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During Repetitive Forebrain Ischemia, 
Post-ischemic Hypothermia Protects 

Neurons from Damage 
Ashfaq Shuaib, Sadiq Ijaz, Jay Kalra and William Code 

ABSTRACT: In rodents damage from repetitive transient cerebral ischemia is more severe than that seen with a sin­
gle ischemic insult of similar duration. Mild hypothermia has been shown to be very effective in protecting the brain 
during single ischemic insults. We tested the protective effects of hypothermia in repetitive ischemic insults. We used 
the gerbil model of repetitive ischemia (three minutes ischemia repeated at one hourly intervals three times) and histo­
logical evaluation was done using the silver staining technique. Our study reveals that a decrease in body and scalp 
temperature by 1-2 degrees Celsius can significantly reduce neuronal damage in the cerebral cortex, CA1 region of the 
hippocampus and substantia nigra reticulata during repetitive ischemia. As the hypothermia was induced after the ini­
tial insult, we believe this offers an opportunity for intervention in the clinical settings. 

RESUME: Pendant l'ischemie repetitive du cerveau anterieur I'hypothermie post-ischemique preserve 
I'integrite des neurones. Chez les rongeurs, les dommages dus a l'ischemie cerebrale transitoire repetitive sont plus 
severes que ceux que Ton observe lors d'un seul episode ischemique de meme duree. II a ete demontre qu'une legere 
hypothermie est tres efficace pour proteger le cerveau pendant un episode ischemique unique. Nous avons evalue 
l'effet protecteur de rhypothermie lors d'episodes ischemiques repetes. Nous avons utilise la souris gerbille comme 
modele d'ischemie repetitive (trois periodes d'ischemie de trois minutes a une heure d'intervalle) et nous avons 
procede a une evaluation histologique par la technique de coloration a l'argent. Notre etude revele qu'une baisse de la 
temperature du corps et du cuir chevelu de 1 ou 2 degres Celsius peut diminuer significativement le dommage neuronal 
dans le cortex cerebral, la region CA1 de l'hippocampe et la zone reticulee de la substance noire pendant l'ischemie 
repetitive. Comme rhypothermie a ete induite apres l'agression initiale, nous croyons que cette observation suggere la 
possibilite d'une telle intervention dans un contexte clinique. 
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Cardiac disease and stroke together account for over 50% of 
the mortality in North America. In cardiac disease, neuronal 
damage is commonly a result of serious ventricular arrhythmias 
or asystole (global cerebral ischemia). In small animals the 
extent and severity of the neuronal damage in global ischemia is 
dependent on the duration of the insult and several other impor­
tant variables including brain temperature, blood glucose levels 
and the type of animal model. With 5-10 minutes of reversible 
global ischemia in rats and gerbils, there is predictable and fairly 
consistent damage in the cortex (layers 3-5), hippocampus (CA1 
and CA4) and striatum. Damage in the CA1 region of the hippo­
campus is delayed, beginning up to two to three days after 
reperfusion. This delay (known as delayed neuronal damage) 
offers hope of intervention before the damage becomes apparent. 

Repetitive global cerebral ischemia can result from cardiac 
arrhythmia, severe hypotension and anesthesia accidents. There 
is considerable evidence that neuronal damage resulting from 
repetitive ischemia is cumulative and exceeds the damage from 
a similar duration single ischemia insult.'-2 In addition, neuronal 

damage is seen in regions of the brain not commonly affected 
during a single ischemic insult.3 Understanding of mechanisms 
whereby repetitive ischemia results in more severe damage is 
important as this could lead to the development of treatment 
strategies. 

In experimental ischemia (focal and global), mild to moder­
ate hypothermia has been successfully used to offer cerebral 
protection.4-5 This effect is seen when temperature is decreased 
during or even up to one-half hour after the ischemic insult. 
Hypothermia has been shown to be protective during ischemia 
in cell culture systems6 and several species of research ani­
mals.45 In this study we tested the hypothesis that hypothermia, 
when used between episodes of repetitive ischemia, protects 
cerebral neurons from the effects of ischemia. 

MATERIALS AND METHODS 

Male Mongolian gerbils weighing 50-70 grams were used for 
all experiments. Animals were acclimatized to the vivarium for 
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one week with free access to water and food. Repetitive 
ischemia was performed by the methods of Araki et al.1 Briefly, 
animals were anesthetized with halothane 3% and a mixture of 
nitrous oxide (70%) and oxygen (30%). This was followed by 
insertion of rectal and scalp electrodes for temperature measure­
ment. The scalp temperatures were used as a non-invasive 
means of monitoring brain temperatures.7 The majority of ani­
mals in both groups had continous electroencephalographic 
monitoring. A midcervical incision was then made and both 
carotid arteries carefully exposed. Aneurysm clips were then 
applied to both carotid arteries. After visual inspection to verify 
arterial occlusion, the halothane anesthesia was stopped but the 
nitrous oxide mixture remained unchanged. After three minutes 
of arterial occlusion, the clips were removed, the neck wound 
sutured and the animal allowed to recover. The procedure of 
arterial occlusion was repeated at one hour and two hours, each 
time for three minutes. In six animals, the whole body tempera­
ture was decreased to 34-35 degrees Celsius, in between the 
arterial occlusions, using methods described by Chopp et al.8 

Briefly, hypothermia was instituted by spraying alcohol on the 
gerbil's body while a fan circulated room air around the animal. 
When the rectal temperature reached 34.5 degrees, the fan was 
shut off until such time that the temperature was higher again. In 
three animals the temperature was normally maintained but the 
body was sprayed with alcohol to rule out any direct protective 
effects of the alcohol. After completion of ischemia, the animals 
were returned to the vivarium and were sacrificed and perfused 
seven days later. At the time of sacrifice, the animals were anes­
thetized with an overdose of sodium pentothal and a thoracoto­
my was performed. The left heart was cannulated and the ani­
mal perfused, initially with 150 ml of normal saline, followed 
by 150 ml of 0.1 M sodium phosphate buffer (with 10% forma­
lin) at 7.4 pH. After one hour, the brains were removed and 
placed in 30% sucrose for 3-7 days for cryoprotection. The 
brains were then cut in 40 micron sections and stained with a 
modification of the silver impregnation method of Gallya's.910 

Briefly, the sections were washed with water, pretreated with 
alkaline ammonium nitrate, impregnated with 0.32% silver 
nitrate in alkaline ammonium nitrate, treated with ethanolic 
sodium carbonate/ammonium nitrate solution and finally devel­
oped in Nauta reducer. Representative sections were cut through 
the striatum, hippocampus, thalamus, substantia nigra reticulata 
and the medial geniculate nucleus. Tissue planes were made 
according to the rat atlas of Paxinos and Watson" and the gerbil 
atlas of Loskota et al.12 

Neuronal damage was assessed with light microscopy. Dam­
age was scored with previously described methods,3 as a modifi­
cation of the Pulsinelli score13 and Kato's score.14 No damage = 
0, less than 25% damage = 1, 25-75% damage = 2, 75-100% 
damage = 3, cerebral infarction = 4. Damage was assessed inde­
pendently in the two hemispheres and all histological evaluation 
was done in a blinded manner. 

Statistical analysis was done using a statistical software 
package, EP 15.01 (USD Incorporated, Stone Mountain, GA). 
For most comparisons of histological data we used the Kruskal-
Wallis one-way ANOVA data generated by the software. 

RESULTS 

There were six animals with repetitive ischemia and no 
hypothermia. Six animals had repetitive ischemia along with 

hypothermia in between the ischemic episodes. Finally three 
animals were sprayed with alcohol but their temperatures were 
maintained close to 37 degrees. All animals survived the 
ischemia insult and were sacrificed seven days later. 

Behavioural Effects 

Recovery from ischemia was associated with a humped pos­
ture that was maintained for 15 minutes after the first insult. 
This increased to approximately 25 minutes after the second 
insult and 40 minutes after the third insult. This posturing is 
very typical of animals that have received forebrain ischemia. 
There appeared to be no clear behavioural differences between 
the animals exposed to ischemia alone or where ischemia was 
combined with hypothermia. 

Physiological Effect 

It was easy to maintain hypothermia of 34-36 degrees 
Celsius between the ischemia episodes (Table I). There are very 
small differences between the brain and scalp temperature.7 We 
therefore used scalp temperatures instead of brain temperatures 
because this was a non-invasive method of monitoring the head 
temperatures, especially during the intervals between the 
ischemic insults. EEG would show electrical silence within sec­
onds of the occlusion of the carotid arteries. Recovery of EEG 
activity did not appear to differ in the two groups. 

Morphological Effects 

Neuronal damage in the group with no hypothermia was very 
severe. Ischemic damage was seen in the hippocampus, striatum, 
thalamus, substantia nigra reticulata and the medial geniculate 
nucleus. Two animals showed infarctions in the striatum and the 
substantia nigra. Severity of damage is shown in Figure I. 

In the animals that were exposed to hypothermia between the 
episodes of ischemia, neuronal damage was significantly milder. 
In the striatum most animals had mild to moderate damage and 
the damage was restricted to the dorsal and lateral portions. 
Hippocampal damage was restricted to the neuropil in most ani­
mals. The damage was most obvious in the CA-4 region. In the 

This table shows the temperature measurements in the hypothermic and 
normothermic animals. We were able to rapidly decrease the body and 
scalp temperatures between the ischemic insults without difficulty and 
maintain it at the low level until the next insult. 

Table 1. Scalp and Core Temperature for Two Groups 

Group 1 2 3 4 5 6 7 

37.7 
[.10] 

37.5 
[•2] 

36.6 
[.14] 

36.8 
[0.6] 

37.4 
[.01] 

37.5 
[0.2] 

36.5 
[-01] 

36.6 
[-10] 

35.6 
[.20] 

37.6 
[.11] 

34.6 
[.14] 

36.7 
[-06] 

37.4 
[ 0 1 ] 

37.5 
1.02] 

36.4 
[-04] 

36.5 
[-04] 

35.6 
[.20] 

37.6 
[ 0 8 ] 

34.5 
[-12] 

36.8 
[•02] 

37.5 
[-01J 

37.5 
[•10] 

36.4 
[-02] 

36.5 
[-10] 

35.5 
1-18] 

37.6 
[•10] 

34.6 
[-10] 

36.6 
[-10] 

Group a: Scalp temperature of hypothermic animals. Group b: Scalp tem­
perature of normothermic animals. Group c: Core temperature of hypo­
thermic animals. Group d: Core temperature of normothermic animals. 
1: Pre-ischemic, 2: First ischemia, 3: First reperfusion, 4: Second 
ischemia, 5: Second reperfusion, 6: Third ischemia and 7: Third reper­
fusion. Values are mean with standard deviation listed within [ ]. 
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CORTEX STRIATUM HIPPOCAMPUS HIPPOCAMPUS SUBSTANTIA MGN 
CA-1 CA-4 NIGRA 

Figure I — This figure shows the damage scores in the hypothermic and normothermic control 
animals with three times three minutes ischemia. The ischemic insults were produced one hour 
apart. Damage scores are compared in the cerebral corte.x. striatum CAI and CA4 regions of 
the hippocampus, substantia nigra reticulata and the medial geniculate nucleus (MGN). There 
was significantly less damage in the cerebral cortex, hippocampus (CAI) and the substantia 
nigra reticulata in the hypothermic animals. 
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CA-I, damage was restricted to the stratum oriens and was 
mostly seen in rostral regions of the brain. The extent of damage 
in the control (non-ischemic), hypothermic and normothermic 
animals with repetitive ischemia is shown in Figure 2. There 
was very little cell body involvement. This damage was not evi­
dent on Nissl staining. Thalamic, substantia nigra reticulata and 
medial geniculate nucleus damage was seen in some brains and 
was mostly restricted to the neuropil. Infarcts were not seen in 
any animal. When compared to normothermic control animals, 
neuronal damage was significantly less severe in the cortex, 
CA-1 region of the hippocampus and the substantia nigra reticu­
lata (Figure 1). 

In the animals where alcohol was sprayed but temperature 
was maintained as normal, the extent of brain damage was no 
different than the control gerbils (no alcohol, no hypothermia). 

DISCUSSION 

Repetitive cerebral ischemia was initially described by Tomida 
et al. in 1987. The severity of neuronal damage after repetitive 
ischemia is more pronounced and extensive than a single insult 
of a similar duration.215 Clinically, repetitive global ischemia may 
be seen in patients with recurrent transient ischemic attacks, car­
diac arrhythmias, severe hypotension and anesthesia accidents. 
The mechanisms of how repetitive ischemia produces more 
damage than a similar duration single ischemic insult is poorly 
understood but is under investigation. Our experiment clearly 
shows that reduction of body and brain temperature by as little 
as three degrees between the ischemic insults results in signifi­
cant protection of the brain from the effects of ischemia. This 
protection was present in all animals. Because brain temperature 
was reduced immediately after the insult it is possible that this 
protection can also be put to clinical use in conditions that result 
in repetitive cerebral ischemia such as anesthesia-related cere­
bral ischemic insults. 

It has long been known that hypothermia is neuroprotective. 
Earlier studies in larger animals had clearly shown that reduction 
of brain temperature by 7-10 degrees Celsius (severe hypo­
thermia) was beneficial to the brain.16 Because such degrees of 
hypothermia were very uncomfortable, it could not be widely 
used in clinical practice. Recently, it has been shown that even 
milder hypothermia of 33-35 degrees Celsius can offer cerebral 
protection and have the potential for clinical application.4-817"2-1 

Mild hypothermia has been shown to be neuroprotective when 
used during and even immediately after ischemia. Protection has 
been seen in gerbils,18-24 rats,17-20-25-26 dogs'9-20-27 and monkeys.16 

The exact mechanism of hypothermic protection is as yet 
unestablished but is most likely multi-factorial. A slow down in 
the metabolic activity, reduced release of excitatory aminoacids, 
decreased production of lactate, prevention of cerebral edema 
and inhibition of breakdown of adenine nucleotide are some of 
the proposed mechanisms whereby hypothermia may protect 
neurons from the effects of ischemia. The protective effects of 
hypothermia may not be limited to neurons only. We have 
recently demonstrated that astrocytes in primary culture survive 
the effects of ischemia better if the temperature is reduced by 2-
3 degrees Celsius during the insult.6 

It has recently been shown that during repetitive cerebral 
ischemia there is an increased build-up of extra-cellular gluta-
mate and this remains elevated for a prolonged time period.28 

This is in contrast to a single ischemic insult, where the gluta-
mate concentrations are usually down to the baseline within an 
hour of the insult. Cerebral ischemia under hypothermic condi­
tions has been shown to attenuate the extracellular build-up of 
dopamine and glutamate.29 A decrease in build-up of such com­
pounds (which have both been shown to affect neuronal cell 
death during ischemia) may be one possible mechanism where­
by hypothermia offers protection during repetitive ischemia. An 
increase in brain temperature has been shown to increase neu­
ronal damage after cerebral ischemia.30 Hyperthermia during 
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Figure 2 — This figure compares the extent of damage in the hippocampus in normal no ischemia controls (A), hypothermic (B), and normothermic 
(C) ischemic animals with three minutes times three episodes of ischemia. As is evident from the photomicrographs, there is considerable protection 
in the CAI region of the hippocampus in the hypothermic animals (B). The neuropil damage in stratum oriens (arrows) was mostly restricted to the 
rostral CAI regions in the hypothermic animals. In the animals with no hypothermia, the full extent of CAI was damaged (C). 

repetitive ischemia does not appear to increase neuronal damage 
in gerbils.14 

Our experiment also demonstrates the usefulness of silver 
impregnation staining in the study of repetitive cerebral 
ischemia. The neuropil damage evident in the CA-1 region of 
the hippocampus of the hypothermic animals was not seen with 

Nissl staining. Similarly, most damage in the medial geniculate 
nucleus and the substantia nigra reticulata was also restricted to 
the neuropil and may have been missed with conventional stain­
ing techniques. Damaged neurons, dendrites and axons appear 
dark against a brown background, which makes interpretation 
easy and decreases the potential of missing mild damage.31 
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