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Astronauts can develop psychological stress (PS) during
space flights due to the enclosed environment, microgravity,
altered light-dark cycles, and risks of equipment failure or
fatal mishaps. At the same time, they are exposed to cosmic
rays including high atomic number and energy (HZE)
particles such as iron-56 (Fe) ions. Psychological stress or
radiation exposure can cause detrimental effects in humans.
An earlier published pioneering study showed that chronic
restraint-induced psychological stress (CRIPS) could attenu-
ate Trp53 functions and increase carcinogenesis induced by
low-linear energy transfer (LET) c rays in Trp53-heterozy-
gous (Trp53+/–) mice. To elucidate possible modification effects
from CRIPS on high-LET HZE particle-induced health
consequences, Trp53+/– mice were received both CRIPS and
accelerated Fe ion irradiation. Six-week-old Trp53+/– C57BL/
6N male mice were restrained 6 h per day for 28 consecutive
days. On day 8, they received total-body Fe-particle
irradiation (Fe-TBI, 0.1 or 2 Gy). Metaphase chromosome
spreads prepared from splenocytes at the end of the 28-day
restraint regimen were painted with the fluorescence in situ
hybridization (FISH) probes for chromosomes 1 (green), 2
(red) and 3 (yellow). Induction of psychological stress in our
experimental model was confirmed by increase in urinary
corticosterone level on day 7 of restraint regimen. Regardless
of Fe-TBI, CRIPS reduced splenocyte number per spleen at
the end of the 28-day restraint regimen. At 2 Gy, Fe-TBI

alone induced many aberrant chromosomes and no modify-
ing effect was detected from CRIPS on induction of aberrant
chromosomes. Notably, neither Fe-TBI at 0.1 Gy nor CRIPS
alone induced any increase in the frequency of aberrant
chromosomes, while simultaneous exposure resulted in a
significant increase in the frequency of chromosomal
exchanges. These findings clearly showed that CRIPS could
enhance the frequency of chromosomal exchanges induced by
Fe-TBI at a low dose of 0.1 Gy. � 2021 by Radiation Research Society

INTRODUCTION

Outer space is comprised of ionizing radiation from
cosmic rays. There are four primary radiation sources: 1.
Galactic cosmic rays (GCRs) come from outside the solar
system; 2. Chronic low-dose-rate ejections of solar energetic
particles (SEPs) from the sun in steady state; 3. Short-term
emissions of higher-dose-rate SEP or solar particle events
(SPEs) originating from the sun; and 4. Energetic electrons
and protons trapped in the Van Allen Belts around the earth
(1–3). Among them, the steady-state chronic low-dose-rate
SEPs pose little health hazard since they consist mainly of
protons and electrons with very low energies and will be
stopped within aluminum or plastic shielding materials (2,
3). SPEs are grouped into two classes. The smaller events,
termed impulsive events or impulsive flares, are short-lived,
usually of the order of hours. The larger events, referred to
as gradual events or coronal mass ejections (CMEs), are
much longer-lived, of the order of days. GCRs and SPEs are
mostly constituted from high-energy charged particles
including electrons, protons (nucleus of hydrogen), alpha
particles (nucleus of helium) and nuclei of other elements
larger than helium called high atomic number and energy
(HZE) particles (1–3). On Earth, we are well protected from
cosmic rays by the magnetic field and atmosphere.
Exposure to cosmic rays is one of the major health concerns
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for spaceflight crews (4, 5). Currently, most manned space
missions are destinated to space stations such as the
International Space Station (ISS) in low-Earth orbits, where
spaceflight crews are somewhat protected from cosmic rays
by the magnetic field of the Earth (6). Because there is
neither a protective magnetic field on the moon and Mars,
nor in interplanetary space, spaceflight crews will be
exposed to GCRs and SPEs, including HZE particles, on
the future missions to lunar and Mars orbit and surface at
higher dose rate and for longer duration than most crews
onboard space stations in low-Earth orbit (3, 4).

GCRs consist of 86.3% low-linear energy transfer (LET)
protons, 12.8% helium ions and remaining 0.9% HZE
particles (2, 7, 8). HZE particles are often referred to as
densely ionizing or high-LET radiation as they deposit a
large amount of energy along their trajectory and result in a
high ionization density along the center of the particle path
(9). High-LET radiations generally have greater potential
for causing DNA damage and show higher biological
effectiveness than low-LET radiations such as gamma (g) or
X rays. While HZE particles make up only 0.9% of GCRs,
they will make up 88.1% of the estimated ionizing dose
equivalent from GCR exposure during deep space travel and
contribute significantly to the overall biological effects of
cosmic rays (2, 7, 8).

Up to now, more than 559 humans have been to outer
space, mostly within low-Earth orbit (10). The longest is
the 438-day mission at the space station Mir completed by
cosmonaut Valeri V. Polyakov in March 1995 (6). ISS
hosted 170 long-duration crewmember flights, ranging
from 48 to 340 days, until March 2020. The majority of the
flights were five to seven months long (6). During
spaceflight, crews frequently develop psychological stress
(PS) because of enclosed environment, microgravity,
altered light-dark cycles, and risks of equipment failure
or fatal mishaps. According to conceptual design studies of
NASA, the future missions to Mars may take 800–1,000
days, of which approximately 500 days will be spent on
the surface of the planet (11). Such long-term confinement
to a spacecraft and isolation from the earth will increase
the risk for Mars mission crews to develop a much higher
level of psychological stress than any previous space
crews.

Based on the findings of epidemiological studies,
psychological stress has been suggested to increase the
risk of various conditions, such as vision disorders,
hypertension, cardiovascular diseases, diabetes, metabolic
syndrome, Alzheimer’s disease and cancer development
(12–18). The dysregulation of the immune and other body
systems mediated by the hypothalamic-pituitary-adrenal
(HPA) axis and sympatho-adreno-medullary (SAM) sys-
tem in response to psychological stress is the main
physiopathological process underlying the detrimental
health consequences of psychological stress (19–22).
Multiple published studies have shown that most space-
flight crews present with reductions in T-cell function, NK

cell function, elevated plasma cytokine profiles and
persistent inflammation while in outer space (23–26).
Therefore, not only psychological stress but also immune
system weakening are considered to be major health
concerns for spaceflight crews (27, 28).

Accumulating evidence suggests that psychological stress
alone cannot cause cancer but that inflammation and
dysregulation of immune systems resulting from psycho-
logical stress accelerate promotion, progression and metas-
tasis of existing premalignant cells (12, 19, 21, 29). It is well
established that ionizing radiation induces DNA damages,
which can lead to genetic mutations and cell death and also
contribute to the initiation and promotion of carcinogenesis
(30). Feng et al. showed that chronic restraint-induced
psychological stress (CRIPS) promoted radiocarcinogenesis
induced by c rays using Trp53-heterozygous (Trp53þ/–)
C57BL/6J mice (31). In previously reported work, we
demonstrated modulatory effects of CRIPS on the frequen-
cy of chromosomal aberrations (CAs) induced by X rays in
splenocytes of Trp53-wild-type (Trp53þ/þ) C57BL/6J mice
(32). The goal of our current study is to elucidate the
possible consequences of exposure to both psychological
stress and HZE particles on astronauts using an animal
model. We here utilized a CRIPS model of Trp53-
heterozygous (Trp53þ/–) C57BL/6N mice, a sensitive model
to detect radiation-induced tumorigenic process, and
focused especially on the genotoxic effects from Fe ions,
the most densely ionizing particles present in a relatively
large amount in GCRs.

MATERIALS AND METHODS

Animals and Experimental Design

Trp53-heterozygous (Trp53þ/–) C57BL/6N male mice (BRC NO.
01361, CDB 0001K) (33) were bred and maintained in a clean
conventional animal facility at the National Institute of Radiological
Sciences (NIRS, QST, Chiba, Japan) under a 12:12 h light-dark
schedule (lights on from 7:00 a.m. to 7:00 p.m.) and controlled
temperature (23 6 28C) and humidity (50 6 10%). Animals housed
in autoclaved cages (1–2 mice per cage) with sterilized wood chips
were allowed free access to standard laboratory chow (MB-1;
Funabashi Farm Co., Japan) and acidified water (pH 3.0 6 0.2).
Animals were acclimatized to the laboratory conditions for 2 weeks
before use. Six-week-old mice were randomly assigned to six
experimental groups with 6–7 mice in each group: The ‘‘free and 0.0
Gy group (F00)’’, receiving neither restraint nor total-body
irradiation with 56Fe-particles (Fe-TBI); the ‘‘free and 0.1 Gy group
(F01)’’, receiving only Fe-TBI at 0.1 Gy; the ‘‘free and 2.0 Gy group
(F20)’’, receiving only 2.0 Gy Fe-TBI; the ‘‘restraint and 0.0 Gy
group (R00)’’, receiving only chronic restraint; the ‘‘restraint and 0.1
Gy group (R01)’’, receiving chronic restraint and 0.1 Gy Fe-TBI; and
the ‘‘restraint and 2.0 Gy group (R20)’’, receiving chronic restraint
and 2.0 Gy Fe-TBI. Chronic restraint, a well-established typical
mouse model to induce psychological stress (31), was applied to
mice as described elsewhere (34). In brief, the mouse restraint system
(Flat Bottom Rodent Holder, Kent Scientific Corp., Torrington, CT)
was used for chronic periodic restraint on a daily basis of 6 h for 28
consecutive days. Individual 6-week-old mice were placed in the
restrainer and maintained horizontally in their home cage during the
6-h restraint session (9:30 a.m. to 3:30 p.m.) daily. Animals were
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then released into the same cage and allowed access to food and
water during the free session (3:30 p.m. to 9:30 a.m.). The F00, F01
and F20 groups received no restraint, but food and water were
withheld at the same time as for the R00, R01 and R20 groups during
the 6-h restraint session each day. Fe-TBI was performed using a
Heavy Ion Medical Accelerator in Chiba (HIMAC) at NIRS-QST.
56Fe-particles (500 MeV/u) of 0.1 or 2.0 Gy were delivered at a dose
rate of 0.08–0.09 or 1.0–2.0 Gy/min, respectively, to the F01, R01,
F20 and R20 groups in the early morning (3:30–04:30 a.m. or 6:00–
7:00 a.m.) on day 8 of the 28-day restraint regimen. The dose-
averaged LET value of Fe-particles calculated by Monte Carlo
simulation was 200 6 20 KeV/lm. Three mice held in an acryl
cylinder container with three individual cells of the same size (each
mouse in each cell) received Fe-TBI at room temperature without
anesthesia. The mice were in an air-breathing condition (there were
six holes 5 mm in diameter in the wall of each cell) during
irradiation. One or two male mice that were from the same dam and
had been together since birth, were housed in a cage during the 28-
day restraint regimen. No fighting was observed among mice in any
of the cages. All experimental protocols involving mice were
reviewed and approved by the Institutional Animal Care and Use
Committee of NIRS. Experiments were performed in strict
accordance with NIRS Guidelines for the Care and Use of
Laboratory Animals.

Measurements of Urinary Corticosterone

Urine samples from mice were collected in the morning on day 7 of
the 28-day restraint regimen. Concentrations of urinary corticosterone
in the samples were determined using the AssayMax Corticosterone
ELISA kit (Assaypro, St. Charles, MO) according to the manufactures
protocol.

Isolation of Splenocytes and Determination of Splenocyte Numbers

At the end of the 28-day restraint regimen, mice were anesthetized
by inhalation of gaseous isoflurane (2-chloroo-2-(difluoromethoxy)-
1,1,1-trifluoro-ethane) (Sigma-Aldrich, Japan) and then euthanized by
cervical dislocation. Spleens were removed aseptically. Splenocytes
were isolated by gently pressing the spleen tissue with the plunger end
of a 1-ml syringe on a cell strainer (Corningt Inc., Corning, NY) and
washing out the cells with RPMI 1640 medium (Sigma-Aldrich)
supplemented with 10% fetal bovine serum (JRH Biosciences,
Lenexa, KS), 100 U/ml penicillin G, 100 mg/ml streptomycin
(Sigma-Aldrich), 10 mg/ml lipopolysaccharide (Sigma-Aldrich, Ja-
pan), 3 mg/ml concanavalin A (Sigma-Aldrich), and 50 mM 2-
mercaptoethanol (Wako, Japan). To determine the number of
splenocytes per spleen, cells were counted using a hemocytometer.
(Red blood cells with a small diameter were omitted from the cell
count.)

Preparation of Chromosomes from Splenocytes

Splenocytes were cultured in the same media described above (5 3
106 cells/5 ml) at 378C in a humidified 5% CO2 atmosphere for 24 h.
Colcemid (0.1 mg/ml, KaryoMAXt, Life Technologies, Grand Island,
NY) was added to the last 2 h of the culture. Cells were harvested,
swollen in 75 mM KCl at room temperature for 12 min, and then fixed
with the standard methanol-acetic acid fixative (3:1). After 2–3
additional changes of fixative, the cell suspension was dropped onto a
wet, clean slide to obtain chromosome spreads. This protocol ensured
that virtually most metaphase cells observed were in their first mitotic
division under the in vitro culture.

Fluorescence in situ Hybridization (FISH)

Air-dried slide preparations with chromosome spreads were
incubated at 62–658C for 2 h and then treated with 0.2 N HCl at

room temperature for 1 h. The slides were painted with FISH probes
for chromosomes 1, 2 and 3 (XMP 1 green, XMP 2 orange, XMP 3
green, and XMP 3 orange; XCyting Mouse Chromosome Painting
Probes; MetaSystems, Germany) according to the manufacturer’s
instructions. In brief, probes were applied to the slides, denatured at
758C for 2 min, and then incubated at 378C overnight. The slides were
washed and counterstained with DAPI in antifade reagent (Meta-
Systems). Chromosomes 1, 2 and 3 represent 7.0%, 6.5% and 5.7% of
the genome, respectively. When these probes are hybridized
simultaneously, it is possible to detect 33% of all inter-chromosome
exchanges (32). Thus, when one CA is found in 100 cells, the
frequency of CAs occurring in the whole genome can be estimated as
3 (¼1/0.33) per 100 cell equivalent.

Scoring of CAs

Metaphase cells were analyzed using an automatic slide scanning
system consisting of a motorized microscope (Axio Imager Z2; Carl
Zeiss, Germany), digital CCD camera (CoolCube 1m; MetaSystems),
and the image analysis program Metafer 4 with an MSearch module
(MetaSystems). After automated metaphase cell finding, digitalized
high-resolution images were captured automatically at 1003 magni-
fication. Metaphase cells were considered scoreable if they met the
following criteria: 1. The cells appeared to be intact; 2. The
centromeres of the chromosomes were readily identifiable; 3. The
centromeres of all the painted chromosomes were present; and 4. The
hybridization label was sufficiently bright to detect exchanges
between painted and unpainted chromosomes. Chromosomal ex-
changes involving chromosome 1, 2 or 3 were identified as color
junctions (CJs) within a chromosome and were scored according to the
PAINT system (35). Aberrant chromosomes were classified as
translocations, insertions, dicentrics (DCs) and acentric fragments
(AFs). Monocentric chromosomes with CJs were scored as translo-
cations even if those had multiple CJs. However, when monocentric
chromosomes possessed two junctions such that the flanking pieces
were the same color, the chromosomes were classified as insertions
and excluded from the total for translocations. Robertsonian
translocations or centric fusions were not scored because they display
some different features from other common translocations, including
relatively high spontaneous incidence and non-random occurrence,
probably ascribed to satellite sequences in centromeric area (36, 37).
DCs were identified as the chromosomes with two centromeres at both
ends, while only DCs with at least one CJ were scored in the PAINT
system, here we scored DCs without color junctions as well.
Chromosomal fragments without centromeres were scored as AFs
when they had CJs or when they were painted whole length with one
FISH probe. Former ones might result from chromosomal exchanging
events producing DCs with CJs, and later ones from unrepaired
chromosomal breaks of chromosome 1, 2 or 3. Chromosomes with
more than two centromeres were not found here due to the acrocentric
morphology of mouse chromosomes. At least 200 metaphase cells
were scored for each mouse in general and more than 400 metaphase
cells were scored for the mouse in which abnormal cells accounted for
less than 1%. All slides were coded prior to scoring and observed by at
least two investigators independently to minimize observer bias. Here,
abnormal cells are the cells with any aberrant chromosomes scored as
above.

Statistical Analysis

Statistical differences between means 6 standard deviations from
two groups were evaluated using Student’s t test or Welch’s unequal
variances t test after the F test of equality of variances. Significance
was assigned to P , 0.05. Because the current study involves
exploratory research on radiation risk, b error, including overlooking
risk, is more harmful than a error, and there is no point in keeping a
error at a strictly nominal level. Therefore, no a adjustment for
multiple testing was conducted (38).
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RESULTS

CRIPS Reduced the Splenocyte Number per Spleen

To determine whether psychological stress influences the

biological effects induced by high-LET radiation, we

utilized a well-established typical mouse model, in which

chronic physical restraint was applied to mice to induce

psychological stress. Six-week-old male Trp53þ/– C57BL/

6N mice were immobilized in a mouse restraint apparatus 6

h/day (9:30 a.m. to 3:30 p.m.) for 28 consecutive days and

received Fe-TBI at 0.0, 0.1 or 2.0 Gy in the early morning

(before the start of a 6-h restraint session at 9:30 a.m.) of

day 8. To verify a successful induction of psychological

stress by chronic restraint, urine samples were collected

from 12 restraint and 12 non-immobilized free mice just

before the start of 6-h restraint session on day 7, and the

concentrations of corticosterone, a stress hormone, in the

urine samples were determined (Fig. 1). All of the 12

restrained mice showed higher urinary corticosterone levels

than 11 of the 12 free mice. The difference between the

average levels for the 12 restrained and the 12 free mice was

statistically significant. On the first day after the 28-day

restraint regimen, splenocytes were isolated for chromo-

some analysis. No lethality due to hematopoietic syndrome

or GI damage was induced after 2 Gy Fe-TBI. Figure 2

shows the splenocyte number per spleen of each mice. Only

CRIPS had a significant effect on the splenocyte number per

spleen. There were significant statistical differences in every

comparison between non-immobilized free groups (F00,

F01 and F20) and restrained groups (R00, R01 and R20).

On the other hand, within the non-immobilized free groups

or the restrained groups, no significant difference was
observed regardless of radiation dose (0, 0.1 or 2.0 Gy).

Effects of CRIPS on CAs Induced by Fe-TBI

Metaphase chromosomes were prepared from spleno-
cytes, visualized using FISH probes specific to chromo-
somes 1, 2 and 3, and counterstained with DAPI. Aberrant
chromosomes involving FISH paintings were scored
according to the modified PAINT system as described in
Materials and Methods and the results are summarized in
Tables 1 and 2. While only DCs involving FISH paintings
were scored in the PAINT system, we also scored DCs
without FISH paintings and showed the total frequency of
DCs with and without FISH paintings as ‘‘whole DCs’’ in
Table 1.

We observed a total of 14,340 metaphase cells of 38 mice
from six experimental groups and found 149 abnormal cells,
among which 100 cells had at least one aberrant
chromosome with CJs and the remaining 49 cells had only
aberrant chromosomes without CJs, such as FISH painted
AFs, probably from unrepaired chromosomal breaks of
chromosomes 1, 2 and 3 or DCs without FISH paintings.
Among the 100 cells with CJs, 83 (83%) had an even
number (2 or 4) of the CJs. Figure 3 shows the distribution
of the color junction number per cell of each experimental
group. The cells with two CJs were most abundant in every
group. These results suggested that most of the abnormal
cells contained apparently simple exchanges, i.e., either
reciprocal translocations or DCs with paired AFs at the
observed time point.

Table 2 summarizes the distribution of the number of CJs
in an aberrant chromosome. We found 201 aberrant
chromosomes with CJs in 100 abnormal cells. Among the
201 aberrant chromosomes, 178 (88.6%) contained only
one CJ and might have resulted from simple exchanges, i.e.,

FIG. 1. Induction of urinary corticosterone by chronic restraint.
Concentrations of corticosterone in mouse urine obtained on the
morning of day 7 of consecutive restraint regimen were measured.
Open circles indicate the values for individual mice and closed circles
with vertical bars indicate the mean values with standard deviations of
each group. Statistically significant difference indicated at **P ,
0.001.

FIG. 2. Effects of CRIPS and Fe-TBI on splenocyte numbers per
spleen. Open circles indicate the values for individual mice of each
group: Free þ 0.0 Gy group (F00); free þ 0.1 Gy (F01); free þ 2.0 Gy
(F20); restraint þ 0.0 Gy (R00); restraint þ 0.1 Gy (R01); and restraint
þ 2.0 Gy (R20). Closed symbols with vertical bars indicate the mean
numbers with standard deviations of each group. Statistically
significant differences are indicated at *P , 0.05 and **P , 0.001.
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either reciprocal translocations or DCs associating with

AFs. Those 178 CAs were 134 translocations, 23 DCs and

21 AFs. The remaining 23 (11.4%) aberrant chromosomes

contained multiple CJs; these were two chromosomes

harboring two translocations, 16 chromosomes with an

insertion, two DCs with two CJs and three AFs with two or

three CJs. It is noteworthy that while most (21/23) of the

aberrant chromosomes harboring multiple CJs were found

in the experimental groups that received high-dose Fe-TBI

(F20 and R20), two were found in the CRIPS plus low-dose

Fe-TBI (R01) group and none were found in other groups

receiving low-dose Fe-TBI alone (F01) or no Fe-TBI (F00

and R00).

As shown in Table 1, metaphase cells with aberrant

chromosomes (abnormal cells) accounted for over 4.5% on

average of observed cells in the high-dose Fe-TBI groups

(F20 and R20) but less than 0.4 % on average in other

groups with low-dose or no Fe-TBI (F00, F01, R00 and

R01). The frequencies of abnormal cells, CJs, stable-type

CAs, unstable-type CAs and whole DCs are shown

graphically in Fig. 4. In every class, the frequencies in

high-dose Fe-TBI groups (F20 and R20) were significantly

higher than those in each of other groups (F00, F01, R00

and R01), while there were no significant differences

between the F20 and R20 groups. We could not find any

statistically significant differences among four low-dose or

0 Gy Fe-TBI groups in every class of aberrations except in

the frequencies of CJs. CJs were found in 6 of 7 mice in

R01, and in 1 or 2 out of 6 in other groups, F00, F01 and

R00. Statistical analysis showed that the average value of

CJ frequency in the R01 group was significantly higher than

those in F00, F01 and R00. These results suggest that

concurrent exposure to CRIPS and low-dose Fe-TBI could

induce chromosomal exchanges significantly but neither

CRIPS nor low-dose Fe-TBI alone.

DISCUSSION

Both exposure to cosmic rays and development of
psychological stress from challenging space environments,
such as confinement to a spacecraft, isolation from the earth,
microgravity and risks of equipment failure or fatal
mishaps, are of major health concern for spaceflight crews,
especially in the case of future lunar or Mars missions (27,
28, 39, 40). The goal of this study was to elucidate the
possible combined effect of exposure to both cosmic rays
and psychological stress. In particular, we focused on Fe-
TBI and its genotoxic effects in mice under psychological
stress. Fe ion particles have received much attention,
because they are the most densely ionizing particles present
in relatively large amounts in GCRs (3).

Chronic restraint is a well-established typical mouse
model to induce psychological stress (31). Animals treated
with our restraint protocol showed several features com-
monly observed in CRIPS models, such as significant
decreases in body weight gain and in the weights of immune
organs, such as the thymus and spleen (data not shown). In
addition, an increase in urinary corticosterone levels was
demonstrated in these mice after seven consecutive days of
chronic restraint (6 h per day) (Fig. 1). These results
confirmed that our experimental model reproduces CRIPS.

Observation at the end of the 4-week restraint regimen
revealed that CRIPS alone resulted in 27% reduction in
average number of splenocytes per spleen, while Fe-TBI on
day 8 did not induce any significant effects by itself on
splenocyte number even at high dose (2.0 Gy), nor any
additional effects in combination with CRIPS (Fig. 2). On
the other hand, our previously published work using
Trp53þ/þ C57BL/6J mice showed that either CRIPS or 4
Gy total-body X-ray irradiation resulted in reduction in
splenocyte number by 53% or 20% at the end of a 4-week
restraint regimen, respectively (32). In addition, in a

FIG. 3. The distribution of color junctions by cell from mice subjected to CRIPS and/or Fe-TBI. The
percentage of cells with the indicated number of color junctions within each mouse was determined and the
average values of 6 or 7 mice were shown with standard errors. All the average values for cells without color
junctions exceeded 95% and are shown within each bar.
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published study by Gridley et al., analysis was performed
on the effects of Fe-TBI at doses from 0.1 Gy to 3.0 Gy on
immune cells of C57BL/6J mice and showed that Fe-TBI
generally decreased splenic lymphocyte counts with
increasing dose. This response was most pronounced on
day 4 after TBI and while reduced over subsequent days, it
was still not entirely absent by day 30 (41, 42). A
comparison of these observations indicates that the effects
of CRIPS as well as ionizing radiation may be underex-
pressed in Trp53þ/– (C57BL/6N) mice compared to Trp53þ/þ

(C57BL/6J) mice. Because Trp53 is a key regulator of cell
cycle progression and apoptosis, among possible reasons,
haploinsufficiency of Trp53 gene may be a cause for
different response in splenocyte number to CRIPS and
ionizing radiation between Trp53þ/– and Trp53þ/þ mice.

To gain insight into the influence of CRIPS on the
genotoxic effects of Fe-TBI, we evaluated induction of
aberrant chromosomes in the splenocytes of Trp53þ/– mice
that concomitantly underwent CRIPS and Fe-TBI (0.0, 0.1
and 2.0 Gy) by FISH painting of chromosomes 1, 2 and 3.
In the current work, no mice died during experiment. The
latitude of the higher dose (2.0 Gy) used was much lower
than the documented lethal dose of 5.8 Gy, which has
caused 50% lethality within 30 day (43). Fe-TBI at 2 Gy
yielded many aberrant chromosomes. The average values of
the frequencies of abnormal cells, CJs, stable-type CAs,
unstable-type CAs and whole DCs (including DCs without
CJs) in 2 Gy Fe-TBI groups (F20 and R20) were
significantly higher than those in the 0 and 0.1 Gy Fe-TBI
groups (F00, F01, R00 and R01) (Fig. 4). However, we
could not find any statistically significant differences in
average values of the frequencies between the F20 and R20
groups. If CRIPS has some modifying effects on induction
of CAs after Fe-TBI, they are most likely too small to be
detected with 2 Gy Fe-TBI, by which CAs were induced at
high frequency with relatively large variations among
individual mice.

When the comparisons were made among 0 Gy and low-
dose Fe-TBI groups (F00, F01, R00 and R01), it appeared
that neither CRIPS nor 0.1 Gy Fe-TBI could increase any
kind of aberrant chromosomes but concomitant exposure
could increase CJs in the splenocytes of Trp53þ/– mice at
least at 3 weeks after TBI. Here, CJs correspond to the
number of loci where chromosomal exchanges have
occurred. On the other hand, CAs represent the number
of chromosomes containing some chromosomal exchang-
es or breaks. When multiple exchanging events have
occurred in a chromosome, we score every event as a CJ
but only once as a CA. Aberrant cells represent cells with
any CAs and a cell harboring multiple CAs is counted
only once. Generally, high-LET radiation yields complex
aberrations defined as chromosome exchanges involving
at least three breaks in two or more chromosomes more
frequently than low-LET radiation (44, 45). Therefore,
scoring of CJs should be the most sensitive way to detect
the difference in the frequency of chromosomal exchang-

ing events. Stable-type CAs were found in 4 of 7 mice in
the R01 group, and zero or one of 6 mice in F00, F01 and
R00 groups (Table 1 and Fig. 4). Probably due to the
insufficient number of metaphase cells observed, a small
increase of stable-type CAs was not detected in R01
compared to the F00, F01 and R00 groups in the statistical
analysis. In addition, here AFs include those without CJs
from unrepaired chromosomal breaks of chromosomes 1,
2 and 3. Basal level of such AFs without CJs was
relatively high and may have disturbed the detection of a
relatively small-combined effect of CRIPS and low-dose
Fe-TBI on inducing unstable-type CAs as well as
abnormal cells.

Generally, chromosomal exchanges have been attributed
to the generation of multiple double-strand breaks (DSBs)
and following mis-rejoining of them. Two assumptions can
be proposed to explain how CRIPS and 0.1 Gy Fe-TBI
synergize to induce chromosomal exchanges. The first is the
increase in the yield of DNA damages and/or chromosomal
exchanges themselves and the second is the reduced
removal of aberrant chromosomes. The first assumption
may be achieved by the activation of the reactive oxygen
species (ROS) generating system by CRIPS, leading to an
increase in DSBs. It was documented in animal models that
psychological stress increased the production of oxidative
DNA damage, CAs and sister chromatid exchanges (SCEs)
(46, 47). In human studies, positive relationships were
found between superoxide production and the stress of
taking an examination and between 8-hydroxy-20-deoxy-
guanosine (8-OHdG) levels and various psychological
factors, including anxiety, depression, hostility, fatigue
and confusion (48–50). It was shown in in vivo and in
vitro models that exposure to stress hormones, such as
glucocorticoids or catecholamines, enhanced DNA damage,
decreased the DNA repair capacity and suppressed Trp53
levels (51, 52).

The second assumption can be achieved by the decreased
elimination of damaged cells in mice concomitantly
receiving CRIPS and Fe-TBI. Because of their structural
abnormality with two or no centromeres, DCs and AFs are
impaired in chromosome segregation and lost frequently
with cell division. Thus, they are called unstable-type CAs.
On the other hand, translocations and insertions keep their
monocentric chromosomal structure and are believed not to
be impaired in chromosome segregation. Thus, they are
called stable-type CAs. It is known, however, that some
fractions of stable-type CAs induced not only by high-LET
radiation but also by high-dose, low-LET radiation
degraded over time (53–56). Translocations induced in
mouse splenocytes (female Swiss mouse, irradiated at 8
weeks of age) or peripheral blood cells (C57BL/6, female,
irradiated at 8 weeks of age) after total-body X-ray or g-ray
irradiation at not less than 2 Gy appeared to be degraded
over time at least within the first 3–4 months of after TBI
(53–55). Translocations induced in peripheral blood cells by
1 Gy Fe-TBI declined in frequency in a manner reminiscent
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TABLE 1
Number of Chromosomal Aberrations in Mouse Splenocytes Subjected to CRIPS and/or Fe-TBI

Exp. group,
mouse ID

No. metaphase
cells

No. abnormal
cells (%)

FISH analysis by PAINT system

No. CJs
(/100 CEQa)

Stable-type CAs

No. translocations
(/100 CEQa)

No. insertions
(/100 CEQa)

No. stable- type CAs
(/100 CEQa)

Free, 0.0 Gy
F00_1 449 1 (0.22) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)
F00_2 457 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)
F00_3 511 1 (0.20) 2 (1.19) 0 (0.00) 0 (0.00) 0 (0.00)
F00_4 457 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)
F00_5 453 1 (0.22) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)
F00_6 464 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)

Total 2,791 3 2 0 0 0
(Average 6 SE) (465) (0.11 6 0.12) (0.20 6 0.48 (0.00 6 0.00) (0.00 6 0.00) (0.00 6 0.00)
Free, 0.1 Gy

F01_1 471 1 (0.21) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)
F01_2 473 1 (0.21) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)
F01_3 458 1 (0.22) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)
F01_4 448 1 (0.22) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)
F01_5 487 1 (0.21) 2 (1.24) 2 (1.24) 0 (0.00) 2 (1.24)
F01_6 485 2 (0.41) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)

Total 2,822 7 2 2 0 2
(Average 6 SE) (470) (0.25 6 0.08) (0.21 6 0.51) (0.21 6 0.51) (0.00 6 0.00) (0.21 6 0.51)
Free, 2.0 Gy

F20_1 212 11 (5.19) 24 (34.3) 13 (18.6) 2 (2.86) 15 (21.4)
F20_2 206 12 (5.83) 13 (19.1) 12 (17.7) 0 (0.00) 12 (17.7)
F20_3 208 7 (3.37) 7 (10.2) 4 (5.83) 0 (0.00) 4 (5.83)
F20_4 206 11 (5.34) 28 (41.2) 14 (20.6) 4 (5.88) 18 (26.5)
F20_5 204 5 (2.45) 10 (14.9) 7 (10.4) 0 (0.00) 7 (10.4)
F20_6 210 11 (5.24) 15 (21.6) 10 (14.4) 1 (1.44) 11 (15.9)

Total 1,246 57 97 60 7 67
(Average 6 SE) (208) (4.57 6 1.34) (23.6 6 11.9) (14.6 6 5.58) (1.70 6 2.35) (16.3 6 7.44)
Restraint, 0.0 Gy

R00_1 479 2 (0.42) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)
R00_2 462 1 (0.22) 2 (1.31) 2 (1.31) 0 (0.00) 2 (1.31)
R00_3 469 1 (0.21) 1 (0.65) 0 (0.00) 0 (0.00) 0 (0.00)
R00_4 463 1 (0.22) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)
R00_5 456 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)
R00_6 465 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)

Total 2,794 5 3 2 0 2
(Average 6 SE) (466) (0.18 6 0.16) (0.33 6 0.55) (0.22 6 0.54) (0.00 6 0.00) (0.22 6 0.54)
Restraint, 0.1 Gy

R01_1 490 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)
R01_2 491 2 (0.41) 2 (1.23) 0 (0.00) 0 (0.00) 0 (0.00)
R01_3 466 3 (0.64) 4 (2.60) 4 (2.60) 0 (0.00) 4 (2.60)
R01_4 458 2 (0.44) 2 (1.32) 0 (0.00) 0 (0.00) 0 (0.00)
R01_5 439 1 (0.23) 2 (1.38) 0 (0.00) 1 (0.69) 1 (0.69)
R01_6 422 1 (0.24) 2 (1.44) 2 (1.44) 0 (0.00) 2 (1.44)
R01_7 467 1 (0.21) 3 (1.95) 1 (0.65) 0 (0.00) 1 (0.65)

Total 3,233 10 15 7 1 8
(Average 6 SE) (462) (0.31 6 0.21) (1.42 6 0.79) (0.67 6 1.01) (0.10 6 0.26) (0.77 6 0.97)
Restraint, 2.0 Gy

R20_1 226 11 (4.87) 17 (22.8) 10 (13.4) 1 (1.34) 11 (14.7)
R20_2 206 4 (1.94) 4 (5.88) 4 (5.88) 0 (0.00) 4 (5.88)
R20_3 208 12 (5.77) 13 (18.9) 5 (7.28) 0 (0.00) 5 (7.28)
R20_4 201 5 (2.49) 9 (13.6) 5 (7.54) 1 (1.51) 6 (9.05)
R20_5 210 15 (7.14) 29 (41.8) 16 (23.1) 3 (4.33) 19 (27.4)
R20_6 201 12 (5.97) 21 (31.7) 18 (27.1) 0 (0.00) 18 (27.1)
R20_7 202 8 (3.96) 13 (19.5) 7 (10.5) 3 (4.50) 10 (15.0)

Total 1,454 67 106 65 8 73
(Average 6 SE) (208) (4.59 6 1.90) (22.0 6 11.8) (13.6 6 8.36) (1.67 6 1.98) (15.2 6 8.94)

a CEQ¼ cell equivalent: Where an estimated number of chromosomal aberrations (CAs) occurred in a whole genome of 100 CEQs is shown.
b Translocations, dicentrics (DCs) and acentric fragments (AFs) containing two or more color junctions (CJs) and simple insertions with two

CJs were scored here. No insertions with three or more CJs were found.
c Whole DCs were scored on the basis of the bright staining of centromeric heterochromatin with DAPI and include DCs scored by PAINT

system as well.
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TABLE 1
Extended.

FISH analysis by PAINT system

Unstable-type CAs

No. aberrant chromosomes with
multiple CJsb (/100 CEQa)

No. whole DCsc

(/100 cells)
No. DCs

(/100 CEQa)
No. AFs

(/100 CEQa)
No. unstable-type
CAs (/100 CEQa)

Free, 0.0 Gy
0 (0.00) 1 (0.67) 1 (0.67) 0 (0.00) 0 (0.00)
0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)
1 (0.59) 1 (0.59) 2 (1.19) 0 (0.00) 1 (0.20)
0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)
0 (0.00) 1 (0.67) 1 (0.67) 0 (0.00) 0 (0.00)
0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)

1 3 4 0 1
0.10 6 0.24 0.32 6 0.35 (0.42 6 0.50) (0.00 6 0.00) (0.03 6 0.08)

Free, 0.1 Gy
0 (0.00) 1 (0.64) 1 (0.64) 0 (0.00) 0 (0.00)
0 (0.00) 1 (0.64) 1 (0.64) 0 (0.00) 0 (0.00)
0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 1 (0.22)
0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 1 (0.22)
0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)
0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 2 (0.41)

0 2 2 0 4
(0.00 6 0.00) (0.21 6 0.33) (0.21 6 0.33) (0.00 6 0.00) (0.14 6 0.17)
Free, 2.0 Gy

1 (1.43) 7 (10.0) 8 (11.4) 3 (4.29) 7 (3.30)
0 (0.00) 5 (7.36) 5 (7.36) 0 (0.00) 9 (4.37)
1 (1.46) 2 (2.91) 3 (4.37) 1 (1.46) 10 (4.81)
3 (4.41) 3 (4.41) 6 (8.83) 5 (7.36) 10 (4.85)
2 (2.97) 2 (2.97) 4 (5.94) 0 (0.00) 2 (0.98)
2 (2.89) 3 (4.33) 5 (7.22) 1 (1.44) 4 (1.90)

9 22 31 10 42
(2.19 6 1.55) (5.33 6 2.80) (7.52 6 2.43) (2.42 6 2.88) (3.37 6 1.62)
Restraint, 0.0 Gy

0 (0.00) 2 (1.27) 2 (1.27) 0 (0.00) 0 (0.00)
0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)
1 (0.65) 0 (0.00) 1 (0.65) 0 (0.00) 1 (0.21)
0 (0.00) 1 (0.65) 1 (0.65) 0 (0.00) 0 (0.00)
0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)
0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)

1 3 4 0 1
(0.11 6 0.26) (0.32 6 0.53) (0.43 6 0.52) (0.00 6 0.00) (0.04 6 0.09)
Restraint, 0.1 Gy

0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)
1 (0.62) 1 (0.62) 2 (1.23) 0 (0.00) 4 (0.81)
0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 2 (0.43)
1 (0.66) 2 (1.32) 3 (1.98) 0 (0.00) 1 (0.22)
0 (0.00) 0 (0.00) 0 (0.00) 1 (0.69) 0 (0.00)
0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)
1 (0.65) 0 (0.00) 1 (0.65) 1 (0.65) 1 (0.21)

3 3 6 2 8
(0.28 6 0.34) (0.28 6 0.52) (0.55 6 0.79) (0.19 6 0.33) (0.24 6 0.30)
Restraint, 2.0 Gy

3 (4.02) 2 (2.68) 5 (6.70) 1 (1.34) 8 (3.54)
0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 2 (0.97)
3 (4.37) 5 (7.28) 8 (11.7) 2 (2.91) 10 (4.81)
0 (0.00) 1 (1.51) 1 (1.51) 2 (3.02) 4 (1.99)
3 (4.33) 8 (11.5) 11 (15.9) 3 (4.33) 11 (5.24)
2 (3.02) 3 (4.52) 5 (7.54) 0 (0.00) 10 (4.98)
0 (0.00) 3 (4.50) 3 (4.50) 3 (4.50) 5 (2.48)

11 22 33 11 50
(2.25 6 2.15) (4.58 6 3.87) (6.83 6 5.57) (2.30 6 1.89) (3.43 6 1.66)
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of those induced by 3 Gy or 4 Gy c rays (56). The decay of
stable-type CAs is expected to be attributed to the loss of
heavily damaged cells, i.e., cells with multiple and/complex
aberrations. If a cell possesses DCs in addition to
translocations, these translocations may be lost during cell
division. Cells with multiple CAs may be induced more
frequently at high doses than at low doses (53, 54) and more
frequently by high-LET radiation than by low-LET
radiation (57). It was also shown that high-LET radiation
induces complex CAs more frequently than low-LET
radiation (44, 45). Complex CAs were previously shown
to be less stable than simple ones (53, 54).

We previously examined the effects of CRIPS and X-ray
TBI on Trp53-wild-type mice using the same experimental
setup and conditions as the current work, and found no
induction of CAs by exposure to CRIPS alone (32). In the
current work, we again found no induction of CAs by
CRIPS alone in Trp53þ\– mice, while haploinsufficiency of
the Trp53 gene might make Trp53þ/– mice more sensitive to
the induction of DNA damage by CRIPS than Trp53-wild-
type mice. On the other hand, Fischman et al. analyzed rat
psychological stress models induced by forced swims,
exposure to white noise or inescapable electrical foot shock,
and found induction of CAs as well as sister chromatid
exchanges (SCEs) in bone marrow cells (47). In that work,
bone marrow cells were harvested one day after the
psychological stress-inducing treatments and observation
of chromosomes was performed by the Giemsa staining-
based method intended to detect SCEs. Although the type of
CAs observed was not documented in their report, they
should be of the unstable type, such as breaks, as the stable
type, such as translocations, is hardly detectable by the
Giemsa staining method optimized for SCEs. To our
knowledge, to date, no work on induction of chromosomal
exchanges in animal models of psychological stress is
available in the literature. Since our analyses were mainly
focused on chromosomal exchanges and only chromosomal
breaks occurring in chromosomes 1, 2 and 3 were scored,
and because chromosomal breaks can occur spontaneously
at relatively high frequency in mock-treated control animals
as well, it is possible that subtle increases in chromosomal

breaks induced by psychological stress have gone unnoticed
in our work.

Rithidech et al. compared induction of chromosomal
damages in bone marrow cells of CBA/CaJ mice at 7 days
after TBI at various doses with Fe (1 GeV/u, 159.5 Kev/
mm; 0, 0.1, 0.5 and 1.0 Gy) and c rays (0, 0.5, 1.0 and 3.0
Gy) using the whole-genome multi-color FISH (mFISH)
technique and found a dose-dependent increase of CAs by
each type of radiation (58). Most (75%) of the CAs in 0.1
Gy Fe-TBI mice were chromatid-type breaks, and the
remaining 25% were Robertsonian translocations. Other
common translocations were observed after 0.5 or 1.0 Gy
Fe-TBI but not after 0.1 Gy Fe-TBI. Based on the linear
term of dose-response curves, they concluded that Fe-TBI
was 4.2 times more effective at inducing chromosomal
breaks than g-ray TBI, but only 1.6 times more effective at
inducing all types of exchanges including Robertsonian
translocations. As described above, our FISH analysis is
focused on chromosomal exchanges and can detect only
33% of those occurring in whole genome. In addition, we
did not score Robertsonian translocations because they
represent different features from other common transloca-
tions (36, 37, 59). Furthermore, our observation took place
at 3 weeks postirradiation. Cells bearing unstable-type
aberrations such as chromosomal breaks should be removed
with cell divisions, if they were present at day 7
postirradiation. These are the probable reasons that
induction of CAs by 0.1 Gy Fe-TBI was not observed in
the current study.

High-LET radiation from HZE particles exhibits a highly
energetic and dense core of the HZE particle tracks and a
laterally extending low-LET secondary radiation, termed d
rays. The average number of Fe particle tracks traversing
the nucleus of splenocytes (cross-sectional area estimate of
100 lm2) calculated from an LET of 200 KeV/lm are
0.31and 6.24 for doses of 0.1 and 2.0 Gy, respectively.
Under the assumption of a Poisson distribution, the
probabilities of a cell nucleus which would receive zero,
one, two, three and more particles at 0.1 Gy Fe-TBI are
73.3%, 22.7%, 3.5%, 0.4% and 0.0%, respectively. The
probabilities at 2.0 Gy are 0.2%, 1.2%, 3.8%, 7.9% and

TABLE 2
Number of Aberrant Chromosomes with Color Junctions (CJs)

Translocations Insertions DCs AFs Total

No. of chromosomes with 1 CJ 134 NA 23 21 178
No. of chromosomes with 2 CJs 2a 16b 2c 2d 22
No. of chromosomes with 3 CJs 0 0 0 1e 1
Total no. of chromosomes with CJs 136 16 25 24f 201
Total no. of CJs 138 32 27 28 225

a Both chromosomes belong to experimental group F20.
b Seven chromosomes belong to F20, one to R01 and eight to R20.
c One chromosome belongs to R01 and one to R20.
d Both chromosomes belong to R20.
e This chromosome belongs to F20.
f A total of 55 AFs with FISH paintings were found. Of these, 24 involved CJs and 31 did not.
Abbreviations: DCs ¼ dicentrics; AFs ¼ acentric fragments.
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86.9%, respectively. In a previously published study on 1
GeV/u Fe particle radiation it was estimated that approx-
imately 32 cells are hit by d rays for each cell traversed by a
primary Fe particle and that 19% of the energy is deposited

in cells that are hit only by the d rays at low doses (60).
Thus, it was postulated that, in 0.1 Gy Fe-TBI mice, 73.3%
of cells were free from Fe particle tracks and some part of
them received d rays of 19 mGy and that 23% of cells were

FIG. 4. Frequencies of aberrant chromosomes in splenocytes from mice subjected to CRIPS and/or Fe-TBI.
Frequencies of abnormal cells (panel A), color junctions (panel B), stable-type CAs (panel C), unstable-type
CAs (panel D) and whole DCs (panel E) are shown. Open circles indicate the values for individual mice and
closed symbols with vertical bars indicate the mean numbers with standard deviations of each group: Free þ 0.0
Gy (F00); free þ 0.1 Gy (F01); free þ 2.0 Gy (F20); restraint þ 0.0 Gy (R00); restraint þ 0.1 Gy (R01); and
restraint þ 2.0 Gy (R20). Statistically significant differences are indicated at *P , 0.05 and **P , 0.001.

#P , 0.001 and ##P , 0.05, above the SD bars for F20 and R20 indicate significant differences of each group
compared to F00, F01, R00 and R01 groups. For example, all P values (Student’s t test) for comparisons
between F20 and F00, F01, R00 or R01 were less than 0.01.
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traversed once by Fe particles and the remaining 4% cells
received more than two particles. HZE particles yield
complex chromosomal rearrangements at higher frequency
than low-LET radiations even at low doses and complex-
type exchanges frequently lead to cell death (61). In
addition, most of the chromosomal exchanges we observed
here in mice after Fe-TBI were simple-type, i.e., either
reciprocal translocations or DCs with a paired AF. Taken
together, it is likely that CAs found in splenocytes of
Trp53þ\– mice that received both CRIPS and 0.1 Gy Fe-TBI
resulted from d rays but core of the Fe particle tracks. On
the other hand, when mice received 2.0 Gy Fe-TBI, only
0.2% cells might be free from the particle tracks and 98.6%
of cells might be traversed by the particle tracks multiple
times. In addition, every cell might receive d rays many
times. Also, our chromosomal analysis found CAs in 4.57%
of cells at 3 weeks after 2.0 Gy Fe-TBI (Table 1, F20). As in
the current work, FISH probes could detect 33% of whole
inter-chromosomal exchanges, nearly 14% (4.57% 3 3)
cells might have some CAs and 86% would be free from
any CAs, even though 98.6% of cells were traversed
multiple Fe particles. The observed frequency of CAs in the
2 Gy irradiated groups was much lower than the frequency
calculated based on the hit number of Fe particle per cell.
However, it is reasonable to expect that most of the
splenocytes collected at end of the study were descendant
cells of those mother cells that survived from the exposure,
while most of the cells hit by multiple Fe particles should be
severely damaged and die during 3 weeks after 2 Gy TBI.

Psychological stress as well as stress hormones (gluco-
corticoids and catecholamines) were found to decrease the
levels and functions of Trp53, which plays a crucial role in
the induction of growth arrest and/or apoptosis in damaged
cells (31, 52). Feng et al. demonstrated reductions in Trp53-
mediated apoptotic responses to radiation in the spleens of
Trp53þ/þ C57BL/6J mice exposed to CRIPS. Thus, CJs
induced by 0.1 Gy Fe-TBI in our experiment might not be
removed completely for 3 weeks after irradiation in Trp53þ/–

mice with attenuated Trp53-mediated apoptotic and/or
growth arrest responses resulting from concomitant expo-
sure to CRIPS.

According to the estimation by NASA, assuming 10 g/
cm2 shielding and an ICRP 60 quality factor, exposure dose
of spaceflight crews from cosmic rays during a future Mars
mission at solar minimum should be 1.0–1.2 Sv (245–360
mGy) comprised of 50–80 mGy HZE particles, 45–70 mGy
He, 130–180 mGy protons and 20–30 mGy neutrons and
other particles (3). Using the Trp53þ/– mouse model, our
current work demonstrates that Fe-TBI at 0.1 Gy can
increase chromosomal exchanges in the presence of CRIPS,
and that neither 0.1 Gy Fe-TBI nor CRIPS alone can do so.
Fe-TBI at 0.1 Gy is comparable to the estimated dose of
HZE particles to which spaceflight crews will be exposed
during future Mars mission. Our findings suggest that
psychological stress from challenging space environments
may substantially enhance the genotoxic effects of HZE

particles derived from GCRs. Genotoxicity can cause cancer
initiation. Psychological stress and resulting immune system
weakening are major health concerns for spaceflight crews
and may lead to promotion and progression of initiated cells
(27, 28). Whether similar synergistic effects on CA
induction could be induced in Trp53þ/þ mice is unclear.
Further analysis is required to clarify the cancer risks to
spaceflight crews during future Mars mission.
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