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Objectives and Participating Research Subjects 
In this project, we are intending to develop the new ap-
plication using the characteristics of the particles from 
the neutron capture reaction.  
 
PRS-1 Analysis of mutation in the mammalian cells in-
duced by BNCR (boron neutron capture reaction) 

  ( Y. Kinashi et al. ) 
PRS-2 Analysis of double strand breaks in the mamma-
lian cells induced by BNCR 

  ( S.Takahashi et al. ) 
PRS-3 Application of BNCR to plant tissue culture for 
mutation breeding 

  ( M. Kirihata et al. ) 
PRS-4 Development of pharmacokinetic using boron 
trace drugs  

  ( H. Hori et al. ) 
 

Main Results and Contents 
PRS-1 investigated the radio-sensitivity in 
DNAPK-deficient mutant, SCID mice following neutron 
irradiation. The RBE of oral radiation death of SCID 
mice shows that hyper-sensitivity of SCID mice de-
creased in acute radiation effect following neutron irradi-
ation. The apoptosis induction of splenocytes was ob-
served in SCID mice 8 days after the neutron irradiation.  
PRS-2 determined the survivals of the cultured mamma-
lian cells (CHO/K1 and xrs-5) by colony forming assay. 
The neutron irradiation was seemed to be more effective 
than the gamma irradiation with respect to the cell sur-
vival. The number of DNA double strand breaks was 
estimated by counting the gamma-H2AX and 53BP1 foci 
in the irradiated cells. At present, although it is prelimi-
nary, the number of foci did not significantly different 
between the neutron and gamma irradiation, but the size 
might be different.  
PRS-3 tried to establish a novel mutagenesis system us-
ing boron neutron capture reaction (BNCR) in higher 
plants. Artificial induction of mutation by radiation (e.g. 
x-ray, gamma irradiation, thermal neutron and ultraviolet 
light) usually generates recessive mutants; therefore, 
progeny analysis is required for determining phenotypic 
and genetic effects of such mutagenesis in diploid plant 
species. The effectiveness of BNCR for plant mutagene-
sis in a short period of time was determined using haplo-

id tobacco (Nicotiana tabacum) plants. The leaf segments 
of the haploid and diploid tobacco plants were immersed 
in different concentrations (0, 200, 400 or 600 μM) of 
10B-enriched p-boronophenylalanine (BPA) overnight, 
and the tissue samples were irradiated for 15 and 30 min. 
with thermal neutron of KUR. The irradiated tissues were 
then cultured on a plastic petri-dish containing MS solid 
medium with kinetin and 2,4-D. The BPA-treated callus-
es were then transferred to the regeneration medium. 
Subsequently, many haploid or doubled haploid plants 
were derived from haploid tissue culture, and diploid 
plants were obtained from diploid samples. Among them, 
phenotypic variations, such as chlorophyll deficient (al-
bino), dwarf, abnormal petal number, male sterile, were 
observed.  
PRS-4 invented wholly innovative drugs named “boron 
trace drug” as “on demand” traceable and 
next-generation drug model. They presented, as a boron 
tracedrugs, design, synthesis, and effects of BODIPY- 
and curcuminoid-boron tracedrugs for neutron dynamic 
therapy (NDT). In order to explore their dynamic, 
beyond chemical, effects when acquired by weak thermal 
neutrons, they performed thermal neutron irradiation of 
bovine serum albumin (BSA) treated with the boron tra-
cedrugs. Boron tracedrugs including the BODI-
PY-containing compounds UTX-42, UTX-44, and 
UTX-47 and the curcuminoid compounds UTX-50 and 
UTX-51, were designed for neutron dynamic therapy 
(NDT) based on their molecular orbital calculation. 
Newly designed UTX-47, UTX-50, and UTX-51 were 
synthesized. SDS-PAGE was performed to detect the 
decomposition by thermal neutron irradiation of BSA 
treated with these five boron tracedrugs. All boron trace-
drugs tested caused destructive dynamic damage of BSA 
during thermal neutron irradiation, suggesting boron tra-
cedrugs could be used as dynamic drugs for NDT. 
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INTRODUCTION: SCID mice have a mutation in the 
gene encoding the catalytic subunit of DNA-dependent 
protein kinase (DNAPKcs) and are defective in 
end-joining of DNA double strand breaks. We estimated 
the radio-sensitivity of SCID mice using oral radiation 
death experiments and apoptosis inductions in the sple-
nocytes following neutron irradiation with 1 MW KUR. 
 
METHODS: Oral radiation death / Six-week-old female 
SCID mice were obtained from Oriental bio. Inc. and 
acclimated to our laboratory for 4-6 weeks prior to use in 
experiments. SCID mice were put into the plastic case 
without anesthesia. The mice heads were irradiated 1-2 
Gy with 1 MW of KUR 4 hours after 8 Gy dose of gam-
ma-ray irradiation. Oral mucosal damage caused starva-
tion 10-12days after the irradiation. The survival rate was 
scored and LD50 dose was estimated from the survival 
curve. 

Fig.1. Oral radiation death of SCID mice/▲;Gamma-ray , 
■; neutron irradiation. 

 

Neutron irradiation induced apoptosis in the splenocytes / 
To determine apoptosis of splenocytes, mice were sacri-
ficed 8 days after irradiation and their spleens were re-
moved. Single-cell suspensions were eliminated of eryt-
hrocytes by incubating at room temperature for 3 min in 
a solution of Tris-buffered ammonium chloride. After 
twice washing with PBS, cells were counted and ex-
amined for induction of apoptosis. Apoptosis was de-
tected with a sandwich immunoassay system using a cell 
death detection ELISA kit (Roche Diagnostic Inc.). 
Apoptosis was measured by following the ELISA proto-
col. The enrichment factor was the calculated absorbance 
of each sample divided by the absorbance of corres-
ponding negative control.  

Fig.2 The apoptosis induction of splenocytes observed in 
SCID mice.  

 
RESULTS and DISCUSSION: Figure 1 shows the sur-
vival fraction of oral radiation death of SCID mice fol-
lowing neutron irradiation. Here, we compared the sur-
vival rate following gamma-irradiation. The estimated 
LD50 was 10.3 Gy of neutron irradiation, 11.1 Gy of 
gamma-irradiation. The RBE of oral radiation death of 
SCID mice was 11.1-8 / 10.3-8 = 1.4. The RBE of oral 
radiation death of C3H mice was 2.5. The result shows 
that hyper-sensitivity of SCID mice decreased in acute 
radiation effect following neutron irradiation. 

Figure 2 shows the apoptosis induction of splenocytes in 
SCID mice 8 days after the neutron irradiation. For 
comparison with gamma-ray, the higher apoptosis was 
induced following neutron irradiation at the same dose in 
SCID mice. In case of C3H mice, the apoptosis induction 
of splenocytes was not observed 8 days after neutron or 
gamma irradiation. Un-repaired DNA damage still re-
mained 8 days after irradiation in SCID mice, having the 
defect in end-joining of DNA double strand breaks. 
These results imply that the hiper-radiosensetive BNCT 
patients may be able to get the late radiation side effect, 
especially radiation-induced secondary carcinogenesis 
and should be considered radio-protection following 
BNCT. 
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INTRODUCTION: Boron neutron capture therapy 
(BNCT) is a useful modality for cancer therapy in some 
cases with relatively low side effects. But, as similar to the 
other radiotherapy, normal as well as tumor cells are exposed 
to a mixed radiation field (thermal, epithermal and fast 
neutrons, and gamma-rays). However, little is known about 
the biological effects of such radiation exposures as used for 
BNCT. It is generally known that high LET radiation may 
have other biological reaction than ordinal low LET 
radiation such as X-rays1). Here, the relative biological 
effectiveness (RBE), and the dose and dose rate 
effectiveness factor (DDREF) for the mixed irradiation used 
for BNCT in Kyoto University Research Reactor (KUR), 
were investigated. In the present study, as the endpoints for 
biological reaction, DNA double strand breaks were used 
because of its significance for cancer induction and tissue 
damages. 
 
MATERIALS & METHODS: Commercial cultured cells 
CHO/K1were used. Their mutant cell line, xrs-5, were given 
from J.Peggo through R. Okayasu. The cells were irradiated 
at the KUR irradiation field for BNCT.  
The details of radiation field were shown in Table 1. The 
thermal neutron was approximately one fourth of total 
physical dose, and half of physical dose was attributable to 
the gamma ray. The average physical dose rates of thermal 
(<0.5eV), epithermal (0.5eV-10keV), fast (>10keV) neutrons, 
and gamma-rays were 10.0, 1.1, 7.4, and 20.5 mGy/min, 
respectively, when the reactor was operated at 1MW. When 
operated at 5MW, the dose rates became approximately 5 
times higher than those for 1 MW.  
 
 
Table 1. Physical radiation doses used for the experiments. 
Values are expressed as mGy/min.  

 

Neutron 
Thermal 
(<0.5eV) 

Neutron 
Epi-thermal 
(0.5eV 
-10keV) 

Neutron 
Fast 
(>10keV) 

Gamma Total 

9.0-11 

(10.0)* 

1.1-1.2 

(1.1) 

6.8-7.6 

(7.4) 

19-21 

(20.5) 

36-40 

(39) 
*Values in parenthesis are averages of 3-6 experiments. 
 

As a reference radiation, Co-60 gamma-ray source was used 
at the same dose rate as the mixed irradiation. The cells were 
assayed for conventional colony formation, and DNA double 
strand breaks (DSBs) were detected by immune-staining 
using gamma-H2AX and 53BP1 antibodies. 
 
RESULTS & DISCUSSION: In this year, we mainly 
focused to establish an irradiation field for the experiments. 
As shown in Table 1, relatively high physical doses of 
thermal neutron could be used for the experiment, but the 
contamination of gamma ray was significantly large. Thus, 
we need to use the prolong gamma irradiation as a reference 
irradiation (control).  
At first, cell survival was determined by colony formation 

in both CHO/K1 and xrs-5 cells, respectively. The 
experiment was under progress at present, the sensitivity was 
higher in xrs-5 cells than CHO/K1 cells, indicating the cell 
survival (cell killing) under these irradiation conditions also 
attributable to the DNA double strand breaks, because xrs-5 
is a cell line that deficient the enzyme to repair DNA double 
strand breaks. The experiment are being continued to 
determine relative biological effectiveness (RBE) for this 
BNCT irradiation condition. 
We also tried to detect the DNA double strand breaks with 

using the immune-chemical staining method. The cells were 
fixed at scheduled time after the irradiation, and stained with 
anti-gamma-H2AX and 53BP1 antibody. Although the data 
are under analysis now, but the number of gamma-H2AX 
and 53BP1 foci 1hr post-irradiation were similar for the 
mixed radiation and the reference gamma-ray, and the size of 
foci seemed to be different. This may indicate that the 
neutrons may have induced a different type of DNA-DSBs.  
 
REFERRENCES: 
[1] R. Okayasu, M. Okada, A. Okabe, M. Noguchi, K. 

Takakura and S. Takahashi: Repair of DNA damage 
induced by accelerated heavy ions in mammalian cells 
proficient and deficient in the Non-homologous 
End-joining pathway, Radiation Research, 165 (2006) 
59-67. 
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INTRODUCTION:  
The aim of the present study is to establish a 
novel mutagenesis system using boron neutron 
capture reaction (BNCR) in higher plants. Artifi-
cial induction of mutation by radiation (e.g. x-ray, 
gamma irradiation, thermal neutron and ultravio-
let light) usually generates recessive mutants; 
therefore, progeny analysis is required for deter-
mining phenotypic and genetic effects of such 
mutagenesis in diploid plant species. To effec-
tively determine the effectiveness of BNCR for 
plant mutagenesis in a short period of time, hap-
loid tobacco (Nicotiana tabacum) plants were 
used in the present study. 
 
METHODS:  
Haploid tobacco derived from another culture can 
easily regenerate plants via callus derived from 
leaf tissues, and the regenerated plants, either 
diploid (i.e. doubled-haploid) or haploid, are 
thought to be homogenate. The leaf segments of 
the haploid and diploid tobacco plants were im-
mersed in different concentrations (0, 200, 400 or 
600 μM) of 10B-enriched p-boronophenylalanine 
(BPA) overnight, and the tissue samples were 
irradiated with thermal neutron for 15 min and 30 
min in the Kyoto University Research Reactor 
(KUR). The irradiated tissues were then cultured 
on a plastic petri-dish containing MS solid me-
dium with kinetin and 2,4-D. 
 
Results and Discussion 
Survival rate and callus induction rate of the 
haploid cultured tissues were measured. All of the 
tissues treated with 200 and 400 μM BPA fol-
lowed by 15 min of thermal neutron irradiation 
died. Meanwhile, all of the 600 μM BPA treated- 
and untreated-tissues with 15 min irradiation sur-
vived and generated calluses. Regarding the 30 
min irradiation treatment, tissues treated with 200 

and 400 μM BPA also exhibited low callus induc-
tion rates (0 and 28.5%, respectively), whereas 
many of the tissues treated with 0 and 600 μM 
BPA survived and induced calluses at much high-
er frequencies (100 and 33.3%, respectively). 
Same tendencies of the survival rate and callus 
induction rate were also observed in diploid sam-
ples; higher callus induction rates were observed 
in the 0 and 600 μM BPA treated tissues and 
lower survival rates in the 200 and 400 μM BPA 
treated tissues. The reason of the restoration of 
the 600 μM BPA-treated tissues is yet unclear. 
   The BPA-treated calluses were then trans-
ferred to the regeneration medium. Subsequently, 
many haploid or doubled haploid plants were de-
rived from haploid tissue culture, and diploid 
plants were obtained from diploid samples. 
Among them, phenotypic variations, such as 
chlorophyll deficient (albino), dwarf, abnormal 
petal number, male sterile, were observed. 
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INTRODUCTION:  The evaluation of ADME-tox and 
pharmacokinetic properties of drug candidates, being 
under development, and drugs, available on the market, 
has recently become an increasingly important factor of 
drug discovery and development, because of increased 
needs of targeted drugs with less adverse effects. This 
needs accelerate medicinal chemists to develop drugs 
with higher traceability, even in their whole lifetime. Ra-
diolabeled compounds have been traditionally studied for 
their purposes. There are however some inherent prob-
lems such as their half-life of much shorter or longer 
times and the specific regulation of experimental facili-
ties. For the purpose of overcoming these problems and 
creating drugs with functions required for systems biolo-
gy and emerging physiology as well as medicinal chemi-
stry, we invented wholly innovative drugs named “boron 
tracedrug” as “on demand” traceable and next-generation 
drug model. We present here, as a boron tracedrugs, de-
sign, synthesis, and effects of BODIPY- and curcumino-
id-boron tracedrugs for neutron dynamic therapy (NDT) 
[1]. We previously designed the boron tracedrugs 
UTX-42, UTX-43, and UTX-44, which possess antioxi-
dant potency [2]. In order to explore their dynamic, 
beyond chemical, effects when acquired by weak thermal 
neutrons, we performed thermal neutron irradiation of 
bovine serum albumin (BSA) treated with the boron tra-
cedrugs. 
 
EXPERIMENTS:  Boron tracedrugs including Boron 
tracedrugs, including the BODIPY-containing compounds 
UTX-42, UTX-44, and UTX-47 and the curcuminoid 
compounds UTX-50 and UTX-51, were designed for 
neutron dynamic therapy based on their molecular orbital 
calculation. Newly designed UTX-47, UTX-50, and 
UTX-51 were synthesized. Sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE) 
was performed to detect the decomposition by thermal 
neutron irradiation of BSA treated with these five boron 
tracedrugs.   

 
Fig. 1. Boron tracedrugs: BODIPY drugs, UTX-42, 
UTX-44, UTX-47 and curcuminoid drugs, UTX-50 
and UTX-51 for NDT. 

 
 
 
  
 RESULTS:  The combination of 1.0 μM BSA with 

100 μM of each of the boron tracedrugs showed a de-
crease in band intensity after irradiation. In conclusion, 
all boron tracedrugs tested caused destructive dynamic 
damage of BSA during thermal neutron irradiation, sug-
gesting boron tracedrugs could be used as dynamic drugs 
for NDT. 

REFERENCES: 
[1] H. Hori et al., Anticancer Res., 30 (2010) 3233-3242. 
[2] E. Nakata et al., Adv. Exp. Med. Biol. in press (2011). 
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