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INTRODUCTION

The relationship between ionizing radiation (IR) and carcinogenesis is long established,
but recently the association between IR and other diseases is starting to be recognized.
Currently, there is limited information on the genetic mechanisms governing the role of
IR in non-cancer related adverse health effects and in regards to an early developmental
exposure. In this study, zebrafish embryos were exposed to a range of IR doses (0, 1, 2,
5, 10 Gy) at 26 h post fertilization (hpf). No significant increase in mortality or hatching
rate was observed, but a significant decrease in total larval length, head length, and
eye diameter was observed in the 10 Gy dose. Transcriptomic analysis was conducted
at 120 hpf to compare gene expression profiles between the control and highest IR dose
at which no significant differences were observed in morphological measurements (5 Gy).
253 genes with well-established function or orthology to human genes were significantly
altered. Gene ontology and molecular network analysis revealed enrichment of genes
associated with cardiovascular and neurological development, function, and disease.
Expression of a subset of genetic targets with an emphasis on those associated with the
cardiovascular system was assessed using Quantitative PCR (gPCR) to confirm altered
expression at 5 Gy and then to investigate alterations at lower doses (1 and 2 Gy). Strong
correlation between microarray and gPCR expression values was observed, but zebrafish
exposed to 1 or 2 Gy resulted in a significant expression alteration in only one of these
genes (LIN7B). Moreover, heart rate was analyzed through 120 hpf following IR dosing
at 26 hpf. A significant decrease in heart rate was observed at 10 Gy, while a significant
increase in heart rate was observed at 1, 2, and 5 Gy. Overall these findings indicate IR
exposure at doses below those that induce gross morphological changes alters heart rate
and expression of genes associated with cardiovascular and neurological functions.
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and nervous system diseases (Kim et al., 2008; Sanchez et al.,
2009; McGale et al., 2011; Boerma, 2012). Data obtained from

Humans are continuously exposed to ionizing radiation (IR)
through many sources. Two of the main exposures are related
to background environmental sources and medical procedures.
In the United States the average annual radiation dose received
by the general public increased from 3.6 to 6.2 mSv since the
1980s mainly due to the significant increase of exposure to
medical procedures (NCRP, 2009). The most common and well-
studied health effect of IR is cancer, but recently the adverse
health effects of IR exposure in other diseases are beginning to
be realized. The strongest links to date include cardiovascular

Abbreviations: ANOVA, analysis of variance; bpm, beats per minute; hpf, hours
post fertilization; IR, ionizing radiation; LSD, least significant difference; qPCR:
quantitative PCR.

atomic bomb survivors, radiotherapy patients, and occupation-
ally exposed radiation workers found an excess relative risk of
circulatory disease ranging from 3 to 19% per Gy among different
study populations (Little et al., 2010). Baker et al. (2011) exam-
ined the risk for developing cardiovascular disease from a wide
range of radiation sources and suggested an association between
cardiovascular disease and IR exposure not only at high doses,
but also at low-to-moderate doses. In a recent review on the
pathology, radiobiology, cardiology, radiation oncology, and epi-
demiology regarding radiation-related heart disease, the authors
concluded that there is strong evidence of increased radiation-
related heart disease with a longer latency period for lower dose
levels (Darby et al., 2010). Studies also report a subtle effect on
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cognitive functioning in adolescents exposed to low-dose radi-
ation in utero (Bar Joseph et al., 2004; Heiervang et al., 2010),
although this effect is not shown in subjects who are exposed dur-
ing adulthood (Yamada et al., 2002; Brummelman et al., 2011).
Despite this strong evidence, there are major gaps in the current
knowledge regarding a threshold dose of IR that induces cardio-
vascular disease and cognitive disorders. Current consensus in the
literature indicates adverse cardiovascular effects are associated
with IR doses greater than 2 Gy total body irradiation (Preston
et al., 2003), while cardiovascular injury is observed at doses as
low as 0.5 Gy (Shimizu et al., 2010). Less is known about the
threshold dose related to neurological impacts and is being con-
tinually investigated (Mizumatsu et al., 2003; Achanta et al., 2007;
Atwood et al., 2007).

The molecular and genetic mechanisms underlying the non-
carcinogenic adverse health effects of IR are not well understood.
Several mechanisms are suggested regarding radiation-related
heart disease including macrovascular injury that accelerates
age-related atherosclerosis leading to cardiovascular disease
and microvascular injury that reduces capillary density leading
to cardiovascular disease (Little et al., 2010). The pathways
to these effects involve many biological responses including
inflammation, antioxidative defense, endothelium signaling,
and calcium regulation. In regards to the effects of IR on cog-
nitive function, the proposed mechanisms include alteration of
neuronal responses (Sanchez et al., 2009), modified antioxidant
defenses (Di Toro et al., 2007), and other changes in specific
molecular pathways (Verheyde and Benotmane, 2007). Overall
a change in the normal and physiological levels of an organism
to environmental stressors is ultimately a result of changes at
the molecular and cellular levels. Moreover, the understanding
of the immediate IR induced biological responses at the genetic
level that trigger processes leading to short term and long term
adverse health impacts such as those to the cardiovascular and
neurological systems are not known. These genetic changes
can be detected using transcriptomic technologies that permit
thousands of genes to be analyzed in a single step to portray a
genome-wide view of gene expression alterations. Few studies
to date have used these technologies to identify transcriptomic
signatures and genetic biomarkers related to IR exposure (Yin
et al., 2003; Amundson et al., 2004; Dressman et al.,, 2007;
Meadows et al., 2008, 2010; Lowe et al., 2009; Morandi et al.,
2009; Kabacik et al., 2011; Wyrobek et al., 2011; Jaafar et al.,
2013). These studies are starting to elucidate genetic targets
associated with IR induced alterations, but were conducted
in either cell culture systems, mature models, or from adult
human peripheral blood samples. Thus, currently there is limited
information on the genetic mechanisms of immediate and latent
alterations associated with IR exposure during embryogenesis.
Moreover, these studies are generally broad focused with minimal
information regarding the association between IR exposure and
cardiovascular or neurological alterations.

In this study, we first irradiated zebrafish embryos at different
doses to establish IR toxicity and assess morphological alter-
ations to establish baseline toxicity in our laboratory conditions
following IR exposure at the specific developmental time point.
The zebrafish is a complementary vertebrate model to assess the

impacts of developmental exposures to environmental stressors.
Zebrafish gained popularity in developmental and toxicological
studies because of their rapid ex utero embryonic development
that simplifies dosing (Hill et al., 2005). In addition, their
near-transparent chorion permits visualization of morphological
structures and internal organs including the brain, eyes, liver,
kidney, and heart with a light microscope throughout the entire
embryonic period. Moreover, a finished genome sequence and
conserved genetic function between the zebrafish and human
genomes permit translation of molecular mechanisms of toxicity
observed in the zebrafish model system to humans (Barbazuk
etal., 2000; Howe et al., 2013). Several zebrafish orthologs known
to play key roles in human diseases are identified and mutations
in these genes display phenotypes similar to those present
in human diseases including cardiovascular and neurological
alterations (Stainier et al., 1996; Dooley and Zon, 2000; Stainier,
2001; Incardona et al., 2004; Heideman et al., 2005; Peterson
etal., 2011).

Furthermore, zebrafish may serve as a complementary and
alternative model in light of current international discussions
to reduce, refine, and replace animal bioassays (e.g., those dis-
cussed in Marone et al., 2014). Animal models are currently
widely used in biological experiments. A dichotomy exists among
these animal models. Many higher phylogenetic animals are used
including mouse, rat, rabbit, canine, and non-human primates,
mainly due to the fact that they display strong similarities to
humans both in terms of their genetics and systems morphology.
Animal models represent a significant burden not only financially,
but also ethically in terms of the large number of higher order
animals manipulated and sacrificed. On the other end of the spec-
trum, cell culture models serve as alternatives to replace animal
model studies and have provided useful information, but are lim-
ited by the fact that only specific genetic pathways are applicable
to human health. The zebrafish has the potential to satisfy both
the need of an in vivo vertebrate model and to reduce the burden
of mammalian animal bioassays. Thus, in this study, after estab-
lishing a dose at which no gross morphological alterations were
observed, global gene expression analysis was performed using
the zebrafish model system to identify altered genetic targets and
pathways following the developmental IR exposure. The study
of gene expression is an important aspect of understanding the
genetic mechanisms associated with IR injury as differential gene
expression plays a major role during critical periods of rapid cell
growth in early development. Lastly, the functional implication of
the immediate and later in development impacts of an embryonic
IR exposure on heart rate was assessed to link identified genetic
targets and functional consequences.

MATERIALS AND METHODS

ZEBRAFISH HUSBANDRY

Adult zebrafish (Danio rerio) of the wild-type AB strain were
housed on a 14:10h light:dark cycle. Water temperature was
maintained at 28°C with a pH of 7.2 and a conductivity range
of 470-520 uS. Fish were maintained and bred according to
established protocols (Westerfield, 2007; Peterson et al., 2011).
Fertilized embryos were collected at 1h post fertilization (hpf),
rinsed, sorted into individual wells of 96-well plates or into groups
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of 50 in petri dishes, and placed at 28°C until experimental
use. Embryos were attained from multiple clutches for each
experimental procedure. All animal protocols were approved and
performed in accordance with Purdue University’s Institutional
Animal Care and Use Committee guidelines.

RADIATION DOSING, TOXICITY, AND MORPHOLOGICAL
MEASUREMENTS AT 1, 2,5, AND 10 Gy THROUGH 120 hpf

Zebrafish embryos in 96-well plates were irradiated at 26 hpf
inside a Co-60 irradiator. All IR doses were given in full.
Treatment groups of 1, 2, 5, or 10 Gy were irradiated for the
appropriate length of time based on dose rate on day of dosing.
The control groups were mock irradiated by placing the samples
in the irradiator. Embryos were collected from different clutches
on different days and irradiation repeated for each of these groups
of embryos. Hatching rate and mortality were monitored daily
throughout the developmental time course. At 120 hpf, morpho-
logical features were measured on multiple larvae from each treat-
ment in each group using light microscopy on a Nikon SMZ1500
dissecting scope with NIS Elements imaging software (Melville,
NY). Endpoints measured were eye diameter, head length, and
total larval length (measured snout to tail). Morphological mea-
surements were analyzed with an analysis of variance (ANOVA)
and a post-hoc least significant difference (LSD) test (p < 0.05)
with SAS software (version 9.2, SAS Institute Inc., Cary, NC)
when a significant ANOVA was observed.

TRANSCRIPTOMIC ANALYSIS AT 5 Gy AT 120 hpf

Transcriptomic microarray analysis was conducted to compare
gene expression profiles between the control and highest IR dose
at which no significant differences were observed in gross mor-
phological measurements (5 Gy) following similar parameters as
described previously (Peterson et al., 2011; Weber et al., 2013).
Zebrafish were irradiated (5 Gy treatment) or mock irradiated
(control treatment) at 26 hpf in groups of 50 in petri dishes (con-
sidered as subsamples). IR doses were given in full. At 120 hpf,
larvae in each petri dish were pooled and homogenized in Trizol
(Invitrogen, Carlsbad, CA) and flash frozen in liquid nitrogen.
Three biological replicates (each consisting of 50 pooled larvae
from separate clutches) were included. We have found in previous
studies that pooling embryos and larvae aids in reducing biolog-
ical variability allowing for a smaller sample size for microarray
analysis (please see Peterson et al., 2011 and Weber et al., 2013
for examples of past studies in which this practice was success-
fully applied). Samples were stored at —80°C until RNA isolation
was performed. Total RNA was isolated from larvae and converted
to cDNA following established protocols (Peterson and Freeman,
2009a). Transcriptomic microarray analysis was conducted to
compare gene expression profiles between the control and high-
est IR dose at which no significant differences were observed in
gross morphological measurements (5 Gy) on the three biological
replicates (n = 3). Microarray analysis was performed accord-
ing to Peterson and Freeman (Peterson and Freeman, 2009b)
with the zebrafish 385K expression platform (Roche NimbleGen,
Madison, WI) using the one-color hybridization strategy. This
platform contains 385,000 60-mer probes interrogating 37,157
targets with up to 12 probes per target. Following hybridization,

arrays were washed and scanned at 5 microns using a GenePix
4000B array scanner (Molecular Devices, Sunnyvale, CA). Array
image data was extracted using the NimbleScan software program
(Roche NimbleGen, Madison, WI). Fluorescence signal inten-
sities were normalized using quantile normalization (Bolstad
et al., 2003) and gene calls generated using the Robust Multichip
Average algorithm (Irizarry et al., 2003) following manufacturer
recommendations.

Further statistical processing of the array data was performed
with Array Star (DNASTAR, Inc., Madison, WI) and Ingenuity
Pathway Analysis software (Ingenuity Systems, Redwood City,
CA) to identify specific genes and molecular pathways altered
following IR exposure. A robust and reproducible list of dif-
ferentially expressed genes using recommendations from the
Microarray Quality Consortium (Guo et al., 2006; Shi et al., 2006)
was first determined by genes consistently expressed (Students
t-test, p < 0.05) and substantially altered with a mean absolute
log, expression ratio of at least 0.585 (50% increase or decrease in
expression). Genes identified to have significantly altered expres-
sion profiles were imported into Ingenuity Pathway Analysis for
gene ontology and molecular pathway analysis following similar
parameters as described in Peterson et al. (2011). All genes were
converted and are reported as human homologs.

Quantitative PCR (qPCR) was performed on a subset of
selected genes identified in the genomic microarray analysis with
an emphasis on genes associated with cardiovascular develop-
ment, function, and disease on the same samples used in the
microarray analysis. Probes specific for target genes were designed
using the Primer3 website (Rozen and Skaletsky, 2000). Target
genes and associated primer sequences were CACNA1D (forward-
AGGTCACCAAAGAGAAGACTGC, reverse-GAGGAAGATCGT
CTTGACTGCT), GUCYIB3 (forward-GAGAGAGAGGGTCTT
CAGGACA, reverse-CCTCAAAACCATCCAAGTCTTC), LIN7B
(forward-TGTTGTGTTCTTCTGTGGAACC, reverse-ATTTGCA
CTATCCAGCCAATTT), NTRK3 (forward-AAGTCCTCTCC
ATCACGTCAAT, reverse- CTTGTTACAGTTGTGCCCATGT),
PBX3  (forward-ATCCTCTGTGATCTCCCCTACA, reverse-
GTGGAAAAGTGGATGATTCCAT), and PTPRE (forward-AT
AAACTCCACAACACGCACAC, reverse-GATTTCCGGTTCTC
ATGTTCTC). Similar to as performed in previous studies in
our laboratory (e.g., Peterson et al.,, 2011, 2013; Zhang et al,,
2011a; Weber et al., 2013; Wirbisky et al., 2014) several genes
were assessed to determine the best reference gene to be used
for this data set (data not shown). B-actin was found to be
the most consistent and least variable for this analysis. The
primer sequence for B-actin was the same as used in previous
studies (e.g., Weber et al., 2013): forward-CTAAAAACTGGAAC
GGTGAAGG and reverse-AGGCAAATAAGTTTCGGAACAA.
qPCR was performed on a CFX Connect™ Real-Time PCR
Detection System (Biorad, Hercules, CA) using the iQ SYBR
Green Supermix kit (Biorad, Hercules, CA) following similar
methods as previously described (Peterson et al., 2011; Zhang
et al., 2011a) following MIQE guidelines (Bustin et al., 2009).
The cycling parameters included a 3 min. incubation phase at
95°C, 40 cycles of 95°C for 10s, 60°C for 30's, and 72°C for 30s.
Experimental samples were run in triplicate (technical replicates)
and gene expression was normalized to B-actin. Efficiency and
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specificity were checked with melting and dilution curve analysis
and no-template controls. Three biological replicates (n = 3)
were analyzed and compared between the control and 5 Gy
treatment to confirm gene expression alterations detected in
the microarray analysis. An evaluation of linear correlation
was performed and statistical significance of the correlation
determined with a Pearson’s correlation coefficient test using SAS
software (p < 0.05) as described previously (Weber et al., 2013).
For the correlation analysis, data input was log, expression ratio
for the microarray data and ratio of relative expression for the
qPCR data for each gene.

GENE EXPRESSION ANALYSIS AT 1 AND 2 Gy AT 120 hpf

To further investigate expression alterations in genes associated
with cardiovascular development, function, and disease IR dos-
ing was repeated at 0, 1, or 2 Gy at 26 hpf. All IR doses were given
in full. Total RNA was isolated at 120 hpf from zebrafish larvae
and converted to cDNA as described above. Data was analyzed
with an ANOVA and a post-hoc LSD test (p < 0.05) with SAS soft-
ware (version 9.2, SAS Institute Inc., Cary, NC) when a significant
ANOVA was observed. Five biological replicates were included.

HEART RATE ANALYSIS AT 1, 2, 5, AND 10 Gy THROUGH 120 hpf

A baseline heart rate was measured visually with a light micro-
scope at 24 hpf following a 15 min acclimation to room tempera-
ture (26°C). The number of heart beats was counted duringa 10s
interval on all fertilized embryos and converted to heart beats per
min (bpm). Zebrafish embryos were irradiated following mea-
surement of baseline heart rate at 26 hpf as described above in
96-well plates. Embryos were collected from different clutches on
different days and irradiation repeated for each of these groups of
embryos. Treatment groups included irradiation at 1, 2, 5, and
10 Gy and a mock irradiated control group. All IR doses were
given in full. The number of bpm was collected on the same indi-
viduals at multiple time points throughout development (26, 48,
72, and 120 hpf) as was performed to attain the baseline measure-
ment and converted to bpm. All values are expressed as mean +
standard deviation. An ANOVA with a repeated measures test
was used to analyze bpm among the different developmental time
points with SAS software (p < 0.05).

RESULTS

TOXICITY AND MORPHOLOGICAL ALTERATIONS AT 1, 2, 5, AND 10 Gy
THROUGH 120 hpf

A time course study at multiple IR doses was first conducted to
determine toxicity and a threshold dose for gross morphological
alterations. No significant difference was observed in mortality
throughout the developmental time course with survival rates
in all doses above 90% (Table1). In addition, no significant
difference was observed in hatching rate with over 95% of the
individuals hatched by 72 hpf in all doses (Table 1). At 120 hpf
gross morphological malformations were assessed and whole lar-
val length, head length, and eye diameter were measured. A
significant decrease in whole larval length, head length, and eye
diameter was observed only in the 10 Gy dose (Figure 1) along
with an increased frequency of general malformations including
bent bodies and tails and pericardial edema.

Table 1 | Survival and hatching rate of zebrafish following
developmental IR exposure.

IR dose (Gy) Survival rate (%) Hatching rate at 72 hpf (%)?
0 93.8 97.8
1 97.9 97.9
2 100.0 95.7
5 95.6 100.0
10 92.2 100.0

@Hatching rate is calculated only with surviving zebrafish.

GENE EXPRESSION ANALYSIS AT 5 Gy AT 120 hpf

From the overt toxicity assessment and the gross morphological
measurements, transcriptomic microarray analysis was subse-
quently conducted to compare gene expression profiles of the
highest IR dose at which no gross morphological alterations were
observed (5 Gy) and the control treatment. Transcriptomic anal-
ysis performed at 120 hpf resulted in a scatter plot with an R? cor-
relation of 0.942 (Figure 2A). A total of 609 probes were altered
with 65.5% of the probes down-regulated (399 probes) and 34.5%
of the probes up-regulated (210 probes) (Supplementary Table
1). After accounting for redundant probes that targeted identical
genes and removing probes targeting hypothetical proteins with-
out substantial function or ontology information, annotation and
pathway information was available for 253 genes orthologous
to human genes with established functions. 65.2% of the genes
(165 genes) were down-regulated, while 34.8% of the genes (88
genes) were up-regulated (Supplementary Table 2). Gene ontol-
ogy analysis using Ingenuity Pathway Software classified genes
into nonexclusive categories corresponding to cardiovascular dis-
ease, neurological and psychological disease, skeletal and muscle
disorders, and genetic disorders as well as several molecular
and cellular functions and physiological system development and
function (Table 2). In addition, the top canonical pathways were
synaptic long term depression (p = 1.35E-04), calcium signaling
(p = 2.66E-04), CXCR4 signaling (p = 4.73E-04), HIF1a signal-
ing (p = 7.16E-04), and synaptic long term potentiation (p =
1.05E-03). Genes with the greatest change in expression included
LIN7B with an average log, expression ratio of 3.510, GPR24 with
an average log, expression ratio of 3.150, RLN3 with an average
log, expression ratio of -2.263, and GANC with an average log,
expression ratio of —2.012.

Considering that one of the key enriched pathways in our
genomic microarray analysis was cardiovascular disease and
that recent studies indicate an association with IR exposure
and cardiovascular disease (Darby et al., 2010; Little et al,
2010; Baker et al., 2011; McGale et al., 2011), a subset of
genes with emphasis on those involved in cardiovascular devel-
opment, function, and disease were chosen for confirmation
of the microarray analysis using qPCR. Genes associated with
cardiovascular development, function, or disease and cho-
sen for qPCR analysis were CACNA1D, GUCYIB3, NTRKS3,
PBX3, and PTPRE (Table 3). In addition, LIN7B was also ana-
lyzed. The linear relationship between the microarray data
and the qPCR relative expression ratio was analyzed using
Pearson’s correlation coefficient. A statistically significant positive
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FIGURE 1 | Gross morphological measurements at 120 hpf.
Malformations and gross morphological measurements were assessed at
120 hpf in the control (A), 1 Gy (B), 2 Gy (C), 5 Gy (D), and 10 Gy (E)
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treatments. A significant decrease in body length, head length, and eye
diameter was seen only in the 10 Gy treatment compared to the control
treatment (F). (n = 10-12; *p < 0.05; error bars depict standard deviation).
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FIGURE 2 | Transcriptomic and qPCR comparative analysis at 5 Gy.
Mean intensity values for each probe are plotted with IR dosed larvae
(y-axis) against control treatment (x-axis) (A). Using set criteria 609
probes were altered at the 5 Gy dose. gPCR analysis was performed to
compare gene expression changes detected on the microarray on six
gene targets. A linear correlation was completed and statistical
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significance of the correlation determined using the Pearson's correlation
coefficient test (B). The data were statistically significant with a positive
correlation between the microarray data and the gqPCR data (RZ = 0.99,
R =0.995; p < 0.0001). The values for the microarray data are logy
expression values and for gPCR is the ratio of relative expression
against B-actin. (n=3).

correlation between these two data sets (R = 0.99, R = 0.995;
p < 0.0001, Figure 2B) was observed confirming gene expression
alterations.

GENE EXPRESSION ANALYSIS AT 1 AND 2 Gy AT 120 hpf

To investigate alterations of CACNAID, GUCYIB3, LIN7B,
NTRK3, PBX3, and PTPRE at lower IR doses, irradiation was
repeated, and qPCR used to investigate gene expression alter-
ations at 120 hpf at 1 and 2 Gy. No significant difference in gene
expression was observed at these lower IR doses for CACNAID
(p =0.1981), GUCY1B3 (p = 0.4198), NTRK3 (p = 0.9893),
PBX3 (p = 0.2534), or PTPRE (p = 0.9437), but a significant
decrease in expression at both 1 and 2 Gy was observed for LIN7B
(p = 0.0224) (Figure 3).

HEART RATE ALTERATIONS AT 1, 2, 5, AND 10 Gy

To further investigate cardiovascular functional alterations asso-
ciated with the IR doses used in our study, heart beat rate was
measured at multiple time points throughout the developmental
time course following IR exposure. During zebrafish development
the initial peristaltic waves of contraction drive circulation and
a heartbeat is visible by 24 hpf. Thus, a baseline heart rate mea-
sured as bpm was measured immediately preceding irradiation
at 26 hpf. Heart rate was then measured in the same individual
zebrafish at multiple time points throughout the developmen-
tal time course (26 hpf—immediately following irradiation, 48,
72, and 120 hpf). Similar to as reported in other studies, heart
rate in our control treatment increased during development until
reaching 180-200bpm at 72hpf (Glickman and Yelon, 2002;
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Table 2 | Gene ontology of altered genes at 120 hpf in the 5 Gy

treatment.

Biological function category p-value? Number of
genes®

DISEASES AND DISORDERS

Psychological disorders 3.43E-11—1.41E-02 64

Neurological disease 4.35E-11—1.41E-02 18

Skeletal and muscular disorders 3.61E-09—1.41E-02 95

Cardiovascular disease 3.51E-08—1.41E-02 77

Genetic disorders 6.22E-08—1.41E-02 161

MOLECULAR AND CELLULAR FUNCTIONS

Cell-to-cell signaling and 1.74E-07—1.41E-02 41

interaction

Cellular assembly and 2.71E-05—1.41E-02 40

organization

Cellular function and maintenance  2.99E-05—1.41E-02 31

Small molecule biochemistry 2.99E-05—1.41E-02 41

Gene expression 1.98E-04—1.41E-02 7

PHYSIOLOGICAL SYSTEM DEVELOPMENT AND DISEASE

Nervous system development 1.71E-05—1.41E-02 45

and function

Tissue development 2.71E-05—1.41E-02 54

Behavior 4.02E-05—1.17E-03 27

Cardiovascular system 4.65E-05—1.41E-02 23

development and function

Skeletal and muscular system 1.69E-04—1.41E-02 18

development and function

@Derived from the likelihood of observing the degree of enrichment in a gene
set of a given size by chance alone.

bClassified as being differentially expressed that relate to the specified function
category. A gene may be present in more than one category.

Incardona et al., 2004). Alterations in heart rate were dependent
on dose with a significant increase in heart rate observed at 1, 2,
and 5 Gy, while a significant decrease in heart rate was present
in zebrafish irradiated at 10 Gy (Figure 4). Thus, irradiation at
26 hpf had significant and lasting alterations in heart rate.

DISCUSSION

IR is long established as a carcinogen with most studies focus-
ing on DNA damage and mutations. Currently there are major
knowledge gaps in characterizing the genetic and molecular
mechanisms governing the relationship between IR exposure and
diseases other than cancer. Recently, additional adverse health
effects of IR were realized including alterations to the cardiovas-
cular and nervous systems. Moreover, there is limited information
on the immediate and latent effects of an embryonic exposure to
these biological systems. To begin to elucidate IR toxicity in this
study we first exposed embryonic zebrafish at 26 hpf to a range
of IR doses to establish toxicity at doses that represent sublethal
to potentially lethal whole body doses in humans. Zebrafish were
observed through the developmental time course through 120 hpf
and no significant increase in mortality or alterations in hatching
rate was observed at any of the doses. In addition, an increase in
malformations and a significant difference in morphology were

only observed at 10 Gy. This initial toxicity assay provided base-
line toxicity of IR in our laboratory at the specific doses at the
specific developmental time point of exposure for comparison to
previous completed studies with the zebrafish model system. Our
findings are similar to those reported in the literature for radia-
tion exposure at this developmental time point, while exposure at
earlier developmental stages is reported as more toxic (McAleer
et al., 2005; Geiger et al., 2006; Pereira et al., 2011). McAleer et al.
(2005) and Geiger et al. (2006) observed that lethal effects of IR
were inversely proportional to embryonic age with earlier embry-
onic stages (e.g., 2—6 hpf) being more sensitive to lethality than
later embryonic stages (e.g., 8-24 hpf).

Previous studies using the zebrafish model system to evalu-
ate ionizing radiation exposure have been used to assess general
toxicity (e.g., mortality, hatching rates, gross morphological alter-
ations, DNA damage, and apoptosis) (e.g., Bladen et al., 2007;
Choi et al., 2010a,b, 2012a, 2013; Pereira et al., 2011; Sorrells
et al., 2012; Yu et al., 2012; Toruno et al., 2014), to screen radi-
ation protectors (McAleer et al., 2005; Geiger et al., 2006), and
to assess the long-term effects on liver gene expression (Jaafar
et al., 2013). To the best of our knowledge, no work is pub-
lished on the effect of IR to heart rate using the zebrafish model.
Heart rate is closely associated with cardiovascular function and
the zebrafish near-transparent chorion permits visualization of
internal organs including the heart during embryogenesis; hence,
it is desirable to investigate how IR affects heart rate. During
zebrafish development the initial peristaltic waves of contraction
drive circulation and a heartbeat is visible by 24 hpf. Heart rate
increases through the developmental time course until reaching
180-200 bpm between 48-72 hpf similar to what was observed
in the fish in the control treatment (Glickman and Yelon, 2002;
Incardona et al., 2004). At 120 hpf the heart has two chambers,
the atrium and the ventricle. The atrium is located to the left and
slightly posterior to the ventricle and the bulbus arteriosus is next
the ventricle. Blood flows from the atrium to the ventricle and
then through the bulbus ateriosus. Although the zebrafish heart
is two-chambered compared to the four-chambered mammalian
heart, the many processes of cell migration and differentiation
involved in forming the zebrafish heart are parallel to those in
mammalian heart development (Stainier, 2001). In this study an
initial heart rate was attained at 24 hpf to attain a baseline heart
rate prior to the IR exposure at 26 hpf. Heart rate analysis was
conducted at multiple time points throughout the developmental
time course and a significant decrease observed at 10 Gy, while a
significant increase in heart rate was observed at 1, 2, and 5 Gy.
While it can be concluded that the decrease in heart rate at 10 Gy
is related to the gross malformations observed, the mechanism for
the increase of heart rate at lower doses requires further investi-
gation. Another potential mechanism for the increase and then
decrease in heart rate could be explained by hormesis. Hormetic
effects associated with exposure to alpha particles and microbeam
photons were recently observed in zebrafish embryos (Choi et al.,
2012a,b). Nonetheless, the increase in heart rate indicates a last-
ing cardiovascular impact of the developmental IR exposure and
potential subtle alterations.

Zebrafish larvae at 120hpf exposed to the highest dose
of IR at which no significant difference was observed in
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Table 3 | Genes targeted for gPCR and their associated functions.

SEQID Gene symbol Function and/or association with cardiovascular References
development, function, and disease®
OTTDART00000001972 CACNA1D Significant role in sinoatrial and atrioventricular nodes Mancarella et al., 2008; Qu et al., 2011; Zhang
function and in atrial fibrillation etal., 2011b
ENSDART00000102452  GUCY1B3 Involved in development of atrioventricular canal andisa  Groneberg et al., 2010; Chang et al., 2011; Ehret
genetic variant associated with regulation of blood etal., 2011
pressure and hypertension
OTTDART00000024789  LIN7B Neurological system Jo et al.,, 1999; Sudo et al., 2006
ENSDART00000091728  NTRK3 Pathogenic copy number variant in congenital heart Srivastava and Olson, 1996; Dimberg et al.,
disease and multiple congenital anomalies, involved in 1997; Lin et al., 2000; Kawaguchi-Manabe et al.,
heart development, and down regulated in cardiac 2007; Goldmuntz et al., 2011
hypertrophy
Z\V/700S00006338 PBX3 Down regulation associated with cardiac defects Stankunas et al., 2008
representing developmental abnormalities affecting
distinct stages of cardiac outflow tract development and
corresponds to specific types of human congenital
cardiac defects
OTTDART00000011315 PTPRE Role in cardiac excitability Tiran et al., 2003

@[ IN7B is not previously associated with cardiovascular development, function, or disease.

malformations and morphology (5 Gy) were used for tran-
scriptomic analysis to determine genetic targets and molecular
pathways altered. Applying criteria from the Microarray Quality
Control Consortium (Guo et al., 2006; Shi et al., 2006) a multi-
tiered statistical processing approach was used and identified
a differentially expressed gene list of 253 genes orthologous to
human genes with established functions. As observed in past
studies in our laboratory when evaluating transcriptome changes
at doses below those that cause gross morphological malfor-
mations, gene expression changes were not of high magnitude
(Peterson et al., 2011; Weber et al., 2013). As such to eliminate
inflation of the false negative rate for this data set a Bonferroni
correction test was not applied (please see Norris and Kahn,
2006 for a discussion of multiple correction tests not being
applied in the analysis when gene expression changes are sub-
tle and of smaller magnitude such as those observed in this
study).

LIN7B, GPR24, RLN3, and GANC were the genes with the
greatest magnitude of expression differences. LIN7B encodes a
protein involved in protein binding and maintaining distribu-
tion of channels and receptors in the cell membrane and is
involved in neurotransmitter secretion with previous association
with schizophrenia. The protein encoded by GPR24 is a mem-
ber of the G protein-coupled receptor family 1 and is an integral
plasma membrane protein which binds to melanin-concentrating
hormone. The protein can inhibit cAAMP accumulation and stim-
ulate intracellular calcium flux. RLN3 belongs to the family of
relaxins that are endocrine and autocrine/paracrine hormones
belonging to the insulin gene superfamily. In humans there are
three non-allelic relaxin genes, RLNI, RLN2, and RLN3. While
RLNI1 and RLN2 share high sequence homology, RLN3 does
not. Relaxin has roles in the male and female reproductive sys-
tem and also in regulating blood pressure, controlling heart
rate, and releasing oxytocin and vasopressin. GANC encodes a
glycosyl hydrolase enzyme that hydrolyzes the glycosidic bond

between two or more carbohydrates or between a carbohydrate
and non-carbohydrate moiety. This enzyme is key in glycogen
metabolism and is associated with susceptibility to diabetes.

Few studies to date utilized transcriptomic technologies to
investigate genetic mechanisms of IR response on non-cancer
related health effects. These studies were conducted at a range of
doses and in a variety of systems. All studies were conducted in
either cell culture systems, in mature rodent models, or from adult
human blood samples. Regardless, the differentially expressed
gene list from this study was compared to each of these studies.
There was minimal overlap between our differentially expressed
gene list and those from the other studies. These differences are
most likely due to the age of individuals, tissue analyzed, or in
relation to dose response. There were similarities in up regulation
of CCNG1, MDM2, and RPS27L and down regulation of MAPK10
and PAM in previous studies with human lymphocytes and whole
blood analysis (Fachin et al., 2007; Kabacik et al., 2011; Wyrobek
etal., 2011). In addition, there was some overlap in genetic targets
associated with cognitive function and neurological disease (e.g.,
GRIA3 and GRINI) in one study that analyzed 8—10 weeks male
mice brain tissue 4 h after exposure to 0.1 or 2 Gy (Lowe et al,,
2009). Furthermore, although there is limited overlap in the spe-
cific genetic targets, the top canonical pathways identified in our
study and in the lower dose of 0.1 Gy are similar (i.e., synaptic
long term depression and synaptic long term potentiation).

The dose of 5 Gy, albeit a higher dose of IR, was chosen
for transcriptomic analysis as the highest dose for which no
gross morphological measurements were observed and served
as a starting point for this study for the assessment of gene
expression alterations. To further investigate gene expression
alterations, targeted expression analysis of five genes associated
with cardiovascular functions and LIN7B was completed at 1 and
2 Gy. A significant decrease in expression of LIN7B was observed
at both 1 and 2 Gy, while expression alterations were no longer
observed for CACNA1D, GUCY1B3, NTRK3, PBX3, and PTPRE.
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FIGURE 4 | Radiation induced alterations in heart rate in the zebrafish
at 26, 48, 72, and 120 hpf. At 26 hpf an increase in heart rate was observed
at 2 Gy, while a decrease occurred at 10 Gy. At 48 hpf an increase in heart
rate was observed at 2 and 5 Gy, while a decrease was seen at 10 Gy. At
72 hpf an increase in heart was observed at 1 and 2 Gy and the decrease in
heart rate was still observed at 10 Gy. At 120 hpf an increase in heart was
observed at 2 and 5 Gy, with a decrease in heart rate at 10 Gy. Overall
during the developmental time course an increase in heart rate was
observed at 1, 2, and 5 Gy, while a decrease in heart rate was seen at

10 Gy in comparison to the control. (n = 43-47; Different letters indicate
significant differences compared to control at each time point at p < 0.05;
error bars depict standard deviation).

Further work is needed to determine if overall enrichment of
gene expression alteration categories are similar at the lower IR
doses.

Overall this study indicates a developmental IR exposure at
doses below those that induce gross morphological changes alters
heart rate and expression of genes associated with cardiovascu-
lar and neurological development, function, and disease. This
study furthers our understanding of the immediate IR induced
biological responses during early development at the genetic
level that trigger processes leading to short term cardiovascu-
lar effects. Future work is needed to define enrichment of gene
expression alterations at the lower IR doses to provide additional
information on transcriptome changes, to further investigate the
functional impacts on the cardiovascular and nervous systems,
and the lifespan consequences of the developmental IR exposure.

ACKNOWLEDGMENTS

This work was supported by the Nuclear Regulatory Commission
(NRC) faculty development grant (NRC-11-G-38-0006) and
start-up funding from Purdue University to Jennifer L. Freeman
and Linda H. Nie.

Frontiers in Genetics | Toxicogenomics

August 2014 | Volume 5 | Article 268 | 8


http://www.frontiersin.org/Toxicogenomics
http://www.frontiersin.org/Toxicogenomics
http://www.frontiersin.org/Toxicogenomics/archive

Freeman et al.

Radiation exposure gene expression alterations

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://www.frontiersin.org/journal/10.3389/fgene.
2014.00268/abstract

REFERENCES

Achanta, P., Thompson, K. J., Fuss, M., and Martinez, J. L. (2007). Gene expression
changes in the rodent hippocampus following whole brain irradiation. Neurosci.
Lett. 418, 143-148. doi: 10.1016/j.neulet.2007.03.029

Amundson, S. A., Grace, M. B., McLeland, C. B., Epperly, M. W,, Yeager, A., Zhan,
Q., etal. (2004). Human in vivo radiation-induced biomarkers: gene expression
changes in radiotherapy patients. Cancer Res. 64, 6368-6371. doi: 10.1158/0008-
5472.CAN-04-1883

Atwood, T., Payne, V. S., Zhao, W., Brown, W. R., Wheeler, K. T., Zhu, J. M.,
et al. (2007). Quantitative magnetic resonance spectroscopy reveals a potential
relationship between radiation-induced changes in rat brain metabolites and
cognitive impairment. Radiat. Res. 168, 574-581. doi: 10.1667/RR0735.1

Baker, J. E., Moulder, J. E., and Hopewell, J. W. (2011). Radiation as a risk
factor for cardiovascular disease. Antioxid. Redox Signal. 15, 1945-1956. doi:
10.1089/ars.2010.3742

Barbazuk, W. B., Korf, 1., Kadavi, C., Heyen, J., Tate, S., Wun, E., et al. (2000).
The syntenic relationship of the zebrafish and human genomes. Genome Res.
10, 1351-1358. doi: 10.1101/gr.144700

Bar Joseph, N., Reisfeld, D., Tirosh, E., Silman, Z., and Rennert, G. (2004).
Neurobehavioral and cognitive performances of children exposed to low-dose
radiation in the Chernobyl accident: the Israeli Chernobyl Health Effects Study.
Am. ]. Epidemiol. 160, 453-459. doi: 10.1093/aje/kwh231

Bladen, C. L., Flowers, M. A., Miyake, K., Podolsky, R. H., Barrett, J. T., Kozlowski,
D.]J., etal. (2007). Quantification of ionizing radiation-induced cell death in situ
in a vertebrate embryo. Radiat. Res. 168, 149-157. doi: 10.1667/RR0803.1

Boerma, M. (2012). Experimental radiation-induced heart disease: past, present,
and future. Radiat. Res. 178, 1-6. doi: 10.1667/RR2933.1

Bolstad, B. M., Irizarry, R. A., Astrand, M., and Speed, T. P. (2003). A compari-
son of normalization methods for high density oligonucleotide array data based
on variance and bias. Bioinformatics 19, 185-193. doi: 10.1093/bioinformat-
ics/19.2.185

Brummelman, P., Elderson, M. E, Dullaart, R. P, van den Bergh, A. C., Timmer,
C. A, van den Berg, G., et al. (2011). Cognitive functioning in patients
treated for nonfunctioning pituitary macroadenoma and the effects of pitu-
itary radiotherapy. Clin. Endocrinol. (Oxf.) 74, 481-487. doi: 10.1111/j.1365-
2265.2010.03947.x

Bustin, S. A., Benes, V., Garson, J. A., Hellemans, J., Huggett, J., Kubista, M.,
et al. (2009). The MIQE guidelines: minimum information for publication
of quantitative real-time PCR experiments. Clin. Chem. 55, 611-622. doi:
10.1373/clinchem.2008.112797

Chang, A. C,, Fu, Y,, Garside, V. C,, Niessen, K., Chang, L., Fuller, M., et al. (2011).
Notch initiates the endothelial-to-mesenchymal transition in the atrioventricu-
lar canal through autocrine activation of soluble guanylyl cyclase. Dev. Cell 21,
288-300. doi: 10.1016/j.devcel.2011.06.022

Choi, V. WY, Cheng, S. H., and Yu, K. N. (2010a). Radioadaptive response induced
by alpha-particle-induced stress communicated in vivo between zebrafish
embryos. Environ. Sci. Technol. 44, 8829-8834. doi: 10.1021/es101535f

Choi, V. W. Y,, Cheung, A. L. Y, Cheng, S. H.,, and Yu, K. N. (2012a).
Hormetic effect induced by alpha-particle-induced stress communicated in vivo
between zebrafish embryos. Environ. Sci. Technol. 46, 11678-11683. doi:
10.1021/es301838s

Choi, V. W. Y., Lam, R. K. K., Chong, E. Y. W,, Cheng, S. H., and Yu, K. N.
(2010b). Designing experimental setup and procedures for studying alpha-
particle-induced adaptive response in zebrafish embryos in vivo. Nucl. Instrum.
Methods Phys. Res. B. 268, 651-656. doi: 10.1016/j.nimb.2009.12.002

Choi, V. W. Y,, Ng, C. Y. P, Kong, M. K. Y., Cheng, S. H., and Yu, K. N. (2013).
Adaptive response to ionizing radiation induced by cadmium in zebrafish
embryos. J. Radiol. Prot. 33, 101-112. doi: 10.1088/0952-4746/33/1/101

Choi, V. W. Y., Yum, E. H. W., Konishi, T., Oikawa, M., Cheng, S. H., and Yu, K. N.
(2012b). Triphasic low-dose radiation response in zebrafish embryos irradiated
by microbeam photons. J. Radiat. Res. 53, 475-481. doi: 10.1269/jrr.11146

Darby, S. C., Cutter, D. ], Boerma, M., Constine, L. S., Fajardo, L. E,
Kodama, K., et al. (2010). Radiation-related heart disease: current knowledge

and future prospects. Int. J. Radiat. Oncol. Biol. Phys. 76, 656—665. doi:
10.1016/j.ijrobp.2009.09.064

Dimberg, Y., Vazquez, M., Soderstrom, S., and Ebendal, T. (1997). Effects of
X-irradiation on nerve growth factor in the developing mouse brain. Toxicol.
Lett. 90, 35—43. doi: 10.1016/S0378-4274(96)03827-1

Di Toro, C. G., Di Toro, P. A., Zieher, L. M., and Guelman, L. R. (2007).
Sensitivity of cerebellar glutathione system to neonatal ionizing radiation expo-
sure. Neurotoxicology 28, 555-561. doi: 10.1016/j.neuro.2006.12.002

Dooley, K., and Zon, L. I. (2000). Zebrafish: a model system for the study of
human disease. Curr. Opin. Genet. Dev. 10, 252-256. doi: 10.1016/S0959-
437X(00)00074-5

Dressman, H. K., Muramoto, G. G., Chao, N. J., Meadows, S., Marshall, D.,
Ginsburg, G. S., et al. (2007). Gene expression signatures that predict radi-
ation exposure in mice and humans. PLoS Med. 4:e106. doi: 10.1371/jour-
nal.pmed.0040106

Ehret, G. B., Munroe, P. B., Rice, K. M., Bochud, M., Johnson, A. D., Chasman,
D. I, et al. (2011). Genetic variants in novel pathways influence blood pres-
sure and cardiovascular disease risk. Nature 478, 103—109. doi: 10.1038/nature
10405

Fachin, A. L., Mello, S. S., Sandrin-Garcia, P., Junta, C. M., Donadi, E. A., Passos,
G. A, et al. (2007). Gene expression profiles in human lymphocytes irradi-
ated in vitro with low doses of gamma rays. Radiat. Res. 168, 650-665. doi:
10.1667/RR0487.1

Geiger, G. A., Parker, S. E., Beothy, A. P, Tucker, J. A., Mullins, M. C., and Kao, G.
D. (2006). Zebrafish as a “biosensor”? Effects of ionizing radiation and amifos-
tine on embryonic viability and development. Cancer Res. 66, 8172—-8181. doi:
10.1158/0008-5472.CAN-06-0466

Glickman, N. S., and Yelon, D. (2002). Cardiac development in zebrafish: coor-
dination of form and function. Semin. Cell Dev. Biol. 13, 507-513. doi:
10.1016/51084952102001040

Goldmuntz, E., Paluru, P, Glessner, J., Hakonarson, H., Biegel, J. A., White, P. S,,
et al. (2011). Microdeletions and microduplications in patients with congen-
ital heart disease and multiple congenital anomalies. Congenit. Heart Dis. 6,
592-602. doi: 10.1111/j.1747-0803.2011.00582.x

Groneberg, D., Kénig, P., Wirth, A., Offermanns, S., Koesling, D., and Friebe,
A. (2010). Smooth muscle-specific deletion of nitric oxide-sensitive guanylyl
cyclase is sufficient to induce hypertension in mice. Circulation 121, 401-409.
doi: 10.1161/CIRCULATIONAHA.109.890962

Guo, L., Lobenhofer, E. K., Wang, C., Shippy, R., Harris, S. C., Zhang, L., et al.
(2006). Rat toxicogenomic study reveals analytical consistency across microar-
ray platforms. Nat. Biotechnol. 24, 1162-1169. doi: 10.1038/nbt1238

Heideman, W., Antkiewicz, D. S., Carney, S. A., and Peterson, R. E. (2005).
Zebrafish and cardiac toxicology. Cardiovasc. Toxicol. 5, 203-214. doi:
10.1385/CT:5:2:203

Heiervang, K. S., Mednick, S., Sundet, K., and Rund, B. R. (2010). Effect
of low dose ionizing radiation exposure in utero on cognitive function in
adolescence. Scand. J. Psychol. 51, 210-215. doi: 10.1111/j.1467-9450.2010.
00814.x

Hill, A. J., Teraoka, H., Heideman, W., and Peterson, R. E. (2005). Zebrafish as a
model vertebrate for investigating chemical toxicity. Toxicol. Sci. 86, 6-19. doi:
10.1093/toxsci/kfil 10

Howe, K., Clark, M. D., Torroja, C. E, Torrance, J., Berthelot, C., Muffato, M.,
et al. (2013). The zebrafish reference genome sequence and its relationship to
the human genome. Nature 7446, 498-503. doi: 10.1038/nature12111

Incardona, J. P, Collier, T. K., and Scholz, N. L. (2004). Defects in cardiac
function precede morphological abnormalities in fish embryos exposed to poly-
cyclic aromatic hydrocarbons. Toxicol. Appl. Pharmacol. 196, 191-205. doi:
10.1016/j.taap.2003.11.026

Irizarry, R. A., Hobbs, B., Collin, E, Beazer-Barclay, Y. D., Antonellis, K. J.,
Scherf, U, et al. (2003). Exploration, normalization, and summaries of high
density oligonucleotide array probe level data. Biostatistics 4, 249-264. doi:
10.1093/biostatistics/4.2.249

Jaafar, L., Podolsky, R. H., and Dynan, W. S. (2013). Long-term effects of ionizing
radiation on gene expression in a zebrafish model. PLoS ONE 8:¢69445. doi:
10.1371/journal.pone.0069445

Jo, K., Derin, R., Li, M., and Bredt, D. S. (1999). Characterization of MALS/Velis-1,
-2, and -3: a family of mammalian LIN-7 homologs enriched at brain synapses
in association with the postsynaptic density-95/NMDA receptor postsynaptic
complex. J. Neurosci. 19, 4189-4199.

www.frontiersin.org

August 2014 | Volume 5 | Article 268 | 9


http://www.frontiersin.org/journal/10.3389/fgene.2014.00268/abstract
http://www.frontiersin.org/journal/10.3389/fgene.2014.00268/abstract
http://www.frontiersin.org
http://www.frontiersin.org/Toxicogenomics/archive

Freeman et al.

Radiation exposure gene expression alterations

Kabacik, S., Mackay, A., Tamber, N., Manning, G., Finnon, P, Paillier, F, et al.
(2011). Gene expression following ionising radiation: identification of biomark-
ers for dose estimation and prediction of individual response. Int. J. Radiat. Biol.
87, 115-129. doi: 10.3109/09553002.2010.519424

Kawaguchi-Manabe, H., Ieda, M., Kimura, K., Manabe, T., Miyatake, S., Kanazawa,
H., et al. (2007). A novel cardiac hypertrophic factor, neurotrophin-3, is para-
doxically downregulated in cardiac hypertrophy. Life Sci. 81, 385-392. doi:
10.1016/j.1£5.2007.05.024

Kim, J. H., Brown, S. L., Jenrow, K. A., and Ryu, S. (2008). Mechanisms of radiation-
induced brain toxicity and implications for future clinical trials. J. Neurooncol.
87, 279-286. doi: 10.1007/s11060-008-9520-x

Lin, M. I, Das, L., Schwartz, G. M., Tsoulfas, P., Mikawa, T., and Hempstead,
B. L. (2000). Trk C receptor signaling regulates cardiac myocyte prolifera-
tion during early heart development in vivo. Dev. Biol. 226, 180-191. doi:
10.1006/dbio.2000.9850

Little, M. P, Tawn, E. J., Tzoulaki, I, Wakeford, R., Hildebrandt, G., Paris,
E, et al. (2010). Review and meta-analysis of epidemiological associations
between low/moderate doses of ionizing radiation and circulatory disease risks,
and their possible mechanisms. Radiat. Environ. Biophys. 49, 139-153. doi:
10.1007/s00411-009-0250-z

Lowe, X. R., Bhattacharya, S., Marchetti, E, and Wyrobek, A. J. (2009). Early
brain response to low-dose radiation exposure involves molecular networks and
pathways associated with cognitive functions, advanced aging and Alzheimer’s
disease. Radiat. Res. 171, 53-65. doi: 10.1667/RR1389.1

Mancarella, S., Yue, Y., Karnabi, E., Qu, Y., El-Sherif, N., and Boutjdir, M. (2008).
Impaired Ca2+ homeostasis is associated with atrial fibrillation in the alphalD
L-type Ca2+ channel KO mouse. Am. J. Physiol. Heart Circ. Physiol. 295,
H2017-H2024. doi: 10.1152/ajpheart.00537.2008

Marone, P. A., Hall, W. C., and Hayes, A. W. (2014). Reassessing the two-
year rodent carcinogenicity bioassay: a review of the applicability to human
risk and current perspectives. Regul. Toxicol. Pharmacol. 68, 108-118. doi:
10.1016/j.yrtph.2013.11.011

McAleer, M. E, Davidson, C., Davidson, W. R., Yentzer, B., Farber, S. A., Rodeck,
U., et al. (2005). Novel use of zebrafish as a vertebrate model to screen radia-
tion protectors and sensitizers. Int. J. Radiat. Oncol. Biol. Phys. 61, 10-13. doi:
10.1016/}.ijrobp.2004.09.046

McGale, P, Darby, S. C., Hall, P., Adolfsson, J., Bengtsson, N. O., Bennet, A. M.,
etal. (2011). Incidence of heart disease in 35,000 women treated with radiother-
apy for breast cancer in Denmark and Sweden. Radiother. Oncol. 100, 167-175.
doi: 10.1016/j.radonc.2011.06.016

Meadows, S. K., Dressman, H. K., Daher, P., Himburg, H., Russell, J. L., Doan, P,
etal. (2010). Diagnosis of partial body radiation exposure in mice using periph-
eral blood gene expression profiles. PLoS ONE 5:e11535. doi: 10.1371/jour-
nal.pone.0011535

Meadows, S. K., Dressman, H. K., Muramoto, G. G., Himburg, H., Salter, A.,
Wei, Z., et al. (2008). Gene expression signatures of radiation response are
specific, durable and accurate in mice and humans. PLoS ONE 3:e1912. doi:
10.1371/journal.pone.0001912

Mizumatsu, S., Monje, M. L., Morhardt, D. R., Rola, R., Palmer, T. D., and Fike, J. R.
(2003). Extreme sensitivity of adult neurogenesis to low doses of X-irradiation.
Cancer Res. 63, 4021-4027.

Morandi, E., Severini, C., Quercioli, D., Perdichizzi, S., Mascolo, M. G., Horn, W.,
etal. (2009). Gene expression changes in medical workers exposed to radiation.
Radiat. Res. 172, 500-508. doi: 10.1667/RR1545.1

NCRP. (2009). Ionizing Radiation Exposure of the Population of the United States.
Bethesda, MD: National Council on Radiation Protection and Measurements
(NCRP).

Norris, A. W., and Kahn, C. R. (2006). Analysis of gene expression in pathophysi-
ological states: balancing the false discovery and false negative rates. Proc. Natl.
Acad. Sci. U.S.A. 103, 649-653. doi: 10.1073/pnas.0510115103

Pereira, S., Bourrachot, S., Cavalie, 1., Plaire, D., Dutilleul, M., Gilbin, R., et al.
(2011). Genotoxicity of acute and chronic gamma-irradiation on zebrafish
cells and consequences for embryo development. Environ. Toxicol. Chem. 30,
2831-2837. doi: 10.1002/etc.695

Peterson, S. M., and Freeman, J. L. (2009a). Global gene expression analysis using a
zebrafish oligonucleotide microarray platform. J. Vis. Exp. doi: 10.3791/1471

Peterson, S. M., and Freeman, J. L. (2009b). RNA isolation from embryonic
zebrafish and ¢cDNA synthesis for gene expression analysis. J. Vis. Exp. doi:
10.3791/1470

Peterson, S. M., Zhang, J., and Freeman, J. L. (2013). Developmental reelin
expression and time point-specific alterations from lead exposure in zebrafish.
Neurotoxicol. Teratol. 38, 53-60. doi: 10.1016/.ntt.2013.04.007

Peterson, S. M., Zhang, J., Weber, G., and Freeman, J. L. (2011). Global gene expres-
sion analysis reveals dynamic and developmental stage-dependent enrichment
of lead-induced neurological gene alterations. Environ. Health Perspect. 119,
615-621. doi: 10.1289/ehp.1002590

Preston, D. L., Shimizu, Y., Pierce, D. A., Suyama, A., and Mabuchi, K. (2003).
Studies of mortality of atomic bomb survivors. Report 13: solid cancer
and noncancer disease mortality: 1950-1997. Radiat. Res. 160, 381-407. doi:
10.1667/RR3049

Qu, Y., Karnabi, E., Ramadan, O., Yue, Y., Chahine, M., and Boutjdir, M. (2011).
Perinatal and postnatal expression of Cav1.3 a1D Ca®* channel in the rat heart.
Pediatr. Res. 69, 479—484. doi: 10.1203/PDR.0b013e318217a0df

Rozen, S., and Skaletsky, H. (2000). Primer3 on the WWW for general users and
for biologist programmers. Methods Mol. Biol. 132, 365-386.

Sanchez, M. C., Benitez, A., Ortloff, L., and Green, L. M. (2009). Alterations in glu-
tamate uptake in NT2-derived neurons and astrocytes after exposure to gamma
radiation. Radiat. Res. 171, 41-52. doi: 10.1667/RR1361.1

Shi, L., Reid, L. H., Jones, W. D., Shippy, R., Warrington, J. A., Baker, S.
C., et al. (2006). The MicroArray Quality Control (MAQC) project shows
inter- and intraplatform reproducibility of gene expression measurements. Nat.
Biotechnol. 24, 1151-1161. doi: 10.1038/nbt1239

Shimizu, Y., Kodama, K., Nishi, N., Kasagi, F, Suyama, A., Soda, M., et al.
(2010). Radiation exposure and circulatory disease risk: Hiroshima and
Nagasaki atomic bomb survivor data, 1950-2003. BMJ 340:b5349. doi:
10.1136/bmj.b5349

Sorrells, S., Carbonneau, S., Harrington, E., Chen, A. T., Hast, B., Milash, B.,
et al. (2012). Ccdc94 protects cells from ionizing radiation by inhibiting the
expression of p53. PLoS Genet. 8:21002922. doi: 10.1371/journal.pgen.1002922

Srivastava, D., and Olson, E. N. (1996). Neurotrophin-3 knocks heart off Trk. Nat.
Med. 2, 1069-1071. doi: 10.1038/nm1096-1069

Stainier, D. Y. (2001). Zebrafish genetics and vertebrate heart formation. Nat. Rev.
Genet. 2, 39—48. doi: 10.1038/35047564

Stainier, D. Y., Fouquet, B., Chen, J. N., Warren, K. S., Weinstein, B. M., Meiler,
S. E, et al. (1996). Mutations affecting the formation and function of the
cardiovascular system in the zebrafish embryo. Development 123, 285-292.

Stankunas, K., Shang, C., Twu, K. Y., Kao, S. C., Jenkins, N. A., Copeland,
N. G, et al (2008). Pbx/Meis deficiencies demonstrate multige-
netic origins of congenital heart disease. Circ. Res. 103, 702-709. doi:
10.1161/CIRCRESAHA.108.175489

Sudo, K., Tto, H., Iwamoto, I., Morishita, R., Asano, T., and Nagata, K. (2006).
Identification of a cell polarity-related protein, Lin-7B, as a binding partner for
a Rho effector, Rhotekin, and their possible interaction in neurons. Neurosci.
Res. 56, 347-355. doi: 10.1016/j.neures.2006.08.003

Tiran, Z., Peretz, A., Attali, B., and Elson, A. (2003). Phosphorylation-
dependent regulation of Kv2.1 Channel activity at tyrosine 124 by Src and by
protein-tyrosine phosphatase epsilon. J. Biol. Chem. 278, 17509-17514. doi:
10.1074/jbc.M212766200

Toruno, C., Carbonneau, S., Stewart, R. A., and Jette, C. (2014). Interdependence
of Bad and Puma during ionizing-radiation-induced apoptosis. PLoS ONE
9:e88151. doi: 10.1371/journal.pone.0088151

Verheyde, J., and Benotmane, M. A. (2007). Unraveling the fundamental molecu-
lar mechanisms of morphological and cognitive defects in the irradiated brain.
Brain Res. Rev. 53, 312-320. doi: 10.1016/j.brainresrev.2006.09.004

Weber, G. J., Sepulveda, M. S., Peterson, S. M., Lewis, S. S., and Freeman, J. L.
(2013). Transcriptome alterations following developmental atrazine exposure
in zebrafish are associated with disruption of neuroendocrine and reproductive
system function, cell cycle, and carcinogenesis. Toxicol. Sci. 132, 458—466. doi:
10.1093/toxsci/kft017

Westerfield, M. (2007). The Zebrafish Book: a Guide for the Laboratory Use of
Zebrafish (Danio rerio). Oregon, OR: University of Oregon Press.

Wirbisky, S. E., Weber, G. J., Lee, J. W., Cannon, J. R., and Freeman, J. L. (2014).
Novel dose-dependent alteration in excitatory GABA during embryonic devel-
opment associated with lead (Pb) neurotoxicity. Toxicol. Lett. 229, 1-8. doi:
10.1016/j.toxlet.2014.05.016

Wyrobek, A. J., Manohar, C. E, Krishnan, V. V., Nelson, D. O., Furtado,
M. R., Bhattacharya, M. S., et al. (2011). Low dose radiation response
curves, networks and pathways in human lymphoblastoid cells exposed from

Frontiers in Genetics | Toxicogenomics

August 2014 | Volume 5 | Article 268 | 10


http://www.frontiersin.org/Toxicogenomics
http://www.frontiersin.org/Toxicogenomics
http://www.frontiersin.org/Toxicogenomics/archive

Freeman et al.

Radiation exposure gene expression alterations

1 to 10cGy of acute gamma radiation. Mutat. Res. 722, 119-130. doi:
10.1016/j.mrgentox.2011.03.002

Yamada, M., Sasaki, H., Kasagi, E, Akahoshi, M., Mimori, Y., Kodama, K., et al.
(2002). Study of cognitive function among the Adult Health Study (AHS) popu-
lation in Hiroshima and Nagasaki. Radiat. Res. 158, 236—240. doi: 10.1667/0033-
7587(2002)158[0236:SOCFAT]2.0.CO;2

Yin, E., Nelson, D. O., Coleman, M. A., Peterson, L. E., and Wyrobek, A. J. (2003).
Gene expression changes in mouse brain after exposure to low-dose ionizing
radiation. Int. J. Radiat. Biol. 79, 759-775. doi: 10.1080/09553000310001610961

Yu, K. N., Tung, M. M. T,, Choi, V. W. Y., and Cheng, S. H. (2012). Alpha radiation
exposure decreases apoptotic cells in zebrafish embryos subsequently exposed
to the chemical stressor, Cd. Environ. Sci. Pollut. Res. Int.19, 3831-3839. doi:
10.1007/s11356-012-1032-8

Zhang, J., Peterson, S. M., Weber, G. J., Zhu, X., Zheng, W., and Freeman, J. L.
(2011a). Decreased axonal density and altered expression profiles of axonal
guidance genes underlying lead (Pb) neurodevelopmental toxicity at early
embryonic stages in the zebrafish. Neurotoxicol. Teratol. 33, 715-720. doi:
10.1016/j.ntt.2011.07.010

Zhang, Q., Timofeyev, V., Qiu, H., Lu, L, Li, N., Singapuri, A., et al.
(2011Db). Expression and roles of Cavl.3 (alD) L-type Ca?t channel in

atrioventricular node automaticity. J. Mol. Cell. Cardiol. 50, 194-202. doi:
10.1016/5.yjmcc.2010.10.002

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Received: 16 April 2014; accepted: 21 July 2014; published online: 07 August 2014.
Citation: Freeman JL, Weber GJ, Peterson SM and Nie LH (2014) Embryonic ion-
izing radiation exposure results in expression alterations of genes associated with
cardiovascular and neurological development, function, and disease and modified car-
diovascular function in zebrafish. Front. Genet. 5:268. doi: 10.3389/fgene.2014.00268
This article was submitted to Toxicogenomics, a section of the journal Frontiers in
Genetics.

Copyright © 2014 Freeman, Weber, Peterson and Nie. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

www.frontiersin.org

August 2014 | Volume 5 | Article 268 | 11


http://dx.doi.org/10.3389/fgene.2014.00268
http://dx.doi.org/10.3389/fgene.2014.00268
http://dx.doi.org/10.3389/fgene.2014.00268
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Toxicogenomics/archive

	Embryonic ionizing radiation exposure results in expression alterations of genes associated with cardiovascular and neurological development, function, and disease and modified cardiovascular function in zebrafish
	Introduction
	Materials and Methods
	Zebrafish Husbandry
	Radiation Dosing, Toxicity, and Morphological Measurements at 1, 2, 5, and 10 Gy through 120hpf
	Transcriptomic Analysis at 5 Gy at 120hpf
	Gene Expression Analysis at 1 and 2 Gy at 120hpf
	Heart Rate Analysis at 1, 2, 5, and 10 Gy through 120hpf

	Results
	Toxicity and Morphological Alterations at 1, 2, 5, and 10 Gy Through 120hpf
	Gene Expression Analysis at 5 Gy at 120hpf
	Gene Expression Analysis at 1 and 2 Gy at 120hpf
	Heart Rate Alterations at 1, 2, 5, and 10 Gy

	Discussion
	Acknowledgments
	Supplementary Material
	References


