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Abstract. The present study aimed to investigate the effect
of combined hyperbaric oxygen (HBO) and chondroitinase
ABC (ChABC) enzyme therapy in a rat model of spinal cord
injury (SCI) and to explore the underlying mechanisms. A
total of 48 healthy male Wistar rats were randomly divided
into six groups: Sham, SCI, vehicle, HBO, ChABC enzyme
and HBO + ChABC. Excluding the sham group, SCI was
established in rats by a clip compression injury and rats subse-
quently received HBO treatment for 2 weeks with or without
an intraspinal injection of 0.1 U/ul ChABC. Neuromotor
functions were examined using the Basso-Beattie-Bresnahan
locomotor rating scale and the inclined plane assessment
at baseline and for 4 weeks following SCI establishment.
Superoxide dismutase (SOD) and malondialdehyde (MDA)
levels were also measured, in addition to the expression of
glycogen synthase kinase-33 (GSK3p) and aquaporin 4 (AQP4).
Results revealed that combined HBO and ChABC treatment
significantly improved neuromotor function compared with
the HBO or ChABC treatments alone. HBO and/or ChABC
treatment significantly increased SOD and decreased MDA
levels, as well as GSK3p expression, compared with the
sham and SCI rats. The combined HBO and ChABC treat-
ment significantly inhibited SCI-induced AQP4 expression,
but ChABC alone did not. Functional recovery in the HBO +
ChABC group was significantly increased compared with the
HBO or ChABC groups. These results indicate that combined
HBO and ChABC treatment is more effective in treating SCI
than either therapy alone.

Introduction

Spinal cord injury (SCI) often leads to paralysis, has a high
morbidity rate and occurs in both genders equally (1,2).
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A series of pathophysiological responses lead to progressive
spinal cord tissue degeneration and necrosis following SCI. It
is thought this is due to microcirculation disorder and neuronal
biochemical imbalances involving prostaglandins, calcium,
neurotransmitters and free radicals (3). Despite numerous
advances in medical science, no definitive treatment for SCI
has been developed. Ongoing research aiming to resolve
this issue has proposed various treatment options including
medicinal, cell and gene therapies (4-6). The lack of success
observed in this research may be attributed to the complicated
pathophysiology of SCIs and associated factors. For example,
the inhibiting factor chondroitin sulfate proteoglycan (CSPG)
is associated with glial scars and is thought to limit the effec-
tiveness of SCI treatment (7,8).

It has been proposed that the primary factors influencing
the outcome of patients with SCI are glial scarring and
chronic inflammation (9,10). CSPG is an extracellular matrix
molecule that is expressed following SCI and reaches its
maximal expression two weeks following injury (11). CSPG
activates a cascade that leads to the activation of glycogen
synthase kinase-3p (GSK3p), a key factor in the inhibition of
tissue and axon recovery in the central nervous system (12).
Chondroitinase ABC (ChABC) is an enzyme produced by
the bacteria Proteus vulgaris that cleaves disaccharides and
tetrasaccharides (13). It was demonstrated that the digestion
of glycosaminoglycan (GAG) by ChABC may enhance axonal
regeneration and improve neuromotor function following
SCI (14,15). A loss of GAG occurs in intervertebral disc
degeneration and thus, the injection of ChABC may be used to
construct a model of this condition (16). ChABC administra-
tion following SCI has moderate efficacy and its effectiveness
may be improved by the simultaneous administration of other
medications (17-20).

Previous studies have demonstrated that lipid oxidation
by free radicals has important implications in the outcome
of SCI (3,21). Certain reports suggest that hyperbaric oxygen
(HBO) treatment induces GAG synthesis, which reduces
oxygen free radical generation in the body and subsequently
reduces lipid oxidation and promotes SCI repair. However,
other studies have concluded the opposite (16,22-24).
Therefore, the effect of HBO on nerve injury is not fully under-
stood. A previous study demonstrated that HBO may protect
Sprague-Dawley rats induced by ChABC treatment from
intervertebral disc degeneration (16). However, less is known
about the combined effect of HBO and ChABC therapy in a
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rat model of SCI. In the present study, the efficacy of simulta-
neous HBO and ChABC treatment in rats following SCI was
examined. Serum malondialdehyde (MDA) and superoxide
dismutase (SOD) levels were examined to evaluate the extent
of lipid peroxidation in injured cells (21).

Materials and methods

Experimental animals. The Ethics Committee of the Yantai
Yuhuangding Hospital (Yantai, China) approved the protocol
of animal care and handling in the present study. A total of 48
healthy male Wistar rats (150-170 g) were provided by The
Experimental Animal Center of Shandong University (Jinan,
China). Rats had free access to food and water and were
housed together in a 12 h light/dark cycle at 25°C and 75%
relative humidity, in specific pathogen-free conditions. Rats
were randomly divided into six groups (Table I).

Experimental SCI model. The experimental SCI model was
induced in rats using the clip compression method (18,25). Rats
were anesthetized by intraperitoneal injection of ketamine
(80 mg/kg) and xylasine (10 mg/kg). The laminectomy was
performed at the T13-L1 level following skin and muscle
incision. The spinal cord was compressed by a microvascular
clip (Fine Science Tools GmbH, Heidelberg, Germany) that
induced 20 g/cm? pressure for 90 sec. Animals were monitored
for 4 weeks following surgery.

HBO treatment. HBO treatment began 2 h following SCI
establishment and was continued once daily for 14 days. A
medical hyperbaric oxygen chamber (Ningbo Hyperbaric
Oxygen Corporation, Ningbo, China) was prepared with a
flush of pure oxygen for 10 min. SCI-HBO rats were placed
into the HBO chamber and exposed to 80% oxygen at 0.3 MPa
(3 ATA) for 60 min, followed by depressurization for 30 min.
Control animals were treated with regular air.

ChABC injection. The injury site was re-exposed in anesthe-
tized rats 7 days following surgery and ChABC (0.1 U/ul; total,
10 ul; Sigma-Aldrich, Merck KGaA, Darmstadt, Germany)
diluted in 0.01% bovine serum albumin (Gibco; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) and PBS was
slowly intraspinally injected over 2 min using a 30 ym glass
micropipette connected to a Hamilton syringe (depth, 1 mm),
2 mm rostral to injury site (18). The needle was kept in the
injection site for 1 min following the termination of the injec-
tion to prevent backflow.

Neuromotor function assessment. The
Basso-Beattie-Bresnahan (BBB) locomotor rating scale (26)
and the inclined plane assessment were used to examine
neuromotor function prior to surgery and for 4 weeks there-
after (26). For the inclined plane assessment, the inclination
angle of the board is freely adjustable. The maximum incli-
nation angle of the board on which the rat stayed for 5 sec
without falling off was recorded (27). The BBB rating scale
has a range of 0-21 points, judged by parameters including
the coordination of limb movement, paw placement and tail
balance. No visible movement of the hind legs was scored as
zero points. For the maximum 21 points, the rat had to walk

continuously on its paws, with a cocked tail, good fore and
hind limb motor coordination and trunk stability. Data was
quantified as the average score of the two hind limbs.

SOD and MDA assays. Tail blood (1.5 ml) was obtained at
0, 2 and 4 weeks following SCI. SOD activity was measured
using the xanthine oxidase assay (cat no. AOO1-1-1; Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) and MDA
levels were detected using the thiobarbituric acid assay (cat
no. A003-4; Nanjing Jiancheng Bioengineering Institute),
according to the manufacturer's protocols.

Western blot analysis. Following the removal of the dura, spinal
cord (100-300 ug) from the T13-L1 level was homogenized on
ice in radioimmunoprecipitation assay lysis buffer (Beyotime
Institute of Biotechnology, Haimen, China). Protein concen-
tration was measured with a Nano dropper (Thermo Fisher
Scientific, Inc.). The proteins (25 pg/lane) were electropho-
resed on 10% SDS-PAGE gel for 1 h at 120 V and subsequently
transferred to polyvinylidene difluoride membranes (EMD
Millipore, Billerica, MA, USA). The blots were blocked with
5% non-fat dry milk for 1 h at 37°C prior to incubation with the
primary antibodies rabbit polyclonal anti-aquaporin 4 (AQP4;
1:100; catalog no. ab46182; Abcam, Cambridge, UK) and rabbit
polyclonal anti-GSK3f (1:100; catalog no. ab15314, Abcam)
overnight at 4°C. Following incubation with horseradish
peroxidase-conjugated goat anti-rabbit secondary antibody
(1:1,000; cat no. A0208; Beyotime Institute of Biotechnology)
for 1 h at 37°C, the protein bands were visualized using the
chemiluminescence substrate kit (Beyotime Institute of
Biotechnology). GAPDH (1:2,000; cat no. sc-69778; Santa
Cruz Biotechnology, Inc., Dallas, TX, USA) was used as an
internal control. Densitometry analysis performed using the
Image J software version 1.3 (National Institutes of Health,
Bethesda, MD, USA).

Statistical analysis. All data is presented as the mean + stan-
dard error. Statistical analyses were performed with SPSS
software 15.0 (SPSS, Inc., Chicago, IL, USA). Data were
analyzed using the two-sided repeated measures analysis of
variance with the Bonferroni post-hoc test. P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

Hind limb neuromotor function assessment. The BBB loco-
motor rating scale and the inclined plane assessment were
used to assess the hind limb neuromotor function, which is
an important index for SCI (26). Prior to establishment of the
SCI, rats in all groups had a baseline BBB score of 21 points.
Following SCI, the BBB score was significantly decreased
in all groups compared with the control rats (P<0.0001),
indicating that motor functions were reduced following SCI.
During the 4 week follow up, a certain degree of motor func-
tion recovery was observed, however the baseline level was
not recovered. Sham rats had a BBB score of 21 throughout
the study (Fig. 1).

The BBB score in the combination therapy group
(HBO + enzyme group) was significantly increased compared
with the SCI rats 1 week following SCI establishment
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Table I. Experimental groups.

Experimental

groups (n=8) Procedure

Sham Animals were surgically exposed and treated
with regular air, however not subjected to the
SCI procedure.

Animals with SCI treated with regular air
(no treatment).

Animals with SCI that received 10 p1 buffer
phosphate saline injection and treated with
regular air (intra-spinal)

Animals with SCI treated by HBO (80%
oxygen at 0.3 MPa)

Animals with SCI that received 10 ul of
100 U/ml of chondroitinase ABC injection
and treated with regular air (intra spinal)
Animals with spinal cord injury treated
with HBO and chondroitinase ABC

SCI

Vehicle

HBO

Enzyme

HBO + enzyme

SCI, spinal cord injury; HBO, hyperbaric oxygen.

(P<0.001). At week 2, 3 and 4, the BBB score was increased
in the HBO, enzyme and HBO + enzyme groups compared
with the SCI group (P<0.001). The BBB score increase in
the HBO + enzyme group was significantly greater compared
with the HBO and enzyme groups at week 2 (P<0.001),
3 (P<0.001) and 4 (P<0.001).

For the inclined plane assessment, rats in all groups
achieved a maximum angle of ~63° prior to SCI establish-
ment. The maximum inclination angles were significantly
reduced and subsequently increased at 2, 3 and 4 weeks in
all groups following SCI (P<0.01). The maximum angle in
the HBO + enzyme, HBO and enzyme groups were signifi-
cantly increased compared with the SCI group (P<0.01). The
angle in the HBO + enzyme group was significantly increased
compared with the HBO and enzyme groups (P<0.05; Fig. 2).
Therefore, the combination of HBO and ChABC significantly
improved the motor function recovery following SCI compared
with HBO or ChABC treatment alone.

Serum SOD and MDA content. To detect alterations in the
generation of oxygen free radicals, serum SOD and MDA
levels were detected. Following SCI, serum SOD levels were
significantly decreased and serum MDA levels were signifi-
cantly increased compared with the sham group. Serum SOD
activity in HBO + enzyme, HBO and enzyme groups were
significantly increased compared with sham and SCI rats
2 weeks following SCI (Fig. 3A). Conversely, MDA levels
were significantly decreased in the HBO + enzyme, HBO
and enzyme groups compared with the sham and SCI groups
(Fig. 3B). SOD and MDA levels in HBO + enzyme group were
respectively increased or decreased compared with HBO and
enzyme groups 2 and 4 weeks following SCI establishment.
There was no significant alteration in SOD or MDA levels in
the HBO and enzyme groups at 2 or 4 weeks.
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Figure 1. Effect of HBO, chondroitinase ABC enzyme or combined HBO
and enzyme treatment on the recovery of locomotor activity following
SCI. Recovery of locomotor activity was assessed by the BBB scale. Data
is expressed as the mean + standard error. ““P<0.001 vs. SCI; #P<0.01,
##P<0.001 vs. HBO; “4P<0.01, #“¢P<0.001 vs. enzyme group. SCI, spinal
cord injury; HBO, hyperbaric oxygen; BBB, Basso-Beattie-Bresnahan.
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Figure 2. Effect of HBO, chondroitinase ABC enzyme or HBO and enzyme
treatment on the maximum inclined plane angle following SCI. Data is
expressed as the mean + standard error. “P<0.01 vs. SCI; “P<0.05 vs. HBO
group; ¥P<0.05 vs. enzyme group. HBO, hyperbaric oxygen; SCI, spinal cord
injury.

GSK3p expression in the spinal cord. GSK3p is involved in
the prevention of axon regeneration following SCI (19,28).
Western blot analysis indicated that GSK3f expression was
significantly upregulated compared with baseline following
SCI establishment (P<0.001) 4 weeks post-surgery. HBO
(P<0.01), enzyme (P<0.01) and HBO + enzyme (P<0.001)
treatments all significantly inhibited GSK3[ expression. The
combination of HBO and ChABC reduced GSK3p expression
to sham rat expression levels, indicating that this combination
may be effective in improving the outcome of SCI (Fig. 4).

Assessment of AQP4 expression in the spinal cord. Increased
AQP4 expression impedes SCI recovery (29,30). Western blot
analysis determined that AQP4 expression was significantly
increased compared with the sham group following SCI
establishment (P<0.001). HBO (P<0.01) and HBO + enzyme
(P<0.001) treatment significantly inhibited the expression of
AQP4 compared with the SCI group. The enzyme treatment
alone did not significantly inhibit the expression of AQP4
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Figure 3. SOD and MDA levels of rats pre- and post-SCI establishment.
(A) SOD levels were detected by xanthine oxidase assay. (B) MDA levels
were detected by thiobarbituric acid. “P<0.05 vs. Sham; “P<0.05 vs. SCI
group; ¥P<0.05 vs. HBO group; ®P<0.05 vs. enzyme group. SOD, superoxide
dismutase; MDA, malondialdehyde; SCI, spinal cord injury; HBO, hyper-
baric oxygen.

compared with the SCI group. The strongest inhibition of
AQP4 expression was observed in the HBO + enzyme treat-
ment group (Fig. 5).

Discussion

In the present study, the therapeutic effects of HBO and
ChABC administrated alone and in combination in SCI rats
was examined. The combination of HBO and ChABC was
demonstrated to have the most beneficial effects on BBB
scores, motor function recovery and the expression of SOD,
MDA, GSK3p and AQP4, compared with the administration
of either treatment alone.

Lipid peroxidation and the extent of neuronal damage
may be assessed by the detection of inflammatory mediators,
including SOD and MDA (21). SOD is a naturally occurring
neuroprotective free radical scavenger that converts harmful
superoxide radicals into hydrogen peroxide. MDA is a key
product of membrane lipid peroxidation, which is involved in
the mitochondrial respiratory chain complex and exacerbates
damage to the membrane. In the present study, HBO treatment
significantly improved neuromotor function compared with
the sham and SCI rats, suggesting an increase in SOD activity
and reduced lipid peroxidation by oxygen free radicals. This
indicates that oxygen free radical inhibition may be one of the
mechanisms by which HBO treatment improves neuromotor
function in SCI rats.

There are two primary obstacles that impede recovery
following SCI: The expression of inflammatory factors and
the production of CSPG (31). A direct correlation exists
between the production of inflammatory cytokines and
CSGP (31). In SCI, CSGP is involved in processes of cell
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Figure 4. Effect of HBO, chondroitinase ABC enzyme or combined HBO
and enzyme treatment on GSK3p expression in SCI rats 4 weeks following
surgery. GSK3p protein expression was determined by western blot analysis
and normalized to GAPDH. Data is expressed as the mean + standard error.
“P<0.01, “"P<0.001 vs. control group; P<0.01, “"P<0.001 vs. SCI group.
HBO, hyperbaric oxygen; GSK3p, glycogen synthase kinase-3f; SCI, spinal
cord injury.
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Figure 5. Effect of HBO, chondroitinase ABC enzyme or combined HBO
and enzyme treatment on AQP4 expression in SCI rats 4 weeks following
surgery. AQP4 protein expression was determined by western blot analysis
and normalized to GAPDH. Data is expressed as the mean + standard error.
“P<0.001 vs. control group; “P<0.01, "*P<0.001 vs. SCI group. HBO, hyper-
baric oxygen; AQP4, aquaporin 4; SCI, spinal cord injury.

death, demyelination, cavitation, microglial invasion and
eventually the impairment of neuromotor function (14,15).
Inflammation is associated with an increase in GSK3f
expression in SCI (28,32). GSK3p is involved in the induction
of demyelination and Wallerian degeneration (12,28). GSK3f3
also regulates the production of CSGP and thus prevents
axonal regeneration following SCI (19,28). Increased CSGP
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expression may also contribute to neuromotor function
impairment through the disruption of axonal connections
and axonal regeneration (28). All these mechanisms may be
involved in the BBB decrease observed in SCI rats and the
recovery of neuromotor function following HBO + enzyme
treatment in the present study. ChABC enzyme administra-
tion may directly overcome the endothelial barrier through
the degradation of CSPG (33), thus creating a permeable
environment that allows axonal regeneration (34,35). A
previous study indicated that enzyme secretion begins
within a day of injury and reaches its maximum expression
following 1 week (11). Therefore, the enzyme was injected
1 week following SCI establishment. ChABC may exhibit
anti-inflammatory properties (36). The results of the current
study revealed that GSK3f expression decreased in the
combined treatment and that neuromotor function following
SCI was improved, which is indicative of reduced demy-
elination and axonal regeneration (32,37). The combined
HBO and ChABC treatment may have created a permeable
environment by decreasing CSPG and GSK3f to promote
neuromotor function.

Previous studies have demonstrated that local edema
occurs immediately following SCI, due to endothelial
barrier permeability injury (38,39). Microglial invasion and
inflammatory cytokine production increases, leading to cell
death, demyelination, cavity formation, paralysis and even
mortality (40,41). AQP4 may reduce edema by facilitating
the excretion of excessive water (42). However, increased
AQP4 expression in the chronic stage of SCI may be indica-
tive of continued water retention and cytotoxic edema that
impedes recovery (29,30). A previous study suggested
that the role of HBO in the dysregulation of blood-brain
barrier permeability should be taken into consideration
when patients are exposed to HBO (43). Additionally,
Wang et al (16) reported that HBO therapy significantly
suppresses the decrease in disc height caused by ChABC
injection, suggesting that HBO may protect the intervertebral
discs against ChABC-induced injury. Consistent with these
results, the present study demonstrated that combined HBO
and ChABC therapy exerted a protective effect in the SCI rat
model. Although alterations in the permeability of the spinal
cord vasculature were not directly detected, to the best of the
author's knowledge, the present study is the first to demon-
strate the combined effect of ChABC and HBO in SCI. It
was revealed that the expression of AQP4 in SCI rats was not
significantly decreased by ChABC alone, indicating cyto-
toxic edema may be a limitation for this treatment. Results
also indicated that HBO may protect against permeability
barrier destruction by ChABC, however this conclusion
should be validated with further research. The association
of HBO with ChABC is still unclear and further investiga-
tion of the molecular mechanisms and associated signaling
pathways are required.

In conclusion, the results of the present study demonstrated
that although the application of HBO and ChABC alone
reduced the GSK3p level and improved neuromotor recovery
in SCI model rats, ChABC alone did not inhibit the induction
of AQP4 expression following SCI, which may be a limita-
tion to this treatment. In the combined treatment group, the
expression of GSK3f and AQP4 was returned to baseline

and the recovery of neuromotor function was improved.
Increased serum SOD activity and decreased serum MDA
content indicated a potential role of oxygen free radicals in
the pathophysiological consequences of SCI. These alterations
were reversed by the combined HBO and ChABC treatment.
Therefore, the combined treatment was concluded to be more
effective than application of either treatment alone. Improved
neuromotor function was likely due to a reduction in inflamma-
tion by ChABC and HBO, as well as the degradation of CSPG
by ChABC which contributes to the preservation of tissue
integrity. Future studies should aim to further understand the
underlying mechanisms.
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