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Low-dose X-irradiation inhibits brain injury

Abstract

We examined the inhibitory effects of low-dose MKadiation on mouse brain tissue with
cold-induced injury by comparing tissue samplesnfithree groups of mice: control, sham-irradiated
cold-exposed, and X-ray-irradiated (0.5 Gy) colgp@sed mice. The water content in brain increased
significantly in the sham-irradiated group followirthe cold-induced injury relative to the control
group. However, water content in brain tissue ftbm X-ray-irradiated group was significantly lower
than that from the sham-irradiated group. Levelamtioxidants, such as superoxide dismutase and
glutathione, in brain tissue from the X-ray-irradid group were higher than those from the
sham-irradiated group. Moreover, the cold injurduoed cell death, particularly apoptosis, while
low-dose irradiation inhibited cell death, espdgi@mong glial cells, but not numeral cells. These
findings suggest that prior low-dose X-irradiati@ttivated antioxidant function and inhibited

cold-induced brain injury.
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INTRODUCTION

Brain edema is a pathophysiological condition ctimrgzed by increased water content in brain
tissue due to a variety of coexisting brain injsriand it has been classified into several subtypes
based on the pathogenesis of edema developmerge Boubtypes include cytotoxic, vasogenic, and
interstitial brain edema. Vasogenic brain edemaaigsed by disruption of the blood-brain barrier
(BBB) and develops in association with several syptcerebral insults, including ischemia, trauma,
tumor growth, or infectionMoreover, neuronal death resulting from necrosisapoptosis occurs
following these disease states. Recent studies fegpegted that secondary neuronal damage occurred
not only from necrotic neuronal death but that aptip neuronal death may result also from the
development of vasogenic edema and that apoptasjscamtribute to the expansion of the lesion in
both the acute and secondary phase after coldyiffjir

Cold injury has been used as a model for vasodeaio edema and delayed infarction. Among the
various biochemical events associated with coldrynjexperimental evidence points to reactive
oxygen species (ROS) formation as one of the keyntsvleading to breakdown of the BBB and
neuronal death. ROS, such as superoxide anion yairdstyl radical, contribute significantly to the
development of vasogenic brain edema [2, 3]. Tla#ee several reports that show that protection
against this kind of edema can be obtained by thi®»xadant enzyme superoxide dismutase (SOD)
[4-10].

Low-dose irradiation increases endogenous antiokédan animal tissues. Antioxidants, such as
SOD [11-14], glutathione peroxidase (GPx) [12, Dljitathione reductase (GR) [15], glutathione [14,
15], catalase [14], and thioredoxin [14], are attdd and/or induced by low-dose irradiation, argy th
contributed to the inhibition of oxidative injuriyloreover, our previous studies have demonstrated
that low-dose irradiation activated antioxidativmdtion and inhibited edema in mouse paws induced
by ischemia-reperfusion injury [16].

Severe brain edema increases intracranial presesudting in brain herniation and a decrease in
cerebral blood perfusion resulting in secondarfiesaia. Therefore, prevention and treatment of brain
edema is of clinical importance. Vasogenic braiemsd is of considerable clinical importance because
it develops in association with several brain diseatates. Conventional treatments, including
drug-mediated dehydration, are used clinicallyeiduce the brain edema, but the effect is incomplete

Development of more effective medical treatments heen expecte®arinaga [17] suggested that
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when the etiology and pathology of cerebral infarcis clear, scavengers of free radicals thatetarg
ROS may be used to treat acute stroke pati&dsravone (3-methyl-1-phenyl-2-pyrazolin-5-oned is
novel, potent free radical scavenger that has hesed clinically in Japan since 2001 to prevent
oxidation injury to neuronal cells and vasculara@hdlial cells following ischemic stroke.

To assess whether prior low-dose X-irradiation bitki cold injury in mouse brain, we examined
changes in water content, antioxidative functior aeuron viability induced by cold injury followgn
low-dose X-irradiation. Specifically, we investigdtwater content, biochemical parameters (i.e., SOD
catalase, total glutathione (total GSH; GSH + GSStBY lipid peroxide levels), and histological

changes in brain tissue after cold injury.

MATERIALSAND METHODS
Animals

Male BALB/c mice (age: eight weeks; body weightpagpximately 25 g) were obtained from the
Department of Animal Resources Advanced Scienceedel Center Okayama Universigthics
approval was obtained from the animal experimegtihmittee of Okayama University. Each

experimental group consisted of 4-8 mice.

Irradiation and Cold Injury

The mice received whole body irradiation at a do$ed.5 Gy (3.0 Gy/min) using an X-ray
generator (Hitachi MBR-1505R2; Hitachi Medico, lakir Japan, voltage; 150 kV, ampere; 20 mA,
filters; Cu:Al = 0.5 mm:0.2 mm)at room temperature. The age matched control mieee w
sham-irradiatedMice were injected intraperitoneally with 50 mg/kmentobarbital (Nembutal,
Dainippon Sumitomo Pharma Co., Ltd., Osaka, Jagdm)after irradiation, and body temperature was
maintained at 37C with a hot plate. The scalp was cut in the rigbmisphere, and the skull was
exposed. A metal probe (4 mm in diameter) and cbuoligh liquid nitrogen was applied to the skull
with a force of 100 g for 30 sec. This cold injunodel resulted in reproducible time-dependent
vasogenic brain edema [18]. At 1, 4, 24, or 48fteraold injury, blood was collected from the Hear
under ether anesthesia and serum was obtainednirjfugation at 3,008g for 5 min at 4 °C. Mice
were sacrificed by decapitation under anesthedia. Stalp and the skull were conducted a midline

incision, and the brain was exposed. Brains wenmefglly removed to assess water content,
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biochemical activity, and histology. Brains weremediately assayed for water content, preserved at
-80 °C until use in the biochemical assays or fixed 06lneutral-buffered formalin for histological

observation.

M easurement of Water Content
At 0, 1, 4, 24, or 48 hr after the cold injury, thi@ins were rapidly removed after decapitatior, an
each cerebral hemisphere was weighed. The samplesdried at 103C for 24 hr and reweighed.

Water content was calculated as (wet weight — dright) / wet weight x 100% [18].

Biochemical Assays

Mouse blood was collected from the heart afterdiséocation of cramp, and serum was obtained
by centrifugation at 3,000xg for 15 min under 4 Nouse brains were homogenized in a 1 M
Tris-HCI buffer containing 5 mM ethylendiaminetetcatic acid (EDTA) (pH 7.4) on ice. The
homogenate was centrifuged at 12,000 x g for 45 ahid °C, serum and supernatant was used to
assay the activity of SOD and catalase.

SOD activity was measured by the nitroblue tetiarol(NBT) reduction method [19] using the
Wako-SOD test (Wako Pure Chemical Industry, Cod.LOsaka, JapanPriefly, the extent of
inhibition of the reduction in NBT was measured dstermining NBT content at 560 nm using a
spectrophotometer. One unit of enzyme activity defined as 50% inhibition of NBT reduction. The
protein contentwas measured by the Bradford method, using Profmiantification Kit-Rapid
(Dojindo Molecular Technologies, Inc., Kumamotopda) [20].

Catalase activity was measured as the hydrogerxider¢H,O,) reduction rate at 37 °C and was
assayed at 240 nm using a spectrophotometer 2. assay mixture consisted of pDof 1 M
Tris-HCI buffer containing 5 mM EDTA (pH 7.4), 9Q0 of 10 mM HO,, 30 ul deionized water, and
20 pl brain supernatant. Activity was calculated usiignolar extinction coefficient of 7.1x10
M~'cm™. Catalase activity was measured by the amountydfdgen peroxide split by catalase at
37 °C.The reactions were started by addition of the bsapernatant.

Total glutathione content was measured using tlxyBéch GSH-420" assay kit (OXIS Health
Products) Briefly, brains were suspended in 10 mM phosphaitéeb (pH 7.4), mixed with ice-cold

7.5% trichloroacetic acid solution and then homazgsh The homogenates were centrifuged at 3,000
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x g for 10 min. The supernatant was used for tlsayasThis assay is based on the formation of a
chromophoric thione whose absorbance, measure@0ahd using a spectrophotometer, is directly
proportional to the total glutathione concentration

Lipid peroxide (malondialdehyde (MDA)) levels weassayed using Bioxytech LPO-586assay
kit (OXIS Health Products, Inc., OR, USABriefly, brains were homogenized in 20 mM phosphate
buffer (pH 7.4) on ice. Prior to homogenization, A0 of 0.5 M butylated hydroxytoluene in
acetonitrile were added per 1 mL of tissiee homogenate was centrifuged at 15,000 x g,danih
at 4 °C, and the supernatant was used for assay.MIDA assay is based on the reaction of a
chromogenic reagent, N-methyl-2-phenylidole, witbMat 45 °C. The optical density of the colored

products was read at 586 nm in a spectrophotometer.

Histological Observation

Brains were fixed in 10% formalin, processed witlgraded mixture of ethanol and xylene and
embedded in paraffin. The 8n-thick tissue sections were prepared and staindth w
hematoxylin-eosin (HE) dkluver-Barrera (KB). We calculated number of celiel the percentage of
non-structural arean the lesion area using the image-editing softwden-structural area was

defined as regions that had lost structure, inalgidhalo’, vacuolization, and perivascular space.

TUNEL Sains
Terminal dUTPIn situ nickend labeling (TUNEL) was performed, utilizinige apoptosisn situ

detection kit Wako (Wako Pure Chemical Industry,.,Chtd., Osaka, Japan) following the
manufacturer’s protocol. Briefly, slides were deffinized and sections were stripped of proteins by
incubation with proteinase K for 5 min at 37 °C.dégenous peroxidase was inactivated by
immersion in phosphate-buffered saline (PBS) camgi 3% HO, for 5 min at room temperature.
Residues of digoxigenin-nucleotide were catalylycaldded to the DNA by TdT, an enzyme that
catalyzes a template-independent addition of deleagucleotide triphosphate to the 3'-OH ends of
DNA. The reaction was conducted at 37 °C for 10.nihe color reaction was visualized by
peroxidase-conjugated anti-digoxigenin antibody &j89-diaminobenzidine (DAB). The sections
were counterstained by 0.5% methyl green. Distilleder was substituted for TdT enzyme for the

negative controls.
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Satistical Analyses
All values are presented as the mean * standaat efr the mean (SEM). The statistical
significance of differences was determined by Sttidétest for comparison between two groups and

Dunnet’s tests for multiple comparisons where appate.

RESULTS
Changesin water content in brains after cold injury

Changes in water content of sham-irradiated grelgiive to the control group are shown in Fig.1A.
The water content of right hemisphere was signifiiyaelevated at 1, 4, 24, and 48 hr following cold
injury, and it reached a maximum at 24 hr. Watenteot of left hemisphere was significantly
evaluated at 4 and 24 hr following cold injury (Hig). At 1, 4, 24, and 48 hr, the water contenthef
right brain hemisphere of mice in the 0.5 Gy-ireadd group was significantly lower than that of enic
in the shame-irradiated group (Fig.1B). In additidghere were no significant differences in water

content of right hemisphere between the contraligr@and 0.5 Gy irradiated group (Fig.1B).

Histological observation

There were characteristic changes in cells andotasgm at the core lesion. In this lesion, cellsever
shrunken and decreased, and others cells had @ swmtounding the cytoplasnthere was marked
edema with tissue vacuolization. Bleeding and edpdnperivascular spaces in the cortical blood
vessels were apparent in this lesion (Fig.2, 3angks in the non-structural area at this lesiar &6
Gy irradiation were observed: non-structural aress wlefined as regions that had lost structure,
including ‘halo’, vacuolization, and perivasculgase. Non-structural area in lesion tissue of tizars
and 0.5 Gy-irradiated groups were significantlyr@ased at 4, 24, and 48 hr relative to the sanse are
in the control groupAt 4 hr, those of the 0.5 Gy-irradiated group wéwer than those of the
sham-irradiated group (Table 1). The number ofscellarea of the lesions from the sham-irradiated
group significantly decreased at 4, 24, or 48 hir4Ar, those of the 0.5 Gy-irradiated group were
lower than those of the sham-irradiated group @ap!

In addition, the number of neurons in lesion tiskae decreased significantly 24 or 48 hr after
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application of the cold injury in the sham- and G¥-irradiation groups (Table 3).

Changesin apoptotic cell death in brain after 0.5 Gy irradiation

Some cells were labeled by the TUNEL staining afteid injury. These TUNEL positive cells
showed shrunken (Fig.4). The number cells undeggaipoptosis in the cold-injured lesions were
significantly lower in the 0.5 Gy-irradiated grotipan in the sham-irradiated group 1 hr after cold

injury (Table 4).

Changesin antioxidative function in brain after 0.5 Gy irradiation

SOD activity in serum from the 0.5 Gy-irradiatedygp was significantly higher at than that of
sham-irradiated group at 0, 4, 24, and 48 hr a&ivéd injury (Fig.5). At O (i.e., 4 hr after sham @5
Gy irradiation) and 1 hr after cold injury, SOD gty in the right brain hemisphere was higher
significantly in the 0.5 Gy-irradiated group thanthe sham-irradiated group (Fig.6A). At 1 hr after
cold injury, total glutathione content in the ridbriain hemisphere was significantly higher in thg O
Gy-irradiated group than in the sham-irradiatedugréFig.6C). At O (at 4 hr after sham or 0.5 Gy
irradiation), 1, and 4 hr after cold injury, lipkroxide levels in right hemisphere were signiftban
lower in the 0.5 Gy-irradiated group than the shaadiated group. Moreover, lipid peroxide levels i
right hemisphere of sham-irradiated group wereifiggmtly increased at 1 and 4 hr after cold injury

(Fig.6D).

DISCUSSION

In the present study, we used a model of cold ynjurmice to investigate the potential protective
effect of prior 0.5 Gy irradiation against braireeth because this model produces reliable vasogenic
brain edema and secondary brain lesion in miceowtth craniotomy, which may damage the cortical
surface. We evaluated the severity of brain edeymadasuring the water content of mouse brain. The
water content was measured using the wet-dry wergtthod, which is accurate because the samples
used in this study, mouse brain hemispheres, ginealeight (approximately 220 mg). In this study, we
confirmed that cold injury induces edema and irgeeaater content. Increases in water content of
right hemisphere were first observed 1 hr afted aojury, and the water content reached a maximum

at 24 hr after cold injury and decreased therealfevertheless, the water content was higher at all
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time points after cold injury than the control levdeanwhile, water content in left hemisphere, athi
was not directly injured, increased more slowly deds severely than water content in right
hemisphere that was directly subjected to coldrynjiihis phenomenon has been observed before and
it is due to extravasated fluids from blood veseethe right hemisphere being transmitted through
callosum to the left hemisphere [22]. This findiimglicates that, even if localized, brain edema can
affect remote regions over time.

The results of this study show that pre-treatmeith W.5 Gy irradiation partially inhibited the
increases of water content in the mouse brain afler injury. The present results suggest that@y5
irradiation may be useful in the treatment of vasog brain edema following brain injury. Vasogenic
brain edema is associated with the disruption dibdrelial cells and a resultant increase in vascula
permeability. It is well known that ROS, includinige superoxide anion, initiate lipid peroxidation
chain reactions and severe cell damage, and RO8ilmda significantly to the development of
vasogenic brain edema. In a previous study, thé pproxide levels in injured brain tissue increhse
within 1 min after cold injury and reached maxinaalues at 2 hr [29]. Our results also show thatllip
peroxide levels in brain increase immediately afteld injury. These findings indicated that the
oxidative damage induced by ROS contribute to ttaggenesis of vasogenic brain edema and that
the protection against oxidative damage is a piatietneatment for vasogenic brain edema. Low-dose
X-irradiation and radon inhalation produce adequaiggen stress to induce antioxidant enzymes and
suppress lipid peroxide levels [16, 23-28]. We hesgorted that prior 0.5 Gy-irradiation activated
antioxidative function and inhibited edema in moysavs induced by ischemia-reperfusion injury
[16]. In fact, the present study also showed tb&i4{GSH content in the brain and the activity &f[3
in serum and brain tissue were significantly insegh and lipid peroxide levels in brain were
significantly decreased by 0.5 Gy irradiation. Tdhdmdings suggested that low-dose irradiation
activated antioxidative function and that ROS gatest in brain following cold injury was reduced by
these activated antioxidative functions.

Histological observation in the present study ailsdicated that 0.5 Gy irradiation inhibited
increases in the water content of the brain folf@macold injury. Histological changes in the aredhef
lesions following cold injury described non-struatuarea including vacuolization, and expanded
perivascular space. At 4 hr after cold injury, fflercentage of non-structural area was significantly

lower in brain sections from the 0.5 Gy-irradiagrdup than those from the sham-irradiated group.
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This result was similar to the results of the watentent analyses. These findings indicates the
possibility that 0.5 Gy irradiation inhibited vassgc brain edema following cold injury. Furthermore
the other characteristic histological changes aatmtwith cold injury, such as the number of cells
the lesion area, were significantly reduced andenuall death was observed in the sham-irradiated
group than in the 0.5 Gy-irradiated group. The reatf cell death in the lesion area in tissue sampl
from both the sham- and 0.5 Gy-irradiated groups mainly apoptotic, as evidenced by occurrence
of apoptotic bodies as shown by TUNEL stainiMurakamiet al. also reported that apoptotic cell
death contributes to cell depletion after cold fipj{il]. Arachidonic acid metabolism, which may
produce ROS, contributes to apoptotic cell deatteratold injury [3]. In cold injury, a
glutamate-mediated increase in intracellular cafcikeleases arachidonic acid, which leads to the
formation of ROS from membrane phospholipids of. @S are generated through this pathway,
activate caspase, and lead to the apoptotic cellhd®©ur results showed that 0.5 Gy irradiation
inhibited apoptotic cell death after cold injurydaimdicated that activated antioxidative function b
0.5 Gy irradiation reduced ROS generated througbhadonic acid metabolism following cold injury.
However, these effects are only apparent 1 hr adiler injury.

Edaravone is a novel and potent free-radical sgarethat has been used clinically to reduce
neuronal damage following ischemic stroke. It wgzorted that treatment with edaravone diminished
water content of the core of middle cerebral arfdZA) occlusion [30]. In addition, neuronal death
in hippocampal CA1 region of rats subjected to 1i imchemia with 3 days reperfusion has been
reduced by edaravone [31]. Our results showedptat 0.5 Gy irradiation was effective in reducing
the water content of the mouse brain after coldrinto control (non-injury) level. These findings
suggested that 0.5 Gy irradiation may be as peateerdaravone.

Transgenic mice that expressed 5-fold more extidael SOD activity in their brains were
significantly protected against edema formatiomatreé to non-transgenic mice [9]. Our results show
that SOD activity in serum (extracellular SOD) wsignificantly higher in mice from the 0.5
Gy-irradiated group than those from the sham-iagedi group more than 48 hr after cold injury. These
results suggest that SOD in serum activated byQy.5rradiation protected the vascular endothelial
cells from ROS generated outside the cell for ntlea@ 48 hr after cold injury.

Chan has reported that transgenic mice overexpigeseopper-zinc SOD show significant

attenuation of brain edema and neurological dsfifallowing traumatic brain injury [32]. In our
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current study, the SOD activity in brain of micerfr the 0.5 Gy-irradiated group was high for 1 hr
after cold injury. The activated SOD in brain défiex ROS generated in the cell, and inhibited
neuronal damage. In the 0.5 Gy-irradiated groug44,and 48 hr after cold injury, SOD activity in
brain was at control levels, and neuronal damagegrpssed to the sham level. These findings
indicated that ROS contributed significantly to renal damage and apoptosis. The brain readily
suffers from oxidant stress because it containsymarsaturated fatty acids, and the antioxidative
enzymes, including catalases, are less abundamtrtt@her internal organs such as the liver [38Bf
oxidant stress such as livers is controlled by®@ySrradiation [24]. The effects of 0.5 Gy irradat
may be relatively weak protective effects in neatatamage and apoptosis. However, the protective
effects of 0.5 Gy irradiation against edema immiedijafollowing cold injury are strong.

In conclusion, our results indicate that ROS angdrtant mediators of vasogenic brain edema after
cold injury. In addition, we suggested that 0.5 @wpdiation activated antioxidative function and
inhibited vasogenic brain edema induced by coldrynjThese results indicate that inhibitory effett
0.5 Gy irradiation was weak against cell damage aad strong against brain edema. The data
presented in this study provide an essential baseliudy aimed at assessing the possibility of

inducing remission of cerebrovasucular disease.
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Figure Legends

Fig. 1. Water content (A) of right and left hemisph after cold injury. Water content (B) in thehtig
brain hemisphere after cold injury in mice pre-tegawith irradiation. The number of mice
per experimental point was 5 - 8. *P<0.05, **P<Q.01*P<0.001 vs. Control,”P<0.05,

P<0.01/P<0.001 vs. Sham.

Fig. 2. Histological changes in lesion area 4 leradold injury in mice pre-treated with irradiatio
(A) control, (B) sham irradiation, (C) 0.5 Gy iriaton. Black arrows indicate cells in the
lesion area. Some cells were shrunken. The blaakvheads indicate bleeding and white
arrows indicate vacuolization in the lesion arebe Tength of scale bar is 1Q0n. For all

panels HE staining was used.

Fig. 3. Histological changes in lesion area 4 heratold injury in mice pre-treated with irradiatio
(A) control, (B) sham irradiation, (C) 0.5 Gy iriaton. The black arrows indicate neurons in
the lesion area. The black arrowheads indicatedbigeand the white arrows indicate expanded
perivascular space in the lesion area. The lenfjgcale bar is 10@um. For all panels KB

staining was used.

Fig. 4. Histological changes in lesion area 1 leradold injury in mice pre-treated with irradiatio
(A) control, (B) sham irradiation, (C) 0.5 Gy iriatlon. The black arrows indicate
TUNEL-positive cells in the lesion area. The lengthscale bar is 10@m. For all panels

TUNEL staining was used.

Fig. 5 Activities of SOD in serum after cold injuiry mice pre-treated with irradiation. The numbgr o

mice per experimental point was 5 ¥B8<0.05,"P<0.01 vs. sham.

Fig. 6 (A) SOD activity, (B) catalase activity, (E\5SH content, and (D) lipid peroxide level in the
right brain hemisphere of mice pre-treated withdration and after cold injury. The number of
mice per time point was 5 - 8. *P<0.05, **P<0.01 wentrol,”P<0.05,”P<0.01/*P<0.001 vs.

sham.

15



Low-dose X-irradiation inhibits brain injury

Table 1. Percentage of non-structural aredesion area after cold injury in mice pre-trehtgith
irradiation. The number of mice per experimentahpaas 4 - 6. ***P<0.001 vs. control,

*P<0.05 vs. sham.
Table 2. Number of cells in lesion area after caoldry in mice pre-treated with irradiation. The
number of mice per experimental point was 4 - 6<GB5, **P<0.01, ***P<0.001 vs.

control.

Table 3. Number of neurons in lesion area afted agjury in mice pre-treated with irradiation. The

number of mice per experimental point was 4 - ®<6.01, ***P<0.001 vs. control.

Table 4. Number of TUNEL-positive cells in the @siarea after cold injury in mice pre-treated with

irradiation. The number of mice per experimentahpwas 4 - 6°P<0.05 vs. sham.

16



Low-dose X-irradiation inhibits brain injury

O Left Right
82F * %%

* %%
* % % *%*
Control 1 4 24 48

Time after cold injury [hr]

" [0 sham B 0.5Gy

* k%

*

Water content [%]
)
o

~N =
N o

83

* k%

l~k~k
M an | pt
## #
?
AN

24 48

Control 1 4
Timeafter cold injury [hr]

81lF
80 F
9r

78-

Water content [%]

R

Fig.1

Fig.2

17



Low-dose X-irradiation inhibits brain injury

Fig.3

Fig.4
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Ratio of non-structural area[%]

Sham 0.5Gy
Control 2.55+0.50
lhr 4.65+1.12 6.00+1.92
4 hr 253341 ** 15.84£2.79%**. #
24 hr 34.0£4.17%** 34.55.83***
48 hr 35.4%1.26*** 36.5+£3.01***
Table.1l
Number of cells[cells'/mm?]
Sham 0.5Gy
Control 7452612
lhr 6487982 5313+1056
4 hr 4457 =498* 5837588
24 hr 2478£271*** 27224+849**
48 hr 21204506*** 2365+687***
Table.2
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Number of neurons[cells'mm?]

Sham 0.5Gy
Control 44174389
1hr 3991+345 3496379
4hr 3663400 3891+176
24 hr 2191 +£495** 15114325**
48 hr 14024 125%** 1557+£276%**

Table.3
Number of TUNEL positive cdlls[cellssmm?]
Sham 0.5Gy
Control 3322
lhr 489+115 16557*
4 hr 285x45 269490
24 hr 16262 286x63
48 hr 85+40 123%43
Table.4
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