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Abstract The aim of this study was to demonstrate that
zebrafish embryos subjected to a priming exposure provided
by one environmental stressor (low-dose alpha particles) can
induce an adaptive response against a subsequent challeng-
ing exposure provided by another environmental stressor
(heavy metal Cd). The effect thus identified would be an
antagonistic multiple stressor effect. The effects of alpha
particle radiation and/or Cd on whole embryos were studied
through quantification of apoptotic signals at 24 h post-
fertilization (hpf). Embryos were stained with the vital dye
acridine orange, followed by counting the stained cells. For
each set of experiments, 30 dechorionated embryos were
divided into three groups, each having ten embryos. The
three groups of embryos were referred to as (A) the control
group, which received no more further treatments after
dechorionation, (B) Cd-treated group, which did not receive
any priming exposure and would receive a challenging
exposure at 10 hpf and (C) (alpha + Cd)-treated group,
which would receive both priming and challenging expo-
sures. We defined the normalized net number of apoptotic
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signals in the (alpha + Cd)-treated group as Nc* = [(apo-
ptotic signals for (alpha + Cd)-treated group — average
apoptotic signals for the corresponding control group)/aver-
age apoptotic signals for the corresponding control group]
and that in the Cd-treated group as Ng* = [(apoptotic signals
for Cd-treated group — average apoptotic signals for the
corresponding control group)/ average apoptotic signals for
the corresponding control group]. By using the non-
parametric Mann—Whitney U statistic, we were able to show
that Nc* was significantly smaller than Ng*(p=0.006).
These demonstrated an antagonistic multiple stressor effect
between ionizing radiation and Cd through the induction of
an adaptive response by the ionizing radiation against sub-
sequent exposures to Cd.

Keywords Multiple stressor effect - Zebrafish embryos -
Adaptive response - Cadmium - Ionizing radiation - Alpha
particles

Introduction

Living organisms are exposed to a mixture of environmental
stressors, and the resultant effects due to such exposures are
referred to as multiple stressor effects. Evidence showed that
toxicity could be modified by simultaneous or sequential
exposures to multiple environmental agents (Carpenter et al.
2002; Hertzberg and Teuschler 2002), and the appraisal of
the probability and seriousness of the effects due to these
exposures was referred to as cumulative risk assessment
(Sexton and Hattis 2007). Sexton and Hattis (2007) gave a
comprehensive review on multiple stressor effects and in
particular discussed in depth fundamental issues regarding
cumulative risk assessment. Multiple stressor effects might
not be simply the sum of effects from individual stressors
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(Hertzberg and Teuschler 2002; US EPA 2003). The effect
can be additive, synergistic or antagonistic.

The overall rationale for our present study and its rele-
vance to living organisms (including human beings) are
based on the following three considerations:

(1) Ionizing radiation is ubiquitous in our environment. In
particular, there are naturally occurring primordial
radionuclides which have been around even before
the formation of the solar system, and there are natu-
rally occurring cosmogenic radionuclides which are
continually formed in the atmosphere due to cosmic
rays.

(2) Cumulating evidences have shown that low-dose ion-
izing radiation might be beneficial to living organisms,
e.g. through the introduction of adaptive response (AR)
(Olivieri et al. 1984; Cai et al. 2003; Choi et al. 2010a,
b, ¢).

(3) Existence of multiple stressor effects in general where
toxicity could be modified by simultaneous or sequential
exposures to multiple environmental agents (Carpenter
et al. 2002; Hertzberg and Teuschler 2002; US EPA
2003; Sexton and Hattis 2007; Mothersill et al. 2007a;
Salbu et al. 2008).

On the other hand, heavy metals are also ubiquitous in
our environment. Cadmium (Cd) is one of the most impor-
tant heavy metal toxicants in our environment, which causes
adverse effects to humans by affecting cell proliferation,
differentiation, apoptosis and DNA repair (Hornhardt et al.
2006). However, interaction of radiation with chemical is
not generally involved in ecological risk assessment. In
recent years, studies gave evidence on the modification of
the toxicities of individual stressors by the presence of other
stressors at the same time. Additive, synergistic and antag-
onistic effects had been reported for Cd and gamma rays
through in vitro and in vivo studies. Hornhardt et al. (2006)
showed an additive effect of Cd and gamma ray exposure on
human lymphoblastoid cells through the frequency of
micronuclei formation. A synergistic effect between Cd
and gamma ray on Wistar rats in terms of their enzyme
activities were reported by Salovsky et al. (1993). An in
vivo antagonistic effect was demonstrated by Privezentsev
et al. (1996), where levels of DNA damage in peripheral
blood lymphocytes and splenocytes were decreased after a
combined exposure to Cd and gamma rays. Mothersill et al.
(2007a) recently reported their work on the multiple stressor
effect on the Atlantic salmon (Salmo salar, L.) in vivo
through exposure to y-irradiation with and without concom-
itant exposure to the metals Cd and/or Al, through studying
cell deaths in reporter HPV-G cells caused by the media
from explants from cultured tissues of the exposed fish
(Mothersill et al. 2007a; Salbu et al. 2008). They found
different effects (including additive, synergistic and
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antagonistic effects) between radiation and metal exposure
for different tissues (including fin, gill, pronephros or kid-
ney tissues).

At the moment, the groups of radionuclides and heavy
metals are separately regulated in ecological risk assess-
ment, which has effectively assumed no interactive effects
between radiation and chemicals. Mothersill et al. (2007a)
commented that determination of safe levels in the environ-
ment or prediction of consequences of acute low-level expo-
sures was not straightforward when multiple stressors act on
the concerned organisms. Sexton and Hattis (2007) also
highlighted the problems which hampered cumulative risk
assessment. As such, it is pertinent to study the multiple
stressor effects from simultaneous or sequential exposures
to ionizing radiation and Cd. Moreover, the mechanisms of
their interactions and the consequence on the exposed
organisms have not been extensively studied. It is therefore
interesting and relevant to study the multiple stressor effect
of radionuclides and heavy metals in terms of the induction
of AR by using zebrafish embryos as a vertebrate model,
which forms the objective of the present work.

The zebrafish, Danio rerio, has become a preferred ver-
tebrate model in recent years for studying human disease.
Interestingly, the zebrafish and human genomes share con-
siderable homology, including conservation of most DNA
repair-related genes (Barbazuk et al. 2000). Furthermore,
embryonic development is rapid so the major organ systems
become evident within 48 h post-fertilization (hpf). There
have been a growing number of studies using zebrafish or
zebrafish embryos as a vertebrate model to study the in vivo
response to ionizing radiation (McAleer et al. 2004, 2006;
Daroczi et al. 2006; Geiger et al. 2006; Mothersill et al.
2007b).

AR is a low-dose effect, which occurs when a small
preceding priming dose decreases the biological effective-
ness of a subsequent large challenging dose. Regarding
ionizing radiation, such an AR in cells (in vitro studies)
was first reported by Olivieri et al. (1984), who showed that
peripheral blood lymphocytes irradiated with tritiated thy-
midine had fewer chromosomal aberrations when they were
subsequently irradiated with 15 Gy of X-rays. AR was also
shown in mice in vivo. A whole-body exposure of mice
using X-radiation was conducted by Cai et al. (2003), who
showed that mice with pre-exposure to low doses of radia-
tion had significant decreases in chromosome aberrations.
Wang et al. (2004) evaluated the AR in mice and found a
range of dose rates capable of inducing AR in mice. Previ-
ous works by our group also demonstrated AR in embryos
of the zebrafish, D. rerio, in vivo (Choi et al. 2010a, b, ¢).
Choi et al. (2010c) demonstrated that AR was successfully
induced in zebrafish embryos in vivo with the priming
exposure provided by alpha particle irradiation from an
24 Am source (with an activity of 0.1151 pCi) for 24 s at
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5 hpf and a subsequent challenging exposure provided by
alpha particle irradiation from the same source for 240 s at
10 hpf. They proposed that the experimental setup and
associated procedures could serve as a platform to further
study high-linear energy transfer (LET) radiation-induced
adaptive response in zebrafish embryos in vivo. Although
the underlying mechanism for AR in cells is still largely
unknown, some research findings have suggested that DNA
repair might play an important role in inducing AR (Ikushima
et al. 1996; Iyer and Lehnert 2002; Sasaki et al. 2002; Yatagai
et al. 2008).

We hypothesized that an antagonistic multiple stressor
effect of an ionizing radiation and a heavy metal would be
induced in embryos of the zebrafish, D. rerio, in the form of
an AR with an exposure to alpha particles as the priming
dose and an exposure to Cd as a challenging dose.

Materials and methods
Experimental animals

Adult zebrafish were reared in glass tanks with water kept at
28 °C using thermostats and with a 14/10 hour light—dark
cycle. Custom-made plastic collectors were opened on the
top and had a partition with artificial plastic seaweed inside
to attract the zebrafish to lay their eggs inside while at the
same time separating the eggs from the fish (Choi et al.
2010c). Embryos were obtained by photo-induced spawn-
ing. Synchronization of developmental stage of the collected
zebrafish embryos was crucial for our experiments. When
the 14-h photoperiod started, the embryo collectors were
lowered onto the bottom of the fish tanks to collect the
embryos over a relatively short period of only 15 min to
ensure synchronization of the embryos. The collected em-
bryos were then transferred to and incubated in a 28-°C
incubator and allowed to develop. At 4 hpf, healthy devel-
oping embryos, which should be at the sphere stage of the
blastula period, were selected under a stereomicroscope and
were transferred into a Petri dish with a layer of agar gel as
the substrate for dechorionation. Chorions were removed
directly using a pair of sharp forceps under the stereomicro-
scope. Alpha particles could reach the cells of embryos only
after dechorionation to provide the priming dose (see be-
low). All studied embryos were dechorionated to ensure the
same conditions.

Exposure protocol

For each set of experiment, 30 dechorionated embryos were
deployed, which were divided into three groups, each having
ten embryos. The three groups of embryos were referred to as
(A) control group, which received no further treatments after

dechorionation, (B) Cd-treated group, which did not receive
any priming exposure and would only receive a challenging
Cd exposure at 10 hpf (see discussion in the following text)
and (C) (alpha + Cd)-treated group, which would receive both
priming alpha-radiation and challenging Cd exposures (see
discussion in the following text). Fourteen repeated experi-
ments were separately carried out. Analysis of these 14 sets of
experimental data would be described in “Data analysis”. To
facilitate clearer interpretation of these results, we would also
need data on zebrafish embryos which had been exposed only
to alpha particles from our *'Am source for 24 s at 5 hpf
(referred to as alpha-treated group) and which had been sham-
irradiated (referred to as sham-irradiated control group).
Again, ten dechorionated embryos were employed for each
of these two groups. Four sets of experiments were separately
conducted.

In the present experiments, the time points for applying
the priming and challenging exposures were separated by
5 h as previously suggested (Choi et al. 2010c). Considering
that the DNA repair mechanism in zebrafish embryos would
only become operative after the cleavage stages (0.7 to
2.2 hpf) (Miyachi et al. 2003), the priming exposure in this
study was applied to the embryos at 5 hpf which was within
the blastula stage (2.2 to 5.2 hpf).

Priming exposure

The priming exposure using alpha particle irradiation fol-
lowed the procedures described by Yum et al. (2007). The
(alpha + Cd)- and alpha-treated groups of embryos were
irradiated with alpha particles from below and across the
support substrate to avoid the problem of different depths of
the medium above different embryos if the alpha particles
were coming from above. Thin Mylar films (Dupont, Hong
Kong) with a thickness of 3.5 wm were used as the support
substrate to allow the alpha particles to reach the cells with a
sufficiently large energy. The Mylar films were glued with
epoxy (Araldite@ Rapid, England) onto the bottom of a Petri
dish which had a diameter of 35 mm and a hole at the centre.
The embryos were oriented in such a way that all the cells of
the embryos faced down towards the Mylar film to ensure
that the alpha particles would be directed towards the cells.

At 5 hpf, as a priming dose to induce the AR, the (alpha +
Cd)-treated group and the alpha-treated group of dechorio-
nated embryos were irradiated for 24 s by alpha particles
using a planar **' Am source (with an average alpha particle
energy of 5.49 MeV under vacuum and an activity of
0.1151 puCi), which corresponded to ~0.18 mGy. The alpha
particles could further penetrate into the embryo cells with a
range of 38.2 um after passing through the 3.5-um Mylar
film. The method for determining the dose absorbed by the
zebrafish embryos essentially followed that described by
Yum et al. (2007). Briefly, the fluence of alpha particles
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striking the zebrafish embryos was experimentally deter-
mined through counting the number of tracks on
polyallyldiglycol-carbonate films (Nikezic and Yu 2004)
irradiated by the alpha particle source and then chemically
etched. From the fluence, the number of alpha particles N
having hit an embryo was found. The effective energy E of
alpha particles hitting the embryos was calculated by taking
into account the energy loss in different water columns
traveled by the alpha particles before they hit the embryos.
The dose absorbed by an embryo was then computed as
(N x E)/M, where M was the average mass of an embryo.

The Cd-treated group and sham-irradiated control group
of embryos were sham-irradiated. The sham-irradiated em-
bryos experienced exactly the same exposure conditions,
except that the **' Am source was not used. All groups of
embryos were then transferred back to the incubator and
allowed to further develop.

Challenging exposure

Cadmium nitrate tetrahydrate (Sigma-Aldrich, MO, USA)
was dissolved in deionized water to prepare the 100-uM
cadmium nitrate [Cd(NOs),] stock solution, which was then
stored at room temperature. At 10 hpf, the (alpha + Cd)-
treated group and the Cd-treated group of embryos were
removed from the medium and transferred to a 100-uM
cadmium nitrate solution using a pipette to provide the
challenging dose until 24 hpf. After transfer of the (alpha +
Cd)-treated group and the Cd-treated group of embryos to the
cadmium solution, all groups of embryos were allowed to
develop in a 28 °C incubator until 24 hpf for staining and
observations. Figure 1 gives a flow diagram for the dose
schedules to different groups of zebrafish embryos.

Chan and Cheng (2003) observed significant amounts of
apoptotic cells in zebrafish embryos which had been ex-
posed to 100 uM cadmium from 5 to 28 hpf and commented
that their data were commensurate with other tissue culture
studies using Cd at micromolar ranges (Hader et al. 1996;
Bagchi et al. 2000; Alvarez-Barrientos et al. 2001; Chao and
Yang 2001; Dong et al. 2001). Chan and Cheng (2003) also
examined embryos exposed to 1 uM Cd for 24 h and found
0.67 % of apoptotic cells by flow cytometry assay. With
these results and those in the literature, Chan and Cheng
(2003) concluded that ectopic induction of apoptosis only
occurred for Cd exposures with higher concentrations.

Quantification of apoptotic signals

Quantification of apoptotic signals has been widely adopted
to examine the radiation effect on the whole embryos
(Bladen et al. 2005, 2007a, b; Geiger et al. 2006). In the
current study, apoptotic signals in the 24 hpf embryos were
quantified through staining with the vital dye acridine
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orange (AO) as previously suggested (Choi et al. 2010c).
All groups of embryos were separately stained with AO for
60 min, thoroughly washed twice with deionized water and
then anaesthetized using 0.016 M tricaine (Sigma, St. Louis,
MO, USA). The apoptotic signals of the zebrafish embryos
were then counted under a fluorescent microscope. This
method is commonly employed to quantify the level of
apoptosis in zebrafish embryos (Tucker and Lardelli 2007,
Mei et al. 2008; Yasuda et al. 2008). In our experiments, two
images on different sections of each embryo were captured
under the fluorescent microscope with a magnification
of x40 and were combined into a single image for quantifi-
cation of apoptotic signals with the help of the software
MetaMorph Version 7.0r0 (1992-2006 Molecular Devices).

Data analysis

In the present work, a total of 14 repeated sets of experiments
had been carried out on different days, each of which using ten
embryos. For each set of experiment, the numbers N, Ng and
Nc of apoptotic signals for the control group (group A as
described in “Exposure protocol”), Cd-treated group (group
B) and (alpha + Cd)-treated group (group C) were measured.
Since the average numbers of apoptotic signals on the control
samples with sham irradiations were different for the 14 sets of
experiments, in order to combine the data, we first trans-
formed the data to the normalized net number of apoptotic
signals in the Cd-treated group as Ng* = [Ng — <NA>]/<Nx>,
where < N > was the average apoptotic signal for the
corresponding control group and similarly the normalized
net number of apoptotic signals in the (alpha + Cd)-treated
group as Nc* = [Nc — <NA>]/<Np>. Ng* and Nc* were
compared using Mann—Whitney U statistic, and p values<
0.05 were considered as corresponding to significant differ-
ences between the mean values.

Results

Figure 2 shows examples of images with apoptotic signals
in different groups of zebrafish embryos. In general, the
apoptotic signals were distributed over the entire zebrafish
embryos. Table 1 shows the results, which summarize the
mean =+ standard error for the number of apoptotic signals
obtained in sham-irradiated control groups and alpha-treated
groups of zebrafish embryos from four sets of experiments.
It can be observed that, for all four sets of experiments, the
apoptotic signals for the alpha-treated group were not sig-
nificantly larger than those for the sham-irradiated control
group. The lack of significant increase in the apoptotic
signals was likely due to successful repair of DNA damages,
which was in turn likely required for successful induction of
adaptive response.
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Fig. 1 A flow diagram of the
exposure schedules for different
groups of zebrafish embryos
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Figure 3 shows the distribution of the results on Ng* and
Nc*. It can be observed that the distributions are very
different, namely, in that of Nc* peaks at a lower value
and more skewed toward the smaller values when compared
to that of Ng*. The two-sample Kolmogorov—Smirnov test
gave a p value of 0.007 (two-tailed) and showed that the
distributions of Ng* and Nc* were significantly different.

The mean value + SE for Ng* and N-* were 0.53+0.06
(N=117) and 0.34+0.06 (N=103), respectively. The mortal-
ity rates were 23 % for the control group, 16 % for the Cd-
treated group and 26 % for the (alpha+Cd)-treated group,
which were not significantly different. By using the non-
parametric Mann—Whitney U statistic, we were able to show
that Nc* was significantly smaller than Ng* (p=0.006, two-
tailed). For reference, the p value (two-tailed) obtained
using the #-test assuming equal variances was 0.029 (with
a p value of 0.373 for Levene’s test for equality of varian-
ces). From these results, we observed that the priming

exposure to alpha particles caused a decrease in the normal-
ized net number of apoptotic signals of (<Ng* > — <
Nc*>)/<Ng* > or (0.53 —0.34)/0.53 or ~ 36 %, with
statistical significance. In other words, a prior exposure
to low-dose alpha particles could induce an adaptive
response against a subsequent challenging exposure pro-
vided by the heavy metal Cd, which demonstrated an
antagonistic multiple stressor effect.

Discussion

In the present work, the AR against a Cd exposure was
studied through quantification of apoptotic signals in devel-
oped 24 hpf embryos stained with the vital dye acridine
orange. The spatial and temporal patterns of apoptosis in
vertebrate embryonic development are tightly regulated
events (reviewed in Jacobson et al. (1997)). Exposure to
toxicants or genetic mutations can disrupt the regulated
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(a) Control group

(b) Cd treated group

Fig. 2 Apoptotic signals of typical 25 hpf zebrafish embryos revealed
by acridine orange staining and captured under a fluorescent micro-
scope (with a magnification of x40). a Control group, embryos which
received no further treatments after dechorionation; b Cd-treated
group, embryos sham-irradiated at 5 hpf and then subjected to a Cd
challenging exposure at 10 hpf; ¢ (alpha + Cd)-treated group, embryos

occurrence of apoptosis, which can lead to developmental
abnormalities (Zakeri and Ahuja 1997; Mirkes 2002).

Our group previously designed the experimental setup and
the associated procedures for studying alpha particle-induced
AR in zebrafish embryos in vivo, which involved counting
apoptotic signals in embryos stained with the vital dye acri-
dine orange (Choi et al. 2010c). The results revealed the
presence of AR in zebrafish embryos in vivo (Choi et al.
2010c). Subsequently, we also successfully demonstrated the
induction of AR in zebrafish embryos in vivo using micro-
beam protons to provide a very low priming dose and X-ray
photons to provide the challenging dose through terminal
dUTP transferase-mediated nick end-labeling (TUNEL) assay
(Choi et al. 2010b). More recently, we reported that zebrafish
embryos irradiated by alpha particles could release a stress
signal into the water, which could be communicated to non-
irradiated zebrafish embryos that shared the same water me-
dium and thereby inducing AR in these non-irradiated zebra-
fish embryos (Choi et al. 2010a).

Cd-induced apoptosis has been reviewed in Robertson and
Orrenius (2000). The underlying mechanisms are not well
understood, but involvement of the caspases enzymatic path-
way, suppression of the tumour suppressor gene p53 and
protection by the anti-apoptotic gene Bcl-2 were suggested
(Meplan et al. 1999; Kim et al. 2000; Biagioli et al. 2001;
Ishido et al. 2002). Chan and Cheng (2003) used the induction
of ectopic apoptosis in zebrafish embryos to study the devel-
opmental toxicity of Cd during their embryonic development.
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(c) Alpha + Cd treated group (d) Alpha treated group

subjected to an alpha particle priming exposure at 5 hpf and then
subjected to a Cd challenging exposure at 10 hpf and d alpha treated
group, embryos subjected to an alpha particle exposure for 24 s at
5 hpf. The apoptotic signals were found to spread over the entire body
of the 24 hpf zebrafish embryos

Our results demonstrated that zebrafish embryos, which
had been irradiated by alpha particles, could develop AR
against a subsequent Cd exposure. The irradiated embryos
having received a priming exposure to alpha particles 5 h
before receiving a challenging exposure of Cd had significant-
ly decreased apoptotic signals compared to embryos exposed
only to that challenging exposure of Cd. The correlation
between the p53-dependent apoptosis with the induction of
DNA DSBs had previously been shown by Bladen et al.
(2005), who obtained dose—response curves for buffer-
microinjected embryos and Ku80 MO-microinjected embryos
irradiated at 6 hpfto 1 to 50 mGy (at 1, 3, 8, 20 and 50 mGy)
from a 6-MeV Varian linear accelerator beam. Bladen et al.

Table 1 Means + standard errors of the mean for number of apoptotic
signals obtained in sham-irradiated control groups and alpha treated
groups of zebrafish embryos from four sets of experiments. The p values
refer to t-tests comparing the 0.18 mGy alpha-treated groups and the
corresponding sham-irradiated control groups

Set Sham-irradiated 0.18 mGy p values
control group alpha-treated
group
1 41+7 (n=9) 41+6 (n=9) 0.47
2 34+8 (n=8) 48+7 (n=10) 0.095
3 4248 (n=8) 39+5 (n=9) 0.38
4 54+7 (n=10) 55£10 (n=8) 0.46

n number of zebrafish embryos in a particular sample
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(2005) showed no significant increase above background in
the number of TUNEL-positive cells in buffer-microinjected
embryos, while a significant linear dose response in Ku80
MO-microinjected embryos was shown. As Ku80 is a protein
essential for the nonhomologous end-joining pathway of
repairing DNA DSBs, their results showed that DNA DSBs
were repaired in the irradiated wild-type embryos. As such,
the reduction in the apoptotic signals in embryos which had
received a priming exposure before the challenging was likely
a result of more effective repair of DNA DSBs and thus
beneficial. In other words, pre-treatment with alpha particle
irradiation would decrease the biological effectiveness of Cd
on the zebrafish embryos. This demonstrates an AR against a
stressor (the heavy metal Cd in this case) induced by a differ-
ent stressor (the ionizing alpha particle radiation in this case)
in living organisms. This also suggests an antagonistic multi-
ple stressor effect between radiations and chemicals. Indeed
mechanisms involved in AR response are still largely un-
known. Several key findings showed that DNA repair mech-
anism was involved in the induction of AR (Shadley and
Wolft 1987; Zhou et al. 1992; Ikushima et al. 1996; Wojcik
et al. 1996). Takahashi (2001) found the level of p53 to be
strongly suppressed after a high-dose-rate radiation (1 Gy/
min, 5 Gy) when a priming low-dose-rate irradiation of

gamma ray (0.001 Gy/min, 1.5 Gy) was applied and conclud-
ed that AR was involved in the suppression of p53-mediated
apoptosis (Takahashi 2001).

The mortality rates were 23 % for the control group, 16 %
for the Cd-treated group and 26 % for the (alpha + Cd)-treated
group. The mortality rates obtained in these three situations
were close to 20 %. Such mortality rates were close to the
lowest values obtainable for untreated dechorionated zebra-
fish embryos as reported by Henn and Braunbeck (2011).
Henn and Braunbeck (2011) studied the mortality rates of
dechorionated embryos of the zebrafish (D. rerio) and found
that the mean mortality rate of untreated zebrafish embryos
dechorionated at 4 hpf was about 40 % (with a standard
deviation of about 28 %). In other words, our mortality rates
were likely due to the dechorionation process itself. As such,
we believe that the tests with these mortality rates were still
valid.

Related studies of multiple stressor effects were reported
by Mothersill et al. (2007a) and Salbu et al. (2008), who
found that the multiple stressor effects, in general, varied
among different organs and tissues. The major difference
from the experimental approaches of the previous studies
was that a time gap between the exposures of the two
stressors was employed in the present work. A time gap
between the priming exposure and the challenging exposure
was needed for successful induction of adaptive response
(Shadley and Wolff 1987).

The antagonistic multiple stressor effect revealed in the
present work supported that the mixture of ionizing radiation
and heavy metal appeared to be a priority for studies since the
effect was not simply the sum of the effects from individual
stressors. The results also reinforced the need for improved
cumulative risk assessment. It would also be important to have
a better understanding on the mechanism underlying the inter-
actions between radionuclides and heavy metals since mech-
anistic knowledge will enable quantitative predictions of the
resultant effects of such an exposure to a mixture of environ-
mental stressors (Sexton and Hattis 2007).

References

Alvarez-Barrientos A, O’Connor JE, Nieto Castillo R, Moreno AB,
Prieto P (2001) Use of flow cytometry and confocal microscopy
techniques to investigate early CdCl,-induced nephrotoxicity in
vitro. Toxicol In Vitro 15:407—412

Bagchi D, Joshi SS, Bagchi M, Balmoori J, Benner EJ, Kuszynski CA,
Stohs SJ (2000) Cadmium- and chromium-induced oxidative
stress, DNA damage, and apoptotic cell death in cultured human
chronic myelogenous leukemic K562 cells, promyelocytic leuke-
mic HL-60 cells, and normal human peripheral blood mononu-
clear cells. J Biochem Mol Toxicol 14:33-41

Barbazuk WB, Korf I, Kadavi C, Heyen J, Tate S, Wun E, Bedell JA,
McPherson JD, Johnson SL (2000) The syntenic relationship of
the zebrafish and human genomes. Genome Res 10:1351-1358

@ Springer



3838

Environ Sci Pollut Res (2012) 19:3831-3839

Biagioli M, Witjen W, Beyersmann D, Zoncu R, Cappellini C, Ragghianti
M, Cremisi F, Bucci S (2001) Cadmium-induced apoptosis in murine
fibroblasts is suppressed by Bcl-2. Arch Toxicol 75:313-320

Bladen CL, Lam WK, Dynan WS, Kozlowski DJ (2005) DNA damage
response and Ku80 function in the vertebrate embryo. Nucleic
Acids Res 33:3002-3010

Bladen CL, Flowers MA, Miyake K, Podolsky RH, Barrett JT,
Kozlowski DJ, Dynan WS (2007a) Quantification of ionizing
radiation-induced cell death in situ in a vertebrate embryo. Radiat
Res 168:149-157

Bladen CL, Navarre S, Dynan WS, Kozlowski DJ (2007b) Expression of
the Ku70 subunit (XRCC6) and protection from low dose ionizing
radiation during zebrafish embryogenesis. Neurosci Lett 422:97-102

Cai L, Jiang J, Wang B, Yao H, Wang X (2003) Induction of an
adaptive response to dominant lethality and to chromosome dam-
age of mouse germ cells by low dose radiation. Mutat Res
303:157-161

Carpenter DO, Arcaro K, Spink DC (2002) Understanding the human
health effects of chemical mixtures. Environ Health Perspect 110
(Suppl 1):25-42

Chan PK, Cheng SH (2003) Cadmium-induced ectopic apoptosis in
zebrafish embryos. Arch Toxicol 77:69—79

Chao J-I, Yang J-L (2001) Opposite roles of ERK and p38 mitogen-
activated protein kinases in cadmium-induced genotoxicity and
mitotic arrest. Chem Res Toxicol 14:1193-1202

Choi VWY, Cheng SH, Yu KN (2010a) Radioadaptive response in-
duced by alpha-particle-induced stress communicated in vivo
between zebrafish embryos. Environ Sci Technol 44:8829-8834

Choi VWY, Konishi T, Oikawa M, Iso H, Cheng SH, Yu KN (2010b)
Adaptive response in zebrafish embryos induced using micro-
beam protons as priming dose and X-ray photons as challenging
dose. J Radiat Res 51:657-664

Choi VWY, Lam RKK, Chong EYW, Cheng SH, Yu KN (2010c)
Designing experimental setup and procedures for studying
alpha-particle-induced adaptive response in zebrafish embryos in
vivo. Nucl Instrum Methods B 268:651-656

Daroczi B, Kari G, McAleer MF, Wolf JC, Rodeck U, Dicker AP (2006)
In vivo radioprotection by the fullerene nanoparticle DF-1 as
assessed in a zebrafish model. Clin Cancer Res 12:7086-7091

Dong S, Shen H-M, Ong C-N (2001) Cadmium-induced apoptosis and
phenotypic changes in mouse thymocytes. Mol Cell Biochem
222:11-20

Geiger GA, Parker SE, Beothy AP, Tucker JA, Mullins MC, Kao GD
(2006) Zebrafish as a “biosensor”? Effects of ionizing radiation
and amifostine on embryonic viability and development. Cancer
Res 66:8172-8181

Hader C, Hadnagy W, Seemayer NH (1996) A rapid method for detection
of nongenotoxic carcinogens of environmental pollutants using
synchronized V79 cells and flow cytometry. Toxicol Lett 88:99-108

Henn K, Braunbeck T (2011) Dechorionation as a tool to improve the
fish embryo toxicity test (FET) with the zebrafish (Danio rerio).
Comp Biochem Physiol C: Toxicol Pharmacol 153:91-98

Hertzberg RC, Teuschler LK (2002) Evaluating quantitative formulas
for dose—response assessment of chemical mixtures. Environ
Health Perspect 110(Suppl 6):965-970

Hornhardt S, Gomolka M, Walsh L, Jung T (2006) Comparative
investigations of sodium arsenite arsenic trioxide and cadmium
sulphate in combination with gamma-radiation on apoptosis,
micronuclei induction and DNA damage in a human lymphoblas-
toid cell line. Mutat Res 600:165-176

Ikushima T, Aritomi H, Morisita J (1996) Radioadaptive response:
efficient repair of radiation-induced DNA damage in adapted
cells. Mutat Res 358:193-198

Ishido M, Ohtsubo R, Adachi T, Kunimoto M (2002) Attenuation of
both apoptotic and necrotic actions of cadmium by Bcl-2. Environ
Health Perspect 110:37-42

@ Springer

Iyer R, Lehnert BE (2002) Alpha-particle-induced increases in the radio-
resistance of normal human bystander cells. Radiat Res 157:3—7

Jacobson MD, Weil M, Raff M (1997) Programmed cell death in
animal development. Cell 88:347-354

Kim MS, Kim BJ, Woo HN, Kim KW, Kim KB, Kim IK, Jung YK
(2000) Cadmium induces caspase-mediated cell death: suppres-
sion by Bcl-2. Toxicology 145:27-37

McAleer MF, Davidson C, Davidson WR, Yentzer B, Farber SA,
Rodeck U, Dicker AP (2004) Novel use of zebrafish as a verte-
brate model to screen radiation protectors and sensitizers. Int J
Radiat Oncol Biol Phys 61:10-13

McAleer MF, Duffy KT, Davidson WR, Kari G, Dicker AP, Rodeck U,
Wickstrom E (2006) Antisense inhibition of cyclin D1 expression
is equivalent to flavopiridol for radiosensitization of zebrafish
embryos. Int J Radiat Oncol Biol Phys 66:546-551

Mei J, Zhang Q-Y, Li Z, Lin S, Gui J-F (2008) C1q-like inhibits p53-
mediated apoptosis and controls normal hematopoiesis during
zebrafish embryogenesis. Dev Biol 319:273-284

Meplan C, Mann K, Hainaut P (1999) Cadmium induces conformational
modifications of wild-type p53 and suppresses p53 response to
DNA damage in cultured cells. J Biol Chem 274:31663-31670

Mirkes PE (2002) 2001 Warkany lecture: to die or not to die, the role of
apoptosis in normal and abnormal mammalian development. Ter-
atology 65:228-239

Miyachi Y, Kanao T, Okamoto T (2003) Marked depression of time
interval between fertilization period and hatching period follow-
ing exposure to low dose X-rays in zebrafish. Environ Res
93:216-219

Mothersill C, Salbu B, Heier LS, Teien HC, Denbeigh J, Oughton D,
Rosseland BO, Seymour CB (2007a) Multiple stressor effects of
radiation and metals in salmon (Salmo salar). J Environ Radioact
96:20-31

Mothersill C, Smith RW, Agnihotri N, Seymour CB (2007b) Charac-
terization of a radiation-induced stress response communicated in
vivo between zebrafish. Environ Sci Technol 41:3382-3387

Nikezic D, Yu KN (2004) Formation and growth of tracks in nuclear
track materials. Mater Sci Eng R 46:51-123

Olivieri G, Bodycote Y, Wolff S (1984) Adaptive response of human
lymphocytes to low concentrations of radioactive thymidine. Sci-
ence 223:594-597

Privezentsev KV, Sirota NP, Gaznev Al (1996) Effects of combined
action of Cd and gamma radiation on DNA damage and repair in
lymphoid tissues of mice. Radiats Biol Radioecol 36:234-240

Robertson JD, Orrenius S (2000) Molecular mechanisms of apoptosis
induced by cytotoxic chemicals. Crit Rev Toxicol 30:609-627

Salbu B, Denbeigh J, Snith RW, Heier LS, Teien HC, Rosseland BO,
Oughton D, Seymour CB, Mothersill C (2008) Environmentally
relevant mixed exposures to radiation and heavy metals induce
measurable stress responses in Atlantic salmon. Environ Sci
Technol 42:3441-3446

Salovsky P, Shopova V, Dancheva V, Marev R, Pandurska A (1993)
Enhancement of the pneumo-toxic effect of cadmium acetate by
ionizing radiation in the rat. Environ Health Perspect 101(Suppl
2):269-274

Sasaki MS, Ejima Y, Tachibana A, Yamada T, Ishizaki K, Shimizu T,
Nomura T (2002) DNA damage response pathway in radioadap-
tive response. Mutat Res 504:101-118

Sexton K, Hattis D (2007) Assessing cumulative health risks from
exposure to environmental mixtures—three fundamental ques-
tions. Environ Health Perspect 115:825-832

Shadley JD, Wolff'S (1987) Very low doses of X-rays can cause human
lymphocytes to become less susceptible to ionizing radiation.
Mutagenesis 2:95-96

Takahashi A (2001) Different inducibility of radiation or heat-induced p53-
dependent apoptosis after acute or chronic irradiation in human cul-
tured squamous cell carcinoma cells. Int J Radiat Biol 77:215-224



Environ Sci Pollut Res (2012) 19:3831-3839

3839

Tucker B, Lardelli MA (2007) Rapid apoptosis assay measuring rela-
tive acridine orange fluorescence in zebrafish embryos. Zebrafish
4:113-116

US EPA (2003) Framework for cumulative risk assessment. EPA/600/P-
02/001F. US Environmental Protection Agency, Washington, DC

Wang B, Ohyama H, Shang Y, Tanaka K, Aizawa S, Yukawa O,
Hayata 1 (2004) Adaptive response in embryogenesis: V. Exis-
tence of two efficient dose-rate ranges for 0.3 Gy of priming
irradiation to adapt mouse fetuses. Radiat Res 161:264-272

Wojcik A, Sauer K, Zolzer F, Bauch MWU (1996) Analysis of DNA
damage recovery processes in the adaptive response to ionizing
radiation in human lymphocytes. Mutagenesis 11:291-297

Yasuda T, Yoshimoto M, Maeda K, Matsumoto A, Maruyama K,
Ishikawa Y (2008) Rapid and simple method for quantitative

evaluation of neurocytotoxic effects of radiation on developing
Medaka brain. J Radiat Res 49:533-540

Yatagai F, Umebayashi Y, Honma M, Sugasawa K, Takayama Y,
Hanaoka F (2008) Mutagenic radioadaptation in a human lym-
phoblastoid cell line. Mutat Res 638:48-55

Yum EHW, Ng CKM, Lin ACC, Cheng SH, Yu KN (2007) Experi-
mental setup for studying the effects of alpha particles on zebra-
fish embryos. Nucl Instrum Methods B 264:171-176

Zakeri ZF, Ahuja HS (1997) Cell death/apoptosis: normal, chemically
induced, and teratogenic effect. Mutat Res 396:149-161

Zhou PK, Sun WZ, Liu XY, Zhang YP, Wei K (1992) Adaptive response
of mutagenesis and DNA double-strand break repair in mouse cells
induced by low dose of gamma-ray in low dose irradiation and
biological defense mechanisms. Elsevier, Amsterdam, pp 271-274

@ Springer



	Alpha radiation exposure decreases apoptotic cells in zebrafish embryos subsequently exposed to the chemical stressor, Cd
	Abstract
	Introduction
	Materials and methods
	Experimental animals
	Exposure protocol
	Priming exposure
	Challenging exposure
	Quantification of apoptotic signals
	Data analysis

	Results
	Discussion
	References


