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Hyperbaric oxygen therapy reduces apoptosis
after spinal cord injury in rats

Ying Long?, Fang Liang?, Chunjin Gao?, Zhuo Li2, Jing Yang?

1Department of Hyperbaric Oxygen, Shenzhen People’s Hospital, Shenzhen 518020, China; °Department of Hy-
perbaric Oxygen, Beijing Chao-Yang Hospital, Capital Medical University, Beijing 100020, China

Received August 27, 2014; Accepted October 23, 2014; Epub November 15, 2014; Published November 30, 2014

Abstract: Hyperbaric oxygen therapy (HBOT) protects brain tissue from inflammatory injury by suppressing mitochon-
drial apoptotic pathways. However, its neuroprotective mechanism via anti-apoptosis in spinal cord injury (SCI) is
still unclear. In our study, Male Sprague-Dawley rats were randomly divided into three groups: sham-operated (SH),
SCI model, and SCI + HBOT. Rats in each group were randomly divided into four sub-groups in a time-dependent
manner (1 day, 3 days, 7 days and 14 days after surgery). Expression of adaptor molecule apoptosis-associated
speck-like protein (ASC) and caspase-3 was evaluated at the indicated time after injury. Our data showed that HBOT
downregulated expression of ASC in SCI rats at the mRNA and protein levels. HBOT mitigated caspase-3 release in
injured spinal cord tissue. We conclude that HBOT prevents inflammation apoptosis after SCI, likely through sup-
pression of ASC and caspase-3.
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Introduction

Spinal cord injury (SCI) is a devastating disease
that results in permanent neurological deficits,
bringing a heavy burden to patients and their
families [1-3]. The pathophysiological process
of SCI includes primary injury that damages
cord integrity and secondary injury which
causes vascular abnormalities, excitotoxicity,
oxidative stress, and cell death [4]. Cell death
includes necrosis and apoptosis. Increasing
evidence demonstrates the presence of apop-
tosis at the stage of secondary injury. Apoptosis
occurs mainly in neurons and oligodendrocytes,
and apoptosis of oligodendrocytes contributes
to post-injury demyelination [5, 6].

Many treatment strategies have been focused
on the second phase of SCI, but few of these
are effective. Hyperbaric oxygen therapy (HBOT)
involves administering 100% oxygen which
higher than atmospheric pressure at sea level
for a prescribed amount of time. Some
researchers have confirmed that HBOT has a
protective effect by decreasing apoptosis of
spinal cord motor neurons after SCI [7, 8].
However, the molecular mechanism of the anti-

apoptotic effects after SCI is largely unknown.
Adaptor molecule apoptosis-associated speck-
like protein (ASC) is a proapoptotic protein origi-
nally found in apoptotic cells with a “speck” that
is important in regulating development of
inflammation and apoptosis through activation
of different caspases [9]. Caspase-3 is so called
“executioner” which initiates process of apop-
tosis. Much attention has been given to search-
ing for inhibitors of caspase-3 but a few effec-
tive agents have been reported [10, 11].

Here, we investigated the effects of HBOT on
the expression of ASC and caspase-3 after SCI.
We aimed to determine the molecular mecha-
nism of ASC-induced apoptosis and the anti-
apoptotic effect of HBOT. This study implies
that HBOT plays an important role in the anti-
apoptotic and myelin-preserving effects in SCI.

Materials and methods
Animals

Healthy male Sprague-Dawley rats (aged 2-3
months, weighing 250-300 g) were kept two
per cage for at least 5 days after their arrival at
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Table 1. Sequences of primers of ASC

ent acrylic plastic (701 Space Research

Primer Sequences

Institute, Beijing, China) immediately after

ASC Forward primer
ASC Reverse primer

5’-GCACAGCCAGAACAGAACAT-3’
5’-AGCACATTGCCATACAGAGC-3’
GAPDH Forward primer 5’-CAACTCCCTCAAGATTGTCAGCAA-3’
GAPDH Reverse primer 5’-GGCATGGACTGTGGTCATGA-3’

surgery and received 1 h HBOT at 2.0 ATA
twice daily (8 h intervals) for the first 3 days
and then daily for the following days. The
air compression process was performed at
a rate ascending of 1 kg/cm?/min to

our laboratory. The rats had access to food and
water ad libitum and were housed within a
room with a 12:12 h light/dark cycle. This study
was performed in accordance with the ethical
guidelines laid down by the Committee for the
Purpose of Control and Supervision of
Experiments on Animals, Capital Medical
University (Beijing, China).

SCI model

SCI was induced aseptically under anesthesia
using intraperitoneal injection of 10% chloral
hydrate at a dose of 350 mg/kg. Using the
method described by Basso et al. [12], the rats
were positioned prone on the operating table,
the T10 spinous process area was sterilized,
laminectomy was conducted to expose the spi-
nal cord. SCI model was performe by the
Multicenter Animal Spinal Cord Injury Study
(MASCIS) impactor. Moderate SCI was induced
by dropping a 10 g rod from a distance of 25
mm. The characteristics of a successful model
include: the wagging tail reflex, retraction of the
lower limbs, and flaccid paralysis of both lower
extremities. Animals were allowed to recover
from anesthesia and surgical procedures in an
intensive care facility. Postoperatively, the blad-
der was compressed by manual abdominal
pressure twice daily until the bladder reflex was
restored. Penicillin G sodium was administered
for 3 days.

Experimental groups

Seventy-two rats were randomly divided into
three groups (each group n = 24): sham-operat-
ed (SH), SCI, and SCI and HBOT (SCI + HBO).
Rats in each group were randomly divided into
four sub-groups in a time-dependent manner (1
day, 3 days, 7 days, 14 days after surgery, each
group n = 6). The rats in the SH group were sub-
jected only to laminectomy, without SCI or
HBOT.

HBOT

For groups of SCI + HBO, rats were placed in a
custom-made pressure chamber of transpar-
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2.0ATA/100% oxygen and maintained for 1

h. The chamber was ventilated with 100%
0, at a rate of 8 L/min. During HBO exposure,
oxygen concentration was continuously moni-
tored and maintained at > 95%. To minimize the
effects of diurnal variation, all HBOT was start-
ed at 08:00 and 16:00 h. The rats in the SH
and SCI groups were exposed to normobaric air
at 1.0 ATAfor 1 h.

Evaluation of motor function and sample col-
lection

Recovery of motor function was evaluated by
Basso-Bettie-Bresnahan (BBB) scores using an
open-field locomotor test at day 1, day 3, day 7
and day 14 after surgery [12]. In an open-field
chamber (120 cm x 120 cm), the behavior of
rats was observed for 5 min by three individu-
als who were blinded to the groups. The scale
was designed to reflect progressive motor rat-
ing scores. The BBB score was counted based
on movement of joints of the hindlimb, weight-
bearing capability, coordinated and proper gait,
and tail position. After evaluation of motor func-
tion, animals were deeply anesthetized by chlo-
ral hydrate. The spinal segments of the injured
center site were removed. Each sample was
kept in liquid nitrogen for future polymerase
chain reaction (PCR) and western blotting
experiments.

Real-time PCR

Total RNA was extracted from frozen spinal
cord tissues using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) and RNA kit (Sangon,
Shanghai, China). RNA was then reverse tran-
scribed to synthesize first-strand cDNA.
Quantitative PCR was performed using a Line-
Gene sequence detector (ABI, Carlsbad, CA,
USA). ASC and actin primers are listed in Table
1. PCR was performed in the Real-Time
Detection System by SYBR Green | Dye
Detection (Sangon). The PCR was 94°C for 30
s, followed by 45 cycles of 94°C for 20 s and
60°C for 25 s. Data were analyzed by the soft-
ware attached to the detector (Sangon). RT-PCR
products were verified by electrophoresis on

Int J Clin Exp Med 2014;7(11):4073-4081



Hyperbaric oxygen therapy reduced apoptosis

48

24

ASC mRNA

16 |

1day 3 day
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WSH antibody (Santa Cruz Biote-
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S temperature. The membranes
were developed with the

enhanced chemiluminescen-

- ce agents (ECL Plus; Pierce)
_— before exposure to X-rays. For

quantification, films of west-
ern blots were scanned using
a Minolta scanner and ana-
lyzed by Adobe Photoshop
software. The labeling density
was quantities using LabWorks
software (UVP, Upland, CA,
I USA).

14 day
Enzyme-linked immunosor-

Figure 1. RT-PCR analysis of mRNA level of ASC in the spinal cords of all rats ~ bent assay
at different times after surgery. Data are presented as mean + SD. **p <
0.01 for SCI and SCI + HBO groups versus SH and SH + HBO groups; #p < The activity of caspase-3 in

0.05 for SCl and SCI + HBO groups versus SH and SH + HBO groups; *p < 0.01

and 2P < 0.05 for SCI + HBO group versus SCI group.

1% agarose gels and melting curve. The ampli-
fied production of ASC and actin were 103 bp
and 128 bp, respectively. Relative quantifica-
tion of mMRNA expression was calculated with
the 224°T method.

Protein preparation

Spinal cord tissues were frozen in liquid nitro-
gen and stored at -80°C before analysis. The
tissues were homogenized in an SDS sample
buffer containing a mixture of proteinase and
phosphatase inhibitors (Sigma, St. Louis, MO,
USA). Homogenates were centrifuged at
12,000 rpm for 10 min at 4°C and the superna-
tants were collected. The protein concentra-
tions were measured using a protein assay kit
(Pierce, Rockford, IL, USA).

Western blotting

The proteins (20 uyg/sample) were loaded on
12% SDS-PAGE. After electrophoresis, the pro-
teins were transferred to polyvinylidene difluo-
ride membranes blocked with 5% nonfat dry
milk for 1 h at room temperature in Tris-buffered
saline containing 0.1% Tween 20 (TBS-T) and
incubated overnight at 4°C with anti-ASC anti-
body (1:1000; Santa Cruz Biotechnology, Santa
Cruz, CA, USA). After washing in TBS-T, the
membranes were incubated with horseradish-
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the injured spinal cord tissue
was detected using a colori-
metric caspase-3 assay kit
(Sigma) in accordance with the manufacturer’s
instructions. In brief, synthetic caspase-3 sub-
strate, acetyl-Asp-Glu-Val-Asp-p-nitroanilide
was added to the reaction mixture. Meanwhile,
in order to rule out nonspecific hydrolysis of
substrate, a control reaction mixture was pre-
pared. Both the mixtures were incubated at
37°C for 1-2 h and the absorbance was read at
405 nm. The activity of caspase-3 was
expressed by the value of 0D405.

Immunohistochemical staining

Histological sections of tissues (3-4 um thick)
were obtained and fixed in 10% formalin, and
paraffin embedded. The sections were deparaf-
finized in xylene and rehydrated in ethanol, and
endogenous peroxidase was blocked by immer-
sion in methanol containing 0.3% hydrogen per-
oxidase for 20 min. Before incubation, the sec-
tions were permeabilized and blocked with
normal goat serum. The sections were incubat-
ed overnight at 4°C with the primary antibodies
(Histostain-Plus Kit; Sunbio, Beijing, China). On
the following day, the sections were incubated
with secondary antibodies and horseradish
enzyme markers for 10-15 min, followed by
staining with diaminobenzidine. The slides were
examined using a Nikon i50 microscope. The
proportion of positively stained cells was calcu-
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Figure 2. Western blotting of ASC in the spinal cords of all rats. Data are presented as mean + SD. **p < 0.01 for
SCl and SCI + HBO groups versus SH and SH+HBO groups; #p < 0.05 for SCI and SCI + HBO groups versus SH and
SH+HBO groups; *p < 0.01 and 2P < 0.05 for SCI + HBO group versus SCI group.

lated as the number of positive cells divided by
the total cell number.

TUNEL staining

Injured tissue of spinal cord was processed for
motor neuron apoptosis by TUNEL assay kit
(Cell Death Detection Kit; Roche), according to
the manufacturer’s instructions. The main
steps were as follows: frozen sections were
dried at room temperature, fixed in 4% parafor-
maldehyde for 20 min, incubated with 0.3%
H202/methanol for 30 min at 15-25°C, rinsed
with PBS three times, and incubated with 0.1 M
Triton HCI for 30 min at room temperature,
rinsed with PBS three times, incubated with
proteinase K for 2 h, rinsed with PBS three
times, incubated with TUNEL reaction mixture
for 1 h at 37°C, and observed under a fluores-
cence microscope.

Statistical analysis

Statistical analysis was performed using SPSS
version 15.0 (SPSS, Chicago, IL, USA). All quan-
titative data were expressed as mean = SD.
One-way analysis of variance procedures were
used to test the differences in BBB scores,
expression of ASC and caspase-3, positive rate
of immunohistochemical and TUNEL staining.
Student’s t test was used for part of the BBB
score because of the heterogeneity of variance.
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A p value < 0.05 was considered statistically
significant.

Results
HBOT suppressed SCl-induced ASC expression

Western blotting and RT-PCR showed that the
expression of ASC in the SCI groups was signifi-
cantly increased compared with that in the SH
groups at any time points (Figures 1 and 2, p <
0.05 or p < 0.01). ASC expression reached a
peak at day 1 after surgery at both the mRNA
and protein levels. Expression of ASC at the
protein and mRNA levels was significantly
decreased in the SCI + HBO group compared
with the SCI group at day 3 and day 7 after sur-
gery (Figures 1 and 2, p < 0.05).

Immunohistochemical staining was applied to
examine the distribution of ASC expression.
ASC-positive cells were rarely detected in SCI
tissue in the SH group. By contrast, the number
of ASC-positive cells in the SCI groups was sig-
nificantly increased in the gray and white mat-
ter. The percentage of positive staining in the
SH and SCI on day 1 was 15.2% and 72.3%,
respectively. However, HBOT significantly atten-
uated the SCl-induced ASC expression (p <
0.05). The percentage of positive staining in
the HBO + SCI 3 day and HBO + SCI 7 day
groups was 48.7% and28.9%, respectively
(Figure 3; Table 2).
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Figure 3. Immunohistochemical staining of ASC (right) and quantitative analysis of ASC in the spinal cords of all rats
(left). Data are presented as mean + SD. **p < 0.01 for SCl and SCI + HBO groups versus SH and SH + HBO groups;
#p < 0.05 for SCI and SCI + HBO groups versus SH and SH + HBO groups; *p < 0.01 and 2P < 0.05 for SCI+HBO
group versus SCI group. A: SCI3d group; B: SCI + HBO3d group; C: SCI7d group; D: SCI + HBO7d gr.

HBOT downregulated ASC-induced activation
of caspase-3

Caspase-3 in SCl tissue was significantly
increased compared with that in the SH groups
at any time points, and reached peak at day 1
after surgery. Compared to the SCI group, the
caspase-3 level in the SCI + HBO group was sig-
nificantly decreased at days 3 and 7 after sur-
gery (p < 0.05, p < 0.01). These changes were
synchronized with ASC (Table 3).

HBOT inhibited apoptosis of neurons and oligo-
dendroglial cells

Apoptotic nuclei were found throughout the
gray and white matter in SCI rats. The number
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of apoptotic cells in the SCI groups was greatly
increased compared with the SH groups, and
reached the peak of 62.2% (p < 0.01) at 3 days
after surgery. In the SCI 7-day group, apoptotic
cells were mainly oligodendroglial cells at the
periphery of the injury site, with a positive rate
of 42.8% (p < 0.01). In the SCI + HBO 3-day and
7-day groups, the positive rates were 53.7%
and 31.9%, which were significant decreases
compared with the SCI 3-day and 7-day groups
(P < 0.05) (Figure 4; Table 4).

HBOT increased BBB score of rats after SCI

The BBB scores in the SCI and SCI + HBO
groups were significantly lower than in the SH
groups (p < 0.01). Although a significant recov-
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Table 2. Number of ASC-positive cells

Group 1d 3d 7d 14d
SH 152+41 131+3.6 13.8+29 14.6+4.0
SCI 72.3+9.6" 60.2+77" 416+58" 26.4+3.7%

SCI+HBO 65.8+7.2" 48.7+5.1"* 28.9+3.4"* 23.1+2.8"

Data are presented as mean + SD. “p < 0.01 for SCl and SCI + HBO groups
versus SH groups; #*p < 0.05 for SCI and SCI + HBO groups versus SH and
SH + HBO groups; P < 0.05 for SCI + HBO group versus SCI group.

Table 3. Caspase 3 activatity in groups

Group SH SCI SCI + HBO

1 day 3.98 + 1.25 13.44 +2.37™ 11 .35 +£5.35™
3 days 4,15+ 1.22 12.27 + 3.85" 9.44 + 4,55%A
7 days 4.88 +1.32 11.24 + 2.20™ 8.26 + 3.77#"
14 days 5.19 + 2.27 9.16 + 1.65* 8.22 + 4.58*

Data are presented as mean + SD. “*p < 0.01 for SCl and SCI + HBO groups
versus SH groups; #p < 0.05 for SCI and SCI + HBO groups versus SH

to p53, which reduces mitochondrial
membrane potential and activation
of caspase-3. A previous study
showed that ASC was increased in
neutrophils and mediated their apop-
tosis at sites of severe inflammation
in appendicitis [22]. In the present
study, western blotting and RT-PCR
showed that expression of ASC was
upregulated in SCI groups compared
to SH groups, and peaked at 1 day
after surgery. The positive rate of
ASC in immunohistochemical stain-
ing was 58.7% in the SCI 1-day group,
which was higher than that in the cor-
responding SH group. Our findings
suggested that functional ASC was
activated at the stage of secondary
injury after SCI. We investigated the

groups; “p < 0.05 for SCI + HBO group versus SCI group.

ery was observed in the SCI and SCI + HBO
groups over time, on day 7 and day 14 groups,
HBOT significantly increased BBB score when
compared to that in the SCI group (p < 0.05)
(Table 5).

Discussion

In the course of SCI, the mechanical disruption
of the primary injury leads to a cascade of
inflammatory response called the secondary
injury [13]. Strong biochemical evidence dem-
onstrates that the main form of cell death
caused by this secondary injury is apoptosis,
especially in oligodendroglial cells [14, 15].
Oligodendroglial cells are present around the
periphery of the SCI tissue, which leads to
demyelination of white matter tracts and axo-
nal degeneration [16, 17]. This contributes to
further neurological damage, such motor deficit
and chronic pain. Apoptosis usually occurs in
the days to weeks after SCI, which could be pre-
vented by treatment. Targeting of apoptosis
could preserve the neurons and oligodendrog-
lial cells around the injury site [18, 19].

ASC is a proapoptotic protein which is a compo-
nent of a “speck” in apoptotic cells and con-
tains an N-terminal pyrin domain and a
C-terminal caspase-recruitment domain (CARD)
[20]. Ohtsuka et al. [21] demonstrated that
activated ASC can interact directly with Bax and
translocate it to the mitochondria in response
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pathway of ASC activation after SCI.

Masumoto et al. [23] showed that co-

expression of NALP3 (NACHT
domain-leucine-rich-repeat-, and pyrindomain-
containing protein 3) with ASC induces apopto-
sisin 293T cells. According to previous research
[24, 25], we propose that reactive oxygen spe-
cies (ROS) generated in the process of second
injury activate NALP3 protein, which is a cyto-
plasmic immunosensor. The exposed NATCH
domain of NALP3 promotes the binding and
activation of ASC. Activated ASC binding to
NALP3 and caspase-8 forms a ternary signaling
complex that mediates apoptosis [26, 27].

Most of the protective effects of HBOT are usu-
ally attributed to suppression of injury-induced
inflammation, but few studies have focused on
the antiapoptotic mechanism of HBOT after
SCI. Tian et al. [28] found that HBOT reduced
cell toxicity and oxidative stress, decreasing
malondialdehyde levels, Bax expression, and
cytochrome c release. HBOT significantly reduc-
es the rate of apoptosis in Alzheimer’s disease.
In our present study, expression of ASC at the
protein and mRNA levels was significantly
decreased in the SCI + HBO group compared
with the SCI group at 3 days and 7 days after
surgery. Downregulation was confirmed by
immunohistochemical staining, and the num-
ber of ASC-positive cells was significantly
decreased in the SCI + HBO 3-day and 5-day
groups, compared to the corresponding SCI
groups. We confirmed that HBOT increased tis-
sue oxygen tension, resistance to hypoxia-isch-
emia after SCI, and decreased formation of

Int J Clin Exp Med 2014;7(11):4073-4081
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Figure 4. TUNEL staining of caspase-1 (right) and quantitative analysis of caspase-1 in the spinal cords of all rats
(left). Data are presented as mean + SD. **p < 0.01 for SCl and SCI + HBO groups versus SH and SH + HBO groups;
#p < 0.05 for SCI and SCI + HBO groups versus SH and SH + HBO groups; *p < 0.01 and “P < 0.05 for SCI + HBO
group versus SCI group. A: SCI3d group; B: SCI + HBO3d group; C: SCI7d group; D: SCI + HBO7d group.

Table 4. Number of TUNEL-positive cells

extrinsic apoptotic pathways [29],

Group 1d 34 74 144 causing chromatin condensation and
SH 112:41 131:36 128%27 116:35 DNA fragmentation. Apoptotic events
sl 5234 0.6" 622+77% A2.8+47" 264427 are usually marked by activated cas-

SCI+HBO 51.8+ 7.2"™ 53.7 + 5.1 31.9 + 3.4™* 24,1 + 2.6"

pase-3. Caspase-3 activation has

Data are presented as mean + SD. ““p < 0.01 for SCl and SCI + HBO
groups versus SH groups; #p < 0.05 for SCI and SCI + HBO groups versus

SH groups; “p < 0.05 for SCI + HBO group versus SCI group.

ROS. HBOT could inhibit formation of ASC com-
plex and interaction of Bax, blocking the ASC-
mediated apoptosis signaling pathway.

Caspase-3 is a member of the caspase (cyste-
ine aspartic proteinases) family of enzymes,
which is activated both in the intrinsic and
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been demonstrated during the process
of secondary injury after SCI [30]. We
examined the expression of caspase-3
in SCl tissue by ELISA. The level of cas-
pase-3 was increased in the SCI com-
pared to SH groups, and peaked at 1 day in the
SCI 1-day group. HBOT had no effect on this
change, and downregulated expression of cas-
pase-3 compared to that in SCI groups. The
synchronized increase of caspase-3 accompa-
nied with ASC indicated that caspase 3 activa-
tion contributes to ASC-mediated apoptosis

Int J Clin Exp Med 2014;7(11):4073-4081
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Table 5. BBB scores of all groups

SCI + HBO

Groups  SH groups groups

SCI groups

lday 19.33+7.29 0.27£0.31"" 0.30+0.26™
3days 20.25+734 1.03+0.66" 1.25+0.75"
7 days 20.61+7.58 2.56+ 1.24" 5.27 £ 2.14™4
14 days 20.47 +6.81 7.39 + 3.08" 11.35 + 422"

Data are presented as mean + SD. “p < 0.01 for SCl and
SCI + HBO groups versus SH groups; “p < 0.05 for SCI + HBO
group versus SCI group.

after SCI. HBOT decreases the expression of
caspase-3, which could be a consequence of
ASC inhibition induced by ROS.

We detected apoptotic cells in the spinal cord
tissues with TUNEL staining. Lu et al. [31] stud-
ied the effect of preconditioning with HBO on
neural cell apoptosis after SCI in rats, and
showed that the number of apoptotic cells
decreased following HBO preconditioning. Our
results were in accordance with those of the
previous study. The increase in ASC and cas-
pase-3 was accompanied by a massive
increase in apoptotic cells in the center of the
injury site in the SCI 1-day group. The rate of
apoptosis peaked in the SCI 3-day group. In the
SCI 7-day group, apoptosis was mainly seen in
oligodendroglial cells at the periphery of the
injury site. Accordingly, there was a significant
reduction in the apoptosis rate in the SCI + HBO
3-day and 7-day groups compared with the SCI
3-day and 7-day groups.

Inhibition of oligodendroglial cells improved
axonal recovery of sublethally injured cells and
improved neurological recovery. To evaluate the
recovery of motor function, BBB scores were
measured. The BBB scores were significantly
lower in the SCI and SCI + HBO groups com-
pared with the SH group. Meanwhile, BBB score
was significantly increased in the SCI + HBO
groups compared with the SCI groups on 7 days
and 14 days after surgery.

In this study, we demonstrated that HBOT sig-
nificantly prevented ASC-induced neuronal
apoptosis via suppressing caspase-3 during
secondary damage, preserving neural function
after SCI.
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