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Abstract

Sodium/hydrogen exchanger | (NHEI) plays an essential role in maintaining intracellular pH (pHi) homeostasis in the central
nervous system (CNS) under physiological conditions, and it is also associated with neuronal death and intracellular Na* and
Ca”" overload induced by cerebral ischemia. However, its roles and underlying mechanisms in early brain injury (EBI) induced
by subarachnoid hemorrhage (SAH) have not been fully explored. In this research, a SAH model in adult male rat was
established through injecting autologous arterial blood into prechiasmatic cistern. Meanwhile, primary cultured cortical
neurons of rat treated with 5 M oxygen hemoglobin (OxyHb) for 24 h were applied to mimic SAH in vitro. We find that the
protein levels of NHEI are significantly increased in brain tissues of rats after SAH. Downregulation of NHE| by HOE642 (a
specific chemical inhibitor of NHEI) and genetic-knockdown can effectively alleviate behavioral and cognitive dysfunction,
brain edema, blood-brain barrier (BBB) injury, inflammatory reactions, oxidative stress, neurondegeneration, and neuronal
apoptosis, all of which are involved in EBI following SAH. However, upregulation of NHEI by genetic-overexpression can
produce opposite effects. Additionally, inhibiting NHE| significantly attenuates OxyHb-induced neuronal apoptosis in vitro and
reduces interaction of NHE| and CHPI both in vivo and in vitro. Collectively, we can conclude that NHEI participates in EBI
induced by SAH through mediating inflammation, oxidative stress, behavioral and cognitive dysfunction, BBB injury, brain
edema, and promoting neuronal degeneration and apoptosis.
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Introduction

Spontaneous subarachnoid hemorrhage (SAH) is a complex
cerebrovascular disease with high rates of mortality and
morbidity and poor clinical outcomes. It accounts for
approximately 5% of all types of stroke, and causes nearly
25% of all cerebrovascular deaths'”. Aneurysm rupture is
the major cause of SAH (nearly 85% of cases of spontaneous
SAH), and approximately 12% patients die before receiving
medical attention, 33% within 48 h and 50% within 30 days
after initial hemorrhage®>. Despite the improvements
achieved in the treatment and management of SAH patients,
the prognosis is still not satisfactory®''. Historically, many
research studies have focused mainly on therapy targeted
cerebral vasospasm (CVS) after SAH, but the clinical out-
comes are unsatisfactory, and they fail to decrease the
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incidence of delayed cerebral ischemia and mortality®'? 4.

Lately, investigators have found that the early brain injury
(EB]) induced by SAH may be a key factor affecting the
prognosis of patients’!>'8. EBI occurs within first 72 h of
the SAH, and contains a series of pathophysiological events,
such as cerebral edema, blood-brain barrier (BBB) disruption,
oxidative stress, inflammatory responses, excitotoxicity, and
impaired ionic homeostasis'®. In addition, an increasing num-
ber of studies have shown that neuronal apoptosis plays an
essential role in EBI induced by SAH; however, the underly-
ing mechanisms have not been fully illustrated®*".

The sodium/hydrogen exchangers (NHEs) are a family of
membrane proteins that play an essential role in maintaining
intracellular pH (pHi) homeostasis by mediating the electro-
neutral translocation of extracellular Na* for intracellular
H™?%%_ The NHE family includes nine members (NHE1—
NHED9) and a cluster of distantly NHE-related genes: NHA1
and NHA2**, NHE1 is distributed very broadly in the central
nervous system (CNS) of mammals®>. NHEI can be acti-
vated by multiple stimulations, such as growth factors and
hormones, osmotic shrinkage, mechanical stress, intracellu-
lar acidification, and hypoxia®®. The activity of NHE is also
regulated by various signals and proteins, such as
calcineurin-like EF hand protein 1 (CHP1)*"%. Recently,
the roles and underlying mechanisms of NHE1 in the CNS
have attracted increasing attention. NHE1 plays an important
role in pHi regulation in several CNS cells, such as cortical
and hippocampal astrocytes, cortical neurons, and micro-
glia®>=%3! Previous research suggests that pharmacological
blockade of NHE1 by HOE 642 and genetic knockdown of
NHE1 expression level can both decrease oxygen and glu-
cose deprivation (OGD)/reoxygenation (REOX)-induced
neuronal death and inhibit intracellular Na™ and Ca®" over-
load in primary cultured mouse cortical neurons>. More-
over, the nuclear translocation of apoptosis-inducing factor
(AIF), the protein levels of activated-caspase 3, and the
numbers of TUNEL-positive cells are obviously decreased
in NHE1 heterozygous (NHE1+/—) mice following transi-
ent focal cerebral ischemia compared with those in wild-type
mice>®. However, the roles and the underlying mechanisms
of NHE1 in SAH have not been reported.

Therefore, the relation between NHE1 and SAH was
investigated in this research, particularly the role of the
activity of NHE1 (regulated in combination with CHP1) in
EBI, and the effect of NHE1 on neuronal apoptosis follow-
ing SAH. We will explore the changes of protein levels of
NHEI1 and the interaction with CHP1 in brain tissues, and
potential roles of NHE1 in EBI and neuronal apoptosis in
both an in vivo and an in vitro model of SAH.

Materials and Methods
Ethics and Animals

All animal experimental protocols (including all use, care,
and operative procedures) were approved by the Ethics

Committee of the First Affiliated Hospital of Soochow Uni-
versity and were performed in accordance with the guide-
lines of the National Institutes of Health on the care and use
of animals. All animal experiments complied with the Ani-
mal Research: Reporting of In Vivo Experiments (ARRIVE)
guidelines. In this study, adult male Sprague-Dawley (SD)
rats weighing 300-350 g were provided from the Animal
Center of the Chinese Academy of Sciences (Shanghai,
China), and were housed in temperature- and humidity-
controlled animal quarters with a 12 h light/dark cycle; food
and water were provided without restriction. Every effort
was made to minimize the numbers of animals used and their
suffering.

Establishing the SAH Model in vivo

As reported in our previous study>*, an experimental SAH
model in rats induced by the injection of autologous arterial
blood into the prechiasmatic cistern was used in this
research. Briefly, after intraperitoneally anesthesia with
4% chloral hydrate, the rats were fixed in the stereotaxic
apparatus. Additionally, rectal temperature was maintained
at 37 + 0.5°C by a feedback-controlled heating pad. The
right femoral artery was catheterized to monitor arterial
blood pressure and blood glucose levels. Next, a needle was
inserted stereotaxically into the prechiasmatic cistern of each
rat. The needle was inserted 7.5 mm anterior to bregma in the
midline, and the final position of the needle tip was 2—3 mm
anterior to the chiasma and retracted 0.5 mm. Subsequently,
300 pl autologous arterial blood collected from the femoral
artery was injected into the prechiasmatic cistern by using an
aseptic syringe pump. In the Sham group in this study, rats
were injected with 300 pl physiological saline solution. After
SAH model induction, the rats were immediately injected
with 5 ml 0.9% saline to avoid dehydration. Following
recovery for 1 h, all rats were returned to the cages, and
room temperature was maintained at 22-24°C. It could be
observed that the inferior basal temporal lobe of brain was
obviously stained by blood (Fig. 1A). Subsequently, the rats
were euthanized at the indicated time points following SAH
induction, and brain tissues surrounding the hemorrhage
were obtained and used in further experiments. The temporal
base brain tissues were applied mainly to Western blot and
immunoprecipitation analysis, and the total coronal sections
containing temporal base brain tissues were subjected to
immunofluorescence, TUNEL, Nissl and FJB staining. A
schematic representation of brain tissues and their applica-
tion to subsequent assay is shown in Fig. 1A.

Induction of the SAH Model in vitro

As described in previous research®, cortical tissues were
collected from the fetal rats at 18 days of gestation to create
primary neuron-enriched cultures. Firstly, meninges and
blood vessels were removed from cerebral hemispheres.
Secondly, 0.25% trypsin (GIBCO, Grand Island, NY, USA)
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Fig. |. Subarachnoid hemorrhage (SAH) model and experimental design. (A) Schematic representation of brain tissues of rats (Sham and
SAH group) that were applied for further experiments. (B) Experiment | was designed to assess protein levels of NHEI in brain tissues of
rats after SAH at various time points. (C) Experiment 2 was designed to evaluate effects of NHE| on early brain injury (EBI) induced by SAH.
(D) Experiment 3 was designed to elucidate the role of the NHEI in neuronal apoptosis induced by SAH in vitro.

was used to digest brain tissues for 5 min at 37°C; digestion
was terminated through washing brain tissues three times
with PBS. The suspension of brain tissues was then centri-
fuged at 1000 g for 5 min, and the pellet resuspended in
complete medium (Neurobasal medium with 2% B27, 0.5
mM GlutaMAX TM-I, 50 U/ml penicillin, and 50 U/ml
streptomycin; all from GIBCO). Lastly, the neurons were
plated at a density of 20,000 cells/cm” into 6-well plates
(Corning, Corning, NY, USA) precoated with 0.1 mg/ml
poly-p-lysine (Sigma-Aldrich, St. Louis, MO, USA) and cul-
tured in complete medium. The primary cultured neurons
were maintained at 37°C under humidified conditions and
5% CO, for 10-14 days. Half the medium volume was
exchanged every 2 days. To mimic SAH, the cultured neu-
rons were treated with 5 tM oxygen hemoglobin (OxyHb)
for 24 h at 37°C.

Experimental Design

Before the SAH model was established, all rats were num-
bered and divided randomly, using a table of random num-
bers, into two groups (30 rats in the Sham group and the

others in the SAH group) by a researcher who is entirely
blind to the experimental groups. After SAH induction, all
SAH rats were divided randomly into several groups (parti-
culars as follows) by the same researcher, also using a table
of random numbers. In experiment 1, 72 rats (12 rats come
from the Sham group; and 60 rats surviving after surgery
from an initial 69 rats in the SAH group) were assigned
randomly to six groups (12 rats per group): a Sham group
and five experimental groups ordered by time points: 2, 12,
24, 48, and 72 h following SAH induction. At the indicated
time points after SAH induction, all rats were anaesthetized
by chloral hydrate, and their cerebral tissues were collected
for subsequent analysis after transcardial perfusion with
PBS. In each group, partial underlying temporal base brain
tissues of six rats were frozen in liquid nitrogen for Western
blot and immunoprecipitation analyses, and total coronal
sections containing temporal base tissues of the other six
rats were subjected to immunofluorescence analysis (Fig.
1B). In experiment 2, 144 rats (18 rats from Sham group;
and 126 rats surviving after surgery, from an initial 145 rats
in the SAH group) were divided randomly into eight groups
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(18 rats in each group): Sham group, SAH group, SAH +
Vehicle group, SAH + HOE642 group, SAH + Negative
Control SiRNA (Si-NC) group, and SAH + NHE1 SiRNA
(Si-NHE1) group, SAH + Vector group, and SAH + NHE1
overexpression (Over-NHE1) group. In each group, 18 rats
were divided randomly using a table of random numbers into
three subgroups by a researcher who did not participate in
this study. For six rats, total coronal sections containing
temporal base tissues were obtained for immunofluores-
cence, FJB, Nissl, and TUNEL stainings. The underlying
temporal base brain tissues of the other six rats were col-
lected and used in Western blot analysis, immunoprecipita-
tion analysis, reactive oxygen species (ROS) assay, and
BBB permeability. The last six rats in each group were
sacrificed for brain edema test (Fig. 1C). In brain edema
and behavioral impairment tests, the researcher is entirely
blinded to the experimental groups. For quantitative anal-
yses in Western blot analysis, immunoprecipitation analy-
sis, ROS assay, and BBB permeability, each “n” represents
individual data obtained from one independent experiment
using one rat, and combined data come from at least six
independent experiments from six different rats. In experi-
ment 3, HOE642 was used to test the effects of NHE1 in
neuronal apoptosis in vitro (Fig. 1D). Primary cortical neu-
rons were divided into four groups for Western blot and
immunoprecipitation analyses, and Annexin V and PI stain-
ing as below: Control group, OxyHb group, OxyHb +
Vehicle group, and OxyHb + HOE642 group; “n” was
defined as the number of independent experiments in every
figure legend.

Transfection of Plasmids and siRNA in Rats

Plasmids and SiRNA transfections in rats are performed as
previously described*®. Briefly, 5 pg NHE1 overexpression
plasmid and 5 pg Vector plasmid (NHE1 Gene ID: 24782;
both from GenScript, Nanjing, China) were each dissolved
in 5 pl endotoxin-free water. Next, 10 pl Entranster-in vivo
DNA transfection reagent (Engreen, Beijing, China) was
immediately added to 5 pl plasmid solution, and mixed for
another 15 min. Finally, 15 pl of this mixture was injected
intracerebroventricularly under the guidance of a stereo-
taxic apparatus after anesthesia. On the other hand, NHE1
SiRNA and Negative Control SiRNA (both from RIBO-
BIO, Guangzhou, China) were dissolved in 5 pl RNase-
free H,O to a final concentration of 100 pmol/ul, then
added to 10 pl transfection reagent (Entranster-in vivo RNA
transfection, Engreen, Beijing, China) and mixed gently for
another 15 min. Finally, this 15 pl mixture was also injected
intracerebroventricularly to rats. The puncture point of lat-
eral ventricle was located at 1.5 mm posterior, 1.0 mm
lateral, and 3.2 mm below the horizontal plane of bregma.
At 24 h after these processes, the SAH model of rats is
established.

Drug Administration

Based on a former study, the HOE642 (also called as car-
iporide, a specific inhibitor of NHE1, Sigma-Aldrich) was
injected intravenously in rats at a dose of 15 mg/kg at 20 min
before induction of SAH?’. The HOE642 is dissolved in
DMSO, and then diluted in 0.9% saline according to its final
concentration. Additionally, in the in vitro experiment, the
final concentration of HOE642 was 1 pM in the medium.
The culture neurons were pretreated with HOE642 at 37°C
for 2 h, then thorough rinsed with PBS, fresh complete
medium was added and incubated with OxyHb (5 pM) for
another 24 h at 37°C**,

Western Blot Analysis

As described in our previous study>°, all brain tissue samples
were lysed in a lysis buffer containing phenylmethylsulfonyl
fluoride (PMSF), and then an enhanced bicinchoninic acid
(BCA) protein assay kit (all from Beyotime, Shanghai,
China) was applied to detect protein concentrations of each
brain tissue sample. Molecular weight markers (Thermo
Fisher Scientific, Waltham, MA, USA) and protein samples
(30 pg/lane) were loaded on a 10% SDS-polyacrylamide gel,
separated, and then transferred electrophoretically to a poly-
vinylidene difluoride (PVDF) membrane (Merck Millipore,
Billerica, MA, USA). The membrane was blocked with 5%
bovine serum albumin (BSA, BIOSHARP, Hefei, China) at
37°C for 1 h. Subsequently, the membrane was incubated
with primary antibodies at 4°C overnight. The primary anti-
bodies against NHE1 and CHP1 (both purchased from Santa
Cruz Biotechnology, Santa Cruz, CA, USA) were diluted
1:1000 before incubating. The primary antibody against
B-actin diluted 1:5000 served as a loading control. The mem-
brane was incubated with appropriate horseradish peroxi-
dase (HRP)-linked secondary antibody (Santa Cruz
Biotechnology) at 37°C for 1 h, and subsequently washed
with PBST (PBS + 0.1% Tween 20) three times. Finally, an
enhanced chemiluminescence kit (Thermo Fisher Scientific)
was applied to signal detection. The quantity of protein was
analyzed with the program Image J (National Institutes of
Health, Bethesda, MD, USA) and normalized to that of load-
ing controls.

Immunoprecipitation Analysis

As mentioned in a previous report*’, briefly, brain tissue
samples and cultured neurons were mechanically lysed in a
lysis buffer with PMSF (both from Beyotime). Next, specific
antibody (against CHP1) or normal rabbit IgG (both from
Santa Cruz Biotechnology) were applied and the lysate was
incubated overnight at 4°C with agitation. The protein
A + G Sepharose beads were then added respectively to
immune complex and these lysate-bead mixture were incu-
bated at 4°C for 4 h with rotary agitation. SDS-PAGE and
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immunoblotting were subsequently performed to allow pro-
tein separation and detection.

Immunofluorescence Microscopy

Immunofluorescence analysis was performed as previously
mentioned*!. Total coronal sections with temporal base
tissues (thickness 4 um) were used for immunofluorescence
analysis in this study. After antigen retrieval and non-
specific-binding blocking, brain sections were incubated
with primary antibodies against NHE1, CHP1, and the
NeuN-neuronal marker (the former two antibodies come
from Santa Cruz Biotechnology and the latter from Abcam,
Cambridge, MA, USA, 1:300 dilution) at 4°C overnight.
Next, these brain sections were washed three times with
PBST (PBS + 0.1%Tween 20) and incubated with suitable
secondary antibodies (Life Technologies, Gaithersburg,
MD, USA, 1:500 dilution) for 1 h at 37°C. Subsequently,
these sections were washed three times using PBST and
coverslipped with mounting medium containing 4,6-
diamino-2-phenylindole (DAPI, SouthernBiotech, Bir-
mingham, AL, USA). Finally, a fluorescence microscope
(Olympus BX50/BX-FLA/DP70, Olympus Co., Tokyo,
Japan) was applied to observe brain sections, and these
sections were observed by a researcher who is entirely
blind to experimental conditions. The Image J program
(National Institutes of Health, Bethesda, MD, USA) was
used to analyze relative fluorescence intensity in each
photomicrograph. At least three photomicrographs from
each brain section were obtained, and one section from
each rat was used to perform this experiment. One photo-
micrograph from each rat in each group was used in quan-
titative analysis.

TUNEL and FJB Staining

Terminal deoxynucleotidyl transferase—-mediated dUTP
nick-end labeling (TUNEL) staining was used to measure
apoptosis in brain tissues of rats in various groups based
on the manufacturer’s protocol (Roche, Basel, Switzerland).
Firstly, stained slides were incubated with the TUNEL reac-
tion mixture at 37°C for 1 h, and then with NeuN-neuronal
markers (Abcam, 1:300 dilution) at 4°C overnight. Next, a
suitable secondary antibody (Life Technologies) was incu-
bated with the brain sections. The degree of neuronal apop-
tosis was visualized by a fluorescence microscope (Olympus
BX50/BX-FLA/DP70, Olympus Co.). TUNEL-positive neu-
rons were counted by a researcher blind to the experimental
conditions. Neuronal apoptosis was defined as the average
number of TUNEL-positive neurons in each brain section
from each rat.

As mentioned in our previous research®?, neurodegenera-
tion in brain tissues of rats following SAH is detected by
Fluoro-Jade B (FJB) staining. After deparaffinization and
rehydration, brain sections are incubated successively in
80% alcohol with 1% NaOH for 5 min, 70% alcohol for 2

min, 0.06% potassium permanganate for 10 min, and
0.0004% FIB working solution for 30 min. Subsequently,
brain sections were washed and dried for 10 min in an incu-
bator (50—60°C). Finally, these brain sections are cleared in
xylene and coversliped by using a mounting medium (Dis-
tyrene Plasticiser Xylene, Sigma-Aldrich). These sections
were observed by a researcher who is entirely blind to
experimental conditions.

Nissl Staining

Nissl staining was applied to measure neuronal loss in
brain tissues as mentioned in a previous study®>. After
being deparaffinized and hydrated to distilled water, the
brain sections were incubated with 0.5% toluidine blue at
37°C for 30 min, and were then dehydrated with graded
alcohols and cleared in xylene. Finally, these sections
were coverslipped using neutral resins and observed in
a light microscope by a researcher entirely blind to
experimental conditions. We obtained at least three
photomicrographs per section in the temporal cortex near
the blood clot, and at least one brain section was sub-
jected to this staining in each rat. In quantitative analysis,
at least one photomicrograph was taken in each rat from
each group. The surviving neurons with pale nuclei and
large cellular bodies were counted and averaged; dark
stained neurons and shrunken cellular bodies were con-
sidered dead and excluded from Nissl counting. The
quantitative data are shown as numbers of surviving neu-
rons per field in each brain section.

Enzyme-Linked Immunosorbent Assay (ELISA)

The levels of TNF-o and IL-1p in cerebro-spinal fluid (CSF)
of rats in each group were measured using specific ELISA
kits (eBioscience, San Diego, CA, USA) based on the man-
ufacturer’s instructions.

ROS Assay

The levels of ROS were measured using a Reactive Oxy-
gen Species Assay Kit (KeyGEN BioTECH, Nanjing,
China) in brain tissues of rats in experiment 2, and served
as a measure of the relative levels of oxidative stress. The
collected brain tissues were mechanically lysed in a lysis
buffer, and then centrifuged at 12,000 g at 4°C for 10
min. The supernatants were obtained and applied to the
ROS assay. ROS levels were measured by using the
oxidant-sensitive probe 2,7-dichlorofluorescein diacetate
(DCF-DA) based on the manfacturer’s instructions. A
fluorometric microplate reader (FilterMax F5, Molecular
Devices, Eugene, OR, USA) was used to test the fluores-
cence intensity of each sample, and all samples were
measured in at least one dependent experiment. The con-
centrations of ROS are shown as fluorescence intensity/
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Table I. Neurobehavioral Evaluation.

Category Behavior Score

Appetite Finished meal

Left meal unfinished

Scarcely ate

Walk and reach at least three corners of the cage
Walk with some stimulations

Almost always lying down

No deficits

Unstable walk

Impossible to walk

Activity

Deficits

N—OBN—ON—O

mg total protein, and the data of all groups were normal-
ized to those of the Sham group.

Neurological Impairment

At 24 h after SAH, all rats were examined for behavioral
impairment using a published scoring system, and monitored
for appetite, activity, and neurologic defects in experiment 2
(details shown in Table 1)*’; the behavior and activity score
of each rat was evaluated by a technician who did not know
to which group each rat belonged.

Brain Edema

The wet/dry weight method was applied to detect the level of
brain edema as mentioned previously*. At 24 h after SAH,
six rats in each group in experiment 2 were anesthetized and
their brain tissues collected. After removing the brainstem
and cerebellum, the brain samples were weighed immedi-
ately (recorded as wet weight), and then dried at 100°C for
72 h. Next, they were weighed again to obtain dry weight.
The percentage of brain water content in each sample was
calculated by: [(wet weight—dry weight)/wet weight] x
100%.

BBB Injury

BBB disruption of rats induced by SAH was measured by
the level of albumin extravasation®®. Generally, due to the
existence of the BBB, the level of albumin in brain tissues
is tiny. However, the BBB is destroyed following SAH;
albumin protein levels in brain tissues would be obviously
increased. Thus, changes in albumin levels could serve as
an indicator of BBB injury. Western blot analysis was
applied to detect the levels of albumin in brain tissues of
rats in various groups. In brief, brain tissues were mechani-
cally lysed in a lysis buffer containing phenylmethylsulfo-
nyl fluoride (PMSF), and the protein concentration of each
brain tissue samples was measured by the bicinchoninic
acid (BCA) method (enhanced BCA protein assay kit, all
from Beyotime). Molecular weight markers (Thermo
Fisher Scientific) and protein samples (30 pg/lane) were
loaded onto a 10% SDS-polyacrylamide gel, separated, and

transferred electrophoretically to a PVDF membrane
(Merck Millipore, Billerica, MA, USA), which was subse-
quently blocked with 5% BSA at 37°C for 1 h. The mem-
brane was then incubated at 4°C overnight with primary
antibodies. The primary antibody against albumin (Abcam)
was diluted 1:5000; and the primary antibody against B-
actin served as a loading control. Subsequently, the mem-
brane was incubated with a suitable HRP-linked secondary
antibody (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) at 37°C for 1 h and then washed three times with
PBST (PBS + 0.1% Tween 20). Finally, an enhanced che-
miluminescence kit (Thermo Fisher Scientific) was applied
to signal detection. The quantitative analysis of protein
levels of albumin was performed with the Image J program
(National Institutes of Health) and normalized to that of
loading controls.

Annexin V and PI Staining in vitro

As our previous study described*®, neuronal apoptosis is
detected by Annexin V and PI staining in vitro. After treat-
ments, the primary cultured neurons were trypsinized using
0.25% trypsin (without EDTA, GIBCO, Grand Island, NY,
USA), and then centrifuged at 300 g for 5 min. The cell pellet
was resuspended in 500 pl binding buffer and then mixed
with 5 pl Annexin V and 5 pl PI (Beyotime, Shanghai,
China). Ultimately, after incubation at 37°C for 20 min, the
neuron samples were analyzed by flow cytometry (FACS
Calibur, BD, San Jose, CA, USA), and at least 50,000 events
in each sample were recorded.

Statistical Analysis

In this research, all data are shown as mean + SEM. SPSS
11.5 (SPSS Inc., Armonk, NY, USA) was applied for statis-
tical analyses. Before performing statistical analysis, the
data sets were tested for normality of distribution in each
group by Kolmogorov-Smirnov test. The data groups (two
groups) with normal distribution were compared with two-
sided unpaired Student’s ¢-test, and the Mann-Whitney
U-test was applied for nonparametric data. p < 0.05 was
considered statistically significant. The sample sizes are
determined by power analysis during the animal ethics dos-
sier application in this study; and the power analysis of each
two-sided unpaired Student’s #-test or Mann-Whitney U-test
was performed by SAS 9.0 (SAS Institute Inc., Cary, NC,
USA); all power analysis in this research was > 0.8.

Results
General Observation

No significant difference was observed in body temperature,
body weight, blood gas, and mean arterial blood pressure of
rats in any of the SAH experimental groups (data not shown).
No animals died (0/30 rats) in the Sham group, and the
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Fig. 2. Protein levels of NHEI and CHPI in brain tissues of rats after SAH. (A) Western blot analysis reveals the protein levels of NHEI in
brain tissues at various time points. (B) Quantification of protein levels of NHEI at various time points. (C) Protein levels of CHPI in brain
tissues of rats after SAH is detected. (D) Quantification of protein levels of CHPI at various time points. (E) The interaction of NHEI and
CHPI in brain tissues of rats at 24 h after SAH was also tested through immunoprecipitation (IP) analysis. Input, 5% of extract before IP. (F)
Quantification of protein levels of NHE!I interacted with CHPI in brain tissues at 24 h after SAH. In (B), (D) and (F), all data are shown as
mean + SEM. Mean values of Sham group were normalized to 1.0. *p < 0.05 vs. Sham group; n = 6.

mortality rate of the rats after SAH induction was 13% (28/
214 rats).

Protein Levels of NHE | are Increased in Brain Tissues
of Rats After SAH Induction

To detect the protein levels of NHE1 in rat brain tissues
at various time points following SAH induction, Western
blot analysis of temporal base brain tissues and double
immunofluorescence of brain sections were performed.
The results of Western blot analysis suggest that SAH
caused significantly increasing in levels of NHE1 com-
pared with that in the Sham group. After SAH induction,
protein levels of NHE1 increased gradually, peaked at 24
h, and then subsequently decreased sharply (p < 0.05, Fig.
2A, B). We also detected protein levels of CHP1 in brain
tissues after SAH; the results of Western blot analysis
show that the levels of CHP1 are upregulated and peaked
at 24 h after SAH (p < 0.05, Fig. 2C, D). To further
evaluate the interaction of NHE1 and CHP1, immunopre-
cipitation (IP) was applied in this study. The results of IP
suggest that the interaction of NHE1 and CHP1 is signif-
icantly increased in the brain tissues of rats after SAH
(p < 0.05, Fig. 2E, F). Double immunofluorescence assay
was also used to confirm the increasing of levels of
NHE!1 and CHPI protein in brain tissues after SAH. The
results of immunofluorescence staining show a similar
trend as the Western blots in the levels of NHE1 and
CHP1 in brain tissues after SAH (Fig. 3A-C).

Inhibiting NHE| by Chemical Inhibitor and Genetic-
Knockdown Alleviates Brain Injury in Rats After SAH

To determine whether NHE1 is involved in EBI after SAH, a
specific chemical inhibitor of NHE1, HOE642, was applied
in this research. Moreover, treatment with genetic-
knockdown by SiRNA interference (SiRNA-NHE1), and
overexpression of NHEI from a recombinant plasmid
(Over-NHE1) were also used in SAH rats. The results of
Western blot analysis and double-immunofluorescence
staining suggest that the treatments with HOE642 and
SiRNA-NHE! transfection could significantly reduce NHE1
protein levels, but recombinant plasmid transfection can
obviously increase the protein levels of NHEI in brain tis-
sues of rats after SAH (all p < 0.05, Fig 4A, B and Fig 5A,
B). The results of IP show that the interaction of NHEI and
CHP1 is significantly inhibited by treatments with HOE642
and SiRNA-NHE]1 transfection, while it is increased mark-
edly using recombinant plasmid transfection in brain tissues
after SAH (all p < 0.05, Fig 4C, D).

The levels of IL-1B and TNF-« in the CSF of rats in
various groups were measured by ELISA. The results indi-
cate that the levels of IL-1p and TNF-a were significantly
decreased by HOE642 and SiRNA-NHEI treatment com-
pared with those in SAH + Vehicle group and SAH + Si-
NC group, respectively; but they are obviously increased in
the SAH 4 Over-NHE1 group compared with those in the
SAH + Vector group. These results suggest that inhibiting
NHEI improves symptoms of inflammation in brain tissues
of SAH rats (all p <0.05, Fig 6A). In addition, the levels of
ROS, an indicator of oxidative stress, and lactate
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Fig. 3. (A) Double immunofluorescence is performed in brain sections using antibodies for NHEI (green) and CHPI (red). Nuclei are
fluorescently labeled by DAPI (blue). Arrows indicate NHEI- and CHPI - positive cells. Scale bar = 20 pm. Relative fluorescence intensities
of NHEI (B) and CHPI (C) in brain sections are also shown. In (B) and (C), all data are shown as mean + SEM. Mean values of Sham group

are normalized to 1.0. *p < 0.05 vs. Sham group; n = 6.

dehydrogenase (LDH), an index of necrosis, were also tested
in this study. The results show that the levels of ROS and
LDH are both clearly reduced in the SAH + HOE642 and
SAH + Si-NHE1 groups compared with those in the SAH +
Vehicle and SAH + Si-NC groups, respectively; while they
are increased markedly following Over-NHE!1 treatment
compared with those in the SAH + Vector group. These
results indicate that inhibiting NHE1 alleviates oxidative
stress and necrosis in brain tissues of rats induced by SAH
(all p < 0.05, Fig 6B and E). The results of Nissl staining
show that there are more surviving neurons in the temporal

cortex of SAH rats after HOE642 and Si-NHEI treatments
than those in the SAH + Vehicle and SAH + Si-NC groups,
respectively; however, surviving neurons are significantly
reduced in the SAH + Over-NHEI group compared with
those in the SAH + Vector group. These results demon-
strate that inhibiting NHE1 can reduce neuronal loss in
brain tissues of rats following SAH induction (all p <
0.05, Fig 6C, D).

In this research, BBB permeability was detected by albu-
min extravasation, and Western blot analysis was applied to
test albumin protein levels in brain tissues of rats in each
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at 24 h after SAH. (A) Western blot analysis show that the protein levels of NHE| were significantly decreased in HOE642 and Si-NHEI
treatment groups, whereas levels increased in the SAH + Over-NHEI group. (B) Quantification of relative protein levels of NHEI in various
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group; the results suggest that treatment with HOE642 and
Si-NHE1 significantly inhibit albumin extravasation and
BBB injury in rats induced by SAH, while protein levels
of albumin increased markedly after Over-NHE1 treatment
compared with those in the SAH + Vector group (all p <
0.05, Fig 7A, B). Brain water content was evaluated by the
wet and dry weight method. The results show that brain
water content was obviously inhibited in the SAH +
HOE642 and SAH + Si-NHE1 groups compared with
those in SAH + Vehicle and SAH + Si-NC groups,
respectively, while brain water content increased mark-
edly following Over-NHEI1 treatment compared with
brain water content in the SAH + Vector group (all p <
0.05, Fig 7C). The neurological scores of rats in SAH +
HOEG642 and SAH + Si-NHE1 groups were obviously
lower than those in the SAH + Vehicle and SAH + Si-
NC groups, respectively; however, the neurological score
of rats were significantly higher in the SAH + Over-
NHEI1 group than those in the SAH + Vector group (all
p < 0.05, Fig 7D). These results suggest that NHE1 par-
ticipates in EBI after SAH, including inflammation, oxi-
dative stress, neuronal loss, BBB injury, brain edema, and
neuronal dysfunction.

Increased NHE | Promotes Neuronal Apoptosis and
Degeneration in Brain Tissues of Rats Following SAH

We performed FJB and TUNEL staining to evaluate the
roles of NHEI in neuronal degeneration and apoptosis,
respectively, in brain tissues of rats in various groups. There
were significant increases in the ratios of cell apoptosis and
neuronal degeneration in brain tissues of rats in the SAH
group compared with those in the Sham group. Meanwhile,
inhibition of NHE1 by HOE642 treatment, and downregula-
tion of NHE1 by Si-NHE]1 treatment, can both decrease the
cell apoptosis ratio, while more TUNEL-positive neurons
were observed in brain tissues following overexpression of
NHE1 (all p < 0.05, Fig. 8A, C). Results of FIB staining
suggest that more neurodegenerative neurons exist in the
cortex of rats in the SAH group compared with the Sham
group. Inhibition of NHE1 by HOE642 and Si-NHE1 treat-
ments can both reduce neuronal degeneration in the cortex of
rats compared with the SAH + Vehicle group and SAH +
Si-NC group, respectively. Upregulation of NHE1 markedly
increased the numbers of neurodegenerative neurons in the
cortex of rats, while there was no obvious effect in the
SAH + Vector treatment group (all p < 0.05, Fig. 8B, D).
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Fig. 5. (A) Double-immunofluorescence analysis was performed with antibodies against NHEI (green) and NeuN (neuronal marker, red),
and nuclei are fluorescently labeled by DAPI (blue). Arrows point to NHEI-positive neurons. Scale bar = 20 um. (B) Quantification of the
relative fluorescence intensity of NHEI in brain tissues is shown. The mean fluorescence intensity of Sham group is normalized to 1.0. All
data are shown as mean + SEM; *p < 0.05 compared with Sham group; ns, no significant difference vs. SAH group; #p < 0.05 vs. SAH +
Vehicle group; b < 0.05 vs. SAH + Si-NC group; @p < 0.05 vs. SAH + Vector group; n = 6.

Inhibition of NHE | Exerts Protective Effects on
Apoptosis in Cultured Neurons Subjected to
OxyHb Treatment

In vitro experiments confirmed that expression of NHE1
increased in cultured neurons subjected to OxyHb treatment
compared with the Control group. Furthermore, OxyHb
treatment increased the interaction of NHE1 and CHPI in
neurons, which could be attenuated when the neurons were
treated with HOE642 (all p < 0.05, Fig. 9A, B). To identify
the effects of NHE1 on neuronal apoptosis in vitro, Annexin
V and PI staining was utilized in this experiment. The results
of Annexin V and PI staining suggest that, compared with
the Control group, more apoptotic cells were detected in the

OxyHb group, while the ratio of apoptotic cells was mark-
edly reduced by HOE642 treatment compared with the
OxyHb + Vehicle group (all p < 0.05, Fig. 9C-J). These
results indicate that inhibiting NHE1 by HOE642 treatment
can significantly reduce OxyHb-induced apoptosis in neu-
rons in vitro.

Discussion

Cell death plays an important role in EBI following SAH''¢,
Previous research has reported that both apoptotic and necro-
tic cells exist in the brain tissues of patients with SAH and in
experimental SAH animal models**. However, only a few
reports note that necrosis contributes to EBI after SAH*’;
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almost all previous studies think that apoptosis is the major
form of cell death in brain tissues after SAH, although the
mechanisms have not been fully elucidated. Recently,
NHE1—a membrane protein that plays an important role
in maintaining intracellular pH (pHi) homeostasis in cells
through the electro-neutral translocation of extracellular
Na™ for intracellular H™—has attracted much attention®*?>.

It is reported that NHE1 participates in neuronal death in
brain tissues induced by transient forebrain ischemia in a
Mongolian gerbil model*®. A previous study also showed
that NHE1 contributes to neuronal death induced by OGD
in primary cultured mouse neurons®?. It has been proved that
the intracellular acidosis induced by ischemia could trigger
the excessive activation of NHE1, and result in intracellular
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group; n = 6.

Na® overload, which subsequently causes Ca’" entry
through the reversal of Na*/Ca®" exchanger (NCX)***’; and
excessive cytosolic Ca** eventually leads to the occurrence
of cell death®®. Others studies have also confirmed that inhi-
biting NHE1 with chemical inhibitors can reduce glutamate-
induced LDH release, the activity of caspase3, cellular
apoptosis, and cell swelling in vitro®>. However, the roles
and the underlying mechanisms of NHE!1 in EBI induced by
SAH have not been explored.

In the present study, we confirmed that NHE1 plays an
important role in EBI induced by SAH. The results of West-
ern blot and immunofluorescence analysis suggest that
NHE]1 protein levels increase gradually in brain tissues after
SAH, peaking at 24 h, suggesting that NHE1 may be
involved in EBI induced by SAH. According to these results,
we further investigated the effects of these changes in NHE1
protein levels in brain tissues on EBI. A specific chemical
inhibitor of NHE1 (HOE642), genetic-knockdown and -
overexpression were all applied in this research, and the

results show that reduced NHE1 levels could alleviate the
degree of EBI induced by SAH through decreasing the num-
bers of apoptotic and degenerative neurons, improving brain
edema, BBB injury and neurological dysfunction, and inhi-
biting inflammation and oxidative stress. However, upregu-
lation of NHE1 by genetic overexpression produces the
opposite effects. Collectively, these results indicate that
increased NHE1 could aggravate EBI and maybe play a
negative role in the pathophysiological progression of SAH.
Therefore, we further explored the underlying mechanisms
of this effect. Because the activity of NHE1 can be regulated
by combining with CHP1, the degree of interaction between
NHE1 and CHP1 could show the activity of NHE1 in brain
tissues indirectly under various treatments®’">*, Thus, we use
immunoprecipitation analysis to detect changes in the con-
nection between NHE1 and CHP1 in brain tissues after SAH.
The results show that the interaction of NHE1 and CHP1 is
increased significantly in brain tissues after SAH, while it
can be obviously attenuated after HOE642 and Si-NHE1
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treatments. Taking these findings together, we can infer that
combination with CHP1 is the essential molecular mechan-
ism of NHE1 involved in EBI following SAH. Additionally,
primary cultured neurons treated with OxyHb were used to
mimic SAH in vitro, and HOE642 was applied to confirm the
effect of NHEI in neuronal apoptosis induced by OxyHb
treatment in vitro. The results suggest that the interaction
of NHE1 and CHPI is significantly inhibited by HOE642
treatment, and the increasing ratio of neuronal apoptosis
induced by OxyHb treatment is also markedly reduced under
HOE642 treatment. Taken together, these results suggest
that NHE1 plays an important role in neuronal apoptosis
involved in EBI after SAH, and that its role may be depen-
dent on the interaction with CHP1.

As mentioned above, NCX plays an important role in
NHEI-mediated neuronal death induced by cerebral
ischemia both in vivo and in vitro; whether NHE1-
mediated neuronal apoptosis in brain tissues after SAH
is also dependent on the activity of NCX is not clear.
Additionally, the role of NHEs in BBB disruption and
brain edema formation are explored in an in vivo study
where treatment with SM-20220—a chemical NHE inhi-
bitor—can markedly decrease brain edema and BBB
damage induced by middle cerebral artery occlusion
(MCAO) in a rat model*’. Another exploration suggests
that HOE642 can also reduce brain edema in a rat model
of permanent MCAO®’. Our study also shows that inhi-
biting NHE1 by treatment with HOE642 and application
of Si-NHE1 can significantly reduce brain edema induced
by SAH. Collectively, NHE1 may play an essential role
in maintaining BBB functions, and its mechanisms
remain in need of further investigations.

There were some limitations to this research. Firstly,
only adult male rats were used to induce a SAH model in
vivo. However, in clinical practice, we frequently find
older female patients suffering from SAH. Secondly, we
used primary cultured neurons merely treated with
OxyHb to mimic SAH in vitro, but whole blood contains
other relevant components, for instance heme, iron ions,
plasmin, and inflammatory factors; whether these compo-
nents can also induce neuronal apoptosis is not clear.
Lastly, this research investigates only protein level
changes and the roles of NHE1 in the EBI induced by
SAH; however, the upstream signal pathways that mod-
ulate these changes and mediate these roles still remain
unknown.

In conclusion, our present exploration identifies the roles
of NHE1 in EBI induced by SAH. It was demonstrated that
SAH induced upregulation of NHE1 protein levels in brain
tissues of rats. Increased NHE1 is involved in EBI, possibly
through upregulated interaction with CHP1, and led to beha-
vioral and cognitive dysfunction, brain edema, BBB injury,
inflammatory responses, oxidative stress, neuronal death,
and degeneration. Meanwhile, it was confirmed that OxyHb
treatment could induce an increase of combination between
NHE1 and CHP1 in neurons in vitro, and result in neuronal

death. Additionally, pharmacological inhibition and genetic
knockdown of NHEI can alleviate EBI induced by SAH
through modulating the degree of combination between
NHE!1 and CHP1, while overexpression of NHE1 produces
opposite effects. Taken these results together, we propose
that NHE1 is an important regulator of neuronal death, and
that it may serve as an innovative therapeutic target for SAH
treatment.
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