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Hydrogen gas post-conditioning alleviates cognitive
dysfunction and anxiety-like behavior in a rat
model of subarachnoid hemorrhage
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Abstract. Subarachnoid hemorrhage (SAH) results in high
rates of mortality and lasting disability. Hydrogen gas (H,)
is an antioxidant with demonstrated neuroprotective efficacy.
The present study examined the therapeutic efficacy of H,
inhalation on early brain injury following experimental SAH
in rats and the potential underlying molecular mechanisms.
The rats were randomly separated into three groups (n=36 per
group): Sham, SAH and SAH + H,. Endovascular perforation
of the right internal carotid artery was used to establish SAH.
After perforation, rats in the SAH + H, group inhaled 2.9%
H, with regular oxygen for 2 h. Then, 24 h post-SAH, TUNEL
staining was used to detect apoptotic neurons, and both immu-
nostaining and western blotting were conducted to examine
changes in p38 MAPK activity and the expression levels of
apoptotic regulators (Bcl-2, Bax and cleaved caspase-3) in
the ventromedial prefrontal cortex. Then, 30 day post-SAH,
Nissl staining was performed to detect neuronal injury, brain
MRI was conducted to detect gross changes in brain structure
and metabolism, the open field test was used to assess anxiety
and the novel object recognition test was performed to assess
memory. H, inhalation following experimental SAH stabilized
brain metabolites, improved recognition memory and reduced
anxiety-like behavior, the neuronal apoptosis rate, phosphory-
lated p38 MAPK expression, cleaved caspase-3 expression and
the Bax/Bcl-2 ratio. Collectively, the present results suggested
that H, inhalation can alleviate SAH-induced cognitive impair-
ment, behavioral abnormalities and neuronal apoptosis in rats,
possibly via inhibition of the p38 MAPK signal pathway.

Introduction

Subarachnoid hemorrhage (SAH) is a severe type of stroke
with high mortality worldwide of ~50% in a 2019 study (1),
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and numerous survivors of SAH suffer from long-term
disabling sequelae, including sensorimotor, neuropsychiatric
and cognitive deficits (2). Several of these impairments can be
recapitulated in animal models of SAH, providing opportuni-
ties for the elucidation of fundamental pathogenic mechanisms
and the identification of potential treatments (3). Depression is
a particularly deleterious complication as it impedes rehabili-
tation and functional recovery following SAH (4). Neuronal
apoptosis, oxidative stress and inflammation are seminal
pathogenic processes leading to early brain injury and the
associated functional deficits after SAH (2,3,5). Multiple
cognitive domains are strongly dependent on the prefrontal
cortex (PFC), including response inhibition and the encoding
of contextual information (6), and inhibition of neuronal
apoptosis in the PFC can improve the cognitive performance
of SAH model mice (7). A previous study also reported that
anxiety behavior was associated with neuronal apoptosis (8).
Thus, we hypothesized that cognitive impairment and anxiety
behaviors after SAH are associated with neuronal apoptosis in
the ventromedial (vm)PFC.

Hydrogen gas (H,) administration via inhalation or disso-
lution in drinking water has been shown to protect neurons
in rodent models of traumatic brain injury (9), intracerebral
hemorrhage (10) and ischemia-reperfusion injury (11),
possibly by suppressing endoplasmic reticulum stress (12),
autophagy (13), neuronal apoptosis (14) and/or) inflamma-
tory cell infiltration into cerebral cortex (15). Xie et al (16)
reported that H, provided a neuroprotective effect by allevi-
ating mitochondrial dysfunction via suppressing the nuclear
factor erythroid 2-related factor 2-mediated NLR family pyrin
domain containing 3 pathway. In addition, hemeoxygenase-1
(HO-1) is involved in H,-mediated neuroprotective effects via
the MAPK/HO-1/proliferator-activated receptor y coactivator
1-a signaling pathway (17). While the precise molecular
mechanisms for these effects remain unknown, recent evidence
has suggested modulation of p38 MAPK signaling after SAH
exposure may be involved (18).

The MAPK serine/threonine kinases consist of three
distinct subtypes, p38 MAPK, JNKs and ERKs 1 and 2, of
which p38 MAPK and JNKs are known regulators of apop-
tosis (19). Activation of p38 MAPK results in the production
of cleaved caspase-3, the principal effector of apoptosis, the
upregulation of the pro-apoptotic modulator Bax and the
downregulation of anti-apoptotic Bcl-2 (20). Inhibition of p38
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MAPK-related proapoptotic pathways can ameliorate early
brain injury after experimental SAH (21), and inhibition of
p38 MAPK signaling appears to contribute to the neuropro-
tective effects of H, (22). Thus, the aim of the current study
was to investigate the potential neuroprotective effects of H,
inhalation on neuronal apoptosis, anxiety-like behaviors and
cognitive impairments in SAH model rats and to assess the
role of the p38 MAPK pathway.

Materials and methods

Animals. Adult male Sprague-Dawley rats (n=108; age,
6-8 weeks; weight, 200-250 g) were purchased from Liaoning
Changsheng Biotechnology and raised under controlled
temperature (25+1°C), humidity (50+10%) and a 12/12-h
light/dark cycle with free access to food and water. All
study procedures and animal care protocols were approved
by the Animal Review Board of Cangzhou Central Hospital
(Cangzhou, China) and conformed to National Institutes of
Health guidelines (23).

SAH model and H, administration. A total of 108 rats were
divided into a sham group (n=36), a SAH group (n=36) and
a SAH + H, group (n=36). A SAH model was established
via the endovascular perforation method as described previ-
ously (23). Compared with using two injections of arterial
blood solvate into the cisterna magna, a rat model of endo-
vascular perforation was performed in this current study
based on the good consistency with the pathophysiological
process of SAH (23). Briefly, rats were anesthetized with
sevoflurane (7-8% for induction, 3-4% for maintenance), intu-
bated and ventilated at a tidal volume of 4-5 m1/1,000 g body
weight (fraction of inspired oxygen=40%) using a ventilator
(ALC-V; Shanghai Alcott Biological Technology, Inc.) with
continuous body temperature control at 36.0+0.5°C using a
heating pad. The oxygen concentration was set to 40% during
surgical preparation and SAH, as 40% of oxygen could lead
to 99-100% oxygen saturation during mechanical ventila-
tion (24).

Following exposure of the surgical field via lateral neck
incision, the blood flow of the common carotid artery (CCA)
was blocked using a vascular clamp. A polytetrafluoroethylene
tube was then guided up the right internal carotid artery (ICA)
through the external carotid artery stump until resistance
was detected. A 2-mm protrusion of a tungsten wire inside
the tube was used to puncture the intracranial segment of
the ICA. After retracting the wire, the CCA was reopened to
allow reperfusion via the ICA, and then the external carotid
artery was ligatured using a silk thread. At last, the wounds
were sutured layer-by-layer. The sham group was subjected
to the same procedure but without ICA puncture. In the SAH
+ H, group, rats inhaled 2.9% H, (25) (Gilmore Liquid Air
Company) mixed with 20% oxygen (flow rate 1 1/min, oxygen
saturation 96-99%) for 2 h under anesthesia (2-3% sevoflurane)
immediately after SAH was successfully established. Due
to oxidative stress induced by high concentration of oxygen
(compared with 40% oxygen during surgery), 20% oxygen
was used to avoid producing an effect against neuroprotection
of H,. The H, concentration was monitored periodically using
a handheld hydrogen detector (H, scan).

Western blotting (n=6) and immunofluorescence assays
(n=6) were performed at 24 h after SAH, and an MRI study
was held at 7 (n=6) and 30 days (n=6) after SAH surgery. In
addition, 30 day post-surgery, Nissl staining (n=6) and behav-
ioral tests (n=6) were conducted. After anesthesia with 8%
sevoflurane, cerebral tissue for western blotting (perfusion with
0.9% ice-saline via ventriculus sinister), immunofluorescence
and Nissl staining assays (perfusion with 0.9% ice-saline and
10% neutral-buffered formalin via ventriculus sinister) was
extracted. Moreover, once MRI and behavioral tests were
finished, the rats were euthanized via cervical dislocation
under 8% sevoflurane anesthesia. The duration of this experi-
ment was 30 days as indicated in Fig. 1. If rats were still alive
after 30 days, euthanasia was performed as aforementioned.

Assessment of mortality and SAH grade. The mortality rate of
rats was observed within 24 h after SAH, and the death was
verified by the lack of cardiac electric activity. The SAH grade
was determined using a previously published grade scale (26).
Scores ranging from 0-18, including spontaneous movement
of four limbs (0-3), spontaneous activity (0-3), forelimbs
outstretching (0-3), body proprioception (0-3), vibrissa touch
(0-3) and climbing capacity (0-3), represented the severity
of SAH. SAH model rats were divided into three categories
according to the severity of bleeding: Mild (SAH grade from
0-7), moderate (SAH grade from 8-12) and severe (SAH grade
from 13-18) (27). Once rats were unable to eat food or drink
water, euthanasia was performed. Sham-operated rats had
a score of 0. The grading, health and behavior of rats were
examined by a blinded observer every 1 h within 24 h, and
every day from 24 h to 30 days after SAH. The rats with SAH
grades =8 were included in the following study. The rats with
mild SAH were euthanized via cervical dislocation.

MRI study. At 7 and 30 days post-surgery, randomly chosen
rats from each group were anesthetized with sodium
pentobarbital (65 mg/kg) (28) and the gross brain structure
evaluated using a 3.0 T MRI scanner equipped with a special
coil (DISCOVERY MR750; Cytiva). As described in a
previous study (29), a predetermined central voxel was used
for registration of diffusion-weighted images. Conventional
coronal T2-weighted (T2W) images were obtained with the
following parameters: Repetition time (TR)/echo time (TE),
3,500/85 msec; number of excitations (NEX), 2; phase, 256;
frequency, 320/sec; slices, 21; slice thickness, 1.5 mm; field
of view, 80 mm; and acquisition time, 2 min. Then, 7 days
post-SAH, cerebral blood flow (CBF) was assessed using
CBF-arterial spin labeled (ASL), as the vasospasm was most
severe at 7 day after SAH. An axial pseudocontinuous 3D ASL
sequence was also performed using the following parameters:
TE, 11.1 msec; TR, 4,326 msec; field of view, 240x240 mm;
and section thickness, 3 mm, spiral readout. Maps of CBF
were generated using Functool software v. 4.5.3 (Cytiva).
'H-magnetic resonance spectra were also obtained via multi-
voxel pattern analysis with the following parameters: TR/TE,
1,500/35 msec; NEX, 1; phase, 18; frequency, 16/sec; and
acquisition time, 7 min 20 sec.

The ventromedial PFC (vmPFC) in T2W and spectral
images were further analyzed for infarcts by calculating
the ratio of average signal intensity (SI) relative to the
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Figure 1. Schematic diagram of the experimental procedures. Rats were subjected to SAH using a model of endovascular perforation and inhaled 2.9% H,
mixed with 40% oxygen and balanced nitrogen (flow rate 1 I/min) for 2 h post-SAH. MRI, including CBF-ASL, T2W, DWI and 1H MR spectra, pathology
and protein expression analyses, and behavior tests including the open field, novel object recognition, were evaluated. SAH, subarachnoid hemorrhage;
CBF-ASL, cerebral blood flow arterial spin labeling; T2W, T2-weighted; DWI, diffusion weighted imaging.

temporalis [T2W standardized SI (SSI)]. In addition, the ratio
of N-acetylaspartate (NAA) to creatinine (Cr) peak area was
calculated to assess neuronal metabolism and integrity using
the AW 4.5 Workstation (Cytiva). The positions of NAA and
Cr (as an internal spectral reference) on the nuclear spectrum
were 2.02 and 3.05 part per million, respectively.

Open field test (OFT). Considering the motor deficits between
rats, long-term anxiety was assessed using an OFT, which was
performed at 30 days after SAH (30). The experimental appa-
ratus was a large open field box (60x60x40 cm) divided into
16 equal squares. The test was conducted 30 day post-SAH.
An individual rat was placed in the center of the box, and the
distance traveled, grooming and rearing times, and time spent
in the corners were recorded over a 90-sec test period and
analyzed with a computerized tracking system (XR-XZ301;
Shanghai Xinruan Software Co., Ltd.).

Novel object recognition (NOR). The NOR test (30) was
conducted in an empty white box (60x60x40 cm). During
the adaptation phase, individual rats were permitted to freely
explore the box for 5 min/day for 2 consecutive days. In the
familiarization phase, individual rats were placed in the same
box with two identical objects (tasteless, not smooth) placed in
the left and right corners (5 cm from the walls) and allowed to
freely investigate both until they had explored each for a total
of 30 sec (defined as contact by the front paws or nose). The
testing phase was conducted after 24 h. Each rat was placed
in the same box with one of the two familiar objects replaced
by a novel object. At this stage, continuous monitoring was
conducted for 10 min and preference for the novel object
relative to the familiar object was calculated as an index of
recognition memory according to the equation: Recognition
index (RI)=Novel object exploration time/(Novel object
exploration time + Familiar object exploration time).

H&E and Nissl staining. At 30 days post-SAH, pathological
changes in the vmPFC were evaluated via H&E and Nissl

staining of coronal brain slices. Briefly, brains were fixed
with 10% neutral-buffered formalin for 48 h at room temper-
ature, embedded in paraffin, slices at 4 ym, deparaffinized
for 10 min and were stained with hematoxylin for 5 min and
eosin for 10 sec at 25°C. For Nissl, the slices were stained as
described (CO117; Beyotime Institute of Biotechnology) for
10 min at room temperature. As Nissl bodies are indicative
of protein synthesis, reduced numbers are a sign of nerve cell
injury (31). Image-Pro Plus 6.0 (Media Cybernetics, Inc.)
was used to count and analyze the number of Nissl-stained
cells in six randomly selected fields per animal at magni-
fication of x200 under a light microscope (BX51; Olympus
Corporation).

Immunofluorescence. At 24 h post-surgery, the vmPFC was
fixed with 10% neutral-buffered formalin at room temperature
for 48 h, embedding in paraffin, sectioned at 4-xm thickness,
dewaxed in xylene, hydrated in gradient ethanol at room
temperature and heated in sodium citrate for 20 min at 100°C.
Slices were then incubated overnight at 4°C with polyclonal
rabbit anti-rat p38 MAPK antibody (1:100; cat. no. AF5887;
Beyotime Institute of Biotechnology) and polyclonal mouse
anti-rat-neuronal nuclei (NeuN; 1:200; cat. no. ab104224;
Abcam). Slices were washed three times with PBS and
incubated with Cy3-conjugated goat anti-rabbit IgG (1:500;
cat. no. A0516; Beyotime Institute of Biotechnology) and
FITC-conjugated goat anti-mouse IgG (1:500; cat. no. A0568;
Beyotime Institute of Biotechnology) for 1 h at 25°C. Finally,
cell nuclei were counterstained with 5 pg/ml DAPI (cat.
no. P0131; Beyotime Institute of Biotechnology) for 3 min
at 25°C. A fluorescence microscope (MF43; Guangzhou
Micro-shot Technology Co., Ltd.) was used to observe the
sections.

TUNEL staining was used to identify apoptotic neurons.
Slices prepared as described above were dewaxed, washed
three times in PBS and incubated in 20 ug/ml protease K (cat.
no. st533; Beyotime Institute of Biotechnology) at 37°C for
35 min. Then, the slices were incubated with polyclonal mouse
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anti-rat NeuN (1:200; cat. no. ab104224; Abcam) overnight
at 4°C, following by washing with PBS and incubation with
TDT enzyme containing fluorescent labeling solution (cat.
no. C1088; Beyotime Institute of Biotechnology) in the dark
for 60 min at 37°C. TUNEL-stained slices were then treated
with 5 pg/ml Antifade Mounting Medium with DAPI (cat.
no. PO131; Beyotime Institute of Biotechnology) for 3 min
at 25°C. Apoptotic neurons were identified by overlapping
TUNEL, NeuN and DAPI staining. A fluorescence micro-
scope (MF43; Guangzhou Micro-shot Technology Co., Ltd.)
was used to count stained (apoptotic) cells in six fields (magni-
fication, x200) of six sections randomly selected from each rat.
The average density of apoptotic cells was determined using
Image-pro plus 6.0 (Media Cybernetics, Inc.).

Western blotting. At 24 h post-surgery, total protein from
the vmPFC was extracted in lysis buffer (cat. no. PO013;
Beyotime Institute of Biotechnology), and the concentration
measured using a BCA Protein Assay kit (cat. no. PO012S;
Beyotime Institute of Biotechnology). Equal amounts of
protein per gel lane (30 ug) were separated using 10%
polyacrylamide gels and transferred to PVDF membranes.
Membranes were blocked in QuickBlock™ Blocking Buffer
(Beyotime Institute of Biotechnology) at 25°C for 10 min,
and probed overnight at 4°C with rabbit anti-rat Bax antibody
(1:500; cat. no. ABO16; Beyotime Institute of Biotechnology),
rabbit anti-Bcl-2 antibody (1:500; cat. no. KOO3505P; Beijing
Solarbio Science & Technology Co., Ltd.), anti-caspase-3
antibody (1:1,000; cat. no. ab13847; Abcam), rabbit anti-rat
phosphorylated (p)-p38 MAPK antibody (1:1,000; cat.
no. AF5887; Beyotime Institute of Biotechnology), rabbit
anti-p38 MAPK antibody (1:1,000; cat. no. AF7668; Beyotime
Institute of Biotechnology), rabbit anti-p-JNK1/2 (1:1,000;
cat. no. AF1762; Beyotime Institute of Biotechnology), rabbit
anti-JNK1/2 (1:1,000; cat. no. AF1048; Beyotime Institute of
Biotechnology), rabbit anti-p-AKT (1:500; cat. no. AA329;
Beyotime Institute of Biotechnology), rabbit anti-AKT
(1:500; cat. no. AA326; Beyotime Institute of Biotechnology)
and anti-GAPDH (1:1,000; cat. no. K106389P; Beijing
Solarbio Science & Technology Co., Ltd.), which was used
as the loading control. Blotted membranes were then incu-
bated in horseradish peroxidase-labeled goat anti-rabbit
secondary antibodies (1:1,000; cat. no. A0208; Beyotime
Institute of Biotechnology) at room temperature for 1 h.
After three washes in TBS-Tween-20 (0.05%; cat. no. ST825;
Beyotime Institute of Biotechnology), slices were incubated
with ECL reagent (cat. no. POO18FM; Beyotime Institute of
Biotechnology) for 5 min at room temperature, and protein
bands detected using a western blot detection system (Gel
Doc XRS; Bio-Rad Laboratories, Inc.) and quantified by
Image Lab software 6.0.1 (Bio-Rad Laboratories, Inc.).

Statistical analysis. All statistical analyses were conducted
using SPSS 20.0 (IBM Corp). Group data are presented as
the mean + SD. The log-rank test of Kaplan-Meier analysis
followed by a Bonferroni's test for correction (K=3) was
performed to assess the percentage survival of SAH model
rats. In the Kaplan-Meier analysis, if a P-value was less
than the Bonferroni-corrected threshold (P<0.016), then
the comparison can be said to be statistically significant. A

Mann-Whitney U test was used to assess the difference of
SAH grade between groups. The Levene test was conducted to
check the assumption of homogeneity of variance. Statistical
differences among groups were then evaluated via one-way
ANOVA followed by Bonferroni's post hoc tests for pair-wise
comparisons. P<0.05 (two-tailed) was considered to indicate a
statistically significant difference for all tests.

Results

H, post-conditioning mitigates the neuroimaging manifesta-
tions of SAH-induced neural damage. In total, 21 rats died
before the scheduled euthanasia time. None of them were
sham-operated animal (0 of 36 rats). The mortality in the
SAH group was 26.2% (16 of 61 rats; sham vs. SAH, P<0.016;
Fig. 2A), which was consistent with previous study (32).
However, the mortality dropped to 10.2% (5 of 49 rats) in the
SAH + H, group compared with the SAH group (P>0.016;
Fig. 2A). The death of rat all occurred with 5 h after SAH, and
the cause of death was cerebral hernia induced by bleeding
volume. In total, 17 rats with mild SAH were excluded from
this study. The rats with moderate and severe SAH were
included for the following studies. There was no difference
in the average SAH grades between the SAH and SAH + H,
groups. (P>0.05; Fig. 2B).

At 7 days post-SAH, the absolute CBF-ASL map (Fig. 2C)
demonstrated that the vmPFC perfusion in SAH and SAH +
H, groups was significantly reduced (vs. sham, P<0.05;
Fig. 2D). vmPFC perfusion between both the SAH and SAH +
H, groups did not show significant difference, indicating that
H, inhalation did not improve vasospasm.

At 30 days post-surgery, T2W MRI revealed no significant
differences in SSI ratios among sham, SAH and SAH + H,
groups (P>0.05; Fig. 2E and F). However, '"H MRS at 30 days
post-surgery revealed a significant decrease in the vmPFC
NAA/Cr metabolite ratio among SAH group rats compared
with sham group rats, which was partially reversed by H, inha-
lation (P<0.05; Fig. 2E and G). The result indicated the signal
intensity of diffusion weighted imaging in the vmPFC was
increased in the SAH and SAH + H, groups, but compared
with SAH group, the signal intensity was decreased in SAH +
H, group (P<0.05; Fig. 2E and H).

H, inhalation alleviates anxiety-like behavior following SAH.
The OFT is a well-established method to measure anxiety-like
behavior in rodents (33). At 30 days post-surgery, SAH group
rats showed reduced total travel distance, spent more time in
the corners of the open field and less time in the center region,
with fewer grooming times and fewer rearings compared with
sham group rats (P<0.05; Fig. 3A-E), which are all behavioral
signs of anxiety. By contrast, all of these indices of anxiety
were partially reversed by H, inhalation (SAH + H, vs. SAH;
P<0.05; Fig. 3).

H, alleviates cognitive impairment following SAH. The NOR
test exploits the innate tendency of animals to preferentially
explore a novel object over a familiar object (34). In the famil-
iarization phase conducted 30 days post-surgery, the total time
spent in proximity of the two identical objects did not differ,
yielding a RI of ~50% in all groups (P>0.05; Fig. 3F and G). In
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Figure 2. H, post-conditioning mitigates the neuroimaging manifestations of SAH-induced neuronal damages. (A) Survival analysis during 24 h after SAH
(n=36 in sham group, n=61 in SAH group, n=49 in SAH + H, group). (B) SAH grade of the SAH group (n=36) and SAH + H, group (n=36). (C) CBF-ASL
coronal views at 7 day post-SAH. (D) CBF-ASL value in the region of the vmPFC caused by the indicated stimuli. (E) Representative T2W MRI, IH MR
spectra and DWI of the vimPFC in the coronal view at 30 day post-SAH (n=6). The (F) ratio of standardized signal intensity, (G) the ratio of NAA/Cr and
(H) the signal intensity of DWI in the region of the vimPFC caused by the indicated stimuli. SAH, subarachnoid hemorrhage; CBF-ASL, cerebral blood flow
arterial spin labeling; NAA, N-acetylaspartate; Cr, creatinine; T2W, T2-weighted; DWI, diffusion weighted imaging; vmPFC, ventromedial prefrontal cortex.

the testing phase, however, SAH group rats spent significantly  and spent more time in the zone surrounding the familiar
less time in the defined zone surrounding the novel object  object, indicating a deficit in recognition memory (lower RI).
compared with sham group rats (P<0.05; Fig. 3F and H), Inhalation of H, following SAH significantly increased the RI
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Figure 3. H, post-conditioning alleviates anxiety-like behavior and cognitive impairment following SAH. (A) Computer printouts showing the shifting trajecto-
ries in the OFT caused by the indicated stimuli at 30 day post-SAH. (B) Total moving distance. (C) Grooming times. (D) Rearing times. (E) Time spent still in the
corner. (F) Computer printouts showing the shifting trajectories in the NOR caused by the indicated stimuli at 30 day post-SAH. (G) Location preference index.
(H) Recognition index (n=6). OFT, open field test; SAH, subarachnoid hemorrhage; NOR, Novel Object Recognition; vmPFC, ventromedial prefrontal cortex.

compared with SAH group rats, indicating partial preservation
of recognition memory (P<0.05; Fig. 3H).

H, inhalation reduces neuronal damage following SAH. Nissl
staining of vmPFC tissue from sham group rats revealed struc-
turally intact neurons with the expected somal distribution
and abundant Nissl bodies, while vmPFC neurons in the SAH
group were disorganized, reduced in number and contained
fewer Nissl bodies (vs. sham; P<0.05; Fig. 4A and B). These
signs of neurodegeneration were partially reversed by H,
inhalation following SAH (P<0.05; Fig. 4A and B). In

addition, H&E staining was performed to assess the effect of
H, administration, and the data revealed that H, administration
alleviated histological impairments in the vmPFC induced by
SAH exposure (Fig. 4C).

H, reduces neuronal apoptosis following SAH. To investi-
gate the neuroprotective efficacy of H, inhalation following
SAH, neuronal apoptosis in the vmPFC was assessed via
TUNEL staining (Fig. 5A and C). At 24 h post-surgery, the
TUNEL-positive cell number was greater in the SAH group
compared with the sham group (P<0.05; Fig. 5A and C), and
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H&E staining in the vmPFC at 30 days post-SAH. Scale bar, 50 or 15 ym. SAH, subarachnoid hemorrhage; vimnPFC, ventromedial prefrontal cortex.
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Figure 5. H, post-conditioning reduces neuronal apoptosis and alters SAH-induced phosphorylated-p38 MAPK in neurons. (A) Representative photomicro-
graphs of NeuN and TUNEL staining (NeuN, green; TUNEL, red; DAPI, blue), showing apoptotic neurons in the vmPFC on 24 h after SAH (n=6). Scale bar,
50 or 15 pm. (B) Representative photomicrographs of NeuN and phosphorylated p38 MAPK staining (NeuN, green; p38 MAPK, red; DAPI, blue), showing
phosphorylated p38 MAPK-positive neurons in the vmPFC on 24 h after SAH (n=6). Scale bar, 50 or 15 ym. (C) Rate of apoptotic neurons in the vmPFC,
induced by the indicated stimuli. (D) Rate of phosphorylated p38 MAPK-positive neurons in the vmPFC, induced by the indicated stimuli. SAH, subarachnoid
hemorrhage; vmPFC, ventromedial prefrontal cortex; NeuN, neuronal nuclei.

this increase was partially reversed by H, inhalation (SAH +
H, vs. SAH; P<0.05; Fig. 5A and C).

H, inhalation inhibits the phosphorylation of p38 MAPK in
neuronal cells. Immunostaining revealed the increased expres-
sion of p-p38 MAPK in NeuN-positive cells at 24 h post-SAH
compared with the sham group (P<0.05; Fig. 5B and D), a

response significantly attenuated by H, inhalation. Western
blotting (Fig. 6A) also demonstrated the increased expression
levels of p-p38 MAPK (P<0.05; Fig. 6B), p-JNK1/2 (P<0.05;
Fig. 6C), p-AKT (P<0.05; Fig. 6D) and cleaved caspase-3
(P<0.05; Fig. 6E) in the SAH group, as well as an elevated
Bax/Bcl-2 ratio (vs. sham; P<0.05; Fig. 6F). Again, each of
these changes were reversed by H, inhalation following SAH.
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Figure 6. H, post-conditioning inhibits the phosphorylation of p38 MAPK in neuronal cells. (A) Representative results of immunoblotting of p-p38 MAPK,
total p38 MAPK, p-JNK1/2, total INK1/2, p-AKT, total AKT (a second band of total Akt may be a non-specificity band), cleaved caspase-3, Bax and Bcl-2
in the vmPFC at 24 h post-SAH (n=6). (B) The ratio of p-p38 MAPK/total p38 MAPK. (C) The ratio of p-JINK1/2/total INK1/2. (D) The ratio of p-AKT/total
AKT. (E) The protein relative expression level of cleaved caspase-3. (F) The ratio of Bax/Bcl-2. SAH and H, are as described previously. SAH, subarachnoid

hemorrhage; p-, phosphorylated; O.D., optical density.
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Discussion

In this current study, it was demonstrated that relatively brief
H, inhalation following experimental SAH could mitigate

metabolic disruption, long-term recognition memory impair-
ment, anxiety-like behaviors and neuronal apoptosis in PFC,
possibly by inhibiting p38 MAPK activity (Fig. 7).

Previous studies have reported that a single and double blood
injection into cisterna magna, as well as endovascular perfora-
tion, can be used to establish a rodent model of SAH (35,36).
Compared with injections of arterial blood solvate into the
cisterna magna, a rat model of endovascular perforation was
performed in this current study due to a good consistency with
the pathophysiological process of SAH (37). Neurological
damage following SAH may result in cognitive decline and
psychiatric disorders, such as anxiety and depression, which
are major obstacles to rehabilitation and recovery (4). Previous
studies have shown that rodent models of SAH were impaired
in spatial memory as evidenced by longer escape latencies and
swim paths in the Morris water maze test (38) and exhibited
long-lasting state anxiety (39,40). Considering motor deficits
post-SAH, the present study assessed cognitive dysfunction
and anxiety-like behavior as long-term behavioral changes at
30 days post-SAH. The current object recognition and OFT
results were consistent with these previous studies (41,42) and
underscore the utility of this rodent model for investigation
of SAH pathogenesis, behavioral impairments and potential
treatment strategies. Furthermore, neuronal damage in the
vmPFC is strongly associated with cognitive dysfunction and
emotional changes following SAH (43,44), and the present
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study identified significant neurocellular abnormalities in this
region. While there were no significant differences in vmPFC
SSI between sham and SAH groups, the NA A signal, a general
marker of neuronal integrity and viability, was decreased after
SAH exposure. The NAA pool is considered to act as a reser-
voir for glutamate synthesis that allows the brain to maintain
lower glutamate concentrations and thereby reduce the risk
of excitotoxicity (29). Collectively, these results suggested
that long-term cognitive dysfunction and emotional changes
induced by SAH may be associated with neuronal death in
the vmPFC.

Recently, H, administration was reported to attenuate
neuronal injury in models of ischemia/reperfusion injury and
hemorrhage-associated stoke (45,46). In the current study,
2.9% H, treatment for 2 h after SAH, chosen based on previous
studies (47,48) and our preliminary experiments, ameliorated
cognitive dysfunction and anxiety-like behavior, as well as
increased the number of Nissl bodies and elevated the NAA/Cr
ratio. Interestingly, a previous study reported that H, only
improves neuronal apoptosis at 24 h after SAH, but not 48 h.
However, the present study found significant improvements in
neuronal apoptosis in the vmPFC, which was different from
previous studies (10,25). As indicated by a previous study (49),
7 day post-SAH was the most severe period of cerebral vaso-
spasm after SAH. In the present study, it was noted that there
was no change of cerebral blood flow indicated by CBF-ASL
after H, administration 7 day post-SAH, which was consistent
with previous study (50). It has been shown that apoptosis
is a form of programmed cell death dependent on activation
of caspase-3 and is regulated by a relative balance between
pro- and anti-apoptotic factors, such as Bax and Bcl-2 (51). The
decrease in the apoptotic rate following H, inhalation was asso-
ciated with reduced expression of cleaved (active) caspase-3
and Bax, and upregulated expression of Bcl-2, as measured
via western blotting, which was consistent with a widespread
reduction in apoptotic rate throughout the vmPFC. Thus, the
present study revealed that H, prevented long-term cognitive
and emotional dysfunction following SAH by preventing
neuronal apoptosis in the vmPFC, but not inhibiting cerebral
vasospasm.

Activation of the p38 MAPK signal pathway can trigger
apoptosis via a variety of downstream pathways, such as
p53 phosphorylation (52), activation of caspase cascades and
inhibition of anti-apoptotic proteins, such as Bcl-2 (53). The
phosphorylation of p38 MAPK was reported to accelerate
caspase-3 cleavage and increase the Bax/Bcl-2 ratio in a model
of traumatic brain injury (54). The present study demonstrated
that H, could reverse the increase in p-p38 MAPK expres-
sion by vmPFC neurons. Moreover, it was found that H,
downregulated the expression levels of p-JINK1/2 and p-AKT
in the vmPFC. Previous studies also suggested that inhibi-
tion of JNK1/2 and AKT activations may be involved in the
anti-apoptotic ability of H, (55,56). Thus, besides JINK1/2
and AKT signaling, inhibition of p38 MAPK signaling is
also a plausible mechanism for H,-dependent neuroprotection
following SAH. The molecular mechanisms for this effect,
including the contributions of antioxidant activity, require
further study. Collectively, the current data indicated that
single administration of H, could suppress neuronal apoptosis
via inhibition of p38 MAPK signaling.
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Limitations of the present study include the single admin-
istration protocol and focus on the vmPFC. Future studies are
required to define additional efficacious administration regimens,
to determine whether later post-insult administration is also
effective, as this has significant implications for clinical treat-
ment, and to examine if H, is neuroprotective in other regions
associated with cognition and emotion, such as the hippocampus
and amygdala. In addition, the current study did not examine
the expression levels of other MAPK-related signaling factors,
such as MAPKKK, MKK?3/6 and apoptosis signal-regulating
kinase 1, to define a more precise pathway between p38 MAPK
activation and apoptosis. The therapeutic effects of repeated H,
administration post-SAH should be also investigated.

In conclusion, H, administered 2 h after experimental SAH
mitigates cognitive dysfunction, anxiety-like behavior and
neuronal apoptosis in the PFC, possibly by inhibiting the p38
MAPK signaling pathway.
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