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Introduction
Mild traumatic brain injury (mTBI, concussion) is an 
important global public health problem in the pediatric 
population and accounts for 80–90% of all treated traumatic 
brain injury (TBI) cases (Cassidy et al., 2004). Large num-
bers of children and adolescents participate in a variety of 
sports (1.6 to 3.6 million/year) with a significant risk for 
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these young athletes to be exposed to repeated episodes 
of mTBI (Leibson et al., 2011; Mutch et al., 2016). After 
an initial mTBI event, a complex cascade of metabolic 
disturbances may occur at the cellular level in the absence 
of overt clinical symptoms (Giza and Hovda, 2001). It is 
during this initial post-injury period, when cellular metabo-
lism is already stretched to its limits, that the cell is most 
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vulnerable to further insults. Clinical studies and data from 
experimental models have suggested that repeated mild head 
injuries exacerbate outcomes (Longhi et al., 2001; Vagnozzi 
et al., 2005; Kim et al., 2015; Yang et al., 2015; Bajwa et al., 
2016). Compared to the adult brain, the immature brain is 
unique in its response and vulnerability to TBI, due in part, 
to the developmental and structural differences of the brain’s 
response to injury (Giza and Hovda, 2001). A previous pre-
liminary report  showed that the repetitive mTBI (rmTBI) 
in the infant rat pup brain may accelerate the development 
of diffuse axonal injury (DAI) accompanied by the cortical 
and white matter atrophy (Huh et al., 2007). 

Hyperbaric oxygen (HBO) has been explored as a thera-
peutic treatment approach for management of adult TBI 
(Huang and Obenaus, 2011). HBO has also been shown 
to decrease oxidative stress and inflammation in children 
with autism and cerebral palsy with improved outcomes 
(Rossignol et al., 2007; Mukherjee et al., 2014). Thus, 
HBO therapy may provide a potential treatment strategy 
that is clinically available and safe to treat children ex-
posed to rmTBI. Magnetic resonance imaging (MRI) is 
widely used clinically to evaluate children and adults with 
neurological diseases and is predictive of long-term neu-
rological outcomes (Ashwal et al., 2006; Galloway et al., 
2008; Niogi et al., 2008; Yang et al., 2015). T2-weighted 
imaging (T2WI) is used to evaluate brain edema and hem-
orrhage (Tate et al., 2012). Susceptibility weighted imag-
ing (SWI) is sensitive for detection of micro-hemorrhagic 
lesions associated with diffuse axonal injury (Ashwal et 
al., 2006). Diffusion weighted imaging (DTI) is known 
to detect subtle microstructural white matter lesions that 
correlate with persistent cognitive deficits in adult mTBI 
(Niogi et al., 2008; Yang et al., 2015). Our early study 
showed that repeated mild impacts significantly increased 
the MRI-identifiable tissue vulnerability in a adult rat 
model of rmTBI (Huang et al., 2013).

In the current study, a multi-modal MRI was used to 
characterize the cumulative brain injury in a juvenile rat 
model of rmTBI (rmjTBI). We assessed whether the HBO 
treatment delivered after the initial concussion could reduce 
the brain tissue vulnerability to the following repetitive 
mild insult. 

Material and Methods
All protocols were approved by the Animal Health and 
Safety Committees of Loma Linda University (LLU) and 
were in compliance with Federal regulations. 

 A total of 24 male juvenile Sprague-Dawley rats (Harlan, 
Indianapolis, IN, USA), 30 days old (equivalent to human 
age of 12 years), were randomized into 4 experimental 
groups with 6 rats in each group: 1) sham, 2) HBO + sham, 

3) rmjTBI 3 days apart, 4) rmjTBI 3 days apart + HBO. 
TBI was induced as previously described (Huang et al., 
2013). Briefly, a craniotomy was performed in isoflurane 
anesthetized rats, followed by a mild controlled cortical 
impact (CCI) delivered to the right cortical surface using 
an electromagnetic driven piston with 3 mm diameter tip 
at a depth of 0.8 mm, speed of 5.0 m/s, and 200 ms contact 
duration (dwell) (Leica Biosystems Inc., Richmond, IL, 
USA). For animals in the rmjTBI groups, a second identical 
impact was delivered 3 days after the first CCI event. HBO 
was applied 1 hour/day × 3 days at 2 atmosphere absolute 
(ATA; 1 ATA = 50.66 kPa) consecutively using HBO 
chamber for small animal research (1300B, Sechrist USA, 
Anaheim, CA, USA), starting at 1 day after the initial CCI 
and ending right before the 2nd CCI. In vivo multi-modal 
MRIs including T2WI and SWI were acquired 24 hours 
after each surgery and at final 14 days. Ex vivo DTI was 
acquired prior to histological examination. Imaging param-
eters were identical to those previously published (Huang 
et al., 2013; Donovan et al., 2014). Regions of interest on 
cortical signal abnormalities (hyper- and hypo-intensities) 
were drawn manually on T2WI’s. An operator-guided 
thresholding method was used to segment hemorrhages 
on SWI’s. For DTI analysis, the right (ipsilateral) corpus 
callosum was outlined on the MRI slice at the level of the 
maximal lesion (M). There were no significant differences 
between shams and HBO treated shams in any of the MRI 
derived parameters, thus we combined the two groups into 
a single sham group for quantitative data statistics. 

Immunohistochemistry was performed on free floating 
sections at the level of the maximal cortical lesion. The 
sections were incubated in the primary antibodies of 1) 
mouse glial fibrillary acidic protein (GFAP, Millipore, Tem-
ecula, CA, USA; 1:400); 2) rabbit ionized calcium binding 
adaptor molecule 1 (IBA1, Dako, Carpinteria, CA, USA; 
1:400), followed by the secondary antibody conjugated to 
goat anti-mouse Alexafluor AF488 (Invitrogen, Carlsbad, 
CA, USA; 1:400) and goat anti-rabbit rhodamine (Mil-
lipore, Temecula, CA, USA; 1:200). Stain intensity were 
calculated using Imaging J software (National Institute of 
Health, Bethesda, MD, USA). 

Quantitative data are presented as the mean ± SEM. Sig-
maPlot 11.0 (Systat software Inc, San Jose, CA, USA) was 
used for statistical analysis. One-way analysis of variance 
(ANOVA) for multiple comparisons and Student-Newman-
Keuls post hoc test were used. A P value less than 0.05 was 
considered statistically significant. 

Results
All animals survived in the surgical procedure and HBO 
treatment. The overall cortical lesion volume, defined as 
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T2WI, HBO protected rat juvenile pups from the rmjTBI-
induced hemorrhage transformation. There was less SWI 
derived-hemorrhagic lesion volume in HBO treated rmjTBI 
animals (Figure 2). 

White matter integrity within corpus callosum can be 
non-invasively assessed using DTI, in which water moves 
preferentially along intact fiber bundles. At 14 days post-in-
jury, our final time point, however, there were no significant 
difference of ex vivo DTI measures of relative anisotropy, 
axial or radial diffusivity among sham, rmjTBI and HBO 
treated rmjTBI (Figure 3). 

At 14 days after the initial mTBI (i.e., 11 days after rm-
TBI), the rmjTBI animals exhibited increased GFAP and 
IBA1 immunostaining intensity at the impact site within 
the ipsilateral cortex relative to sham animals, which was 
reduced by HBO treatment (Figure 4). 

abnormal T2WI signal intensities (hyperintensity = edema, 
hypointensity = blood) was 0.25 ± 0.08% of the total brain 
volume at 24 hours following the initial impact, confirm-
ing the mild nature of our TBI model. rmjTBI delivered 
3 days apart exacerbated cortical injury; however, hyper-
baric oxygen therapy (HBO) right after the initial mjTBI 
decreased the lesion volumes compared to non-treated 
rmjTBI (Figure 1). 

The evaluation of blood within tissues can be readily 
visualized with SWI, which is uniquely sensitive to the 
iron content of extravascular blood and can be visualized 
as dark regions on MRI. The initial impact did not result 
in significant hemorrhage compared to shams. However, 
repetitive mTBI at 3 days apart significantly enhanced the 
tissue bleeding at 24 hours post 2nd mTBI compared to that 
of first mjTBI (P = 0.034).  Consistent with the findings from 

A
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B

Figure 1: T2-weighted imaging (T2WI) identified lesion at 24 hours (hrs) post repetitive mild juvenile traumatic brain injury (rmjTBI). 
Note: (A) Representative T2WI images revealed hyperbaric oxygen (HBO) protection against the cumulative brain tissue damages including edema (hyperintensity) 
and hemorrhage (hypointensity) 24 hrs after repetitive injury (arrows). Lines indicate the locations of craniotomy. (B) Quantifying T2WI-derived lesion showed the 
significant increases in cortical lesion volumes at 24 hrs after the rmjTBI, which was reduced by HBO treatment. Data are presented as the mean ± SEM. *P < 
0.05, **P < 0.01, vs. sham group (one-way analysis of variance followed by Student-Newman-Keuls post hoc test). rmTBI: Repetitive mild traumatic brain injury.

Figure 2: Susceptibility weighted imaging (SWI) identified hemorrhage lesion at 24 hours (hrs) post repetitive mild juvenile traumatic brain injury 
(rmjTBI).  
Note: (A) Representative SWI images revealed that hyperbaric oxygen (HBO) treatment resulted in less extravascular bleeding (hypointensity) within the 
traumatized brain tissue 24 hours after repetitive injury (arrows). Lines indicate the locations of craniotomy; (B) Quantifying SWI-derived hemorrhages volumes 
revealed that HBO decreased hemorrhagic susceptibility of mild injured brains to repetitive mild controlled cortical impact. Data are presented as the mean ± 
SEM. *P < 0.05, vs. sham group, #P < 0.05, vs. rmjTBI + HBO group (one-way analysis of variance followed by Student-Newman-Keuls post hoc test). mTBI: 
Mild traumatic brain injury. 
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cated cascade of cellular metabolic disturbances may exist 
in the absence of overt clinical symptoms (Giza and Hovda, 
2001), which can enhance brain vulnerability to a secondary 
insult (Jenkins et al., 1989; Hovda et al., 1991; Gennarelli 
et al., 1993). Second-impact syndrome has been associated 
with athletes who suffer repeated concussions when playing 
contact sports. Before symptoms from an earlier concus-
sive event have subsided, a second concussion can result in 
massive brain swelling, subdural hematoma, increased intra-
cranial pressure, and occasionally death (Kelly et al., 1991; 
Cantu, 1998; Bailes and Cantu, 2001). A higher prevalence 
of pathological lesions was reported in athletes with a history 
of multiple concussions (McKee et al., 2009).

We found a single episode of mTBI resulted in the negligible 
T2WI-identifiable edema or SWI-derived micro-hemorrhages 
at the site of impact 24 hours post injury, validating the 

Results
Using a rmjTBI, we found that: 1) Two episodes of mjTBI 
with 3 days apart significantly exacerbated T2WI- and 
SWI-identified brain injury, consistent with increased brain 
edema and bleeding; 2) Daily HBO treatment during the 
3 days interval of two rmjTBI significantly improved the 
neuroimaging outcomes, which was efficacious in reducing 
edema and extravascular blood following the second mTBI; 
3) DTI-defined corpus callosum injury was not observed 
in this rmjTBI model.

In the absence of evident structural damage (Gordon et 
al., 1998), human mTBI is typically associated with post-
traumatic edema formation (Tokutomi et al., 1997), altered 
cerebral blood flow (Golding et al., 1999; Mutch et al., 2016), 
as well as alterations in cellular metabolism (Masdeu et al., 
1994; Vagnozzi et al., 2010). After concussion, a compli-

Figure 3: Diffusion weighted imaging (DTI) measures within ipsilateral corpus callosum at 14 days post repetitive mild juvenile traumatic brain 
injury (rmjTBI).  
Note: There were no significant DTI identified alterations in relative anisotropy, axial or radial diffusivity. HBO: Hyperbaric oxygen.

Figure 4: Tissue histopathology at 14 days post repetitive mild juvenile traumatic brain injury (rmjTBI). 
Note: There was increased glial fibrillary acidic protein (GFAP) staining intensity (A) and ionized calcium binding adaptor molecule 1 (IBA1) staining intensity (B), 
indicating gliosis of astrocyte and microglia following rmjTBI. Hyperbaric oxygen (HBO) treatment alleviated the astrocyte hypertrophy and microglial activation. 
Scale bars: 10 µm. Data are presented as the mean ± SEM. *P < 0.05, vs. sham group, #P < 0.05, vs. rmjTBI + HBO group (one-way analysis of variance 
followed by Student-Newman-Keuls post hoc test).
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mild nature of our model. However, there was an increased 
vulnerability to a second mild impact following an initial 
mTBI in juvenile rats, where there were significantly worse 
MRI-defined pathologies. These findings are consistent to 
the previous study of ours and the others in adult rats (Huang 
et al., 2013; Yang et al., 2015). 

Among a collection of therapeutic strategies against 
neurological diseases (Dock et al., 2015; Li et al., 2015; 
Lioutas et al., 2015; Merali et al., 2015; Ploughman et al., 
2015; Qi et al., 2015; Reuter et al., 2015; Schlunk et al., 
2015; Soliman et al., 2015; Zhu et al., 2015), medical gas 
regimens have been extensively explored with the advantage 
of administration feasibility (Harch, 2015; Herrera et al., 
2015; Hu et al., 2015; Ichihara et al., 2015; Langston and 
Toombs, 2015; Miller et al., 2015; Parra et al., 2015; Stoller, 
2015; Weaver and Liu, 2015; Yan et al., 2015). Emerging 
evidence has shown HBO induces neuroprotection against 
a variety of neurological disorders including severe TBI 
(Huang and Obenaus, 2011). In the present study, multiple 
HBO treatments starting at 24 hours after the first mTBI 
event significantly improved repetitive impact-induced 
MRI-defined brain injuries including brain edema and 
microhemorrhages. During HBO therapy, the increased 
partial pressure of oxygen within the blood and subsequent 
improved mitochondrial metabolism/tissue oxygenation 
constitutes the net effect of HBO (Huang and Obenaus, 
2011). Metabolic disturbances have been shown to occur 
after concussions which render the brain vulnerable to 
subsequent impact (Vagnozzi et al., 2005, 2010). Thus, 
HBO could induce brain tolerance against subsequent injury 
acutely due to its antioxidant properties and maintenance 
of mitochondrial redox status  (Li et al., 2008). 

Preclinical and clinical studies have demonstrated that 
DTI was able to identify acute integrity changes of the white 
matter tracts following single mTBI or rmTBI (Babcock 
et al., 2015; Herrera et al., 2016). However, the significant 
changes at ipsilateral corpus callosum were not observed 
at 14 days after injury in our present study. The possible 
reasons could be very mild nature of our model or younger 
age at injury leading to no apparent white matter impair-
ments at the end time point we selected in this study. 

Pathological TBI insults to the brain trigger astrocytic and 
microglial reactions (Bye et al., 2011). In an adult rat model 
of rmTBI, cortical astrocyte hypertrophy and microglial 
activation were observed around the site of impact, which 
correlated with the MRI-identified brain tissue abnormali-
ties (Huang et al., 2013). The astroliosis progression was 
also found in a mouse model of repetitive concussive head 
injury, correlated with MRI pathological characterization 
(Yang et al., 2015). Activated glial cells release proinflam-
matory mediators and chemokines to attract inflammatory 

cells to the site of injury, resulting in further tissue damage 
(Csuka et al., 2000; Semple et al., 2010). We observed the 
similar correlation in terms of ex vivo brain tissue histopa-
thology and in vivo MRI changes. HBO treatment improved 
the gliosis at site of cortical impact following rmTBI, 
consistent to the neuroprotection identified by acute MRI. 

In conclusion, the neuroimaging and immunohistochem-
istry profiles of a rmjTBI rat model suggested that HBO 
treatment was neuroprotective to juvenile brains subjected 
to two episodes of mild impact. Such therapy regimens 
could be considered in adolescent athletes at the risk of 
repeated concussion exposures.
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