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Abstract We investigated whether mild hypothermia com-
bined with sodium hydrosulfide treatment during resuscitation
improves neuron survival following cerebral ischemia-
reperfusion injury beyond that observed for the individual
treatments. Male Sprague-Dawley rats were divided into sev-
en groups (n=20 for each group). All rats underwent Pulsinelli
4-vessel occlusion. Ischemia was induced for 15 min using
ligatures around the common carotid arteries, except for
the sham group. Immediately after initiating reperfusion, the
mild hypothermia (MH), sodium hydrosulfide (NaHS),

hydroxylamine (HA), MH + NaHS, MH + HA, and
ischemia-reperfusion (I/R) control groups received an intra-
peritoneal injection of saline, sodium hydrosulfide, hydroxyl-
amine, sodium hydrosulfide, hydroxylamine, and saline, re-
spectively, and mild hypothermia (32 to 33 °C) was induced in
the MH, MH + NaHS, and MH + HA groups for 6 h. The
levels of NR2A, NR2B, p-Akt, and p-Gsk-3β in the hippo-
campus of the MH, NaHS, and MH + NaHS groups were
higher than those in the I/R control group, with the highest
levels observed in the MH + NaHS group (P<0.05). Treat-
ment with hydroxylamine reduced the levels of these proteins
in the HA and MH + HA groups, compared with the I/R
control and MH groups, respectively. The apoptotic index of
the CA1 region of the hippocampus was 45.2, 66.5, 63.5, and
84.8 % in the MH + NaHS, MH, NaHS, and I/R control
groups, respectively (P<0.05), indicating that the combina-
tion treatment shifted the NR2A/NR2B balance in favor of
synaptic neuron stimulation and phosphatidylinositol 3 -ki-
nase (PI3K)/Akt signaling. The combination of mild hypo-
thermia and sodium hydrosulfide treatment for resuscitation
following ischemia-reperfusion injury was more beneficial for
reducing hippocampal apoptosis and pathology than that of
mild hypothermia or hydrogen sulfide treatment alone.
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Introduction

Although the incidence of stroke has decreased in recent
years, stroke-related mortality remains high in both developed
and developing countries [1], and stroke is the leading cause
of permanent disability worldwide, constituting a major global
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economic burden [2]. The window between an acute ischemic
event and reperfusion is critical to the clinical outcome and
survival of stroke patients, with longer periods resulting in
more severe brain injury and greater risk of death. Clinically
feasible treatments are needed that reduce the rate of neuronal
apoptosis during acute focal cerebral ischemia to improve the
clinical outcomes and survival of stroke patients. Animal
models have shown that damage to the blood-brain barrier
(BBB) occurs between 1 and 24 h following reperfusion [3,
4], and that additional neuronal apoptosis occurs as late as
7 days after an ischemic event [5]. Therefore, treatments that
minimize the delayed effects of cerebral ischemia are also
needed to improve patient outcomes.

Endogenous hydrogen sulfide (H2S) functions as a signal-
ing molecule that influences the regulation of vascular smooth
muscle relaxation and leukocyte adhesion in the vasculature
of the central nervous system in mammals [6, 7], and affects
multiple cellular pathways in astrocytes, microglia, and neu-
rons [8]. Hydrogen sulfide has demonstrated protective effects
against secondary neuronal injury through the inhibition of
malondialdehyde and superoxide dismutase, and suppresses
the effects of various reactive oxygen species [7–9]. In rat
models of cerebral ischemia-reperfusion (I/R) injury, the ad-
ministration of sodium hydrosulfide, a hydrogen sulfide do-
nor, reduced infarct volume, and improved markers of neuro-
logical function by reducing apoptosis through the inhibition
of Bcl-2 and Bax and by reducing the levels of proinflamma-
tory factors in the brain, including tumor necrosis factor-α,
interleukin-10, and monocyte chemotactic protein-1 [9, 10].

Hydrogen sulfide enhances N-methyl-D-aspartate receptor
(NMDAR)-mediated responses, and facilitates the induction of
the long-term potentiation of hippocampal neurons [11]. How-
ever, cell culture experiments have shown that high concentra-
tions of hydrogen sulfide induce proapoptotic processes in hip-
pocampal neurons by modulating the excitability of NMDARs.
These findings of the effects of hydrogen sulfide on hippocam-
pal neurons can be explained by the selective modulation of the
NMDAR subunits, NR2A and NR2B. The activation of NR2A
on synaptic neurons promotes the survival of hippocampal
neurons via cAMP response element-binding protein (CREB)
and phosphatidylinositol 3 -kinase (PI3K)-Akt signaling path-
ways, whereas the activation of NR2B on extrasynaptic neu-
rons promotes neuronal apoptosis via the downregulation of
CREB and the activation neuronal nitric oxide synthase
(nNOS)- and JUN-mediated gene expression [12–16]. The
phosphorylation of the Akt serine-threonine kinase (also
known as protein kinase B), a downstream target of PI3K,
upregulates the phosphorylation of BAD, caspase-9, NF-κB,
and Gsk-3β, which inhibits neuronal apoptosis [17–19].

Mild hypothermia induced by cooling the brain to between
30 and 33 °C has been shown to reduce brain injury following
brief periods (<2 h) of focal or global cerebral ischemia
[20–23]. Mild intraischemic hyperthermia improves the

outcomes of resuscitation in rat models of cerebral I/R by
reducing the oxygen consumption and metabolic rate of brain
tissues, postischemic hyperperfusion, delayed postischemic
hypoperfusion, infarct volume, BBB disruption, cerebral ede-
ma, the destruction of structural proteins in brain cells, the
release of endogenous cytotoxic chemicals, neuronal calcium
ion influx, and neuronal apoptosis [21, 23–25]. It also sustains
neuroendocrine balance [26] and stabilizes the membrane po-
tential of ischemic brain cells by maintaining sodium-
potassium ATPase activity [21, 24]. Mild hypothermia has
been implemented for the treatment of craniocerebral trauma
and stroke in an effort to improve clinical outcomes in humans
and animal models [27–30].

We hypothesized that, because hypothermia and hydrogen
sulfide affect neuronal survival via different mechanisms,
combining these resuscitation treatments might improve neu-
ron survival following I/R injury beyond that of the individual
treatments, and thus improve clinical outcomes in patients
treated with a combination of hypothermia and hydrogen sul-
fide following stroke. The aim of our current study was to
determine whether the use of hydrogen sulfide in combination
with mild hypothermia for cerebral resuscitation would im-
prove hippocampal neuron survival in a rat model of cerebral
I/R injury in order to obtain insight into the potential benefits
of combination therapy in stroke patients. We also examined
the underlying molecular mechanisms that mediate the com-
bined effects of hydrogen sulfide and hypothermia to deter-
mine whether PI3K/Akt signaling pathways were induced via
the selective activation of synaptic NMDARs by quantifying
the levels of NR2A, NR2B, p-Akt, and p-Gsk-3β in rat hip-
pocampal neurons.

Materials and Methods

Experimental Animals

All of our animal experiments were performed in compliance
with the Guidelines for the Humane Treatment of Laboratory
Animals (Ministry of Science and Technology of the People’s
Republic of China, Policy no. 2006 398), and were approved
by the Institutional Animal Care and Use Committee at Nan-
jing General Hospital of the Nanjing Military Command.
Male Sprague-Dawley rats, that were 3 months of age and
weighed between 250 and 300 g, were obtained from the
Rehabilitation Medicine Department of Nanjing General Hos-
pital. The rats were housed under standard husbandry condi-
tions as follows: a room temperature of 22 to 25 °C, a 12-
h:12-h light and dark cycle, a relative humidity of 50–60 %,
and free access to food and water. The rats were acclimatized
to these conditions for 1 week prior to our experiment, and the
rats were fasted and deprived of water for 12 h before the
commencement of the experiment.
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Rat Model of I/R

A modified version of the Pulsinelli 4-vessel occlusion meth-
od was used in rats as a model of cerebral I/R injury [31].
Twenty rats were assigned to the sham treatment group. All
of the rats were anesthetized by an intraperitoneal injection of
10% chloral hydrate (0.35 mL/100 g), and placed in the prone
position. The cervical posterior midline was incised to expose
the foramen alare parvum of the first cervical vertebra, and
thermocoagulation was used to permanently occlude the bilat-
eral vertebral arteries. The rats were then placed in the supine
position. The lateral cervical regions were dissected, and the
right and left common carotid arteries were exposed. A suture
line was tied loosely around each common carotid artery for
use as a ligature to occlude blood flow for inducing ischemia.
Twenty-four hours later, when the rats were in a waking state,
both of the ligatures were tightened to block blood flow, ini-
tiating cerebral ischemia. Ischemia was not induced in the
sham treatment group. After a 15-min period, the ligatures
were loosened to restore blood flow, initiating reperfusion.
Each rat was examined 30 s after inducing ischemia. Rats with
pale eyeballs that did not exhibit the corneal, pupillary, and
righting reflexes were included in our analysis, whereas rats
that failed to meet these conditions or were spasmodic were
excluded from our study.

Resuscitation Treatments

The rats subjected to I/R were randomly divided into the I/R
control, mild hypothermia (MH), sodium hydrosulfide
(NaHS), hydroxylamine (HA), mild hypothermia plus sodium
hydrosulfide (MH + NaHS), and mild hypothermia plus hy-
droxylamine (MH + HA) groups (n=20 for each group). Im-
mediately after reperfusion was initiated, the rats in the NaHS
and MH + NaHS groups were injected intraperitoneally with
sodium hydrosulfide (14 μmol/kg; Sigma-Aldrich, St. Louis,
MO, USA), and the rats in the HA andMH+HA groups were
injected intraperitoneally with hydroxylamine (5 μmol/kg;
Sigma-Aldrich). The rats in the sham, I/R control, and MH
groups were injected intraperitoneally with an equivalent vol-
ume of normal saline. All of the rats were placed on an ice bag
immediately after administering the anesthetic. The rats in the
MH, MH + NaHS, and MH + HA groups were cooled until
their rectal temperatures were reduced to between 32 and
33 °C, which was achieved within 15 min of initiating reper-
fusion. Hypothermia was maintained for 6 h by exposing the
rat and ice bag to a heat lamp, and the distance between the rat
and the lamp was adjusted to maintain the rectal temperature
range. The rectal temperatures of the rats in the sham, I/R
control, NaHS, and HA groups were also maintained between
36 and 37 °C by warming them with a heat lamp. Six hours
after reperfusion was initiated, the hippocampus was surgical-
ly removed from 12 rats in each group while the animals

remained on the ice bag. The hippocampus specimens were
stored at −70 °C. The remaining rats (eight in each group)
were removed from the ice bag, and maintained under stan-
dard conditions until 72 h after initiating reperfusion.

Quantification of NR2A, NR2B, p-Akt, and p-Gsk-3β
Proteins in the Hippocampus

The relative levels of the NR2A, NR2B, p-Akt, and p-Gsk-3β
proteins in the hippocampus tissue of 12 rats in each group
were measured using western blotting. The specimens were
homogenized RIPA lysis buffer on ice, and the homogenates
were centrifuged at 17,000×g for 60 min. Western blotting
was performed using standard methods, as described previ-
ously [9]. The membranes were probed using mouse mono-
clonal antibodies generated against the NR2A, NR2B, p-Akt,
p-Gsk-3β, andβ-Actin proteins (1:1000, Cell Signaling Tech-
nology, Danvers, MA, USA) as primary antibodies, and pri-
mary antibody binding was detected using a horseradish
peroxidase-conjugated goat anti-mouse IgG secondary anti-
body (1:5000, Sigma-Aldrich). The protein bands were visu-
alized using an enhanced chemiluminescence detection kit
(Life Technologies, Carlsbad, CA, USA). The x-ray film
was scanned using a 5500 Chemi Imager (Alpha Innotech,
San Leandro, CA, USA), and the relative quantification of
protein levels was performed using the Quantity One software
(Bio-Rad Laboratories, Hercules, CA, USA). All protein
levels were normalized to that of β-Actin.

Quantification of Hydrogen Sulfide in the Hippocampus

The concentration of hydrogen sulfide in the hippocampus
tissue of four rats in each group was measured using a meth-
ylene blue colorimetric assay, as described previously [32].
The clarified hippocampal supernatant was collected, and
mixed with a solution containing 20 mM N,N-dimethyl-p-
phenylenediamine dihydrochloride and 30mM iron (III) chlo-
ride in HCl (Sigma-Aldrich for both). After a 20-min incuba-
tion at room temperature, the absorbance of the solution was
measured at 670 nm using a model 722S spectrophotometer
(Shanghai Analytical Instrument, Shanghai, China). The con-
centration of hydrogen sulfide was determined as the number
of millimoles of hydrogen sulfide per gram of body weight
(mmol/g) based on a comparison of the sample absorbance to
a standard curve constructed using a methylene blue calibra-
tion standard for hydrogen sulfide (Sigma-Aldrich).

Assessment of Apoptosis and Pathology of Hippocampal
Neurons

Apoptosis and histopathological changes in pyramidal cells in
the CA1 region of the hippocampus were assessed using ter-
minal deoxynucleotidyl transferase dUTP nick end labeling
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(TUNEL) and hematoxylin and eosin (H&E) staining, respec-
tively. Seventy-two hours after initiating reperfusion, four rats
in each group were perfused transcardially with 200 mL of
ice-cold normal saline, followed by 200 mL of 4 % buffered
paraformaldehyde, and the brain was removed. Consecutive
40-μm coronal sections of the hippocampus were taken 1 to
4 mm posterior to the optic chiasma in the dentate gyrus plane,
and the sections were fixed in 4% paraformaldehyde for 6 h at
4 °C.

The hippocampal sections were subjected to TUNEL stain-
ing, as described previously [33]. Labeling was performed at
37 °C for 60 min using a transferase to nucleotide ratio of 1:9,
and visualized by incubation in diaminobenzidine for 5 to
10 min. Control sections were also prepared, in which an
equivalent volume of distilled water was used in place of the
transferase solution. The sections were mounted on glass mi-
croscope slides using rhamsan gum, and examined using light
microscopy. The number of TUNEL-positive cells in the CA1
region of the hippocampus was determined, and the apoptotic
index (AI) was calculated as the percentage of TUNEL-
positive cells relative to the total number of cells. An addition-
al section from each rat was prepared, as described above, and
stained with hematoxylin and eosin (H&E) to assess histo-
pathological changes in the pyramidal cells in the CA1 region
of the hippocampus.

Statistical Analysis

The statistical analysis was performed using the SPSS, version
13.0, software (IBM, Armonk, NY, USA). The results are
reported as the mean±standard deviation (SD). The intergroup
differences were evaluated using an analysis of variance, with
the level of statistical significance set at P<0.05. Adjusted P
values were obtained using the Fisher’s least significant dif-
ference test.

Results

Exogenous Hydrogen Sulfide Promotes Hippocampal
Neuron Survival Following Cerebral Ischemia

The relative levels of NR2A, NR2B, p-Akt, and p-Gsk-3β in
the hippocampus of the rats in the I/R control group were
significantly higher than those in the sham treatment group
(P<0.05, Table 1 and Fig. 1). The concentration of hydrogen
sulfide in the hippocampus of rats in the I/R control group was
also significantly higher than that in the sham group (P<0.05,
Table 2). The concentration of hydrogen sulfide in the hippo-
campus of rats in the NaHS group was 1.7-fold higher than
that of the I/R control group (Table 2), and the relative levels
of NR2A, NR2B, p-Akt, and p-Gsk-3β in the hippocampus of
rats in the NaHS group were 2.7-, 2.4-, 1.5-, and 1.4-fold

higher, respectively, compared with those in the I/R control
group (Table 1). The AI of the CA1 hippocampal neurons in
the NaHS group was significantly lower (66.5 %) than that in
the I/R control group (84.8 %, P<0.05). These results indicat-
ed that treatment with sodium hydrosulfide during resuscita-
tion stimulated the expression of NR2A and NR2B and the
phosphorylation of Akt and Gsk-3β, which promoted the sur-
vival of CA1 hippocampal neurons.

Hydroxylamine inhibits the production of hydrogen
sulfide by cystathionine-β-synthase (CBS) in the brain
[34]. The levels of NR2A and NR2B in the hippocam-
pus of rats in the HA group were lower (0.5- and 0.8-
fold, respectively) than those in the I/R group, whereas
the levels of NR2A and NR2B in the HA group were
higher (1.9- and 4.7-fold, respectively) than those in the
sham group (Table 1). The concentration of hydrogen
sulfide in the hippocampus of rats in the HA group
was significantly lower than that in the NaHS group
(P<0.05), and was similar to that in the I/R control
and sham groups (P>0.05). The AI of the CA1 hippo-
campal neurons in the HA group (89.7 %) was similar
to that of the I/R control group (84.8 %, P>0.05), and
was significantly greater than that in the NaHS group
(66.5 %, P<0.05). These results confirm that the im-
proved survival of CA1 hippocampal neurons in the
NaHS group was caused primarily by treatment with
the exogenous source of hydrogen sulfide.

Mild Hypothermia Enhances the Neuroprotective Effects
of Hydrogen Sulfide Following Cerebral Ischemia

The induction of mild hypothermia at the initiation of reper-
fusion had no significant effect on the concentration of hydro-
gen sulfide in the hippocampus of rats in the MH group, com-
pared with that in the I/R control group. However, the relative
levels of p-Akt and p-Gsk-3β in the MH group (1.2 and 1.4,
respectively) were significantly higher than those in the I/R
control group (0.79 and 1.0, respectively; P<0.05), and the AI
of the CA1 hippocampal neurons in the MH group (63.5 %)
was significantly lower than that of the I/R control group
(84.8 %, P<0.05). The levels of hydrogen sulfide, NR2A,
NR2B, p-Akt, and p-Gsk-3β in the MH + HA group were
similar to those in the I/R control group (P>0.05). The AI in
the MH + HA group was also similar to that of the I/R control
group. These results suggest that the beneficial effect of hy-
pothermia on neuronal survival following I/R involves p-Akt
and p-Gsk-3β signaling and is influenced by the level of en-
dogenous hydrogen sulfide.

Although the level of hydrogen sulfide in the MH + NaHS
group was similar to that in the NaHS group, the combined
effects of hypothermia and treatment with sodium
hydrosulfide in the MH + NaHS group increased the
NR2A/NR2B ratio, and resulted in significantly higher levels
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of NR2A, NR2B, p-Akt, and p-Gsk-3β (P<0.05), com-
pared with the I/R control group (Table 1). The H&E-
stained sections of the hippocampus of rats in the MH +
NaHS group showed three to four layers of loosely ar-
ranged neurons exhibiting normal morphology, which
contained substantially fewer necrotic cells than the
H&E-stained hippocampal sections from the I/R control,
MH, and NaHS groups (Fig. 2). The AI of the CA1 region
of the hippocampus in the MH + NaHS group (45.2 %)
was significantly lower that in the I/R control, MH, and
NaHS groups (84.8, 63.5, and 66.5 %, respectively;
P<0.05). These results collectively suggest that the com-
bined effect of mild hypothermia and hydrogen sulfide
treatment on the survival of hippocampal neurons follow-
ing cerebral I/R was more beneficial than the effects of
the individual treatments.

Discussion

The results of our study support our hypothesis that treatment
with sodium hydrosulfide and mild hypothermia immediately
following cerebral I/R injury is more beneficial for reducing
neuronal apoptosis than the effects of the different treatments
used alone. Treatment with sodium hydrosulfide during resus-
citation increased the expression of NR2A and NR2B and the
activation of Akt and Gsk-3β (Table 1). Although the activa-
tion of NR2A in synaptic hippocampal neurons has been
shown to promote neuronal survival, the activation of NR2B
in extrasynaptic neurons has been shown to promote neuronal
apoptosis [14–16, 35]. Our results show that the combined
effects of the increased levels of NR2A, NR2B, p-Akt, and
p-Gsk-3β had an overall positive effect on the survival of
neurons in the CA1 region of the hippocampus (Table 2).

Table 1 Relative quantification of NR2A, NR2B, p-Akt, and p-Gsk-3β in the hippocampus of rats subjected to I/R injury based on western blot
analysis

Group (n=12) Relative level of protein Ratio of NR2A/NR2B Relative level of protein

NR2A NR2B p-Akt p-Gsk-3β

Sham 0.13±0.03 0.08±0.03 1.63 0.51±0.09 0.58±0.08

I/R control 0.46±0.05a 0.47±0.13a 0.98 0.79±0.12a 1.00±0.12a

MH 0.69±0.07ab 0.72±0.08a 0.96 1.20±0.15ab 1.40±0.13ab

NaHS 1.22±0.17ab 1.13±0.16ab 1.08 1.21±0.12ab 1.35±0.16ab

MH + NaHS 1.31±0.22ab 1.18±0.2ab 1.11 1.38±0.18ab 1.79±0.16ab

HA 0.25±0.14ab 0.38±0.17a 0.66 0.83±0.14a 1.12±0.11a

MH + HA 0.38±0.21ab 0.57±0.23a 0.67 0.89±0.16a 1.15±0.15a

Data are expressed as the mean±SD of band intensities normalized to that of β-Actin (control)
aP<0.05, compared to the sham
bP<0.05, compared to the I/R control

Fig. 1 Western blot analysis of rat hippocampus following cerebral I/R
injury. Cerebral ischemia was induced for 15 min using a modified
version of the Pulsinelli 4-vessel occlusion method. Upon initiating
reperfusion, the NaHS and MH + NaHS groups were treated with
sodium hydrosulfide, the HA and MH + HA groups were treated with
hydroxylamine, and the sham, I/R control, and MH groups were treated
with normal saline. Hypothermia (rectal temperature: 32–33 °C) was
induced in the MH, MH + NaHS, and MH + HA groups within 15 min

of initiating reperfusion, but was not induced in the sham, NaHS, and HA
groups (rectal temperature: 36–37 °C). At 6 h postreperfusion, the
hippocampus was removed, and frozen at −70 °C. Hippocampus
homogenates were analyzed by western blotting using mouse
monoclonal antibodies generated against the NR2A, NR2B, p-Akt, and
p-Gsk-3β proteins. Relative quantification of protein levels was
performed by normalizing the intensities of the various protein bands to
that of β-Actin (see Table 1)
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The CREB and PI3K-Akt signaling pathways are associat-
ed with the prosurvival effects of synaptic NMDARs, whereas
the proapoptotic effects of extrasynaptic NMDARs involve

the downregulation of CREB and the activation nNOS- and
JUN-mediated gene expression [12, 16, 36]. In our current
study, the level of NR2A in the hippocampus of rats in the
sham group was higher than the level of NR2B, with an
NR2A/NR2B of 1.63 (Table 1). These observations reflect
the baseline level of glutamate secretion from presynaptic
neurons and the constitutive expression of NR2A in synaptic
neurons in healthy brains [14, 16]. In the I/R control group, the
levels of NR2A and NR2B in the hippocampus were higher
than those in the sham group, and the NR2A/NR2B ratio was
less than 1. These data are supported by the findings of previ-
ous studies, in which the release of glutamate from presynap-
tic neurons during cerebral I/R injury was shown to stimulate
NR2B and other NMDARs on extrasynaptic neurons, contrib-
uting to neuronal apoptosis [14].

Treatment with sodium hydrosulfide increased the
NR2A/NR2B ratio in the hippocampus of rats in the NaHS
group, compared with that of the I/R control group, indicating
that hydrogen sulfide selectively activates the expression of
synaptic NMDARs. These results are consistent with the col-
lective findings of previous studies of NMDARs [14–16]. A
previous study showed that the influx of calcium ions through
activated NMDARs on synaptic neurons caused intranuclear
Ca2+/calmodulin dependent protein kinase to phosphorylate
Akt, which mediated the expression of downstream

Table 2 Hippocampal hydrogen sulfide concentration and apoptotic
index of CA1 hippocampal neurons

Group a Hydrogen sulfide (nmol/g) Apoptotic index (%) b

Sham 14.4±2.0 1.0±0.82

I/R control 22.0±3.5 c 84.8±23.2 c

MH 22.6±4.0 c 63.5±12.9 c, d

NaHS 37.5±4.0 c, d 66.5±12.9 c, d

MH + NaHS 38.7±4.4 e 45.2±8.2c, d, g

HA 15.8±4.0 f 89.7±17.6 c, f

MH + HA 16.3±4.1 66.2±14.5 c, g

Data are expressed as the mean±SD
a Two groups (n=4 for each) were used for the analyses of hydrogen
sulfide and apoptotic index
b Based on TUNEL staining of CA1 hippocampal neurons
cP<0.05, compared with sham
dP<0.05, compared with I/R control
eP<0.05, compared with the MH
fP<0.05, compared with NaHS
gP<0.05, compared with HA group

Fig. 2 Assessment of histopathology in the CA1 region of the rat
hippocampus following cerebral I/R injury. Cerebral ischemia was
induced for 15 min using a modified version of the Pulsinelli 4-vessel
occlusion method. Upon initiating reperfusion, the I/R control and MH
groups were treated with normal saline, the NaHS and MH + NaHS
groups were treated with sodium hydrosulfide, and the HA and MH +
HA groups were treated with hydroxylamine. Hypothermia (rectal
temperature: 32–33 °C) was induced in the MH, MH + NaHS, and MH

+ HA groups within 15 min of initiating reperfusion, but was not induced
in the sham, NaHS, and HA groups (rectal temperature: 36–37 °C). At
72 h postreperfusion, rats were perfused transcardially with ice-cold
normal saline, followed by buffered paraformaldehyde. Consecutive
coronal sections of the hippocampus were taken immediately posterior
to the optic chiasma in the dentate gyrus plane, and fixed in
paraformaldehyde before staining with H&E to assess histopathology in
the pyramidal cells in the CA1 region (×400 magnification)
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prosurvival genes [36]. In our current study, the levels of p-
Akt and p-Gsk-3β in the MH and NaHS groups were higher
than those in the I/R control group (Table 1). These results
showed that both hydrogen sulfide and mild hypothermia ac-
tivate the PI3K/Akt signaling pathway, which inhibits apopto-
sis via Gsk-3β phosphorylation. Therefore, it is possible that
both hydrogen sulfide and mild hypothermia selectively acti-
vate synaptic NMDARs and trigger PI3K/Akt signaling via
different upstream regulatory mechanisms.

Endogenous hydrogen sulfide is synthesized by CBS,
cystathionine-γ-lyase (CGS), cysteine amino transferase/3-
mercaptopyruvate sulfur transferase, and D-amino acid
oxidase/3-mercaptopyruvate sulfur transferase [37]. The ex-
pression of these enzymes is tissue specific. In the cerebrum,
CBS is the primary enzyme involved in endogenous hydrogen
sulfide production [34]. Hydrogen sulfide has been shown to
be barely detectable in CBS knockout mice, and inhibiting
CBS or CGS activity has been shown to substantially reduce
the generation of endogenous hydrogen sulfide in mouse ce-
rebral neurons [38, 37]. In our current study, we used the CBS
inhibitor, hydroxylamine, to block the generation of endoge-
nous hydrogen sulfide in order to investigate the role of hy-
drogen sulfide-producing enzymes in hippocampal neuron re-
sponses to cerebral I/R injury. We observed that the level of
hydrogen sulfide in the hippocampus of rats subjected to I/R
injury was lower than that of the I/R control group, but the
difference was not statistically significant (Table 2).

We induced mild hypothermia in rats following cerebral
I/R injury, and found that hypothermia stimulated the phos-
phorylation of Akt and p-Gsk-3β and selectively increased the
expression of NR2A in the hippocampus of rats in the MH
group, whereas the levels of hydrogen sulfide and NR2Bwere
not significantly affected, compared with those in the I/R con-
trol group. These results are consistent with the collective
findings of previous studies of the effects of hypothermia on
PI3K/Akt signaling and NR2B activation in neuronal survival
following cerebral I/R injury [39–41]. The TUNEL and H&E
analyses showed that the extent of pyramidal cell apoptosis
and histopathology in the CA1 region of the hippocampus in
the MH group was significantly lower than that in the I/R
control group. The results suggested that mild hyperthermia
improved neuronal survival via a hydrogen sulfide-
independent mechanism. However, treatment with both hypo-
thermia and hydroxylamine substantially reduced the levels of
NR2A, NR2B, p-Akt, and p-GDK-3β, compared with those
of the MH group, to amounts that were similar to those in the
I/R control group (P>0.05, Table 1), suggesting that the
mechanism underlying the prosurvival effect of hypothermia
on hippocampal neurons is influenced by the level of endog-
enous hydrogen sulfide.

The combined use of mild hypothermia and hydrogen sul-
fide as an emergent treatment to reduce the effects of acute
cerebral ischemia in stroke patients is clinically feasible, but it

has certain limitations. Markarian et al. (1996) found that mild
hypothermia must be induced within 30 min of the onset of
cerebral ischemia, and must be continued for a duration of at
least 3 h to ensure optimal neuronal outcomes [42]. In our
current study, a 6-h hypothermic period induced within
15 min of initiating reperfusion significantly improved hippo-
campal neuron survival. Whether the combined use of hypo-
thermia and hydrogen sulfide can improve the clinical out-
comes and survival of stroke patients requires considerable
further study. However, our findings can serve as guidelines
for optimizing resuscitation conditions in future translational
studies of the combined effects of hypothermia and hydrogen
sulfide following focal cerebral ischemia.

Although we investigated the combined effects of hypo-
thermia and hydrogen sulfide using the Pulsinelli 4-vessel
occlusion model of cerebral ischemia, both treatments have
also been shown to reduce neuronal apoptosis following glob-
al cerebral ischemia in rats [9, 43]. Hydrogen sulfide treatment
has also been shown to reduce BBB permeability and cerebral
edema in a rat model of cardiopulmonary resuscitation [44],
which is especially relevant to clinical applications because
cerebral edema causes increased intracranial pressure in pa-
tients resuscitated following cardiac arrest, further increasing
the risk of mortality [45]. Therefore, future studies of the com-
bined effects of hypothermia and hydrogen sulfide following
global cerebral ischemia are warranted to assess whether com-
bination therapy might improve clinical outcomes in patients
resuscitated after suffering cardiac arrest.

In conclusion, the results of our western blotting and his-
topathological analyses collectively indicate that sodium
hydrosulfide treatment during cerebral resuscitation caused a
shift in the NR2A/NR2B balance that favored synaptic neuron
stimulation in the rat hippocampus, which mediated
prosurvival effects in hippocampal neurons via the PI3K/Akt
signaling pathway. Although the prosurvival effects of mild
hypothermia were also mediated by PI3K/Akt signaling, the
upstream regulatory mechanism differed from that of hydro-
gen sulfide-induced neuroprotection, as evidenced by lower
levels of NR1A and NR2A in the MH group, compared with
the NaHS group. The combination of mild hypothermia and
sodium hydrosulfide treatment following cerebral I/R injury
was more beneficial for reducing apoptosis and histopatholo-
gy in the hippocampus than that of mild hypothermia or sodi-
um hydrosulfide treatment alone. Our findings suggest that the
combined use of hypothermia and sodium hydrosulfide dur-
ing the resuscitation of stroke patients can improve clinical
outcomes and survival.
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