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Abstract

Hypothermia to mitigate ischemic brain tissue damage has a history of about six decades. Both in clinical and experimental studies of
hypothermia, two principal arbitrary patterns of core temperature lowering have been defined: mild°@Raf8 moderate hypothermia
(30-33°C). The neuroprotective effectiveness of postischemic hypothermia is typically viewed with skepticism because of conflicting exper-
imental data. The questions to be resolved include the: (i) postischemic delay; (ii) depth; and (iii) duration of hypothermia. However, more
recent experimental data have revealed that a protected reduction in brain temperature can provide sustained behavioral and histological neuro
protection, especially when thermoregulatory responses are suppressed by sedation or anesthesia. Conversely, brief or very mild hypothermie
may only delay neuronal damage. Accordingly, protracted hypothermia of 3&-8¥y be beneficial following acute cerebral ischemia.

But the pathophysiological mechanism of this protection remains yet unclear. Although reduction of metabolism could explain protection by
deep hypothermia, it does not explain the robust protection connected with mild hypothermia. A thorough understanding of the experimental
data of postischemic hypothermia would lead to a more selective and effective clinical therapy. For this reason, we here summarize recent
experimental data on the application of hypothermia in cerebral ischemia, discuss problems to be solved in the experimental field, and try to
draw parallels to therapeutic potentials and limitations.

© 2003 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction cerebral protection during the past 20 years, representing
one of the most effective treatment options in reducing
Acute ischemic stroke represents a leading source offurther deterioration of brain tissue after acute ischemic
disability and death in major industrialized countries stroke[11,17,24,35,42,52-54,56,59,60,70,152,171,173,203,
[113,290] that are mostly characterized by large-vessel 205,219,231,258,259,269,279,280,331,354,358,361,,863]
thromboembolic occlusion and different pathophysiological hypothermia is induced soon after the onset of neurologi-
factors contributing to the subsequent cellular brain tissue cal symptoms and maintained for an adequately long time
damage. To improve neurological outcome, a variety of period[171]. Nevertheless, many questions regarding regu-
new pharmacological strategies have been developed, butated hypothermia remain unanswered, including the degree
their neuroprotective influence remains partly controver- of temperature reduction, the time point of application and
sial [113,271,290,300]On the other hand, thrombolytic the time period needed for successful neuroprotection. Both
agents have been shown to improve experimentally andin clinical and experimental studies of regulated hypother-
clinically the outcome by accelerating reperfusion of the mia, two principal patterns of core temperature lowering
adjacent vascular territory, although there is an elevated riskhave been defined: mild (32—-36) and moderate hypother-
of additional cerebral hemorrhad&13,187,208,290]By mia (30-33C) [112]. It is well accepted that hypothermia
identifying different other treatment strategies to minimize is remarkably neuroprotective when applied during or af-
such unfavorable side-effecf270], increasing interest has ter global or focal ischemia. Protracted hypothermia of a
been focused on regulated hypothermia as a method offew °C can provide sustained behavioral and histological
neuroprotectior{10,26,33,35] whereas brief or very mild
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are influenced by hypothermid17]. However, the exact following transient global and focal ischemic events
pathophysiological mechanism of cerebral protection by [7,10,16,31,35,71,98,100,107,137,308,345,347,358{ich
regulated hypothermia, that means stepwise reduction ofexperimental findings confirmed substantial evidence that, at
core temperature, remains still a matter of debate.On theleast in animal models, intraischemic hypothermia may pro-
basis of the increasing interest in clinical application of reg- tect, for a considerably long time, brain tissue that would oth-
ulated hypothermia as an additional therapeutic option in erwise undergo delayed cellular death after ischemic event
the treatment of acute ischemic strdi2y2,294] it seems [347]. Fewer experimental studies deal with the pathophysi-
time to summarize the experimental data of hypothermia ological alterations of postischemic hypothermia after stroke
up to present, to discuss problems to be solved in the ex-[7,33,42,50-53,57,58,79,152,171,195-198,201,217,229,277,
perimental field and try to draw parallels to therapeutic 278,344,352,356]seeTables 1 and 2 This may be be-
potentials and limitations. cause postischemic hypothermia has only recently been
shown to provide lasting benef$9,178,285] Suggesting
that other pathophysiological mechanisms are involved in
2. Pathomechanism and their putative modulation the protective effects of postischemic hypothermia than
by hypothermia those implicated in intraischemic hypothermic neuroprotec-
tion, data of experimental intraischemic hypothermia may
Several pathophysiological steps may be involved in the not obviously generalize the situations of postischemic hy-
neuroprotective effect of hypothermid33]. These may in- pothermia, particularly, when it is initiated several hours
clude: (i) an increase in denaturation and misaggregation ofafter ischemia, but might broaden the therapeutic window
proteins; (i) a slowing of progression through the cell cy- for additional therapeutic intervention.
cle, with phase G1 typically being the most sensitive; (iii)
an inhibition of transcription and translation, leading to a 2.1. Cerebral blood flow
generalized reduction in protein synthesis; (iv) a disruption
of cellular cytoskeletal elements; and (v) changes in mem-  Incongruent experimental data exist on the consequences
brane permeability leading to increased cytosolicTNand of hypothermia on cerebral blood flow (CBF). Systemic
H* levels. Hypothermia can also produce alterations in the hypothermia of 25-28C is followed by decreased CBF
properties of the lipid bilayer, such as phase transitions or as measured b¥*C-butanol[264], whereas selective brain
changes in the fatty acid composition of the membrane, re- cooling (31°C) with normal core temperature is followed by
flecting a cellular physiological response to cold stress. increased cortical blood flow as measured by laser-Doppler
The cerebral protection has commonly been attributed to flowmetry [174]. Thus, the hypothermia-induced hemody-
the decreased cerebral metabolic requirements according tmamic changes may depend on the different experimental
the Q10-principle representing the factor by which the rate methods of brain tissue cooling (systemic versus local) as
of a biochemical reaction is increased for a°@rise in well as the depth of hypotherm{&@2,120] External brain
temperaturg¢l07]. The Q10 is close to a value of 2 for enzy- cooling produces a centripetal temperature gradient result-
matically catalyzed reactions but greater for non-enzymatic ing in temperature differences between superficial and deep
reactions. Michenfelder and Mild@10] have shown that  cerebral structure®7]. Therefore, the pial vessels could be
the Q10 of the brain increased from about 3 between 37 andexposed to much lower temperatures than the vessels inside
27°C to 4.8 between 27 and 18. This means that a°C the brain tissue. Profound levels of hypothermia abolish
reduction in core temperature will lead to a 9.6% metabolic cerebral autoregulation by producing cerebral vasoparalysis
reduction, such as in the rate of cellular respiration, oxy- [104,126,266] Thus, an increased cortical blood flow in
gen demand or carbon dioxide production. The altered O response to conductive (external) head cooling could be
demand during hypothermia is especially critical in highly caused by centripetal temperature gradients and would be
aerobic organs such as the brain tissue. Based on these valimited to the outer layers of the cerebral cortex.
ues, if the brain could survive an ischemic event for 5min  In newborn piglets, it could be demonstrated that CBF,
at 37°C, hypothermia to 27 and T would afford 15 and as measured by colored microspheres, decreased more than
72min neuroprotection, respectively, based solely on de- CMRO, if brain temperature was below 36 during sys-
creased CMR@ While survival times at brain temperatures temic hypothermig232]. The CBF decreased to 72% of the
below 20°C may be predicted on the basis of increasing initial value at 35C and to 41% at 32C, while CMRQ
Q10 and diminishing CMR& some additional physiologi- and CMRyc decreased to 66 and 64% at°&5 and to 53
cal mechanisms are required to explain intact survival after and 46% of the initial value, at 3Z, respectively. These
prolonged submersion, in which reported core temperatureexperimental data indicate that CBF decreased in parallel
are often above 3TC. with CMRO, and CMRyc down to 35°C, but decreased
In recent years, a large amount of experimental data more than CMRQ at brain temperature below 3&. Sev-
have demonstrated that hypothermia introduced and main-eral other studies have established the link between cerebral
tained during the ischemic event (intraischemic hypother- metabolic rate and CBF. In sheep fetuses, decreased core
mia) diminishes neuronal damage and improves outcometemperature by 2C did not influence CBIF163]. However,
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Table 1
Effect of delayed (>30min) postischemic hypothermia on ischemic CA1 neuronal damage in selected reports of rodent global ischefia models
Authors Model (min) Hypothermia Survival Outcome
time
Delay (h) Duration (h) TemperaturéQ) (days)
Busto and Ginsber{30] Rat (10) 0-5 3 30 3 No protection
Carroll and BeeK38] Gerbil (5) 1.3 6 30 4 Delay 1h: grade 2; delay 3h: no
protection
Coimbra and Wiesloclf50]  Rat (10) 2 5 33 7 Grade 7
Coimbra and Wieslocif51] Rat (10) 2-36 5 33 7 Delay6 h: grade 3; delay >12h:
no protection
Colbourne and Corbef68]  Gerbil (3 or 5) 1 12, 24 32 10, 30 3min: grade 4; 5min, duration 12 h,

7 days: grade 2; 5min, duration
12h, 30 days: grade 1; 5min,
duration 24 h, 30 days: grade 4

Shuaib et al[278] Gerbil 05,1 3 34-35 7 No protection
(repetitive 2x 3)
Shuaib et al[279] Gerbil (5) 0.5 3 34 7, 29 7 Days: grade 3; 29 days: no
protection
Colbourne and Corbefb67]  Gerbil (5) 1,4 24 32, 34 30, 180 Delay 1 h, 32, 180 days: grade 3;

delay 4h, 32C, 180 days: grade 1;
delay 1h, 34C, 30 days: grade 3

Nurse and Corbet227] Gerbil (3) 1 27 35.5-36.5 4, 10 Delay 4 days: grade 3; 10 days:
grade 2
Coimbra et al[52] Rat (10) 2 7 33 7, 60 Grade 2

a All studies are used by bilateral carotid artery occlusion models. When hypothermia reduced CA1 neuronal injury, the degree of neuroprotective
effects are represented by four grades (grade 1: count of normal ne@@¥; grade 2: 25%< count of normal neuron< 50%; grade 3: 50%< count
of normal neuron< 75%; grade 4: 75%< count of normal neuron).

Busija and Leffler reported a CBF and CMR@ecrease  dogs, every 2C the body temperature decreased, CBF and
of 40-50% at a temperature level of 34<8comparedto = CMRO, decreased by 6.7% between 35 and@m:s mea-
39°C in normal newborn piglets (1-4 days after birth) mea- sured by autoradiograpg65]. Young and McCormick also

sured by 15-micro S radioactive microsphel2g]. In adult reported that with each decrease 6€Clduring hypothermia

Table 2

Effect of delayed (>30min) postischemic hypothermia on cerebral infarction volume in selected reports of rodent focal ischenfta models

Authors Model (min) Hypothermia Survival Outcome

Delay (h)  Duration (h)  TemperaturéQ) ?égis)

Baker et al.[11] Permanent 0.5 2-3 24 1 Control: 99 findelay 30 min: 44 mmiy
delay 1 h: 35 mr#; delay >2 h: no protection

Moyer et al.[217] Permanent 0.66 1 32 1 No protection

Kader et al.[149] Permanent 1 1 30-36.5 1 Control: 17%; hypothermia: 8%

Xue et al.[345] 3h transient 15 15,3 32 1 Control: 211 fnduration 1.5 h:
108 mn¥; duration 3h: 56 mrh

Zhang et al[360] 2 h transient 3 3 30 7 Control: 21%; hypothermia: 11%.

Karibe et al.[154] 2h transient 0.5-1 1-15 32-33 1 Control: 160%idelay 30 min: 68 mri
delay 1h: no protection

Markarian et al[201]  3h transient 0.5-0.75 3 32-33 3 Control: 211 fnmelay 30 min: 179 mi
delay 45 min: no protection

Yanamoto et al[352]  3h transient 3-21 3-3.5 32-36 1 Control: 197 ¥nmbelay 3 h, duration 1 h:
no protection; delay 3h, duration 21 h:
154 mn?; delay 3.5h, duration 21 h: no
protection

Maier et al.[197] 2 h transient 0.5-2 1-2 33 3 Control: 53%; delay 30 min: no protection;
delay 1 h: 84%; delay 2h: 59%

Colbourne et al[53] 1.5h transient 2.5 24 33-35 35-42 Control: 67.5htmpothermia: 35.8 mfh

Maier et al.[195] 2 h transient 1.5-3 2 33 3 Control: 55%; delay 1.5h: 61%; delay 2 h:
no protection; delay 3 h: no protection

Kollmar et al.[169] 2 h transient 3h 5 33 5 Control: 215 Mrhypothermia: 159 mrh

a All studies are used by middle cerebral artery occlusion model. Results are represented by infarct voli#ner(pencentage of infarct volume
to those in ischemic ipsilateral hemisphere.



10 B. Schaller, R. Graf/Pathophysiology 10 (2003) 7-35

of adult humans, CBF and CMRQlecreased by about 5% vasogenic edema and is decreased in mild hypothermia
as measured by laser-Doppler flowmeis$7]. [67].

Another question may be to which degree CBF is
metabolically regulated during cerebral hypothermia. Hy- 2.3. Energy metabolism
pothermia changes flow—metabolism coupling in the brain
tissue that results in a mismatch of flow and metabolism A metabolic reduction has been suggested to be the main
favoring brain perfusion during moderate and deep cerebral pathophysiological mechanism of hypothermia-induced
hypothermig29]. Based on these data, it cannot be decided, neuroprotection[283,337] Cerebral metabolism can be
if CBF increase relative to metabolism represents a cerebraldivided generally into two compartmeni{g12]: (i) cel-
luxury perfusion or if it is a change in coupling of flow and lular integrity and structure as maintained by the basal
metabolism. Regardless of this change in flow—metabolism compartment and suppressed by hypothermia; an@«lf)
coupling, metabolic regulation remains a main determinant lular function, as neuronal firing, related to the functional
of CBF even during deep cerebral hypothermia.The CBF compartment, and suppressed by anesthetic agents, such
increase may be caused by factors other than metabolicas barbiturates. Both metabolic states are considered to be
regulation: moderate and deep hypothermia may exert amore or less independent of each ot[f830].
direct effect on cerebral resistance vessels, independent Protein synthesis and ion-balancing ATPase are the dom-
of metabolic autoregulatiorj116,244,323] In addition, inant energy-consuming processes of standard metabolic
moderate hypothermia dilates cerebral arterioles in vitro rate in mammalg§262]. Thus, decreased ATP demand, as
[228], suggesting that this effect may in vivo counteract the a consequence of decreased pump activity and lowered
metabolically mediated vasoconstriction during moderate membrane permeability, provides evidence as a strategy to
and deep cerebral hypothermia. From this pathophysiologi- down-regulate energy turnover in metabolically depressed
cal aspect, it seems that the cerebrovascular response variestates[74,240} a decline in CMRQ rate can be demon-
depending on the depth of hypothermia, the method of cool- strated during regulated hypothernfi®3]. During cardiac
ing, the model of ischemia, and the animal species. Thesearrest—Ilasting 10 min—in dogs with hippocampal temper-
differences may represent the key factor in determining the ature of 30°C, there cannot be demonstrated any difference

local hemodynamic consequences of hypothelmizd. of cerebral lactate as compared to normotheri@ia9].
Varying temperature of 27-3% induced before initiat-
2.2. Membrane stability ing global ischemia in cats and maintained during the first

1.5-2.0h of recirculation reduced intracellular acidosis as

Disruption of blood—brain barrier (BBB) and brain edema assessed by magnetic resonance spectrosgbfly De-
formation are induced by ischemic processes and havecreased intracellular glucose concentrations together with
been implicated in the progression of ischemic brain tissue increased tissue lactate were seen up t6G4ut at 3rC
damag€[134]. In forebrain global ischemia, normothermic there was significantly less perturbation in both glucose and
(36°C) but not hypothermic (33C) rats display early postis-  lactate, indicating a preservative effect of hypothermia on
chemic BBB disruption to protein tracers after an ischemic cerebral metabolic rate during ischenfit5].
event73]. If intraischemic temperature is maintained at mild Decreased LCMR follows varying hypothermic tem-
hyperthermic levels (32C), protein extravagation is much peratures (20 min) at levels of 36 or 30, 2h after re-

more pronounced compared to hormothermic isch¢@@h circulation following bilateral carotid occlusion in rats,
Other studies have demonstrated that hypothermia reducebut LCMRgc was significantly higher in all cortical and
the permission of radiolabeled tracers across the BEB, subcortical structures of rats with intraischemic hypother-

suggesting that decreased formation of brain edema—asmia as compared to hormothernjie01]. In another study,
induced by hypothermia—is largely mediated by the pro- non-ischemic rats under normo- and hypothermic conditions
tection of BBB integrity. Hypothermia dramatically reduces showed decreased LCMR at levels of 35-50% below
brain edema formation in the basal ganglia at 24 h after normothermic levels, with considerable regional hetero-
induced ischemi§160]. From the pathophysiological point geneity[203]. The higher tissue concentration of glucose in
of view, decreased brain edema formation by hypothermia normoxic brain at 32C, in combination with lower tissue

is very likely, when the hypothermic reduction of gluta- lactate, support previous data of adult animals that hypother-
mate surgg214], of C&+ mobilization[215] and of ATP mia may reduce glucose consumption by inhibiting the
expenditurd346] helping to maintain brain tissue integrity enzyme phosphofructokinag&15,192,194] Hypothermia
and therefore reduce brain edema formati2@9]. In ad- alone reveals no adverse effect on high-energy phosphate
dition, hypothermia protects the BBR46,285]and exerts reserves of the immature rat brain tisgib1], but elevated

a neuroprotective effect by reducing the passage of poten-phosphocreatine levels in both the 34 and@XQroups have
tially harmful endogenous substances across the endothebeen demonstrated in hypothermic adult f482,194] As

lial barrier. For example, leukotriene B4, an arachidonic homeostasis of phosphocreatine is related to the activity of
metabolite, produced by ischemic degradation of membranecreatine kinase and to intracellular pH, it is likely that the
lipids, is followed to the development of ischemia-induced rise in phosphocreatine may be related to an intracellular
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alkaline shift during hypothermif281]. Further substanti-  through the glycolytic and tricarboxylic acid pathways
ation for this hypothesis has been provided by an increase[151]. In the oxidative branch of the PPP, th¢C-labeled
in intracellular pH of 0.011 unitsC at hypothermic tem-  first carbon of glucose is lost d§CO, during formation
peratures of 29C [147], combined with an increase in the and steady-state enrichment of RuBl®»1]. Both glycol-
cerebral phosphocreatine/inorganic phosphate ratio. Theseysis and the PPP produce lactate, as it can be measured
findings, taken together with the preservation of glycolytic by nuclear MR imaging: glycolysis produces one molecule
and tricarboxylic acid cycle, support evidence that hypother- of 13C-lactate, whereas the PPP produces only unlabeled
mia alone may substantially lower CMR(Q115,281] lactate[151]. Thus, the ratio of labeled lactate produced
Disturbances in cerebral tissue ATP during acute ischemiato labeled glucose administered is less than the expected
can lead to brain tissue damage. In vitro and in vivo mod- 1:1. As the activity of the PPP increases, this ratio lowers
els of cerebral ischemia have demonstrated that ATP deple-[151]. Up-regulation of PPP during hypothermia may play
tion to 25-30% of normal values results in glial cell death a vital role in maintaining cellular integrity and function.
[110,335,347]Preservation of ATP during intraischemic hy- The PPP appears to possess a large reserve capacity, and
pothermia of 34-36C has been documented in adult rats it has been suggested that it may have a specific role in
[22] and in 7-day-old rat pups exposed to a similar ischemic brain metabolism, perhaps being intermittently turned on at
event at 29 and 2IC [356]. Both of these studies used a a high level of activity to provide large amounts of prod-
focal ischemia model, during which substrate continues to uct as required13]. Experimental stimulation of the PPP
be supplied to the brain tissue, albeit at a reduced rate. Inby diethyl maleate or buthionine sulfoximine, which act
contrast, studies in which complete/near complete ischemiathrough glutathione depletion, increases the survival time
models were used have failed to show an effect of hypother- of animals suffering from ischemi@19].
mia on preservation of brain ATR5,47,329] Despite the
profound effects of hypothermia on lowering the cerebral 2.3.1. Brain oxygenation and tissue acid base status
rate of oxygen consumption, a complete lack of substrate There is experimental evidence that hypothermia is ac-
will inevitably result in the failed maintenance of energy companied by a reduction in CMRQeading to relatively
stores. This is exemplified by experiments in which cerebral improved oxygen supply or to a reduced susceptibility to cel-
energy utilization was measured using the Lowry decapi- lular damagg¢209]. Mild hypothermia results in a significant
tation technique, demonstrating that hypothermia of G0  (30-40%) depression of tricarboxylic acid (TCA) cycle ac-
reduced the rate of ATP utilization from 0.4 mmol/(kg min) tivity and thus cellular metabolism in rgtk51]. This depres-
in normothermic animals to 0.23 mmol/(kg min) in the hy- sion is consistent with that seen using indirect measures of
pothermic group$212]. However, at the end of short peri- metabolism in the non-shivering rat, the CMR@ecreases
ods of complete cerebral ischemia, ATP stores are not pre-linearly from 37 to 22C, falling by approximately 5%C,
served by hypothermid5,47,299,329]even though the rate  which is mirrored by a smaller decrease in CBE5]. De-

of depletion is delayed in some studig&’,329] demon- scribed by its discoverer as the main energy-yielding process
strating that hypothermia exerted a protective effect despitein all of the naturg173], the ubiquitous nature of the TCA
increased depletion of ATP pool. cycle would make the control of its activity an ideal mech-

By use of magnetic resonance (MR) spectroscopy, mod- anism of hypothermic neuroprotection. These data provide
erate hypothermia shunts glucose metabolization from further insight into the mechanism by which experimentally
Embden—Meyerhof glycolytic pathway into the potentially induced hypothermia exerts its neuroprotective effect dur-
neuroprotective pentose phosphate pathway (HE®)], ing ischemia indicating a dissociation between the degree of
playing an important role in maintaining cellular integrity hypothermia and the extent of energy preservation, despite
and function during ischemia to maintain membrane poten- relatively profound sparing of tissue damage at both 31 and
tial, and diminish oxidative damage. In normothermic rats, 34°C [320]. This disparity in energy preservation between
PPP constitutes 2.3% of the whole metabolism of brain both animal subgroups suggests that the degree of hypother-
glucose[94]. Composed of two reaction sequences, one mia has important implications regarding not only the mode
forming CQ, p-ribulose-5-phosphate (Ru5P), and the re- of action, but also the degree of benefit provided by this
duced form of nicotinamide adenine dinucleotide phosphate form of therapy. However, previous studies have shown that
(NADPH) and the other regenerating hexose phosphatein the normal brain tissue, CMRCQdecreases linearly by
from Ru5P, it has been suggested that the separate contro5—8% for each $C drop in brain temperatuf@07].
of these two pathways would allow for the fine regulation of ~ Hypothermia leads to a left shift of the hemoglobin-O
NADPH compared with Ru5P formatida8]. Ru5P is pre- dissociation curve and to a restricted oxygen delivery
requisite of nucleic acid synthesis whereas NADPH servesto tissues[6]. The solubility of oxygen in the blood in-

a number of cell-protective functiorf$51]. In addition to a creases during hypothermia. Under normal conditions the
depression of cellular metabolism, mild hypothermia results dissolved oxygen in blood plays a minor role in cerebral
in an apparent decreased steady-state fractional enrichmenbxygen metabolism, as only 2.3% of the dissolved oxygen
of 13C label [151], implying that a significant amount of is integrated in the normal CMRO During hypothermic
glucose has been metabolized through the PPP rather tharardiopulmonary bypass surgery, CMR®btained from
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dissolved oxygen increased far more, proportional to arterial ing the Mg+ block, through which C& can penetrate
blood [68]. Other studies have shown that there is a de- inwardly with monovalent ions. Ca permeability of
crease in brain tissue oxygenation from the brain surface to AMPA-type receptors is intrinsically small compared with
deeper tissue because of a decreasing number of capillarieshat of NMDA-type receptors. However, it increases after
in deeper zoned 6]. However, it can be speculated that this this permeability changes in ischemic conditions in vivo
shift of the @ dissociation curve on Hbfbinding affinity and in vitro, because a new subtype lacking Glu R2 ap-
may be either beneficial or detrimental to the ischemic brain pears which permeates much®ahan Glu R2 containing
tissue. Because hypothermia increases the affinity of Hb for receptor subtype. The €& mobilization is lethal when it
O, release of @ into tissue could be reduced. In contrast, is sustainedly kept higf812], exceedingly a certain levels
when Hb affinity for Q is increased, a lower tissyO, [5], because G4 can induce uncontrolled &a damages

is required to release LOrom Hb preserving @ delivery mitochondrial respiration or uncontrolled €adependent
until it is released in more hypoxic tissue. Alternatively, cascade reactions.

the effect of hypothermia on HigObinding sites may be

negligible in the context of other major pathophysiological 2.4.2. Intracellular signaling

events initiated by an ischemic event and/or the neuropro- The hypothermia-induced effects on ion-exchanges
tective effect of hypothermia is of such magnitude that the and co-transporters involved in cell regulation are yet
effect of altered @ release is negligible in comparison. poorly understood. Cerebral ischemic events inhibit,
However, changes of HbObindings sites caused by mild by translocation, both the protein kinase C (PKC) and
hypothermia do not alter brain infarct size after experimen- Cat/calmodulin-dependent protein kinase Il (CaM kinase
tal focal ischemia so that other mechanisms must accountll) systems[37,40,93] an effect that can be attenuated by
for the benefits observed from hypothermic neuroprotection intraischemic hypothermig81]. Recent experiments using

[324]. gene knockout mice to reduce CaM kinase Il activity have
shown a doubling of focal ischemic damage compared to

2.4. Calcium and intracellular signaling their wild littermateqd322]. Hippocampal slices taken from
CaM kinase Il knockout mice yield more robust posttetanic

2.4.1. Calcium signaling potentiation, a finding that suggests regulation of glutamate

It has been demonstrated in experiments employirfg Ca release by CaM kinase [40]. These experimental data
microfluorometry imaging on slices from gerbil hippocampi suggest that PKC modulate synaptic functions during is-
preloaded with a C& dye, rhod-2, that [C& ]in; mobiliza- chemia. Upon redistribution of the postsynaptic densities
tion is induced within 2—-3 min after induction of ischemia; after ischemia, CaM kinase and PKC phosphorylate can
pronounced in CA1l region and more significantly in the modulate glutamate receptof828]. Additionally, C&+
stratum radiatum or the stratum oriens than in the stratuminflux through the NMDA-type ion channel can activate
pyramidale, leaving CA3 region little affectg@15]. In- CaM kinase I, thereby regulating AMPA-type glutamate
creased [C& ]int by ischemic events is related partly to the receptor ion channels through their phosphorylafR28].
extracellular space through glutamate receptor channels, In support of the deleterious role of PKC in ischemic
more highly attributable to NMDA-type than others like brain tissue damage, it is reported that non-selective PKC
AMPA-type or kainate-type, or through voltage dependent inhibitor prevents neuronal damad&93] and a selec-
C&* channelq284]. The C&" originates from intracellu-  tive inhibitor prevents cerebellar granule cells apoptosis
lar C&* stores on the other hand, mediated by ryanodine after depolarization[356]. Moreover, glutamate-induced
type receptors or that of inositol triphosphate (IP3) type. apoptotic-like cell death is largely prevented by inhibition
As IP3 has been implicated in glutamate metabotropic of NMDA-receptor, PKC, CaM kinase II, and MAP kinase,
receptor-mediated events and fCh. homeostasis, rats respectively[146]. Furthermore, NMDA receptor inacti-
have been subjected to 20 min of two-vessel occlusion plusvation provides long-term protection to cultured cortical
hypotension at intraischemic brain temperatures of either 30 neurons from a variety of cell death sign{d®]. These ob-
or 37°C, demonstrating significant decreases of IP3 during servations support the hypothesis that hypothermia prevents
normothermic ischemia in hippocampus (74%), striatum reperfusion-induced neuronal damage and delayed neuronal
(81%), and cortex (66%); thalamic levels remained un- cell death through inhibition of glutamate receptor-mediated
changed[30]. Following intraischemic hypothermia, only activation of CaM kinase and PKC.
the striatum showed a significant, but smaller decrease in  Ubiquitin is a small proteasome binding covalently to
IP3 levels[30]. These results demonstrate that decreasedabnormal proteins induced by ischemic brain tissue damage
IP3 level in vulnerable ischemic brain regions can be at and facilitating intracellular protein degradation. Following
least partially inhibited by intraischemic hypothernfiz2]. global ischemia, ubiquitin disappears in the hippocampus

The NMDA-type receptor channel is one whose func- and does not subsequently recover. This ischemia-induced
tion is profoundly affected by ischemic conditions, because loss of ubiquitin may lead to an accumulation of abnormal
glutamate binding to the receptors followed by membrane proteins which affect cell structure and function. In gerbils
depolarization induces opening of the channels by remov- subjected to 5min of ischemia, intraischemic hypothermia
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was associated with a significant restitution of ubiquitin activation of glutamate receptors. If hippocampal slices are

compared to normothermic animg&49]. subjected to microfluorometric measurement, mobilization
of C&* in response to the addition of NMDA is selectively
2.5. Excitotoxicity visualized in the stratum radiatum and stratum orients of

the ischemia-vulnerable CAl sec{@4]. In this model, the

Few reports are available regarding the pathophysiologi- C&* response to the NMDA addition was found to signif-
cal mechanisms for attenuation of ischemia-induced effluxesicantly increase in gerbils that had been subjected to 5min
of neurotransmitters by brain hypothermia. Activation of transientischemic events 1-9 h before sacrifice, with a peak
synaptic enzymes such as PKC or CaM kinase |l facili- around 6-9H34]. It has been found that virtually no such
tates the release of transmitt¢280], and PKC is involved sustained enhancement of&amobilization could be de-
in ischemia-induced transmitter relea@80]. Therefore, tected in slices from gerbils that were subjected to transient
maintenance of presynaptic enzymes may lead to attenu-ischemia at 33C [351]. These findings apparently docu-
ated release of excitatory neurotransmitters (i.e. glutamate,ment sustained activation of NMDA-type glutamate recep-
aspartate)109]. In the early postischemic period, an imbal- tors as confirmed by a patch clamp study on CA1 neurons
ance between excitatory and inhibitory neurotransmission in hippocampal slices of the gerdi64,215] In a differ-
is apparen{101], and is attenuated by early postischemic ent experimental paradigm, a delayed activation of both the
hypothermig[100]. NMDA-glutamate receptorf227] and the non-NMDA re-

Excessive release of glutamate during ischemia repre-ceptors[311] induced by an ischemic event has been re-
sents an important factor in the pathogenesis of ischemicported.
neuronal damagg20,196] As it is generally accepted
that biosynthesis and uptake of neurotransmitters are2.6. Concept of acid—base management
temperature-dependent, the degree of glutamate surge is
largely depressefB4] and the onset of Ga mobilization During hypothermia, management by acid—base strategy
is significantly delayed when ischemic events were car- is related to the fact that the pH of electrochemical neutrality
ried under hypothermig217]. Following focal cerebral is-  varies physiologically in a temperature-dependent fashion
chemia, glutamate levels typically peak within 60 min after [128,169,256,302,303,329The increased pH by hypother-
experimental induction of ischemia and return to baseline mia leads to a more alkalotic status relative to normother-
[111,137] or decrease substantialjl0] by 90-120 min. mic values with a rate of approximately 0.011 pH ufiGs/
Hypothermia increases (extracellular) glutamate levels by a[149]. By preserving intracellular pH, poikilothermic an-
delay of up to 20 mirj111,137] A few studies have shown imals maintain the histidin-imidazole ionization status at
that mild hypothermia is still effective even when applied a constant level (referring to the alpha-imidazole ring of
after glutamate peaks (hypothermia delayed by 60—120 min)the histidin moiety of hemoglobin), that represent primary
[11,200,229,346]Therefore, there is experimental evidence determinant of the charge state and pH-dependent functions
that mild hypothermia also exerts its protective effects by of different proteins. Thus, with so called alpha-sfEEQ»:
altering processes down-stream of excitatory amino acid 40 mmHg; pH: 7.40; without corrections of temperature)
release. Hypothermia between 30 and@Xompletely in- acid—base management, changing temperature does not alter
hibits glutamate releag84]. The 30°C produced a greater histidin ionization, or hinder protein charges, structure, and
degree of protection than 38 [35], even though both  function[223]. When hypothermic, poikilothermic animals
levels resulted in similar degrees of reduction in excito- demonstrate constant ionization level of histidin-imidazole
toxic transmitter effluf34]. Therefore, hypothermia effects by establishing a respiratory alkalosis relative to normoth-
on ischemic transmitter release per se cannot completelyermic (37°C) blood gas values. Respiratory alkalosis is

explain its neuroprotective effects. physiologically appropriate during hypothermia and pre-
Altered uptake carrier activity of neurons and glia—as serve normal physiological conditions.
driven by the transmembrane gradients forNa+ [34]—is These physiological facts indicate that £@anage-

suggested to be the major factor for effluxes of amino acids ment during regulated hypothermia profoundly affects
during brain ischemia. Because hypothermia attenuates is-CBF autoregulation. Experimental studies revealed that
chemic depolarizatiof34], preservation of ionic gradients normothermic rats autoregulated normd95,325] CBF

by hypothermia may attenuate the reversed uptake mechavalues were relatively stable until MABP decreased to
nism. However, in gerbril models, excitotoxicity is consid- values of 55-64 mmHd325]. Contrary, Kollmar et al.
ered to be completely finished with 1 or 2 h after ischemia; [169] could demonstrate an increased CBF—as measured
while postischemic hypothermia introduced some hours af- by 14C-antipyrine—by pH-stat management during the
ter the event still resuscitates hippocampal neur@4§. early reperfusion period. These discrepant CBF values
These data indicate that temperature-dependent cellular promay be results of different CBF measurement techniques
cesses are still going on after the “conclusion” of excitotox- (laser-Doppler flowmeter versus audiography) or study de-
icity and demonstrate potential postexcitotoxic connections. signs. The variation between normo- and hypothermia has
One such connection may be the postischemic, sustainedeen also demonstrated as an index of CVR, i.e. MABP/CBF
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versus MABP [325]. In the normothermic group, CVR  2.7.1. Immunomodulation
decreased steadily untii MABP reached 45-54mmHg Although inflammatory response in development of is-
[125,246] Since CVR increased during further hypoten- chemic infarction has attracted the attention over the last
sion, it is reasonable to conclude that pH-stable conditions years, little work has been done to assess the effects of
were associated with a failure of normal compensatory va- hypothermia on leukocyte accumulation in ischemically
sodilatation. CBF values during hypothermia and constant damaged brain tissue. Recently, the effects of intraischemic
ionization level of histidin-imidazole do not show a distinct moderate hypothermia (3€) on neutrophil infiltration
plateau phase. Nevertheless, when CBF is expressed as pefollowing transient (3 h) MCA occlusion demonstrated that,
centage of the baseline value obtained at 110 mmHg, theat 24 h after induction of ischemia, hypothermic animals
CVR curve demonstrates a distinct convexity. Examination exhibited significantly less myeloperoxidase activity in the
of the CVR versus MABP curve also demonstrates that, aspericore region compared with nhormothermic controls, al-
in normothermic animals, CVR decreased during hypoten- though no differences were observed in the c{8&0].
sion [325], indicating cerebral vasodilatory response with Maier et al.[198] found that 1 h hypothermia is sufficient
constant ionization level of histidin-imidazole and suggest- to reduce neutrophil accumulation by 75% and 2 h of hy-
ing that autoregulation is at least partially preserved. In pothermia decreases it by 72% observing a decrease in
addition, Duebener et a[78] could recently demonstrate  neutrophil accumulation within the ischemic core. Thirty
that cerebral tissue oxygenation was significantly higher minutes of hypothermia reduced polymorphonuclear leuko-
in the pH-stat group at the end of cooling and during cyte infiltration by 39%, although this was not statistically
early reperfusion after deep hypothermia. One may suggestsignificant. When normalized for infarct size, only 2h of
that CQ is counteracting the leftward shift of the Hb>O  mild hypothermia significantly reduced accumulation of
dissociation curve during hypothermia. Using the pH-stat polymorphonuclear leukocytes.
technique for acid base management in piglets, the return of Blood-borne monocytes and macrophages infiltrate in-
cerebral ATP and phosphocreatine after reperfusion is morefarcted brain tissue after the initial invasion of neutrophils,
rapid [6]. Near infrared spectroscopy studies have shown persisting for a long time (>60 days) after maturation of the
an improved redox state of cytochrorae® with pH-stat ischemic infarc{69,147] At 7 days after the initial event,
relative to alpha-stdB49]. monocytes and foamy macrophages are present within is-
The most convincing explanation of the different CBF chemic regions under normothermic conditi¢h87]. After
autoregulation under hypothermia compared to normother- arriving in the ischemic area, these cells can contribute to the
mia lies in the fact that pH-stable management results in anexacerbation of reperfusion damage by producing cytotoxic
unphysiological hypercapnia. It has long been known that factors, such as glutamate, TNE-NO, and free radicals
hypercapnia impairs or abolishes autoregulation presumably[147,167] Qualitative observations from the study of Maier
because C@induced vasodilatation limits the vessels’ ca- et al. indicate that levels of monocytes and macrophages
pacity to dilate furthe118,122,256] Since hypothermic  are reduced in regions of tissue injury under conditions of
animals with pH-stable C&managment are relatively hy-  hypothermia[198]. Thus, hypothermia may attenuate the
percarbic compared with alpha-stable hypothermic animals, inflammatory response that accompanies ischemia-induced
itis possible that vasodilatation was maximal under baseline cellular damage[121,161] On the other hand, because

conditions. hypothermia was only maintained intraischemically, it is
possible that the reduction in inflammatory cell infiltration
2.7. Inflammation/free radicals is merely an epiphenomenon. It could, for example, be sim-

ply the result of decreased capillary permeability or reduced

Both clinical and animal studies have demonstrated that BBB breakdown, both of which have been demonstrated
mild hypothermia is associated with increased risk of sub- to occur during hypothermi§74,75,80,148,151]Such a
sequent infectious complicatiorfi$44,245,318] indicating hypothesis does not adequately account for the increased
impairment of the immune response. Immunosuppressionincidence of systemic infections correlated with hypother-
(reduced numbers of thymocytes, decreased T-cell blasto-mia. Thus, it can be speculated that in addition to local
genesis, and reduced natural killer cell activity) was demon- impairment of host defenses, hypothermia may induce a
strated in mice subjected to cold water str¢$8]. Mild systemic immunosuppression altering endogenous T-cell
perioperative hypothermia suppresses mitogen-induced ac-cytokine production that favors a Th-2 profile.
tivation of lymphocytes and reduces the production of
IL-18 and IL-2[19]. In animal experiments, hypothermia 2.7.2. Cytokines
leads to a decrease in neutrophil phagocytosis and mobility =~ Short-term mild hypothermia causes only minor changes
as well as reduced production of reactive oxygen interme- in cytokine gene expression, with the exception of the
diates[2]. Surprisingly, plasma levels of cytokines such gene. Its expression is markedly decreased in hypother-
as IL-6 and IL-8 represent data that may be explained by mic phytohemagglutinin (PHA)-stimulated mononuclear
indirect influence of hypothermia on immunocompetent cells, indicating an immediate response of T-lymphocytes
cells. to decrease temperatufg9]. Impaired IL-2 secretion in
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long-term hypothermic mononuclear cell cultures confirms

the findings at the gene expression level and underlines the

importance of IL-2 in hypothermia-induced alterations in the
immune responsfL9]. A direct effect of mild hypothermia
on T-lymphocytes is also indicated by inhibition of IL-6,
IL-10 and TNFe secretion in PHA-stimulated mononu-
clear cell cultures at 34 and 32 [179], as PHA stimulates
primarily mature T-cells. However, in hypothermic periph-
eral blood mononuclear cell (PBMC) cultures stimulated by

15

2.7.3. Free radicals

In vitro studies have shown that brain macrophages are
able to release glutamaf204] and other neurotoxins, in-
cluding reactive oxygen specig62,92] Therefore, the
above-mentioned inflammatory process that follows neu-
ronal damagg99] may represent a source of neurotoxic
substances, such as superoxide or NO, which could in-
duce a rise in temperature quite late after the ischemic
episode[150,287] LPS induces the inducible NO syn-

LPS, a potent monocyte activator, demonstrates no changeshetase (iNOS) enzyme in microglial cell, which produce

in IL-6, IL-10 and TNF« release compared with normoth-
ermia [179]. Hence, monocyte secretory activity seems
not to be impaired by regulated hypothernjier9]. The
release of TNFx, predominantly secreted by monocytes,
is even increased in hypothermic non-stimulated PBMC
cultures[179]. The absence of a direct effect of hypother-

NO moleculeg[189]. The production of NO was reduced
to one fifth at 30C in contrast to that at 37, which
was significantly low in comparison with the proliferation
of astroglial cells and fibroplasts at 30. The response
to NO is prolonged by hypothermia, suggesting a reduced
degradation of NO. Superoxide anions inactivate [98),

mia on IL-6 release or even its decrease in hypothermic and production of the anions is expected to be reduced at

PHA-stimulated cultures of PBMC contrast with increased
plasma levels of IL-6 under hypothernjil 3]. The varying

results may be explained either by production of IL-6 by
other cell types (fibroblasts, endothelial cells) in vivo or by
stimulation of IL-6 secretion by increased catecholamine
levels under hypothermi§Z7]. Induction of hypothermia

in vivo activates a broad neuroendocrinologic spectrum

hypothermia. NO-mediated nerve function is protected by
endogenous superoxide dismutase (SOD) from NO degra-
dation by superoxide anionfl02,212] SOD increases

and prolongs the action of exogenous NO, but only slight
or no potentiation of the response to nicotine is induced
by SOD [98]. Whether differential effectiveness of SOD

and hypothermia on NO responses is due to a different

[233], which in turn may exert immunoregulatory effects
[71].

accessibility of these interventions to the site of NO and
superoxide generation or to other mechanism remains to
In vitro examinations allow an estimation of direct influ- be clarified. It has been reported that possible mechanisms
ence of hypothermia on cell function in a relatively simple of action of hypothermia include a decreased generation of
system. Although the primary sensors that trigger the stressreactive oxygen radica[98] that are formed by incomplete
response are not known, miscellaneous stress kinases, trarreduction of @ to superoxide and hydrogen peroxide or
scription factors, and heat shock proteins have been showna reduction of stimulated NO syntheg48], besides the
to participatd268]. In addition to these factors, hypothermia above mentioned prevention of the &&aM kinase I
induces the expression of cold shock domain (CSD) proteinsinhibition. SOD cannot prevent the ischemia-induced in-
[243]. Because of their DNA and RNA binding ability, CSD hibition of the neurogenic response; this may not exclude
proteins are involved in transcriptional activation and repres- an involvement of superoxide in the inhibition, because
sion, mRNA packaging, and translational regulatj2@6]. of a possible barrier for the access of SOD to the site of
Although the mechanisms of cytokine gene expression havegeneration of superoxide and NO. Therefore, the preven-
not been well characterized, repressor elements have beetion of hypoxic inhibition of the neurogenic relaxation by
identified in a number of cytokine gene promoters, such as hypothermia expected to derive mainly from an inhibition
IL-1B, IL-2, IL-3, IL-8, TNF-a and granulocyte macrophage of superoxide generation. These experimental findings lead
colony-stimulating factor (GM-CSHB13]. In the case of  to the notion that neuron-aggravating characteristics of mi-
GM-CSF, CSD proteins have been shown to repress tran-croglial cells, such as their proliferation and production of
scriptions from its promot€i61]. It can be presumed thata 02—, NO or TNF«, are significantly depressed by mild
similar mechanism underlies the hypothermia-induced inhi- hypothermia. Microglial proliferation, seen at 2 months of
bition of cytokine expression. Repression of cytokine trans- recovery, suggests that the initial tissue damage occurring
lation may occur also as a result of CSD protein binding during the first days after ischemia may trigger an inflam-
to mRNA [226]. On the other hand, it has been reported matory response that becomes a vicious cycle enhancing a
that low concentrations of CSD protein may be required for slowly progressive neurodegeneratifg®]. Since cooling
maximal translations efficiendy’l] demonstrating a possi- depresses and hyperthermia enhances inflammég$idh
ble explanation for the slightly increased TNFsecretion. hypothermia may interrupt this cycle, and controversially,
Inhibition of transcription factor activated protein (AP-1) increasing core temperature would enhance or reactivate this
expression by hypothermia also may contribute to the de- process.
pression of IL-2 transcriptiofil64]. Hyperthermia, in con- There is evidence that oxygen free radicals, or more
trast, is associated with increased AP-1 activity and IL-2 specifically hydroxyl radicals, may play a significant role
transcription[179]. Opposite effects of cold and heat shock in the development of microvascular brain damage and
are observed for TNF:too [179]. subsequent breakdown of the BEB38]. By reducing the
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CMRO;, and depressing the rates of all enzymatic reac- 2.9. Gene-related mechanism

tions, hypothermia may blunt the generation of free radicals

and protect the BBB105]. Since stimulated leukocytes Four pathophysiological mechanisms have been identified
release oxygen free radicals and increased vascular permeby which hypothermia produce changes in gene expression:
ability [75], the hypothermia-induced protection of BBB (i) generalized cold-induced inhibition of transcription and
integrity is partly mediated by attenuation of leukocyte ac- translation[241]; (ii) inhibition of RNA degradation, which
cumulation. The direct relationship between reduced brain is used by bacteria to increase cold shock protein expres-
edema formation and less permeability of the BBB by sion[348]; (iii) increased transcription, mediated by a cold
hypothermia suggests that one part of the neuroprotectiveresponse element in the promoter region of cold-inducible
effect of hypothermia is mediated by restoration of BBB RNA-binding protein (CIRP), a cold shock protein; and (iv)

[286]. an enhanced efficiency of translation at lower temperatures
that is mediated by specialized regions within the mRNA
2.8. Spreading depression 5'-leader sequences (internal ribosome entry sites (IRESS))

of RBMS3, another cold shock prote[Al].

Spreading depressions (SDs) has thought to contribute to Three mechanisms have been postulated by which
the growth of ischemic area due to increasedCimflux changed gene expression might occur after return to nor-
through glutamate activated &achannelg301] and prop- mothermia following hypothermia[334]. First, severe
agation through gap-junction§8,45,196-198,234,235]  hypothermia activates signals for a cell stress response in-
There are only few reports on SDs and the effects of hy- terfering sufficiently with processes such as transcription
pothermia. After topical applications of KCI, hypothermia and translation as to preclude stress protein expression until
does not affect the brain’s ability to depolarize, but mild rewarming occurs. This could explain the HSF-1 mediated
hypothermia reduces the duration of S[301]. Follow- induction of HSP-70 and HSP-90 expression by human
ing focal cerebral ischemipd7,332] SDs is increased in  fibroplasts after cold shock at°€ [186]. In these exper-
number, and their onset is delayed with lower temperature. iments, cold-induced trimerization of HSF-1, binding of
The reasons for these observations are not clear, but loweHSF-1 to the HRE, and increases in HSP expression oc-
temperatures are known to alter membrane fluifBfyand curred not during the period of hypothermia but rather after
ion channel[160]. These results could be explained, par- rewarming to 37C. A second hypothesis is that rewarming
ticularly, as temperature affects the function of proteins after hypothermia leads to generation of free radicals and
involved in regulating cellular fluid and ion homeostasis. other toxic metabolites that are capable of inducing a stress
Other reports of temperature-dependent SD changes defesponse. The finding that HSF-1 activation following hy-
scribe slowing and reduced numbers of propagated wavespothermia only occurs on rewarming can also be explained
[47]; however, amplitude is not altergg804]. by this hypothesi§l84]. A third hypothesis may be required

Hypothermia of 30C has been shown to reduce the in- to explain the peculiar induction pattern of APG-1 (a HSP)
cidence of transient recurring DC potential shifts measured and HSP-105 in mouse NIH/3T3 fibroplasts. In these cells,
with cortical electrodes during MCA occlusida7]. Such induction of APG-1 and HSP-105 did not occur after a con-
shifts are believed to be caused by transient cellular depolar-ventional heat shock (by raising the temperature from 37 to
ization that occurs during SD. These results are consistent42°C); rather, it was required that cells first were incubated
with the observation that hypothermia attenuated changesat 32°C and then heated to 32 [21]. Temperature shifts
are associated with SD. However, in a recent study doneboth from 32 to 42C and from 32 to 39C increased the
with electrode measurement of {fey in cortical penum- binding of HSF-1 to HSEs in the APG-1 promoter. However,
bra, hypothermia did not affect the number of peaks if[K  whereas both temperature shifts induced HSP-70 expression,
during acute focal ischemij281]. Such peaks are believed only the latter (32—39C) leads to APG-1 over-expression.
to be caused by S[47]. A possible (although untested) explanation for these find-

Reduced incidence of SD during ischemia could be an ings would be that the APG-1 and HSP-105 promoters
important component of the neuroprotective effect of hy- are under dual control of both HSF-1 and a hypothetical
pothermia, since SD is believed to increase the size of repressor that becomes inactive at hypothermia and whose
necrotic regions during focal ischemja8]. Cerebral per- rate of reactivation is substantially faster at°@than at
fusion (CPP) levels in a region depolarized by SD increase 39°C.
in response to the increased energy demand necessary to
restore ionic gradientil35]. SD in the absence of marked 2.9.1. Cold shock proteins
perfusion deficit does not produce permanent injury. How-  Cold shock proteins are thought to be induced during hy-
ever, in the partially ischemic region, where CBF is re- pothermia at 25-33C. The best-characterized cold shock
stricted, CPP cannot increase to meet the increased energyprotein is CIRP, a 172-amino acid protein containing an
demand. This hastens energy failure, which allow$tQa RNA-binding domain[224]. A CIRP gene has been de-
cross the cell membrane. High levels of fChn activate tected in animal and human cells, and its sequence is highly
enzymes that cause necrogd86,263,282] conserved in these speci@24]. The mRNA encoding this
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protein is expressed constitutively in most tissue of adult of a transcription factor, AP-1, has been demonstrated in
mice at relatively low levels. However, CIRP is strongly in- gerbil hippocampus of the CA1, CA3 and dentate gyrus in-
duced in a cell culture model (BALB/3T3 mouse fibroblasts) cluding CA4 (hereafter, dentate gyrus) in temporal profiles
within 3 h after reduced ambient temperature of @2with of the DNA binding activities[154]. Time course of the
maximal expression detected between 6 and 24 h of expo-activity enhancement is prolonged from 1 to 9 h in the CA3
sure[224]. CIRP shares structural similarity with a number or the dentate gyrus, both being comparatively resistant to
of other known RNA-binding proteins, speculating that one ischemia. A rather short-lived enhancement is observed in
of its physiological functions is to protect and restore native the CAL, the area extremely vulnerable to ischefhid].
RNA conformations during stre$851]. Experimental data  However, gerbils with prior ischemia at 3€ showed a pro-
suggest that CIRP enhances translation of its target RNAlonged period of binding activation, becoming closer to the
species, at least in part through stabilization of the mRNA. profiles for the CA3 and dentate gyr{i54]. Similar pro-
Importantly, cells transfected with an antisense CIRP vector longation can be seen in gerbils which are rendered resistant
demonstrated decreased CIRP expression and a diminishetb ischemic events by a prior induction of a short ischemic
ability to survive after ultraviolet irradiation, illustrating a event for 2min[321,355] The protein that is synthesized
the stress respon$d52]. after AP-1 binds to an upstream region of the correspond-
CIRP may also play a role as a suppressor of mitosis, ing gene is still unidentified, but may represent a possible
in the maintenance of differentiated stafes], and in the to link to protection or resuscitation of neurons. Different
cold-induced cell cycle arrest, as cells that over-expressother genes and proteins like zinc finger immediate early
CIRP exhibit reduced growth rates at@7 and a prolonged  genes[168], cycle AMP-responsive element binding pro-
G1 phasd224]. Conversely, inhibition of CIRP induction tein[327], nuclear factor-kappa B19,51] heat shock pro-
at 32°C (by addition of antisens€IRP mRNA to cultured tein [268], heme-oxygenase-1 proteip21,225] cyclin D1
BALB/3T3 cells) attenuates the slowing of cellular growth [335], stat 3[247,251] nerve growth factor, brain derived
that occurred at this temperature in normal cglz4]. neurotropic factor and neurotrophin[84,170,188] have
Another well-characterized cold shock protein is RBM3 been reported, but they have not been analyzed in the state of
that is structurally similar to CIRP. The expression of its hypothermia.
MRNA is increased by hypothermia at 32 [66]. How-
ever, unlike CIRP, RBM3 does not appear to be involved in 2.10. Apoptosis
the cold-induced growth suppressif#b]. The tissue dis-
tribution of RBM3 appears to be more limited than that of = Recently, suppression of apoptotic neuronal cell death has
CIRP, as RBM3 is not detected (by Northern blot analysis) been suggested as a possible mechanism of the protective ef-
in either heart or thyroid, both of which expressed CIRP fect of hypothermigd108]. Experimental data demonstrated
[66]. Interestingly, theRBM3 mRNA 5-leader sequence that at 3 days after an ischemic event, 1 and 2 h of mild hy-
contains a number of specialized sequences that allow initi- pothermia are sufficient to decrease the number of apoptotic
ation of translation independently of the methylated G nu- cells, as determined by TUNEL staining and morphology, by
cleotide 5-cap that is typically used by cells to tagan mMRNA 78 and 99%, respective[¢98]. Thirty minutes of hypother-
molecule for initiation of protein synthesis. These IRESs mia, however, revealed no protective eff¢t66]. This is
appear to facilitate translation at 33 [41], a temperature  of particular interest, because the only other study demon-
that decreases protein synthesis. Other genes known to constrating reproducible effects of hypothermia on the number
tain IRESs that enhance translation of reporter constructs atof apoptotic cells (in transient global ischemia) used a 12 h

33°C are cmycand sequences from poliovir(41]. hypothermia period following the ischemic evegtl]. In
that study, mild hypothermia (3%) revealed no effect on
2.9.2. Changes in expression of other genes the cellular fraction undergoing necrosis, although the frac-

Many different kinds of transcription factors encoded by tion of apoptotic cells was significantly reduced, suggesting
the immediate early genes such asftsandjun families are that hypothermia may specifically inhibit apoptotic cellular
induced after cerebral ischemic evefit80,153] as demon- mechanismg55]. For this reason, Maier et gl198] spec-
strated by in situ hybridization, immunohistochemistry or ulate that, although the trigger of programmed cell death
DNA binding activity. Enhanced expression of a number of may occur during ischemia, cellular commitment to death
immediate early genes in brain by ischemic events has beermay follow later, thus allowing hypothermia to interrupt the
demonstrated77,343} biphasic expression of fos fosB biochemical cascade leading to apoptosis.
fra-1, fra-2, c4un, junB [156,175,178,267&nd junD [154] The underlying molecular biological effect of tempera-
in the dentate gyrus in an early period and in hippocampal ture on apoptotic cell death is a matter of debate, mainly
CAl and CA3 in a late period after ischemia. Intraischemic depending on the nature and severity of the underlying
hypothermia alters temporal profiles of their expression, ischemic evenf119]. Using a rat model of mild focal cere-
suggesting their functional significance as cytosolic signal bral ischemia (1 h MCA occlusion), qualitative differences
responses and stress response lining to delayed neurongh Bcl-2 (antiapoptotic action), Bax (proapoptotic action),
death. Marked enhancement of the DNA binding ability and cytochromec release from mitochondria (triggering
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cell death) immunostaining could be demonstrated after 1 h[198] have found that TUNEL staining is absent before 6 h
of mild hypothermia[252], suggesting that mild hypother-  of reperfusion, but is clearly visible at 24 h. By 72 h after
mia decreases the density and intensity of staining for Bax the ischemic event, TUNEL staining is very prominent in
and cytochrome, but increases Bcl-2 stainin@3]. Simi- hypothermic animals, although to a significantly different
larly, mild hypothermia (33C) did not alter Bcl-2 or Bax  degree[166]. Results from DNA fragmentation analysis
expression in cultured neurons exposed to serum depriva-confirm the latter findings. After 3 days of reperfusion,
tion, an apoptosis-specific ischemic event, cytochrame there is evidence of DNA laddering in the cortex and stria-
release and caspase actiiBp5]. A major difference in cy- tum (ipsilateral to MCA occlusion) of hypothermic animals
tochromec release between mild hypo- and normothermic [199]. Investigation of the temporal profile of in situ DNA
rats 5h after induction of MCA occlusion (3h after hy- fragmentation following 2h of MCA occlusion, apoptosis
pothermic treatment was terminated) was obsef8é8], a first appears within 30 min of reperfusion, peaks at 24—-48 h,
time period, when reactive oxygen species and{Qa are and persists for 4 weeks after the ischemic ey&86]. The
known to be increased after cerebral ischefhiél]. These differences observed in these studies may be attributed to
data suggest that, although mild hypothermia transiently variations in the ischemic model, as well as in the duration
inhibits cytochromec release, its protective effect does not of vessel occlusion. It is possible that apoptosis is triggered
appear to be due to alterations in other apoptosis-relatedby various mechanisms that themselves may have unique
proteins. temporal profiles and be differentially activated depend-
PARP has been suggested to augment ischemia-relatedng on infarct severity. On the other hand, the variability
neuronal damage because of high-energy substrate needbetween studies may simply reflect differences in the sen-
[84], so that its increased breakdown by hypothermia may sitivity of the assays used in each study. The anatomical
lead to neuroprotection. Immunoblots of PARP, a caspase-3distribution of TUNEL-stained cells is another pathophys-
substrate, showed that caspases not involved in apoptotidological issue that deserves attention. Apoptotic cells are
pathways increasingly cleave PARP to an inactive 89 kDa primarily localized in the inner boundary zone of the is-
cleavage product by mild hypothermi{d72]. Mild hy- chemic infarct and that they appear earlier in the preoptic
pothermia leads to an interruption of a necrotic process sucharea and striatum than in the cortex, being consistent with
as mitochondrial swelling, potentially also interfering with the idea that apoptosis is an active process that requires
other apoptotic pathways. The extrinsic pathway involves energy, so the pericore regions of the affected hemisphere
cell surface-receptor activation by ligands, such as BNF- may provide the necessary conditions for the induction of
or fas-ligand, with subsequent activation of caspase-8 andprogrammed cell deatfi82,183]
Bid, another proapoptotic Bcl-2-related protef@], and
may be influenced by mild hypothermia. However, both the
intrinsic and extrinsic pathways ultimately lead to activation 3. Management of hypothermia and different modes of
of caspase-3. It has already been reported that caspase-8utcome control
activation and apoptosis do not occur after focal cerebral

ischemia[57,182] Permanent histological protection has been demonstrated
After 2h of intraischemic mild hypothermia (38), (seeTables 1 and Reither by immediate or delayed ap-

the number of TUNEL-positive cells in a model of rat plication of hypothermia under numerous experimental

transient focal cerebral ischemia decreaf&®sb]. Postis- conditions. An important example of temperature-related al-

chemic moderate hypothermia (35) significantly reduced  terations in postischemic outcome have come from Warner
the number of apoptotic cells compared to normothermia et al.[328] using a model of focal cerebral ischemia in rats,
(39°C), although the number of necrotic cells did not dif- and Wass and LanigB29] who used a model of complete
fer between the two groupf81]. Although the presence ischemia in dogs. These authors demonstrated that temper-
of TUNEL-positive cells does not necessarily demonstrate ature changes of only 1°Z [328] and 1.0°C [329], re-

that apoptotic cell death is the predominant form of injury spectively, altered both functional and histological outcome.
in experimental ischemic events, it suggests that mild hy- Although hypothermia, in comparison with hormothermia,
pothermia is also associated with decreased DNA ladderingcauses a stable reduction of cerebral infarct volume, the
[94,123] However, apoptosis may also occur without cas- possibility cannot be excluded that this effect is only tran-
pase activation, as demonstrated that Bax and other factorsient and vanishes after longer perigd85]. Experimental

can induce mitochondrial damage and apoptosis even if cas-data on long-term neuroprotective effects of hypothermia
pases are blockdd91]. In this scenario, apoptosis-inducing are inconclusive for global as well as for focal cerebral is-
factor is released from the mitochondria, and is translo- chemia in the experimental settifig3,157] However, such
cated to the nucleus, resulting in chromatin condensationdata of possible slow maturation of neuronal degeneration
and DNA fragmentation110,191] Whether this occurs  may be relevant in the clinical setting, in the sense that in
during cerebral ischemia is not yet knoW1.0], but it may patients in whom progressive neuropsychological changes
be a potential explanation for the observation that caspasecannot be detected within weeks after ischemia, may be
activity remarkably lacks after such events. Maier et al. evident years after initial stroke.
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3.1. Neural mechanism of thermoregulation sues is lowered further, the temperature of the brain should
decrease, beginning within the outermost lay8¥].
Physiological thermoregulation in mammalian species is
complex, as different interactions with other physiological 3.2.1. Cooling technique
processes of the central and peripheral nervous system are Several cooling technigues for inducing and maintaining
additionally involved[107]: the principal function of the  hypothermia have been developed. To reduce core tem-
thermoregulatory system contains the maintenance of a staperature for prolonged periods below 3D, extracorporal
ble core temperature of internal tissues and organs by allow-circulation is required due to major circulatory instability
ing temperature of skin and peripheral tissues to vary with caused by cardiac arrhythmias. An extracorporal circulation
the temperature of the environment. A reference temperatureis unnecessary to reach a target core temperature between
point, generated by a network of warm, cold, and thermal 32 and 34C. Cooling to mild to moderate hypothermia
insensitive neurons in the preoptic area and hypothalamus,is usually performed by conductive (e.g. liquid-circulating
is compared with feedback informations from the thermore- water mattress) or convective (forced air cooling via full
ceptors in the skin and core. The hypothalamus temperaturebody blankets or airbeds) surface cooling, cold infusions,
depends mainly on the arterial blood temperature. A nega-gastric lavage, or simply by leaving the anesthetized animal
tive feedback activates the appropriate thermoeffector path-uncovered in a cool environmef@07]. Cooling from in-
ways that control the balance between heat production andside the body, through either the intravenous or intraarterial
heat loss. route, represents an alternative method that has the potential
General anesthetic agents impair the body’s ability to reg- to induce hypothermia more rapidly than surface cooling
ulate core temperature by inhibiting temperature control and [326]. Insertion of an intravenous catheter combined with
peripheral temperature conservation mechanisms. Isofluranéballoons perfused with cold saline solutions is a novel
produces a dose-dependent decrease in vasoconstriction btechnique that avoids volume overload. Selective cooling
0-1.5 minimum alveolar concentrati¢298] and 3°C/% of of the major intracranial arteries by means of transfemoral
end-tidal isoflurane concentration. NO depresses the vaso-catheterization, which has been performed only in baboons,
constriction threshold less than equal minimum alveolar con- may be an attractive method of inducing hypothermia. The
centrations of potent inhalation agerj&8]. Most general use of pharmacological hypothermic agents may offer a
anesthetics also cause direct vasodilatation, increasing skirmethod to reduce core temperat{it&8].
blood flow, skin temperature, and surface heat loss. Induc- Achieving and maintaining a desired target core tem-
tion of anesthesia by propofol causes greater peripheral va-perature is a challenging procedure. For example, using a
sodilatation than induction with an inhalation agent. This in canine model, core temperature is passively decreased to
turn results in a more rapid decrease in core temperature32.4 4+ 0.3°C following discontinuation of active hypother-
[142]. However, an induction with ketamine, a vasoconstric- mia at a target core temperature of°€3[177].
tor, has the opposite effef143].
3.2.2. Temperature measurement sites
3.2. Cooling technique and temperature measurement sites Typical temperature measurement sites are tympanic
in hypothermia membrane, pulmonary artery catheter, nasopharyngx, esoph-
agus, rectum, and skif276]. Intracranial temperature can
It has been theorized that brain temperature is mainly be measured via epidural or intraparenchymal probes. The
related to three physiological factors: (i) CBF; (ii) CMR; focus of interest with regard to the neuroprotective potential
and (i) heat exchange with the environméh22,327] of hypothermia is certainly the intraparenchymal tempera-
The quantities oterebral blood flowto the temperature  ture of brain tissue and the temperature gradients. Such tem-
gradient between brain tissue and blood determines the magperature gradients of 0.42C have been observed in men
nitude and direction of heat exchanff2,122] The tem- between the ventricular system and the epidural space, even
perature of blood perfusing the brain represents the primaryduring normothermia, without temperature manipulation
determinant of brain temperatui&74]. Thus, brain temper- ~ [209] or in cases of cerebral ischenj@b]. Tympanic tem-
ature is generally in good accordance with core temperatureperature closely correlates with epidural space temperature
in the normal, non-ischemic brain tiss[&74]. [209]. Because of the easily accessible of rectal, esophageal,
Cerebral tissue has one of the highest metabolic rates ofand nasopharyngeal locations, there is a main interest in
the entire body, and, as a result of this metabolism, heat canthe gradients of brain temperature between these sites. For
be produced274]. This probably explains why the temper- core temperature measurements, esophageal and pulmonary
ature of the resting cerebral tissue can be 0.120 @armer artery temperature have been found to be well sUBe8].
than core temperature in some spedix274]
The temperature of thenvironmentimmediately sur- 3.3, Hypothermia and time-window of effectiveness
rounding the normal animal brain (i.e. bone, muscle, skin)
will normally be at or slightly lower than core temperature Previous studies have indicated a possible therapeutic
[327]. However, if the temperature of these surrounding tis- window of up to 2h after ischemif33,52,346] During
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this time period, hypothermia can be initiated demonstrat- exhibited brain tissue damadd47]. However, hypother-
ing neuroprotective effec{242,275] However, in many re-  mia at either 34 or 31C for 3 h immediately following the
ported animal studies, hypothermia was initiated at the onsetischemic event at 37C showed no effect on the extent of
of MCA occlusion, whereas in only a few investigations hy- brain tissue damage when compared with data in normoth-
pothermia was initiated at a later time point. In this context, ermic control group. In contrary to these findings without
the experimental investigated rats were subjected to 3 h of fo-any difference between the two hypothermic group (29
cal ischemia and cooled to 32 in various regimeng346]. and 33°C), temperature-dependent reduction in volume of
Hypothermia, lasting 3 h and beginning at the time of MCA cerebral infarction have been reporfdd7]. In that study,
occlusion, led to 92% reduction in cortical infarct volume. infarct volume was reduced by 22.4% in mild hypothermia
Hypothermia for 1.5h was demonstrated equally effective (33°C) and by 49.5% in moderate hypothermia {29,
if begun at the onset of MCA occlusion or delayed by 1.5h suggesting that a more intensive ischemic challenge may
(45-49% cortical rescue), whereas a 3 h hypothermia periodrequire larger temperature reductions to obtain significant
delayed by 1.5h achieved greater protection (73% cortical neuroprotection. In fact, the 3 h model of reversible ischemia
salvage). In other experimental studjé4,127,157] a de- may be more analogous to permanent focal ischemia, since
lay of up to 2-3h in initiating hypothermia is considered, the size of infarction obtained is not different from what
but in none of these studies longer durations of hypothermia others have found using permanent MCA occlusion models
systematically is evaluated. [210]. Providing similar degree of neuroprotection, °€3
The time-window of successful therapeutic opportunity is associated with more stable intraoperative hemodynamic
for transient focal ischemia appears to be shorter than thatand respiratory status as well as with improved recovery
for brief global ischemia. In a model of transient focal cere- from anesthesia compared with 3D [198]. In addition,
bral ischemia, a significant reduction (32%) in the volume of average postanesthesia recovery time showed that animals
infarction was obtained, when mild hypothermia was estab- in the 33°C group recovered at a significantly faster rate
lished immediately after reperfusion and was maintained for than normothermic controls, whereas animals in the@30
a prolonged time period. Delayed induction of hypothermia group showed no improvement in recovery tifd88].
(30 min) induction following reperfusion failed to achieve a From the experimental point of view, there is no question
significant reduction of infarct volumi53]. This observa-  that moderate intraischemic hypothermia following global
tion leads to the assumption that mild hypothermia affects ischemia delays the onset of ischemic histopathological al-
some of the cellular injury mechanisms that occurs early terations leading to cell death. The question remains whether
in the reperfusion process. Further amelioration might be postischemic hypothermia alone is useful in delaying the
achieved by starting the hypothermic treatment 30 min be- deleterious effects of ischemia.
fore reperfusion and continuing it for prolonged periods into
the postischemic phadd62], underlining the hypothesis  3.5. Duration of hypothermia
that the time-window of effectiveness may be very small and
from the experimental point of view it seems that it makes  Studies in experimental global ischemia have shown
sense to begin the hypothermia treatment as fast as possibl¢hat, although shorter durations of postischemic moderate
after the ischemic event, but not more than 3 h after. This hypothermia are not permanently neuroproteckii 360]
assumption may be related to the possible favorable effectsprolonged reductions in body temperature confer sustained

initiated by hypothermia within this small time-span. behavioral and histological neuroprotecti@®B,59] Pro-
longed postischemic hypothermia in focal ischemia has
3.4. Depth of hypothermia been less extensively investigatfD3,353,357,359]0ne

such study compared 1 and 3h periods of hypothermia

Using hypothermia as cerebroprotective therapeutic ap-to 30°C, which were initiated after a 2h MCA occlusion
proach, its optimal depth is currently discussed. Since [358]. Hypothermia for 3 h reduced cortical infarct volume
standard measures for outcome are still missing in animal by 84%, whereas cooling for 1 h was not significantly pro-
models, this discussion continues up to now. The avail- tective. Recent experimental data comparing 30 min and
able experimental data demonstrate the necessity of careful h hypothermia periods to 3& in a rat MCA occlusion
postischemic temperature assessment in pharmacologicamodel, similarly led to the conclusion that longer hypother-
studies of cerebral ischemia, because differences of onlymia duration enhanced the degree of neuroprote¢ti6f].
1.0-2.0°C, if prolonged, can significantly affect outcome. From the few experimental studies available, there is a

In an immature rat-model of induced intraischemic hy- neuroprotective effect of hypothermia, when it is main-
pothermia at 37, 34 or 3L for 3h and histopathological tained for 3-22 H58,59,73,140,197,203,353,357,358t
brain examination at 23 days of recovery, intraischemic the volume of protected cerebral infarction depends on the
hypothermia of 32C completely protected the brain tissue duration of lowering the brain temperature.
from damage, 34C produced neuronal injury in 30% of Itis obvious that a prolonged period (48 h) of moderate hy-
animals, only one of which demonstrated a cerebral infarc- pothermia (29C) has severe deleterious effects in different
tion and 90% of the animals exposed to ischemia &7 animals[294]. This is in concordance with a previous study
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in which 48 h of hypothermia was found to aggravate rather cardiac output during and after rewarming is associated
than ameliorate the effects of regional cerebral ischemia in with fatal outcome[207]. In addition, substantial depres-
monkeys[213]. These data would seem to conflict with the sion of LV-myocardial function has been reportE].
many favorably reports describing the beneficial effects of Based on these studies, cellular’?Caoverload, disturbed
mild of moderate hypothermia initiated in the postischemic C&t homeostasis, changes in myocardial myofilament re-
period. To our knowledge, all these reports have been con-sponsiveness to [€4]iy; as well as impaired high energy
cerned with short-term application of hypothermia only (up phosphate homeostasis could all be proposed as important
to 24 h). Other experimental studies following hypothermia factors leading to the changes observed in the hypother-
of longer duration have been equivocal or even negative mic heart and contributing to failure of functional recovery
[211,220,299] The presumed basis for such protection is during rewarming.
the known direct effect of temperature on metabolic rates Reduced plasma volume after long-term hypothermia is
[340]. It is suggested that prolonged hypothermia may hin- generally observepl6]. Plasma volume in posthypothermic
der the phase of protective hypermetabolism. However, al- rats was reported to be 23% lower than that of normother-
though it may not be necessary to maintain intraischemic mic control rats[315]. Although the reported reduction in
hypothermia for more than 1 h, if started within 30 min of total blood volume did not reach significance, when com-
the focal ischemic onset in animal models, longer periods pared to base levels, on average 12% of circulating blood
of hypothermia may be needed to achieve neuroprotectionvolume was missing after rewarming. Thus, hypovolemia
following permanent vessel occlusion, if initiated in a de- can be ruled out as an important factor to explain posthy-
layed fashion after ischemic onset, as it is only available in pothermic cardiac output reduction, as a 12% reduction of
clinical conditions. circulating blood volume is within the range handled by an
Conflicting data exist regarding hypothermia that is started integrated circulatory regulatiof815]. Despite the reduc-
after 3—6h of induction of ischemic infarction: mild hy- tion of plasma volume during hypothermia, an increase of
pothermia has been shown to lead to significant reduction plasma volume to above prehypothermic levels has been re-
of cerebral cortical infarct volume, if it was induced directly ported after rewarming from short-term hypotherrf8é].
within 3 h after induction of ischemic event, but not, if it The integrity of sympathetic nervous function and periph-
was induced latd©8,140,171] These data provide evidence eral vascular tone has been studied after rewarrf8ag].
that, within limits, increasing either the depth or the dura- Spectral analysis of the low frequency component of the di-
tion of hypothermia should improve histological outcome. astolic blood pressure power spectrum has suggested that
Nevertheless, animal data suggest that mild, in contrary to the reduction in sympathetic peripheral vascular tone found
moderate, postischemic hypothermia may not translate toafter rewarming is partly responsible for the fall in arterial
permanent neuroprotection, even if the duration of hypother- blood pressure. In the same study, a lack of variability of
mia is prolonged (i.e. several days). In studies in which sur- posthypothermic vascular tone was observed during low car-
vival times have been increased from 7 days to 1 month, diac output and blood flow disturband846]. Alterations in
pharmacological neuroprotection has been [@§6]. The sympathetic peripheral vascular control could be an impor-
cascade of events resulting in neuronal necrosis may onlytant mechanism for the development of rewarming shock.
be temporarily interrupted during the hypothermic period,
and once temperature is normalized, these processes mag.7. Hypothermia and side-effects
resume, albeit at a slower rate. The severity of ischemia will
probably determine the length of time that is necessary to Prolonged hypothermia is known to have several side-
regulate postischemic temperature and prevent hypothermiaeffects[254,273] limiting its use not only in experimental,

from confounding histological outcome. but also in clinical condition and affecting every organ
system. However, it is well accepted that moderate hy-
3.6. Rewarming pothermia is much safer than the classic deep hypothermia

[138,190,213,293Nevertheless, the benefit of hypothermia
The rewarming period has been considered as a time ofexceeded its possible adverse effd8&9].
high risk for brain tissue damage, because metabolic needs Table 3
may outstrip Q release. Hence, rewarming is generally con-
sidered a critical phase of hypothermic thergp97]. The 3.7.1. Central nervous system
exact pathophysiological background of this rebound after Increasing degree of hypothermia results in a progres-
rewarming is not known, but it might be due to a proposed sive reduction in neuronal function that may manifest as
hypermetabolic response after induced hypothermia. Nor- altered consciousness (disorientation, stupor or coma) (see
mally, protective thermoregulatory mechanisms thatincreaseTable 4 and is clearly correlated with the duration of deep
core heat are impaired after cessation of hypothermia be-hypothermia[82]. In common with many central nervous
cause of the anesthetics and opioids administered. system depressants, hypothermia causes a transient increase
During rewarming the most striking observation is a in minute ventilation and oxygen uptake during mild hy-
further reduction of cardiac outp{t4]. A maintained low pothermia[145] before producing the more characteristic
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Table 3
Genes whose expression is affected by hypothermia
Functional Gene Change Exposure model Time of change Proposed mechanism/comments References
Cell cycle p53 Up Cell culture During and after  Inhibition cell cycle progression [206,230]
hypothermia
WAF1p21 Up Cell culture During and after  Induction in cells carrying wild-type but not [206,230]
hypothermia mutantp53 genes
Heat shock HSP-70 Up Cell culture After hypothermia Activation of HSF-1 on rewarming [129,155,176,185]
proteins
HSC-90 Up Cell culture After hypothermia Activation of HSF-1 upon rewarming [129,185]
HSP-105 Up Cell culture After hypothermia Dual control: HSF-1 binding to HSE in the [155]

promoter plus a resetting of the set point of a
cellular temperature sensor

APG-1 Up Cell culture After hypothermia Same as idSP-105 [155]
RNA binding CIRP Up Cell culture During hypothermia  Putative cold response element in the promfi2p—224]
RBM3 Up Cell culture During hypothermia Enhanced efficiency of translation through [41,65,66]
IRESs in the Sleader sequence
Signal NF-1variant Up Cell culture During hypothermia  Alternative splicing, leading to mRNA with 48]
transduction additional exon
Unknown KIAA0058 Up Cell culture During hypothermia [91]

depression below 35C [87]. Both respiratory rate and tidal  tissue hypoxia by limiting off-loading of © On the other
volume are reduced and appear to result from central ner-hand, hibernating animals tend to maintain a constant pH
vous system effects as experimentally selective rewarmingwith reduction in body temperatuf261]. If this is appropri-
of the brain stem reverses these respiratory effects. ate for homeotherms, then correctgdO, at 29°C should
Thermoregulatory shivering is the most common effect of remain close to 35 mmHg (equivalent top€0, of about
hypothermia beginning at levels of 36.5-38% whereas 50 mmHg uncorrected) and the leftward shift of Hp-O
a decrease by °C increased the probability of shiver- dissociation would be reduced. An additional important
ing by 35%[87]. More recent carefully controlled studies variable altered by C®is the CBF. In normal hypother-
suggest that total body oxygen consumption increases bymic rat, CBF remains responsive to &CQCBF is reduced
40-100% during shivering, resulting systemic hypoxemia to 15% of control at g9CO, of 15 mmHg (corrected) and
and metabolic acidosiR73]. Nevertheless, such increases a temperature of 22C [115]. They observed no adverse
in oxygen consumption could still have adverse effects on metabolic effects resulting from this low CBF state. Again,
organs such as the heart or brain which may have fixedthe possible effects on CBF in areas of regional ischemia
obstructions to their arterial blood flo[87]. is unknown. The maintenance of a constant uncorrected
At temperatures different from 3T, the optimum level pCO, (as in poikilotherms) might, by combined effect on
of ventilation, and hencpCO, and pH, for non-hibernating  oxygen—hemoglobin dissociation and CBF, aggravate re-
homeotherms is yet unknown. It has been established thatgional ischemia, thus accounting for the untoward effects
poikilotherms do not adjust ventilation with a decrease of hypothermia, so that, survival in animals maintained at a
in temperature and thupCO, remains constant (uncor- correctedoCO, of 35 mm Hg was not improvef89].
rected for temperature253]. If this is appropriate for
homeotherms (with abnorm@CO, of 35 mmHg) then at  3.7.2. Cardiovascular system
29°C the appropriate correctgiCO, would be 24 mmHg. Hypothermia results in activation of the sympathic ner-
Such a relative respiratory alkalosis would further shift the vous system as is evident by the huge increase in circulating
O.—Hb dissociation curve to the left (hypothermia per se norepinephrine and the associated vasoconstriction. The
results in a leftward shift of the curve) and might aggravate vasoconstrictive threshold begins only about“@2below
normal core temperature in awake individuals. There is also
minimal increase in adrenal hormones. The sympathetic ef-
fects both through peripheral vasoconstriction and coronary
vasoconstriction may cause with the subsequent problems of

Table 4
Clinical scale for temporary neurological dysfunction

Grade Duration cardiac arrhythmia, hypertension and myocardial ischemia.
1 Simple confusion Short<(48 h) Cardiac function is impaired at temperatures below G2

2 Confusion and lethargy Short Left ventricular dysfunction is found during prolonged, but
3 Confusion and agitation Shorkg2h) not during brief periods of hypotherm[@814]. The thresh-

4 Overt psychosis Long (>72h)  o|d for arrhythmia seems to be about®l, and as tem-

5 Psychosis and parkinsonism Long

perature falls below 30C ventricular fibrillation becomes
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increasingly likely[88,89] The cardiac conduction system significant higher incidence of wound infections in patients
is cold-sensitive, leading to symptoms like bradycardia, who has experienced mild intraoperative hypother@7a].
prolonged PR intervals, widening of the QRS-complex, and  Mild hypothermia induces a number of hormonal
prolongation of the QT interval resulting in the typical “J changes, such as an increase in plasma corticosterone and
wave” after hypothermic therafd$8,89] thyroid-stimulating hormone, a decrease in plasma prolactin,

Hemoconcentration and low microcirculatory flow con- and a decrease in hypothalamic thyrotropin-stimulating
tribute to the known increase in blood viscosity of 4-6% hormone (TSH), a decrease in hypothalamic thyrotropin-
for each C in temperature reductiof34]. Cold-induced releasing hormone (TRH). Itis suggested that mild hypother-
diuresis caused by suppression of ADH and shunting of mia causes prolactin release through a central dopaminergic
peripheral blood volume centrally leads to further depletion mechanism and that the increased TSH levels are due to
of intravascular volume. Hypothermia plays, therefore, a release of TRH[273]. These findings indicate that mild
greater risk for hypovolemia when compared to normother- hypothermia is associated with widespread physiological
mic individuals, particularly, once rewarming is started. alterations, the full extent and implications of which have

yet to be defined.

3.7.3. Gastrointestinal tract

Pancreatitis with high serum amylase and lipase levels 3.7.6. Hematological effects

is observed after hypothermic theraf3,336] This as- Many of the effects of hypothermia on blood viscosity and
sociation between hypothermia and pancreatitis is poorly coagulation have been undetected in the majority of stud-
understood. ies because laboratories typically perform their studies at
37°C. In vitro and animal data show coagulation abnormal-
3.7.4. Renal tract ities including reversible platelet sequestration and dysfunc-

Increased depth of hypothermia results in the progres-tion, enhanced fibrinolytic activity and slowing of bleeding
sive depression of renal tubular cell function and a reduc- times (aPTT, PT, TT) of hypothermic plasma37°C) are
tion in the reabsorptive function. Sympathetic stimulation prolonged if the assay temperature is hypotherf8&j. At
and vasoconstriction may also contribute to the altered di- 34°C, PT and PTT increased by 9% compared toG7
uresis. These pathophysiological changes explain the sever¢l01], interfering with the enzymatic steps in the clotting
polyuresis after induction of hypothermia that can cause se-cascade, independent of clotting factor lef0,101,255]
vere electrolyte depletiof48]. This is important because Platelet function appears to be adversely affected by mild
even brief episodes of hypovolemia can affect ¢2®] and hypothermig238]. Surface cooling to 32C can produce re-
electrolyte disorders can cause severe arrhythmias, whichversible platelet dysfunctiof817]. In hypothermic (30C)
decrease CBR48]. Severe disruption of fluid balance, elec- pigs, Oung et al[237] found that bleeding time was nearly
trolyte levels and CPP are most likely to occur in the phase doubled. Thrombocytopenia has only rarely been reported
during which core temperature is fallifig48]. in environment-induced mild hypotherni20]. Coagulation

As hypothermia-induced hypokalemia is due to a combi- system effect was explained by temperature-induced reduc-
nation of increased urinary loss and intracellular shift, there tion of enzyme activity in the humoral and cellular coag-
is a risk for hyperkalemia during rewarming due to reversal ulation system43,44] Data regarding platelet count and
of the intracellular shift, i.e. mobilization of potassium from function indicate that decreasing temperature first reduces

the cells. platelet function followed by reduction of platelet count by
a reversible sequestration into the spleen. The coagulopathy
3.7.5. Immune system and infection associated with hypothermia is the result of reduced clot-

Leukocyte mobility and phagocytosis are decreased dur-ting factor activity as temperature declines, rather than any
ing mild hypothermia[273]. Reversible pancytopenia has reduction in the amount of clotting factors present. Clotting
been described in association with moderate hypothermia ofability will recover as the patients warms up.
31°C [273]. Mild hypothermia under halothane anesthesia
led to increased bacterial counts and a larger area of indura-3.7.7. Altered pharmacokinetics and pharmacodynamics
tion after a standard bacterial dermal inoculafidi3]. Im- Hypothermia increases the effects of central nervous sys-
munologic depression combined with decreased cutaneoudem depressant drugs and prolongs the duration of action
blood flow during mild hypothermif273] and surgical ma-  of drugs dependent on enzyme systems for their clearance
nipulations may, therefore, increase the risk of wound infec- [139,181] This is at least partially due to an additional
tion. Immune suppression associated with hypothermia maydecrease in hepatic blood flow during hypotherijiial].
thus account for the trend toward higher sepsis and pneu-For example, the MAC of inhaled anesthetics is progres-
monia rates in recent trials employing mild hypothermia. sively reduced by hypothermia and the duration of action of
Hypothermia has been demonstrated to reduce the function-non-depolarizing neuromuscular blockers is prolonged. The
ing of neutrophils, lymphocytes, and macrophaf@a3], duration of action of vecuronium neuromuscular block (10%
viewed as experimental curiosity. However, a recent study recovery if first twitch) is prolonged by 120% at a body tem-
of patients undergoing colon surgery found a statistically perature of 34.8C. The plasma clearance of vecuronium is
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reduced by 11.3% for each degree C decrease in core temhypothermia[67]. Electrocerebral slices are taken as an

perature (more in women than in men). end-point in which no electrical activity of cerebral origin
could be detected as this state is thought to be consistent

3.7.8. Interference with diagnostic and monitoring methods with cerebral metabolic inactivity during hypothermia, oc-

Monitoring neuromuscular blockade by compound elec- curring in a temperature range of 2022 [342]. Wood-
tromyogram may be more misleading during mild to mod- cock et al.[341] conclude that hypothermia of 26-30,
erate hypothermia, compared with monitoring mechanical which does not extinguish EEG activity, provides more cere-
twitch tension[271]. Furthermore, mild hypothermia to bral metabolic depression than does pharmacological EEG
32°C markedly prolonged the rate at which serum concen- suppression at 37T. EEG suppression and reduction in
tration of p-tubocararine and twitch tension equilibrated, metabolic rate may be produced at moderate hypothermia
resulting in an apparent marked delay in onset of paralysis using thiopental, isoflurane or propofid80]. As cause of
which could be interpreted as decreased sensitivity. Hy- the sensitivity of the EEG to a variety of physiologic vari-
pothermia decreases the adductior pollicis twitch response,ables, EEG changes during hypothermia may be difficult to
prompting the recommendation to maintain the temperatureinterpret.
of this muscle above 38 [271] for optimal monitoring of
neuromuscular block. 3.8.2. Evoked response

Hypothermia reduces carbon dioxide production and may Recording of evoked responses is used for the assessment
lead to excessive respiratory alkalosis if appropriate ven- of peripheral and lemniscal pathways up to the sensory cor-
tilatory adjustments are not made. Furthermore, owing the tex and may provide information about cerebral function,
altered gas solubilities, blood gas tensions and pH are af-even when the EEG is completely suppressed by anesthetic
fected by hypothermia, although the clinical significance agentd76]. Changes in the evoked responses of all modali-
of these changes is controversial. With eda€hdecrease, ties induced by hypothermia are due to two basic effects on
pH increases by 0.059CO, decreases by 4.4%, ampdD, neuronal activity: progressive slowing of axonal conduction
decreases by 7.29260]. Misinterpretation of “corrected”  and increased synaptic del§64,263] This accounts for
blood gas results may result in relative brain tissue acidosisincreases in latencies and decreases in amplitude of major
and abolition of CBF autoregulation. EP components with more profound effects on later compo-

nents[199].
3.8. Electrophysiological monitoring and hypothermia
3.8.2.1. Auditory evoked responses (AEPEAEP ampli-

It is difficult to determine to what extent the histologically tudes increase during progressive hypothermia with a maxi-
demonstrated protection against ischemia is followed of pure mum at 28—-32C [202] and cannot be reproducibly recorded
preservation of neuronal function or reflects only brain tis- at temperatures above 26, independent to differences
sue recovery without functional relevance. While hypother- in species (e.g. poikilotherm versus homeothefid)]. It
mia largely prevents cellular death, neuronal function could seems that the rate of temperature change during hypother-
still be abnormal, albeit masked by recovery/compensatory mia appears to be important in BAEP respofg®]. BAEP
processes. Indeed, neurons salvaged by postischemic hyamplitudes increase, when temperature is rapidly shifting
pothermia are not always entirely normal with respect to and decrease with stabilized tempera{@&9]. Temperature
ultrastructural features. One way to avoid these interpreta-fluctuations, especially in the cuneate nucleus, significantly
tive pitfalls is to assess the functional state of neurons by affect BAEP amplitude$4]. Other experimental data sug-

characterizing their electrophysiological properties. gest that membrane potential and membrane resistance in
cat spinal motoneurons follow different time courses when
3.8.1. Electroencephalogram temperature is shifting250]. These changes in membrane
Hypothermia is generally followed by a progressive re- characteristics may explain differential changes in ampli-
duction of both frequency and amplitude in EE&5]. In- tude, in that hypothermia-induced depolarization may result

creases in beta-activity during moderate hypothermia mayin smaller action potentials, whereas increased resistance
be related to a neuronal hyperresponsiveness. However, thanay result in larger spikes once cells have exceeded firing
combined effects of hypothermia and anesthetics have to bethreshold4146,280] Another possible explanation for dis-
taken into account, as most of the studies are performed durcrepancies among studies is the difference in the stimulus
ing presence of various background anesthetic drugs. Thelevels used. Hypothermia related BAEP amplitudes increase
brain tissue during rewarming seems to have its own speedat stimulus levels of 75-90dB, but have not been seen at
for regeneration of the EEG following a slower time course lower stimulus leveld38]. With lowering brain tempera-
than the core temperatuf@57]. When normothermia has ture, latencies of BAEP waves I, lll and V are progressively
been restored, residual EEG changes may persist until theincreased being smallest for wave | and greatest for wave V
neurons recovered to a normal functional status. [202] and the effect of amplitude may be related to the time
EEG recordings have been used to establish objectivecourse of temperature changds<l6]. With rewarming, all
criteria to consistently identify a safe level of regulated of these changes occur in reverse oif@e2]. Experimental
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data suggest that during hypothermia from up toQ7al- ronal injury when applied intraischemically, but a more
terations in BAEP are due to disturbances induced both in clinically relevant issue is whether hypothermia can pro-
axonal propagation and synaptic transmission by hypother-tect if applied hours after ischemia or once reperfusion
mia [290]. It was concluded that the hypothermic effect has occurred. Some studif%343,358]on focal ischemia

on synaptic transmission is 1.3—-1.7 times greater than onhave shown that delaying hypothermic onset up to 2h

axonal propagation. after induction can still be beneficial, provided hypother-
mia is maintained for at least 1-3h. Longer durations of
3.8.2.2. Somatosensory evoked responses (SEBs)ng mild hypothermia with 2-3h of delay have not yet been

less influenced by anesthetics and hypothef252265,362) studied in animal models. Secondly, since injury has been

recovery of SEPs may be related to the degree of damagecdassessed at 24 and 72 h postischemia, the possibility cannot

subcortical afferent white matter traft59]. After 4h of be excluded that mild hypothermia simply delays neuronal
permanent focal ischemia in rabbits, SEP was measured adamage. Indeed, the work on global ischemia has shown

37, 33 and 30C [192] and SEP recovered significantly in that mild hypothermia (applied for 3h at reperfusion on-

the hypothermic compared to the normothermic group and set) is very effective at reducing neuronal damage 3 days

has been related to a better neurological outcome following after ischemia, but the protective effect is less impressive
transient postischemic hypothermia after experimental cere-at 7 days[73]. By 2 months, cytoprotection is lost unless
bral ischemig13]. However, other studies have shown that hypothermia is applied intraischemically.

there may be a poor correlation between neuronal activity ~Even though itis unrealistic to expect similar results in all

and neurological recoverft90]. brain regions (e.g. therapeutic windows may be different), a

During hypothermia, peripheral and central conduction few investigators focus on hippocampal CA1 region. Addi-
times are significantly prolongefl06,114,216] A more tionally, several studies rely solely on histopathology, such
profound increase in the early cortical response is probably as CA1 cell counts or infarct volume measurements, to mea-
caused by an additional suppression of synaptic transmis-sure therapeutic efficacy even though functional outcome is
sion in the lemniscal-thalamic pathw{7]. Later cortical a clinically more relevant end point. Notably, several factors
components, which involve an increasing number of synap- complicate the relationship between histopathology and be-
tic transmissions, are slowed progressively. This may be havior, such as innate variation in performance, presence of
explained by earlier findings showing that prolonged la- undetected damage, selective protection by a treatment, and
tencies of potentials from presynaptic structures were the recovery of functior{96]. Neurons may also appear normal
result of slowed conduction velocit{23]. Components  in Nissl stains, but not function properfi33]. Function
from structures with interposed synapses showed a morethus cannot be precisely gauged by histology alone.
pronounced prolongation of latencies. From the interpre- Animal studies are sometimes limited by the use of too
tation of changes in SEP components, it has to be takenshort follow-up time[61] or lack of functional assessment,
into account that the temperature—latency relationship andor both. The use of short survival times is problematic be-
peripheral/central conduction time during hypothermia is cause cell death has been shown to continue for days or
different form that during rewarminfl66]. The more pro-  weeks after mild ischemic evenfg7]. This condition is
found increase in the early cortical component may be ex- analogous to that created by a partially effective neuropro-
plained by additional suppression of synaptic transmission tective intervention. For example, brief duration (for exam-
in the lemniscal-thalamic pathway. The later cortical SEP ple, 2-3 h) of postischemic hypothermia may appear quite
components were slowed to a greater extent, because an ineffective with short survival times (that is;1 week), but in
creasing number of synapses are involved in the generationreality may only postpone cell death as has been noted in
of these peaks. global ischemid77]. A previous study{61] addressed the

tissue of long-term benefit after prolonged (that is, >24 h)
3.8.2.3. Visual evoked responses (VEPS)JEP latencies postischemic hypothermia because a persistent reduction in
increase by 10-20% at a temperature of 33*34vhen cortical, and to a lesser extent striatal, infarct size was seen
compared to normothermj@3]. This is consistent with data  at a survival time of 60 days. A persistent histological and
during normal sleep when core temperature is belo’20 functional protection in a standardized stroke model is an
daytime normothermia BAEP latencies are increased by important advance over previous efficacy studies, especially

6—7%[169]. However, hypothermia to the level of 336 given that hypothermia was delayed 2.5 h after the onset of

seems to be at the borderline of significant effects upon ischemia[53].

VEP [73]. The ideal hypothermic therapy is unknown. In global is-
chemia, brief cooling is either ineffective or only transiently
beneficia[71], whereas longer bouts of hypothermia convey

4. From experimental towards clinical use substantial protectiofb4]. Furthermore, longer durations of
hypothermia not only increase protection but also extend the

There are limitations to the above-mentioned animal possible therapeutic window to at least several hours postis-
model studies. Hypothermia is effective in reducing neu- chemia. Because no study has compared diverse periods of
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hypothermia in focal ischemia (for example, 12 h versus 24 h apy in acute incomplete stroke, during temporary focal cere-
versus 48 h), it is unknown whether the currently suggested brovascular occlusion in certain neurosurgical procedures
period of experimental hypothermia of about 24 h is nec- [136,289] following head injury[218], and immediately
essary to achieve a sufficient neuroprotection or whether apostresuscitation from cardiac arr¢68,306,338] Indeed,
more prolonged therapy would be more efficacious. There hypothermia has been shown to be the mechanism involved
is also a variability in the degree of physiological regu- in the neuroprotective effects of drugs in some models of
lation (e.g. temperature, glucose, blood pressure). Surpris-cerebral ischemig22], underlying the hope that the fu-
ingly, many investigators continue to use rectal and/or skull ture will provide the opportunity for routinely combining
temperature measurements even though they do not reliablyhypothermia with pharmacotherapy to optimize neuropro-
reflect brain temperatuf@9]. Thus, unknown variations in  tection in stroke patients. This combination of hypothermia
brain temperature make the quantification of the severity of with neuroprotective drugs as a therapeutic approach has
the ischemic damage difficult. Careful physiological control already been demonstrated to improve the outcome in exper-
(e.g. blood gases, shivering) during hypothermia is also im- imental cerebral ischemifl42,277] Finally, preischemic
portant. However, few studies closely mimic the manner in therapeutic interventions may be also effective in limiting
which hypothermia is produced in humans. This is especially ischemic damagg225,269] but its value in the clinical
true in rodents because of the technical limitations (e.g. lim- setting clearly remains to be established. Taken together
ited blood sampling) of prolonged physiological control un- preischemic hypothermia could be of value as a precondi-
der anesthesia. tioning stimulus for inducing delayed tolerance, such as itis
The majority of experimental studies that investigate the needed in a variety of therapeutical procedygsd]. How-
potential benefits of hypothermia have been performed in ever, the improved understanding of the pathophysiological
mice, gerbils, and rats. There are species, sex, and strairmechanism underlying regulated hypothermia is likely to
differences in tolerance to ischenjitb,22,99,195,23%nd lead to significant therapeutic benefits in the future for a
species differences in tolerance to hypotherfhja24,132] majority of patients with first ever cerebral ischemic events.
Lack of protection in one model, therefore, does not nec-
essarily mean lack of protection in other models or in hu-
mans. However, differences in thermoregulatory response5. Conclusion
between rodents and humans subjected to ischemic events
hampers the extrapolation process. Many experiments use To date no other single therapeutic approach has been
young adult animals, whereas most strokes occur in the developed that can reduce ischemic neuronal damage to
middle-aged to elderly. In fact, young animals have been the extent that is observed with hypothermia except throm-
shown to be more resistant to ischerf#88], and they may  bolysis. Postischemic hypothermia provides powerful and
also tolerate hypothermia better than old aninja]s long-lasting protection in animal studies, if cooling is main-
Rodents have relatively large surface area/body mass ratained for an adequate time period and not excessively
tios and are capable of rapidly lowering core temperature. delayed. As it is suggested in the present review, mild
As body mass increases, the surface area/body mass ratibiypothermia’s neuroprotective benefit may be secondary to
decreases resulting in greater thermal stability. Few studiesattenuation of several detrimental processes involved in both
suggest that the rate and overall spontaneously change imecrotic and apoptotic cell death. Furthermore, hypothermia
brain tissue temperature after an ischemic event is far smallermay be a cost-effective therapy that is easily implemented,
in humans as compared with rodents. This inability to re- and may prove to be of value by itself or in combination
duce body temperature in large species may be a result ofwith more traditional pharmaceutical approaches. Two key
their changed thermal sensitivity. On the other hand, the at-issues that need to be addressed are the optimal depth and
tenuation in stroke induced changes of brain temperature induration of mild hypothermia. Although further work must
large species may reflect different physiological strategies. be accomplished to optimize its use in humans, clinical
That is, large species may have evolved alternative mecha-studies have already been started to test its efficacy in the
nism to respond and recover to ischemic events because theyreatment and prevention on stroke.
are unable to mount a regulated hypothermic response that
is characteristic in small mammals.
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