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Abstract: Exposure to space galactic cosmic radiation is a principal consideration for deep space
missions. While the effects of space irradiation on the nervous system are not fully known, studies
in animal models have shown that exposure to ionizing radiation can cause neuronal damage and
lead to downstream cognitive and behavioral deficits. Cognitive health implications put humans and
missions at risk, and with the upcoming Artemis missions in which female crew will play a major
role, advance critical analysis of the neurological and performance responses of male and female
rodents to space radiation is vital. Here, we tested the hypothesis that simulated Galactic Cosmic
Radiation (GCRSim) exposure disrupts species-typical behavior in mice, including burrowing, rearing,
grooming, and nest-building that depend upon hippocampal and medial prefrontal cortex circuitry.
Behavior comprises a remarkably well-integrated representation of the biology of the whole animal
that informs overall neural and physiological status, revealing functional impairment. We conducted
a systematic dose-response analysis of mature (6-month-old) male and female mice exposed to either
5, 15, or 50 cGy 5-ion GCRSim (H, Si, He, O, Fe) at the NASA Space Radiation Laboratory (NSRL).
Behavioral performance was evaluated at 72 h (acute) and 91-days (delayed) postradiation exposure.
Specifically, species-typical behavior patterns comprising burrowing, rearing, and grooming as well
as nest building were analyzed. A Neuroscore test battery (spontaneous activity, proprioception,
vibrissae touch, limb symmetry, lateral turning, forelimb outstretching, and climbing) was performed
at the acute timepoint to investigate early sensorimotor deficits postirradiation exposure. Nest
construction, a measure of neurological and organizational function in rodents, was evaluated using a
five-stage Likert scale ‘Deacon’ score that ranged from 1 (a low score where the Nestlet is untouched)
to 5 (a high score where the Nestlet is completely shredded and shaped into a nest). Differential
acute responses were observed in females relative to males with respect to species-typical behavior
following 15 cGy exposure while delayed responses were observed in female grooming following
50 cGy exposure. Significant sex differences were observed at both timepoints in nest building. No
deficits in sensorimotor behavior were observed via the Neuroscore. This study revealed subtle,
sexually dimorphic GCRSim exposure effects on mouse behavior. Our analysis provides a clearer
understanding of GCR dose effects on species typical, sensorimotor and organizational behaviors
at acute and delayed timeframes postirradiation, thereby setting the stage for the identification of
underlying cellular and molecular events.
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1. Introduction

Exploration beyond the Lower Earth Orbit is a major goal for NASA, international
space agencies, and commercial entities. However, the space environment potentially poses
significant health risks to astronauts during deep space missions. These space environ-
ment stressors include microgravity, ionizing radiation, and social isolation, among others.
Immune and central nervous system dysfunction that may arise from exposure to these
stressors include altered circadian rhythmicity, anxiety, and degraded cognitive perfor-
mance [1–4]. Furthermore, molecular changes induced by space environment stressors can
result in detrimental cascade effects [5]. With upcoming missions to the Moon setting the
stage for eventual transits to Mars, there is an urgent need to elucidate effects of spaceflight
stressors on the central nervous system, in both men and women, which may result in
adverse changes in behavior, mood, and performance of critical tasks.

During deep space missions, it is predicted that individual human cells will be tra-
versed by protons every three days, helium nuclei every three weeks, and a heavy ion
(Z greater than two) once every three months [6,7]. This radiation exposure may cause
adverse cognitive effects on domains of memory, attention, cognitive flexibility, and exec-
utive function potentially lasting up to one-year postexposure [8]. A number of studies
have shown that exposure to doses ≥25 cGy of single ions (e.g., protons, neutrons 4He
16O, 28Si, 48Ti, or 56Fe) impairs cognitive functions [9]. Reduced cognitive function from
single ion exposure has been accompanied with changes in neuronal morphology and
dendritic density [2,10]. However, there remains concerns about whether the cognitive
impairments observed from single ion studies are representative of the effects of exposure
to the multi-ion, GCR spectrum [9]. Recently, exposure of adult female Wistar rats to 10 cGy
simplified GCRsim adversely impacted problem-solving capabilities 14–18 weeks postex-
posure, where single ion exposure did not. The authors believed this to be due to the higher
average LET (or to the higher Z ions−16O, 28Si or 56Fe) of the GCRSim beam compared to
the 4He ion beam [11]. A further study of the same dose of 10 cGy found that both rats
exposed to 4He or GCRSim also exhibited poorer performance of fine motor skills about
13 weeks postexposure when compared to sham, and that this was further exasperated
with sleep fragmentation [12], However, at 72 h postexposure to 10 cGy of GCRSim or 4He,
male Wistar rats exhibited poorer performance of fine motor skills when exposed to 4He
rather than GCRSim [13]. Though, at 12-weeks postirradiation, male Wistar rats exposed
to 10 cGy GCRSim showed significant impairment in constrained cognitive flexibility and
insightful problem solving [14]. These results suggest that both types of radiation exposure
(single ion vs. multi-ion) as well as the timepoint of exposure postanalysis must carefully be
considered. Undoubtably, further investigation is critically important to better understand
these responses.

For the first time in the past decade, women have comprised ~40% of the traditionally
male astronaut classes of NASA. The 2011 National Academy of Sciences Decadal Survey
“Recapturing a Future for Space Exploration: Life and Physical Sciences for a New Era” em-
phasized a need to understand sex differences in spaceflight [15]. In response, the existing
literature was reviewed and found that, congruent with Earth-based biomedical findings,
sex differences have been reported in space-related studies of cognitive and behavioral per-
formance (summarized by [16]). However, the majority of space radiation studies in rodents
have incorporated either one sex or the other. Recent studies [17–20] revealed profound sex-
ually dimorphic brain and behavioral phenotypes following exposure of male and female
mice to single 4He ion, 3-ion or 5-ion GCRSim. Male mice exposed to 30 or 50 cGy (4He and
3-ion GCRSim, respectively) typically appeared to show more extensive cognitive deficits
than females, which was accompanied by increased microglial activation [17,20]. However,
females exposed to 50 cGy 5-ion GCRSim exhibited decreased whole-body movement and
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reduced object recognition. Yet, there was a trend toward an effect of radiation where
BDNF levels increased in the cortex of males but not females [19]. Rienceker et al. (2023)
observed behavioral deficits and elevated peripheral blood monocytes and Natural Killer
cells in group-housed males but not females, after exposure to 50 cGy 5-ion GCRSim [21].
Given the sexually dimorphic nature of the behavioral responses, establishing a GCRSim
dose–response curve is key to enabling the selection of a dose that evokes a midrange
response in future studies of both sexes to avoid ceiling or floor effects. Additionally,
determining long-term physiological responses and adaptation to the space environment is
required to ensure the safety and health of astronauts.

Here, we investigated the effects of low-dose radiation using GCRSim on undisturbed
species-typical homecage behavior of crew age-matched adult male and female mice.
Behavior comprises a remarkably well-integrated representation of the biology of the
whole animal that informs overall neural and physiological status. Behavior not only
ensures survival and reproductive success; it also provides a means by which the animal
can control its environment to promote homeostasis. The study of behavioral changes
in mice has been used in countless studies of illness, disease, and disease progression
(reviewed by [22]. Homecage analysis has been utilized in models of neurodegenerative
diseases, specifically levels of activity, changes in food and water consumption as well
as changes in grooming behaviors [22] and has been suggested to be valuable in early
diagnosis of neurodegenerative-relevant phenotypes or drug treatment testing [23]. In
fact, changes in behavior may be present prior to pathological damage in the brain [24].
Therefore, behavioral analysis can reveal how animals acclimate to the space environment
stressors such as irradiation. Species-typical behavior such as burrowing, grooming, rearing,
and nest building was analyzed at both early and late postirradiation timepoints. Our
data demonstrate sex- and time-specific responses to GCRSim exposure. This study offers
novel insight into behavioral responses to spaceflight relevant doses of radiation exposure,
indicating potential behavioral/cognitive changes. These potential changes may result in
endangered crew health and impact performance during deep space missions.

2. Materials and Methods
2.1. Animals

Male (n = 104) and female (n = 104) C57BL/6J mice were purchased from the Jack-
son Laboratory (Sacramento, CA, USA) and shipped together as a single shipment to
Brookhaven Laboratory Animal Facility (BLAF) at Brookhaven National Laboratory (BNL,
Upton, NY, USA). Mice were shipped 5 per cage and upon arrival to BNL were housed
singly. Animals were acclimated at BNL for 1 week before beginning the study. Males and
females were housed in separate rooms for the duration of the study. The animal housing
rooms maintained a 12:12 h light:dark cycle, ’~50% humidity and room temperature of
23 ± 2 ◦C. This study is part of a multiyear project investigating multiple spaceflight stres-
sors, including social isolation. In this study, mice were singly housed to investigate the
dose rate effect of GCRSim exposure before evaluating the role of social vs. single housing.
Mice were housed singly in standard shoebox cages with standard bedding and a Nestlet
(Ancare), replaced weekly. For the duration of the study, mice received food (Teklad 2014,
Envigo) and water ad libitum. All animal procedures were approved by the Institutional
Animal Care and Use Committees of NASA Ames Research Center (protocol number 516)
and BNL (protocol number 516).

Mice were randomly assigned into 4 groups (sham, 5, 15, or 50 cGy; n = 13 per group
per sex) and two endpoints (intermediate where total n = 52 and late where total n = 52). The
animals in the intermediate group were euthanized at BNL 14 days postradiation exposure.
The animals in the late timepoint groups were shipped to the Animal Care Facility at NASA
Ames Research Center (Moffett Field, CA, USA) 21 days postexposure. Upon arrival, mice
were housed in a reverse 12:12 h light:dark cycle in order to conduct behavioral assays
during their active phase and with a room temperature of 23 ± 2 ◦C. At 126 days following
GCRSim exposure, mice were euthanized, and tissues were collected. For all behavioral
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analyses, the acute timepoint was performed under typical room lighting conditions during
the light cycle, while the delayed timepoint was performed under red light during the dark
cycle. The acute timepoint behavioral analysis included both endpoint groups, while the
delayed behavioral timepoint only included the late endpoint animals. Therefore, for the
acute behavioral timepoint, n = 26 per group, while for the delayed behavioral timepoint,
n = 13 per group.

2.2. GCRSim Exposure

Mice were exposed to the simplified 5-ion GCRSim protocol [25] at 23–24 weeks of
age to simulate a relevant age of astronauts. The 5-ion composition is presented in Table 1.
The day before exposure mice were transported to the NASA Space Radiation Laboratory
(NSRL) and housed in the animal holding room overnight. Mice underwent a single
exposure of 0 (sham), 5 (0.4–0.9 cGy/min), 15 (0.9–1.2 cGy/min), or 50 cGy (1–1.3 cGy/min)
using a 60 × 60 cm beam. During each exposure, mice were loaded into 7.3 × 4.0 × 4.0 cm
transparent polystyrene restraint boxes with air holes and mounted in the exposure field.
Boxes were large enough for mice to turn around. Each box had an absorbent sheet to
collect waste during exposure. Animals were placed in the center of the field to assure
the best uniformity. The exposure time of the 50 cGy groups ranged from 36 to 43 min.
Animals exposed to the lower doses were exposed at the same dose rate and remained in
the restraint boxes for the same amount of time as the 50 cGy exposure groups to maintain
consistency. Sham animals remained in the restraint boxes for the same amount of time as
exposed animals. Animals were returned to their homecages and remained at NSRL until
the appropriate radioactivity level was reached, then animals were returned to BLAF.

Table 1. Definition of the simplified GCR simulation in order of delivery [25].

Ion Energy (MeV/n) Fraction

H 1000 35%
Si 600 1%
He 250 18%
O 350 6%
Fe 600 1%
H 250 39%

2.3. Composite Garcia Neuroscore

Prior to video acquisition at the acute timepoint (72 h postradiation exposure), a
Neuroscore test battery was performed, which assesses functional impairments with a
battery of tests following brain injury in rodents [26–28]. This composite assessment consists
of seven independent subtests which have been previously described [26,29]. Performance
and evaluation of each subtest are as follows:

1. Axial sensation (AS): Tactile stimuli was applied on each side of the mouse’s trunk
using a cotton swab. Scores indicate the following: 3, mouse is equally startled on
both sides; 2, slower response on one side; 1, missing response on one side.

2. Vibrissae proprioception (VP): A cotton swab was moved from the rear of the mouse
towards its head and gently touching the vibrissae on each side at a time. Scores
indicate: 3, mouse equally turns head on both sides; 2, asymmetric response; 1, missing
response on one side.

3. Spontaneous activity (SA): The mouse was observed for 3 min in their homecage
environment. Scores indicate the following: 3, mouse approaches at least 3 walls of
the cage; 2, mouse approaches less than 3 walls; 1, mouse does not approach any
walls; 0, mouse does not move at all.

4. Symmetry of limb movement (LS): The mouse was suspended by the tail to assess
movement of the four limbs. Scores indicate: 3, all four limbs were extended sym-
metrically; 2, asymmetric extension; 1, limbs on one side showed minimal movement;
0, hemiplegia (no limb movement).
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5. Lateral turning (LT): The mouse was suspended by the tail and a blunt stick was
moved along each side of the body to cause lateral turning towards the stimulus.
Scores indicate: 3, animal turns at least 45 degrees on both sides; 2, animal turns
equally to both sides but less than 45 degrees; 1, unequal turning; 0, no turning at all.

6. Forelimb outstretching (FO): The mouse was suspended by its tail (<30 s) allowing
both forepaws to touch the edge of a table. Scores indicate: 3, forepaws are equally out-
stretched and the mouse walked symmetrically on forepaws; 2, asymmetric outstretch
and impaired forepaw walking; 1, minimal movement of one forepaw; 0, hemiplegia
(no limb movement).

7. Climbing (CL): The mouse was placed on a rough surface (22 × 44 cm) at a 45◦ angle
with the table. Scores indicate: 3, mouse climbs to the top of the surface; 2, asymmetric
or impaired climbing; 1, mouse fails to climb or showed tendency of circling.

All activity was evaluated manually by the investigator. The final Neuroscore given to
each animal is the sum of the seven individual test scores. The minimum score is 3 (worst
performance) and the maximum is 21 (best performance).

2.4. Homecage Behavioral Analysis

Video recordings were taken at two timepoints, acute (intermediate and late groups)
and delayed (just late group) for each animal. The homecage was placed on a table with the
camera placed above and pointed directly into the cage below. The feeder and water were
removed and a three-minute video was recorded of the mice undisturbed immediately after
cage placement. Videos were recorded in the animal holding room with typical overhead
lighting. The delayed timepoint recordings were collected in the same way as the acute
timepoint but during the dark cycle and with red-bulb overhead lighting.

The total duration of movement, the amount of time spent in the center region of the
cage, as well as the frequency and duration of burrowing, rearing, and grooming were
scored without knowledge of groups using Ethovision (Noldus) and Behavioral Observa-
tion Research Interactive Software [30], respectively. Nestlet development was evaluated
from the same three-minute videos using the Deacon score as previously published [31].
In short, each Nestlet is scored on a scale of 1–5, where a score of 1 is depicted by largely
untouched cotton square Nestlet and the highest score of 5 is depicted by a fully shredded
Nestlet formed into a developed crater shape [31]. Videos were recorded 72 h after a fresh
Nestlet was added to the cage.

2.5. Statistical Analysis

Statistical analysis was performed using Prism version 9.0.0 and JMP Statistical Soft-
ware Pro 16.0.0. Data were tested for normality using Shapiro–Wilk. Outliers were iden-
tified using ROUT. Depending on the Shapiro–Wilk results, data were analyzed using
Two-way ANOVA followed by Tukey post hoc or using Kruskal–Wallis followed by Dunn’s
Test. For Deacon score, a chi square test was used to compare the frequency of each Deacon
score per dose compared to sham. For time dependent variables, Repeated Measures
ANOVA or Mixed Measures analysis was performed. Data are expressed as mean ± SD
and a p value of <0.05 with a 95% Confidence Interval (CI) was considered as significant.

3. Results
3.1. Neuroscore

A Neuroscore test battery was performed at the acute timepoint during the light cycle
for all animals and the sum of all tests was analyzed. There were no observable deficits
in performance of the test battery at any dose and no differences in performance between
males (average score 20.7 ± 0.09) and females (average score 20.8 ± 0.08) (Figure 1).
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Figure 1. Neuroscore of C57Bl/6J male and female mice exposed to GCRSim. The total of seven
tests (spontaneous activity, proprioception, vibrissae touch, limb symmetry, lateral turning, forelimb
outstretching, and climbing) was evaluated. Neuroscore for male (A) and female (B) mice was
evaluated 72 h post-GCRSim exposure of either 0 (sham), 5, 15, or 50 cGy. Data are presented as
mean ± SD where n = 26.

3.2. Frequency of Homecage Behaviors

The frequency of typical mouse behaviors such as burrowing, rearing, and grooming
were quantified (Figure 2). Many mice did not perform any grooming behavior within
the three-minute video timeframe and, therefore, have a frequency value of zero. In the
acute exposure groups, during the light cycle, there was no significant difference in any
behavior frequencies for the male mice (Figure 2A,C,E). Among the females, we found
a significant increase in burrowing frequency in the 15 cGy exposure group compared
to the sham (Figure 2B, p = 0.0117, 95% CI −15.65 to −1.584). In the delayed exposure
groups, during the dark cycle, there were no observable significant differences in any of
the behavior frequencies (Figure 2A–F).

When comparing the delayed to the acute timepoint for each dose, the rearing fre-
quency of the male mice increased for all doses (Figure 2C, p ≤ 0.0161, 95% CI −14.61 to
−1.054 sham, −17.33 to −3.949 5 cGy, −15.28 to −1.720 15 cGy, −15.23 to −2.021 50 cGy),
where only 15-cGy-exposed females increased rearing frequency at the delayed timepoint
(Figure 2D, p = 0.0014, 95% CI −16.35 to −2.974).
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Figure 2. The frequency of typical homecage behavior of C57Bl/6J male and female mice exposed to
GCRSim. The total frequency of burrowing (A,B), rearing (C,D), and grooming (E,F) by male and
female mice was evaluated in three-minute videos of undisturbed, homecage behavior. Timepoints
include 72 h (acute) or 91 days (delayed) post-GCRSim exposure of either 0 (sham), 5, 15, or 50 cGy.
Data are presented as individual points where n ≥ 13; significance where p < 0.05; # denotes dose
effects significantly different than sham within that timepoint and * denotes significant difference
between acute and delayed timepoints. One symbol denotes p < 0.05, two symbols denotes p < 0.01,
and three symbols denotes p < 0.001.

For direct comparison of male to female in burrowing, rearing, and grooming fre-
quency, there are no observable differences at any dose or timepoint.

3.3. Duration of Homecage Behaviors

The total duration of typical mouse behaviors burrowing, rearing, and grooming
was quantified (Figure 3). Many mice did not perform any grooming behavior within
the three-minute video timeframe and, therefore, have a duration value of zero. Among
the females, we found a significant increase in burrowing duration among the 15 cGy
exposure group when compared to the sham at the acute timepoint (Figure 3B, p = 0.0127,
95% CI −16.14 to −1.395), similarly as observed with burrowing frequency. There were no
other observable differences at the early timepoint. Among the delayed exposure groups,
there was no significant difference of male behavior durations among any exposure groups.
However, female grooming duration increased after 50 cGy exposure compared to the
sham (Figure 3F, p = 0.0469, 95% CI −1.908 to −0.009033)
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Figure 3. The duration of typical homecage behavior of C57Bl/6J male and female mice exposed
to GCRSim. The total duration of burrowing (A,B), rearing (C,D), and grooming (E,F) by male and
female mice was evaluated in three-minute videos of undisturbed, homecage behavior. Timepoints
include 72 h (acute) or 91 days (delayed) post-GCRSim exposure of either 0 (sham), 5, 15, or 50 cGy.
Data are presented as individual points where n ≥ 13; significance where p < 0.05; # denotes dose
effects significantly different than sham within that timepoint and * denotes significant difference
between acute and delayed timepoints. One symbol denotes p < 0.05, three symbols denotes p < 0.001,
and four symbols denotes p < 0.0001.

When comparing the delayed to the acute timepoint for each dose, the total rearing
duration of male mice exposed to 5 cGy (Figure 3C, p = 0.0411, 95% CI −18.96 to −0.2642)
and all female mice (Figure 3D, p ≤ 0.0004, 95% CI −20.74 to −4.618 sham, −20.04 to
−4.541 5 cGy, −23.79 to −7.440 15 cGy, −21.90 to −5.964 50 cGy) was increased. Grooming
duration was increased at the delayed timepoint for females exposed to 50 cGy (Figure 3F,
p = 0.0305, 95% CI −1.676 to −0.05927).

For direct comparison of male to female mice behaviors at the early timepoint, males
had a higher burrowing duration than females at all doses except 15 cGy (p ≤ 0.0477, 95%
CI 2.529 to 21.85 sham, 1.026 to 19.61 5 cGy, 0.06826 to 19.80 50 cGy) and a higher rearing
duration than females at all doses except the sham (p ≤ 0.0233, 95% CI 0.7464 to 14.83 5 cGy,
5.292 to 20.11 15 cGy, 1.202 to 16.16 50 cGy). There were no observable sex differences
in grooming duration. Additionally, at the late timepoint, there were no observable sex
differences at any dose for any of the behaviors.

Total duration of movement was quantified (Figure 4). At the delayed timepoint,
females spent more time moving than males after 5 and 15 cGy exposure (Figure 4B,
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p = 0.0016, 95% CI −12.31 to −1.835; 0.0095 95% CI −11.65 to −0.9643, respectively). When
compared to acute, both males (Figure 4C; p ≤ 0.0057, −20.09 to −5.259 sham, −17.00 to
−2.259 5 cGy, −18.17 to −3.013 15 cGy, −20.75 to −5.498 50 cGy) and females (Figure 4D
p < 0.0001, −26.56 to −13.20 sham, −20.37 to −7.535 5 cGy, −23.70 to −10.68 15 cGy, −24.65
to −11.54 50 cGy) of all exposure doses and sham spent more time moving at the delayed
timepoint. The velocity, distance traveled, change in heading, and amount of time spent in
the center region of the cage was also quantified, but there were no differences between
male and females or acute and delayed timepoint.
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Figure 4. The total duration of movement of C57Bl/6J male and female mice exposed to GCR-
Sim. The total movement duration of male (A) and female (B) mice was evaluated in 3 min
videos of undisturbed, homecage behavior. Timepoints include 72 h (acute; C) or 91 days (de-
layed; D) post-GCRSim exposure of either 0 (sham), 5, 15, or 50 cGy. Data are presented as
individual points where n ≥ 13; significance where p < 0.05; # denotes significant difference be-
tween sexes at that timepoint and * denotes significant difference between acute and delayed time-
points. Two symbols denotes p < 0.01, three symbols denotes p < 0.001, and four symbols denotes
p < 0.0001.

3.4. Deacon Score

The quality of Nestlet construction was evaluated using the Deacon score (Deacon
2006). In this study, there were no scores of 1 or 2, just 3, 4, and 5 (Figure 5A–C).
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Figure 5. Representative images of Deacon scores of observed Nestlet construction of C57Bl/6J male
and female mice exposed to GCRSim. Nestlet construction was evaluated with the Deacon score. In
this study, scores were either 3 (A), 4 (B), or 5 (C).

During the acute observation window, males exposed to the 15 cGy subset had a
majority percentage (58.33%) of Nestlet score 4, which was significantly different than
the sham, while all other male groups had a majority of score 5 Nestlets (Figure 6A).
Interestingly, female mice exposed to 50 cGy had no score 3 Nestlets and only the highest
scores of 4 and 5 (Figure 6B). Comparing sex and exposure groups, we found higher overall
Deacon scores among the female groups, the majority of scores being a 5, when compared
to males. These observations did not remain for the delayed timepoint where there were
far fewer Nestlet scores of 5 observed. A majority score of 3 was observed for all doses
for males (Figure 6C) and about even scores of 3 and 4 for all females (Figure 6D). In fact,
50 cGy males had no Nestlet score 5 (Figure 6C).
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Figure 6. Deacon scores of Nestlet construction of C57Bl/6J male (A,C) and female (B,D) mice
exposed to GCRSim. The Deacon score of Nestlet construction by male and female mice was
evaluated in 3 min videos of undisturbed, homecage behavior. Timepoints include 72 h (acute) (A,B)
or 91 days (delayed) (C,D) post-GCRSim exposure of either 0 (sham), 5, 15, or 50 cGy. Data are
presented as frequency of each score where n ≥ 13; significance where p < 0.05; # denotes dose effects
significantly different than sham within that timepoint and * denotes significant difference between
acute and delayed timepoints. One symbol denotes p < 0.05.

4. Discussion

The exposure to spaceflight may result in cognitive deficits that impact astronauts’
behavior and mood. This study, using a mouse model, focused on typical, undisturbed
homecage behavior at 72 h (acute) and 91-day (delayed) timepoints following a single
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dose exposure of sham, 5, 15, or 50 cGy GCRSim. The use of undisturbed homecage
video to evaluate behavior has increased in popularity due to ease of performance and
low cost. An important consideration is that animals, particularly mice, have a great
propensity to compensate in behavior when deficits occur. As the homecage behavior
that was assessed are behaviors that mice are able to perform all the time, they may
have a greater ability to compensate over time. This would make it more difficult to find
differences between groups in the homecage after exposure to space radiation, especially
at a delayed timepoint. However, homecage analysis of species-typical behavior is still
a valuable tool to investigate GCRSim-induced changes. It is beneficial over out-of-cage
testing as it removes any variability induced by the stress of being removed and outside of
a familiar homecage, as well as potentially identifying any behavioral patterns that may
have been missed during out-of-cage testing [32,33].

Burrowing, rearing, and grooming are naturalistic mouse behaviors, though increases
in these behaviors are associated with anxiety and compulsion [34–36]. Additionally,
changes in these behaviors appear to be sensitive to acute stress and are sex dependent [36].
Here, we observed significant burrowing frequency and duration differences among the
female exposure groups during the acute observation period (72 h after exposure) after
15 cGy exposure. The only delayed response differences observed was female grooming
duration increased after 50 cGy exposure. A reason for this observation might be that
due to such an immediate evaluation window following radiation exposure at the acute
timepoint, there may be an adjustment period that results in changing behavior durations
due to a recent change in environment (from the restraint boxes during irradiation to the
homecage) and that female mice are more sensitive to these changes. Additionally, females
exposed to 5 and 15 cGy spent more time moving than males, but only at the delayed
timepoint. Previously, in open field, Raber et al. observed that females had higher activity
levels than males, but for all doses and sham exposures [18], where Lui et al. found male
mice were more susceptible to radiation-induced changes in activity levels than female
mice after 10 or 50 cGy exposure of 56Fe [37]. Rienecker et al. did not observe any dose or
sex differences in the time spent in the center of the open field arena [21]. Here, both males
and females spent more time moving at the delayed timepoint than acute, regardless of
dose. Age may play a factor in the differences observed between the acute and delayed
timepoints. Age-related changes have been observed in locomotion and spatial orientation
in rodents [38]. Another important consideration is that the acute timepoint videos were
recorded in the light cycle while the delayed timepoint videos were recorded during the
dark cycle, and this is likely the reason for increased movement at the delayed timepoint.
Both male and female homecage activity has been shown to increase in the dark cycle
compared to light, regardless of radiation dose [19]. This may also be the reason rearing
differences were observed in both males and females at all exposure doses including sham.
The effects of the light:dark cycle on mouse behaviors have been investigated [39–41];
however, why only rearing was affected in our study and not burrowing or grooming
is unknown and requires further investigation. These results also differed from those
observed previously, where male mice exposed to 50 cGy have been shown to have higher
activity levels than sham mice during the dark cycle [18]. However, mice in this study
were exposed via 3-ion GCRSim rather than the 5-ion. Exposures to the 5-ion GCRSim
did not affect homecage activity [19]. In the open field, mice irradiated with 25 cGy 3-ion
exposure showed increased activity while mice irradiated with 50 cGy 5-ion exposure
showed decreased activity [18,19]. These results indicate a need for further investigation in
multi-ion exposures to identify behavioral changes that arise following exposure to the full
GCR spectrum experienced in spaceflight. In our study, as each timepoint was evaluated
under differing light cycle conditions, it is difficult to interpret the changes in behavior
from the acute to the delayed timepoint. However, very few radiation-induced effects were
observed, and this response is likely not dependent on the lighting conditions at the time
of behavioral analysis.
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Nesting is also a naturalistic, highly motivated mouse behavior. Stress exposure
impairs nesting in male and female mice [42–48]. The Deacon score is also a low cost,
noninvasive method to evaluate potentially previously unknown behavioral phenotypes.
Normal mice are expected to score 3 and above [31], while mice with hippocampal lesions
score on average 2 [31,49]. In our study, females were observed to have more frequent high
Deacon scores (score of 4 or 5) both during the 72 h and 91-day observation periods. Sex
differences in nest building have been observed previously [48,50,51], with females typically
performing better than males. This is to be expected, as females are evolutionarily more
highly motivated to nest build for the birth and care of pups. Interestingly, females exposed
to 50 cGy was the only group to have no Nestlet scores below 4. It is not immediately
clear why; though, perhaps 50 cGy exposure induced a mild stress response, as mild
stress has been shown to increase nesting in females and not males [52]; however, further
investigation is needed.

Analysis during the delayed observation window showed a decline in Nestlet builds
(score 4, 5) across all sexes and exposure groups with an increase in frequency of Deacon
scores of 3. Most notably, males in the 50 cGy exposure group had no score 5 Nestlets
observed. There are a number of potential reasons for this: The delayed animals were
housed in a different facility, though the same level of husbandry and the same Nestlet
style were provided. The delayed mice experienced more handling than the acute mice as
additional testing was performed (not presented here). However, all mice in the delayed
timepoint experienced the same amount of handling, so this is not expected to affect the
dose response. With acute to delayed timepoint comparisons, as very few radiation-induced
effects were observed, we do not expect additional handling to have a strong effect on the
delayed response to GCRSim exposure. Additionally, age-induced decline in nest building
has been observed in both male and female mice [51], where mice 18 months older built
lower scoring Nestlets. Here, mice at the delayed timepoint were only three months older
than at the acute timepoint, so it is not abundantly clear if our observed decline in Nestlet
scores was age-induced. It is also important to remember that normal mice are expected
to score at least 3 [31], and though different from acute, our observations at the delayed
timepoint are still considered normal behavior.

Sensorimotor deficits have been observed after exposure of 56Fe at similar doses used
in this study at 72 h postexposure in male Sprague-Dawley rats [53]. Here, to assess motor
and behavioral deficits, a noninvasive test battery (Neuroscore) was performed to assay
sensorimotor integrity by evaluating spontaneous activity, proprioception, vibrissae touch,
limb symmetry, lateral turning, forelimb outstretching, and climbing at the acute timepoint.
We observed no deficits in test score, suggesting no sensorimotor impairments from these
doses, though homecage behavior and nest building analysis revealed apparent sexually
dimorphic dose responses. This lack of Neuroscore effects emphasizes the sensitivity of
homecage analysis to capture the complexity of mouse behavior in response to spaceflight
relevant doses of radiation exposure. It is also possible that each of the separate individual
tasks within the Neuroscore test were not sensitive enough to pick up the integrated
deficits that are unveiled with highly organized, complex behavior, such as nest building
and previously reported string-pulling behavior. As previously seen, different behavioral
tests can result in different outcomes, even with the same exposure dose [11,13,14]. The
homecage is thought to be important for identifying the behavioral patterns that may have
been otherwise missed by out-of-cage analysis [33]. Therefore, homecage analysis may be
required to fully characterize the postirradiation exposure mouse behavioral phenotype.

A major limitation of this study is that only three-minute videos were utilized. Con-
tinuous video acquisition and analysis allows for more accurate monitoring, particularly
during the dark cycle when mice are most active [54–56], as well as offering insight into
previously unobserved activity phenotypes and allow the researcher to fully characterize
the behavior [33,39]. Additionally, circadian rhythm, an important component of animal
behavior, was not analyzed. Recently, a study by Pernold et al. (2021) found highly sig-
nificant circannual oscillation in the spontaneous activity of male and female C57BL/6
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mice housed under constant conditions. These oscillations in rhythmicity lasted for months
and these rhythmic variations likely have a significant effect on undisturbed, homecage
behavior [57]. Our future studies aim to investigate the combined effects of numerous
spaceflight-like environmental stressors. This will include utilizing hindlimb unloading as
a model of microgravity as well as social and single housing and 5-ion GCRSim exposure.

5. Conclusions

Overall, in our study, there were some but very few effects of GCRSim exposure
on behavior, particularly at 15 and 50 cGy. Though it did not appear that a single dose
exposure induced strong negative effects on homecage behavior in mice. Additionally, it
does not appear that GCRSim exposure has major negative impacts on Nestlet construction.
Further studies are needed to elucidate the effects of galactic cosmic radiation on cognition
and behavior that may impact astronaut performance.
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