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SUMMARY 

• Although hypothermia as a means of neuronal 

protection and resuscitation after ischemic damage has a 

history of approximately four decades, extensive studies on 

the mechanisms, effects and methods of mild hypothermia 

at no less than 32°C have been started only in the last 

decade, both in basic and clinical fields. In experiments on 

rodents, postischemically introduced hypothermia, even as 

late as several hours after reperfusion, which was main 

tained for one day followed by a slow rewarming, definitely 

rescued hippocampal neurons against damage. Hypother 

mia appears to have a much greater potential for cerebral 

resuscitation than any chemical proposed so far for this 

purpose. The mode of action of hypothermia is apparently 

nonspecific and multifocal in widely progressing cascade 

reactions in ischemic cells, including (i) suppressing 

glutamate surge followed by (ii) intraneuronal calcium 

mobilization, (Hi) postischemic sustained activation of 

glutamate receptors, (iv) dysfunction of blood-brain bar 

rier, (v) proliferation of microglial cells, and (vi) produc 

tion of superoxide unions and nitric oxide in microglial 

cells, and of activator protein-1 in ischemically vulnerable 

regions like hippocampal CA1. Recent clinical trials of mild 

hypothermia have revealed significantly beneficial out- 
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comes along with an accumulation of knowhows on various 

techniques and treatments. Large scale randomized studies 

involving multiple institutions as well as exchanging ideas 

are needed for further development of hypothermia 

treatment. (Biomed Rev 1997; 8: 23-36) 

INTRODUCTION 

• More than half a century has passed since human 

refrigeration was first introduced (1). Soon afterwards, the 

potential use of hypothermia for neuronal protection and 

resuscitation has been suggested from both experimental and 

clinical researches (2, 3). However, a variety of confounding 

side effects, such as cardiovascular dysfunction, and severe 

infections, have hindered hypothermia from being firmly 

established as a treatment for brain injury or stroke (4-9). 

Moreover, a lack of animal studies has resulted in little basic 

information on when, to what degree, or how long body tem 

perature can be safely lowered and maintained. This might be 

another reason for hesitations on the hypothermic treatment. 

It was only a decade ago when a milestone report for hypo 

thermia appeared on experiments with rodents in which slight 

lowering of body temperature to 33°C produced a marked 

protection of central neurons against ischemic damage (10). 

This report would be a signal fire for the second wave of human 

hypothermia for protection or resuscitation of ischemic brain. 

Since then, basic experiments have been widely carried out on 

the rat (11-28), and the gerbil (29-35). In these models, it is 

confirmed that mild hypothermia, even when introduced as 

late as several hours postischemia, is significantly more 

effective than any chemical proposed so far for protection of 



  

  

neurons against ischemic degeneration (36-45). At the same 

time, clinical applications of mild hypothermia for patients in 

acute stages of brain injury or stroke have been performed, 

mainly in the USA and Japan (46-55). Although the mentioned 

side effects and limitations of application are still problems to 

be solved, indications for anesthesia, applicable clinical 

conditions, methods for temperature lowering, maintenance 

and rewarming, monitoring, and countermeasures for side 

effects have been steadily developed (56). 

In this review, we briefly summarize the development and 

technique of hypothermia treatment for ischemic brain injury, 

and discuss the problems to be solved on both basic and 

clinical fields. 

HISTORICAL BACKGROUND OF HUMAN 

REFRIGERATION 

• Local cooling of the body surface have been widely 

employed as a folk remedy since the earliest days of medi 

cine. Hippocrates in Cos described the usefulness of local 

cooling with snow and ice before operation for its analgesic 

nature (57). However, it was little more than half a century ago 

when whole body cooling was first introduced, thus opening 

the new era of human refrigeration as a clinical countermea- 

sure (1, 58). These authors put forth the idea that when body 

temperature is lowered, proliferation of malignant tumors and 

hence development of tumorigenic pain might be suppressed. 

In some cases, they designed a brain probe which was con 

nected to a refrigerator. Since their first patient in 1938, 169 

cases in total were treated by hypothermia, with a mortality at 

11.2%. Considering that all patients were in the terminal stage 

of their cancers, and that medical treatments were less mod 

ernized and antibiotics were not available, this pioneering 

work appears to have had a satisfiable and encouraging out 

come. The degree was generally 33°C, but some cases were as 

low as 22°C. Fay (59) summarized from these experiments 

that the reversible limit of hypothermia was 24°C, and that 

hypothermia at 29-32°C could be maintained for 10 days, a 

surprising result from the present standpoint. Soon after 

wards, Talbott (60) applied prolonged total body hypothermia 

to schizophrenia patients, and obtained striking and sustained 

improvements in 4 out of 10 trials. Further, McQuiston (61) 

proposed a total body cooling during operations on children 

with heart disease, and Bigelow et al (62) confirmed that 

hypothermia at 20°C reduced oxygen demand, cardiac output 

and metabolic rate to 15% of their values at normal tempera 

ture. Based on these findings, the possibility of open chest 

surgery under hypothermic conditions was strongly suggested 

(63). To explore this possibility, Parkins et al (64) installed 

a cooling bypass at the common carotid artery in dogs, in order 

to selectively cool down the cerebral circulation, and then 

examined the critical temperature at which central dysfunc 

tion began to occur; the dogs could tolerate hypothermia up 

to 12°C, and subsequently recovered without any failure of 

higher functions. Rosomoff and Holaday (65) analyzed the 

cerebral blood flow and oxygen consumption of dogs and 

found that both were reduced by 6.7% for every 1°C decrease in 

the temperature range of 25-35°C. It was shown that occlusion of 

the middle cerebral artery produced smaller cerebral 

infarctions at lowered temperature, which appears the first 

report on the brain resuscitating capability of hypothermia 

(66). Hence, a question was raised as what was the minimum 

temperature that mammals could tolerate (67); Gollan et al 

showed that dogs could survive cooling to 1.5°C (68). In 

1955, a symposium entitled "The Physiology of Induced 

Hypothermia" was held in the USA, where wide range of basic 

findings were presented and discussed (69-71). Clinical studies 

were also described, wherein a significant reduction in 

paraplegia was obtained after surgical dissection of thoracic 

aorta aneurysms under hypothermia, while high indices of 

spinal cord damage were observed under normothermic 

operation in similar cases (72). Hirsch and Muller (73) made 

a rabbit model for transient global ischemia, and found that, 

histologically, the full resuscitation of cerebral neurons was 

obtained even after 40 min of ischemia at 25°C, while only 8-10 

min was acceptable at the normal temperature. Two reports 

strongly suggested to us the ability of hypothermia to protect or 

resuscitate the brain in humans; both were 5 years old boys in 

Norway, who drowned in a frozen river or lake, one for 22 min 

(74), the other for 40 min (75), before being rescued and 

transported to the hospital. Both patients had no vital signs for 

more than 2-3 hours, but showed gradual recovery in intensive 

care over the next few days, and finally left the hospital without 

any central disturbances; rectal temperature in the second case 

was 24°C at the time of the rescue (75). At this temperature, 

cerebral blood flow, heat production, and ATP expenditure 

should be much less than those at normal temperature, and there 

should be virtually no firing of neurons, creating a state very 

similar to deep anesthesia. Other reports also described 

beneficial cerebral effects of hypothermia, which attracted 

considerable attention to the possibility of introducing 

hypothermia into clinical use as a treatment for cerebral 

injuries (76-80). There has been a growing body of evidence 

which indicates that hypothermia protects the brain against the 

harmful effects of a reduction in oxygen supply (81-84), 

barbiturate showing a similar protection (85, 86). The 

suggested mechanism was that hypothermia shifts the 

oxyhemoglobin dissociation curve to the left, preventing a 

rightward shift as result of acidosis, which could maintain a high 

arterial TO2 at a given PaO2, and a reduced CMRO2 along with 

decreased , cellular energy requirement (84). 

• Small animal models of ischemia  

As described in the previous section, a report by Busto et al 

(10) has opened a second era for hypothermia studies. They j 
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observed in a four-vessel-occlusion model of the rat that 

lowering of body temperature by 2-4°C resulted in a significant 

resuscitation of hippocampal CA1 neurons, known to be 

extremely vulnerable to ischemia, in contrast to the delayed 

neuronal death that occurred at 37°C (87). In spite of the 

cerebral protection provided by hypothermia, hyperthermia 

was clearly shown to increase damage in a transient ischemic 

model of the rat (13). Using a slightly different model, these 

authors discovered that extremely temperature sensitive areas 

existed in brain such as the caudatoputamen, while the lateral 

reticular nucleus of the thalamus was less temperature sensitive 

(12). A large number of investigations have demonstrated that 

intraischemic hypothermia, i.e. hypothermia introduced and 

maintained during the ischemic insult, diminishes neuronal 

damage and improves recovery following transient global (17, 

20, 29, 32, 33, 35) and focal (16, 18, 19, 21, 22, 24, 25, 27, 

28, 88) ischemia as well as trauma (89). Colbourne and 

Corbett (42) employed a long-term recording system for 

brain temperature in a gerbil model with a transient occlusion 

of the common carotid arteries for 5 min, which produced 

delayed neuronal death in hippocampal CA1 four days after 

the operation. These authors also established that a postis-

chemic hypothermia introduced even as late as 4 hours after 

reperfusion at 34°C and maintained for 24 hours, could 

resuscitate CA1 neurons for at least 180 days of survival (43). 

This finding confirmed that at least in these animal models, 

postischemic mild hypothermia could resuscitate neurons 

that would otherwise die, in a delayed fashion for considerably 

long time (Table 1). These may encourage colleagues in the 

clinical field who are interested in the introduction of 

hypothermia. A suggestion that hypothermia could only shift 

the time of death of neurons to some days afterwards, was 

based on a rather special case of a duration of hypothermia being 

too short (20). Permanent ischemia models on the rat have 

also been employed for the test of hypothermia. The outcome 

of hypothermia was partly positive, while other tests were not 

significantly different from non-ischemic controls (15, 18, 

36, 39, 44); these are summarized in Table 2. 

MODE OF ACTION OF HYPOTHERMIA 

• As was shown in hypothermic animals or animals in 

hibernation, metabolic rate was remarkably reduced at lower 

ed temperature (62, 67, 90, 91); this may explain the incre 

ased resistance of ischemic neurons to damage at lowered 

temperature. However, the degree of reduced oxygen and 

glucose demand at lowered temperature should always over 

come the degree of shortness of demand of these substances. 

There are many modes of ischemic neuronal death, and many 

details are still unknown (Fig. 1). At the very initial stage of 

ischemia, excitotoxicity plays a pivotal role (92, 93), where a 

large-scale glutamate surge (94) due to dysfunction of glutamate 

transporters is induced within 20-30 seconds after the start of 

ischemic insult in hippocampal CA1 of the gerbil (33). The 

extracellular glutamate level sometimes exceeds 20 and 100 

times the basal levels, at 5 and 10 minutes after ischemia, 

respectively (95). In response to the glutamate surge, an in-

tracellular calcium mobilization follows within 2-3 min after 

ischemic insults (96, 97). This calcium mobilization is lethal 

when it is sustained and exceeds beyond certain levels (98, 

99), because calcium damages mitochondrial respiration and 

induces calcium dependent cascade reactions in an 

uncontrolled manner. When ischemic insults were 

performed at lowered temperature, the degree of glutamate 

surge is largely depressed (33, 100) and the onset of calcium 

mobilization is significantly delayed (101). In the delayed death 

model of the gerbil hippocampal CA1, neurons are resuscitated 

in a half of the animals at 35°C, and totally resuscitated at 

33°C (33). However, in these gerbil models, excitotoxicity 

will entirely finish within one hour after the ischemic insults, 

while postischemic hypothermia introduced some hours after 

the insults still resuscitates hippocampal neurons as effectively 

as prior hypothermia (Fig. 2) (37, 41-43, 45). This finding 

indicates that temperature dependent cell processes are still 

going on after excitotoxicity. Here we should pay much 

attention to post-excitotoxic connections. One such 

connection should be the postischemic sustained activation of 

glutamate receptors. When hippocampal slices were 

subjected to a micro-fluorometry imaging for intracellular 

changes of calcium concentration, a mobilization of calcium 

in response to the addition of N-methyl-D-aspartate 

(NMDA), an agonist for glutamate receptors, was clearly 

demonstrated selectively in the strata radiatum and oriens of 

the ischemically vulnerable CA1 sector in an in vitro ischemic 

condition. In this model, the calcium responses to the NMDA 

addition were found to significantly increase in gerbils that 

had been subjected to transient ischemic insults for 5 min 1 to 

9 hours, with a peak around 3-6 hours, before sacrifice 

(102). This apparently sustained activation of NMDA type 

glutamate receptors can be further confirmed by a patch clamp 

study on CA1 neurons in hippocampal slices of the gerbil (103). 

Thus, it was shown that practically no such sustained 

enhancements of the calcium mobilization could be detected 

in slices from gerbils that were subjected to the transient 

ischemia at lowered brain temperature around at 33°C (102). 

Dramatic changes develop in ischemic neuron nuclei. It has 

been known that protein synthesis is almost totally and 

irreversibly depressed in the CA1 sector; that is a key 

mechanism of the delayed neuronal death (104). When the 

insults were performed at 30°C in a four-vessel-occlusion 

model of the rat, there could be seen an earlier recovery of the 

synthesis of protein along with neuronal survival in the CA1 

(105, 106). Also, a marked enhancement of DNA binding 

ability of a transcription factor, activator protein-1 (AP-1), in 

gerbil hippocampus was found (107). In these cases, 

particularly in the   
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Figure 1. Illustration of ischemic neuronal death. When the brain is exposed to ischemia, an immediate glutamate release occurs from presynaptic 

neurons followed by postsynaptic neurons and then glial cells. The extracellular glutamate surge induces a marked Ca2+ mobilization in neurons via 

glutamate receptors, which induces various Ca2+-dependent cascade reactions. Not only neurons, but also astrocytes and microglial cells are profoundly 

affected by ischemic insult. Cerebral protection by hypothermia might be based on its non-specific widely progressing reactions in the whole ischemic entity 

shown in this figure (*).Glu, glutamate; Gin, glutamine; VDCC, voltage dependent Ca2+ channel; A/K-R, AMPA-kainate type glutamate receptor; NMDA-R, 

NMDA type glutamate receptor; Met-R, metabotropic glutamate receptor; G, G-protein; PLC, phospholipase C; PIP, phosphatidylinositol phosphate; IPy 

inositol 1,4,5-trisphosphate; ER, endoplasmic reticulum. 
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hippocampus, there were significant differences among the 

CA1, CA3 and dentate gyrus, including CA4, in terms of 

temporal profiles of the DNA binding activities; e.g. the time 

courses for the activity was prolonged from 1 to 9 hours in the 

CA3 and the dentate gyrus, while a rather short-lived 

enhancement was observed in the CA1, the area vulnerable to 

ischemia (108). However, gerbils with prior ischemic insults at 

32°C, showed a prolonged period of binding activation, 

becoming closer to the profiles for ischemia-resistant CA3 and 

dentate gyrus. Similar prolongation can be seen in gerbils 

which are rendered resistant to ischemic insult by a prior 

loading with a short ischemic insult for 2 min (109). 

Although the protein which will be synthesized after AP-1 

binds to an upstream region of the corresponding gene is still 

unidentified, it is not likely linked to protection resuscitation of 

deteriorating neurons. 

In the rat middle cerebral artery occlusion model, a 

postischemically induced hypoperfusion followed by a 

hyperper-fusion disappeared when the operations were 

carried out in hypothermic conditions (110). Cerebral edema 

and failure of the blood-brain barrier, which are both 

pathophysiological events resulting from ischemia, can also 

be depressed by hypothermia. Although the knowledge of 

the cellular processes after ischemia is still only fragmentary , 

particularly of 

late phenomena after excitotoxicity, it is very likely that there is 

a multiplicity of cascade reactions which proceed both in 

temporal and spatial ranges. Endothelial cells as well as 

astroglial and microglial cells participate in the ischemic 

processes. In this relation, we have recently found an 

involvement of albumin in the ischemic response of microglial 

cells. When cultured microglial cells were exposed to a 

minute concentration of albumin, the cells remarkably 

proliferated, and significantly increased both phorbol ester-

induced production of superoxide anions and 

lipopolysaccharide-induced formation of nitric oxide (111). It 

is known, that superoxide anions themselves and the product of 

their reaction with nitric oxide are harmful to neurons. In effect, 

it may be possible that, when albumin leaks out through the 

postischemically deteriorated blood-brain barrier, it starts to 

stimulate microglial cells to proliferate, which then induces 

production of super-oxide as well as nitric oxide by these cells, 

causing damage to ischemic neurons. Proliferating microglial 

cells could be seen in the immediate proximity of neurons 

shortly after onset of ischemic insult (112, 113). These 

findings suggest that microglial cells in ischemic conditions 

play a role as a damage inducer to neurons, although they 

behave as scavengers after neurons die. However, 

postischemic hypothermia depresses microglial proliferation 

(unpublished data). It is intriguing that cultured microglial 

cells produce less super-   
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Figure 2. Photomicrographs of sections of gerbil hippocampus. Animals were sacrificed after 30 days of survival following 

5 min of bilateral carotid artery occlusion, (a) and (d)are non-ischemic animals. In normothermic animals (b, e), there is a 

widespread neuronal destruction in CA1 sector, while almost all neurons in CA3 and dentate gyrus are preserved. In 

postischemically hypothermic animals (c, f) (hypothermia was initiated 1 h after the ischemic insult and maintained for 24 

h), most neurons in CA1 sector are preserved, d, e, and f are higher magnifications of a portion ofCAl sector. Bars, 500 um 

(a, b, c), and 50 um (d, e, f) . 



  

  

oxide anions and nitric oxide at a temperature lower than 37°C 

(114). 

Elucidation of mechanism of ischemic neuronal damage should 

lead to the development of drugs based on blocking or 

modifying these cellular processes. A variety of chemicals 

have been proposed in this regard so far for the possible 

clinical treatment of ischemic neuronal damage in stroke, 

injury, and transient cardiopulmonary arrest. Studies on 

excitotoxicity (92, 93, 115, 116) showed that the extracellu 

lar glutamate surge following ischemic insult might activate 

the receptors strongly and sustainedly. Molecular biological 

approaches have indicated that NMDA type glutamate recep 

tors are, when activated in ischemic condition, highly at risk, 

since the receptor-associated channels open for not only 

monovalent cations but also for calcium ions, which induces 

a deadly mobilization of intracellular calcium (2, 3, 98, 99). 

Although glutamate antagonists of both NMDA and non- 

NMDA type receptors have been studied in the CA1 sector of 

the hippocampus because of its extraordinary vulnerability to 

ischemic insults, a non-competitive antagonist of NMDA 

receptors, (+) -5-methyl-10, 1 l-dihydro-5H-dibenzo [a, d] 

cycloheptene-5, 10-imine maleate (MK-801) has attracted 

attention for its strong protective effect against ischemic 

damage of CA1 neurons at low doses (117, 118). However, 

later, the beneficial effect of MK-801was disputed as it was 

proved that the apparent neuroprotective action of MK-801 

was not through its pharmacological properties, but through 

its temperature-lowering activity (30, 119, 120). Therefore, 

there has been a considerable controversy on whether MK- 

801 actually protects ischemic neurons, and the notion has 

been raised that studies on small animals to evaluate any 

chemical for its neuroprotective potential should include 

analysis for its effect on brain temperature when adminis 

tered. As far as we were aware of this, a large number of 

chemicals reported to be neuroprotective have been found to 

be much less active than described, even inactive, when re- 

evaluated in our experimental paradigm. Thus, we have de 

signed a telemeter-based brain temperature control system 

that allows continuous monitoring and regulation of brain 

temperature at any selected degree in conscious and freely 

moving animals (121). Using this instrument, we can control 

brain temperature in a narrow range around at 37°C, and 

observed a selective, delayed neuronal death in hippocampal 

CA1 of gerbils that were subjected to a global cerebral is 

chemia for 5 min. The following outcomes were then ob 

tained: CA1 neurons could certainly survive from ischemic 

damage on the intraperitoneal administration of MK-801 only 

at doses of more than 10 mg/kg, much higher than those 

employed in the previous studies, which, showing similar 

survival on 1-3 mg/kg, had no brain temperature control at all 

(120). . 

CLINICAL HYPOTHERMIA UPDATE 

• Three randomized control studies of mild hypother 

mia in patients with severe closed-head injury were indepen 

dently reported in 1993. They all revealed beneficial effects. 

When hypothermia was introduced at 32°C to 33°C within a 

mean of 10 hours after injury and maintained for 24 hours 

followed by a slow rewarming, a significant reduction of 

intracranial pressure as well as cerebral blood flow during the 

cooling period was obtained without any rebound (49). Twelve 

of the 20 patients in the hypothermia group showed outcome 

of moderate, mild or no disabilities, while 8 of the 20 patients 

did in the normothermia group (49). When hypothermia was 

introduced at 34°C for 2 days followed by a slow rewarming, 

a significant reduction of cerebral perfusion pressure was 

demonstrated (50). Eight of 16 patients survived in the hy 

pothermia group, while 3 of 17 patients survived in the normo 

thermia group (50). Clifton et al (46) demonstrated that after 

3 months, the ratio of patients with less than moderate disabil 

ity to patients with more severe disability was 12 to 11 in the 

group where hypothermia was introduced within 6 hours at 32- 

33°C for 2 days followed by a slow rewarming, and 8 to 14 in 

the normothermia group. 

Recently in Japan, a research project chaired by one of the 

authors (K.K.), entitled "Mild hypothermia for a treatment of 

stroke - basic investigations and clinical studies" has been 

organized in the 1994-1996 fiscal year under the support of 

the Ministry of Health and Welfare. Although studies should be 

extended further, the project made the following contemporary 

consensus at the conclusion of the project (56): hypothermia 

can be applied to patients with brain injury, cerebral infarction, 

subarachnoidal bleeding (after clipping) and transient 

cardiopulmonary arrest in their very acute stage. Basic 

intensive control of general and cerebral circulation with 

sufficient oxygen supply should be secured. For anesthesia, 

the use of midazolam (GABA agonist) or droperidol (a-

adrenergic blocker) is recommended. Systemic blood 

pressure, cerebral perfusion pressure and oxygen supply should 

be more than 100 mmHg, 80 mmHg and 800 ml/min, 

respectively. Oxygen consumption rate and intracranial 

pressure should be less than 25% and 20 mmHg, 

respectively. Brain temperature could be kept at 33-34°C, 

while 35°C is recommended for less experienced institutions. 

The use of a blanket for surface cooling, with occasional 

intragastric cooling, is suggested. Intracerebral temperature 

is to be monitored by intrajugular temperature measurement, 

with occasional monitoring of the temperature of the tympanic 

membrane, urinary bladder or pulmonary vein. The period of 

hypothermia is not to be limited. However, occasional severe 

infections should be carefully and intensively controlled. 

Rewarming should he slowly performed, for instance at the 

rate of 0.1 °C per hour with a sustaining period at 35°C. Cardiac 

output and the oxygen   
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saturation ratio of mixed venous blood should be monitored 

with a Swan-Ganz catheter. Platelet transfusion and suplemen-

tation of potassium may be occasionally needed, and 

hemoglobin content in blood stream should be kept at greater 

than 12 g/dl. In addition to these clinical suggestions, the 

project emphasized the need to organize large-scale randomized 

studies involving different institutions exchanging 

information and ideas, in the overall prospects for future 

improvement of hypothermia treatment. 

1. Fay T, Henny GC. Symposium on cancer. Correlation of 

body segmental temperature and its relation to the location 

of carcinomatous metastasis: clinical observations and 

response to methods of refrigeration. Surg Gynecol 

Obstet 1938; 66: 512-524. 

2.     Ginsberg MD, Sternau LL, Globus MYT, Dietrich WD, 

Busto R. Therapeutic modulation of brain temperature: 

relevance to ischemic brain injury. Cerebrovasc Brain 

Metab Rev 1992; 4: 189-225. 

3.    Maher J, Hachinski V. Hypothermia as a potential treat 

ment for cerebral ischemia. Cerebrovasc Brain Metab 

Rev 1993; 5: 277-300.  

4.    Botterel EH, Loudheed WM, Scott JW, Vandewater SL. 

Hypothermia, and interruption of carotid, or carotid and 

vertebral circulation, in the surgical management of 

intracranial aneurysms. JNeurosurg 1956; 13: 1-42. 

5.    Covino BG, D'Amato HE. Mechanism of ventricular 

fibrillation in hypothermia. CircRes 1962; 10: 148-155. 

6.    Burger FJ, Fuhrman FA. Evidence of injury by heat in 

mammalian tissue. Am JPhysiol 1964; 206: 1057-1061. 

7.    Chen RY, Chien S. Hemodynamic functions and blood 

viscosity in surface hypothermia. Am J Physiol 1978; 

235: 136-143. 

8.     Biggar WD, Bohn D, Kent G. Neutrophil circulation and 

release from bone marrow during hypothermia. Infect 

Immun 1983; 40: 708-712. 

9.   Bohn DJ, Biggar WD, Smith CR, Conn AW, Barker GA. 

Influence of hypothermia, barbiturate therapy, and 

intracranial pressure monitoring on morbidity and 

mortality after near-drowning. Crit Care Med 1986; 14: 

529-534.  

10.   Busto R, Dietrich WD, Globus MYT, Valdes I, Scheinberg 

P, Ginsberg MD. Small differences in intraischemic 

brain temperature critically determine the extent of 

ischemic neuronal injury. J Cereb Blood Flow Metab 

1987; 7: 729-738. 

11.   Busto R, Dietrich WD, Globus MYT, Ginsberg MD. 

Postischemic moderate hypothermia inhibits CA1 hip-

pocampal ischemic neuronal injury. NeurosciLett 1989; 

101: 299-304. 

12.   Minamisawa H, Nordstrom CH, Smith ML, Siesjo BK. 

The influence of mild body and brain hypothermia on 

ischemic brain damage. J Cereb Blood Flow Metab 

1990; 10: 365-374. 

13. Minamisawa H, Smith ML, Siesjo BK. The effect of mild 

hyperthermia and hypothermia on brain damage following 

5, 10, and 15 minutes of forebrain ischemia. Ann 

Neurol 1990; 28: 26-33. 

14.   Chopp M, Chen H, Dereski MO, Garcia JH. Mild hypo- 

thermic intervention after graded ischemic stress in rats. 

Stroke 1991; 22: 37-43.  

15.   Onesti ST, Baker CJ, Sun PP, Solomon RA. Transient 

hypothermia reduces focal ischemic brain injury in the 

rat. Neurosurgery 1991; 29: 369-373. 

16.   Chen H, Chopp M, Zhang ZG, Garcia JH. The effect of 

hypothermia on transient middle cerebral artery occlu 

sion in the rat. / Cereb Blood Flow Metab 1992; 12: 

621-628.  

17.   Green EJ, Dietrich WD, van Dijk F, Busto R, Markgraf 

CG, McCabe PM et al. Protective effects of brain 

hypothermia on behavior and histopathology following 

global cerebral ischemia in rats. Brain Res 1992; 580: 

197-204. 

18.   Morikawa E, Ginsberg MD, Dietrich WD, Duncan RC, 

Kraydieh S, Globus MYT et al. The significance of brain 

temperature in focal cerebral ischemia: histopathologi-

cal consequences of middle cerebral artery occlusion in 

the rat. J Cereb Blood Flow Metab 1992; 12: 380-389. 

19.  Ridenour TR, Warner DS, Todd MM, McAllister AC. 

Mild hypothermia reduces infarct size resulting from 

temporary but not permanent focal ischemia in rats. 

Stroke 1992; 23: 733-738. 

20.  Dietrich WD, Busto R, Alonso O, Globus MYT, Ginsberg 

MD. Intraischemic but not postischemic brain 

hypothermia protects chronically following global 

forebrain is-   

31 

Biomed Rev 8, 1997 

REFERENCES 



  

  

chemia in rats. J Cereb Blood Flow Metab 1993; 13: 

541-549. 

21. Goto Y, Kassell NF, Hiramatsu K, Soleau SW, Lee KS. 
Effects of intraischemic hypothermia on cerebral damage 
in a model of reversible focal ischemia. Neurosur-gery 

1993; 32: 980-984. 

22.  Frazzini VI, Winfree CJ, Choudhri HF, Prestigiacomo 

CJ, Solomon RA. Mild hypothermia and MK-801 have 

similar but not additive degrees of cerebroprotection in 

the rat permanent focal ischemia model. Neurosurgery 

1994; 34: 1040-1045. 

23.   Karibe H, Chen J, Zarow GJ, Graham SH, Weinstein PR. 

Delayed induction of mild hypothermia to reduce infarct 

volume after temporary middle cerebral artery occlu-;   

sion in rats. J Neurosurg 1994; 80: 112-119. 

24.   Meden P, Overgaard K, Pedersen H, Boysen G. The 
influence of body temperature on infarct volume and 
thrombolytic therapy in a rat embolic stroke model. 
Brain Res 1994; 647: 131-138. 

25. Baker CJ, Fiore AJ, Frazzim VI, Choudhri TF, Zubay GP, 

Solomon RA. Intraischemic hypothermia decreases the 

release of glutamate in the cores of permanent focal 

cerebral infarcts. Neurosurgery 1995; 36: 994-1001. 

26.  Karibe H, Zarow GJ, Weinstein PR. Use of mild 
intraischemic hypothermia versus mannitol to reduce 
infarct size after temporary middle cerebral artery 
occlusion in rats. J Neurosurg 1995; 83: 93-98. 

27. Markarian GZ, Lee JH, Stein DJ, Hong SC. Mild 

hypothermia: therapeutic window after experimental 

cerebral ischemia. Neurosurgery 1996; 38: 542-550. 

28.  Winfree CJ, Baker CJ, Connolly ES, Fiore AJ, Solomon 

RA. Mild hypothermia reduces penumbral glutamate 

levels in the rat permanent focal cerebral ischemia model. 

'
;
"

::
  Neurosurgery 1996; 38:   1216-1222. 

29.   Clifton GL, Taft WC, Blair RE, Choi SC, DeLorenzo RJ. 

Conditions for pharmacologic evaluation in the 

gerbilmodel of forebrain ischemia. Stroke 1989; 20: 

1545-1552. 

30.  Buchan A, Pulsinelli WA. Hypothermia but not the N-

methyl-D-aspartate antagonist, MK-801, attenuates neu-   ronal 

damage in gerbils subjected to transient global    ischemia. J 

Neurosci 1990; 10: 311-316.          

31. Coimbra CG, Cavalheiro EA. Protective effect of short-

term post-ischemic hypothermia on the gerbil brain. 

Braz J Med Biol Res 1990; 23: 605-611. 

32.   Welsh FA, Sims RE, Harris VA. Mild hypothermia 

prevents ischemic injury in gerbil hippocampus. J 

Cereb Blood Flow Metab 1990; 10: 557-563. 

33.  Mitani A, Kataoka K. Critical levels of extracellular 

glutamate mediating gerbil hippocampal delayed neu-

ronal death during hypothermia: brain microdialysis study. 

Neuroscience 1991; 42: 661-670. 

34.   Welsh FA, Harris VA. Postischemic hypothermia fails to    

reduce ischemic injury in gerbil hippocampus. J Cereb ,      

Blood Flow Metab 1991; 11: 617-620. 

35.  Nurse S, Corbett D. Direct measurement of brain 

temperature during and after intraischemic 

hypothermia: correlation with behavioral, 

physiological, and histo-logical endpoints. J Neurosci 

1994; 14: 7726-7734. 

36.   BakerCJ, Onesti ST, Solomon RA. Reduction by delayed 
hypothermia of cerebral infarction following middle 
cerebral artery occlusion in the rat: a time-course study. J 

Neurosurg 1992; 77: 438-444. 

37.  Coimbra C, Wieloch T. Hypothermia ameliorates neu-

ronal survival when induced 2 hours after ischaemia in . . .      

the rat. Acta Physiol Scand 1992; 146: 543-544. 

3 8.   Carroll M, Beek O. Protection against hippocampal CA1 

cell loss by post-ischemic hypothermia is dependent on . 

delay of initiation and duration. Metab Brain Dis 1992; 7: 

45-50. 

3 9,  Kader A, Brisman MH, Maraire N, Huh JT, Solomon RA. 

The effect of mild hypothermia on permanent focal 

ischemia in the rat. Neurosurgery 1992; 31: 1056-1060 

40. Xue D, Huang ZG, Smith KE, Buchan AM. Immediate or 
delayed mild hypothermia prevents focal cerebral 
infarction. Brain Res 1992; 587: 66-72. 

41. Coimbra C, Wieloch T. Moderate hypothermia mitigates 

neuronal damage in the rat brain when initiated several 

hours following transient cerebral ischemia. Acta 

Neuropathol 1994; 87: 325-331.  

42.  Colbourne F, Corbett D. Delayed and prolonged post-

ischemic hypothermia is neuroprotective in the gerbil. 

Brain Res 1994; 654: 265-272.   

Kataoka and Yanase 32 

BiomedRev 8, 1997 



Brain hypothermia and protection against ischemic neuronal damage 

  

43.  Colbourne F, Corbett D. Delayed postischemic 

hypothermia: a six month survival study using 

behavioral and histological assessments of 

neuroprotection. J Neurosci     1995;  15: 7250-7260. 

44.  Yanamoto H, Hong S-C, Soleau S, Kassell NF, Lee KS. 

Mild postischemic hypothermia limits cerebral injury 

following transient focal ischemia in rat neocortex. Brain 

Res 1996; 718: 207-211.  

45. Yanase H, Nakamura Y, Kataoka K. Brain ischemia and 

excitotoxicity: evaluation of mild hypothermia for 

neuronal protection. Adv Neural Sci 1996; 40: 622-634. 

(In Japanese). 

46.   Clifton GL, Alien S, Barrodale P, Plenger P, Berry J, 

Koch S et al. A phase II study of moderate hypothermia in 

severe brain injury. J Neurotrauma 1993; 10: 263- 

271. 

47.  HayashiN,HirayamaT, OhataM. The computed cerebral 

hypothermia management technique to the critical head 

injury patients. Adv Neurotrauma Res 1993; 5: 61-64. 

4 8. Hayashi N, HirayamaT, UdagawaA, DaimonW, OhataM. 

Systemic management of cerebral edema based on a new 

concept in severe head injury patients. Acta Neurochir 

Suppl Wien 1994; 60: 541-543. 

49.  Marion DW, Obrist WD, Carlier PM, Penrod LE, Darby 

JM. The use of moderate therapeutic hypothermia for 

patients with severe head injuries: a preliminary report. J 

Neurosurg 1993; 79: 354-362. 

50.   Shiozaki T, Sugimoto H, Taneda M, Yoshida H, Iwai A, 

Yoshioka T et al. Effect of mild hypothermia on 

uncontrollable intracranial hypertension after severe head 

injury. J Neurosurg 1993; 79: 363-368. 

51.   MaekawaT,TateishiA,SadamitsuD,KurodaY,Soejima 

Y, Kashiwagi S et al. Clinical application of mild 

hypothermia in neurological disorders. Minerva 

Anestesiol 1994; 60: 537-540. 

52.  Resnick DK, Marion DW, Darby JM. The effect of 

hypothermia on the incidence of delayed traumatic in-

tracerebral hemorrhage. Neurosurgery 1994; 34: 252-

255. 

5 3. Clifton GL. Hypothermia and hyperbaric oxygen as treatment 

modalities for severe head injury. New Horiz 1995; 

3: 474-478. 

54.  Naritomi H, Shimizu T, Oe H. Mild hypothermia therapy 

in acute embolic stroke: a pilot study. J Stroke 

Cerebrovasc Dis 1996; 6 (Suppl 1): 193-196. 

55.   Marion DW, Penrod LE, Kelsey SF, Obrist WD, 

Kochanek PM, Palmer AM et al. Treatment of traumatic 

brain injury with moderate hypothermia. N Engl J Med 

1997; 336: 540-546. 

56.   KataokaK. Annual report of the research on cardiovascular 

diseases (1996). 1997; (In Japanese); In press. 

57.   Furnas DW. Annals of history. Topical refrigeration and 

frost anesthesia. Anesthesiology 1965; 26: 344-347. 

58.   Smith LW, Fay T. Observations on human beings with 

cancer, maintained at reduced temperatures of 75°-90° 

Farrenheit. Am J Physiol 1940; 10: 1-11. 

59.   Fay T. Early experiences with local and generalized 

refrigeration of the human brain. J Neurosurg 1959; 16: 

239-260. 

60.   Talbott JH. The physiologic and therapeutic effects of 

hypothermia. N EnglJ Med 1941; 224: 281-288. 

61. McQuiston WO. Anesthetic problems in cardiac surgery in 

children. Anesthesiology 1949; 10: 590-600. 

62.  Bigelow WG, Lindsay WK, Harrison RC, Gordon RA, 

Greenwood WF. Oxygen transport and utilization in dogs 

at low body temperatures. Am J Physiol 1950; 160: 125- 

137.  

63. Bigelow WG, Lindsay WK ,Greenwood WF. Hypothermia. 

Its possible role in cardiac surgery: an investigation of 

factors governing survival in dogs at low body 

temperatures. Ann Surg 1950; 132: 849-866. 

64.   Parkins WM, Jensen JM, Vars HM. Brain cooling in the 

prevention of brain damage during periods of circulatory 

occlusion in dogs. Ann Surg 1954; 140: 284-289. 

65.  Rosomoff HL, Holaday DA. Cerebral blood flow and 

cerebral oxygen consumption during hypothermia. Am J 

Physiol 1954; 179: 85-88. .  

66.  Rosomoff H. Hypothermia and cerebral vasculuar le 

sions. I. Experimental interruption of the middle cere 

bral artery during hypothermia. J Neurosurg 1956; 13: 

332-343. 

67.  Lyman CP, Chatfield PO. Physiology of hibernation in   

33 

BiomedRev 8,1997 



  

  

mammals. Physiol Rev 1955; 35: 403-425. 

68. Gollan F, Tysinger DS Jr, Grace JT, Kory RC, Meneely 
GR. Hypothermia of 1.5° C in dogs followed by survival. 
Am J Physiol 1955; 181: 297-303. 

69.   Villalobos TJ, Adelson E, Riley PA. The effect of 

hypothermia on platelets and white cells in dogs. In: 

Dripps RD et al, editors. The physiology of induced 

hypothermia. Natl Acad Sci, Washington, DC 1956; 

186-198. 

70.   Hume DM, Egdahl RH, Nelson DH. The effect of 
hypothermia on pituitary ACTH release and on adrenal 
cortical and medullary secretion in the dog. In: Dripps RD 
et al, editors. The physiology of induced hypothermia. 

Natl Acad Sci, Washington, DC 1956; 170-174. 

71. Taylor IM. The effect of low temperarures upon intrac-

ellular potassium in isolated tissues. In: Dripps RD et al, 

editors. The physiology of induced hypothermia. Natl 

Acad Sci, Washington, DC 1956; 26-31. 

72.   Swan H. The use of hypothermia in cardiac surgery In: 
Dripps RD et al editors. The physiology of induced 

hypothermia. Natl Acad Sci, Washington, DC 1956; 
402-412. 

73.   Hirsch H, Muller HA. Funktionelle und histologische 

Verenderungen des Kaninchengehirns nach kompletter 

Gehirnischemie. Pflugers Arch 1962; 275: 277-291. 

74.   Kvittingen TD, Naess A. Recovery from drowning in 

fresh water. Br Med J 1963; 1: 1315-1317. 

75.   Siebke H, Rod T, Breivik H, Link B. Survival after 40 

minutes submersion without cerebral sequelae. Lancet 

1975; 1: 1275-1277. 

76.   Boeremal, Wildschut A, SchmidtWJH, BroekhuysenL. 

Experimental researches into hypothermia as aid in 

surgery of heart; preliminary communication. Arch 

Chir Neerl 1951; 3: 25-34. 

77.  Lewis FJ, Taufic M. Closure of atrial septal defects with 

the aid of hypothermia: experimental accomplishments 

and the report of one successful case. Surgery 1953; 33: 

52-59. 

78.   Swan H, Zeavin I, Blount SJ Jr, Virtue RW. Surgery by 

direct vision in the open heart during hypothermia. J Am 

Med Assoc 1953; 153: 1081-1085. 

79.   Lazorthes G, CampanL. Hypothermia in the treatment of 

craniocerebral traumatism. J Neurosurg 1958; 1958: -    

162-167. 

80.   Sedzimir C. Therapeutic hypothermia in cases of head 
injury. J Neurosurg 1959; 16: 407-414. 

81. Boyd RJ, Connolly JE. Tolerance of anoxia of the dog's 

brain at various temperatures. Surg Forum 1961; 12: 

408-410. 

82.   Anabtawi IN, Brockman SK. Protective effect of 

hypothermia on total occlusion of the cerebral 

circulation: a quantitative study. Ann Surg 1962; 155: 

312-315. 

83.   White RJ. Preservation of cerebral function during 

circulatory arrest and resuscitation: hypothermic 

protective considerations. Resuscitation 1972; 1: 107-

115. 

84.  Carlsson C, Hegerdal M, Siesjo BK. Protective effect of 

hypothermia in cerebral oxygen deficiency caused by 

arterial hypoxia. Anesthesiology 1976; 44: 27-35. 

8 5. Goldstein A Jr, Wells B A, Keats AS. Increased tolerance 
to cerebral anoxia by pentobarbital. Arch Int Pharma- 

codyn 1966; 161: 138-143.  

86.   Smith AL, Hoff JT, Nielsen SL, Larson CP. Barbiturate 
protection in acute focal cerebral ischemia. Stroke 1974; 5: 
1-7. 

8 7. Kirino T. Delayed neuronal death in the gerbil hippocampus 
following ischemia. Brain Res 1982; 239: 57-69. 

88.  Moyer DJ, Welsh FA, Zager EL. Spontaneous cerebral 

hypothermia diminishes focal infarction in rat brain. 

Stroke 1992; 23: 1812-1816. 

8 9. Clifton GL, Jiang JY, Lyeth BG, Jenkins LW, Hamm RJ, 

Hayes RL. Marked protection by moderate hypothermia 

after experimental traumatic brain injury. J Cereb Blood 

Flow Metab 1991; 11: 114-121. 

90. Chopp M, Knight R, Tidwell CD, Helpern JA, Brown E, 

Welch KMA. The metabolic effects of mild hypothermia 

on global cerebral ischemia and recirculation in the cat: 

comparison to normothermia and hypothermia. J Cereb 

Blood Flow Metab 1989; 9: 141-148. 

91.Frerichs KU, Kennedy C, Sokoloff L, Hallenbeck JM. 

Local cerebral blood flow during hibernation, a model of 

natural tolerance to "cerebral ischemia". J Cereb Blood 

Flow Metab 1994; 14: 193-205.   

Kataoka and Yanase 34 

BiomedRev 8, 1997 



Brain hypothermia and protection against ischemic neuronal damage 

  

92. Rothman SM, Olney JW. Glutamate and the pathophysi-

ology of hypoxic-ischemic brain damage. Ann Neurol 

1986; 19: 105-111. 

93. Choi DW. Glutamate neurotoxicity and diseases of the 

nervous system. Neuron 1988; 1: 623-634. 

94. Benveniste H, Drejer J, Schousboe A, Diemer NH. 

Elevation of the extracellular concentrations of 

glutamate 

•     and aspartate in rat hippocampus during transient cerebral 

ischemia monitored by intracerebral microdialysis. J 

Neurochem 1984; 43: 1369-1374. 

95. Mitani A, Andou Y, Matsuda S, Arai T, Sakanaka M, 

Kataoka K. Origin of ischemia-induced glutamate efflux 

      in the CA1 field of the gerbil hippocampus: an in vivo 

brain microdialysis study. J Neurochem 1994; 63: 2152-

2164. 

96. Mitani A, KadoyaF, Kataoka K. Distribution of hypoxia-

induced calcium accumulation in gerbil hippocampal 

slice. Neurosci Lett 1990; 120: 42-45. 

97. Mitani A, Yanase H, Sakai K, Wake Y, KataokaK. Origin 

of intracellular Ca2+ elevation induced by in vitro 

ischemia-like condition in hippocampal slices. Brain Res 

1993; 601: 103-110. 

98. Schanne FAX, Kane AB, Young EE, Farber JL. Calcium 

dependence of toxic cell death: a final common pathway. 

Science 1979; 206: 700-702. 

99. Siesjo BK, Bengtsson F. Calcium fluxes, calcium 

antagonists, and calcium-related pathology in brain 

ischemia, hypoglycemia, and spreading depression: a 

unifying hypothesis. J Cereb Blood Flow Metab 1989; 

9: 127-140. 

,100. Busto R, Globus MYT, Dietrich WD, Martinez E, Valdes I, 

Ginsberg MD. Effect of mild hypothermia on 

ischemia-induced release of neurotransmitters and free 

fatty acids in rat brain. Stroke 1989; 20: 904-910. 

101. Mitani A, Kadoya F, Kataoka K. Temperature 

dependence of hypoxia-induced calcium accumulation in 

gerbil hippocampal slices. Brain Res 1991; 562: 159-

163 

102. Yanase H, Mitani A, Kataoka K. Post-ischemic 

enhancement of calcium mobilization to NMDA, and the 

effect of hypothermia [abstract]. J Neurochem 1995; 

(Suppl 65): S17. 

103.Mitani A, Ikemune K, Yanase H, Kataoka K. Ischemic 

long-term potentiation in hippocampal CA1 neurons 

[abstract]. Neurosci Res 1996; (Suppl 20): S155. 

104. Widmann R, Kuroiwa T, Bonnekoh P, Hossmann K-A. 

[14C]Leucine incorporation into brain proteins in ger-

bils after transient ischemia: relationship to selective 

      vulnerability of hippocampus. J Neurochem 1991; 56: 

789-796.  

105. Bergstedt K, Hu BR, Wieloch T. Postischaemic changes in 

protein synthesis in the rat brain: effects of hypothermia. 

Exp Brain Res 1993; 95: 91-99. 

106. Widmann R, Miyazawa T, Hossmann KA. Protective 

effect of hypothermia on hippocampal injury after 30 

minutes of forebrain ischemia in rats is mediated by 

postischemic recovery of protein synthesis. JNeurochem 

1993; 61: 200-209. 

107.Kindy MS, Carney JP, Dempsey RJ, Carney JM. 

Ischemic induction of protooncogene expression in gerbil 

brain. J Mol Neurosci 1991; 2: 217-228. 

108. Yoneda Y, Ogita K, Inoue K, Mitani A, Zhang L, Masuda S 

et al. Rapid potentiation of DNA binding activities of 

particular transcription factors with leucine-zipper motifs 

in discrete brain structures of the gerbil with transient 

forebrain ischemia. Brain Res 1994; 667: 54-66. 

109. Yoneda Y, Azuma Y, Inoue K, Ogita K, Mitani A, Zhang L 

et al. Positive correlation between prolonged potentiation 

of binding of double-stranded oligonucleotide probe for 

the transcription factor API and resistance to transient 

forebrain ischemia in gerbil hippocampus. Neuro-

science 1997; 79: 1023-1037. 

HO.Karibe H, Zarow GJ, Graham SH, Weinstem PR. Mild 

intraischemic hypothermia reduces postischemic 

hyperperfusion, delayed postischemic hypoperfusion, 

blood-brain barrier disruption, brain edema, and 

neuronal damage volume after temporary focal 

cerebral ischemia in rats. J Cereb Blood Flow Metab 

1994; 14: 620-627. 

111.Si Q-S, Nakamura Y, Kataoka K. Albumin enhances 

superoxide production in cultured microglia. Glia 1997; 

In press. 

112. Morioka T, Kalehua AN, Streit WJ. The microglial reaction 

in the rat dorsal hippocampus following transient 

forebrain ischemia. J Cereb Blood Flow Metab 1991; 

11: 966-973. 

  

35 

BiomedRev 8, 1997 



  

  

113. Gehrmann J, Bonnekoh P, Miyazawa T, Hossmann KA, 

Kreutzberg GW. Immunocytochemical study of an early 

microglial activation in ischemia. J Cereb Blood Flow 

Metab 1992; 12: 257-269. 

114. SiQ-S,NakamuraY,KataokaK.Hypothermicsupression 

of microglial activation in culture: inhibition of cell 

proliferation and production of nitric oxide and superox-

ide. J Neurosci 1997; In press. 

115. Choi DW. Ionic dependence of glutamate neurotoxicity. J 

Neurosci 1987; 7: 369-379. 

116. Rothman SM, Olney JW. Excitotoxicity and the NMDA 
receptor - still lethal after eight years. Trends Neurosci 

1995; 18: 57-58. 

117. Simon RP, Swan JH, Griffiths T, Meldrum B S. Blockade 

of N-methyl-D-aspartate receptors may protect against 

ischemic damage in the brain. Science 1984; 226: 850-

852.      

118. Gill R, Foster AC, Woodruff GN. Systemic administration 

of MK-801 protects against ischemia-induced hip-

pocampal neurodegeneration in the gerbil. J Neurosci 

1987; 7: 3343-3349. 

119 Buchan A, Li H, Pulsinelli WA. The N-methyl-D-aspartate 

antagonist, MK-801, fails to protect against neu-ronal 

damage caused by transient, severe forebrain ischemia in 

adult rats. J Neurosci 1991; 11: 1049-1056. , 

120.Zhang L, Mitani A, Yanase H, Kataoka K. Continuous 

monitoring and regulating of brain temperature in the 

conscious and freely moving ischemic gerbil: effect of 

MK-801 on delayed neuronal death in hippocampal CA1. J 

Neurosci Res 1997; 47: 440-448. 

  

Kataoka and Yanase 36 

BiomedRevS, 1997 


