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ABSTRACT: Recent epidemiological data indicate that radiation doses as low as those used in
computer tomography may result in long-term neurocognitive side effects. The aim of this study
was to elucidate long-term molecular alterations related to memory formation in the brain after
low and moderate doses of γ radiation. Female C57BL/6J mice were irradiated on postnatal day
10 with total body doses of 0.1, 0.5, or 2.0 Gy; the control group was sham-irradiated. The
proteome analysis of hippocampus, cortex, and synaptosomes isolated from these brain regions
indicated changes in ephrin-related, RhoGDI, and axonal guidance signaling. Immunoblotting
and miRNA-quantification demonstrated an imbalance in the synapse morphology-related Rac1-
Cofilin pathway and long-term potentiation-related cAMP response element-binding protein
(CREB) signaling. Proteome profiling also showed impaired oxidative phosphorylation,
especially in the synaptic mitochondria. This was accompanied by an early (4 weeks) reduction
of mitochondrial respiration capacity in the hippocampus. Although the respiratory capacity was
restored by 24 weeks, the number of deregulated mitochondrial complex proteins was increased
at this time. All observed changes were significant at doses of 0.5 and 2.0 Gy but not at 0.1 Gy.
This study strongly suggests that ionizing radiation at the neonatal state triggers persistent proteomic alterations associated with
synaptic impairment.
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■ INTRODUCTION

Human exposure to ionizing radiation is increasing in the
developed world, primarily due to frequent usage in medical
imaging.1 The damaging effect of high doses of ionizing
radiation on hippocampal neurogenesis and functioning such as
cognition is well-known.2 Radiation-associated impairment in
learning and memory is observed in the clinical setting after
high-dose brain radiation therapy.3 However, epidemiological
data suggest that doses considerably lower than those used in
radiotherapy may also lead to cognitive impairment such as
memory and learning deficits, especially in the young.4−6 There
is still considerable uncertainty regarding the mechanisms
underlying these effects.
Children with minor traumatic brain injuries commonly

undergo multiple imaging procedures where single radiation
doses lie close to 0.01 Gy.7 More than 1.5 million children are
screened with CT scans yearly in the Western hemisphere.8

Infants and children may represent a group with especially high
radiation sensitivity for several reasons. On the one hand, at this
developmental stage, the brain is immature and rapidly
developing. On the other hand, their long future life expectancy

allows injuries with prolonged latencies to develop. Therefore,
an improved understanding of the biological mechanisms of
radiation-induced impairment in memory and learning is
essential for preventive purposes.
During the early phases of childhood, the volume of gray

matter in the central nervous system (CNS) increases rapidly,
peaking at around four years of age.9 This specific phase of
rapid brain maturation, the brain growth spurt,10 involves
phases of axonal and dendritic growth including the establish-
ment and remodelling of neuronal circuits.11,12 In rodents, the
corresponding time window of the brain growth spurt spans the
second and fourth postnatal week.13 It has been shown that
toxic agents administered to neonatal mice within this window
of susceptibility can lead to disruption of adult brain function14

and can be intensified by exposure to low-dose ionizing
radiation on postnatal day 10 (PND10).15 At this specific stage,
exposure to ionizing radiation alone leads to long-term
neurocognitive deficits characterized by proinflammatory
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changes, reflected in an increased number of activated
microglia.16,17 Proinflammatory factors produced by the
activated microglia include IL-6, TNF-α, reactive oxygen
species, and nitric oxide, all of which have been shown to
suppress mitochondrial function.18 Accruing data support a
causal association between this early radiation exposure and
long-term mitochondrial impairment in the brain.19,20 As
mitochondria are concentrated in synapses,21 radiation-induced
changes in synaptic morphology may affect mitochondrial
structure and function in this compartment.22,23

We have previously shown that neonatally irradiated NMRI
male mice show persistent alterations in synaptic plasticity,
adult neurogenesis, and neuroinflammation after a dose of 1.0
Gy. Cognition was significantly impaired already at a dose of
0.5 Gy.17 In the present study, we used female C57BL/6J mice
to investigate the strain and gender specificity of the radiation
effects. We also included exposure to a much lower dose,
comparable to a cumulative dose after a few CT scans (0.1 Gy).
Hippocampus, cortex, and isolated synaptosomes were analyzed
using global proteomics, immunoblotting, pathway-focused
transcriptomics, miRNA quantification, and ex vivo mitochon-
drial respiration. In addition, the radiation-induced proteome
alterations in the cerebellum were investigated. Ionizing
radiation induced significant changes in the Rac1-Cofilin and
cAMP response element-binding protein (CREB) signaling
pathways. A significant reduction in hippocampal mitochondrial
respiration capacity was observed in young (4/5 weeks) but not
in mature (24 weeks) mice. However, marked alterations in the
expression of proteins involved in mitochondrial function and
synaptic plasticity remained present in aged mice after doses of
0.5 and 2.0 Gy but were not detectable at lower doses.

■ MATERIALS AND METHODS

Ethical Statement, Irradiation of Animals, and Whole
Tissue Collection

Experiments were carried out according to protocol number
139−12−30 approved by animal experiments committee DEC-
consult of The Netherlands (EMC number 3018). Female
C57BL/6J mice were total body irradiated on PND10 with a
single exposure of gamma irradiation (137Cs, 0.082 Gy/min) at
doses of 0 (sham), 0.1, 0.5, and 2.0 Gy (Erasmus University
Medical Centre EDC, The Netherlands). The radiation field
was homogeneous within ±3% as verified by a TLD-100
dosimeter. Three litters were used within each irradiation group
to minimize interlitter effects; neonates from each litter were
irradiated together. Animals were shipped to Helmholtz
Zentrum München, Germany, 1−2 weeks postirradiation and
kept under standard housing conditions until their experimental
usage.
Mice were sacrificed via cervical dislocation after either 4−5

weeks or 6 months. Brains were excised and transferred to ice-
cold phosphate-buffered saline (PBS), rinsed carefully, and
dissected under stereomicroscopic inspection while maintaining
cold conditions. Hippocampi, cortices without meninges, and
cerebella from each hemisphere were separately sampled, gently
rinsed in ice-cold PBS, and snap-frozen in liquid nitrogen for
whole tissue analysis. For the isolation of intact synaptosomes
and total mitochondria, brain regions were maintained chilled
but not frozen until the final isolation procedure.

Isolation and Enrichment of Synaptosomes for Proteomics
Analysis

Isolation and enrichment of synaptosomes were performed in
accordance with the protocol of Kiebish et al.24 with slight
modifications. Briefly, isolated hippocampi, cortices, and
cerebella were transferred to a precooled glass tissue grinder
of dounce type (#357538, Wheaton). Tissues were homogen-
ized in isolation buffer (IB) (0.32 M sucrose, 10 mM Tris-HCl,
1 mM EDTA-K, pH 7.4) using eight strokes with a “loose” and
eight strokes with a “tight” pestle. All preparation steps were
done on ice. The homogenates were centrifuged (4 °C, 1000g,
5 min), and the supernatant containing synaptosomes/
nonsynaptosomal mitochondria was collected, whereas the
pellet was washed twice with IB and centrifuged (4 °C, 1000g, 5
min), collecting each time the supernatants. Subsequently, the
pooled supernatants were centrifuged again (4 °C, 1000g, 5
min) and transferred to fresh tubes. Supernatants were
centrifuged (4 °C, 14 000g, 15 min) to pellet synaptosomes/
nonsynaptosomal mitochondria. The pellets were resuspended
in 3 mL of ice-cold IB and layered on a 7.5/12% discontinuous
Ficoll gradient (4 °C) (FicollPM400, Sigma-Aldrich) to
separate and purify synaptosomes from nonsynaptosomal
mitochondria. The gradient was ultracentrifuged (4 °C,
73 000g, 36 min) (Ultracentrifuge Optima L70 with swing-
out rotor, Beckman). The synaptosome layer was transferred to
fresh tubes and resuspended in IB (1:3, v/v, final volume 2
mL). Purified synaptosomes were pelleted by centrifugation (4
°C, 16 000g, 15 min), and the pellets were washed with IB
containing 0.5 mg/mL bovine serum albumin [(BSA), fatty-
acid free]. Subsequently, the samples were centrifuged again (4
°C, 16 000g, 15 min) and washed with IB. Finally,
synaptosomes were pelleted via centrifugation (4 °C, 16 000g,
15 min) and frozen (−20 °C) until further analysis.
Evaluation of Synaptosome Intactness and Enrichment
Quality by Mitochondrial Respiration and Immunoblotting
Using Nonirradiated Animals

Evaluation of the intactness of mitochondria within the
synaptosome fraction was investigated using mitochondrial
respiration measurement from nonirradiated test animals
following the protocol of Choi et al.25 with slight modifications
as described further in the Isolation and Respiration Analysis of
Total Hippocampal Mitochondria section.
Immunoblots of 10 μg subfractions were incubated with

primary antibody dilutions as recommend by the manufacturer:
COXIV subunit IV−MS407 (Mitoscience), β-Actin−sc-1616
(Santa Cruz), LSD1−2139 (Cell Signaling), PLP−sc-98781
(Santa Cruz), and SNAP-25−SMI-81R (Covance). Immuno-
blots were performed and analyzed as described further in the
Immunoblotting section.
Proteome Analysis

The analysis of proteome changes was done using the isotope
coded protein label (ICPL) approach (SERVA Electrophoresis
GmbH, Germany), as reported in detail previously.17 Briefly,
the whole tissue protein lysates (5 μg in 5 μL of 6 M guanidine
hydrochloride) originating from six individual hippocampal,
cortical, or cerebellar tissue replicates from either control or
irradiated groups at 4 weeks and 24 weeks postirradiation were
investigated. For synaptosomal protein analysis, three biological
replicates consisting of pooled synaptosomes from two mice
from either sham- or irradiated groups 5 weeks and 24 weeks
postirradiation were used. All samples were reduced, alkylated,
and labeled with ICPL reagents as follows: control with ICPL-
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0, 0.1 Gy with ICPL-4, 0.5 Gy with ICPL-6, and 2.0 Gy samples
with ICPL-10.
The labeled samples representing each radiation dose at one

time point were combined, followed by one-dimensional
protein separation with 12% SDS-PAGE (polyacrylamide gel
electrophoresis), as described elsewhere.26 The protein bands
were visualized with Coomassie Blue, and the gel lanes were cut
into five equal slices, destained, and trypsinised overnight, as
described before.27 Peptides were extracted and acidified with
1% formic acid followed by liquid chromatography−tandem
mass spectrometry (LC−MS/MS) analysis on an LTQ-
Orbitrap XL (Thermo Fisher) as described previously.26

For protein identification and quantification, MS−MS
spectra were searched against the ENSEMBL mouse database
(Version: 2.4, 56416 sequences) via MASCOT (version 2.3.02;
Matrix Science) with a mass tolerance of 10 ppm for peptide
precursors and 0.6 Da for MS−MS peptide fragments,
including not more than one missed cleavage. Carbamidome-
thylation of cysteine and ICPL-0, ICPL-4, ICPL-6, and ICPL-
10 for lysine was set as fixed modifications. The ICPL pairs
analyzed by Proteome discoverer software (Version 1.3,
Thermo Fisher) were used to identify and quantify the
proteins. To ensure a confident global protein analysis, the
percolator algorithm (p < 0.01) and false discovery rate (FDR)
criteria (FDR < 0.01) were used as reported previously.17,26

Proteins from each LC−MS run were normalized against the
median of all quantifiable proteins and were considered
significantly deregulated if they fulfilled the following criteria:
(i) identification by at least two unique peptides in n − 1 MS
runs (n, number of biological replicates), (ii) quantification
with an ICPL-variability of ≤ 30%, and (iii) a fold-change of ≥
1.3 or ≤ −1.3. The threshold of ±1.3 is based on our average
experimental technical variance of the multiple analysis of
hippocampal and cortical technical replicates, as described in
detail elsewhere.17

Bioinformatics Analysis

Deregulated proteins were assigned to functional classes using
PANTHER classification system software (http://www.
pantherdb.org) and the general annotation from UniProt
(http://uniprot.org). To identify radiation-affected signaling
pathways, a core and comparison signaling pathway analysis
was performed with all deregulated proteins from each dose
group using INGENUITY pathway analysis (IPA) (http://
www.ingenuity.com) applying databases of experimental and
predictive origin. The IPA comparison analysis takes into
account the signaling pathway rank according to the calculated
p-value and reports it hierarchically. The software generates
significance values (p-values) between each biological or
molecular event and the imported proteins based on the
Fischer’s exact test (p ≤ 0.05).

Data Deposition of Proteomics Experiments

The raw-files of the obtained MS−MS spectra can be found
under http://storedb.org/project_details.php?projectid=51
with the ProjectID 52.

Isolation and Respiration Analysis of Total Hippocampal
Mitochondria

Animals were killed by cervical dislocation, brains were rapidly
excised on an ice-cold plate, and hippocampi were rapidly
dissected. For mitochondrial extraction, hippocampi were
minced in 10 volumes of mitochondrial isolation buffer (70
mM sucrose, 210 mM mannitol, 5 mM HEPES, 1 mM EGTA,

and 0.05% fatty acid free bovine serum albumin), pH 7.2, and
the pieces were rinsed several times to remove all blood. The
tissue was processed with a drill-driven Teflon dounce
homogenizer, and the solution was centrifuged at 800g for 10
min at 4 °C, after which the supernatant was transferred in a
clean tube and spun again (8000g, 10 min, 4 °C). The pellet
was resuspended in mitochondrial isolation buffer and spun
again. The final pellet was resuspended in a minimal volume of
mitochondrial isolation buffer, and protein concentration was
determined by standard Bradford assay. Respiration was
measured with a XF-24 extracellular flux analyzer (Seahorse
Bioscience). Ten micrograms of mitochondrial protein was
loaded in each well of a Seahorse plate, which was then spun
2000g, 20 min, at 4 °C. Next, mitochondrial isolation buffer
volume was adjusted to 450 μL per well, and the plate was
incubated 8 min at 37 °C. Respiration was sustained by
succinate (10 mM) in the presence of rotenone (4 μM). State 3
was elicited by addition of 8 mM ADP. The oxygen
consumption rate (OCR) was assessed in response to
Oligomycin (2.5 μg/mL), FCCP (4 μM), and Antimycin A
(4 μM). Each experimental group included four animals.

Immunoblotting

Protein extracts (10 μg) from whole hippocampus and cortex
(24 weeks post- irradiation) were separated on 12% SDS
polyacrylamide gels and transferred to nitrocellulose mem-
branes (GE Healthcare) via BIO-RAD Criterion Blotter system,
as described recently.26 Blots were incubated with primary
antibody dilutions (diluted in RotiR-Block solution) overnight
at 4 °C as recommended by the manufacturer. Details of the
used antibodies can be found in SI Table S10. The blots were
developed using ECL system (GE Healthcare) using the
standard protocol from the manufacturer. GAPDH was not
significantly deregulated based on the global proteomics results
in any sample and was therefore used as a loading control.
Immunoblots were quantified with TotalLab TL100 software
(www.totallab.com) using software-suggested background
correction. Three biological replicates were used for statistical
analysis (unpaired Student’s t test) with a significance threshold
of 0.05.

Isolation of Total Protein and RNA from Frozen Brain
Regions

Individual frozen hippocampi, cortices, and cerebella were
homogenized with 6 M guanidine hydrochloride (SERVA
Electrophoresis GmbH, Germany) on ice using a manual
plastic mortar. Homogenates were briefly vortexed, sonicated,
and cleared by centrifugation (20 000g, 1 h, 4 °C). The
supernatants were collected and stored at −20 °C before
further use. Total protein content was determined using the
Bradford assay (Thermo Fisher) following the manufacturer’s
instructions.
Total RNA from individual frozen hippocampi and cortices

was isolated and purified by mirVana Isolation Kit (Ambion)
according to the manufacturer’s instructions. Total RNA was
eluted with nuclease-free water. The optical density (OD) ratio
of 260/280 was measured using a Nanodrop spectrophotom-
eter (PeqLab Biotechnology; Germany); it ranged between 1.9
and 2.1. The eluates were stored at −20 °C until further
analysis.
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Quantification of miRNAs miR-132 and miR-134 via
Quantitative RT-PCR

RNA isolates of brain tissues (10 ng) from whole hippocampus
and cortex (24 weeks postirradiation) were used to quantify
miR-132 and miR-134 expression levels using the TaqMan
Single MicroRNA Assay (Applied Biosystems) according to the
manufacturer’s protocol. Steps included a reverse transcription
and real-time PCR (StepOnePlus) via Taqman-primers (mmu-
miR-132 (ID000457), mmu-miR-134 (ID001186), snoR-
NA135 (ID001239), Life Technologies). Expression levels of
miRNA were calculated based on the 2−ΔΔCt method with
normalization against endogenous snoRNA135.28 Changes
were considered significant if they reached a p-value of ≤
0.05 (unpaired Student’s t test, n = 3 per dose group).

Pathway-Focused Gene Expression Analysis

Sham- and 2.0 Gy-irradiated cortical RNA isolates (100 ng, 24
weeks postirradiation) were used to quantify the gene
expression of 84 genes related to synaptic plasticity (RT2
Profiler Mouse Synaptic Plasticity, PAMM-126Z, Qiagen). The
relative expression of genes was normalized against the median
of all 84 target genes using the eq 2−ΔΔCt, where ΔΔCt =
ΔCtirradiated − ΔCtsham, and ΔCt = Cttarget‑mRNA −

Ctmedian‑of‑84‑target‑genes. Three biological replicates were used
within each group. Gene expression changes were considered to
be significant if they reached a p-value of ≤ 0.05 and if they had
a fold-change of ≥ 1.2 or ≤ −1.2. The threshold of ±1.2 was
based on the average experimental technical variance (8.4%)
and biological variance (6.9%) of a set of 14 overlapping target
genes, as shown elsewhere.17

Brain Morphology and Myelination Staining

Formalin-fixed paraffin-embedded tissues were prepared using
standard techniques.29 For histology, 4 μm thick sagittal whole
brain sections were cut from paraffin blocks, dewaxed, and
rehydrated. Subsequently, the slides were incubated with 0.1%
Triton X in PBS for 30 min and washed with PBS. Kluever
Barrera staining to determine demyelination processes (myelin
and Nissl substances in neurons) was performed with
incubation in luxol fast blue solution (L0294, Sigma-Aldrich)
overnight at 60 °C. After a short washing in ethanol and water,
the slides were incubated in 0.05% lithium carbonate solution
(62470, Fluka) for a few seconds. The slides were destained in
ethanol until the color became sky/light blue and washed again
in water. The brain slides were counterstained with cresyl violet
(Certistain, 105235, Merck), washed in water and ethanol, and

Figure 1. MS-based proteomics of whole mouse hippocampus and cortex at 4 weeks and 24 weeks postirradiation. Panels A and B show a
comparison of the number of hippocampal and cortical deregulated proteins. The proteins were grouped into the protein class cytoskeleton/
cytoskeleton-associated proteins and others to obtain information about the long-term radiation-induced alterations of protein classes and potential
biological targets. The protein classification is based on information from the PANTHER software (PANTHER protein class) and UniProt database.
The numbers within the columns represent the number of proteins involved in this protein class. The number above the columns represents the total
number of deregulated proteins at this dose and brain region. Panel C shows the associated signaling pathways of all deregulated proteins using the
IPA software tool. High color intensity represents high significance (p-value); all colored boxes have a p-value of ≤ 0.05. C, Cortex; H, hippocampus;
six individual biological replicates were used from cortex and hippocampus per dose group and time point.
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were coverslipped for light microscopy analysis. The slides were
scanned with a Hamamatsu NanoZoomer. To evaluate global
changes in brain morphology, the brain slides were stained with
hematoxylin/eosin (Mayer’s hematoxylin, M0602, Bio-Optica
and eosin Y 1% aqueos solution, 05−10002/L, Bio-Optica)
after standard procedures.

■ RESULTS

Ionizing Radiation Affects Cytoskeleton and
Cytoskeleton-Associated Proteins

Global quantitative proteome analysis using LC−MS was
performed to quantify alterations in the hippocampus and
cortex 4 and 24 weeks postirradiation. The complete list of
deregulated proteins is shown in SI Tables S1 (cortex) and S2
(hippocampus). The protein quantification showed that the
number of deregulated proteins was lower at 0.1 Gy than at
higher doses at 4 weeks (cortex/hippocampus: 0.1 Gy, 9/4
proteins; 0.5 Gy, 31/24 proteins; 2.0 Gy, 14/10 proteins) and
at 24 weeks (cortex/hippocampus: 0.1 Gy, 6/6 proteins; 0.5
Gy, 22/29 proteins; 2.0 Gy, 29/11 proteins) (Figure 1A,B).
That is also reflected in the ratio of affected proteins to all
quantifiable proteins (≥ 2 unique ICPL-labeled peptides found
in n − 1 runs) at 4 weeks (cortex/hippocampus: 0.1 Gy, 1.7%/
1.0%; 0.5 Gy, 5.8%/6.0%; 2.0 Gy, 2.6%/2.5%) and 24 weeks
postirradiation (cortex/hippocampus: 0.1 Gy, 1.1%/1.6%; 0.5
Gy, 3.7%/4.0%; 2.0 Gy, 4.2%/2.1%). Several of the deregulated

proteins belonged to the functional group of cytoskeleton/
cytoskeleton-associated proteins, especially at the dose of 0.5
Gy in cortex (4 weeks: 0.5 Gy, 29%; 2.0 Gy, 7% and 24 weeks:
0.5 Gy, 27%; 2.0 Gy, 10%) and in hippocampus (4 weeks: 0.5
Gy, 20%; 2.0 Gy, 4% and 24 weeks: 0.5 Gy, 17%; 2.0 Gy, 33%)
(Figure 1A,B; SI Tables S1 and S2, PANTHER protein classes
are highlighted in brown). The involved proteins were mostly
related to actin/actin-associated signaling but also to tubulin/
tubulin-associated signaling. Importantly, we observed an
increase in a number of septin proteins (Sept3, 5, 7, 8, and
11) that organize the actin microfilaments. Further, we noted
changes in the expression of several subunits of tubulin proteins
(Tubb’s) and neurofilament proteins (Nefh, Nefm) that are
involved in the maintenance of the neuronal caliber and mature
axons (SI Tables S1 and S2).
The bioinformatics analysis showed that the signaling by

ephrin B/ephrin receptor, Rho family GTPases, and RhoGDI
as well as axonal guidance signaling were all significantly
altered, especially at the dose of 0.5 Gy (Figure 1C). These
signaling pathways were not significantly changed 24 weeks
after the dose of 0.1 Gy (Figure 1C).
All significantly altered pathways have common proteins such

as the Rho family GTPase Rac, the kinases PAK and LIMK, and
the actin cytoskeleton-remodelling protein cofilin. All these
proteins are involved in axonal maturation, spine and synapse

Figure 2. Immunoblotting and miRNA quantification of the Rac1-Cofilin signaling pathway. Data are shown from (A−D) immunoblotting and (E)
miRNA quantification of members of the Rac1-Cofilin pathway in hippocampus (data are depicted in panels A, B, and E) and cortex (data are
depicted in panels C, D, and E) irradiated with 0 Gy, 0.1 Gy, 0.5 Gy, and 2.0 Gy 24 weeks postirradiation. The columns represent the fold-changes
with standard errors of the mean (SEM); n = 3. ∗, p < 0.05; ∗∗, p < 0.01; ∗∗∗, p < 0.001 (unpaired Student’s t test). Normalization was performed
against endogenous GAPDH and endogenous snoRNA135 for immunoblotting and miRNA quantification, respectively. H, hippocampus; C, cortex.
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formation, maturation, and morphology via regulation of actin
polymerization (Rac1-Cofilin pathway).30−32

Ionizing Radiation Impairs the Rac1-Cofilin Signaling
Pathway

To validate the potential radiation-induced alterations in the
Rac1-Cofilin pathway, immunoblotting and miRNA quantifica-
tion of some key up- and downstream molecules of this
pathway were performed. The analysis was done 24 weeks after
radiation exposure to investigate the persistent changes.
We noted reduced Rac1 levels at 0.5 and 2.0 Gy but not at

0.1 Gy both in hippocampus and cortex (Figure 2A−D),
correlating with proteomics data (hippocampus: 0.5 Gy, −1.31;
2.0 Gy, −1.39 and cortex: 0.5 Gy, −1.33; 2.0 Gy, −1.35) (SI
Tables S1 and S2). For comparison, the proteomics data also
showed reduced level of Rac1 at 4 weeks (hippocampus: 0.5
Gy, −1.36; 2.0 Gy, −1.31 and cortex: 0.5 Gy, −1.47; 2.0 Gy,
−1.30) (SI Tables S1 and S2). In spite of the reduced
expression of Rac1, the level of miR-132 that is able to
indirectly increase Rac1 activity by blocking the GTPase-
activating protein p250GAP33,34 was enhanced at all doses in
both brain regions (Figure 2E). Moreover, in hippocampus, the
expression of phosphorylated forms of RhoGDIα, PAK1/3, and
LIMK1/2 was markedly increased at 0.5 and 2.0 Gy (Figure
2A,B), also suggesting an activation of Rac1. The reverse

picture was observed in the cortex, as the phosphorylation
status of RhoGDIα was decreased more than two-fold at 2.0 Gy
(Figure 2C,D). Since miR-134 is suggested to negatively
regulate the LIMK1 level,35 its expression was tested (Figure
2A,B,E). In the hippocampus, the level of miR-134 inversely
correlated to that of LIMK1 at all doses. In cortex, the increase
in miR-134 expression inversely correlated with the significantly
decreased expression of LIMK1 only at 0.1 Gy (Figure 2C−E).
Finally, we observed an increase in total cofilin levels in the
hippocampus (0.5 and 2.0 Gy) and cortex (all doses). The level
of phosphorylated cofilin was altered only in cortex at 2.0 Gy
where it was significantly reduced (Figure 2A−D). This
suggests that the ratio of phospho- to total cofilin is altered
by irradiation in favor of total cofilin, as has been observed in
our previous studies of irradiated NMRI mice.17

Irradiation Persistently Affects Synaptic Plasticity in the
Dendritic Spines of Neurons

To get more insight into the signaling pathways associated with
synapses, neuronal synaptosomes were isolated from whole
hippocampus and cortex at 5 weeks and 24 weeks
postirradiation. The enrichment of synaptosomes and intact-
ness of synaptosomal mitochondria was tested by immunoblot-
ting and mitochondrial respiratory capacity, respectively (SI
Figure S1).

Figure 3. Proteomics analysis of hippocampal and cortical synaptosomes at 5 weeks and 24 weeks postirradiation. Panels A and B show a comparable
representation of the number of hippocampal and cortical deregulated proteins in isolated synaptosomes. The proteins were grouped into the classes
cytoskeleton/cytoskeleton-associated proteins and others to provide information about the long-term radiation-induced alterations of protein classes
and potential biological targets. The protein classification is based on information from the PANTHER software (PANTHER protein class) and
UniProt database. The numbers within the columns represent the number of proteins involved in this protein class. The number above the columns
represents the total number of deregulated proteins at this dose and brain region. Panels C and D show the associated signaling pathways of all the
deregulated proteins using the IPA software tool. High color intensity represents high significance (p-value); all colored boxes have a p-value of ≤
0.05. C, Cortex; H, hippocampus; n = 3 per dose group, time point, and brain region, whereas each biological replicate corresponds to a pooled
sample from two individual animals.
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The radiation-induced proteome alterations in the isolated
synaptosomes were analyzed. The complete list of deregulated
synaptosomal proteins is shown in SI Tables S3 (cortex) and
S4 (hippocampus). The protein quantification showed a large
number of significantly deregulated proteins 5 weeks
postirradiation (cortex/hippocampus: 0.1 Gy, 47/59 proteins;
0.5 Gy, 43/64 proteins; 2.0 Gy, 106/106 proteins) and 24
weeks postirradiation (cortex/hippocampus: 0.1 Gy, 73/40
proteins; 0.5 Gy, 91/84 proteins; 2.0 Gy, 152/168 proteins)
(Figure 3A,B). A similar tendency was seen in the ratios of all
affected proteins to all quantifiable proteins (≥ 2 unique ICPL-
labeled peptides found in n − 1 runs) in the synaptosomes at 5
weeks (cortex/hippocampus: 0.1 Gy, 10.4%/11.1%; 0.5 Gy,
9.5%/12.1%; 2.0 Gy, 23.3%/20.2%) and 24 weeks postirradia-
tion (cortex/hippocampus: 0.1 Gy, 13.0%/6.8%; 0.5 Gy,
15.7%/14.3%; 2.0 Gy, 27.0%/28.8%). Similar to whole cortex
and hippocampus data (Figure 1A,B; SI Tables S1 and S2),
annotation of the deregulated proteins into protein classes
demonstrated that several proteins belonged to the protein
class of cytoskeleton/cytoskeleton-associated proteins both in
cortex and hippocampus (Figure 3A,B; SI Tables S3 and S4).
Similar to the whole tissue proteomics, the level of Rac1 was
also decreased in the synaptosomes (SI Tables S3 and S4). We
also noted in the isolated synaptosomes an increase in the actin

cytoskeleton-organizing septin proteins (Sept3, 4, 5, and 7),
several subunits of tubulin (Tubb’s) and microtubule-associated
proteins (Mtap’s) as well as changes in the expression levels of
proteins associated with neurofilaments (Nefl, Nefm) (SI
Tables S3 and S4).
Pathway analysis (IPA) of all the deregulated proteins

showed that the signaling pathways ephrin B/ephrin receptor
signaling, signaling by Rho family GTPases, RhoGDI signaling,
and axonal guidance signaling were persistently altered after
radiation exposure at 0.5 and 2.0 Gy, especially in hippocampal
synaptosomes (Figure 3C), while these signaling pathways were
not significantly deregulated at 0.1 Gy dose (Figure 3C). This
was in agreement with the proteomics data from the whole
hippocampus and cortex (Figure 1C). The deregulated proteins
at 0.1 Gy involved in cytoskeletal processes could not be
assigned to synaptic signaling pathways (Figure 3A−C). IPA
indicated a potential alteration in synaptic long-term
potentiation/long-term depression (LTP/LTD) processes and
CREB signaling at all doses and time points in the
synaptosomes of both hippocampus and cortex (Figure 3D).

Figure 4. Immunoblotting of CREB, phospho-CREB, and PSD-95 in the hippocampus and cortex and hippocampal structure staining 24 weeks
postirradiation. Data are shown from immunoblotting of proteins associated with LTD/LTP and CREB signaling pathways in cortex and
hippocampus irradiated with 0 Gy, 0.1 Gy, 0.5 Gy, and 2.0 Gy 24 weeks postirradiation (A−D). The columns represent the fold-changes with
standard errors of the mean (SEM); n = 3. ∗, p < 0.05; ∗∗, p < 0.01; ∗∗∗, p < 0.001 (unpaired Student’s t test). Normalization was performed against
endogenous GAPDH. Panel E shows the representative hippocampal staining with hematoxylin and eosin (HE) and Kluever Barrera (KB) to
evaluate changes in brain morphology and demyelination processes, respectively, 24 weeks postirradiation (0 Gy, 0.1 Gy, 0.5 Gy, and 2.0 Gy). The
staining was identically performed between all biological replicates (n = 6). The light microscopic analysis was done independently by two
experienced pathologists.
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Ionizing Radiation Targets the LTP-Mediated CREB
Signaling Pathway

The phosphorylation status of CREB and the activation of
LTP/LTD signaling are intertwined processes.36−38 To further
study these pathways, levels of total and phosphorylated CREB
were quantified by immunoblotting from total hippocampal and
cortical protein lysates at 24 weeks. The analysis showed that
total CREB levels were only modestly elevated in the
hippocampus at 0.5 and 2.0 Gy, while no alteration was
found in the cortex (Figure 4A−D). In contrast, the levels of
phosphorylated CREB were markedly increased in both the
hippocampus (0.5 and 2.0 Gy) and cortex (all doses) (Figure
4A−D) suggesting an activation of the CREB signaling and
LTP signaling38 in both brain regions 24 weeks after irradiation.
One of the CREB target genes is Dlg4 gene coding for
postsynaptic protein PSD-95.39 That is consistent with our data
showing increased PSD-95 levels in the hippocampus at 0.5 and
2.0 Gy and in the cortex at all doses (Figure 4A−D).
Since the level of PDS-95 plays an important role in synaptic

plasticity and the stabilization of synaptic changes during
LTP,40 we quantified radiation-induced alterations in the
expression of 84 genes involved in synaptic plasticity in cortex
(2.0 Gy, 24 weeks). The expression of a number of genes
involved in LTP-related synaptic plasticity was found to be
increased. These genes encoded ephrin B2 (Ephb2), adenylate
cyclase (Adcy8), postsynaptic neuronal glutamate receptors
(Gria4, Grin2a, Grin2c, Grm3 and Grm4), neuronal growth
factors (Igf1 and Ngf), and LTP-associated protein kinases
(Mapk, Prkca, Prkcc, and Prkg1) (SI Table S5). Further, the
activation of CREB due to its elevated phosphorylation status
in the cortex (2.0 Gy) (Figure 4C,D) was reflected by enhanced
transcription of the CREB target gene Crem (SI Table S5).41

Although these proteins are not found in the list of
dysregulated proteins probably due to their low abundancy,
the gene expression analysis confirms the involvement of LTP-
related synaptic plasticity in the radiation-induced damage in
the cortex indicated by the proteome analysis.
Importantly, ionizing radiation did not induce any obvious

brain morphology changes as observed via HE staining or
demyelination of the white matter via KB staining for myelin
and Nissl bodies (Figure 4E).
Long-Term Molecular Consequences of Ionizing Radiation
in Cerebellum Are Similar to Those in Hippocampus and
Cortex

The cerebellum plays an important role in motor control and
may also be involved in some cognitive functions.42 Therefore,
a global proteomics analysis on the control and irradiated
cerebellum and on cerebellar synaptosomes was performed.
This showed similar alterations to signaling pathways as the
hippocampus and cortex. Thus, we observed changes in the
synaptic plasticity pathways (ephrin B signaling, signaling by
Rho family GTPases, RhoGDI signaling, axonal guidance
signaling, and ephrin receptor signaling) and LTP/LTD-related
pathways (synaptic long-term depression/potentiation and
CREB signaling in neurons) in the whole cerebellum (SI
Figure S2A, SI Table S6) and cerebellar synaptosomes (SI
Figure S2B, SI Table S7).
Synaptic Mitochondria Are Affected in the Irradiated Brain

The proteome analysis of irradiated synaptosomes indicated
that the signaling pathways associated with oxidative
phosphorylation and mitochondrial dysfunction were signifi-
cantly affected (Figure 5). Compared to the whole hippo-

campus and cortex, the importance of these pathways appeared
to be concentrated in the synaptosomes. This was reflected by
the large number of altered mitochondrial proteins in
synaptosomes compared to the whole tissue. The mitochon-
drial proteins that were deregulated represented ATPases and
all respiratory complexes except Complex II (SI Table S8). The
number of deregulated synaptosomal mitochondrial proteins
increased with time at doses of 0.5 Gy (cortex, 6 to 14;
hippocampus, 6 to 13) and 2.0 Gy (cortex, 9 to 13;
hippocampus, 12 to 24) but declined with time at 0.1 Gy
(cortex, 7 to 2; hippocampus, 6 to 2) (SI Table S8). This could
indicate persistent and progressive mitochondrial impairment at
the higher radiation doses. The ATP synthases in the
hippocampal synaptosomes appeared to be deregulated only
at the later time point (24 weeks, 0.5 and 2.0 Gy) (SI Table
S8).

Mitochondria Isolated from Whole Hippocampus Show
Dose-Dependent Reduction in Respiratory Capacity at 4
but Not at 24 Weeks

Mitochondria from the hippocampus were more sensitive to
ionizing radiation than those from the cortex (Figure 5).
Consequently, mitochondrial respiration was measured 4 and
24 weeks postirradiation using hippocampal mitochondria. This
showed a dose-dependent reduction of OCR in mitochondrial
respiration (Figure 6A), leading to significant reduction in
states 3 and 4 respiration at 4 weeks (Figure 6B,C). In contrast
to the changes in the proteome, this effect disappeared at 24
weeks (Figure 6D).
To investigate whether the hippocampal mitochondrial

populations irradiated with different doses may differ in their
molecular composition leading to discrepancies between
protein concentration and mitochondrial number43 and thus
to an error in the respiration assay, we investigated the levels of
citrate synthase as a measure of mitochondrial content.44 No
significant changes that could explain the restoration of the
respiratory capacity were found in the level of citrate synthase
in the proteomics analysis (SI Table S9).

Figure 5. Mitochondria-associated pathways based on proteomics data
in whole hippocampus and cortex and synaptosomes isolated from
these tissues. Mitochondria-associated signaling pathways of oxidative
phosphorylation and mitochondrial dysfunction of all deregulated
proteins from hippocampal and cortical synaptosomes 5 weeks and 24
weeks postirradiation (upper panel) and from whole hippocampus and
cortex 4 weeks and 24 weeks postirradiation (lower panel) using the
IPA software. High color intensity represents high significance (p-
value); all colored boxes have a p-value of ≤ 0.05. Data from
hippocampal and cortical synaptosomes result from three biological
replicates where each biological replicate represents a pool of two
independent samples; data from whole hippocampus and cortex
correspond to six biological replicates; H, hippocampus, C, cortex.
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■ DISCUSSION

We have previously shown that exposure of neonatal male
NMRI mice to external γ radiation results in persistent
cognitive defects at the dose of 0.5 Gy and above but not at
lower doses.17 In an unpublished study on neonatal gamma
exposure using C57Bl/6J male and female mice, behavioral
defects were similar to those seen for NMRI mice (Per
Eriksson, personal communication).17 The aim of the present
study was to see whether the biological mechanisms behind the
radiation-induced cognitive effects are reproducible across
different mouse strains and between genders. Since no
gender-specific radiation effects have been observed in the
cognition (Per Eriksson, personal communication), female
mice were used in this study.
Some epidemiological studies indicate cognitive impairment

in children even after doses around 0.1 Gy.4 Therefore, we
carefully investigated the long-term molecular effects of this
radiation dose, although no effect on cognition has been
observed at such low doses in NMRI17 or C57Bl/6J mice.

Irradiation Affects Synapse Morphology by Targeting the
Rac1-Cofilin Pathway

The ability of dendritic spines to form synapses plays an
important role in integrating and storing information.45

Filamentous actin, the major cytoskeletal component in
dendritic spines, is essential for maintaining the morphological
integrity of synapses.46 The morphological alterations in spinal
cytoskeleton affecting shape, size, and number are dependent
on local actin dynamics and signaling.47,48 Our proteomics data

indicate alterations in abundance of cytoskeleton/cytoskeleton-
associated proteins, particularly after radiation doses of 0.5 and
2.0 Gy. These alterations are found in both hippocampus and
cortex as well as in synaptosomes isolated from these tissues.
Signaling pathway analysis shows that, at 0.5 and 2.0 Gy but not
at 0.1 Gy, proteins functionally involved in neuronal plasticity,
formation, and strengthening of synapses, including ephrin b
and ephrin receptor signaling components,49 are altered. Ephrin
signaling regulates axonal guidance maintenance, synaptic
plasticity, and LTP during development and adulthood.50

Moreover, proteins involved in signaling by RhoGDI and Rho
family GTPases that also link to ephrin-induced processes51 are
deregulated only at these higher doses. These pathways share
many proteins that all are members of the Rac1-Cofilin
pathway, such as Rac1, PAK1/3, Cdc42, LIMK1, and cofilin.
The persistently increased levels of total cofilin compared to
that of phosphorylated inactive form are indicative of
alterations in synaptic morphology processes by promoting
actin depolymerization52 and thus impairment in axonal
outgrowth and elongation.52 However, the changes in the
levels of hippocampal Cdc42 and Rac1 seem to be involved
only in the radiation-induced Rac1-Coflin pathway regulation
and are not associated with the myelin sheath formation53,54 as
we note no alteration in the myelination process.
The miRNAs miR-132 and miR-134 are important regulators

of the Rac1-Cofilin pathway.34,35 We observe increased
expression of these miRNAs by up to two-fold in hippocampus
and cortex after all radiation doses used in this study.
Overexpression of miR-132 has been shown to impair short-

Figure 6. Mitochondrial respiration of total hippocampal mitochondria 4 and 24 weeks postirradiation. Total mitochondrial respiration was
measured with a XF-24 Extracellular Flux Analyzer (Seahorse Bioscience) using 10 μg of mitochondrial protein of irradiated hippocampi at (A) 4
weeks and (D) 24 weeks postirradiation using radiation doses of 0.1 Gy, 0.5 Gy, and 2.0 Gy. Respiration was sustained by succinate (10 mM) in the
presence of rotenone. State 3 was elicited by addition of 4 mM ADP. Panels B and C show the statistical analysis of the states 4 and 3 respiration
from the obtained data presented in panel A (4 weeks postirradiation), respectively. OCR, Oxygen consumption rate; FCCP, carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone; ADP, adenosine diphosphate; oligo: oligomycin; AA, antimycin A; n = 4; ∗, p < 0.05 calculated by one-way
ANOVA (Kruskal−Wallis test with Dunn’s multiple comparison post-test). Error bars represent standard error of the mean (SEM).
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term recognition memory and attenuate LTD and LTP in the
rat perirhinal cortex.55

The increased expression of the postsynaptic protein PSD-95
found in this study is in agreement with the results observed by
Parihar and Limoli after cranial irradiation with doses of 1 and
10 Gy.56 PSD-95 is involved in the development, outgrowth,
branching, and maturation of dendritic spines and modulation
of synaptic signals.57,58 Elevated PSD-95 levels alter the ratio of
excitatory to inhibitory synaptic contacts and thus neuronal
excitability, a typical event in the pathobiology of several
neurodegenerative diseases.59 The increase of PDS-95
expression is likely to restrict the synaptic clustering of
glutamatergic receptors and thereby reduce the level of
dendritic branching.60 This corroborates our suggestion for
an altered balance of actin polymerization/depolymerization
process that may persistently affect axonal outgrowth and
dendritic spine formation.61

In general, the molecular alterations in the Rac1-Cofilin
pathway and the level of PSD-95 correlate well with our
previous data showing persistent downregulation of Rac1 but
increased expression of miR-132, miR-134, and total cofilin in
irradiated NMRI mice.17 The decreased expression of Rac1 is
also one of the early (24 h) hallmarks of ionizing radiation
response both in mouse hippocampal neuronal HT22 cells and
in hippocampus of NMRI mice.26

Irradiation Enhances CREB Signaling

In this study, a persistent activation by radiation exposure of
CREB signaling is observed, as evident from increased levels of
phosphorylated CREB both in hippocampus and cortex, and
enhanced expression of CREB target genes Crem and miR-132.
Phosphorylation of CREB has been implicated in long-term
synaptic plasticity and memory and is required for LTP
maintenance.62 Pharmacological elevation of CREB phosphor-
ylation has been shown to ameliorate the memory impairment
developing in mice irradiated acutely with 2.0 Gy.63 It has also
been shown as an immediate response to neonatal irradiation in
the hippocampus of C57BL/6J mice.64 However, the
persistently increased phosphorylation of CREB in neonatally
irradiated NMRI mice is clearly not enough to rescue the long-
term radiation-induced impairment in cognition.17 The
increased phosphorylation of CREB may promote dendrito-
genesis and neuroprotection65 that, however, is not able to fully
compensate for the radiation damage.

Ionizing Radiation Affects Cerebellar Signaling Pathways
of Synaptic Integrity

The cerebellum has traditionally been characterized as a brain
structure involved in motor coordination. However, recent
studies using postnatally X-ray irradiated rats66 and mice67

show the involvement of cerebellum in cognitive tasks.
Therefore, neonatal radiation exposure may induce cerebellar
rearrangement accompanied by long-lasting spatial memory
defects,68 especially when taking into consideration that the
cerebellum processes information in conjunction with the
cerebral cortex.69 In this study, the evaluation of radiation-
induced long-term changes in the cerebellum using a
proteomics approach indicates that synaptic plasticity and
LTP/LTD-related pathways are affected in this part of the
brain. The similarity of cerebellar proteomics observation to
that of the irradiated hippocampus and cortex strongly suggests
that alterations in cytoskeletal architecture of the synapse may
also involve Rac1-Cofilin and CREB pathways.

Ionizing Radiation Reduces Mitochondrial Functions

A proper functioning of synaptic mitochondria is necessary to
sustain the high energy requirement that is necessary for
loading of neurotransmitters in synaptic vesicles.70 In our
previous study using female neonatal C57BL/6J mice, we
showed that signaling pathways related to mitochondrial
functions were altered immediately (24 h postirradiation).64

This occurred predominately in the cortex already at 0.1 Gy but
in the hippocampus only at 0.5 Gy.64 The present study shows
that neonatal total body exposure to ionizing radiation
significantly and persistently changes the mitochondrial
proteome in the synaptosomes isolated from hippocampus
and cortex. Increased number of deregulated mitochondrial
proteins with time is clearly observed, indicating progression of
the damage at doses equal to or above 0.5 Gy. In contrast, the
changes in mitochondrial protein expression decline with time
at the lowest dose (0.1 Gy) suggesting recovery.
In agreement with the mitochondrial proteome data,

mitochondria isolated from the irradiated hippocampi show a
dose-dependent reduction in state 3 and state 4 respiration at
0.5 and 2.0 Gy 4 weeks after the radiation exposure. The altered
gene and protein expression levels of metabotropic G-protein-
coupled glutamate receptors and changes in the Rac1-Cofilin
pathway that are observed here may result in reduced axonal
transport of synaptic mitochondria to the dendritic spines and
synapses.71 Primary neurons of APPβ mice (AD model) have
been shown to have defects in axonal transport of mitochondria
and mitochondrial biogenesis compared to wild-type neurons.72

The dose-dependent impairment in the mitochondrial
respiration observed at 4 weeks disappeared at 24 weeks, but
this cannot be explained by a radiation-induced discrepancy
between protein concentration and mitochondrial number.43 It
has been known for some time that respiratory complexes
associate to form functional supramolecular complexes. In the
brain, Complexes I, III, and IV form at least partially I−III−IV
and III−IV supercomplexes, which may be part of even larger
respirasomes,73 an association that provides kinetic advantage
through substrate channeling.74 Since the Complexes I, III, and
IV are affected in their expression by ionizing radiation in this
study, the supercomplex assembly may have emerged as a
necessary step for restoration of the respiratory capacity. Until
now, no studies are available concerning effects of ionizing
radiation in the mitochondrial supercomplex formation, but
further detailed investigations concerning this issue are in
progress.

■ CONCLUSION

This study provides evidence that long-term alterations in
Rac1-Cofilin and CREB signaling pathways observed after
neonatal irradiation are independent of mouse strain or gender.
The changed expression and phosphorylation profiles of Rac1,
cofilin, PSD-95, and CREB proteins form a molecular synaptic
fingerprint that is typical for the radiation-induced damage to
the brain at this developmental stage. This study also highlights
the role of synaptosomal mitochondria as target molecules
contributing to impairment in synaptic plasticity after radiation
exposure. Importantly, the persistent radiation-induced effects
are significant at doses of 0.5 Gy and above but not at a lower
(0.1 Gy) dose. This limit to the observed changes is the same
that has been seen with the cognition studies in mice. Although
these data give no direct support to the linear no-threshold
model on the effects of ionizing radiation in the brain, further
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studies on mechanisms of cognitive and neurological
dysfunction at low and moderate radiation doses are of critical
importance in minimizing radiation-associated health risks.
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