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Abstract

Purpose: The present study was designed to investigate our hypothesis that NADPH oxidase
plays a role in radiation-induced pro-oxidative and pro-inflammatory environments in brain.

Materials and Methods: C57BL/6 mice received either fractionated whole brain irradiation or
sham-irradiation. The mRNA expression levels of pro-inflammatory mediators, such as TNF-a
and MCP-1, were determined by quantitative real-time RT-PCR. The protein expression levels of
TNF-a, MCP-1, NOX-2 and Ibal were detected by immunofluorescence staining. The levels of
ROS were visualized by /n situ DHE fluorescence staining.

Results: A significant up-regulation of mMRNA and protein expression levels of TNF-a and
MCP-1 was observed in irradiated mouse brains. Additionally, immunofluorescence staining of
Ibal showed a marked increase of microglial activation in mouse brain after irradiation. Moreover,
in situ DHE fluorescence staining revealed that fractionated whole brain irradiation significantly
increased production of ROS. Furthermore, a significant increase in immunoreactivity of NOX-2
was detected in mouse brain after irradiation. On the other hand, an enhanced ROS generation in
mouse brain after irradiation was markedly attenuated in the presence of NOX inhibitors or
NOX-2 neutralizing antibody.

Conclusions: These results suggest that NOX-2 may play a role in fractionated whole brain

irradiation-induced pro-oxidative and pro-inflammatory pathways in mouse brain.
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Introduction

According to the Central Brain Tumor Registry of the United States (CBTRUS), an
estimated 77,670 new cases of primary malignant and non-malignant brain and central
nervous system (CNS) tumors are expected to be diagnosed in the United States in 2016
(Ostrom et al. 2015). Radiation therapy has been commonly used as a standard treatment
modality for patients with brain tumors. However, the use of radiotherapy for brain tumors
has been restricted by the risk of radiation-induced injury to normal brain tissue, which may
subsequently lead to both anatomic and functional deficits (Denham & Hauer-Jensen 2002;
Stone et al. 2003; Béhin & Delattre 2004; Moulder & Cohen 2007; Greene-Schloesser et al.
2013). Radiation-induced brain injury has traditionally been classified as acute, early
delayed (subacute), and late delayed responses depending on its time of onset (Tofilon &
Fike 2000; Kim et al. 2008; Ramanan et al. 2010). In general, most of the symptoms and
signs of acute and early delayed injuries are reversible whereas late delayed injury is
considered irreversible and progressive. In addition, there is a growing awareness that late
delayed injury is largely responsible for cognitive impairment, focal deficits, seizures, and
increased cranial pressure even in cases with no detectable anatomic abnormalities.

Previous studies have shown that whole brain irradiation may cause a significant
deterioration of learning and memory in human as well as in rodent (Akiyama et al. 2001;
Brown et al. 2007; Welzel et al. 2008; Chang et al. 2009; Douw et al. 2009; Barlind et al.
2010; Liu et al. 2010; Zhou et al. 2011; Warrington et al. 2012; Warrington et al. 2013). In
addition to cognitive impairment, whole brain radiation causes other brain injures including
growth hormone deficiency and motor dysfunction (Darzy et al. 2005; Manda et al. 2007;
Madaschi et al. 2011; Quik et al. 2012). Although there have been significant progresses in
understanding pathogenesis of radiation-mediated brain injury, limited information about the
etiology of radiation-induced damage to normal brain tissue is currently available.

Recent evidence has identified that oxidative stress and inflammation are important
pathways leading to radiation-induced brain injury (Hong et al. 1995; Chiang et al. 1997;
Olschowka et al. 1997; Denham & Hauer-Jensen 2002; Kyrkanides et al. 2002; Gaber et al.
2003; Moore et al. 2005; Baluna et al. 2006; Lee et al. 2010; Lee et al. 2012b). For example,
irradiation augmented CNS inflammation through up-regulation of a variety of pro-
inflammatory mediators including tumor necrosis factor-a (TNF-a), interleukin-1p (IL-1pB),
IL-6, monocyte chemoattractant protein-1 (MCP-1), inducible nitric oxide synthase (iNOS),
intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1),
and E-selectin, which may contribute to the radiation-induced functional impairments in the
brain (Hong et al. 1995; Olschowka et al. 1997; Kyrkanides et al. 2002; Gaber et al. 2003;
Moore et al. 2005; Baluna et al. 2006; Lee et al. 2010). In addition, oxidative stress may be,
at least in part, a significant contributor to disastrous neurotoxic consequences in radiation-
induced brain injury (Limoli et al. 2004; Collins Underwood et al. 2008; Manda et al. 2009;
Baluchamy et al. 2010; Veeraraghavan et al. 2011). Furthermore, among the enzymatic pro-
oxidative systems, the family of NADPH oxidase (NOX), a multi-subunit enzyme complex
consisting of NOX-1 to -5, has been predominantly perceived as an important source of
ROS causing serious damage to a variety of biomolecules in the brain (Infanger et al. 2006;
Bedard & Krause 2007; Collins-Underwood et al. 2008; Qin & Crews 2012).
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In the present study, we examined the potential role of NOX-2 in radiation-induced pro-
oxidative and pro-inflammatory pathways in mouse brain. To our knowledge, our results
provide the first evidence to demonstrate that NOX-2 plays a pivotal role in acute effects on
radiation-induced oxidative stress and inflammation in mouse brain.

Materials and Methods

Animals

Ten-week-old C57BL/6 male mice were purchased from Jackson Laboratory (Bar Harbor,
ME). Animals were housed under a 12-h light: 12-h dark cycle with food and water provided
ad libitum. Animal care was conducted in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals, and this study was approved by the
Institutional Animal Care and Use Committee.

Fractionated Whole Brain Irradiation and Tissue Sample Preparation

Following acclimation to the animal facility for a week, fractionated whole brain irradiation
was performed in mice as described previously (Lee et al. 2012a). Briefly, 10-week-old mice
were anesthetized with ketamine-xylazine (intraperitoneal injection, 100-15 mg/kg) and
received a clinical fractionated dose of whole brain irradiation using a 13’Cs -y irradiator
(Gammacell® 40; Best Threratronics, Ottawa, Ontario, Canada) with a Cerrobend shield to
collimate the beam only to whole mouse brain and minimize its exposure to other parts of
body. In addition, the radiation dose received by the head of mice was verified using
radiochromic film dosimetry, as previously described (Ashpole et al., 2014). Six dosimetry
film positions were used to measure representations of the anterior and posterior surfaces as
well as the centers of the head and body of the mice. Total cumulative dose of 40 Gy was
given as 8 fractions of 5 Gy each, twice per week for 4 weeks; 60 Gy for acute biologically
effective dose (BED1q) and 106.7 Gy for late complications (BED3). Mice in the control
group were only anesthetized. The mice were maintained for 4, 8, and 24 h after the last
fractionated dose of whole brain irradiation (n=5 in each group). Mouse brain was rapidly
removed after perfusion, hemisected at the midline, and then immediately frozen in liquid
nitrogen. The left hemispheres were cryopreserved in 30% sucrose solution for 24 h and
processed in Tissue-Tek® optimal cutting temperature (O.C.T.) embedding medium (Sakura
Finetek USA, Inc., Torrance, CA) for /n situ ROS detection and immunofluorescence
staining while the right hemispheres were homogenized and prepared for RT-PCR analysis.

Real-time Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

Quantitative real-time RT-PCR using TagMan probes and primers (Applied Biosystems,
Foster City, CA) were used for gene expression analyses as described previously (Lee et al.
2010). Amplification of individual genes was performed with Applied Biosystems 7300
real-time PCR system using TagMan Universal PCR Master Mix and a standard thermal
cycler protocol. TagMan Gene Expression Assay Reagents for mouse TNF-a, MCP-1, and
glyceraldehydes-3-phosphate dehydrogenase (GAPDH) were used for specific probes and
primers of PCR amplifications. The threshold cycle (C7) was determined, and relative
quantification was calculated by the comparative C7method as described previously (Lee et
al. 2010).
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Immunofluorescence Staining

Brain sections (20 um) were fixed in 4% (v/v) paraformaldehyde for 15 min at room
temperature, rinsed with PBS, and incubated in 0.5% (v/v) Triton X-100 for 15 min. After
being washed with PBS, nonspecific binding sites were blocked with 3% (w/v) bovine
serum albumin (BSA) in PBS for 1 h at room temperature and incubated with the primary
antibody, such as rabbit anti-MCP-1 (1:50, Santa Cruz Biotechnology Inc., Santa Cruz, CA),
rabbit anti-TNF-a (1:200, Abcam, Cambridge, MA), rabbit anti-lbal (1:200, Wako
Chemicals USA Inc., Richmond, VA) or mouse anti-NOX-2 (1:100, BD Biosciences, San
Jose, CA), diluted in 1% (w/v) BSA overnight at 4°C. Sections were washed with PBS and
incubated with secondary antibody, such as donkey anti-mouse 1gG conjugated with Alexa
Fluor 488, donkey anti-rabbit 1gG conjugated with Alexa Fluor 488 or goat anti-rabbit 1gG
conjugated with Alexa Fluor 555, 1:400 diluted in PBS in the dark for 1 h. After being
washed with PBS, the sections were mounted in Vectashield® mounting medium (Vector
Labs., Inc., Burlingame, CA) and examined using a Zeiss AXIO Imager Alm fluorescence
microscope. Images were acquired with an AxioCam MRc5 Digital Imaging System (Carl
Zeiss Microlmaging, Inc., Thornwood, NY) by a blind observer to the experimental
conditions. We mainly focused on the cerebral cortex above corpus callosum of brain to
observe any molecular and cellular changes in the irradiated animals. Fluorescence intensity
of acquired digital images was quantified by ImageJ software (NIH, Bethesda, MD).

In Situ Detection of ROS

In situlevels of superoxide anion, the main species of ROS, were measured by
dihydroethidium (DHE) fluorescence staining. Briefly, brain sections were washed with PBS
and incubated with 5 uM DHE solution in a light-protected humidified chamber at 37°C for
30 min. For NOX inhibition ex vivo, tissue sections collected from irradiated brains were
incubated ex vivowith 5 uM DHE solution containing either NOX inhibitors, such as
apocynin (APO; 1 mM) and diphenylene iodonium (DPI; 20 uM), or NOX-2 neutralizing
antibody (1:50 dilution) in PBS at 37°C for 30 min. After incubation, the slides were rinsed
with PBS and images of the cortical regions were acquired with a Zeiss AXIO Imager A1lm
fluorescence microscope by a blind tester. Fluorescence intensity of acquired digital images
was quantified by ImageJ software.

Quantitative Analysis of Immunofluorescence and In Situ DHE Staining

For quantitative analysis of fluorescence image data, three images per section were taken
and total seven sections per individual animal were analyzed for immunofluorescence and /n
situ DHE staining. The quantitative immunofluorescent signals from all images were
subjected to threshold processing to reduce background signals and measured using the
ImageJ Integrated Density analysis.

Statistical Analysis

Statistical analysis of data was completed using SigmaPlot version 11 software (SPSS,
Chicago, IL). One-way analysis of variance (ANOVA) was performed to compare mean
responses among groups. For each end point, the group means were compared using the
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Bonferroni least significant difference procedure. A statistical probability (p) value of <0.05
was considered significant.

Results

Fractionated Whole Brain Irradiation Up-regulates mRNA and Protein Expressions of TNF-
a and MCP-1 in Mouse Brain

To investigate whether fractionated whole brain irradiation affects pro-inflammatory
mediators in mouse brain, MRNA expression levels of TNF-a and MCP-1 were examined
by quantitative real-time RT-PCR. As shown in Figure 1, a significant up-regulation of TNF-
a and MCP-1 mRNA expressions was observed at 4 h post-irradiation (10.34-fold induction
of TNF-a and 36.10-fold induction of MCP-1, respectively, compared to the sham-irradiated
control mice). Expression of GAPDH (a housekeeping gene), however, was not affected by
irradiation (data not shown). In addition, protein expression levels of TNF-a and MCP-1 in
mouse brain were visualized by immunofluorescence staining. As illustrated in Figure 2,
markedly increased immunoreactivities of TNF-a. and MCP-1 were detected in mouse brain
at 8 h after irradiation, whereas very little reactivity was observed in sham-irradiated control
mouse brain (Figure 2A-D and F-I). Quantitative analysis of fluorescence intensity
demonstrated that fractionated whole brain irradiation significantly induced protein
expressions of TNF-a and MCP-1 in mouse brain at 8 h post-irradiation by 18.43-fold
increase in TNF-a. and 5.76-fold increase in MCP-1, respectively (Figure 2E and J). These
results suggest that fractionated whole brain irradiation produces pro-inflammatory
environment in mouse brain.

Fractionated Whole Brain Irradiation Increases Microglial Activation in Mouse Brain

To determine whether fractionated whole brain irradiation affects microglia, the changes in
protein expression levels of Ibal, a microglial activation marker, in mouse brain were
visualized by immunofluorescence staining (Figure 3). A strong Ibal-positive
immunoreactivity was detected in mouse brain at 4 h post-irradiation (16.96-fold increase)
and reached to a maximum at 8 h post-irradiation (85.02-fold increase). These data
demonstrate that fractionated whole brain irradiation increases activation of microglia in
mouse brain.

Fractionated Whole Brain Irradiation Increases ROS Generation in Mouse Brain

To examine whether fractionated whole brain irradiation affects ROS generation, /in situ
DHE fluorescence staining for superoxide anion was performed. As depicted in Figure 4,
significantly elevated levels of superoxide anion were observed at 4, 8 and 24 h post-
irradiation compared with sham-irradiated control mouse brain. Quantitative analysis
exhibited that fractionated whole brain irradiation significantly increased ROS generation by
6.32-fold (4 h post-irradiation), 2.61-fold (8 h post-irradiation) and 2.63-fold (24 h post-
irradiation), respectively. These results suggest that fractionated whole brain irradiation
produces pro-oxidative environment in mouse brain.
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Fractionated Whole Brain Irradiation Up-regulates Protein Expression of NOX-2 in Mouse

Brain

To elucidate the potential mechanisms of ROS generation, effects of fractionated whole
brain irradiation on protein expression level of NOX-2, a ROS-generating enzyme, in mouse
brain were examined. Marked increases in NOX-2-positive immunoreactivity were detected
in mouse brain at 4 and 8 h post-irradiation (Figure 5A-D). Quantitative analysis showed
that fractionated whole brain irradiation significantly up-regulated NOX-2 protein
expression by 4.85-fold (4 h post-irradiation) and 14.68-fold (8 h post-irradiation) compared
with sham-irradiated control mouse brain (Figure 5E). These data demonstrate that
fractionated whole brain irradiation upregulates NOX-2 expression in mouse brain.

NOX Inhibitors and NOX-2 Neutralizing Antibody Attenuate ROS Generation in Irradiated

Mouse Brain

To further delineate the role of NOX-2, effects of NOX inhibitors, such as apocynin (APO)
and diphenylene iodonium (DPI), and NOX-2 neutralizing antibody on ROS generation in
irradiated mouse brain were examined. As demonstrated in Figure 6A-E, both NOX
inhibitors (APO and DPI) and NOX-2 neutralizing antibody (Anti-NOX-2) markedly
decreased ROS generation compared with irradiated mouse brain (fractionated whole brain
irradiation: FIR). Quantitative analysis demonstrated that fractionated whole brain
irradiation-induced ROS generation in mouse brain was significantly attenuated by APO
(1.76-fold), DPI (4.16-fold), and anti-NOX-2 (4.37-fold), respectively (Figure 6F). These
results suggest that NOX-2 may play a role in ROS generating pathways induced by
fractionated whole brain irradiation.

Discussion

The previous clinical findings associated with radiation exposure to brain tumor patients
indicate that various primary cognitive regions are affected and may be even developed to
cognitive-communicative deficits, which can significantly affect their quality of life
(DeAngelis et al. 1989; Silver et al. 1992; Crossen et al. 1994; Roman & Sperduto 1995;
Johannesen et al. 2003; Li et al. 2008; Welzel et al. 2008; Chang et al. 2009; Douw et al.
2009). Progressive impairments in learning and memory, such as decreased verbal memory,
spatial memory, attention and novel problem solving ability, were observed in 40~50% of
brain tumor patients as long-term consequences of radiation therapy. In addition, pre-clinical
studies have shown the pathological consequence of radiation-induced hippocampal damage
in animal models with severe neurobehavioral deficits (Lamproglou et al. 1995; Yoneoka et
al. 1999; Akiyama et al. 2001; Raber et al. 2004; Rola et al. 2004; Brown et al. 2005; Shi et
al. 2006; Barlind et al. 2010; Liu et al. 2010; Zhou et al. 2011; Warrington et al. 2012). At
present, there are no successful therapies or effective prevention strategies for radiation-
induced brain injury.

Recent studies have demonstrated that pro-oxidative and pro-inflammatory environments
have been, at least in part, implicated in the radiation-induced brain injury (Hong et al. 1995;
Chiang et al. 1997; Olschowka et al. 1997; Denham & Hauer-Jensen 2002; Gaber et al.
2003; Baluna et al. 2006; Collins-Underwood et al. 2008; Lee et al. 2010; Conner et al.
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2011). However, details of specific molecular and cellular mechanisms responsible for
oxidative stress and inflammation in radiation-induced brain injury remain unclear.
Prognosis of radiationinduced brain injury by evaluating time-course of ROS induction in
addition to analyses of gene and protein expressions of pro-inflammatory mediators may
contribute to understanding selective biochemical pathways leading to neurodegeneration in
fractionated whole brain irradiated brain. In the present study, we demonstrated that NADPH
oxidase may contribute to molecular and cellular responses in radiation-induced oxidative
stress and inflammation following fractionated whole brain irradiation.

The present study first observed enhanced expression of pro-inflammatory mediators, such
as cytokine and chemokine, in the brain following fractionated whole brain irradiation. A
significant increase of TNF-a., a pro-inflammatory cytokine and critical regulator of immune
activation, and MCP-1, a member of CC chemokine family playing a critical role in
monocyte chemotaxis and transmigration (Lee et al. 2003), was observed following
fractionated whole brain irradiation. In a previous study (Lee et al. 2010), mRNA and
protein expression levels of TNF-a, IL-1p, and MCP-1 were significantly up-regulated in
hippocampal and cortical regions isolated from rat brain irradiated with a single, large dose
(10 Gy). In addition, there are several reports demonstrating up-regulation of a variety of
other pro-inflammatory markers, including IL-6, macrophage inflammatory protein 2
(MIP-2), ICAM-1, iINOS, and cyclooxygenase-2 (COX-2), may be associated with the
molecular responses of the brain to a single, large dose (10, 25 or 35 Gy) of irradiation
(Hong et al. 1995; Olschowka et al. 1997; Kyrkanides et al. 2002; Moore et al. 2005;
Schnegg et al. 2012). Therefore, these studies provide sufficient evidence demonstrating the
potential contribution of pro-inflammatory environment to radiation-induced brain injury.
Our results further revealed that the peak mRNA and its concomitant protein expressions of
TNF-a and MCP-1 occurred at 4 h and 8 h post-irradiation, respectively (Figure 1 and
Figure 2). These time-course analyses suggest that mRNA and protein expression levels of
pro-inflammatory mediators at different time points may be critically associated with
pathological prognosis of radiation-induced brain injury. Moreover, a clinically relevant
fractionated radiation regimen in the current study may provide more reliable information of
the events occurring after a clinical whole brain irradiation compared with a single, large
dose irradiation. According to the linear-quadratic model with an assumption of a./p ratio of
3 Gy for late responding effects in the brain (Fowler 1989), the biologically effective dose
(BED3) of fractionation regimen (a total of 40 Gy; 8 fractions of 5 Gy in 4 weeks resulting
in 106.7 Gy) in this study corresponds to a typical regimen in the clinic, such as 30 fractions
of 2 Gy (a total of 60 Gy) in 6 weeks resulting in 100.2 Gy. Therefore, biological effect
under current fractionated whole brain irradiation regimen may be more relevant to the
clinical situation than those after a single, large dose of irradiation in the aforementioned
previous studies. Yet, assessing cumulative damages associated with fractionated dose
irradiation still requires careful investigation on how each fraction contributes to quickly
accumulating inflammatory responses and further exhibiting substantially exacerbated
cellular and molecular responses by a dynamic series of cellular injury, ongoing repair, and
other pertaining pathophysiologic processes in the brain. In addition, the age at which
subjects are exposed to radiation needs to be accounted for understanding these cumulative
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damages by fractionated whole brain irradiation due to the complexity of radiation-induced
cognitive deficits depending on ages (Forbes et al. 2013; Blomstrand M et al. 2014).

Although the potential contribution of complex and dynamic multiple cell types in the brain
to the overexpression of pro-inflammatory mediators after irradiation remains unclear,
microglia, the primary immune effector cells in the CNS, are considered as a key causative
player in this process (Block et al. 2007). In the present study, the results indicated that a
significant increase in microglial activation was detected in irradiated brain (Figure 3).
Previous /n vitro studies suggested that whole brain irradiation-induced pro-inflammatory
environments in the brain may be mediated through activation of microglia that resulted in a
significant up-regulation of MRNA and protein expressions of pro-inflammatory mediators
including TNF-a, IL-1pB, IL-6, COX-2, and MCP-1 (Chiang & McBride 1991; Kyrkanides
et al. 2002; Hwang et al. 2006; Lee et al. 2010). In addition, /n7 vivo studies support that an
overexpression of pro-inflammatory mediators (Chiang et al. 1997; Kyrkanides et al. 2002;
Lee et al. 2010) and an increase in the number of activated microglia (Monje et al. 2002;
Conner et al. 2011; Schnegg et al. 2013) were detected in the brain following irradiation.
Our data also indicate that fractionated whole brain irradiation significantly increased the
number of activated microglia at 4 h post-irradiation and the activation reached maximum at
8 h post-irradiation, suggesting that microglial activation is responsible for acute
inflammatory responses, such as up-regulation of TNF-a and MCP-1 expressions.

Oxidative stress has been identified as one of the mechanistic pathways leading to radiation-
induced brain injury (Limoli et al. 2004; Manda et al. 2007; Zhao et al. 2007; Collins-
Underwood et al. 2008; Kim et al. 2008; Baluchamy et al. 2010; Veeraraghavan et al. 2011).
In the present study, ROS generation following fractionated whole brain irradiation was
observed by /n situ DHE fluorescence staining in mouse brain. Interestingly, a significant
increase of ROS generation was reached peak at 4 h post-irradiation and maintained highly
up to 24 h post-irradiation (Figure 4). In a previous in vitro study (Limoli et al. 2004), levels
of ROS were elevated in a dose-dependent manner from 6 h after exposure of X-rays in
neural precursor cells. Anaother /n vitro study (Collins-Underwood et al. 2008) demonstrated
that irradiation on brain endothelial cells caused a significant and dose-dependent increase in
ROS generation at 1 h postirradiation. Therefore, these findings from other groups support
that irradiation cause an acute response of redox system in the brain. More importantly, the
novel findings in this study are time-dependent ROS generation and concomitant
inflammatory response. It is still unclear whether oxidative response precedes inflammatory
event or vice versa, however, due to an early imbalance in the redox system observed at 4 h
post-irradiation compared with the significant protein induction of pro-inflammatory
mediators (TNF-a and MCP-1) at 8 h post-irradiation, it is possible that the radiation-
mediated increase in oxidative stress may be responsible for these pro-inflammatory events.
Particularly, previous studies explored that neuronal damage or reduced neurogenesis
associated with a series of inflammation and oxidative stress following irradiation may
contribute to radiation-induced late effects by dynamic interactions among multiple cell
types of the brain (Raber et al. 2004; Rola et al. 2004; Fishman et al. 2009; Oh et al. 2013).
However, a putative connection between acute pro-oxidant/pro-inflammatory responses and
chronic pathologies following irradiation in the brain is vital to better understand chronic
effects of radiation-induced brain injury.
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To elucidate origin of ROS generation following fractionated whole brain irradiation, we
examined expression levels of NOX-2. NOX-2, the primary phagocytic oxidase (Bedard &
Krause 2007; Jaquet et al. 2009; Pendyala & Natarajan 2010), has been frequently studied
and demonstrated its critical role of ROS formation in glial cells and neurons under various
neuropathological conditions (Green et al. 2001; Serrano et al. 2003; Zekry et al. 2003;
Infanger et al. 2006; Qin et al. 2006; Jackman et al. 2009; Drummond et al. 2011; Surace &
Block 2012). In the present study, we demonstrated that NOX-2 expression was markedly
elevated at 4 h and 8 h post-irradiation (Figure 5) and its pharmacological inhibitions (DPI,
APO, and a neutralizing antibody) dramatically ameliorated the production of ROS (Figure
6), which strongly suggest NOX-2 contributes to radiation-induced oxidative stress in the
brain. Previous studies have observed specific markers in the redox system to investigate a
primary cause of excessive ROS generation after irradiation (Rola et al. 2007; Collins-
Underwood et al. 2008; Fishman et al. 2009; Veeraraghavan et al. 2011). However, the
detailed mechanism underlying this process is still unknown and needs to be further
investigated.

Conclusions

The present study demonstrated the evidence that NOX-2 may play a potential role in
fractionated whole brain irradiation-mediated pro-oxidative and pro-inflammatory pathways
in mouse brain. These findings may provide a foundation for defining cellular and molecular
basis of radiation-induced brain injury that will lead to new opportunities for preventive and
therapeutic interventions for brain tumor patients who receive radiation therapy.
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Figure 1.
Effect of fractionated whole brain irradiation on mRNA expression of TNF-a and MCP-1 in

mouse brain. Compared with sham-irradiated controls, fractionated whole brain irradiation
significantly up-regulated mRNA expression levels of TNF-a (A) and MCP-1 (B) in mouse
brain. Data represent means + SEM for each group (n=4). “*p<0.001 compared to control.
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Figure 2.
Effect of fractionated whole brain irradiation on protein expression of TNF-a. and MCP-1 in

mouse brain. Immunoreactivities of TNF-a (A-D) and MCP-1 (F-1) were visualized in
mouse brain. Fractionated whole brain irradiation significantly up-regulated protein
expression levels of TNF-a. and MCP-1 in mouse brain (E and J). (A and F) Sham-
irradiation (Control); (B and G) 4 h post-irradiation; (C and H) 8 h post-irradiation; (D and
I) 24 h post-irradiation; (E and J) Quantitative analysis of fluorescence intensity. Data
represent means + SEM for each group (n=4). "p<0.05; **p<0.001 compared to control.
Scale bar: 200 pm.
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Figure 3.
Effect of fractionated whole brain irradiation on microglia in mouse brain. Immunoreactivity

of Ibal was visualized in mouse brain. Fractionated whole brain irradiation significantly
increased microglial activation in mouse brain (E). (A) Sham-irradiation (Control); (B) 4 h
post-irradiation; (C) 8 h post-irradiation; (D) 24 h post-irradiation; (E) Quantitative analysis
of fluorescence intensity. Data represent means + SEM for each group (n=4). *p<0.05
compared to control. Scale bar: 50 um.
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Figure 4.
Effect of fractionated whole brain irradiation on reactive oxygen species (ROS) generation

in mouse brain. The localization of red fluorescence demonstrates ROS generation in mouse
brain (A-D). Fractionated whole brain irradiation significantly increased superoxide anion
formation in mouse brain (E). (A) Sham-irradiation (Control); (B) 4 h post-irradiation; (C) 8
h post-irradiation; (D) 24 h post-irradiation; (E) Quantitative analysis of fluorescence
intensity. Data represent means = SEM for each group (n=4). “p<0.05 compared to control.
Scale bar: 100 um.
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Figureb.
Effect of fractionated whole brain irradiation on protein expression of NADPH oxidase-2

(NOX-2) in mouse brain. Immunoreactivity of NOX-2 (A-D) was visualized in mouse brain.
Fractionated whole brain irradiation significantly up-regulated protein expression level of
NOX-2 in mouse brain (E). (A) Sham-irradiation (Control); (B) 4 h post-irradiation; (C) 8 h
postirradiation; (D) 24 h post-irradiation; (E) Quantitative analysis of fluorescence intensity.
Data represent means + SEM for each group (n=4). “p<0.05 compared to control. Scale bar:
100 pm.
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Figure 6.
Effect of NADPH oxidase (NOX) inhibitors and NOX-2 neutralizing antibody on radiation-

induced ROS generation in mouse brain. An increase in ROS generation in mouse brain 4 h
after fractionated whole brain irradiation (FIR) was markedly and significantly attenuated in
the presence of NOX inhibitors (FIR + APO or FIR + DPI) or NOX-2 neutralizing antibody
(FIR + anti-NOX-2). (A) Sham-irradiation (Control); (B) 4 h after fractioned whole brain
irradiation (FIR); (C) FIR + 1 mM apocynin (APO); (D) FIR + 20 uM diphenylene
iodonium (DPI); (E) FIR + anti-NOX-2 antibody; (F) Quantitative analysis of fluorescence
intensity. Data represents mean + SEM for each group (n=4). *"p<0.001 compared to
control, #p<0.05; #p<0.001 compared to irradiated brain (FIR). Scale bar: 100 pm.
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