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ABSTRACT

  Radiations are known to cause death of neuronal precursors and neuronal cells in 
the brains. Neutrons differ from photons in the mode of their interactions with tissues. 
Moreover, neutrons have a higher linear energy transfer and generate more dense 
ionization, resulting in inducing severe breakage of double-stranded DNA and genera-
tion of more free radicals than photons. In the present study, we investigated the 
effects of fast neutron radiation on apoptotic neuronal cell death and cell proliferation 
in the hippocampal dentate gyrus of the rats. For this study, immunohistochemistry for 
caspase-3 and 5-bromo-2-deoxyuridine (BrdU), and terminal deoxynucleotidyl transfer-
ase-mediated nick end-labeling (TUNEL) staining were performed. In the present 
results, high-dose of fast neutron radiation (1 Gy) increased apoptotic neuronal cell 
death and suppressed cell proliferation in the dentate gyrus. The present study shows 
that high-dose of fast neutron radiation may exert negative effects on the cognitive 
functions, especially hippocampal-dependent learning tasks by enhancing apoptosis and 
by suppressing cell proliferation of hippocampal neuronal cells.
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INTRODUCTION

  High linear-energy-transfer (LET) radiations, such 

as neutrons and α-particles, have been reported 

to have a greater biological effectiveness than 

low-LET radiations such as X-rays and γ-rays. 

Although the biological aspects and mechanisms of 

the effects of high-LET radiation have not been 

clarified (Goodhead, 1999; Ishida et al., 2006), 

radiations are known to cause apoptosis. Radia-

tion-induced apoptosis depends on the radiation 

source as well as the radiation dose (Aref et al., 

1999; Goodhead, 1999). 

  Apoptosis, programmed cell death, plays a crucial 

role in the development and the maintenance of 

homeostasis in all multi-cellular organisms, such as 

cell replacement, tissue remodeling, and removal of 
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damaged cells (Thompson, 1995; Yuan and Yanker, 

2000). On the other hand, inappropriate or exces-

sive apoptosis has been implicated in many dis-

eases including neurodegenerative disorders, can-

cers, autoimmune diseases, acquired immunodefi-

ciency syndrome (AIDS), and stroke (Thompson, 

1995). 

  Terminal deoxynucleotidyl transferase-mediated 

dUTP nick end labeling (TUNEL) staining is an 

assay that detects the characteristic of apoptotic 

cell death e.g. DNA fragmentation (Gavrieli et al., 

1992). Many studies showed that high-dose of 

radiation increased the number of TUNEL-positive 

cells representing apoptotic cell death (Peiβner et 

al., 1999; Tada et al., 2000). Another important 

characteristic of apoptosis is the activation of 

caspase-3. Caspase-3 is the most widely studied 

member of the caspases family and one of key 

executors of apoptosis (Cohen, 1997). Lonergan et 

al. (2002) demonstrated that the activation of cas-

pase-3 is implicated in apoptotic neuronal cell 

death.

  Neutrons, non-charged particles, differ from 

photons in the mode of their interactions with 

tissues and they generate more dense ionization. 

These properties of fast neutrons induce many free 

radicals and result in more irreversible DNA 

breakage than photons (Kantor and Simon, 1996). 

Ionizing radiation-induced DNA damage results in 

cell death. Traditionally, radiation-induced cell death 

is divided into two types: one is interphase death 

and the other is reproductive death (Shinohara and 

Nakano, 1993). Following an exposure to ionizing 

radiations, the cells undergo apoptotic cell death at 

various cell cycle stages (Shinomiya, 2001) and the 

forms of apoptosis are different according to the 

timing of radiation-induced cell death in relation to 

cell cycle progression (Radford and Murphy, 1994; 

Shinomiya et al., 2000). 

  The dentate gyrus of the hippocampus is critical 

brain area related to neurogenesis. Neurogenesis 

occurs in discrete regions of the brain such as the 

rostral subventricular zone (SVZ) of the lateral 

ventricles and the subgranular zone (SGZ) of the 

dentate gyrus. Neurogenesis in the dentate gyrus 

continues throughout adulthood in a variety of 

species including humans (Kuhn et al., 1996; 

Eriksson et al., 1998; Gould et al., 1999; Kunlin et 

al., 2001). Neurogenesis is known to play an 

important role in learning processes, and there are 

several interesting correlations between the number 

of new neurons and performance on hippocampal- 

dependent learning tasks (Barnea and Nottebohm, 

1994; Gould et al., 1999). Shors et al. (2002) 

reported that hippocampal neurogenesis in the 

dentate gyrus is connected to the specific type of 

learning. 

  Since fast neutrons were introduced in the 1970s, 

fast neutron therapy has been suggested to be 

effective for some carcinomas (Douglas et al., 

2000; Tokumitsu et al., 2000). While X-rays-induced 

apoptosis has been reported (Barber et al., 2000), 

the effect of fast neutrons on apoptosis has not 

been documented. In the present study, the effects 

of fast neutron radiation on apoptotic neuronal cell 

death and cell proliferation in the hippocampal 

dentate gyrus of the rats were investigated. For this 

study, immunohistochemistry for caspase-3 and 

5-bromo-2-deoxyuridine (BrdU), and terminal deoxy-

nucleotidyl transferase-mediated nick end-labeling 

(TUNEL) staining were performed.

MATERIALS AND METHODS

Animals and treatments

  Male Sprague-Dawley rats weighing 250±10 g (8 

weeks in age) were used for the experiment. The 

experimental procedures were performed in accor-

dance with the animal care guidelines of the 

National Institutes of Health (NIH) and the Korean 

Academy of Medical Sciences. The rats were 

housed under the controlled temperature (20±2
o
C) 

and the lighting (07:00∼19:00 h) conditions with 

food and water made available ad libitum. The 

animals were divided into four groups: the control 

group; 0.01 Gy radiation group; 0.1 Gy radiation 

group; 1 Gy radiation group (n=5 in each group).

Exposure to radiations

  All animals were situated in close-fitting Perspex 

boxes (22×11×4 cm) and irradiated by fast neutrons 

generated by a cyclotron (MC-50, Scanditronix, 

Sweden). The rats in the radiation were exposed to 

0.01, 0.1, and 1 Gy whole body fast neutron radia-

tion at the rate of 0.09 cGy/min (35 MeV, 20μA) 

from source-axial distance 150 cm for one time. 



Effects of Neutron Radiation on Apoptotic Cell Death and Cell Proliferation in Dentate Gyrus of Rats 21

The rats were sacrificed 6 h after radiation. The 

rats in the control group were left on the linear 

accelerator without exposure to radiation. 

Tissue preparation

  The animals were weighed and anesthetized 

using Zoletil 50
Ⓡ

 (10 mg/kg, i.p.; Vibac Labor-

atories, Carros, France). After a complete lack of 

response was observed, the rats were transcardially 

perfused with 50 mM phosphate-buffered saline 

(PBS) and fixed with a freshly prepared solution 

consisting of 4% paraformaldehyde in 100 mM 

phosphate buffer (PB, pH 7.4). The brains were 

dissected and postfixed in the same fixative over-

night and transferred into a 30% sucrose solution 

for cryoprotection. Serial coronal sections of 40μm 

thickness were made with a freezing microtome 

(Leica, Nussloch, Germany). 

BrdU immunohistochemistry

  For visualization of cell birth in the hippocampal 

dentate gyrus, BrdU-specific immunohistochemistry 

was performed as previously described (Kim et al., 

2002). In brief, the brain sections were perme-

abilized by incubation in 0.5% Triton X-100 in PBS 

for 20 min, then incubated in 50% formamide-2 X 

standard saline citrate (SSC) at 65
o
C for 2 h, 

denaturated in 2 N HCl at 37
o
C for 30 min, and 

rinsed twice in 100 mM sodium borate (pH 8.5). 

These processes were executed in due order. 

Afterwards, the sections were incubated overnight 

at 4oC with BrdU-specific mouse monoclonal anti-

body (1：600; Roche, Mannhein, Germany). The 

sections were then washed three times with PBS 

and incubated for 1 h with the biotinylated mouse 

secondary antibody (1：200; Vector Laboratories, 

Burlingame, CA, USA). Then the sections were 

incubated for additional 1 h with avidin-biotin- 

horseradish-peroxidase complex (1：100; Vector 

Laboratories). For visualization, the sections were 

incubated for 5 min in 50 mM Tris-HCl (pH 7.6) 

containing 0.02% 3,3-diaminobenzidine (DAB; Sig-

ma Chemical Co., St. Louis, MO, USA), 40 mg/ml 

nickel chloride, and 0.03% hydrogen peroxide. 

Subsequently, the slides were air-dried overnight at 

room temperature, and cover slides were mounted 

using PermountⓇ (Fisher Scientific, New Jersey, 

USA). 

Caspase-3 immnunohistochemical staining 

  In order to detect caspase-3 expression, free- 

floating tissue sections were washed three times in 

50 mM PBS and were then permeabilized in 0.2% 

Triton X-100 for 30 min. After washed three times 

with PBS, the sections were incubated overnight 

with mouse anti-caspase-3 antibody (Santa Cruz 

Biotechnology, Santa Cruz, CA, USA) at a dilution 

of 1：500. The sections were washed three times 

in PBS and incubated for 1 h with biotinylated anti- 

mouse antibody (1：200; Vector Laboratories). 

Bound secondary antibody was then amplified using 

the Vector Elite ABC
Ⓡ

 kit (Vector Laboratories). The 

antibody-biotin-avidin-peroxidase complexes were 

visualized using 0.02% DAB. The sections were 

mounted onto gelatinized glass slides, air dried, and 

cover slides were mounted using PermountⓇ (Fisher 

Scientific). 

TUNEL staining

  In order to detect apoptotic cell death, a TUNEL 

staining was performed using the In Situ Cell Death 

Detection Kit (Roche) according to a previously 

described method (Kim et al., 2002). Briefly, the 

sections were mounted onto gelatin-coated slides 

and air-dried overnight at room temperature. The 

sections were then incubated with proteinase K 

(100μg/ml), rinsed, incubated in 3% H2O2, perme-

ablilized with 0.5% Triton X-100, rinsed again, and 

incubated in the TUNEL reaction mixture. The 

sections were rinsed and visualized using a con-

verter-POD with nickel-DAB. The slides were air- 

dried overnight at room temperature, and cover 

slides were mounted using Permount
Ⓡ

 (Fisher Sci-

entific).

Data analysis

  The area of the granular layer of the dentate 

gyrus was measured using Image-Pro
Ⓡ

Plus image 

analyzer (Media Cybernetics Inc., Silver Spring, MD, 

USA). The number of BrdU-positive, caspase-3- 

positive and TUNEL-positive cells in the hippo-

campal dentate gyrus was counted hemilaterally 

throughout the entire extent of the hippocampal 

dentate gyrus. BrdU-positive, caspase-3-positive 

and TUNEL-positive cells were expressed as the 

mean number of cells per mm2 of the cross 

sectional area of the granular layer of the dentate 
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Fig. 1. Effect of fast neutron radiation on the apoptosis. Upper: 

Photomicrographs of the terminal deoxynucleotidyl transferase- 

mediated dUTP nick end-labeling (TUNEL)-positive cells in the 

dentate gyrus of the hippocampus in each group. (a) Control 

group, (b) 0.01 Gy radiation group, (c) 0.1 Gy radiation group, 

(d) 1 Gy radiation group. The scale bar represents 25μm. Lower: 

Number of TUNEL-positive cells in the dentate gyrus of the 

hippocampus in each group. (A) Control group, (B) 0.01 Gy 

radiation group, (C) 0.1 Gy radiation group, (D) 1 Gy radiation 

group. The data are represented as mean±S.E.M. *p＜0.05 com-

pared to control group.

gyrus.

  All data were analyzed using the statistical 

software SPSS (version 12.0). The data are ex-

pressed as the mean±standard error of the mean 

(SEM). For the comparison among the groups, 

one-way ANOVA and Duncan's post-hoc test were 

performed and differences among the groups were 

considered statistically significant at p＜0.05. 

RESULTS

Effect of fast neutron radiation on the number 

of TUNEL-positive cells in the hippocampal 

dentate gyrus

  Photomicrographs of TUNEL-positive cells in the 

dentate gyrus of each group are presented in Fig. 

1. The number of TUNEL-positive cells in the 

dentate gyrus was 4.71±0.98/mm
2
 in the control 

group, 7.53±1.69/mm
2
 in the 0.01 Gy radiation 

group, 10.10±1.69/mm2 in the 0.1 Gy radiation 

group, and 35.41±3.23/mm
2
 in the 1 Gy radiation 

group (Fig. 1).

  The present results showed that low-doses of 

radiation (0.01 Gy and 0.1 Gy) did not exert signi-

ficant effect on apoptotic neuronal cell death. On 

the other hand, high-dose of radiation (1 Gy) sig-

nificantly increased apoptosis in the dentate gyrus 

of the rats.

Effect of fast neutron radiation on the cas-

pase-3 expression in the hippocampal dentate 

gyrus

  Photomicrographs of caspase-3-positive cells in 

the dentate gyrus of each group are presented in 

Fig. 2. The number of caspase-3-positive cells in 

the dentate gyrus was 1.56±0.63/mm
2
 in the control 

group, 7.35±2.84/mm
2
 in the 0.01 Gy radiation 

group, 8.14±2.48/mm2 in the 0.1 Gy radiation 

group, and 60.07±12.52/mm
2
 in the 1 Gy radiation 

group (Fig. 2).

  The present results showed that low-doses of 

radiation (0.01 Gy and 0.1 Gy) did not exert signifi-

cant effect on the caspase-3 expression. On the 

other hand, high-dose of radiation (1 Gy) signifi-

cantly increased the capase-3 expression in the 

dentate gyrus of the rats.

Effect of fast neutron radiation on cell proli-

feration in the hippocampal dentate gyrus 

  Photomicrographs of BrdU-positive cells in the 

dentate gyrus of each group are presented in Fig. 

3. The mean number of BrdU-positive cells in the 

dentate gyrus was 63.99±6.13/mm
2
 in the control 

group, 68.17±4.50/mm
2
 in the 0.01 Gy radiation 

group, 64.73±6.04/mm2 in the 0.1 Gy radiation 

group, and 47.64±3.26/mm
2
 in the 1 Gy radiation 

group (Fig. 3).

The present results showed that neuronal cell 
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Fig. 2. Effect of fast neutron radiation on the caspase-3 expres-

sion. Upper: Photomicrographs of caspase-3-positive cells in the 

dentate gyrus of the hippocampus in each group. (a) Control 

group, (b) 0.01 Gy radiation group, (c) 0.1 Gy radiation group, 

(d) 1 Gy radiation group. The scale bar represents 25μm. Lower: 

Number of caspase-3-positive cells in the dentate gyrus of the 

hippocampus in each group. (A) Control group, (B) 0.01 Gy 

radiation group, (C) 0.1 Gy radiation group, (D) 1 Gy radiation 

group. The data are represented as mean±S.E.M. *p＜0.05 com-

pared to control group. 

Fig. 3. Effect of fast neutron radiation on cell proliferation. Upper: 

Photomicrographs of 5-bromo-2'-deoxyuridine (BrdU)-positive cells 

in the dentate gyrus of the hippocampus in each group. (a) 

Control group, (b) 0.01 Gy radiation group, (c) 0.1 Gy radiation 

group, (d) 1 Gy radiation group. The scale bar represents 25μm. 

Lower: Number of BrdU-positive cells in the dentate gyrus of the 

hippocampus in each group. (A) Control group, (B) 0.01 Gy 

radiation group, (C) 0.1 Gy radiation group, (D) 1 Gy radiation 

group. The data are represented as mean± S.E.M. *p＜0.05 

compared to control group. 

proliferation in the dentate gyrus was suppressed 

by high-dose of fast neutron radiation (1 Gy), wher-

eas low-doses of radiation (0.01 Gy and 0.1 Gy) 

did not significantly increase new cell proliferation in 

the dentate gyrus of the rats.

DISCUSSION

  Radiations are known to cause death of neuronal 

precursors and neuronal cells (Peiβner et al., 

1999; Lonergan et al., 2002; Nowak et al., 2006), 

reduce neurogenesis, and impair cognitive functions 

(Raber et al., 2004; Rola et al., 2004b). The major 

studies on the radiations have focused on X-rays. 

In the present study, we investigated the effects of 

fast neutron radiation on apoptotic neuronal cell 

death and cell proliferation in the hippocampal den-

tate gyrus of the rats.

  TUNEL-positive cells are an independent marker 

for apoptosis representing DNA degradation (Coo-

per-Kuhn and Kuhn, 2002). Terminal deoxynucleo-

tidyl transferase (TdT) enzyme tags newly gen-

erated free 3'OH DNA ends by double- and 

single-stranded DNA breaks with a modified dUTP 

nucleotide. As mentioned above, ionizing radiation 

damages DNA, and induces apoptotic cell death. 



24 Sung-Eun Kim, et al.

Many studies reported that the appearance of 

TUNEL-positive cells in the dentate gyrus of the 

rats was significantly increased after X-ray-radiation 

(Peiβner et al., 1999; Tada et al., 2000). Fast 

neutrons have been known to be more lethal than 

X-rays because neutron radiation can produce more 

complex DNA damage (Goodhead, 1999; Coelho et 

al., 2002). 

  In the present study, high-dose of radiation (1 Gy), 

not low-doses of radiation (0.01 Gy and 0.1 Gy), 

significantly increased the number of TUNEL-posi-

tive cells in the dentate gyrus of the rats. These 

results mean that high-dose of fast neutron 

radiation damaged DNA and induced DNA strand 

break in the dentate gytus of the rats.

  Shinomiya (2001) classified radiation-induced 

apoptosis into premitotic and postmitotic apoptosis. 

During premitotic apoptosis, caspase-3 is promptly 

activated and the mitochondrial transmembrane 

potential is decreased, resulting in a rapid and 

strong apoptotic cell death. Although the precise 

mechanisms on how the caspases are rapidly 

activated following the exposure to ionizing radiation 

are not clarified, radiation-induced apoptosis is 

known to be triggered by a prompt activation of 

caspases (Shinomiya et al., 2000; Shinomiya, 2001; 

Lonergan et al., 2002). 

  Many studies have suggested that fast neutron 

radiation induces apoptosis through two pathways: 

p53-dependent and p53-independent events (Good-

head, 1999; Fischer et al., 2003). Some studies 

reported that fast neutron radiation induces apopto-

sis through p53-dependent pathway (Fischer et al., 

2005). Fischer et al. (2003) reported that fast 

neutron radiation induces rapid cell death through 

various factors such as p53, caspase-8, and Bcl-2 

family. 

  In the present study, high-dose of radiation (1 

Gy) significantly increased capase-3-expression in 

the dentate gyrus of the rats while low-doses of 

radiation (0.01 Gy and 0.1 Gy) did not exert signi-

ficant effect on the caspase-3 expression. 

  Rola et al. (2004a) reported that neurogenesis in 

the hippocampus is vulnerable to the radiotherapy. 

Radiation actually induces learning and memory 

deficits (Roman and Sperduto, 1995; Abayomi, 

1996; Surma-aho et al., 2001), and even low-dose 

radiation can lead to progressive cognitive decline 

and memory deficits in both animals and humans 

(Abayomi, 1996; Surma-aho et al., 2001; Monje and 

Palmer, 2003; Raber et al., 2004; Byrne, 2005). 

Many studies have indicated that postnatal neuro-

genesis is necessary for the normal functions of 

brain, and have suggested that radiation-induced 

cognitive dysfunction is related to impaired neuro-

genesis in the dentate gyrus, because hippocampal 

precursor cells are extremely radiosensitive (Yoneo-

ka et al., 1999; Madsen et al., 2003; Mizumatsu et 

al., 2003; Monje and Palmer, 2003; Rola et al., 

2004b; Winocur et al., 2006). Radiation-induced 

impairment in neurogenesis induces defect in the 

proliferative capacity of the precursor cells (Bauer 

and Patterson, 2005).

  The present results showed that the number of 

BrdU-positive cells, a marker of cell proliferation, 

was decreased in high-dose of fast neutron radiated 

group (1 Gy). On the other hand, low-doses of 

radiation (0.01 Gy and 0.1 Gy) were shown to 

increase new cell formation in the dentate gyrus of 

the rats; however, the augment was not statistically 

significant. This means that high-dose of fast 

neutron radiation suppressed cell proliferation in the 

dentate gyrus of the rats, therefore it can be 

suggested that high-dose of fast neutron radiation 

affects hippocampal-dependent learning tasks.

  Here, in this study, we have shown that high-dose 

of neutron radiation (1 Gy) significantly increases 

apoptotic neuronal cell death and suppresses cell 

proliferation in the dentate gyrus of the rats. The 

present study shows that high-dose of fast neutron 

radiation may exert negative effects on the cog-

nitive functions, especially hippocampal-dependent 

learning tasks by enhancing apoptosis and by 

suppressing cell proliferation of the hippocampal 

neuronal cells. 
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