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Abstract  
Hyperbaric oxygen therapy has been widely applied and recognized in the treatment of brain injury; 
however, the correlation between the protective effect of hyperbaric oxygen therapy and changes of 
metabolites in the brain remains unclear. To investigate the effect and potential mechanism of 
hyperbaric oxygen therapy on cognitive functioning in rats, we established traumatic brain injury 
models using Feeney’s free falling method. We treated rat models with hyperbaric oxygen therapy 
at 0.2 MPa for 60 minutes per day. The Morris water maze test for spatial navigation showed that 
the average escape latency was significantly prolonged and cognitive function decreased in rats 
with brain injury. After treatment with hyperbaric oxygen therapy for 1 and 2 weeks, the rats’ spatial 
learning and memory abilities were improved. Hydrogen proton magnetic resonance spectroscopy 
analysis showed that the N-acetylaspartate/creatine ratio in the hippocampal CA3 region was sig-
nificantly increased at 1 week, and the N-acetylaspartate/choline ratio was significantly increased at 
2 weeks after hyperbaric oxygen therapy. Nissl staining and immunohistochemical staining showed 
that the number of nerve cells and Nissl bodies in the hippocampal CA3 region was significantly 
increased, and glial fibrillary acidic protein positive cells were decreased after a 2-week hyperbaric 
oxygen therapy treatment. Our findings indicate that hyperbaric oxygen therapy significantly im-
proves cognitive functioning in rats with traumatic brain injury, and the potential mechanism is me-
diated by metabolic changes and nerve cell restoration in the hippocampal CA3 region. 
 
Key Words 
neural regeneration; brain injury; hyperbaric oxygen; magnetic resonance spectroscopy; astrocytes; 
immunohistochemistry; choline; creatine; N-acetylaspartate; CA3 region; Morris water maze; 
hippocampus; neuroregeneration 

HBOT 

The rats’ spatial learning and memory abilities were improved. 

N-acetylaspartate/creatine ratio and N-acetylaspartate/choline ratio in 
hippocampal CA3 region were increased. 

The number of nerve cells in hippocampal CA3 region was increased. 

The number of activated astrocytes in hippocampal CA3 region was 
decreased. 

Traumatic brain injury models 
were established using 
Feeney’s free falling method. 
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INTRODUCTION 
    
Traumatic brain injury (TBI) is one of the contributory 
reasons for death and disability[1]. Survivors of severe 
TBI often develop a variety of disorders in cognition, 
neurophysiological function, psychology and emotion, 
and behavioral function, which seriously affects their 
quality of life[2-4]. The hippocampus is the main brain 
center for learning and memory ability in animals. Are 
there any changes to nerve cells in the hippocampus 
after brain injury? What happens to its metabolic    
function? 
 
Hyperbaric oxygen therapy (HBOT) has been recognized 
as an effective treatment for brain injury[5], but its poten-
tial mechanism remains unclear. The goals of this study 
are threefold: to observe the influence of HBOT on cog-
nitive function in TBI rats; to explore the changes of 
hippocampal structure and function after HBOT; to inves-
tigate the mechanism of HBOT involved in cognitive 
function. 
 
In this study, the Morris water maze navigation task was 
applied to observe the change in cognitive functions 
immediately after TBI and at different periods after HBOT. 
Previous studies addressing the HBOT mechanism have 
been limited to the observation of the animal brain mor-
phology, apoptosis, pathophysiology, cytokines and 
neurotrophic factors at lesions after animals were killed 
at a certain time point[6-8]. However, there has been no 
investigation concerning the in vivo evidence at different 
time points.  
 
Functional MRI can provide pathophysiological and 
functional information after brain injury in a non-invasive 
manner. It can also assist in assessing brain injury se-
verity, cognitive dysfunction, structural and functional 
reorganization, hemorrhage focus and prognosis[9]. 
Among the functional MRI techniques, hydrogen proton 
magnetic resonance spectroscopy (1H-MRS) is the only 
non-invasive imaging technique for revealing tissue me-
tabolism in vivo. It allows continuous dynamic observa-
tion of metabolic changes at the lesion site and provides 
a new means for understanding the disease pathogene-
sis[10]. Currently, 1H-MRS has been used for observing 
brain metabolic changes in multiple sclerosis and Par-
kinson’s disease, and for exploring the correlation with 
cognitive function[11-14]. However, little evidence is avail-
able regarding the dynamic observation of HBOT for 
brain injury. Churchill et al [15] found that 51% of brain 
injury patients experienced improvement in memory and 

attention after 1-year of HBOT, leaving neuroimaging 
changes unstudied. To explore the effect of HBOT on 
cognitive function in rats, we used 1H-MRS to conduct 
continuous observations of hippocampal tissue meta-
bolism change in TBI rats at different time points after 
treatment, and ratios of N-acetylaspartate/creatine and 
N-acetylaspartate/choline in the rat hippocampal CA3 
region at the same time point after HBOT. 
 
In 2007, Huang et al [16] proposed that glial scar hyper-
plasia was highly involved in spatial learning and mem-
ory defects in newborn rats with hypoxic-ischemic brain 
injury, and that HBOT reduced hippocampal neuronal 
loss and improved cognitive function in rats. Using Nissl 
staining and immunofluorescence staining, we observed 
hippocampal CA3 neurons and astrocytes in TBI rats 
after HBOT treatment for 2 weeks. This was a broad 
attempt to analyze the link between hippocampal neu-
rons and cognitive functions and to explore the HBOT 
actions on hippocampal neurons.   
 
 
RESULTS 
 
Quantitative analysis of experimental animals 
Thirty-three Sprague-Dawley rats were randomly divided 
into either the sham surgery group (n = 10, only exposing 
the dura mater) or the model group (n = 23, TBI models 
were established using the Feeney’s free falling method). 
After three rats were excluded from the model group due 
to modeling failure, the remaining 20 successful models 
were further assigned into the HBOT group or TBI group, 
with ten rats in each group. The HBOT group was given 
HBOT, once per day for 2 weeks. A total number of 30 
rats were included in the analysis. 
 
Effect of HBOT on cognitive function of TBI rats 
Test results from the Morris water maze task showed 
that the average escape latency of rats in the TBI   
and HBOT groups at 3 days, 1 week and 2 weeks after 
treatment was increased compared with the sham  
surgery group (P < 0.05). This demonstrates that cog-
nitive functions were significantly decreased after brain 
injury in rats. At 1 and 2 weeks, the HBOT group had 
better cognitive function than the TBI group (P < 0.05; 
Table 1). 
 
Effect of HBOT on brain metabolism in the 
hippocampal CA3 region of TBI rats 
1H-MRS analysis showed that there was no significant 
difference in the N-acetylaspartate/choline and 
N-acetylaspartate/creatine ratios in the contralateral 
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hippocampal CA3 region of rats in the TBI and HBOT 
groups, when compared with the sham surgery group at 
each time point (Table 2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Compared with the sham surgery group, the 
N-acetylaspartate/creatine ratio in the ipsilateral hippo-
campal CA3 region was significantly decreased in the 
TBI group (P < 0.05). After 48 hours of treatment, the 
decreased ratio was more apparent in the TBI and HBOT 
groups  (P < 0.05). After 1 and 2 weeks of treatment, 
the N-acetylaspartate/creatine ratio in the HBOT group 
was significantly increased compared with the TBI group 
(P < 0.05; Table 2, Figure 1). 
 
At 8 hours, 48 hours, 1 week, and 2 weeks after treat-
ment, the N-acetylaspartate/choline ratio in the ipsilateral 
hippocampal CA3 region was significantly decreased in 
the TBI group compared with the sham surgery group (P 
< 0.05). At 2 weeks after treatment, the HBOT group had 
significantly higher N-acetylaspartate/choline ratios than 
the TBI group (P < 0.05; Table 2, Figure 1). 
 

Effect of HBOT on histological change of the 
hippocampal CA3 region in TBI rats 
Nissl staining showed that the hippocampal CA3 neu-
rons were tightly and neatly arranged, demonstrating 
intact morphology and multilateral shape in the 
sham-operated rats. The nucleolus was distributed in 
the center and blue plaques or granular Nissl bodies 
were visible in the cytoplasm. In the TBI group, the 
hippocampal CA3 neurons were sparse and disorderly 
arranged; cell spacing was widened, a large number of 
pyknotic and necrotic neurons demonstrated atrophy, 
and Nissl bodies were decreased or had disappeared. 
In the HBOT group, the number of nerve cells in the 
hippocampal CA3 region was significantly increased at 
2 weeks after treatment. The neurons were tightly dis-
tributed and Nissl bodies were increased compared with 
the TBI group (Figure 2).  
 
Effect of HBOT on the glial fibrillary acidic protein- 
positive cells in the hippocampal CA3 region of TBI 
rats 
An immunofluorescence assay showed that at 2 weeks 
after treatment, glial fibrillary acidic protein-positive cells 
in the hippocampal CA3 region exhibited intact structure 
and clearly visible protrusion in the sham surgery rats. In 
the TBI group, the number of glial fibrillary acidic pro-
tein-positive cells and protrusions in the hippocampal 
CA3 region was significantly increased compared with 
the sham-surgery group (P < 0.01). After 2 weeks of 
hyperbaric oxygen therapy, the number of glial fibrillary 
acidic protein-positive cells and protrusions in the hip-
pocampal CA3 region was significantly decreased com-
pared with the TBI group (P < 0.01). Data are shown in 
Figure 3. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2  Effect of hyperbaric oxygen therapy (HBOT) on N-acetylaspartate/choline (NAA/Ch) and N-acetylaspartate/creatine 
(NAA/Cr) ratios in the hippocampal CA3 region of traumatic brain injury (TBI) rats at different time points  

 

Item  
                              Time after injury 

8 hours 24 hours 48 hours 1 week 2 weeks 

Contralateral hippocampus NAA/Cr ratio HBOT 
TBI 
Sham 

1.38±0.23 
1.72±0.60 
1.33±0.18 

1.46±0.41 
1.51±0.44 
1.23±0.17 

1.56±0.43 
1.71±0.43 
1.59±0.08 

1.29±0.21 
1.48±0.18 
1.24±0.16 

1.55±0.22 
1.45±0.32 
1.35±0.19 

Ipsilateral hippocampus NAA/Cr ratio HBOT 
TBI 
Sham 

1.18±0.22 
0.70±0.26a 

1.35±0.08 

1.24±0.14 
0.98±0.20a 

1.33±0.09 

1.01±0.40a 

1.03±0.22a 

1.53±0.49 

1.08±0.20b 

0.81±0.26a 

1.41±0.44 

1.42±0.44b 

0.96±0.24a 

1.43±0.21 
Contralateral hippocampus NAA/Ch ratio HBOT 

TBI 
Sham 

1.22±0.24 
1.58±0.31 
1.36±0.36 

1.29±0.35 
1.39±0.37 
1.56±0.36 

1.34±0.35 
1.40±0.57 
1.55±0.47 

1.21±0.16 
1.23±0.16 
1.63±0.12 

1.34±0.20 
1.35±0.41 
1.68±0.40 

Ipsilateral hippocampus NAA/Ch ratio HBOT 
TBI 
Sham 

1.23±0.43a 

0.78±0.17a 

1.61±0.10 

1.69±0.43 
1.29±0.61 
1.54±0.11 

1.05±0.54a 

0.91±0.30a 

1.66±0.14 

0.99±0.21a 

0.86±0.23a 

1.62±0.29 

1.51±0.25b 

0.87±0.20a 

1.79±0.36 

 aP < 0.05, vs. sham group at the same time point; bP < 0.05, vs. TBI group at the same time point. Data are expressed as mean ± SD in ten rats 
for each group (one-way analysis of variance and Student-Newman-Keuls test). Sham: Sham surgery group. 

Table 1  Effect of hyperbaric oxygen therapy (HBOT) on 
the average escape latency (s) of traumatic brain injury 
(TBI) rats in the Morris water maze 

Group 
             Time after injury 

3 days 1 week 2 weeks 

HBOT 73.13±6.31a 34.76±4.43ab 27.19±3.70ab 
TBI 85.83±5.38a 60.48±6.67a  41.46±4.09a 
Sham 14.75±4.12 13.50±1.19 11.42±3.19 

 
aP < 0.05, vs. sham group at the same time point; bP < 0.05, vs. 
TBI group at the same time point. Data are expressed as mean ± 
SD in ten rats for each group (one-way analysis of variance and 
Student-Newman-Keuls test). Sham: Sham surgery group. 
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Figure 1  Magnetic resonance spectroscopy images of the rat hippocampal CA3 at the injury side after hyperbaric oxygen 
therapy for 2 weeks. 

(A) In the sham-surgery group, the NAA peak value was significantly higher than Cr and Ch values.  

(B) In the traumatic brain injury group, the NAA value was significantly decreased, while the Cr and Ch values were elevated.  

(C) In the hyperbaric oxygen therapy group, the NAA value was higher than that in the traumatic brain injury group. Both the 
NAA/Ch and NAA/Cr ratios were increased. 

NAA: N-acetylaspartate; Cr: creatine; Ch: choline. 

A B C 

Figure 2  Histological changes in the hippocampal CA3 region on the injured side of traumatic brain injury rats after hyperbaric 
oxygen therapy for 2 weeks (Nissl staining, optical microscopy, scale bars: A, × 25; B–D, × 200).  

White arrows indicate Nissl-positive cells, black arrows indicate Nissl bodies. The black squares in B, C and D are the areas 
enlarged in the insert at the right upper of each image. 

(A) Black square in A and B is the observed area.  

(B) In the sham surgery group, hippocampal CA3 neurons were arranged tightly and the structure was intact.  

(C) In the traumatic brain injury group, hippocampal CA3 neurons were arranged sparsely and disordered. A large number of 
pyknotic and necrotic neurons exhibited atrophy, and Nissl bodies decreased or disappeared.  

(D) In the hyperbaric oxygen therapy group, the number of hippocampal CA3 neurons was increased significantly, and more 
compact compared with those in the traumatic brain injury group. The number of Nissl bodies was also increased. 

 

CA3 
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Figure 3  Glial fibrillary acidic protein (GFAP) expression in the hippocampal 
CA3 region of the injured side of traumatic brain injury (TBI) rats after 
hyperbaric oxygen therapy for 2 weeks (fluorescence microscopy, scale bars: 
A, × 100; B–D, × 200).  

White arrows indicate GFAP-positive cells. (A) White block is the observed 
hippocampal CA3. (B) In the sham surgery group, the GFAP-positive cells in 
hippocampal CA3 showed an intact structure with clearly visible protrusions. 
(C) In the TBI group, the number of GFAP-positive cells and protrusions in the 
hippocampal CA3 region were significantly increased. (D) In the hyperbaric 
oxygen therapy (HBOT) group, the number of GFAP-positive cells and 
protrusions in the hippocampal CA3 region were significantly decreased. 

(E) GFAP average absorbance values in the hippocampal CA3 region. Six 
sections of the CA3 region were selected to measure the absorbance value in 
eight fields of view. Then, the mean absorbance values in each group were 
calculated. aP < 0.01, vs. sham group; bP < 0.01, vs. TBI group. Data are 
expressed as mean ± SD in 10 rats for each group (one-way analysis of 
variance and Student-Newman- Keuls test). sham: Sham surgery. 
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DISCUSSION 
 
Brain tissue structural impairment as a result of TBI can 
be divided into primary injury and secondary injury. 
Primary injury occurs directly after the insult; it is 
caused by a mechanical strike that immediately starts to 
cause damage to the axons and neurons, glial cells and 
vessels. Primary injury may trigger a cascade of bio-
chemical reactions within several minutes, such as ce-
rebral edema, local ischemia and hypoxia, inflammation 
and massive release of excitatory amino acids. Accor-
dingly, these reactions lead to cell injury, death, apop-
tosis, even disability for several days or several weeks, 
and sometimes coma. These changes are referred to as 
secondary injury[17-19].  
 
Primary injury cannot be prevented in time because it 
occurs only a few seconds after the insult; however, 
secondary injury can be prevented in some cases and as 
such it has acquired increasing attention. 
 
HBOT helps alleviate secondary brain injury following 
TBI. In this study, cognitive functioning in injured rats 
was assessed using a water maze task. The results from 
this study suggest that cognitive functioning in these rats 
began to decline after TBI and was significantly improved 
after 1 week of HBOT. This is consistent with previous 
findings[20]. However, the HBOT mechanism in the 
treatment of TBI is poorly understood. 
 
Existing studies have summarized the following path-
ways as possible mechanisms: (1) Hyperbaric oxygen 
increases blood oxygen content, reduces intracranial 
pressure, ameliorates cerebral edema, blocks hypox-
ia-brain edema vicious cycle, and protects brain tissue 
around the lesion against secondary damage[21-23]. (2) 
Hyperbaric oxygen inhibits the apoptosis of nerve cells 
around the injury and hippocampal neurons, and reduces 
the loss of hippocampal neurons through up-regulating 
Bcl-2 and Bcl-xl expression and down-regulating Bax 
expression[24-25]. (3) Hyperbaric oxygen increases the 
brain metabolic rate and blood oxygen content, protects 
mitochondrial function, reduces lactate levels in the ce-
rebrospinal fluid and increases ATP content, thereby 
facilitating aerobic metabolism in traumatic brain tis-
sue[26-27]. (4) HBOT inhibits the generation of free radicals 
after TBI, thereby reducing lipid peroxidation; it also re-
duces proinflammatory factor generation and promotes 
anti-inflammatory factor production, thereby reducing 
inflammatory reactions in brain tissue and assisting to 
reduce TBI secondary injury[6, 28]. The present study 

predominantly explored the mechanism of HBOT in-
volved in the improvement of cognitive function. It is 
known that the optimal time window for the first time for 
HBOT is 6 hours after TBI[17], and that repeated therapy 
can significantly reduce brain injury and promote the 
recovery of neurological function in patients with brain 
injury. Thus we chose to begin HBOT treatment exactly 6 
hours after the brain injury. 
 
1H-MRS can assess the severity of central nervous sys-
tem damage qualitatively and quantitatively. This dam-
age is associated with N-acetylaspartate/Cr and choline/ 
creatine ratios[29-31]. For example, Du and colleagues[32] 
found a correlation between N-acetylaspartate/creatine, 
N-acetylaspartate/choline ratios and Glasgow Coma 
Scale scores after severe brain injury; patients had lower 
N-acetylaspartate/creatine and N-acetylaspartate/choline 
ratios, and a higher choline/creatine ratio. Additionally, 
Carpentier et al [33] showed that in severe brain injury 
patients with negative results demonstrated on brainstem 
MRI examination, the N-acetylaspartate/creatine ratio 
was lower than the normal group; the brainstem 
N-acetylaspartate/creatine ratio was < 1.5 and the 
N-acetylaspartate/(choline + creatine + 
N-acetylaspartate) ratio was < 0.40 when the Glasgow 
Coma Scale score was 1–2 points. In patients with a 
GCS score of 3 points, the brainstem choline/creatine 
ratio > N-acetylaspartate/creatine ratio or cho-
line/(choline + creatine + N-acetylaspartate) ratio  was > 
0.40. Cognitive impairment is strongly linked with hip-
pocampal N-acetylaspartate, creatine and other metabo-
lites, showing a significantly decreased 
N-acetylaspartate/creatine ratio[34-35]. The 
N-acetylaspartate peak is highest in a normal brain 
spectrum and its content is the most sensitive to changes 
of brain states; thus making it a well-accepted neuronal 
marker. N-acetylaspartate level in the brain directly re-
flects the functional state of neurons[36]. The present 
study showed that N-acetylaspartate/creatine and 
N-acetylaspartate/choline ratios at the ipsilateral hippo-
campal CA3 of TBI rats were reduced compared with the 
sham group at 8 hours to 2 weeks after treatment; in 
particular the reduction was apparent at 8 hours. This 
evidence suggests ipsilateral hippocampal neuronal 
dysfunction or damage after brain injury. The hippo-
campus is the main brain center for mammals’ learning 
and memory function, and brain damage causes hippo-
campal CA3 neuronal death[37]. In this study, Nissl stain-
ing results showed that, at 2 weeks after brain injury, 
hippocampal CA3 neurons were sparse and disorderly 
arranged, a large number of pyknotic and necrotic neu-
rons exhibited atrophy, and Nissl bodies decreased or 
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disappeared. Results from the Morris water maze task 
showed that cognitive functioning was significantly re-
duced at different time points after brain injury, suggest-
ing that cognitive impairment is closely associated with 
ipsilateral hippocampal neuronal necrosis, structural 
changes and metabolic abnormalities. 
 
1H-MRS can measure trace metabolites noninvasively 
in the brain and assess prognosis and recovery follow-
ing brain injury[38-39]. Vagnozzi et al [31] found that 
N-acetylaspartate/creatine and 
N-acetylaspartate/choline ratios were decreased in 
patients with mild brain injury, and gradually returned to 
normal as the disease conditions improved. Semenova 
et al [40] examined the N-acetylaspartate level to detect 
the prognosis of children with severe brain injury after 
cell therapy. In this study, the hippocampal 
N-acetylaspartate/creatine and 
N-acetylaspartate/choline ratios were detected using 
1H-MRS at different time points after HBOT. The results 
indicated that the N-acetylaspartate/creatine ratio was 
significantly increased after 1 and 2 weeks of treatment 
in the HBOT group compared with the TBI group. Also, 
the N-acetylaspartate/choline ratio was significantly 
increased at 2 weeks and hippocampal neurons were 
repaired. Meanwhile, cognitive function of rats in the 
HBOT group was better than the TBI group. Nissl 
staining revealed that the number of hippocampal CA3 
neurons was increased significantly at 2 weeks after 
treatment, the neurons were tightly arranged and the 
Nissl bodies were increased compared with the TBI 
group. However the number of Nissl bodies was still 
lower than in the sham group. These findings indicate 
that HBOT can promote the repair of hippocampal CA3 
neurons and alter hippocampus metabolism, thereby 
promoting cognitive function recovery in rats with 
traumatic brain injury. 
 
Choline levels reflect the total choline content in the brain, 
including phosphocholine, phosphatidyl choline and 
glycerol phosphate[41]. The majority of choline is present 
in glial cells. It is involved in cell membrane phospholipid 
metabolism and reflects membrane synthesis; thus an 
increase in the choline peak is an indicator of glial cell 
proliferation[42]. Epileptic patients with complex partial 
seizures have been found to demonstrate obvious cog-
nitive impairment and a decreased hippocampal 
N-acetylaspartate/(choline + creatine) ratio[43]. The ele-
vated choline level indicates hippocampal neuronal ne-
crosis and glial cell proliferation[43]. Glial fibrillary acidic 
protein is a specific cytoskeletal protein in astrocytes and 
is expressed in mature astrocytes, so it is recognized as 

an astrocyte-specific molecular marker[44]. In this study, 
glial fibrillary acidic protein immunofluorescence staining 
showed that 2 weeks after brain injury, hippocampal 
N-acetylaspartate/creatine and N-acetylaspartate/choline 
ratios decreased, while glial fibrillary acidic protein ex-
pression was significantly up-regulated. The number of 
glial fibrillary acidic protein positive cells and protrusions 
were significantly increased and the absorbance value 
was also significantly higher than in the sham group. At 
this time point (2 weeks) cognitive functioning in rats in 
the TBI group was significantly lower than in the 
sham-operated rats. These findings indicate that cogni-
tive impairment was closely related to glial cell prolifera-
tion in the hippocampal CA3 region and changes in hip-
pocampal metabolism. After injury to the central nervous 
system, astrocyte proliferation has a “double-edged 
sword” effect[45-46]. On the one hand, reactive hyperplasia 
of astrocytes provides nutrition for nerve tissue, pro-
motes nerve tissue repair, improves neurological function 
and cognitive function, and contributes to the clearance 
of myelin and neuronal debris at the injury. On the other 
hand, excessive activation and proliferation of astrocytes 
has toxic effects on the nerve tissue, and hinders myelin 
or axonal regeneration, thereby interfering with neuronal 
loop functions. Sandhir and colleagues[47] found that glial 
fibrillary acidic protein expression was up-regulated in 
the hippocampus after brain injury and peaked at 1 week 
in aged and adult rats. At 3, 7, 14 days after injury, its 
expression was higher than that in adult rats and longer 
than that in aged rats. Activated astrocytes are a poten-
tial cause for cognitive function deterioration in aged rats 
with brain injury. Preliminary studies of our research 
group demonstrated that, at 1–4 weeks after brain injury, 
a large number of activated glial cells was observed in 
the cerebral cortex around the injury site. Rehabilitation 
training has been demonstrated to reduce the activation 
of astrocytes and accordingly promote neurological func-
tional recovery after TBI in rats[48]. The present study 
showed that the number of astrocytes and protrusions in 
the hippocampal CA3 region was significantly reduced 
after 2 weeks of HBOT. After treatment, the N-acetyla- 
spartate/creatine and N-acetylaspartate/choline ratios 
were increased and cognitive function gradually recov-
ered. This evidence suggests that activated astrocytes 
affect cognitive function restoration, and the potential 
mechanisms are mediated by metabolic change in the 
hippocampus. Further studies are needed to explore 
their interaction. 
 
In summary, our findings show that the number of hip-
pocampal nerve cells and the rate of metabolism vary 
after brain injury. HBOT alleviates injury at the site of a 
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lesion and promotes cognitive function recovery in TBI 
rats. The potential mechanism depends on the promotion 
of hippocampal CA3 neuronal repair and the inhibition of 
astrocyte activation, as well as being related to increases 
in hippocampal N-acetylaspartate/creatine and 
N-acetylaspartate/choline ratios. Meanwhile, as a 
non-invasive detection method for in vivo metabolites, 
1H-MRS technique provides important information for 
brain injury diagnosis, treatment and prognosis evalua-
tion.  
 
Some limitations of the study warrant mention. First, the 
sample in our experiment was relatively small, which 
may have affected the results. Second, our two re-
searchers had previous experience working with HBOT; 
this may have had an effect on the treatment outcomes. 
Future studies are planned to analyze the therapeutic 
effect of HBOT on different degrees of brain injury in 
patients of different ages. 
 
 
MATERIALS AND METHODS 
 
Design 
A randomized controlled animal experiment. 
 
Time and setting 
Experiments were performed at the Experimental Animal 
Center of Nantong University, China and Department of 
Rehabilitation Medicine, Affiliated Hospital of Nantong 
University, China from May 2012 to January 2013. 
 
Materials 
Thirty-three healthy adult male Sprague-Dawley rats, of 
clean grade, weighing 300–350 g, were provided by the 
Experimental Animal Center of Nantong University, Chi-
na (license number SYXK (Su) 2012-0031). Experimen-
tal disposals were in accordance with the Guidance 
Suggestions for the Care and Use of Laboratory Animals, 
issued by the Ministry Science and Technology of Chi-
na[49]. 
 
Methods 
Establishing TBI models 
The TBI models were established in rats using Feeney’s 
weight-drop method with slight modifications[50]. In brief, 
rats were anesthetized with an intraperitoneal injection of 
1% sodium pentobarbital (40 mg/kg) and their heads 
were fixed in a stereotaxic apparatus (WPI, Sarasota, 
Florida, USA) after shaving parietal hair. A median sa-
gittal incision was made on the scalp under routine dis-
infection, exposing the bregma. Then a bone window 

(4.0 mm diameter) was cut at 3.0 mm posterior to the 
bregma and 3.0 mm right lateral to the sagittal suture. A 
25 g weight was allowed to fall from 30 cm height onto 
the right brain, to produce a moderate impact injury at 3.5 
mm diameter and 3.0 mm compression depth, 750 g·cm. 
The model was defined successful when it caused a 
hematoma in the cortex immediately after injury. The 
dura mater was exposed in the sham-operated rats, 
however, they received no impact. 
 
HBOT interventions 
Rats subjected to the HBOT were placed in a homemade 
cage and transferred to a single hyperbaric oxygen 
chamber (Shanghai 701 Institute Yangyuan Medical 
HBO Chamber Factory, Shanghai, China). HBOT was 
given at 6 hours after injury[17]; the oxygen pressure was 
first increased for 15 minutes to 0.2 MPa, then main-
tained stationary for 60 minutes, and finally decreased 
for 15 minutes to atmospheric pressure. During the 
therapy, pure oxygen ventilation was given for 10 mi-
nutes to avoid CO2 accumulation. After the pressure was 
decreased, rats were taken out of the chamber. The 
therapy was performed once per day for 2 weeks. 
 
Assessment of cognitive function after HBOT 
Morris water maze equipment was provided by Shanghai 
Softmaze Information Technology Co., Ltd., Shanghai, 
China. All rats were allowed to swim freely for 2 minutes 
1 day prior to the modeling, to adapt the environment. At 
2 and 9 days after treatment, a 5-day spatial navigation 
test was performed to detect average escape latency 
and to assess spatial learning and memory ability, three 
times per day at an interval of 5 minutes. After the test 
was complete, rats were allowed to stay on the platform 
for 20 seconds. Rats entered the water pool from the 
fourth quadrant and the platform was located at the first 
quadrant. During the whole experiment, the platform was 
maintained in the same quadrant. The rat swimming 
route and the time taken to find the platform were rec-
orded; this was the escape latency. The time limit for 
each test was 120 seconds. The rats that failed to find 
the platform within 120 seconds had their time recorded 
as 120 seconds. The latency was calculated at 3 days,  
1 week and 2 weeks after treatment. 
 
1H-MRS and data analysis 
Rats were scanned using 1H-MRS with small ani-
mal-dedicated coils using a Signa 3.0 T MR scanner 
(Signa Excite HD, GE Healthcare, Fairfield, CT, USA) at 
8 hours, 24 hours, 48 hours, 1 week, and 2 weeks after 
treatment. The scalp was scanned from the bregma 
through 10 layers, at 1.8 mm thickness and 0.2 mm gap. 
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Bilateral hippocampi were selected as regions of interest 
in the coronal T2FSE. Scanning parameters 
(two-dimensional multi-voxel spectroscopy): PRESS 
sequence, repetition time = 5 000 ms, echo time = 115.9 
ms, frequency = 90/256, field of view = 5.0 cm, number 
of excitations = 4.0, region of interest = 2.4 mm2, voxel 
thickness = 7 mm, voxel size = 2.4 mm × 2.4 mm × 7.0 
mm, duration = 5 minutes and 28 seconds. The 
N-acetylaspartate, creatine and choline contents were 
recorded. N-acetylaspartate/choline and 
N-acetylaspartate/creatine ratios were calculated.  
 
Chemical shift images obtained using two-dimensional 
multi-voxel spectroscopy were scanned and processed 
using commercial software, Functool 2. The 
N-acetylaspartate/choline and N-acetylaspartate/creatine 
ratios were calculated with the relative quantitative val-
ues of the hippocampal CA3 metabolites. 
 
Nissl staining for the morphology of rat hippocampal 
CA3 nerve cells 
At 2 weeks after treatment, rats were anesthetized with  
1% sodium pentobarbital (40 mg/kg) and the heart was 
rapidly perfused with 0.9% physiology 150 mL and fixed 
in 4% paraformaldehyde 250 mL. Subsequently, the rats 
were killed, the brains were removed and fixed in 4% 
paraformaldehyde for 6 hours, dehydrated in sucrose 
gradient, precipitated and serially sectioned into coronal 
frozen sections (Leica Microsystems, Heidelberg, Ger-
many) at 15 μm thickness. Each section out of every two 
sections was stained with cresyl violet for 20 minutes, 
rinsed with distilled water for 5 minutes, and differen-
tiated in 75% and 95% ethanol for 1 minute. The diffe-
rentiation was controlled under endoscopy and was ter-
minated when the background was clean and Nissl bo-
dies were clearly visible. After differentiation, sections 
were rapidly immersed in ethanol for dehydration, xylene 
transparency and mounting. Nissl bodies in the cytop-
lasm of hippocampal CA3 nerve cells were observed 
under optical microscope (Leica). 
 
Immunofluorescence staining of glial fibrillary acidic 
protein expression in the rat hippocampal CA3 region 
Sections adjacent to the stained sections were rinsed, 
blocked and incubated with 8 % normal goat serum for  
1 hour. After the serum was discarded, sections were 
incubated with mouse anti-rat glial fibrillary acidic protein 
monoclonal antibody (Millipore Corporation, Billerica, MA, 
USA) at 4°C overnight and Alexa Fluor 595-labeled goat 
anti-mouse antibody (Invitrogen, Carlsbad, CA, USA; 1:  
1 000) at room temperature for 1 hour. Then sections 
were mounted with 50% glycerol. Between each step, 

sections were rinsed with 0.01 mol/L PBS (pH 7.4) three 
times for 15 minutes each. The controls were incubated 
with normal goat serum (1:50) instead of primary anti-
body and the result was negative. The glial fibrillary 
acidic protein-positive cells in the hippocampal CA3 re-
gion were observed under fluorescence microscope  
(200 × magnification; Leica) and image analysis was 
performed using JEDA 801 Series morphological analy-
sis software (Jiangsu JEDA Science-Technology Devel-
opment Co., Ltd., Nanjing, Jiangsu Province, China). Six 
sections in each rat were randomly selected to calculate 
the mean absorbance value in eight fields of view (2 cm 
× 2 cm). 
 
Statistical analysis 
Data are expressed as mean ± SD and were analyzed 
using SPSS 17.0 software (SPSS, Chicago, IL, USA). 
Differences between the groups were compared with 
one-way analysis of variance and the Student-     
Newman-Keuls test. A value of P < 0.05 was considered 
a statistically significant difference. 
 
Research background: The proliferation of glial scar formation 
is closely linked with spatial learning and memory defects in 
neonatal rats after hypoxic-ischemic brain damage. Hyperbaric 
oxygen therapy can reduce hippocampal neuronal loss and 
improve cognitive function in rats. 
Research frontiers: Hydrogen magnetic resonance spectros-
copy imaging techniques have been used for observations of 
brain tissue metabolism and cognitive function changes in mul-
tiple sclerosis, Parkinson’s disease and other diseases. The 
role of hydrogen ion magnetic resonance spectroscopy in dy-
namic observation of hyperbaric oxygen therapy on brain injury 
is rarely reported. 
Clinical significance: This study was the first to observe 
changes of hippocampus metabolites in rats with traumatic 
brain injury at different courses of hyperbaric oxygen therapy 
using hydrogen ion magnetic resonance spectroscopy. This 
was a broad attempt to provide evidence for understanding 
the effect of hyperbaric oxygen therapy in traumatic brain 
injury. 
Academic terminology: Magnetic resonance spectroscopy – 
the only non-invasive technique for the determination of certain 
chemical compositions in tissue in vivo; it is the product of 
magnetic resonance imaging and magnetic resonance spec-
troscopy, and it provides another functional analysis and diag-
nostic method in addition to magnetic resonance imaging. 
Peer review: This study observed the correlation between 
changes of hippocampal CA3 neurons and expression of glial 
fibrillary acidic protein in rats after hyperbaric oxygen therapy. In 
addition, the potential mechanism underlying hyperbaric oxygen 
therapy on improving cognitive functions was analyzed. These 
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experimental findings provide a reliable theoretical basis for 
choosing an optimal hyperbaric oxygen therapy scheme for the 
clinical treatment of brain injury.  
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