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Interaction of solar protons and galactic cosmic radiation with
the atmosphere and other materials produces high-energy
secondary neutrons from below 1 to 1000 MeV and higher.
Although secondary neutrons may provide an appreciable
component of the radiation dose equivalent received by space
and high-altitude air travelers, the biological effects remain
poorly defined, particularly in vivo in intact organisms. Here we
describe the acute response of Japanese medaka (Oryzias
latipes) embryos to a beam of high-energy spallation neutrons
that mimics the energy spectrum of secondary neutrons
encountered aboard spacecraft and high-altitude aircraft. To
determine RBE, embryos were exposed to 0-0.5 Gy of high-
energy neutron radiation or 0-15 Gy of reference y radiation.
The radiation response was measured by imaging apoptotic cells
in situ in defined volumes of the embryo, an assay that provides a
quantifiable, linear dose response. The slope of the dose response
in the developing head, relative to reference y radiation,
indicates an RBE of 24.9 (95% CI 13.6-40.7). A higher RBE
of 48.1 (95% CI 30.0-66.4) was obtained based on overall
survival. A separate analysis of apoptosis in muscle showed an
overall nonlinear response, with the greatest effects at doses of
less than 0.3 Gy. Results of this experiment indicate that
medaka are a useful model for investigating biological damage
associated with high-energy neutron exposure. © 2009 by Radiation

Research Society

INTRODUCTION

Understanding the biological effects of high-energy
neutrons is important because humans live and work in
aerospace radiation environments, even if only tempo-
rarily. Galactic cosmic radiation (GCR) and solar
particle radiation have high-energy components that
can interact with nuclei in the atmosphere and aerospace
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vehicle structures to produce high-energy secondary
neutrons (/). These neutrons have a broad energy
spectrum ranging from below 1 to over 1000 MeV (2).
High-energy and relativistic neutrons interact with
matter primarily through elastic and inelastic collisions
with nuclei. As a result of these types of interactions,
secondary particles are produced, which may include
charged particles, neutrons and vy rays. Both primary
and secondary neutrons have the ability to penetrate
great distances through matter before transferring their
kinetic energy. Severe localized damage may occur if the
kinetic energy transfer site is located in tissue (3).

Relative biological effectiveness (RBE) is used for
establishing radiation risk and protection criteria. Prior
estimates of RBE for neutrons have been determined
from atomic bomb survivor data, from animal experi-
ments using life expectancy, solid cancer mortality, tissue-
specific cancer incidence, DNA damage and mutations,
and from in vitro cellular transformation rates (4-9).
Results are based primarily on experiments with expo-
sures to neutron energies below 10 MeV. There has been
only one prior direct measurement of RBE of high-energy
neutrons (/0); it was performed in a ground-based
experiment at the Los Alamos Neutron Science Center
(LANSCE)/Weapons Neutron Research (WNR). The
high-energy neutron spectrum (Fig. 1A) (/7) delivered at
LANSCE/WNR is similar in shape and energy range to
the secondary neutron energy spectrum found aboard the
Space Shuttle and the ISS (72). The RBE, 16.4 = 1.4, was
determined using an end point of micronucleus formation
in human cultured fibroblast cells (10).

To make radiation biology studies at LANSCE/WNR
more relevant to human radiation protection, it is
important to extend high-energy neutron studies to
intact organisms, which respond to radiation injury not
only at the cell and molecular levels but also at the tissue
and organismal levels. Here we report results obtained at
the LANSCE/WNR high-energy neutron source using
intact vertebrate Japanese medaka fish embryos (Or-
yzias latipes). To our knowledge, this is the first study of
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FIG. 1. Panel A: Differential energy spectrum of the LANSCE/
WNR neutron beam line used in this study, and neutron flux found at
an altitude of 12,000 m in the atmosphere. Panel B: Medaka
irradiation using the 30L LANSCE/WNR neutron beam line.
Relative positions of the neutron source, sweep magnet, fission
chamber and embryo flask are shown (figure is not to scale). In some
experiments, a TEPC was placed in line behind the embryo flask for
dosimetry purposes.

an intact vertebrate using neutrons with this range of
energies. As a model organism, the medaka has several
strengths, including a fully sequenced genome that
contains orthologs of most or all mammalian DNA
damage surveillance and repair genes (/3). Medaka also
have a full complement of vertebrate-specific organs of
radiobiological interest, including a brain, eyes, spinal
cord, vasculature, and digestive, excretory and hemato-
poietic systems (/4-16). Medaka have been used
extensively in prior radiation studies. Spontaneous and
y-ray-induced mutation rates are similar to those
reported in mice (/7, 18). Medaka have been used to
estimate RBEs for HZE-particle radiation based on
mutation end points (/9) and in a space-flight experi-
ment to investigate effects of microgravity on the
vertebrate life cycle, with hatching rates, development
and fertility of offspring as end points (20). Medaka are
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a robust species and are more resistant than other
vertebrate models to temperature fluctuations, physical
disturbances and changes in light cycles, which are
inherent in beam-line experiments and have the potential
to mask or bias radiation responses (/J5).

In the present study, we investigated overall survival
and apoptosis in the muscle tissue, brain and eyes of the
developing embryo. Effects on the brain are important
because neurogenesis defects underlie the behavioral
and cognitive effects of radiation exposure. Prior
studies in zebrafish embryos show that radiation-
induced apoptosis in the central nervous system is a
quantifiable end point that exhibits a linear, no-
threshold response (27). Moreover, apoptosis reflects
a p53-dependent DNA damage response, making it a
surrogate measure of radiation-induced damage to the
genetic material (22, 23).

MATERIALS AND METHODS
Production and Transport of Medaka Embryos

Experiments were carried out using CAB strain medaka embryos
produced by a colony at the Medical College of Georgia. Protocols
were approved by the Institutional Animal Care and Use Committees
at the Medical College of Georgia and Los Alamos National
Laboratory (LANL). The Medical College of Georgia is accredited
by the Association for Assessment and Accreditation of Laboratory
Animal Care International and the United States Department of
Agriculture. Embryos were obtained from adult breeding pairs
maintained at 27 * 1°C with a diurnal cycle of 14 h light and 10 h
dark. Fertilized eggs were collected 1 h after initiation of the light
phase of the cycle. Eggs were inspected to confirm fertilization and
staged using standard criteria (/6). Embryos were shipped overnight
at ambient temperature to and from LANL. Water quality
parameters of pH (7.5-8.3), conductivity (500-560 uS), temperature
(22-24°C), alkalinity (80-100 mg/liter as CaCOs), hardness (100-120
mg/liter as CaCQO;), and dissolved oxygen (4-6 mg/liter) were checked
before and after shipping.

Neutron Radiation and Measurement

Controlled exposures to high-energy neutrons were conducted at
the high-energy neutron source at the Los Alamos Neutron Science
Center (LANSCE), Los Alamos National Laboratory, Los Alamos,
NM. Exposures were performed in the Irradiation of Chips and
Electronics (ICE House) located 30 degrees left (30L) of the axis of
the incident proton beam. Spallation neutrons were generated by an
800 MeV pulsed proton beam incident on a tungsten target (24). After
generation, the neutrons pass by a sweep magnet, which removes
charged particles. The neutrons then pass through a fission chamber,
which is used to measure the neutron fluence, and time-of-flight
techniques are used to measure absolute neutron intensities and the
neutron energy spectra, as shown in Fig. 1B (25). Dosimetry was
performed using a tissue-equivalent proportional counter (TEPC)
(26). The TEPC used in this experiment is functionally identical to the
one used aboard the space shuttle. Previous microdosimetry
measurements taken on the beamline, measuring the absorbed dose,
along with the time-of-flight information showed a differential energy
neutron spread ranging from 1 to 800 MeV (27). Embryos were
exposed to the neutron beam in liquid-filled T-25 polystyrene flasks
containing a maximum of 60 embryos in water containing 0.0001%
methylene blue. The experimental setup, shown in Fig. 1B, illustrates
that the flasks were placed in the center of the neutron beam with a
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minimum of intervening material upstream of the flasks. The small
amount of intervening material upstream was insufficient to produce
changes in the neutron beam energy or secondary charged-particle
buildup. Stage 27 (24 somite stage) embryos were irradiated at 24 =
2°C for various times to deliver the desired total absorbed doses. A
dose rate of 12 mGy h™! was used for the survival assay and a dose
rate of 15 mGy h™' for investigation of acute effects arising in the
form of DNA damage using the TUNEL assay.

Gamma-Ray Exposure and Measurement

Medaka embryos were exposed to y rays at the Medical College of
Georgia using a calibrated '*’Cs source (J. L. Shepherd, Mark I 68A,
San Fernando, CA) at a dose rate of 0.0137 Gy min™' (822 mGy h™!),
which is the lowest dose rate possible for this source. Embryos
exposed to the reference y-ray source were at the same developmental
stage as the embryos used at LANL and were subsequently exposed
to simulated shipping conditions to ensure comparability of the
results. Gamma-ray dose rate was confirmed using thermolumines-
cence dosimeters (Landauer Inc., Glenwood, IL).

Survival Assays

A minimum of 30 embryos were irradiated with varying doses and
maintained at 24 + 1°C in water containing 0.0001% methylene blue
until hatching. After hatching, embryos were observed for 10 days
and total mortality was recorded at the end of the observation period.
A dose-response curve for percentage survival was fitted with a linear
regression to determine the LDs.

Whole-Mount TUNEL Assay

After irradiation, embryos were maintained at 24 + 1°C for 30 h,
fixed and subjected to a fluorescence in situ terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL) assay to
detect DNA fragmentation, which is characteristic of apoptotic cells
(Chemicon, International, Inc., Temecula, CA) (27). They were
stained with rhodamine-labeled anti-digoxigenin Fab fragment
(Roche Applied Science, Indianapolis, IN) and cleared with benzyl
amino benzoate immediately prior to imaging to promote uniform
detection of staining throughout the depth of the embryo (28).
Confocal images were collected using a Zeiss LSM 510META
confocal laser scanning microscope with an Achroplan 20X water
objective (Carl Zeiss Inc., Thornwood, NY). The rhodamine
fluorophore was excited using 543 nm He:Ne laser illumination,
and confocal images were collected using a 3-um step size.
Approximately 100 optical slices of the tail and 150 optical slices of
the head were collected for each embryo. Three-dimensional
renderings of the Z-stack images were created and analyzed for the
presence of TUNEL-positive cells as described (27) using Volocity 3D
imaging software (Version 4.2.0 Improvision, Lexington, MA).

Statistical Analysis

The data set was checked for normality and outliers. We used three
statistical tests for detection of outliers in the regression analyses of
the dose-response relationship: (1) Cook’s D test, which measures the
effects on slope, (2) DEFITS, which measures the effects on predicted
response, and (3) COVARATIO, which measures the effects on the
variance-covariance matrix (29). One observation from the neutron
data and one from the y-ray data were highly influential outliers by all
three criteria and were excluded from analyses. RBE, the parameter
of interest, is defined as the ratio of two slopes: that of the dose
response to secondary neutron exposure and that of the dose response
to the reference y radiation. Bootstrapping, a data-based simulation
method (30), was used to generate slopes and their ratios and to
calculate 95% CI of RBE for the tail and head data. Bootstrapping is
a computationally intense approach to estimation using the empirical
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distribution of the observed data rather than assuming that the data
follow a particular distribution. Bootstrapping was performed by
constructing a large number of repeated samples from the observer
data using valid resampling techniques (30). We generated 10,000
repeated samples and constructed 10,000 values of RBE. The end
points of the 95% CI are estimated as the 2.5th and 97.5th percentiles
of the ordered values of these RBEs. We also determined the
confidence intervals analytically, assuming that the ratio estimator is
approximately normally distributed and employing the Taylor series
approximation (also known as the delta method) to estimate the
standard error of R. All analyses were performed using SAS statistical
software (SAS, Cary, NC).

RESULTS
Dose Response Measured using a Survival End Point

Embryos were irradiated with neutrons or y rays as
described in the Materials and Methods. Embryos were
held until 10 days after hatching (20 days postirradia-
tion), and survival was scored based on the fraction of
embryos that were alive. Survival was 80-100% for
nonirradiated embryos and declined with increasing dose
of neutrons or y rays (Fig. 2). Data were fitted to a linear
model by regression analysis and resulted in LDs,, values
of 0.53 Gy for neutrons and 25.7 Gy for y rays. The
calculation of the slopes and the 95% CI were calculated
using the Taylor series approximation. The ratio of the
slopes of the survival curves for neutrons and 7y rays
provided an RBE of 48.1 (95% CI 30.0-66.4) (Fig. 2).

Dose Response Measured using an End Point of Apoptosis
in Embryo Heads

TUNEL staining was performed to label apoptotic
cells in situ within the irradiated embryos and three-
dimensional image data were collected by confocal
microscopy. Embryos were fixed and imaged at stage
30, when the brain was completely formed, migration of
neuronal cells had formed gray matter, and melanization
of the eye was nearly complete. Cleared embryos were
positioned with the dorsal side toward the objective, and
optical slices were collected from the top of the head to
the bottom of the jaw (Fig. 3). A three-dimensional
model was constructed from the confocal image stack
using Volocity software. TUNEL-stained cells were then
classified and counted. A region of strong autofluores-
cence between the eyes and optic tectum, near the center
of the head, was excluded from the analysis. At least
seven embryos were analyzed per radiation dose. The
slope of the dose-response curve was determined by
linear regression (Fig. 4). Values for slopes, RBE and
confidence intervals are given in Table 1. The calculated
RBE of 24.9 is a factor of two lower than the RBE from
the survival data. Confidence intervals are reported in
Table 1 both for the bootstrap and the normal theory
methods. The confidence intervals determined by the
two methods are similar. Because of the potential
violations of underlying assumptions of the normal
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FIG. 2. Survival curves for embryos exposed to high-energy
neutrons and 7y rays. Embryos were evaluated at 10 days after
hatching as described in the Materials and Methods. Percentage
survival was calculated as the number of surviving embryos in each
group relative to the number of embryos at the start of the
experiment. The number of embryos used was based on logistical
constraints at the LANL site and was a minimum of 30 per dose. The
R? values, 0.63 for neutrons and 0.72 for y rays, were determined by
linear regression. Panel A: The dose response of the embryos
irradiated with neutrons. Panel B: The dose response of embryos
exposed to vy rays.

theory method, however, the confidence intervals
determined by the bootstrap method are expected to
be more accurate (31).

Comparison with Embryo Tails

To analyze the radiation response in a different tissue
type, we also analyzed a region of the tail. At stage 30,
the tail is composed primarily of developing muscle
tissue. Cells are rapidly dividing as the tail grows in mass
and length. Confocal images were collected laterally or
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dorsally, depending on the natural position of the tail. A
three-dimensional model was again constructed for each
embryo based on the confocal image stack and TUNEL-
positive cells were counted in a region of interest
extending from the tip of the spine rostrally for 500
um. Dose-response curves are shown in Fig. 5. For
gamma-ray exposure, the response was linear, as in the
heads. For neutrons, the response increased roughly
linearly with dose through 0.3 Gy but declined at the
highest dose of 0.5 Gy. The overall neutron dose
response required a second-order polynomial model to
obtain a satisfactory fit to the observed data, and the
RBE for the data was, by definition, indeterminate. It
was possible, however, to fit a subset of the data from 0—
0.3 Gy to a linear model, with a nominal RBE of 147
(95% CI 29-138) (Table 1). The mechanism responsible
for the nonlinear response is uncertain and might be
attributable to clearance of apoptotic cells from the
rapidly proliferating muscle tissue. Because of the low
dose rate delivered by the neutron beam, a 0.5-Gy
exposure required ~37 h, significantly extending the
total time elapsed from the beginning of the exposure to
the time of fixation (67 h for 0.5 Gy compared to 36 h
for 0.1 Gy). It may be that during this time apoptotic
cells have been lost for analysis.

DISCUSSION

We have measured the biological effects of exposure to
a broad spectrum of high-energy neutrons in a medaka
embryo model. The energy spectrum used in this ground-
based experiment spanned the range of 1 to 800 MeV and
resembles the energy spectrum in the upper atmosphere.
A linear dose response was observed both for overall
survival and for induction of apoptosis in cells of the
developing brain. The linearity of the response allowed
calculation of an RBE of 25-48 relative to y radiation. It
was not possible to calculate an RBE based on apoptosis
in rapidly growing muscle tissue because of this nonlinear
response, although analysis of a low-dose subset of the
data indicated that this tissue is probably also very
sensitive to neutrons. Although an RBE has been
reported previously for human fibroblasts exposed to
the same high-energy neutron source, the present studies
are, to our knowledge, the first to report an RBE for an
intact vertebrate organism.

The 95% confidence intervals for the RBE values,
estimated by bootstrapping or Taylor series approxima-
tion, spanned a twofold range above and below the
measured RBE. The breadth of the interval reflects high
interindividual variability and may be attributable to the
complexity of the in vivo response, which reflects events
not only at the cellular and molecular levels but also at
the tissue and organismal levels. It is also possible that
there was genetic heterogeneity, because the experiments
were performed using an outbred population.
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FIG. 3. Representative images of structures and apoptotic cells in embryo head. Embryos are oriented with
the dorsal side facing the microscope objective. Panel A: Unirradiated uncleared embryo showing anatomical
features of the central nervous system. CE = cerebellum; EY = eye; OT = optic tectum; TE = telencephalon.
Panel B: Optical section of a representative medaka embryo exposed to 0.1 Gy of neutrons and stained by a
TUNEL procedure. White dots indicate TUNEL-positive cells. Note region of diffuse fluorescence at center of
brain, which represents TUNEL stain-independent autofluorescence and was excluded from the analysis. Panel
C: Three-dimensional rendering of the Z-stack images to illustrate the spatial distribution of TUNEL-positive
cells. The figure shows a model created using Volocity Software as described in the Materials and Methods.
TUNEL-positive cells were quantified using object classification and counting modules and have been assigned

arbitrary colors to aid visualization.

The dose rates for different types of radiation were
chosen with the idea that the exposure times required to
reach a given end point should be similar; i.e., different
types of radiation are ideally delivered at equitoxic rates.
The neutron experiments here were performed using the
maximum available flux at the LANSCE/WNR facility,
which provided a dose rate of 15 mGy h™'. The vy
irradiation was performed using maximum attenuation
on the available cesium radiation, which provided a dose
rate of 822 mGy h™'. Assuming an RBE of about 25, the
55-fold difference in physical dose rate translates to a
residual difference in equivalent dose rate of a little over
twofold. Moreover, the dose-rate effectiveness factor for
neutrons should approximate unity, so that a twofold
difference in equivalent dose rate will have no substan-
tial influence on the findings.

There have been two prior studies that reported
neutron RBEs for medaka. An RBE of 4.3 + 0.6 was
determined for micronucleus formation in gill cells (7),
and RBEs of 3-7 were determined for mutations
occurring in the male germ line at specific loci (5, 6).
Both used 1.3 MeV average energy fission neutrons,
which are near the bottom end of the range studied here.
Data from humans and other vertebrate species provide
somewhat higher neutron RBEs. Human data from
atomic bomb survivors indicate neutron RBEs of 100
(95% CI 25-400) for solid-cancer mortality (9) and 63
(95% CI 0-275) for overall cancer incidence (8). A recent
review of RBEs for fission neutrons, obtained using a
range of model systems and biological end points,
reported values of 34-53 for cytogenetic end points in
human cell cultures, 3-80 for transformation and genetic
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end points in mammalian systems, 10-46 for life
shortening in mouse models, and 16-59 for tumor
induction in specific tissues (4). The RBEs measured for
high-energy neutrons in the present study are well within
these ranges obtained for human and other mammalian
species. To our knowledge, there has been only one prior
experiment using the LANSCE/WNR broad-spectrum
beam to measure an RBE for high-energy neutrons
directly. This study reported an RBE of 16.4 = 1.4 for
the induction of micronuclei in human cultured fibro-
blast cells (10).

RBE values are dependent on the type of radiation,
the biological end point measured, and the total
absorbed dose. A recent study of fast-neutron effects
on mouse embryos provides a particularly relevant
example, where RBE based on apoptosis in sensitive
areas of the eyes or fetal brain of the mouse increased at
doses below 1 Gy (32). Previous microdosimetry
experiments done to characterize the beam line at
LANSCE/WNR showed that as the average neutron
energy in the beam increases, the measured absorbed
dose per incident neutron also increases (27). From these
results we can conclude that the higher-energy neutrons
present in the broad-spectrum neutron beam used in this
study can contribute more heavily to the measured
absorbed dose than the lower-energy neutrons and could
ultimately affect the biological response.

An important question, particularly if RBEs are to be
used for regulatory decision making, is the degree to
which results in medaka or other non-mammalian
models can be extrapolated to humans. The medaka
have been shown to display similar rates of mutations to
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FIG. 4. Dose response based on apoptotic cell counts in a defined
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on a reconstructed three-dimensional model of the head as shown in
Fig. 3. Squares denote high-energy neutron-irradiated samples and
circles denote '*’Cs y-irradiated samples. Means and standard errors
are shown. Trend lines were determined by least-squares regression,
with R? values of 0.77 for neutrons and 0.64 for y rays. Scoring was
based on a minimum of seven embryos per group. Panel A: The dose
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response of the y-irradiated samples.
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FIG. 5. Dose response based on apoptotic cell counts in a defined
region of the region of the tail including primarily muscle tissue.
TUNEL-positive cells were scored as described in the Materials and
Methods. Data are based on a minimum of seven embryos per group.
Symbols are as in Fig. 4. Panel A: The dose response of the neutron-
irradiated samples. The solid line shows the quadratic model fit to
non-linear response of the neutron doses. The dotted line is the linear
regression fit to doses up to 0.3 Gy that were used in the calculation of
RBE. Panel B: The dose response of the y-irradiated samples. The R*
values, 0.82 for neutrons and 0.99 for vy rays, were determined by
linear regression.

TABLE 1
Results from the Calculation of the Slopes and Ratios of the Slopes for the Neutron and y-Ray Exposures Using the
Bootstrapping Method

Slope 95% confidence intervals
Neutrons Gamma rays Ratio Bootstrap method Normal theory method
Head 1088.5 43.6 24.9 (13.6, 40.7) (10.5, 39.3)
Tail 1106.8 7.6 146.6 (28.8, 237.9) (39.3, 253.9)
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exposure to low-LET radiation as those reported in
mouse models (33). The similarity to mammals in body
plan, cell types, tissue architecture and the protein-
coding portion of the genome are strengths of medaka as
a model organism. Other advantages include (1) the
ability to use large numbers of individuals in experi-
ments to increase statistical power, (2) the optically clear
chorion and embryo, which facilitate analysis of
radiation effects using light microscopy, and (3) a short
life span (~2 years) makes it feasible to conduct lifetime
studies of radiation effects on tissue degeneration.
Clearly, it will be useful to investigate additional end
points and to perform studies of adult organisms. Slowly
replicating or postmitotic cells of the adult may provide
a good model for somatic tissue effects in the human.

CONCLUSIONS

This experiment represents the first whole-animal
biological experiment performed at the LANSCE/WNR
ICE House facility. RBEs ranged from 25 for apoptosis in
the head of the developing embryo (95% CI 13.6-40.7) to
147 (95% CI 28.8-240) based on a subset of data for the
tail. Confidence intervals for apoptosis in the head overlap
the only other high-energy neutron RBE of 16.4 = 1.4,
generated at the LANSCE/WNR beam line using cultured
human fibroblasts. The confidence intervals for survival
overlapped the confidence intervals for apoptosis in the
head. The nonlinear response for apoptosis in the tail
illustrates the complexity of using intact tissue and tissue-
specific responses. Over the past 20 years studies
concerning the response of the medaka to ionizing
radiation have resulted in a significant body of literature.
The results of this experiment indicate that the medaka are
useful models for investigating biological damage associ-
ated with high-energy neutron exposure. To our knowl-
edge this is the first reported RBE for medaka, or any
other intact vertebrate, exposed to high-energy neutrons
relevant to the aerospace radiation environment.
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