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  Introduction 

 Many radioecological eff ects of nuclear fallouts have remained 
unknown, and these justify more extensive studies, particu-
larly in view of the far-reaching consequences of the recent 
Fukushima reactor accident. A particularly interesting phe-
nomenon is the allelopathy aimed at coordinating a species-
level survival response (Mothersill et   al. 2007) against ionizing 
radiation, which has been found at least in aquatic species 
that are close to one another and sharing the same media. 

 One remarkable fi nding was the discovery of a radiation-
induced bystander eff ect (RIBE) between living organisms 
(Surinov et   al. 2005, Mothersill et   al. 2006a, 2007, 2009, 
Smith et   al. 2011, 2013, Choi and Yu 2014). Initially, RIBE 
was referred to a phenomenon in cells where unirradiated 
cells responded as if they had themselves been irradiated 
after receiving signals from irradiated cells. RIBE was fi rst 
illustrated in an in vitro study (Chinese hamster ovary 
cells) by Nagasawa and Little (1992) using the frequency 
of sister chromatid exchanges as the biological endpoint. 
Two mechanisms underlying RIBE have now been widely 
accepted, namely, through (a) gap junction intercellular 
communication in the presence of cell-cell contact, and 
(b) soluble molecules released by the irradiated cells into 
the cell culture medium. Th e soluble molecules involved 
in RIBE include nitric oxide (NO), reactive oxygen species 
(ROS), cytokines, transforming growth factor- β 1 (TGF-
 β 1), tumor necrosis factor- α  (TNF- α ), etc. Th ere are many 
reviews on RIBE (e.g., Mothersill and Seymour 2001, 2004, 
Goldberg and Lehnert 2002, Little 2006, Morgan and Sowa 
2007, Mothersill and Kadhim 2012, Wang et   al. 2014). Sub-
sequently, RIBE was also found to occur between organ-
isms. Surinov et   al. (2005) discovered that unirradiated 
mice responded as if they had been irradiated after they 
were housed together with irradiated mice, and found that 
the signals for inducing the RIBE were transmitted through 
urine. Similarly, Mothersill et   al. (2006a) also succeeded 
in demonstrating that X-ray irradiated freshwater rainbow 
trout ( Oncorhynchus mykiss ,  W ) released bystander signals 
into the water to induce bystander eff ects in unirradiated 
partners. Mothersill et   al. (2007, 2009) further demonstrated 
RIBE between zebrafi sh ( Danio rerio ) and Medaka ( Oryzias 
latipes ). Audette-Stuart and Yankovicha (2011) observed 
adaptive responses in control bullfrog tadpoles ( Rana 
catesbeiana ) which were partnered with tadpoles that had 
been previously housed in tritiated water. Our group also 
demonstrated that alpha-particle irradiated embryos of the 
zebrafi sh  Danio rerio  could also release bystander signals 
into the water to induce bystander eff ects in unirradiated 

                            

  Abstract 
  Purpose : The in vivo radiation-induced bystander eff ect (RIBE) 
and radiation-induced rescue eff ect (RIRE) induced between 
embryos of the zebrafi sh ( Danio rerio ) by alpha-particle irra-
diation were studied through the number of apoptotic signals 
revealed at 24 h post fertilization (hpf) through vital dye acridine 
orange staining. 
  Materials and methods : RIBE and RIRE were verifi ed through 
the signifi cant increase and decrease in apoptotic signals in the 
partnered bystander and irradiated embryos, respectively. 
  Results : The medium transfer experiment where irradiated 
zebrafi sh embryos were rescued through immersion in the 
medium previously conditioned by a larger number of irradiated 
zebrafi sh embryos showed (a) the involvement of a released 
stress signal in the induction of RIRE, and (b) RIBE and RIRE 
signals had the same function. With the help of 500  μ M of the 
specifi c nitric oxide (NO) scavenger cPTIO (2-(4carboxyphenyl)-
4,4,5,5-tetramethyl-imidazoline-1-oxyl-3-oxide), NO was con-
fi rmed as an essential signaling molecule for inducing both 
the RIBE and RIRE. On the other hand, the treatment with 
20  μ M of the carbon monoxide (CO) releasing chemical CORM-3 
(tricarbonylchloro(glycinato)ruthenium (II)) suppressed the 
manifestations of RIBE but did not suppress RIRE. 
  Conclusions : In conclusion, unirradiated zebrafi sh embryos need 
NO but not NO-induced damages to rescue  α -particle irradiated 
zebrafi sh embryos.  

  Keywords:   Bystander eff ect  ,   alpha emitters  ,   nitric oxide   In
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1134 E. Y. Kong et al. 

na ï ve zebrafi sh embryos (Yum et   al. 2009, Choi et   al. 2010a, 
2012a, 2013). 

 More recently, another interesting discovery that is 
highly relevant to radioecology was the radiation-induced 
rescue eff ect (RIRE) between living organisms (Choi and 
Yu 2014). RIRE describes the phenomenon that irradiated 
cells or irradiated organisms derive benefi ts from the feed-
back signals sent from the bystander unirradiated cells or 
organisms, e.g., the unirradiated cells or organisms help the 
irradiated cells or organisms mitigate the radiation induced 
DNA damages. Our group fi rst discovered RIRE in cells in 
an in vitro study (Chen et   al. 2011) involving human pri-
mary fi broblast (NHLF) and human cancer cells (HeLa) in 
a two-cell co-culture system. When the irradiated cells were 
co-cultured with the bystander cells, there was a signifi cant 
decrease in the numbers of p53-binding protein 1 (53BP1) 
foci, micronucleus formation and extent of apoptosis (Chen 
et   al. 2011). Subsequently, our group further reported RIRE 
in an in vivo study using embryos of the zebrafi sh  Danio 
rerio  (Choi et   al. 2012b). When the alpha-particle irradiated 
zebrafi sh embryos shared the same water medium with 
unirradiated zebrafi sh embryos, the number of apoptotic 
signals in the irradiated embryos quantifi ed at 24 h post 
fertilization (hpf ) became signifi cantly smaller. Th is hinted 
that the irradiated zebrafi sh embryos released a stress sig-
nal into the water, which could be communicated to the 
unirradiated zebrafi sh embryos, and then these unirradi-
ated zebrafi sh embryos released a feedback rescue signal 
back to the irradiated embryos. Furthermore, we had dem-
onstrated that the strength of the rescue eff ect increased 
with the number of rescuing bystander unirradiated 
embryos, while keeping the number of irradiated embryos 
unchanged (Choi et   al. 2012b). Nevertheless, the involve-
ment of a stress signal released in the induction of RIRE has 
not yet been directly proved. 

 Radiation-induced stress communication between 
organisms has appeared to be a universal phenomenon. 
While the more well-known RIBE represents a one-way com-
munication, the RIRE results described above demonstrated 
a two-way communication. RIBE can benefi t the bystander 
population, for examples, in terms of induction of radioad-
aptive response (RAR) and hormetic eff ect (Choi et   al. 2010a, 
2012a). RAR occurs when a small preceding priming dose 
decreases the biological eff ectiveness of a subsequent large 
challenging dose. Hormetic responses are characterized as 
biphasic dose-response relationships exhibiting a low-dose 
stimulation and a high-dose inhibition. Th e benefi t in the 
bystander population derived from RIBE strongly suggested 
an allelopathic eff ect aimed at coordinating a population 
response. Confi rmation of RIRE further revealed that the 
irradiated organisms could also derive benefi ts by commu-
nicating the signals of RIBE to the bystander organisms in 
formulating this population response. 

 To better understand the RIRE, the underlying mecha-
nisms need to be examined in more detail, including the 
confi rmation of the involvement of a stress signal in the 
induction of RIRE. In the present work, the involvement of a 
released stress signal in the induction of RIRE would be stud-
ied through medium-transfer experiments. Furthermore, the 

similarity between the functions of chemical signals for RIBE 
and RIRE would be demonstrated. 

 Th e role played by NO in RIRE will also be explored. NO 
is an important signaling molecule, which can be generated 
under infl ammatory conditions, carcinogenesis and cir-
culatory shock (Shin et   al. 2007). NO was found in various 
research works (Hei et   al. 2008, Prise and O ’ Sullivan 2009) to 
be involved in mediating RIBE through the medium. In the 
present work, the role played by NO will be studied through 
the treatment using the specifi c NO scavenger called cPTIO 
(2-(4carboxyphenyl)-4,4,5,5-tetramethyl-imidazoline-1-
oxyl-3-oxide). 

 In relation to studying the involvement of NO as a stress 
signal in the induction of RIRE, the role played by NO-
induced damages in the bystander embryos in RIRE will 
also be explored. In terms of radiosensitization, the role 
of NO is still not fully understood. In fact, NO can be both 
a prooxidant and an antioxidant (Bryan et   al. 2012) or, in 
other words, can be both a radiosensitizer and a radiopro-
tector. Previous researches revealed that it could induce 
both cytostasis and cytotoxicity to tumor cells and the eff ects 
to our body depended on its concentration (Paduch and 
Kanderfer-Szerszen 2011). Low NO levels would promote 
tumor cell proliferation. NO could also be oxidized to form 
peroxynitrite (ONOO  –  ) which would induce apoptosis. 
On the contrary, a high NO concentration could act as an 
antioxidant and prevent apoptosis. Given the diff erent pos-
sible manifestations of NO in the bystander cells, it is indeed 
intriguing to study whether the RIRE arises as a response 
to the NO-induced damages in the bystander embryos, or 
operates independently of these manifested damages, in 
order to achieve allelopathy. Li et   al. (2006, 2007) reported 
the protection of PC12 rat cells from the cytotoxicity of NO 
through the use of low-concentration carbon monoxide 
(CO). More recently, our group succeeded in mitigating in 
vitro RIBE by low-concentration CO (Han et   al. 2010, Tong 
et   al. 2014), and attributed the mitigation to impairment in 
the response of bystander cells (Chinese hamster ovary) to 
NO instead of perturbation in the release of NO by the irradi-
ated cells (Chinese hamster ovary) (Han et   al. 2011). Subse-
quently, our group further demonstrated the mitigation of in 
vivo RIBE between zebrafi sh embryos by CO treatment, also 
in a concentration dependent manner (Choi et   al. 2012c). In 
the present work, the role played by NO-induced damages 
in RIRE will be studied through the treatment using the CO 
releasing chemical CORM-3 (Tricarbonylchloro(glycinato)
ruthenium [II]). 

 Th anks to their unique features, embryos of the zebrafi sh, 
 Danio rerio , were again employed as the model for studying 
RIRE between organisms in the present work. In particular, 
zebrafi sh embryos were a well-established model for study-
ing DNA damage response from ionizing radiation (Bladen 
et   al. 2005, McAleer et   al. 2005, Daroczi et   al. 2006, Geiger 
et   al. 2006, Yum et   al. 2007, 2009, 2010, Choi et   al. 2010b, 
2010c, Choi and Yu 2014). Its rapid embryonic development 
permitted relatively short experimental turnover time while 
its optically transparent appearance facilitated relatively 
convenient analyses with optical inspection and fl uores-
cent-dye staining methods. Incidentally, the human and 
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  Rescue eff ects on irradiated zebrafi sh embryos  1135

zebrafi sh genomes share considerable homology, including 
conservation of most DNA repair-related genes (Barbazuk 
et   al. 2000). 

 We hypothesize that: (1) RIRE involves a stress signal 
released from the bystander unirradiated embryos, which 
has similar function to the signal released by the irradiated 
embryos, and (2) unirradiated zebrafi sh embryos need the 
signaling molecule NO, which is essential for mediating RIBE 
to the unirradiated embryos, but not the NO-induced dam-
ages to initiate the process to rescue the  α -particle irradiated 
zebrafi sh embryos.   

 Method and materials  

 Zebrafi sh maintenance 
 Approximately 35 adult zebrafi sh of both genders were kept 
in a 45-l tank. Th e water temperature was maintained at 28 ° C 
using thermostats. Th e fi sh were maintained under a 14/10 
h light dark cycle and were fed four times daily with fi sh 
food (TetraMin, Melle, Germany) and brine shrimp (Brine 
Shrimp Direct, Ogden, Utah, USA). To ensure synchroniza-
tion of the embryonic stages, the embryos were collected 
using specially designed plastic collectors (Choi et   al. 2010c) 
within 30 min from the start of the light-induced spawning. 
Th e collected embryos were incubated at a temperature of 
28.5 ° C until 4 hpf. Healthy developing embryos were then 
manually selected using a stereomicroscope (Nikon, Chi-
yoda-ku, Tokyo, Japan), transferred into a Petri dish lined 
with an agarose (Invitrogen, Life Technologies Corporation, 
Carlsbad, CA, USA) gel layer and fi lled with E3 medium 
(5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl 2 , 0.33 mM MgSO 4 , 
0.1% methylene blue), and then manually dechorionated 
using a pair of sharp forceps (Dumont, Hatfi eld, PA, USA) 
under the stereomicroscope.   

 Chemicals 
 CORM-3 was synthesized from the tricarbonyldichlororuth
enium(II) dimer (CORM-2 dimer, Sigma Aldrich, St. Louis, 
MO, USA) (Clark et   al. 2003). A 50 mM CORM-3 stock solu-
tion was prepared by dissolving it in deionized water and was 
stored at  �    20 ° C. On the other hand, a 500 mM stock solu-
tion of cPTIO (Life Technologies Corporation, Carlsbad, CA, 
USA) was prepared by dissolving it in denionized water and 
was then stored at  �    20 ° C. In the present experiments, 20  μ M 
CORM-3 and 500  μ M cPTIO solutions were employed, which 
were prepared by dissolving the CORM-3 stock solution in E3 
solution and by dissolving the cPTIO stock solution in deion-
ized water, respectively. 

 Inactive CORM-3 (iCORM-3) was also required as a 
negative control to confi rm that the eff ect was due to the 
released CO but not from CORM-3 itself. It was prepared by 
fi rst leaving the 20  μ M CORM-3 at room temperature for a 
week to allow complete release of all CO, with the under-
standing that the half life of CORM-3 to liberate CO in saline 
was 10.6 h and approximately 1 mole of CO was liberated 
from 1 mole of CORM-3 (Motterlini et   al. 2003), which was 
then followed by bubbling nitrogen gas through the solution 
for 10 min to remove the dissolved CO. Choi et   al. (2012c) 
confi rmed that the CO released from CORM-3, but not the 

CORM-3 itself, was responsible for the suppression of RIBE 
which caused apoptotic signals on the bystander zebrafi sh 
embryos.   

 Alpha-particle irradiation of zebrafi sh embryos 
 Th e alpha-particle irradiation set-up was similar to that 
devised by Yum et   al. (2007) where the dechorionated 
zebrafi sh embryos were placed on a biocompatible sub-
strate to allow alpha-particle irradiation from the bottom 
of the substrate (Figure 1). In the present work, Mylar fi lm 
(Dupont, Hong Kong, China) with a thickness of 3.5  μ m was 
used as the support substrate. Alpha-particle irradiations 
of the dechorionated embryos at 5 hpf were performed 
using an  241 Am source (with an alpha-particle energy of 
5.49 MeV under vacuum and an activity of 4.26 kBq), which 
corresponded to an absorbed dose rate of  ∼  1.1 mGy/min 
(Yum et   al. 2007). Th e embryos were oriented in such a 
way that the alpha particles were incident onto the cells 
of the embryos. After passing through the Mylar fi lm, the 
maximum penetration depth of the alpha particles into the 
embryo cells was 38.2  μ m.   

 Medium transfer experiment protocol 
 A group of 20 embryos at 5 hpf were irradiated with the 
 241 Am alpha-particle source for 4 min, which were then 
immediately transferred into a Petri dish containing 2.5 ml 
of E3 medium, and then placed into the incubator until 29 
hpf. Th e irradiated embryo conditioned medium (IECM) was 
harvested at 29 hpf. A control experiment was performed 
in parallel with the same procedures, with the irradiated 
embryos replaced by sham-irradiated embryos. In this con-
trol experiment, the harvested medium was referred to as 
the sham-irradiated embryo conditioned medium (SECM). 
While the IECM and SECM were being prepared, a total of 
30 dechorionated zebrafi sh embryos were irradiated at 5 hpf. 
Th e 30 embryos were separated into three groups, namely, 
(a) the control group, (b) the IECM group, and (c) the SECM 
group. Th e control group of embryos was placed into 2.5 ml 
fresh E3 medium, the IECM group into the IECM while the 
SECM group into the SECM.   

 Partnering experiment protocol 
 In the present studies, three separate experiments were 
performed on zebrafi sh embryos in diff erent groups, namely, 
(A) without treatment with chemicals, (B) treated with 
500  μ M of cPTIO, and (C) treated with 20  μ M of CORM-3. 
From each set of experiment, we aimed at checking both 
the presence of RIBE and RIRE, so two control experiments 

Alpha particles from 241Am

Mylar film

Embryo cells
Yolk

E3 solution

  Figure 1.     Irradiation of 5 hpf zebrafi sh embryos with alpha particles 
through a Mylar fi lm-based holder.  
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1136 E. Y. Kong et al. 

group; (c) RIRE control experiment (for checking the pres-
ence of RIRE): II group partnered with II group. On each 
agarose dish, the two groups of embryos were separately 
accommodated in the two shallow dredged regions to share 
the same medium (with a volume of 3 ml). 

 Th e protocols for the experiments performed on decho-
rionated zebrafi sh embryos in diff erent groups (A), (B) and 
(C) are depicted in the schematic diagram shown in Figure 3, 
which were similar except for the chemicals used. For groups 
(B) (cPTIO treatment and group) (C) (CORM-3 treatment), 
the embryos were treated when they reached 4.5 hpf. When 
the dechorionated zebrafi sh embryos reached 5 hpf, the IU 
group and II group of embryos were irradiated by alpha par-
ticles for 4 min, and were then partnered with appropriate 
groups of embryos, i.e., the IU group was partnered with the 
UI group, while the II group was separated into two groups 
with the same number and separately accommodated in the 
two dredged regions on the same agarose dish. Under this 
design, the RIBE and RIRE signals, if any, could be medi-
ated between the IU and UI groups, and between the two 
II groups. Dechorionated embryos in the control group (6) 
were placed in a Petri dish without further treatment for 

(i.e., the RIBE control experiment and the RIRE control 
experiment) were involved. For each set of experiment, 70 
dechorionated embryos were employed and were divided to 
six groups, namely, 

  IU group: Irradiated embryos partnered with Unirradi-1. 
ated embryos;  
  UI group: Unirradiated embryos partnered with Irradi-2. 
ated embryos;  
  II group: Irradiated embryos partnered with Irradiated 3. 
embryos;  
  SU group: Sham irradiated embryos partnered with 4. 
Unirradiated embryos;  
  US group: Unirradiated embryos partnered with Sham 5. 
irradiated embryos;  
  Control group: unirradiated embryos after 6. 
dechorionation.  

 Th e II groups had 20 embryos while all the other groups 
had 10 embryos. Figure 2 gives schematic diagrams to 
illustrate the setups for diff erent experiments: (a) IU group 
partnered with UI group; (b) RIBE control experiment (for 
checking the presence of RIBE): SU group partnered with US 

  Figure 2.     Schematic diagrams to illustrate the set-ups for diff erent experiments: (a) IU group partnered with UI group; (b) RIBE control experiment 
(for checking the presence of RIBE): SU group partnered with US group; (c) RIRE control experiment (for checking the presence of RIRE): II group 
partnered with II group. Th is Figure is reproduced in color in the online version of the  International Journal of Radiation Biology .  

4.5 hpf

cPTIO-treated

CORM-3-
tre

ate
d

0 hpf 7 hpf 24 hpf5 hpf

Untreated

IU and II groups of embryos
irradiated with 241 Am source for
4 min, then partnered with
appropriate groups of embryos.

IU and UI groups of embryos
transferred to different Petri
dishes with fresh E3 solution.

Apoptotic signals in
embryos quantified
by AO stain.

  Figure 3.     Schematic diagram showing the protocols for the partnering experiments.  
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  Rescue eff ects on irradiated zebrafi sh embryos  1137

monitoring the background apoptotic signals. After partner-
ing, the three Petri dishes housing the partnered embryos 
were labeled and returned to the incubator at 28.5 ° C for 2 h. 
Th e embryos at 7 hpf from diff erent groups were then relo-
cated into six new labeled Petri dishes with fresh E3 solution 
until 24 hpf for quantifi cation of apoptosis by vital dye stain-
ing as described below. 

 For the experiments on zebrafi sh embryos treated with 
500  μ M of cPTIO, and on zebrafi sh embryos treated with 20 
 μ M of CORM-3, the three Petri dishes housing the partnered 

embryos were labeled and returned to the incubator at 
28.5 ° C for partnering for 2 h.   

 Quantifi cation of apoptosis by vital dye staining 
 Th e amount of apoptotic signals were determined when 
the zebrafi sh embryos were developed to 24 hpf. Briefl y, 
the embryos were transferred into a culture medium with 
2  μ g/ml of the vital dye acridine orange (AO) (Sigma, 
St. Louis, MO, USA) to stain for 45 min in a dark environ-
ment to minimize fading of the AO color, and then washed 

  Figure 4.     Representative images of apoptotic signals revealed on zebrafi sh embryos in the (a) II group, (b) IU group, (c) UI group, and (d) US group, 
all at 25 hpf, for the three experiments, namely, (A) on zebrafi sh embryos without treatment with chemicals, (B) on zebrafi sh embryos treated with 
500  μ M of cPTIO, and (C) on zebrafi sh embryos treated with 20  μ M of CORM-3. Scale bars: 500  μ m.  
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1138 E. Y. Kong et al. 

group, and (d) US group, all at 25 hpf, for the three experi-
ments, namely, (A) on zebrafi sh embryos without treat-
ment with chemicals, (B) on zebrafi sh embryos treated 
with 500  μ M of cPTIO, and (C) on zebrafi sh embryos treated 
with 20  μ M of CORM-3. It was observed that the apoptotic 
signals were found to be spread through the entire body of 
the zebrafi sh embryos.  

 RIBE and RIRE between zebrafi sh embryos 
without treatment 
 Th e alpha-particle induced RIBE between zebrafi sh embryos 
was previously studied by Yum et   al. (2009) and Choi et   al. 
(2010a, 2012a, 2013) with the irradiation applied at 1.5 hpf 
and 5 hpf, respectively, while alpha-particle induced RIRE 
between zebrafi sh embryos was previously studied by Choi 
et   al. (2012b) with the irradiation applied at 5 hpf. In the pres-
ent study, the presence of RIBE and RIRE mediated between 
embryos through sharing the same medium was fi rst recon-
fi rmed for 5 hpf zebrafi sh embryos. A total of six independent 
experiments were conducted. 

 Th e fi rst experiment aimed at showing the presence of 
RIBE mediated between zebrafi sh embryos by compar-
ing the diff erences between the UI and US groups, and 
the results are given in columns 2 – 4 in Table I. All the six 
datasets showed signifi cantly larger average numbers of 
apoptotic signals in UI embryos ( p     �    0.05), which success-
fully verifi ed the communication of bystander signals from 
the IU group to the UI group in the absence of treatment with 
cPTIO or CORM-3. Th e second experiment aimed at show-
ing the presence of RIRE on irradiated zebrafi sh embryos by 
comparing between the IU and II groups, and the results are 
given in columns 5 – 7 in Table I. All the six datasets showed 
signifi cantly smaller average numbers of apoptotic signals 
in IU embryos ( p     �    0.05), which successfully confi rmed the 
mitigation of the level of apoptotic signals in the IU embryos 
with the help of UI embryos in the absence of treatment with 
cPTIO or CORM-3.   

 RIBE and RIRE between zebrafi sh embryos 
treated with cPTIO 
 Table II showed the results for treatment with 500  μ M 
of cPTIO. Again, the fi rst experiment aimed at showing the 
presence of RIBE mediated between zebrafi sh embryos by 

twice using deionized water thoroughly to remove excessive 
AO. Th e embryos were then anaesthetized with 0.016 M 
tricaine (Sigma, St. Louis, MO, USA). Th e apoptotic signals 
then appeared as bright green dots under a fl uorescent 
microscope with a magnifi cation of 40 � . Th ree images with 
focuses on diff erent sections of each anaesthetized embryo 
were captured using SpotBasic (SPOT 4.7, Diagnostic 
Instruments Inc., Michigan, USA), which were then com-
bined into a single image for determination of the amount 
of apoptotic signals.   

 Statistical analysis 
 Th e amount of apoptotic signals on the whole zebrafi sh 
embryos were determined as depicted above. All data are 
shown as the average number of apoptotic signals  �  stan-
dard error of the mean (SEM). Th e presence of RIBE was 
verifi ed by comparing the UI and US groups through the 
 t -test, while the presence of the RIRE was verifi ed by com-
paring between the IU and II groups also through the  t -test. 
As regards the medium transfer experiment, the presence 
of RIRE was verifi ed by comparing between the IECM and 
SECM groups also through the  t -test. All data were analyzed 
after outlier data, if any, were identifi ed through the box plot 
method and removed. When a group of data was arranged 
in the descending order, the outliers were defi ned as values 
larger than 1.5 times the interquartile range above the 75th 
percentile or smaller than 1.5 times the interquartile range 
below the 25th percentile, where the interquartile range was 
defi ned as the diff erence between the 25th and 75th percen-
tiles of the data. Statistically signifi cant diff erences were con-
sidered to be present between the compared groups in cases 
with  p  values    �    0.05.    

 Results 

 Th e biological endpoint employed in the present investiga-
tion to characterize the radiation eff ects was the amount of 
apoptotic signals determined when the zebrafi sh embryos 
were developed to 24 hpf revealed by AO staining. Th e apop-
totic signals appeared as bright green dots under a fl uores-
cent microscope with a magnifi cation of 40 � . Figure 4 shows 
representative images of apoptotic signals revealed on 
zebrafi sh embryos in the (a) II group, (b) IU group, (c) UI 

  Table I. Mean number of apoptotic signals ( �  SEM) obtained in four groups of zebrafi sh embryos 
(US group, UI group, II group and IU group) from six sets of experiments without any chemical treated. 
 n  represented the number of zebrafi sh embryos in a particular sample.  p  values obtained using the  t -test are 
also listed below (cases with  p     �    0.05 are asterisked).  

Set US UI  p II IU  p 

1 84    �    2 138    �    20 0.0136* 218    �    19 133    �    18 1.78    �    10 �3 *  
( n     �    8) ( n     �    10) ( n     �    19) ( n     �    8)

2 85    �    8 138    �    24 0.0297* 215    �    19 154    �    17 4.47    �    10 �3 *  
( n     �    10) ( n     �    9) ( n     �    19) ( n     �    9)

3 61    �    7 115    �    10 1.99    �    10 �4 *  154    �    13 120    �    12 0.0373*
( n     �    9) ( n     �    9) ( n     �    10) ( n     �    7)

4 85    �    14 120    �    9 0.0130* 217    �    21 127    �    10 1.61    �    10 �4 *  
( n     �    9) ( n     �    9) ( n     �    16) ( n     �     9)

5 66    �    3 101    �    5 2.42    �    10 �5 *  118    �    9 90    �    4 6.31    �    10 �3 *  
( n     �    8) ( n     �    7) ( n     �    15) ( n     �    8)

6 60    �    6 104    �    9 4.00    �    10 �4 *  125    �    5 89    �    5 1.85    �    10 �4 *  
( n     �    9) ( n     �    10) ( n     �    17) ( n     �    7)
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between the IU and II groups, and the results are given in 
columns 5 – 7 in Table III. All the four datasets showed sig-
nifi cantly smaller average numbers of apoptotic signals in 
IU embryos ( p     �    0.05), which confi rmed signifi cant RIRE to 
mitigate the level of apoptotic signals in the IU embryos even 
in the presence of CORM-3. A potential argument against this 
conclusion could be that there had been in fact no RIRE but 
the CORM-3 had signifi cantly  increased  the damages in the 
II group but not the damages in the IU group. However, such 
a possibility had been ruled out from our results described 
in the following that treatment with CORM-3 actually signifi -
cantly decreased the damages in the II group of embryos. As 
such, the signifi cantly fewer apoptotic signals in IU embryos 
when compared to the already lower level of apoptotic sig-
nals in the II embryos still proved the presence of RIRE.   

 Eff ects of cPTIO or CORM-3 on irradiated embryos 
(II groups and IU groups) 
 Tables I – III showed the mean numbers of apoptotic signals 
obtained in irradiated zebrafi sh embryos (II and IU groups) 
in the absence of treatment with cPTIO or CORM-3 (six inde-
pendent experiments), in the presence of cPTIO (four inde-
pendent experiments), and in the presence of CORM-3 (four 
independent experiments), respectively. In order to com-
pare the data for the II and IU groups of embryos for diff erent 
treatments, the data from diff erent experiments for the same 
treatment needed to be combined. We fi rst transformed the 
number of apoptotic signals for the II group of embryos ( N  II ) 
and for the control group of embryos ( N  C ) to the normalized 
net number of apoptotic signals for the II group of embryos 
( N  II 

*
  ) as  N  II 

*
      �    [ N  II  �      �    N  C  �    ]/    �     N  C     �    , where  �   N  C  �    was 

the average apoptotic signals for the corresponding control 
group of embryos. Th e numbers of apoptotic signals for the 
IU group of embryos ( N  IU ) were similarly transformed to the 
normalized net number of apoptotic signals for the IU group 
of embryos ( N  IU 

*
  ) as  N  IU 

*
      �    [ N  IU  � �    N  C  �    ]/  �    N  C  �    . Th e sta-

tistical signifi cance for diff erences between the compared 
groups was obtained through  t -tests, and  p  values    �    0.05 
were considered correspond to statistically signifi cant dif-
ferences. Th e mean value  �  SEM for  N  II 

*
   for (A) no chemical 

treatment, (B) treatment with cPTIO and (C) treatment with 
CORM-3 were 1.40    �    0.08 ( n     �    96), 1.56    �    0.08 ( n     �    69) and 
0.91    �    0.07 ( n     �    71), respectively. Th e  p  value for the diff er-
ence between mean values for (A) and (B) was 0.131 and that 
for (A) and (C) was 1.27    �    10 �6 , which meant insignifi cant 
eff ects of cPTIO but signifi cant eff ects of CORM-3 on the II 
group embryos. Th e mean values  �  SEM for  N  IU 

*
   for (D) no 

chemical treatment, (E) treatment with cPTIO and (F) treat-
ment with CORM-3 were 0.57    �    0.06 ( n     �    47), 1.54    �    0.10 
( n     �    38) and 0.44    �    0.07 ( n     �    30), respectively. Th e  p  value for 
the diff erence between the mean values for (D) and (E) was 
2.71    �    10 �11  and that for (D) and (F) was 0.16.   

 Medium transfer experiment 
 Table IV showed that the mean numbers of apoptotic signals 
obtained in the 10 irradiated zebrafi sh embryos in IECM 
and in SECM (provided by another 20 irradiated zebrafi sh 
embryos), respectively. Th e mean numbers of apoptotic sig-
nals in the IECM group of embryos were signifi cantly smaller 

comparing the diff erences between the UI and US groups, 
and the results are given in columns 2 – 4 in Table II. All the 
four datasets failed to show signifi cantly larger average num-
bers of apoptotic signals in UI embryos ( p     �    0.05), which 
meant insignifi cant RIBE in the presence of cPTIO. Th e 
second experiment aimed at showing the presence of RIRE 
on irradiated zebrafi sh embryos by comparing between the 
IU and II groups, and the results are given in columns 5 – 7 in 
Table II. Again, all the four datasets failed to show signifi cantly 
smaller average numbers of apoptotic signals in IU embryos 
( p     �    0.05), which meant insignifi cant RIRE in the presence 
of cPTIO. One potential argument against this conclusion 
could be that there had been in fact RIRE but the cPTIO had 
actually decreased the damages in the II group but not the 
damages in the IU group. However, such a possibility had 
been precluded from our results described in the following 
that treatment with cPTIO would not have signifi cant eff ects 
of the II group of embryos.   

 RIBE and RIRE between zebrafi sh embryos treated 
with CORM-3 
 Table III showed the results for treatment with 20  μ M of 
CORM-3. Again, the fi rst experiment aimed at showing the 
presence of RIBE mediated between zebrafi sh embryos by 
comparing the diff erences between the UI and US groups, 
and the results are given in columns 2 – 4 in Table III. All the 
four datasets failed to show signifi cantly larger average num-
bers of apoptotic signals in UI embryos ( p     �    0.05), which 
meant insignifi cant RIBE in the presence of CORM-3. And 
again, the second experiment aimed at showing the pres-
ence of RIRE on irradiated zebrafi sh embryos by comparing 

  Table II. Mean number of apoptotic signals ( �  SEM) obtained in 
four groups of zebrafi sh embryos (US group, UI group, II group and 
IU group) from four sets of experiments with treatment of 500  μ M of 
cPTIO.  n  represented the number of zebrafi sh embryos in a particular 
sample.  p  values obtained using the  t -test are also listed below.  

Set US UI  p II IU  p 

1 60    �    6
  ( n     �    9)

62    �    7
  ( n     �    9)

0.426 141    �    9
  ( n     �    19)

148    �    10
  ( n     �    10)

0.291
  

2 75    �    10
  ( n     �    8)

75    �    6
  ( n     �    9)

0.388 181    �    15
  ( n     �    16)

188    �    18
  ( n     �    9)

0.378
  

3 73    �    5
  ( n     �    9)

80    �    7
  ( n     �    9)

0.198 188    �    8
  ( n     �    15)

173    �    14
  ( n     �    10)

0.190
  

4 112    �    8
  ( n     �    9)

107    �    7
  ( n     �    10)

0.346 247    �    13
  ( n     �    19)

236    �    17
  ( n     �    9)

0.271
  

  Table III. Mean number of apoptotic signals ( �  SEM) obtained in four 
groups of zebrafi sh embryos (US group, UI group, II group and IU group) 
from four sets of experiments with treatment of 20  μ M of CORM-3.  n  
represented the number of zebrafi sh embryos in a particular sample. 
 p  values obtained using the  t -test are also listed below (cases with 
 p     �    0.05 are asterisked).  

Set US UI  p II IU  p 

1 75    �    3
  ( n     �    8)

71    �    5
  ( n     �    10)

0.236 114    �    5
  ( n     �    14)

92    �    4
  ( n     �    6)

9.55    �    10 �3 *  
  

2 47    �    3
  ( n     �    10)

49    �    3
  ( n     �    7)

0.340 91    �    6
  ( n     �    17)

69    �    3
  ( n     �    4)

3.10    �    10 �3 *  
  

3 120    �    12
  ( n     �    8)

112    �    13
  ( n     �    10)

0.336 157    �    11
  ( n     �    20)

122    �    12
  ( n     �    10)

0.0215 * 
  

4 93    �    11
  ( n     �    10)

91    �    9
  ( n     �    10)

0.459 192    �    14
  ( n     �    20)

133    �    14
  ( n     �    10)

3.26    �    10 �3 *  
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was controlled by the relative levels of each transcription 
factor. As such, if the response of irradiated embryos was 
dictated by the response of irradiated cells, activation of 
the p53 response pathway would dominate over the activa-
tion of the NF- κ B pathway in the absence of RIRE signals, 
leading to more apoptosis. However, the presence of RIRE 
signals which were strong enough to activate the NF- κ B 
and to override the p53 pathway could lead to greater sur-
vival of the irradiated cells in the irradiated embryos. This 
conjecture could also explain our previous result that the 
strength of the rescue effect increased with the number of 
rescuing bystander unirradiated embryos, while keeping 
the number of irradiated embryos unchanged (Choi et   al. 
2012b). 

 The present work then went on to ascertain the involve-
ment of NO as a stress signal in the RIRE in zebrafish 
embryos. In particular, treatment with 500  μ M of the spe-
cific NO scavenger cPTIO on zebrafish embryos was shown 
to be able to completely suppress both RIBE and RIRE. 
Choi et   al. (2013) also found that cPTIO could suppress 
the RIBE induced between zebrafish embryos through 
X-ray irradiation. As such, the suppression of RIBE by 
cPTIO was independent of the linear energy transfer (LET) 
of the radiation. It could also be concluded that NO was 
an essential chemical molecule to induce RIBE and RIRE. 
On the other hand, the insignificant effects of cPTIO on 
the irradiated embryos themselves proved that the failure 
to reduce the apoptotic signals in IU embryos was due to 
suppression of the RIRE. As such, treatment with cPTIO 
suppressed RIRE through suppression of RIBE. In conclu-
sion, the bystander zebrafish embryos need NO to initiate 
their release of the RIRE signals. These also agreed with 
our results described above that RIBE and RIRE signals 
actually had the same functions. 

 Th e present work then went on to identify the eff ects of CO 
on  α -particle-induced RIBE and RIRE in zebrafi sh embryos 
in vivo. In particular, treatment with 20  μ M of CORM-3 on 
zebrafi sh embryos was shown to be able to completely 
suppress the RIBE, which agreed with our previous study 
(Choi et   al. 2012c). In an earlier in vitro study, Han et   al. also 
demonstrated that a low concentration of exogenous CO 
could protect the bystander cells against the toxicity of NO, 
which would combine with the superoxide anions to form 
peroxynitrite (ONOO  �  ), an oxidizing free radical that could 
cause DNA fragmentation and lipid oxidation (Han et   al. 
2010) and could then trigger apoptosis. Notably, CO pro-
tected the bystander cells instead of moderating the release 
of NO from the irradiated cells (Chinese hamster ovary) 
(Han et   al. 2010). Interestingly, while the treatment with 
CORM-3 on zebrafi sh embryos completely suppressed the 
manifestations of RIBE in the present experiments, all the 
four datasets showed signifi cantly smaller average numbers 
of apoptotic signals in IU embryos ( p     �    0.05). As such, treat-
ment with CORM-3 did not suppress RIRE. In conclusion, 
the bystander zebrafi sh embryos do not need NO-induced 
damages to initiate their release of the RIRE signals. Th is is 
in fact a necessary condition for allelopathy to be achieved, 
given the various possible manifestations of NO in the 
bystander cells. 

than those in the SECM. Th is proved that the signals released 
by the irradiated embryos into the IECM were capable of 
rescuing a smaller number of other irradiated embryos when 
the latter were immersed into the IECM.    

 Discussion 

 As a fi rst step, the present work confi rmed the presence of 
both RIBE (acting upon the bystander unirradiated embryos) 
and RIRE (acting upon the irradiated embryos), through the 
signifi cant increase and decrease in apoptotic signals in the 
partnered bystander and irradiated embryos, respectively. 
Th e occurrence of alpha-particle induced RIBE in zebrafi sh 
embryos was consistent with our previous studies (Yum et   al. 
2009, Choi et   al. 2010a, 2012a, 2013). 

 The next task was to show the involvement of a released 
stress signal in the induction of RIRE through medium-
transfer experiments. Our results showed that the irradiated 
embryo condition medium (IECM) provided by 20 irradi-
ated zebrafish embryos was able to mitigate the damages 
of another 10 irradiated zebrafish embryos subsequently 
immersed into the IECM. Apart from proving the involve-
ment of a released stress signal in the induction of RIRE, 
the results also demonstrated that the signals released by 
the irradiated embryos, i.e., the RIBE signals by definition, 
were capable of performing functions similar to RIRE on 
other irradiated embryos, and thus strongly suggested that 
similarity between RIBE and RIRE signals, but with differ-
ent concentrations. If this was the situation, an interesting 
question would be why the rescue was more efficient when 
the irradiated embryos were (a) partnered with bystander 
unirradiated embryos, or (b) immersed into an IECM 
provided by a larger number of irradiated embryos. It is 
understood that both p53 and nuclear factor - κ B (NF- κ B) 
would be induced by many cellular stimuli, with activa-
tion of p53 and NF- κ B associated with promotion of and 
protection from apoptosis, respectively. Ghandhi et   al. 
(2008) revealed that the p53 and NF- κ B response pathways 
were activated to dramatically diff erent degrees in irradiated 
cells and bystander cells (IMR-90 human lung fi broblasts). 
Activation of the p53 response pathway was minimal in 
bystander cells, while activation of the NF- κ B response 
pathways was eff ectively identical in irradiated cells and 
bystander cells. On the other hand, Webster and Perkins 
(1999) showed that p53 and NF- κ B inhibited each other ’ s 
ability to stimulate gene expression and that this process 

  Table IV. Mean number of apoptotic signals ( �  SEM) obtained in two 
groups of zebrafi sh embryos (IECM group and SECM group) from four 
sets of experiments.  n  represented the number of zebrafi sh embryos in 
a particular sample.  p  values obtained using the  t -test are also listed 
below (cases with  p     �    0.05 are asterisked).  

Set SECM IECM  p 

1 256    �    40
  ( n     �    8)

147    �    20
  ( n     �    10)

0.0164 * 

2 189    �    12
  ( n     �    8)

127    �    8
  ( n     �    8)

4.48    �    10 �4 *  

3 210    �    25
  ( n     �    10)

121    �    7
  ( n     �    9)

3.08    �    10� 3 *  

4 186    �    21
  ( n     �    10)

89    �    6
  ( n     �    10)

4.72    �    10 �4 *  
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 In conclusion, unirradiated zebrafi sh embryos need NO 
but not NO-induced damages to rescue  α -particle irradi-
ated zebrafi sh embryos. However, there have also been 
evidences or arguments for physical signals responsible 
for RIBE, including lights (Mosse et   al. 2006), bioelectric or 
magnetic eff ects (Mothersill et   al. 2006b), and acoustic or 
electromagnetic eff ects (Mothersill et   al. 2012). Th ese physi-
cal signals can also contribute to RIRE, and might even con-
stitute the diff erence between RIBE and RIRE mechanisms. 
However, the eff ects of such physical signals are still far from 
being fully understood. For example, Mothersill et   al. (2012) 
asserted that it was possible that physical signals for RIBE 
only operated if chemical transmission was not possible or 
that the RIBE signal contained both physical and chemical 
components. More extensive studies and better understand-
ing on the physical signals for RIBE will certainly enlighten 
us on their involvement in RIRE.                    
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