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ABSTRACT 
Spinal cord injury (SCI) is a devastating injury that commonly results in permanent physical 

disability. The highest incidence of SCI occurs in younger populations, causing an enormous 

financial burden to both individuals and society amounting to almost $1 billion annually 

within Australia spent on hospitalisation, treatment and rehabilitation of spinal cord injured 

individuals.  To date, an effective clinical treatment for SCI remains elusive, highlighting the 

need for research aimed at developing therapeutic interventions that improve functional 

outcome. Spinal cord edema is recognised as a common complication of SCI which continues 

to develop, spreading in a rostrocaudal direction days after injury, resulting in greater tissue 

damage and functional deficits. Reducing edema following SCI is therefore of utmost 

importance and represents an attractive target for therapeutic intervention.  

 

Substance P (SP) is a neuropeptide known to facilitate the process of neurogenic 

inflammation, which has previously been shown to result in blood brain barrier (BBB) 

disruption and subsequent edema development following both traumatic brain injury (TBI) 

and stroke. Furthermore, inhibition of the high-affinity SP receptor, the tachykinin NK1 

receptor, resulted in reduced BBB permeability, edema and improved functional outcome in 

both of these conditions. Accordingly, the current thesis sought to determine whether SP 

played a similar role as a mediator of neurogenic inflammation following traumatic SCI.  

 

Immunohistochemical assessment of human SCI demonstrated a loss of SP from the dorsal 

horn region, suggesting that SP release increased following injury. NK1 receptor 

immunoreactivity was also initially increased post-injury before declining, indicating that 

receptor activation and subsequent internalisation occurred. Assessment of various open 

experimental injury models, including the weight drop, hemisection and clip compression 

models, demonstrated similar SP immunoreactivity as that observed in human tissue, 

although NK1 receptor immunoreactivity varied in localisation and response to injury. These 

results highlighted the need for experimental models to accurately replicate the primary 

injury mechanisms observed clinically, especially the closed environment rather than the 

open nature of most experimental models. The balloon compression model was 

subsequently employed for the remainder of the study, given its closed nature and its ability 

to mimic primary injury mechanisms such as an initial impact followed by persisting 

compression. This model also proved to replicate many other facets of human injury such as 

severe hemorrhage, axonal injury, neuronal loss, microglial activation, as well as increased 

BSCB disruption, edema, intrathecal pressure (ITP) and reduced functional outcome. 
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Balloon compression induced SCI was also associated with reduced SP immunoreactivity, 

suggesting increased SP release, and increased NK1 receptor immunoreactivity. Such 

observations implicate a potential role for SP in mediating neurogenic inflammation 

following SCI. However, administration of an NK1 receptor antagonist, n-acetyl tryptophan 

(NAT), resulted in no improvement in any assessed outcomes, suggesting that SP mediated 

neurogenic inflammation might not play a major role in the development of BSCB disruption 

following SCI. Indeed, the physiological effects of SP on the barrier may be outweighed by 

the substantial mechanical disruption observed. Interestingly, changes in the 

immunoreactivity of the water channel protein, aquaporin 4 (AQP4), were observed 

following both human SCI and the balloon compression model. These alterations implicate 

the involvement of AQP4 in facilitating the removal of excess water from the spinal cord. As 

such, modulation of AQP4 may represent a novel therapeutic intervention following SCI.  

 

We conclude that SP mediated neurogenic inflammation is a minor player in the injury 

cascade after SCI. At times, NAT administration resulted in worsened outcomes and as such 

raises the question as to whether SP might be beneficial following SCI rather than 

detrimental. Further investigation of the role of SP following SCI, especially a later time 

points, is required to better elucidate its potential role. Nonetheless, substantial edema 

development remained a serious consequence following SCI and given the observed changes 

in AQP4 immunoreactivity, investigation of AQP4 modulation following SCI is warranted.  
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1.1 Overview 

Spinal cord injury (SCI) is an unexpected event that often results in permanent physical 

disability. The highest incidence of SCI occurs between 20-40 years of age (Ackery et al., 

2004), and is most commonly caused by motor vehicle accidents followed by falls (O'Connor, 

2002, Krassioukov et al., 2003, Ackery et al., 2004). The current treatments for SCI are 

somewhat controversial with little functional benefit observed. Accordingly, research into 

improving neurological function and reducing injury is of great importance.  

 

There are two mechanisms of injury in SCI, namely primary and secondary injury. Primary 

injury is the initial mechanical injury due to local deformation and energy transformation at 

the time of the trauma. Secondary injury occurs within minutes of the primary injury and can 

last for days to weeks. Secondary injury encompasses an entire cascade of systemic and 

cellular processes initiated by the primary processes and contributing to further destruction 

of the spinal tissue (Tator and Fehlings, 1991, Sekhon and Fehlings, 2001). Fortunately, 

secondary injury, unlike primary injury, is reversible and thus secondary injury factors are 

now widely targeted for treatment of SCI. One secondary injury factor of particular 

importance is edema. Following severe SCI, persistent spinal cord edema is present at the 

trauma site (Sharma et al., 1991, Sharma et al., 1993, Winkler et al., 1994, Sharma, 2005, 

Nesic et al., 2006, Ates et al., 2007) with delayed spread to adjacent segments (Nemecek et 

al., 1977, Demediuk et al., 1990). Edema is a serious consequence of SCI leading to raised 

intrathecal pressure (ITP) (Yashon et al., 1973, Kwon et al., 2009), increased tissue damage 

and reduced neurological function.  

 

Substance P (SP) is a neuropeptide that has been implicated in many biological roles, 

including edema formation, through its ability to induce neurogenic inflammation (Campos 

and Calixto, 2000, Harrison and Geppetti, 2001). Moreover, following SCI significant 

increases in SP content occur within the intermediate zone caudal to the lesion site 

(Klimaschewski, 2001). Furthermore, depletion of SP with naloxone reduces inflammatory 

processes and tissue damage whilst improving microcirculation (Naftchi, 1982). Previous 

investigations within our own laboratory have characterised the role of SP in a variety of 

neurological disorders such as traumatic brain injury (TBI) (Donkin et al., 2007) and stroke 

(Turner et al., 2006). Furthermore, inhibition of the SP tachykinin NK1 receptor ameliorated 

edema formation and improved neurological function. Accordingly, the current project aims 

to characterise the role of SP following SCI, and determine whether inhibition of SP will 

reduce edema and ITP and thus improve functional outcome. 
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1.2 Epidemiology of Spinal Cord Injury 

SCI is an unexpected event that is devastating and debilitating, and commonly results in 

permanent physical disability. In addition, SCI frequently causes great emotional distress to 

the individual and their families (Anderson et al., 1985, Taoka and Okajima, 1998, Sekhon 

and Fehlings, 2001). The highest incidence of SCI occurs in younger populations, which has 

resulted in an enormous financial burden to both individuals and society (Tator et al., 1993, 

Fiedler et al., 1999, Ramer et al., 2000). In the USA, SCI is the second most expensive 

condition to treat (Winslow et al., 2002) and has been estimated to cost $9.7 billion annually 

on treatment alone (Ackery et al., 2004), with the cost per patient often exceeding $1 million 

(McKinley et al., 1999). Within Australia, the ongoing cost associated with the long-term 

care, not including medical or ancillary treatment, is estimated to be nearly A$500 million 

per year (Walsh, 1988, Cripps, 2008). 

 

The annual incidence of SCI varies between 11.5 and 57.8 per million people globally (Ackery 

et al., 2004), with the highest incidence seen in 20-40 year olds (Ackery et al., 2004), and a 

higher prevalence in males compared to females (Bracken et al., 1981, Tator et al., 1993, 

Sekhon and Fehlings, 2001, Ackery et al., 2004). The most common cause of SCI is motor 

vehicle accidents, which mainly affects the younger populations, whilst falls are the second 

most common cause, occurring predominantly in the elderly (O'Connor, 2002, Krassioukov 

et al., 2003, Ackery et al., 2004). Additional causes of SCI are sports related, violence related, 

and self-induced injuries (Delamarter et al., 1995, Hulsebosch, 2002, Ackery et al., 2004). 

 

1.3 Classification of Spinal Cord Injury 

SCI is often classified as either complete or incomplete, determination of which is 

accomplished by comprehensive motor and sensory testing. A complete injury refers to an 

injury where no motor or sensory function is present below the level of the lesion due to 

complete interruption of the neurological pathways. On the other hand an incomplete injury 

involves a percentage of sensory and motor functions preserved below the level of the 

lesion. Clinically, the ASIA impairment scale (Table 1.1) is the most common classification for 

complete versus incomplete SCI. Incomplete SCI can be further classified into different 

syndromes such as central cord syndrome, anterior cord syndrome, Brown-Sequard 

syndrome, Conus medullaris syndrome and Cauda equina syndrome (see Table 1.2 for 

descriptions).  
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Table 1.1: ASIA classification of complete versus incomplete spinal cord injury 

Grade Classification 

A Complete: no motor or sensory function is preserved in the sacral 
segments S4-S5.  

B Incomplete: sensory but not motor function is preserved below the 
neurological level and includes the sacral segments S4-S5.  

C Incomplete: motor function is preserved below the neurological level 
and more than half of key muscles below the neurological level have a 
muscle grade of less than 3* 

D Incomplete: motor function is preserved below the neurological level 
and at least half of key muscles below the neurological level have a 
muscle grade of 3* or more 

E Normal: Motor and sensory function are normal 

*Muscle grade of 3 entails active movement and full range of motion against gravity. 

 

Table 1.2: Classification of Incomplete SCI Syndromes 

Syndrome Site of Injury Functional Outcome 

Central Cord 
Syndrome 

Injury in the centre of the 
cervical cord affecting 
cervical fibres 

 

Paralysis or paresis of the upper 
extremities 

Preservation of motor function in the 
lower extremities 

Anterior Cord 
Syndrome 

Injury to the anterior portion 
of the spinal cord affecting 
corticospinal and anterior 
spinothalamic tracts 

Loss of voluntary motor function and 
pain/thermal sensation below the 
injury level 

Proprioception and vibration remain 
intact 

Brown-Sequard 
Syndrome 

Injury to one side of the 
spinal cord 

Ipsilateral loss of motor and 
proprioception/vibration 

Contralateral loss of pain and thermal 
sensation 

Conus Medullaris 
Syndrome 

Injury to the sacral cord and 
lumbar nerve roots 

Areflexic bowel and bladder 

Lower extremity paralysis 

Cauda Equina 
Syndrome 

Injury to the lumbosacral 
nerve roots within the neural 
canal 

Areflexic bowel and bladder 

Lower extremity dysfunctions 
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1.4 Mechanism of Injury 

Most cases of human spinal cord injuries do not compromise the dura mater or involve 

transection of the spinal cord, as spared neural tissue is often observed in postmortem 

studies of patients with complete SCI (Kakulas, 1999). However manipulation of the 

vertebrae and dura mater is a common occurrence within experimental models of SCI 

(Watson et al., 2009). Despite this, many similarities exist in the pathophysiology of human 

SCI and experimental models, one of which is the similarity of the pathophysiological 

mechanisms of injury (Watson et al., 2009). 

 

There are two main mechanisms of injury involved in SCI, namely primary and secondary 

injury. Primary injury results from the initial mechanical injury due to local deformation and 

energy transformation at the time of the trauma. Secondary injury occurs within minutes of 

the primary injury and may last for days to weeks. Secondary injury encompasses an entire 

cascade of systemic and cellular processes initiated by the primary processes that contribute 

to further destruction of the spinal tissue (Tator and Fehlings, 1991, Sekhon and Fehlings, 

2001). 

 

 

1.4.1 Primary Injury 

Primary damage to the spinal cord results from an initial ballistic insult to the spinal column 

and cord to produce a focal contusion injury (Sekhon and Fehlings, 2001, Watson et al., 

2009). Persisting compression commonly occurs due to protrusion of the bone or disc 

material into the spinal tissue in addition to hematoma and swelling (Dubendorf, 1999, 

Watson et al., 2009). Along with the initial impact, subsequent compression typically occurs 

with fracture dislocation, burst fracture, missile injuries and acutely ruptured discs (Sekhon 

and Fehlings, 2001). Primary insult is most commonly caused by acceleration-deceleration 

injury to the vertebrae, in which the mechanisms involved include hyperextension, 

hyperflexion, rotation, and axial loading/vertical compression (Nolan, 1994, Dubendorf, 

1999)(Table 1.3). In a mild cases, primary mechanical injury results in cord concussion with 

brief transient neurologic deficits (Del Bigio and Johnson, 1989, Zwimpfer and Bernstein, 

1990), whilst severe forms cause complete and permanent paralysis (Kwon et al., 2004). 

Damage caused by the initial mechanical injury is irreversible as it occurs immediately at the 

time of injury. However, secondary injury processes occur progressively over time and are 

therefore considered reversible. As such it is the secondary injury factors that are widely 

targeted for treatment of SCI. 
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Table 1.3: Mechanisms of Acceleration-Deceleration Injuries 

Mechanism Cause Resultant Injury 

Hyperflexion Sudden deceleration where the 
head and cervical spine continue 
in a forward flexed motion after 
the thorax has come to rest 

Anterior compression of the 
vertebral bodies with disruption 
of the posterior longitudinal 
ligaments and intervertebral 
discs 

Hyperextension Sudden acceleration 
characterised by forceful 
extension of the cervical spine 

Posterior compression injuries 
and disruption of the anterior 
longitudinal ligaments 

Rotation Extreme lateral flexion and 
twisting of the head and cervical 
spine 

Over-distraction of the posterior 
ligaments with resultant tearing 
and/or rupture  

Axial Loading/ 

Vertical 
Compression 

Extreme force applied caudally or 
rostrally to the spine 

Compression or burst injuries 

 

 

1.4.2 Secondary Injury 

The concept of secondary injury was first hypothesised in 1911 by Allen (Allen, 1911), who 

discovered that myelotomy and removal of the hematomyelia following acute spinal cord 

injury in dogs resulted in improved neurological function. Subsequently, Allen proposed that 

a biochemical factor was present within the hemorrhagic material that caused further 

damage to the spinal cord. Since this first experimental evidence of progressive 

posttraumatic destruction of the spinal cord tissue, many investigations have identified 

mechanisms that contribute to this process. Secondary injury factors include alterations in 

microvascular perfusion, free radical generation and lipid peroxidation, excitotoxicity and 

electrolyte imbalances, necrotic and apoptotic cell death, inflammatory reactions, and blood 

spinal cord barrier (BSCB) permeability (Tator and Fehlings, 1991, Fehlings et al., 2001, Kwon 

et al., 2004).  

 

Vascular Abnormalities 

Changes in the spinal cord vasculature are considered one of the most important aspects of 

the secondary injury. Immediately after SCI, a major reduction in spinal cord blood flow 

(SCBF) occurs at the lesion site (Young et al., 1982, Tator and Fehlings, 1991, Sharma et al., 

1993, Wang et al., 1993, Taoka and Okajima, 1998). Mechanical disruption of the 

microvasculature causes petechial hemorrhage and intravascular thrombosis, which in 
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combination with vasospasm of intact vessels and genesis of edema are thought to 

contribute to the reduced blood flow and subsequent ischemia (Tator and Fehlings, 1991). 

Human postmortem studies have demonstrated that vascular perfusion is substantially 

worse in the grey matter than in the white matter (Tator and Koyanagi, 1997). Due to the 

high metabolic demands of neurons, the grey matter is particularly sensitive to ischemic 

injury, and perfusion is further impaired by the loss of vascular autoregulatory mechanisms 

(Senter and Venes, 1979). Vascular autoregulation normally maintains constant local cord 

hemodynamics between 50 and 130 mmHg, however, when perfusion pressure is above or 

below these levels autoregulation fails (Kobrine et al., 1975, Kobrine et al., 1976). 

Accordingly, clinical care of SCI patients involves the maintenance of systolic blood pressure 

at or above 90 mmHg (Levi et al., 1993). Furthermore, ischemic periods can exacerbate 

secondary damage. During ischemia the spinal cord can undergo a period of reperfusion, 

resulting in a significant increase in oxygen-derived free radicals (Lukacova et al., 1996, Basu 

et al., 2001). 

 

Free Radical Generation and Lipid Peroxidation 

Free radicals are highly reactive molecules (Kwon et al., 2004), which can cause a progressive 

oxidation of fatty acids in cellular membranes. This process, known as lipid peroxidation, 

occurs when the oxidation process geometrically generates more free radical that can 

propagate the reaction across the cell surface. This process also forms more lipid peroxides 

and consequently more free radicals (Hall and Braughler, 1993). The role of free radicals 

following acute SCI has been thoroughly examined and is thought to be a significant 

contributor to secondary injury. A substantial increase in oxidative products, such as 

malonyldialdehyde, is observed following acute SCI (Milvy et al., 1973, Hall and Braughler, 

1982, Kurihara, 1985). Given the proposed involvement of free radicals and lipid 

peroxidation following SCI, many therapeutic treatments targeting lipid peroxidation 

inhibition, such as methylprednisolone and tirilazad mesylate, have been developed, though 

with varying degrees of success (Kwon et al., 2004). 

 

 

Excitotoxicity and Electrolyte Imbalances 

Damage to tissue through excitotoxicity play a role in the secondary injury cascade following 

SCI. Excitotoxicity involves excessive activation of the NMDA and AMPA receptors. During 

activation of these receptors extracellular calcium moves into the cell, and intracellular 

calcium stores are released into the cytosolic compartment (Mody and MacDonald, 1995). 

These high levels of calcium trigger mitochondrial dysfunction and activation of calcium 
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dependent proteases and nucleases, resulting in the breakdown of cellular membranes, 

proteins and DNA, and ultimately cell death (Choi, 1987). Furthermore, activation of 

glutamate receptors can also lead to an intracellular influx of sodium within the neurons and 

axons, resulting in cellular and axonal swelling (Kwon et al., 2004). Following acute SCI, 

glutamate release and accumulation occurs as early as 15 minutes post-injury (Wrathall et 

al., 1996). Administration of voltage-gated sodium channel blockers has been shown to 

protect against axonal loss and improve locomotor function following acute SCI (Rosenberg 

et al., 1999, Ates et al., 2007). The significant role of excitotoxicity in the development of 

secondary injury following SCI has generated increasing interest in developing novel 

pharmacological treatment aimed at attenuating excitotoxicty.  

 

Necrotic and apoptotic cell death 

Cell death occurs through two different pathways, either necrosis or apoptosis. Necrotic cell 

death involves swelling of the cell, disruption of the organelles, then membrane lysis and 

release of intracellular contents that can incite a local inflammatory reaction. Conversely, 

apoptotic cell death involves cellular shrinkage with intact organelles and cellular 

fragmentation into apoptotic bodies that are subsequently cleared by phagocyctosis without 

a significant inflammatory response (Raff, 1998, Tortora and Garbowski, 2003). Both 

pathways are initiated by similar stimuli such as ischemia, oxidative stress and excitotoxicity. 

 

Both necrosis and apoptosis are known to occur following human SCI (Emery et al., 1998). 

Whilst it is thought that cell death occurs along a spectrum between the two, the more 

severe the injury, the more likely the cell will undergo necrosis (Kwon et al., 2004). Given 

that necrotic cell death is initiated soon after primary injury, its prevention may be 

unfeasible. On the other hand, apoptotic cell death may occur in cells at a distance from the 

injury site and up to several weeks post-injury (Crowe et al., 1997, Emery et al., 1998). As 

such, inhibition of apoptotic cell death following SCI is currently the focus of many 

investigations.  

 

Inflammatory Response  

Following SCI, the inflammatory response involves cellular components such as neutrophils, 

macrophages, and T cells, and noncellular component, such as cytokines, prostaglandins and 

complement protein (Kwon et al., 2004). Initially the injury site is rapidly infiltrated with 

neutrophils, which secrete lytic enzymes and cytokines that may contribute to local tissue 

damage and recruit other inflammatory cells (Popovich et al., 1997). Such cells include 



Chapter 1: Introduction 

9 
 

macrophages and locally activated microglia, both of which invade to phagocytose the 

injured tissue (Dusart and Schwab, 1994). Subsequent production of cytokines, such as 

tumor necrosis factor-α (TNF-α), interleukins and interferons, which mediate the 

inflammatory response, also contribute to further tissue damage (Bartholdi and Schwab, 

1997, Klusman and Schwab, 1997).  

 

Vascular permeability and edema genesis are also a phenomenon present at sites of 

inflammation. Cytokines can induce the expression of cyclooxygenase (COX) 2 and thus 

promote the breakdown of arachidonic acid into proinflammatory prostanoids. One such 

prostanoid, prostacyclin, has vasodilatory properties that promote vascular permeability and 

subsequent edema development (Kwon et al., 2004). Following SCI, neurogenic 

inflammation also develops, which involves the release of the neuropeptide Substance P (SP) 

from afferent fibres. SP has also been associated with an increase in vascular permeability 

and oedema formation following various CNS disorders such as TBI (Donkin et al., 2009) and 

stroke (Turner et al., 2006).  

 

1.5 Blood Spinal Cord Barrier Permeability 

The BSCB exists at the capillary level and regulates the molecules that can enter the spinal 

cord tissue. Thus it serves two major functions; first, to protect the spinal cord from blood-

borne substances which may alter and damage the extracellular environment, and secondly, 

to ensure an adequate supply of nutrients is provided through specific transport systems 

(Sharma and Westman, 2004). The BSCB resembles the blood brain barrier (BBB) in many 

ways, not only in function but also structurally (Brightman et al., 1970, Sharma and 

Westman, 2004, Sharma, 2005). Electron microscopy has demonstrated that the BSCB 

endothelial cells connected by tight junctions are surrounded by a think basement 

membrane, as observed in the BBB of the brain (Sharma and Westman, 2004).  

 

Following acute SCI, the integrity of the BSCB is disrupted, making it more permeable to 

fluids, proteins and toxic substances (Popovich et al., 1996, Tian et al., 2009). This results in 

an unfavourable tissue environment for neuronal survival and inhibits neurological repair 

processes for recovery (Bilgen et al., 2002). Indeed, following acute SCI, a relationship exists 

between the integrity of the BSCB and functional outcome; disruption to the BSCB is 

associated with a worsening of function, while restoration of the BSCB is associated with 

improved functional outcome (Bilgen et al., 2002, Cohen et al., 2009). In addition, disruption 
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to the BSCB is a major contributor to the genesis of edema following SCI. This is a serious 

complication, given that edema may raise ITP. Such increases can reduce the vascular 

perfusion pressure within the injured spinal cord resulting in irreversible damage to the 

neural tissue, manifesting as permanent motor and sensory functional deficits (Goldsmith, 

2009). 

 

1.5.1 Temporal and Spatial Profile of BSCB Permeability 

Disruption of the BSCB can be caused by mechanical injury or auto destructive mediators. 

Many investigations have demonstrated that the extent of BSCB disruption alters with time 

following acute SCI. However, such investigations have some disparities between results. 

The majority of studies agree that disruption to the BSCB occurs within the first few hours 

following various SCI models such as contusion (Bilgen et al., 2002), transection (Sharma et 

al., 1993) and ischemic injury (Jacobs et al., 1992). One study observed alterations in the 

endothelial tight junctions in the gray matter as early as 15 mins following injury (Goodman 

et al., 1976). Whilst many studies have observed a gradual reduction in BSCB permeability 

over time (Bilgen et al., 2002, Cohen et al., 2009) the point at which the BSCB integrity is 

restored is still under debate. Whetstone et al (Whetstone et al., 2003) demonstrated that 

the BSCB is restored between 7 and 14 days after injury. Similarly Jaeger and Blight (Jaeger 

and Blight, 1997) determined that the BSCB was restored around 17 days post injury. In 

contrast, several studies have shown that the BSCB remains compromised for up to 28 days 

following injury, and is restored thereafter (Popovich et al., 1996, Nesic et al., 2006). 

However, recently Cohen et al (Cohen et al., 2009) demonstrated that the BSCB remained 

compromised for as long as 8 weeks after injury. Such differences may relate to differences 

in methodology as some used non-invasive MRI techniques where the same animal can be 

examined at different time points. In comparison, others determined BSCB permeability with 

tracers such as Evan’s Blue, where animals must be sacrificed to observed the results, 

thereby requiring multiple animal groups at various time points. Unfortunately, only few 

studies to date have examined the early phase of BSCB disruption to determine the time 

point of maximal permeability. Given the association of increased BSCB permeability and 

edema development, such information would be useful in determining appropriate timing 

for therapeutic intervention aimed at reducing edema formation.  

 

The spatial profile of BSCB permeability has also been considered following acute SCI.  Many 

studies have determined that BSCB permeability is greatest predominantly in the lesion 

epicentre (Sharma, 2005). Interestingly, several studies have demonstrated that the spinal 

cord segment located caudally to the injury epicentre exhibits more pronounced BSCB 
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disruption compared to that of the rostral spinal cord segment (Sharma, 2005, Cohen et al., 

2009). Furthermore, over time significant reductions in BSCB permeability were observed in 

the caudal and epicentre segments, although such changes were not detected in the rostral 

region (Cohen et al., 2009). In addition, a study by Narayana et al (Narayana et al., 2004) 

found that neuronal recovery was greater caudal than rostral to the injury epicentre. This 

indicates not only that the re-establishment of the BSCB may be delayed rostral to the injury 

site, but that such a delay may impede recovery processes in this region (Cohen et al., 2009). 

Furthermore, an increase in BSCB permeability results in the development of edema; thus 

tissue damage may be due to expanding edematous tissue and subsequent ischemia. Such 

findings further implicate the role of increased BSCB permeability in the secondary injury 

process following acute SCI. 

 

1.6 Edema 

Edema is characterised as an abnormal accumulation of fluid within the spinal cord tissue. 

The nature of this edema can be classified as either vasogenic or cytotoxic, although both 

types of edema commonly occur together.  

 

1.6.1 Vasogenic edema 

Within the CNS, vasogenic edema occurs when the integrity of the BBB or BSCB is disrupted. 

This increase in vascular permeability allows proteins and subsequently fluid to escape from 

the intravascular compartment into the intercellular spaces of the brain or spinal cord. 

Vasogenic edema is an important cause of brain and spinal cord swelling as it leads to a net 

increase in tissue water content.  

 

1.6.2 Cytotoxic Edema 

In contrast to vasogenic edema, cytotoxic edema occurs independently of BBB/BSCB 

breakdown. Cytotoxic edema is characterised by a failure of the Na+/K+ ATPase, leading to a 

massive influx of Na+/Cl– into the cells followed by movement of water osmotically 

(Kimelberg, 1995). As such, cytotoxic edema, in contrast to vasogenic edema, involves a shift 

of water from the extracellular to the intracellular compartments. As it does not lead to a 

net increase in tissue water content, it is not the main cause of tissue swelling. The sustained 

intracellular water accumulation leads to swelling of astrocytes and neurons and a reduction 

in the intercellular space (Unterberg et al., 2004).  
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1.6.3 Edema following SCI 

It has now been well characterised that following severe SCI, persistent spinal cord edema is 

present at the trauma site (Sharma et al., 1991, Sharma et al., 1993, Winkler et al., 1994, 

Sharma, 2005, Nesic et al., 2006, Ates et al., 2007) with delayed spread to adjacent segments 

(Nemecek et al., 1977, Demediuk et al., 1990). Edema may be both vasogenic and cytotoxic 

following SCI. However, it has been hypothesised that the initial edema developed is 

predominantly due to vasogenic edema given that an associated BSCB disruption occurs 

(Goodman et al., 1976, Noble and Wrathall, 1989b, Wang et al., 1993, Sharma, 2005, Nesic 

et al., 2006). In addition, evidence for a second type of edema following SCI was found by 

Nemecek et al (Nemecek et al., 1977), who observed increased edema appearing gradually 

in the remote segments with associated increases in sodium content. This suggests that a 

secondary type of edema, namely ultrafiltration, may contribute to a delayed and distant 

genesis of edema. Additionally, Goodman et al (Goodman et al., 1976) found that following 

SCI in primates, cellular swelling was evident, providing further evidence that both vasogenic 

and cytotoxic edema may develop following SCI.  

 

1.6.4 Aquaporins and Edema 

Aquaporins (AQP) are a family of homologous, bi-directional water transporting proteins 

that are found within the membrane in many epithelium, endothelium and other tissue 

(Verkman, 2002). To date, 11 isoforms of AQPs have been identified from various 

mammalian tissues (Venero et al., 2004), with 6 found to be expressed within the CNS, 

namely AQP1, AQP3, AQP4, AQP5, AQP8 and AQP9 (Lehmann et al., 2004). The most 

commonly expressed within the brain and spinal cord are AQP1 and AQP4, which are 

classified functionally as water selective, as well as AQP9 which is additionally selective for 

glycerol, and thus is classified as a aquaglycoporin (Lehmann et al., 2004). However, the 

most abundant and widely studied within the spinal cord is AQP4 (Manley et al., 2004).  

 

Aquaporin4 in spinal cord injury 

AQP4 is found widely distributed in both grey and white matter astrocytes, with a particular 

concentration found within the perivascular end feet and the subpial region. In addition, 

AQP4 has also been found in the ependymal cells surrounding the central canal. Such 

locations implicate AQP4 as playing a role in controlling water fluxes into and out of the 

spinal cord parenchyma from either blood vessels or the central canal. As SCI is known to 

result in substantial edema development, recent research has focussed on the role of AQP4 

in either contributing to or resolving edema following injury. Kimura et al (Kimura et al., 

2010) demonstrated that following a contusion model of SCI, AQP4-null mice demonstrated 
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excessive edema development, cyst formation and worsened neurological outcome. Such 

results implicate a protective role for AQP4 by presumably facilitating the removal of excess 

water. In contrast, following a forceps compression model of SCI, AQP4-null mice 

demonstrated reduced edema and improved neurological function (Saadoun et al., 2008), 

thus implicating a role for AQP4 in facilitating water into the spinal cord tissue. Differences in 

experimental models could be responsible for the observed dissimilarities in outcomes. 

However, up-regulation of AQP4 has been associated with reduced edema development in 

both contusion (Nesic et al., 2006) and clip compression models (Mao et al., 2011), thus 

further implicating a role for AQP4 in water clearance following SCI. As the involvement of 

AQP4 in edema development or resolution following SCI is still debated, further investigation 

is required to better understand such a role.  

 

1.6.5 Temporal profile and distribution of Edema 

The degree of edema following SCI varies as time progresses and is dependent on a number 

of factors. Demediuk et al (Demediuk et al., 1990) found a significant 4% increase in edema 

as early as 15 minutes post-injury in male rats. Furthermore the spinal cord water content 

continued to rise reaching a maximum of 11% by 24 hours. Similarly, profound edema 

development has been observed near the lesion site within 30 minutes after SCI and is 

progressive with time (Sharma, 2005). These results reflect those observed following TBI. 

Studies in TBI demonstrated that edema formation in mice is present at just 1 hour post-

injury and persists for up to 7 days (Hellal et al., 2004), whilst maximal edema formation was 

observed at 5 hours post-injury in a rat diffuse model of TBI (O'Connor et al., 2006). Similarly 

many studies of SCI have demonstrated a significant increase in spinal cord edema at 5 hours 

post injury (Sharma et al., 1991, Sharma et al., 1993, Winkler et al., 1994). 

 

The development of edema within the spinal cord following SCI also differs depending on 

the area and tissue being examined. Griffiths and Miller (Griffiths and Miller, 1974) found 

that increased permeability preferentially affected vessels of the grey matter and in the 

vessels immediately surrounding the white matter. The least degree of permeability was 

observed in the outer white matter at the site of injury (Griffiths and Miller, 1974). 

Accordingly, edema genesis is more prominent in the grey matter than the white matter 

(Sharma, 2005). Due to maximal permeability of BSCB occurring at the epicentre of the 

lesion, edema development is also maximal here (Griffiths and Miller, 1974, Sharma, 2005). 

Nonetheless, there is a longitudinal spread of vasogenic edema both rostral and caudal to 

the lesion site (Nemecek et al., 1977, Wagner and Stewart, 1981). 
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1.6.6 Consequences of Edema 

In the setting of TBI many harmful consequences of cerebral edema exist which lead to 

further damage of the brain tissue. These include raised intracranial pressure (ICP), 

dangerously reduced cerebral blood flow (CBF), and reduced cerebrospinal fluid (CSF) (Vink 

and Van Den Heuvel, 2004). Substantially increased ICP leads to cerebral herniation and 

severe ischemia, and if further increases occur, death ensues (Robbins and Cotran, 2005). 

Similar consequence exist following SCI, although there is some discrepancy over the 

severity given that the vertebral canal provides some space to accommodate edematous 

expansion in comparison to the cranium (Sypert, 1990). Nonetheless numerous studies have 

demonstrated many detrimental consequences of edema following SCI including raised ITP 

(Yashon et al., 1973, Kwon et al., 2009), reduced SCBF (Wang et al., 1993, Kwon et al., 2009) 

and myelin damage (Sharma, 2005), all of which can lead to increased tissue damage 

resulting in reduced neurological function.  

 

1.7 Intrathecal Pressure 

ITP is the pressure exerted within the spinal column by its contents, including spinal cord 

tissue, blood vessels, and CSF. Given that the contents of the spinal column are contained 

within not only the rigid bony vertebrae, but also the non-yielding dura mater covering, an 

increase in the volume of one of these components results in raised ITP (Goldsmith, 2009). 

Raised ITP is a serious complication following SCI as it can cause a profound reduction in 

SCBF and eventually ischemia, resulting in greater damage to the spinal tissue (Goldsmith, 

2009).  

 

Very little research has focused on raised ITP following SCI. This is concerning as it is 

common practice for clinicians to maintain the mean arterial blood pressure (MABP) in a 

patient with an acute SCI at a certain level (85-90mm Hg) with the expectation that this will 

provide an acceptable level of vascular perfusion to the spinal cord (Levi et al., 1993, Vale et 

al., 1997). However, perfusion to the spinal cord is not solely determined by the MABP, but 

also by the ITP. Spinal cord perfusion pressure (SCPP) is therefore determined by the 

difference between the MABP and the ITP. As such, a decrease in SCPP is caused either by 

reduced MABP, increased ITP or both (Kwon et al., 2009).  

 

Similarly to ITP, ICP is the pressure exerted within the skull by its contents including brain 

tissue, blood vessels, and cerebrospinal fluid (CSF) (Hodgkinson and Mahajan, 2000). 
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Furthermore, the cerebral perfusion pressure (CPP) is also calculated in the same way as 

SCPP, thus CPP is determined by the difference between MABP and ICP. However, the 

incidence of raised ICP following brain trauma and the development of a successful 

treatment to counteract such fatal increases has received greater investigation than raised 

ITP following SCI. Fortunately, many similarities exist between ICP and ITP.  

 

In cases of TBI, raised ICP results in reduced CPP and CBF, causing a controlled 

autoregulatory response in which vasodilation occurs (Ayata and Ropper, 2002). 

Consequently there is an increase in cerebral blood volume, which contributes to a further 

increase in ICP (Rosner et al., 1995). However, autoregulation fails when the CPP falls below 

a critical threshold (approximately 40 mm Hg), allowing carbon dioxide to act as a potent 

vasodilator. This results in maximum dilation of the vessels and compromise to CBF (Ayata 

and Ropper, 2002). Eventually adequate perfusion of the brain tissue is lost and tissue death 

ensues. Whilst this phenomenon has not been proven following SCI, much evidence suggests 

that similar events occur.  

 

The presence of autoregulation within the spinal cord vasculature has been demonstrated in 

various experimental models. Kobrine et al (Kobrine et al., 1976) investigated the effect of 

MABP changes on SCBF. They found that SCBF remained constant and within the normal 

range when the MAP ranged from 50 to 135 mm Hg, indicating the presence of 

autoregulation. However they also noted than when MABP fell below 50 mm Hg, SCBF also 

fell. In contrast, when the MABP exceeded 135 mm Hg, vasodilation occurred with increases 

in SCBF and a further rise in the MABP (Kobrine et al., 1976).  

 

Following acute SCI there is a dramatic reduction in the SCBF (Young et al., 1982, Tator and 

Fehlings, 1991, Sharma et al., 1993, Wang et al., 1993, Taoka and Okajima, 1998). Similarly to 

cerebral events, there is evidence that autoregulatory responses occur to counteract the 

sudden reduction in SCBF. In the spinal cord, blood pressure significantly drops immediately 

following injury with a gradual rise to 80% of the initial pressure within a few minutes 

(Fairholm and Turnbull, 1971). Furthermore following a freezing model of SCI, Wang et al 

(Wang et al., 1993) observed a significant reduction in SCBF by almost 50% of preinjury flow 

1 min after injury. This reduction recovered after 10mins, although flow was still lower than 

controls. At 1hr post-injury, SCBF dropped once again to 70% of pre-injury flow. Such 

alterations suggest that some form of vascular regulation is occurring, though the secondary 
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drop in SCBF may also indicate failure of the autoregulation and a subsequent decrease in 

SCBF. 

 

In the cerebrum a failure of arteriole autoregulation led to carbon dioxide stimulated 

vasodilation (Ayata and Ropper, 2002). Similarly, increases in the partial pressure of carbon 

dioxide in the arterial blood of the spinal cord causes vasodilation and an increase in blood 

flow (Smith et al., 1969, Kindt, 1971, Griffiths, 1973). However, when the spinal cord is 

injured this response is impaired as an increase in flow and vasodilation was not observed. In 

addition, uninjured segments both distal and proximal to the injury site may also have an 

impaired response (Vinken and Bruyn, 1976).  

 

Interestingly, following a model of SCI plus paravertebral sympathectomy, autoregulation of 

the vascular spinal cord vessels is lost, but ischemia, commonly observed in contusion 

injuries, was not present (Young et al., 1982). Therefore autoregulation may ultimately 

decrease the level of SCPP, and thus contribute to ischemic injury. When autoregulation 

occurs and vasodilation ensues, the SCBF increases (Kobrine et al., 1976), and if the 

vasculature has become permeable, as commonly occurs following SCI (Wang et al., 1993, 

Sharma, 2005), an increase in blood flow may increase the level of edema within the tissue. 

Subsequently edema causes an increase in ITP and a resultant reduction in SCPP (Kwon et 

al., 2009). Therefore, whilst autoregulation in normal circumstances assists in maintaining 

SCPP through increasing SCBF, in the setting of SCI, it may contribute to a reduction in SCPP, 

ischemia and tissue death.  

 

1.7.1 Spinal Cord Oxygenation 

A compromised blood supply to spinal cord tissue following SCI results in a reduced level of 

oxygen delivery to the injured tissue. Oxygen deprivation subsequently results in ischemic 

injury (Robbins and Cotran, 2005), which is believed to be the most common cause of 

secondary cell death following SCI (Tator and Fehlings, 1991, Bartholdi and Schwab, 1995). 

As such, determining the level of tissue oxygenation in the spinal cord following SCI would 

be beneficial in determining the potential development of ischemic injury.  

 

Several studies have demonstrated that following SCI there is a significant decrease in tissue 

oxygenation (Kelly et al., 1970, Ducker et al., 1978, Schroeder et al., 2008) which was also 

found to be associated with a significant decrease in spinal cord blood flow (Ducker et al., 
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1978). In addition, post-traumatic hypoxia following moderate SCI was found to increase 

necrotic cell death (Yanagawa et al., 2001), illustrating the importance of sufficient tissue 

oxygenation following SCI. Hypotension similarly contributes to spinal cord ischemia and 

secondary cell death (Tator and Fehlings, 1991), demonstrated by decreased SCPP during 

periods of intrathecal hypotension (Horn et al., 2008). Furthermore an association has been 

observed between worsened neurological function and sustained hypotension following 

complete SCI (Harrop et al., 2001).  

 

Novel therapeutic treatments of SCI have also found evidence of a relationship between 

reduced tissue oxygenation and ischemic injury. Schroeder et al (Schroeder et al., 2008), 

found that administration of perfluorocarbons (lipophilic fluorinated hydrocarbon chains 

that can carry oxygen) combined with 100% oxygen therapy increased tissue oxygenation 

levels and reduced ischemic injury. Furthermore, several studies of hyperbaric oxygen 

therapy (HBOT), which is thought to improve oxygen delivery to spinal cord tissue, showed 

that HBOT improved neurological function (Asamoto et al., 2000, Huang et al., 2003) and 

neuronal conduction (Higgins et al., 1981). 

 

Whilst no research has investigated the relationship between ITP and spinal tissue 

oxygenation, there has been some consideration of ICP and cerebral tissue oxygenation 

following TBI with ambiguous results. Stiefel et al (Stiefel et al., 2006) found in a clinical 

study of 21 patients following severe TBI that no correlation existed between ICP and brain 

tissue oxygen levels. However, the same group also performed a clinical study of 6 pediatric 

patients with severe TBI and found that a modest negative correlation between ICP and 

brain tissue oxygen levels was present (Stiefel et al., 2006). This result has been supported 

experimentally within our own laboratory. Following a severe model of TBI in sheep, 

increased ICP lead to decreased tissue oxygenation (Vink et al., 2008). Determining whether 

such a relationship exists between ITP and spinal cord tissue oxygenation following spinal 

cord injuries may allow development of appropriate treatment protocols.  

 

1.8 Treatment of SCI 

To date there are only minimally effective pharmacological and surgical therapies available 

for the treatment of SCI (Bracken et al., 1997, Hurlbert, 2000, Fehlings et al., 2001, Sekhon 

and Fehlings, 2001, Bracken and Holford, 2002). Advances in the understanding of SCI and 

the development of efficacious therapeutic strategies have taken greater time to attain in 
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comparison with the progress seen in other areas of neurosurgery. Given the huge cost to 

society and the cost of human suffering caused by SCI, it is disappointing that the majority of 

clinical trials fall short of their experimental success. Despite this, there is much continued 

research to develop an effective treatment for SCI. The approach to developing such a 

treatment is varied including surgical interventions, pharmacological interventions, 

promotion of neuronal regeneration and cellular transplantation therapies. Whilst a number 

of developing surgical interventions have focused on reducing edema and subsequent 

increases in pressure, very few have combated this with pharmacological agents. These 

treatments will now be discussed in detail.  

 

1.8.1 Pharmacological Intervention 

Methylprednisolone (MP) 

MP is a synthetic glucocorticoid steroid that was initially developed for its enhanced anti-

inflammatory activity (Hall, 1992). The ability of glucocorticoid steroids to remarkably reduce 

peritumoral edema was the basis for its proposed use following acute SCI (Hall, 1992). To 

date, it is one of the most extensively studied drugs in acute SCI (Hawryluk et al., 2008). The 

demonstrated neuroprotective effects of MP include inhibition of lipid peroxidation (Hall 

and Braughler, 1981, Demopoulos et al., 1982, Anderson and Means, 1985), enhancement of 

SCBF (Young and Flamm, 1982, Hall et al., 1984), reduced calcium influx (Young and Flamm, 

1982), enhanced neuronal excitability (Hall and Braughler, 1982) and reduced posttraumatic 

axonal die back (Oudega et al., 1999).  

 

Clinically, three landmark NASCIS studies examined the use of MP following acute SCI 

(Bracken et al., 1985).  The first study compared high and low dosages of MP and observed 

no significant difference in neurological outcomes. However, the high dosage resulted in 

many undesirable side effects such as increased wound infection, increased rate of 

gastrointestinal hemorrhage, sepsis, pulmonary embolism, delayed wound healing and 

death (Bracken et al., 1985). The second study compared the higher dosage of MP to a 

placebo, and once again no significant improvement in neurological function was observed, 

albeit that some trends toward neurological improvement was demonstrated when MP was 

administered within 8 hours of injury (Bracken et al., 1990). Notably, as in the first study, an 

increased incidence of infection and pulmonary embolism was observed with MP 

administration. The third study determined that MP treatment initiated within 3 hours of 

injury should be maintained for 24 hours, whilst treatment initiated between 3-8 hrs should 

be maintained for 48 hours to observe any beneficial effect of MP (Bracken et al., 1997, 

Bracken et al., 1998). 
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Currently, despite the poor clinical benefit observed in the NASCIS investigations, it is the 

current standard of care to administer MP as a bolus of 30mg/kg followed by a 23 hour 

infusion of 5.4 mg/kg/hr to spinal cord injured patients (Oudega et al., 1999). However, the 

undesirable side effects caused by MP treatment combined with the small potential for 

neurological improvement, has resulted in declining regard for its use following SCI. Indeed, 

a recent clinical survey found that only 24% of spinal surgeons prescribe MP to SCI patients 

compared to 76% in 2001 (Hurlbert and Hamilton, 2008). Furthermore, the most 

predominant motivation for prescribing MP was not improvement of neurological function, 

but fear of litigation (Eck et al., 2006, Hurlbert and Hamilton, 2008). Given the poor 

beneficial outcome, harmful side effects and reduced popularity of MP treatment, a great 

need for improved pharmacological intervention following SCI is required.  

 

Opioid Antagonism - Naloxone 

Following SCI it has been demonstrated that endogenous opioids are released and 

contribute to secondary injury through their neurotoxic effects and by reducing blood flow 

within the microcirculation (Faden et al., 1981a) (Long et al., 1987). As such, inhibition of 

opioid actions with an opiate receptor antagonist, such as naloxone, was hypothesised for 

the therapeutic treatment of SCI (Faden et al., 1981a). Experimentally, the administration of 

naloxone following acute SCI has been shown to significantly reduce the development of 

edema (Winkler et al., 1994), increase blood flow (Naftchi, 1982), reduced ischemia (Young 

et al., 1981) and improve neurological function (Faden et al., 1981a). Naloxone treatment 

was most effective in high doses when it inhibits the kappa-opioid receptor (Moore et al., 

1994, Winkler et al., 1994). 

 

Naloxone was clinically examined in the Phase I SCI trial in humans (Flamm et al., 1985) and 

although naloxone treatment showed a slight neurological improvement in some patients it 

was not consistent or significant. Naloxone treatment was also included in the NASICS II trial, 

however within this study it showed no neuroprotective benefits (Bracken et al., 1997). 

Though the use of naloxone as a therapeutic treatment for SCI has not been pursued 

clinically, many experimental studies are still investigating its potential role in SCI and other 

CNS disorders.  
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1.8.2 Surgical/Nonpharmacological Intervention 

Decompression 

Whilst it is common practice for a craniectomy to be undertaken in an attempt relieve ICP 

following TBI (Vinken and Bruyn, 1976), the efficacy of such interventions are still being 

determined following SCI. It was initially suggested by Guttmann (1973) that surgical 

intervention not be recommended and instead, he advocated the use of postural techniques 

combined with bed rest to achieve reduction of injury and spontaneous fusion of the spine 

(Guttmann, 1973). Indeed, at this time there was a higher incidence of neurological 

complications and poorer clinical outcomes following surgical intervention for SCI treatment 

(Bedbrook, 1979). Furthermore, many reported that spontaneous improvement occurred 

when surgical intervention was avoided (Comarr and Kaufman, 1956, Bedbrook, 1979). 

However, there is increasing evidence that non-operative treatment is associated with high 

complication rates (Katoh et al., 1996), whilst surgical intervention, with the introduction of 

modern techniques and improved critical care, is now associated with minimal complications 

(Cotler et al., 1993, Levi et al., 1993, Rizzolo et al., 1994, Vale et al., 1997). In addition, 

surgical intervention has also been associated with reduced mortality (Tator et al., 1987, 

Boakye et al., 2008) and improved neurological function (Duh et al., 1994, Dimar et al., 1999, 

Shields et al., 2005).  

 

Whilst some studies have demonstrated improvements with decompressive surgery 

following SCI, a number have shown that little or no benefit is observed (Vaccaro et al., 

1997, Rahimi-Movaghar, 2005). However, within these studies the earliest time point for 

surgical intervention was 72 hrs (Vaccaro et al., 1997). As such, investigations have now 

begun to focus on the timing of decompression to determine whether more beneficial 

outcomes would be observed with early versus late surgical decompression. Vaccaro et al 

(Vaccaro et al., 1997) found that there is no significant benefit between early and late 

decompressive surgery following SCI. In contrast, many studies showed that early 

decompression significantly increased neurological function both experimentally (Rabinowitz 

et al., 2008) and clinically (Papadopoulos et al., 2002, Carlson et al., 2003, La Rosa et al., 

2004, Shields et al., 2005). Early clinical decompression has also been shown to significantly 

reduce lesion volume (Carlson et al., 2003) and reduce the presence of neurogenic shock 

(Tuli et al., 2007). Whilst there is no standard of care regarding the timing of surgical 

decompression following acute SCI, Fehlings and Perrin (Fehlings and Perrin, 2006) 

recommend that surgical decompression be performed within 24 hrs of injury.  
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Most recently, Kwon et al (Kwon et al., 2009) performed a prospective randomised clinical 

trial evaluating the role of CSF drainage and ITP monitoring following acute SCI and 

decompressive surgery. As mentioned above, it is common practice for a craniectomy to be 

performed to relieve ICP following TBI (Vinken and Bruyn, 1976). This study found that ITP is 

raised following injury as hypothesised. However, interestingly, following decompressive 

surgery they noted an increase in ITP and a reduction in SCPP (Kwon et al., 2009). Such 

results indicate that decompressive surgery is disadvantageous, given that an increase in ITP 

and associated reductions in SCPP may increase tissue damage resulting in further 

neurological damage. Thus, further research into the timing and potential benefit of 

decompressive surgery following SCI and is required.  

 

Hypothermia 

Hypothermia has been proposed as a therapeutic treatment following SCI given that such 

treatment has the capacity to reduce metabolic demands, extracellular glutamate, 

apoptosis, neutrophil and macrophage invasion and activation, oxidative stress and 

vasogenic edema (Globus et al., 1995, Inamasu et al., 2000, Erecinska et al., 2003, Ohmura et 

al., 2005, Liu and Yenari, 2007, Hosalkar et al., 2008).  In recent SCI animal models, systemic 

and regional hypothermia treatment reduced tissue damage and apoptosis, inhibited 

microglial activation, and improved neurological function (Casas et al., 2005, Ha and Kim, 

2008, Lo et al., 2009). However, no recent clinical trials have demonstrated the benefits of 

hypothermia following SCI. Despite this, Cambria et al (Cambria et al., 2000) observed that in 

a model of thoracic aortic aneurysm surgery, SCI was reduced with epidural cooling. These 

results suggest that further investigation of hypothermia treatment following clinical SCI is 

warranted. 

 

Cerebrospinal Fluid  Drainage 

Many studies have aimed to determine the beneficial effects of CSF drainage in acute SCI. 

However, much ambiguity still remains.  In models of thoracoabdominal aortic aneurysm 

(TAA) surgery, some investigations found that no changes in SCBF were observed following 

CSF drainage and that such treatment did not reduce paraplegia following TAA surgery 

(Crawford et al., 1991, Kazama et al., 1994). In contrast, other studies showed that CSF 

drainage significantly increased SCBF (Bower et al., 1989, Elmore et al., 1992), and 

significantly reduced the incidence of ischemic paraplegia (Safi et al., 1997, Coselli et al., 

2002). Furthermore, CSF drainage reversed late-onset paraplegia when instituted after the 

paralysis has occurred (Safi et al., 1997, Ackerman and Traynelis, 2002). It is thought that CSF 

drainage is beneficial given that it lowers the ITP thus improves SCPP and attenuates 



Chapter 1: Introduction 

22 
 

ischemia and subsequent tissue damage (Ackerman and Traynelis, 2002, Hawryluk et al., 

2008).  

 

Recently, a study into the efficacy of CSF drainage as a potential therapeutic treatment 

following acute SCI was completed with modest results. Although lesion size was 

significantly reduced with CSF drainage in rabbits, this result was not associated with any 

improvement in electrophysiological or functional outcomes (Horn et al., 2008). Therefore it 

was concluded that decreasing ITP does not produce significant improvement in function. 

However, as mentioned previously, Kwon et al (Kwon et al., 2009) found that ITP increased 

when CSF drainage occurred. Whilst the findings of the TAA surgery studies are promising, 

given the confounding results of both studies of acute SCI, further research is required. Such 

investigations should involve ITP and SCBF measurements whilst CSF drainage occurs, in 

addition to histological and functional outcome analysis in order to determine role of CSF 

following acute SCI. 

 

Omental Transposition 

Omental transposition has recently been proposed as a surgical intervention to reduce 

developing edema following acute SCI. It was first demonstrated in 1975 that an intact 

omental pedicle could be placed directly onto the spinal cord with subsequent development 

of the vascular connections at the omental-spinal cord interface. Furthermore, such 

connections were considered to develop within hours after the surgery was completed 

(Goldsmith et al., 1975). It was later that shown omental transposition resulted in improved 

motor and neuroelectrical function following acute SCI (Goldsmith et al., 1985). The 

beneficial effects of omental placement were attributed to its absorptive capabilities, 

removing much of the edematous fluid from within and surrounding the spinal cord injury 

site (Goldsmith et al., 1985). Such capabilities have previously been demonstrated clinically 

in cases of chronic lymphedema (Goldsmith et al., 1967) and proposed for the treatment of 

hydrocephalus (Levander and Zwetnow, 1978). The second beneficial action of omental 

transposition is its ability to reduce scar tissue thereby preserving neuroelectrical activity 

(Goldsmith et al., 1985). Whilst no clinical studies have examinined whether omental 

transposition would be effective following acute SCI, the serious consequences of edema 

development and subsequent increases in pressure suggest that such a treatment may be an 

effective potential therapeutic treatment.  
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1.8.3 Alternative treatment 

Whilst there are many promising therapeutic treatments being developed, those that have 

reached clinical trials have been proven inadequate for human treatment. Despite the 

supposed success of MP treatment, its associated undesirable side effects and relatively low 

efficacy has resulted in a decline in its use. As such, no effective treatments exist for the 

amelioration of edema and subsequent raised ITP following SCI. However, the neuropeptide 

SP has been recently implicated in the genesis of neurogenic inflammation and edema 

formation following TBI (Vink et al., 2003, Nimmo et al., 2004). Given this development, SP 

may be a potential target for novel therapeutic intervention following SCI.  

 

1.9 Substance P 

SP is an 11 amino acid neuropeptide from the tachykinin family, which also includes 

neurokinin A, neurokinin B, neuropeptide K, and neuropeptide . SP is released from both 

the central and peripheral endings of primary afferent neurons and functions as a 

neurotransmitter (Otsuka and Yoshioka, 1993). SP has been implicated in many biological 

roles including pain transmission, some autonomic reflexes and behaviours (Harrison and 

Geppetti, 2001), depression (Hokfelt et al., 2001) and neurogenic inflammation (Campos and 

Calixto, 2000, Harrison and Geppetti, 2001). Due to the fact that neurogenic inflammation is 

a significant mechanism of secondary injury involved in the development of cerebral edema, 

the role of SP in neurogenic inflammation and the consequences of moderating this action 

will be discussed. 

 

1.9.1 Synthesis and Degradation  

Two genes exist that give rise to protein precursors, which are then spliced to form SP. These 

two genes are the preprotachykinin A (PPTA) gene and the preprotachykinin B (PPTB) gene. 

The PPTA gene produces different mRNA variants through alternative splicing. The  and  

forms encode synthesis of both SP and neurokinin A (NKA), whilst the remaining  and  

forms encode only SP. Through a trypsin-like cleavage of these prepropeptides, an 

‘extended’ SP is produced. This ‘extended’ SP is further modified by the action of an -

amidating mono-oxygenase and thereby the active end-peptide is produced (Snijdelaar et 

al., 2000). The PPTB gene gives rise to neurokinin B (NKB).  

Neuropeptides are hydrolysed by peptidases, which render the peptides inactive or convert 

the peptides to products with a different biological activity (Snijdelaar et al., 2000). The 

specific peptidase involved in hydrolysing SP is substance P-endopeptidase (Nyberg et al., 
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1984). Furthermore, other enzymes degrade SP non-specifically such as, angiotensin-

converting enzyme (ACE) and neutral endopeptidase (Matsas et al., 1984). 

 

1.9.2 Location 

Expression of SP and its mRNA is widely abundant in both the central nervous system (CNS) 

and peripheral nervous system (PNS) (Harrison and Geppetti, 2001). The -PPTA mRNA is 

the most abundant form expressed within the CNS. Here, distribution of SP was revealed 

through immunohistochemical techniques (Harrison and Geppetti, 2001) and observed in 

many CNS regions including the rhiencephalon, telencephalon, basal ganglia, hippocampus, 

amygdala, septal areas, diencephalon, hypothalamus, mesencephalon, metencephalon, 

myelencephalon and spinal cord. Within the spinal cord the highest concentrations of SP are 

located in the superficial layers (lamina I-III) of the dorsal horn, where most primary afferent 

fibres terminate (Hokfelt et al., 1975). Other areas of the spinal cord where the 

concentration of SP is relatively high include lamina V of the dorsal horn (Ljungdahl et al., 

1978), lamina X surrounding the central canal (LaMotte and Shapiro, 1991), the nucleus 

dorsalis, intermediolateral cell column, and the ventral horn (Pioro et al., 1984). SP is 

synthesised in the dorsal root ganglia, from where it is transported centrally to the dorsal 

horn of the spinal cord and peripherally to nerve terminals of sensory neurons, particularly 

those in areas of immunologic importance such as the skin, gut and lungs (Schaffer et al., 

1998). 

 

1.9.3 SP Receptor – the NK1 receptor 

The effects of tachykinins on target cells are mediated by three specific receptors, the NK1, 

NK2, and NK3 receptors (O'Connor et al., 2004). These receptors are members of the 

superfamily of receptors coupled to G-regulatory proteins (Schaffer et al., 1998). They are 

glycoproteins with seven hydrophobic transmembrane segments, connected by extra and 

intracellular loops. At high ligand concentrations each tachykinin can activate each of the 

neurokinin receptors. However, each tachykinin preferentially activates a distinct receptor, 

with the NK1 receptor being preferentially activated by SP (O'Connor et al., 2004). Repeated 

activation of the NK1 receptor by an agonist such as SP results in phosphorylation of the 

receptor causing it to become desensitised. Binding of SP to the NK1 receptor mediates 

rapid endocytosis and internalisation of the receptor, which also contributes to 

desensitisation of cells to SP signalling (O'Connor et al., 2004). In the CNS, expression of NK1 

receptors is highest in the caudate-putamen and superior colliculus, with moderate to low 

levels of NK1 receptors found in the inferior colliculus, olfactory bulb, hypothalamus, 
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hippocampus, substantia nigra, cerebral cortex, septal area, mesencephalon and dorsal horn 

of the spinal cord (Harrison and Geppetti, 2001).  

1.9.4 Role of Substance P in Neurogenic Inflammation 

Stimulation of unmyelinated C fibres causes the release of neuropeptides which initiate 

neurogenic inflammation that is characterised by vasodilation, protein extravasation and 

tissue swelling (Woie et al., 1993). Whilst many studies have characterised the involvement 

of SP in the development of neurogenic inflammation in peripheral tissues, few have 

examined its role within the CNS.  

 

A study by Turner et al (Turner et al., 2006) found that following reversible stroke in rats, an 

increase in SP immunoreactivity was detected at 24 hours after injury which was associated 

with significant edema formation in the infarcted hemisphere. This is congruent with the 

findings of an earlier study where activation of neuropeptide receptors in the endothelium 

contributed to edema formation following ischemia (Stumm et al., 2001). One of the first 

studies to examine neurogenic inflammation in TBI was that of Vink et al (Vink et al., 2003), 

whose research showed that rats pre-treated with capsaicin, an agent that depletes 

neuropeptides such as SP, exhibited no significant alterations in BBB permeability or brain 

water content following TBI compared to untreated animals. Nimmo et al (Nimmo et al., 

2004) also demonstrated that capsaicin pre-treated animals had significantly reduced post-

traumaic edema formation and BBB permeability compared to vehicle treated animals. 

Additionally capsaicin treatment also significantly improved functional outcome (Nimmo et 

al., 2004). This indicates that neuropeptides such as SP are involved in the development of 

cerebral edema and BBB permeability following TBI.  

 

Recently, administration of an NK1 antagonist at 30 minutes following TBI was found to 

significantly decrease the amount of cerebral edema and improve neurological function 

(Donkin et al., 2009). At present, no such research has investigated the role of SP in 

neurogenic inflammation following SCI. However, there is some evidence to suggest that its 

role may be similar to that observed in TBI. Sharma et al (Sharma et al., 1990) observed a 

significant increase in the content of SP at both 1 and 2 hours post–SCI. This result was 

detected not only in the injured spinal segment but also in the samples removed 5mm 

proximal and distal to the lesion (Sharma et al., 1990).  Nonetheless, a decrease in SP has 

been observed at both 5hrs (Sharma et al., 1990) and later at 7 days post-SCI (Faden et al., 

1985). However in a transection model of SCI, the level of SP immunoreactivity was 
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increased at 5 days, 2, 5, 8 and 12 weeks post injury (Naftchi et al., 1978), though these 

differences may be due to the different injury models employed.  

 

The role of SP in neurogenic inflammation following SCI has been demonstrated in studies 

examining the effects of naloxone (Faden et al., 1981b, Winkler et al., 1994). As previously 

mentioned, administration of naloxone, an opiate antagonist, has been shown to 

significantly reduce the development of edema (Winkler et al., 1994), increase blood flow 

(Naftchi, 1982), reduce ischemia (Young et al., 1981) and improve neurological function 

(Faden et al., 1981b). Naloxone treatment was most effective when it inhibited the kappa-

opioid receptor (Moore et al., 1994, Winkler et al., 1994). Administration of a kappa-opioid 

antagonist has also been demonstrated to improve neurological outcome following TBI (Vink 

et al., 1991). Stimulation of the kappa-opioid receptor results in the release of SP (Suarez-

Roca and Maixner, 1993), and therefore inhibition of such receptors can lead to a reduction 

in the release of SP (McCarson and Goldstein, 1989). As such, the beneficial effects of 

naloxone treatment and other kappa-opioid receptor antagonists may involve indirect 

inhibition of SP and its effects. 

 

1.10 Experimental models of spinal cord injury 

To investigate the mechanisms behind spinal cord injury and possible treatment options, 

experimental models that exhibit posttraumatic anatomic and functional responses that 

mimic those described clinically are required. In particular the model should satisfy the 

following criteria: 1) the mechanical force used to induce injury is controlled, reproducible 

and quantifiable; 2) the inflicted injury is reproducible, quantifiable, and mimics components 

of human conditions; 3) the injury outcome, measured by morphological, physiological, 

biochemical or behavioural parameters, is related to the mechanical force causing the injury; 

and 4) the intensity of the mechanical force used to inflict injury should predict the outcome 

severity (Cernak, 2005). 

 

Replicating human SCI can be difficult given that more than one type of SCI commonly 

occurs. Vertebral burst fractures, which has a prevalence of 30-48%, results in contusion and 

ongoing compression, whereas vertebral dislocation, with a prevalence of 29-45%, shears 

the cord between adjacent segments (Sekhon and Fehlings, 2001, Choo et al., 2008). Given 

such differences in primary injury, a large variety of injury models have been used for the 

research into varying aspects of SCI. These models include contusion injuries that displace 
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(Stokes et al., 1992, Jakeman et al., 2000) or impact (Gruner, 1992) the exposed spinal cord, 

compression injuries via balloon compression (Martin et al., 1992) or clip compression (Rivlin 

and Tator, 1978), and dislocation and distraction injuries (Choo et al., 2008). The clinical 

translation of many experimental investigations have demonstrated, at most, only modest 

improvements following SCI (Tator, 2006). This suggests that current animal models of SCI 

may not effectively satisfy the aforementioned criteria. However, it has been demonstrated 

that similarities in the pathophysiology exist between human and experimental models of 

SCI (Watson et al., 2009). Thus determining the most comparable model of primary injury for 

a particular interest of investigation is of great importance.  

 

1.10.1 Weight Drop  

The weight drop model of SCI was initially described by Allen (Allen, 1911), and has since 

been altered to more closely replicate a human SCI with impactor devices such as the New 

York University Impactor (Gruner, 1992), the Ohio State University Impactor (Bresnahan et 

al., 1987, Bresnahan et al., 1991), and the most commonly used Infinite Horizons Impactor 

(Scheff et al., 2003)(Figure 1.1). It is thought that these contusion models mimic a flexion-

extension injury with compression applied onto the posterior surface resulting in anterior 

cord compression against the vertebral body (Black et al., 1988). Such models have 

demonstrated consistent functional deficits as assessed by the BBB motor score (Gruner, 

1992). However, this model does not encompass multiple level injuries or replicate the 

continued compression caused by protruding bone fragments. 

 

 

Figure 1.1: Weight drop models of SCI. (A) Infinite Horizons Impactor device. (B) schematic 
of a weight drop device requiring a laminectomy at the site of injury. 
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1.10.2 Transection and Hemisection 

Complete transection models of SCI are commonly employed to assess axonal regeneration 

and functional recovery following SCI, as it can be assumed that no tracts are left intact. 

However, there are some reports of spontaneous recovery without therapeutic intervention, 

although this may have been due to gravity-assisted treadmill hindlimb training (Belanger et 

al., 1996, de Leon et al., 1998, Petruska et al., 2007). Hemisections on the other hand are 

commonly used to assess axonal regeneration and sprouting from spared axons. 

Furthermore they can be used to assess injuries to specific anatomical regions and 

correlating them with specific behavioural deficits or improvements (Watson, 2009). 

Another advantage of the hemisection model is the preservation of autonomic functions 

such as bladder and bowel control, thus less intensive postoperative animal care is required. 

One disadvantage of this model is the possibility that axons of particular tracts may have 

escaped transection, thus attributing recovery of function to a therapeutic intervention 

becomes more difficult (Watson, 2009). Whilst both complete transection and hemisection 

injuries are valuable for studies of axonal regeneration they are very uncommon clinically 

(Norenberg et al., 2004) and furthermore do not replicate human injury mechanisms. 

Accordingly, these models are not as favourable for assessment of acute therapeutic 

intervention.  

 

1.10.3 Clip Compression 

The combination of acute impact followed by persisting compression is one of the most 

common mechanisms of SCI in humans (Dubendorf, 1999, Watson et al., 2009). One of the 

first models to simulate this impact-compression injury is the clip compression model of SCI 

developed by Rivlin and Tator (Rivlin and Tator, 1978, Fehlings et al., 1989, Fehlings and 

Tator, 1995) (figure 1.2). When the clip closes rapidly, cord contusion is produced by a 

compression force applied to both the dorsal and ventral aspects of the spinal cord (Poon et 

al., 2007). This is in contrast to many other models of impact-compression, such as the 

Infinite Horizons impactor (Scheff et al., 2003) and New York University weigh-drop impactor 

(Gruner, 1992), where only the dorsal aspect is compressed. Another advantage of the clip 

compression model is the ability to compress the spinal cord for any given length of time. 

Given that human SCI is commonly characterised by persisting compression (Dubendorf, 

1999, Watson et al., 2009), this is particularly relevant. In contrast, other models of impact-

compression fail to compress the spinal cord for more than 60 seconds, limiting their ability 

to effectively reproduce the persisting compression present in many human SCI (Poon et al., 

2007).  
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Figure 1.2: Clip compression model of spinal cord injury: The modified aneurysm clip (a) 
correct placement of the clip around the spinal cord (b) 

 

Extensive characterisation of the clip compression model has occurred at both the cervical 

and thoracic levels of SCI. This is extremely relevant considering that the majority of human 

SCI cases occur at the cervical level (Norton, 2010) and that many Phase 1 clinical trials in 

humans have been performed on thoracic cord injuries. At both levels of injury, the clip 

compression SCI in the rat produced a very similar histopathologic appearance to human 

acute SCI. Furthermore, an association between injury severity, functional outcome, and 

lesion volume, such that an increase in injury severity resulted in reduced functional 

outcome and greater lesion volume, was demonstrated. Finally, the clip compression model 

has been shown to produce a consistent and easily reproducible injury in the rat.  

 

However, the biggest disadvantage of the weight drop, transection and clip compression 

models is the need to perform a laminectomy (Rivlin and Tator, 1978, Fehlings et al., 1989, 

Fehlings and Tator, 1995). This is unfavourable given that human injury involves no 

manipulation of the vertebral canal. Thus these models do not replicate the exact 

mechanical injury that occurs in humans.  

 

1.10.4 Balloon compression model 

The balloon compression model is an alternative compression injury, which involves a 

laminectomy followed by insertion of a balloon catheter which is extended towards the 

head, thus creating a closed injury at the injury site (figure 1.3). It’s closed nature and the 

replication of key primary injury mechanisms, such as an initial impact of the balloon rapidly 

being inflated followed by continued compression for any given length of time, makes it a 

desirable model of SCI. Furthermore, since it’s original conception by Tarlov et al (Tarlov et 
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al., 1953, Tarlov and Klinger, 1954), the balloon compression model has been shown to be 

consistent and reproducible with many studies demonstrating a correlation between the 

severity of injury and functional deficits (Martin et al., 1992, Vanicky et al., 2001, Fukuda et 

al., 2005). In addition, the development of vasogenic edema associated with BSCB disruption 

has also been demonstrated (Griffiths, 1975). The development of edema following SCI is 

crucial as it can lead to raised ITP (Horn et al., 2008, Saadoun et al., 2008, Kwon et al., 2009), 

thus a closed experimental model is vital to ensure replication of such mechanisms. 

Accordingly, the balloon compression model of SCI will be employed in the current study due 

to its closed nature and replication of key features of human SCI. 

 

 

Figure 1.3: The balloon compression model of SCI. (A) Insertion of the balloon catheter through 
the laminectomy. The balloon catheter during deflation (B) and inflation (C).  
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1.11 Synopsis 

SCI is a prevalent neurotraumatic event within society, with no current effective treatment 

to improve neurological function following such injury. It has been demonstrated that SP is 

involved in the development of neurogenic inflammation and in particular the genesis of 

edema. In addition, inhibition of the actions of SP by an NK1 receptor antagonist has 

previously been shown to reduce the level of tissue water content following experimental 

models of both TBI and stroke. However the involvement of SP in the development of edema 

and subsequently raised ITP following SCI has not yet been investigated. As such, the current 

research aims to investigate the role of SP following acute SCI, and whether inhibition of SP 

can reduce edema and ITP and thereby improve neurological function.  

 

Hypotheses for the current research are: 1) Following acute SCI an increase in edema and 

subsequently raised ITP will be associated with increased SP immunoreactivity, and 2) 

administration of an NK1 receptor antagonist following SCI will improve functional outcome 

and reduce ITP through amelioration of edema. The subsequent aims of this research will be 

1) to determine whether SP increases following SCI, and whether this increase may be 

ameliorated via administration of an NK1 receptor antagonist; 2) to determine the effect of 

an NK1 receptor antagonist on functional and histological outcome following SCI in rats, and 

3) to determine the effect of an NK1 receptor antagonist on BSCB permeability, edema and 

ITP following SCI in rats. 

 

All methods will be detailed in chapter 2, with subsequent chapters focussing on 

experimental results including histological analysis of SP in human SCI tissue and archived 

open injury models of SCI, and characterisation of SP in a balloon compression model of SCI 

followed by the effect of an NK1 receptor antagonist treatment. Each chapter will be 

preceded by a brief introduction and summary of the experimental design, before providing 

detailed results. The results of each chapter will be followed by a discussion, whilst the 

overall conclusions of the work will be drawn together in the general discussion.



 

 

 
 
 
 

CHAPTER 2 

MATERIALS AND METHODS 
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2.1 Animal Care 

2.1.1 Ethics 

All experimental studies presented in this thesis were conducted according to the guidelines 

established by the National Health and Medical Research Council and were approved by the 

animal ethics committees of the Institute of Medical and Veterinary Science (IMVS; 72/09 

and 98/10) and The University of Adelaide (M-2010-140). 

 

2.1.2 General  

Adult male Sprague-Dawley rats weighing between 250-300g were used in the studies that 

employed the clip compression model of spinal cord injury. Animals were group housed in a 

conventional rodent room on a 12-hour day-night cycle with a standard diet of rodent 

pellets and water ad libitum. 

 

 Adult male New Zealand White rabbits weighing between 3 and 3.5kg were used in the 

studies that employed the balloon compression model of spinal cord injury. Animals were 

single housed in a conventional rabbit room on a 12-hour day-night cycle with a standard 

diet of rabbit pellets, vegetables, straw and water ad libitum. All animals were rested for 

several days after delivery before inclusion in any experiment. 

 

2.2 Experimental Procedures 

2.2.1 Clip compression model of spinal cord injury 

The combination of acute impact followed by persisting compression is one of the most 

common mechanisms of SCI in humans (Dubendorf, 1999, Watson et al., 2009). The clip 

compression model developed by Rivlin and Tator was one of the first models to replicate 

such an injury (Rivlin and Tator, 1978, Fehlings et al., 1989, Fehlings and Tator, 1995). When 

the clip closes rapidly, cord contusion is produced by a compression force applied to both 

the dorsal and ventral aspects of the spinal cord (Poon et al., 2007). This is in contrast to 

many other models of impact-compression, such as the Infinite Horizons impactor (Scheff et 

al., 2003) and New York University weigh-drop impactor (Gruner, 1992), where only the 

dorsal aspect is compressed. Another advantage of the clip compression model is the ability 

to compress the spinal cord for any given length of time. Given that human SCI is commonly 

characterised by persisting compression (Dubendorf, 1999, Watson et al., 2009), this is 

particularly relevant. In contrast, other models of impact-compression fail to compress the 
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spinal cord for more than 60 seconds, limiting their ability to effectively reproduce the 

persisting compression present in many human SCI (Poon et al., 2007). 

 

Anaesthesia 

Isoflurane 

Isoflurane (Abbot, Australasia) was obtained as a volatile liquid from Veterinary Supplies 

(IMVS animal facility) and stored at room temperature in a drug safe protected from direct 

heat and light. General anaesthesia was induced by placing the animal into a transparent 

induction chamber where 3% isoflurane was delivered in O2 via a calibrated vaporiser at a 

flow rate of 1.5L/min. Anaesthesia was maintained throughout the surgery via a nose cone 

at 1.5-2% isoflurane delivered in O2 at a flow rate of 1.5L/min 

 

Analgesic 

Lignocaine 

Lignocaine (Lignocaine hydrochloride, 2%, Mavlab Australia) was supplied as an aqueous 

solution by Veterinary Supplies (IMVS animal facility) and stored at room temperature in a 

drug safe protected from direct heat and light. Lignocaine was used as a local anaesthetic 

with a volume of 5 ml administered subcutaneously along the midline of the animals back 

prior to incision.  

 

Buprenorphine (Temgesic)  

Temgesic (324µg/ml Buprenorphine Hydrochloride) was supplied as an aqueous solution by 

Veterinary Supplies (IMVS animal facility) and stored at room temperature in a drug safe 

protected from direct heat and light. Buprenorphine was administered intramuscularly at 

the close of surgery and for 2 subsequent days at a dose of 0.2ml/kg 

 

Surgery 

During the 12-hour day cycle, animals were removed from their home cages and 

anaesthetised as described above. Once a surgical level of anaesthesia was reached, the 

animal was placed onto a thermostatically controlled heating pad in the prone position. This 

allowed maintenance of the animal’s body temperature, given their inability to regulate 

their own body temperature under anaesthesia. Body temperature was monitored via a 

rectal thermometer to ensure an appropriate temperature was maintained. Initially, the 



Chapter 2: Materials and methods 

35 
 

dorsal surface of the animal’s back was shaved and the incision area cleaned with an alcohol 

swab followed by Betadine antiseptic solution. Lignocaine was then injected subcutaneously 

as described above, and a midline incision of approximately 10 cm in length was made on 

the dorsal surface of the animals back along the spinous processors (T11 – L2). Two incisions 

were then made along either side of the spinous processors between T12 and L1. A retractor 

was placed either side of the processors to assist in muscle retraction and the T12 and L1 

processors were then removed. The dorsal surface of the vertebrae were then cleared of 

attached muscle in preparation for the laminectomy. A laminectomy was performed by 

thinning the laminae with a high-speed drill and diamond-head drill bit. The bone was then 

removed with a pair of fine tipped rongeurs (Fine Science Tools). Following completion of 

the laminectomy a modified dissecting hook was gently passed extradurally beneath the 

spinal cord to dissect the extradural plane between the dura and adjacent vertebrae. Once 

the extradural plane had been cleared and bleeding had ceased, the modified aneurysm clip 

was placed (Figure 2.1). With the clip held in the applicator in its fully opened position, the 

anterior blade of the clip was passed extradurally anterior to the cord. Once in position the 

clip was then rapidly released from the applicator and compressed the spinal cord for 2 

minutes. After such time, the applicator was reintroduced and used to grasp and the open 

the clip maximally without any further manipulator of the cord. The clip was then removed 

with as little cord displacement as possible. The muscular layers were then sutured closed 

with chormic gut absorbable suture before the skin was closed with 9mm surgical clips 

(Autoclip would clips, Becton Dickinson). Betadine antiseptic solution was then applied 

liberally to the wound. An additional group of animals were subject to all surgical procedures 

except placement and rapid release of the clip (sham surgery) and this group was used as a 

surgical/anaesthesia control group for all experiments. 

 

 

Figure 2.1: Clip compression model of spinal cord injury: The modified aneurysm clip (a) and 

correct placement of the clip around the spinal cord (Poon et al., 2007). 
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Post-surgery recovery 

Following completion of surgery, anaesthesia was ceased and animals were placed on a 

heating pad to recover. All animals received 5 ml of saline subcutaneously to prevent 

dehydration following surgery. Once animals were conscious and mobile they were returned 

to their home cage. Bladders were expressed twice daily until spontaneous voiding occurred. 

Any hematuria or signs of urinary tract infection was treated with Clavulox (140gm/ml 

amoxyxillin and 25mg/ml clavulonic acis administered at 0.2ml/kg).  

 

Assessment 

Following surgery, animals were assessed for histological outcome using H&E staining, and 

SP, NK1 receptor, albumin and APP immunohistochemistry as described in sections 2.8.2 – 

2.8.5. 

 

2.2.2 Balloon compression model of spinal cord injury 

Human SCI is principally a closed injury caused by protruding bone fragments that compress 

the spinal cord for extended periods of time. In contrast, the majority of experimental SCI 

models, including the clip compression model, are open injuries that require a laminectomy 

at the site of injury. A promising alternative is the balloon compression model of SCI initially 

described by Tarlov et al (Tarlov et al., 1953) in dogs and more recently adapted to rats by 

Martin et al (Martin et al., 1992). This model involves the introduction of an inflatable 

microballoon to the epidural space through a laminectomy. The microballon is then 

advanced rostrally to produce an injury via inflation within a closed environment. In 

addition, inflation of the balloon produces a forceful impact, which combined with continued 

compression for any given length of time, closely mimics human SCI. As such the balloon 

compression model is a desirable experimental model for the translation of novel 

therapeutic agents to the clinical setting.  

 

Anaesthesia 

Ketamine/Domitor 

Ketamine and Domitor were obtained as an aqueous solution from veterinary supplies (IMVS 

animal Facility) and stored at room temperature in a drug safe protected from direct heat 

and light. General anaesthesia was induced via a subcutaneous injection of Ketamine 

(2.5mg/kg) and Domitor (0.25mg/kg) mixture. Anaesthesia was maintained during surgery 

via supplementary injections (0.5ml) of the ketamine/domitor mixture as required.  
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Isoflurane 

Isoflurane (Abbot Australasia) was obtained as a volatile liquid from Veterinary Supplies 

(IMVS animal Facility) and stored at room temperature in a drug safe protected from direct 

heat and light. Isoflurane was used as additional anaesthesia immediately before and during 

injury (balloon inflation). Isoflurane was delivered at 1.5-2% in a normoxic mixture of O2 

(0.2L/min) and air (1L/min).  

 

Analgesic 

Lignocaine 

Lignocaine (Lignocaine hydrochloride, 2% Mavlab Australia) was supplied as an aqueous 

solution by Veterinary Supplies (IMVS animal facility) and stored at room temperature in a 

drug safe protected from direct heat and light. Lignocaine was used as a local anaesthetic 

with a volume of 5 ml administered subcutaneously along the midline of the animals back 

prior to incision.  

 

Buprenorphine (Temgesic)  

Temgesic (324µg/ml Buprenorphine Hydrochloride) was supplied as an aqueous solution by 

Veterinary Supplies (IMVS animal facility) and stored at room temperature in a drug safe 

protected from direct heat and light. Buprenorphine was administered intramuscularly at 

the end of surgery and for 2 subsequent days at a dose of 0.2ml/kg.  

 

Euthanasia  

Pentobarbital (Lethobarb) 

Lethobarb (pentobarbitone sodium, 60mg/ml; Rhone Merieux) was obtained as an aqueous 

solution and stored at room temperature in a drug safe protected from direct heat and light. 

Lethobarb (0.5 – 1ml) was used to euthanise animals and was administered intravenously via 

the lateral ear vein using a 25-G needle. 
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Surgery 

During the 12-hour day cycle, animals were removed from their home cages and 

anaesthetised as described above. Once a surgical level of anaesthesia was achieved, the 

animal was placed onto a thermostatically controlled heating pad in the prone position. This 

allowed maintenance of the animal’s body temperature, given their inability to regulate 

their own body temperature under anaesthesia. Body temperature was monitored via a 

rectal thermometer to ensure an appropriate temperature was maintained. Initially, the 

dorsal surface of the animal’s back was shaved and the incision area cleaned with an alcohol 

swab followed by Betadine antiseptic solution. Lignocaine was then injected subcutaneously 

as described above, and a midline incision of approximately 12 cm in length was made on 

the dorsal surface of the animals back along the spinous processors (T11 – L2). Two incisions 

were then made along either side of the spinous processors between T12 and L1. A retractor 

was then placed either side of the processors to assist in muscle retraction and the T12 and 

L1 processors were then removed. The dorsal surface of the visible vertebrae were then 

cleared of attached muscle in preparation of the laminectomy. A laminectomy was then 

performed by thinning the laminae with a drill and diamond-head drill bit. The bone was 

then removed with a pair of fine tipped rongeurs (Fine Science Tools). Following completion 

of the laminectomy, a balloon catheter (ApexTM MonorailTM 4mm x 8mm, Boston Scientific) 

was advanced approximately 4cm to T10 and then inflated using a calibrated pressure pump 

to 8 atm of pressure. The balloon remained inflated for a 5-minute period before being 

deflated and removed. The muscular wound was then sutured closed with chormic gut 

absorbable suture and the skin was closed with 9mm surgical clips (Autoclip would clips, 

Becton Dickinson). Betadine antiseptic solution was then applied liberally to the wound. An 

additional group of animals were subject to all surgical procedures except inflation of the 

balloon catheter (sham surgery) and this group was used as a surgical/anaesthesia control 

group for all experiments. 
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Figure 2.2: Laminectomy: Location and size of a finished laminectomy before the balloon 
catheter is introduced (a), and a sealed laminectomy with bone wax (b). 

 

 

Figure 2.3: Balloon compression model of spinal cord injury. Skeletal schematic of a rabbit 
in the supine position during the surgical procedure (a). Enlarged image of the spinal cord, 
location of laminectomy and relative placement of the balloon connected to the inflation 
device (b). The balloon catheter both deflated (c) and fully inflated (d). 
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Post-surgery recovery  

Following surgery all animals were placed on a thermostatically controlled heating pad and 

administered 10 ml of 0.9% saline subcutaneously using a 23-G needle to prevent 

dehydration. Animals were returned to their home cages with additional blankets. Food and 

water bowls were provided ad libitum and the animals were monitored routinely until they 

were conscious and mobile. Bladders were expressed twice daily until spontaneous voiding 

occurred. Animals were administered Clavulox (0.2ml.kg) for 3 days post-injury to prevent 

infections. If any hematuria or signs of urinary tract infection were observed Clavulox 

treatment was recommenced until infection was resolved.  

 

Assessments 

Following spinal cord injury, animals were assessed for either BSCB permeability via Evan’s 

Blue extravasation, edema formation by wet weight dry weight analysis, intrathecal pressure 

changes, functional outcome via prick test and modified Tarlov score, or histological 

outcome using H&E staining, microglial lectin histochemistry and SP, NK1 receptor, Albumin, 

APP, GFAP and AQP4 immunohistochemistry.  

 

2.2.3 Perfusion  

Perfusion was performed using either 10% neutral buffered formalin (Fronine Laboratory 

Supplies, IMVS) for tissue fixation or saline for Evan’s Blue assessment. At pre-selected time 

points following spinal cord injury, animals were anaesthetised (as previously described) and 

administered 1 or 2 ml of Heparin (5000 I.U/1ml; David Bull Laboratories) respectively for rat 

and rabbit, via an intravenous injection. The animal was then placed in the supine position 

on a wire rack and a bilateral thoracotomy was performed to expose the heart. A blunt 19-G 

needle was inserted into the left ventricle at the apex of the heart and advanced to rest in 

the ascending aorta. The right atrium was then incised to allow vascular flushing of either 

10% formalin or saline at a pressure of approximately 80mmHg. Perfusion was continued 

until the fluid from the right atrium ran clear after approximately 10minutes (rat) or 15 

minutes (rabbit). Animals were then left for a least 1 hour before the required segment of 

spinal column was removed and stored in 10% formalin for at least 1 week before the spinal 

cord was removed for processing.  
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2.3 Drug Treatment 

Animals were randomly assigned to either vehicle (saline) control or N-Acetyl-L-Tryptophan 

(NAT) treatment groups. Specific details of the study design are provided in each chapter. 

Intravenous administration of either treatment occurred initially at 30 minutes post injury 

whilst the animals were still under anaesthesia via a lateral ear vein. Subsequent injections 

whilst animals were conscious involved application of local anaesthetic cream (emla cream – 

25g/g lignocaine & 25g/g prilocaine, AstraZeneca Pty Ltd) to the skin covering the lateral ear 

vein for 1 hour.  The ear was then wiped clean with an alcohol swab, the animal restrained 

and the treatment administered via the lateral ear vein.  

 

2.3.1 Saline 

Vehicle control animals received saline at 1ml/kg drawn from a sterile intravenous bag 

(Baxter Healthcare). 

 

2.3.2 N-Acetyl- L-Tryptophan (NK1 receptor antagonist) 

N-Acetyl-L-Tryptophan (NAT; Sigma, A-6367) was stored at 4˚C. The preferred dosage of NAT 

(2.5mg/kg) was determined following a dose-response study using the Evan’s Blue 

extravasation assessment (see section 6.3.1). The final dose of 2.5mg/kg was prepared by 

dissolving NAT in saline and adjusting the pH to 7.4 with sodium hydroxide (NaOH).  

 

2.4 BSCB Measurements 

2.4.1 Evan’s Blue Extravasation  

Evan’s Blue (EB; MW 69 000; Sigma, E-2129) extravasation was used to assess the extent of 

BSCB permeability following traumatic spinal cord injury. EB binds to serum albumin that 

cannot normally penetrate the BSCB. Following disruption of the BSCB the EB-albumin 

complex gains entry to the spinal cord tissue through the breached barrier. The amount of 

EB found within the spinal tissue indicates the extent of BSCB permeability. At either 5 hours 

or 24 hours post-injury animals were saline perfused as described above (section 2.2.3). At 

30 minutes prior to killing the animals, anaesthesia (ketamine/domitor) was administered as 

described above (section 2.2.2) before Evan’s Blue dye (6mg/kg) was injected intravenously 

via the lateral ear vein. At 5 minutes prior to killing the animals 5 ml of Heparin (5000 

I.U/1ml; David Bull Laboratories) was administered intravenously to prevent clotting. 

Following completion of saline perfusion, the required length of spinal cord was rapidly 
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removed and divided into segments (see figure 2.4). Each segment was weighed and placed 

in individual vials. They were then homogenised in 3.75ml PBS following which 1.25 ml 

trichloroacetic acid (Sigma, T-0699) was added to the homogenate and the samples vortexed 

for 2 minutes. The samples were then stored overnight at 4˚C before being centrifuged at 

1000G for 30 minutes. The absorbance of the supernatant was measured at 610nm using a 

spectrophotometer. The level of extravasated EB within each tissue sample was then 

determined using a previously obtained EB standard curve, and was expressed as ug/mg of 

spinal cord tissue. 

 

 

Figure 2.4: Spinal cord segmentation for Evan’s Blue extravasation and edema 

measurements. Dissected spinal cords were sectioned as above to investigate the injury 

epicentre (0) and 3 sections caudal and rostral to the injury epicentre each 1 cm in length. 

 

2.5 Edema Measurements 

2.5.1 Wet Weight - Dry Weight  

Spinal cord water content was determined using the wet weight-dry weight method. At 5 

hours, 24 hours, or 3 days post-SCI animals were anaesthetised as described in section 2.2.2. 

A lethal injection of lethobarb (1ml) was then administered and the spinal cord was rapidly 

removed. A 1cm segment containing the injury epicentre of the spinal cord was cut as well 

as three 1cm segments both caudal and rostral to the injury site (see figure 2.4). These 

segments were immediately placed into pre-weighed aluminium foil pockets and sealed to 

prevent evaporation. Each segment was immediately weighed to obtain the wet weight and 

then placed in a 100˚C oven for 48 hours. The segments were then removed from the oven 

and re-weighed to obtain the dry weight. The percentage of spinal cord water content for 

each segment was subsequently calculated using the following equation: 

 

% Water Content = (Wet Weight – Dry Weight)    x 100 
            Wet Weight 
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2.6 Intrathecal Pressure monitoring 

2.6.1 Tracheotomy 

To enable alteration of physiology parameter animals underwent a tracheotomy (figure 2.5). 

Initially, the animal was placed in the supine position and the neck region was shaved. A 

small transverse incision was made approximately 4 cm inferior to the larynx and then blunt 

scissors were used to create a 3 cm incision toward the larynx. The superficial and muscle 

layers were then blunt dissected to reveal the trachea. Connective tissues surrounding the 

trachea were then dissected and three lengths of silk suture were inserted beneath the 

trachea. A T-cut was then made through the trachea and a 5 cm bevelled length of tubing 

was inserted. The silk suture was then tied to ensure the trachea tubing stayed in place and 

was then connected to the ventilator. Ventilation was maintained at 35-45 breaths per 

minute with a volume of 13 ml.  A normoxic mixture of 0.2 L of O2 and 1 L of air was 

administered through the ventilator.  

 

Figure 2.5: Tracheotomy: A dissected trachea (a). The ventilation tubing inserted into the 

trachea (b) and then tied in placed (c).  

 

2.6.2 Femoral arterial dissections 

The animal remained in the supine position and both legs were shaved. The right femoral 

artery was then palpitated and an incision was made from groin to knee approximately 8cm 

in length. The femoral artery was then dissected and a 50 cm length of 0.9 mm polyethylene 

tubing, bevelled at the front and connected to a blunt 23G needle, was inserted into the 

artery and advanced 5-10 cm. The tubing was then tied in place and flushed with saline. The 

needle was then connected to a 20 ml saline filled syringe that was placed in a syringe pump. 

Saline was administered at 2 ml/h except when removing a blood sample for blood gas 

analysis. Following analysis, respiratory parameters were adjusted as necessary. The left 

femoral artery was similarly dissected and a Codman MICROSENSOR ICP probe (Johnson and 

Johnson; Figure 2.7b) was inserted and tied in place to monitor blood pressure.  



Chapter 2: Materials and methods 

44 
 

 

Figure 2.6: Femoral arterial dissection: Right femoral artery dissection. The artery was tied 
off and an aneurysm clip applied to prevent blood flow whilst the artery was cut and the 
saline line/ Codman probe inserted. 

 

2.6.3 ITP Probe placement 

Following completion of arterial dissections the animal was placed in the prone position and 

surgery was performed as described in section 2.2.2. Following deflation and removal of the 

balloon catheter a very small incision was made in the dura using arterial scissors. A second 

Codman MICROSENSOR ICP probe (Johnson and Johnson) was then inserted sub-durally and 

extended approximately 4cm to lie at the injury epicentre. The laminectomy surgical area 

was then cleared of any blood or cerebrospinal fluid and sealed tightly with bone wax (as 

seen in figure 2.2).  

 

2.6.4 Powerlab ITP and BP monitoring 

The Codman probes inserted into the femoral artery and subdural space were used to 

measure blood pressure and ITP, respectively. The Codman probes were connected to an 8 

channel Powerlab system (AD instruments; Figure 2.7a) and the output was viewed live and 

recorded with Labchart (AD instruments; Figure 2.8). The probe measuring blood pressure 

was set to record at a sampling rate of 200mV/sec whilst the probe measuring ITP was set to 

record at a sampling rate 50mV/sec. Prior to surgery the probes were calibrated using the 2 

point calibration technique. The final trace was analysed by averaging 2 minutes of output 

data every 30 minutes.  
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Figure 2.7: PowerLab system: An 8 channel Powerlab system placed atop a quad bride amp 
used for monitoring BP and ITP (a) and the Codman MICROSENSOR ICP Transducer (b), arrow 
indicated the pressure tip that lies at the injury site.  

 

 

Figure 2.8: LabChart software screenshot: This screenshot shows a recorded trace using the 
Labchart software. BP was recorded in the upper red trace whilst ITP was recorded in the 
lower blue trace. 
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2.7 Functional assessment 

2.7.1 Sensory Function 

Due to the interruption of ascending tracts following traumatic SCI, the animal’s ability to 

relay sensory stimulation in their lower limbs is impaired. A variety of different withdrawal 

tests were initially trialled however the Von Frey Hair test of mechanical stimulation and 

plantar heat tests (Hargreaves test) elicited no response from the animals. As such the “Prick 

Test” for pain withdrawal was employed in this study. 

 

Prick Test 

The prick test involved applying the tip end of Dumont #4 fine forceps (Fine Science Tools) to 

the shaved plantar surface of the animals hind paws. The animal’s hind paws were shaved 3 

days in advance of testing to ensure the area was not oversensitive. The testing procedure 

involved placing the animals into an enclosed plastic box with a wire bottom (see figure 2.9) 

where food was provided as a distraction. The fine forceps were then applied to each hind 

paw 10 times with at least a 30 second wait between each application. The response of the 

animal’s withdrawal to the stimulus was graded as either; 0 = no response, 1 = weak 

response, 2 = moderate response, or 3 = normal response. Accordingly, a sensory score out 

of 30 was given to each hind paw. Testing was performed pre-injury to determine a base 

level and then days 3, 7, 10 and 14 post-injury.  

 

Figure 2.9: Sensory prick test: Animal placed within the enclosed plastic box with wire 
bottom (a). Dumont #4 fine forceps used to elicit a response (b). 
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2.7.2 Motor Function 

To assess motor deficits of the hind limbs post-injury animals were filmed within a confined 

area (1 m x 2 m) for a 5-minute period. They were assessed both pre-injury and on days 3, 7, 

10 and 14 post-injury. The generated footage was then viewed to assess hindlimb motor 

function using a modified Tarlov scale and to count the number of forelimb to hindlimb steps 

performed during the assessment period. 

 

Modified Tarlov Score 

To assess motor function of the hindlimbs this study employed a modified Tarlov Score 

(Tarlov and Klinger, 1954). The criteria were as follows: 0 = No movement; 1 = minor 

movement of the hind limb joints; 2 = major movement of the hind limb joints; 3 = able to 

stand properly but unable to hop; 4 = able to hop, but not properly; 5 = normal movement.  

 

Forelimb to Hindlimb step ratio 

To assess the frequency of any observed hindlimb movement, a forelimb to hindlimb ratio 

was additionally calculated. The number of hindlimb movements per the first 20 forward 

moving forelimb steps was recorded. This ratio was then converted into a percentage.  

 

2.8 Histological analysis 

2.8.1 Tissue Assessed  

Archived tissue 

Three Cohorts of archived tissue were obtained for histological analysis, including human 

tissue, rat weight drop model of SCI, and sheep dorsal hemi-section SCI.  

Human Tissue 

Archived human spinal cord tissue was obtained from 24 patients with documented 

traumatic spinal cord injuries and 5 patients with no trauma evident following post mortem 

examination. The cases were divided into 6 groups determined by survival time post-SCI: 

immediate (death within an hour of the incident; n=6); 2-5 hours (n=3); 3 days (n=5); 1 week 

(n=3); 3-4 Weeks (n=7); and uninjured (n=5). 

Rat – Weight drop model of SCI 

Archived rat spinal cord tissue was obtained from a previous experimental study 

(Newcombe, 2011) that employed the weight drop model of spinal cord injury (10 g x 14 cm) 

as previously described elsewhere (Noble and Wrathall, 1985). The tissue was divided into 4 
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groups determined by survival time post-injury including; 24 hours (n=5); 1 week (n=6); 3 

weeks (n=6); and uninjured sham tissue (n=6). 

Sheep – Dorsal Hemi-section model of SCI 

Archived sheep spinal cord tissue was obtained from a previous experimental study 

(Santoreneos, 2012; unpublished) that employed a unilateral dorsal column section model of 

spinal cord injury as described elsewhere (Tommerdahl et al., 1996). The tissue was divided 

into 5 groups determined by survival time post-injury including; 2 hours (n=2); 6 hours (n=2); 

24 hours (n=2); 7 days (n=2); and uninjured sham tissue (n=4).  

 

Generated tissue 

Two cohorts of tissue were generated for histological analysis, the rat clip compression 

model of SCI (see section 2.2.1) and the rabbit balloon compression model of SCI (see 

section 2.2.2). 

 

2.8.2 Perfusion Fixation and Tissue Sampling 

Following perfusion (section 2.2.3) the entire spinal segment (spinal column and cord) up to 

14 cm in length was removed and placed in 10% buffered formalin for at least one week. 

After such time, the spinal cord was dissected out, cut into 1 cm (balloon compression – 

rabbit) or 3 mm (clip compression/weight drop – rat) segments as demonstrated in figure 

2.10 and processed overnight. The tissue processing was as follows; 20 minutes each of 

graded ethanol baths (50%, 60%, 70%, 80%, 95%, 100%, 100%), followed by 2 xylene baths 

of 1.5 hours each before paraffin baths of increasing time (30, 60, 60, 90mins). Finally spinal 

cord segments were embedded in paraffin wax and serial 5µm sections were cut using a 

microtome. Sections were then stained as detailed in 2.7.3 – 2.7.4. 

 

 

Figure 2.10: Spinal cord segmentation for histological processing: Dissected spinal cords 
were cut to investigated the injury epicentre (0) in addition to segments caudal (to -5) and 
rostral (to 5) from the injury epicentre. 
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2.8.3 Hematoxylin and Eosin Staining 

Hematoxylin and eosin (H&E) staining of spinal cord sections was performed to allow 

observation of architecture cellular changes within the lesioned area and adjacent segments. 

The staining was carried out as follows. Slides were initially placed into a hot oven to turn 

wax molten before being placed into 2 changes of xylene (2 minutes) for final de-waxing. 

Slides were then placed into 2 changes of ethanol (2 minutes) before being washed in 

running water. The slides were then placed in hematoxylin for 5 minutes and then washed 

well in running water. The slides are then differentiated in acid alcohol before briefly being 

washed again in running water and then placed into lithium carbonate for 10 seconds. Slides 

were washed in running water and then placed in eosin for 1 minute before being placed 

into 2 changes of ethanol (2 minutes) then 2 changes of histolene (2 minutes). Slides were 

cleared and mounted in DPX before being assessed using light microscopy (Olympus; 

Hamamatsu Nanozoomer). 

 

2.8.4 Immunohistochemistry & Lectin-histochemistry 

Initially, sections were placed into a hot oven to turn wax molten before being placed into 2 

baths of xylene (2 minutes) for final de-waxing and then dehydrated in 2 baths of alcohol 

(100%; 2 minutes). Non-specific peroxidase activity was blocked by placing slides in 

methanol containing 0.5% hydrogen peroxide (H202) for 30 minutes. Sections were then 

washed twice (3 minutes each) in phosphate buffered solution (PBS; pH 7.4) before 

microwave antigen retrieval was performed. Sections were then allowed to cool to below 

40˚C before being washed in PBS (2 x 3 minutes) and then incubated in 3% normal horse 

serum (NHS; Sigma, H-1270) for 45 minutes at room temperature to block non-specific 

antigen binding. Following this, the sections were incubated overnight with specific primary 

antibody antiserum at room temperature. The following day, sections were washed in PBS (2 

x 3 minutes) and then incubated with a secondary biotinylated immunoglobulin (1:250 in 

NHS) for 30 minutes at room temperature, to allow visualisation of the bound antibody. 

Sections were then washed in PBS (2 x 3 minutes) and then incubated with the tertiary, 

streptavidin-horseradish peroxidase conjugate (SPC; Pierce, 1:1000 in NHS) for 1 hour at 

room temperature. Sections were again washed in PBS (2 x 3 minutes) and then reacted with 

3,3’diaminobenzidene (DAB; Sigma D-8001) containing 0.01% H2O2 for 7 minutes. Sections 

were then washed in water and counterstained with hemotoxylin for 1 minute, before being 

differentiated in acid alcohol, briefly washed in water again, and then placed into lithium 

carbonate for 10 seconds. Slides were then dehydrated in 2 baths of 100% alcohol and 

cleared in 2 changes of histolene. Sections were then mounted in DPX and allowed to air dry 

before being assessed using light microscopy (Olympus; Hamamatsu Nanozoomer). For each 

immunohistochemical stain two control sections were included. A positive control was 
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carried out using a section of tissue known to contain the protein being investigated, and a 

negative control, where a section of tissue received no primary antibody. Thus it was 

ensured that any staining was due to binding of the primary antibody to the protein being 

investigated.  

 

Antibodies Used 

Substance P 

ALL SPECIES: A goat polyclonal anti-Substance P antibody (Santa Cruz Sc-9758; 1:2000) was 

used to enable visualisation of SP expression within the dorsal horn of the grey matter and 

surrounding blood vessels. EDTA antigen retrieval was performed. An anti-goat 

immunoglobulin antibody was applied as secondary amplification. 

NK1 Receptor 

HUMAN: A rabbit polyclonal anti-NK1 receptor antibody (Thermo scientific PA3-301; 

1:16000) was used to enable visualisation of the NK1 receptor localisation. Citrate antigen 

retrieval was performed. An anti-rabbit immunoglobulin antibody was applied as secondary 

amplification. 

RAT/SHEEP: A rabbit polyclonal anti-NK1 receptor antibody (Advanced Targeting Systems 

#AB-N33AP; 1:8000) was used to enable visualisation of the NK1 receptor localisation. 

Citrate antigen retrieval was performed. An anti-rabbit immunoglobulin antibody was 

applied as secondary amplification. 

RABBIT: A rabbit polyclonal anti-NK1 receptor (Advanced Targeting Systems #AB-N33AP; 

1:4000) was used to enable visualisation of the NK1 receptor localisation. Citrate antigen 

retrieval was performed. A mouse anti-rabbit immunoglobulin was applied following 

overnight incubation of the primary antibody to inhibit non-specific binding given the 

antibody was raised in rabbit. An anti-mouse immunoglobulin was then applied followed by 

SPC as per normal.  

Albumin 

RAT/SHEEP/RABBIT: A goat anti-rat anti-albumin antibody (Cappel #0113-0341; 1:20,000) 

was used to determine the extent of protein extravasation following trauma, given that 

extravasation of albumin into the extracellular space is a feature of vasogenic edema. No 

antigen retrieval was performed. 
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Claudin – 5 

HUMAN: a mouse monoclonal anti-Claudin-5 antibody (Invitrogen 32-2500; 1:2000) was 

used to enable visualisation of the Claudin-5 protein within the BSCB. EDTA antigen retrieval 

was performed. An anti-mouse immunoglobulin antibody was applied as secondary 

amplification.  

Amyloid Precursor Protein (APP) 

ALL SPECIES: A monoclonal anti-APP antibody (Boehringer 22c11; 1:10,000) was used to 

enable visualisation of neuronal cells expressing APP within their cytoplasm and the 

detection of axonal injury within the white matter tracts. Citrate antigen retrieval was 

performed. An anti-mouse immunoglobulin antibody was applied as secondary 

amplification. 

Microglia 

RABBIT: a biotinylated Isolectin B4 from Bandeiraea simplicifolia (Griffonia simplicifolia – 

Sigma L2140; 1:200) was used to enable visualisation of microglia. Robust blocking of non-

specific peroxidase activity was required involving the placement of slides into a methanol 

bath containing 0.5% hydrogen peroxide and heated until boiling point was reached. They 

were then cooled to room temperature followed by antigen retrieval with citrate.   

Glial fibrillary acidic protein (GFAP) 

RABBIT: A mouse monoclonal anti-GFAP antibody (Dako M0782; 1:1000) was used to enable 

visualisation of the astrocytic response. Citrate antigen retrieval was performed. An anti-

mouse immunoglobulin antibody was applied as secondary amplification. 

NeuN 

RABBIT: a mouse monoclonal anit-NeuN antibody (Millipore; 1:2000) was used to enable 

visualisation of neurons within the grey matter to determine the extent of neuronal loss. 

Citrate antigen retrieval was performed. An anti-mouse immunoglobulin antibody was 

applied as secondary amplification. 

Aquaporin 4 (AQP4) 

RABBIT: a mouse monoclonal anti-AQP4 antibody (Abcam Ab9512; 1:200) was used to 

enable visualisation of the AQP4 water channel. Citrate antigen retrieval was performed. An 

anti-mouse immunoglobulin antibody was applied as secondary amplification. 

HUMAN: a rabbit polyclonal anti-AQP4 antibody (Sigma HPA014784; 1:4000) was used to 

enable visualisation of the AQP4 water channel. Citrate antigen retrieval was performed. An 

anti-rabbit immunoglobulin antibody was applied as secondary amplification. 
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2.8.5 Assessment of Immunohistochemistry 

Hamamatsu Nanozoomer 

Generated slides from immunohistochemistry were scanned at high resolution using the 

Hamamatsu Nanozoomer. Slides were then viewed using the associated proprietary viewing 

software (NDP.view v1.1.27, Hamamatsu). Qualitative assessments were made using a 

ranking system (0 = no staining to 10 = extensive dark staining). Alternatively, either whole 

sections or specific areas of the scanned slides were virtually dissected and exported as jpeg 

files. These files were then either further assessed using the colour deconvolution method 

(Helps et al., 2012) or axonal injury was counted.  

 

Colour Deconvolution  

Colour deconvolution allowed for non-subjective assessment of protein levels within the 

desired region of the spinal cord. This method has been described in detail elsewhere (Helps 

et al., 2012). Whole or specific areas of tissue were exported as jpeg files from the NDP.view 

software as stated above. These files were then exported into imageJ (v1.45s, NIH, Bethesda, 

USA). Briefly, the background is removed and hematoxylin and DAB stained separated using 

a colour deconvolution macro, which is associated with image J. Colour deconvolution 

produced an image containing only DAB. The histogram relating to this DAB image can then 

be used to determine the percentage of actual DAB in relation to a maximal theoretical 

“brownness” if all pixels on the image were maximally brown. The amount of DAB is given as 

a DAB weighted percentage (DABwt%). 

 

Axonal injury 

Spinal cord regions of interest were virtually dissected using the NDP.view software as 

stated above. These images were then viewed in Photoshop (Adobe Photoshop CS5 

extended, version 12.1 x32) and a grid was applied to all images being assessed. The number 

of squares that contained positive (darkly stained) axons was then counted.  

 

2.9 Statistical Analysis 

All parametric data (Evan’s Blue extravasation, edema, ITP, Plantar prick test, Colour 

deconvolution and axonal counts) was analysed using a two-way analysis of variance 

(ANOVA) followed by Bonferroni post-tests. Such data was expressed as mean ± standard 

error of the mean (SEM). Non-parametric data (immunohistochemistry ranking and modified 

Tarlov score) was analysed using the Kruskal Wallis ANOVA followed by Dunn’s multiple 

comparisons test. This data was expressed as the median and as individual data points.  
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3.1 Introduction  

Spinal cord injury (SCI) is an unexpected event that is both devastating and debilitating, and 

commonly results in permanent physical disability. The highest incidence of SCI occurs in 

younger populations, which results in an enormous financial burden to both individuals and 

society (Tator et al., 1993, Fiedler et al., 1999, Ramer et al., 2000).  The current treatments 

for SCI are somewhat controversial with little functional benefit observed. As such, research 

into improving neurological function and reducing injury following SCI is of growing 

importance. 

 

It has been well established that human SCI is characterised by severe hemorrhage and 

edema. Indeed, the presence of both hemorrhage and edema as assessed by MRI and CT 

scanning, have been associated with poor functional outcome following human SCI (Bozzo et 

al., 2011). In addition, such studies demonstrated that functional outcome worsened when 

edema spread rapidly over multiple spinal cord segments (Bozzo et al., 2011), sometimes 

encompassing an additional vertebral segment each day (Leypold et al., 2008). Such 

rostrocaudal spreading of edema results in further tissue damage and worsened functional 

outcome (Sharma, 2011). Furthermore, a study by Koyanagi et al (Koyanagi et al., 1989), 

demonstrated that surgical decompression did not affect cord swelling.  Thus edema 

following SCI presents as a serious complication with no current treatment available.   

 

Recent experimental studies have demonstrated a role for the neuropeptide SP in the 

development of edema following both TBI (Donkin et al., 2009) and ischemic stroke (Turner 

et al., 2006). Importantly, inhibition of SP with an NK1 receptor antagonist reduced BBB 

permeability, edema development and improved functional outcome. Claudin-5 is an 

integral protein of the BBB and BSCB (Morita et al., 1999) and consequently may play a role 

in the development of vasogenic edema following SCI. Additionally, the bidirectional water 

channel AQP4 has been implicated in both the development and resolution of edema 

following SCI (Verkman, 2002). As such the current study investigates the expression of SP, 

NK1 receptor, Claudin-5 and AQP4 following human SCI.  
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3.2 Study Design 

Archived human spinal cord tissue was obtained from the SA pathology brain bank. In total, 

24 patients with documented traumatic spinal cord injuries and 5 patients with no trauma 

evident following post mortem examination were included in this study. The SCI cases were 

divided into groups determined by survival time post-injury, including; immediate (death 

within an hour of the incident; n=6); 2-5 hours (n=3); 3 days (n=5); 1 week (n=3); and 3-4 

Weeks (n=7).  

 

3.2.1 Immunohistochemistry 

The human spinal cord tissue was processed and cut for histological examination as 

previously described (section 2.2.3). This process was performed by IMVS SA pathology staff 

given the delicate nature of this tissue. All human sections were assessed using H&E staining 

(section 2.7.3) to allow for observation of cellular changes within the lesioned area and the 

adjacent segments. Additionally, immunohistochemistry was used to identify the expression 

of SP, NK1 receptor, APP, Claudin-5, and AQP4, as described in detail in section 2.7.4. 

Generated slides were scanned at high resolution using the Hamamatsu Nanozoomer 

(section 2.8.5). Slides were then viewed using the associated proprietary viewing software 

(NDP.view v1.1.27, Hamamatsu). Qualitative assessments were made using a ranking system 

(0 = no staining to 10 = extensive dark staining). 

 

3.2.2 Statistical Analysis 

All data was assessed using a Kruskal Wallis ANOVA followed by Dunn’s multiple 

comparisons test. This data was expressed as the median and as individual data points. 

 

3.3 Results 

3.3.1 SCI Case Data 

Case data is summarized in table 3.1. Males had a higher incidence of injury compared to 

females (males = 21, females = 3). The age of individuals was wide-ranging (10-96 years) with 

a mean age of 47 ± 25. The most common cause of injury was motor vehicle accidents 

(vehicle occupant or pedestrian), followed by falls. All causes were traumatic in nature 

except for one iatrogenic case that involved acute compression of the spinal cord during 

fusion surgery of the C1 and C2 vertebrae. The predominant type of primary injury was 

fracture dislocation and the most common level of injury was cervical. 
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Table 3.1: Case data for human spinal cord injury 

Case No. Age Gender Type of Injury Level of Injury Cause of Injury Survival  

1 22 M FD C2/3 Jet ski accident 1 hour 

2 67 M FD C2 MVA - VO 1 hour 

3 65 M FD C2/3 Fall 1 hour 

4 28 M FD C2/4 Forceful impact 1 hour 

5 50 M FD Cervical Cyclist v car 1 hour 

6 18 M BF C/T MVA - VO 1 hour 

7 24 F FD C3/4 Fall 2 hours 

8 60 M FD C2 Fall 3-4 hours 

9 73 F FD C1/2 Cyclist v Car 5 hours 

10 42 M FD T3/4 MVA - VO 3 days 

11 96 F FD C5/6 & T2/3 MVA - VO 3 days 

12 90 M FD C5 unknown 3 days 

13 30 M FD C4/5 MVA - VO 3 days 

14 26 M BF C7/8 Fall – HV 3 days 

15 67 M FD T7/8 MVA - VO 1 week 

16 54 M Contusion C MVA - Pedestrian 1 week 

17 NA M FD T7 unknown 1 week 

18 87 M FD C3/4 Fall 3 weeks 

19 26 M FD T5/6 MVA – VO  3 weeks 

20 37 M FD C4/5 MVA - Pedestrian 3 weeks 

21 52 M Compression C3 Iatrogenic 4 weeks 

22 73 M FD C4 Fall 3 weeks 

23 26 M FD T5 MVA - VO 3 weeks 

24 29 M FD C5/6 MVA - VO 4 weeks 

25 45 F No Injury NA NA NA 

26 47 M No Injury NA NA NA 

27 10 M No Injury NA NA NA 

28 11 M No Injury NA NA NA 

29 72 M No Injury NA NA NA 

M = male, F = female, FD = fracture dislocation, BF = burst fracture, C= cervical, T = thoracic,  

MVA = motor vehicle accident, VO = vehicle occupant, HV = high velocity 
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3.3.2 Morphological features of SCI 

H&E staining was used to assess general morphological features following traumatic SCI 

within human cases (figure 3.1 and 3.2). Immediately following injury, severe hemorrhage 

was observed diffusely throughout the injury epicentre of the spinal cord. Hemorrhage was 

also found within the adjacent segment, although to a lesser extent. At 3 days post-SCI 

severe hemorrhage was still present within the injury epicentre both within the grey matter 

and the white matter. Hemorrhage was also present within the adjacent segments at this 

time point. Axonal swellings were apparent within the white matter regions within the injury 

epicentre and to a lesser extent within the adjacent segments. At 1 week post-SCI the extent 

of hemorrhage diminished within the injury epicentre, however an increase in tissue loss 

was observed with marked axonal swelling (figure 3.1). Within the adjacent segments, 

minimal hemorrhage was observed and the extent of tissue loss was confined to the 

periphery of the white matter, with localised areas of axonal swelling. At 3-4 weeks post-SCI 

a substantial loss of tissue was apparent with no observed hemorrhage present. Within the 

adjacent segments at this time, no hemorrhage was present, though greater tissue loss 

within the white matter was observed when compared to the 1 week time point. At this time 

the development of cyst formation was present in some cases. 

 

 

Figure 3.1: Axonal Swelling. Arrows indicated axonal swellings observed at 1 week following 
human SCI. 
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Figure 3.2: H&E stain – general morphological features. Immediately post-SCI (A) severe 
hemorrhage was observed within the injury epicentre which extended into the adjacent segments. 
At 3 days post-SCI (B) severe hemorrhage was still evident within the injury epicentre and to a lesser 
extent within the adjacent segments. At 1 week post-SCI moderate hemorrhage was still apparent 
with significant loss of tissue architecture. However, the adjacent segments demonstrated conserved 
tissue architecture with minimal hemorrhage present. At 3-4 weeks post-SCI (D) significant loss of 
tissue architecture was observed within the injury epicentre, with greater white matter loss within 
the adjacent segments when compared to 1 week post-SCI. Whole cross sections scale bar = 2mm, 
higher magnification scale bar = 200 µm.  
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3.3.3 Substance P response following human SCI 

SP immunoreactivity was qualitatively assessed to determine the response of SP following 

traumatic SCI in human tissue (figures 3.3 and 3.4). In control cases a high level of SP 

immunoreactivity was observed within Lamina II and III of the dorsal horn region (median 

ranking = 5), which was expected given that SP stores are known to exist within this area. No 

significant difference was observed between different spinal cord levels of the control tissue. 

Immediately following injury there was little change in SP immunoreactivity within the injury 

epicentre or along the adjacent segments when compared to control. Within 2-5 hours of 

injury the level of SP immunoreactivity began to decrease within the injury epicentre 

(median ranking = 2) and also in the segments caudal and rostral to the injury (median 

rankings; 1 rostral = 4, 1 caudal = 2, 3 caudal = 3). At 3 days post-injury a decrease in SP 

immunoreactivity was still evident within the injury epicentre (median ranking = 2), 

however, the distal segments both rostral and caudal showed an increase back to control 

levels (Medians; 3 rostral = 4, 3 caudal = 5). Interestingly, at 1 week post-injury there was 

again a decrease in all segments of the spinal cord when compared to control levels (median 

rankings; 3 rostral = 1.5, 1 rostral = 2, injury epicentre = 1, 1 caudal = 2, 3 rostral = 2.5). 

Finally, at 2-3 weeks post-injury a highly significant decrease in SP immunoreactivity was 

observed within the injury epicentre (p<0.001; median ranking = 0). Segments both caudal 

and rostral to the injury epicentre showed greater intensity of immunoreactivity than that of 

the injury epicentre. In particular, the most distal segments showed the greatest return to 

control levels (median rankings; 3 rostral = 3, 3 caudal = 4). 
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Figure 3.3: Assessment of human SP Immunoreactivity within the dorsal horn region post-SCI. 
Immediately post-SCI (A) no significant differences were observed when compared to control levels 
(indicated by the dashed line).  At 2-5 hours post-SCI (B) a slight decrease within the injury epicentre 
was observed, which decreased further by 1 week (D) and became significantly decreased by 3-4 
weeks (E). The adjacent segments of spinal cord also decreased at 2-5 hours post-injury when 
compared to controls. The most distal segments from the injury, both rostral and caudal, were 
similar to control levels at 3 days post-injury (C), however decreased again at 1 week (D). Whilst 
there was a slight increase within the distal regions at 3-4 weeks (E) they did not return to control 
levels. *** denotes p < 0.001. 3=3 segments rostral, 1 = 1 segment rostral, 0 = injury epicentre, -1 = 1 
segment caudal, -3 = 3 segments caudal.  
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Figure 3.4: Human SP immunoreactivity following SCI within the dorsal horn region. High 
immunoreactivity was observed within the dorsal horn of control human sections. No change in 
immunoreactivity was observed along any segment of the cord immediately following injury. At 3 
days post-injury a slight decrease was observed within the dorsal horn region. The greatest decrease 
in SP immunoreactivity was observed at 3-4 weeks post-injury along all segments of the spinal cord, 
and most notably within the injury epicentre. Scale bar = 250 µm. 
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3.3.4 NK1 receptor immunoreactivity following human SCI 

NK1 receptor immunoreactivity was assessed to determine the response of this receptor 

following a human SCI (figures 3.5 and 3.6). The control human spinal cord sections showed 

a light basal level of staining prominent in the perivascular region with a median ranking of 

2. Immediately following SCI there was a marked increase in perivascular NK1 receptor 

immunoreactivity both within the injury epicentre and in the adjacent segments when 

compared to controls (median rankings; 3 rostral = 8, 1 rostral = 7, injury epicentre = 7, 1 

caudal = 7, 3 caudal = 6.5). At 2-5 hours post-SCI there was a slight decrease within the injury 

epicentre with a median of 5, and a further decrease observed at 3 days post-SCI for all 

levels of spinal cord (medians; 3 rostral = 3, injury epicentre = 3, 1 caudal = 2), except for 1 

segment rostral (median ranking = 5.5) and 3 segments caudal (median ranking = 4) where 

less of a decrease was observed. At 1 week post-SCI there was a slight increase in NK1 

receptor immunoreactivity within the injury epicentre returning to a median ranking of 5. 

Additionally a slight increase was observed in both rostral segments (median rankings; 3 

rostral = 6.25, 1 rostral = 5.5) when compared to control levels. At 3-4 weeks post-SCI both 

caudal segments remained elevated above controls levels (median rankings; 1 caudal = 4, 3 

caudal = 4.5), whilst 3 segments rostral showed decreased levels now comparable to control 

(median ranking = 2). By 3-4 weeks post-SCI both 1 segment rostral and the injury epicentre 

demonstrated decreased perivascular immunoreactivity when compared to control levels 

with a median ranking of 1. No observed differences in immunoreactivity intensity were 

statistically significant.   
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Figure 3.5: Assessment of NK1 receptor immunoreactivity  following human SCI. 
Immediately post-SCI (A) a marked increase in immunoreactivity was observed when compared to 
control (indicated by the dashed line). At 2-5 hours post-SCI (B) NK1 receptor immunoreactivity 
began to decrease towards control levels, with further decreased observed at 3 days post-SCI (C), 
when the injury epicentre, 1 segment caudal and 3 segments rostral became comparable to control 
levels. At 1 week post-SCI (D) a slight increase was observed, which then decreased back to levels 
comparable to control at 3-4 weeks post-SCI (E). 3=3 segments rostral, 1 = 1 segment rostral, 0 = 
injury epicentre, -1 = 1 segment caudal, -3 = 3 segments caudal.  
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Figure 3.6: NK1 receptor immunoreactivity following human SCI – perivascular. Faint NK1 
receptor immunoreactivity was present within the perivascular region in control cases.  A marked 
increase in immunoreactivity was observed along all segments of the spinal cord immediately 
following SCI when compared to control. NK1 receptor immunoreactivity then decreased at 2-5 
hours and 3 days post-SCI though remained above control levels. At 1 week post-injury a slight 
increase in immunoreactivity was observed within the injury epicentre when compared to 3 days 
post-injury. At 3-4 weeks post-SCI both segments caudal to the injury remained slightly elevated 
above controls staining intensity, whilst 3 segments rostral to the injury was comparable to control 
levels. NK1 receptor immunoreactivity within 1 segment rostral and the injury epicentre was slightly 
decreased when compared to control levels. Scale bar = 50 µm. 
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3.3.5 APP expression following human SCI  

APP immunoreactivity was assessed to determine the extent of axonal injury following SCI 

(figures 3.7 and 3.8). Control cases showed no evidence of axonal injury with a median 

ranking of 0 for all cases. Immediately and at 2-5 hours following injury minimal positive 

axons for APP were present in all sections of the spinal cord. However, by day 3 post-SCI a 

significant increase in APP immunoreactivity was observed within the injury epicentre with a 

median ranking of 5.5. Proximal adjacent segments also demonstrated increased APP 

immunoreactivity, however this was not significant (1 rostral & caudal median rankings = 4). 

At 1 week post-SCI high immunoreactivity was observed within the injury epicentre and in 

the adjacent segments however these were not significantly different when compared to 

control (median rankings; 1 rostral = 6.25, injury epicentre = 5, 1 caudal = 5). APP 

immunoreactivity intensity remained increased at 3-4 weeks post-SCI, maintaining a ranking 

median of 5, which was once again a significant elevation. However, the adjacent segments 

of spinal cord now demonstrated lower levels of APP immunoreactivity (median rankings; 3 

rostral 0, 1 rostral = 3, 1 caudal =1, 1 rostral = 1).  
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Figure 3.7: Assessment of APP immunoreactivity following human SCI. No APP positive axons 
were observed within control cases of SCI (Control level = 0). Minimal increases in APP 
immunoreactivity were observed immediately and at 2-5 hours post-SCI. At 3 days post-SCI a 
significant increase in APP positive axons was observed within the injury epicentre, whilst more 
moderate increases were observed within the immediately adjacent segments of spinal cord. At 1 
week post-SCI APP immunoreactivity remained elevated within the injury epicentre and both 1 
segment caudal and rostral to the injury. A significant increase in APP positive axons was still evident 
within the injury epicentre at 3-4 weeks post-SCI. However, the adjacent segments demonstrated 
decreased levels of APP immunoreactivity with all but 1 segment rostral becoming comparable to 
control levels. *denotes p<0.05, **denotes p<0.01. 3=3 segments rostral, 1 = 1 segment rostral, 0 = 
injury epicentre, -1 = 1 segment caudal, -3 = 3 segments caudal. 
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Figure 3.8: APP immunoreactivity following human SCI. Immediately post injury (A) no positive 
axons for APP were present within the injury epicentre or the adjacent segments of the spinal cord. 
At 3 days post-SCI (B) a marked increase in APP positive axons were observed within the injury 
epicentre and to a lesser extend within the adjacent segments. At 1 week post-SCI (C) many APP 
positive axons were still present both within the injury epicentre and the adjacent segments. By 3-4 
weeks (D) post-SCI a decreased amount of APP positive axons was observed within the injury 
epicentre with greater decreases noted within the adjacent segments. Cross section scale bar = 2mm, 
higher magnification scale bar = 200 µm. 
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3.3.6 Claudin-5 expression following human SCI 

As an integral member of the BSCB protein family, claudin-5 immunoreactivity was assessed 

to determine if its expression is altered following traumatic SCI (figures 3.9 and 3.10). The 

control human sections showed intense perivascular immunoreactivity with a ranking of 9. 

Immediately post-injury no difference in staining intensity was observed. Similarly at 3 days 

post-injury all segments of spinal cord remained comparable to control immunoreactivity. 

However, at 1 week post-injury a decrease in staining intensity was noted within the injury 

epicentre with a median ranking of 6, which remained decreased at 3-4 weeks post-injury 

(median ranking = 6). At 1 week post-SCI all adjacent segments of spinal cord excluding 1 

segment rostral were also slightly decreased (median rankings; 3 rostral = 7.25, 1 rostral = 9, 

1 caudal = 7, 3 caudal = 6). This decrease in immunoreactivity was still apparent in all 

segments apart from 3 segments caudal at 3-4 weeks (median rankings; 3 rostral = 5.5, 1 

rostral = 7.5, 1 caudal = 7, 3 caudal = 9).  
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Figure 3.9: Assessment of Claudin-5 immunoreactivity following human SCI. Immedaitely 
post-SCI (A), 2-5 hours (B) and 3 days post-SCI (C) demonstrated minimal change in immunoreactivity 
when compared to control levels (indicated by the dashed line). At 1 week post-SCI (D) a decrease in 
immunoreactivity was observed within all segments except 1 segment rostral. At 3-4 weeks post-SCI 
(E) all spinal cord segments remained below control levels except 3 segments caudal to injury which 
returned to control levels. 3=3 segments rostral, 1 = 1 segment rostral, 0 = injury epicentre, -1 = 1 
segment caudal, -3 = 3 segments caudal.  
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Figure 3.10: Claudin-5 immunoreactivity following human SCI. Control spinal cord sections 
demonstrated intense Claudin-5 immunoreactivity. Immediately, at 2-5 hours, and at 3 days post-
injury no difference in Claudin-5 immunoreactivity was observed when compared to control 
intensity. At 1 week post-SCI a reduced staining intensity was observed within the injury epicentre 
and also within the adjacent segments. At 3-4 weeks post-SCI a further decrease in claudin-5 
immunoreactivity was observed along all segments of the spinal cord except for 3 segments caudal 
to the injury, which remained comparable to control levels. Scale bar = 50 µm. 
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3.3.7 AQP4 expression following human SCI 

AQP4 immunoreactivity was assessed to determine its response following traumatic SCI 

within three specific regions; perivascular (figure 3.11 and 3.12), central canal (3.13 and 

3.14), and subpial (3.15 and 3.16).  

 

Perivascular region 

Control sections of spinal cord showed a moderate level of AQP4 immunoreactivity with a 

median ranking of 6.5. Immediately post-SCI, AQP4 immunoreactivity remained largely 

similar within the injury epicentre with a median ranking of 6. A small decrease was 

observed within the adjacent segments (median rankings; 1 rostral = 5.5, 1 caudal = 4.5, 3 

caudal = 4.5). At 2-5 hours post-SCI a decrease to a median ranking of 5 was observed within 

the injury epicentre and further decreases were observed within the adjacent segments 

(median rankings; 1 rostral = 1, 1 caudal = 5, 3 caudal = 1). At 3 days post-SCI an apparent 

restoration of AQP4 immunoreactivity was observed at all levels of the spinal cord with 

median ranking between 6-7, except for 3 segments rostral to the injury epicentre which 

remained markedly lower compared to control levels with a median ranking of 2. 

Interestingly, at both 1 week and 3-4 weeks post-injury, whilst the injury epicentre remained 

comparable to control levels (median ranking = 6), decreased immunoreactivity was 

observed within the adjacent segments. At 3-4 weeks post-SCI the greatest decrease was 

observed at 3 segments rostral to the lesion site with a median ranking of 3.5. None of the 

observed differences were significantly different to control sections.  

 

Central canal region 

Control sections of the spinal cord demonstrated a moderate level of AQP4 staining intensity 

surrounding the ependymal cells of the central canal with a median ranking of 6. 

Immediately post-SCI and at 2-5 hours and 3 days post-SCI, no difference in AQP4 

immunoreactivity was observed within the injury epicentre (median rankings of 6, 6, and 5.5 

respectively). However, at 2-5 hours post-SCI a decrease was noted within the adjacent 

segments, which remained below controls levels at 3-days post-SCI (ranking medians; 3 

rostral = 5, 1 rostral = 3, 1 caudal = 3, 3 caudal = 4). At 1 week post-SCI decreased AQP4 

immunoreactivity was observed within the injury epicentre with a ranking median of 2, 

which decreased further to 1 at 3-4 weeks post-SCI. Similarly the adjacent segments also 

demonstrated reduced immunoreactivity at both 1-week and 3-4 weeks post-injury, with the 

greatest decreases observed closest to the injury epicentre (3-4 week median rankings; 3 

rostral = 2.75, 1 rostral = 1, 1 caudal = 2.5, 3 caudal = 3.5). No observed differences were 

significantly different to control sections.  
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Subpial region 

A moderate level of immunoreactivity was demonstrated within the subpial region of control 

sections with a median ranking of 4. Immediately post-SCI a minimal decrease in AQP4 

immunoreactivity was observed within all segments of spinal cord (median rankings; 3 

rostral = 3, injury epicentre = 3, 1 caudal = 3, 3 rostral = 3.5) except for 1 segment rostral 

which demonstrated a moderate increase to a median ranking of 6. At 2-5 hours post-SCI a 

moderate increase to a median ranking of 6 was similarly observed at 3 segments caudal to 

the injury whilst 1 segment caudal was comparable to control levels (median ranking = 4). At 

this time point the injury epicentre remained decreased compared to control levels (median 

ranking = 2.5). At 3 days post-SCI the adjacent segments remained elevated above control 

levels, except for 1 segment caudal which remained comparable to control, whilst the injury 

epicentre remained below control levels (median ranking = 3). By 1 week post-SCI all 

segments of spinal cord returned to control levels (median rankings from 3.5 – 4.5). 

However, at 3-4 weeks post-SCI a marked decrease in AQP4 immunoreactivity to a median 

ranking of 1 was observed within the injury epicentre, whilst all adjacent segments remained 

comparable to control levels (median rankings; 3 rostral = 3.25, 1 rostral = 2.5, 1 caudal = 4, 

3 caudal = 4). No observed differences were significantly different to control sections.  
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Figure 3.11: Assessment of AQP4 immunoreactivity within the perivascular region 
following SCI. Immediately post-SCI (A) immunoreactivity within the injury epicentre was 
comparable to control levels (indicated by the dashed line) whilst the adjacent segments 
demonstrated reduced staining intensity. At 2-5 hours post-SCI a modest decrease when compared 
to controls was observed within the injury epicentre and 1 segment caudal, however all other 
segments were markedly decreased. At 3 days post-SCI (C) all segments returned to control levels 
except for 3 segments rostral which remained below control levels. At 1 week (D) and 3-4 weeks 
post-SCI (E) the injury epicentre remained comparable to control levels however, all adjacent 
segments again exhibited decreased immunoreactivity when compared to control levels. 3=3 
segments rostral, 1 = 1 segment rostral, 0 = injury epicentre, -1 = 1 segment caudal, -3 = 3 segments 
caudal. 
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Figure 3.12: AQP4 immunoreactivity in the perivascular region following SCI. Control 
sections of spinal cord showed moderate AQP4 immunoreactivity. Immediately post-SCI a slight 
decrease in AQP4 immunoreactivity was observed within the injury epicentre and adjacent 
segments. At 2-5 hours post-SCI AQP4 staining intensity remained below control levels with faint 
immunoreactivity observed at 1 segment rostral and 3 segments caudal. At 3 days post-SCI all levels 
of spinal cord returned to control levels except for 3 segments rostral which demonstrated minimal 
immunoreactivity. At 1 week and 3-4 weeks post-SCI reduced AQP4 immunoreactivity was observed 
in the adjacent segments whilst the injury epicentre returned to control levels. Scale bar = 50 µm. 
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Figure 3.13: Assessment of AQP4 immunoreactivity surrounding the central canal following 
SCI. Immediately post-SCI (A) all segments remained comparable to control levels (indicated by the 
dashed line. At 2-5 hours post-SCI (B) at and 3 days post-SCI (C) the injury epicentre remained 
comparable to control levels whilst the adjacent segments demonstrated decreased 
immunoreactivity. At 1 week post-SCI (D) a marked decrease in AQP4 immunoreactivity was 
observed within all segments with further decreases observed at 3-4 weeks post-SCI (E). At these 
time points the injury epicentre demonstrated the greatest decrease. 3=3 segments rostral, 1 = 1 
segment rostral, 0 = injury epicentre, -1 = 1 segment caudal, -3 = 3 segments caudal. 
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Figure 3.14: AQP4 immunoreactivity surrounding the central canal following SCI. 
Control sections of spinal cord demonstrated a moderate level of AQP4 staining intensity. 
Immediately post-SCI no difference in immunoreactivity was observed within any segment of the 
spinal cord. At 2-5 hours post-SCI whilst the injury epicentre remained comparable to control the 
adjacent segments demonstrated a decrease in AQP4 immunoreactivity. Similarly at 3 days post-SCI 
the adjacent segments remained decreased when compared to control staining intensity. At 1 week 
post-SCI a marked decrease in AQP4 immunoreactivity was observed within all segments of the 
spinal cord and further decreases were noted at 3-4 weeks post-SCI. Scale bar = 100 µm. 
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Figure 3.15: Assessment of AQP4 immunoreactivity within the subpial region following SCI. 
Immediately post-SCI (A) a slight decrease in immunoreactivity was observed in all segments except 
for 1 segment rostral which demonstrated a modest increase compared to control levels (indicated 
by the dashed line). At 2-5 hours post-SCI (B) both 1 segment rostral and 3 segments caudal 
demonstrated increased staining intensity whilst 1 segment caudal was comparable to control levels 
and the injury epicentre remained decreased compared to controls. At 3 days post-SCI (C) the injury 
epicentre remained below control levels whilst the adjacent segments remained elevated. At 1 week 
post-SCI (D) all segments of the spinal cord were comparable to control levels. At 3-4 weeks post-SCI 
(E) the injury epicentre demonstrated a marked decrease in AQP4 immunoreactivity, whilst all 
adjacent segments remained comparable to control levels. 3=3 segments rostral, 1 = 1 segment 
rostral, 0 = injury epicentre, -1 = 1 segment caudal, -3 = 3 segments caudal. 
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Figure 3.16: AQP4 immunoreactivity within the subpial region following SCI. Control sections 
of spinal cord demonstrated moderate AQP4 immunoreactivity. Immediately post-SCI all segments of 
spinal cord demonstrate a slight decrease except for 1 segment rostral which increased compared to 
control levels. At both 2-5 hours and 3 days post-SCI increased immunoreactivity was observed 
within the adjacent segments whilst the injury epicentre remained below control levels. At 1 week 
post-SCI all segments of spinal cord demonstrated AQP4 immunoreactivity comparable to control 
staining. However at 3-4 weeks post-SCI within the injury epicentre a marked decrease in AQP4 
immunoreactivity was observed. Scale bar = 200 µm. 
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3.4 Discussion 

The results of this study are interpreted in light of the varying severity, post-mortem times 

and demographics of obtained cases given that human injury occurs within an uncontrolled 

environment. In an attempt to reduce such variability, cases were grouped according to 

survival time points and it was understood that most cases represent the severe end of the 

compression injury spectrum. The assessed human cases demonstrate significant primary 

tissue damage which manifests as severe hemorrhage and necrosis with loss of tissue 

architecture. Such tissue damage was greatest within the injury epicentre though extended 

in a rostrocaudal fashion to the adjacent segments. The observed pathological features 

demonstrated time dependent differences with the greatest hemorrhage seen early 

following SCI. Maximal tissue loss was seen at 3-4 weeks following injury, although tissue 

loss was apparent at 1 week in both the injury epicentre and the adjacent segments. These 

pathological features are consistent with the clinical findings of acute severe spinal cord 

injury (Norenberg et al., 2004).  

 

Axonal injury was assessed using APP immunohistochemistry to enable visualisation of 

axonal swellings, the presence of which is highly characteristic following acute SCI. APP is the 

most sensitive marker of axonal injury as it accumulates to detectable levels within damaged 

axons as early as 2 hours following experimental injury (Van Den Heuvel et al., 2000). In the 

current study, a significant increase in APP positive axons was apparent as early as 5 hours 

post-SCI and was still elevated at 3-4 weeks following SCI. Whilst APP positive axons were 

located predominantly within the injury epicentre, considerable APP immunopositive axons 

were also found within the adjacent caudal and rostral segments indicating widespread 

axonal injury. The observed axonal injury within the 2-5 hour post-SCI group may have been 

predominantly due to primary axotomy caused by the shearing, crushing and stretching 

forces of the primary SCI (Zimmerman et al., 1978). However, given that axonal injury was 

still evident at the delayed time points of 3-4 weeks post-SCI suggests the involvement of 

secondary or delayed axotomy. Secondary axotomy involves progressive axonal swelling, 

axonal detachment and finally cell death (Povlishock and Christman, 1995). This pattern of 

axonal injury is a hallmark feature of acute human SCI (Norenberg et al., 2004). 

 

A considerable amount of human research has investigated the role of SP in a variety of 

different conditions such as neuropsychiatric disorders (Chahl, 2006), chronic migraine (Jang 

et al., 2011), asthma (Ramalho et al., 2011), pruritus (Trivedi and Bergasa, 2010), psoriasis 

and chronic stress (Remrod et al., 2007). However, to date, no research groups have 
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investigated the role of SP as a mediator of neurogenic inflammation following human SCI. 

The current study demonstrates that SP is normally found predominantly within the Rexed 

lamina I and II (Substantia gelatinosa) of the human dorsal horn. This is consistent with 

previous reports of SP expression within the human spinal cord (Przewlocki et al., 1983). 

Assessment of the injured spinal cord segments revealed a significant decrease in SP 

immunoreactivity over time within the injury epicentre and the adjacent segments of the 

spinal cord. Such diminished SP immunoreactivity is likely due in part to the tissue loss 

observed at this time. Nonetheless, reduced SP persisted in areas of conserved tissue and as 

such suggests the release and subsequent depletion of the SP stores within the dorsal horn. 

Changes in the expression of SP have similarly been observed following certain disorders 

such as amputation and pain sensitivity (Pearson et al., 1982). In human cases of limb 

amputation SP was found to decrease within the spinal cord dorsal horn on the ipsilateral 

side to the amputation with no change observed in the contralateral side (Hunt et al., 1982). 

Similarly a depletion of SP stores from the substantia gelatinosa was observed in people 

affected with diminished pain sensitivity (Pearson et al., 1982). These findings demonstrate 

that peripheral injury can result in the release of SP stores, and provide support for the 

known role of SP in the modulation of nociception. Conversely, our results are the first to 

demonstrate a depletion of SP from the dorsal horn due to a direct injury to the spinal cord 

in humans.  

 

It has been well established that SP exerts its effects on target cells via binding to the NK1 

receptor (O'Connor et al., 2004). Furthermore, it has been demonstrated that the process of 

neurogenic inflammation is mediated by such binding (Nimmo et al., 2004). Indeed, in 

experimental models of TBI (Donkin et al., 2009) and ischemic stroke (Turner et al., 2006), 

inhibition of the NK1 receptor abated neurogenic inflammation thereby reducing BBB 

disruption and edema formation. Localisation of the NK1 receptor within the spinal cord has 

been extensively investigated in rats using autoradiography (Mantyh and Hunt, 1985) (Buck 

et al., 1986), in situ hybridisation (Maeno et al., 1993) and immunocytochemistry techniques 

(Nakaya et al., 1994). Such research has demonstrated similar distributions throughout the 

grey matter with the highest density of NK1 binding sites in Laminae I-II of the dorsal horn, 

intermediolateral cell column and lamina X. Also noted was moderate labelling of the ventral 

horn regions. Until now, no research has been performed to confirm such localisation within 

the human spinal cord.  
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In contrast to experimental research, our results demonstrate little immunoreactivity within 

the dorsal horn region of the human spinal cord. It was noted that moderate 

immunoreactivity was observed within the ventral horn neurons and the intermediolateral 

cell column, however further assessment of these regions is required to appropriately 

ascertain such findings. The vasculature of the white matter was comprehensively 

investigated to determine the possible role of SP as a mediator of neurogenic information. 

NK1 receptor immunoreactivity markedly increased immediately following injury within the 

injury epicentre and the adjacent segments. After such time, a gradual decrease was 

observed along all segments with an eventual return in immunoreactivity comparable to 

control sections.  These findings suggest that the increased NK1 receptor immunoreactivity 

occurs in response to injury and the gradual decrease is likely due to SP binding given the 

observed depletion of SP stores. Furthermore, the binding of SP to the NK1 receptor 

mediates rapid endocytosis and internalisation of the receptor (O'Connor et al., 2004), 

explaining the subsequent decrease in NK1 receptor immunoreactivity over time.  

 

The genesis of edema following human SCI is thought to be vasogenic in nature given the 

presence of protein extravasation within the spinal cord tissue (Olsson et al., 1996). 

However, given the nature of the tissue employed within this human study, assessment of 

large plasma proteins (eg, albumin) was not viable. Claudin-5 is a major constituent of CNS 

endothelial cell tight junctions (Morita et al., 1999) and as such was assessed to visualise the 

BSCB within the human tissue. Claudin-5 immunoreactivity remained unchanged along the 

entire length of the spinal cord in the first 3 days following human SCI. However, a decrease 

was observed at 1 week and 3-4 weeks post-SCI particularly within the injury epicentre and 

immediately adjacent segments. This decrease may be due to continued tissue loss observed 

at these time points. No changes in claudin-5 were seen in the early phases post-SCI when 

BSCB is found to be most disrupted, thus indicating that claudin-5 is not responsible for the 

movement of large molecule extravasation following SCI. Indeed, a study of claudin-5 

deficient mice found animals died within 1 day of birth, with no macroscopic abnormalities 

or edema apparent, although, increased permeability to small molecules was evident upon 

further investigation of the brain tissue (Nitta et al., 2003). As such these results suggest that 

whilst claudin-5 is an integral membrane protein of the BSCB evident by the intense 

immunoreactivity observed, it does not significantly contribute to BSCB disruption following 

SCI.  

 

The process of edema genesis or resolution is also thought to be influenced by the water 

channel protein, AQP4, which facilitates bi-directional water movement across plasma 
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membranes (Verkman, 2002). AQP4 is found abundantly within specific regions of the CNS, 

including the perivascular astrocytic foot processes, glia limitans, and ependyma (Saadoun 

and Papadopoulos, 2009). It is these locations between fluid compartments and CNS 

parenchyma that supports the role of AQP4 for water movement in and out of the CNS. 

Normal human tissue assessed for AQP4 exhibited abundant expression within the spinal 

cord (Mobasheri et al., 2007), reconfirming the experimental localisation. Recently, changes 

in the expression of AQP4 following chronic human SCI (1-2 years) have been assessed (Nesic 

et al., 2010). It was found that AQP4 was not present in astrocytes within the lesion 

epicentre whilst there was an increase in AQP4 expression within the spared white matter 

when compared to an uninjured human section.  

 

In the current study, assessment of AQP4 immunoreactivity was performed in the three 

specific regions where AQP4 is normally most abundant. The perivascular region 

demonstrated relatively unchanged AQP4 immunoreactivity within the injury epicentre 

however, a biphasic decrease at 2-5 hours and then later at 1 week post-SCI was observed 

within the adjacent segments.  The AQP4 immunoreactivity of the ependymal cells revealed 

a decrease over time, initially greater in the adjacent segments up until day 3 post-SCI, and 

then greater within the injury epicentre by 3-4 weeks post-SCI. The subpial region 

demonstrated relatively unchanged immunoreactivity, though a decrease within the injury 

epicentre was apparent by 3-4 weeks post-SCI. The eventual decrease in AQP4 

immunoreactivity within ependymal and subpial regions is in contrast to the increased AQP4 

expression observed within the spared white matter tissue observed by Nesic et al (Nesic et 

al., 2010). In addition, our study demonstrated little change in the perivascular injury 

epicentre immunoreactivity whilst the chronic cases demonstrated AQP4 negative 

astrocytes. Comparison between these results and our own is made difficult due to the 

location assessed and the chronic nature of the present cases. Nonetheless, these results 

demonstrate temporal changes in the expression of AQP4 following SCI. Furthermore, such 

changes implicate the role of AQP4 in altered water exchange following SCI, though further 

investigation is required to ascertain whether such a role is to help or hinder edema genesis 

or resolution.  
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3.5 Conclusions 

In conclusion, severe acute traumatic human SCI results in decreased SP and an immediate 

increase in NK1 receptor immunoreactivity suggesting a role for SP as a mediator of 

neurogenic inflammation following SCI. Furthermore, altered immunoreactivity of AQP4 

suggests that it may play a role in either the development or resolution of edema following 

SCI. Accordingly, the role of SP in neurogenic inflammation will be further investigated in 

variety of experimental models and species in the subsequent chapters.  
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4.1 Introduction 

In order to investigate the mechanisms of injury associated with SCI and to develop potential 

treatment options, it is of important that experimental models of SCI accurately replicate the 

injury response described clinically. Replicating human SCI can be difficult given that more 

than one type of injury commonly occurs. Contusion, compression, shearing and tensile 

stretching are all common causes of primary injury (Choo et al., 2008). However, replicating 

all injury mechanisms in one model of injury is all but impossible. As such, many 

investigations use an experimental model that results in specific injury types depending on 

the research aims. Some of the most common experimental models of SCI include the 

weight drop, hemisection and clip compression models.  

 

The weight drop model of SCI was initially described by Allen (Allen, 1911), and has since 

been altered to more closely replicate human SCI. It is thought that the weight drop model 

mimics a flexion-extension injury with compression applied onto the posterior surface 

resulting in anterior cord compression against the vertebral body (Black et al., 1988). Such 

models have demonstrated consistent functional deficits as assessed by the BBB motor score 

(Gruner, 1992). However, this model does not encompass multiple level injuries or replicate 

the continued compression caused by protruding bone fragments. Complete transection and 

hemisection models of SCI are commonly employed to assess axonal regeneration or 

sprouting from spared axons following SCI. However, it is uncommon that such injuries occur 

clinically (Norenberg et al., 2004). As such, the use of these models is not ideal for the 

development of potential therapeutic interventions. Finally, the clip compression model of 

SCI is one of the first experimental models to replicate the initial impact and subsequent 

compression observed in human injury (Rivlin and Tator, 1978), and has since been used to 

demonstrated the relationship between the severity of injury and length of compression 

(Fehlings et al., 1989). It has been well characterised in relation to the pathophysiological 

development following SCI, and the compressive nature of the injury from both the anterior 

and posterior aspect is thought to most resemble a human injury (Rivlin and Tator, 1978, 

Fehlings et al., 1989, Fehlings and Tator, 1995). The greatest disadvantage of all these 

models is the requirement for a laminectomy at the injury site making these open models of 

SCI. This contrasts to human injury, which involves no manipulation of the vertebral canal 

and as such is considered a closed injury.  

 

The aim of the current study is to assess the role of SP as a mediator of neurogenic 

inflammation following SCI. According, the following chapter will assess SP and NK1 receptor 
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immunoreactivity following three open injury models of SCI, namely weight drop, 

hemisection and clip compression. Pathological changes will also be examined using H&E 

staining and APP immunoreactivity. Finally, the extent of BSCB permeability will be assessed 

as an associated outcome of neurogenic inflammation.  

 

4.2 Study Design 

4.2.1 Experimental Injury Models 

Weight Drop 

Archived rat spinal cord tissue was obtained from a previous experimental study 

(Newcombe, 2011) that employed a mild to moderate (10 g x 14 cm) weight drop model of 

spinal cord injury (Section 2.7.1). The tissue was divided into groups determined by survival 

time post-injury including; 24 hours (n=5); 1 week (n=6); 3 weeks (n=6); and uninjured sham 

tissue (n=6). The injured segment and up to 2 segments both caudal and rostral were 

available for assessment. 

 

Hemisection 

Archived sheep spinal cord tissue was obtained from a previous experimental study 

(Santoreneos, 2012; unpublished) that employed a dorsal hemi-section model of spinal cord 

injury as described elsewhere. The tissue was divided into groups determined by survival 

time post-injury including; 2 hours (n=2); 6 hours (n=2); 24 hours (n=2); 7 days (n=2); and 

uninjured sham tissue (n=4). The injury epicentre tissue was unavailable for assessment. 

Caudal adjacent sections to the lesion were assessed as either proximal or distal to the lesion 

epicentre.  

 

Clip compression 

Sprague-Dawley rats (n=9) were subject clip compression induced SCI as described in 

Chapter 2.2.1, and then randomly assigned to be sacrificed at 1, 5 or 24 hours post-injury. 

Briefly animals underwent a laminectomy and a modified aneurysm clip was applied around 

the spinal cord for 2 minutes (injured, n=5), or a hook used to dissect the anterior region of 

the spinal cord was used but no clip applied (hook only, n=2). A third group of animals 

underwent the laminectomy surgery only with no aspect of the injury induced (sham, n=3). 

All animals were formalin perfused (as described in section 2.2.3) and processed for 

histological outcome (as described in section 2.7.2). The injury epicentre and the adjacent 

segments were available for assessment.  
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4.2.2 Immunohistochemistry 

Spinal cord tissue from all cohorts was processed and cut for histological examination as 

previously described (section 2.7.2). All sections were assessed using H&E staining (section 

2.7.3) to allow for observation of cellular changes within the lesioned area and the adjacent 

segments. Additionally, immunohistochemistry was used to identify the expression of SP, 

NK1 receptor, Albumin, and APP (as described in detail in section 2.7.4). All sections were 

scanned using the nanozoomer (as described in section 2.7.5), and then assessed using a 

ranked intensity scale, with the exception of albumin immunoreactivity, which was assessed 

using the colour deconvolution method (section 2.7.5).  

 

4.2.3 Statistical Analysis 

Ranked data was assessed using a Kruskal Wallis ANOVA followed by Dunn’s multiple 

comparisons test. This data was expressed as the median and spread of data. Colour 

deconvolution data was assessed using a one-way ANOVA followed by a bonferroni post-hoc 

test.  

 

 

 

4.3 Results 

4.3.1 Weight drop model of SCI histological outcome 

Weight drop model of SCI – General morphology (H&E) 

H&E staining was used to assess the general morphology of the spinal cord following the 

weight drop model of SCI (figure 4.1). Mild hemorrhage was observed within the white 

matter region of the injury epicentre at 24 hours post-SCI with axonal swelling also seen 

within this region at this time. The adjacent segments demonstrated no vascular disruptions, 

however minor axonal swelling was observed. At 1 week post-SCI hemorrhage had 

dissipated within the injury epicentre and only minimal axonal swellings were observed. The 

adjacent segments at this time resembled shams. Similarly, at 3 weeks all levels of the spinal 

cord appeared comparable to sham.  
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Figure 4.1: H&E staining – general morphological features following the weight drop 
model of SCI. Normal morphology was demonstrated in the sham sections (A). At 24 hours post-SCI 
(B) mild hemorrhage was observed within the injury epicentre but did not extend to the adjacent 
segments. Some axonal swelling was also observed within the injury epicentre. At 1 week (C) and 3 
weeks post-SCI (D) no hemorrhage was present and the spinal cord architecture was conserved 
within the injury epicentre and adjacent segments. Cross section scale bar = 500 µm, higher 
magnification sale bar = 100 µm.  
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Weight drop model of SCI – Substance P Immunoreactivity 

SP immunoreactivity was used to determine the response of SP following the weight drop 

model of SCI (figure 4.2 & 4.3). Sham sections demonstrated a moderate level of SP 

immunoreactivity (median rank = 6) predominantly within the dorsal horn region of the grey 

matter. At 24-hours post-SCI a loss of SP was seen within this region at all levels of the spinal 

cord with a median ranking of 4 for 2 segments rostral, the injury epicentre and 1 segment 

caudal, whilst the remaining segments demonstrated a median ranking of 5. At 1 week post-

SCI a significant decrease in SP immunoreactivity was observed with the median ranking now 

2 for all levels of the spinal cord (p<0.05). By 3 weeks post-SCI, the intensity of SP 

immunoreactivity had returned to sham levels (median ranking = 6). When assessed over 

time the loss of SP at 1 week post-SCI became highly significant when compared to sham 

(p<0.001). 

 

 

Figure 4.2: Assessment of SP immunoreactivity following the weight drop model of SCI. At 
24 hours post-SCI (A) a moderate decrease was observed at all levels of spinal cord when compared 
to control (indicated by the dashed line). By 1 week post-SCI (B) a significant decrease in SP 
immunoreactivity was observed at all levels of the spinal cord. At 3 weeks post-SCI (C) SP 
immunoreactivity returned to control levels along the entire spinal cord. The injury epicentre  (D) a 
highly significant decrease was observed at 1 week post-SCI. 2=2 segments rostral, 1 = 1 segment 
rostral, 0 = injury epicentre, -1 = 1 segment caudal, -2 = 2 segments caudal. * denotes p<0.05, *** 
denotes p<0.001. 
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Figure 4.3: SP immunoreactivity following the weight drop model of SCI. Sham sections 
demonstrated a moderate level of immunoreactivity within the grey matter and predominantly 
within the dorsal horn region. At 24 hours post-SCI, decreased SP immunoreactivity was observed at 
all levels of the spinal cord. At 1 week post-SCI a further decrease in SP immunoreactivity was 
observed. At 3 weeks post-SCI SP immunoreactivity returned to sham levels along all segments of the 
spinal cord. Scale bar = 500 µm.  
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Weight drop model of SCI – NK1 receptor Immunoreactivity 

NK1 receptor immunoreactivity was assessed to determine the response of this receptor 

following the weight drop model of SCI (figure 4.4). Sham sections of spinal cord 

demonstrated an intense staining of the grey matter at all levels of the spinal cord. The 

immunoreactivity was constrained to this region with no perivascular staining observed. At 

24 hours post-SCI, no marked changes in NK1 receptor immunoreactivity were observed. A 

slight decrease in staining intensity within the grey matter region of the injury epicentre was 

observed at one week post-SCI a, however no adjacent segments demonstrated changes in 

immunoreactivity. At 3 weeks post-SCI all segments of the spinal cord were comparable to 

sham sections. Given that no noteworthy differences were observed, no further assessment 

was performed. 

 

Figure 4.4: NK1 receptor immunoreactivity following the weight drop model of SCI. Sham 
sections demonstrated intense staining along the entire spinal cord sections. No change in 
immunoreactivity was observed at 24 hours post-SCI. A slight decrease within the injury epicentre 
was observed at 1 week post-SCI. At 3 weeks post-SCI all sections of the spinal cord were comparable 
to sham. Scale bar = 500 µm. 
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Weight drop model of SCI – Albumin Immunoreactivity 

Albumin immunoreactivity was examined to determine the extent of BSCB disruption 

following the weight drop model of SCI (figure 4.5 & 4.6). Sham sections of spinal cord 

demonstrated minimal immunoreactivity with a DABwt% of 18.70% ± 3.29%. At 24 hours 

post-SCI a marked increase in albumin immunoreactivity was observed at all segments of the 

spinal cord with a slightly greater rise seen in the injury epicentre and rostral segments. The 

amount of DAB present within the injury epicentre at this time was 42.35% ± 13.34%, with 

the most rostral and caudal segments reaching 35.84% ± 11.38% and 33.6% ± 11.5%. At 1 

week and 3 weeks post-SCI albumin immunoreactivity returned to sham levels. Given that 

no significant difference was detected between different segments of the spinal cord, 

albumin immunoreactivity was assessed over time within the injury epicentre only. A highly 

significant increase was observed at 24 hours post-SCI (p<0.001), with albumin 

immunoreactivity returning to sham levels by 1 and 3 weeks post-SCI.  

 

 

Figure 4.5 Assessment of albumin immunoreactivity following the weight drop model of 
SCI. At 24 hours post-SCI (A) increased Albumin immunoreactivity was observed when compared to 
sham levels (indicated by the dashed line). By 1 week post-injury (B) the level of albumin 
immunoreactivity returned to sham levels. No further changes were observed at 3 weeks post-SCI 
(C). Albumin immunoreactivity was significantly increased within the injury epicentre (D) at 24 hours 
post-SCI when compared over time. 3=3 segments rostral, 1 = 1 segment rostral, 0 = injury epicentre, 
-1 = 1 segment caudal, -3 = 3 segments caudal. *** denotes p<0.001 
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Figure 4.6 Albumin immunoreactivity following the weight drop model of SCI. Sham sections 
of spinal cord demonstrated minimal albumin immunoreactivity. At 24 hours post-SCI a marked 
increase in Albumin immunoreactivity was observed within the injury epicentre and all adjacent 
segments. At 1 and 3 weeks post-SCI albumin immunoreactivity was comparable to shams. Scale bar 
= 500 µm. 
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Weight drop model of SCI – APP Immunoreactivity 

APP immunoreactivity was assessed to determine the extent of axonal injury following 

weight drop induced SCI (figure 4.7 & 4.8). Sham sections demonstrated no axonal injury. At 

24 hours post-SCI a significant increase in APP immunoreactive axons was observed within 

the injury epicentre reaching a median ranking of 5, however, no immunoreactive axons 

were observed within the adjacent segments.  At 1 week and 3 weeks post-SCI no APP 

immunoreactive axons were observed within the injury epicentre of the adjacent segments. 

Given that APP immunoreactivity was only observed within the injury epicentre (figure 4.8), 

only these sections of spinal cord were further assessed (figure 4.7).  

 

 

 

 

Figure 4.7: Assessment of APP immunoreactivity within the injury epicentre following the 
weight drop model of SCI. At 24 hours post-SCI a significant increase in APP positive axons was 
observed when compared to sham sections. At 1 week post-SCI and 3 weeks post-SCI no difference 
was observed when compared to sham. *denotes p<0.05 
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Figure 4.8: APP immunoreactivity following the weight drop model of SCI. Sham sections (A) 
demonstrated no APP immunoreactive axons. At 24 hours post-SCI (B) a marked increase in APP 
immunoreactivity was observed within in the injury epicentre. No APP positive axons were seen 
within the adjacent segments. At 1 week (C) and 3 weeks (D) post-SCI no APP immunoreactive axons 
were observed within the injury epicentre of the adjacent segments. Cross section scale bar = 500 
µm, higher magnification scale bar = 100 µm.  
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4.3.2 Hemisection model of SCI histological outcome 

Hemisection model of SCI – General morphology (H&E) 

H&E staining was used to assess the general morphology of the spinal cord following a 

hemisection model of SCI (figure 4.9). No hemorrhage was observed within the proximal or 

distal segments of the spinal cord, however as the injury epicentre was not available there 

may have been some vascular disruption within this area that couldn’t be assessed. Minimal 

morphological changes were observed at any time point in the proximal and distal adjacent 

segments of the spinal cord following this model of SCI. 

 

 

Figure 4.9: H&E staining – general morphological features following the hemisection 
model of SCI. Sham sections of the spinal cord show normal morphology. The proximal and distal 
adjacent segments showed no changes in morphology at any time point post-SCI. Scale bar = 2 mm. 
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Hemisection model of SCI – Substance P Immunoreactivity 

SP immunoreactivity was assessed to determine the response of SP following a hemisection 

induced SCI (figure 4.10 & 4.11). Sham sections proximal and distal to the lesion site 

demonstrated moderate SP immunoreactivity within the dorsal horn region of the grey 

matter with a median ranking of 4.5. At 2 and 6 hours post-SCI an increase in SP 

immunoreactivity was observed both proximally (median ranking at 2 h = 6.5 and 6 h = 6) 

and distally (median ranking at 2 h = 6 and 6 h = 7) to the injury epicentre when compared to 

sham levels. At 24 hours post-SCI the SP immunoreactivity had decreased, becoming 

comparable to sham levels (proximal and distal median ranking was 4.5 and 3.5 

respectively). However, at 7 days post-SCI a further decrease was observed in both the 

proximal (median ranking = 2.5) and distal (median ranking = 3) segments when compared to 

sham.  

 

 

 

Figure 4.10: Assessment of SP immunoreactivity following a hemisection model of SCI. At 2 
and 6 hours post-SCI an increase in SP immunoreactivity was observed when compared to sham 
(indicated by the dashed line) both proximally (A) and distally (B). At 24 hours post-SCI SP 
immunoreactivity became comparable to sham levels proximally (A) and slightly decreased distally 
(B). At 7 days post-SCI, both proximally and distally a further decrease in SP immunoreactivity was 
observed when compared to sham.  
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Figure 4.11: SP immunoreactivity following a hemisection model of SCI. Sham sections 
demonstrated moderate immunoreactivity within the dorsal horn region. At 2 hours and 6 hours 
post-SCI an increased staining intensity was observed. At 24 hours SP immunoreactivity became 
comparable to sham levels. At 7 days post-SCI a further decrease in SP immunoreactivity was 
observed when compared to sham. Scale bar = 250 µm.  

 

 

 

Hemisection model of SCI – NK1 receptor Immunoreactivity 

NK1 receptor immunoreactivity was assessed to determine the response of the NK1 receptor 

following a hemisection induced SCI (figure 4.12 & 4.13). Sham sections demonstrated light 

immunoreactivity within the grey matter region. At 2 hours post-SCI a slight increase was 

seen proximal to the lesion to a median ranking of 2.5 whilst distal to the lesion a slightly 

greater increase was seen with a median ranking of 3. At 6 hours post-SCI NK1 receptor 

immunoreactivity remained increased at both proximal and distal segments to the lesion 

with a median ranking of 3 and 2.5 obtained respectively. By 24 hours post-SCI both adjacent 

segments became comparable to sham sections. Whilst at 7 days post-SCI, NK1 

immunoreactivity further decreased below sham levels (median ranking of 1.5) in both 

proximal and distal adjacent segments.  
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Figure 4.12: Assessment of NK1 receptor immunoreactivity following the hemisection 
model of SCI. A slight increase was observed at 2 and 6 hours post-SCI in both the proximal (A) and 
distal (B) sections to the lesion. At 24 hours NK1 receptor immunoreactivity returned to sham levels 
at both adjacent segments, whilst at 7 days post-SCI a small decrease below sham levels was 
observed.  

 

 

Figure 4.13: NK1 receptor immunoreactivity following the hemisection model of SCI. Sham 
sections demonstrated normal NK1 immunoreactivity within the grey matter of the sheep spinal 
cord. At 2 and 6 hours post-SCI a slight increase was apparent in NK1 receptor immunoreactivity. At 
24 hours post-SCI both proximal and distal segments were comparable to sham, whilst at 7 days 
post-SCI a slight decrease in NK1 immunoreactivity was observed in both adjacent segments. Scale 
bar = 500 µm. 
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Hemisection model of SCI – Albumin Immunoreactivity 

Albumin immunoreactivity was assessed to determine the extent of BSCB permeability 

following hemisection induced SCI (figure 4.14 and 4.15). Sham sections demonstrated 

minimal albumin immunoreactivity with a DABwt% of 14.8 ± 1.6. Within the proximal and 

distal segments of spinal cord no changes in albumin were observed at any time post-SCI.  

 

 

 

4.14: Semi-quantification of albumin immunoreactivity following a hemisection model of 
SCI. At any time point post-SCI no alterations in albumin immunoreactivity were observed when 
compared to sham levels (indicated by the dashed line).  

 

 

Figure 4.15: Albumin immunoreactivity following a hemisection model of SCI. Sham sections 
demonstrated minimal albumin immunoreactivity. No changes in albumin immunoreactivity were 
observed at any time point post-SCI within the proximal or distal segments. Scale bar = 2 mm. 
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Hemisection model of SCI – APP Immunoreactivity 

APP immunoreactivity was assessed to determine the extent of axonal injury following the 

hemisection model of SCI. No APP immunoreactivity was apparent in any of the observed 

sections, thus no further assessment was performed (figure 4.16).  

 

 

Figure 4.16: APP immunoreactivity following a hemisection model of SCI. Sham sections 
demonstrated no APP immunoreactive axons. Following injury, no APP immunoreactive axons were 
present at any time point post-injury along any segment of the spinal cord. 

 

4.3.3 Clip compression model of SCI histological outcome 

Clip compression model of SCI – General morphology (H&E) 

H&E staining was used to assess the general morphology of the spinal cord following clip 

compression induced SCI (figure 4.17). Following injury (closure of the clip around the spinal 

cord), severe hemorrhage was observed by 24 hours within the injury epicentre and the 

immediate adjacent segments. A substantial loss of tissue architecture was also visible 

within both regions. When the hook was used to dissect the passage of the clip but the clip 

was not applied (hook only group) a small amount of hemorrhage and tissue disruption was 

observed within the injury epicentre. However, no such disruption was observed within the 

adjacent segments. 
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Figure 4.17: H&E staining – General morphological features following the clip compression 
model of SCI. Sham sections (A) demonstrate normal morphological features of the spinal cord. 
Injured sections (B) demonstrate severe hemorrhage both within the injury epicentre and adjacent 
segments. In the hook only group (C) minor hemorrhage was apparent within the injury epicentre, 
although the adjacent segment showed no signs of altered morphology. Cross section scale bar = 500 
µm, higher magnification scale bar = 100 µm.  

 

 

 

 

 

 

 

 



Chapter 4: The role of SP in open models of SCI 

103 
 

Clip compression model of SCI – SP Immunoreactivity 

SP immunoreactivity was assessed to determine the response of SP following the clip 

compression model of SCI (figures 4.18 and 4.19). Sham sections of spinal cord demonstrate 

a moderate intensity of SP immunoreactivity with a median ranking of 5.5. Within 24 hours, 

following both injury and application of the hook, a decrease in SP immunoreactivity was 

observed within the injury epicentre (median ranking of 4 for both groups). A decrease in SP 

immunoreactivity was also observed within the adjacent segments, particularly 3 segments 

rostral to the injury (median ranking of 3.5 and 4 for injury and hook only groups 

respectively). However caudal to the lesion minimal changes were observed with the median 

ranking of the spinal cord 3 segments caudal to the lesion remaining comparable to sham 

levels (5 and 5.5 for injury and hook only respectively).  

 

 

Figure 4.18: Assessment of SP immunoreactivity following the clip compression model of 
SCI. Following both injury and hook only, SP immunoreactivity slightly decreased when compared to 
sham (indicated by the dashed line) within the injury epicentre and rostral segments.  In contrast, 
within the caudal segments SP immunoreactivity remained comparable to sham levels in the injury 
group and similarly at 3 segments caudal in the hook only group. 3=3 segments rostral, 1 = 1 segment 
rostral, 0 = injury epicentre, -1 = 1 segment caudal, -3 = 3 segments caudal. 
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Figure 4.19: SP immunoreactivity following the clip compression model of SCI. Sham sections 
of spinal cord demonstrated intense immunoreactivity within the dorsal horn region. Following both 
injury and hook only application, a slight decrease in SP immunoreactivity was observed particularly 
within the dorsal horn. Scale bar = 500 µm. 
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Clip compression model of SCI – NK1 receptor Immunoreactivity 

NK1 receptor immunoreactivity was assessed to determine the response of the NK1 receptor 

following the clip compression model of SCI (figure 4.20 & 4.21). Sham sections 

demonstrated moderate immunoreactivity within the grey matter of the spinal cord with a 

median ranking of 5. Following complete clip compression injury, reduced NK1 receptor 

immunoreactivity was observed along all segments of the spinal cord. All adjacent segments 

obtained a median ranking of 3, whilst the injury epicentre demonstrated slightly more 

intense staining likely due to disrupted tissue and the presence of hemorrhage. Following 

application of the hook only, a similar decrease in NK1 receptor immunoreactivity was 

observed within the adjacent rostral segments with a median ranking of 3 obtained. A 

further decrease was apparent within the injury epicentre with a median ranking of 1.5. The 

caudal segments of the hook only group demonstrated slightly higher immunoreactivity than 

the complete injury group, however, was still below sham levels.  

 

 

Figure 4.20: Assessment of NK1 receptor immunoreactivity following the clip compression 
model of SCI. Following both complete injury and hook only application, NK1 receptor 
immunoreactivity decreased at all spinal cord segments. Whilst similar immunoreactivity was 
observed within the rostral segments, the caudal segments of the hook only group demonstrated 
slightly higher immunoreactivity than injured sections. Within the injury epicentre a marked decrease 
was observed in the hook only group whilst only a slight decrease was seen in the injured group.  
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Figure 4.21: NK1 receptor immunoreactivity following the clip compression model of SCI. 
Sham sections (A) demonstrate normal NK1 receptor immunoreactivity within the grey matter of the 
spinal cord. Following a clip compression injury (B) slightly decreased immunoreactivity was observed 
along all segments of the spinal cord. Following hook only application (C) a marked decreased was 
observed within the injury epicentre, whereas slight decreases were observed within the rostral 
segments, with minimal decreases within the caudal segments.  
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Clip compression model of SCI – Albumin Immunoreactivity 

Albumin immunoreactivity was assessed to determine the extent of BSCB permeability 

following clip compression induced SCI (figure 4.22 and 4.23). Sham sections of spinal cord 

demonstrated minimal immunoreactivity for albumin with a DABwt% of 14.17% ± 3.64%. A 

significant increase in albumin immunoreactivity was observed at all levels of the spinal cord 

following injury when compared to sham, with the maximal increase observed within the 

injury epicentre (41.63% ± 3.4%). A similar increase was observed in the hook only group 

with a maximal increase observed within the injury epicentre (37.15% ± 0.34%). Whilst there 

was no significant difference, the hook only group demonstrated less albumin 

immunoreactivity when compared with the injured group.  

 

 

Figure 4.22: Assessment of albumin immunoreactivity following the clip compression 
model of SCI. A highly significant increase in albumin immunoreactivity was observed at all levels of 
the spinal cord in the injured group when compared to sham (indicated by the dashed line). A 
marked increase in albumin immunoreactivity was observed within the injury epicentre in the hook 
only group. At 3 segments rostral no significant difference was observed in the hook only group, 
whilst all other segments of spinal cord adjacent to the injury epicentre were significantly different.  
3=3 segments rostral, 1 = 1 segment rostral, 0 = injury epicentre, -1 = 1 segment caudal, -3 = 3 
segments caudal. 
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Figure 4.23: Albumin immunoreactivity following the clip compression model of SCI. Sham 
(A) sections of spinal cord demonstrated minimal albumin immunoreactivity. Injured (B) sections of 
spinal cord demonstrated a marked increase in albumin immunoreactivity along all segments of the 
spinal cord. The hook only group (C) similarly demonstrated increased albumin immunoreactivity at 
all segments of the spinal cord. Scale bar = 500 µm.  
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Clip compression model of SCI – APP Immunoreactivity 

APP immunoreactivity was assessed to determine the extent of axonal injury following the 

clip compression model of SCI (figure 4.24 and 4.25). Sham sections demonstrated no APP 

immunoreactivity along the entire spinal cord with a median ranking of 0. Following injury a 

highly significant increase in APP positive axons was observed within the injury epicentre 

and within the immediately adjacent segments (median rankings; 1 segment rostral = 5, 

injury epicentre = 6, 1 segment caudal = 5). In the hook only group a highly significant 

increase in APP positive axons was similarly observed within the injury epicentre reaching a 

median ranking of 5. Whilst APP positive axons were present within the adjacent segments 

of the hook only group, there was no significant difference compared to sham segments 

(median rankings; 1 segmental rostral = 2, 1 segment caudal = 1). The distal adjacent 

segments demonstrated minimal if not zero APP positive axons for both the injured and 

hook only groups.  

  

 

Figure 4.24: Assessment of APP immunoreactivity following the clip compression model of 
SCI. A highly significant increase in APP positive axons was observed within the injury epicentre and 
1 segment both rostral and caudal to the injury epicentre in the injury group when compared to 
sham (sham median ranking = 0). A similar increase was observed within the injury epicentre in the 
hook only group, though only a small increase in immunoreactive axons was observed in the adjacent 
segments. No immunoreactive axons were observed in the distal adjacent segments in injured or 
hook only groups.  3=3 segments rostral, 1 = 1 segment rostral, 0 = injury epicentre, -1 = 1 segment 
caudal, -3 = 3 segments caudal. 
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Figure 4.25: APP immunoreactivity following the clip compression model of SCI. Sham (A) 
sections demonstrated no axonal injury within the injury epicentre or adjacent segments. In the 
injured group (B) a marked increase in APP positive axons was present within the injury epicentre 
and the adjacent segments. In the hook only (C) group a marked increase in APP positive axons was 
observed within the injury epicentre, whilst modest APP immunoreactivity was observed within the 
adjacent segments. Cross section scale bar = 500 µm, higher magnification scale bar = 100 µm.  
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4.4 Discussion 

It is very important that experimental models of SCI accurately mimic the human condition 

in the hope of effectively translating therapeutic interventions. However, no single 

experimental model has yet been able to mimic all aspects of human SCI. Accordingly, this 

study evaluated three different experimental models of SCI in relation to the potential role 

of SP as a mediator of neurogenic inflammation. Variations in the measured outcomes 

following weight drop, hemisection, and clip compression models of experimental SCI have 

been demonstrated. Initially, H&E staining was used to assess the general morphological 

features generated following each injury model. The weight drop model demonstrated 

modest hemorrhage within the injury epicentre at 24 hours post-SCI. Axonal swellings were 

also present within the injury epicentre at this time. Severe hemorrhage is typically seen 

following acute human SCI as previously reported (Norenberg et al., 2004) and 

demonstrated in chapter 3. While the present weight drop model demonstrated only 

modest hemorrhage in comparison to human SCI, previous studies employing the weight 

drop model of SCI have demonstrated more severe pathological changes. Nobel and 

Wrathall (Noble and Wrathall, 1989a) demonstrated moderate central hemorrhage 

development at 24 hours post-SCI using a 10g weight dropped from heights of 2.5, 5 and 15 

cm above the spinal cord which was associated with severe functional deficits. In 

comparison, animals in our weight drop study demonstrated only mild functional deficits 

following weight drop SCI induced using a 10g weight dropped from 14 cm (Newcombe, 

2011). Many studies have demonstrated that injury severity directly relates to the extent of 

tissue damage which is associated with worsened neurological function (Rivlin and Tator, 

1978, Noble and Wrathall, 1989a, Fehlings and Tator, 1995, Fukuda et al., 2005, Poon et al., 

2007, Sparrey et al., 2008). This therefore suggests that the injury produced by the weight 

drop model within this study is at the lower end of the injury spectrum, and a greater force 

may be needed in future studies of this model for comparison to human injury. 

 

While limited in number of animals, the hemisection model of SCI clearly demonstrated no 

changes in morphological features, or presence of hemorrhage. It is important to note that 

the tissue obtained from this model was adjacent to the injury epicentre and therefore it is 

possible that hemorrhage was present but did not extend into the adjacent segments. 

Previous studies that employed a hemisection model have indeed demonstrated the 

presence of hemorrhage early post-SCI (Dusart and Schwab, 1994). However, hemorrhage 

was observed within the injury epicentre only and to a far lesser extent than that observed 

in human SCI. Similar to the weight drop model, the hemisection model may thus represent 

a mild level of SCI. 
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In contrast to both the weight drop and hemisection models of experimental SCI, the clip 

compression model produced severe hemorrhage both within the injury epicentre and in 

adjacent segments, thus more closely replicating the severity of injury following the human 

SCI described in Chapter 3. Previous studies using the clip compression model have similarly 

demonstrated human-like pathological changes following injury, such as cavitation 

development at 4 weeks post-SCI (Wallace et al., 1987, Poon et al., 2007). However, one 

aspect of concern found when using the clip compression model was that use of the 

modified hook to dissect the anterior region of the spinal cord for accurate placement of the 

clip resulted in a mild injury. Indeed, hemorrhage was present within the injury epicentre of 

the hook only group, though not within the adjacent segment.  Accordingly, great care and 

surgical training would be required to ensure dissection of the cord with the modified hook 

does not contribute to the developed injury.  

 

Axonal injury was assessed using APP immunohistochemistry to enable visualisation of 

axonal swellings, the presence of which is highly characteristic of acute SCI (Norenberg et al., 

2004). The weight drop model produced a significant increase in APP positive axons within 

the injury epicentre at 24 hours post-SCI. APP immunoreactivity was not observed within the 

adjacent segments at any time post-SCI or within the injury epicentre at 1 and 3 weeks post-

SCI. Similarly, Choo et al (Choo et al., 2008) demonstrated axonal injury following contusion 

which was limited to the lesion site. In addition, a significant increase in axonal injury at 4 

hours post-SCI was demonstrated following weight drop from 2.5 cm and 17.5 cm heights 

(Rosenberg and Wrathall, 1997). Primary axotomy caused by the shearing, crushing and 

stretching forces of the primary SCI (Oppenheimer, 1968, Zimmerman et al., 1978) is the 

likely cause of the observed axonal injury within these studies given the early time points 

and localisation of APP immunoreactive axons only within the injury epicentre.  

 

In contrast to the weight drop injury, the hemisection model of SCI did not result in axonal 

injury. Again, this may be due to only the adjacent segments being assessed, which like the 

weight drop model did not demonstrate axonal injury. Indeed, Kobayashi et al (Kobayashi et 

al., 2010) demonstrated that APP immunoreactivity was increased within the lesioned side 

when compared to the intact side of the spinal cord. In contrast, the clip compression model 

demonstrated a significant increase in APP positive axons within the injury epicentre and the 

adjacent segments by 24 hours post-SCI, indicating that this model caused the greatest 

amount of axonal injury of the three models investigated. Indeed, previous studies have 

demonstrated maximal axonal injury at 24 hours following clip compression SCI (Anthes et 

al., 1995). Myelin sheath disruption was apparent at this time and as such is suggestive of 
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primary axotomy causing the observed axonal injury. Significant axonal loss in a graded 

manner has also been reported following the clip compression model of SCI, with increased 

loss observed with greater closing force of the clip (Fehlings and Tator, 1995). These results 

demonstrate significant axonal injury following the clip compression model of SCI which 

replicate that observed following human SCI (Norenberg et al., 2004). However, when 

attempting to employ the clip compression model, the hook only group also demonstrated a 

significant increase in APP positive axons within the injury epicentre. Such axonal injury may 

be due to stretching of the spinal cord when passing the hook around the anterior aspect of 

the spinal cord. These results demonstrate that application of the modified hook causes 

axonal injury without application of the clip. This is of some concern as it provides further 

evidence that use of the hook could indeed be contributing to the injury that develops 

following clip compression.  

 

SP has previously been implicated in the development of neurogenic inflammation following 

both TBI (Vink et al., 2003, Donkin et al., 2009) and stroke (Turner et al., 2006). Furthermore, 

such studies demonstrated that inhibition of SP reduced BBB permeability and edema whilst 

improving functional outcome. As such, the role of SP as a mediator of neurogenic 

inflammation following SCI is of great interest. The location of SP within the spinal cord has 

been extensively studied with numerous investigations demonstrating typical localisation of 

SP within the substantia gelatinosa of the dorsal horn (Takahashi and Otsuka, 1975, Naftchi 

et al., 1978, Moussaoui et al., 1992b, Nitsos and Rees, 1993, Harrison and Geppetti, 2001). In 

the current study the localisation of SP was similar to previous reports, with both rat and 

sheep tissue demonstrating marked SP immunoreacitivty within the dorsal horn region, 

although greater intensity was observed in rat. The effect of SCI on SP immunoreactivity was 

slightly different in each experimental model. Following the weight drop model of SCI, a 

slight decrease was observed at 24 hours post-SCI followed by a significant decrease at 1 

week post-SCI. Restoration of SP immunoreactivity within the dorsal region was apparent by 

3 weeks post-SCI. Faden et al (Faden et al., 1985) similarly demonstrated a slight reduction in 

SP at 24 hours and a significant decrease at 1 week. These results suggest that following 

weight drop induced SCI, SP is gradually released with complete depletion of the dorsal horn 

stores by 1 week post-SCI. 

 

SP is known to have the highest binding affinity for the tachykinin NK1 receptor (O'Connor et 

al., 2004). Furthermore previous studies have demonstrated that blocking this receptor 

inhibits SP mediated neurogenic inflammation (Donkin et al., 2009, Turner et al., 2011). 

Accordingly, the current study assessed the immunoreactivity of the NK1 receptor following 
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each experimental model of open SCI. Previous experimental studies in rats have 

demonstrated that the NK1 receptor is most highly expressed within the dorsal horn, 

intermediolateral cell column and lamina X of the spinal cord (Charlton and Helke, 1985, 

Mantyh and Hunt, 1985, Buck et al., 1986, Elde et al., 1990, Moussaoui et al., 1992a, Maeno 

et al., 1993, Nakaya et al., 1994, Harrison and Geppetti, 2001). In the current study, NK1 

immunoreactivity was evident throughout the grey matter of the spinal cord in all models of 

SCI, though greater intensity was observed within rat tissue compared to sheep. The weight 

drop model demonstrated a mild decrease at 1 week post-SCI centred within the injury 

epicentre. Such a decrease corresponds to the depletion of SP at this time suggestive of 

receptor internalisation following SP binding which has previously been demonstrated 

(O'Connor et al., 2004).  The release of SP combined with NK1 receptor internalisation 

following the weight drop induced SCI model suggests that SP may potentially play a role in 

neurogenic inflammation following SCI.  

 

It has been well documented that barrier permeability is an associated outcome of 

neurogenic inflammation following CNS injury (Vink et al., 2003, Nimmo et al., 2004, Turner 

et al., 2006, Donkin et al., 2009). As such, the current study aimed to determine whether 

such an effect is similarly present following traumatic SCI. Albumin immunoreactivity was 

assessed as a marked of BSCB permeability. Normally albumin is contained within the 

vasculature, and its presence within the tissue parenchyma is suggestive of barrier 

disruption and subsequent development of vasogenic edema (Vink et al., 2003, Nimmo et 

al., 2004). At 24 hours post-SCI induced by the weight drop model, diffuse albumin 

immunoreactivity was observed along all segments of the spinal cord. Such an increase in 

albumin immunoreactivity was significant when compared to sham, and is indicative of 

barrier disruption. Previous investigations employing such a model have found similar 

results, with the greatest BSCB permeability observed at 24 hours post-SCI (Noble and 

Wrathall, 1989b, Kaptanoglu et al., 2003, Whetstone et al., 2003, Cohen et al., 2009, Tatar et 

al., 2009). Our own results demonstrated resolution of albumin immunoreactivity by 1 week 

post-SCI, alluding to a re-establishment of the barrier, which has similarly been 

demonstrated in previous investigations (Noble and Wrathall, 1989b, Popovich et al., 1996). 

In contrast, a second phase of abnormal barrier permeability has also been reported at 7 

days post-SCI (Whetstone et al., 2003) or even later at 14-28 days post-SCI (Popovich et al., 

1996). It is proposed that this delayed increase in barrier permeability may be due to 

revascularisation or axonal reconstruction within the injury area. Further analysis of barrier 

permeability following SCI is required to verify such results.  
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In contrast to the weight drop model, the hemisection model of SCI within the current study 

resulted in an early increase in SP immunoreactivity followed by a decrease below sham 

levels at 1 week post-SCI. Decreased SP immunoreactivity at this time is comparable to the 

decrease observed at 1 week post-injury following the weight drop model of SCI. However, 

early times points were not assessed within the weight drop model and as such, no 

comparison can be made at these times. However, Sharma et al (Sharma et al., 1990) found 

that following a thoracic transection, a significant increase was observed within 2 hours 

post-SCI. In addition, they demonstrated decreased SP immunoreactivity at 5 hours post-SCI 

within the injury epicentre, although SP levels remained elevated within the adjacent 

segments. Similarly, our results demonstrate elevated SP immunoreactivity within the 

adjacent segments both proximal and distal to the injury at 6 hours post-SCI. In contrast to 

our own results, Naftchi et al (Naftchi et al., 1978) found that at 5 days and up to 12 weeks 

following a complete transection, SP decreased rostral to the lesion whilst increasing caudal 

to the lesion. Such differing results may be related to the extent of the section lesion as only 

tissue from a hemisection model was employed within this study.  

 

Assessment of the NK1 receptor following the hemisection model of SCI demonstrated a 

slight increase in immunoreactivity within 6 hours of injury followed by a slight decrease 

below sham levels at 1 week post-SCI. Such a decrease at 1 week post-SCI is similar to the 

results observed following the weight drop model. Previous studies employing a transection 

model have demonstrated an increase in receptor immunoreactivity below the injury, and in 

contrast to the current study, receptor levels remained elevated at 3 weeks post-SCI (Vita et 

al., 1990). The observed SP loss and reduced NK1 receptor immunoreactivity over time 

following hemisection SCI in the present study is suggestive of development of neurogenic 

inflammation. However, in contrast to the weight drop model of SCI, no increases in albumin 

immunoreactivity were observed within the adjacent segments following the hemisection 

model. This indicates a hemiseciton lesion does not result in BSCB permeability within the 

adjacent regions. Nonetheless, previous studies employing the hemisection model have 

demonstrated that BSCB permeability is present 2 cm from the injury epicentre by 24 hours 

post-SCI (Noble and Wrathall, 1987). However, prior to this time point BSCB permeability 

was not observed at this distance from the injury epicentre. As such, it is possible that the 

tissue assessed within this study was too far from the injury epicentre to detect any increase 

in BSCB permeability. In comparison, the weight drop model of SCI produced extensive 

spread of BSCB permeability beyond the assessed cord. Therefore, the hemisection model of 

SCI may not be as effective in replicating the extension of BSCB permeability observed within 

the clinical environment, and as such may not be effective in evaluating the role of SP as a 

mediator of neurogenic inflammation following SCI.  
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Finally, the clip compression model of SCI resulted in a slight decrease in SP 

immunoreactivity, regardless of completed clip compression or hook only application. Such a 

reduction is consistent with all experimental models assessed within this study where a 

slight decrease was observed at 24 hours post-SCI. To date no other laboratory has 

investigated alterations in SP immunoreactivity following a clip compression model. NK1 

receptor immunoreactivity was found to slightly decrease within the injury epicentre within 

24 hours, earlier than that observed within the weight drop or hemisection models. Of note, 

a significant decrease in NK1 receptor immunoreactivity was observed within the injury 

epicentre of the hook only group. Such a decrease implies activation and subsequent 

internalisation of the receptor. These results are suggestive of SP promoting neurogenic 

inflammation following the clip compression model of SCI.  

 

Consistent with this, the clip compression model of SCI, like the weight drop model, 

produced a significant increase in albumin immunoreactivity suggesting diffuse barrier 

disruption. The observed disruption was maximal within the injury epicentre, although 

extended the entire length of the assessed cord.  Such an extension of barrier disruption has 

previously been demonstrated following clip compression SCI, showing increased BSCB 

permeability as far as 12 spinal cord segments from the injury epicentre (Nyberg and 

Sharma, 2002). In addition, Austin et al (Austin et al., 2012) demonstrated a significant 

increase in BSCB permeability on day 1, but not day 3, following clip compression SCI. Our 

results provide further evidence of injury development following hook only application given 

that albumin immunoreactivity was present within this group. Much like the injured group, 

albumin immunoreactivity was maximal within the injury epicentre of the hook placement. 

However, in contrast to the clip injured group, no increases were detected at 3 segments 

rostral and caudal to the injury. This suggests that whilst the hook only application may 

result in increased BSCB permeability, the extent of disruption is not as great as the clip 

injured group. 

 

Taken together these results demonstrate that following experimental SCI, a slight but 

immediate increase of SP within the dorsal horn region occurs, followed by a release of SP, 

resulting in a depletion of SP within the dorsal horn region. Furthermore, decreased NK1 

receptor immunoreactivity was observed in all models and is indicative of NK1 receptor 

activation and subsequent internalisation. An alteration in BSCB permeability, assessed by 

albumin immunoreactivity, was not present following the hemisection model of SCI and as 

such, this model seems to be an unfavourable model for assessment of neurogenic 

inflammation. In contrast, both the weight drop and clip compression models produced 
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significant and diffuse increases in albumin immunoreacitivity, indicative of substantial BSCB 

permeability. These results support a role for SP as a mediator of neurogenic inflammation 

following SCI. 

 

Further support for this suggestion has been demonstrated by studies of naloxone 

administration, an opiate antagonist. These studies have shown that naloxone 

administration significantly reduces the development of edema (Winkler et al., 1994), 

increases blood flow (Naftchi, 1982), reduces ischemia (Young et al., 1981) and improves 

neurological function (Faden et al., 1981a). Naloxone treatment was most effective when it 

inhibited the kappa-opioid receptor (Moore et al., 1994, Winkler et al., 1994). Administration 

of a kappa-opioid antagonist has also been shown to improve neurological outcome 

following TBI (Vink et al., 1991). Stimulation of the kappa-opioid receptor results in the 

release of SP (Suarez-Roca and Maixner, 1993); inhibition of such receptors can therefore 

result a reduction in the release of SP (McCarson and Goldstein, 1989). As such, the 

favourable outcomes observed with naloxone treatment may be attributed, in part, to the 

indirect inhibition of SP release. However, it has also been demonstrated that naloxone 

treatment following weight drop SCI may deplete SP immunoreactivity within the substantia 

gelatinosa. Further studies on the effects of naloxone on SP release in SCI are clearly 

required. 

 

Whilst all three models of SCI resulted in slightly different outcomes and severities of injury, 

a common element that is present within each is their open nature. Clinically, SCI occurs 

within a closed environment provided by the rigid structure of the vertebrae. Here, all three 

assessed models require a laminectomy at the injury site thus producing an open injury. It 

has widely shown that SCI results in increased BSCB permeability (Popovich et al., 1996, 

Cohen et al., 2009, Tian et al., 2009) and subsequent genesis of edema (Sharma et al., 1991, 

Sharma et al., 1993, Winkler et al., 1994, Sharma, 2005, Nesic et al., 2006, Ates et al., 2007), 

in turn producing increases in ITP (Yashon et al., 1973, Kwon et al., 2009). As such, 

laminectomy above the injury site may relieve such increases in edema and ITP, thus not 

accurately replicating the human condition.  
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4.5 Conclusion 

In conclusion, all assessed models of experimental SCI produced changes in the 

immunoreactivity of SP and the NK1 receptor. Together with demonstrated increases in 

BSCB permeability, these results implicate a role for SP in mediating neurogenic 

inflammation following SCI. However, the hemisection model did not demonstrate classical 

pathological changes following injury. Furthermore, the weight drop model of SCI similarly 

did not result in as severe an injury as that observed following human cases. In contrast, the 

clip compression model produced an injury that replicated many human injury outcomes, 

such as severe hemorrhage, axonal injury, and increased BSCB disruption. However, it is of 

great concern that the hook only application also produced an increase in many of these 

injury outcomes. Ultimately, the greatest concern in regards to all three models is their open 

nature. Such open injuries are not typical of the clinical condition, with almost all human 

injuries occurring within a closed environment. For this reason, an alternative model of SCI, 

namely the balloon compression model, was employed for the remainder of this thesis, and 

as such will be characterised in the subsequent chapter. 
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5.1 Introduction 

Experimental SCI models ideally should replicate the injury mechanisms that occur following 

human SCI, namely an initial impact and persisting compression. In the previous chapter, the 

experimental models were all open injuries, which contrasts to the closed nature of most 

injuries experienced in the clinical environment. Accordingly, the current study will 

investigate the balloon compression model of SCI given its closed nature, and the replication 

of key primary injury mechanisms such as an initial impact (rapid inflation of the balloon) 

followed by continued compression. Furthermore, since it’s original conception by Tarlov et 

al (Tarlov et al., 1953, Tarlov and Klinger, 1954), the balloon compression model has been 

shown to be consistent and reproducible with many studies demonstrating a correlation 

between the severity of injury and functional deficits (Fukuda et al., 2005). In addition, the 

development of vasogenic edema associated with BSCB disruption has also been 

demonstrated (Griffiths, 1975), which can lead to raised ITP (Saadoun et al., 2008). A closed 

experimental model is thus vital to facilitate such an increase in ITP.  

 

In the previous chapters, a release of SP from the dorsal horn regions has been described in 

both human SCI and a variety of experimental models. Furthermore, changes in the NK1 

receptor have also been described as have alterations to the BSCB. These results suggest 

that SP may play a role as a mediator of neurogenic inflammation following SCI. Indeed, as 

previously mentioned, SP has been implicated in the process of neurogenic inflammation 

following both TBI and stroke (Turner et al., 2006). Furthermore, inhibition of neurogenic 

inflammation by administration of an NK1 receptor antagonist reduced BBB permeability, 

reduced cerebral edema and improved neurological function (Donkin et al., 2009). In 

contrast, the process of neurogenic inflammation has not been extensively studied following 

SCI.  

 

Accordingly, the aim of the current study is to determine the role of SP as a mediator of 

neurogenic inflammation in the balloon compression model of SCI. SP and NK1 receptor 

immunoreactivity will be assessed in addition to outcomes of neurogenic inflammation such 

as BSCB permeability and subsequent edema, as well as ITP measurements. In addition AQP4 

immunoreactivity will be assessed as its role in the development or resolution of edema has 

previously been implicated (Nesic et al., 2006). Furthermore, functional deficits will be 

assessed to determine the functional extent of the produced injury. Finally, histological 

analysis of H&E, APP, NeuN, GFAP and microglia will be used to assess the morphological 

extent of the injury and the inflammatory responses.  
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5.2 Study Design 

5.2.1 Experimental Injury Model  

Balloon compression model of SCI 

New Zealand white rabbits (n=88) were subject to balloon compression SCI as previously 

described (section 2.2.2). Briefly, following induction of anaesthesia animals underwent 

laminectomy surgery at the T12 vertebra. A balloon catheter was introduced into the 

epidural space and extended 4 cm. The balloon was then rapidly inflated, inflation sustained 

for 5 minutes, then deflated and removed. Animals were assessed for BSCB permeability, 

edema, ITP, functional outcome or histological outcome as described below.  

 

5.2.2 BSCB permeability 

Animals were assessed for BSCB permeability at either 5hrs (n=5) or 24 hrs (n=4) post-SCI (or 

sham, n=5) using the Evan’s Blue dye extravasation method as previously described (see 

section 2.4). Briefly, 30 minutes prior to perfusion, EB was injected intravenously. The 

animals were then saline perfused and the spinal cord dissected. 1cm spinal cord segments 

were then assessed for total EB content.  

 

5.2.3 Edema measurement 

Animals were assessed for edema at 5hrs (n=4), 24 hrs (n=4), or 3 days (n=4) post-SCI (or 

sham, n=5) using the wet weight/dry weight method as previously described (see section 

2.5). Briefly, animals were administered a lethal injection of pentobarbital and the spinal 

cord was rapidly removed. The spinal cord was cut into 1 cm segments and the wet weight 

was obtained. Spinal cord segments were then oven dried for 48 hours and then the dry 

weight was obtained. The percentage of tissue water content was then calculated.  

 

5.2.4 Intrathecal pressure measurement 

Animals (injured; n=6, sham; n=5) were assessed for intrathecal pressure following SCI as 

previously described (section 2.6). Briefly, following trauma, a Codman pressure probe was 

introduced subdural to the injury epicentre and the intrathecal pressure was recorded for a 

5 hour monitoring period. Blood pressure and blood gases were also monitored to ensure 

results were physiological correct.  
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5.2.5 Functional outcome 

Animals (n=12) were assessed for both sensory and motor outcome following SCI as 

previously described (section 2.7). Briefly on days 3, 7, 10 and 14 post-SCI animals were 

subjected to the sensory prick test, and a 5 minute motor function monitoring period which 

was assessed for the modified Tarlov scale and for a hind limb to forelimb movement ratio.  

 

5.2.6 Histological outcome 

Animals (n=34) were assessed for histological outcome using immunohistochemical 

techniques as previously described (section 2.8). Briefly animals were perfuse fixed with 10% 

formalin at 5 hours, 24 hours, 3 days, or 2 weeks post-SCI. Spinal cord tissue was then 

processed and cut for assessment of morphological features (H&E stain), SP, NK1 receptor, 

APP, NeuN, Albumin, GFAP, microglia, and AQP4. All sections were scanned using the 

nanozoomer (as described in section 2.7.5) and then assessed using a ranked intensity scale, 

with the exception of albumin immunoreactivity, which was assessed using the colour 

deconvolution method (section 2.7.5). 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5: Characterising the balloon compression model of SCI 

123 
 

5.3 Results 

5.3.1 BSCB Permeability – Evan’s Blue extravasation 

Evan’s Blue extravasation was assessed to determine the extent of BSCB permeability 

following the balloon compression model (figure 5.1). Sham sections of spinal cord 

demonstrated minimal EB extravasation with only 6.93 ± 1.25 µg EB/g tissue measured. At 5 

hours post-SCI a significant increase in EB extravasation was observed within the injury 

epicentre (15.43 ± 3.04 µg EB/g tissue) when compared to sham (p<0.001), however, no 

increases were observed within the adjacent segments. At 24 hours post-SCI a highly 

significant increase in EB extravasation was similarly observed within the injury epicentre 

(25.75 ± 10.11 µg EB/g tissue) when compared to sham (p<0.001). This increase in 

permeability was significantly greater than that observed at 5 hours (p<0.001). At 24 hours 

post-SCI, the adjacent segments again had an intact BSCB.  

 

 

Figure 5.1: Evan’s Blue extravasation following the balloon compression model of SCI. A 
significant increase in EB extravasation was evident at both 5 hours and 24 hours post-SCI within the 
injury epicentre when compared to sham (indicated by the dashed line). Within the injury epicentre a 
significant difference was observed between the 5 hour and 24 hour groups. 3=3 segments rostral, 2 
= 2 segments rostral, 1 = 1 segment rostral, 0 = injury epicentre, -1 = 1 segment caudal, -2 = 2 
segments caudal, -3 = 3 segments caudal. 
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5.3.2 Edema measurement 

The wet weight/dry weight method was used to assess the extent of edema formation 

following the balloon compression model of SCI (figure 5.2). Sham sections recorded 65.55 ± 

2.08% spinal cord water tissue content. At 5 hours post-SCI the percentage of spinal cord 

tissue water content within the injury epicentre significantly increased to 69.55 ± 1.74% 

when compared to sham (p<0.01). A further increase within the injury epicentre was 

observed at 24 hours post-SCI to 71.73 ± 1.31% when compared to sham (p<0.001). Spinal 

cord water content continued to increase at 3 days post-SCI within the injury epicentre, 

reaching a tissue water content measurement of 77.47 ± 1% (p<0.001). Such an increase at 3 

days post-SCI was also significantly greater than both the 5 hour and 24 hour post-SCI groups 

(p<0.001). At 3 days post-SCI a significant increase in spinal cord tissue water content was 

also observed within the adjacent segments when compared to sham (1 segment rostral = 

p<0.05; 1 segment caudal = p<0.001). However, increased water content in the adjacent 

segments was not observed in the 5 hour or 24 hour post-SCI groups. No increases in spinal 

cord tissue water content were observed within the very distal segments of the spinal cord 

at any time point post-SCI.  

 

Figure 5.2: Spinal cord edema following the balloon compression model of SCI. A significant 
increase in spinal cord tissue water content was observed within the injury epicentre at all time 
points post-SCI when compared to sham. At 3 days post-SCI a significant increase was also observed 
within the immediately adjacent segments to the injury epicentre when compared to sham. 
Additionally, the 3 day time point post-SCI demonstrated significantly increased edema within the 
injury epicentre and immediately adjacent segments when compared to both the 5 hour and 24 hour 
time points. 3=3 segments rostral, 1 = 1 segment rostral, 0 = injury epicentre, -1 = 1 segment caudal, -
3 = 3 segments caudal. 
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5.3.3 Intrathecal pressure measurement 

ITP was measured to assess the extent of ITP changes following the balloon compression 

model of SCI (figure 5.3). Sham animals demonstrated a low ITP recording of 0.65 ± 1.61 

mmHg when the probe was initially inserted and the laminectomy sealed. Over the 5 hour 

monitoring period the ITP began to increase and stabilise, reaching 3.75 ± 1.26 mmHg by the 

end of monitoring. Following SCI an immediate significant increase (p<0.001) in ITP was 

observed, reaching 5.31 ± 3.98mmHg. ITP continued to gradually rise over the 5 hour 

monitoring period reaching a maximal ITP of 7.36 ± 0.79 mmHg by the end of monitoring. 

Following injury ITP was significantly increased at all time points when compared to sham 

(p<0.01 – 0.001). 

 

Figure 5.3: Intrathecal pressure following the balloon compression model of SCI. A 
significant increase in ITP was observed following SCI induced by the balloon compression model. 
This increase was seen immediately post-SCI and was maintained for the entire monitoring period. ** 
denotes p<0.01, *** denotes p<0.001. 
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5.3.4 Functional outcome 

Sensory function – Plantar Prick Test 

Sham animals demonstrated normal sensory function following surgery, with an initial pain 

withdrawal score of 27.5 ± 3 (left hindlimb) and 29.25 ± 1.5 (right hindlimb) on day 3. At days 

10 and 14 post surgery all animals recorded a score of 30 for each hindlimb, indicating that 

the surgical procedure did not affect sensory function. At 3 days post-SCI a significant 

decrease in sensory motor function was observed, with a pain withdrawal score of 11.75 ± 

4.57 and 13 ± 6.38 for the left and right hindlimbs respectively (p<0.001). Some spontaneous 

improvement was observed over the assessment period and by day 14 the pain withdrawal 

score was 17 ± 4.96 and 16.5 ± 4.43 for the left and right hindlimbs respectively (p<0.001). 

Injured animals remained significantly different when compared to sham for the entire 

assessment period. No significant difference was observed between the left and right 

hindlimbs indicating that a correctly placed central injury had occurred.  

 

 

 

Figure 5.4: Sensory function (plantar prick test) following the balloon compression model 
of SCI. A significant decrease in sensory function was observed following injury in both the left (A) 
and right (B) hindlimbs when compared to sham. Whilst some improvement in sensory function was 
detected over the 14 day assessment period, injured animals remained significantly decreased when 
compared to sham.  
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Motor function 

Modified Tarlov scale 

Sham animals demonstrated normal motor function on all days following sham surgery with 

each animal obtaining a modified Tarlov score of 5, confirming that the surgical procedure 

did not affect motor function (figure 5.5A). Injured animals demonstrated a significant 

decrease in hindlimb motor function on all days post-SCI when compared to sham scores. On 

days 3 and 6 post-SCI each animal scored 0 with severe hind limb paralysis observed. On 

days 10 and 14 post-SCI all animals scored 1 with slight movement now observed in the hind 

limbs, however no further recovery of motor function was observed.  

 

Hindlimb to forelimb ratio 

The frequency of the hind limb movement was also recorded with the number of hindlimb 

movements recorded per 20 forelimb steps (figure 5.5B). Sham animals demonstrated 

normal movement with every forelimb step followed by a hindlimb step, resulting in a 100% 

normal hindlimb movement. On days 3 and 6 post-SCI, all injured animals recorded no hind 

limb movement and subsequently recorded 0% for the frequency of hind limb movement. 

However on day 6 post-SCI, slight hindlimb movement was again observed with frequency 

recorded as 12.5% ± 9.87% compared to forelimb movement. On Day 14 this frequency 

increased further, reaching 20% ± 15.17%. On both days 10 and 14 the movement frequency 

remained significantly worse compared to shams (p<0.001).  

 

 

Figure 5.5: Motor function (Modified Tarlov Scale) following the balloon compression 
model of SCI. (A) Following injury a significant decrease in motor function was observed when 
compared to sham animals as assessed by the modified Tarlov Scale. Whilst some improvement was 
observed on days 10 and 14, motor function remained significantly decreased. (B) The frequency of 
observed hindlimb movement was also assessed and whilst an increase in frequency was seen by day 
14 this remained significantly reduced when compared to sham animals.  
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5.3.5 Histological outcome 

Morphological features – H&E staining 

H&E staining was used to assess the general morphological features following balloon 

compression induced SCI (figure 5.6). At 5 hours post-SCI severe hemorrhage was present 

within the injury epicentre, predominantly within the grey matter, with substantial tissue 

disruption apparent. No hemorrhage was present within the adjacent segments. At 24 hours 

post-SCI, severe diffuse hemorrhage was apparent within the injury epicentre and greater 

loss of tissue architecture was observed. Within the adjacent segments localised 

hemorrhage was seen. By 3 days post-SCI diffuse hemorrhage was reduced within the injury 

epicentre, whilst localised hemorrhage was still seen within the adjacent segments. At 2 

weeks post-SCI extensive tissue loss is evident with cavity formation and minimal white 

matter sparing whilst minor hemorrhage still apparent. The adjacent segments also 

demonstrated loss of tissue centred within the grey matter and radiating outwards.  
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Figure 5.6: H&E staining – general morphological features following the balloon 
compression model of SCI. Sham sections (A) demonstrated normal morphological features. At 5 
hours post-SCI (B) extensive hemorrhage is apparent within the injury epicentre, though none was 
observed within the adjacent segments. At 24 hours post-SCI (C) extensive diffuse hemorrhage was 
observed within the injury epicentre and minor localised hemorrhage within the adjacent segments. 
At 3 days post-SCI (D) the extent of hemorrhage was reduced within the injury epicentre though loss 
of grey matter is apparent with white matter sparring. The adjacent segment demonstrated some 
tissue disruption within the white matter and minor localised hemorrhage. At 2 weeks post-SCI (E) 
substantial loss of tissue is apparent within the injury epicentre with only minor white matter sparred 
with very minor hemorrhage observed. The adjacent segments demonstrated loss of tissue centred 
within the grey matter. * indicates cavity formation. Cross section scale bar = 1 mm, high 
magnification scale bar = 100 µm.  
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Substance P immunoreactivity 

SP immunoreactivity was assessed to determine the changes in SP following the balloon 

compression model of SCI. Two specific regions were assessed including the dorsal horn 

region (figures 5.7 & 5.8), where SP is known to be stored, and the perivascular region 

(figure 5.9 &5.10) to determine if SP facilitates BSCB permeability following SCI.  

Grey Matter - Dorsal Horn 

Sham animals demonstrated a moderate level of SP immunoreactivity (median ranking = 6) 

within the grey matter with predominance in lamina I and II of the dorsal horn. At 5 hours 

post-SCI a significant decrease (median ranking = 2) was observed within the injury epicentre 

when compared to sham. The adjacent segments also demonstrated reduced SP 

immunoreactivity, with segments both 1cm caudal and rostral significantly decreasing to a 

median ranking of 4. Similarly, 3 segments caudal and rostral to the injury epicentre a slight 

decrease was observed (median ranking = 5 and 4 respectively), however such decreases 

were not significant. SP immunoreactivity was maximally decreased by 24 hours with a 

median ranking of 0 within the injury epicentre. This was highly significant when compared 

to sham levels (p<0.001). SP immunoreacitivity was still absent at both 3 days and 2 weeks 

post-SCI, recording a median ranking of 0.  

 

At 24 hours post-SCI the rostral segments remained comparable to sham levels with only a 

slight decrease observed at 1 segment rostral (median ranking = 5), although a slight 

decrease was observed at 3 segments caudal (median ranking = 5), and a significant 

decrease at 1 segment caudal (median ranking = 4, p<0.05). Further decreases were noted in 

the adjacent segments at 3 days post-SCI with 1 segment caudal reaching a median ranking 

of 2 (p<0.001). Additionally 3 segments caudal and 1 segment rostral decreased to 4, whilst 3 

segments rostral slightly decreased with a median ranking of 5. Finally, at 2 weeks post-SCI, 

whilst 3 segments rostral remained comparable to sham levels (median ranking = 6), all 

other adjacent segments demonstrated decreased immunoreactivity when compared to 

sham, with a significant decrease to a median ranking of 2 observed at both 1 segment 

rostral (p<0.05) and 1 segments caudal (p<0.01).  
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Figure 5.7: Assessment of SP immunoreactivity within the dorsal horn following the 
balloon compression model of SCI. At 5 hours post-SCI (A) a significant decrease was observed 
within the injury epicentre and at segments both 1 cm rostral and caudal. The injury epicentre 
significantly decreased to a median ranking of 0 by 24 hours post-SCI (B) and no further change in 
immunoreactivity was observed at 3 days of 2 weeks post-SCI. At 24 hours a significant decrease was 
also observed within 1 segment caudal to the injury epicentre when compared to sham. By 3 days 
post-SCI (C) a further decrease was observed within all adjacent segments of the spinal cord, with 1 
segment caudal reaching a significant difference when compared to sham. At 2 weeks post –SCI (D), 
3 segments rostral remained comparable to sham, whilst 1 segment caudal and rostral significantly 
decreased to a median ranking of 2. 3=3 segments rostral, 1 = 1 segment rostral, 0 = injury epicentre, 
-1 = 1 segment caudal, -3 = 3 segments caudal. * denotes p<0.05, ** denotes p<0.01, *** denotes 
p<0.001.  
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Figure 5.8: SP immunoreactivity within the dorsal horn following the balloon compression 
model of SCI. Sham segments of spinal cord (A) demonstrated moderate levels of SP 
immunoreactivity, particularly within the dorsal horn region. At 5 Hours post-SCI (B) decreased SP 
immunoreactivity was observed within the injury epicentre and to a lesser extent within the adjacent 
segments. A further decrease in SP immunoreactivity can be seen within the injury epicentre at 24 
hours post-SCI (C), with no SP immunoreactivity observed within the injury epicentre at 3 days (D) or 
2 weeks post-SCI (E). By 3 days post-SCI the adjacent segments of spinal cord also demonstrate 
reduced SP immunoreactivity, with further decreases noted at 2 weeks post-SCI. Scale bar = 1 mm. 

 

 

 

 



Chapter 5: Characterising the balloon compression model of SCI 

133 
 

Perivascular 

Perivascular SP immunoreactivity was assessed within the grey matter of the spinal cord, 

although the injury epicentre could not be examined because of severe tissue disruption. 

Sham animals demonstrated moderate SP intensity surrounding the vasculature with a 

median ranking of 6. At 5 hours post-SCI a slight decrease was observed at all adjacent 

segments except for 3 segments caudal, which remained comparable to sham. At 24 hours 

post-SCI a further reduction was observed with both rostral segments obtaining a median 

ranking of 4, whilst both caudal segments obtained a median ranking of 5. By 3 days post-SCI 

all adjacent segments demonstrated a decline in SP immunoreactivity when compared to 

sham with a median ranking of 4, reaching significance at 1 segment caudal. At 2 weeks 

post-SCI both rostral segments returned to sham levels though 3 segments rostral was 

slightly elevated. In contrast, both caudal segments remained below sham levels with 1 

segment caudal maintaining a median ranking of 4, whilst 3 segments rostral demonstrated 

a slight return to sham levels with a median ranking of 5.  

 

Figure 5.9: Assessment of SP immunoreactivity within the perivascular region following the 
balloon compression model of SCI. At 5 hours post-SCI (A) a slight decrease in SP 
immunoreactivity was observed, except at 3 segments caudal. At 24 hours post-SCI (B) a further 
decreased was observed though greater within the rostral segments compared to the caudal. At 3 
days post-SCI (C) all adjacent segments demonstrated reduced SP immunoreactivity when compared 
to sham, with significance reached at 1 segment caudal. At 2 weeks post-SCI (D) both rostral 
segments returned to sham levels though 3 segments rostral became slightly elevated. The caudal 
segments remained below sham levels. 
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Figure 5.10: SP immunoreactivity within the perivascular region following the balloon 
compression model of SCI. Sham sections (A) demonstrated moderate SP immunoreactivity within 
the perivascular region. At 5 hours post-SCI perivascular immunoreactivity slightly decreased, with a 
further decreased observed at 24 hours post-SCI. By 3 days post-SCI (C) the greatest decline in 
perivascular immunoreactivity was observed when compared to sham. At 2 weeks post-SCI the 
rostral segments demonstrated SP immunoreactivity comparable to that of sham, although, the 
caudal segments remained below sham levels.  
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NK1 immunoreactivity 

NK1 receptor immunoreactivity was assessed to determine the response of the NK1 receptor 

to balloon compression induced SCI. Two regions were assessed for NK1 receptor 

immunoreactivity, the grey matter (figures 5.11 & 5.12) and the perivascular region within 

the white matter (figures 5.13 & 5.14). 

Grey Matter 

Sham sections demonstrated moderate staining within the grey matter with intense staining 

observed within the dorsal horn. At 5 hours post-SCI a significant increase to a median 

ranking of 9 was observed throughout the entire cross sections likely due to severe tissue 

disruption (p<0.001). The adjacent segments remained comparable to sham sections. At 24 

hours post-SCI the injury epicentre remained intensely stained with a median ranking of 9 

(p<0.01). At this time, the immediate adjacent segments also had a slight increase centrally 

within the grey matter whilst the more distal adjacent segments showed reduced 

immunoreactivity. At 3 days post-SCI the injury epicentre still demonstrated diffuse 

immunoreactivity though reduced and no longer significantly different to sham. All adjacent 

segments demonstrated reduced immunoreactivity when compared to sham with 3 

segments rostral obtaining a median ranking of 5 whilst all other adjacent segments 

obtained a median ranking of 6. By 2 weeks post-SCI a significant loss of tissue within the 

injury epicentre resulted in no analysis of the grey matter region. However, the adjacent 

segments demonstrated a significant decrease in NK1 immunoreactivity with both 

immediately adjacent segments obtaining a median ranking of 4 (rostral = p<0.01, caudal 

p<0.001).  
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Figure 5.11: Assessment of NK1 receptor immunoreactivity following the balloon 
compression model of SCI. At 5 hours post-SCI (A) a significant increase in NK1 receptor 
immunoreactivity was observed within the injury epicentre whilst the adjacent segments remained 
comparable to sham. At 24 hours post-SCI the injury epicentre remained significantly increased 
whilst the immediately adjacent segments also demonstrated a slight increase. The distal adjacent 
segments demonstrated a slight decrease when compared to sham. At 3 day post-SCI (C) NK1 
receptor immunoreactivity began to decrease though remained elevated above sham levels. All 
adjacent segments showed slightly reduced immunoreactivity when compared to sham. At 2 weeks 
post-SCI (D) the adjacent segments demonstrated a significant decrease in NK1 receptor 
immunoreactivity when compared to sham. 3=3 segments rostral, 1 = 1 segment rostral, 0 = injury 
epicentre, -1 = 1 segment caudal, -3 = 3 segments caudal. * denotes p<0.05, ** denotes p<0.01, *** 
denotes p<0.001. 
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Figure 5.12: NK1 receptor immunoreactivity following the balloon compression model of 
SCI. Sham sections of spinal cord demonstrate intense staining within the dorsal horn of the grey 
matter. At 5 hours post-SCI a marked increase was observed within the injury epicentre, which 
remained at 24 hours post-SCI. The immediately adjacent segments also demonstrated increased 
immunoreactivity at 24 hours post-SCI. By 3 days post-SCI the extent of immunoreactivity began to 
decrease within the injury epicentre whilst further decreases were apparent within the adjacent 
segments. By 2 weeks post-SCI a marked decrease in NK1 receptor immunoreactivity was observed 
within the adjacent segments.  

 

 

 

 

 



Chapter 5: Characterising the balloon compression model of SCI 

138 
 

Perivascular 

Sham sections demonstrated faint NK1 receptor immunoreactivity surrounding the 

vasculature with a median ranking of 4. At 5 hours post-SCI there was a slight increase in 

NK1 immunoreactivity with both 1 segment rostral and 3 segments caudal obtaining a 

median ranking of 5. At 24 hours post-SCI a marked increase in NK1 receptor 

immunoreactivity was observed at 1 segment caudal with a median ranking of 7. 1 segment 

rostral also demonstrated an increase to a median ranking of 6 whilst 3 segments rostral 

slightly increased to a median ranking of 5. However, a slight decrease was observed at 3 

segments caudal with a median ranking of 3 obtained. At 3 days post-SCI both caudal 

segments demonstrated increased NK1 receptor immunoreactivity when compared to sham, 

particularly at 1 segment caudal with a median ranking of 6. The rostral segments 

demonstrated comparable immunoreactivity to sham levels. By 2 weeks post-SCI all adjacent 

segments returned to sham levels except for 3 segments caudal which remained elevated 

above sham levels with a median ranking of 6. Note that the injury epicentre of injured 

animals was not assessable due to tissue disruption. 

 

Figure 5.13: Assessment of NK1 receptor immunoreactivity within the perivascular region 
following the balloon compression model of SCI. At 5 hours post-SCI (A) a slight increase was 
observed at 1 segment rostral and 3 segments caudal when compared to sham. At 24 hours post-SCI 
(B) a greater increase was observed particularly within the immediately adjacent segments. At 3 days 
post-SCI (C) both caudal segments remained elevated above sham levels whilst both rostral segments 
demonstrated comparable immunoreactivity when compared to sham. At 2 weeks post-SCI all 
adjacent segments returned to sham levels except at 3 segments caudal which remained elevated.  
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Figure 5.14: NK1 receptor immunoreactivity within the perivascular region following the 
balloon compression model of SCI. Sham vessels (A) demonstrated faint NK1 immunoreactivity. 
At 5 hours post-SCI (B) a slight increase in immunoreactivity was observed, with a further marked 
increase seen at 24 hours post-SCI (C). By 3 days post-SCI (D) increased immunoreactivity was still 
observed within the caudal segments whilst the rostral segments appeared comparable to sham. At 2 
weeks post-SCI (E) 3 segments caudal remained elevated when compared to sham whilst all other 
adjacent segments demonstrated comparable immunoreactivity to sham.  
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Albumin immunoreactivity 

Albumin immunoreactivity was assessed to determine the extent of BSCB disruption 

following the balloon compression model of SCI (figures 5.15 and 5.16). Sham sections of 

spinal cord demonstrated minimal albumin immunoreactivity with a DABwt% of 4.7 ± 0.42. 

At 5 hours post-SCI a significant increase was observed within the injury epicentre reaching 

22.09 ± 1.25 DABwt% (p<0.001). The proximal adjacent segments also demonstrated 

significantly increased albumin immunoreactivity at 5 hours post-SCI (1 segment rostral = 

7.72 ± 1.53 DABwt%, p<0.05, 1 segment caudal = 9.58 ± 3.93 DABwt%, p<0.001). At 24 hour 

post-SCI albumin immunoreactivity was maximal, recording 24.64 ± 2.77 DABwt% within the 

injury epicentre, and remained highly significant when compared to sham (p<0.001). 

Similarly both 1 segment rostral and 1 segment caudal demonstrated further increases in 

albumin immunoreactivity at 24 hours post-SCI (DABwt% = 10.68 ± 1.99 and 11.33 ± 3.08 

respectively, p<0.001). Albumin immunoreactivity decreased within the injury epicentre at 3 

days post-SCI though remained significantly above sham levels (DABwt% = 13.09 ± 1.79, 

p<0.001). Whilst 1 segment caudal remained significantly above sham levels at 3 days post-

SCI (DABwt% = 8.73 ± 3.13, p<0.001), 1 segment rostral became comparable to sham levels 

with no significant difference observed when compared to sham (DABwt% = 6.76 ± 1.03). At 

2 weeks post-SCI all adjacent segments of spinal cord remained comparable to sham 

albumin immunoreactivity. However, despite albumin immunoreactivity decreasing within 

the injury epicentre by 2 weeks post-SCI, a significant increase was still detected when 

compared to sham levels (DABwt% = 9.05 ± 2.43, p<0.001).  
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Figure 5.15: Semi-quantitation of albumin immunoreactivity following the balloon 
compression model of SCI. Albumin immunoreactivity was significantly increased within the injury 
epicentre and proximal adjacent segments at 5 hours post-SCI (A). Further increases were detected 
at 24 hours post-SCI (B) within the injury epicentre and proximal adjacent segments. By 3 days post-
SCI (C) albumin immunoreactivity decreased within the injury epicentre though remained 
significantly above sham levels. 1 segment rostral became comparable to sham levels, whilst 1 
segment caudal remained significantly increased when compared to sham. At 2 week post-SCI (D) 
albumin immunoreactivity within all adjacent segments were comparable to sham levels. At this time 
a decrease was observed within the injury epicentre though remained significantly above sham 
levels. 3=3 segments rostral, 1 = 1 segment rostral, 0 = injury epicentre, -1 = 1 segment caudal, -3 = 3 
segments caudal. * denotes p<0.05,  *** denotes p<0.001. 
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Figure 5.16: Albumin immunoreactivity following the balloon compression model of SCI. 
Sham sections of spinal cord (A) demonstrated minimal albumin immunoreactivity. At 5 hours post-
SCI (B) increased albumin immunoreactivity was observed predominantly within the injury epicentre 
and slightly within the immediately adjacent segments. Further increases were seen at 24 hour post-
SCI (C) within the injury epicentre and the adjacent segments. By 3 day post-SCI (D) albumin 
immunoreactivity begins to decrease both within the injury epicentre and the adjacent segments. By 
2 weeks post-SCI (E) minimal albumin immunoreactivity was seen within the adjacent segments and 
only modest amounts were observed within the injury epicentre. Scale bar = 1 mm. 
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APP immunoreactivity 

APP immunoreactivity was assessed to determine the extent of axonal injury within the 

white matter of the spinal cord following the balloon compression model of SCI (figure 5.17 

& 5.18). Sham sections of spinal cord demonstrated no APP positive axonal 

immunoreactivity. At 5 hours post-SCI, APP positive axons were present within the injury 

epicentre and within 1 segment rostral to the injury (49.86 ± 49.01 and 78.00 ± 147.18 

respectively). At 24 hours post-SCI, APP immunoreactivity further increased to 131.20 ± 

195.43 within the injury epicentre, whilst the adjacent segments similarly demonstrated 

increased APP immunoreactive axons when compared to sham (1 segment rostral = 53.20 ± 

52.95, 1 segment caudal = 88.80 ± 116.63). A further increase to 224.2 ± 78.38 was observed 

within the injury epicentre by day 3 post-SCI, becoming significantly greater than sham 

(p<0.001). Similarly, 1 segment caudal significantly increased at this time, reaching 171.60 ± 

216.82 (p<0.05). At 2 weeks post-SCI, APP positive axons decreased within the injury 

epicentre to 46.60 ± 28.66 and no longer remained significantly different when compared to 

sham, however, considerable loss of tissue was observed. In contrast, both proximal 

adjacent segments remained significantly elevated above sham levels (1 segment rostral = 

110.80 ± 66.98, 1 segment caudal = 118.40 ± 63.09) 
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Figure 5.17: Assessment of APP immunoreactivity following the balloon compression 
model of SCI. No APP immunoreactive axons were present in sham sections (Sham = 0). Increased 
APP immunoreactive axons were present within the injury epicentre and 1 segment rostral at 5 hours 
post-SCI (A). At 24 hours post-SCI (B) further increases were observed within the injury epicentre and 
within 1 segment caudal. By 3 days post-SCI (C) a significant increase in APP positive axons was 
observed within the injury epicentre and 1 segment caudal when compared to sham. At 2 weeks 
post-SCI the amount of APP positive axons within the injury epicentre had decreased, however, the 
immediately adjacent segments of spinal cord remained significantly elevated above sham levels. 3=3 
segments rostral, 1 = 1 segment rostral, 0 = injury epicentre, -1 = 1 segment caudal, -3 = 3 segments 
caudal. * denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001. 
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Figure 5.18: APP immunoreactivity following the balloon compression model. At 5 hours 
post-SCI (A) a slight increase in APP immunoreactive axons can be seen within the injury epicentre 
and adjacent segments. By 24 hours post-SCI (B) further increases in APP immunoreactive axons 
were observed both within the injury epicentre and the adjacent segments. At 3 days post-SCI (C) 
widespread APP immunoreactive axons were visible within the injury epicentre whilst moderate APP 
positive axons remained present within the adjacent segments. At 2 weeks post-SCI (D) minimal APP 
positive axons were present within the injury epicentre and the adjacent segments. Cross section 
scale bar = 1mm, higher magnification scale bar = 100 µm.  
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NeuN immunoreactivity 

NeuN immunoreactivity was assessed to determine the extent of neuronal loss within the 

grey matter of the spinal cord following balloon compression induced SCI (figure 5.19 & 

5.20). Sham sections of the spinal cord demonstrated intense NeuN immunoreactivity with a 

median ranking of 8. At 5 hours post-SCI a significant loss of NeuN immunoreactivity to a 

median ranking of 1 was observed within the injury epicentre (p<0.001), likely due to 

substantial disruption of the tissue. A further loss within the injury epicentre to a median 

ranking of 0 was observed at 24 hours post-SCI (p<0.001). NeuN immunoreactivity within the 

injury epicentre remained significantly decreased when compared to sham for the 

remainder of the assessed time points post-SCI (p<0.001). Neuronal loss within the 

immediate adjacent segments was apparent by 3 days post-SCI with 1 segment both rostral 

and caudal decreasing to a median ranking of 6 and 4 respectively. By 2 weeks post-SCI, 1 

segment rostral decreased to a median ranking of 5, whilst a significant decrease when 

compared to sham was now apparent at 1 segment caudal (median ranking = 4, p<0.001). 3 

segments caudal also demonstrated reduced NeuN immunoreactivity by 2 week post-SCI, 

however, 3 segments rostral showed only minimal neuronal loss. 
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Figure 5.19: Assessment of NeuN immunoreactivity following the balloon compression 
model of SCI. A significant decrease in NeuN immunoreactivity was observed at both 5 (A) and 24 
hours post-SCI (B). NeuN immunoreactivity remained significantly decreased within the injury 
epicentre at both 3 days (C) and 2 weeks (D) post-SCI. Decreased immunoreactivity was also 
apparent within the adjacent segments of the spinal cord at both 3 days and 2 weeks post-SCI, with 
significance reached in 1 segment caudal at 2 weeks post-SCI. 3=3 segments rostral, 1 = 1 segment 
rostral, 0 = injury epicentre, -1 = 1 segment caudal, -3 = 3 segments caudal. ** denotes p<0.01, *** 
denotes p<0.001. 
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Figure 5.20: NeuN immunoreactivity following the balloon compression model of SCI. Sham 
sections of spinal cord (A) demonstrated intense neuronal immunoreactivity. At 5 hours post-SCI (B) 
tissue disruption is apparent, resulting in a visible loss of neuronal staining. Similarly, at 24 hours 
post-SCI (C) no NeuN immunoreactivity is present within the injury epicentre. By 3 days post-SCI (D) 
neuronal loss can be seen within the immediately adjacent segments of the spinal cord and 
extending to 3 segments caudal by 2 weeks post-SCI (E). Scale bar = 500 µm.  
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GFAP immunoreactivity 

GFAP immunoreactivity was assessed to determine the astrocytic response within the white 

matter following the balloon compression model of SCI (figure 5.21). Sham sections of the 

spinal cord showed moderate GFAP immunoreactivity. Decreased GFAP immunoreactivity 

was observed within the injury epicentre over time, however, this is likely due to a loss of 

tissue within this region. No changes in GFAP immunoreactivity were observed within the 

adjacent segments of the spinal cord.  

 

Figure 5.21: GFAP immunoreactivity following the balloon compression model of SCI. Sham 
sections demonstrated normal GFAP immunoreactivity. A loss of GFAP immunoreactivity was 
observed within the injury epicentre over time (B-E). However, no changes in GFAP immunoreactivity 
were evident within the adjacent segments of the spinal cord. Scale bar = 50 µm.  
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Microglial immunoreactivity (ISOB4) 

ISOB4 immunoreactivity was assessed to determine the response of microglia following the 

balloon compression model of SCI (figure 5.22-5.24).  

White Matter 

Sham sections demonstrated small numbers of resting microglia with long fine processes. 

Within the injury epicentre, microglia were observed at both 5 and 24 hours post-SCI. At 24 

hours post-SCI many small round cells can be seen which are likely phagocytic microglia. 

Furthermore, increased immunoreactivity can be seen within the adjacent segments at this 

time. By 3 days and 2 weeks post-SCI greater tissue loss is apparent within the injury 

epicentre and florid microglia are present within the white matter, becoming amoeboid in 

shape by 2 weeks post-SCI. The adjacent segments of spinal cord also demonstrate a gradual 

increase in microglia and over time, with the greatest immunoreactivity observed at 2 weeks 

post-SCI. 

Grey Matter 

Within the grey matter sham sections of spinal cord demonstrated a small amount of resting 

microglial immunoreactivity with fine long processes. At 5 and 24 hours post-SCI increased 

small round cells can be seen within the injury epicentre, which again are likely infiltrating 

phagocytic microglia. The adjacent segments demonstrated an increase in microglial 

immunoreactivity particularly surrounding blood vessels. At 3 days post-SCI greater tissue 

loss was observed within the injury epicentre with many neutrophils present. The adjacent 

segments demonstrated increasing numbers of activated microglia that appeared ramified in 

nature. By 2 weeks post-SCI, increased tissue loss was observed within the injury epicentre 

with larger phagocytic cells noted. The adjacent segments demonstrate increased microglial 

activity with many seen to be fully ramified and amoeboid in appearance, representing 

phagocytic action. 

 

 

Figure 5.22: Representative images of microglia activation. (A) Resting microglia with fine long 
processes (arrows). (B) Small round phagocytic cells present within areas of severe hemorrhage. (C) 
Activated microglia with short ramified processes. (D) Fully activated microglia with very short 
ramified processes and amoeboid shape suggestive of phagocytic activity.  
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Figure 5.23: Microglia immunoreactivity within the white matter following the balloon 
compression model of SCI. Sham sections of the spinal cord (A) demonstrate minimal microglia. At 
5 hours post-SCI (B) few microglia can be seen within the injury epicentre. At 24 hours post-SCI (C) 
increased microglia are present within the injury epicentre and can also be seen within the adjacent 
segments. At 3 days post-SCI (D) microglia remain present within the injury epicentre. The adjacent 
segments also demonstrated increased microglia. By 2 weeks post-SCI (E) many amoeboid shaped 
microglia can be seen within the injury epicentre. In addition, microglia are increasingly present 
within the immediately adjacent segments. Scale bar = 200 µm. 
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Figure 5.24: Microglia immunoreactivity within the grey matter following the balloon 
compression model of SCI. Sham sections (A) demonstrate minimal resting microglia. At 5 hours 
post-SCI (B) amoeboid shaped phagocytic microglia are apparent within the injury epicentre with a 
slight increase in microglia observed within the adjacent segments. At 24 hours post-SCI (C) increased 
microglia are present within the injury epicentre and the adjacent segments. At 3 days post-SCI (D) 
macrophages are still apparent within the injury epicentre whilst ramified microglia can be seen 
within the adjacent segments. By 2 weeks post-SCI (E) microglia appear fully ramified and amoeboid 
in shape within the adjacent segments indicating phagocytic actions. Scale bar = 50 µm.  
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AQP4 immunoreactivity 

AQP4 immunoreactivity was assessed to determine the response of the AQP4 water 

channels to balloon compression SCI. Three specific regions were assessed for AQP4 

immunoreactivity: the perivascular region (figures 5.25 & 5.26), the central canal region 

(figure 5.27 & 5.28), and the subpial region. However, no apparent staining was observed 

within the subpial region and, as such, no assessment of this region was performed. 

Perivascular 

Sham sections of spinal cord demonstrated faint AQP4 immunoreactivity surrounding the 

vasculature within the grey matter. At 5 hours post-SCI increased AQP4 immunoreactivity 

was observed in all adjacent segments of the spinal cord. The injury epicentre was too 

disrupted to analyse the vasculature of the grey matter. At 24 hours post-SCI a further 

increase in AQP4 immunoreactivity was seen within the caudal adjacent segments reaching a 

median ranking of 6. The rostral segments remained elevated above sham levels with a 

median ranking of 5. At 3 days post-SCI the rostral segments remained at a median ranking 

of 5, whilst the caudal segments approached sham levels with a median ranking of 4. By 2 

weeks post-SCI some vessels were seen within the injury epicentre with minimal AQP4 

immunoreactivity present, resulting in a significant decrease to a median ranking of 0. At this 

time 1 segment caudal was also found to be significantly decreased to a median ranking of 1. 

In addition, 3 segments caudal and 1 segment rostral also demonstrated reduced AQP4 

immunoreactivity whilst 3 segments rostral remained comparable to sham levels.  
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Figure 5.25: Assessment of AQP4 immunoreactivity in the perivascular region following the 
balloon compression model of SCI. (A) At 5 hours post-SCI all adjacent segments to the injury 
epicentre demonstrated elevated AQP4 immunoreactivity. At 24 hours post-SCI (B) further increase 
were seen within the caudal segments though they were not significantly different to sham. By 3 
days post-SCI (C) the rostral segments remained elevated above sham levels, whilst the caudal 
segments began to approach sham levels. At 2 weeks post-SCI (D) a significant decreased was 
observed within the injury epicentre and at 1 segment caudal when compared to sham. 1 segment 
rostral and 3 segments caudal also demonstrated reduced AQP4 immunoreactivity, whilst 3 
segments rostral remained comparable to sham levels.  
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Figure 5.26: AQP4 immunoreactiivty in the perivascular region following the balloon 
compression model of SCI. (A) shams demonstrate normal faint staining around the blood vessels. 
(B) At 5 hours post-SCI a slight increase in AQP4 immunoreactivity was observed at all adjacent 
segments. (C) At 24 hours post-SCI, increased AQP4 immunoreactivity can be seen along all adjacent 
segments. (D) By 3 days post-SCI, perivascular AQP4 immunoreactivity began to approach sham 
levels particularly in the caudal segments. (E) At 2 weeks post-SCI further decreases in AQP4 
immunoreactivity were observed. Notably no AQP4 immunoreactivity can be seen surrounding the 
vessels within the injury epicentre. Scale bar = 25 µm. 
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Central canal 

Sham sections of spinal cord demonstrated faint AQP4 immunoreactivity within the 

ependymal cells of the central canal with a median ranking of 3. At 5 hours post-SCI a slight 

increase was observed at 1 segment rostral to a median ranking of 4.5, whilst 3 segments 

rostral and caudal demonstrated a small increase to a median ranking of 4.  At 24 hours 

post-SCI further increases were observed with 3 segments rostral (p<0.01) and 1 segment 

caudal obtaining a median ranking of 6, whilst 1 segment rostral and 3 segments rostral had 

a median ranking of 5. By 3 days post-SCI all adjacent segments remained elevated above 

sham with a median ranking of 5. At 2 weeks post-SCI AQP4 immunoreactivity had 

decreased to near sham levels. 

 

 

Figure 5.27: Assessment of AQP4 immunoreactivity in the central canal region following 
the balloon compression model of SCI. At 5 hours post-SCI (A) slight increases in AQP4 
immunoreactivity were observed, with further increases seen at 24 hours post-SCI (B) particularly at 
3 segments caudal which became significantly different when compared to sham. At 3 days post-SCI 
(C) AQP4 immunoreactivity remained elevated above sham levels however, by 2 weeks post-SCI all 
adjacent segments demonstrated reduced AQP4 immunoreactivity comparable to sham.  
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Figure 5.28: AQP4 immunoreactivity in the central canal region following the balloon 
compression model of SCI. Sham sections (A) demonstrated normal immunoreactivity within the 
central canal region. At 5 hours post-SCI (B) a slight increase was observed whilst a further increase 
was apparent at 24 hours post-SCI (C). At 3 days post-SCI (D) all adjacent segments demonstrated 
elevated AQP4 immunoreactivity. At 2 weeks post SCI (E) AQP4 immunoreactivity had reduced 
becoming comparable to sham. Scale bar = 25 µm.  
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5.4 Discussion 

In the present study, we characterised the balloon compression model of SCI in rabbits. The 

balloon compression model was first described by Tarlov and Klinger (Tarlov and Klinger, 

1954) in dogs, and later adapted with further improvements to cats (Martin and Bloedel, 

1973), rats (Martin et al., 1992), primates (Nesathurai et al., 2006) and dogs (Fukuda et al., 

2005). Such studies have demonstrated that the severity of the balloon compression, 

measured by duration or volume of inflation, directly correlates to the extent of the spinal 

cord lesion and the observed behavioural deficits. Moreover, the model is easily 

reproducible. The model has since been described in rabbits (Aslan et al., 2009), although 

characterisation of the model in this species has not been extensive. Here we compare 

functional outcomes with histological assessment, and additionally characterise changes in 

BSCB permeability, edema development and ITP. To the best of our knowledge, no studies 

have examined the role of SP in relation to these outcomes following a balloon compression 

model of SCI.  

 

In the current study, balloon compression induced SCI produced significant motor deficits as 

assessed by the modified Tarlov score. Previous investigations employing the balloon 

compression model of SCI have demonstrated similar significant deficits in neurological 

function (Aslan et al., 2009). Originally, Tarlov and Klinger (Tarlov and Klinger, 1954) 

described that the greatest functional loss, as assessed using the Tarlov score, occurred 

when the largest balloons were applied. Similarly, many studies have since demonstrated 

that larger inflation volumes result in more severe functional deficits, whilst smaller inflation 

volumes result in varying degrees of functional deficits with greater spontaneous recovery 

over time (Vanicky et al., 2001). Our own results demonstrate a significant decrease in 

neurological function, with minimal recovery over the two week assessment period. Whilst 

this represents the severe end of the neurological deficit scale, it is an ideal injury severity 

for assessment of therapeutic interventions since any observed improvements following 

intervention can be attributed to the intervention as opposed to any spontaneous recovery. 

A similar study to our own that employed a balloon compression study in rabbits found that 

only a moderate neurological deficit was observed following both 4 and 24 hours post-SCI 

(Aslan et al., 2009). This is likely due to their smaller balloon diameter of 2mm and pressure 

of 2 atm compared to 4mm and 8 atm used within our own study. The use of such a mild 

injury with only minimal functional deficits after injury is of concern given that human cases 

of SCI are almost never so mild.  
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In addition to assessment of motor deficits using the Tarlov scale, the current study 

examined the frequency of any observed functional movements to more accurately assess 

the extent of functional recovery. We found that the frequency of observed hindlimb 

movements increased at day 10 post-SCI with further increases observed at day 14 post-SCI, 

despite no improvement in the Tarlov score from day 10. These results demonstrate that 

improvements in functional outcome may occur despite not being detected by the modified 

Tarlov score. In previous investigations that have employed the Tarlov or modified Tarlov 

score, frequency of hindlimb movements have not been recorded. Our results show that 

frequency of hindlimb movements is an important additional outcome measure of functional 

recovery that should be examined in conjunction with the modified Tarlov score to provide a 

more accurate assessment.  

 

Sensory function of the hindlimbs was assessed within the current study using the plantar 

prick test for pain withdrawal. A significant decrease in sensory function was observed 

following balloon compression induced SCI with minimal improvement over the 2 week 

assessment period. This is the first study to assess pain sensation in a rabbit model of SCI. It 

is of note that the Von Frey Hair test to assess nociception and the Hargreaves heat test for 

pain withdrawal to high temperatures did not elicit a response in sham animals. These tests 

are commonly used in both rat and mouse models of SCI and have been proven to 

sensitively measure sensory function (Detloff et al., 2012).  However, given that no response 

was observed in sham rabbits following these tests the alternative plantar prick test was 

employed. Sensory function is not commonly assessed, however it is important to 

investigate a variety of functional outcome measures following experimental SCI given that it 

is not only motor function that is impeded following SCI. Our results demonstrate that both 

motor and sensory dysfunctions are observed following the balloon compression model of 

SCI with minimal spontaneous recovery over a 2 week assessment period.  

 

The observed loss in neurological function following the balloon compression model of SCI 

can be attributed to the pathological features observed following histological examination. 

In the current study, the balloon compression model resulted in severe hemorrhage within 

the injury epicentre at both 5 and 24 hours post-SCI. Furthermore, such hemorrhage 

remained apparent, though to a lesser extent, at 3 days post-SCI with small petechial 

hemorrhages still observed at 2 weeks post-SCI. In addition, the hemorrhage was seen to 

spread into the adjacent segments by 24 hours post-SCI and remained apparent until 2 

weeks post-SCI.  Hemorrhagic necrosis was also apparent by 3 days post-SCI as well as cystic 

cavitation by 2 weeks post-SCI. Such pathological features have previously been described in 
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many studies using the balloon compression model (Martin et al., 1992) and other 

experimental models of SCI such as the weight drop (Bresnahan et al., 1991) and clip 

compression (Poon et al., 2007). Furthermore, the observed pathological features are similar 

to those described following human SCI (Hughes, 1984).  

 

In addition to the observed changes in morphological features, axonal injury contributes to 

neurological dysfunction, and was assessed using APP immunohistochemistry. APP was used 

in this study given that it has previously been demonstrated to be a sensitive marker of 

axonal injury (Van Den Heuvel et al., 2000). The results show that APP immunoreactivity was 

present as early as 5 hours post-SCI, with greater increases observed at 24 hours post-SCI. 

Such early increases in APP positive axons is indicative of primary axonal injury caused by the 

primary insult to the spinal cord (Zimmerman et al., 1978). However, the greatest degree of 

axonal injury was observed at 3 days post-SCI both within the injury epicentre and extending 

to the adjacent segments. Furthermore, by 2 weeks post-SCI, APP positive axons remained 

present although to a greater extent within the adjacent segments given the significant loss 

of tissue within the injury epicentre. Such increases in axonal injury days after the primary 

injury are indicative of delayed or secondary axonal injury as previously described 

(Povlishock and Christman, 1995). The axonal injury observed within the current study is 

similar to previous experimental SCI studies (Rosenberg and Wrathall, 1997) (Anthes et al., 

1995). Additionally, the observed pattern of axonal injury adequately replicates the axonal 

damage that occurs following human SCI (Hughes, 1984). 

 

Neuronal loss within the injury site further contributes to reduced neurological function and 

was assessed in the present study using NeuN immunoreactivity. Unsurprisingly, a significant 

reduction in NeuN immunoreactivity was detected within the injury epicentre as early as 5 

hours post-SCI and did not recover for the entire 2 week assessment period. This rapid 

neuronal loss is likely due to the mechanical trauma induced by the primary injury, which 

results in a complete loss of the grey matter within the injury epicentre. Such resultant 

damage has similarly been demonstrated in previous studies using the balloon compression 

model of SCI (Fukuda et al., 2005). In addition, by 2 weeks post-SCI, further neuronal loss 

was observed within the adjacent segments with greater loss seen within the caudal region 

of the injury when compared to the rostral segments. This extended and delayed neuronal 

loss has previously been demonstrated in numerous experimental (Noble and Wrathall, 

1985) and human studies (Hughes, 1984). The cause of such neuronal damage is thought to 

be due to a range of secondary injury processes such as excitotoxicity, free radical 

generation and inflammation (Baptiste and Fehlings, 2006).  
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Given the role of inflammatory secondary injury processes in exacerbating tissue loss, the 

current study examined the astrocytic and microglial response following balloon 

compression induced SCI. The astrocytic response was assessed using GFAP 

immunoreactivity although no changes were detected following SCI. In contrast, previous 

studies employing the balloon compression model have demonstrated that astrocytic gliosis 

develops following injury with processes progressively penetrating the lesion site from 

neighbouring intact spinal tissue (Martin et al., 1992). However, the development of 

astrocytic gliosis was observed from 2 weeks onwards following SCI and as such, the acute 

assessment period employed within this study may not have permitted the development of 

astrocytic gliosis.  

 

Microglia have also been implicated in contributing to further cell death following SCI, and 

accordingly, our study investigated the response of microglia following balloon compression 

induced SCI. Our results demonstrate that microglial numbers increase predominantly in the 

penumbra of the injury epicentre within 24 hours of injury and increase further by 3 days 

post-SCI. Previous studies have similarly demonstrated that microglia populations proliferate 

following spinal cord injury (Schwab et al., 2001). Furthermore, our own studies found that 

by 2 weeks post-SCI they appear amoeboid in shape, indicating they were fully activated and 

phagocytic in nature by this time (Ransohoff and Perry, 2009). The ability of microglia to 

engulf dead cell bodies has long been known (Ferrer et al., 1990) (Mallat et al., 2005). 

Additionally, it has been suggested that microglia contribute to further cell death following 

injury. Indeed, numerous in vitro studies have demonstrated that microglia release factors 

that promote cell death such as glutamate (Piani et al., 1991), TNFα (Piani et al., 1991), nitric 

oxide (Chao et al., 1992), interleukin-1β (Tikka and Koistinaho, 2001), and reactive oxygen 

species (David and Kroner, 2011). The early increased microglial population and phagocytic 

appearance by 2 weeks post-SCI correlates to the loss of neuronal cells by this time, thus 

implicating a role for microglia in contributing to secondary cell death following SCI.  

 

Neurogenic inflammation is a secondary injury process caused by the stimulation of 

unmyelinated afferent nerve fibres surrounding blood vessels. Such stimulation results in the 

release of neuropeptides such as SP followed by activation of the NK1 receptor located on 

endothelial cells (Vink et al., 2003). As previously mentioned SP has been implicated in the 

development of neurogenic inflammation following both TBI and stroke (Turner et al., 2006). 

Accordingly, the current study assessed the immunoreactivity of SP and the NK1 receptor 

following balloon compression induced SCI. Similar to the previous experimental models 

assessed, SP immunoreactivity was found to decrease following the balloon compression 
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model, both within the dorsal horn and perivascular regions. The decrease in SP 

immunoreactivity observed within the injury epicentre is largely due to the severe tissue 

disruption apparent within this region. Furthermore, such disruption within the injury 

epicentre accounted for our inability to assess epicentre perivascular immunoreactivity. 

Nonetheless, the adjacent segments exhibited declines in SP immunoreactivity that was 

maximal by 3 days following injury. Whilst this study is the first to assess SP following a 

balloon compression model, similar results have been reported following a weight drop 

model. Indeed, Faden et al (Faden et al., 1985) found that SP significantly decreased within 

the injury epicentre maximally at 1 week following injury. However, no differences in SP 

immunoreactivity were observed within the adjacent segments, although, the adjacent 

segments in their study (Faden et al., 1985) were further from the injury epicentre than 

those assessed in the current study. In addition, studies that employed a transection model 

of SCI similarly demonstrated decreased SP within the injury epicentre although they found 

increased levels caudal to the lesion site (Sharma et al., 1990). These results differ to our 

own and demonstrate the varying response of SP to injury induced by different models. 

Indeed, a model of transient spinal cord ischemia in the rabbit resulted in no change in SP 

expression (Rybarova et al., 1999), implicating the requirement of trauma to induced 

alterations in the expression of SP following injury.  

 

Our own results suggest that SP is released from the dorsal horn stores following injury as 

indicated by the gradual depletion of SP over time. Interestingly, the perivascular 

immunoreactivity demonstrated a decline in SP following injury, which differs to previous 

investigations following TBI and stroke where an increase in perivascular SP was observed 

(Turner et al., 2006). Sharma and colleagues (Sharma et al., 1990) have shown that SP is 

increased at 1-2 hours post-SCI within the dorsal horn of the grey matter, suggesting that in 

the current study, an earlier time point may have been required to observe such an increase. 

The binding of SP to the NK1 receptor may have subsequently caused internalisation 

(O'Connor et al., 2004) and a reduction in the observed perivascular immunoreactivity.  

 

As previously mentioned, the localisation of the NK1 receptor in the spinal cord has been 

extensively studied, with results demonstrating that the highest expression of the NK1 

receptor is found within the dorsal horn, intermediolateral cell column and lamina X of the 

spinal cord (Nakaya et al., 1994). The current study is the first to assess the response of the 

NK1 receptor to balloon compression induced SCI. Consistent with previous studies, our 

results demonstrate high NK1 immunoreactivity within the dorsal horn region of the grey 

matter. Following injury, NK1 immunoreactivity increased within the injury epicentre. 
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However, interpretation is made difficult given the non-specific staining that was associated 

with the significant disruption of tissue. Within the adjacent segments, an early increase was 

noted within 24 hours following injury, before a marked decrease in immunoreactivity 

became apparent. The initial increase may have been in response to the release of SP, 

resulting in an up-regulation of its receptor. Indeed, following a transection model of SCI, an 

up-regulation of the both the NK1 receptor (Vita et al., 1990) and SP (Sharma et al., 1990) 

have been reported below the lesion level. Following binding and activation of the receptor, 

internalisation of both the receptor and ligand occurs (O'Connor et al., 2004), thus 

potentially causing a reduction in NK1 receptor immunoreactivity. Taken together, both the 

changes in SP and NK1 receptor immunoreactivity provide strong evidence for the 

development of SP mediated neurogenic inflammation. 

 

The process of neurogenic inflammation is characterised by vasodilation, plasma protein 

extravasation and edema (Woie et al., 1993). The binding of SP to the NK1 receptor 

increases vessel permeability, leading to plasma extravasation and BBB breakdown (Hokfelt 

et al., 2001). Furthermore, recent studies have demonstrated increased SP immunoreactivity 

associated with BBB disruption, resulting in vasogenic edema and worsened neurological 

function following both TBI and stroke (Turner et al., 2006). Accordingly, the current study 

assessed the integrity of the BSCB following the balloon compression model of SCI. Evan’s 

Blue extravasation was assessed at 5 and 24 hours post-SCI, with a significant increased 

observed within the injury epicentre at both time points, although greater at 24 hours 

following injury. While the current study is one of the first to characterise BSCB permeability 

following a balloon compression model, numerous studies have similarly demonstrated that 

BSCB disruption is significantly increased at both 5 and 24 hours post-SCI following  weight 

drop (Tian et al., 2009), clip compression (Austin et al., 2012), transection (Noble and 

Wrathall, 1987) and forceps compression (Jaeger and Blight, 1997) model of SCI.  

 

Further analysis of the BSCB permeability using albumin immunoreactivity provided more 

support for increased BSCB permeability within the injury epicentre at both 5 and 24 hours 

following injury. It is likely that such barrier permeability within the injury epicentre is 

primarily due to mechanical disruption given the severe hemorrhage apparent at this time 

point. However, increased BSCB was apparent within the adjacent segments at 24 hours 

post-SCI, indicating a spread of barrier disruption in the rostrocaudal direction. Such results 

are consistent with previous experiments where BSCB permeability was apparent within 

spinal segments beyond the injury site (Noble and Wrathall, 1989b). Our own study 

demonstrated that albumin immunoreactivity remained present at 3 days post-SCI, although 
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by 2 weeks post-SCI only the injury epicentre remained significantly increased when 

compared to sham. These results imply that restoration of the BSCB occurred within the 

adjacent segments by 2 weeks post-SCI. Whilst these results support previous investigations 

where BSCB permeability was gradually restored over time (Schwartz, 2005), considerable 

debate remains over the timing of BSCB restoration. Some studies have proposed that a 

second phase of BSCB permeability transpires following injury as early as 3 days post-SCI 

(Pan et al., 1999), although such results were not observed here. In comparison, Popovich 

and colleagues (Popovich et al., 1996) have demonstrated that a second phase of BSCB 

permeability occurs later at 28 days following injury, presumably due to revascularisation. 

However, given the acute assessment period in the current study no further alterations in 

BSCB permeability were observed.  

 

Increased BSCB permeability is known to result in the development of vasogenic edema 

following a balloon compression of SCI (Griffiths, 1975). It has also been well characterised 

that following severe SCI, persistent spinal cord edema is present at the trauma site 

(Griffiths, 1975) with delayed spread to adjacent segments (Nemecek et al., 1977, Demediuk 

et al., 1990). Our own results show that increased edema was confined to the injury 

epicentre at 5 and 24 hours post-SCI. The developed edema was likely vasogenic in nature 

given the EB extravasation results. Interestingly, at 3 days post-SCI an even greater increase 

in edema was observed within the injury epicentre. At this time a rostrocaudal spread of 

edema into the uninjured adjacent segments was also apparent with significantly increased 

water content. Such changes have previously been described (Nemecek et al., 1977) and are 

thought to be due to ultrafiltration rather than exudation that occurs in vasogenic edema. 

This is supported by our own results given that spread of edema at 3 days post-SCI with 

minimal extravasation of albumin within these segments, suggesting that the developed 

edema within these regions was not vasogenic in nature.  

 

Previous studies of AQP4-null mice have demonstrated the importance of AQP4 water 

channels as a principal molecular pathway for water permeability in the brain (Ma et al., 

1997). In a model of brain freeze-injury, thought to produce predominantly vasogenic 

edema, AQP4-null mice demonstrated worsened outcome (Papadopoulos et al., 2004). 

Similarly, following a contusion model of SCI, AQP4 null mice demonstrated increased 

edema development, cyst formation and worsened neurological outcome (Kimura et al., 

2010). Such results implicate a protective role for AQP4 in facilitating the removal of excess 

water. In contrast, following a forceps compression model of SCI AQP4 null mice 

demonstrated reduced edema and improved neurological function (Saadoun et al., 2008), 
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thus implicating a role for AQP4 in facilitating water entry into the spinal cord tissue. 

Differences in experimental models could be responsible for the observed dissimilarities in 

outcomes. However, up-regulation of AQP4 has been associated with reduced edema 

development in both contusion (Nesic et al., 2006) and clip compression models (Mao et al., 

2011), thus supporting a role for AQP4 in water clearance following SCI. The current study 

demonstrated an initial increase in AQP4 immunoreactivity both within the perivascular 

region and in the ependymal cells of the central canal. This initial increase was followed by a 

decrease at 2 weeks post-SCI within the perivascular region with a return to sham levels 

within the ependymal cells. The initial increase in AQP4 immunoreactivity was apparent as 

far as 3cm from the injury epicentre and thus may be responsible for the increased edema 

development within the adjacent segments at 3 days post-SCI. Alternatively, such an 

increase may be a compensatory mechanism to facilitate clearance of water from the spinal 

cord tissue. Modulation of AQP4 though application of either antagonists or agonists is 

required to better elucidate the role of AQP4 in edema development following SCI.  

 

The development of edema following SCI results in a detrimental increase in ITP, 

subsequently reducing blood perfusion and contributing to further tissue damage (Sharma, 

2005). The extent of ITP attributed damage is debated given that the vertebral canal 

provides some space to accommodate edematous expansion in comparison to the cranium 

(Sypert, 1990). However the current study certainly demonstrates increased ITP following 

balloon compression SCI. There was an immediate increase in ITP, likely caused by an 

expansion of volume due to the severe hemorrhage observed. However, an increase in ITP 

was also apparent over time, which given the increase in edema at 5 hours, may also be 

attributed in part to such edema development. Previous studies have similarly demonstrated 

increases in ITP following SCI that were associated with reduced blood flow and increased 

tissue damage (Saadoun et al., 2008). Furthermore, immediate CSF drainage to reduce 

raised ITP resulted in significantly smaller areas of tissue damage four weeks following a 

contusion injury (Horn et al., 2008). Similarly, Saadoun et al (Saadoun et al., 2008) 

demonstrated that AQP4 deficient mice exhibited reduced edema and spinal cord pressure 

when compared to wildtype mice. Given the substantial increases in edema observed at 3 

days post-SCI within the current study it is hypothesised that at such a time point, even 

greater increases in ITP are likely; this remains to be established.  
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5.5 Conclusion 

The current study has demonstrated that the balloon compression model replicates many 

facets of human SCI such as severe hemorrhage and histopathological changes, axonal injury 

and neuronal loss, increased BSCB permeability and edema, and raised ITP, whilst replicating 

the closed environment of human injury. Furthermore, these results implicate the AQP4 

water channel protein in the development or resolution of edema following injury. Most 

importantly, the changes described in the present study were associated with alterations in 

the immunoreactivity of SP and the NK1 receptor, thus suggesting a role for SP as a mediator 

of neurogenic inflammation following SCI. SP may thus be a potential therapeutic target to 

inhibit neurogenic inflammation following injury. The effect of an NK1 receptor antagonist 

following SCI will subsequently be examined in the next chapter.  
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6.1 Introduction 

The previous chapter has demonstrated that following balloon compression induced SCI, 

there is a release of SP from the dorsal horn region, whilst changes in both SP and NK1 

receptor immunoreactivity within the perivascular region imply activation of the NK1 

receptor. Furthermore, these changes were associated with edema formation and 

haemorrhage, resulting in raised ITP. In addition, BSCB disruption was apparent, suggesting 

the edema was predominantly vasogenic in nature. Whilst these changes may be merely 

concurrent with altered SP immunoreactivity, previously studies have demonstrated that SP 

is responsible for the mediation of neurogenic inflammation following various CNS disorders. 

Indeed, studies of both TBI (Vink et al., 2003, Donkin et al., 2009) and stroke (Turner et al., 

2006) have demonstrated increased SP immunoreactivity that was associated with BBB 

permeability, increased edema, and worsened neurological function. Furthermore, 

posttraumatic administration of an NK1 receptor antagonist reduced BBB permeability and 

genesis of edema whilst improving neurological function (Donkin et al., 2009, Turner et al., 

2011). In addition, a study of intracerebral hemorrhage similarly found that SP was increased 

following injury and that administration of an NK1 receptor antagonist reduced BBB 

disruption and edema (Kleinig, 2010). Given these promising findings the current study 

characterised the effects of an NK1 receptor antagonist (N-acetyl L-tryptophan) on BSCB 

permeability, edema, ITP, histological outcome and functional outcome following a balloon 

compression model of SCI. 

 

6.2 Study Design 

6.2.1 Experimental Injury Model  

Balloon compression model of SCI 

New Zealand white rabbits (n=112) were randomly assigned to sham, vehicle or NAT treated 

groups, and subject to the balloon compression model of SCI as previously described 

(section 2.2.2). Briefly, following anaesthesia animals underwent laminectomy surgery at the 

T12 vertebra. A balloon catheter was then introduced into the epidural space and extended 

4 cm. The balloon was rapidly inflated, inflation maintained for 5 minutes, then deflated and 

removed. Animals were assessed for BSCB permeability, edema measurement, ITP 

measurement, functional outcome or histological outcome as described below.  
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6.2.2 n-acetyl L-tryptophan (NAT) dose-response 

The optimal dose of the NK1 receptor antagonist, NAT, was determined from dose response 

studies using BSCB permeability as determined by EB extravasation as a marker (section 

2.4.1). NAT was administered intravenously at 30 minutes post-SCI at initial doses of 

0.25mg/kg (n=6), 2.5mg/kg (n=5), or 25mg/kg (n=5) based on previously published work 

(Towler and Brain, 1998, Donkin, 2006). For studies with survival times greater than 24 

hours, 2 additional i.v. doses were administered daily on day 1 and 2 post-SCI. 

 

6.2.3 BSCB permeability 

Animals were randomly assigned to sham (n=5), vehicle (n=5) or NAT (n=5) treated groups 

and assessed for BSCB permeability at 5 hours post-SCI using the Evan’s Blue dye 

extravasation method as previously described (see section 2.4). Briefly, EB was injected 

intravenously, and 30 min later (5 h post-SCI) the animals were saline perfused and the 

spinal cord dissected. 1cm spinal cord segments were then assessed for total EB content.  

 

6.2.4 Edema measurement 

Animals were randomly assigned to sham (n=5), vehicle (n=4) or NAT (n=5) treated groups 

and assessed for edema at 3 days post-SCI using the wet weight/dry weight method as 

previously described (see section 2.5). Briefly, animals were administered a lethal injection 

of pentobarbital and the spinal cord was rapidly removed. The spinal cord was then cut into 

1 cm segments and the wet weight obtained. The spinal cord segments were then oven 

dried for 48 hours and the dry weight subsequently determined. The percentage of tissue 

water content was then calculated.  

 

6.2.5 Intrathecal pressure measurement 

Animals were randomly assigned to sham (n=5), vehicle (n=6) or NAT (n=5) treated groups 

and assessed for intrathecal pressure following SCI as previously described (section 2.6). 

Briefly, following trauma, a Codman pressure probe was introduced subdurally to the injury 

epicentre and the intrathecal pressure recorded for a 5 hour monitoring period. Blood 

pressure and blood gases were also monitored to ensure physiological parameters were 

maintained within the normal range, while temperature was maintained using a 

thermostatically controlled heating blanket.  
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6.2.6 Functional outcome 

Animals were randomly assigned to sham (n=6), vehicle (n=6) or NAT (n=6) treated groups 

and assessed for both sensory and motor outcome following SCI as previously described 

(section 2.7). Briefly on days 3, 7, 10 and 14 post-SCI animals were subjected to the sensory 

prick test, and a 5 minute motor function monitoring period which was assessed for the 

modified Tarlov scale and for a hindlimb to forelimb movement ratio.  

 

6.2.7 Histological outcome 

Animals were randomly assigned to sham (n=11), vehicle (n=23) or NAT (n=21) treated 

groups and assessed for histological outcome using immunohistochemical techniques as 

previously described (section 2.8). Briefly animals were perfuse fixed with 10% formalin at 5 

hours, 24 hours, 3 days, or 2 weeks. Spinal cord tissue was then processed and cut for 

assessment of morphological features (H&E stain), SP, NK1 receptor, APP, albumin, GFAP, 

microglia, NeuN and AQP4. All sections were scanned using the nanozoomer (as described in 

section 2.7.5) and then assessed using a ranked intensity scale, with the exception of 

albumin immunoreactivity, which was assessed using the colour deconvolution method 

(section 2.7.5). 
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6.3 Results 

6.3.1 NAT dose response 

To confirm the optimal dose of NAT following SCI, a dose response study examining 0.25 

mg/kg through to 25 mg/kg NAT was performed using BSCB permeability (figure 6.2). Sham 

animals demonstrated minimal Evan’s Blue extravasation with 6.93 ± 1.25 µg EB/g tissue 

measured along all segments of the spinal cord. After injury, there was a significant increase 

in EB extravasation at the epicentre with the 3 dosages of NAT being comparable in effect 

(figure 6.1). However, the largest dose demonstrated worsened outcome at 1 segment 

caudal when compared to vehicle treatment (p<0.05) while the other lower doses were 

comparable. Since previous neurotrauma studies successfully employed 2.5 mg/kg (Donkin 

et al., 2009, Turner et al., 2011), this dose of NAT was chosen for the remainder of the study.  

 

 

Figure 6.2: NAT dose-response – EB extravasation at 5 hours post-SCI. Both vehicle and all 

NAT treatments demonstrated a significant increase within the injury epicentre. However, the 

highest dosage of NAT (25mg/kg) resulted in significant increase at both 1 segment caudal and 3 

segments rostral when compared to sham. *denotes p<0.05, ***denotes p<0.001.  
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6.3.2 BSCB Permeability– Evan’s Blue extravasation  

Sham animals demonstrated minimal Evan’s Blue extravasation with an average of 6.93 ± 

1.25 µg EB/g tissue measured along all segments of the spinal cord (figure 6.1). At 5 hours 

post-SCI a significant (p<0.001) increase in EB extravasation was observed within the injury 

epicentre of vehicle treated animals. No difference was seen following NAT treatment with a 

significant (p<0.001) increase to 15.55 ± 1.43 µg EB/g tissue apparent within the injury 

epicentre. Whilst no significant increases were observed within the adjacent segments of 

vehicle treated animals, a significant increase (0.01 < p < 0.05) in EB permeability was seen in 

the immediate adjacent segments of NAT treated animals when compared to sham, albeit 

that there was no significant difference between vehicle and NAT treated groups.  

 

 

Figure 6.1: The effect of NAT administration on Evan’s Blue extravasation following SCI. A 

significant increase was observed in both vehicle and NAT treated groups within the injury epicentre 

at 5 hours post-SCI when compared to sham animals. No significant increases were observed within 

the adjacent segments of vehicle treated animals. In contrast, NAT treated animals demonstrated a 

significant increase within the immediate adjacent segments, however no significant difference was 

detected between vehicle and NAT treated groups. 3=3 segments rostral, 2 = 2 segments rostral, 1 = 

1 segment rostral, 0 = injury epicentre, -1 = 1 segment caudal, -2 = 2 segments caudal, -3 = 3 

segments caudal. * denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001. 
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6.3.3 Edema measurement 

The spinal cord tissue water content of sham animals was 65.55 ± 2.08% (figure 6.3). At 3 

days post-SCI a significant increase (p<0.001) in spinal cord water content to 77.47 ± 1.00% 

was observed within the injury epicentre. A significant increase in tissue water content 

following injury was also observed at 1 segment rostral (p<0.05) and caudal (p<0.001) to 

68.82 ± 1.39% and 70.4 ± 1.56% respectively. No difference in tissue water content was seen 

following NAT administration when compared to vehicle treated animals. Interestingly, a 

significant increase was observed following NAT treatment within the distally caudal 

segment of the spinal cord when compared to sham (p<0.05).  

 

 

Figure 6.3: The effect of NAT administration on edema development following SCI. A 
significant increase was observed within the injury epicentre of vehicle and NAT treated groups when 
compared to sham. Significant increase for both treatment groups were also seen 1 segment rostral 
and caudal to the injury epicentre. A significant increase was observed at 3 segments caudal to the 
injury in the NAT treated group, but not the vehicle treated group. No significant differences were 
observed between the vehicle and NAT groups along any segment of the spinal cord. 3=3 segments 
rostral, 1 = 1 segment rostral, 0 = injury epicentre, -1 = 1 segment caudal, -3 = 3 segments caudal. * 
denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001.  

 

 

 

 



Chapter 6: The effect of an NK1 receptor antagonist following SCI 

174 
 

6.3.4 Intrathecal pressure measurement 

The intrathecal pressure of sham animals was 0.65 ± 1.61 mmHg at the beginning of the 

recording period then stabilised and reached 3.75 ± 1.26 mmHg by the end of monitoring 

(figure 6.4a). An immediate significant increase in ITP was observed following injury with 

vehicle treated animals recording 5.31 ± 3.98mmHg (p<0.001) at 30 min post-SCI. ITP 

continued to gradually rise, reaching a maximal ITP of 7.36 ± 0.79 mmHg by the end of 5 

hour monitoring period (p<0.001). A similar significant increase in ITP was observed within 

the NAT treated group at the beginning of the monitoring period with a recorded ITP 

measurement of 6.82 ± 1.48 mmHg (p<0.001). A gradual increase in ITP was similarly seen in 

the NAT treated group reaching a maximal recording of 9.42 ± 1.34 mmHg at the end of the 

monitoring period (p<0.001). Both vehicle and NAT treated groups were significantly 

different to sham for the entire monitoring period. Whilst the NAT treated animals appear to 

trend slightly higher, no significant difference was observed between groups over time 

(difference in ITP from beginning to the end of monitoring, figure 6.4b). 

 

 

 

Figure 6.4: The effect of NAT administration on ITP following SCI. (A) A significant increase in 
ITP was observed following injury and was maintained for the entire monitoring period. NAT 
administration following injury did not alter the ITP measurement with a significant difference noted 
between sham and NAT treated groups. No significant difference was detected between vehicle and 
NAT treated animals. (B) When the increases in ITP were assessed as a difference over time no 
significant difference was found between vehicle and NAT treated animals.  
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6.3.5 Functional outcome 

Sensory function – prick test 

Sham animals demonstrated normal sensory function over the 14 day assessment period, 

confirming that the surgical procedure did not affect sensory function (figure 6.5). Vehicle 

treated animals demonstrated a significant decrease on day 3 post-SCI to 11.75 ± 4.57 and 

13.00 ± 6.38 for the left and right hindlimbs, respectively (p<0.001). Some spontaneous 

improvement was observed over the assessment period and by day 14 the pain withdrawal 

score was 17.00 ± 4.96 and 16.50 ± 4.43 for the left and right hindlimbs, respectively 

(p<0.001). NAT animals similarly demonstrated a significant decrease in sensory function 

following injury, obtaining a pain withdrawal score of 13.00 ± 2.98 and 10.00± 4.99 for the 

left and right hindlimbs, respectively, on day 3 post-SCI (P<0.001). NAT treated animals did 

show a slight improvement in sensory function by days 10 and 14, however remained 

significantly different when compared to sham animals. There were no significant 

differences between NAT and vehicle treated animals over the entire assessment period. 

 

 

 

Figure 6.5: The effect of NAT administration on sensory function following SCI. A significant 
decrease in sensory function was observed in both the left (A) and right (B) hindlimbs of vehicle 
treated animals following SCI. NAT treated animals similarly demonstrated significant decreased 
following injury when compared to sham. A slight improvement over the assessment period was 
observed for both vehicle and NAT treated groups, though remained significantly different when 
compared to sham. Vehicle and NAT treated groups had similar sensory function throughout the 
assessment period.  
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Motor function - Modified Tarlov Scale 

Sham animals demonstrated normal motor function on all days following sham surgery, 

confirming that the surgical procedure does not affect motor function (figure 6.6a). 

Following injury, vehicle treated animals demonstrated a significant decrease in hindlimb 

motor function with severe paralysis observed on days 3 and 6 post-SCI. NAT treated animals 

similarly demonstrated a significant decrease in hindlimb motor function post-SCI when 

compared to sham. However, on day 6 post-SCI a significant improvement was observed in 

NAT treated animals when compared to vehicle treated animals. Whilst NAT treated animals 

maintained a greater level of motor function, no significant difference was observed 

between the vehicle and NAT treated groups on any other assessment day. Both vehicle and 

NAT treated groups remained significantly worse than sham for the entire assessment 

period.  

 

Motor function - hindlimb to forelimb ratio 

The frequency of the hind limb movement was recorded as the number of hindlimb 

movements per 20 forelimb steps (figure 6.6B). Sham animals demonstrated normal 

movement with every forelimb step followed by a hindlimb step, resulting in a 100% normal 

hindlimb movement. Vehicle treated injured animals showed no hind limb movement on day 

3 and subsequently recorded 0% for the frequency of hind limb movement. Thereafter, 

there was a gradual increase in the frequency of hindlimb movement reaching 20 ± 15.17% 

by day 14 post-SCI. NAT treated animals demonstrated earlier increases in the frequency of 

hindlimb movement with 10.83 ± 12.81% recorded on day 6 post-SCI, achieving a maximal 

frequency of movement of 25.83 ± 18.82% observed on day 14 post-SCI. However on all 

assessed days post-SCI, vehicle and NAT treated animals remained significantly worse than 

sham. No significant difference in motor function was observed between treatment groups.  
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Figure 6.6: The effect of NAT administration of motor function following SCI. (A) a significant 
decrease in motor function was observed in both treatment groups post-SCI when compared to 
sham. On day 6 post-SCI NAT treated animals had significantly greater motor function than vehicle 
treated animals. However, on remaining assessment days, vehicle and NAT treated animals were not 
significantly different. (B) The frequency of hindlimb movement gradually increased in both 
treatment groups over time. Whilst NAT treated animals demonstrated earlier increases in 
movement frequency, no significant difference was observed between groups. Vehicle and NAT 
treated animals were significantly different when compared to sham for the entire assessment 
period.  

 

 

6.3.6 Histological outcome 

Morphological features – H&E staining 

H&E staining was used to assess the general morphological features (figure 6.7). No 

differences in morphological features were observed between treatment groups at any time 

point post-SCI. At 5 hours post-SCI severe hemorrhage was present within the injury 

epicentre, predominantly within the grey matter, with substantial tissue disruption apparent 

within both treatment groups. No hemorrhage was present within the adjacent segments. At 

24 hours post-SCI, severe diffuse hemorrhage was apparent within the injury epicentre and 

greater loss of tissue architecture was observed. This was similar between treatment groups. 

Within the adjacent segments localised hemorrhage was seen predominantly within the 

dorsal aspect of the white matter. By 3 days post-SCI moderate diffuse hemorrhage was 

observed within the injury epicentre, whilst minor hemorrhage was still apparent within the 

adjacent segments in both treatment groups. At 2 weeks post-SCI extensive tissue loss was 

evident with minimal white matter sparing and minor hemorrhage remained apparent for 

both treatment groups. The adjacent segments also demonstrated loss of tissue centred 

within the grey matter and radiating outwards.  
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Figure 6.7: H&E Staining – The effect of NAT administration of the general morphological 
features following SCI: (A) Sham demonstrates normal morphological features of the spinal cord. 
Both vehicle and NAT groups has similar morphological features of hemorrhage and tissue loss. (B) At 
5 hours post-SCI severe hemorrhage is present within the injury epicentre though not within the 
adjacent segments in both treatment groups. (C) At 24 hours post-SCI severe hemorrhage persists 
within the injury epicentre and is also apparent within the adjacent segments though localised to the 
dorsal white matter region in both treatment groups. (D) At 3 days post-SCI significant loss of the 
grey matter with substantial tissue disruption is apparent within the injury epicentre. Diffuse 
moderate hemorrhage remains within the injury epicentre and also localised within the adjacent 
segments of both treatment groups. (E) By 2 weeks post-SCI complete loss of the grey matter and 
substantial white matter loss was observed within the injury epicentre with very minimal 
hemorrhage still seen. Adjacent segments now demonstrate the beginnings of tissue loss within the 
grey matter for both treatment groups. Cross section scale bar = 1 mm, higher magnification scale 
bar = 100 µm.  
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Substance P immunoreactivity 

Two specific regions were assessed for SP immunoreactivity, including the dorsal horn region 

(figures 6.8 & 6.9) where SP is known to be stored, and the perivascular region (figures 6.10 

& 6.11) where SP potentially facilitates BSCB permeability following SCI.  

Grey Matter – Dorsal Horn 

Sham animals demonstrated a moderate level of SP immunoreactivity (median ranking = 6) 

within the grey matter with particular predominance in lamina I and II of the dorsal horn. At 

5 hours post-SCI a significant decrease in SP immunoreactivity within the injury epicentre 

was seen in both vehicle and NAT treated groups when compared to sham (p<0.001). In the 

immediate adjacent segments a slight decrease in SP immunoreactivity was detected in both 

groups however, only the vehicle treated group was significantly different to sham. At 24 

hours post-SCI a further decrease was observed within the injury epicentre of both 

treatment groups when compared to sham (vehicle = 0 p<0.001; NAT = 1 p<0.01). The 

adjacent segments remained slightly decreased when compared to sham, with significance 

seen only at 1 segment caudal of the vehicle treated group. At 3 days post-SCI SP 

immunoreactivity remained significantly decreased within the injury epicentre of both 

treatment groups (p<0.001). Interestingly, at 1 segment caudal to the injury site vehicle 

treated animals displayed significantly reduced SP immunoreactivity with a median ranking 

of 2 (p<0.001), whilst NAT treated animals remained higher with a median ranking of 4. 

However, this difference between treatment groups was not significant. By 2 weeks post-SCI 

almost no SP immunoreactivity was observed within the injury epicentre of both treatment 

groups, and thus was significantly decreased when compared to sham (p<0.001). Whilst SP 

immunoreacitivity at 1 segment caudal became more comparable between the treatment 

groups with vehicle and NAT treated groups recording a median ranking of 2 and 2.5 

respectively, only the vehicle treated group reached a significant difference when compared 

to sham. At 1 segment rostral SP immunoreactivity decreased further to 2 in vehicle treated 

animals, but remained at 4 in NAT treated animals, though no significant difference was 

detected. SP immunoreactivity was comparable between treatment groups at 3 segments 

caudal through both displayed slight decreases when compared to sham. SP 

immunoreactivity at 3 segments rostral for both vehicle and NAT treated groups remained 

comparable to sham levels at all times post-SCI. 

 

 



Chapter 6: The effect of an NK1 receptor antagonist following SCI 

180 
 

 

Figure 6.8: Assessment of the effect of NAT treatment on SP immunoreactivity within the 
dorsal horn region following SCI. At 5 hours post-SCI (A) a significant decrease was observed 
within the injury epicentre of both vehicle and NAT treated groups. At this time vehicle treated 
animals also demonstrated a significant decrease in SP immunoreactivity 1 segment rostral and 
caudal to the injury site, however a significant difference was not seen in the NAT treated group. At 
24 hours post-SCI (B) a further decrease was seen within the injury epicentre of both treatment 
groups. 1 segment caudal remained slightly decreased with only the vehicle treated groups again 
being significantly different to sham. By 3 days post-SCI (C) SP immunoreactivity remained 
significantly decreased in both treatment groups. At 1 segment caudal a highly significant decrease 
was seen in the vehicle treated group but not in the NAT treated group, though no significant 
difference was seen between the treatment groups. At 2 weeks post-SCI (D) both treatment groups 
remained significantly decreased within the injury epicentre when compared to sham. At 1 segment 
caudal both treatment groups were comparably decreased when compared to sham, however, at 1 
segment rostral vehicle treated animals demonstrated a greater decrease in SP immunoreactivity 
than that observed in NAT treated animals. The distally adjacent segments remained comparable 
between treatment groups with a slight decrease seen at 3 segments caudal and comparable 
immunoreactivity to sham observed at 3 segments rostral. 3=3 segments rostral, 1 = 1 segment 
rostral, 0 = injury epicentre, -1 = 1 segment caudal, -3 = 3 segments caudal. * denotes p<0.05, ** 
denotes p<0.01, *** denotes p<0.001. 
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Figure 6.9: The effect of NAT administration on SP immunoreactivity within the dorsal horn 
region following SCI. (A) Sham sections demonstrated moderate SP immunoreactivity within the 
dorsal horn. (B) At 5 hours post-SCI a marked decrease in SP immunoreactivity can be seen within the 
injury epicentre with a slight decrease observed in the adjacent segments for both treatment groups. 
(C) At 24 hours post-SCI SP immunoreactivity remains decreased within the injury epicentre and a 
slight decrease within the adjacent segments for both treatment groups. (D) At 3 days post-SCI 
almost no SP immunoreactivity is present within the injury epicentre for both treatment groups. 
Within the adjacent segments a greater decrease in SP immunoreactivity was observed in the vehicle 
treated sections compared to the slight decrease seen in the NAT treated sections. (E) By 2 weeks 
post-SCI very little SP immunoreactivity can be seen within the injury epicentre of both treatment 
groups. A marked loss of SP immunoreactivity is also apparent within the adjacent segments for both 
treatment groups. Scale bar = 1 mm. 
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Perivascular 

The perivascular region was assessed within the grey matter of the spinal cord, although as 

previously stated, the injury epicentre could not be examined because of severe tissue 

disruption. Sham animals demonstrated moderate SP immunoreactivity surrounding the 

vasculature with a median ranking of 6. At 5 hours post-SCI a slight decrease was observed 

within all adjacent segments in both treatment groups, except for 3 segments caudal in the 

vehicle treated group, which remained comparable to sham. At 24 hours post-SCI the vehicle 

treated group demonstrated a further reduction with both rostral segments obtaining a 

median ranking of 4, whilst both caudal segments obtained a median ranking of 5. The NAT 

treated group also demonstrated a further reduction with the immediately adjacent 

segments obtaining a median ranking of 5, whilst the more distal segments demonstrated a 

median ranking of 4. By 3 days post-SCI all adjacent segments of the vehicle treated group 

demonstrated a greater decline in SP immunoreactivity with a median ranking of 4. 

However, the NAT treated group demonstrated a restoration in perivascular 

immunoreactivity with all segments obtaining a median ranking of 6, except for 3 segments 

rostral which became slightly elevated above sham. At 2 weeks post-SCI the vehicle treated 

group demonstrate a return to sham levels within the rostral segments becoming equivalent 

to the NAT treated group. In contrast, both caudal segments of the vehicle treated group 

remained below sham levels with 1 segment caudal maintaining a median ranking of 4, 

whilst 3 segments rostral obtained a median ranking of 5. The NAT treated group 

demonstrated similar immunoreactivity to vehicle within the caudal segments at 2 weeks 

post-SCI with an apparent second decline in SP immunoreactivity. No significant differences 

were detected between treatment groups at any time post-SCI. 
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Figure 6.10: Assessment of the effect of NAT treatment on SP immunoreactivity within the 
perivascular region following SCI. (A) At 24 hours post-SCI a slight decrease was observed within 
both treatment groups. (B) At 24 hours post-SCI a further decrease was observed though vehicle 
treatment demonstrated a greater decrease within the rostral segments, NAT treatment 
demonstrated a greater decrease within the more distal segments compared to the more proximal. 
(C) At 3 days post-SCI vehicle treated sections remained below sham levels, whilst NAT treated 
sections returned to sham levels. (D) At 2 weeks post-SCI the rostral segments of both treatment 
groups became comparable to sham. However, the caudal segments of both treatment groups 
demonstrated reduced immunoreactivity when compared to sham.   
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Figure 6.11: The effect of NAT treatment of SP immunoreactivity within the perivascular 
region following SCI. (A) Sham sections demonstrate moderate immunoreactivity surrounding the 
vasculature. (B) At 5 hours post-SCI both treatment groups demonstrate a slight decrease in the 
immediate adjacent segments. (C) At 24 hours post-SCI, SP immunoreactivity remained below sham 
levels in both treatment groups. (D) At 3 days post-SCI, whilst the vehicle treated sections remain 
below sham levels, the NAT treated sections demonstrate a return to sham levels. (E) By 2 weeks 
post-SCI the rostral segments of both treatment groups demonstrate restoration of SP 
immunoreactivity. However, the caudal segments of both treatment groups show reduced 
immunoreactivity when compared to sham. 
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NK1 immunoreactivity 

NK1 receptor immunoreactivity was assessed to determine the effect of NAT administration 

on the response of the NK1 receptor following SCI. Two regions were assessed for NK1 

receptor immunoreactivity, the grey matter (figures 6.12 & 6.13) and the perivascular region 

within the white matter (figures 6.14 & 6.15).  

Grey matter 

Sham sections demonstrated diffuse immunoreactivity within the grey matter with greater 

intensity observed within the dorsal horn resulting in a median ranking of 7. At 5 hours post-

SCI a significant increase in NK1 receptor immunoreactivity to a median ranking to 9 was 

observed within the injury epicentre in both treatment groups (vehicle = p<0.01, NAT = 

p<0.05). However, the adjacent segments remained comparable to sham. At 24 hours post-

SCI the injury epicentre of both treatment groups remained intensely stained with a median 

ranking of 9 (p<0.01). The immediate adjacent segments also demonstrated a slight increase 

centrally within the grey matter following both vehicle and NAT treatment. However the 

more distal adjacent segments showed a slight decrease in immunoreactivity to a median 

ranking of 6 following vehicle treatment, whilst the NAT treated sections remained at sham 

levels. At 3 days post-SCI the injury epicentre still demonstrated increased immunoreactivity 

in both treatment groups although this was no longer significantly different to sham. All 

adjacent segments of both treatment groups demonstrated reduced immunoreactivity when 

compared to sham with a median ranking of 6, except at 3 segments rostral for vehicle 

treatment which further decreased to a median ranking of 5. By 2 weeks post-SCI reduced 

immunoreactivity was apparent although this is likely due to loss of tissue. As such, the grey 

matter region was unable to be assessed at 2 weeks post-SCI. However, the adjacent 

segments demonstrated decreased NK1 receptor immunoreactivity with the immediately 

adjacent segments significantly decreasing to a median ranking of 4 in both treatment 

groups (rostral = p<0.01, caudal p<0.001).  
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Figure 6.12: Assessment of the effect of NAT administration on NK1 receptor 
immunoreactivity within the grey matter following SCI. (A) At 5 hours post-SCI a significant 
increase in NK1 receptor immunoreactivity was observed within the injury epicentre of both 
treatment groups, whilst the adjacent segments remained comparable to sham. (B) At 24 hours post-
SCI the injury epicentre of both treatment groups remained significantly elevated when compared to 
sham. The immediately adjacent segments also slightly increased whilst the distally adjacent 
segments remained comparable to sham. (C) At 3 days post-SCI the injury epicentre remained 
elevated above sham levels in both treatment groups though were no longer significantly difference 
when compared to sham. All adjacent segments demonstrated slightly decreased NK1 receptor 
immunoreactivity. (D) At 2 weeks post-SCI A significant decrease in NK1 receptor immunoreactivity 
was observed in the immediate adjacent segments of both treatment groups. The distally adjacent 
segments also demonstrated reduced immunoreactivity when compared to sham.  
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Figure 6.13: The effect of NAT administration on NK1 receptor immunoreactivity within the 
grey matter following SCI. (A) Sham sections demonstrated intense staining within the grey 
matter predominantly within the dorsal horn. (B) At 5 hours post-SCI, diffuse intense 
immunoreactivity was observed within the injury epicentre of both treatment groups, whilst the 
adjacent segments remained comparable to shams. (C) At 24 hours post-SCI, NK1 immunoreactivity 
remained diffuse within the injury epicentre of both treatment groups, whilst the adjacent segments 
demonstrated slightly increase immunoreactivity. (D) At 3 days post-SCI, diffuse slightly reduced 
immunoreactivity was observed within the injury epicentre of both treatment groups, whilst reduced 
immunoreactivity was observed within the adjacent segments. (E) At 2 weeks post-SCI, NK1 
immunoreactivity reduced within the injury epicentre though likely due to tissue lost. The adjacent 
segments demonstrated a marked decrease in NK1 receptor immunoreactivity for both treatment 
groups.  
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Perivascular 

Sham sections demonstrated faint NK1 receptor immunoreactivity surrounding the 

vasculature with a median ranking of 4. At 5 hours post-SCI a slight increase in NK1 

immunoreactivity was observed within the immediate adjacent segments of both treatment 

groups, whilst 3 segments rostral remained comparable to sham. At 3 segments caudal 

vehicle treated sections demonstrated a slight increase to a median ranking of 5, whilst NAT 

treated segments slightly decreased to a median ranking of 3. However, no significant 

difference was detected between the groups. At 24 hours post-SCI a marked increase in NK1 

receptor immunoreactivity was observed at 1 segment caudal with a median ranking of 7 

obtained for both treatment groups. 1 segment rostral also demonstrated an increase to a 

median ranking of 6 whilst 3 segments rostral slightly increased to a median ranking of 5 in 

both treatment groups. However, a slight decrease was observed at 3 segments caudal with 

a median ranking of 3 obtained for vehicle treatment whilst a slight increase to a median 

ranking of 5 was seen following NAT treatment. No significant difference was observed 

between treatment groups. At 3 days post-SCI both caudal segments demonstrated 

increased NK1 receptor immunoreactivity when compared to sham though slightly greater 

immunoreactivity was seen following NAT treatment than vehicle. The rostral segments 

demonstrated comparable immunoreactivity following vehicle treatment however, NAT 

treated segments remained elevated above sham. By 2 weeks post-SCI all adjacent segments 

of vehicle treated animals returned to sham levels except for 3 segments caudal, which 

remained elevated above sham levels with a median ranking of 6. NAT treated animals 

similarly demonstrated increased immunoreactivity at 3 segments caudal, however, the 

immediately adjacent segments were also increased when compared to sham, whilst at 3 

segments caudal a slight decrease was apparent. No significant difference was detected 

between treatment groups.  
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Figure 6.14: Assessment of the effect of NAT administration on NK1 receptor 
immunoreactivity within the perivascular region following SCI. (A) At 5 hours post-SCI, a slight 
increase was observed in the immediate adjacent segments of both treatment groups. However at 3 
segments caudal whilst vehicle treated animals demonstrated a slight increase, a slight decrease was 
observed in NAT treated animals. (B) At 24 hours post-SCI, a marked increase in perivascular 
immunoreactivity was apparent in the immediate adjacent segments of both treatment groups. A 
slight increase was observed at 3 segments rostral however, at 3 segments caudal vehicle treated 
sections showed a slight decreased, whereas NAT treated sections demonstrated a slight increase. 
(C) At 3 days post-SCI both caudal segments demonstrated increased immunoreactivity though 
slightly greater immunoreactivity was seen following NAT treatment. Likewise, within the rostral 
segments vehicle treated sections demonstrated comparable immunoreactivity to sham, whilst NAT 
treated sections remained elevated. (D) At 2 weeks post-SCI vehicle treated sections returned to 
sham levels except at 3 segments caudal which remained elevated. Conversely, all NAT treated 
sections remained elevated above sham levels except at 3 segments rostral which demonstrated a 
slight decrease. 
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Figure 6.15: The effect of NAT administration on NK1 receptor immunoreactivity within the 
perivascular region following SCI. (A) Sham sections demonstrate normal faint immunoreactivity 
surrounding a blood vessel. (B) At 5 hours post-SCI both adjacent segments demonstrate slightly 
increased immunoreactivity following both treatments. (C) At 24 hours post-SCI a marked increase in 
immunoreactivity is apparent within the adjacent segments of both treatment groups. (D) At 3 days 
post-SCI, the caudal segments of both treatment groups remained elevated. The rostral segments of 
vehicle treated animals appeared comparable to sham whereas NAT treatment remained slightly 
elevated. (E) At 2 weeks post-SCI, the vehicle treated sections demonstrate comparable 
immunoreactivity to sham sections, whilst the NAT sections, particularly within the caudal region, 
remained increased.  
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Albumin immunoreactivity 

Albumin immunoreactivity was assessed to quantify the effect of NAT administration on the 

extent of BSCB permeability following SCI (figures 6.16 & 6.17). Sham sections of spinal cord 

demonstrated minimal albumin immunoreactivity with a DABwt% of 4.7 ± 0.42, indicating 

that sham surgery did not disrupt the BSCB. At 5 hours post-SCI a significant increase in 

albumin immunoreactivity was observed within the injury epicentre in both vehicle and NAT 

treated groups with 22.09 ± 1.25 DABwt% and 24.36 ± 4.05 DABwt% obtained, respectively 

(p<0.001). The immediate adjacent segments also demonstrated significantly increased 

albumin immunoreactivity at 5 hours post-SCI for both treatment groups. In addition, the 

distally adjacent segments were significantly increased following NAT administration when 

compared to sham (p<0.01), whereas vehicle treated animals were comparable to sham. 

However, no significant difference was detected between treatment groups along any 

segment of the spinal cord. At 24 hours post-SCI, maximal BSCB permeability was observed 

within the injury epicentre and immediate adjacent segments of both treatment groups. As 

such, both groups remained significantly increased when compared the sham (p<0.001), 

with albumin immunoreactivity for vehicle and NAT treatment recorded as 24.64 ± 2.77 and 

23.84 ± 1.90 DABwt%, respectively (p<0.001). At 3 days post-SCI, whilst albumin 

immunoreactivity began to decrease within the injury epicentre to 13.09 ± 1.79 DABwt% and 

17.14 ± 3.15 DABwt% respectively for both vehicle and NAT treatment groups, vehicle 

treatment was significantly less than NAT treatment (p<0.001). However both treatment 

groups remained significantly elevated above sham levels (p<0.001). A significant increase in 

albumin immunoreactivity at 1 segment rostral when compared to sham was similar 

between treatment groups (p<0.001). However, at 1 segment caudal no significant 

difference was detected between vehicle and sham animals though a significant increase 

was present in NAT treated animals. Such a trend was also apparent at 3 segments rostral, 

where albumin immunoreactivity was significantly increased in the NAT treated group when 

compared to sham (p<0.001), whilst the vehicle treated group was comparable to sham 

levels. Interestingly, by 2 weeks post-SCI, albumin immunoreactivity within the injury 

epicentre of vehicle treated animals (DABwt% = 9.05 ± 2.43) was significantly greater than 

that of NAT treated animals (DABwt% = 7.11 ± 1.36; p<0.05), though both treatment groups 

remained significantly higher than sham (p<0.001). In addition, at 1 segment rostral the 

vehicle treated group was significantly increased when compared to sham whilst the NAT 

treated group remained comparable to sham levels. At this time, all other segments of the 

spinal cord had returned to sham levels of albumin immunoreactivity.  
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Figure 6.16: Assessment of the effect of NAT treatment on albumin immunoreactivity 
following SCI. (A) At 5 hours post-SCI a significant increase in albumin immunoreactivity was 
detected maximally within the injury epicentre and additionally within the immediate adjacent 
segments with no significant different observed between treatment groups. However, at 3 segments 
rostral and caudal NAT treatment resulted in a significant increase in albumin immunoreactivity 
when compared to sham, though no significant difference was detected between treatment groups. 
(B) At 24 hours post-SCI a significant increase in albumin immunoreactivity was maintained when 
compared to sham within the injury epicentre and immediate adjacent segments, with no significant 
difference detected between treatment groups. (C) At 3 days post-SCI, increased albumin 
immunoreactivity was present within the injury epicentre of both treatment groups, though NAT 
treatment displayed significantly greater immunoreactivity when compared to vehicle treatment. 
Additionally a significant increase was apparent at 3 segments rostral and 1 segment caudal for NAT 
treatment, though no significant difference was detected between treatment groups. (D) At 2 weeks 
post-SCI, a significant increase in albumin immunoreactivity remained within the injury epicentre for 
both treatment groups. However, vehicle treated animals showed greater immunoreactivity when 
compared to NAT treated animals. In addition vehicle treatment demonstrated significantly 
increased immunoreactivity at 1 segment rostral when compared to sham. At all other segments of 
spinal cord albumin immunoreactivity had returned to sham levels. 3=3 segments rostral, 1 = 1 
segment rostral, 0 = injury epicentre, -1 = 1 segment caudal, -3 = 3 segments caudal. * denotes 
p<0.05, ** denotes p<0.01, *** denotes p<0.001, # denotes p<0.05, ### denotes p<0.001.  
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Figure 6.17: The effect of NAT treatment on albumin immunoreactivity following SCI. (A) 
Sham sections of spinal cord demonstrated minimal albumin immunoreactivity. (B) At 5 hours post-
SCI, a marked increase in albumin immunoreactivity is apparent within the injury epicentre with 
slight increases observed within the adjacent segments. No apparent difference is present between 
treatment groups. (C) At 24 hours post-SCI, albumin immunoreactivity remains markedly increased, 
with further increases now present within the adjacent segments, though no apparent differences 
were observed between treatment groups. (D) At 3 days post-SCI, albumin immunoreactivity remains 
increased above sham sections within the injury epicentre and adjacent segments, with slightly 
greater immunoreactivity seen within the NAT treated group. (E) At 2 weeks post-SCI, a further 
decrease in albumin immunoreactivity towards sham levels can be seen within the injury epicentre 
and adjacent sections, though vehicle treated sections show slightly greater immunoreactivity than 
NAT treated sections. Scale bar = 1 mm. 
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APP immunoreactivity 

APP immunoreactivity was assessed to determine the effect of NAT treatment on axonal 

injury following SCI (figures 6.18 & 6.19). Sham sections of spinal cord demonstrated no APP 

positive axonal immunoreactivity. At 5 hours post-SCI, APP immunoreactive axons were 

present within the injury epicentre and were significantly increased (p<0.01) within 1 

segment rostral of vehicle treated sections (49.86 ± 49.01 and 78.00 ± 147.18 respectively). 

NAT treated sections demonstrated increased APP positive axons within the injury epicentre 

to 44.40 ± 43.82, and 3 segments caudal to 20.60 ± 41.13, though no significant difference 

was detected when compared to sham. At 24 hours post-SCI a significant increase (p<0.05) 

in APP positive axons was seen within the injury epicentre of both treatment groups (vehicle 

= 131.20 ± 195.43, NAT = 149.80 ± 102.53). At this time, greater APP immunoreactive axons 

were also present within the immediate adjacent segments of both treatment groups 

though no significant difference was observed when compared to sham or between 

treatment groups. At 3 days post-SCI a further increase in APP immunoreactive axons was 

seen within the injury epicentre of vehicle treated sections reaching 224.20 ± 78.38 (p<0.001 

when compared to sham). Although NAT treated sections demonstrated increased APP 

immunoreactivity within the injury epicentre to 120.40 ± 116.81 no significant difference 

was detected when compared to sham. At this time greater APP immunoreactivity was 

detected within both treatment groups at 1 segment caudal to the injury site (vehicle = 

171.60 ± 216.82, NAT = 253.60 ± 250.74; p<0.001). Additionally, at 1 segment rostral a 

significant increase in APP immunoreactivity to 176.00 ± 71.43 was seen in NAT treated 

sections. Whilst APP positive axons remained increased above sham levels in vehicle treated 

sections to 55.00 ± 49.34 at 1 segment rostral, no significant difference was detected when 

compared to sham. At 2 weeks post-SCI APP immunoreactivity began to decrease towards 

sham levels in both treatment groups within the injury epicentre and adjacent segments. 

However, both treatment groups remained significantly elevated above sham levels at 1 

segment caudal and rostral to the injury site (p<0.001). Within the injury epicentre of NAT 

treated sections APP immunoreactivity remained significantly above sham levels (p<0.001), 

whilst vehicle treated sections were no longer significantly different, although no difference 

between treatment groups was detected.  
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Figure 6.18: Assessment of the effect of NAT on APP immunoreactivity following SCI. (A) At 
5 hours post-SCI, increased immunoreactivity was seen in both treatment groups within the injury 
epicentre. However, a significant increase in APP immunoreactivity was apparent at 1 segment 
rostral of the vehicle treated sections only. (B) At 24 hours post-SCI, a significant increase in APP 
immunoreactive axons was observed within the injury epicentre and a non-significant increase within 
the immediate adjacent segments of both treatment groups. (C) At 3 days post-SCI, increased APP 
immunoreactivity was observed within the injury epicentre though a significant increase was 
detected in vehicle treated sections only. At 1 segment rostral a significant increase was seen in NAT 
treated sections only and at 1 segment caudal both treatment groups demonstrated a significant 
increase in APP positive axons. (D) At 2 weeks post-SCI, the amount of APP immunoreactivity began 
to decrease towards sham levels, although a significant increase in APP immunoreactivity was 
observed within the injury epicentre of NAT treated sections. Immediate adjacent segments, rostrally 
and caudally, demonstrated a significant increase in APP positive axons in both treatment groups. No 
significant difference was detected between groups along any segment of the spinal cord at any time 
point post-SCI. 3=3 segments rostral, 1 = 1 segment rostral, 0 = injury epicentre, -1 = 1 segment 
caudal, -3 = 3 segments caudal. * denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001. 
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Figure 6.19: The effect of NAT administration on APP immunoreactivity following SCI. (A) At 
5 hours post-SCI, some APP positive axons were present within the injury epicentre of both 
treatment groups. Greater APP immunoreactivity was present within the adjacent segment of vehicle 
treated sections than NAT treated sections. (B) At 24 hours post-SCI increased diffuse APP 
immunoreactivity was seen within the injury epicentre, and to a lesser extent the adjacent segments, 
of both treatment groups. (C) At 3 days post-SCI, increased APP positive axons remained present 
within the injury epicentre of both treatment groups though to a greater extent within vehicle 
treated sections. Within the adjacent segments to the injury site APP immunoreactivity remained 
apparent in both treatment groups. (D) By 2 weeks post-SCI, APP immunoreactivity began to 
decrease with minimal APP immunoreactivity detected within the injury epicentre and adjacent 
segments of both treatment groups. Cross section scale bar = 1mm, higher magnification scale bar = 
100 µm.  
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NeuN immunoreactivity 

NeuN immunoreactivity was assessed to determine the effect of NAT administration on the 

extent of neuronal loss following SCI (figures 6.20 & 6.21). Sham sections of the spinal cord 

demonstrated intense NeuN immunoreactivity with a median ranking of 8. At 5 hours post-

SCI a significant loss of NeuN immunoreactivity was observed within the injury epicentre to a 

median ranking of 1 and 2 for vehicle and NAT treated groups, respectively, likely due to 

substantial disruption of the tissue. At 24 hours post-SCI a complete loss of neuronal 

immunoreactivity within the injury epicentre became apparent for both treatment groups 

(median ranking = 0, p<0.01). At 3 days post-SCI neuronal loss was consistent within the 

injury epicentre for both treatment groups. However, neuronal loss was also becoming 

apparent within the adjacent segments of the injury site for both treatment groups, 

particularly at 1 segment caudal (median ranking = 4 and 5 for vehicle and NAT treatment 

groups respectively). At 2 weeks post-SCI complete neuronal loss was still present within the 

injury epicentre of both treatment groups, however further neuronal loss was seen within 

the adjacent segments. Again the greatest site of neuronal loss beyond the injury site was at 

1 segment caudal with both treatment groups now obtaining a median ranking of 4, which 

was significantly different to sham for the vehicle treated sections only (p<0.05). There were 

no significant differences between vehicle and NAT treated animals at any timepoint. 
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Figure 6.20: Assessment of the effect of NAT administration on NeuN immunoreactivity 
following SCI. (A) At 5 hours post-SCI significant neuronal loss was observed within the injury 
epicentre of both treatment groups. (B) At 24 hours post-SCI a complete loss of neuronal 
immunoreactivity was apparent within the injury epicentre of both treatment groups. No restoration 
of NeuN immunoreactivity within this region was observed for the remaining assessed time points. 
(C) At 3 days post-SCI neuronal loss was now apparent within the adjacent segments with the 
greatest loss seen at 1 segment caudal to the injury for both treatment groups. (D) At 2 weeks post-
SCI further neuronal loss was observed within all adjacent segments, though the greatest loss was 
seen at 1 segment caudal with the vehicle treated group becoming significantly different when 
compared to sham. 3=3 segments rostral, 1 = 1 segment rostral, 0 = injury epicentre, -1 = 1 segment 
caudal, -3 = 3 segments caudal. * denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001. 
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Figure 6.21: The effect of NAT administration on NeuN immunoreactivity following SCI. (A) 
Sham sections demonstrated normal intense NeuN immunoreactivity in the neurons of the grey 
matter. At 5 (B) and 24 (C) hours post-SCI marked neuronal loss was observed within the injury 
epicentre of both treatment groups, though little neuronal loss was seen within the adjacent 
segmetns. At 3 days (D) and 2 weeks (E) post-SCI complete neuronal loss was observed within the 
injury epicentre of both treatment groups. By 2 weeks post-SCI a noticeable neuronal loss was 
apparent within the adjacent segments of both treatment groups. Scale bar = 500 µm.  
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GFAP immunoreactivity 

GFAP immunoreactivity was assessed to determine the effect of NAT administration on the 

astrocytic following SCI (figure 6.22). Sham sections of the spinal cord showed moderate 

GFAP immunoreactivity. Decreased GFAP immunoreactivity was observed within the injury 

epicentre over time in both treatment groups, however, this is likely due to a loss of tissue 

within this region. No changes in GFAP immunoreactivity were observed within the adjacent 

segments of the spinal cord in either treatment groups. No differences were observed 

between vehicle and NAT treatment at any time point post-SCI.  
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Figure 6.22: The effect of NAT administration on GFAP immunoreactivity following SCI. 
Decreased GFAP immunoreactivity was observed within the injury epicentre over time in both 
treatment groups, likely due to a loss of tissue. No changes in GFAP immunoreactivity were observed 
within the adjacent segments of vehicle or NAT treatment groups. Scale bar = 50 µm. 



Chapter 6: The effect of an NK1 receptor antagonist following SCI 

202 
 

Microglial immunoreactivity (ISOB4) 

ISOB4 immunoreactivity was assessed to determine the effects of NAT on the microglial 

response following the balloon compression model of SCI. Sham sections of spinal cord 

demonstrated normal microglia staining within the white (figure 6.23) and grey matter 

(figure 6.24). 

White Matter 

Sham sections demonstrate low numbers of resting microglia with long fine processes. After 

injury, few microglia were observed within the injury epicentre at both 5 and 24 hours 

following SCI in both treatment groups. At 24 hours post-SCI many cells with a small round 

phenotype suggestive of phagocytic activity can be seen. Furthermore, increased 

immunoreactive cells can also be seen within the adjacent segments at this time. At 3 days 

post-SCI, tissue loss is apparent and further increases in immunoreactive cells are seen 

within the injury epicentre in both treatment groups. By 2 weeks post-SCI greater tissue loss 

is apparent and florid microglia are present within the white matter, becoming amoeboid in 

shape by 2 weeks post-SCI. At this time, the adjacent segments of spinal cord also 

demonstrate an increased microglia immunoreacitivty, with many amoeboid cells apparent 

within the white matter of both treatment groups. No differences in microglia 

immunoreactivity were observed between vehicle and NAT treated animals.  

Grey Matter 

Sham sections again demonstrate low numbers of resting microglia with fine long processes. 

At 5 hours post-SCI, hemorrhage is visible in addition to small round immunoreactive cells, 

suggestive of phagocytic activity, present within the injury epicentre of both treatment 

groups. At this time, no increases in microglia immunoreactivity can be seen within the 

adjacent segments. At 24 hours post-SCI florid microglia can be seen within the injury 

epicentre whilst the adjacent segments also demonstrate increased microglia particularly 

surrounding the blood vessels within both treatment groups. At 3 days post-SCI greater 

tissue loss was observed within the injury epicentre with many immunoreactive cells still 

present, and becoming larger in size. The adjacent segments demonstrated numerous 

activated microglia that appear ramified in nature. By 2 weeks post-SCI increased tissue loss 

was observed within the injury epicentre with larger phagocytic cells apparent within both 

vehicle and NAT treated sections. The adjacent segments similarly demonstrate florid 

microglial activity with many observed as fully ramified and amoeboid in appearance, 

representing phagocytic actions following both treatment groups. No significant differences 

in microglial immunoreactivity between vehicle and NAT treated groups were observed. 
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Figure 6.23: The effect of NAT administration on microglial immunoreactivity following SCI 
within the white matter. (A) Sham sections demonstrate minimal microglial immunoreactivity. (B) 
At 5 hours post-SCI slight increases in immunoreacitivty were observed in the injury epicentre of 
both treatment groups. (C) By 24 hours post-SCI increased immunoreacitivty was observed within the 
injury epicentre and slight increases within the adjacent segments. (D) At 3 days post-SCI greater 
immunoreactivity can be seen within the injury epicentre of both treatment groups. (E) By 2 weeks 
post-SCI a marked increase in microglia can be seen within the injury epicentre and extending into 
the adjacent segments within both vehicle and NAT treated sections. Scale bar = 200 µm. 
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Figure 6.24: The effect of NAT administration on microglial immunoreactivity following SCI 
within the grey matter. (A) Sham sections demonstrate minimal microglia immunoreactivity. (B) At 
5 hours post-SCI hemorrhage and few microglia can be seen within the injury epicentre of both 
treatment groups. (C) At 24 hours post-SCI increased microglia were apparent within the injury 
epicentre and slightly increased within the adjacent segments. (D) At 3 days post-SCI greater 
immunoreactivity was apparent within the injury epicentre of both treatment groups. At this time 
florid microglia within the adjacent segments appear ramified. (E) By 2 weeks post-SCI a marked 
increase in larger immunoreactive cells can be seen within the injury epicentre of both treatment 
groups. The adjacent segments demonstrated fully activated amoeboid microglia in both vehicle and 
NAT treated sections. Scale bar = 50 µm.  
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AQP4 immunoreactivity 

AQP4 immunoreactivity was used to determine the effect of NAT administration on the 

response of AQP4 water channels following SCI. Two specific regions were assessed for 

AQP4 immunoreactivity, the perivascular region (figures 6.25 & 6.26) and the central canal 

region (figures 6.27 & 6.28).  

Perivascular region 

Sham sections of spinal cord demonstrated faint AQP4 immunoreactivity surrounding the 

vasculature within the grey matter, assessed as a median ranking of 3. At 5 hours post-SCI 

increased AQP4 immunoreactivity was observed at all adjacent segments of the spinal cord 

for both vehicle and NAT treated groups. At 1 segment caudal NAT treated sections 

demonstrated slightly higher AQP4 immunoreactivity with a median ranking of 6 compared 

to the vehicle treated median ranking of 5, though no significant difference was detected. 

The injury epicentre was too disrupted to analyse the vasculature of the grey matter for this 

time point and other early time points post-injury. At 24 hours post-SCI all adjacent 

segments of spinal cord remained elevated above sham levels. The rostral segments 

demonstrated similar AQP4 immunoreactivity for both treatment groups. However within 

the caudal segments the vehicle treated group demonstrated higher immunoreactivity 

particularly at 3 segments caudal where vehicle treated sections obtained a median ranking 

of 6 whilst NAT sections began approaching sham levels with a median ranking of 4. 

Nonetheless, no significant difference between groups was detected. At 3 days post-SCI all 

adjacent segments remained slightly above sham levels with the rostral segments showing 

slightly greater AQP4 immunoreactivity within the vehicle treated group than the NAT 

treated group. By 2 weeks post-SCI, vasculature within the injury epicentre was assessed and 

little AQP4 immunoreactivity was observed with both treatment groups obtaining a median 

ranking of 0, which was significantly decreased when compared to sham (vehicle = p<0.05, 

NAT = p<0.01). At this time, all adjacent segments demonstrated slightly decreased AQP4 

immunoreactivity for both treatment groups, except 3 segments rostral which remained 

comparable to sham levels.  
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Figure 6.25: Assessment of the effect of NAT treatment on AQP4 immunoreactivity 
following SCI. (A) At 5 hours post-SCI, increased AQP4 immunoreactiivty was observed in all 
adjacent segments of the spinal cord for both treatment groups. (B) At 24 hours post-SCI, adjacent 
segments remained elevated above sham levels, however at 3 segments caudal the NAT treated 
sections began to approach sham levels, though was not significantly different to vehicle treated 
sections. (C) At 3 days post-SC,I all adjacent segments remained slightly above sham levels though 
began approaching sham levels. (D) By 2 weeks post-SCI, a significant decrease in AQP4 
immunoreactivity was observed within the injury epicentre of both treatment groups. Whilst at 3 
segments rostral AQP4 immunoreactivity remained comparable to sham, all other adjacent segments 
demonstrated reduced immunoreactivity for both treatment groups.  
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Figure 6.26: The effect of NAT administration of AQP4 immunoreactivity following SCI. (A) 
Faint staining surrounding the vasculature in a normal spinal cord section. At 5 (B) and 24 hours (C) 
post-SCI increased AQP4 immunoreactivity was observed in both treatment groups. (D) At 3 days 
post-SCI AQP4 immunoreactivity became comparable to sham for both treatment groups. (E) By 2 
weeks post-SCI the injury epicentre demonstrated minimal immunoreactivity for both treatment 
groups, whilst the adjacent segments similarly demonstrated faint AQP4 immunoreactivity for both 
treatment groups. Scale bar = 25 µm. 
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Central Canal region  

Sham sections of spinal cord demonstrated faint AQP4 immunoreactivity in the ependymal 

cells of the central canal with a median ranking of 3. At 5 hours post-SCI a slight increase was 

seen particularly within the immediate adjacent segments when compared to sham. At 1 

segment caudal NAT treated sections increased to a median ranking of 5 whilst vehicle 

treated sections remained comparable to sham, although no significant difference was 

detected between treatment groups. At 24 hours post-SCI all adjacent segments 

demonstrated elevated AQP4 immunoreactivity when compared to sham. Within the caudal 

segments greater immunoreactivity was seen within the vehicle treated segments with a 

median ranking of 6 obtained at 1 segment caudal whilst NAT treated sections obtained a 

median ranking of 4. Noticeably at 3 segments rostral vehicle treatment resulted in a 

significant increase (P<0.01) in immunoreactivity when compared to sham (median ranking = 

6) whilst NAT treatment did not, though no significant difference was detected between 

treatment groups. At 3 days post-SCI NAT treated sections began approaching sham levels in 

all adjacent segments with 3 and 1 segment rostral obtaining a median ranking of 3 and 4 

respectively whilst 3 and 1 segment caudal obtained a median ranking of 4 and 3 

respectively. However, vehicle treated sections remained elevated above sham levels with a 

median ranking of 5 for all adjacent segments, though no significant difference was observed 

between treatment groups. By 2 weeks post-SCI both treatment groups demonstrated 

comparable AQP4 immunoreactivity to sham levels at all adjacent segments of the spinal 

cord.  
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Figure 6.27: Assessment of the effects of NAT administration on AQP4 immunoreactivity 
surrounding the central canal following SCI. (A) At 5 hours post-SCI increased AQP4 
immunoreactivity was observed, though greater increases were seen in NAT treated sections than 
vehicle treated. (B) At 24 hours post-SCI further increases in AQP4 immunoreactivity were apparent, 
with greater increases in the caudal segments of vehicle treated sections than NAT treated. (C) At 3 
days post-SCI NAT treated sections demonstrated a return to sham levels whilst vehicle treated 
sections remained elevated at all adjacent segments. (D) At 2 weeks post-SCI both treatment groups 
demonstrated comparable AQP4 immunoreactivity to sham at all adjacent segments of the spinal 
cord.  
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Figure 6.28: The effect of NAT administration on AQP4 immunoreactivity surrounding the 
central canal following SCI in adjacent segments. (A) Sham section of spinal cord demonstrates 
normal AQP4 immunoreactivity surrounding the central canal. At 5 hours post-SCI greater 
immunoreactivity was observed in NAT (C) treated sections than vehicle (B). At 24 hours post-SCI 
vehicle treated sections showed slightly greater AQP4 immunoreactivity. At 3 days post-SCI NAT 
treated sections returned to sham levels whilst vehicle treated segments remained slightly elevated. 
At 2 weeks post-SCI both treatment groups demonstrated reduced AQP4 immunoreactivity that was 
comparable to sham. Scale bar = 25 µm.  
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6.4 Discussion 

The present study has demonstrated that administration of an NK1 receptor antagonist, 

NAT, does not reduce BSCB permeability, edema, ITP or improve neurological function 

following SCI. These results suggest that SP mediated neurogenic inflammation does not play 

a significant role in the development of such processes following traumatic SCI. However, a 

release of SP was observed, demonstrated by reduced SP immunoreactivity, whilst 

perivascular NK1 receptor immunoreactivity initially increased before decreasing. There is 

therefore a suggestion of NK1 receptor activation and internalisation, reflecting SP mediated 

neurogenic inflammation, and questions whether the treatment was successful.  

 

Although only a single dose of NAT was administered on the day of surgery, and for two 

consecutive days for survival times of 3 days or more, such dosage regimes have previously 

been used in acute CNS injury with beneficial outcomes (Donkin et al., 2009, Turner et al., 

2011). Furthermore, whilst NAT is not barrier permeability, our results demonstrate that the 

BSCB was permeable at 5 hours post-SCI, although BSCB permeability was not determined at 

the time of NAT administration (30 min). Given the severe extent of hemorrhage observed 

intravenous administration may not have been sufficient in the delivery of NAT. A more 

direct model of administration, through injection into the intrathecal space, has previously 

been described (Shoichet et al., 2007) and may provide a more efficient alternative method 

of administration for future investigations. However, some differences between vehicle and 

NAT treated groups were observed in the current study, indicating that NAT administration 

was delivered centrally.  

 

Indeed on day 3 post-SCI, after receiving 3 consecutive daily doses of NAT or saline, NAT 

treated animals demonstrated perivascular and dorsal horn SP immunoreactivity that was 

comparable to sham whilst vehicle treated animals demonstrated reduced 

immunoreactivity. Such conservation of SP may be explained by the presence of an NK1 

autoreceptor, which is thought to regulate SP release through a negative feedback loop 

(Malcangio and Bowery, 1994, Lever et al., 2003). However, within the current study NAT 

administration resulted in less SP release, thus indicating that activation of an NK1 

autoreceptor leads to a positive feedback loop. Previous studies in our laboratory have 

indicated that a negative feedback loop exists at the mRNA level, where increases in mRNA 

were observed following NAT administration after TBI (Corrigan, 2007).  
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Interestingly, at 3 days post-injury NAT treatment resulted in significantly higher BSCB 

permeability compared to vehicle. This finding paradoxically implies that inhibition of the 

NK1 receptor resulted in greater BSCB permeability. Certainly, the dose response study 

demonstrated that increased NAT dosage results in greater increases in BSCB permeability. 

Such results are in complete contrast to previous studies where NAT treatment resulted in 

reduced BSCB permeability following TBI and stroke (Donkin et al., 2009, Turner et al., 2011). 

These findings imply that despite similar secondary injury processes arising following SCI, the 

role of SP may be vastly different in SCI than its role in other acute CNS injuries. One 

important difference may be the extent of mechanical damage, resulting in severe 

hemorrhage. Previous studies within our group have demonstrated that in severe 

subarachnoid haemorrhage, NAT administration worsened outcome (Barry et al., 2011). 

These combined results suggest that in models of severe hemorrhage, the haemorrhage 

induced tissue damage may dominate over SP mediated neurogenic inflammation in the 

development of BSCB permeability. Furthermore, as the current study provided evidence 

that NAT worsened BSCB permeability, it could be that SP may play a protective role in such 

severe hemorrhage models. Indeed, a recent study has demonstrated that SP treatment 

created a more anti-inflammatory environment following SCI by inducing interlukin-10 and 

M2 macrophages whilst suppressing nitric oxide synthase and tumour necrosis factor-α 

(Jiang et al., 2012). A further study demonstrated that intrathecal administration of a SP 

antagonist caused a marked decrease in spinal cord blood flow (Freedman et al., 1988). 

These findings together with the current study suggest that SP may indeed be beneficial 

following acute SCI. 

 

Edema nonetheless remains a serious complication following SCI, leading to raised ITP 

(Yashon et al., 1973, Kwon et al., 2009), reduced SCBF (Wang et al., 1993, Kwon et al., 2009) 

and myelin damage (Sharma, 2005). The present studies demonstrated increased edema 

associated with raised ITP following injury, whilst greater axonal and neuronal injury was 

observed. Interestingly, at 3 days post-SCI, when edema development was maximal, NAT 

treatment slightly reduced AQP4 immunoreactivity below vehicle within the perivascular 

region and central canal region in the adjacent segments. The relationship between SP and 

AQP4 is unknown, however, previous investigations within our own laboratory have found 

that AQP4 expression decreased following TBI, whilst NAT treatment restored AQP4 which 

was associated with reduced edema (Donkin, 2006). Our own results reveal that reduced 

AQP4 immunoreactivity within the adjacent segments was associated with slightly worsened 

edema following NAT administration. Therefore, together these results demonstrate that 

AQP4 may play an essential role in the elimination of excess fluid. As such AQP4 may be an 

important target for therapeutic intervention following SCI.  
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6.5 Conclusion 

The current study has demonstrated that administration of the NK1 receptor antagonist, 

NAT, does not reduce BSCB permeability, edema, ITP, or improve neurological function 

following SCI. In contrast, the data suggest that SP may indeed be beneficial following SCI. 

These results imply that mechanical damage rather than SP mediated neurogenic 

inflammation may be the greater cause of BSCB disruption, edema development and 

subsequent further tissue damage. Nonetheless, the AQP4 water channel protein was shown 

to be a potential target for novel therapeutic interventions, although additional studies are 

required.  
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7.1 Summary of Principle Findings  

The current study has demonstrated that SP immunoreactivity within the dorsal horn region 

of the spinal cord is gradually lost following both human and experimental SCI. It is of note 

that such a loss was observed regardless of the type of experimental model that induced the 

injury. However, certain models replicate the clinical environment of a SCI more closely than 

others, which is of great importance when considering translational therapeutics. Certainly, 

within the current study, differences were observed between varying models of SCI 

following histological assessment. Varying degrees of severity were observed as indicated by 

the extent of hemorrhage and axonal injury. The hemisection lesion demonstrated no 

hemorrhage, axonal injury or BSCB disruption and as such was the least similar to human 

injury. Whilst one argument may be that the injury epicentre of the hemisection tissue could 

not be assessed, following human SCI the adjacent segments also demonstrated 

hemorrhagic and axonal damage. Therefore, as no damage was apparent within the adjacent 

segments it suggests that the hemisection model does not appropriately replicate human 

injury. Despite transection models proving useful in assessing the deficits of an injury to 

specific spinal tracts, transection and hemisection of the spinal cord rarely occurs clinically 

(Norenberg et al., 2004) and as such questions its use for the development of potential 

therapies. 

 

In comparison to the hemisection model, the weight drop model demonstrated modest 

hemorrhage and axonal injury at 24 hours post-SCI, with increased BSCB disruption also 

present at this time as seen by increased albumin immunoreactivity. However, these 

changes were confined to the injury epicentre, unlike human injury which, as previously 

mentioned, exhibits an extension of both hemorrhage and axonal injury into the adjacent 

spinal cord segments. In addition, no evidence of axonal injury was apparent at the later 

time points. Primary axotomy caused by the shearing, crushing and stretching forces 

associated with the primary injury (Oppenheimer, 1968, Zimmerman et al., 1978) is 

therefore the likely cause of the observed axonal injury following the weight drop model. 

Although the histological features of the weight drop model demonstrate similarities to 

human injury, the severity in the current study was mild in comparison to that observed in 

human cases.  

 

In contrast, the clip compression model produced severe hemorrhage, significant axonal 

injury, and diffuse BSCB disruption within the injury epicentre and adjacent segments, thus 

more closely replicating a number of aspects of injury that occur following human SCI 
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(Norenberg et al., 2004). However, when attempting to use the clip compression model, 

dissection of the anterior aspect of the spinal cord with the modified hook resulted in 

moderate hemorrhage, significant axonal injury and increased BSCB permeability within the 

injury epicentre. These results demonstrate that application of the modified hook causes 

spinal cord injury without application and closure of the clip. Accordingly, the modified hook 

is likely contributing to the injury developed following clip compression; significant surgical 

skill and care are required to accurately induce SCI using this model. 

 

What is most significant with respect to the current thesis is that the hemisection, weight 

drop and clip compression models all have an open nature. Clinically, SCI occurs within a 

closed environment, provided by the rigid structure of the vertebrae. All three mentioned 

models require a laminectomy at the injury site thus producing an open injury. It has been 

widely shown that SCI results in increased BSCB permeability (Noble and Wrathall, 1989b, 

Popovich et al., 1996, Kaptanoglu et al., 2003, Whetstone et al., 2003, Cohen et al., 2009, 

Tatar et al., 2009, Tian et al., 2009) and subsequent edema formation (Sharma et al., 1991, 

Sharma et al., 1993, Winkler et al., 1994, Sharma, 2005, Nesic et al., 2006, Ates et al., 2007), 

that in turn produces raised ITP (Yashon et al., 1973, Kwon et al., 2009). In an open model, 

laminectomy above the injury site may relieve such increases in edema and ITP, and thus not 

accurately replicate the human condition. Replicating human injury is of the utmost 

importance, and the current thesis therefore employed the balloon compression model to 

induce an injury within a closed environment.  

 

The rabbit, balloon compression model characterised in the current thesis mimicked many 

facets of human injury. The extent of hemorrhage was severe with associated neuronal 

death and axonal injury, features commonly seen in human injury (Kakulas, 1999, Norenberg 

et al., 2004). The injury severity also corresponded to the functional deficits observed, with 

complete paraplegia of the hindlimbs apparent immediately following injury, with minimal 

spontaneous improvement observed by 2 weeks post-SCI. This is important when 

investigating therapeutic interventions as functional improvement can then be attributed to 

the administered treatment rather than to any spontaneous recovery. Increases in BSCB 

permeability and edema were also observed following injury, with edema spreading as far as 

3 cm from the injury site by day 3 post-SCI. Such findings have similarly been reported 

following human injury with MRI studies showing that edema spreads at a rate of one 

vertebral segment per day (Leypold et al., 2008). The similarities between human injury and 

the experimental balloon compression model supported the further use of this model in 

subsequent experimental investigations.  
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Nonetheless, differences were still evident between the studies of human tissue and balloon 

compression tissue in the current thesis. Most importantly, perivascular SP was not observed 

within the human tissue or in any rat tissue. However, previous research within our 

laboratory has demonstrated that SP is indeed found perivascularly within brain tissue of 

rats (Turner et al., 2006, Donkin et al., 2009, Kleinig, 2010), thus implying that the absence of 

perivascular SP may be specific to the spinal cord. Whilst this may indicate that rats are not 

an appropriate species for such studies, perivascular SP immunoreactivity was also absent in 

human tissue. Interestingly, Uddman et al (Uddman et al., 1981) assessed the distribution of 

perivascular SP within pial vessels of different mammalian species and found both rabbit and 

human demonstrated similar expressions whilst rat tissue demonstrated substantially less. 

As such, an explanation for the absence of human perivascular SP may be the way in which 

human tissue is processed, with human tissue being immersion fixed whilst experimental 

tissue is perfusion fixed. Furthermore, the time to post-mortem was commonly in excess of 

48 hour, potentially effecting the preservation of the tissue.  

 

NK1 receptor immunoreactivity was observed within the perivascular region and was 

intensely stained in some cases. Interestingly, very different NK1 immunoreactivity was 

observed in the experimental models compared to the human tissue. The human tissue 

demonstrated NK1 receptor immunoreactivity predominantly within the perivascular region, 

with moderate immunoreactivity observed within the lateral horn and ventral horn neuronal 

bodies. In contrast, all experimental tissue demonstrated NK1 receptor immunoreactivity 

diffusely throughout the grey matter. Similarly, previous experimental studies in rats have 

demonstrated that the NK1 receptor is most highly expressed within the dorsal horn, 

intermediolateral cell column and lamina X of the spinal cord (Charlton and Helke, 1985, 

Mantyh and Hunt, 1985, Buck et al., 1986, Elde et al., 1990, Moussaoui et al., 1992a, Maeno 

et al., 1993, Nakaya et al., 1994, Harrison and Geppetti, 2001). These findings are in direct 

contrast to the observed immunoreactivity in human tissue. Such disparity is concerning and 

highlights the disadvantage of replicating human injury in rodent models. However, the 

balloon compression model in rabbits was the only experimental model able to additionally 

demonstrate perivascular immunoreactivity. Such a finding provides further support for the 

rabbit balloon compression model as more closely replicating human injury.  

 

SP has been implicated in the development of neurogenic inflammation following both TBI 

and stroke (Vink et al., 2003, Nimmo et al., 2004, Turner et al., 2006, Donkin et al., 2009). As 

such, SP and NK1 receptor immunoreactivity was assessed following the balloon 

compression model. Similar to the previous experimental models assessed, SP 
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immunoreactivity was found to decrease following balloon compression induced SCI both 

within the dorsal horn and perivascular regions. Whilst this study is the first to assess SP 

following a balloon compression model, similar results have been reported following a 

weight drop model (Faden et al., 1985) and transection model (Naftchi et al., 1978, Sharma 

et al., 1990). In contrast, a model of transient spinal cord ischemia in the rabbit resulted in 

no change in SP expression (Rybarova et al., 1999), implicating the requirement of 

mechanical trauma to induced alterations in the expression of SP following SCI.  

 

Our own results suggest that SP is released from the dorsal horn stores following injury as 

reflected by the gradual depletion of SP over time. Interestingly, the perivascular 

immunoreactivity demonstrated a decline in SP following injury, which differs to previous 

investigations following TBI and stroke (Turner et al., 2006, Donkin et al., 2009). However, 

Sharma and colleagues (Sharma et al., 1990) demonstrated increased SP at 1-2 hours post-

injury within the dorsal horn of the grey matter, suggesting that an earlier time point may 

have been required within the current study to visualise increased SP. Subsequently, the 

binding of SP to the NK1 receptor is known to cause internalisation (O'Connor et al., 2004) 

and as such may reduce the observed perivascular immunoreactivity. Such binding is known 

to facilitate the process of neurogenic inflammation.  

 

The current study is the first to assess the response of NK1 receptors following balloon 

compression induced SCI. Consistent with previous studies (Charlton and Helke, 1985, 

Mantyh and Hunt, 1985, Buck et al., 1986, Elde et al., 1990, Moussaoui et al., 1992a, Maeno 

et al., 1993, Nakaya et al., 1994, Harrison and Geppetti, 2001), our results demonstrate high 

NK1 receptor immunoreactivity within the dorsal horn region of the grey matter. Following 

injury the NK1 receptor was found to increase within the injury epicentre and adjacent 

segments. However, a marked decrease in immunoreactivity was apparent by 3 days post-

SCI within the adjacent segments. The initial increase may have been in response to the 

release of SP, resulting in an up-regulation of its receptor. Indeed, following a transection 

model of SCI an up-regulation of the NK1 receptor was observed below the level of lesion 

(Vita et al., 1990), as has an increase in SP been reported below a transection lesion (Naftchi 

et al., 1978, Sharma et al., 1990), suggesting that the increased SP causes up-regulation of 

the NK1 receptor. Following binding and activation of the receptor, internalisation of the 

both the receptor and substrate occurs (O'Connor et al., 2004), thus potentially causing 

reduced NK1 receptor immunoreactivity. The SP and NK1 receptor immunoreactivity taken 

together with the observed increases in BSCB permeability and edema, provide strong 

evidence for the development of SP mediated neurogenic inflammation following SCI.  
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One of the most important findings of the current thesis is that administration of the NK1 

receptor antagonist, NAT, did not produce a beneficial effect following SCI. Indeed, no 

improvements in BSCB permeability, edema, ITP, or functional outcome were observed 

following NAT administration. It is possible that NAT had a very low affinity for the rabbit 

NK1 receptor and was therefore ineffective. However, this is unlikely given the highly 

preserved nature of NK1 receptors across different vertebrate species (Dietl and Palacios, 

1991), and the fact that the higher dose had a negative effect in the dose response studies. 

Our findings therefore suggest that SP mediated neurogenic inflammation may not be the 

main instigator of BSCB permeability and edema formation following SCI. In addition, 

neurogenic inflammation did not seem to contribute to functional deficits given that NAT 

treatment did not significantly improve hindlimb function. It may be that neurogenic 

inflammation is not the dominant factor causing increased BSCB permeability and 

subsequent edema development following SCI, and that the observed changes in SP and NK1 

receptor immunoreactivity may simply reflect an accompanying neurogenic inflammation 

initiated in response to other injury factors.  

 

Extensive research has focused on the role of SP as a mediator of nociception both in normal 

function and following a variety of disorders (for review see Snijdelaar et al, 2000). 

Furthermore, as improved treatment and technology has increased the longevity and overall 

health of SCI patients, a range of varying complications are becoming paramount in 

improving quality of life (Mariano, 1992). Chronic pain is now well-recognised as a frequently 

reported complication of SCI. Accordingly, given the role of SP as  a mediator of nociception, 

effectiveness of an NK1 receptor antagonist in reducing pain following spinal nerve injury 

has been assessed (Yoshimura and Yonehara, 2006, Lee and Kim, 2007). These studies found 

that administration of an NK1 receptor antagonist increased the withdrawal latency, 

therefore implicating SP in nociceptive transmission. To date, no studies have assessed the 

effectiveness of an NK1 receptor antagonist in reducing pain following traumatic SCI. 

Unfortunately, such an assessment was beyond the scope of the current thesis, although, it 

does pose as an interesting future investigation.  

 

Contradictory to our proposed hypothesis, NAT administration at times resulted in 

significantly worsened outcomes than vehicle treatment. Given that NAT administration 

improves outcome following both TBI (Donkin et al., 2009) and stroke (Turner et al., 2011), 

our results highlight the differences that exist between brain injuries and SCI, which have 

otherwise previously been considered similar. Indeed, the decrease in SP seen in our study 

questions whether SP may be potentially beneficial following SCI rather than detrimental. 
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Further evidence for the beneficial actions of SP comes from a recent study that 

administered SP following SCI and found that SP treatment resulted in a more anti-

inflammatory microenvironment (Jiang et al., 2012). This was thought to occur through the 

induction of interleukin-10 and M2 macrophages whilst suppressing nitric oxide synthase 

and tumour necrosis factor-α. Furthermore, robust axonal outgrowth was observed resulting 

in greater tissue sparing and improved functional recovery (Jiang et al., 2012). However, the 

effect of SP administration on BSCB permeability and edema has not yet been assessed and 

as such provides an area of further research to advance our understanding of the role of SP 

following traumatic SCI.  

 

Regardless of the role of SP following SCI, edema remains a serious consequence following 

SCI, resulting in raised ITP, and further tissue damage. Indeed, numerous studies have 

demonstrated that the extent of edema corresponds to the degree of functional deficits 

observed (Koyanagi et al., 1989, Flanders et al., 1999, Shepard and Bracken, 1999, Leypold et 

al., 2008, Bozzo et al., 2011). The current study found that although edema was present as 

early as 5 hours following injury, it became maximal at 3 days. Furthermore, it was apparent 

by this time that the adjacent segments, uninjured by the balloon compression, 

demonstrated significant increases in edema. Therefore, substantial spread of edema is 

present following the balloon compression model by 3 days post-SCI. However, albumin 

immunoreactivity, a marker of BSCB permeability, was maximal at 24 hours post-SCI with a 

reduction observed at 3 days post-SCI within the adjacent segments. Therefore, significant 

disparity exists between BSCB permeability and edema formation, indicating that the 

rostrocaudal spread of edema was not due to BSCB disruption and thus not vasogenic in 

nature. These results further suggest that neurogenic inflammation is not primarily 

responsible for the developed edema. Indeed, this may account for the ineffectiveness of 

NAT administration on reducing edema.  

 

It is possible that the spread of edema may be a compensatory mechanism to reduce the 

edema present within the injury epicentre. Alternatively, the BSCB may in fact still remain 

permeable to smaller molecules than albumin. Previous studies have employed alternative 

smaller tracers of extravasation such as hydrazide (Maikos and Shreiber, 2007) horseradish 

peroxidase (Noble and Wrathall, 1987, 1989b, Jaeger and Blight, 1997) protein luciferase 

(Whetstone et al., 2003) and iodine (Sharma et al., 1993, Nyberg and Sharma, 2002) and 

found greater extension of BSCB permeability. Alternatively, such increases in edema may be 

due to an ultrafiltration mechanism rather than extravasation as previously described by 

Nemecek and colleagues (Nemecek et al., 1977). Such ultrafiltration may be aided by 
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reduced blood flow and severe hemorrhage. A previous study has also demonstrated that a 

SP antagonist administered intrathecally resulted in a marked decreased in spinal cord blood 

flow (Freedman et al., 1988).  Therefore the greater edema within the adjacent segments of 

NAT treated animals may be explained by a greater reduction in blood flow leading to 

increased ultrafiltration. Alternatively, increased edema in the absence of BSCB disruption 

may also be due to alterations in the AQP4 water channel protein.  

 

The current study has provided further evidence for a role for AQP4 in facilitating the 

removal of excess water following SCI. Indeed, AQP4 immunoreactivity was found to 

increase following injury at similar times to increases in edema. Although such an increase 

implies that AQP4 may facilitate edema development, edema was slightly increased 

following NAT administration which was associated with reduced AQP4 immunoreactivity. 

Therefore, it stands that the initial increases in AQP4 observed following injury may have 

been a compensatory mechanism to assist in fluid clearance, but was offset by substantial 

mechanical BSCB disruption leading to greater edema development. Indeed, previous 

investigations have similarly demonstrated that AQP4 plays an integral role in facilitating 

water clearance following SCI (Nesic et al., 2006, Kimura et al., 2010, Mao et al., 2011). To 

date, almost all studies of AQP4 following SCI have assessed its function through altered 

expression (Nesic et al., 2006, Mao et al., 2011), or employed AQP4-null mice (Saadoun et 

al., 2008, Kimura et al., 2010). Unfortunately, no studies have employed agonists or 

antagonists to determine how modulation of the AQP4 water channel could be utilised as a 

novel therapeutic intervention. Preliminary studies in collaboration with Professor Andrea 

Yool in our own laboratory have administered both AQP4 agonists and antagonist following 

TBI and found that modulation of AQP4 following TBI improved functional outcome. 

Accordingly, such modulation of AQP4 in SCI is another area of future research, and may 

represent a novel pharmacological intervention to reduced edema and improve outcome 

following SCI. 

 

It is the associated rise in ITP that is a detrimental consequence of edema development, and 

has been shown to result in further tissue damage and greater functional deficits (Yashon et 

al., 1973, Horn et al., 2008, Saadoun et al., 2008, Batchelor et al., 2011). In the present 

thesis, we were able to demonstrate that ITP indeed rises following balloon compression SCI 

with an immediate increase observed following insertion of the pressure probe. Whilst 

edema has been shown to generate within 15 minutes of injury (Demediuk et al., 1990), the 

immediate volumetric expansion due to severe hemorrhage is more likely to cause such an 

immediate increase in ITP. However, further studies are required to measure the 
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hemorrhagic volume in order to fully quantify its significance. Nonetheless, an increase in ITP 

was observed over time, and it is this increase that may be attributed to the edema 

formation observed by 5 hours post-SCI. Indeed, previous studies have demonstrated that 

increases in ITP occur following injury (Horn et al., 2008, Kwon et al., 2009, Batchelor et al., 

2011), although, unlike raised ICP following TBI, raised ITP is often not managed clinically. 

The importance of raised ITP is being investigated more frequently, with Batchelor et al 

(Batchelor et al., 2011) recently demonstrating that ITP can be reduced through hypothermic 

intervention until surgical decompression can be performed. Furthermore, functional 

outcome was improved following hypothermia, thus indicating that raised ITP contributes to 

functional deficits. Clinically, it is common practice to maintain the MABP in a patient with 

an acute SCI at a certain level (85-90mm Hg) with the expectation that this will provide an 

acceptable level of vascular perfusion to the spinal cord (Levi et al., 1993, Vale et al., 1997). 

However, perfusion to the spinal cord is determined by the difference between MABP and 

ITP (Kwon et al., 2009), and therefore increased ITP will result in reduced vascular perfusion. 

As such, it is of great clinical importance for ITP to be monitored in conjunction with MABP 

to ensure adequate vascular perfusion. Furthermore, given that raised ITP has been 

identified as contributing to further tissue damage and greater functional deficits, acute 

therapeutic intervention should be aimed at reducing ITP following SCI. 

 

ITP within the current study was monitored for 5 hours post-SCI whereas edema was found 

to be maximal at 3 days. Clearly, further investigations are required to assess whether ITP 

similarly increases with time, and in particular at 3 days post-SCI which corresponds with 

maximal edema. Recently, Saadoun et al (Saadoun et al., 2008) demonstrated that by 2 days 

post-SCI that spinal cord tissue pressure increased by 20 mmHg, with only an increase of 4% 

in tissue water content. Given that within the current study we observed a far greater 

increase of more than 10% in tissue water content by 3 days post-SCI, it is likely that further 

significant increases in ITP may occur. As clinical management of acute SCI predominantly 

involves maintaining MABP and not ITP, it is may be of greater importance to determine 

whether further increases in ITP develop. Such findings would further promote the need for 

clinical monitoring of ITP to ensure adequate vascular perfusion of the spinal tissue and 

additionally highlight the need for therapeutic interventions that reduce ITP. Interestingly, 

ICP monitoring and its control is a mainstay of modern brain trauma management. 
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7.2 Conclusions 

The balloon compression model of SCI effectively replicates many facets of human injury and 

is thus a promising model for future studies of therapeutic interventions following SCI. 

Inhibition of SP mediated neurogenic inflammation, through administration of an NK1 

receptor antagonist, did not reduced BSCB permeability, edema, ITP or improve functional 

outcome, suggesting that SP mediated neurogenic inflammation is either a minor player in 

the injury cascade after SCI, or it does not occur at all. The latter is unlikely given the 

observed changes in SP and NK1 immunoreactivity. At times NAT administration resulted in 

worsened outcomes and as such raises the question as to whether SP is indeed beneficial in 

SCI rather than detrimental. Regardless, substantial edema development remains a serious 

consequence following SCI and should receive more attention as a target for clinical 

intervention. AQP4 appears to assist in water clearance following SCI and thus may 

represent a novel target for therapeutic intervention.  
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