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Spinal Cord Injury (SCI) is a traumatic event that results in loss of function below 

the level of injury, and other dysfunctions including pain syndromes, both above and 
below the level of the lesion.  A cascade of biochemical and cellular events leads to 
secondary events after SCI, exacerbating the injury, and contributes to loss of tissue and 
increased dysfunctions.  While thought to be beneficial, inflammation induced by trauma 
in the spinal cord contributes to secondary injury early in SCI.  Thus, in this project a 
mammalian model is used to investigate a targeted anti-inflammatory treatment for SCI, 
and compare it with the current standard therapy of high dose methylprednisolone 
(MPSS). 
 To ensure that the new generation of devices used in experimental SCI can 
reliably produce an injury that parallels the outcomes seen in the clinical setting, we 
characterized a rodent model of SCI by adjusting several mechanical parameters of the 
device.  Injuries with higher force or increased duration of compression increased 
sensitivity to mechanical stimuli and produced loss of locomotion and loss of bladder 
function, syndromes seen clinically after SCI. 
 Treatment after SCI with recombinant neutrophil inhibitory factor (rNIF) was 
tested to determine if inhibition of neutrophils, a primary inflammatory cell, in the first 
24 hours after injury would improve outcome measures.  Treatment with rNIF reduced 
neutrophil infiltration after injury by greater than 50% and resulted in decreased 
sensitivity to mechanical stimuli and improved bladder function.  Additionally, the 
amount of white and grey matter lost secondary to SCI was reduced. 
 Since neutrophils release proteinases, generate reactive oxygen species, 
phagocytize cells and influence inflammatory cytokine expression, pro- and anti-
inflammatory cytokine protein levels were measured at specific time points after SCI, in 
both the spinal parenchyma and blood serum.  Treatment with rNIF had a significant 
effect on cytokine expression after injury. 
 These results demonstrate the effectiveness of inhibiting secondary injury after 
SCI using rNIF and one mechanism for improved outcomes may be the altered the 
expression pattern of pro- and anti-inflammatory cytokines which may contribute to 
dysfunctional outcomes after SCI. 
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CHAPTER 1:  INTRODUCTION  

  

SPINAL CORD INJURY AND FUNCTIONAL OUTCOMES 

 Spinal cord injury (SCI) is a severe injury that often results in a loss of motor and 

somatosensory function below the level of the lesion.  Because the standard of medical 

care has greatly improved, more victims survive the initial injury (Lundqvist et al., 1991), 

and find that they must face many other complications due to the chronic pathological 

consequences of the initial injury (Summers et al., 1991; Cairns et al., 1996; Ragnarsson 

1997; Rintala et al., 1998).  One example of the under recognized consequences of SCI is 

the chronic central pain (CCP) syndromes that often develop months to years after SCI 

(Jack and Lloyd 1983; Davidoff et al., 1987; Beric et al., 1988; Balazy 1992; Rintala et 

al., 1998).  In fact, the percentage of SCI patients that develop CCP has been estimated to 

be as high as 75-90% (Christensen and Hulsebosch 1997; Rintala et al., 1998; Westgren 

and Levi 1998; Sjolund 2002).  CCP negatively influences the quality of life, frequently 

resulting in depression, and negatively impacts rehabilitative capabilities (Siddall and 

Loeser 2001; Werhagen et al., 2004; Jensen et al., 2005).  Thus, understanding the 

mechanisms that contribute to CCP and the interventions that ameliorate CCP is 

important for improving the quality of life in individuals with SCI.   

 Pain syndromes after SCI have been characterized by patients as burning, aching, 

stabbing, tingling, dull, sharp, hyperesthetic, and visceral cramping (Siddall and Loeser 

2001).  CCP syndromes are characterized by the presence of persistent pain  with 

concomitant changes in peripheral somatosensory responses (Lenz et al., 1994; 

Hulsebosch et al., 2000; Mills et al., 2000; Vierck et al., 2000; Mills et al., 2001a; Mills 

et al., 2001b).  Pain has also been reported to have a greater impact on quality of life 

scores than the extent of SCI (Lundqvist et al., 1991) and is ranked as an area of highest 

priority for improving the quality of life by the clinical population with SCI (Anderson 

2004).  Patients with CCP have also been found to complain of sleep disturbances that 
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include difficulty initiating and maintaining sleep that consequently contribute to 

difficulties performing activities of daily living (Rintala et al., 1998; Biering-Sorensen 

and Biering-Sorensen 2001).   

 Among the other clinical complaints of SCI patients is loss of bladder and bowel 

function (Anderson 2004).  After SCI, coordination between the automatic reflexes of 

micturition and the voluntary control based in the upper CNS is lost, leading to 

neurogenic bladder, or the inability to void bladder contents.  In this reflex, the detrusor 

pressure builds without the release from the urethral sphincter, leading to deterioration of 

the upper urinary tract and hydronephrosis (Volshteyn and McDonald 2006).  This life-

long syndrome resulting from SCI is strongly associated with perceived quality of life 

(Hicken et al., 2001) and contributes to chronic morbidity (Kirshblum et al., 2002) and 

mortality (Hulsebosch 2005).  Intermittent catheterization (IC) has become the standard 

therapy for managing neurogenic bladder, requiring individuals to be catheterized every 4 

– 6 hours.  However studies show significant urine retention even with IC (Jensen et al., 

1995).  With retained urine, there is a significant risk for urinary tract infections (UTI).  

In fact, the most frequently reported medical complication of neurogenic bladder, 

reported in over 80% of individuals with SCI, is UTI (NIDRR 1992).  Because this is a 

significant and serious complication after SCI, modeling and treatment strategies should 

include the examination of effects on bladder function after SCI. 

 Locomotor function below the level of injury is often disrupted after SCI.  While 

a survey found that among paraplegic individuals with SCI, lower limb function was 

lower in concern than bladder/bowel function and sexual function, quadriplegic 

individuals with SCI ranked hand/arm movement as the highest priority for functional 

recovery (Anderson 2004).  Logically, animal models should function to facilitate the 

study of those (dys)functions that are most critical and important to those with clinical 

SCI.  In animal models of SCI, especially rodent models, objective and reproducible 

observation and scoring of hindlimb function correlates to the extent and severity of 

injury after SCI in the thoracic region or below (Stokes 1992; Basso et al., 1995; Basso et 
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al., 1996; Lindsey et al., 2000).  Hindlimb locomotor dysfunction is a useful tool in 

evaluating injury and recovery after SCI, but may not be the best, and should not be the 

only, tool in evaluating therapeutic strategies for SCI. 

 To better understand the pathophysiology and the mechanisms for dysfunction 

after SCI, it is critical to have a reliable, robust and reproducible animal model of SCI 

that incorporates the outcomes seen in the clinical SCI population.  While using an 

animal model that results in quadriplegia would not be humane, understanding gained 

from injuries lower in the spinal cord that result in paraplegia can be applied to all spinal 

levels.  Treatments that target specific pathologies related to SCI can then more easily be 

translated to clinical therapeutics. 

RODENT MODELS OF SPINAL CORD INJURY 

 Pain is a subjective, emotional sensory experience, and is impossible to measure 

objectively.  When measuring pain in animals models, assumptions are made that a 

stimulus which produces pain in human subjects will produce similar painful effects and 

responses in animals (Woolf 1984; Christensen and Hulsebosch 1997).  Animal models 

of CCP rely on the assumption that changes in central nociceptive pathways result in 

changes to response threshold during peripheral stimuli (Vierck 1991).  Several animal 

models of SCI exist.  Each model represents a different aspect of SCI that reflects 

differences seen in the clinical SCI patients.  The models of SCI induced pain include: 1) 

the excitotoxic model, 2) the ischemic model, 3) the hemisection model, and 4) the 

contusion model. 

 Glutamate has been deemed responsible for much of the secondary damage seen 

after SCI (Liu et al., 1999). An excitotoxic model of SCI generates the SCI without the 

mechanical trauma by creating glutamate agonist induced neurotoxicity.  Following 

injection of quisqualic acid, an AMPA (alpha-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid) receptor (subtype of glutamate receptors) agonist, 

overgrooming/autotomy develops in dermatomes that border the lesion, indicating the 
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presence of abnormal tonic sensations at the level of injury (Yezierski and Park 1993; 

Yezierski et al., 1993; Yezierski et al., 1998).  Cavitation within the cord occurs after the 

quiqualic acid injection, and the animals exhibit thermal hyperalgesia, or increased 

sensitivity to painful stimuli, and mechanical allodynia, or the perception of non-painful 

stimuli as painful, which is maintained through to 35 days (Yezierski et al., 1998).  

Electrophysiological spinal changes, such as increased background activity, increased 

activity in response to innocuous and noxious stimuli, and increased afterdischarge 

activity are present from 7 through 36 days post-injury induction (Yezierski and Park 

1993).   

 Another model of SCI utilizes spinal ischemia to cause the initial injury.  

Mechanically induced spinal cord ischemia is achieved by applying an altered arterial 

clip to clamp the spinal cord at the T13 spinal segment for one minute.  This clamping 

causes hindlimb and trunk mechanical allodynia that is maintained up to four weeks 

(Bruce et al., 2002).  A model for spinal ischemia was also created by using a 

photochemically induced spinal lesion (Hao et al., 1991).  Mechanical allodynia at 

dermatomes bordering the injury (at level) is present from days to 1.5 months after the 

injury (Hao et al., 1991; Xu et al., 1992).  In the photochemically induced spinal ischemia 

model, dorsal horn neurons of injured and allodynic animals exhibit higher spontaneous 

hyperexciteability,  increased afterdischarges, as well as increased responsiveness to non-

noxious and noxious stimuli as compared to control animals (Hao et al., 2004).   

 The hemisection model is a penetration wound that may be analogous to spinal 

cord injury from a discharged firearm or knife wound.  The hemisection model involves 

only cutting one entire lateral half of the laminectized spinal cord with a scalpel.  The 

hemisected animal develops bilateral hindlimb and forelimb mechanical allodynia and 

thermal hyperalgesia (Christensen et al., 1996).  At-level allodynia that develops 10 to 14 

days after hemisection results in paralleled increases in dorsal horn spontaneous activity 

and responsiveness of WDR neurons to innocuous and noxious stimuli and HT neurons 

to noxious stimuli (Wang et al., 1997).   
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 The contusion model involves mechanical blunt trauma, such as from a weight 

drop, to the exposed spinal cord.  Most injuries in humans are produced by vertebral or 

disc displacements that impinge upon the spinal cord; therefore, the contusion model of 

SCI may more closely parallel the types of injuries that occur in the majority of the 

clinical population (Bunge et al., 1993; Bunge 1994; Ramer et al., 2000).  There are 

several devices made for the purpose of delivering a contusive SCI.  The NYU contusion 

device creates a SCI by dropping a 10g blunt tipped rod onto the laminectomized exposed 

cord surface.  The NYU contusion at the thoracic spinal cord generates mechanical 

allodynia seen from 2 through 10 weeks in the forelimbs (Mills and Hulsebosch 2002), 

trunk (Hulsebosch et al., 2000), and hindlimbs (Lindsey et al., 2000).  Next generation 

devices include the Infinite Horizon (IH) impactor, or “Kentucky device”, which uses a 

computer controlled motor to drive a 2 mm diameter impact rod to a user-determined 

preset impact force.  The IH impactor delivers a consistent, reproducible injury and 

allows for more detailed user control over the biomechanical properties of the impact 

(Scheff et al., 2003; Carter 2004).  Contusion with the IH impactor at spinal segment T10 

can, depending on the predetermined force or dwell-time, produce an injury that results in 

allodynia of the forelimbs and the hindlimbs by 35 days post-injury (see Chapter 2 for 

details), as well as other measurable behavioral dysfunctions.   

 These models clearly utilize different modalities of injury: chemical, ischemic, 

sharp disruption and blunt mechanical and all of these models of injury result in the 

development of abnormal pain-like behavior and exhibit electrophysiological changes 

that reflect increased nociceptive processing, as well as changes in other objectively 

measurable outcomes.  However, the contusion model best mimics the injuries seen in the 

clinical SCI population (Bunge et al., 1993; Metz et al., 2000).   

SECONDARY INJURY AFTER SCI 

 There are three phases of injury after contusive spinal cord injury:  1) acute injury 

initiated by the initial impact, with its destructive shearing forces literally tears cell 
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membranes and ruptures cells, 2) secondary injury, which begins minutes after trauma 

and persists for weeks to months, resulting from a multifaceted process including the 

immediate release and subsequent toxicity of excitatory amino acids and inflammation, 

including the release of inflammatory cytokines, generation of reactive oxygen species 

and subsequent protein and lipid oxidation and the inflammatory cell infiltration at the 

injury site and 3) chronic, persistent injury including the up regulation of glutamate 

receptors, neuronal cell dysfunction and persistent inflammatory components.  Secondary 

injury is characterized by progressive lesion expansion and delayed demyelination and 

because the temporal pattern of events begin soon after injury, therapeutically targeting 

events that lead to secondary injury is key to promoting recovery and inhibiting further 

cellular and functional loss. 

Excitatory Amino Acids 

 Following the initial injury (e.g. ischemia in the brain or mechanical injury of the 

spinal cord), a brief but large amount of glutamate and aspartate is released at the injury 

site (Panter et al., 1990; Liu et al., 1991; Liu et al., 1999).   This release may be due to 

exocytosis, inhibited or reversed uptake (Bradley et al., 1982; Tanaka et al., 1997), blood 

brain barrier breakdown, mechanical disruption, and cell lysis.  Energy supplies become 

depleted, and membrane permeability changes allowing an influx of Ca2+ and Na+ 

resulting in depolarization.  Injury induced depolarization leads to a further increase in 

Na+ influx, which activates Na+, K+-ATPase that depletes ATP stores.  As energy 

reserves are depleted, failure of the Na+ pump to maintain balance with the inflow causes 

the level of intracellular Na+ to keep escalating.  As the membrane further becomes more 

depolarized, more Ca2+ enters, and more glutamate is released into the extracellular space 

(Juurlink and Paterson 1998).  This release of glutamate activates glutamate receptors, 

which potentates the release of more excitatory amino acids (EAAs) and contributes to 

the loss of ionic homeostasis.   
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Inflammation   

 Beginning immediately after injury, an inflammatory cascade is initiated with the 

release of acute phase proteins, part of the complement system, and a milieu of cytokines 

and chemokines which induce and activate a coordinated infiltration of the damaged site 

by peripheral leukocytes. Peripherally activated leukocytes, beginning with neutrophils 

followed by hematogenous macrophages and lymphocytes, further the injury by releasing 

proteolytic enzymes, producing reactive oxygen species and producing and secreting 

inflammatory cytokines. 

 Neutrophils:  Neutrophils are phagocytic white blood cells with characteristic 

cytoplasmic granules and multi-lobular, chromatin dense nuclei.  The granules contain 

proteolytic and oxidative enzymes to break down foreign tissue and bacteria for disposal.  

After acute SCI, activated neutrophils infiltrate tissues and localize to areas of 

hemorrhagic necrosis and neuronal degeneration (Means and Anderson 1983), peaking at 

24 hours after injury (Carlson et al., 1998).  Neutrophil infiltration has been related to 

secondary damage and worsened functional outcomes after CNS pathology in both 

humans and rodents (Demopoulos et al., 1980; Taoka et al., 1995; Crowe et al., 1997; 

Katoh et al., 1997).  By a variety of mechanisms, activated neutrophils are known to:  1) 

generate reactive oxygen species by nitrogen oxide synthase at the site of injury (Xu et 

al., 2001), 2) release matrix metalloproteinases which can disrupt the structure and 

architecture of the spinal cord (Goussev et al., 2003), 3) release other proteolytic enzymes 

(Harlan 1987) and 4) display aggressive phagocytic activity on neural cells under stress 

(Means and Anderson 1983), among other activities.  Inhibition of neutrophil activation 

with pre-injury treatment of activated protein C resulted in a decrease in tissue levels of  

TNFα (Taoka et al., 1998b).  Evidence to support the potential for injury exacerbation 

after SCI comes from studies reporting that inhibition of neutrophil infiltration after SCI 

improves outcomes (Taoka et al., 1998b; Farooque et al., 1999; Gris et al., 2004). 

 Macrophages:  Macrophages are mononuclear leukocytes, often referred to as 

monocytes before they are completely mature, which have a dual role in function.  Like 
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neutrophils, activated macrophages also phagocytize foreign or damaged tissues upon, 

produce reactive oxygen species, proteolytic enzymes and pro-inflammatory cytokines 

and have a delayed temporal expression compared with neutrophils (Popovich et al., 

1999; Leskovar et al., 2000; Popovich et al., 2003).  However, macrophages may have a 

beneficial role in SCI as well.  In an effort to begin the reparative process, activated 

macrophages remove damaged cells and proteins as well as secrete growth factors that 

stimulate angiogenesis, fibroblastic growth and regulate connective tissue growth 

(Lazarov-Spiegler et al., 1996; Schwartz et al., 1999).  In fact, one line of clinical 

investigation involves the in vitro stimulation of macrophages for transplant at a time 

point where reparative processes would be most beneficial (Rapalino et al., 1998; 

Schwartz and Yoles 2006). 

 T-Lymphocytes:  T-lymphocytes (or T-cells) represent the adaptive immune 

system, in that the activity of T-cells against other cells is limited to the cell types against 

which they have been conditioned.  Whereas neutrophils and macrophages are 

indiscriminate in which cells and tissues will be affected by their activity, T-cells are 

targeted to specific cells expressing antigens to which they have been conditioned 

(Popovich et al., 1997; Jones et al., 2005a; Jones et al., 2005b).  The role of T-cell 

function after SCI is highly controversial.  After SCI, T-cells infiltrate the tissues to 

significant levels beginning at 7 days post-injury and lasting for weeks to months (Jones 

et al., 2005a).  While the primary function of T-cells is to kill cells and produce cytokines 

that induce inflammation, which could be detrimental to neuronal tissue (Popovich et al., 

1996), some studies suggest that regulation of growth factors by activated T-cells could 

be beneficial (Moalem et al., 1999).  In fact, experimental administration, or 

transplantation, of activated T-cells has been shown to improve outcomes after SCI 

(Lazarov-Spiegler et al., 1996).  

 Microglia:  Under normal conditions, the CNS enjoys an "immunologically 

privileged status" (Billingham and Boswell 1953), where the immune cells are largely 

kept isolated from the CNS.  Microglia are specialized glial cells of myeloid origin, the 
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same cell progenitor of macrophages, that are mobile and serve to protect and support the 

CNS and function like immune cells for the CNS.  Atraumatic CNS injury, injury or 

illness without disruption to the blood-brain barrier, results in activation of microglia, 

which can induce and secrete inflammatory cytokines and phagocytize injured or 

dysfunctional and dead cells (Streit et al., 2004).  Although traumatic SCI disrupts the 

blood-brain barrier and allows the infiltration of other inflammatory cells, microglia are 

still activated and function to migrate to an injury site, secrete pro-inflammatory 

cytokines and phagocytize dead or injured neuronal cell populations and may be the 

source of receptors that regulate TNF-α mediated cell death after injury (Beattie et al., 

2002; Beattie 2004).   

Inflammatory Cytokines 
 Cytokines play a critical role in the orchestration of the inflammatory response to 

injury.  There are a variety of cytokines, many whose functions overlap, making the 

signaling for inflammation redundant, and many have differing temporal expression 

patterns after injury (for review see Feghali and Wright 1997).  Clinical evidence 

suggests that cytokines play a role in the pathology of spinal cord injury.  Cytokine levels 

for pro-inflammatory cytokines IL-1β, IL-6, IL-12, IFN-γ and TNF-α can be found in 

seminal plasma of male patients with SCI at higher concentration than controls (Basu et 

al., 2004) and serum titers of IL-2 and TNF-α correlate with severity of injury, or degree 

of neurological impairment, in individuals with SCI (Hayes et al., 2002).  Experimental 

models of SCI have shown that cytokines are expressed at very early time points and 

continue throughout the inflammatory and reparative phases of SCI and contribute to 

secondary injury and inflammation (Wang et al., 1997; Streit et al., 1998; Tonai et al., 

1999; Leskovar et al., 2000; Pan et al., 2002; Milligan et al., 2003; Nakamura et al., 2005; 

Yang et al., 2005; Peng et al., 2006; Pineau and Lacroix 2007).  In fact, inhibition of pro-

inflammatory function after SCI provides improvements in functional and histological 

outcome measures (Nesic et al., 2001; Okada et al., 2004; Fu and Saporta 2005; 

Genovese et al., 2006).  Exogenous administration of the anti-inflammatory cytokine IL-
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10 has also shown a beneficial effect in rodent models of SCI (Bethea et al., 1999; 

Takami et al., 2002).  Included in this work are experiments designed to examine what 

effect early infiltration of neutrophils has on cytokine expression in the spinal tissue after 

SCI and systemically as well. 

THERAPEUTICS AFTER SCI 

 The standard of therapy for SCI in the United States for the last 15 years consists 

of a 1-2 day course of the corticosteroid methylprednisolone in a relatively high dose.  

Results of the first and second National Acute Spinal Cord Injury Study (NASCIS I, II 

and III) showed that treatment of high dose methylprednisolone for 48 hours, if given 

within the first 8 hours post-injury, resulted in significant improvement (Bracken et al., 

1990; Young 1990; Young and Bracken 1992; Bracken et al., 1997).  However, questions 

as to the effectiveness and possible deleterious side effects remain (George et al., 1995; 

Hurlbert 2000; Fehlings 2001; Qian et al., 2005).  Since the NASCIS trials, there have 

been a few trials for Monosialotetrahexosylganglioside (GM-1 ganglioside), Nimodipine, 

Gacyclidine, and Thyrotropin releasing hormone (TRH), each with moderate to no effect 

in these trials (Fehlings and Baptiste 2005).  Two new trials have recently begun in SCI 

therapy that apply autologous macrophages that have been primed, and transplants them 

at a specific time post-injury (ProCord Trial) (Kigerl and Popovich 2006; Schwartz and 

Yoles 2006) and another trial for antagonists to the Rho GTPase family of proteins, 

known regulators of axonal growth and regeneration (Kigerl and Popovich 2006; 

McKerracher and Higuchi 2006).  While these latter two trials are focused on repair and 

regrowth after SCI, there is still a lack of a clearly effective treatment to prevent 

secondary injury to the spinal cord after traumatic SCI. 

SUMMARY AND EXPERIMENTAL DESIGN 

 The characterization of a rodent model of SCI, including behavioral outcomes 

related to pain, bladder function and locomotion, will allow an assessment of the 
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mechanisms that lead to the development of secondary injury and chronic pain.  Here, we 

characterize a contusive model of SCI using parameters of force and dwell-time, a 

previously unconsidered biomechanical property in contusive SCI.  We also explore the 

role that neutrophil infiltration after SCI has on the development of chronic pain, 

locomotor and bladder dysfunction and loss of neuronal tissue after SCI.  We report on 

the effectiveness of recombinant neutrophil inhibitory factor (rNIF) in preventing the 

infiltration of neutrophils at the site of injury and the subsequent amelioration of 

deleterious sequelae.  We investigate possible mechanisms through which neutrophils 

affect the local neuronal environment after SCI, including alterations in cytokine 

signaling at the lesion site.  These results were obtained through the following 

experimental design: 

 

Hypothesis 1:  Behavioral outcomes after SCI can be predicted by modifying the 

biomechanical properties of the impact in a contusive model of SCI. 

 Specific Aim 1:  Measure mechanical sensitivity in the limbs, hindlimb locomotor 

function and bladder function after SCI induced with varying forces and dwell-times. 

Experiment:  Using behavioral measures for allodynia, locomotion and measuring 

bladder function after SCI, determine which impact settings of force and appropriate 

dwell time will best model pain, locomotor and bladder dysfunction. 

  

Hypothesis 2:  rNIF will prevent neutrophil extravasation and improve behavioral and 

histological outcomes after SCI. 

 Specific Aim 2.1:  Demonstrate the effectiveness of rNIF in binding to 

neutrophils and the prevention of extravasation of neutrophils into tissue surrounding the 

epicenter of injury. 

Experiment:  Using a standard assay for myeloperoxidase (MPO), quantitate MPO 

activity in spinal segments adjacent to the epicenter taken at 24 hours post-injury.  
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 Specific Aim 2.2:  Establish whether functional blockade of neutrophils reduces 

sensitivity to mechanical stimulus, improves locomotion and reduces bladder dysfunction 

after SCI. 

Experiment:  To characterize the development of cutaneous sensitivity to mechanical 

stimuli after SCI in the forelimbs, at-level of lesion and hindlimbs of all groups, using 

response graded von Frey filaments.

Experiment:  Using the BBB scoring system for hindlimb function, measure the 

locomotor recovery after injury and compare treatment groups. 

Experiment:  Observe the function of the bladder by measuring and scoring urine 

retention after SCI in all treatment groups. 

 Specific Aim 2.3:  Establish whether inhibition of neutrophil infiltration with 

rNIF increases the amount of spared neural tissue in SCI compared to vehicle treated 

animals. 

Experiment:  Determine white and grey matter volumes (spared tissue) by computer 

reconstruction of serial histological sections of animals from each experimental treatment 

group following SCI. 

  

Hypothesis 3:  Inhibiting neutrophil infiltration alters the pattern of cytokine expression 

after SCI, contributing to improved outcomes. 

 Specific Aim 3:  To understand how neutrophil infiltration affects the temporal 

expression of cytokines after injury. 

Experiment:   Blood serum will be extracted at specific time points after injury: 3, 6, 12 

and 24 hours and 35 days post-injury. Serum cytokines will be analyzed using a 

multiplex suspension array system. 

Experiment:  In parallel, spinal cord samples from animals at the same time points as in 

the previous experiment will be homogenized and proteins extracted and analyzed for 

cytokine expression using a multiplex suspension array system. 



 

 13

CHAPTER 2:  MODELING SPINAL CORD INJURY 

 

INTRODUCTION 

 One of the most prevalent complaints among individuals suffering from spinal 

cord injury (SCI) is chronic intractable pain (Beric 1990; Christensen and Hulsebosch 

1997; Hulsebosch 2005). Multiple studies have indicated that the incidence of people 

with some form of chronic pain following SCI is up to 90%, with most studies reporting 

moderate to severe pain in the majority of cases (Rintala et al., 1998; Westgren and Levi 

1998; Sjolund 2002). Chronic pain negatively influences perceived health status, limits 

activities of daily living and adversely influences quality of life such that depression and 

suicide frequently occur (Segatore 1994). Consequently, understanding mechanisms that 

lead to chronic pain after SCI is extremely important. 

 A necessary key in the study of pain mechanisms after SCI is the development of 

a reproducible and clinically relevant animal model for laboratory use: 1) with similar 

pathophysiology and outcomes evident in people with SCI, and 2) with clear and 

measurable behavioral outcomes.  While there are various models of SCI that develop 

pain (Hao et al., 1991; Xu et al., 1992; Ovelmen-Levitt et al., 1995; Siddall et al., 1995; 

Christensen et al., 1996; Yezierski et al., 1998; Hulsebosch et al., 2000; Lindsey et al., 

2000; Vierck and Light 2000; Mills et al., 2001a; Bruce et al., 2002), one of the 

commonly used models is the spinal contusion model, which parallels the injury profile 

described in human spinal cord injury (Bunge et al., 1993; Siddall et al., 1995; 

Hulsebosch et al., 2000; Lindsey et al., 2000).  

 First developed by Allen (Allen 1911), who used a weight dropped onto the spinal 

cord to produce injury, several technological advances in the spinal contusion device 

provide acquisition of actual biomechanical properties of the injury, such as impact 

velocity and depth of compression. Thus, standardization of contusion parameters will 

result in consistent and reproducible spinal injuries.  For example, the New York 
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University (NYU) device allows researchers to develop criteria for inclusion or exclusion 

based on correlations of behavioral outcomes to specific mechanical parameters of the 

device, such as measured drop height, impact velocity and cord displacement. The result 

was greater reproducibility and better modeling of spinal injuries with specific behavioral 

outcome measures (Wrathall et al., 1985; Gruner 1992; Constantini and Young 1994; 

Basso et al., 1996; Hulsebosch et al., 2000; Lindsey et al., 2000).  More recently, the 

“next generation” impact devices allow more user input to “dial in” to a desired impact 

profile, so that force of impact, spinal cord displacement and duration of compression, or 

dwell-time, are all consistently controlled by the device. The OSU device (developed at 

Ohio State University) (Stokes 1992; Stokes et al., 1992) and the Infinite Horizon (IH) 

Impactor (Precision Systems & Instrumentation [PSI], Lexington, KY) (Scheff et al., 

2003) are two such devices. 

 This study was designed to characterize the development of chronic mechanical 

allodynia in a rat model of SCI by adjusting the parameters of impact force and dwell-

time using the IH Impactor.  In addition, other standards of outcome measures, locomotor 

function  (Basso et al., 1996) and spontaneous bladder recovery (Pikov and Wrathall 

2001) were analyzed.  Based on previous studies (Scheff et al., 2003), we compared 

impact forces of 90, 150 and 200 kdyn and, because the use of dwell-time in SCI had not 

be previously reported using this device, we experimented with dwell-times ranging from 

1 second to 4 seconds in the generation of chronic allodynia and other standard 

behavioral measures of locomotor function and bladder function recovery.  

MATERIALS AND METHODS 

Experimental Animals 
 Subjects were male Sprague Dawley rats (225-240 g) (Harlan Sprague-Dawley 

Inc, Houston).  Animals were housed on a 12 hour light/dark cycle.  Experimental 

procedures were in accordance with the NIH Guide for the Care and Use of Laboratory 

Animals as well as the UTMB Institutional Animal Care and Use Committee (IACUC) 
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guidelines.  Animals were divided into seven groups with varying injury parameters 

based on force of injury and dwell-time which is the duration of impact (indicated as 

Force-Dwell-time): 150-4 (150 kdyn force impact-4second dwell-time), 150-3, 150-2, 

150-1, 150-0, 200-0, 90-2 and sham injury (laminectomy only) controls. 

Surgical and Injury Procedures 
 Surgery was performed after intraperitoneal administration of sodium 

pentobarbital (50 mg/kg).  Anesthesia was considered complete when the flexor-

withdrawal reflex to noxious stimulus was absent.  After shaving and sterilizing the skin, 

a #10 blade scalpel was used to make a longitudinal incision between the scapulae to the 

lumbar area along the surface of the skin, the musculature from the posterior surface of 

the vertebral bodies on both sides of the vertebral column between thoracic segments 9 

and 11 (T9-T11) was cleared and retracted and a laminectomy was performed exposing 

the T10 spinal cord segment. Once the spinal cord was exposed, the animal was placed in 

the IH impactor by clamping the lateral sides of vertebrae T9 and T11.  The IH impactor 

uses an impact rod 2 mm in diameter to contuse the spinal cord.  The user determines the 

force and duration of impact, the latter being the length of time  which the rod 

compresses the spinal cord at the desired force, or "dwell-time", set in increments of 1 

second.  The software records the actual force of impact and spinal cord displacement.  

Contusion of the spinal cord was carried out according to the injury parameters for each 

group.  Seven groups of animals were contused:  Four groups at 150 kilodynes (kdyn) of 

force (1 kilodyne = 0.01 Newton) with dwell-times from 0 to 4 seconds (n = 9, n = 9, n = 

8, n = 7 and n = 7 respectively); one group was injured at 200 kdyn of force with zero 

dwell-time (n = 7); and one group was injured at 90 kdyn with a two second dwell-time 

(n = 8).  After impact, the animals were removed from the device, the muscle and fascia 

were sutured closed with 5-0 Prolene suture (Ethicon, Somerville, NJ) and the skin 

incision was closed with autoclips.  Animals were given 2 ml of normal saline 

subcutaneously in the thigh area and allowed to recover on a thermal blanket (Vetko 

Thermal Barrier, Harvard Apparatus, South Natick, MA) at 37° C.  Post surgical care 
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included food and water ad libitum.  Animals had their bladders manually expressed 

twice daily until two consecutive days of spontaneous bladder control had been 

demonstrated (minimal to no retained urine at expression time), and were treated with 

subcutaneous injection of prophylactic antibiotic (Baytril 30 mg/kg in 0.3 ml injections) 

until such resolution. 

Behavior 

 Mechanical Sensitivity:  A blinded observer performed behavioral tests to 

determine the presence of mechanical sensitivity to stimuli. Prior to testing, all animals 

were environmentally acclimated to the clear Plexiglas testing apparatus (8x8x18cm) for 

4 hours daily for 3 days. Preoperative testing, consisting of 3 separate days of testing, 

began 5 days prior to injury to establish both individual and group presurgical baseline 

behaviors. Tests were performed postoperatively at day 28 and day 35.  Since no 

significant side-to-side differences were found, data from each limb (left and right of both 

forelimbs and hindlimbs) were collapsed into combined hindlimb and forelimb scores for 

ease of comparison.  Presurgical exclusionary criteria included any dysfunction in limb 

locomotion, forelimb withdrawal thresholds lower than 10 gm force and hindlimb 

withdrawal thresholds lower than 16 gm force.  Mean baseline thresholds for the groups 

were 26.3 +_  5.4 gm force for hindlimb and 13.4 +_  3.3 gm force for forelimbs.    

 Testing for sensitivity of the paw was quantified using a paw withdrawal 

paradigm in both forelimbs and the hindlimbs.  Mechanical allodynia in the limbs was 

tested after the model of Kim and Chung (Kim and Chung 1992) with some 

modifications.  Von Frey filaments of a known and calibrated bending force were pressed 

against the glabrous surface of the paw until the filament bendt, and then held for 4 

seconds, stepping up in force each time until paw withdrawal occurred, accompanied by 

active attention of the rat to the stimulus by head turning, biting attacks on the stimulus, 

and whole-body postural changes in response to mechanical stimuli (Choi et al., 1994). 

The inclusion of these complex behaviors excludes simple hyper-reflexia, which is a 

segmental response (Woolf 1984; Vincler et al., 2001).  The calibrated force ranged from 
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undetectable (0.2 g force) to noxious (180 g force).  The force at which withdrawal first 

occurred was recorded as the withdrawal threshold.  To perform these tests, rats were 

placed inside the Plexiglas boxes on an elevated, fine wire mesh screen and acclimated 

for 60 min prior to testing. The von Frey filament was applied through the mesh to the 

plantar surface of the glabrous skin of the paw for each hindlimb. A single trial consisted 

of the application of the stimuli, applied once every 3 to 4 sec with increasing force until 

the response is recorded.  Data were analyzed as a percentage of presurgical baseline 

values and comparisons were made between the different injury modalities.  In this 

method of comparison, post-injury scores of 100% indicate no change from presurgical 

baseline values while scores descending below 100% indicate increasing allodynia. 

 Locomotor Function:  Locomotor recovery was tested using the open field test 

modified by Basso, Beattie and Bresnahan and most commonly known as the BBB 

Locomotor Rating Scale (Basso et al., 1995).  The score assesses the locomotor ability 

following experimental SCI in rodent models and allows validation of the ability of the 

hindlimbs to locomote and bear weight so that somatosensory testing is feasible.  Briefly, 

the scale is a 21 point scale ranging from 0, no movement, to 21 which reflects consistent 

and coordinated gait, with paw placement parallel to the trunk, and trunk stability.  

Scores 0-7 rank the early phase of recovery indicating movement of the primary 3 joints 

(hip, knee and ankle), scores 8-13 describe the intermediated phases of recovery from 

weight bearing stance to coordinated stepping and scores 14-21 rank the late phase with 

the return of toe clearance, paw position and trunk stability.  The scoring is very useful 

for estimating the quality of injury and correlating to actual impact properties.  A score is 

determined for each hindlimb (left and right) and the average of these scores is recorded 

as the daily score for the animal. 

 Bladder Function:  Following SCI, animals lose spontaneous bladder function 

and, depending on severity of the injury, control over micturition is resumed after a 

period of several days up to 2 weeks (Pikov and Wrathall 2001; Wrathall and Emch 

2006).  Injured animals had their bladders manually expressed twice daily until function 
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returned to normal.  We used an arbitrary score of “+” (plus), “+/-” (plus/minus) and “-” 

(minus) for urine retention as interpreted by bladder diameter, with plus being very 

retentive, or the bladder diameter approximately 1.5 cm or greater, minus being normal 

size, 0.5 cm diameter or less and plus/minus falling in between those two scores.  As the 

animal regains function, there may be times when a minus score is followed by a plus 

score.  Our experience showed that consistent normal function occurred only after three 

consecutive minus scores.  Therefore, an injured animal was considered to have regained 

normal bladder function on the day of the third consecutive minus score. 

Statistical Analysis   
 Measurement of locomotor recovery was analyzed with a repeated measures 

analysis of variance.  All other tests used a multiple group one way analysis of variance 

(ANOVA).  Where appropriate, groups were compared with Tukey HSD and Duncan’s 

New Multiple Range post-hoc statistical tests.  All tests were performed using SPSS 

software (v 14, SPSS Inc., Chicago, IL).  Significance was set at p < 0.05.  Groups are 

listed by injury parameters of force in kdyn and dwell time in seconds (force-dwell time).  

Values are expressed and graphed as mean with standard error of the mean (mean +_  

SEM). 

RESULTS   

Injury Parameters   
 Figure 2.1 represents the resulting mean actual force and displacement values 

obtained from the output report of each impact using the IH impactor.  Statistical analysis 

showed no significant difference in force or displacement within the injury groups.  

Additionally, there was no significant difference in force (p > 0.6 for all comparisons) or 

displacement (p > 0.8 for all comparisons) between groups with the same injury force 

parameters (the 150 kdyn groups), independent of any predetermined dwell-time values.  

However, the actual displacements and forces between groups of differing preset forces 

were significantly different, independent of dwell-time settings.  As expected, the 200-0 
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group (200 kdyn, 0 s dwell-time) had a significantly higher actual force (219.5 +_  4.02 

kdyn) than any of the 150 kdyn groups (150-0:  165.8 +_  3.84 kdyn; 150-1:  159.7 +_  1.17 

kdyn; 150-2:  156.5 +_  2.09 kdyn; 150-3:  161.0 +_  3.04 kdyn; and 150-4:  157.9 +_  2.26 

kdyn;  p < 0.0001 for all comparisons) and the 90-2 group (93.9 +_  1.01 kdyn); p < 

0.0001).    Each of the 150 kdyn groups had significantly higher actual forces when 

compared with the 90-2 group as well (p < 0.0001 for all comparisons).  Additionally, the 

200-0 injury group had a significantly greater spinal cord displacement (1190.2 +_  34.37 

µm) than any of the 150 kdyn groups (150-0:  902.2 +_  65.31 µm; 150-1:  926.0 +_  54.42 

µm; 150-2:  963.00 +_  78.48 µm; 150-3:  1002.0 +_  30.06 µm; and 150-4:  992.4 +_  27.11 

µm; p < 0.05 for all comparisons) as well as the 90-2 injury group (534.0 +_  62.95 µm; p 

< 0.0001).  Also as expected, each of the 150 kdyn injury groups had significantly greater 

spinal cord displacements than the 90-2 group (p < 0.0001 for all comparisons).  Again, 

there was no statically significant difference between the different dwell-time groups of 

equal impact force (150 kdyn).  

 There was a significant correlation observed, r = 0.813 (p < 0.001), for actual 

spinal cord displacement as a function of actual force of impact (Figure 2.2).  These data 

indicate the consistency of the impact device, as well as the ability to have a user-defined 

parameter of dwell-time that does not affect other biomechanical properties of the injury, 

specifically spinal cord displacement or actual force applied in the impact. 



 

  
Figure 2.1.  Histograms of the actual force of impact by injury group and actual spinal 
cord displacement by injury group.  (A) In actual force of injury, there were no 
significant differences between groups of the same force.  However, as expected, there 
were significant differences in actual force between groups of differing programmed 
force.  The 200 kdyn injury group actual force was significantly more than all other 
groups, while the 90 kdyn group was significant lower than all other groups.  (B) Actual 
displacement data also showed no significant difference between groups of the same 
impact force.  The 200 kdyn group had a significantly greater displacement than all other 
groups and the 90 kdyn group was displaced significantly less than all other groups.  Data 
are plotted as mean +_ SEM.  * p < 0.0001 compared to 150 kdyn groups; ** p <  0.0001 
compared to 200 kdyn group; # p < 0.05 compared to 150 kdyn groups 

 20



 

 

 
Figure 2.2.  Scatter plot with linear regression of individual actual force plotted against 
the actual displacement for each animal.  All impacts were plotted by actual force and 
displacement, as recorded by the instrument.  There was a significant (p < 0.0001) 
correlation between the actual force applied and the tissue displacement (r = .813) 
indicating that as the programmed force increases, the actual cord displacement increases.  
Note that as the actual force increases, the variability in displacement decreases indicated 
by the decreasing ranges of displacement and decreasing standard deviation (SD) of the 
mean displacement. 
 

Forelimb and Hindlimb Sensitivity   

 The data in figures 2.3 and 2.4 represent the change in mechanical withdrawal 

threshold after injury when compared to baseline measures.  In week 4, percent of 
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baseline threshold scores in the forelimb for the 150-4 (20.10 +_ 4.7 %), 150-3 (36.07 +_ 

4.9 %), 150-2 (28.54 +_ 5.0 %), and 150-1 (30.13 +_ 4.1 %) groups were significantly 

lower when compared with sham controls (97.12 +_ 12.1 %) (p < 0.0001 for all 

comparisons).  The 150-0 group (69.5 +_ 10.9 %) and the 200-0 (97.40 +_ 7.3 %) group 

showed no significant difference compared with sham.  The 90-2 injury group (55.00 +_ 

10.6 %) also was significantly reduced compared with sham controls (p < 0.05).   By 

week 5, the percent of baseline threshold scores in the forelimb for the 150-4 (23.40 +_ 5.0 

%), 150-3 (26.73 +_ 6.1 %), 150-2 (29.33 +_ 5.9 %), and 150-1 (34.88 +_ 6.7 %) groups 

remained significantly lower when compared with sham controls (107.03 +_ 13.9 %) (p < 

0.0001 for all comparisons).  In addition, by week 5 the 150-0 (50.17 +_ 9.1 %) and the 

200-0 group (46.04 +_ 7.0 %) were significantly decreased compared with sham controls 

(p < 0.001) and the 90-2 group (62.63 +_ 12.3 %) remained significantly lower than sham 

controls (p < 0.05) (Figure 2.3).    
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Figure 2.3.  Histogram of forelimb responsiveness to von Frey filaments, displayed as a 
percentage of pre-surgical baseline value.  Thresholds at 4 weeks (black bars) and 5 
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weeks (white bars) post-injury were recorded for each injury group.  Mechanical 
allodynia is interpreted to be a significant reduction in percent of baseline scores 
compared to sham.  Allodynia was evident in all injury groups by the 5th week, but 
robustness of threshold change was affected by increases in force or dwell time.  Injury 
groups are indicated on the X axis by Force – Dwell-time.  Significant decreases, when 
compared to sham controls, in withdrawal thresholds can be seen in all injury groups by 
the 5th week post-injury, and earlier in all groups that included a dwell-time.  Data are 
plotted as mean +_  SEM   (*p < 0.0001; **p < 0.001; ***p < 0.05) 
 

 Data from hindlimb testing (Figure 2.4) demonstrate a pattern of sensitivity 

similar to the forelimb data; however there were some apparent differences.  Hindlimb 

percent of baseline threshold scores in week 4 testing for the 150-4 (9.49 +_ 3.4 %), 150-3 

(9.77 +_ 2.1 %), 150-2 (12.36 +_ 2.3 %), and 150-1 (21.87 +_ 3.4 %) groups were 

significantly lower when compared with sham controls (101.25 +_ 3.5 %) (p < 0.0001 for 

all comparisons).  The 150-0 group (98.69 +_ 7.9 %) and the 90-2 (93.26 +_ 5.6 %) group 

showed no significant difference compared with sham.  The 200-0 injury group (69.33 +_ 

13.5 %) also was significantly reduced compared with sham controls (p < 0.05).   By 

week 5, the percent of baseline threshold scores in the hindlimb for the 150-4 (10.20 +_ 

3.2 %), 150-3 (14.13 +_ 4.4 %), 150-2 (10.61 +_ 3.5 %), and 150-1 (25.54 +_ 5.8 %) groups 

remained significantly lower when compared with sham controls (103.92 +_ 2.6 %) (p < 

0.0001 for all comparisons).  The 150-0 (88.42 +_ 6.9 %) and the 90-2 group (78.16 +_ 9.1 

%) remained insignificantly different when compared with sham controls.  Also, the 200-

0 injury group (53.95 +_ 10.4 %) remained significantly different compared with sham 

controls.  



 

 
Figure 2.4.  Histogram of hindlimb responsiveness to von Frey filaments, displayed as 
a percentage of pre-surgical baseline values.   Thresholds at 4 weeks (black bars) and 5 
weeks (white bars) post-injury were recorded for each injury group.  Mechanical 
allodynia is interpreted to be a significant reduction in percent of baseline scores 
compared to sham.  Allodynia was evident in all of the 150 kdyn forced injury that 
included a dwell time and the 200 kdyn injury, in both the 4th week and the 5th week 
post-injury.  No other injury group showed significant changes in threshold compared 
with sham controls.  Injury groups are indicated on the X axis by Force – Dwell-time.  
Data are plotted as mean +_  SEM.  (*p < 0.0001; **p < 0.05) 
 

Locomotor Recovery   
 Locomotor recovery as measured by the BBB locomotor scoring system was 

recorded for each animal for the first 14 days and then on day 21, 28, and 35.  Analysis of 

variance for repeated measures indicated that there was a significant within-subjects 

effect of time (p < 0.0001) (Figure 2.5) demonstrating that, as expected in a rat model of 

moderate contusive SCI, the locomotor score improves over the recording time.  Analysis 

also revealed a significant between-subjects effect of condition over time (p < 0.0001) 

indicating that the locomotor recovery profile of the various injury groups had significant 
 24
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differences, most likely related to the injury parameters assigned to given groups.  In fact, 

post hoc group comparison determined that the 150-0 group (150 kdyn, 0 s dwell-time) 

recovered hindlimb function significantly better than all other groups (p < 0.001 for all 

comparisons).  In addition, the 200-0 and the 90-2 recovered significantly better than all 

the 150 kdyn impact groups that included a dwell-time (p < 0.05 for all comparisons).  

Interestingly, there was no significant difference between the 200-0 group and the 90-2 

group (p > 1.0), indicating a similar locomotor recovery pattern between groups, in spite 

of one group having an injury force of about one half the intensity but including a 2 s 

dwell-time.  Additionally, there were no significant differences between all 150 kdyn 

groups that included a dwell-time (p > 0.7 for all comparisons), indicating a similar 

pattern of locomotor recovery from injuries of the same force that include a dwell-time, 

irrespective of the duration of dwell-time (within our tested range of 1-4 seconds).   



 

 
Figure 2.5.  BBB rank score of hindlimb locomotor function in open field test (Basso et 
al., 1995) after SCI with varying impact forces and dwell-times (indicated in legend as 
Force – Dwell-time).  ANOVA for repeated measures indicated a significant difference 
between all groups and the 150 kdyne with no dwell-time (150-0) group (* p  < 0.001), 
with the 150-0 group showing the most improvement over time.  In addition, the 200 
kdyn and 90 kdyn with a 2 s dwell-time were both significantly more improved than all 
of the 150 kdyn groups that included a dwell-time (** p < 0.05).  Data shown as mean +_  
SEM.
 

 When the data from only day 28 post-injury were analyzed (Figure 2.6), post hoc 

tests of the BBB scores confirmed that at the beginning of our chronic behavior testing 

(28 days post-injury),  the 150-0 group (14.63 +_  0.984) had recovered significantly better 

than all groups (p < 0.05 for all comparisons).  Both the 200-0 (10.36 +_  1.052) and 90-2 
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(10.56 +_  0.984) groups were significantly different when compared to all 150 kdyn 

groups (p < 0.05 for all comparisons), but not when compared to each other (p > 1.0).  

The 150 kdyn with dwell-time groups (150-4:  5.75 +_  1.137; 150-3:  6.14 +_  1.052; 150-

2:  6.63 +_  0.984 and 150-1:  6.22 +_  0.982) recovered the least amount of function to a 

significance, but there was no difference between these groups of equal force and varying 

dwell-times (p > 0.9).  

 
 
Figure 2.6.  Histograms of the mean BBB rank score of hindlimb locomotor function 
at 28 days post-injury (the time point for the beginning of testing for mechanical 
allodynia). Injury groups are indicated on X axis by Force – Dwell-time.  Note that by 
day 28 there was no significant effect of dwell time on injuries of equal force (150 kdyn 
with dwell times).  The 150 kdyn injury with no dwell-time resulted in a significantly 
higher BBB score than all other injury groups at this time point.   Also worth noting, the 
200 kdyn injury with no dwell-time had a BBB score that was not significantly different 
compared with the injury with less than half of the force, but included a dwell time (90 
kdyn 2 sec dwell-time).  Data are plotted as mean +_  SEM.  *  p < 0.05 compared to 150 
kdyn with dwell-time groups; ** p < 0.05 compared to 200-0 and 90-2 groups. 
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Bladder Function Recovery   

 Bladder recovery was recorded as the day post-injury on which the third 

consecutive minus score (see Methods) was measured at the time of manual bladder 

expression.  One way ANOVA of the injury groups and post hoc test for multiple groups 

showed a statistically significant difference between groups.  Figure 2.7 illustrates the 

results showing that the 150-4 (150 kdyn, 4 s dwell-time) injury took significantly longer 

to recover spontaneous bladder function (12.86 +_  0.595 days) than all other groups (p < 

0.005 for all comparisons).  The 150-0 (4.88 +_  0.350 days) and the 90-2 (4.75 +_  0.491 

days) groups had the best recovery times when compared to all of the 150 kdyn with 

dwell-time groups (p < 0.05 for all comparisons), but the difference when compared to 

the 200-0 group was insignificant (p > 0.7 for each comparison).  Additionally, the 200-0 

injury group (6.29 +_  0.747 days) recovered more quickly than the 150-1 (9.00 +_  1.143 

days) and 150-2 (8.88 +_  0.789 days) groups (p < 0.05 for each comparison) but not the 

150-3 (7.75 +_  0.559 days) group (p > 0.1).  All other observable differences were not 

significant (p > 0.05).  



 

 
 
Figure 2.6.  Histograms of duration of bladder dysfunction until onset of automatic 
bladder voiding.  Injury groups are indicated on the X axis by injury parameters, Force – 
Dwell-time.  Note that the 150 kdyn force with a 4 s dwell-time (150-4) took significantly 
longer to recover function than all other groups (*p < 0.005 compared to 150-4).  The 1, 2 
and 4 s dwell-time groups of the 150 kdyn injuries also took significantly longer to 
recover than the 150-0, 200-0 and 90-2 groups (**p < 0.05 compared to 150-0, 200-0 and 
90-2).  The 150-3 injury group was significantly different from the 150-0 and 90-2 group 
(# p < 0.05), but not from the 200-0 injury group (p > 0.1).  Data are shown as mean days 
post-injury for full bladder voiding  +_  SEM.   
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DISCUSSION 

 The design of this study was to examine functional outcomes in a rat model of 

contusive spinal cord injury (SCI) using the Infinite Horizons device, which has been 

previously described (Scheff et al., 2003). Specific outcome measures were the 

development of allodynia, locomotor recovery and spontaneous bladder function 

recovery.  The 150-4 group (150 kdyn - 4 second dwell-time) had the greatest decrease in 

thresholds to mechanical stimuli, which we interpreted to be mechanical allodynia, the 

longest bladder recovery time and the lowest locomotor recovery score by the end of 

testing.  The 150-0 group had the highest BBB scores on all testing days, one of the 

shortest bladder recovery times but demonstrated little change in mechanical thresholds 

in the hindlimbs and significant changes in forelimb thresholds by 5 weeks. By contrast, 

the addition of dwell time to the 150 kdyne force resulted in significant mechanical 

allodynia in forelimbs and hindlimbs, longer bladder recovery times and lower BBB 

scores.  The 200-0 group had significant allodynia by week 5 after SCI in both forelimbs 

and hindlimbs.  In contrast, the 90-2 group, although similar in BBB mean scores to the 

200-0 group, did not display a significant change in hindlimb sensitivity to mechanical 

stimulus compared with presurgical baseline. 

 One interpretation of the differential outcomes between groups could be 

differences attributed to unknown variables in the biomechanical properties of the 

contusion injury, such as injury force or impact velocity, depth of spinal compression at 

injury or duration of compression.  However, because the new generation of impact 

devices allows output of actual injury properties, rigorous determination of the injury 

consistency is ensured.  We examined three forces of programmed impact: 90, 150 and 

200  kdyn  As expected, we find significant differences in the reported actual force of 

injury between groups, but not within a group.  Additionally, the three groups yielded 

spinal cord displacements that were significantly different between the groups but not 

within a group, consistent with findings previously reported (Scheff et al., 2003).  Thus, 

as impact force increases, the spinal cord displacement also increases and the range for 
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actual displacement decreases.  Our findings demonstrate that the IH Impactor allows 

strict and reproducible control over the biomechanical properties of spinal injury to 

accurately produce predicted behavioral outcomes. 

 Of significant note, the addition of any dwell time to the 150 kdyn injury had no 

significant effect on either actual force or actual displacement but had a profound effect 

on behavioral outcomes. However, the addition of a dwell time to the 150 kdyn injury 

significantly reduced the threshold values for both the hindlimbs and the forelimbs; 

however there were no significant differences between groups for different dwell times.  

Additionally, an injury with relatively mild impact force and displacement mechanics (90 

kdyn) had outcome measures that closely resembled a moderate to severe injury when a 

two second dwell-time was included.  One possible interpretation for this finding is that 

the increase in compression duration is sufficient to induce an additional ischemic 

component to the injury.  Ischemic injury to the spinal cord induces significant necrosis 

and apoptosis of neuronal populations (Kato et al., 1997) and results in increased 

extracellular concentrations of excitatory amino acids that reach cytotoxic levels (Rokkas 

et al., 1995).  Edema, secondary neuronal loss from necrosis and apoptosis and 

inflammatory cell infiltration result from ischemic events.  Ischemia of the spinal cord is 

the basis of at least two non-contusive models of SCI (Rivlin and Tator 1978; Taira and 

Marsala 1996; Bruce et al., 2002) where blood flow to the spinal cord is reduced by 

blocking aortic blood flow or placing a mechanical clamp on the spinal cord for seconds 

to minutes of duration.  The IH impactor with no dwell time setting impacts the cord and 

quickly retracts from the spinal tissue, unlike the NYU device in which the impactor 

remains for several seconds until the investigator manually withdraws it.  We propose 

that the addition of a dwell time reduces blood flow to surrounding tissue adding 

ischemic insult to neuronal populations already under stress and thus exacerbates neural 

injury response resulting in worsened outcomes, including mechanical allodynia. 

 Besides the development of allodynia, other behavioral outcome measures, such 

as locomotor and bladder function, are important to consider in SCI models.  Locomotor 
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function allows investigators to gauge the accuracy and severity of injury, as the hindlimb 

patterns of function are consistent within a given injury profile.  One of the common 

locomotion outcome measures is the open field test with rank scores assigned by trained 

behaviorists (Basso et al., 1995), often referred to as the BBB locomotor score.  BBB 

scores are used to categorize animals into “mild”, “moderate” and “severe” categories 

(Stokes 1992; Basso et al., 1995; Basso et al., 1996; Lindsey et al., 2000; Scheff et al., 

2003). We report that the addition of the “dwell” component worsens the BBB score. 

Another outcome measure that is worsened is lower urinary tract dysfunction after SCI. 

Bladder dysfunction contributes to morbidity, mortality and is an important quality of life 

issue for people with SCI (Anderson 2004).  Past studies have shown a strong correlation 

between severity of trauma and bladder dysfunction after SCI (Pikov and Wrathall 2001; 

Wrathall and Emch 2006).  We confirm and extend these findings, and report that 

increases in force significantly affect locomotor function and the duration of automatic 

bladder dysfunction.  As with allodynia, the inclusion of a dwell-time in the injury 

paradigm had a significant negative impact on these outcome measures. 

 To put the present work in clinical context, spinal cord injury results in a broad 

and complicated array of clinical syndromes and dysfunctions.  Among the most 

problematic to people with SCI are bladder, bowel and sexual dysfunction and chronic 

pain syndromes (Anderson 2004).  With respect to bladder function after SCI in people, 

neurogenic bladder results in the inability to voluntarily void bladder contents.  

Management of bladder dysfunction is strongly correlated with perceived quality of life 

(Hicken et al., 2001), and morbidity resulting from bladder mismanagement contributes 

to more than 30% of readmission to acute care hospitals (Kirshblum et al., 2002).  Thus, 

it is important to examine effects of putative therapies in animal models on recovery of 

bladder function. The present model allows for studies of improved bladder function in 

response to therapeutic interventions (Carter et al., 2006). 

 Central neuropathic pain (CNP) is defined formally by the International 

Association for the Study of Pain as “pain initiated or caused by a primary lesion or 
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dysfunction in the central nervous system (Siddall et al., 2002).  CNP syndromes and 

dyesthesias (an unpleasant abnormal sensation that may or may not be painful) can be 

divided into two categories based on the dependency of the pain to peripheral stimuli.  

First, persistent pain, or dyesthesias, occurs independent of peripheral stimuli, is 

spontaneously and increases intermittently and is described as numbness, burning, 

cutting, piercing or electric-like.  Second, peripherally evoked pain occurs in response to 

either a normally nonnoxious or noxious stimuli (Hulsebosch 2005).  In the case that the 

peripherally evoked pain is in response to a normally nonnoxious stimulus, the pain state 

developed is considered to be allodynia. In the case that the peripherally evoked stimulus 

is in response to a normally noxious stimuli but the response is exaggerated, the pain state 

developed is considered to be hyperalgesia (Hulsebosch 2005). A subtle but important 

definition is the state of increased sensitivity to stimulation, which may or may not be 

painful, is considered to be hyperesthesia (Merskey and Bogduk 1994).  Chronic central 

pain syndromes are characterized by the presence of persistent pain (Vierck 1991; Lenz 

et al., 1994), with concomitant changes in peripheral somatosensory responses (Vierck 

1991). 

 Pain after SCI can be separated into three regional categories:  1) above-level 

pain, or pain arising from dermatomes or sensory input at spinal cord levels rostral to the 

spinal lesion, 2) at-level pain, or pain from sensory dermatomes that correspond to spinal 

levels at the injury site or immediately rostral to the injury site, and 3) below-level pain, 

pain perceived in sensory areas that correspond to spinal segments below the level of 

injury (Siddall et al., 1997; Sjolund 2002).  The present study provides a reproducible 

model of CNP that includes above level, at-level (Crown et al., 2005) and below level 

changes in mechanical allodynia. Because CNP is often refractory to traditional 

pharmacologic treatments for pain (Watson 2000; Hulsebosch 2005) the present model, 

because of the consistency and reproducibility of CNP outcomes, is critical in advancing 

our understanding of the molecular, biochemical, anatomical and functional 

consequences of SCI to develop effective therapies for CNP. 



 

 34

CHAPTER 3:  EFFECTS OF INHIBITING NEUTROPHIL 
INFILTRATION AFTER SCI ON BEHAVIORAL AND 

HISTOLOGICAL OUTCOMES 

 

INTRODUCTION 

 One of the more prevalent complaints among individuals suffering from spinal 

cord injury (SCI) is chronic intractable pain (Beric 1990; Christensen and Hulsebosch 

1997; Hulsebosch et al., 2000; Hulsebosch 2005). Multiple studies have indicated that the 

incidence of people with some form of chronic pain following SCI is up to 90%, with 

most studies reporting moderate to severe pain in the majority of cases (Rintala et al., 

1998; Westgren and Levi 1998; Sjolund 2002). Chronic pain negatively influences 

perceived health status, limits activities of daily living and adversely influences quality of 

life such that depression and suicide frequently occurs (Segatore 1994). Consequently, 

understanding mechanisms that lead to chronic pain after SCI is extremely important. 

 While some research efforts focus on regeneration and cell transplants for SCI 

repair, it is understood that effective strategies for SCI treatment include reducing the 

extent of injury as early after trauma as possible.  In fact, behavioral outcomes correlate 

to the extent of neural sparing (Kloos et al., 2005).   Thus, prevention of secondary neural 

cell loss is a reasonable therapeutic strategy.  Injury or neural cell death,  secondary to the 

initial trauma, can result from release of excitatory amino acids at toxic levels, lipid and 

protein oxidation, the formation of reactive oxygen species and the immune response 

after injury, including the inflammatory cytokine cascade and cellular infiltration at the 

injury site (Young 1993a; Taoka et al., 1995; Popovich et al., 1997; Taoka et al., 1997; 

Yezierski et al., 1998; Liu et al., 1999; Popovich et al., 1999; Bethea 2000; Xu et al., 

2001; Hulsebosch 2002; Popovich and Jones 2003; Bao et al., 2004). 

 Specifically, the inflammation response after injury includes the immediate 

release of acute phase proteins, expression of pro- and anti-inflammatory cytokines and 
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cellular infiltration at the injury site by inflammatory cells.  Infiltration of neutrophils 

begins within 8 hours and continues for up to 48 hours, peaking at 24 hours (Carlson et 

al., 1998).  Neutrophils contain characteristic secretory granules filled with oxidative and 

proteolytic enzymes, such as myeloperoxidase (MPO).  Resident macrophages in the 

tissue are also activated within the first hour, but recruitment of blood borne macrophages 

peaks between 3-5 days (Blight 1985; Popovich et al., 1997).  T-cell infiltration activity 

occurs by 7 days and can continue for weeks to months (Popovich et al., 1997; Moalem et 

al., 1999; Jones et al., 2005a).  The cellular inflammatory response to SCI, especially the 

infiltrations of neutrophils at the injury site, promotes tissue loss and produces an 

environment that contributes to chronic pain syndromes experienced by at least 80% of 

SCI patients (DeLeo and Yezierski 2001; DeLeo et al., 2004).  However, whether the 

inflammatory cell response to injury is overall detrimental or beneficial after SCI is a 

topic of debate and current investigation (Bethea 2000; Bethea and Dietrich 2002). 

 The preponderance of evidence demonstrates that neutrophil activity after SCI 

leads to exacerbation of the initial insult and leads to secondary injury, as inhibition of 

this activity usually leads to improvement after injury to the CNS (Taoka et al., 1997; 

Taoka et al., 1998b; Hirose et al., 2000; Tonai et al., 2001; Gris et al., 2004).  Past 

treatments to inhibit the function of neutrophils have included animal derived antibodies 

against cell surface proteins, and activated proteins that “deactivate” immune cells.  

However, animal derived antibodies have the potential to cross react with a human 

immune system causing further stimulation and other treatments have been tested in pre-

injury treatment paradigms which are not clinically relevant in SCI.   

 The present standard of care involves the use of high dose corticosteroids, such as 

methylprednisolone sodium succinate (MPSS), immediately after injury (Hall et al., 

1988; Hall 1992).  However the mechanisms and efficacy of this treatment remains 

unclear and side effects, such as pulmonary dysfunction and edema,  are often described 

as detrimental to recovery (Young et al., 1988; Bracken 1990; Rabchevsky et al., 2002).  
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Thus, a targeted approach that would inhibit neutrophil activity and should be safe for 

clinical use after SCI would be an important advance. 

 The current study used a glycoprotein based inhibitor of neutrophil adhesion, 

recombinant neutrophil inhibitory factor (rNIF), to study the effectiveness of neutrophil 

inhibition on behavioral outcomes, including mechanical withdrawal thresholds, and on 

secondary injury or lesion volume.  rNIF (Dendreon Corp., Seattle, WA USA) is a 257 

amino acid glycoprotein, which has previously been used in clinical trials as a potential 

therapy for reperfusion injury after stroke (Krams et al., 2003; Lees et al., 2003) (see 

Figure 3.1).  While significant sparing of cortical tissue was demonstrated in this study, 

significant behavioral improvements were not evident, probably due to the large volume 

of cortical tissue involved in the ischemia.  However, we reasoned that a significant 

sparing of spinal tissue after SCI would have a significant effect on outcomes and 

behavioral recovery.  Thus, we wanted to test rNIF treatment in a rodent model of 

contusive SCI.  As an indirect measure of neutrophil infiltration, we measured 

myeloperoxidase (MPO) activity 24 hours post-injury.  Treatment with rNIF after injury 

significantly reduced MPO activity at the lesion site, by more than 50%.  Additionally, 

treatment with rNIF showed significantly improved behavioral outcomes related to pain 

and bladder function and spared neural tissue 35 days post-injury when compared with 

the vehicle treated SCI group. 

MATERIALS AND METHODS 

Experimental Animals 
 Subjects were male Sprague Dawley rats (225-240 g) (Harlan Sprague-Dawley 

Inc, Houston).  Animals were housed on a 12 hour light/dark cycle.  Experimental 

procedures were in accordance with the NIH Guide for the Care and Use of Laboratory 

Animals as well as the UTMB Institutional Animal Care and Use Committee (IACUC) 

guidelines.   
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 Animals were divided into 4 groups for treatment and injury to study behavior 

and tissue sparing 35 days post-injury:  1) SCI + rNIF treatment (n = 11), 2) SCI + 

vehicle treatment (n = 12), 3) SCI + MPSS treatment (n = 14) and 4) sham injury 

(laminectomy only) control (n = 10).   

 An additional 16 animals (n = 4 per group) were injured and treated as above and 

sacrificed 24 hours post-injury for MPO activity assay to quantitate neutrophil activity at 

the time of peak infiltration (Carlson et al., 1998).  

Surgical and Injury Procedures 
 Surgery and spinal contusion at T10 were carried out as described in Chapter 2 

with some modifications.  Spinal contusion was carried out at 200 kilodynes (kdyn) of 

force with no dwell-time.  After impact, drug treatments were initiated as described 

below.  For histological studies 35 days post-injury, animals in the behavioral study were 

deeply anesthetized with sodium pentobarbital and perfused intracardially with 

heparinized 0.9% saline followed by 4% cold buffered paraformaldehyde. After 

perfusion, the spinal cord was postfixed in 4% paraformaldehyde at 4° C. 

rNIF Treatment and Vehicle Controls 
 Dosing and treatment duration for rNIF was based on previous studies in cerebral 

ischemia models (Jiang et al., 1998; Zhang et al., 2003).  Immediately after spinal 

contusion, an incision was made in the neck over the external jugular vein and the vein 

was exposed.  A tunnel was made under the skin from the neck incision, over the 

shoulder to the spinal incision using a skin tunneling needle.  A catheter was threaded 

through the skin tunnel, inserted into the external jugular vein and anchored in place.  

The catheter was connected to an osmotic pump (Alzet model 2001D, 8 µl/hr, Durect Co, 

Cupertino, CA USA) pre-filled with rNIF, which had been primed in saline at 37° C for 3 

hours.  The catheter and pump was placed under the dorsal skin and anchored before 

closing the spinal skin incision.  rNIF was given at a dose of 0.78 mg/kg/hr for 24 hours.  

Additionally, to increase serum drug concentrations to steady state after the first hour, a 

bolus loading dose of 1.58 mg/kg was given by tail vein injection 1 hour post-injury.  



 

Vehicle treatments included an osmotic minipump loaded with sterile phosphate buffered 

saline (PBS) at pH 7.4 and a tail vein injection of PBS of equal volume to NIF injection.  

Injection times and catheter placements were identical. 

 

 
 
 
Figure 3.1.  Illustration of the mechanisms of action for inhibiting neutrophil 
infiltration using recombinant neutrophil inhibitory factor (rNIF).  rNIF binds to the 
CD11b/CD18 surface protein on the neutrophils and prevents its interaction with 
intercellular adhesion molecules (ICAM), preventing extravasation into the extravascular 
space across the vascular wall. 
 

Methylprednisolone (MPSS) Treatment 

 MPSS (Solu-Medrol, Pharmacia, Gaithersburg, MD USA, in PBS vehicle) was 

administered intravenously by osmotic minipump in the catheterized external jugular vein 

as above.  The delivery rate for MPSS was 5.4 mg/kg/hr for 24 hours with a tail vein 

loading dose of 30 mg/kg given 1 hour post-injury.  Dosing regimen for MPSS was based 
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on previous studies in the rat (Akdemir et al., 1993; Liu and McAdoo 1993; Ross et al., 

1993; Behrmann et al., 1994; Koc et al., 1999; Rabchevsky et al., 2002). As a note, 3 

MPSS treated animals died between 6 and 11 days post-injury due to apparent pulmonary 

dysfunction. 

Myeloperoxidase (MPO) Assay 
 The MPO assay was adapted as below from previous methods (Bradley et al., 

1982).  Twenty-four hours post-injury, animals for the MPO studied were deeply 

anesthetized with sodium pentobarbital and perfused intracardially with 400 ml 

heparinized 0.9% saline.  The spinal cord was quickly removed and segment T10 was 

frozen on dry ice and stored at -80° C for later use.  Frozen segments were weighed and 

placed in a 1.5 ml microcentrifuge tube, allowed to thaw on ice, and were homogenized 

on ice in 250 µl of 50 mM phosphate buffer (pH 6.0) using a hand held homogenizer 

(Pellet Pestle, Kimble / Kontes, Vineland, New Jersey USA).  Samples were kept on ice 

between each step of the assay.  Phosphate buffer was added up to 1 ml and gently mixed 

by vortex.  A cell pellet was made by centrifugation at 4° C for 20 min at 19,000 X G 

followed by removal and discarding of the supernatant.  Five-hundred microliters of 0.5% 

(w/v) hexa-decyl-trimethyl-ammonium bromide (HTAB, Sigma-Aldrich, St. Louis, MO 

USA) in 50 mM phosphate buffer (pH 6) was added to the pellet and gently mixed by 

vortex until the pellet was resuspended.  The mixture was sonicated for 20 seconds (W-

10 cell disruptor; Mansonics, Plainview, NY USA) and frozen in liquid nitrogen, 

followed by thawing in a water bath at 42° C.  The freeze/thaw cycle is repeated twice (3 

total freeze/thaw cycles) followed by sonication for 20 seconds more.  The cell debris 

was removed from solution by centrifugation at 19,000 X g for 20 min at 4° C.  The 

supernatant, containing active MPO, was then transferred to a clean tube and analyzed for 

total protein, by BCA assay (Pierce, Rockford, IL USA) and MPO activity.  For the MPO 

assay, 50 µl of supernatant was added to 250 µl of a 0.05% hydrogen peroxide solution in 

50 µM phosphate buffer (pH 6.0) containing 0.3125 mg/ml O-dianisidine hydrochloride 

(ODN) on a UV transparent 96-well microplate and immediately analyzed.  Using a 96-
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well plate reader (µQuant, BioTek Instruments, Winooski, VT USA) in kinetic mode, a 

reading was taken at 450 nm every 60 seconds for 10 minutes.  The rate of change in 

absorbance (ΔA/min) was recorded.  One unit of MPO activity is defined as the 

degradation of 1mmol of peroxide/min at 25°C, which gives a change in absorbance (ΔA) 

of 0.0113/min.  Therefore, we report the Units of MPO per mg of total protein by 

dividing the ΔA/min/mg obtained from the assays by 0.0113 ΔA/min/U. 

Behavior Analyses 
 Mechanical Sensitivity of Limbs:  Mechanical sensitivity testing was altered from 

the protocol in Chapter 2.  A blinded observer performed behavioral tests to test for the 

presence sensitivity to mechanical stimuli.  Prior to testing, all animals were 

environmentally acclimated to the clear Plexiglas testing apparatus (8x8x18cm) for 3 

hours/day for 3 days.  Preoperative testing began 3 days prior to injury, 1 session per day, 

to establish both individual and group presurgical baseline behaviors.  Tests were 

performed postoperatively at 35 days post-injury.  Before testing, animals were re-

acclimated to the apparatus for 30 minutes.  Since no significant side-to-side differences 

were found, data from each limb (left and right of both forelimbs and hindlimbs) were 

collapsed into combined hindlimb and forelimb scores for ease of comparison.  

 Mechanical sensitivity of the glabrous skin of the paw was quantified using a paw 

withdrawal paradigm in both forelimbs and the hindlimbs.  The withdrawal threshold was 

determined using the Dixon up-down method (Dixon 1980) as previously used in a rat 

model of peripheral neuropathy (Chaplan et al., 1994).  In this paradigm, testing was 

initiated with the 2.0 g von Frey filament and the range of filaments was 0.4 g to 26.0 g.  

Stimuli were always presented in a consecutive fashion, whether ascending or 

descending.  If the response was negative (no paw withdrawal), the tester ascended to the 

next strength, and a positive response, sharp paw withdrawal accompanied by active 

attention of the rat to the stimulus by head turning, biting attacks on the stimulus, and 

whole-body postural changes in response to mechanical stimuli (Choi et al., 1994), 

resulted in a descent in stimulus strength.  According to this method, threshold 
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calculation required 6 responses in the immediate vicinity of the threshold.  The first 

response value was retrospectively recorded as the filament before the filament with 

which a positive response was elicited (the second response), such that the threshold was 

between the positive response and the previous negative response.  The succeeding 4 

response data points were determined by the response of the animal to the continued 

presentation of stimuli that were varied sequentially up or down, based on the response to 

the stimuli.  In cases where continuous positive or negative responses were observed to 

the exhaustion of the stimulus set, values of 18.00 g and 0.25 g were assigned 

respectively.  The resulting pattern of positive and negative responses was tabulated 

using the convention, X = withdrawal; 0 = no withdrawal, and the response threshold was 

interpolated using the formula:  threshold = 10[xf+kd]/10,000 where xf = value (in log 

units) of the final von Frey hair used; k = tabular value (see Dixon 1980 for details) for 

the pattern of positive/negative responses; and d = mean difference (in log units) between 

stimuli (averaged to 0.22).  By comparing each animal at 35 days post-injury to its own 

baseline value, we calculated the difference from presurgical baseline at the level of the 

individual animal, such that 100% is equivalent to no change in threshold at 35 days 

compared to presurgical baseline and 50% being a reduction in withdrawal threshold 

(increased allodynia) by one-half compared to baseline.  This corrects for inherent 

variability between animals of a group and between groups, allows for investigation at 

the level of the individual subject and allows meaningful between-group comparisons.  

Mechanical allodynia is interpreted to be a significant decrease threshold compared with 

baseline (decreased percent of baseline).  We then compared the percent of baseline 

values within and between groups.  Results are plotted as group mean percentages of 

baseline +_  SEM. 

 Mechanical Sensitivity of the Trunk:  Mechanical sensitivity was tested on the 

trunk surface by stimulating the dorsal surface of the skin in the band, or dermatome, 

which corresponds to immediately rostral to the injury (Hulsebosch et al., 2000; Siddall 

et al., 2000; Crown et al., 2005).  Sequential von Frey filaments of known and calibrated 
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bending forces were pressed against the skin surface until the filament bends, and then 

held for 2 seconds, stepping up in force each time until the rat responds with active 

attention to the stimulus by head turning, biting attacks on the stimulus, and whole-body 

postural changes.  In contrast to the limbs, the filament forces for the trunk begin at 2 g 

and continue to up to 180 g.  The filament that first elicits a response, as described here, 

is recorded as the “girdling threshold”.  As with mechanical threshold in the paw, 

thresholds of 35 days post-injury for each animal were compared to the presurgical 

baseline values, and expressed as a percentage of baseline values.  The percent baseline 

values were then compared within and between each group.  Results are plotted as group 

mean percentages of baseline +_  SEM. 

 Bladder Function:  Following SCI, animals lose spontaneous bladder function 

and depending on severity of the injury, micturition by “automatic” bladder is resumed 

after a period of several days up to 2 weeks (Pikov and Wrathall 2001; Wrathall and 

Emch 2006).  Bladders of SCI animals were manually expressed and scored twice daily 

until function returned.  We used an arbitrary score of “+” (plus), “+/-” (plus/minus) and 

“-” (minus) for urine retention with plus being very retentive (bladder size approximately 

1.5 cm or greater in diameter), and minus being normal (bladder size 0.5 cm diameter or 

less).  As the animal regains function, there may be times when a minus score is followed 

by a plus score.  We empirically determined that consistent normal function occurred 

only after three consecutive minus scores.  Therefore, an injured animal was considered 

to have regained normal bladder function on the day of the third consecutive minus score.  

Scoring for normal bladder function was recorded as days post-injury to regain function.  

Data was compared within and between groups.  Results are plotted as group mean days 

post-injury for normal score +_  SEM. 

 Locomotor Function:  Locomotor recovery was tested using open field tests with 

a rank scoring system developed by Basso, Beattie and Bresnahan, i.e., the BBB 

Locomotor Rating Scale (Basso et al., 1995), often referred to as the BBB score.  The 

score assesses the locomotor ability following experimental SCI in rodent models and 



 

 43

allows validation of the ability of the hindlimbs to locomote and bear weight so that 

somatosensory testing is feasible.  Briefly, the scale is a 21 point scale ranging from 0, no 

movement, to 21 which reflects consistent and coordinated gait, with paw placement 

parallel to the trunk and trunk stability.  Scores 0-7 rank the early phase of recovery 

indicating movement of the primary 3 joints (hip, knee and ankle), scores 8-13 describe 

the intermediated phases of recovery from weight bearing stance to coordinated stepping 

and scores 14-21 rank the late phase with the return of toe clearance, paw position and 

trunk stability.  The scoring is very useful for estimating the quality of injury and 

correlating to actual impact properties.  For this study, a BBB score of greater than 2, for 

either limb, on day 2 post-injury was used as exclusionary criteria, indicating a less than 

optimal impact.  Scoring was performed before injury, daily through 14 days post-injury, 

and then weekly on days 21, 28 and 35 post-injury.  A score is determined for each 

hindlimb (left and right) and the average score of these is recorded as the daily score for 

the animal. 

Tissue Sparing Analysis  

 Spinal cord segments that were post-fixed in 4% paraformaldehyde for 48 hours 

after perfusion were embedded in paraffin and serially sectioned at 10 µm and mounted 

on microscope slides.  Tissue was stained with Luxol Blue (0.1% in 95% ethanol) and 

Cresyl Violet (0.1% in water) to visualize myelinated white matter and grey matter 

respectively (Downing 1994).  Every 30th section was analyzed using MetaMorph (V. 

6.1, Universal Imaging Corp.) software by manually tracing the outline of white and grey 

matter regions using the “trace region” tool.  The calibrated software calculated the area 

of white and grey matter, in square millimeters, for each section analyzed.  Pre-injury 

areas were calculated using correction factors as previously described (Olby and 

Blakemore 1996; Mills et al., 2002a, 2002b; Scheff et al., 2003).  Briefly, uninjured, age 

matched spinal tissues were sectioned, stained and analyzed in the same manner as 

described above.  The section corresponding to 5.6 mm rostral to T10 was used as a 

reference section.  The numerical factor by which the area of this reference section had to 
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be multiplied to arrive at the measured areas of all subsequent blocks was established for 

gray and white matter separately (Table 3.1). These correction factors were then applied 

to the corresponding reference segment in sections of the experimental groups to 

calculate individual pre-injury gray and white matter volumes.   

 The Cavalieri method was used to obtain an unbiased estimate of spared tissue 

from sequential serial sections (Gundersen et al., 1988; Michel and Cruz-Orive 1988).  

Volume of spared tissue (Vsp) was calculated by multiplying the area (a) of tissue on a 

single section, grey or white, by the distance (d) between it and the next measured section 

(Vsp = a · d).  The total spared tissue was calculated as the sum, across the entire 

measured cord, of the volume of spared tissue at each segment (Vtsp = Vsp1 + Vsp2 + … 

Vspn).  The amount of spared tissue was expressed as a percentage of pre-injury volume 

using the formula (Vtsp/Vtpi) · 100, where Vtpi is the calculated pre-injury volume using 

the calculated pre-injury areas.  Reporting the volume of spared tissue as a percentage of 

pre-injury values avoids bias due to possible differences in tissue swelling or shrinkage as 

a result of treatment procedures or histological preparation, which results in an 

overestimation of the spared tissue (Rabchevsky et al., 2001). 
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Table 3.1.  Correction Factors for Grey and White Matter Tissue Areas. 

Mean CF +_  SEM (n = 3) Mean CF +_  SEM (n = 3) Distance from  
center of T10 (mm) 

White matter Grey matter 

Distance from 
center of T10 (mm) 

White matter Grey matter 

5.4 1.00 +_  0.00 1.00 +_ 0.00 -0.3 1.12 +_  0.02 1.31 +_ 0.02 
5.1 1.03 +_  0.02 1.02 +_ 0.03 -0.6 1.14 +_  0.02 1.40 +_ 0.03 
4.8 1.04 +_  0.01 1.03 +_ 0.05 -0.9 1.11 +_  0.04 1.35 +_ 0.06 
4.5 1.07 +_  0.03 1.01 +_ 0.04 -1.2 1.10 +_  0.05 1.34 +_ 0.08 
4.2 1.07 +_  0.03 1.07 +_ 0.04 -1.5 1.12 +_  0.04 1.36 +_ 0.09 
3.9 1.07 +_  0.02 1.09 +_ 0.03 -1.8 1.08 +_  0.05 1.37 +_ 0.05 
3.6 1.08 +_  0.02 1.07 +_ 0.04 -2.1 1.15 +_  0.03 1.43 +_ 0.05 
3.3 1.10 +_  0.02 1.06 +_ 0.06 -2.4 1.06 +_  0.07 1.43 +_ 0.05 
3.0 1.08 +_  0.04 1.05 +_ 0.05 -2.7 1.05 +_  0.07 1.45 +_ 0.06 
2.7 1.05 +_  0.04 1.11 +_ 0.03 -3.0 1.12 +_  0.04 1.51 +_ 0.08 
2.4 1.07 +_  0.05 1.12 +_ 0.04 -3.3 1.14 +_  0.04 1.45 +_ 0.10 
2.1 1.05 +_  0.03 1.09 +_ 0.05 -3.6 1.12 +_  0.04 1.50 +_ 0.07 
1.8 1.06 +_  0.03 1.15 +_ 0.01 -3.9 1.10 +_  0.06 1.51 +_ 0.05 
1.5 1.08 +_  0.03 1.22 +_ 0.02 -4.2 1.12 +_  0.04 1.54 +_ 0.04 
1.2 1.08 +_  0.03 1.27 +_ 0.05 -4.5 1.10 +_  0.04 1.56 +_ 0.04 
0.9 1.10 +_  0.03 1.30 +_ 0.05 -4.8 1.10 +_  0.04 1.55 +_ 0.04 
0.6 1.08 +_  0.02 1.29 +_ 0.05 -5.1 1.09 +_  0.04 1.64 +_ 0.01 
0.3 1.09 +_  0.02 1.29 +_ 0.05 -5.4 1.06 +_  0.01 1.72 +_ 0.02 
0.0 1.04 +_  0.05 1.19 +_ 0.03        

Correction factors for calculating pre-injury area based on the reference segment 5.4 mm 
rostral to the epicenter of injury.  Calculation of the pre-injury areas are necessary to 
determine the volume of spared tissue and prevent the over-estimation of spared volume 
(Rabchevsky et al., 2003).  See Methods for calculation detail. 

 

Statistical Analysis 

 Measurements of locomotor recovery were analyzed with a repeated measures 

analysis of variance as were segmental areas of grey and white matter in the tissue 

sparing studies.  All other tests used a multiple group one way analysis of variance 

(ANOVA).  Where appropriate, groups were compared with Tukey HSD and Duncan’s 

New Multiple Range post-hoc statistical tests.  All tests were performed using SPSS 

software (SPSS Inc., Chicago, IL).  Significance was set at p < 0.05.  Values are 

expressed and graphed as means with standard errors of the mean (mean +_  SEM). 
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RESULTS   

 Since within a group and between groups differences could be attributed to 

differences in the biomechanical properties of the injury, we tested for this possibility by 

analyzing force, spinal cord displacement and BBB scores as shown in Table 3.2.  There 

was no significant difference in force of injury or spinal cord displacement between the 

SCI treatment groups.  

  

Table 3.2.  Injury Parameters and Locomotor Outcomes 

Treatment Force (kdyn) Displacement (µm) Locomotor score (BBB) 
       
Vehicle 206.9 +_  1.5 1028.4 +_  38.8 12.2 +_  0.6 
rNIF 205.2 +_  1.4 1102.1 +_  36.6 12.9 +_  0.4 
MPSS 207.6 +_  1.5 1061.8 +_  20.3 11.9 +_  0.8 

Injury biomechanics (force of impact, spinal cord displacement) and final behavioral 
locomotor score (35 days post-injury) of the SCI groups.  There was no significant 
difference in injury parameters and biomechanics between the three SCI treatment 
groups. 
 

MPO Assay   
 Treatment with rNIF reduced the expression of MPO by greater than 52% when 

compared to the vehicle controls (Figure 3.2).  MPO activity in the sham controls (369.4 

+_ 333.8 U/mg total protein - error was high as the data were at the lower limits of 

detectability for the assay and some “0” readings were obtained) was significantly lower 

than all other groups (p < 0.0001).  MPO activity in the rNIF treated group (12,758.2 +_  

1,100.1 U/mg total protein) was significantly (p < 0.0001) less than vehicle treated 

(24,190.7 +_  361.8 U/mg total protein) and MPSS treated (21,039.7 +_  873.8 U/mg total 

protein) SCI groups.  The difference between vehicle and MPSS treated SCI groups was 

insignificant (p > 0.06). 



 

 
 
Figure 3.2.  Histogram of Units of myeloperoxidase (MPO) 24 hours after spinal cord 
injury (SCI) or sham injury.  Treatment with rNIF significantly reduced the neutrophil 
activity, quantified by measurement of MPO activity, at the site of spinal injury (T10) 
when compared to vehicle treatment at 24 hours post-injury.  There was no significant 
difference in MPO activity in the MPSS treated SCI group when compared with the 
vehicle treated SCI group. All SCI groups, regardless of treatment, had significantly 
higher MPO activity than the sham control group.  Data are shown as means +_  SEM.  (*  
p < 0.0001 compared to sham control, **  p < 0.0001 compared with vehicle treated 
group). 
 

Mechanical Sensitivity of the Limbs 
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 Treatment with rNIF had a significant effect on paw withdrawal threshold in both 

the forelimbs and hindlimbs when compared to the vehicle treated SCI group (Figure 

3.3).  Sham control animals had a mean threshold percentage of 97.4 +_  7.9 % in the 

hindlimbs and 99.8 +_  12.0 % in the forelimbs when measured at 35 days post-injury, 

indicating little to no change in mechanical thresholds between presurgical baseline and 

this time point.  In contrast, the vehicle treated SCI group thresholds dropped such that 

their percent baseline scores were significantly lower than the sham controls in both the 

hindlimbs (70.8 +_  5.0 %) and the forelimbs (53.3 +_  6.8 %) (p < 0.05).  Both the rNIF 

and MPSS treatment groups had thresholds that, similar to sham control, had little or no 



 

change from their presurgical baseline values in the hindlimbs and forelimbs.  The rNIF 

treated group had percent baseline scores of 101.9 +_  3.7 % and 90.7 +_  10.3 % for the 

hindlimb and forelimbs respectively.  The MPSS treated group had percent of baseline 

scores of 97.4 +_  7.9 % for the hindlimbs and 91.2 +_  18.2 % for the forelimbs.  These 

scores were significantly higher (p < 0.05) than the vehicle treated SCI group, and when 

compared to sham controls there was no significant difference. 

 

 
 
 
Figure 3.3.  Histograms of limb responsiveness to von Frey filaments thirty-five days 
post-injury.  Response to stimulation is displayed for the (A) hindlimbs and (B) forelimbs 
as a percent of presurgical baseline values, which corrects for inherent baseline 
variability between animals and allows meaningful between-group comparisons.  
Mechanical allodynia is interpreted to be a significant decrease in percent of baseline 
values, as occurs in vehicle treated SCI animals (Vehicle).  Note that rNIF and MPSS 
treatment groups were significantly different compared with the vehicle treated SCI 
group, in forelimbs and hindlimbs, 35 days post-injury.  There was no significant 
difference between rNIF, MPSS treated SCI groups and sham controls.  Data is plotted as 
mean percentage of presurgical baseline values +_  SEM.  (*  p < 0.05 compared to sham 
controls, **  p < 0.05 compared to vehicle treated group). 
 
 

Mechanical Sensitivity of the Trunk 
 For mechanical threshold in the girdle area, there was no significant effect of drug 

treatment (Figure 3.4).  The sham injury control group percent of baseline score (95.0 +_  
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15.1 %) was significantly higher than the vehicle treated SCI group (41.9 +_  12.9 %), the 

rNIF treated group (27.1 +_  5.1 %) and the MPSS control group (20.9 +_  7.2 %) (p < 

0.002).  All other between group differences were insignificant. 

 
 
 
Figure 3.4.  Histogram of mechanical responsiveness to von Frey filaments on the 
trunk thirty-five days post-injury.  Mechanical allodynia is interpreted to be a significant 
decrease in percent of baseline values, as occurs in vehicle treated SCI animals (Vehicle).  
Note that mechanical responsiveness in the trunk is significantly reduced in all SCI 
groups compared to sham controls.  In contrast to the limb responses (Figure 3.3), 
treatment after SCI with rNIF or MPSS had no significant effect on mechanical allodynia 
compared to the vehicle treated SCI group.  There was no significant difference between 
rNIF, MPSS or vehicle treated SCI groups.  Data is plotted as a mean percentage of 
presurgical baseline values +_  SEM.  (*  p < 0.05 compared to sham controls).   
 

Locomotor Function 
 Repeated measures analysis showed no significant effect of treatment between the 

injured groups (Figure 3.5).  The final mean scores for each group at 35 days post-injury 
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were as follows:  vehicle (12.2 +_  0.6), rNIF (12.9 +_  0.4) MPSS (11.9 +_  0.8) and sham 

control (21 +_  0.0). 

 
Figure 3.5.  BBB rank score of hindlimb locomotor function in open field test (Basso et 
al., 1995) after SCI or sham surgery (Sham) for vehicle treated (Vehicle), rNIF treated 
(rNIF) and MPSS treated (MPSS) SCI groups.  Locomotor scores were not significantly 
different between SCI groups, regardless of treatment.  Final mean scores on day 35 for 
all SCI groups ranged from 11.9 to 12.9.  Data shown as mean +_  SEM. 
 

Bladder Function 

 Results indicate a significant effect of treatment when compared to sham injury 

controls (Figure 3.6).  Specifically, the rNIF treated group had bladder recovery 

significantly faster (4.0 +_  0.6 days) than the vehicle treated SCI group (7.2 +_  0.7 days) 

(p < 0.001).  MPSS treated SCI animals recovered function after the longest period (8.8 

+_  0.9 days) and was insignificantly longer than the vehicle treated SCI group.  
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Figure 3.6.  Histograms of duration of bladder dysfunction until onset of automatic 
bladder voiding.  Sham injury groups, as expected, had no bladder dysfunction after 
surgery.  In contrast, SCI in all injury groups developed bladder dysfunction which lasted 
for several days, but was attenuated by treatment with rNIF.  Data are shown as mean 
days post-injury for full bladder voiding  +_  SEM.  (*  p < 0.0001 compared to sham 
controls, **  p < 0.008 compared to vehicle and MPSS treated groups). 
 

Tissue Sparing Analysis 
 The analysis of tissue sparing was conducted in two steps:  1) Each sequential 

section area of white and grey matter for each group were compared with a repeated 

measures analysis of variance and, 2) Calculated spared volume, based on the area 

measurements (see Methods), of white and grey matter over the entire spinal segment, as 

well as the volume of spared tissue at just the epicenter of impact, were compared 

between groups using a multifactorial analysis of variance.  Figure 3.7 shows 

representative photomicrographs of the spinal sections for each SCI treatment group at 
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the epicenter and 2 mm rostral and caudal to the epicenter.  Analysis of area 

measurements resulted in a significant effect of rNIF treatment when compared to vehicle 

control in white matter area (p < 0.05).  There was no significant effect of treatment in 

grey area measurements.  MPSS treatment had no significant effect on area 

measurements when compared to vehicle control or rNIF treatment, in both grey and 

white matter.   

 
 
 
Figure 3.7.  Representative photomicrographs of spinal cord cross-sections from 
injured rNIF treated animals and vehicle and MPSS treated controls.  Sections were 
taken 2 mm rostral (left column), 2 mm caudal (right column) and through the epicenter 
of spinal injury (middle column) from a vehicle treated SCI animal (row 1), rNIF treated 
SCI (row 2) and MPSS treated SCI (row 3), stained with Luxol Blue and Cresyl Violet.  
Central cavitation persists from the epicenter past the impact zone (2 mm) into the areas 
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rostral and caudal for several millimeters.  Note that at the epicenter, a small rim of white 
matter remains and the spinal cord diameter is reduced in all SCI groups.  A rostro-caudal 
tapering of tissue loss is seen with the corticospinal tracts and central grey matter being 
most affected.  Note that rNIF treatment had a significant effect on white matter sparing 
throughout the injury area and a significant effect of sparing of central grey matter within 
the impact zone (see Figure 3.8). 
 
 
 Figure 3.8 (A and B) represents the mean area, both white and grey matter, of 

sequential segments plotted for each treatment group.  The calculated spared tissue 

volume for each SCI group was compared to the calculated pre-injury volume and 

expressed as a percentage of the pre-injury volume.  Results indicate, as with the area 

measurements, that over the entire length of spinal cord analyzed there was a statistically 

significant increase of white matter volume in the rNIF treated group (67.4 +_  3.4 %) 

when compared with the vehicle treated SCI group (51.3 +_  2.0 %) (p < 0.05) (Figure 3.8 

C and D).  The mean percentage of pre-injury volume for the MPSS treated group (60.5 

+_  4.9 %) was less than the rNIF group and greater than the vehicle treated group, but not 

statistically different from either.  For grey matter, there were no statistical differences 

between the rNIF treated group (61.2 +_  1.7 %), the vehicle treated SCI group (54.2 +_  0.3 

%) and the MPSS treated group (61.3 +_  4.6 %).  However, when only the 2 mm 

epicenter of impact (1mm to -1mm) was analyzed for calculated volume sparing, there 

was a significant increase in grey matter sparing (Figure 3.8 F) in the rNIF treated SCI 

group (16.75 +_  1.6 %) when compared with the vehicle treated SCI group (6.28 +_  0.3 

%) and the MPSS treated SCI group (9.68 +_  2.2 %) (p < 0.05).  At the epicenter of 

impact, there were no significant differences between any of the treatment groups in 

white matter sparing (Figure 3.8 E). 



 

 
 
Figure 3.8.  Area and spared volumes after SCI and treatment
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.  (A and B) Dot plot of 
area measurements (mm ) of (A) white matter and (B) grey matter taken from serial 
sections of spinal segments T7-T13 removed from vehicle treated (Vehicle), rNIF treated 
(rNIF) and MPSS (MPSS) treated SCI groups.  Grey tick marks on the X axis represent 

2
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the area of direct impact, or impact zone, where the impactor tip actually compressed the 
spinal tissue.  Note that repeated measures analysis of variance indicated a significant 
increase of white matter area measurements in the rNIF treated SCI groups compared 
with the vehicle treated SCI group (*  p <  0.05 by repeated measures ANOVA).  There 
was no significant difference in grey matter area by repeated measures analysis.  (B and 
C)  Histograms of the calculated total spared volumes of (C) white matter and (D) grey 
matter from vehicle, rNIF and MPSS treated SCI groups.  Note that the total spared 
volume of white matter is significantly greater in rNIF treated SCI animals than the 
vehicle treated SCI group (*  p < 0.05). There was no significant effect of treatment on 
total spared volume of grey matter for any of the treatment groups.  (E and F)  
Histograms of the calculated spared volume at the impact zone (-1 mm to 1mm) for (E) 
white matter and (F) grey matter from vehicle, rNIF and MPSS treated SCI groups.  Note 
that none of the SCI treatments had a significant effect on white matter volume sparing in 
this region.  However, there was a significant sparing of grey matter in the impact zone 
by treatment of SCI with rNIF when compared to vehicle controls and MPSS treatments 
(*  p < 0.05 compared to vehicle, # p < 0.05 compared with MPSS). 
 

DISCUSSION 

 Treatment of spinal cord injury with recombinant neutrophil inhibitory factor 

(rNIF) reduces neutrophil infiltration at the site of injury, as measured by MPO assay, by 

greater than 50% compared with vehicle treated SCI animals.  The reduction of 

neutrophil activity at the lesion site resulted in attenuated mechanical allodynia in the 

forelimbs and hindlimbs, but not in the trunk region (girdle zone) of the injury.  

Methylprednisolone (MPSS) also attenuated mechanical allodynia in the limbs, but not in 

the trunk, however the mechanism of action was not related to neutrophil infiltration 

since measured MPO activity, an indirect measure of neutrophil activity, was not 

significantly different than vehicle treated SCI animals.  Neither rNIF nor MPSS 

treatment had significant effects on locomotor recovery as measured by the BBB score.  

However, treatment with rNIF, but not MPSS, significantly decreased the time required 

for bladder function recovery after SCI. Improved bladder function may be related to the 

significant sparing of spinal tracts associated with bladder function (see Vizzard 1999, 

2000) in rNIF treated animals when compared to the vehicle treated SCI group.   
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 After acute SCI, activated neutrophils infiltrate tissues and localize to areas of 

hemorrhagic necrosis and neuronal degeneration (Means and Anderson 1983), peaking at 

24 hours after injury (Carlson et al., 1998).  Neutrophil infiltration has been related to 

secondary damage and worsened functional outcomes after CNS pathology in both 

humans and rodents (Demopoulos et al., 1980; Taoka et al., 1995; Crowe et al., 1997; 

Katoh et al., 1997).  By a variety of mechanisms, activated neutrophils are known to:  1) 

generate  reactive oxygen species by nitrogen oxide synthase at the sire of injury (Xu et 

al., 2001), 2) release matrix metalloproteinases which can disrupt the structure of the 

spinal cord (Goussev et al., 2003), 3) release other proteolytic enzymes (Harlan 1987) 

and 4) display aggressive phagocytic activity on neural cells under stress (Means and 

Anderson 1983), among other activities.  Evidence to support injury exacerbation after 

SCI from neutrophil infiltration is presented in studies in which inhibition of neutrophil 

infiltration improves outcomes (Taoka et al., 1998b; Farooque et al., 1999; Gris et al., 

2004).  However, these studies used xenogenic antibodies, which have the potential to 

trigger an autoimmune response, or pretreatment regimens which are not therapeutically 

useful in a clinical setting; or models of SCI which may not be suitable for clinical 

comparisons. We used a rodent spinal contusion model that best parallels SCI in people 

(Bunge et al., 1993; Metz et al., 2000), a targeted approach using a neutrophil 

extravasation blocker with a clinically relevant window of treatment using an agent with 

demonstrated safety and tolerability (Lees et al., 2003). 

 Neutrophil Inhibitory Factor (NIF) is a 257 amino acid glycoprotein originally 

isolated from the canine hookworm and has since been reproduced in recombinant form 

(r).  rNIF binds to the CD11b/CD18 integrins on the surface of neutrophils preventing the 

β2 integrin from binding to the ICAM-1 and ICAM-2 receptors on the endothelial cell 

wall within the circulatory system (Moyle et al., 1994), effectively blocking the 

extravasation of neutrophils from the circulatory system into a site of active inflammation 

(Barnard et al., 1995).  In a model of injury using lipopolysaccharide (LPS, a bacterial 

cell component) to induce inflammation, rNIF reduced the extravasation of neutrophils at 
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the site of injury as well as the resulting respiratory burst from neutrophils that produces 

hydrogen peroxide, an oxidative agent that is capable of producing free radicals (Zhou et 

al., 1998).  Additionally, rNIF was used in clinical trials for acute stroke therapy 

demonstrating significant sparing of CNS tissue and decreased inflammation in tissue 

surrounding the initial lesion after reperfusion (Krams et al., 2003; Lees et al., 2003; 

Zhang et al., 2003).  Because reperfusion injury of stroke has several mechanisms in 

common with contusive SCI, we predicted that rNIF would block neutrophil infiltration 

and spare neural cells at risk of death in secondary injury after SCI, which is what we 

have demonstrated, and thus provide a more specific pharmacotherapeutic alternative to 

the broad based effects of MPSS treatment.   

 High dose Methylprednisolone (MPSS, 30 mg/kg + 5 mg/kg/hr for 23 hours) 

given within the first eight hours after injury is the current standard of care in 

pharmacotherapy for acute SCI (Hall 2003).  Early reports indicated that high dose MPSS 

offered some neuroprotection in SCI (Hall et al., 1988; Hall 1992) and resulted in 

improved motor and sensory outcomes (Braughler et al., 1987; Bracken et al., 1990; 

Bracken et al., 1992).  The cellular and molecular mechanisms by which MPSS improves 

function are not clear but may involve anti-oxidant properties, as well as evidence 

suggesting a role in inhibition of inflammatory responses, including reducing cytokine 

expression (Fu and Saporta 2005) and a role in immunosuppression, including reducing 

infiltration of hematogenous macrophages (Hall and Braughler 1987; Hall et al., 1988; 

Bracken et al., 1992; Hall 1992; Rabchevsky et al., 2002). However, the efficacy of 

treatment remains controversial and some studies in animals demonstrate little or no 

benefit from the treatment except in limited situations (Young et al., 1988; Rabchevsky et 

al., 2002) and in the human SCI population, some studies show no benefit or negative 

outcomes resulting from MPSS treatment (George et al., 1995).  A recent study suggests 

that the generalized immunosuppression resulting from MPSS therapy may mask positive 

aspects of the inflammatory response, such as neutrophil clearance by macrophages, and 

actually prolong the cytotoxic components of the immune response to injury (Saville et 
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al., 2004).  The present study shows an improvement in mechanical allodynia after 

treatment of SCI with MPSS, but MPSS treatment resulted in no significant effect on 

MPO activity 24 hours post-injury, no change in locomotor scores and no improvement 

in bladder function. 

 In conclusion, we have demonstrated that inhibition of neutrophil function 

through rNIF treatment promotes recovery of function after SCI. Specifically rNIF 

inhibits the development of limb allodynia and improves bladder recovery.  rNIF can be 

used safely in humans, without the side effects and complications associated with high 

dose corticosteroids.  Consequently, we suggest early intervention using rNIF as a 

therapeutic strategy in SCI. 
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CHAPTER 4:  EFFECTS OF INHIBITING NEUTROPHIL 
INFILTRATION AFTER SCI ON CYTOKINE 

EXPRESSION PATTERNS 

INTRODUCTION  

 Spinal cord injury (SCI) is a traumatic injury that can lead to severe dysfunction 

in physiologic functions below the level of injury resulting in paralysis, autonomic 

dysfunction, bladder and bowel dysfunction and chronic pain (Kakulas and Tator 1992).  

Although there are multifactorial mechanisms leading to dysfunction after SCI, it is 

understood that following the primary injury are a series of secondary injury responses 

that extend and magnify the primary insult (Tator and Fehlings 1991; Young 1993a).  

Therefore it is critical to understand the secondary pathophysiological mechanisms and, 

where possible, intervene to improve functional outcomes after SCI. 

 Secondary mechanisms of injury after SCI include excitotoxic levels of excitatory 

amino acids released after SCI (Liu et al., 1991; Yezierski et al., 1998) , the generation of 

reactive oxygen species (ROS) (Taoka et al., 1995; Juurlink and Paterson 1998; Xu et al., 

2001; Bao et al., 2004) and inflammation, specifically the infiltration of phagocytic 

leukocytes such as neutrophils and macrophages (Taoka et al., 1997; Popovich et al., 

1999) and the activation and infiltration of lymphocytes (Popovich et al., 1997; Jones et 

al., 2005a) as well as the inflammatory cytokine cascade (Young 1993a; Popovich et al., 

1997; McTigue et al., 1998; Bethea 2000; Hulsebosch 2002; Pan et al., 2002; Popovich 

and Jones 2003).  Previous studies show inhibition of neutrophil infiltration at the site of 

injury has beneficial effects, including improved behavioral outcomes, reduced tissue 

loss, reduced lipid peroxidation and decreased levels of specific pro-inflammatory 

cytokines expression (Taoka et al., 1998a; Popovich et al., 1999; Hirose et al., 2000; 

Tonai et al., 2001; Bao et al., 2004; Gris et al., 2004).  For example, neutrophil inhibition 

after SCI decreased expression of the cytokine TNF-α, a cytokine known to increase pain 

and neural dysfunction (Taoka et al., 1998b; Naruo et al., 2003). Other studies have 
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focused on the effects of pro-inflammatory cytokines, such as IL-6, on increasing the 

infiltrating inflammatory cellular response to injury (Lacroix et al., 2002) as well as the 

effects of IL-1β on upregulating enzymes in the CNS that contribute the production of 

ROS (Earnhardt et al., 2002).  However, there are no data describing the effects of 

inhibiting neutrophil activity on expression levels of a broad array of cytokines, both pro- 

and anti-inflammatory, after SCI.  

 This study includes the attenuation of neutrophil infiltration at the site of impact 

in a contusion model of SCI (Carter et al., 2006).  We previously demonstrated the ability 

to reduce neutrophil activity measured indirectly by an accepted assay using 

myeloperoxidase (MPO) activity at 24 hours post-SCI (Carter et al., 2006), the time when 

neutrophil activity peaks in the spinal tissue (Carlson et al., 1998). To achieve reduced 

neutrophil infiltration, systemic administration of recombinant neutrophil inhibitory 

factor (rNIF) (Dendreon Corp., Seattle, WA USA) was used in doses consistent with 

those reported in models of cortical ischemia (Jiang et al., 1998).  Post-SCI treatment 

with rNIF resulted in improved behavioral outcome measures related to pain and bladder 

function, as well as significant spinal tissue sparing (Carter et al., 2006).  In this study, 

we tested possible mechanisms involving cytokine expression levels whereby neutrophils 

can affect outcomes after SCI.  Using a multi-plex bead array assay, we tested for 9 pro- 

and anti-inflammatory cytokines (IL-1α, IL-1β, IL-2, IL-4, IL-6, IL-10, GMCSF, IFN-γ 

and TNF-α) in spinal tissue and blood serum at 3, 6, 12 and 24 hours after SCI and 35 

days post-injury in rNIF treated SCI and vehicle treated SCI as well as sham injury 

controls.  We also included a methylprednisolone (MPSS) treated group so that 

comparisons could be made with the current standard of care for people with SCI (Young 

1993b; Bracken et al., 1997).   
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MATERIALS AND METHODS  

Experimental Animals  
 Subjects were male Sprague Dawley rats (225-240 g) (Harlan Sprague-Dawley 

Inc, Houston).  Animals were housed on a 12 hour light/dark cycle.  Experimental 

procedures were in accordance with the NIH Guide for the Care and Use of Laboratory 

Animals as well as the UTMB Institutional Animal Care and Use Committee (IACUC) 

guidelines.   

 One hundred animals were divided into 4 groups for treatment and injury.  Three 

groups were injured and treated with rNIF, vehicle or MPSS (see below) and one group 

was the sham injury control.  Five animals from each group were euthanized at 5 time 

points 3, 6, 12, and 24 hours post-injury as well as 35 days post-injury, followed spinal 

cord removal and blood collection for cytokine quantitation.  

Surgical and Injury Procedures  

 All surgical treatments, injury parameters and post surgical care were the same as 

described in Chapter 3. 

rNIF Treatment and Vehicle Controls  
 See Chapter 3. 

Methylprednisolone (MPSS) Treatment  
 See Chapter 3. 

Spinal Cord and Serum Extraction  
 At the appointed time, animals were deeply anesthetized with sodium 

pentobarbital.  The tail was snipped (approx. 2mm) and whole blood was collected into a 

capillary collecting tube with separating gel (BD Microtainer SST #365967, BD, Franklin 

Lakes, NJ USA) and allowed to clot for 30 minutes followed by centrifugation for 3 

minutes at 15,000 X g to separate clotted blood components from serum.  Serum was 

removed by pipette and frozen at -20° C.  After blood collection the animals were 
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perfused intracardially with 400 ml heparinized 0.9% saline.  The spinal cord was quickly 

removed and segment T10 was frozen on dry ice for later analysis.   

Cytokine Extraction and Quantitation    
 Frozen segments were weighed (range of 19-40 mg/spinal segment) and placed in 

a clean 1.5 ml microcentrifuge and allowed to thaw on ice.  Thawed samples were 

washed briefly with 150 µl of tissue wash (Bio-Rad Bioplex Cell Lysis Kit, Bio-Rad, 

Hercules, CA USA) and decanted.  Cell lysis buffer (Bio-rad Bioplex Cell Lysis Kit, 171-

304011, Bio-Rad, Hercules, CA USA) made specifically for use in the Bio-Rad Bioplex 

bead array system was prepared according to the manufacturer’s protocol.  For 10 ml of 

lysis buffer, 40 µl of factor 1 and 20 µl of factor 2 were added to 9.9 ml of lysis buffer.  

Forty microliters of phenylmethylsulfonyl fluoride (PMSF) (500 mM) was added just 

before use to bring volume to 10 ml.  To lyse the tissue, 200 µl of lysis buffer was added 

to each tube.  Using a hand held tissue homogenizer (Pellet Pestle, Kimble / Kontes, 

Vineland, New Jersey USA), the tissue was ground for approximately 20 strokes (a 

stroke is one up/down movement of the pestle tip) with continuous grinding.  The 

mixture was then placed into a clean microcentrifuge tube and frozen at -70° C for 

approximately 20 min followed by thawing under lukewarm flowing water.  After 

thawing, the mixture was sonicated (W-10 cell disruptor; Mansonics, Plainview, NY 

USA) for approximately 18 pulses.  Centrifugation for 4 min at 3,000 X g collected cell 

debris to a pellet and the supernatant was then transferred to a clean tube and frozen at -

70° C until assay.  Five microliters was held aside for quantitation of total protein by 

BCA assay (Pierce, Rockford, IL USA). 

Multiplex Cytokine Bead Array Assay    

 Protein extractions were diluted to a concentration of 1 mg/ml using lysis buffer 

(see Cytokine Extraction and Quantitation).  The Bio-plex assay was run according to 

manufacturor instructions.  Briefly, multiplex beads conjugated to cytokine specific 

antibodies were incubated with 50 µl of standards or spinal cord protein extracts on a 

prepared filter microplate.  After incubation and washing, a detection antibody mixture 
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was incubated with the bead/sample mixture.  After another wash step, streptavidin-PE 

solution was incubated with the mixture.  After wash and resuspension, the beads were 

sorted and analyzed on the Bio-plex instrument (adapted from the Luminex platform).  

The Bio-plex output reports the quantitation of the cytokine of interest in pg/ml of 

sample.  Because our extracted protein solution was diluted to 1mg total protein/ml, the 

resulting output is pg of cytokine per mg of total protein extract.  For this study, the 

cytokines studied were IL-1α, IL-1β, IL-2, IL-4, IL-6, IL-10, GMCSF, IFN-γ and TNF-α. 

Statistical Analysis 
 Measurements of cytokines for all groups of a given time point were conducted 

on the same assay plate.  Because of plate-plate assay variability, comparisons between 

different time points were not made. All data were analyzed using a multiple group one 

way analysis of variance (ANOVA).  Where appropriate, groups were compared with 

Tukey HSD and Duncan’s New Multiple Range post-hoc statistical tests.  All tests were 

performed using SPSS software (SPSS Inc., Chicago, IL).  Significance was set at p < 

0.05.  Values are expressed and graphed as means with standard errors of the mean (mean 

+_  SEM). 

RESULTS 

 Cytokine protein levels after spinal cord injury (SCI) with vehicle, with rNIF and 

with MPSS are shown for 3, 6, 12 and 24 hours and 35 days post-injury in spinal tissue 

protein extracts (Figure 4.1) and blood serum protein (Figure 4.2).  Treatment of SCI 

with rNIF and MPSS resulted in significant changes in cytokine expression levels. 

Spinal Cord Tissue Cytokines 
 Vehicle treated SCI:  For most of the pro-inflammatory cytokines (IL-1α, IL-1β, 

IL-6 and TNF-α), there were significant increases in cytokine levels in vehicle treated 

SCI (Vehicle) animals within the first 3 to 6 hours, that declined over time, but were still 

significantly greater than sham controls (Sham) at 24 hours post-injury.  Of note, IL-1α, 

TNF-α, IFN-γ and IL-6 levels remained significantly increased compared to sham 
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controls 35 days post-injury whereas IL-1β and IL-2 did not.  Also note that TNF-α levels 

peaked significantly at 3 hours post-injury compared to the sham control group, but 

normalized by 6 hours post-injury and then were significantly increased again, compared 

to sham controls, at 35 days post-injury.  Other pro-inflammatory cytokine (IFN-γ and 

IL-2) levels related to activation and proliferation of T-cells and B-cells were 

significantly increased when compared to sham controls, but only at 12 and 24 hours 

post-injury (IL-2) and 24 hours and 35 days post-injury (IFN-γ).  IL-10 values, an anti-

inflammatory cytokine, were significantly reduced at 3, 6, and 12 hours as well as at 35 

days post-injury compared with sham controls. However IL- 10 values were significantly 

increased at 24 hours post-injury compared to sham controls.  There was no detectable 

change in GM-CSF or IL-4 levels at any time point compared to sham controls. 

 rNIF treated SCI:  Treatment of SCI with rNIF significantly decreased pro-

inflammatory cytokine levels for IL-1α at 6 hours post-injury compared with vehicle 

treated SCI animals; and at 12 hours post-injury, rNIF decreased IL-1α, IL-1β and IL-6 

significantly compared with the vehicle treated group.  No other cytokine levels were 

significantly affected by treatment of SCI with rNIF when compared with vehicle treated 

SCI.  However, in contrast with earlier time points, treatment with rNIF resulted in 

significant increases in cytokine levels for IL-1α, IL-1β and IL-6 measured 24 hours post-

injury when compared with vehicle treated controls.   

 MPSS treated SCI:  Treatment with MPSS after SCI significantly reduced pro-

inflammatory cytokine levels of IL-1α and IL-1β at 3 hours post-injury and all following 

time points through 24 hours post-injury when compared with vehicle treated SCI 

animals.  IL-6 cytokine levels were significantly reduced after treatment with MPSS 

following SCI at 6 hours post-injury and all following time points through 24 hours post-

injury when compared with the vehicle treated SCI group.  In addition, MPSS treatment 

significantly decreased values of IL- 2 at 12 and 24 hours post-injury when compared 

with vehicle treated SCI animals.  Levels of IL-10 and IFN-γ were significantly 

decreased in MPSS treated SCI animals compared with the vehicle treated SCI group 
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only at 24 hours post-injury.  There were no other significant effects of MPSS treatment 

on cytokine expression when compared with the vehicle treated SCI groups.  The only 

significant effect of MPSS treatment after SCI observed at 35 days post-injury was an 

increase in IL-1β when compared with vehicle treated SCI animals.  There were some 

significant differences in cytokine levels of IL-1α, IL-1β, IL-6 and IL-2 at specific time 

points between MPSS and rNIF treated animals (Figure 4.1) wherein MPSS treated SCI 

groups had significantly lower cytokine levels than the rNIF treated groups. 
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Figure 4.1.  Histograms of spinal cytokine levels, determined by multiplex-bead array.  
Cytokine concentrations were determined for (A) IL-1α, (B) IL-1β, (C) IL-6, (D) TNF-α, 
(E) IFN-γ, (F) GM-CSF, (G) IL-2, (H) IL-4 and (I) IL-10 from T10 spinal tissue 
homogenates at 3, 6, 12, and 24 hours after surgery (Sham) and SCI (Vehicle, rNIF and 
MPSS) and 35 days post-injury.  Data are plotted as group mean +_  SEM in pg of 
cytokine/mg of total protein extracted from T10.  (A-C) Note that rNIF treatment and 
MPSS treatment significantly reduced pro-inflammatory cytokines IL-1α, IL-1β and IL-6 
and most time points after SCI.  (G) Treatment with MPSS also significantly decreased 
levels of IL-2 when they would normally increase after SCI.  Also of note, the 
unexpected finding of increased pro-inflammatory cytokines IL-1α, IL-1β and IL-6 in 
rNIF treated animals at 24 hours post-injury.   
 

Blood Serum Cytokines   
 Vehicle Treated SCI:  We measured serum cytokine levels of all groups, vehicle 

treated SCI, rNIF treated SCI, MPSS treated SCI and sham (laminectomy only) controls.  

Specific pro-inflammatory cytokine levels (IL-1α, IL-1β, IL-6, IFN-γ and GM-CSF) were 

significantly increased in vehicle treated SCI (Vehicle) animals 3 hours post-injury 

compared to sham controls (Sham).  However at 6 and 12 hours post-injury, there were 

no significant differences in those cytokine levels when compared to sham injury.  At 24 

hours post-injury, values for the same pro-inflammatory cytokines, with the exception of 

IL-1α, in vehicle treated SCI animals were significantly increased when compared with 

sham controls.  TNF-α levels were also significantly increased compared with sham 

controls 24 hours post-injury.  All of the aforementioned cytokines were not significantly 

different from sham controls at 35 days post-injury.  Levels of the anti-inflammatory 

cytokine IL-10 were also significantly increased when compared with sham controls at 3 

and 24 hours post-injury and IL-4 levels, also an anti-inflammatory cytokine, were 

increased, but only at 24 hours post-injury.  Levels for IL-2 were below detectability for 

all time points in both sham and vehicle treated SCI groups. 

 rNIF Treated SCI:  Treatment with rNIF significantly decreased serum levels for 

IL-1β, IL-10 and GM-CSF compared with vehicle treated SCI animals at 3 hours post-

injury, and 6 hours post-injury for IL-1β only.  In addition, rNIF treatment reduced pro-

inflammatory cytokine levels for IL-1β, IL-6, TNF-α, IFN-γ, GM-CSF, and anti-
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inflammatory cytokine levels for IL-4 and IL-10 at 24 hours post-injury when compared 

with vehicle treated SCI animals.  IL-2 levels were below detectable levels at all time 

points. 

 MPSS Treated SCI:  Treatment of SCI with MPSS significantly decreased pro-

inflammatory cytokines IL-1α, IL-1β, IL-6, TNF-α, IFN-γ and GM-CSF at specific time 

points when compared with vehicle treated SCI animals (Figure 4.2).  MPSS also 

significantly reduced anti-inflammatory cytokines IL-10 and IL-4 at specific time points 

after SCI when compared with the vehicle treated SCI group.  Note that there was a 

significant increase in IL-10 and IL-6 levels with MPSS treatment 35 days after SCI 

when compared with vehicle treated SCI animals.  IL-2 levels were below detectability at 

all time points.  As with spinal tissue levels of cytokines, some significant differences 

between rNIF and MPSS treated SCI groups were noted in some cytokines at specific 

time points (Figure 4.2).  For example, at 12 hours post-injury, treatment of SCI with 

MPSS resulted in decreased cytokine levels of IL-1α, TNF-α, IFN-γ, IL-4 and GM-CSF 

when compared with rNIF treated animals.  However, at 35 days post-injury, MPSS 

treated animals had significantly elevated cytokine levels for IL-6, IL-10 and IFN-γ when 

compared with the rNIF treated SCI group. 
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Figure 4.2.  Histograms of serum cytokine levels, determined by multiplex-bead array.  
Cytokine concentrations were determined for (A) IL-1α, (B) IL-1β, (C) IL-6, (D) TNF-α, 
(E) IFN-γ, (F) GM-CSF, (G) IL-4 and (H) IL-10 from blood serum at 3, 6, 12, and 24 
hours after surgery (Sham) and SCI (Vehicle, rNIF and MPSS) and 35 days post-injury.  
Data are plotted as group means +_  SEM in pg of cytokine/ml serum.  (A) Note that, in 
contrast to neural tissue, rNIF treatment did not significantly reduce the pro-inflammatory 
cytokine IL-1α and any time points, and (C) significantly reduced IL-6 levels only at 24 
hours post-injury.  (B) Treatment with rNIF significantly reduced circulating levels of IL-
1β at 3, 6 and 24 hours post-injury.  (A-C) MPSS treatment significantly reduced pro-
inflammatory cytokines IL-1α, IL-1β and IL-6 and most time points after SCI.  (A-H) 
Important to note is that all cytokines measured 24 hours post-injury, except IL-1α, were 
reduced by treatment with rNIF when compared to vehicle treatment.  (C, E and H)  Also 
note that MPSS treatment resulted in significantly increased levels IL-6, IFN-γ and IL-10 
35 days post-injury. 
 

DISCUSSION 

 Treatment of spinal cord injury (SCI) with neutrophil inhibitory factor (rNIF) 

resulted in significant alterations in a broad range of cytokines in the neural tissue at the 

injury site.  Specifically, there were significant decreases in pro-inflammatory cytokine 

levels (IL-1α, IL-1β and IL-6) by 12 hours when compared with vehicle treated SCI 

animals and at 6 hours post-injury for the IL-1α and IL-1β levels.  However treatment of 

SCI with methylprednisolone (MPSS) resulted in significantly lower levels of the same 

pro-inflammatory cytokines at most of the time points throughout the first 24 hours post-

injury compared to vehicle and rNIF treated SCI groups.  An unexpected finding was that 

24 hours post-injury, levels of IL-1α, IL-1β and IL-6 were significantly elevated in rNIF 

treated SCI animals compared to all other treatments and controls.  SCI treatment with 

rNIF showed no significant changes in the other cytokines, including TNF-α, at any time 

point when compared with vehicle treated SCI animals.   

 Testing for blood serum cytokine levels resulted in a different pattern of 

expression for rNIF treated SCI animals than the neural tissue proteins.  Specifically, 

rNIF treatment did not affect serum levels of IL-1α at anytime point.  Also, in contrast to 

neural tissue, treatment with rNIF reduced all other cytokines, including serum levels of 
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anti-inflammatory cytokines IL-10 and IL-4 at 24 hours post-injury when compared with 

vehicle treated SCI.  MPSS treatment of SCI resulted in a broader suppression of 

cytokines, some significantly more than rNIF treatment, with the exception of a 

significant increase in IL-10, IL-6 and IFN-γ at 35 days post-injury compared with 

vehicle and rNIF treated SCI animals. 

 This present study provides support for a rapid and robust upregulation of pro-

inflammatory cytokines after SCI, such as TNF-α, IL-1α, IL-1β, IL-6, which could 

contribute substantially to secondary damage (Bethea 2000). TNF-α is reported to have a 

causality role in some pain syndromes after SCI (Peng et al., 2006), and TNF-α and IL-1β 

increases are reported to be cytotoxic (Bethea et al., 1999; Nesic et al., 2001; Earnhardt et 

al., 2002).  IL-6 is also reported to increase the recruitment and activation of 

macrophages and increase lesion size after SCI (Lacroix et al., 2002). The degree of 

upregulation of many pro-inflammatory cytokines is dependent upon the severity of 

injury (Yang et al., 2005).  The up-regulation of cytokines and chemokines after SCI 

(McTigue et al., 1998) stimulates the cellular infiltration phase of neutrophils which 

further exacerbates cell loss (McTigue et al., 2000; Gris et al., 2004) and contributes to 

continued inflammation and mechanical allodynia (Gris et al., 2004). Further lines of  

evidence of the deleterious role of  cytokines in the pathophysiology of SCI are found in 

studies that result in improvement of outcome measures after inhibition of IL-1, IL-6 and 

TNF-α activity (Nesic et al., 2001; Okada et al., 2004; Genovese et al., 2006; Peng et al., 

2006).  In the present study, we tested whether inhibition of neutrophil infiltration 

affected cytokine expression, consistent with the roles proposed for pro-inflammatory 

and anti-inflammatory cytokines after SCI (Feghali and Wright 1997; DeLeo and 

Yezierski 2001; Lacroix et al., 2002; Pan et al., 2002; Milligan et al., 2003; Watkins et 

al., 2003; Perrin et al., 2005; Genovese et al., 2006; Pineau and Lacroix 2007), providing 

a possible mechanism for observed improvements in behavioral and histological 

improvements after neutrophil blockade (Carlson et al., 1998; Hirose et al., 2000; Gris et 

al., 2004; Saville et al., 2004; Carter et al., 2006).  We report that inhibition of 
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neutrophils by treatment with rNIF significantly reduced expression of pro-inflammatory 

cytokines at early time points in the spinal cord tissue; however there was a paradoxical 

increase in spinal cord tissue at 24 hours post-injury, the time of maximum neutrophil 

inhibition (See chapter 3). This finding suggests a possible regulatory control that 

neutrophils have on local expression of pro-inflammatory cytokines; that is inhibition 

may result in upregulation of endogenous levels of pro-inflammatory cytokine production 

from activated astrocytes and/or microglia (Pan et al., 2002; Yang et al., 2005; Pineau 

and Lacroix 2007), although specific mechanisms are not known.  It is of interest to note 

that inhibition of neutrophil infiltration had no lasting effect on cytokine levels in the 

chronic SCI state. The anti-inflammatory cytokine IL-10 spares neural tissue, reduces the 

inflammatory response and improves locomotor function when given exogenously after 

SCI (Bethea et al., 1999); however, more recent studies demonstrate no effect using the 

same model of SCI (Takami et al., 2002).  Interestingly, inhibition of neutrophils had no 

effect on the levels of IL-10 in the present study.   

 In addition to the cytokines previously discussed, we examined IFN-γ, IL-2 and 

GM-CSF levels after SCI and the response of these to inhibition of neutrophils. In 

general, the role of these proteins is to regulate growth and proliferation of cells.  IFN-γ 

regulates T-cell and B-Cell function, cell growth and upregulates antigen processing and 

presentation in macrophages (Schroder et al., 2004).  We show IFN-γ levels are 

significantly increased at 35 days after SCI, presumably in the chronic, reparative phase 

which is independent of neutrophil activity. Several studies report that activated 

macrophages and T-cells primed against myelin basic protein (MBP) are beneficial in the 

repair process (Lazarov-Spiegler et al., 1996; Rapalino et al., 1998; Moalem et al., 1999; 

Schwartz et al., 1999; Kipnis et al., 2002).  However, there is considerable controversy as 

to the beneficial use of activated macrophages and T-cells administered several days after 

SCI and whether any infiltrating  inflammatory cell type after SCI in the sub acute phase 

(days to weeks) is beneficial (Popovich et al., 1996; Jones et al., 2002; Popovich and 

Jones 2003; Jones et al., 2005b). IL-2 functions to stimulate the proliferation of T-cells, a 
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component of chronic inflammation, and evidence suggests that IL-2 may also have 

direct effects on neural tissue in the CNS (Nistico 1993).  Our data show that inhibition 

of neutrophils has no significant effect on attenuating the post-injury increase in IL-2 

levels in spinal tissue evident in vehicle treated SCI animals at 12 and 24 hours post-

injury, whereas treatment with MPSS reduced IL-2 levels.  GM-CSF is a potent 

stimulator of macrophage proliferation and function.  In fact, one study demonstrated that 

GM-CSF treatment 4 weeks after SCI improved behavioral and histological outcomes by 

stimulating macrophages to produce brain derived neurotrophic factor (BDNF), a potent 

stimulator for neural growth and function (Bouhy et al., 2006).  We found no evidence of 

significant changes in GM-CSF levels after SCI at any time point, irrespective of 

treatment. 

 One of the objectives in the present study was to determine if a set of cytokines 

could be a reliable biomarker of SCI that predicts severity or, conversely, the potential for 

recovery. Clinical studies show that patients with the most chronic disability after SCI 

have elevated levels of pro-inflammatory cytokines in blood serum and seminal plasma 

(Hayes et al., 2002; Basu et al., 2004).  However, our results demonstrate a disparity 

between serum cytokine levels and levels in spinal cord tissue at the site of injury after 

inhibition of neutrophils.  These findings indicate caution is necessary in interpretation of 

serum levels of cytokines or other markers as a reflection of cytokine levels in the spinal 

cord injury site parenchyma.  

 In conclusion, we have demonstrated that inhibition of neutrophil infiltration at 

the site of SCI, by rNIF treatment, significantly alters the expression of several pro-

inflammatory cytokines at specific time points for the first 24 hours post-injury.  

However, at 24 hours post-injury, there is a paradoxical increase of pro-inflammatory 

cytokines in the spinal cord parenchyma after neutrophil inhibition, indicating a possible 

compensatory endogenous cellular response of increased cytokine production.  Thus, the 

application of cytokine array approaches in the pathophysiology of spinal cord injury, 

and in specific therapeutic treatment paradigms in which cytokine expression would be 
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predicted to change, is a useful approach in providing insight into mechanisms that can 

contribute to improved outcomes.  
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CHAPTER 5:  SUMMARY AND CONCLUSIONS 

SUMMARY  

 Spinal cord injury results in immediate loss of functions that impact quality of life 

as well as chronic pain syndromes that are a significant concern for those with SCI.  

These pain syndromes are quite debilitating and can be refractory to pharmacologic 

treatments that are usually used to address pain.  Spinal cord injury results in pain located 

in three distinct anatomical locations:  1) below-level pain – located in dermatomes 

caudal to the injury site, 2) at-level pain – located in dermatomes bordering the injury 

site, and 3) above-level pain – located in dermatomes rostral to the injury site (area of 

complete sensory preservation).   

 Although many models of SCI exist, it is critical to use a model that corresponds 

well with what is clinically applicable.  Studies have shown that the rodent model of 

contusive SCI best represents the most common clinical findings in people with SCI.  

With a variety of experimental SCI devices, it is critical to monitor and use the most 

appropriate biomechanical properties of injury to mimic clinical outcomes after SCI. 

 The initial spinal cord injury is followed by a surge of excitatory amino acids 

(EAAs), which include glutamate, from the injured cells.  Following the surge of amino 

acids, a cascade of inflammatory events, beginning with expression and release of pro-

inflammatory cytokines which may persist for weeks and beyond and followed by 

infiltration of inflammatory cells, such as neutrophils and macrophages, at the injury site 

and surrounding tissue for a period of days to weeks.  These events create secondary 

damage to the initial impact and exacerbate the problems and clinical syndromes 

associated with traumatic spinal cord injury.  Prevention of these events leading to 

secondary injury can ameliorate secondary loss of function and pain syndromes. 

 The inflammatory response to injury is a broad array of cell signals, chemokines, 

cytokines and cell infiltration to phagocytize infecting, injured or dead cells and to begin 

the process of wound repair.  The spinal cord normally enjoys “immune privilege”, in 
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that inflammatory cells do not cross the blood-spinal cord barrier.  Specialized glial cells 

derived from the same progenitor cells as macrophages normally serve to maintain and 

support the neuronal population.  After traumatic SCI, the barrier between the blood and 

spinal cord becomes porous and inflammatory cells, whose normal physiologic response 

and effect is to “isolate” areas of tissue injury, further stress neurons already under stress. 

 Inhibition of the inflammatory response is a targeted approach to treating SCI.  As 

neutrophils are the first inflammatory cell to infiltrate the injury site, disruption of their 

function may break the cascade of inflammatory events and reduce secondary injury.  In 

fact, studies have shown neutrophil inhibition to be beneficial in other models of SCI.  

However, there is very little work to address mechanism of how neutrophil inhibition 

may affect the inflammatory cascade. 

CONCLUSION 

 In these studies, we demonstrated the effects of force and dwell-time in modeling 

SCI.  Effects of force and dwell time on outcomes related to pain, locomotion and 

bladder function were determined.  Inhibition of neutrophil infiltration using recombinant 

neutrophil inhibitory factor reduces neutrophils at the injury site, improves behavioral 

outcomes and spares neural tissue after SCI.  One possible mechanism through which 

neutrophil inhibition may improve outcomes after SCI is through alterations in cytokine 

signaling at the site of injury.  These findings give insight into potential therapeutic 

interventions to ameliorate spinal cord injury induced pain and other dysfunctions. 
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