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Abstract

The present study aimed to explore the mechanism underlying the protective effects of hydro-
gen sulfide against neuronal damage caused by cerebral ischemia/reperfusion. We established
the middle cerebral artery occlusion model in rats via the suture method. Ten minutes after
middle cerebral artery occlusion, the animals were intraperitoneally injected with hydrogen
sulfide donor compound sodium hydrosulfide. Immunofluorescence revealed that the immu-
noreactivity of P2X, in the cerebral cortex and hippocampal CA1 region in rats with cerebral
ischemia/reperfusion injury decreased with hydrogen sulfide treatment. Furthermore, treat-
ment of these rats with hydrogen sulfide significantly lowered mortality, the Longa neurological
deficit scores, and infarct volume. These results indicate that hydrogen sulfide may be protec-
tive in rats with local cerebral ischemia/reperfusion injury by down-regulating the expression
of P2X, receptors.
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Introduction

Hydrogen sulfide (H,S) is a novel bioactive endogenous
gaseous signal molecule among the other bioactive gaseous
substances, nitrogen (NO) and carbon monoxide (CO) (Xie
et al., 2013; Fu et al., 2014). A previous study has shown that
H,S plays an important role in the central nervous system
under physiological and pathological conditions (Wang et
al., 2014). A growing body of evidence suggests that H,S ex-
erts neuroprotective effects in animal models of Alzheimer’s
disease (Gong et al., 2011; Xuan et al., 2012; Giuliani et al.,
2013), Parkinson’s disease (Kida et al., 2011; Xie et al., 2013;
Xue et al., 2015; Wang et al., 2015), cerebral ischemia (Li et
al., 2011, 2012; Yin et al., 2013; Gheibi et al., 2014), and other
models of neuronal damage (Xuan et al., 2012; Luo et al.,
2013; Chen et al., 2014).

A preliminary study from our group has demonstrat-
ed that the H,S donor compound sodium hydrosulfide
(NaHS) protects neurons against cerebral ischemia/reper-
fusion (I/R) injury (Ren et al., 2010). However, the neuro-
protective mechanism remains poorly understood. Bai et al.
(2013) have shown that the purinoceptor P2X;, plays a cru-
cial role in the pathophysiology of cerebral ischemia injury.
However, little evidence exists on the effect of H,S on the
expression of the P2X; receptor in the brain after cerebral I/R.
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We speculate that H,S is protective against cerebral I/R in-
jury via P2X, receptors. Therefore, in this study, we investi-
gated the effect of H,S on the immunoreactivity of the P2X,
receptor in the brains of rats with local cerebral I/R (after
middle cerebral artery occlusion).

Materials and Methods

Animals

Forty-eight clean, adult male Sprague-Dawley rats weigh-
ing 200 £ 20 g were provided by the Experimental Animal
Center of Henan Province (Zhengzhou, Henan Province,
China; license No. SCXK (Yu) 2010-0002). This study was
carried out in strict accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health: Eighth Edition (2010). The
experimental protocol for the animals was approved by the
Institutional Animal Care and Use Committee of Xinxiang
Medical University in China.

Treatment groups

The 48 rats were randomly divided into three groups (n = 16
per group): sham-operated, cerebral I/R, and NaHS + I/R. If
death occurred in any group, additional rats were included to
meet the sample size number. In the NaHS + I/R group, rats
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were given an intraperitoneal (i.p.) injection of 25 pmol/kg
NaHS (Sigma-Aldrich, St. Louis, MO, USA) 10 minutes after
middle cerebral artery oclusion. Rats in the sham-operated
and I/R groups received an i.p. injection of saline at the same
time point.

Cerebral I/R model

The rat model of left cerebral ischemia-reperfusion was es-
tablished according to a previously published method (Longa
et al., 1989). Briefly, Sprague-Dawley rats were anesthetized
with 10% chloral hydrate (3.5 mL/100 g, i.p. injection; Tian-
jin Kemiou Chemical Reagent Co., Ltd., Tianjin, China).
After the skin was exposed through a midline neck incision,
the left common carotid artery, external carotid artery, and
internal carotid artery were exposed and isolated through
a ventral midline incision. After electrocauterization of the
occipital artery, the external carotid artery distal to the heart
was ligated with two surgical sutures. The external carotid
artery was then cut off at the ligation site and the common
carotid artery and internal carotid artery were clamped. The
silk sutures around the external carotid artery were lifted
toward the common carotid artery ensuring that the exter-
nal carotid artery and common carotid artery were placed
on the same plane. A gap was made at the bifurcation of
the external carotid artery adjacent to the common carotid
artery, and an AA monofilament suture (Beijing Sunbio
Biotech Co., Ltd., Beijing, China) was slowly inserted from
the incision close to the internal carotid artery. The suture
(18-19 mm deptg) was then withdrawn from the internal
carotid artery until resistance was felt at the bifurcation of
the external carotid artery. Furthermore, the suture tip al-
most reached the middle cerebral artery, thereby occluding
blood flow in the left middle cerebral artery. The suture was
then fixed and the wounds were sutured. The animals were
subsequently returned to their cages (at 26°C). After 2 hours
of ischemia, rats were re-anesthetized via ether inhalation.
The suture was then lifted slightly until the resistance was
felt, indicating that the suture tip had reached the external
carotid artery. Blood flow in the left middle cerebral artery
resumed as a result. Successful establishment of the model
was confirmed by the right forelimb flexion or right side
circling after the animals recovered from the anesthesia. The
same protocol was applied for sham-operated rats, but only
the arteries were isolated.

Mortality score and neurological deficit score

The mortality of rats in each group was calculated according
to the formula: Percentage mortality = number of deaths in
the group/total number of rats in the group x 100%. After
the 2-hour ischemia and 24-hour reperfusion, neurologi-
cal deficits of rats were evaluated according to a previously
described 5-grade scale (Longa et al., 1989). The scale was
graded as follows: 0 point: rats have no neurological symp-
toms, 1 point: minor defects (rats cannot fully extend the
contralateral forepaw), 2 points: moderate defects (rats
circle toward the contralateral side), 3 points: severe defects
(rats fall toward the contralateral side), 4 points: rats cannot

walk spontaneously or they lose consciousness. Rats with
1-3 points and no subarachnoid hemorrhaging qualified as
established I/R models. Additional animals were included in
each group to ensure a sample size of 16.

Measurement of infarct volume via 2,3,5-triphenyl-2H-
tetrazolium chloride (TTC) staining

The brain infarct volume of rats was measured according to
a method as described previously (Hashimoto et al., 2010;
Ansari et al., 2011). After 2 hours of ischemia and 24 hours
of reperfusion, rats were deeply anesthetized. The brain was
then harvested, and the cerebellum, brainstem, and olfactory
bulb were removed. The brain tissue was stored at —20°C for
10 minutes. The brain tissue was cut into coronal slices (3
mm thickness) starting from the optic chiasma. Slices were
then incubated with 20 g/L TTC (Beijing Biochemical Phar-
maceutical Factory, Beijing, China) phosphate buffer (pH 7.4)
at 37°C for 30 minutes in the dark and then fixed with 4%
paraformaldehyde for 24 hours. Sections were photographed
and Image-Pro Plus 6 (Media Cybernetics Inc., Rockville, MD,
USA) was used to estimate infarct size. Infarct size was calcu-
lated according to the following formula: Percentage infarct
size = the volume of the cerebral hemisphere on the normal
side — the non-infarcted area on the ischemic side/the volume
of the cerebral hemisphere on the normal side x 100%.

Immunofluorescence of the P2X, receptor

After 2 hours of ischemia and 24 hours of reperfusion, rats
were anesthetized and hearts were exposed. The heart was
fixed through left ventricular intubation to the ascend-
ing aorta, and a small hole was cut at the right auricle for
bleeding. Rats were perfused with 200 mL saline to rinse
out blood from the whole body and then fixed overnight
with 4% paraformaldehyde phosphate buffer (pH 7.4) at
4°C. Brains were dissected and then fixed overnight with 4%
paraformaldehyde phosphate buffer (pH 7.4) at 4°C. Brains
were dehydrated with gradient sucrose solution and then cut
(20 pm thickness). Sections were washed (3 x 5 minutes)
with 1 mL/L Triton X-100 phosphate solution. Slices were
microwave repaired with sodium citrate (Beijing Zhongshan
Glodern Bridge Biotechnology Co., Ltd., Beijing, China) for
15 minutes, then warmed to room temperature and rinsed (3
x 5 minutes) with PBS (pH 7.4) (Beijing Zhongshan Golden
Bridge Biotechnology Co., Ltd.). Sections were then blocked
with goat serum for 20 minutes followed by incubation
(overnight) with rabbit anti-rat P2X, polyclonal antibody
(1:150; Santa Cruz Biotechnology, Santa Cruz, CA, USA) at
4°C. Sections incubated only with PBS served as the negative
control. All sections were then incubated with Cy3-conju-
gated sheep anti-rabbit IgG (1:500; Beyotime Biotechnology,
Haimen, Jiangsu Province, China; 1:500) at room tempera-
ture for 2 hours. After sections were rinsed (with PBS, 3 x 5
minutes), the nuclei were counterstained (3 minutes) with
DAPI (Beyotime Biotechnology). Sections were rinsed (with
PBS, 6 x 5 minutes) and then mounted with anti-fluores-
cence quenching fluid (Beyotime Biotechnology). Three
sections randomly selected from each rat were photographed
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Figure 1 Effect of sodium hydrosulfide (NaHS) on neurological
function in rats after cerebral ischemia/reperfusion (I/R).
Neurological deficit scores of rats from each group were assigned to a
5-grade scale from 0 point (indicating no neurological deficit symp-
toms) to 4 points (higher scores indicate more obvious symptoms of
neurological deficits). **P < 0.01, vs. sham group; #P < 0.05, vs. I/R
group. The data are expressed as the mean + SD (n = 16) and analyzed
by one-way analysis of variance followed by the least significant differ-
ence test. Sixteen animals per group were used.

Figure 2 The effect of sodium hydrosulfide (NaHS)

on cerebral infarct volume of rats after cerebral

ischemia/reperfusion (I/R).

(A) After 2 hours of ischemia and 24 hours of reper-

fusion, brain slices were stained with 2,3,5-triphe-

nyl-2H-tetrazolium chloride (TTC). TTC reveals red
s staining in the hemispheres of sham-operated rats.
[— Red staining is also observed in normal brain tissue
== of I/R and NaHS + I/R rats. However, ischemic brain
tissue in I/R and NaHS + I/R groups appears pale.
(B) The cerebral infarct volume of rats. **P < 0.01,
vs. sham group; ##P < 0.01, vs. I/R group. The data
are expressed as the mean + SD (n = 6) and analyzed
L by one-way analysis of variance followed by the least
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under fluorescence microscopy (GFM-500, Nikon, Tokyo,
Japan). The number of P2X,-immunoreactive cells in each
section from the cerebral cortex and hippocampal CA1 re-
gion was calculated (under x 400 magnification), and the
average value was then determined.

Statistical analysis

All data are expressed as the mean = SD and were analyzed
by one-way analysis of variance followed by the least signifi-
cant difference test. Significance was reached at values of P <
0.05 or P < 0.01. All data were analyzed using SPSS 13.0 soft-
ware (SPSS, Chicago, IL, USA).

Results

Effect of NaHS on the mortality and neurological function
in rats with cerebral I/R injury

Because six rats died in the NaHS + I/R group, a total of 22
rats were used. In the I/R group, a total of 28 rats were used
because 12 rats died. The mortality percentage in the NaHS
+ I/R group (27.27%) was lower than that in the I/R group
(42.86%). Neurological deficit scores in the I/R group were
significantly (P < 0.01) higher compared with the sham
group and significantly (P < 0.05) lower compared with the
I/R group. These results indicated that exogenous H,S may
be neuroprotective in rats with cerebral I/R injury (Figure 1).

Effect of NaHS on infarct volume in rats with cerebral I/R
injury
TTC revealed red staining in the hemispheres of sham-op-
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significant difference test. Six animals per group were
used.

erated rats. Red staining was also observed in normal brain
tissue of I/R and NaHS + I/R rats. However, ischemic brain
tissue in both groups appeared pale. The infarct volume in the
NaHS + I/R group (21.88 + 3.53%) was significantly (P < 0.01)
smaller than that of the I/R group (36.71 * 3.73%). These
results indicate that exogenous H,S reduced infarct volume
in rats with cerebral I/R, thereby possibly exerting neuropro-
tective effects (Figure 2).

Effect of NaHS on the immunoreactivity of P2X, receptors
in the cerebral cortex and hippocampal CA1 region of rats
with cerebral I/R injury

Immunofluorescence revealed that immunoreactivity of
P2X, was localized on the cell membrane and cytoplasm.
Compared with the sham group, the number of P2X;-im-
munoreactive cells in cerebral cortex and hippocampus of
rats was significantly (P < 0.01) increased in the I/R group.
Compared with the I/R group, the number of P2X,-immuno-
reactive cells in both brain regions was significantly (P < 0.01)
decreased in the NaHS + I/R group. These results indicate
that exogenous H,S decreased the presence of P2X, receptors
in the brain of rats with cerebral I/R injury (Figures 3, 4).

Discussion

Cerebral ischemia rapidly leads to energy failure, depletion
of ATP, ion imbalance, and death of neuronal cells. These
events result in increased levels of extracellular ATP (Fran-
ke et al., 2004). ATP is an important neurotransmitter that
exerts a variety of effects through the activation of purine
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Figure 3 Effect of sodium hydrosulfide (NaHS) on the immunoreactivity of P2X, receptor in the cerebral cortex of rats with cerebral
ischemia/reperfusion (I/R) injury.

(A—C) Sections were incubated with the relevant primary antibody and labeled with Cy3-conjugateed secondary antibody (red) and DAPI (blue)
stain. (A) Sham group, (B) I/R group, (C) NaHS + I/R group. Arrows indicate cells immunoreactive for P2X,. (D) The number of P2X;-immuno-
reactive cells in the cerebral cortex of rats. ¥*¥P < 0.01, vs. sham group; ##P < 0.01, vs. I/R group. The data are expressed as the mean = SD (n = 10)
and analyzed by one-way analysis of variance followed by the least significant difference test. Ten animals per group were used. Scale bars: 30 pm.
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Figure 4 Effect of sodium hydrosulfide (NaHS) on the immunoreactivity of P2X, receptor in the hippocampal CA1 region of rats with cerebral
ischemia/reperfusion (I/R) injury.

(A—C) Sections were incubated with the relevant primary antibody and labeled with Cy3-conjugated secondary antibody (red) and DAPI (blue)
stain. (A) Sham group, (B) I/R group, (C) NaHS + I/R group. Arrows indicate P2X, -immunoreactive cells. (D) The number of P2X,-immunoreac-
tive cells in the hippocampus of rats. ¥*¥P < 0.01, vs. sham group; ##P < 0.01, vs. I/R group. The data are expressed as the mean + SD (n = 10) and
analyzed by one-way analysis of variance followed by the least significant difference test. Ten animals per group were used. Scale bars: 30 pm.

energy receptors, P2X and P2Y. The P2X, receptor is a very  vates the P2X; receptors on neurons, which then selectively
unique subtype of the P2X family (Sperlagh et al., 2006),  triggers the infux of Ca** and Na", resulting in cell depolar-
with two different functions. Under physiological conditions,  ization and excitation (Arbeloa et al., 2012). During cerebral
the concentration of extracellular ATP is within the micro-  ischemic injury, high concentrations (i.e., in the millimolar
molar range. At these concentrations in the brain, ATP acti-  range) of ATP surround the injury site (Melani et al., 2005;
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Bai et al., 2013). These chronic high concentrations of ATP
cause the P2X, receptors to transform into non-selective
cation channels of which their permeability is remarkably
increased. This enhanced permeability allows various kinds
of cations and organic matter under 900 Da to pass through
the membrane (Franke et al., 2004; Pelegrin et al., 2011).
Increased permeability further stimulates the production of
NO, reactive oxygen species, and inflammatory molecules,
and also causes calcium overload, ultimately leading to sec-
ondary brain injury and possibly apoptotic cell death (Skaper
etal., 2010; Arbeloa et al., 2012).

The present study showed a significant loss of neurological
function and cerebral infarction after 2 hours of ischemia and
24 hours of reperfusion. These findings are consistent with
those of Melani et al. (2006). However, our findings on the ex-
pression of the P2X; receptor contradict those of Wang et al.
(2009) who have shown the down-regulation of this receptor
in brains of neonatal rats with hypoxia-ischemia injury. This
discrepancy may be explained by the different models used.
Wang et al. (2009) used 3-day-old neonatal rats, while our
group used adult rats. Therefore, neural development pro-
cesses occurring in neonatal rats may influence the expression
of P2X; receptors after hypoxia-ischemia injury. Other studies
have demonstrated that an increment or excessive activation
of P2X, receptors exacerbates tissue damage after MCAO
in rats (Franke et al., 2004; Melani et al., 2006). Overall, our
present findings indicate that increased expression of P2X,
receptors in the brains of rats with cerebral I/R injury may be
involved in secondary brain injury following this insult.

A recent study has found that H,S promotes angiogenesis
in rats with ischemic cerebral apoplexy (Jang et al., 2014).
H,S has also been shown to suppress programmed death af-
ter cerebral I/R injury in rats, and this effect may attenuate
cerebral edema (Gheibi et al., 2014). In the same rat model,
H,S has been shown to be neuroprotective by inhibiting oxi-
dative stress, inflammation, and apoptosis (Yin et al., 2013).
The present study showed that administration of NaHS (25
pumol/kg) 10 minutes after cerebral ischemia significantly
reduced infarct volume compared with the I/R group that
did not receive the treatment. This finding is consistent with
those of Gheibi et al. (2014) and Li et al. (2012). Further-
more, NaHS significantly decreased the mortality and neu-
rological deficit scores in rats. Ren et al. (2010) have shown
that when the H,S/ cystathionine B-synthase condition is
down-regulated after 24 hours of cerebral I/R in rats, exog-
enous H,S significantly attenuates the severity of cerebral I/
R injury and is neuroprotective. In the present study, we ex-
plored a possible mechanism of protection of H,S in the I/R
model. Our findings demonstrate that P2X, receptors in the
cerebral cortex and hippocampus on the side of injury are
significantly lower in I/R injury rats treated with H,S com-
pared with the non-treated I/R injury rats. Various studies
have shown that the P2X, receptor antagonist is neuropro-
tective (Cavaliere et al., 2004; Peng et al., 2009; Friedle et al.,
2010; Arbeloa et al., 2012). In summary, the present study
indicates that exogenous H,S decreases the immunoreactivity
of P2X, receptors in the cerebral cortex and hippocampus
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on the side of injury, thereby attenuating secondary damage
after cerebral I/R. This effect may be one of the mechanisms
responsible for the neuroprotective effect of H,S. Further
work is required to ascertain if the neuroprotective mech-
anism of H,S in this model is mediated by the P2X,-Ca*"
signaling pathway.
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