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Abstract

In this study, we investigated whether nuclear factor erythroid 2-related factor 2 (Nrf2) activation in astrocytes contributes

to the neuroprotection induced by a single hyperbaric oxygen preconditioning (HBO-PC) against spinal cord ischemia/

reperfusion (SCIR) injury. In vivo: At 24 h after a single HBO-PC at 2.5 atmospheres absolute for 90 min, the male ICR

mice underwent SCIR injury by aortic cross-clamping surgery and observed for 48 h. HBO-PC significantly improved

hindlimb motor function, reduced secondary spinal cord edema, ameliorated the reactivity of spinal motor-evoked po-

tentials, and slowed down the process of apoptosis to exert neuroprotective effects against SCIR injury. At 12 h or 24 h

after HBO-PC without aortic cross-clamping surgery, Western blot, enzyme-linked immunosorbent assay, realtime-

polymerase chain reaction and double-immunofluorescence staining were used to detect the Nrf2 activity of spinal cord

tissue, such as mRNA level, protein content, DNA binding activity, and the expression of downstream gene, such as

glutamate-cysteine ligase, c-glutamyltransferase, multidrug resistance protein 1, which are key proteins for intracellular

glutathione synthesis and transit. The Nrf2 activity and downstream genes expression were all enhanced in normal spinal

cord with HBO-PC. Glutathione content of spinal cord tissue with HBO-PC significantly increased at all time points after

SCIR injury. Moreover, Nrf2 overexpression mainly occurs in astrocytes. In vitro: At 24 h after HBO-PC, the primary

spinal astrocyte-neuron co-cultures from ICR mouse pups were subjected to oxygen-glucose deprivation (OGD) for

90 min to simulate the ischemia-reperfusion injury. HBO-PC significantly increased the survival rate of neurons and the

glutathione content in culture medium, which was mainly released from asctrocytes. Moreover, the Nrf2 activity and

downstream genes expression induced by HBO-PC were mainly enhanced in astrocytes, but not in neurons. In conclusion,

our findings demonstrated that spinal cord ischemic tolerance induced by HBO-PC may be mainly related to Nrf2

activation in astrocytes.
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Introduction

Spinal cord ischemia-reperfusion (SCIR) injury remains a

devastating complication of thoracic aortic intervention, both

open and endovascular.1,2 Although advancements in surgical ad-

juncts, such as distal aortic perfusion, cerebrospinal fluid drainage,

lesser ischemic duration, localized hypothermia, and evoked po-

tential monitoring appear to modestly reduce risk of spinal cord

injury,3–5 these advancements in surgical adjuncts are controversial

and limited. Unfortunately, once the injury has clinically manifested,

no pharmacological adjuncts have proven clinically efficacious in

attenuating this injury.6 Pharmacological adjuncts to reduce this

complication have been long sought after, with few proven strategies

filtering up to clinical use.

Hyperbaric oxygen preconditioning (HBO-PC) has been found

to protect the central nervous system (CNS) from ischemic/re-

perfusion insult, which suggests that HBO-PC is a safe and feasible

method and might be potentially promising to provide neuropro-

tective benefits for ischemic stroke in clinic.7–9 There are evidences

that the production of reactive oxygen species (ROS) at a non-lethal

level or up-regulated activity of antioxidant enzymes plays an

important role in HBO-PC-induced ischemic tolerance.10,11 The
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precise mechanism underlying HBO-PC, however, has not been

fully elucidated, and more evidence is needed for HBO-PC to be

used clinically.

Over the course of evolution, cells have developed complex

cellular defense mechanisms and strategies to cope with and defend

against oxidative stress. Nuclear factor erythroid 2-related factor 2

(Nrf2) is a key transcriptional factor for antioxidant response ele-

ment-regulated genes.12 The expression of phase-II detoxification

and antioxidant enzymes is governed by a cis-acting regulatory

element named the antioxidant response element (ARE). ARE-

containing genes are regulated by Nrf2, a member of the Cap ‘n’

Collar basic-leucine-zipper family of transcription factors. ARE-

regulated genes are preferentially activated in astrocytes, which

consequently have more efficient detoxification and antioxidant

defenses than neurons.13,14 Astrocytes closely interact with neurons

to provide structural, metabolic, and trophic support, as well as

actively participating in the modulation of neuronal excitability and

neurotransmission. Therefore, functional alterations in astrocytes

can shape the interaction with surrounding cells, such as neurons

and microglia. Activation of Nrf2 in astrocytes protects neurons

from a wide array of insults in different in vitro and in vivo para-

digms, confirming the role of astrocytes in determining the vul-

nerability of neurons to noxious stimuli.15

In this study, we used an established SCIR injury mouse model

by aortic cross-clamping surgery to examine the hypothesis that

spinal ischemic tolerance induced by HBO-PC is associated with an

increase of Nrf2 transcriptional activity. Moreover, we used the

spinal astrocyte-neuron co-culture to investigate whether Nrf2

activation in astrocytes plays an important role in an HBO-PC-

induced neuroprotective effect against SCIR injury.

Methods

Animals and groups

The Animal Care and Use Committee of the Second Military
Medicine University approved all experiments, and this investi-
gation conformed to the Guide for the Care and Use of Laboratory
Animals published by the National Institutes of Health. Adult male
ICR mice (12*16 weeks; 25*30 g) were used for all experiments
and were housed at a temperature of 22*24�C and 12:12 h light/
dark cycle controlled environment with free access to food and
water. In the experiment with surgery treatment, mice were ran-
domly assigned to the following groups: sham group (n = 21);
HBO-PC plus SCIR group (n = 36); SCIR group (n = 36). In the
experiment only with HBO-PC, mice were randomly assigned to
the following groups: CON group (n = 24); post-HBO 12 h group
(n = 36); post-HBO 24 h group (n = 39).

HBO-PC in vivo

Mice were exposed to 100% oxygen at 2.5 atmosphere absolute
(ATA) for 90 min in a transparent hyperbaric rodent chamber (Type
RDC 150-300-6, Second Military Medical University, Shanghai,
China). Compression and decompression of HBO were performed
at the rate of 0.2 ATA/min. The gas in the chamber was continu-
ously ventilated to prevent the retention of CO2, and the tempera-
ture was maintained within the range of 22*25�C. After the
exposure to HBO, the mice were maintained in a normoxic envi-
ronment for 24 h until aortic cross-clamping surgery.

Surgical procedures

For all surgical procedures, mice were maintained at pre-defined
core temperatures (35*36�C) using a temperature controlled
surgical platform. Mice were anesthetized by inhalation of 3%

isofluorane for induction, then maintained at 2% isofluorane
through a face mask driven by 100% O2 flow. Heparin (400 IU/kg)
was administered subcutaneously to all animals before the proce-
dure. A cervicothoracic approach with aseptic technique was used
to expose the aortic arch, as previously described.16 Under direct
visualization, the aortic arch was cross-clamped between the left
common carotid artery and the left subclavian artery, then an ad-
ditional aneurysm clip was placed on the subclavian artery to
minimize collateral flow. The vascular occlusion was confirmed
with a laser Doppler blood flow monitor (Moor Instruments, UK) to
achieve a greater than 90% decrease in distal aortic flow measured
at the femoral artery, and maintained for 4 min. Then the clips were
removed, and the chest was closed in layers.

Sham mice had the aortic arch exposed through the same pro-
cedure but no aortic cross-clamping. With maintaining their core
temperature, mice spontaneously recovered from anesthesia on the
surgical platform. Bladders were manually expressed twice per day
for the whole duration of the experiment. Mice also were admin-
istered 1 mL lactated Ringer subcutaneously twice per day and
prophylactic antibiotics once per day for 7 days after surgery.

Functional locomotor scores

After reperfusion, hindlimb function was quantified at 0, 12, 24,
36, and 48 h using the Basso Mouse Scale for Locomotion.17 The
Basso Mouse Scale is a 10-point scale (0*9) that uses operational
definitions to quantify the magnitude and rate recovery of hindlimb
movements, forelimb-hindlimb coordination, and trunk stability in
spinal cord injured mice.

Spinal cord water content

At 48 h after SCIR, the T-10 through L-3 spinal cord sections
were harvested, weighed, and heated at 98�C for 48 h and re-
weighed. Percent water content was calculated as ([wet weight
– dry weight]/wet weight · 100).18

Electrophysiology

At 1 week after sham or SCIR, spinal cord function was evaluated
by motor-evoked potentials (MEPs) as described previously.19,20

Briefly, mice were anesthetized using tribromoethanol, and rectal
temperature was maintained at 37�C. For this purpose, three gold
electrodes were inserted into the scalp and one into the soft palate to
apply electric impulses (MultiPulse Stimulator D185–Mark, Digi-
timer LTD) to the motor cortex to quantify MEPs. Electrodes were
placed in the muscles of the extremities to measure muscular
movements caused by the electric impulses. After electric stimu-
lation of the cerebral motor cortex, the muscular answers of the
upper and the lower extremities were recorded. Stimulus intensity
was 1*3 mA, and each recorded response was an average of 5 to 10
sweeps. Amplitude was measured as the distance from baseline to
the peak of the response. Each data point is the average of two
recordings from one side of each mouse. The electrophysiology was
performed blinded. We analyzed the amplitude and latency of MEPs
to find the difference after SCRI.

Terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) assay

The vertebral column was removed en bloc from T-10 through
L-3, and the spinal cord was harvested by forcefully injecting
phosphate-buffered saline (PBS, pH 7.4) into the spinal column.
Spinal cords were preserved in 10% formalin for at least 24 h before
paraffin embedding and sectioning. TUNEL assay was performed
on paraffin-embedded sections using the in-situ cell death detection
kit (Roche Diagnostics Corp., Indianapolis, IN). According to
standard protocols, the slides were incubated with 3% H2O2 for
5 min, rinsed, and then incubated in terminal transferase (TdT)
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buffer for 15 min at 22�C. The TdT reaction mixture was added and
incubated for 30 min at 37�C. After blocking with bovine serum
albumin and incubation with avidin-biotin complex, the TUNEL
reaction was visualized by chromogenic staining with 3,3¢ diami-
nobenzidine. The numbers of TUNEL-positive cells were counted
by a pathologist at 200 · magnification, 30 fields per section
blinded to the study group.

Immunohistochemistry

Spinal cord sections were blocked by 10% normal goat serum
with 0.1% Triton · 100 for 1 h at room temperature. After rinsing
with PBS, the sections were incubated with anti-Nrf2 (Sigma-
Aldrich) overnight at 4�C, double stained with anti-glial fibrillary
acidic protein (GFAP) or anti-neuronal nuclei (NeuN) (Millipore)
to label astrocytes or neurons. Sections were subsequently rinsed
and incubated with alexa fluor (Alexa) or fluorescein iso-
thiocyanate (FITC) conjugated secondary antibodies (Invitrogen)
for 1 h at room temperature. All sections were mounted with
Vectashield media (Vector Laboratories) with 4¢,6-diamidino-2-
phenylindole (DAPI) and a cover slip applied. Tissue sections were
viewed with a microscope, and images were captured using a
camera.

Caspase activity assay

The activities of caspase-3 and caspase-9 were measured with a
caspase-3/CPP32 Fluorometric Assay Kit, and a caspase-9/CPP32
Fluorometric Assay Kit (Biovision Research Products, Mountain
View, CA). Briefly, animals were euthanized at 1 week after SCIR,
and their spinal cords were harvested for analysis. Spinal cord
samples were homogenized in ice-cold cell lysis buffer and kept at
4�C for 1 h, and the homogenate was centrifuged at 12,000 g for
15 min at 4�C. Protein content was measured by an enhanced BCA
protein assay kit. Equal amounts of the protein samples were in-
cubated in a 96-well plate with 50 mL of 2 · reaction buffer. Re-
actions were initiated by adding 5 mL of 1 mM DEVD-AFC
substrate. After incubation in the dark at 37�C, the plate was read in
a fluorometer equipped with a 400 nm excitation filter and a 505 nm
emission filter.

Quantitative real-time polymerase chain
reaction (RT-PCR)

For evaluation of Nrf2, glutamate-cysteine ligase (GCL), c-
glutamyltransferase (cGT), multidrug resistance protein 1 (MRP1),
and b-actin gene expression, real-time TaqMan RT-PCR was per-
formed. RNA was isolated at 12 h and 24 h after HBO-PC using
Trizol (Invitrogen, Carlsbad, CA) according to the manufacturer’s
instruction. First-strand cDNA was synthesized using Superscript
II. cDNA was quantified in duplicate on a Rotor-Gene RG3000
(Corbett Research, Sydney, Australia) using a SYBRgreen core
reagent kit (Molecular Probes) according to the manufacturer’s
instructions. Expression of each sample was normalized on the
basis of its b-actin mRNA content.

PCR reactions were performed in 25 lL volumes with 2.5 lL of
the appropriate RT reaction mixture. The following sequence-
specific primers were used in RT-PCR. For Nrf2, forward, 5-TCA
GCGACGGAAAGAGTA-3; reverse, 5-TGGGCAACCTGGGAG
TAG-3. For GCL, forward, 5-CGTGGTGGATGGGTGTAGC-3;
reverse, 5-TAAAGCCTGATCCAAGTAACTCTG-3. For cGT,
forward, 5-AAAGTGGCACAGGAGCGAGAT-3; reverse, 5-GGG
ATGAGTCCAGGAAACACG-3. For MRP1, forward, 5-CAAT
GCTGTCATGGCGATG-3; reverse, 5-GATCCGATTGTCTTTG
CTCTTCA-3. For b-actin, forward, 5-CCAGCCGAGCCACATC
GCTC-3; reverse, 5-ATGAGCCCCAGCCTTCTCCAT-3. Reac-
tions were run in duplicate, and real-time data were analyzed with
Rotor-Gene Real-Time Analysis Software 6.0.

Western blot analysis

Isolated spinal cord tissues or primary cell cultures were placed into
lysis buffer containing 10 mmol/L Tris-HCl (pH 7.6), 100 mmol/L
NaCl, 1 mmol/L ethylenediaminetetraacetic acid, 1% (w/vol), Triton
X-100, and protease inhibitor cocktail. Lysates were then sonicated
and centrifuged for 15 min at 10,000 g at 4�C. Supernatants were
collected and protein concentrations determined using the Bradford
method. Each sample was separated by SDS-PAGE and electroblotted
onto a polyvinylidene fluoride membrane. After blocking, membranes
were blotted overnight at 4�C with anti-Nrf2 (1:2500), anti-GCL
(1:2500), anti-cGT (1:2500), anti-MRP1 (1:2500), and anti-b-actin
(1:2500) antibodies (Sigma-Aldrich). After washing, blots were in-
cubated for 1 h at room temperature with horseradish peroxidase
(HRP) conjugated secondary antibody (1:2000) (Santa Cruz Bio-
technology). Membranes were re-probed with b-actin to confirm equal
loading. Primary antibodies were visualized by enhanced chemilu-
minescence. Bands were semi-quantified using densitometry.

Nrf2 DNA-binding assay

To measure Nrf2 DNA-binding activity, nuclear extracts were
obtained 12 h and 24 h after HBO-PC using a nuclear extraction kit
(Active Motif). Nrf2 DNA-binding activity of the nuclear fraction
was determined by using an enzyme-linked immunosorbent assay-
based kit (Active Motif). The assay uses a 96-well plate to which
oligonucleotide containing an antioxidant response element has
been immobilized. Nrf2 contained in nuclear extracts then bind
specifically to this oligonucleotide and is detected through the use
of an antibody directed against Nrf2. Addition of a secondary an-
tibody conjugated to HRP provides a sensitive colorimetric readout
that is easily quantified by spectrophotometry. The specificity of
the assay was confirmed by adding wild-type competitor oligonu-
cleotide (20 pmol) to positive-control nuclear extracts. The preci-
sion of the assay was determined by statistical analysis of the
quantification results for wild-type competitor oligonucleotide that
was measured three times in threefold, respectively.

Cell culture

Primary astrocyte cultures and neuronal cultures were prepared
from spinal cords of ICR mouse pups.21 Astrocyte cultures were
then seeded at a low density (15,000/mL) on Primaria plates (BD
Falcon) and grew for 2 weeks to confluency in MEM (Invitrogen)
supplemented with 10% horse serum and 25 U/mL penicillin plus
25 g/mL streptomycin. On reaching confluency, the astrocytes were
treated with 8 lM cytosine-D-arabinofuranoside, a mitotic inhibitor
for 3 days to kill off contaminating cells. The astrocytes were used for
experiments at 2 to 3 weeks in culture. GFAP staining confirmed
greater than 95% purity of the astrocyte cultures. Neurons were pu-
rified by centrifugation on an Optiprep cushion, followed by isolation
of p75NTR expressing motor neurons by immunoaffinity selection
with the IgG monoclonal antibody, then plated in MEM supple-
mented with 10% horse serum, 2.5% fetal bovine serum, and 25 U/mL
penicillin plus 25 g/mL streptomycin. For co-culture experiments, we
developed a ‘‘sandwich’’ culture system where spinal neurons are
grown suspended above a feeder layer of mouse spinal astrocytes, as
previously described by Banker and Goslin.22 Astrocyte monolayers
were washed twice with PBS, and neurons were plated on top at a
density of 350 cells/cm2. Co-cultures were maintained for 48 h in L15
medium supplemented with 0.63 mg/mL sodium bicarbonate, 5lg/
mL insulin, 0.1 mg/mL conalbumin, 0.1 mM putrescine, 30 nM so-
dium selenite, 20 nM progesterone, 20 mM glucose, 100 IU/mL
penicillin, 100lg/mL streptomycin, and 2% horse serum.

HBO-PC in vitro

The plated primary cultured cells were cultured in OxyCure
3000 hyperbaric incubator (OxyHeal Health Group) at 100% O2 at
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2.4 ATA, at 37�C for 90 min. To maintain a physiological pH,
culture media was replaced with CO2-independent media (Gibco).
Immediately after treatment, cells were either returned to normal
complete media and culture conditions for recovery or harvested at
12 and 24 h for further analysis.

Oxygen and glucose deprivation (OGD) treatment

OGD was performed as described previously.23,24 Briefly, is-
chemia was introduced by a buffer exchange to Hanks solution,
which is an ischemia-mimetic solution (in mmol/L: 140 NaCl, 3.5
KCl, 0.43 KH2PO4, 1.25 MgSO4, 1.7 CaCl2, 5 NaHCO3, 20
HEPES, pH 7.3). The buffered Hanks solution was previously
gassed with 95% N2/5% CO2 for 30 min. Subsequently, the culture
dishes were placed in a hypoxic incubator chamber (Billups-Ro-
thenberg) equilibrated with 95% N2/5% CO2 at 37�C for 1 h. Then
the cell culture medium was replaced by MEM media with glucose
and serum, in which the cells were incubated for 24 h.

Cell viability assay

Briefly, the culture medium was changed to a medium con-
taining 0.5 g/L MTT and incubated for 4 h at 37�C. Then the su-
pernatant was discarded, and the cells were mixed thoroughly with
dimethylsulfoxide (100 lL/well). When the crystals were dis-
solved, the optical density absorbance values of 10 wells in each
group were measured with an Elx800 plate reader at 570 nm. Cell
viability is directly proportional to the absorbance value.

Measurement of glutathione (GSH)

GSH of spinal cord tissues and cell culture medium was mea-
sured by spectrophotometry. GSH was measured by adding the
standard or sample to 100 lL of a 1:1 mixture of three units/mL
GSH reductase with 0.67 mg/mL 5,5¢-dithiobis (2-nitrobenzoic
acid). The reaction was initiated by the addition of 20 lL of
0.67 mg/mL nicotinamide adenine dinucleotide phosphate (NADP)
reduced and the increase in absorbance at 450 nm was monitored.
GSH values in tissues are normalized to protein content. All
measurements were performed in triplicate.

Statistical analysis

For all analyses, the individual performing the analysis was
blinded to the study group. All quantitative data are expressed as
mean – standard deviation. Statistical analysis was performed by
using the SPSS Statistics 17.0 (SPSS, Chicago, IL). The signifi-
cance of differences between means was verified by analysis of
variance (ANOVA) followed by Tukey test. For the analysis of cell
count results, a nonparametric Kruskal-Wallis ANOVA was used,
followed by the Dunn test. Statistical significance was placed at
p < 0.05.

Results

HBO-PC improves neurological outcome and spinal
cord edema in mouse SCIR model

All mice with 4 min of SCIR injury exhibited a functional neu-

rologic deficit after recovery from anesthesia. Over the following

48-h observation period, once function was lost in this progressive

manner, no animals were observed to regain function after 24 h of

reperfusion. At 24 h, 36 h, 48 h after SCIR injury, mice treated with

HBO-PC had significantly preserved neurological function com-

pared with the SCIR group (Fig. 1A). Moreover, water content of

the spinal cord significantly increased at 48 h after SCIR injury, but

HBO-PC before aortic occlusion palliated the spinal cord edema

caused by SCIR injury (Fig. 1B).

HBO-PC improves electrophysiologic abnormalities
in mouse SCIR model

As shown in Figure 2, there are representative tracings of re-

corded MEPs at 1 week after sham or SCIR treatment. The latency

of MEPs was significantly prolonged, and the amplitude of MEPs

was significantly reduced in all mice with SCIR injury. HBO-PC,

however, can induce a significant improvement in electrophysio-

logical abnormalities.

HBO-PC slowed down the apoptotic process in mouse
spinal cord with SCIR injury

TUNEL staining revealed that the apoptosis process in the spinal

cord (as evidenced by an increase in TUNEL-positive cells) was

significantly reduced by HBO-PC at 24 h before aortic occlusion

(Fig. 3A). In addition, the levels of caspase-9 and caspase-3 activity

in the spinal cord were all increased at 1 week after SCIR injury.

After normalization with the activities in sham-operated mice, the

caspase-9 activity of the HBO-PC + SCIR group was lower than

that of the SCIR group (Fig. 3B). Similarly, the caspase-3 activity

of the HBO-PC + SCIR group was lower than that of the SCIR

group (Fig. 3C).

HBO-PC induces Nrf2 activation and the up-regulation
of Nrf2 downstream gene expression in mouse
spinal cord

To determine whether HBO-PC induced Nrf2 activation before

the experimental modeling of SCIR injury, we analyzed the mRNA

(Fig. 4A) and protein (Fig. 4B) levels of Nrf2 in the spinal cord. At

FIG. 1. Beneficial effect of hyperbaric oxygen preconditioning
(HBO-PC) on hindlimb function and spinal cord water content
after spinal cord ischemia/reperfusion (SCIR) injury. (A) There is
no neurologic deficit in the Sham group. Basso scores were sig-
nificantly higher in the HBO-PC + SCIR group compared with the
SCIR group without HBO-PC at 24 h, 36 h, and 48 h after aortic
cross-clamping (mean – standard deviation [SD], n = 6, *p < 0.05
vs. SCIR group). (B) The water content of the spinal cord was
significantly higher in the HBO + SCIR group and SCIR group at
48 h after SCIR injury, but that was much lower in the HBO +
SCIR group compared with the SCIR group (mean – SD, n = 6,
##p < 0.01 vs. the Sham group, **p < 0.01 vs. the SCIR group).
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12 h and 24 h after HBO-PC, the Nrf2 mRNA and protein levels of

the spinal cord without SCIR injury were significantly increased

compared with the CON group. Moreover, the DNA-binding ac-

tivity of nuclear Nrf2 significantly increased at 12 h (8.22 – 1.1

fold) and 24 h (5.03 – 1.09 fold) after HBO-PC (Fig. 4C). Nrf2

downstream genes, such as GCL, cGT, and MRP1, were all key

proteins for intracellular GSH synthesis and transit, which mRNA

(Fig. 5A) and protein (Fig. 5B) expression levels are all signifi-

cantly increased in spinal cord tissues at 12 h and 24 h after a single

HBO-PC.

HBO-PC increases GSH content of the spinal cord
with SCIR injury

In addition to its role in peroxide detoxification, GSH is the main

cysteine storage in the cell, the major function of which is to

maintain the cellular redox homeostasis. Compared with Sham

group, the GSH content of the spinal cord significantly decreased at

all time points (12, 24, 36, 48 h) after SCIR injury (Fig. 6). The

GSH content of the HBO-PC + SCIR group, however, was much

higher than that of the SCIR group. These results show that the

higher GSH content induced by HBO-PC gave more antioxidant

capacity to the spinal cord.

Nrf2 overexpression induced by HBO-PC mainly
localized in astrocytes of mouse spinal cord

To explore the main location of Nrf2 expression induced by

HBO-PC, double-immunofluorescence staining was performed.

Sections from mice treated with post-HBO 24 h or controls were

stained for anti-Nrf2 (green), the neuronal marker anti-NeuN (red),

and the astrocyte marker anti-GFAP (red). As Figure 7 shows, the

green fluorescence intensity of Nrf2 immunoreactivity was

FIG. 2. Hyperbaric oxygen preconditioning (HBO-PC)-induced
improvements on motor-evoked potentials (MEPs) after spinal
cord ischemia/reperfusion (SCIR) injury. (A) Representative
tracings of recorded MEPs from mice at 1 week after sham or
SCIR. (B) The latency of MEPs was significantly prolonged at 1
week after SCIR injury and was longer in the SCIR group than the
HBO-PC + SCIR group. (C) The amplitude of MEPs was reduced
at 1 week after SCIR injury and was smaller in the SCIR group
than the HBO-PC + SCIR group (mean – standard deviation, n = 4,
##p < 0.01 vs. Sham group, **p < 0.01 vs. SCIR group).

FIG. 3. Hyperbaric oxygen preconditioning (HBO-PC) slowed
down the apoptotic process in spinal cord ischemia/reperfusion
(SCIR) injury. (A) The number of TUNEL-positive cells sig-
nificantly increased in the spinal cord at 1 week after SCIR
injury, and HBO-PC significantly reduced the SCIR-induced
increase in TUNEL-positive cells (mean – standard deviation
[SD], n = 6, ##p < 0.01 vs. Sham group, **p < 0.01 vs. SCIR
group). (B, C) The enzymatic activity of caspase-9 and caspase-
3 at 1 week increased in the spinal cord of mice with SCIR
injury. The enzymatic activity of caspase-9 or caspase-3 at 1
week after SCIR injury, however, was significantly reduced in
the HBO-PC + SCIR group compared with the SCIR group
(mean – SD, n = 6, ##p < 0.01 vs. the Sham group, **p < 0.01 vs.
the SCIR group).
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significantly increased in GFAP positive astrocytes, and there is

only a slight enhancement of Nrf2 immunoreactivity in NeuN

positive neurons. Therefore, these results suggested that Nrf2

overexpression induced by HBO-PC in the spinal cord mainly

occurs in astrocytes.

HBO-PC improves the cell viability of neurons
in co-cultures treated with OGD

The MTT assay was used to evaluate the cell viability of OGD-

insulted primary astrocytes and neurons from mouse spinal cord.

FIG. 4. Hyperbaric oxygen preconditioning (HBO-PC) induces nuclear factor erythroid 2-related factor 2 (Nrf2) activation in mouse
spinal cord (mean – standard deviation, n = 6, **p < 0.01 vs. CON group). (A) The Nrf2 mRNA level of spinal cord measured by real-
time polymerase chain reaction was significantly enhanced at 12 h and 24 h after a single HBO-PC. (B) Using the housekeeping gene b-
actin as an internal standard, the Nrf2 protein expression of spinal cord was also significantly increased measured by Western blot at 12 h
and 24 h after a single HBO-PC. (C) Add 10 lg nuclear extract/well from the mice of each group, the relative DNA-binding activity of
Nrf2 was determined using an enzyme-linked immunosorbent assay-based kit. The DNA-binding activity of nuclear Nrf2 significantly
increased at 12 h and 24 h after a single HBO-PC.

FIG. 5. Hyperbaric oxygen preconditioning (HBO-PC) induces the up-regulation of nuclear factor erythroid 2-related factor 2 (Nrf2)
downstream gene expression. (A) The mRNA expression levels of glutamate-cysteine ligase (GCL), c-glutamyltransferase (cGT), and
multidrug resistance protein 1 (MRP1) measured by real-time polymerase chain reaction were significantly enhanced at 12 h and 24 h
after a single HBO-PC (**p < 0.01 vs. the CON group). (B) Using the housekeeping gene b-actin as an internal standard, the protein
expression levels of GCL, cGT, and MRP1 in spinal cord tissues measured by Western blot were also significantly increased at 12 h and
24 h after a single HBO-PC (**p < 0.01 vs. the CON group).
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As shown in Figure 8A, the cell viability of OGD-insulted astro-

cytes in co-culture or only astrocyte culture has no significant

change compared with the CON group without OGD treatment. As

shown in Figure 8B, the cell viability of OGD-insulted neurons in

co-culture or only neuron culture significantly decreased, but the

neuronal viability of the HBO-PC + OGD group is higher than that

of the OGD group in co-culture. Thus, HBO-PC significantly en-

hanced the neuronal viability in the presence of astrocytes. These

results show that HBO-PC exerts a significant neuroprotective ef-

fect on OGD-insulted neuron cultures. Moreover, the astrocytes

may play an important role in HBO-PC-induced neuroprotection.

HBO-PC induces Nrf2 activation in astrocytes
of co-culture

To determine whether HBO-PC induced Nrf2 activation in

cultures, we detected the mRNA level, protein content, and DNA-

binding activity of Nrf2 in astrocytes and neurons, respectively, at

24 h and 24 h after HBO-PC. As shown in Figure 9, all indicators

related to Nrf2 activation significantly increased in astrocytes of co-

culture, but there is no significant change in neurons of co-culture

system. These results show that Nrf2 activation induced by HBO-

PC in spinal cord mainly occurs in astrocytes.

FIG. 6. Hyperbaric oxygen preconditioning (HBO-PC) in-
creases glutathione (GSH) content of the spinal cord with spinal
cord ischemia/reperfusion (SCIR) injury. The GSH content of the
spinal cord significantly decreased in the HBO-PC + SCIR and
SCIR groups at 12, 24, 36, and 48 h after SCIR injury. Compared
with the SCIR group, the GSH content of the spinal cord in the
HBO-PC + SCIR group was much higher (mean – standard devi-
ation, n = 6, *p < 0.05 or **p < 0.01 vs. the SCIR group).

FIG. 7. Representative images of spinal cord sections stained with anti-nuclear factor erythroid 2-related factor 2 (Nrf2) and the astrocyte
marker glial fibrillary acidic protein (GFAP) or the neuronal marker anti-neuronal nuclei (NeuN) by double-immunofluorescence labeling.
Scale bar = 20 lm. At 24 h after hyperbaric oxygen preconditioning (HBO-PC), the fluorescence intensity of Nrf2 immunoreactivity was
significantly increased in GFAP positive astrocytes, and there is only a slight enhancement of Nrf2 immunoreactivity in NeuN positive
neurons.
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HBO-PC induces the up-regulation of Nrf2
downstream gene expression in astrocytes
of co-culture

As shown in Figure 10, HBO-PC also significantly increased the

mRNA level and protein expression of Nrf2 downstream genes

(GCL, cGT, and MRP1) in astrocytes, but not in neurons of the co-

culture system. These results show that Nrf2 activation in astro-

cytes may contribute to the neuroprotective effect induced by

HBO-PC.

HBO-PC increases GSH content of culture medium
with astrocytes after OGD treatment

As shown in Figure 11, the GSH levels in medium of all culture

system were measured by spectrophotometric methods at 24 h after

OGD treatment. In only neuron culture, the medium GSH level of

the HBO + OGD and the OGD group significantly decreased

compared with the CON group (##p < 0.01 vs. CON group), and

there was no significant difference between the HBO + OGD group

and the OGD group. In only astrocyte culture or co-culture, the

medium GSH level of the HBO + OGD group was much higher than

that of the OGD group (**p < 0.01 vs. OGD group). Thus, when

cultured in the presence of astrocytes, HBO-PC increased the GSH

content of the culture medium after OGD treatment. These results

further illustrate the possibility that Nrf2 activation in astrocytes

may play a critical role in the neuroprotection induced by HBO-PC.

Discussion

In the in vivo section of this study, we show that a single HBO-

PC (2.5 ATA, 90 min) plays a significant neuroprotective role

against SCIR injury. HBO-PC significantly improved hindlimb

motor function missing and secondary spinal cord edema in the

acute stage after SCIR injury. HBO-PC significantly ameliorated

the reactivity of the spinal cord MEPs and inhibited or slowed down

the process of apoptosis after SCIR injury in the recovery stage

after SCIR injury.

To explore the mechanism of neuroprotection induced by HBO-

PC, we measured the mRNA and protein expression levels of Nrf2

FIG. 8. The cell viability of primary astrocytes and neurons from spinal cord was evaluated by MTT assay at 24 h after 60 min of
oxygen-glucose deprivation (OGD) treatment. (A) In co-culture or only astrocyte culture, there was no significant reduction in astrocyte
viability of the hyperbaric oxygen preconditioning (HBO-PC) + OGD group and the OGD group compared with the CON group. (B) In
co-culture or only neuron culture, the neuronal viability of the HBO-PC + OGD group and the OGD group significantly decreased
(**p < 0.01 vs. CON group). The neuronal viability of the HBO-PC + OGD group, however, is significantly higher than that of the OGD
group in co-culture (##p < 0.01 vs. OGD group).

FIG. 9. Hyperbaric oxygen preconditioning (HBO-PC) induces anti-nuclear factor erythroid 2-related factor 2 (Nrf2) activation in
astrocytes of co-culture. (A) The Nrf2 mRNA level of astrocytes measured by real-time polymerase chain reaction was significantly
enhanced at 24 h after HBO-PC (**p < 0.01 vs. CON group), but there is no change in neurons. (B) Using the housekeeping gene b-actin
as an internal standard, the Nrf2 protein expression of astrocytes measured by Western blot also significantly increased at 24 h after
HBO-PC (**p < 0.01 vs. CON group), but there is no change in neurons. (C) Using an enzyme-linked immunosorbent assay-based kit,
the relative DNA-binding activity of nuclear Nrf2 significantly increased in astrocytes at 24 h after HBO-PC (**p < 0.01 vs. CON
group), but there is no change in neurons.
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and its target genes, such as GCL, cGT, MRP1 (key proteins for

intracellular GSH synthesis and transit), which were all enhanced

in normal mouse spinal cord after a single administration of HBO-

PC. Nrf2 activation confers neuroprotection in various models of

neurological diseases by the regulation of multiple downstream

genes with detoxification, antioxidant, and anti-inflammatory

capacity.13, 25 It is certain that the coordinated expression of these

genes plays an important role in cytoprotection, but one group of

enzymes involved in GSH synthesis and utilization, such as GCL,

cGT, and MRP1, is particularly important for the prevention of

oxidative-mediated damage in the CNS.

GSH is the most abundant mammalian thiol-containing antiox-

idant and synthesized in two consecutive steps.26 In the first step,

GSH synthesis is rate-limiting and catalyzed by GCL; in the second

step, GSH is formed by cGC binding to glycine. Nrf2 also regulates

the expression of cysteine–glutamate exchange transporter, such as

MRP1, that maintains intracellular GSH levels by regulating cyste-

ine influx.27–29 In this study, as we expected, HBO-PC significantly

increased the GSH content of spinal cord tissue at all time points after

SCIR injury, which enhanced total antioxidant capacity.

The findings suggest that increased Nrf2 activation induced

by HBO-PC in the spinal cord plays an important role in pro-

tecting against SCIR injury. In addition, the results of double-

immunofluorescence staining also suggest that Nrf2 overexpression

induced by HBO-PC mainly occurs in astrocytes, which may exert

beneficial effects against subsequent SCI injury. Moreover, we found

that HBO-PC induced a significant enhancement of Nrf2 expression

in astrocytes of the spinal cord by means of double-immunofluo-

rescence staining with a conventional wide-field fluorescence mi-

croscope rather than a confocal fluorescence microscopy. Compared

with the previous study,30 we did not provide the position of Nrf2. So

we further investigated the Nrf2 DNA-binding activity and down-

stream gene expression in the spinal cord with HBO-PC, that indi-

rectly verified the significant enhancement of Nrf2 transcriptional

activity.

In the in vitro section of this study, we show that a single HBO-

PC (2.5 ATA, 90 min) plays a significant neuroprotective role in

co-culture (mixed spinal neuron/astrocyte) system against OGD

injury. The mRNA and protein expression of Nrf2 and its target

genes (GCL, cGT, MRP1), were all increased significantly in as-

trocytes, but not in neurons. The CNS is normally equipped with

antioxidant activity to prevent high ROS mediated damage, but

neurons express them at a very low activity.31–35 Therefore, it is

imperative that neurons co-operate with neighboring astrocytes for

a complete cycle of ROS detoxification and neuroprotection.

In our study, HBO-PC induced a slight elevation of Nrf2 mRNA

and protein levels in neurons, but there is no statistically significant

difference. So the HBO-PC induced effects in Nrf2 signaling

mainly take place in astrocytes, which exerted neuroprotection

against consequent ischemia-reperfusion injury. Because spinal

cord injury induces oxidative stress that contributes to progression

of secondary injury pathomechanisms, activation of the Nrf2/ARE

pathway may reduce oxidative stress leading to neuroprotection.30

Many studies elegantly highlight the importance of astrocytic

Nrf2 for neuronal protection against bioenergetic and oxidative

FIG. 10. Hyperbaric oxygen preconditioning (HBO-PC) induces the up-regulation of anti-nuclear factor erythroid 2-related factor 2
(Nrf2) downstream gene expression in astrocytes of co-culture. (A) The mRNA levels of glutamate-cysteine ligase (GCL), c-gluta-
myltransferase (cGT), and multidrug resistance protein 1 (MRP1) in astrocytes measured by real-time polymerase chain reaction were
all significantly enhanced at 24 h after HBO-PC (**p < 0.01 vs. CON group), but there is no change in neurons. (B) Using the
housekeeping gene b-actin as an internal standard, the protein levels of GCL, cGT, and MRP1 measured by Western blot were
significantly increased in astrocytes at 24 h after HBO-PC (**p < 0.01 vs. CON group), but there is no change in neurons.

FIG. 11. Hyperbaric oxygen preconditioning (HBO-PC) in-
creases glutathione (GSH) content of culture medium with as-
trocytes after oxygen-glucose deprivation (OGD) treatment. In
only neuron culture, the medium GSH level of the HBO-PC +
OGD and the OGD group significantly decreased compared with
the CON group (##p < 0.01 vs. CON group), and there was no
significant difference between the HBO-PC + OGD group and the
OGD group. In only astrocyte culture or co-culture, the medium
GSH level of the HBO-PC + OGD group was much higher than
that of the OGD group (**p < 0.01 vs. OGD group).
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stress-mediated damage. It remains unclear, however, whether

neurons necessarily require astrocyte antioxidant protection, even

though the vast majority of Nrf2 activation seems to occur in as-

trocytes.36,37 Moreover, the GSH concentration of co-culture me-

dium increased, which was mainly released from astrocytes. These

data are consistent with the results of the in vivo experiment,

thereby further supporting our deduction that Nrf2 activation in

astrocytes may mediate the spinal cord ischemic tolerance induced

by a single HBO-PC.

As the principal housekeeping cells of the nervous system, as-

trocytes play an integral role in the CNS by providing metabolic

intermediates to neurons, modulating synaptic activity, and regu-

lating blood flow in response to neuronal activity.38,39 Moreover,

astrocytes are critically important for normal nervous function

because of their ability to release neuroprotective factors. Tran-

scription factor represents a critical aspect of adaptive cellular

events that allow cells’ adaptation to environmental changes and

facilitate an array of specific downstream gene expression. Nrf2 is

an integral transcription factor that facilitates astrocytic neuro-

protection by promoting the expression of genes involved in GSH

synthesis and release in astrocytes.13

Because we used the HBO-PC protocol, clinical hyperbaric

oxygen protocols are relatively brief, and internal antioxidant de-

fenses are adequate so that biochemical stresses are reversible.40

With the increased ROS induced by HBO-PC, a critical cysteine

residue in Keap1 is oxidized, the Nrf2 is released, which promotes

the nuclear transcription of a battery of antioxidant enzymes. Nrf2

target genes are preferentially activated in astrocytes, which con-

sequently have more efficient detoxification and antioxidant de-

fenses than neurons.41 The coordinated expression of these

enzymes, such as GCL, MRP1, and cGT, allows higher levels of

GSH biosynthesis, release, and extracellular cleavage into Cys-

Gly. Then neurons take up Cys-Gly in the form of cysteine and

glycine. More importantly, astrocytes supply glutamine to neurons,

where it is transformed into glutamate.

Thus, the de novo neuronal biosynthesis of GSH depends on the

supply of GSH precursors from astrocytes.15 Understanding the

adaptive responses that astrocytes undergo in response to acute

stress or neurodegenerative conditions will contribute to the de-

velopment of novel therapies. Our finding indicates that HBO-PC is

an effective protocol to prevent the ischemia/reperfusion injury of

the CNS.

It is clear that Nrf2 activation represents an exceptional defense

mechanism for many cell types. Particularly in the CNS, astrocytic

Nrf2 activation has a major role in protecting neurons from noxious

stimuli. In our study, we try to verify the possibility that Nrf2

activation in astrocytes may mediate the spinal cord ischemic

tolerance induced by a single episode of HBO-PC. Therefore,

HBO-PC has potential as a safe and feasible method to provide

neuroprotective benefits in aortic surgery. In the future, we will

develop experimental tools to manipulate and monitor dynamic

changes in the supportive function of astrocytes to define their roles

in neuroprotection induced by HBO-PC.

The present study does have limitations. We cannot determine

that the neuroprotective effect of HBO-PC in vivo is entirely be-

cause of Nrf2 activation in astrocytes, to some extent, which may

come from other glial cell populations. Future studies will better

elucidate the precise relationship between Nrf2 activation and

HBO-PC induced protection. We cannot find a method to specifi-

cally inhibit the astrocytic Nrf2 activation, but we can improve the

cell culture experimental design. For example, the cell types of co-

culture should be added, such as other glial cell populations, and the

cell source should be considered to use the Nrf2 knockout mice.

Through different combinations of co-cultures, it will be closer to

the precise mechanism underlying HBO-PC-induced protection in

SCIR model.
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