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Aim: In this study, we investigated �H2AX foci as markers of DSBs in normal brain and brain

tumor tissue in mouse after BNCT.

Background: Boron neutron capture therapy (BNCT) is a particle radiation therapy in combi-

nation of thermal neutron irradiation and boron compound that specifically accumulates in

the  tumor. 10B captures neutrons and produces an alpha (4He) particle and a recoiled lithium

nucleus (7Li). These particles have the characteristics of extremely high linear energy trans-

fer  (LET) radiation and therefore have marked biological effects. High LET radiation causes

severe DNA damage, DNA DSBs. As the high LET radiation induces complex DNA double

strand breaks (DSBs), large proportions of DSBs are considered to remain unrepaired in

comparison with exposure to sparsely ionizing radiation.

Materials and methods: We  analyzed the number of �H2AX foci by immunohistochemistry

30  min or 24 h after neutron irradiation.

Results: In both normal brain and brain tumor, �H2AX foci induced by 10B(n,�)7Li reaction

remained 24 h after neutron beam irradiation. In contrast, �H2AX foci produced by �-ray

irradiation at contaminated dose in BNCT disappeared 24 h after irradiation in these tissues.

Conclusion: DSBs produced by 10B(n,�)7Li reaction are supposed to be too complex to repair
for  cells in normal brain and brain tumor tissue within 24 h. These DSBs would be more

difficult to repair than those by �-ray. Excellent anti-tumor effect of BNCT may result from

these unrepaired DSBs induced by 10B(n,�)7Li reaction.
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.  Background

oron neutron capture therapy (BNCT) is a modality that
nvolves the selective uptake of boron-10 (10B) compounds
y tumor cells and subsequent irradiation using thermal or
pithermal neutrons. 10B absorbs a thermal neutron with an
xtremely higher probability than 14N, the element with the
argest cross section in the human body. The subsequent
uclear fission reaction yields an � (4He) particle and a lithium

7Li) nucleus, with high linear energy transfer (LET) values of
63 and 210 keV/�m,  respectively. Another important charac-
eristic of these particles is their extremely short track ranges,
hich are generally shorter than the diameters of tumor cells.

n Kyoto University Research Reactor Institute (KUR), more
han 400 cancer patients have been treated with BNCT since
990, obtaining good results even after other conventional
adiation and chemotherapies. Especially, malignant glioma
atients have had great benefit from BNCT.1–3 The neutron
eam used for BNCT is generated by a nuclear reactor and

s inevitably a mixed beam that contains thermal, epithermal
nd fast neutrons, as well as �-rays. Understanding the biolog-
cal effects of the mixed beam will help improve the efficiency
f this therapy and reduce the side effects in normal tissue.
he biological effects of neutrons have been studied with
espect to DNA damage,4,5 but little is known about the effects
nduced by the mixed beam in BNCT. Among biological end-
oints, DNA double-strand breaks (DNA-DSBs) are important
nd have been frequently used in many  recent studies. The
umbers of foci that immunochemically stain for �H2AX and
ther DNA repair proteins have previously been shown to be
elated to the number of DNA-DSBs and to be efficient markers
or monitoring DNA-DSB induction and repair.6,7 As the high
ET radiation induces complex DNA DSBs, large proportions
f DSBs are considered to remain unrepaired in comparison
ith exposure to low LET radiation.8,9

.  Aim

n this study, we  investigate �H2AX foci as markers of DSBs in
ormal brain and brain tumor in mouse after neutron irradi-
tion by immunohistochemistry.

.  Materials  and  methods

.1.  Cell  line  and  culture  conditions

he human glioblastoma U251 cells was cultured in Dulbecco’s
odified Eagle’s medium (Sigma–Aldrich Co. LLC, St. Louis,
O, USA) supplemented with 10% fetal bovine serum, and
aintained at 37 ◦C in an atmosphere of 95% air and 5% CO2.

.2.  Animals  and  brain  tumor  model

emale BALB/C nu-nu mice, aged 8 weeks, were purchased

rom Japan Animal Co., Ltd, Osaka, Japan. The mice were
nesthetized with an intraperitoneal injection of Nembu-
al (50 mg/kg) and placed in a stereotactic frame (Narishige,
apan). A midline scalp incision was made and the bregma
therapy 2 1 ( 2 0 1 6 ) 108–112 109

was identified. A 1 mm burr hole was made in the right frontal
region of the skull and a Hamilton syringe was inserted 4 mm
into the dura. An injection of 106 human glioblastoma U251
cells in 5 �l of serum free medium was administered at a rate
of 1 �l/min. After the infusion, the needle was left in place for
2 min  and the burr hole was then covered with bone wax.

3.3.  Drug  treatment

A stock solution of boronophenylalanine (BPA) was used for
all experiments. The 10B concentrations were measured by
means of prompt �-ray spectrometry using a thermal neu-
tron guide tube installed at the KUR and the value was about
1000 ± 4.55 ppm. This stock solution consisted of sterilized
water, glucose and BPA. BPA (500 mg/kg) or saline was admin-
istered subcutaneously 1 h before neutron irradiation.

3.4.  Radiation  sources  and  neutron  fluences

The Heavy Water Neutron Irradiation Facility of the KUR
was used for 1 MW neutron irradiation (1 h irradiation). The
thermal neutron fluences were measured by gold foil (3 mm
in diameter, 0.05 mm thick) activation analysis. The epi-
thermal and fast neuron fluences were estimated by the
normalization of the nominal values using the measured ther-
mal  neutron fluences. Contaminating gamma rays, including
secondary gamma rays, were measured with thermolumines-
cence dosimeter (TLD). The TLD used was beryllium oxide
(BeO) enclosed in a quartz glass capsule. BeO itself is sensitive
to thermal neutrons. In terms of TLD sensitivity, the ther-
mal  neutron fluence of 8 × 1012 cm−2 is equal to approximately
1 cGy gamma-ray dose. For the neutron-sensitivity correction,
gold activation foil was placed together with TLD. The average
neutron fluxes were 1.0 × 109 cm−2 s−1 for the thermal neutron
range (less than 0.5 eV), 1.6 × 108 cm−2 s−1 for the epithermal
neutron range (0.5 eV–10 keV), and 9.4 × 106 cm−2 s−1 for the
fast neutron range (more than 10 keV). The total absorbed
doses were calculated as the sum of the absorbed doses
attributed primarily to 1H(n,n)1H, 14N(n,p)14C, 10B(n,�)7Li and
contaminating �-rays. The dose-converting coefficients and
details of the calculation method were described previously.10

The percentage of 14N was assumed to be 2%. The cobalt-60
�-ray source at our institute was used for the �-ray irradiations
at the dose rate of 2.7 Gy/h.

3.5.  Analysis  of 10B  concentrations  in  tissue

10B concentration of normal brain was analyzed by prompt �-
ray analysis using a thermal neutron guide tube installed at
KUR.

3.6.  Detection  of  �H2AX  foci  by
immunohistochemistry  (IHC)

After 30 min  and 24 h, the mice were sacrificed and the
brains were flash-frozen. Sections of 7-�m thickness were

cut on a microtome (CM 1850; Leica Microsystems, Wet-
zlar, Germany). Briefly, frozen tissue sections were fixed with
4% paraformaldehyde buffer solution for 30 min. The slices
were then permeabilized with 0.25% Triton X-100 for 15 min,

dx.doi.org/10.1016/j.rpor.2014.10.005
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Table 1 – Physical dose of mixed  neutron beam.

Thermal
neutrons

Epithermal neutron
(<0.5 eV–10 keV)

Fast neutron
(>10 keV)

�-Ray 10B (1 ppm)

55 
(<0.5 eV)

Physical dose (Gy) 0.51 0.0

blocked with 1% BSA in PBS for 60 min  at 37 ◦C, and then
incubated with a 1:300 dilution of mouse anti-phospho-
histone H2AX (Ser139) monoclonal antibody (Millipore, USA)
overnight at 4 ◦C. The slides were then washed in PBS and
incubated with 1:100 dilution, Alexa Fluor 594 or Alexa Fluor
488-labeled goat anti-mouse IgG secondary antibodies (Molec-
ular Probes, Eugene, OR, USA). The slices were then mounted
on slides using 50% glycerol with 4,6-diamino-2-phenylindole
(DAPI) (1:500). Immunofluorescence staining was observed
using a fluorescence microscope (BZ-9000, KEYENCE, Japan).
When we  counted the number of gamma  H2AX foci, we
regarded them as positive whose sizes were bigger than
0.01 �m2.
4.  Results

Table 1 shows the physical dose of neutron irradiation. These
neutron beams consisted of fast, epithermal, and thermal

Fig. 1 – �H2AX foci in normal brain after neutron irradiation. (a) 

brain. Images on the left show saline-treated mouse, and those o
control, middle: 30 min  after irradiation; lower: 24 h after irradiat
number of �H2AX foci at the times indicated post-irradiation. Ba
0.38 1.1 0.29

neutrons and contaminated �-rays. The calculated physical
dose to saline treated mouse was sum of neutron dose and
�-ray dose, i.e. 2.045 Gy. The value of 10B concentration in nor-
mal  brain was 9 ppm. Therefore the calculated physical dose
to BPA treated mouse was 4.655 Gy.

The physical dose of thermal neutron is almost due to
the high-LET proton produced by nitrogen capture reaction
(14N(n,p)14C). The physical dose of fast neutron is almost due
to the proton recoiled by elastic scattering (1H(n,n)1H). Fast
neutron also causes the reactions producing alpha particle,
but the contribution of these reactions is small in the neutron
irradiation field used in this study. The contribution of epi-
thermal neutron in the neutron physical dose is very small,
so the protons produced by the nitrogen-reaction and elastic
scattering with epi-thermal neutron are almost negligible.
The physical dose for �-ray in Table 1 is the average value
of the measured data by TLD. The measured �-ray consists of
the primary �-ray, and the secondary �-ray such as the prompt
�-rays from the neutron-capture reactions of hydrogen and

Representative images of nuclear �H2AX foci of normal
n the right show BPA treated mouse. Upper: non-irradiated
ion. DAPI = staining of nuclear DNA. (b) Changes in the
rs represent the standard errors.
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Fig. 2 – �H2AX foci in brain tumor model after neutron irradiation. (a) Representative images of nuclear �H2AX foci of brain
tumor cells. Upper image shows saline-treated mouse, and lower shows BPA treated mouse. DAPI = staining of nuclear DNA.
(b) The number of �H2AX foci 24 h after irradiation. Bars represent the standard errors.
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Fig. 3 – �H2AX foci in normal brain and brain tumor model
after �-irradiation. The number of �H2AX foci 24 h after
oron-10. The values for the �-ray dose were almost the same,
ith or without BPA. It is because the contribution of the
rompt �-rays from boron-reaction is much smaller than that
rom hydrogen-reaction, calculated to be almost 1% even for
he boron-10 concentration of 10 ppm. The contribution for the
rimary �-ray in the neutron irradiation field used in this study

s much larger than that for the prompt �-ray from hydrogen-
eaction. Then, the contribution of the prompt �-ray from
oron-reaction is almost negligible for the total �-ray dose.

Fig. 1a shows representative image  of normal brain before
nd after neutron beam irradiation. In case of normal brain,
he number of �H2AX foci in both saline and BPA treated mice
ncreased up to 5–6 per cell 30 min  after neutron beam irra-
iation and decreased 24 h after neutron beam irradiation.
owever in BPA treated mouse, there were more  number of
H2AX foci (4/cell) as compared to that of saline treated mouse
2/cell) 24 h after neutron beam irradiation (Fig. 1b). Next,
ig. 2a shows representative image  of brain tumor 24 h after
eutron beam irradiation. In case of brain tumor model 24 h

ollowing neutron beam irradiation, there were 3 �H2AX foci
emaining in BPA treated mouse, on the other hand, there were
o �H2AX foci in saline treated mouse (Fig. 2b). To know the

mpact of DSBs induced by contaminated �-ray, �-ray irradia-
ion to normal brain and brain tumor in mouse was conducted
Fig. 3).
In the �-ray (1.1 Gy) irradiated mouse, the number of �H2AX
oci was detected in normal brain 30 min  after irradiation;
owever, no �H2AX foci were detected 24 h after irradiation.
irradiation at the times indicated post-irradiation.

Also, �H2AX foci were not detected in tumor 24 h after �-ray
irradiation.

5.  Discussion

From a previous report, the persistence of �H2AX foci 24 h
after treatments could be judged as unrepairable DSB.11 From

our data, DSBs caused by �-ray could be repaired 24 h after
irradiation in both normal and tumor model. This �-ray dose
was equal dose to contaminated �-ray dose (1.1 Gy) of neutron

dx.doi.org/10.1016/j.rpor.2014.10.005
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beam irradiation. Therefore, DSBs which were still retained
24 h after neutron beam irradiation in the normal brain of
saline treated mouse may be consisted of DSBs mainly caused
by elastic scattering (1H(n,n)1H) or nitrogen capture reaction
(14N(n,p)14C). These particles exhibited high-LET radiation.
The LET of proton particles produced by the former reac-
tion was about 50 keV/�m, and that produced by the latter
reaction was about 35 keV/�m, whereas the � rays exhibited
low-LET radiation. On the other hand, in the saline treated
tumor model, DSBs caused by elastic scattering (1H(n,n)1H) or
nitrogen capture reaction (14N(n,p)14C) were almost repaired.
This may suggests higher capacity to repair DSBs as com-
pared as normal brain. However, capability of repair to DSBs
may differs between each tumor cell lines because in C6
rat glioma model, C6 rat glioma cells could not completely
repair the DSBs produced by elastic scattering (1H(n,n)1H) or
nitrogen capture reaction (14N(n,p)14C)(date not shown). In
this study, even in the BPA treated tumor model, DSBs were
unrepaired 24 h after neutron beam irradiation. In both nor-
mal  brain and tumor model, the differences of �H2AX foci
between BPA treated mouse and saline treated mouse 24 h
after neutron beam irradiation were supposed to be caused
by 10B(n,�)7Li reaction. These differences were not detected
30 min  after neutron beam irradiation. The DSBs caused by
10B(n,�)7Li reaction could be more  difficult to repair even for
the tumor model than those by elastic scattering (1H(n,n)1H)
or nitrogen capture reaction (14N(n,p)14C). The LET of � parti-
cle and Li particle produced by 10B(n,�)7Li reaction are about
163 keV/�m and 210 keV/�m respectively, which are higher
than those of proton particles produced by elastic scattering
(1H(n,n)1H) or nitrogen capture reaction (14N(n,p)14C). High-
LET radiation induces DNA-DSBs that are not repaired or are
more  difficult to repair compared to low-LET radiation9 and
theoretical analysis and experimental evidence have shown
an increased complexity and severity of complex DNA dam-
age with increasing LET.12 From the clinical point of view, it is
a great advantage that the DSBs produced by 10B(n,�)7Li reac-
tion may be unrepairable even in tumor tissue and BNCT will
be more  effective than treatment with low-LET radiation, such
as �-rays and X-rays. Also we have to consider carefully that
DSBs produced by neutrons except �-rays could remain in nor-
mal  brain tissue 24 h after irradiation. To investigate the real
capacity of tumor tissue to repair DSBs caused by 10B(n,�)7Li
reaction, we  will measure the concentration of 10B in tumor
tissue although we  have not yet.

6.  Conclusions

In conclusion, DSBs produced by 10B(n,�)7Li reaction are sup-
posed to be too complex to repair for cells in normal brain and

even in brain tumor tissue within 24 h. These DSBs would be
more  difficult to repair than those produced by �-ray, low LET
radiation. Excellent anti-tumor effect of BNCT may result from
these unrepaired DSBs induced by 10B(n,�)7Li reaction.
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