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Introduction
Therapeutic hypothermia was reported to be an effective 
treatment for refractory intracranial hypertension follow-
ing severe traumatic brain injury and stroke in the 1950s 
(Bigelow et al., 1950). Since then, therapeutic hypothermia 
has been intensively studied at both the experimental and 
clinical levels (Buchan and Pulsinelli, 1990; Georgiadis et 
al., 2002). For unconscious adult patients with return of 
spontaneous circulation after out-of-hospital cardiac arrest, 
12–24-hour hypothermia is strongly recommended by the 
International Liaison Committee on Resuscitation (Nolan 
et al., 2003). Therapeutic hypothermia is also beneficial to 
full-term newborns with hypoxic-ischemic encephalopathy 
(Gluckman et al., 2006). For traumatic brain injury, hypo-
thermia may increase the chance of a positive outcome but 
does not change the risk of mortality (Brain Trauma Foun-
dation, 2007). The efficacy of hypothermia for the treatment 
of ischemic stroke has yet to be determined by prospective 
randomized clinical trials. However, the neuroprotective role 
of hypothermia is well established in experimental animals 
(Green et al., 1992). A previous study has demonstrated 
that hypothermia can inhibit ischemia/reperfusion injury 
and apoptosis through reducing the expression of cleaved 
caspase-3 and poly(ADP-ribose) polymerase-1 (PARP) in 
endothelial cells (Yang et al., 2009). However, the precise de-
tails regarding the neuroprotective mechanism of hypother-
mia largely remain to be elucidated. Therefore, in the present 

study, we focused on the relationship between apoptosis, mi-
tochondrial membrane potential (Δψm), and Bax expression 
in neurons exposed to oxygen-glucose deprivation (OGD) 
followed by reperfusion. We also investigated the effective 
time window of mild hypothermia in oxygen-glucose de-
prived neurons.

Materials and Methods
Primary culture of neurons
The study procedures involving animals were approved 
by the Ethics Committee of Southern Medical University, 
China and all efforts were made to minimize the number 
of animals used and their suffering. Cortical neurons were 
isolated and primary cultured according to the protocol de-
scribed previously (Xu et al., 2012; Sendrowski et al., 2013). 
Briefly, cerebral cortical neurons were prepared from the 
cerebrum of fetuses, obtained from the pregnant SPF-class 
E18 Sprague-Dawley rats provided by the Experimental 
Animal Center of Southern Medical University, China and 
dissected in Hanks’ balanced salt solution (HBSS) on ice. 
The cortex was put into a sterile 35-mm petri dish (contain-
ing cold FBS-free HG-DMEM) and cut into small pieces 
approximately 1 mm in length. After digestion, the cell sus-
pension was collected. Cortical neurons were seeded onto 
plates pre-coated with poly-L-lysine (25 mg/mL) at a den-
sity of 50,000 cells per cm2 and were placed in a humidified 
incubator (37°C with 5% CO2). HG-DMEM was replaced 
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by a neurobasal medium (containing 10% B27 supplement 
and 100 U/mL penicillin-streptomycin) after 4 hours of 
incubation. The neurobasal medium was refreshed by ex-
changing half of the volume with fresh media 3 days later. 
Under these culture conditions, high-purity neurons can be 
harvested (Xu et al., 2012; Sendrowski et al., 2013). Prima-
ry antibody (1:100 rabbit anti-rat β-tubulin III containing 
BSA and triton X-100; Abcam, Shanghai, China) was added 
to the vascular surface for 2-hour incubation at 37°C, and 
then the cells were washed three times with HBSS. An Al-
exa Fluor 488-labeled goat anti-rabbit IgG (1:200) and the 
DNA-binding dye 4′,6-diamidino-2-phenylindole (DAPI) 
were added and incubated for 1 hour at 37°C in the dark. 
Fluorescence images were acquired with an inverted micro-
scope equipped with a CoolLED fluorescent light source 
(Olympus, Tokyo, Japan). Nearly all of the cells were DAPI- 
(Figure 1A) and β-tubulin III-positive (Figure 1B). The fol-
lowing experiments were performed with cells cultured for 
5 days. 

OGD/reperfusion and mild hypothermia
Cell cultures were subjected to OGD injury using a protocol 
described previously (Huang et al., 2010). In brief, culture 
medium was replaced with a glucose-free balanced salt 
solution (BSS) and was bubbled with 95% N2/5% CO2 (OGD 
solution). An anaerobic glove box (Thermo, Boston, MA, 
USA) was equilibrated for 10 minutes with a continuous 
flux of gas (95% N2/5% CO2), and the oxygen-glucose de-
prived cells were then transferred into the chamber. After 90 
minutes of anaerobic culture, the culture medium was re-
placed completely by the neurobasal medium (reperfusion). 
Then the cells were incubated at 33°C for different periods 
of time (6, 12, 18, 24 hours) in 95% O2/5% CO2. Cells in 
the control group were incubated with neurobasal medium 
after OGD injury process at normal temperature (37°C) 
for 24 hours. In the normal group, the culture medium was 
exchanged with neurobasal medium completely at the same 
time without an OGD injury process for 24 hours. When 
the mild hypothermia periods finished, cell cultures were 
transferred to normal temperature. When all the hypother-
mia groups were terminated, the cells were preserved for the 
following experiments.

Apoptosis measurement
In apoptotic cells, phosphatidylserine is translocated from 
the inner to the outer leaflet of the plasma membrane, al-
lowing for the detection of phosphatidylserine on the cell 
surface. In the presence of Ca2+, Annexin V exhibits a high 
affinity for phosphatidylserine and binds to cells with ex-
posed phosphatidylserine. Annexin V, when conjugated 
to a fluorophore, can be used to monitor apoptotic cells 
using flow cytometry or immunofluorescence microscopy 
(Pozarowski et al., 2004). Flow cytometric analysis with an 
apoptotic kit (Merk, Germany) was used for counting and 
distinguishing necrotic from apoptotic cell death. Cells un-
dergoing apoptosis were detected with the use of double 
staining with Annexin V fluorescein isothiocyanate (Annex-

in V-FITC)/propidium iodide in the dark according to the 
manufacturer’s instructions. After 15 minute incubation in 
the dark at room temperature, the cells were analyzed within 
1 hour using a flow cytometer (BD Biosciences, San Jose, 
CA, USA). Annexin V-FITC selectively passed through the 
plasma membranes of apoptotic cells and stained them with 
green fluorescence. Necrotic cells were stained fluorescent 
red with propidium iodide. A flow cytometry instrument 
was used to measure the cells in each group (about 10,000 
cells). 

Western blot analysis
Protein level of Bax in neurons was examined by western 
blot analysis according to the product protocol. Briefly, 
neurons of each group were harvested and lysed in radio-
immunoprecipitation assay (RIPA) buffer (Beyotime Inc., 
Shanghai, China) which contained protease inhibitors to 
obtain the total protein from the cells. Protein concentration 
was determined using the bicinchoninic acid protein assay 
kit (Beyotime Inc.). 40 μg of protein from the cell lysate in 
each group was run per lane on 12% sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) gels, elec-
trophoresed, and transferred to a nitrocellulose filter mem-
brane. After the membranes were blocked with 5% nonfat 
dry milk, they were incubated overnight at 4°C with rabbit 
anti-β-actin (1:1,000; Abcam, Hong Kong, China) and rabbit 
anti-Bax (1:1,000; Abcam). Horseradish peroxidase-conju-
gated goat anti-mouse IgG was used as secondary antibody 
(1:2,500; Merck, Darmstadt Germany). The membranes 
were incubated for 2 hours at 25°C. The immunoreactive 
bands were detected by the SuperSignal West Pico chemi-
luminescence detection system (Pierce, Rockford, IL, USA). 
Densitometric analysis was performed by NIH Image J anal-
ysis software (National Institutes of Health, Bethesda, MD, 
USA). The values were normalized with β-actin.

Measurements of mitochondrial membrane potential 
(Δψm)
The cyanine dye 5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylben-
zimidazolocarbocyanine iodide (JC-1) has been widely used 
for microscopic and cytometric estimation and measure-
ment of Δψm (Spinaci et al., 2005), since JC-1 forms J-ag-
gregates spectrally distinguishable from dye monomers at 
the high concentrations reached in energized mitochondria 
of cells exposed to near-micromolar external concentrations 
of the dye (Yokosuka et al., 2013). The JC-1 (Beyotime Inc., 
Shanghai, China) was diluted 1 in 200 with the ultrapure 
water to give a working solution. Cells were harvested as 
mentioned above and collected in the centrifuge tube, and 
resuspended with 1mL diluted JC-1 per tube. Finally, the 
cells were resuspended with 1 mL JC-1 (1×) dyeing buffer, 
then processed by flow cytometry instrument in dual wave-
length as soon as possible. 525-nm excitation wavelength 
and 590-nm emission wavelength can be used to detect JC-1 
aggregates, and the corresponding 490-nm and 530-nm 
wavelengths can be used to detect the monomer (automatic 
quantitative count 10,000 neurons). Then the fluorescence 
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ratio (JC-1 aggregates/monomer) was used to determine the 
extent of the mitochondrial depolarization.

Statistical analysis
Quantitative results were expressed as the mean ± SD. Statis-
tical analysis was performed by employing SPSS16.0 software 
(SPSS, Chicago, IL, USA). One-way analysis of variance fol-
lowed by the least significance difference test was performed 
to compare the difference between each group. Differences 
were considered to be significant when P values were less 
than 0.05.

Results
Effect of mild hypothermia on apoptosis in neurons
subjected to OGD/reperfusion
Total apoptosis percentage (Q2 + Q4) was significantly 
higher in the control group than that in the 6-, 12- and 18-
hour hypothermia and normal groups (P < 0.05), but not in 
the 24-hour hypothermia group. In the early (Q4) and later 
(Q2) apoptosis stages, apoptosis percentage was significantly 
higher in the control group than that in the 6-, 12- and 18-
hour hypothermia and normal groups, but not in the 24-
hour hypothermia group. These results indicate that mild 
hypothermia can reduce the apoptosis of neurons induced 
by OGD/reperfusion (Figure 2).

Effect of mild hypothermia on pro-apoptotic protein Bax 
expression in neurons subjected to OGD/reperfusion
The Bax protein expression in the control group was signifi-
cantly higher than that in the 6- and 12-hour hypothermia 
and normal groups (P < 0.05). This indicates that mild hy-
pothermia can reduce Bax expression in neurons induced by 
OGD/reperfusion (Figure 3).

Effect of mild hypothermia on mitochondrial membrane 
potential of neurons following OGD/reperfusion
Mitochondrial membrane potentials were significantly high-
er in the hypothermia treated groups than that in the control 
group (P < 0.05), and there may be significant difference 
between 24-hour hypothermia group and each of the other 
groups but not between 6-, 12-, or 18-hour hypothermia 
groups. All hypothermia treated groups look significantly 
different from the normal group. These results suggest that 
mild hypothermia can stabilize mitochondrial membrane 
potentials and inhibit the reduction of mitochondrial mem-
brane potential of neurons, which was induced by OGD/
reperfusion (Figure 4).

Discussion
Apoptosis is a slowly progressive cell death and usually ap-
pears in the peri-infarct zone or transient global ischemia, 
which can cause ischemia/reperfusion damage (Tan et al., 
2014; Wang et al., 2014). In the current study, OGD mim-
icked the ischemic condition (Zhou et al., 2013). Results 
from this study demonstrated that treatment with mild 
hypothermia decreased pro-apoptotic protein Bax expres-

sion levels, restored mitochondrial membrane potentials, 
and attenuated the apoptosis of cerebral cortex neurons. We 
compared the effectiveness of mild hypothermia for differ-
ent time periods. The present results showed that after 6 and 
12 hours of treatment with mild hypothermia, cell apoptosis 
was effectively reduced, suggesting that the effective time 
window might be 6 to 12 hours. 

Mitochondria are key organelles in apoptosis and are 
necessary for many stimuli that trigger apoptosis. Mito-
chondrial membrane potential may play an important role 
in intracellular ionic homeostasis (Zhang et al., 2013). Mi-
tochondria have been shown to act as a Ca2+ buffer (Green 
and Kroemer, 2004), tightly regulating the cytoplasmic 
Ca2+ concentration. Disruption of this buffer system may 
trigger a pathological increase in Ca2+. This could occur as 
the result of depolarization of mitochondrial membrane 
and trigger Ca2+ efflux from the matrix to the cytoplasm, 
the subsequent initiation of the apoptotic cascade. The 
reduction in Δψm is probably due to the activation of Bax 
proteins that are involved in mediating permeabilization 
of the mitochondrial outer membrane (Ghibelli and Die-
derich, 2010). Bax is a key component for induced cellular 
apoptosis through mitochondrial stress (Wei et al., 2001). 
Upon apoptotic stimulation, Bax forms oligomers and 
translocates from the cytosol to mitochondrial membranes 
(Jurgensmeier et al., 1998). Through interactions with pore 
proteins on the mitochondrial membrane, Bax increases the 
membrane’s permeability, which leads to the release of cy-
tochrome c from mitochondria, activation of caspase-9 and 
initiation of the caspase activation pathway for apoptosis 
(Narita et al., 1998; Ghibelli and Diederich, 2010). Results 
from this study demonstrated that treatment with mild 
hypothermia for 6 and 12 hours significantly inhibited the 
expression of Bax, and the corresponding mitochondrial 
membrane potential levels in the mild hypothermia-treated 
groups were higher than in the control group. These find-
ings indicate that mild hypothermia may inhibit the ex-
pression of Bax, attenuate the reduction of mitochondrial 
membrane potential of neurons, inhibit mitochondrial me-
diated apoptosis pathway, and finally reduce the neuronal 
apoptosis which was induced by OGD/reperfusion.

These findings indicate that mild hypothermia is bene-
ficial to attenuate apoptosis in neurons induced by OGD/
reperfusion through reducing Bax expression and inhibiting 
mitochondrial mediated apoptosis pathway. Previous studies 
have shown that optimal duration of mild hypothermia was 
at least 3 hours in rats (Markarian et al., 1996; Ohta et al., 
2007), but hypothermia was not maintained for more than 
6 hours. In our study, we prolonged the mild hypothermia 
time to 24 hours to find the ceiling effect and acquired dif-
ferent results. We found that the effective time window may 
be 6 to 12 hours which gives the opportunity to initiate alter-
native long term therapy. More studies should be undertaken 
to further explore mechanisms and signaling pathways that 
are involved in the anti-apoptosis actions of mild hypother-
mia that may lead to a prospective neuroprotective therapy.
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Figure 1 Identification of primary cultured neurons using a fluorescence microscope.
(A) DAPI-positive cells. (B) β-Tubulin III-positive cells. (C) DAPI-positive neurons in the nucleus (blue). β-Tubulin III positive cells exhibit green 
neuronal axons and dendrites. Scale bars: 50 μm. 

A B C

Figure 2 Mild hypothermia reduced apoptosis in neurons subjected to oxygen-glucose deprivation/reperfusion. 
(A) Under the immunofluorescence microscope, PI-positive cells appear red (the left image); FITC-positive cells exhibit green fluorescence (the 
middle one); the right image is the merge of the left one and the middle one. Scale bars: 50 μm. (B) Quantification of apoptosis cells determined 
by flow cytometric analysis. Quadrant 3 (Q3) represented the unchanged cells, quadrant 2 (Q2) represented death or late apoptosis of the cells, 
and quadrant 4 (Q4) represented early apoptosis of the cells. The sum of Q2 + Q4 indicates the total apoptosis in the group. *P < 0.05, vs. C group. 
Each experiment was repeated three times. One-way analysis of variance followed by the least significant difference test was used for difference 
comparison between each group. 24, 18, 12, 6 h: 24, 18, 12, 6 hours of hypothermia treatment; N: normal; C: control .
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Figure 4 Mild hypothermia increased mitochondrial 
membrane potential (MMP) of neurons subjected to 
oxygen-glucose deprivation.
(A) If MMP depolarizes, JC-1 (Reers et al. (1991), a use-
ful tool used for MMP), becomes a monomer (green), 
and if it polarizes, it becomes a compound (red). This 
voltage-sensitive dye follows the Nernst behavior, and in-
creased uptake of this probe is caused by MMP. When illu-
minated with 490-nm and 525-nm light, JC-1 emits peaks 
at 530 nm (green) and 590 nm (red) respectively. The 
ratio between green and red depends on MMP. Scale bars: 
50 μm. (B) Sequential change of normalized JC-1 fluores-
cence after 90 minutes of oxygen-glucose deprivation and 
reperfusion. The ratio was obtained by comparison with 
the value of the compound (red)/monomer (green) ratio 
in the group. *P < 0.05, vs. C group, one-way analysis of 
variance followed by the least significant difference test 
was performed to compare the difference between each 
group. 24, 18, 12, 6 h: 24, 18, 12, 6 hours of hypothermia 
treatment; N: normal; C: control.

Figure 3 Mild hypothermia decreased pro-apoptotic protein Bax 
expression in neurons subjected to oxygen-glucose deprivation/reperfusion.
(A) Western blot analysis demonstrating expression patterns of indicated protein bax in the lysate of each cell group, with β-actin used as a loading 
control. (B) Data presented in the graph. The values were normalized with β-actin. *P < 0.05, vs. C group. Each experiment was repeated three 
times, and one-way analysis of variance followed by the least significant difference was used for difference comparison between each group. 24, 18, 
12, 6 h: 24, 18, 12, 6 hours of hypothermia treatment; N: normal; C: control .
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