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ABSTRACT

Purpose: The increasing use of low-dose ionizing radiation in medicine requires a systematic study
of its long-term effects on the brain, behaviour and its possible association with neurodegenerative
disease vulnerability. Therefore, we analysed the long-term effects of a single low-dose irradiation
exposure at 10 weeks of age compared to medium and higher doses on locomotor, emotion-
related and sensorimotor behaviour in mice as well as on hippocampal glial cell populations.
Materials and methods: We determined the influence of radiation dose (0, 0.063, 0.125 or
0.5 Gy), time post-irradiation (4, 12 and 18 months p.i.), sex and genotype (wild type versus mice
with Ercc2 DNA repair gene point mutation) on behaviour.
Results: The high dose (0.5 Gy) had early-onset adverse effects at 4 months p.i. on sensorimotor
recruitment and late-onset negative locomotor effects at 12 and 18 months p.i. Notably, the low
dose (0.063Gy) produced no early effects but subtle late-onset (18 months) protective effects on
sensorimotor recruitment and exploratory behaviour. Quantification and morphological character-
ization of the microglial and the astrocytic cells of the dentate gyrus 24 months p.i. indicated
heightened immune activity after high dose irradiation (0.125 and 0.5Gy) while conversely, low
dose (0.063Gy) induced more neuroprotective features.
Conclusion: This is one of the first studies demonstrating such long-term and late-onset effects
on brain and behaviour after a single radiation event in adulthood.
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Introduction

Ionizing radiation (particles, X-rays or gamma rays) is not

only present in the environment and cosmic ray exposure

during aeroplane travel, but used also for medical diagnostic

and therapeutic purposes. This application has increased

over the past two decades in both the United States and

Europe. In Germany, for example, it represents half of the

total average public radiation exposure (Abbott 2015). This

exposure has potential health risks. Besides tumour forma-

tion consecutive to direct DNA damage, non-cancer effects

of radiation include cell death, neuroinflammation, oxidative

stress and mitochondrial dysfunction. Their incidence and

severity increase above a threshold dose with increasing

dose, which can lead to cardiovascular, neurovascular and

neurodegenerative diseases, gastrointestinal symptoms, bone

marrow failure, skin disturbance, cataracts and necrosis

(Picano et al. 2012). While the effects of high-dose radiation

are well documented, the health effects of low doses are not

clearly understood (Vaiserman et al. 2018). Epidemiological

data provide no evidence for detrimental health effects

below 100 millisieverts (mSv) and hormesis theory pro-

pounds that low dose radiation can even induce protective,

radioadaptive and reparative mechanisms (Betlazar 2016).
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Several factors including age at exposure, sex and genetics

can however influence the outcome post-exposure but there

is no clear consensus about their respective role and inter-

action (Ricoul et al. 1998; Roughton et al. 2013; Bakhmutsky

et al. 2014; Kunze et al. 2015; Alsbeih et al. 2016; Stricklin

et al. 2020; Wen et al. 2019).
Regarding the effect of radiation on the human and ani-

mal brain, this can include apoptosis, brain inflammation,

loss of oligodendrocyte precursor cells and myelin sheaths,

and irreversible damage of neuronal stem cells with long-

term consequences on adult neurogenesis (Eriksson et al.

1998; Gage 2000; Mizumatsu et al. 2003; Marazziti et al.

2012; Picano et al. 2012; Goncalves et al. 2016; Anacker and

Hen 2017).
In principle, exposure even to low radiation doses in

adulthood could increase the risk of neurodegenerative dis-

ease development in the long term. This could occur by

inducing neuroinflammation, oxidative stress and mitochon-

drial dysfunction, all considered contributing factors to neu-

rodegenerative diseases (Mosley et al. 2006; Verri et al. 2012;

Kempf et al. 2013). A recent epidemiological study in

Russian Mayak workers found that occupational exposure to

chronic ionizing radiation increased the risk for the inci-

dence of Parkinson’s disease (Azizova et al. 2020). Oxidative

stress and inflammatory processes are believed the relevant

factors for delayed radiation effects (Hladik and Tapio

2016). Rodent studies have been conducted either with

young animals before adulthood, when mitotic activity and

therefore radiation sensitivity is higher due to ongoing

developmental processes, or with moderate to high instead

of low doses, and the period of observation for delayed radi-

ation effects on brain or behaviour was at maximum 6 or

12 months.
Hence, in 2013, a lifetime study was initiated that pro-

vided a unique opportunity to assess long-term effects of

low (0.063Gy) compared to medium and high (0.125 and

0.5Gy, respectively) radiation dose exposure in early adult-

hood on a broad spectrum of different functional readouts

and tissues in mice (Dalke et al. 2018). This included

selected behaviours that might be early indicators of radi-

ation effects on the brain for up to 18 or 24 months,

respectively, after a single radiation event. In addition to

wild type (wt) mice, phenotypically healthy heterozygous

Ercc2S737P mice (het) were included in this study to test for

increased susceptibility to ionizing radiation in vivo, because

lymphocytes of heterozygous Ercc2S737P mice demonstrated

an increased sensitivity to radiation-induced DNA damage

in vitro (Kunze et al. 2015). Ercc2 is a DNA helicase

involved in nucleotide excision repair, and mutations of the

ERCC2 gene in humans, responsible for the transcription of

the XPD protein, are associated with a spectrum of diseases

characterized by photosensitivity, developmental and cogni-

tive deficiencies (Manuguerra et al. 2006).
In the part of the study presented here, we assessed

whether a single low dose compared to moderate or high

dose ionizing radiation event in early adulthood had dose-

dependent long-term effects on behaviour and concomitant

cellular changes in the brain. The behavior tests selected

were the open field, prepulse inhibition of the acoustic star-

tle and social discrimination. The rationale for selecting

these tests was to provide a characterisation of radiation

effects on a broad spectrum of different behaviors including

locomotor and exploratory activity, emotionality, social cog-

nition and sensorimotor gating and recruitment.

Materials and methods

Animals

This study is part of the INSTRA project, first presented in

2018 (Dalke et al. 2018). F1 hybrids of a C57BL/6J female

and a C3HeB/FeJ male were used as wt; as heterozygous

mutants F1 hybrids of a wild-type C57BL/6JG mother and a

homozygous Ercc2S737P father on C3HeB/FeJ background

(Kunze et al. 2015) were used as het. This breeding schedule

was chosen, because the recessive Ercc2S737P mutation was

bred on the C3H strain background suffering from a reces-

sive retinal degeneration caused by a mutation in the Pde6b

gene (Pittler and Baehr 1991). To overcome this situation,

we crossed homozygous male mutants (homozygous female

mutants are sterile) with female C57BL/6JG mice resulting

in healthy het Ercc2S737P mutants. Importantly, these mice

are also het for the two parental strains (F1 hybrids), thus

keeping the genetic background comparable.
Mice were kept under specific pathogen-free conditions

at the Helmholtz Center Munich. The use of animals was in

strict accordance with the German Law of Animal

Protection and the tenets of the Declaration of Helsinki. The

lifetime study was approved by the Government of Upper

Bavaria (Az. 55.2-1-54-2532-161-12). At the age of 10 weeks

(± 10 days), groups of 19 mice (wild types and heterozygous

mutants, male and female) were whole-body irradiated by

doses of 0, 0.063 (‘low dose’), 0.125 (‘medium dose’) and 0.5

(‘high dose’) Gy (dose rate 0.063Gy/min; 60Co source in

Eldorado 78 tele-therapy irradiator, AECL, Canada); the

control animals (0Gy) had the same type of handling and

other conditions of exposure, but without dose

(sham radiation).
The three different radiation dose cohorts ran between

April 2013 and March 2016; each cohort contained a third

(6–7 mice per sex and genotype) of the non-irradiated con-

trols to control for potential seasonal or other cohort effects.

The sample size for this study was determined using the

resource equation method (Charan and Kantharia 2013).

Two hundred and twelve mice were used for behavioural

testing in the INSTRA study and, as detailed in Table 1, a

fraction of the mice were not available at all time points due

to random attrition. 24 months after radiation, the experi-

ment was terminated and a subset of mice from each group

was taken for brain tissue analysis (Figure 1).

Ethical standards

All applicable international, national and/or institutional

guidelines for the care and use of animals were followed. In

particular, the study was approved by the animal ethics
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committee of the government of Upper Bavaria (Az. 55.2-1-

54-2532-161-12).

Behaviour

Three behavioural tests were performed at 4, 12 and 18

months after exposure: the open field test, the acoustic startle

test and the social discrimination test. These three tests were

performed successively over a timespan of three weeks (Figure

1). An overview of the animals tested is shown in Table 1.

Open field

This test evaluates motor function and spontaneous explor-

ation. The testing device is composed of a square arena

(45 cm � 45 cm � 45 cm) surrounded by transparent plastic

walls and a metal frame that is equipped with infrared beam

detectors to automatically monitor the motor activity of the

animal as well as its location (centre or periphery). Among

the recorded parameters are the total distance travelled and

average speed, rearing (as exploratory behaviour) and time

spent in the centre (as a measure of anxiety) (Holter,

Einicke, et al. 2015).

Acoustic startle/prepulse inhibition test

This test evaluates sensorimotor gating via assessment of the

acoustic startle reflex (ASR) and its prepulse inhibition (PPI).

Deficits could be related to several neuropsychiatric disorders

(Koch and Schnitzler 1997). The testing device is composed of a

large soundproof cubicle that isolates the animal in the presence

of background noise (65 decibels, dB). A loudspeaker is located

in the upper part of this chamber. A cylinder encloses the animal

in the chamber and is installed on a piezoelectric motion sensor

platform that transduces movements of the animal into electrical

signals that are recorded and analysed. A session began with an

initial stimulus-free acclimation period of 5min (except for back-

ground noise), followed by 5 startle stimulus alone (110dB) tri-

als. The following trial types for ASR and PPI were arranged in a

pseudo-random order and organized in 10 blocks, each pre-

sented 10 times. ASR trial types consisted of acoustic stimulus

levels of 70, 80, 85, 90, 100, 110, and 120dB. PPI was assessed for

a startle stimulus level of 110dB with prepulse levels of 67, 69,

73, and 81dB preceding the startle pulse at an inter-stimulus

interval of 50 milliseconds.

Social discrimination

This test evaluates olfaction and social recognition memory.

During a sampling session, an ovariectomized female mouse

Sub jects

WT 152

het  152

Age

2.5 mo.

Irradiat ion

0, 0.063 , 

0.125 , 0.5 Gy
6.5 mo.

Tim e post  irradiat ion 4  m o.

14 .5 mo. 20 .5 mo. 26 .5 mo.

12  m o. 18  m o. 24  m o.

Behavioral 

test ing
Behavioral 

test ing

Behavioral 

test ing

OF, ASR/PPI, SD OF, ASR/PPI, SD OF, ASR/PPI, SD

Sacrifice

Figure 1. Experimental design. Male and female wild type (wt) and Ercc2S737P heterozygous (het) mice were whole-body irradiated with 60Co source at the age of
10 weeks (2.5 months) with a single dose of radiation. Final dose values are ranging from 0 Gy to 0.063 Gy, 0.125 Gy up to 0.5 Gy. Mice were repeatedly tested at 4,
12 and 18 months post-radiation with behavioural tests such as the Open field test (OF), Acoustic startle/Prepulse inhibition test (ASR/PPI) and the Social
Discrimination test (SD).

Table 1 Overview of animal numbers for behavioural tests at three different time points post acute whole-body irradiation.

Irradiation dose (Gy) Genotype Sex
Starting animal
number (n)

Animals lost before
4 months test

Animals lost before
12 months test

Animals lost before
18 months test

0 Wildtype Male 20 – 1 2
Female 20 – – 1

Ercc2S737P Male 19 – 2 3
Female 19 – – –

0.063 Wildtype Male 12 – – 2
Female 12 – – 1

Ercc2S737P Male 12 – – 1
Female 11 – – –

0.125 Wildtype Male 12 – 1 1
Female 12 – 1 1

Ercc2S737P Male 12 – – 1
Female 12 – – 1

0.5 Wildtype Male 9 – – 1
Female 10 – – 1

Ercc2S737P Male 10 – – –

Female 10 – – 3
total 212 – 5 19

The table shows the initial number of mice for each group and the number of animals lost due to random attrition during the course of the study and could
therefore not be tested at the later time points. Gy¼ gray.
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(familiar subject) is presented to the tested subject. After a
fixed retention interval (2 hours), during the test session, the

familiar subject is re-exposed to the tested subject together
with a previously not encountered mouse (also an ovariec-

tomized female mouse, called the unknown subject). The

time spent by the tested subject with the familiar and the
unknown subject are recorded by an observer in both sam-

pling and test sessions, to evaluate the recognition index
(calculated as time spent investigating the unknown subject/

sum of time spent investigating both subjects), which is
used as an indicator for social memory. Since olfaction is

used in rodents to recognize social and mating partners, a
decreased recognition index can be associated with

decreased olfactory capacities (Holter, Garrett, et al. 2015).

Tissue preparation

Mice brain tissue samples were dissected upon CO2 euthan-

asia and incubated overnight with 4% paraformaldehyde and
stored in 30% sucrose at 4 �C. Before use, brain hemispheres

were snap-frozen with dry ice and conserved at �20 �C.
They were sectioned in the sagittal plane in 40 mM sections

on a cryostat (Leica CM3050S) and stored in storage solu-
tion at �20 �C. For each staining, one-in-six series of sec-

tions was used. The slides from each series were coded to
ensure that the observer was blind to the experimental

group until statistical analysis.

Immunohistochemistry

Immunohistochemical staining and cell quantification ana-

lysis were performed as previously described in detail
(Garrett et al. 2018). Ionized calcium-binding adapter mol-

ecule 1 (Iba1; microglia marker) and glial fibrillary acidic
protein (GFAP; astrocyte marker) stains were performed. A

primary goat monoclonal anti-Iba1 antibody (Abcam plc,
Cambridge, UK; order no ab5076; dilution 1:200) was used

in this protocol with a biotinylated rabbit anti-goat IgG
(1:300 Biotin-SP AffiniPure Rabbit Anti-Goat IgG, Jackson

ImmunoResearch Inc., West Grove, PA, USA). A primary
rabbit monoclonal anti-GFAP antibody (Abcam plc,

Cambridge, UK; order no ab4648; dilution 1:5000) was used
also with a biotinylated goat anti-rabbit IgG (1:300 Biotin-

SP AffiniPure Goat Anti-Rabbit IgG, Jackson
ImmunoResearch Inc., USA). Binding to the corresponding

antigen was visualized by ABC solution (VECTASTAIN
Elite ABC HRP Kit PK-6100) and 3-30diaminobenzidine

(DAB) as the chromogen. A negative control was run with
omission of the primary antibodies and yielded no specific

stain. Immunofluorescent staining was conducted according
to Garrett et al. (Garrett et al. 2018) with replacement of

pepsin treatment by 5-minute PFA incubation. A primary
rabbit polyclonal anti-GFAP antibody (Abcam plc,

Cambridge, UK; order no ab7260; dilution 1:5000) was used
in this protocol together with a primary rat monoclonal

anti-C3 antibody (Abcam plc, Cambridge, UK; order no
ab11862; dilution 1:100). Binding to the corresponding anti-

gen was visualized by the secondary donkey polyclonal anti-

rabbit (Invitrogen, Waltham, US; order no A21206; dilution
1:300) and secondary donkey polyclonal anti-rat antibodies
(Abcam plc, Cambridge, UK; order no ab150154; dilution
1:200) and counterstained with 40,6-diamidino-2-phenylin-
dole (DAPI).

Quantification of Iba11 and GFAP1 cells in the

hippocampus

Stained sections were analysed with a Zeiss Axioplan2
microscope equipped with a motorized stage, a CCD colour
camera and the StereoInvestigator software (Stereo
Investigator 11.03, MicroBrightField Inc., Williston, VT,
USA). Anatomical levels of each brain section and regions
of interest were determined using the Mouse Brain Atlas
with stereotaxic coordinates (Franklin and Paxinos 2012).
Using the 5x objective, the dorsal hippocampal dentate
gyrus, CA1 (Cornus Ammonis Area 1) and CA2/3 (Cornu
Ammonis Area 2/3) regions were contoured using the soft-
ware. Using systematic random sampling within the three
regions of interest, all cells within the contours of every
sixth section were quantified by scanning through the tissue
in the x–y and z-planes using the software and a 20x object-
ive between lateral boundaries 2.40 to 1.08mm (4 sections).
The grid size was 100� 100 mm, counting frame was 100
mm and user-defined mounted thickness was 30 mm. The
total cell counts for the dorsal hippocampus were calculated
using the formula: N ¼

P
Q� x 1

ssf
x 1
asf

x t
h
where Q is the

total number of cells sampled, t is the section thickness, h is
the dissector height, asf is the area sampling fraction and ssf
is the section sampling fraction. One animal was excluded
from the Iba1þ cell count for technical reasons.

Imaging and quantification of immunofluorescent-

stained tissues

For quantification of the percentage of C3/GFAP double-
positive astrocytes in the dentate gyrus, image stacks were
taken on a Zeiss Axio Imager M2 microscope (Carl Zeiss,
Oberkochen, Germany) with a motorized stage and an
Axiocam 506 mono camera. The software used was Stereo
Investigator 2018 (MBF biosciences, Williston, VT, USA).
Image stacks were acquired for 40 mm thick sections with
40x objective using the Systematic Random Sampling (SRS)
image stack workflow with 10% coverage and 4 mm distance
between images. The image stacks were then opened
together with the tracing and for every GFAPþ astrocyte
within or touching the tracing boundaries, it was deter-
mined if it was C3þ. Three male and female animals per
radiation dose (0, 0.063, 0.125 and 0.5Gy) were analysed
and for each animal at least 500 cells were counted. The %
GFAPþ cells that colocalise with C3 was calculated and
compared between the groups.

Analysis of microglial and astrocytic morphology

The analysis of the morphology of the Iba1þ and
GFAPþ cells was done with a Zeiss Axio Imager M2
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microscope (Carl Zeiss, Oberkochen, Germany) with a

motorized stage and a CCD colour camera. The software

used was Neurolucida Version 2018 and Neurolucida

Explorer 2018 (MBF biosciences, Williston, VT, USA).

Using the 100x objective, 10 microglial cells and 10 astro-

cytes per animal were traced. This cell sample size was

deemed appropriate for this analysis as it has been shown

previously to be reliable for microglial morphometry

(Fernandez-Arjona et al. 2017) and the coefficient of vari-

ation, indexing the precision accuracy for morphological

parameters of each animal cell population (standard devi-

ation/mean), was less than 1. We focused only on the infra-

pyramidal region of the dentate gyrus for both analyses

where clearly stained and non-overlapping cells were visible

to trace completely and to minimise the potential confound-

ing influence of sub-region-specific differences in microglial

morphology. The cell body of each selected cell was con-

toured in the Neurolucida program at the z-stage-level

where it showed the biggest area in focus. The branches

were traced in 3D focusing through the z-plane. The traced

3D-cell structures were analysed in Neurolucida Explorer

using Sholl Analysis (radius 5 mm) and the Branched

Structure Analysis function. The parameters measured to

gauge branching complexity for each microglial cell and

astrocyte were number of nodes (where bifurcations or tri-

furcations occur), intersections, endings and branch length.

Statistical analyses

Numerical analyses were performed using GraphPad Prism

7 version 7.03 for Windows (GraphPad Software, La Jolla,

CA, USA, www.graphpad.com), SAS and R version 3.0.2.

For continuous data meeting the assumption of normality, a

1-way ANOVA was performed to test treatment effect and a

2-way ANOVA was performed to check genotype-treatment

and sex-treatment interactions. If the interactions were not

significant, groups were pooled together. When significant

interactions were detected, a post hoc Bonferroni’s test was

used to determine differences between groups. We also ana-

lysed the behavioural data using the statistical software SAS

(Version 9.3) with a linear model with random intercept to

assess the influence of radiation dose, sex, genotype and

time p.i and their interactions on the different measured

behavioural parameters. This analysis was deemed appropri-

ate because of the high number of animals and the repeated

measurements. The stereological data was analysed with

1-way ANOVA with GraphPad Prism 7. The overall

morphology data were analysed with a 1-way-ANOVA of

the averaged parametric values per animal. For multiple

comparisons, the Tukey’s test was used. For the Sholl-ana-

lysis data, a repeated measures (RM) ANOVA (genotype as

between subject factor and distance from soma as within

subject factor) with post-hoc Sidak’s test was performed. A

Spearman’s test was performed to detect correlations

between the tested parameters. For all tests, a p value <.05

was used as a level of significance and data are presented as

means ± SEM. A correction for multiple testing of the vari-

ous parameters was performed.

Results

A single dose whole body radiation event alters adult

mouse behaviour

We first addressed the question if a single low, moderate or

high radiation event affected behaviour throughout the life-
time. To perform an analysis of the general dose effect over

the whole time course of the study (data from all groups

and time points with time, irradiation dose, sex and geno-
type as fixed effects), we used the linear model with random

intercept because of the high sample size and the repeated

behavioural testing of the animals. The model was shown to
be valid for analysis of the results of the key parameters of

the open field and the acoustic startle/prepulse inhibition

tests as well as for the sample phase of the social discrimin-
ation test (Pr>ChiSq<.0001) but not for recognition index

(Pr>ChiSq <.761).
We found that radiation (‘dose’) and time affected behav-

iour, while there were no general effects of genotype over

the whole time course of the study. The parameters signifi-

cantly affected by radiation in both sexes and genotypes
were, first, the acoustic startle response at 110 dB [Type 3

Fixed effect, dose: F(3,197) ¼ 4.20, p¼.007; time: F(1,394) ¼

535.49, p< .0001], which reflects sensorimotor function.
Furthermore, the total distance travelled [Type 3 fixed effect,

dose: F(3,196) ¼ 4.32, p¼.006; time: F(1,393) ¼ 241.68,

p<.0001] and the average speed [Type 3 fixed effect, dose:
F(3,196) ¼ 3.74, p¼ .012; time: F(1,392) ¼ 342.6, p< .0001]

in the open field were affected, which reflect spontaneous

locomotor activity. There were no significant radiation
effects on anxiety-related or thigmotactic behaviour (centre

and periphery time). Overall, it was the 0.5Gy radiation

dose that induced a clear decrease in ASR [Difference of
least square means: 0.5Gy vs sham control, SE ¼ 1.455,

t(197) ¼ �3.41, p¼ .001, see also Supplementary informa-

tion 1, Figure S1], total distance travelled [0.5Gy vs sham
control, SE ¼ 487.32, t(196) ¼ �3.27, p¼ .001, Figure S1]

and average speed [0.5Gy vs sham control, SE ¼ 0.477,

t(196) ¼ �3.01, p¼ .003, Figure S1]. Sample phase during
the social discrimination test, reflecting olfactory capacity,

was mostly influenced by sex [F(1,196) ¼ 73.06, p<.0001]
and time [F(1,387) ¼144.68, p<.0001]. A sex� radiation

[F(3,196) ¼ 3.08, p¼ .0288] and genotype� radiation inter-

action effect [F(3,196) ¼ 3.09, p¼ .0364] was also observed
for sample phase but this was largely dictated by differences

between the sexes (Supplementary information 2, Figure S2).

There were no other significant sex� radiation interaction
effects observed on the behavioural parameters measured.

Early and delayed effects of low dose radiation

on behaviour

Detailed analysis of the individual time points of measure-

ment revealed the onset of the radiation effects (Figure 2). A

decrease in ASR was already detectable at 4 months after
exposure to a high 0.5Gy dose [Least square means: 0.5Gy

vs sham control, SE ¼ 2.114, t(197) ¼ �3.37, p¼ .001]

(Figure 2(a)) and persisted at 12 months p.i. In contrast,
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Figure 2. Early and delayed effects of radiation on behaviour. (A) Early dose effect on acoustic startle response at 110 dB. Single 0.5 Gy whole-body 60Co radiation
induces a decrease in acoustic startle response at 110 dB in the acoustic startle/prepulse inhibition test as early as 4 months p.i compared to sham controls and
lower doses and persisting to 12 p.i. compared to shams. 0.063 Gy radiation caused a late increase in acoustic startle compared to shams and the two higher doses.
(B) Single 0.5 Gy whole-body 60Co radiation induces a decrease in total distance travelled in the open field at 12 and 18 months p.i. compared to sham controls and
lower doses. (C) Single 0.5 Gy whole-body 60Co radiation induces a decrease in whole average speed in the open field at 12 and 18 months p.i. compared to sham
controls and lower doses. (D) Single 0.5 Gy whole-body 60Co radiation induces a decrease in rearing activity in the open field at 12 and 18 months p.i. 0.063 Gy radi-
ation increases rearing activity in the open field at 18 months post-radiation compared to control mice. A total of 207 data points were available at 12 months
(10–20 mice per group, males and females, wt and het Ercc2S737P � 4 doses). A total of 188 data points were available at 18 months (9–20 mice per group, males
and females, wt and het Ercc2S737 � 4 doses).�p<.05, ��p<.01, ���p<.001 between highlighted groups with difference of least square means. Adjusted mean val-
ues are represented, þ/- higher and lower values.
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decreases in total distance [0.5Gy vs sham control, SE ¼

586.29, t(190) ¼ �3.42, p¼ .001], speed [0.5Gy vs sham

control, SE ¼ 0.562, t(190) ¼ �3.44, p¼ .001] and rearing

[0.5Gy vs sham control, SE ¼ 7.758, t(190) ¼ �2.13, p¼

.034] occurred only at 12 months p.i. (Figure 2(b–d)). They

were not present earlier at 4 months p.i. Interestingly, at 18

months p.i., compared to control mice and to mice irradi-

ated with higher doses, animals irradiated with the low

0.063Gy dose showed increased ASR [0.063Gy vs control,

SE ¼ 1.47, t(172) ¼ 2.38, p¼ .019] and increased rearing

activity [0.063Gy vs control, SE ¼ 7.3197, t(172) ¼ 1.99, p¼

.049] (Figure 2(a,d)). We noted a significant positive correl-

ation between distance travelled and speed in open field 18

months post irradiation with acoustic startle reactivity

(Supplementary information 3, Figure S3).

Low dose radiation causes persistent hippocampal

microglia and astrocyte alterations

Microglia, which are Iba1þ, play an active role in the

inflammatory response in the brain after radiation(Betlazar

C 2016). We estimated the number of microglia present in

the dentate gyrus and the Cornu Ammonis (CA) hippocam-

pal subfields of mice 24 months p.i. (Figure 3(A–D)). For

this analysis we focused on radiation dose effects only in tis-

sue from animals that demonstrated dose-dependent behav-

ioural alterations. Statistical analyses showed that microglial

number increased between 0.063 and 0.5Gy [Figure 3(B), 1-

way ANOVA, F (3, 33) ¼ 3.63, p¼ .023, Tukey’s multiple

comparisons test, p¼ .022] and 0.125 and 0.5Gy (Tukey’s

multiple comparisons test, p¼ .024) in the dentate gyrus. A

decrease was visible in CA1 region, between 0.063 and

0.125Gy [Figure 3(C), 1-way ANOVA, F(3, 33) ¼ 4.023, p¼

.015, Tukey’s multiple comparisons test, p¼ .018] and an

increase was observed in the same region between 0.125 and

0.5Gy (Tukey’s multiple comparisons test, p¼ .038).

Astrocytes, which are GFAPþ, are the second major cell

type involved in inflammatory responses to radiation

(Hwang et al. 2006). We estimated, in the dentate gyrus and

the CA hippocampal subfields, the number of

GFAPþ astrocytes in mice at 24 months p.i. (Figure

3(E–H)). Statistical analysis revealed a decreased number of

astrocytes in the CA1 region between 0.063 and 0.5Gy

[Figure 3(G), 1-way ANOVA, F(3, 36) ¼ 3.777, p¼ .019,

Tukey’s multiple comparisons test, p¼ .014]. There were no

significant sex� radiation interaction effects to indicate that

radiation was having differing effects on astrocyte or micro-

glia number in either sex (see Supplementary information 4

for analysis of sexes separated).

Low dose radiation causes long-term alterations in

dentate gyrus microglial ramification

Morphological analysis showed significant dose-dependent

differences in the number of endings, nodes, intersections

and length of dentate gyrus microglia after radiation.

Compared to the other irradiated cell groups, the low dose

0.063Gy-irradiated microglia presented with an increased

number of endings [Figure 4(A), 1-way ANOVA, F (3, 28)

¼ 14.35, p<.0001], nodes [Figure 4(B), F (3, 28) ¼ 13.61,

p<.0001], and branch length [Figure 4(C), F (3, 28) ¼

24.54, p<.0001]. These parameters were also evaluated in a

radius of every 5 mM from the soma with Sholl-analysis

(Figure 4(D–F)). Microglia from low dose 0.063Gy-

(A) (B) (C) (D)

(E) (F) (G) (H)
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Figure 3. Iba1þ microglial cell number increases in the dentate gyrus and in CA1 after 0.5 Gy radiation and GFAPþ astrocyte cell number decreases in CA1 in a
dose-dependent manner. (A) Representative photo-micrograph showing Iba1þ cells in the hippocampus (dentate gyrus (DG), Cornus Ammonis (CA) 1, 2, 3) and
inset, a higher magnification (400�) image of Iba1þ cells in the DG (Arrows). Scale bar ¼ 100 mM. (B–D) Quantification of microglial cells in hippocampal subfields
of DG, CA 1, 2/3 24 months after radiation. A significant increase in microglia number present in the dentate gyrus was observed between 0.5 and 0.063 Gy (1-way
ANOVA with post-hoc Tukey’s multiple comparisons test, �p<.05) and 0.125 and 0.5 Gy (Tukey’s test,�p<.05). In CA1, we observed a decrease in microglia in
0.125 Gy irradiated animals compared to 0.063 Gy (1-way ANOVA with post-hoc Tukey’s test, �p<.05) and an increase between 0.125 and 0.5 Gy (Tukey’s test,
�p<.05). N ¼ 8 sham, n ¼ 15 0.063 Gy, n ¼ 9 0.125 Gy, n ¼ 5 0.5 Gy. (E) Representative photomicrograph of GFAPþ cells in the hippocampus (DG, CA 1, 2, 3) with
inset, higher magnification (400�) image of GFAPþ cells the dentate gyrus region (Arrows). Scale bar ¼ 100 mM. (F–H) Quantification of GFAPþ astrocytes in hip-
pocampal subfields in animals 24 months after radiation. A significant decrease of the number of GFAPþ astrocytes in CA1 is visible after 0.5 Gy radiation, compared
to 0.063 Gy (1-way ANOVA with post-hoc Tukey’s test, �p<.05, n ¼ 9 sham n ¼ 15 0.063 Gy, n ¼ 12 0.125 Gy, n ¼ 5 0.5 Gy). Data are presented as means ± SEM.
�p<.05, ��p<.01, ���p<.001.
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Figure 4. Dose-dependent radiation effects on dentate gyrus microglial and astroglial cell branching complexity. Morphometric analysis of total number of endings
(A), nodes (B) and branch length (C) of microglial cells in the dentate gyrus reveals significant increases in the 0.063 Gy irradiated group compared to sham and
other irradiated groups 24 months post-irradiation. Sholl-analysis of microglial cell endings (D), intersections (E) and branch length (F). Note the clear hyper-ramifi-
cation that occurs 24 months after 0.063 Gy radiation and the de-ramification after 0.5 Gy radiation (n ¼ 7 sham, n ¼ 13 0.063 Gy, n ¼ 6 0.125 Gy, n ¼ 6 0.5 Gy,
repeated measures ANOVA, F(48, 448) ¼ 11.85 (for endings), 10.64 (for nodes), 20.89 (for intersections) and 21.43 (for length), p< .0001). See Supplementary Table
S1 for Holm-Sidak’s post hoc test results. 3D-tracing of representative cells (G) from sham, 0.063 Gy, 0.125 and 0.5 Gy-irradiated animals. Total number of endings
(H), nodes (I) and branch length (J) of astrocytes reveal significant decreases in the 0.125 Gy irradiated group compared to the sham and 0.063 Gy groups 24 months
after the irradiation event. A similar pattern of a decrease is evident in the 0.5 Gy irradiated group. Sholl-analysis of astrocyte endings (K), intersections (L) and
branch length (M). (n ¼ 7 sham, n ¼ 13 0.063 Gy, n ¼ 6 0.125 Gy, n ¼ 6 0.5 Gy, repeated measures ANOVA, F(36, 572) ¼ 2.531 (for endings), 3.879 (for nodes),
3.255 (for intersections) and 3.551 (for length), p< .0001). See Supplementary Table S2 for Holm-Sidak’s post hoc test results. 3D-tracing (N) of representative astro-
cytes from sham-, 0.063 Gy-, 0.125 Gy- and 0.5 Gy-irradiated animals. Scale bars: 10 mm; Data are presented as means ± SEM. �p� .05; ��p� .01; ���p� .001;
����p� .0001.
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irradiated animals showed an increased number of endings,

intersections and an increased branch length compared to

microglia from the other irradiated groups, as far as 40 mM

away from the soma [Figure 4(D–F), Supplementary infor-

mation 5, Table S1, RM ANOVA, F(48, 448) ¼ 11.85 (for

endings), 20.89 (for intersections) and 21.43 (for length), p<

.0001]. Overall analysis of the 3D-traced microglia cells

showed a clear impact of the radiation dose (Figure 4(G)).

3D-traced cell structures thus illustrate that, compared to

the other doses, low dose 0.063Gy radiation exposure in

early adulthood leads to long-term complex and ramified

microglia cells.

Single radiation event causes long-term alterations in

dentate gyrus astrocyte morphological complexity

Morphological analysis showed significant dose-dependent

differences in the number of endings, nodes, intersections

and length of dentate gyrus astrocytes after radiation.

Compared to the sham and 0.063Gy irradiated groups,

medium dose 0.125Gy-irradiated astrocytes presented a

decreased number of endings [Figure 4(H), 1-way ANOVA,

F(3, 44) ¼ 5.819, p¼.0019], nodes [Figure 4(I), F(3, 44) ¼

7.218, p¼.0005] and branch length [Figure 4(J), F(3, 44) ¼

5.95, p¼.0017]. The high dose 0.5Gy irradiated astrocytes

showed significantly decreased node number compared to

the low dose 0.063Gy irradiated cells with similar patterns

for ending number and branch length. These parameters

were also evaluated in a radius of every 5 mM from the

soma with Sholl-analysis (Figure 4(K–M)). Astrocytes from

the medium and high dose 0.125Gy- and 0.5Gy-irradiated

animals showed a decreased number of endings, intersec-

tions and decreased branch length compared to astrocytes

from the sham and low dose 0.063Gy irradiated groups, as

far as 35 mM away from the soma [Figure 4(K–M),

Supplementary information 5, Supplementary Table S2, RM

ANOVA, F(36, 572) ¼ 2.531 (for endings), 3.255 (for inter-

sections) and 3.551 (for length), p< .0001]. Overall analysis

of the 3D-traced astrocytes showed a clear impact of the

radiation dose (Figure 4(N)). 3D-traced cell structures thus

illustrate that medium and high dose 0.125 and 0.5Gy radi-

ation exposure in early adulthood leads to long-term

decreased complexity and ramification of astrocyte cells

compared to the sham and low dose.

Quantification of GFAP1/C31 astrocytes in the dentate

gyrus of 24 months old mice after a single low-dose

radiation exposure

Complement 3 (C3) is a typical marker of the A1 astrocytic

subtype, which shows a neurotoxic phenotype (Liddelow

and Barres 2017). C3 is upregulated in A1 astrocytes during

inflammation, as well as in pathological conditions

(Hartmann et al. 2019). To glean more information on the

role of astrocytes in inflammatory response after low-dose

radiation exposure, quantification of fluorescent immunola-

belled double-positive GFAP and C3 astrocytes was per-

formed in the dentate gyrus of 24-month-old sham and

irradiated mice (Figure 5). No significant differences were

observed in the percentage of GFAP/C3 double-positive

astrocytes for the tested radiation doses. The data indicate a

possible trend towards an increase of A1 astrocytes with

higher radiation doses [Figure 5(A), 1-way ANOVA, F (3,

20) ¼ 1.201, p¼ .0921].

Ercc2S737P mutation confers increased locomotion and

exploration at older age

While there were no general genotype effects or genotype x

radiation dose interactions throughout the study, at 18

months p.i. genotype x radiation dose interactions occurred.

Post-hoc analysis revealed that this was mainly due to geno-

typic differences between the control (sham-irradiated)

groups at this time point. A detailed analysis of the behav-

iour of control (sham-irradiated) wild-type mice and control

Ercc2S737P mutant mice at 4, 12 and 18 months revealed that

at 18 months p.i., control mutant mice showed increased

total distance travelled and increased average speed.

Moreover, control mutant mice showed increased rearing at

12 months p.i. and at 18 months p.i. (Table 2). Results of

the social discrimination test showed that the recognition

index in male mice, wt and mutant, was not significantly

affected by radiation over time. In wt females, no significant

differences were visible after radiation over time apart from

a small increase in recognition index at 12 months after

0.063Gy [data not shown, 2-way ANOVA, F(3, 93) ¼ 4.994;

interaction p¼ .003]. No significant differences after radi-

ation over time were observed for mutant female mice.

Pooled results (males and females) showed that at 18

months p.i, recognition index decreased in mutant mice

Table 2. Ercc225737P mutation confers increased locomotion and exploration at older age.

Mean value (18 months post-irradiation, sham-irradiated animals) 2-way RM ANOVA table

wt het Ercc2S737P Interaction Time Genotype

Total distance (cm) 10267.4 13174.9 ��� F (2, 138) ¼ 5.43
p¼.0054

F (2, 138) ¼ 43.06
p<.0001

F (1, 69) ¼ 5.893
p¼.0178

Whole average speed (cm/s) 8.9 11.8��� F (2, 136) ¼ 4.715
p¼.0105

F (2, 136) ¼ 64.97
p<.0001

F (1, 68) ¼ 6.75
p¼.0115

Rearing (#) 12 months : 83.2
54.9

12 months : 114.8��

96.9����
F (2, 138) ¼ 5.439

p¼.0053
F (2, 138) ¼ 154.3

p<.0001
F (1, 69) ¼ 12.14”

p¼.0009

Data were analysed with 2-way Repeated Measures (RM) ANOVA and post-hoc tests were performed with Sidak’s multiple comparisons. Het Ercc2S737P sham-irra-
diated mice showed a significantly higher spontaneous locomotion (characterized by superior distance travelled and whole average speed) and rearing in the
open field at 18 months post-irradiation (p.i) compared to wt sham-irradiated mice at the same age. Rearing was also higher at 12 months p.i in mutant mice
compared to wt. N ¼ 17 male wildtype, n ¼ 14 male Ercc2S737P, n ¼ 19 female wildtype, n ¼ 19 female Ercc2S737P, � p� .05; �� p� .01; ��� p� .001; ����

p� .0001.
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after 0.5Gy [data not shown, F (3, 178) ¼ 4.993; interaction

p¼ .002, genotype p¼.0002].

Discussion

In the field of low-dose radiation research, most of the

rodent studies centre on highly radiation-sensitive develop-

ing young animals using moderate rather than low doses.

Moreover, the observation periods were at maximum 12

months and so we lack a systematic study of the longer-

term consequences of low dose radiation on brain and

behaviour. This is important as in some occupations people

are exposed chronically to low radiation doses (Alvarez et al.

2016; Mohammadi et al. 2017) and the health consequences

are not well understood. Our animal study is among the

first to provide such a long-term follow up (24 months) of

radiation exposure in adulthood with a sizeable cohort, sub-

jects of both sexes, different genotypes and a range of radi-

ation doses. We discovered that a single, non-targeted

radiation event at the age of 2.5 months, with a relatively

low dose (0.063Gy) compared to moderate (0.125Gy) and

high dose (0.5Gy), could have significant long-term effects

on behaviour and glial cell populations in the brain. This

data provides a valuable starting point for future studies

addressing different aspects in more detail.
Our high radiation dose, a single 0.5Gy exposure as e.g.

experienced during cerebral embolisation treatment,

decreased sensorimotor responses and spontaneous loco-

motor activity in the long term (Sanchez et al. 2014). The

sensorimotor recruitment decrease (seen already at 4 months

p.i.) could relate to radiation-induced sensorineural hearing

loss (Mujica-Mota et al. 2014). Radiation damages cochlear

structures through reactive oxygen species (ROS) production

precipitating inflammation and cell death as seen with

higher radiation doses (Haerich et al. 2012). 0.5 Gy irradi-

ation exposure causes acute locomotor and exploratory

activity reduction (during first 24 hours p.i.) (York et al.

2012) however, prior to this study, it has not been investi-

gated systematically for longer time periods p.i. Such pro-

tracted radiation effects have also been observed in humans

(Mullenders et al. 2009), and in particular, a recent epi-

demiological study in Russian Mayak workers demonstrated

an increased risk to develop Parkinson’s disease with occu-

pational radiation exposure (Azizova et al. 2020). Of course

it must be borne in the mind that the current study uses an

acute radiation exposure while the Mayak workers were

exposed to low doses over a protracted period of time. For

comparison however, the mean cumulative absorbed dose of

c-rays in the brain of these Mayak workers was

0.46 ± 0.67Gy for men and 0.36 ± 0.56Gy for women that is

within the dose range of the current study. Moreover, it is

important to consider in our study the carryover effects

between tests may have influenced the nature of the out-

come. Nevertheless, this will affect both irradiated and con-

trol mice equally as they were always assessed in parallel.
Our study also revealed possible beneficial effects of the

low radiation dose tested. Notably, the 0.063Gy dose

increased subtly acoustic startle reactivity and spontaneous

exploratory activity at 18 months p.i. (þ8% and þ20%

respectively); in diametric opposition to the high 0.5Gy

dose. The age progression indicates that there is a greater

decrease in acoustic startle responses and rearing levels in

the controls (�37% and �50% respectively, between 4 and

18 months), typical manifestations of normal ageing in mice

(Morel et al. 2015). We can thus surmise that a single

exposure to low 0.063Gy dose at young adult age partially

protects against age-related behavioural decline by activating

protective cellular defence mechanisms (van de Ven et al.

2007). This is corroborated by a complementary investiga-

tion on a subset of the animals used in this study (female

wild type mice, 24 months p.i), where the 0.063Gy dose

activated protective molecular signalling pathways in the

hippocampus (Hladik et al. 2020). Our findings are also in

line with a previous report about other aspects of this
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Figure 5. Complement (C)3þ astrocytes in the dentate gyrus 24 months after a single irradiation event. (A) Graph showing the % of glial fibrillary acidic protein
(GFAP)+ astrocytes in the hippocampal dentate gyrus that were also C3+ with each radiation dose (0, 0.063, 0.125 and 0.5 Gy). A pattern of increased colocalisation
was observed at the higher doses implying a switch to A1 astrocyte conformation. N = 6/group. (B) Representative fluorescent micrographs (100� magnification)
showing GFAP+ astrocytes (left), C3+ staining (middle) and colocalisation (right), scalebar = 100 mm. (C) Higher magnification image (400�) of GFAP+ (left) and
C3+ (middle) cells and colocalisation (right) indicating a GFAP+/C3+ cell. Scalebar = 50 mm. White arrows indicate co-labelled cells.
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life-time study that showed the 0.063Gy dose increased sur-

vival rate, albeit not significantly (Figure 2 in Dalke et al.

2018), and had a significant protective effect against certain

tumours (Table 1 in Dalke et al. 2018).
To discern the potential cellular defence mechanisms

involved in the brain, we analysed glial cell populations 24

months p.i. Microglia and astrocytes are the major compo-

nents of the neuroinflammatory response and thus we quan-

tified these cell populations in the radiosensitive

hippocampal dentate gyrus (Mizumatsu et al. 2003). The

high radiation dose (0.5Gy) compared to the lower doses

caused a subtle increase in Iba1þ microglia. As the resident

immune cells in the brain (Korzhevskii and Kirik 2016), the

microglia increase is characteristic of radiation-induced neu-

roinflammatory changes (Betlazar 2016) and indicative of

brain injury-induced proliferation. Most notably, the low

radiation dose (0.063Gy) did not alter microglial number

suggesting that this dose does not alter proliferation. We

also established the sub-region specificity of this effect where

the radiation dose–response curve differs in the CA1 com-

pared to that in the dentate gyrus and microglia decrease

with the middle dose (0.125Gy). This ostensible anti-inflam-

matory-like effect tallies with evidence that 0.1Gy radiation

exposure prior to higher radiation doses triggers expression

of neuroprotective pathways that mitigate high dose effects

(Alwood et al. 2012; Acharya et al. 2015). Nevertheless, the

region and sub-region specificity is consistent with, for

example, established region-specific microglial functions and

transcriptional heterogeneity (Lana et al. 2017; Dubbelaar

et al. 2018).
To characterize these microglial alterations further, we

assessed microglia morphology within the dentate gyrus. In

a healthy brain, microglia extend and retract (‘ramification’)

their processes to survey continually the microenvironment

for threats (Salter and Stevens 2017). When triggered,

microglial cell bodies become rounded and amoeboid due to

retraction of cell processes and proliferation, coupled with

increased ROS production and cytokine release. This de-

ramification facilitates motility and this measure therefore

yields clues concerning microglial state. We observed that

the high dose (0.5Gy) radiation leads to long-term de-ram-

ification of microglia in the dentate gyrus implying a transi-

tion into the phagocytic, amoeboid disposition. Conversely,

the low dose (0.063Gy) radiation caused a clear hyper-ram-

ification (increased secondary but not primary branching) of

microglia, typical of experience-dependent remodelling

(Beynon and Walker 2012). Together with the microglia

population estimate, this morphological evidence signifies

that the higher and lower of our tested doses have opposite

effects on dynamic microglial processes. Furthermore, the

radiation effect on microglial morphology is more pro-

nounced than the more subtle effect on microglia number,

suggesting that this is a more sensitive measure for detecting

the effects of low dose radiation. While a detailed under-

standing of the brain functional consequences of these alter-

ations requires further research, we can postulate that the

hyper-ramified low (0.063Gy) dose irradiated microglia

(with potentially the opposite effects with the high 0.5Gy

dose) possess a long-term heightened ability to efficiently re-

orientate their processes in response to immune challenge

and changes in neural activity (Beynon and Walker 2012).

In the adult brain, microglia can drive neuronal apoptosis;

regulate synaptic plasticity, adult neurogenesis and hippo-

campal function (Sierra et al. 2010; Gemma and Bachstetter

2013; Parkhurst et al. 2013; Schafer et al. 2013). Thus, it

may be that, within the dentate gyrus, low-dose radiation

produces long-term persistent effects on these different

processes through microglia. The correlation analysis sup-

ports this assertion by implying a connection, direct or

otherwise, between microglia characteristics (potentially

reflecting the general inflammatory milieu) and behaviour

readouts (see Supplementary information 5 and

Supplementary Figure S4). These potential opposing effects

of the higher vs. low irradiation on microglia activation

should be confirmed in future studies by assessing, for

example, levels of additional molecular markers such

as CD68.
We provide evidence that, within the hippocampal den-

tate gyrus, there is also a pattern of reduced astrocyte

branching length and complexity as well as cell number (sig-

nificantly also in the CA1 region) 24 months after exposure

to either of the two higher radiation doses (0.5 and

0.125Gy). It is becoming appreciated that, in response to

cytotoxic challenge, a reactive astrocyte can undergo either

astrogliosis or, in certain cases, so-called astrosenescence

(Cohen and Torres 2019). Some recent human and animal

evidence indicates that exposure to higher radiation doses

can predispose to the latter (Turnquist et al. 2019;

Yabluchanskiy et al. 2020). In this state, astrocytes undergo

cell cycle arrest and assume a less branched flattened

morphology. There is, as a result, decreased GFAPþ cell

number (Turnquist et al. 2019) as well as downregulation of

GFAP expression (Crowe et al. 2016) and loss of normal

astrocyte function in favour of a senescence associated secre-

tory phenotype (SASP) with continual pro-inflammatory

cytokine release (Cohen and Torres 2019). Furthermore,

astrosenescence is connected to decreased neuronal survival

in vitro (Cohen and Torres 2019). It is possible then that

the pattern of reduced GFAPþ cells and altered morphology

relates to oxidative-stress induced premature astrosenescence

consequent to the higher radiation doses in this study. The

likely concomitant loss of astrocyte-induced homeostatic

functions such as extracellular glutamate buffering and

energy supply could have adverse effects and propagate neu-

rodegeneration. Ostensibly, low dose radiation does not

induce a similar deleterious astrocyte fate. Reactive astro-

cytes can also further subdivide into A1 and A2 types. The

former can upregulate complement cascade genes, including

complement 3 (C3), are extremely neurotoxic and detrimen-

tal to synapses while the latter release neurotrophic factors

to promote survival and growth of neurons (Liu et al. 2012;

Li et al. 2019). The pattern of increased colocalisation of C3

to 0.125 and 0.5Gy exposed astrocytes, although not signifi-

cant, is in line with the morphological findings of a shift

towards the more A1 ‘harmful’ class. In addition, activated

microglia can induce neurotoxic reactive astrocytes
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(Liddelow et al. 2017), demonstrating that inflammation is a
result of synergistic cellular interplay after exposure to a
stressor, in our case radiation (Hwang et al. 2006).
Collectively, this indicates that the currently employed
higher radiation doses are sufficient to stimulate a neuroin-
flammatory astrocyte response. A state of astrosenescence
would need to be confirmed by analyzing astrocyte senes-
cence marker such as p16 and p21.

Surprisingly, no general effects of genotype were apparent
over the whole time course of the study, neither in the lin-
ear analyses of the behaviour nor the cellular population
estimates in the hippocampus after radiation. We hypothe-
sized that the Ercc2S737P heterozygous mutation would
increase radiation sensitivity in the mutant animals because
their lymphocytes demonstrated an increased sensitivity to
radiation-induced DNA damage in vitro (Kunze et al. 2015).
Nevertheless, there is also evidence that the XPD gene may
not be involved in the repair of x-ray-induced damage that
appears to predominantly require the base excision repair
mechanism (Manuguerra et al. 2006). Interestingly, however,
at 18 months p.i., sham-irradiated control het mice showed
improved spontaneous locomotor activity and rearing com-
pared to sham-irradiated control wt mice. One hypothesis
could be, therefore, that this mutation has a protective effect
that may be beneficial for ageing (van de Ven et al. 2007).

In sum, our findings indicate that not only during
embryonic and post-natal development, as well known from
the literature, but also early in adult life a single radiation
event has long-lasting effects on behaviour and glia that,
depending on the dose, can be deleterious or beneficial. The
beneficial low dose-induced behaviour and microglial
changes at older age imply a protective effect. This is con-
sistent with radiation hormesis theory that low dose radi-
ation can have stimulating effects on living organisms,
particularly on the immune system (Luckey 1999; Cui et al.
2017; Lumniczky et al. 2017; Dubbelaar et al. 2018). We can
now also hypothesize that the neuroprotective-like low dose
radiation-induced microglia phenotype may fortify the brain
against certain ageing effects. This is given that the ageing-
associated converse, where microglia err towards a pro-
inflammatory-like phenotype, is associated with increased
vulnerability to neurodegenerative disease (Perry and
Holmes 2014; Ojo et al. 2015). We also identified a possible
adaptive response of Ercc2S737P het mice to age-related
decline. In future experiments, it would be interesting to
investigate further the molecular neurobiological mecha-
nisms both of successful ageing and of the time course of
changes in hippocampal cell populations and microenviron-
ment after exposure to ionizing radiation in the adult brain.
In addition, there remains a need to analyse comprehen-
sively cell populations altered in the extra-hippocampal
brain regions such as neocortex and thalamus that may also
explain the behavioural changes described here.
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