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ABSTRACT

Fetal brains are known to be extremely sensitive to ionizing radiation, which can induce structural and functional
defects in the developing brain. However, there is less data on the effects of radiation on newborn brains. To
determine the radiation sensitivity in newborn brains, we determined the number of DNA double-strand breaks
(DSBs) appearing at later stage post-irradiation in neural stem/progenitor cells (NSPCs) of mouse newborns
<3 days old, and compared it with the numbers of DSBs of fetal, 1-week-neonate, 2-week-neonate, and adult
mice. DSBs in the nucleus were quantified by counting the number of foci of phosphorylated histone H2AX
(γ-H2AX) in NPSCs using a newly developed computer program. Then, we irradiated 14-day fetuses, newborns
<3 days old, 1-week-old neonates, 2-week-old neonates, and 12-week-old adult mice with 2 Gy of X-rays. At
6–7 weeks post-irradiation, the brain tissues isolated from the mice were incubated, and DSBs in the growing
neurospheres were counted using a focus-counting program. The delayed appearance of DSBs by X-irradiation
was evident in NSPCs derived from newborns <3 days old, as well as in 1-week-old neonates, 2-week-old neo-
nates and adult mice, but not 14-day fetuses, at 6–7 weeks post-irradiation. It was of particular interest that the
NSPCs of newborns were 2.5-fold more susceptible than those of adults to radiation-induced delayed appear-
ance of DSBs, indicating that newborns <3 days old are the most vulnerable to the delayed effects of radiation
among the mouse groups examined.
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INTRODUCTION
Survivors of the atomic bombings of Hiroshima and Nagasaki who
were exposed to radiation in utero did not show a dose-related
increase in chromosome translocations in their lymphocytes when
they were examined at ~40 years of age, although their mothers did
show such an increase [1]. A similar result was observed in labora-
tory mice—namely, translocations did not persist in the lympho-
cytes or bone marrow cells of mice irradiated in utero or soon after
birth [2]. However, these findings are not generalizable to all irradi-
ation models, since fetal irradiation of rats has been shown to
induce persistent chromosome translocations in mammary epithelial

cells that are similar to the levels in irradiated adults [3]. Moreover,
it was reported that irradiation at different fetal stages resulted in
different translocation frequencies in adult mouse thyroid cells [4].
In that study, adult mice that had been irradiated with X-rays at
15.5-day-old fetuses (E15.5) showed a higher translocation fre-
quency than unirradiated adult mice, whereas those who had been
irradiated with X-rays at 6.5 days of age showed much lower trans-
location frequency than E15.5 mice. The authors proposed the fol-
lowing explanation. When stem cells are irradiated before migrating
into the niche, damaged cells are eliminated and thus make only a
limited contribution to organogenesis. In contrast, when stem cells
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are irradiated after migrating into the niche, the damaged cells per-
sist and contribute to organogenesis. These reported findings are of
particular interest in terms of the age dependence of radiation car-
cinogenesis, since it is highly probable that a stem cell containing
genetic alterations including chromosomal abnormalities will con-
tribute to initiation leading to development of cancer.

Other rodent studies on the age dependence of radiation car-
cinogenesis demonstrated that mice in the early postnatal period
were more susceptible than fetal and adult mice to the induction of
liver, pituitary, ovarian and lung tumors, indicating that various
types of newborn tissues are at higher risk of the development of
cancers than those of fetal and adult tissues [5–9]. Moreover, recent
epidemiological studies demonstrated that radiation exposure from
computed tomography (CT) scans in childhood increased the risk
of cancers, including brain cancers [10, 11]. The findings reported
by animal studies and epidemiological studies suggest that develop-
ing tissues in the newborn stage are a critical target for radiation car-
cinogenesis. However, there remains little evidence concerning the
sensitivity to radiation exposure in the newborn stage.

Therefore, in the present study, we studied the radiation sensi-
tivity for induction of delayed DSBs at 6–7 weeks post-irradiation in
NSPCs derived from mouse newborns <3 days old and compared
the sensitivity with those of fetal, neonate (1-week and 2-week-old)
and adult mice. The results indicated that newborns <3 days old
were most sensitive to the induction of delayed DSBs, suggesting
that there exists an age-related difference in sensitivity to the
delayed effects of radiation during neuronal development.

MATERIALS AND METHODS
Isolation and culture of neural stem/progenitor cells

Primary neural stem/progenitor cells (NSPCs) were isolated from
the cerebra of B6C3F1 mice and C57BL/6N mice (Japan SLC;
Hamamatsu, Japan) using an enzymatic dissociation kit (StemCell
Technologies, Vancouver, BC, Canada). The care and use of ani-
mals in this study complied with the relevant laws and institutional
guidelines for animal welfare at Osaka Prefecture University. For
isolation of mouse NSPCs, the striata or the brain tissues of the sub-
ventricular zone were minced using a pair of scissors until no large
pieces remained, and incubated in the dissociation solution for 7
min at 37°C, followed by treatment with the inhibition solution.
The cell suspension was centrifuged at 1200 rpm for 5 min at room
temperature, and the cell pellet was washed three times with the
resuspension solution. Then, the cells were cultured in DMEM/
Ham’s F-12 medium (Nacalai Tesque, Kyoto, Japan) supplemented
with 2% B-27 (Thermo Fisher Scientific, Waltham, MA), 20 ng/ml
basic fibroblast growth factor (bFGF) (PeproTech, Rocky Hill,
CT), 20 ng/ml epidermal growth factor (EGF) (PeproTech), 2 μg/
ml heparin sodium salt, and 1% penicillin–streptomycin (Nacalai
Tesque) as floating neurospheres at 37°C under humidified 5%
CO2 conditions.

Immunofluorescent staining of γ-H2AX foci
To detect γ-H2AX foci in the nuclei of NSPCs, neurospheres con-
taining NSPCs were dissociated with accutase (Nacalai Tesque), pla-
ted on coverslips precoated with 5% poly-L-ornithine hydrobromide

(Sigma-Aldrich, St Louis, MO), and incubated for 3 h. The cells on
coverslips were fixed with 4% paraformaldehyde phosphate buffer
solution (Nacalai Tesque) at room temperature for 15 min, washed
with phosphate buffered saline without magnesium and calcium ions
(PBS (–)),, permeabilized with 0.5% triton-X (Sigma-Aldrich) in
PBS (–) on ice for 5 min, and washed three times with PBS (–).
Fixed cells were soaked with a blocking buffer containing 5%
Blocking One (Nacalai Tesque) and 0.1% Tween 20 in PBS (–) for
1 h at room temperature. Blocked cells were incubated with an anti-
phospho-histone H2AX (Ser139) mouse monoclonal antibody con-
jugated with Alexa Fluor 488 (1:50; BioLegend, San Diego, CA) for
1 h at room temperature, and then washed three times with 0.5%
Tween 20 in PBS (–). The coverslips were mounted with
Vectashield mounting medium with DAPI (Vector Laboratories,
Burlingame, CA). The edges of each coverslip were sealed with clear
nail polish.

Development of a computer program for counting
γ-H2AX foci

Fluorescence of γ-H2AX foci was observed by a fluorescence micro-
scope (BX-51; Olympus, Japan) and photographed using a digital
camera (DP71; Olympus). To count the number of γ-H2AX foci
accurately and reproducibly, we developed a new computer pro-
gram. 3D-images instead of 2D-images of the foci were acquired in
a movie format by moving the microscope stage along the axis per-
pendicular to the image plane. The 3D-images consisted of twenty-
one 2D-images that were captured from the top to the bottom of a
cell over 3 s in AVI format. These pictures were obtained using a
microscope equipped with an objective lens of ×100 magnification,
and one picture consisted of 1360 × 1024 pixels with a pixel size of
0.065 μm. To acquire high-contrast images, a region of interest
(ROI) was placed on the background area as a black balance.

Evaluation of the focus-counting program
NSPCs isolated from fetuses (14 days of gestation) of ICR mice
(Japan SLC) were used for the evaluation of the focus-counting pro-
gram. After incubation for 3 h on 5% poly-L-ornithine–coated cov-
erslips, the cells were irradiated with 0.5, 1.0, 1.5 and 2.0 Gy of
X-rays using an X-ray machine (OM-B205; Ohmic, Tokyo, Japan)
operated at 70 kVp and 5 mA using a 0.5 mm Al filter at a dose rate
of 0.66 Gy/min at room temperature and cultured at 37°C under
humidified 5% CO2 conditions for 30 min. After immunofluorescent
staining, the number of γ-H2AX foci was scored by both visual
examination and the focus-counting program.

Detection of DSBs in the NSPCs of irradiated mice
B6C3F1 and C57BL/6N mice were used to measure the delayed
appearance of DSBs induced by 2 Gy of X-rays in NSPCs as shown
in Fig. 1. B6C3F1 mice were divided into five groups: UY, unirra-
diated young mice (6 weeks of age); IF, fetuses irradiated at 14 days
of gestation; IN-0, newborns irradiated at <3 days of age; IN-1, neo-
nates irradiated at 1 week of age; IN-2, neonates irradiated at 2 weeks
of age. In addition, two groups of C57BL/6N adult female mice were
included: UA, unirradiated adults (12 weeks old); IA, adults irra-
diated at 12 weeks of age. The mice of the IF group were sacrificed
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for isolation of NSPCs at 6 weeks of age (7 weeks post-irradiation),
and the other irradiated mice were sacrificed at 6 weeks post-
irradiation. The unirradiated mice of the UY and UA groups were
sacrificed at 6 weeks and 18 weeks of age, respectively (Fig. 1). In
addition, some of the mice, groups IF, IN-0 and IA, were sacrificed
for isolation of NSPCs at 48 h post-irradiation. Mice were irradiated
with 2 Gy of X-rays using an X-ray machine (Radioflex-350; Rigaku
Denki, Tokyo, Japan) operated at 260 kVp and 12mA with a
0.3 mm-Cu and 0.5 mm-Al filter at a dose rate of 0.5 Gy/min at
room temperature. The irradiated dose (2 Gy) was selected by refer-
ring to the former studies [2–4]. Growing neurospheres isolated
from mice were subject to immunofluorescent staining for γ-H2AX
foci as described above, and the number of the foci were determined
using the focus-counting program.

Statistics
Statistical significance was tested by the Kruskal–Wallis test.
P-values < 0.001 were considered to indicate statistically significant
differences.

RESULTS
Development of an Image-J based computer program for

counting γ-H2AX foci
The number of γ-H2AX foci was quantified using a computer pro-
gram that we developed based on Image-J; Image-J is an image ana-
lyzing program with an open architecture with extensibility using
Java plugins. The program consists of four steps as shown in Fig. 2:
(1) identification of each nucleus; (2) enhancement of focus

intensity; (3) exclusion of noise; (4) calculation of signals. Negative
numbers, if acquired, were replaced with zero in all steps. For iden-
tification of each nucleus (Step 1), 3D-images were projected into a
2D-image. The command ‘Gaussian blur with radius 2.00’ was
applied to the 2D-images, followed by the following commands:
‘make binary’, ‘unsharp mask (radius = 0.50, mask = 0.90)’, ‘erode
(three times)’, ‘dilate (ten times)’, ‘erode (three times)’, and ‘water-
shed’. Then, the command ‘analyze particles’ outputted the individ-
ual numbers, sizes, and coordinates of the identified nucleus. Each
recognized nucleus was cropped from the original 3D-images
according to the corresponding coordinates and sizes. For the
enhancement of focus intensity (Step 2), a cropped nucleus was
processed sequentially by the commands ‘unsharp mask (radius =
10, mask = 0.50)’, ‘3D blur filter’, and ‘3D edge filter’. For exclusion
of noise (Step 3), the ROI was placed on a nucleus and the thresh-
old value was determined using the following equation:

=
+ × ( )

Threshold value average intensity in the ROI
2 SD SD, standard deviation

The 3D-images were binarized using the threshold value and fur-
ther processed by sequential use of the commands ‘erode’, ‘dilate’
and ‘watershed’ in order to exclude pulse noises, resulting in recog-
nition as foci. Finally, for the calculation of signals (Step 4), the
connected-component labeling with 6-connectivity for 3D-images
was applied.

Evaluation of the focus-counting program
The results obtained by our new program for counting γ-H2AX foci
indicated that the number of foci increased in a dose-dependent
manner, as shown in Fig. 3. For comparison, we determined the
number of foci by visual examination and compared the result with
that obtained by the computer program (Fig. 3). Linear regression
formulae applying the number of the foci per nucleus were as
follows:

Focus-counting program: ( ) + ( = )r7.20 D Gy 0.42 0.9982

Visual examination: ( ) + ( = )r7.61 D Gy 0.38 0.9882

As shown in Fig. 3, the numbers of foci per nucleus obtained by
the program were very similar to those scored by the visual examin-
ation. Thus, the focus-counting program would be expected to pro-
vide good reproducibility and a minimum variance in quantifying
the number of DSBs in nuclei. Therefore, we decided to use this
program to quantify the delayed appearance of DSBs induced by
X-irradiation in NSPCs.

Delayed appearance of DSBs induced by X-irradiation in
NSPCs

As shown in Fig. 1, we attempted to quantify the DSBs appearing in
mouse NSPCs at 6 or 7 weeks post-irradiation. In particular, we
were interested in the delayed appearance of DSBs in NSPCs of
fetuses and newborns, because the developing brain was hypersensi-
tive to radiation. For the unirradiated condition, the mean numbers
of γ-H2AX foci per nucleus of young (UY; 6-week-old) and adult

Fig. 1. Experimental design for detection of DSBs in NSPCs
of irradiated mice. B6C3F1 mice were divided into five
groups: UY, unirradiated young mice (6 weeks old); IF,
fetuses irradiated at 14 days of gestation; IN-0, newborns
irradiated at less than 3 days of age; IN-1, neonates
irradiated at 1 week of age; IN-2, neonates irradiated at 2
weeks of age. C57BL/6N adult female mice were divided
into two groups: UA, unirradiated adults (12 weeks old);
IA, adults irradiated at 12 weeks of age. The mice were
irradiated with 2 Gy of X-rays for the irradiated groups and
examined for detection of DSBs in NSPCs at 6 or 7 weeks
post-irradiation. The number of mice used is represented in
parentheses.
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(UA; 18-week-old) mice were 0.54 and 0.75, respectively, and the
difference was not significant (Fig. 4). The mean number of the foci
of irradiated fetuses (IF) was 0.65, which was not significantly differ-
ent from those of unirradiated young (UY) and adult (UA) mice,
indicating that the delayed appearance of DSBs by X-irradiation was
not evident in NSPCs derived from 14-day-old fetuses (Fig. 4). In
contrast, the mean focus numbers in irradiated newborns <3 days

Fig. 2. Image-processing procedures for the computer program for counting γ-H2AX foci. The program consists of four steps:
(1) identification of each nucleus; (2) enhancement of focus intensity; (3) exclusion of noise; (4) calculation of signals. Each
step contained the following commands. (a) Gaussian blur with radius 2.00; (b) make binary; (c) unsharp mask; (d) erode;
(e) dilate; (f) erode; (g) watershed; (h) analyze particle; (i) unsharp mask; (j) 3D blur filter; (k) 3D edge filter; (l) threshold;
(m) erode; (n) dilate; (o) watershed; (p) connected-component labeling with 6-connectivity for 3D-images.

Fig. 3. Dose–response relationship between the number of
γ-H2AX foci and graded doses. The results obtained using
the computer program were represented as compared with
those obtained by the visual examination. The numbers in
each column represent the mean of the focus numbers per
nucleus. The number of cells analyzed was 188–232 per
dose for each method. Error bars represent 95% confidence
intervals.

Fig. 4. Delayed appearance of DSBs in NSPCs of mice
exposed to X-irradiation. The mice were examined for
detection of DSBs in NSPCs at 6 or 7 weeks post-irradiation.
After isolation from the mice, neurospheres were cultured
for almost 2 weeks and then fixed for immunostaining. The
number of γ-H2AX foci was determined using the focus-
counting program. UY, unirradiated young mice (6 weeks
old); IF, fetuses irradiated at 14 days in gestation; IN-0,
newborns irradiated at <3 days of age; IN-1, neonates
irradiated at 1 week of age; IN-2, neonates irradiated at 2
weeks of age; UA, unirradiated adults (12 weeks old); IA,
adults irradiated at 12 weeks of age. The number of cells
analyzed was 420–700 per group. Error bars represent 95%
confidence intervals. Statistical significance was tested by the
Kruskal–Wallis test. *P < 0.001 was considered to be a
statistically significant difference. N.S., not significant.
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old (IN-0) and in adult mice (IA, 18 weeks old) were significantly
higher than those in unirradiated young (UY) and adult mice (UA),
respectively (Fig. 4). Moreover, the average focus number in
NSPCs of newborns (IN-0), 3.00 per nucleus, was 2.5-fold greater
than that of adult mice (IA), 1.20 per nucleus, indicating that
NSPCs of newborns (IN-0) were most sensitive to induction of the
delayed appearance of DSBs. On the other hand, the mean focus
numbers of neonates irradiated at 1 week old (IN-1: 1.39) and
those irradiated at 2 weeks old (IN-2: 1.15) were much lower than
those of newborns (IN-0: 3.00), and thus the levels were similar to
those of irradiated adult mice (IA: 1.20).

To determine the effect of X-rays (2 Gy) on the appearance of
delayed DSBs for periods <6–7 weeks, we determined the number
of γ-H2AX foci in NSPCs of mice at 48 h post-irradiation (Fig. 5).
The examined mice were 14-day-old fetuses (IF-48 h), newborns
<3 days of age (IN-48 h) and adults (IA-48 h; 12 weeks old). As
shown in Fig. 5, the results revealed that the mean focus numbers
per nucleus of fetuses, newborns, and adults were 0.94, 1.58 and
1.11; the NSPCs of newborns tended to be the most sensitive,
although there were no statistically significant differences between
the three groups. This meant that the delayed DSBs appearing at 6
weeks post-irradiation were not those retained in nuclei of NSPCs
but rather those newly emerged in growing NSPCs as neurospheres
in culture.

DISCUSSION
In the present study, we developed an Image-J-based automated
program for counting γ-H2AX foci and demonstrated that the pro-
gram provided rapid, accurate and reproducible quantification of the
focus numbers. We then used the program to improve the large
variance in the focus numbers among scorers, which has been a
major disadvantage of visually performed focus evaluations. The
evaluation of γ-H2AX foci existing on a cross section of a nucleus
may result in underestimation because the foci existing out of focus
in the section are not targets for evaluation. To count all foci exist-
ing 3-dimensionally in a nucleus, a common approach of the auto-
mated focus-counting program reported in the previous papers was
superimposing 2D-images at different cross-sections of a nucleus
[12–16]. However, those approaches still contained uncertainty,
including counting loss by the overlap of signals and counting false
positive signals caused by the sum of noise. In contrast to this, the
most improved characteristics of our approach was that we captured
3D-images from the top to the bottom of a cell in a movie format
and reconstructed a 3D-image composed of twenty-one 2D-images
instead of superimposing 2D-images. By evaluating the number of
foci in the reconstructed 3D-image, we succeeded in reducing the
counting loss due to the signal overlaps and false positive signals. As
shown in Fig. 3, the results obtained by the computer program indi-
cated that the number of the foci increased linearly depending on
the dose up to 2 Gy, and the dose–response relation was closely
correlated with that obtained by the visual examination, resulting in
similar linear regression formulae. In addition, other data including
integrated fluorescence intensity, average fluorescence intensity, and
average focus size are also available. Taken together, these results
indicate that the present focus-counting program is practically suit-
able for evaluating the number of DSBs in irradiated cells, and fur-
ther enables us to identify differences in sensitivity to the delayed
appearance of DSBs between mice at different ages.

Of particular interest, when NSPCs were collected from the
mice of 6 weeks old irradiated at <3 days of age and grown as neu-
rospheres in culture, they showed an increased number of DSBs.
This is the first report indicating that NSPCs of newborns (<3 days
old) are highly susceptible to a delayed, radiation-induced appear-
ance of DSBs. In our previous report, we showed that the number
of X-ray–induced DSBs in NSPCs of 14-day-old fetuses decreased
in a time-dependent manner from 1 h to 12 h after irradiation to the
level of unirradiated NSPCs when the cells were irradiated in vitro
[17]. It is reasonable to consider that the kinetics of DSB repair
in vitro reflect the kinetics occurring in vivo. Therefore, it is not
likely that the DSBs that emerged in growing neurospheres post-
irradiation were derived from the DSBs produced at the time of
irradiation. This interpretation was supported by our observation
that the numbers of DSBs induced by X-irradiation in NSPCs were
significantly different between fetuses, newborns and adult mice at
6–7 weeks post-irradiation, but not at 48 h post-irradiation.
Morphology of γ-H2AX foci appearing at 6–7 weeks post-
irradiation was very similar to that of those that appeared 48 h post-
irradiation. Therefore, we suggest that the DSBs newly appeared
during the growth phase of NSPCs in culture, because DSBs, once
produced, will strictly activate the cell cycle checkpoint, inducing a

N.S. N.S.

Dose (Gy) 2 2 2

Age at irradiation E 14 < 3 d 12 w
Interval 48 h 48 h 48 h

Fig. 5. Appearance of DSBs in NSPCs of mice at 48 h post-
irradiation. The mice were examined for detection of DSBs
in NSPCs at 48 h post-irradiation. After isolation from the
mice, neurospheres were cultured for almost 2 weeks and
then fixed for immunostaining. The number of γ-H2AX foci
was determined using the focus-counting program. IF-48 h,
fetuses irradiated at 14 days in gestation; IN-48 h, newborns
irradiated at <3 days of age; IA-48 h, adults irradiated at 12
weeks of age. The cell numbers analyzed for IF-48 h, IN-
48 h and IA-48 h were 68 cells, 273 cells and 161 cells,
respectively. Error bars represent 95% confidence intervals.
Statistical significance was tested by the Kruskal–Wallis test.
*P < 0.001 was considered to be a statistically significant
difference. N.S., not significant.
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strong growth arrest of NSPCs [18]. Thus, the present study sug-
gests that NSPCs of newborn mice within 3 days of birth are sus-
ceptible to radiation-induced genomic instability, which leads to the
production of DSBs in later stages of brain development. Although
the mechanism by which radiation induces genomic instability was
not clarified in the present study, an earlier report concerning the
delayed appearance of DSBs in germ cells of male mice exposed to
ionizing radiation is worthy of consideration. Namely, Cordelli et al.
[19] reported that spermatogonia produced spermatids harboring
DSBs 33 and 45 days after irradiation, although radiation-induced
DSBs were repaired within 2 h in testicular cells, demonstrating that
non-targeted DNA lesions appeared in the descendants derived
from radiation-surviving spermatogonia. They suggested that prolif-
erating spermatogonia retained some memory of the radiation
exposure that activated a process leading to DSBs at a later stage of
development. Further, they proposed that DNA synthesis in prolif-
erating spermatogonia might predispose the DNA damage-response
machinery to leave a mark of lesion processing at the sites of DNA
damage. Further interpretation of their findings could suggest a
mechanism for the delayed appearance of DSBs observed in the pre-
sent study.

The former rodent studies demonstrated that mice exposed to
radiation in utero or soon after birth showed lower or similar fre-
quencies of chromosome translocations in lymphocytes, mammary
epithelial cells, and thyroid cells compared with adult mice exposed
to radiation [2–4]. In contrast to those studies, we here demon-
strated that newborns <3 days old, but not fetuses and neonates
(1 week and 2 weeks old), were highly (2.5-fold more) sensitive to
the delayed appearance of DSBs by X-irradiation in NSPCs com-
pared with adult mice. This high sensitivity to radiation exposure in
newborns was also reported in a human cytogenetic study [20].
The authors of that study irradiated lymphocytes of umbilical cord
blood derived from newborns and those from adults in vitro and
found that newborns were significantly more sensitive to radiation-
induced structural chromosome aberrations than adults. This is in
contrast to the findings reported by Ohtaki et al. [1], who observed
that human fetuses exposed to ionizing radiation from the atomic
bombs did not show increased frequencies of chromosome translo-
cations in their lymphocytes. Therefore, both animal and human
studies suggest that a change in sensitivity to radiation occurs
between fetuses and newborns.

Finally, it is notable that a similar age dependence of susceptibil-
ity has been demonstrated in rodent studies on radiation carcinogen-
esis [5–9]. The essential finding of those studies is that newborn
mice are more susceptible than fetal and adult mice to the induction
of various types of tumors by radiation exposure. In particular, it is
noteworthy that our results indicate the appearance of DSBs in grow-
ing NSPCs, which can differentiate into various neural progenitors.
Because radiation carcinogenesis is presumed to be a multistep pro-
cess, the accumulation of multiple gene mutations should be required
in addition to the initial DNA damage by radiation. During carcino-
genesis, genetic instability can play a crucial role in the accumulation
of gene mutations, including chromosome aberrations [21, 22].
Therefore, the fact that irradiation to newborns (<3 days old)
induces genomic instability that leads to the production of DSBs in
the later stage of brain development is important in terms of the

increased risk of brain tumors due to radiation exposure in child-
hood. In this context, it is worth noting that epidemiological studies
demonstrated that radiation exposure from computed tomography
(CT) scans in childhood increased the risk of cancers, including
brain tumors [10, 11]. We suggest that the increased sensitivity to
the emergence of delayed DSBs at the newborn stage by radiation
contributes to the increase in cancer risk associated with radiation
exposure in childhood.

In summary, by developing a new computer program for evaluat-
ing DSB numbers, we measured the number of DSBs in growing
mouse NSPCs derived from fetuses, newborns <3 days old, 1-week-
old neonates, 2-week-old neonates, and adults (12 weeks old) at 6–7
weeks post-irradiation and found that newborns <3 days old showed
the highest rate of delayed appearance of DSBs in NSPCs after irradi-
ation. The present findings should contribute to future risk assessment
for ionizing radiation exposure. Further studies will be needed to clar-
ify the mechanism of the change in sensitivity to radiation-induced
delayed appearance of DSBs between fetuses and newborns.
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