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Introduction

Abstract

Therapeutic hypothermia is the most promising non-pharmacological neuroprotective strategy
against ischemic injury. However, shivering is the most common adverse reaction. Many studies
have shown that dantrolene is neuroprotective in in vitro and in vivo ischemic injury models.
In addition to its neuroprotective effect, dantrolene neutralizes the adverse reaction of hypo-
thermia. Dantrolene may be an effective adjunctive therapy to enhance the neuroprotection of
hypothermia in treating ischemic stroke. Cortical neurons isolated from rat fetuses were exposed
to 90 minutes of oxygen-glucose deprivation followed by reoxygenation. Neurons were treated
with 40 pM dantrolene, hypothermia (at 33°C), or the combination of both for 12 hours. Re-
sults revealed that the combination of dantrolene and hypothermia increased neuronal survival
and the mitochondrial membrane potential, and reduced intracellular active oxygen cytoplas-
mic histone-associated DNA fragmentation, and apoptosis. Furthermore, improvements in cell
morphology were observed. The combined treatment enhanced these responses compared with
either treatment alone. These findings indicate that dantrolene may be used as an effective ad-
junctive therapy to enhance the neuroprotective effects of hypothermia in ischemic stroke.
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(Wang et al., 2002). In an animal model of ischemic injury,

Therapeutic hypothermia is a non-pharmacological neuro-
protective strategy receiving increasing attention (Wu and
Grotta, 2013). The European Stroke Research Network for
Hypothermia association has launched an open, random-
ized, phase III clinical trial of therapeutic hypothermia for
adult patients with acute ischemic stroke (Kollmar et al.,
2012; Watson, 2012). However, in clinical practice, the side
effects of therapeutic hypothermia remain a great concern.
Among them, shivering is the most common adverse reac-
tion that needs to be treated by sedatives and muscle relax-
ants (Kollmar and Schwab, 2012).

Dantrolene, an inhibitor of ryanodine receptors, is an
approved medicine for malignant hyperthermia (Hausfater,
2005). Many studies have shown that dantrolene is neuro-
protective in in vitro and in vivo ischemic injury models (Yu
et al., 2000; Boys et al., 2010; Javed and Bogdanov, 2010).
On a cellular level, dantrolene has been shown to block the
release of endoplasmic reticulum Ca’* stores and partially
protect neurons from oxygen-glucose deprivation toxicity

dantrolene has demonstrated a significant decrease in infarct
volume. This inhibitor is also neuroprotective against stroke
in this model because it reduces the activation of the endo-
plasmic reticulum stress-mediated apoptotic signal pathway
in the ischemic area (Li et al., 2005). Similar to the results
seen in ischemic brain injury, the application of dantrolene
has also been shown to help protect spinal cord neurons
against ischemia/reperfusion injury in rabbits (Kocogullari
et al., 2008; Aslan et al., 2009). In a clinical study, intra-arte-
rial dantrolene induces a sustained improvement in cerebral
vasospasm with no observed side effects occurring during or
after its infusion (Majidi et al., 2012). In addition to its neu-
roprotective effect, dantrolene has been shown to accelerate
body temperature cooling (Hadad et al., 2005), reduce the
incidence of shivering, and elevate the shivering threshold,
thereby reducing shivering thermogenesis (Muehlschlegel
and Sims, 2009). Overall, dantrolene may be an effective ad-
junctive therapy to enhance the neuroprotective effect of hy-
pothermia for the treatment of ischemic stroke. In this study,
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we used oxygen-glucose deprivation (OGD) as a model to
mimic ischemic injury in vitro, and determined whether
there was a synergistic neuroprotective effect of dantrolene
and hypothermia.

Materials and Methods

Primary cortical neuron culture and identification

The animal experimental protocol was approved by the
Animal Ethics Committee of Sun Yat-sen University, Chi-
na. Pathogen-free and pregnant Sprague-Dawley rats were
purchased from Guangdong Experimental Animal Center,
Guangzhou, Guangdong Province, China (license No. SCXK
(Yue) 2011-0015), and they were sacrificed by cervical dis-
location. Fetuses at gestational day 18 were micro-dissect-
ed, and primary cortical neurons were cultured, according
to our previous study (Xu et al., 2012). In brief, the apical
cortex was removed and digested using papain and DNase
I (Sigma-Aldrich, St. Louis, MO, USA). The sifted cell sus-
pension was seeded onto 0.1 mg/mL poly-L-lysine-coated
culture plate at a density of 50,000 cells per cm’. A 4-hour
incubation in high-glucose Dulbecco’s Modified Eagle’s Me-
dium (HyClone, Logan, UT, USA) allowed the neurons to
adhere, and the media was then changed to Neurobasal Me-
dium (Gibco Invitrogen, Carlsbad, CA, USA). Neurons were
identified (via immunofluorescence) by Tujl, a neuron-spe-
cific class III B-tubulin I1I/Tuj1l immunofluorescence (Figure
1). Briefly, cells were incubated with rabbit anti-B-tubulin
III (Tuj1) polyclonal antibody (1:1,000; Abcam, Cambridge,

UK) for 1 hour at 37°C. Neurons were then co-incubated
with the secondary antibody, Alexa Fluor® 488 goat anti-rab-
bit IgG (1:200; Abcam), for an additional 1 hour at 37°C.
The nuclei were labeled with 4,6-diamidino-2-phenylindole.
The images were acquired with an inverted fluorescence mi-
croscope (Olympus, Tokyo, Japan).

OGD and hypothermia or dantrolene treatment

Primary neurons were exposed to OGD, according to our
previous report (Xu et al., 2014). In brief, neurons were
subjected to OGD by replacing the original phenol red-free
neurobasal medium with phosphate-buffered saline (PBS)
pre-equilibrated with 95% N, and 5% CO, (Wise-Faberowski
et al., 2001). Cells were then incubated in a humidified an-
aerobic glove box (Thermo Fisher Scientific, Waltham, MA,
USA) with the oxygen concentration below 1%. After 90
minutes of OGD treatment, the neurons were transferred to
normal culture conditions (neurobasal medium) and then
subjected to hypothermia, hypothermia plus dantrolene (40
uM; Sigma-Aldrich), or dantrolene alone for 12 hours (Wang
et al., 2002). Hypothermia was achieved by transferring the
cells into a 33°C culture incubator (Thermo Fisher Scientif-
ic) (Zhou et al.,, 2013). DNA fragmentation and annexin V/
propidium iodide (PI) labeling was performed 48 hours after
OGD treatment to assess cell death. Other parameters were
measured 12 hours after hypothermia with or without the
administration of dantrolene after OGD, according to our
previous report (Xu et al., 2014).

Figure 1 Imnmunofluorescence identification of primary cortical neurons.

(A) DAPI nuclear staining (blue); (B) skeleton protein staining of neuron-specific f-tubulin III (Tujl; green); (C) more than 98% of the cells are
stained by both Tujl and DAPI (merge). Scale bar: 100 um. DAPI: 4',6-Diamidino-2-phenylindole.

Figure 2 JC-1 fluorescence probe labeling and flow cytometry.
The change in JC-1 fluorescence reflects mitochondrial membrane function and is used as an early indicator of apoptosis. (A) J-aggregates show
red fluorescence at a high A¥m; (B) JC-1 monomer shows green fluorescence at a low A¥m. Scale bars: 50 um. (C) The mean fluorescence intensi-
ty of J-aggregates (upper panel) and the JC-1 monomer (lower panel). AYm: Mitochondrial membrane potential.
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Figure 3 Annexin V/PI double staining of the neuronal cell suspension.
(A) Annexin V-positive cells (green fluorescence) indicate early apoptosis. (B) PI-positive cells (red fluorescence) indicate necrosis. (C) Both annex-
in V/PI-positive cells (merge) indicate late apoptosis. Scale bars: 50 um. PI: Propidium iodide.
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Figure 4 Effects of hypothermia plus dantrolene on the
morphology of OGD/R cells.

Phase-contrast microscopy of (A) normal group; (B) OGD/
R group in which OGD/R induces injury, observed as neu-
ronal loss, axonal rupture, and network connection fracture;
(C) hypothermia group; (D) dantrolene group in which
hypothermia or dantrolene treatment ameliorates the mor-
phological abnormality; (E) hypothermia + dantrolene group
in which the combined treatment enhances neuroprotection
compared to either treatment alone. Scale bars: 50 um. OGD/
R: Oxygen-glucose deprivation/reoxygenation.
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Figure 6 Detection of annexin V/PI double-labeled
neuronal cells via flow cytometry.

(A) Normal group; (B) OGD/R group; (C) hypo-
thermia group; (D) dantrolene group; (E) hypo-

thermia and dantrolene group. Q1, Q2, Q3, and
Q4 quadrants represent necrosis, late apoptosis,
viable cells, and early apoptotic cells, respectively. PI:
Propidium iodide; OGD/R: oxygen-glucose depriva-
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Morphological observations

We first examined morphological changes in OGD-treated
neurons and then determined whether hypothermia, dan-
trolene, or their co-treatment during reoxygenation prevent-
ed OGD-induced injury. Three bright fields were randomly
chosen for observation under an inverted phase-contrast
microscope (Olympus). The investigator was blinded to the
allocation.

Measurement of cell viability via cell counts

Cell viability was assessed using the Cell Counting Kit-8
(CCK-8 kit, Dojindo, Kumamoto, Japan). According to the
manufacturer’s instructions, 200 pL of cell culture superna-
tant (1 x 10° cells) and 20 uL of CCK-8 solution were added
to each well of the microtiter plates and incubated at 37°C
for 1 hour. The optical density values were measured in a
microplate reader (Biotek Instruments, Winooski, Vermont,
USA) at 450 nm.

Measurement of intracellular reactive oxygen species
(ROS)

The dichlorofluorescin diacetate assay kit (Beyotime, Nan-
tong, Jiangsu, China) was used to measure ROS. Dichloroflu-
orescin diacetate is a fluorogenic probe that freely penetrates
the cell membrane. After entering the neuron, it is oxidized
to generate fluorescent dichlorofluorescin, with the fluores-
cence intensity correlating with the quantity of intracellular
ROS levels (Liu et al., 2013). The neurons were digested with
0.25% trypsin-ethylenediamine tetraacetic acid solution
(Sigma-Aldrich) and then incubated with 10 pM dichlo-
rofluorescin diacetate at 37°C for 20 minutes. Thereafter,
the neurons were analyzed using flow cytometry (BD FACS
Canto II, San Jose, CA, USA) at an excitation wavelength (A
ex) of 488 nm and an emission wavelength (A em) of 535 nm
(Li et al., 2008).

Detection of intracellular free calcium

The fluo-3-acetoxymethyl ester assay kit (Beyotime) was
used to detect intracellular calcium ion concentrations,
according to the manufacturer’s instructions. In brief, the
harvested neuronal suspension was incubated with 5 pM
fluo-3-acetoxymethyl ester in the dark for 1 hour at 37°C be-
fore measuring the mean fluorescence intensity by flow cy-
tometry (A ex: 488 nm; A em: 535 nm) (Kuang et al., 2010).

Assessment of the mitochondrial membrane potential
(A¥Ym)

The JC-1 assay kit (Beyotime) was used to assess A¥Ym, ac-
cording to manufacturer’s instructions. When A¥m is high,
the JC-1 fluorescence probe accumulates in the mitochon-
drial matrix to form red fluorescent J-aggregates (A ex: 520
nm; A em: 590 nm) (Figure 2A). When A¥m is low, the JC-1
forms green fluorescent monomers (A ex: 490 nm; A em: 530
nm) (Figure 2B). The ratio of the green-red fluorescence
(i.e. JC-1 monomers/J-aggregates) (Figure 2C) reflected the
degree of mitochondrial damage, as previously reported (Gao
etal., 2014).
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Determination of cytoplasmic histone-associated DNA
fragments

The photometric enzyme immunoassay kit (Roche, Basel,
Switzerland) was used to qualitatively and quantitatively
assess cytoplasmic histone-associated DNA fragments, ac-
cording to manufacturer’s instructions. Briefly, the cells were
incubated with 100 pL of sample solution in a microplate for
90 minutes at 20°C. After washing, the conjugate solution
containing anti-DNA-peroxidase was pipetted into each well
and incubated for another 90 minutes at 20°C. Then, 100 pL
of substrate was added, and incubation occurred on a plate
shaker before the absorbance was measured at 405 nm on a
microplate reader (Biotek Instruments).

Flow cytometry for annexin V/PI

Forty-eight hours after oxygen-glucose deprivation/ re-
oxygenation (OGD/R), neurons were double labeled with
annexin V/PI (Invitrogen, Carlsbad, CA, USA) for assessing
apoptosis. Briefly, adherent neurons were digested with eth-
ylenediamine tetraacetic acid-free trypsin, then washed and
resuspended at 1 X 10°/mL in the binding buffer. The cell
suspension was incubated with 5 pL annexin V-FITC and
5 pL PI for 10 minutes in the dark before flow cytometry
(BD FACS Canto II) (A ex: 488 nm; A em: 530 nm). Positive
staining was confirmed under fluorescence microscopy (Fig-
ure 3). Annexin V is considered to be more suitable for cells
in suspension, but less sensitive to detect early apoptosis of
adherent cells (Gatti et al., 1998). For this limitation, we ex-
cluded early apoptotic cells in our calculation (Quadrant [Q]
4), and only the cells in the Q1 and Q2 were included for
statistical analysis. We therefore calculated the percentage of
late apoptotic and necrotic cells.

Statistical analysis

Data are expressed as the mean + SD and were analyzed by
one-way analysis of variance followed by the least significant
difference or Dunnett’s test. Statistical analysis was per-
formed using IBM SPSS 19.0 software (IBM Corporation,
Armonk, NY, USA).

Results

Effects of dantrolene plus hypothermia on OGD cell
morphology

Cell bodies of the normal group (Figure 4A) showed ste-
reoscopic perception and strong refractivity. After OGD and
reoxygenation (OGD/R) injury, the neuronal density was
reduced. In addition, neurite extension was fractured and
unable to form network connections (Figure 4B). Hypo-
thermia and dantrolene treatment alone ameliorated OGD/
R-induced morphological changes (Figure 4C, D). Their
combined treatment enhanced neuroprotection compared
with each treatment alone (Figure 4E).

Dantrolene combined with hypothermia restored cell
viability under OGD

OGD/R induced a dramatic (P < 0.05) reduction in cell
viability compared to untreated controls (Figure 5A). This
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effect was markedly (P < 0.05) inhibited by hypothermia or
dantrolene treatment, although this reduction was partial
(Figure 5A). Furthermore, the combination of hypothermia
and dantrolene was more effective in restoring cell viability
than each treatment alone (P < 0.05).

Effects of dantrolene and hypothermia on intracellular
ROS and free calcium in OGD cells

Intracellular ROS and free calcium were significantly (P <
0.05) increased after OGD/R treatment compared with con-
trols (Figure 5B, C). Hypothermia or dantrolene treatment
alone markedly (P < 0.05) reduced these substances com-
pared with the OGD group. Interestingly, the combination
of hypothermia and dantrolene significantly (P < 0.05)
enhanced the protective effect against ROS production, but
its effects on free calcium overload were comparable to each
treatment alone (Figure 5B, C).

Effects of dantrolene combined with hypothermia on
A¥m

OGD/R significantly (P < 0.05) decreased A¥m compared to
the normal group. Hypothermia or dantrolene alone signifi-
cantly (P < 0.05) stabilized AYm compared with the OGD
group (Figure 5D). Moreover, the combination of the two
treatments markedly (P < 0.05) enhanced the stabilization
of A¥m compared with either treatment alone (Figure 5D).

Effects of dantrolene and hypothermia on cell death
Compared with the normal group, the optical density val-
ue of cytoplasmic histone-associated DNA fragments was
significantly (P < 0.05) enhanced after OGD/R treatment
(Figure 5E). This response was markedly (P < 0.05) reduced
in hypothermia and dantrolene groups compared with the
OGD group (Figure 5E). This reduction was significantly (P
< 0.05) enhanced with the combined treatment compared
with each treatment alone.

Effects of dantrolene plus hypothermia on apoptosis

The anti-apoptotic effects of the combined hypothermia
and dantrolene treatment was lastly investigated using flow
cytometry after annexin V/PI staining. Compared with the
normal group, OGD/R significantly (P < 0.05) increased
the number of late apoptotic and necrotic cells. This effect
was markedly (P < 0.05) reduced with either hypothermia
or dantrolene treatment alone compared to the OGD group
(Figures 5F, 6). The combined treatment significantly (P <
0.05) enhanced protection compared with either treatment
alone (Figures 5F, 6).

Discussion

OGD for 30 to 90 minutes induces significant apoptosis of
cultured cerebral cortical neurons (Wise-Faberowski et al.,
2001). Hypothermia has been shown to suppress a broad
range of OGD-induced injury factors (Drury et al., 2010).
At 33°C, hypothermia leads to an approximate 50% decrease
in morphological changes associated with neuronal death
(Xu et al.,, 2002). Dantrolene has been shown to effectively

alleviate ischemia/reperfusion injury to neurons, resulting in
reduced neuronal edema and neuronal loss (Kocogullari et
al., 2008).

Our results corroborate those of Li et al. (2005), who have
shown a significant reduction in ischemia/reperfusion-in-
duced neuronal injury with dantrolene. Moreover, our data
revealed a significant protection against OGD/R-induced in-
jury with the combined treatment. To strength our observa-
tions of the morphological changes, we investigated changes
in several other indicators that are closely associated with
ischemic injury.

Oxidative damage and calcium overload are two import-
ant factors contributing to ischemic neuronal injury (Szyd-
lowska and Tymianski, 2010). They are also the most studied
targets for clinical intervention (Xu and Pan, 2013). Our
results are consistent with previous findings that OGD ele-
vated intracellular production of ROS (Suh et al., 2008; Velly
et al., 2009) and calcium overload (Larsen et al., 2005), both
of which contribute to endoplasmic reticulum injury, mito-
chondrial damage, and eventually neuronal death (Pivovaro-
va et al., 2004). Hypothermia or dantrolene alone has been
shown to inhibit ischemia-mediated production of ROS and
calcium overload (Aslan et al., 2009; Staats et al., 2012; Tissier
et al., 2013). However, the combination of hypothermia and
dantrolene fails to show a great protective effect and suggests
that each treatment alone may reach their “ceiling effect” in
reducing calcium overload in OGD/R-treated neurons. Our
data confirmed that calcium ion concentrations between
the hypothermia alone group and the combined treatment
group remained unchanged, while cell death was suppressed
in combined treatment group. These results suggest that dan-
trolene may exert its neuroprotective effect via a specific, yet
unidentified, mechanism that does not involve calcium.

The neuronal mitochondrial membrane is deformed or
ruptured after 30-90 minutes of OGD (Pivovarova et al.,
2004). Mitochondrial transmembrane potential injury is
considered as an early indicator of apoptosis (Iijima, 2006).
Hypothermia has been shown to protect mitochondria
against oxidative injury (Huang et al., 2009). Our observa-
tions are consistent with these previous reports. Hypother-
mia-mediated mitochondrial protection is also associated
with a reduction in the opening of the mitochondrial perme-
ability transition pore, the release of pro-apoptotic substanc-
es from mitochondria, and the cleavage of caspase-3 (Gong
et al., 2013). In light of these effects, our data may therefore
indicate that dantrolene does not only act as a calcium an-
tagonist in protecting against OGD/R injury. In this study,
the mechanisms underlying this additional protection in
stabilizing the A¥Ym were not investigated. The enrichment
of histone-associated DNA fragments is caused by DNA de-
generation, which occurs early before the breakdown of the
plasma membrane. Our results showed that the combina-
tion of hypothermia and dantrolene significantly stabilized
mitochondria in the early apoptotic stage. We then further
confirmed that the combined treatment induced a greater
anti-apoptotic effect than with either treatment alone.

There are a couple of limitations to this study. Firstly,
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Figure 5 Neuroprotection against OGD-mediated injury occurs with hypothermia, dantrolene, or their combined administration.

DNA fragmentation and annexinV/PI labeling was performed 48 hours after OGD treatment to assess cell death, while other parameters were
measured after 12 hours of hypothermia (or dantrolene) administration after OGD. (A) CCK-8: Cell viability. (B) DCFH-DA: ROS. (C) Fluo-3
AM: Free calcium ions. (D) JC-1: Monomers/J-aggregates. (E) Cell death detection: Cytoplasmic histone-associated DNA fragments. (F) Q1 + Q2:
Late apoptosis and necrosis cells. Experiments were performed six times. *P < 0.05, vs. normal group; #P < 0.05, vs. OGD group; TP < 0.05, vs. H
+ D group. I: Normal group; II: OGD/R group; III: Hypothermia group; IV: Dantrolene group; IV: H + D. CCK-8: Cell counting kit-8; DCFH-DA:
dichlorofluorescin diacetate; Fluo-3 AM: fluo-3-acetoxymethyl ester; OGD: oxygen-glucose deprivation; OGD/R: oxygen-glucose deprivation/reox-
ygenation; H + D: hypothermia and dantrolene; ROS: reactive oxygen species.

although our data verify a synergistic neuroprotective effect
of the combined treatment in some experimental parame-
ters, the mechanisms underlying this effect remain unclear.
Secondly, because results from an in vitro model may not
necessarily be reflected in an in vivo model, OGD/R in pri-
mary neuronal cultures may have posed as a limitation in
this study. Therefore, more work is needed to further verify
our findings in animal models of ischemic stroke.

In conclusion, the combination of dantrolene and hypo-
thermia may provide significant neuroprotection against
OGD/R injury by restoring cell viability, inhibiting ROS
production, stabilizing A¥m, and reducing cytoplasmic
histone-associated DNA fragments and apoptosis. Howev-
er, dantrolene may mediate its synergistic neuroprotective
effect by mechanisms other than inhibiting calcium. These
findings indicate that the combination of hypothermia and
dantrolene may be a potential therapeutic strategy against
ischemic neuronal injury. Rather, similar to a hypother-
mic compound neuroprotective solution, it may involve
multi-target therapy. However, this aspect needs further in-
depth study to determine the best multi-target components.
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