (if never) see in Nude 

rats following SCI. As Nude rats have an impaired (but variable) T cell response and 

normal B and NK cell responses (Festing et al., 1978; Brooks et al., 1980), the 

development of these complications shortly after NK cell depletion suggests that the NK 

cell response is crucial for maintaining “good” health in these immunodeficient animals. 

It is also an indicator that depleting the first line of immune defence in a body that is 

already under extreme stress (e.g. from SCI) can lead to significant health complications 

that could otherwise be avoided. In humans, CNS injury significantly impacts the normal 

functioning of the immune system due to extreme stress responses and persistent 

inflammation disrupting normal CNS-immune system communication (Steinman, 2004; 

Meisel et al., 2005; Brommer et al., 2016). This can lead to CNS injury-induced immune 

deficiency syndrome (CIDS; SCI-IDS in SCI) resulting in systemic immunosuppression 

of macrophage, T, B and NK cell functions that can manifest within a week following SCI 

(Cruse et al., 1992; Furlan et al., 2006; Lucin et al., 2007). SCI-IDS increases the 

susceptibility to infection contributing to the development of pneumonia, urinary tract 

infection and wound infection that is frequently seen in SCI patients (Cosman et al., 1991; 

Jackson and Groomes, 1994). Therefore, the use of immunosuppressive therapies 
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following SCI in humans must be carefully considered, and the potential beneficial effects 

must greatly outweigh possible side effects. If immunosuppressive therapies do prove to 

be beneficial in SCI repair and are adopted in clinical therapies, they must be carefully 

monitored and ideally used for as short a period of time as possible to prevent prolonged 

disruption of the immune system. However, based on these early results alone, there 

would be no reason to warrant depletion of NK cells in order to promote hMPC survival 

following transplantation, despite the morphological improvements that were seen with 

NK cell depletion. As mentioned previously, investigating the potential of NK cell 

depletion to promote hMPC survival in a long-term experiment may be worthwhile. 

Additionally, investigating different methods of prolonging the effects of hMPCs in the 

body (e.g. increasing the number of hMPCs delivered, multiple hMPC injections over a 

number of days or weeks) may lead to greater improvements in functional and 

morphological outcomes following SCI, without the potential complications that 

immunosuppression may have. 
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4 TUMOUR NECROSIS FACTOR ALPHA INHIBITION 

4.1 Introduction 

Immediately following SCI a number of pro-inflammatory cytokines, the neurotransmitter 

glutamate and various reactive oxygen species (ROS) are released from damaged 

neurons and glia at the injury site (Hausmann, 2003; Pineau and Lacroix, 2007). This 

triggers an inflammatory signalling cascade that is vital to initiating the body’s immune 

response to injury. Tumour necrosis factor  (TNF ) is one of the major pro-inflammatory 

cytokines responsible for initiating the inflammatory signalling cascade and recruiting 

immune cells to the injury site following (Wang et al., 1996; Hausmann, 2003; Donnelly 

and Popovich, 2008; Gadani et al., 2015). Within injured tissue, activated immune cells 

phagocytose debris and damaged cells, and produce inflammatory cytokines, 

chemokines and ROS to propagate the inflammatory immune response. This activity 

results in the clearing of injured cells/tissue and the subsequent stabilisation of the injury 

site, but these processes can also lead to extensive secondary damage to surrounding 

spared (uninjured) tissue (Hausmann, 2003; Hagg and Oudega, 2006). There is a 

general consensus that limiting the amount of secondary degeneration can significantly 

improve tissue sparing, preserve more functional connections, and improve functional 

outcomes following SCI.  

As one of the major pro-inflammatory cytokines involved in inflammatory responses and 

the development of SCI pathophysiology, TNF  is a prime target for anti-inflammatory 

therapies (Esposito and Cuzzocrea, 2011; Frankola et al., 2011). Attenuating or blocking 

early TNF  activity significantly reduces inflammatory cytokine expression and immune 

cell activation and infiltration within the spinal cord, overall reducing inflammation at the 

lesion site and improving tissue sparing, neuronal and glial cell survival and functional 

recovery following SCI (Genovese et al., 2006; Genovese et al., 2008; Kurt et al., 2009; 

Chen et al., 2011; Wang et al., 2014). Blocking TNF  activity may also contribute to 

significant functional improvements following SCI in humans (Dinomais et al., 2009). 

However, many experimental studies that block TNF  following SCI only investigate the 

immediate or short-term (up to two weeks post-injury) effects on cytokine expression, 

immune cell infiltration, apoptosis, tissue sparing and functional outcome. The potential 

of TNF  inhibition to contribute to significant long-term functional and morphological (e.g. 

tissue sparing, axonal regeneration, remyelination) recovery is yet to be determined. 

Furthermore, combining anti-inflammatory treatment with other SCI repair strategies may 

enhance the outcomes of these strategies used individually, particularly cell 

transplantation approaches where inflammation and immune cell activity often result in 

the early clearing of donor cells from the spinal cord (as discussed previously, Chapter 

3). Attenuating inflammation and immune cell activity within the spinal cord may create 
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an environment that is more supportive of donor cell survival, leading to even greater 

improvement in functional and morphological outcomes. 

In this study, Nude rats received a moderate contusive SCI and were treated with low 

(0.5 mg/kg) or high (5 mg/kg) doses of the TNF  antagonist etanercept, twice weekly for 

two weeks, starting immediately following SCI surgery. We used low and high doses of 

etanercept to determine whether TNF  inhibition following SCI was dose dependent, and 

whether this would result in any differences in functional or morphological outcomes. The 

doses used in this study cover a range of doses that have been used previously by others 

(Genovese et al., 2006; Hodgetts et al., 2006; Genovese et al., 2007; Chen et al., 2011; 

Nemoto et al., 2011; Wang et al., 2014; Inage et al., 2016). A cohort of animals also 

received hMPC transplantation at one week post-injury to assess the effect of combined 

etanercept and hMPC treatment, and whether etanercept improves the survival of donor 

hMPCs in the injured spinal cord. It is hypothesised that etanercept will significantly 

reduce inflammation and secondary degeneration following SCI resulting in improved 

tissue sparing and functional recovery compared to SCI only animals, and these 

improvements will be greater with high dose etanercept compared to low dose 

etanercept. Combined treatment will produce greater functional and morphological 

improvements than etanercept or hMPC transplantation alone, and etanercept may 

improve the survival of donor hMPCs, enhancing their effects following SCI.   
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4.2 Methods 

4.2.1 L929 cytotoxicity assay 

An L929 cytotoxicity assay was used to assess the amount of functional TNF  circulating 

in the blood of uninjured rats, and at 24 hours post-SCI of untreated and etanercept 

treated animals (Table 4.1). When present, TNF  can initiate apoptosis in L929 cells 

sensitised with actinomycin D (Humphreys and Wilson, 1999).  

Table 4.1 Treatment groups, sampling times and numbers of animals used for L929 cytotoxicity 

assay. 

Treatment 
Sampling Time Point 

NA 24 hr 

Uninjured 3 - 

SCI only - 3 

SCI + 0.5 mg/kg etanercept - 3 

SCI + 5 mg/kg etanercept - 3 
 

4.2.1.1 Target cell preparation 

L929 cells (CCL-1™; mouse fibroblast cells) were purchased from ATCC (Manassas, VA, 

USA) and were thawed and subcultured as per suppliers’ instructions. Briefly, cells were 

rapidly thawed in a 37°C water bath and transferred to a 15 mL centrifuge tube (Corning) 

containing Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco) supplemented with 10% 

(v/v) heat inactivated horse serum (hiHS; Gibco) and 1% (v/v) GlutaMAX™ (GM; Gibco) 

(L929 culture media). Cell suspensions were centrifuged for 5 mins at 125 ×g to wash, 

and the cell number was determined. Cells were seeded into T75 flasks (Corning) at a 

concentration of 1 × 105 cells/cm2 and incubated at 37°C in a 5% (v/v) CO2 incubator. 

The media was refreshed every 3-4 days and cells were allowed to grow to ~90 

confluence. 

Once an established culture was obtained and the cells had reached ~90% confluence, 

the cells were trypsin treated as described previously (Chapter 2, section 2.1.1) and 

seeded into flat bottomed 96-well plates at a concentration of 3.5 × 104 cells in 100 μL 

L929 culture media/well. The plates were incubated for 24 hours at 37°C in a 5% (v/v) 

CO2 incubator.  

4.2.1.2 Sample preparation and incubation 

Adult female CBH-rnu/Arc (Athymic Nude) rats (  12 weeks, 140-170 g; Animal 

Resources Centre, Perth, Western Australia, Australia) underwent SCI surgery as 

described previously (Chapter 2, section 2.3) and were untreated or received a single 
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intraperitoneal (IP) injection of low (0.5 mg/kg) or high (5 mg/kg) dose etanercept (in 

distilled water (dH2O), Lot #F83697; Wyeth, Dallas, TX, USA) immediately following 

surgery. At each time point, animals were euthanised by lethal injection (IP) of lethabarb 

(Virbac) and serum samples were obtained from whole blood collected by cardiac 

puncture, as described previously (Chapter 2, section 2.7). Blood was allowed to clot for 

20 mins at RT, then centrifuged for 5 mins at 1500 ×g to separate the serum, which was 

passed through a low protein-binding filter (pore size 0.22 μm; Millipore, Billerica, MA, 

USA) to ensure sterility, collected and stored at -20°C. To prepare the samples, 50 μL 

L929 culture media was added to wells 2-12 in each row of a 96 well plate, then 100 μL 

of serum or TNF  (4 ng/mL in ddH2O, positive control; Sigma-Aldrich) was added to each 

well of column 1 of the plate, in triplicate (i.e. sample 1 in rows A-C, sample 2 in rowsD-

F). The contents of wells in column 1 were mixed, and 50 μL of the solution was 

transferred to the wells of column 2. This was repeated for all wells to serially dilute the 

samples across the 96-well plate, with the final 50 μL discarded as waste. 50 μL 

actinomycin D (4 μg/ml in L929 culture media (from 500 μg/mL in 100% (w/v) ethanol 

stock); Gibco) was added to each well and equilibrated at 37°C in a 5% (v/v) CO2 

incubator for 10 mins. Following equilibration, the samples (100 μL) were transferred into 

the corresponding wells of the L929 plates and incubated for 24 hours (37°C, 5% (v/v) 

CO2) to allow TNF  to induce apoptosis of actinomycin D sensitised L929 cells. 

4.2.1.3 MTT colourmetric assay 

Cell viability was assessed using a MTT assay (van Meerloo et al., 2011). Following 

sample incubation, 10 μL MTT solution (5 mg/mL Thiazolyl Blue Tetrazolium Bromide in 

phosphate buffered saline (PBS; Gibco); Sigma) was added to each well and incubated 

for 4 hours (37°C, 5% (v/v) CO2). To lyse remaining viable cells, 50 μL of MTT lysing 

solution (20% sodium dodecyl sulphate (w/v) (SDS; Sigma)/50% (v/v) 

dimethylformamide (DMF; Sigma) in ddH2O) was added to each well and incubated 

overnight (> 12 hours, 37°C, 5% (v/v) CO2). Absorbance at 570 nm was read on an 

EnSpire Multimode Plate Reader (PerkinElmer). 

4.2.2 Experimental groups 

SCI surgery was performed as detailed previously (Chapter 2, section 2.3). Etanercept 

(0.5 mg/kg or 5 mg/kg, Lot #F83697, Lot #H45488; Wyeth, Dallas, TX, USA), or human 

immunoglobulin G (hIgG, 0.5 mg/kg, negative control; Sigma) in sterile dH2O was 

administered (IP) twice weekly for 2 weeks (D0, 3, 7, 10 and 14) starting immediately 

following SCI surgery (D0). At 1 week post-injury (wpi), a cohort of animals also received 

cell transplantation of viable or non-viable (nv) hMPCs (5 × 105 cells in 8 μL PBS total; 

detailed methods outlined in Chapter 2, section 2.5). Animals were sacrificed at 5 or 9 

wpi (Table 4.2). 
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Table 4.2 TNF  inhibition treatment groups and numbers of animals sacrificed at 5 and 9 weeks 

post-injury. Asterisk (*) indicates control treatment groups that are shared with the NK cell 

depletion experiment (Chapter 3); -, no animals; hIgG, human immunoglobulin G; hMPCs, human 

mesenchymal precursor cells; nv, non-viable; wpi, weeks post-injury. NOTE: This experiment was 

originally designed to have an extended 9 week time point which was completed for some 

treatment groups, and these have been included accordingly (9 week time points were not 

completed as the 5 week time points did not show any functional or morphological improvements). 

Treatment 
N = 

5 wpi 9 wpi 

SCI only* 13 10 

SCI + 0.5 mg/kg hIgG 6 7 

SCI + 0.5 mg/kg etanercept 6 2 

SCI + 5 mg/kg etanercept 4 - 

SCI + hMPCs* 10 7 

SCI + 0.5 mg/kg etanercept + hMPCs 5 - 

SCI + 5 mg/kg etanercept + hMPCs 6 - 

SCI + nv-hMPCs* 11 7 

SCI + 0.5 mg/kg etanercept + nv-hMPCs 4 - 

SCI + 5 mg/kg etanercept + nv-hMPCs 3 - 
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4.3 Results 

4.3.1 L929 cytotoxicity assay 

The amount of functional TNF  circulating in the blood was determined using an L929 

cytotoxicity assay. All samples showed some degree of L929 lysis (indicated by lower 

absorbance values at 570 nm (A570)) compared to L929 only baseline control samples 

(Figure 4.1). The highest degree of L929 lysis (indicated by the lowest absorbance 

values at 570 nm (A570)) occurred with the TNF  positive control (maximum 1 ng/mL 

concentration). In neat serum samples, the amount of L929 lysis was greater with 5 

mg/kg etanercept than 0.5 mg/kg etanercept, however minimal differences were seen 

when samples were serially diluted. Both etanercept treated groups had less L929 lysis 

than uninjured Nude rats, indicating that etanercept reduced functional TNF  levels in 

circulation to below baseline levels. Due to limitations on the amount of serum obtained 

from animals, and difficulties in performing the assay, serum samples from SCI only 

animals were not included.  

A
57

0

Figure 4.1 L929 cytotoxicity assay. Absorbance at 570 nm indicated the degree of L929 lysis 

compared to L929 baseline controls. All samples caused some degree of L929 lysis. There were 

minimal differences in the amount of L929 lysis with 0.5 mg/kg and 5 mg/kg etanercept treatment, 

however both concentrations of etanercept reduced L929 lysis when compared to uninjured 

animals. 

4.3.2 Functional recovery 

Hindlimb (HL) function was assessed weekly using open field locomotor (BBB) scoring 

(see Chapter 2, Table 2.2 for BBB scores and associated criteria) (Basso et al., 1995), 

LadderWalk and RatWalk analyses. There was a gradual recovery of function over the 

5 week experimental period after the complete loss of HL function immediately following 

moderate contusive SCI (D0) (Figure 4.2; replicated in Appendix D, Figure D.1 which 
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separates control (A) and combined treatment groups (B); weekly average BBB scores 

± SEM are shown in Appendix D, Table D.2). All groups demonstrated slight to extensive 

movement of all three HL joints (BBB 6-7) with some demonstrating HL sweeping (BBB 

8) at D7 post-SCI. Weight-supported plantar stepping (BBB 10) was demonstrated by

D21 (SCI only, 0.5 mg/kg hIgG, 0.5 mg/kg etanercept, 5 mg/kg etanercept, nv-hMPCs, 

0.5 mg/kg etanercept + nv-hMPCs, 5 mg/kg etanercept + hMPCs, 5 mg/kg etanercept + 

nv-hMPCs) or D28 (hMPCs, 0.5 mg/kg etanercept + hMPCs), and all groups showed 

frequent weight-supported plantar stepping (with no FL-HL coordination; BBB 11) by D35 

post-SCI. There were no significant differences in the average BBB score at any 

assessed time point between groups (P > 0.05, Kruskal-Wallis test). 

Figure 4.2 Open field locomotor recovery as assessed with BBB scoring. Weekly average BBB 

scores (± SEM) show a gradual recovery of hindlimb function following induction of SCI at D0, 

with all groups attaining a rounded average BBB score of 11 at D35 post-SCI. There were no 

significant differences in BBB scores at any assessed time point (P > 0.05, Kruskal-Wallis test); 

ET, etanercept; hIgG, human immunoglobulin G; hMPCs, human mesenchymal precursor cells; 

nv, non-viable. 

LadderWalk analysis showed a significant impact of SCI on HL function, as seen by a 

significant increase in the average number of missteps (± SEM) for all groups at D35 

post-SCI compared to pre-injury scores (Figure 4.3; ^ P < 0.05, 1-way ANOVA). There 

were no significant differences in the average number of missteps at D35 between any 

groups (P > 0.05, 2-way ANOVA), and no group recovered to pre-injury scores.  
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Pre-SCI No Cells hMPCs nv-hMPCs
0

2

4
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8
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LadderWalk D35

Cell Preparation

No ET
0.5 mg/kg ET
5 mg/kg ET

No ET
0.5 mg/kg ET
5 mg/kg ET

^

Figure 4.3 Hindlimb functional recovery as assessed by LadderWalk. There was a significant 

increase in the average number of missteps (± SEM) post-SCI compared to pre-injury (pre-SCI 

(grey bars) vs SCI groups (coloured bars; ^ P < 0.05, 1-way ANOVA)). There was no difference 

in the average number of missteps between any groups at D35 and no group recovered to pre-

injury scores (P > 0.05, 2-way ANOVA). Open bars indicate no etanercept, horizontal stripes 

indicate 0.5 mg/kg etanercept treatment, diagonal stripes indicate 5 mg/kg etanercept treatment; 

ET, etanercept; hMPCs, human mesenchymal precursor cells; nv, non-viable. 

RatWalk analysis was used to assess aspects of functional recovery such as stance 

width, stride length and the frequency of different coordinating patterns for animals that 

had attained a BBB score  10, demonstrating occasional weight-supported plantar 

stepping (see Chapter 2, Figure 2.1 for examples of stance width and stride length 

measurements, and coordinating patterns). SCI (coloured bars) greatly reduced forelimb 

(FL) and HL stance widths (Figure 4.4 A), and stride lengths (B) compared to pre-injury 

(grey bars). Injured FL stance width and stride lengths were 40-50% shorter, while HL 

stance width and stride lengths were 20-25% shorter than pre-injury values. FL stance 

width was significantly wider pre-injury compared to all SCI groups at D35 (^ P < 0.05, 

1-way ANOVA). SCI only and nv-hMPCs exhibited significantly wider FL stance widths 

than 0.5 mg/kg etanercept + nv-hMPCs ( ), and 0.5 mg/kg etanercept + hMPCs ( ) and 

0.5 mg/kg etanercept + nv-hMPCs ( ), respectively (Figure 4.4 A; P < 0.05, 2-way 

ANOVA). HL stance width was significantly wider pre-injury compared to 0.5 mg/kg 

etanercept + hMPCs ( ), 5 mg/kg etanercept + hMPCs ( ), 5 mg/kg etanercept + nv-

hMPCs ( ) at D35 (Figure 4.4 A; P < 0.05, 1-way ANOVA). FL stride lengths (R and L) 

were significantly longer pre-injury compared to all groups at D35 (Figure 4.4 B; ^ P < 

0.05, 1-way ANOVA). HL stride lengths were significantly longer pre-injury compared to 

0.5 mg/kg etanercept ( ), hMPCs ( ), 0.5 mg/kg etanercept + hMPCs ( ), 5 mg/kg 

etanercept + hMPCs ( ) and 5 mg/kg etanercept + nv-hMPCs ( ) (R HL), and 0.5 mg/kg 
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etanercept ( ) and 0.5 mg/kg etanercept + hMPCs ( ) (L HL) (Figure 4.4 B; P < 0.05, 1-

way-ANOVA). There were no significant differences in FL or HL stride lengths between 

groups at D35 (P > 0.05, 2-way ANOVA). 

There were no significant differences in the amount of each coordinating pattern 

demonstrated pre-injury compared to all injured animals at D35 (Figure 4.4 C; P > 0.05, 

1-way ANOVA). This is possibly due to the large variation in the amounts of each 

coordinating pattern demonstrated by individual animals during triplicate RatWalk 

passes (pre- and post-injury), and the likelihood that animals will use some coordinating 

pattern to locomote (once weight supported stepping has returned) regardless of their 

injury severity or amount of HL functional control. There was some variation in 

coordinating pattern between treatment groups with 0.5 mg/kg etanercept, hMPCs, 0.5 

mg/kg etanercept + hMPCs, 5 mg/kg etanercept + hMPCs, nv-hMPCs and 5 mg/kg 

etanercept + hMPCs demonstrating no coordination (“none”) significantly more than SCI 

only ( ) and/or 5 mg/kg etanercept ( ) (P < 0.05, 2-way ANOVA). Consequently, these 

animals also demonstrated slightly less of the other coordinating patterns (cruciate, 

alternate, rotary) compared to SCI only and 5 mg/kg etanercept, however these 

differences were not statistically significant. 



Tumour Necrosis Factor Alpha Inhibition 

133 

Ar
bi

tra
ry

 V
al

ue
s

 (continued on following page) 



Tumour Necrosis Factor Alpha Inhibition 

134 

(from previous page) 

Figure 4.4 Hindlimb functional recovery as assessed by RatWalk. Analysis of stance width (A), 

stride length (B) and coordinating pattern (C) between pre-injury (pre-SCI; grey bars) and SCI 

groups (coloured bars) at D35. FL stance width (A) was significantly wider pre-injury vs all SCI 

groups (^), and for SCI only vs 0.5 mg/kg etanercept + nv-hMPCs ( ), and nv-hMPCs vs and 0.5 

mg/kg etanercept + hMPCs ( ) and 0.5 mg/kg etanercept + nv-hMPCs ( ). HL stance width was 

significantly wider pre-injury vs 0.5 mg/kg etanercept + hMPCs ( ), 5 mg/kg etanercept + hMPCs 

( ), 5 mg/kg etanercept + nv-hMPCs ( ). FL stride lengths (B) were significantly longer pre-injury 

vs all SCI groups (^). HL stride lengths were significantly longer pre-injury vs 0.5 mg/kg etanercept 

( ), hMPCs ( ), 0.5 mg/kg etanercept + hMPCs ( ), 5 mg/kg etanercept + hMPCs ( ) and 5 mg/kg 

etanercept + nv-hMPCs ( ) (R HL), and 0.5 mg/kg etanercept ( ) and 0.5 mg/kg etanercept + 

hMPCs ( ) (L HL). There were no significant differences in FL or HL stride lengths between SCI 

groups. There were no significant differences in the amounts of each coordination pattern (C) 

demonstrated for pre-injury vs SCI groups. 0.5 mg/kg etanercept, hMPCs, 0.5 mg/kg etanercept 

+ hMPCs, 5 mg/kg etanercept + hMPCs, nv-hMPCs and 5 mg/kg etanercept + hMPCs 

demonstrated no coordinating pattern (“none”) more often than SCI only ( ) and/or 5 mg/kg 

etanercept ( ). All significance P < 0.05, 1- and 2-way ANOVA. Open bars indicate no etanercept, 

horizontal striped bars indicate 0.5 mg/kg etanercept treatment, diagonal striped bars indicate 5 

mg/kg etanercept treatment; ET, etanercept; hMPCs, human mesenchymal precursor cells; nv, 

non-viable. 



Tumour Necrosis Factor Alpha Inhibition 

135 

4.3.3 Donor human mesenchymal precursor cell survival 

As mentioned previously (Chapter 3, section 3.3.4), donor hMPCs survived to at least 4 

weeks post-transplantation (wpt) and were present within the spinal cords of the majority 

of animals that received transplantation of viable hMPCs (100% of hMPCs, 75% of 5 

mg/kg etanercept + hMPCs; identified by STEM101 immunofluorescence (human 

nuclei)). At 4 wpt, no cells were found within the spinal cords of any animals that received 

nv-hMPC transplantation (Table 4.3). The number and location of STEM101+ nuclei 

varied between individual animals, and within treatment groups (e.g. Figure 4.5 Ai vs Bi, 

Figure 4.6 Ai vs Aii). There was a significant increase in the average number of 

STEM101+ nuclei with viable hMPCs (hMPCs and 5 mg/kg etanercept + hMPCs) 

compared to nv-hMPCs (nv-hMPCs and 5 mg/kg etanercept + nv-hMPCs; P < 0.05, t-

test), however there was no difference in the average number of STEM101+ nuclei 

between hMPCs (318.5 ± 109.1) and 5 mg/kg etanercept + hMPCs (263.3 ± 86.2; P > 

0.05, t-test).   

Table 4.3 Quantitative analysis of donor hMPC survival at 4 weeks post-transplantation. Toluidine 

blue staining indicated that hMPCs and nv-hMPCs were present in spinal cord sections from a 

number of animals, however STEM101 immunofluorescence confirmed that only viable hMPCs 

were present at 4 weeks post-transplantation. There was a significant increase in the number of 

STEM101+ human nuclei with viable hMPCs (hMPCs, 5 mg/kg etanercept + hMPCs) vs nv-

hMPCs (nv-hMPCs, 5 mg/kg etanercept + nv-hMPCs) (* P < 0.05, t-test). STEM101 

immunostaining was not performed on sections from 0.5 mg/kg etanercept treated animals (-); 

hMPCs, human mesenchymal precursor cells; nv, non-viable. 

Treatment 
Samples with hMPCs Identified Avg # STEM101+ 

nuclei (± SEM) Toluidine Blue STEM101 

hMPCs 78% (7/9) 100% (4/4) 318.5 ± 109.1 

0.5 mg/kg etanercept + hMPCs 100% (5/5) - - 

5 mg/kg etanercept + hMPCs 40% (2/5) 75% (3/4) 263.3 ± 86.2 

nv-hMPCs  20% (2/10) 0% (0/4) 0 ± 0 

0.5 mg/kg etanercept + nv-hMPCs 25% (1/4) - - 

5 mg/kg etanercept + nv-hMPCs 0% (0/3) 0% (0/3) 0 ± 0 
 

The in vivo phenotype of donor hMPCs and possible interactions between the cell graft 

and host tissue were assessed with double labelling of STEM101 with various markers, 

and immunostaining of sections adjacent to those that were positive for STEM101. As 

discussed previously (Chapter 3, section 3.3.4), numerous III tubulin+ fibres filled the 

lesion site and were closely associated with STEM101+ hMPCs (Figure 4.5 Ai, Bi). 

Likewise, numerous GAP43+ (Aii, Bii) and SMI32+ (Aiii, Biii) fibres extended through the 
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lesion site and hMPC graft areas (on neighbouring sections). The majority of 

sprouting/regenerating neuronal fibres were disorganised and lacked uniform orientation 

through the injured tissue but appeared to be denser, more organised and orientated in 

the same direction when associated with donor hMPCs. Many fibres aligned with the 

hMPC graft and extended in both dorsal/ventral (Ai-ii, arrowheads) and rostral/caudal 

directions (Bi-ii, arrowheads), which may indicate that donor hMPCs are promoting 

and/or supporting neuronal regrowth/regeneration. 

There was limited interaction between donor hMPCs and host glial cells, identified by 

GFAP (astrocytes) or S100 (astrocytes and infiltrating Schwann cells) immunoreactivity. 

There was intense GFAP immunoreactivity at the border between host tissue and the 

hMPC graft, and very few GFAP+ processes found within the graft (Figure 4.6 Ai, Bi). 

Reactive astrocytes were more likely to interact with hMPCs at the border of the graft 

with fine GFAP+ processes appearing to extend around (rather than interacting with) 

donor hMPCs (Bi, arrowheads). S100 immunoreactivity showed a similar pattern with 

abundant S100+ profiles surrounding the graft, and very few S100+ process extending 

into the graft area (not shown).   

Extensive laminin deposition occurred within the injury sites of all hMPC transplanted 

animals and appeared to be greatest in areas within and immediately surrounding the 

hMPC graft (not quantified) (Figure 4.6 Aii, Bii). Accordingly, laminin+ profiles were often 

orientated in the same direction as the hMPC graft (as with the neuronal markers 

discussed previously; arrowheads).  

Iba1 and ED1 immunoreactivity identified resident and infiltrating microglia/macrophages 

within the injury site that had either an amoeboid morphology with short processes 

characteristic of activated microglia (Iba1+), or a large, foamy/spongy morphology 

characteristic of phagocytotic microglia/macrophages (ED1+) (Figure 4.7). Iba1+ cells 

present within the injury site often aligned with the hMPC graft (Ai, Bi, arrowheads) while 

ED1+ cells were often concentrated at the border of the graft with few ED1+ cells 

infiltrating the graft area (Aii, Bii).  
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Figure 4.5 Association between donor hMPCs and neuronal fibres at 4 weeks post-

transplantation. Human MPC (A) and 5 mg/kg etanercept + hMPC (B) animals showed abundant 

III tubulin (i), GAP43 (ii) and SMI32 (iii) positive fibres extending within the lesion site and closely 

associated with donor hMPCs. Neuronal fibres were largely disorganised within the lesion site, 

however many were orientated with the hMPC graft (arrowheads). Scale bar represents 200 μm. 
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Figure 4.6 Association between donor hMPCs and glial (GFAP) and extracellular matrix (laminin) 

markers at 4 weeks post-transplantation, in hMPC (A) and 5 mg/kg etanercept + hMPC (B) treated 

animals. GFAP+ astrocytes (i) surrounded the hMPC graft and occasionally associated with 

hMPCs at the edge of the graft. Few GFAP+ processes extended around STEM101+ nuclei and 

into the graft site (Bi, arrowheads). Extensive laminin (ii) deposition filled the lesion site and was 

closely associated with, and in some cases, orientated with donor hMPCs (Aii, Bii, arrowheads). 

Laminin deposition appeared denser in areas associated with donor hMPCs than in surrounding 

tissue. Scale bar represents 200 μm. 
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Figure 4.7 Association between donor hMPCs and microglia/macrophages at 4 weeks post-

transplantation. Iba1+ (i) and ED1+ (ii) microglia/macrophages were present throughout the lesion 

site of hMPC (A) and 5 mg/kg etanercept + hMPC (B) animals. Iba1+ cells exhibited an amoeboid 

morphology with short processes and were closely associated with donor hMPCs, often 

orientating with the hMPC graft (Ai, Bi, arrowheads). ED1+ (ii) cells exhibited a large, 

foamy/spongy morphology and were dispersed throughout the injury and graft sites to varying 

degrees. Scale bar represents 200 μm. 
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4.3.4 Cyst formation 

Every sixth spinal cord section was toluidine blue stained to assess tissue morphology 

and cyst formation at 5 wpi. Cyst formation occurred in all animals following SCI (Figure 

4.9 A-D). Large cysts were visible within the lesion epicentre of SCI only (A) and 0.5 

mg/kg (B) and 5 mg/kg etanercept (not shown) animals, and in some cases, cyst 

formation occurred in tissue rostral and caudal to the lesion site. In contrast, in animals 

that received cell transplantation (C, D), donor cells, spared/sprouting/regrowing tissue 

and extracellular matrix (ECM) deposits were present within the lesion epicentre, with 

numerous smaller cysts surrounding the lesion site, and in tissue rostral and caudal to 

the lesion site. Cysts that were further from the lesion site tended to be located toward 

the dorsal aspect of the spinal cord. There was a significant reduction in the average cyst 

size with hMPCs (7.1%), and 0.5 mg/kg etanercept + hMPCs (7.4%) compared to SCI 

only (12.2%; ) and 5 mg/kg etanercept (12.5%; ; Figure 4.8; P < 0.05, 2-way ANOVA), 

suggesting an effect of hMPCs on reducing cyst size. However, there were no significant 

differences between treatment matched hMPCs and nv-hMPCs groups, or 0.5 mg/kg 

and 5 mg/kg etanercept groups, suggesting that cell viability and etanercept dose alone 

may have only minimal effects on reducing cyst size. 

Figure 4.8 Analysis of cyst size at 5 weeks post-injury (D35). Every sixth spinal cord section was 

toluidine blue stained and analysed to calculate the average cyst size (± SEM) as a percentage 

of the total tissue area of a 7 mm long section. Human MPCs, and 0.5 mg/kg etanercept + hMPCs 

significantly reduced cyst size compared to SCI only ( ; light green) and 5 mg/kg etanercept ( ; 

dark green) (P < 0.05, 2-way ANOVA). Open bars indicate no etanercept, horizontal striped bars 

indicate 0.5 mg/kg etanercept treatment, diagonal striped bars indicate 5 mg/kg etanercept 

treatment; ET, etanercept; hMPCs, human mesenchymal precursor cells; nv, non-viable. 
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Figure 4.9 Cyst formation in toluidine blue stained spinal cord sections. Representative images 

from SCI only (A), 0.5 mg/kg etanercept (B), hMPCs (C), and 0.5 mg/kg etanercept + hMPCs (D). 

There is noticeable cyst formation (*) within and immediately surrounding the injury site of all 

animals, with some smaller cysts present in uninjured tissue rostral and caudal to the injury site. 

The average cyst size of hMPCs (C) and 0.5 mg/kg etanercept + hMPCs (D) is significantly 

smaller than SCI only (A) (P < 0.05). Scale bar represents 500 μm. 
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4.3.5 Spinal cord morphology 

Spinal cord morphology and patterns of neuronal, glial, extracellular matrix and immune 

cell immunostaining were similar to those described previously (Chapter 3, section 

3.3.6). [NB: “Etanercept” in this sections refers to animals that received 5 mg/kg 

etanercept (± viable/nv hMPCs); 0.5 mg/kg etanercept animals were not included in 

these analyses. The immunostaining profiles for the 5 mg/kg etanercept + nv-hMPCs 

treatment group are mentioned throughout the results and represented on all graphs, 

however this group was excluded from statistical analysis due to a sample size of 1.]  

Neuronal immunostaining identified an obvious injury site that was void of organised 

neuronal tissue and lacked distinguishable grey and white matter regions (Figures 4.10 

( III tubulin), 4.11 (GAP43) and 4.12 (SMI32)). The injury site was bounded rostrally and 

caudally by uninjured tissue, and ventrally by spared tissue. In all animals there was a 

dense network of III tubulin+ fibres within the lesion site, although the number of GAP43+ 

and SMI32+ fibres varied between animals and appeared to be more numerous in hMPC 

treated animals. The majority of neuronal fibres extending within the lesion site lacked 

the orientation and organisation that is seen in uninjured tissue, however many fibres 

were orientated within the hMPC graft in hMPC treated animals (as discussed previously 

in section 4.3.3). Although etanercept and etanercept + hMPCs significantly increased 

the average fluorescence intensity of III tubulin compared to SCI only ( ) and nv-hMPCs 

( ) (Figure 4.13 A; P < 0.05, 2-way ANOVA), there was no difference in the fluorescence 

intensity of GAP43 (Figure 4.13 B), and a decrease in the average fluorescence intensity 

of SMI32 compared to hMPCs ( ) and nv-hMPCs ( ) (Figure 4.13 C; P < 0.05, 2-way 

ANOVA). Overall, there was a significant increase in the percentage of III tubulin+ tissue 

for etanercept (47.5%) and etanercept + hMPCs (47.7%) compared to SCI only (29.2%), 

hMPCs (37.0%) and nv-hMPCs (29.6%). There was a significant increase in the 

percentage of weak positive (+) and positive (++) tissue for etanercept and etanercept + 

hMPCs compared to SCI only, hMPCs and nv-hMPCs (*) and SCI only ( ) and nv-

hMPCs ( ), and a significant increase in the amount of weak positive (+) tissue for hMPCs 

compared to SCI ( ) (Figure 4.14 A; P < 0.05, 2-way ANOVA). 

Glial immunomarkers identified astrocytes (S100+ or GFAP+; not double labelled) and 

infiltrating Schwann cells (S100+) that were evenly distributed throughout uninjured 

tissue and present within the lesion site in varying amounts (Figures 4.15 (S100) and 

4.16 (GFAP)). The lesion site was largely void of S100 and GFAP immunoreactivity, 

particularly in cell transplanted animals (discussed previously in section 4.3.3), however 

some S100+, and GFAP+ cells did infiltrate the lesion site (Figures 4.15 A, C, D and 4.16 

A-D). Etanercept and etanercept + hMPCs significantly decreased the average 

fluorescence intensity of S100 compared to SCI only ( ) and nv-hMPCs ( ) (Figure 4.13 
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D, P < 0.05, 2-way ANOVA), but increased the fluorescence intensity of GFAP compared 

to SCI only, hMPCs and nv-hMPCs (*) (etanercept), or SCI only ( ) and nv-hMPCs ( ) 

(etanercept + hMPCs) (Figure 4.13 E; P < 0.05, 2-way ANOVA). The percentage of 

GFAP+ tissue was significantly higher with etanercept (57.9%), and etanercept + hMPCs 

(51.0%) compared to SCI only (32.8%), hMPCs (37.6%) and nv-hMPCs (33.9%). This 

was also shown by a significant increase in the percentage of GFAP weak positive (+), 

positive (++) and strong positive (+++) tissue for etanercept and etanercept + hMPCs 

compared to SCI only, hMPCs and nv-hMPCs (*), and/or SCI only ( ) and nv-hMPCs ( ) 

(Figure 4.14 B; P < 0.05, 2-way ANOVA). Etanercept also significantly increased the 

amount of GFAP positive (++) tissue compared to etanercept + hMPCs ( ). 

Laminin deposition occurred within the injury site of all animals; laminin filled and bridged 

the lesion site, extending between uninjured tissue rostral and caudal to the lesion site 

(Figure 4.17). Laminin profiles appeared denser and more uniformly orientated with 

hMPC transplantation (as discussed previously, section 4.3.3), but not when combined 

with etanercept (etanercept + hMPCs). There was a significant increase in the average 

fluorescence intensity of laminin for etanercept compared to SCI only, hMPCs and nv-

hMPCs (*), and etanercept + hMPCs compared to SCI only ( ) and nv-hMPCs ( ) (Figure 

4.13 F; P <0.05, 2-way ANOVA). There was a marked increase in the percentage of 

laminin+ tissue with etanercept (35.2%) compared to SCI only (14.0%), hMPCs (13.4%) 

and nv-hMPCs (15.3%), and etanercept + hMPCs (25.1%) compared to SCI only and 

hMPCs, which was reflected by a significant increase in the percentage of laminin weak 

positive (+), positive (++), and/or strong positive (+++) tissue for etanercept and 

etanercept + hMPCs compared to SCI only, hMPCs and nv-hMPCs (*) (Figure 4.14 C). 

Iba1+ and ED1+ microglia/macrophages were present within the lesion site and in 

surrounding uninjured tissue of all animals at 5 wpi (Figures 4.18 (Iba1) and 4.19 (ED1)). 

As discussed previously (section 4.3.3), Iba1+ cells exhibited a morphology characteristic 

of activated microglia, while the morphology of ED1+ cells was more characteristic of 

phagocytotic microglia/macrophages. There was no difference in the fluorescence 

intensity of Iba1 between any groups (Figure 4.13 G), however there was a significant 

decrease in the average fluorescence intensity of ED1 with etanercept and etanercept + 

hMPCs compared to SCI only ( ) and nv-hMPCs ( ) (Figure 4.13 H; P < 0.05, 2-way 

ANOVA). There was a significant decrease in the amount of ED1+ tissue with etanercept 

(20.4%) and etanercept + hMPCs (20.3%) compared to hMPCs (30.5%) and nv-hMPCs 

(29.7%), and a significant decrease in the amount of ED1 positive (++) and strong 

positive (+++) tissue with etanercept and etanercept + hMPCs compared to SCI only, 

hMPCs and nv-hMPCs (*) (Figure 4.14 D). A summary of the morphological changes 

with each treatment compared to SCI is presented in Table 4.4. 
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Figure 4.10 III tubulin immunoreactivity. Representative III tubulin fluorescence intensity 

images from SCI only (A), etanercept (B), hMPC (C) and etanercept + hMPC (D) animals. III 

tubulin+ fibres were largely disorganised within the lesion site but appeared denser with hMPCs 

only (C). III tubulin fluorescence intensity was significantly higher for etanercept (B) and 

etanercept + hMPCs (D) vs SCI only (A). The amount of III tubulin+ tissue was significantly higher 

for etanercept (B) and etanercept + hMPCs (D) vs SCI only (A) and hMPCs (C) (P < 0.05, 2-way 

ANOVA). Scale bar represents 500 μm. 
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Figure 4.11 GAP43 immunoreactivity. Representative GAP43 fluorescence intensity images from 

SCI only (A), etanercept (B), hMPC (C) and etanercept + hMPC (D) animals. GAP43+ neuronal 

fibres extended into the lesion site of all animals to varying degrees, however there was no 

difference in GAP43 fluorescence intensity between any groups (P > 0.05, 2-way ANOVA). Scale 

bar represents 500 μm. 
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Figure 4.12 SMI32 immunoreactivity. Representative SMI32 fluorescence intensity images from 

SCI only (A), etanercept (B), hMPC (C) and etanercept + hMPC (D) animals. SMI32+ neuronal 

fibres were present within the lesion site of all animals, but appeared denser and/or more 

organised with hMPCs only (C). There was a significant decrease in SMI32 fluorescence intensity 

with etanercept (B) and etanercept + hMPCs (D) vs hMPCs (C) (P < 0.05, 2-way ANOVA). Scale 

bar represents 500 μm. 
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Figure 4.13 Mean fluorescence intensities (± SEM) of immunostained sections. Etanercept (5 

mg/kg ± viable/nv hMPCs; striped bars) had slight and varied effects on the fluorescence 

intensities of neuronal ( III tubulin, GAP43, SMI32), glial (S100, GFAP), ECM (laminin) and 

immune cell (Iba1, ED1) markers. Etanercept (± viable hMPCs) significantly increased the mean 

fluorescence intensity of III tubulin (A), GFAP (E) and laminin (F), produced no change in GAP43 

(B) or Iba1 (G), and decreased SMI32 (C), S100 (D) and ED1 (H) fluorescence intensity. 

Significance to SCI only, hMPCs, nv-hMPCs (*), SCI only ( ), hMPCs ( ) and nv-hMPCs ( ) (P < 

0.05, 2-way ANOVA. NB the etanercept + nv-hMPCs group is represented on the graphs, but was 

excluded from statistical analyses (n = 1)). Open bars indicate no etanercept, striped bars indicate 

5 mg/kg etanercept treatment; hMPCs, human mesenchymal precursor cells; nv, non-viable.
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Figure 4.14 Percentage of immunoreactive tissue. Weak positive (+; purple), positive (++; red) 

and strong positive (+++; orange) tissue for III tubulin (A), GFAP (B), laminin (C) and ED1 (D) 

immunostained sections. Etanercept (5 mg/kg; ± viable hMPCs) significantly increased the total 

amount of III tubulin+, GFAP+ and laminin+ tissue, and the proportions of weak positive, positive 

and/or strong positive tissue. Etanercept (± viable hMPCs) significantly reduced the total amount 

of ED1+ tissue, and the proportions of ED1 positive and strong positive tissue. Coloured markers 

represent significance between bars of the same colour. Significance to SCI only, hMPCs, nv-

hMPCs (*), SCI only ( ), nv-hMPCs ( ) and etanercept + hMPCs (P < 0.05, 2-way ANOVA. NB 

the etanercept + nv-hMPCs group is represented on the graphs, but was excluded from statistical 

analyses (n = 1)). Open bars indicate no etanercept, striped bars indicate 5 mg/kg etanercept 

treatment; hMPCs, human mesenchymal precursor cells; nv, non-viable.  
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Figure 4.15 S100 immunoreactivity. Representative S100 fluorescence intensity images from SCI 

only (A), etanercept (B), hMPC (C) and etanercept + hMPC (D) animals. S100+ astrocytes and/or 

Schwann cells were evenly distributed throughout uninjured tissue, but immunoreactivity varied 

greatly in injured tissue. Few S100+ profiles were found within the lesion site of all animals. There 

was a significant decrease in S100 fluorescence intensity with etanercept (B) and etanercept + 

hMPCs (D) vs SCI only (A) (P < 0.05, 2-way ANOVA). Scale bar represents 500 μm. 
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Figure 4.16 GFAP immunoreactivity. Representative GFAP fluorescence intensity images from 

SCI only (A), etanercept (B), hMPC (C) and etanercept + hMPC (D) animals. GFAP+ astrocytes 

were distributed throughout uninjured tissue, however immunoreactivity was greatest in tissue 

immediately adjacent to the injury site and/or the hMPC graft (C). GFAP fluorescence intensity 

was significantly higher for etanercept (B) vs SCI only (A) and hMPCs (C), and etanercept + 

hMPCs (D) vs SCI only. The amount of GFAP+ tissue was significantly higher for etanercept (B) 

and etanercept + hMPCs (D) vs SCI only (A) and hMPCs (C) Scale bar represents 500 μm.  
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Figure 4.17 Laminin immunoreactivity. Representative laminin fluorescence intensity images 

from SCI only (A), etanercept (B), hMPC (C) and etanercept + hMPC (D) animals. Extensive 

laminin deposition filled the lesion site of all animals, but was denser and more organised with 

hMPCs only (C). Laminin fluorescence intensity was significantly higher for etanercept (B) vs SCI 

only (A) and hMPCs (C), and etanercept + hMPCs (D) vs SCI only (A). The amount of laminin+ 

tissue was significantly higher for etanercept (B) and etanercept + hMPCs (D) vs SCI only (A) and 

hMPCs (C) (P < 0.05, 2-way ANOVA). Scale bar represents 500 μm. 
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Figure 4.18 Iba1 immunoreactivity. Representative Iba1 fluorescence intensity images from SCI 

only (A), etanercept (B), hMPC (C) and etanercept + hMPC (D) animals. Iba1+ 

microglia/macrophages exhibited an amoeboid morphology with short process and were present 

within the lesion site of all animals. There were no significant differences in Iba1 fluorescence 

intensity between any groups (P > 0.05, 2-way ANOVA). Scale bar represents 500 μm. 
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Figure 4.19 ED1 immunoreactivity. Representative ED1 fluorescence intensity images from SCI 

only (A), etanercept (B), hMPC (C) and etanercept + hMPC (D) animals. ED1+ 

microglia/macrophages exhibited a large, foamy/spongy morphology and were distributed 

throughout uninjured and injured tissue in all animals. ED1 immunoreactivity was greater at the 

lesion site than in surrounding (uninjured) tissue. ED1 fluorescence intensity and the amount of 

ED1+ tissue were significantly reduced for etanercept (B) and etanercept + hMPCs (D) vs hMPCs 

(B) (P < 0.05, 2-way ANOVA). Scale bar represents 500 μm. 
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4.4 Discussion 

The aim of this study was to administer etanercept, a TNF  antagonist, to inhibit TNF  

activity immediately after SCI in order to attenuate the inflammatory immune response 

to injury (Esposito and Cuzzocrea, 2011). Using this approach, we aimed to reduce 

secondary degeneration and improve tissue sparing, thereby increasing the number of 

preserved functional connections and spared axons at the lesion site that may be 

capable of plasticity, sprouting or regrowth/regeneration. Additionally, reducing 

inflammation within the spinal cord may improve the injury site environment, making it 

more conducive to axonal regrowth/regeneration, remyelination, and transplanted cell 

survival. By promoting donor hMPC survival we aimed to enhance their beneficial effects 

within the spinal cord thereby improving the outcomes that have been previously 

reported with MPC transplantation (reviewed by (Forostyak et al., 2013; Vawda and 

Fehlings, 2013; Dasari et al., 2014; Oliveri et al., 2014)). 

Clinical grade hMPCs used in this study were provided by Cell and Tissue Therapies 

Western Australia (Royal Perth Hospital, Perth, Western Australia, Australia) and were 

characterised as discussed previously (Chapter 3, sections 3.3.2 and 3.4). In summary, 

there were no significant improvements in functional outcomes with any treatment, as 

assessed with BBB scoring, LadderWalk and RatWalk. Despite this, there were some 

significant improvements in outcomes using morphological measures. Both hMPCs, and 

0.5 mg/kg etanercept + hMPCs, significantly reduced cyst size compared to SCI, and 5 

mg/kg etanercept (P < 0.05), however there were no improvements in cyst size with 

etanercept alone, and combined 0.5 mg/kg etanercept + hMPCs did not produce a 

greater reduction in cyst size than hMPCs only. Administration of 5 mg/kg etanercept (± 

hMPCs) significantly improved tissue morphology (compared to SCI) with an increase in 

the fluorescence intensity and total amount of III tubulin+, GFAP+ and laminin+ profiles 

(P < 0.05); however, there were no differences in outcomes between 5 mg/kg etanercept 

and 5 mg/kg etanercept + hMPCs, and these improvements were not seen with hMPCs 

alone. Etanercept may significantly influence immune cell activation and infiltration, as 

seen by a significant decrease in the amount of ED1+++ (strong positive) tissue for all 

etanercept treated animals compared to SCI (P < 0.05). Etanercept did not improve the 

duration of hMPC survival or number of hMPCs surviving to the experimental end point. 

The concentration of etanercept (0.5 mg/kg vs 5 mg/kg) did not significantly affect 

functional recovery or cyst size. Likewise, hMPC viability did not significantly affect 

functional outcome or cyst size, however viable hMPCs appeared to have a greater 

influence on tissue morphology than nv-hMPCs (qualitative observations). 

The results presented in this chapter are in contrast to previous studies that reported 
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significant functional and morphological improvements with the administration of 

etanercept following SCI (Genovese et al., 2006; Genovese et al., 2008; Chen et al., 

2011), although a lack of functional and morphological improvement has been reported 

in a more recent study that administered etanercept twice weekly for eight weeks post-

SCI (Novrup et al., 2014). It is possible that the lack of functional and morphological 

improvement seen in the present study is due to the prolonged inhibition of TNF  being 

detrimental rather than neuroprotective in nature. Inflammatory signalling is essential for 

tissue homeostasis, is part of the body’s normal response to injury, and has significant 

roles in CNS injury progression, stabilisation of the injury site and the promotion of 

endogenous repair (Bethea and Dietrich, 2002; McCoy and Tansey, 2008; Probert, 

2015). The role of TNF  signalling in the inflammatory response is highlighted by studies 

that utilise TNF  and TNF receptor (TNFR) knockout animals (TNF -/-, TNFR1-/-, TNFR2-

/-). Rather than having neuroprotective effects, complete inhibition of TNF  activity has 

no effect, or significantly worsens outcomes following CNS injury. In some cases, TNF -

/- mice show similar functional and morphological outcomes as wildtype controls 

(Farooque et al., 2001; Bermpohl et al., 2007), yet in others, these mice perform 

significantly worse on cognitive and motor tests, and exhibit significantly greater neuronal 

apoptosis, tissue loss and cavitation at the lesion site compared to wildtype controls (Kim 

et al., 2001; Oshima et al., 2009). On the other hand, TNF  knock-in rats (TNF+/+) have 

greater inflammatory tissue damage early after SCI (< three days), but have significantly 

greater tissue sparing in the subsequent weeks (D7-56) (Chi et al., 2008). Thus, it is now 

generally accepted that TNF  (and inflammation as a whole) has a dual role in SCI 

pathophysiology, and can be detrimental or beneficial, depending on the magnitude and 

timing of expression, and perhaps also the nature and severity of the initial injury 

(Bethea, 2000). 

A window of opportunity exists where anti-inflammatory therapies can be administered 

to attenuate early inflammation and the initiation of damaging secondary inflammatory 

cascades following SCI. The timing and duration of these interventions can be vital to 

their success or failure. Inhibiting TNF  immediately (within one hour) following SCI 

significantly reduces inflammation and immune cell activation, and subsequent tissue 

damage at the lesion site (Genovese et al., 2008; Chen et al., 2011; Wang et al., 2014), 

while functional improvements are also reported with etanercept delivered up to 24 hours 

post-SCI (Bayrakli et al., 2012). However, delayed treatment (> two weeks) gives no 

improvement in functional or morphological outcomes (Vidal et al., 2013). This is likely 

due to TNF  having the greatest effects within the first few hours of injury, coinciding 

with the peak of TNF  expression following injury and before TNF  levels return to 

baseline over subsequent days (Wang et al., 1996; Chi et al., 2008; Donnelly and 

Popovich, 2008). This is also the likely reason for why a single injection of a TNF  
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antagonist is beneficial following SCI (Genovese et al., 2008; Chen et al., 2011; Wang 

et al., 2014), but repeated or continuous administration over a number of days to weeks 

results in no improvements (Vidal et al., 2013; Novrup et al., 2014). Furthermore, delayed 

or prolonged TNF  inhibition (as presented in this study) may in fact hinder the normal 

reparative processes that occur during the sub-acute to chronic phases of injury (Beattie 

et al., 1997). A second peak in TNF  expression occurs approximately two to four weeks 

post-SCI, due to TNF  release from reactive astrocytes and infiltrating 

microglia/macrophages at the lesion site (Pineau and Lacroix, 2007). This peak also 

coincides with T cell infiltration to the lesion site and the initiation of axonal sprouting and 

remyelination, and may be an indicator of a switch from a pro- to anti-inflammatory, or a 

degenerative to regenerative lesion site environment (Donnelly and Popovich, 2008). 

Although it may have a significant impact on outcomes following SCI, considerably less 

is known about the role of inflammation during the chronic phase of injury. Few studies 

have reported that anti-inflammatory therapies delivered during the chronic phase of 

injury can significantly improve functional outcomes (Arnold and Hagg, 2011; Dulin et al., 

2013), suggesting that modulation of inflammatory responses at different times following 

SCI may be beneficial.  

Not only is timing crucial, but the dose and route of administration may also significantly 

affect the efficacy of anti-inflammatory therapies. In this study, there were no significant 

differences in outcomes between low (0.5 mg/kg) and high (5 mg/kg) etanercept doses, 

most likely due to prolonged etanercept administration negating any possible beneficial 

effects of TNF  inhibition, as discussed previously. The majority of previous studies use 

5 mg/kg (IP) etanercept and report favourable outcomes (Genovese et al., 2006; Chen 

et al., 2011; Wang et al., 2014), while a lower 1.25 mg/kg (SC) dose produced no 

significant improvements (Genovese et al., 2007). It is possible that a single high dose 

of etanercept administered early after SCI attenuates the peak of TNF  expression 

(within one to four hours post-injury (Wang et al., 1996; Pineau and Lacroix, 2007)) and 

significantly reduces inflammatory signalling and subsequent immune cell activity. This 

attenuation of TNF  activity may be sufficient enough to contribute to significant 

reductions in inflammatory tissue damage, and improvements in tissue sparing and 

functional recovery, without disrupting the normal inflammatory processes that occur 

following SCI. Also, although IP administration may be more beneficial than SC 

administration as it allows for faster absorption of substances into circulation (and 

perhaps a faster attenuation of TNF ), IP injection is not used in humans, thus IV 

etanercept administration should be investigated in future studies. It is also important to 

consider whether etanercept can have systemic effects, or whether it needs to, and can, 

cross the BSCB and penetrate the spinal cord. While it is generally believed that 

increases in BSCB permeability immediately following injury may allow factors that would 
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normally be excluded from the CNS to cross the barrier and penetrate the spinal cord, 

this potential can vary greatly with injury severity and is not a reliable method of drug 

delivery (Noble and Wrathall, 1989; Popovich et al., 1996; Maikos and Shreiber, 2007). 

Although more invasive, local etanercept administration via direct injection into the lesion 

site or intrathecal injection will bypass the BSCB and may also be more efficacious. 

Inhibiting TNF  activity early after SCI may significantly impact the subsequent functions 

of many immune cells involved in the inflammatory response, due to TNF  being a key 

cytokine involved in immune cell signalling and activation (Chu, 2013; Sedger and 

McDermott, 2014). In the early phase of injury, resident microglia, and infiltrating 

neutrophils and monocytes/macrophages produce TNF  to heighten inflammatory 

signalling and recruit peripheral immune cells to the site of injury (Pineau and Lacroix, 

2007; David and Kroner, 2011; Neirinckx et al., 2014; Gensel and Zhang, 2015). TNF  

produced by these cell can also promote peripheral immune cell proliferation, maturation 

and activation, thereby increasing the numbers of immune cells that can effectively 

respond to injury. Due to the complexity of the inflammatory immune response and the 

multiple interactions between immune cells, it is difficult to determine the downstream 

effects of TNF  inhibition on subsequent immune cell functions. However, previous 

studies utilising other anti-inflammatory approaches such as methylprednisolone and 

minocycline reported that early administration, within 24 hours following SCI, significantly 

reduces inflammation, immune cell activity and inflammatory tissue damage at the lesion 

site (Kwon et al., 2011; Siddiqui et al., 2015). Attenuating inflammation reduces microglial 

activation, lipid peroxidation, and neuronal and glial apoptosis, resulting in increased 

tissue sparing (reduced lesion volume), reduced demyelination of spared tissue, reduced 

mechanical allodynia, and improved functional outcomes (Lee et al., 2003; Stirling et al., 

2004; Festoff et al., 2006; Vaquero et al., 2006; Chvatal et al., 2008; Lee et al., 2008; 

Marchand et al., 2009; Sonmez et al., 2013; Lu et al., 2016). Although these results are 

promising, numerous studies have reported conflicting results with no improvement in 

cell survival, tissue sparing or functional recovery with these therapies (Koyanagi and 

Tator, 1997; Rabchevsky et al., 2002; Pinzon et al., 2008; Pereira et al., 2009; Lee et al., 

2010). The differences in outcomes reported by these studies may be due to differences 

in injury models, dose concentrations and dosing regimes used. Furthermore, the timing 

of these therapies is crucial as delayed or prolonged anti-inflammatory therapy results in 

no change or a worsening of morphological and functional outcomes following SCI (Yoon 

et al., 1999; Saganova et al., 2008), possibly due to the inhibition of inflammatory 

responses that are essential in stabilising the lesion site and promoting endogenous 

repair. The use of methylprednisolone and minocycline to reduce inflammation and 

improve outcomes following SCI have also produced varied results following clinical trials 

in humans, and their potential as an early intervention following SCI is still being 
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investigated (reviewed by (Kwon et al., 2011; Witiw and Fehlings, 2015; Evaniew et al., 

2016)). 

Depleting immune cells or modulating inflammatory signals that normally promote 

peripheral immune cell proliferation, maturation and migration can also reduce immune 

cell numbers and activity within the lesion site, with various downstream effects. Antibody 

depletion of neutrophils (with anti-Ly6G or CD11d) one day prior to SCI has no effect on 

lesion development or functional outcome (Lee et al., 2011), whereas depletion at two 

and 24 hours post-SCI reduces the numbers of circulating and infiltrating (to the spinal 

cord) neutrophils, but significantly increases lesion size and impairs functional outcomes 

assessed at four weeks post-injury (compared to SCI controls) (Stirling et al., 

2009).However, depletion of both neutrophils and monocytes significantly reduces 

oxidative stress, and matrix metalloproteinase 9 (MMP-9) expression, and improves 

tissue sparing and functional recovery (Lee et al., 2011). On the other hand, inhibiting 

neutrophil migration to the injured spinal cord (without depleting peripheral neutrophil 

numbers) significantly reduces secondary damage, and improves myelination and 

functional recovery at six weeks post-SCI, although this may be due, in part, to the 

CD11d antibody also reducing macrophage/microglia infiltration (Geremia et al., 2012). 

Treatment with CD11d antibody from two hours post-SCI has been reported to decrease 

neutrophil and monocyte/macrophage infiltration, leading to reduced production of ROS 

and inflammatory damage, and increased neuronal survival, myelin sparing, and 

functional recovery with reductions in allodynia (Gris et al., 2004; Bao et al., 2005; 

Oatway et al., 2005; Ditor et al., 2006). However, a more recent study has failed to 

replicate these results, although the authors note a non-significant trend for increased 

preservation of myelin and improved functional recovery with CD11d antibody treatment 

(Hurtado et al., 2012). The origin of infiltrating monocytes/macrophages may also 

influence their functions and subsequent responses to inflammation and injury. Depletion 

of peripheral monocyte-derived macrophages by splenectomy prior to SCI or spinal cord 

ischemia/reperfusion injury significantly reduced monocyte infiltration from the splenic 

reservoir without affecting blood-derived monocyte infiltration, and resulted in improved 

neuronal survival and myelin sparing, and functional recovery at six weeks post-injury 

(Blomster et al., 2013; Temiz et al., 2013). Whereas antibody or toxin depletion of 

infiltrating monocyte-derived macrophages significantly increased lesion volume, and 

impaired functional recovery at four weeks post-SCI, however functional recovery could 

be restored with IV injection of bone marrow-derived monocytes during the first week 

post-injury (Shechter et al., 2009). It is possible that naïve immune cells within peripheral 

tissues receive a variety of signals that drive their maturation and activation, resulting in 

the generation of different immune cell phenotypes (e.g. M1/M2 macrophages) that can 

respond to injury as needed.  
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In contrast to studies that suggest inhibiting immune cell activity is beneficial following 

SCI, studies that increase monocyte/macrophage and T cell infiltration, and the 

promotion of anti-inflammatory immune cell phenotypes have also reported significant 

improvements in outcomes following SCI. Promotion of M2 (reparative) macrophages 

significantly reduces inflammatory tissue damage, and results in improved tissue 

sparing, neuronal survival, myelination of axons, and functional recovery following SCI 

(Jiang et al., 2012; Hayakawa et al., 2014; Ji et al., 2015; Ma et al., 2015). However, 

these beneficial outcomes may also be due to reductions in the numbers of neutrophils, 

M1 macrophages, and cytotoxic T cells within the lesion site as a result of the therapies 

used to induce M2 polarisation (Guerrero et al., 2012; Li et al., 2015). Likewise, the 

promotion of T helper (Th) cells (Th2) (anti-inflammatory) and regulatory T cells (Tregs) 

significantly reduces the production of pro-inflammatory factors (IFN , TNF , TNF  and 

inducible nitrox oxide synthase (iNOS)) and increases the production of anti-

inflammatory cytokines (IL-4, IL-10, IL-13) (Hu et al., 2016). Promotion of Th2 cells and 

Tregs also significantly reduces cyst size, and improves neuronal survival, myelin 

preservation, and functional recovery following SCI (Hendrix and Nitsch, 2007; Hu et al., 

2016). Because immune cell responses are tightly regulated, and immune cell 

phenotypes and subsequent activities can be altered in response to changes in the local 

microenvironment (to better suit the needs of the injury site) (David et al., 2015; Gensel 

and Zhang, 2015), it may be important to consider the normal inflammatory events that 

occur during different stages of injury and how this may contribute to repair and 

regeneration. Enhancing the endogenous repair responses of the body and optimising 

the balance between pro- and anti-inflammatory immune cell phenotypes at different 

stages of injury, rather than ablating particular immune cell responses may be more 

beneficial following SCI.  

The conflicting results regarding the beneficial and detrimental effects of host 

inflammatory and immune cell responses, and the conflicting outcomes associated with 

modulating these responses, demonstrates the important and complex role of the 

inflammatory immune response following SCI. Although attenuating inflammation and 

pro-inflammatory immune cell activity may reduce early inflammatory damage and 

secondary degeneration, it does not always lead to significant morphological and 

functional improvements in the later stages of SCI, and may in fact disrupt the normal 

reparative responses of the immune system. Further research will help determine the 

effects of modulating inflammation and immune cell activity on outcomes following SCI, 

how different methods of modulation may produce different effects, and how this 

modulation can affect subsequent immune cell activity and endogenous responses. 

Modulation of the inflammatory immune response needs to be carefully managed so that 

excess inflammation and immune cell activity is attenuated to reduce secondary 
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degeneration, without disrupting the normal inflammatory responses that are essential 

for stabilising the injury site, restoring homeostasis and promoting subsequent 

endogenous repair responses following SCI. Because the magnitude of the inflammatory 

response is related to the severity of the initial injury (Yang et al., 2005), and there is 

significant variation in the type and severity of SCIs suffered by humans, it is likely that 

potential anti-inflammatory or immunomodulatory therapies will need to be tailored to suit 

individual cases. Furthermore, the primary aim of anti-inflammatory and 

immunomodulatory therapies is to reduce secondary degeneration, thereby improving 

tissue sparing and the preservation of functional connections at the lesion site. 

Combining these therapies with other clinical approaches that promote and support 

axonal regeneration and remyelination (such as cell transplantation, scaffold 

implantation, growth/trophic factors), may produce greater functional and morphological 

improvements.  

An additional aim of this study was to investigate the effects of etanercept on promoting 

donor hMPC survival following transplantation, through the attenuation of inflammation 

and the creation of an injury site environment that is more conducive to donor cell 

survival. The potential of etanercept to improve graft survival has been investigated in 

pre-clinical (McCall et al., 2012; Viswanathan et al., 2014) and clinical (Torre-Amione et 

al., 2007; Takita et al., 2012) cell and organ transplant models, however only one other 

study has used etanercept to improve donor cell survival in a SCI model. Wang et al. 

(2014) reported significant improvements in donor neural stem cell (NSC) survival 

following transplantation (up to 14 days), which lead to increased host neuronal and glial 

survival (indicated by reduced cavitation and demyelination), axonal regeneration and 

functional recovery above what was seen with NSCs or etanercept alone (Wang et al., 

2014). Conversely, in the present study, etanercept did not prolong hMPC survival 

(indicated by the number of animals with hMPCs surviving to four weeks post-

transplantation), nor the number of cells surviving to four weeks post-transplantation 

compared to hMPCs only. There were also no additional improvements in functional and 

morphological outcomes with combined etanercept + hMPCs compared to etanercept or 

hMPCs alone. Since the individual therapies (etanercept or hMPCs) did not produced 

significant improvements, it is not surprising that the combined approach (etanercept + 

hMPCs) also had no significant effect on functional and morphological outcomes. The 

survival of donor hMPCs, and lack of improvement with hMPC transplantation have 

already been discussed in detail in Chapter 3 (section 3.4), while the outcomes with 

etanercept have been discussed above. However, it is important to consider whether 

pharmacological therapies can interact with or influence the activity of different cell types 

used in transplantation therapies. Although MPCs do not exert immunomodulatory 

effects through the release of TNF , TNF  and other cytokines are important for the 
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priming of MPCs, which can significantly affect their immunosuppressive potential, and 

the production of cytokines, chemokines and other factors (e.g. PGE2) (Ren et al., 2008; 

Nemeth et al., 2009; Renner et al., 2009; Hemeda et al., 2010). In vitro co-culture 

experiments investigating the phenotype and immunomodulatory potential of MPCs on 

different immune cells, in the presence or absence of etanercept and TNF , may indicate 

whether etanercept can influence the immunomodulatory potential of MPCs in vivo.  

This is one of the first studies that assess the longer-term effects of immediate and 

prolonged etanercept administration following SCI, and the first study to combine 

etanercept with hMPC transplantation as a combinatorial approach, and in an attempt to 

promote donor hMPC survival. Although the results presented in this study were not as 

hypothesised and differed in a number of intriguing ways from previous reports 

(Genovese et al., 2006; Chen et al., 2011; Wang et al., 2014), they highlight the 

complexities of the inflammatory response and the difficulties associated with modulating 

inflammation following SCI. Further investigation of the effects of immunomodulation 

following SCI, specifically the effects of immediate TNF  inhibition, may help consolidate 

current conflicting research and advance our understanding of the potential of anti-

inflammatory therapies in SCI. The potential for etanercept to be used clinically to treat 

neuroinflammation has been demonstrated in a number of trials of Alzheimer’s disease, 

chronic stroke and traumatic brain injury, as discussed previously (Chapter 1, section 

1.4.2.2) (Tobinick et al., 2006; Tobinick et al., 2012; Tobinick et al., 2014; Butchart et al., 

2015). However, to date, there has only been one case study involving etanercept 

treatment and SCI in humans (Dinomais et al., 2009). A patient who had received long-

term etanercept treatment (two years, for ankylosing spondylitis) suffered a SCI, and 

recovered from AIS A (complete; no sensory or motor function preserved in the sacral 

segments) at the time of injury to AIS D (motor incomplete; motor function preserved in 

the sacral segments) at one year post-injury, which, the authors note, is an extremely 

rare recovery (Dinomais et al., 2009). Although treatment with etanercept ceased on the 

day of injury, the previous TNF  inhibition and residual amounts of etanercept in the 

body may have been sufficient to contribute to the functional improvement that was 

reported with this patient. This case study is also in accordance with the animals studies 

discussed previously, that reported a single injection of etanercept immediately following 

SCI results in significant functional improvements (Genovese et al., 2008; Chen et al., 

2011; Wang et al., 2014). Thus, etanercept administered immediately following SCI may 

significantly reduce early TNF -mediated inflammation, with minimal disruption to the 

normal inflammatory immune responses of the body, leading to significant morphological 

and functional improvements following SCI. Further research should investigate the 

optimal dose of etanercept, and the therapeutic window that etanercept would need to 

be delivered within to result in significant improvements. 
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5 NEUROPROTECTIVE AMYLOID PRECURSOR PROTEIN 
PEPTIDE – APP96-110 

5.1 Introduction 

Secondary degeneration, largely as a result of an inflammatory immune response to 

injury, is one of the major contributors to extensive cell death and tissue damage, and 

the loss of spared tissue and functional connections that occurs following spinal cord 

injury (SCI) (reviewed by (Hausmann, 2003; Park et al., 2004; Hagg and Oudega, 2006)). 

Widespread and ongoing degenerative events create a hostile injury site that is void of 

uninjured, healthy tissue and is unable to support cell survival, axonal 

regrowth/regeneration and remyelination following injury. Any reduction in inflammatory 

damage and secondary degeneration may significantly improve neuronal and glial cell 

survival, thereby increasing tissue sparing and the preservation of functional connections 

at the lesion site, resulting in significant functional and morphological improvements 

following SCI (reviewed by (Bethea and Dietrich, 2002; Alexander and Popovich, 2009; 

Bowes and Yip, 2014)).  

Neuroprotective approaches aim to reduce host tissue damage following SCI by 

modulating inflammation at the lesion site, protecting neuronal and glial cells against 

excitotoxicity, or inhibiting apoptosis (Kwon et al., 2011; Siddiqui et al., 2015). Through 

these mechanisms neuroprotective approaches can significantly reduce secondary 

degeneration, leading to improved tissue sparing, preservation of functional connections, 

and improved functional and morphological outcomes following SCI. Due to the number 

of factors that contribute to tissue damage following SCI (e.g. inflammation, immune cell 

activity, glutamate excitotoxicity, Ca2+ influx etc.) there are a variety of neuroprotective 

approaches that are currently being investigated in pre-clinical and clinical settings 

(Kwon et al., 2011; Siddiqui et al., 2015). These include, but are not limited to, 

hypothermia to slow metabolism and the production of excitotoxic factors, modulation of 

inflammatory immune responses, modulation or blocking of membrane channels and 

hemichannels to prevent excitotoxicity, and the upregulation or administration of 

neurotrophic and growth factors to promote cell survival (reviewed by (Liu et al., 2011; 

Batchelor et al., 2013; Plemel et al., 2014; Tonkin et al., 2014; Harvey et al., 2015; Wang 

and Pearse, 2015)). Despite a number of neuroprotective approaches being 

investigated, many are still in pre-clinical stages and as such, there are currently no 

clinically approved neuroprotective approaches used for the treatment of SCI in humans. 

The neuroprotective potential of the amyloid precursor protein (APP) has been studied 

in a number of central nervous system (CNS) injury models after it was identified that 

APP upregulation following traumatic brain injury (TBI) is associated with a significant 
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increase in neuronal survival (Van den Heuvel et al., 1999). Further investigation of APP 

identified several functional regions that may contribute to its neuroprotective ability. In 

particular, the heparin binding site at amino acid residues 96-110 (APP96-110) was 

shown to have neuroprotective effects following TBI, resulting in reduced lesion volume 

and axonal injury, increased numbers of spared neurons, and improved functional and 

cognitive outcomes (Corrigan et al., 2011; Corrigan et al., 2014). The APP96-110 peptide 

may also exert similar neuroprotective effects in other traumatic CNS injury models. 

In this study, the neuroprotective effect of APP96-110 was assessed following moderate 

contusive SCI in Nude rats, with animals given a single injection of APP96-110 at 30 

minutes post-SCI. A cohort of animals also received transplantation of viable/non-viable 

(nv) human mesenchymal precursor cells (hMPCs) at one week post-injury, to assess 

the effect of combined APP96-110 and hMPC treatment. It is hypothesised that APP96-

110 will exert neuroprotective effects following SCI, leading to significantly reduced 

tissue damage, and improved tissue sparing and functional recovery. Combined 

treatment with hMPC transplantation will allow us to determine whether the altered local 

environment of the cell transplanted injury site provides an even better platform for the 

regrowth of axons after APP96-110-induced neuroprotection. This combined treatment 

may produce greater improvements than APP96-110 or hMPCs alone. 



Neuroprotective Amyloid Precursor Protein Peptide – APP96-110 

172 

5.2 Methods 

5.2.1 Experimental groups 

Custom APP96-110 (active) and mAPP96-110 (mutant; with reduced heparin binding 

ability (Corrigan et al., 2014)) peptides were produced by Auspep Pty Ltd (Tullamarine, 

VIC, Australia) according to the following sequences;  

APP96-110: AC-N W C K R G R K Q C K T H P H-NH2 (cyclic) 

(batch #BB20262; molecular weight 1918; purity 96%) 

mAPP96-110: AC-N W C N Q G G K Q C K T H P H-NH2 (cyclic) 

(batch #BB20263; molecular weight 1777; purity 98%) 

SCI surgery was performed as detailed previously (Chapter 2, section 2.3). A single 

intravenous (IV) injection of active or mutant peptide (0.05 mg/kg) in normal saline 

(Baxter) was given via the tail vein at 30 mins post-SCI. At 1 week post-injury (wpi), a 

cohort of animals also received transplantation of viable or non-viable (nv) hMPCs into 

the lesion site (Table 5.1) (5 × 105 cells in 8 μL PBS total; detailed methods outlined in 

Chapter 2, section 2.5). All animals were sacrificed at 8 wpi. 

Table 5.1 Neuroprotective APP96-110 peptide treatment groups and numbers of animals 

sacrificed at 8 weeks post-injury; hMPCs, human mesenchymal precursor cells; nv, non-viable. 

Treatment N = 

SCI only 6 

SCI + mAPP96-110 6 

SCI + APP96-110 6 

SCI + hMPCs 6 

SCI + mAPP96-110 + hMPCs 4 

SCI + APP96-110 + hMPCs 8 

SCI + nv-hMPCs 7 

SCI + APP96-110 + nv-hMPCs 8 
 

 

 



Neuroprotective Amyloid Precursor Protein Peptide – APP96-110 

173 

5.3 Results 

5.3.1 Functional recovery 

Hindlimb (HL) function was assessed weekly using open field locomotor (BBB) scoring 

(see Chapter 2, Table 2.2 for BBB scores and associated criteria) (Basso et al., 1995), 

LadderWalk and RatWalk analyses. There was a gradual recovery of function over the 

8 week experimental period after the complete loss of HL function immediately following 

moderate contusive SCI (D0) (Figure 5.1; weekly average BBB scores ± SEM are shown 

in Appendix D, Table D.3). All groups demonstrated extensive movement of all 3 HL 

joints (BBB 7) with some exhibiting a HL sweeping pattern (BBB 8) at D7 post-SCI. 

Weight-supported plantar stepping (BBB 10) was demonstrated at D14 (SCI only, 

APP96-110 + nv-hMPCs), D21 (mAPP96-110, hMPCs, APP96-110 + hMPCs), D28 

(APP96-110) or D35 (mAPP96-110 + hMPCs). Most groups (SCI only, mAPP96-110, 

APP96-110, mAPP96-110 + hMPCs, APP96-110 + hMPCs, APP96-110 + nv-hMPCs) 

showed frequent weight-supported plantar stepping (BBB 11) by D56 post-SCI, but no 

group recovered FL-HL coordination (BBB 12). There was a significant increase in BBB 

score with APP96-110 + nv-hMPCs compared to nv-hMPCs at D49 (11.3 ± 0.2 vs 9.7 ± 

0.4; * P < 0.05, Kruskal-Wallis test), however this was not maintained for the following 

(final) week. There were no significant differences in the average BBB score between 

any groups at D56 (P > 0.05, Kruskal-Wallis test). 

LadderWalk analysis showed a significant impact of SCI on HL function, as seen by a 

significant increase in the average number of missteps (± SEM) at D35 (A) and D56 (B) 

post-SCI compared to pre-injury scores (^ P < 0.05, 1-way ANOVA; Figure 5.2). There 

were significantly fewer missteps at D35 for SCI only, hMPCs and APP96-110 + nv-

hMPCs compared to nv-hMPCs ( ), and at D56 for mAPP96-110 and APP96-110 

compared to mAPP96-110 + hMPCs ( ) (P < 0.05, 2-way ANOVA), however no group 

recovered to pre-injury scores. Improvement over time occurred with mAPP96-110 only, 

with a significant reduction in the average number of missteps from D35 to D56 (P < 

0.05, t-test).  
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Figure 5.2 Hindlimb functional recovery as assessed by LadderWalk. There was a significant 

increase in the average number of missteps (± SEM) post-SCI compared to pre-injury (pre-SCI 

(grey) vs SCI groups (coloured bars; ^ P < 0.05, 1-way ANOVA). At D35 (A), SCI only, hMPCs, 

and APP96-110 + nv-hMPCs exhibited significantly fewer missteps than nv-hMPCs ( ; light blue). 

At D56 (B), mAPP96-110 and APP96-110 exhibited significantly fewer missteps than mAPP96-

110 + hMPCs ( ; medium red) (P < 0.05, 2-way ANOVA). There was a significant reduction in the 

average number of missteps from D35 to D56 for mAPP96-110 treatment only (P < 0.05, t-test). 

No group recovered to pre-injury scores (P > 0.05, 2-way ANOVA). Open bars indicate no peptide, 

horizontal striped bars indicate mAPP96-110 treatment, diagonal striped bars indicate APP96-

110 treatment; hMPCs, human mesenchymal precursor cells; nv, non-viable. 

RatWalk analysis was used to assess aspects of functional recovery such as stance 

width, stride length and the frequency of different coordinating patterns for animals that 

had attained a BBB score of 10, demonstrating occasional weight-supported plantar 

stepping (see Chapter 2, Figure 2.1 for examples of stance width and stride length 

measurements, and coordinating patterns). SCI (coloured bars) significantly reduced 

forelimb (FL) and HL stance widths (A), and stride lengths (B) at D35 (Figure 5.3) and 

D56 (Figure 5.4) compared to pre-injury (grey bars; ̂  P < 0.05, 1-way ANOVA). FL stance 

width and stride lengths were 42-50% shorter, and HL stance width and stride lengths 

were 18-28% shorter post-injury compared to pre-injury. There were largely no 

differences in stance width or stride length between treatments, however at D56, R HL 

stride lengths were significantly larger for SCI only, APP96-110 and nv-hMPCs 

compared to hMPCs ( ) (Figure 5.4 B; P < 0.05, 2-way ANOVA). There were no 

differences in stance width or stride length for each treatment between D35 and D56, 

indicating no change or improvement with time.  
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There were no significant differences in the amount of each coordinating pattern 

demonstrated pre-injury compared to D35 (Figure 5.3 C) and D56 (Figure 5.4 C) post-

SCI (P > 0.05, 1-way ANOVA). This is possibly due to the large variation in the amounts 

of each coordinating pattern demonstrated by individual animals during triplicate 

RatWalk passes (pre- and post-injury), and the likelihood that animals will use some 

coordinating pattern to locomote (once weight supported stepping has returned) 

regardless of their injury severity or amount of HL functional control. At D35, APP96-110 

+ nv-HMPCs showed significantly less cruciate coordination than SCI only ( ), mAPP96-

110 ( ) and APP96-110 + hMPCs ( ) (Figure 5.3 C; P < 0.05, 2-way ANOVA), but had 

no increases in other coordinating patterns at D35, and exhibited no differences at D56. 

At D56, APP96-110 showed significantly more cruciate coordination than mAPP96-110 

( ) and mAPP96-110 + hMPCs ( ) (Figure 5.4 C; P < 0.05, 2-way ANOVA) but had no 

changes in other coordinating patterns. At D35, hMPCs and nv-hMPCs had significantly 

less coordination than SCI only ( ), mAPP96-110 ( ), APP96-110 ( ), mAPP96-110 + 

hMPCs ( ), APP96-110 + hMPCs ( ) and/or APP96-110 + nv-hMPCs ( ) (P < 0.05, 2-

way ANOVA), demonstrating less cruciate (nv-hMPCs only) and alternate coordination 

patterns, and more no coordination (“none”) (Figure 5.3 C). However, by D56 hMPCs 

and nv-hMPCs showed no coordination (“none”) more than APP96-110 ( ) and/or 

APP96-110 + nvhMPCs ( ) only, with no differences in the amounts of the other 

coordinating patterns. This points towards a possible improvement in coordination over 

time, however there were no differences in the amounts of each coordinating pattern 

demonstrated by each treatment between D35 and D56.  
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Figure 5.3 Hindlimb functional recovery as assessed by RatWalk – D35. Analysis of stance width 

(A), stride length (B) and coordinating pattern (C) between pre-injury (grey bars) and SCI groups 

(coloured bars) at D35. FL and HL stance widths (A) and stride lengths (B) were significantly 

larger pre-injury vs all SCI groups (^), but were not significantly different between SCI groups. 

There were no significant differences in the amounts of each coordinating pattern (C) 

demonstrated for pre-injury vs all SCI groups. APP96-110 + nv-hMPCs showed significantly less 

cruciate coordination than SCI only ( ), mAPP96-110 ( ) and APP96-110 + hMPCs ( ). hMPCs 

and nv-hMPCs showed significantly less cruciate (nv-hMPCs only) and alternate coordination, 

and significantly more no coordination (“none”) than SCI only ( ), mAPP96-110 ( ), APP96-110 

( ), mAPP96-110 + hMPCs ( ), APP96-110 + hMPCs ( ) and/or APP96-110 + nv-hMPCs ( ). All 

significance P < 0.05, 1- and 2-way ANOVA. Open bars indicate no peptide, horizontal striped 

bars indicate mAPP96-110 treatment, diagonal striped bars indicate APP96-110 treatment; 

hMPCs, human mesenchymal precursor cells; LF, left forelimb; LH left hindlimb; nv, non-viable; 

RF, right forelimb; RH, right hindlimb. 
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Figure 5.4 Hindlimb functional recovery as assessed by RatWalk – D56. Analysis of stance width 

(A), stride length (B) and coordinating pattern (C) between pre-injury (grey bars) and SCI groups 

(coloured bars) at D56. FL and HL stance widths (A) and stride lengths (B) were significantly 

larger pre-injury vs all SCI groups (^). There were no significant differences in stance widths or in 

R and L FL, or L HL stride lengths between SCI groups, however, SCI only, APP96-110 and 

APP96-110 + nv-hMPCs had significantly longer R HL stride lengths (B) vs hMPCs ( ). There 

were no significant differences in the amounts of each coordinating pattern (C) demonstrated for 

pre-injury vs all SCI groups. APP96-110 showed significantly more cruciate coordination than 

mAPP96-110 ( ) and mAPP96-110 + hMPCs ( ). hMPCs and nv-hMPCs showed no coordination 

(“none”) significantly more than APP96-110 ( ) and/or APP96-110 + nv-hMPCs ( ). All 

significance P < 0.05, 1- and 2-way ANOVA. Open bars indicate no peptide, horizontal striped 

bars indicate mAPP96-110 treatment, diagonal striped bars indicate APP96-110 treatment; 

hMPCs, human mesenchymal precursor cells; LF, left forelimb; LH left hindlimb; nv, non-viable; 

RF, right forelimb; RH, right hindlimb. 
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5.3.2 Donor human mesenchymal precursor cell survival 

As mentioned previously (Chapter 3, section 3.3.4), hMPC grafts appeared in toluidine 

blue stained sections as dark blue stained, dense, fibrous areas that had a particular 

alignment within the tissue (extending rostral/caudal from the injection site or 

dorsal/ventral along the transplantation needle track) (Figure 5.5 Ai, Bi; dotted lines 

represent the approximate location of the hMPC graft). In fluorescent images, STEM101 

(human nuclei) was associated with oval nuclei that were uniform in size and shape 

(Figure 5.5 Aii, Bii; dotted lines border the STEM101+ nuclei, representing the majority 

of the hMPC graft). Human nuclei were distinguishable from surrounding autofluorescent 

macrophages due to their uniform fluorescence, oval shape and smooth/even borders, 

whereas macrophages exhibited intense and varied autofluorescence and a 

foamy/spongy morphology with uneven borders. This was also confirmed on 

neighbouring double labelled sections where human nuclei appear red and 

autofluorescent macrophages appear yellow (Figures 5.6 Bi and 5.7 Biii). Human MPCs 

often migrated 1-3 mm (rostral/caudal) within the lesion site itself (Figure 5.5 Aii, Bii) and 

in some cases extended dorsal/ventral within the needle track (Figure 5.5 Bi, Bii). Even 

at 7 weeks post-transplantation (wpt), there was no migration of hMPCs into surrounding 

intact host tissue. 

Donor hMPCs survived to at least 7 wpt and were present within the spinal cords of all 

animals that had received transplantation of viable hMPCs (identified by STEM101 

immunofluorescence) (Table 5.2). In contrast, no animals that received nv-hMPCs had 

cells present within the spinal cord at 7 wpt (Table 5.2). The number and location of 

STEM101+ nuclei varied between sections from individual animals, and between animals 

within treatment groups, with some sections containing numerous STEM101+ nuclei 

while others had very few STEM101+ nuclei (e.g. Figure 5.6 Ai vs Bi). There was a 

significant increase in the average number of STEM101+ nuclei with viable hMPCs 

(hMPCs and APP96-110 + hMPCs) compared to nv-hMPCs (nv-hMPCs and APP96-110 

+ nv-hMPCs; P < 0.05, t-test). There was also a significant increase in the average 

number of STEM101+ nuclei with hMPCs (221.8 ± 30.5) compared to APP96-110 + 

hMPCs (118.8 ± 13.9; P < 0.05, t-test), however neither group was significantly different 

to mAPP96-110 + hMPCs (342 ± 153.8; P > 0.05, t-test), due to the large variance in 

STEM101+ human nuclei counts of mAPP96-110 + hMPCs animals. 
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Table 5.2 Quantitative analysis of donor hMPC survival at 7 weeks post-transplantation. Toluidine 

blue staining and STEM101 immunofluorescence indicated that only viable hMPCs survived to 7 

weeks post-transplantation. There was a significant increase in the number of STEM101+ human 

nuclei with viable hMPCs (hMPCs, APP96-110 + hMPCs) vs nv-hMPCs (nv-hMPCs, APP96-110 

+ nv-hMPCs) (*), and with hMPCs vs APP96-110 + hMPCs (# P < 0.05, t-test); hMPCs, human 

mesenchymal precursor cells; nv, non-viable. 

Treatment 
Samples with hMPCs Identified Avg # STEM101+ 

nuclei (± SEM) Toluidine Blue STEM101 

hMPCs 83% (5/6) 100% (4/4) 221.8 ±  30.5 * # 

mAPP96-110 + hMPCs 100% (4/4) 100% (4/4) 342 ± 153.8 

APP96-110 + hMPCs 88% (7/8) 100% (4/4) 118.8 ± 13.9 * 

nv-hMPCs 0% (0/7) 0% (0/4) 0 ± 0 

APP96-110 + nv-hMPCs 0% (0/8) 0% (0/4) 0 ± 0 

The in vivo phenotype of donor hMPCs and possible interactions between the cell graft 

and host tissue were assessed with double labelling of STEM101 with various markers, 

and immunostaining of sections adjacent to those that were positive for STEM101. The 

phenotype of donor hMPCs at 7 wpt was similar to that at 4 wpt, as discussed previously 

(Chapter 3, section 3.3.4 and Chapter 4, section 4.3.3). Numerous III tubulin+ axons 

filled the lesion site and were closely associated with STEM101+ hMPCs (Figure 5.6 Ai, 

Bi). Likewise, numerous GAP43+ (Aii, Bii) and SMI32+ (Aiii, Biii) fibres surrounded and 

extended through hMPC graft areas (on neighbouring sections). Sprouting/regenerating 

neuronal fibres were largely disorganised and lacked uniform orientation through the 

injured tissue but appeared to be denser, more organised and orientated in the same 

direction when associated with donor hMPCs. Many fibres aligned with the hMPC graft 

and extended in both dorsal/ventral and rostral/caudal directions (Ai-ii, Bi-iii, 

arrowheads), which may indicate that donor hMPCs are promoting and/or supporting 

neuronal regrowth/regeneration. 

There was limited interaction between donor hMPCs and host glial cells, identified by 

GFAP (astrocytes) or S100 (astrocytes and infiltrating Schwann cells) immunoreactivity. 

There was intense GFAP immunoreactivity at the border between host tissue and the 

hMPC graft and very few GFAP+ astrocytes infiltrating the graft (Figure 5.7 Ai, Bi, 

arrowheads). S100 immunoreactivity followed a similar pattern with abundant S100+ 

profiles surrounding the graft, and very few S100+ process extending into the graft area 

(not shown). By 7 wpt, GFAP+ astrocytes (Ai, arrowheads), and S100+ astrocytes and/or 

Schwann cells at the border between host and graft tissue had begun to extend long 

processes into the graft area. 
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Extensive laminin deposits filled the lesion site of all hMPC transplanted animals and 

appeared to be greatest in areas within and immediately surrounding the hMPC graft 

(not quantified; Figure 5.8 Aii, Bii). Accordingly, laminin+ profiles were often orientated 

with the direction of the hMPC graft (as with the neuronal markers discussed previously; 

arrowheads).  

Iba1 and ED1 immunoreactivity identified resident and infiltrating microglia/macrophages 

within the injury site that had either an amoeboid morphology with short processes 

characteristic of activated microglia (Iba1+) or a large, foamy/spongy morphology 

characteristic of phagocytotic microglia/macrophages (ED1+) (Figure 5.8). Iba1+ cells 

present within the injury site often aligned with the hMPC graft (Ai, Bi, arrowheads) while 

ED1+ cells were often concentrated at the border of the graft with few ED1+ cells 

infiltrating the graft area (Aii, Bii). ED1 immunoreactivity appeared weaker within graft 

areas than the surrounding tissue, suggesting that donor hMPCs may be influencing the 

activation and infiltration of microglia/macrophages to varying degrees.  
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Figure 5.5 Donor hMPC survival at 7 weeks post-transplantation. Graft areas appear dark blue, 

dense and fibrous when stained with toluidine blue (i) and are positive for STEM101 human nuclei 

marker (ii) on adjacent sections. Dotted lines represent the approximate location of the majority 

of the hMPC graft. Human MPCs typically filled the lesion site (A, B) and/or extend dorsally and 

ventrally within the transplantation needle track (B). Scale bar represents 500 μm. 
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Figure 5.6 Association between donor hMPCs and neuronal fibres at 7 weeks post-

transplantation. Human MPC (A) and mAPP96-110 + hMPC (B) animals show abundant III 

tubulin (i), GAP43 (ii) and SMI32 (iii) positive fibres extending within the lesion site and closely 

associated with donor hMPCs. Neuronal fibres were largely disorganised within the lesion site, 

however many were orientated with the hMPC graft (arrowheads). Scale bar represents 200 μm. 
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Figure 5.7 Association between donor hMPCs and glial (GFAP) and extracellular matrix (laminin) 

markers at 7 weeks post-transplantation, in hMPC (A) and mAPP96-110 + hMPC (B) animals. 

GFAP+ astrocytes (i) surrounded the hMPC graft and had begun to extend fine processes into the 

graft area (Ai, arrowheads). Rarely, GFAP+ astrocytes were found within the centre of the graft 

(Bi, arrowheads). Extensive laminin (ii) deposition filled the lesion site and was strongly 

associated with, and often orientated with donor hMPCs (Bii, arrowheads). Laminin deposition 

appeared denser in areas associated with donor hMPCs than in surrounding tissue. Scale bar 

represents 200 μm. 
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Figure 5.8 Association between donor hMPCs and microglia/macrophages at 7 weeks post-

transplantation. Iba1+ (i) and ED1+ (ii) microglia/macrophages were present throughout the lesion 

site of hMPC (A) and mAPP96-110 + hMPC (B) animals. Iba1+ cells exhibited an amoeboid 

morphology with short processes and were closely associated with donor hMPCs, often 

orientating with the hMPC graft (arrowheads). ED1+ (ii) cells exhibited a large, foamy/spongy 

morphology and were dispersed throughout the injury and graft sites (Aii), or concentrated at the 

graft border with very few cells infiltrating the hMPC graft (Bii). Scale bar represents 200 μm. 
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5.3.3 Cyst formation 

Every sixth spinal cord section was toluidine blue stained to visualise tissue morphology 

and cyst formation at 8 wpi. Cyst formation occurred in all animals following SCI (Figure 

5.10 A-D). Large cysts were visible within the lesion epicentre of SCI only (A) and APP96-

110 (B) treated animals, and in some cases, cyst formation occurred in tissue rostral and 

caudal to the lesion site. In contrast, in animals that received cell transplantation (C, D), 

donor cells, spared/sprouting/regrowing tissue and extracellular matrix (ECM) deposits 

were present within the lesion epicentre, with numerous smaller cysts surrounding the 

lesion site, and in tissue rostral and caudal to the lesion site. Cysts that were further from 

the lesion site tended to be toward the dorsal aspect of the spinal cord. Treatment with 

mAPP96-110 significantly reduced cyst size (Figure 5.9) compared to SCI only ( ) (8.7 

vs 14.5 %), while combined treatment with mAPP96-110 + hMPCs, APP96-110 + hMPCs 

and APP96-110 + nv-hMPCs significantly reduced cyst size compared to SCI only ( ) 

and APP96-110 ( ) (6.9, 6.5, 8.9 vs 14.5, 13.8 %). APP96-110 + hMPCs also 

significantly reduced cyst size compared to nv-hMPCs ( ) (11.7 vs 6.5 %) (P < 0.05, 2-

way ANOVA).  

Figure 5.9 Analysis of cyst size at 8 weeks post-injury (D56). Every sixth spinal cord section was 

toluidine blue stained and analysed to calculate the average cyst size (± SEM) as a percentage 

of the total tissue area of a 6 mm long section. mAPP96-110, mAPP96-110 + hMPCs, APP96-

110 + hMPCs, and APP96-110 + nv-hMPCs significantly reduced cyst size compared to SCI only 

( ; light green), APP96-110 ( ; dark green) and/or nv-hMPCs ( ; light blue) (P < 0.05, 2-way 

ANOVA). Open bars indicate no peptide, horizontal striped bars indicate mAPP96-110 treatment, 

diagonal striped bars indicate APP96-110 treatment; hMPCs, human mesenchymal precursor 

cells; nv, non-viable.  
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Figure 5.10 Cyst formation in toluidine blue stained spinal cord sections. Representative images 

from SCI only (A), APP96-110 (B), hMPC (C), and APP96-110 + hMPC (D) animals. There is 

noticeable cyst formation (*) within, and immediately surrounding the injury site of all animals, 

with some smaller cysts present in uninjured tissue rostral and caudal to the injury site. The 

average cyst size of APP96-110 + hMPCs (D) is significantly smaller than SCI only (A) and 

APP96-110 (B) (P < 0.05). Scale bar represents 500 μm. 
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5.3.4 Spinal cord morphology 

Neuronal staining identified a clear injury site that was void of organised neuronal tissue, 

lacked distinguishable grey and white matter regions and was bordered rostrally and 

caudally by uninjured tissue, and ventrally by spared tissue (Figures 5.11 ( III tubulin), 

5.12 (GAP43) and 5.13 (SMI32)). In some cases, the injury site extended up to 6 mm in 

length (rostral/caudal). The number of III tubulin+, GAP43+ and SMI32+ fibres varied 

greatly and appeared to be denser and more numerous in hMPC treated animals 

(Figures 5.11 and 5.12 C, D). The majority of neuronal fibres extending within the lesion 

site lacked the orientation and organisation that is seen in uninjured tissue, however 

many fibres orientated with the hMPC graft in hMPC treated animals (as discussed 

previously, section 5.3.2). There was a significant increase in the average fluorescence 

intensity of III tubulin with hMPCs, mAPP96-110 + hMPCs, APP96-110 + hMPCs and 

APP96-110 + nv-hMPCs compared to SCI only, mAPP96-110 and APP96-110 (*) and 

nv-hMPCs ( ) (Figure 5.14 A; P < 0.05, 2-way ANOVA). There was also a significant 

increase with nv-hMPCs compared to SCI only ( ). This corresponded to a significant 

increase in the amount of III tubulin+ tissue for APP96-110 (63.7%), APP96-110 + 

hMPCs (66.4%), APP96-110 + nv-hMPCs (70.0%) compared to SCI only (48.4%), and 

increases in the amount of III tubulin positive (++) and/or strong positive (+++) tissue 

for hMPCs, mAPP96-110 + hMPCs, APP96-110 + hMPCs and APP96-110 + nv-hMPCs 

compared to SCI only, mAPP96-110 and APP96-110 (*) and/or SCI only ( ), mAPP96-

110 ( ) and nv-hMPCs ( ) (Figure 5.15 A; P < 0.05, 2-way ANOVA). There was also a 

significant increase in the amount of III tubulin weak positive (+) tissue for APP96-110 

compared to SCI only ( ), hMPCs ( ), nv-hMPCs ( ), mAPP96-110 + hMPCs ( ) and 

APP96-110 + hMPCs ( ) (P < 0.05, 2-way ANOVA). Conversely, there was a significant 

decrease in the average fluorescence intensity of SMI32 with hMPCs, APP96-110 + 

hMPCs, nv-hMPCs and APP96-110 + nv-hMPCs compared to SCI only, mAPP96-110 

and APP96-110 (*), and mAPP96-110 + hMPCs compared to mAPP96-110 ( ) and 

APP96-110 ( ), and a significant increase in SMI32 fluorescence intensity with mAPP96-

110 and APP96-110 compared to all other groups (^) (no difference between mAPP96-

110 and APP96-110) (Figure 5.14 C; P < 0.05, 2-way ANOVA). There was no difference 

in the average fluorescence intensity of GAP43 between any groups (Figure 5.14 B; P > 

0.05, 2-way ANOVA).  

Glial immunomarkers identified astrocytes (S100+ or GFAP+; not double labelled) and 

infiltrating Schwann cells (S100+) that were evenly distributed throughout uninjured 

tissue and present within the lesion site in varying amounts (Figures 5.16 (S100) and 

5.17 (GFAP)). The lesion site was largely void of S100 and GFAP immunoreactivity, 

particularly in cell transplanted animals (as discussed previously, section 5.3.2), however 
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some S100+ and GFAP+ cells did infiltrate the lesion site (Figures 5.16 A-D and 5.17 A-

D). GFAP immunoreactivity was strongest in tissue immediately adjacent to the injury 

site and/or the hMPC graft where glial scarring was likely to occur. There was a 

significant decrease in the average fluorescence intensity of S100 with APP96-110 + 

hMPCs and nv-hMPCs compared to mAPP96-110 ( ) and/or APP96-110 ( ) (Figure 

5.14 D; P < 0.05, 2-way ANOVA). Whereas mAPP96-110 and APP96-110 significantly 

increased S100 fluorescence intensity compared to SCI only ( ). There was a significant 

increase in the average fluorescence intensity of GFAP with hMPCs, mAPP96-110 + 

hMPCs, APP96-110 + hMPCs and APP96-110 + nv-hMPCs compared to SCI only, 

mAPP96-110 and APP96-110 (*), and with nv-hMPCs compared to SCI only ( ) and 

mAPP96-110 ( ) (Figure 5.14 E; P < 0.05, 2-way ANOVA). The percentage of GFAP+ 

tissue was significantly higher for cell transplantation groups; hMPCs (25.2%), mAPP96-

110 + hMPCs (31.6%), APP96-110 + hMPCs (30.9%), nv-hMPCs (25.9%) and APP96-

110 + nv-hMPCs (26.5%) compared to SCI only (12.6%) and mAPP96-110 (11.1%) (P 

< 0.05 2-way ANOVA). This was also shown by a significant increase in the percentage 

of GFAP weak positive (+) and/or positive (++) tissue for hMPCs, mAPP96-110 + 

hMPCs, APP96-110 + hMPCs, nv-hMPCs and APP96-110 + nv-hMPCs compared to 

SCI only, mAPP96-110 and APP96-110 (*) or SCI only ( ) and/or mAPP96-110 ( ) 

(Figure 5.15 B; P < 0.05, 2-way ANOVA).  

Laminin deposits filled and bridged the lesion site of all animals, extending between 

uninjured rostral and caudal tissue (Figure 5.18). Tubular laminin profiles appeared 

denser and more uniformly orientated in hMPC treated animals (C, D; as discussed 

previously, section 3.3.4). There was a significant increase in the average fluorescence 

intensity of laminin with APP96-110, hMPCs, APP96-110 + hMPCs and nv-hMPCs 

compared to SCI only ( ) and/or mAPP96-110 ( ), and mAPP96-110 + hMPCs and 

APP96-110 + nv-hMPCs compared to SCI only, mAPP96-110 and APP96-110 (*), and/or 

hMPCs ( ) (Figure 5.14 F; P < 0.05, 2-way ANOVA). The overall amount of laminin+ 

tissue increased 2- to 3-fold with cell transplantation compared to SCI only; hMPCs 

(25.6%), mAPP96-110 + hMPCs (27.5%), APP96-110 + hMPCs (25.5%), nv-hMPCs 

(34.0%), APP96-110 + nv-hMPCs (24.9%), compared to SCI only (9.8%). This 

corresponded to a significant increase in the amount of laminin weak positive (+) tissue 

with mAPP96-110 + hMPCs, APP96-110 + hMPCs, nv-hMPCs and APP96-110 + nv-

hMPCs compared to SCI only ( ), and positive (++) tissue for nv-hMPCs compared to 

SCI only ( ), mAPP96-110 ( ) and APP96-110 + hMPCs ( ) (Figure 5.15 C; P < 0.05, 

2-way ANOVA). 

Iba1+ and ED1+ microglia/macrophages were present within the lesion site and in 

surrounding uninjured tissue of all animals at 8 wpi (Figures 5.19 (Iba1) and 5.20 (ED1)). 
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As discussed previously (section 5.3.2), Iba1+ cells exhibited a morphology that was 

characteristic of activated microglia, while ED1+ cells exhibited a morphology that was 

characteristic of phagocytotic microglia/macrophages. There was no difference in the 

average fluorescence intensity of Iba1 between any groups (Figure 5.14 G; P > 0.05, 2-

way ANOVA), however there was a significant decrease in the fluorescence intensity of 

ED1 with hMPCs, APP96-110 + hMPCs, nv-hMPCs and APP96-110 + nv-hMPCs 

compared to mAPP96-110 ( ) and APP96-110 ( ) (Figure 5.1, H; P < 0.05, 2-way 

ANOVA). The percentage of ED1+ tissue was significantly reduced with cell 

transplantation compared to non-transplanted groups; hMPCs (16.3%), mAPP96-110 + 

hMPCs (18.4%), APP96-110 + hMPCs (17.7%), nv-hMPCs (18.7%), APP96-110 + 

hMPCs (16.9%) vs SCI only (30.9%), mAPP96-110 (35.4%) and APP96-110 (40.5%). 

All cell transplanted animals had significantly less ED1 weak positive (+), positive (++) 

and strong positive (+++) tissue compared to SCI only, mAPP96-110 and APP96-110 

(*), and/or mAPP96-110 ( ) and APP96-110 ( ) (Figure 5.15 D; P < 0.05, 2-way 

ANOVA). A summary of the morphological changes with each treatment compared to 

SCI only is presented in Table 5.3. 
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Figure 5.11 III tubulin immunoreactivity. Representative III tubulin fluorescence intensity 

images from SCI only (A), APP96-110 (B), hMPC (C) and APP96-110 + hMPC (D) animals. III 

tubulin+ fibres filled all lesion sites, and appeared denser and more organised with hMPCs (D). 

Fluorescence intensity was significantly higher for hMPCs (C) and APP96-110 + hMPCs (D) vs 

SCI only (A) and APP96-110 (B). The amount of III tubulin+ tissue was significantly higher for 

APP96-110 (B) and APP96-110 + hMPCs (D) vs SCI only (A). Scale bar represents 500 μm. 
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Figure 5.12 GAP43 immunoreactivity. Representative GAP43 fluorescence intensity images from 

SCI only (A), APP96-110 (B), hMPC (C) and APP96-110 + hMPC (D) animals. GAP43+ neuronal 

fibres extended into the lesion site of all animals but were more numerous, and appeared denser 

and more organised with hMPC transplantation (C, D). There were no significant differences in 

GAP43 fluorescence intensity between any groups (P > 0.05, 2-way ANOVA). Scale bar 

represents 500 μm. 
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Figure 5.13 SMI32 immunoreactivity. Representative SMI32 fluorescence intensity images from 

SCI only (A), APP96-110 (B), hMPC (C) and APP96-110 + hMPC (D) animals. SMI32+ neuronal 

fibres were present within the lesion site of all animals in varying amounts. SMI32 fluorescence 

intensity was significantly higher for APP96-110 (B) vs SCI only (A), hMPCs (C) and APP96-110 

+ hMPCs (D), and was significantly lower for hMPCs (C) and APP96-110 + hMPCs (D) vs SCI 

only (A) and APP96-110 (B) (P < 0.05, 2-way ANOVA). Scale bar represents 500 μm.
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Figure 5.14 Mean fluorescence intensities (± SEM) of immunostained sections. Cell 

transplantation (hMPCs, red bars; nv-hMPCs, blue bars) affected fluorescence intensity more 

than treatment with mAPP96-110 (± viable/nv hMPCs; horizontal striped bars) or APP96-110 (± 

viable/nv hMPCs; diagonal striped bars). Cell transplantation significantly increased the mean 

fluorescence intensity of III tubulin (A), GFAP (E) and laminin (F), decreased SMI32 (C), S100 

(D; APP96-110 + hMPCs and nv-hMPCs only) and ED1 (H), and had no effect on GAP43 (B) or 

Iba1 (G) fluorescence intensity. mAPP96-110 and APP96-110 significantly increased the mean 

fluorescence intensity of SMI32 (C), S100 (D) and laminin (F; APP96-110 only). Significance to 

SCI only, mAPP96-110, APP96-110 (*), SCI only, hMPCs, mAPP96-110 + hMPCs, APP96-110 

+ hMPCs, nv-hMPC, APP96-110 + nv-hMPC (^), SCI only ( ), mAPP96-110 ( ), APP96-110 ( ), 

hMPCs ( ) and nv-hMPCs ( ) (P < 0.05, 2-way ANOVA) Open bars indicate no peptide, horizontal 

striped bars indicate mAPP96-110 treatment, diagonal striped bars indicate APP96-110 

treatment; hMPCs, human mesenchymal precursor cells; nv, non-viable. 
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Figure 5.15 Percentage of immunoreactive tissue. Weak positive (+; purple), positive (++; red) 

and strong positive (+++; orange) tissue for III tubulin (A), GFAP (B), laminin (C) and ED1 (D) 

immunostained sections. Cell transplantation (hMPCs, nv-hMPCs) significantly increased the 

total amount of III tubulin+, GFAP+ and laminin+ tissue, and decreased the amount of ED1+ tissue 

(not indicated). The proportions of III tubulin, GFAP, laminin and ED1 weak positive, positive 

and/or strong positive tissue increased/decreased accordingly. APP96-110 significantly 

increased the total amount of III tubulin+ tissue (not indicated) and the proportion of III tubulin 

weak positive tissue. Coloured markers represent significance between bars of the same colour. 

Significance to SCI only, mAPP96-110, APP96-110 (*), SCI only ( ), mAPP96-110 ( ), APP96-

110 ( ), hMPCs ( ), mAPP96-110 + hMPCs ( ) and APP96-110 + hMPCs ( ) and nv-hMPCs ( ) 

(P < 0.05, 2-way ANOVA); hMPCs, human mesenchymal precursor cells; nv, non-viable. 
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Figure 5.16 S100 immunoreactivity. Representative S100 fluorescence intensity images from SCI 

only (A), APP96-110 (B), hMPC (C) and APP96-110 + hMPC (D) animals. S100+ astrocytes 

and/or Schwann cells were evenly distributed throughout uninjured tissue, but immunoreactivity 

varied greatly in injured tissue. Few S100+ profiles were found within the lesion site of all animals. 

S100 fluorescence intensity was significantly lower for APP96-110 + hMPCs (D) vs APP96-110 

(B) (P < 0.05, 2-way ANOVA). Scale bar represents 500 μm. 
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Figure 5.17 GFAP immunoreactivity. Representative GFAP fluorescence intensity images from 

SCI only (A), APP96-110 (B), hMPC (C) and APP96-110 + hMPC (D) animals. GFAP+ astrocytes 

were distributed throughout uninjured tissue, however immunoreactivity was greatest in tissue 

immediately adjacent to the injury site and/or the hMPC graft (C, D). GFAP fluorescence intensity 

and the amount of GFAP+ tissue were significantly higher for hMPCs (C) and APP96-110 + 

hMPCs (D) vs SCI only (A) (P < 0.05, 2-way ANOVA). Scale bar represents 500 μm. 
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Figure 5.18 Laminin immunoreactivity. Representative laminin fluorescence intensity images 

from SCI only (A), APP96-110 (B), hMPC (C) and APP96-110 + hMPC (D) animals. Laminin filled 

the lesion site, but appeared denser and more organised with hMPCs (C, D). Fluorescence 

intensity was significantly higher for APP96-110 (B), hMPCs (C) and APP96-110 + hMPCs (D) vs 

SCI only (A). The amount of laminin+ tissue was significantly higher for hMPCs (C) and APP96-

110 + hMPCs (D) vs SCI only (A) (P < 0.05, 2-way ANOVA). Scale bar represents 500 μm. 
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Figure 5.19 Iba1 immunoreactivity. Representative Iba1 fluorescence intensity images from SCI 

only (A), APP96-110 (B), hMPC (C) and APP96-110 + hMPC (D) animals. Iba1+ 

microglia/macrophages exhibited an amoeboid morphology with short process were present 

within the lesion site of all animals to varying degrees. There were no significant differences in 

Iba1 fluorescence intensity between any groups (P > 0.05, 2-way ANOVA). Scale bar represents 

500 μm. 
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Figure 5.20 ED1 immunoreactivity. Representative ED1 fluorescence intensity images from SCI 

only (A), APP96-110 (B), hMPC (C) and APP96-110 + hMPC (D) animals. ED1+ 

microglia/macrophages were distributed throughout uninjured and injured tissue. Fluorescence 

intensity was significantly lower with hMPCs (C) and APP96-110 + hMPCs (D) vs APP96-110 (B). 

The amount of ED1+ tissue was significantly lower for hMPCs (C) and APP96-110 + hMPCs (D) 

vs SCI only (A) and APP96-110 (B) (P < 0.05, 2-way ANOVA). Scale bar represents 500 μm.
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5.4 Discussion 

This study investigated the neuroprotective potential of the APP96-110 peptide following 

SCI, based on a recent study that reported APP96-110 exerts neuroprotective effects 

following TBI (Corrigan et al., 2014). These neuroprotective effects may be replicated in 

other models of CNS injury where neuroprotection can prevent the loss of neuronal and 

glial tissue.  

Clinical grade hMPCs used in this study were provided by Cell and Tissue Therapies 

Western Australia (Royal Perth Hospital, Perth, Western Australia, Australia) and were 

characterised as discussed previously (Chapter 3, sections 3.3.2 and 3.4). In summary, 

there were no significant improvements in functional outcomes with any treatment, as 

assessed with BBB scoring, LadderWalk and RatWalk. Despite this, there were some 

significant improvements in outcomes using morphological measures. Mutant APP96-

110, but not APP96-110, significantly reduced cyst size compared to SCI (P < 0.05), 

however both peptides significantly reduced cyst size when combined with viable/nv 

hMPCs (P < 0.05), which was not seen with hMPC transplantation alone. There were no 

differences in cyst size between combined treatments. Viable/nv hMPC transplantation 

(± m/APP96-110) significantly increased the fluorescence intensity and total amounts of 

III tubulin+, GFAP+ and laminin+ positive tissue (P < 0.05), and decreased SMI32, S100 

and ED1 fluorescence intensity (P < 0.05), whereas mAPP96-110 and APP96-110 

significantly increased SMI32 and S100 fluorescence intensity (P < 0.05). Donor hMPC 

survival was significantly higher with hMPCs compared to APP96-110 + hMPCs (P < 

0.05), however neither group differed when compared to mAPP96-110 + hMPCs. While 

donor hMPC viability did not affect morphological improvements, viable hMPCs 

appeared to have a greater influence on tissue morphology than nv-hMPCs (qualitative 

observations). 

In this study, when administered alone, the APP96-110 peptide did not produce any 

significant neuroprotective effects and subsequent improvements in functional and 

morphological outcomes following SCI. While the effectiveness of a therapeutic 

approach in a particular CNS injury model often provides the justification for investigation 

in other models, it does not guarantee that similar outcomes will be seen. For example, 

red/near-infrared irradiation therapy (R/NIR-IT) significantly reduces the production of 

reactive oxygen species (ROS) and improves visual function following partial optic nerve 

transection, however identical administration of R/NIT-IT produces no significant 

functional or morphological improvements following TBI or SCI (Giacci et al., 2014). It is 

likely that the neuroprotective effects of APP96-110 following TBI reported by Corrigan 

et al. (2014) were not replicated in this study due to differences in the animal and CNS 
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injury models used. Not only are there significant differences in the inflammatory 

response (and injury development in SCI) between mice and rats (Sroga et al., 2003), 

but also between different strains of the same species (Popovich et al., 1997; Kigerl et 

al., 2006), and between animals of different ages (Kumamaru et al., 2012; Sutherland et 

al., 2016). Although both are part of the CNS, the brain and spinal cord exhibit 

significantly different inflammatory immune responses (reviewed by (Zhang and Gensel, 

2014)). Overall, the timing and duration, and magnitude of the inflammatory immune 

response to injury is greater in the spinal cord than the brain, with significantly greater 

microglia/macrophage and astrocyte activation, and neutrophil and lymphocyte 

infiltration following SCI than TBI (Schnell et al., 1999; Batchelor et al., 2008). Injury 

severity also significantly affects the magnitude of the inflammatory response with the 

amounts of BSCB and inflammatory tissue damage, and secondary degeneration 

directly related to the force of the primary mechanical injury (Noble and Wrathall, 1989a, 

b; Yang et al., 2005; Maikos and Shreiber, 2007). Consequently, some pharmacological 

and cell-based therapies that are efficacious in mild SCI are less effective in moderate 

or severe injury models (e.g. cell transplantation (Himes et al., 2006; Zheng et al., 2011; 

Yokota et al., 2015)). Therefore, it is possible that neuroprotective strategies that are 

efficacious in TBI may not produce as significant results following SCI due to the 

heightened immune response in SCI. Potential neuroprotective therapies for CNS 

injuries need to be tailored to suit the injury model and injury severity accordingly.  

As discussed previously (Chapter 4, section 4.4), the dose and route of administration 

can significantly affect the efficacy of pharmacological therapies. Increasing the 

concentration of APP96-110 significantly improves neuroprotective effects following TBI 

(Plummer et al., 2015), possibly due to increased heparin binding (from more peptide 

being available) leading to increased downstream effects that contribute to greater 

neuroprotection. Because of this, and the differences in the inflammatory immune 

responses between TBI and SCI discussed previously, future studies should investigate 

the effects of increased APP96-110 concentrations following SCI, in order to determine 

whether APP96-110 can have neuroprotective effects following SCI, and whether these 

effects are dose dependent. Furthermore, Corrigan et al. (2014) utilised 

intracerebroventricular APP96-110 injection following TBI to bypass the blood-brain 

barrier and deliver the peptide directly to the brain, however the present study utilised IV 

injection of APP96-110. Although IV injection may be less invasive and a more clinically 

relevant method of delivery than intraspinal injection, it relies heavily on the peptide being 

able to cross the compromised BSCB or the peptide having systemic effects within the 

body. Although BSCB permeability is increased for a number of weeks following 

mechanical injury (Popovich et al., 1996), the overall permeability, and permeability to 

proteins of different molecular weights varies greatly with injury severity (Noble and 
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Wrathall, 1989b; Maikos and Shreiber, 2007). Without further investigation, it is difficult 

to know whether APP96-110 can cross the compromised BSCB, and how this potential 

may change over time and in different injury models. It may be that direct injection into 

the spinal cord via intralesional or intrathecal injection (single administration), or 

implantation of a mini-osmotic pump (continuous administration) at the lesion site 

bypasses the BSCB and provides a more effective route of administration. The 

incorporation/fusion of neuroprotective peptides with nanoparticles, magnetic particles 

or other cell penetrating peptides (e.g. TAT) that can cross the BSCB may also improve 

peptide delivery to the spinal cord (Hwang and Kim, 2014; Busquets et al., 2015; 

McGowan et al., 2015), however extensive analyses would need to be carried out to 

ensure that any neuroprotective peptides remain functional following incorporation/fusion 

with these agents.  

It is also important to consider the mechanism/s by which APP96-110 exerts its 

neuroprotective effects, and whether this activity is applicable in the spinal cord and 

following SCI. APP96-110 is thought to act via heparin binding due to its homology with 

the D1 heparin binding domain of APP (Corrigan et al., 2011; Corrigan et al., 2014) and 

the role of heparin sulphate proteoglycans (HSPGs) in neuronal development, 

synaptogenesis, cell survival, proliferation and neurite outgrowth (Cui et al., 2013; 

Swarup et al., 2013; Beller and Snow, 2014). Consequently, delivery of growth factors 

such as fibroblastic growth factor (FGF2), vascular endothelial growth factor (VEGF), 

and glial cell-derived neurotrophic factor (GDNF) significantly reduces pro-inflammatory 

cytokine production, immune cell infiltration and inflammatory damage, and improves 

tissue sparing, axonal regrowth/regeneration and functional recovery following SCI 

(Rabchevsky et al., 1999; Cheng et al., 2002; Iannotti et al., 2004; Kao et al., 2008; 

Ansorena et al., 2013; Goldshmit et al., 2014; Wang et al., 2015) (reviewed by (Harvey 

et al., 2015)), however this activity may not be solely due to HSPG binding. Alternatively, 

HSPG-mediated peptide endocytosis may produce neuroprotective effects by 

modulating ion channels and cell surface receptors expressed on neurons (Amand et al., 

2012; Meloni et al., 2015a). Poly-arginine/arginine-rich peptides exert neuroprotective 

effects on neurons in vitro by reducing calcium influx and subsequent calcium-mediated 

excitotoxicity, however these neuroprotective effects are inhibited if neuronal cultures 

are treated with heparin prior to peptide administration (Meloni et al., 2015b). Treatment 

with arginine-rich peptides also significantly reduces expression of the N-methyl-D-

aspartate (NMDA) receptor subunit NR2B (MacDougall et al., 2017). Therefore, it is 

hypothesised that HSPG-mediated peptide endocytosis (initiated by poly-

arginine/arginine-rich peptide binding to HSPGs) also leads to the endocytosis of cell 

surface receptors that may be key mediators of neuronal excitotoxicity (Meloni et al., 

2015a; MacDougall et al., 2017). Because APP96-110 is a short peptide (15 amino 
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acids) that contains two arginine residues, it is considered to be an arginine-rich peptide 

and may produce neuroprotective effects via HSPG-mediated endocytosis. Finally, the 

neuroprotective potential of APP96-110 is reduced when the APP96-110 peptide is 

modified to have reduced heparin binding ability (“mAPP96-110” in the present study) 

(Corrigan et al., 2014), and is increased (to a certain extent) with increased heparin 

binding ability (Plummer et al., 2016), further demonstrating a potential role of HSPG 

binding in mediating the neuroprotective effects of APP96-110.  

Only recently however, it was discovered that APP96-110 is likely to interact with the 

amyloid precursor-like protein 2 (APLP2), although other candidate proteins have also 

been identified and are being investigated (Cappai et al., 2016). APLP2 is homologous 

with APP, and is also express ubiquitously throughout the body (Aydin et al., 2012). 

Furthermore, like APP, the primary role of APLP2 in the body is yet to be fully determined, 

however studies of APLP2 knockout (APLP2 / ) and double knockout mice (with APP 

and APLP1; APP / APLP2 / , APLP1 / APLP2 / ) have shown that APLP2 has roles in 

neuronal development, synaptogenesis, and synaptic plasticity and transmission (Wang 

et al., 2005; Weyer et al., 2011; Shariati et al., 2013).Like APP, APLP2 expression in the 

brain significantly increases following TBI (which may account for the neuroprotective 

effects of APP96-110), however there are no reports on its expression in the spinal cord 

before or after injury. As APLP2 may be involved in mediating the neuroprotective effects 

of APP96-110, it is pertinent to determine APLP2 expression in the uninjured and injured 

spinal cord. 

An additional aim of this study was to investigate the potential effects of APP96-110 on 

donor hMPC survival following transplantation, and whether reduced secondary 

degeneration (via neuroprotection) promotes a less inflammatory injury site environment 

that is more conducive to donor cell survival. On the contrary, the number of human 

nuclei present within the spinal cord at seven weeks post-transplantation was 

significantly lower with APP96-110 + hMPCs compared to hMPCs only (P < 0.5), 

however neither group (APP96-110 + hMPCs or hMPCs) differed from mAPP96-110 + 

hMPCs. As discussed previously (Chapter 3, section 3.4), the analysis of hMPC survival 

in these experiments was extremely limited due to the location and number of sections 

used for analysis, and this is reflected in the variation in the numbers of surviving cells 

within treatment groups (particularly mAPP96-110 + hMPCs). Using a dedicated cohort 

of animals specifically for the assessment of cell survival would allow for the assessment 

of multiple sections through the spinal cord and may give a better indication of cell 

survival.  

This novel study investigated the neuroprotective potential of the APP96-110 peptide 
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following SCI. Although the results presented in this chapter were not as hypothesised 

and APP96-110 did not produce neuroprotective effects as previously reported following 

TBI (Corrigan et al., 2014), this may be attributed to significant differences in the 

magnitude and development of inflammatory immune responses in TBI and SCI (Schnell 

et al., 1999; Batchelor et al., 2008; Zhang and Gensel, 2014). Future studies that 

investigate the effects of increased APP96-110 concentration, alternative routes of 

delivery, and increased heparin binding ability of APP96-110, may determine whether 

APP96-110 exerts neuroprotective effects following SCI, and whether the 

neuroprotective effects of APP96-110 can be enhanced. APP96-110 has only recently 

been shown to have neuroprotective effects in experimental TBI models, therefore 

further research aimed at identifying its targets within the body, and determining the 

mechanisms of neuroprotection will be invaluable for future studies. Finally, it is 

hypothesised that APP96-110 exerts its neuroprotective effects via heparin binding, and 

potentially the modification of cell surface ion channels and receptors thereby preventing 

neuronal excitotoxicity (Meloni et al., 2015a; MacDougall et al., 2017). Because this 

represents only one of the contributors to secondary degeneration following CNS injury, 

combining APP96-110 with other neuroprotective therapies (e.g. anti-inflammatories, 

immunomodulation), or approaches aimed at promoting spinal cord repair (e.g. cell 

transplantation, scaffolds, growth/trophic factors) may significantly enhance the effects 

of individual therapies and lead to greater functional and morphological improvements 

following injury.  
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6 GENERAL DISCUSSION 

This thesis investigated immunomodulatory and neuroprotective strategies in 

combination with human mesenchymal precursor cell (hMPC) transplantation for the 

treatment of moderate contusive thoracic spinal cord injury (SCI) in a Nude rat model. 

The outcomes, limitations, future directions and clinical relevance of each experiment 

were discussed in their appropriate Chapters, however there are some issues that are 

pertinent to all of the studies presented here, and to future pre-clinical and clinical 

studies.   

The timing and duration of therapies for SCI is crucial, particularly for anti-inflammatory 

and neuroprotective approaches that aim to attenuate the effects of the host 

inflammatory immune response in order to significantly reduce the amount of secondary 

degeneration that occurs following SCI (Hausmann, 2003; Gadani et al., 2015). There is 

a window of opportunity that may last for hours to days following SCI (depending on the 

therapeutic approach), during which therapies can be delivered before inflammatory 

signalling cascades and the inflammatory immune response to injury are well established 

(Bowes and Yip, 2014). Delivering potential anti-inflammatory or neuroprotective 

therapies before the inflammatory response takes significant hold can ensure that these 

therapies have the greatest effect on limiting secondary degeneration of surrounding 

spared (uninjured) tissue, and promoting tissue sparing and the preservation of 

functional connections (Kwon et al., 2011a; Plemel et al., 2014; Siddiqui et al., 2015). 

Some neuroprotective approaches, such as hypothermia, help to attenuate early 

inflammation and may extend the therapeutic window (for subsequent therapies) by 

slowing metabolism and the biochemical events that occur following injury (Batchelor et 

al., 2013; Wang and Pearse, 2015; Alkabie and Boileau, 2016). Extending the 

therapeutic window could provide more time to respond to, asses and begin treatment 

of SCI patients, which could significantly improve the efficacy of subsequent therapies 

such as decompressive surgery, immunomodulation or neuroprotective approaches that 

should be administered as early after SCI as possible (Furlan et al., 2011; Piazza and 

Schuster, 2017). Manipulation of the therapeutic window is particularly relevant in clinical 

settings where patients may not get access to appropriate hospital treatment for a 

number of hours or days following injury due to delays associated with the time it takes 

to respond to, stabilise, transfer and admit a patient to hospital. Additional delays from 

the necessary management of other life-threatening injuries, organisation of surgical 

procedures, and the proper functional (ASIA scale) and morphological (spinal cord 

imaging) assessment of the SCI can also occur once a patient has been admitted 

(Samuel et al., 2015; Battistuzzo et al., 2016).  
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For anti-inflammatory therapies, the optimal dose and timing of administration must be 

determined as using an excessive dose or delivering anti-inflammatories for too long may 

disrupt the normal cytokine signalling, and inflammatory and cellular responses that 

occur following injury and are crucial for the stabilisation and management of the lesion 

site, and promotion of endogenous repair responses (Bethea, 2000; Bethea and Dietrich, 

2002; Donnelly and Popovich, 2008). This notion is supported by the results of Chapter 

4 and a recent study, where the prolonged (  two week) inhibition of tumour necrosis 

factor alpha (TNF ) activity did not result in significant functional improvements (Novrup 

et al., 2014), unlike those that have been previously reported following a single injection 

of etanercept immediately following injury (Genovese et al., 2006; Chen et al., 2011; 

Wang et al., 2014). It is possible that over inhibition of the TNF  response had a 

detrimental effect and impaired the normal inflammatory signalling and immune cell 

activity that is required to promote the initiation of apoptosis, and clearing of damaged 

cells and debris (Kim et al., 2001; McCoy and Tansey, 2008; Probert, 2015). As 

discussed previously (Chapter 4, section 4.4), the complex inflammatory responses of 

the body can significantly impact neurodegeneration and regeneration following injury, 

and potential therapies need to modulate these responses appropriately in order to 

maximise the functional and morphological improvements following SCI. 

Immunomodulatory therapies should aim to attenuate inflammatory immune responses 

in order to protect surrounding spared tissue from secondary degeneration, without 

compromising the normal inflammatory and immune cell responses that occur following 

injury. 

The route of administration of pharmacological and cell based therapies may also impact 

their effectiveness, and the optimal route may differ between pre-clinical and clinical 

models. As discussed previously (Chapter 4, section 4.4 and Chapter 5, section 5.4), 

many pre-clinical approaches take advantage of the breakdown of the blood-spinal cord 

barrier (BSCB) that occurs immediately following SCI (Popovich et al., 1996; Maikos and 

Shreiber, 2007), and deliver therapies systemically with the idea that they will be able to 

cross the compromised BSCB if needed. As discussed in Chapter 5, the amyloid 

precursor protein (APP) 96-110 peptide (APP96-110) delivered via intravenous (IV) 

injection following SCI did not result in neuroprotective effects such as those reported 

previously with intracerebroventricular APP96-110 injection following TBI (Corrigan et 

al., 2014). It is possible that the APP96-110 peptide was not able to cross the 

compromised BSCB, and cannot produce neuroprotective effects systemically. The 

effectiveness of systemic delivery (with the aim of therapeutics crossing the 

compromised BSCB) may be dependent on the severity of the initial injury (as the 

amount of BSCB breakdown is directly related to the initial mechanical force) and the 

physical properties (such as size, charge, etc.) of the therapeutic to be delivered (Noble 
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and Wrathall, 1989; Maikos and Shreiber, 2007; Banks, 2009). As the BSCB is re-

established over time following injury (Cohen et al., 2009), alternative methods of 

delivery (e.g. intravenous (IV), intrathecal, intralesional) may be more beneficial in the 

acute to chronic stages of injury where therapeutics may not be able to cross the in-tact 

BSCB (Rossi et al., 2013). Although IV administration may be less invasive, many 

experimental studies utilise intraspinal drug injection or cell transplantation to deliver 

therapies directly to the injury site where it is thought that they will have the greatest 

effect on modifying the injury environment, and promoting tissue sparing and axonal 

regrowth/regeneration (Paul et al., 2009; Takahashi et al., 2011; Shin et al., 2013). While 

this type of delivery is relatively easy to achieve in animal models, intraspinal injection is 

invasive and may be harmful to human SCI patients where unnecessary spinal cord 

surgery could cause additional damage to the spinal cord and exposes patients to the 

risks of undergoing surgery. Less invasive routes of administration such as IV or 

intrathecal (via lumbar puncture) injection, may be better suited to clinical settings and 

would be extremely advantageous for therapies where repeated drug/cell injections are 

required (Bakshi et al., 2006; Cizkova et al., 2011; Jarocha et al., 2015). Comparisons 

of different routes of administration will determine the most effective method of delivery 

for a particular therapy, and whether different routes of administration are more 

efficacious than others.  

More recently, the potential of utilising combinatorial therapies to improve the efficacy of 

individual therapies or to target specific pathophysiological events at specific times 

following SCI has been investigated (Chen and Levi, 2017), and this was the rationale 

behind a large proportion of the work presented in this thesis. The potential of natural 

killer (NK) cell depletion to promote donor hMPC survival, thereby enhancing the effects 

of hMPC transplantation following SCI, was investigated in Chapter 3. Although NK cell 

depletion did not improve donor hMPC survival in this study, there were significant 

improvements in tissue morphology (reduced cyst size, increased proportions of III 

tubulin+, GFAP+, laminin+ tissue) that were associated with NK cell depletion, and are in 

accordance with other studies that deplete immune cells or inhibit immune cell activity 

immediately following SCI (Gris et al., 2004; Stirling et al., 2004; Bao et al., 2005; Ditor 

et al., 2006; Blomster et al., 2013). Yet, NK cell depletion alone is unlikely to be adopted 

as an immunomodulatory therapy due to the lack of functional improvement reported in 

this study, and the potential health complications associated with NK cell depletion 

(discussed previously, Chapter 3, section 3.4). However, the subtle effects of NK cell 

depletion on improving tissue morphology following SCI, combined with the potential to 

promote donor cell survival and improve the efficacy of cell-based therapies (as reported 

in other cell transplantation models (Hodgetts et al., 2000; Yoshino et al., 2000; 

Yamanokuchi et al., 2005; Chen et al., 2006; Thorrez et al., 2008; Ishiyama et al., 2011)) 
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warrants further investigation in SCI models.  

Combinatorial approaches can also utilise strategies that reduce secondary 

degeneration and promote tissue sparing immediately following injury (e.g. anti-

inflammatory drugs, immune cell modulation or neuroprotective therapies), with 

strategies that alter the terrain of the lesion itself and promote, enhance and support 

axonal regrowth, regeneration and remyelination, and the restoration of functional 

connections in the later stages of injury (e.g. cell transplantation, scaffold implantation, 

growth factors, glial scar breakdown). Recent studies have reported that early 

immunomodulation combined with MPC transplantation following SCI significantly 

reduces pro-inflammatory cytokine production, neutrophil infiltration, and inflammatory 

damage, and improves growth factor production, and functional outcome (Chen et al., 

2015; Tan et al., 2015), and in some cases can also improve donor MPC survival (Gao 

et al., 2014). In this thesis, the anti-inflammatory drug etanercept (Chapter 4), and the 

neuroprotective APP96-110 peptide (Chapter 5) administered in combination with hMPC 

transplantation aimed to combine the tissue sparing effects of these pharmacological 

therapies (Esposito and Cuzzocrea, 2011; Corrigan et al., 2014) with the growth 

promoting effects of hMPC transplantation (Forostyak et al., 2013; Vawda and Fehlings, 

2013; Dasari et al., 2014; Oliveri et al., 2014). As discussed previously, etanercept, 

APP96-110 and hMPC transplantation all had modest effects on improving tissue 

morphology without significantly improving functional recovery, which is in contrast to 

previous studies (etanercept (Genovese et al., 2008; Chen et al., 2011; Wang et al., 

2014); APP96-110 (Corrigan et al., 2014); hMPCs (Cizkova et al., 2006; Lee et al., 2007; 

Pal et al., 2010; Hodgetts et al., 2013)). However, previous studies have also reported 

significant morphological improvements with various therapies following SCI without 

subsequent functional improvements (pharmacological (Takami et al., 2002); MPC 

transplantation (Ankeny et al., 2004; Lu et al., 2005; Sheth et al., 2008)). Furthermore, 

morphological improvement does not guarantee, and is not always an indicator of, 

functional improvement. In order for functional recovery to occur, functional axonal 

connections must be resotred; whether that be by the remyelination of spared, 

demyelinated axons that are still connected but unable to effectively transmit action 

potentials to their targets, or by regenerating axons crossing the lesion site and 

reinnervating their targets to re-establish functional connections between the target (i.e. 

leg mucles) and the brain. It may be that optimisation of individual therapies, or the 

combination of therapies to enhance individual (non-significant) effects produces more 

significant improvements following SCI (Mu et al., 2000; Genovese et al., 2007; 

Koopmans et al., 2009; Wu et al., 2010).  

In addition to the pharmacological and cell based therapies discussed previously, other 
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non-invasive or minimally invasive therapies may also be beneficial in clinical 

approaches. In humans, physiotherapy and exercise/rehabilitative training protocols 

administered as early as possible (depending on the stabilisation of the spinal cord and 

management of any other injuries) may also contribute to significant reductions in 

neuropathic pain and improvements in functional recovery through the prevention of 

muscle loss and denervation, strengthening of synaptic connections (“use it or lose it” 

idea), and biological effects within the spinal cord and muscle such as synaptic plasticity, 

reduced inflammation, and production of neurotrophic factors (Fouad and Tetzlaff, 2012; 

Sandrow-Feinberg and Houle, 2015). These therapies could also be combined with 

epidural stimulation (activation of the spinal cord below the level of injury), functional 

electrical stimulation (stimulation of particular nerves or muscles) or transcranial 

magnetic stimulation (stimulation of the primary motor cortex or cervical/thoracic spine 

to generate compound muscle action potentials) to treat neuropathic pain and further 

enhance functional recovery (Tator et al., 2012; Ho et al., 2014; Nardone et al., 2014; 

Nardone et al., 2015). Although not strictly a reparative approach, neural interfaces can 

also be used to bypass the SCI and integrate signals from the brain or areas of the cord 

that are above the injury site to delivery electrical stimulation to the spinal cord or muscles 

that are below the injury site, or to control external computers or robotic prostheses 

(Lobel and Lee, 2014; Alam et al., 2016). These types of therapies can significantly 

improve the quality of life for SCI patients by reducing neuropathic pain, and improving 

or restoring voluntary movement.  

Significant advances have been made in the field of SCI with a number of different 

strategies including immunomodulatory, neuroprotective, and growth promoting 

approaches contributing to significant functional and morphological improvements in 

animal models. Despite these promising results, many therapies fail to produce 

significant effects when advanced to clinical trials and as such, there are currently no 

clinical approaches that consistently produce significant functional improvements 

following SCI in humans. Many current clinical trials for SCI are phase I/II safety and 

efficacy trials to assess possible side effects of potential therapies, and determine 

whether particular doses or treatment regimes may have therapeutic potential that 

warrants further clinical testing. The majority of these studies are individual approaches 

investigating the effects of hypothermia, drugs/pharmacological therapies, stem cell 

transplantation, electrical stimulation or exercise/rehabilitative training following SCI 

(reviewed by (Gensel et al., 2011; Harkema et al., 2012; Nagoshi and Fehlings, 2015; 

Alkabie and Boileau, 2016)). However, there are some combinational approaches 

investigating the combinations of surgical decompression, pharmacological therapies, 

stem cell transplantation, scaffold implantation, exercise/rehabilitative training and/or 

functional electronic stimulation. Additionally, there are some larger phase III/IV clinical 
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trials investigating the efficacy of pharmacological therapies such as minocycline, 

methylprednisolone, riluzole, and others, hMPC transplantation, and 

exercise/rehabilitative training on improving neurological and functional outcomes and/or 

reducing neuropathic pain following SCI. Continuing clinical trials will advance our 

knowledge of human SCI in an effort to find reliable treatments for SCI, and potentially 

other traumatic CNS injuries. A combined global approach between different institutions, 

hospitals and SCI centres, and the implementation of standardised clinical trial designs 

and outcome measures may advance the field of SCI research more rapidly than current 

efforts (Fawcett et al., 2007; Lammertse et al., 2007; Steeves et al., 2007; Tuszynski et 

al., 2007; Kwon et al., 2011b; Reier et al., 2012; Lemmon et al., 2014). Likewise, 

continued pre-clinical research will (i) help further our understanding of the 

pathophysiological events following SCI, (ii) investigate how these events may be 

manipulated to improve functional and morphological outcomes, and (iii) continue to 

investigate and determine the efficacy of potential therapies for SCI repair.  
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APPENDIX A 

Reagent Manufacturer Catalogue #

0.05% trypsin-EDTA Gibco 25300-120 

2-Mercaptoethanol Sigma M3148

Actinomycin D Gibco 11805017 

Agarose Sigma-Aldrich A6013

Alizarin red S Sigma-Aldrich A5533 

Anti-asialo GM1 Wako 986-10001 

Anti-Sca-1 microbead kit (FITC) (mouse) Miltenyi MACS 130-092-529 

Benacillin Ilium NA

Betadine® Betadine NA

Bovine serum albumin (BSA) Sigma A9418 

Chromium(III) potassium sulphate Sigma-Aldrich 60152 

Cresyl violet Sigma C5042 

Difco™ gelatin Becton Dickinson 214340 

Dimethylformamide (DMF) Sigma D4551 

DPX mounting medium Sigma 06522 
Dulbecco’s Modified Eagle’s Medium 
(DMEM) Gibco 11960-069

Etanercept (Enbrel®) Wyeth 01640 

Ficoll-Paque PLUS GE Healthcare 17-1440-02 

Fluorescence mounting medium Dako S302380 

Foetal bovine serum (FBS) Gibco 16000-044 

GlutaMAX™ (GM) Gibco 35050-079 

Hanks’ balanced salt solution (HBSS) Gibco 14170-161 

Heparin sodium injection Hospira NA 

Hoechst 33258 (bisBenzimide H 33258) Sigma 14530 

Horse serum Gibco 26050-070 

Human immunoglobulin G Sigma I4506 

Isoflurane Bayer NA

Isopropyl alcohol (2-Propanol) Sigma-Aldrich 190764 

Laminin Sigma L2020

Leica CV mount Leica Biosciences 046430011 

Lineage cell depletion kit (mouse) Miltenyi MACS 130-090-858 
Minimum essential medium, alpha 
modification (MEM ) Gibco 12571-071

Normal goat serum (NGS) Gibco 16210-064 

Normal saline (0.9% sodium chloride) Baxter AHB1324 

Oil red O Sigma-Aldrich O0625 

Paraffin wax Leica Biosciences 39601006 

Paraformaldehyde Sigma-Aldrich P6148

Phosphate buffered saline (PBS) Gibco 14190-250 
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Poly-L-lysine (PLL) Sigma P6282 

ProLong® Diamond Antifade Mountant Molecular Probes P36970 

RPMI 1640 Gibco 21870-092 

RPMI 1640 (phenol red free) Gibco 11835-030 

Sodium azide Sigma-Aldrich S2002 

Sodium chromate PerkinElmer NEZ030001MC 

Sodium dodecyl sulfate (SDS) Sigma L3771 

Sodium pentobarbitone (lethabarb) Virbac NA 

Sodium phosphate dibasic Sigma-Aldrich S0876 

Sodium phosphate monobasic Sigma-Aldrich S0751 

Sodium pyruvate Gibco 11360-070 

Sodium tetraborate (borax) Sigma-Aldrich 221732 

StemXVivo Adipogenic Supplement R&D Systems CCM011 

StemXVivo Chondrogenic Base Media R&D Systems CCM005 
StemXVivo Human Osteogenic 
Supplement R&D Systems CCM008 

StemXVivo Human/Mouse Chondrogenic 
Supplement R&D Systems CCM006 

StemXVivo Osteogenic/Adipogenic Base 
Media R&D Systems CCM007 

Temgesic (buprenorphine hydrochloride) Reckitt Benckiser NA 

Thiazolyl blue tetrazolium bromide (MTT) Sigma M5655 

TNF  recombinant rat protein ThermoFisher Scientific 80045RNAE5 

Toluene Sigma-Aldrich 179418

Toluidine blue O Sigma-Aldrich T3260 

Triton X-100 Sigma-Aldrich X100 

Trypan blue solution Sigma T8154 

Equipment Manufacturer Catalogue #

100 μm cell strainer Becton Dickinson 352360 

100 mm non-treated tissue culture dish Corning 430591 

12 mm round glass coverslips #1 Menzel-Gläser NA 

15 mL centrifuge tube Corning 430791 

22 x 40 mm coverslips #1 Menzel-Gläser NA 

22 x 50 mm coverslips #1 Menzel-Gläser NA 

24-well plate Corning 3524 

26G needle Terumo NN-2613R 

3 mL syringe Terumo SS-03S 

35 mm non-treated tissue culture dish Corning 430588 

35 mm non-treated tissue culture dish Corning 430588 

40 μm cell strainer Becton Dickinson 352340 

5 mL syringe Terumo SS-05S 

50 mL centrifuge tube Corning 430291 
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6-well plate Corning  3516 

70 μm cell strainer Becton Dickinson 352350 

96-well plate Corning 3370 

Bottle top filter (0.22 μm pore size) Corning 430513 
Centricon® Plus-70 Centrifugal Filter Units 
(10kDa filter) Millipore UFC701008

Cryostat Leica Biosystems CM3050

EnSpire Multimode Plate Reader PerkinElmer 2300-0000 

LS column Miltenyi Biotech 130-042-401 

midiMACS separator Miltenyi Biotech 130-042-302 
Millex-GP syringe filter unit (0.22 μm pore 
size) Millipore SLGP033RS

Scintillation vials PerkinElmer 6000192 

SuperFrost™ microscope slides Menzel-Gläser NA 

T25 flaks Corning 430639 

T75 flask Corning 430641 

Tissue processor Leica Biosystems ASP200S 

Wax microtome Leica Biosystems RM2255 

Surgical/Perfusion Equipment Manufacturer Catalogue # 

#11 scalpel blade Swann-Morton 0230 

10 μL Hamilton Syringe (701 RN) Hamilton 80330 

10 mL syringe Terumo SS-10S 

18G blunt drawing up needle Terumo 1XX NN-1838 

25G hypodermic needle Terumo NN-2525R 

26G hypodermic needle Terumo NN-2613R 

3 mL syringe Terumo SS-03S 

5 mL syringe Terumo SS-05S 

5.0 Coated Vicryl, Violet Braided suture Ethicon J303H 

Bone curette Medicon 26.39.09 

Cotton tipped applicators BSN Medical 7505-0 

Cutisoft™ gauze swabs BSN Medical CGS75NS 

Delicate scissors Medicon 02.04.10 

Doyen operating scissors Medicon 03.38.18 

Dumont #5 forceps Fine Science Tools 11295-00 

Fine scissors Fine Science Tools 14059-11 

Friedman-Pearson Rongeur Fine Science Tools 16021-14 

Glass micropipette Blaubrand® 7087 09 

Graefe forceps Fine Science Tools 11052-10 

Halsted-Mosquito hemostat Fine Science Tools 13009-12 

Hot bead steriliser Fine Science Tools 00081-00 

Infinite Horizon impactor Precision Systems and 
Instrumentation IH-0400 
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Intramedic™ polyethylene tubing Becton Dickinson 427406 

Liston bone cutting forceps Medicon 33.20.14 

Medizyme Whiteley Corporation NA 

Michel suture clip applying forceps Fine Science Tools 12018-12 

Michel suture clips, 12 x 2.5 mm Fine Science Tools 12040-03 

Micropipette puller Sutter Instruments P-2000 
Olsen-Hegar needle holders with suture 
cutters Fine Science Tools 12002-12 

Paraffin oil Sigma-Aldrich 18512 

Peristaltic pump Gilson MINIPULS® 3 

Scalpel handle Fine Science Tools 10007-16 

Standard pattern forceps Fine Science Tools 11000-12 

Stereotaxic frame Kopf NA 

Syringe pump Harvard Apparatus 704501 

Tissue forceps Fine Science Tools 11021-12 
Tygon® formula R-3603 laboratory tubing, 
IS 5/32”, OD 7/32”, wall 1/32” Saint-Gobain NA 
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APPENDIX B 

A set of experiments were to be conducted using natural killer (NK) cell knockout and 

tumour necrosis factor alpha (TNF ) knockout mice, as “proof of principal” studies that 

were complimentary to the NK cell depletion (Chapter 3) and TNF  inhibition (Chapter 

4) studies in rats. This set of experiments were to utilise mouse mesenchymal precursor

cells (mMPCs; isolated from bone marrow) and anti-NK1.1 antibody (to deplete mouse 

NK cells in wildtype controls) generated in the laboratory, as outlined below. Mouse 

MPCs were isolated, expanded and characterised, and frozen mMPC stocks were stored 

in preparation for the subsequent animal experiments. Anti-NK1.1 antibody was 

produced and purified from supernatant samples from hybridoma cell culture. Early in 

my PhD candidature, the laboratory’s -80°C freezer failed, resulting in the loss of all 

mouse and human cell stocks required for the experiments presented in thesis, and 12 

months’ worth of laboratory work. Consequently, all mouse experiments were 

abandoned. 

B.1 Mouse mesenchymal precursor cell culture 

Adult (6-8 week) male C57Bl6/J and C57Bl10ScSn mice carcasses were obtained from 

the Animal Resources Centre (Perth, WA, Australia). Mice had been culled by induction 

of hypoxia with CO2 (time between culling and bone marrow isolation was 30-90 mins) 

and were immediately stored on ice.  

B.1.1 Bone marrow collection 

Bone marrow (BM) samples were isolated from the femur and tibia of the hindlimb 

(Gnecchi and Melo, 2009; Nardi and Camassola, 2011). The skin over the gut was 

incised and removed from the lower half of the mouse to expose the legs. A #11 scalpel 

blade (Swann-Morton) was used to cut through the hip joint, separating the head of the 

femur from the acetabulum while taking care to not break or fracture the femur. Surgical 

scissors (Fine Science Tools) were used to dissect the femur and tibia from the body by 

removing surrounding muscles, tendons and connective tissues. A scalpel blade was 

used to remove any remaining soft tissue from the bones and to separate the femur from 

the tibia. Once isolated and cleaned, the femur and tibia were placed in ice cold Hanks’ 

Balanced Salt Solution (HBSS; Gibco) in a 100 mm non-treated tissue culture dish 

(Corning) and stored on ice. 

The bones were cut at the proximal epiphysis just below the end of the marrow cavity 

and a 26G needle (Terumo) attached to a 3 mL syringe (Terumo) was inserted into the 

distal end of the bone. The bone marrow was collected by flushing the cavity with 2-5 

mL ice cold minimum essential medium alpha modification (MEM ; Gibco). A single cell 
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suspension was obtained by passing the bone marrow through a 26G needle 3-4 times, 

then through a 70 μm cell strainer (Becton Dickinson) to remove any bone fragments or 

bone marrow clumps. The bone marrow suspensions from all animals were pooled for 

MPC isolation. Three isolation protocols were used to investigate the efficacy of different 

isolation methods and the purity of the resulting MPC populations. Mouse MPCs were 

isolated based on their plastic adherent properties (MPCs will readily adhere to plastic 

dishes while other BM cells will remain in suspension), cell surface marker expression, 

or by density gradient centrifugation.  

B.1.2 Mouse mesenchymal precursor cell isolation 

B.1.2.1 Adherence plating 

The BM suspension was centrifuged at 300 ×g for 10 mins at room temperature (RT), 

the supernatant was discarded and the cell pellet was resuspended in fresh MPC culture 

media (section 2.1.1). Total cell number and viability were determined using trypan blue 

(Sigma) staining and the cell suspension was adjusted to 5 × 106 cells/mL. Cells were 

seeded into 6-well plates (Corning) at a density of 1-2 × 106 cells/cm2 in 2.5 mL MPC 

culture media/well and incubated at 37°C in a 5% (v/v) CO2 incubator (Heraeus). After 3 

days of incubation, the non-adherent cells were removed by changing the culture media. 

Cells were allowed to grow to ~90% confluence before being trypsin treated, pooled and 

transferred to T75 flasks (Corning) for subculture (section 2.1.1). 

B.1.2.2 Magnetic activated cell sorting 

Magnetic activated cell sorting (MACS) was used to deplete mature hematopoietic 

“lineage positive” cells (Lin+; T cells, B cells, monocytes/macrophages, granulocytes, 

erythrocytes and their committed precursors) from the BM suspension and isolate stem 

cell antigen-1 (Sca-1) positive cells from the resulting Lin- cell population. MACS was 

carried out using the Lineage Cell Depletion Kit (mouse; Miltenyi Biotech, Bergisch 

Gladbach, Germany) and Anti-Sca-1 MicroBead Kit (FITC) (mouse; Miltenyi Biotech) as 

per manufacturer’s instructions. 

The BM suspension was passed through a 40 μm cell strainer (Becton Dickinson) and 

centrifuged at 300 ×g for 10 mins at 4-8°C. The supernatant was removed and the cell 

pellet resuspended in phosphate buffered saline (PBS; calcium and magnesium free, pH 

7.2; Gibco) containing 0.5% (w/v) bovine serum albumin (BSA; Sigma-Aldrich) (MACS 

buffer) to determine cell number. To prepare for magnetic labelling, the cell suspension 

was centrifuged, the supernatant was removed and the cell pellet was resuspended in 

40 μL MACS buffer. Cells were incubated with 10 μL Biotin-Antibody Cocktail for 10 mins 

at 4-8°C. Additional MACS buffer (30 μL) was added and the cells were incubated with 

20 μL Anti-Biotin MicroBeads for 15 mins at 4-8°C. Following incubation, the cells were 
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washed in 1-2 mL MACS buffer and centrifuged at 300 ×G for 10 mins at 4-8°C. The 

supernatant was removed and the cell pellet was resuspended in 500 μL MACS buffer 

for magnetic sorting. MACS was achieved using an LS column (Miltenyi Biotech) in a 

midiMACS separator (Miltenyi Biotech). The column was rinsed with MACS buffer, the 

cell suspension was applied to and passed through the column and the effluent 

containing the Lin- cell population was collected. The column was washed 3 times with 

MACS buffer to ensure complete cell separation, and this effluent was combined with 

the Lin- cell population (Lin+ cells retained within the column were discarded).  

The Lin- population cell number was determined, the cell suspension was centrifuged, 

supernatant was removed and the cell pellet was resuspended in 90 μL MACS buffer. 

Cells were incubated with 10 μL Anti-Sca-1-FITC for 10 mins at 4-8°C, washed with 1-2 

mL MACS buffer and centrifuged for 10 mins at 300 ×G at 4-8°C. The supernatant was 

removed, the cell pellet was resuspended in 80 μL MACS buffer and cells were incubated 

with 20 μL Anti-FITC MicroBeads for 15 mins at 4-8°C. Following incubation, the cells 

were washed in 1-2 mL MACS buffer, centrifuged for 10 mins at 300 ×G at 4-8°C and 

resuspended in 500 μL MACS buffer for sorting. The column was rinsed with MACS 

buffer, the cell suspension was applied to the column and the effluent containing 

unlabelled Lin- Sca-1- cells was discarded. The column was washed 3 times with MACS 

buffer to ensure complete cell separation and the effluent was discarded. The Lin-  

Sca-1+ cell population was collected by removing the column from the magnetic field and 

flushing the column with 5 mL MACS buffer. The resulting cell suspension was plated 

into 24-well culture plates (Corning) at a density of 1 × 105 cells/cm2 in 1 mL MPC culture 

media/well and incubated at 37°C in a 5% (v/v) CO2 incubator. Cells were allowed to 

grow to ~90% confluence before being trypsin treated, pooled and transferred to T75 

flasks for subculture (section 2.1.1). 

B.1.2.3 Ficoll-Paque separation 

The BM suspension (max 20 mL) was carefully layered on top of 15 mL Ficoll-Paque 

PLUS (FP+, density 1.077 g/ml; GE Healthcare, Little Chalfont, Buckinghamshire, 

England) in a 50 mL centrifuge tube (Corning) and centrifuged at 400 ×g for 30 mins at 

18-20°C to separate the suspension into blood cells (bottom layer), FP+ (second layer), 

mononuclear cells (MNCs; containing MPCs, third layer) and media (top layer). The 

media was aspirated and the MNCs transferred to a 15 mL centrifuge tube (care was 

taken to reduce the amount of contaminating FP+ that was transferred from the layer 

below). Culture media was added to the cell suspension (up to 10 mL) and centrifuged 

at 300 ×g for 10 mins at 18-20°C, the supernatant was discarded and the cell pellet was 

resuspended in fresh MPC culture media. Total cell number and viability was determined 

using a trypan blue cell count and the cell suspension was adjusted to 5 × 106 cells/mL 
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before seeding into 6-well culture plates (Corning) at a density of 1-2 × 106 cells/cm2 in 

2.5 mL media/well and incubated at 37°C in a 5% (v/v) CO2 incubator. Cells were allowed 

to grow to ~90% confluence before being trypsin treated, pooled and transferred to T75 

flasks for subculture (section 2.1.1). 

B.2 Hybridoma cell culture 

Hybridoma cells were purchased from ATCC (PK136 clone, HB-191™; SH-34 clone, 

CRL-2405™). The PK136 and SH34 clones produce antibodies that can be used to 

deplete NK cells in mice (PK136 specific for NK1.1) and rats (SH-34 specific for asialo 

GM1). Frozen cells were rapidly thawed in a 37°C water bath and transferred to a 15 mL 

centrifuge tube containing RPMI-1640 (Gibco) supplemented with 10% (v/v) heat 

inactivated foetal bovine serum (hiFBS), 2 mM GlutaMAX™ (GM), 2 mM sodium 

pyruvate (Gibco) and 50 μM 2-Mercaptoethanol (Sigma-Aldrich) (hybridoma culture 

media). Cell suspensions were centrifuged at 150 ×g for 5 mins, the supernatant was 

discarded and the cell pellet resuspended in fresh hybridoma culture media to wash. Cell 

number was determined and the cells were seeded into T75 flasks at a concentration of 

1 × 105 cells/mL in 10 mL and incubated at 37°C in a 5% (v/v) CO2 incubator. Fresh 

hybridoma culture media (5-10 mL) was added to the flasks every 3-4 days to maintain 

the cell concentration at 1 x 105 - 1 x 106 cells/mL. To perform a complete media change, 

or for subculture, the flasks were gently tapped to return semi-adherent cells to 

suspension, and cell suspensions were collected in 50 mL centrifuge tubes. Cell 

suspensions were centrifuged, the supernatant was discarded and the cell pellet was 

resuspended in fresh hybridoma culture media and reseeded into T75 flasks. 

B.2.1 Antibody production and concentration 

Hybridoma cells were transferred into serum-free hybridoma culture media (RPMI 

supplemented with 2 mM GM, 2 mM sodium pyruvate and 50 μM 2-Mercaptoethanol) for 

antibody collection. The cells were collected and centrifuged as described above with 

the cell pellet being resuspended and washed twice in serum-free media. The cell 

number was determined and cells were seeded at a concentration of 5 x 106 cells/flask 

in 10 mL serum-free hybridoma culture media. An additional 15 mL media was added to 

the flasks at day 3-4 of culture and cells were cultured for a total of 7-10 days. To collect 

the secreted antibody, the media was removed from the flasks and centrifuged at 150 

×g for 5 mins. The supernatant was collected and sterile filtered with a bottle top filter 

(0.22 μm pore size; Corning) into sterile bottles and stored at 4°C. The cell pellet was 

discarded. An aliquot of the antibody solution was used to measure total protein 

concentration by absorbance at 280 nm using a ND-1000 NanoDrop spectrophotometer 

(NanoDrop, Wilmington, Delaware).  
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Antibody concentration was achieved by filtering the antibody solution through 

Centricon® Plus-70 Centrifugal Filter Units (10 kDa pore size; Millipore Corporation, 

Darmstadt, Germany) as per manufacturer’s instructions. The filter membrane was 

rinsed with Milli-Q water (Millipore Corporation) and excess water was discarded. A 

maximum of 70 mL of antibody solution was added to the filter cup and the filter unit was 

centrifuged at 3500 ×g for 30 mins to concentrate the antibody. The filtrate was discarded 

and the concentrated antibody was collected by inverting the filter cup onto a 

concentration cup and centrifuging at 1000 ×g for 2 mins. The final protein concentration 

of the antibody was determined using the NanoDrop spectrophotometer and the antibody 

was sterile filtered and stored at 4°C. Successful antibody concentration was confirmed 

by comparing pre- and post-filtration protein concentrations (as determined by 

spectrophotometry). To determine whether functional antibody was produced, uninjured 

animals were treated with SH-34 antibody and a 51Cr release assay was performed as 

described previously (Chapter 3, section 3.2.1). 

B.3 References 

Gnecchi M, Melo LG (2009) Bone marrow-derived mesenchymal stem cells: isolation, 
expansion, characterization, viral transduction, and production of conditioned 
medium. Methods Mol Biol 482:281-294. 

Nardi NB, Camassola M (2011) Isolation and culture of rodent bone marrow-derived 
multipotent mesenchymal stromal cells. Methods Mol Biol 698:151-160. 
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APPENDIX C 

Table C.1 Average contusion force (kDynes; ± SD) for the NK cell depletion experiment (Chapter 

3). There were no significant differences in the average force between groups (P > 0.05, 2-way 

ANOVA); hIgG, human IgG; hMPCs, human mesenchymal precursor cells; nv, non-viable. 

SCI only 203.8 ± 1.6 

0.5 mg/kg hIgG 203.7 ± 2.3 

GM1 202.7 ± 1.5 

hMPCs 205.6 ± 3.3 

GM1 + hMPCs 206.6 ± 9.8 

nv-hMPCs 204.8 ± 3.7 

GM1 + nv-hMPCs 208.0 ± 4.1 

Table C.1 Average contusion force (kDynes; ± SD) for the TNF  inhibition experiment (Chapter 

4). There were no significant differences in the average force between groups (P > 0.05, 2-way 

ANOVA); hIgG, human IgG; hMPCs, human mesenchymal precursor cells; nv, non-viable. 

SCI only 203.8 ± 1.6 

0.5 mg/kg hIgG 203.7 ± 2.3 

0.5 mg/kg etanercept 204.5 ± 3.1 

5 mg/kg etanercept 204.3 ± 2.8 

hMPCs 205.6 ± 3.3 

0.5 mg/kg etanercept + hMPCs 203.0 ± 2.1 

5 mg/kg etanercept + hMPCs 208.0 ± 5.4 

nv-hMPCs 204.8 ± 3.7 

0.5 mg/kg etanercept + nv-hMPCs 206.8 ± 2.4 

5 mg/kg etanercept + nv-hMPCs 206.3 ± 4.5 

Table C.3 Average contusion force (kDynes; ± SD) for the APP96-110 neuroprotective peptide 

experiment (Chapter 5). There were no significant differences in the average force between 

groups (P > 0.05, 2-way ANOVA); hMPCs, human mesenchymal precursor cells; nv, non-viable. 

SCI only 200.8 ± 0.8 

mAPP96-110 208.8 ± 4.4 

APP96-110 203.3 ± 4.2 

hMPCs 206.2 ± 4.2 

mAPP96-110 + hMPCs 207.0 ± 3.7 

APP96-110 + hMPCs 205.9 ± 3.5 

nv-hMPCs 204.6 ± 3.6 

APP96-110 + nv-hMPCs 205.8 ± 4.3 
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APPENDIX D 

B
B

B
 S

co
re

Figure D.1 Open field locomotor recovery as assessed by BBB scoring. Weekly average BBB 

scores (± SEM) for control (A) and combined (B) treatment groups. All treatment groups show a 

gradual recovery of HL function from D0 and attain a rounded average BBB score of 11 at D35 

post-SCI. There were no significant differences in BBB scores at any assessed time point (P > 

0.05, Kruskal-Wallis test); ET, etanercept; hIgG, human immunoglobulin G; hMPCs, human 

mesenchymal precursor cells; nv, non-viable. 
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Table D.1 Weekly average BBB scores (± SEM) for the NK cell depletion experiment (Chapter 3, 

section 3.3.3). At D14, GM1 scored significantly higher than GM1 + nv-hMPCs (*; P < 0.05, 

Kruskal-Wallis test). There were no significant differences in BBB score at D35 post-SCI (P > 

0.05, Kruskal-Wallis test); hMPCs, human mesenchymal precursor cells; nv, non-viable. 

 D7 D14 D21 D28 D35 

SCI  7.4 ± 0.2 9.7 ± 0.3 10.3 ± 0.2 10.7 ± 0.1 10.8 ± 0.1 

0.5 mg/kg hIgG 7.1 ± 0.4 9.3 ± 0.3 10.8 ± 0.2 11.0 ± 0.1 11.0 ± 0.0 

GM1 8.8 ± 0.3 10.8 ± 0.2 * 11.0 ± 0.0 11.0 ± 0.0 11.0 ± 0.0 

hMPCs 7.4 ± 0.2 9.3 ± 0.3 9.9 ± 0.3 10.4 ± 0.2 10.5 ± 0.2 

GM1 + hMPCs 6.3 ± 0.4 9.0 ± 0.3 9.7 ± 0.3 10.5 ± 0.5 10.2 ± 0.5 

nv-hMPCs 7.2 ± 0.5 9.0 ± 0.3 10.0 ± 0.2 10.4 ± 0.2 10.6 ± 0.3 

GM1 + nv-hMPCs 7.3 ± 0.3 8.8 ± 0.5 * 10.0 ± 0.3 10.3 ± 0.2 10.5 ± 0.2 
 

 

Table D.2 Weekly average BBB scores (± SEM) for the TNF  inhibition experiment (Chapter 4, 

section 4.3.2). There were no significant differences in BBB scores at any assessed time point (P 

> 0.05, Kruskal-Wallis test); Et, etanercept; hIgG, human IgG; hMPCs, human mesenchymal 

precursor cells; nv, non-viable. 

 D7 D14 D21 D28 D35 

SCI  7.4 ± 0.2 9.7 ± 0.3 10.3 ± 0.2 10.7 ± 0.1 10.8 ± 0.1 

0.5 mg/kg hIgG 7.1 ± 0.4 9.3 ± 0.3 10.8 ± 0.2 11.0 ± 0.1 11.0 ± 0.0 

0.5 mg/kg ET 8.1 ± 0.3 10.1 ± 0.4 10.8 ± 0.3 10.9 ± 0.3 11.2 ± 0.3 

5 mg/kg ET 7.2 ± 0.5 9.2 ± 0.3 10.2 ± 0.3 10.6 ± 0.2 10.7 ± 0.2 

hMPCs 7.4 ± 0.2 9.3 ± 0.3 9.9 ± 0.3 10.4 ± 0.2 10.5 ± 0.2 

0.5 mg/kg ET + hMPCs 6.7 ± 0.8 9.0 ± 0.6 10.1 ± 0.5 10.4 ± 0.3 11.0 ± 0.2 

5 mg/kg ET + hMPCs 7.0 ± 0.5 9.3 ± 0.5 10.2 ± 0.3 10.6 ± 0.3 10.7 ± 0.2 

nv-hMPCs 7.2 ± 0.5 9.0 ± 0.3 10.0 ± 0.2 10.4 ± 0.2 10.6 ± 0.3 

0.5 mg/kg ET + nv-hMPCs 7.4 ± 0.7 9.1 ± 0.7 9.1 ± 0.7 10.1 ± 0.5 10.9 ± 0.3 

5 mg/kg ET + nv-hMPCs 6.5 ± 0.5 9.0 ± 0.4 10.2 ± 0.3 10.7 ± 0.2 10.8 ± 0.2 
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APPENDIX E 

Chapter 3 – Natural killer cell depletion 

^ all post-SCI groups 
* SCI only, hMPCs, nv-hMPCs 

 SCI only 
 nv-hMPCs 
 hMPCs 
 GM1 

 

Chapter 4 – Tumour necrosis factor alpha inhibition 

^ all post-SCI groups 
* SCI only, hMPCs, nv-hMPCs 

 SCI only 
 0.5 mg/kg Enbrel 
 5 mg/kg Enbrel 
 hMPCs  
 0.5 mg/kg Enbrel + hMPCs 
 5 mg/kg Enbrel + hMPCs 
 nv-hMPCs 
 0.5 mg/kg E + nv-hMPCs 
 5 mg/kg Enbrel + nv-hMPCs 

 

Chapter 5 – Neuroprotective amyloid precursor protein – APP96-110 

^ all post SCI groups (NB see below) 
* SCI only, mAPP96-110, APP96-110 

 SCI only 
 mAPP96-110 
 APP96-110 
 hMPCs 
 mAPP96-110 + hMPCs 
 APP96-110 + hMPCs 
 nv-hMPCs 
 APP96-110 + nv-hMPCs 

 
Figure 5.14 C (SMI32 Mean fluorescence intensity - mAPP96-110 and APP96-110 vs all 
other post-SCI groups) 
^ SCI only, hMPCs, mAPP96-110 + hMPCs, APP96-110 + hMPCs, nv-hMPCs, 
mAPP96-110 + nv-hMPCs, APP96-110 + nv-hMPCs  


