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Hypothermia-induced neuroprotection is associated with
reduced mitochondrial membrane permeability in a swine
model of cardiac arrest
Ping Gong1, Rong Hua2, Yu Zhang1, Hong Zhao2, Ziren Tang2, Xue Mei2, Mingyue Zhang2, Juan Cui2 and Chunsheng Li2

Increasing evidence has shown that mild hypothermia is neuroprotective for comatose patients resuscitated from cardiac arrest,
but the mechanism of this protection is not fully understood. The aim of this study was to determine whether prolonged whole-
body mild hypothermia inhibits mitochondrial membrane permeability (MMP) in the cerebral cortex after return of spontaneous
circulation (ROSC). Thirty-seven inbred Chinese Wuzhishan minipigs were successfully resuscitated after 8 minutes of untreated
ventricular fibrillation (VF) and underwent recovery under normothermic (NT) or prolonged whole-body mild hypothermic
(HT; 331C) conditions for 24 or 72 hours. Cerebral samples from the frontal cortex were collected at 24 and 72 hours after ROSC.
Mitochondria were isolated by differential centrifugation. At 24 hours, relative to NT, HT was associated with reductions in opening
of the mitochondrial permeability transition pore, release of pro-apoptotic substances from mitochondria, caspase 3 cleavage,
apoptosis, and neurologic deficit scores, as well as increases in mitochondrial membrane potential and mitochondrial respiration.
Together, these findings suggest that mild hypothermia inhibits ischemia-induced increases in MMP, which may provide
neuroprotection against cerebral injury after cardiac arrest.
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INTRODUCTION
After cardiac arrest, return of spontaneous circulation (ROSC) can
induce brain reperfusion injury, which has been associated with
adverse neurologic outcomes and death.1 A complex cascade of
processes begins minutes to hours after reperfusion and may
continue for 72 hours or longer.2,3 This cascade includes oxidative
stress, disrupted calcium homeostasis, excitotoxicity, pathologic
protease cascades, and activation of cell death signaling
pathways. Mitochondria are at the center of these processes and
have a pivotal role as targets and effectors of injury.4

Cell survival or death depends on critical functions of mitochon-
drial membranes,5 especially mitochondrial membrane permeability
(MMP),6 which includes the permeability of the mitochondrial outer
membrane (MOM) and the mitochondrial inner membrane (MIM).
The MOM is normally permeable to small molecular metabolites, but
not to proteins.5 The MOM permeabilization allows translocation of
cytochrome c and other mitochondrial proapoptotic proteins from
the intermembrane space to the extramitochondrial compartment,
which is a decisive event in many forms of apoptotic cell death. The
MIM is usually impermeable to protons, other ions, and water.5

The MIM permeabilization dissipates mitochondrial membrane
potential (DCm) and thereby uncouples the process of respiration
from adenosine triphosphase (ATP) synthase, halting mitochondrial
ATP generation.5

One of the principal mechanisms underlying MIM permeabiliza-
tion is the so-called ‘permeability transition’.6 Permeability
transition is a sudden increase in MIM permeability to solutes

with molecular mass up to 1.5 kDa,6,7 caused by the opening of a
voltage-dependent, high-conductance channel located in the
MIM, termed as the mitochondrial permeability transition pore
(mPTP).6 Long-lasting mPTP opening has been postulated as the
event that leads to irreversible changes in cellular function and
cell death.8–10

To date, mild hypothermia is the only treatment that has been
clinically confirmed to improve neurologic outcomes.3,11–13 The
protective effects of mild hypothermia against brain injury may be
due to a reduction in brain metabolism, inhibition of excitatory
amino-acid release and oxidative stress, attenuation of the immune
response, modification of cell death signaling pathways, and other
factors.2,3,13–17 However, the effects of mild hypothermia on MMP
are unknown. Therefore, the main goal of the present study was to
investigate whether whole-body mild hypothermia inhibits MMP
after ROSC in a swine model of cardiac arrest.

MATERIALS AND METHODS
Animals
This study used 37 (21 males; 16 females) inbred Chinese Wuzhishan
minipigs (Permit Number: SYXK (Beijing) 2008-0007, the Institute of Animal
Sciences, Chinese Academy of Agricultural Sciences, Beijing, China), aged
4 to 6 months, weighing 24.5±1.7 kg. This study was conducted in strict
accordance with the Guidelines for Animal Care and Use established by the
Capital Medical University Institutional Animal Care and Use Committee.
The protocol was approved by the Committee on the Ethics of Animal
Experiments of Capital Medical University (Permit Number: 2010-D-013).
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Animal Preparation
Pigs were fasted overnight with free access to water, then were sedated
with ketamine (20 mg/kg, intramuscularly), followed by propofol (2 mg/kg,
intravenously). After endotracheal intubation, anesthesia and analgesia
were maintained intravenously with sodium pentobarbital (continuous
infusion of 8 mg/kg per hour) and fentanyl (continuous infusion of 5 mg/kg
per hour). Pigs were ventilated using a volume-controlled ventilator (Servo
900c, Siemens, Munich, Germany) with a tidal volume of 15 mL/kg, FiO2 of
0.21, and ventilation rate of 12 to 20 breaths/minute Tidal volume and
ventilation rate were adjusted to maintain normocapnia (end-tidal PCO2 of
35 to 45 mm Hg), as monitored continuously with an in-line infrared
capnograph placed in the airway. Arterial blood gases were analyzed
(ABL80, Radiometer, Copenhagen, Denmark) to confirm adequate baseline
ventilation. For the duration of the experiment, pigs were secured in a
supine position on the operating table and were transfused with normal
saline (10 mL/kg per hour, intravenously) to maintain a central venous
pressure of 5 to 12 mm Hg.

Thorax skin was shaved to secure standard lead II electrocardiogram
surface electrodes. To measure aortic pressure, a fluid-filled catheter was
inserted from the left femoral artery into the thoracic aorta. To measure
cardiac output, a Swan-Ganz catheter (7-Fr, Edwards Life Sciences, Irvine,
CA, USA) was inserted from the left femoral vein and flow directed into the
pulmonary artery. Electrocardiograph, aortic pressure, and cardiac output
were monitored continuously (Vigilance II, Edwards Life Sciences).
To induce ventricular fibrillation (VF), a 5-Fr pacing catheter was advanced
from the right femoral vein into the right ventricle. To induce hypothermia,
a central venous catheter (Icy, Alsius Corp., Irvine, CA, USA) was inserted
from the right external jugular vein into the superior vena cava. Also,
a temperature-sensing Foley catheter (Integral Medical Products Shaoxing,
China) was inserted into the bladder after fistulation. All operations were
performed using aseptic surgical techniques.

Programmed Electrical Stimulation-Induced Cardiac Arrest Model
After instrumentation, 30 minutes were allowed for hemodynamic
stabilization. During this period, intrabladder temperature was adjusted
to 371C using a heating lamp and warm packs, or an electrical fan and ice
bags. The programmed electrical stimulation-induced cardiac arrest model
was induced as described in our previous report.3 Once VF occurred,
mechanical ventilation was discontinued. After 8 minutes of untreated VF,
cardiopulmonary resuscitation (CPR) with manual external chest
compressions was performed by an experienced CPR technician. The
same technician performed all CPR in the study. Meanwhile, pigs were
ventilated with room air using a bag respirator attached to the
endotracheal tube and a compression-to-ventilation ratio of 30:2. After
2 minutes of CPR, a single 150 J biphasic electrical shock was attempted
with a Smart Biphasic defibrillator (Philips Medical Systems, Andover, MA,
USA). If VF persisted, then CPR was resumed for 2 minutes, followed by a
bolus of epinephrine (30mg/kg) via the femoral vein. Additional doses of
epinephrine were administered, if needed, every 3 minutes until ROSC was
achieved. Two hundred J was used for the second and all subsequent
defibrillation attempts. Return of spontaneous circulation was defined as
an organized cardiac rhythm with a mean aortic pressure of 460 mm Hg,
sustained continuously for at least 10 minutes. Resuscitation procedures
were terminated if pigs had no ROSC after 20 minutes of CPR. Immediately
after ROSC, mechanical ventilation was resumed using the same settings as
before induction of VF.

Treatment Groups
After ROSC, pigs were randomized to receive mild hypothermia
(HT, n¼ 16) or normothermia (NT, n¼ 16). An additional five pigs served
as surgery controls (SC, n¼ 5), undergoing surgery without VF or
hypothermia. Pigs were randomly assigned to be euthanized at 24 or
72 hours after ROSC, creating the following four groups (n¼ 8/group):
NT24h, HT24h, NT72h, and HT72h.

Mild Hypothermia Procedure
Immediately after ROSC, according to the landmark study,12 pigs were
actively cooled to a target body temperature of 331C (1.01C/hour),
maintained at this temperature for 12 hours, and then actively rewarmed
(0.51C/hour) to 371C using a CoolGard 3000 system (Alsius Corp., Irvine, CA,
USA). During the induction and maintenance of mild hypothermia, pigs
received pancuronium bromide (0.1 mg/kg, intravenously) to prevent
shivering and muscle movement. Administration was repeated if needed.

After ROSC, pigs received standardized postresuscitative intensive care
until the end of the rewarming phase. After the cooling procedure was
complete, intravascular catheters were removed, incisions were sutured,
and pigs were returned to their cages. At 70 hours after ROSC, pigs were
instrumented once again using aseptic surgical techniques, and hemody-
namic data were collected at 72 hours after ROSC. Room temperature was
maintained between 201 and 241C.

Neurologic Deficit Scores
We adopted neurologic deficit scores (NDS) to evaluate the outcome of
neurologic function in pigs at 24 and 72 hours after ROSC as described in
detail in our previous report.3 Investigators were blinded to the pigs’
respective treatments.

Brain Tissue Sampling
At 24 or 72 hours after ROSC, pigs were euthanized with propofol (3 mg/kg,
intravenously), followed by 10 mL of potassium chloride (10 mol/L,
intravenously). The brain was immediately removed by craniotomy and
divided by a midsagittal cut. The right hemisphere was dissected, and the
hippocampus and a portion of the precentral gyrus of the frontal lobe
were fixed in 4% buffered formalin for hematoxylin-eosin staining. Another
portion of the precentral gyrus of the frontal lobe was immediately
collected on ice for morphologic examination by electron microscopy.
From the left hemisphere, frontal cortex samples (1 to 2 g) were collected
and mitochondria were rapidly isolated. Samples of mitochondria and
frontal cortex were snap frozen in liquid nitrogen and stored at � 801C
until analysis. The frontal cortex was selected for analysis based on prior
data showing its role in neurologic outcomes in animal and human studies
of ischemia.18,19

Isolation of Mitochondria
Mitochondria were isolated according to a protocol that has been
described in detail in our earlier paper.3 The final pellet was resus-
pended in 300mL of ice-cold isolation medium (20 mg protein/mL) and
kept on ice for further assays. The isolation of mitochondria was validated
by western blotting (Figure 4C). Mitochondrial protein concentration was
detected using the Bradford method.

Determination of Mitochondrial Permeability Transition Pore
Opening
Changes in the status of mPTP were assessed using a spectrophotometer
(Infinite M200; Tecan, Männedorf, Switzerland), as previously described.20

Opening of mPTP in isolated mitochondria leads to mitochondrial swelling,
which is commonly used to assess the status of mPTP21 via a decrease in
light scattering, and thus absorbance, of a mitochondrial suspension.6

Mitochondria (1 mg protein/mL) were suspended in incubation buffer
(20 mmol/L MOPS, pH 7.5, 110 mmol/L KCl, 10 mmol/L ATP, 10 mmol/L
MgCl2, 10 mmol/L sodium succinate, 1 mmol/L EGTA) at 331C in a water-
jacketed cuvette holder. After a 1-minute equilibration period,
mitochondrial swelling was assessed in a spectrophotometer via the
decrease in absorbance at 540 nm. Mitochondrial swelling was triggered
by the addition of CaCl2 (10mmol/L; see arrow in Figure 1). Measurements
were repeated every 30 seconds for 10 minutes. In another experiment,
6 mmol cyclosporine A (mPTP inhibitor) was also added to test whether
permeability transition was involved in mitochondrial swelling.

Detection of Mitochondrial Membrane Potential (DCm)
The fluorescent JC-1 dye (5,50 ,6,60-tetrachloro-1,10 ,3,30-tetraethylbenzi-
midazol-carbocyanine iodide; Sigma-Aldrich, St Louis, MO, USA) is a
lipophilic cation that accumulates in intact mitochondria, emits a green
fluorescence at low DCm, and forms red fluorescent ‘J-aggregates’ at
higher DCm.22 To assess DCm, mitochondria (40mg) were added to 2 mL
incubation buffer (described above). The reaction was initiated by addition
of JC-1 to a final concentration of 10 mg/mL, and the mitochondria were
then left to incubate for 7 minutes at room temperature in the dark. After
incubation, the fluorescence of the sample was immediately analyzed with
a spectrofluorimeter (Infinite M200; Tecan) at an excitation wavelength of
490 nm and emission wavelength of 590 nm.23,24
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Measurement of Mitochondrial Oxygen Consumption
Mitochondria (0.25 mg) were incubated in 2 mL respiration buffer
(125 mmol/L KCl, 2 mmol/L K2HPO4, 1 mmol/L MgCl2, 10mmol/L EGTA,
20 mmol/L HEPES, pH 7.0, 371C). After 1 minute of equilibration, oxygen
uptake by mitochondria was measured with a Clark-type oxygen electrode
using a Hansatech Oxygraph Measurement System (Hansatech,
Norfolk, UK).25 State 3 respiration was initiated by addition of 1 mmol/L
ADP to respiration buffer containing glutamate (5 mmol/L) and malate
(5 mmol/L). On depletion of ADP, state 4 respiration was monitored. State 4
respiration was initiated by oligomycin (2.5mg/mL). The respiratory control
ratio (RCR) was defined as ADP-stimulated respiration (state 3) divided by
resting respiration (state 4). The ADP/O ratio is defined as moles of ADP
phosphorylated per moles of oxygen consumed.

Detection of Apoptosis
Tissue blocks (0.5 cm thick) from the frontal cortex of pigs euthanized at
24 hours after ROSC were embedded in paraffin and sliced into 6 mm
coronal thick sections. To detect apoptotic cells, sections were stained
using a deoxynucleotidyl transferase-mediated dUTP-biotin nick end
labeling (TUNEL) assay kit (Wako Pure Chemical Industries, Osaka, Japan),
according to manufacturer’s instructions. An experienced pathologist,
blinded to group assignment, counted TUNEL-positive cells under a light
microscope (Shanghai Zousun Optical Instrument Co., Ltd, Shanghai,
China). The apoptotic index was calculated as a ratio of the apoptotic cell
number to the total cell number from four randomly selected high-power
fields (� 400 magnification).

Western Blotting Analysis
Cytoplasmic and nuclear protein fractions were prepared, and western
blotting analysis was performed as previously described.3 Primary
antibodies included rabbit polyclonal anti-cytochrome c (1:300; Abcam,
Cambridge, MA, USA), rabbit polyclonal anti-Smac (1:1,000; Abcam), mouse
polyclonal anti-apoptosis inducing factor (AIF) (1:400; Bioss, Beijing, China),
rabbit polyclonal anti-cleaved caspase 3 (1:1,000; Cell Signaling Technology,
Inc., Danvers, MA, USA), mouse polyclonal anti-glyceraldehyde-3-phospha-
tedehydrogenase) (GAPDH; 1:1,000; Abcam), and mouse monoclonal anti-
lamin B2 (1:300; Pierce Biotechnology, Rockford, IL, USA). We measured
optical densities of the western blots using ImageJ software (National
Institutes of Health, Bethesda, MD, USA). Cytoplasmic cytochrome c, Smac,

and cleaved caspase 3 protein levels were normalized to GAPDH, and
nuclear AIF protein levels were normalized to lamin B2.

Statistical Analysis
Data are presented as the mean±standard deviation (s.d.). Data were
analyzed using three-way ANOVA (factors: temperature, time, and gender),
followed by Bonferroni test for multiple comparisons. Levene’s test was
used to assess homogeneity of variance, and Greenhouse-Geisser
corrections were used when indicated. Statistical significance was defined
as Po0.05. Statistics were performed using the software package SPSS 16.0
(SPSS, Chicago, IL, USA).

RESULTS
Physiologic, Hemodynamic, and Resuscitation Data
At 24 and 72 hours after ROSC, no group differences were observed
for gender, weight, core body temperature, PaO2, mean arterial
pressure, or cardiac output, as described in detail in our previous
report.3 Cardiopulmonary resuscitation time was similar in NT and
HT pigs (3.3±1.2 versus 3.4±1.3 minutes, respectively, P40.05).

Mild Hypothermia Inhibited Mitochondrial Permeability Transition
Pore Opening
As shown in Figure 1, mitochondrial swelling in frontal cortex was
triggered by the addition of 10 mmol/L Ca2þ (see arrow).
At 24 hours after ROSC, NT pigs showed an enhanced mitochon-
drial swelling compared with SC pigs (Po0.05), and HT showed a
reduced mitochondrial swelling compared with NT pigs (Po0.05).
However, at 72 hours after ROSC, mitochondrial swelling was
similar across all groups (P40.05). Mitochondrial swelling in all
groups was blocked by cyclosporine A, suggesting the participa-
tion of permeability transition (data not shown).

Mild Hypothermia Improved Mitochondrial Membrane Potential
The effect of mild hypothermia on DCm in frontal cortex was
assessed using the ratio of red/green JC-1 fluorescence, as shown
in Figure 2. At 24 hours after ROSC, HT pigs showed an increased
DCm relative to NT pigs (Po0.05). At 72 hours after ROSC, DCm
was similar across all groups (all P40.05).

Mild Hypothermia Improved Mitochondrial Respiration
To determine the effect of mild hypothermia on the mitochondrial
respiration in frontal cortex after cardiac arrest and resuscitation,
oxygen consumption was measured in the presence of the
substrates glutamate and malate using a Clark-type oxygen

Figure 1. Mitochondrial permeability transition at 24 and 72hours
after ROSC. Data represent the mean±s.d. of five to seven
independent experiments. HT, mild hypothermia; NT, normothermia;
SC, surgery control; ROSC, restoration of spontaneous circulation.

Figure 2. Effect of mild hypothermia on mitochondrial membrane
potential in frontal cortex of pigs, assessed by the red/green JC-1
fluorescence in NT and HT as a percentage of SC. *Po0.05 compared
with SC; #Po0.05 compared with NT24h. HT, mild hypothermia; NT,
normothermia; SC, surgery control.
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electrode. As shown in Figure 3, at 24 hours after ROSC, NT animals
exhibited lower levels of mitochondrial respiration than did SC
animals, as indicated by lower values of state 3 and state
4 respiration, RCR (state 3/state 4), and ADP/O ratios (all Po0.05).
Moreover, HT animals showed improved mitochondrial respiration
compared with NT animals, as indicated by higher state 3 and
state 4 respiration, RCR, and ADP/O ratio (all Po0.05). At 72 hours
after ROSC, state 3 and state 4 respiration, RCR, and ADP/O ratio in
NT and HT animals had recovered to be similar to SC values (all
P40.05).

Mild Hypothermia Inhibited Mitochondrial Release of Pro-
apoptotic Substances and Caspase 3 Cleavage
As shown in Figure 4, at 24 hours after ROSC, western blotting
analysis showed significant increases in the frontal cortex of NT
pigs compared with SC pigs in cytoplasmic cytochrome c, Smac,
cleaved caspase 3, and nuclear AIF (all Po0.05). However, HT pigs
had a lower expression of these proteins than did NT pigs (all
Po0.05). At 72 hours after ROSC, proteins expression in NT and HT
animals was similar, but significantly lower than at 24 hours
(Po0.05). No gender differences were observed in protein
expression (all P40.05).

Mild Hypothermia Reduced Apoptosis
As shown in Figures 5A to 5C, TUNEL-positive cells in frontal
cortex had broken nuclei that stained brown/yellow. Figure 5D
shows that, at 24 hours after ROSC, the number of TUNEL-
positive cells was increased in the NT group (26.1±1.7) compared
with SC (2.1±0.3), but was lower in HT (20.1±1.5) than in
NT pigs (all Po0.05). At 72 hours after ROSC, TUNEL-positive cells
in the NT group were decreased compared with 24 hours
(Po0.05), but were similar to HT pigs (P40.05). No gender
differences were observed in the number of TUNEL-positive cells
(all P40.05).

Mild Hypothermia Was Associated with Improved Neurologic
Function but Not with Survival
Survival rates and NDS were described in detail in our previous
report.3 Briefly, 32 pigs were successfully resuscitated from cardiac
arrest. After ROSC, survival rates (n¼ 8/group) were 6 (75%) in
NT24h, 7 (87.5%) in HT24h, 5 (62.5%) in NT72h, and 7 (87.5%) in
HT72h. A total of 7 pigs (4 males, 3 females) died from
hemodynamic instability during the postresuscitation period.
Compared with NT pigs, HT pigs showed no significant
differences in survival rates at 24 and 72 hours (P¼ 0.60 and
0.32, respectively). In the NT and HT groups, survival rates were
similar in males and females (P¼ 0.68 and 0.48 at 24 and 72 hours,
respectively).

As shown in Figure 6, HT pigs showed significantly lower NDS
compared with NT pigs at 24 hours (112.1±12.9 versus
205.8±15.3) and 72 hours (17.1±11.5 versus 52.2±20.2) after
ROSC (all Po0.01). Moreover, females in the NT and HT groups
showed slightly lower NDS than males at 24 and 72 hours after
ROSC, but this difference was not statistically significant (all
P40.05).

DISCUSSION
The present study shows that whole-body mild hypothermia after
cardiac arrest is associated with positive changes in brain frontal
cortex at 24 hours after ROSC, including: inhibition of mPTP
opening, mitochondrial release of pro-apoptotic substances,
caspase 3 cleavage, and apoptosis, as well as enhanced DCm
and mitochondrial respiration. These results indicate that whole-
body mild hypothermia reduced the MMP of brain cortex in the
well-established VF-induced cardiac arrest model in swine.3,26,27

Furthermore, at 24 hours after ROSC, whole-body mild
hypothermia improved neurologic outcomes and alleviated
microscopic and ultrastructural changes in the cerebral
cortex caused by global ischemia-reperfusion, as described in

Figure 3. Parameters of mitochondrial respiration in frontal cortex of pigs, including state 3 respiration (A), state 4 respiration (B), respiratory
control ratio (RCR; state 3/state 4 respiration) (C), and ADP/O ratio (D). Glutamate (5mmol/L) and malate (5mmol/L) were used as respiration
substrates. Oxygen consumption is expressed in nmol O2/min per mg protein (mean±s.d.). *Po0.05 compared with SC; #Po0.01 compared
with NT24h. HT, mild hypothermia; NT, normothermia; SC, surgery control.
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our earlier paper.3 However, at 72 hours after ROSC, NT and HT
groups had similar histopathology3 and cellular findings in the
present experiment. Thus, we speculate that the neuroprotective
effects of mild hypothermia on cerebral injury caused by cardiac
arrest might be associated with reduced MMP, and the processes
underlying neuronal death and the neuroprotective effects of mild
hypothermia might occur predominantly within the first 24 hours
(or perhaps 48 hours).

The HT reduced morbidity in our study by improving neurologic
outcomes, but it did not reduce mortality, consistent with an
Australian study.12 However, an European study showed HT
reduced mortality and improved neurologic outcomes.11 Failure to
reduce mortality by HT may be due to insufficient sample size. In
the European study, a total of 275 patients with out-hospital
cardiac arrest were enrolled, and there were a total of 56/137
deaths (41%) in the hypothermia group versus 76/138 (55%) in the
NT group (P¼ 0.02). However, in the Australian study, a total of 77
patients with out-hospital cardiac arrest were enrolled, and
mortality at discharge was 22/43 (51%) in the hypothermia
group and 23/34 (68%) in the NT group (P¼ 0.145).

The MIM permeabilization involves formation of mPTPs that
disrupt the DCm across the MIM.6 Thus, MIM permeabilization is
generally detected by mPTP opening and altered DCm.6 In the
current study, at 24 hours after ROSC, calcium-induced mPTP
opening was increased in brain frontal cortex neurons in NT pigs

and was inhibited by whole-body mild hypothermia in HT pigs.
Beneficial effects of hypothermia on DCm were also evident at
24 hours after ROSC. These data indicate that, even at 24 hours
after postischemic normothermic recovery, MIM permeabilization
was increased and could be attenuated by mild hypothermia.

The mPTP is a large conductance channel found in the MIM and
MOM, which is composed of mitochondrial proteins. When
opened, the mPTP allows matrix solutes o1.5 kDa, including
protons, to be released from the mitochondria,28 which dissipates
DCm and thus decreases ATP production. In the current study,
arrested-resuscitated pigs subjected to postischemic normoth-
ermic recovery for 24 hours had reduced mitochondrial respiration
in brain frontal cortex, indicating decreased ATP production.
Moreover, release of mitochondrial matrix solutes increases
colloidal osmotic pressure in the mitochondrial matrix, causing
matrix swelling, rupture of the MOM, and nonspecific release of
intermembrane space proteins into the cytosol.6,29

Mitochondrial outer membrane normally retains pro-apoptotic
proteins in the intermembrane space, including cytochrome c,
Smac/DIABLO, and AIF.6 Thus, MOM permeabilization is detected
by measuring translocation of these proteins from the
intermembrane space.6 In this study, mild hypothermia reduced
the release of these pro-apoptotic substances from the mito-
chondria at 24 hours after ROSC, indicating that mild hypo-
thermia attenuated MOM permeabilization. In general, MOM

Figure 4. Expression of cytoplasmic cytochrome c, Smac, cleaved caspase 3, and nuclear AIF in frontal cortex of pigs. Western blotting was
used to measure cytoplasmic cytochrome c, Smac, and cleaved caspase 3 (A), and nuclear AIF (B). Western blots of Porin (C) showed bands
only within the mitochondrial fractions, confirming successful separation of mitochondria. The optical density (OD) of each band was
measured using Image J software. Values of cytoplasmic cytochrome c (Cyto c) (D), Smac (E), and cleaved caspase 3 (F) were normalized to
GAPDH. Nuclear AIF (G) was normalized to lamin B2. Data are expressed as the mean±s.d. Group sizes were SC, n¼ 5; NT24h, n¼ 6; HT24h,
n¼ 7; NT72h, n¼ 5; and HT72h, n¼ 7. *Po0.05 compared with SC; #Po0.01 compared with NT24h. AIF, apoptosis inducing factor; HT, mild
hypothermia; NT, normothermia; SC, surgery control.
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permeabilization is a point-of-no-return in apoptosis.5 In this
study, mild hypothermia was associated with decreased
expression of cleaved caspase 3, a final caspase responsible for
carrying out apoptosis, and a reduced apoptotic index in the brain
frontal cortex neurons at 24 hours after ROSC.

The mechanisms underlying reduction in MMP by mild
hypothermia are complex. Mild hypothermia could impact the
complex balance between inducers and antagonists of mPTP
opening, which determines whether the duration of mPTP opening
is transient or intermediate/long lasting.30 Ischemia-reperfusion
injury is associated with increases in mPTP activators (Ca2þ , ROS,
Pi) and reductions in mPTP inhibitors (ATP/ADP).31 The mPTP is
inhibited by low pH and is therefore believed to be quiescent
during ischemia.31 However, restoration of pH coupled with rapid
elevation of mitochondrial Ca2þ and ROS on reperfusion would
lead to rapid opening of the mPTP.7,31 Such a scenario
would initiate a vicious cycle, as the subsequent mPTP opening

would further dysregulate Ca2þ homeostasis and inhibit the
respiratory chain, resulting in further ROS production and mPTP
opening. Mild hypothermia has been closely associated with
reduced ROS generation, as described in our previous report.3

Thus, we speculate that inhibition of mPTP opening by mild
hypothermia might be associated, at least in part, with reduced ROS
generation. Another mechanism underlying reduction of MMP by
mild hypothermia might be related to direct effects on the molecular
composition of the mPTP. The precise molecular architecture of the
mPTP is controversial,21,32,33 although an emerging consensus
believes that a multicomponent protein complex rather than a
single protein is responsible for mPTP opening. Elucidating mPTP
architecture would greatly advance our understanding of how mild
hyperthermia might inhibit mPTP opening.

The current study has some limitations. First, to mimic the
process of whole-body mild hypothermia applied to cardiac arrest
patients,12 we assessed effects after rewarming and not during the
12-hour period of mild hypothermia. Indeed, the impact of mild
hypothermia on the MMP might be most potent during the
12-hour period of mild hypothermia, whereas more recent rodent
studies showed that a prolonged reduction in temperature (12 to
48 hours) of only a few degrees provided sustained behavioral and
histologic neuroprotection as long as 6 months postischemia
onset in rodents.34–36 Second, our study focused on the frontal
cortex, as the cortex is known to have a vital role in recovery of
function after cardiac arrest. However, the hippocampus is most
vulnerable to global ischemic injury and may therefore have
shown greater effects. Finally, due to the limited supply of inbred
Chinese Wuzhishan minipigs, pigs of both sexes were used.
Hormonal differences due to sexual dimorphism may affect the
outcome of cerebral ischemia.37–40 However, no significant sex
differences in postresuscitative brain damage or in the effects of
mild hypothermia were found in the current study. The lack of sex
differences may be due to the sexual immaturity of the majority of
the pigs (31/37 were B4 months old) and the small sample size of
male and female pigs in each group.

In conclusion, prolonged whole-body mild hypothermia ame-
liorates the effects of cardiac arrest on MMP and cerebral injury,
which may explain its neuroprotective effects.

Figure 6. Neurologic deficit scores. Scale range is from 0 (normal) to
400 (brain death). Values are given as median±interquartile range.
*Po0.01 compared with NT24h; #Po0.01 compared with NT72h. HT,
mild hypothermia group; NT, normothermia group; SC, surgery control.

Figure 5. TUNEL (TUNEL, deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling) analysis of apoptosis in frontal cortex of pigs
in SC (A), NT (B), and HT (C) groups and apoptosis index (D). Magnification, � 200. *Po0.05 compared with SC; #Po0.01 compared with
NT24h. HT, mild hypothermia; NT, normothermia; SC, surgery control.
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