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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 (32–35 ◦ C) and moderate hypothermia
(30–33 ◦ C). The neuroprotective effectiveness of postischemic hypothermia is typically viewed with skepticism because of conflicting experimental 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 neuroprotection, especially when thermoregulatory responses are suppressed by sedation or anesthesia. Conversely, brief or very mild hypothermia
may only delay neuronal damage. Accordingly, protracted hypothermia of 32–34 ◦ C may 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
Acute ischemic stroke represents a leading source of
disability and death in major industrialized countries
[113,290], that are mostly characterized by large-vessel
thromboembolic occlusion and different pathophysiological
factors contributing to the subsequent cellular brain tissue
damage. To improve neurological outcome, a variety of
new pharmacological strategies have been developed, but
their neuroprotective influence remains partly controversial [113,271,290,300]. On the other hand, thrombolytic
agents have been shown to improve experimentally and
clinically the outcome by accelerating reperfusion of the
adjacent vascular territory, although there is an elevated risk
of additional cerebral hemorrhage [113,187,208,290]. By
identifying different other treatment strategies to minimize
such unfavorable side-effects [270], increasing interest has
been focused on regulated hypothermia as a method of
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cerebral protection during the past 20 years, representing
one of the most effective treatment options in reducing
further deterioration of brain tissue after acute ischemic
stroke [11,17,24,35,42,52–54,56,59,60,70,152,171,173,203,
205,219,231,258,259,269,279,280,331,354,358,361,363], if
hypothermia is induced soon after the onset of neurological symptoms and maintained for an adequately long time
period [171]. Nevertheless, many questions regarding regulated hypothermia remain unanswered, including the degree
of temperature reduction, the time point of application and
the time period needed for successful neuroprotection. Both
in clinical and experimental studies of regulated hypothermia, two principal patterns of core temperature lowering
have been defined: mild (32–35 ◦ C) and moderate hypothermia (30–33 ◦ C) [112]. It is well accepted that hypothermia
is remarkably neuroprotective when applied during or after global or focal ischemia. Protracted hypothermia of a
few ◦ C can provide sustained behavioral and histological
neuroprotection [10,26,33,35], whereas brief or very mild
hypothermia only delays neuronal damage [73]. It becomes
increasingly clear that an interaction of various pathophysiological factors are involved in ischemia, all of which
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are influenced by hypothermia [117]. However, the exact
pathophysiological mechanism of cerebral protection by
regulated hypothermia, that means stepwise reduction of
core temperature, remains still a matter of debate.On the
basis of the increasing interest in clinical application of regulated hypothermia as an additional therapeutic option in
the treatment of acute ischemic stroke [272,294], it seems
time to summarize the experimental data of hypothermia
up to present, to discuss problems to be solved in the experimental field and try to draw parallels to therapeutic
potentials and limitations.

2. Pathomechanism and their putative modulation
by hypothermia
Several pathophysiological steps may be involved in the
neuroprotective effect of hypothermia [333]. These may include: (i) an increase in denaturation and misaggregation of
proteins; (ii) a slowing of progression through the cell cycle, with phase G1 typically being the most sensitive; (iii)
an inhibition of transcription and translation, leading to a
generalized reduction in protein synthesis; (iv) a disruption
of cellular cytoskeletal elements; and (v) changes in membrane permeability leading to increased cytosolic Na+ and
H+ levels. Hypothermia can also produce alterations in the
properties of the lipid bilayer, such as phase transitions or
changes in the fatty acid composition of the membrane, reflecting a cellular physiological response to cold stress.
The cerebral protection has commonly been attributed to
the decreased cerebral metabolic requirements according to
the Q10-principle representing the factor by which the rate
of a biochemical reaction is increased for a 10 ◦ C rise in
temperature [107]. The Q10 is close to a value of 2 for enzymatically catalyzed reactions but greater for non-enzymatic
reactions. Michenfelder and Milde [210] have shown that
the Q10 of the brain increased from about 3 between 37 and
27 ◦ C to 4.8 between 27 and 18 ◦ C. This means that a 1 ◦ C
reduction in core temperature will lead to a 9.6% metabolic
reduction, such as in the rate of cellular respiration, oxygen demand or carbon dioxide production. The altered O2
demand during hypothermia is especially critical in highly
aerobic organs such as the brain tissue. Based on these values, if the brain could survive an ischemic event for 5 min
at 37 ◦ C, hypothermia to 27 and 17 ◦ C would afford 15 and
72 min neuroprotection, respectively, based solely on decreased CMRO2 . While survival times at brain temperatures
below 20 ◦ C may be predicted on the basis of increasing
Q10 and diminishing CMRO2 , some additional physiological mechanisms are required to explain intact survival after
prolonged submersion, in which reported core temperature
are often above 30 ◦ C.
In recent years, a large amount of experimental data
have demonstrated that hypothermia introduced and maintained during the ischemic event (intraischemic hypothermia) diminishes neuronal damage and improves outcome

following transient global and focal ischemic events
[7,10,16,31,35,71,98,100,107,137,308,345,347,350]. Such
experimental findings confirmed substantial evidence that, at
least in animal models, intraischemic hypothermia may protect, for a considerably long time, brain tissue that would otherwise undergo delayed cellular death after ischemic event
[347]. Fewer experimental studies deal with the pathophysiological alterations of postischemic hypothermia after stroke
[7,33,42,50–53,57,58,79,152,171,195–198,201,217,229,277,
278,344,352,356] (see Tables 1 and 2). This may be because postischemic hypothermia has only recently been
shown to provide lasting benefit [59,178,285]. Suggesting
that other pathophysiological mechanisms are involved in
the protective effects of postischemic hypothermia than
those implicated in intraischemic hypothermic neuroprotection, data of experimental intraischemic hypothermia may
not obviously generalize the situations of postischemic hypothermia, particularly, when it is initiated several hours
after ischemia, but might broaden the therapeutic window
for additional therapeutic intervention.
2.1. Cerebral blood flow
Incongruent experimental data exist on the consequences
of hypothermia on cerebral blood flow (CBF). Systemic
hypothermia of 25–28 ◦ C is followed by decreased CBF
as measured by 14 C-butanol [264], whereas selective brain
cooling (31 ◦ C) with normal core temperature is followed by
increased cortical blood flow as measured by laser-Doppler
flowmetry [174]. Thus, the hypothermia-induced hemodynamic changes may depend on the different experimental
methods of brain tissue cooling (systemic versus local) as
well as the depth of hypothermia [72,120]. External brain
cooling produces a centripetal temperature gradient resulting in temperature differences between superficial and deep
cerebral structures [97]. Therefore, the pial vessels could be
exposed to much lower temperatures than the vessels inside
the brain tissue. Profound levels of hypothermia abolish
cerebral autoregulation by producing cerebral vasoparalysis
[104,126,266]. Thus, an increased cortical blood flow in
response to conductive (external) head cooling could be
caused by centripetal temperature gradients and would be
limited to the outer layers of the cerebral cortex.
In newborn piglets, it could be demonstrated that CBF,
as measured by colored microspheres, decreased more than
CMRO2 , if brain temperature was below 35 ◦ C during systemic hypothermia [232]. The CBF decreased to 72% of the
initial value at 35 ◦ C and to 41% at 32 ◦ C, while CMRO2
and CMRglc decreased to 66 and 64% at 35 ◦ C, and to 53
and 46% of the initial value, at 32 ◦ C, respectively. These
experimental data indicate that CBF decreased in parallel
with CMRO2 and CMRglc down to 35 ◦ C, but decreased
more than CMRO2 at brain temperature below 35 ◦ C. Several other studies have established the link between cerebral
metabolic rate and CBF. In sheep fetuses, decreased core
temperature by 2 ◦ C did not influence CBF [163]. However,
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Table 1
Effect of delayed (>30 min) postischemic hypothermia on ischemic CA1 neuronal damage in selected reports of rodent global ischemia modelsa
Authors

Model (min)

Hypothermia
Delay (h)

Duration (h)

Temperature

(◦ C)

Survival
time
(days)

Busto and Ginsberg [30]
Carroll and Beek [38]

Rat (10)
Gerbil (5)

0–5
1.3

3
6

30
30

3
4

Coimbra and Wiesloch [50]
Coimbra and Wiesloch [51]

Rat (10)
Rat (10)

2
2–36

5
5

33
33

7
7

Colbourne and Corbett [58]

Gerbil (3 or 5)

1

Shuaib et al. [278]

0.5, 1

3

Shuaib et al. [279]

Gerbil
(repetitive 2 × 3)
Gerbil (5)

0.5

3

Colbourne and Corbett [57]

Gerbil (5)

1, 4

24

Nurse and Corbett [227]

Gerbil (3)

1

27

Coimbra et al. [52]

Rat (10)

2

7

12, 24

32

10, 30

34–35

7

34

7, 29

32, 34

30, 180

35.5–36.5

4, 10

33

7, 60

Outcome

No protection
Delay 1 h: grade 2; delay 3 h: no
protection
Grade 7
Delay <6 h: grade 3; delay >12 h:
no protection
3 min: grade 4; 5 min, duration 12 h,
7 days: grade 2; 5 min, duration
12 h, 30 days: grade 1; 5 min,
duration 24 h, 30 days: grade 4
No protection
7 Days: grade 3; 29 days: no
protection
Delay 1 h, 32 ◦ C, 180 days: grade 3;
delay 4 h, 32 ◦ C, 180 days: grade 1;
delay 1 h, 34 ◦ C, 30 days: grade 3
Delay 4 days: grade 3; 10 days:
grade 2
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 neuron <25%; grade 2: 25% < count of normal neuron < 50%; grade 3: 50% < count
of normal neuron < 75%; grade 4: 75% < count of normal neuron).

dogs, every 1 ◦ C the body temperature decreased, CBF and
CMRO2 decreased by 6.7% between 35 and 25 ◦ C as measured by autoradiography [265]. Young and McCormick also
reported that with each decrease of 1 ◦ C during hypothermia

Busija and Leffler reported a CBF and CMRO2 decrease
of 40–50% at a temperature level of 34–35 ◦ C compared to
39 ◦ C in normal newborn piglets (1–4 days after birth) measured by 15-micro S radioactive microspheres [29]. In adult

Table 2
Effect of delayed (>30 min) postischemic hypothermia on cerebral infarction volume in selected reports of rodent focal ischemia modelsa
Authors

Model (min)

Hypothermia
Delay (h)

Duration (h)

Outcome

Temperature (◦ C)

Survival
time
(days)

Control: 99 mm3 ; delay 30 min: 44 mm3 ;
delay 1 h: 35 mm3 ; delay >2 h: no protection
No protection
Control: 17%; hypothermia: 8%
Control: 211 mm3 ; duration 1.5 h:
108 mm3 ; duration 3 h: 56 mm3
Control: 21%; hypothermia: 11%.
Control: 160 min3 ; delay 30 min: 68 mm3 ;
delay 1 h: no protection
Control: 211 mm3 ; delay 30 min: 179 mm3 ;
delay 45 min: no protection
Control: 197 mm3 ; delay 3 h, duration 1 h:
no protection; delay 3 h, duration 21 h:
154 mm3 ; delay 3.5 h, duration 21 h: no
protection
Control: 53%; delay 30 min: no protection;
delay 1 h: 84%; delay 2 h: 59%
Control: 67.5 mm3 hypothermia: 35.8 mm3
Control: 55%; delay 1.5 h: 61%; delay 2 h:
no protection; delay 3 h: no protection
Control: 215 mm3 ; hypothermia: 159 mm3

Baker et al. [11]

Permanent

0.5

2–3

24

1

Moyer et al. [217]
Kader et al. [149]
Xue et al. [345]

Permanent
Permanent
3 h transient

0.66
1
1.5

1
1
1.5, 3

32
30–36.5
32

1
1
1

Zhang et al. [360]
Karibe et al. [154]

2 h transient
2 h transient

3
0.5–1

3
1–1.5

30
32–33

7
1

Markarian et al. [201]

3 h transient

0.5–0.75

3

32–33

3

Yanamoto et al. [352]

3 h transient

3–21

3–3.5

32–36

1

Maier et al. [197]

2 h transient

0.5–2

1–2

Colbourne et al. [53]
Maier et al. [195]

1.5 h transient
2 h transient

2.5
1.5–3

Kollmar et al. [169]

2 h transient

3h

24
2
5

33

3

33–35
33

35–42
3

33

5

a All studies are used by middle cerebral artery occlusion model. Results are represented by infarct volume (mm3 ) or percentage of infarct volume
to those in ischemic ipsilateral hemisphere.
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of adult humans, CBF and CMRO2 decreased by about 5%
as measured by laser-Doppler flowmetry [357].
Another question may be to which degree CBF is
metabolically regulated during cerebral hypothermia. Hypothermia changes flow–metabolism coupling in the brain
tissue that results in a mismatch of flow and metabolism
favoring brain perfusion during moderate and deep cerebral
hypothermia [29]. Based on these data, it cannot be decided,
if CBF increase relative to metabolism represents a cerebral
luxury perfusion or if it is a change in coupling of flow and
metabolism. Regardless of this change in flow–metabolism
coupling, metabolic regulation remains a main determinant
of CBF even during deep cerebral hypothermia.The CBF
increase may be caused by factors other than metabolic
regulation: moderate and deep hypothermia may exert a
direct effect on cerebral resistance vessels, independent
of metabolic autoregulation [116,244,323]. In addition,
moderate hypothermia dilates cerebral arterioles in vitro
[228], suggesting that this effect may in vivo counteract the
metabolically mediated vasoconstriction during moderate
and deep cerebral hypothermia. From this pathophysiological aspect, it seems that the cerebrovascular response varies,
depending on the depth of hypothermia, the method of cooling, the model of ischemia, and the animal species. These
differences may represent the key factor in determining the
local hemodynamic consequences of hypothermia [72].
2.2. Membrane stability
Disruption of blood–brain barrier (BBB) and brain edema
formation are induced by ischemic processes and have
been implicated in the progression of ischemic brain tissue
damage [134]. In forebrain global ischemia, normothermic
(36 ◦ C) but not hypothermic (33 ◦ C) rats display early postischemic BBB disruption to protein tracers after an ischemic
event [73]. If intraischemic temperature is maintained at mild
hyperthermic levels (39 ◦ C), protein extravagation is much
more pronounced compared to normothermic ischemia [73].
Other studies have demonstrated that hypothermia reduce
the permission of radiolabeled tracers across the BBB [73],
suggesting that decreased formation of brain edema—as
induced by hypothermia—is largely mediated by the protection of BBB integrity. Hypothermia dramatically reduces
brain edema formation in the basal ganglia at 24 h after
induced ischemia [160]. From the pathophysiological point
of view, decreased brain edema formation by hypothermia
is very likely, when the hypothermic reduction of glutamate surge [214], of Ca2+ mobilization [215] and of ATP
expenditure [346] helping to maintain brain tissue integrity
and therefore reduce brain edema formation [299]. In addition, hypothermia protects the BBB [146,285] and exerts
a neuroprotective effect by reducing the passage of potentially harmful endogenous substances across the endothelial barrier. For example, leukotriene B4, an arachidonic
metabolite, produced by ischemic degradation of membrane
lipids, is followed to the development of ischemia-induced

vasogenic edema and is decreased in mild hypothermia
[67].
2.3. Energy metabolism
A metabolic reduction has been suggested to be the main
pathophysiological mechanism of hypothermia-induced
neuroprotection [283,337]. Cerebral metabolism can be
divided generally into two compartments [212]: (i) cellular integrity and structure, as maintained by the basal
compartment and suppressed by hypothermia; and (ii) cellular function, as neuronal firing, related to the functional
compartment, and suppressed by anesthetic agents, such
as barbiturates. Both metabolic states are considered to be
more or less independent of each other [330].
Protein synthesis and ion-balancing ATPase are the dominant energy-consuming processes of standard metabolic
rate in mammals [262]. Thus, decreased ATP demand, as
a consequence of decreased pump activity and lowered
membrane permeability, provides evidence as a strategy to
down-regulate energy turnover in metabolically depressed
states [74,240]: a decline in CMRO2 rate can be demonstrated during regulated hypothermia [103]. During cardiac
arrest—lasting 10 min—in dogs with hippocampal temperature of 30 ◦ C, there cannot be demonstrated any difference
of cerebral lactate as compared to normothermia [219].
Varying temperature of 27–35 ◦ C induced before initiating global ischemia in cats and maintained during the first
1.5–2.0 h of recirculation reduced intracellular acidosis as
assessed by magnetic resonance spectroscopy [47]. Decreased intracellular glucose concentrations together with
increased tissue lactate were seen up to 34 ◦ C, but at 31 ◦ C
there was significantly less perturbation in both glucose and
lactate, indicating a preservative effect of hypothermia on
cerebral metabolic rate during ischemia [345].
Decreased LCMRglc follows varying hypothermic temperatures (20 min) at levels of 36 or 30 ◦ C, 2 h after recirculation following bilateral carotid occlusion in rats,
but LCMRglc was significantly higher in all cortical and
subcortical structures of rats with intraischemic hypothermia as compared to normothermia [101]. In another study,
non-ischemic rats under normo- and hypothermic conditions
showed decreased LCMRglc at levels of 35–50% below
normothermic levels, with considerable regional heterogeneity [203]. The higher tissue concentration of glucose in
normoxic brain at 31 ◦ C, in combination with lower tissue
lactate, support previous data of adult animals that hypothermia may reduce glucose consumption by inhibiting the
enzyme phosphofructokinase [115,192,194]. Hypothermia
alone reveals no adverse effect on high-energy phosphate
reserves of the immature rat brain tissue [151], but elevated
phosphocreatine levels in both the 34 and 31 ◦ C groups have
been demonstrated in hypothermic adult rats [192,194]. As
homeostasis of phosphocreatine is related to the activity of
creatine kinase and to intracellular pH, it is likely that the
rise in phosphocreatine may be related to an intracellular
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alkaline shift during hypothermia [281]. Further substantiation for this hypothesis has been provided by an increase
in intracellular pH of 0.011 units/◦ C at hypothermic temperatures of 29 ◦ C [147], combined with an increase in the
cerebral phosphocreatine/inorganic phosphate ratio. These
findings, taken together with the preservation of glycolytic
and tricarboxylic acid cycle, support evidence that hypothermia alone may substantially lower CMRO2 [115,281].
Disturbances in cerebral tissue ATP during acute ischemia
can lead to brain tissue damage. In vitro and in vivo models of cerebral ischemia have demonstrated that ATP depletion to 25–30% of normal values results in glial cell death
[110,335,347]. Preservation of ATP during intraischemic hypothermia of 34–36 ◦ C has been documented in adult rats
[22] and in 7-day-old rat pups exposed to a similar ischemic
event at 29 and 21 ◦ C [356]. Both of these studies used a
focal ischemia model, during which substrate continues to
be supplied to the brain tissue, albeit at a reduced rate. In
contrast, studies in which complete/near complete ischemia
models were used have failed to show an effect of hypothermia on preservation of brain ATP [35,47,329]. Despite the
profound effects of hypothermia on lowering the cerebral
rate of oxygen consumption, a complete lack of substrate
will inevitably result in the failed maintenance of energy
stores. This is exemplified by experiments in which cerebral
energy utilization was measured using the Lowry decapitation technique, demonstrating that hypothermia of 30 ◦ C
reduced the rate of ATP utilization from 0.4 mmol/(kg min)
in normothermic animals to 0.23 mmol/(kg min) in the hypothermic groups [212]. However, at the end of short periods of complete cerebral ischemia, ATP stores are not preserved by hypothermia [35,47,299,329], even though the rate
of depletion is delayed in some studies [47,329], demonstrating that hypothermia exerted a protective effect despite
increased depletion of ATP pool.
By use of magnetic resonance (MR) spectroscopy, moderate hypothermia shunts glucose metabolization from
Embden–Meyerhof glycolytic pathway into the potentially
neuroprotective pentose phosphate pathway (PPP) [151],
playing an important role in maintaining cellular integrity
and function during ischemia to maintain membrane potential, and diminish oxidative damage. In normothermic rats,
PPP constitutes 2.3% of the whole metabolism of brain
glucose [94]. Composed of two reaction sequences, one
forming CO2 , d-ribulose-5-phosphate (Ru5P), and the reduced form of nicotinamide adenine dinucleotide phosphate
(NADPH) and the other regenerating hexose phosphate
from Ru5P, it has been suggested that the separate control
of these two pathways would allow for the fine regulation of
NADPH compared with Ru5P formation [18]. Ru5P is prerequisite of nucleic acid synthesis whereas NADPH serves
a number of cell-protective functions [151]. In addition to a
depression of cellular metabolism, mild hypothermia results
in an apparent decreased steady-state fractional enrichment
of 13 C label [151], implying that a significant amount of
glucose has been metabolized through the PPP rather than
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through the glycolytic and tricarboxylic acid pathways
[151]. In the oxidative branch of the PPP, the 13 C-labeled
first carbon of glucose is lost as 13 CO2 during formation
and steady-state enrichment of Ru5P [151]. Both glycolysis and the PPP produce lactate, as it can be measured
by nuclear MR imaging: glycolysis produces one molecule
of 13 C-lactate, whereas the PPP produces only unlabeled
lactate [151]. Thus, the ratio of labeled lactate produced
to labeled glucose administered is less than the expected
1:1. As the activity of the PPP increases, this ratio lowers
[151]. Up-regulation of PPP during hypothermia may play
a vital role in maintaining cellular integrity and function.
The PPP appears to possess a large reserve capacity, and
it has been suggested that it may have a specific role in
brain metabolism, perhaps being intermittently turned on at
a high level of activity to provide large amounts of product as required [13]. Experimental stimulation of the PPP
by diethyl maleate or buthionine sulfoximine, which act
through glutathione depletion, increases the survival time
of animals suffering from ischemia [319].
2.3.1. Brain oxygenation and tissue acid base status
There is experimental evidence that hypothermia is accompanied by a reduction in CMRO2 leading to relatively
improved oxygen supply or to a reduced susceptibility to cellular damage [209]. Mild hypothermia results in a significant
(30–40%) depression of tricarboxylic acid (TCA) cycle activity and thus cellular metabolism in rats [151]. This depression is consistent with that seen using indirect measures of
metabolism in the non-shivering rat, the CMRO2 decreases
linearly from 37 to 22 ◦ C, falling by approximately 5%/◦ C,
which is mirrored by a smaller decrease in CBF [115]. Described by its discoverer as the main energy-yielding process
in all of the nature [173], the ubiquitous nature of the TCA
cycle would make the control of its activity an ideal mechanism of hypothermic neuroprotection. These data provide
further insight into the mechanism by which experimentally
induced hypothermia exerts its neuroprotective effect during ischemia indicating a dissociation between the degree of
hypothermia and the extent of energy preservation, despite
relatively profound sparing of tissue damage at both 31 and
34 ◦ C [320]. This disparity in energy preservation between
both animal subgroups suggests that the degree of hypothermia has important implications regarding not only the mode
of action, but also the degree of benefit provided by this
form of therapy. However, previous studies have shown that
in the normal brain tissue, CMRO2 decreases linearly by
5–8% for each 1 ◦ C drop in brain temperature [207].
Hypothermia leads to a left shift of the hemoglobin–O2
dissociation curve and to a restricted oxygen delivery
to tissues [6]. The solubility of oxygen in the blood increases during hypothermia. Under normal conditions the
dissolved oxygen in blood plays a minor role in cerebral
oxygen metabolism, as only 2.3% of the dissolved oxygen
is integrated in the normal CMRO2 . During hypothermic
cardiopulmonary bypass surgery, CMRO2 obtained from
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dissolved oxygen increased far more, proportional to arterial
blood [68]. Other studies have shown that there is a decrease in brain tissue oxygenation from the brain surface to
deeper tissue because of a decreasing number of capillaries
in deeper zones [16]. However, it can be speculated that this
shift of the O2 dissociation curve on HbO2 -binding affinity
may be either beneficial or detrimental to the ischemic brain
tissue. Because hypothermia increases the affinity of Hb for
O2 , release of O2 into tissue could be reduced. In contrast,
when Hb affinity for O2 is increased, a lower tissue pO2
is required to release O2 from Hb preserving O2 delivery
until it is released in more hypoxic tissue. Alternatively,
the effect of hypothermia on HbO2 binding sites may be
negligible in the context of other major pathophysiological
events initiated by an ischemic event and/or the neuroprotective effect of hypothermia is of such magnitude that the
effect of altered O2 release is negligible in comparison.
However, changes of HbO2 bindings sites caused by mild
hypothermia do not alter brain infarct size after experimental focal ischemia so that other mechanisms must account
for the benefits observed from hypothermic neuroprotection
[324].
2.4. Calcium and intracellular signaling
2.4.1. Calcium signaling
It has been demonstrated in experiments employing Ca2+
microfluorometry imaging on slices from gerbil hippocampi
preloaded with a Ca2+ dye, rhod-2, that [Ca2+ ]int mobilization is induced within 2–3 min after induction of ischemia;
pronounced in CA1 region and more significantly in the
stratum radiatum or the stratum oriens than in the stratum
pyramidale, leaving CA3 region little affected [215]. Increased [Ca2+ ]int by ischemic events is related partly to the
extracellular space through glutamate receptor channels,
more highly attributable to NMDA-type than others like
AMPA-type or kainate-type, or through voltage dependent
Ca2+ channels [284]. The Ca2+ originates from intracellular Ca2+ stores on the other hand, mediated by ryanodine
type receptors or that of inositol triphosphate (IP3) type.
As IP3 has been implicated in glutamate metabotropic
receptor-mediated events and [Ca2+ ]int homeostasis, rats
have been subjected to 20 min of two-vessel occlusion plus
hypotension at intraischemic brain temperatures of either 30
or 37 ◦ C, demonstrating significant decreases of IP3 during
normothermic ischemia in hippocampus (74%), striatum
(81%), and cortex (66%); thalamic levels remained unchanged [30]. Following intraischemic hypothermia, only
the striatum showed a significant, but smaller decrease in
IP3 levels [30]. These results demonstrate that decreased
IP3 level in vulnerable ischemic brain regions can be at
least partially inhibited by intraischemic hypothermia [32].
The NMDA-type receptor channel is one whose function is profoundly affected by ischemic conditions, because
glutamate binding to the receptors followed by membrane
depolarization induces opening of the channels by remov-

ing the Mg2+ block, through which Ca2+ can penetrate
inwardly with monovalent ions. Ca2+ permeability of
AMPA-type receptors is intrinsically small compared with
that of NMDA-type receptors. However, it increases after
this permeability changes in ischemic conditions in vivo
and in vitro, because a new subtype lacking Glu R2 appears which permeates much Ca2+ than Glu R2 containing
receptor subtype. The Ca2+ mobilization is lethal when it
is sustainedly kept high [312], exceedingly a certain levels
[5], because Ca2+ can induce uncontrolled Ca2+ damages
mitochondrial respiration or uncontrolled Ca2+ -dependent
cascade reactions.
2.4.2. Intracellular signaling
The hypothermia-induced effects on ion-exchanges
and co-transporters involved in cell regulation are yet
poorly understood. Cerebral ischemic events inhibit,
by translocation, both the protein kinase C (PKC) and
Ca2+ /calmodulin-dependent protein kinase II (CaM kinase
II) systems [37,40,93], an effect that can be attenuated by
intraischemic hypothermia [31]. Recent experiments using
gene knockout mice to reduce CaM kinase II activity have
shown a doubling of focal ischemic damage compared to
their wild littermates [322]. Hippocampal slices taken from
CaM kinase II knockout mice yield more robust posttetanic
potentiation, a finding that suggests regulation of glutamate
release by CaM kinase II [40]. These experimental data
suggest that PKC modulate synaptic functions during ischemia. Upon redistribution of the postsynaptic densities
after ischemia, CaM kinase and PKC phosphorylate can
modulate glutamate receptors [328]. Additionally, Ca2+
influx through the NMDA-type ion channel can activate
CaM kinase II, thereby regulating AMPA-type glutamate
receptor ion channels through their phosphorylation [328].
In support of the deleterious role of PKC in ischemic
brain tissue damage, it is reported that non-selective PKC
inhibitor prevents neuronal damage [193] and a selective inhibitor prevents cerebellar granule cells apoptosis
after depolarization [356]. Moreover, glutamate-induced
apoptotic-like cell death is largely prevented by inhibition
of NMDA-receptor, PKC, CaM kinase II, and MAP kinase,
respectively [146]. Furthermore, NMDA receptor inactivation provides long-term protection to cultured cortical
neurons from a variety of cell death signals [90]. These observations support the hypothesis that hypothermia prevents
reperfusion-induced neuronal damage and delayed neuronal
cell death through inhibition of glutamate receptor-mediated
activation of CaM kinase and PKC.
Ubiquitin is a small proteasome binding covalently to
abnormal proteins induced by ischemic brain tissue damage
and facilitating intracellular protein degradation. Following
global ischemia, ubiquitin disappears in the hippocampus
and does not subsequently recover. This ischemia-induced
loss of ubiquitin may lead to an accumulation of abnormal
proteins which affect cell structure and function. In gerbils
subjected to 5 min of ischemia, intraischemic hypothermia
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was associated with a significant restitution of ubiquitin
compared to normothermic animals [349].
2.5. Excitotoxicity
Few reports are available regarding the pathophysiological mechanisms for attenuation of ischemia-induced effluxes
of neurotransmitters by brain hypothermia. Activation of
synaptic enzymes such as PKC or CaM kinase II facilitates the release of transmitters [280], and PKC is involved
in ischemia-induced transmitter release [280]. Therefore,
maintenance of presynaptic enzymes may lead to attenuated release of excitatory neurotransmitters (i.e. glutamate,
aspartate) [109]. In the early postischemic period, an imbalance between excitatory and inhibitory neurotransmission
is apparent [101], and is attenuated by early postischemic
hypothermia [100].
Excessive release of glutamate during ischemia represents an important factor in the pathogenesis of ischemic
neuronal damage [20,196]. As it is generally accepted
that biosynthesis and uptake of neurotransmitters are
temperature-dependent, the degree of glutamate surge is
largely depressed [34] and the onset of Ca2+ mobilization
is significantly delayed when ischemic events were carried under hypothermia [217]. Following focal cerebral ischemia, glutamate levels typically peak within 60 min after
experimental induction of ischemia and return to baseline
[111,137] or decrease substantially [10] by 90–120 min.
Hypothermia increases (extracellular) glutamate levels by a
delay of up to 20 min [111,137]. A few studies have shown
that mild hypothermia is still effective even when applied
after glutamate peaks (hypothermia delayed by 60–120 min)
[11,200,229,346]. Therefore, there is experimental evidence
that mild hypothermia also exerts its protective effects by
altering processes down-stream of excitatory amino acid
release. Hypothermia between 30 and 33 ◦ C completely inhibits glutamate release [34]. The 30 ◦ C produced a greater
degree of protection than 33 ◦ C [35], even though both
levels resulted in similar degrees of reduction in excitotoxic transmitter efflux [34]. Therefore, hypothermia effects
on ischemic transmitter release per se cannot completely
explain its neuroprotective effects.
Altered uptake carrier activity of neurons and glia—as
driven by the transmembrane gradients for Na+ /K+ [34]—is
suggested to be the major factor for effluxes of amino acids
during brain ischemia. Because hypothermia attenuates ischemic depolarization [34], preservation of ionic gradients
by hypothermia may attenuate the reversed uptake mechanism. However, in gerbril models, excitotoxicity is considered to be completely finished with 1 or 2 h after ischemia;
while postischemic hypothermia introduced some hours after the event still resuscitates hippocampal neurons [34].
These data indicate that temperature-dependent cellular processes are still going on after the “conclusion” of excitotoxicity and demonstrate potential postexcitotoxic connections.
One such connection may be the postischemic, sustained
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activation of glutamate receptors. If hippocampal slices are
subjected to microfluorometric measurement, mobilization
of Ca2+ in response to the addition of NMDA is selectively
visualized in the stratum radiatum and stratum orients of
the ischemia-vulnerable CA1 sector [34]. In this model, the
Ca2+ response to the NMDA addition was found to significantly increase in gerbils that had been subjected to 5 min
transient ischemic events 1–9 h before sacrifice, with a peak
around 6–9 h [34]. It has been found that virtually no such
sustained enhancement of Ca2+ mobilization could be detected in slices from gerbils that were subjected to transient
ischemia at 33 ◦ C [351]. These findings apparently document sustained activation of NMDA-type glutamate receptors as confirmed by a patch clamp study on CA1 neurons
in hippocampal slices of the gerbil [64,215]. In a different experimental paradigm, a delayed activation of both the
NMDA-glutamate receptors [227] and the non-NMDA receptors [311] induced by an ischemic event has been reported.
2.6. Concept of acid–base management
During hypothermia, management by acid–base strategy
is related to the fact that the pH of electrochemical neutrality
varies physiologically in a temperature-dependent fashion
[128,169,256,302,303,329]. The increased pH by hypothermia leads to a more alkalotic status relative to normothermic values with a rate of approximately 0.011 pH units/◦ C
[149]. By preserving intracellular pH, poikilothermic animals maintain the histidin-imidazole ionization status at
a constant level (referring to the alpha-imidazole ring of
the histidin moiety of hemoglobin), that represent primary
determinant of the charge state and pH-dependent functions
of different proteins. Thus, with so called alpha-stat (pCO2 :
40 mmHg; pHa : 7.40; without corrections of temperature)
acid–base management, changing temperature does not alter
histidin ionization, or hinder protein charges, structure, and
function [223]. When hypothermic, poikilothermic animals
demonstrate constant ionization level of histidin-imidazole
by establishing a respiratory alkalosis relative to normothermic (37 ◦ C) blood gas values. Respiratory alkalosis is
physiologically appropriate during hypothermia and preserve normal physiological conditions.
These physiological facts indicate that CO2 management during regulated hypothermia profoundly affects
CBF autoregulation. Experimental studies revealed that
normothermic rats autoregulated normally [295,325]. CBF
values were relatively stable until MABP decreased to
values of 55–64 mmHg [325]. Contrary, Kollmar et al.
[169] could demonstrate an increased CBF—as measured
by 14 C-antipyrine—by pH-stat management during the
early reperfusion period. These discrepant CBF values
may be results of different CBF measurement techniques
(laser-Doppler flowmeter versus audiography) or study designs. The variation between normo- and hypothermia has
been also demonstrated as an index of CVR, i.e. MABP/CBF
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versus MABP [325]. In the normothermic group, CVR
decreased steadily until MABP reached 45–54 mmHg
[125,246]. Since CVR increased during further hypotension, it is reasonable to conclude that pH-stable conditions
were associated with a failure of normal compensatory vasodilatation. CBF values during hypothermia and constant
ionization level of histidin-imidazole do not show a distinct
plateau phase. Nevertheless, when CBF is expressed as percentage of the baseline value obtained at 110 mmHg, the
CVR curve demonstrates a distinct convexity. Examination
of the CVR versus MABP curve also demonstrates that, as
in normothermic animals, CVR decreased during hypotension [325], indicating cerebral vasodilatory response with
constant ionization level of histidin-imidazole and suggesting that autoregulation is at least partially preserved. In
addition, Duebener et al. [78] could recently demonstrate
that cerebral tissue oxygenation was significantly higher
in the pH-stat group at the end of cooling and during
early reperfusion after deep hypothermia. One may suggest
that CO2 is counteracting the leftward shift of the Hb–O2
dissociation curve during hypothermia. Using the pH-stat
technique for acid base management in piglets, the return of
cerebral ATP and phosphocreatine after reperfusion is more
rapid [6]. Near infrared spectroscopy studies have shown
an improved redox state of cytochrome aa3 with pH-stat
relative to alpha-stat [349].
The most convincing explanation of the different CBF
autoregulation under hypothermia compared to normothermia lies in the fact that pH-stable management results in an
unphysiological hypercapnia. It has long been known that
hypercapnia impairs or abolishes autoregulation presumably
because CO2 -induced vasodilatation limits the vessels’ capacity to dilate further [118,122,256]. Since hypothermic
animals with pH-stable CO2 -managment are relatively hypercarbic compared with alpha-stable hypothermic animals,
it is possible that vasodilatation was maximal under baseline
conditions.
2.7. Inflammation/free radicals
Both clinical and animal studies have demonstrated that
mild hypothermia is associated with increased risk of subsequent infectious complications [144,245,318], indicating
impairment of the immune response. Immunosuppression
(reduced numbers of thymocytes, decreased T-cell blastogenesis, and reduced natural killer cell activity) was demonstrated in mice subjected to cold water stress [48]. Mild
perioperative hypothermia suppresses mitogen-induced activation of lymphocytes and reduces the production of
IL-1␤ and IL-2 [19]. In animal experiments, hypothermia
leads to a decrease in neutrophil phagocytosis and mobility
as well as reduced production of reactive oxygen intermediates [2]. Surprisingly, plasma levels of cytokines such
as IL-6 and IL-8 represent data that may be explained by
indirect influence of hypothermia on immunocompetent
cells.

2.7.1. Immunomodulation
Although inflammatory response in development of ischemic infarction has attracted the attention over the last
years, little work has been done to assess the effects of
hypothermia on leukocyte accumulation in ischemically
damaged brain tissue. Recently, the effects of intraischemic
moderate hypothermia (30 ◦ C) on neutrophil infiltration
following transient (3 h) MCA occlusion demonstrated that,
at 24 h after induction of ischemia, hypothermic animals
exhibited significantly less myeloperoxidase activity in the
pericore region compared with normothermic controls, although no differences were observed in the core [310].
Maier et al. [198] found that 1 h hypothermia is sufficient
to reduce neutrophil accumulation by 75% and 2 h of hypothermia decreases it by 72% observing a decrease in
neutrophil accumulation within the ischemic core. Thirty
minutes of hypothermia reduced polymorphonuclear leukocyte infiltration by 39%, although this was not statistically
significant. When normalized for infarct size, only 2 h of
mild hypothermia significantly reduced accumulation of
polymorphonuclear leukocytes.
Blood-borne monocytes and macrophages infiltrate infarcted brain tissue after the initial invasion of neutrophils,
persisting for a long time (>60 days) after maturation of the
ischemic infarct [69,147]. At 7 days after the initial event,
monocytes and foamy macrophages are present within ischemic regions under normothermic conditions [197]. After
arriving in the ischemic area, these cells can contribute to the
exacerbation of reperfusion damage by producing cytotoxic
factors, such as glutamate, TNF-␣, NO, and free radicals
[147,167]. Qualitative observations from the study of Maier
et al. indicate that levels of monocytes and macrophages
are reduced in regions of tissue injury under conditions of
hypothermia [198]. Thus, hypothermia may attenuate the
inflammatory response that accompanies ischemia-induced
cellular damage [121,161]. On the other hand, because
hypothermia was only maintained intraischemically, it is
possible that the reduction in inflammatory cell infiltration
is merely an epiphenomenon. It could, for example, be simply the result of decreased capillary permeability or reduced
BBB breakdown, both of which have been demonstrated
to occur during hypothermia [74,75,80,148,151]. Such a
hypothesis does not adequately account for the increased
incidence of systemic infections correlated with hypothermia. Thus, it can be speculated that in addition to local
impairment of host defenses, hypothermia may induce a
systemic immunosuppression altering endogenous T-cell
cytokine production that favors a Th-2 profile.
2.7.2. Cytokines
Short-term mild hypothermia causes only minor changes
in cytokine gene expression, with the exception of the IL-2
gene. Its expression is markedly decreased in hypothermic phytohemagglutinin (PHA)-stimulated mononuclear
cells, indicating an immediate response of T-lymphocytes
to decrease temperature [19]. 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 response [19]. A direct effect of mild hypothermia
on T-lymphocytes is also indicated by inhibition of IL-6,
IL-10 and TNF-␣ secretion in PHA-stimulated mononuclear cell cultures at 34 and 32 ◦ C [179], as PHA stimulates
primarily mature T-cells. However, in hypothermic peripheral blood mononuclear cell (PBMC) cultures stimulated by
LPS, a potent monocyte activator, demonstrates no changes
in IL-6, IL-10 and TNF-␣ release compared with normothermia [179]. Hence, monocyte secretory activity seems
not to be impaired by regulated hypothermia [179]. The
release of TNF-␣, predominantly secreted by monocytes,
is even increased in hypothermic non-stimulated PBMC
cultures [179]. The absence of a direct effect of hypothermia on IL-6 release or even its decrease in hypothermic
PHA-stimulated cultures of PBMC contrast with increased
plasma levels of IL-6 under hypothermia [113]. 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 hypothermia [77]. Induction of hypothermia
in vivo activates a broad neuroendocrinologic spectrum
[233], which in turn may exert immunoregulatory effects
[71].
In vitro examinations allow an estimation of direct influence of hypothermia on cell function in a relatively simple
system. Although the primary sensors that trigger the stress
response are not known, miscellaneous stress kinases, transcription factors, and heat shock proteins have been shown
to participate [268]. In addition to these factors, hypothermia
induces the expression of cold shock domain (CSD) proteins
[243]. Because of their DNA and RNA binding ability, CSD
proteins are involved in transcriptional activation and repression, mRNA packaging, and translational regulation [226].
Although the mechanisms of cytokine gene expression have
not been well characterized, repressor elements have been
identified in a number of cytokine gene promoters, such as
IL-1␤, IL-2, IL-3, IL-8, TNF-␣ and granulocyte macrophage
colony-stimulating factor (GM-CSF) [313]. In the case of
GM-CSF, CSD proteins have been shown to repress transcriptions from its promoter [61]. It can be presumed that a
similar mechanism underlies the hypothermia-induced inhibition of cytokine expression. Repression of cytokine translation may occur also as a result of CSD protein binding
to mRNA [226]. On the other hand, it has been reported
that low concentrations of CSD protein may be required for
maximal translations efficiency [71] demonstrating a possible explanation for the slightly increased TNF-␣ secretion.
Inhibition of transcription factor activated protein (AP-1)
expression by hypothermia also may contribute to the depression of IL-2 transcription [164]. Hyperthermia, in contrast, is associated with increased AP-1 activity and IL-2
transcription [179]. Opposite effects of cold and heat shock
are observed for TNF-␣ too [179].
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2.7.3. Free radicals
In vitro studies have shown that brain macrophages are
able to release glutamate [204] and other neurotoxins, including reactive oxygen species [62,92]. Therefore, the
above-mentioned inflammatory process that follows neuronal damage [99] may represent a source of neurotoxic
substances, such as superoxide or NO, which could induce a rise in temperature quite late after the ischemic
episode [150,287]: LPS induces the inducible NO synthetase (iNOS) enzyme in microglial cell, which produce
NO molecules [189]. The production of NO was reduced
to one fifth at 30 ◦ C in contrast to that at 37 ◦ C, which
was significantly low in comparison with the proliferation
of astroglial cells and fibroplasts at 30 ◦ C. The response
to NO is prolonged by hypothermia, suggesting a reduced
degradation of NO. Superoxide anions inactivate NO [98],
and production of the anions is expected to be reduced at
hypothermia. NO-mediated nerve function is protected by
endogenous superoxide dismutase (SOD) from NO degradation by superoxide anions [102,212]. 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
accessibility of these interventions to the site of NO and
superoxide generation or to other mechanism remains to
be clarified. It has been reported that possible mechanisms
of action of hypothermia include a decreased generation of
reactive oxygen radicals [98] that are formed by incomplete
reduction of O2 to superoxide and hydrogen peroxide or
a reduction of stimulated NO synthesis [348], besides the
above mentioned prevention of the Ca2+ /CaM kinase II
inhibition. SOD cannot prevent the ischemia-induced inhibition of the neurogenic response; this may not exclude
an involvement of superoxide in the inhibition, because
of a possible barrier for the access of SOD to the site of
generation of superoxide and NO. Therefore, the prevention of hypoxic inhibition of the neurogenic relaxation by
hypothermia expected to derive mainly from an inhibition
of superoxide generation. These experimental findings lead
to the notion that neuron-aggravating characteristics of microglial cells, such as their proliferation and production of
O2− , NO or TNF-␣, are significantly depressed by mild
hypothermia. Microglial proliferation, seen at 2 months of
recovery, suggests that the initial tissue damage occurring
during the first days after ischemia may trigger an inflammatory response that becomes a vicious cycle enhancing a
slowly progressive neurodegeneration [99]. Since cooling
depresses and hyperthermia enhances inflammation [95],
hypothermia may interrupt this cycle, and controversially,
increasing core temperature would enhance or reactivate this
process.
There is evidence that oxygen free radicals, or more
specifically hydroxyl radicals, may play a significant role
in the development of microvascular brain damage and
subsequent breakdown of the BBB [288]. By reducing the
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CMRO2 and depressing the rates of all enzymatic reactions, hypothermia may blunt the generation of free radicals
and protect the BBB [105]. Since stimulated leukocytes
release oxygen free radicals and increased vascular permeability [75], the hypothermia-induced protection of BBB
integrity is partly mediated by attenuation of leukocyte accumulation. The direct relationship between reduced brain
edema formation and less permeability of the BBB by
hypothermia suggests that one part of the neuroprotective
effect of hypothermia is mediated by restoration of BBB
[286].
2.8. Spreading depression
Spreading depressions (SDs) has thought to contribute to
the growth of ischemic area due to increased Ca2+ influx
through glutamate activated Ca2+ channels [301] and propagation through gap-junctions [28,45,196–198,234,235].
There are only few reports on SDs and the effects of hypothermia. After topical applications of KCl, hypothermia
does not affect the brain’s ability to depolarize, but mild
hypothermia reduces the duration of SDs [301]. Following focal cerebral ischemia [47,332], SDs is increased in
number, and their onset is delayed with lower temperature.
The reasons for these observations are not clear, but lower
temperatures are known to alter membrane fluidity [3] and
ion channel [160]. These results could be explained, particularly, as temperature affects the function of proteins
involved in regulating cellular fluid and ion homeostasis.
Other reports of temperature-dependent SD changes describe slowing and reduced numbers of propagated waves
[47]; however, amplitude is not altered [304].
Hypothermia of 30 ◦ C has been shown to reduce the incidence of transient recurring DC potential shifts measured
with cortical electrodes during MCA occlusion [47]. Such
shifts are believed to be caused by transient cellular depolarization that occurs during SD. These results are consistent
with the observation that hypothermia attenuated changes
are associated with SD. However, in a recent study done
with electrode measurement of [K+ ]ex in cortical penumbra, hypothermia did not affect the number of peaks in [K+ ]
during acute focal ischemia [281]. Such peaks are believed
to be caused by SD [47].
Reduced incidence of SD during ischemia could be an
important component of the neuroprotective effect of hypothermia, since SD is believed to increase the size of
necrotic regions during focal ischemia [28]. Cerebral perfusion (CPP) levels in a region depolarized by SD increase
in response to the increased energy demand necessary to
restore ionic gradients [135]. SD in the absence of marked
perfusion deficit does not produce permanent injury. However, in the partially ischemic region, where CBF is restricted, CPP cannot increase to meet the increased energy
demand. This hastens energy failure, which allows Ca2+ to
cross the cell membrane. High levels of [Ca2+ ]int activate
enzymes that cause necrosis [236,263,282].

2.9. Gene-related mechanism
Four pathophysiological mechanisms have been identified
by which hypothermia produce changes in gene expression:
(i) generalized cold-induced inhibition of transcription and
translation [241]; (ii) inhibition of RNA degradation, which
is used by bacteria to increase cold shock protein expression [348]; (iii) increased transcription, mediated by a cold
response element in the promoter region of cold-inducible
RNA-binding protein (CIRP), a cold shock protein; and (iv)
an enhanced efficiency of translation at lower temperatures
that is mediated by specialized regions within the mRNA
5 -leader sequences (internal ribosome entry sites (IRESs))
of RBM3, another cold shock protein [41].
Three mechanisms have been postulated by which
changed gene expression might occur after return to normothermia following hypothermia [334]. First, severe
hypothermia activates signals for a cell stress response interfering sufficiently with processes such as transcription
and translation as to preclude stress protein expression until
rewarming occurs. This could explain the HSF-1 mediated
induction of HSP-70 and HSP-90 expression by human
fibroplasts after cold shock at 4 ◦ C [186]. In these experiments, cold-induced trimerization of HSF-1, binding of
HSF-1 to the HRE, and increases in HSP expression occurred not during the period of hypothermia but rather after
rewarming to 37 ◦ C. A second hypothesis is that rewarming
after hypothermia leads to generation of free radicals and
other toxic metabolites that are capable of inducing a stress
response. The finding that HSF-1 activation following hypothermia only occurs on rewarming can also be explained
by this hypothesis [184]. A third hypothesis may be required
to explain the peculiar induction pattern of APG-1 (a HSP)
and HSP-105 in mouse NIH/3T3 fibroplasts. In these cells,
induction of APG-1 and HSP-105 did not occur after a conventional heat shock (by raising the temperature from 37 to
42 ◦ C); rather, it was required that cells first were incubated
at 32 ◦ C and then heated to 39 ◦ C [21]. Temperature shifts
both from 32 to 42 ◦ C and from 32 to 39 ◦ C increased the
binding of HSF-1 to HSEs in the APG-1 promoter. However,
whereas both temperature shifts induced HSP-70 expression,
only the latter (32–39 ◦ C) leads to APG-1 over-expression.
A possible (although untested) explanation for these findings would be that the APG-1 and HSP-105 promoters
are under dual control of both HSF-1 and a hypothetical
repressor that becomes inactive at hypothermia and whose
rate of reactivation is substantially faster at 42 ◦ C than at
39 ◦ C.
2.9.1. Cold shock proteins
Cold shock proteins are thought to be induced during hypothermia at 25–33 ◦ C. The best-characterized cold shock
protein is CIRP, a 172-amino acid protein containing an
RNA-binding domain [224]. A CIRP gene has been detected in animal and human cells, and its sequence is highly
conserved in these species [224]. The mRNA encoding this
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protein is expressed constitutively in most tissue of adult
mice at relatively low levels. However, CIRP is strongly induced in a cell culture model (BALB/3T3 mouse fibroblasts)
within 3 h after reduced ambient temperature of 32 ◦ C, with
maximal expression detected between 6 and 24 h of exposure [224]. CIRP shares structural similarity with a number
of other known RNA-binding proteins, speculating that one
of its physiological functions is to protect and restore native
RNA conformations during stress [351]. Experimental data
suggest that CIRP enhances translation of its target RNA
species, at least in part through stabilization of the mRNA.
Importantly, cells transfected with an antisense CIRP vector
demonstrated decreased CIRP expression and a diminished
ability to survive after ultraviolet irradiation, illustrating a
the stress response [352].
CIRP may also play a role as a suppressor of mitosis,
in the maintenance of differentiated states [91], and in the
cold-induced cell cycle arrest, as cells that over-express
CIRP exhibit reduced growth rates at 37 ◦ C and a prolonged
G1 phase [224]. Conversely, inhibition of CIRP induction
at 32 ◦ C (by addition of antisense CIRP mRNA to cultured
BALB/3T3 cells) attenuates the slowing of cellular growth
that occurred at this temperature in normal cells [224].
Another well-characterized cold shock protein is RBM3
that is structurally similar to CIRP. The expression of its
mRNA is increased by hypothermia at 32 ◦ C [66]. However, unlike CIRP, RBM3 does not appear to be involved in
the cold-induced growth suppression [65]. The tissue distribution of RBM3 appears to be more limited than that of
CIRP, as RBM3 is not detected (by Northern blot analysis)
in either heart or thyroid, both of which expressed CIRP
[66]. Interestingly, the RBM3 mRNA 5 -leader sequence
contains a number of specialized sequences that allow initiation of translation independently of the methylated G nucleotide 5 -cap that is typically used by cells to tag an mRNA
molecule for initiation of protein synthesis. These IRESs
appear to facilitate translation at 33 ◦ C [41], a temperature
that decreases protein synthesis. Other genes known to contain IRESs that enhance translation of reporter constructs at
33 ◦ C are c-myc and sequences from poliovirus [41].
2.9.2. Changes in expression of other genes
Many different kinds of transcription factors encoded by
the immediate early genes such as the fos and jun families are
induced after cerebral ischemic events [130,153], as demonstrated by in situ hybridization, immunohistochemistry or
DNA binding activity. Enhanced expression of a number of
immediate early genes in brain by ischemic events has been
demonstrated [77,343]: biphasic expression of c-fos, fosB,
fra-1, fra-2, c-jun, junB [156,175,178,267] and junD [154]
in the dentate gyrus in an early period and in hippocampal
CA1 and CA3 in a late period after ischemia. Intraischemic
hypothermia alters temporal profiles of their expression,
suggesting their functional significance as cytosolic signal
responses and stress response lining to delayed neuronal
death. Marked enhancement of the DNA binding ability
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of a transcription factor, AP-1, has been demonstrated in
gerbil hippocampus of the CA1, CA3 and dentate gyrus including CA4 (hereafter, dentate gyrus) in temporal profiles
of the DNA binding activities [154]. Time course of the
activity enhancement is prolonged from 1 to 9 h in the CA3
or the dentate gyrus, both being comparatively resistant to
ischemia. A rather short-lived enhancement is observed in
the CA1, the area extremely vulnerable to ischemia [154].
However, gerbils with prior ischemia at 32 ◦ C showed a prolonged period of binding activation, becoming closer to the
profiles for the CA3 and dentate gyrus [154]. Similar prolongation can be seen in gerbils which are rendered resistant
to ischemic events by a prior induction of a short ischemic
event for 2 min [321,355]. The protein that is synthesized
after AP-1 binds to an upstream region of the corresponding gene is still unidentified, but may represent a possible
to link to protection or resuscitation of neurons. Different
other genes and proteins like zinc finger immediate early
genes [168], cycle AMP-responsive element binding protein [327], nuclear factor-kappa B [49,51], heat shock protein [268], heme-oxygenase-1 protein [221,225], cyclin D1
[335], stat 3 [247,251], nerve growth factor, brain derived
neurotropic factor and neurotrophin 3 [64,170,188], have
been reported, but they have not been analyzed in the state of
hypothermia.
2.10. Apoptosis
Recently, suppression of apoptotic neuronal cell death has
been suggested as a possible mechanism of the protective effect of hypothermia [108]. Experimental data demonstrated
that at 3 days after an ischemic event, 1 and 2 h of mild hypothermia are sufficient to decrease the number of apoptotic
cells, as determined by TUNEL staining and morphology, by
78 and 99%, respectively [198]. Thirty minutes of hypothermia, however, revealed no protective effect [166]. This is
of particular interest, because the only other study demonstrating reproducible effects of hypothermia on the number
of apoptotic cells (in transient global ischemia) used a 12 h
hypothermia period following the ischemic event [81]. In
that study, mild hypothermia (35 ◦ C) revealed no effect on
the cellular fraction undergoing necrosis, although the fraction of apoptotic cells was significantly reduced, suggesting
that hypothermia may specifically inhibit apoptotic cellular
mechanisms [55]. For this reason, Maier et al. [198] speculate that, although the trigger of programmed cell death
may occur during ischemia, cellular commitment to death
may follow later, thus allowing hypothermia to interrupt the
biochemical cascade leading to apoptosis.
The underlying molecular biological effect of temperature on apoptotic cell death is a matter of debate, mainly
depending on the nature and severity of the underlying
ischemic event [119]. Using a rat model of mild focal cerebral ischemia (1 h MCA occlusion), qualitative differences
in Bcl-2 (antiapoptotic action), Bax (proapoptotic action),
and cytochrome c release from mitochondria (triggering
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cell death) immunostaining could be demonstrated after 1 h
of mild hypothermia [252], suggesting that mild hypothermia decreases the density and intensity of staining for Bax
and cytochrome c, but increases Bcl-2 staining [23]. Similarly, mild hypothermia (33 ◦ C) did not alter Bcl-2 or Bax
expression in cultured neurons exposed to serum deprivation, an apoptosis-specific ischemic event, cytochrome c
release and caspase activity [355]. A major difference in cytochrome c release between mild hypo- and normothermic
rats 5 h after induction of MCA occlusion (3 h after hypothermic treatment was terminated) was observed [355], a
time period, when reactive oxygen species and [Ca2+ ]int are
known to be increased after cerebral ischemia [141]. These
data suggest that, although mild hypothermia transiently
inhibits cytochrome c release, its protective effect does not
appear to be due to alterations in other apoptosis-related
proteins.
PARP has been suggested to augment ischemia-related
neuronal damage because of high-energy substrate needs
[84], so that its increased breakdown by hypothermia may
lead to neuroprotection. Immunoblots of PARP, a caspase-3
substrate, showed that caspases not involved in apoptotic
pathways increasingly cleave PARP to an inactive 89 kDa
cleavage product by mild hypothermia [172]. Mild hypothermia leads to an interruption of a necrotic process such
as mitochondrial swelling, potentially also interfering with
other apoptotic pathways. The extrinsic pathway involves
cell surface-receptor activation by ligands, such as TNF-␣
or fas-ligand, with subsequent activation of caspase-8 and
Bid, another proapoptotic Bcl-2-related protein [9], and
may be influenced by mild hypothermia. However, both the
intrinsic and extrinsic pathways ultimately lead to activation
of caspase-3. It has already been reported that caspase-3
activation and apoptosis do not occur after focal cerebral
ischemia [57,182].
After 2 h of intraischemic mild hypothermia (33 ◦ C),
the number of TUNEL-positive cells in a model of rat
transient focal cerebral ischemia decreased [355]. Postischemic moderate hypothermia (35 ◦ C) significantly reduced
the number of apoptotic cells compared to normothermia
(39 ◦ C), although the number of necrotic cells did not differ between the two groups [81]. Although the presence
of TUNEL-positive cells does not necessarily demonstrate
that apoptotic cell death is the predominant form of injury
in experimental ischemic events, it suggests that mild hypothermia is also associated with decreased DNA laddering
[94,123]. However, apoptosis may also occur without caspase activation, as demonstrated that Bax and other factors
can induce mitochondrial damage and apoptosis even if caspases are blocked [191]. In this scenario, apoptosis-inducing
factor is released from the mitochondria, and is translocated to the nucleus, resulting in chromatin condensation
and DNA fragmentation [110,191]. Whether this occurs
during cerebral ischemia is not yet known [110], but it may
be a potential explanation for the observation that caspase
activity remarkably lacks after such events. Maier et al.

[198] have found that TUNEL staining is absent before 6 h
of reperfusion, but is clearly visible at 24 h. By 72 h after
the ischemic event, TUNEL staining is very prominent in
hypothermic animals, although to a significantly different
degree [166]. Results from DNA fragmentation analysis
confirm the latter findings. After 3 days of reperfusion,
there is evidence of DNA laddering in the cortex and striatum (ipsilateral to MCA occlusion) of hypothermic animals
[199]. Investigation of the temporal profile of in situ DNA
fragmentation following 2 h of MCA occlusion, apoptosis
first appears within 30 min of reperfusion, peaks at 24–48 h,
and persists for 4 weeks after the ischemic event [186]. The
differences observed in these studies may be attributed to
variations in the ischemic model, as well as in the duration
of vessel occlusion. It is possible that apoptosis is triggered
by various mechanisms that themselves may have unique
temporal profiles and be differentially activated depending on infarct severity. On the other hand, the variability
between studies may simply reflect differences in the sensitivity of the assays used in each study. The anatomical
distribution of TUNEL-stained cells is another pathophysiological issue that deserves attention. Apoptotic cells are
primarily localized in the inner boundary zone of the ischemic infarct and that they appear earlier in the preoptic
area and striatum than in the cortex, being consistent with
the idea that apoptosis is an active process that requires
energy, so the pericore regions of the affected hemisphere
may provide the necessary conditions for the induction of
programmed cell death [182,183].

3. Management of hypothermia and different modes of
outcome control
Permanent histological protection has been demonstrated
(see Tables 1 and 2) either by immediate or delayed application of hypothermia under numerous experimental
conditions. An important example of temperature-related alterations in postischemic outcome have come from Warner
et al. [328] using a model of focal cerebral ischemia in rats,
and Wass and Lanier [329] who used a model of complete
ischemia in dogs. These authors demonstrated that temperature changes of only 1.2 ◦ C [328] and 1.0 ◦ C [329], respectively, altered both functional and histological outcome.
Although hypothermia, in comparison with normothermia,
causes a stable reduction of cerebral infarct volume, the
possibility cannot be excluded that this effect is only transient and vanishes after longer periods [305]. Experimental
data on long-term neuroprotective effects of hypothermia
are inconclusive for global as well as for focal cerebral ischemia in the experimental setting [73,157]. However, such
data of possible slow maturation of neuronal degeneration
may be relevant in the clinical setting, in the sense that in
patients in whom progressive neuropsychological changes
cannot be detected within weeks after ischemia, may be
evident years after initial stroke.
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3.1. Neural mechanism of thermoregulation
Physiological thermoregulation in mammalian species is
complex, as different interactions with other physiological
processes of the central and peripheral nervous system are
additionally involved [107]: the principal function of the
thermoregulatory system contains the maintenance of a stable core temperature of internal tissues and organs by allowing temperature of skin and peripheral tissues to vary with
the temperature of the environment. A reference temperature
point, generated by a network of warm, cold, and thermal
insensitive neurons in the preoptic area and hypothalamus,
is compared with feedback informations from the thermoreceptors in the skin and core. The hypothalamus temperature
depends mainly on the arterial blood temperature. A negative feedback activates the appropriate thermoeffector pathways that control the balance between heat production and
heat loss.
General anesthetic agents impair the body’s ability to regulate core temperature by inhibiting temperature control and
peripheral temperature conservation mechanisms. Isoflurane
produces a dose-dependent decrease in vasoconstriction by
0–1.5 minimum alveolar concentration [298] and 3 ◦ C/% of
end-tidal isoflurane concentration. NO depresses the vasoconstriction threshold less than equal minimum alveolar concentrations of potent inhalation agents [88]. Most general
anesthetics also cause direct vasodilatation, increasing skin
blood flow, skin temperature, and surface heat loss. Induction of anesthesia by propofol causes greater peripheral vasodilatation than induction with an inhalation agent. This in
turn results in a more rapid decrease in core temperature
[142]. However, an induction with ketamine, a vasoconstrictor, has the opposite effect [143].
3.2. Cooling technique and temperature measurement sites
in hypothermia
It has been theorized that brain temperature is mainly
related to three physiological factors: (i) CBF; (ii) CMR;
and (iii) heat exchange with the environment [122,327].
The quantities of cerebral blood flow to the temperature
gradient between brain tissue and blood determines the magnitude and direction of heat exchange [12,122]. The temperature of blood perfusing the brain represents the primary
determinant of brain temperature [274]. Thus, brain temperature is generally in good accordance with core temperature
in the normal, non-ischemic brain tissue [274].
Cerebral tissue has one of the highest metabolic rates of
the entire body, and, as a result of this metabolism, heat can
be produced [274]. This probably explains why the temperature of the resting cerebral tissue can be 0.1–0.9 ◦ C warmer
than core temperature in some species [12,274].
The temperature of the environment immediately surrounding the normal animal brain (i.e. bone, muscle, skin)
will normally be at or slightly lower than core temperature
[327]. However, if the temperature of these surrounding tis-
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sues is lowered further, the temperature of the brain should
decrease, beginning within the outermost layers [327].
3.2.1. Cooling technique
Several cooling techniques for inducing and maintaining
hypothermia have been developed. To reduce core temperature for prolonged periods below 30 ◦ C, extracorporal
circulation is required due to major circulatory instability
caused by cardiac arrhythmias. An extracorporal circulation
is unnecessary to reach a target core temperature between
32 and 34 ◦ C. Cooling to mild to moderate hypothermia
is usually performed by conductive (e.g. liquid-circulating
water mattress) or convective (forced air cooling via full
body blankets or airbeds) surface cooling, cold infusions,
gastric lavage, or simply by leaving the anesthetized animal
uncovered in a cool environment [307]. Cooling from inside the body, through either the intravenous or intraarterial
route, represents an alternative method that has the potential
to induce hypothermia more rapidly than surface cooling
[326]. Insertion of an intravenous catheter combined with
balloons perfused with cold saline solutions is a novel
technique that avoids volume overload. Selective cooling
of the major intracranial arteries by means of transfemoral
catheterization, which has been performed only in baboons,
may be an attractive method of inducing hypothermia. The
use of pharmacological hypothermic agents may offer a
method to reduce core temperature [158].
Achieving and maintaining a desired target core temperature is a challenging procedure. For example, using a
canine model, core temperature is passively decreased to
32.4 ± 0.3 ◦ C following discontinuation of active hypothermia at a target core temperature of 33 ◦ C [177].
3.2.2. Temperature measurement sites
Typical temperature measurement sites are tympanic
membrane, pulmonary artery catheter, nasopharyngx, esophagus, rectum, and skin [276]. Intracranial temperature can
be measured via epidural or intraparenchymal probes. The
focus of interest with regard to the neuroprotective potential
of hypothermia is certainly the intraparenchymal temperature of brain tissue and the temperature gradients. Such temperature gradients of 0.4–1 ◦ C have been observed in men
between the ventricular system and the epidural space, even
during normothermia, without temperature manipulation
[209] or in cases of cerebral ischemia [35]. Tympanic temperature closely correlates with epidural space temperature
[209]. Because of the easily accessible of rectal, esophageal,
and nasopharyngeal locations, there is a main interest in
the gradients of brain temperature between these sites. For
core temperature measurements, esophageal and pulmonary
artery temperature have been found to be well suited [308].
3.3. Hypothermia and time-window of effectiveness
Previous studies have indicated a possible therapeutic
window of up to 2 h after ischemia [33,52,346]. During
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this time period, hypothermia can be initiated demonstrating neuroprotective effects [242,275]. However, in many reported animal studies, hypothermia was initiated at the onset
of MCA occlusion, whereas in only a few investigations hypothermia was initiated at a later time point. In this context,
the experimental investigated rats were subjected to 3 h of focal ischemia and cooled to 32 ◦ C in various regimens [346].
Hypothermia, lasting 3 h and beginning at the time of MCA
occlusion, led to 92% reduction in cortical infarct volume.
Hypothermia for 1.5 h was demonstrated equally effective
if begun at the onset of MCA occlusion or delayed by 1.5 h
(45–49% cortical rescue), whereas a 3 h hypothermia period
delayed by 1.5 h achieved greater protection (73% cortical
salvage). In other experimental studies [11,127,157], a delay of up to 2–3 h in initiating hypothermia is considered,
but in none of these studies longer durations of hypothermia
systematically is evaluated.
The time-window of successful therapeutic opportunity
for transient focal ischemia appears to be shorter than that
for brief global ischemia. In a model of transient focal cerebral ischemia, a significant reduction (32%) in the volume of
infarction was obtained, when mild hypothermia was established immediately after reperfusion and was maintained for
a prolonged time period. Delayed induction of hypothermia
(30 min) induction following reperfusion failed to achieve a
significant reduction of infarct volume [353]. This observation leads to the assumption that mild hypothermia affects
some of the cellular injury mechanisms that occurs early
in the reperfusion process. Further amelioration might be
achieved by starting the hypothermic treatment 30 min before reperfusion and continuing it for prolonged periods into
the postischemic phase [162], underlining the hypothesis
that the time-window of effectiveness may be very small and
from the experimental point of view it seems that it makes
sense to begin the hypothermia treatment as fast as possible
after the ischemic event, but not more than 3 h after. This
assumption may be related to the possible favorable effects
initiated by hypothermia within this small time-span.
3.4. Depth of hypothermia
Using hypothermia as cerebroprotective therapeutic approach, its optimal depth is currently discussed. Since
standard measures for outcome are still missing in animal
models, this discussion continues up to now. The available experimental data demonstrate the necessity of careful
postischemic temperature assessment in pharmacological
studies of cerebral ischemia, because differences of only
1.0–2.0 ◦ C, if prolonged, can significantly affect outcome.
In an immature rat-model of induced intraischemic hypothermia at 37, 34 or 31 ◦ C for 3 h and histopathological
brain examination at 23 days of recovery, intraischemic
hypothermia of 31 ◦ C completely protected the brain tissue
from damage, 34 ◦ C produced neuronal injury in 30% of
animals, only one of which demonstrated a cerebral infarction and 90% of the animals exposed to ischemia at 37 ◦ C

exhibited brain tissue damage [347]. However, hypothermia at either 34 or 31 ◦ C for 3 h immediately following the
ischemic event at 37 ◦ C showed no effect on the extent of
brain tissue damage when compared with data in normothermic control group. In contrary to these findings without
any difference between the two hypothermic group (29
and 33 ◦ C), temperature-dependent reduction in volume of
cerebral infarction have been reported [107]. In that study,
infarct volume was reduced by 22.4% in mild hypothermia
(33 ◦ C) and by 49.5% in moderate hypothermia (29 ◦ C),
suggesting that a more intensive ischemic challenge may
require larger temperature reductions to obtain significant
neuroprotection. In fact, the 3 h model of reversible ischemia
may be more analogous to permanent focal ischemia, since
the size of infarction obtained is not different from what
others have found using permanent MCA occlusion models
[210]. Providing similar degree of neuroprotection, 33 ◦ C
is associated with more stable intraoperative hemodynamic
and respiratory status as well as with improved recovery
from anesthesia compared with 30 ◦ C [198]. In addition,
average postanesthesia recovery time showed that animals
in the 33 ◦ C group recovered at a significantly faster rate
than normothermic controls, whereas animals in the 30 ◦ C
group showed no improvement in recovery time [198].
From the experimental point of view, there is no question
that moderate intraischemic hypothermia following global
ischemia delays the onset of ischemic histopathological alterations leading to cell death. The question remains whether
postischemic hypothermia alone is useful in delaying the
deleterious effects of ischemia.
3.5. Duration of hypothermia
Studies in experimental global ischemia have shown
that, although shorter durations of postischemic moderate
hypothermia are not permanently neuroprotective [73,360],
prolonged reductions in body temperature confer sustained
behavioral and histological neuroprotection [58,59]. Prolonged postischemic hypothermia in focal ischemia has
been less extensively investigated [203,353,357,359]. One
such study compared 1 and 3 h periods of hypothermia
to 30 ◦ C, which were initiated after a 2 h MCA occlusion
[358]. Hypothermia for 3 h reduced cortical infarct volume
by 84%, whereas cooling for 1 h was not significantly protective. Recent experimental data comparing 30 min and
2 h hypothermia periods to 33 ◦ C in a rat MCA occlusion
model, similarly led to the conclusion that longer hypothermia duration enhanced the degree of neuroprotection [199].
From the few experimental studies available, there is a
neuroprotective effect of hypothermia, when it is maintained for 3–22 h [58,59,73,140,197,203,353,357,359], but
the volume of protected cerebral infarction depends on the
duration of lowering the brain temperature.
It is obvious that a prolonged period (48 h) of moderate hypothermia (29 ◦ C) has severe deleterious effects in different
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
than ameliorate the effects of regional cerebral ischemia in
monkeys [213]. These data would seem to conflict with the
many favorably reports describing the beneficial effects of
mild of moderate hypothermia initiated in the postischemic
period. To our knowledge, all these reports have been concerned with short-term application of hypothermia only (up
to 24 h). Other experimental studies following hypothermia
of longer duration have been equivocal or even negative
[211,220,299]. The presumed basis for such protection is
the known direct effect of temperature on metabolic rates
[340]. It is suggested that prolonged hypothermia may hinder the phase of protective hypermetabolism. However, although it may not be necessary to maintain intraischemic
hypothermia for more than 1 h, if started within 30 min of
the focal ischemic onset in animal models, longer periods
of hypothermia may be needed to achieve neuroprotection
following permanent vessel occlusion, if initiated in a delayed fashion after ischemic onset, as it is only available in
clinical conditions.
Conflicting data exist regarding hypothermia that is started
after 3–6 h of induction of ischemic infarction: mild hypothermia has been shown to lead to significant reduction
of cerebral cortical infarct volume, if it was induced directly
within 3 h after induction of ischemic event, but not, if it
was induced later [98,140,171]. These data provide evidence
that, within limits, increasing either the depth or the duration of hypothermia should improve histological outcome.
Nevertheless, animal data suggest that mild, in contrary to
moderate, postischemic hypothermia may not translate to
permanent neuroprotection, even if the duration of hypothermia is prolonged (i.e. several days). In studies in which survival times have been increased from 7 days to 1 month,
pharmacological neuroprotection has been lost [165]. The
cascade of events resulting in neuronal necrosis may only
be temporarily interrupted during the hypothermic period,
and once temperature is normalized, these processes may
resume, albeit at a slower rate. The severity of ischemia will
probably determine the length of time that is necessary to
regulate postischemic temperature and prevent hypothermia
from confounding histological outcome.
3.6. Rewarming
The rewarming period has been considered as a time of
high risk for brain tissue damage, because metabolic needs
may outstrip O2 release. Hence, rewarming is generally considered a critical phase of hypothermic therapy [297]. The
exact pathophysiological background of this rebound after
rewarming is not known, but it might be due to a proposed
hypermetabolic response after induced hypothermia. Normally, protective thermoregulatory mechanisms that increase
core heat are impaired after cessation of hypothermia because of the anesthetics and opioids administered.
During rewarming the most striking observation is a
further reduction of cardiac output [14]. A maintained low
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cardiac output during and after rewarming is associated
with fatal outcome [207]. In addition, substantial depression of LV-myocardial function has been reported [14].
Based on these studies, cellular Ca2+ overload, disturbed
Ca2+ homeostasis, changes in myocardial myofilament responsiveness to [Ca2+ ]int as well as impaired high energy
phosphate homeostasis could all be proposed as important
factors leading to the changes observed in the hypothermic heart and contributing to failure of functional recovery
during rewarming.
Reduced plasma volume after long-term hypothermia is
generally observed [46]. Plasma volume in posthypothermic
rats was reported to be 23% lower than that of normothermic control rats [315]. Although the reported reduction in
total blood volume did not reach significance, when compared to base levels, on average 12% of circulating blood
volume was missing after rewarming. Thus, hypovolemia
can be ruled out as an important factor to explain posthypothermic cardiac output reduction, as a 12% reduction of
circulating blood volume is within the range handled by an
integrated circulatory regulation [315]. Despite the reduction of plasma volume during hypothermia, an increase of
plasma volume to above prehypothermic levels has been reported after rewarming from short-term hypothermia [86].
The integrity of sympathetic nervous function and peripheral vascular tone has been studied after rewarming [316].
Spectral analysis of the low frequency component of the diastolic blood pressure power spectrum has suggested that
the reduction in sympathetic peripheral vascular tone found
after rewarming is partly responsible for the fall in arterial
blood pressure. In the same study, a lack of variability of
posthypothermic vascular tone was observed during low cardiac output and blood flow disturbances [316]. Alterations in
sympathetic peripheral vascular control could be an important mechanism for the development of rewarming shock.
3.7. Hypothermia and side-effects
Prolonged hypothermia is known to have several sideeffects [254,273], limiting its use not only in experimental,
but also in clinical condition and affecting every organ
system. However, it is well accepted that moderate hypothermia is much safer than the classic deep hypothermia
[138,190,213,293]. Nevertheless, the benefit of hypothermia
exceeded its possible adverse effects [309].
Table 3.
3.7.1. Central nervous system
Increasing degree of hypothermia results in a progressive reduction in neuronal function that may manifest as
altered consciousness (disorientation, stupor or coma) (see
Table 4) and is clearly correlated with the duration of deep
hypothermia [82]. In common with many central nervous
system depressants, hypothermia causes a transient increase
in minute ventilation and oxygen uptake during mild hypothermia [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

Inhibition cell cycle progression

[206,230]

WAF1/p21

Up

Cell culture

During and after
hypothermia
During and after
hypothermia

Induction in cells carrying wild-type but not
mutant p53 genes

[206,230]

HSP-70

Up

Cell culture

After hypothermia

Activation of HSF-1 on rewarming

[129,155,176,185]

HSC-90
HSP-105

Up
Up

Cell culture
Cell culture

After hypothermia
After hypothermia

Activation of HSF-1 upon rewarming
Dual control: HSF-1 binding to HSE in the
promoter plus a resetting of the set point of a
cellular temperature sensor
Same as for HSP-105

[129,185]
[155]

Heat shock
proteins

APG-1

Up

Cell culture

After hypothermia

RNA binding

CIRP
RBM3

Up
Up

Cell culture
Cell culture

During hypothermia
During hypothermia

Putative cold response element in the promoter
Enhanced efficiency of translation through
IRESs in the 5 -leader sequence

[222–224]
[41,65,66]

Signal
transduction
Unknown

NF-1 variant

Up

Cell culture

During hypothermia

Alternative splicing, leading to mRNA with an
additional exon

[8]

KIAA0058

Up

Cell culture

During hypothermia

depression below 35 ◦ C [87]. Both respiratory rate and tidal
volume are reduced and appear to result from central nervous system effects as experimentally selective rewarming
of the brain stem reverses these respiratory effects.
Thermoregulatory shivering is the most common effect of
hypothermia beginning at levels of 36.5–38.5 ◦ C, whereas
a decrease by 1 ◦ C increased the probability of shivering by 35% [87]. More recent carefully controlled studies
suggest that total body oxygen consumption increases by
40–100% during shivering, resulting systemic hypoxemia
and metabolic acidosis [273]. Nevertheless, such increases
in oxygen consumption could still have adverse effects on
organs such as the heart or brain which may have fixed
obstructions to their arterial blood flow [87].
At temperatures different from 37 ◦ C, the optimum level
of ventilation, and hence pCO2 and pH, for non-hibernating
homeotherms is yet unknown. It has been established that
poikilotherms do not adjust ventilation with a decrease
in temperature and thus pCO2 remains constant (uncorrected for temperature) [253]. If this is appropriate for
homeotherms (with abnormal pCO2 of 35 mmHg) then at
29 ◦ C the appropriate corrected pCO2 would be 24 mmHg.
Such a relative respiratory alkalosis would further shift the
O2 –Hb dissociation curve to the left (hypothermia per se
results in a leftward shift of the curve) and might aggravate
Table 4
Clinical scale for temporary neurological dysfunction
Grade
1
2
3
4
5

Duration
Simple confusion
Confusion and lethargy
Confusion and agitation
Overt psychosis
Psychosis and parkinsonism

Short (<48 h)
Short
Short (<72 h)
Long (>72 h)
Long

[155]

[91]

tissue hypoxia by limiting off-loading of O2 . On the other
hand, hibernating animals tend to maintain a constant pH
with reduction in body temperature [261]. If this is appropriate for homeotherms, then corrected pCO2 at 29 ◦ C should
remain close to 35 mmHg (equivalent to a pCO2 of about
50 mmHg uncorrected) and the leftward shift of Hb–O2
dissociation would be reduced. An additional important
variable altered by CO2 is the CBF. In normal hypothermic rat, CBF remains responsive to CO2 . CBF is reduced
to 15% of control at a pCO2 of 15 mmHg (corrected) and
a temperature of 22 ◦ C [115]. They observed no adverse
metabolic effects resulting from this low CBF state. Again,
the possible effects on CBF in areas of regional ischemia
is unknown. The maintenance of a constant uncorrected
pCO2 (as in poikilotherms) might, by combined effect on
oxygen–hemoglobin dissociation and CBF, aggravate regional ischemia, thus accounting for the untoward effects
of hypothermia, so that, survival in animals maintained at a
corrected pCO2 of 35 mm Hg was not improved [189].
3.7.2. Cardiovascular system
Hypothermia results in activation of the sympathic nervous system as is evident by the huge increase in circulating
norepinephrine and the associated vasoconstriction. The
vasoconstrictive threshold begins only about 0.2 ◦ C below
normal core temperature in awake individuals. There is also
minimal increase in adrenal hormones. The sympathetic effects both through peripheral vasoconstriction and coronary
vasoconstriction may cause with the subsequent problems of
cardiac arrhythmia, hypertension and myocardial ischemia.
Cardiac function is impaired at temperatures below 32 ◦ C.
Left ventricular dysfunction is found during prolonged, but
not during brief periods of hypothermia [314]. The threshold for arrhythmia seems to be about 31 ◦ C, and as temperature falls below 30 ◦ C ventricular fibrillation becomes
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increasingly likely [88,89]. The cardiac conduction system
is cold-sensitive, leading to symptoms like bradycardia,
prolonged PR intervals, widening of the QRS-complex, and
prolongation of the QT interval resulting in the typical “J
wave” after hypothermic therapy [88,89].
Hemoconcentration and low microcirculatory flow contribute to the known increase in blood viscosity of 4–6%
for each 1 ◦ C in temperature reduction [34]. Cold-induced
diuresis caused by suppression of ADH and shunting of
peripheral blood volume centrally leads to further depletion
of intravascular volume. Hypothermia plays, therefore, a
greater risk for hypovolemia when compared to normothermic individuals, particularly, once rewarming is started.
3.7.3. Gastrointestinal tract
Pancreatitis with high serum amylase and lipase levels
is observed after hypothermic therapy [83,336]. This association between hypothermia and pancreatitis is poorly
understood.
3.7.4. Renal tract
Increased depth of hypothermia results in the progressive depression of renal tubular cell function and a reduction in the reabsorptive function. Sympathetic stimulation
and vasoconstriction may also contribute to the altered diuresis. These pathophysiological changes explain the severe
polyuresis after induction of hypothermia that can cause severe electrolyte depletion [248]. This is important because
even brief episodes of hypovolemia can affect CPP [249] and
electrolyte disorders can cause severe arrhythmias, which
decrease CBF [248]. Severe disruption of fluid balance, electrolyte levels and CPP are most likely to occur in the phase
during which core temperature is falling [248].
As hypothermia-induced hypokalemia is due to a combination of increased urinary loss and intracellular shift, there
is a risk for hyperkalemia during rewarming due to reversal
of the intracellular shift, i.e. mobilization of potassium from
the cells.
3.7.5. Immune system and infection
Leukocyte mobility and phagocytosis are decreased during mild hypothermia [273]. Reversible pancytopenia has
been described in association with moderate hypothermia of
31 ◦ C [273]. Mild hypothermia under halothane anesthesia
led to increased bacterial counts and a larger area of induration after a standard bacterial dermal inoculation [273]. Immunologic depression combined with decreased cutaneous
blood flow during mild hypothermia [273] and surgical manipulations may, therefore, increase the risk of wound infection. Immune suppression associated with hypothermia may
thus account for the trend toward higher sepsis and pneumonia rates in recent trials employing mild hypothermia.
Hypothermia has been demonstrated to reduce the functioning of neutrophils, lymphocytes, and macrophages [273],
viewed as experimental curiosity. However, a recent study
of patients undergoing colon surgery found a statistically
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significant higher incidence of wound infections in patients
who has experienced mild intraoperative hypothermia [273].
Mild hypothermia induces a number of hormonal
changes, such as an increase in plasma corticosterone and
thyroid-stimulating hormone, a decrease in plasma prolactin,
and a decrease in hypothalamic thyrotropin-stimulating
hormone (TSH), a decrease in hypothalamic thyrotropinreleasing hormone (TRH). It is suggested that mild hypothermia causes prolactin release through a central dopaminergic
mechanism and that the increased TSH levels are due to
release of TRH [273]. These findings indicate that mild
hypothermia is associated with widespread physiological
alterations, the full extent and implications of which have
yet to be defined.
3.7.6. Hematological effects
Many of the effects of hypothermia on blood viscosity and
coagulation have been undetected in the majority of studies because laboratories typically perform their studies at
37 ◦ C. In vitro and animal data show coagulation abnormalities including reversible platelet sequestration and dysfunction, enhanced fibrinolytic activity and slowing of bleeding
times (aPTT, PT, TT) of hypothermic plasma (<37 ◦ C) are
prolonged if the assay temperature is hypothermic [35]. At
34 ◦ C, PT and PTT increased by 9% compared to 37 ◦ C
[101], interfering with the enzymatic steps in the clotting
cascade, independent of clotting factor level [100,101,255].
Platelet function appears to be adversely affected by mild
hypothermia [238]. Surface cooling to 32 ◦ C can produce reversible platelet dysfunction [317]. In hypothermic (30 ◦ C)
pigs, Oung et al. [237] found that bleeding time was nearly
doubled. Thrombocytopenia has only rarely been reported
in environment-induced mild hypothermia [39]. Coagulation
system effect was explained by temperature-induced reduction of enzyme activity in the humoral and cellular coagulation system [43,44]. Data regarding platelet count and
function indicate that decreasing temperature first reduces
platelet function followed by reduction of platelet count by
a reversible sequestration into the spleen. The coagulopathy
associated with hypothermia is the result of reduced clotting factor activity as temperature declines, rather than any
reduction in the amount of clotting factors present. Clotting
ability will recover as the patients warms up.
3.7.7. Altered pharmacokinetics and pharmacodynamics
Hypothermia increases the effects of central nervous system depressant drugs and prolongs the duration of action
of drugs dependent on enzyme systems for their clearance
[139,181]. This is at least partially due to an additional
decrease in hepatic blood flow during hypothermia [131].
For example, the MAC of inhaled anesthetics is progressively reduced by hypothermia and the duration of action of
non-depolarizing neuromuscular blockers is prolonged. The
duration of action of vecuronium neuromuscular block (10%
recovery if first twitch) is prolonged by 120% at a body temperature of 34.5 ◦ C. The plasma clearance of vecuronium is
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reduced by 11.3% for each degree C decrease in core temperature (more in women than in men).
3.7.8. Interference with diagnostic and monitoring methods
Monitoring neuromuscular blockade by compound electromyogram may be more misleading during mild to moderate hypothermia, compared with monitoring mechanical
twitch tension [271]. Furthermore, mild hypothermia to
32 ◦ C markedly prolonged the rate at which serum concentration of d-tubocararine and twitch tension equilibrated,
resulting in an apparent marked delay in onset of paralysis
which could be interpreted as decreased sensitivity. Hypothermia decreases the adductior pollicis twitch response,
prompting the recommendation to maintain the temperature
of this muscle above 35 ◦ C [271] for optimal monitoring of
neuromuscular block.
Hypothermia reduces carbon dioxide production and may
lead to excessive respiratory alkalosis if appropriate ventilatory adjustments are not made. Furthermore, owing the
altered gas solubilities, blood gas tensions and pH are affected by hypothermia, although the clinical significance
of these changes is controversial. With each ◦ C decrease,
pH increases by 0.05, pCO2 decreases by 4.4%, and pO2
decreases by 7.2% [260]. Misinterpretation of “corrected”
blood gas results may result in relative brain tissue acidosis
and abolition of CBF autoregulation.

hypothermia [67]. Electrocerebral slices are taken as an
end-point in which no electrical activity of cerebral origin
could be detected as this state is thought to be consistent
with cerebral metabolic inactivity during hypothermia, occurring in a temperature range of 20–22 ◦ C [342]. Woodcock et al. [341] conclude that hypothermia of 26–30 ◦ C,
which does not extinguish EEG activity, provides more cerebral metabolic depression than does pharmacological EEG
suppression at 37 ◦ C. EEG suppression and reduction in
metabolic rate may be produced at moderate hypothermia
using thiopental, isoflurane or propofol [180]. As cause of
the sensitivity of the EEG to a variety of physiologic variables, EEG changes during hypothermia may be difficult to
interpret.
3.8.2. Evoked response
Recording of evoked responses is used for the assessment
of peripheral and lemniscal pathways up to the sensory cortex and may provide information about cerebral function,
even when the EEG is completely suppressed by anesthetic
agents [76]. Changes in the evoked responses of all modalities induced by hypothermia are due to two basic effects on
neuronal activity: progressive slowing of axonal conduction
and increased synaptic delay [164,263]. This accounts for
increases in latencies and decreases in amplitude of major
EP components with more profound effects on later components [199].

3.8. Electrophysiological monitoring and hypothermia
It is difficult to determine to what extent the histologically
demonstrated protection against ischemia is followed of pure
preservation of neuronal function or reflects only brain tissue recovery without functional relevance. While hypothermia largely prevents cellular death, neuronal function could
still be abnormal, albeit masked by recovery/compensatory
processes. Indeed, neurons salvaged by postischemic hypothermia are not always entirely normal with respect to
ultrastructural features. One way to avoid these interpretative pitfalls is to assess the functional state of neurons by
characterizing their electrophysiological properties.
3.8.1. Electroencephalogram
Hypothermia is generally followed by a progressive reduction of both frequency and amplitude in EEG [85]. Increases in beta-activity during moderate hypothermia may
be related to a neuronal hyperresponsiveness. However, the
combined effects of hypothermia and anesthetics have to be
taken into account, as most of the studies are performed during presence of various background anesthetic drugs. The
brain tissue during rewarming seems to have its own speed
for regeneration of the EEG following a slower time course
than the core temperature [257]. When normothermia has
been restored, residual EEG changes may persist until the
neurons recovered to a normal functional status.
EEG recordings have been used to establish objective
criteria to consistently identify a safe level of regulated

3.8.2.1. Auditory evoked responses (AEPs). BAEP amplitudes increase during progressive hypothermia with a maximum at 28–32 ◦ C [202] and cannot be reproducibly recorded
at temperatures above 25 ◦ C, independent to differences
in species (e.g. poikilotherm versus homeotherm) [146]. It
seems that the rate of temperature change during hypothermia appears to be important in BAEP response [36]. BAEP
amplitudes increase, when temperature is rapidly shifting
and decrease with stabilized temperature [339]. Temperature
fluctuations, especially in the cuneate nucleus, significantly
affect BAEP amplitudes [4]. Other experimental data suggest that membrane potential and membrane resistance in
cat spinal motoneurons follow different time courses when
temperature is shifting [250]. These changes in membrane
characteristics may explain differential changes in amplitude, in that hypothermia-induced depolarization may result
in smaller action potentials, whereas increased resistance
may result in larger spikes once cells have exceeded firing
thresholds [146,280]. Another possible explanation for discrepancies among studies is the difference in the stimulus
levels used. Hypothermia related BAEP amplitudes increase
at stimulus levels of 75–90 dB, but have not been seen at
lower stimulus levels [38]. With lowering brain temperature, latencies of BAEP waves I, III and V are progressively
increased being smallest for wave I and greatest for wave V
[202] and the effect of amplitude may be related to the time
course of temperature changes [146]. With rewarming, all
of these changes occur in reverse order [202]. Experimental

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

data suggest that during hypothermia from up to 27 ◦ C alterations in BAEP are due to disturbances induced both in
axonal propagation and synaptic transmission by hypothermia [290]. It was concluded that the hypothermic effect
on synaptic transmission is 1.3–1.7 times greater than on
axonal propagation.
3.8.2.2. Somatosensory evoked responses (SEPs). Being
less influenced by anesthetics and hypothermia [25,265,362],
recovery of SEPs may be related to the degree of damaged
subcortical afferent white matter tract [159]. After 4 h of
permanent focal ischemia in rabbits, SEP was measured at
37, 33 and 30 ◦ C [192] and SEP recovered significantly in
the hypothermic compared to the normothermic group and
has been related to a better neurological outcome following
transient postischemic hypothermia after experimental cerebral ischemia [13]. However, other studies have shown that
there may be a poor correlation between neuronal activity
and neurological recovery [190].
During hypothermia, peripheral and central conduction
times are significantly prolonged [106,114,216]. A more
profound increase in the early cortical response is probably
caused by an additional suppression of synaptic transmission in the lemniscal–thalamic pathway [27]. Later cortical
components, which involve an increasing number of synaptic transmissions, are slowed progressively. This may be
explained by earlier findings showing that prolonged latencies of potentials from presynaptic structures were the
result of slowed conduction velocity [23]. Components
from structures with interposed synapses showed a more
pronounced prolongation of latencies. From the interpretation of changes in SEP components, it has to be taken
into account that the temperature–latency relationship and
peripheral/central conduction time during hypothermia is
different form that during rewarming [166]. The more profound increase in the early cortical component may be explained by additional suppression of synaptic transmission
in the lemniscal–thalamic pathway. The later cortical SEP
components were slowed to a greater extent, because an increasing number of synapses are involved in the generation
of these peaks.
3.8.2.3. Visual evoked responses (VEPs). VEP latencies
increase by 10–20% at a temperature of 33–34 ◦ C when
compared to normothermia [73]. This is consistent with data
during normal sleep when core temperature is below 20 ◦ C
daytime normothermia BAEP latencies are increased by
6–7% [169]. However, hypothermia to the level of 33.5 ◦ C
seems to be at the borderline of significant effects upon
VEP [73].

4. From experimental towards clinical use
There are limitations to the above-mentioned animal
model studies. Hypothermia is effective in reducing neu-
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ronal injury when applied intraischemically, but a more
clinically relevant issue is whether hypothermia can protect if applied hours after ischemia or once reperfusion
has occurred. Some studies [9,343,358] on focal ischemia
have shown that delaying hypothermic onset up to 2 h
after induction can still be beneficial, provided hypothermia is maintained for at least 1–3 h. Longer durations of
mild hypothermia with 2–3 h of delay have not yet been
studied in animal models. Secondly, since injury has been
assessed at 24 and 72 h postischemia, the possibility cannot
be excluded that mild hypothermia simply delays neuronal
damage. Indeed, the work on global ischemia has shown
that mild hypothermia (applied for 3 h at reperfusion onset) is very effective at reducing neuronal damage 3 days
after ischemia, but the protective effect is less impressive
at 7 days [73]. By 2 months, cytoprotection is lost unless
hypothermia is applied intraischemically.
Even though it is unrealistic to expect similar results in all
brain regions (e.g. therapeutic windows may be different), a
few investigators focus on hippocampal CA1 region. Additionally, several studies rely solely on histopathology, such
as CA1 cell counts or infarct volume measurements, to measure therapeutic efficacy even though functional outcome is
a clinically more relevant end point. Notably, several factors
complicate the relationship between histopathology and behavior, such as innate variation in performance, presence of
undetected damage, selective protection by a treatment, and
recovery of function [96]. Neurons may also appear normal
in Nissl stains, but not function properly [133]. Function
thus cannot be precisely gauged by histology alone.
Animal studies are sometimes limited by the use of too
short follow-up time [61] or lack of functional assessment,
or both. The use of short survival times is problematic because cell death has been shown to continue for days or
weeks after mild ischemic events [77]. This condition is
analogous to that created by a partially effective neuroprotective intervention. For example, brief duration (for example, 2–3 h) of postischemic hypothermia may appear quite
effective with short survival times (that is, <1 week), but in
reality may only postpone cell death as has been noted in
global ischemia [77]. A previous study [61] addressed the
tissue of long-term benefit after prolonged (that is, >24 h)
postischemic hypothermia because a persistent reduction in
cortical, and to a lesser extent striatal, infarct size was seen
at a survival time of 60 days. A persistent histological and
functional protection in a standardized stroke model is an
important advance over previous efficacy studies, especially
given that hypothermia was delayed 2.5 h after the onset of
ischemia [53].
The ideal hypothermic therapy is unknown. In global ischemia, brief cooling is either ineffective or only transiently
beneficial [71], whereas longer bouts of hypothermia convey
substantial protection [54]. Furthermore, longer durations of
hypothermia not only increase protection but also extend the
possible therapeutic window to at least several hours postischemia. Because no study has compared diverse periods of
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hypothermia in focal ischemia (for example, 12 h versus 24 h
versus 48 h), it is unknown whether the currently suggested
period of experimental hypothermia of about 24 h is necessary to achieve a sufficient neuroprotection or whether a
more prolonged therapy would be more efficacious. There
is also a variability in the degree of physiological regulation (e.g. temperature, glucose, blood pressure). Surprisingly, many investigators continue to use rectal and/or skull
temperature measurements even though they do not reliably
reflect brain temperature [29]. Thus, unknown variations in
brain temperature make the quantification of the severity of
the ischemic damage difficult. Careful physiological control
(e.g. blood gases, shivering) during hypothermia is also important. However, few studies closely mimic the manner in
which hypothermia is produced in humans. This is especially
true in rodents because of the technical limitations (e.g. limited blood sampling) of prolonged physiological control under anesthesia.
The majority of experimental studies that investigate the
potential benefits of hypothermia have been performed in
mice, gerbils, and rats. There are species, sex, and strain
differences in tolerance to ischemia [15,22,99,195,239] and
species differences in tolerance to hypothermia [1,124,132].
Lack of protection in one model, therefore, does not necessarily mean lack of protection in other models or in humans. However, differences in thermoregulatory response
between rodents and humans subjected to ischemic events
hampers the extrapolation process. Many experiments use
young adult animals, whereas most strokes occur in the
middle-aged to elderly. In fact, young animals have been
shown to be more resistant to ischemia [298], and they may
also tolerate hypothermia better than old animals [1].
Rodents have relatively large surface area/body mass ratios and are capable of rapidly lowering core temperature.
As body mass increases, the surface area/body mass ratio
decreases resulting in greater thermal stability. Few studies
suggest that the rate and overall spontaneously change in
brain tissue temperature after an ischemic event is far smaller
in humans as compared with rodents. This inability to reduce body temperature in large species may be a result of
their changed thermal sensitivity. On the other hand, the attenuation in stroke induced changes of brain temperature in
large species may reflect different physiological strategies.
That is, large species may have evolved alternative mechanism to respond and recover to ischemic events because they
are unable to mount a regulated hypothermic response that
is characteristic in small mammals.
Next to reperfusion, hypothermia is clearly the most potent therapeutic approach to reduce cerebral infarction in
experimental cerebral ischemia to date. Certainly, clinical
evaluation of hypothermia in human stroke is warranted
by these data [291,292,296,364]. In particular, hypothermia
is dramatically protective in conditions of temporary focal
ischemia, and even mild hypothermia needs to be more detailed investigated. Hypothermia should be started as soon as
possible following a focal stroke, before thrombolytic ther-

apy in acute incomplete stroke, during temporary focal cerebrovascular occlusion in certain neurosurgical procedures
[136,289], following head injury [218], and immediately
postresuscitation from cardiac arrest [63,306,338]. Indeed,
hypothermia has been shown to be the mechanism involved
in the neuroprotective effects of drugs in some models of
cerebral ischemia [22], underlying the hope that the future will provide the opportunity for routinely combining
hypothermia with pharmacotherapy to optimize neuroprotection in stroke patients. This combination of hypothermia
with neuroprotective drugs as a therapeutic approach has
already been demonstrated to improve the outcome in experimental cerebral ischemia [142,277]. Finally, preischemic
therapeutic interventions may be also effective in limiting
ischemic damage [225,269], but its value in the clinical
setting clearly remains to be established. Taken together
preischemic hypothermia could be of value as a preconditioning stimulus for inducing delayed tolerance, such as it is
needed in a variety of therapeutical procedures [271]. However, the improved understanding of the pathophysiological
mechanism underlying regulated hypothermia is likely to
lead to significant therapeutic benefits in the future for a
majority of patients with first ever cerebral ischemic events.

5. Conclusion
To date no other single therapeutic approach has been
developed that can reduce ischemic neuronal damage to
the extent that is observed with hypothermia except thrombolysis. Postischemic hypothermia provides powerful and
long-lasting protection in animal studies, if cooling is maintained for an adequate time period and not excessively
delayed. As it is suggested in the present review, mild
hypothermia’s neuroprotective benefit may be secondary to
attenuation of several detrimental processes involved in both
necrotic and apoptotic cell death. Furthermore, hypothermia
may be a cost-effective therapy that is easily implemented,
and may prove to be of value by itself or in combination
with more traditional pharmaceutical approaches. Two key
issues that need to be addressed are the optimal depth and
duration of mild hypothermia. Although further work must
be accomplished to optimize its use in humans, clinical
studies have already been started to test its efficacy in the
treatment and prevention on stroke.
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