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ABSTRACT

Bradykinin, following activation of the Kinin-Kallikrein cascade in acute spinal cord 

injury (ASCI), acts on the B2 receptors of blood vessels and neurons causing vasogenic 

edema, inflammation and neuronal death. This study explores the effect of CP0597, a B2 

bradykinin receptor antagonist, and B9430, a B2/B1 bradykinin receptor antagonist on 

functional outcome following impact injury in an adult rat ASCI model. A randomized 

double blind placebo controlled study of selective Bradykinin receptor antagonists was 

performed on 99 male Sprague-Dawley rats (500 g) in experimental ACSI. A moderate 

ASCI was created using a dropped weight technique (NYU-SCI) following laminectomy at 

the T12 level (n=99). CP-0597 (300ng/kg/min for 7 days), B9430 (35ng/kg/min for 7 days) 

or placebo was administered using an osmotic pump. Functional outcome was determined by 

the Tarlov’s scores, Inclined Plane ability and Opto-Varimex 3D activity at 28 days post

injury. All animals underwent significant improvement from baseline. Although mean scores 

for all three groups were similar, CP-0597 exhibited the greater mean percentage 

improvement in ambulation from day 1 baseline [CP-0597 - 813%, B9430 -  671%, placebo -  

366%, p = 0.0356]. This suggests that the B2 bradykinin receptor antagonist is more effective 

than the B2/B1 bradykinin receptor antagonist in improving independent ambulation 

following ASCI. Therefore, B2 bradykinin receptor antagonists may be a possible therapeutic 

role for these agents following ACSI.
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Introduction
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The Spinal Cord

The spinal cord is one of two parts of the central nervous system and is responsible 

for motor and sensory function. The vertebral column protects the spinal cord. The spinal 

cord is also protected by the meniges (dura mater, arachnoid space and pia mater) and 

cerebrospinal fluid. The basic unit of the nervous system is the neuron, made up of dendrites 

that receive impulses from other cells, the cell body that contains the nucleus and the axon 

that carries impulses away from the cell body. Neurons make complex connections called 

synapses that relay information from cell to cell within the nervous system. Some of the 

specialized supporting cells in the central nervous system, known as glial cells, are the 

oligodendrocytes, astrocytes, and microglia. Oligodendrocytes are responsible for 

myelinating multiple axons in the central nervous system. Astrocytes serve as structures 

connecting neurons to capillaries and possess end feet critical for removal of waste (ie, 

excess ions) from healthy neurons. Finally, microglia are part of the mononuclear phagocyte 

system responsible for the degradation and removal of dysfunctional cells.

The spinal cord develops from cells of the embryonic ectoderm and is a neuro

epithelial structure. The brain and spinal cord develop from an ectoderm thickening called 

the neural plate. The neural plate cells then proliferate, causing it to fold and form a neural 

groove. Eventually, the folds of the groove connect and merge to create a neural tube. Cells 

continue to reproduce along the plate to create neural crests that develop into cranial and 

spinal ganglia. As more cells proliferate and differentiate, they migrate and eventually make 

synaptic connections with other cells to form the network of the central nervous system 

(Figure 1-1).
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Figure 1-1. A picture depicting the events of neurulation where the folding of the neural 

plate into the neural tube takes place and the release of neural crest cells or stem cells 

begin to be released.
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The embryonic spinal cord extends the entire length of the vertebral column and as it 

develops becomes thicker and resembles that of the adult spinal cord. Accompanying the 

neural growth is the growth of the vertebral skeleton. The adult spinal cord is described by 

referring to vertebral levels. Nerves that leave the spinal cord are designated cervical, 

thoracic, lumbar, sacral and coccygeal. The cervical region includes eight pairs of nerves, the 

thoracic twelve pairs, the lumbar five pairs, the sacral five pairs and the coccyx only one pair. 

One spinal cord segment is related to each pair of spinal nerve. The number of vertebrae for 

each section of the cord is the same as the nerves except that the cervical region contains 

seven vertebrae and the coccyx consists of four fused coccygeal vertebrae. The spinal cord is 

composed of gray and white matter. White matter is composed of nerve fibers, neuroglia 

cells and blood vessels. Gray matter consists of nerve cells, neuroglia cells, blood vessels, 

and nerve fibers with both myelin sheaths and unmyelinated sheaths and is central in the 

spinal cord. The dorsal side holds the neurons associated with sensory function while the 

ventral side contains the motor neurons.

The vertebral column not only protects the spinal cord, but it also provides the 

framework and support of the upper torso. The vertebrae are separated by fibrocartilaginous 

disks that act as shock absorbers while ligaments and muscles connected to the vertebrae to 

provide stability and flexibility. Surrounding the spinal cord are three membranes referred to 

collectively as meninges. They are the dura mater, the arachnoid and the pia mater. Dura 

mater covers the outside of the spinal cord. It is a dense connective tissue membrane, which 

provides a tubular sac for the spinal cord and separates it from the walls of the vertebral 

canal. Like the dura mater, the spinal arachnoid is a connective tissue, but unlike the dura 

mater, it is thin. It lies between and separates the dura mater and the subarachnoid space, the
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area filled with cerebrospinal fluid to provide a cushion for the spinal cord. Pia mater is the 

last of the three spinal meninges and is the thin membrane with two distinct layers. The outer 

layer is a connective sheath and the inner layer contains the processes of neuroglia cells and 

is part of the spinal cord.

Spinal Cord Injury

Primary Injury - Mechanism of Injury

Disruptions of the spinal cord can diminish the use of some or all limbs and can be 

fatal. Spinal cord injuries may be classified as non-penetrating injuries (motor vehicle 

accidents, falls, etc.) or penetrating injuries of the spinal cord (gun shot wounds, stabs, etc.). 

Traction injuries include flexion, extension, dislocation, torsion and rotation (3). These types 

of injuries result in shearing of neural elements, ligament and spinal cord vasculature 

damage. Compression injuries include fractures, displaced bone fragments and disc material. 

Direct trauma to the spinal cord results in neuronal and vascular damage, axonal disruption 

and micro-hemorrhages (2). Often these injuries are coupled, resulting in complex bony, 

ligamentous injuries with or without spinal cord injury. The inflammatory response can lead 

to secondary swelling of the spinal cord and that coupled with spinal cord compression injury 

further contribute to ischemia. Systemic factors such as hypotension and hypoxia can result 

in ischemia and lead to subsequent secondary damage. Overall, mechanical trauma or the 

primary injury is often outside of the control of the human body.
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Secondary Injury

Subsequent to the initial trauma to the spinal cord, cellular mechanisms cause further 

damage to the spinal cord. These are often referred to as secondary injuries, and include 

ischemia, hemorrhage, excitotoxicity, oxidative damage, apoptotic and necrotic death of 

neurons and oligodendrocytes, axonal injury, demyelination, and inflammation (4). 

Secondary injury follows a specific mechanism initiated by mechanical trauma and cell death 

results. Intermediate parameters include a cascade effect by which one system triggers the 

various pathways toward cell death. The pathways that cause secondary injury are discussed 

below.

Phase I - Pre-Receptor

Ischemia occurs due to local or systemic factors following primary or mechanical 

trauma to the tissue. Systematic factors include reduced heart rate, cardiac rhythm 

irregularities, reduced arterial blood pressure and compromised cardiac output that result in 

hypotension (28). These conditions prevent sufficient oxygen delivery to tissues causing 

tissue hypoxia. Ventilation and oxygenation problems can aggravate ischemia.

Local factors cause a loss of autoregulation in spinal cord blood flow stemming from 

direct spinal cord injury and focal, post-injury vasospasm (28). Local factors contribute to 

ischemia through subsequent formation of hemorrhages and swelling of the spinal cord 

already compressed by bony and soft tissue compression. Ischemia occurs more frequently in 

the thoracic region of the cord since its vertebral canal is narrower than the rest of the 

vertebral canal and therefore can be more easily compressed (3). Vascular thrombus from 

hemorrhagic clot formation in acute spinal cord injury also further aggravates ischemia.
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Coagulation of the tissue accompanies ischemia following initial injury. Coagulation 

stems from hemorrhages and thrombus formation at the injury site. Hemorrhages initiate the 

clotting process with platelet factors such as PDGF and TGF-P (1). Another factor involved 

in coagulation is Hageman Factor (Factor XII) (5). Activation of Factor XII occurs through 

contact with negatively charged surfaces such as collagen and platelets at the site of tissue 

injury. Activation of the Kallikrein-Kinin cascade via Factor XII and initiates the 

inflammatory response.

Phase 11- Activation of Kallikrein-Kinin Cascade via its Receptor

Kinins originate from endogenously synthesized proteins referred to as tissue low 

molecular weight kininogen (LMWK) and plasmatic high molecular weight kininogen 

(HMWK). Kallikreins are enzymes activated from precursors called prekallikreins, which are 

fragments of Factor XII (Factor Xlla). Kallikreins are serine proteases that exist in two types- 

tissue and plasma kallikreins. The plasma form is a constitutive anticoagulant in plasma and 

protects the endothelium, while tissue kallikrein is essential for reaction to noxious or 

artificial stimuli and for tissue repair (21). Tissue kallikreins are located in particular cells in 

organs and within the granules of neutrophils (5). Tissue kallikrein has been demonstrated in 

the hypothalamus, choroid plexus, areas of the cerebral cortex, the cerebellum and the human 

brain stem (7). Tissue kallikreins proteolytically cleave LMWK to generate kallidin. Plasma 

kallikrein is found within the bloodstream and on the surface of neutrophils. Bradykinin 

results from the proteolytic cleavage of HMWK by plasma kallikrein (Figurel-2). Since the 

key components of the Kallikrein-Kinin cascade are endogenous to the structure of the 

vasculature, it can be related to the problematic vascular related features of ischemia.
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Bradykinin is the main player in the kinin system since it is responsible for initiating several 

mechanisms through the activation of its receptor. The B2 receptor has been found on 

neurons within the brain stem, basal nuclei, cerebral cortex, and hypothalamus in the human 

brain, while B1 receptors have been localized on the neurons of the thalamus, spinal cord, 

and hypothalamus (7). In the rat spinal cord, B2 receptors have been found within the 

superficial lamina of the dorsal horn (30). Kallidin participates in the system through its 

conversion to bradykinin via an arginine aminopeptidase (5). Bradykinin formation has been 

associated with numerous mechanisms in spinal cord injury including those that initiate the 

symptoms of inflammation (i.e. dilation of arterioles, vasoconstriction, activation of 

nociceptive receptors, release of endothelial NO and initiation of edema) and cause 

neurotoxicity (Ca++ and free radicals) (5, 7, 12, 18). These symptoms are initiated by 

activation of bradykinin receptors. Thus, the components of the Kallikrein-Kinin system 

initiate the activity and release of chemical mediators that result in secondary neural damage 

from subsequent delayed swelling of cerebral and spinal injuries.
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Figure 1-2. Activation of the Kallikrein-Kinin System via the coagulation cascade 

through clotting factor, Hageman Factor (Factor XII). HMWK = high molecular 

weight kininogen, LMWK = low molecular weight kininogen
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Bradykinin acts upon two receptors, B2 and Bl. Bradykinin binds to the receptors on 

the extracellular side of the phospholipid bilayer. B2 receptors are expressed constitutively 

within neural tissue while Bl receptors are induced. Thus, B2 receptors are associated with 

acute inflammation while Bl is mainly involved with chronic inflammation because B2 

receptors are controlled by short-term mechanisms including fast ligand dissociation, 

receptor desensitization and internalization (6). Consequently, it is the B2 receptor that is 

more active in triggering the second messenger systems activated during secondary injury. 

The receptors themselves belong to the G-protein family of receptors, and have seven 

transmembrane domains with three extracellular and three intracellular loops. The third 

extracellular loop of the amino terminus contains the binding site for bradykinin. Once 

binding occurs, it triggers phospholipid metabolism through the coupling of the G-protein 

receptor, GTP, and the activation of phospholipase C (18). Phosphatidylinositol-4, 5- 

biphosphate (PIP2) is broken down by phospholipase C within the bilayer yielding inositol-1 , 

4, 5-trisphosphate (IP3) and diacylglycerol (DAG). DAG remains within the lipid bilayer 

while IP3 is relocated to the cytoplasm of the cell. IP3 then mobilizes intracellular calcium. 

This mobilization is detrimental since calcium is the regulator of many cellular activities and 

mechanisms, and excess calcium disrupts normal cell regulation. For example, the rise of 

intracellular calcium affects ionic channels causing constant depolarization of the cell. This 

may allow extracellular calcium to leak into the cell increasing the intracellular content of 

calcium. A marked increase in intracellular calcium causes the activation of enzymes 

phospholipase A2 and DAG lipase that result in the release of arachidonic acid from the 

membrane phospholipids. In the lipid bilayer, DAG activates protein kinase C, which

Phase III- Bradykinin Receptors and Cellular Signalling
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eventually leads to sustained depolarization causing the release of neurotransmitters (e.g. 

glutamate). This is significant because the excessive release of neurotransmitters causes 

excitatory stimulation of nociceptive nerve fibers associated with the classic inflammation 

signal of pain (Figure 1-3).
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Figure 1-3. The cellular signaling upon binding of the receptor is described.

Signaling works via a G-coupled protein reaction to trigger a phospholipid

metabolism. PIP2 = phosphatidylinositol-4, 5-biphosphate, IP3 = inositol-1, 4, 5-

trisphosphate, DAG = diacylglycerol
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Phase IV- Intracellular Calcium

With the rise of intracellular calcium, the homeostasis of the cell changes causing an 

influx of more calcium and an efflux of potassium ions. This causes a depolarization that 

promotes the release of excitatory amino acid neurotransmitters such as glutamate. The 

release of these chemicals in excess is toxic and their attack on healthy cells surrounding the 

injury site causes further tissue damage referred to as excitotoxicity. Glutamate is present in 

the central nervous system in small amounts on the synaptic terminals (2). The release of 

glutamate from damaged axons and other parts of the neuron excessively overexcites the 

neighboring cells via depolarization allowing further influx of calcium ions. Excitotoxicity 

also has been linked to destroying oligodendrocytes (11). Glutamate acts via several 

receptors including N-methyl-D-asparate (NMDA) and a-amino-3-hydoxy-5-methyl-4- 

isoxazole-propionic acid (AMPA). The implications of these receptors are important for the 

possible use of NMDA and AMPA receptor antagonists to prevent binding of glutamate and 

halt excitotoxicity. The important point is that glutamate and its release produce a continual 

increase of intracellular calcium, thus perpetuating the secondary injury mechanism via its 

role in disrupting regular cellular function.

Phase V- Cell Membrane Peroxidation

The rise of intracellular calcium via activation of bradykinin and glutamate receptors 

triggers the activation of phospholipase A2 and DAG lipase. This causes release of the lipid 

metabolite, arachidonic acid from the bilayer cell membrane, resulting in the increase of 

secondary messengers intracellular calcium, cyclic AMP, and cyclic GMP (18). The cyclic 

AMP and cyclic GMP increase causes changes in neuronal activity and hinders vascular

13



autoregulation. Free arachidonic acid also interacts with the enzyme cyclo-oxygenase to 

produce prostanglandins and leukotrienes. The formation of these eicosanoids results in free 

radical formation and further lipid peroxidation aggravating cell membrane damage. The 

membrane damage through lipid peroxidation causes loss of cerebral autoregulation, vascular 

permeability, endothelial lesions and eventually cell death. The loss of autoregulation and 

damage to the membrane of neuronal cells allow for inflammatory response cells to access 

the area in an attempt to restore homeostasis.

Phase VI - Inflammatory Response

The inflammatory response results in increased blood flow to the damaged tissue and 

increased vascular permeability via vasodilation to allow the recruitment of inflammatory 

cells to restore homeostasis to the tissue. Chemokines are released by inflammatory cells 

called cytokines. They precede the influx of neutrophils and leukocytes thus coordinating 

leukocyte infiltration. Neutrophils are one of the first cells (within 6 hours) at the site of 

inflammation, followed by macrophages, and are responsible for phagocytosis and tissue 

destruction (4, 8). Recent evidence has shown that the activation of B2 and B1 receptors 

induce neutrophil migration (34). The chemotactically drawn neutrophils activate plasma 

kallikrein and Factor XII to produce kinins also (5). Since bradykinin is known to cause 

endothelial cell retraction, neutrophils use this opportunity for diapedesis. Lymphocytes 

follow neutrophil migration to the damaged tissue secreting cytokines and growth factors 

(33). Cytokines are required for signaling between the cells of the nervous and immune 

systems and exert either pro- or anti-inflammatory actions (8). In spinal cord injury, glial 

cells (astrocytes and microglia) accompany these other inflammatory cells into the lesion
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site. Although these cells are recruited to restore homeostasis to the tissue, toxic detrimental 

effects arise through their oxidative properties. Oxidative damage occurs via the release of 

nitric oxide from endothelial cells, producing free radicals. Healthy cells suffer damage 

through the release of the damaging reactive oxygen species from the phagocytosis of 

already damaged cells. The cellular effects of vasodilation, venoconstriction and endothelial 

cell retraction result in vascular leakage and pain.

Phase VII - Apoptosis and Regeneration

Apoptosis is the naturally occurring process in eukaryotic cells where cells die due to 

an intrinsic death mechanism. Necrosis is the pathway of cell death responsible for cell 

leakage and inflammatory responses. Apoptosis occurs to avoid inciting inflammatory 

responses through the release of cell contents. Apoptosis has been recently attributed to the 

nervous system causing cell damage due to causes such as ischemia and traumatic injuries 

(14). Caspase-3, an effector of apoptosis, has been shown to be a contributor to neural 

development and injury (14). Specifically, it has been reported that it contributes to neuronal 

cell death after traumatic brain injury (14). Apoptosis within the spinal cord was first 

reported by Emery, et.al (1998) who observed cell death within 3 hours and as long as 8 

weeks following spinal cord injury (14). Cell death was then directly attributed to tissue 

damage and secondary injury of the spinal cord. However, they did not find evidence of 

neuronal death due to apoptosis, and theorized that it was due rather to necrosis. Thus, 

apoptosis of other cells like oligodendrocytes was the occurrence although the mechanism 

remains unclear.
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Once damaged cells either die or are swept away by phagocytotic cells, the neuronal 

cells that survive regroup themselves and begin axonal regeneration. The ability of cells to 

regenerate though requires conditions conducive for the expression of necessary genes and an 

environment that can support growth (15). The problem remains that only a small portion of 

injured cells can regenerate due to the lack of secreted survival factors called neutrophins. 

Regeneration is also attributed to the expression of genes called growth cone protein genes. 

Growth cone proteins aid in making synaptic connections by guiding neurons to their specific 

destinations. These are necessary and found with all successful axonal regenerations. Studies 

using this knowledge are in place to implement a possible gene therapy for spinal cord injury.
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Figure 1-4. An overview of the cellular events of spinal cord injury including

primary and secondary injury. The model includes secondary injury and its relation 

to activation of the Kallikrein-Kinin Cascade upon binding of bradykinin to its

receptor.
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Therapeutic Agents

Agents Used in Clinical Acute Spinal Cord Injury

A number of pharmaceutical agents have been explored in ASCI that include free 

radical scavengers (lazaroids, e.g. tirilazad mesylate), inhibitors of prostaglandin metabolites 

and phospholipase enzymes (methylprednisolone), calcium channel blockers (nimodipine), 

sodium channel blockers (tetrodotoxin), membrane stabilizers (GM-1 gangliosides), 

excitatory amino acid antagonists (NMDA/AMPA antagonists, and non-specific 

inflammatory inhibitors (methylprednisolone, trilazad) to stem the inflammatory cascade of 

secondary tissue damage in the management of central nervous system trauma. However, 

these agents target lower level mediators, which often represent only part of the 

inflammatory cascade and events that occur later in the pathway. One needs to go further 

than just scavenging free radicals, preventing lipid membrane peroxidation, trying to stabilize 

damaged cell membranes or trying to modulate calcium flux. A bradykinin antagonist on the 

other hand, could prevent the initiation of the deleterious effects of this secondary damage 

and thus reduce vasogenic edema, prevent inflammatory cell activation and direct 

neurotoxicity.

Methylprednisolone

The widespread treatment for spinal cord injury today is administration in high doses 

of the corticosteroid, methylprednisolone. This agent is attractive because in initial animal 

studies, it showed exceptional antioxidant properties and easily passed through membranes 

(25). Its mechanism of actions include, most importantly, halting lipid peroxidation, but also 

nonspecific anti-inflammatory properties, prevention of ischemia, increased metabolism,
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reversal of intracellular calcium influx and halting of arachidonic acid metabolites (25,28). 

Following animal studies, three large national studies coined the National Acute Spinal Cord 

Injury Studies (NASCIS) were undertaken to test the actual efficacy and use of 

methylprednisolone clinically. While their results did show some neurologic improvement, 

problems arose from the design of the experiment and interpretation of the results. In 

addition, there remains an uncertainty about carry over from the statistical improvement to 

actual clinical functional improvement.

NASCIS 1 began the studies by looking at methylprednisolone in the treatment of 

spinal cord injury. The problem was that they did not use a placebo to test its efficacy. 

Second, it was found that large doses of it are necessary to exert any kind of effect. This is 

troublesome because there are side effects associated with corticosteroids including risk of 

infection, delayed wound healing, and GI bleeding (27).

NASCIS 2, a randomized placebo controlled multi-centered study, followed to 

address the problems with NASCIS 1. This study though proved to have several flaws. First, 

preplanned data stratification was removed and this type of data stratification was necessary 

to find significant differences in functional recovery (25). A subgroup of cases, those with 

penetrating injuries, was left out of the study and it was later found that in these cases, 

methylprednisolone did not significantly improve functional ability (25). Finally, the results 

were in question because arbitrary post-hoc data stratification was necessary to obtain 

significant differences in sensory or motor function. Thus, the evaluation criteria did not 

allow investigators to determine whether methylprednisolone improved neurologic function.
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NASCIS 3 was a randomized, double-blinded, non-placebo controlled study that was 

concerned with the time of dosage, expanding experimental range of patients (included 

injuries due to gunshot wounds, previously excluded in NASCIS 2), and time of 

administration. Again, they did not use a placebo figuring that its efficacy was already 

established and that it would be unethical to withhold treatment from patients (25). This 

study further established the use of high dosage administration. The problem with 

methylprednisolone, besides the controversy in its clinical studies, is that there remains no 

conclusive functional improvement information that can be translated to clinical 

improvements for daily functioning (25, 31). Other research groups have realized this fact 

also, and have been developing other agents to find a better way to halt the detrimental 

effects of secondary injury.

Other Agents

i) Lazaroids

Since the efficacy of methylprednisolone remains in question for the treatment of 

spinal cord injury, other research has been done attacking points further down the secondary 

injury cascade. One of the damaging effects in the cascade, the formation of free radicals, has 

been targeted by agents similar to methylprednisolone minus the side effects (3). Lazaroids 

such as tirilazad meslylate (TM) serve this purpose, acting as free radical scavengers in both 

clinical and animal models. TM was used in a study with cats where neurologic function 

improved 75% over a four week span versus a placebo and was used in NASCIS 3 where it 

had less side effects than methylprednisolone (25). The efficacy of TM clinically comes into 

question since there was no placebo arm in the study because it was assumed that
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methylprednisolone was more effective than a placebo from NASCIS 2. Free radical 

scavengers generally pose a problem though since most of their neuroprotective effects seem 

to require administration before experimental injury and their effect is lessened when given 

post-injury, limiting clinical application (3).

ii) Gangliosides

Another agent comparable to methlyprednisolone that has been suggested for use in 

treating acute spinal cord injury are the acidic glycolipids, called gangliosides, found in high 

concentrations in nervous system cells on the outer leaflet of the membrane bilayer (25). The 

ganglioside that has been used in animal and human studies is GM-1 ganglioside. GM-1 

ganglioside is found in neurons where it accelerates neurite growth, nerve regeneration and 

protects against degradation in models of CNS injury (25). A 1991 clinical study showed that 

after a year, neurologic function was significantly improved compared to a placebo (25). It is 

thought GM-1 ganglioside aids in both regenerative responses and exerts neuroprotective 

qualities, but its mechanism of action is still unknown (33). However, a recent clinical study 

of administration of GM-1 ganglioside showed results that were generally towards the 

negative side (36). Further study is necessary in order to understand how this agent works 

and provide more evidence of its theorized capabilities.

iii) NMDA Antagonists/ Calcium Channel Blockers/Cox Inhibitors

Agents have also targeted the mediators of free radicals. These include attacking 

excitatory amino acid release (NMDA/AMPA receptor antagonists), decreasing intracellular 

calcium (calcium channel blockers) and preventing prostaglandin formation (COX
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inhibitors). NMDA/AMPA antagonists competitively bind to NMDA/AMPA receptors and 

are theorized to prevent neurotoxicity by blocking the binding of excess neurotransmitters. 

Animal studies with NMDA/AMPA antagonists has shown improvement in behavior and 

neuroprotection, but these agents have also been shown to be toxic at therapeutic doses and 

with less toxicity appear to lose receptor affinity (25,31,33,36). In addition, glutamate 

increase resolves within two hours, limiting the time available to apply the antagonists 

clinically (3). Nimodipine is the main calcium channel blocker that has been used in animal 

studies. While it was believed that an agent like this would be able to reduce vasospasm and 

cellular accumulation of calcium via blocking the channels of ion intracellular influx, it has 

proved neither to improve functional outcome nor reduce neurotoxic damage, substantially 

reducing any application clinically(3,25). Prostaglandin formation inhibition in the 

prevention of secondary spinal cord injury with the use of COX-2 inhibitors has also been 

used in animal studies. It is believed that COX-2 inhibitors can reduce the ability of the 

enzyme, cyclo-oxygenase, to release arachidonic acid metabolites from the cellular 

membrane that eventually leads to lipid perioxidation. It was found that COX-2 inhibitors 

improved functional outcome and showed neuroprotection in an experimental reversible 

spinal cord ischemia model (25). Application clinically has not yet been explored.

None of the above agents stands out clinically because spinal cord injury and its 

complexity do not allow one agent to sufficiently cover all aspects of its mechanism. 

Evidence shows that the activation of the bradykinin receptors triggers the beginning of 

secondary injury and the Kallikrein-Kinin Cascade, the mediator of spinal cord injury.
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Kallikrein Kinin Cascade and its Role in Spinal Cord Injury

Xu, et al (1991) were the first to provide evidence of the involvement of the 

kallikrein system and the conversion to vasoactive kinins in the rat spinal cord following 

spinal injury (12). Kinonogen levels were measured in normal, laminectomized, and 

traumatized spinal cord. Increasing levels of kininogen were found in laminectomzed and 

traumatized spinal cord in a time-dependent manner (12). Levels were found to increase for 

the first four hours post-injury and so the correlation between the triggering of the Kallikrein- 

Kinin Cascade and activation of arachidonic acid leading to vascular injury was established. 

This study gave basis to the idea that tissue necrosis results from vascular injury because of 

inflammatory responses and arachidonic acid metabolism which result from the Kallikrein- 

Kinin Cascade.

Bradykinin Antagonists

Bradykinin antagonists for the B2 receptor were discovered by Vavrek and Stewart in 

1985 (21). The structure of bradykinin (Arg'-Pro2-Pro3-Gly4-Phe5-Ser6-Pro7-Phe8-Arg9) is a 

nonapeptide sequence and the antagonists developed to express affinity for strictly B2 

receptors included changes at the seventh and eighth positions, usually substituting an 

aromatic residue and a cyclic alkyl structure, respectively (16). Initial studies with first 

generation antagonists dealt with receptor specificity and degradation. Then with the 

discovery of HOE 140 (DArg°-Arg'-Pro2-Hyp3-Gly4-Thi5-Ser6-DTic7-Oic8-Arg9, where Hyp 

= traM5-4-Hydroxy-L-proline, Tic = Tetrahydroindole-2-carboxylic acid, and Oic = 

Octahydroindole-2-carboxylic acid), the second generation of antagonists was created. These 

antagonists were more potent, more selective, had higher affinities in several species, and
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lasted longer due to protection from degradation (21). Furthermore, HOE 140 was used in 

vivo on human receptors and found success in inhibiting effects due to B2 receptors by 

successfully blocking bradykinin competitively for over 60 minutes and slow dissociation 

from the receptor (21, 11). HOE 140 has been studied further with success in evaluating the 

role of kinins in pain, hyperplasia, and in inflammatory states (21, 32). Following the success 

of HOE 140, several other second generation antagonists were applied to treat the effects of 

the Kallikrein Kinin Cascade in cranial trauma.

The selective bradykinin (B2) receptor antagonist, peptide CP0127 (DArg°-Arg'- 

Pro2-Hyp3-Gly4-Phe5-Cys6-D-Phe7-Leu8-Arg9, where the sixth amino acid is replaced with 

cysteine and dimerized with a bissuccinimidoalkane where n<8 and depicts the length of the 

alkane). CP0127 was the first pharmacological agent clinically effective and safe in 

neurotrauma by preventing elevations in intracranial pressure (ICP), reducing the need for 

other therapeutic interventions (TIL) and reducing the need for surgery in patients with 

traumatic brain contusions (19). It is theorized that these results were due to the limiting of 

bradykinin induced vasogenic edema. This was further validated in a randomized placebo 

controlled, double blind, multi-center study where patients with severe head injury 

demonstrated improved clinical outcome, better ICP control and reduced TIL when 

compared to placebo (17).

Other B2 receptor antagonists have also found success in inhibiting bradykinin 

induced neurotrauma. The non-peptide, LF 16-0687, has successfully reduced brain edema 

and swelling and improved long term neurological function in a rat model (9,13,23). It was 

able to do this by inhibiting the effect of the B2 receptor in the disruption of the blood-brain 

barrier. Another closely related, peptide B9430 (DArg°-Arg'-Pro2-Hyp3-Gly4-Igl5-Ser6-DIgl7-
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Oic8-Arg9, where Hyp = fnms-4-Hydroxy-L-proline, Igl = a-(2-Indanyl)glycine, and Oic = 

Octahydroindole-2-carboxylic acid), was found to decrease the early disruption of the blood- 

spinal cord barrier after spinal cord injury in mice. Here, the antagonist blocks the 

inflammatory mediators bradykinin stimulates. B9430 also expresses an affinity for B1 

receptors which are induced.

Another B2 peptide antagonist, CP-0597 (DArg°-Arg'-Pro2-Hyp3-Gly4-Thi5-Ser6- 

DTic7-N-Chg8-Arg9, where Hyp = trara-4-Hydroxy-L-proline, Tic = Tetrahydroindole-2- 

carboxylic acid, and N-Chg = N-methylcyclohexyl-Gly), is five times more potent than CP- 

0127 and more resistant to degradation. CP-0597 has been shown to reduce levels of stroke 

and inhibit brain injury in a rat model of an occluded cerebral artery (22, 24). Bradykinin 

antagonism in the pathophysiology of stroke inhibits the effects of glutamate release 

(excitatory amino acid), inflammatory mediators, and free radicals which all lead to neuronal 

injury and death (24). Comparing the mechanism of stroke and spinal cord injury, many 

similarities exist between them. Recognizing this, CP0597 could possibly act similarly to 

protect spinal cord neurons from secondary injury, prevent vasogenic edema and spinal cord 

swelling, and limit the migration of inflammatory cells. A preliminary study using CP0597 in 

acute spinal cord injury showed CP0597 administration resulted in significant improvement 

in independent ambulation when compared to a placebo (37). A second confirmation study is 

underway to further establish these preliminary results. The results of improvement with 

head trauma show the benefit of using bradykinin antagonists. This fact and the preliminary 

positive results of its effect on spinal cord injury emphasize the importance of the bradykinin 

receptor in tissue injury. Further investigation into bradykinin antagonists and spinal cord 

injury is warranted based upon the success of cranial trauma studies.
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Acute spinal cord injury is a serious and grave injury that has garnered attention 

recently due to debate around the use of methylprednisolone as the primary pharmacological 

treatment. The debate has centered on its efficacy as a neuroprotective agent and its ability to 

significantly improve functional capabilities. Subsequent research has tried to develop other 

pharmacological agents to halt and limit the mechanism that lead to secondary injury. 

Unfortunately, none has proven conclusively to be an answer for treatment including 

methylprednisolone. Following primary spinal cord injury, there are several mechanisms that 

lead to neuronal cell damage and death referred to as secondary injuries. Activation of the 

Kallikrein-Kinin cascade and binding of bradykinin to the B2 receptor activates many of 

these same mechanisms. It is reasonable to assume that since components of the Kallikrein- 

Kinin cascade have been localized within normal and injured spinal tissue, that the binding of 

bradykinin to the B2 receptor is correlated to secondary injuries through the same 

mechanisms. Use of bradykinin receptor antagonists that have been used in clinical and 

animal studies in neurotrauma have shown to inhibit and decrease symptoms associated with 

mechanisms comparable to secondary injuries. What must be done then is to look closer at 

the Kallikrein-Kinin Cascade and its importance in mitigating the effects of secondary 

injuries in acute spinal cord injury.

Hypothesis and Specific Aims

It is my hypothesis that bradykinin and the Kallikrein-Kinin cascade play a role as 

mediators of secondary injury following ASCI and the use of bradykinin receptor antagonists 

will improve functional ability and motor skill. This hypothesis will be tested by inducing a 

reproducible compression simulating injury and using the following specific aims:
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1) To determine the ability of a B2 antagonist to inhibit the deleterious effect of 

spinal cord injury and promote functional outcome

2) To determine the ability of a B2 and B1 antagonist to inhibit the deleterious effect 

of spinal cord injury and promote functional outcome.
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CHAPTER II

Experimental Design
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Pre-Operative

The Sprague-Dawley adult rats were weighed (400-550 g) and a health condition 

check of the animal was performed. The animals were pre-conditioned to the functional 

ability tests for five days following arrival. After the pre-conditioning was completed and the 

rats had adapted to being handled and performing the data tests, functional ability was 

assessed before injury. Animals were randomized into three different groups; two drug active 

and one placebo. All animal were treated according to guidelines of the Institutional Animal 

Care and Use Committee of Creighton University and an approved experimental protocol.

Functional Parameters

The subjective tests (modified Tarlov, inclined plane ability) were performed by 

technicians blind to treatment modality. A modified Tarlov Score system was used for motor 

function as follows:

0- complete paralysis of hind limbs

1- slight movement of hind limbs

2- good movement of hind limbs, yet no walking or weight-bearing

3- walking and weight bearing, yet with deficit

4- normal walking and weight bearing

Inclined plane ability was performed to test motor function. This method of testing 

motor function was established by Rivlin and Tator in 1977 (61). For this test, the animal was 

placed on a seamed rubber mat upon an inclined plane. Starting at 30 degrees the animal was 

timed for 5 sec for its ability to hold its position. After five secs, the degree of the angle was
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increased by 5 degrees until the animal could no longer maintain its grip for the required 5 

secs. The highest angle the animal held its position for 5 sec without losing its grip was 

recorded as the score. This test was run three times with the mean of the three scores being 

the final score for this test. (Figure 2-1).
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Figure 2-1. A rat undergoing the inclined plane test. The animal must hold its 

position for 5 seconds and then the angle of the plane increases 5 degrees. 

Established by Rivlin and Tator in 1977.
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Objective evaluation will be performed using the Opto-Varimex 3-D activity box. 

The activity box is a plastic container with ample room and airholes for the animal. It records 

the animals’ activty using four detectors, one on the outside of each side of the box. Two of 

the detectors record horizontal movement and the other two record vertical movement and 

are across from each other. Movement is recorded when the animal crosses any one of the 

fifteen motion sensors located on each detector. The catergories that are scored are total, 

ambulatory, and vertical movements. When an animal crosses one horizontal or vertical 

sensor, it records that as a tally for the overall score for the total and vertical catergories. 

Ambulatory scores a tally when three consecutive sensors are crossed on the horizontal 

sensors at any time. With bedding placed in the bottom, the animal was placed in the activity 

box for fifteen mintues during which the rat’s movement was recorded electronically 

displaying counts of horizontal (ambulatory) movement, spontaneous activity (i.e. grooming, 

scratching, etc.) & total movement. The readings from activity box was recorded and the 

animal placed back in its cage. The time is automatically kept by the activity box (Figure 2- 

2).
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Figure 2-2. A rat in the Opto-Varimex 3-D Activity Box. It records the animals 

activty using four detectors, one on the outside of each side of the box. Two of the 

detectors record horizontal movement and the other two record vertical movement 

and are across from each other. Movement is recorded when the animal crosses any 

one of the fifteen motion sensors located on each detector. The catergories that are 

scored are total, ambulatory, and vertical movements.
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Drug Preparation

The B2 bradykinin antagonists, B9430 and CP0597, were administered at a 

concentration of 35 ng/kg and 300 ng/kg, respectfully. Solutions were made by dissolving 

compounds in 0.9% sodium saline. Saline served as the placebo in the experiment. B9430 is 

active at a biological activity of 8.5 on rat uterus and 8.2 on guinea pig ileum at pA2 of 

antagonist binding. Its molecular weight is 1794.7 and its structure is D Arg-Arg-Pro-Hyp- 

Gly-Igl-Ser-D Igl-Olc-Arg, TFA, where TFA stands for Trifluoroacetic acid. CP0597 is 

active at a biological activity of 9.3 on rat uterus also at pA2 of antagonist binding with a 

molecular weight of 1292.8. Its structure is D Arg-Arg-Pro-Hyp-Gly-Thi-Ser-D Tic-N-Chg- 

Arg. For the double-blind experiment, all solutions, the placebo and active drug, were placed 

in an Alzet Osmotic Pump Model 1003D. The pumps hold 2 ml of solution and release 

lOpl/hr for seven days. Sterile technique was used when filling the pumps. First, a small 3.0 

ml syringe and a blunt tipped 27-gauge was used to slowly draw up solution and placed to fill 

the reservoir with the flow moderator removed. The pump was in an upright position and the 

blunt needle was inserted into the pump until it could go no further. The solution slowly 

filled the reservoir until the solution reached the outlet. Once this was done, the flow 

moderator was placed into the pump. If excess solution ran out when the moderator was 

pushed in as far as it will go, the overflow was wiped away and the pump checked again for 

air bubbles. The pump was then ready for implantation subcutaneously.

After pumps were ready they were organized according to the randomization blind

code.
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In Vivo and In Vitro Testing of Drug Activity

CP0597 and B9430 were tested using in vivo and in vitro studies to ensure they were 

chemically active and that when placed in the pumps were being released and still chemically 

active. Tissue contraction using rat uterus and guinea pig ileum was the in vitro experiment. 

Bradykinin (10'7M) induces tissue contraction as evidenced by the increase in tissue tension 

on the electrophysiological graph (Figure 2-3). After submersing the tissue in both 

antagonists (10" M) followed by submersing in bradykinin solution (10" M), it was found that 

both antagonists were active and were blocking the effects of bradykinin shown by the failure 

of the contraction of tissue usually seen with bradykinin (Figures 2-4, 2-5, 2-6 and 2-7). Both 

antagonists are similar in their level of inhibition.

In vivo tests were also performed to ensure that the osmotic pumps were releasing the 

active drug solution in the animal and to be sure that solution remained activated during 

release. Solutions were made according to the concentrations to be used for the study and 

placed in the pumps according to the procedure described previously in section Drug 

Preparation. Bradykinin causes a reduction in blood pressure due to its vaso-dilation 

properties and this can be seen in the Figure 2-8. Following the implantation of the pumps 

containing the antagonists subcutaneously in the neck scruff of two rats, blood pressure was 

taken for each animal before injection of bradykinin. Animals were then injected with one ml 

bradykinin (10"7M) subcutaneously in the neck scruff, and it was found that bradykinin had 

no affect on the animal’s blood pressure. Absence of change in blood pressure provides 

evidence that the pumps are indeed releasing the antagonists and the antagonists are still 

actively blocking the effects of bradykinin. (Figures 2-9, 2-10, 2-11 and 2-12).
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Figure 2-3. A representative tracing of the effect of 10 cc bradykinin solution (10' 

M) inducing contraction of rat uterus tissue observed by an increase in tension on 

tissue. The arrow indicates when the solution contacted the tissue.
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Figure 2-4. A representative tracing of the effect of 10 cc B9430 solution (10'7M) on 

tissue contraction. The arrow indicates when the solution contacted the tissue. The 

tracing remains relatively close to baseline and high contraction of the tissue is not 

observed.
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Figure 2-5. A representative tracing of the effect of 10 cc B9430 solution (10'7M) 

administered before 10 cc of bradykinin (10 7M). The arrow indicates when the 

bradykinin solution (10'7M) contacted the tissue. The tissue does not show indication 

of the contraction associated with bradykinin. It shows that B9430 is active and 

blocking the effects of bradykinin on tissue.
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Figure 2-6. A representative tracing of 10 cc CP0597 solution (10'7M) on tissue 

contraction. The arrow indicates when the solution contacted the tissue. The tracing 

remains relatively close to baseline and high contraction of the tissue is not 

observed.
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Figure 2-7. A representative tracing of the effect of 10 cc CP0597 solution (10‘7M) 

administered before 10 cc of bradykinin (10'7M). The arrow indicates when the 

bradykinin solution (10‘7M) contacted the tissue. The tissue does not show indication 

of the contraction associated with bradykinin. It shows that CP0597 is active and 

blocking the effects of bradykinin on tissue.
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Figure 2-8. The representative tracing of the effects of 1 cc subcutaneous injection of 

bradykinin (10'7M) on blood pressure. Blood pressure is lowered indicated by where 

the curve breaks lower and the further distance apart of blood pressure markings.
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Figure 2-9. The representative tracing of the blood pressure of an animal with 

CP0597 subcutaneously implanted before injection of 1 cc bradykinin (10'7M) 

subcutaneously.
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Figure 2-10. A representative tracing of the blood pressure of an animal with 

CP0597 subcutaneously implanted after injection of 1 cc bradykinin (10’7M) 

subcutaneously. It is shown that blood pressure is not affected by bradykinin due to 

the lack of lowered blood pressure and lack of spacing between marks. This 

indicates the pumps are releasing active agent.

43



Figure 2-11. A representative tracing of the blood pressure of an animal with B9430
n

subcutaneously implanted before injection of 1 cc bradykinin (10' M) 

subcutaneously. Note that the blood pressure reading occurs after the line marking. 

Before the marking is noise interference with the signal. Blood pressure markings 

remain characteristic of those unaffected by bradykinin via close spacing.
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Figure 2-12. A representative tracing of blood pressure of an animal with B9430 

subcutaneously implanted after injection of 1 cc bradykinin (10'7M) subcutaneously. 

It is shown that blood pressure is not affected by bradykinin due to the lack of 

lowered blood pressure and lack of spacing between marks. This indicates the 

pumps are releasing active agent.
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Surgical Apparatus Preparation

Before surgery, the injury device was setup. The 18.9g weight went on the device 

first and suspended five hole slots by the suspension rod. The impounder tip holder was 

placed around the impounder tip and suspended into hole slot one. Impounder tips were 

sterilized. The animal was placed underneath the impounder tip and the injury device was 

ready.

Voltage-Time History Preparation

A Hamek oscilloscope was used to measure the voltage of the impact that causes 

injury to ensure that a comparable injury was given to all animals. The oscilloscope was 

connected to a Kistler 50IB amplifier to record a signal. The amplifier connected directly to 

the impounder tip that was manufactured to transmit a signal upon impact. The trigger value 

on the oscilloscope was set to 10 mV and when the weight was dropped, the scope would 

capture a waveform and the peak value recorded as the impact delivered.

Surgical Procedure

Once the animal was sedated using Pentobarbital (40 -60 mg/kg, ip), the surgical area 

was shaved and prepared for a sterile field. Cefezolin (0.25 ml) was used subcutaneously as 

an antibiotic. Xylocaine was used directly the site of incision as a local anesthetic. 

Buprenorphine (0.02 mg/kg, sc) was used for analgesia and pain management following 

surgery every 8-12 hours for a period of two days.

After a sterile field had been established, a dorsal laminectomy over T12 was 

performed using a high-speed drill with a 4mm diamond burr (MedMexTM). With the dura
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over T12 exposed, the impounder tip was placed directly in contact with the dura using the 

screw knobs on the injury device. Once the impounder tip was in place, the impounder tip 

holder was removed. When the voltage-time history oscilloscope was ready, the 18.9-g metal 

weight was dropped to cause the spinal cord injury by removing the suspension rod. The 

voltage was recorded upon dropping the weight. Once the weight was dropped, a timer began 

for three minutes that the weight remained on the dura. When the three minutes was up, the 

impounder tip and weight was removed from the dura. After suturing the muscles of the 

back, the prepared osmotic pump was then placed subcutaneously lateral to the injury site 

with the moderator end away form the site. When the pump was placed securely, the outer 

skin was clipped together and topical ointment applied to the site to protect against infection. 

The animal was then returned to its caging covered in sheets to maintain body temperature 

and monitored (Figure 2-13).
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Figure 2-13. A picture of surgery where the impact injury device is set up following 

laminectomy, the dura of the spinal cord is exposed and the injury is ready to take 

place.
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Post-Operative

The rats were weighed several times to carefully observe nutritional intake. Feed 

pellets were placed directly on the bedding and for those rats losing excessive weight the 

pellets were softened with water and placed in a container on the bedding to facilitate intake. 

Urinary bladders were expressed twice to four times daily (as needed) until the voiding reflex 

returned. Buprenorphine (0.02 mg/kg) was administered every 8-12 hours for two days 

following surgery for analgesia. Cefezolin (0.25ml) was administered once a day for two 

days post surgery also to avoid infection. Pain was assessed with observations keying on the 

signs of acute pain including guarding, vocalization, mutilation and abnormal appearance. 

Some of the specifics we were looking for to assess pain include decreased activity, 

ungroomed appearance, excessive licking and scratching, rapid and shallow respiration, high 

pitch vocalizations and aggressive behaviour during handling. The decision for premature 

euthansia due to unmanageable pain was made in consultation with the vetemarian, the 

animal resources section supervisor and the investigators.

Functional Outcome Ability Tests

Behavioral Testing: Functional ability was assessed prior to injury. Post-operatively, tests 

were performed at days l,3,5,7,10,14,21and 28. Tests were performed at the same time the 

pre-conditioning tests were run and remained on the same schedule to ensure complete 

animal normality during testing. The subjective tests (modified Tarlov, inclined plane ability) 

were performed by technicians blinded to treatment modality.
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Euthanasia

At the end of four weeks when all testing is done, the rats were euthanized with a lethal dose 

of pentobarbital (lOOmg/kg) placed ip.

Data Analysis

The changes in the mean scores in each group were expressed as mean± SD.

Comparisons to baseline values and between the groups were made using chi square tests, t- 

tests (parametric data: P<0.05 was considered significant) and Wald-Wolfowitz Runs test 

(P<0.01 was considered significant). The percentage improvement from day 1 was compared 

using medians tests, t-tests and Wald-Wolfowitz Runs test. This took into account individual 

variation, possible differences in injury severity, propensity for spontaneous recovery, animal 

boredom, lethargy or familiarity. Percentage improvement was determined by subtracting 

day 1 scores from day 28 and dividing by day 1.
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Chapter III

Results
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Ninety- nine adult Sprague- Dawley rats had been randomized into the three groups. 47 

animals were excluded due to premature death, pain & suffering, insufficient injury or 

paraplegia with 17, 15, and 15 in groups CP-0597, B9430 and placebo, respectively. 

Therefore, 52 animals were evaluated with 16, 18, and 18 in groups CP-0597, B9430 and 

placebo, respectively. For the animals that died prematurely in placebo group, 26.7% died 

within 48 hours post-surgery, 60.0% died within seven days and the remaining 13.3% died 

within 14 days. Of the deaths occurring in placebo, 46.7% were due to bladder dysfunction, 

20.0% were from self-mutilation, 26.7% from sickness and 6.7% happened to complications 

of surgery. Premature deaths in group B9430 occurred 33.3% within 48 hours, 33.3% within 

seven days and the last 33.3% died within the 14 days. 40.0% of these deaths were due to 

bladder dysfunction, 13.3% from self-mutilation, 20.0% from sickness and 20.0% from 

surgery complications. CP-0597 group endured the most attrition with 29.4% dying within 48 

hours, 41.2% within seven days, 11.8 within 14 days and 17.6 dying around day 21. The 

majority of these deaths, 64.7%, were due to bladder dysfunction, 5.9% from self-mutilation 

and 29.4% from sickness. Injury impact produced a moderate spinal cord injury of relative 

severity in all animals in all groups (placebo group mean voltage = 2.31 ± .600, B9430 group 

mean voltage = 2.19 ± .644, CP-0597 group mean voltage = 2.35 ± .739).

Tarlov Scores:

Clinical evaluation of the rats at Day-1 post injury confirmed a moderate spinal cord 

injury in all groups with a mean Tarlov score of 1.63± 0.718 for B9430, 1.79± 0.415 for 

CP0597 and 1.625± 0.492 for placebo. All animals that completed the study in placebo and 

B9430 group displayed 100% improvement in Tarlov scores whereas 68.8% of CP-0597
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group showed improvement from day 1 post-surgery. The mean Tarlov score for placebo 

improved to 3.16± 0.857 STD at day 28 while the mean percentage improvement was 79 % 

(Wald-Wolfowitz Runs test). Treatment with CP0597 improved mean Tarlov to 3.12± 0.957 

with a mean percentage improvement of 78% at day 28. (Wald-Wolfowitz Runs test, 

p=0.711) B9430 improved mean Tarlov scores at day 28 to 3.22± 0.732, with a mean 

percentage improvement of 80% (Wald-Wolfowitz Runs test, p=l .0). Comparisons of the 

percentage improvement between the two treatment groups (CP-0597 and B9430) using 

Wald-Wolfowitz Runs test were not significant. (p=0.168) (Figure 3.1)
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Figure 3-1 Wald Wolfowitz Runs Test between treatment groups B9430 and CP- 

0597 for percentage improvement for the Tarlov score days 1-28. Statistical 

significance was not observed (p=0.168). Each point on the graph represents the 

mean percentage improvement of each group taken at the number of days post

surgery. Group B = B9430 (n=18) and Group C = CP-0597 (n=16).
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Incline Plane:

No significant difference in the Incline plane ability could be detected between the 

groups. The day-1 post injury scores were similar in both groups. (CP0597 mean -  35.42± 

3.20 degrees, B9430 mean = 35.87± 3.79 and placebo = 36.72± 3.01 degrees) At day 28, the 

mean scores improved to 42.65± 3.01 for CP0597 and 40.83± 9.87 for B9430 and 43.61± 

2.89 for placebo. Mean improvement percentages were not found to be significant (Figures 

3.2 and 3.3)
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Figure 3-2 Wald Wolfowitz Runs Test between treatment group B9430 and placebo 

for percentage improvement for the Incline Plane score days 1-28. Statistical

significance was not observed. Each point on the graph represents the mean

percentage improvement of each group taken at the number of days post-surgery.

Group B = B9430 (n=18) and Group A =placebo (n=18).
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Figure 3-3. Wald Wolfowitz Runs Test between treatment groups B9430 and CP- 

0597 for percentage improvement for the Incline Plane score days 1-28. Statistical 

significance was not observed. Each point on the graph represents the mean 

percentage improvement of each group taken at the number of days post-surgery. 

Group B = B9430 (n=18) and Group C = CP-0597 (n=16).
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Opto-Varimex 3D Activity Box

Following ASCI, the mean total score (spontaneous and ambulatory) for day 1 were 

similar in all groups (CP0597 = 393± 227, B9430 = 372± 238, placebo = 500± 312). Again, 

the rats in the placebo group exhibited their recovery potential with improvement of their 

mean score to 1285± 564 at day 28. CP0597 was observed with higher mean scores of 1328± 

628, while B9430 had mean scores of 1280± 745.

Treatment with CP-0597 had a significant effect on independent ambulation as measured 

on the Opto-Varimex 3-D activity box when compared to placebo. (Medians Test, Chi- 

Square Test p=0.0491). Day 1 post-injury mean ambulatory scores of 146± 109 for CP0597, 

166± 126 for B9430 and 196± 166 for placebo at day-1 were observed. The higher mean 

ambulatory score occurred with CP0597 treatment, but were not significant. (CP0597 = 844± 

491, B9430 = 823± 575 and placebo = 825± 432). CP-0597 showed a significantly higher 

mean percentage improvement (813%) from day 1 over placebo (366%) (t-test, p=0.0356). 

B9430 did not show significance in mean percentage improvement in ambulatory scores 

(671%) versus the placebo (t-test, p= 0.3278) nor with CP-0597 (t-test, p= 0.6990). (Figures 

3.4 and 3.5, Table 3.1)

No statistical significance comparing the mean vertical improvement percentage of CP- 

0597 (1561%) with the placebo (1235%) was found (t-test, p = 0.6136). Similarly the 

difference between B9430 (1545%) and placebo was not significance (t-test, p = 0.6073). 

(Figures 3.6 and 3.7)
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Table 3-1. The mean percentage improvements and their respective p-value (t-test) of 

the treatment groups versus placebo group of the functional scores at 28 days where the 

treatment groups exerted an effect on functional improvement.

n Mean % Amb p-value Amb Mean % Vert p-value Vert
Placebo 18 366.45±335.40 N/A 1235.12±1714.46 N/A
CP-0597 16 813.34±788.82* 0.0356* 1560.67±1951.90 0.6136
B9430 18 670.79±1256.58 0.3278 1545.13±1868.34 0.6073

Amb = Ambulatory, Vert = Vertical 

Values are means ± STD; *P < 0.05
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Figure 3-4. A Box and Whisker plot of the percentage improvement at day 28 for all 

groups. Both treatments show a greater improvement percentage than placebo 

Group A = placebo (n=18), Group B = B9430 (n=18), Group C = CP-0597 (n=16). 

Statistical significance was observed between CP-0507 and placebo (p=0.0356, t- 

test), but not with B9430 and placebo (p=0.3278, t-test). The point represents the 

mean percentage improvement with the surrounding box being the standard error. 

The bars above and below the standard error box represent the standard deviation.
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Figure 3-5. Wald Wolfowitz Runs Test between treatment group CP-0597and 

placebo for percentage improvement for the Opto-Varimex ambulatory score days 

1-28. Statistical significance was observed (p=0.0356, t-test). Each point on the 

graph represents the mean percentage improvement of each group taken at the 

number of days post-surgery. Group C = CP-0597 (n=16) and Group A = placebo 

(18).
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Figure 3-6. A Box and Whisker plot of the percentage improvement at day 28 for all 

groups for vertical scores. Both treatment groups show a more improved percentage 

than placebo Group A = placebo (n=18), Group B = B9430 (n=18), Group C = CP- 

0597 (n=16). Statistical significance was not observed between CP-0507 and placebo 

(p=0.6136, t-test) or with B9430 and placebo (p=0.6073, t-test). The point represents 

the mean percentage improvement with the surrounding box being the standard 

error. The bars above and below the standard error box represent the standard 

deviation.
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Figure 3-7. A Box and Whisker plot of the raw data of the vertical score for days 1- 

28 for all groups. Both treatment groups show a higher day 28 score than placebo 

with B9430 having the highest of all three groups. The point represents the mean 

percentage improvement with the surrounding box being the standard error. The 

bars above and below the standard error box represent the standard deviation. 

Group A = placebo (n=18), Group B = B9430 (n=18), Group C = CP-0597 (n=16).
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Chapter IV

Discussion
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Relevance of Experiment

Currently, there are no effective drugs that improve functional motor ability following 

a human acute spinal cord injury. Although experimental studies and the NASCIS studies 

claim that methylprednisolone (MPSS) had a positive effect on neurological improvement as 

measured on ASIA scores, several concerns have been raised about the validity of the 

NASCIS trials. Problems arose from the design of the experiments and interpretation of the 

results. In addition, there remains an uncertainty about carry over from the statistical 

improvement to actual clinical functional improvement. Other studies have failed to show a 

relationship in functional recovery with the use of MPSS (38-43). Significant complications 

have also been associated with MPSS, including G1 upset, infection, inhibition of immune 

function and psychosis (18, 39, 44, 45). MPSS is no longer considered as a standard neither 

of care, nor as a guideline, but as an optional treatment (40, 44, 45). Thus, there clearly 

remains a need for the development and investigation of other pharmaceutical agents for the 

management of ASCI (25, 46).

Relevance of Model

The majority of spinal injuries occur with an impact force followed by sustained 

compression of the spinal cord from bone or soft tissue. The spinal cord injury model used in 

this study was similar to the unit investigated by Khan et al., called the drop weight 

technique. Other techniques include spinal cord clip compression and lesion induced injury. 

These techniques are advantageous because they are less invasive and harsh on the animals. 

The drawbacks of these techniques are that they do not stimulate a compression injury via 

bone fragment compression (the most common form of human injury) and reproducibility of 

the same injury to each animal is more difficult. The weight drop technique was used in this
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study versus the other methods because it has been previously correlated to behavioral tests, 

electrophysiology, and histology, simulating a reproducible acute spinal cord injury. In this 

study, the weight dropped onto the dura of the spinal cord and was sustained there for three 

minutes, producing an injury comparable to human compression injury via bony fragments. 

The injury device and drop weight technique allows reproducible moderate spinal cord injury 

induced consistent hind-limb deficits (47, 48). In this study, all injuries were consistent and 

produced a similar injury as assessed by initial Tarlov scores and comparable impact voltages 

between the groups. The concentrations of the agents used in the study were chosen based on 

binding affinity studies performed by Eric Whalley and John Stewart. Alzet pumps were used 

for delivery to allow for continuous infusion for seven days. The Alzet pump reaches chosen 

delivery rate at 4-6 hours from injury allowing an optimum timeframe for possible clinical 

application (22, 38). In vitro testing of the agents was necessary in order to know that the 

antagonists in solution were active and would block the binding of the bradykinin. Pumps 

were tested in vivo to ensure that the pumps were working. It also ensured that the solution 

being released remained active and blocked the effects of bradykinin on blood pressure when 

injected in a live animal. The results from these tests lead to the conclusion that during the 

study the pumps actually released active drug agent.

Relevance of Functional Outcomes

Of the several scoring systems to measure neurological outcome, the Tarlov is most 

useful in that it is able to track major steps in functional recovery analogous to the human 

situation. A change of one point (scale 1 -4) is considered significant clinically. The Basso- 

Beattie-Beshnahan (BBB) clinical scoring is useful, however the expanded scores (scale 1-
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21) may not translate to improved ambulation. Although statistical significance in the scores 

may be reached, these may not translate to useful functional improvement, a problem that has 

plagued the role of MPSS in improving ASIA scores (25, 39-41, 46). Other scoring systems 

like the Frankel Scale and the Acute Spinal Injury Association Impairment Scale (ASIA) 

detail the distinction between a complete and incomplete injury and also may not translate to 

improved ambulation (60). The incline plane test established by Rivlin and Tator is a test of 

limb strength and was included in the study to track improvement of hind limb strength in the 

animals. While the incline plane test may provide better quantitative assessment of functional 

disability, the Opto-Varimex 3D represents the best objective assessment by differentiating 

locomotor from spontaneous stereotypical activity (50). The Opto-Varimex separates 

ambulatory (walking) and vertical (standing) motion to differentiate ability of hind limbs. It 

was considered clinically significant for animals to display higher vertical scores as it 

indicates almost full recovery from injury. The drawback of the Opto-Varimex is its inability 

to control the behavior of the animals. Animals that are sluggish, fatigued, bored from 

familiarity or in pain during their time in the Opto-Varimex fail to register scores that are 

indicative of their actual motor capability. Thus, reproducibility of their scores is a problem.

Relating Data to Affect on Functional Improvement

CP-0597 and B9430 had an effect on neurological improvement as assessed by 

Tarlov scores in the majority of treated animals with B9430 having a slightly greater mean 

percentage improvement. However, the mean percentage improvement of placebo was very 

similar to both treatment groups and statistical significance was not reached. The drug effect 

could have been masked since spontaneous recovery to Tarlov scores 2 or 3 can be achieved

67



by the demonstration of spinal stepping or spinal walking gait even with complete 

myelotomy. Insufficient sample size is another problem (49). Incline plane saw comparable 

results amongst all the groups. This may be due to the placebo group showing substantial 

improvement. The improvement of the placebo group may be as a result of not causing an 

injury detrimental and severe enough to prevent spontaneous recovery. If there is an effect of 

either treatment, it is possible that these effects were not delineated due to the improvement 

of the placebo group. Results from the Opto-Varimex found CP-0597 showed it had a 

significant effect on mean percentage improvement in ambulatory activity with the 

percentage being 2.5 times that of placebo. The reason percentage improvement showed 

significance while the raw data (the actual numbers taken from testing) did not is because 

percentage improvement allows each animal to be its own control since its improvement is 

based on its own performance from day one post-surgery. A mean of the raw data is the 

number of all scores derived from all rats in the group. This ensures that data will not be 

excluded either from an active rat that scores higher, but has not improved from its day one 

score, or a less active rat that scores less, but has improved its score from day one. B9430 

also had a positive effect in ambulatory improvement, but it failed to be substantial and 

significant for percentage improvement. The vertical scores from the Opto-Varimex revealed 

that there was a higher mean percentage improvement for both treatment groups, CP-0597 

and B9430, than the placebo, but the improvement was not significant.

Relevance of the Kallikrein Kinin System with Spinal Cord Injury

Activation of the KKC by coagulation cascade (Hageman Factor XII) following 

mechanical neurological injury together with tissue micro-hemorrhage and often 

compounded by ischemia has become well established. Activation results in the formation of
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vasogenic edema, inflammatory cell activation by release of chemokines and direct neuro

toxicity (9, 18, 51-54). There are two types of Bradykinin receptors found within the central 

nervous system on neurons and on vascular endothelial cells. While B1 receptors are 

inducible during states of severe tissue damage or inflammation, it is the B2 receptors that 

are constitutively expressed and mediate most of the physiological activity of kinins (9, 10, 

22, 56). These receptors are linked to specific G-protein coupled second messengers that 

mediate the physiological and patho-physiological effects of the KKC by causing the release 

of eicosanoids, cytokines, nitric oxide, free radicals (which initiates peroxidation of neuronal, 

glial and vascular cell membranes & of the myelin), excitatory amino acid neurotransmitters 

(aspartate & glutamate), and ultimately resulting in elevations of intracellular calcium and 

neuronal death. Therefore BK induces the following path-physiological effects: 

neuronal/axonal damage, blood-brain-barrier breakdown, increased vascular permeability, 

vasogenic edema, loss of vascular auto-regulation and the release of chemokines to attract 

inflammatory cell infiltration (9, 18, 19, 22, 51, 52, 57, 58, 62-68).

A number of pharmaceutical agents have been explored in ASCI: free radical 

scavengers (melatonin, tirilazad mesylate), inhibitors of prostaglandin metabolites and 

phospholipase enzymes (NSAID, MPSS), calcium channel blockers (NMDA antagonists, 

nimodipine), sodium channel blockers (tetrodotoxin), membrane stabilizers (GM-1 

gangliosides), glutamate receptor antagonists, opiate receptor antagonists (naloxone), 

leukocyte inhibitors (iloprost) and non-specific inflammatory inhibitors (MPSS, trilazad), etc. 

to stem the inflammatory cascade of secondary tissue damage in the management of central 

nervous system trauma (3, 25, 38-40, 42, 44, 46, 65, 69-75). However, these agents target 

lower level mediators, which often represent only part of the inflammatory cascade and
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events that occur later in the pathway. One needs to go further than just scavenging free 

radicals, preventing lipid membrane peroxidation, trying to stabilize damaged cell 

membranes or trying to modulate calcium flux (3, 9, 18, 19, 25, 46). A BK-antagonist on the 

other hand, would prevent the initiation of the deleterious effects of secondary damage and 

thus reduce vasogenic edema, prevent inflammatory cell activation and direct neurotoxicity 

(9, 18, 22, 63,65,67).

The spinal cord contains all components of the KKC. Kininogen, a precursor of 

Bradykinin has been identified in the rat spinal cord in both neurons and vascular 

endothelium making it readily available to mediate the inflammatory response upon 

activation by tissue or plasma kallikrein (9, 30, 76, 77). BK2 receptors are present on spinal 

cord neurons, dorsal root ganglion neurons and on astrocytes. In 1991, Xu, et al implicated 

activation of the KKC in ASCI by demonstrating a progressive increase in kininogen content 

and kinin generation following an impact experimental ASCI rat model (12). Majority of the 

current bradykinin receptor antagonists target the B2 receptor since none of the B1 

antagonists (B9858) have been effective in neuro-trauma or may even antagonize the effects 

of B2 blockade following cerebral ischemia or cryogenic injury (9, 17, 19, 22, 23). However, 

a B2 and B1 antagonist (B9430) and HOE-140, a B2 receptor antagonist, reduce blood-spinal 

cord barrier permeability following experimental ASCI and are thus able to prevent 

secondary spinal cord swelling in an already compromised spinal canal (10). CP-0127 and 

non-peptide B2 antagonist LF160687MS reduces cerebral edema following experimental 

closed head injury models (19, 23).

70



Comments on this Study and Suggestions for Further Study

In this study, histological, immunocytochemical and biochemical studies were not 

performed to verify the exact mechanism of action of CP0597 or B9430. The lack of these 

studies and the small sample size are its major flaws. Another flaw is the unexpected 

improvement of injured, but untreated rats. The unexpected higher scores did not allow a 

significant effect from the treatment groups. While it may be that the treated groups do not 

exert a substantial effect, it is possible that the treated groups would show a more significant 

effect if a more severe injury was inflicted to limit untreated rats from improving their 

functional ability. This would allow the treated animals to show a significant effect of 

improvement due to the action of the antagonists. It is also possible that a more severe injury 

would not allow any possibility of functional recovery at all. Relton et al conclusively 

demonstrated the beneficial effect of CP0597 in acute experimental stroke with significant 

improvement in behavioral scores, reduced BK induced neurotoxicity and reduced vasogenic 

and cytotoxic edema formation (22). Their study also showed that blocking with B9858, a B1 

antagonist, had no effect and treatment with B9430, a B2 and B1 antagonist, actually tended 

to increase brain damage (24). The model of stroke and other neurotrauma has a 

pathophysiology comparable to acute spinal cord injury. In this study, the significant 

improvement in ambulatory movement was because CP0597 could have acted to protect 

spinal cord neurons from secondary injury, prevented vasogenic edema and spinal cord 

swelling, and limited the proliferation of inflammatory cells much like it did in studies of 

neurotrauma. Looking at B9430, it showed slight functional improvement compared to 

placebo or no effect was observed. Compared to CP-0597, the effect observed was very 

similar except that the CP-0597 percentage improvement was nearly 20% higher in the
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ambulatory score. It is possible that these results may be due to its B1 receptor antagonist 

character and the functional improvements observed were due to the B2 receptor antagonist 

character of B9430 as observed in the Relton study. To further differentiate between the B2 

receptor antagonists and B1 receptor antagonists in acute spinal cord injury functional 

recovery, a study similar to this one should be done with antagonists specific for only one of 

the receptors. Also, a study like this should be extended to include more animals to distinctly 

show what kind of effect these antagonists have in functional recovery. This study provides a 

signal on the possible therapeutic potential for B2 receptor antagonists to improve 

independent ambulation following ACSI, and, together with the success of CP0127, the first 

pharmaceutical agent to show efficacy in human brain injury, makes the case for further 

exploration of bradykinin B2 receptor antagonists in ASCI (17, 19).

72



CHAPTER V

References



1. Zucharelli L. (2000) Altered Cellular Anatomy and Physiology of Acute Brain Injury and 

Spinal Cord Injury. Critical Care Nursing Clinics of North America 12 (4): 403-411.

2. McDonald JW, Sadowsky C. (2002) Spinal Cord Injury. The Lancet 359: 417-425.

3. Amar AP, Levy ML. (1999) Pathogenesis and Pharmacological Strategies for Mitigating 

Secondary Damage in Acute Spinal Cord Injury. Neurosurgery 44 (5): 1027-1040

4. Bethea JR, Dietrich WD. (2002) Targeting the Host Inflammatory Response in Traumatic 

Spinal Cord Injury. Current Opinion in Neurology 15 (3): 355-360.

5. Rodell TC, Naidoo Y, Bhoola KD. (1995) Role of Kinins in Inflammatory Responses: 

Prospects for Drug Therapy. Clin. Immunother 3 (5): 352-361.

6. Couture R, Harrisson M, Vianna RM, Cloutier F. (2001) Kinin Receptors in Pain and 

Inflammation. European Journal of Pharmacolcogy 429 (1-3): 161-176

7. Raidoo DM, Bhoola KD. (1998) Pathophysiology of the Kallikrein-Kinin System in 

Mammalian Nervous Tissue. Pharmacology Therapeutics 79 (2): 105-127

8. Anderson, AJ. (2002) Mechanisms and Pathways of Inflammatory Responses in CNS 

Trauma: Spinal Cord Injury. The Journal of Spinal Cord Medicine 25 (2): 70-80

9. Kaplanski J, Pruneau D, Asa I, Artru AA, Azez A, Ivashkova Y, Rudich Z, Shapira Y. 

(2002) LF 16-0687 Ms, a Bradykinin B2 Receptor Antagonist, Reduces Brain Edema and 

Improves Long-Term Neurological Function Recovery after Closed Head Trauma in 

Rats. Journal of Neurotrauma 19 (8): 953-962.

10. Pan W, Kastin AJ, Gera L, Stewart JM. (2001) Bradykinin Antagonist Decreases Early 

Disruption of the Blood-Spinal Cord Barrier after Spinal Cord Injury in Mice. 

Neuroscience Letters 307: 25-28.

74



11. Kansui Y, Fujii K, Goto K, Abe I. (2002) Bradykinin Enhances Sympathetic 

Neurotransmission in Rat Blood Vessels. Hypertension 39: 29-34.

12. Xu J, Hsu CY, Junker H, Chao, Hogan EL, Chao J. (1991) Kininogen and Kinin in 

Experimental Spinal Cord Injury. Journal of Neurochemistry 57: 975-980.

13. Rachinsky M, Pruneau D, Artru AA, Kapuler V, Alonchin A, Smolanezki Y, Shapira Y. 

(2001) The Importance of Kinin Antagonist Treatment Timing in Closed Head Trauma. 

The Journal of Trauma Injury, Infection, and Critical Care 51: 944-948.

14. Emery E, Aldana P, Bunge MB, Puckett W, Srinivasan A, Keane RW, Bethea J, Levi 

ADO. (1998) Apoptosis after Traumatic Human Spinal Cord Injury. Journal of 

Neurosurgery 89: 911-920.

15. Bulsara, KR, Iskandar BJ, Villavicencio AT, Skene JHP. (2002) A New Millinium for 

Spinal Cord Regeneration: Growth-Associated Genes. Spine 27: 1946-1949.

16. Goodfellow VS, Marathe MV, Kuhlman KG, Fitzpatrick TD, Cuadrado D, Hanson W, 

Zuzack JS, Ross SE, Wieczorek, Burkard M, Whalley ET. (1996) Bradykinin Receptor 

Antagonists Containing N-Substituted Amino Acids: In Vitro and In Vivo B2 and B1 

Receptor Antagonist Activity. Journal of Medical Chemistry 39: 1472-1484.

17. Marmarou A, Nichols J, Burgess J, Newell D, Troha J, Burnham D, Pitts L. (1999) 

Effects of the Bradykinin Antagonist Bradycor (deltibant, CP-0127) in Severe Traumatic 

Brain Injury: Results of a Multi-Center, Randomized, Placebo-Controlled Trial. 

American Brain Injury Consortium Study Group. Journal of Neurotrauma 16 (6): 431 - 

444.

18. Francel PC. (1992) Bradykinin and Neuronal Injury. Journal of Neurotrauma 9 (Suppl 1): 

S27-S45.

75



19. Narotam PK, Rodell TC, Bhoola KD, Troha JM, Parbhoosingh R, van Dellen JR. (1998) 

Traumatic Brain Contusions: A Clinical Role for the Kinin Antagonist CP-0597. Acta 

Neurochir (Wien) 140: 793-803.

20. Emanueli C, Madeddu P. (2001) Targeting Kinin Receptors for the Treatment of Tissue 

Ischaemia. Trends in Pharmacological Sciences 22 (9): 478-484.

21. Regoli D,. Allogho SN, Rizzi A, Gobeil FJ. (1998) Bradykinin Receptors and their 

Antagonists. European Journal of Pharmacology 348: 1-10.

22. Relton JK, Beckey VE, Hanson WL, Whalley ET. (1997) CP-0597, a Selective 

Bradykinin B2 Receptor Antagonist, Inhibits Brain Injury in a Rat Model of Reversible 

Middle Cerebral Artery Occlusion. Stroke 28: 1430-1436.

23. Zausinger S, Lumenta DB, Pruneau D, Schmid-Elsaesser R, Plesnila N, Baethmann A. 

(2002) Brain Research 950: 268-278.

24. Relton JK, Beckey VE, Whalley ET. Kinins and CNS Injury and Inflammation: Effect of 

Bradykinin Antagonist, CP-0597, in Animal Models of Stroke. Inflammatory Cells and 

Mediators of Diseases, p 361-378.

25. Dumont RJ, Verma S, Okonkwo DO, Hurlbert RJ, Boulos PT, Ellegala DB, Dumont AS. 

(2001) Acute Spinal Cord Injury, Part II: Contemporary Pharmacotherapy. Clinical 

Neuropharmacology 24 (5) 265-279.

26. Bracken, MB, Holford TR. (2002) Neurological and Functional Status 1 Year after Acute 

Spinal Cord Injury: Estimates of Functional Recovery in National Acute Spinal Cord 

Injury Study II from Results Modeled in National Acute Spinal Cord Injury Study III. 

Journal of Neurosurgery (Spine 3) 96: 259-266.

76



27. Del Rosario Molano M, Broton JG, Bean JA, Calancie B. (2002) Complications 

Associated with the Prophylactic Use of Methlyprednisolone during Surgical 

Stabilization after Spinal Cord Injury. Journal of Neurosurgery (Spine 3) 96: 267-272.

28. Hadley MN, Walters BC, Grabb PA, et al. (2002) Management of Acute Spinal Cord 

Injuries in an ICU Setting. Journal of Neurosurgery 50 (3): S51-S57.

29. Geisler FH, Coleman WP, Benzel E, Ducker T, Hurlbert RJ. (2002) Spinal Cord Injury. 

The Lancet 360 (9348): 1883.

30. Lopes P, Kar S, Chretien L, Regoli D, Quirion R, Coutre R. (1995) Quantitative 

autoradiographic localization of [ I-Tyr jbradykinin receptor binding sites in the rat 

spinal cord: effects of the neonatal capsaicin, noradrenergic deafferentation, dorsal 

rhizotomy and peripheral axotomy. Neuroscienc 68: 867-881.

31. Tator CH. (2002) Strategies for Recovery and Regeneration after Brain and Spinal Cord 

Injury. Injury Prevention 8 (Supplement 4): iv33-iv36.

32. Altamura M, Meini S, Quartara L, Maggi CA. (1999) Nonpeptide Antagonists for Kinin 

Receptors. Regulatory Peptides 80: 13-26.

33. Hulsebosch CE. (2002) Recent Advances in Pathophsiology and Treatment of Spinal 

Cord Injury. Advances in Physiology Education 26: 238-255.

34. Paegelow I, Trzeczak S, Bockmann S, Vietinghoff G. (2002) Migratory Responses of 

Polymorphonuclearleukocytes to Kinin Peptides. Pharmacology 66 (3): 153-161.

35. Easton AS, Abbott NJ. (2002) Bradykinin Increases Permeability by Calcium and 5- 

lipoxygenase in the ECV304/C6 Cell Culture Model of the Blood-Brain Barrier. Brain 

Research 953 (1-2): 157-169.

77



36. Dumont AS, Dumont RJ, Oskouian RJ. (2002) Will Improved Understanding Of the 

Pathophysiological Mechanisms Involved in Acute Spinal Cord Injury Improve the 

Potential for Therapeutic Intervention? Current Opinion in Neurology 15: 713-720.

37. Narotam PK, Massicotte E, Aitken R, Hejji M, Weiszner S. Bradykinin Antagonist CP- 

0597 Improves Functional Outcome in Experimental Acute Spinal Cord Injury - A 

Preliminary Report, [pending paper.]

38. Bracken MB, Shepard MJ, Collins WF, Holford TR, Young W, Baskin DS, Eisenberg 

HM, Flamm E, Leo-Summers L, Maroon JC, Marshall LF, Perot PL, Piepmeier J, 

Sonntag VKH, Wagner FC, Wilberger JE, Winn HR. A randomized trial of 

methylprednisolone or naloxone in the treatment of acute spinal-cord injury: Results of 

the second national acute spinal cord injury study. N Engl J Med 1990; 322:1405-1411

39. Hurlbert RJ. Methylprednisolone for acute spinal cord injury: an inappropriate standard 

of care. J Neurosurg 2000; 93(1 Suppl): 1-7.

40. Hurlbert RJ. The role of steroids in acute spinal cord injury: an evidence-based analysis. 

Spine 2001; 15:26(24 Suppl): S39-46. Review

41. Nesathurai S. Steroids and spinal cord injury: revisiting the NASCIC 2 and NASCIC 3 

trails. The Journal of Trauma, Injury, Infection, and Critical Care 1998; 45(6): 1088- 

1093.

42. Rabchevsky AG, Fugaccia I, Sullivan PG, Blades DA, Scheff SW: Efficacy of 

methylprednisolone therapy for the injured rat spinal cord. J Neurosci Res 2002; 1:68, 7- 

18

43. Takami T, Oudega M, Bethea JR, Wood PM, Kleitman N, Bunge MB: 

Methylprednisolone and interleukin-10 reduce gray matter damage in the contused

78



Fischer rat thoracic spinal cord but do not improve functional outcome. J Neurotrauma 

2002; 19(5): 653-656.

44. Apuzzo MLJ. Pharmacological Therapy after acute cervical spinal cord injury. 

Neurosurgery 2002; 50 (3) S63-S72.

45. Geisler FH, Dorsey FC, Coleman WP. Recovery of motor function after spinal-cord 

injury: A randomized placebo-controlled trial with GM-1 ganglioside. N Engl J Med 

1991; 324: 1829-1838.

46. Dumont RJ, Okonkwo DO, Verma S, Hurlbert RJ, Boulos PT, Ellegala DB, Dumont AS. 

Acute spinal cord injury, part I: pathophysiologic mechanisms. Review. Clin 

Neuropharmacol 2001; 24(5): 254-64.

47. Khan T, Havey RM, Sayers ST, Patwardhan A, King WW. Animal Models of Spinal 

Cord Injuries. Laboratory Animal Science 1999; 49(2): 161-172.

48. Hung TK, Lin HS, Albin MS, Bunegin L, Jannetta PJ. The standardization of 

experimental impact injury to the spinal cord. Surg Neurol 1979; 6: 470-7.

49. Rivlin AS, Tator CH. Objective clinical assessment of motor function after experimental 

spinal cord injury in the rat. J Neurosurg 1977; 47: 577-581.

50. Sora I, Hall FS, Andrews AM, Itokawa M, Li XF, Wei HB, Wichems C, Lesch KP, 

Murphy DL, Uhl GR. Molecular mechanisms of cocaine reward: combined dopamine 

and serotonin transporter knockouts eliminate cocaine place preference. Proc Natl Acad 

Sc iUSA.  2001 98(9): 5300-5.

51. Baethmann A, Maier-Hauff K, Kempski O, et al. Mediators of brain edema and 

secondary brain damage. Critical Care Medicine 1988; 16/10: 972-977.

79



52. Ellis EF, Heizer ML, Hambrecht GS, et al. Inhibition of bradykinin and kallikrein 

induced cerebral arteriolar dilation by a specific bradykinin antagonist. Stroke 1987; 18: 

792-795.

53. Maier-Hauff K, Baethmarm AJ, Lange M, et al. The kallikrein-kinin system as mediator 

in vasogenic brain edema. Part 2: Studies on kinin formation in focal and perifocal brain 

tissue. JNeurosurg 1984; 61:97-106.

54. Snyman C, Naidoo Y, Narotam PK: Cellular localization of atrial natriuretic peptide and 

tissue kallikrein in the human hypothalamus. Brazilian Journal of Medical and 

Biological Research 1994; 27/8: 1877-1884.

55. Sanes DH, Reh, TA, Harris WA. Development of the Nervous System. Academic Press: 

2000, p 14.

56. Gorlach C, Hortobagyi T, Hortobagyi S, Benyo Z, Relton J, Whalley ET, Wahl M.

Bradykinin B2, but not Bl, receptor antagonism has a neuroprotective effect after 

brain injury. J Neurotrauma 2001; 18(8): 833-8.

57. Ellis EF, Holt SA, Wei EP, et al. Kinins induce abnormal vascular reactivity. Am J 

Physiol 1988; 255: H397-H400.

58. Ellis EF. Initiation of eicosanoid and free radical formation following brain injury: the 

role of the kallikrein-kinin system, in Braquet P, Robinson LP (eds): New Trends in Lipid 

Mediators Research 1990; 4: 129-145.

59. Kamitani T, Little MH, Ellis EF. Evidence for a possible role of the brain kallikrein kinin 

system in the modulation of cerebral circulation. Circ Res 1985; 57: 545-552.

80



60. Marino RJ, Ditunno Jr. JF, Donovan WH, Maynard Jr. F. (1999) Neurologic Recovery 

after Traumatic Spinal Cord Injury: Data from the Model Spinal Cord Injury Systems. 

Arch-Phys-Med-Rehabil 80(11): 1391-1396.

61. Schumacher PA, Siman RG, Fehlings MG. (2000) Pretreatment with Calpain Inhibitor 

CEP-4143 Inhibits Calpain I Activation and Cytoskeletal Degradation, Improves 

Neurological Function and Enhances Axonal Survival after Traumatic Spinal Cord 

Injury. Journal of Neurochemistry 74(4): 1646-55.

62. Maier-Hauff K, Baethmann AJ, Lange M, et al. The kallikrein-kinin system as mediator 

in vasogenic brain edema. Part 2: Studies on kinin formation in focal and perifocal brain 

tissue. JNeurosurg 1984; 61:97-106.

63. Muller-Esterl W. The kallikrein-kinin system as mediator in vasogenic brain edema. Part 

3: Inhibition of the Kallikrein-kinin system in traumatic brain swelling. J Neurosurg 

1986; 64:269-276.

64. Unterberg A, Baethmann AJ. The kallikrein-kinin system as mediator in vasogenic brain 

edema. Part l:Cerebral exposure to bradykinin and plasma. J Neurosurg 1984; 61: 87-96.

65. Unterberg A, Dautermann C, Baethmann A, et al. The kallikrein-kinin system as 

mediator in vasogenic brain edema. Part 3: Inhibition of the kallikrein-kinin system in 

vasogenic brain edema. J Neurosurg 1986; 64: 269-276.

66. Wahl M, Young AR, Edvinsson L, et al.: Effects of bradykinin on pial arteries and 

arterioles in vitro and in situ. J Cereb Blood Flow Metab 1983; 3: 231-237.

67. Wahl M, Schilling L, Unterberg A, et al.: Mediators of vascular and parenchymal 

mechanisms in secondary brain damage. Acta Neurochirurgica-Supplementum 1993; 57: 

64-72.

81



68. Whittle 1R, Piper IR and Miller JD. The role of bradykinin in the etiology of vasogenic 

brain edema and perilesional brain dysfunction. Acta Neurochirurgica 1992; 115: 53-59.

69. Bartholdi D, Schwab ME. Methylprednisolone inhibits early inflammatory processes but 

not ischemic cell death after experimental spinal cord lesion in the rat. Brain Research 

1995; 672:177-186.

70. Hall ED. The neuroprotective pharmacology of methylprednisolone. J Neurosurg 1992; 

76:13-22.

71. Kaptanoglu E, Tuncel M, Palaoglu S, Konan A, Demirpence E, Kilinc K. Comparison of 

the effects of melatonin and methylprednisolone in experimental spinal cord injury. J 

Neurosurg 2000; 93(1 Suppl): 77-84.

72. Short DJ, El Masry WS, Jones PW. High dose methylprednisolone in the management of 

acute spinal cord injury - a systematic review from a clinical perspective. Review. Spinal 

Cord 2000; 38(5): 273-86.

73. Faden AL, Salzman S. Pharmacological strategies in CNS trauma. Trends Pharmacol Sci 

1992; 13:29-35

74. Geisler FH, Dorsey FC, Coleman WP. Recovery of motor function after spinal-cord 

injury: A randomized placebo-controlled trial with GM-1 ganglioside. N Engl J Med 

1991;324:1829-1838

75. Taoka Y, Okajima K, Uchiba M, Murakami K, Harada N, Johno M, Naruo M, Okabe H, 

Takatsuki K. Reduction of spinal cord injury by administration of iloprost, a stable 

prostacyclin analog. J Neurosurg 1997; 86(6): 1007-11.

76. Li Z, Tyor WR, Xu J, Chao J, Hogan EL. Immunohistochemical localization of kininogen 

in rat spinal cord and brain. Exp Neurol 1999; 159(2): 528-37.

82



77. Lopes P, Kar S, Tousignant C, Regoli D, Quirion R, Couture: Autoradiographic 

localization of [125I-Tyr8]-bradykinin receptor binding sites in the guinea pig spinal 

cord. Synapse 1993; 15(1): 48-57.

83


	The Role of Bradykinin Antagonists in Experimental AcuteSpinal Cord Injury
	ABSTRACT
	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	LIST OF FIGURES
	LIST OF TABLES
	CHAPTER I Introduction
	The Spinal Cord
	Spinal Cord Injury
	Therapeutic Agents
	Kallikrein Kinin Cascade and its Role in Spinal Cord Injury
	Bradykinin Antagonists
	Hypothesis and Specific Aims

	CHAPTER II Experimental Design
	Pre-Operative
	Functional Parameters
	Drug Preparation
	In Vivo and In Vitro Testing of Drug Activity
	Surgical Apparatus Preparation
	Voltage-Time History Preparation
	Surgical Procedure
	Post-Operative
	Functional Outcome Ability Tests
	Euthanasia
	Data Analysis

	Chapter III Results
	Tarlov Scores:
	Incline Plane:
	Opto-Varimex 3D Activity Box

	Chapter IV Discussion
	Relevance of Experiment
	Relevance of Model
	Relevance of Functional Outcomes
	Relating Data to Affect on Functional Improvement
	Relevance of the Kallikrein Kinin System with Spinal Cord Injury
	Comments on this Study and Suggestions for Further Study

	CHAPTER V References
	CASCADE 
	Agents Used in Clinical Acute Spinal Cord Injury

	Methylprednisolone

	ii)	Gangliosides

	iii)	NMDA Antagonists/ Calcium Channel Blockers/Cox Inhibitors

	Pre-Operative

	Functional Parameters

	Drug Preparation


	ifcM

	Surgical Apparatus Preparation

	Voltage-Time History Preparation

	Surgical Procedure

	Post-Operative

	Functional Outcome Ability Tests

	Data Analysis

	Relevance of Experiment

	Relevance of Model

	Relevance of Functional Outcomes

	Relating Data to Affect on Functional Improvement

	Relevance of the Kallikrein Kinin System with Spinal Cord Injury

	Comments on this Study and Suggestions for Further Study



