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Chapter 8 

Abstract 

Backg round Ischemic preconditioning has been shown to improve histopathologic outcome in 

several models of cerebral ischemia. In the present study we investigated the effect 

of ischemic preconditioning on heat-shock protein (HSP) 72 production, neurologic 

and histopathologic outcome after temporary spinal cord ischemia. 

M e t h o d s In 28 New Zealand White rabbits an aortic occlusion device was operatively placed 

infrarenally. The animals were randomly assigned to two groups: preconditioning 

(n = 14) and controls (n = 14). In the preconditioning group, spinal cord ischemia 

was induced for 6 min by occluding the aorta. After 24 h the aorta was occluded 

for 26 min in both groups of animals. Neurologic function was assessed 24 and 48 

h after the ischemic insult. At 48 h the animals were euthanized for histopathologic 

evaluation of the spinal cord. 

In a separate set of animals, Western blot analysis was used to determine HSP 72 

production of the lumbar spinal cord up to two days of reperfusion after both a 6 

and 10 min ischemic insult. 

Results No significant difference in neurologic outcome between the groups was observed 

at 24 and 48 h. The incidence of paraplegia and severe paresis after two days was 

79% in the controls and 92% in the preconditioning group. There was no difference 

in histopathologic scores between both groups. HSP 72 could be clearly detected 

up to two days after a 6 and 10 min period of spinal cord ischemia. 

Conc lus ion In the present rabbit study, 6 min of ischemic preconditioning 24 hours before 

transient spinal cord ischemia did not improve functional and histopathological 

outcome, despite the production of HSP 72 following the preconditioning insult. 
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Ischemic preconditioning in spinal cord ischemia 

Introduction 
Preconditioning the brain with a non-lethal period of ischemia (insufficient to produce 

irreversible neuronal damage) has been shown consistently to induce tolerance to a 

subsequent otherwise lethal ischemic insult one to seven days following the ischemic 

preconditioning.12 One recent experiment demonstrated that ischemic preconditioning 

also protected the spinal cord against a mild ischemic insult.3 Although the exact mechanism 

of the neuroprotective effect of preconditioning is not fully understood, the acquisition of 

ischemic tolerance has been related to a reprogramming of gene expression.4 5 In particular 

the induction of heat-shock protein (H5P) 72 is thought to be involved.2 

During thoracoabdominal aneurysm (TAAA) surgery, cross-clamping the aorta may result 

in transient spinal cord ischemia. When the duration of the ischemic period is protracted 

from less than 30 mm to 60 min, the paraplegia rate increases from <10% to 90%.6 

Therefore, it would be advantageous if spinal cord neurons possessed an inducible 

endogenous mechanism that increases ischemic tolerance, similar to that observed in cerebral 

neuronal tissue. This tolerance could then be activated pharmacologically prior to an 

anticipated ischemic event. For example, in vitro chemical preconditioning enhanced 

functional recovery in hippocampal slices following ischemia.7 In a model of myocardial 

ischemia, the antibiotic Herbimycin-A could induce genetic expression of heat-shock proteins 

as well as induce ischemic tolerance.3 When ischemic preconditioning would provide 

protection against a clinically relevant spinal cord ischemic insult, this might allow a 

therapeutic approach to minimize neuronal injury that results from transient spinal cord 

ischemia during TAAA surgery. 

The present study was designed to assess whether ischemic preconditioning can protect 

the spinal cord against a relatively severe ischemic insult, i.e., likely to result in paraplegia 

or severe paresis. The effect of ischemic preconditioning was evaluated on neurologic and 

histopathologic outcome in a rabbit model of temporary spinal cord ischemia. In addition, 

HSP 72 production was determined following sub-lethal preconditioning events. 

Materials and Methods 
Animal care and all procedures were performed in compliance with The National Guidelines 

for Care of Laboratory Animals in the Netherlands. The study protocol was approved by 

the Animal Research Committee of the Academic Hospital at the University of Amsterdam, 

the Netherlands. Twenty-eight New Zealand White Rabbits, weighing 3.0 - 3.5 kg (SD), 

were randomly assigned into two groups: group I, transient spinal cord ischemia (26 mm) 
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without ischemic preconditioning (controls, n=14); group II, transient spinal cord ischemia 

24 h after 6 min of ischemic preconditioning (n=14). In an additional group of animals 

(n=8), HSP 72 production was assessed in the lumbar spinal cord following a preconditioning 

insult. In order to accustom the rabbits to the awake part of the experiment, all animals 

were domesticated by taking them out of their cages and placing them on the operation 

table twice daily, 7 days prior to the start of the experiment, . 

Operative procedure 

After premedication with ketamine 25 mg/kg and xylazine 5 mg/kg im, the animals were 

anesthetized with halothane 1.0% in a mixture of 50% O, in N70 by mask. An intravenous 

catheter (20 G) was placed in an ear vein. Normal saline was infused at a rate of 4 ml/kg/h. 

The animals were allowed to breathe spontaneously. Intravenous cephalothin (25 mg/kg) 

was administered before the incision. Heart rate (HR) from the ECG was recorded during the 

procedure and blood pressure was recorded continuously with a non-invasive blood pressure 

monitor (Finapress™, Ohmeda). Fur was clipped from the left flank. After preparation of the 

skin with iodine and infiltration with bupivacaine 0.5% (1 ce), a vertical flank incision was 

made, and the infrarenal aorta was exposed through a retroperitoneal approach. An aortic 

occlusion device (Uno, Zevenaar, The Netherlands), consisting of a 2 F poly-ethylene snare in 

a 10.5 F dual lumen catheter, was carefully placed around the aorta immediately distal to the 

renal arteries. The catheter and the snare were tunnelled into a subcutaneous pouch on the 

anterolateral abdomen. The wound was closed in layers and anesthesia was discontinued. 

Ischemic preconditioning 

Twenty-four hours after the placement of the snare, rabbits of group I and II were placed 

on the operation table (non-anesthetized), and the non-invasive continuous blood pressure 

monitor was placed around the left hind leg. The wound was infiltrated with bupivacaine 

0.25% (2ml). One or two stitches of the operation wound were opened and the snare 

tubing was retrieved. In group II the aorta was occluded for 6 minutes by tightening the 

snare through the dual lumen catheter. Definitive occlusion was confirmed by loss of pulsatile 

pressure on the continuous blood pressure monitor. Reperfusion was verified by the 

reappearance of the pulsatile pressure waveform. Thereafter the wound was closed and 

all animals were placed back in their cages. 

Spinal cord ischemia 

Twenty-four hours after preconditioning, the animals of group I and II were placed on the 

operation table, the continuous blood pressure monitor was placed around the left hind 
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leg. The wound was infiltrated with 2 ml bupivacaine 0.25% and the same stitches were 

opened again to retrieve the snare tubing. The aorta was occluded for 26 min in all animals 

(while awake). Rectal temperature was recorded continuously before, during and after the 

ischemic period. Pressure distal to the occlusion device was recorded continuously before, 

during and for 10 mm after the occlusion period. Aortic occlusion and reperfusion were 

confirmed by loss and reappearance of pulsatile blood pressure. 

Neurologic scoring system 

The animals were neurologically scored on a 5 point scale (modified Tarlov score) 24 and 

48 hours after the ischemic insult by a blinded observer: 0 = paraplegia with no lower-

extremity motor function; 1 = poor lower-extremity motor function: flicker of movement or 

weak antigravity movement only; 2 = some lower-extremity motor function with good 

antigravity strength but inability to draw legs under body and / or hop; 3 = ability to draw 

legs under body and hop but not normally; 4 = normal motor function. Depending on the 

severity of the neurologic dysfunction, bladder contents were expressed twice daily with 

the Credé manoeuvre. 

Spinal cord histopathology 

Two days after the aortic occlusion the animals were anesthetized with halothane 1 % by 

mask after premedication with ketamine 25 mg/kg and xyiazine 5 mg/kg im. The animals 

were given 2500 U of heparin, sacrificed with pentobarbital 100 mg and subsequently 

perfusion fixated with formaline 3.6% after flushing with normal saline. The lumbo-sacral 

portion of the spinal cord was taken out en-b!oc, and the spinal cord was carefully removed 

by expressing it with the plunger of a 1 ml syringe. Formaline was used as a fixative for at 

least 10 days. 

The L2 - 5 segments were dissected in 12 pieces. A one mm block of tissue was taken from 

each piece. The blocks were embedded in paraffin and two urn thick sections were stained 

with Hematoxylin-Eosin (HE). One section from each block was evaluated by an experienced 

histopathologist (I.V.) unaware of the experimental conditions. Histopathologic changes of 

the grey matter were scored on a 7 point scale as follows. 0 = no lesion observed. 1 = gray 

matter contained 1 -5 eosinofilic neurons. 2 = gray matter contained 5-10 eosinofilic neurons. 

3 = gray matter contained more than 10 eosinofilic neurons. 4 = small infarction (less than 

1/3 of the gray matter area). 5 = moderate infarction (1/3-1/2 of the gray matter area). 

6 = large infarction (more than 1/2 of the gray matter area). The scores from all the 

sections from each spinal cord were averaged to give a final score for an individual animal. 
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Chapter 8 

Western blot analysis of spinal cord HSP 72 content. 

Production of HSP 72 in the lower lumbar portion of the spinal cord was assessed following 

a sub-lethal, preconditioning, ischemic insult in 7 animals. One animal, in which no spinal 

cord ischemia was produced, was used to determine baseline HSP 72 content. In 7 animals, 

the snare to produce spinal cord ischemia was applied as described above. After 24 hours 

the animals were placed on the operation table. The non-invasive continuous blood pressure 

monitor was placed around the left hind leg. Aortic occlusion and reperfusion was confirmed 

by loss and reappearance of pulsatile blood pressure. In 5 animals the aorta was occluded for 

6 mm. HSP 72 content was determined after 24 hours (n=3), and after 48 hours (n=2). In 2 

animals, the aorta was occluded for 10 mm and HSP 72 content was determined after 48 

hours. In order to obtain spinal cord tissue at level lumbar 4 - 5, the animals were sacrificed 

with 300 mg Nembutal, and the cord was quickly harvested with the plunger of a 1 ml 

syringe and immediately frozen in liquid nitrogen. 

HSP 72 content was semi-quantitatively determined with a Western blot analysis, using 

chemolummescence. One normal spinal cord was used as baseline chemoluminescence 

measure. The spinal cord samples were lysed with an UltraTurrax (Jahnke und Kinkel, Germany). 

The lysate was centnfuged (15000 g, 10 mm) and the supernatant was frozen (- 70°C). 

Lysate (10 pi) was mixed with 10 pi loading buffer (protein concentration 60 mg/ml) and 

was applied to a standard 10% SDS-page gel and electroblotted onto a PVDF membrane. 

The blot was blocked with 5% casein-hydrolysate (Boehringer Mannheim, Germany) in PBS. 

The first antibody (anti-HSP 72, MA 3 - 007, Affinity Bioreagents, USA) was diluted 1:1000 in 

5% casein/PBS and incubated for 1 hr at 30°C. The gel was washed (3x10 min) with PBS/ 

0.05% NP 40. Thereafter the second antibody (goat-anti mouse peroxidase-conjugated, 

Boehringer Mannheim, Germany) was administered (diluted 1:1000 in 5% casein/PBS) and 

incubated for 1 hr at 30°C. The gel was washed ( 3 x 1 0 min) and the chemolumiscent 

peroxidase substrate (Lumil_ightplus, Boehringer Mannheim) was added for 5 min. Thereafter 

quantification and detection was performed with the Lumi-lmager (Boehringer Mannheim, 

Germany). Recombinant pure HSP 72 (Stressgen, USA) was used as positive control (200 ng). 

Statistical analysis 

The duration of aortic occlusion was chosen in order to produce a 80 % rate of paraplegia 

and severe paresis (Tarlov score 0, 1 and 2) in the control group. Awake aortic occlusion of 

26 min was shown in several studies to produce the required rate and severity of neurological 

deficits.9"' ' In order to acquire sufficient power to demonstrate a decrease in the incidence 

of paraplegia and severe paresis from 0.8 in controls to 0.3 in the preconditioning group 

(Alpha = .05 and Beta = .80), a sample size of 14 in each group was necessary. Physiological 
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data are expressed as means ± standard deviation. Neurologic outcome and histopathologic 

scores are expressed as medians and 10th to 90th percentiles. Blood pressures distal to the 

occlusion device were averaged before, during and 1 5 min following aortic occlusion. The 

Mann Whitney U-test was used to compare the histopathologic and neurologic scores, 

p < 0.05 was considered significant. 

Results 
Distal pressures before aortic occlusion were 88 ± 14 mmHg and 84 ± 9 mmHg in the 

control and preconditioning group respectively. During occlusion pressures were 8 ± 4 mmHg 

and 10 + 3 mmHg. After the occlusion blood pressures returned to 85 ± 14 mmHg and 77 ± 

15 mmHg respectively. Temperatures were 39.0 ± 0.5°C and 39.3 ± 0.5°C at the start of 

aortic occlusion in the control and preconditioning group respectively. During occlusion 

temperatures slightly decreased to 38.8 ± 0.5°C in the control group and 38.9 ± 0.5°C in the 

preconditioning group. After 15 min of reperfusion temperatures were 38.9 ± 0.4°C in the in 

the control group, and 38.9 ± 0.4°C in the preconditioning group. 

Neurologic outcome 
The Tarlov scores are provided as a boxplot in figure 1. Overall neurologic outcomes are 

shown in table 1. After 24 and 48 hours, no significant difference in neurologic outcome 

between the groups was observed. After one day the Tarlov scores were 1 (0-3) and 0.5 

(0-2.1) and after two days the scores were 1.5 (0 - 3) and 1 (0 - 2.1) in the control and 

ischemic preconditioning group respectively. In the control group 11 out of 14 animals 

(79%) and in the preconditioning group 13 out of 14 animals (92%) had paraplegia or 

severe paresis. Ten animals in both groups required expression of bladder contents. 

CD 4 

2 -

controls preconditioning 

Figure 1. Boxplot of the Tarlov scores of each 
group of animals at 48 h. Horizontal bars 
represent 90, 75, 50 (Median), 25 and 10th 
percentiles.The Tarlov score is on a 5-point 
scale; 0 (complete paraplegia: no lower-
extremity motor function) to 4 (normal motor 
function). 
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Table 1. Neurologic outcomes after temporary spinal cord ischemia (26 min) in the control (n=14) 
and preconditioning group (n=14) at 48 h. The Tarlov score is on a 5-point scale; 0 (complete 
paraplegia: no lower-extremity motor function) to 4 (normal motor function). 

control (n=14) preconditioning (n=14) 

Tarlov score 1.5(0-3) 

Overall incidence of neurologic deficits 
(Tarlov 0 -3 ) 14/14(100%) 

Incidence of complete paraplegia 
(Tarlov 0) 3 / 1 4 ( 2 1 %) 

Incidence of paraparesis 
(Tarlov 1-3) 11 / 14(79%) 

Incidence of paraplegia and severe paraparesis 
(Tarlov 0, 1, and 2) 11 / 14(79%) 

1 (0-2.1) 

14/14(100%) 

6 / 1 4 ( 4 3 %) 

8 / 14(57%) 

1 3 / 1 4 (92 %) 
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Figure 2. Boxpiot of the histopathological 
scores of each group of animals. Horizontal bars 
represent 90, 75, 50 (Median), 25 and 10th 
percentiles. Histopathologic score is on a 7-point 
scale; 0 (normal) to 6 (sever gray matter 
necrosis). 

Histopathology 
In three animals (two controls and one preconditioning) the spinal cord was not adequately 

perfusion fixated, and the spinal cords could not be evaluated histopathologically. In general, 

either minimal damage involving a few necrotic neurons, or occurrence of infarctions was 

detected. In most animals, the infarctions could be found in the lower lumbar segments only, 

but in some animals the whole spinal cord was severely damaged. Selective neuronal necrosis 

was rarely seen, but in one animal numerous eosinophilic neurons were found in all segments. 

The histopathologic scores are shown as boxplots in figure 2. The histopathological scores 

in the controls and preconditioning group were [3.6 (2.8 - 5.5)] and [4.1 (3.2 - 5.3)], respectively. 
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LU 
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NI-
control 

6 min /24h 6 min/48h 10 min/48h 

ischemic preconditioning 

Figure 3. shows the HSP 72 content in each sample as the raw chemiluminescent data from the 
Lumi-lmager. The vertical axis represents chemoluminescence in light units (LU). 200ng = reference 
sample containing 200ng pure HSP 72; NI = spinal cord of the non-ischemic animal; 6min /24h = 24 
h after 6 min of spinal cord ischemia; 6min /48h = 48 h after 6 min of spinal cord ischemia; 10min 
/48h = 48 h after 10 min of spinal cord ischemia. 

Western blot analysis 
The animals in which HSP 72 was determined did not show any neurological deficits following 

the 6 or 10 min duration of spinal cord ischemia. In figure 3 the HSP 72 content in each 

animal is shown as the raw data from the Lumi-lmager. HSP 72 was produced in the lower 

lumbar spinal cords of the 7 animals that sustained transient spinal cord ischemia. The 

chemoluminescent data that reflect HSP72 content were increased up to 370% one day 

after 6 min of spinal cord ischemia, in figure 4, HSP 72 content is shown as relative light 

units per mg protein as compared to the non-ischemic spinal cord sample. 

S 400 -, 

2 350 

™ 300 

ÎT 250 

Z 200 

JT 150 -
<u 
J 100 -
<u K 50 

0 
6mm/48h 10min/48h 

Figure 4. shows HSP 72 content as relative light units / mg protein,(expressed as percentage of 
baseline from the non-ischemic spinal cord sample). 6mm / 24h = 24 h after 6 min of spinal cord 
ischemia; 6min / 48h = 48 h after 6 min of spinal cord ischemia; 10min / 48h = 48 h after 10 mm of 
spinal cord ischemia. 
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Discussion 
In the present study, 6 min of ischemic preconditioning 24 hours before transient spinal 

cord ischemia in the rabbit could not improve neurologic and histopathologic outcome, 

despite the production of HSP 72 following the preconditioning insult. 

Most evidence for the neuroprotective effect of preconditioning has been acquired in 

models of cerebral ischemia. These experiments mostly used secondary, i.e. morphologic 

endpoints to evaluate the protective effect. Although significant decreases in morphologic 

damage have been described following ischemic preconditioning, it remains to be 

established whether surviving neurons function properly. One study demonstrated functional 

protection of ischemic preconditioning, although surrogate endpoints were used (long 

term potentiation of excitatory postsynaptic response).12 Infrarenal aortic occlusion in the 

rabbit is a reproducible model for producing transient spinal cord ischemia. The duration 

of ischemia correlates with histopathologic injury and with the degree of functional 

impairment.13'14 Therefore, with this model both histopathologic and neurologic outcomes 

can be evaluated. In the present study the placement of an aortic occlusion device permitted 

repeated awake occlusions of the aorta, which we could confirm with a non-invasive 

continuous blood pressure monitor. 

The lack of neuroprotective effect of preconditioning in the present study might be explained 

both by a too long or too short duration of preconditioning. Indeed, one might argue that 

the duration of preconditioning was too long, as suggested by the increased incidence of 

severe neurologic deficits in the preconditioning group (92% vs. 79%) at 48 h. However, 

this is unlikely because a relatively long period of ischemic preconditioning (10 min) was 

found to be neuroprotective in a similar model of mild spinal cord ischemia (15 min 

duration).3 These longer periods of preconditioning carry the risk of producing irreversible 

damage by themselves. Drummond et al. described the awake ET 50 (the duration of 

ischemia that had a 50% chance to produce neurological deficits) to be approximately 12 

min in rabbit spinal cord ischemia.15 The duration of preconditioning therefore should be 

considerably shorter. We opted for a preconditioning insult with an intensity that was 

definitely safe, i.e. without a chance to produce irreversible damage. In models of forebrain-

and global ischemia, the duration of preconditioning was 20% to 66% of the subsequent 

duration of ischemia.1'1618 The duration of preconditioning in the present study (6 min) 

was 23% of the definitive ischemic period, which might have been too short. However, 

this unlikely because the acquisition of ischemic tolerance after ischemic preconditioning is 

thought to be mediated by HSP 72. In the present experiment HSP 72 was produced after 

the various sub-lethal ischemic insults, and HSP 72 expression was maximal at 24 h following 
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a 6 mm period of spinal cord ischemia, whereas HSP 72 content was lower at 48h. This 

trend of expression correlates with the observations by Sakurai.3 

For several reasons we opted to investigate the effect of preconditioning after an interval 

of 24 h. HSP, in particular HSP 72, are thought to be important for the acquirement of 

neuroprotection by ischemic preconditioning. In the rabbit spinal cord, HSP 72 was mainly 

produced between 8 and 24 h following a preconditioning event,3 and this was confirmed 

in the present study. In models of cerebral ischemia a 24 hour interval between 

preconditioning and ischemic insult was sufficient to produce tolerance.1'2'9 In addition, 

occlusion of several segmental arteries in the rabbit, resulted in tolerance to a spinal cord 

ischemic insult within a 24 h interval.20 The protection achieved with this method was 

attributed to ischemic preconditioning. 

In a model of temporary spinal cord ischemia in the Japanese white rabbit, 15 min of 

ischemia 2 days after 10 min preconditioning could improve functional and histopathologic 

outcome.3 In that study the ischemic event produced only mild neurologic deficits in the 

control group (Tarlov scores 0 and 1 were not observed). Therefore, the most likely 

explanation for the lack of protection by preconditioning in the present study is that the 

duration of the second ischemic insult was too long. Our study was designed to evaluate 

whether ischemic preconditioning might protect against a clinically relevant (severe) 

ischemic insult, which would result in a high rate of paraplegia or severe paraparesis. 

Indeed, in the present study 79% of the control animals had paraplegia or severe para

paresis. Therefore, the ability to achieve clinically relevant spinal cord protection with 

preconditioning is probably limited. 

HSP prevents disruption of proteins and binds to abnormal proteins until they are refolded 

or disintegrated. The neuroprotective role for HSPs in CNS ischemia remains hypothetical, 

although the expression pattern of HSP, especially the 72 kDa HSP, was compatible with 

the "dose response" and "time window of ischemic tolerance" in ischemic preconditioning.21 

As a result of the severity of the ischemic insult, the present study was unable to elucidate 

the question whether the expression of HSP 72 is merely an epiphenomenon or a prerequisite 

for inducing neuronal ischemic tolerance. However, other evidence suggests that the role 

of HSP in ischemic preconditioning is limited. The temporal profile of protective effects 

induced by preconditioning was observed not to be the same as that of HSP synthesis.2 In 

addition, the pattern of HSP expression after ischemia had a poor correlation with histologic 

outcome.22 There are several other explanations for the acquisition of ischemic tolerance 

by preconditioning. Nerve growth factor and brain derived neurothrophic growth factor 

possess neuroprotective properties and are also upregulated after ischemia.23 NMDA receptor 
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blockade by MK-801 prevented ischemic preconditioning, suggesting a role for glutamate 

and NMDA-receptor activation in the induction of ischemic tolerance.24 Also, adenosine 

release and adenosine triphosphate-regulated potassium channels have been suggested 

to be involved in ischemic tolerance.25 Over-expression of the antioxidant enzyme super 

oxide dismutase is another possible explanation for neuroprotection by preconditioning, 

because induced free radical scavengers could render the brain more resistant to oxidative 

stress.26 Cortical spreading depression (SD) induces tolerance in the rat brain by mechanisms 

unrelated to HSP72.28 In global cerebral ischemia SD occurs within two minutes after the 

onset of the ischemic insult. If the mechanism of neuroprotection by ischemic preconditioning 

is thought to be mediated mainly by SD, it remains to be established whether 6 min of 

ischemic preconditioning in the present study was sufficient to produce SD. However, the 

spinal cord is thought to be incapable of this response. SD-like phenomena could only 

demonstrated in isolated spinal cords of amphibians and in a small percentage of infant 

mice, but not in mammalian spinal cords in situ.29,30 

In conclusion, in a rabbit model of temporary spinal cord ischemia, 6 min of ischemic 

preconditioning could not protect the spinal cord against a 26 min ischemic insult, despite 

the fact that the preconditioning stimulus resulted in HSP 72 production. This suggests 

that ischemic preconditioning will not be effective in reducing the incidence of neurological 

deficits in clinically relevant ischemic insults, i.e., likely to produce severe neurological deficits. 
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