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Introduction: We have reported previously that hydrogen-rich saline (HS) plays
a neuroprotective role in hypoxia-ischemia (HI) brain damage in newborn mice. However,
the mechanisms for this neuroprotection resulting from HS remain unknown. In this study,
we examined the potential for HS to exert effects upon microglial phagocytosis via involve-
ment of the Akt signaling pathway as one of the neuroprotective mechanisms in response to
neonatal HI.

Methods: The HI brain injury model was performed on postnatal day (PND) 7 (modified
Vannucci model). The acute brain damage was detected at 3 days after HI exposure. The
behavioral and functional screening of the pups at PND11 and PNDI13 and their long-term
outcomes (PND35, 28-days post-HI) were evaluated sensorimotor performance and cognitive
functions, respectively.

Results: The result showed that HS administration alleviated HI-induced edema, infract
volume and cellular apoptosis within the cortex of neonatal mice. Accompanying these
indices of neuroprotection from HS were reductions in HI-induced phagocytosis in microglia
as demonstrated in vivo and in vitro, effects that were associated with increasing levels of
Akt phosphorylation and improvements in neurobehavioral responses. These beneficial
effects of HS were abolished in mice treated with an Akt inhibitor.

Discussion: These results demonstrate that HS treatment attenuates neurobehavioral deficits
and apoptosis resulting from HI, effects which were associated with reductions in phagocy-
tosis and appear to involve the Akt signaling pathway.
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Introduction

Hypoxia-ischemia (HI) brain injury is a leading cause of mortality and neurological
disabilities in infants and young children.' The long-term neurological defects
resulting from HI are often manifested in behavioral, social, attention, cognitive
and/or functional motor deficits.”> HI brain injury involves a complex array of
factors, with the main feature being a decrease in oxygen concentration and blood
flow levels, eventually leading to an insufficient supply of nutrition to the brain.’
Inflammation also represents a crucial factor leading to brain damage, with micro-
glia playing an important role in the early inflammatory responses after HI injury.*
As therapeutic interventions for these HI-induced effects are extremely limited, an
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increased understanding of the underlying mechanisms of
this condition is sorely needed for the development of
more effective measures in the prevention and treatment
of neonatal HI encephalopathy.

Hydrogen is a transparent, colorless and odorless,
highly flammable gas. Hydrogen possesses a selective
antioxidant effect which can discriminatively remove
some of the more toxic hydroxyl radicals and nitrite anions
while maintaining a low level of toxicity and exerting
minimal effects on other reactive oxygen species with
important biological functions.” Moreover, hydrogen can
effectively exert anti-inflammatory effects through its
capacity to inhibit active oxygen production, neutralize
hydroxyl radicals and inhibit the release of pro-
inflammatory factors. Unfortunately, hydrogen administra-
tion is problematic as use of inhaled hydrogen possesses
a high risk of explosion and is difficult to control while
oral ingestion of hydrogen-saturated water can result in
detrimental changes in certain biological indicators.®
Therefore, researchers have employed an alternate method
of hydrogen administration consisting of an injection of
hydrogen-rich saline (HS). HS could promote renal func-
tion recovery after ischemia/reperfusion injury in rats.” HS
exerts a protective effect against cisplatin-induced ovarian
injury by regulating oxidative stress.® With use of this
method, we have found that the neuroprotective effects
of HS on HI injury in newborn mice are achieved via
regulation of endoplasmic reticulum stress and autophagy
mechanisms.” Moreover, this HS treatment can produce
preventative effects on neuro-inflammation and behavioral
dysfunction after HI injury. These effects are linked to the
promotion of M2 polarization in microglia and the regula-
tion of complement-mediated synapse loss through activa-
tion of AMPK.'” A related issue of significance to the
present report is the findings that protein kinase B (Akt)
mediates diverse cellular functions, such as cellular survi-
val, apoptosis and metabolism."" Given this background
information, in this report, we examined whether the ben-
eficial effects of HS upon neonatal HI may involve
mechanisms related to effects upon phagocytosis via the
Akt signaling pathway.

Materials and Methods
HI Model

All animal experiments in this research were approved by
the Animal Ethics and Welfare Committee of Shandong
University (approval No. ECSBMSSDU 2018-2-059). The

use of experimental animals in this project conforms to the
“3R” principle of animal experiment ethics. The entire
experimental process followed the “Regulations on the
Administration of Laboratory Animals” formulated by
the Science and Technology Commission of the People’s
Republic of China, and the “Guiding Opinions on the
Good Treatment of Laboratory Animals” issued by the
Ministry of Science and Technology of the People’s
Republic of China. The Center for Experimental Animals
of Shandong University provided pregnant C57BL/6J mice
(=15 days gestation) which then delivered under standard
environmental conditions. The HI brain injury model used
in this experiment represented a modified version of the
Rice-Vannucci model and was performed at postnatal day
(PND) 7 as described previously.! A total of 144 male
mice were used in this study Under conditions of a clean
surgical environment, mice were anesthetized with 2.5%
isoflurane and the right carotid artery was exposed and
ligated. Following a one-hour postoperative recovery per-
iod, the mice were placed in a hypoxic environment for 1.5
h, with a temperature maintained at 37 °C and an oxygen
concentration of approximately 8%. Sham controls were
subjected to the anesthesia and exposure of the right car-
otid artery. The wound was sutured after the operation, and
the 75% alcohol was used to disinfect the wound. Mice
from each group have post-operative procedure.

Animal Treatments

The hydrogen was dissolved in physiological saline with
use of a hydrogen generator for 12 h to prepare the HS.
This procedure requires that it be performed at 4 °C in
a 0.4 Megapascal (MPA) environment to ensure that the
hydrogen concentration is >0.6 mmol and that the prepara-
tion is fresh with each use. LY294002 (ab120243, Abcam,
Cambridge, MA), a PI3-kinase inhibitor, was diluted in
phosphate-buffered saline (PBS). The in vivo dose of
LY?29400 was based upon results from preliminary experi-
ments using different concentrations. The animals were
randomly divided into 4 groups: 1) Sham + wvehicle
(PBS), 2) HI + vehicle (PBS), 3) HI + HS and 4) HI +
HS +LY294002. The HS-saturated saline (5 mL/kg) was
injected intraperitoneally at 24 h, 48 h and 72 h after HI
injury according to their corresponding group assignment.
In the HI+HS+LY294002 group, LY294002 (i.p. 5 mL/kg)
was injected at 30 minutes before the HS injection. The
procedures for these administrations were based upon
methods as established from our previous research.'? The
Sham and HI groups were injected identically with the
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same volume of the vehicle (PBS) relative to body weight.
At one hour later after the last injection, the brains were
removed for next experiment.

Measurement of Brain Water Content

The brains of these mice (N=5/group) were removed at 72
h after HI injury. The cerebral hemispheres were bisected
and the remaining parts, such as cerebellum, medulla
oblongata and brain stem were removed. The ipsilateral
hemisphere was weighed and the wet weight recorded.
Both ipsilateral and contralateral hemispheres from all
mice were placed in a 60 °C oven for 24 h until dried,
then quickly weighed to determine their dry weight.
Weight ratios were then calculated to establish the degree
of cerebral edema. Brain water contents were determined

as based on the following calculation:'*'?

wet weight — dry weight
wet weight
x 100(%)

Brain water content(%) =

Measurement of Infarct Size

For infarct size determinations, brain tissue of the mice
(N=4/group) was removed at 72 h after HI injury then
placed in a —20 °C refrigerator for rapid cooling and
freezing for approximately 30 min. Coronal sections
were cut and divided into 4 pieces with each being
approximately 1.0 mm. Brain slices were soaked in
a prepared 2% concentration of TTC (Sigma-Aldrich)
staining solution which was maintained in a 37 °C oven
for approximately 20 min. Image-J image-processing soft-
ware was used to calculate the infarction area. Quantitative
calculations of cerebral infarction volumes were per-

formed using the following calculation:'*'*
contralateral 1ps1l.atera1.
. . hemipheric
hemispheric — .
noninfarcted
. volume
Infarction volume « 100%
volume(%) contralateral ’
hemispheric volume
Nissl Staining

The mice were anesthetized with isoflurane at 72 h after
HI injury and perfused with 4% paraformaldehyde
(pH=7.4). The brains (N=5/group) were harvested and
fixed in 4% formaldehyde. At the beginning of this
experiment, brain slices in the region containing the
infarct lesion (between —1.60 and —2.00mm from

bregma) was chosen to undergo immunohistochemistry
or immunofluorescence. All the slices of each group used
in every independent experiment have the similar anato-
mical positions. The sections and incubated with 0.5%
cresyl violet acetate (Sigma-Aldrich - St Louis, MO,
USA) for 20 min. After washing with distilled water
and dehydration with alcohol, the slide slices were trea-
ted with transparent xylene and then observed under
a microscope. The surviving neurons in different regions
of the brain (ipsilateral to HI) were counted in selected
microscopic fields at x200 magnification. Results are
expressed as the number of surviving neuronal cells
within each group relative to that of the Sham group

within the different areas.!®!?

Western Blot Analysis

The animals (N=3/group) were decapitated and removed the
cerebral cortex ipsilateral to the HI insult at 72 h after HI
injury. The tissue was thawed and homogenized in RIPA
buffer containing additional protease inhibitors (100mM
PMSEF, #ST506-2, Beyotime, Shanghai, China) and phos-
phatase inhibitors (#04-906-845-001, Roche, Shanghai,
China) to prevent protein degradation and ensure the stabi-
lity of phosphorylated proteins and centrifuged at 13,800xg
for 10 min. BCA Protein Assay Kits were used to quantity
total protein concentrations. An appropriate amount of 5x
SDS-PAGE protein loading buffer was added to the resultant
supernatant and heated to 100 °C for 10 min to fully dena-
ture the proteins. After the sample was cooled to room
temperature, it was loaded onto the SDS-PAGE gel for
electrophoresis, typically using 80V constant voltage in the
upper gel layer while 120 V was used when bromophenol
blue entered the lower gel layer. The membrane was trans-
ferred to the PVDF membrane at a current of 300 mA for
>1 h using a Bio-Rad standard wet membrane transfer
device. After the membrane transfer was completed, there
were 3 washing at 5 min each. The membranes were incu-
bated for 1 h in 5% non-fat milk. Membranes were then
incubated overnight at 4 °C with primary antibodies for
AKT (1:1000, #9272S, Cell Signaling Technology,
Danvers, MA, USA), p-AKT (1:1000, #9271S, Cell
Signaling Technology), B-actin (1:1000, #TA-09, ZSGB,
Peking, China). The secondary antibody was then added to
the PVDF membrane and incubated at room temperature for
1 h. The chemiluminescence signal was generated with use
of the ECL kit (Millipol, USA) and detected using the Tanon
imaging system (Tanon-4600).
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Immunohistochemical Imaging

At 3 days post-HI, mice from each group (N=4/group) were
anesthetized and perfused with 4% paraformaldehyde (pH
7.4). Brains were collected and placed in the same fixative at
4°C for 24 h. Brain samples were sliced into 4 um thick
coronal sections. The sections between —1.60 and —2.00 mm
from bregma were selected and assayed for immunohisto-
chemistry imaging. Briefly, brain slices were incubated over-
night at 4°C with antibodies directed against the ionized
calcium binding adaptor molecule 1 (Iba-1) (1:100). The
slices were then treated with secondary antibodies at room
temperature for 30 min. Fluorescent microscopy
(OLYMPUS-BX51) and the Magna Fire SP system was
used to analyze microphotographs. Activated microglia
scores were assigned as previously described (Table 1)."
The activated microglia was measured in three randomly
selected microscopic fields at X200 magnification. These
fields initiated at the core region of the infarct (N=4 mice/
group). The numbers of activated microglia within each brain
were expressed as the average of three fields per section.

Primary Microglia Culture

C57BL/6J (PND 1-2) neonatal mice were anesthetized with
isoflurane. The brain tissues were removed and their
meninges were completely stripped in pre-cooled Hank’s
balanced salt solution (HBSS). Brain tissues were snipped
and digested at 37°C for 30 min using trypsin containing
0.125% EDTA. The single cell suspension was obtained by
slowly blowing the larger tissue mass and filtering with a 70
pm sieve. The cells suspension was centrifuged at 400 x g for
10 min to obtain precipitation, which was re-suspended with
Dulbecco’s Modified Eagle Media (DMEM)/F12. Two
weeks later, the cells were shaken on an orbital shaker for 2
h (250 rpm, 37°C) to obtain microglia. Microglia was cul-
tured for 14 days before treatment. TLR agonists, such as
LPS or amyloid B (Ap), increase the phagocytic capacity of
microglia and induce phosphatidylserine exposure, which
devour viable neurons.'®!” In the present study, microglia
was stimulated with LPS with/without HS, LY294002 for

Table | Semi-Quantitative Score for Iba-1 Staining

Score | Microglial Appearance

0 No activation

| Foci of non-ramified active microglia

2 <50% coverage of active microglia

3 Widespread active and predominantly phagocytic microglia
4 Total phagocytic activation

24 h. The cells were randomly divided into four groups: 1)
Sham+PBS, 2) Lipopolysaccharide (LPS, 500 ng/mL) +
PBS, 3) LPS+ HS (10 uM) and 4) LPS+ HS (10 uM) and
LY294002 (1 uM). LPS, from Sigma-Aldrich (L2630), were
diluted by PBS.

TUNEL Staining

TUNEL staining was performed with the TUNEL kit
(KeyGEN BioTECH, Jiangsu, China) instructions using
the manufacturer’s instructions. In briefly, the sections
(N=4/group) were incubated at 37°C in an appropriate
concentration of protease k working solution for 15-20
min, and then the TdT enzyme reaction solution was added
and incubated at 37°C in dark for 60 min. Streptavidin-
tritc marker solution was then added to each sample and
incubated at 37°C in dark for 30 min. Each section was
randomly searched for 6 fields (20x), and the proportion of
TUNEL-positive cells was expressed as the percentage of
the total cells counted.

Phagocytosis Assay

The fluorescent zymosan A Bioparticles™ Alexa Flour™
(Invitrogen, Z23373) was performed in the phagocytosis
assay of microglia in vitro. Primary microglia was used for
phagocytosis assay before reaching 80% confluency. Cells
were treated with or without LPS, HS, LY294002 for 22
h and then added zymosan fluorescent beads (75,000 par-
ticless/mL) for 2 h. Following blocking with 10% goat
serum for 1 h, the cells were incubated with rabbit poly-
clonal anti-Ibal (1:400, Wako, Japan), then with second
antibody. DAPI staining showed nucleus. Images were
obtained with fluorescent microscopy (OLYMPUS-BX51,
Olympus Corporation, Japan). Phagocytic index (PI) or
phagocytic activity was determined employing the
equation:'®

Phagocytic % phagocytic cells containing
index(PI)  \ at least one particle
(mean particle count>

per phagocytic cell

Grip Strength Test

As a means to assess the sensorimotor performance of the
mice, a grip strength test was administered on the 4th
(PND 11) and 6th (PND 13) days after HI injury. For
this
a horizontal 20 X 20 cm 16-mesh wire maintained at

test the mice (N=I1/group) were placed on

approximately 10 cm above the surface of a tabletop and
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allowed 5-10 seconds to adapt to the wire mesh. The wire
mesh was then slowly rotated from the horizontal position
until the mouse was displaced and fell into a cushion. The
angle of rotation at which the mouse fell from the wire
mesh was recorded. Each mouse was tested three times
and the average angle at which the mouse fell was calcu-
lated. The grip strength was then indicated by the value of
the rotation angle at the time of falling from the mesh
wire. The average age for a rodent to be able to grasp
a horizontal screen is PND 8 with a range from PND
5-15."

Y-Maze Test
Performance of the mice in a Y-maze was used as a means
to evaluate the cognitive abilities of the mice. The test was
performance at PND 35 (28 days after HI insult). Position
and movement times of the mice were recorded using the
SMART video tracking system, which can display move-
ment of the mice in real time and record relevant data
including time, trajectory and speed into the background
database. The potential confounding effects of light and
positional cues were controlled to ensure that the forma-
tion of memory was not affected by these factors.

The test consisted of a 5 min sample trial followed by
a 5 min retrieval trial. Each mouse was tested once per
test.?’ For the training component, the main arm of the
“Y” (the base of Y, zone 1) was blocked, forcing the mice
to select one of the side arms (zones 2 or 3). The mice
were then allowed to move freely within either of the two
regions of the side arms for a 5 min period. After a -
15 minute period, the partition of the closed arm was
removed enabling access to all three arms. For the testing
component, mice were placed at a defined starting point
and the number of times the mice entered each area
(defined as the limbs and body completely entering into
the area) and time spent in each area within the 5 min test
period were recorded. The number of arm entries and time
spent in each arm was then calculated to provide an
evaluation of the cognitive abilities of the mice:

.. the time of staying in novel arm
Ratio time(%) = vine

total time
x 100(%)

the number of entering novel arm

Rati t =
atio entry (%) total number of entry

x 100(%)

Statistical Analysis

The SPSS software program was used to perform the statis-
tical analyses. All values presented were expressed as the
mean +standard deviation. Data were analyzed using a one-
way ANOVA, following by Bonferroni corrections for multi-
ple post hoc comparisons of means. A p <0.05 was required
for results to be considered as statistically significant.

Results
HS Treatment Up-Regulates Akt
Phosphorylation in the Cortex Ipsilateral

to HI

As shown in Figure 1, levels of p-Akt at 72 h post-HI were
decreased in the HI versus the Sham group [F(3,8)=29.835,
p <0.001; post hoc p < 0.001]. Treatment with HS increased
these levels of p-Akt in the HI + HS group as compared with
those in the HI group (post hoc p <0.05). The combination of
HS and LY294002 partially blocked the capacity for HS to
promote Akt phosphorylation (post hoc p < 0.05).

p-Akt TR Snooams W

Akt S —

B-actin oo  cn—— Sa——— S

1.8 4

15 1 Kk * *

1.2 4

0.9 1

0.6 1

pAkt/Akt ratio
—

0.3 1

0.0

W g Y 204002

‘,\\4-\'\

gha™ w

Figure | HS activates Akt following HI. Levels of Akt and phosphorylated Akt (p-Akt)
in the ipsilateral cortex were assessed at 3 days after HI injury using Western blot.
Quantification of the relative levels of p-Akt/Akt are presented. N=3/group. Values
represent the mean * SD, *p < 0.05, **p < 0.001 according to ANOVA.
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Akt Inhibition Attenuates
Neuroprotective Effects of HS on Edema

and Infarct Volume Following HI

Consistent with our previous report,'® HI insult signifi-
cantly increased brain water content (90.73 + 1.04%) as
compared with that observed in the Sham group (87.86 +
1.31%) [F(3,16)=11.416, p < 0.001; post hoc p<0.001],
while HS treatment significantly decreased this increase in
brain water content by HI (80.29 +0.71%, post hoc
p<0.01) (Figure 2A). In addition, as shown with TTC
staining, HS treatment also decreased infarct volume
(23.21 £ 7.13%) [F(3,12)=34.100, p < 0.001; post hoc
p<0.001] as compared with that obtained in the HI group
(66.96 + 11.24%). When HS was combined with
LY?294002 the protective effects of HS on edema (89.09
+1.75%, post hoc p<0.01) and infarct volume (49.36 +
13.81%, post hoc p<0.01) were partially blocked
(Figure 2B).

Akt Inhibition Attenuates the
Neuroprotective Effects of HS on Tissue

Loss Following HI

Results from Nissl staining demonstrated that HI exposure
significantly increased tissue loss in the prefrontal cortex [F
(3,16)=35.521, p < 0.001; post hoc p<0.001], CA1 [F(3,16)
=409.175, p < 0.001; post hoc p<0.001], CA3 [F(3,16)
=77.240, p < 0.001; post hoc p<0.001] and DG [F(3,16)
=48.952, p < 0.001; post hoc p<0.001] regions within the
ipsilateral hemisphere as compared with that in the Sham
group. HS treatment significantly decreased this tissue loss in
these sites, prefrontal cortex (post hoc p<0.01), CA1 (post
hoc p<0.05), CA3 (post hoc p<0.05) and DG (post hoc
p<0.01), as compared with that observed in the HI group.
The combination of HS and LY294002 partially blocked this
protective effect of HS on tissue loss in the prefrontal cortex
(post hoc p<0.01), CA (post hoc p<0.01), CA3 (post hoc
p<0.01) and DG (post hoc p<0.05) regions (Figure 3).

HI+HS+LY294002

-

100 4 *k dekk *

90

80

70

Brain water content(%)

60 -

sha™® W S \*“s,,uze“‘“"
L\

100 - Tk Fekk *

80

60

40

20

Infarction volume
(% hemispheric volume)

gha™ w

s “s*\_mmo?-
W

Figure 2 HS attenuates edema and infarct volume via the Akt pathway. (A) Representative images of brain edema at 3 days post-HI. Brain water contents within the
ipsilateral hemispheres were determined using both dry and wet methods. N=5/group. (B) Brain slices were stained with TTC for quantification of infarct volumes. N=4/
group. Values represent the mean # SD, *p < 0.05, **p < 0.01, **p < 0.00| according to ANOVA.
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HI+HS+LY294002

Survival neuronal cells of
prefrontal cortex (ratio to Sham)

Survival neuronal cells Survival neuronal cells
of CA3 (ratio to Sham) of CA1 (ratio to Sham)

Survival neuronal cells
of DG (ratio to Sham)

sha™ W WS \.“5.\:(19““1
W

Figure 3 HS attenuates tissue loss via the Akt pathway. (A) Representative images of Nissl staining from each group. Scale bar = 1000 pm. (B) Magnified views of boxed
regions in A showing neuronal cell loss. Scale bar = 50 pm. Results are expressed as the number of surviving neuronal cells within each group relative to that of the Sham
group within the different areas. N=5/group. Values represent the mean * SD, *p < 0.05, **p < 0.01, ***p < 0.001 according to ANOVA.

Akt Inhibition Attenuates the
Neuroprotective Effects of HS on

Neuronal Apoptosis Following HI

Next, TUNEL staining was used to further assess the
capacity for LY294002 to block the effects of HS on
neuronal apoptosis after HI insult. HS treatment signifi-
cantly decreased the number of apoptotic cells (11.06 +
2.34%) [F(3,12)=23.537, p < 0.001; post hoc p<0.001]
within the ipsilateral hemisphere as compared with that
obtained in the HI group (42.15 + 11.97%). This protective
effect of HS on neuronal apoptosis was blocked by
LY294002 (31.12 + 8.44%) (post hoc p<0.05) (Figure 4).

Akt Inhibition Attenuates the
Neuroprotective Effect of HS on
Microglial Activation and Phagocytic
Capacity Following HI

Following HI exposure, Iba-1" cells in the ipsilateral hemi-
sphere exhibited a rounded amoeboid-like appearance,
while HS treatment restored the appearance of these cells

to that of an extended and elongated morphology [F(3,12)
=100.240, p < 0.001; post hoc p<0.001] (Figure 5).

Moreover, we tested for the phagocytotic activities of
microglia with engulfment of E. coli opsonized FITC-
labelled bioparticles. The addition of LPS (500 ng/mL)
for 24h increased the percent of phagocytic cells [F
(3,12)=24.880, p < 0.001; post hoc p < 0.001], mean
number of particles per cell [F(3,12)=15.952, p < 0.001;
post hoc p < 0.01] and phagocytic index [F(3,12)=44.465,
p < 0.001; post hoc p < 0.01] as compared to the control.
These three parameters were all significantly decreased in
response to HS treatment (post hoc p < 0.01, 0.01 and
0.001, respectively). These effects of HS on morphological
changes in microglia and phagocytic capacity were all
blocked by L'Y294002 (Figures 5 and 6).

Akt Inhibition Attenuates Improvements
in Neurobehavioral Responses by HS
Following HI

Significant reductions in grasp strength were observed in
HI mice as determined on PNDI11 [F(3,38)=9.487, p <
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Figure 4 HS attenuates apoptosis via the Akt pathway. TUNEL staining (green) was used to investigate neuronal survival as determined at 3 days after HI exposure. Three
randomly selected images (x 20) were captured from each section per animal. Scale bar = 50 pm. N=4/group. Values represent the mean * SD, *p < 0.05, ***p < 0.001

according to ANOVA.

0.001; post hoc p < 0.05] and PND13 [F(3,37)=17.429, p <
0.001; post hoc p < 0.001] when compared with that
obtained in the Sham group. HS treatment reversed these
reductions in grasp strength at PND 11 (post hoc p <
0.001) and PND 13 (post hoc p < 0.001) as compared
with those obtained in the HI group (Figure 7A).
LY294002 blocked this restorative effect of HS on grasp
strength at PND 11 (post hoc p < 0.001) and PND 13 (post
hoc p < 0.001) (Figure 7A).

At PND 35, mice were tested in a Y-maze task to
assess their working memory. HI exposure decreased
Y-maze alternations [F(3,30)=11.896, p < 0.001; post hoc
p < 0.01] as compared with that of the Sham group. HS
treatment in HI mice increased their Y-maze alternations
(post hoc p < 0.01) as compared with the HI group.
A coadministration of LY294002 and HS reversed this
effect of HS on Y-maze alternations (post hoc p < 0.01).
HI exposure also decreased the total number of arm entries
[F(3,30)=4.383, p < 0.05; post hoc p < 0.05] as compared
to the Sham group (Figure 7B). Interestingly, HS treatment
of HI mice had no effect on the total number of arm entries
(post hoc p > 0.05). A significant positive correlation was

present between the total number of arm entries and
Y-maze alterations (correlation coefficient = 0.560, p <
0.05; N = 34) (Figure 7C-E).

Discussion

In this current study, we show that HS treatment activated
Akt phosphorylation in response to HI injury in newborn
mice. Suppression of this Akt activity following HI expo-
sure attenuated HS’s neuroprotective capacity in HI mice,
as indicated by increases in apoptosis, microglial activa-
tion and phagocytic activity.

Hydrogen can function as a novel, selective antioxidant
capable of protecting tissue by anti-oxidation and anti-
inflammation effects as shown in clinical and animal
studies.™! Treatment of ischemic injury with hydrogen
has been shown to suppress oxidative stress, proinflamma-
tory responses and cell apoptosis in kidney, brain, liver,
heart and intestines.”* 2 Previous work within our labora-
tory has demonstrated that HS administration shifts micro-
glia from a M1 to M2 polarization and diminishes synaptic
loss after HI exposure in newborn mice through the pro-
motion of AMPK phosphorylation.'” In line with these
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Figure 5 HS suppresses phagocytotic activation of microglia following HI insult via the Akt pathway. Immunofluorescent staining of Iba-1 (green) within the ipsilateral cortex
was used to investigate microglial activation as determined at 3 days following HI insult. Scale bar = 50 um. Quantification of Iba-1" immunoreactivity score. Six randomly
selected images (% 20) were captured from each section per animal. N=4/group. Values represent the mean * SD, ***p < 0.001 according to ANOVA.

findings, infarct volume and apoptotic cell numbers were
also decreased by HS treatment following HI exposure.
A number of pathophysiological events occur follow-
ing neonatal HI, including energy failure, glutamate exci-
totoxicity, free radical generation, edema, and
inflammation.?” Brain edema is generally classified into
cytotoxic edema and vasogenic edema. Cytotoxic edema is
defined as a cellular swelling wherein water moves from
the interstitial to intracellular space. Vasogenic edema is
characterized by the blood-brain barrier breakdown, result-
ing in circulating immune cells to infiltrate to the brain.?®
Edema leads to further aggravate secondary brain from
multiple mechanisms. HS could alleviate early brain injury
via suppressing oxidative stress and brain edema after
in rabbits.”

Hydrogen inhalation exerted the neuroprotective effect

experimental subarachnoid hemorrhage
on intracerebral hemorrhage in mice, evidence as decreas-
ing brain edema and improved neurological outcomes.*® In
accordance with the previous related reports, HS abates
significantly the brain edema and brain infarct after HI
exposure in the present study.

Here, we now show that the Akt pathway represents
a critical component of HS’s neuroprotective ability. Akt,
a downstream target of PI3K, is involved in the regulation of
various neuronal functions, such as cell proliferation, apopto-
sis and survival.*! Akt phosphorylation can inactivate BCL-2
associated X (Bax) and suppress neuronal apoptosis after
cerebral ischemia in rats and can attenuate the phosphorylation
inhibit

activation.*>** Results from previous studies have demon-

of pro-caspase-9 and caspase-9 to apoptotic
strated the potential value of Akt activity in mediating the
beneficial effects of hydrogen as shown in acute kidney injury,
lung cancer, myocardial injury and traumatic brain injury.*>’
To investigate the mechanism underlying the neuroprotective
effects of HS, we measured the ratio of p-Akt/Akt following
HI insult. The results indicated that the ratio of p-Akt/Akt
decreased significantly at 3 days after HI exposure.
Administration of HS increased the ratio of p-Akt/Akt in the
corresponding group compared with the control group at 3
days after HI exposure, associating with attenuating neuronal
apoptosis. Taken together, these results suggest that HS attenu-
ates HI brain damage by activating the Akt signaling pathway.
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Figure 6 HS treatment suppresses phagocytotic activation of microglia following LPS stimulation via the Akt pathway. (A) Representative photographs of BioParticles™"
Fluorescent Particles after treatment with LPS for 24 h. (B) Quantification of percent of phagocytic cells. (C) Quantification of mean number of particles ingested per cell.
(D) Quantification of phagocytic index. N=4/group. Four randomly selected images (X 20) were captured from each section. Values represent the mean + SD, *p < 0.05,

**p < 0.01, ¥*p < 0.00] according to ANOVA.

Microglia, the phagocytes of the CNS, play a role in
the regulation of synaptic circuit remodeling and synaptic
pruning in the healthy CNS.*® In response to brain injury,
microglia are activated and display a number of remark-
able characteristics associated with changes in morphol-
ogy, migration and phagocytosis.”* For example, in
response to ipsilateral ischemic stroke injury, microglia
initially display increases in ramification, followed later
by de-ramification and eventually increases in phagocytic
activity.** We observed that HI exposure induced phago-
cytic activity of microglia, from a mostly short and com-
pact morphology to that of a phagocytotic shape, an effect
which was further confirmed with primary microglia. And,
suppressing this excessive phagocytosis with HS results in
neuroprotective effects. Activated microglia via Toll-like
receptor (TLR)-2 or TLR4 could result in neuronal loss by
phagocytosing otherwise-viable neurons.*' TLR agonists,
such as LPS or amyloid  (A), increase the phagocytic

capacity of microglia and induce phosphatidylserine expo-
sure, which devour viable neurons.'®'” Blocking of micro-
glial phagocytosis can prevent neuronal death and, in this
way, exert therapeutic benefits for inflammatory brain
pathologies. Based upon our current results, we propose
that one effect of HI involves an activation of microglial
phagocytosis which then leads to the death of otherwise-
viable neurons. Confirmation of this hypothesis awaits
further investigation.

However, this study had some limitations. First, the
neuroprotective effect of HS was observed in many path-
ways, but only its role in Akt pathway was investigated in
the present study. Second, although HS exerted neuropro-
tective effects via activating the Akt signaling pathway, the
underlying mechanisms explaining how HS mediated Akt
phosphorylation are still unclear. Moreover, the mechan-
ism detailing how HS suppressed microglial phagocytosis
has not been thoroughly explored either.
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Figure 7 HS treatment improves neurobehavioral responses following HI via the Akt pathway. (A) Performance of mice in the grip strength test at PNDI | indicating the
average angle at which mice fell from the wire mesh for the Sham, HI, HI + HS and HI+HS+LY294002 groups (N = |11, 10, 10 and 11, respectively). (B) Performance of mice
in the grip strength test at PND |3 indicating the average angle at which mice fell from the wire mesh for the Sham, HI, HI + HS and HI+HS+LY294002 groups (N = 11, 10, 9
and 11, respectively). (C and D) Performance of the mice in the Y-maze test at PND 35 for mice in the Sham, HI, HI + HS and HI+HS+LY294002 groups (N = 8, 10, 8 and 8,
respectively) indicating (C) Ratio time and (D) Ratio entry. (E) Relationship between the number of arm entries and the time spent within each arm (correlation coefficient

= 0.560, p < 0.01; N = 34). Values represent the mean + SD, *p < 0.05, **p < 0.01, ***p < 0.001 according to ANOVA.

In conclusion, the results of the present study reveal
that HS attenuates HI-induced apoptosis and phagocytosis,
effects that appear to involve the Akt signaling pathway.
These neuroprotective effects of HS thus contribute to
a reduction in the neurobehavioral deficits resulting from
HI insult in newborn mice.
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