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Pharmacological neuroprotection in SCI 

Introduction 
During TAAA repair, a temporary or permanent interruption of spina! cord biood supply 

may result in irreversible spinal cord damage. Protective strategies attempt to maintain 

adeguate spina! cord perfusion. Despite these techniques, transient spinal cord ischemia 

(SCI) may still occur when critical intercostal arteries originate either at or below the leve 

of repair. Therefore, it would be advantageous if protective strategies were available that 

could enhance neuronal tolerance, and improve neuronal survival following episodes of 

spinal cord ischemia. These strategies might then either be employed on a routine basis or 

applied selectively, after detection of spinal cord ischemia using some form of neuro-

physiological monitoring of spinal cord function. 

In this chapter, the mechanism of ischemic neuronal cell death is briefly discussed, and the 

pharmacological agents that have been tested for their potential to increase spinal cord 

ischemic tolerance are extensively described. Thereafter, proposed neuroprotective agents 

that were evaluated in experimental SCI are systematically reviewed and analyzed. 

Neuronal cell death; mechanism of action 
Most of our knowledge on neuronal cell death is derived from models of cerebral ischemia. 

There are several theories on the pathogenesis of cell damage and neuronal cell death 

following transient ischemia: excitotoxicity, nitric oxide mediated neuronal death, intracellular 

calcium overload, eicosanoid formation and free radical induced damage. These mechanisms 

should be regarded as pathways that act both parallel and sequential, with interconnections 

at several levels (figure 1). 

The theory that the excitatory amino acids (EAA) mediate neuronal damage following ischemia 

has gained widespread acceptance.12 The main EAA in the CNS is glutamate. Several glutamate 

receptors have been identified, being selectively activated by N-methyl-D-aspartate (NMDA), 

alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) or kainate. 

The NMDA-receptor-activated-channels permit the postsynaptic influx of calcium. Activation 

of AMPA receptors results in depolarisation, and as a result calcium influx via the NMDA-

gated channel is triggered and voltage-sensitive calcium channels are opened.3 Extracellular 

levels of EAA rapidly rise following ischemia.4 Consequently, an excessive calcium influx in 

the neuron is observed. In addition, intracellular calcium concentration rises by release 

from the endoplasmic reticulum.5 The increase in intracellular calcium can not be handled 

because of ATP depletion, and calcium is sequestered in the mitochondria. Calcium 

constitutes a major mediator of ischemic neuronal death and acts in conjunction with 

43 



Chapter 2 

neuronal ischemia 

EAA release, < , , . 
receptor activation • d e P ° | a n s a t ™ « energy failure 

I I I 
proteolysis nNOS endo- protein 

nucleases phosphorylation ' fla'ndlina 

disturbed 
calcium — • Ca^+ f 

cytoskeleton 
breakdown 

free radical 
formation 

inhibition of 
intracellular 
transport peroxinitrate 

altered gene 
expression 

DNA fragmentation 

I free radie 
formation 

mitochondrial membrane lipid 
calcium overload peroxidation 

apoptosis 

lipolysis 

free fatty 
acids 

-leucotnenes 

leucocytes 

vascular dysfunction 

neuronal death 

Figure 1 . The cascade that leads to irreversible ischemic damage consists of multiple inter-connected 
pathways. EAA = excitatory amino acids, nNOS = neuronal nitric oxide synthetase, N O nitric oxide, 
Ca2' = intracellular calcium concentration 

intracellular acidosis.3 Reduced intracellular pH is the result of anaerobically maintained 

energy sources, with accumulation of lactic acid. Intracellular acidosis alters enzyme kinetics 

and damages lysosomes. Lysosomes contain RNAases, DNAases, proteases, phosphatases, 

and glucosidases. Leakage of these enzymes, and their calcium induced activation, leads 

to enzymatic digestion of cell components. Indeed, fragmentation of DNA, oxidation of 

proteins, and phospholipase mediated damage of the mitochondrial lipid backbone have 

been considered to play a role in ischemic cell death.3 The phospholipase activation leads 

to membrane lipolysis involving arachidonic acid formation and consequent tromboxane 

and leukotriene formation. These eicosanoids contribute to the further evolution of the 

ischemic insult by impairment of vascular autoregulation, vascular sludging, microcirculatory 

dysfunction, and leukotaxis.5 

The consequences of glutamate excitotoxicity are also believed to be mediated by nitric 
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Pharmacological neuroprotection in SCI 

oxide (NO), which is excessively produced by neuronal nitric oxide synthase (nNOS) following 

NMDA receptor overstimulation.7 Besides disruption of the normal physiologic processes 

mediated by NO, NO is a free radical and has numerous intracellular targets. 

Several pathways are available for the production of reactive oxygen species during 

reperfusion. First, calcium induced activation of phospholipase A2 generates arachidonic 

acid, which in turn is metabolised by cyclooxygenase and lipoxygenase to yield the superoxide 

anion.3 Second, decreased energy stores during ischemia result in the accumulation of 

adenine nucleotides. Metabolism of adenine nucleotides during reperfusion via the xanthine 

oxidase pathway is a source of free radicals.6 Another pathway for the production of 

reactive oxygen species is the activation of nNOS which produces NO from arginine. NO 

can react with the superoxide anion to form peroxynitrate, the latter decomposing with 

the production of hydroxy! radicals, a highly toxic free radical. Recent investigations suggest 

that the majority of toxic effects attributed to NO are due to peroxynitrate.9 Reactive oxygen 

species maintain intracellular calcium accumulation by interfering with calcium extrusion,' 

and cause direct injury by lipid peroxidation and indirect injury by vascular paralysis.10,11 

Especially the chain propagation of lipid peroxidation by the potent hydroxyl radicals underlies 

the neuronal damage by oxygen free radicals.12 Reduced (ferrous) iron (Fe3+) plays an 

important role in the Haber-Weis reaction in which hydroxyl radicals are formed. Lipid 

peroxidation is aggravated by intracellular acidosis.13 

In the early recirculation period, a normal bioenergetic status can be achieved including 

recovery of mitochondrial functions. However, the above described burst of free radical 

production in ischemia-reperfusion can still result in irreversible tissue damage.14 Although 

free radical mediated reperfusion injury could explain delayed neuronal death following 

ischemia, the processes occurring during and after transient ischemia provide numerous 

other possibilities to explain delayed neuronal death. During reperfusion, excitotoxicity 

may result in neuronal death, as a consequence of increased EAA concentration, decreased 

EAA uptake and increased sensitivity to the detrimental effects of EAA. Reactive oxygen 

species induce a sustained perturbation of plasma membrane handling of calcium after 

reperfusion, leading to a slow rise in intracellular calcium concentration and eventual 

mitochondrial calcium overload. Eventually, a calcium and free radical triggered opening 

of a mitochondrial transition pore results in a burst of free radical generation and a cessation 

of mitochondrial energy production.315 Delayed neuronal death can also be explained by 

the fragmentation of crucial parts of DNA,16 or a broken down cytoskeleton by calcium-

activated proteases." The latter implies that intracellular transport of proteins and genetic 

material, crucial to maintain cellular function, ceases. 

In addition, early and delayed neuronal cell death following ischemia has apoptotic features. 
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Chapter 2 

Necrosis and apoptosis are distinct mechanisms of cell death, with different characteristics.18 '9 

Necrosis leads to membrane lysis, release of intracellular components, increases in EAA, 

and results in an inflammatory process. In contrast, apoptosis is an active process of neuronal 

cell destruction, involving protein synthesis. Apoptosis is characterized by cell shrinkage, 

nuclear pycnosis, and active DNA fragmentation. The apoptotic cells shield their intracellular 

milieu in order to prevent leakage of EAA, proteolytic enzymes, DNA, and oxidized lipids. 

Necrosis is thought to be the result of a direct catastrophic event, whereas apoptosis is the 

result of milder events. Indeed, a mild ischemic cerebral insult resulted in apoptotic neuronal 

death.20 Both NMDA receptors and NO may mediate apoptotic neuronal death following 

ischemia.19-2' 

The pathways above described, provide sufficient clues for pharmacological interventions. 

Neuroprotective agents 
1. Calcium channel blockers 

Calcium is thought to mediate ischemic neuronal cell death. It would seem logical to prevent 

calcium entry in the neuron by blockade of the calcium channels. There are at least four 

major types of voltage-gated calcium channels (L-, P-, N-, and T-type channels). The T-type 

calcium channel is associated with pacemaker activities in cardiac muscle. The L-type channels 

play a role in the excitation contraction coupling in cardiac muscle and vascular smooth 

muscle. L-type channels are sensitive to the clinically available calcium channel antagonists. 

The N- and P-type calcium channels are selectively localized in neuronal tissue and are 

involved in neurotransmitter release and glutamate mediated neurotoxicity.22 

The role of calcium channel blockers in prevention of ischemic damage can be twofold. 

They might prevent the massive influx of calcium following ischemia. In addition, vasodilation 

by the calcium antagonists might be beneficial during ischemia. Nimodipine is known to 

increase cerebral blood flow and has gained widespread acceptance in the treatment of 

subarachnoid hemorrhage. Nimodipine also markedly increased blood flow in the spinal 

cord in normal rats.25 In a swine model of reversible SCI, nimodipine was neuroprotective,2" 

whereas in the dog and rabbit nimodipine was not protective.2527 Other calcium antagonists 

(lidoflazine, verapamil, flunarizine) did not consistently reduce ischemic spinal cord injury.2832 

The experimental calcium blocker KB-2796, however, repeatedly improved functional 

recovery following spinal cord ischemia in the rabbit.333" 

The inconsistent effectiveness of calcium channel blockers has been related to their lack of 

effect on N- and P-type calcium channels. However, the N-type calcium blocker conotoxin 

did also not provide a significant protective effect against spinal cord ischemic injury.35 
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2. Excitatory amino acid receptor blockers 

Of the receptor-operated calcium channels, two major subtypes of glutamate receptors have 

been recognized: metabotropic receptors (which might participate in neurotoxicity by a inositol 

triphosphate mediated release of calcium from the endoplasmic reticulum), and ionotropic 

receptors, which can be divided pharmacologically into a number of subtypes, including 

NMDA and AMPA receptors. Antagonists of excitatory neurotransmitters have been shown 

to blunt neuronal injury in various models of cerebral ischemia.36 The effect of EAA antagonists 

in spinal cord ischemia is discussed with respect to the various receptor subtypes. 

NMDA The competitive NMDA antagonist (LY-233053) could improve neurologic outcome 

in a rabbit model of reversible spinal cord ischemia.37 Delayed therapy (within 60 min after 

the ischemic period) was also effective.33 The non competitive NMDA antagonist dextrorphan 

provided spinal cord protection and inhibited cord EAA release during ischemia.3"40 The 

non-competitive NMDA antagonists MK-801 could consistently improve neurologic and 

histopathologic outcome in several models of temporary spinal cord ischemia.34-41"45 

Postischemic treatment with MK-801 could also improve functional recovery.46 These results 

should be observed with caution. Only two of the studies described above controlled core 

temperature.3444 Moreover, in these two studies the targeted baseline temperatures were 

36.6 - 37.5°C, while normothermia in the rabbit is 2 degrees higher.47 Therefore, part of 

the protective effect of NMDA antagonists may have been the result of hypothermia resulting 

from the known sedative effects of the NMDA antagonists. In cerebral ischemia, small 

changes in temperature resulted in significant alterations in both postischemic neurologic 

function and histopathology.4851 Indeed, the NMDA antagonist induced reduction of ischemic 

injury was attributed to a drug-induced hypothermia, instead of a direct action on the 

NMDA receptor.5253 In a temperature controlled study of reversible SCI, intrathecal^ 

administered MK-801 was not protective.54 The anesthetic agent ketamine also has 

characteristics of a non-competitive NMDA antagonist. The protective properties of ketamine 

in SCI, however, are ambiguous.4155 Both competitive and non-competitive NMDA-

antagonists have pharmacological characteristics that limit their potential usefulness in 

clinical situations. These include poor bioavailability, poor CNS penetration, sedation, and 

undesirable side effects like tachycardia, hypertension and psychomimetic effects. 

AMPA In models of cerebral ischemia AMPA receptor blockers were thought to provide 

stronger neuroprotective properties than the NMDA receptor antagonists. In both rat and 

rabbit models of spinal cord ischemia AMPA receptor blockers (NBQX, LY-293558) improved 

neurologic and histological outcome.4456 The AMPA receptor blockers have possibly less 

side effects than the competitive NMDA receptor antagonists, particularly with regard to 

sedation and production of a psychomimetic state. 
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Magnesium Before NMDA receptors can be activated, the magnesium block of the NMDA 

receptor must be relieved. Accordingly, the possible mechanisms of neuroprotective action 

of excess magnesium is the facilitation of magnesium dependent inhibition of NMDA 

activation. Additional protective properties of magnesium are inhibition of EAA release, 

competition with calcium for entry into the cell, and vasodilator properties. Magnesium 

has proved to be neuroprotective when applied intrathecally.54-57 Low dose intravenous 

magnesium provided no spinal cord protection.58 If magnesium must reach the spinal cord 

to be protective, then large doses are necessary because magnesium crosses the blood 

brain barrier poorly. Unfortunately systemic side effects limit the maximum tolerable dose. 

An intravenous dose of magnesium sufficient to produce neuromuscular blockade provided 

significant neuroprotection.59 

3. Corticosteroids 

In several experimental and clinical studies, extremely high doses of methylprednisolone 

(MP) that far exceed the dose necessary to activate the corticosteroid receptors (30 mg/ 

kg, followed by an infusion of 5.4 mg/kg/hr) have been shown to protect the spinal cord 

after traumatic injury.60'61 MP administration within 8 hours after spinal trauma is now a 

standard of care in the USA. Neuronal degeneration following trauma was thought to be 

mediated by membrane lipid peroxidation.62 The rationale for high doses of MP in spinal 

cord injury is the inhibition of lipid peroxidation by MP.63'6"1 However, when extremely high 

doses of MP were used in models of spinal cord ischemia, there was no improvement in 

neurologic outcome in all but one study.28,65'68 Dexamethasone was also not protective in 

SCI.69 The lack of protection of corticosteroids can be attributed to their glucocorticoid 

activity. The corticosteroids aggravated ischemic brain damage by increasing serum glucose 

concentration and enhancing intracellular ischemic lactate acidosis.70 

4. Free radical scavengers 

There might be a role for oxygen derived free radicals in the pathogenesis of ischemia-

reperfusion injury.14 Several different radical scavengers and antioxidants have been tested 

for their efficacy in preventing ischemic damage to the spinal cord. 

In order to emulate the membrane stabilizing effect of corticosteroids, the 21 -aminosteroids 

or lazaroids were specially designed to inhibit lipid peroxidation. The 21-aminosteroids are 

steroid analogs that lack the classical steroid activities. In vitro, the 21-aminosteroids are 

potent inhibitors of lipid peroxidation and weak free radical scavengers. In a rabbit model 

of spinal cord ischemia the 21 -aminosteroid tirilazad could significantly reduce the incidence 

of postischemic spinal cord injury/172 In our temperature-controlled study (chapter 7), the 
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experimental 21-aminosteroid U-74389G was not protective.47 

The free radical scavengers super oxide dismutase (SOD) and catalase are present naturally 

in CNS tissue. However, the amount of reactive oxygen species generated during reperfusion 

after temporary ischemia may exceed the capacity of SOD and catalase. Administration of 

SOD improved functional outcome in only 3 out of 9 studies.297380 SOD has two drawbacks. 

First, it has a half-life of only 8 min. Second, it can not readily penetrate cell membranes. 

Conjugation of polyethylene glycol monomers to SOD increased its circulatory half life to 

almost 40 h and improved its access into cells. Although polyethylene glycol-conjugated 

superoxide dismutase improved early neurologic outcome following spinal cord ischemia, 

delayed neurologic deficits abolished the protective effect in one study.75,81 

Allopurinol, a xanthine oxidase inhibitor, might prevent the production of free radicals 

during reperfusion and has the ability to scavenge the hydroxyl radical. However, in a pig 

model of spinal cord ischemia protection by allopurinol could not be established.29-76 

Prevention of hydroxyl formation by iron chelating agents such as deferoxamine and L1 

could consistently provide spinal cord protection.768283 The hydroxyl radical scavengers 

dimethylsulfoxide (DMSO) and dimethylthiourea provided complete protection in a canine 

model of spinal cord ischemia.84-85 Mannitol has free radical scavenging properties. In 

combination with various other strategies (hyperventilation, methylprednisolone, vitamin 

C and E, thiopental), mannitol improved functional outcome in several models of SCI.8688 

5. Opiate receptor antagonists 
The endogenous opioids have been implicated to contribute in the pathogenesis of ischemic 

neuronal damage. The opiate antagonists naloxone and nalmefene provided protection 

following SCI in rabbits.43'58,8991 Although opioid and non opioid mechanisms are thought 

to be involved, the beneficial effects of the opiate antagonists in spinal cord ischemia are 

mediated by the dynorphin opioid system (kappa opiate receptor).9193 For example, 

dynorphin, an endogenous opioid with a high affinity for the kappa receptor, can produce 

hind limb paralysis following intrathecal administration.91 Dynorphin has a poor sensitivity 

to naloxone antagonism.94 Accordingly, naloxone treatment resulted in dose-related 

enhancement of motor recovery; greatest functional recovery was observed in rabbits 

treated with a dose as high as 2 mg/kg/h.89 

Opiate antagonists are clinical applicable during TAAA repair. In 61 patients undergoing 

TAAA replacement, the use of naloxone (1 ug/kg/h) in combination with CSF drainage 

decreased neurologic deficits as compared to historical controls (n=49).95'96 
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6. Prostaglandins 
During ischemia, the balance between prostacyclin and thromboxane A2 is disturbed 

resulting in a relative increase of thromboxane A2. This change might result in platelet-

induced occlusion of the microvasculature. Therefore, administration of prostacyclin might 

prove beneficial in ischemia-reperfusion injury. Other advantageous features of prostacyclin 

are inhibition of platelet activation and mactivation of leukocytes. Another prostaglandin 

that might prove beneficial in ischemia/reperfusion is prostaglandin E1, which has cyto-

protective features and is a powerful vasodilator. 

Prostacyclin and prostaglandin E1 provided protection in both a rabbit and a canine model 

of SCI.799710° In a non-randomized clinical study, 43 out of 76 patients received prostaglandin 

E1 for spinal cord protection during thoracoabdominal aneurysm repair, the incidence of 

neurologic deficit was 5% compared with patients receiving no treatment (25%).,01 

7. Adenosine 
Adenosine is known to decrease the ischemia-induced release of EAA and improves 

circulation by vasodilator and antithrombotic activities.102103 In addition, adenosine has 

properties of an autocoid (a locally protective metabolite).:o- Adenosine is released during 

brain ischemia, and activation of the adenosine A1 receptor enhances the K+ and CI 

conductance in neurons, leading to membrane hyperpolarization and reduction of neuronal 

Ca,+ influx through voltage- and NMDA receptor-dependent channels.105 Unfortunately, 

administration of high intravenous doses of adenosine is not feasible because of the 

occurrence of heartblock and profound hypotension. Intravenous adenosine, administered 

in a dose that does not produce excessive side effects was unable to protect the spinal 

cord in a rabbit model of SCI.10J Regional infusion of the cross-clamped infrarenal rabbit 

aorta with a very high dose of adenosine was well tolerated and attenuated ischemic 

spinal cord injury.104 

The adenosine agonist propentofylline, which enhances adenosine release, has been shown 

to decrease extracellular glutamate. Postischemic treatment with propentofylline was 

protective in a rabbit model of SCI.106 

8. Gamma-Aminobutyric Acid (GABA) modulators 

Excitatory amino acid induced influxes of calcium potentiate neuronal ischemic damage. 

Glutamate antagonists are thought to limit ischemic damage. Similarly, agonists of inhibitory 

neurotransmitters may provide neuroprotection. The inhibitory neurotransmitter GABA 

increases chloride conductance at a cellular level. This effect reduces the probability of 

depolarisation and therefore the opening of voltage dependent calcium channels.107 In 
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cerebral ischemia, drugs specific for the GABA-A receptor demonstrated neuroprotection.'Cb 

In the rabbit, the GABA-A agonist muscimol provided protection against temporary spinal 

cord ischemia, whereas the GABA-A antagonist bicuculine worsened outcome.109 

9. Protein kinase C modulators 

The excessive accumulation of calcium during ischemia and reperfusion activates protein 

kinase C. The latter enzyme may be involved in the phenomenon of "autoprotection". 

Protein kinase C modulates the GABA-A receptor, and triggers the release of endogenous 

GABA and adenosine, which might result in increased ischemic resistance.110 In spinal cord 

ischemia it was indeed observed that blockade of protein kinase C had a deleterious effect 

on neurologic outcome.111112 However, an activator of protein kinase C activity could not 

increase ischemic resistance.111-112 

10. Anesthetics 

Neuronal protection with anesthetic agents (volatile anesthetics and barbiturates) is 

controversial. The protective effect of anesthetics was thought to be related to neuronal 

metabolic depression. However, an anesthetic reduction in metabolic rate is of relevance 

only in the first phase of ischemic injury. The first phase being the time between the 

reduction in blood flow and complete energy failure, which is signalled by membrane 

depolarisation. In this period, anesthetics slow metabolic demand by halting electro

physiological activity, and delay the time to depolarisation. As the ischemic condition 

continues, anesthetics have provided some protection by "buying time".113 Neuronal 

utilisation of oxygen can be subdivided into that associated with the support of 

electrophysiological activity (60%) and that associated with the maintenance of homeostasis 

(40%). If an anesthetic agent interrupts neuronal electrophysiological activity before a 

complete ischemic event, it was calculated that the time "bought" translated into an extra 

15 s for membrane homeostasis.114 This duration is irrelevantly short and, therefore, the 

protective ability of anesthetics is probably limited. 

Thiopental is a lipid soluble anesthetic that penetrates the brain with relative ease. In 

cerebral ischemia, infarction occurred at greater regional cerebral blood flow with isoflurane 

compared to barbiturates.115 The stronger protection of barbiturates can be attributed to 

their ability to inhibit peroxidation of fatty acids.'16 In the rabbit, thiopental provided spinal 

cord protection against ischemia in several studies.28'58'S8J17 However, in other studies a 

spinal cord protective effect of barbiturates could not be derrpnstrated.55'80'118 

In spinal cord ischemia, the volatile anesthetics (halothane or isoflurane) did not offer any 

advantage as neuroprotective agent over a burst suppression dose of thiopental or 
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methohexital.119120 Halothane could also not improve neurologic outcome compared to 

controls.55 

It can be concluded that barbiturates have distinct protective properties. However, these 

results should be considered with care. Anesthetics are known to induce hypothermia. In 

the majority of the studies described above temperature was not monitored, suggesting 

that temperature may have been lower in the intervention groups. It is conceivable that an 

anesthetic induced decrease in temperature might have accounted for the observed 

protective effects. 

11. Inhibitors of leukocytes and monocytes 
Activated polymorphonuclear neutrophils may participate in ischemia-reperfusion injury. 

The mechanism of neutrophil-mediated injury is unclear. Microvascular occlusion can occur 

as result of direct mechanical obstruction, and secondly, tissue infiltration may lead to 

cytotoxic injury.1'1 Leucocyte adhesion to the endothelium of ischemic tissue is the critical 

initial step in leucocyte activation.'22 Therefore, inhibition of leucocyte adherence offers a 

potential way of preventing neuronal damage. Indeed, the inhibition of leucocyte adhesion 

by various agents improved neurologic and histological outcome in all but one rabbit 

study.121 I23-126 Pentoxifylline, an agent known to inhibit in vitro neutrophil activation, did 

not protect the spina! cord.127 

Two types of mononuclear phagocytes may be important in CNS ischemia, the microglia 

and the blood borne macrophages. Systemically administered chloroquine and colchicine 

block endocytotic, secretory and phagocytic activities of microglia and macrophages. These 

compounds improved functional recovery following spinal cord ischemia in the rabbit, 

even when administered after the period of ischemia.69 

12. Vasodilators 
The intrathecal route can be used to deliver pharmacological agents that enhance the 

collateral circulation by dilating the longitudinal spinal arteries. In a series of studies of 

Svensson et al., the strong vasodilator papaverine was evaluated. In a baboon model of 

spinal cord ischemia, the use of intrathecal papaverine increased lower thoracic and lumbar 

spinal cord blood flow and provided complete protection from paraplegia.29 In a 

nonrandomized trial during TAAA surgery, the rate of paraplegia was not decreased 

significantly in patients receiving papaverine via a lumbar intrathecal catheter.123 In a 

prospective randomized trial in patients undergoing TAAA repair, a combination of 

papaverine and CSF drainage improved neurologic outcome.'29 Protection by papaverine 

can be explained by the nature of the spinal cord blood supply. It is conceivable that a 
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dilation of the anterior spinal artery (ASA) during aortic clamping results in enhanced flow 

along the entire length of the spinal cord. This might be beneficial in several situations 

during TAAA repair. First, if the aorta is simply cross-clamped, papaverine might improve 

antegrade flow along the anterior spinal artery, including the segment normally supplied 

by the arteria radicularis magna (ARM). Second, as described in chapter one, the watershed 

area of the lower thoracic spinal cord is the most critical zone in the spinal cord blood 

supply, because of the small calibre of the ASA in this region. Therefore, during distal 

perfusion, papaverine might enhance spinal cord blood flow when the ARM is located 

inside the clamped aortic segment, or when the ARM is supplied by distal aortic perfusion. 

Indeed, the intrathecal use of papaverine dilated the ASA above the level of the ARM.29 

Applying Poiseuille's equation, the dilation could have improved blood flow in the narrow 

part of the ASA by a factor 77.29 

The subarachnoid administration of the local anesthetic tetracaine abolished neurologic 

deficits following temporary SCI in the rabbit.118 Protection was attributed to a membrane 

effect of tetracaine, which was mediated by blocking the sodium/potassium pump. However, 

local anesthetics also have the ability to produce vasodilation, which might have accounted 

for the protective effect. 

13. Inhibitors of apoptosis 

Apoptosis contributes to early and late neuronal cell death after SCI.130-131 Apoptotic neuronal 

death was observed in the dorsal horn laminae and in motor neurons.131132 

Evidence of apoptosis such as the typical "laddering" of DNA was observed after a relatively 

short period of spinal cord ischemia in a rabbit model/1 ' In addition, apoptotic neuronal 

death was preceded by the induction of proteins that are thought to mediate the activation 

of apoptosis.,34J35 Since apoptosis requires synthesis of new proteins, inhibitors of protein 

synthesis might prevent apoptotic cell death following ischemia, and reduce neurologic 

deficits. Following SCI in rats, the protein synthesis inhibitor cycloheximide improved motor 

function and markedly reduced the number of apoptotic neurons.39 NMDA mediated 

excitotoxicity can also result in apoptosis.19 The NMDA antagonist dextrorphan reduced 

neuronal apoptosis and improved neurologic outcome following SCI.39 Methylprednisolone 

reduced the number of apoptotic neurons in the dorsal horn of the spinal cord, although 

neurologic function was not improved.65 

14. Modulators of coagulation 

Dysfunction of the microcirculation is observed after ischemia-reperfusion, which might be 

a result of coagulation defects. Tissue factor is a membrane protein that initiates coagulation. 
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During ischemia the expression of tissue factor is greatly enhanced. The exposure of tissu 

factor to the recirculating blood following ischemia may contribute to intravascular coagulation 

and reperfusion injury. Recombinant tissue factor pathway inhibitor indeed improved 

neurologic outcome following SCI,136-137 whereas heparin could not provide any protection. ' ':/ 

Aprotmin is a serine protease inhibitor, that is used to reduce blood loss following cardiac 

surgery. Aprotinin has been shown to protect against the damage of ischemia and 

reperfusion by suppressing the release of lysosomal enzymes. Following transient SCI in 

rabbits, aprotinin preserved neurologic function.138 

15. Regenerative agents 
Gangliosides, complex glycolipids of the nervous system cell membranes, are effective in 

stimulating neuronal regeneration during the recovery period after ischemia. However, 

gangliosides were not effective in a rat model of SCI.139 

The beta/A4 protein precursor is involved in regulation of neuronal growth and survival. 

The growth-promoting segment of this protein reduced neurologic damage in a rabbit 

model of SCI.14C Neurologic dysfunction was thought to be improved by the restorative 

features of the peptide instead of a direct protective effect. 

16. Alternative oxygen carriers and plasma expanders 

Purified diaspirin cross-linked hemoglobin (DCLHb) is a cell-free hemoglobin that is 

intramolecularly cross-linked between the two alpha subunits. Hemoglobin solutions are 

considered potentially useful in ischemia because of their oxygen-delivering properties and 

low viscosity. Both infusion and exchange with cross-linked hemoglobin reduced neurologic 

damage after reversible central nervous system ischemia.141 

Perfluorocarbons are alternate 0 , carriers that possess excellent oxygen carrying and 

exchange characteristics. The Perfluorocarbon Fluosol-DA (20%) had a favourable effect 

on neurologic outcome in a canine model of SCI.142 However, the mean distal aortic pressure 

during the ischemic phase was increased twofold in dogs receiving Fluosol-DA, suggesting 

that protection was mediated by a pressure effect. In the rabbit, intravenous Fluosol-DA 

did not improve neurologic outcome following SCI.'"3 Perfusing the subarachnoid space 

with an oxygenated perfluorocarbon emulsion (Fluosol-DA) improved neurologic outcome 

in a dog model of extended spinal cord ischemia.144 

Postischemic hypervolemia with the medium molecular weight fraction of pentastarch 

improved neurologic recovery and histopathologic outcome following temporary SCI in 

the rabbit, whereas 6% standard hydroxyethyl starch did not provide protection.'45 The 

mechanism of action of pentastarch was thought to be mediated by a reduced microvascular 
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permeability and a reduced neuronal membrane permeability. 

Normovolemic hemodilution can improve blood flow characteristics (rheology) as well as 

increase oxygen extraction of the remaining hemoglobin. Theoretically, improved rheology 

might be beneficial during ischemia and reperfusion. However, in a rabbit model of SCI, 

hemodilution from a hematocrit of 38% to 28% worsened early neurologic outcome, 

whereas no influence of normovolemic hemodilution on neurologic outcome was observed 

after 5 days.'46 

17. Insulin 
Increased pre-ischemic blood glucose levels resulted in a greater incidence of paraplegia 

after temporary aortic occlusion in the rabbit.147148 It is hypothesized that the increased 

glucose supply results in greater lactic acid accumulation during the period of ischemia. 

The resultant intracellular acidosis aggravates membrane lipid peroxidation.13 In contrast, 

insulin-induced hypoglycemia was protective in spinal cord ischemia.149 Inhibition of glucose 

uptake (glucose transporter) and initial metabolism (hexokinase) also improved neurologic 

outcome following SCI.150 

18. pH modulators 
The harmful effect of hyperglycemia (described previously) has been attributed to intracellular 

lactate acidosis. Dichloroacetate (DCA) has been shown to lower brain lactate in incomplete 

cerebral ischemia. DCA preserved neurologic function in a rat model of SCI, which indeed 

suggests a possible detrimental role for intracellular lactate accumulation.'51 The protection 

seen with DCA depended on the severity of ischemic injury. In the rat, DCA had a minimal 

effect on neurologic outcome after longer occlusion periods (13-15 min), mild improvement 

with 12 minutes of occlusion, and a significant protective effect with a 10-minute occlusion 

period. DCA could not decrease neurologic deficits following rabbit SCI.152 

Extracellular acidosis is thought to be neuroprotective. Ion flux through both voltage gated 

and NMDA receptor calcium channels are inhibited by a reduction in pH.153/54 In a rabbit 

model of spinal cord ischemia, inspired carbon dioxide (40%) completely prevented 

neurologic deficits. The protective effect of carbon dioxide might be either proton mediated 

by NMDA blockade, or might be attributed to the vasodilating properties of carbon dioxide.155 

19. Additional agents 
Serotonin is a neurotransmitter with vasoconstrictive properties. Several serotonin antagonists 

improved ischemic tolerance in a rabbit model of SCI.156-157 (-)-Deprenyl, a MAO-B inhibitor 

which has neuronal protective properties against several pharmacological induced lesions, 
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improved neurologic and histopathologic outcome in a rat model of SCI.158 The phenothiazine 

trifluoperazine could improve functional recovery following SCI in the rabbit.159 Intravenous 

lidocaine was not beneficial in a rabbit model of spinal cord ischemia.38 Poloxamer 188, a 

compound known to increase collateral blood flow to areas with ischemia, could not improve 

neurologic outcome in a rat model of SCI.150 

Systematic review on the evidence of efficacy of pharma
cological neuroprotection 

From the results of the above described studies, it would appear that most of the agents 

tested possess neuroprotective properties in experimental spinal cord ischemia. In order to 

examine the strength of the provided evidence, the literature on pharmacological spinal 

cord protection was systematically reviewed and the included studies were analyzed. 

Methods 
In an attempt to review all currently available studies on pharmacological spinal cord 

protection against temporary ischemia, various strategies were used. First, computer 

searches of Medline (from 1966), Embase (from 1988) and PubMed (national library of 

medicine) were performed. The following keywords were used: "spinal ischemia", "spinal" 

and "ischemic injury", "spinal" and "aortic occlusion", "spinal" and "protection". Secondly, 

references of the citations which met the inclusion criteria were checked. The inclusion 

criteria were: animal study, transient spinal cord ischemia, pharmacological protection, 

and neurologic and/or histopathologic endpoints. Only publications in the English 

language were included. 

The included studies were analyzed for neuroprotective efficacy, animal model (species, 

production of ischemia while awake vs. general anesthesia), route of administration, 

duration of ischemia, temperature management, and statistical power. 

In order to be able to compare the efficacy of various neuroprotective agents, or the 

efficacy of a single agent in several studies, the relative risks (RR) and confidence intervals 

(CI) were calculated in all studies, based on the raw data in the results section. The endpoints 

were: inability to hop or inability to walk. The RR is the risk in the treatment group divided 

by the risk in the control group. For calculation of the CI the Mantel Haenszel method was 

used. In order to obtain an approximate CI for the RR in the studies where the treatment 

group had a zero paraplegia rate, the raw data from the 2X2 table were adjusted by 

adding 0.5 to the value in every cell. The RR and CI were only calculated in studies that 
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clearly provided the absolute number of animals that met the endpomts in the control and 

treatment group, and in studies that tested at fixed durations of ischemia. 

Results 

Seventy single agents and 16 combinations (agents or agents combined with other protective 

strategies) were tested 153 times in 93 studies.24-3"7-39'41-47'54-59-65-597l-92'98'10ai04'l06'l09-,n' 

Ii7-i2i,i23-i27,i36-i45,i49-i52,i55-i62 /\gen t5 tested five times or more were: glutamate antagonists 

(16, of which MK-801 10 times), calcium antagonists (13 times), barbiturates (9 times), 

SOD (9 times), corticosteroids (6 times), naloxone (5 times), prostaglandins (5 times), and 

inhibitors of leucocyte adhesion (5 times). 

Neuroprotection. Fifty-six single agents showed neuroprotection in at least one study. 

Protection was demonstrated at least twice for SOD, Tinlazad, Fluosol-DA, prostaglandin 

E1, prostacyclin, thiopental, naloxone, MK-801 (NMDA-antagonist), LY-233053 (AMPA-

antagonist), KB-2796(Ca-antagonist), deferoxamine, magnesium, recombinant tissue factor 

pathway inhibitor, and by inhibitors of leucocyte activation. Only 14 of the 70 agents 

tested did not demonstrate protection in any of the studies. All but one of the 16 

combinations (agents, or agents combined with other strategies) was effective in reducing 

the incidence of neurologic deficits. 

Analysis of relative risks. The results of the analysis are shown in figure 2. In 48 studies 

the relative risks and confidence intervals could be calculated on 91 interventions, involving 

31 single agents and 8 combinations. 

Experimental models. Various animal models were used to produce spinal cord ischemia: 

rabbit (n = 59), dog (n = 20), rat (n = 10), pig (n = 3), baboon (n = 1). In the same animal 

model, the duration of ischemia varied considerably, while dose response studies 

(determination of the ET 50) were also performed. In the same animal model, ischemia 

was induced both in the awake state, and during anesthesia, while anesthesia was induced 

and maintained with a wide variety of anesthetics. 

Route of administration. The majority of studies administered the agent intravenously 

before the ischemic event. Eight studies described the effect of postischemic treatment 

(administration after the ischemic insult).33'34'38'45'46mi06J25 Postischemic treatment was effective 

in all but one study.125 Regional infusion of agents (in the excluded aortic segment) was 

described 6 times,30'84-86100104142J61 and was effective in all but one study.80 Protective agents 

were administered intrathecal^ 5 times.2935'45'54'144 Magnesium, MK-801 and papaverine could 

reduce the rate of paraplegia following intrathecal administration. A pharmacological dose 

response study was performed in 16 studies.25•26•32•33•37•42'73•89•92•100'l40•l4,•,3a,56-158 
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Duration of ischemia. In the majority of experimental studies (n = 68), the effectiveness 

of an agent was tested at one duration of ischemia. In 8 studies, agents were tested at 

several different durations of ischemia. In 17 studies, the ET 50 (the ischemic time required 

to produce a 50% paraplegia rate) was determined. In that case the duration of ischemia 

was varied among the animals in both the control and treatment groups, and paraplegia 

was scored in a binary fashion. Then dose response curves for each group were made, and 

the ET50 was calculated in the control and treatment groups. A protective drug will increase 

the ET50. 

Temperature management. In 31 of the 93 experimental studies, ischemia was induced 

in the awake state (without temperature control). In 62 studies, ischemia was induced in 

anesthetized animals. Of these studies, temperature was not monitored at all in 33, 

monitored only in 4, and actively maintained at baseline levels in 25 studies. In two studies 

heating devices were used wi thout temperature control. In several rabbit studies, 

normothermia was targeted at 36.6-37.5°C, while normothermia in the rabbit is known to 

be38.6±0.5°C. 2 8 

Endpoints. All but one study used neurologic endpoints or neurologic and histopathologic 

endpoints. Neurologic endpoints differed: several modifications of the Tarlov score were 

used, while other studies only scored an animal as paraplegic or not; in most rat studies 

complex neurologic tests were used. In 16 studies histopathologic outcomes were quantified, 

while the majority of studies merely described the histological results qualitatively. Neurologic 

and histopathological outcomes were not in agreement in 2 studies.41-140 One study used 

histopathologic endpoints only.J5 

Statistical power In none of the experimental studies, a priori group size determination 

using power-analysis was reported. 

Figure 2. Relative risks (RR) and confidence intervals (CI) for neuroprotective agents in temporary 
spinal cord ischemia, based on the raw data from the results section in 48 studies. Ninety-one 
interventions, involving 31 single agents and 8 combinations could be analyzed. The agents at the 
top of the figure (with the small RRs) demonstrated the most powerful neuroprotection. 
The RR = the risk in the treatment group divided by the risk in the control group. The endpoints 
were: inability to hop or inability to walk. If the CI includes 1, there is no significant difference 
between control and treatment groups. N = number of animais in the control group/number of 
animals in the treatment group, PGE1 = Prostaglandine E1, SOD = superoxide dismutase, MK-801 = 
experimental excitatory amino acid antagonist, KB-2796 = experimental calcium antagonist, MP = 
methylprednisolone, CSF = cerebrospinal fluid, rTPFl = recombinant tissue pathway inhibitor, hypoT 
= hypothermia, DCA = dichloroacetate, U-74389G = 21-aminosteroid, duration = clamping time in 
min, SEP+X = the time until SEP-loss + X min. 
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Author year agent duration N 

Grabitz 1990 PGE1/SOD 6 0 12/12 d o g 
Wisselink 1994 dimethylthiourea 2 1 11/10 rabbit 
Herold 1994 adenosine/hypothermia 3 0 5/10 rabbit 
Delrossi 1990 Fluosol-DA (regional) 4 0 8 / 8 d o g 
Qayumi 1992 deferoxamine/allopunnol 3 0 7 / 7 p i g 
Danielisova 1998 MK-801 2 0 6 / 6 rabbit 
Danielisova 1998 MK-801 3 0 6 / 6 rabbit 
Danielisova 1998 K8 2796 2 0 6 / 6 rabbit 
Danielisova 1998 KB 2796 postischemic 2 0 6 / 6 rabbit 
Danielisova 1994 KB 2796 2 0 6 / 6 rabbit 
Danielisova 1994 KB 2796 postischemic 2 0 6 / 6 rabbit 
Vacanti 1996 C 0 2 3 0 6 / 5 rabbit 
Maughan 1992 Fluosol-DA (spinal) 7 0 6 / 6 d o g 
Woloszyn 1992 MP/CSF drainage 7 0 6 / 6 d o g 
Coles 1986 DMSO 3 0 12/12 d o g 
Grabitz 1993 PGE1/SOD 6 0 12/12 d o g 
Laschinger 1983 M P SEP+10 9 / 6 d o g 
L i m 1986 S O D SEP+10 8 / 8 d o g 
Wisselink 1998 pentastarch 2 1 10/10 rabbit 
Simpson 1994 magnesium (spinal) 4 5 8 / 8 d o g 
Qayumi 1994 deferoxamine 3 0 7 / 7 
Cheng 1984 thiopental 2 5 8 / 4 rabbit 
Danielisova 1998 KB 2796 post 3 0 6 / 6 rabbit 
Danielisova 1992 propentofylline post 2 0 6 / 6 rabbit 
Danielisova 1994 KB 2796 post 3 0 6 / 6 rabbit 
Breckwoldt 1991 tetracaine (spinaal) 3 0 6 / 7 rabbit 
Woloszyn 1990 MP/CSF drainage 3 0 6 / 7 d o g 
de Haan 1998 U-74389G/hypothermia 4 0 10/10 rabbit 
Gelbfish 1986 verapamil SEP+17 5 / 5 d o g 
Katircioglu 1996 prostacyclin 9 0 5 / 5 d o g 
Ohtake 1998 PGE1 (reg) 6 0 10/10 d o g 
Danielisova 1998 MK-801 4 0 6 / 6 rabbit 
Danielisova 1998 KB 2796 3 0 6 / 6 rabbit 
Danielisova 1998 MK-801 postischemic 2 0 6 / 6 rabbit 
Danielisova 1998 MK-801 postischemic 3 0 6 / 6 rabbit 
Danielisova 1994 KB 2796 3 0 6 / 6 rabbit 
Katircioglu 1993 prostacyclin 3 0 6 / 6 rabbit 
Grabitz 1993 prostacyclin 6 0 12/12 d o q 
Woloszyn 1992 M P 7 0 6 / 4 d o g 
Seibel 1993 adenosine regional 4 0 10/10 rabbit 
Oldfield 1982 thiopental 2 5 10/10 rabbit 
Johnson 1993 flunarizme 2 5 6 / 5 rabbit 
Koudsi 1996 rTPFI 2 1 8 / 8 rabbit 
Faden 1984 naloxone 2 0 15/15 rabbit 
Grabitz 1990 PGE1 6 0 12/12 d o g 
Grabitz 1993 PGE1 6 0 12/12 d o g 
Martinez-A 1990 MK-801 2 5 13/11 rabbit 
Francel 1993 tinlazad 4 0 10/9 rabbit 
f ow l 1990 tirilazad 2 5 10/9 rabbit 
Y u m 1990 nalmefene 1 6 15/15 rabbit 
Schittek 1992 mmodipine 3 0 9 / 7 
de Mol 1991 flunarizme 15 19/8 rabbit 
Kirschner 1989 thiopental/SOD/hypoT 4 0 6 / 8 d o g 
Danielisova 1998 KB 2796 4 0 6 / 6 rabbit 
Danielisova 1998 MK-801 postischemic 4 0 6 / 6 rabbit 
Danielisova 1998 KB 2796 postischemic 4 0 6 / 6 rabbit 
Danielisova 1994 KB 2796 4 0 6 / 6 rabbit 
Danielisova 1994 KB 2796 postischemic 4 0 6 / 6 rabbit 
Woloszyn 1990 M P 3 0 6 / 7 d o g 
Faden 1983 naloxone 2 5 7 / 9 rabbit 
Giulian 1990 colchicine/chloroquine 2 0 10/10 rabbit 
Cheng 1984 naloxone 2 5 8 / 4 rabbit 
Y u m 1990 MK-801 1 6 15/15 rabbit 
Kirschner 1989 S O D 4 0 6 / 7 d o g 
Koudsi 1996 rTPFI 2 0 17/20 rabbit 
Grabitz 1990 S O D 6 0 12/12 d o g 
Grabitz 1993 S O D 6 0 12/12 d o g 
Naslund 1992 ketamine 2 1 23/6 rabbit 
Kirsch ner 1989 thiopental/hypothermia 4 0 6 / 9 d o g 
Barsan 1987 D C A 2 0 15/15 rabbit 
Danielisova 1992 propentofylline 2 0 6 / 6 rabbit 
Kirschner 1989 thiopental 4 0 6 / 6 d o g 
Cheng 1984 M P 2 5 8 / 5 rabbit 
Rhee 1996 nimodipine 6 0 10/10 d o g 
Agee 1991 PEG-SOD 4 0 10/10 rabbit 
de Mol 1991 flunarizme 3 0 10/10 rabbit 
Forbes 1994 MAb 60.3 3 2 9 / 8 rabbit 
Seibel 1993 adenosine 4 0 10/10 rabbit 
Agee 1991 S O D 4 0 10/10 rabbit 
Cuevas 1990 S O D 2 0 9 / 9 rabbit 
Danielisova 1992 propentofylline 3 0 6 / 6 rabbit 
Danielisova 1992 propentofylline postisch 3 0 5 6 rabbit 
de Mol 1991 flunarizine 2 0 3 / 3 rabbit 
de Mol 1991 flunarizine 2 5 3 / 3 rabbit 
Giulian 1990 dexamethason 2 0 10/10 rabbit 
Qayumi 1994 allopunnol 3 0 7 / 7 p i g 
Qayumi 1994 S O D 3 0 7 / 7 
de Haan 1998 U-74389G 4 0 10/10 rabbit 
Naslund 1992 thiopenthal 2 1 23/12 rabbit 
Naslund 1992 halothane 2 1 23/8 rabbit 
Cheng 1984 verapamil 2 5 8 / 4 rabbit 
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Discussion 

The results of most experimental studies would suggest that numerous agents may protect 

the spinal cord from the deleterious effects of transient ischemia. The context of these studies 

is the search for pharmacological tools that may reduce the incidence of lower limb neurologic 

deficits following transient spinal cord ischemia during TAAA surgery. The most important 

question is whether the evidence of efficacy for any of the drugs tested justifies a randomized 

clinical trial in patients. Since the risk of paraplegia during TAAA surgery in the control group 

probably will be "only" 1 5 - 20%, large numbers of patients are necessary to obtain sufficient 

power to detect a difference. For example, if the incidence of paraplegia and paraparesis in 

the control group is 15% and it is assumed that the incidence will be reduced to 7.5% in the 

treatment group, 278 patients per group are necessary. If the incidence is assumed to be 

reduced to 5% a group size of 140 both in the control and treatment group is still necessary. 

Unfortunately, in the majority of studies the evidence for efficacy is weak because several 

aspects of the methodology have profound implications for the validity and interpretation of 

the results. These include statistical power, temperature management, anesthetic influence, 

route of administration, experimental model, and duration of ischemia. 

Statistical power If a drug is tested at a single duration of ischemia, a risk difference of 

at most 0.5 in the incidence of paraplegia and severe paresis can be assumed realistic for 

an effective pharmacological neuroprotective agent. When a duration of ischemia is chosen 

that results in a baseline rate of neurologic deficits of 0.8 in the control group, a sample 

size of 14 in both control and treatment groups is necessary to acquire sufficient power to 

detect a difference between the study groups (Alpha = .05 and Beta = .80). In none of the 

experimental studies group size was calculated based on a power-analysis. Only 8 out of 

76 experimental studies that tested agents at a fixed duration of ischemia, had a group 

size of M or larger.4"4'55'89'92'136'1»152 

Temperature management. In 62 studies, ischemia was induced in anesthetized animals. 

In only 25 of these studies, temperature was actively maintained at baseline levels. The 

failure to accurately measure and control temperatures during experiments with central nervous 

ischemia is a serious shortcoming. Neuroprotective agents and anesthetics (ketamine, xylazine, 

halothane, and barbiturate) might all result in a loss of temperature regulation, and as a 

consequence hypothermia can result from low ambient temperatures. In cerebral ischemia, 

small changes in temperature (1 -2°C) resulted in significant alterations in both postischemic 

neurologic function and histopathology.4851 Therefore, oesophageal and/or rectal temperature 

control should be a standard practice, and temperatures should be maintained at normothermic 

levels appropriate for the species. Moreover, in experiments with global cerebral ischemia, 

brain temperature decreased rapidly as a result of a decrease in heat production and heat 
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delivery. Even during focal cerebral ischemia in awake rodents (unimpaired thermoregulation), 

brain temperature fluctuated widely (~2°C), and these variations were important for the 

outcome.163 Although the spinal cord of a rodent seems relatively well insulated, these data 

suggest that temperatures at the site of CNS ischemia should be documented, for example 

pericranial temperature for cerebral ischemia, or epidural thermistors for SCI. 

Since anesthetic-induced loss of temperature regulation can improve experimental outcome, 

induction of ischemia in awake animals is believed to overcome this problem. In 31 of the 90 

experimental studies, ischemia was induced in the awake state and without temperature control. 

In that case, an aortic occlusion device is placed under general anesthesia, and the animal is 

allowed to recover. Six to 24 hours later, ischemia is induced while the animal is awake. However, 

if a putative protective drug induces hypothermia, for example by means of sedation (glutamate 

antagonists), hypothermia can still interfere with experimental outcome. Therefore, if temperature 

is not monitored, it is impossible to differentiate between a direct protective effect or protection 

by means of inducing hypothermia, even while the animal is awake. 

Anesthetic influence. In addition to their influence on thermo-regulation, the anesthetics 

ketamine, xylazine, halothane, isoflurane and barbiturate may possess inherent neuro

protective properties. If a specific neuroprotective drug is evaluated in an anesthetized 

animal, an interaction with the drug that is investigated might interfere with the neurologic 

outcome. Merely applying anesthesia (ketamine sedation, neuromuscular blockade and 

ventilation) significantly improved outcome as opposed to awake induction of ischemia in 

the rabbit.28 However, the production of ischemia while the animal is under general 

anesthesia has the advantage that the experimental conditions (temperature and invasive 

blood pressure) can be controlled. 

Route of administration. The clinical use of several agents that have demonstrated 

neuroprotection is limited by their toxicity (cycloheximide) and adverse effects (adenosine, 

AMPA- and NMDA antagonists). Other agents were neuroprotective only in concentrations 

that also produced side effects (magnesium). If systemic administration is accompanied 

with undesirable side-effects, a promising alternative is to administer the drug in the 

subarachnoid space.29'35'45'54'128'129-'44 

Experimental models. Most studies produced spinal cord ischemia in the New Zealand 

White rabbit. This model may indeed be superior to others for evaluation of the effect of 

neuroprotective agents. With this model reproducible spinal cord ischemia can be produced 

and neurologic and histopathologic scoring is possible. Although the dog was also used in 

a considerable number of studies, a drawback of this mode,! is the abundant collateral 

circulation. Consequently, it will be difficult to determine whether an agent provided 

protection via a direct effect or by enhancing collateral f low. Reproducible spinal cord 
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ischemia can also be produced in the rat. However, the small size of this model probably 

limits extrapolation to the human anatomical situation. 

Duration of ischemia. There is a sigmoidal relationship between duration of ischemia 

and the probability of neurologic deficits. Protective strategies will shift the curve to the 

right, i.e, a given duration of ischemia will produce less spinal cord damage. There probably 

is a limit to the extent that the S-curve can be shifted to the right.16,1 In the majority of 

experimental studies (n=68), the effectiveness of an agent was tested at a single, 

predetermined, duration of ischemia. The protective ability of a drug is most likely to be 

revealed if a duration of ischemia is chosen in the control group that coincides with the 

steep part of the curve. Therefore, the disadvantage of this approach is that the duration 

of ischemia should be chosen carefully in order to produce a clinically relevant ischemic 

insult (likely to produce paraplegia or severe paraparesis in the control group). For example 

if the duration of ischemia is too long, irreversible neuronal damage will occur despite the 

administration of the protective agent (figure 3). If the duration is too short, the insult will 

only produce paraparesis. This drawback can be overcome by two alternative methods. 

First, a pharmacological agent can be tested at several different durations of ischemia; this 

was performed in 8 studies. Secondly, one can determine the ET 50 (the ischemic time 

required to produce a 50% paraplegia rate). This method was described in 17 studies. 

The relative risks and confidence intervals depicted in figure 2 reveal that the majority of 

agents had a significant protective effect. Although the agents at the top of the figure 

would appear to be primary candidates for further (human) study, the strength of the 

100 
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Chosen 
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Chosen duration 
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duration of ischemia duration of ischemia 

Figure 3. The relationship between duration of ischemia and incidence of paraplegia is shown. 
Neuroprotection will shift the curve to the right. If the duration of ischemia is too long, protection 
can not be demonstrated (A). If the duration of ischemia in the control group coincides with the 
steep part of the S-curve, protection can be demonstrated (B). 
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evidence is weak, because only a minority of the studies adequately controlled temperature 

and had sufficient power. In addition, publication bias can not be excluded. Therefore, the 

evidence for protection by a particular agent might be strengthened if a meta-analysis 

could be performed. However, if as an example MK-801 is highlighted (the most frequently 

tested single agent) the limitations of the published studies emerge. MK-801 was tested 8 

times and was found to be protective 7 times.344146'54 MK-801 was studied 2 times in the 

rat and 6 times in the rabbit, both in the awake state and under general anesthesia (each 

4 times). The anesthetics used were pentobarbital, chloral hydrate or halothane. In two 

studies MK-801 was administered in the subarachnoid space. In one study MK-801 was 

administered only in the postischemic period, and in two studies MK-801 treatment was 

started both pre- and postischemic. One study only had a histopathological endpoint (after 

2 h), and two studies determined the ET 50. In one study neurologic and histopathological 

outcomes were not in agreement. Two studies had sufficient power (group sizes larger 

than 14). Temperature was actively controlled in only three studies. However, in two rabbit 

studies "normothermia" was maintained as low as 36.6 - 37.5°C. The only study that had 

a group size sufficient to detect a difference and that adequately controlled temperature 

did not demonstrate protection.54 Apart from the side effects of MK-801, the methodological 

drawbacks and diversity of the studies would never justify a controlled clinical trial involving 

over 500 patients. It remains to be determined which criteria should be fulfilled before the 

results from experimental studies involving neuroprotective agents justify initial clinical 

evaluation. Experimental studies should at least comply with the following demands: 

adequate statistical power and meticulous temperature control. In addition, the duration 

of ischemia should be clinically relevant (sufficient to produce paraplegia). Regarding the 

model, spinal cord ischemia in the rabbit may have advantages over the other models. 

Conclusion 
The results of this systematic review would suggest that numerous agents may protect the 

spinal cord from transient ischemia. However, several aspects of the included 93 studies 

weaken the evidence provided. In particular, the lack of statistical power and the poor 

control of temperature were shortcomings in a substantial number of studies, which may 

have a profound influence on the validity of the results. In addition, selective reporting of 

studies favouring protection is a distinct possibility. On the basis of this review, it was not 

possible to identify agents that would justify a large prospective randomized multi-center 

clinical trial. 
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