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Prenatal irradiation is known to perturb brain development. Epidemiological studies
revealed that radiation exposure during weeks 8-15 of pregnancy was associated with
an increased occurrence of mental disability and microcephaly. Such neurological deficits
were reproduced in animal models, in which rodent behavioral testing is an often used
tool to evaluate radiation-induced defective brain functionality. However, up to now,
animal studies suggested a threshold dose of around 0.30 Gray (Gy) below which no
behavioral alterations can be observed, while human studies hinted at late defects after
exposure to doses as low as 0.10 Gy. Here, we acutely irradiated pregnant mice at
embryonic day 11 with doses ranging from 0.10 to 1.00 Gy. A thorough investigation of
the dose-response relationship of altered brain function and architecture following in utero
irradiation was achieved using a behavioral test battery and volumetric 3D To-weighted
magnetic resonance imaging (MRI). We found dose-dependent changes in cage activity,
social behavior, anxiety-related exploration, and spatio-cognitive performance. Although
behavioral alterations in low-dose exposed animals were mild, we did unveil that both
emotionality and higher cognitive abilities were affected in mice exposed to >0.10 Gy.
Microcephaly was apparent from 0.33 Gy onwards and accompanied by deviations in
regional brain volumes as compared to controls. Of note, total brain volume and the
relative volume of the ventricles, frontal and posterior cerebral cortex, cerebellum, and
striatum were most strongly correlated to altered behavioral parameters. Taken together,
we present conclusive evidence for persistent low-dose effects after prenatal irradiation
in mice and provide a better understanding of the correlation between their brain size
and performance in behavioral tests.
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INTRODUCTION

Exposure to ionizing radiation is known to induce a plethora
of adverse health consequences, with the severity of the effects
greatly depending on the dose (Williams and Fletcher, 2010).
Brain defects, including mental disability and microcephaly, have
been reported in humans and laboratory animals in utero exposed
to radiation (Schull et al., 1990; Schull and Otake, 1999). Apart
from epidemiological evidence in atomic bomb survivors, the
altered functionality of the brain following radiation exposure
is typically demonstrated using rodent behavioral testing.
Diverse behavioral paradigms have been employed and revealed
alterations in cortical and hippocampal-associated functions,
like changed exploration and anxiety (Tomasova et al., 2012;
Kokosova et al., 2015), as well as impaired cognition (Sienkiewicz
etal., 1999). For instance, X-ray exposure of the rat at embryonic
day (E) 17 with 2.25 Gray (Gy), used to induce cortical
dysplasia, affected the progeny’s non-locomotor activity, motor
coordination, and learning and memory (Zhou et al.,, 2011).
Whether low doses of radiation (<0.10 Gy) also disturb brain
function is less clear. While evidence from epidemiological data
hinted to a threshold dose of 0.10 Gy below which no long-
term brain functional deficits could be observed (Otake et al,,
1996), animal studies assessing the dose-response relationship of
prenatal irradiation rather indicated that no behavioral effects
could be seen below 0.30 Gy (Sienkiewicz et al., 1994; Hossain
and Uma Devi, 2001). Indeed, aberrant open field and radial arm
maze performance has been found in mice prenatally exposed to
0.30 and 0.35 Gy, but not in those exposed to 0.25 Gy (Baskar
and Devi, 2000; Hossain and Uma Devi, 2000). In light of this
discrepancy, the consequences of in utero radiation exposure to
low doses <0.30 Gy are a matter of debate and require further
attention (Mothersill and Seymour, 2013; Doss et al., 2014).

In a previous study, we identified E11 as a critical time
point for long-term radiation health effects (Verreet et al., 2015),
including behavioral alterations and brain volumetric changes as
assessed by non-invasive 3D T,-weighted magnetic resonance
imaging (MRI). In the present report, we evaluated the dose-
response relationship of mouse behavioral defects after radiation
exposure at E11 with 0.10, 0.33, 0.66, or 1.00 Gy, aiming to better
define the threshold, if one exists, of the functional and structural
sequelae for the brain resulting from prenatal irradiation. Hereto,
an extended behavioral test battery was used, including clinically
relevant elements such as emotional response, exploration, and
cognition. Subsequently, animals were subjected to MRI in order
to assess possible volumetric/structural changes in the irradiated
brains that could be related to the behavioral alterations. In
vivo MRI has proven a valid tool in neuroscience research and
has, for example, been used to analyze the adverse outcome of
radiotherapy treatment on the brain (Atwood et al.,, 2007a,b;
Chan et al.,, 2009) and regional differences in neuroanatomy and

Abbreviations: ch, Chaining; ci, Circling; E, Embryonic day; fc, Focal correct;
FDR, False discovery rate; fi, Focal incorrect; Gy, Gray; MIP, Maximum intensity
projection; MRI, Magnetic resonance imaging; MWM, Morris water maze; P,
Postnatal day; pe, Peripheral looping; Q, Quadrant; ra, Random; RARE, Rapid
acquisition with refocused echoes; sc, Scanning; sd, Spatial direct; si, Spatial
indirect; SPSN, Sociability and preference for social novelty; STR, Stranger mouse.

brain growth after 7-Gy whole-brain irradiation in 2.5-week-
old mice (Gazdzinski et al., 2012). Registration-based methods
have been widely used to assess brain volume changes in
animal models of neurodegenerative disorders (Grandmaison
et al, 2013; Sawiak et al, 2013). They have, however, never
been utilized before to determine volumetric differences in the
prenatally irradiated mouse brain. A preliminary report in non-
human primates suggested that fractionated irradiation during
prenatal neurogenesis caused a non-homogeneous reduction in
gray matter volumes, particularly in the putamen, and cerebral
cortex (Selemon et al., 2013). Volume decreases were not always
significant, probably as a result of a low number of animals and a
large within-group variability, but the brain volume changes were
accompanied by functional deficits under the form of adult-onset
defects in a working memory task (Aldridge et al., 2012; Selemon
et al., 2013).

In this study, we investigated behavior in young adult
mice that had been irradiated in utero. A dose of 0.10 Gy
delivered at E11 caused altered sociability and compromised
spatio-cognitive performance, whereas 1.00-Gy exposed animals
exhibited decreased 23-h cage activity, defective anxiety-
related exploration, sociability and social memory, as well
as clear defects in spatial learning and memory. Moreover,
mice irradiated with a dose of 0.33 Gy or higher displayed
microcephaly. MRI further demonstrated changes in the absolute
and relative volumes of certain brain regions. We performed
correlation analyses between brain (region) volumes and
radiation-induced behavioral alterations. This disclosed strong
correlative relationships between the overall reduction in brain
volume, decreased normalized posterior and frontal cortex,
striatum and cerebellum volume, and increased relative ventricle
size with various behavioral outcomes. For instance, radiation-
induced altered Morris water maze (MWM) escape latency
during training day 1 correlated significantly with changes
in cortical and cerebellar volume. Hence, with this work, we
contribute to a better understanding of the relationship between
brain structure and function in prenatally irradiated mice and we
also present evidence for decreased brain functionality due to in
utero exposure to a radiation dose as low as 0.10 Gy.

MATERIALS AND METHODS

Animals and Irradiation Procedure

C57Bl/6] mice were purchased from Charles River Breeding
Laboratories (Leiden, The Netherlands) and kept in standard
animal cages under conventional laboratory conditions (12-h
light/dark cycle, dark cycle starts at 20.00 h and 22°C), with
ad libitum access to water and food. All experiments were
performed in accordance with the European Communities
Council Directive of 24 November 1986 (86/609/EEC) and
approved by the local ethical committees at SCKeCEN (Request
no. 11-005) and KU Leuven. Mating of mice occurred during a
2-h period in the morning. This short mating period was used in
order to obtain synchronous timing of embryonic development.
At E11, pregnant mice were whole-body-irradiated in a Plexiglas
box with different doses (0.10, 0.33, 0.66, or 1.00 Gy). Irradiation
was performed using a Pantak HF420 RX machine (Branford,
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CT, US) operating at 250 kV, 15 mA (1-mm Cu-filtered X-rays,
dose rate of 0.375 Gy min~!). Doses were determined using a
Farmer ionization chamber. Control mice were sham-irradiated.
After irradiation, pregnant mice returned to their home cages and
were allowed to give birth. Three weeks after birth, pups were
weaned and litters were group-housed per gender for subsequent
experiments.

Behavioral Tests

Neuromotor, exploration, and learning assessment started when
animals were 4-7 weeks old and ended at 12-15 weeks of age.
An overview of the order of behavioral tests and the age range
of the animals utilized for every task is provided in Table 1.
Female animals were used and testing occurred using two cohorts
of mice, each containing control animals (N = 15). In order
to correct for minor inter-experimental variation, behavioral
parameters are expressed as a percentage in regard to their
respective controls, except for MWM strategies.

Cage Activity

Ambulatory cage activity was recorded with a laboratory-built
activity logger connected to three infrared beams. Mice were
placed individually in a transparent cage (20 x 26 cm) during 23
h and beam crossings representing locomotor cage activity were
registered during 30-min time intervals.

Accelerating Rotarod

Motor coordination and equilibrium were tested on an
accelerating rotarod apparatus (MED Associates Inc., St. Albans,
VT, US). After two adaptation trials of 2 min each at a constant
speed of 4 rpm, a mouse was placed on the rotating rod for four
test trials with an inter-trial interval of 10 min. The time (latency)
amouse could remain on the rod was measured up to a maximum
of 5 min, during which rotation speed gradually increased from 4
to 40 rpm.

Gait Analysis

Walking abilities and gait pattern were analyzed using the
DigiGait Imaging System (Mouse Specifics, Boston, MA, US).
Mice were placed on a motor-driven controlled treadmill with
a constant speed of 22 cm s™! and filmed with a digital camera
that was placed underneath a transparent belt. The digital images
of the gait pattern were used to extract gait parameters for
each mouse. Variables considered were: stride length, paw angle,

TABLE 1 | Overview of test order and age at time of testing.

Protocol Age range (weeks)
Cage activity 4-7
Accelerating rotarod 5-8
Gait analysis 5-8
Open field 6-9
Social exploration 7-10
Elevated plus maze 8-11
Sociability and preference for social novelty (SPSN) 9-12

Morris water maze (MWM) 10-15

absolute paw angle, stance/swing ratio, hind limb shared stance
time, stance, stride, and swing.

Open Field

Open field exploration was examined in an illuminated 50 x
50 cm square Plexiglas arena. After a minimum of 30-min dark
adaptation, every animal was placed in the same corner of the
arena and allowed to adapt to the arena during 1 min. Thereafter,
movement of the mouse in the arena was recorded during 10
min with ANY-maze TM video tracking equipment and software
(Stoelting Co., IL, US). Total path length, mean speed and line
crossings were included as measures of ambulatory activity.
Center (defined as a circle with 30-cm diameter in the middle of
the arena) entries, percentage of path length in the center, latency
of first center approach, and time spent in the center were used to
evaluate exploration and anxiety-related behaviors.

Social Exploration

Social interaction is another method to measure anxiety-related
behavior (File and Seth, 2003). To assess social exploration, the
same arena was used as in the open field task. A round wire cage
with two female stranger mice (STR) was placed in the center of
the arena, enabling visual, olfactory, and limited physical contact
with the test animal. Mice started from a specific corner of the
arena and recording of the explorative pattern began after 1 min
of adaptation. During the following 10 min, the number of center
approaches, latency of first center approach, percentage of path
length in the center, and time spent in the center were recorded.
Total path length, mean speed, and line crossings were included
as measures of ambulatory activity.

Elevated Plus Maze

The elevated plus maze was used to evaluate anxiety-related
exploration. Mice could first adapt for 1 min in the plus-shaped
maze, located 30 cm above the surface. The maze consisted of
two open arms (21 x 5 cm) without walls and two closed arms of
the same size with high-side walls. After adaptation, mice could
explore the maze freely for 10 min during which exploratory
activity was recorded by five infrared beams (four for arm entries
and one for percentage of time spent in the open arms) connected
to a computerized activity logger. Total number of arm entries
(beam crossings in open and closed arms), open arm entries,
closed arm entries, percentage of open arm entries, percentage
of time spent in the open arms, and ratio open/closed arm entries
were used as parameters.

Sociability and Preference for Social Novelty (SPSN)

The Sociability and Preference for Social Novelty (SPSN)
procedure was performed as described previously (Naert et al.,
2011). The apparatus consisted of an indirectly-illuminated
transparent Plexiglas box with one central chamber and two
adjacent chambers. The adjacent chambers were accessible
through a small opening that could be manually closed. In each
of the adjacent chambers, a round wire cage was placed. ANY-
maze was used to record the animal’s behavior. The procedure
consisted of three trials and between trials the mouse was
removed from the set-up and placed separately in a waiting
cage. During the first trial (acclimation trial), mice could freely
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explore the central chamber for 5 min, doors to the adjacent
chambers remained closed. In the second trial (sociability trial),
an unknown female mouse (STR1) was placed in one of the
wire cages while the other wire cage remained empty. The
doors to all chambers were opened shortly after the start of
the trial and mice could walk around freely for 10 min while
their behavior was recorded. For the last trial (preference for
social novelty trial), a second unknown female mouse (STR2)
was placed in the empty wire cage; STR1 remained in its place.
Similar to the second trial, the test mouse was placed in the
central chamber and after the start of the trial the doors to
all chambers were opened (10 min). Approach behavior toward
the STR mice by the test animal was defined as the time spent
and the amount of entries in a circle of 1.4 cm around the
wire cages. The latency of the first approach per STR and the
total path length in each chamber were also registered. The
position of STR1 and STR2 was counterbalanced between test
animals.

Morris Water Maze (MWM)

Spatial learning and memory were examined in the MWM.
A round acrylic glass platform (15-cm diameter) with a fixed
position was hidden 1 cm below the surface of opacified water,
kept at 25-26°C. The circular pool had a diameter of 150
cm (and height of 30 cm) and the room housing the pool
had a constant display of distal extra-maze cues. Swimming
patterns of the animals were recorded with EthoVision video
tracking equipment and software (Noldus, Wageningen, The
Netherlands). During the acquisition phase, mice had to swim
four times daily with a trial interval of 10-15 min, starting
randomly from one of four starting positions. Mice that failed to
find the platform within 2 min were gently guided to the platform
and remained there for 10-15 s before they were returned to their
home cage. Animals were trained during two blocks of 5 days (2
days of rest followed after each training block). Escape latency
to find the hidden platform, path length, and swimming velocity
were recorded.

Differential search strategies, as defined previously by Brody
and Holtzman (2006), were assigned to each trial. Strategies
can be classified into three classes, each with subcategories: (1)
spatial: spatial direct, spatial indirect, focal correct; (2) non-
spatial systematic: scanning, random, focal incorrect; and (3)
repetitive looping: chaining, peripheral looping, circling (see also
Figure S1). The strategy predominantly used by the animal was
attributed for each trial and the amount of trials per day in each
strategy was counted and expressed as a percentage (Callaerts-
Vegh et al,, 2012; Lo et al., 2014).

Probe trials were performed on day 6 and 11. During these
probe trials, the platform was removed and the search pattern
of the animals was recorded during 100s. Time spent in each
quadrant, as well as path length, and swimming velocity, were
recorded.

MR Imaging

Image Acquisition

In order to assess neuropathological consequences of prenatal
radiation exposure in vivo, anatomical MRI was performed for

all animals at the average age of 22 weeks. For this purpose,
we used the same mice as for the behavioral tests. A 9.4-Tesla
Bruker Biospec MR scanner (20-cm horizontal bore and 600
mT m™!-actively shielded gradients, Bruker Biospin, Ettlingen,
Germany) was used with a 7.2-cm linearly-polarized resonator
for transmission and a dedicated mouse brain surface receive
coil (both Bruker Biospin) to obtain 3D high resolution images
of the entire mouse brain (acquisition time: 20 min). Localizer
images (2D, multi-slice) were acquired first and used for proper
positioning and orientation of subsequently-acquired 3D MR
images. We used a conventional 3D RARE (rapid acquisition
with refocused echoes) sequence with the following parameters:
repetition time = 1.3, echo time = 14.2 ms, and an isotropic
resolution of 80 wm. Animals were anesthetized by inhalation
of 3-4% isoflurane in 100% oxygen (Abbott Laboratories,
Queenborough, UK) for induction and 1-2% isoflurane for
maintenance. Mouse body temperature and breathing rate were
monitored continuously using an MR-compatible physiological
monitoring system (SAIL Stony Brook, NY, US) and maintained
at 35-37°C and 140 min~!, respectively.

Image Post-Processing

For morphological characterization of mouse brain MRI, a
dedicated semi-automated image analysis pipeline was used
(Kovacevic et al.,, 2005; Cleary et al., 2011; Ma et al., 2014),
consisting of three main stages: (1) pre-processing, (2) study-
specific template construction, and (3) atlas-based volumetry.

In the first stage, the study images were pre-processed
to correct for intra-scan inhomogeneity (Likar et al., 2001).
The ex vivo LONI atlas (MacKenzie-Graham et al., 2004) was
subsequently affinely aligned with each of the corrected study
images using automated image registration (Maes et al., 1997).
Based on the LONI atlas, a brain mask, dilated with three voxels,
was defined for each of the study images. Image intensities within
the brain masks were linearly normalized across subjects. The
intensity-normalized MR images and corresponding brain masks
were used in all subsequent steps.

In the second stage, the study images of both control and
irradiated animals were spatially normalized by free-form non-
rigid registration using B-splines (Rueckert et al., 1999), as
implemented in NiftyReg (Modat et al, 2010), in order to
iteratively construct a study-specific mean shape template. In the
first iteration, all images were rigidly aligned (three translation
and three rotation parameters) to the publicly available in vivo
NUS atlas (Bai et al,, 2012) that is pre-aligned to the LONI
atlas. In the second iteration, all images were affinely registered
(three translation, three rotation, three scale, and three shear
parameters) to their average from the first iteration. In the
third iteration, all images were non-rigidly registered to their
average from the second iteration [final B-spline control point
spacing of 400 pm (five voxels)]. This step was repeated 10 times,
whereby at each time the average of the previous iteration was
geometrically centered to the study population by subtracting
the mean displacement over all subjects. Anatomical labels were
assigned to the final template through its non-rigid registration
to the NUS atlas (39 anatomical labels, for details see Bai et al.,
2012).
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In the final stage, the anatomical labels of the template
were propagated to the individual study images using the
transformations determined in the final template construction
step. Whole and regional brain volume measures were
subsequently quantified for each animal. For this purpose,
the 39 labels of the NUS atlas were merged into 19 structures
of interest: ventricles (i.e. cerebral aquaduct, lateral, third, and
fourth ventricles), posterior cerebral cortex, hippocampus,
olfactory system, frontal cortex, striatum, thalamus, midbrain,
basal ganglia, corpus callosum, amygdala, hypothalamus,
cerebellum, pons, medulla, fornix system, anterior commissure,
corpora quadrigemina, and internal capsule. An overview of

the template construction and labeling steps is provided in
Figure 1.

Data Analysis

Data are represented as mean =+ standard error of mean (SEM).
Analysis was performed with GraphPad Prism 5 software for
Windows (GraphPad software Inc., San Diego, California, USA).
One-way ANOVA was used in order to compare global group
differences (e.g. breeding parameters, total beam crossings in the
cage activity, and global and regional brain volumes). Specifically,
for SPSN and MWM probe trials (between-subjects variables:
group and zone), we used two-way ANOVA. When a time
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FIGURE 1 | Image registration and labeling. On top, five representative brain MR images are shown. Of all the images from all conditions, we prepared an average
study template, which was then registered to the NUS atlas in order to segment the brain into specific brain regions. These brain structures or labels were propagated
to the individual images of every animal. The whole brain contour is shown in cyan, the ventricles are delineated in purple, and the frontal and cerebral cortex in red
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TABLE 2 | Summary of breeding parameters, body, and brain weight of in utero irradiated animals.

Breeding parameters

0.00 Gy (N = 30) 0.10 Gy (N = 9) 0.33Gy (N =11) 0.66 Gy (N = 13) 1.00 Gy (N = 16) F value
Litter size 5+04 6+0.17 6+0.5 6+£0.7 6+0.7 0.4
Male-to-female ratio 1.3+£0.26 1.4+£06 1.7+£05 1.9+£0.6 1.2+£05 0.4
Gestation period 19+0.11 19+0.14 20+0.20 19+0.16 19+0.13 1.4

Weight (g)

0.00 Gy (N = 24) 0.10 Gy (N = 15) 0.33Gy (N =4) 0.66 Gy (N = 5) 1.00Gy (N =8) F value
Body weight 21+0.22 20+0.3 21+0.7 21+0.3 19+0.25"* 17
Brain weight 0.53+0.009 0.51+0.009 0.53+0.016 0.494+0.011* 0.4140.009"** 14

Data are expressed as mean + SEM. The number of litters/animals used is indicated (N). Significant differences compared to control animals are designated with *P < 0.05 or ***P <

0.001. Gy, Gray.

variable was included (e.g. swimming speed in MWM across
days), we used two-way repeated measures (RM) ANOVA to
analyze the data. Finally, post hoc differences were evaluated
using the Bonferroni test and the evaluation of percentage of
strategy use [relative to chance level (11.11%)] was carried
out using a Student’s ¢-test. Pearson product mean correlations
(r) were calculated to test correlations between behavioral
and volumetric data. P values obtained by the correlation
analysis were corrected for multiple testing using the method
of Benjamini and Hochberg (1995). All statistical analyses were
performed at a significance level of 0.05.

RESULTS

High-Dose Irradiated Mice Show
Decreased Cage Activity without Motor

Defects

Whole-body irradiation of pregnant mice at E1l1 did not
influence breeding. No significant difference in litter size
[F(4, 71y = 0.23, P = 0.9], male-to-female ratio [F(4 46y = 0.4, P
= 0.8], and gestation period [F(4, 46) = 1.4, P = 0.24] could be
detected (Table 2).

Between 4 and 15 weeks of age, mice were subjected to
an exhaustive behavioral test battery, including neuromotor,
exploratory, social, and learning tests. An overview of these
tasks is provided in Table 1. Firstly, total 23-h cage activity
recording showed a main effect of irradiation [F(4 7g) = 5, P
= 0.0012], with animals irradiated with the highest dose of
1.00 Gy displaying significantly decreased total beam crossings
(Figure 2A). Inspection of the overall 23-h activity patterns
clearly showed a main effect of time [F(4s5 3510y = 34, P < 0.0001],
meaning that the phasic aspect of the circadian activity cycle
was preserved, but also that the amount of beam crossings was
significantly affected by irradiation [F(4, 3510) = 4, P = 0.007]
(Figure 2B). During the first peak of the dark phase, a dose-
dependent reduction in activity could be seen, especially at the
highest dose (Figure 2B). In addition, 0.66-Gy irradiated mice
displayed hypoactivity during the first half hour of the test.
Thus, prenatal radiation exposure clearly affected spontaneous

activity, albeit significantly only in high-dose irradiated mice
(>0.66 Gy).

In the rotarod test, which was used to evaluate mouse motor
coordination and equilibrium, we observed a significant effect
of trial [F(3 237y = 8, P < 0.0001], indicating that animals
improved their performance over the four trials, but we did not
detect gross radiation-induced alterations in motor functioning
[F4, 237y = 1.6, P = 0.19]. Also, treadmill analysis of gait
parameters could not differentiate between irradiated and non-
irradiated animals (Table S1), further corroborating that prenatal
radiation exposure did not influence neuromotor abilities at this
young adult age.

Irradiated Animals Exhibit Anxiety-Related

Differences in Exploration and Sociability
Mouse exploration and social behavior, both tightly associated
with anxiety-related responses, were studied using various tests.
In the open field and social exploration tasks, no evidence
could be found for radiation-induced differences in ambulatory
activity (Table S2). In the elevated plus maze, variables that
were mainly ambulatory in nature were mostly unchanged as
indeed the total number of arm entries [F(, 79y = 0.13, P =
1.0] (Figure 3A), open arm entries [F4 79) = 1.8, P = 0.14],
closed arm entries [F4, 79y = 0.5, P = 0.7], and the percentage
of time spent in the open arms [F(4, 79) = 0.15, P = 1.0] did not
differ significantly between groups. However, measures of a more
emotional (anxiety-related) nature were altered. In particular, an
increased percentage of open arm entries [F(4, 79) = 3, P = 0.04]
(Figure 3B), as well as an increased ratio open/closed arm entries
[Fi4, 799 = 2.8, P = 0.03] was observed in animals irradiated
with 1.00 Gy at E11 compared to controls and mice irradiated
with lower doses. These results suggest anxiety-related defects in
exploratory behavior in 1.00-Gy exposed animals.

Next, several aspects of social performance were analyzed
using the SPSN test, which includes measures of sociability and
social memory. We unveiled alterations in the time spent in nose
contact with STR1 during the sociability trial [Fy, 7g) = 4, P =
0.004] (Figure 4A). Notably, a significant difference was already
observed from a dose of 0.10 Gy onwards. In the preference for
social novelty trial, we again detected an increase in nose contact

Frontiers in Behavioral Neuroscience | www.frontiersin.org

May 2016 | Volume 10 | Article 83


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

Verreet et al.

Prenatal Irradiation-Induced Brain Defects

1501

100 1

o
o
)

Total beam crossings (%) >

0.00 Gy 0.10 Gy 0.33 Gy 0.66 Gy 1.00 Gy
N=29 N=15 N=12 N=13 N=15

animals used is indicated in the graphs (N). E, embryonic day; Gy, Gray.

FIGURE 2 | Decreased 23-h spontaneous cage activity, with the conservation of the circadian rhythm, is observed in prenatally high-dose exposed
mice. (A) Animals irradiated with 1.00 Gy at E11 displayed a decreased activity, as assessed by the total amount of beam crossings during a 23-h period. (B)
Examination of the circadian profile of all animals indicated a decline in beam crossings during the dark phase in high-dose exposed mice. Data are presented as
mean + SEM. Horizontal lines with an asterisks indicate significant differences between means of two groups. *P < 0.05, **P < 0.01, ***P < 0.001. The number of

B

< + 0.00 Gy (N = 29)
< & =010 Gy (N = 15)
& 1204 A = 0.33Gy (N=12)
£ i —066Gy(N=13)
2 o il = 1.00 Gy (N = 14)
[] B!

S i

o

E 4040

©

[

o

é I5 7 é ’i1 13 15
Time (h)

0 —
17 19 21 23 1

>

150

Ll |

0.00 Gy 0.10 Gy 0.33 Gy 0.66 Gy 1.00 Gy
N=30 N=15 N=12 N=13 N=14

Total arm entries (%)

o

animals used is indicated in the graphs (N). Gy: Gray.

FIGURE 3 | Mice irradiated in utero with 1.00 Gy spent more time in the open arms of the elevated plus maze as compared to sham-exposed animals.
(A) No difference in total arm entries was found. (B) When calculating the ratio between the number of entries in the open arms in relation to the total arm entries, a
significant increase was seen for the high-dose exposed mice. These results therefore point toward a decreased inhibition of irradiated mice to enter the open arms.
Data are presented as mean + SEM. Horizontal lines with an asterisks indicate significant differences between means of two groups. *P < 0.05. The number of

150

*

ul

0.00 Gy 0.10 Gy 0.33 Gy 0.66 Gy 1.00 Gy
N=30 N=15 N=12 N=13 N=14

-
o
o

[51]
o

Open/total arm entries (%) @

(Figure 4B), as well as a difference in the amount of entries
in the nose contact zone (Figure 4C). While control animals
and animals irradiated with lower doses displayed a clear-cut
preference for STR2 as compared to STR1, 1.00-Gy irradiated
mice did not. This was shown by a significant effect of STR
[F1, 1569 = 19, P < 0.0001] and an effect of irradiation dose
[F(4, 156) = 5, P = 0.0004] on nose contact (Figure 4B) and on
entries in the nose contact zone [effect of STR: F(; 156) = 45, P
< 0.0001; effect of irradiation dose: F(4, 156) = 2.8, P = 0.028]
(Figure 4C). In summary, SPSN analysis identified profound
sociability and social memory changes in mice irradiated with
the highest dose at E11. For the latter, 1.00-Gy exposed mice
displayed no differentiation between STR1 and STR2, whereas all
other groups did.

Learning and Memory is Affected in Mice
Prenatally Exposed to Radiation

Spatial learning and memory of prenatally irradiated mice was
assessed using the MWM. In a first instance, we analyzed general
parameters such as escape latency and swim speed, but we

also included more detailed measures of actual spatio-cognitive
performance that are less influenced by neuromotor proficiency
(e.g. related to swimming). First, we found a significant effect
of training day on latency to find the hidden platform [Fg 711
= 178, P < 0.0001], showing that all mice improved their
performance as a result of learning (Figure 5A). Notably, 1.00-
Gy exposed mice displayed a marginally decreased swimming
speed [F4, 711) = 2.2, P = 0.08] (Figure 5B), which may have
negatively influenced the latency values of these mice. Indeed,
irradiation dose affected escape latency [F(4 711) = 5, P =
0.0022], as high-dose irradiated animals displayed an increased
latency to find the platform, especially during the first three
training days. Importantly, altered escape latency was already
obvious during the first training day [irradiation dose effect on
latency: F4 237) = 4, P < 0.0001] (Figure 5C), in the absence of
significant differences in swimming [irradiation dose effect on
swim speed: F4, 237y = 3, P = 0.020] (Figure 5D). In all, the
escape latency learning curve of the high-dose irradiated mice
(Figure 5A) showed a clear delay in improving performance over
trials and therefore, the reduced swimming velocity of these mice
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FIGURE 4 | Prenatally irradiated animals show an increased social
behavior, as evidenced by the amount of nose contact in the SPSN
task. (A) During the second trial of the SPSN test, all animals exposed to
radiation at E11 engaged more time in nose contact with the STR in the wire
cage as compared to sham-irradiated animals. (B,C) In the following trial, a
second STR, STR2, was placed in the other wire cage and time spent in
contact (B), as well as entries in the nose contact zone (C), between STR1
and STR2 were compared. Here, all animals, except for those exposed to 1.00
Gy, showed a significantly increased interest in STR2, indicative for social
memory. Data are presented as mean + SEM. Horizontal lines with an
asterisks indicate significant differences between means of two groups. *P <
0.05, **P < 0.01, **P < 0.001. The number of animals used is indicated in the
graphs (N). E, embryonic day; Gy, Gray; SPSN, sociability and preference for
social novelty; STR, stranger mouse.

during the subsequent trial days might be attributed to a reduced
motivation to swim.

On day 6 and 11 of the experiment, a probe trial was
performed to assess the animal’s memory for the spatial location
of the platform. During the first probe trial, we did not find
a dose effect [F4, 316y = 0.009, P = 1.0] (Figure 5E). During

the second probe trial, target quadrant preference became more
pronounced [F(3 316) = 93, P < 0.0001] and the dose effect on
time spent in the quadrants was significant [F(4 316) = 2.9, P =
0.022]. However, in all conditions, mice spent significantly more
time in the target quadrant as compared to the other quadrants
(Figure 5F), thus suggesting that differences between groups
were minor. Furthermore, during the first probe trial, but not
during the second, the swimming speed was decreased in mice
irradiated with a dose of 0.33 Gy onwards [probe trial 1: F(4 79
= 3, P = 0.022; probe trial 2: F(4 79y = 1.5, P = 0.22]. Our data
thus suggest that moderate-to-high dose exposure significantly
affected swimming velocity, as already observed previously for
the high-dose irradiated animals during the MWM acquisition
trials.

To investigate whether or not prenatal irradiation affected
actual complex learning abilities and spatio-cognitive
performance, we included several analyses that controlled
for possible interference of non-cognitive effects on acquisition
and probe trial performance. Firstly, we noted that during
the first, but not the second, probe trial prenatally irradiated
mice spent more time in the periphery of the pool [probe trial
1: F(4, 79) = 4, P = 0.005; probe trial 2: Fyy 79y = 1.6, P =
0.18] (Figures 5G,H). Secondly, we assessed the use of spatial
cognitive strategies that animals deployed to locate the hidden
platform. Taking the three main categories of swim strategies
into account (i.e. spatial, non-spatial, and repetitive), we found
that control animals increasingly used spatial search strategies
(i.e. employing spatial navigational cues), assumed to be the
most efficient and cognitively demanding strategies (Lo et al.,
2013, 2014). Statistical analysis confirmed this differential use of
strategies in the controls [F(; 7g3) = 70, P < 0.0001] (Figure 6A)
and further indicated that these spatial strategies were the
predominant strategies from training day 5 onwards. In the
0.10-, 0.33-, and 0.66-Gy exposed groups, a similar increased use
of spatial strategies was observed [F(; 373) = 16, F3 297) = 12,
and F(y, 324y = 59 for the 0.10-, 0.33-, and 0.66-Gy irradiated
animals, P < 0.0001], but post hoc analysis revealed minor
changes in the exact timing at which the spatial strategies were
utilized in a predominant way (Figures 6B-E). Mice irradiated
with 0.10 Gy mostly used the spatial strategies starting from
trial day 6 (Figure 6B), 0.33-Gy irradiated animals did this from
day 7 (Figure 6C). Unexpectedly, the mice exposed to 0.66
Gy predominantly utilized the spatial strategies already from
training day 4 onward (Figure 6D). Inferior learning abilities
of the high-dose exposed mice, as observed by altered learning
curves, were confirmed using these methods [F(, 351) = 2.1, P
= 0.14], with the exclusive use of spatial strategies only starting
from trial day 8 (Figure 6E). Overall, our analysis thus indicates
a dose-dependent delay in the initiation of the predominant use
of spatial strategies during the acquisition trials of the MWM,
with minor differences already detectable between controls and
0.10-Gy exposed mice.

In addition to a global examination of the strategies used,
we analyzed all different substrategies used on training days 5
(Figures 7A-E) and 10 (Figures 7F-]). We observed a preference
for particular search strategies by the different groups. When
comparing the use of all nine possible strategies to chance
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level (11.11%), control mice showed a significant preference for
“spatial indirect” (P = 0.04) and “focal correct” (P = 0.022) on
training day 5 (Figure 7A), whereas this was not the case for the
other conditions (Figures 7B-E). None of the irradiated animals
had a significant preference for any of the strategies, except for
the 0.66-Gy exposed animals that preferred the “spatial indirect”
strategy (P = 0.020) (Figure 7D). On training day 10, the mice
irradiated with 0.10 or 0.33 Gy showed a rather similar strategy
preference profile as the control animals, with a significant use
of “spatial direct” (P = 0.0004, P = 0.006, and P = 0.006
for the 0.00-, 0.10-, and 0.33-Gy irradiated mice, respectively)
and “spatial indirect” (P < 0.0001, P = 0.05, and P = 0.03
for the 0.00-, 0.10-, and 0.33-Gy irradiated mice, respectively)
(Figures 7F-H). In the mice exposed to 0.66 Gy, only the “spatial
direct” strategy was preferentially used (P = 0.004) (Figure 71I).
In contrast, the 1.00-Gy irradiated animals preferred the “spatial
indirect” (P = 0.020) and “focal correct” strategies (P = 0.05)
(Figure 7J), which is rather similar to the use of strategies in
controls at training day 5, which highlights the reduced learning
ability in these high-dose exposed mice.

In conclusion, these data uncover differences between controls
and irradiated mice in learning abilities and spatio-cognitive
performance. High-dose prenatal irradiation induced rather clear

deficits in spatial learning and memory, while animals irradiated
with a low dose of 0.10 Gy exhibited a moderately inferior spatial
memory.

Behavioral Deficits Correlate to Changes in
Whole-Brain, Posterior and Frontal Cortex,
Striatum, Cerebellum, and Ventricular
Volume Assessed by MR Imaging

Irradiated animals were smaller in size when compared to
controls, quantified as a decreased body weight [F(4 ¢1) = 17,
P < 0.0001] (Table 2) that persisted throughout life. Notably,
1.00-Gy irradiated mice exhibited a body weight of about 90%
in comparison to controls at 50 weeks of age (data not shown).
Moreover, brain weight was found to be smaller in both the 0.66-
and 1.00-Gy exposed mice [F(4, 8) = 20, P < 0.0001] (Table 2).
In order to study this microcephalic phenotype more
comprehensively, we performed atlas-guided analysis of brain
MR images to quantify the volumes of the whole brain and
various subregions in control and irradiated mice (Figure S2).
The consistency of this approach was verified by visual inspection
across all subjects (Figure 8A). After the exclusion of 11 images
with artifacts (Figure S3), absolute and normalized brain volume
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FIGURE 7 | Irradiated mice have differential search strategy profiles
halfway and at the end of MWM training. (A-J) Low-dose effects on
spatial memory were confirmed when detailed strategy profiles were examined
at day 5 (A-E) and 10 (F-J) of the MWM acquisition training. Whereas
controls had a significant preference for spatial strategies on training day 5,
this was not observed for the other doses, except for the 0.66-Gy irradiated
animals that preferentially used the “spatial indirect” strategy. At training day
10, the two highest dose groups (0.66 and 1.00 Gy) still showed alterations in
their preference profiles as compared to the sham-exposed condition, with
only a significant use of “spatial direct” for the 0.66-Gy group and a significant
use of both the “spatial indirect” and “focal correct” strategies in the 1.00-Gy
exposed mice. Data are presented as mean + SEM. *P < 0.05, *P < 0.01,
**P < 0.001. ch, chaining; ci, circling; fc, focal correct; fi, focal incorrect; Gy,
Gray; MWM, Morris water maze; pe, peripheral looping; ra, random; sc,
scanning; sd, spatial direct; si, spatial indirect.

measures of 19 structures from 61 mouse brain MR images were
quantified (Tables 3, 4). We discovered a decline in whole-brain
volume in animals exposed to >0.33 Gy [F(4, 56 = 108, P <
0.0001] (Figure 8B), as opposed to a general decrease in brain
weight that could only be detected in 0.66- and 1.00-Gy irradiated
mice. When we normalized the total brain volume to the body
weight, we found a decrease in brain-to-body ratio significant
for the 0.66- and 1.00-Gy exposed animals [F4, 4y = 12,
P < 0.0001].

As expected, the overall reduction in brain volume was
associated with a decrease in absolute volume for all of the brain
regions (Table 3), except for the ventricles that were comparable
in size between experimental groups [F(4 56y = 1.6, P = 0.19]
(Table 3). The pons showed the smallest decrease in volume,
i.e. a 12% decrease in volume between the 1.00-Gy exposed and
control animals. The posterior cerebral cortex (30%), frontal
cortex (31%), striatum (32%), and cerebellum (33%), on the other
hand, showed the largest reduction in volume. Most of the time,
differences were only significant after irradiation with a dose of
0.66 and 1.00 Gy, although the posterior cerebral cortex, olfactory
system, frontal cortex, amygdala, thalamus, and cerebellum were
also significantly reduced in 0.33-Gy irradiated mice (Table 3).

Interestingly, when regional volumes were corrected for
variations in individual total brain volume, some additional
alterations were revealed. First, irradiation with the highest dose
caused a strong increase in normalized ventricle volume [F(4, 5
=11, P < 0.0001] (Figure 8C). After examination of the shape
of the ventricles in these mice, we noticed that many of the 1.00-
Gy exposed animals (£6/10) had an enlarged dorsal protrusion
of the third ventricle (Figure 8A), which was not observed
in animals from the other dose groups. Next, the normalized
volume of the olfactory system [F(4 56y = 11,P < 0.0001], basal
ganglia [F4 s6) = 5, P = 0.0025], hypothalamus [F(4 56 = 16,
P < 0.0001], midbrain [F4 56y = 8, P < 0.0001], and pons
[F(4, 56y = 7, P = 0.0002] showed a dose-dependent increase
(Table 3). Further, the normalized volume of different brain
structures was reduced dose-dependently. This was the case for
the frontal [F(4 56 = 10, P < 0.0001] and posterior cerebral
cortex [F(4, 56) =22, P < 0.0001], the striatum [F4 56y =23,P <
0.0001], and the cerebellum [F4 56y =71, P < 0.0001] (Table 4).
Of note, some unexpected significant variations in normalized
brain volumes were detected for the amygdala [F(4 56y =3, P =
0.04] and fornix system [F(4, 56) = 3, P = 0.03]. These alterations
were unanticipated since changes in these volumes were not
linearly related to the dose. For instance, 0.66-Gy exposed
animals exhibited a decrease in relative amygdala volume (P =
0.04), while the animals prenatally irradiated with 0.10 (P = 0.4),
0.33 (P =0.3), or 1.00 Gy (P = 0.6) did not (Table 3).

To test whether changes in volume of either the whole
brain or specific structures were related to behavioral deficits
in these prenatally irradiated animals, we performed correlation
analyses. To this end, we used the total brain volume and
normalized volumes of brain regions that differed between dose
groups in a linear dose-related manner and that constituted
more than 3% of the total brain volume. Thus, the absolute
whole-brain volume (in mm?) and the normalized volumes of
the ventricles, posterior and frontal cerebral cortex, striatum,
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FIGURE 8 | MRI unveils microcephaly and enlarged ventricles in in utero irradiated mice. (A) MIPs of representative MR images for all dose groups. The
quality of atlas-based label propagation was visually verified using these MIPs. Whole-brain outline is shown in cyan, the delineation of the lateral and third ventricles is
presented in purple. Animals irradiated with 1.00 Gy typically demonstrated a swelling of the dorsal part of the third ventricle (red arrowhead). (B) Total brain volume
decreased drastically depending on the radiation dose, with a significant decline already observed in 0.33-Gy exposed mice. (C) Ventricles of animals prenatally
exposed to 1.00 Gy were increased in size in relation to the total brain volume. Data are presented as mean + SEM. Horizontal lines with an asterisks indicate
significant differences between means of two groups. ***P < 0.001. The number of animals used is indicated in the graphs (N). Gy: Gray. MIP: maximum intensity
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cerebellum, olfactory system, midbrain, and pons (in % of total
brain volume) were included in the analysis (Table 5). We found
one strong relationship between brain size and behavior, namely
between total beam crossings in the cage activity and total
brain volume (Figure 9A). Apart from the overall brain volume,
various regional volumes were also significantly associated with
behavioral parameters. Of these, the normalized volume of the
ventricles showed a correlation with open/total (Figure 9B) and
open/closed arm entries in the elevated plus maze, whereas the
normalized frontal cortex volume showed a significant negative
correlation with the escape latency to find the hidden platform
during training day 1 of the MWM (Figure 9C). Changes in
training day 1 latency also correlated significantly to the decrease
in relative posterior cerebral cortex volume (Figure 9D) and the
decrease in normalized cerebellar volume (Figure 9E). Further,
the cage activity analysis correlated to cerebellum (Figure 9F)
and striatum volume (Figure 9G). The normalized volume of the
olfactory system, midbrain, and pons did not significantly relate
to behavioral outcome. Thus, it appears that the change in both
relative regional volumes and whole-brain volume significantly
affected behavioral parameters in the cage activity, elevated plus
maze, and/or MWM.

In conclusion, cross-sectional changes volume
measurements were found, with prenatal radiation-induced

in

microcephaly apparent in mice irradiated with a relatively low
dose of 0.33 Gy. This microcephalic phenotype only related
significantly to the decreased cage activity, while variations
in normalized volume of the ventricles, frontal and posterior
cerebral cortex, striatum, and cerebellum also correlated to
various behavioral parameters.

DISCUSSION

Exposure to high doses of ionizing radiation can be detrimental
to human health (Bugher, 1957). The prenatal brain is
particularly sensitive to such radiation-related adverse health
consequences, with the timing at which irradiation takes place
being a decisive factor in the disturbance of development (Schull
et al,, 1990; Otake and Schull, 1998). Epidemiological research
substantiated in utero radiation-induced late neurological deficits
and provided evidence that these defects can be caused by
exposure to relatively low doses, i.e. around 0.10 Gy (Otake
et al,, 1996). Animal models were developed to relate threshold
irradiation to specific outcomes (Kimler and Norton, 1988;
Hossain and Uma Devi, 2001; Buratovic et al,, 2014) and to try
to comprehend high- and low-dose consequences at a cellular
and molecular level (Verheyde et al., 2006; Samari et al., 2013;
Kempf et al., 2014). Notwithstanding these research efforts on
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TABLE 3 | Absolute volumes of brain regions in prenatally irradiated mice as computed by atlas-based segmentation.

Absolute label volumes (mm?3)

0.00 Gy (N =18) 0.10 Gy (N = 15) 0.33Gy (N=7) 0.66 Gy (N = 11) 1.00 Gy (N = 10) F value %

Total brain 462.8+4.12 455.5+4.32 434.7 £5.38" 397.1+£2.51" 357.2£3.63" 108 +23
Ventricles 18.9+0.89 17.9+0.96 16.6£0.75 17.3+£0.87 21.0+1.31 1.6

Posterior cerebral cortex 106.3+1.51 102.1+£0.90 97.9+1.09" 85.0+1.12"* 73.8+1.21"* 98 +30
Hippocampus 23.2+0.25 23.8+0.25 22.3+0.35 20.2+0.29"* 18.3+0.31" 61 +21
Olfactory system 48.2+0.48 46.3+0.50" 4554+ 1.02* 42.9+0.36"* 39.2 £0.56"* 40 +19
Frontal cortex 16.7£0.28 16.1£0.23 15.6 £0.26* 13.9+0.20"* 11.4+0.19" 65 +31
Basal ganglia 9.6+0.14 9.4+0.14 9.1+0.11 8.5+0.06"* 7.8+£0.11"* 31 +19
Striatum 20.9+0.23 20.5+0.18 19.9+£0.34 17.3+0.18" 14.3+0.22" 140 +32
Corpus callosum 10.2+0.18 10.3+0.14 9.8+0.20 8.9+0.11"* 7.9+0.20"* 32 +23
Amygdala 14.7+£0.20 14.3+£0.13 13.5+0.16* 12.0+£0.21™ 11.4+£0.20"™ 55 +22
Hypothalamus 8.1+£0.10 8.1+£0.09 7.8+0.08 7.3+£0.05" 6.9+0.11 30 +15
Thalamus 18.2+0.13 18.0+£0.22 17.4+£0.21* 16.0+£0.18™ 14.0+£0.22" 81 +23
Midbrain 28.7+0.32 29.1+0.36 27.3+0.36 26.1+£0.19"* 23.5+0.26"* 46 +18
Cerebellum 50.4+0.70 49.8+0.50 46.0+0.59"* 39.8+0.36"* 33.7£0.31* 143 +33
Pons 28.8+0.97 29.6+0.34 29.1+0.40 27.4+0.15 25.3+0.27* 6 +12
Medulla 24.8+0.45 24.4+£0.51 22.8+0.48 21.8+£0.36"* 19.9+0.41" 18 +20
Fornix system 5.0+0.12 5.0+0.13 4.8+0.10 4.8+0.06 4.2+0.18™* 7 +17
Anterior commissure 3.4+£0.05 3.2+0.05* 3.2+0.06 3.0£0.04* 2.6 £0.05"* 37 +24
Corpora quadrigemina 15.7+0.23 15.6+0.18 14.8+0.32 14.0+£0.13" 12.2+0.25" 40 +22
Internal capsule 51+£0.14 5.3+£0.07 4.8+0.13 4.5+0.07" 42+0.11 14 +18

The column “%” indicates the % increase or decrease in volume between the mice exposed to 1.00 Gy and controls in case of a linear dose-response relationship. Data are expressed
as mean £ SEM. The number of animals used is indicated (N). Significant differences compared to control animals are designated with *P < 0.05, **P < 0.01, or ***P < 0.001. Gy: Gray.

TABLE 4 | Normalized average volumes (% of whole-brain volume) of prenatally irradiated mice as computed by atlas-based segmentation.

Normalized label volumes (%)

0.00 Gy (N = 18) 0.10 Gy (N = 15) 033Gy (N=7) 0.66 Gy (N = 11) 1.00 Gy (N = 10) F value %
Ventricles 4.1+0.18 3.9+0.20 3.8+£0.15 4.4+0.22 5.9+0.34"* 12 +44
Posterior cerebral cortex 22.8+0.23 22.4+0.10 22.5+0.13 21.4+0.16™ 20.7+0.16"™* 23 -9
Hippocampus 5.0+0.05 5.24+0.04 5.1+0.07 5.1+0.05 5.1+0.07 2.8
Olfactory system 10.4+0.08 10.2+0.06 10.5+0.16 10.8+0.08" 11.0+0.16"* 11 +5
Frontal cortex 3.6+0.05 3.56+0.04 3.6+0.04 3.56+0.05 3.24+0.04" 10 -1
Basal ganglia 2.1+0.024 2.1+£0.017 2.1+£0.015 2.2+0.019* 2.24+0.029" 5 +5
Striatum 4.5+0.05 4.5+0.03 4.6+0.05 4.4+0.03 4.0£0.03* 23 —-12
Corpus callosum 2.2+0.03 2.3+0.021 2.2+0.03 2.2+0.022 2.2+0.04 0.7
Amygdala 3.2+0.04 3.1+£0.03 3.1+£0.04 3.0+£0.05" 3.2+0.04 2.7
Hypothalamus 1.8+0.016 1.8+£0.012 1.8+0.015 1.8+0.016™ 1.9+0.023"* 16 +10
Thalamus 3.9+0.024 4.0+0.021 4.0+0.016 4.0+£0.027 3.9+0.05 2.2
Midbrain 6.2+0.05 6.4+0.05 6.3+0.03 6.6+0.05"* 6.6+ 0.09" 8 +6
Cerebellum 10.9+£0.09 10.9+£0.04 10.6£0.07 10.0£0.07* 9.4+0.04"* 71 —13
Pons 6.2+0.20 6.5+0.04 6.7+£0.05 6.9+0.05* 7.1+£0.09"* 7 +14
Medulla 5.44+0.08 5.44+0.09 5.24+0.09 5.5+0.08 5.6+0.11 1.4
Fornix system 1.1+£0.025 1.1+0.026 1.1+0.017 1.2+0.014* 1.2+0.05 2.9
Anterior commissure 0.7 £0.009 0.7+£0.010 0.7 £0.009 0.8+0.008 0.7+£0.012 4
Corpora quadrigemina 3.4+0.04 3.4+£0.020 3.4+0.04 3.5+0.04 3.4+0.07 1.5
Internal capsule 1.1+0.08 1.2+0.013 1.1+£0.028 1.1+0.016 1.2+0.025 1.5

The column “%” indicates the % increase or decrease in volume between the mice exposed to 1.00 Gy and controls in case of a linear dose-response relationship. Data are expressed
as mean + SEM. The number of animals used is indicated (N). Significant differences compared to control animals are designated with *P < 0.05, **P < 0.01, or ***P < 0.001. Gy: Gray.
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TABLE 5 | Correlations between behavioral variables and MRI-based volumetric data.

Volume

Whole brain (mm3) Ventricles (%)

Posterior cerebral cortex (%)

Frontal cortex (%) Striatum (%) Cerebellum (%)

Cage activity: beam crossings (%) 0.6 -0.3
Elevated plus maze: Open/total (%) —0.09 0.5
Elevated plus maze: Open/closed (%) —0.05 0.5
SPSN: Sociability (%) -0.3 0.06
SPSN: Social memory (%) 0.16 -0.3
MWM: Latency day 1 (%) —0.29 0.3

0.28 0.19 0.5™ 0.4*
-0.3 —-0.4 —-0.21 —0.21
-0.3 —0.4* —-0.22 —0.20
-0.3 —0.07 -0.07 -0.28

0.19 0.3 0.3 0.20
—0.5* —-0.4* -0.20 -0.5"

Behavioral parameters included: (1) the total amount of beam crossings during 23 h in the cage activity, (2) the number of open vs. total arm entries in the elevated plus maze, (3) the
number of open vs. closed arm entries in the elevated plus maze, (4) the amount of time spent in nose contact (sociability) during the second trial of the SPSN, (5) the relative amount of
time spent in nose contact between STR2 and STR1 (social memory) in the third trial of the SPSN, and (6) the escape latency of animals to find the hidden platform during the first trial
day of the MWM acquisition training. Other parameters were evaluated (MWM escape latency on trial day 5 and 10, MWM swimming speed on trial day 1, 5, and 10, MWM % spatial
strategy used on trial day 1, 5, and 10), but none of these correlated significantly with the volumetric measures and were therefore not included in the table. Similarly, olfactory system,
midbrain, and pons volumes did not correlate significantly with behavioral alterations. Significant correlations are cited with *P < 0.05 or **P < 0.01. MWM, Morris water maze; MRI,
magnetic resonance imaging; SPSN, sociability and preference for social novelty; STR, stranger mouse.

in vivo and in vitro models, results have been inconsistent and
the occurrence of unpredicted effects (Kadhim et al., 2013)
hampered the determination of a clear radiation dose threshold,
as well as the prediction of low-dose consequences. Despite
these uncertainties, the use of radiation in medical diagnosis
and treatment, especially the widespread use of CT scans, rises
steadily (Smith-Bindman et al., 2008). Although it is widely
accepted that caution is warranted in exposing pregnant women
to radiation (Ratnapalan et al., 2008), common medical practice
in this patient population still includes procedures that exploit
low doses of radiation (Osei and Faulkner, 2000; Van Calsteren
and Amant, 2014), further emphasizing the need to understand
effects of prenatal exposure to low-dose radiation.

Here, we examined the functional and structural sequelae of
in utero radiation exposure of the mouse at E11 to various doses,
ranging between 0.10 and 1.00 Gy. For this purpose, we used
behavioral testing and MR imaging. Animals were subjected to
a test battery of eight commonly-used behavioral tests to evaluate
clinically relevant behavioral components such as emotionality,
exploration, and cognition. This allowed us to assess radiation-
induced alterations in 23-h spontaneous cage activity, anxiety-
related exploration, different elements of social performance, and
spatial learning and memory. Whereas, emotional responding
and MWM behavior were altered in 1.00-Gy exposed mice,
this was also the case in mice irradiated with the lowest dose,
0.10 Gy. The search strategy classification scheme described by
Brody and Holtzman (2006) permitted us to inspect the MWM
performance in a qualitative manner. We found that all mice
showed a clear preference of spatial search strategies at the end
of acquisition. Hence, even animals irradiated with a high dose
at E11 showed the ability to solve complex tasks and deploy
spatio-cognitive strategies, clearly pointing toward a high degree
of cognitive preservation despite the irradiation. However, we
also discovered that the onset of preferred use of spatial strategies
was delayed in an irradiation dose-dependent manner. Such
impaired spatio-cognitive performance cannot be reduced to
non-cognitive defects, as indicated by the strategy analysis, which
is not subjected to mouse performance (e.g. swimming speed).

Of particular interest is that these findings appear rather similar
to epidemiological data, in which prenatally irradiated humans
were found to be compromised in demanding cognitive tasks
and scholastic abilities (Schull and Otake, 1999). Such higher
cognitive functioning of the brain thus seems to be particularly
sensitive to the effects of in utero radiation exposure.

Cognitive defects following prenatal irradiation have been
observed earlier. Many authors, including ourselves, have
reported on radiation-induced learning and memory deficits
in various types of mazes (Sienkiewicz et al., 1994, 1999;
Devi et al., 1999; Baskar and Devi, 2000; Zhou et al., 2011;
Tomasova et al., 2012; Verreet et al., 2015). However, the
impaired spatio-cognitive processing in mice exposed to 0.10
Gy is rather unexpected. To our knowledge, only one study,
in 1995, has reported on defective maze performance in mice
prenatally irradiated with 0.05 Gy (Wang and Zhou, 1995),
using internal exposure to P-radiation from tritiated water.
Therefore, our study revives the low-dose issue and urges
the investigation of doses below 0.10 Gy. Furthermore, we
disclosed changes in emotional behavior, of which altered nose
contact in the sociability trial of the SPSN in 0.10-Gy exposed
mice is suggestive for decreased social inhibition. As emotional
actions have never been studied before in prenatally irradiated
animals, it is unclear whether this finding could be associated
to the previously observed increased aggressive behavior in
male mice exposed to 1.00 Gy at E14 (Minamisawa et al,
1992) or possibly to the reduced anxiety-related exploration as
observed in our elevated plus maze experiment. There are ample
indications for an anxiolytic radiation effect, exemplified by a
reduced aversion of in utero irradiated animals to a brightly-
lit arena (Devi et al., 1999; Baskar and Devi, 2000; Hossain
and Uma Devi, 2000; Kiskova and Smajda, 2006). Surprisingly,
however, these studies reported on such a reduced anxiety-
related exploration in the open field test, in which we found
no significant differences. We further unveiled a reduction in
cage activity in mice exposed to 1.00 Gy, particularly during
the night. Whereas, some studies found increased activity in in
utero irradiated animals (Kiskova and Smajda, 2006; Tomasova
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FIGURE 9 | The whole-brain volume, along with the normalized volumes of the ventricles, frontal and posterior cerebral cortex, cerebellum and
striatum, correlate significantly with altered behavioral outcome. Statistically significant correlations were found between the total brain volume and number of
beam crossings in the cage activity (A) and between the normalized ventricle volume and the number of open/total (B) and open/closed (not shown) arm entries in the
elevated plus maze. Furthermore, we discovered correlative relationships between the normalized frontal cortex volume and MWM latency (C), between the
normalized posterior cortical volume and MWM latency (D), between the normalized cerebellar volume and MWM latency (E), between the normalized cerebellar
volume and cage activity beam crossings (F) and between the normalized striatal volume and cage activity beam crossing (G). Correlation coefficients (r) and P values
are indicated for each correlation. The number of animals used is indicated in the legend (N). FDR, False discovery rate; Gy, Gray; MWM, Morris water maze; SPSN,
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et al, 2012; Verreet et al, 2015), others also reported on
decreased activity (Baskar and Devi, 2000; Hossain and Uma
Devi, 2000; Zhou et al., 2011). Yet again, this was mainly found
in the open field exploration test, in which we did not observe
significant changes between conditions. Such variability in results
might presumably be explained by inter-laboratory variation in
behavioral testing, but differences due to the timing of irradiation
in different studies cannot be excluded either. Such inter-
laboratory variation also became evident when comparing results
with our earlier findings (Verreet et al., 2015). The most striking
difference is the former observation of an impaired rotarod
performance (Verreet et al,, 2015), indicative for neuromotor
deficits, which could not be reproduced in this study. One

possible explanation for this apparent discrepancy is the use
of different genders in both studies. Here, we chose to use
female mice since these can be group-housed while group-
housing of male animals can provoke aggressive interactions
that may lead to negative effects both on the wellbeing of the
animals and on the validity of experimental results. Behavioral
differences between male and female mice have been reported
(Voikar et al., 2001), but have, to our knowledge, never been
investigated in in utero irradiated animals. Given that gender
differences indeed exist in the occurrence and severity of altered
behavioral parameters due to cranial irradiation to the P14 mouse
(Roughton et al., 2012), a further in-depth examination might be
meaningful.
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Changes in brain volume are a widely used indicator of
pathology and are typically observed in neurodegenerative
disorders, including Alzheimer (Grand’maison et al, 2013)
and Huntington disease (Zhang et al., 2010). To detect such
changes, an MR image atlas-based registration and segmentation
approach can be applied (Maheswaran et al., 2009). We used this
methodology to interrogate cross-sectional differences between
sham-irradiated and irradiated animals in vivo. Previously, Saito
et al. have repeatedly employed multiple MRI paradigms to
assess architectural and circulatory variations in the prenatally
irradiated brain, which showed reduced brain size, increased
ventricle size, decreased cell density and microvasculature
alterations after exposure to high-dose radiation (Saito et al,
2011, 2012, 2014, 2015). Saito and his colleagues were the
first to show the excellent applicability of MR imaging in the
evaluation of radiation damage to the brain, but global and
local volumetry of the prenatally irradiated mouse brain had
never been attempted before. While body and brain weight
measurements only evidenced growth retardation in the 0.66-
and 1.00-Gy exposed mice, we revealed a significant decrease
in total brain volume from a dose of 0.33 Gy onwards when
applying the volumetric approach. As anticipated, this coincided
with a 12-33% decrease in volume between control and 1.00-Gy
irradiated mice for all subregions except the ventricles. However,
relative to the total brain size, the ventricles in animals exposed
to 1.00 Gy were 44% larger, while many brain regions were even
reduced in size relative to the smaller irradiated brains.

To determine a relationship between behavior and whole-
brain and regional volumes, correlation analyses were performed.
A clear relationship between total brain volume and total beam
crossings could be established, as well as between the striatum
and cerebellum volume and cage activity, which is in accordance
with a striatal and cerebellar role in locomotor function (Kravitz
et al.,, 2010; Bazian et al., 2011). The increase in ventricle size
related to elevated plus maze outcome. Further, besides an
additional link of the posterior cerebral cortex and cerebellum
with training day 1 latency, the frontal cortex also correlated
to MWM behavior. The prefrontal cortex plays an essential
part in rodent MWM learning and memory (Woolley et al,
2013), as hippocampal-prefrontal interconnection is necessary
for the animal’s navigation in physical space (Pooters et al., 2015).
At E11, corticogenesis is initiated (Lodato et al.,, 2015) and a
perturbation of this phenomenon might critically alter cortical
volumes. Indeed, both frontal and posterior cerebral cortical
volumes were decreased and correlated strongly with MWM
escape latency. Moreover, the significant correlation between
escape latency and cerebellum volume might be explained by
the cerebellar involvement in cognitive aspects unrelated to its
role in motor function (Lefort et al., 2015). In all, we revealed
the contribution of a decreased normalized volume of the
posterior and frontal cerebral cortex, striatum, and cerebellum
in a subset of altered parameters of the behavioral test battery.
Further investigation is warranted into the mediators of these
correlations, whereby it is essential to note that these statistical

correlations might not be causal to the observed impaired
behavioral outcome. For example, a closer look at inflammation
(e.g. astrocyte activation) in these brain structures might be
worthwhile since a persistent inflammation in the prenatally
irradiated brain has been proposed before (Saito et al., 2012;
Verreet et al., 2015).

In summary, in the present report, we studied brain
functionality and architecture in prenatally irradiated mice.
Behavioral tests that included elements of neuromotor
performance, exploratory behavior, and learning and memory
ability revealed dose-dependent changes in activity, social
behavior, anxiety-related exploration, and spatio-cognitive
performance. Whereas, alterations in behavior were mostly
observed when irradiated with moderate to high doses of
radiation, our data also suggest that both emotionality and
higher cognitive abilities were significantly altered in mice
exposed to 0.10 Gy at E11. We revealed microcephaly from
a dose of 0.33 Gy onwards and dedicated MR imaging and
volumetry further showed alterations in regional brain volumes
of irradiated animals. The absolute volume of the total brain and
normalized volumes of the ventricles, frontal cortex, posterior
cerebral cortex, striatum, and cerebellum correlated to behavioral
parameters. In all, we have thoroughly studied the dose-response
relationship of mouse brain function and structure following
prenatal irradiation, which unveiled effects at doses previously
assumed to be harmless.
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