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Background and purpose: High-precision radiotherapy is an effective treatment modality for tumors.
Intensity-modulated radiotherapy techniques permit close shaping of high doses to tumors, however
healthy organs outside the target volume are repeatedly exposed to low-dose radiation (LDR). The inher-
ent vulnerability of hippocampal neurogenesis is likely the determining factor in radiation-induced neu-
rocognitive dysfunctions. Using preclinical in-vivo models with daily LDR we attempted to precisely
define the pathophysiology of radiation-induced neurotoxicity.

Material and methods: Genetically defined mouse strains with varying DNA repair capacities were
exposed to fractionated LDR (5x/10x/15x/20x0.1 Gy) and dentate gyri from juvenile and adult mice
were analyzed 72 h after last exposure and 1, 3, 6 months after 20 x 0.1 Gy. To examine the impact of
LDR on neurogenesis, persistent DNA damage was assessed by quantifying 53BP1-foci within hippocam-
pal neurons. Moreover, subpopulations of neuronal stem/progenitor cells were quantified and dendritic
arborization of developing neurons were assessed. To unravel molecular mechanisms involved in
radiation-induced neurotoxicity, hippocampi were analyzed using mass spectrometry-based proteomics
and affected signaling networks were validated by immunoblotting.

Results: Radiation-induced DNA damage accumulation leads to progressive decline of hippocampal neu-
rogenesis with decreased numbers of stem/progenitor cells and reduced complexities of dendritic archi-
tectures, clearly more pronounced in repair-deficient mice. Proteome analysis revealed substantial
changes in neurotrophic signaling, with strong suppression directly after LDR and compensatory upreg-
ulation later on to promote functional recovery.
Conclusion: Hippocampal neurogenesis is highly sensitive to repetitive LDR. Even low doses affect signal-
ing networks within the neurogenic niche and interrupt the dynamic process of generation and matura-
tion of neuronal stem/progenitor cells.

© 2019 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 137 (2019) 45-54
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Radiotherapy is an effective treatment modality for patients of
all ages with malignant and benign tumors. With intensity-
modulated radiotherapy (IMRT) multiple photon-beams from dif-
ferent directions and with adjusted intensities permit close shap-
ing of radiation dose to target volumes, thereby delivering high
doses to tumors while sparing specific risk regions. However, with
IMRT large volumes of non-targeted brain regions are exposed to
daily low-dose radiation (LDR), which may adversely affect neu-
rocognitive functions. Due to improved treatment techniques,
young cancer patients survive longer, and can therefore experience
the debilitating late-effects of radiotherapy, including attention
deficits and learning difficulties later in life [1].
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Accumulating data indicate that ionizing radiation (IR) not only
affects mature neuronal networks, but particularly proliferation
and differentiation of neuronal stem/progenitor cells [2-7]. The
generation of new neurons from largely quiescent neural stem cells
occurs throughout life in the subgranular zone (SGZ) of hippocam-
pal dentate gyrus. Neural stem cells give rise to transiently dividing
precursor cells, that migrate into the granule cell layer, and differ-
entiate into mature neurons which become functionally integrated
into hippocampal circuitry [8]. Specific markers expressed in dis-
tinct cell types during different stages of neurogenesis permit to
identify subpopulations within the complex hippocampal architec-
ture. Transcription-factor SOX2 (SRY[sex-determining-region-Y]b
0x2) plays important roles in maintaining neural stem/progenitor
cell properties [9]. DCX (doublecortin) is expressed in migrating
neuroblasts and immature neurons [10]. NeuN is used as specific
marker for mature post-mitotic neurons [11]. Aging of the brain
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is marked by major decrease in the number of new neurons gener-
ated in hippocampal dentate gyrus [12]. This age-dependent
decline of neurogenesis leads to reduced regeneration capacity
and is caused by cell-intrinsic and cell-extrinsic signals within
the neurogenic niche [13]. In hippocampal microenvironment,
cAMP response element-binding (CREB) protein plays critical roles
in proliferation, survival and differentiation of neuronal stem/pro-
genitor cells [14]. In response to genotoxic insults, CREB-activation
leads to expression of neuroprotective factors, such as brain-
derived neurotrophic factor (BNDF) [15] and activity-regulated
cytoskeleton-associated protein (ARC) [16], and contributes to pro-
tection and survival of newborn neurons.

Following exposure to ionizing radiation, cells incur DNA
lesions that jeopardize genomic integrity, with double-strand
breaks (DSBs) being the most critical DNA lesions. During DNA
damage response (DDR) the formation of large aggregates of sen-
sor/mediator proteins at DSB sites can be visualized as nuclear foci
by immunofluorescence microscopy (IFM) [17]. Within these foci,
activation of mediator proteins, most notably DNA-PK and
Ataxia- Telangiectasia-Mutated (ATM), transduce DSB signals to
numerous downstream effectors, setting the scene for DSB repair
[18]. Mutations in these sensor/mediator proteins have been

shown to contribute to pronounced radiosensitivity. Severe-c-

ombined-immunodeficiency (SCID) is caused by gene mutations
encoding DNA-PKcs, resulting in defective V(D)J-recombination
and extreme radiosensitivity [19]. ATM is mutated in the Ataxia-
Telangiectasia (AT) syndrome, which is characterized by progres-
sive neurodegeneration, telangiectasia, immunodeficiency, and
marked radiosensitivity [18].

Radiation-induced accumulation of DNA damage in neuronal
stem/progenitor cells may have profound impact on genomic
integrity and may contribute to impairment of stem cell functions,
with loss of self-renewal and differentiation capacities [20,21]. In
the current experimental study, acute and long-term effects of
fractionated LDR on the complex process of adult neurogenesis
were characterized to evaluate the impact of genomic damage on
neuronal stem cell behaviour.

Materials and methods

Mouse strains

C57BL/6 mice (Charles River Laboratories, Sulzfeld, Germany)
were used as DNA repair-proficient wild-type (WT) mice; homoge-
nous ATM7" (129S6/SvEvTac-Atm™4"?|J; Jackson Laboratory) and
DNA-PKcs”~ mice (CB17/lcr-Prkdc®9/Rj; Janvier, St. Berthevin
Cedex, France.) served as DNA repair-deficient AT and SCID mice.
Only male mice were used for these studies and housed in groups
in IVC cages under standard laboratory conditions.

Animal irradiation

Whole-body radiation (0.1 Gy) was performed at linear acceler-
ators (Artiste™, Siemens) as described previously [22]. Juvenile and
young adult C57BL/6 mice (age P11 or P56 at start of LDR experi-
ments) were daily irradiated from Monday to Friday for 1, 2, 3 or
4 weeks. 72 h after 5x, 10x, 15x, 20x fractions, and 1, 3, 6 months
after 20x fractions animals were anesthetized prior to tissue col-
lection. Adult AT and SCID mice received 1x, 10x, or 20x fractions
and brain tissue was analyzed 72 h after the last exposure. Brain
tissues of >3 mice per age, per strain and per time-point were ana-
lyzed compared to age-matched, non-irradiated controls. Studies
were approved by Medical Sciences Animal Care and Use Commit-
tee of Saarland University.

Immunofluorescence microscopy

Formalin-fixed brain tissues were embedded in paraffin and cut
into 4-um coronal sections from Bregma —1.9 mm onwards.
Paraffin was removed in xylene and sections were rehydrated in
decreasing alcohol concentrations. Tissues were boiled in citrate
buffer and pre-incubated with Roti™-Immunoblock (Carl Roth,
Karlsruhe, Germany), incubated with primary antibodies (53BP1,
Bethyl Laboratories, Montgomery, TX, USA; NeuN, Merck Millipore,
Darmstadt, Germany; DCX, SantaCruz, Dallas, TX, USA; SOX2,
Abcam, Cambridge, UK) followed by incubation with Alexa-Fluor-
488 or Alexa-Fluor-568 secondary antibodies (Invitrogen, Karl-
sruhe, Germany). Finally, sections were mounted in VECTAshield™
with 4’,6-diamidino-2-phenylindole (DAPI; Vector Laboratories,
Burlingame, CA, USA). Nikon Eclipse Ni-E epifluorescence micro-
scope equipped with charge-coupled-device camera and acquisi-
tion software (NIS-Elements, Nikon, Diisseldorf, Germany) was
used to capture fluorescence images. 53BP1-foci were quantified
in NeuN-positive neurons until at least 40 cells and 40 foci were
registered per tissue sample. In DCX-stained sections overview
tiles were acquired with ZEISS AxioScan, whereupon detailed 3D-
image z-stacks were acquired with higher magnification (60x)
using LSM-800-AiryScan. DCX" cells were quantified in entire gran-
ule cell layers (GCL), SOX2* cells were captured exclusively in sub-
granular zones (SGZ). Cell numbers and dentritic arborization
(evaluated by measuring DCX* areas) were reported in relation to
GCL size, evaluated by NIS-elements software.

Protein isolation

Snap-frozen hippocampi were pulverized and resuspended in
RIPA enriched with phosphatase/protease inhibitors. After sonifi-
cation, suspensions were incubated and centrifugated and protein
concentrations were determined using BCA method according to
manufacturer’s instructions [23].

Mass spectrometry-based proteome analysis:

Measurements were performed on QExactive mass-
spectrometer (Thermo Fisher Scientific Inc.) coupled to UltiMa-
te™3000 nano-RSLC (Thermo Fisher Scientific Inc.) as described
previously [24].

Label-free proteomic analysis with progenesis QI

MS-spectra were further analyzed with Progenesis QI software
(Nonlinear Dynamics, Water, Newcastle upon Tyne, UK) for label-
free quantification as described before [24].

Bioinformatics

To identify radiation-affected signaling pathways, differentially
regulated proteins were imported into Ingenuity Pathway Analysis
(IPA, QIAGEN Redwood City, www.qiagen.com/ingenuity).

Western Blot

Samples were denatured with Limmli-buffer and proteins were
separated using 4-12% gradient gels and blotted onto nitrocellu-
lose membranes. Membranes were blocked and incubated with
first antibodies. After washing membranes were incubated with
HPR-secondary antibodies and visualized with chemiluminescence
detection. Protein bands were quantified with Image-] software.
Ponceau staining served as internal loading control.
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Statistical analysis

Differences in 53BP1-foci, DCX* and SOX2" cells between irradi-
ated versus non-irradiated hippocampi were assessed using
unpaired Student’s t-test (GraphPad Software, La Jolla, CA, USA).
Differences were considered statistically significant at p-values
<0.05. Filtering criteria for proteomics analyses: (i) significance
for fold-change (ratio irradiated to non-irradiated) >1.30 or
<0.770; (ii) p <0.05; (iii) identification by >2UP. For immunoblot-
ting, differences in protein expression were considered to be signif-
icant if p <0.05 (unpaired Student’s t-test). Error bars were
calculated as standard error of the mean (SEM).

Data availability

Raw MS-data are available in https://www.storedb.org/store_
v3/study.jsp?studyld=1107

Results

53BP1-foci accumulation in hippocampal neurons during and after
LDR

Double-staining for NeuN and 53BP1 was used to quantify DNA
damage foci in mature, post-mitotic neurons located in hippocam-
pal dentate gyrus of WT mice (Fig. 1). Only low 53BP1-foci levels
(~0.03 foci/cell) were observed in non-irradiated controls
(Fig. 1A, left panel). Directly after single-dose exposure to 0.1 Gy,
approximately 1 focus/cell was induced at 0.1 h post-IR (Fig. 1A,
middle panel). Following fractionated LDR (20 x 0.1 Gy, 72h
post-IR) the number of persisting foci was higher in hippocampal
neurons compared to non-irradiated WT mice (Fig. 1A, right panel).
To assess possible accumulation of persisting 53BP1-foci during
fractionated LDR, juvenile and adult WT mice were examined
72 h after exposure to 5x, 10x, 15x%, or 20x fractions of 0.1 Gy,
compared to non-irradiated, age-matched controls (Fig. 1B). The
number of persisting 53BP1-foci increased significantly in juvenile
and adult WT mice during fractionated LDR, with the maximum at
1 m post-IR (juvenile: 0.092 + 0.0046 foci/cell; adult: 0.075 + 0.004
foci/cell; Fig. 1B). Subsequently, numbers of radiation-induced foci
decreased gradually, but failed to return to baseline levels
observed in non-irradiated controls, even six months after the last
exposure (Fig. 1B). Due to the limited numbers of DCX" neuropro-
genitors, it was not feasible to perform the quantitative analysis of
53BP1-foci in older mice. However, in the juvenile dentate gyrus
we found similar kinetics of 53BP1-foci formation and disappear-
ance in DCX' neuroprogenitors.

Radiation-induced DNA damage usually induces cell-cycle
arrest and apoptosis. Ki-67 immunostaining was performed to ana-
lyze the proliferative potential of neuronal precursors in the hip-
pocampus (Suppl.1A). In juvenile WT mice the proportion of
Ki67" cells in the SGZ of dentate gyrus was significantly decreased
72 h after 20 x 0.1 Gy and, notably, at all later time-points (Sup-
pl.1A, inset), indicating that proliferation of neurogenic precursors
was compromised by repetitive LDR in the long term. In contrast,
numbers of Ki67" cells in adult WT mice were not significantly
affected by LDR (Fig. 1A). To test whether this moderate DNA dam-
age caused apoptosis in immature DCX' neurons, Caspase-3
expression was analyzed (Suppl.1B). Quantification of Caspase-3
immunostaining showed no significant increase in apoptotic cells
in juvenile or adult hippocampi 72 h after 20 x 0.1 Gy (Suppl.1B).
In summary, these results indicate that even low doses of ionizing
radiation may negatively influence neuronal proliferation in imma-
ture brain.

Cellular response of DCX" neuroprogenitors to fractionated LDR

Using high-resolution imaging we analyzed the morphology of
DCX"* neuroprogenitors to examine the effects of LDR on the devel-
opment and maturation of their dendritic tree (Fig. 2A). In hip-
pocampal dentate gyrus of non-irradiated brain, DCX"* cell bodies
were primarily located in SGZ, while their dendrites extended radi-
ally into the molecular layer (Fig. 2A, left panel). Fractionated LDR
resulted in distinct reduction in dendritic arborization with dimin-
ished branching, total length and dendritic complexity (Fig. 2B,
right panel).

Next, the number of DCX" cells was quantified in the SGZ of hip-
pocampal dentate gyrus. In non-irradiated WT mice the physiolog-
ical age-related decline of hippocampal neurogenesis correlated
with decreased levels of DCX" neuroprogenitors (Fig. 2B, upper
panels). During and after fractionated LDR, the number of DCX"
neuroprogenitors was significantly lower across all time-points
compared to non-irradiated, age-matched controls (Fig. 2B, upper
panels). In juvenile WT mice, DCX" neuroprogenitors decreased
to ~70% during and immediately after fractionated LDR
(20 x 0.1 Gy, 72h post-IR: 702 £26 DCX' cellsymm?; non-IR:
1007 +£29 DCX"' cellsymm?), and stayed at low levels showing
~50% decrease in the long term, compared to non-irradiated
aged-matched controls (20 x 0.1 Gy, 6 m post-IR: 85+4 DCX*
cells/mm?; non-IR: 172 + 11 DCX" cells/mm?). In adult WT mice,
radiation-induced decrease in DCX" neuroprogenitors was less
prominent, showing <25% cell loss at early (20 x 0.1 Gy, 72h
post-IR: 298 +11 DCX* cellsymm?; non-IR: 389 +8 DCX"* cells/
mm?) and later time-points (20 x 0.1 Gy, 3 m post-IR: 147 +5
DCX* cells/mm?; non-IR: 189 + 14 DCX* cells/mm?). Our findings
suggest that the high neurogenic potential of developing brain is
associated with marked susceptibility to genotoxic stress and
may explain age-dependent vulnerability of hippocampal neuroge-
nesis to radiation injury.

Subsequently, DCX" areas were measured in hippocampal
regions by 2D-image analysis to quantify radiation effects on
arborization densities (Fig. 2B, lower panels). During fractionated
LDR the percentage of DCX" area in juvenile hippocampus declined
from ~12% (5 x 0.1 Gy, 72 h post-IR) to ~6% (20 x 0.1 Gy, 72h
post-IR), and in adult hippocampus from ~5% (5 x 0.1 Gy, 72h
post-IR) to ~3% (20 x 0.1 Gy, 72 h post-IR), correlating with
radiation-induced decrease of <50% in juvenile and <25% in adult
hippocampus (Fig. 2B). Following fractionated LDR we observed
constant reductions in dendritic arborization with clear decreases
of <50% in juvenile and <25% in adult hippocampus, compared
to non-irradiated controls. In summary, these results indicate sig-
nificant long-lasting effects of repetitive LDR on the number of dif-
ferentiating DCX" neurons and the outgrowth and branching of
their dendritic arbors. These radiation effects were even more pro-
nounced in maturing brain of juvenile mice, likely reflecting the
higher neurogenic potential leading to increased vulnerability to
genotoxic stress.

Cellular response of SOX2* stem/progenitor cells to fractionated LDR

Transcription-factor SOX2, expressed by slowly proliferating
neuroprogenitors, is important in controlling self-renewal and
multipotency. In the hippocampus of juvenile and adult WT mice,
SOX2" cells were quantified in the SGZ along the hilus of dentate
gyrus (Fig. 3). In juvenile WT mice, numbers of SOX2" precursors
remained stable during LDR, but were significantly reduced at all
time-points after LDR with 30-40% decreases compared to non-
irradiated, age-matched controls (Fig. 3B, left panel). These tempo-
ral dynamics of SOX2* cells may reflect that genotoxic insults
caused by repetitive LDR result in their premature differentiation
to replace damaged cells after radiation injury. In adult WT mice,
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Fig. 1. 53BP1-foci accumulation in neurons during and after fractionated LDR. A: Immunofluorescence imaging of 53BP1-foci (green) in NeuN-positive nuclei (red) of non-
irradiated and irradiated hippocampus from repair-proficient juvenile WT mice. Hippocampal neurons of control hippocampus show low 53BP1-foci levels (left panel). At
0.1 h after single-dose exposure to 0.1 Gy the number of foci was clearly increased (~1 focus/cell; middle panel). At 72 h after 20 x 0.1 Gy only few neurons showed persistent
53BP1-foci. Framed regions are shown at higher magnification (600x). Arrow heads mark 53BP1-foci. B: Quantification of radiation-induced 53BP1-foci in NeuN-positive
hippocampal neurons. To analyze persistent DNA damage during and after fractionated LDR, numbers of 53BP1-foci per cell were quantified 72 h after 5x, 10x, 15x or 20x
fractions of 0.1 Gy and 1, 3, and 6 months after 20 x 0.1 Gy. 53BP1-foci were quantified in hippocampal neurons of juvenile and young adult WT mice and compared to age-
matched, non-irradiated controls. Error bars represent SEM, n > 3; ‘denotes statistically significant difference compared to non-irradiated control: ‘p < 0.05; “p<0.01;

""p<0.001.

the number of SOX2* stem/progenitor cells per se was clearly lower
compared to maturing brain, but was not significantly affected by
LDR (Fig. 3B, right panel).

Defective DNA damage signaling determines stem cell functionality

ATM and DNA-PKcs are central DDR regulators, but understand-
ing of their downstream signals determining stem cell functional-
ity remains incomplete. Repair-deficient AT and SCID mice showed
significantly increased basal levels of 53BP1-foci in neurons of non-
irradiated hippocampi compared to WT mice (AT: 0.13 £ 0.02 foci/-

cell; SCID: 0.35 % 0.04 foci/cell) (Fig. 4A). Following fractionated
LDR, repair-deficient AT mice showed significantly increased levels
of remaining foci after 10 or 20 fractions, with the maximum of
0.66 +0.07 foci/cell (20 x 0.1 Gy). Repair-deficient SCID mice
showed most pronounced accumulation of unrepaired DNA dam-
age, with 1.70£0.09 foci/cell after 20 x 0.1 Gy (Fig. 4A). Taken
together, these elevated foci numbers after LDR reflect prominent
DSB repair deficiency of AT and SCID mice.

As neurogenesis is particularly susceptible to genotoxic stress,
neuronal stem/progenitor cells were quantified in SGZ of hip-
pocampal dentate gyrus (Fig. 4B). In AT mice numbers of DCX*
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Fig. 2. DCX" neuroprogenitors and their dendritic arborization. A: Immunofluorescence imaging of DCX (red) in the dentate gyrus of non-irradiated (left panel) and irradiated
(20 x 0.1 Gy, 72 h) hippocampus (right panel) from juvenile WT mice. DCX" precursor cells are abundant in the SGZ of the dentate gyrus and show intact dendritic
arborization. Framed regions are shown at higher magnification (600x ). Projections of confocal z-stacks show that DCX" precursors after fractionated LDR are characterized
by an impaired maturation of their dendritic tree. B: In the hippocampus of juvenile and adult WT mice the numbers of DCX" cells and DCX* area were quantified 72 h after
5x, 10x, 15x, or 20x fractions of 0.1 Gy and 1, 3, and 6 months after 20 x 0.1 Gy, in comparison to age-matched, non-irradiated controls. Error bars represent SEM, n > 3;
“denotes statistically significant difference compared to non-irradiated control: p < 0.05; “p <0.01; “'p <0.001.

immature neurons were clearly reduced before and after repetitive
LDR (AT: 30-55 cells/mm?; WT: 300-450 cells/mm?), suggesting
that even low levels of genomic damage result in their apoptotic
elimination (Fig. 4B, lower panel). In SCID mice, almost normal

basal levels of DCX* neuroprogenitors were observed in non-
irradiated hippocampus (385 * 6 cells/mm?), while DCX* cell num-
bers decreased to ~30% after 10 x 0.1 Gy (116 # 23 cells/mm?) and
to ~10% after 20 x 0.1 Gy (39 4 cells/mm?) (Fig. 4B). These
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Fig. 3. SOX2" stem/progenitor cells in the SGZ of the dentate gyrus. A: Immunofluorescence imaging for SOX2 (green) in the dentate gyrus of non-irradiated (left panel) and
irradiated (20 x 0.1 Gy, 1 m) hippocampus (right panel) from adult WT mice (P67). SOX2" cells in the SGZ represent neuronal stem cells. Framed regions are shown at higher
magnification. Arrow heads mark SOX2* nuclei in the SGZ. Scale bars represent 100 pm or 20 um, respectively. Original magnification 600x. B: In the hippocampus of juvenile
and adult WT mice the numbers of SOX2* cells in the SGZ were quantified 72 h after 5x, 10x, 15x, 20x fractions of 0.1 Gy and 1, 3 and 6 months after 20 x 0.1 Gy, and
compared to age-matched, non-irradiated controls. Error bars represent SEM, n > 3; "denotes statistically significant difference compared to non-irradiated control: ‘p < 0.05;

“p<0.01; “p<0.001.

findings suggest that excessive DNA damage leads to apoptotic
elimination of DCX" neuroprogenitors due to their increased sus-
ceptibility. The number of slowly proliferating SOX2* cells, by con-
trast, remained stable during fractionated LDR throughout the
different mouse strains.

Fractionated LDR affects the hippocampal proteome

Analysis of hippocampal proteome of juvenile WT mice was
performed 72h, 1, 3 and 6 months after fractionated LDR
(20 x 0.1 Gy). Label-free LC/MS-MS was used for comparison of
irradiated hippocampus versus age-matched, non-irradiated con-
trols. Volcano plots of all quantified proteins show the distribution
of non-regulated and deregulated proteins (Fig. 5A). Total numbers
of significantly down- and up-regulated proteins are shown in
Fig. 5B. At 72 h post-IR, most proteins were down-regulated,

whereas at 1 m post-IR most proteins were up-regulated. At later
time-points, the distribution of down- and up-regulated proteins
was almost equal. Shared proteins are presented in the Venn dia-
gram (Fig. 5C).

Pathway analysis indicates the modulation of CREB signaling

Deregulated proteins were further analyzed using Ingenuity
Pathway Analysis (IPA) software. Most affected signaling pathways
were synaptic long-term potentiation and CREB signaling, both of
which are important in neuronal functioning (Suppl.2).
Transcription-factor CREB is activated by phosphorylation of
Ser133 via calmodulin kinases (CAMKSs). Based on proteomics data,
CAMKs were down-regulated at 72h and 1m post-IR, but
up-regulated at 3m post-IR (Suppl.2). Predicted changes in
CREB-pathway were validated using immunoblotting. Levels of
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hippocampus from adult WT, AT and SCID mice. C: Quantification of DCX" and SOX2" cells in the SGZ of dentate gyrus of WT, AT and SCID mice performed 72 h after the last
exposure of fractionated LDR (10x and 20x fractions of 0.1 Gy). Error bars represent SEM, n > 3; "denotes statistically significant difference compared to non-irradiated

control: " p<0.05; " p<0.01; " p<0.001.

phosphorylated (Ser133) and total-CREB, and the downstream tar-
gets BDNF and ARC are shown in Fig. 6. Down-regulation of
phospho-CREB (pCREB) at 72h and 1m post-IR and up-
regulation at 3 m post-IR is in line with simultaneous down- and
up-regulation of CAMKs (Suppl.2). In agreement with pCREB dereg-
ulation, the downstream targets BDNF and ARC were significantly

downregulated at 1 m post-IR and upregulated at 3 m post-IR
(Fig. 6). Down-regulation of CREB-signaling directly after LDR sug-
gests that radiation-induced genotoxic insults suppress hippocam-
pal neurogenesis, whereas late-term CREB-activation may
stimulate neuronal cell proliferation/differentiation and promote
functional regeneration after genotoxic stress.
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Fig. 5. Analysis of the hippocampal proteome. A: Volcano plots representing the distribution of all quantified proteins (identification with > 2 UP) at 72 h, 1, 3 and 6 months
post-IR (20 x 0.1 Gy). Deregulated proteins (p < 0.05, fold change + 1.3) are highlighted in green (down-regulated) and red (up-regulated), respectively. B: Total numbers of
significantly down-regulated (green) and up-regulated (red) proteins are shown for all time points (p < 0.05, fold change + 1.3). C: Venn diagram illustrates the number of

shared deregulated proteins at different time-points.

Discussion

The high hippocampal susceptibility to radiation injury is likely
the causal factor of neurocognitive dysfunctions after exposure to
ionizing radiation [25]. To analyze the impact of repeated low-
dose exposure on hippocampal neurogenesis, we utilized an in-
vivo model, exposing genetically determined mouse strains with
different DNA repair capacities to daily LDR. During this LDR
regime mice were irradiated with 0.1 Gy every day (except
weekends) for up to 4 weeks. Fractionated LDR enclosing only
the head of every single animal is very laborious and time-
consuming and would require daily narcosis for immobilization.
The risks and side effects of daily anesthesia would clearly exceed
the benefits of the selective brain irradiation, especially for young
animals. Depending on their DNA repair capacity, repeated LDR led
to varying levels of persisting DNA damage foci in hippocampal

neurons with increasing cumulative doses [22]. As a result of
radiation-induced DNA damage accumulation hippocampal neuro-
genesis was seriously affected in DNA repair-deficient mice [26].
But even in repair-proficient WT mice, radiation-induced geno-
toxic stress resulted in progressive reduction in DCX* immature
neurons with impairment in their dendritic development. Impor-
tantly, following completion of fractionated LDR, DCX* and SOX2*
cells exhibited significant long-lasting decline within their neuro-
genic niche, which was even more pronounced in juvenile brain.
The response of tissue-specific stem/progenitor cells to radia-
tion exposure is an important determinant of overall tissue reac-
tion. During the process of adult neurogenesis, heterogenous
mixtures of neuronal stem/precursors cells undergo numerous
proliferation and differentiation stages. Our findings indicate that
different subpopulations of neuronal stem/progenitor cells
respond differently to fractionated LDR. The number of DCX"
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Fig. 6. Immunoblot analysis of phospho- and total-CREB levels and the downstream targets BDNF and ARC. The relative expression of phospho-CREB (Ser133), CREB, BDNF
and ARC at 72 h, 1, 3 and 6 months post-IR (20 x 0.1 Gy) compared to non-irradiated, age-matched controls, after background correction and normalization to total amount of
protein visualized by Ponceau staining. Error bars represent SEM, n > 3; "denotes statistically significant difference compared to non-irradiated control: ‘p < 0.05; “p < 0.01;

*p<0.001.

dividing progenitor cells and the complexity of their dendritic
architectures gradually declined during and after LDR, likely due
to radiation-induced suppression of proliferation and maturation.
The number of SOX2" stem/progenitor cells remained constant
during LDR, but decreased significantly within several months after
LDR. Regenerative processes necessitate stem cell replication with

enhanced differentiation/maturation to replace damaged cells after
radiation injury [27]. Excessive activation of stem/progenitor cells
by genotoxic insults may result in premature exhaustion of stem
cells [20,28]. Our results suggest that this dynamic balance
within the stem cell pool is critically influenced by repeated small
doses of ionizing radiation. Higher proportions of proliferating
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neuroprogenitors in juvenile hippocampus may explain the
increased radiosusceptibility of young organisms [29]. This study
provides the basis for future experiments designed to assess neuro-
genesis and neuroinflammation by the combination of immunocy-
tochemistry with stereological techniques to estimate exactly the
numbers of different cell populations in defined brain volumes
after radiation-mediated damage.

Label-free quantitative proteomics based on mass spectrometry
is an important approach for exploring protein functions and inter-
actions in a large-scale manner. Since the isolation of specific
regions is not feasible in unstained tissue, we used the whole hip-
pocampus for proteomics analysis. Label-free LC-MS/MS technol-
ogy is not sensitive enough to identify very weekly expressed
proteins such as transcription factors. Nevertheless, based on pro-
tein profiling, the activation status of central transcriptional regu-
lators can be predicted using specific software tools. In this study,
the predicted changes in the active form of transcription factor
CREB were followed by performing immunoblotting. Our hip-
pocampal proteome analysis revealed the importance of CREB-
mediated gene transcription in radiation response, with CREB-
target proteins BDNF and ARC promoting neuronal maturation
with outgrowth of axons and dendrites [30,31]. Down-regulation
of CREB-signaling directly after LDR correlates with suppression
of hippocampal neurogenesis. CREB-mediated up-regulation of
neurotrophic factors suggest functional recovery of neurogenesis
several months after fractionated LDR [32].

In summary, these results enhance our understanding of molec-
ular and cellular dynamics that underlie hippocampal neurogene-
sis during and after fractionated LDR. Our experimental data
indicate that fractionated LDR impairs neurogenesis, and may com-
promise hippocampus-dependent learning and memory. Markedly,
our findings suggest that repeated LDR leads to persistent injury of
hippocampal neurogenesis, even more pronounced in young indi-
viduals [33]. In future studies, cognitive functioning will be tested
in this mouse model of fractionated LDR to assess potential
radiation-induced deficits. This experimental study provides a
framework for clinical radiotherapy, with recommendation for sig-
nificant dose reduction in hippocampus regions whenever possible
to prevent neuro-cognitive dysfunction.
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