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1INSERM, Unité 955, Equipe 3, Créteil, 94000, France; 2Université Paris-Est, Ecole Nationale Vétérinaire d’Alfort, Maisons-Alfort, 94704, France; 3Université Paris-Est, Faculté de médecine,
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Abstract Mild hypothermia, 32–358C, is very potent at reducing myocardial infarct size in rabbits, dogs, sheep, pigs, and rats.
The benefit is directly related to reduction in normothermic ischaemic time, supporting the relevance of early and
rapid cooling. The cardioprotective effect of mild hypothermia is not limited to its recognized reduction of infarct
size, but also results in conservation of post-ischaemic contractile function, prevention of no-reflow or microvascular
obstruction, and ultimately attenuation of left ventricular remodelling. The mechanism of the anti-infarct effect does
not appear to be related to diminished energy utilization and metabolic preservation, but rather to survival signalling
that involves either the extracellular signal-regulated kinases and/or the Akt/phosphoinositide 3-kinase/mammalian
target of rapamycin pathways. Initial clinical trials of hypothermia in patients with ST-segment elevation myocardial
infarction were disappointing, probably because cooling was too slow to shorten normothermic ischaemic time ap-
preciably. New approaches to more rapid cooling have recently been described and may soon be available for clinical
use. Alternatively, it may be possible to pharmacologically mimic the protection provided by cooling soon after the
onset of ischaemia with an activator of mild hypothermia signalling, e.g. extracellular signal-regulated kinase activator,
that could be given by emergency medical personnel. Finally, the protection afforded by cooling can be added to that
of pre- and post-conditioning because their mechanisms differ. Thus, myocardial salvage might be greatly increased by
rapidly cooling patients as soon as possible and then giving a pharmacological post-conditioning agent immediately
prior to reperfusion.
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1. Introduction
For several decades, severe (20–288C) or profound hypothermia
(,208C) has been used to protect arrested hearts during cardiac
surgery or for organ preservation. While severe hypothermia is det-
rimental to cardiac function, mild hypothermia (MH), 32–358C, has
little effect on the mechanical function of the in vivo beating heart’,
yet it is very protective against infarction during ischaemic insults.1 –7

Historically, retroperfusion of the coronary sinus of ischaemic
hearts with hypothermic blood minimized complications of reperfu-
sion and reduced ultimate infarct size in dogs.8 Subsequently,
reports have confirmed that MH during acute myocardial ischaemia
is very cardioprotective in rabbits,1,4,5,9 –12 dogs,13 swine,2,14,15

rats,16 and sheep.17 In most studies, the entire body was made hypo-
thermic without apparent complications. These investigations
expanded the potential therapeutic potential of MH, because it is

already well documented to be neuroprotective and to improve sur-
vival in comatose patients resuscitated from cardiac arrest.18,19

In patients presenting with acute ST-segment elevation myocardial
infarction (STEMI), the two first large-scale trials testing whole-body
MH did not support an anti-infarct effect.20,21 These failures were
most probably a function of slow cooling rates, which delayed estab-
lishment of a mild hypothermic state until long after reperfusion had
been induced. A recent clinical trial with a much more aggressive
cooling protocol was more promising,22 and several trials are current-
ly recruiting patients in order to further investigate MH in STEMI
(e.g. studies identified as NCT00763828 and NCT01379261 in clini-
caltrials.gov). This clinical activity, together with recent mechanistic
studies showing that MH probably protects through a complex mech-
anism beyond energy preservation, reveals that cooling is still a hot
topic for cardioprotection. In previous reviews or editorials, our
groups7,23 and others3 have presented the overall background of
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the cardioprotective properties of MH. In the present review, we will
focus on the aspects which are most critical for successful clinical
translation of MH (e.g. importance of dosing and schedule of MH)
and on the recent findings that, at least partly, unravel the mechanism
of MH cardioprotection.24– 27 Finally, we will evaluate pharmacologic-
al approaches that might mimic MH.

2. Mild hypothermia: why, when,
and how

2.1 Cardioprotection and infarct reduction
Myocardial temperature is an independent predictor of infarct size in
animal models of acute myocardial ischaemia.1,2,6 This was first shown
by Chien et al.1 in anaesthetized rabbits subjected to 30 min of coron-
ary artery occlusion, in which cardiac temperature was varied
between 35 and 428C. The left panel of Figure 1 summarizes several
reports of hypothermia with different target temperatures in rabbits
experiencing a similar duration of myocardial ischaemia followed by
reperfusion.5,10,28– 30 The figure clearly illustrates that the relationship
between infarct size and cardiac temperature established by Chien
et al.1 agrees with that observed in subsequent studies. A similar re-
lationship between ischaemic temperature and infarct size was
found in dogs,6 pigs,2 and sheep,31 as shown in the right panel of
Figure 1. In these studies, most investigators induced hypothermia
very early during the ischaemic episode, therefore significantly short-
ening normothermic ischaemic time.1,2,4 Several studies investigated
the required timing of initiation and duration of MH that would lead
to cardioprotection.5,9,10,14,15,28,29,32 These reports have previously
been reviewed extensively and indicated that the benefit afforded
by MH varied inversely with how quickly after the onset of ischaemia
it was established.5,9,10,14,15,28,29,32 In order to illustrate the cardiopro-
tective window of MH, we merged results of published studies in

anaesthetized rabbits subjected to 30 min of regional myocardial is-
chaemia (Figure 2, left panel). As can be seen clearly, the benefit of
hypothermia increases progressively as normothermic ischaemic
time diminishes. The relationship is shifted upwards in a parallel
fashion as the magnitude of cooling is intensified from 35 to 328C.
Finally, the regression lines project to zero salvage when cooling
begins at reperfusion, suggesting that in rabbits hypothermia targets
an ischaemic injury but has little or no direct effect against reperfusion
injury. The right panel of Figure 2 demonstrates a similar relationship in
pigs. It is striking that the protective effect of hypothermia seems to
be more pronounced in hearts with coronary occlusions of longer
duration. Interestingly, the protection is negligible if cooling is initiated
at the onset of reperfusion after a 40 min coronary occlusion,
whereas there is some salvage if cooling is induced after 60 min of oc-
clusion.33 Recently, Götberg et al.34 critically tested whether any
benefit could be obtained by cooling only at reperfusion in pigs.
Very rapid cooling (cold intravenous saline plus endovascular
cooling probe) was begun after 40 min of coronary occlusion. Five
minutes later, the heart was reperfused. In normothermic hearts,
reperfusion was begun immediately after only 40 min of coronary oc-
clusion. Despite 5 min of additional ischaemia in hypothermic hearts,
infarct size was significantly reduced by a modest amount, indicating a
specific effect on reperfusion injury because both groups were sub-
jected to 40 min of normothermic ischaemia. When cooling was
begun immediately after the onset of reperfusion, no protection
was seen, indicating that cooling exerted its protection either
shortly before or at reperfusion. This is an important point, because
it is much easier to have STEMI patients cooled at the time of reperfu-
sion than early in ischaemia. A likely explanation for the discrepant
findings is that pigs and rabbits differ in their response to MH
against reperfusion injury. Interestingly, marked species differences
have previously been shown in other forms of cardioprotection.
While ischaemic post-conditioning involves ‘reperfusion-induced

Figure 1 Relationship between temperature during ischaemia and infarct size in rabbits (left panel) and sheep (right panel) subjected to 30 and
60 min of coronary artery occlusion (CAO), respectively. Infarct sizes as a percentage of the risk zone are expressed as means+ SD. Dotted line
in left panel illustrates relationship obtained by Chien et al.1 The continuous line is a linear regression based on recent studies5,10,28–30 in both
cooled (filled symbols) and normothermic control rabbit hearts (open symbols) subjected to 30 min of ischaemia followed by reperfusion. The
two regressions are very close. The right panel illustrates a similar relationship between cardiac temperature during ischaemia and infarct size in
sheep experiencing 60 min of CAO.31 Filled circles represent data obtained at temperatures ranging from 34.5 to 38.58C, while open circles represent
control values at 39.58C. For both panels, numbers in parentheses are reference numbers.
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salvage kinases’ in rabbits, that does not seem to be the case in pigs.35

Whether the human heart will respond like the pig or the rabbit is
unknown, but in the two failed clinical trials significant protection
was reported in subgroups in which significant cooling was already
present at reperfusion (see section 4).20,21 While the debate con-
tinues on the benefit of MH against reperfusion injury, all investigators
agree on the value of cooling during the ischaemic period. Reducing
the temperature by a mere 38C reduces infarct size by an amount
comparable to ischaemic preconditioning.

2.2 Cardioprotection, myocardial
contractile function, and ventricular
remodelling
In non-ischaemic beating hearts, MH is associated with decreased
heart rate, while mean arterial pressure remains unchanged.36,37

Post et al.38 assessed left ventricular performance with pressure–
volume loops and cardiac output measurements in pigs cooled to
338C. Heart rate and whole-body oxygen consumption decreased
during hypothermia, whereas cardiac output did not change. Hypo-
thermia was associated with impaired relaxation but a positive ino-
tropic effect,38 as had previously been shown in dog hearts.39 The
proposed mechanisms include increased Ca2+ sensitivity of myofila-
ment proteins40 and improved Ca2+-activated force generation.41

The positive inotropic and oxygen-sparing effects of hypothermia
might be beneficial to the acutely failing heart. In ischaemia-induced
cardiogenic shock in pigs, MH reduces acute mortality, improves
haemodynamic parameters, and reduces metabolic acidosis.42 A
mechanical benefit from hypothermia was also seen when cardiac
output was maintained despite a reduction in heart rate in pigs sub-
jected to 60 min of regional ischaemia.14 We investigated functional
regional recovery within the risk zone during 30 min of ischaemia

and 72 h of reperfusion in chronically instrumented rabbits.43 Hypo-
thermia instituted with total liquid ventilation after onset of ischaemia
allowed virtually complete recovery of regional contractility within
24 h of reperfusion.43 We also observed that cooling improved func-
tion in the first hour of reperfusion. This benefit was not related
merely to infarct size reduction, because ischaemic preconditioning
which induced similar tissue salvage did not improve regional con-
tractility during the first hours of reperfusion.44,45 Infarct size and re-
gional contractility after 3 h of reperfusion in different groups of
rabbits protected by either cooling43 or ischaemic preconditioning45

are plotted in Figure 3. These data were obtained from different
studies investigating algorithms of ischaemic preconditioning (either
one or six cycles of ischaemia/reperfusion)45 or cooling (instituted
at either the fifth or fifteenth minute of ischaemia).43 Regional con-
tractility recovered to 60–70% of its pre-ischaemic value in both
hypothermic groups, whereas contractility remained deeply
depressed in all preconditioned hearts. This strongly suggests that
hypothermia during ischaemia directly prevents myocardial stunning,
whereas ischaemic preconditioning does not.46

Mild hypothermia during ischaemia enhances left ventricular con-
tractile function through inhibition of post-infarction ventricular re-
modelling in sheep experiencing 60 min of regional ischaemia.31

After 8 weeks, echocardiographic left ventricular ejection fraction
was significantly increased by 38% in hearts whose temperature had
been lowered to 37.58C during ischaemia over that in control
hearts maintained at 39.58C.31 It is, however, unknown how much
of this protection against remodelling was related to infarct size re-
duction alone, because infarct size was not measured acutely, nor
was a group with a normothermic anti-infarct intervention, such as is-
chaemic preconditioning, included.

A beneficial effect of MH on acutely failing myocardium has also
been reported following global ischaemia and cardiac arrest,47– 49

Figure 2 Effect of timing on cardioprotection by mild hypothermia in rabbits (left panel) and sheep (right panel). In the left panel, reduction in
infarction is plotted against the time at which hypothermia was achieved in rabbits undergoing 30 min of coronary artery occlusion (CAO). The
two regression lines are for studies using a target temperature of 32–33 (filled circles) or 34–358C (open circles). The right panel plots similar find-
ings in pigs subjected to either 40 or 60 min of CAO (filled and open circles, respectively). The latter data were obtained with different target tem-
peratures ranging from 29 to 348C. The target temperature corresponding to each study is indicated next to each circle. For both panels, numbers in
parentheses are the reference numbers.
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and that may involve the effect of MH’ on the central nervous system.
Tsai et al.47 found that cooling only the head of pigs resuscitated after
10 min of ventricular fibrillation with intranasal evaporation of cold
perfluorocarbons improved myocardial function. We also showed in
a rabbit model of cardiac arrest that rapid whole-body cooling with
liquid ventilation reduces myocardial infarction even when started
after resuscitation, a protocol that would have little effect on infarc-
tion from regional myocardial ischaemia.50

2.3 Blood vessel protection and no-reflow
While external cooling induces cutaneous vasoconstriction, MH does
not adversely affect myocardial blood flow4,6 or epicardial coronary
artery diameter51 in rabbits,4 dogs,6 and pigs51 subjected to myocar-
dial ischaemia. Hypothermia may protect against vascular injury
through reduction of the no-reflow phenomenon, as shown by Hale
et al.9 and others.17,32 In rabbits subjected to 30 min of ischaemia,
cooling started 10 min before reperfusion, for example, led to a
70% decrease in the extent of no-reflow.9 In pigs, rapid cooling,
even when initiated after reperfusion, dramatically reduced micro-
vascular obstruction.15 However, myocardial infarction was not
reduced in these hearts despite reduced no-reflow. This suggests
that hypothermia at reperfusion exerts clear vascular protection inde-
pendent of any anti-infarct effect. Long-term benefits might occur
from targeting no-reflow per se, because no-reflow may affect

subsequent remodelling.52 Also, maintaining a viable vasculature
could improve viability of seeded stem cells.

2.4 How can myocardium be cooled
quickly?
To obtain maximal benefit, a patient’s normothermic ischaemic time
should be minimized. Hypothermic treatment should be begun as
soon after the onset of ischaemia as possible, and body temperature
should be lowered as rapidly as possible. The different approaches
that could be used for induction of MH have been extensively
described in previous reviews in both experimental3,7 and clinical53,54

settings. Experimental reports with MH in animal models of coronary
occlusion have used topical epicardial cooling,9,10,13 intracoronary ad-
ministration of cold fluids,33 surface skin cooling,32,55 or endovascular
thermodes, either alone14 or combined15 with the infusion of a large
volume of cold fluid. Among these different studies, the anti-infarct
effect of MH was directly related to the ability to offer hypothermia
early during ischaemia through an early institution of the cooling strat-
egy and/or though fast cooling. In order to increase the benefit further
and still reduce infarct size when cooling was started later during the
ischaemic process, cardiac ultra-fast cooling strategies have been
examined in animals with extracorporeal5 and regional56 blood
cooling, total liquid ventilation with temperature-controlled perfluor-
ocarbons,28,32,43,50 and pericardoperfusion with cold fluids.29

Figure 3 Comparison of protection offered by mild hypothermia (MH) and ischaemic preconditioning (IPC) as reflected in infarct size and early
functional recovery in instrumented rabbits subjected to 30 min of coronary artery occlusion (CAO). Infarct size and functional recovery are
expressed as means+ SD and as a percentage of risk zone or percentage of pre-ischaemic value of segment length shortening, respectively.
These data were obtained in similar experimental conditions in different studies investigating preconditioning45 and MH at 328C.43 Control values
are represented by filled triangles. Two protocols of IPC were studied, with either one or six cycles of ischaemia/reperfusion (filled and open
circles, respectively).45 The latter protocol effectively reduced infarct size without any effect on recovery of segment shortening. Filled and open
squares represent results with MH induced by total liquid ventilation instituted at the fifth or fifteenth minute of ischaemia,43 respectively. Reduction
in infarct size was similar in both conditions, and was equivalent to that seen with IPC. Segment length shortening was assessed after 3 h of reperfusion
and was markedly improved compared with IPC, indicating that hypothermia during ischaemia can protect against stunning.
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3. Mechanism of cooling-induced
cardioprotection

3.1 Mild hypothermia does not act only
through energy preservation
The mechanism of the cardioprotective effect of MH (.308C) in
beating hearts has received much less attention than that of deeper
hypothermia and cold cardioplegia (typically 48C). During the latter,
metabolism is dramatically reduced,57– 60 and acidosis and cellular
calcium and sodium overload are dramatically attenuated because
contractile activity is arrested along with most enzymatic activity.61

The sarcoplasmic Na+–Ca2+ exchanger is inhibited, while the
Na+–H+ exchanger is paradoxically activated.62 Importantly, cold
cardioplegia prevents mitochondrial calcium overload during ischae-
mia,63 as well as post-ischaemic generation of reactive oxygen
species (ROS).64 As recently reviewed,3,7 deep hypothermia blunts
virtually all known deleterious aspects of ischaemia, including ATP de-
pletion, calcium overload, and ROS production at reperfusion.

During MH (.308C), modest preservation of high-energy phos-
phates has also been evident during myocardial ischaemia in

rabbits65 and dogs.65,66 This is accompanied by decreased glucose
consumption67 and lactate accumulation.67 However, these metabolic
alterations cannot entirely explain the protection afforded by MH.25 –

27,68 There is a sharp threshold for ATP preservation that varies
between 30 and 348C,68 yet cooling to 358C is still very protective.
This suggests that protection must involve effects other than energy
preservation alone.68 Activation of one or more protective signalling
pathways, much as those seen in ischaemic preconditioning, has re-
cently been proposed to accompany hypothermia (Table 1).3,7,24,69– 71

3.2 Mild hypothermia initiates protective
signal transduction
Ning et al.72 investigated the effect of pre-ischaemic cooling to 318C in
isolated rabbit hearts prior to 120 min of global ischaemia with cardi-
oplegia at 348C. This not only preserved ATP levels but also mRNA
levels of adenine nucleotide translocase isoform 1 and b-F1-ATPase,72

suggesting a possible effect on mitochondrial biogenesis. Unfortunate-
ly, the study was complicated by the addition of cardioplegia, which is
itself cardioprotective. These authors also showed that 120 min of
cardioplegic arrest at 308C led to elevated expression of hypoxia-

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Summary of recent experimental reports investigating the mechanism of mild hypothermia (>3088888C) in experimental
models of myocardial ischaemia

Species and conditions Hypothermic procedure Main conclusion Main potential
signalling
components

Reference

Isolated mouse
cardiomyocytes with
90 min of simulated
ischaemia

Cooling to 328C from 70th
minute of ischaemia to first
hour of reperfusion

Hypothermic cardioprotection is mediated by
generation of P-Akt, P-HSP27, and NO,
attenuation of ROS generation, and maintenance of
mitochondrial membrane potential

During reperfusion:
P-Akt, P-HSP27,
NO, and ROS

25

Cooling to 328C during
ischaemia and the first hour
of reperfusion

Hypothermic cardioprotection is mediated by mTOR
inhibition either directly or through AMPK

During reperfusion:
mTOR and AMPK

26

Isolated rabbit hearts with
cardioplegic arrest at
348C for 120 min

Cooling to 318C prior to
cardioplegic arrest

Preservation of ATP stores and levels of ANT1 and
b-F1-ATPase mRNA

Before ischaemia:
HSP70

72

Increase in HSP70-1 mRNA levels

Isolated rabbit hearts with
cardioplegic arrest for
120 min

Ischaemic temperature of 30
or 348C, with reperfusion at
378C

Anaerobic metabolism is suppressed at 308C During ischaemia:
HIF1a, HO1,
PPAR-b, and Akt-1

73

Elevated expression of HIF1a, HO1, PPAR-b, and
Akt-1 at 308C

Decreased expression of apoptosis-linked tumour
suppressor protein p53

Isolated rabbit hearts with
30 min of coronary
occlusion

Cooling to 358C throughout
ischaemia

Hypothermic cardioprotection is mediated by P-ERK
but not NO, Akt, or PKC

During ischaemia:
P-ERK

27

Isolated rat hearts with
30 min of global ischaemia

Cooling to 348C during either
ischaemia or reperfusion

Hypothermic cardioprotection is present with
initiation of cooling during reperfusion

During reperfusion:
PI3K and NO

24

Hypothermic cardioprotection is mediated by NO
and PI3K

In situ rabbit heart with
20 min of coronary
occlusion

Cooling to 328C throughout
ischaemia

Preservation of energy metabolism — 65

In situ rabbit heart with
30 min of coronary
occlusion

Cooling to 328C from fifth
minute to end of ischaemia

Decreased mPTP formation in mitochondria isolated
from myocardial samples

— 43

Cooling to 328C throughout
ischaemia

Hypothermic cardioprotection does not involve
adenosine and/or opioid GPCRs

— 74

AMPK, AMP-activated protein kinase; ANT1, adenine nucleotide translocase isoform 1; GPCRs, G protein-coupled receptors; HIF1a, hypoxia-inducible factor 1a; HO1, haem oxygenase
1; HSP27, heat shock protein 27; mPTP, mitochondrial permeability transition pore; mTOR, mammalian target of rapamycin; NO, nitric oxide; PI3K, phosphoinositide 3-kinase; PKC,
protein kinase C; PPAR-b, peroxisome proliferator-activated receptor-b; ROS, reactive oxygen species.

Hypothermia and cardioprotection 221



inducible factor 1a, haem oxygenase 1, peroxisome proliferator-
activated receptor-b and Akt-1 compared with 348C.73 This further
supported the attractive hypothesis of a role for signal transduction
in the action of hypothermia.

In murine cardiomyocytes subjected to 90 min of simulated ischae-
mia at 328C, the protection afforded by hypothermia applied 10 min
before and maintained during 1 h of reoxygenation was abolished by
pharmacological inhibition of Akt and nitric oxide (NO) synthase but
not by a cyclic GMP inhibitor.25 Hypothermia also attenuated ROS
generation at reoxygenation, increased NO, and maintained mito-
chondrial membrane potential, while increasing phosphorylated Akt
during ischaemia and enhancing phosphorylation of heat shock
protein 27 (HSP27), a regulator of Akt. This study finally proposed
a signalling pathway involving Akt/HSP27 phosphorylation and
enhanced NO generation, resulting in attenuation of ROS generation
and maintenance of mitochondrial membrane potential.25 In isolated
rat hearts subjected to 30 min of global ischaemia, inhibition of NO
generation or phosphoinositide 3-kinase (PI3K) with Nv-nitro-L-
arginine methyl ester or wortmanin, respectively, also abolished the
anti-infarct effect of hypothermia.24 Sharp et al.26 further proposed
that this pathway could involve inhibition of the mammalian target
of rapamycin (mTOR), either directly or through AMP-activated
protein kinase. This was shown by the differential phosphorylation
of the mTOR targets 70S6K and eEF2 and by the increase in phos-
phorylated AMPK after 60 min of simulated ischaemia in cardiomyo-
cytes isolated from 1- to 2-day-old mice. In this model, cell death
was minimal at the end of simulated ischaemia, while it was dramatic-
ally accelerated during 3 h of subsequent reperfusion (4 vs. 39%).26

Importantly, the results were confirmed in vivo in a mouse model of
cardiac arrest with therapeutic hypothermia after resuscitation. Inter-
estingly, the effect of MH could be mimicked by the pharmacological

inhibition of mTOR with rapamycin, offering a promising therapeutic
perspective.

The above studies showing the role of the NO/Akt/PI3K/mTOR
pathway were notably performed in isolated cells with hypothermia
targeting the reperfusion phase, or in isolated rat hearts after global
ischaemia. We previously emphasized, however, that the effect of
hypothermia against reperfusion injury is modest at best when evalu-
ated after regional myocardial ischaemia in vivo. Accordingly, we re-
cently investigated the mechanism by which MH targets injury in
isolated rabbit hearts cooled to 358C during only the ischaemic
period.27 In these conditions, the protection afforded by hypothermia
against infarction was not affected when NO production was blocked
with Nv-nitro-L-arginine methyl ester or Akt activation with wort-
mannin. The protection given by ooling was also not affected by
pharmacological inhibition of protein kinase C, a key kinase in precon-
ditioning; however, inhibition of extracellular signal-regulated kinase
(ERK) totally abolished anti-infarct effect of cooling (Figure 4). More-
over, the ischaemic rather than the reperfusion phase was shown to
be the critical time when ERK had to be active to elicit protection
(Figure 4). This timing effect was observed with two different ERK inhi-
bitors (PD98059 and U0126), making a non-specific effect of the
drugs a less likely explanation. In addition, robust phosphorylation
of the activation site of ERK during ischaemia was measured in biop-
sies from MH hearts. Although a small but significant preservation of
ATP was seen in MH hearts during ischaemia, ERK inhibition did not
affect ATP preservation despite abolition of protection, suggesting
again that energy preservation was unrelated to protection.27 While
ERK activation is required for the protection afforded by MH’, it is
not known whether it is sufficient. If ERK activation alone is sufficient
for protection, then injection of a pharmacological activator of ERK by
emergency medical service personnel might duplicate the protection

Figure 4 Infarct size as a percentage of risk zone in isolated rabbit hearts maintained at 38.58C or cooled to 358C. Open circles represent individual
animal data points, while filled circles are group means+ SEM. Either of the extracellular signal-regulated kinase antagonists PD98059 (PD) or U0126
was infused continuously during the entire period of ischaemia and first 20 min of reperfusion (Full), or during only the phase of regional ischaemia
(Isch), or initial 20 min of reperfusion (Reper). The protection afforded by cooling was blocked by PD or U0126 when added during ischaemia and
reperfusion or during only the ischaemic phase. Neither PD nor U0126 had any effect in normothermic hearts. *P , 0.001 vs. control. Reproduced
with permission from Yang X et al. Cardioprotection by mild hypothermia during ischemia involves preservation of ERK activity. Basic Res Cardiol
2011;106:421–430.27
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afforded by cooling against ischaemic injury in normothermic condi-
tions, which would eliminate the logistical nightmare of trying
rapidly to cool the acutely ill cardiac patient.

In a subsequent report, we tested whether MH-activated signalling
was triggered by occupation of G protein-coupled receptors through
an increased release of adenosine or opioids. However, pharmaco-
logical inhibition of either of these receptors did not affect the protec-
tion afforded by hypothermia in in situ rabbit hearts.74 The mechanism
by which cooling activates its protective pathway is presently
unknown. The central nervous system is probably not involved,
because protection occurs in isolated hearts,27 and with local
cooling of the in vivo heart.29 One possibility is the widely distributed
transient receptor potential (TRP) channels, which are used to sense
temperature in the central nervous system and have unknown func-
tion in non-neural tissues. The TRPV4 channel is highly temperature
sensitive;75 however, cooling of cardiomyocytes from TRPV4 knock-
out mice still activated ERK ( J.M. Downey and M.V. Cohen, unpub-
lished data). There are other TRP channel types, many of which are
also temperature sensitive.

3.3 Possible end-effectors and perspectives
It would be instructive to identify the end-effector of the protection
afforded by hypothermia. It was shown that MH (328C) inhibited
calcium-induced mitochondrial permeability transition pore (mPTP)
formation in ventricular samples from ischaemic rabbit hearts.43

This was observed in mitochondria isolated from hearts subjected
to either only 30 min of in vivo ischaemia, or to a similar period of is-
chaemia followed by 10 min of reperfusion. This again shows that
reperfusion is not mandatory for MH protection. While mPTPs may
form only during reperfusion, it is the injury during ischaemia that
causes them to do so in the first place. One cannot have reperfusion
injury without ischaemic injury.

The exact mechanism by which MH attenuates mPTP formation is
not known, but many hypotheses are plausible. While this was not
directly shown, the sensitivity to mPTP formation could be directly
attenuated by the effect of MH on ATP depletion65 and reactive
oxygen species generation.25 The previously described signalling com-
ponents proposed for the protection afforded by hypothermia (ERK,
NO, and Akt) are also all known to inhibit mPTP through the pathway
used by pre-76 and post-conditioning.77,78 Targeting mPTP opening
with direct inhibitors, such as ciclosporin, is known to be highly car-
dioprotective.79,80 One might further wonder whether other regula-
tors of mPTP formation, such as the Akt target glycogen synthase
kinase-3b (GSK-3b), could be involved in MH cardioprotection.
The non-phosphorylated active form of GSK-3b is indeed known to
phosphorylate the voltage-dependent anion channel, thereby releas-
ing hexokinase and triggering mPTP opening.81 To our knowledge,
there is no evidence for a direct role of GSK-3b in MH cardioprotec-
tion. However, profound hypothermia (158C) has been shown to
elevate several downstream targets of Akt, including phosphorylated
GSK-3b (inactive), phosphorylated Bad (inactive), b-catenine, and
Bcl-2 in a rodent model of haemorrhagic shock with subsequent car-
diopulmonary bypass.82 This was importantly associated with a
decreased activity of myocardial caspase-3, as also shown in animal
models of cardiac arrest with post-resuscitation MH.50 In rats sub-
jected to moderate hypothermia (308C) after focal brain ischaemia,
it was also shown that GSK-3b was dephosphorylated in hypothermic
but not normothermic brains after stroke.83 This was accompanied by
an attenuation of the b-catenin degradation in the ischaemic

penumbra, and may ultimately result in an increased expression of
pro-survival genes and preserved cell–cell adhesion.83

One might speculate that another candidate for the mediation of
the cardioprotective effect of MH could be the mitochondrial ATP-
dependent potassium channel (mKATP), because cross-talk with the
signalling components of MH (e.g. Akt, PI3K, and ERK) is well estab-
lished during pre- and post-conditioning. However, this speculation
is not supported by the decreased sensitivity towards opening of
myocardial KATP channels with nicorandil when temperature is
decreased in guinea pig ventricular myocytes during patch-clamp
experiments.84 For example, the time needed to open this channel
was 2.3+1.0 min at 358C vs. 9.4+ 10.2 min at 258C.

Despite sharing some signalling components, pre-/post-
conditioning and hypothermia have major mechanistic differences.
Mild hypothermia protects primarily when applied during the ischae-
mic period and is likely to do so by preventing ischaemic injury that
either kills cells outright or programmes them for mPTP formation
in surviving cells when the heart is reperfused. Accordingly, giving
an ERK inhibitor immediately prior to reperfusion has no effect on
the protection from MH27 but will completely abolish the protection
afforded by pre-85 or post-conditioning’s86. In preconditioned hearts,
survival kinases (including PI3K/Akt and ERK) somehow directly inhibit
mPTP formation during reperfusion in cells in which prior ischaemia
has programmed them to open. It is not known how ERK can be
involved in both mechanisms and behave so differently. Perhaps differ-
ing intracellular compartments may be involved.

As the mechanisms of MH and pre- and post-conditioning differ, it
is possible to add protection from cooling to that of preconditioning
in the same heart and get ‘super protection’.5 One can envision emer-
gency medical service personnel who encounter a STEMI patient im-
mediately starting the cooling protocol (or injecting an ERK-activating
drug). Subsequently, in the cardiac catheterization laboratory a post-
conditioning drug, such as ciclosporin A,80 could be given immediately
prior to reperfusion to achieve the combined ‘super protection’. The
administration of pharmacological activators of MH signalling could
also be an attractive alternative to cooling, e.g. ERK activator27 or
mTOR inhibitor.26

4. Cardioprotection with mild
hypothermia in STEMI patients
The results of clinical trials testing MH in patients with STEMI have
been extensively discussed in three recent reviews.3,7,53 Briefly, two
large-scale clinical trials (COOL-MI21 and ICE-IT20) were conducted
in 392 and 228 patients, respectively. Hypothermia did not provide
any significant decrease in infarct size. However, only one-third of
patients randomized to hypothermia achieved a temperature
,358C at reperfusion. In subgroups of patients with anterior infarc-
tion and effective cooling at reperfusion, significant infarct size reduc-
tion was observed in both trials. A subsequent study (COOL-MI II)
was completed in 2008, but, to our knowledge, the results have not
yet been published.

Based on encouraging results from their pig study,34 Götberg and
colleagues designed a pilot study in which hearts of 20 patients with
STEMI could be rapidly cooled by intravenous infusion of cold
saline and endovascular cooling prior to reperfusion (RAPID-MI-ICE
Study for ‘Rapid Intravascular Cooling in Myocardial Infarction as Adjunct-
ive to Percutaneous Coronary Intervention study’).22 A core body
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temperature of 34.7+ 0.38C was achieved before reperfusion
without any significant delay in door-to-balloon time. This was asso-
ciated with an infarct size of 29.8+12.6% of the ischaemic zone in
the hypothermia group, whereas it was 48.0+21.6% in the nor-
mothermic control group. The study also demonstrated that it is pos-
sible to induce hypothermia efficiently before reperfusion without
delaying primary percutaneous coronary intervention. A much
larger study will be needed to verify these results.

5. Conclusion
Mild hypothermia is very cardioprotective in animal models of myo-
cardial infarction. The benefit is directly related to reduction in nor-
mothermic ischaemic time and depth of hypothermia, supporting
the importance of early and rapid cooling. New evidence suggests
that the protection afforded by MH’ does not involve energy and
metabolic preservation as much as activation of pro-survival signalling
pathways. Reduction of injury during ischaemia seems to reduce the
proclivity for lethal mPTPs to form during reperfusion. Further
studies are still needed to unravel exactly how these kinases
protect ischaemic hearts. As the protection given by MH’ appears
to involve signalling, it may ultimately be possible to replace the cum-
bersome cooling apparatus with a simple drug. Also, because the
mechanism of protection by MH differs from that of ischaemic post-
conditioning, it should be possible to add MH and post-conditioning
to produce ‘super protection’. In patients with STEMI, the first clinical
trials with hypothermia were disappointing, presumably because of
slow rates of cooling. As the technology for inducing more rapid
cooling has markedly improved, future clinical trials will hopefully
translate the success of MH in experimental infarction models suc-
cessfully to the STEMI patient.
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19. Nolan JP, Deakin CD, Soar J, Böttiger BW, Smith G. European Resuscitation Council
guidelines for resuscitation 2005. Section 4. Adult advanced life support. Resuscitation
2005;67 (Suppl. 1):S39–S86.

20. Grines CL on behalf of the ICE-IT Investigators. Intravascular cooling adjunctive to
percutaneous coronary intervention for acute myocardial infarction. Presented at
the 16th annual Transcatheter Cardiovascular Therapeutics, Washington DC, Sep-
tember 2004. O’Neill WW, Dixon SR, Grines CL: The year in interventional
cardiology. J Am Coll Cardiol 2005;45:1117–1134.

21. O’Neill WW on behalf of the COOL-MI Investigators. A prospective randomized trial
of mild systemic hypothermia during PCI treatment of ST elevation myocardial infarc-
tion. Presented at the 15th annual Transcatheter Cardiovascular Therapeutics, Wash-
ington, September 2003. O’Neill WW, Dixon SR: The year in interventional
cardiology. J Am Coll Cardiol 2004;43:875–890.

22. Götberg M, Olivecrona GK, Koul S, Carlsson M, Engblom H, Ugander M et al. A pilot
study of rapid cooling by cold saline and endovascular cooling before reperfusion in
patients with ST-elevation myocardial infarction. Circ Cardiovasc Interv 2010;3:
400–407.

23. Tissier R, Cohen MV, Downey JM. Does mild hypothermia protect against reperfusion
injury? The debate continues. Basic Res Cardiol 2011;106:691–695.

24. Mochizuki T, Yu S, Katoh T, Aoki K, Sato S. Cardioprotective effect of therapeutic
hypothermia at 348C against ischaemia/reperfusion injury mediated by PI3K and
nitric oxide in a rat isolated heart model. Resuscitation 2011 (in press) doi:10.1016/
j.resuscitation.2011.08.013.

25. Shao Z-H, Sharp WW, Wojcik KR, Li C-Q, Han M, Chang W-T et al. Therapeutic
hypothermia cardioprotection via Akt- and nitric oxide-mediated attenuation of mito-
chondrial oxidants. Am J Physiol Heart Circ Physiol 2010;298:H2164–H2173.

26. Sharp WW, Shao Z-H, Han M, Li J, Wang H, Beiser DG et al. Therapeutic hypother-
mia cardioprotection during cardiac arrest inhibits mTOR kinase signaling. Circulation
2010;122:A2.

27. Yang X, Liu Y, Yang X-M, Hu F, Cui L, Swingle MS et al. Cardioprotection by mild
hypothermia during ischemia involves preservation of ERK activity. Basic Res Cardiol
2011;106:421–430.

28. Tissier R, Hamanaka K, Kuno A, Parker JC, Cohen MV, Downey JM. Total liquid ven-
tilation provides ultra-fast cardioprotective cooling. J Am Coll Cardiol 2007;49:
601–605.

29. Dave RH, Hale SL, Kloner RA. Hypothermic, closed circuit pericardioperfusion: a po-
tential cardioprotective technique in acute regional ischemia. J Am Coll Cardiol 1998;
31:1667–1671.

30. Kanemoto S, Matsubara M, Noma M, Leshnower BG, Parish LM, Jackson BM et al.
Mild hypothermia to limit myocardial ischemia-reperfusion injury: importance of
timing. Ann Thorac Surg 2009;87:157–163.

31. Hamamoto H, Sakamoto H, Leshnower BG, Parish LM, Kanemoto S, Hinmon R et al.
Very mild hypothermia during ischemia and reperfusion improves postinfarction ven-
tricular remodeling. Ann Thorac Surg 2009;87:172–177.

32. Chenoune M, Lidouren F, Ghaleh B, Couvreur N, Dubois-Rande J-L, Berdeaux A et al.
Rapid cooling of the heart with total liquid ventilation prevents transmural myocardial
infarction following prolonged ischemia in rabbits. Resuscitation 2010;81:359–362.

R. Tissier et al.224



33. Otake H, Shite J, Paredes OL, Shinke T, Yoshikawa R, Tanino Y et al. Catheter-based
transcoronary myocardial hypothermia attenuates arrhythmia and myocardial necro-
sis in pigs with acute myocardial infarction. J Am Coll Cardiol 2007;49:250–260.

34. Götberg M, van der Pals J, Götberg M, Olivecrona GK, Kanski M, Koul S et al. Optimal
timing of hypothermia in relation to myocardial reperfusion. Basic Res Cardiol 2011;
106:697–708.

35. Skyschally A, van Caster P, Boengler K, Gres P, Musiolik J, Schilawa D et al. Ischemic
postconditioning in pigs: no causal role for RISK activation. Circ Res 2009;104:15–18.

36. Varon J, Acosta P. Therapeutic hypothermia: past, present, and future. Chest 2008;
133:1267–1274.

37. Bernard SA, Jones BMC, Horne MK. Clinical trial of induced hypothermia in comatose
survivors of out-of-hospital cardiac arrest. Ann Emerg Med 1997;30:146–153.

38. Post H, Schmitto JD, Steendijk P, Christoph J, Holland R, Wachter R et al. Cardiac
function during mild hypothermia in pigs: increased inotropy at the expense of dia-
stolic dysfunction. Acta Physiol 2010;199:43–52.

39. Nishimura Y, Naito Y, Nishioka T, Okamura Y. The effects of cardiac cooling under
surface-induced hypothermia on the cardiac function in the in situ heart. Interact
Cardiovasc Thorac Surg 2005;4:101–105.

40. Stowe DF, Fujita S, An J, Paulsen RA, Varadarajan SG, Smart SC. Modulation of myo-
cardial function and [Ca2+] sensitivity by moderate hypothermia in guinea pig isolated
hearts. Am J Physiol 1999;277:H2321–H2332.

41. Kusuoka H, Ikoma Y, Futaki S, Suga H, Kitabatake A, Kamada T et al. Positive inotrop-
ism in hypothermia partially depends on an increase in maximal Ca2+-activated force.
Am J Physiol 1991;261:H1005–H1010.

42. Götberg M, van der Pals J, Olivecrona GK, Gotberg M, Koul S, Erlinge D. Mild hypo-
thermia reduces acute mortality and improves hemodynamic outcome in a cardio-
genic shock pig model. Resuscitation 2010;81:1190–1196.

43. Tissier R, Couvreur N, Ghaleh B, Bruneval P, Lidouren F, Morin D et al. Rapid cooling
preserves the ischaemic myocardium against mitochondrial damage and left ventricu-
lar dysfunction. Cardiovasc Res 2009;83:345–353.

44. Cohen MV, Yang X-M, Downey JM. Smaller infarct after preconditioning does not
predict extent of early functional improvement of reperfused heart. Am J Physiol
1999;277:H1754–H1761.

45. Aouam K, Tissier R, Bruneval P, Mandet C, Berdeaux A, Ghaleh B. Preconditioning of
salvaged myocardium in conscious rabbits with postinfarction dysfunction. Am J Physiol
Heart Circ Physiol 2005;288:H2763–H2769.

46. Ovize M, Przyklenk K, Hale SL, Kloner RA. Preconditioning does not attenuate myo-
cardial stunning. Circulation 1992;85:2247–2254.

47. Tsai M-S, Barbut D, Wang H, Guan J, Sun S, Inderbitzen B et al. Intra-arrest rapid head
cooling improves postresuscitation myocardial function in comparison with delayed
postresuscitation surface cooling. Crit Care Med 2008;36 (Suppl.):S434–S439.

48. Schwarzl M, Steendijk P, Huber S, Truschnig-Wilders M, Obermayer-Pietsch B,
Maechler H et al. The induction of mild hypothermia improves systolic function of
the resuscitated porcine heart at no further sympathetic activation. Acta Physiol
2011;203:409–418.

49. Azmoon S, Demarest C, Pucillo AL, Hjemdahl-Monsen C, Kay R, Ahmadi N et al.
Neurologic and cardiac benefits of therapeutic hypothermia. Cardiol Rev 2011;19:
108–114.

50. Chenoune M, Lidouren F, Adam C, Pons S, Darbera L, Bruneval P et al. Ultrafast and
whole-body cooling with total liquid ventilation induces favorable neurological and
cardiac outcomes after cardiac arrest in rabbits. Circulation 2011;124:901–911.

51. Olivecrona GK, Götberg M, Harnek J, Van der Pals J, Erlinge D. Mild hypothermia
reduces cardiac post-ischemic reactive hyperemia. BMC Cardiovasc Disord 2007;7:5.

52. Reffelmann T, Kloner RA. The no-reflow phenomenon: a basic mechanism of myocar-
dial ischemia and reperfusion. Basic Res Cardiol 2006;101:359–372.

53. Mottillo S, Sharma K, Eisenberg MJ. Therapeutic hypothermia in acute myocardial in-
farction: a systematic review. Can J Cardiol 2011;27:555–561.

54. Kimberger O, Kurz A. Thermoregulatory management for mild therapeutic hypother-
mia. Best Pract Res Clin Anaesthesiol 2008;22:729–744.

55. Janata A, Weihs W, Bayegan K, Schratter A, Holzer M, Behringer W et al. Therapeutic
hypothermia with a novel surface cooling device improves neurologic outcome after
prolonged cardiac arrest in swine. Crit Care Med 2008;36:895–902.

56. Maeng M, Mortensen UM, Kristensen J, Kristiansen SB, Andersen HR. Hypothermia
during reperfusion does not reduce myocardial infarct size in pigs. Basic Res Cardiol
2006;101:61–68.

57. Stowe DF, Varadarajan SG, An J, Smart SC. Reduced cytosolic Ca2+ loading and
improved cardiac function after cardioplegic cold storage of guinea pig isolated
hearts. Circulation 2000;102:1172–1177.

58. van der Vusse GJ, van der Veen FH, Flameng W, Coumans W, Borgers M, Willems G
et al. A biochemical and ultrastructural study on myocardial changes during aorto-
coronary bypass surgery: St. Thomas Hospital cardioplegia versus intermittent
aortic cross-clamping at 34 and 258C. Eur Surg Res 1986;18:1–11.

59. Smolenski RT, Lachno DR, Yacoub MH. Adenine nucleotide catabolism in human
myocardium during heart and heart-lung transplantation. Eur J Cardiothorac Surg
1992;6:25–30.

60. Sukehiro S, Dyszkiewics W, Minten J, Wynants J, Van Belle H, Flameng W. Catabolism
of high energy phosphates during long-term cold storage of donor hearts: effects of

extra- and intracellular fluid-type cardioplegic solutions and calcium channel blockers.
J Heart Lung Transplant 1991;10:387–393.

61. Anderson SE, Liu H, Beyschau A, Cala PM. Effects of cold cardioplegia on pH, Na, and
Ca in newborn rabbit hearts. Am J Physiol Heart Circ Physiol 2006;290:H1090–H1097.

62. Martineau Knerr SM, Lieberman M. Ion transport during hypothermia in cultured
heart cells: implications for protection of the immature myocardium. J Mol Cell
Cardiol 1993;25:277–288.

63. Riess ML, Camara AKS, Kevin LG, An J, Stowe DF. Reduced reactive O2 species for-
mation and preserved mitochondrial NADH and [Ca2+] levels during short-term
178C ischemia in intact hearts. Cardiovasc Res 2004;61:580–590.

64. Gambert S, Bès-Houtmann S, Vandroux D, Tissier C, Vergely-Vandriesse C,
Rochette L et al. Deep hypothermia during ischemia improves functional recovery
and reduces free-radical generation in isolated reperfused rat heart. J Heart Lung Trans-
plant 2004;23:487–491.

65. Simkhovich BZ, Hale SL, Kloner RA. Metabolic mechanism by which mild regional
hypothermia preserves ischemic tissue. J Cardiovasc Pharmacol Ther 2004;9:83–90.

66. Jones RN, Reimer KA, Hill ML, Jennings RB. Effect of hypothermia on changes in high-
energy phosphate production and utilization in total ischemia. J Mol Cell Cardiol 1982;
14 (Suppl. 3):123–130.

67. Ichihara K, Robishaw JD, Vary TC, Neely JR. Protection of ischemic myocardium from
metabolic products. Acta Med Scand Suppl 1981;651:13–18.

68. Ning X-H, Xu C-S, Song YC, Childs KF, Xiao Y, Bolling SF et al. Temperature thresh-
old and modulation of energy metabolism in the cardioplegic arrested rabbit heart.
Cryobiology 1998;36:2–11.

69. Khaliulin I, Clarke SJ, Lin H, Parker J, Suleiman M-S, Halestrap AP. Temperature pre-
conditioning of isolated rat hearts – a potent cardioprotective mechanism involving a
reduction in oxidative stress and inhibition of the mitochondrial permeability transi-
tion pore. J Physiol 2007;581:1147–1161.

70. Shao Z-H, Chang W-T, Chan KC, Wojcik KR, Hsu C-W, Li C-Q et al.
Hypothermia-induced cardioprotection using extended ischemia and early reperfu-
sion cooling. Am J Physiol Heart Circ Physiol 2007;292:H1995–H2003.

71. Ning X-H, Chen S-H, Xu C-S, Hyyti OM, Qian K, Krueger JJ et al. Hypothermia pre-
serves myocardial function and mitochondrial protein gene expression during
hypoxia. Am J Physiol Heart Circ Physiol 2003;285:H212–H219.

72. Ning X-H, Xu C-S, Song YC, Xiao Y, Hu Y-J, Lupinetti FM et al. Hypothermia pre-
serves function and signaling for mitochondrial biogenesis during subsequent ische-
mia. Am J Physiol 1998;274:H786–H793.

73. Ning X-H, Chi EY, Buroker NE, Chen S-H, Xu C-S, Tien Y-T et al. Moderate hypo-
thermia (308C) maintains myocardial integrity and modifies response of cell survival
proteins after reperfusion. Am J Physiol Heart Circ Physiol 2007;293:H2119–H2128.

74. Darbera L, Chenoune M, Lidouren F, Ghaleh B, Cohen MV, Downey JM et al. Adeno-
sine and opioid receptors do not trigger the cardioprotective effect of mild hypother-
mia. J Cardiovasc Pharmacol Ther 2011 (in press) doi: 10.1177/1074248411412969.

75. Wetsel WC. Sensing hot and cold with TRP channels. Int J Hyperthermia 2011;27:
388–398.

76. Hausenloy DJ, Maddock HL, Baxter GF, Yellon DM. Inhibiting mitochondrial perme-
ability transition pore opening: a new paradigm for myocardial preconditioning? Car-
diovasc Res 2002;55:534–543.

77. Argaud L, Gateau-Roesch O, Raisky O, Loufouat J, Robert D, Ovize M. Postcondition-
ing inhibits mitochondrial permeability transition. Circulation 2005;111:194–197.

78. Heusch G, Boengler K, Schulz R. Cardioprotection: nitric oxide, protein kinases, and
mitochondria. Circulation 2008;118:1915–1919.

79. Heusch G, Boengler K, Schulz R. Inhibition of mitochondrial permeability transition
pore opening: the Holy Grail of cardioprotection. Basic Res Cardiol 2010;105:
151–154.

80. Piot C, Croisille P, Staat P, Thibault H, Rioufol G, Mewton N et al. Effect of cyclospor-
ine on reperfusion injury in acute myocardial infarction. N Engl J Med 2008;359:
473–481.

81. Miura T, Miki T. GSK-3b, a therapeutic target for cardiomyocyte protection. Circ J
2009;73:1184–1192.

82. Shuja F, Tabbara M, Li Y, Liu B, Butt MU, Velmahos GC et al. Profound hypothermia
decreases cardiac apoptosis through Akt survival pathway. J Am Coll Surg 2009;209:
89–99.

83. Zhang H, Ren C, Gao X, Takahashi T, Sapolsky RM, Steinberg GK et al. Hypothermia
blocks b-catenin degradation after focal ischemia in rats. Brain Res 2008;1198:
182–187.

84. Jin SQ, Niu LJ, Deng CY, Yao ZB, Zhou YJ. Effect of temperature on the activation of
myocardial KATP channel in guinea pig ventricular myocytes: a pilot study by whole
cell patch clamp recording. Chin Med J 2006;119:1721–1726.

85. Hausenloy DJ, Tsang A, Mocanu MM, Yellon DM. Ischemic preconditioning protects
by activating prosurvival kinases at reperfusion. Am J Physiol Heart Circ Physiol 2005;
288:H971–H976.

86. Yang X-M, Proctor JB, Cui L, Krieg T, Downey JM, Cohen MV. Multiple, brief coronary
occlusions during early reperfusion protect rabbit hearts by targeting cell signaling
pathways. J Am Coll Cardiol 2004;44:1103–1110.

Hypothermia and cardioprotection 225


