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ABSTRACT 

There are several detrimental events that occur in the aftermath of a spinal cord injury 

(SCI); these include glial scar formation, accumulation of axon growth inhibitors and 

immune mediators.  These events present challenges to SCI repair and therapy 

development.  Ex vivo organotypic slice cultures provide a reliable model platform for the 

study of cell dynamics and therapeutic intervention following SCI.   

Four research chapters (chapters 3-6) are presented here.  In research chapter 3 of 

this thesis, three SCI models (stab, contusion and transection injury) were developed to 

study glial scar formation with a focus on reactive astrocytes and NG2 proteoglycans.  

Stereological analysis was carried out on scar zone (SZ) and injury zone (IZ) in each 

model of SCI.  The transection injury model was chosen as the best model to study axonal 

growth after SCI.  Ex vivo spinal culture experiments consumed many Millicell® inserts.  

In chapter 4, we optimised a cheap reproducible method of preparing homemade inserts.  

Chondroitinase ABC (ChABC) successfully promotes neurite outgrowth and functional 

recovery after SCI in in vivo rat studies.  In chapter 5, the effect of ChABC on the cellular 

environment was examined after SCI in the SZ, near scar zone (NSZ) and far scar zone 

(FSZ).  We show that ChABC enzymatic treatment causes significant change in the 

injured microenvironment and may promote axonal regeneration.  Lentiviral vectors 

expressing neurotrophin-3 (NT3) and short hairpin NG2 (shNG2) knockdown were tested 

in vitro and in ex vivo transected spinal cord slice cultures in chapter 6.  NT3 promotes 

axonal sprouting following SCI.  NG2 is upregulated after SCI and inhibits neurite 

outgrowth.  We show that NG2 sh1 causes NG2 knockdown and promotes neurite 

outgrowth in vitro.  Combination treatment of Lenti NT3/NG2 sh1 promotes axonal 

sprouting at day 7 post transection injury.  This study shows how ex vivo spinal cord 

slices can be used as a platform for studying glial scarring and potential SCI treatments. 
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CHAPTER ONE 
INTRODUCTION 

1.1 SPINAL CORD INJURY 

Acute injuries to spinal column and spinal cord are a major cause of disability. The global 

incidence rate of people suffering from spinal cord injury (SCI) is estimated at 

approximately 40-80 persons per million (Shende and Subedi, 2017). In Ireland, males 

(78%) have been reported to be a higher risk group compared to females (29%) 

(O'Connor and Murray, 2006). Young healthy males between 18 and 32 years old are the 

predominant group that were affected (Lee et al., 2014). This incidence has important 

socioeconomic consequences and the cost of lifetime care and rehabilitation are 

increasingly high (Glennie et al., 2017). 

SCI can be classified into incomplete and complete SCIs. Incomplete injuries are 

common types of injuries that have better treatment options and outcome (O'Connor, 

2005). In incomplete injuries, the spinal cord is partially damaged and the patients may 

retain some function depending on the extent of the injury (O'Connor and Murray, 2006).  

In contrast, complete SCIs occur when the spinal cord is completely severed. Tetraplegia 

is one type of complete SCI and results in damage to the cervical spinal cord which 

causes paralysis of all four limbs. Paraplegia is a result of damage to the thoracic or lower 

level of the spinal cord resulting in loss of sensation and movement of the lower limbs.  

The main cause of spinal injuries in Western Europe is blunt trauma due to motor 

vehicle accidents (48%) followed by falls (35%) and work related incidents (14%).  

Violence and sports injuries contribute to 10% of these cases (Lee et al., 2014).  Most of 

the spinal injuries result in neurologic deficits, which are sometimes fatal.  Celani et al. 

(2001) reported that the survival of the patients is inversely related to the age of the 

patients.  Mortality rate during admission to the hospital was reported at 10% (Celani et 

al., 2001). However, Subedi and his colleagues reported the mortality rates and length of 

stay in the hospital have significantly reduced over the last 16 years (Shende and Subedi, 

2017).  It has been reported that 67% of SCI patients with paraplegia in midland Europe 

return to work (Lidal et al., 2007). 

The prognosis of a patient with SCI is dependent upon the level of spinal injury 

(Lidal et al., 2007).  Spinal injury to the cervical level is the most devastating injury for 
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patients.  Injury at the higher level results in more severe presentations with the additional 

loss of upper limb, pulmonary and respiratory function.  Other increasing matters of 

concern include neuropathic pain, autonomic dysreflexia and spasticity (O'Connor and 

Murray, 2006).  The cervical region has been reported as 55% of acute SCIs (Shende and 

Subedi, 2017). 

 

1.2 PATHOPHYSIOLOGY OF SCI 

The main function of the spinal cord is to allow transfer of signals from the brain to other 

regions of the body and from the body to the brain.  When a spinal cord is injured, the 

normal function of the spinal cord is disrupted resulting in temporary or permanent 

damage.  It has been hypothesised that two steps are involved in SCI: the primary 

mechanical injury and the secondary injury (Shende and Subedi, 2017).  The primary 

mechanical injury includes compression, contusion, transection/hemisection shear injury 

to spinal cord.  Primary mechanical injury can also be categorised into penetrating and 

non-penetrating injury (Tator, 1995; Steeves et al., 2007; Witiw and Fehlings, 2015; 

Ahuja et al., 2017a).  The secondary injury following the primary insult is a complex 

processes starting within minutes to weeks and is still not fully understood (Tator and 

Fehlings, 1991; Ahuja et al., 2017b). 

The concept of secondary injury was first postulated by Allen (1911). Allen 

demonstrated that the secondary injury started with haemorrhage by showing that 

removal of post traumatic hematomyelia resulted in improvement of neurological 

function in dogs (Cheriyan et al., 2014).  According to Zeidmann et al. (1996) the 

mechanism of haemorrhage within the spinal cord causes the release of toxic excitatory 

amino acids, free radicals and the accumulation of endogenous opiates, causing the 

hydrolysis of lipid and in turn resulting in ischemia as well as reperfusion (Zeidman et al., 

1996).  Following secondary injury, the spinal cord undergoes a number of pathological 

changes which can be classified into several phases: immediate, acute, subacute, 

intermediate and chronic stages (Rowland et al., 2008).  These prolonged secondary 

stages lead to haemorrhage, oedema, axonal and neuronal necrosis as well as 

demyelination followed by cyst formation and infarction of spinal tissues (Ahuja et al., 

2017b).  
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In the immediate phase, haemorrhage occurs in the grey matter and edema 

develops surrounding the white matter after 15 minutes of acute injury.  This immediate 

phase continues to develop and lasts for 2 hours (Rowland et al., 2008).  However, the 

haemorrhage increases and worsens with time leading to necrosis (Taoka and Okajima, 

1998).  Dohrman et al. (1971) showed evidence that the haemorrhage resulted from the 

accumulation of erythrocytes in the swollen muscular venules of grey matter.  Axonal 

changes were seen after 15 minutes to 30 minutes post injury with the entrance of 

erythrocytes into perivascular spaces leading to progressive axonal changes and 

development of a necrotic zone after a few days post injury (Dohrman et al., 1971).  The 

trauma to the spinal cord induces granular degradation of the axoplasm and vesicular 

disruption of myelin in the white matter.  Other pathological processes are also initiated 

in this early injury phase (Rowland et al., 2008).  The activation of microglia cells has 

been detected with the upregulation of the proinflammatory cytokines tumour necrosis 

factor alpha (TNFα) and interleukin- beta (IL-β) within minutes following the injury 

(Donnelly and Popovich, 2008).  The level of extracellular glutamate has also been 

reported to be excitotoxic to the surrounding tissue within minutes following the injury 

(Cheriyan et al., 2014). 

The early acute phase post injury (2 to 48 hours) is a period in which the 

secondary injury actively takes place.  The haemorrhage in the grey matter continues to 

progress as the injury develops.  The oedema becomes extended and an increase in 

inflammation is evident around the site of injury.  This phase is further characterised by 

additional secondary injury processes including the production of free radicals, ionic 

imbalance and glutamate-mediated excitotoxicity.  Noble and his colleague showed that 

the permeability was increased in the blood brain barrier (BBB) within 2 hours following 

contusive injury and returning to control levels by 2 weeks (Noble and Wrathall, 1989).  

This was due to the alteration of endothelial cells and astrocytes which led to the release 

of inflammatory mediators such as TNFα and IL-β.  It has been reported that the death of 

neurons occurs mainly through necrosis (Beattie et al., 2002).  Persistent demyelination, 

traumatic disruption and lipid peroxidation are related to the cell death observed.  In 

contrast, oligodendrocytes undergo apoptosis following SCI due in part to the expression 

of oligodendrocyte Fas receptors (FasR).  The activated microglia-expressing Fas ligand 

bound to FasR is predominantly expressed by oligodendrocytes and signals occur through 

the P75 neurotrophin receptor (Casha et al., 2005).  Stys and Lipton (2007) reported that 
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oligodendrocytes also express NMDA receptors due to oligodendrocyte susceptibility to 

excitotoxicity.  The loss of oligodendrocytes leads to axonal demyelination which peaks 

at 24 hours following SCI (Stys and Lipton, 2007).  Casha et al. (2005) demonstrated the 

potential blocking of the Fas-mediated cell death mechanism using a soluble form of 

FasR in an in vitro and in vivo model were promising(Casha et al., 2005). 

The subacute phase (2 days to 2 weeks) following injury is a period in which the 

astroglial scar starts to develop. The astrocytes in the lesion core undergo cytotoxic 

edema and necrotic cell death within days following injury. The surviving astrocytes 

become hypertrophic with increased expression of the intermediate filament glial 

fibrillary acidic protein (GFAP) (Silver and Miller, 2004) and vimentin (Yang et al., 

1994).  With the increase in cytoplasmic processes in the lesion area, these reactive 

astrocytes form a physical and chemical barrier to axonal regeneration.  However, 

Anderson and colleagues indicated that a component of the glial scar also serves to repair 

and maintain the BBB integrity and limit cell death (Anderson et al., 2016a). These 

findings support the earlier idea of the role of reactive astrocytes in protection of central 

nervous system (CNS) tissues following injury (Faulkner et al., 2004).  The other major 

event that occurs during the subacute phase proposed by Donnelly and Popovich (2008) is 

a phagocytic response by endogenous inflammatory cells.  During this phase, the 

phagocytic response is maximal in order to remove cell debris from the lesion area and 

this has been suggested to promote axon regrowth (Donnelly and Popovich, 2008). This 

therapeutic window (subacute phase) is suggested as a suitable time period for cell 

transplantation and gene based therapies for remyelination and axonal regeneration. 

The intermediate phase (2 weeks to 6 months) is characterized by the progression 

of astrogliosis over time (Silver and Miller, 2004).  A related event that occurs during the 

intermediate phase is regenerative axonal sprouting (Moon et al., 2000a; Moon et al., 

2002; Cheah et al., 2016).  In the chronic phase (more than 6 months) following injury, 

the glial scar is stable and reaches maturity with the development of cysts (Silver and 

Miller, 2004).  The injured axons undergo Wallerian degeneration and later undergo 

necrotic death.  A progressive change becomes obvious with increasing cavitation and 

coagulative necrosis at the injury site and adjacent areas (Taoka and Okajima, 1998).  
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1.3 GLIAL SCAR 

The distinctive histopathology after acute SCI is the formation of a glial scar (Silver and 

Miller, 2004; Adams and Gallo, 2018).  Previous studies have indicated that the 

complexity of the glial scar determines the severity of the injury (Silver and Miller, 2004; 

Siebert and Osterhout, 2011; Yuan and He, 2013).  The glial scar is composed of mesh-

like processes of reactive astrocytes and is filled with dense cellular and extracellular 

matrix (ECM) components.  The ECM component is increased following injury and it has 

been reportedly secreted by reactive astrocytes (Yuan and He, 2013).  One of the major 

constituents of the ECM is proteoglycans.  Chondroitin sulphate proteoglycans (CSPGs) 

is one of the proteoglycan family and is composed of a core protein (glycoprotein) and 

sugar side chains (glycosaminoglycans). CSPGs play an active role in the development 

and maintenance of the glial scar.  The CSPGs such as neurocan, versican, brevican and 

NG2 are reported to elevate following SCI (Jones et al., 2003a; Jones et al., 2003b).  

CSPGs are reported to inhibit axonal regeneration and restrict plasticity after injury 

(Rhodes and Fawcett, 2004).  Siebert and Osterhaut reported that CSPGs are also 

involved in maturation of oligodendrocytes and in controlling the activity of resident 

microglia and infiltrating blood borne monocytes via the CD44 receptor (Siebert and 

Osterhout, 2011).  

The glial scar is derived from many cells of origin.  One of the cellular 

components of the glial scar is reactive astrocytes (Silver and Miller, 2004; Buffo et al., 

2008; Yuan and He, 2013).  Reactive astrocytes originate from both proximal to the 

lesion site and also distal areas from the lesion site (Buffo et al., 2008).  Reactive 

astrocytes proximal to the lesion area show increased expression of intermediate 

filaments such as GFAP, Vimentin and nestin (Silver and Miller, 2004; Adams and Gallo, 

2018).  The glial scar also activates NG2-positive cells, consisting of oligodendrocytes 

precursor cells (OPC), pericytes, non-myelinating schwann cells, meningeal cells, 

microglia and macrophages surrounding the lesion site (Hesp et al., 2017; Adams and 

Gallo, 2018).  NG2 progenitor cells have been reported to differentiate into scar-forming 

astrocytes 24 hrs post injury.  NG2 progenitor cells have also been reported to give rise to 

oligodendrocytes that myelinate axons 7 days post injury (Sellers et al., 2009). 

The glial scar has been reported to activate ependymal cells surrounding the spinal 

cord central canal to produce progenitor migratory cells that differentiate into astrocytes.  
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The glial scar also activates progenitor stem cells beneath the pial surface of the spinal 

cord (Horner et al., 2000).  Decimo et al. (2011) showed that meningeal cells were 

stained nestin/doublecortin positive cells in the parenchyma of the spinal cord after SCI 

indicating that meningeal cells could be the source for multipotent stem cells.  These cells 

migrated proximal to the lesion site and contributed to the formation of the glial scar 

(Decimo et al., 2011).  The other cells reported to contribute to the glial scar cell 

population are vascular muscle cells that express nestin/Nkx6.1 positive cells (Mamaeva 

et al., 2011).  These cells give rise to scar forming stromal cells, however their interaction 

with scar-forming astrocytes cells are not fully understood.  

 

1.4 CELLULAR ENVIRONMENT AT SCI LESION SITE 

1.4.1 CSPGs 

CSPGs belong to the proteoglycan family.  They comprise a protein core with sugar side 

chains and play an important role in the cellular environment after SCI.  Their protein 

core is mainly glycoprotein and the sugar side chains are composed of glycoaminoglycans 

(GAGs). Each GAG side chains vary in length and number and determine the types of 

CSPGs that are present in the CNS(Busch and Silver, 2007).  Most of the inhibitory 

activity of CSPGs is derived from their GAG side chains (Zuo et al., 1998).  Several 

types of CSPGs have been identified including CSPG 1 (aggrecan), CSPG 2 (versican), 

CSPG 3 (neurocan), CSPG 4 (NG2), CSPG 5, CSPG 6 (structural maintenance of 

chromosome 3-SMC3), CSPG 7 (brevican), CSPG 8 (CD44) and phosphacan (Jones et 

al., 2003a).  Only a few of the CSPG family, including neurocan, brevican, versican, 

phosphacan and NG2 proteoglycan has been extensively reported to be involved in 

inhibition of axonal regeneration after SCI.  The upregulation of these CSPGs after SCI 

was found to prevent up to 82% of axon extension and regrowth.  These CSPGs are 

upregulated as early as day 1 post injury and peaked at 2 weeks post injury.  Phosphacan 

was found to be upregulated 4 weeks after injury. The CSPG level reportedly returned to 

basal levels 4 weeks post injury. Jones and his colleagues also found a variety in terms of 

the level of CSPG expression after SCI suggesting that CSPGs continuously play an 

important role in inhibition axonal regeneration after SCI (Jones et al., 2003a). 
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CSPGs have also been reported to play an important role in neural development 

during embryogenesis (Snow et al., 1991).  They act as a guidance cue for developing 

growth cones by repelling the growing axons in CSPG dense areas.  Snow et al., (1990) 

conducted an experiment on growing axons in the developing spinal cord.  He found that 

CSPGs were located in the dorsal midline of the developing spinal cord and directed the 

axons to away from the midline.  The activity of several CSPGs including neurocan, 

phosphacan, versican and aggrecan have been reported to be receptor dependent 

(Koprivica et al., 2005; Shen et al., 2009).  One of the receptors that regulates the activity 

of CSPGs is epidermal growth factor receptor (EGFR).  In the presence of CSPGs, 

neurogenesis was restricted if the EGFR was activated.  Koprivica and colleagues 

suggested that drugs manipulating the EGFR were helpful in preventing the adverse effect 

of CSPGs after SCI.  The transmembrane protein of tyrosine phosphatase receptor (PTP- 

Sigma receptor) bound very strongly to CSPGs, especially neurocan and aggrecan 

(Koprivica et al., 2005).  Shen et al. (2009) reported that mice-lacking PTP-sigma 

receptor showed significant axonal growth after SCI. Shen suggested that PTP-Sigma 

receptor was required for CSPGs to be functional at the site of the glial scar (Shen et al., 

2009). 

During SCI, reactive astrocytes and oligodendrocyte precursor cells (OPCs) have 

been shown to upregulate their expression of CSPGs such as neurocan, phosphacan and 

versican (Rhodes and Fawcett, 2004).  Despite the inhibitory effect on the environment of 

SCI, CSPGs in perineuronal nets (PNN) have been shown to provide neuroprotection in 

early development.  CSPGs are thought to regulate the structural plasticity of uninjured 

axons.  Corvetti and Rossi (2005) conducted an experiment where they injected 

chondroitinase ABC (ChABC) into uninjured adult rat cerebellum and showed the 

sprouting of unmyelinated Purkinje axons, however the effect was not involved in the 

formation of synaptic contacts(Corvetti and Rossi, 2005). On the other hand, CSPGs also 

play a crucial role in regulating axon sprouting after SCI.  Massey and his colleagues in 

their experiments on sensory neurons in the spinal cord found that ChABC partially 

digested GAG side chains of CSPGs in the denervated cuneate nucleus.  This resulted in 

collateral sprouting of spared primary afferents and expansion of the remaining 

somatosensory receptive field within the nucleus(Massey et al., 2006). 

CSPG4 (NG2-proteoglycan) is a transmembrane protein consisting of three main 

structural domains (see Figure 1.1) (Rolih et al., 2017).  NG2 domain 1 is known as N-
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terminus globular, domain 2 contains binding sites for collagen and chondroitin sulphate 

glycoaminoglycans (CS-GAG) side chains and domain 3 is juxtamembrane 

globular(Rolih et al., 2017).  NG2 can be expressed as a N-linked glycoprotein of 250kDa 

or as a 450kDa N-linked glycoprotein associated to glycoprotein component (Sandvig et 

al., 2004).  NG2 is expressed on the surface of the somata and processes of NG2-glia and 

oligodendrocytes precursor cells (OPC) as well as macrophages(Jones et al., 2002).  

Nishiyima et al. (1991) reported NG2 is also expressed by fibroblasts at the injury 

site(Nishiyama et al., 1991).  NG2 has been shown in the dorsal root entry zone (DREZ) 

and contributes to the glia limitans at the CNS-peripheral nervous system (PNS) 

interface(Zhang et al., 2001).  Fawcett and Asher (1999) reported that NG2 is expressed 

in embryonic or adult OPCs (Fawcett and Asher, 1999).  Butt et al. (2003) reported that 

NG2 is expressed in the intact CNS and is upregulated after CNS injury (Greenwood and 

Butt, 2003).  NG2-glia, activated at the site of lesion, attained a high level of NG2 within 

24 hours and peaked at 7 days post injury.  NG2 expression remains stable over time 

(Jones et al., 2002). 
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Figure 1.1: Schematic drawing of NG2 protein adapted from (Rolih et al., 2017). CS 
chondroitin sulfate, D1, D2 and D3 subdomains of the extracellular portion, TM 
transmembrane domain, ICD intracellular domain, LGR laminin G-type regions, PRR 
proline-rich region, PDZ PDZ binding domain. The most important molecules interacting 
with each subdomain of CSPG4 are indicated on the right. RTK receptor tyrosine kinase, 
ECM extracellular matrix, FGF fibroblast growth factor, PDGF platelet-derived growth 
factor, PKC protein kinase C, ERK extracellular signal-regulated kinases. 
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1.4.2 Astrocytes 

Astrocytes are glial cells that are involved in complex functions in the healthy CNS.  In 

response to SCI, astrocytes undergo a process referred to reactive astrogliosis which 

becomes a pathological hallmark of CNS injury.  Two main subtypes of astrocytes have 

been identified based on their cellular morphology and anatomical location: protoplasmic 

and fibrous astrocytes (Sofroniew and Vinters, 2010).  Protoplasmic astrocytes are found 

throughout the grey matter, exhibiting short branched processes and contain a large 

quantity of organelles.  Fibrous astrocytes are found throughout the white matter and 

exhibit a morphology of long fiber-like processes (Sofroniew and Vinters, 2010).  Both of 

the astrocytes are reported to have a strong connection with blood vessels.  Peters et al. 

(1991) examined the fine structure of both astrocyte subtypes using electron microscopy 

and he revealed that protoplasmic astrocytes envelope synapses and that the processes of 

fibrous astrocytes contact nodes of Ranvier (Peters et al., 1991).  Both astrocytes were 

reported to form gap junctions between distal processes of neighbouring astrocytes 

(Peters et al., 1991). 

GFAP is used as an antigenic marker in the identification of astrocytes in healthy 

and injured CNS tissue (Eng et al., 2000). GFAP is one of the intermediate filament 

proteins that labels astrocytes (Sofroniew and Vinters, 2010).  Eng and Ghirnikar (1994) 

reported nestin and vimentin can be used as intermediate filament markers for immature 

astroglial cells whereas maturing and adult astrocytes contain vimentin and GFAP (Eng 

and Ghirnikar, 1994).  Vimentin and GFAP are upregulated in activated and reactive 

astrocytes following CNS trauma, tumour growth and neurodegenerative diseases (Frisen 

et al., 1995).  Kiray et al. (2016) reported that nestin is re-expressed during astrogliosis 

following CNS injury, which indicates the developmentally related protein is involved in 

the repair process (Kıray et al., 2016).  Brain lipid binding protein (BLBP) is also widely 

used to stain cells of the astrocytes lineage in the form of radial glia cells (Bannerman et 

al., 2007; Mita et al., 2007).  Several other markers have been used to identify astrocytes, 

including glutamine synthetase and S100ß; however these markers are not exclusively 

representative of astrocytes (Gonçalves et al., 2008).   

The primary role of astrocytes in healthy tissue involves synaptic transmission and 

information processing by neural circuits (Sofroniew and Vinters, 2010).  The other 

complex functions of astrocytes involve the regulation of blood flow, metabolic support, 
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role in synapse formation and maintaining fluid, ion and pH homeostasis that are critical 

for synaptic transmission.  After SCI, these functions are disrupted due to molecular and 

functional changes in astrocytes.  Reactive astrogliosis is marked by an upregulation in 

GFAP expression and hypertrophy of the astrocytic cell body and cell processes.  The 

reactive astrocytes exhibit a clear formation of dense compact glial scar tissue.  Bundesen 

et al. (2003) indicated that the important feature of the glial scar in severe astrogliosis is 

the interaction of reactive astrocytes with other cell types, in particular fibromeningeal 

and other glial cells (Bundesen et al., 2003).  In addition, the deposition of dense 

collagenous ECM in the glial scar contributes to the inhibition of axonal regeneration and 

growth (Silver and Miller, 2004). 

Severe reactive astrocytosis and formation of a glial scar after the trauma has been 

well documented to inhibit axonal regeneration (Silver and Miller, 2004).  However, 

Anderson and his colleagues used a transgenic mouse model to show that scar-forming 

reactive astrocytes provide a neuroprotective function after SCI and prevent the astrocytic 

scar formation which leads to reduction in axonal regrowth in a transection model of SCI 

(Anderson et al., 2016b).  The beneficial effect of the astrocytic scar in regeneration of 

axonal growth has been reported since 1999 (Faulkner et al., 2004; Herrmann et al., 2008; 

Sofroniew and Vinters, 2010).  Following injury and during scar formation, new 

astrocytes have been reported to be actively generated at the site of injury.  The source of 

newly dividing astrocytes may include mature astrocytes that re-enter the cell cycle as 

well as progenitor cells in the local parenchyma or in the periventricular regions (Buffo et 

al., 2008).  

 

1.4.3 Microglia and macrophages 

The production of immune mediators in the ECM is a critical factor for CNS regeneration 

following injury (McMurran et al., 2016).  This event is mediated by CNS macrophages 

that are derived from resident microglia and newly recruited blood monocytes around the 

lesion site in the first week post injury (Kigerl et al., 2016).  Microglia secrete pro-

inflammatory cytokines (IL-1, IL-6 and TNF-a) and anti-inflammatory cytokines (IL-4, 

IL-10 and TNF-b) (Kigerl et al., 2016).  

In the aftermath of injury, certain factors are released by dead neurons and 

astrocytes, including ATP, glutamate and nitric oxide, which trigger microglia to become 
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activated.  G-protein coupled-P2Y receptors have been reported to become activated after 

the rapid response of microglia towards the ATP released by astrocytes through connexin 

channels (Davalos et al., 2005).  The morphology of microglia changes from ramified to 

amoeboid.  There are two types of activated microglia phenotypes, namely M1 and M2 

phenotypes.  M1 microglia are reported to increase production of pro-inflammatory 

cytokines in the third week post injury.  M2 microglia produce protective factors and 

have a greater ability to clear the cellular debris in the first week after traumatic SCI (Jin 

and Yamashita, 2016). 

The activated microglia recruit peripheral blood-derived immune cells 

(macrophages) to infiltrate the lesion site and initiate the inflammation process.  This 

reaction stimulates the increase in cytokine production and the clearance of damaged 

tissues.  The number of macrophages derived from blood has been reported to increase 

transiently within 24 hours after the injury (Nguyen et al., 2011; Jin and Yamashita, 

2016).  The macrophages become the predominant cell type at intermediate stages of 

CNS injury (Gaudet et al., 2011; Greenhalgh and David, 2014). 

Microglia and macrophages are reported to aid in axonal regeneration through 

clearance of debris via phagocytosis.  The phagocytosis of axonal debris by 

microglia/macrophages has been shown to be inhibited by pharmacologic blockade in 

Toll Like Receptor-4 (TLR4) knockout mice (Rajbhandari et al., 2014).  The TLR4-

dependent microglia improved axonal growth by clearing the unmyelinated axonal debris 

after the injury.  This indicated that the expression of TLR4 on microglia and 

macrophages is essential for initiating host defence reactions (Laflamme and Rivest, 

2001).  The neurotrophin families glial cell-derived neurotrophic factor (GDNF) and 

ciliary neurotrophic factor (CNTF) have also been reported to influence the phagocytic 

activity of microglia/macrophages after CNS injury.  BDNF can increase the phagocytic 

ability of microglia by upregulation of a5 integrin expression and CNTF has also been 

shown to improve phagocytic activity via a calcium mediated pathway (Lee et al., 2009). 

The role of microglia/macrophages in glial scar formation has been explored(Rohl 

et al., 2007; Doyle et al., 2010; Raposo and Schwartz, 2014).  One major component of 

the glial scar, CSPGs were reported to regulate the secretion of neurotrophic factors by 

microglia/macrophages after CNS injury.  This modulation of the neurotrophic factors 

was reported to be regulated via CD44 receptors (Raposo et al., 2014).  Rohl et al. (2007) 

reported that pro-inflammatory cytokines such as TNF-a, IL-1b and IL-6 secreted by 
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microglia/macrophages after CNS injury increased proliferation of astrocytes and 

accelerated the formation of the glial scar (Rohl et al., 2007).  Transforming growth 

factor b (TGF-b) produced by macrophages regulates glial scar formation after stroke in 

mice (Doyle et al., 2010). 

 

1.4.4 Neurons 

A large and growing body of literature has reported the possibility of axonal regeneration 

after CNS trauma leading to functional improvement after the injury. The formation of a 

glial scar and inflammatory processes are the most inhibitory cellular events that take 

place after injury. Ramon y Cajal reported axons in the lesion site form dystrophic 

endbulbs and are present in different malformation shapes such as globular clusters and 

huge multivescicular sacs (Silver and Miller, 2004).  Cajal also reported that the axons 

with the endbulbs do not lose the ability to regenerate and remain in an active state 

(Ramon y Cajal, 1950).  The ability of dystrophic neurons to regenerate was also 

supported by the fact that some cytoskeletal or membrane plasticity must be occurring to 

maintain axon viability (Silver and Miller, 2004).  Silver and Miller (2004), suggested 

that the behaviour of these dystrophic axons was similar in the different types of SCI 

models.  When the dystrophic neurons approached the lesioned site, the growth cone 

started to collapse.  In the large stab lesion, these dystrophic neurons were strongly 

repelled by the lesion core and expressed neuropilin 1. Neuropilin 1 is a membrane bound 

co-receptor protein to tyrosine kinase receptor and plays important roles in angiogenesis, 

axon guidance, cell survival and migration (Mamluk et al., 2002). 

A study of dystrophic neuronal endings was carried out in a chronic lesion model 

of SCI by (Li and Raisman, 1995).  They found that large swollen bulbs were formed 13 

weeks post injury that resembled the classical dystrophic endings reported earlier by 

Ramon y Cajal (1950).  These neurons were capable of sprouting and it was suggested 

that the sprouting was caused by the action of Schwann cells that migrated and 

myelinated the axons through invasion via the DREZ.  Houle and Yin (2001) examined 

the extent of the axonal retraction following cervical spinal cord hemisection injury.  

They investigated the chronically injured supraspinal neurons and discovered that they 

formed numerous dystrophic endbulbs and suggested this leads to axonal dieback (Houle 

and Jin, 2001).  This axonal dieback is a deleterious long-distance axonal retraction from 
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the initial site of the injury (Busch and Silver, 2007).These neuronal endings were 

reported to remain close to the lesion site. 

 

1.5 IN VIVO MODELS OF SCI  

Animal models of SCI are useful to understand the pathophysiology of SCI and the 

potential for the use of therapeutic strategies to mimic human SCI.  Sharif-Alhoseeini and 

his colleagues recently carried out a systematic review of SCI publications from 1946 to 

2016 and stated that 33.6% of the publications reported animal models of SCI were used 

to study the effect of drugs and growth factors following injury (Sharif-Alhoseini et al., 

2017).  Based on the mechanisms of human SCI, animal models have been established 

and validated over many years (Kwon et al., 2004; Cheriyan et al., 2014).  These animal 

models of SCI can be classified as contusion, compression, distraction, dislocation, 

transection and photochemical-induced injury models (Cheriyan et al., 2014).  

 

1.5.1 In vivo contusion model of SCI 

Contusion animal models of SCI can be induced by applying a transient force to displace 

and damage the spinal cord including weight drop, electromagnetic and air pressure 

devices.  Contusion injury is the commonest animal model used to investigate 

pathophysiological changes following acute injury and it is the most clinically relevant 

model to human SCI.  Weight drop is the popular method used to induce contusion injury 

in animal models (37.5%) (Sharif-Alhoseini et al., 2017).  Several spinal contusion 

devices has been established and validated including the New York University (NYU) 

impactor (27.4%), Infinite Horizon (IH) impactor and Ohio State University (OSU) 

impactor (20.6%) (Sharif-Alhoseini et al., 2017).  Although the NYU impactor is easy to 

use, the IH and OSU impactors are more precise and produce a consistent injury due to 

the electromagnetic driving force embedded in the device system (Cheriyan et al., 2014).  

Other variations of contusion-induced injury: unilateral contusion and hemicontusion 

were also reported (Cheriyan et al., 2014).  These contusion models are commonly used 

for cervical region contusion-induced injury due to the life threatening adverse effects 

that may occur after complete cervical lesion.  Contusion-induced injury using well 

established and characterized devices help to control the severity of the injuries 
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characterized by inflammation, ischemic, haemorrhagic necrosis and central cavitation 

(Abdullahi et al., 2017; Shende and Subedi, 2017). 

 

1.5.2 In vivo compression-induced model of SCI 

Compression-induced injury models are characterized by compression of the spinal cord 

over an extended period of time (Fehlings and Nashmi, 1995; Riyi and Andrew R, 1996; 

Jong Hyun et al., 2010).. This injury model was used to simulate spinal canal occlusion, 

to study compression and to optimize timing of decompression following injury 

(Cheriyan et al., 2014).  Compression-induced injury models mimic the human pathology 

of SCI.  Several simple devices have been used to induce compression to the spinal cord 

including a spacer, aneurism clips and calibrated forceps (Kwon et al., 2004).  A balloon 

induction method is one of the methods that does not require laminectomy of the animal 

(Akhtar et al., 2008).  Compression models are suitable models to induce compressive 

injury by eliminating potentially cofounding factors such as ischemia due to 

compromised autoregulation.  Shi and his colleagues used a Plexiglas rod attached to a 

motorized micromanipulator to explore the electrophysiological effects of controlled 

focal compression of spinal cord white matter tracts (Shi and Pryor, 2002).  The Plexiglas 

was designed 2.5 mm wide to compress the white matter spinal cord of guinea pig.  To 

study the pathophysiology of post-traumatic axonal dysfunction, Fehling and Nashmi 

(1995) used a different method of compressive trauma by applying a modified aneurysm 

clip with a force applied for 15 seconds on 25 mm dorsal segment of thoracic rat spinal 

cord in vitro.  However, this model offered little insight into the biomechanics of the 

tissue injury because it provides the strain field produced at the site of impact and the rate 

of this strain during the impact. 

 

1.5.3 In vivo transection model of SCI 

Transection injury to the spinal cord is rarely encountered in clinical practice.  However, 

this injury model is a common animal model and is relevant to investigate regeneration, 

degeneration, neuroplasticity and tissue engineering applications.  Sharif-Alhoseeini and 

his colleagues reported transection injury animal models are commonly used to study the 

effect of biomaterial scaffolds and neurotrophic factors following SCI (Sharif-Alhoseini 
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et al., 2017).  There are two types of transection injury commonly used in animal models 

of SCI: full transection and partial transection.  Full transection injury models involve 

complete disconnection between caudal and rostral segments of the spinal cord.  Since the 

injury model is easy to perform and is reproducible, this injury model has been reported 

in a variety of animal models including rat, mice, cats, dogs and primates (Cheriyan et al., 

2014).  Partial transection injury models are characterised by incomplete transection of 

the spinal cord involving selective lesioning of the spinal cord.  This injury model is 

reported to simulate more clinically relevant cases of SCI (Cheriyan et al., 2014).  Dorsal 

hemisection is a selective injury that interrupts the corticospinal tract (CST) and is used to 

examine locomotor function and recovery (Sharif-Alhoseini et al., 2017).  The other 

partial transection model commonly reported is a lateral hemisection in which the injury 

is characterised by interruption of all spinal tracts on one side of the spinal cord and 

sparing of tracts on the other side (Cheriyan et al., 2014). 

 

1.5.4 In vivo photochemical-induced injury model of SCI 

The photochemical-induced injury model of SCI is reported as the most reproducible 

ischemic animal model of SCI (Sharif-Alhoseini et al., 2017).  The advantage of this 

animal model is that it is a laminectomy-free method.  Photosensitising dye, for example 

Rose Bengal, is administered systemically into the blood circulation (Sharif-Alhoseini et 

al., 2017).  The administration of photosensitizing dye leads to vascular stasis, congestion 

and formation of blood clots in the veins. 

The appropriate choice of animal species has also been discussed thoroughly in 

the literature (Kwon et al., 2004; Akhtar et al., 2008; Cheriyan et al., 2014; Abdullahi et 

al., 2017; Sharif-Alhoseini et al., 2017; Shende and Subedi, 2017).  A total of 72.4% of 

publications use rats in animal models of SCI followed by mice (16%) (Sharif-Alhoseini 

et al., 2017).  In addition to the ease of handling rodents and low maintenance costs, the 

anatomy of these mammals spines are well understood.  Following SCI in rats large cystic 

cavities develop at the site of injury which is a similar pathology observed in the human 

spinal cord following injury.  However, rats are quadrupedal animals with a corticospinal 

tract located in the dorsal aspect of the spinal cord.  Mice are mostly reported as having a 

similar genome to human and are largely involved in knockout experiments (Sharif-

Alhoseini et al., 2017).  
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Despite promising outcomes reported in various animal models of SCI and the 

treatment measures proposed for treatment after SCI, the results from human clinical 

trials are still disappointing.  Akhtar and her colleagues suggested one of the potential 

barriers to extrapolate results from animal to human is the differences in injury type 

between laboratory-induced SCI and clinical SCI (Akhtar et al., 2008).  In experimental 

animal models, most injuries are only induced dorsally and reported in thoracic regions. 

However, in a clinical setting, human injuries occur anteriorly and in the cervical regions. 

The human spinal injury involves multiple lesions after for example a motor vehicle 

accident, including injury to spinal roots, severe bone fractures and dislocation whereas in 

an experimental animal induced injury, the injury is uniform and less complex (Akhtar et 

al., 2008).  

 

1.6 IN VITRO MODELS OF CNS INJURY 

In vitro models of CNS trauma, particularly mechanical trauma, have become important 

tools to compliment in vivo models of injury in order to reproduce the sequelae of human 

CNS injury.  In vitro models of SCI are also beneficial to study the cellular consequences 

of the trauma.  A lot of post traumatic sequelae are reproducible in cultured cells, 

including ultrastructural changes, ionic derangements, alterations in electrophysiology 

and free radical generation (Morrison et al., 1998a).  The in vitro models involve a 

primary mechanical stimulus.  Many devices have been developed to study the 

combination of secondary injury cascades, such as hypoxia or excitatory amino acids, that 

may be superimposed on the primary mechanical injury (Morrison et al., 1998a).  There 

are several in vitro mechanical injury models that use a specific device or non-device 

induced injury with primary mechanical stimulus, including transection (Gross et al., 

1983; Chu and Tator, 2001; Gallo, 2004; Blizzard et al., 2007; Difato et al., 2011; Cengiz 

et al., 2012), compression (Fehlings and Nashmi, 1995; Riyi and Andrew R, 1996; Jong 

Hyun et al., 2010), cell stretch (Ellis et al., 1995; Morrison et al., 1998a; Geddes et al., 

2003), and weight drop models (Sieg et al., 1999; Adamchik et al., 2000; Krassioukov et 

al., 2002). 
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1.6.1 In vitro transection model of CNS injury 

In the earlier years of his research Ramon Y Cajal proposed axotomy plays an important 

role in development of CNS-associated injury pathology especially axonal growth cones.  

Taking from this initiative, Blizzard et al., (2007) and colleagues studied the regeneration 

capacity of damaged neurons and the critical intrinsic features of post-injury axonal 

regeneration.These researchers postulated that the transection model is the best model to 

study axonal regeneration and the mechanism underlying it (Blizzard et al., 2007).  Two 

methods have been described to introduce an in vitro transection injury: a stylet (rotating 

scribe) and a laser beam (Gross et al., 1983; Difato et al., 2011).  The first method used a 

plastic stylet to scrape adherent cells from a culture dish and thereby tear processes and 

soma while leaving significant proportions of the cell intact.  Recently, this model has 

been adapted by using a rotating scribe to increase throughput.  This system offers certain 

advantages such as ease of use and low cost, and its suitability to screen novel 

pharmaceutical compounds.  This model is an attempt to reproduce aspects of secondary 

injury cascades such as neurotoxicity and stimulate injury cascades such as stab wounds, 

penetrating skull fractures or other injuries involving transection of cell bodies and 

processes.  The second method of transection employs a laser to perform microsurgery on 

single cells. With this system, a single process from a single cell could be transected at a 

predetermined distance from the cell body.  The distance of the lesion from cell body can 

be controlled and has been further developed as a model of spinal cord transection injury. 

This model has a disadvantage in that the mechanical data such as force, strain, and strain 

rate are not provided during the injury. There are other methods that use knives, 

borosillica glass capillaries and a special made rubber impactor to introduce the 

transection injury (see Table 1.1). 

 



Chapter 1 : Introduction 

19 

 

Table 1.1 : Summary of the devices used in the transection injury model in vitro (See key abbreviations below table) 
 
In vitro CNS Injury Injury devices/methods Type of cells Justification of the model use References 
Transection model Barkan goniotomy 

knife 
Neurons -to study the axon regeneration of damaged axon and 

initial axon development.  
-an individual axon bundle can be targeted. 

Blizzard et al 
2007 

Laser Beam Neurites from dorsal 
root ganglia 

-to quantify the degenerative and regenerative changes 
outcome after neurite transection. 
- 

Cengiz et al 
2012 

Motor driven with a 
sharp edged rubber 
impactor 

Superior Cervical 
Ganglion neurons 

-to study the effect of calcium on regrowth of 
transected rat superior cervical ganglion neurons and 
neuronal survival 
-complete simultaneous transection of all the neurites 
with minimal stretching of the cell bodies or neurites 

Chu and Tator 
2001 

Combination of UV 
Laser microdissector 
and infrared 
holographic optical 
tweezer 

Rat Hippocampal 
Neuron 

-to ablate neural process in vitro at single neuron and 
to quantify the tension release in a partially ablated 
neurite. 
-control over the damage inflicted to an individual 
neuronal process 

Difato et al 
2011 

Borosilicate glass 
capillaries 

Dorsal Root Ganglion 
and retina explants 

-to identify the contribution of Myosin II activity in 
axon severing-induced axon retraction 

Gallo 2004 

Laser Microbeam 
Surgery 

Neurites from E13-14 
embryo spinal cord 

-to study ultrastructural changes after the alteration of 
single neuron cells in culture 

Gross et al 1983 

 
Key: UV:ultraviolet;  E13:embryonic stage-13 
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1.6.2 In vitro cell stretch model of CNS injury 

A number of injury models have been reported using the cell stretch model (Ellis et al., 1995; 

Morrison et al., 1998a; Geddes et al., 2003).  The cell or tissue is cultured on a substrate and 

these cells and tissue can be deformed by stretching the substrate.  Ellis and her colleagues 

utilized the commercially available Flex Plate where the bottom of the plate was covered with 

a 2 mm thick silicone plate.  They grew cortical astrocytes from postnatal age 1-2 rat to 

develop a simple, reproducible model for examining the biochemical changes of stretch 

induced injury.  With the predetermined pressure pulse, the silicone plate in individual wells 

is deformed, thereby deforming the adherent cells.  This system is commercially available 

and offers the potential of widespread acceptance and use.  Another study by Morrison et al 

(1998a) described a modified device including a laser displacement transducer to measure 

directly the dynamic displacement of the centre of the membrane as it deforms.  The needle 

valves and computer controlled solenoid valves were used to control the duration and shape 

of the injury pulse.  This model is very useful in comparing cellular responses to 

physiological and injury deformation and is useful in understanding traumatic brain injury 

(TBI).  See Table 1.2 for a summary of the devices used in the cell stretch model. 
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Table 1.2 : Summary of the devices used to induced cell stretch in vitro (See end of table for key abbreviations) 

In vitro CNS Injury Injury devices/methods Type of cells Justification of the model use References 
Cell stretch model Cell Straining 

Apparatus, where 
neurons cultured on 
silicone substrate 
coated dish and silicone 
substrate is subjected to 
severe mechanical 
stretch  

Neurons from corticol 
and hippocampus 

-to study the vulnerability of hippocampal neurons and 
rat corticol neurons after subjected to graded levels of 
mechanical stretch. 
 

Geddes et al 
2003 

A Cell Injury controller 
will stretch the silastic 
membrane, where 
corticol astrocytes 
culture on it. 

Corticol astrocytes 
from P1-P2 

-to develop a simple, reproducible model for 
examining the morphologic, physiologic and 
biochemical consequences of stretch induced injury on 
tissue culture on brain origin 

Ellis et al 1995 

Modified device that 
controlled the 
parameters over 
deflection 

- -to design the in vitro system that capable of 
mechanically injuring cultured tissue at high strain 
rates up to 0.65 and strain rates 15 s-1 

Morrison et al 
1998 

Key : P1-P2,postnatal day 1-2 
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1.6.3 In vitro weight drop model of CNS injury 

The weight drop model is one of the popular methods that have been used to mimic injury in 

animal SCI and human SCI (Sieg et al., 1999; Adamchik et al., 2000; Krassioukov et al., 

2002).  This injury model is similar to the compressive trauma method in vitro, however this 

method utilises dropping a weight from the prescribed height onto organotypic cultures of 

spinal cord.  The severity of the impact is in proportion to increasing height and weight of the 

drop.  A recent study reported by Krassioukov et al (2002) used a pin drop that weighed 

0.2gram and was dropped from 1.7 cm height onto the centre of OSC slices from 6 week old 

mice.  Sieg and his colleagues reported using a PVC stylus that weighed 0.63gram attached to 

a rod controlled by an electromagnetic coil (Sieg et al., 1999).  This apparatus produced a 

suitable mechanical insult to slices cultures of dorsal thalamus.  This group used this model to 

study the location and distribution of the thalamocorticol projection neurons in organotypic 

slices after mechanical insult in vitro.  Adamchik and his team used 0.14grams pin and 

dropped from 2 mm height onto hippocampal slices to assess the time course and extent of 

cell death after 24 hours and 67 hours post injury (Adamchik et al., 2000).  They studied the 

hypothermal incubation of the slices to find possible improvement after secondary damage.  

These in vitro weight drop models bear some resemblance to the models used in in vivo SCI 

in rats and mice, i.e. the New York University (NYU) Impactor, Infinite horizon (IH) and 

Ohio State University (OSU) Impactor (Cheriyan et al., 2014).  Table 1.3 summarises the 

devices used in the weight drop models of CNS injury in vitro. 
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Table 1.3 : Summary of the devices to induce weight drop model in vitro (See end of table for key abbreviations) 
 
In vitro CNS Injury Injury devices/methods Type of cells Justification of the model use References 
Weight drop model 0.137 g pin drop from 2 

mm heights 
Organotypic 
hippocampal slices 

-to assess the time course and extent of cell death after 
24 and 67 h post injury in comparison with 
hypothermia incubation of the slices in vitro 
-to mimic secondary damage after mechanical insults 

Adamchik et al 
2000 

A PVC stylus (0.63 g) 
attached to rod and 
controlled by 
electromagnetic coil 
operating at the distal 
site of the metal rod. 
The interruption of 
electric circuit will 
cause the downward 
movement of the stylus. 

Co-cultures of 
occipital cortex and 
dorsal thalamus slices 

-to study the location and distribution of 
thalamocorticol projection neurons in organotypic 
slices after mechanical insults. 

Sieg et al 1999 

Key : PVC, Polyvinyl chloride
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1.7 EX VIVO ORGANOTYPIC SPINAL CORD SLICE CULTURE MODELS 

OF SCI 

Rat organotypic spinal cultures (OSC) are slices that are prepared from the intact rat 

spinal cord (Morrison et al., 1998b).  These slices are cultured over for 2-3 weeks with 

certain specific media, supplements and conditions (Morrison et al., 1998b; Ravikumar et 

al., 2012).  The observation of the cellular changes in the slices is in real time, allowing 

the study of the interaction of heterogeneous populations of cell types.  The 

heterogeneous populations of cells found in vivo are maintained within OSCs with three 

dimensional connections between neurons and supporting cells.  The spinal cords must be 

cut into very thin slices (300-450 µm) (Cho et al., 2009; Kim et al., 2010a; Ravikumar et 

al., 2012; Gerardo-Nava et al., 2013; Pinkernelle et al., 2013; Gerardo-Nava et al., 2014a; 

Hashemian et al., 2014; Weightman et al., 2014; Pellowska et al., 2015; Pohland et al., 

2015) to avoid hypoxia and necrosis of the central tissue (Krassioukov et al., 2002).  

The idea of using OSCs is to eliminate confounding factors found in vivo 

(Morrison et al., 1998b), thus helping to elucidate the mechanisms underlying a 

mechanically induced trauma.  The OSC model appears to reproduce much of the post 

traumatic events including acute and secondary injury mechanisms (Krassioukov et al., 

2002; Pinkernelle et al., 2013; Weightman et al., 2014; Pohland et al., 2015; Sypecka et 

al., 2015). It serves to precisely control the extracellular environment and has the promise 

of lower economical cost and faster discovery (Morrison et al., 1998b).  Numerous 

studies have reported a wide range of spinal cord tissue samples isolated from embryonic 

or newborn rats (Krassioukov et al., 2002; Cho et al., 2009; Kim et al., 2010a; Ravikumar 

et al., 2012; Gerardo-Nava et al., 2013; Pinkernelle et al., 2013; Gerardo-Nava et al., 

2014a; Hashemian et al., 2014; Weightman et al., 2014; Pohland et al., 2015; Sypecka et 

al., 2015).  It has been reported that there is a significant difference in function, circuitry 

connections and regenerative capacities in the immature spinal cord compared to adult 

(Krassioukov et al., 2002).  The latter research team created an injury in the spinal cord of 

adult mouse (3-6 weeks old).  They cut the spinal cord into transverse segments and 

allowed the slices to mature in culture for at least 14 days to assess primary and 

secondary mechanisms of cell death following ex vivo injury.  A study in adult rats 

showed that the spinal cord morphology and structural integrity was preserved with clear 

differentiation of white and grey matter (Cho et al., 2009).   
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Several well-established OSC models have been developed over the past few 

years for experimental spinal injuries ex vivo in order to understand the biological 

response to injury.  Ex vivo injury models of OSC systems is summarized in Table 1.4 

 
Table 1.4: Summary of an ex vivo injury models of OSC systems 

Injury model References Justification Age of pups 
(Thickness of the 

slices 
Weight drop Krassioukov et al 

2002  
-(0.2 g pin, 1.7 cm 
onto the center of 
the culture slice) 

3-6 weeks of mice 
(400 µm) 
 

Axonal regeneration Pohland et al.,2015  -live cell imaging of 
migrating cells and 
outgrowing axons 
 

P1-P3 
(300 µm) 
 

Transection model Weightman et 
al.,2014  

-making double 
blade scalpel 
incision 
 

P0-P5 
(350 µm) 

Chemical-induced 
model 

Jung-Sun Cho et al., 
2009  

-Lysolecithin treated 
caused 
demyelination of 
axons 
 

P16 
Adult mice 
(400 µm) 
 

Axotomy Pinkerbelle et 
al.,2013  

Minocycline treated 
Proximal axotomy 
caused by slicing 
 

P4 
(350 µm) 
 

Glutamate 
excitotoxicity 

Gerardo-Nava et 
al.,2014  
Gerardo-Nava et 
al.,2013  

Exposed the OSC 
with increased 
glutamate 
concentration 

P7-P9 
(350 µm) 
 

Key : SCI,spinal cord injury, OSC,organotypic spinal culture, P,postnatal 
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1.7.1 Treatment strategies for OSC Injury models 

OSC injury model systems have been used as platforms to study neuroprotective 

strategies (Rosner and Vacun, 1997; Cho et al., 2009; Kosuge et al., 2009; Kim et al., 

2010a; Jeong et al., 2011; Ravikumar et al., 2012; Gerardo-Nava et al., 2013; Pinkernelle 

et al., 2013; Gerardo-Nava et al., 2014a; Hashemian et al., 2014; Weightman et al., 2014; 

Pellowska et al., 2015).  A study by Pohland et al. (2015) used organotypic slice co-

cultures to analyse outgrowth and regeneration in the corticospinal tract and showed that 

Neurotrophin-3 (NT3) and C3-transferase (C3bot) is relatively stimulating for neurons.  

They prepared motor cortex slices from green Fluorescent Protein (GFP) mouse and 

spinal cord slices from wild type mouse and incubated the slices next to each other, to see 

morphological outgrowth of dissected motor-cortical axons crossing the lesion site and 

synaptic connection in spinal cord.  The GFP positive growth cones extended beyond the 

lesion into spinal tissue after 1 day, thus suggesting the improvised organotypic slice co-

culture is a suitable model for testing substances to promote and regulate axonal 

outgrowth. 

Hashemian and colleagues (2014) used OSC cultures to monitor the interaction of 

astrocytes and neurite extension.  They found that neurons extended their axons in the 

absence of astrocytes due to the presence of the neuroprotective agents: bacterial enzyme 

chondroitinase ABC (ChABC) and β-xyloside.  The OSC cultures from embryonic day 

(E) 14 and E18 were injured and then treated with ChABC and β-xyloside to study the 

nerve fiber outgrowth and migration of astrocytes.  Both of the proteins showed a similar 

effect in nerve fiber outgrowth and astrocytic migration at E14.  

The testing of biomaterials for their capacity to promote regeneration is heavily 

reliant on in vivo studies (Rosner and Vacun, 1997; Morrison et al., 1998b; Gerardo-Nava 

et al., 2013; Gerardo-Nava et al., 2014a).  This involves invasive surgical procedures, 

ethical issues, high animal usage, technical complexity and expense (Morrison et al., 

1998b; Gerardo-Nava et al., 2014a; Weightman et al., 2014).  Weightman and his team 

used a spinal cord OSC injury model to characterize and test nanofabricated polymer 

scaffolds, in transected spinal cord slices ex vivo (Weightman et al., 2014).  The poly-

lactic acid nanofiber meshes safely incorporated and aligned within the injury sites, 

inducing outgrowth of the neurons and astrocytes to promote the formation of synthetic 

bridges within the complex environment of the spinal cord lesion.  Given the complexity 
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of the in vivo situation, ex vivo OSC cultures may prove to be an invaluable screening tool 

for biologically relevant readouts to identify materials for regenerative medicine. 

The use of stem cell transplantation in regenerative medicine has become a 

popular approach and represents a useful tool to further dissect the mechanism by which 

Mesenchymal Stem Cells (MSCs) can promote regeneration of the nervous system (Cho 

et al., 2009; Sypecka et al., 2015).  In addition, the therapeutic potential of gene therapy 

has also been explored in a OSC spinal cord transection injury model (Lefrancois et al., 

1997).  The OSC injury model may prove to be an invaluable tool for novel gene therapy 

strategies.   

 

1.8 VIRAL VECTORS FOR GENE THERAPY 

The idea of gene therapy is to introduce genetic material into cells to compensate the 

abnormal gene or to make a beneficial protein (Hutson et al., 2012).  These genes require 

a vector as a carrier to deliver the genetic material.  Engineered viral vectors are one of 

the potential treatment strategies to treat CNS injury and, in particular, in the treatment of 

SCI.  The viral vector is used to deliver a particular gene into the nucleus (Eg. herpes 

simplex virus and adenovirus) or integration into chromosome of targeted host cells 

(Gamma-retroviruses and lentiviruses) (Maetzig et al., 2011). 

 

1.8.1 Herpes Simplex Viral vectors 

Herpes simplex virus (HSV) was first used as direct genetic manipulation of the nervous 

system.  The application of this viral vector has been documented in PNS animal studies 

since 1992.  Federoff et al. (1992) studied the HSV mediated expression of Nerve Growth 

Factor (NGF) in axotomised rat superior cervical ganglia and they found the expression 

of tyrosine hydroxylase was retained after the treatment. The wild type HSV was reported 

to target sensory neurons and was retrogradely transported from the site of injection 

(Federoff et al., 1992).  Yamada et al (2001) reported that pre-treatment of HSV-1 

mediated expression of anti-apoptotic Bcl-2 one week prior to ventral root avulsion injury 

prevented degeneration of motor neurons.  They found this treatment prolonged the life 

span of lesioned motor neurons but did not preserve cholineacetyl transferase (chAT) 

expression (Yamada et al., 2001).  Natsumo et al. (2002) tested the combination HSV-1 
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mediated expression encoding |Bcl-2 and brain derived neurotrophic factor (BDNF) on 

the ventral root avulsion injury model.  They found that the combination treatment 

increased the survival of motor neurons and preserved chAT expression compared to 

single treatment with HSV-1 mediated Bcl-2 alone (Natsume et al., 2002).  Ruitenberg et 

al. (2006) suggested the application of HSV-1 mediated expression is suitable for 

conditions of the PNS (Ruitenberg et al., 2006).  This is due to high level expression of 

nectin-1 receptor in peripheral sensory neurons (Mata et al., 2001).  A limitation of using 

HSV vectors in the PNS is reportedly due to the ability to express stable transgenes, 

induced toxicity and immunogenicity (Manservigi et al., 2010). 

 

1.8.2 Adenoviral vectors 

Adenoviral vector based gene therapy has been validated in vitro and in vivo in SCI 

models (Baumgartner and Shine, 1998; Dijkhuizen et al., 1998; Zhang et al., 1998; 

Romero et al., 2001; Tang et al., 2004; Ruitenberg et al., 2006). This viral vector has 

been shown to retrogradely transport by injecting the vector into hind limb muscles of 

newborn rats, resulting in the expression of the transgene in motor neurons (Ruitenberg et 

al., 2006).  Baumgartner and Shine. (1998) studied the use of adenoviral-mediated BDNF 

expression on axotomy-induced cell death.  They found that this virus protected the 

sciatic nerve motor neurons at days 1 and 3 post injury.  Djukhuizen et al. (1998) injected 

a combination of adenovirus expressing BDNF and ciliary neurotrophic factor (CTNF) to 

a unilateral facial nerve injury in rats.  This combination treatment was found to be 

beneficial in the rescue of motor neurons following direct injection into facial nerve.  

However, small numbers of studies have been carried out using direct injection of 

adenovirus to the injured spinal cord (Ruitenberg et al., 2006).  Romeo et al. (2001) 

tested adenoviral-mediated NGF expression in a dorsal root ganglia injury model and 

found the transgene NGF promoted robust regeneration into the degenerated spinal cord.  

This treatment was also reported to affect non-injured neurons and showed increased 

sprouting resulting in hyperalgesia and chronic pain.  Zhang et al. (1998) tested 

adenoviral-mediated NT3 expression on dorsal root injury. This treatment showed the 

injured sensory axons were attracted to spinal cord grey matter and penetrated into lamina 

V.  Another study carried out by Tang et al., (2004) tested the adenoviral mediated NGF 

expression on dorsal root ganglia injury paradigm.  These researchers attempted to reduce 
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sensory fiber sprouting by administration of the combination of adenoviral-mediated NGF 

and semaA expression and found this treatment prevented sprouting of NGF sensitive 

fibers (Tang et al., 2004).   

The use of GFP transgene in injured spinal cord was also investigated using the 

adenoviral system.  Blitz et al. (2002) and Huber et al. (2000) reported the use of 

adenoviral-mediated GFP expression in a dorsal hemisection SCI model.  Transduction of 

GFP was observed in neurons, astrocytes, oligodendrocytes and fibroblasts in the lesion 

site 1-week post injury (Blits et al., 2002).  

The use of adenoviral vectors for gene delivery in SCI showed more 

disadvantages rather than advantages.  The transgene expression is transient as the 

adenoviral vector does not integrate into the genome and therefore is diluted as cells 

divide.  The immunological response and direct toxicity is another disadvantage of 

adenoviral vectors (Ruitenberg et al., 2006).  A response is only observed following 

application of a high titer of vector particles (Huber et al., 2000).   

   

1.8.3 Retroviral and lentiviral vectors 

Gamma retroviruses (g-retroviruses) and lentiviruses belong to Retroviridae family. 

Development of lentiviral vectors are based on the human immunodeficiency virus-1 

(HIV) genome (Maetzig et al., 2011).  Most gene therapies proposed for CNS injury use a 

lentivirus-based system due to its stable integration into the cell chromosome which 

delivers long-term transgene expression.  The lentiviral-mediated expression appears to 

be less genotoxic than adenoviral vectors due to the lack of encoded viral genes in the 

transfer vector (Maetzig et al., 2011).  Lentiviral vectors are also an attractive option for 

the nervous system as they have the capacity to transduce both dividing and non-dividing 

cells and that is feasible to transduce post mitotic neurons (Naldini et al., 1996; Blomer et 

al., 1997). 

 

1.8.3.1  Genome organization in Retrovirus and Lentiviruses  

Both retroviruses and lentiviruses contain a diploid genome made of two identical 

molecules of single positive stranded RNA.  The genome is present within an internal 

core made of several structural and enzymatic proteins including nucleocapsid (NC), 
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capsid (CA), reverse transcriptase (RT), integrase (IN) and protease (PR).  The internal 

core interacts with the outer protein layer made of matrix (MA) protein.  The envelope 

glycoprotein (ENV) presents in this virus as the outermost layer of the virion and binds to 

the cellular receptor and mediates fusion between virion envelope and the cell membrane.  

ENV is processed into two important subunits namely transmembrane and spherical 

subunits (Ruitenberg et al., 2006).  A schematic diagram of the structure of the 

Retroviridae virus is illustrated in Figure 1.2 (adapted from Escors et al., 2012). 

 

 

 

 

 

 

 

 

 

  
  
  
  
 
 
Figure 1.2: Retrovirus virion structure including lentivirus vector adapted from (Escors et 
al., 2012). Keys: The nucleocapsid (NC); capsid (CA);reverse transcriptase (RT); 
integrase (IN); protease (PR); matrix protein (MA); the envelope glycoprotein (ENV); 
transmembrane (TM) and spherical subunits (SU). 
 

The genome organization of retroviruses is dependent upon the presence of 

accessory and regulatory genes (Durand and Cimarelli, 2011).  The basic genome of 

simple retroviruses is organized from 5’ to the 3’ end with Gag, PoI and Env genes 

(Naldini et al., 1996). 
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1.8.3.2  The retroviral and lentiviral life cycle  

The retroviral and lentiviral life cycle share a similar life cycle of the Retroviridae family 

of viruses (Escors et al., 2012).  Briefly, the retrovirus virion binds specifically to the 

target cell after receptor recognition.  The interaction of virion with the cell membrane 

leads to direct fusion with the cell membrane or indirect fusion by endocytosis.  Both 

processes result in release of the retrovirus protein core into the cell cytoplasm and the 

RNA genome undergoes reverse transcription generating a cDNA copy.  This cDNA 

copy is actively transported into the cell nucleus.  The active transport of the 

preintegration complex into the cell nucleus can only happen in lentiviruses (Escors et al., 

2012) but not retroviruses (Ruitenberg et al., 2006).  For some of the simple retroviruses, 

the nuclear membrane from core protein of the virus has to disappear during cell mitosis 

before the integrated virus can enter the cell nucleus.  The lentivirus carrying integrated 

virus does not necessarily enter mitosis before entering the cell nucleus.  This process 

driven by the presence of Integrase protein (IN), matrix protein (MA), central polypurine 

tract (cPPT) sequence and accessory protein, Vpr in the lentivirus genome (Durand and 

Cimarelli, 2011). This explains how the lentivirus has the capacity to transduce non-

dividing cells such as neurons compared to other viral vectors (Naldini et al., 1996; 

Blomer et al., 1997).  In the cell nucleus, the cDNA genome is integrated and stays in the 

target cell chromosome as a provirus.  Once integrated, the transcription takes place 

leading to full RNA genome copies or mRNAs which encode structural and non-

structural protein through translation.  Gag and Gag-Pol products assemble at the cell 

membrane and encapsidate the virus genome leading to virion release and maturation 

after PR-mediated cleavage of structural and enzymatic virion protein (Escors et al., 

2012).  A schematic diagram showing the life cycle of the Retroviridae viruses is 

illustrated in Figure 1.3 (adapted from Escors et al., 2012). 
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Figure 1.3:  General retrovirus life cycle including lentivirus vector adapted from Escor 
et al.,(2012) 
 

1.8.3.3  Generation of lentiviral vectors 

The generation of lentiviral vectors has been refined to assure their performance and 

safety.  The first generation of lentiviral vector was a biosafety risk (Merten and Wright, 

2016).  This was due to the packaging plasmid containing Gag-Pol and accessory genes 

vif, vpu, vpr, nef, rev and tat.  The second generation lentiviral vector was modified by 

removing the accessory genes without affecting lentiviral performance.  The third 

generation of lentiviral vector was further improved in biosafety by replacing the U3 

sequence in the transfer plasmid long terminal repeats (LTR) by a non HIV strong 

constitutive promoter (Merten and Wright, 2016).  Several other modifications have been 

reported recently to improve the feasibility of lentiviral vector based gene therapy 

including incorporation of woodchuck hepatitis virus posttranscriptional element (WPRE) 

in the transfer vector (Zufferey et al., 1999) and self-inactivating transfer vector (Zufferey 

et al., 1998).  These approaches serve to minimize the appearance of replication-
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competent viruses (Cornetta et al., 2011), facilitate RNA transport, inhibit splicing and 

increase protein expression after lentiviral transduction (Ruitenberg et al., 2006). 

The generation of lentiviral vectors is based on a four plasmid co-transfection 

system in 293T cells that consists of three helper plasmids and one transfer vector 

plasmids (Merten and Wright, 2016).  To safely create lentiviral vectors for gene therapy, 

293T cells are are transfected with four plasmids encoding the gag-pol genes, the rev 

gene, the VSV-g envelope gene, as well as a self-inactivating (SIN) lentivirus transfer 

vector plasmid with an internal promoter for transgene expression (Merten and Wright, 

2016). Miyoshi et al.,(1998) described the U3 elements of 3’ LTR in the transfer vector 

has been deleted, resulting this transfer vector loses the capacity to transcript the viral 

LTR to the target cells (Miyoshi et al., 1998). Zufferey et al.,(1998) also described the U3 

deletion will reduce the potential recombinant events which could leads to the generation 

of replication competent lentivirus (RCL).The transfer vector backbone contained the 

transgene expression cassette flanked by cis-acting elements required for encapsidation, 

reverse transcription and integration (Miyoshi et al., 1998; Merten and Wright, 2016). 

The commonly used lentivirus transfer vector construct are Rous sarcoma virus (RSV-

HIV 5’LTR) and Cytomegalovirus (CMV-HIV 5’LTR) chimeric designs (Merten et 

al.,2016). To export the vector transcripts from nucleus to the cytoplasm during the 

production of the vector, Rev-Responsive-Element (RRE) sequence is required in the 

transfer vector (Fernandes et al.,2012). However, RRE sequence only mediated the 

exportation of vector genome during the production not after integration of transfer vector 

in target cells (Fernandes et al., 2012). 

 

1.9 LENTIVIRAL VECTOR DELIVERY OF NEUROTROPHIC FACTORS 

TO TREAT SCI 

Many research papers that describe the use of neurotrophic factors to treat SCI have 

reported altered glial cell phenotypes, enhanced neuronal survival, promotion of neuronal 

plasticity and axonal growth (Hollis and Tuszynski, 2011; Boyce and Mendell, 2014; 

Harvey et al., 2015).  CNS neurons express different types of receptors and are sensitive 

to different neurotrophic factors (Boyce and Mendell 2014).  In addition, targeting glial 

cells with different types or combinations of neurotrophic factors may reduce the negative 

effects of inflammation and scarring and reduce demyelination (Hodgetts and Harvey, 
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2017).  Endogenous expression of neurotrophic factors in different population of neurons 

and glial cells is altered at different time points after SCI (Hougland et al., 2012).  The 

success of neurotrophic factors in the treatment of SCI is dependent on the suitable 

delivery methods available, i.e. direct injection, intrathecal delivery or systemic delivery), 

the location of the damaged neurons, the timing of delivery (immediate or delayed) after 

SCI (Harvey et al., 2015).  The effectiveness of the therapeutic delivery may depend on 

the level (cervical or thoracic) and type of SCI (contusion or transection) (Hoggetts and 

Harvey, 2016).  Figure 1.4 outlines the motor and sensory tracts in the rat spinal cord and 

their response to the neurotrophic factors BDNF, NGF and NT3. 
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Figure 1.4:  Common rodent motor and sensory tract responsiveness to BDNF, NGF and 
NT3 adapted from (Keefe et al., 2017). (A) represents motor tracts, (B) represents 
sensory tracts. BDNF: Brain Derived Neurotrophic Factor; NGF: Nerve Growth Factor; 
NT3: Neurotrophin-3. 
 

Lentiviral vectors expressing NT3 have been shown to modulate neuronal support 

over time by promotion of neuronal survival, axonal sprouting and long distance 

regeneration (Bradbury et al., 2002).  NT3 was the third neurotrophic factor that was 

discovered, after NGF and BDNF (Hodgetts and Harvey, 2017).  NT3 binds with high 

affinity to tropomyosin receptor kinase (Trk) C type; whereas NGF binds to TrkA and 

BDNF and NT-4/5 bind to TrkB receptor.  NT3 also has a low affinity to TrkA and TrkB 

receptors (Huang and Reichardt, 2003).  NT3 has been extensively reported in 

experimental SCI (Hodgetts and Harvey, 2017).  The majority of these studies involve 

delivery of NT3 to the SCI lesion site and most involve acute delivery immediately after 

A 

B 
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injury (Lynskey et al., 2006).  However, there are studies that investigated delayed NT3 

delivery to injured spinal cord (Novikova et al., 2000; Coumans et al., 2001; Lynskey et 

al., 2006; Johnson et al., 2010).  The delayed administration of NT3 was found to 

improve forelimb function after cervical SCI (Lynskey et al.,2006).  Couman et al. (2001) 

tested the delayed NT3 delivery in a SCI model and suggested the delayed application of 

NT3 contributed to a greater axonal growth.  Novikova et al., (2000) investigated the use 

of combination BDNF and NT3 administration in a cervical injury model in rats.  At 5 to 

8 weeks after the injury, the delayed NT3 administration showed that rubrospinal neurons 

were prevented from undergoing death and atrophy after SCI and improvement in the 

motor function of the injured rats was observed.  The use of NT3 after SCI has also been 

shown to promote myelination (Hwang et al., 2011; Yang et al., 2015; Jin and Yamashita, 

2016).  NT3 also has been administered to injured spinal cord in combination with 

biomaterials-based approaches including collagen, fibrin, matrigel, hyaluoronic acid and 

chitosan (Ziemba and Gilbert, 2017).  In addition, NT3 has been used in used in 

combination with cell grafts in injured spinal cord (Alto et al., 2009). 

 

1.10 LENTIVIRAL VECTOR-MEDIATED RNA SILENCING TO TREAT SCI 

Lentiviral vectors are also very useful in RNA silencing to investigate gene function for 

the treatment of SCI (Hutson et al., 2014).  Short hairpin RNAs (shRNA) are artificial 

RNA molecules designed to silence the function of target gene expression via RNA 

interference.  

The mode of action of lentiviral vector-mediated shRNAs in target cells has been 

well documented (Brummelkamp et al., 2002; Paddison et al., 2002; Burnett et al., 2011).  

Briefly, after the virus has integrated into the host genome, shRNA is transcribed as a 

primary transcript known as pri-shRNA in the nucleus. This pri-shRNA is recognized by 

microprocessor complex subunit DGCR8 and recruited to bind to Drosha and form 

Drosha-DGCR8 complex. Drosha is one of the type III RNAse that cut double stranded 

RNA (dsRNA) and leave the dsRNA as 2 nucleotide overhang resulting in the formation 

of pre-shRNA.  The pre-shRNA is exported to the cytoplasm via Exportin-5.  Exportin-5 

is RanGTP-dependent dsRNA-binding protein present in the nucleus membrane.  When 

pre-shRNA is exported into the cytoplasm, two proteins are recruited to bind to pre-

shRNA.  Trans activation Response RNA Binding Protein (TRBP) or Protein Activator of 



Chapter 1 : Introduction 

37 

 

PKR (PACT) protein form a triplex complex with Dicer to cut the dsRNA leaving a 2 

nucleotide 3’-overhang.  Dicer is one of the RNase Type III in the cytoplasm.  This 

results in production of mature siRNA.  The  Argonaute-2 (Ago-2) protein is recruited to 

Dicer-TRBP-PACT-mature siRNA complexes and loaded into RNA-Induced Silencing 

Complex (RISC).  The passenger strand (sense) is degraded. The guide strand (anti-sense) 

directs RISC to the target mRNA that has a complimentary sequence. In the case of 

perfect complementary, RISC cleaves the mRNA.  In the case of imperfect 

complementary, RISC represses the translation of mRNA.  In both of the cases, the 

shRNA leads to reduction in protein. Several successful studies have reported the use of 

lentiviral vector-mediated RNA silencing in neurodegenerative disease.  The reduction in 

expression of certain genes such as SOD1 (in Amyothropic Lateral Sclerosis) and a-

synuclein (in Parkinson’s disease) has been shown to reduce the accumulation of these 

protein in neurons (Ralph et al., 2005; Sapru et al., 2006).  

A side effect of lentiviral vector-mediated RNA silencing has been reported and 

documented (Baum et al., 2006; Hutson et al., 2012). The lentiviral-mediated RNA 

silencing recruits an interferon (IFN) response and reduction in neuronal viability has 

been observed (Baum et al., 2008; Hutson et al., 2012).  IFNs have been secreted by 

multiple cell types including neurons to protect against viral infection (Samuel, 2004).  At 

high titers of the lentiviral-mediated short hairpin RNA, the accumulation of IFN elevates 

the level of caspase-3 and promotes cytotoxicity causes in gene regulation (Hutson et al., 

2012).  There are other possible side effects of shRNA, the potential for off-target and 

non-specific effects have been reported (Jackson et al., 2006; Khodr et al., 2011; Martin 

et al., 2011).  Hutson et al (2014) in their review suggested screening a minimum of three 

shRNA sequences for each gene before carrying out experiments (Hutson et al., 2014) 

 

1.11 CURRENT TREATMENT OF SCI USING GENE THERAPY 

The evolution of viral vector delivery of more than two genes opened up the possibility of 

combinatory approaches to treat SCI.  This is supported by recent findings by Islamov et 

al. (2017) on engineered human umbilical cord blood mononuclear cells (hUCBMC) with 

tandem delivery of neurotrophic factors (VEGF and GDNF) in combination with 

neuronal cell adhesion molecule (NCAM) in contused rat spinal cords.  The therapeutic 

combination of cell-mediated gene therapy was shown to be more efficient than gene-
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based therapeutic expression alone.  The combined approach improved the functional 

recovery after contusion SCI and modified the cellular environment of the lesion site to 

create a better environment for plasticity (Islamov et al., 2017). Escors et al. (2012) 

reported the possible lentiviral titer for clinical applications around 106 Transducing units 

(TU) per ml with defined validation and purification processes.   

Viral transduction of cells in vitro prior to transplantation has also been reported.  

The transplantation of genetically modified fibroblasts (Shumsky et al., 2003; Tobias et 

al., 2003), bone marrow stromal cells (Lu et al., 2005), Schwann cells (Weidner et al., 

1999) and olfactory ensheathing cells (Ruitenberg et al., 2003) has been reported.  

Heterogenous grafts were treated with genes in neural stem cells (Cao et al., 2005) and 

organotypic transplants (Peluffo et al., 2013).  

Modulating the cellular and extracellular environment using viral gene transfer targeting 

non-neuronal targets has been reported.  Thompson et al. (2013) investigated the HSV-

mediated interleukin-10 (IL-10), anti-inflammatory molecules on animal model of SCI 

indicated that transient expression of IL-10 improved the functional outcome and 

downregulated pro-inflammatory molecules (Thompson et al., 2013).  Bartus et al. (2014) 

investigated the delivery of ChABC enzymes using lentiviral-mediated expression for 

long term CSPG digestion.  They found the lentiviral ChABC was more efficient than 

enzyme administration in improving functional recovery following SCI (Bartus et al., 

2014).  Kanno et al. (2014) transduced Schwann cells expressing ChABC in combination 

with multi-neurotrophin D15A can increase the number of propriospinal and brainstem 

neurons after a contusion lesion (Kanno et al., 2014). 

 

1.12 EMERGING RESEARCH STRATEGIES 

The evolution of the gene editing technology CRISPR-Cas9 has benefitted SCI research 

in many ways (Wang et al., 2013; Li et al., 2015; Birling et al., 2017).  One of the 

relevant applications of CRISPR-Cas9 technology relates to the study of genes and 

function through generation of mutations in a mouse model (Birling et al., 2017, Wang et 

al., 2013).  Using this technology, by synthesizing genetic sequences need for base 

pairing, one can skip the major cloning event and can be directly injected into a fertilized 

oocyte.  This technology is a fast, highly efficient method to generate the progeny of the 

mice that will be born in 3 weeks compared to old techniques using embryonic mouse 
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cells.  The application of CRISPR-Cas9 also has been used to increase gene targeting 

efficiency as reported by Li et al. (2015).  Li et al. created neural-lineage specific knockin 

fluorescence for the neurogenin2 gene in human induced pluripotent stem cells (hIPSCs).  

Neurogenin2 is an important proneural gene in CNS development.  With this technology, 

the expression of neurogenin2 can be monitored along the time course of neural 

differentiation (Li et al., 2015).  

 

1.13 PROJECT AIMS 

In this project, the research is presented in four research chapters.  In our first research 

chapter (Chapter 3), we carried out a pilot study where we investigated if we could 

develop ex vivo slice culture models of SCI in NUI Galway.  The hypothesis of that 

research chapter was that ex vivo models of SCI can mimic injury models in vivo.  There 

were three aims to this chapter:  Aim 1: To develop reproducible and reliable ex vivo 

model of a spinal cord stab injury, contusion injury and transection injury.  Aim 2: To 

examine cell viability in ex vivo spinal cord slices.  Aim 3: To investigate the white and 

gray matter distributions in models of ex vivo SCI. 

The second research chapter (Chapter 4) involved the development of homemade 

cell culture inserts.  The hypothesis of this chapter was that the generation of homemade 

cell culture inserts is an alternative cost-effective way to grow and maintain ex vivo spinal 

cord slice cultures in comparison to using commercially available inserts.  The aims of 

this chapter involved: Aim 1: To create a reliable in-house cell culture insert to grow 

spinal cord slices ex vivo.  Aim 2: To examine the surface topography of homemade 

inserts.  Aim 3 : To investigate the roughness surface profile of homemade inserts.  Aim 4 

: To examine cell viability in ex vivo spinal cord slices growing on homemade inserts. 

The third research chapter (Chapter 5) involved examination of the effect of 

ChABC treatment in an ex vivo transection model of SCI.  The hypothesis was that 

ChABC degrades CSPGs and alters the inhibitory microenvironment of injury site.  The 

aims of this chapter involved:  Aim 1: To determine the effect of ChABC on the cellular 

environment of transected ex vivo spinal cord slices.  Aim 2: To examine the morphology 

of glia scar complexity by Fractal and Lacuna analysis after ChABC treatment over day 

10 in cultures. 
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The final research chapter (Chapter 6) involved the use of lentiviral vectors 

expressing NT3 to promote neurite outgrowth and lentiviral vectors to knockdown NG2 

in an ex vivo transection model of SCI.  The hypothesis was that a combination treatment 

of NT3 and NG2 knockdown using lentiviral vectors will create a more permissive  

microenvironment for axonal regrowth and improve the biology of the glial scar.  The 

aims of the chapter were:  Aim 1: To titer lentiviral vectors expressing GFP, NT3, ShNG2 

knockdown.  Aim 2: To determine whether lenti NT3 can produce NT3 and promote 

neurite outgrowth in vitro.  Aim 3: To determine whether lenti shNG2 can cause NG2 

knockdown and promote neurite outgrowth in vitro.  Aim 4: To determine how long the 

lenti shNG2 can knockdown the NG2 protein in vitro.  Aim 5: To determine whether 

lentiviral vectors can penetrate ex vivo spinal cord slices.  Aim 6: To examine the effect 

of  lenti NT3 and lenti shNG2 knockdown both alone and in combination on transected ex 

vivo spinal cord slice cultures.   

 

	
.	
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CHAPTER TWO 
METHODOLOGY 

2.1 ISOLATION OF SPINAL CORD FROM RAT PUPS 

All animal experiments were granted ethical approval by Animal Care Research Ethics 

Committee (ACREC) with reference 15/DEC/03 and conforms to European Union 

Directive 2010/63. This study was carried out in the National University of Ireland 

Galway.  Pregnant embryonic day (E) 14 time-mated Sprague Dawley rat females were 

purchased from the Charles River UK Limited.  Animals were housed singly in 

polypropylene cages with wood shavings (Whitten Molen, Netherlands) and with proper 

lighting controlled on 12-hrs light and 12-hrs dark cycle. The pregnant rats had access to 

food and water ad libitum. After birth, the pups were maintained until they reached 

postnatal day (P) 4. The pups were taken from the mother rat and sacrificed by anesthesia 

with 5% Isoflurane followed by decapitation using a guillotine (Stoelting Co, Germany). 

The bodies were left in sterile dishes on ice to slow down the body metabolism prior to 

spinal cord harvesting. Spinal cord isolation was performed in a class II biological safety 

cabinet hood under aseptic conditions.  The bodies were secured in a prone position on 

the tray. The skin was cut using sterile blade #10 (Swann-Morton, England) along the 

midline of the dorsum and the laminae were exposed by gentle blunt dissection of the 

paravertebral muscles. A small transverse incision was made on the sacral vertebrae. 

Sterile cotton tips were used to clean the blood from the incision site prior to isolation of 

the spinal cord.  The spinal cord was isolated using an adaptation of a rapid flushing 

technique established by (Kennedy et al., 2013).  Briefly, the intact spinal cords were 

flushed out from the vertebrae column using 18G needle filled with 1X ice-cold 

Phosphate Buffered Saline (PBS; Appendix 1, Table 1.1). The spinal cords were 

suspended in ice-cold artificial cerebrospinal fluid (aCSF; Appendix 1, Table 1.2), pH 

7.4.  The meninges surrounding the intact spinal cords were gently dissected away using 

sterile fine forceps in ice-cold sucrose aCSF (Appendix 1, Table 1.3) to maintain the 

physiological status of the spinal cords.  The removal of the meninges was performed 

using a stereomicroscope (Wild MZ32, Switzerland). The intact spinal cords were cut into 

smaller chunks approximately 1 cm in length and transferred to sterile tissue chopper 

discs for spinal cord slicing.  All consumables required for harvesting spinal cords from 
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rat pups are detailed in Appendix 1, Table 1.4.  Dissection instruments are detailed in 

Appendix 1, Table 1.5. 

2.2 ORGANOTYPIC SLICE CULTURE SPINAL CORD INJURY MODELS 

All slice culture was performed in a class II biological safety cabinet under aseptic 

conditions.   Spinal cord slices were cut on a McIIwain tissue chopper (Mickle 

Laboratory Engineering Co. Ltd., USA).  All consumables required for obtaining spinal 

cord slices and maintaining spinal cord slices in culture are detailed in Appendix 2, Table 

2.1. 

  

2.2.1  Spinal cord stab injury model 

Spinal cords were isolated from three separate litters of P4 pups with an average litter size 

of 12 pups per litter.  The information below details the experiment performed when 

using one litter.  The spinal cords were selected at random for chopping into transverse 

slices.  Each spinal cord was cut into 1 cm length pieces and transferred to sterile tissue 

chopper discs.  Transverse sections of spinal cord were chopped at 350 µm thickness on 

the McIIwain tissue chopper.  All tissue slices were pooled together in a petri dish (see 

Figure 2.1).  The tissue slices were then transferred to a 30 mm diameter cell culture 

inserts (Merck Millipore, Germany) and cultured in 6 well trays (5 slices per insert). 

Slices were maintained in spinal cord slice culture medium (Appendix 2, Table 2.2) at 

37oC in a 5% humidified CO2 atmosphere as above. Culture media was changed every 

three days. After 4 days growth in culture, the tissue slices were separated into a control 

(uninjured; 90 spinal cord tissue transverse slices) and an injury group (90 spinal cord 

tissue transverse slices).  A stab injury was created in the slices within the injury group 

using a sterile 27 G sterile needle targeting the corticospinal tract of the slices located 

within the dorsal white matter. The anatomical hallmark of the rat corticospinal 

tract/dorsal white matter region was defined based on the proportion of white matter and 

gray matter in the transverse slices observed using the stereomicroscope (Steward & 

Willenberg, 2017).  Spinal cord slices were excluded from the study if the stab injury was 

at the wrong region or if the injured site was too severely injured.  Slices were fixed at 3 

days and 10 days post injury with 4% paraformaldehyde (PFA).  For phase contrast 

analysis, one image was captured per slice from control and injured slices as outlined 
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below in section 2.7.1. For confocal analysis, one image per slice was obtained from 

immunostained control and injured as outlined below in section 2.7.3 
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Figure 2.1:  Schematic drawing representing the stab injury model in spinal cord slice 
cultures.  



  Chapter 2 : Methodology 

45 

 

2.2.2 Spinal cord transection injury model 

Spinal cords were isolated from three litters of P4 pups with (average litter size 12 pups 

per litter).  The information below details the experiment performed when using one 

litter.  The spinal cords were selected at random for chopping into longitudinal slices.  

Each spinal cord was cut into 1 cm length pieces and transferred to sterile tissue chopper 

discs.  Longitudinal sections of spinal cord were chopped at 350 µm thickness on the 

McIIwain tissue chopper.  All tissue slices were pooled together in a petri dish (see Figure 

2.2).  The spinal cord tissue slices were then transferred to 30 mm diameter cell culture 

inserts (2 slices per insert) and cultured in 6 well trays.  Slices were maintained in spinal 

cord slice culture medium at 37oC in a 5% humidified CO2 atmosphere.  Culture media 

was changed every three days. After 4 days growth in culture, the tissue slices were 

separated into a control (uninjured; 36 slices) and an injury group (36 slices).  A 

transection injury was performed the spinal cord slices within the injury group midway 

along the length of the tissue slices using two sterile scalpel blades #10 (Swann-Morton, 

England) attached to a scalpel handle. These blades were 460 µm distance apart.  Spinal 

cord slices were fixed with 4% PFA at day 3 and day 10 post injury.  For phase contrast 

analysis, one image was captured per slice from control and two images were captured 

per slice for the injured slices (one from each edge of the injured region, see section 

2.7.2).  For confocal analysis, one image per slice was obtained from immunostained 

control and injured (only one side of the injured region was captured, see section 2.7.4). 
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Figure 2.2:  Schematic drawing representing the transection injury model in spinal cord 
slice culture 
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2.2.3 Contusion injury model 

Spinal cords were isolated from three litters of P4 pups with (average litter size 12 pups 

per litter).  The information below details the experiment performed when using one 

litter.  The spinal cords were selected at random for chopping into longitudinal slices.  

Each spinal cord was cut into 1 cm length pieces and transferred to sterile tissue chopper 

discs.  Longitudinal sections of spinal cord were chopped at 350 µm thickness on the 

McIIwain tissue chopper.  All tissue slices were pooled together in a petri dish (see Figure 

2.3).  The tissue slices were then transferred to a 30 mm diameter cell culture inserts (1 

slice per insert) and cultured in 6 well trays. The longitudinal sections were seeded at 

least minimum 4 slices per inserts. Slices were maintained in spinal cord slice culture 

medium at 37oC in a 5% humidified CO2 atmosphere as above. Culture media was 

changed every three days. After 4 days growth in culture, the tissue slices were separated 

into a control (uninjured; n= 4 slices) and an injury group (n = 7 slices).  A contusion 

injury was performed on the slices midway along the length of the spinal cord slices in 

the injury group using an Infinite Horizon (IH) Impactor device (Precision Systems and 

Instrumentation, USA).  A sterile mouse impactor rod with a 1.25 mm diameter tip was 

dropped onto the spinal cord slices at various impact forces until a force of 50 kilodynes 

(kdyn) was determined as the most reliable. The IH impactor device was validated by 

performing impacts on a sorbothane test block prior to the actual spinal cord tissue injury. 

The impactor rod was sterilized by using 70% ethanol between every impact performed. 

The spinal cord slices on the inserts were positioned in the center of the platform and 

aligned parallel to the position of the impactor rod so as to ensure the rod hit the spinal 

slices. The impactor rod was lowered to 5 mm above the slices prior to injury.  The 6 well 

tray were kept stable by applying blue tack to avoid the movement of the plates during the 

impact. The injury sites were examined under a Nikon microscope (Nikon eclipse TE200-

5, Japan). The IH impactor recorded the displacement (microns) and force (kdyn) graph 

over time (miliseconds) as well as the velocity (millimeter per second) of the rod during 

the impact. The spinal cord tissue was excluded from the study if the maximum force 

applied was measured more than 20% of the desired values on force vs time graph 

generated.  Slices were fixed at 3 days post injury with 4% PFA/PBS. 
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Figure 2.3:  Schematic drawing representing the contusion injury model in spinal cord 
slice cultures 
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2.3 CHABC TREATMENT OF TRANSECTED SPINAL CORD SLICES  

All spinal cord slice culture was performed in a Class II biological safety cabinet under 

aseptic conditions using consumables and buffer as mentioned in section 2.1 above.  

Spinal cords were isolated from three separate litters of P4 pups with an average litter size 

of 12 pups per litter.  The information below details the experiment performed when 

using one litter: three spinal cords were placed into four separate petri dishes (see Figure 

2.4).  The spinal cords were cut into 1 cm length pieces and transferred to sterile tissue 

chopper discs.  Longitudinal sections of spinal cord were chopped at 350 µm thickness on 

the McIIwain tissue chopper.  All tissue slices from three spinal cords were pooled 

together in a petri dish.  The spinal cord tissue slices were then transferred to 30 mm 

diameter cell culture inserts (2 slices per insert) and cultured in 6 well trays.  Slices were 

maintained in spinal cord slice culture medium at 37oC in a 5% humidified CO2 

atmosphere.  Culture media was changed every three days. After 4 days growth in culture, 

the tissue slices were separated into a (1)control group (uninjured; 24 slices), (2)injury 

group (36 slices) and (3)injury group treated with ChABC (36 slices).  The optimal 

number of spinal cord slices within each group was determined using a cumulative mean 

plot.  The spinal cord slices in groups (2) and (3) as outlined in section 2.2.2 above. The 

group (3) injured slices were left inside the cell culture incubator for one hour after the 

transection injury. After one hour, 0.1 U/ml of ChABC (Sigma Aldrich, Ireland) was 

freshly prepared and added to the culture media (see Appendix 3, Table x.8). All media 

was changed every two days. The ChABC treated group received freshly prepared 0.1 

U/ml ChABC in culture media at the same time media was changed.  The spinal cord 

slices were maintained and cultured in 5% CO2 supplied at 370C.  Spinal cord slices were 

fixed with 4% PFA on days 1, 3, 7 and 10 post injury. These slices were 

immunohistochemically stained for markers of reactive astrocytes (GFAP), radial 

glia/early astrocytes (BLBP), neurons (bIII Tubulin), microglia (Iba1) and CSPGs (CS-56 

and NG2) as described in Section 2.4 below. 
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Figure 2.4:  Schematic drawing representing ChABC treatment of spinal cord slice 
cultures in the transection injury model. 
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2.4 IMMUNOHISTOCHEMICAL ANALYSIS OF ORGANOTYPIC SPINAL 

CORD SLICES 

The spinal cord slices were maintained in culture in 6 well trays.  On the day of tissue 

fixation the media was removed from each well and replaced with 1X PBS.  The spinal 

cord slices were fixed with 4% PFA for 24 hours at 40C in 6 well trays. The spinal cord 

tissue was washed in 1X PBS three times (5 mins per wash). The spinal cord tissue on the 

inserts was transferred to 24 well trays by cutting the membrane of the inserts into smaller 

pieces (2 mm x 2 mm) to fit inside the 24 well tray wells. Immunohistochemical staining 

was performed on the tissue slices in the 24 well trays.  To block for nonspecific staining, 

the spinal cord slices were incubated with 10% normal goat serum (NGS) in 1X PBS with 

0.5% tween-20 (10% NGS/PBS-0.5%T; see Appendix 4, Table 4.1) for 2 hrs at room 

temperature. The blocking solution was then aspirated from the wells and replaced with 

primary antibodies diluted in 1X PBS blocking buffer overnight at 40C (see Appendix 4, 

Table 4.2 for list of primary antibodies, working concentrations and corresponding 

secondary antibody). After 24 hours primary antibody incubation, the slices were washed 

with 1X PBS three times (5 mins per wash). The slices were then incubated with 

secondary antibodies for 2 hours at room temperature. The slices were washed with 1X 

PBS three times (5 mins per wash). To counter stain the cell nuclei, the slices were 

incubated with 1 µg/ml 4’ 6,-diamidino-2-phenylindole (DAPI; ThermoFisher Scientific) 

for 15 mins at room temperature. The slices were washed with 1X PBS three times (5 

mins per wash) and were left in 1X PBS at 40C until ready for confocal imaging.  A 

negative control was carried out where the primary antibody was replaced with buffer. 

 

2.5 LIVE DEAD ASSAY FOR ANALYSIS OF CELL VIABILITY IN SPINAL 

CORD SLICE CULTURES 

To examine the cell viability within spinal cord slices over 10 days in culture, a litter of 

12 pups were sacrificed and the spinal cords from these pups were separated into four 

petri dishes with 3 spinal cords per dish.  In one of the petri dishes containing spinal 

cords, the spinal cords were chopped transversely at 350 µm on a tissue chopper as these 

slices were used for examination of cell viability in control and stab injured slices on 

Millicell® inserts (Petri dish 1).  The remaining three petri dishes containing spinal cords 

were all chopped longitudinally at 350 µm on a tissue chopper.  These spinal cord slices 
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were used to examine cell viability in control and transection injured spinal cord slices on 

Millicell® inserts (petri dish 2) and homemade inserts (petri dish 3).  Cell viability was 

also examined on longitudinal slices subjected to contusion injury on Millicell® inserts 

(petri dish 4).  For each of the four conditions (i.e. stab injury on Millicell® inserts, 

transection injury on Millicell® inserts, transection injury on homemade inserts and 

contusion injury on Millicell® inserts), three control and three injured spinal cord slices 

were examined at 3 and 10 days post injury. The spinal cord tissue on the inserts was 

transferred to 24 well trays by cutting the membrane of the inserts into smaller pieces (2 

mm x 2 mm) to fit inside the 24 well tray wells.  The tissue slices on inserts were washed 

with 1X PBS three times (5 mins per wash).  The slices were incubated with 50 µg/ml 

Propidium Iodide (PI; Invitrogen, UK) and 50 µg/ml Fluorescein Diacetate (FDA; Sigma 

Aldrich, Ireland) for 30 s at room temperature. After 30 s incubation, the slices were 

placed inverted into 35 mm glass bottom dishes (WillCo Well BV, Netherlands) in 500 µl 

1X PBS for confocal imaging.  Appendix 5 (Table 5.1) details all the reagents used in this 

assay. 

 

2.6 IMAGING OF SPINAL CORD SLICES 

Details of the microscopes used in imaging of the spinal cord slices are given in 

Appendix 6. 

 

2.6.1 Phase contrast imaging 

All the spinal cord slices were kept in culture in 6 well trays. On day 1, 3 and 10 post 

injury all the 6 well trays were examined using phase contrast imaging. The phase 

contrast images were captured at 4X magnification using Nikon Eclipse TE200-5 

Upbright Microscope (Olympus, USA) with a digital camera (Olympus DP72) and Cell 

Sens software (version 2.1).  

 

2.6.2 Confocal imaging 

Two slices of the same group were inverted and placed into 35 mm glass bottom dishes 

(WillCo Well BV, Netherlands) for confocal imaging. Images were captured at 10X and 
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20X magnifications.  The slices were mounted in 1X PBS and imaged using an Andor 

spinning disc confocal microscope (Andor Technology Ltd, UK). To examine the 

immunohistochemically stained cells or cells stained using the live/dead assay, confocal 

z-stack images were captured at 1 µm apart from the top to the bottom of the spinal cord 

slices. The red and green channels were used to visualize stained cells at 488 and 561 nm 

emission wavelength respectively. To view the DAPI nuclear staining, the blue channel 

was used with an emission wavelength of 405 nm wavelength. All the imaging was 

carried out using the same exposure time and emission gain for all the spinal slices. 

 

2.7 STEREOLOGICAL ANALYSIS OF SPINAL CORD SLICES 

Both phase contrast and confocal images were examined using stereology to determine 

changes in the spinal cord slices at various time points post injury in stab injured, 

transected and contused spinal cord slices.  In phase contrast images the area of spinal 

cord slices was examined in injured and uninjured tissue, volume fraction (Vv) of lesion 

was examined in injured tissue and cell migration was examined in injured and uninjured 

tissue.  In confocal images the scar zone (SZ) and injury zone (IZ) was examined in 

injured tissue.  Simple point counting methods were used to estimate the Vv of various 

components on immunostained spinal cord sections (Reed et al., 2010).  For example, Vv 

of the immunoreactive tissue was calculated by dividing the number of grid points hitting 

immunoreactive cells by the total number of points hitting tissue.  Mean Vv ± SEM was 

calculated for the experimental groups.  Area was examined by counting the number of 

grid points hitting immunoreactive cells and multiplying this value by the area of a square 

on the grid (0.49 mm2).  For all uninjured tissue slices, image analysis was always 

performed on images captured away from the edge of the tissue slices. 

 

2.7.1 Stereological analysis of stab injury in phase contrast images  

Phase contrast image analysis of stab injury was performed to measure the size of the 

spinal cord slices, the lesion size and the cell migration on day 1, 3 and 10 time points 

post injury. These parameters were measured in 4X phase contrast images using ImageJ 

software (ImageJ version 2.1) to help define the region for analysis, followed by 

stereology to determine the area and Vv of tissue/cells. One image was examined per 
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tissue slice.  All the images were subjected to stereology point-grid analysis. Square 

counting grids were used with lines that were 7 mm x 7 mm apart (0.49 mm2), with 100 

boxes per grid.  To measure the size of the spinal cord slice and the size of the lesion, the 

fine line drawing tool was used in ImageJ to draw around the perimeter of slice and the 

perimeter of the lesion site respectively. The lesion site was identified by a dark brownish 

color in the phase contrast images of the injured slices. The counting grid was placed on 

the top of the images using the ImageJ image editing tool. The area and Vv of each 

sample was calculated by counting any tissue underneath the intersection points on the 

grid.  To measure the size of migrating cells the ImageJ fine line drawing tool was used to 

create a migration zone. The migration zone was defined as a distance of 100 µm from 

the edge of the spinal slice. The counting grid was placed on the top of the images. The 

area and Vv of each sample was calculated by counting any cells type underneath the 

intersection points on the grid. Analysis was performed on the inter-group (slices within 

same insert) and intra-group (slices within all inserts) to detect changes in phase contrast 

images of spinal cord slices and to examine to coefficient of variation (COV) between 

these groups. 

 

2.7.2 Stereological analysis of transection injury in phase contrast images  

Phase contrast image analysis of the transection injury was performed to examine the 

transected gap distance of slices, the size of the IZ and the size of the migration zone at 

day 3 and 10 time points. One image was examined per tissue slice.  To measure the 

transected gap distance of slices, three linear lines were drawn at top, midway point and 

bottom of the images in between the cut edges of the transected region using the ImageJ 

drawing tool. The distances of the transected gap were measured and averaged for each 

slice. To measure the size of IZ, a standard rectangle box was drawn in between the cut 

transected edges using the ImageJ drawing tool. The size of the IZ was measured by 

placing the counting grid onto the IZ as outlined above.  To measure the migrating cells, a 

standard rectangle box was drawn in between the cut edges of transected spinal cord 

using the ImageJ drawing tool. The area of migrating cells was measured using the 

counting grid as mentioned above. The area and Vv of the IZ and the migrating cells was 

as mentioned above. 
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2.7.3 Stereological analysis of stab injury in confocal images  

Confocal image analysis of the stab injured spinal cord tissue slices was performed to 

measure the expression of antigenic markers for astrocytes (GFAP) and the CSPG NG2. 

One image was examined per tissue slice.  Each of the injured spinal slices was divided 

into two regions of interest: SZand IZ. IZ was defined as the epicentre of the lesion inside 

the bordering glia scar which was marked by reactive astrocytes staining. SZ was defined 

as a distance of 100 µm from the edge of the IZ. ImageJ software was used to process all 

the confocal z-stack images with the help of a macro (see Appendix 7). To process the 

confocal z-stack images, the three channels were split and measured separately using the 

de-interleave ImageJ editing tool. The area and Vv were calculated at top, midway-point 

and bottom of confocal image stacks to measure the expression of each marker in both 

zones at day 3 and 10 post injury. The top region was the optical slice 5 microns from the 

top of the stack, the middle was exactly mid-way through the confocal stack and the 

bottom was the optical slice 5 microns from the bottom of the stack. Stereological 

analysis was carried out to calculate the area (in micron squared) of the 

immunohistochemical staining in these regions of interest.  Square counting grids were 

used with lines that were 7 mm x 7 mm apart (0.49 mm2), with 100 boxes per grid.  The 

area and Vv of each sample was calculated by counting any cells type underneath the 

intersection points on the grid. 

 

2.7.4 Stereological analysis of transection injury in confocal images 

Confocal image analysis of the transected spinal cord tissue slices was performed to 

measure the expression of various antigenic markers (GFAP, NG2, bIII Tubulin, NeuN, 

CS-56, BLBP and Iba1). One image was examined per tissue slice.  Each of the spinal 

slices was again divided into two regions of interest: SZ and IZ. IZ was defined as the 

epicentre of the lesion. SZ was defined as a distance of 100 µm from the edge of the IZ. 

ImageJ software was used to split the three channels and these were measured separately 

using the de-interleave ImageJ editing tool. The area and Vv were calculated at top, 

midway-point and bottom of confocal image stacks (as mentioned above) to measure the 

expression of each marker in both zones at day 3 and 10 post injury. Stereological 

analysis was carried out to calculate the area and Vv of the immunohistochemical staining 
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in these regions of interest. In addition the projected confocal image stacks were 

examined at the SZ and IZ analyse the area and Vv of various antigenic markers in the 

tissue slices. 

 

2.7.5 Analysis of cell viability in confocal images 

Confocal image analysis of live and dead assay was performed to measure the expression 

of FDA and PI.  In the uninjured slices a central zone was examined, this was defined as 

the central region of control slices. In the injured slices, a SZ was examined and this was 

defined as a zone that fell in 100 µm radius from the edge of the lesion. For each tissue 

slice, 6 images were captured. ImageJ software was used to split the two channels and 

these were measured separately using the de-interleave ImageJ editing tool. The images 

were inverted to black and white images and contrast and brightness levels were adjusted. 

The square counting grids were placed on the top of the images. All the images were 

examined with the ImageJ Cell Counter tool. ImageJ software was used to process all the 

confocal z-stack images with the help of a macro (Appendix 7).The cells were counted 

positive as the cells stained for red (dead cells) and green (live cells) at day 3 and 10 post 

injury on both; control and injured slices. The percentage of total count of FDA and PI 

stained cells was calculated in the projected confocal image stacks at day 3 and 10 post 

injury. To calculate the percentage of dead cells presence in each time point, the cells 

were positive red divided by total number of the cells and multiply by 100. To calculate 

the percentage of live cells presence in each time point, the cells were positive green 

divided by total number of the cells and multiply by 100. The results were expressed as 

mean percentage ± SEM. 

 
2.8 DESIGN OF STAMP PROTOTYPES FOR CREATION OF HOMEMADE 

CELL CULTURE INSERTS 

The idea of the creation of homemade cell culture inserts for growth of spinal cord slice 

cultures primarily came from the need to reduce the cost of the inserts in the consumable 

budget.  This idea led to the development of a stamp prototype which was used in 

combination with recycled Millicell® cell culture inserts. Several generations of stamp 

prototypes were designed that fitted with the diameter of the Millicell® cell culture 

inserts (Catalogue number PICM0RG50: Merck Millipore, Germany).  The idea of 
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designing a homemade insert is based on the Lock and Key analogy. In this study the 

recycled Millicell® cell culture insert ring is the lock and the stamp is the key.  The ring 

was made of polystyrene material and manufactured at 5 mm height.  The Millicell® cell 

culture insert ring diameter is 32 mm and the filter diameter of the ring is 47 mm. The 

first and second generation of stamp prototype was designed according to the dimensions 

of the filter diameter of the Millicell® cell culture insert ring.  The first and second 

prototype was made from polylactic acid (PLA)-based filament materials.  The third 

generation of the stamp prototype was designed based on modifications of first and 

second prototypes.  The third generation prototype was made of stainless steel and 

consisted of two separate components.  Component 1 was designed to use as a base to 

hold the Millicell® recycled ring and component 2 was the stamp which fitted into the 

Millicell® ring.  The prototypes were designed and drawn using CATIA software 

(CATIA, USA).  The first and second generation stamp prototypes were fabricated in the 

Hardiman library, NUI Galway using a 3D printer with a 2.85 mm nozzle filament built-

in (Ultimaker®NUIG, Ireland).  The third generation stamp prototype was fabricated in 

the Department of Physics, NUI Galway using a stainless steel maker NEW Master 

VS3250 Centre Lathe (Colchester 600group, UK). 

 

2.8.1 Assembly of homemade cell culture inserts  

The homemade cell culture inserts was assembled using a rapid and easy set up kit (see 

Appendix 8, Table 8.1).  The recycled Millicell® insert rings was cleaned by removing 

the remaining excess of the PTFE membrane using a fine forcep (Dumont #5).  The 

groove in the ring was cleared by brushing using a 0.4 mm interdental brush (TePe, 

Ireland).  Recycled Millicell® cell culture insert rings were then sterilised in 1% virkon 

(SPH supplies, UK) overnight followed by 70% ethanol for 3 hrs. The ring was allowed 

to dry at room temperature before assembly. The first and second generation of stamp 

prototype was used to assemble the inserts ring and the membrane. The stamps were 

pressed on the top of the membrane that was glue with sterile Milipore inserts. The 

procedure to assemble the insert ring and membrane using the first and second generation 

of stamps are similar. However, the only different between first and second prototype was 

the height of the prototype as shown in Figure 4.1 (first prototype) and in Figure 4.2 

(second prototype). For assembly of the third generation prototype the sterile Millicell® 
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cell culture insert ring was placed and fit into the base of component 1 of the stamp 

prototype. Loctite® superglue and activator was applied to the outer groove of the 

Millicell® ring and incubated for 60s at room temperature. An Omnipore® membrane 

filter (Merck Millipore, Germany) was placed on the bottom of the ring using a Dumont 

tweezer style #7 (Dumont, Switzerland). Component 2 of the stamp was then fitted into 

component 1 and pressed to secure the membrane filter to the ring. Both of the stamp 

components were left for 10 mins at room temperature. After 10 mins, the components of 

the stamp were separated and the Omnipore® membrane filter were trimmed according to 

the size of the Millicell® ring using student Iris scissors (Fine Science Tools, Germany). 

The homemade inserts were sterilized using UV light for 2 hours before use. 

 

2.8.2 Surface topography of homemade inserts 

To examine the surface topography of the homemade inserts, the inserts were prepared 

for scanning electron microscopy (SEM) imaging. SEM imaging was also performed on 

Millicell® cell culture inserts (Merck Millipore, Germany). The surface of the inserts 

(n=2) was gold coated for 15 mins.  SEM imaging was performed at different angles set 

at 00, 50 to the left and 50 to the right from the zero degree centre point.  The images were 

captured using 1.5 kV, 13.6 mm x 700 mm dimension. The surface texture of the 

homemade inserts and Millicell® cell culture inserts was examined using surface 

metrology software (MeX), version 2.3 (MeX, USA).  The different angles of the SEM 

images were captured and 3d images were generated using the MeX software. The texture 

differences were analysed in terms of adhesion and aesthetic surface properties of the 

homemade and Millicell® cell culture inserts. 

 

2.8.3 Depth analysis of homemade inserts 

To identify the surface roughness of the homemade and Millicell® cell culture inserts, the 

inserts were subjected to SEM imaging. From the SEM images, three straight lines were 

drawn from three random regions (top, middle and bottom lines). The readings from 

depth analysis were compared between homemade and Millicell® cell culture inserts. 
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2.9 CELL CULTURE 

All cell culture was performed in a Class II biological safety cabinet under aseptic 

conditions. All cells were cultured in a cell culture incubator at 37oC and 5% CO2/90% 

humidity.  All the equipment and solutions involved with lentivirus-based experiments 

were treated as potential infectious hazards and waste was decontaminated with 1% 

Virkon (SPH supplies, UK) and exposed to UV light for one hour minimum. 

 

2.9.1 HEK293T cells 

Human embryonic kidney (HEK293T) cells (obtained from Dr Linda Howard) were 

cultured and maintained in HEK293T cell culture media (see Appendix 9, Table 9.1) 

containing the solutions as follows: 88% High glucose Dulbecco’s Modified Eagle 

Medium (DMEM), 10% Fetal Bovine Serum (FBS), 1% Penicillin Streptomycin (PS) and 

1% Non-Essential Amino Acid (NEAA). The cells were seeded at 3 million cells in a 175 

cm2 flask and maintained in a cell culture incubator until they reached 80% confluence 

and were ready for passage. To passage the HEK293T cells, the confluent cells were 

washed with sterile PBS (10 ml) then trypsinised using 5 ml of 0.25% trypsin/EDTA for 5 

mins in the 37oC incubator.  After 5 mins incubation, the dissociated cells were aspirated 

out to a sterile 15 ml polypropylene tube. HEK293T medium (5ml) was added to the 15 

ml tube containing dissociated cells to neutralize the trypsin in the solution.  The cells 

were pelleted by centrifugation at 400 g for 4 mins at room temperature. The supernatant 

was aspirated out and the pellets were kept and suspended into 1 ml HEK293T media.  

The suspended cells were subjected to counting and plated to a new 175 cm2 flask to keep 

growing. To cryopreserve the HEK293T cells, the cells were pelleted and suspended into 

1 ml of 10% dimethyl sulfoxide (DMSO) in fetal bovine serum (FBS).  The morphology 

of HEK293T cells were examined every passage to determine the quality of the 

HEK293T cells and also to check for any contamination. 

 

2.9.2 Neu7 cells 

The Neu7 inhibitory rat astrocyte cell line was derived from neonatal rat cortical cultures 

and immortalised by new oncogenes (Fok-Seang et al., 1995). The Neu7 cell line was a 

kind gift from Professor James Fawcett, University of Cambridge, UK. The Neu7 cell line 
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expresses a high level of chondroitin sulphate proteoglycans (CSPG)-NG2 protein, so are 

a suitable mammalian cell line to investigate knockdown of NG2 in vitro. The Neu7 cell 

lines were cultured and maintained in Neu7 cell culture media (see Appendix 9, Table 

9.2) containing: 88% low glucose DMEM, 10% Fetal Bovine Serum (FBS), 1% Penicillin 

Streptomycin and 1% L-Glutamine in 370C , 5% CO2 and 90% humidity incubator. The 

cells were seeded at 3 million cells in a 175 cm2 flask and maintained until they reached 

80% confluence and were ready for passage. The morphology of Neu7 cells was 

examined every passage to ensure the quality of the Neu7 cells used in this study. 

 

2.9.3 DRG primary cells 

Five Sprague Dawley P4 rat pups at postnatal day 4 were used for DRG harvest. The 

animals were sacrificed as in Section 2.1.  The spinal cords were flushed from the 

vertebrae column and the bodies of the pups were placed in sterile ice-cold petri dishes 

prior to DRG harvest.  The dissection of the DRGs from the vertebral columns was 

carried out in sterile square Petri dishes (100 x 100 mm dimension) (Sarstedt, Ireland) 

under 16X magnification stereomicroscope (Wild, Switzerland).  Sterile ice-cold Hanks 

Balanced Salt Solution (HBSS) (40 ml) was used to collect the DRG neurons. The step by 

step protocols for harvesting of DRG neurons were adapted and followed from Levin et al 

(2016) and Donnelly et al., (2010). Briefly, DRGs neurons were spun for 5 mins at 200 g. 

The supernatant was aspirated and the pellets of DRGs were treated with 1 ml of 0.25 % 

trypsin/EDTA (Sigma Aldrich, Ireland) for 30 mins at 370C. The solution was mixed by 

pipetting up and down in 15 ml tubes until the DRG clumps broken into pieces. The 

lysate was spun for 5 mins at 400 g. The supernatant was aspirated out and the pellets 

were resuspended in 1 ml of DRG culture medium (see Appendix 9, Table 9.3). The DRG 

concentration in suspension medium was determined by counting using Bright-LineÔ 

hemocytometer (Sigma Aldrich, Ireland).   

 

2.10 LENTIVIRAL VECTORS 

2.10.1 NT3-expressing lentivirus 

The NT3-expressing lentivirus was created, produced and validated by previous PhD 

student in our laboratory (Dr Eleanor Donnelly). The human NT3 gene was replaced to 
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green fluorescent protein (GFP) gene in the pWPT expression plasmid as described in 

Donnelly et al.,(2010). The pWPT-GFP was a gift from Didier Trono (Addgene plasmid 

#12255). As a control for transduction efficiency for NT3 expressing lentiviruses, pWPT-

GFP vector was used throughout this study. The production of NT3-expressing lentivirus 

and GFP vectors was briefly explained. HEK293T cells were plated about 4.5 million 

cells per 150 mm diameter dish in a volume of 15-20ml HEK293T growth medium. The 

cells were approximately 70% confluent the following day. A DNA mix was prepared by 

adding 13 µg of pWPT-GFP/pWPT-NT3, 13 µg of psPAX2.2, 5.6 µg of pMDG.2 and 5.6 

µg of pRSV-Rev and made up to 500 µl in sterile 150 mM NaCl in a 15ml polypropylene 

tube (Sarstedt, England).  In a separate 15 ml polypropylene tube, 41 µl of jetPEI 

(Polyplus Transfection, France) was diluted to 500 µl in 150 mM NaCl. Both of the tubes 

were vortexed and then centrifuged at 400 x g for 1 minute to bring the solutions to the 

bottom of the tubes. The jetPEI solution was added to the solution containing diluted 

plasmid DNA. The solution was briefly vortexed and then centrifuged and incubated at 

room temperature for 30 minutes. After 30 minutes incubation, the solution was mixed 

drop-wise into each 150 mm plate directly into the medium. The plates were gently 

swirled and placed into the incubator overnight. On the next day (day 1), the medium was 

replaced by 15 ml fresh medium. On day 3, the supernatant was collected from the 150 

mm dishes and passed through a 0.45 µm filter. The supernatant was stored at 40C 

overnight in a sealed polypropylene tube.  Fresh medium was added to the transfected 

cells. On day 4, the supernatant was again collected from the dishes and passed through 

the 0.45 µm filter. The supernatant was combined with the first harvest tubes. The vector 

was concentrated by PEG precipitation (see Section 2.10.2) and stored at -800C. To 

decontaminate the lentivirus hazard, all the tips, microtubes and cells that had contact 

with the transfection process were soaked in a waste container containing 1% Virkon 

(SPH supplies, UK) and exposed to UV light for at least for one hour. All the waste was 

disposed of and treated as potentially infectious waste.  See Appendix 10, Table 10.1 for 

consumables required for maintenance and transfection of HEK293T cells and 

concentration of lentivirus. 
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2.10.2 Lentiviral precipitation using PEG 6000 

To concentrate the lentiviral particles, the collected 110 ml of vector-containing cell 

culture supernatant was thawed at 40C. The lentiviral precipitation protocol followed is 

based on that of Kutner et al. (2009) with slight modifications. The supernatant was 

mixed with 25.6 ml of 50% PEG 6000 solution, 11.7 ml of 4 M NaCl and 12.6 ml of 1X 

PBS to make up a final volume of 161.88 ml solution containing 8.5% PEG and 0.3 M 

NaCl. The bottles were stored at 40C for 1.5 hrs and the contents were mixed every 20-30 

mins. The bottles were then weighed and marked with black marker (the spot where the 

whitish pellet was expected to appear) and then subjected to centrifugation at 7,000 g for 

10 mins at 40C using a Beckman fixed-angled JLA-10.500 rotor. The supernatant was 

carefully decanted and 500 µl of sterile 1X PBS (pH 7.4) was added into the bottle. The 

pellets were resuspended by pipetting up and down in the bottle. To further suspend the 

pellets, the bottles were vortexed for 20-30 s. The vector suspensions were transferred 

into 1.5 ml cryotubes in aliquots of 50 and 100 µl each. These tubes were snap frozen in 

crushed dry ice and stored at -800C.  See Appendix 10, Table 10.2 for reagents used in 

concentration of lentiviruses. 

 

2.10.3 Short hairpin RNA targeting NG2 transcripts (shRNA) 

The short hairpin RNA(shRNA) targeting NG2 lentivirus vectors were purchased from 

Mission®shRNA (Sigma Aldrich, USA) (Non-targeting and knockdown shNG2) for use 

in this study; see Appendix 10, Table 10.3). In this study, five shRNAs which were 

originally designed to target mouse NG2 were tested for their ability to knockdown rat 

NG2. shRNAs were selected which targeted regions of the mouse sequence which were 

identical or very similar to the rat sequence. The mRNA sequence of rat NG2 

(NM_031022) was aligned with the sequence of mouse NG2 (NM_13900) using Multiple 

Sequence Alignment tools. The lentivirus vectors were immediately stored in -800C upon 

arrival. 

 

2.11 TITRATION OF LENTIVIRAL VECTORS 

The titre of lentivirus vectors used in this study measured by quantifying gag sequences 

within the target cell genome. The method of titration was adapted from (Sastry et al., 
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2002; Kutner et al., 2009). Briefly, HEK293T cells were plated at a density of 1 x 105 

cells per well in a 6 well plate one day before transduction. Twenty-four hour after 

seeding, the cells present in two wells were trypsinised using 0.25% trypsin/EDTA, 

suspended in 1 ml growth media and was counted using Bright-LineÔ hemacytometer 

(Sigma Aldrich, Ireland). The old medium was removed and replaced with 1ml of fresh 

HEK293T culture medium. The HEK293T cells were transduced by adding 1 or 3 ml 

aliquots of un-concentrated vector stock per well or by adding  T 5 or 10 µl aliquots of 

concentrated vector to 1 ml culture media. The plates were tilted and returned to the 

incubator for incubation overnight. For each twenty-four hours after initiating the 

transduction, the old medium was replaced by 2 ml fresh HEK293T culture medium in 

each well of the 6 well plate. The plates were incubated for another 48 hrs. After 48 hrs 

incubation, the HEK293T cells were trypsinised using 500 µl of 0.25% trypsin-EDTA 

(Sigma Aldrich, Ireland) for 1 min at 370C. The cells were collected and spun down at 

300 g for 4 mins at room temperature. The cell pellet was processed to isolate genomic 

DNA or was stored at -200C until isolation of the genomic DNA. 

 

2.11.1 Isolation of genomic DNA  

To isolate high molecular weight genomic DNA from transduced HEK293T cells, a 

PurelinkÒ Genomic DNA Kit (Thermofisher Scientific, UK) was used.  The protocol 

used followed the supplier recommendation with slight modifications. Briefly, cell pellets 

were resuspended in 200 µl 1X PBS and 20 µl Proteinase K was added into the solution. 

RNAse A was added (20 µl) into the solution. The solution was mixed thoroughly by 

vortexing and incubated at room temperature for 2 mins. To obtain a homogenous 

solution, 200 µl PurelinkÒ Genomic Lysis buffer were added. The solution was mixed 

thoroughly by vortexing and incubated at 560C for 10 mins to promote protein digestion. 

Then, 100% ethanol was added (200 µl) to the lysate. To yield a homogenous solution, 

the lysate was vortexed for 5 s. To lysate (640 µl) was added into a PurelinkÒ spin 

column and centrifuged at 10,000 g for 1 min at room temperature. The flow through and 

collection tubes were discarded and were replaced with new ones. To wash the genomic 

DNA, 500 µl of Wash Buffer 1 was added to the column and centrifuged at 10,000 g for 1 

min. The flow through and collection tubes were discarded. Following this, 500 µl of 

Wash Buffer 2 was added to the column and centrifuged at 20,000 g for 3 mins to dry out 
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the PurelinkÒ membrane. To elute genomic DNA, 50 µl of PurelinkÒ Genomic Elution 

Buffer was added onto the PurelinkÒ  membrane and incubated for 1 min at room 

temperature.  The column was then centrifuged at 20,000 g for 1 min. The genomic DNA 

was kept in -200C freezer until ready for real time PCR analysis. 

 

2.11.2 Quantification of genomic DNA using Quant-iT™ PicoGreen® dsDNA Assay 

To quantify the concentration of double stranded DNA (dsDNA) in the transduced 

HEK293T cells, the Quant-iT™ PicoGreen®dsDNA Assay Kit was used (see Appendix 

10, Table 10.4). The manufacturer’s protocol was followed with slight modification.  

Briefly, to prepare the assay buffer, the 1X TE buffer containing 10 mM Tris-HCl, 1mM 

EDTA, pH 7.5 was prepared from the 20 X of TE stock solutions which is supplied with 

the PicoGreenÒ Kit. Briefly, 2.5 ml of 20X TE buffer was added to 47.5 ml  DNase-free 

water to make up 50 ml of 1X TE solution. To prepare high range DNA standard curves, 

a five point standard curve was generated ranging from 1µg/ml to 1ng/ml using serial 

dilutions of 2 µg/ml Lamda (l) DNA stock solution. The DNA stock solution (2 µg/ml) 

was diluted into sterile 1 ml microtubes as shown in Appendix 10, Table 10.5). Following 

this, 1 ml aqueous working solution of Quant-iT™ PicoGreen® reagent was added to 

each microtube. The solutions were mix well and incubated for 5 mins at room 

temperature. The solutions were protected from the light. To prepare low range DNA 

standard curves, five points standard curves were also generated ranging from 25 pg/ml to 

25 ng/ml using serial dilutions of 50 ng/ml Lamda (l) DNA stock solution (see Appendix 

10, Table 10.6). The solutions were prepared according to the method described as high 

range DNA standard curves. To measure the unknown dsDNA of the transduced 

HEK293T cells, 100 µl of genomic DNA (1:200 dilutions) was added to the same volume 

of 100 µl PicoGreen reagent (1:200 dilution) in a 96 well plate. To prepare a control well, 

100 µl of 1X TE buffer was added to the same volume of 100 µl PicoGreen reagent 

(1:200 dilution) in one well. For each standard, unknown samples and control wells were 

run in triplicate. The solution was mixed by pipetting up and down in flat bottom 96 well 

plates. Each plate was covered with foil and incubated for 5 mins at room temperature. 

The plate was read at 485 nm excitation and 530 nm emission wavelengths respectively 

using a Wallac VictorÔ3R Plate Reader (Perkin Elmer, USA).  The concentrations for 
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the genomic DNA samples were calculated by comparison to the standards of known 

concentration. 

 

2.11.3 Viral titration of gag sequence using quantitative real time PCR (qPCR)  

QPCR was used to quantify the increase in gag sequences within the target cell genome. 

This sequence is present in all HIV-1 vectors as part of the extended packaging signal. 

Consumables required for lentiviral titration of gag sequences and the gag primer pair 

used in this study is detailed in Appendix 10, Table 10.7 and Table 10.8 respectively. To 

quantify an absolute increase in gag sequences within the transduced cells, the gag 

plasmid copy numbers standard curves were generated to compare with unknown 

samples. The gag standard curve was serially diluted and set up (107 to 103 copies per 

reaction) from plasmid stock (the plasmid standards were prepared by Dr Linda Howard). 

The qPCR reactions were performed in 10 µl total volume PCR reactions in triplicate 

using a primers pair specific for the gag sequence. For qPCR analysis, genomic DNA was 

diluted in 1x TE and 2 µl of genomic DNA (100 ng) was mixed with 8 µl of PCR master 

mix consisting of 5x Fast SYBR Mix, 1 µl of 3 µM of the gag forward and reverse primer 

and 2 µl of dH20 (See appendix 10, Table 10.8 for gag primers sequences). To prepare 

negative controls, 2 µl of TE and 2 µl of genomic DNA from untransduced HEK293T 

cells were used. The qPCR reactions were run on StepOneÔPlus real time PCR machine 

using SYBR Green Master Mix (Thermofisher Scientific, UK). The cycling conditions 

were as follows: 95°C for 15 mins (polymerase activation) followed by 40 cycles of 

amplification (95°C denaturation for 15 s, 55°C annealing for 30 s, 72°C elongation for 

30 s) and a final extension at 72°C for 30 s. To calculate the increase in GAG for each 

sample, the mean value from untransduced cells were subtracted from the mean value for 

transduced samples. The values for copies of gag in each sample were determined by 

reference to the standard curve. Increases in gag number in the transduced sample 

compared to the untransduced sample were calculated.  To calculate the increase in gag 

per genome, the values for increase in gag for each sample were divided by the number of 

genomes in the PCR reaction (assuming that 100ng of DNA is equivalent to 10000 

HEK293T cells, these cells are aneuploidy having close to a triploid genome). To 

determine the total number of integration in the wells of cells, the gag per genome value 

was multiplied by the number of cells seeded. In this study, we seeded 1 x 105 cells in one 
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well of 6 well plate. To determine the titer in transducing units/ml, the return number of 

integrations per well of cells were divided by the volume of the vector added (in ml). The 

titer of the virus was expressed as Transducing Units (TU/ml). 

 

2.12 NT3 ELISA 

To ascertain whether transduced cells produce enough NT3 to be biologically relevant, a 

DuoSetâ ELISA Human NT3 Kit was used. The protocol used followed supplier 

recommendations with some slight modification. Briefly, 50 µl of 500 ng/ml capture 

antibody was used to coat a well of 96 well microplates and was left overnight to incubate 

at room temperature.  The next day, the capture antibody was aspirated off and replaced 

with wash buffer. One well of 96 wells plate was washed three times with 400 µl wash 

buffer and blotted with clean towel paper. To block the plate, 150 µl of reagent diluent 

was added and incubated for minimum 1 hr at room temperature. The 96 well plate was 

washed three times with 400 µl wash buffer and blotted with clean towel paper. The serial 

dilutions of standards and unknown samples (cell culture supernatants from cells 

transduced with NT3 vector) were freshly prepared in 1% BSA in 1X PBS and 50 µl was 

added into the well. The plate was covered and incubated for 2 hrs at room temperature. 

The 96 well plate was washed three times with 400 µl wash buffer and blotted in clean 

towel paper. The detection antibody (200 ng/ml) was freshly prepared in 1% BSA in 1X 

PBS and added 50 µl into the well. The plate was covered and incubated for another 2 hrs 

at room temperature. The 96 well plate was washed three times with 400 µl wash buffer 

and blotted using clean towel paper. The Streptavidin-HRP (1:200 dilution) was added 

into the well and incubated for 20 mins. The 96 well plate was washed three times with 

400 µl wash buffer and blotted with clean towel paper. The substrate solution was added 

and incubated for another 20 mins. After 20 mins incubation, stop solution (50 µl) 

containing 2 N Sulphuric acid (H2SO4) was added to the well to halt the reaction. The 

plate was gently tapped. To determine the optical density (OD), the plate was read at 540 

to 570 nm wavelength using a Wallac VictorÔ3R Plate Reader (Perkin Elmer, USA).  To 

prepare a control well, a negative control was prepared by adding 50 µl of 1% BSA in 

0.01 M PBS to the well. For each standard, unknown samples and control wells were run 
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in triplicate.  See Appendix 11, Tables 11.1-11.3 for consumables, reagents and solutions 

required for ELISA. 

 

2.13 FUNCTIONAL ANALYSIS OF LENTIVIRAL VECTOR EXPRESSING 

NT3 LENTIVIRUS AND SHNG2 USING A DRG NEURITE OUTGROWTH 

ASSAY 

To determine whether NT3 lentivirus can produce functional NT3 that stimulates neurite 

outgrowth and whether shNG2 can knock down NG2, thus promoting neurite outgrowth, 

a simple indirect functional assay was carried out to examine the effect of conditioned 

medium on neurite outgrowth in DRG neurons.  DRGs neurons were harvested from five 

P4 Sprague Dawley pups as outlined in Section 2.9.3.  Prior to DRG cell seeding, 8 well 

chamber slides (Ibidi GmbH, Ireland) were coated with 5 µg/cm2 of Bovine Collagen 

type I (Corning BD Biosciences, USA) for one hour at room temperature to promote 

attachment of DRG neurons.  A total of 1000 DRGs were seeded into each well of the 

collagen-coated 8 well chambers and incubated with 200 µl of DRG culture medium. The 

DRGs were cultured and maintained overnight.   

For examination of the effect of lentiviral vector expressing NT3, 200 µl of 

conditioned medium from HEK293T cells transduced with 1 x 108 TU/ml or 5 x 108 

TU/ml of NT3 vector was used and incubated onto DRGs neurons in vitro.  In control 

wells, DRGs were treated with 200 µl conditioned HEK293T medium from untransduced 

cells and DRG culture medium. The 200 µl conditioned medium was left for three days in 

culture. This experiment was carried out in triplicate.  See Appendix 11, Tables 11.4 for 

consumables required for NT3 lentivirus in DRG neurite outgrowth assay. 

For analysis of the effect of lentiviral shNG2, 200 µl of conditioned medium from 

Neu7 cells transduced with shNG2 vectors (NG2 sh1,sh2,sh3,sh4,sh5) were used and 

incubated onto DRGs neurons in vitro.  In control wells, DRGs were treated with 200 µl 

conditioned Neu7 cells medium from untransduced cells, DRG culture medium and non-

targeting control culture medium. The 200 µl conditioned medium was left for three days 

in culture. This experiment was carried out in triplicate.  See Appendix 11, Tables 11.4 

for consumables required for shNG2 lentivirus in DRG neurite outgrowth assay. 

 



  Chapter 2 : Methodology 

68 

 

2.13.1 Immunocytochemical staining of DRGs 

The DRGs neuron cultures were maintained in culture with different conditioned media in 

8 well chamber slides.  On the day of DRG fixation, the conditioned media was removed 

and replaced with 1X M PBS. The DRG neurons were fixed with 150 µl of freshly 

prepared 4 % PFA/PBS at room temperature for 15 mins.  The DRGs were rinsed in 1X 

M PBS three times.  To block non-specific staining, the DRG neurons were incubated 

with 10 % NGS in 1X PBS with 0.5% Tween-20 for 2 hrs at room temperature. The 

blocking solution was then aspirated from the wells and replaced with bIII Tubulin (Cell 

Signaling Tech, USA) primary antibody (1:400) diluted in 1X PBS overnight at 40C.  The 

DRGs were then washed with 1X PBS three times. The DRGs were then incubated with 

Goat anti-rabbit secondary antibody (1:200) Alexa,594 (Invitrogen,UK) for 2 hrs at room 

temperature. To prepare negative control wells, only secondary antibody was added to the 

wells without primary antibody. The DRGs neurons were washed three times with 1X 

PBS for (5 mins per wash). To counterstain the nuclei, the DRGs were incubated with 1 

µg/ml DAPI (ThermoFisher Scientific) for 15 mins at room temperature. The DRGs 

neurons were washed with 1X PBS three times (5 mins per wash) and were left in 1X M 

PBS until ready for confocal imaging. 

 

2.13.2 Confocal imaging of DRGs neurons 

DRGs neurons on the 8 well chambers were mounted in 1X PBS prior to imaging. Images 

were captured using a 20X lens (UPlanFl 20x/0.50na; Olympus, Japan).  The DRGs were 

imaged on an Andor spinning disc confocal microscope (Andor Technology Ltd, UK). To 

examine the bIII Tubulin positive cells, confocal z-stack images were captured at 1 µm z 

step distance apart. All the imaging was carried out using the same exposure time and 

emission gain for all the immunostained DRGs. 

 

2.13.3 Stereological analysis DRGs neurite outgrowth 

Projected confocal image stacks of the immunostained DRGs were used in the 

stereological analysis of neurite outgrowth. Random fields of view (n=6) were captured 

from each sample. ImageJ software was used to split the two channels (red 
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immunostained DRGs and blue DAPI stained nuclei) and these were measured separately 

using the de-interleave ImageJ editing tool. The DRG images were inverted to greyscale.  

A square grid was generated using an ImageJ built-in macro and this grid was placed on 

the top of the DRG images. To measure the total length per unit area of neurite 

outgrowth, the number of bIII Tubulin positive neurites crossing a line on the grid was 

counted (I). The distance between each line on the grid was measured (T). The total 

length of neurite outgrowth per unit area was estimated using the formula described by 

Donnelly et al., (2000); total length/unit area = π/2 x I/2 x T. The results were presented 

as mean ± SEM and statistical analysis performed as outlined in Section 2.20. 

 

2.14 IMMUNOCYTOCHEMICAL STAINING OF NEU7 CELLS 

To characterize Neu7 cells that overexpress the NG2 protein, Neu7 cells were 

immunocytochemically stained for NG2. Briefly, Neu7 cells were seeded into 8 well 

chamber slides at 2000 cells per well in Neu7 cell culture medium and incubated 

overnight at 370C and 5% CO2/90% humidity. Neu7 cell media was removed and 

replaced with 1X PBS.  Neu7 cells were fixed with 4% PFA/PBS for 15 mins and then 

washed with 1X PBS three times. To block for nonspecific staining, the Neu7 cells were 

incubated with 10% NGS in 1X PBS containing 0.5% Tween-20 for 2 hrs at room 

temperature. The blocking solution was then aspirated from the wells and replaced with 

NG2 primary antibody (Merck Millipore, Germany) diluted in 1X PBS overnight at 40C 

(see appendix 4 for list of primary antibodies, working concentrations and corresponding 

secondary antibody). In this study, the Neu7 cells were incubated with NG2 antibody, 

GFAP antibody (DAKO, Denmark) and CS-56 (Sigma Aldrich, Ireland). After 24 hrs 

primary antibody incubation, the Neu7 cells were washed with 1X PBS three times (5 

mins per wash).  The Neu7 cells were then incubated with secondary antibodies for 2 hrs 

at room temperature.  The Neu7 cells were washed with 1X PBS three times (5 mins per 

wash).  To counter stain the cell nuclei, Neu7 cells were incubated with 1 µg/ml DAPI 

(ThermoFisher Scientific) for 15 mins at room temperature. The Neu7 cells were washed 

with 1X PBS three times (5 mins per wash) and were left in 1X PBS until ready for 

confocal imaging. A negative control was carried out where the primary antibody was 

replaced with buffer.  Confocal z-stack images of NG2, GFAP and CS-56 immunostained 

cells were captured at 20X magnification as outlined in Section 2.13.2. 
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2.15 PUROMYCIN KILL CURVE FOR NEU7 CELLS  

Puromycin selection allows isolation of transduced cells expressing the Puromycin 

resistance protein.  The optimal dose of puromycin required to kill untransduced Neu7 

cells was determined in order to efficiently select virally transduced cells.  Briefly, Neu7 

cells were seeded into a 24 well plate at 1x 105 cells per well in Neu7 cell culture 

medium.  After one day in culture, the culture media was removed and replaced with 

Neu7 cell culture media containing puromycin (see Appendix 12, Table 12.1).  The 

Puromycin antibiotic was added at final concentrations of 0, 0.5, 1.0, 2.0, 4.0, 6.0, 8.0 and 

10.0 µg/ml. Each puromycin concentration was tested in triplicate on Neu7 cells.  The 

media containing selection antibiotic was replaced every 3 days for 9 days.  The Neu7 

cells were examined at days 1,3,5,7 and 9 to detect changes in cell morphology/ 

attachment using phase contrast microscopy. Phase contrast images were captured at 20X 

magnification at each time point.  

 

2.16 ALAMAR BLUE ASSAY OF NEU7 CELLS TREATED WITH 

PUROMYCIN  

An Alamar blue assay were used to measure the metabolic activity of Neu7 cells exposed 

to different doses of Puromycin antibiotic.  AlamarBlueÒ cell viability reagent was used 

to quantitatively measure the cytotoxicity of different doses of Puromycin on Neu7 cells 

during 9 days of treatment (see Appendix 12, Table 12.2).  Briefly, 1000 Neu7 cells were 

seeded into a 96 wells plate and cultured overnight in Neu7 culture media. After one day 

in culture, the culture media was removed and replaced with Neu7 media containing 

puromycin at a final concentration of 0, 0.5, 1.0, 2.0, 4.0, 6.0, 8.0 and 10.0 µg/ml.  The 

media containing selection antibiotic was replaced every 3 days for 9 days.  The Alamar 

blue assay was carried out on days 1,3,5,7 and 9.  AlamarBlueÒ cell viability reagent was 

added as 10% of the sample volume.  The plate was incubated for 4 hrs at 370C.  After 4 

hrs incubation, the sample fluorescence was quantified on a Wallac VictorÔ3R Plate 

Reader (Perkin Elmer, USA) at 540 to 570 nm wavelength.  To prepare a control well, 

AlamarBlueÒ cell viability reagent were added to Neu7 selection culture media (without 

the presence of the cells). Each sample well was run in triplicate. The results were 
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presented as reduced percentage of resazurin fluorescence intensity (%) versus Puromycin 

concentrations (µg/ml). 

 

2.17 NG2 RNA EXPRESSION IN NEU7 CELLS  

2.17.1 Isolation of total RNA 

Total RNA was isolated from untransduced and transduced Neu7 cells using 

Purelink®RNA Mini kit (Invitrogen, UK) according to manufacturer protocols (see 

Appendix 13, Table 13.1). Briefly, cells (5 millions) were collected in sterile 15 ml tube 

and centrifuged at 200 g for 5 mins.  The supernatant were aspirated and the cell pellets 

were treated with 0.6 ml of lysis buffer containing 1% β-Mercaptoethanol (β-ME) to 

denature the RNAses during RNA isolation and cell lysis steps. The cell pellets were 

vortexed carefully, until the pellets dispersed and homogenized. 70% EtOH was added 

(0.6 ml) to cell homogenate and the solution was mixed thoroughly by vortexing. The 

lysate (700 µl) was added into a Purelink® spin column and centrifuged at 12,000 g for 1 

min. The flow through and collection tubes were discarded. To wash the total RNA, 700 

µl of Wash Buffer 1 was added to the column and centrifuged at 12,000 g for 1 min. The 

flow through and collection tubes were discarded and replaced. Following this, 700 µl of 

Wash Buffer 2 was added to the column and centrifuged at 12,000 g for 3 mins to dry out 

the Purelink® membrane with bound RNA. To elute the total RNA, 30 µl of RNAse free 

water was added onto the Purelink® membrane and incubated for 1 min at room 

temperature. The column was then centrifuged at 12,000 g for 2 mins at room 

temperature. The total RNA was kept in -800C until ready for quantification and qPCR. 

 

2.17.2 Quantification of total RNA using Qubit® 2.0 Fluorometer  

To quantify the total RNA concentration from each untransduced and transduced Neu7 

cells, the total RNA was measured using Qubit® 2.0 Fluorometer. The total RNA from 

each sample was thawed on ice for 5 mins.  Consumables required for total RNA 

quantification using Qubit®RNA BR Assay used in this study is detailed in Appendix 13, 

Table 13.2. To prepare the buffer for the assay, Qubit®RNA reagent was diluted in 

Qubit®RNA buffer (1:200). The final volume of solution in the Qubit® 0.5 ml tube is 

200 µl. To prepare the standards for the reaction, 10 µl of Qubit®RNA standard 1 was 
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added into 190 µl of Qubit®RNA reagent containing the lowest amount of RNA standard 

(<0.05 ng/µl). To prepare the highest standard of RNA (Standard B), 10 µl of 

Qubit®RNA standard 2 was added into 190 µl of Qubit®RNA reagent containing 100 

ng/µl. To prepare the samples (total RNA from untransduced and transduced cells), 1 µl 

of each sample was added to 199 µl of the Qubit®RNA reagent. The samples were 

vortexing and spin down carefully and later, incubated for 2 mins at room temperature. 

To measure the total RNA concentration from each sample and standards, the 

concentration were read out using Qubit® 2.0 Fluorometer and the result were read at 

ng/µl. 

 

2.17.3 Primer efficiency for NG2 gene and control gene 

Quantitative PCR (qPCR) primers (see Appendix 13, Table 13.3) were designed using 

NCBI/PrimerBLAST software and synthesized by Sigma Aldrich (Ireland). To examine 

the efficiency of primers targeting the NG2 transcript RT-PCRs were performed on 

different dilutions of RNA template and qPCR conditions using SensiFAST™ SyBr®Hi 

Rox One Step Kit. Based on the primer specificity and optimized qPCR conditions, NG2 

primer pair 3 was the ideal primer pair that used and described in the rest of the chapter. 

Optimized cycling conditions were as follows: 450C for 10 mins for reverse transcription, 

95°C for 2 mins (polymerase activation) followed by 40 cycles of amplification (95°C 

denaturation for 5 s, 65°C annealing for 20 s, 72°C elongation for 30 s) and a final 

extension at 72°C for 5 mins. The details consumable required for primer efficiency is in 

Appendix 13, Table 13.4. 

 

2.17.4 Quantifying NG2 transcripts 

To quantify the level of NG2 gene expression in untreated and treated Neu7 cells with 

short hairpin RNA knockdown NG2 lentiviruses or control lentiviruses, the RNA 

expression was measured using qPCR as described above. Results were normalized to 

Drosha and to expression levels in non-targeting controls. Data were expressed as mean ± 

SEM, n= 3 per experimental group. The Drosha cycling condition was run the same 

condition as NG2 gene expression mentioned aboved. 
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2.18 NG2 PROTEIN EXPRESSION IN NEU7 CELLS 

To determine the minimum amount of protein in Neu7 cells required for western blotting, 

Neu7 cells were cultured in 6 well plates at a seeding density of 1x 105 per well. After 

two days in culture, the cultured cells were collected by scraping into iced-cold PBS in 1 

well, combination of 3 wells and combination 6 wells.  The cells were centrifuged at 400 

g for 4 mins. The supernatant was aspirated and the pellets were lysed in 500 µl lysis 

buffer containing 1% NP40 (Invitrogen, UK), 1 mM PMSF (Sigma Aldrich, Ireland) and 

1:10 of Protease Inhibitor cocktail (Sigma Aldrich, Ireland). The samples were incubated 

on ice and vortexed every 10 mins for 30 mins.  The lysates were subjected to high speed 

centrifugation at 12,000 g for 15 mins at 40C.  The supernatant was collected carefully 

and transferred to new Eppendorf tubes and stored at -800C until ready for protein assay.  

The total protein of Neu7 cells was quantified using PierceÔ Bicinchoninic acid (BCA) 

Protein assay.  Briefly, the protein was thawed on iced and diluted into 1:3 in distilled 

water. For the protein standards concentration, Bovine Serum Albumin (BSA) protein 

standard was serially diluted (2, 1, 0.5, 0.25, 0.125 mg/ml albumin standards).  To prepare 

control wells, lysis buffer and distilled water were used. To prepare working reagents for 

this assay, reagent A and B from the BCA assay were mixed and incubated for 1 min in 

the dark.  After 1 min incubation, each well of the 96 well plate was loaded with working 

reagent (200 µl per well) and the standards and samples were added 12 µl per well.  The 

plate was incubated for 30 mins in the dark at 370C and absorbance was read at 562 nm 

on a Wallac VictorÔ3R Plate Reader (Perkin Elmer, USA).  See Appendix 14, Tables 

14.1 and 14.2 for chemicals required for cell lysis buffer and consumables required for 

BCA assay respectively. 

 

2.18.1 NG2 Western blot 

To optimize the detection of NG2 protein expression in Neu7 cell lines, the proteins were 

separated on SDS PAGE gel and immunoblotted.  All the details of the recipes for 

preparing the Western blot buffers are detailed in Appendix 15. Briefly, six different 

protein loading samples were prepared at concentrations of 10, 15, 20, 30, 50, and 70 µg 

of total protein in 30 µl of lysis buffer and 4x loading buffer. The samples were boiled at 

950C for 5 mins. To prepare protein markers, pre-stained (Thermofisher, UK) and 

biotinylated marker (Cell Signaling Technology, USA) were boiled at 950C for 2 mins. 
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The proteins were run at 130V on 8% SDS PAGE gel for 1.10 hrs at room temperature.  

The proteins in the gel were then wet transferred to a PVDF membrane overnight at 90 

mA on ice.  The PVDF membrane containing proteins was then stained with 0.1 % 

Ponceau S in 5 % acetic acid solution to quickly examine the transfer of protein.  The 

membrane was rinsed in distilled water three times until the reddish color washed away. 

To block non-specific protein binding, the membrane was blocked in 5% non-fat dry 

powdered milk in Tris Buffer Saline (TBS) and 0.1% Tween-20 (TBST) for one hr at 

room temperature on a shaker at 90 rpm.  After one hour blocking, the membrane was 

washed in TBST three times (5 mins per wash).  The membrane was incubated in NG2 

primary antibody (1:200) (Cell Signaling Technology, USA) in 3% nonfat dry powdered 

milk in TBS and 0.1% Tween-20 (TBST) overnight at 40C. After overnight primary 

antibody incubation, the membrane was washed in TBST three times (5 mins per wash). 

The membrane was incubated with an anti-rabbit secondary-HRP (1: 10,000) in 3% 

nonfat dry powdered milk in TBST for 90 mins on the shaker.  The membrane was then 

washed in TBST three times and (5 mins per wash).  Later, the membrane was incubated 

with SuperSignalÔ West Pico Chemiluminescent Substrate for 3 mins prior to imaging.  

The blot was imaged and quantified using a LICOR Odyssey Imager (LICOR, USA). 

 

2.18.2 NG2 expression in Neu7 cells with puromycin selection  

In this study, the success of the shRNA NG2 knockdown was evaluated by the decrease 

in protein levels in Neu7 cells. In order to determine whether any of the 5 short hairpin 

NG2 lentiviruses can cause NG2 knockdown, the short hairpin NG2 knockdown 

lentiviruses (NG2 sh1, 2, 3, 4 and 5) were used to transduce Neu7 cells. In this 

experiment, a non-targeting control acted as negative control because it does not target 

any known mammalian transcript.  A TurboGFPä lentivirus was used as positive control 

to monitor transduction efficiency for knockdown shNG2 lentiviruses. Three days post-

transduction, the Neu7 cells were cultured in puromycin selection medium (4 µg/ml) until 

a control well of untransduced cells had all died. The transduced Neu7 cells were cultured 

in media containing puromycin for 10 days and then changed to normal growth media for 

three days. As the NG2 protein loading (30 µg) and NG2 protein detection system was 

optimized (described in 2.18 and 2.18.1), the NG2 protein expression was evaluated in 

transduced cells using western blot analysis. To further confirm the reduction of NG2 
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protein after transduction, immunocytochemistry was performed on Neu7 cells after 

puromycin selection.  

 
2.18.3 Immunocytochemistry staining of NG2 protein 

The detailed optimized protocol of NG2 immunostaining was described previously in 

Section 2.14. The intensity of corrected total cell fluorescence (CTCF) was measured on 

untransduced and transduced Neu7 cells. The decrease intensity level of CTCF indicated 

the reduced level of NG2 protein. The images were captured using Nikon Fluorescence 

microscope, Nikon Eclipse 400 upright (Nikon,Japan) at 40X magnification.  

 

2.18.4 Measurement of Corrected Total Cell Fluorescence (CTCF) 

To measure the fluorescence intensity of NG2 protein, corrected total cell fluorescence 

measurement was used in this study using ImageJ (Version 2.1). ImageJ software with a 

written macro was used to process all the stack images to standardize the level of 

fluorescence intensity in each channel. The detailed macro for this analysis is outlined in 

Appendix 7. Briefly, all the images were subjected to ImageJ macro to separate the 

channel, and a standard oval shape was drawn (153.96 mm2) and placed randomly on the 

top of each image. The fluorescence of intensity was measured by measuring the area, 

integrated density and mean gray values of the area occupied by the box. In each image, 

the random eight cells that expressed green fluorescence were measured and mean 

intensity of NG2 protein was calculated from each image. To calculate corrected total 

fluorescence intensity (CTCF) from each image, the fluorescence intensity was subtracted 

from the fluorescence intensity of the background of each image multiply by the occupied 

mean area of the background reading. The unit for CTCF is represented by arbitrary unit 

(AU). The graph was presented by plotting the CTCF (y-axis) and treatment groups (x-

axis). The exposure time and gain were kept the same in each channel-GFP; 

exposure/gain: 500/50, NG2; exposure/gain: 500/80 and DAPI; exposure/gain: 500/80. 

 

2.18.5 NG2 expression in Neu7 cells without puromycin selection 

The overall aim of this work is to use the vector in ex vivo models of SCI in slices that 

would be in culture for 7 days. It is important to know how quickly the protein decreases 

after administering the shRNA to cells. In this experiment, the knockdown lentiviruses 

that showed the best knockdown of NG2 will be further investigated. To determine how 
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quickly NG2 protein knockdown occurs following transduction, Neu7 cells were 

transduced with shNG2 or control vectors in vitro, fixed and stained at day 1, 3, 5 and 7 

post transduction. The corrected total cell fluorescence (CTCF) intensity of NG2 protein 

and GFP-positive cells were measured and compared to cells transduced with the non-

targeting control. The measurement of CTCF was described previously in section 2.18.4 

 

2.19 VIRAL TRANSDUCTION OF TRANSECTED SPINAL CORD SLICES 

Longitudinal sections of spinal cord were chopped at 350 µm thickness on a McIIwain 

tissue chopper (Mickle Laboratory Engineering, USA) as outlined in Section 2.2.2.   

 

2.19.1 Optimization of pWPT-GFP transduction on spinal slices ex vivo 

The transduction capability and efficiency of pWPT-GFP virus was examined by placing 

either 1.23 x 106 TU/ml (0.5 µl), 2.46 x 106 TU/ml (1 µl), 12.3 x 106 TU/ml (5 µl) or 24.6 

x 106 TU/ml (10 µl) of pWPT-GFP virus onto both control slices and in the transection 

gap of injured slices. To examine if the further diluted GFP concentration can penetrate 

the slices, several lower amounts of vector were prepared (166 TU, 345 TU and 511 TU) 

from 1.23 x 106 TU/ml GFP stock and transduced on the slices. The pWPT-GFP was a 

gift from Didier Trono (Addgene plasmid #12255). One hour after the transection injury 

was inflicted in the spinal cord slices, a calibrated pipetteman model P10 (Gilson Inc, 

USA) with a sterile 10 µl pipette tip (Gilson Inc,USA) were used to deliver the pWPT-

GFP onto the top of the control slices and in between the transected gap of injured slices. 

To increase the accuracy of the pWPT-GFP lentivirus delivery onto the slices, a sterile 

stereomicroscope model MZ32 (Wild, Switzerland) was used.  Slices were maintained in 

spinal cord culture medium at 370C in 5% humidified CO2 atmosphere for three days. 

After three days in culture, the culture medium was removed and replaced with 1X PBS.  

The slices were washed carefully in 1X PBS three times. The cell culture membrane 

containing slices growing on top of it were cut into smaller pieces (2 mm x 2 mm square 

dimension) and transferred into 24 well trays containing 1X PBS.  After 10 mins 

incubation in PBS, the slices were inverted into 35 mm glass bottom dishes (WillCo Well 

BV, Netherlands) in 500 µl 1X PBS.  In order to minimize the degradation of 

fluorescence intensity of pWPT-GFP, all lentivirus delivery procedures were performed 
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with the cell culture hood lights switched off. To decontaminate the biological lentivirus 

hazard, all the tips and microtubes that contacted with pWPT-GFP lentivirus were 

incubated in a waste container containing 1% Virkon (SPH supplies, UK). Appendix 16, 

Table 16.1 details all the reagents used in this experiment. To observe long term GFP 

expression in the slices, the spinal slices were cultured at day 1, 3, 7, and 10 after the 

transduction in both control and injured slices. 

 

2.19.2 Imaging and analysis of pWPT-GFP transduced cells 

The slices were imaged using an Andor spinning disc confocal microscope (Andor 

Technology Ltd, UK) using Olympus UPlanFI 10X/0.30na lens (Olympus, Japan). To 

examine how deeply the green fluorescence of pWPT-GFP lentivirus was able to 

penetrate the slice and transduce cells, confocal z-stack images were captured at 1 µm z 

step distance apart from the top to the bottom of the spinal cord slices. The green channel 

was used to visualize green fluorescence cells at 488 nm emission wavelength. All 

imaging was carried out using the same exposure time and emission gain for all spinal 

slices.  All the confocal images of control and injured slices after three-day transduction 

of pWPT-GFP were examined using stereology to determine the location of the green 

fluorescence in pWPT-GFP transduced cells in the spinal cord slices. The Vv was 

estimated by dividing green cells present on the intersection points on the grid over the 

total number of intersection points on the grid on tissue.  The Vv of tissue composed of 

GFP-positive cells was calculated at the top, midway level and bottom of the confocal 

image stacks after three days post transduction.  The top region was depicted as the 

optical slice 5 µm from the top of the stack, the middle way was exactly mid-way through 

the confocal stack and the bottom was the optical slice 5 µm from the bottom of the stack.  

 

2.19.3 Immunocytochemical identification of pWPT-GFP transduced cells 

To identify the cell types that were transduced with pWPT-GFP after 3 days in culture, 

immunocytochemistry with markers of astrocytes (GFAP), microglia/macrophages (Iba1) 

and neurons (βIII-tubulin) (see Section 2.4) followed by colocalization analysis of pWPT-

GFP was performed.  Briefly, the slices were blocked with 10% NGS in PBST for two 

hours, washed and were incubated with primary antibodies of GFAP, Iba1 and βIII-
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tubulin for overnight at 40C.  After 24 hrs primary antibodies incubation, the slices were 

washed and were incubated with secondary antibodies for 2 hrs at room temperature. The 

slices were washed with 1X PBS and were left in 1X PBS until ready for confocal 

imaging.  Colocalisation analysis was performed using ImageJ- Just Another 

colocalisation plugin (JACoP) software.  Prior to JACoP analysis, the images were 

acquired to have low noise levels during the image acquisition.  The Pearson correlation 

coefficient was used to determine the amount of noise in each image and the correlation 

was kept above 90% (Manders et al.,1992). The confocal set up and protocol was applied 

the same to all the images. To investigate the cell types that colocalised with GFP, the 

image was split into two separate channels and the region of interest (ROI) was selected.  

Colocalisation factor was measured by the JACoP plugins and interpreted. 

 

2.19.4 Lentivirus delivery to spinal cord slices 

To examine the effect of lenti NT3 and combination lenti NT3/NG2 sh1 knockdown on 

transected ex vivo spinal cord slices, the control and injured slices were transduced with 

non-targeting control, GFP control, NT3 only and combination NT3/NG2 sh1 

lentiviruses. The spinal slices were cultured for 7 days after transduction. The slices were 

transduced with 166 TU for GFP, non-targeting control, and NG2 sh 1. The slices on NT3 

group and combination NT3/NG2 sh1 were transduced with 25 x 105 TU. Slices were 

fixed and immunostained for neuronal and CSPG maker. The Vv were calculated at SZ, 

NSZ and IZ to measure the expression of βIII Tubulin and NG2. 

 

2.19.5 Measurement of NT3 level after transduction in spinal cord slices 

To determine the production of NT3 in conditioned media after lenti NT3 and 

combination lenti NT3/NG2 sh1 transduction on slices, the conditioned media were 

harvested from transduced slices at day 3 and 7, later, subjected to ELISA. The 

measurement of NT3 using ELISA was described previously in section 2.12. 
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2.19.6 NG2 and βIII Tubulin expression on SZ, NSZ and IZ of spinal cord slices 

The uninjured and injured slices were fixed, processed and captured using Confocal 

Andor Spinning Disc (Andor Tech. Ltd, UK). Briefly, all the projected confocal images 

were analyzed using Image J. The spinal cord slices from injured and treated groups were 

divided into three zones of interest – SZ, NSZ and IZ. The SZ was defined as a distance 

of 100 µm from the edge of the lesion site. The NSZ was defined as a 100 µm distance 

from SZ. IZ was defined as the area of a lesion site. Stereological analysis was carried out 

to calculate the volume fraction (Vv) of immunohistochemical staining of these regions of 

interest and the results were expressed as mean±SEM. The Vv was calculated at projected 

confocal images on different treatments at day 7. 

 

2.20 STATISTICS 

All data collected from the stereological analysis was saved in Microsoft Excel 2013 

(Microsoft Office, USA). To determine the data following normal distribution and fit all 

assumption of parametric tests, the normality test was carried out using Minitab statistical 

software MinitabÒ 17 (Minitab Ltd,UK). Statistical analysis was carried out using 

Minitab software 17 (Minitab Ltd, UK). All the results were illustrated using Graphpad 

Prism software (Prism 7, USA). All the statistical significance was set at probability (p) 

value less than 0.05, 0.01 and 0.001. All the results were presented as mean ± standard 

error of the mean (SEM). 

 

To test the mean differences between the size of slices, lesion size and size of migration 

zone between control and injured at different time points (day 1,3 and 10) in stab injury 

model, the mean changes were analysed using Two way ANOVA followed by Tukey’s 

multiple comparison test. The mean changes in proportion of volume fraction between 

cell markers at day 3 and 10 were analyzed using Two-way ANOVA. To examine the 

changes in transection gap, size of injury zone and size of migration zone in transection 

injury model, the mean differences were analysed using One-way ANOVA followed by 

Tukey’s post hoc test. The mean differences in changes of volume fraction of GFAP, 

NG2-positive cells, DAPI-stained nuclei at SZ and IZ on day 3 and 10 were analysed 

using Two-way ANOVA followed by Tukey’s multiple comparison test. 
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To determine the cell viability within spinal cord slices following stab, contusion and 

transection injury, the percentages of live and dead cells over day 3 and 10 were analysed 

using Two-way ANOVA. The same analysis of Two-way ANOVA was performed to test 

the percentages of mean differences of live and dead cells grown in home-made inserts 

and MillicellÒ inserts and followed by Tukey’s multiple comparison test. 

 

To test the differences in roughness profile between home-made inserts and MillicellÒ 

inserts, the mean difference was analysed using One-way ANOVA and followed by 

Tukey’s post-test.   

 

To determine the mean differences in the proportion of GFAP-positive cells (represented 

by volume fraction) on SZ, NSZ and FSZ at different time points (day 1,3,7 and 10) in 

injured and ChABC treated groups, the changes were analysed using Two-way ANOVA. 

The same analysis of variances were performed on other markers including NG2-positive 

cells, Cs-56-positive cells, Iba1-positive cells, BLBP-positive cells and β III Tubulin 

positive cells. The mean differences of the effect of ChABC on reactive astrocytes on SZ 

and NSZ at day 1,3,7 and 10 were analyzed using Two-way ANOVA followed by 

Tukey’s multiple comparison test. 

 

To test the mean differences of NT3 protein produced by 293T cells between 

untransduced HEK293T cells, 1 x 108 TU/ml, 5 x 108 TU/ml and 10 x 108 TU/ml were 

analysed using One-way ANOVA followed by Tukey’s post hoc test. The mean of DRG 

neurite length was analysed using One-way ANOVA between untransduced 293T cells, 1 

x 108 TU/ml, 5 x 108 TU/ml and 10 x 108 TU/ml, followed by Tukey’s post hoc test. The 

change in mean differences in the level of NG2 RNA and protein were analysed using 

One-way ANOVA and the significant multiple comparison between groups were 

determined by Tukey’s post hoc test. To determine how quickly the NG2 protein is 

knocked down by NG2 sh1 and NG2 sh2 on Neu7 cells in vitro, the mean differences in 

fluorescence intensity were analysed using Two-way ANOVA followed by Tukey’s 

multiple comparison test. The mean differences of DRG neurite length was analysed 

using One-way ANOVA between conditioned media from non-targeting control, DRG 

media only, conditioned media from NG2 sh1,sh2, sh3, sh4 and sh5, followed by Tukey’s 

post hoc test. 
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In ex vivo experiment, the change in mean differences of NT3 protein produced by the 

slices between control, injured and treated slices at day 3 and 7 were analysed using Two-

way ANOVA. To test the mean differences in the proportion of βIII Tubulin positive cells 

(represented by volume fraction) on control, injured and treated groups at SZ, NSZ and 

IZ, the changes were analysed using Two-way ANOVA followed by Tukey’s multiple 

comparison test. The same analysis of variances were performed on NG2-positive cells 

and GFP expression in the tissue slices. 
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CHAPTER THREE 

OPTIMISATION OF EX VIVO MODELS OF SPINAL CORD STAB 

INJURY, CONTUSION INJURY AND TRANSECTION INJURY 

3.1 INTRODUCTION 

The ex vivo slice culture system is a useful tool to maintain a 3-dimensional structure that 

represents the in vivo environment rather than a 2-dimensional in vitro system.  It also has 

been reported to maintain cytoarchitecture of the tissue for up to 6 weeks in culture 

(Pandamooz et al., 2016).  This system has been widely reported in mimicking the 

environment of the brain in neurodegenerative diseases like Parkinson’s disease, 

Amyotrophic lateral sclerosis and Multiple sclerosis as well as other tissues in the body 

(Pandamooz et al., 2016).  The ex vivo slice culture system has been used in investigation 

of the glial-neuron interaction in 3 dimensional nigrostriatal systems investigating 

dopamine loss (McCaughey-Chapman and Connor, 2017) and also in iron deposition 

following neurodegenerative diseases (Healy et al., 2016).  A recent article by Ciavatta et 

al., (2017) showed the adverse effect of neurotoxicity in patients following antiretroviral 

therapy to treat dementia associated with HIV-infection(Ciavatta et al., 2017).  Ex vivo 

organotypic slice cultures have also been used to investigate the effect of new drugs using 

patient-specific tumor tissue.  The purpose of the study was to mimic in vivo tissue 

properties and to determine the tissue-penetration and biological activity of nanoparticles 

in tumor tissue (Merz et al., 2017).  Parker et al. (2017) also used organotypic cultures to 

study the effect of the anti-invasive drugs on patient specific glioblastoma tumors in order 

to develop personalized neuro-oncogenic therapy (Parker et al., 2017).  In another study, 

a human liver slice culture model was used to test drugs with adverse clinical effect on 

mitochondria function (Vickers et al., 2017).  These studies suggest that organotypic 

culture systems may prove to be an invaluable tool in particular for screening potential 

therapies before moving to in vivo studies. 

Numerous studies have reported the use of ex vivo organotypic spinal cord slice 

cultures to mimic the in vivo SCI environment.  Several organotypic spinal cord slice 

culture models have been developed over the past number of years in order to understand 

the biological response to in vitro and in vivo injury (Morrison et al., 1998b).  This 
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includes weight drop techniques (Krassioukov et al., 2002), transection type injuries 

(Pinkernelle et al., 2013; Weightman et al., 2014; Pohland et al., 2015) and chemical-

induced injuries (Gerardo-Nava et al., 2013; Gerardo-Nava et al., 2014a). 

A SCI caused by a stab injury is a rare type of injury, resulting in partial or in 

some rare cases the complete transection of the spinal cord (O'Neill et al., 2004).  The 

reproducible way to model a spinal cord stab injury is to cut the corticospinal tract (CST) 

at the dorsal column of the spinal cord using a sharp object (Suzuki et al., 2010).  The 

stab injury of the dorsal CST results in loss of locomotion of hind limbs and depending on 

the level of the injury, forelimbs can also be affected (O'Neill et al., 2004; McCaughey et 

al., 2016).  Transection injury of the spinal cord is rarely encountered in clinical practice, 

however it is a very relevant model of SCI used to investigate regeneration, degeneration, 

neuroplasticity and tissue engineering applications.  There were two types of transection 

injury commonly used in animal models of SCI: full transection and partial transection 

(hemisection injury).  Full transection injury models involve complete disconnection 

between caudal and rostral segments of the cord.  Transection injury is performed after 

laminectomy with a fine surgical scissors or scalpel blade to induce complete or partial 

injury.  Since the injury model is easy to perform and is reproducible, this injury model 

has been reported in a variety of species including rat, mice, cats, dogs and primates 

(Cheriyan et al., 2014).  Partial transection injury models are characterised by incomplete 

transection of the spinal cord involving selective lesioning of the spinal cord.  This injury 

model is reported to simulate more clinically relevant cases of SCI (Cheriyan et al., 

2014).  Contusion injury is the most clinically relevant model to human SCI and is the 

most common animal model used to investigate pathophysiological changes following 

acute SCI.  Contusion animal models of SCI can be induced by applying a transient force 

to displace and damage the spinal cord including weight drop, electromagnetic and air 

pressure devices.  Weight drop is a common method used to induce contusion injury in 

animal models which contributed to 37.5% of all induced animal models reported to date 

(Sharif-Alhoseini et al., 2017).  Contusion-induced injury using well established and 

characterized devices help to control the severity of the injuries (Abdullahi et al., 2017; 

Shende and Subedi, 2017). 

The aim of this chapter was to develop a reproducible ex vivo model of SCI in 

NUI Galway that could be used to test potential therapies for SCI (as outlined in Chapters 

5 and 6).  In this chapter, we developed three ex vivo organotypic slice culture models of 
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SCI: stab injury, transection injury and contusion injury.  We tried to mimic injury 

models in vivo by refining ex vivo organotypic spinal culture in terms of the formation of 

glial scar following SCI.  We began with an ex vivo stab injury model and carried out 

stereological analysis of both area and Vv of immunohistochemical markers.  From this, 

we determined which stereological analysis was the most reliable indicator of results and 

progressed to the transection model of SCI in this chapter using that stereological tool.  In 

order to determine how variable the slices were between cell culture wells/inserts and 

within culture wells/inserts, we carried out a COV for both the ex vivo model of stab and 

transection injury.  We also investigated the viability of the slice cultures by determining 

the percentage of live and dead cells in each of the three models of injury.  

  

3.2 EXPERIMENTAL DESIGN 

Stab injury:  Transversely cut slices of spinal cord were cut on a tissue chopper (Section 

2.2.1).  One technical repeat was carried out for this pilot experiment. Control and stab 

injured transverse slices of spinal cord were cultured and analyzed using phase contrast 

microscopy on days 1, 3 and 10 post injury (Section 2.2.1).  Stereological analysis was 

carried out to measure the size of slices, lesion size and cell migration (Section 2.7.1).  In 

order to determine the variation in the analysis between examination of slices that were 

pooled together from all control/stab slices and slices that were examined within one well 

of the cell culture tray, the coefficient of variation (COV) was calculated and tabulated.  

Control and stab injured slices of spinal cord were examined for antigenic markers of 

astrocytes (GFAP) and the CSPG NG2 at day 3 and day 10 post injury (Section 2.4).  

Each spinal cord slice was divided into two regions of interest: SZ and IZ. The SZ was 

defined as a distance of 100 µm from the edge of the IZ.  IZ was defined as the border 

between glial scar which was marked by reactive astrocytes staining and DAPI-stained 

nuclei.  Stereological analysis was carried out to calculate the area and Vv at top, 

midway-point and bottom of confocal image stacks and the results were expressed as 

mean ± SEM (Section 2.7.3).  

  

Contusion injury:  A mouse impactor tip connected to an Infinite Horizon (IH) impactor 

device was tested on air, a sorbothane block, Millicell® inserts and fixed tissue on 

Millicell® inserts.  Longitudinal slices of spinal cord were cut on a tissue chopper and a 
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contusion injury was inflicted in the centre of the slices (Section 2.2.3). One technical 

repeat was carried out for this pilot experiment. 

  

Transection injury:  Longitudinal slices of spinal cord were cut on a tissue chopper 

(Section 2.2.2).  One technical repeat was carried out for this pilot experiment. Control 

and transected injury slices of spinal cord were cultured at day 3 and day 10 post injury.  

These slices were examined using phase contrast microscopy on day 3 and 10 post injury 

and stereological analysis was carried out to measure the transected gap distance of slices, 

size of IZ and size of migration zone in phase contrast images (Section 2.7.2).  The slices 

were fixed and immunostained for markers of astrocytes (GFAP) and the CSPG NG2 

(Section 2.4).  Each of the spinal slices was divided into two regions of interest: SZ and 

IZ. SZ was defined as a distance of 100 µm from the edge of the IZ. IZ was defined as the 

epicentre of the lesion.  Stereological analysis was carried out to calculate the area and Vv 

of the immunohistochemical staining in these regions of interest and the results were 

expressed as mean ± SEM (Section 2.7.4).   

For each of the three injury models (stab injury, contusion injury and transection 

injury), a live dead assay were carried out to examine the cell viability within spinal cord 

at day 3 and day 10 post injury and the results were presented as percentages of live and 

dead cells in the cell population (Section 2.5, Section 2.7.5).  To investigate the white and 

gray mater distribution in the and stab injured, contusion injured and transection injured 

spinal cord tissue slices, ßIII tubulin and NeuN antibodies were used to visualize the 

white and gray matter respectively in the spinal cord slices (Section 2.4). 

 

3.3 RESULTS 

3.3.1 Creation of a stab injury model of SCI in ex vivo transverse spinal cord slice 

cultures 

Control and stab injured transverse slices of spinal cord were examined using phase 

contrast microscopy to determine the size of the spinal cord slice, the size of the lesion 

and the area of migrating cells.  Confocal microscopy was used to examine GFAP-

positive astrocytes and NG2-positive cells at the lesion zone and surrounding SZ.  A live 

dead assay was also performed and the location of white and gray matter in the tissue 
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slices was examined using immunohistochemical staining for markers of gray matter 

neuronal nuclei and white matter axons. 

 

3.3.1.1 Size of stab injured spinal cord ex vivo slices increases over time 

In order to measure how the slices of spinal cord altered in size over 10 days in culture, 

phase contrast images of the slice cultures were captured at Day 1, 3 and 10 (Figure 3.1).  

In ImageJ a fine draw line drawing tool was used to draw around the perimeter of the 

slices. The images were subjected to point-grid stereological analysis. 

The size of slices in controls from day 1, 3 and 10 were compared each other; 

injured slices were compared in a similar manner. The size was found not change until 

day 10 in control slices (Figure 3.2A). The size of injured slices at day 1 and day 3 was 

found increased compared to day 10 (Figure 3.2A). The ANOVA revealed that significant 

interaction were found between time effect (F (2,264)=10.49, p£ 0.0001) and group effect 

(F (1,264)=9.11, p= 0.0028). 

The COV of slice sizes were calculated by dividing the standard deviation of the 

mean by the average size of the slices. Figure 3.2B shows the percentage (%) COV of 

spinal cord slice size between pooled and inter-well slices examined on day 1, 3 and 10.  

The inter-well slice variation showed a lower variability compared to pooled slices across 

all day 1,3 and 10 groups. Within pooled slice variation analysis, injured slices in the day 

1 group contributed to the highest percentage of variability amongst pooled slices 

(49.28%) whereas the control slices on day 10 group showed the lowest variability 

amongst the slices at 7.86%. Within inter-well slices variation analysis, injured slices in 

the day 3 group was identified as having the highest percentage (34.53%) of variability 

amongst the slices and day 10 control group contributed only 3.69% which showed the 

least variation of all the groups.  
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Figure 3.1: Spinal cord ex vivo stab injured spinal cord slices. Photomicrographs show 
representative phase contrast images used in Stereology analysis of Day 1 (A, B), 3 (C, 
D) and 10 (E, F) spinal cord control and injured slices respectively. white arrow = central 
canal; d= dorsal; v=ventral; *=lesion site. Scale bar = 500 µm.  
 

 

 

  

B A 

C D 

E F 

D
ay

 1
0 

D
ay

 3
 

D
ay

 1
 

Control Injured 



  Chapter 3 : Optimization Of Ex Vivo Models 

88 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Size of ex vivo stab injured spinal cord slices. Graphs show size of spinal 
cord measured using stereological analysis (A). Mean ± SEM.  +p ≤ 0.0001 significant 
decrease from injured group day 10, $p ≤ 0.05 significant difference between days. The 
mean differences were analysed using Two-way ANOVA. N=1 litter (12 pups) which 
relates to 45 slices per control group per time-point and 45 slices per injured group per 
time-point. COV between size of spinal cord in pooled slices and inter-well slices are 
shown in  B. 
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3.3.1.2 Lesion size decreases in stab injured ex vivo spinal cord slices over time 

Stereological analysis was carried out to measure the size of the lesion and how the size 

changed over 10 days in culture.  This analysis was carried out on phase contrast images 

of the stab injured spinal cord slice cultures at day 1, 3 and 10 post injury (Figure 3.3). 

The ImageJ fine draw line was drawn around the perimeter of the lesion site (marked by * 

symbol. The lesion site was identified as a dark brownish color on the phase contrast 

images at day 1 and 3. The lesion site was impossible to identify on day 10 using phase 

contrast image analysis. This was because the injured spinal cord slices were entirely dark 

brownish in color (Figure 3.3C). The size of the lesion area was found decreased on day 3 

from day 1 time point (Figure 3.4A). The lesion size on day 1 and 3 was further analyzed 

by calculating Vv of the tissue slice composed of lesion. The Vv lesion was found not 

change between day 1 day 3 post injury (Figure 3.4B). Figure 3.4C shows the percentages 

COV of lesion area between pooled and inter-well slices on day 1 and 3. The inter-well 

slices variation showed a lower variability compared to pooled slice variation across day 

1 and 3 groups. Within the pooled slices, injured slices on day 3 was identified to have 

the highest percentage of variability amongst pooled slices (45.30%) whereas the injured 

slices on day 1 group showed the lowest variability amongst the slices at 33.61%. Within 

inter-well slices variation analysis, injured slices on day 3 group was identified the 

highest percentage (39.84%) of variability amongst the slices and day 1 control group 

contributed only 24.71% which showed the least variation measurement of all the groups. 

Figure 3.4D shows the percentages COV of Vv of lesion between pooled and inter-well 

slices on day 1 and 3. The inter-well slice variation showed the lowest variability 

compared to pooled slices across day 1 and 3 groups. Within pooled slices, injured slices 

on day 3 was identified as contributing to the highest percentage of variability amongst 

pooled slices (25.23%) whereas the injured slices on day 1 showed the lowest variability 

amongst the slices and contributed to 21.27%. Within inter-well slice variation analysis, 

injured slices on day 3 was identified as the highest percentage (16.21%) of variability 

amongst the slices and day 1 control group contributed only 13.75% which showed the 

least variation measurement of all the groups. This suggests that inter-well slices 

measurement is more reliable in terms of least percentage of COV to measure the lesion 

size of stab injury in spinal cord slice cultures. 
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Figure 3.3: Lesion site in ex vivo stab injured spinal cord slices. Photomicrographs 
show representative phase contrast images of injured spinal cord slices at day 1 (A), day 3 
(B) and day 10 (C). white arrow = central canal; d= dorsal; v=ventral; red* with 
surrounding white line = lesion site. Scale bar = 500 µm.  
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Figure 3.4: Size of lesion site in ex vivo stab injured spinal cord slices.  Graphs show 
area of lesion size (A) and Vv of tissue composed of lesion (B) at day 1, 3 and 10. Mean 
± SEM, +p ≤ 0.05 significant decrease from day 1. The mean differences were analysed 
using Two-way ANOVA. N=1 litter (12 pups) which relates to 45 slices per control group 
per time-point and 45 slices per injured group per time-point.  COV between area of 
lesion and Vv of lesion in pooled slices and inter-well slices are shown in C and D 
respectively. 
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3.3.1.3 Cell migration from perimeter of stab injured spinal cord slices increased over time 

The size of the zone of migrating cells around the perimeter of the spinal cord slices was 

examined over 10 days in culture using phase contrast images of the slice cultures (Figure 

3.5). The migration zone was defined as a distance of 100 µm from the edge of the spinal 

slice. The ImageJ fine draw line drawing tool was drawn and created a migration zone 

(marked by * symbol between the edge of the spinal cord slices and the measured distance of 

100µm from the edge of the spinal slice). No migrating cells were found in the migration 

zone around the spinal cord slices in day 1 control and injured slices. The area size of the 

migration zone in control and injured slices was found increased from day 3 and day 10 post 

injury (Figure 3.6A). The same pattern of increase was found in the Vv migration zone 

between day 3 and 10 in both control and injured slices (Figure 3.6B). Figure 3.6C shows the 

percentage COV in the area of the migration zone between pooled and inter-well slices on 

day 3 and 10. The inter-well slice variation showed the lowest variability compared to pooled 

slices at day 3 and 10 groups except at day 10 injured slices which showed a slight increase 

in the percentage of COV in inter-well analysis. Within pooled slices variation analysis, 

injured slices on day 3 was identified as the highest percentage of variability amongst pooled 

slices (60.69%) whereas the injured slices on day 10 showed the lowest variability amongst 

the slices and contributed to 33.47%. Within inter-well slice variation analysis, injured slices 

on day 3 was identified as the highest percentage (37.62%) of variability amongst the slices 

and day 10 control group contributed only 9.14% which showed the least variation 

measurement of all the groups. Figure 3.6D showed the percentages COV Vv of migration 

zone between pooled and inter-well slice variation analysis on day 3 and 10. The inter-well 

slices variation showed the lowest variability compared to pooled slices across all day 3 and 

10 groups. Within pooled slices variation analysis, injured slices on day 3 was identified as 

having the highest percentage of variability amongst pooled slices (60.38%) whereby the 

control slices at day 10 showed the lowest variability amongst the slices and contributed to 

29.79%. Within inter-well slice variation analysis, control slices on day 3 was identified as 

the highest percentage (48.30%) of variability amongst the slices and day 10 control group 

contributed only 4.29% which showed the least variation measurement of all the groups.  
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Figure 3.5: Migration zone of cells from  ex vivo stab injured spinal cord slices. 
Photomicrographs show representative phase contrast images of control and injured spinal 
cord slices on day 1 (A and B respectively), day 3 (C and D respectively) day 10 (E and F 
respectively). white arrow =central canal; d= dorsal; v=ventral; red*=lesion site; red# and 
surrounding inner and outer lines = boundaries of migration zone. Scale bar = 250 µm. 
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Figure 3.6: Size of migration zone in control and stab injured ex vivo spinal cord slice 
cultures. Graphs show area (A) and Vv (B) of migration zone at day 1, 3 and 10. Mean ± 
SEM; *p ≤ 0.001 significant increase from day 3. The mean differences were analysed using 
Two-way ANOVA. N=1 litter (12 pups) which relates to 45 slices per control group per time-
point and 45 slices per injured group per time-points.  COV between area and Vv of 
migration zone in pooled or inter-well slices is shown in C and D respectively.
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3.3.1.4  Middle slice level of ex vivo spinal cord slices show highest levels of astrocytes, 

NG2-positive cells and cell nuclei in the scar zone following stab injury 

To determine if there were any differences in the level of astrocytes and NG2-positive  cells 

in SZ on day 3 and day 10 following stab injury, the area and Vv of GFAP and NG2 

antigenic markers at both time-points were measured. The projected series of confocal 

images were captured for each cell marker (Figure 3.7) and analyzed at the top, middle and 

bottom level as single optical slices (Figure 3.8).  

Examination of the top level of confocal optical slices at day 3 post-injury shows that 

there was no significant differences in the area of GFAP-positive cells in comparison to area 

NG2-positive cells and area of DAPI stained nuclei (Figure 3.9). The area of DAPI stained 

nuclei was found to be the highest area at day 3 as would be expected, however, this was not 

statistically significant. At day 10 the DAPI staining at top level slices in the SZ contributed 

to the same area measured with GFAP-positive and NG2-positive cells. Between day 3 and 

day 10 at the top level there was a significant decrease in area DAPI-stained nuclei (p£0.001) 

In the midway level of confocal optical slices of day 3 post-injury, there were no significant 

difference observed between the area of GFAP-positive cells and NG2-positive cells. 

Between day 3 and day 10 at the midway level there was a significant increase  in area of  

NG2-positive cells (p£0.001). Again, the DAPI-stained cells at mid-way-point of stack 

images at day 10 revealed the highest area of nuclei observed at any of the three levels 

examined (Figure 3.9). At the bottom level of confocal optical slices at day 3 post-injury, 

there was no significant differences in the area of GFAP-positive cells, NG2-positive cells 

and DAPI stained nuclei.  This result is very similar to what was observed at the top level 

confocal optical slices.  The same pattern was again observed at day 10 in the bottom level as 

there was no significant changes observed at day 10 post-injury in the top level in area of 

GFAP-positive cells, NG2-positive cells and DAPI-stained cells (Figure 3.9). 

To examine whether there were any differences in the proportion of spinal cord slices 

of tissue composed of the immunostained cells in SZ region at day 3 and 10 following stab 

injury, the Vv of each cell markers at both time-points were measured (Figure 3.10).  

Examination of the top level confocal optical slices at day 3 and day 10 post-injury shows 

that there was a significant increase in the Vv GFAP-positive cells and Vv NG2-positive 

cells, however, DAPI stained nuclei was found did not change in the proportion from day 3 to 

day 10. (Figure 3.10). At the midway level of confocal optical slices between day 3 and day 
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10, there was a significant increase in Vv GFAP-positive cells, NG2-positive cells and DAPI-

stained nuclei. The DAPI-stained cells at mid-way-point of stack images at day 10 revealed 

the highest proportion of nuclei observed at any of the three levels examined (Figure 3.10).  

At the bottom level of confocal optical slices between day 3 and 10 post-injury, there was 

significant increased found in proportion of NG2-positive cells, however, Vv GFAP-positive 

cells and DAPI-stained cells was found did not change in Vv (Figure 3.10). 
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Figure 3.7: Projected series of confocal images showing SZ of stab injured ex vivo spinal 
cord slices. Photomicrographs show projected series of confocal images of GFAP(i), 
NG2(ii), DAPI(iii) and merged images(iv) at day 3 (A) and day 10 (B) time-points. * =SZ; 
Scale bar = 100 µm. 
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Figure 3.8: Single optical confocal images showing SZ of stab injured ex vivo spinal cord 
slices. Photomicrographs show single optical confocal images of GFAP (i), NG2 (ii) and 
DAPI (iii) at the top level of a confocal image stack at day 3 (A) and day 10 (B) post stab 
injury. * =SZ; Scale bar = 100 µm.  
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Figure 3.9: Area of cell markers in SZ of ex vivo stab injured spinal cord slice cultures. 
Graph shows area of GFAP, NG2 and DAPI in SZ of injured spinal cord slices at the top, 
midway-point and bottom of confocal image stacks. Mean ± SEM. *=p≤ 0.01 significant 
decrease from day 3. The mean differences were analysed using Two-way ANOVA. N=1 
litter (12 pups) which relates to 45 slices per control group per time-point and 45 slices per 
injured group per time-point. 
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Figure 3.10: Vv of cell markers in SZ of ex vivo stab injured spinal cord slice cultures. 
Graph shows the proportion of GFAP, NG2 and DAPI in the SZ of injured slices at top, 
midway-point and bottom of confocal image stacks. Mean ± SEM. *=p≤ 0.01 significant 
increase from day 3. The mean differences were analysed using Two-way ANOVA. N=1 
litter (12 pups) which relates to 45 slices per control group per time-point and 45 slices per 
injured group per time-point.   
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3.3.1.5  Middle slice level of ex vivo spinal cord slices show highest levels of astrocytes, 

NG2-positive cells and cell nuclei in the injury zone following stab injury  

In order to determine whether there were any differences in the area of the GFAP and NG2-

positive cells in the IZ on day 3 and 10 following stab injury , the area of each cell marker at 

both time-points was measured. The projected stack of confocal images of the slice culture 

were captured (Figure 3.11) and analyzed at the top, midway and bottom level optical slices 

(Figure 3.12).  

Examination of the top level confocal optical slices between day 3 and day 10 post-

injury shows that there was no significant difference in the area of GFAP-positive cells in 

comparison to area NG2-positive cells and area of DAPI stained nuclei in IZ. The area of 

DAPI stained nuclei was found to be highest amongst the cell markers, however, this was not 

statistically significant. This indicates that the DAPI staining at top slices in the IZ 

contributed to the same area measured with GFAP-positive and NG2-positive cells in the IZ 

(Figure 3.13). At the midway level of confocal optical slices between day 3 and day 10 post-

injury, the only found decrease in proportion of area was DAPI-stained cells. The DAPI-

stained cells at the mid-way-level of the image stack at day 3 revealed the highest area of 

nuclei measured at any of the three levels examined. There were no significant change in the 

area found in area of GFAP-positive cells and NG2-positive cells. The DAPI-stained cells at 

mid-way-point of stack images at day 10 revealed the highest decline area of nuclei observed 

at any of the three levels examined (Figure 3.13). At the bottom level of confocal optical 

slices between day 3 and 10 post-injury, there was no significant difference in the area of 

GFAP-positive cells and NG2-positive cells. However, DAPI-stained cells was found 

decreased at the bottom level of confocal optical slices (Figure 3.13). 

The Vv of each cell marker at day 3 and 10 following stab injury was also measured 

to determine if there were any differences in the proportion of immunostained cells in the IZ 

region. Examination of the top level of confocal optical slices between day 3 and day 10, 

there was a significant increase found between the Vv GFAP-positive cells (p£0.01), NG2-

positive cells (p£0.001) and DAPI-stained cells (p£0.05) (Figure 3.14). At the midway level 

of confocal optical slices between day 3 and day 10, the similar pattern of increment in the 

proportion of Vv GFAP-positive cells, NG2-positive cells and DAPI-stained nuclei 

(p£0.001). The DAPI-stained cells and GFAP-positive cells at mid-way point showed the 

highest proportion of cells in IZ an represented by 80% of these markers population. In 
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addition to that, The DAPI-stained cells and GFAP-positive cells also showed the highest 

proportion at any of the three levels examined (Figure 3.14). At the bottom level of confocal 

optical slices between day 3 and 10 post-injury, NG2-positive cells was found to significantly 

increase (p£0.001), however, no significant differences found on GFAP-positive cells and 

DAPI-stained cells (Figure 3.14).  From this graph, it is clear that immunohistochemical 

markers can be quantified at the IZ of the spinal cord slices and estimation of the Vv of these 

cell markers can be quantified following stab injury. The midway level of the confocal 

optical slices showed important information in terms of the Vv changes of GFAP and NG2-

positive cells.  The midway level also showed the region where the highest proportion of 

DAPI-stained nuclei were present when compared to top and bottom level optical slices of 

image stacks at day 3 and 10 post-injury (Figure 3.14).  It is clear that the immunostaining is 

allowing visualisation of cells even at the deep middle part of the tissue slice, indicating that 

the projected series of confocal stacks could indeed be used to carry out these measurements.    
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Figure 3.11: Projected series of confocal images showing IZ of stab injured ex vivo 
spinal cord slices.  Photomicrographs show projected series of confocal images of GFAP(i), 
NG2(ii), DAPI(iii) and merged images(iv) at day 3 (A) and day 10 (B) time-points. * =IZ; 
Scale bar = 100 µm. 
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Figure 3.12: Single optical confocal images showing IZ of stab injured ex vivo spinal 
cord slices. Photomicrographs show single optical confocal images of GFAP (i), NG2 (ii) 
and DAPI (iii) at the top level of a confocal image stack at day 3 (A) and day 10 (B) post stab 
injury. * =IZ; Scale bar = 100 µm 
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Figure 3.13:  Area of cell markers in IZ of stab injured ex vivo spinal cord slice cultuers. 
Graph shows area of GFAP, NG2 and DAPI in IZ of injured spinal cord slices at the top, 
midway-point and bottom of confocal image stacks. Mean ± SEM. +p ≤ 0.05 significant 
decrease from day 3. The mean differences were analysed using Two-way ANOVA. N=1 
litter (12 pups) which relates to 45 slices per control group per time-point and 45 slices per 
injured group per time-point.   
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Figure 3.14: Vv of cell markers in IZ of stab injured ex vivo spinal cord slice cultures. 
Graph shows the proportion of GFAP, NG2 and DAPI in the IZ of injured slices within the 
IZ at top, midway-point and bottom of confocal image stacks. Mean ± SEM. *p ≤ 0.001 
significant increase from day 3 group. The mean differences were analysed using Two-way 
ANOVA. N=1 litter (12 pups) which relates to 45 slices per control group per time-point and 
45 slices per injured group per time-point.   
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3.3.1.6  No change in proportion of dead cells observed in stab injured ex vivo spinal cord 

slices over time 

To examine the cell viability within spinal cord slices following stab injury, the control and 

injured slices were stained for live cells using Fluorescein Diacetate (FDA) and dead cells 

with Propidium Iodide (PI).  The confocal images were taken at day 3 and 10 for both control 

and injured groups (Figure 3.15). In the uninjured slices a central zone was examined, this 

was defined as the central region of control slices. In the injured slices, a SZ was examined 

and this was defined as a zone that fell in 100 µm radius from the edge of the lesion. For each 

tissue slice, 6 images were captured. The cells were counted positive as the cells lay on 

intersection points on the grid. The total count of FDA and PI stained cells was calculated in 

the projected confocal image stacks and expressed as percentages of FDA and PI at day 3 and 

10 post-injury (Figure 3.16). To ascertain the reproducibility of the FDA/PI counting, the 

confocal images were subjected to a written macro and measured in batches using ImageJ 

software.  

The live and dead cells in control slices from day 3 and day 10 were compared each 

other, injured slices were compared in similar manner. The ANOVA revealed that there were 

no significant interaction were found between time and group effect. 

Examination of live and dead cells in the stab injury model showed there was no 

significant difference in the percentage of live and dead cells between control slices 

examined on day 3 and 10 and between injured slices on day 3 and 10.  There were also no 

significant differences found in live cells between day 3 and 10 post-injury.  The cells stained 

with live marker in control slices at day 3 showed the highest percentages of live cells found 

across the groups between day 3 and 10 time-points. The cells stained with dead marker in 

control slices at day 3 were showed the lowest percentages of dead cells found across the 

groups between day 3 and 10 time-points (Figure 3.16). 
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Figure 3.15: Live dead assay assessment in stab injured spinal cord ex vivo slices.  
Photomicrographs show dual staining for live cells with FDA (green) and dead cells with PI 
(red) at day 3 (A, B) and day 10 (C, D) in control and stab injured slices respectively.  Scale 
bar = 200 µm. 
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Figure 3.16: Quantitative analysis of live and dead cells in stab injured spinal cord ex 
vivo slices.  Graph shows the percentage of live and dead cells in the control and injured 
spinal cord slices. Mean ± SEM. The mean differences were analysed using Two-way 
ANOVA. N=3 litters (12 pups per litter) which relates to 6 slices per control group per time-
point and 9 slices per injured group per time-point for each litter.   
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3.3.1.7 Examination of white matter and gray matter in stab injured spinal cord slices 

shows bIII Tubulin staining is abundant at the lesion site 

To examine the white and gray matter distribution in ex vivo spinal cord slices following stab 

injury, the injured slices were stained with dual stains for neuronal nuclei using the NeuN 

antibody and axons using bIII Tubulin immunostaining.  The injured slices were fixed at day 

3, subjected to immunostaining and visualized using confocal imaging. To visualize the white 

and gray matter on the transversely cut spinal cord slices, the series of images were taken 

along the spinal cord slices at 20X magnification and images were stitched using Adobe 

Photoshop.  The location of positive staining for NeuN and bIII Tubulin immunoreactivity is 

indicated by nuclei (stained green) and axons of the neurons (stained red) respectively in 

spinal cord slices following stab injury (Figure 3.17A).  The stab injury was created to target 

the dorsal columns containing the corticospinal tract of the spinal cord.  The injury site is 

indicated by the white dotted line and an * symbol (Figure 3.17A).  At day 3 after the injury, 

the dorsal column was filled with bIII Tubulin positive cells and a few NeuN-positive cells 

were observed in the injury site. Damage to the dorsal column extended dorsally from the 

central canal and this damaged site mostly filled with bIII Tubulin positive cells (Figure 

3.17B). Further away from injury site, there were more NeuN-positive cells.  The presence of 

these NeuN-positive cells is consistent with what would be expected of the gray matter 

location surrounding the central canal of the spinal cord. The spinal gray matter is made up of 

neuronal cell bodies which positively stained for neuronal cell bodies (NeuN), whereby the 

white matter of spinal cord consists of longitudinally running axons (βIII tubulin). 
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Figure 3.17: Visualisation of white matter and gray matter in stab injured ex vivo spinal 
cord slices.  Photomicrographs show dual staining of ßIII Tubulin (neurofilaments) and 
NeuN (nuclei of neurons) on day 3 following stab injury (A).  Red box in A is shown at 
higher magnification in (B) as a grayscale image. Dashed line separate the IZ and tissue 
region near IZ; *  =injury site; white arrow = central canal; Scale bar = 200 µm 
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3.3.2 Creation of a contusion injury model of SCI in ex vivo longitudinal spinal cord 

slice cultures 

The IH impactor device was used in combination with a spinal cord mouse impactor at a 

range of impact forces on a sorbothane test block, air, an empty Millicell® insert and on 

longitudinal fixed slices of spinal cord tissue that was grown for 3 days on a Millicell® 

insert.  After the optimal impact force of 50 kilodynes (kdyn) was selected, a contusion injury 

was inflicted on longitudinal slices of spinal cord and confocal microscopy was used to 

examine live and dead cells in these tissue slices 3 and 10 days after injury.  The white and 

gray matter was examined to observe the proportion of each region that was visable in the 

tissue slices.   

 

3.3.2.1 Validation of IH impactor device using a spinal cord mouse impactor tip  

To validate and optimize only one force range value applied onto longitudinal slices, several 

amount of force range values were chosen in this pilot study including 30, 50, 70, 100, 150 

and 200 kdyn. Briefly, the slices were positioned on the IH platform. The mouse impactor tip 

(diameter 1.25 mm) were lowered to within 2 mm top of slices. Once the proper alignment 

was obtained, the impactor tip was raised by turning the vertical adjustment knob to 5 mm 

above the exposed slices. It is very important to keep the same force impact on every slices 

without any variability. Several validation hits were performed prior to contuse the slices. To 

calibrate the reference level of the IH impactor, the sorbothane block and  air hit test are used 

to measure the relative health of the IH. Figure  3.20 shows the displacement graph 

proportionally change as the amount of the force increases. As expected, the displacement did 

not change in air hit test as the amount of force increased. This is indicating the IH is 

functional and the reference level was set up before the real experiment take place.  

To further validate the impact on the forces on the Millicell® insert alone, different impact 

forces were generated from IH in the centre of the membrane of Millicell® insert. Figure 

3.20 shows the displacement of the membrane after the hit did not change as the amount of 

force increase. However, we found that the actual force measured by the sensor after the hit 

did not match the desired force set up by the IH as indicated in Figure 3.20. This result 

suggests the amount of the force hitting the membrane are the same force received by the 

membrane as the amount of force increased. 
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We further validate the range of forces on fixed tissues prior to the test on the real 

tissues. Figure 3.21 shows the displacement of the fixed tissues on the membrane after 

different impact forces were created. We found that the displacement of the tissue on the 

membrane were varied after the amount of force increase (Figure 3.23 Biv)    

Figure 3.23 B-iv shows the 50 kdyn gave the ideal force to create the stable contusion 

injury on fixed tissues. This correlates with the sorbothane block test (Figure 3.20 B). In 

addition to that, the variation of displacement were observed in other groups (30,70, 100, 150 

and 200 kdyn). We also measured if there is any difference of using 50 kdyn on the actual 

force and the desired force after the tissue hit. We found the force using 50 kdyn hit on the 

fixed tissues are the same measured from actual and desired force indicated the 50 kdyn are 

the best force should be introduced to the real slice experiment using IH impactor.  

We observed the morphology of the tissue after the hit using phase contrast imaging. 

The tissue damaged were observed on the group with 100, 150 and 200 kdyn on fixed tissues 

(Figure 3.22 D,E and F). With these validation findings, 50 kdyn were ideal force to contuse 

the longitudinal slices as presented in Figure 3.24 and Figure 3.26. 
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Figure 3.18: Validation study of IH Impactor on a sorbothane test block at different impact forces. Graphs show displacement and forces 
versus time at 30 kdyn (A), 50 kdyn (B), 70 kdyn (C), 100 kdyn (D), 150 kdyn (E) and 200 kdyn (F).  
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Figure 3.19: Validation study of IH Impactor in an air hit test at different impact forces. Graphs show displacement and forces versus time 
at 30 kdyn (A), 50 kdyn (B), 70 kdyn (C), 100 kdyn (D), 150 kdyn (E) and 200 kdyn (F).  
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Figure 3.20: Validation study of IH Impactor on a Millicell® insert hit test at different impact forces. Graphs show displacement and 
forces versus time at 30 kdyn (A), 50 kdyn (B), 70 kdyn (C), 100 kdyn (D), 150 kdyn (E) and 200 kdyn (F).  
  

A B C 

D E F 



  Chapter 3 : Optimization Of Ex Vivo Models 

117 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.21: Validation study of IH Impactor on fixed tissue hit test at different impact forces. Graphs show displacement and forces 
versus time at 30 kdyn (A), 50 kdyn (B), 70 kdyn (C), 100 kdyn (D), 150 kdyn (E) and 200 kdyn (F).  
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Figure 3.22: Longitudinal ex vivo fixed slices of spinal cord showing contusion injury on fixed tissue hit test at different impact forces. 
Phase contrast photomicrographs show the tissue damage caused by impact at 30 kdyn (A), 50 kdyn (B), 70 kdyn (C), 100 kdyn (D), 150 kdyn 
(E) and 200 kdyn (F).  red*=lesion site. Scale bar = 500 µm. 
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Figure 3.23: Validation of IH Impactor at different conditions.  Graphs show  (A) the actual force (kdyn) and (B) the displacement (µm) at 
the various impact forces chosen using the sorbothane test block(i), air hit(ii), membrane hit(iii) and fixed tissue hit(iv).  
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3.3.2.2 No change in proportion of dead cells observed in ex vivo spinal cord slices 

following contusion injury 

To examine cell viability within spinal cord slices following contusion injury, control and 

injured slices were stained with FDA (live cells) and PI (dead cells).  An impact force of 50 

kilodyne was recommended by the manufacturer for a moderate contusion injury using the 

mouse impactor rod.  The confocal images were taken at day 3 and 10 after injury for both 

control and injured groups (Figure 3.24). In the uninjured slices a central zone was examined, 

this was defined as the central region of control slices. In the injured slices, a SZ was 

examined and this was defined as a zone that fell in 100 µm radius from the edge of the 

lesion. For each tissue slice, 6 images were captured.  The total count of FDA and PI stained 

cells was calculated in the projected confocal image stacks and expressed as percentages of 

FDA and PI at day 3 and 10 post-injury (Figure 3.25).  The confocal images were subjected 

to a written macro and measured in batches.  

The live and dead cells in control slices from day 3 and day 10 were compared each 

other, injured slices were compared in similar manner. The ANOVA revealed that there were 

no significant interaction were found between time and group effect. 

Examination of live and dead cells in the contusion injury model showed there was no 

significant difference in the percentage of live and dead cells between control slices 

examined on day 3 and 10 and between injured slices on day 3 and 10.  There were also no 

significant differences found in live cells between day 3 and 10 post-injury.  The cells stained 

with live marker in control slices at day 3 showed the highest percentages of live cells found 

across the groups between day 3 and 10 time-points. The cells stained with dead marker in 

control slices at day 3 were showed the lowest percentages of dead cells found across the 

groups between day 3 and 10 time-points (Figure 3.25).   
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Figure 3.24: Live dead assay in spinal cord ex vivo slices on day 3 and 10 in culture after 
contusion injury.  Photomicrographs show dual staining for live cells with FDA (green) and 
dead cells with PI (red) on day 3 (A, B) and 10 (C, D) in contol and contused slices 
respectively.Dashed line separate the IZ and tissue region near IZ; red*=lesion site Scale bar 
= 100 µm. 
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Figure 3.25: Quantitative analysis of live and dead cells in spinal cord ex vivo slices on 
day 3 and 10 in culture after contusion injury.  Graph shows the percentage of live and 
dead cells in the control and injured spinal cord slices. Mean ± SEM. The mean differences 
were analysed using Two-way ANOVA. N=3 litters (12 pups per litter) which relates to 6 
slices per control group per time-point and 9 slices per injured group per time-point for each 
litter.   
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3.3.2.3 Examination of white matter and gray matter in contusion injured spinal cord 

slices shows bIII Tubulin staining is abundant at the edge of the lesion site  

To examine the white and gray matter distribution in injured slices following contusion 

injury, injured slices were stained with dual stains for neuronal nuclei and axons using NeuN 

and bIII Tubulin respectively. The injured slices were fixed at day 3 post injury, 

immunostained and visualized using confocal microscopy.  To examine the white and gray 

matter in the longitunal cut of spinal cord slices, a series of images were captured along the 

length of the spinal cord slices at 20X magnification and the images were stitched using 

Adobe Photoshop CS6 (Figure 3.26). 

The positive NeuN and bIII Tubulin immunoreactivity is indicated by nuclei (stained 

green) and axons of the neurons (stained red) in spinal cord slices following contusion injury.  

The contusion injury site is indicated by white dotted line and an * symbol.  In this study, 50 

Kdyne impact force controlled was used to create the contusion injury on the spinal cord 

slices.  At day 3 after the contusion injury site was found mostly to be filled with bIII-

Tubulin positive axons, NeuN-positive nuclei and DAPI stained nuclei.  Following the 

damage caused by the contusion injury some of the axons appeared normal indicated by 

distinct bIII-Tubulin axon staining (Figure 3.26 A&B). Photomicrographs illustrate 

differences in density of axons (bIII-Tubulin positive cells) in the contusion injury site. 

Further away from perimeter area of the contusion injury site, there was much more bIII-

Tubulin positive cells that stained axons of the neurons indicating the white matter of the 

spinal cord.  A population of NeuN-positive cells were found at the edge of the spinal slices. 
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Figure 3.26: Distribution of white matter and gray matter in contused tissue slices. 
Photomicrographs show dual immunostaining  of ßIII Tubulin (neurofilaments) and NeuN 
(nuclei of neurons) on day 3 (A). Image showing higher magnification (20X) of ßIII Tubulin  
and NeuN immunostaining (B). Dashed line separate the IZ and tissue region near IZ; * 
=injury site; scale bar = 200 µm 
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3.3.3 Creation of a transection injury model in ex vivo longitudinal spinal cord slice 

cultures 

Control and transection injured longitudinal slices of spinal cord were examined using phase 

contrast microscopy to determine the distance between the transected edges of spinal cord 

(transection gap distance), size of the SCI zone and the area of cells migrating into the IZ.  

Confocal microscopy was used to examine GFAP-positive astrocytes and NG2-positive cells 

at the IZ and SZ.  IZ was defined as the epicentre of the lesion. SZ was defined as a distance 

of 100 µm from the edge of the IZ.  A live dead assay was performed at 3 and 10 days post 

injury and the location of white and gray matter in the tissue slices was examined using 

immunohistochemical staining for markers of gray matter neuronal nuclei and white matter 

axons. 

 

3.3.3.1 Transection gap distance decreased over time in transection injured spinal cord 

slices 

The transected gap distance between the cut edges of spinal cord slices was examined in 

order to determine how the gap size changed over time in culture (Figure 3.27A).  Lines were 

drawn at top, midway point and bottom of the images between the cut edges using the ImageJ 

drawing tool (Figure 3.27C).  The distance across the transected gap was measured and 

averaged (Figure 3.27B).  There was no significant difference in the distance of the 

transection gap between day 3 and 10.  The percentage COV of the transected gap distance 

between pooled and inter-well slices on day 3 and day 10 was examined (Figure 3.27D). The 

inter-well slice variation showed a higher variability compared to pooled slices variation in 

day 3 and day 10 slices.  This suggests that measurement of pooled slices is much more 

reliable in terms of least percentage of COV to measure the gap distance in transected spinal 

cord slices.  Within pooled slice COV analysis, injured slices on day 10 contributed to the 

highest percentage of variability whereas the injured slices on day 3 group showed the lowest 

variability amongst the slices ( 35.35%). Within inter-well slice COV analysis, again injured 

slices on day 10 was identified as having the highest percentage of variability amongst the 

slices and day 3 injured group contributed only 50.86%.  

  



  Chapter 3 : Optimization Of Ex Vivo Models 

126 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.27: Transection gap distance in ex vivo transection injured spinal cord slices.  
Photomicrographs show representative phase contrast images of transection injured spinal 
cord slices at day 3 (Ai) and day 10 (Aii) after transection injury. Scale bar = 500 µm.  Graph 
shows transected gap distance at day 3 and day 10 (B). Schematic diagram shows the regions 
measured between the cut edges of spinal cord at top, midway point and bottom of the slices 
(C).  Mean ± SEM. The mean differences were analysed using Two-way ANOVA. N=1 litter 
(12 pups) which relates to 45 slices per control group per time-point and 45 slices per injured 
group per time-point.  COV between transection gap distance in slices at day 3 and day 10 
spinal cord pooled or within a well (D). 
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3.3.3.2 Injury zone decreased in size over time in transection injured spinal cord slices  

In order to measure whether the size of the IZ changed over time in culture following 

transection injury, phase contrast images of the slice cultures were captured and analyzed 

(Figure 3.28A).  A standard rectangular box was drawn in between the cut edges of spinal 

cord using the ImageJ drawing tool (Figure 3.28C).  Stereological analysis was carried out by 

using grid point counting analysis. The size of the IZ was measured and averaged. There was 

a significant decrease in the size of the IZ between day 3 and 10 (Figure 3.28B). The 

percentage COV in the size of the IZ between pooled and inter-well slices on day 3 and 10 

was examined (Figure 3.28D). The inter-well slice variation showed the highest variability 

compared to pooled slice variation across day 3 and 10 groups. Within pooled slice variation 

analysis, injured slices on day 10 group contributed to the highest percentage of variability 

amongst pooled slices (6.79%) whereby the injured slices on day 3 group showed the lowest 

variability amongst the slices and contributed to 4.69%. Within inter-well slices variation 

analysis, injured slices on day 10 group was identified as the highest percentage (41.94%) of 

variability amongst the slices and day 3 injured group contributed only 11.82%.  
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Figure 3.28: Size of IZ in ex vivo transection injured spinal cord slices. Photomicrographs 
show representative phase contrast images of transection injured spinal cord slices at day 
3(Ai) and 10(Aii). Scale bar = 500 µm. Graph shows area of IZ measured at day 3 and day 10 
(B). Schematic diagram shows the area measured between the cut edges of spinal cord slices 
(C).  Mean ± SEM. +p ≤ 0.001 significant decrease from day 3. The mean differences were 
analysed using Two-way ANOVA. N=1 litter (12 pups) which relates to 45 slices per control 
group per time-point and 45 slices per injured group per time-point.  COV between area of 
transection injured slices of spinal cord pooled or within a well (D).  
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3.3.3.3 Increase in cell migration into IZ observed in transection injured spinal cord slices  

In the IZ of transected spinal cord slices, migrating cells were examined at day 3 and day 10 

(Figure 3.29A).  A standard rectangular box was drawn in between the cut edges using 

ImageJ drawing tool (Figure 3.29C). Stereological analysis was carried out using grid point 

counting analysis whereby cells within the rectangular box were counted.  The area of 

migrating cells was measured and averaged (Figure 3.29B).  The area of migrating cells in 

the IZ significantly increased between day 3 and 10.  Figure 3.29D represents the percentage 

COV in the area of migrating cells between pooled and inter-well slices on day 3 and 10. 

Again, the inter-well slice variation showed higher variability compared to pooled slices 

variation across day 3 and 10 groups. Within pooled slices variation analysis, injured slices 

on day 3 were identified as having the highest percentage of variability amongst pooled slices 

(39.86%) whereas the injured slices on day 10 group showed the lowest variability amongst 

the slices and contributed to 18.57%. Within inter-well slice variation analysis, injured slices 

on day 3 group was identified as the highest percentage (59.98%) of variability amongst the 

slices and day 10 injured group contributed only 26.50%. 
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Figure 3.29: Area of migrating cells in ex vivo transection injured spinal cord slices. 
Photomicrographs show representative phase contrast images of transection injured spinal 
cord slices at day 3 (Ai) and day 10 (Aii). Scale bar = 500 µm.  Graph shows area of 
migrating cells in the IZ measured at day 3 and day 10 (B). Schematic diagram shows the 
migrating cells between the cut edges of spinal cord (C).  Mean ± SEM. *=p≤ 0.05 significant 
increase from day 3. The mean differences were analysed using Two-way ANOVA. N=1 
litter (12 pups) which relates to 45 slices per control group per time-point and 45 slices per 
injured group per time-point.  COV between slices of spinal cord pooled or within a well (D) 

* 
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3.3.3.4 Increase in astrocytes, NG2-positive cells and DAPI stained nuclei over time in the 

SZ of transection injured spinal cord slices  

Control and transection injured slices of spinal cord were examined at day 3 and day 10 post 

injury. The slices were fixed and immunostained for markers of astrocytes (GFAP), the 

CSPG NG2 and DAPI nuclear counterstain and the SZ, the zone 100 µm from the edge of the 

IZ, was examined (Figure 3.30).  Stereological analysis was carried out on projected confocal 

image stacks to calculate the Vv of the immunohistochemical staining in the SZ and the 

results were expressed as mean ± SEM (Figure 3.31). The ANOVA revealed that significant 

interaction were found between time effect (F (1,30)=1803, p£ 0.0001) and group effect (F 

(2,30)=33.83, p£ 0.0001). In the SZ, between day 3 and day 10, there was a significant 

increase in Vv GFAP-positive cells. The same patterns were observed on the proportion of 

NG2-positive cells and DAPI-stained nuclei (Figure 3.31).  
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Figure 3.30: Confocal images show SZ of transection injured ex vivo spinal cord slices.  
Photomicrographs show single optical confocal images of GFAP(i), NG2(ii),  and DAPI(iii) 
at day 3 (A) and day 10 (B) post transection injury. * =SZ; Scale bar = 200 µm. 
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Figure 3.31: Vv of cell markers in SZ of transection injured ex vivo spinal cord slice 
cultures. Graph shows the proportion of tissue composed of GFAP, NG2 and DAPI in the SZ 
of transection injured slices. Mean ± SEM.*=p≤ 0.001 significant increase from day 3. The 
mean differences were analysed using Two-way ANOVA. N=1 litter (12 pups) which relates 
to 45 slices per control group per time-point and 45 slices per injured group per time-point.   
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3.3.3.5 Increase in astrocytes, NG2-positive cells and DAPI stained nuclei over time in the 

IZ of transection injured spinal cord slices  

Control and transection injured slices of spinal cord were examined at day 3 and day 10 post 

injury for markers of astrocytes (GFAP), the CSPG NG2 and DAPI stained nuclei in the IZ of 

tissue slices.  The IZ was defined as the epicentre of the lesion (Figure 3.32). Stereological 

analysis was carried out on projected confocal image stacks to calculate the Vv of the 

immunohistochemical staining in the IZ and the results were expressed as mean ± SEM 

(Figure 3.33). The ANOVA revealed that significant interaction were found between time 

effect (F (1,30)=58.53, p£ 0.0001) and group effect (F (2,30)=60.45, p£ 0.0001). In the IZ 

between day 3 and 10, there was a significant increase in Vv GFAP-positive cells. The same 

pattern was observed in the proportion of NG2-positive cells which showed a significant 

increase between day 3 and day 10, however, no significant difference was found in Vv of 

DAPI-positive cells between day 3 and 10 post-injury (Figure 3.33). 
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Figure 3.32: Confocal images showing IZ of transection injured ex vivo spinal cord 
slices.  Photomicrographs show single optical confocal images of of GFAP (i), NG2 (ii),  and 
DAPI (iii) at day 3 (A) and day 10 (B) post injury. * =IZ;  Scale bar = 200 µm. 
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Figure 3.33: Vv of cell markers in IZ of transection injured ex vivo spinal cord slice 
cultures.  Graph show the proportion of tissue composed of GFAP, NG2 and DAPI stained 
cells in the IZ of transection injured slices. Mean ± SEM. p≤ 0.01, .*=p≤ 0.001 significant 
increase from day 3. The mean differences were analysed using Two-way ANOVA. N=1 
litter (12 pups) which relates to 45 slices per control group per time-point and 45 slices per 
injured group per time-point.  



  Chapter 3 : Optimization Of Ex Vivo Models 

137 

 

3.3.3.6 No change in proportion of dead cells over time in transection injured ex vivo 

spinal cord slices 

To examine the cell viability within spinal cord slices in the transection injury model, the 

control and injured slices were stained with dual stains for live cells (FDA) and dead cells 

(PI).  The slices were examined at day 3 and 10 for both control and injured groups (Figure 

3.34).  In the uninjured slices a central zone was examined, this was defined as the central 

region of control slices. In the transection injured slices, a SZ was examined and this was 

defined as a zone that fell in 100 µm radius from the edge of the IZ. For each tissue slice, 6 

images were captured. The cells were counted positive as the cells lay on intersection points 

on the grid. The total count of FDA and PI stained cells was calculated in the projected 

confocal image stacks and expressed as percentages of FDA and PI at day 3 and 10 post-

injury (Figure 3.35).  The confocal images were subjected to written macro and measured in 

batches.  

The live and dead cells in control slices from day 3 and day 10 were compared each 

other, injured slices were compared in similar manner. The ANOVA revealed that there were 

no significant interaction were found between time and group effect. 

Examination of live and dead cells in the transection injury model showed there was 

no significant difference in the percentage of live and dead cells between control slices 

examined on day 3 and 10 and between injured slices on day 3 and 10.  There were also no 

significant differences found in live cells between day 3 and 10 post-injury.  The cells stained 

with live marker in control slices at day 3 showed the highest percentages of live cells found 

across the groups between day 3 and 10 time-points. The cells stained with dead marker in 

control slices at day 3 were showed the lowest percentages of dead cells found across the 

groups between day 3 and 10 time-points (Figure 3.35).  
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Figure 3.34: Live dead assessment of transection injured spinal cord ex vivo slices.  
Photomicrographs show dual staining for live cells with FDA (green) and dead cells with 
PI (red) in control and injured spinal cord slices on day 3 (A and B respectively) and 10 
(C and D respectively) post transection injury.  Scale bar = 200 µm. 
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Figure 3.35: Quantitative analysis of live and dead cells in transection injured spinal 
cord ex vivo slices.  Graph shows the percentage of live and dead cells in the control and 
injured spinal cord slices. Mean ± SEM. The mean differences were analysed using Two-
way ANOVA. N=3 litters (12 pups per litter) which relates to 6 slices per control group 
per time-point and 9 slices per injured group per time-point for each litter. 
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3.3.3.7 Examination of white matter and gray matter in ex vivo transection injured 

spinal cord slices shows bIII Tubulin staining extending toward the lesion site 

To examine the white and gray matter distribution in ex vivo spinal cord slices following 

transection injury, the injured slices were stained with dual stains for neuronal nuclei 

(NeuN) and axons (bIII Tubulin) at day 3 following injury.  To visualize the white and 

gray matter in the longitudinal slices of spinal cord, a series of images were captured 

along the length of the spinal cord slice at 20X magnification and the images were 

stitched using Adobe Photoshop CS6 (Figure 3.36 A&B). 

The area of NeuN and bIII Tubulin immunoreactivity is indicated by neuronal 

nuclei (stained green) and axon of the neurons (stained red) in spinal cord slices following 

transected injury. The DAPI positive cells stained blue as for nuclei-counter staining. The 

transected injury was created on longitudinal spinal slices by cutting midway along the 

length of the spinal cord slices using two sterile scalpel blades that attached together. This 

resulted two separate spinal slices in culture.  The photomicrograph illustrating the IZ 

(indicated by an * symbol) and SZ of transection slices. At day 3 after the injury, the 

transected injury site was found mostly filled with the mix population of bIII-Tubulin 

positive cells, NeuN-positive cells and DAPI stained cells. Following the damaged due to 

the transected injury created by double blade method,  some of the axons were found 

damaged due to the injury. Photomicrograph illustrating differences in axon (bIII-Tubulin 

positive cells) and nuclei (NeuN positive cells) density along the transected injury side. 

Further away from transected injury site, there was much more healthy population of bIII-

Tubulin positive cells that stained axons of the neurons indicating the white matter of the 

spinal cord. A population of NeuN-positive cells were found at the edge of the spinal 

slices. 
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Figure 3.36: Distribution of white matter and gray matter in transection injured ex 
vivo spinal cord slices. Photomicrographs show dual staining for ßIII Tubulin (axons) 
and NeuN (nuclei of neurons) on day 3 in ex vivo transection injured spinal cord slices 
(A). Image showing higher magnification (20X) of ßIII Tubulin and NeuN 
immunostaining (B). Dashed line separate the IZ and tissue region near IZ * =injury site; 
scale bar = 200 µm  
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3.4 DISCUSSION 

The aim of this chapter was to carry out a pilot study to develop ex vivo models of SCI in 

NUI Galway that can mimic injury models in vivo.  These ex vivo models support the 

3R’s concept of replacement, reduction and refinement of animal use in SCI research. 

The observation of the cellular changes in the slices is in real time, allowing the study of 

the interaction of heterogeneous populations of cell types. The heterogeneous populations 

of cells found in vivo are maintained within OSCs with three dimensional connections 

between neurons and supporting cells (Doussau et al., 2017). Despite of their cellular 

architecture is preserved, one can manipulate the treatment strategies to observe the effect 

of treatment strategies on 3-dimensional microenvironments. However, in slice culture 

model, there is no circulating blood in the blood vessels as the tissue has been chopped. 

Three ex vivo models were carried out here (stab injury, contusion injury and transection 

injury) and the results were examined in order to choose a suitable ex vivo model to 

develop further. In this preliminary chapter, phase contrast and confocal microscopy were 

used as imaging tools to gather data on the three ex vivo models of SCI.  

In the ex vivo stab SCI model, the perimeter of the slices was measured using 

ImageJ software and the area of the slices was calculated (in mm2) in order to compare 

the size of the slices.  The size of the slices did not change for the first three days in 

culture, but by day 10 they had increased in size (Figure 3.2). This is due to the slices 

flattening out and interacting with the PTFE membrane of the inserts on which they are 

growing, resulting in tissue spread.  The tissue spread and the changes in the thickness 

approximately 100 µm was also observed in  (Humpel, 2015; Doussau et al., 2017) for 

few days of culture, where this flattened slices are thought to allow preservation of 

network architecture over time (Doussau et al., 2017). This flattening phenomenon also 

demonstrates that the tissue is healthy and growing (Humpel, 2015).  As shown in Figure 

3.15 and 3.16, the increase in pattern of the live cells in comparison with dead cells in live 

dead assay is correlated with the healthy and growing slices as observed in this study. In 

our study, we observed that the 350 µm thick slices flattened well as early as day 4 in 

culture.  Accumulation of immune cells (microglia/macrophages) occurs at the edges of 

slices due to damaged caused by the cutting and slicing procedures. Jin and Yamashita 

(2016) observed that the microglia/macrophage populations are reported to peak at 24 

hours and subsequently drop a few hours later (Nguyen et al., 2011; Jin and Yamashita, 



  Chapter 3 : Optimization Of Ex Vivo Models 

143 

 

2016). We have shown the presence of microglia/macrophage populations in control 

slices in later chapter, however, the proportion of these cells are small and not due to 

damaged caused by the cutting and slicing procedures (Chapter 5; Figure 5.8). Therefore 

optimisation of our culture protocol included delaying any treatment until day 4 in order 

to avoid immune cell involvement from the tissue harvest procedure (refer to 

methodology section 2.2.1).  We also found the slices changed in color from whitish 

opaque on the day of tissue harvest to gray coloured slices over the 10 day timeframe in 

culture (Figure 3.1). This observation supports that reported by Humpel (2015) and 

suggests the macroscopic survival of the slices in culture.  Outgrowth of cells from the 

edge of the living slices is also a positive indicator of slice health (Humpel, 2015).  We 

measured the total area occupied by migratory cells (in mm2) within a 100 µm radius 

from the edge of the slice.  The area of migratory cells significantly increased between 

day 3 and day 10 (Figure 3.6).  No migration was observed at day 1 in culture.  It is 

difficult to determine which type of cells migrated out from the slice, or if these cells 

were alive or dead,  using phase contrast imaging alone.   

We examined the size of the lesion zone in both the stab injury and the transection 

injury models.  In stab injury model, the injury was created using a sterile 27G needle 

targeting the CST within the dorsal white matter.  The area of the lesion size reduced 

from day 1  to day 3 in culture (Figure 3.4A).  Interestingly, the lesion cannot be 

measured on day 10 because the area representing the IZ could not be differentiated from 

the color of the surrounding tissue in phase contrast images.  The same pattern of 

reduction was observed when the Vv of lesion was measured on day 1 and 3, however, no 

significant difference was found (Figure 3.4B).  This highlights a limitation of light 

microscopy to differentiate the cellular changes in thick slices over the 10 days in culture 

used in this study; however phase-contrast imaging is a very useful tool for providing 

information on early events in the organotypic slices.  The closure of the injury site at day 

10 in culture observed with phase contrast imaging following stab injury (Figure 3.3) is 

possibly explained due to the cellular events for example; the development of mature glial 

scar formation (Pinkernelle et al., 2013; Weightman et al., 2014; Pohland et al., 2015), 

the flattened slices and the clearance of the debris within the lesion site by macrophages 

(Wynn and Vannella, 2016). 

In the ex vivo transection model of SCI, the slices were longitudinally cut.  In the 

transection injury the size of the lesion was examined by measuring the area of the gap, 
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i.e. the IZ, between the two cut edges of the injured slices (Figure 3.28).  The size of the 

lesion decreased from day 3 and 10.  The area of gap between the two sides was still 

visible after 10 days in culture.  These results are consistent with those reported by 

Weightman et al. (2014) who suggested that the transection gap using the double blades 

technique was suitable to study axonal growth after the injury.  These consistent results 

helped us to decide upon the transection model as a suitable model to pursue for further 

investigation in this project.  The transection gap filled with migrating cells from both of 

the injured edges of the injured slices (Figure 3.28 and 3.29).  One possible explanation 

for this cellular invasion may be the cellular changes at the site of injury, development of 

the glial scar and clearance of debris at the transection gap.  The formation of a glial scar 

cannot be clearly observed using phase contrast microscopy.  A similar pattern of 

decrease in transection gap distance was reported in a scratch model of injury in vitro, 

where the injury gap was filled with astrocytes and microglia (Boomkamp et al., 2012; 

Boomkamp et al., 2014).  The area (in mm2) of cells migrating into the lesion zone was 

measured after day 3 and day 10 post injury in culture.  The same patterns as those in the 

stab injury model were observed, where the total area of migrating cells increased from 

day 3 to day 10 indicating the slices were healthy and survived (Figure 3.29).  Cells were 

observed migrating to the site of injury as early as day 3 in this study (Figure 3.5 and 

Figure 3.6).  Similar patterns have been reported in both in vitro (Gerardo-Nava et al., 

2014a; Weightman et al., 2014; Pohland et al., 2015) and in vivo studies (Beattie et al., 

2002).  Several studies reported the migratory cell populations included 

microglia/macrophages, neural stem cells, reactive astrocytes and NG2-expressing cells 

(Fawcett and Asher, 1999; Silver and Miller, 2004; Hashemian et al., 2014; Glazova et 

al., 2015; Jin and Yamashita, 2016). 

We also measured the coeeficient of variation (COV), indicated the variability in 

percentage within interwells and pooled data. Interwells include the spinal cord slices 

within a well and pooled COV is the variation among all of the results pooled together. 

We found that COV results for the interwells were much more accurate than the COV 

results for the pooled data (Figure 3.2B, 3.4C,D; 3.6 C,D; 3.27D; 3.28D; 3.29D). For each 

phase contrast parameter analysed, the COV between these parameters was lower when 

slices were examined within a culture well rather than pooling all results from the spinal 

cord slices from different wells. Therefore, interwell analysis was used from this point 

forward for volume fraction analysis due to the reliability of the results.  
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In this pilot chapter, we were interested in the expression of NG2 (one of the 

CSPGs) and reactive astrocytes following injury in both the ex vivo stab injury and 

transection injury models.  NG2 is known to contribute to the glial scar. We observed in 

our study NG2 increased significantly from day 3 to day 10 in the SZ of the stab injury, 

and this concur with Jones et al.,(2002) reported in animal studies that NG2 is 

upregulated between 24 hours and 3 days after injury, peaking at 7 days post injury (Jones 

et al., 2002).  Therefore, we defined our regions of interest: SZ (100 µm from the edge of 

lesion site) and IZ (the site of the injury/lesion).  We measured the Vv of NG2-positive 

cells and GFAP-positive astrocytes following stab injury at day 3 and 10 at these regions 

of interest.  The area (mm2) and Vv of each antigenic marker was measured at top, 

midway through and bottom of the confocal optical slices in the stab injury model and in 

the projected series of confocal images in the transection injury model.  As expected, the 

GFAP and NG2 were expressed at all levels of confocal optical slices (top, midway and 

bottom).  The majority of staining was observed at the midway level in the stab injury 

model (Figure 3.9, 3.10), therefore we decided to use projected series of confocal images 

for further analysis when we progressed on to the transection model.  We compared 

which measurement method (area or Vv) was most suitable to represent the NG2 and 

GFAP data in the slices.  We found the expression of GFAP and NG2 using stereology 

method (Vv) much more representative of our data on day 3 and day 10 (Figure 3.10).  

The Vv of GFAP and NG2 increased significantly from day 3 to day 10 in the SZ of the 

stab injury.  This increase in GFAP expression concurs with other studies of organotypic 

cultures (Pohland et al., 2015) and in vivo studies (Moon et al., 2000b; Donnelly et al., 

2012).  In this pilot study, we counterstained the slices with DAPI to observe the cell 

nuclei as an indirect measurement of slice culture viability (Pinkernelle et al., 2013).  Our 

results show a high level of DAPI stained nuclei at all levels of the slices, suggesting the 

slices contained cells even at day 10 post stab injury in culture.  We also measured the Vv 

of GFAP, NG2 and DAPI in the IZ (Figure 3.13 and 3.14).  We found that the IZ in the 

stab injury model was filled with GFAP-positive cells, NG2-positive cells and DAPI 

stained nuclei.  This suggests that the cells migrating to the IZ of the stab injury may be 

astrocytes, reactive astrocytes, NG2-expressing cells as well as other cell types 

responding to the injury. Silver and Miller (2004) described when macrophage invaded 

the lesion site, chondroitin sulphate proteoglycans (CSPG) and keratan sulphate 

proteoglycans are upregulated, suggesting astrocytes contributed to the extracelullar 
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matrix protein to the  IZ, later, building up the gradient to the formation of glial scar. We 

used the same measurement of Vv in the transection injury model with a slight 

modification.  Instead of measuring the expression level of cell markers at top, midway 

through and bottom of confocal optical slices, we decided to measure the expression level 

using the projected image of the confocal images.  This modification is representative of 

the total expression of GFAP, NG2 and DAPI per slice rather than one optical stack.  We 

found a similar pattern of GFAP and NG2 expression in the SZ at day 3 and 10 (Figure 

3.31).  The Vv of GFAP and NG2 increased significantly as reported previously in 

organotypic slice cultures (Pohland et al., 2015) and in vivo (Moon et al., 2000b) model 

of transection injury.  We also found GFAP, NG2 expressing cells and DAPI stained 

nuclei migrated into the transection lesion gap and increased in day 10 in culture in the IZ 

(Figure 3.33).  

The survival of cells in organotypic cultures is very important.  In addition to 

using  DAPI-nuclei staining as an indirect indicator of viability, we used a dual staining 

live and dead assay of FDA and PI to examine cell viability within spinal cord slices over 

10 days in culture. The explanation to keep the slices in culture for 10 days is most likely 

due to investigate the environment changes following SCI in ex vivo experiment set up 

and the culture should be kept healthy in that period of time. This time window was 

concurred with (Cho et al., 2009) and (Gerardo-Nava et al., 2014a). Cho et al.,(2009) 

kept the slices cultured for 14 days to examine the primary and secondary mechanisms of 

cell death following ex vivo injury, whereby Gerardo-Nava et al.,(2014) kept the culture 

also kept the culture between 7-14 days to investigate the interaction between motor axon 

interaction in postnatal spinal cord.  In all ex vivo spinal injury models, the slices showed 

more live cells than dead cells over the 10 days in culture, with higher percentage of cell 

survival in control slices compared to injured slices. The FDA and PI stains were not 

specific to any particular cell type, however, we observed some FDA-tagged live cells 

that appeared like neurons in Figure 3.24D.  It would be interesting to explore the 

viability of the neurons in organotypic cultures in order to ascertain how well the neurons 

survive in culture.  The survival of the neurons is a major challenge in organotypic slice 

cultures. This is because their lost their target innervation due to slice culture are an 

axotomized system, later, causes neuronal death (Humpel, 2015). However, some of the 

neurons in the cut and cultured slices maintain their axonal connections to other neurons, 

therefore, the axotomy allows one to study neuronal sprouting and reactive 
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synaptogenesis in hippocampal slices (Gähwiler et al., 1997). In our study, we used spinal 

cord slices derived from P4 rat pups for both transverse and longitudinal orientation of 

slices. It has been reported that neurons are more stable in organotypic slice cultures 

when isolated from earlier stages than P6, as neurons tend to be more variable with 

increased age and decline in culture (Bonnici and Kapfhammer, 2008).   

In order to optimise an ex vivo model of SCI with as little variation as possible 

between spinal cord tissue slices, the ratio of white and gray matter in the spinal cord 

slices is an important criteria.  The selection of the slices used in this study, either 

transverse slices for use in the stab injury model or longitudinal for use in the transection 

or contusion injury model, was carefully carried out.  An attempt was made to have an 

equal proportion of both white and gray matter within the slices.  In our hands, we 

managed to obtain eight good slices from one spinal cord.  The slices were selected from 

the middle of the spinal cord and had a good proportion of white and gray matter 

distribution. Weightman et al. (2014) recommended the selection a good slice by 

discarding the extreme lateral margins of the cord due to tendency of fragmented and the 

slices were subjected to dissecting microscope to confirm if their intactness (Weightman 

et al., 2014).  It was difficult to distinguish the white and gray matter in spinal cord cord 

using phase contrast imaging, therefore we use double immunohistochemical staining of 

axons and cell bodies in white and gray matter respectively using bIII-Tubulin and NeuN 

antibodies (Heidemann et al., 2015); (Mazzone and Nistri, 2014; Pakan and McDermott, 

2014).  In all ex vivo models optimised, we demonstrated the distribution of the axons and 

cell bodies across the transverse (Figure 3.17) and longitudinal sections (Figure 3.26, 

3.36), however, we did not calculate the ratio of white and gray matter in the tissue slices.  

The ratio of the white and gray matter is reported to be important parameter in relation to 

locomotor recovery outcome in spinal cord injured rats (Wen et al., 2015).  It also has 

also been reported as an indicator to the progression of neurocognitive disease like 

schizophrenia (Kubicki et al., 2005) and in multiple sclerosis (Enzinger and Fazekas, 

2015).   

The contusion model is the most clinically relevant model to human SCI 

(Cheriyan et al., 2014).  This model is relevant to investigate the pathophysiology 

following acute injury.  In this study, we made a preliminary attempt to establish an ex 

vivo model of spinal cord contusion injury.  We isolated longitudinal spinal cord slices 

and induced a contusion injury using the IH impactor device. This impact force was 



  Chapter 3 : Optimization Of Ex Vivo Models 

148 

 

selected due to its stable and reproducible impact on a sorbothane test block, MillicellÒ 

inserts alone and fixed tissue on MillicellÒ inserts as shown in (Figure 3.18 - 3.21).  The 

contusion injury on the fixed tissue showed an optimal injury with 50 kdyn impact that 

did not affect the surrounding tissue following the impact which suggests a mild injury 

introduced to the tissue. Our results concur with other studies using the same setting of 

50-kdyn force impact and mouse impactor tips indicating a moderate injury of contusion 

injury (Bastien et al., 2015).  We observed that impact of a higher force than 100 kdyn 

showed tissue damage to the surrounding slices and at 200 kdyn damage was caused to 

the membrane of the inserts (Figure 3.22F).  Therefore, we further tested the 50 kdyn on 

longitudinal slices of spinal cord tissue.  After 3 and 10 days in culture, the slices were 

fixed and stained for live/dead assay and white/grey matter distribution using 

immunohistochemical staining.  The high percentage of live cells in the slices indicated 

the cells survived after the impact, although dead cells were also reported (Figure 3.25).  

We also observed the distribution of white and gray matter in the slices demonstrating 

that the contusion injury impacts both white and gray matter during the injury(Figure 

3.26).  This can be explained as the diameter of mouse impactor tip used in this study is 

1.25 mm in diameter, which would impact both and white and gray matter on the slices.  

It would have been interesting to carry out immunohistochemical staining for GFAP and 

NG2 to get a complete picture of their prevalence in the lesion and SZ(s) but we were 

conscious of the precious tissue supply that we had and the time constraints of the project. 

In summary,  all the ex vivo models of SCI presented here have fullfilled the 3R’s 

concept of replacement, reduction and refinement of animal use in SCI research models.  

Each model aimed to generate a consistent, easily reproducible and graded injury that 

represents SCI pathology in humans as close as possible.  The validation performed in the 

three models indicated that the transection model is the best model to investigate neuronal 

regeneration following injury. The COV results for the interwells were much more 

accurate than the COV results for the pooled data, suggesting interwell analysis was used 

from this point forward for volume fraction analysis.  The use of the transection model of 

SCI offers a complete disconnection between the caudal and rostral segments of the 

spinal cord slices. This ex vivo model showed the ability to study the transection gap 

following transection injury and expression of different cell types that may help to 

incorporate strategies to promote axonal outgrowth following SCI ex vivo. 
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CHAPTER FOUR 

DEVELOPMENT OF HOMEMADE CELL CULTURE INSERTS AS 

AN ALTERNATIVE TO COMMERCIALLY AVAILABLE 

MILLICELLâ CELL CULTURE INSERTS 

4.1 INTRODUCTION 

The cellular changes after SCI can be investigated using in vitro and ex vivo model.  

Research using in vitro models of SCI have examined the specific cellular consequences 

after the trauma either with neuronal cells, glial cells or a mixture of glial-neuronal 

culture systems (Ellis et al., 1995; Gallo, 2004; Blizzard et al., 2007). In vitro model 

systems are suitable for study of the primary and secondary injury cascades after trauma-

induced on the culture dish in a monolayer (Morrison et al., 1998a).  One of the benefits 

of using in vitro models of SCI involves studying the alteration in ultrastructural changes, 

ion derangements and the alteration of electrophysiology and free radicals (Morrison et 

al., 1998b).  In a manner similar to animal models, in vitro models of SCI involve 

manipulation to induce transection (Cengiz et al., 2012), compression (Kim et al., 2010b), 

cell stretch (Geddes et al., 2003) and weight drop (Adamchik et al., 2000) injury using 

specific devices designed to mimic injury observed in animal and human SCI. These CNS 

injury models of in vitro which involving culturing monolayer cells are only suitable for 

drug screening on specific cell types, however, the effect of the drugs does not represent 

all the populations of the cells in a 3-dimensional microenvironments.  Although the 

behaviour of the cells can be observed on the plastic dish, the results obtained from in 

vitro studies ultimately need to be repeated in vivo (Edmondson et al., 2014).   

The ex vivo slice culture model system involves the culture of a piece of specific 

tissue in a controlled microenvironment for a specific time period (Morrison et al., 

1998b).  The cellular architecture of spinal cord slice cultures derived from postnatal age 

and adult animals are reported to be preserved throughout the studies (Humpel, 2015). 

This slice culture model system involves a complex interaction of heterogeneous cells and 

extracellular matrices, allowing the effect of any proposed treatment to be examined in a 

similar manner to that observed in in vivo studies.  Hypoxia in the tissue may be one of 

the confounding factors of culturing tissue slices, however, the slice culture system has 
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overcome this problem by controlling the thickness of the slices (Abu-Rub et al., 2010).  

Ex vivo spinal cord slice cultures are feasible to perform and reduce the cost of 

consumables.  These culture models mean that the effect of drugs or other therapies for 

SCI can be evaluated faster and with less expensive (Morrison et al., 1998b). 

One of the advantages of using ex vivo spinal cord slice cultures is that the culture 

system is in line with the concepts of the 3R’s in animal research, i.e. replacement, 

reduction and refinement (Edmondson et al., 2014).  Ex vivo spinal cord cultures save a 

lot of time in management of post-operative animal care after the induced injury (Abu-

Rub et al., 2010). The data from ex vivo culture models are comparable with in vivo 

multiple studies as reported by (Holmes et al., 2017).  The use of spinal cord slices has 

been reported to be convenient and relevant as this culture system can be developed in 

any lab and can be controlled under comparable conditions.  The culture of spinal cord 

slices can be used as an important step before the development of treatment in animal 

model of SCI.  In the early years of ex vivo culture, Hoffer and colleagues (1974) used an 

anterior eye chamber or an oculo model system to study part of the brain in isolation, Eg. 

the hippocampus and cerebellum (Hoffer et al., 1974).  The oculo model was chosen in 

earlier days because part of the anterior eye contains blood supply that helps to grow the 

isolated part of the brain and can be used to investigate the eye directly.  Later studies 

involved the roller tube technique to culture brain slices that were placed on coverslips 

with the help of plasma that acts like a glue adhering the slices to the coverslip (Gähwiler, 

1988).  This technique showed promising success, however, some slices detached from 

the coverslip and the samples were lost during culture.  With the advancement of 

membrane technology, semipermeable membrane techniques were introduced after the 

roller tube technique (Stoppini et al., 1991).  The slices were placed on a semipermeable 

membrane in an insert and medium was added below the membrane.  This ex vivo culture 

allowed two compartments to be involved and the slices only got substrates or certain 

media through the semipermeable membrane.  The slices also could be investigated in co-

culture with other cells growing in the lower compartment (Stoppini et al., 1991). 

A growing body of literature has reported the use of semipermeable membranes to 

culture ex vivo brain and spinal cord tissue slices using inserts attached to cell culture 

plastics (Ullrich et al., 2011; Ullrich and Humpel, 2011; Shamir and Ewald, 2014). 

Studies using other tissue have also been reported using semipermeable membranes 

including liver (Vickers et al., 2017) and tumor slices (Merz et al., 2017; Parker et al., 
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2017).  The demands of this technology make the inserts very costly.  Koyama and 

colleagues developed their own design of inserts to culture brain slices to reduce the high 

consumable costs in their study (Koyama et al., 2007).  They found that there was no 

difference in the cultivation of the brain slices grown in their homemade inserts and the 

commercial Millicell® cell culture inserts (Merck Millipore, Germany).  Brennan and 

colleagues attempted to design an oxygen impermeable membrane insert using 3-D 

printing technology (Brennan et al., 2015).  They developed a microfluidic device using 

an oxygen impermeable membrane (Polydimethylsiloxane) that controlled the absorption 

of oxygen in the culture system (Brennan et al., 2015).  Sumi and colleagues developed 

multi-funnel cell culture inserts that helped to increase the production of cell spheres 

throughout the culture (Sumi et al., 2017).  These multi-funnel inserts helped to control 

the size and shape of the cell spheres and performed better than static and hanging drop 

methods used previously (Sumi et al., 2017). 

In our first research chapter (Chapter 3) where we carried out a pilot study to 

decide on the best ex vivo model of SCI, we used a large number of Millicell® cell 

culture inserts (Merck Millipore, Germany) to grow spinal cord slices.  We found that the 

cost of buying the inserts was extremely high and not sustainable.  A box of 50 inserts 

costs approximately €400.  We decided to attempt to recycle and reuse the ring from used 

Millicell® inserts.  We combined these inserts with a commercially available 

semipermeable membrane; Omnipore® (Merck Millipore) using a stamp to connect both 

objects together.  This meant we could create our own homemade inserts that can save a 

lot of our consumable costs and still produce reliable and reproducible results.  We 

developed several generations of stamp prototypes to assemble the reused ring and 

Omnipore membrane.  Our hypothesis was that the generation of homemade cell culture 

inserts would be an alternative cheap way to grow and maintain ex vivo spinal cord slice 

cultures and produce reliable results comparable with growing spinal cord slices using 

commercially available inserts.  The aim of this chapter was to create a reliable in-house 

cell culture insert to grow spinal cord slices ex vivo and to examine the physical 

characteristics of these inserts and their biocompatibility with spinal cord slices.  
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4.2 EXPERIMENTAL DESIGN 

The idea of designing a homemade insert is based on the Lock and Key analogy.  Here, 

the recycled Millicell® cell culture insert ring is the lock and the stamp designed by us in 

NUI Galway is the key.  Several prototypes of stamp were designed and fabricated in this 

study. The prototypes were designed and drawn using CATIA software (see Section 2.8).  

The first and second generation stamp prototypes were fabricated using a 3D printer in 

Makerspace, NUI Galway.  These two stamp prototypes were made from Polylactic Acid 

(PLA)-based filament material with a 2.85 mm nozzle filament built-in.  The third 

generation of stamp prototype was fabricated using stainless steel in the Physics 

Department, NUI Galway.  A homemade kit was developed to assemble the recycled ring 

from Millicellâ cell culture inserts and a 0.45 µm Omniporeâ Membrane Filter (see 

Section 2.8.1).  The homemade cell culture inserts were tested and compared with the 

commercially available Millicellâ cell culture insert in terms of the different type of 

adhesive glue used for compatibility to culture conditions, surface topography of the 

inserts (see Section 2.8.2), surface metrology and depth and roughness surface analysis 

(see Section 2.8.3).  The homemade cell culture inserts were also tested in culture 

conditions with spinal cord longitudinal slices to assess the percentage of live and dead 

cells after 3 and 10 days in culture (see Section 2.5). One technical repeat was carried out 

for this experiment. 

 

4.3 RESULTS 

4.3.1 First generation stamp prototype for development of homemade cell culture 

inserts 

The design of the first generation stamp prototype was based on the ring size of the 

Millicellâ cell culture insert (Merck Millipore, Germany).  The Millicellâ cell culture 

insert ring consisted of 1mm groove depth.  The idea of designing a homemade insert was 

based on a Lock and Key analogy that was first postulated by Emil Fischer in 1894.  

Briefly, in this analogy, the lock is the Millipore ring and the key is the stamp.  Only the 

correct sized key (stamp) fits into the key hole (ring grooves) of the Millicellâ cell 

culture insert ring.  The drawings of the stamp are shown in Figure 4.1(A) and 4.1(C).  

The first generation of the stamp was designed at 10 mm height shown in Figure 4.1(B).  
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The first generation of stamp prototype was fabricated by Ultimaker 3 D Printer 

(Makerspace, NUIG) using a PLA-based filament with a 2.85 mm diameter nozzle for 63 

mins (Figure 4.1D).  This stamp can be subjected to UV rays for sterilization.  Although 

the PLA-based filament material is environmental friendly and easy to print, the 

resolution of the printing was very low quality resulting in the surface of the stamp not 

fitting into the Millicell® insert ring.  This meant that the membrane that attached to the 

recycled insert ring detached and was easily torn.  This stamp was not satisfactory for our 

purpose. 
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Figure 4.1: First generation stamp prototype. The CATIA mechanical drawing of the first 
generation stamp prototype is shown (A). The height of the first generation of stamp 
prototype was fabricated at 10 mm as illustrated in the 2-dimensional (2D) drawing (B). The 
3-dimensional (3D) CATIA drawing shows the stamp generated (C). The PLA based filament 
stamp (D) was fabricated using Ultimaker 3D printer. All the dimension units are measured 
in millimeter (mm). 
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4.3.2 Second generation stamp prototype for development of homemade cell culture 

inserts 

The design of the second generation stamp prototype was based on the first generation stamp 

prototype with some modifications.  The height of the second stamp prototype was designed 

10mm higher than the first prototype.  The stamp was refined in shape and fabricated at 

higher resolution in comparison to the first generation stamp.  The CATIA drawings of the 

second generation stamp are shown in Figure 4.2(A) and 4.2(C).  The second generation of 

the stamp was designed at 20mm height as shown in Figure 4.2(B).  The second generation 

stamp prototype was again fabricated by an Ultimaker 3 D Printer using a PLA based 

filament with a 2.85 mm diameter nozzle for 105 mins (Figure 4.2D).  This stamp prototype 

can be subjected to UV rays for sterilization.  The second stamp prototype was higher than 

the first generation stamp and the height of the stamp acted as a finger holder to introduce 

force to assemble recycled insert ring and the membrane.  However, due to the low quality of 

the printing the stamp again did not fit into the Millicell® insert ring.  This second generation 

stamp prototype was substandard and was not fit for purpose. 
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Figure 4.2: Second generation stamp prototype. The CATIA mechanical drawings of 
second generation stamp prototype are shown (A). The height of the second generation stamp 
prototype was fabricated at 20 mm as shown in the 2D drawing (B). The 3D CATIA drawing 
of the stamp is shown in (C). The second generation PLA based filament stamp (D) was 
fabricated using an Ultimaker 3D printer. All the dimension units were measured in 
millimeter (mm). 
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4.3.3 Third generation stamp prototype for development of homemade cell culture 

inserts 

The design of the third generation stamp prototype was based on modification of the first and 

second generation stamp prototypes.  The third generation prototype consisted of 2 

components: component 1 (Figure 4.3 A-D) and component 2 (Figure 4.3 E-H).  The idea of 

designing a homemade insert is remained based on the Lock and Key analogy whereby the 

Millicellâ ring is the lock and the stamp is the key.  Component 1 of the third prototype was 

used as a base to hold the Millicellâ ring and component 2 was the stamp that fitted into the 

ring.  The drawings of the each component of the third generation prototype are shown in 

Figure 4.3(A,B) and 4.3(E,F).  The third generation of the stamp was designed at 14 mm 

(component 1) and 32 mm (component 2) height as shown in Figure 4.3(C) and 4.3(G) 

respectively.  The third generation of stamp prototype was fabricated by a Stainless Steel 

Maker (Department of Physics, NUI Galway) using stainless steel material for 3 hrs (Figure 

4.3D and Figure 4.3H).  This prototype can be subjected to 70% ethanol and exposed to UV 

light for 2 hrs sterilization.  
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Figure 4.3: Third generation stamp prototype. The CATIA mechanical drawings of 
component 1 and component 2 of the third generation stamp prototype are shown (A, 
E respectively) and in 2D drawings (B,F respectively).  The 3D CATIA drawings of 
component 1 and component 2 are shown in (C, G respectively). The stainless steel based 
stamp component 1 (D) and component 2 (H) was fabricated in the Physics department, NUI 
Galway. All the dimension units were measured in millimeter (mm). 
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4.3.4 Development of a set-up kit for assembly homemade cell culture inserts 

In order for the recycled Millicellâ insert rings to be connected with a membrane filter using 

the third generation prototype stamp design, a set of items were required for each step of the 

assembly.  The dimensions of the Millicellâ ring is shown in Figure 4.4.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: Dimension of used Millicell® Insert ring in the development of homemade 
inserts. The CATIA mechanical drawings of Millipore Insert ring are shown in top view (A), 
side view (B) and bottom view (C). All the dimension units were measured in millimeter 
(mm).  
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A simple set of equipment was used to assemble the homemade cell culture inserts as shown 

in Figure 4.5. The rapid assembly homemade kit consisted of an Omniporeâ Membrane 

Filter (Figure 4.5A) and recycled Millicellâ cell culture insert rings (Figure 4.5B).  The glue 

used in this study was Loctiteâ super glue for plastic (Figure 4.5C) and activator for 

Loctiteâ super glue for plastic (Figure 4.5D).  A Dumont #5 fine forceps (Figure 4.5E) was 

used to hold the Omniporeâ Membrane Filter and a student Iris scissors (Figure 4.5F) was 

used to cut a piece of the membrane filter to fit the ring size.  Component 1 base (Figure 

4.5Gi) of the third generation prototype was used to hold the Millicellâ cell culture insert 

ring.  Glue was dispensed onto the upper surface of the insert ring and the membrane filter 

was placed on top.  The component 2 stamp (Figure 4.5Gii) was then fitted into position to 

secure the membrane filter to the ring.  The assembly of these items together is shown in 

Figure 4.6. 
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Figure 4.5: The rapid set-up kit for assembly of homemade cell culture inserts. The kit 
consisted of Omniporeâ Membrane Filters (A), recycled Millicellâ culture insert ring (B), 
super glue for plastic (C), activator for plastic glue (D), Dumont #5 fine forceps (E), student 
Iris scissors (F), component 1 stainless steel base (Gi), component 2 stainless steel stamp 
(Gii).  
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Figure 4.6: Assembly of homemade inserts using third generation stamp prototype. 
The 3D CATIA drawings of the components of homemade inserts that consist of recycled 
Millicellâ ring (1), Omnipore® membrane filter (2), component 1 and component 2 of the 
stamp prototype (3 and 4).  The final assembly of the homemade insert is shown in B.  The 
Omnipore® membrane filter is trimmed according to the size of the Millicell® ring using 
student Iris scissors. 
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4.3.5 Selection of adhesive glue for assembly of homemade cell culture inserts 

To determine which adhesive glue provides best compatibility with Millicellâ cell culture 

inserts ring and the Omniporeâ Membrane Filter, four types of glue were tested in this study.  

The cell culture inserts with the different types of glue were sterilized in 70% ethanol and UV 

light and incubated with culture media overnight in a cell culture incubator.  Epoxy glue 

(Figure 4.7A), Loctiteâ super glue for universal use (Figure 4.7B) and Loctiteâ super glue 

ultra-gel control (Figure 4.7C) created an opaque colour over the surface of the Omniporeâ 

Membrane Filter after overnight incubation in 1 ml of culture media in 5% C02 at 370C.  The 

homemade insert with Loctiteâ super glue for plastics (Figure 4.7E) showed a similar 

appearance to the unaltered Millicellâ cell culture inserts in the same incubation conditions 

(Figure 4.7D). Therefore, Loctiteâ super glue was used from this point forward to assemble 

homemade cell culture inserts and tested further to grow spinal cord slices in culture 



 Chapter 4 : Development of Homemade Inserts 

164 

 

 

  

Figure 4.7: Optimization of glue used in the development of homemade inserts. The 6 
well tray in the figure shows Millicell rings of cell culture inserts attached to Omniporeâ 
Membrane Filter using epoxy glue (A), Loctiteâ super glue for universal use (B), Loctiteâ 
super glue ultra-gel control (C)  and Loctiteâ super glue for plastics (E). An intact 
unrecycled Millicell cell culture insert is shown in (D).   
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4.3.6 Surface topography of homemade inserts different than commercial inserts  

In order to examine the surface topography of homemade and commercially available 

Millicellâ inserts, the inserts were prepared for SEM imaging at different angles.   The 

surfaces of the inserts were gold coated for 15 mins prior to SEM imaging.  The degree of 

angle was set at 00, 50 to left and 50 to the right from the zero degree center point.  There were 

differences observed between the surface topography of commercially made inserts (Figure 

4.8A i-iii) and homemade inserts (Figure 4.8B i-iii) at the three different angles.  The pore 

size of the 0.45 µm Omniporeâ Membrane Filter from homemade inserts were clearly visible 

(4.8B) compared to commercial made inserts.  All the images were captured using 15 kV, 

13.6 mm x 700 mm dimension.  The small object indicated by the white arrowheads in Figure 

4.8 provided a useful landmark to center the image during imaging. 
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Figure 4.8: SEM analysis of cell culture inserts. SEM photomicrographs Millicellâ inserts (Panel A) and homemade cell culture Inserts 
(Plane B). The images were captured at different angles of five degrees to left (i), zero degrees (ii) and five degrees to right (iii). A small object 
on the inserts was used as a landmark as center of image (white arrowheads). Scale bar = 50 µm.
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4.3.7 Surface metrology of homemade inserts different than commercial inserts 

Differences in surface texture of homemade inserts and commercial Millicellâ inserts 

were examined by analysis of surface metrology (MeX).  This involved the generation of 

3D images from the SEM images captured at different angles and examination of these 

images using MeX software.  Texture differences are important as these give information 

on fundamental properties such as adhesion and aesthetics.  The surface metrology of 

Millicellâ inserts was between 2 to -1.5 µm (Figure 4.9A), whereby the MeX of 

homemade inserts was identified between 10 to -14 µm (Figure 4.9B). 
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Figure 4.9: Surface metrology (MeX) of 3D SEM images. Photomicrographs show 3D 
dataset of SEM images of commercial Millicellâ inserts (A) and homemade cell culture 
inserts (B). Scale bar ranging from 12 to minus (-)14 µm. 
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4.3.8 No difference in depth (z) analysis between homemade inserts and 

commercial inserts 

In order to examine the roughness surface profile of the commercial Millicellâ made 

inserts and homemade inserts, the inserts were subjected to SEM imaging.  To measure 

roughness on the surfaces of both inserts, three straight lines were drawn (top, middle and 

bottom lines) on the SEM images generated from the inserts.  The hand-drawing tool 

using lines was used in the MeX software as represented by the red lines in Figure 4.10A.  

No difference in z depth pattern was observed between Millicellâ inserts and homemade 

inserts (Figure 4.10B).  There was no significant difference in average roughness (Ra) 

between Millicellâ inserts and homemade inserts (Figure 4.10C). 
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Figure 4.10: Depth (z) analysis of inserts. Photomicrographs show SEM images of 
Millicellâ insert (Ai) and homemade insert (Aii) with depth drawing bar (red line).  The 
scale bar is presented ranging from 16 to minus (-) 12 µm. Line graphs show the depth (z) 
plane measurement of Millicellâ insert (Bi) and homemade insert (Bii). Bar graph shows 
roughness profile of Millicellâ and homemade inserts (C). Mean ± SEM.
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4.3.9 Cell viability decreased in spinal cord slice cultures grown on homemade 

inserts over time  

Cell viability was examined within spinal cord slices grown on homemade inserts.  

Control and injured spinal cord slices were grown for 3 and 10 days on the inserts and 

then stained with FDA to label live cells and PI for dead cells (Figure 4.11).  The 

percentage of cells stained with FDA and PI at day 3 and 10 post injury are shown in 

Figure 4.12. The live and dead cells in control slices from day 3 and day 10 were 

compared each other, injured slices were compared in similar manner. The ANOVA 

revealed that only time effect was found significant (F (1,170)=4332, p£ 0.0001). The 

results indicate that the percentage of live and dead cells at each time point was different 

between control and injured slices, with increased dead cells observed in the injured slices 

and hence reduced live cells in these slices.  Between day 3 and day 10 reduction of live 

cells were also observed in control and injured spinal cord slice cultures (Figure 4.12).  
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Figure 4.11: Live dead assay in spinal cord ex vivo slices on day 3 and 10 in culture 
after transection injury on homemade inserts.  Photomicrographs show dual staining 
for live cells with FDA (green) and dead cells with PI (red) in control and injured spinal 
cord slices on day 3 (A and B respectively) and 10 (C and D respectively) post transection 
injury.  Scale bar = 200 µm. 
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Figure 4.12: Quantitative analysis of live and dead cells in ex vivo spinal cord slices 
on homemade inserts.  Graph shows the percentage of live and dead cells in the control 
and injured spinal cord slices cultured on homemade inserts. Mean ± SEM. *=p≤ 0.05 
significant increase from day 3 dead cells, +p ≤ 0.05 significant decrease from day 3 live 
cells. The mean differences were analysed using Two-way ANOVA. N=3 litters (12 pups 
per litter) which relates to 6 slices per control group per time-point and 9 slices per 
injured group per time-point for each litter.   
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4.3.10 Reduction in cell viability in spinal cord slices grown on homemade inserts 

compared to MillicellÒ inserts  

A comparison was made between live and dead cells in spinal cord slices grown on 

Millicell® inserts and homemade inserts (see Figure 4.13).  The results show the 

percentage of live and dead cells in the control and injured spinal slices at day 3 (Figure 

4.13A) and day 10 (Figure 4.13B) post injury.   

 

The live and dead cells in control slices from day 3 and day 10 were compared each other, 

injured slices were compared in similar manner. The ANOVA revealed that only time 

effect was found significant (F (1,137)=12242, p£ 0.0001). 

The percentage of live cells was significantly higher in MillicellÒ inserts compared to 

homemade inserts.  For both the control and the injured slices at day 3, the percentage of 

live cells was significantly higher in MillicellÒ inserts compared to homemade inserts 

(Figure 4.13A).  At day 10, the same pattern of higher percentage of live cells was 

observed in both the control and the injured group in MillicellÒ inserts compared to 

homemade inserts (Figure 4.13B). 
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Figure 4.13: Quantitative analysis live and dead assay of spinal cord slices grown on 
Millicell® Cell Culture Inserts and Homemade Inserts. Graph shows the percentage of 
live and dead cells in the control and injured spinal cord slices cultured on Millicell® Cell 
Culture Inserts and Homemade Inserts at day 3 (A) and day 10 (B). Mean ± SEM.  *=p≤ 
0.05 significant increase from MillicellÒ dead cells, +p ≤ 0.05 significant decrease from 
MillicellÒ live cells. The mean differences were analysed using Two-way ANOVA. N=3 
litters (12 pups per litter) which relates to 6 slices per control group per time-point and 9 
slices per injured group per time-point for each litter..    
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4.4 DISCUSSION 

There are major advantages to using ex vivo models of SCI, in particular the reduction in 

numbers of animals and elimination of the need for post-operative care (the latter of 

which is extremely demanding in SCI research projects).  However, researchers have 

recognized that it is an expensive research method and have tried to reduce the cost using 

homemade devices (Ibrahim et al., 2000; Shen et al., 2014).  Cell culture inserts 

incorporating semipermeable membrane technology are important tools for the successful 

culture of ex vivo tissue slices (Stoppini et al., 1991; Shamir and Ewald, 2014; Humpel, 

2015). The demands of this technology make the inserts very costly (Koyama et al., 

2007).  With this in mind, we developed homemade inserts using the recycled insert rings 

of Millicell® cell culture inserts in combination with an Omnipore® semipermeable 

membrane.  We designed a stamp to assemble the insert ring and the membrane and 

compared the physical and cell viability properties of these homemade inserts to 

commercial inserts (Millicell®).  If successful, the major cost of consumables could be 

significantly reduced and a sustainable method of carrying out multiple experiments using 

cell culture inserts to grow spinal slices ex vivo is feasible.  Koyama and colleagues 

(2007) made an attempt to develop homemade cell culture inserts by designing the very 

specific doughnut plate base for inserts in combination with a semipermeable membrane 

(Omnipore®).  In the latter study there were no significant differences found in patch 

clamp recordings, neurite tracing nor cell degeneration using their homemade inserts 

compared with Millicell® inserts (Koyama et al., 2007).  

In this study we designed three stamp prototypes to assemble the insert ring of 

Millicell® recycled inserts and Omnipore® membranes.  The first and second generations 

of stamp prototypes were fabricated using 3D printing using Ultimaker 3D printer.  The 

stamp was fabricated from a PLA-based filament material which is reportedly a 

biodegradable thermoplastic (Calabia et al., 2010; Nishida, 2010). The first generation 

PLA-based filament material was very low quality resulting in the the surface of the 

stamp not fitting into the Millicell® insert ring (Figure 4.1).  This meant that the 

membrane that attached to the insert ring detached and was easily torn.  The second stamp 

prototype was higher and the height of the stamp acted as a finger holder to introduce 

force to assemble the ring and the membrane (Figure 4.2).  However, due to low quality 

of the printing the stamp again did not fit into the Millicell® insert ring.  The third 
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generation of stamp was designed and fabricated using stainless steel in Department of 

Physics, NUI Galway (Figure 4.3).  The third generation of stamp prototype was a perfect 

fit for the Millicell® insert ring use (Figure 4.6).  With this stamp, the assembly of the 

recycled insert ring and membrane was successful and produced a comparable surface 

tension to the Millicell® cell culture inserts.  These homemade inserts can be produced in 

10 mins average assembly time and reduced significantly the cost of consumables.  A box 

of 50 Millicell® cell culture inserts costs approximately €400 (€8 per unit).  Our 

homemade cell culture inserts only required purchase one expensive product, the 

Omnipore® membranes.  For 100 pieces of the Omnipore® membrane the cost was €250 

which makes €2.50 per unit. Other studies also made several attempts to reduce the cost 

and increase the output of the research (Koyama et al., 2007; Sumi et al., 2017). Koyama 

and colleagues developed their own design of inserts to culture brain slices to reduce the 

high consumable costs in their study (Koyama et al., 2007).  They found that there was no 

difference in the cultivation of the brain slices grown in their homemade inserts and the 

commercial Millicell® cell culture inserts (Merck Millipore, Germany). Sumi and 

colleagues developed multi-funnel cell culture inserts that helped to increase the 

production of cell spheres throughout the culture (Sumi et al., 2017).  These multi-funnel 

inserts helped to control the size and shape of the cell spheres and performed better than 

static and hanging drop methods used previously (Sumi et al., 2017). 

Several physical and functional tests were carried out to examine the feasibility of 

using our homemade inserts instead of Millicell® cell culture inserts.  To examine the 

surface properties of the both homemade and Millicell® inserts, the surface topography 

and metrology analysis were carried out using SEM (Castle and Zhdan, 1997).  Both of 

the membranes are made from the same material -  PTFE.  The texture differences (Figure 

4.9) found between homemade and Millicell® inserts was due to the pore size of the 

Omnipore® membrane used in homemade inserts, which is 0.45 µm compared to the 

Millicell® inserts, which is 0.4µm pore size.  The differences in the texture give different 

fundamental properties such as adhesion of the membrane.  To investigate the surface 

tension of both homemade and Millicell® inserts, depth and roughness analysis were 

carried out using SEM.  Interestingly, we found that surface tension properties were no 

different in terms of the depth and roughness profiles of both of the inserts (Figure 4.10).  

This indicates that the assembly of the membrane and the inserts using the third 

generation stamp generated the same surface tension as Millicell® inserts.  The surface 
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tension on the membrane is very important for maintaining slice cultures for periods of 

the time in culture.  To determine if our homemade inserts could be used to culture spinal 

cord slices over time, slices were cultured and a transection injury was induced to slices 

growing on both the homemade and Millicell® inserts.  The spinal cord slices were fixed 

at day 3 and 10 in culture and cell viability was compared in slices grown on both types 

of insert.  The spinal cord slices were observed to be healthier on the Millicell® inserts 

and there were significantly fewer viable cells on the homemade inserts compared to the 

Millicell® inserts (Figure 4.13).  The percentages of dead cells were higher in the 

homemade inserts compared to Millicell® inserts perhaps due to leaching of the glue 

used to assemble the insert ring and membrane into the medium, as research has shown 

the toxic effect of glue leaching (Szep et al., 2002).  Further studies need to be carried out 

to investigate the use of an alternative glue that does not affect the survival of the slices. 

These current data suggest that our homemade inserts can reduce consumable 

costs and offer a sustainable material to use in the culture of spinal cord slices with some 

required modifications.  The total time to assemble the ring and membrane takes less than 

10 mins and this could be reduced with practice.  With these convincing findings, we 

submitted this work as part of an Invention Disclosure application to the Technology 

Transfer Office at NUI Galway.  It is possible to refine the production procedure as the 

quantity of the insert production can be increased by designing multi stamp components 

and the production time can be reduced with more practice at the assembly procedure. 
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CHAPTER FIVE 

EFFECT OF CHABC TREATMENT ON THE CELLULAR 

ENVIRONMENT IN EX VIVO TRANSECTED RAT SPINAL CORD 

SLICES 

5.1 INTRODUCTION 

The hallmark of the SCI is the formation of the glial scar that arises following the injury.  

The glial scar is associated with reactive astrogliosis, upregulation of ECM components 

and immune cells at the site of injury (Fawcett, 2015). The newly proliferated reactive 

astrocytes, NG2 glia and microglia contributed to the border around the injured area or 

lesion core that form glial scar (Wanner et al., 2013; Anderson et al., 2016b). The lesion 

core contains a mixture of perivascular-derived fibroblast, pericytes, ependymal cells and 

macrophages (Anderson et al., 2014). Furthermore, these cells may play a role in repair of 

the injured site in the acute stage of injury (Anderson et al., 2016b; Adams and Gallo, 

2018). Sofroniew and Vinters (2010) described how astrocytes undergo major changes 

including alteration in morphology, molecular and functional changes especially at the 

site of injury (Sofroniew and Vinters, 2010).  After the injury, the normal physiology and 

functions of astrocytes are disrupted and there is an accumulation of reactive astrocytes at 

the site of injury (Silver and Miller, 2004).  The astrocytic cell body and processes 

became hypertrophied and as a consequences, the GFAP immunohistochemical staining 

for intermediate filaments is reported to be denser than normal astrocytes (Sun and 

Jakobs, 2012).  Upregulation of GFAP at the site of injury and near the site of injury has 

been reported for period of time (Brenner, 2014; Yang and Wang, 2015a).  Sosunov et al., 

(2013) observed that accumulation of GFAP in astrocytes changes the phenotypic 

protoplasmic astrocytes to reactive astrocytes (Sosunov et al., 2013).  Vimentin, another 

form of intermediate filament protein in reactive astrocytes, was reported to increase after 

SCI (Luna et al., 2010).  Shibuya et al., (2009) reported that nestin was also upregulated 

during astrogliosis indicating that new astrocytes are generated to compensate the 

astrocytes lost during the injury (Shibuya et al., 2009). These markers are upregulated in 

reactive astrocytes as an indicator of astrogliosis after SCI. The migration of astrocytes to 

the site of spinal cord injury has been noted in many studies (Shibuya et al., 2009; 
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Renault-Mihara et al., 2011; Okada et al., 2017).  These studies showed that migration of 

reactive astrocytes to the site of injury in the early stages post injury helps to protect 

damaged neurons and has been reported to reduce demyelination and enhance locomotor 

recovery.  However, at later stages the reactive astrocytes form a physical barrier (the 

glial scar) at the injury site and inhibit axonal regeneration (Silver and Miller, 2004).   

Radial glia are another important cell present at the site of injury.  The presence of 

distinct heterogenous populations of radial glial cells in lesion site of the spinal cord 

following injury has been studied (Petit et al., 2011).  Radial glia are primarily present in 

developing spinal cord.  They actively proliferate during neurogenesis and lose the radial 

processes as they differentiate (McMahon and McDermott, 2002; McDermott et al., 

2005). Radial glia have been shown to promote recovery of function after SCI (Hasegawa 

et al., 2005).  Brain Lipid Binding Protein (BLBP) is a radial glia cell antigenic marker 

(Bannerman et al., 2007; Mita et al., 2007).  BLBP is also associated with neural 

progenitor cells in the adult spinal cord (Shibuya et al., 2003).  Shibuya et al., (2003) 

observed that radial glia are present throughout the white matter from below the pial 

surface after contusive SCI in adult rats.  As the contusive injury developed further after 4 

weeks post injury, the presence of radial glia was observed in grey matter around the 

central canal, associated with ependymal cells and blood vessels and suggested that radial 

glia may help in neural repair (Shibuya et al., 2003). 

The CSPG family has been reported to be involved in inhibition of axonal 

regeneration after SCI (Sharma et al., 2012; Dyck and Karimi-Abdolrezaee, 2015).  

Kwok et al. (2012) observed that CSPG4 (NG2-proteoglycan) and CSPG6 are the major 

CSPGs expressed in adult CNS (Kwok et al., 2012b).  NG2 is expressed in the intact 

CNS and is upregulated after CNS injury (Karram et al., 2005; Hackett and Lee, 2016; 

Levine, 2016).  NG2 is a transmembrane protein that is expressed on the surface of the 

somata and processes of NG2-glia and OPCs as well as macrophages and astrocytes 

(Fawcett and Asher, 1999; Jones et al., 2002). Nishiyima et al., (1991) reported that NG2 

is also expressed by fibroblasts at the injury site (Nishiyama et al., 1991).  NG2 has been 

shown in the DREZ and contributes to the glia limitans at the CNS-PNS interface (Zhang 

et al., 2001).  NG2-glia, activated at the site of injury, attain a high level of NG2 

expression within 24 hours and this level peaks at 7 days post injury (Jones et al., 2002). 

Another component of CSPG family, chains of 6-sulphated chondroitin sulphate (CS-6) 

have been reported in aggrecan that contribute to perineuronal nets (PNNs).  PNNs are a 
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specialized ECM aggregate that surrounds specific neuronal populations and regulates 

synaptic function and plasticity (Pantazopoulos et al., 2015).  The increase in CS-6 

component is marked by CS-56 immunohistochemical staining.  During injury, PNN 

function is disrupted due to accumulation of CSPG expressing CS-56-positive cells near 

the injury site which induces growth cone collapse, forming a barrier to neurite outgrowth 

(Silver and Miller, 2004). 

The involvement of immune cells at the site of injury has been explored in depth 

(Davalos et al., 2005; Jin and Yamashita, 2016; Kigerl et al., 2016).  The production of 

immune mediators in the ECM is mediated by CNS macrophages that are derived from 

resident microglia and newly recruited blood monocytes around the lesion site in the first 

week post injury (Kigerl et al., 2016).  Microglia secrete pro-inflammatory cytokines (IL-

1, IL-6 and TNF-a) and anti-inflammatory cytokines (IL-4, IL-10 and TNF-b) (Kigerl et 

al., 2016).  In the aftermath of injury, certain factors are released by dead neurons and 

astrocytes, including ATP, glutamate and nitrite oxide, which trigger microglia to become 

activated.  G-protein coupled-P2Y receptors have been reported to become activated after 

the rapid response of microglia towards the ATP released by astrocytes through connexin 

channels (Davalos et al., 2005).  The morphology of microglia changes from ramified to 

amoeboid.  There are two types of activated microglia phenotypes, namely M1 and M2 

phenotypes.  M1 microglia are reported to increase production of pro-inflammatory 

cytokines in the third week post injury.  M2 microglia produce protective factors and 

have a greater ability to clear the cellular debris in the first week after traumatic SCI (Jin 

and Yamashita, 2016).  The activated microglia recruit peripheral blood-derived immune 

cells (macrophages) to infiltrate the lesion site and initiate the inflammation process.  This 

reaction stimulates the increase in cytokine production and the clearance of damaged 

tissue.  The number of macrophages derived from blood has been reported to increase 

transiently within 24 hours after the injury (Nguyen et al., 2011; Jin and Yamashita, 

2016).  The macrophages become the predominant cell type at late stages of CNS injury 

(Gaudet et al., 2011; Greenhalgh and David, 2014). 

Ramon y Cajal reported that following SCI axons in the lesion site form 

dystrophic endbulbs and present with different malformed shapes such as globular 

clusters and huge multivesicular sacs (Silver and Miller, 2004; Horn et al., 2008; Evans et 

al., 2014).Cajal also observed that axons with endbulbs do not lose the ability to 

regenerate and remain in an active state (Evans et al., 2014).  The ability of dystrophic 
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neurons to regenerate was also supported by involvement of cytoskeletal or membrane 

plasticity to maintain axon viability (Silver and Miller, 2004).  Silver and Miller (2004) 

observed that the behaviour of these dystrophic axons was similar in the different types of 

SCI models.  When the dystrophic neurons approached the lesion site, the growth cone 

started to collapse.  In a large stab lesion, these dystrophic neurons were strongly repelled 

by the lesion core (Silver and Miller, 2004). Tom et al.,(2004)  observed that large 

swollen bulbs formed 13 weeks post injury that resembled the classical dystrophic 

endings reported earlier by Ramon y Cajal (Tom et al., 2004).  Houle and Yin (2001) 

examined the extent of the axonal retraction following cervical spinal cord hemisection 

injury.  They investigated the chronically injured supraspinal neurons and discovered that 

they formed numerous dystrophic endbulbs and suggested this leads to axonal dieback 

(Houle and Jin, 2001).  This axonal dieback is a deleterious long-distance axonal 

retraction from the initial site of the injury (Busch et al., 2010; Hill, 2017).  These 

neuronal endings were reported to remain close to the lesion site.  Kwok et al., (2011) 

observed the surface of the neurons is wrapped with PNNs to control synaptic and 

neuronal plasticity in developing and injured CNS (Kwok et al., 2011; Carulli et al., 

2016).  The main component of PNNs include CSPGs, hyaluronan, and proteoglycan link 

proteins (HAPLNs) and tenascins (Kwok et al., 2011).  After the injury, the PNN matrix 

structure is disrupted and tends to bind to chemo-repulsive molecules such as semaphorin 

3A (Sema3A) and is reported to inhibit DRG neuron outgrowth in vitro (Dick et al., 

2013) 

Studies in recent years have focused on the use of the enzyme ChABC for 

digestion of the GAG chains in CSPG complexes and successful promotion of neurite 

outgrowth in animal models (Bradbury et al., 2002; Zhao et al., 2011; Kwok et al., 

2012a; Kasinathan et al., 2016).  The overall aim is to test and understand the mechanism 

of the substances that can break down the glial scar and subsequently, gain functional 

recovery after the injury. Kwok et al. (2012a) showed the ChABC removes chondroitin 

sulphates in the developing hindbrain and promotes neurite extension of commissural 

vestibular neurons in developing embryos (Kwok et al., 2012a).  Bradbury et al., (2009) 

and Zhao et al., (2011) showed a similar effect of ChABC in regrowth and functional 

recovery in in vivo rat studies of SCI(Bradbury et al., 2002; Zhao et al., 2011).  ChABC 

has been shown to enhance axonal sprouting and promote functional recovery in the 
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forelimb after a cervical contusion injury by the downregulation of CSs (Zhao et al., 

2011).   

Fractal dimension (FD) is a measure of the complexity of an object. It is calculated 

by comparing how detail in a pattern changes (increases in detail) with respect to the 

scale at which it is measured (Pirici et al., 2009; Stanley et al., 2016). It is referred to as a 

dimension as it gives a measure of how much an object or cell occupies space. The FD 

value is between 1, indicating low complexity and 2, indicating high complexity of the 

tissue (Stanley et al., 2016). The more complex the cell is, the more space it fills and 

therefore the FD value will be higher (Schaffner and Ghesquiere, 2001; Reisin and 

Colombo, 2002; Soltys et al., 2003).  Lacunarity (Λ) is a measure of the heterogeneity or 

structural variance within an image (Stanley et al., 2016).  It is used to describe the 

pattern of a fractal and is therefore, considered to be a counterpart to FD. Two fractals, 

while distinct in pattern, may have the same degree of complexity (Smith et al., 1996). 

The Λ value is between 0 and 1, where 0 is completely homogenous and 1 is completely 

heterogenous (Stanley et al., 2016). The Λ of the structure is higher if there is more gaps 

or larger intervals within the structure. If there are more gaps in the tissue this will reduce 

the rigidity of reactive astrocytes in the SZ and NSZ. 

There is limited knowledge on the effect of ChABC on different population of 

cells in 3D complex tissues.  In addition, the extent of the therapeutic effect of ChABC on 

these cell populations following the SCI has not been studied over time.  In this study, we 

used the ex vivo transection SCI injury model.  The aim of this chapter was to investigate 

the effect of ChABC on different population of cells types following CNS injury such as 

reactive and developmental astrocytes, CSPG-positive cells, inflammatory cells 

(macrophages and microglia) and neurons at days 1, 3, 7 and 10 post injury.  

Stereological analysis was used to calculate the Vv of each of the latter populations of 

cells.  The effect of ChABC were examined in the transected injury microenvironment at 

the SZ and the zones rostral and caudal to the lesion center (NSZ/FSZ).  Phenotypic 

changes in reactive astrocytes may be detrimental to adjacent cells such as neurons and 

oligodendrocytes as reported by Sosunov et al., (2013).  In this chapter, we examined the 

morphology of reactive astrocytes (fractal analysis and lacunarity) in the SZ after ChABC 

treatment to investigate alteration in the morphology of reactive astrocytes in the SZ.   
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5.2 EXPERIMENTAL DESIGN 

Longitudinal slices of spinal cord were cut on a tissue chopper (see Section 2.2.2).  Three 

technical repeats was carried out for this experiment. The slices were divided into three 

groups: control, transection injured and transection injured with ChABC treatment 

groups.  Spinal cord tissue slices were cultured in spinal culture media for 3 days prior to 

ChABC enzymatic treatment (see Section 2.3).  The transected injured slices in the 

ChABC treated group received 0.1 U/ml ChABC every second day until day 10 in 

culture.  The slices were fixed at day 1, 3, 7 and 10 post injury to determine the effect of 

ChABC on the cellular microenvironment of transected ex vivo spinal cord slices.  The 

effect of ChABC enzymatic treatment was examined by immunohistochemical staining 

with markers of reactive astrocytes (GFAP), radial glial/immature astrocytes (BLBP), 

neurons (βIII Tubulin), microglia (Iba1) and CSPGs (CS-56 and NG2) (see Section 2.4).  

Projected confocal images were captured (Section 2.6.2) and analysed using stereology.  

The spinal cord slices from the injured and ChABC treatment groups were divided into 

three zones of interest: SZ, NSZ and FSZ.  The SZ was defined as a distance of 100 µm 

from the edge of the lesion site.  The NSZ was defined as a 100 µm distance from the SZ 

and FSZ was defined 100 µm further from the NSZ.  Stereological analysis was carried 

out to calculate the Vv of immunohistochemical staining for the various cellular markers 

in these regions of interest (see Section 2.7.4) and the results were expressed as 

mean±SEM.   
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5.3 RESULTS 

5.3.1 ChABC reduces Vv GFAP-positive cells in transected spinal cord slice 

cultures  

To measure the proportion of GFAP-positive cells on SZ, NSZ and FSZ in all 

experimental groups ex vivo, confocal images of GFAP immunohistochemical staining 

was captured and analyzed (Figure 5.1). The confocal images were subjected to point grid 

stereological analysis.  The Vv of GFAP-positive cells in each zone was analysed (Figure 

5.2). 

Examination of the SZ showed that there was a significant difference in the Vv of 

GFAP-positive cells between all experimental groups (Figure 5.2A). The ANOVA 

revealed that significant interaction were found between time effect (F (3,276)=5.023, p£ 

0.0001) and treatment effect (F (2,276)=316.5, p£ 0.0001). As the control group did not 

have any injury, the images examined in this group were always at the center of the slice 

and the Vv GFAP was significantly lower compared to the injured group and the injured 

group treated with ChABC in all time points examined. The injured slices on day 7 

showed the highest proportion of GFAP-positive cells across the all experimental groups.   

To further understand the effect of ChABC on GFAP-positive cells in the area of 

injury site scar, the Vv of GFAP-positive cells was examined in NSZ (Figure 5.2B).  The 

NSZ was defined as a distance of 100 µm from SZ. The significance interaction were 

found between time effect (F (3,276)=19.88, p£ 0.0001) and treatment effect (F 

(2,276)=103.2, p£ 0.0001). Again, the control group was significantly lower in the Vv 

GFAP compared to the injured group and the injured group treated with ChABC.  The 

same pattern of expression was found in the NSZ to that in the SZ with regard to the 

effect of ChABC treatment.  ChABC-treated samples showed a significant reduction in 

the proportion of GFAP-positive cells compared to the untreated injured group across the 

time points from day 1 to day 10.  The injured slices on day 7 showed the highest 

proportion of GFAP-positive cells across the all experimental groups.  The proportion of 

GFAP was found variable in expression between day1 and day 10 in all treatment groups 

examined. 

The Vv of GFAP-positive cells was also calculated in the FSZ (Figure 5.2C). The 

FSZ was defined as a distance of 100 µm from NSZ.  The analysis was performed to 
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measure the Vv GFAP-positive cells in FSZ. The significance interaction were found 

between time effect (F (3,276)=36.69, p£ 0.0001) and treatment effect (F (2,276)=17.54, 

p£ 0.0001). Again, the control group was significantly lower in Vv GFAP compared to 

the injured group and the injured group treated with ChABC.  The same patterns were 

found in that the effect of ChABC treatment showed a significant reduction on the 

proportion of GFAP-positive cells compared to the injured group across the time points 

from day 1 to day 7. However, at the day 10 time point, the Vv GFAP-positive cells 

increased in the ChABC treated group compared with control and injured groups.  Again, 

the Vv GFAP was variable between day 1 and day 10 in all groups, with a gradual 

increase observed up to day 7 and then a decrease observed at day 10. 
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Figure 5.1:  GFAP expression in control, transection injured and ChABC treated ex 
vivo spinal cord slices. Photomicrographs show projected confocal images of GFAP 
immunohistochemical staining at day 1(A-C), day 3 (D-F), day 7 (G-I) and day 10 (J-L) 
time points in control, injured and ChABC treated groups respectively. * = lesion site; 
Dashed lines separate the three regions of interest examined: SZ, NSZ and FSZ. All zones 
were 100 µm in width.  Scale bar=200 µm. 
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Figure 5.2: Vv GFAP in control, transection injured and ChABC treated ex vivo 
spinal slices. Graph shows Vv GFAP immunohistochemical staining at the SZ (A), NSZ 
(B) and FSZ (C) at 1,3,7 and 10 days post injury. Mean ± SEM. *p ≤ 0.001 significant 
increase from control group, +p ≤ 0.001 significant decrease from injured group, $p ≤ 0.01 
significant difference between days. The mean differences were analysed using Two-way 
ANOVA with Tukey’s multiple comparisons  test. N=3 litters (12 pups per litter) which 
relates to 6 slices per control group, 9 slices per injured group and 9 slices per ChABC 
treated group time point for each litter. 
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5.3.2 ChABC reduces Vv NG2-positive cells in transected spinal cord slice cultures 

In order to measure the Vv of NG2-positive cells at the SZ, NSZ and FSZ in all 

experimental groups, confocal images of NG2-positive cells were captured (Figure 5.3).  

The confocal images were subjected to point grid counting. The proportion of NG2-

positive cells in each zone of interest was examined and expressed as Vv (Figure 5.4). 

Examination of the SZ showed that the control group had significantly lower Vv 

NG2 compared to injured and ChABC treated slices across all four time points (Figure 

5.4A).  The ANOVA revealed that significant interaction were found between time effect 

(F (3,276)=19.85, p£ 0.0001) and treatment effect (F (2,276)=203, p£ 0.0001). With the 

exception of day 1, the Vv NG2 was observed to be significantly lower in the ChABC 

treated group compared to the injured group in the SZ.  The injured slices on day 10 

showed the highest proportion of NG2-positive cells across the all experimental groups.  

The Vv NG2 increased between day 1 and day 10 in the injured group, however the level 

of NG2 positive cells did not appear to fluctuate in the control group or in the ChABC 

treated groups across all time points (Figure 5.4A).   

NG2-positive cells were also calculated in the NSZ. The significance interaction 

were found between time effect (F (3,276)=8.418, p£ 0.0001) and treatment effect (F 

(2,276)=238.2, p£ 0.0001). The ChABC treatment showed a significant reduction in the 

proportion of NG2-positive cells compared to the injured group from day 1 to day 10. 

There was a significant increase in the Vv NG2-positive cells in injured and control group 

across all experimental groups.  The injured slices on day 10 showed the highest 

proportion of NG2-positive cells across the all experimental groups.  Again in the NSZ, 

the same trend was observed as in the SZ where control slices and ChABC treated slices 

did not show much change between Vv NG2 from day 1 to day 10 (Figure 5.4B). 

The effect of ChABC on NG2-positive cells was also examined in the FSZ. The 

significance interaction were found between time effect (F (3,276)=65.43, p£ 0.0001) and 

treatment effect (F (2,276)=478.7, p£ 0.0001). The same patterns were found in the FSZ, 

where the effect of ChABC treatment showed a significant reduction in the proportion of 

NG2-positive cells in the injured group across the time points from day 1 to day 10. The 

injured slices on day 10 showed the highest proportion of NG2-positive cells in the FSZ.  

(Figure 5.4C).  
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Figure 5.3:  NG2 expression in control, transection injured and ChABC treated ex vivo 
spinal cord slices. Photomicrographs show projected confocal images of NG2 
immunohistochemical staining at day 1(A-C), day 3 (D-F), day 7 (G-I) and day 10 (J-L) 
time points in control, injured and ChABC treated groups respectively. * = lesion site; 
Dashed lines separate the three regions of interest examined: SZ, NSZ and FSZ. All zones 
were 100 µm in width. Scale bar=200 µm. 
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Figure 5.4: Vv NG2 in control, transection injured and ChABC treated ex vivo 
spinal slices. Graph shows Vv NG2 immunohistochemical staining at the SZ (A), NSZ 
(B) and FSZ (C) at 1,3,7 and 10 days post injury. Mean ± SEM. *p ≤ 0.001 significant 
increase from control group, +p ≤ 0.001 significant decrease from injured group, $p ≤ 
0.001 significant difference between days. The mean differences were analysed using 
Two-way ANOVA with Tukey’s multiple comparisons  test. N=3 litters (12 pups per 
litter) which relates to 6 slices per control group, 9 slices per injured group and 9 slices 
per ChABC treated group time point for each litter. 
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5.3.3 ChABC reduces Vv CS-56 positive cells in transected spinal cord slice 

cultures 

To measure the expression of CS-56-positive cells in the SZ, NSZ and FSZ in all 

experimental groups, confocal images of CS-56-positive cells were captured (Figure 5.5).  

The proportion of CS-56-positive cells in each zone of interested was examined and 

expressed as Vv (Figure 5.6). 

Examination of the SZ of all experimental groups showed significant interaction 

were found between time effect (F (3,276)=6.234, p= 0.0004) and treatment effect (F 

(2,276)=290.1, p£ 0.0001). No difference between ChABC treated slices and injured 

slices on day 3.  On the day 7 and 10, ChABC treatment appeared to significantly reduce 

the Vv of CS-56 positive cells in injured slices.  The Vv of CS-56 positive cells showed 

the same pattern on day 7 and day 10 whereby injured slices showed significantly higher 

Vv CS-56 compared to ChABC treated slices. The injured slices on day 7 showed the 

highest proportion of CS-56 positive cells across the all experimental groups in the SZ.  

The trend over time from day 1 to day 10 was similar to that observed in NG2 staining 

where the Vv CS-56 was observed to increase gradually over time in the injured slices but 

remained constant in the control and ChABC treated slices (Figure 5.6A). 

The Vv of CS-56 positive cells also examined in the NSZ. The significance 

interaction were found between time effect (F (3,276)=46.71, p£ 0.0001) and treatment 

effect (F (2,276)=569, p£ 0.0001). There were significance effects of ChABC treatment 

on the proportion of CS-56 positive cells from day 1 to day 10. There was a significant 

increase in the Vv CS-56 positive cells when the injured and control groups were 

compared across all time points.  The Vv CS-56 increased gradually over time and 

injured slices on day 10 showed the highest proportion of CS-56 positive cells. (Figure 

5.6B). 

The Vv of CS-56 positive cells was examined in the FSZ.  The significance 

interaction were found only treatment effect (F (2,276)=61.75, p£ 0.0001).The ChABC 

treatment showed a significant reduction in the proportion of CS-56 positive cells in the 

injured slices across the time points from day 1 to day 10, with the only exception on day 

7.  The Vv CS-56 fluctuated over time in the ChABC treated group and the injured slices 

on day 3 showed the highest proportion of CS-56 positive cells (Figure 5.6C).  
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Figure 5.5:  CS-56 expression in control, injured and ChABC treated organotypic ex 
vivo spinal cord slices. Photomicrographs show projected confocal images of CS-56 
immunohistochemical staining at day 1(A-C), day 3 (D-F), day 7 (G-I) and day 10 (J-L) 
time points in control, injured and ChABC treated groups respectively. * = lesion site; 
Dashed lines separate the three regions of interest examined: SZ, NSZ and FSZ. All zones 
were 100 µm in width. Scale bar=200 µm. 
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Figure 5.6:  Vv CS-56 in control, transection injured and ChABC treated ex vivo 
spinal cord slices.  Graphs show Vv CS-56 immunohistochemical staining  at the SZ (A), 
NSZ (B) and FSZ (C) at 1,3,7 and 10 days post injury. Mean ± SEM. *p ≤ 0.001 
significant increase from control group, +p ≤ 0.001 significant decrease from injured 
group, $p ≤ 0.001 significant difference between days. The mean differences were 
analysed using Two-way ANOVA with Tukey’s multiple comparisons  test. N=3 litters 
(12 pups per litter) which relates to 6 slices per control group, 9 slices per injured group 
and 9 slices per ChABC treated group time point for each litter.  
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5.3.4 ChABC reduces Vv Iba1 positive cells in transected spinal cord slice cultures 

To measure the expression of Iba1-positive cells in the SZ, NSZ and FSZ in all 

experimental groups, confocal images of Iba1-positive cells were captured (Figure 5.7).  

The proportion of Iba1-positive cells in each zone of interested was examined and 

expressed as Vv (Figure 5.8). 

In the SZ, the ANOVA revealed that significant interaction were found between 

time effect (F (3,276)=14.34, p£ 0.0001) and treatment effect (F (2,276)=230.5, p£ 

0.0001). The Vv of Iba1-positive cells was consistently lower in the control slices 

compared with the injured slices.  At day 1, the Vv of Iba1 positive cells was significantly 

higher in the injured slices and injured slices treated with ChABC compared with control 

slices.  By day 3 the effect of ChABC was evident, with the proportion of Iba1 positive 

cells showing significant reduction in the slices treated with ChABC compared with the 

injured group.  This same finding was observed at day 7 and in addition the amount of 

Iba1 positive cells was significantly different between the ChABC treated slices and the 

control slices at this time point.  By day 10 the amount of Iba1 positive cells reduced such 

that there was no difference between the proportion of Iba1 positive cells in the injured 

and the ChABC treated slices.  The Vv Iba1 positive cells increased gradually in control 

slices between day 1 and day 10, whereas these cells were observed to vary in proportions 

over time in the injured slices and the ChABC treated slices (Figure 5.8A). 

In the NSZ, the significance interaction were found between time effect (F 

(3,276)=4.048, p=0.007) and treatment effect (F (2,276)=283.3, p£ 0.0001). There was 

significantly higher levels of Iba1 positive cells in injured group and in the injured group 

treated with ChABC compared to control at each time point.  In addition there were 

significantly more Iba1 positive cells in the injured group compared with the ChABC 

treated group at day 1 and day 3.  No such difference was observed at day 7 and 10 in the 

NSZ.  Between day 1 and day 10 there was a gradual increase in Vv Iba1 staining in the 

control slices in the FSZ, where there was fluctuations in the Vv Iba1 staining in the 

injured and ChABC slices (Figure 5.8B). 

In the FSZ the Vv of Iba1 positive cells were again significantly lower in the 

control compared to the injured slices at all time points examined. The significance 

interaction were found only treatment effect (F (2,276)=61.75, p£ 0.0001)(Figure 5.8C).  
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Figure 5.7:  Iba1 expression in control, injured and ChABC treated organotypic ex 
vivo spinal cord slices. Photomicrographs show projected confocal images of Iba-1 
immunohistochemical staining at day 1(A-C), day 3 (D-F), day 7 (G-I) and day 10 (J-L) 
time points in control, injured and ChABC treated groups respectively. * = lesion site; 
Dashed lines separate the three regions of interest examined: SZ, NSZ and FSZ.  All 
zones were 100 µm in width.  Scale bar=200 µm. 
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Figure 5.8: Vv Iba1 in control, transection injured and ChABC treated ex vivo 
spinal cord slices.  Graphs show Vv IBA-1 immunohistochemical staining at the SZ (A), 
NSZ (B) and FSZ (C) at 1,3,7 and 10 days post injury. Mean ± SEM. *p ≤ 0.001 
significant increase from control group, +p ≤ 0.001 significant decrease from injured 
group, $p ≤ 0.001 significant difference between days. The mean differences were 
analysed using Two-way ANOVA with Tukey’s multiple comparisons  test. N=3 litters 
(12 pups per litter) which relates to 6 slices per control group, 9 slices per injured group 
and 9 slices per ChABC treated group time point for each litter.   
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5.3.5 ChABC reduces Vv BLBP -positive cells in transected spinal cord slice 

cultures 

To measure the expression of BLBP-positive cells on SZ, NSZ and FSZ in all 

experimental groups ex vivo, confocal images of BLBP immunohistochemical staining 

was captured (Figure 5.9). The confocal images were examined to determine the 

proportion of tissue composed of BLBP positive cells (Figure 5.10). 

In the SZ, the ANOVA revealed that significant interaction were found between 

time effect (F (3,276)=7.413, p£ 0.0001) and treatment effect (F (2,276)=73.16, p£ 

0.0001). The Vv of BLBP positive cells showed a significant increase between control 

and injured and control and ChABC treated slices at days 1, 3, and 7.  At day 10 there 

was still significantly more BLBP positive cells in the injured slices compared with 

control, but there was no such difference between the ChABC treated slices and control 

slices.  The SZ BLBP positive cells showed no difference in abundance when the injured 

and ChABC treated slices were compared at days 1 and 3.  However at days 7 and 10 

there were significantly more BLBP positive staining in the injured slices compared to the 

control and ChABC slices.  Between day 1 and day 10 no change in Vv BLBP positive 

cells was observed in the control or the ChABC treated slices.  The injured slices showed 

a dramatic increase in BLBP staining between day 3 and day 7 time points (Figure 

5.10A).   

The Vv of BLBP positive cells in the NSZ was significantly less in the control 

slices compared with the injured and the ChABC treated slices at all time points. The 

significance interaction were found only treatment effect (F (2,276)=58.93, p£ 0.0001). 

The Vv BLBP did not change between days, however, with an increase observed at day 

10 (Figure 5.10B). 

The same analysis was performed to measure the Vv of BLBP positive cells in 

FSZ. The significance interaction were found only treatment effect (F (2,276)=36.75, p£ 

0.0001). Interestingly, although there was a significant increase in BLBP positive cells in 

the injured slices compared to the control slices at all time points, there was no difference 

between the ChABC treated slices and the control slices except at day 10 (Figure 5.10C). 
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Figure 5.9:  BLBP expression in control, injured and ChABC treated organotypic ex 
vivo spinal cord slices. Photomicrographs show projected confocal images of BLBP 
immunohistochemical staining at day day 1(A-C), day 3 (D-F), day 7 (G-I) and day 10 (J-
L) time points in control, injured and ChABC treated groups respectively. * = lesion site; 
Dashed lines separate the three regions of interest examined: SZ, NSZ and FSZ. All zones 
were 100 µm in width. Scale bar=200 µm. 
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Figure 5.10:  Vv BLBP in control, transection injured and ChABC treated ex vivo 
spinal cord slices.  Graphs show Vv BLBP immunohistochemical staining at the SZ (A), 
NSZ (B) and FSZ (C) at 1,3,7 and 10 days post injury. Mean ± SEM. *p ≤ 0.001 
significant increase from control group, +p ≤ 0.001 significant decrease from injured 
group, $p ≤ 0.001 significant difference between days. The mean differences were 
analysed using Two-way ANOVA with Tukey’s multiple comparisons  test. N=3 litters 
(12 pups per litter) which relates to 6 slices per control group, 9 slices per injured group 
and 9 slices per ChABC treated group time point for each litter.  
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5.3.6 ChABC did not change Vv ßIII-Tubulin positive cells in SZ of transected 

spinal cord slice cultures 

To measure the expression of ßIII-Tubulin -positive cells in the SZ, NSZ and FSZ in all 

experimental groups, confocal images of CS-56-positive cells were captured (Figure 

5.11).  The proportion of ßIII-Tubulin-positive cells in each zone of interested was 

examined and expressed as Vv (Figure 5.12). 

Examination on SZ showed a significant increase in the Vv of  ßIII-Tubulin 

positive cells between control and injured groups and the control group and the ChABC 

treated group at all time points. The ANOVA revealed that significant interaction were 

found between time effect (F (3,276)=22.18, p£ 0.0001) and treatment effect (F 

(2,276)=421.1, p£ 0.0001). No difference was observed in the Vv ßIII-Tubulin between 

the injured and ChABC treated group except at the day 3 time point.  Between day 1 and 

day 10 the Vv ßIII-Tubulin positive cells was variable in the injured and ChABC treated 

slices (Figure 5.12A). 

In the NSZ the exact same trends were observed in the Vv ßIII-Tubulin as those 

observed above in the SZ. The significance interaction were found between time effect (F 

(3,276)=91.64, p£ 0.0001) and treatment effect (F (2,276)=400.3, p£ 0.0001). Between 

day 1 and day 10 again a variation in the level of ßIII-Tubulin positive cells was observed 

in the ChABC treated slices, but a clear trend of increase in Vv ßIII-Tubulin positive cells 

was observed in the injured slices (Figure 5.12B).   

In the FSZ the control slices showed significantly less ßIII-Tubulin compared with 

the injured and the ChABC treated slices. The similar significance interaction were found 

between time effect (F (3,276)=65.43, p£ 0.0001) and treatment effect (F (2,276)=478.7, 

p£ 0.0001) The injured slices showed a significant increase in ßIII-Tubulin compared to 

ChABC treated slices at all time points except day 7.  There was variation in the Vv ßIII-

Tubulin positive cells in the injured and ChABC treated slices (Figure 5.12C). 
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Figure 5.11:  ßIII-Tubulin expression in control, injured and ChABC treated 
organotypic ex vivo spinal cord slices. Photomicrographs show projected confocal 
images of ßIII-Tubulin immunohistochemical staining at day 1(A-C), day 3 (D-F), day 7 
(G-I) and day 10 (J-L) time points in control, injured and ChABC treated groups 
respectively. * = lesion site; Dashed lines separate the three regions of interest examined: 
SZ, NSZ and FSZ. All zones were 100 µm in width. Scale bar=200 µm.  
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Figure 5.12:  Vv ßIII-Tubulin in control, transection injured and ChABC treated ex 
vivo spinal cord slices.  Graphs show Vv ßIII-Tubulin immunohistochemical staining at 
the SZ (A), NSZ (B) and FSZ (C) at 1,3,7 and 10 days post injury. Mean ± SEM. *p ≤ 
0.001 significant increase from control group, +p ≤ 0.001 significant decrease from 
injured group, $p ≤ 0.001 significant difference between days. The mean differences were 
analysed using Two-way ANOVA with Tukey’s multiple comparisons  test. N=3 litters 
(12 pups per litter) which relates to 6 slices per control group, 9 slices per injured group 
and 9 slices per ChABC treated group time point for each litter.  
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5.3.7 Effect of ChABC on the cellular environment of transected ex vivo spinal 

cord slice cultures  

The effect of ChABC on the six antigenic markers was examined on days 1, 3, 7 and 10 

post injury to determine changes in the proportion of tissue composed of reactive 

astrocytes (GFAP), radial glia/immature astrocytes (BLBP), neurons (βIII Tubulin), 

microglia/macrophages (Iba1) and  CSPGs (CS-56 and NG2).  This analysis was carried 

out in the SZ (Figure 5.13-5.16), NSZ (Figure 5.17-5.20) and FSZ (Figure 5.21-5.24).  A 

schematic diagram summarising the cellular migration between SZ, NSZ and FSZ for 

both injured slices and ChABC treated slices is shown in Figure 5.25 and Figure 5.26 

respectively. 

 

5.3.7.1 Cellular environment of SZ changes over time following transection injury in 

spinal cord slice cultures 

On day 1 in control slices a notable lower level of GFAP was observed compared to the 

other cellular markers observed at this time point (Figure 5.13).  In injured slices on day 1 

post injury, the level of GFAP positive astrocytes was higher than all other cells stained at 

day 1 in the SZ of injured slices.  The GFAP Vv in the injured group was approximately 

60%.  BLBP positive cells were also highly abundant in the SZ at day 1.  Many of these 

BLBP positive cells would likely also stain with GFAP as both antibodies are markers for 

astrocytes.  CS-56 showed a high level of staining also, indicating a high presence of 

CSPGs at the SZ.  NG2 staining was not as prevalent as CS-56 indicating that other 

CSPGs aside from NG2 are part of the cell population stained with CS-56.  A low level of 

Iba1 positive microglia/macrophages was observed which was similar to a low level of 

βIII tubulin neuronal staining.  In the ChABC treated group, the most dramatic change in 

the Vv of positive staining was observed in the GFAP stained astrocytes compared to 

staining observed with the other cellular markers after treatment. 

On day 3 within control slices the highest level of cellular markers was observed 

with BLBP positive staining and CS-56 staining, with GFAP and Iba1 observed as the 

next highest cellular stain (Figure 5.14).  On the day 3 post injury, the expression of 

GFAP positive astrocytes and βIII tubulin positive neurons in the SZ of injured slices was 

higher than all other cellular staining.  Inflammation was observed to increase at the time 
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point, as Iba1 staining increased in the SZ.  In the ChABC treated group, the most 

dramatic change in the Vv of positive staining was again observed in the GFAP stained 

astrocytes compared to staining observed with the other cellular markers after treatment.  

The highest staining observed in the ChABC treated group was with CS-56 and BLBP 

cell markers.   

At day 7 within control slices there was no notable difference between the cellular 

markers observed (Figure 5.15).  In the SZ on the day 7 post injury, the expression of 

GFAP, IBA-1 and CS-56 was highest.  In the ChABC treated group, the lowest level of 

the cellular markers examined was the NG2 positive staining.   

The control slices at day 10 showed no dramatic difference between the cellular 

markers observed, with the highest staining observed in CS-56 and BLBP positive 

staining (Figure 5.16).  In the SZ on the day 10 post injury, the expression of NG2 was 

highest compared to the other cellular markers, with Iba1, CS-56 and BLBP also showing 

a high level of staining.  In the ChABC treated group, the lowest level of the cellular 

markers examined was the NG2 and GFAP positive staining.   
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Figure 5.13: Comparison of Vv all cellular markers at day 1 in SZ of ex vivo spinal 
cord slices.  Graphs show Vv βIII tubulin, IBA-1, CS-56, NG2, BLBP and GFAP in the 
SZ at day 1.  Mean ± SEM.  n=3.  Tukey’s post hoc test using One way ANOVA.
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Figure 5.14: Comparison of Vv all cellular markers at day 3 in SZ of ex vivo spinal 
cord slices.  Graphs show Vv βIII tubulin, IBA-1, CS-56, NG2, BLBP and GFAP in the 
SZ at day 3.  Mean ± SEM.  n=3.  Tukey’s post hoc test using One way ANOVA. 
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Figure 5.15: Comparison of Vv all cellular markers at day 7 in SZ of ex vivo spinal 
cord slices.  Graphs show Vv βIII tubulin, IBA-1, CS-56, NG2, BLBP and GFAP in the 
SZ at day 7.  Mean ± SEM.  n=3.  Tukey’s post hoc test using One way ANOVA. 
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Figure 5.16: Comparison of Vv all cellular markers at day 10 in SZ of ex vivo spinal 
cord slices.  Graphs show Vv βIII tubulin, IBA-1, CS-56, NG2, BLBP and GFAP in the 
SZ at day 10.  Mean ± SEM.  n=3.  Tukey’s post hoc test using One way ANOVA. 
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5.3.7.2 Cellular environment of NSZ changes over time following transection injury in 

spinal cord slice cultures 

In the NSZ on day 1 in control slices the highest levels of staining was observed with 

BLBP, followed by IBA-1 and CS-56 (Figure 5.17).  At this same time point post injury, 

the expression of BLBP, IBA-1 and CS-56 was still highest compared with the other cell 

markers in the injured slices in the NSZ.   The effect of ChABC was clear in the majority 

of the cellular markers observed, where ChABC dramatically reduced the levels of 

GFAP, BLBP, NG2, CS-56 and IBA-1 compared to the injured slices without ChABC 

treatment.  No effect was observed on the level of βIII tubulin. 

 At day 3 post injury, the levels of staining observed with the cell markers in the 

NSZ showed that same pattern as at day 1, where BLBP had the highest level of staining 

in the control group (Figure 5.18).  The injured slices showed the same pattern of 

expression as day 1, with high levels of BLBP, IBA-1 and CS-56.  NG2 showed low 

levels of staining as at day 1.  The ChABC treated group showed reduction in all cell 

markers compared to injured slices but the most dramatic difference in this was observed 

with GFAP staining. 

 In the NSZ at day 7, control slices showed relatively similar levels of staining for 

all markers with the exception of NG2, which was quite low in these slices (Figure 5.19).  

Injured slices at day 7 NSZ again showed the same pattern of expression as the control 

slices for all cell markers but the levels of these markers were much higher than in the 

control slices.  ChABC did not appear to alter the levels of any of the markers in the NSZ 

apart from GFAP stained astrocytes. 

 At day 10 in the NSZ control slices had no obvious alteration in level of cell 

markers observed aside from low levels of NG2 and a reduced level of GFAP (Figure 

5.20).  In the injured slices all cell markers increased, with the highest level observed in 

CS-56, NG2 and βIII tubulin.  ChABC reduced all markers except βIII tubulin at day 10.   

  



 Chapter 5 : Effect of ChABC On The Cellular Microenvironment Ex Vivo 

211 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.17: Comparison of Vv all cellular markers at day 1 in NSZ of ex vivo spinal 
cord slices.  Graphs show Vv βIII tubulin, IBA-1, CS-56, NG2, BLBP and GFAP in the 
NSZ at day 1.  Mean ± SEM.  n=3.  Tukey’s post hoc test using One way ANOVA. 
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Figure 5.18: Comparison of Vv all cellular markers at day 3 in NSZ of ex vivo spinal 
cord slices.  Graphs show Vv βIII tubulin, IBA-1, CS-56, NG2, BLBP and GFAP in the 
NSZ at day 3.  Mean ± SEM.  n=3.  Tukey’s post hoc test using One way ANOVA. 
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Figure 5.19: Comparison of Vv all cellular markers at day 7 in NSZ of ex vivo spinal 
cord slices.  Graphs show Vv βIII tubulin, IBA-1, CS-56, NG2, BLBP and GFAP in the 
NSZ at day 7.  Mean ± SEM.  n=3.  Tukey’s post hoc test using One way ANOVA. 
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Figure 5.20: Comparison of Vv all cellular markers at day 10 in NSZ of ex vivo 
spinal cord slices.  Graphs show Vv βIII tubulin, IBA-1, CS-56, NG2, BLBP and GFAP 
in the NSZ at day 10.  Mean ± SEM.  n=3.  Tukey’s post hoc test using One way 
ANOVA. 
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5.3.7.3 Cellular environment of FSZ changes over time following transection injury in 

spinal cord slice cultures 

In the FSZ on day 1 the control slices again showed a high level of BLBP staining 

compared with the other markers observed, followed by IBA-1 and CS-56 (Figure 5.21).  

At this same time point post injury, the BLBP, IBA-1, CS-56 and βIII tubulin all showed 

similar levels of staining in the FSZ and all of these markers were higher than that 

observed in the control slices.  The GFAP staining was lowest in the injured slices at the 

FSZ compared to the other cell markers.  ChABC treatment caused a lowering in the 

expression levels of all of the cellular markers examined in the FSZ compared to injured 

slices, which was a surprising finding for the βIII tubulin expression.   

On the day 3 post injury, the proportion of all cellular markers was similar in the 

control slices except for NG2 which showed the lowest level of expression (Figure 5.22).  

All of staining was similar in the injured slices except for GFAP and NG2 which were at 

lower levels in the FSZ.  The injured slices again showed a dramatic increase compared 

with staining levels in the control slices.  Again the effect of ChABC showed a decrease 

in all cell stains in the FSZ compared with injured slices.     

On the day 7 post injury, the proportion all cellular markers was similar in the 

control slices except for NG2 which showed the lowest staining levels (Figure 5.23).  

This was also true for the injured slices at day 7 in the FSZ, with NG2 again showing 

lowest staining levels.  All the staining was again higher in the injured slices compared to 

control slices.  ChABC lowered levels of cellular markers compared to injured slices, 

with GFAP staining returning to control levels.   

In the FSZ on day 10 post injury, again the NG2 followed by GFAP showed the 

lowest Vv staining in the control slices (Figure 5.24).  Although an increase was observed 

in most cellular markers in injured slices compared with control slices, this increase was 

not observed with GFAP staining.  The ChABC treated slices showed a decrease in all 

staining compared to injured slices except for GFAP, which remained at control/injured 

slice level. 
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Figure 5.21: Comparison of Vv all cellular markers at day 1 in FSZ of ex vivo spinal 
cord slices.  Graphs show Vv βIII tubulin, IBA-1, CS-56, NG2, BLBP and GFAP in the 
FSZ at day 1.  Mean ± SEM.  n=3.  Tukey’s post hoc test using One way ANOVA. 
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Figure 5.22: Comparison of Vv all cellular markers at day 3 in FSZ of ex vivo spinal 
cord slices.  Graphs show Vv βIII tubulin, IBA-1, CS-56, NG2, BLBP and GFAP in the 
FSZ at day 3.  Mean ± SEM.  n=3.  Tukey’s post hoc test using One way ANOVA. 
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Figure 5.23: Comparison of Vv all cellular markers at day 7 in FSZ of ex vivo spinal 
cord slices.  Graphs show Vv βIII tubulin, IBA-1, CS-56, NG2, BLBP and GFAP in the 
FSZ at day 7.  Mean ± SEM.  n=3.  Tukey’s post hoc test using One way ANOVA. 
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Figure 5.24: Comparison of Vv all cellular markers at day 10 in FSZ of ex vivo 
spinal cord slices.  Graphs show Vv βIII tubulin, IBA-1, CS-56, NG2, BLBP and GFAP 
in the FSZ at day 10.  Mean ± SEM.  n=3.  Tukey’s post hoc test using One way 
ANOVA. 
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5.3.7.4 Cell migration peaks at day 7 in transected spinal cord slice cultures 

The schematic drawing in Figure 5.25 shows the changes observed in the antigenic 

markers over time in each region of interest of injured slices examined. It is clear that 

there is a progressive increase in cells at the SZ by day 10 in most cell markers.  This 

increase may be due to local cell proliferation but also may be due to the migration of 

cells from the zones beyond the SZ.  Day 7 appears to be a time point which is critical to 

cell accumulation in the SZ with regard to astrocytes (GFAP expression) and CSPGs (CS-

56 expression).  In the spinal cord slices treated with ChABC, this same observations can 

be made (Figure 5.26).   
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Figure 5.25: Distribution of antigenic markers in ex vivo spinal cord injured slices. 
Schematic drawing shows the distribution of tubulin, Iba1, CS-56, NG2, BLBP and 
GFAP in the SZ, NSZ and FSZ at day 1, 3, 7 and 10 post injury.  
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Figure 5.26 Distribution of antigenic markers in ex vivo spinal cord injured slices 
treated with ChABC. Schematic drawing shows the distribution of tubulin, Iba1, CS-56, 
NG2, BLBP and GFAP in the SZ, NSZ and FSZ at day 1, 3, 7 and 10 post injury. 
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5.3.8 Fractal dimension and lacunarity analysis of reactive astrocytes  

The complexity of reactive astrocytes and their structural variance of astrocytes has not 

been examined in injured spinal cord tissue. FD and Λ were examined in z-stack confocal 

images of GFAP immunohistochemically stained spinal cord tissue slices at four time 

points post injury (Days 1, 3, 7 and 10).  Z-stacks were imported into image-J and a 

maximum intensity projected image was then created from each z-stack. The complexity 

and heterogeneity of the reactive astrocytes were examined within the SZ and NSZ in 

control, injured and ChABC treated slices (Figure 5.27).  The images were converted to 

grayscale and inverted to observe greater detail of the cellular processes. 
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Figure 5.27: Effect of ChABC on fractal dimension and lacunarity of astrocytes. 
Photomicrographs show confocal images of GFAP staining at day 1(A-C), day 3(D-F), 
day 7(G-I) and day 10(J-L) time points in control, injured and ChABC treated groups 
respectively. * = lesion site; Dashed lines separate the two regions of interest examined: 
SZ and NSZ.  All zones were 100 µm in width. Scale bar=100 µm. 

SZ NSZ SZ NSZ 

SZ 

NSZ 

SZ 

NSZ 

SZ 

NSZ 

NSZ 

SZ 

SZ NSZ 

SZ NSZ 

D
ay

 1
 

D
ay

 3
 

D
ay

 7
 

D
ay

 1
0 

Control Injured ChABC 



 Chapter 5 : Effect of ChABC On The Cellular Microenvironment Ex Vivo 

225 

 

5.3.8.1 ChABC changes the complexity and heterogeneity of reactive astrocytes at the 

SZ 

GFAP-positive cells in a 100 µm diameter SZ in all experimental groups were analysed to 

measure their complexity and heterogeneity and their measurement was expressed as 

Fractal dimension (FD) and lacunarity (Λ). 

The results of statistical analysis of FD between the injured and ChABC-treated 

slices within each time point is shown in Figure 5.28A. The significance interaction were 

found only treatment effect (F (1,208)=16.48, p£ 0.0001). There was a significant 

decrease found between injured and ChABC-treated slices at days 7, where injured slices 

showed greater complexity of astrocytes in the SZ compared to astrocytes in ChABC 

treated slices.  . 

When Λ in the SZ was examined within all time-points and treatment groups, 

there was again a statistically significant difference between the groups at day 7 (Figure 

5.28B). The significance interaction were found only treatment effect (F (1,208)=12.86, 

p=0.0004). The was a notable increase of heterogeneity (lacunarity) observed in ChABC 

treated group compared to injured group.  

Taken together, these results suggest that ChABC treatment did change the 

structural complexity and heterogeneity of GFAP-positive cells in the SZ in particular, at 

day 7. 
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Figure 5.28: Summary of Fractal Dimension (FD) and Lacunarity (Λ) of the 
astrocytes-GFAP immunohistochemical staining in SZ of spinal cord tissue slices.  
Graph represents FD (A) and Λ (B) at day 1, day 3, day 7 and day 10 post injury in injured 
and injured + ChABC groups.  FD= fractal dimension; Λ= lacunarity.  Mean ± SEM. *p ≤ 
0.001 significant increase from control group, +p ≤ 0.001 significant decrease from 
injured group. The mean differences were analysed using Two-way ANOVA with 
Tukey’s multiple comparisons  test. N=3 litters (12 pups per litter) which relates to 9 
slices per injured group per time point and 9 slices per ChABC treated group per time 
point for each litter. 
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5.3.8.2 ChABC changes the complexity and heterogeneity of reactive astrocytes at NSZ 

GFAP-positive cells in a 100 µm diameter NSZ in all experimental groups were analysed 

to measure their complexity and heterogeneity and their measurement expressed as 

Fractal dimension (FD) and lacunarity (Λ). 

Figure 5.29A shows the results of statistical analysis of FD between control, 

injured and ChABC treated slices within each time points and between the injured from 

each time points, and the injured with ChABC from each time points. The ANOVA 

revealed that significant interaction were found between time effect (F (3,312)=4.58, p= 

0.0032) and treatment effect (F (2,312)=4.714, p£ 0.0096) The only significant decrease 

in the complexity of reactive astrocytes was observed within the NSZ between injured 

and ChABC treated slices on day 10 (Figure 5.29A).   

When Λ in the NSZ was examined in all time-points and treatment groups, there 

was no significant increase in Λ across all groups (Figure 5.29B). However, the increase 

in heterogeneity (Λ) observed in day 10 NSZ suggested  the pattern of structural variance 

between reactive astrocytes in the NSZ appeared to be increased and heterogeneity 

increased after ChABC treatment (Figure 5.29B). 

Taken together, these results suggest that ChABC treatment changed the structural 

complexity of GFAP-positive cells in NSZ only at day 10.  In other time points, a lot of 

variability was observed between both regions of interest in terms of heterogeneity. 
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Figure 5.29: Summary of Fractal Dimension (FD) and Lacunarity (Λ) of the 
astrocytes-GFAP immunohistochemical staining in NSZ of spinal cord tissue slices.  
Graph represents FD (A) and Λ (B) at day 1, day 3, day 7 and day 10 post injury in 
control, injured and injured + ChABC groups.  FD= fractal dimension; Λ= lacunarity.  
Mean ± SEM. *p ≤ 0.001 significant increase from control group, +p ≤ 0.001 significant 
decrease from injured group, $p ≤ 0.001 significant difference between days. The mean 
differences were analysed using Two-way ANOVA with Tukey’s multiple 
comparisons  test. N=3 litters (12 pups per litter) which relates to 9 slices per injured 
group per time point and 9 slices per ChABC treated group per time point for each litter.  
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5.4 DISCUSSION 

In this chapter, we examined the cellular environment in the injured spinal cord in ex vivo 

spinal cord slice cultures by staining for certain specific antigenic markers.  Injury to the 

spinal cord affected the predominant cell types residing adjacent to and at some distance 

from the injury site.  The change in the microenvironment following injury involved 

cellular and ECM changes and led to change in distribution of certain cells, including 

reactive and developmental astrocytes, NG2-positive cells and inflammatory cells 

(macrophages/microglia) to the site of injury (Figure 5.1-5.12).  This finding was in 

agreement with several previous studies (Nishiyama et al., 1991; Shibuya et al., 2003; 

Renault-Mihara et al., 2011; Kigerl et al., 2016). The migration of the cells towards the 

injury site was also reported by many others after the primary and secondary events post 

SCI (Tator, 1995; Steeves et al., 2007; Donnelly and Popovich, 2008; Rowland et al., 

2008; Ahuja et al., 2017a; Shende and Subedi, 2017). Cell migration towards the site of 

injury is activated by the microglia response and the release of pro-inflammatory 

cytokines, TNFa and IL-1 from astrocytes and endothelial cells (Beattie et al., 2002; 

Donnelly and Popovich, 2008). The increase in the release of free radicals surrounding 

the injured spinal cord microenvironment, ionic imbalance and glutamate excitotoxicity 

affects oligodendrocyte loss and has been reported to cause axonal demyelination and 

death through necrosis (Beattie et al., 2002).  Accumulation of these predominant cell 

types at the injury site contributed to the formation of the glial scar(Anderson et al., 

2016b).  The mature glial scar inhibits axonal regeneration and restricts plasticity after the 

injury (Rhodes and Fawcett, 2004; Fawcett, 2017).  In the present study, the effect of 

ChABC was investigated on the predominant cell types involved in CNS injury at days 1, 

3, 7 and 10 following injury in ex vivo spinal cord slice cultures.  The effect of ChABC 

were examined in the transected injury microenvironment at the SZ and the zones some 

distance from the lesion site.  The morphology of reactive astrocytes in the SZ and NSZ 

was further examined after ChABC treatment using fractal and lacunarity analysis to 

investigate if the effect of ChABC degradation of the GAG sidechains can alter the 

reactive astrocyte morphology and thus the structural features of the glial scar. 

Our results showed that GFAP-positive astrocytes were the most abundant cell 

type examined in each region of interest across all four-time points post injury (Figure 

5.1).  In the SZ, GFAP expression was significantly higher in injured slices compared to 
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uninjured slices and this level increased over time days post injury.  This finding was as 

expected as astrocytes are known to accumulate at the site of injury forming a glial scar 

(Okada et al., 2017).  The increase in GFAP was observed at day 1 indicating that 

astrogliosis started immediately after the injury (SZ)(Brenner, 2014; Yang and Wang, 

2015b).  GFAP expression reached peak level at day 7 and significantly declined at day 

10 in injured slices. One possible change is that the reactive astrocytes migrated from 

distal regions to the injury site and joined in the residing reactive astrocytes at the injury 

site over the week post injury (Mothe and Tator, 2005; Zhan et al., 2017).  The migration 

of reactive astrocytes from distal areas (near and FSZs) helps to protect the damaged 

neurons and reduce the demyelination of neuronal population (Faulkner et al., 2004; Sun 

and Jakobs, 2012).  The astrocytes at the SZ were most likely reactive astrocytes (marked 

by GFAP expression).  The level of GFAP expression reduced at day 10 as the glial scar 

becomes mature and the reactive astrocytes interact with other cell types, in particular; 

fibroblasts from leptomeningeal tissue and other glial cells (Bundesen et al., 2003).  It is 

possible that  fibroblasts remain in the culture slices even though the pia mater was 

dissected away from the spinal cord prior to culture the slices. In agreement with a report 

from Cho et al., (2007), fibroblasts are also present in hippocampal slice culture (Cho et 

al., 2007) . Similar changes in GFAP expression ie a reduction at day 10 has been 

reported in injured spinal cord in other studies (Bundesen et al., 2003; Chau et al., 2004; 

Milbreta et al., 2014).  The same pattern of upregulation of GFAP positive cells was 

observed in the NSZ and FSZ regions of interest in our injured slices spinal cord slices.  

This is supported by findings from Renault-Mihara et al., (2011) and Zhang et al., (2007) 

who showed the GFAP–positive reactive astrocytes was also observed in distal areas to 

the injury site(Renault-Mihara et al., 2011; Zhang et al., 2017).  Taken together, the 

increased pattern of GFAP positive cells observed in all regions of interests across all 

time points suggested that the reactive astrocytes are contributed towards the 

development of glial scar following transected injury. Figure 5.27 clearly shows to 

support the physical differences of astrocytes and reactive astrocytes at SZ and NSZ 

across all time points.  

ChABC treatment significantly decreased GFAP expression across all time points 

compared to injured untreated slices particularly in day 7 and 10 post injury (Figure 5.2).  

This most likely explained that ChABC cleavages the GAG sidechains at scar, near and 

FSZs, significantly reducing the reactive astrocyte expression.  These results are in 
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agreement with a previous study where ChABC was shown to reduce migration of 

astrocytes in slice cultures (Hashemian et al., 2014).  These dynamic changes in the 

injured spinal cord were similar to that observed in in vivo models of SCI (Milbreta et al., 

2014).  ChABC treatment was carried out by Chau et al., (2004) who suggested that axon 

regrowth is associated with astrocyte remodeling at the lesion site (Chau et al., 2004).  

The effect of ChABC enzymatic treatment on the morphology of reactive astrocytes is 

important to consider.  The astrocytic shape, arrangement of cellular processes and the 

degree to which they intertwine following the injury are all important factors.  In this 

study we analysed reactive astrocytes within the injured spinal cord tissue slices at the SZ 

and NSZ, focusing on measuring their complexity and heterogeneity after ChABC 

treatment at day 1, 3, 7 and 10.  Fractal dimension and lacunarity was examined in 

confocal images of GFAP-positive cells in spinal cord tissue slices at the four time points 

post injury (days 1, 3, 7 and 10).  Figure 5.27 shows that the difference in astrocyte 

morphology and density between the SZ and NSZ on control, injured and injured slices 

treated with ChABC.  We found that ChABC treatment did change the structural 

complexity (measured in FD) and heterogeneity (measured in Λ) of GFAP-positive cells 

in the SZ particularly at day 7 and 10 (Figure 5.28).  This data suggest that ChABC 

changes the complexity pattern and increased in heterogeneity of the reactive astrocytes 

population at SZ. These dynamic changes in the injured spinal cord were similar to that 

observed after ChABC treatment in animal models of SCI (Shields et al., 2008; Milbreta 

et al., 2014). Shield et al., (2008) found that the ChABC changes the morphology of 

astrocytes within the scar zone of a laceration model of SCI. The morphology changes 

after ChABC treatment modified the glial scar between treated and untreated spinal cord. 

Milbreta et al. (2014) also reported that the ChABC changes the astrocytic network that 

form around the lesion site following injury in comparison to untreated spinal cord. The 

density of astrocytic networks are reduced up to 4 weeks suggesting that ChABC 

favoured an interaction between axons and astrocytes remodelling towards the injury site. 

Similar structural complexity and heterogeneity was observed in the NSZ.  We 

found that ChABC changes (reduced) the complexity of reactive astrocytes in the NSZ at 

day 10. The reduction of reactive astrocyte complexity in NSZ at day 10 concurs with the 

increase in heterogeneity. This data suggests that there were more gaps in the tissue and 

less astrocytes filled up the space in the NSZ, this may allow axons to pass through  the 

rigid scar tissue. As the distance increased from the lesion site, we found the structural 
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complexity of the astrocytes resembled the morphology of astrocytes within healthy 

tissue (uninjured slices) as the FD did not go below 1.6 FD.  This data suggested that the 

pattern of structural variance between reactive astrocytes was varied in the NSZ 

(Schaffner and Ghesquiere, 2001; Soltys et al., 2003).  A lot of variability was observed 

in this study between both regions of interest in terms of astrocyte heterogeneity (Λ) as 

shown in Figure (5.28B and 5.29B).  .  Future work is needed to further investigate 

whether the Λof astrocytes is affected following ChABC treatment as not many studies 

have reported this. 

We examined the developmental astrocytes (radial glia), as represented by BLBP 

immunohistochemical staining (Figure 5.10).  The presence of radial glial cells has been 

reported previously in the adult spinal cord following injury (Hasegawa et al., 2005; 

Knerlich-Lukoschus et al., 2010; Petit et al., 2011).  We found that BLBP levels are 

significantly increased in injured slices in comparison to control slices, particularly at day 

10 in culture in each zone of interest post injury. The upregulation of BLBP levels in 

injured slices is likely due to the radial glial activation in the ependymal zone and 

migration to the lesion site as astrocytes lineage cells (BLBP+)(Barry and McDermott, 

2005; White et al., 2010). However, the level of BLBP expression did not change over 

the four time points in culture in uninjured slices.  The present of abundant BLBP in the 

injury site as reported in our study, is in agreement with, a study that suggested the 

upregulation of BLBP in the injured site is associated with repair process following injury 

(Hasegawa et al., 2005). Shibuya et al., (2003) reported that radial glia are highly 

abundant in the grey matter around the central canal 4 weeks following contusion injury 

and that these cells may help in neural repair (Shibuya et al., 2003).  

ChABC treatment significantly reduced the level of BLBP, in particular at day 7 

and 10 post injury in the SZ.  The most logical explanation for this reduction is due to the 

role reportedly played by CSPG in regulating neural/progenitor cell proliferation and 

impairing neuronal differentiation (Sirko et al., 2007). ChABC treatment degraded the 

CSPG glycoaminoglycans, which is reported to enrich the growth environments of neural 

stem cells (Ida et al., 2006; Tham et al., 2010; Galindo et al., 2017). 

To investigate the upregulation of ECM components (e.g. CSPGs) following SCI, 

NG2 proteoglycan and CS-56 were examined at the scar, near scar and FSZs (Figure 5.4).  

NG2 is a transmembrane protein and one of the CSPGs that is highly expressed after CNS 

injury (Busch et al., 2010; Hackett and Lee, 2016; Levine, 2016; Ampofo et al., 2017).  
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NG2 is expressed in the developing and mature glial scar (Hackett and Lee, 2016; Levine, 

2016).  NG2 is produced by astrocytes (Kwok et al., 2011; Kwok et al., 2012b), and also 

expressed by OPCs and macrophages (Nishiyama et al., 1991; Sirko et al., 2007).  The 

upregulation of NG2 after CNS injury has been shown to inhibit axonal growth (Yiu and 

He, 2006; Hossain-Ibrahim et al., 2007).  In this study, NG2 is significantly expressed in 

injured slices in each region of interest across all four-time points post injury (Figure 5.4).  

The Vv NG2 was observed to increase over time in the injured slice cultures.  Our finding 

of an upregulation of NG2 expression is consistent with similar pattern of expression 

observed in vivo up to 10 days following injury (Liu and Shubayev, 2011; Lv et al., 

2012). These changes also were observed by Jones et al., (2002) in earlier year, who 

reported that NG2 increased after SCI and peaked at day 7, thereafter remaining stable 

over the time course of their in vivo study (Jones et al., 2002). ChABC treatment 

significantly reduced the NG2 level in all regions of interest in four time points post 

injury particularly day 7 and 10.  The notable reduction of NG2 at day 7 and 10 is most 

probably due to the significant degradation of GAG side chain observed after few days 

following ChABC treatment, suggesting that continuous supply of ChABC can reduce 

NG2 level in particular, at day 7 and 10. These result support the findings from others that 

were using intrathecal (IT) delivery method to continuous infuse ChABC in animal 

models of SCI (Bradbury et al., 2002; Novotna et al., 2011). Novotna et al.,(2011) found 

that IT delivery of ChABC reduced significant level of NG2 in the injured site at day 5 

and 7, however, but not in day 14 and 28 days. The reduction of NG2 level at these time 

points was in compliment with significant increase of GAP-43 axons compared to 

vehicle-treated rats. Similar reduction of GAG chains and upregulation of GAP-43 DRG 

neurons were observed by Bradbury et al., (2002) after treated with ChABC in contused 

rats, suggesting ChABC promotes recovery of injured animal if one can manipulate GAG 

chains which is an important inhibitory molecules following SCI in vivo. 

Due to the short half-life of the ChABC reported previously (Mountney et al., 

2013), the ChABC was added every two days in culture to maximise cleavage of the 

GAG sidechains of NG2 and other proteoglycans. Mountney et al.,(2013) reported 

ChABC was infused intrathecally for 14 days in vivo, and the half-life of this enzyme was 

tested and the enzyme activity recovered was approximately 30% after 14 days 

(Mountney et al., 2013). ChABC is also reported to promote CST axonal sprouting in 

transection injury models rather but not contused injury (Iseda et al., 2008). Previous 
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studies showed that following infusion of ChABC demonstrated GAG chains were 

continuously digested (Moon et al., 2001; Bradbury et al., 2002; Garcia-Alias et al., 

2009). These studies showed a corresponding increase in neurite outgrowth and improved 

functional recovery after contused and transected induced-SCI in rats. Taken together, 

GAG chains of CSPG including NG2 can be degraded using ChABC either tested in 

vitro, ex vivo or in vivo studies. CSPG also can regulate the differentiation of certain cells 

following CNS injury including oligodendrocytes progenitor cells (OPC) (Karus et al., 

2016). A study by Karus et al., (2016) showed that OPCs are maintained by CSPGs and 

that the addition of ChABC promoted OPC differentiation (Karus et al., 2016). Levine et 

al., (2016) reported that NG2 is expressed in intact CNS in adult OPCs as well as 

pericytes, newly formed blood vessels in healthy tissues (Nishiyama et al., 1991; Levine, 

2016). This is concurs with our finding, the basal level of NG2 expression in control 

slices did not change throughout the four time points in culture. 

CSPGs are identified by CS-56 immunohistochemical staining.   Aggrecan is one 

of the CSPGs that contribute to PNNs (Kwok et al., 2011; Lin et al., 2011; Carulli et al., 

2016).  PNNs are aggregates surrounding specific neuronal populations that regulate 

synaptic functions and plasticity (Jager et al., 2013; Pantazopoulos et al., 2015). During 

injury, PNN function is disrupted due to accumulation of CSPG expressing CS-56-

positive cells near the injury site (Moon et al., 2001; Tan et al., 2011).  Growth cones are 

induced to collapse and form a barrier to neurite outgrowth (Silver and Miller, 2004).  

Here we found that CS-56 expression is significantly increased in injured slices in each 

region of interest at different time points post injury (Figure 5.6). We observed the basal 

level of CS-56 did not change over the four time points in culture in uninjured slices. The 

upregulation of CS-56 was observed at day 1 post injury in comparison with control slices 

suggesting that the inhibitory GAG chains started to be expressed immediately after the 

injury.  This pattern of upregulation is in agreement with previous reports on CS-56 

expression observed within in vivo studies (Moon et al., 2001; Tan et al., 2011).  CS-56 

expression was also observed in control slices and did not change throughout the four 

time points in culture.  ChABC treatment significantly reduced CS56 expression in the 

scar, NSZ and FSZ at the four time points post injury.  However, the impact of ChABC 

treatment on CS-56 expression was not as dramatic as that observed with ChABC 

treatment on NG2 proteoglycan.  This may be because aggrecan CSPG is more complex 

in GAG chains compared to other CSPGs including NG2 proteoglycans (Iozzo and 
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Schaefer, 2015).  Busch and Silver (2007) reported each GAG side chains varies in length 

and number and these determine their inhibitory activity (Busch and Silver, 2007).  

The involvement of microglia and macrophages was examined following SCI in 

each zone of interest at different time points post injury.  The Vv microglia and 

macrophage components was detected by Iba1 immunohistochemical staining.  There was 

a significant upregulation in Iba1 within all regions of interest at the four time points in 

comparison to the control slices.  As time progressed, Iba1 was significantly upregulated 

in scar, NSZ and FSZs and was at a similar high level to that observed for GFAP-positive 

cells particularly at day 7 (Figure 5.8).  Similar results were observed by Romero-

Sandoval et al., (2008) where they found that Iba1 was upregulated rostrally at L3 and L5 

segments on day 1, 4 and 7  along with GFAP (Romero-Sandoval et al., 2008). The 

increase in level of Iba1 was reported due to probably due to more phagocytic cells in the 

regions to clear the unmyelinated axonal debris after the injury and therefore, improve 

axonal growth (Laflamme and Rivest, 2001).  Figure 5.15 shows that the expression of 

Iba1 is as abundant as GFAP and CS-56 on day 7.  The involvement of microglia and 

macrophages at later time points after the injury is important and reported to be associated 

with glial scar formation (Schwartz, 2003; Rohl et al., 2007).  The cytokines released by 

microglia and macrophages such as TNF-a, IL-1b and IL-6 trigger the proliferation of 

astrocytes and accelerate the formation of the glial scar (Rohl et al., 2007). Our findings 

using the ex vivo model of transection injury concur with the observations of cell types at 

scar, NSZ and FSZ described in previous reports (Schwartz, 2003; Rohl et al., 2007).  

CSPGs are also reported to be expressed by  macrophages following the SCI (Silver and 

Miller, 2004; Ampofo et al., 2017).  In our study, ChABC treatment significantly reduced 

the levels of Iba1 at day 3, 7 and 10 post injury in the SZ.  Our results also show that Iba1 

is significantly reduced in both NSZ and FSZs at the four time points suggesting that 

ChABC cleavage of the GAG sidechains reduced the number Iba1 positive cells.  We 

know very little about the effect of ChABC on recruited blood monocytes and subtypes of 

microglia (M1 and M2 microglia) around the lesion site following the first week of 

injury. However, in the slice culture, there is no circulating blood in the blood vessels. 

Further study should be considered to examine the effect of ChABC on activated 

microglia particularly M1 and M2 phenotypes separately.  Jin and Yamashita (2016) 

reported that the M1 phenotype is increased at the third week post injury, whereby the M2 
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phenotype is increased in the first week of injury due to greater ability to clear the cellular 

debris (Jin and Yamashita, 2016) 

The Vv of ßIII Tubulin-positive neurons was measured at each zone of interest.  

Interestingly, the level of ßIII Tubulin was significantly increased in injured slices in 

comparison with control slices (uninjured) and the highest level was observed at day 3 in 

the SZ.  The expression of ßIII Tubulin dropped slightly on day 7 and remained stable at 

day 10 following injury in injured slices.  The formation of numerous dystrophic axons 

was observed following injury in the acute stage of injury (Horn et al., 2008; Evans et al., 

2014).  Silver and Miller (2004) suggested that the behaviour of dystrophic axons was 

similar in the different types of SCI models (Silver and Miller, 2004).  ChABC treatment 

did not significantly change the level of βIII Tubulin expression except for day 3 post 

injury.  This finding is consistent with Wu et al., (2015) reported that 1 U/ml of ChABC 

was infused intrathecally and showed to enhance axonal regeneration beyond 

Chondroitinase-treated glial scar in vivo (Wu et al., 2015). The axonal sprouting and 

growth (indicated by an increase in βIII Tubulin) can be influenced by changes in GFAP, 

Iba1, BLBP and CSPGs levels at the injury site. 

The concentration of ChABC used in this study was 0.1 U/ml as this level was 

previously reported to cause reduction in CSPGs in ex vivo (Hashemian et al., 2014), and 

in vitro experiments (von Holst et al., 2006; Berglof et al., 2008).  Since ChABC has a 

short half-life, the ChABC treatment was added to the culture medium every two days to 

mimic the treatment given in animal studies as reported by others (Moon et al., 2001; 

Bradbury et al., 2002).  A higher dose is required for in vivo studies (Veronica et al., 

2009; Wu et al., 2015).  Veronica et al. (2009) reported that 50U/ml was directly injected 

rostral and caudal to the spinal cord and that this treatment promoted anatomical but not 

functional plasticity.  Wu et al. (2015) reported that when 1U/ml ChABC was infused 

intrathecally, axonal regeneration was observed beyond the ChABC-treated glial scar in 

vivo in a complete transection injury. 

In summary, the ex vivo model is an advantageous alternative to in vivo models of 

SCI to understand of the complexity of the mechanism following injury.  The cellular 

architecture is preserved and one can manipulate the treatment strategies to observe the 

effect of treatment strategies on 3-dimensional microenvironments. We report the effect 

of ChABC on predominant cells types involved in CNS injury and glial scar 

microenvironments such as reactive and developmental astrocytes, CSPGs including 
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(NG2 and CS-56), inflammatory cells (macrophages and microglia) and neurons at days 

1, 3, 7 and 10 following SCI in an ex vivo cultures.  This early ChABC enzymatic 

treatment (immediately after the injury) is effective at causing a significant change in the 

injured microenvironment of the spinal cord and maybe beneficial in providing a positive 

microenvironment for axonal regeneration in SCI.  
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CHAPTER SIX 

LENTIVIRAL TRANSDUCTION OF EX VIVO SPINAL CORD 

TRANSECTED SLICES WITH SHORT HAIRPIN NG2 AND NT3 

6.1 INTRODUCTION 

Lentiviral vectors are an attractive treatment option for CNS diseases and injuries due to 

their unique capacity to transduce both dividing and non-dividing cells (Naldini et al., 

1996); (Blomer et al., 1997).  The reviews by Hutson et al. (2014) and Sakuma et al., 

(2012) described how the lentiviral vector containing the integrated virus does not 

necessarily enter mitosis before entering the cell nucleus (Sakuma et al., 2012; Hutson et 

al., 2014) .  This process is driven by the presence of integrase protein (IN), matrix 

protein (MA), central polypurine tract (cPPT) sequence and accessory protein, Vpr in the 

lentiviral vector genome (Hutson et al., 2014).  A range of other studies have shown the 

efficient use of lentiviral vectors to overexpress genes of interest (e.g. heat shock protein-

27, HSP27) in stroke (Shi et al., 2017) and glial cell line-derived neurotrophic factor 

(GDNF) overexpression in Parkinson’s Disease (Kelly et al., 2015).  For SCI, lentiviral 

mediated-neurotrophic factors (e.g. NT-3, BDNF) have been used (Taylor et al., 2006; 

Bonner et al., 2010) and lentiviral expressing-ChABC (Zhao et al., 2011; Bartus et al., 

2014) to promote spinal cord repair.  Lentiviral vectors have also been used in targeting 

knockdown of certain factors at RNA and protein level after SCI including short hairpin 

(sh) against GFAP and vimentin (Desclaux et al., 2009; Desclaux et al., 2015), NG2 

(Donnelly et al., 2010; Donnelly et al., 2012) and receptor protein tyrosine phosphatase 

sigma, RPTPσ for CSPG-mediated inhibition (Zhou et al., 2014). Several studies have 

also reported the use of lentiviral vector mediated RNA silencing in neurodegenerative 

disease (Raoul et al., 2006; Sapru et al., 2006; Bastide et al., 2016).  The latter studies 

showed reduction in expression of certain genes such as SOD1 (in Amyotropic Lateral 

Sclerosis) and a-synuclein (in Parkinson’s disease) have been shown to reduce the 

accumulation of these proteins in neurons (Raoul et al., 2006; Sapru et al., 2006; Bastide 

et al., 2016). 

Lentiviral vectors expressing NT-3 have been shown to modulate neuronal support 

over time by promotion of neuronal survival, axonal sprouting and long distance 



 Chapter 6 : Lentiviral Transduction Of Ex Vivo Spinal Slices With shNG2 And NT3 

239 

 

regeneration (Bradbury et al., 2002; Taylor et al., 2006; Kusano et al., 2010; Hou et al., 

2012).  NT-3 binds with high affinity to tropomyosin receptor kinase (Trk) C type; 

whereas NGF binds to TrkA and BDNF and NT-4/5 bind to TrkB receptor (Keefe et al., 

2017).  NT-3 also has a low affinity to TrkA and TrkB receptors (Huang and Reichardt, 

2003).  The majority of these studies involved delivery of NT-3 to the SCI lesion site and 

most involve acute delivery immediately after injury (Lynskey et al., 2006).  The delayed 

administration of NT-3 was found to improve forelimb function after cervical SCI 

(Lynskey et al., 2006).  Novikova et al., (2000) investigated the use of combination 

BDNF and NT-3 administration in a cervical injury model in rats and showed that 

rubrospinal neurons were prevented from undergoing death and atrophy leading to an 

improvement in the motor function of the injured rats (Novikova et al., 2000).  The use of 

NT-3 after SCI has also been shown to promote myelination (Hwang et al., 2011b; Yang 

et al., 2015).  Ziemba and Gilbert (2017) described how NT-3 has also has been 

successfully administered to injured spinal cord in combination with biomaterials-based 

approaches including collagen, fibrin, matrigel, hyaluoronic acid and chitosan (Ziemba 

and Gilbert, 2017).  In addition, NT-3 has been used in combination with cell grafts in 

injured spinal cord (Alto et al., 2009). 

Recent studies using lentiviral mediated-RNA silencing to investigate gene 

function for potential treatments of SCI are promising (Donnelly et al., 2012; Cen et al., 

2013; Zhou et al., 2014; Desclaux et al., 2015). Desclaux et al., (2015) demonstrated that 

spinal cord injured mice treated with short hairpin against GFAP and vimentin (shGFAP 

and shVIM) showed an improvement in motor function and increased axonal regrowth 

and sprouting (Desclaux et al., 2015).  The stable expression of shGFAP and shVIM in 

the lesion site resulted in a significant reduction of astrogliosis.  Zhau et al., (2014) 

reported the delivery of short hairpin targeting receptor protein tyrosine phosphatase 

sigma (RPTPσ) as one of the functional receptors for CSPGs-mediated inhibition.  Zhau 

and colleagues showed the injection of shRPTPσ, significantly promoted axonal 

regeneration around the lesion site in vivo (Zhou et al., 2014).  This short distance axonal 

sprouting was shown by NF 200 staining, and suggests that the correct re-innervation of 

axonal sprouting after the treatment still needs to be explored (Zhou et al., 2014).  Cen et 

al. (2013) demonstrated the short hairpin targeting LINGO-1 (negative regulator for 

axonal sprouting) also showed promotion of functional recovery in rats with complete 

spinal cord transection.  They found that the lentiviral-shLINGO-1 treated group showed 
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more axonal sprouting and myelinated fibers compared to laminectomy group at the 

lesion site as well as increased number of surviving neurons and oligodendrocytes (Cen et 

al., 2013).  Donnelly et al., (2012) investigated the combinatorial approaches of lentiviral 

vector-mediated short hairpin RNA against NG2 (shNG2) and lentiviral-expressing NT-3 

in contused SCI rats.  The injured rats showed an improvement in functional recovery 

after 2 weeks post-treatment.  This behavioural data was supported by observation of 

increased expression of neurons and decreased NG2, as well as reduced scar size at the 

lesion site (Donnelly et al., 2012).  

CSPG4 (NG2-proteoglycan) is a transmembrane protein and reported to express as 

a N-linked glycoprotein of 250 kDa or as a 450 kDa N-linked glycoprotein (Sandvig et 

al., 2004).  NG2 is expressed in the intact CNS and is upregulated after CNS injury 

(Levine, 2016; Ampofo et al., 2017).  NG2 has been previously reported to be involved in 

inhibition of axonal regeneration after SCI (Greenwood and Butt, 2003; Hackett and Lee, 

2016; Levine, 2016).  The use of ChABC enzymes to digest the GAG chains in NG2 

proteoglycans showed promotion of neurite outgrowth and axonal sprouting(Moon et al., 

2001; Kwok et al., 2012a; James et al., 2015).  The lentiviral-expressing ChABC has 

been shown to enhance axonal sprouting and promote functional recovery in the forelimb 

after a cervical contusion injury by down regulation of chondroitin sulphate chains (Zhao 

et al., 2011).  NG2 also has been reported to be downregulated in co-culture in vitro study 

(Donnelly et al., 2010) and in vivo study (Donnelly et al., 2012)by using lentiviral-

mediated shRNA targeting NG2.  

In the present study, we investigated the effect of a combination treatment of Lenti 

NT3 and Lenti shNG2 in an ex vivo model of spinal cord transection injury.  We have 

shown in chapter 4 that the effect of early treatment of ChABC (immediately after the 

injury) is effective at causing a significant change in the injured microenvironment of the 

spinal cord in particularly CSPGs (NG2 proteoglycan) and neurons (shown by ßIII 

Tubulin staining).  We hypothesised that Lenti shNG2 can be used as an appropriate 

alternative to ChABC in modification of CSPG expression.  In addition, we hypothesised 

that a combination of Lenti NT3 and Lenti shNG2 will create a better microenvironment 

for axonal regrowth and sprouting in ex vivo experiment settings that mimic in vivo 

studies. 
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6.2 EXPERIMENTAL DESIGN 

This chapter describes the use of NT3-overexpressing lentiviral vector and shNG2 

knockdown lentiviral vector.  The work here involved testing the efficacy, biological 

effect and functional effect of these two lentiviral vectors in vitro and in an ex vivo spinal 

cord slice culture model of transection injury.  Lenti NT3 and Lenti GFP control lentiviral 

vectors were constructed and validated by former PhD student Dr Eleanor Donnelly (see 

Section 2.10.1 and 2.10.2).  The Lenti shNG2 knockdown lentiviral vector was designed 

and purchased from MissionÒshRNA libraries.  Five shRNAs were designed to target 

mouse CSPG4 (also known as NG2) and these were tested for their ability to knockdown 

rat CSPG4 (see Section 2.10.3).  The titer of each lentiviral vector was determined by 

examination of the increase in gag sequence within the target cell genome measured 

using quantitative real time PCR (see Section 2.11).  The results are presented as TU/ml 

for each of lentiviral vectors.  In order to determine the biological effect of Lenti NT3, the 

level of NT3 protein in media taken from Lenti NT3 transduced cells was measured using 

ELISA (see Section 2.12) and the functional effect was measured using a DRG neurite 

outgrowth assay (see Section 2.13).  Neu7 cells, the immortalised rat astrocytic cell line, 

were used in this study to investigate the ability of Lenti shNG2 to knockdown NG2 

protein in vitro.  The Neu7 cells were characterized using immunocytochemical staining 

to demonstrate the level of NG2 protein (see Section 2.14).  The dose of puromycin 

which kills untransduced Neu7 cells within 1 week was determined using analysis of cell 

morphology and an Alamar blue assay to assess cell survival (see Sections 2.15 and 2.16).  

To determine whether Lenti shNG2 can decrease NG2 levels, Neu7 cells were transduced 

with shNG2 lentiviral vector, selected with puromycin and the NG2 RNA and protein 

levels were examined (see Sections 2.17 and 2.18).  To investigate whether the reduction 

in NG2 protein caused by the Lenti shRNA can enhance neurite outgrowth in vitro, DRG 

neurons were treated with media from shNG2 transduced Neu7 cells and the length of the 

neurites was measured using a DRG neurite outgrowth assay (see Section 2.13).  To 

investigate the extent to which lentiviral vector can penetrate longitudinally cut spinal 

cord slices ex vivo, the Lenti GFP control lentiviral vector was used to transduce the slices 

and examined at top, midway and bottom of confocal image stacks (see Section 2.19.1 

and 2.19.2).  Immunohistochemical staining was performed on the transduced slices to 

identify GFP transduced cells (see Section 2.19.3).  To examine the effect of Lenti NT3 
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and combination Lenti NT3/shNG2 on transected ex vivo spinal cord slices, control and 

transection injured longitudinal slices were prepared (see Section 2.2.2). The slices were 

transduced with lentiviral vectors expressing a non-targeting control, GFP control, NT3 

and a combination of NT3/shNG2 (see Section 2.19.4).  To determine the production of 

NT3 protein in spinal cord slices transduced with Lenti NT3, media was harvested from 

transduced slices and examined using NT3 ELISA (see Section 2.19.5).  The cellular 

environment of the lesion was examined using stereological analysis.  The Vv of 

immunohistochemical staining for NG2-positive cells, bIII Tubulin-positive axons and 

GFP-positive cells was carried out.  Each spinal cord slice was divided into three regions 

of interest: IZ, SZ and NSZ (see Section 2.19.6).  Three technical repeats was carried out 

for all molecular, in vitro and ex vivo experiments in this chapter. 

 

6.3 RESULTS 

The main hypothesis of this chapter is that the combination treatment of NT3 and shNG2 

lentiviral vectors can promote neurite outgrowth and reduce NG2 expression in the glial 

scar in ex vivo spinal cord cultures.  

 

6.3.1 The design of shNG2 and NT3-expressing lentiviral vectors 

The aim of this work is to knockdown NG2 using a lentiviral vector in rat cells in vitro 

and in ex vivo slices of rat spinal cord tissue.  There are lentiviral vectors with shRNAs 

commercially available that can be designed to target the NG2 transcript of Mus 

musculus.  Five NG2 shRNA’s were purchased for this study (NG2 sh1, sh2, sh3, sh4 and 

sh5).  Rat and mouse sequences were aligned in order to select shRNAs designed to the 

mouse sequence, which may best interact with the rat NG2 sequence.  NG2 sh1 and NG2 

sh2 were identical sequences matching (100%) the NG2 sequence of Rattus norvegicus.  

However, NG2 sh3, NG2 sh4 and NG2 sh5 all had a one base mismatch with the rat 

sequence (see Table 6.1 and Table 6.2). 

The lentiviral vectors used in this study are illustrated in the schematic diagram in 

Figure 6.1.  The non-targeting control vector contains a shRNA insert that does not target 

any known transcript from a mammalian species and acts as a negative control.  

TurboGFPä control vector encodes TurboGFPä under the CMV promoter and was used 
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as a control to monitor transduction efficiency for the knockdown shNG2 lentiviral 

vectors.  The lentiviral vector encoding NT3 was prepared by Dr Eleanor M. Donnelly, as 

described previously by excising the GFP from the pWPT-GFP construct and replacing it 

with the NT3 sequence (Donnelly et al., 2010; Donnelly et al., 2012).  The pWPT-GFP 

vector was used as the control for transduction with the pWPT-NT3 lentiviral vector both 

in spinal cord slices cultures and in vitro.  
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Table 6.1: Summary of sequence alignment of shRNA targeting NG2 between Rattus 
norvegicus and Mus musculus.  The mismatched base pair between two species are shown 
in cyan as shown in NG2 sh3, sh4 and sh5.  Key: sh: short hairpin RNA; CSPG4: 
chondroitin sulphate proteoglycans 4  

ShRNAs Species DNA Sequences targeting CSPG4 (NG2) Alignment 

NG2 sh1 Rattus norvegicus …GGGACAAGCGTGGCAACTTTATCTA… Match 

Mus musculus …GGGACAAGCGTGGCAACTTTATCTA… 

NG2 sh2 Rattus norvegicus …GCATAGAAGATTTCAGTGTTAATGG… Match 

Mus musculus …GCATAGAAGATTTCAGTGTTAATGG… 

NG2 sh3 Rattus norvegicus …GGGTATCTCCACGTAGCCAATAGT… One base 

mismatch Mus musculus …CCCTATCTTCACGTAGCCAATAGT… 

NG2 sh4 Rattus norvegicus …CAATACCCTACACGTACTTTCAACC… One base 

mismatch Mus musculus …CAATACCCTACGCGTACTTTCAACC… 

NG2 sh5 Rattus norvegicus …GCAACCAACTTGTGGAAGATTTC… One base 

mismatch Mus musculus …GCAACCAACTTGTGGAACATTTC… 



 Chapter 6 : Lentiviral Transduction Of Ex Vivo Spinal Slices With shNG2 And NT3 

245 

 

shRNAs Arrangement of DNA sequences targeting NG2 in pLKO.1 backbone vector 
 
 
NG2 sh1 
 

 5’-                           Sense strand                        Loop                       Antisense 
strand                               3’ 
CCGG- GGGACAAGCGTGGCAACTTTA -CTCGAG-
TAAAGTTGCCACGCTTGTCCC –CTTTTTG 
 
 
 
 

 
NG2 sh2 

5’-                           Sense strand                        Loop                       Antisense 
strand                               3’ 
CCGG- GCATAGAAGATTTCAGTGTTA -CTCGAG- 
TAACACTGAAATCTTCTATGC –TTTTTG 
 
 
 
 

 
NG2 sh3 

5’-                           Sense strand                        Loop                       Antisense 
strand                               3’ 
CCGG -CCCTATCTTCACGTAGCCAAT-CTCGAG- 
ATTGGCTACGTGAAGATAGGG –TTTTTG   
  
 
 

 
NG2 sh4 

5’-                   Sense strand                        Loop                       Antisense strand                       
3’                                 
CCGG- CAATACCCTACGCGTACTTTC -CTCGAG- 
GAAAGTACGCGTAGGGTATTG –GTTTTTG 
 
 
 

 
NG2 sh5 
 

5’-                  Sense strand                        Loop                       Antisense strand                    
3’ 
CCGG- GCAACCAACTTGTGGAACATT -CTCGAG- 
AATGTTCCACAAGTTGGTTGC-TTTTTG 
 
 
 

Table 6.2: Summary of arrangement of DNA sequences targeting NG2 in pLKO.1-TRC 
cloning vector in all sh lentiviral particles. Loop sequences are coded in yellow, DNA 
sequences (sense strand) targeting NG2 gene coded in green, complimentary DNA 
sequence (antisense strand) underlined.  The schematic diagrams of each design represent 
the mRNA of shRNA targeting NG2, where U is stand for Uracil.  Keys: DNA bases 
G,guanine; C,cytosine; A,adenosine; T,thymine  

5’- 
3’- 

Sense strand 

Anti-sense strand 
Loop 

5’- 
3’- 

Sense strand 

Anti-sense strand 
Loop 

5’- 
3’- 

Sense strand 

Anti-sense strand 
Loop 

5’- 
3’- 

Sense strand 

Anti-sense strand 
Loop 

5’- 
3’- 

Sense strand 

Anti-sense strand 
Loop 
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Figure 6.1: Schematic diagram of the shNG2, TurboGFP™ and pWPT-GFP vectors.  
Puromycin resistence gene (puroR) provides a selectable marker for transduction by the 
shNG2 vector(A). Non-Targeting Control vector contains a shRNA insert that does not 
target any known genes from any mammalian species and acts as negative control(A).  
TurboGFP™ control vector contained a sequence encoding TurboGFP™, under the 
control of CMV promoter(B). NT3 expressing vector contained a sequence encoding NT3 
gene, under the control of EF-1α promoter(C)  pWPT-GFP control vector containing GFP 
sequence under the control of EF-1α promoter (D).  Key: U6, U6 promoter; hPGK, 
human Phosphoglycerate Kinase eukaryotic promoter; CMV,Cytomegalovirus promoter; 
puroR, puromycin resistance gene; tGFP, turbo green fluorescent protein; AmpR, 
Ampicilin resistance gene; cppt, central polypurine tract; WPRE, Woodchuck 
Posttranscriptional Regulatory Element; EF 1-α,human Elongation Factor 1-alpha. 
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6.3.2 Lentiviral vector titration using qPCR of gag sequence  

To titer the lentiviral vectors using qPCR, 293T cells were transduced and after 3 days the 

increase in gag sequence within the genomic DNA was measured using real time PCR as 

described by (Kutner et al., 2009) and (Sastry et al., 2002)(see Figure 6.2).  The gag 

sequence titration for each lentiviral vector were derived from extrapolation plotting the 

log10 of the number of standard gag DNA copies versus Ct values from qPCR as 

illustrated in Figure 6.3A. For shNG2, the gag sequence titration method indicated 100s-

1000s of times lower titers in comparison with the p24 assay provided by the company 

from which the shRNA was purchased (Figure 6.3B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2:  Overview of the experimental design to titer the lentiviral vector using 
qPCR.  
Schematic representation of the titration method used, NT3-overexpressing lentiviral 
vectors, shNG2 knockdown lentiviral vectors and control lentiviral vectors were used to 
transduce 293T cells in vitro. dsDNA was isolated, quantified and used as a template for 
real time PCR to quantify the increase in gag sequences within the target cell genome. 
This sequence is present in all HIV-1 vectors as part of extended packaging signal. 
Yellow cells = untransduced cells; green cells = transduced cells  
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Lentiviral vectors Match rat/mouse 

sequence 

P24 ELISA 

titre(TU/ml) 

Gag sequence 

titres 

(TU/ml) 

NG2 sh1 100% 1.90 x 107 1.04 x 105 

NG2 sh2 100% 1.90 x 107 9.91 x 104 

NG2 sh3 1 mismatch 2.10 x 108 1.71 x 106 

NG2 sh4 1 mismatch 2.20 x 108 1.92 x 105 

NG2 sh5 1 mismatch 9.50 x 106 1.07 x 105 

Non targeting control - 1.10 x 108 4.45 x 105 

TurboGFP™ - 2.40 x 107 3.20 x 105 

pWPT GFP - - 1.30 x 106 

NT3 - - 1.01 x 108 

 

Figure 6.3: Lentiviral vector titers of shNG2, NT3 and GFP control using real time 
PCR.Graph represents the log 10 number of gag DNA copies versus Ct values of gag 
from Q-PCR(A). Table shows the titer of 5 shRNA knockdown NG2, Non-targeting 
control, GFP, pWPT-GFP and NT3-overexpressing lentiviral vectors based on gag 
sequence titer in comparison with p24 ELISA assay(B). 

A 

B 
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6.3.3 Cells transduced with NT3 lentiviral vector produce significant levels of NT3 

protein and promote DRG neurite outgrowth  

The level of NT3 protein produced by 293T cells post-transduction with 1 x 108 TU/ml, 5 

x 108 TU/ml or 10 x 108 TU/ml lentiviral vectors was measured using NT3 Human 

ELISA kit.  The overview of the experimental design to determine the NT3 expression 

level, ability to produce NT3 protein and promote neurite outgrowth in vitro is illustrated 

in Figure 6.4 and Figure 6.6.  The 293T cells transduced with 1 x 108, 5 x 108 or 10 x 108 

TU/ml all produced significantly more NT3 than untransduced cells (Figure 6.5).  The 

transduction with 1 x 108 TU/ml of NT3-overexpressing lentiviral vector showed the 

lowest NT3 protein detected in the conditioned media (2438.27 pg/ml).  Conditioned 

media refers to media collected from cells/tissue that has been transduced with a lentiviral 

vector.  The amount of NT3 protein detected in untransduced conditioned after 3 days 

was 40.45 pg/ml (Figure 6.5).  The levels of NT3 produced by transduced cells are of 

biological relevance, as results obtained previously in our lab indicated that recombinant 

NT3 protein at 100 pg/ml concentration (or higher) caused a significant increase in DRG 

neurite length (Donnelly et al., 2010).  To determine the functional effect of NT3 protein 

produced following NT3 lentiviral transduction, the conditioned media from transduced 

NT3 wells (1 x 108 TU/ml and 5 x 108 TU/ml) was added to DRG neurons for three days 

in culture.  The DRGs neurons were stained with bIII Tubulin and the neurite outgrowth 

were measured by estimating the neurite length in µm per cell.  The conditioned media 

from transduced NT3 cells (5 x 108 TU/ml) showed a significant increase in DRG neurite 

length compared to untransduced cell conditioned media and caused the highest increase 

of neurite length after the treatment (3053.75 µm length increase)(Figure 6.7).  There was 

also a significant difference found between transduced NT3 cells (1 x 108 TU/ml) 

compared to untransduced cell conditioned media that contributed to 1504.42 µm length 

increment.  The DRG neurons grown in DRG media as positive control cells had a 

significantly increased neurite length compared to DRGs grown in media from 

untransduced cells.  Stereological analysis also showed there was a significant difference 

in DRG neurite length between treatment groups of 1 x108 TU/ml and 5 x108 TU/ml.  

However, there was no significant differences found in neurite length between DRGs 

grown with DRG media and those grown with Lenti NT3 conditioned medium (1 x 108 

TU/ml) even though there was an slightly increased neurite length.  These studies 
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demonstrated that 293T cells transduced with NT3 lentiviral vector secreted NT3 protein.  

Furthermore, this protein was capable of promoting neurite outgrowth of DRG neurons 

demonstrating the functionality of the NT3 protein. 
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Figure 6.4: Overview of experimental design to determine levels of NT3 protein 
produced in vitro following transduction with NT3 lentiviral vector.  293T cells were 
transduced with 1x108TU/ml (1 µl), 5x108TU/ml (5 µl)  or 10x108TU/ml (10 µl) NT3 
lentiviral vector (A). Conditioned media was harvested 3 days after transduction and 
examined using a NT3 Human ELISA kit (B).  
 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5: 293T cells produce significantly more NT3 protein after transduction 
with NT3- lentiviral vector.  Graph shows the concentration of NT3 protein in 
conditioned media from untransduced (UT), 1x108TU/ml (1 µl), 5x108TU/ml (5 µl)  and 
10x108TU/ml (10 µl)  Lenti-NT3 transduced 293T cells after 3 days in culture.  Mean ± 
SEM.  *=p≤0.05,**=p≤0.01, ***=p≤0.001.  n=3.  Tukey’s post hoc test using One way 
ANOVA.   
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Figure 6.6: Overview of an experimental design to determine if NT3 lentiviral vector 
can promote DRG neurite outgrowth in vitro 
Schematic drawing illustrates the media from untransduced 293T cells, NT3 lentiviral 
vector transduced 293T cells and DRG media (positive control) on DRG neurons (A). To 
determine the functional effect of NT3 protein produced in conditioned media of 
transduced 293T cells, DRG neurons were cultured in control conditioned media from 
transduced NT3 wells for three days in cultures. The DRG neurons were stained for the 
neuronal marker βIII Tubulin.  The neurite outgrowth was measured by estimating the 
neurite length in µm per cell (B). 
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Figure 6.7: NT3 produced from 293T transduced cells promotes neurite outgrowth 
in vitro.  
Photomicrographs show representative images of projected confocal images of DRG 
neurons after treatment with media from untransduced cells (UT), DRG media (positive 
control), conditioned media from 293T cells transduced with 1 x 108 TU/ml (1 µl) or 5 x 
108 TU/ml (5 µl) of NT3 lentiviral vector (A).  Scale bar=200 µm.  Graphs show the 
neurite length per cell measured using stereology compared to untransduced cell media 
(B).  Data shown as mean neurite length ± SEM.  *=p≤0.05,**=p≤0.01, ***=p≤0.001.  
n=3.  Tukey’s post hoc test using One-way ANOVA.   
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6.3.4 Optimisation of Neu7 cells to test for transduction with shNG2 lentiviral 

vector and puromycin selection  

6.3.4.1 Identifying a cell type to validate shRNAs 

In order to determine which of the lentiviral shRNAs can knockdown rat NG2, a rat cell 

line that expresses NG2 was required.  The Neu7 cell line is reported to express the 

astrocyte marker GFAP and CSPGs (Smith-Thomas et al., 1994; Fidler et al., 1999; 

Laabs et al., 2007). NG2 is known to be expressed by astrocytes and Neu7 cells are an 

immortalised astrocyte cell line that has previously been shown to express NG2 (Fidler et 

al., 1999).  NG2 is a secreted protein but also can be observed at the surface of the cell 

membrane (Butt et al., 1999) and integral membrane (Nishiyama et al., 1991).  

Immunocytochemical staining for NG2 was carried out to demonstrate that NG2 protein 

is expressed in Neu7 cells (Figure 6.8).  The localization of NG2 observed in the studies 

mentioned above is similar to what we observed on the surface of the Neu7 cells.  

Immunocytochemical staining of the Neu7 cells also indicated that they expressed the 

proteins GFAP and CS-56.  As expected, the GFAP protein in Neu7 cells was observed in 

the cytoplasm of the Neu7 cells whereby, the CS-56 was observed at the cell surface 

(Figure 6.8). 
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Figure 6.8:  Neu7 cells express the antigenic markers NG2, CS-56 and GFAP 
Photomicrographs show single optical confocal images of NG2 (Ai), DAPI (Aii) and 
merged NG2 and DAPI (Aiii).  Panel B shows the optical confocal images of CS-56 (Bi), 
DAPI (Bii) and merged CS-56 and DAPI (Biii).  Panel C shows the optical confocal 
images of GFAP (Ci), DAPI (Cii) and merged GFAP and DAPI (Ciii).  Scale bar=40 µm 
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6.3.4.2 Optimisation of Neu7 puromycin kill curve 

The puromycin resistance gene encoded on the lentiviral vector allows selection of 

transduced cells using puromycin antibiotic in cell culture media.  In order to determine 

the optimal concentration of puromycin to use on Neu7 transduced cells in this study, a 

range of concentrations (0 µg/ml to 10 µg/ml) were used over 9 days in culture.  Cell 

survival was examined by morphological analysis and by quantifying the metabolic 

activity of the Neu7 cells.  This study showed that a puromycin concentration of 4 µg/ml 

killed all the Neu7 cells as early as day 5 in culture as assessed by the lack of cells 

attached to the culture dish at this time point (Figure 6.9).  By day 7 and 9, all the cells 

had died and none remained attached to the flask.  In comparison, the untreated cells 

show an increase in cell number until it reached a growth plateau at day 7 and 9 (Figure 

6.9).  The effect of Puromycin selection media with 4 µg/ml concentration was shown to 

further reduce the metabolic activity of the Neu7 cells as shown in Figure 6.10.  

Therefore, a concentration of 4 µg/ml was chosen to select for Neu7 cells post 

transduction. 
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Figure 6.9: Puromycin concentrations of 4 µg/ml and higher kills Neu7 cells within 5 
days.Photomicrographs show representative phase contrast images of untreated Neu7 
cells (A) and Neu7 cells treated with Puromycin at 0.5 µg/ml (B), 1 µg/ml (C), 2 µg/ml 
(D), 4 µg/ml (E), 6 µg/ml (F), 8 µg/ml (G) and 10 µg/ml  (H) until day 9 in vitro.  Scale 
bar = 100 µm 
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Figure 6.10: Metabolic activity of Neu7 cells is reduced after puromycin treatment 
over 9 days in vitro 
The graph shows the percentage reduced resazurin at 0, 0.5, 1, 2, 4, 6, 8 and 10 µg/ml 
Puromycin treatment measured using Alamar Blue Assay.  Values shown are mean 
percentages of reduced resazurin .   
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6.3.4.3 Selection of shNG2 for optimal NG2 knockdown 

In this study, the success of the NG2 knockdown was evaluated in vitro by the decrease in 

NG2 RNA and NG2 protein levels in Neu7 cells.  In order to determine whether any of 

the 5 shNG2 lentiviral vectors can cause NG2 knockdown, the shNG2 knockdown 

lentiviral vectors (NG2 sh1, sh2, sh3, sh4 and sh5) were used to transduce Neu7 cells.  In 

this experiment, a non-targeting control acted as a negative control because it does not 

target any known mammalian transcript.  A TurboGFPä lentiviral vector was used as 

positive control to monitor transduction efficiency for knockdown of shNG2 lentiviral 

vectors.  Three days post-transduction, the Neu7 cells were cultured in puromycin 

selection medium (4 µg/ml) until the control well of untransduced cells had all died 

(Figure 6.11-6.16).  In this experiment, all the untransduced cells in wells treated with 

puromycin had died by day 7.  To ensure complete selection of transduced cells, all the 

wells were cultured for another three days in puromycin selection medium.  At that point, 

cells were switched to normal growth media for three days.   
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Figure 6.11: The effect of puromycin selection on transduced and untransduced 
Neu7 cell line after transduction with NG2 sh1 lentiviral vector 
Photomicrographs show representative phase contrast images of transduced and 
untransduced Neu7 cells on day 0 (panel A), day 1 (panel B), day 3 (panel C) and day 6 
(panel D).  Neu7 cells were transduced with 1.04 x 10

5 
TU/ml (Aiii, Biii, Ciii, Diii) or 5.2 

x 10
5
 TU/ml (Aiv,Biv,Civ,Div) of NG2 sh1 lentiviral vector for 3 days in vitro.  Neu7 

cells were grown in Neu7 cell selection media (4 µg/ml puromycin).  The control wells 
were untransduced Neu7 cells with normal growth media (Ai,Bi,Ci,Di) and untransduced 
Neu7 cells with Neu7 selection media (Aii,Bii,Cii,Dii).  Scale bar=100 µm. 
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Figure 6.12: The effect of puromycin selection on transduced and untransduced 
Neu7 cell line after transduction with NG2 sh2 lentiviral vector 
Photomicrographs show representative phase contrast images of transduced and 
untransduced Neu7 cells on day 0 (panel A), day 1 (panel B), day 3 (panel C) and day 6 
(panel D).  Neu7 cells were transduced with 9.91 x 104 TU/ml (Aiii, Biii, Ciii, Diii) or 
49.6 x 104 TU/ml (Aiv, Biv, Civ, Div) of NG2 sh 2 lentiviral vectors for 3 days in vitro.  
Neu7 cells were grown in Neu7 cells selection media (4 µg/ml puromycin).  The control 
wells were untransduced Neu7 cells with normal growth media (Ai,Bi,Ci,Di) and 
untransduced Neu7 cells with Neu7 selection media (Aii,Bii,Cii,Dii).  Scale bar=100 µm.
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Figure 6.13: The effect of puromycin selection on transduced and untransduced 
Neu7 cell line after transduction with NG2 sh3 lentiviral vector 
Photomicrographs show representative phase contrast images of transduced and 
untransduced Neu7 cells on day 0 (panel A), day 1 (panel B), day 3 (panel C) and day 6 
(panel D). The Neu7 cells were transduced with 1.71 x 106 TU/ml (Aiii, Biii, Ciii, Diii) or 
8.55 x 106 TU/ml (Aiv, Biv, Civ, Div) of NG2 sh 3 lentiviral vectors for 3 days in vitro.  
Neu7 cells were grown in Neu7 cells selection media (4 µg/ml puromycin antibiotic).  
The control wells were untransduced Neu7 cells with normal growth media (Ai, Bi, Ci 
Di) and untransduced Neu7 cells with Neu7 selection media (Aii, Bii, Cii, Dii).  Scale 
bar=100 µm. 
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Figure 6.14: The effect of puromycin selection on transduced and untransduced 

Neu7 cell line after transduction with NG2 sh4 lentiviral vector 

Photomicrographs show representative phase contrast images of transduced and 
untransduced Neu7 cells on day 0 (panel A), day 1 (panel B), day 3 (panel C) and day 6 
(panel D).  Neu7 cells were transduced with 1.92 x 106 TU/ml (Aiii, Biii, Ciii, Diii) or 9.6 
x 106 TU/ml (Aiv, Biv, Civ, Div) of NG2 sh4 lentiviral vectors for 3 days in vitro.  Neu7 
cells were grown in Neu7 cells selection media (4 µg/ml puromycin antibiotic).  The 
control wells were untransduced Neu7 cells with normal growth media (Ai, Bi, Ci, Di) 
and untransduced Neu7 cells with Neu7 selection media (Aii, Bii, Cii, Dii).  Scale 
bar=100 µm. 
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Figure 6.15: The effect of puromycin selection on transduced and untransduced 
Neu7 cell line after transduction with non-targeting control lentiviral vector 
Photomicrographs show representative phase contrast images of transduced and 
untransduced Neu7 cells on day 0 (panel A), day 1 (panel B), day 3 (panel C) and day 6 
(panel D). The Neu7 cells were transduced with 4.45 x 105 TU/ml (Aiii, Biii, Ciii, Diii) or 
22.3 x 105 TU/ml (Aiv, Biv, Civ, Div) of non-targeting control lentiviral vectors for 3 
days in vitro.  Neu7 cells were grown in Neu7 cells selection media (4 µg/ml puromycin 
antibiotic).  The control wells were untransduced Neu7 cells with normal growth media 
(Ai, Bi, Ci, Di) and untransduced Neu7 cells with Neu7 selection media (Aii, Bii, Cii, 
Dii).  Scale bar=100 µm. 
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Figure 6.16: The effect of puromycin selection on transduced and untransduced 
Neu7 cell line after transduction with GFP control lentiviral vector 
Photomicrographs show representative phase contrast images of transduced and 
untransduced Neu7 cells on day 0 (panel A), day 1 (panel B), day 3 (panel C) and day 6 
(panel D). The Neu7 cells were transduced with 3.20 x 105 TU/ml (Aiii, Biii, Ciii, Diii) or 
16 x 105 TU/ml (Aiv, Biv, Civ, Div) of GFP control lentiviral vectors for 3 days in vitro. 
The Neu7 cells were grown in Neu7 cells selection media (4 µg/ml puromycin antibiotic).  
The control wells were untransduced Neu7 cells with normal growth media (Ai, Bi, Ci, 
Di) and untransduced Neu7 cells with Neu7 selection media (Aii,Bii,Cii,Dii).  Scale 
bar=100 µm. 
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6.3.4.4 The level of RNA transcripts did not change in transduced Neu7 cells 

Neu7 transduced cells were harvested for analysis of RNA and protein expression to 

determine the ability of these shRNAs to knockdown NG2 in vitro.  The overview of the 

experimental design to measure shRNA NG2 knockdown at RNA and protein level is 

shown in Figure 6.17.  To determine whether NG2 knockdown could be observed at the 

RNA level, qPCR was performed on RNA isolated from Neu7 cells.  There were no 

significant differences found in relative NG2 mRNA expression between all shRNA 

lentiviral transduced cells compared to the non-targeting shRNA control (Figure 6.18A).  

However, there was a non-significant reduction of NG2 observed between NG2 sh1 and 

the non-targeting control.  Even though it was not statistically significant the level of 

NG2 RNA was reduced by 72.6% compared to non-targeting control.  Post-hoc analysis 

using Tukey’s test also revealed there was no significant differences in RNA level 

between NG2 sh2 and non-targeting control although the transcript level was reduced by 

60.5%.  There was no reduction of RNA transcripts observed in NG2 sh3, sh4 and sh5 

compared to the non-targeting control. This result may be due to mismatch bases as 

compared to rat sequences, these shRNA lentiviral vectors did not function well.  

Interestingly, there is a clear significant difference in relative NG2 RNA expression 

between untransduced cells and non-targeting control.  There were also significant 

differences found between all lentiviral vector treated cells compared to untransduced 

cells.  Therefore, the level NG2 RNA is significantly altered in transduced cells compared 

to untransduced cells in this experiment. 
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Figure 6.17:  Overview of the experimental design to determine whether shNG2 
knockdown lentiviral vectors can cause NG2 knockdown and promote neurite 
outgrowth in vitro 
Schematic representation of short hairpin NG2 knockdown lentiviral vectors (NG2 sh1, 2, 
3, 4 and 5), non-targeting control and GFP control transduction on Neu7 cells (A).  3 days 
after transduction, transduced Neu7 cells were selected using medium containing 4 µg/ml 
puromycin (B).  The transduced Neu7 cells were cultured in puromycin selection media 
for 10 days and then changed to normal growth media for three days (C). The conditioned 
media from transduced Neu7 cells was harvested after three days in normal growth media 
(D).  Real time PCR and western blotting were carried out to measure the NG2 RNA and 
protein levels respectively in order to determine the extent of NG2 knockdown (E).  To 
compare the functions of 5 shNG2s, DRG neurons were harvested from P4 rat pups and 
cultured in vitro then incubated in conditioned media from transduced Neu7 cells for 
three days. The DRGs neurons were stained for neuronal marker of βIII Tubulin (F).  The 
neurite outgrowth was measured by estimating the neurite length in µm per cell (G).   
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6.3.4.5 Reduction in NG2 protein in NG2 sh1 and NG2 sh2 lentiviral vector transduced 

Neu7 cells 

NG2 protein expression was evaluated in transduced cells using western blot analysis.  

The results revealed that NG2 sh1, NG2 sh2 and NG2 sh5 significantly reduced the NG2 

protein level compared to the non-targeting control treated cells (Figure 6.18B).  The 

NG2 sh1 treated cells showed a significant decrease in NG2 protein level (96.21%) 

compared to non-targeting control treated cells.  NG2 sh2 treated cells showed an 84.81% 

decrease in NG2 and NG2 sh5 showed a 56.65% reduction in NG2 protein after 10 days 

of puromycin selection.  There are no significance differences of NG2 protein expression 

relative to b-actin between non-targeting control and NG2 sh3 and NG2 sh4.  Tukey’s 

post-hoc analysis also revealed there is no statistical difference in relative NG2 protein 

level between untransduced cells and non-targeting control treated cells.   
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Figure 6.18: NG2 sh1 and NG2 sh2 lentiviral vectors significantly reduce NG2 
protein but not NG2 RNA expression in Neu7 cells. The graphs show qPCR and 
western blot analysis to ascertain the knockdown efficacy of non-targeting control, NG2 
sh1, NG2 sh2, NG2 sh3, NG2 sh4 and NG2 sh5 in Neu7 cell at the RNA (A) and protein 
(B) level.  For relative NG2 RNA level expression, all the samples were normalised to 
Drosha.  For relative protein expression, all the samples were normalized to b-actin.  The 
data is normalized to cells treated with non-targeting control. *=p≤0.05,**=p≤0.01, 
***=p≤0.001.  n=3.  Tukey’s post hoc test using One way ANOVA.    
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6.3.4.6 NG2 sh1, NG2 sh2 and NG2 sh5 lentiviral vectors significantly reduce NG2 

protein in immunocytochemically stained Neu7 cells  

As western blot analysis shows a statistically significant decrease in NG2 for NG2 sh1, 

sh2 and sh5, immunocytochemistry was performed to further confirm the reduction of 

NG2 protein.  The intensity of total cell fluorescence was measured in transduced Neu7 

cells (Figure 6.19J).  The decrease in intensity level of total cell fluorescence indicated 

the reduced level of NG2 protein.  In this experiment, the NG2 sh1 lentiviral vector 

showed a significant reduction of fluorescence intensity of NG2 protein in Neu7 cells 

compared to the non-targeting control group.  The same pattern of reduction of total cell 

fluorescence intensity was observed in the NG2 sh2 and NG2 sh5 treated cells.  There 

was no clear significant difference in the reduction of NG2 protein fluorescence intensity 

amongst NG2 sh3, sh4 and untransduced groups compared to non-targeting control 

(Figure 6.19).  These results concur with western blot analysis that shows a statistically 

significant decrease of NG2 protein after transduction with NG2 sh1, NG2 sh2 and NG2 

sh 5 lentiviral vector for 10 days in vitro. 
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Figure 6.19:  NG2 sh1, NG2 sh2 and NG2 sh5 lentiviral vectors significantly reduce 
NG2 protein in Neu7 cells in vitro. Photomicrographs show representative 
projected/stacked confocal images of corrected total fluorescence of untransduced control 
(A) non-targeting control (B) NG2 sh 1 (C) NG2 sh 2 (D) NG2 sh 3 (E) NG2 sh 4 (F) 
NG2 sh 5 (G) negative control (H) and GFP control (I) after 10 days puromycin selection. 
Graph shows the corrected total cell fluorescence of NG2 protein. (J).  Scale bar=50 µm..  
Mean ± SEM.  *=p≤0.05,**=p≤0.01, ***=p≤0.001.  n=3.  Tukey’s post hoc test using 
One way ANOVA.
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6.3.5 NG2 sh1 lentiviral vector but not NG2 sh2 reduces NG2 protein without 

puromycin selection  

In the results section described above the PCR, western blot assay and 

immunocytochemistry all show that NG2 expression was reduced following transduction 

with NG2 sh lentiviral vector.  However, these assays were performed after untransduced 

cells had been removed by puromycin selection- at least 10 days post transduction.  The 

overall aim of this work is to use the lentiviral vector in an ex vivo model of SCI in slices 

that would be maintained in culture for 7 days.  It is important to know how quickly the 

protein decreases after administering the shRNA to cells.  The functional shRNA will 

degrade the transcript so no new protein can be made.  However, if a protein is very long 

lasting it may take some time before the protein knockdown can reach significant levels 

even if the RNA is decreased.  In this study, we chose NG2 sh1 and NG2 sh2 knockdown 

lentiviral vectors to further investigate the time frame over which the shRNA reduced the 

NG2 protein level without puromycin selection which is the same condition that will be 

used in ex vivo SCI slice culture. 

 

6.3.5.1 NG2 sh1 lentiviral vector reduces NG2 protein in Neu7 cells without puromycin 

selection 

To determine how quickly NG2 protein knockdown occurs following transduction, Neu7 

cells were transduced with NG2 sh1, NG2 sh2 or control vectors in vitro, fixed and 

stained at days 1,3,5 and 7 post transduction as illustrated in Figure 6.20.  The 

fluorescence intensity of NG2 protein and GFP-positive cells were measured and 

compared to cells transduced with the non-targeting control. The significance interaction 

were found between time effect (F (3,72)=17.26, p£ 0.0001) and treatment effect (F 

(1,72)=58.53, p£ 0.0001). In the NG2 sh1 treated group, the fluorescence intensity of 

NG2 staining was significantly reduced as early as day 5 compared to non-targeting 

control (Figure 6.21). There was a significant reduction of fluorescence intensity of NG2 

protein on day 5 and day 7 compared to the non-targeting control.  Interestingly, these 

results suggest that NG2 sh1 lentiviral vector can knockdown NG2 protein as early as day 

5 in culture as compared to non-targeting control.  The GFP gene encoded in NG2 sh1 

vector expressed green fluorescent colour and indicated the successful transduction of the 
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NG2 sh1 vector in the cells.  We measured the intensity of GFP signal for each time point 

to indicate the presence of NG2 sh1 vector in the Neu7 cells.  The fluorescence intensity 

of GFP signal was expressed throughout the 7 day period.  No significant difference in 

fluorescence intensity of GFP positive cells until day 7 after treatment with NG2 sh1.  

These results were consistent with PCR, immunocytochemistry and western blot assays 

with puromycin selection and indicated that NG2 sh1 causes knockdown of NG2 protein 

even without puromycin selection media. 
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Figure 6.20:  Overview of the experimental design to determine how quickly NG2 
protein is knocked down by NG2 sh1 and NG2 sh2 in vitro 
Schematic representation of the transduction of short hairpin NG2 knockdown lentiviral 
vectors (NG2 sh1 and NG2 sh2), non-targeting control and GFP control transduction on 
Neu7 cells (A). Transduced Neu7 cells were fixed and stained at days 1, 3, 5 and 7 post-
transduction (B). Fluorescence intensity of NG2 protein was quantified using Image J 
plugin.  The fluorescence intensity of GFP positive cells Neu7 cells was also measured 
over day 7 in vitro comparing with non-targeting control treated group (C). 
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Figure 6.21:  NG2 sh1 lentiviral vector significantly reduces NG2 protein in Neu7 
cells in vitro. Photomicrographs show representative projected/stacked confocal images 
of corrected total fluorescence of NG2 protein on day 1, 3, 5 and 7 post transduction with 
non-targeting control (A) or NG2 sh1 lentiviral vectors (B).  Scale bar=50 µm.  Graph 
shows the corrected total cell fluorescence of NG2 protein at each time point (C). Graph 
shows the total cell fluorescence of GFP+ transduction efficiency in Neu7 cells (D).  
Mean ± SEM, +p ≤ 0.001 significant decrease from Non Targeting Control(NTC) 
group, $p ≤ 0.001 significant difference between days. The mean differences were 
analysed using Two-way ANOVA with Tukey’s multiple comparisons  test. The mean 
differences were analysed using Two-way ANOVA. N=3 which relates to 4 independent 
wells of NTC per time-point and  NG2 sh1 treated group per time-point for each technical 
repeat.    
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6.3.5.2 NG2 sh2 lentiviral vector does not reduce NG2 protein in Neu7 cells without 

puromycin selection 

In the Neu7 cells transduced with NG2 sh2 lentiviral vector, there was significant 

difference in fluorescence intensity of NG2 protein between NG2 sh2 treated-group and 

non-targeting control group on day 7 (Figure 6.22 A and B).  The significance interaction 

were found between time effect (F (3,72)=9.946, p£ 0.0001) and treatment effect (F 

(1,72)=19.78, p£ 0.0001). There was a reduction of NG2 fluorescence intensity between 

NG2 sh2 transduced cells compared to non-targeting control on day 3 and day 7 (Figure 

6.22C).  The GFP fluorescence intensity in Neu7 cells treated with NG2 sh2 at day 1,3,5 

and 7 day post transduction was also examined (Figure 6.22D).  In NG2 sh2 treated 

group, there were no significance difference in the GFP levels between the NG2 sh2 

transduced cells and the control vector at each time point.  The GFP positive cells were 

expressed in all experimental groups.  These NG2 sh2 results did not concur with the 

findings from PCR, immunocytochemistry and western blot assay which were performed 

with puromycin selection in the results section above.  This may suggest that NG2 sh2 

lentiviral vector can effectively knockdown NG2 protein when all cells are selected using 

puromycin in vitro.  Taken together, NG2 sh1 lentiviral vector was selected as the 

candidate vector for further use in the ex vivo slice culture model of SCI. 
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Figure 6.22:  NG2 sh2 lentiviral vector did not reduce NG2 protein in Neu7 cells in 
vitro. Photomicrographs show representatives of projected/stacked confocal images of 
corrected total fluorescence of NG2 protein on day 1, 3, 5 and 7 post transduction with 
Non target control(A) and NG2 sh 2 lentiviral vectors (B).  Scale bar=50 µm.  Graph 
show the corrected total cell fluorescence of NG2 protein (C).  Graph shows the total cell 
fluorescence of GFP+ transduction efficiency in Neu7 cells (C).  Mean ± SEM. +p ≤ 
0.001 significant decrease from Non Targeting Control(NTC) group, $p ≤ 0.001 
significant difference between days. The mean differences were analysed using Two-way 
ANOVA with Tukey’s multiple comparisons  test. The mean differences were analysed 
using Two-way ANOVA. N=3 which relates to 4 independent wells of NTC per time-
point and  NG2 sh1 treated group per time-point for each technical repeat.. 
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6.3.6 Knockdown of NG2 using shNG2 lentiviral vectors promotes DRG neurite 

outgrowth in vitro. 

To determine the functional effect of reduced NG2 production by Neu7 cells in vitro, the 

conditioned media from transduced Neu7 cells was harvested and used as growth medium 

for DRG neurons (Figure 6.23A).  The DRGs were immunocytochemically stained with 

bIII Tubulin and neurite outgrowth was measured by estimating the neurite length in µm 

per cell as described previously in Figure 6.17.  The conditioned medium from the cells 

transduced with NG2 sh lentiviral vectors significantly increased neurite length of DRGs 

neurons in vitro compared to medium from cells transduced with non-targeting control 

vector (Figure 6.23B).  The conditioned media from cells transduced with NG2 sh2 

showed the highest increase in neurite length, followed by NG2 sh1.  The NG2 sh3 

conditioned media demonstrated the lowest increase in neurite length.  The NG2 sh4 and 

NG2 sh5 conditioned media also showed a significant increase in neurite length in DRG 

neurons.  However, there was no statistically significant difference found between DRG 

media and untransduced cell conditioned media compared to the non-targeting control 

group (Figure 6.23B).  Together these results suggest that lentiviral shRNA reduced NG2 

levels in Neu7 cells and promotes neurite outgrowth in vitro. 
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Figure 6.23: The conditioned medium from shNG2 lentiviral vector transduced 
Neu7 cells promotes neurite outgrowth in vitro. 
Photomicrographs show representative projected confocal images of DRG neurons after 
treatment with conditioned media (CM) from untransduced Neu7 cells (UT), DRG media, 
non-targeting control, NG2 sh 1,NG2 sh2, NG2 sh 3, NG2 sh 4 and NG2 sh 5(A).  
Scalebar=100 µm.  Graphs show the neurite length per cell (in µm) measured using 
stereology compared to non-target control(B).  Mean±SEM.  *=p≤0.05,**=p≤0.01, 
***=p≤0.001, compared to non-target control.   n=3.  Tukey’s post hoc test using One 
way ANOVA.   
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6.3.7 Transduction of ex vivo spinal cord slice cultures with GFP lentiviral vector   

6.3.7.1 GFP lentiviral vector can penetrate all levels of ex vivo spinal cord slices 

In order to determine the extent to which the lentiviral vectors can penetrate ex vivo spinal 

cord slices, pWPT-GFP lentiviral vector was used to visualise transduced cells.  

Uninjured (control) and injured slices (created from the spinal cord slice transection 

model described in Chapters 3 and 5) were transduced with different volumes of lentiviral 

vector (see Table 6.4).  Three days after transduction, the slices were fixed and confocal 

images were captured at 1µm distance apart from top to bottom of the spinal cord slices.  

The Vv GFP transduced cells was calculated at top, midway and bottom of confocal 

image stacks to measure the expression of green fluorescence as an indicator of which 

cells were transduced by the vector.  The schematic diagram of experimental design is 

illustrated in Figure 6.24.  

 

Volume of the virus (µl) Concentration (TU/ml) 

10 24.6 x 106 

5  12.3 x 106 

1 2.46 x 106 

0.5  1.23 x 106 

 

Table 6.4: Summary of different volumes and respective concentration of pWPT-GFP 
lentiviral vector used to transduce on uninjured (control) and injured slices. Key: TU/ml; 
Transducing unit/ml. 



 Chapter 6 : Lentiviral Transduction Of Ex Vivo Spinal Slices With shNG2 And NT3 

281 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.24: Overview of the experimental design to determine the extent to which 
the lentiviral vector can penetrate spinal cord slices ex vivo and which cell types are 
transduced. Schematic drawing shows transduction of control and transection injured 
slices ex vivo with different volumes of GFP lentiviral vector (A).  The Vv of GFP was 
calculated at top, midway and bottom of confocal image stacks (B).  The colocalization 
immunostaining was performed by immunohistochemical staining of the transduced GFP 
slices with an astrocytic marker (GFAP), neuronal markers (βIII Tubulin and NeuN), 
CSPG marker (CS-56) and microglia/macrophage marker (Iba1) (C).  The top region 
examined in the spinal cord slices was the optical slice 5 µm from the top of the stack, the 
midway region examined was exactly midway through the confocal stack and the bottom 
was the optical slice 5 µm from the bottom of the stack (D).  
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The highest green signal was observed in both control and injured slices transduced with 

Lenti GFP 24.6 x 106 TU/ml in 10 µl (Figure 6.25 A and B).  The green signal was 

distributed throughout the tissue slice, as indicated by the proportion of green signal 

detected in top, midway and bottom of the tissue slices.  The slices were transduced with 

lower GFP vector concentrations of 12.3 x 106 TU/ml (5 µl), 2.46 x 106 TU/ml (1 µl) and 

1.23 x 106 TU/ml (0.5 µl) on both control and injured spinal slices.  The green signal 

from transduction could be detected in all the spinal cord slices (Figure 6.25 C-H).  The 

highest proportion of GFP signal was detected at the midway region of all the slices at 

different concentrations of GFP (Figure 6.25 I-L).  These results suggest that lentiviral 

vectors can penetrate down to the bottom of the 350 µm slices, therefore, it is important 

to observe the effect of these transduction not only in the top and midway levels of the 

slices. 
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Figure 6.25:  Expression of GFP in ex vivo spinal cord slices 3 days after 
transduction with pWPT-GFP lentiviral vector.  
Photomicrographs show projected/stacked confocal images of control and injured slices 
after transduction with 10 µl (24.6 x 106 TU/ml)(A and B), 5 µl (12.3 x 106 TU/ml)(C and 
D), 1 µl (2.46 x 106 TU/ml)(E and F) and 0.5 µl (1.23 x 106 TU/ml)(G and H) of pWPT-
GFP lentiviral vector. Scale bar=200µm.  Graphs show the Vv of each slice transduced 
with pWPT-GFP lentiviral vector at the top, midway point and bottom of confocal image 
stacks (I-L).  * marks the injury site. 
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6.3.7.2 Determination of optimal amount of lentiviral vector for transduction of ex vivo 

spinal cord slices   

We examined whether it was possible to further reduce the GFP concentration from 1.23 

x 106TU/ml into several lower amounts (511 TU, 345 TU and 166 TU, See Table 6.5) and 

whether these amounts could penetrate into 350 µm thick spinal slices (Figure 6.26).  At 

all dilutions of lentiviral vector GFP signals could be detected on both control and injured 

slices as shown in the representative confocal images in Figure 6.26 A, B, C, D, E, F.  

The untransduced control and injured slices is shown in Figure 6.26 (G and H).  The 

proportion of green signal in all the slices shows more than 20% of the proportion of the 

tissue (Figure 6.26 I, J, K).  These results suggest that even at lowest amount of the 

lentiviral vector (166 TU), the green signal can be observed in the slices.  Therefore, this 

amount of lentiviral vector was chosen for transduction of the slices with the other 

lentiviral vectors.  

 

Volume of the virus (µl) from 1.23 x 106 

TU/ml stock concentration 

Amount of virus 

(TU) 

4.0 511 

2.7 345 

1.3 166 

 

Table 6.5: Summary of different volumes and respective concentration of reduced 
pWPT-GFP lentiviral vector to transduce on uninjured (control) and injured slices. Key: 
TU; Transducing unit. 
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Figure 6.26:  Expression of GFP in ex vivo spinal cord slices after transduction with 
pWPT-GFP lentiviral vector.  
Photomicrographs show projected/stacked confocal images of control and injured slices 
after transduction with diluted pWPT-GFP 1.3 µl (166 TU) of pWPT-GFP (A and B), 2.7 
µl (345 TU) of pWPT-GFP (C and D), 4.0 µl (511 TU) of pWPT-GFP lentiviral vectors 
(E and F).  Untransduced slices are shown in G and H.  Scale bar=100µm.  Graph shows 
the Vv of spinal slice culture transduced with pWPT-GFP lentiviral vectors at the top, 
midway point and bottom of confocal image stacks (I-K).  * marks the injury site.   
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6.3.7.3 GFP vector shows long term gene expression in control and injured slices 

The GFP signal was monitored in the ex vivo culture over time to observe how long the 

GFP signal lasts in both control and injured spinal cord slice cultures (Figure 6.27).  The 

GFP lentiviral vectors used to transduce the slices ex vivo and were fixed at day 1, 3, 7 

and 10 post-transductions.  The green GFP signal could still be detected over 10 days 

post-transduction (Figure 6.27). 
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Figure 6.27:  Expression of GFP signal in ex vivo spinal cord slice cultures after 10 
days post injury  
Photomicrographs show projected/stacked confocal images of control (A-D) and injured 
(E-H) spinal cord slices after treatment with 1µl of GFP lentiviral vector (2.46 x 106 
TU/ml).  The slices were cultured until day 10 to observe long term GFP expression.  * 
marks the injury site.  Scale bar=200µm. 
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6.3.7.4 Identification of specific cell populations of Lenti GFP transduced cells in ex 

vivo spinal cord slices   

To determine which cell types were transduced within the injured slices, the GFP 

transduced slices were fixed and immunostained to detect neuronal markers (bIII Tubulin 

and NeuN), astrocyte markers (GFAP), CSPGs (CS-56) and macrophage/microglia 

marker (IBA-1).  Colocalization between two channels (GFP in green and immunostained 

cells in red) represented by the yellow staining indicated that the GFP transduced cells 

were expressing antigenic markers of a particular cell type. 

  

 

6.3.7.4.1 Lenti GFP transduced neuronal populations in spinal cord slice cultures 

 

The GFP signal showed strong colocalisation with neuronal markers (bIII Tubulin and 

NeuN) as indicated by strong yellow signal in the axons and cell bodies of the neurons in 

the injured slices (Figure 6.28 and 6.29 respectively).  Pearson coefficient for co-

localization of GFP and bIII Tubulin was 0.953 and GFP and NeuN was 0.938. 

 

 

 

 

 

 



 Chapter 6 : Lentiviral Transduction Of Ex Vivo Spinal Slices With shNG2 And NT3 

289 

 

 

Figure 6.28: GFP is colocalised with axons of neurons (βIII-Tubulin)  
GFP fluorescence in spinal cord cultures 3 days after transduction with pWPT-GFP (A). 
Immunohistochemical staining for βIII Tubulin (B).  DAPI staining is used as counter 
stain for nuclear staining of the cells (C).  Merged images from GFP, βIII Tubulin and 
DAPI (D). The insets represent higher magnification of the regions of interest highlighted 
with arrowheads. Scale bar = 100 µm.  
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Figure 6.29: GFP is colocalised with cell bodies of neurons (NeuN) 
GFP fluorescence in spinal cord cultures 3 days after transduction with pWPT-GFP (A). 
Immunohistochemical staining for NeuN (B).  DAPI nuclear staining (C).  Merged 
images from GFP, NeuN and DAPI (D). The insets represent higher magnification of the 
regions of interest highlighted with arrowheads. Scale bar = 100 µm.  
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6.3.7.4.2 Lenti GFP transduced CSPG populations in spinal cord slice cultures 

 

The GFP signal also showed strong colocalisation with glial scar expressing CS-56 

proteoglycan marker as indicated by strong yellow signal (Figure 6.30).  Cs-56 positive 

cells are reportedly significantly elevated in the area of SCI and contribute to the 

formation of glial scar (Jakeman et al.,2014).  Pearson coefficient for co-localization of 

GFP and CS-56 was 0.657. 
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Figure 6.30: GFP is colocalised with the CSPG (CS-56)  
GFP fluorescence in spinal cord cultures 3 days after transduction with pWPT-GFP (A). 
Immunohistochemical staining for CS-56 (B).  DAPI nuclear staining (C).  Merged 
images from GFP, CS-56 and DAPI (D). The insets represent higher magnification of the 
regions of interest highlighted with white boxes.  Scale bar = 100 µm.  
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6.3.7.4.3 Lenti GFP transduced astrocyte populations (GFAP) in spinal cord slice 

cultures 

 

A particularly important cell type relevant in this study of spinal cord after injury is the 

reactive astrocyte.  The GFP signal also showed some weak colocalisation with glial scar 

expressing GFAP proteoglycan marker as indicated by the yellow signal (Figure 6.31).  

Pearson coefficient for co-localization of GFP and GFAP was 0.196. 
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Figure 6.31: GFP is colocalised with the astrocytes (GFAP)  
GFP fluorescence in spinal cord cultures 3 days after transduction with pWPT-GFP (A). 
Immunohistochemical staining for GFAP (B).  DAPI nuclear staining (C).  Merged 
images from GFP, GFAP and DAPI (D). The insets represent higher magnification of the 
regions of interest highlighted with white boxes.  Scale bar = 100 µm.  
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6.3.7.4.4 Lenti GFP transduced microglia/macrophages populations (IBA-1) in 

spinal cord slice cultures 

 

This study also examined the GFP vector transduction on microglia/macrophages 

population in the spinal cord slices.  The GFP signal also showed some weak 

colocalisation with macrophages/microglia.  There was an increase in IBA-1 expression 

in the site of injury as shown in Figure 6.32.  Pearson coefficient for co-localization of 

GFP and GFAP was 0.34. 
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Figure 6.32: GFP is colocalised with IBA-1 (macrophages/microglia) 
GFP fluorescence in spinal cord cultures 3 days after transduction with pWPT-GFP (A). 
Immunohistochemical staining for IBA-1 (B).  DAPI nuclear staining (C).  Merged 
images from GFP, IBA-1 and DAPI (D). The insets represent higher magnification of the 
regions of interest highlighted with white boxes.  Scale bar = 100 µm.  
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We showed that the lentiviral GFP vector transduced neurons, astrocytes, CS-56 

proteoglycans-expressing cells and microglia/macrophage populations in the site of injury 

area based on the yellow colocalization colour from the merged images (Figures 6.28 – 

6.32).  We quantified the relationship between the two channels using Just another 

colocalization plugin ImageJ plugin (JacoP) as described by Bolte and Cordelieres 

(2006).  The colocalization coefficient from red and green channel analysis is translated 

into a score, no colocalization is represented by zero and perfect correlation is represented 

by 1. We found that the strongest relationship between the signals in the green and red 

channels was observed for bIII Tubulin-GFP (Pearson’s coefficient r2=0.953) and NeuN-

GFP (r2=0.938).  This suggests that neurons were transduced by the viral vector. The GFP 

signals were also present in CS-56 positive cells (r2=0.657), IBA-1 positive cells 

(r2=0.34) and there was a weak correlation with GFAP-GFP (r2=0.196). These data 

suggest that the viral vector carrying GFP is primarily transducing neurons, but also 

transducing CSPG-positive cells, reactive astrocytes and microglia/macrophages. 

 

6.3.8 Lentiviral vector transduction of ex vivo spinal cord slice cultures 

The objective of this chapter was to investigate the effect of Lenti NT3 and a combination 

of Lenti NT3 and shNG2 on ex vivo spinal cord slices to promote neurite outgrowth and 

improve the biology of the glial scar.  In this ex vivo study, we chose NG2 sh1 

knockdown lentiviral vector and NT3-overexpressing lentiviral vector or the appropriate 

controls to transduce ex vivo spinal cord slice cultures.  We have shown that NG2 sh1 

lentiviral vector significantly reduced the NG2 protein level in Neu7 cells as early as day 

3 in vitro and that cells transduced with Lenti NT3 secreted NT3 protein, which was 

functional in a neurite outgrowth assay in vitro.  This data indicates that NG2 sh1 and 

NT3-expressing lentiviral vectors show biologically relevant functional effects in vitro.  

The hypothesis of the next part of the study is that if one can reduce the NG2 expression 

and increase NT3 levels in an ex vivo model of SCI, one can reduce the inhibitory 

molecules at the injury site and promote axonal repair. 

To investigate this hypothesis, the effect of Lenti NT3 and the combination of 

Lenti NT3/NG2 sh1 knockdown lentiviral vectors on cells in the control (uninjured) and 

injured (transected) ex vivo spinal cord slices was examined by checking for the 

production of NT3 in slice culture media and the Vv of NG2 and βIII tubulin in the slice 
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cultures.  The control and injured spinal cord slices were transduced with 2.6 x 106 TU (5 

µl) for NT3-overexpressing lentiviral vectors and 166 TU of either NG2 sh1 (1.6 µl), 

non-targeting control (1.6 µl) or GFP control lentiviral vectors (1.3 µl).  The slices were 

maintained for 7 days post transduction.  The conditioned media from the all slices were 

harvested at day 3 and 7 post transduction to examine the NT3 protein produced and 

released in the media.  Slices were fixed and immunohistochemical staining for neuronal 

(βIII tubulin) and CSPG (NG2) antigenic markers was carried out.  The spinal cord slices 

from control and injured were divided into three regions of interest: IZ, SZ and NSZ.  IZ 

was defined as the area of a lesion site.  The SZ was defined as a distance of 100 µm from 

the edge of the lesion site.  The NSZ was defined as a 100 µm distance from SZ.  

Stereological analysis was performed to examine the Vv tissue composed of positively 

stained cells.  The schematic diagram in Figure 6.33 illustrates this experiment. 
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Figure 6.33:  Overview of the experimental design to examine the effect of Lenti NT3 
and combination Lenti NT3/NG2 sh1 knockdown on transected ex vivo spinal cord 
slice cultures 
Schematic drawings show the control and injured slices were untransduced (A) and 
transduced with GFP (B), non-targeting control (C), NT3 (D) and NT3 and NG2 sh 1(E) 
lentiviral vectors. Slices were fixed and immunostained for neuronal (βIII tubulin) and 
CSPG (NG2) immunohistochemical markers.  The Vv of immunohistochemical staining 
was calculated at SZ, NSZ and IZ to measure the expression of βIII Tubulin and NG2 and 
the media from the slices was examined using ELISA for NT3(F). 
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6.3.8.1 NT3 protein is present in the conditioned media of transduced spinal cord slice 

cultures after day 3 and 7 ex vivo. 

To ascertain whether control and injured spinal cord slices transduced with Lenti NT3 

vector alone or combination of Lenti NT3/NG2 sh1 vectors produce NT3, the conditioned 

media was collected at day 3 and day 7 post-transduction from wells in which the slice 

cultures were grown.  The ANOVA revealed that significant interaction were found 

between time effect (F (1,8=242.3, p£ 0.0001) and treatment effect (F (1,8)=42.66, p= 

0.0002). In comparison to both untransduced and non-targeting control slices, NT3 

production was significantly higher in both Lenti NT3 vector and Lenti NT3/NG2 sh1 

vector treated slices (Figure 6.34).  The only significant difference found in the level of 

NT3 between the control and injured slices was observed at day 3 in the combination 

Lenti NT3/NG2 sh1 conditioned media.  Of all the conditioned media examined, NT3 

levels were highest in the conditioned media of injured slices from Lenti NT3/NG2 sh1 

group at day 3.  Analysis of control slices of spinal cord showed that at day 3 the level of 

NT3 was significantly increased in the media from the Lenti NT3 and combination Lenti 

NT3/NG2 sh1 treatment compared to untransduced slice conditioned media (Figure 6.34).  

At day 7, there was a significantly higher NT3 level in the media from the Lenti NT3 

group only.  In the spinal cord injured slices, at day 3 the level of NT3 in the Lenti NT3 

and the combination Lenti NT3/NG2 sh1 spinal cord slices was higher compared to 

untransduced slice media.  The increase in the level of NT3 between the combination 

Lenti NT3/NG2 sh1 group and the Lenti NT3 treated group was significant at day 3.  To 

compare the NT3 level between two different lentiviral treatments (NT3 and NT3/NG2 

sh1 combination), the only significant difference found was in the injured slices at day 3 

between Lenti NT3 and combination Lenti NT3/NG2 sh1 treated slices (Figure 6.34).   
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Figure 6.34: NT3 protein is released into conditioned media after Lenti NT3 
transduction of spinal cord slices 
Graph shows the NT3 protein concentration (in pg/ml) measured in the media harvested 
from control and injured spinal cord slices. The culture media was harvested at day 3 and 
7 and untransduced slices were used as a control.  Mean ± SEM, *p ≤ 0.001 significant 
increase from day 3 control group, +p ≤ 0.001 significant decrease from control and 
injured day. The mean differences were analysed using Two-way ANOVA. N=3 litters 
(12 pups per litter) which relates to 6 slices per control group per time-point and 9 slices 
per injured group per time-point for each litter. 
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6.3.8.2 βIII Tubulin expression is significantly increased in all zones examined within 

ex vivo spinal cord slice cultures transduced with combination of Lenti NT3/NG2 sh1 

The Vv bIII Tubulin-positive cells in the IZ was examined in all injured slices. 

Significance interaction was only found on treatment effect (F (3,172)=126.6, p£0.001). 

Significant differences were found between expression of βIII Tubulin in injured slices 

within the untransduced, non-targeting control and the combination Lenti NT3/NG2 

treated groups (Figure 6.35, Figure 6.36A).  The results show how that transduction 

lentiviral vector causes a decrease in axonal sprouting as shown with a non-targeting 

control virus, but that transduction with Lenti NT3 either alone or in combination 

simulates an increase in axonal sprouting (Figure 6.36A).  The injured slices in the 

combination Lenti NT3/NG2 sh1 treated group showed the highest proportion of positive 

cells (Figure 6.36A).   

bIII Tubulin-positive cells were examined in the SZ in all experimental groups.  

The ANOVA revealed that significant interaction were found between treatment effect (F 

(3,172)=16.07, p£ 0.0001) and group effect (F (1,172)=18.68, p£ 0.0001). The graph 

(Figure 6.36B) shows the results of statistical analysis between the control and injured 

slices within each group and between the controls from each group, and the injured from 

each group. The only significant difference found between control and injured slices 

within a group were in the untransduced and the combination Lenti NT3/NG2 sh1 treated 

groups, where significantly more bIII Tubulin-positive staining was observed in the 

injured slices (represented by $).  Using the non-targeting group as a control, all slices 

from the non-targeting control group, NT3 and combination NT3/NG2 sh1 lentiviral 

vector treated groups were compared with each other.  Significant differences were 

observed between both the control and injured slices in the non-targeting control group 

and the control and injured slices in the Lenti NT3 and the combination Lenti NT3/NG2 

sh1 transduced slices (Figure 6.36B).  The combination Lenti NT3/NG2 sh1 showed 

significantly higher levels of bIII Tubulin-positive staining compared to Lenti NT3 

transduced slices, indicating that the knockdown of NG2 improves axonal sprouting. 

The Vv bIII Tubulin-positive cells in NSZ is shown in Figure 6.36C. Significance 

interaction were found on treatment effect (F (3,172)=7.458, p=0.0001) and group effect 

(F (1,172)=4.17, p=0.0427).  Interestingly in the NSZ there is no difference between the 

Vv βIII Tubulin staining in control and injured slices in untransduced slices of spinal cord 
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tissue.  The same observation was noted in the combination Lenti NT3/NG2 sh1 

transduced slices except in injured slices showed an increased sprouting in comparison 

with non-targeting control.  This indicates that further away from the injury site and glial 

scar, there is less axonal sprouting.  A similar pattern to what was observed in the IZ and 

SZ was also found here, whereby the Lenti NT3 and combination Lenti NT3/NG2 

sh1control and injures slices showed higher levels of bIII Tubulin-positive cells 

compared to non-targeting control slices (Figure 6.36C).   

The Vv bIII Tubulin staining did not alter between the Lenti NT3/NG2 sh1 

transduced control and injured slices indicating that at some distance from the glial scar 

the effect of knockdown of NG2 is not required for axonal outgrowth, as NG2 is not as 

abundant.



 Chapter 6 : Lentiviral Transduction Of Ex Vivo Spinal Slices With shNG2 And NT3 

304 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.35:  Confocal images showing βIII-tubulin expression in untransduced and 
lentiviral vector transduced control and transection injured ex vivo spinal cord 
slices. Photomicrographs show projected confocal images of βIII-tubulin in untransduced 
(A, B), non-targeting control (C, D), Lenti GFP transduced (E, F), Lenti NT3 transduced 
(G, H) and Lenti NT3/NG2 sh1 transduced (J, K) control and injured slices respectively. 
* = injury zone (IZ).  Dashed lines separate the regions of interest examined: SZ and 
NSZ.  SZ and NSZ were 100µm in width.  Scale bar=100 µm. 
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Figure 6.36: Vv βIII-tubulin in untransduced and lentiviral vector transduced 
control and transection injured ex vivo spinal cord slices.  Graphs show Vv βIII-
tubulin immunohistochemical staining  at the IZ (A), SZ (B) and NSZ (C).  UT= 
untransduced, NTC= non-targeting control.  Mean ± SEM. *p ≤ 0.001 significant increase 
from NTC, $p ≤ 0.001 significant difference between control and injured slices in each 
group. The mean differences were analysed using Two-way ANOVA. N=3 litters (12 
pups per litter) which relates to 6 slices per control group per time-point and 9 slices per 
injured group per time-point for each litter.  
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6.3.8.3 NG2 expression is significantly reduced in ex vivo spinal cord slice cultures 

transduced with combination of Lenti NT3/NG2 sh1 

The Vv NG2-positive cells in the IZ was examined in all injured slices. The ANOVA 

revealed that significant interaction were found between treatment effect (F 

(3,172)=66.56, p£ 0.0001) and group effect (F (1,172)=38.92, p£ 0.0001).  Significant 

differences were found between expression of NG2 in injured slices within the non-

targeting control, Lenti NT3 and the combination NT3/NG2 treated groups (Figure 6.37, 

Figure 6.38A).  The results show an interesting observation where transduction with 

lentiviral non-targeting control caused a significant reduction in NG2 compared to 

untransduced slices.  In addition, there appeared to be a significant increase in the 

expression of NG2 following Lenti NT3 transduction but this was brought back to similar 

levels of the non-targeting control after transduction with Lenti NG3/NG2 sh1 vector 

(Figure 6.38A). 

In the SZ, significance interaction were found on treatment effect (F 

(3,172)=29.10, p£ 0.0001) and group effect (F (1,172)=23.83, p£ 0.0001).  The results in 

Figure 6.38B indicate that significantly more NG2 expression is observed in untransduced 

slices injured slices compared to controls.  Following lentiviral transduction, with either 

non-targeting control, Lenti NT3 or Lenti NT3/NG2 sh1 combination there is significant 

reduction in NG2 in the injured slices compared to control slices.  Transduction with 

Lenti NT3 showed an increase in NG2 expression level in both control and injured slices 

compared to the non-targeting control slices (Figure 6.38B).  The most striking result to 

emerge from the data is that the significant reduction of Vv of NG2 positive cells after 

transduction with combination Lenti NT3/NG2 sh1 compared to non-targeting control 

group. 

The results for NG2-positive cells in NSZ appeared to show a (Figure 6.38C). 

significance interaction was only found on treatment effect (F (3,172)=13.39, p£0.001).  

Only treatment with combination Lenti NT3/NG2 sh1 showed significant reduction of 

NG2 compared to non-targeting control group at NSZ. 
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Figure 6.37:  Confocal images showing NG2 expression in untransduced and 
lentiviral vector transduced control and transection injured ex vivo spinal cord 
slices. Photomicrographs show projected confocal images of NG2 in untransduced (A, B), 
non-targeting control (C, D), Lenti GFP transduced (E, F), Lenti NT3 transduced (G, H) 
and Lenti NT3/NG2 sh1 transduced (J, K) control and injured slices respectively. * = 
injury zone (IZ); Dashed lines separate the regions of interest examined: SZ and NSZ.  SZ 
and NSZ were 100µm in width.  Scale bar=100 µm 
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Figure 6.38: Vv NG2 in untransduced and lentiviral vector transduced control and 
transection injured ex vivo spinal cord slices. Graphs show Vv NG2 
immunohistochemical staining at the IZ (A), SZ (B) and NSZ (C).  UT= untransduced, 
NTC= non-targeting control.  Mean ± SEM. *p ≤ 0.001 significant increase from NTC, +p 
≤ 0.001 significant decrease from NTC, $p ≤ 0.001 significant difference control and 
injured in each group. The mean differences were analysed using Two-way ANOVA. 
N=3 litters (12 pups per litter) which relates to 6 slices per control group per time-point 
and 9 slices per injured group per time-point for each litter. 
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6.3.8.4 GFP expression is significantly increased in IZ and SZ of ex vivo spinal cord 

slice cultures transduced with combination of Lenti NT3/NG2 sh1 

The level of lentiviral transduction in spinal cord slices could be visualised using GFP 

within slices transduced with Lenti GFP, non-targeting control vector and Lenti 

NT3/NG2 sh1 vector.  Lenti NT3 did not have GFP as this was removed for insertion of 

NT3.  In the IZ, the Vv GFP-positive cells was highest in the Lenti GFP transduced slices 

(Figure 6.39, Figure 6.40A).  Using the non-targeting control group as a control, there 

appears to be higher level of transduction of injured slices with the combination 

NT3/NG2 sh1 vector. The ANOVA revealed that significant interaction were found 

between treatment effect (F (2,129)=158.4, p£ 0.0001) and group effect (F (1,172)=377.4, 

p£ 0.0001) in IZ. 

In the SZ, significance interaction were found on treatment effect (F 

(2,129)=290.7, p£ 0.0001) and group effect (F (1,129)=41.87, p£ 0.0001). The Vv GFP-

positive cells was significantly higher when control slices were compared to injured slices 

in all three lentiviral transduction groups (Figure 6.40B).  As above in the IZ, there 

appeared to be higher levels of GFP transduction with the Lenti GFP control vector.  In 

addition, the level of GFP expression in the combination Lenti NT3/NG2 sh1 vector 

group was higher than in the non-targeting control group (Figure 6.40B).   

The results for GFP-positive cells in NSZ appeared identical to that observed in all 

groups examined to the observations within the SZ (Figure 6.40C). Significance 

interaction were found on treatment effect (F (2,129)=109.0, p£ 0.0001) and group effect 

(F (1,129)=59.43, p£ 0.0001).   
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Figure 6.39:  Confocal images showing GFP expression in lentiviral vector 
transduced control and transection injured ex vivo spinal cord slices. 
Photomicrographs show projected confocal images of GFP in untransduced (A, B), non-
targeting control (C, D), Lenti GFP transduced (E, F), Lenti NT3 transduced (G, H) and 
Lenti NT3/NG2 sh1 transduced (J, K) control and injured slices respectively. * = injury 
zone (IZ); Dashed lines separate the regions of interest examined: SZ and NSZ.  SZ and 
NSZ were 100 µm in width.  Scale bar=100 µm. 
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Figure 6.40: Vv GFP in untransduced and lentiviral vector transduced control and 
transection injured ex vivo spinal cord slices.  Graphs show Vv GFP transduction at the 
IZ (A), SZ (B) and NSZ (C).  UT= untransduced, NTC= non-targeting control.  Mean ± 
SEM. +p ≤ 0.001 significant decrease from GFP, $p ≤ 0.001 significant difference control 
and injured in each group.. The mean differences were analysed using Two-way 
ANOVA. N=3 litters (12 pups per litter) which relates to 6 slices per control group per 
time-point and 9 slices per injured group per time-point for each litter.   
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6.4 DISCUSSION 

In this chapter we examined the effect of Lenti NT3 either alone or in combination with 

Lenti NG2 shRNA on the microenvironment of the lesioned spinal cord in organotypic 

spinal cord slice cultures.  A study using 3D scaffolds has shown that organotypic spinal 

cord slice cultures are a useful model for examination of axonal regeneration (Gerardo-

Nava et al., 2014b).  We showed that transduction with the NT3 lentiviral vector leads to 

production NT3 protein in vitro (Figure 6.5) and that the conditioned media from Lenti 

NT3 transduced cells also promotes an increase in DRG neurite length compared to 

control cells in vitro (Figure 6. 7).  The results of this study concur with previous work by 

Donnelly et al., (2010) who showed that Lenti NT3 transduce cells resulting in secreted 

NT3 that is sufficient to cause neurite outgrowth in vitro (Donnelly et al., 2012).  

Neurotrophic factors are widely recognised as one of the potential therapeutic factors in 

the treatment of SCI (Hodgetts and Harvey, 2017).  Many studies have shown that the 

secretion of NT3 can increase neurite outgrowth and improve functional outcome in vivo. 

This has been achieved through the transplantation of cells genetically modified to 

express NT3 (e.g. schwann cells, bone marrow stromal cells, neural progenitors cells) and 

also through biomaterial-NT3 based delivery (Bridge implants) following SCI (Hurtado et 

al., 2006; Tuinstra et al., 2012; Kabu et al., 2015). 

We have shown that Lenti NG2 sh1 causes knockdown of the rat NG2 protein and 

promotes DRG neurite outgrowth in vitro compared to other sh NG2 used in this study.  

Five shNG2 were originally designed to target mouse NG2.  These were tested for their 

ability to knockdown rat NG2.  Two of the sequences targeting mouse NG2 were a 

perfect match to the rat sequence and the other three have one base mismatch.  Figure 

6.18B and Figure 6.19 show that the NG2 sh1 caused the greatest reduction in NG2 

protein (96.21%) and total cell immunofluorescence in Neu7 cells compared with other 

shNG2s and non-targeting control.  

We have shown that NG2 sh1 did not significantly reduce NG2 at the RNA level, 

but did reduce NG2 protein significantly in vitro (Figure 6.18A and 6.18B) as well as in 

an ex vivo slice cultures (Figure 6.38). This NG2 protein reduction was demonstrated 

using NG2 immunocytochemical staining, total cell fluorescence and protein expression 

in western blotting.  We observed the NG2 RNA level in Neu7 cells was not significantly 

reduced which contradicted the results of reduced NG2 protein expression observed in 
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vitro and also in ex vivo slices cultures.  We did not analyse the NG2 RNA level in spinal 

cord slices after the shNG2 lentiviral transduction at day 7, due to limited tissue 

availability, so we do not know if there are similar in vitro and ex vivo results with regard 

to RNA expression of NG2.  The most logical explanation of this finding is that as the 

NG2 protein is abundantly produced by Neu7 cells and the decrease of the protein was 

observed after 10 days of which selects for virally transduced cells.  The RNA level was 

back to the normal level even after 10 days (in our case), because it is possible that the 

cell increases the NG2 mRNA transcription gene machinery, as a consequence the 

shRNA is exhausted due to increased amount of matching transcripts (Hutson et al., 

2014).  However, there was a trend of reduction of RNA level observed in NG2 sh1 

(72.6%) and NG2 sh2 (60.5%) in comparison with non-targeting control, even though it 

was not statistically significant.  We have shown the NG2 protein is significantly reduced 

as early as day 3 in culture after NG2 sh1 transduction (Figure 6.21C), suggesting the 

NG2 RNA level might be significantly reduced if observed at this time point or earlier.  

Future investigation should consider performing RT-qPCR at earlier time points including 

24 hours or 48 hours post transduction.  In addition to that, protein expression in early 

time point after 24 hours or 48 hours also need to be performed as to demonstrate the 

success of NG2 protein knockdown in the early time points. 

It is important to know how quickly the NG2 protein is reduced after 

administering the Lenti shNG2 to the cells.  The overall aim of this work is to use the 

vector in an ex vivo model of SCI that would be in culture for 7 days.  We selected NG2 

sh1 and sh2 knockdown lentiviral vectors to further investigate the time frame over which 

the shRNA reduced the NG2 protein level in vitro. We have shown that NG2 sh1 can 

knockdown NG2 protein without puromycin selection in Neu7 cells and significantly 

reduce NG2 as early as day 5 post transduction compared to the non-targeting control 

vector. This result most likely very promising to knock down the NG2 protein as NG2 

were reported to be accumulated as early as 24 hours after the injury and peak at day 7 

(Jones et al., 2002). 

To examine the functional effect of reduced NG2 production by Neu7 cells in 

vitro, we grew DRG neurons in the conditioned media from Lenti NG2 sh transduced 

Neu7 cells and compared these results to the control vectors.  We showed that all 

lentiviral vectors expressing shRNA against NG2 promoted neurite outgrowth by 

increasing the neurite length compared to untransduced and non-targeting conditioned 
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media.  Both NG2 sh1 and NG2 sh2 were the most efficient shRNAs for promotion of 

DRG neurite length.  Donnelly et al., (2010) also demonstrated that the neurite length of 

DRG neurons was increased after DRG neurons were co-cultured with Lenti shNG2 

transduced Neu7 cells (Donnelly et al., 2010).  Even though the functional in vitro assay 

is slightly different from Donnelly et al., (2010), the stereological methods to quantify the 

neurite length in DRG neurons after the shNG2 transduction were very similar. Taken 

together, this suggests that the increase in neurite outgrowth that we observed upon the 

effect of shRNAs in particular NG2 sh1 on DRG neurons is associated with reduction of 

NG2 protein.  

One of the main aims of the work here was to use the lentiviral vectors in an ex 

vivo model of transection injury.  The idea was to reduce NG2 expression in the glial scar 

microenvironment and to promote axonal sprouting.  A control vector, pWPT-GFP, 

which encodes enhanced GFP (eGFP) was used to easily visualise the transduction 

efficiency of the lentiviral vector on slices cultures, and determine the extent to which the 

lentiviral vector can penetrate spinal cord slices and transduce cells (Peluffo et al., 2013; 

Hutson et al., 2016).  We demonstrated here that 166 TU pWPT-GFP lentiviral vector is 

an optimal titre of lentiviral vector to transduce spinal slices as the majority of GFP can 

be detected at the bottom of both control and injured slices (Figure 6.26I).  This indicates 

that the GFP lentiviral vector transduced cells and expressed GFP from the top to the 

bottom of the tissue slices.  As a result, this amount of the vector (166 TU) was kept the 

same for NG2 sh1, GFP vector and non-targeting control for transduction of the spinal 

cord slices.  We also showed that the GFP lentiviral vector showed long-term expression 

in the control and injured slices (Figure 6.27).  For our study, it is important to know the 

GFP signal still can be detected over 10 days.  

To determine which cell types were transduced within the injured slices, the GFP 

transduced slices were fixed and immunostained to detect neuronal markers (bIII Tubulin 

and NeuN), astrocyte markers (GFAP), CSPGs (cs-56) and macrophage/microglia marker 

(Iba1).  Colocalisation between two channels (GFP in green and immunostained cells in 

red) is represented by the yellow staining, which indicated that the GFP transduced cells 

were expressing antigenic markers of a particular cell type. We demonstrated that the 

GFP lentiviral vector preferentially transduced neurons and we observed variation in 

transduction of astrocytes, NG2 and cs-56 positive cells and macrophage/microglia 

populations in spinal slices cultures.  Pearson’s coefficient, a statistical method which was 
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used to assess colocalisation of GFP and bIII Tubulin returned a value of 0.953, whilst 

GFP and NeuN was 0.938. This observation is in agreement with previous reports where 

neurons were shown to be the cell most likely to be transduced by VSG-G and rabies G-

pseudotyped vectors (Naldini et al., 1996; Blomer et al., 1997; Zufferey et al., 1997; 

Rahim et al., 2009). The similar pattern that observed in our slice culture was reported in 

vivo by Peluffo et al., (2013) observed the GFP transduction efficiency in rat and mouse 

cervical and lumbar regions that targeted neuronal populations, mainly motor neurons and 

interneurons (Peluffo et al., 2013). In our case, NT3 is a secreted protein, it is probably 

does not matter which cells are transduced, the secreted protein is still available to 

neighbouring neurons. However, the shRNA constructs will only have an effect if they 

transduce cells which are expressing NG2 positive cells. 

As the GFP lentiviral vector showed preferential transduction of neurons and also 

some variation in transduction of other cell populations as described previously, we 

progressed onto investigate the effect of our therapeutic lentiviral vectors in transected ex 

vivo spinal cord slice culture.  Neurotrophic factors have been proposed as potential 

treatment for SCI for many years (Hodgetts and Harvey, 2017; Keefe et al., 2017).  In this 

study, we delivered one neurotrophic factor, NT3 via a lentiviral vector in slice cultures 

of the spinal cord.  To determine whether the control and injured slices transduced with 

Lenti NT3 vector produce functional levels of NT3 protein, the conditioned media was 

collected at day 3 and 7 post transduction.  We showed that NT3 protein was present in 

conditioned media of transduced spinal cord slices and that the NT3 was significantly 

higher in both Lenti NT3 transduced slices and Lenti NT3/NG2 sh1 transduced slices 

compared to non-targeting control and untransduced slices (Figure 6.34).  Although the 

NT3 levels were higher at day 3 than day 7 in slice cultures transduced with lenti NT3, at 

day 7 the levels were still significantly higher levels than control lentiviral-transduced 

slices.  Interestingly, NT3 production in injured slices was higher than in control slices 

after transduction with combination Lenti NT3/NG2 sh1 viral vectors (Figure 6.34). 

Keefe et al., (2017) explained the NT3 protein has a strong affinity to TrkC receptor 

(Keefe et al., 2017). As NT3 production is required for most of the important neuronal 

populations to survive after SCI and brain injury, our slice cultures transduced with Lenti 

NT3 express TrkC receptors.  The TrkC receptor has also been reported in neurons of the 

corticospinal tract (Hodgetts and Harvey, 2017).  We found only a small amount of NT3 

protein present in the untransduced slice conditioned media (57.83 pg/ml) and this 
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concentration of NT3 protein is unlikely to promote neurite outgrowth. Donnelly et al., 

(2010) showed the minimal concentration of 100 pg/ml of recombinant NT3 protein to 

cause a significant increase in neurite length of DRG neurons (Donnelly et al., 2010). 

NG2 is regarded as one of the CSPGs that causes axonal growth inhibition at the 

lesion site following a SCI (Hackett and Lee, 2016; Levine, 2016)  Gene therapy 

approaches whereby an inhibitory gene is knocked down using shRNA has proved a 

useful approach in the potential treatment of SCI (Hutson et al., 2012; Liu et al., 2016).  

In this study we showed that Lenti NT3/NG2 sh1 causes significant knockdown of NG2 

by reduction in the Vv of NG2 positive cells after transduction with combination Lenti 

NT3/NG2 sh1 compared to non-targeting control group (Figure 6.37).  A similar finding 

was demonstrated in an in vivo contusion model of SCI where rats were treated with 

combination Lenti NT3/NG2 (Donnelly et al., 2012).  The latter study showed significant 

functional improvement at 2 weeks after the combination Lenti NT3/NG2 injection 

treatment and the fibrotic scar size at the site of injury was significantly reduced.  We 

observed the NG2 expression in the IZ and the results show an interesting observation 

where transduction with lentiviral non-targeting control caused a significant reduction in 

NG2 compared to untransduced slices (Figure 6.38).  In addition, there appeared to be a 

significant increase in the expression of NG2 following Lenti NT3 transduction but this 

was brought back to similar levels of the non-targeting control after transduction with 

Lenti NT3/NG2 sh1 vector.  These results suggest combination Lenti NT3/NG2 sh1 

reduced significantly the NG2 expression in particular in the scar and IZs, indicating the 

glial scar microenvironments at the injury site and proximal to injury site has less 

inhibitory activity and therefore, promotes a positive microenvironment for axonal 

regrowth and sprouting beyond the scar.  We also demonstrated in the previous chapter, 

the early treatment of ChABC significantly reduced the major CSPG components 

including NG2 and CS-56 expression in all regions of interest.  We also demonstrated the 

ChABC treatment significantly changed the microenvironment of other cell populations 

including astrocytes and microglia/macrophages following the transection injury.  It is 

would be interesting to observe the dynamic combinatory effect of the Lenti NT3/NG2 

sh1 and ChABC treatment in the injured slices, combining the digestion of GAGs and 

knockdown NG2 expression at the same time, thereby promoting a better 

microenvironment for axonal regrowth and sprouting.  Several animal studies have 

reported the use of combinatory approaches using lentiviral vector expressing ChABC 
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alone (Zhao et al., 2011; Zhao et al., 2013), or combination with NT3 (Massey et al., 

2008) or schwann cell or olfactory ensheathing cells (Kanno et al., 2014; Carwardine et 

al., 2016). 

We examined βIII Tubulin expression in the IZ, NSZ and FSZ and demonstrated 

that the Vv βIII Tubulin is significantly higher than non-targeting control in all zones 

examined in spinal cord slice cultures transduced with combination of Lenti NT3/NG2 

sh1 (Figure 6.36). This suggests the transduction with Lenti NT3/NG2 sh1 promotes 

neurites outgrowth and axonal sprouting in all zones in particularly IZ and SZ, where the 

physical differences can be seen compared to non-targeting control (Figure 6.35). A 

recent study by Pandamooz et al. (2017) demonstrated how epidermal neural crest stem 

cell-derived glia can increase neurotrophic factors in an ex vivo model of SCI 

(Pandamooz et al., 2017).  However, to our knowledge this is the first time this has been 

demonstrated in an ex vivo model of SCI.  Axonal sprouting was observed from the both 

edges of the cut spinal cord slices (lesion site) transduced with Lenti NT3/NG2 sh1 or 

Lenti NT3 alone (Figure 6.35).  The significant increase of βIII Tubulin expression in our 

study may indicate an increase in axonal sprouting from the CST as NT3 has a high 

affinity for TrkC receptors (Maisonpierre et al., 1990; Keefe et al., 2017). The NT3 and 

ligand binding to TrkC receptor causes receptor dimerization and phosphorylation of 

cytoplasmic tyrosine residues. This process recruit cytosolic adaptor proteins that couple 

the activated receptor with intracellular signalling pathway (Burden and Scheiffele, 

2013). Several intracellular signalling  pathway including PLC-g, Ras-ERK kinase, and 

PI-3K, some of which promote cell survival and others promotes differentiation (Fariñas 

et al., 1998; Burden and Scheiffele, 2013). However, further study needs to be performed 

to elucidate axotomised, regenerating spinal neurons and axotomised non-regenerating 

neurons by applying retrograde tracers.  In addition, our results also showed significant 

βIII Tubulin expression in Lenti NT3 alone compared to non-targeting control (even 

without a reduction in NG2 protein), in particular in the IZ, suggesting that the increase in 

axonal sprouting, is localized and  appeared to be short distance sprouting at the lesion 

site  compared to Lenti NT3/NG2 sh1 transduced slices (Figure 6.35).  This result is in 

agreement with Taylor et al., (2006) who suggest that the growth of axons after Lenti 

NT3 transduction is short distance growth and the neurotrophic stimulus alone is not 

enough to stimulate long distance axonal outgrowth and sprouting (Taylor et al., 2006).  

Taken together, the combination of Lenti NT3 and NG2 sh1 lentiviral vectors used in this 
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study suggests promoted neurite outgrowth and axonal sprouting beyond the glial scar 

barrier at day 7 post injury.  

It was also essential to confirm that following lentiviral transduction of the slices, 

the GFP within the slices could be visualized, as GFP expression was used to observe 

transduction efficiency within the slices. GFP was present in non-targeting and shRNA 

vectors. We demonstrated that GFP expression was significantly increased in all regions 

of interest of ex vivo spinal cord slice cultures transduced with combination of Lenti 

NT3/NG2 sh1 compared to non-targeting control (Figure 6.40).  It is important to note 

that Lenti NT3 did not have GFP as this was removed for insertion of NT3, therefore, we 

used Lenti pWT-GFP because of the similar plasmid backbone.  Of more relevance, we 

observed GFP transduction was significantly higher in control slices compared to injured 

slices in all three lentiviral transduction groups. We observed approximately 16% 

transduction efficiency in injured slices in non-targeting control and 20% transduction 

efficiency demonstrated in Lenti NT3/NG2 sh1.  We have shown previously (Figure 

6.26I) within 10%-20% of GFP transduction (166 TU) was shown to be able to identify 

and transduce neurons, astrocytes, and NG2/cs-56 positive cells and 

macrophages/microglia even at the bottom level of the slices.  This is show that our 

vector can integrate into the slice and similar studies have reported that Lenti GFP, 

particularly integration-deficient lentiviral vectors (IDLVs) are also shown to 

preferentially transduce mainly neuronal populations, particularly motor neurons and 

interneurons as reported in ex vivo and in vivo transduction (Peluffo et al., 2013) 

We have shown using cultured cells and organotypic slice cultures that the NT3 

gene and shRNA sequences against NG2 protein can be efficiently expressed using 

lentiviral vectors in the spinal cord.  However, this approach needs to be further tested by 

in vivo injection in animal studies and further experiments.  Here, we have shown that a 

combination of Lenti NT3 and NG2 sh1 provides a positive microenvironment for axonal 

sprouting and less inhibitory glial scar activity at the injury site and tissue surroundings 

by supplying a neurotrophic support (NT3) and down regulation of NG2 expression in ex 

vivo model of SCI. 
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CHAPTER SEVEN 

CONCLUSIONS 

The distinctive histopathology after acute SCI is the formation of a glial scar.  The 

development of this glial scar is reported to be associated with reactive astrogliosis, 

upregulation of extracellular matrices and involvement of immune cells (Fawcett, 

2015; O'Shea et al., 2017; Okada et al., 2017). Animal models of SCI are useful 

models to understand the pathophysiology, development of glial scars and the use of 

therapeutic strategies to mimic human SCI.  However, the use of animals to model 

SCI requires extensive post-operative care, time and involves the use of animals, all of 

which makes an alternative model extremely attractive.  The use of ex vivo slice 

culture is the alternative way to study the pathophysiological changes that can mimic 

in vivo conditions and support the 3R’s- replacement, reduction and refinement of 

animal use in SCI research models.  In this present study (Chapter 3), we developed 

three ex vivo organotypic slice culture models of SCIs in NUI Galway; stab injury, 

transection injury and contusion injury.  We presented here the data of these pilot 

studies to investigate certain components of the glial scars (in particular reactive 

astrocytes and NG2 proteoglycans) following SCI using phase contrast and confocal 

imaging.  Stereological analysis was carried out on the SZ and IZ on two models of 

SCI and we found that volume fraction analysis is the most reliable indicator of results 

to represent our data.  The COV results for the interwells were much more accurate 

than the COV results for the pooled data, suggesting interwell analysis was used from 

this point forward for volume fraction analysis. We also demonstrated the slices 

appeared healthy and cell viability was good in cultures within 10 days in both control 

and injured slices culture, indicated by the presence of more live cells than dead cells.  

Later, we described the use of transection injury model as the model used for the rest 

of the PhD project due to its dynamic, reproducible and reliable method that suitable 

to study axonal outgrowth and sprouting after SCI. Taken together, the validation 

performed in the three models indicated that the transection model is the best model to 

investigate neuronal regeneration following injury and use this ex vivo model to 

investigate further. The use of the transection model of SCI offers a complete 

disconnection between the caudal and rostral segments of the spinal cord slices. This 
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ex vivo model showed the ability to study the transection gap following transection 

injury and expression of different cell types that may help to incorporate strategies to 

promote axonal outgrowth following SCI ex vivo. 

The ex vivo spinal cord culture model consumed a large number of Millicell® 

cell culture inserts to grow spinal cord slices.  In response to this issue, chapter 4 

described the idea of using the ring from recycled Millicell® inserts in combination 

with Omnipore semipermeable membranes to construct homemade inserts.  This can 

save a lot of consumable costs and also produce reliable and reproducible results.  We 

described the development of several generation of stamp prototypes to assemble the 

recycled Millicell® ring and Omnipore membrane.  We showed data comparing 

home-made inserts and MillicellÒ inserts in terms of surface tension and texture of 

the membrane as well as cell viability in slice cultures grown on both inserts. We 

found that surface tension properties (indicated by surface topography and metrology 

analysis were carried out using SEM) were no different in terms of the depth and 

roughness profiles of both of the inserts (Figure 4.10).  This indicates that the 

assembly of the membrane and the inserts using the third generation stamp generated 

the same surface tension as Millicell® inserts.  The surface tension on the membrane 

is very important for maintaining slice cultures for periods of the time in culture. In 

addition, we showed the proportion of live cells grown on the Millicell® inserts was 

higher than the homemade inserts.  The current homemade inserts can be improved 

further in future studies by using an alternative glue to avoid affecting the survival of 

the slices. We have demonstrated the home made inserts can save consumable cost 

and offer a sustainable material that can be prepared in a short time period to use to 

the culture of spinal cord slices. 

In Chapter 5 of this thesis we described how we progressed further from the 

pilot study in Chapter 3 with the ex vivo transection model of SCI.  CPGSs contribute 

to the upregulation of inhibitory factors in the ECM following SCI.  The use of the 

enzyme ChABC has been reported to digest the GAG chains in CSPG complexes and 

successfully promotes neurite outgrowth (Kwok et al., 2012; Moon et al., 2009; 

Cafferty et al., 2007).  Reduction of inhibitory factors has been shown to encourage 

axonal regrowth and promote functional recovery within in vivo rat SCI studies (Zhao 

et al, 2011; Moon et al., 2009; Garcia Alias et la., 2009).  In chapter 5, we used an ex 

vivo transection SCI injury model.  Within these transected slices of spinal cord, we 
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demonstrated the effect of ChABC on certain cells types involved in CNS injury and 

the glial scar microenvironment, such as reactive and developmental astrocytes, 

CSPGs including (NG2 and CS-56), inflammatory cells (macrophages and microglia) 

and neurons at days 1, 3, 7 and 10 following injury.  The effect of ChABC were 

examined in the transection injury microenvironment at the SZ and the zones some 

distance from the SZ. The ChABC reduces Vv GFAP, NG2, CS-56, Iba1, BLBP-

positive cells but did not change Vv βIII Tubulin in transected spinal cord slice 

cultures in comparison to injured slices. We also found that the proportion of cellular 

and ECM changes and led to change in distribution of certain cells, including reactive 

and developmental astrocytes, NG2-positive cells and inflammatory cells 

(macrophages/microglia) to the site of injury (Figure 5.1-5.12). The morphology of 

reactive astrocytes in the SZ was also examined after ChABC treatment to investigate 

if the ChABC-degradation of the GAG chains would alter the reactive astrocytes 

morphology in the SZ.  We have shown here that this early ChABC enzymatic 

treatment (immediately after the injury) is effective at causing a significant change in 

the injured microenvironment of the spinal cord and may be beneficial in providing a 

positive microenvironment for axonal regeneration in the injured spinal cord. 

Chapter 6 described the use lentiviral vectors as a treatment option for SCIs.  

These vectors are very useful due to their unique capacity to transduce both dividing 

and non-dividing cells and indeed their ability to promote axonal regrowth by delivery 

of a growth promoting gene.  This chapter demonstrated the use of NT3-

overexpressing lentiviral vectors and sh NG2 knockdown lentiviral vectors and tested 

their efficacy, biological and functional effects in vitro and in an ex vivo spinal cord 

slice culture model of transection injury.  We demonstrated that the NT3 contributed 

to DRG neurite outgrowth in vitro, as well as allowing promotion of axonal sprouting 

ex vivo after transection injury.  We also showed that NG2 sh1 lentiviral vector 

knockdown of NG2 protein can promote neurite outgrowth in an in vitro experiment 

compared to other short hairpin NG2s used in this study.  We demonstrated the 

combination treatment of Lenti NT3/NG2 sh1 on transected spinal cord slice cultures 

and showed axonal regrowth and sprouting at day 7 following SCI ex vivo.  In this 

chapter, we used GFP lenti vector as a control for transduction efficiency and 

identified the Lenti GFP transduced cells were neurons, astrocytes, CSPG-positive 

cells and macrophages/microglia even at the bottom level of the slices.  We showed 
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that using cultured cells and organotypic slice cultures that NT3 gene and short 

hairpin sequences against NG2 protein can be efficiently expressed using lentiviral 

vectors in spinal cord slices.  In this ex vivo model of SCI, we showed that the 

combination Lenti NT3/NG2 sh1 provided a positive microenvironment for axonal 

sprouting and less inhibitory glial scar activity at the injured site and tissue 

surroundings by supplying a neurotrophic support (NT3) and down regulation of NG2 

expression.  These results suggest combination Lenti NT3/NG2 sh1 is a potential 

treatment option in a gene therapy approach for SCI.  We also demonstrated in 

Chapter 5 that early treatment of ChABC significantly reduced the CSPG NG2 (and 

cs-56) in all region of interests examined at day 7.  It would be interesting to observe 

the dynamic combinatory approach of Lenti NT3/NG2 sh1 and ChABC treatment on 

the injured slices in digesting GAG sidechains and knockdown of NG2 expression at 

the same time, thereby promoting a better microenvironment for axonal regrowth and 

sprouting.  Several animal studies have reported studies that use combinatory 

approaches (Hwang et al., 2011a; Do-Thi et al., 2016; Wu et al., 2017) and there is a 

general consensus that treatment of human SCI will involve a combined approach. In 

summary, ex vivo SCI transection model would be a beneficial research tool in the 

field by reducing the cost and time involved in carrying out animal studies, as well as 

reducing the numbers of animals used. It is believed that the use of organotypic slice 

culture models provide an simple way to study the cellular consequences following 

SCI and they can also be used to evaluate any potential therapeutics regimes for the 

treatment of SCI. 

The use of ex vivo culture system are subjected to at least three limitations. 

First, this culture system is lack of blood supply to the tissues throughout the study. 

This is due to the preparation of the slices from the whole spinal cord resulting the 

blood circulation was omitted from the system. The role of monocytes derived blood 

circulation aftermath the injury in this ex vivo system can be ruled out. The 

accumulation of microglia/macrophages occurs at the edges of slices due to damaged 

caused by the cutting and slicing procedures. However, we optimised our culture 

protocol included delaying any treatment until day 4 in order to avoid immune cells 

involvement from the tissue harvest procedure. Other drawback using this culture 

system is the behaviour assessment after the injury cannot be measured as one can 

observe in an in vivo SCI injury models setting. Although the behaviour of the cells 
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can be observed on the plastic dish, the results obtained from ex vivo studies 

ultimately need to be repeated in vivo when appropriate(Edmondson et al., 2014). In 

chapter 5 (ChABC treatment of ex vivo slices), the current study has only examined 

the effect of the ChABC enzymes on injured slices and the significant effect was 

compared with injured slices without ChABC treatment group. The ChABC enzyme 

in unlesioned tissue was not carried out. The main aim of this study to reduce the 

expression of CSPG (shown by reduction of Vv) on each cell populations at the lesion 

site. CSPG have been reported to play an important role in neural development during 

embryogenesis and act as guidance cues for developing growth cones (Snow et 

al.,1991). Therefore, it is interesting to observe the effect of ChABC on unlesioned 

tissue in the future using this ex vivo culture system. 
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CHAPTER EIGHT 

FUTURE STUDIES 

The ex vivo slice cultures used in this project were 350µm thick, which was similar to the 

slice thickness used in other studies.  Several attempts were carried out during this project 

to maximise the use of the tissue slices in this study.  We processed the slices and 

embedded them in wax blocks and then cut thin wax sections on a microtome at 10µm 

and 20µm.  These sections were stained with haematoxylin and eosin.  The sections 

appeared to be damaged and fragmented, resulting in small regions of the spinal cord 

being visible.  It was impossible to carry out any analysis on these spinal cord paraffin 

sections.  This approach needs to be improved in the future, for example during the tissue 

processing stage and during embedding the slice cultures.  Numerous histological staining 

methods can be carried out if the tissue can be optimized for wax sectioning and multiple 

comparisons could be made from one fixed ex vivo slice. 

We also made an attempt to observe the ultrastructure of organelles within cells 

inside the spinal cord tissue slices in order to compare control and injured slices using 

transmission electron microscopy (TEM).  The slice cultures on the inserts were fixed 

with primary fixative (2% Gluteraldehyde and 2% Paraformaldehyde in 0.1 M Sodium 

Cacodylate/HCl) overnight and further fixed in secondary fixative (1% Osmium 

Tetraoxide in 0.1 M Sodium Cacodylate/HCl).  The tissue slices were dehydrated through 

series of graded alcohol, embedded in resin blocks and semi-thin and ultra-thin sections 

were examined on the TEM.  However, during the washing steps the slices were detached 

from the inserts and it was impossible to accurately determine which edge of spinal cord 

belonged to the tissue chopped slice and which edge belonged to the transection injured 

region.  We also observed during semi-thin sectioning, the sections were fragmented.  

The procedure for optimizing the TEM embedding and sectioning proved very time 

consuming.  Further optimisation steps need to be introduced in the future, to ensure the 

slices are oriented in position and precaution needs to be taken during the washing steps.  

Despite the problems mentioned above, it was very interesting to observe the 

ultrastructure of spinal cord slices following injury, including the empty myelin sheath, 

full myelin sheath, mitochondria, vesicles, lipid droplets and tissue debris. 
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In Chapter 5 we demonstrated the effect of ChABC on predominant cells types 

involved in CNS injury and the glial scar microenvironment including astrocytes, CSPG 

expressing cells, inflammatory cells and neurons.  However, we did not explore the effect 

of the ChABC on oligodendrocytes following injury.  Ffrench-Constant (2008) reported 

that remyelination occurs spontaneously following SCI due to the existence of 

endogenous precursor cells in the spinal cord.  Resident OPCs and neural progenitor cells 

(NPCs) are responsible for replenishment of the damaged oligodendrocytes (Alizadeh et 

al.; 2010; Su et al., 2011; Wang et al., 2011).  The recruitment of endogenous NPCs and 

OPCs to the injury site are associated with CSPGs (Dyck et al., 2015).  This is important 

information for further investigation into the effect of ChABC on NPCs and OPCs in the 

SZ, NSZ and FSZ following injury. 

We have shown in ex vivo model of SCI that combination Lenti NT3/NG2 sh1 

provides a positive microenvironment for axonal sprouting and less inhibitory glial scar 

activity to the injured site and tissue surroundings by production of NT3 from transduced 

cells and down regulation of NG2 expression.  We have shown in Chapter 5 that ChABC 

is also effective at causing a significant change in the injured microenvironment of the 

spinal cord and may be beneficial in providing a positive microenvironment for axonal 

regeneration in SCI.  It would be an interesting approach to combine the Lenti NT3/NG2 

sh1 treatment together with ChABC treatment in future experiments. 
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APPENDICES 

Appendix 1: Preparation of solutions and consumables required for harvesting 
spinal cords from rat pups 
 
Table 1.1: Preparation of 10X of Phosphate Buffer Saline (PBS), stock solution, pH 
7.4 

Catalog # Chemicals MW (g/mol) 1 litre 
(1 L) Supplier Country 

S7653 Sodium chloride 
(NaCl) 58.44 

 
80 g 
 

Sigma 
Aldrich Ireland 

P9333 Potassium Chloride 
(KCl) 74.55 2 g Sigma 

Aldrich Ireland 

S7907 
Sodium Phosphate 
dibasic 
(Na2HPO4) 

141.96 14.4 g Sigma 
Aldrich Ireland 

1551139 Potassium phosphate 
monobasic(KH2PO4) 

136.09 2.4 g Sigma 
Aldrich Ireland 

 
Table 1.2: Preparation of artificial CSF (aCSF) solution 

Catalog # Chemicals Working 
Concentration 

1 litre 
(1 L) Supplier Country 

S7653 Sodium chloride 
(NaCl) 126 mM 73.63 g Sigma 

Aldrich Ireland 

P9333 Potassium Chloride 
(KCl) 2.5 mM 1.86 g Sigma 

Aldrich Ireland 

M2670 
Magnesium Chloride 
Hexahydrate 
(MgCl26H20) 

2.00 mM 4.93 g Sigma 
Aldrich Ireland 

C8106 
Calcium Chloride 
dehydrate 
(CaCl22H20) 

2.00 mM 2.94 g Sigma 
Aldrich Ireland 

S9638 

Sodium Phosphate 
Monobasic 
Monohydrate 
(NaH2PO4H20) 

1.25 mM 1.72 g Sigma 
Aldrich Ireland 

G5767 D(+) Glucose 10 mM 18.01 g Sigma 
Aldrich Ireland 
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Table 1.3: Preparation of Sucrose aCSF solution 

Catalog # Chemicals Working 
Concentration 

1 litre 
(1 L) Supplier Country 

P9333 Potassium Chloride 
(KCl) 2.5 mM 1.86 g Sigma 

Aldrich Ireland 

M2670 
Magnesium Chloride 
Hexahydrate 
(MgCl26H20) 

10 mM 24.65 g Sigma 
Aldrich Ireland 

C8106 
Calcium Chloride 
dehydrate 
(CaCl22H20) 

0.5 mM 0.74 g Sigma 
Aldrich Ireland 

S9638 

Sodium Phosphate 
Monobasic 
Monohydrate 
(NaH2PO4H20) 

1.25 mM 1.72 g Sigma 
Aldrich Ireland 

G5767 D(+) Glucose 10 mM 18.02 g Sigma 
Aldrich Ireland 

S9378 Sucrose 230 mM 78.72 g Sigma 
Aldrich Ireland 

 
Table 1.4:  Consumables required for harvesting spinal cords from rat pups 

Catalog # Chemicals Supplier Country 

0501 Sterile blade #10 Swann Morton England 

86.1172.001 Sterile transfer pipette 3.5ml Sarstedt Germany 

82.9923.422 Sterile Petri dishes 
100x100x2mm Sarstedt Germany 

H6648 Hank Balanced Salt Solution Sigma Aldrich Ireland 

62.547.254 Tube 50ml,114x28mm,PP Sarstedt Germany 

 
Table 1.5: Dissection instruments for isolation of spinal cords and removal of 
meninges 

Catalog # Instrument Supplier Country 

FST 15013-12 Noyes Spring Scissor Fine Science Tools Germany 
11251-21 Dumont #5 forceps Fine Science Tools Germany 
11274-20 Dumont #7 tweezer Fine Science Tools Germany 

11254-20 Dumont #5 fine 
forceps Fine Science Tools Germany 

FST14002-12 Surgical scissor Fine Science Tools Germany 
11223-20 Dumont #2 forceps Fine Science Tools Germany 
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Appendix 2: Preparation of consumables and media required for spinal cord slice 
cultures 
 
Table 2.1:  Consumables required for obtaining spinal cord slices  

Catalog # Item Supplier Country 

83.3920.300 TC Plate 6 well, Sarstedt Germany 

PICM0RG50 
Millicell® Culture Inserts, 
30mm,Hydrophilic PTFE, 
0.4µm 

Merck 
Millipore Germany 

PLK-300 Tissue chopper McIlwain Mickle 
Lab USA 

86.1172.001 Sterile transfer pipette 3.5ml Sarstedt Germany 

83.3902.300 Tissue culture dish 100mm Sarstedt Germany 

86.1253.001 5 ml Blowout Pipette wrap sterile Sarstedt Germany 

86.1254.001 10 ml Blowout Pipette wrap sterile Sarstedt Germany 

86.1685.001 25 ml Blowout Pipette wrap sterile Sarstedt Germany 

83.1823.001 500 ml vacuum filter 0.2µm ST Sarstedt Germany 

62.547.254 Tube 50ml, 114x28mm, PP Sarstedt Germany 

83.1826.001 Syringe filter, PES 0.22µm Sarstedt Germany 

62.554.001 Tube 15ml, 120x177mm, PP Sarstedt Germany 
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Table 2.2: Spinal cord slice culture medium 

Catalog # Chemicals Working 
Concentration Supplier Country 

B1522 Basal Medium Eagle 48% Sigma 
Aldrich Ireland 

26050088 Heat Inactivated 
Horse Serum 25% Bio- 

sciences Ireland 

H6648 Hank Balanced Salt 
Solution 25% Sigma 

Aldrich Ireland 

25030024 L-Glutamine,200mM, 
100ml 1% Bio- 

sciences Ireland 

P4333 Pen-strep,100ml 1% Sigma 
Aldrich Ireland 

A9165 N-Acetyl L-Cystein 
(100x) 1% Sigma 

Aldrich Ireland 

 
 
Appendix 3: Preparation of ChABC enzyme treatment media and consumables used 
in ChABC treatment experiment 
 
Table 3.1: ChABC media and consumables 
Catalog # Chemical/Item Working 

concentration 
Supplier Country 

C3667 Chondroitinase ABC 
(5U/ml) 

0.1U/ml Sigma Aldrich Ireland 

B4287 Bovine Serum 
Albumin 

0.01% Sigma Aldrich Ireland 

Home made Spinal cord slice 
culture medium 

Details described in Appendix 2 

72.704.700 0.5 ml aliquot 
microtube 

- Sarstedt Germany 

83.1836 24 well plate - Sarstedt Germany 
83.3920.300 6 well plate - Sarstedt Germany 
 
 
Appendix 4: Preparation of solutions and antibodies for immunohistochemical 
staining of spinal cord slices 
 
Table 4.1: Immunohistochemical blocking solution 10% NGS in 1X PBS+ 0.5% 
Tween (PBST) 
 

 
 
 
 
 

  

Catalog # Reagent Supplier(s) Country 
G9023 Goat serum Sigma Aldrich Ireland 
Home made 1X PBS Home made Home made 
P7949 Tweenâ20 Sigma Aldrich Ireland 
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Table 4.2: Antibodies and nuclear marker used in detection of antigenic phenotype 
Primary 
antibodies Catalog # Host(s) Dilution Supplier(s) Country 

Glial Fibrillary 
Acidic Protein 
(GFAP) 

Z0334 rabbit 1:100 Dako Denmark 

Anti-NG2 
Chondroitin 
Sulfate 
Proteoglycan 
(NG2) 

AB5384 mouse 1:200 Merck Millipore Germany 

Anti-NG2 
Chondroitin 
Sulfate 
Proteoglycan 
(NG2) 

AB5320 rabbit 1:200 Merck Millipore Germany 

Anti-NG2 for 
western blot 4235s rabbit 1:1000 Cell Signaling 

Technology Inc USA 

β-actin (13E5) 
mAb 4970s rabbit 1:1000 Cell Signaling 

Technology Inc USA 

bIII Tubulin 
(D71G9) XP® 
Rabbit 
(bIIITubulin) 

5568s rabbit 1:400 

 
Cell Signaling 
Technology Inc 

 
 
USA 

Anti-NeuN 
(NeuN) MAB377 mouse 1:100  

Merck Millipore 
 
Germany 

Monoclonal Anti- 
Chondroitin 
Sulfate (CS-56) 

C8035 mouse 1:200 
 
 
Sigma Aldrich 

 
 
Ireland 

Anti-Brain Lipid 
Binding Protein 
(BLBP) 

ABN14 rabbit 1:300 
 
 
Merck Millipore 

 
 
Germany 

Microglia 
(IBA-1) 01919741 rabbit 1:100 Wako Japan 

Secondary 
antibodies Catalog # Host Dilution Company Country 

Alexa,488 A11029 goat anti-
mouse 1:200 Invitrogen UK 

Alexa,594 A11037 goat anti-
rabbit 1:200 Invitrogen UK 

IgG anti rabbit for 
western blot 7074P2 

HRP 
linked 
Anti-
rabbit 

1:10,000 

Cell Signaling 
Technology Inc 

USA 

Nuclear marker Catalog #  Dilution Company Country 
DAPI 62249 nuclei 

staining 1µg/ml Thermo-Fisher UK 
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Appendix 5: Preparation of reagents required for Live Dead Assay 
 
Table 5.1: Live dead assay reagents 
Catalog # Chemical/Item Supplier Country 

F7378 Fluorescein Diacetate 
(FDA) Sigma Aldrich Ireland 

P1304MP Propidium Iodide (PI) Invitrogen UK 
GWSt-3522 Willco-Dish WillCo Well Netherland 
83.1836 24 well plate Sarstedt Germany 
 
Appendix 6: Microscopes used in phase contrast and confocal analysis of spinal cord 
sections 
 
Microscope Equipment Supplier Country 

Phase 
contrast  

Nikon Eclipse TE200-5 Nikon Japan 
4x objective lens, WD 30 Nikon Japan 
Camera CCD Olympus 
DP70 

Nikon Japan 

 
Fluorescence 

Nikon Eclipse 400 Nikon  Japan 
40x/0.75na objective lens 
∞/0.17 WD,0.72 

Nikon  Japan 

 
 
 
 
 
 
Confocal  

Andor Spinning Disc, 
Zeiss Axiovert 200 

Andor Tech. Ltd UK 

Olympus UPlanFl 20x/0.50 
Ph1 Objective-Infinity 
Corrected, RMS Thread 
1.60mm Working Distance 
Olympus Part # 1-UC525 

Olympus Japan 

Andor Camera iXon Ultra 
888 

Andor Tech. Ltd UK 

Olympus microscope IX2-
UCB 

Olympus Japan 

Prior Piezo XY stage 
control 

Prior Scientific 
Instrument 

UK 

Prior Piezo Z stage control Prior Scientific 
Instrument 

UK 

Incubation Cube Life Imaging 
Services 

Switzerland 

Anti-vibration table TMC UK 
Optical Filter Changer Sutter 

Instrument Co 
UK 

Exfo X-Cite Light source 
Series 120 EXFO 

Excelitas 
Technology 

UK 

iQ3 Live Cell Imaging 
system software 

Andor Tech. Ltd UK 
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Appendix 7: Written macro used to process stacked confocal images of spinal cord 
slices  

Function of this macro Written macros 
To process confocal 
stacked images in order 
for provide easy 
identification of cells 
when measuring the 
regions of interest 

name=getTitle(); 
run("Split Channels"); 
selectWindow(""+name+" (blue)"); 
run("Close"); 
selectWindow(""+name+" (green)"); 
run("Close"); 
selectWindow(""+name+" (red)"); 
run("Set Scale...", "distance=247.3333 known=200 pixel=1 
unit=Âµm"); 
run("Grid...", "grid=Lines area=2199.61 color=Red"); 
run("Invert"); 
run("Cell Counter"); 

To process the 
fluorescence image for 
corrected total cell 
fluorescence (CTCF) 

name=getTitle(); 
run("Split Channels"); 
selectWindow(""+name+" (blue)"); 
run("Blue"); 
//run("Brightness/Contrast..."); 
setMinAndMax(0, 214); 
selectWindow(""+name+" (green)"); 
run("Green"); 
//run("Brightness/Contrast..."); 
setMinAndMax(0, 100); 
selectWindow(""+name+" (red)"); 
run("Red"); 
setMinAndMax(0, 80); 
 
run("Merge Channels...", "c1=["+name+" (red)] 
c3=["+name+" (blue)] create keep"); 
run("Merge Channels...", "c2=["+name+" (green)] 
c3=["+name+" (blue)] create keep"); 
run("Merge Channels...", "c1=["+name+" (red)] 
c2=["+name+" (green)] c3=["+name+" (blue)] create keep"); 
 
selectWindow(""+name+" (red)"); 
makeOval(866, 464, 204, 202); 
 
selectWindow(""+name+" (green)"); 
makeOval(866, 464, 204, 202); 
selectWindow(""+name+" (blue)"); 
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Appendix 8: Mechanical design of prototypes for homemade cell culture inserts 
 
Table 8.1: Consumables required for assembly of homemade cell culture inserts 
 
Catalog # Consumables Suppliers Country 
PICM0RG50 Millicell® cell culture inserts ring Merck 

Millipore 
Germany 

NUIG Ultimaker 3D printer with 2.85mm nozzle NUIG Ireland 
NUIG Polylactic acid (PLA)-based filament NUIG Ireland 
NUIG NEW Master Vs3250 Centre Lathe Colchester 

600group 
UK 

FB-2001 Dumont Tweezer Style #7 Dumont Swisszerland 
91460-11 Student Iris Scissor Fine Science 

Tools 
Germany 

JHWP02500 Omnipore® Membrane filter Merck 
Millipore 

Germany 

 Loctite® superglue and activator for 
plastic 

Loctite® Ireland 

 1% Rely+on Virkon tablets SPH supplies UK 
 
 
Appendix 9:  Preparation of cell culture media 
 
Table 9.1: HEK293T culture media 
Catalog # Materials Working  

Conc. 
Suppliers Country 

D6429 High Glucose DMEM 88% Gibco USA 
16000044 Fetal Bovine Serum, 500 mL 10% Gibco USA 
15140122 Penicillin Streptomycin, 100X, 

100mL 
1% Gibco USA 

11140050 Non Essential Amino Acid 1% Gibco USA 
 
 
Table 9.2: Neu7 cell culture media 
Catalog # Materials Working  

Conc. 
Suppliers Country 

D5546 Low Glucose DMEM 88% Sigma Aldrich Ireland 
F7524 Fetal Bovine Serum, 500 mL 10% Sigma Aldrich Ireland 
P0781 Penicillin Streptomycin, 100X 1% Sigma Aldrich Ireland 
G7513 L-glutamine 1% Sigma Aldrich Ireland 
 



  

369 

 

 
Table 9.3: DRG culture media 
 
Catalog # Chemicals Working 

Conc. 
Suppliers Country 

M8042 Minimum Essential Medium 
Eagle (MEM) 

80% Sigma Aldrich Ireland 

F7542 Fetal Bovine Serum (FBS) 15% Sigma Aldrich Ireland 
P0781 Penicillin Streptocmycin 1% Sigma Aldrich Ireland 
G7021 20% Glucose (D)-(+)-

GLucose 
3% Sigma Aldrich Ireland 

G7513 L-Glutamine 1% Sigma Aldrich Ireland 
H6648 Hanks Balanced Salt Solution 

(HBSS) 
- Sigma Aldrich Ireland 

59428C 0.25% Trypsin EDTA - Sigma Aldrich Ireland 
N6009 Nerve Growth Factor, 2.5S 

(NGF) 
10 ng/ml Sigma Aldrich Ireland 

F0503 5-Fluro-2’-deoxyuridine 
(FrDU) 

0.02M Sigma Aldrich Ireland 

U3003 Uridine 0.8 M Sigma Aldrich Ireland 
354231 Type I Collagen Corningâ, 

Collagen I Bovine 
5µg/cm2 Corning BD 

Biosciences 
USA 

 
 

Appendix 10 : Virus production, concentration and titration of lentiviruses 
 
Table 10.1: Consumables required for maintaining and transfecting HEK293T cells 
in culture 
Catalog # Consumables Suppliers Country 
83.3912.002 175-cm2 tissue culture flask, vented Sarstedt Ireland 
800DH Incubator Series 8000 DH Thermo Scientific Germany 
512824 Class II biosafety cabinet  Telstar Life Science  Spain 
- Bench Top Centrifuge (Hettick 460 

R) 
DJB Labcare England 

168381 Nunc Dish 150 mm x 20 mm Thermo Scientific Germany 
S7653 4 M NaCl (Sodium Chloride)-sterile Sigma Aldrich Ireland 
101-40N jetPEI® DNA Transfection Reagent Polyplus Transfection USA 
10004220 Cryotube Nunc Fisher Scientific Ireland 
62.554.502 15 ml polypropylene conical tube Sarstedt  Ireland 
62.547.254 50 ml polypropylene conical tube Sarstedt Ireland 
86.1253.001 5 ml serological pipette Sarstedt Ireland 
86.1254.001 10 ml serological pipette Sarstedt  Ireland 
86.1685.001 25 ml serological pipette Sarstedt Ireland 
86.1689.001 50 ml serological pipette Sarstedt Ireland 
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Table 10.2 : Consumables required for concentrating lentiviruses 
Catalog # Consumables Suppliers Country 
430768 0.45 µm PES filter flask Corning  USA 
81253 PEG 6000 Fluka  USA 
- Sorvall® RC-5C Plus Centrifuge Kendo Laboratory USA 
3140-0500 Polypropylene wide mouthed bottle Thermofisher Scientific USA 
Z359629 Bright-LineÔHemacytometer Sigma Aldrich Ireland 
K182001 PurelinkÒ Genomic DNA Kit Thermofisher Scientific UK 
05-408-129 1.5 ml microcentrifuge tubes Fisher Scientific UK 
 
 
Table 10.3 : Lentiviruses for spinal cord transduction 
 

 
Table 10.4: Consumables required for quantifying genomic DNA of transduced cells 
Catalog # Consumables Suppliers Country 
P7589 Quant-iT™ Picogreen® Assay Kit Molecular Probes Germany 
82.1581.001 Microtest Plate 96 well, Flat 

bottom 
Sarstedt Ireland 

 Wallac VictorÔ3R Plate Reader Perkin Elmer USA 
 

Catalog # Lentiviruses Suppliers Country 
TRCN0000334788 Knockdown shNG2 1 MISSONâ shRNA 

Library, Sigma Aldrich 
USA 

TRCN0000098337 Knockdown shNG2 2 MISSONâ shRNA 
Library, Sigma Aldrich 

USA 

TRCN0000098338 Knockdown shNG2 3 MISSONâ shRNA 
Library, Sigma Aldrich 

USA 

TRCN0000348354 Knockdown shNG2 4 MISSONâ shRNA 
Library, Sigma Aldrich 

USA 

TRCN0000348358 Knockdown shNG2 5 MISSONâ shRNA 
Library, Sigma Aldrich 

USA 

TRCN0000334788 Knockdown shNG2 1 MISSONâ shRNA 
Library, Sigma Aldrich 

USA 

Home-made pWPT-GFP Home-made - 
Home-made NT3 viruses Home-made - 
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Table 10.5: High range DNA standard curves 
Volume(µl) 
Of TE 

Volume(µl) of 2µg/ml 
DNA stock 
 

Volume(µl) of diluted 
Picogreen® reagent 

Final DNA 
concentration 
in PG assay 

0 1000 1000 1µg/ml 
900 100 1000 100ng/ml 
990 10 1000 10ng/ml 
999 1 1000 1ng/ml 
1000 0 1000 blank 

 
 
Table 10.6: Low range DNA standard curves 
 
Volume(µl) 
Of TE 

Volume(µl) of 50ng/ml 
DNA stock 
 

Volume(µl) of diluted 
Picogreen® reagent 

Final DNA 
concentration 
in PG assay 

0 1000 1000 25ng/ml 
900 100 1000 2.5ng/ml 
990 10 1000 250pg/ml 
999 1 1000 25pg/ml 
1000 0 1000 blank 

 
 
Table 10.7: Consumables required for lentiviral titration of  gag sequences using 
real time PCR  
 
Catalog # Consumables Suppliers Country 
4346906 MicroAmpÒ Fast Optical 96 well 

Reaction Plate with Barcode 
Thermofisher Scientific UK 

4311971 MicroAmpÒOptical adhesive 
covers 

Thermofisher Scientific UK 

4385612 Fast SyBr Master Mix 5ml Thermofisher Scientific UK 
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Table 10.8: Preparation of qPCR reaction for gag sequence titration 
 
Parameters  Reactions 
 
Primers 

 
gag-F 
gag-R 
 

 
5’-ggagctagaacgattcgcagtta-3’ 
5’-ggttgtagctgtcccagtatttgtc-
3’ 

 
Run condition 

 
Step 1 
Step 2 
Step 3 
Step 4 
Step 5 
 

 
950C 15 minutes 
940C 15 s 
550C 30 s 
720C 30 s 
Step 2 – 4 for 40 cycles 

 
Reaction mix 

 
5X Fast SYBR Mix 
Forward primer 
(3µM) 
Reverse primer 
(3µM) 
Water 
DNA (100 ng) 

 
5 µl 
1 µl 
1 µl 
2 µl 
2 µl 
 

 
gag Standards 

 
Standard 1 
Standard 2 
Standard 3 
Standard 4 
Standard 5 
 

 
5 x 102 copies/ µl 
5 x 103copies/ µl 
5 x 104 copies/ µl 
5 x 105 copies/ µl 
5 x 106 copies/ µl 
 

  
Appendix 11: NT3 ELISA 
 
Table 11.1: Consumables required for titration of Rat NT3 virus vector using 
DuoSetâ ELISA Human NT3 
 
Part 
Number 

Consumables Stocks  
Conc. 

Working 
Conc. 

Suppliers Country 

840210 Human NT3 Capture Ab 90.0 µg 500 ng/ml R&D Systems UK 
840211 Human NT3 Detection 36.0 µg 200 ng/ml R&D Systems UK 
840212 Human NT3 Standard 50.0 ng 31.2-2000 

pg/ml 
R&D Systems UK 

890803 Streptavidin-HRP N/A 200-fold 
dilution 

R&D Systems UK 

DY999 Substrate Reagent Pack N/A 1:1 dilution R&D Systems UK 
A9418 Albumin Serum N/A N/A Sigma Aldrich Ireland 
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Table 11.2: Preparation of DuoSetâ ELISA Human NT3 reagents and storage 
Reagents Amount per 

vials 
Working 
Concentration 

Preparation of reagent 

Human NT3 
Capture Ab 

90.0 µg 500 ng/ml a) Add 1ml PBS 1x into 90.0 
µg to give 90 µg/ml. 

b) Aliquot 100 µl of 90 µg/ml 
into 10 tubes 1.5 ml and 
store at -200C. 

c) Calculate how much per 
well volume of 90 µg/ml 
needed. 

d) 0.56 µl (500 ng/ml)  is 
needed per well of 100 µl 
PBS volume capture Abs. 

Store the remaining capture Ab in 
the fridge (for 8 weeks) 

Human NT3 
Detection 

36.0 µg 200 ng/ml a) Add 1 ml of Reagent 
diluent into 36.0 µg to give 
36.0 µg/ml 

b) Aliquot 100 µl of 36.0 
µg/ml into 10 tubes 1.5 ml 
and store at -200C. 

c) Calculate how much per 
well volume of 36 µg/ml 
needed 

d) 0.56 µl (200 ng/ml)  is 
needed per well of 100 µl 
PBS volume capture Abs 

Store the remaining capture Ab in 
the fridge (for 8 weeks) 

Human NT3 
Standard 

50.0 ng 31.2-2000 
pg/ml 

a) First tube : Add 1ml of Reagent 
diluent into 50 ng to give 50 ng/ml 
b) Second tube: Add 500 µl of 
Tube 1 into 500 µl of Reagent 
diluent. Mix well 
c) Third tube : Add 500 µl Tube 2 
into 500 µl of Reagent diluent. 
Mix well 
d) Fourth tube : Add 500 µl Tube 
3 into 500 µl of Reagent diluent. 
Mix well 
e) Fifth tube : Add 500 µl Tube 4 
into 500 µl of Reagent diluent. 
Mix well 
f) Sixth tube : Add 500 µl Tube 5 
into 500 µl of Reagent diluent. 
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Mix well 
g) Seventh tube : Add 500 µl Tube 
7 into 500 µl of Reagent diluent. 
Mix well 
h) Eighth tube : 500 µl of Reagent 
diluent 

Streptavidin-HRP N/A 200-fold 
dilution 

a) Calculate how many well 
to use S-HRP 

Do the math by calculating 1:200 
dilutions. Eg 18 µl of S-HRP 
needed for 36 wells, each well 
consisted of 100 µl of S-HRP. 
Add 10% pipette error in the 
calculation  

Wash buffer  0.05%  T-
20/PBS 

Prepare 1 L : Add 500 µl T-20 
into 999.5 ml of 0.01 M PBS. Mix 
well. 

Phosphate Buffer 
Saline (PBS) 

10X 1x 137 mM NaCl,2.7 mM KCl,8.1 
mM Na2HPO4,1.5 mM KH2PO4 
0.2µm filtered 

Reagent Diluent  1% BSA in 
PBS 

Prepare in 25 ml: Add 0.25 g BSA 
in 25 ml of 1x PBS 

Substrate solution   1:1 mixture of Color Reagent 
A&B 

Stop Solution   2 N H2SO4 
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Table 11.3: Preparation of home-made stop solution (2 N H2SO4) for ELISA reaction 
To Prepare 50ml of 2N H2SO4 

Take note of the bottle purity:  

sp. gr. = 1.84  

% assay = 95%  

MW  = 98.08 

EW = 49.04  

 
First calculate the concentration of the H2S04 in the bottle 

Sp. gr. = 1.84  

= 1.84 g/mL  

= 1840 g/L  

% assay = 95%  

Therefore, 1840 x 0.95 = 1748 g/L of H2S04  

MW H2S04 = 98  

E.W. = 49.04  

1748 g/L / 49.04 g/L= 35.64N 

 
Second, once you know the concentration, plug it into the formula to determine the 
amount in ml of the concentrated solution required 
 

V1C1 = V2C2  

V1 (35.64N) = (50 mL) (2N)  

V1 = (50 mL x 2 N) / 35.64 N 

V1 = 2.81 mL 

To make a 2N solution, slowly add 2.81ml of your stock solution to 15ml deionized 
water.Adjust the final volume of solution to 50ml with deionized water 
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Table 11.4: Consumables required for Rat NT3/shNG2 lentivirus on DRG neurite 
outgrowth assay 
 
Catalog # Consumables Suppliers Country 
SLGP033RS Millex-GP Syringe Filter Unit, 0.22 µm, 

Polyether sulfone, 33 mm, Gamma sterilized 
Merck 
Millipore 

Ireland 

1293-1031 10 ml Luer-slip plastic disposable Syringe Pack Fisher brand Ireland 
80827 µ-slide 8 well Glass bottom  Ibidi GmbH Germany 
2359629 Bright-LineÔ Hematocytometer Sigma Aldrich Ireland 
82.9923.422 Square Petri Dishes (100 x100 x20 mm) Sarstedt Ireland 
 
 
Appendix 12: Neu7 cell lines 
 
Table 12.1: Preparation of Neu7 cells selection antibiotic culture media  
Catalog # Materials Working  

Conc. 
Suppliers Country 

D5546 Low Glucose DMEM 88% Sigma Aldrich Ireland 
F7524 Fetal Bovine Serum, 500 mL 10% Sigma Aldrich Ireland 
A1113803 Puromycin (different doses) depends Thermofisher UK 
G7513 L-glutamine 1% Sigma Aldrich Ireland 
 
 
Table 12.2: Preparation of Alamar blue assay  
Catalog # Chemicals Suppliers Country 
A1113803 Puromycin Thermofisher UK 
83.1836 24 well plate Sarstedt Germany 
DAL1100 AlamarBlueÒ cell viability 

reagent 
Thermofisher UK 

 
 
Appendix 13: NG2 RNA expression using quantitative real time PCR (qPCR) 
 
Table 13.1: Consumables required for RNA isolation 
Catalog # Chemical/Item Working 

concentration 
Supplier Country 

12183018A Purelink® RNA mini kit - Invitrogen UK 
BP2818500 Ethanol, molecular 

biology grade 
- Fisher 

Scientific 
UK 

M6250 2-Mercaptoethanol 1% Sigma Aldrich Ireland 
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Table 13.2: Consumables required for RNA quantification using Qubit™ Fluorometer 
Catalog # Chemical/Item Working 

concentration 
Supplier Country 

Q10210 Qubit®RNA BR Assay - Thermofisher 
Scientific 

UK 

Q10210-A Qubit®RNA Reagent  Thermofisher 
Scientific 

UK 

Q10210-B Qubit®RNA Buffer  Thermofisher 
Scientific 

UK 

Q10210-C Qubit®RNA standard 1 
in TE Buffer  

0 ng/µl Thermofisher 
Scientific 

UK 

Q10210-D Qubit®RNA standard 2 
In TE Buffer 

100 ng/µl Thermofisher 
Scientific 

UK 

Q32857 Qubit® 2.0 Fluorometer - Invitrogen UK 
Q32856 Qubit® 0.5 ml assay 

tubes 
- Thermofisher 

Scientific 
UK 
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Table 13.3: Primer efficiency experiment for NG2 gene and control gene, Drosha 

Catalog # Chemical/Item Reaction 
 
Primers 
(10 µM) 

 
NG2 pair 1-F 
NG2 pair 1-R 
 
NG2 pair 2-F 
NG2 pair 2-R 
 
NG2 pair 3-F 
NG2 pair 3-R 
 
Drosha-F 
Drosha-R 
 

 
5’-attcagggccggaagacttg- 3’ 
5’-gtacgccatcagagaggtcg- 3’ 
 
5’-cgcaagtcccaggtactgtt- 3’ 
5’-tttcggttcaccacgtccaa- 3’ 
 
5’-accaggaaaaagcaccccca- 3’ 
5’-acctgtcttgttgcgtttgc- 3’ 
 
5’-gaactttggtacaacgacccag-
3’ 
5’-agcgttgttggtcataggacg - 
3’ 
 

 
Optimized run 
condition 

 
Step 1 (Reverse transcription) 
Step 2 (Polymerase activation) 
Step 3 (Denaturation) 
Step 4 (Annealing) 
Step 5 (Elongation) 
Step 6 (Extension) 

 
450C for 10 mins 
95°C for 2 mins 
95°C for 5 s 
65°C for 20 s 
72°C for 30 s 
72°C for 5 mins 
 

 
Reaction master 
mix 

 
2x SensiFAST 
10 µM for-primer 
10 µM rev-primer 
Reverse transcriptase 
Ribosafe RNA inhibitor 
Diethyl pyrocarbonate (DEPC) 
RNA (50 ng/µl) 

 
5 µl 
0.4 µl 
0.4 µl 
0.1 µl 
0.2 µl 
1.9 µl 
2 µl 
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Table 13.4: Consumables required for primer efficiency for NG2 and Drosha genes 
Catalog # Chemical/Item Working 

concentration 
Supplier Country 

BIO-73001 SensiFAST SYBR Hi-
ROX One Step Kit 

- Medical 
Supply Co. Ltd 

Ireland 

D5758 Diethyl pyrocarbonate 
(DEPC) 

- Sigma Aldrich Ireland 

4346906 MicroAmp® Fast 
Optical 96 well plate 

- Biosciences Ireland 

4311971 MicroAmp® Optical 
Adhesive Film 

- Biosciences  Ireland 

 
Appendix 14: NG2 protein expression using Western blotting 
 
Table 14.1: Chemicals required for cell lysis buffer 
Catalog # Materials Working  

Conc. 
Suppliers Country 

P2714 Protease Inhibitor cocktail 1:10 Sigma Aldrich Ireland 
FNN0021 NP40 Cell Lysis Buffer 1% Invitrogen UK 
93482 Phenylmethylsulfonyl fluoride 

(PMSF) 
1mM Sigma Aldrich Ireland 

 
Table 14.2: Consumables required for PierceÔ BCA Protein assay 
 
Catalog # Chemicals Suppliers Country 
23225 PierceÔ BCA Protein assay Thermoscientific UK 
82.1581.001 Microtest Plate 96 well, Flat bottom Sarstedt Germany 
23209 Albumin standard Ampules 2 mg/ml Thermoscientific UK 
26619 Prestained marker ThermoFisher UK 
4325 Biotinylated Protein Ladder Detection 

Pack 
Cell Signaling Tech USA 
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Appendix 15: Preparation of SDS-PAGE gel electrophoresis and membrane transfer 
 

A. 30% Acrylamide Mix  

 MW 50 ml 100 ml 200 ml 500 ml 
Acrylamide (g) 
Bis-Acrylamide (g) 

71.08 
154.17 

14.6 
0.4 

29.2 
0.8 

58.4 
1.6 

146.0 
4.0 

***  Carcinogen      
   Filtrate and store at 4ºC in the dark (30 days maximum) 
 
B. 1.0 M Tris-HCl (pH 6.8)  

 MW  
Tris base 
DDW 

121.1 12.1 g 
60 ml 

   
*** Adjust pH to 6.7 with 1 N HCl 

  Bring to 100 ml with DDW 
  Store at 4ºC 
 

C. 1.5 M Tris-HCl (pH 8.8) 

 MW  
Tris base 
DDW 

121.1 18.15 g 
60 ml 

 
*** Adjust pH to 8.8 with 1 N HCl 

  Bring to 100 ml with DDW 
  Store at 4ºC 
 

D. 10% SDS 

 MW  
SDS 
DDW 

288.38 10 g 
80 ml 

 
 *** Stir gently and bring to 100 ml with DDW 
  Store at room temperature 
 

E. 10% Ammonium persulphate (APS) : 100 mg APS + 1 ml DDW (prepare freshly) 

 MW    
APS (g) 
DDW 

 100 mg 
1 ml 

30 mg 
300 µl 
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F. 5x TBS (Tris Saline Buffer) pH 7.4 

Reagents MW Conc. Volume 
1L 2L 4L 

Tris (g) 
NaCl 

121.10 
58.44 

50 mM 
750 mM 

6.05 
43.83 

12.10 
87.66 

24.20 
175.30 

 
1x TBS     prepare 2 L  5x TBS     400  ml 
      DDW    1600 ml 
 
1x TBS-T    prepare 2 L ; T =Tween [TBS-T add 0.1% Tween] 
      5x TBS     400 ml 
      DDW    1600 ml 
      Tween          2 ml 

1x TBS-T    Prepare 1 L ; T =Tween [TBS-T add 0.1% Tween] 
      10x TBS     100 ml 
      DDW    900 ml 
      Tween          1 ml 

*** Store at room temperature 

G. 10x TBS (Tris Saline Buffer) no adjust pH 7.4 

Reagents MW Conc. Volume 
1L 2L 4L 

Tris base (g) 
Tris HCl 
Nacl 
DDW 

121.10 
 

58.44 

50 mM 
 

750 mM 

1.94 g 
13.22 g 
87.66 g 

Adjust to 
1L 

3.88 g 
26.44 g 

175.32 g 
Adjust to 

2L 

7.76 g 
52.88 g 

350.64 g 
Adjust to 

4L 
 
*** Store at room temperature 

H. 5x Tank Buffer  

Reagents MW Conc. Volume 
1L 2L 4L 

Tris base (g) 
Glycine (g) 
SDS (g) 

121.1 
75.07 

288.38 

125 mM 
960 mM 

0.5 % 

15.14 
72.1 

5 

30.28 
144.2 

10 

60.56 
288.4 

20 
 
Tank Buffer (1x) prepare 1.5 L  Tank buffer (5x) 300 ml 
       DDW   1200 ml 
 *** Store at 4° C 
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I. 10x Tank Buffer  

Reagents MW Conc. Volume 
1L 2L 4L 

Tris base (g) 
Glycine (g) 
SDS (g) 

121.1 
75.07 

288.38 

125 mM 
960 mM 

0.5 % 

30.28 
144.2 

10 

60.56 
288.4 

20 

121.12 
576.8 

40 
 
Tank Buffer (1x) prepare 1 L  Tank buffer (10x) 100 ml 
       DDW   900 ml 
 *** Store at 4° C 
 

J. Transfer Buffer (From SDS-PAGE to nitrocellulose/ PVDF membrane) 
Chemicals Conc. 1L 2L 3L 4 L 5 L 
Tris (g) 
Glycine (g) 
Methanol (v/v,ml) 

25 mM 
195 mM 

20% 

3.03 
14.42 

200 

6.06 
28.84 

400 

9.08 
43.26 

600 

12.11 
57.68 

800 

18.15 
86.55 
1200 

 
 *** Store at 4° C 
 

K. 10x Transfer Buffer (From SDS-PAGE to nitrocellulose/ PVDF membrane) 
Chemicals Conc. 1L 
Tris base (g) 
Glycine (g) 
Methanol (v/v,ml) 

25 mM 
195 mM 

20% 

30.2 g 
144.2 g 

 
 
 1x Transfer Buffer 

Chemicals Conc. 1L 
10x transfer buffer 
DDW 
Methanol (v/v,ml) 

25 mM 
195 mM 

20% 

100 ml 
700 ml 
200 ml 
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L. Electrophoresis Sample Buffer (Sample volume to buffer volume =1:1) 10 ml 

 Final conc.  
( at 2x) 

2x  
(for 3ml) 

5x  
(for 3ml) 

1M Tris-HCl (pH 6.8) 
SDS 
 
Glycerol 
Beta Mercaptoethanol 
Bromophenal Blue 
DDW 

0.125 
4% 

 
20% 
4% 

0.02% 

375 µl 
1.2 ml 
(from 

10%SDS) 
600 µl 
120 µl 

0.0006 g 
705 µl 

937.5 µl 
0.3 g 

 
1.5 ml 
300 µl 

0.0015 g 
262.5 µl 

    
 

M. Blocking Buffer 
 

• 5% nonfat dry Powered milk 
 10 ml 20 ml 40 ml 100 ml 
Nonfat dry milk 
TBST 

0.5 g 
10 ml 

1 g 
20 ml 

2 g 
40 ml 

5 g 
100 ml 

 
• 3% nonfat dry Powered milk 

 10 ml 20 ml 40 ml 100 ml 
Nonfat dry milk 
TBST 

0.3 g 
10 ml 

0.6 g 
20 ml 

1.2 g 
40 ml 

3 g 
100 ml 

 
• 5% Bovine Serum Albumin (BSA) 

 10 ml 20 ml 40 ml 100 ml 
BSA 
TBST 

0.5 g 
10 ml 

1 g 
20 ml 

2 g 
40 ml 

5 g 
100 ml 

 
• 3% Bovine Serum Albumin (BSA) 

 10 ml 20 ml 40 ml 100 ml 
BSA 
TBST 

0.3 g 
10 ml 

0.6 g 
20 ml 

1.2 g 
40 ml 

3 g 
100 ml 

 
N. Stripping Buffer 

 
 MW  
SDS 
2-Mercaptoethanol 
Tris base 

288.38 
 

121.1 

20 g 
7.813 ml 

7.570 g 
 
*** Adjust pH to 6.7 

Adjust volume to 1 L 
Store at room temperature 
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O. SDS-PAGE gel solution 
 
a. Resolving gel (Lower Gel) 1 mm 

 
 

Solution Volume (1 gels), 1 mm 
10% 12% 15% 

DDW 
30% Acerylamide mix 
1.5 M Tris (pH 8.8) 
10% SDS 
10% APS** 
TEMED** 

2.36 ml 
2 ml 

1.5 ml 
60 µl 
60 µl 
2.4 µl 

1.96 ml 
2.4 ml 
1.5 ml 
60 µl 
60 µl 
2.4 µl 

1.36 ml 
3 ml 

1.5 ml 
60 µl 
60 µl 
2.4 µl 

 
Solution Volume (2 gels), 1 mm 

10% 12% 15% 
DDW 
30% Acerylamide mix 
1.5 M Tris (pH 8.8) 
10% SDS 
10% APS** 
TEMED** 

4.72 ml 
4 ml 
3 ml 

120 µl 
120 µl 
4.8 µl 

3.92 ml 
4.8 ml 

3 ml 
120 µl 
120 µl 
4.8 µl 

2.72 ml 
6 ml 
3 ml 

120 µl 
120 µl 
4.8 µl 

 
Solution Volume (3 gels), 1 mm 

10% 12% 15% 
DDW 
30% Acerylamide mix 
1.5 M Tris (pH 8.8) 
10% SDS 
10% APS** 
TEMED** 

7.08 ml 
6 ml 

4.5 ml 
180 µl 
180 µl 
7.2 µl 

5.88 ml 
7.2 ml 
4.5 ml 
180 µl 
180 µl 
7.2 µl 

4.08 ml 
9 ml 

4.5 ml 
180 µl 
180 µl 
7.2 µl 

 
Solution Volume (4 gels), 1 mm 

10% 12% 15% 
DDW 
30% Acerylamide mix 
1.5 M Tris (pH 8.8) 
10% SDS 
10% APS** 
TEMED** 

9.44 ml 
8 ml 
6 ml 

240 µl 
240 µl 
9.6 µl 

7.84 ml 
9.6 ml 

6 ml 
240 µl 
240 µl 
9.6 µl 

5.44 ml 
12 ml 
6 ml 

240 µl 
240 µl 
9.6 µl 
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b. For Stacking (Upper Gel) 1 mm 
 

Solution 1 mm 
1 gel 2 gel 3 gel 4 gel 

DDW 
30% Acerylamide mix 
1.0 M Tris (pH 6.8) 
10% SDS 
10% APS** 
TEMED** 

1.7 ml 
415 µl 
315 µl 
25 µl 
25 µl 
2.5 µl 

3.4 ml 
830 µl 
630 µl 
50 µl 
50 µl 
5 µl 

5.1 ml 
1245 µl 
945 µl 
75 µl 
75 µl 
7.5 µl 

6.8 ml 
1660 µl 
1260 µl 
100 µl 
100 µl 

1 µl 
 
 

c. Resolving gel (Lower Gel) Volume (2 gels), 1.5 mm 
 
 

Solution Volume (1 gels), 1.5 mm 
10% 12% 15% 

DDW 
30% Acerylamide mix 
1.5 M Tris (pH 8.8) 
10% SDS 
10% APS** 
TEMED** 

3.54 ml 
3 ml 

2.25 ml 
90 µl 
90 µl 
3.6 µl 

2.94 ml 
3.6 ml 

2.25 ml 
90 µl 
90 µl 
3.6 µl 

2.04 ml 
4.5 ml 

2.25 ml 
90 µl 
90 µl 
3.6 µl 

 
 
 

Solution Volume (2 gels), 1.5 mm 
10% 12% 15% 

DDW 
30% Acerylamide mix 
1.5 M Tris (pH 8.8) 
10% SDS 
10% APS** 
TEMED** 

7.08 ml 
6 ml 

4.5 ml 
180 µl 
180 µl 
7.2 µl 

5.88 ml 
7.2 ml 
4.5 ml 
180 µl 
180 µl 
7.2 µl 

4.08 ml 
9 ml 

4.5 ml 
180 µl 
180 µl 
7.2 µl 

 
 
 

Solution Volume (3 gels), 1 mm 
10% 12% 15% 

DDW 
30% Acerylamide mix 
1.5 M Tris (pH 8.8) 
10% SDS 
10% APS** 
TEMED** 

10.62 ml 
9 ml 

6.75 ml 
270 µl 
270 µl 
10.8 µl 

8.82 ml 
10.8 ml 
6.75 ml 
270 µl 
270 µl 
10.8 µl 

6.12 ml 
13.5 ml 
6.75 ml 
270 µl 
270 µl 
10.8 µl 
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Solution Volume (4 gels), 1.5 mm 
10% 12% 15% 

DDW 
30% Acerylamide mix 
1.5 M Tris (pH 8.8) 
10% SDS 
10% APS** 
TEMED** 

14.16 ml 
12 ml 
9 ml 

360 µl 
360 µl 
14.4 µl 

11.76 ml 
14.4 ml 

9 ml 
360 µl 
360 µl 
14.4 µl 

8.16 ml 
18 ml 
9 ml 

360 µl 
360 µl 
14.4 µl 

 
d. For Stacking (Upper Gel) 1.5 mm 

 
Solution 1.5 mm 

1 gel 2 gel 3 gel 4 gel 
DDW 
30% Acerylamide mix 
1.0 M Tris (pH 6.8) 
10% SDS 
10% APS** 
TEMED** 

2.55 ml 
622.5 µl 
472.5 µl 
37.5 µl 
37.5 µl 
3.75 µl 

5.1 ml 
1245 µl 
945 µl 
75 µl 
75 µl 
7.5 µl 

7.65 ml 
933.75 µl 
1417.5 µl 
112.5 µl 
112.5 µl 
11.25 µl 

10.2 ml 
2490 µl 
1890 µl 
150 µl 
150 µl 
15 µl 
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Appendix 16:  pWPT-GFP transduction of spinal cord slices 
 
Table 16.1: Consumables required for pWPT-GFP transduction 
 

 

Catalog # Consumables Suppliers Country 
F144802 Pipetman P10 Gilson Inc USA 
DF10 Diamond filter tips (range 1-10µl) Gilson Inc USA 
12255 pWPT-GFP plasmid Addgene UK 
- 1% Rely+on Virkon tablets SPH supplies UK 
MZ32 Stereomicroscope MZ32 Model Wild Switzerland 
83.1836 24 well plate Sarstedt Germany 
GWSt-3522 35 mm glass bottom dishes Willco Well BV Netherlands 
Confocal  Andor spinning disc, Zeiss Axiovert 

200 
Andor Tech. Ltd UK 

Olympus 
Part# 1-
UC523 

Olympus UPlanFI 10x/0.30na Ph1 
Objective-Infinity Corrected, RMS 
Thread 10 mm Working Distance 
Olympus Part # 1-UC523 

Olympus Japan 
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Appendix 17: Research outputs 
 
Presentation local and international conference 
Azim Patar, Peter Dockery, Linda Howard, Siobhan McMahon (2017). The use of 
Neurotrophin-3 and short hairpin NG2 Lentivirus To Promote Neurite Outgrowth In 
Vitro. Neuroscience Ireland, National University of Ireland Galway 
 
Azim Patar, Emma Geraghty, Peter Dockery, Linda Howard, Siobhan McMahon (2017). 
The use of Chondroitinase ABC in An Ex Vivo Rat Model of Spinal Cord 
Injury. Anatomy on the Edge Conference, National University of Ireland Galway 
*Runner-Up Best Poster Cave Young Investigator Award (Summer Meeting) 
 
Azim Patar, Emma Geraghty, Peter Dockery, Linda Howard, Siobhan McMahon (2017). 
The use of Chondroitinase ABC in An Ex Vivo Rat Model of Spinal Cord 
Injury.  CMNHS Postgraduate Research Day, National University of Ireland Galway 
 
Azim Patar, Peter Dockery, Linda Howard, Siobhan McMahon (2016). Examination of 
the glial scar in a rat ex vivo model of spinal cord injury. In Proceeding of the Tissue 
Engineering and Regenerative Medicine (TERMIS), Uppsala Sweden 
 
Azim Patar, Peter Dockery, Linda Howard, Siobhan McMahon (2016). Examination of 
the glial scar in a rat ex vivo model of spinal cord injury.  CMNHS Postgraduate 
Research Day, National University of Ireland Galway 
 
Invention disclosure:  
Azim Patar, Mark Canney, Stuart Harries, Siobhan McMahon (2016). Development of 
Home made cell culture insert. Submitted IDF to the Technology transfer office, National 
University of Ireland Galway  
 
Publication : 
Breen, B. A., Kraskiewicz, H., Ronan, R., Kshiragar, A., Patar, A., Sargeant, T., Pandit, 
A. & McMahon, S. S. (2017). Therapeutic Effect of Neurotrophin-3 Treatment in an 
Injectable Collagen Scaffold Following Rat Spinal Cord Hemisection Injury. ACS 
Biomaterials Science & Engineering, 3(7), 1287-1295. 
 
Poster not related to thesis: 
Martin Madill, Azim Patar, Sanbing Shen (2014). Analysis of Autophagic Pathways in 
Amyotrophic Lateral Sclerosis Patient Fibroblasts And Direct Induction of Neural 
Progenitor Cells. CMNHS Postgraduate Research Day, National University of Ireland 
Galway 
* Best Poster Award  
 


