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Abstract

Objective: To investigate whether the intermittent hypothermia (IH) protects neurons against
ischemic insult and the potential molecular targets using an in vitro ischemic model of oxygen
glucose deprivation (OGD).

Methods: Fetal rat cortical neurons isolated from Day E |8 rat embryos were subjected to 90-min
OGD and hypothermia treatments during reoxygenation before examining the changes in mi-
croscopic morphology, cell viability, microtubule- associated protein 2 (MAP-2) release, intra-
cellular pH value and calcium, reactive oxygen species (ROS) generation, mitochondrial membrane

potential (A%Wm) and neuronal death using cell counting kit (CCK-8), enzyme-linked immuno-
sorbent assay (ELISA), BCECF AM, Fluo-3 AM, DCFH-DA and dihydroethidium (DHE), JC-1
staining and terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL),
respectively.

Results: 90-min OGD induced morphologic abnormalities, cell viability decline, MAP-2 release,

intracellular acidosis, calcium overload, increased ROS generation, AWm decrease and cell death
in primary neurons, which was partially inhibited by continuous hypothermia (CH) and intermit-
tent hypothermia (IH). Interestingly, 6-h CH was insufficient to reduce intracellular calcium
overload and stabilize mitochondrial membrane potential (A%Wm), while 12-h CH was effective in
reversing the above changes. All IH treatments (6% 1 h, 4x1.5 h or 3x2 h) effectively attenuated
intracellular free calcium overload, inhibited ROS production, stabilized mitochondrial membrane
potential (AWm) and reduced delayed cell death in OGD-treated cells. However, only IH intervals
longer than 1.5 h appeared to be effective in preventing cell viability loss and intracellular pH de-
cline.

Conclusion: Both CH and IH were neuroprotective in an in vitro model of ischemic stroke, and in
spite of shorter hypothermia duration, IH could provide a comparable neuroprotection to CH.

Key words: Ischemic stroke; Hypothermia; Neuroprotection; Primary neuronal culture.

Introduction

Numerous clinical trials have been conducted to
test potential neuroprotective compounds for is-
chemic stroke. Miserably, all these attempts have
clinically failed. The failure can be partially explained

by the fact that cerebral ischemia initiates a complex
series of signaling cascades contributing to neuronal
cell death in the affected brain, while all the tested
agents only target a single event of injury. Apparent-
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ly, these agents are not effective enough in protecting
neural cells against ischemic injury [1]. Neuroprotec-
tion is now focusing on the development of mul-
ti-target nonpharmacological strategies, such as
therapeutic hypothermia [2].

Among all tested hypothermia strategies, intra-
carotid cold saline infusion (ICSI) appears to be most
promising [3]. In a recent study, we showed a syner-
gic effect of ICSI and the neuroprotective agent fol-
lowing ischemic stroke [4]. ICSI protects the brain
from ischemic injury from two facets: ICSI-induced
hypothermia per se that slows the metabolic rate of
affected tissue and the accumulation of lactate acid
while improving glucose utilization and intra-artery
flushing which is believed to help flush out the toxic
chemicals accumulated in the ischemic region [5].
Currently, there are two ICSI approaches under test-
ing in the treatment of ischemic stroke, continuous
ICSI and intermittent ICSI. Continuous ICSI requires a
large volume of cold saline to achieve a therapeutic
hypothermia and thus generates significant side ef-
fects such as hematocrit dilution. Intermittent ICSI can
significantly reduce the volume of cold saline; using a
rat model of focal cerebral ischemia, intermittent ICSI
could lower down brain temperature effectively, re-
sulting in prolonged continuous hypothermia and
greater neuroprotection, while minimizing its impact
on hematocrit comparing to continuous ICSI [6]. Of
note, intermittent ICSI could solve the problem of
infusion volume; however it may produce
re-warming complications to stroke patients. To date,
it remains unknown whether the fluctuation of brain
temperature would compromise the neuroprotective
effect of hypothermia in ischemic stroke.

In this study, we applied an in vitro oxygen glu-
cose deprivation (OGD) model of primary cortical
neuronal cultures to investigate whether the inter-
mittent hypothermia (IH) protected neurons against
ischemic insult and the molecular changes underlying
IH-afforded neuroprotection.

Materials and methods

Primary cortical neuronal culture

The animal experiments were approved by the
Ethics Committee of Southern Medical University.
Pregnant Sprague Dawley rats were purchased from
the Experimental Animal Center of Southern Medical
University. Day E18 embryos were microdissected
under a stereoscope (Olympus, Japan). Primary neu-
ronal cultures were performed as previously de-
scribed [7]. The purity of neuronal culture was found
to be over 95% by flow cytometry analysis (Thermo,
USA) or microscopic examination after im-
munostaining with p-tubulin IIL

OGD and hypothermia treatments

Neurons at 3 DIV were used for OGD experi-
ments. In brief, the original phenol red-free neuro-
basal medium (Gibco, USA) was removed and the
cells were washed three times with phos-
phate-buffered saline (PBS) to ensure a glucose-free
culture condition. A small volume of PBS was added
to create a thin layer that was sufficient to cover the
neurons in the cell culture plates [8]. Cells were then
incubated in an anaerobic glovebox (Thermo, USA)
that was flushed with 95% N2/5% COs for 15 min. The
chamber was sealed and kept at 37°C for 90min.

After 90 min of OGD treatment, the neurons
were returned to normal culture conditions and sub-
jected to hypothermia treatment, as shown in Figure
1A. Hypothermia intervention included both contin-
uous hypothermia (CH) and intermittent hypother-
mia (IH). Hypothermia was achieved by transferring
the cells into a 33°C culture incubator (Thermo, USA)
and normothermia was achieved by returning the
cells back to the 37°C culture incubator (Both cell in-
cubators were supplied with 5% CO,). Two hypo-
thermia durations 6 and 12 h were tested for both CH
and IH groups. The intervals between hypothermia
and normothermia were 1 h, 1.5 h and 2 h for IH1, IH2
and IH3 groups, respectively. A temperature probe
(Physitemp, USA) was applied to monitor the tem-
perature changes of the culture medium when mov-
ing the cells back and forth between 33°C and 37°C
culture incubators (Figure 1B). TUNEL assay was
performed 48 h after OGD treatment to assess cell
death, while other parameters were measured at 12 h
after OGD treatment.

Cell-viability testing

Cell viability was assessed using the CCK-8 kit
(Beyotime, China) according to manufacturer’s in-
struction. In brief, 20 pL of CCK-8 solution and 200 pL
of cell culture supernatants (10° cells) were added to
each well of the microtiter plates (Corning, USA). The
reaction system was incubated at 37°C for 1 hour. The
absorbance was measured in a microplate reader (Bi-
otek, USA) at 450 nm.

Enzymatic assessment of MAP-2 release in
OGD-treated cells

An enzyme linked immunosorbent assay
(ELISA) kit (Blue Gene, China) was used to assess
microtubule associated protein 2 (MAP-2) release in
OGD-treated cells. In brief, 100 pL cell culture super-
natants were added to antibody pre-coated microtiter
plate and incubated with 50 pL conjugate at 37°C for 1
h before adding MAP-2’s substrate. After 15-min in-
cubation at 25°C, a 50 pL stop solution was added and
absorbance was assessed at 450 nm.
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Figure 1. Graph A showing the hypothermia administration after OGD. The gray stripe represented the hypothermic culture time at 33°C. The white gaps
were normothermic intervals at 37°C. The real temperature change in culture vessel was monitored at different time points until the platform (graph B).
The blue/orange curves showed the cooling/rewarming cycles in hypothermic/normothermic incubator.

Figure 2. Intracellular targets labeling with fluorescent probes (Bar=50 pym). (A) BCECF was a pH probe to detect intracellular acidosis. The green
fluorescence intensity was dependent on intracellular pH level. (B) The hydrolyzed ethidium showing red fluorescence was correlated with intracellular
superoxide- anion level. (C) J-aggregates showed red fluorescence when AWm was high. (D) On the contrary, J|C-1 monomer appeared green fluorescence

when AWm was low.

Intracellular acidosis detection

Intracellular pH value was assessed using fluo-
rescent probe 2'7'-bis- (2-carboxyethyl)-5-(and-6)-
carboxyfluorescein-acetoxymethyl ester (BCECF AM)
(Beyotime, China). After entering the cell, it is hydro-
lyzed to BCECF that is trapped inside the cells.
BCECF can then be excited to emit green fluorescence
(Figure 2A). The neurons were digested by a 0.25%
trypsin-EDTA solution (Sigma, USA) and harvested
by centrifuging at 800 rpm (Beckman, USA). BCECF
AM was diluted with anhydrous dimethyl sulfoxide
(DMSO) to a final concentration of 5 pM [9]. BCECF
AM and the neurons were co-incubated in dark for 30

minutes at 37°C before flow cytometry analysis with
an excitation wavelength of 488 nm and an emission
wavelength of 535 nm.

Intracellular calcium measurement

Fluo-3 AM (Beyotime, China) is the most com-
monly used fluorescent probe for the detection of in-
tracellular calcium ion concentration. It is cleaved into
Fluo-3 by esterase and trapped inside the cells. Fluo-3
AM was diluted to a final concentration of 5 pM with
anhydrous DMSO and co-incubated in dark with the
harvested neurons for 1 h at 37°C to load the probe
[10]. Calcium ion fluorescence was measured by flow
cytomety with an excitation wavelength of 488 nm
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and an emission wavelength of 535 nm.

Reactive oxygen species detection

A reactive oxygen species (ROS) assay kit (Be-
yotime, China) was used to detect ROS using the flu-
orescent probe DCFH-DA, which can freely penetrate
the cell membrane. DCFH-DA is not fluorescent by
itself. After entering the cell, it is hydrolyzed to DCFH
that is trapped inside the cells. Intracellular ROS oxi-
dize the DCFH to generate fluorescent DCF, which is
correlated with the quantity of ROS in the cell [11].
DCFH-DA was diluted to a final concentration of 10
M with neurobasal medium. Adherent neurons were
digested to form a cell suspension and incubated with
DCFH-DA at 37°C for 20 minutes [12]. The fluores-
cence in each group was assessed by flow cytometry
with an excitation wavelength of 488 nm and an
emission wavelength of 535 nm.

Dihydroethidium (DHE) is a fluorescent super-
oxide-anion probe (Beyotime, China). Following up-
take by living cells, intracellular superoxide anions act
on DHE to dehydrogenate it to ethidium that com-
bines with DNA or RNA to generate red fluorescence
(Figure 2B). DHE was diluted to a final concentration
of 5 pM with DMSO. The cells were harvested as
above and incubated with DHE at 37°C for 30 minutes
before flow cytometry analysis of DHE fluorescence
with an excitation wavelength of 488 nm and an
emission wavelength of 535 nm [13].

Mitochondrial depolarization assessment

A mitochondrial membrane potential (AWm)
assay kit (Beyotime, China) was used to assess early

apoptosis. When AWm is high, the fluorescence probe
JC-1 accumulates in the mitochondrial matrix to form
red fluorescent J-aggregates (Figure 2C). Conversely,

when AWm was low, JC-1 does not accumulate and
exist as a green fluorescent monomer in the mito-
chondrial matrix (Figure 2D) [14]. This change in JC-1
fluorescence reflects mitochondrial membrane func-
tional change and is used as an early indicator of
apoptosis [15]. J-aggregates and monomers were as-
sessed by flow cytometry with an excitation wave-
length of 525 nm or 490 nm and emission wavelength
of 590 nm or 530 nm, respectively.

Cell death determination

TdT-mediated dUTP Nick-End Labeling
(TUNEL) was performed using a one-step assay kit
(Beyotime, China). The cell suspension was harvested
and washed with PBS. The neurons were fixed with
4% paraformaldehyde and penetrated with 0.1% Tri-
ton X-100, as previously described [16]. Then, the cells
were incubated in dark with 50 pL TUNEL solutions
for 60 minutes at 37°C before flow cytometry analysis

with an excitation wavelength of 488 nm and an
emission wavelength of 535 nm.

Data analysis

Data were expressed as mean * standard error
(SE). Statistical analyses were performed using IBM
SPSS (Version 19.0, USA). One-way analysis of vari-
ance (ANOVA) was used to assess the differences in
all observed indicators between the different groups.
The least significant difference (LSD) or Dunnett test
was used for multiple comparisons. Statistical signif-
icance was set at p<<0.05.

Results and Discussion

IH ameliorates OGD-induced morphological
abnormalities in neurons

We first examined the morphological changes in
OGD-treated neurons and whether intermittent hy-
pothermia treatment during reoxygenation could
prevent this change. Three bright fields were ran-
domly chosen for microscopic observation. In the
control group, the cells showed strong body refrac-
tion, vigorous axonal growth and network-like con-
nection with surrounding neurons. Exposure the
neurons to 90-min OGD with 12 h reoxygenation re-
sulted in a significant reduction in cell density and
axonal disintegration and beaded degeneration. Of
note, both CH and IH treatments almost completely
abolished the morphological changes induced by
OGD treatment. As shown in Figure 4, hypother-
mia-treated cells showed similar body morphology
and only a few residual axonal fractures when com-
pared to the control group.

Lack of oxygen and glucose supply is centered in
the process of ischemia- or OGD-induced injury, re-
sulting in energy deficiency, cell depolarization, and
cytotoxic edema resulting from excessive intracellular
accumulation of salt and water, and eventually cell
death. Hypothermia slows the metabolic rate of is-
chemic tissue and improves glucose utilization and is
thus believed to be able to alleviate ischemic injury.
Indeed, hypothermia has been shown to reduce cyto-
toxic edema [17]. In another study, cooling the cells to
33°C led to a nearly 50% decrease in neuronal death
under a microscope [18]. These results are consistent
with our morphological observations. However,
neuronal morphological abnormalities alone may be
inadequate to reflect the functional status of ischemic
neurons because injured cells may still look “normal”.
As thus, the efficacy of hypothermia treatment may be
over- or under-estimated if simply using morphology
as the outcome parameter. Therefore, we investigated
several other intracellular molecular changes closely
associated with ischemic injury.
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Figure 3. Histogram of flow cytometry. (A) The mean fluorescence intensity of J-aggregates. Excitation wavelength = 525 nm. Emission wavelength = 590
nm. (B) The mean fluorescence intensity of JC-1 monomer. Excitation wavelength = 490 nm. Emission wavelength = 530 nm.

Figure 4. Cell morphology observation under an inverted microscope. Graph A-G showed normal, OGD, CHI, CH2, IHI, IH2, IH3 group, respectively.
It demonstrated that OGD led to neuronal loss and axonal disintegration. IH could provide a comparable neuroprotection to CH. Bar=50 pm.

The effect of IH on cell viability

The cell viability was assessed using the CCK-8
kit. As shown in Figure 5A. 90-min OGD induced a
significant decrease in cell viability when compared
with normal control group. Both 6-h CH (CH1) and
12-h CH (CH2) treatments significantly inhibited cell
viability loss in OGD-treated cells. However in IH
groups, neuroprotection was only observed for IH2 (4
X1.5 h) and IH3 (3X2 h) treatments, but not for IH1
(6X1h).

Hypothermia has been shown to protect micro-
glia and oligodendrocyte cells against ischemic injury
in vitro [19, 20]. In our experiment, our results that IH1
group failed to show a protection suggest that 1-h of

hypothermia duration with 1-h interval may not be
adequate to reverse ischemic injury induced by
90-min OGD. This result suggests that a minimum
duration of initial cooling may be required for IH to
produce a neuroprotection. However, future studies
are needed to clarify whether the subsequent cycles
are actually needed or not.

The effect of hypothermia treatment on
MAP-2 release in OGD-treated cells

MAP-2 plays an important role in neuronal
damage [21]. Therefore, we attempted to detect
MAP-2 release in the supernatant that could reflect
hypothermic neuroprotection. As shown in Figure 5B,
MAP-2 levels in the supernatant significantly in-
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creased after an OGD. Unexpectedly, only CH1 and
IH3 treatments reduced MAP-2 release induced by
OGD treatment, while all other hypothermia treat-
ments were not effective.

MAP-2 exists primarily in the neurons and den-
drites of the central nervous system and is involved in
neuronal development, structural stability and syn-
aptic plasticity. MAP-2 within a neuron is gradually
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and 4 h of CH at 33°C inhibits this damage [23]. In this
study, we failed to observe a consistent effect of hy-
pothermia treatment on MAP-2 release in
OGD-treated neurons among different groups, indi-
cating that MAP-2 might not be a sensitive parameter
to assessing hypothermia’s neuroprotection.
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Figure 5. The overall data suggested that different hypothermia strategies provided different levels of neuroprotection. (A) CCK-8 = Cell viability (n=8).
(B) MAP-2 = Microtubule associated protein 2 (n=10). (C) BCECF-AM = pH (n=4). (D) Fluo-3 AM = Free calcium ion (n=5). (E) DCFH-DA = ROS (n=3).
(F) Dihydroethidium = Superoxide anion (n=5). (G) JC-| = Monomer/J-aggregates (n=3). (H) TUNEL (n=5). *p<<0.05, compared with OGD group.
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IH attenuates the fall of intracellular pH level

Intracellular pH value is a sensitive indicator of
hypoxic metabolism. We assessed intracellular levels
using the fluorescent probe BCECF AM. As shown in
Figure 5C, the neuronal pH level significantly de-
creased after OGD. All of the hypothermia- treated
groups attenuated the fall in intracellular pH levels,
and CH and IH showed similar efficacy. In consistent
with our result, Bao reported in an early study that
hypothermia has been shown to reduce oxygen con-
sumption and attenuate the fall in intracellular pH
levels [24].

IH reduces intracellular free calcium overload

To evaluate the effect of CH and IH on reducing
calcium overload, we used fluorescent probe FLUO-3
AM to measure intracellular free calcium. As shown
in Figure 5D, OGD increased intracellular calcium
compared with the normal group. The CH1 group
could not inhibit the intracellular calcium overload,
but CH2 and all of the IH groups were effective at
inhibiting intracellular calcium overload.

Calcium overload is an important factor con-
tributing to ischemic neuronal injury through pro-
moting the generation of free radicals, endoplasmic
reticulum injury and mitochondrial damage [25, 26].
Mitochondrial damage is another important pathway
that leads to ischemic injury [27]. Mitochondrial cal-
cium overload could initiate delayed neuronal death
[28]. It has been shown that mild hypothermia at 35°C
effectively reduces intracellular free calcium levels in
neurons 48 h after OGD treatment [29]. Our study
further confirmed that a 6-h regimen of CH at 33°C
was not sufficient to reduce calcium overload. How-
ever, exposure of neurons to 12-h CH and IH were
effective in reducing calcium overload.

IH inhibits ROS production in OGD-treated
neurons

The levels of ROS detected by DCFH DA showed
a significant increase after OGD treatment. As shown
in Figure 5E, all CH and IH treatments inhibited ROS
production. We also measured the generation of in-
tracellular superoxide anions using the fluorescence
probe DHE. As shown in Figure 5F, OGD significantly
increased intracellular superoxide anion radicals
compared with the normal control group. We found
that all CH and IH treatments could effectively inhibit
superoxide anion radical production induced by OGD
and this result was true for both the CH and IH
groups. Our results are consistent with previous
findings that OGD elevated intracellular ROS levels in
cultured neurons [30-32] and mild hypothermia in-
hibited ischemia-mediated ROS generation [33, 34].

IH stabilizes mitochondrial membrane
potential (AWm)

When the mitochondrion is damaged,
J-aggregates (red fluorescence) decline and accumu-
lation of the JC-1 monomer (green fluorescence) in-
creases. Therefore, the mean fluorescence intensity
ratio (green/red fluorescence) is positively correlated
with mitochondrial damage. As shown in Figure 5G,
OGD caused significant damage to the mitochondria
compared with the normal control group. All hypo-
thermia treatments except CH1 were effective in sta-
bilizing AWm.

The decline in AWm is an early indicator of
apoptosis, which can occur after a transient OGD [35,
36]. The inner and outer membranes of neuronal mi-
tochondria are deformed or ruptured after exposure
to 30-90 min of OGD [28]. The neuronal body becomes
blunt and the mitochondria are significantly depolar-
ized [37]. These results are consistent with our obser-
vations. Moreover, hypothermia has been shown to
protect the mitochondria against ischemia-induced
apoptosis via inhibiting ROS production [38], which is
further supported by our results here.

IH reduces cell death induced by OGD

In this study, TUNEL assay was used to assess
cell death at 48 h after OGD [18]. The mean fluores-
cence intensity of TUNEL staining (Figure 5H) was
significantly enhanced after OGD treatment, which
was significantly reduced in all hypothermia- treated
groups. The similar effect of CH has been previously
reported in OGD-induced neurons [39]. Exposure to
30-90 min of OGD has been shown to cause varying
degrees of neuronal injury [40]. The 90-min OGD was
relatively short and cannot be compared to dense
adult stroke in clinic. Future studies should explore
different durations of OGD exposure to determine the
effective time window.

Of note, 6-h CH is not sufficient to reduce
OGD-induced intracellular calcium overload and sta-

bilize mitochondrial membrane potential (AWm),
while 12-h CH was effective in inhibiting these
changes. For IH treatment, the intermittent intervals
appeared to be a key factor determining the efficacy of
neuroprotection. Interestingly, when the 6-h CH was
divided into IH patterns of 6x1 h, 4x1.5 h or 3x2 h,

intracellular calcium overload and AWm decrease
were abolished in OGD-treated neurons. However,
too short or long hypothermia intervals may be inva-
lid or even harmful. Several key questions remain to
be addressed to optimize IH therapy in future studies,
such as hypothermia multitude, hypothermia inter-
vals, and therapeutic time window.
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There are several limitations of this study and
cautions should be taken into data interpretation.
First, fluorescent probe is only capable of provide
semi-quantitative results and specificity is always an
issue with this technique. Second, in this study, there
was no delay between 90-min OGD and hypothermia.
However, in the real world, most stroke patients
cannot arrive at the hospital within 90 min after
symptom onset, and when hypothermia treatment is
delayed; its efficacy may decrease greatly. Lastly, us-
ing primary fetal neuronal cultures as our experi-
mental model may be caveat because fetal neurons

Table I. Comparison of experimental indicators.

have a much greater anaerobic capacity and are more
resistant to hypoxic injury than adult neurons.

Conclusion

In summary, we showed that different intermit-
tent hypothermia strategies provided different levels
of protection against ischemic neuronal injury (Table
1) via partially restoring cell viability, inhibiting in-
tracellular acidosis, ROS generation, calcium overload
and cell death. In addition, the neuroprotective effects
were comparable between intermittent hypothermia
and continuous hypothermia.

Group Time Morphology CCK-8 MAP-2 BCECF Fluo-3 DCFH DHE JC-1 TUNEL
CH1 6h + + + + - + + - +
CH2 12h + + - + + + + + +
IH1 6x1 h + - - - + + + + +
TH2 4x1.5h + - + + + + + +
IH3 3x2 h + + + + + + + + +
Notes:'~'represents invalid, ‘+' means effective.
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carboxyfluorescein-acetoxy methyl ester. CH: con-
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