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Effect of hyperbaric oxygen on lipid peroxidation and visual
development in neonatal rats with hypoxia-ischemia brain damage
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Abstract. The aim of the present study was to investigate the
effect of hyperbaric oxygen (HBO) on lipid peroxidation and
visual development in a neonatal rat model of hypoxic-isch-
emic brain damage (HIBD). The rat models of HIBD
were established by delayed uterus dissection and were
divided randomly into two groups (10 rats each): HIBD and
HBO-treated HIBD (HIBD+HBO) group. Another 20 rats
that underwent sham-surgery were also divided randomly into
the HBO-treated and control groups. The rats that underwent
HBO treatment received HBO (0.02 MPa, 1 h/day) 24 h after
the surgery and this continued for 14 days. When rats were
4 weeks old, their flash visual evoked potentials (F-VEPs)
were monitored and the ultrastructures of the hippocampus
were observed under transmission electron microscope. The
levels of superoxide dismutase (SOD) and malonyldialde-
hyde (MDA) in the brain tissue homogenate were detected
by xanthine oxidase and the thiobarbituric acid colorimetric
method. Compared with the control group, the ultrastructures
of the pyramidal neurons in the hippocampal CA3 area were
distorted, the latencies of F-VEPs were prolonged (P<0.01)
and the SOD activities were lower while the MDA levels were
higher (P<0.01) in the HIBD group. No significant differences
in ultrastructure, the latency of F-VEPs or SOD/MDA levels
were identified between the HBO-treated HIBD group and the
normal control group (P>0.05). HBO enhances antioxidant
capacity and reduces the ultrastructural damage induced by
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hypoxic-ischemia, which may improve synaptic reconstruc-
tion and alleviate immature brain damage to promote the
habilitation of brain function.

Introduction

Hypoxic-ischemic brain damage (HIBD) occurs at a rate
of 3-5/1,000 full-term live births in developed countries
and <10-fold higher in developing countries (1). Following
hypoxia-ischemia (HI), ~45% of newborns succumb or have
permanent cognitive impairments, potentially including cere-
bral palsy, and there are currently no effective therapies (2).

Hyperbaric oxygen (HBO) therapy has been identified as
a clinical therapy for HIBD for a number of years. Animal
experiments and clinical trials have shown that HBO performed
within 6 h after HIBD may achieve favorable outcomes and
promote the long-term neurological recovery (3-6). In addi-
tion, numerous studies in China have demonstrated that HBO
can reduce the disability and mortality of HIBD (7). However,
there are concerns regarding the safety and validity of HBO
treatment due to oxygen toxicity, which may increase the
infarct area (3). A previous study demonstrated an increase
in lipid and protein oxidation products in the lung tissues of
rats accompanied by increased antioxidant enzyme activities
when HBO was continued for >20 sessions (8). In addition
to the lung being the entering site of hyperoxic injuries, CNS
is mainly accepted as another important target for oxygen
exposure in toxic amounts (9). However, whether HBO will
exacerbate lipid peroxidation causing secondary injury to the
brain or lead to neonatal pulmonary and retinal hypoplasia (10)
remains to be elucidated. The aim of the present study was to
detect the effect of HBO on superoxide dismutase (SOD) and
malondialdehyde (MDA) from brain homogenate and flash
visual evoked potential (F-VEP) in newborn rats with HIBD
through the establishment of the HIBD newborn rat model, to
explore the influence of HBO on brain lipid peroxidation and
visual development, and to provide experimental evidence for
the clinical application of HBO.

Materials and methods
Preparation for animal model and grouping. Intrauterine

HIBD animal models were established according to the
method of ‘delayed dissect uterus’ by Bjelke et al (11).
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Sprague-Dawley rats on gestational day 21, weighing
300-350 g, were selected. To perform uterine cornual artery
ligation, the rats were anesthetized with ether. Rats have
bicornuate uteri and the dissected uteri from the side that the
cornual arteries were ligated was immersed in water at 37°C.
A cesarean section was performed 15 min later. Neonatal rats
that had reached the level of severe brain damage according
to HIBD brain damage evaluation standards (12) were the
HIBD models (the HIBD group). The neonatal rats from the
side of the uterus in which the side cornual arteries were not
ligated were the control group. All rats were fed by female
rats who had a spontaneous delivery one day before. Rats
with HIBD showed convulsion-like complications, and the
pathological changes conform to that of typical HIBD (13).
Referring to a method established by Whishaw et al (13), a
pathological score was assigned to the brain tissue, and the
level of HIBD brain damage pathology may correspond to its
clinical manifestation. According to the weight and degree of
brain damage, the model rats were randomly divided into the
HIBD and HIBD with HBO treatment (HIBD+HBO) groups.
The rats in the control group without HIBD were also divided
into HBO-treated group (HBO group) and the control group
randomly. Finally, there were 4 groups with 10 neonatal rats
each: The HIBD, HIBD+HBO, HBO and control groups.

Ethical approval. The study protocol was approved by the
Ethics Committee of the Union Hospital of Fujian Medical
University (Fujian, China).

HBO exposure. In accordance with previous protocols (14,15),
the rats in the HBO group and HIBD+HBO group were placed
into a hyperbaric chamber (model YLC 0.5/1A baby hyper-
baric chamber; China State Shipbuilding Corporation 701,
Beijing, China) 24 h after surgery and were administered
HBO treatment (100% oxygen under 0.02 MPa for 30 min).
The pressure gradually reached a maximum of 0.02 MPa in
15 min, which was maintain for another 30 min, and gradu-
ally reduced to normal. The total procedure lasted 1 h and the
treatment continued daily for 14 consecutive days.

F-VEP monitoring. Immediately following 14 days of
HBO treatment, all the animals were anesthetized with an
equivalence combination (3 ml/kg intraperitoneally) of
20% urethane and 10% chloral hydrate. The F-VEPs were
monitored by neural electrophysiological instrumentation
(NDI-200F; Shanghai Navy Medical Research Institute,
Shanghai, China). The frequency of flash stimulation was
3 Hz and the electronic signal was amplified with a filter
setting of 1-100 Hz at a gain of 200 and the sensitivity was
20 uV. The P1 latencies of F-VEPs were measured as previ-
ously described (16).

Tissue preparation and ultrastructural changes. When the
rats were at 4 postnatal weeks, 3 rats were randomly selected
from each group. Following rapid decapitation, the hippocampi
were quickly removed (tissue size, ~1x1x1 mm; 2 samples
each in the CA3 area). Subsequently, the specimens under-
went a procedure of pre-fixation in 3% glutaraldehyde and
1.5% paraformaldehyde, post-fixation in 1% osmic acid and
1.5% potassium ferrocyanide, subsequently dehydrated with
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Table I. P1 latencies of the flash visual evoked potential of rats
in the different groups.

Groups Latency of P1, msec
HBO 42.94+4 87"
Control 48.67+4.15
HIBD+HBO 50.24+4 46°
HIBD 58.60+5.12°¢

Compared with the control group, *P<0.05; with the HIBD
group, °P<0.01; and with the control group, ‘P<0.01. Data are
mean =+ standard deviation (n=10). HBO, hyperbaric oxygen; HIBD,
hypoxic-ischemic brain damage.

ethanol and acetone, and finally embedded in Epoxy resin 618.
The ultrathin sections were observed under the transmission
electron microscope (Hitachi Hu-12A type; Hitachi, Ltd.,
Tokyo, Japan) following counterstaining by uranyl acetate and
lead citrate.

SOD activity and MDA level. SOD activities or MDA levels in
the hippocampal homogenates of rats were separately assayed
by the method of xanthine oxidase or thiobarbituric acid,
according to the protocols of the SOD and MDA kits [Nanjing
Jianchen Biological Engineering Research Institute, Nanjing,
China (cat. nos. 20080714 and 20080714, respectively)].

Statistical analysis. Analysis of variance was performed with
SPSS 11.0 statistical software (SPSS, Inc., Chicago, IL, USA).
The results are expressed as mean + standard deviation. P<0.05
was considered to indicate a statistically significant difference.

Results

PI latencies of F-VEPs. In the F-VEP test, the rats (aged
28 days) in the HBO group had shorter P1 latencies compared
to those in the control group (P<0.05), while in the HIBD
group the rats had prolonged P1 latencies compared with
those in the control group (P<0.01). The P1 latencies of rats in
the HIBD+HBO group were shorter than those in the HIBD
group (P<0.01). No significant differences were identified in
the P1 latencies of rats between the HIBD+HBO and control
groups (P>0.05) (Table I).

Ultrastructure changes in CA3 pyramidal neurons. Under the
transmission electron microscope, the pyramidal neurons of
the hippocampal CA3 area in the HBO and control groups
exhibited a clear nuclear membrane, evident nucleolus, rich
organelles and complete synaptic structure. In contrast to the
control group, the rats in the HIBD group showed distorted
nuclei with partial disappearance of the nuclear membrane,
vague mitochondria cristae, decreasing presynaptic vesicles,
thin postsynaptic density, unevenly widened synaptic space,
and disruption of whole synaptic structures due to presynaptic
membrane damage. No differences in neural cells and synaptic
structure were identified between the HIBD+HBO and control
groups (Figs. 1-4).
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Table II. Changes of SOD activities and MDA levels in the rat
brain between the different treatment groups.

Groups SOD, U/mg protein MDA, U/mg protein
HBO 117.23+10.55* 10.31£2.11°
Control 94.15+8.93 16.65+3.12
HIBD+HBO 88.69+7.25° 17.02+£3.71°
HIBD 73.67+10.26¢ 27.16+4.66°

Compared with the control group, *P<0.05; with the HIBD group,
®P<0.01; and with the control group, “P<0.01. SOD, superoxide dis-
mutase; MDA, malondialdehyde; HBO, hyperbaric oxygen; HIBD,
hypoxic-ischemic brain damage. Data are mean + standard deviation.

Figure 1. Ultrastructure of the neuron in the hippocampus CA3 of rats in the
hypoxic-ischemic brain damage + hyperbaric oxygen group (transmission
electron microscope magnification, x4,800).

Figure 2. Ultrastructure of the neuron in the hippocampus CA3 of rats in
the hypoxic-ischemic brain damage group (transmission electron microscope
magnification, x9,000).

Changes of SOD activities and MDA levels. The results
showed that the SOD activities in the rat brain from the HIBD
group were lower (P<0.01) and the levels of MDA were higher
(P<0.01) compared to those from the control group. HBO
intervention can increase the SOD activity and decrease MDA
levels in the brain tissue of rats from the HIBD group (P<0.01)
and the control group (P<0.05). No significant differences
were identified in the changes of SOD activities and MDA
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Figure 3. Ultrastructure of synapse in the hippocampus CA3 of rats in the
hypoxic-ischemic brain damage + hyperbaric oxygen group (transmission
electron microscope magnification, x30,000).

Figure 4. Ultrastructure of the synapse in the hippocampus CA3 of rats in
the hypoxic-ischemic brain damage group (transmission electron microscope
magnification, x30,000).

levels between the HBO-treated HIBD group and the control
group (Table II).

Discussion

Compared with the hypoxic ischemia model caused by ligating
the side carotid artery postnatally, intrauterine HIBD animal
models better replicate the common syndrome of fetal distress,
which is more similar to clinical conditions. The intrauterine
HIBD animal models were established by ligating the side
cornual artery and delayed cesarean section (11). The neonatal
rats in the control group came from the other side of the uterus
where the cornual artery was not ligated. The rats of the
experimental group and the control group were from the same
mother, which may reduce any genetic influence. The rats had
moderate or severe brain damage in HIBD and may have had
sequelae such as mental retardation and cerebral palsy. This is
why only rats with moderate or severe brain damage were used
as HIBD models in the present study.

HBO was widely adopted as a clinical therapy for anoxia
disease as it can increase the blood oxygen content and partial
pressure of oxygen in arteries, enhance the utilization of
oxygen in plasma and tissue fluids, and improve the diffusion
of oxygen through tissue fluids from the capillary to the cells.
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However, whether the application of HBO therapy in neonates
was effective or if it would impede the development of pulmo-
nary and retinal structures in immature individuals remains to
be elucidated.

F-VEPs are bioelectrical activity caused by the visual stim-
ulations along different sections of optic and visual pathway,
which were used to evaluate neural pathways from the optic
chiasm level to part under ventricle to the visual cortex level,
and it should be consistent with vulnerable sections of classic
HIBD. The P1 waves of F-VEPs are stable composite waves
based on positive waves, of which the latency is an important
index in F-VEP tests. The P1 latency is associated with myelina-
tion of nerve fibers and synaptic transmission efficiency, and is
independent from anesthetics or sedatives. Shorter P1 latencies
indicate more perfect neurodevelopment and a more complete
visual path (17). In the present study, rats in the HIBD group
showed longer P1 latencies compared with the control group
prior to HBO treatment, which implied decreased nerve fiber
myelination and synaptic transmission efficiency in neonatal
hypoxic-ischemic brain. After continuous HBO treatment
for 14 days (1 h/day), the P1 latencies of the rats at 4 weeks
postnatal in the HIBD group were evidently shorter compared
to those without HBO therapy, and were similar to those of
the rats in the control group. The result suggested that HBO
treatment cannot impede normal visual development.

Synapses are specialized structures conveying information
between neurons in the nervous system, and synaptic knobs
contain numerous vesicles, which are closely associated with
neurotransmitter release (18). Postsynaptic densities are the
main components of postsynaptic membrane, of which the
alteration in thickness is one of the most important morpho-
logical bases for normal synaptic function (19). Synaptic
space contains a lot of lytic enzyme which can decompose
the neurotransmitter. The wider the synaptic space is, the
longer the time that neurotransmitter conduction takes; more
were degraded during the conduction period, thus causing a
reduction of the abilities of nerve conduction and learning and
memory. In the present study, transmission electron micros-
copy showed that there were evident morphological changes
in the hippocampal CA3 neurons of rats in the HIBD group,
of which the nuclear membranes disappeared in part, the
mitochondria cristae were vague, the number of presynaptic
vesicles decreased, the postsynaptic density became thin, and
the synaptic clefts were unevenly widened; whole synapses
were also destroyed. However, in the HBO-treated HIBD group,
no significant differences were identified in CA3 synaptic
ultrastructures compared with that in the control group under
the transmission electron microscope. The latency of F-VEP
of rats in HIBD following the HBO intervention was shorter
than that in the control group, which suggested that early HBO
intervention could maintain a relatively normal synaptic struc-
ture and their functions by reducing synaptic ultrastructural
damage caused by hypoxia ischemia and promoting restora-
tion from injuries.

Lipid peroxidation is considered an important reason for
immature brain injury, pulmonary hypoplasia and visual
damage in oxygen therapy (3,20,21). MDA is an end product in
lipid peroxidation which can reflect the extent of lipid peroxida-
tion. SOD is a main antioxidant enzyme in organisms that has
an important role in removing extra free radicals. The present
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results showed that the SOD content of rats in the HIBD group
was markedly lower while the MDA content was significantly
higher than those in the control group, which implied that HI
could reduce the antioxidant abilities and promote lipid perox-
idation. Following the HBO intervention, the rats with HIBD
showed significantly increased SOD activity and decreased
MDA content, which suggested that a HBO intervention could
markedly improve the removal of oxygen free radicals and
resist lipid peroxidation. The study showed that HBO could
enhance antioxidant capacity and decrease the ultrastructural
damage induced by hypoxic-ischemia, and facilitate synaptic
reconstruction and alleviate injury on immature brain thus
promoting the rehabilitation of brain function. These results
support that intervention programs and a pressure of HBO
(0.02 MPa once a day for 1 h; 14 days total) do not increase
oxidative damage of the central nervous system of the HIBD
rats. Instead, antioxidant injury is conducive to a protective
effect on the brain. Future investigations are required to elabo-
rate upon the mechanism of HBO treatment on the immature
brain and to identify the association between the therapeutic
effect of HBO treatment and the pressure or time and duration
of the HBO intervention.
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