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Summary

1 Abstract

The number of computed tomography (CT) scans, especially those involving the
head region, is sharply rising in the western world. Children may be of increased risk
for possible adverse effects due to the greater susceptibility of the growing brain.
Indeed, epidemiological data strongly suggest that intellectual development is
adversely affected when the infant brain is exposed to radiation doses that are
equivalent to those delivered by CT of the head. However, the biological
mechanisms behind the potential damage from low-dose and also moderate-dose
radiation are unknown. Neonatal NMRI mice (postnatal day 10) were irradiated with
total body doses ranging from 0.02 to 1.0 Gy. The molecular investigation of
irradiated mouse brain included global and targeted proteomics, pathway-focused
transcriptomics and targeted miRNAomics analysis at 7 months post-irradiation.
Immunohistochemistry was used to confirm alterations in adult neurogenesis.
Immunofluorescence was performed to evaluate changes in synaptic proteins.
Significant signalling pathway changes were found at doses of 0.5 and 1.0 Gy. An
alteration of synaptic plasticity was indicated by impaired Racl-Cofilin and CREB
pathways in irradiated brains. Increased TNFa levels suggesting neuroinflammation
as well as a decline in adult neurogenesis in the hippocampus were additional
hallmarks. Further, a potential deregulation of molecules involved in circadian rhythm
was noted. In a second study, neonatal C57BL/6 mice (postnatal day 10) were
irradiated with total body doses of 0.1, 0.5 Gy or 2.0 Gy. The analysis 6 months post-
irradiation showed impaired Racl-Cofilin signalling and CREB pathways similar to
irradiated NMRI mice. In addition, mitochondrial dysfunction in isolated hippocampal
and cortical synaptosomes was found.

These data imply that mainly moderate but also low doses of irradiation target
signalling pathways of synaptic plasticity that may explain the abnormal cognition
even after a prolonged time of radiation insult. Overall, this work (i) emphasises the
important role of synapses in radiation science which is still an unenlightened target
in this field although it is the origin of neurotransmission and storage of information
(synaptic plasticity) and (ii) connects several molecular targets of radiation to
neurodegenerative diseases such as Alzheimer’s. The results are essential in

minimising radiation-associated health risks.
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2 Zusammenfassung

Die Zahl der Computertomographie (CT) basierter Bildgebung, vor allem im Bereich
des Kopfes, ist in der westlichen Welt stark gestiegen. Besonders Kinder weisen ein
erhohtes Risiko fur mégliche Nebenwirkungen auf, was begrindet ist in der héheren
Empfindlichkeit des sich entwickelnden Gehirns. Tatsachlich  zeigen
epidemiologische Daten, dass die geistige Entwicklung beeintrachtigt ist, wenn das
Gehirn des Kindes mit Strahlendosen bestrahlt wird, die bereits denen von CT Scans
entsprechen. Die biologischen und mechanistischen Effekte von niedrigen aber auch
mittleren Strahlendosen, die das Gehirn schadigen kénnen, sind unbekannt.
Neugeborene NMRI-Mause (Tag 10 postnatal) wurden mit Gesamtkérperdosen im
Bereich von 0,02 bis 1,0 Gy bestrahlt. Die molekulare Untersuchung der bestrahlten
Mausehirne umfasste eine Analyse des Proteoms, Transkriptoms und miRNAoms
sieben Monate nach der Bestrahlung. Zudem wurden immunhistochemische
Veranderungen in der adulten Neurogenese untersucht. Mittels
Immunfluoreszenzfarbung  wurden Anderungen in  der Expressionsstarke
synaptischer Proteine bewertet. Es zeigten sich signifikante Ver&nderungen in
Signalwegen bei Dosen von 0,5 und 1,0 Gy. Eine Veranderung der synaptischen
Plastizitdt wurde durch eine Stérung des Racl-Cofilin und CREB Signalweges im
bestrahlten Gehirn nachgewiesen. Eine erhohte TNFa Expression, welche auf eine
neuronale Entzindungsreaktion im Gehirn hindeutet, sowie ein Ruckgang der
adulten Neurogenese im Hippocampus waren weitere Kennzeichen. Ferner wurde
eine magliche Deregulierung von Molekilen des zirkadianen Biorhythmus
festgestellt.

Im zweiten Teil dieser Arbeit wurden neugeborene C57BL/6 Mause (Tag 10
postnatal) mit einer Gesamtkorperdosis von 0,1, 0,5 oder 2,0 Gy bestrahlt. Die
Analyse sechs Monate nach der Bestrahlung zeigte Defekte des Racl-Cofilin-
Signalwegs und des CREB-vermittelten Signalwegs vergleichbar zu bestrahlten
NMRI Méausen. Daruber hinaus wurden mitochondriale Fehlfunktionen in isolierten
hippocampalen und kortikalen Synaptosomen gefunden.

Diese Daten implizieren, dass vor allem mittlere, aber auch niedrige Strahlendosen

einen Effekt auf Signalwege der synaptischen Plastizitat haben, welche die anormale
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Zusammenfassung

Kognition selbst nach einem langen Zeitraum der Strahlenschadigung erklaren
kbnnte. Zudem betont diese Arbeit die wichtige Rolle der Synapse in der
Strahlenwissenschaft, welche immer noch ein unbeleuchtetes Forschungsgebiet ist
obwohl es den Ursprung der Neutransmission und Informationsspeicherung
(synaptische Plastizitat) darstellt. Des Weiteren stellt diese Arbeit eine Verbindung
zwischen Strahlung und neurodegenerative Erkrankungen, wie zum Beispiel
Alzheimer, anhand mehrerer tberlappender molekularer Targets her.

Die Ergebnisse sind wichtig bei der Minimierung von strahlungsassoziierten

Gesundheitsrisiken.
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3 Introduction

3.1 Increase in medical-associated radiation exposure

The exposure of ionising radiation relevant for mankind comes from natural and
man-made sources. Temporal trends show that the usage of medical radiation is
rapidly increasing and is leading to a worldwide increase in the population exposure:
around 20 % of the global annual per capita effective radiation dose was received
from diagnostic medical and dental radiation in the period 1997 to 2007; the increase
exceeded more than 60 % that of the years 1991 to 1996 (Schonfeld et al., 2011).
Importantly, the annual dose for individuals who had not received ionising radiation
for medical purposes was not, or only slightly, changed since 1987 (Gerber et al.,
2009). As an optimal diagnosis is often dependent on high-resolution imaging
methods, usually based on ionising radiation, medical radiation is the main artificial
source of ionising radiation exposure (Bernier et al., 2012). Within this class, X-ray
computed tomography (CT) scanning is a commonly and widely used
radiodiagnostic method. Generally, the absorbed tissue doses range from 10-100
mGy for a single CT examination (Wiest et al., 2002). Repeated CT examinations
can lead to higher cumulative radiation exposures. Although the application of CT
scans is only around 11 % of all imaging procedures, it contributes approximately to
70 % of the total radiation exposure from all medical imaging methods (Smith-
Bindman et al., 2008). Most CT scans are applied on the age group of 36-50 years
(27 %), and 9 % of these patients are imaged on the head region (Mettler et al.,
2000). Children receive approximately 11 % of all CT scans and 5 % of these are
head CT scans (Mettler et al., 2000) corresponding to six children out of 1000
receiving head exposure. Approximately 15 % of children with minor traumatic brain
injury are still imaged with ionising radiation in paediatric German hospitals (Oster et
al., 2012). The number of CT scans for children may be higher than 1.5 million per
year in the Western hemisphere (UNSCEAR, 2000). Importantly, the presumptive
threshold of the brain dose still causing delayed damage may be as low as 0.1 Gy
(Loganovsky, 2009).
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3.2 Children and ionising radiation

Compared to adults, children are in general a highly radiation-sensitive group,
especially regarding radiation-dependent side-effects on the brain. This may be
reasoned in their higher life expectancy allowing radiation-induced effects with a
prolonged latency to develop and in their immature and developing brain.

During early phases of childhood the volume of the grey matter — a major component
of the central nervous system (CNS) with neuronal cell bodies including their axons
and dendrites and glial cells - increases rapidly and peaks at around four years of
age (Holland et al., 1986). This specific phase of rapid brain maturation is called the
brain growth spurt (Dobbing and Sands, 1979) and involves phases of axonal and
dendritic growth including establishment and breakup of neuronal circuits
(synaptogenesis) (Huttenlocher and Dabholkar, 1997, Dekaban, 1978). Further,
motor and sensory skills are increasingly acquired at that age (Kelly et al., 1988). In
rodents, the comparable time window for the brain growth spurt is restricted to the
second and fourth postnatal week and lasts in human until the third to fourth
postnatal year (Dobbing and Sands, 1973). It has been shown that toxic agents
administered to neonatal mice within this susceptibility window can lead to disruption
of adult brain function (Eriksson et al., 2000). This can increase the more
pronounced detrimental effects on cognition-based spontaneous behaviour if
combined with low-dose ionising radiation on postnatal day ten (Eriksson et al.,
2010). Exposure of ionising radiation at this specific developmental stage may lead
to long-term associated neurocognitive deficits due to disruption of distinct molecular

and cellular processes (Zhu et al., 2009).

3.3 Epidemiological evidence of radiation and cognitive deficits

One of the most valuable cohort studies showing that low-dose ionising radiation
exposure affects cognitive skills in exposed children later in life was published by
Hall et al. (Hall et al., 2004). The children studied were treated for cutaneous

haemangioma before the age of 18 months with an average absorbed brain dose of
5
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around 52 mGy (median 20 mGy, range 0 - 2,800 mGy including multiple radiation
treatments). Hall et al. showed impaired intellectual skills at the age of 18-19 years
(Hall et al., 2004). A study of children treated with X-ray radiation against scalp
ringworm (Tinea capitis) indicated that children receiving head doses ranging from
0.7 to 1.7 Gy (Schulz and Albert, 1968) developed more psychiatric symptoms, and
were more often treated for psychiatric disorders than unexposed ones (Omran et
al.,, 1978), and had a slightly higher frequency of mental retardation (Ron et al.,
1982).
In adults, a cohort study of nuclear workers at the Mayak Production Association
(Mayak PA) demonstrated a significantly increased incidence of cerebrovascular
disease (CVD) among workers who received cumulative doses of external gamma-
rays higher than 0.2 Gy, compared with those who received less than 0.2 Gy
(Azizova et al., 2011). Disturbances of the cerebrovascular system have been
considered as a relevant pathogenic factor in Alzheimer’s disease (Tong et al., 2012,
Kurata et al., 2011, Viticchi et al., 2012), a progressive neurodegenerative disease
attributed with learning and memory loss. A French-UK cohort study with childhood
brain cancer survivors treated with radiotherapy showed an increased risk in long-
term cerebrovascular mortality (relative risk of 22 per Gy with a 95 % confidence
interval of 1-44) (Haddy et al.,, 2011). However, this study did not take into
consideration any confounding factors such as hypertension, smoking or obesity.
Generally, these studies indicate that ionising radiation could indirectly cause
neurological symptoms via effects on the microvasculature of the brain. Further,
these epidemiological studies suggest that there is a correlation between exposure
to low (£ 0.1 Gy) or moderate (< 2.0 Gy) doses of ionising radiation and altered
neurocognitive outcome. These observations are consistent with the outcomes of
patients exposed to much higher doses fractionated during cranial irradiation
(cumulative doses = 40 Gy, single doses 2 — 4 Gy) to treat brain tumours; patients
suffer shortly after treatment from distinct long-lasting decline in cognition and visual
memory (Hoffman and Yock, 2009, Spiegler et al., 2004) strongly affecting the
patient’s life quality. Moreover, there are indications that the linear no-threshold
(LNT) model assuming that the risk of ionising radiation is directly proportional to the
whole range of doses may not be valid for non-cancer endpoints, especially at low
and moderate radiation doses (< 2.0 Gy) (Little, 2010). In particular, this seems to be
6
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the case for cerebrovascular disease (Shimizu et al., 2010, Azizova et al., 2010,
Azizova et al., 2011).

3.4 The brain and the memory

Numerous studies showed that the hippocampus is necessary for certain types of
memories such as for memories of daily experiences (episodic memory) and
personal history (autographical memory) (Squire et al.,, 2004, Milner, 2005,
Moscovitch et al., 2006). The hippocampus consists of three sub-regions namely
dentate gyrus (DG), cornu ammonis area 3 (CA3) and cornu ammonis area 1 (CAl).
It is considered that the hippocampus is involved in distinct projection processes
from the entorhinal cortex to DG, DG to CA3, CA3 to CAl1 and CA1l to the cortex
(Amaral and Witter, 1989). Each of these brain regions has specific cell types and
regulatory tasks contributing to memory processes (Nakazawa et al., 2004,
Nakazawa et al., 2002, Gold and Kesner, 2005, Kesner, 2007, De Jaeger et al.,
2014, Bero et al., 2014). The DG is of particular interest as it is capable to generate
new neurons throughout life — a process called adult neurogenesis (Ming and Song,
2011) - and is important for regulation of cognition and mood (Bero et al., 2014, Zhao
et al., 2008). Moreover, it has been proposed that adult neurogenesis is involved for
efficient cortical storage of new memories (Kitamura et al., 2009).

The process of adult neurogenesis originates from stem cells in the subgranular
zone (SGZ) of the DG giving rise to a large population of proliferative progenitor cells
and mature neurons but only a part of them functionally integrate within existing
neuronal circuits (van Praag et al., 2002). Irradiation leads to changes in these steps
of adult neurogenesis that is associated with micro-environmental changes such as
microglia-dependent neuroinflammation (Rola et al., 2004a, Allen et al., 2013, Raber
et al.,, 2004, Mizumatsu et al., 2003). However, as both the number of integrated
neurons is relatively small and adult neurogenesis is a time-dependent process over
several weeks (Basak and Taylor, 2009), the immediate alterations in adult
neurogenesis by ionising radiation may not completely explain the radiation-induced
learning and memory deficits seen rapidly after start of radiotherapy treatment. In

addition, radiation exposure may cause changes directly in mature neuronal
7
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networks as demonstrated recently in the murine hippocampus (Parihar et al., 2014,
Parihar and Limoli, 2013). This could include alterations in the level of structural and
synaptic plasticity of the dendritic spine - a membranous protrusion on a neuron’s
dendrite receiving input from another neuronal dendritic spine to form a synapse with
a pre- and post-synapse - congruent with the current most influential memory
storage model that learning-related activity structurally shapes synapses and that
leads to preserved memory (McGaugh, 2000). Alterations in the dendritic spine tree
have been observed in cognitive brain disorders such as Alzheimer’s (Tsamis et al.,
2010), Rett syndrome (Armstrong et al., 1998) and Down’s syndrome (Becker et al.,
1986), not only in the hippocampus but also in the cortex.
The ability of synapses to undergo structural modifications in response to increases
or decreases in their activity to strengthen or weaken the information flow is called
synaptic plasticity (Hughes, 1958). This is an important mechanism to store new
information but also to recall them after a prolonged time (Takeuchi et al., 2014). In
this context, the actin cytoskeleton plays an important role in mature dendritic spines
to modulate these processes by enabling a scaffold to sustain synaptic morphology
and to integrate neurotransmitter receptors necessary for neurotransmission that is
based on its rapid dynamic potential (Star et al., 2002, Sheng and Hoogenraad,
2007, Hotulainen and Hoogenraad, 2010); spines would be unable to immediately
change their morphology and volume in response to stimuli if the cytoskeleton is not
dynamic.
Neuronal communication is primarily mediated via the pre-synaptic release of
neurotransmitters such as glutamate binding to neuronal receptors on the
postsynapse. The glutamatergic neurotransmitter receptors N-methyl-D-aspartate
receptors (NMDARS), a-amino-2-hydroxy-5-methyl-4-isoxazole propionic acid
receptors (AMPARs) and metabotropic G-protein coupled glutamate receptors
(mGIuRs) represent important neuronal receptors (Bourne and Harris, 2008) along
with their intracellular downstream signalling pathways affecting long-term
potentiation (LTP) and —depression (LTD) (Bellot et al., 2014a, Cortes-Mendoza et
al., 2013). LTP is a long-lasting elevation in synaptic transmission resulting from
synchronic or strong stimulation and leads to synaptic strength increase (Bliss and
Gardner-Medwin, 1973, Kaibara and Leung, 1993). In contrast to LTP, LTD is a long-
lasting decrease in synaptic transmission relying on weak and low-frequency
8
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stimulation (Lee et al., 1998). While LTP is in part due to activation of protein kinases
such as calmodulin-kinases (Camk’s), protein kinases A (PKA's) and —C (PKC's)
phosphorylating target proteins, LTD arises from activation of calcium-dependent
phosphatases such as types 1 (PP1) and 2 (PP2), accounting for the majority of
serine/threonine phosphatase activity in the brain (Cohen, 1997), dephosphorylating
proteins (Bellot et al., 2014a, Colbran, 2004).

3.5 Loss of memory

Memory impairment in patients suffering from Alzheimer’s is related to the loss of
synapses in the cortex and hippocampus (Terry et al.,, 1991, DeKosky and Scheff,
1990, DeKosky et al., 1996). Importantly, as the loss of synapses and aberrant
synaptic sprouting in patients incipient for Alzheimer’s is greater than the neuronal
loss and neurofibrillary tangle formation (Masliah, 1995), synapses are a good
marker to access cognitive deficits (Overk and Masliah, 2014). The process of
damaging to synapses could be associated with defects on NMDA and AMPA
glutamate receptor signalling (Mota et al., 2014, Hsieh et al., 2006) but also on
metabotropic G-protein coupled glutamate receptors (Renner et al., 2010) as early
molecular events in an altered synaptic plasticity. This may manifest into a loss of

synaptic terminals, dendritic spines and neurons (Overk and Masliah, 2014).

3.6 Mechanisms of ionising radiation on memory formation

A proposed model outlining the state of knowledge of ionising radiation and

neurodegeneration is shown in Figure 1.



l

| lonising radiation |

Introduction

| Neuroinflammation I

A4

Reduction of
neurogenesis

\—) v
I Neurodegeneration I €

Figure 1: Targets of ionising radiation in neurodegeneration.
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Neurodegeneration after radiation exposure is a multicellular process and may be associated to various targets such as
reduction of adult neurogenesis, cerebrovascular dysfunctions, neuroinflammation and oxidative stress and their intrinsic
cellular signalling pathways. Yet, there is a growing body of evidence that mitochondria play an important central role in
these processes. The image is adapted after own publication (Kempf et al., 2013) and is based on both in vitro and in vivo
data of radiation experiments as tabular listed in this mentioned publication.
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4 Aim of the thesis

The hypothesis of this work is that exposure to low- / moderate-doses of ionising
radiation in neonatal mice leads to long-term alterations in synaptogenesis / dendrite

shape causing persistent neurocognitive decline due to an altered synaptic plasticity.

In detail, the aims of the studies presented here were:

i) To estimate the initial triggering dose needed to manifest detrimental long-
term effects of radiation on synaptic plasticity in the brain

i) To elucidate the molecular mechanism by analysing altered signalling
pathways that explain the synaptic defects

iii) To challenge the hypothesis by using two mouse models by characterising the
involvement of synaptic signalling pathways

iv) To find potential overlapping molecular connections between radiation-
induced learning and memory dysfunction and neurodegenerative diseases

such as Alzheimer’s

11



5 Materials

5.1 Chemicals and Reagents

Acetic acid

Acrylamid / Bisacrylamide (30 % / 0.8 %)
APS

Acetone

Acetonitrile

Ammonium bicarbonate

ADP

Antimycin A

Bradford-Reagent

Bromophenol blue
Beta-Mercaptoethanol

BSA, fatty acid free

Coomassie® Brilliant Blue R250
Concentrated Formalin, neutral buffered (7x)
Diaminobenzidine

DMSO

EDTA

Ethanol (absolute)

Fluoresent Mounting Medium
Ficoll®@PM400

Formic Acid

FCCP

Geltrex™ LDEV-free reduced Growth
Factor Basement Membrane Mix
GnHCI (6 M)

Glycerine

Goat serum (Immunofluorescence)
HCI

Hoechst 33258

Isopropanol

Methanol

Milk powder, skimmed

Non-immune antibody diluent solution
NaOH

Nitrocellulose membrane

(Whatman BA83 Protran)

Materials

Merck KG

National Diagnostics

Merck KG

Merck KG

Merck KG

Sigma Aldrich Chemie GmbH
Sigma Aldrich Chemie GmbH
Sigma Aldrich Chemie GmbH
Sigma-Aldrich Chemie GmbH
Roche Molecular Diagnostics
Merck KG

ROTH GmbH

Serva Electrophoresis
BioOptica

DCS Diagnostics

Sigma Aldrich Chemie GmbH
SIGMA-AIldrich Chemie GmbH
Merck KG

Dako

Sigma Aldrich Chemie GmbH
Sigma Aldrich Chemie GmbH
Sigma Aldrich Chemie GmbH

Life Technologies

Serva Electrophoresis
Sigma-Aldrich Chemie GmbH
Life Technologies

Sigma Aldrich Chemie GmbH
SIGMA-AIldrich Chemie GmbH
Merck KG

Merck KG

ROTH GmbH

DCS Diagnostics

Sigma Aldrich Chemie GmbH

GE Healthcare
12



Oligomycin

pegGold Protein Marker V
Paraffin

pH stripes (range of 7.5 — 9.5)
Ponceau-S-Red

Protogel T™M

Phenol / Chloroform (AM9720)
(5:1 solution, pH 4.5, MB grade)
Rotenone

R6k Screen Tape (5067-5367)
Roti® Block, 10x

SDS

Sucrose

Sudan Black B

TES

TEMED

Tris

Trypsin (T6567 — proteomics grade)
TFA

Water, distilled

Water, nuclease-free

W-Cap Citrate Buffer pH 6.0
Xylene

5.2 Instruments and lab wares

Brushes, sizes 2 to 12 (L242.1)
BIO-RAD criterion™ Blotter
Centrifuges

- SpeedVac centrifuge RVC 2-18

- Ultracentrifuge Optima L70

- Lab centrifuge 1-15 PK and 5424R
Centrifuge tubes (15 ml and 50 ml)
Cell culture incubator (37°C)
Disposable plastic gel cassettes (1.5 mm)
FluorChem® HD2 (chemiluminescent
Imaging of immunoblots)
Filter paper for immunoblotting
Fluorescence microscope BZ-9000
Glas douncer - loose and thight pestles

Materials

Sigma Aldrich Chemie GmbH
Peglab

Sigma Aldrich Chemie GmbH
Machery Nagel
SIGMA-AIldrich Chemie GmbH
National Diagnostics

Sigma-Aldrich Chemie GmbH
Sigma Aldrich Chemie GmbH
Agilent Technologies

ROTH GmbH

Serva Electrophoresis

Merck KG

Sigma Aldrich Chemie GmbH
Sigma Aldrich Chemie GmbH
GE Healthcare

Merck KG

Sigma Aldrich Chemie GmbH
Sigma Aldrich Chemie GmbH
Sigma Aldrich Chemie GmbH
Life technologies

Biooptica

Sigma Aldrich Chemie GmbH

Roth GmbH
BioRad

CHRIST

Beckman

Sigma Aldrich and Eppendorf
BD Biosciences

Heraeus

Invitrogen

Alpha Innotech
Biorad
Keyence

Wheaton
13



HM 355 S Rotationsmikrotom
LTQ-Orbitrap XL

Nanodrop Spectrophotometer ND1000
Nano-HPLC Ultimate 3000

Nunc® CryoTubes® (1.8ml)

Petri dishes, cell culture grade
pH-Meter, Lab850

Plate spectrophotometer infinite M200
Shaker MS3 basic

Sonic bath S30H

StepONePlusTM Real-Time PCR System
SuperFrost®Plus glass slides
Stereomicroscope — Model Stemi 1000
Seahorse XF96

TapeStation, Lab901

Thermomixer compact

Voltage source, PowerPac Basic
Vacuum infiltration processor - V.I.P.5

5.3 Animals

C57BL/6NCrl, female (strain code: 027)

Crl:NMRI(Han), male (strain code: not available)

Materials

Microm

Thermo Fisher

PeqgLap

Dionex Softron GmbH
Sigma Aldrich Chemie GmbH
Greiner Labortechnik GmbH
Schott Instruments

Tecan

IKA

Elma

Applied Biosystems

Kobe Laborbedarf

Zeiss

Seahorse Bioscience
Genomax technologies
Eppendorf

Biorad

Sacura

Charles River, Germany
Charles River, Germany

Animals were bred at least 6 generations on the genetic background. C57BL/6NCrl

and Crl:NMRI(Han) mice will be named in the following sections only with C57BL/6

and NMRI mice, respectively.

5.4 Buffers and solutions

All dilutions / solutions were made with distilled water if not otherwise mentioned. All

reagents were in analytical quality.

Blocking buffer for immunoblotting

1x Roti?-Block solution using 10x Roti"-Block solution diluted in water

14



Materials

Blocking buffer for immunofluorescence
Goat serum 5% in PBS (v/v)

Electrophoresis buffer
1x RotiphoreseR solution from 10x Rotiphorese® solution diluted in water

Laemlli buffer (4x)

Tris-HCI, pH 6.8 240 mM

SDS 10 %
Glycerine 40 %
Bromphenolblue 0.08 %
Beta-Mercaptoethanol 20 %

PBS buffer

NaCl 99

Water up to 1000 ml

SDS-PAGE - Seperating gel (12 %)

Acrylamide / Bisacrylamide 30 % 3ml
Tris-HCI (1.5 M), pH 8.8 2.5ml
Water 4.35 ml
SDS (10 %) 100 pl
APS (10 %) (w/v) 50 pl
TEMED 5 pl

Stacking gel (4 %)

Acrylamide / Bisacrylamide 30% 0.5 ml
Tris-HCI (0.5 M), pH 6.8 1.26 ml
Water 3.18 ml
SDS (10 %) 50 pl
APS (10 %) (w/v) 25 ul
TEMED 5 pl
TBST (10 X)

Tris 4.24 g
Tris-HCI 26.0g
NaCl 80.0g
pH 7.5
Tween 20 10 ml

Water uptoll
15



Ponceau solution (0.2 %) for immunoblotting

Ponceau-S 19
Acetic acid solution (5% in water) 25 ml
Water 500 ml

Towbin-Buffer

Tris 3.03¢g
Glycine 14.4 ¢
Water 800 ml
Methanol up to 1l

Fixing solution for colloidal Coomassie blue dye (1

Methanol 500 ml
Acetic acid 120 ml
Water 380 ml

Coomassie Blue dye staining solution
0.4 % Brilliant Blue R
1x Fixing solution for colloidal Coomasie blue dye

Isolation buffer for synaptosomes and mitochondria

Sucrose (0.32 M) 109.5¢
Tris-HCI (10 mM) 1.58 ¢
EDTA-K (1 mM) 0.44¢

pH 7.4

water filedupto 11

Ficoll solution (20 %)
Ficoll (20 %) (w/v) 20g

Isolation buffer (IBS) up to 100 ml

Formalin fixation solution

Concentrated Formalin,

neutral buffered (7x) 100 ml
Water 600 ml
Fresh prepared

Stored at room temperature and light protected

Materials

0x)

(IBS)
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PEI (polyethylenimine) solution

Materials

PEI 1:30000 (v/v) in water (three dilution steps)

Geltrex solution
Geltrex

Assay buffer (SAS) for XF96 Seahorse

KCI 3.5mM
NaCl 120 mM
CaC|2 1.3 mM
KH.-PO, 0.4 mM
Na,SO,4 1.2 mM
D-Glucose 15 mM
Pyruvate 10 mM
BSA, fatty acid-free 0.4 % (w/v)
TES 10 mM
pH 7.4

5.5 Kits

DAB chromogen system (GV82511)

ECL™ Advance Western-Blotting Detection Kit
(RPN2232)

HistoMouse MAX Kit (87-9551)

ICPL triplex kit (39231.01),

ICPL quadruplex Kit (39232.01)

mirVana™ miRNA isolation kit (AM1560)

MoMap Kit (760-137)

RT? Profiler PCR Arrays

- PIBK-AKT Signalling Pathway (PAMM-0582)

- Synaptic Plasticity (PAMM-1262)

- Circadian Rhythms (PAMM-1532)

RestoreTM Plus Western-Blot Stripping Buffer (46430)
TagMan MicroRNA Reverse Transcription Kit
(4366596)

TagMan Univ. PCR Master Mix, No AmpErase UNG
(4324020)

Vector NovaRED Substrate Kit (SK-4800)
QuantiTect Reverse Transcription Kit (205311)

1:100 (v/v) in Isolation buffer (IBS)

Dako North American

Amersham Biosciences
Invitrogen Corporation

Serva Electrophoresis
Life Technologies
Ventana

Qiagen
Thermo Scientific

Life Technologies

Life Technologies
Vector Laboratories
Qiagen
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5.6 Antibodies

Table 1 and Table 2 show the antibodies used for immunoblotting and

immunohistochemistry / immunofluorescence with the appropriate secondary

antibodies.

Table 1: Antibodies used for immunoblotting

Source of primai Species of Dilution of Source of seconda Dilution of
Antigen antiboF:;I Y primary primary antibod v secondary
Y antibody antibody Y antibody
oat- donkey anti-goat IgG-
B-Actin Santacruz (sc-1616) po?yclonal 1 to 5000 HRP / Santa cruz (sc- 1 to 40000
2020)
rabbit - goat anti-rabbit IlgG-
Arc Abcam (ab118929) 1to 1000 HRP / Santa cruz (sc- 110 66667
polyclonal 2004)
hicken - goat anti-chicken IgG-
Cdc42 Abcam (ab106374) :ol;cclzzal 1t0 1000 | HRP /Santacruz (sc- | 1 to 40000
2428)
mouse - goat anti-mouse IgG-
COX IV subunit IV | Mitosciences (MS407) monoclonal 1 to 1000 HRP / Santa cruz (sc- 1 to 40000
2005)
bbit goat anti-rabbit lgG-
Cofilin Cell signalling (3312) p;?yck'u;al 1t0 1000 | HRP /Santacruz (sc- | 1 to 66667
2004)
rabbit - goat anti-rabbit IgG-
CREB Cell signalling (4820) monoclonal 1 to 1000 HRP / Santa cruz (sc- 1 to 66667
2004)
rabbit - goat anti-rabbit IlgG-
c-Fos Santa cruz (sc-52) polyclonal 1to 200 HRP / Santa cruz (sc- 1to 66667
2004)
mouse - goat anti-mouselgG-
Fascin Abcam (ab78487) monoclonal 1 to 500 HRP / Santa cruz (sc- 1 to 40000
2005)
mouse - goat anti-mouse IgG-
GAPDH Santa cruz (Sc-47724) monoclonal 1to 200 HRP / Santa cruz (sc- 1 to 40000
2005)
bbit - goat anti-rabbit lgG-
LIMK 1 Cell signalling (3842) p:l‘yck'mal 1t0 1000 | HRP /santacruz(sc- | 1 to 66667
2004)
rabbit - goat anti-rabbit IgG-
LsSD1 Cell signalling (2139) polyclonal 1 to 1000 HRP / Santa cruz (sc- 1 to 66667
2004)
. . . . goat anti-rabbit IgG-
Malondialdehyde Alpha diagnostic rabbit - 110 1000 HRP / Santa cruz (sc- 110 66667
(MDA) (MDA11-8) polyclonal 2004)
rabbit - goat anti-rabbit IgG-
phospho-CREB | Cell signalling (9191) polyclonal 1 to 200 HRP / Santa cruz (sc- 1 to 66667
2004)
. goat anti-rabbit lgG-
phospho- . . rabbit - _
IGFIRB/INSRE Cell signalling (3021) polyclonal 1to 1000 HRP IS;I;:;;:ruz (sc 1to 66667
bbit - goat anti-rabbit IgG-
phospho-RhoGDIq Santa cruz (sc-33047) p:l‘yck'mal 110200 | HRP/Santacruz (sc- | 1 to 66667
2004)
rabbit - goat anti-rabbit IgG-
phospho-Cofilin | Cell signalling (3311) polyclonal 1to 200 HRP / Santa cruz (sc- 1 to 66667
2004)
bbit goat anti-rabbit lgG-
phospho-LIMK1/2 [Santa cruz (sc-28409-R p;?yck'";al 110200 | HRP /Santacruz (sc- | 1 to 66667
2004)
rabbit - goat anti-rabbit IgG-
phospho-PAK1/2 | Cell signalling (2601) polyclonal 1 to 1000 HRP / Santa cruz (sc- 1 to 66667
2004)
rabbit - goat anti-rabbit IlgG-
PLP Santa cruz (sc-98781) polyclonal 11to 200 HRP / Santa cruz (sc- 110 66667
2004)
mouse - goat anti-mouse lgG-
Rac1 Abcam (ab33186) monoclonal 1 to 1000 HRP / Santa cruz (sc- 1 to 40000
2005)
rabbit - goat anti-rabbit lgG-
RhoGDIla Epitomics (2751-1) monoclonal 1to 1000 HRP / Santa cruz (sc- 1to 66667
2004)
goat anti-mouse lgG-
SNAP-25 Covance (SMI-81R) m?no;;:.;al 1t0 5000 | HRP /Santacruz(sc- | 1 to 40000
2005)
rabbit - goat anti-rabbit IgG-
TNFa Cell signalling (3707) polyclonal 1 to 1000 HRP / Santa cruz (sc- 1 to 66667
2004)
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Table 2: Antibodies used for immunohistochemistry and immunofluorescence

Source of prima Species of | Dilution of Dilution of
Antigen tib p dy vy primary primary Source of secondaryantibody secondary
antio antibody | antibody antibody
Goat Anti-Rabbit IgG, biotinylated (BA-1000-
. rabbit - Vector Laboratories) + avidin conjugated
Kig7 Abcam (ab15580) polyclonal 101000 horseradish immunoperoxidase (43-4423 Life 10750

technologies) + DAB chromegen system

Cy™3-conjugated AffniPure Fab Fragment Goat

MAP-2 Abcam (ab32454) rapbit- 110500 | Anti-RabbitlgG (H+L)/ JacksonlmmunoResearch | 110 100
pelyclenal
{111-167-003)
soluble immune complex of biotinylated secondary
and mouse primary antibody [MoMapKit (760-137,
NeuN | Millipore (MAB377) mg*:;’;znal 11010 Ventana}] + avidin conjugated horseradish 10 1000
immunoperoxidase (43-4423 Life technologies) +
DAB chromogen system
rabbit- Alexa fluor®488-conjug ated AffniPure Goat Anti-
PSD-95 Abcam (ab18258) polyclonal 1tc 1000 ([RabbitlgG (H+L}/ JacksonlmmunoResearch{111-] 110100

545-144)

5.7 Primers

The following primers (Life Technologies) for miRNA / mRNA quantification were
used:

mmu-miR-132 (ID000457)
mmu-miR-134 (ID001186)
mmu-miR-212 (ID002551)
SnoRNA135 (ID001239)

Tnfa (MmM00443260_g1)

Gapdh (Mm99999915 g1)
Mecp2 (Mm01193537_g1)
Limkl (Mm01196310_m1)
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5.8 Software and Databases

Adobe Photoshop CS

TotalLab TL100

Ingenuity Pathway analysis software
PANTHER classification system

UniProt

Proteome discoverer (version 1.3)
MASCOT search engine (version 2.3.02)
Ensembl mouse database

(version: 2.4, 56416 sequences)

Materials

Adobe Inc.
www.totallab.com
http://www.ingenuity.com
http://www.pantherdb.org
http://www.uniprot.org
Thermo Fisher

Matrix Science

Ensembl
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6 Methods

6.1 Irradiation of animals

a) NMRI mice

Experiments were carried out in accordance with the European Communitites
Council Directive of 24 November 1986 (86/609/EEC), after approval from the local
ethical committees (Uppsala University and the Agricultural Reseach Council) and by
the Swedish Committee for Ethical Experiments on Laboratory Animals.

Male NMRI mice were total body irradiated on postnatal day 10 (PND 10) with a
single exposure of gamma irradiation (*°Co, 0.025 Gy/min) at doses of 0 (sham),
0.02, 0.1, 0.5 and 1.0 Gy (Rudbeck Laboratory, Uppsala University). Dose
verification was done with an ionisation chamber (Markus chamber type 23343,
PTW-Freiburg) and was homogeneous within = 3 % over the 10 cm dish area where
mice were positioned during irradiation procedure. Neonates from each litter were
irradiated at the same time. Three litters were used within each irradiation group to
minimise litter effects. Irradiation of mice and dose verification was performed in
Uppsala by S. Buratovic, P. Eriksson and B. Stenerlow.

Mice were kept at Uppsala University until the age of 5 months and were sent then to
Helmholtz Centre Munich, Germany where they received a routine treatment for
intestinal parasites with lvomac (Merial, 0.03 mg/mouse, over 1 week) (Baumans et
al., 1988). At the age of 7 months, animals were sacrificed. Animals were kept at all

times under standard housing conditions.

b) C57BL/6 mice

Experiments were carried out according to protocol number 139-12-30 approved by
animal experiments committee dec-consult (EMCnr. 3018). Female C57BL/6 mice
were total body irradiated on postnatal day 10 (PND10) with a single exposure to
gamma irradiation (**’Cs, 0.082 Gy/min) at doses of 0 (sham), 0.1, 0.5 and 2.0 Gy

21



Methods

(Erasmus University Medical Center EDC [Erasmus Dierexperimenteel Centrum]).
The radiation field was homogenous within + 3 % as verified with a TLD-100
dosimeter. Three litters were used within each irradiation group to minimise litter
effects. Irradiation of mice and dose verification was performed in Rotterdam by S.
Sepe and P. Mastroberardino.

Animals were shipped to Helmholtz Centre Munich, Germany 1-2 weeks post-
irradiation and were kept under standard housing conditions. 4-5 weeks post-

irradiation and 6 months post-irradiation, mice were sacrificed.

6.2 Sacrifice of animals

Animals were sacrificed by CO, asphyxiation for immunohistochemistry and

immunofluorescence or cervical dislocation for all other studies.

6.3 Tissue sampling for isolation of total protein and RNA content

The isolated brains were placed into ice-cold PBS, rinsed carefully and dissected
using a stereomicroscope whilst being maintained on ice. Hippocampi and cortices
without meninges were separately sampled from each hemisphere, gently rinsed in
fresh ice-cold PBS and snap-frozen in liquid nitrogen for molecular studies and
stored at -20°C until analysis. For the isolation of intact synaptosomes from
hippocampi and cortices, samples were maintained chilled but not frozen until the

final isolation procedure (~ 5 hours ex vivo until frozen).

a) Isolation and determination of total protein con tent

Frozen hippocampi / cortices were homogenised in 6 M guanidine hydrochloride
(GnHCI) on ice using a manual plastic mortar. Homogenates were briefly vortexed
(1 minute), sonicated and pelleted by centrifugation (20000xg, 1 hour, 4°C). The

supernatants were collected and stored at -20°C before further use.
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Total protein content was determined in the supernatants using Bradford assay
(Bradford, 1976). The principle of this spectrophotometric method is based on an
absorbance shift of the Coomassie Brilliant Blue G-250 dye from its red (470 nm)
into its blue (595 nm) form under acidic conditions binding to proteins. The
absorbance of the samples at 595 nm wavelength was measured against a bovine
serum albumin (BSA) standard curve (concentrations of 0 (blank), 0.25, 0.5, 0.75,
1.0, 1.25, 1.5 and 2 mg / ml) dissolved in 1.2 M GnHCI. Volumes (5 ul) and GnHCI
concentrations were kept equal in all standard curve and biological samples.
Standard curve samples were measured in duplicate; biological samples in triplicate.
After adding 200 pl Bradford reagent to standards and biological samples, the assay
plate was incubated for 5 minutes at room temperature before spectrophotometric
measurement at 595 nm. Finally, the protein concentration in the biological samples
(mean of triplicate) was read via the standard curve constructed from the means of

the standard curve samples.

b) Total RNA isolation and RNA purity / concentrati  on determination

Total RNA from frozen hippocampi and cortices was extracted and purified by the
mirVana™ lIsolation kit using the manufacturer’s instructions. The samples were
homogenised by a manual plastic mortar in the kit manufacturer’s lysis buffer. After
addition of 1 / 10 (v/v) manufacturer's homogenate additive, the lysates were
incubated for 30 minutes on ice. Subsequently, an equal volume of acid-phenol /
chloroform mixture (5:1, pH 4.5) was added to the lysates at the same volume ratio,
vortexed for 1 minute and centrifuged (10000xg, 10 minutes, room temperature). The
aqueous upper phase containing total RNA was transferred to a new tube without
disturbing the lower organic phase. After mixing this transferred solution with an
equal volume of 100 % ethanol to precipitate the total RNA content, the solution was
transferred to the kit manufacturer’s filter cartridges and centrifuged (10000xg, 20
seconds, room temperature). After discarding the flow-through, the filters were
washed with 700 pl manufacturer’s wash solution 1 and centrifuged again (10000xg,
20 seconds, room temperature). The flow-through was again discarded and the

filters were washed twice with 500 pl manufacturer’'s wash solution 2/3 followed by
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centrifugation (10000xg, 20 seconds, room temperature) and the discard of flow-
throughs. Finally, the filter cartridges were transferred to a fresh tube and the bound
RNA was eluted with 50 pl nuclease-free water (preheated to 95°C) using
centrifugation (10000xg, 20 seconds, room temperature).

For both microRNA and mRNA expression studies the optical density (OD) ratio of
260/280 (260 nm: spectrophotometric absorbance of RNA; 280 nm:
spectrophotometric absorbance of proteins) from total RNA lysates from the brain
tissues was measured using a Nanodrop spectrophotometer. An OD ratio reflecting
high RNA purity ranges between 2.0 and 2.1 whereas lower ratios indicate
contamination with proteins. The obtained RNA integrity number (RIN) ranged
between 8.6 to 9.0 measured with R6k Screen Tapes (Agilent Technologies) by the
TapeStation device after manufacturer’s instructions. Eluates were stored at -20°C
until further analysis.

6.4 1D-SDS-PAGE gels — preparation and electrophore  sis

Protein lysates were resolved on 1D-SDS-PAGE (1 dimensional sodium dodecyl
sulfate-polyacrylamide gel electrophoresis) gels for mass spectrometry-based
proteome analysis and immunoblotting of single proteins. This procedure enables
the separation of proteins according to their molecular weight by denaturing and
complex formation with SDS (Laemmli, 1970). SDS leads to a high negatively
charged protein status regardless of original protein charge enabling the separation
of proteins according to their molecular weight. Disposable plastic cassettes were
used to cast the polyacrylamide gels. The separating gel solution (12 %) was
prepared first as described under section 5.4. After casting, the separating gel was
overlaid with isopropanol to exclude air and was incubated for 2 hours to allow
polymerisation. Subsequently, the isopropanol was discarded and the gel surface
was washed twice with water followed by gently blotting with filter paper. The
stacking gel (4 %) was prepared as described under section 5.4 and poured on top
of the separating gel. A 10 slot-plastic comb was carefully placed into the stacking
gel without generating air bubbles. After 2 hours incubation for final polymerisation,
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the gel cassettes were wrapped in wet tissue to prevent dehydration and stored at
4°C until used the next day. The combs were carefully removed and the wells rinsed
with electrophoresis buffer. The gels were placed in an electrophoresis chamber and
electrophoresis buffer added. Protein samples were incubated at 95°C for 15
minutes with Laemmli buffer as mentioned in section 5.4 at defined protein
concentrations, samples were briefly centrifuged (1000xg, 30 seconds, room
temperature) and transferred into the wells of the prepared gels. Each gel was run
with a lane containing the protein ladder molecular weight marker (2 pl in Laemmli
buffer) with the same volume as samples. A voltage of 90 V was used until the
tracking dye reached the separating gel. Thereafter, the voltage was increased to
120 V until the tracking dye reached the bottom of the gel. Subsequently, the plastic
cassettes were removed and the gels were processed for either mass spectrometry-
based proteome analysis (see section 6.5) or for the immunoblotting of selected

proteins (see section 6.7).

6.5 Mass spectrometry-based proteome analysis

a) Isotope coded protein label (ICPL) of proteins, 1D PAGE separation /
Coomassie Blue staining

Protein extracts from hippocampi and cortices were labelled with ICPL reagent after
manufacturer’s instructions (ICPL Triplex / Quadruplex Kit). The method is based on
the recent experiences gained using an ICPL Duplex approach at the Institute of
Radiation Biology, Helmholtz Centre Munich, Munich (Azimzadeh et al.,, 2013,
Barjaktarovic et al., 2011). The proteomic ICPL workflow is illustrated in Figure 2.
Briefly, individually protein lysates (50 pg in 20 pl of 6 M GnHCI from each cortex or
hippocampus) were adjusted to a pH of 8.5 by the addition of HCI (2 M HCI, 0.5 pl,
measured by pH stripes), followed by reduction with 0.5 ul manufacturer’s reduction
solution of disulphide bonds (30 min at 60°C) and subsequent carbamidomethylation
of sulfhydryl groups with 0.5 pl of manufacturer’s iodoacetamide solution.

25



Sham-irradiated
sample

Irradiated sample

l

l

Reduction and

alkylation of Cys-

Reduction and
alkylation of Cys-

Methods

residues residues
. ICPL-4,6 or 10
ICPL-0 labelling labelling

~ .

Combination

l

1D gel seperation,
proteolytic
digestion, LC-ESI-
MS/MS analysis

Figure 2: Schematic illustration of the ICPL proteomic approach work flow.

The protein samples from sham-irradiated and irradiated brain regions were reduced and alkylated before labelling with
ICPL-0 (for sham-irradiated samples) or ICPL-4/6/10 (for irradiated samples) depending on the study design. Detailed
information can be found in the text. Samples were mixed and further separated by 1D gel electrophoresis and tryptic
digested. The peptides were analysed by LC-ESI-MS/MS.

The labelling with the respective ICPL-reagents (ICPL-0, ICPL-4, ICPL-6 or ICPL-10
leading to a mass shift of 0, 4, 6 or 10 kDa, respectively) was performed by
incubating the reduced and carbamidomethylated protein mixture for 3 hours at 25°C
as following: for studies with NMRI mice, sham-irradiated samples were labelled with
ICPL-0, 0.02 Gy / 0.1 Gy exposed samples with ICPL-4 and 0.5 Gy / 1.0 Gy exposed
samples with ICPL-6, respectively. For C57BL/6 mice studies, sham-irradiated
samples were labelled with ICPL-0, 0.1 Gy / 0.5 Gy / 2.0 Gy exposed samples with
ICPL-4 / ICPL-6 / ICPL-10, respectively. Subsequently, the labelled samples from
each study were combined in the following order: sham - 0.02 Gy - 0.5 Gy and sham
- 0.1 Gy - 1.0 Gy (NMRI mice study); sham — 0.1 Gy — 0.5 Gy — 2.0 Gy (C57BL/6
mice study). Afterwards, the pH of the combined solutions was raised to 12 by

adding NaOH (2 M NaOH, 2 ul, measured by pH stripes). Samples were incubated
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for 20 minutes to hydrolyse esters potentially generated during the labelling
procedure. This step was followed by acidification by adding HCI (2 M HCI, 2 pul) to
restore the original pH of 8.5 verified by pH stripes. Finally, the ICPL labelled
proteins of the biological replicates were overnight precipitated with 80 % acetone in
water at -20 °C.

The biological replicates included animals drawn from at least three different litters.
ICPL-labelled precipitates were separated by 12 % SDS-polyacrylamide gel
electrophoresis as described in section 6.4 followed by Coomassie Blue staining.
The Coomassie dye molecules bind to proteins and form a dye-protein complex
allowing the visualisation of major protein bands. Gels were fixed for 30 minutes in
Fixing Solution (see section 5.4) followed by incubation in Coomassie Blue Dye
Staining Solution (see section 5.4) overnight at 4°C. On the next day, the
Coomassie-stained gels were destained with water until protein bands were clearly

distinguishable against the gel background.

b) In-gel digestion

For in-gel digestion to prepare samples for mass spectrometry-based analysis, the
individual gel lanes were excised and cut into six equal slices, destained and
trypsinised overnight as described recently (Merl et al., 2012). In-gel digestion was
done by S. Helm of the Protein Science Department, Helmholtz Centre Munich,
Munich, Germany. Briefly, each gel slice was destained with 200 pl 60 % acetonitrile
for 10 minutes, followed by a washing step with 200 pl water for 10 minutes. During
this step, the gel pieces are dehydrated and hydrated again that removes the
Coomassie staining dye; the gel pieces shrink and become white. This procedure of
dehydration and hydration was repeated until the gel pieces were completely
destained. Subsequently, the proteins were enzymatically digested within the gel
slices by adding 20 pl trypsin (0.01 pg/ul diluted in 50 mM ammoniumbicarbonat
solution) and incubated overnight at 37°C. On the next day, 2 pl of 0.5 %
trifluoroacetic acid (TFA) was added to inactivate trypsin. The supernatant was

collected and pooled with the eluates of repeated elution steps (2x) using 60 %
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acetonitrile / 0.1 % TFA. The pooled peptide eluates were dried completely in a
SpeedVac centrifuge and re-dissolved in 60 ul of 2 % acetonitrile / 0.5 % TFA in
water by incubation for 30 minutes at room temperature under agitation. The peptide
solutions were stored at -20°C until measurement via LC-MS/MS.

c) LC-MS/MS analysis

The LC-MS/MS runs were performed by S. Helm and C. von Toerne, Department of

Protein Sciences, Helmholtz Centre Munich, Munich, Germany.

Before loading the peptide samples on the LC-MS/MS device, the samples were
centrifuged for 5 minutes at 4°C. LC-MS/MS analysis was performed on a linear
qguadrupole ion trap (LTQ-Orbitrap XL - Thermo Fisher) equipped with a nano
electrospray ionisation spray (ESI) source (von Toerne et al., 2013). Briefly, pre-
fractionated samples were automatically injected and loaded onto the trap column
(Acclaim PepMap100, C18, 5 um, 100 A pore size, 300 pm ID x 5 mm p-Precolumn -
No 160454 [Thermo Scientific]) of the liquid chromatography system. After 5
minutes, peptides were eluted and separated on the analytical column (Acclaim
PepMap100, C18, 3 um, 100 A pore size, 75 pm ID x 15 cm, nanoViper - No 164568
[Thermo Scientific]) by reversed phase chromatography operated on a nano-HPLC
(Ultimate 3000, Dionex) with a nonlinear 170 min gradient with the following
gradients of acetonitrile in 0.1 % formic acid (FA) at a flow rate of 300 nl/min: 135
minutes of a 7% to 32% gradient and 10 minutes of a 32 % to 93 % acetonitrile
gradient. Between each gradient, the acetonitrile in 0.1 % formic acid (FA)
concentration was set back to starting conditions for 20 minutes. The mass
spectrometer was operated in the data-dependent mode switching automatically
between Orbitrap-MS and LTQ-MS/MS acquisition. Thus, from the MS pre-scan, the
10 most abundant peptide ions were selected for fragmentation in the linear ion trap
if they exceeded an intensity of at least 200 counts and were at least doubly
charged. During fragment analysis via collision-induced fragmentation, a high-

resolution (60,000 full-width half maximum) MS spectrum was acquired in the
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Orbitrap with a mass range of 300 to 1500 Da. Target peptides were dynamically
excluded for 30 seconds if already selected for MS/MS.

d) Identification and quantification of proteins

MS/MS spectra were searched against the ENSEMBL mouse database via the
MASCOT database with a mass error and fragment tolerance of 10 ppm and 0.6 Da,
respectively, including not more than one missed cleavage. Fixed modifications were
set to carbamidomethylation of cysteine and variable modifications to ICPL-0, ICPL-4
and ICPL-6, ICPL-10 for lysine (N-termini and side chain). Proteins were identified
and quantified based on the ICPL pairs using the Proteome Discoverer software
(Version 1.3 — Thermo Fisher). To ensure that only high-confident peptides were
used for protein quantification, the MASCOT percolator algorithm was newly
established. The percolator is an algorithm that improves the discrimination between
correct and incorrect spectrum identifications and gives a g value sizing the
statistical confidence assigned to each peptide-spectra-match (Brosch et al., 2009);
the g value was set to 0.01 representing strict peptide ranking. Thus, only the best
ranked peptides were used for quantification. Further, these peptides were filtered
against a decoy database resulting in a false discovery rate (FDR) of each LC-MS-
run; the significance threshold of FDR was set to 0.01 as well to ensure that only
highly confident peptides were used for protein quantification. Proteins from each
LC-MS-run were normalised against the median of all quantifiable proteins (minimum
protein count: 20). Proteins were considered to be significantly deregulated if they
fulfilled the following criteria: (i) identification by at least two unique peptides in n-1
biological replicates where n represents the number of biological replicates, (ii)
guantification with an ICPL-4/ICPL-0, ICPL-6/ICPL-0, ICPL-10/ICPL-0 variability of <
30 % in all biological replicates and (iii) a fold-change of =2 1.3 or < -1.3. The
threshold of +1.3 was based on the average experimental technical variance of 13.8
% from the multiple analysis of hippocampal and cortical technical replicates during
this work (Table 3).
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Table 3: Evaluation of the experimental technical variance

Three technical replicates from cortex and hippocampus at 0 Gy, 0.02 Gy and 1.0 Gy (NMRI mouse study) were individually
processed (ICPL labelling, 1D gel electrophoresis, tryptic digestion) and analysed via mass spectrometry under identical
conditions. The technical variance was calculated from the median ICPL-variabilities of all quantifiable proteins from the
three technical replicates. The samples were run under cyclic conditions meaning that each technical replicate from the
samples was measured first followed by the others to access the technical variance from a long measuring time.

Technical variance [%] Average technical variance [%]
Cortex 0.02 Gy 12.7
Cortex 1.0 Gy 8.9
. 13.8
Hippocampus 0.02 Gy 18.9
Hippocampus 1.0 Gy 14.7

Thus, a threshold of £1.3 enabled a confident quantification of protein changes.
Proteins showing borderline values for ICPL-value variability (30 %) and/or fold-
change (+1.3) were manually scrutinised and were regarded as significantly
deregulated if they fulfilled the following criteria: (i) MS/MS spectra showed a long,
nearly complete y- and/or b-series without gaps in the ICPL-pairs, (i) MS/MS signal
intensities of the proteins were at least three times higher than the noise and (iii) at
least one mass of an ICPL-modified lysine was included in the detected partial
fragment series. Further, proteins regarded as significantly deregulated after fulfilling
the first set of criteria were also manually investigated to prevent outliers and thus
false-positive hits.

6.6 Bioinformatics analysis of protein classes and affected signalling

pathways

Deregulated proteins were categorised into protein classes using PANTHER (Protein
Analysis Through Evolutionary Relationships) classification system software
(http://www.pantherdb.org) and the general annotation from  UniProt
(http://uniprot.org). The analyses of affected signalling pathways from all deregulated
proteins were performed with the INGENUITY Pathway Analysis (IPA)
(http://www.ingenuity.com) software tool that comprises curated information from
databases of experimental and predictive origin, enabling discovery of highly

represented functions and pathways from large quantitative data sets. To get
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information about affected signalling pathways, deregulated proteins with their
protein accession number and fold-changes were imported into the IPA core analysis
and IPA comparison analysis. The IPA comparison analysis takes into account the
signalling 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).

6.7 Immunoblotting

Hippocampal and cortical protein extracts (15 pug) were separated on 12 % sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) gels as described
in section 6.4 and transferred to nitrocellulose membranes via a BIO-RAD criterion™
Blotter at 100 V for 2 hours. The stacking gel was carefully peeled off from the
separating gel and the separating gel, filter paper, nitrocellulose membrane and
blotter foam pads were equilibrated in Towbin buffer for 15 min. Subsequently, the
separating gel was laid on top of a nitrocellulose membrane and both were placed in
the blotting apparatus between two stacks of filter paper with blotter foam pads on
both sides. The proteins electrophoretically transferred onto the nitrocellulose
membranes were stained with Ponceau-S for 5 minutes to evaluate protein transfer
quality followed by washing with water to remove all dye. Membranes were blocked
with Roti®-Block solution for 1 hour to prevent non-specific binding of antibodies and
incubated overnight at 4°C with primary antibodies diluted in Roti®-Block solution as
indicated in Table 1. On the next day, blots were washed for 3 x 15 minutes with 1x
TBST for 15 minutes each and incubated with appropriate horseradish peroxidase-
conjugated secondary antibody in 8 % milk made from skimmed milk powder diluted
in 1x TBST for 1 h at room temperature. After a washing step (3 times with 1x TBST
for 15 minutes each), blots were developed using the ECL system with a mixture of
Luminogen A and Luminogen B (ratio 1:1) solutions and chemiluminescence was

detected by an Alpha Innotech FluorChem HD2 device.

Nitrocellulose membranes were reused for primary antibodies that were derived from

different species or if proteins of interest had different molecular weights. Thus,
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membranes were stripped with Restore™ PLUS Western Blot Stripping Buffer for 20
minutes at room temperature followed by a washing step (3 times with 1x TBST for
15 minutes each) and blocking in Roti®-Block solution for 1 hour. Subsequently,
membranes were incubated overnight at 4°C with primary antibody dilution
suspended in Roti"-Block solution. Further steps were identical to that described
above.

GAPDH was not significantly deregulated either at the mRNA or protein level in any
sample and was therefore used as the loading control. Proteins from each irradiated
group were run on separate immunoblots with corresponding control samples under
identical conditions on the same day. Immunoblots were only considered for
guantification (TotalLab TL100 software — www.totallab.com) if the ratios between
control samples and endogenous GAPDH did not differ than maximal 10 % after
software-suggested background correction. Three biological replicates were used for
statistical analysis (unpaired Student’s t-test) with a significance threshold of at least
0.05.

6.8 Quantification of malondialdehyde-tagged protei n content

Detection of global lipid peroxidation was done by quantification of malondialdehyde-
tagged proteins and immunoblotting. 50 pg of total protein were used following
section 6.7. The immunoblot was performed with sham-irradiated samples and
irradiated samples (hippocampus) or sham-irradiated samples and 1.0 Gy-irradiated
samples (cortex) from all the different dose groups (n=4). Immunoblots were
considered for quantification if (i) the pattern and Ponceau-S-stained intensity of
lanes were equal on the blot and (ii) if the total lane intensity of malondialdehyde-
tagged proteins was similar in the biological replicates. Statistical analysis was

performed with unpaired Student’s t-test.

6.9 Gene expression analysis of pathway-focused gen  es

Hippocampal and cortical RNA isolates (100 ng) were used to quantify the

expression of 84 mMRNA’s related to synaptic plasticity, PI3K/Akt signalling pathway
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and circadian rhythm using the RT? Profiler PCR array (Qiagen) detecting one single
MRNA per well of a 96-well-plate. The assays were performed according to the
manufacturer’s instructions and included genomic DNA elimination, first-strand
cDNA synthesis, pre-amplification of cDNA target templates and real time PCR via

RT? SYBR Green Mastermix on a StepOnePlus device as indicated in Table 4.

Table 4: Workflow of gene expression analysis via RT? Profiler PCR arrays

Quantification of mRNA via RT profiler assay
Genomic DNA elimation
(5 minutes, 42°C)

Component Volume / reaction
Genomic Elemination
2ul
Buffer

100 ngin 8 ul nuclease-free
water

RNA

Reverse-ranscription (RT) reaction
(15 minutes, 42°C; 5 minutes, 95°C)

Component Volume / reaction
5x Buffer BC3 4l
Control P2 1yl
RE3 Reverse
. . 2ul
Transcriptase Mix
nuclease-free water 3ul
RNA, genomic DNA
L 0ul
eliminated

Preamplification
(10 minutes, 95°C; 12 cylces [15 seconds, 95°C;
2minutes; 60°C])

Component Volume / reaction
2
RT PreAmp.PCR 12,54l
Mastermix
2
RT Pre.Amp Pa.thway 7.5l
Primer Mix
c-DNA 5ul

Side reduction
(15 minutes, 37°C; 5 minutes; 95°C)

Component Volume / reaction
Side Reaction Reducer 2ul
c-DNA, preamplified 25 pl

Preparation of solution 1

Component Volume
2
RT" SYBR Green 1275 ul
Mastermix

c-DNA, preamplified 270l
and side-reduced K

nuclease-free water 1458 pl

Quantitative RT-PCR reaction
(10 minutes, 95°C; 40 cycles including cycling stage and
melt curve stage [15 seconds, 95°C; 1 minute, 60°C; 15
seconds; 95°C; 1 minute, 60°C; 15 seconds; 95°C])

Component Volume / well
Solution 1 25l 33
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Corresponding controls on each assay plate showed no detectable genomic DNA
contamination. The relative expression of each mRNA was normalised against the
median of all 84 target mMRNA’s on the same assay plate using the equation 2722,
where AACt = ACtiadiated — ACtsham and ACt = Ctiarget-mrna — Clmedian-of-84-target-genes- 1N€E
Ct-value is the number of cycles which are required for crossing the fluorescence
signal against a significant cycle threshold (Ct) within the exponential phase of the
guantitative polymerase chain reaction (QPCR) reaction. The Ct-value is inversely
proportional to the amount of the target mRNA in the original sample. Only Ct-values
< 32 were used for quantification. Three biological replicates from three different
litters were used within each group. Gene expression changes were considered
significant if they reached a p-value of < 0.05 and if they had a fold-change of = 1.2
or <-1.2. This threshold of £1.2 fold-change was based on the average experimental
technical variance (8.4 %) and biological variance (6.9 %) of a set of 14 overlapping

target mRNAs (Table 5).

Table 5: Evaluation of technical and biological variance of RT2 profiler arrays used for nRNA expression analysis
14 mRNAs overlapped between the “PI3K/Akt pathway” and “synaptic plasticity” RT? profiler arrays (Akt1, c-Fos, Igf1, Jun,
Mapk1, Nfkb1, Prkca, Rheb, Srf, Gusb, Hprt, Hsp90ab1, Gapdh and Actb). The corresponding technical replicates from in
total 3 biological replicates employed for the two different sets of arrays were used to calculate the median technical
variance, mean technical variance and finally the average technical variance (8.4 %). For this purpose, the same c-DNA
from 3 biological replicates was used. The biological variance was calculated from the standard deviation of the fold-
changes obtained from the three biological replicates in the two different sets of arrays giving the total variance of 15.3 %.
Thus, the biological variance can be calculated with 6.9 %.

Calculation of technical Median Median Median Mea_n Averafge
. . . . technical technical
variance replicate 1 | replicate 2 | replicate 3 . R
variance variance [%]
cortex 0.5 Gy 0.17 0.05 0.14 0.12
hippocampus 0.5 Gy 0.12 0.09 0.04 0.09 8.4
hippocampus 1.0Gy 0.09 0.07 0.06 0.08 '
cortex 1.0 Gy 0.03 0.03 0.09 0.05
Calculation of . Avera'ge
biological variance Median biological
g variance [%]
cortex 0.5 Gy 0.08
hippocampus 0.5 Gy 0.06 6.9
hippocampus 1.0Gy 0.07 '
cortex 1.0 Gy 0.07
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Thus, a threshold of +1.2 enables confident identification of changes in the gene
expression analysis as it overcomes the sum of both technical and biological
variance (¥1.20 * [8.4 + 6.9] / 100 = £0.19; 1.20 - 0.19 = 1.01; -1.20 + 0.19 = -1.01).
Data from overlapping gene targets arising from the use of different RT? profiler
arrays were only regarded being significantly deregulated if (i) they were consistently
up- or down-regulated and significantly changed and (ii) they had overlapping

confidence intervals.

6.10 Analysis of individual mMRNA expression

Total hippocampal and cortical RNA isolates (10 ng) were used to quantify the
expression of individual mMRNA’s using the QuantiTect Reverse Transcription Kit
following manufacturer’s protocol. Briefly, steps included a genomic DNA, reverse
transcription and real-time PCR (StepOnePlus device) via TagMan Universal PCR
Master Mix and Tagman-primers (mentioned in section 5.7) according to Table 6.
Potential contamination with genomic DNA was verified using same conditions
without reverse transcriptase but nuclease-free water; genomic DNA was not

detectable in any samples.

35



Methods

Table 6: Workflow of mRNA quantification

Quantification of mRNA

Genomic DNA elimation
(10 minutes, 42°C)

Volume /
Component R
reaction
genomic DNA Wipeout Buffer, 7x 2ul
10ngin 12l
RNA nuclease-free
water

Reverse-ranscription (RT) reaction
(30 minutes, 42°C; 3 minutes, 95°C)

Component Volun‘1e /
reaction
RT-master mix "Quantiscript
: " 1
Reverse Transcriptase
Quantiscript RT Buffer, 5x 4l
RT Primer Mix 1ul
RNA, genomic DNA eliminated 14 ul

Quantitative RT-PCR reaction
(40 cycles [2 minutes, 16°C; 1 minute, 42°C; 1 minute,
50°C), 1 cylce [5 minutes, 85°C])

Volume /
Component .
reaction
Master mix 5ul
nuclease-free water 2.5ul
primer of interest 0.5l
c-DNA 2ul

Expression of mRNA were calculated based on the 222" method, where AACt =
was performed against endogenous Gapdh. Changes were considered significance

if they reached a p-value of < 0.05 (unpaired Student’s t-test, n=3).

6.11 Analysis of miRNA expression

Total hippocampal and cortical RNA isolates (10 ng) were used to quantify miRNA"s
using TagMan MicroRNA Reverse Transcription Kit following manufacturer’s

protocol. Briefly, steps included reverse transcription and real-time PCR
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(StepOnePlus device) via TagMan Universal PCR Master Mix and Tagman-primers

(mentioned in section 5.7) according to Table 7.

Table 7: Workflow of miRNA quantification

Quantification of miRNA

Reverse-ranscription (RT) reaction
(30 minutes, 16°C; 30 minutes, 42°C, 5 minutes 85°C)

Component Volume / reaction

dNTPs 0.15 pl

10x buffer 1.5ul

Reverse transcriptase 0.5 ul

RNAse inhibitor 0.19 pl

nuclease-free water 9.16 ul
RNA (5ng/ul dilution) 2ul

primer of interest 1.5ul

Quantitative

RT-PCR reaction

Component Volume / reaction
Master mix 5ul
nuclease-free water 2.5l
primer of interest 0.5 ul
c-DNA 2 ul

Expression of miRNA were calculated based on the 222“* method, where AACt =
ACtiradiated — ACtsham and ACt = Ctiarget-mirna — Clsnornazs. Normalisation of miRNA
data was performed against endogenous snoRNA135 as used recently by Shaltiel et
al. for quantification of hippocampal miRNA’s (Shaltiel et al., 2013). Changes were
considered significant if they reached a p-value of < 0.05 (unpaired Student’s t-test,
n=3).

6.12 Immunohistochemistry

The procedure of formalin fixation and paraffin embedding, sections cutting, drying
and rehydration / dewaxing and immunohistochemistry was performed with technical
support by J. Mueller and D. Janik, Institute of Pathology, Helmholtz Centre Munich,

Munich, Germany.
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a) Formalin fixation and paraffin embedding

The isolated brains were removed and immediately transferred to formalin fixation
solution (at least 7x tissue volume of 3.7 % neutral buffered formalin) and kept for 2 -
3 days light protected at room temperature. Formalin crosslinks proteins and
inactivates tissue, stops proteolysis and stabilises the tissue for the following
dehydration and paraffination process. After formalin fixation, brains were washed
with water for 1 hour and samples were transferred to dehydration (Vacuum
infiltration processor - V.I.P.5 — Sacura) as indicated in Table 8. Subsequently,
dehydrated formalin-fixed samples were embedded in paraffin using plastic

containers and stored at room temperature until section cutting.

Table 8: Dehydration conditions of formalin-fixed tissue.
After each incubation with the reagent, the solution was aspirated and incubated with the next one

reagent time [h]
ethanol 70% 1
ethanol 70%
ethanol 80%
ethanol 96%
ethanol 96%
ethanol 100%
ethanol 100%
ethanol 100%

xylene

xylene
paraffin {60°C)
paraffin {60°C)
paraffin {60°C)
paraffin {60°C)

(R N R =N T T PR O N [ BNy S

b) Sections cutting, drying and rehydration / dewax ing

1 um-thick sections were cut from paraffin-embedded samples using a microtome.
The sections were laid into a warm water bath for complete unfolding of the cut
sections followed by capture of the sections onto glass slides. After a short drying of
the glass slides in air, the slides were put into a rack and stored at 60°C in an
incubator overnight to melt the paraffin from the sections and to prevent
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displacement of the brain sections from the glass slides during subsequent

rehydration / dewaxing procedure as shown in Table 9.

Table 9: Rehydration conditions of formalin-fixed paraffin embedded tissue sections on glass slides.
After each incubation with the reagent, the solution was dripped off and incubated with the next one

reagent time [min]
xylene 15
xylene 15
ethanol 96% 5
ethanol 96% 5
ethanol 70% 5
ethanol 70% 5
2
2

water

water

¢) Immunohistochemistry analysis of adult neurogenesis markers

After rehydration / dewaxing, the samples were heated in W-Cap Citrate Buffer pH
6.0 for heat-induced epitope retrieval (microwave: 450 W for 30 minutes, steamed-
pressure) followed by quenching of endogenous peroxidase by incubation with 3 %
H,0, in methanol (30 minutes at room temperature). Brain sections were incubated
overnight with a soluble immune complex of mouse primary antibody against NeuN +
biotinylated anti-mouse secondary antibody or with rabbit primary antibody against
Ki67 followed by incubation with biotinylated anti-rabbit secondary antibody as
shown in Table 2. The slides were incubated with avidin-conjugated horseradish
immunoperoxidase and were visualised with diaminobenzidine (DAB) according to
the manufacturer’s instructions. Semi-quantitative analysis of labelling was
performed on single sections. The number of positive cells for Ki67 in the
subgranular zone (SGZ) was determined and expressed per um? of dentate gyrus
(DG). To assess the neuronal density in the granule cell layer of the DG,
immunohistochemical staining for NeuN was performed. Counting was carried out in
a rectangular field of 4000 pm? in the suprapyramidal (SB) and infrapyramidal blade
(IB) and in the crest area (CR) of the DG. Cells touching the upper and left limits of
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the field where counted, whereas cells touching the lower and right limits where not
taken into account. The number of positive cells in any of the areas was recorded
separately and the mean from the three regions of each biological replicate was
used for statistical analysis.

All images were analysed using identical software settings. Statistical analysis
(Student’s t-test, unpaired) was performed with three biological replicates for
stainings with Ki67 and at least three biological replicates for NeuN stainings.
Differences were considered to be significant when p-values were <0.05.

6.13 Immunofluorescence

The method of sequential immunofluorescence as described here is a newly
established method in the laboratory.

Steps as mentioned in 6.12 a) and b) were identical for immunofluorescence. If not
otherwise mentioned, all incubation steps were performed in a humid chamber in the
dark. After rehydration / dewaxing, the tissue sections were heated in W-Cap Citrate
Buffer pH 6.0 (microwave: 450 W for 30 minutes, steamed-pressure) and washed
with PBS (3x). Auto-fluorescence was blocked with Sudan Black B solution (0.1 % in
70% ethanol [w/v]) (20 minutes, RT) followed by PBS washing (3x). After a goat
serum block with 100 pl (5 % in PBS, 30 minutes, RT — 0005-000-121,
JacksonimmunoResearch), slides were incubated with 100 pl MAP-2 primary
antibody solution overnight (4°C) followed by 100 pl Cy3-Fab-fragment 1gG
secondary antibody for 1 hour (4°C). After washing with PBS (3x), the same slides
were incubated with a 100 pl PSD-95 primary antibody overnight (4°C) followed by
100 ul Alexa-Fluor IgG secondary antibody for 1 hour (4°C, in dark of a humid
chamber) (Figure 3).
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Goat anti-rabbit
Cy3-Fab-fragmentlgG 2.

Goat anti-rabbit
Alexa-fluor IgG

Rabbit anti-mouse Rabbit anti-mouse
MAP-2 antibody L A A 3 psp-9s antibody

4

MAP-2 PSD-95

Figure 3: Workflow of sequential immunofluorescence of MAP-2 and PSD95 proteins.

The workflow consisted of incubation with rabbit anti-mouse MAP-2 antibody (1.) followed by a washing step and incubation
with secondary Cy3-labelled antibody (2.). After a washing step, rabbit anti-mouse PSD-95 antibody was incubated (3.)
followed by a washing step and secondary Alexa-fluor-labelled antibody incubation (4.)

Slides were nuclear stained with Hoechst 33258 (1:1000 in PBS [v/v]) and were
afterwards mounted with antifade fluorescence mounting medium. Sample
processing and analysis was done under identical conditions on the same day using
a fluorescence microscope. Each fluorescent label was excited and recorded
separately with only single channels and were afterwards merged with the software.
All images were analysed using identical software settings. The MAP-2 / PSD-95
intensity in the hippocampus and dentate gyrus was normalised against the Hoechst
intensity within this region. Three biological replicates were used for all cases.
Statistical significance was calculated with unpaired Student’s t-test and a p-value of
<0.05.

As both primary antibodies were raised in the same species leading to the use of
same species-dependent secondary antibodies for detection, it was necessary to
evaluate the different possible combinations of negative controls of the antibodies as
used during this workflow (Figure 3). Figure 4 represents the associated results

using the same biological sample from serial cuts.
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Negative MAP-2 + sec.
control Only MAP-2 || Only PSD-95 Ab’s

Figure 4: Images of sequential immunofluorescence from hippocampus to evaluate the different aspects of
negative controls of used antibodies.

“Negative control” — only secondary antibodies and Hoechst; “only MAP-2" — primary antibody against MAP-2, Cy3-Fab-
fragment 19G secondary antibody, Hoechst; “only PSD-95" — primary antibody against PSD-95, Alexa-fluor IgG secondary
antibody, Hoechst; “MAP-2 + sec. Ab’s” — primary antibody against MAP-2, Cy3-Fab-fragment IgG secondary antibody,
Alexa-fluor IgG secondary antibody, Hoechst. Images indicate specific binding of secondary antibodies (“negative control”),
binding sites of primary MAP-2 antibody are saturated via Cy3-Fab-fragment IgG (‘MAP-2 + sec. Ab’s”) and sequential
immunofluorescence is also working on single protein detection (“Only MAP-2" and “Only PSD-95"). Each fluorescent label
was excited and recorded separately with only single channels and were afterwards merged with the software

MAP-2

PSD-95

Hoechst

merged

First, only the secondary antibodies (“negative control”’) were added on the glass
slides (step 2, incubation and washing, step 4, incubation and washing, Hoechst —
[Figure 3]). The images show that the primary antibodies were necessary for efficient
binding of the secondary antibodies (Figure 4 — negative control). Next, it was tested
if the binding sites from the primary MAP-2 antibody were saturated from the Cy3-
Fab-fragment preventing false-positive results from additional Alexa-fluor IgG binding
to this complex. The images (“MAP-2 + sec. antibodies”) indicated that the binding
sites from the primary antibody against MAP-2 were saturated (Figure 4) (step 1,
incubation and washing, step 2, incubation and washing, step 4, incubation and
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washing, Hoechst — [Figure 3]); the observable PSD-95 signal (green dots) was
based on artefacts due to tissue folding as manually investigated under phase
contrast microscopy. Taken together, the sequential immunofluorescence procedure
detected only one epitope at each glass slide. The images (“Only MAP-2" [step 1,
incubation and washing, step 2, incubation and washing, Hoechst] and “Only PSD-
95” [step 3, incubation and washing, step 4, incubation and washing, Hoechst]
(Figure 4) showed that (i) immunofluorescence-based detection of MAP-2 and PSD-
95 worked also separately and (i) signal intensity of MAP-2 from “Only MAP-2"-

approach and “MAP-2 + sec. Ab’s” were comparable (Figure 4).

Thus, the workflow of sequential immunofluorescence as depicted in Figure 3 was
specific for the sequential quantification of the MAP-2 and PSD-95 proteins and
provides a confident evaluation of the synaptic proteins MAP-2 and PSD-95 in the

hippocampus.

6.14 Isolation and enrichment of synaptosomes and n  on-synaptosomal

mitochondria

The method to isolate / enrich synaptosomes and non-synaptosomal mitochondria
was established in the laboratory using the protocol of Kiebish et al. (Kiebish et al.,
2008) with slight modifications. Briefly, isolated brain tissues were transferred to a
precooled glass douncer tissue grinder. Tissues were homogenised in isolation
buffer (IBS) using 8 strokes with a “loose” and 8 strokes with a “tight” pestle. All
steps were done on ice. The homogenates were centrifuged (4°C, 1000xg, 5
minutes) and the supernatant containing synaptosomes / non-synaptosomal
mitochondria was collected. The residual pellet was resuspended and washed twice
with IBS by centrifugation (4°C, 1000xg, 5 minutes). Each time the supernatants
were collected. Subsequently, the pooled supernatants were centrifuged again (4°C,
1000xg, 5 minutes) and the supernatants were transferred to fresh tubes. The
supernatants were centrifuged (4°C, 14000xg, 15 minutes) to pellet non-
synaptosomal mitochondria / synaptosomes. The supernatants were discarded and
the pellets were resuspended in 3 ml ice-cold IBS and layered on a 12 % / 7.5 %
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discontinuous Ficoll gradient (4 °C). The gradient was ultracentrifuged (4°C,
73000xg, 36 minutes). The interfaces with myelin and synaptosomes and the pellet

of non-synaptosomal mitochondria are depicted in Figure 5.

IBS

— Myelin
7.5%

T Non-synaptosomal
mitochondria

— Synaptosomes

Figure 5: The gradient consists of a 12% / 7.5% / IBS containing brain homogenates to isolate synaptosomes and
non-synaptosomal mitochondria.

The myelin fraction was gently taken off to avoid contamination of the other fractions
and discarded whereas the synaptosomes layer was transferred to fresh tubes and
resuspended in IBS (1:3, v/v, final volume 2 ml). Next, the non-synaptosomal
mitochondria were collected as a pellet and gently resuspended using a fine brush in
IBS to a final volume of 2 ml. The synaptosomes / non-synaptosomal mitochondria
fractions were pelleted by centrifugation (4°C, 16000xg, 15 minutes) and the pellets
washed with IBS containing 0.5 mg/ml bovine serum albumin [(BSA), fatty-acid free].
Subsequently, the samples were centrifuged again (4°C, 16000xg, 15 minutes) and
washed with IBS. Finally, synaptosomes / non-synaptosomal mitochondria were
pelleted by centrifugation (4°C, 16000xg, 15 minutes), supernatants discarded and
pellets frozen (-20°C) until further analysis (proteomics of synaptosomes) or stored
on ice (measurement of mitochondrial respiration in synaptosomes) immediately
after isolation.

The following section describes two approaches used for the evaluation of the
synaptosomes intactness (mitochondrial respiration) and enrichment / purity quality

(immunoblotting) including the associated results.
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6.15 Evaluation of synaptosomes intactness and enri  chment quality

a) Mitochondrial respiration from non-irradiated sy naptosomes

Evaluation of the intactness of mitochondria within the synaptosome fraction (see
section 6.14) was first investigated using mitochondrial respiration measurement
(Seahorse XF96 analyzer, Seahorse Bioscience) from non-irradiated test animals.
As mitochondria are highly sensitive to changes to osmolarity or mechanical / shear
forces leading to disruption of both the mitochondrial potential and the mitochondria
themselves, mitochondrial respiration capacity is a good marker to measure
mitochondrial intactness within synaptosomes.

Mitochondrial respiration was performed under technical assistance by M. Kutschke
and M. Jastroch (Institute for Diabetes and Obesity, Division of Mitochondrial
Biology, Helmholtz Centre Munich, Munich, Germany).

Synaptosome preparation for mitochondrial respiration measurement was newly
established based on a protocol of Choi et al. (Choi et al., 2011) with slight
modifications. Briefly, one calibration and one sample plate were coated before use
with PEI polymer solution (100 pl/well) at room temperature overnight to avoid
effects from the plastic plate surface on the synaptosomes. On the next day, both
PEIl-coated plates were washed with isolation buffer and were incubated with Geltrex
suspension (100 pl) for 1 hour at 37°C enabling synaptosome attachment to the
bottom of the plate where mitochondrial measurement took place. Isolated
synaptosomes corresponding to 10 pg of total protein (measured via Bradford assay
as described above) were diluted with SAS to 200 pl and transferred to the sample
plate by centrifugation (200xg, 20 minutes at 4°C). 200 pl of manufacturer’'s
Calibrant was added to each well of the calibration plate. Before measuring the
sample plate with synaptosomes, the calibration plate was measured and the ports
were loaded and time-dependently injected following Table 10. After calibration, the
sample plate was incubated at 37°C for 10 minutes and transferred to the XF96
Analyzer for measurement under identical conditions as the calibration plate (Table
10).
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Methods

and the XF protocol.
The compounds were prepared as 10x stocks in DMSO.
Compound | Port | Concentration in port (10x) final concentration Inected volume
ADP A 40 mM 4mM 20
Oligomycin B 40 ug / ml 4 pg/ml 22
FCCP C 40 uM 4uM 25
Rotenone D 20 uM 2 uM 30
Antimycin A 20 uM 2uM
Command Time [min]
Calibrate
Meas.re 3.0
Mix 1.0
Meas.re 3.0
Mix 1.0
Inject Port A
Mix 1.0
Measure 3.0
Mix 1.0
Measure 3.0
Mix 1.0
Inject Port B
Mix 1.0
Measure 3.0
Mix 1.0
Inject Port C
Mix 1.0
MeasJre 3.0
Mix 1.0
Inject Port D
Mix 1.0
Measure 3.0

Results showed that the mitochondria within synaptosomes responded qualitatively
to the added chemicals by altering their oxygen consumption rate in a manner that is
typical for intact respiring mitochondria (Figure 6). It is noteworthy that the maximal
respiration was not higher than the expected basal respiration. Although the addition
of FCCP led to an increase in the oxygen consumption rate, the FCCP concentration
has to be increased in further experiments until the maximal oxygen consumption

rate can be determined to get quantitative information.
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Overall, the method can be used to isolate intact and respiratory-active mitochondria

from synaptosomes.
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Figure 6: Mitochondrial respiration using 10 pg of synaptosomal mitochondria from non-irradiated mice
hippocampi.

The added chemical substances are shown. The graph shows the mean with standard deviation from two technical
replicates. OCR: Oxygen Consumption Rate; FCCP: Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone); ADP:
Adenosine diphosphate. Mitochondria have a basal respiration capacity (red). Addition of oligomycin which inhibits ATP
synthase leads to reduction in the electron flow through the electron transport chain. However, the electron flow is not
completely inhibited as protons diffuse into the mitochondrial matrix via e.g. uncoupling proteins (UCPs), thus, ATP
production (green) and proton leakage (orange) can be calculated. Addition of the ionophore FCCP [Carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone] inhibits oxidative phosphorylation and leads to maximal mitochondrial respiration rate
(pink). Addition of Antimycin A / Rotenone inhibits Complex Ill leading to inhibition of oxygen consumption via Complex IV
and the synthesis of ATP in Complex V which gives information about the spare respiratory capacity (olive). Non-
mitochondrial respiration (blue) is characterised as the area between no oxygen consumption and spare respiratory
capacity.

b) Verification of the synaptosomes enrichment by i mmunoblotting

To evaluate the quality of synaptosome enrichment, subcellular fractions during the

isolation workflow were analysed by immunoblotting with protein markers of inner
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mitochondria membrane (Complex IV, subunit 1V), nucleus (LSD1 - lysine-specific
demethylase 1), myelin sheath (PLP - proteolipid protein), synaptosomal membrane
(SNAP25 - Synaptosomal-associated protein 25) and cytoskeleton (B-actin) (see
Table 1) using non-irradiated animals.

Results are depicted in Figure 7 indicating that, based on the synaptosomal marker
SNAP25, synaptosomes were enriched more than 2.5 fold (fraction f) compared to
total homogenate (a) and were separated from the non-synaptosomal mitochondria
(fraction e).
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Figure 7: Distribution of protein markers in subcellular fractions from mouse hippocampus using immunoblotting
for characterisation of synaptosome enrichment.
Subcellular fractions included total homogenate (a), supernatant with non-synaptosomal mitochondria and synaptosomes
after low spin centrifugation (b), crude non-synaptosomal mitochondria and synaptosomes pellet after high spin
centrifugation (c), myelin fraction from Ficoll gradient (d), non-synaptosomal mitochondria from Ficoll gradient (e) and
synaptosomes from Ficoll gradient (f); the workflow with its subcellular fractions is depicted in Figure 41 (Supplementary
information). Western blots were performed to determine the distribution of specific protein markers for the inner
mitochondria membrane (Complex IV, subunit 1V), nucleus (LSD1 - lysine-specific demethylase 1), myelin (PLP - proteolipid
protein), synaptosomal membrane (SNAP25 - Synaptosomal-associated protein 25) and cytoskeleton (B-actin). All lanes
correspond to 10 ug protein lysate, originating from a pool of three hippocampi from control mice. M: protein marker.
Ponceau staining was used to normalise the level of protein of interest against the total Ponceau-stained lane of each
loaded fraction. As data correspond to one technical experiment, no error bar is depicted.
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Furthermore, based on the mitochondrial marker Complex IV subunit IV, it was
possible to enrich non-synaptosomal mitochondria more than 5.0 fold (fraction e) and
synaptosomal mitochondria more than 2.0 fold (fraction f) compared to total
homogenate (fraction a). Nuclear debris, based on the presence of the protein
marker LSD1, was removed during the workflow. Cytoskeletal proteins, based on the
level of marker protein actin, were slightly enriched in the synaptosomal fraction
(fraction f). As filamentous actin represents the major cytoskeletal component in
dendritic spines to ensure morphological integrity (Bellot et al., 2014Db), the increase
in B-actin within the synaptosomal fraction is in good agreement. Importantly, myelin
contamination that was measured by the marker PLP was increased in the
mitochondrial fraction (fraction e) but was not detectable in the myelin fraction itself
(fraction d) compared to total homogenate (fraction a). However, there was no
enrichment in myelin in the synaptosomal fraction (fraction f) compared to total
homogenate (fraction a). The reason for that is unclear, but may be associated to its
highly hydrophobic properties attaching to plastic surfaces; during dissolution of the
non-synaptosomal mitochondria fraction, it may be eluted from the plastic surface
into the mitochondrial sample. Importantly, the protein marker intensities were
normalised against the total lane intensity from Ponceau-S staining; the total lane
intensities were similar in all the lanes (Figure 7) although visual inspection of the
Ponceau-stained bands of each lane may suggest a lower protein content in the

myelin fraction (lane d) (Figure 7).

In total, it was possible to isolate and enrich synaptosomes with their mitochondrial
content. The method can be applied to successfully isolate and purify synaptosomes
from brain regions. Similar approaches to isolate synaptic terminals were also

applied to study synaptosomes from Alzheimer’s cortex (Sokolow et al., 2012).
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7 Study design

In this work, two different mouse strains were used, namely male NMRI (outbred)
and female C57BL/6 (inbred) to obtain long-term radiation data from different strains.
The study designs are shown in Figure 8 with the methods applied at distinct post-
irradiation time points. 0.1 Gy and 0.5 Gy was used in both studies; 0.02 Gy did not
show any long-term alteration in signalling pathways in the NMRI mouse study, thus,
it was not used in the C57BL/6 mouse study. 2.0 Gy instead of 1.0 Gy was used to
get more information in the moderate-dose range used in radiotherapy such as
treatment of brain malignancies. Cobalt and caesium sources were used due to the
different availability in the two labs but both were y-rays. The slight discrepancies
within the follow-up time points were based on quarantine capacity limitations at the
Helmholtz Centre Munich, Munich, Germany. Moreover, female C57BL/6 mice were
used to overcome in part the quarantine capacity limitations as they can be housed
at higher number in the cages compared to male mice (territory demands). Further,
partly different assays were used due to its tedious nature (synaptosomes
enrichment, immunohistochemistry) but they were overall focussed to the context of

synapses.
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60Co (y-rays)
total body

7
—

PND10 7 months post-irradiation
Whole hippocampus and cortex
NMRI mice g g; ghaml
(male) - \ - Proteomics
0.1 Gy

(LC-MS/MS, immunoblotting)
- Transcriptomics
- Epigenetics (microRNA)
- Immunohistochemistry
- Immunofluorescence

0.5 Gy
1.0 Gy

137Cs (y-rays)

total body
PND10 4-5 weeks 6 months
C57BL/6 mice 0 Gy (sham) Whole hippocampus Whole hippocampus
(female) 0.1 Gy and cortex + synaptosomes and cortex + synaptosomes
0.5 Gy - Proteomics - Proteomics
2.0 Gy (LC-MS/MS) (LC-MS/MS, immunoblotting)

- Transcriptomics
- Epigenetics (microRNA)

Figure 8: Study designs of NMRI and C57BL/6 mice study.

For NMRI mice study, male mice were irradiated (°Co - y-rays — total body) with doses of 0 Gy (sham), 0.02 Gy, 0.1 Gy, 0.5
Gy and 1.0 Gy on PND10 at the Uppsala university — Department of Environmental Toxicology (S. Buratovic, P. Eriksson, B.
Stenerldw). Mice were shipped to Munich (Institute of Radiation Biology, Helmholtz Zentrum Miinchen) for molecular studies
in the hippocampus and cortex 7 month post-irradiation. For C57BL/6 mice study, female mice were irradiated ('37Cs - y-
rays — total body) with doses of 0 Gy (sham), 0.1 Gy, 0.5 Gy and 2.0 Gy on PND10 at the Erasmus Medical Centre —
Department of Genetics in Rotterdam (S. Sepe, P. G. Mastroberardino). Following irradiation, animals were shipped to
Munich (Institute of Radiation Biology, Helmholtz Zentrum Minchen) for the indicated molecular studies and targets using
whole hippocampus and cortex and isolated synaptosomes from whole hippocampus and cortex. PND: postnatal day; LC-
MS/MS: liquid chromatography tandem-mass spectrometry
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8 Results

Results from the NMRI mouse study

8.1 Radiation-induced changes in actin cytoskeleton -associated signalling

pathways are persistent in hippocampus and cortex

A cognition-based behaviour test of irradiated NMRI mice 2 and 4 months post-
irradiation showed that only mice exposed to 0.5 Gy and 1.0 Gy had cognitive
deficits but not at lower doses (spontaneous behaviour observation over 60 minutes
period of testing time in a novel environment) (personal communication with S.
Buratovic and P. Eriksson, University of Uppsala).

To obtain information about the alteration in cognitive performance due to radiation
exposure, a global quantitative proteome analysis by liquid-chromatography-mass-
spectrometry (LC-MS) was performed in these mice 7 month post-irradiation after
shipment of material to Helmholtz Centre Munich, Munich, Germany to quantify
deregulation in the protein composition. The cortex and hippocampus - important
brain regions for cognitive functions - were isolated 7 months post-irradiation and
used for LC-MS-based proteome analysis. The in-gel digestion and LC-MS/MS runs
on the mass spectrometer were done by S. Helm and C. von Toerne (Department of
Protein Science, Helmholtz Centre Munich, Munich, Germany). The protein
guantification illustrated a dose-dependency in the absolute number of significantly
deregulated proteins from the lower dose (0.02 Gy and 0.1 Gy) towards a plateau at
moderate doses (0.5 Gy and 1.0 Gy) (cortex/hippocampus: 0.02 Gy — 6/7, 0.1 Gy —
6/12, 0.5 Gy - 27/34, 1.0 Gy — 22/36) as shown in Figure 9 A and B in Venn
diagrams. The complete list of deregulated proteins is presented in Table 25 and
Table 26 (Supplementary information).
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6 27 12 34
6 0.1 Gy [C] 0.5 Gy [C] 22 7 0.1 Gy [H] 0.5 Gy [H] 36
0.02 Gy [C 1.0 Gy [C] 0.02 Gy [H 1.0 Gy [H]

Figure 9: Venn diagrams of deregulated proteins from cortex [C] (A) and hippocampus [H] (B) from global
proteomics approach.

Animals were exposed to 0.02 Gy, 0.1 Gy, 0.5 Gy and 1.0 Gy. H: n=4; C: n=5. The number above each dose shows the total
number of deregulated proteins at this dose

Importantly, the behavioural data from Uppsala indicated defects only at doses of 0.5
and 1.0 Gy (personal communication with S. Buratovic and P. Eriksson, University of
Uppsala), the deregulated proteins at these doses were partly overlapping and
distinct from the deregulated proteins induced by the two lower doses (Figure 9).
Table 11 shows the unique overlapping proteins between 0.5 Gy and 1.0 Gy in the
cortex and hippocampus, respectively. Importantly, the direction of the change of
proteins (up- and down-regulation) was consistent between these doses (Table 11).
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Table 11: Unique overlapping deregulated proteins between cortex and hippocampus at doses of 0.5 Gy and 1.0 Gy
with their fold-changes and variabilities.

The variability corresponds to the total variance in % from the fold-change of the protein of interest from all the biological
replicates used; n=5 (Cortex), n=4 (Hippocampus)

Distinct unique overlapping proteins between 0.5 Gy and 1.0 Gy - Cortex
n-fold | Variability n-fold

Variability [%]

# Symbol Entrez Gene Name change | [%] (0.5 |change (1.0 (1.0 Gy)
. (0.5 Gy) Gy) Gy) '

1| Coxgat | oyiochromec oxidase, 2.43 223 2.34 27.6
subunit VI a, pelypeptide 1

2 | Ugereq | ublauinol-cytochromee | 5 oq 215 1.92 27.1

reductase core protein 1

guanine nuclectide binding

3 Gnb2 protein (G protein), beta 2 1.49 1.8 1.42 278
guanine nuclectide binding

4 Gnbf protein (G protein), beta 1 1.43 135 1.33 158

5 Hnmpl heterogeneous nuclear 1 40 185 168 13.6

ribonucleoprotein L
Distinct unique overlapping proteins between 0.5 Gy and 1.0 Gy - Hippocampus

n-fold | Variability n-fold
# | Symbol Entrez Gene Name change | [%] (0.5 | change (1.0

Variability [%]

1.0G
(0.5Gy) | Gy Gy) fah)
RAP1, GTP-GDP
! | Rapigdsi dissociation stimulator 1 1.61 18.0 1.59 14.5
2 Ank2 ankyrin 2, brain 1.49 21.8 1.79 24.0
guanine nuclectide binding
3 Gnb2 protein (G protein), beta 2 1.37 35 1.35 6.4
guanine nuclectide binding
4 Gnbf protein (G protein), beta 1 142 6.6 1.37 46
5 | Cnript cannabinoid receptor 1.42 137 134 11.2
interacting protein 1
6 Tubb3 tubulin, beta 3 classlIl 1.33 78 1.41 7.0
7 Tubada tubulin, alpha 4A 1.32 7.9 1.36 9.3
SH3-domain GRB2-like
8 Sgip1 (endophilin) interacting -1.31 17.9 -1.30 27.5
protein 1
9 Necab? N-terminal EF-hand calcium 1 51 o5 5 152 8.3

binding protein 2

Only two proteins deregulated at 0.5 Gy and 1.0 Gy were found changed in brain
regions, namely the guanine nucleotide binding proteins beta 1 and beta 2 (Gnbl

and Gnb2) involved in G-protein coupled receptor signalling (Table 11). Annotation
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of the altered proteins into functionally defined protein classes demonstrated that a
number of changed proteins at 0.5 Gy and 1.0 Gy belonged to the protein class of
cytoskeleton / cytoskeleton-associated proteins (cortex - 0.5 Gy: 22 %, 1.0 Gy: 9 %;
hippocampus — 0.1 Gy: 20 %, 1.0 Gy: 16 %) (Figure 10 and Figure 11). However,
only one hit was found within this class at 0.02 Gy in the cortex but not in
hippocampus at 0.02 Gy and 0.1 Gy (Figure 10 and Figure 11). Table 25 and Table
26 (Supplementary information) show the proteins grouped into their respective
protein classes according to PANTHER classification software and information from
UniProt database. As cytoskeletal proteins are important in the morphology of cells
and synapses, these data indicated that there may be defects in these structures

particularly at 0.5 Gy and 1.0 Gy 7 month post-irradiation.

 others

m cytoskeleton / cytoskeleton-associated proteins

11—
90% - - -
80% - - - -
70% - B B B
R R 2 N D R Ll e Sl
50% - - - -
40% - - R -
30% - B B B
20% - - - - N -

AR ] e s O B

0% T
0.02 Gy [C] 0.1 Gy [C] 0.5 Gy [C] 1.0 Gy [C]

Figure 10: Comparable representation of the number of deregulated proteins from cortical global proteomics
approach (NMRI mouse study) grouped into the protein class cytoskeleton / cytoskeleton-associated proteins and
others.

The classes are 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; C: Cortex
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Wothers M cytoskeleton / cytoskeleton-associated proteins
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0.02 Gy [H] 0.1 Gy [H] 0.5 Gy [H] 1.0 Gy [H]

Figure 11: Comparable representation of the number of deregulated proteins from hippocampal global proteomics
approach (NMRI mouse study) grouped into the protein class cytoskeleton / cytoskeleton-associated proteins and
others.

The classes are 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; H: Hippocampus

Next, the Ingenuity Pathway analysis (IPA) software tool was used to identify the
long-term radiation-affected signalling pathways possibly affecting synapses by the
changes in observed protein levels. Thus, a comparison analysis from all the
deregulated proteins found at the different doses in the two brain regions was
applied. Figure 12 shows the associated signalling pathways involved which are
ephrin B / ephrin receptor signalling, signalling by Rho family GTPases, RhoGDI
signalling and axonal guidance signalling. Evaluation of these signalling pathways
showed that there were shared proteins including the small Rho family GTPases
Racl and Cdc42, the kinases PAK and LIMK1, and the actin-modulating cofilin
(Figure 40) (Supplementary information); all these proteins are regulating axonal

maturation, spine- and synapse-formation, maturation and neuronal morphology via
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regulation of actin polymerisation (Racl-Cofilin pathway) (Asrar and Jia, 2013,

Saneyoshi and Hayashi, 2012, Saneyoshi et al., 2010).

4418

|

Score: -log(p-value) 0,568

0.02 Gy [C]
0.1 Gy [C]
0.5 Gy [C]
1.0 Gy [C]
0.02 Gy [H]
0.1 Gy [H]
0.5 Gy [H]
1.0 Gy [H]

Ephrin B Signaling

Signaling by Rho Family GTPases
RhoGDI Signaling T
Axonal Guidance Signaling
Ephrin Receptor Signaling

Figure 12: Associated signalling pathways of all dose-dependent significantly deregulated proteins found by LC-

MS/MS analysis using the Ingenuity Pathway Analysis (IPA) software.
Higher colour intensity represents higher significance (p-value) whereas all coloured boxes have a p-value of < 0.05.

Hippocampal and cortical data result from four and five biological replicates, respectively. H: Hippocampus, C: Cortex

8.2 lonising radiation exposure impairs the Rac1-Co filin pathway

Both the cognitive studies (data of cognition-related spontaneous behaviour from
Uppsala University) and the protein profiling data (LC-MS/MS proteome analysis)
indicated detrimental effects on synapses only at doses of 0.5 Gy and 1.0 Gy. The
Racl-Cofilin pathway was characterised in more detail by immunoblotting, miRNA
and mRNA quantification at these two doses. Figure 13 shows the Racl-Cofilin
pathway (Saneyoshi et al., 2010, DerMardirossian et al., 2004) and its regulatory

network.
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Cell membrane AMPA-R = GPCR = NMDA-R
Racl: inactive \ l / CREB
(cytosol) pathway

LTP / LTD ————— > miR-132
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Rho-GDI p-Rho-GDI — Racl I p250GAP

¥
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PAK1/3 < Cdc42
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LIMK1 | miR-134
p+

cofilin p-cofilin

Actin ____ Spine/Synapse
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Figure 13: The Rac1-Cofilin signalling pathway.

Signalling from AMPA, NMDA and GPC receptors lead to activation (phosphorylation) of Rac1 via LTP / LTD (long-term
potentiation / long-term depression) associated signalling pathways. This leads to downstream activation (phosphorylation)
of PAK1/3, LIMK1 and final inactivation of cofilin via phosphorylation. Further, Cdc42 can also phosphorylate PAK1/3.
Associated microRNAs are the CREB-mediated miR-132 regulating Rac1 activity via modulation of a GTP hydrolysis protein
(p250GAP) and miR-134 suppressing LIMK1 levels. Rac1 activity is regulated via phosphorylation of RhoGDI releasing
Rac1 from RhoGDI inhibitory complex. The Rac1-Cofilin signalling pathway regulates in the end actin polymerisation and,
thus, spine / synapse morphology. The image is adapted after own publication (Kempf et al. — in preparation).

Irradiation with 0.5 Gy and 1.0 Gy significantly decreased Racl and LIMK1 protein
expression levels in the cortex and hippocampus (Figure 14 and Figure 15). As Racl
is an upstream negative regulator of cofilin, the levels of both cofilin and phospho-
cofilin were quantified. Phospho-cofilin is the inactive form of the protein that is
unable to disassemble actin filaments. A significantly marked increase in cofilin
levels in cortex and hippocampus at 0.5 Gy and 1.0 Gy was noted whereas levels of
phosphorylated cofilin were only slightly increased in the cortex at 1.0 Gy and slightly
decreased in the hippocampus at 0.5 and 1.0 Gy (Figure 14 and Figure 15). This
suggests imbalances in cofilin / phospho-cofilin ratios in hippocampus and cortex at
0.5 Gy and 1.0 Gy. Further, quantification of Cdc42 demonstrated an increase only

at 0.5 Gy in the hippocampus (Figure 14) correlating with the proteomics data
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showing at 0.5 Gy a fold-change of 1.66 (Table 26 [Supplementary information])
whereas Cdc42 protein levels were unchanged in the cortex at any dose (Figure 15).
Thus, these data may indicate a predominant role of the Rho GTPases Racl, but
with Cdc42 complementary in the hippocampus, in the radiation-induced long-term

alteration of cytoskeletal remodelling of the synapse.

Racl [H]

Cofilin [H] M

p-Cofilin [H] —— — ——

LIMK1 [H] S s 8 s
Cdc42 [H] “‘“—

GAPDH [H] s s s

2

1L B i e i,

n-fold change

Racl [H] Cdc42 [H] LIMK1 [H]

Cofilin [H] p-Cofilin [H]

Figure 14: Data from immunoblots associated to the Rac1-Cofilin pathway in hippocampus from sham-irradiated,
0.5 Gy and 1.0 Gy exposed mice.

The columns represent the fold-changes with standard errors of the mean (SEM) from three biological replicates. The
visualisation of protein bands shows the representative change from three biological replicates. *p<0.05; **p<0.01;
***p<0.001 (unpaired Student’s t-test). Normalisation was performed against endogenous GAPDH; H: Hippocampus
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Figure 15: Data from immunoblots associated to the Rac1-Cofilin pathway in cortex from sham-irradiated, 0.5 Gy

and 1.0 Gy exposed mice.
The columns represent the fold-changes with standard errors of the mean (SEM) from three biological replicates. The

visualisation of protein bands shows the representative change from three biological replicates. *p<0.05; **p<0.01;
***p<0.001 (unpaired Student’s t-test). Normalisation was performed against endogenous GAPDH; C: Cortex

Further characterisation of the Rac1-Cofilin pathway in the cortex by immunoblotting
demonstrated alterations in both expression and phosphorylation levels of RhoGDla,
PAK1/3 and LIMK1. The level of RhoGDIa in the cortex was slightly decreased at 1.0
Gy and unchanged at 0.5 Gy whereas the phosphorylated form was strongly
decreased at both doses (Figure 15) suggesting less active Racl in the cortex at

both doses as un-phosphorylated RhoGDIla keeps Racl in the cytosol and thus
60



Results of NMRI mouse study

inactive (Figure 13). Cortical levels of phosphorylated PAK1/3 were increased only at
1.0 Gy consistent with the strongly increased phospho-LIMK1/2 levels at 1.0 Gy
(Figure 15) reflected in the increased levels of phosphorylated cofilin at this dose
(Figure 15).

Immunoblotting analysis demonstrated a significant increase in cortical fascin levels
at both doses (Figure 15) and this was in accordance with proteomics data of fascinl
(Fscnl) levels at 0.5 Gy (0.5 Gy: fold-change of 1.53 - Table 25 [Supplementary
information]) whereas at 1.0 Gy, fascinl was not confidently quantifiable (1 unique
peptide); fascin plays an important role in the organisation of actin filament bundles
whereas cofilin may play a cooperative role in disassembly of filopodial actin
filaments as demonstrated in vitro (Breitsprecher et al., 2011).

LIMK1 was down-regulated without corresponding change in gene expression
(Figure 16) in both cortex and hippocampus at 0.5 Gy and 1.0 Gy. The microRNA
miR-134 is a well-known negative regulator of LIMK1 (Schratt et al., 2006) and
therefore, levels of miR-134 were determined in irradiated hippocampus and cortex.
Notably, the decrease of LIMK1 was paralleled by a significant increase in miR-134
levels both in cortex and hippocampus (Figure 17) implying a role of the increased
mir-134 in LIMK1 down-regulation. Importantly, evaluation of the levels of miR-132
and its tandem miRNA miR-212 showed a significant increase in hippocampus and
cortex at both doses (Figure 17). These miRNAs share a close sequence similarity
and they both are implicated in a number of neurocognitive disorders characterised
by aberrant synaptogenesis such as Alzheimer’s (Lukiw, 2007, Lau et al., 2013,
Wong et al., 2013).
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Figure 16: Data from Limk1 quantification associated to the Rac1-Cofilin pathway in hippocampus and cortex from

sham-irradiated, 0.5 Gy and 1.0 Gy exposed mice.
The columns represent the fold-changes with standard errors of the mean (SEM) from three biological replicates. *p<0.05;

*p<0.01; ***p<0.001 (unpaired Student’s t-test). Normalisation was performed against endogenous GAPDH, H:
Hippocampus, C: Cortex

n-fold change

miR-134 [H] miR-134 [C] miR-132 [H] miR-132[C] miR-212 [H] miR-212 [C]

Figure 17: Data from miRNA quantification associated to the Rac1-Cofilin pathway and synaptogenesis in

hippocampus and cortex from sham-irradiated, 0.5 Gy and 1.0 Gy exposed mice.
The columns represent the fold-changes with standard errors of the mean (SEM) from three biological replicates. *p<0.05;
**p<0.01; ***p<0.001 (unpaired Student’s t-test). Normalisation was performed against endogenous snoRNA135; H:

Hippocampus, C: Cortex

Taken together the changes in protein, RNA and miRNA levels all indicate the
dysregulation of the Racl-Cofilin pathway in the cortex and hippocampus after
irradiation of 0.5 Gy and 1.0 Gy even 7 months post-irradiation. Furthermore, these
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data are suggestive of an aberrant modulation of the actin filament polymerisation
process due to imbalances in the ratios of cofilin and phospho-cofilin that may play a
role in the neuropathological alteration of neuronal spine and synapse morphology
manifested by irradiation.

7.4 lonising radiation induces changes in synaptic proteins in the
hippocampus and dentate gyrus

To investigate the potential radiation-induced changes in synaptic density and
associated processes that are indicated by the observed alterations in the Racl-
Cofilin pathway, the level of the postsynaptic density protein 95 (PSD-95) and the
microtubule-associated protein 2 (MAP-2) were analysed using sequential
immunofluorescence. PSD-95 plays a key role in regulating synaptic plasticity via
NMDA receptors; MAP-2 is a neuron-specific cytoskeletal protein enriched in
dendrites and is implicated in determining and stabilising dendritic shape during
neuron development (Harada et al., 2002, Woods et al., 2011). Negative controls are
depicted in section 6.13 highlighting specificity and confident quantification of the
sequential immunofluorescence workflow. The quantification of MAP-2 and PSD-95
levels showed significant increases at 1.0 Gy both in hippocampus and dentate
gyrus (Figure 18).

These data indicate that ionising radiation can elevate the level of neuronal synaptic
proteins over a prolonged period.
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Figure 18: Data from sequential immunofluorescence from hippocampus (H) and dentate gyrus (DG) at different
doses.

The columns represent the fold-changes with standard errors of the mean (SEM) from three biological replicates. The
visualisation shows the representative intensity from three biological replicates of 0 Gy and 1.0 Gy regarding MAP-2 (red -
Microtubule-associated protein 2), PSD-95 (green - Disks large homolog 4 (DLG4)), Hoechst (blue) and merged intensity
within the hippocampal region. The MAP-2 / PSD-95 intensity was normalised against nuclear Hoechst intensity in the
region of interest as indicated by white dashes. *p<0.05; **p<0.01; ***p<0.001 (unpaired Student’s t-test). Each fluorescent
label was excited and recorded separately with only single channels and were afterwards merged with the software.
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7.5 Radiation-induced changes in
depression-dependent signalling cascades are associ
CREB-dependent neuronal signalling

long-term potentia  tion / long-term
ated with imbalances in

Structural changes to synapses lead to an altered neuronal activity pattern regulated
by transcription of immediate-early / -late response genes. Particularly, immediate-
early genes (IEG’s) are transcribed in the first minutes after a neuronal stimulation
event e.g. via neurotransmitters or growth factors (Kovacs, 2008).

To investigate such changes in irradiated brains, total RNA from hippocampus and
cortex were isolated and used to quantify mRNAs related to the above processes to
gain insight into radiation-affected synapses and the basal neuronal activity. The
expressions of several of the early response genes were mainly down-regulated in

the hippocampus (Table 12) and cortex (Table 13).

Table 12: Significantly changed expressed genes associated to the gene affiliation “Immediate-early response
genes and late response genes” from hippocampus at doses of 0.5 Gy and 1.0 Gy using RT2 Profiler PCR Arrays.
The table shows the genes which are significantly up-regulated or down-regulated with the fold-changes+SEM in brackets
and its p-value; *p<0.05; **p<0.01; **p<0.001 (unpaired Student’s t-test, n=3) after normalisation to the median of 84 target
genes from each assays plate. The grouping of genes into the gene affiliation is after manufacturer; genes which are in one
than one group arising according to the manufacturer were manually verified via literature

Hippocampus- 1.0 Gy
Gene symbol with fold-
changexSEM and p-
value

Hippocampus-0.5 Gy
Gene symbol with fold-
changexSEM and p-
value

Gene affiliiation Gene description Gene description

Nuclear factor of kappalight Plasminogen activator,

Immediate-early response genes and late response genes

polypeptide geneenhancer | Nfkbib (3.64+1.31)" tissue Plat (-1.24+0.02)™
in B-cells inhibitor, beta
CCAAT/enhancer binding CCAAT/enhancer binding

protein (C/EBP), beta

Cebpb (1.310.04)**

protein (C/EBP), beta

Cebpb (-1.34+0.10)"

Kruppel-likefactor 10

Kif10(-1.26+0.09)

Early growth response 3

Egr3 (-1.35:+0.06)

Homer homolog 1
(Drosophila)

Homer{ (-1.26+0.12)*

Homer homolog 1
(Drosophila)

Homer1 (-1.39+0.05)"*

Regulatorof G-protein

signaling 2 Rgs2(-1.27+0.05) Early growth response 4 Egr4 (-1.46+0.15)
. . Activity regulated
Ras h°m°;f§i§"”°h9d M| Rheb(-1.38+0.08) | cytoskeleta-associated |  Arc(-1.500.02)"
protein
Synaptopodin Synpo (-1.40+0.05)* Protocadherin 8 Pcdh8(-1.57+0.16)*

Nuclear factor of kappalight|

polypeptide gene enhancer
in B-cells 1, p105

Nfkb1(-1.42+0.06)"

Jun-B transcription factor

Junb (-1.65+0.17)

Early growth response 3

Egr3 (-1.590.12)

Early growth response 2

Egr2 (-2.800.06)"

Protocadherin 8

Pcdh8(-2.13+0.20)**

c-Fos transcriptionfactor

c-Fos(-3.33+0.21)™
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Table 13: Significantly changed expressed genes associated to the gene affiliation “Immediate-early response
genes and late response genes” from cortex at doses of 0.5 Gy and 1.0 Gy using RT2 Profiler PCR Arrays.

The table shows the genes which are significantly up-regulated or down-regulated with the fold-changes+SEM in brackets
and its p-value; *p<0.05; **p<0.01; **p<0.001 (unpaired Student’s t-test, n=3) after normalisation to the median of 84 target
genes from each assays plate. The grouping of genes into the gene affiliation is after manufacturer; genes which are in one
than one group arising according to the manufacturer were manually verified via literature

Cortex -0.5 Gy Cortex - 1.0 Gy

Gene affiliiation

Genedescription L

Gene symbol with fold-

hange+SEM and p-valus|

Gene description

Gene symbol with fold-
ichange+SEM and p-value|

Immediate-early response genes and late response genes

Synaptcpodin

Synpo (-1.22200EF

Serine/ tireonine-protein
kinase pim-1

Fim1 (1.68£0.31F

Betz nerve growth faclor

Ngf( 1.26+0.00)°

Matrix mctallopepidasc 9

I4mp0 (1 250 08)F

Mudlear faclur of kaopa gl

polypaptide gene enhancer Mfeht (-1 27+0 Dd4y* P65 transeristinn factor Rela (7 A+004)
in B-cels 1, p105
Neurotrcphin-3 N3 (-1.30£0.C7)" Homer protein homolog * |  Homer (-1.44+£002)"
Brainderived nerolropniz | - g4 3640 11y Inhibin bet-A Inhba (-1 45£0.39)"

fector

Early grewih response 3

Serine  threonine-protein
kinase pim-1

Eqri(-1.4/+0.197

Pim1 (-4 470,08

Early growth response 1

Early growth response 4

Ear1(-1.48+£0.10)

Egrd (-1.63£0.28)"

Inhibin beta A

Inhba ( 2.20+0.38*

Brain dzrved neuntrophic
factnr

Bdnf ( .60+0.03)"

Early growth response 3

Eqr3(-2.16£0.22)

Early growth response 2

Egr2 (-2.95+0.64)

c-Fostrenscriplion factor

¢-Fos (-3.520.23)™

Jun-B ranscription factor

Junb(-4.41£0.82)"

Activity regulzted
cytoske etal-azaociated

Arc (-5.2510 66)™

protein

Two genes, namely Arc and c-Fos were significantly decreased in both cortex and
hippocampus at 1.0 Gy but not 0.5 Gy (Table 12 and Table 13); lower doses were
not tested. This result was verified via quantification of protein expression
(immunoblotting) that also showed a decrease at the protein level both in the
hippocampus and cortex at 1.0 Gy (Figure 19). Importantly, it is generally accepted
that the IEG c-Fos is an important generic marker to access neuronal activity
(Kovacs, 2008) and the activity-regulated cytoskeletal-associated protein (Arc) is an
“effector” IEG that is induced by neuronal excitation and plays a fundamental role in
activity-dependent synaptic modifications at dendrites (Kovacs, 2008, Lyford et al.,

1995).
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Taken together, these results may indicate a reduced basal neuronal activity in the
cortex and hippocampus 7 month post-irradiation due to the overall reduction in

immediate-early response genes needed to react on neurotransmission efficiently.

(5\
QG\ '\.96\ QG\ “’9
Arc [C] — s Arc [H] "
c-Fos[C] W% Lo c-Fos [H] =
GAPDH [C] o s GAPDH [H] ===

L5 o

n-fold change

Arc [H] Arc [C] c-Fos[H] c-Fos [C]

Figure 19: Immunblots of Arc and c-Fos in hippocampus and cortex of sham-irradiated and 1.0 Gy irradiated mice 7

months post-irradiation.
The columns represent the fold-changes with standard errors of the mean (SEM) from three biological replicates. The

visualisation of protein bands shows the representative change from three biological replicates. *p<0.05; **p<0.01;
***p<0.001 (unpaired Student’s t-test). Normalisation was performed against endogenous GAPDH; H: Hippocampus, C:

Cortex

Further, both synaptic alterations and reduced neuronal activity as indicated by
reductions in the expression level of immediate-early / -late response genes may
lead in turn to changes in the neuronal receptor profile.

Gene expression quantification of a panel of 27 neuronal receptors (Table 35)
showed alterations mainly in the expression of G-protein coupled receptors for

glutamate (Grm’s) but also a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
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receptor (AMPA)-selective glutamate receptors (Gria’s) and N-methyl-D-aspartate
(NMDA) receptors (Grin’s) in hippocampus (Table 14) and cortex (Table 15) at 0.5
Gy and 1.0 Gy doses; lower doses were not tested as mass spectrometry-based
signalling pathway analysis did not indicate any changes at these doses.
Noteworthy, the gene expression of several G-protein coupled receptors was down-
regulated at 0.5 Gy in hippocampus (reduced levels of Grm3, Grm5, Grm8) (Table
14).

Table 14: Significantly changed expressed genes associated to the gene affiliation “neuronal receptors” from
hippocampus at doses of 0.5 Gy and 1.0 Gy using RT2 Profiler PCR Arrays.

The table shows the genes which are significantly up-regulated or down-regulated with the fold-changes+SEM in brackets
and its p-value; *p<0.05; **p<0.01; **p<0.001 (unpaired Student’s t-test, n=3) after normalisation to the median of 84 target
genes from each assays plate. The grouping of genes into the gene affiliation is according to the manufacturer; genes which
are in more than one group were manually verified via literature

Hippocampus - 0.5 Gy Hippocampus- 1.0 Gy
Gene symbol with Gene symbol with
Gene affiliiation Gene description fold-changetSEM | Gene description | fold-changetSEM
and p-value and p-value
Glutamate receptor, islutamate receptor,
ionotropic, NMDA2C Grin2¢ (1.32+0.02)" | ionctropic, NMDA2C | GrinZc (1.35£0.05)"
(epsilon 3) (epsilon 3)

Gamma-aminobutyric acid

(GABA) A receptcr, subunit|Gabrad (-1.25]+0.03 Gluiamate renfpfnr__ Gm4 (134+0 01)°
dlphia 5 metabotropic 4

Nerve growth factor

, s receptor (TNFR -
Grm3 {-1.31+0.03) superfamily, member Ngfr(-1.80+0.33)

16)

Glulamale reveplor,
metabotropc 3

Glutamate receptor,

metabotropc 5 Grm5(-1.31+0.03)

Glutamate rcoeptor,
ionotropic, NMDA2B | Grin2k ( 1.31+007)°
(epsilon 2)
Glutamate receptor,
ionatrapic, AMPA1 (alpha | GnaT (-1 36+0 03)
1)
Cannabinoid receptor 1
{brain)
Glutamate receptor,
metabotropc 8

Neuronalreceptors

Cnrt (-1.37+0.08)™

Grm8 (-173+0.15)"

Glutamate receptor,

ionotropic, AMPA2 (alpha | Gna2{ 1.84+0.18)™
2)

Nerve growth factor

receptor (TNFR Ngfr (-2.29+0 26)

superamly, member 16)

68



Results of NMRI mouse study

Table 15: Significantly changed expression of genes associated to the gene affiliation “neuronal receptors” from
cortex at doses of 0.5 Gy and 1.0 Gy using RT2 Profiler PCR Arrays.

The table shows the genes which are significantly up-regulated or down-regulated with the fold-changes+SEM in brackets
and its p-value; *p<0.05; **p<0.01; **p<0.001 (unpaired Student’s t-test, n=3) after normalisation to the median of 84 target
genes from each assays plate. The grouping of genes into the gene affiliation is after manufacturer; genes which are in one
than one group arising according to the manufacturer were manually verified via literature

Cortex- 0.5 Gy Cortex- 1.0 Gy

Gene affiliiation

Gene description

Gene symbol with
fold-change+*SEM
and p-value

Gene description

Gene symbol with
fold-change*SEM
and p-value

Glutemate receptor,
metabotropic 8

Grmé (-1.354£0.10)"

Glutamate receptar,
metabotropic 5

Grm5 (1.330.04)™

Glutamate receptar,
metabotropic 7

Gm7 (1.32+0 04)*

Glutamate receptar,

Gria3 (1.21£0.06)"

metabotropic 3
5-hydroxytryptamine
(serotonin) receptor 7

Hir7 (-1.25£0.10)*

Neuronal receptors

Prokineticin receptor 2| Prokr2 (-1.99+0.16)**

Immediate-early / -late response genes are transcribed from activated transcription
factors originating from the upstream signalling cascades regulated by neuronal
receptors and its expression / activation status. Widely accepted nuclear
transcription factors involved in learning and memory formation are the cAMP
responsive element binding protein (CREB) and cAMP response element modulator
(CREM) (Cortes-Mendoza et al., 2013, Greer and Greenberg, 2008). The crucial
event in the activation of CREB is the phosphorylation of Serl33 in the kinase-
inducible domain including consensus phosphorylation sites for Protein Kinase-A
(PKA), Protein-Kinase-C (PKC), calmodulin kinases (Camk’s) and casein kinases
(Csnk’s). All of them can either increase or decrease CREB activity (Johannessen
and Moens, 2007, Johannessen et al., 2004).

Gene expression analysis showed alterations in the modulators and upstream-
regulators of CREB such as protein kinases (Prk’s), adenylate cyclases (Adcy’s),
serine/threonine-protein kinases (Akt's), calmodulin kinases (Camk), and casein
kinases (Csnk’s) in both hippocampus (Table 16) and cortex (Table 17). Additionally,
significant changes in the expression of Crebl in the hippocampus (0.5 Gy: -1.30 1
Gy: -1.35) and Crem in the cortex (0.5 Gy: -1.24) and hippocampus (0.5 Gy: -1.38; 1
Gy: -1.26) were noted.
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As there are several forms of CREB protein, total CREB and phosphorylated CREB

(Ser133) levels were further quantified by immunoblotting. A markedly decreased

expression of total CREB protein accompanied with a slight increase in the

phosphorylated form of CREB was found in both hippocampus and cortex at 1.0 Gy

(Figure 20).

Table 16: Significantly changed expressed genes associated to the gene affiliation “Long-term potentiation / Long-
term depression (LTP/LTD)” from hippocampus at doses of 0.5 Gy and 1.0 Gy using RT2 Profiler PCR Arrays.

The table shows the genes which are significantly up-regulated or down-regulated with the fold-changes+SEM in brackets
and its p-value; *p<0.05; **p<0.01; **p<0.001 (unpaired Student’s t-test, n=3) after normalisation to the median of 84 target
genes from each assays plate. The grouping of genes into the gene affiliation is according to the manufacturer; genes which
are in more than in one group were manually verified via literature

Hippocampus- 0.5 Gy

Hippocampus-1.0 Gy

I e Gene symbol with folc- . Gene symbol with fold-
Gene affiliiation Gene description changeSEM and p-value Genedescription change£SEMand p-value
Adenylate cyclase 1 Adcy1(1.36+0.09) Kinesin family member 17 Kift7 (1.92+0 12)*

(LTP/LTD)

Long-term potentiation f Long-term depression

Src homalogy 2 demain-containing
transforming prokein G4

Snct (-1.27+0.02)"

Calcium/ealmaodulin-
denendeni prctein kinase |l
alpha

Camk2z (1.42+0.03)"

CAMP responsiveelement binding
protein 1

Creb1 (-1.300.14)

Protein <inase, CAMP
dependentregJlatory, type |
bela

Fricar1b (1.30x0.12)7

Casein kinase 2, alpha 1
polypeptide

CsrkZat (-1.34+0.11)

Protzin kinase C. beta

Prich (1.31+0.08)°

CAMP responsiveelemen
madulator

Crem | 1.38+0.06)™

Son of scvenless homolog 1

Soed (1.24£0.02)

Protein phosphatase 2 (formery
2A), caalytc subunit, glpha
izoform

PopZcs (-1.44+0 13)™

Protein phosphatase 1,
catalytic subunit algha
isoform

Pppica(-1.21+0.06)"

RAB3A, member RAS oncogzne

Rab3e ( 1.45:0.17)*

Calcium/cahmodulin-
dependent protein kinasc N,

Camk2b ( 1.23:0.04)"

family heta
Glutamate receptor interacting Grip1 (1 500.09 CAMP responsive slement Crem (1260 06
protein 1 modulator

Adenylate cyclase 3

Adcy8 (-1 59+0.06)"

Calcium/ealmaodulin-
denendeni prctein kinase |l
gamma

Camk2g(-1.310.05)"

Proten phosphatase 1, catalytic
subunit, alpha isoform

Pppics (-1.67+0.21)™

CAMP responsive element
binding protein 1

Crebd (-1.35+0.00)*

Calciam/calmodulin-dependent
protein kinase Il gamma

Camk2g (-1.68£0 18

Phosohatase and tensin
homolag

Pten (-4.38+0.03)°

Phosphatase and tensin homolog

Pten (-1.61+0.217™

Ccnserved helix-Hoop-helix
ubiguilous kinase

Chuk (-1.33+0.03F

Conserved helixJuop-helix

ubiquitous kinasze

Ciuk (-5.38+5.56)

GTPase Hras

Hras{ (-2.03£0.47)"
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Table 17: Significantly changed expressed genes associated to the gene affiliation “Long-term potentitiation /
Long-term depression (LTP/LTD)” from cortex at doses of 0.5 Gy and 1.0 Gy using RT2 Profiler PCR Arrays.

The table shows the genes which are significantly up-regulated or down-regulated with the fold-changes + SEM in brackets
and its p-value; *p<0.05; **p<0.01; **p<0.001 (unpaired Student’s t-test, n=3) after normalisation to the median of 84 target
genes from each assays plate. The grouping of genes into the gene affiliation is according to the manufacturer; genes which
are in more than in one group were manually verified via literature

Cortex -0.5Gy Cortex - 1.0 Gy
A . Gene symbol withfold- . Gene symbol with fold-
Gene affiliiation Gene description change+SEN and pvalue Gene description changeSEM and p-value

Phosphatidylinositol 3-kinase,
regulatory suhunit. polypepfide 2 Pik3r? (1 60+0 23)* Kinesin family member 17 Kir17 (1 89+0 15y

(p83 beta)
Racheluseme /TOICE O] a7 (13420061 | Ras-teldedprotein Reb3A | Reb3a (1.38:0.04)"
) ) Pratein phosphaiase 3,
Calcium/calmodulindependent | o 5. (1 254008 calalylic subunil, alpha Puu3ea (1.36+0.08)
protein kinase Il alpha ’
isaform
Calciumicalmodulin-
Protein kingse C, bela Prich (1.23+0.08)" dependent prolzin kinase |l Camk2g (1.32+0.07)"
gJamima

Prolein phusphalase 2 (formerdy Proeininteracting with C
24), catalytic subunit, alpha Pppica(-1.23£0.06)" ’ Aing Picki(1.20=0.04)

) kinase 1
isoform
CAMP responziveelement Crem (-1.2420.05)* Pratein kinase C. algha Prica(-123+0 05"
modulator

Protein phosphalase 1, calaylic Poptca(-132:0.10)* Milcgen-adiveled prolein Mapk3 (-1.23£0 047

suounit, alpha isaform kinase 3
Adenylare cyclase 8 AdesB (1 330,04y |CECITE BIAPITE) - Crizap (4.2320 06y
Ras-related protein Rab-3A Rab3a -1.3520.11)" Caseinkinase 1, alpha 1 Csnk el (-1.2410.03)™
Rac-gamma serine /theronine Metiianine

AKt3 (-1 440.09)"

Long-term potentiation/ Long-term depression (LTP/LTD)

Mat2a (-* 26+0.05)"

protein kinase adenosylransferase ll, alpha

Caseinkinase , alpha 1

Phosphatase and fensin homalog Pten (-1 45+0 10)* CarkZat (-1 29+0 R

polypeptide
Caseinkinase 2, alpha 1 Conk2a1 (-1 42=0 05 Nitric oxidz synthase 1, Nos1 (13320 04
polypeptide neuronal
Caseinkinase 1, epsilon Csnk1e (-1.35£0.08)
GTPaseHras Hras1(-2.87+0.48)™
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Figure 20: Immunoblotting of CREB and phosphorylated CREB in hippocampus and cortex of sham-irradiated and

1.0 Gy irradiated mice 7 months post-irradiation.

The columns represent the fold-changes with standard errors of the mean (SEM) from three biological replicates. The
visualisation of protein bands shows the representative change from three biological replicates. *p<0.05; **p<0.01;
***p<0.001 (unpaired Student’s t-test). Normalisation was performed against endogenous GAPDH; H: Hippocampus, C:

Cortex

Learning processes may be affected by changes in the circadian clock through
modulation of LTP / LTD signalling pathways (Nakatsuka and Natsume, 2014,
Chaudhury et al., 2005). Thus, gene expression analysis to quantify alterations in
circadian rhythm was performed in 1.0 Gy exposed mice as alterations in CREB and
p-CREB levels were detected at this dose in cortex and hippocampus.

Quantification of circadian clock genes showed significant alterations in 2 out of 14
genes (Table 35) in the cortex (downregulation of Arntl; upregulation of Bhihe41) and

4 out of 14 (Table 35) in the hippocampus (upregulation of Arntl2, Bhihe41, Perl,
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Cry2) at 1.0 Gy (Table 18). Further, quantification of a panel of 35 circadian-rhythm
regulated transcription factors / -regulated genes (Table 35) showed that 12 were
significantly changed in the cortex (upregulation: Tef; downregulation: Weel, Tgfb1,
Spl, Statba, Nr2f6, Npas2, Ccrndl, Cartpt, Prfl, Nfil3, Epo) and 2 in the
hippocampus (upregulation: Srebfl; downregulation: Epo) at 1.0 Gy (Table 18).

Table 18: Significantly changed expressed genes associated to the gene affiliation “circadian rhythm” from cortex
and hippocampus at doses of 1.0 Gy using RT2 Profiler PCR Arrays.

The table shows the genes which are significantly up-regulated or down-regulated with the fold-changes+SEM in brackets
and its p-value; *p<0.05; **p<0.01; ***p<0.001 (unpaired Student’s t-test, n=3) after normalisation to the median of 84 target
genes from each assays plate. The grouping of genes into the gene affiliation is according to the manufacturer; genes which
are in more than in one group were manually verified via literature

Cortex-1.0 Gy Hippocampus-1.0 Gy
ST Gene description I Gene description G::: ns yer:bSOEII':::c:OId-
affiliiation change+SEM and p-value affiliiation = =

value

Aryl hydrocarbon receptor

Thyrotroph embryonic factor Tef(1.30+£0.02)* nuclear translocator-ike 2

Amti2 (2.32+0 24)*

Basic helix-loop-helix family, member Bhihe41 (1.28+0.03) Basic helix-loop-helix Bhlhe41 (1.63£019)"

e41 family, member e41
= Sterol regulatory element
WEE 1 homolog 1 {S. pombe) Weet (-1.2120.03)" é binding transcription factor | Srebff (1.30+0.02)"*

c 1

Transforming growth factor, beta 1 T (4,220, 02)F b Period homolog 1 Pert (1 240 09)"
5 (Drosophila)

o L ) - Cryptochrome 2 .
Trans-adting transcription factor 1 Sp1 (-1.26+0.04) (photolyase-iike) Cry2(1.24+005)
Signaltransducer and actvator of | - giyga (4 4349 10y Erythropaetin Epo(-5.00+1 80

transcription 5A

Nuclear receptor subfamily 2, groupF,

member 6 Nr2f6 (-1.49+0.06)

Circadian rhythm

Neuronal PAS domain protein 2 Npas2 (-1.51+0.10)"

Aryl hydrocarbon receptor muclear

translocator-like Amil (-1.52+0.10)

CCR4 carbon catabolite repression 4-lke

(S corevisiae) Cerndl (-1.5520.02)

CART prepropeptide Cartpt (-2.04+0_33)"

Nuclear factor, interleukin 3, regulated Nfil3 (-2.20+0.16)"

Perforin 1 (pore forming protein) Prf1 (-4 22+1 07Y
Erythropoietin Epo (-5.12+41 25)

Due to the several changes of circadian clock genes showing significant expression
changes in the irradiated hippocampus, the CREB-miR-132-regulated chromatin
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remodelling gene Mecp2 (Methyl-CpG-binding protein 2) (Klein et al., 2007) was
guantified on gene expression level as an increase in miR-132 levels was noted at
0.5 Gy and 1.0 Gy in the hippocampus (Figure 17). The Mecp2 gene is a broad
transcriptional regulator by chromatin remodelling with implications in Rett syndrome,
a neurodevelopmental disorder; mutations in Mecp2 are a common genetic cause of
mental retardation (Heckman et al., 2014). Irradiation with 0.5 Gy and 1.0 Gy
induced a significant decrease in the mRNA expression level of Mecp2 in the

hippocampus (Figure 21); lower doses were not tested.

1.0 -

n-fold change

0.5 -

0.0 -

0Gy 0.5 Gy 1.0 Gy

Figure 21: Gene expression levels of Mecp2 in hippocampus at doses of 0, 0.5 Gy and 1.0 Gy.

Normalisation was performed against endogenous Gapdh,; columns represent the fold-changes with standard errors of the
mean (SEM) from 3 biological replicates; *p<0.05; **p<0.01; ***p<0.001 (unpaired Student’s t-test); H: Hippocampus, C:
Cortex

7.6 Irradiation impairs adult neurogenesis in the h ippocampus

A considerable amount of data has been obtained in the field of adult neurogenesis
and ionising radiation at relatively high doses (Rola et al., 2004a, Allen et al., 2013,
Raber et al., 2004, Mizumatsu et al., 2003) but neither at low doses nor after longer
follow-up time point.

Adult neurogenesis in the hippocampal region of subgranular zone (SGZ) of the
dentate gyrus (DG) was elucidated in more detail using immunohistochemistry. This
work was done under technical assistance with J. Mueller and D. Janik (Institute of
Pathology, Helmholtz Centre Munich, Munich, Germany). Proneural markers
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expressed during specific stages of adult neurogenesis from defined subpopulations
were used to characterise changes 7 month post-irradiation. These markers were
antigen Ki67 to quantify the number of proliferating progenitors and neuronal nuclear
antigen NeuN to quantify mature granule neurons (Namba et al., 2005).

A marked reduction of proliferating precursor cells in the DG labelled with Ki67 at
doses of 0.1 Gy, 0.5 Gy and 1.0 Gy was noted (Figure 22 A and B). Moreover,
quantification of NeuN*-cells demonstrated reductions of this population in the crest
area, suprapyramidal- and infrapyramidal-blade area of DG based on 4000 pm? of
counted areas (Figure 22 C and D). The combined data from these three subregions
showed significant dose-dependent reductions in the number of NeuN-labelled cells
at 0.1 Gy, 0.5 Gy and 1.0 Gy in the whole DG (Figure 22 C and D).

Importantly, mMRNA expression analysis of Bad — a cell death promoting gene -
indicated the absence of radiation-persistent apoptosis in both hippocampus and
cortex at 0.5 Gy and 1.0 Gy (Figure 23) suggesting that the observed alterations in
adult neurogenesis marker were not due to radiation-induced persistent apoptotic

cell death.
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Figure 22: Representative image of proliferating progenitor cells labelled with Ki67 (A) and mature neurons labelled
with NeuN (C) and relative quantifications (B, D).

NeuN* cells were counted in 4000 um?2 areas (in green). *p<0.05; **p<0.01; ***p<0.001 (unpaired Student’s t-test). Data are
reported as mean = S.E.M (n=3 for Ki67, n=3 for NeuN); DG, dentate gyrus; CR, crest area of dentate gyrus; SB,
suprapyramidal blade of dentate gyrus; IB, infrapyramidal blade of dentate gyrus
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5

n-fold change

mRNA of Bad [C] mRNA of Bad [H]

Figure 23: Evaluation of persistent radiation-induced apoptosis
Bad mRNA expression using RT2 Profiler PCR Arrays 7 month post-irradiation in hippocampus and cortex at 0.5 Gy and 1.0
Gy; n=3, error bars representing SEM, *p<0.05; **p<0.01; ***p<0.001 (unpaired Student’s t-test). Data were normalised to

the median of 84 target genes; C: Cortex; H: hippocampus

7.7 Radiation exposure induces neuroinflammation

Next, neuroinflammation was quantified within the hippocampus. It is known that
neuroinflammation plays a role in neurocognitive disorders such as Alzheimer’s and
in cognitive decline (Daulatzai, 2014).

As neuroinflammation is characterised by an increase of cytokines during
inflammatory responses, the cytokine TNFa was quantified both at gene and protein
expression level. An increased TNFa expression was noted in the hippocampus at
1.0 Gy whereas levels were unchanged at 0.5 Gy (Figure 24). This is consistent with

TNFa protein levels at 1.0 Gy (Figure 24).
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Figure 24: Gene expression analysis / immunoblots of TNFa within the hippocampus [H].
All data are reported as fold-change + S.E.M (n=3); *p<0.05; **p<0.01; ***p<0.001 (unpaired Student’s t-test). Data
normalisation was done against Gapdh (MRNA expression) and Gapdh (immunoblotting).

7.8 Radiation exposure may lead to changes in neuro  protective capacity

As neuroinflammation may increase oxidative stress (di Penta et al., 2013), the level
of total malondialdehyde-modified protein content was quantified as a marker for the
oxidative stress of lipid peroxidation. Reactive radicals produced under oxidative
stress cause oxidation of polyunsaturated fatty acids such as arachidonic acids in
lipid membranes (lipid peroxidation) and can elevate in that way modified proteins
such as malondialdheyde-modified proteins (Pizzimenti et al., 2013). As lipid
polyunsaturated fatty acids are highly enriched in synaptic membranes (Marza et al.,
2008), the quantification of malondialdehyde-modified proteins serves as a good

marker for the oxidative stress of lipid peroxidation. The method of immunoblotting

77



Results of NMRI mouse study

was used to get from several quantifiable bands a more detailed evaluation of the

malondialdehyde-modified protein content. The analysis demonstrated a significant

decrease at 1.0 Gy in the hippocampus (Figure 25) but not in the cortex (Figure 26).
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Figure 25: Immunoblot of total malondialdehyde (MDA)-tagged proteins within the hippocampus [H] at all doses.

The visualisation of protein bands shows the representative change from the biological replicates; MDA content
quantification was performed with 5 bands in the range of 35 kDa to 55 kDa after total lane normalisation in hippocampus.
All data are reported as fold-change + S.E.M (n=4 for immunoblotting against MDA content); *p<0.05; **p<0.01; ***p<0.001

(unpaired Student’s t-test)
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Figure 26: Immunoblot of total malondialdehyde (MDA)-tagged proteins within the cortex [C] at 1.0 Gy.

The visualisation of protein bands shows the representative change from the biological replicates; MDA content
quantification was performed with 6 bands in the range of 25 kDa and 70 kDa after total lane normalisation. All data are
reported as fold-change + S.E.M (n=4 for immunoblotting against MDA content); *p<0.05; **p<0.01; ***p<0.001 (unpaired
Student’s t-test)

The decrease of oxidative stress characterised by evaluation of malondialdehyde-
modified proteins is against the observation of increased neuroinflammation. It is
known that the IGF-1 pathway may reduce the level of oxidative stress (Grinberg et
al., 2012). Immunoblotting demonstrated an increase in the phosphorylation status of
insulin-like growth factor receptor B / insulin receptor B (IGF1RB / INSRB) in the
hippocampus at 1.0 Gy (Figure 27) indicative for activation of the IGFR1 / INSR

signalling pathway.
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Figure 27: Inmunoblots of phospho-IGF1RB / INSRB within the hippocampus [H]. The visualisation of protein bands
shows the representative change from the biological replicates. Data are reported as mean / fold-change £ S.E.M (n=3)

*p<0.05; **p<0.01; ***p<0.001 (unpaired Student’s t-test)
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Results from the C57BL/6 mouse study

Next, we wanted to investigate whether the radiation-induced alteration in the brain
were comparable in a different mouse model. For this purpose, we analysed
C57BL/6 female mice. Similar to the NMRI mouse study, C57BL/6 mice were
irradiated with 0 Gy (sham irradiated control), 0.1 Gy, 0.5 Gy and 2.0 Gy (total body)
on PND10; 2.0 Gy was used to mimic the radiation dose used in the fractionated
radiotherapy and thus get more clinically relevant information from side-effects.
Follow-up time points were 4 weeks or 5 weeks and 24 weeks post-irradiation to
trace the radiation-induced manifestation in synaptic signalling pathways in the
hippocampus and cortex. The animals were irradiated at the Erasmus Medical
Centre — Department of Genetics, Rotterdam (S. Sepe, P. G. Mastroberardino) and

were shipped to Helmholtz Centre Munich, Munich, Germany for molecular analysis.

7.9Radiation-induced changes in actin cytoskeleton -associated signalling

pathways are persistent in the hippocampus and cort ex

Global quantitative proteome analysis via liquid-chromatography-mass-spectrometry
(LC-MS) was performed to quantify alterations in hippocampal and cortical proteins
at 4 weeks and 24 weeks post-irradiation. Enzymatic protein digestion and
performance of LC-MS/MS runs were done by S. Helm and C. von Toerne
(Department of Protein Science, Helmholtz Centre Munich, Munich, Germany). The
deregulated proteins are depicted in Table 27, Table 28, Table 29 and Table 30
(Supplementary information). The protein quantification showed significantly
changed proteins at 4 weeks post-irradiation (cortex/hippocampus: 0.1 Gy — 9/4
proteins, 0.5 Gy — 31/24 proteins, 2.0 Gy - 14/10 proteins) and 24 weeks post-
irradiation (cortex/hippocampus: 0.1 Gy — 6/6 proteins, 0.5 Gy — 22/29 proteins, 2.0
Gy — 29/11 proteins) (Figure 28 and Figure 29). Interestingly, the overall highest
number of deregulated proteins was found at 0.5 Gy and that is quantitatively similar

to NMRI study (7 month post-irradiation: 34 deregulated proteins in hippocampus, 27
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deregulated proteins in cortex). Annotation of the deregulated proteins into protein
classes demonstrated that a large number of proteins were changed at later time
points at 0.5 Gy and 2.0 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 hippocampus (4 weeks — 0.5 Gy: 20 %; 2.0
Gy: 4 % and 24 weeks - 0.5 Gy: 17 %; 2.0 Gy: 33 %) that belonged to the protein
class of cytoskeleton / cytoskeleton-associated proteins (Figure 28 and Figure 29;
Table 27, Table 28, Table 29 and Table 30 [Supplementary information]). However,
doses of 0.1 Gy showed only some hits in this protein class mainly at 0.1 Gy in the

cortex 4 weeks post-irradiation.
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Figure 28: Comparable representation of the number of deregulated proteins from global proteomics approach
(C57BL/6 mouse study) at 4 weeks and 24 weeks post-irradiation in cortex grouped into the protein class
cytoskeleton / cytoskeleton-associated proteins and others.

The classes are 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; C: Cortex; n=6 in dose group
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Figure 29: Comparable representation of the number of deregulated proteins from global proteomics approach
(C57BL/6 mouse study) at 4 weeks and 24 weeks post-irradiation in hippocampus grouped into the protein class
cytoskeleton / cytoskeleton-associated proteins and others.

The classes are 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; H: Hippocampus; n=6 in dose group

Next, Ingenuity pathway analysis of all the deregulated proteins showed that the
signalling pathways ephrin B / ephrin receptor signalling, signalling by Rho family
GTPases, RhoGDI signalling and axonal guidance signalling were persistently
altered after radiation exposure at 0.5 Gy and 2.0 Gy 4 weeks and 24 weeks post-
irradiation (Figure 30). Importantly, signalling pathways were not significantly altered
24 weeks post-irradiation in cortex and hippocampus at 0.1 Gy dose. This
observation is comparable to NMRI mouse study showing defects at 0.5 Gy and 1.0
Gy in both brain regions.
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Figure 30: Associated signalling pathways to all deregulated proteins found in hippocampus and cortex 4 weeks
and 24 weeks post-irradiation using the Ingenuity Pathway Analysis (IPA) software.

Higher colour intensity represents higher significance (p-value) whereas all coloured boxes have a p-value of < 0.05.
Hippocampal and cortical data result from six biological replicates, respectively. H: Hippocampus, C: Cortex; n=6

7.10 Radiation-induced alterations in the Racl1-Cofi  lin pathway are persistent

in hippocampus and cortex

Next, using immunoblotting and miRNA quantification, the Racl1-Cofilin signalling
pathway was studied in more detail 24 weeks post-irradiation as this was the optimal
follow-up time point to evaluate potential persistent radiation-induced changes.
Figure 31 shows that Racl levels were significantly reduced in both hippocampus
and cortex (0.5 Gy and 2.0 Gy) correlating with mass spectrometry data (24 weeks:
hippocampus — 0.5 Gy: -1.31; 2.0 Gy: -1.39 and cortex — 0.5 Gy: -1.33; 2.0 Gy: -1.35
(Table 29 and Table 30 [Supplementary information]). Furthermore, proteomics data
showed that the reduced Racl protein levels post-irradiation were also found at 4
weeks (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 (Table 27 and Table 28 [Supplementary information]). In addition,
the downstream modulator cofilin was significantly increased in hippocampus (0.5
Gy and 2.0 Gy) and cortex (0.1 Gy, 0.5 Gy and 2.0 Gy) at the protein level (Figure
31). The phosphorylated form of cofilin was reduced only at 2.0 Gy in the cortex but

not in the hippocampus at any dose (Figure 31). Persistent reductions in Racl levels
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were similarly noted in the NMRI mouse study accompanied with imbalances in the

cofilin / phospho-cofilin ratios favouring cofilin.
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Figure 31: Data from immunoblots associated to the Rac1-Cofilin pathway in hippocampus and cortex from sham-
irradiated, 0.1 Gy, 0.5 Gy and 2.0 Gy exposed mice 6 month post-irradiation.

The columns represent the fold-changes with standard errors of the mean (SEM) from three biological replicates. The
visualisation of protein bands shows the representative change from three biological replicates. *p<0.05; **p<0.01;
***p<0.001 (unpaired Student’s t-test). Normalisation was performed against endogenous GAPDH; H: Hippocampus, C:

Cortex

Expression levels of miR-132 were significantly increased in both cortex and
hippocampus at all doses 24 weeks post-irradiation whereas miR-134 was
significantly increased in cortex (0.1 Gy, 0.5 Gy and 2.0 Gy). In hippocampus, miR-
134 levels were decreased at 0.1 Gy, unchanged at 0.5 Gy and increased at 2.0 Gy
(Figure 32). The overall increase in these two miRNAs is comparable with those

obtained from the NMRI mouse study.
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Figure 32: Data from miRNA quantification associated to the Rac1-Cofilin pathway in hippocampus and cortex from
sham-irradiated, 0.1 Gy, 0.5 Gy and 2.0 Gy exposed mice 6 month post-irradiation.

The columns represent the fold-changes with standard errors of the mean (SEM) from three biological replicates. *p<0.05;
**p<0.01; ***p<0.001 (unpaired Student’s t-test). Normalisation was performed against endogenous snoRNA135; H:
Hippocampus, C: Cortex

7.11 Radiation-induced changes in neuronal receptor expression and
processes in LTP / LTD signalling pathways

Similar to NMRI mouse study, alterations in the mRNA expression of neuronal
receptors and LTP / LTD signalling pathways were observed but only at 2.0 Gy 24
weeks post-irradiation in both brain regions; 4 weeks post-irradiation time point was
not analysed. Gene expression analysis demonstrated an increase in ephrin receptor
B2 mRNA expression (Ephb2) only in the cortex at the highest dose (2.0 Gy) but not
in the hippocampus (Table 19). Further, alterations in mainly G-protein coupled
receptors for glutamate (Grm’s) but also in a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor (AMPA)-selective glutamate receptors (Gria’s) and
N-methyl-D-aspartate (NMDA) receptors (Grin’s) in hippocampus and cortex only at
2.0 Gy were found but not at lower doses (0.1 Gy and 0.5 Gy) (Table 19). A number
of G-protein coupled receptors for glutamate were up-regulated in the cortex at 2.0
Gy (Grm1, Grm3, Grm4 and Grm7) whereas in the hippocampus, there was only one
significantly reduced mRNA at 2.0 Gy (Grm5) (Table 19).
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Table 19: Significantly changed expressed genes associated to the gene affiliation “neuronal receptors” from
cortex and hippocampus at 2.0 Gy using RT2 Profiler PCR Array “Synaptic plasticity”.
The table shows the genes which are significantly up-regulated or down-regulated with the fold-changes+SEM in brackets
and its p-value; *p<0.05; **p<0.01; ***p<0.001 (unpaired Student’s t-test, n=3) after normalisation to the median of 84 target
genes from each assays plate

Cortex - 2.0 Gy Hippocampus - 2.0 Gy
. Gene symbol with
Gene . Gene symbol with fold- Gene o
- +
affiliation Gene description change+SEM and p-value | affiliation Gene description fold-change+SEM and
p-value
Gamma-aminobutyric acid
Eph receptorB2 Ephb2(1.42:0.13)* (GABA) A receptor, subunit alpha| Gabra5(-5.74+1.72)**
5
4
Glutamat tor, ionotropi £ Glutamat tor, ionotropi
utamate receptor, ionotropic, . . - utamate receptor, ionotropic, o N
AMPA (alpha 4) Gria4(1.49:0.08) § AMPA1 (alpha 1) Gria1(-5.43+1.80)
®
]
2 S
= Glutamate receptor, ionotropic . 2 Glutamate receptor, ionotropic .
- 1 1 * O 1 l . *
E’- NMDA2A (epsilon 1) Grin2a(1.47+0.13) g AMPA2 (alpha 2) Gria2(-3.29+1.10)
a
®
15 Glutamate receptor, ionotropic, . Glutamate receptor, metabotropic
=] * _ *
5 NMDA2C (spsilon 3) Grin2c¢(1.37£0.11) 5 Grm5(-2.4310.69)
z

Glutamate receptor, metabotropic 1

Grm1(1.39:0.16)*

Glutamate receptor, metabotropic 3

Grm3(1.37+0.09)*

Glutamate receptor, metabotropic 4

Grmd (1.46£0.14)*

Glutamate receptor, metabotropic 7

Grm7(1.20£0.02)*

To verify if the changes in the neuronal receptor profile may affect intracellular

protein kinases and phosphates playing an important role in LTP / LTD processes, a

subset of these proteins were quantified on the gene expression level. This showed

that protein kinases and phosphates were only deregulated at 2.0 Gy but not at

lower doses (0.1 Gy and 0.5 Gy) in cortex and hippocampus 24 weeks post-

irradiation (Table 20) correlating with the observations on the altered neuronal

receptor profile quantification only at this dose.
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Table 20: Significantly changed expressed genes associated to the gene affiliation “Protein kinases and
phosphatases involved in LTP/LTD” from cortex and hippocampus at 2.0 Gy using RT2 Profiler PCR Array
“Synaptic plasticity”.

The table shows the genes which are significantly up-regulated or down-regulated with the fold-changes+SEM in brackets
and its p-value; *p<0.05; **p<0.01; ***p<0.001 (unpaired Student’s t-test, n=3) after normalisation to the median of 84 target
genes from each assays plate

Cortex - 2.0 Gy Hippocampus - 2.0 Gy
G bol with fold-
GERe Gene description S wlmlb bl e Gene description i:::vzszmw;nd u-
affiliation change+SEM and p-value | affiliation P Bex P
value
& . NN Protein phosphatase 1
[ B
§  |Troteinphosphatase | regulaiony (MBID) - poptrida 1.40:0.11 | g catalytic subunit, | Ppp7cc(-3.08+0.80)"
[ = a gamma isoform
-E_ B ﬁ- = |Proteinphosphatase 3,
o : Protein kinase C, alpha Prkca (1.2810.03)* 2 z catalytic subunit, alpha | Ppp3ca(-2.6710.80)*
&5 & isoform
B o= e e
23 &5
E g Protein kinase C, gamma Prkece(1.3040.05)" § £ |Proteinkinase C, alpha| Prkca (-2.71+0.73)"
% £8
gE =0 Protein kinase C
E Protein kinase, cGMP-dependent, type | Prkg1(1.33:0.02)** -E = ’ Prkcc (2.95+0.88)*
& g = gamma
a

Protein kinase, cGMP-

dependert, iype | Prkg1 (-2.37:0.64)

Taken together, the mRNA expression analysis of neuronal receptors and LTP / LTD
associated molecules showed only at 2.0 Gy in both brain regions alterations in the
C57BI/6 mouse study. However, changes of mMRNAs associated to these processes
were also seen at lower doses (0.5 Gy) during analysis in NMRI mouse study at 7

months post-irradiation in hippocampus and cortex.

7.12 Radiation exposure lead to persistent alterati  ons in synaptic proteins
affecting synaptic signalling pathways and synaptic mitochondria

To get more insight into the deregulation of signalling pathways associated with
synapses, synaptosomes were isolated from hippocampus and cortex samples at 5
weeks and 24 weeks post-irradiation followed by global mass spectrometry and

signalling pathway analysis using the Ingenuity software.
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a) Signalling pathways related to synaptic morpholo gy and plasticity are
affected by ionising radiation in isolated synaptos omes of hippocampus
and cortex

Isolated and enriched synaptosomes from hippocampus and cortex were used to
identify protein expression changes 5 weeks and 24 weeks post-irradiation at doses
of 0.1 Gy, 0.5 Gy and 2.0 Gy by mass spectrometry-based protein quantification
(ICPL approach). The isolation of intact and enriched synaptosomes was evaluated
with mitochondrial respiration by Seahorse XF analyser and immunoblotting. The
analysis showed that synaptosomes are intact and enriched after a workflow
involving differential centrifugation and a Ficoll gradient density (see section 6.15).
Mass-spectrometry based protein analysis was done with technical assistance
(enzymatic digestion of proteins, LC-MS/MS run performance) by S. Helm and C.
von Toerne (Department of Protein Science, Helmholtz Centre Munich, Munich). All
deregulated proteins identified from these experiments are listed in Table 31, Table
32, Table 33 and Table 34 (Supplementary information).

The protein quantification showed a dose-dependency in the number of significantly
deregulated proteins 5 weeks post-irradiation (cortex/hippocampus: 0.1 Gy — 47/59
proteins, 0.5 Gy — 43/64 proteins, 2.0 Gy - 106/106 proteins) and 24 weeks post-
irradiation (cortex/hippocampus: 0.1 Gy — 73/40 proteins, 0.5 Gy — 91/84 proteins,
2.0 Gy — 152/168 proteins) (Figure 33 and Figure 34) .
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Figure 33: Comparative representation of the number of deregulated proteins from global proteomics approach
(synaptosomes of C57BL/6 mouse study) at 5 weeks and 24 weeks post-irradiation in cortex grouped into the
protein class “cytoskeleton / cytoskeleton-associated proteins” and “others”.

The classes are based on information from the PANTHER software (PANTHER protein class) and UniProt-database. The
numbers within the columns represent the counts of proteins involved in this protein class. The number above the columns
represents the total count of deregulated proteins at this dose and brain region; C: Cortex; n=3 where each biological
replicate corresponded to a pooled sample from two animals
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Figure 34: Comparative representation of the number of deregulated proteins from global proteomics approach
(synaptosomes of C57BL/6 mouse study) at 5 weeks and 24 weeks post-irradiation in hippocampus grouped into
the protein class “cytoskeleton / cytoskeleton-associated proteins” and “others”.

The classes are based on information from the PANTHER software (PANTHER protein class) and UniProt-database. The
numbers within the columns represent the counts of proteins involved in this protein class. The number above the columns
represents the total count of deregulated proteins at this dose and brain region; H: Hippocampus; n=3 where each biological
replicate corresponded to a pooled sample from two animals
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Interestingly, the highest number of deregulated proteins was found at 2.0 Gy
independent of the time point and brain region. Notably, annotation of all the
deregulated proteins into protein classes demonstrated an overall dose-dependent
and time-dependent increase in proteins involved in the protein class cytoskeleton /
cytoskeleton-associated proteins particularly in the cortex (Figure 33 and Figure 34).
An increased number of proteins at 0.1 Gy were also noted to be involved in
cytoskeletal processes (Figure 33 and Figure 34). Notably, no single protein involved
in this class was found at 0.1 Gy in the NMRI mouse study whereas both whole
tissue and synaptosomes approach in C57BL/6 mouse study demonstrated
alterations.

Ingenuity pathway analysis from all deregulated proteins from isolated hippocampal
and cortical synaptosomes showed, that the signalling pathways ephrin B / ephrin
receptor signalling, signalling by Rho family GTPases, RhoGDI signalling and axonal

guidance signalling were affected after radiation (Figure 35).
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Figure 35: Associated signalling pathways of all significantly deregulated proteins from hippocampal and cortical
synaptosomes 5 weeks and 24 weeks post-irradiation using the Ingenuity Pathway Analysis (IPA) software.

Higher colour intensity represents higher significance (p-value) whereas all coloured boxes have a p-value of < 0.05.
Hippocampal and cortical data result from three biological replicates where each biological replicate represent a pool from
two mice. The radiation doses are shown. H: Hippocampus, C: Cortex

The results are highly comparable with the obtained data from whole tissue

approaches of both NMRI and C57BL/6 mouse studies suggesting that these
91



Results of C57BL/6 mouse study

signalling pathways may not be altered at 0.1 Gy at the latest time point. Importantly,
compared with the analysis of synaptosomes (Figure 33 and Figure 34), the number
of proteins affiliated at 0.1 Gy in cytoskeletal processes may not cluster in significant
alterations of synaptic signalling pathways (Figure 35). Further, an altered protein
profile for neuronal receptors was notable (Table 21). Particularly in the cortex, ion
channels for calcium, sodium or potassium were differentially expressed at all doses
whilst changes in the expression of a number of glutamate receptors (NMDA
receptors and metabotropic glutamate receptors) were observed also at all doses
(Table 21).

Table 21: Significantly deregulated proteins involved as neuronal receptors during mass spectrometry-based
proteomics of cortical and hippocampal synaptosomes at doses of 0.1 Gy, 0.5 Gy and 2.0 Gy 24 weeks post-
irradiation.

The table shows the protein name and fold-change and variability. Data resulted from three biological replicates where each
biological replicate represents a pool of two samples

Neuronal receptors - 0.1 Gy - cortical synaptosomes - 24 weeks Neuronal receptors - 0.1 Gy - hippocampal synaptosomes - 24 weeks
nfold | Variability n-fold R
# Symbol Entrez Gene Name change %] # Symbol Entrez Gene Name change Variability [%]
glutamate receptor,
1 Grm2 metabotropic 2 279 20.0
potassium voltage-gated
2 Keng2 channel, subfamily Q, 1.54 av
member 2
sodium channel, voltage-
3 Scn2al gated, type Il alpha 1 1.40 51
gamma-aminobutyric acid
4 Gabbr1 (GABA) B receptor, 1 1.38 15.9
: glutamate receptor,
5 Grin ionatropic, NMDA (zeta 1) 138 197
calcium channel, voltage-
6 Cacng dependent, gamma subunit 8 1.33 51
Heuronal receptors - 0.5 Gy - cortical synaptosomes - 24 weeks Heuronal receptors - 0.5 Gy - hippocampal synaptosomes - 24 weeks
nfold | Variability n-fold N
# Symbol Entrez Gene Mame S [ # Symbol Entrez Gene Name chang Variability [%]
glutamate receptor, - glutamate receptor, .
! Grmz2 metabotropic 2 202 28 1 Gria' ionatropic, AMPAI (alpha 1) 134 8.7
potassium voltage-gated
2 Kenab2 channel, shaker-related -1.38 1.8
subfamily, beta member 2
Neuronal receptors - 2.0 Gy - cortical synaptosomes - 24 weeks Neuronal receptors - 2.0 Gy - hippocampal synaptosomes - 24 weeks
# Symbol Entrez Gene Name c“’;?_llge Vr};?ilily # Symbol Entrez Gene Name rl;'__fm:j Variability [%]
calcium channel, voltage-
1 |cacnazd1| dependent. alphaz/deita | 151 116 1 Grin1 ionﬁlﬂ‘ﬁg"ﬁ?\;giﬁp{‘;&a 3| 141 292
subunit 1 pe.
potassium voltage-gated calcium channel, voltage-
2 Kecng2 channel, subfamily Q, 1.34 7.5 2 Cacngd " dent 2 subunit 8 -1.42 4.5
member 2 ependent, gamma subuni
potassium voltage-gated
3 Kcnab2 channel, shaker-related -1.44 41
subfamily, beta member 2
: glutamate receptor, ~
4 Grint ionatropic, NMDAT (zeta 1) 181 20 97
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Additionally, mass spectrometry-based proteomics of synaptosomes demonstrated

that protein kinases and —phosphatases associated to LTP / LTD signalling were

deregulated in the cortex and hippocampus 24 weeks after radiation exposure at
doses of 0.1 Gy and 0.5 Gy, but mainly at 2.0 Gy (Table 22).

Table 22: Significantly deregulated proteins involved as protein kinases or protein phosphatases in LTP / LTD
processes identified by mass spectrometry-based proteomics of cortical and hippocampal synaptosomes at doses
of 0.1 Gy, 0.5 Gy and 2.0 Gy 24 weeks post-irradiation.
The table shows the protein name and fold-change and variability. Data resulted from three biological replicates whereeach
biological replicate represent a pooled sample from two mice

synaptosomes - 24 weeks

Protein kinases and phosphatases involved in LTP and LTD - 0.1 Gy -curticall Protein kinases and phosphatases involwved in LTP and LTD - 0.1 Gy -
hippocampal synaptosomes - 24 weeks

# Symbol Entrez Gene Name c';:';';ﬁ V"’;‘;""" # Symibol Entrez Gene Name c';:';';ﬁ Wariability [3]
. |proteinkinase, cAMP dependent] . protein kinase, cAMP .
! Priart regulatory, type || beta 1.33 203 ! Pricace dependent, catalytic, beta 198 18.8
protein tyrosine
phosphatase, receptor
2 Ppfia3 type, f polypeptide 1.34 11.8
{PTPRF}. interacting
protein {liprin}, alpha 3

Protein kinases and phosphatases involwved in LTP a

synaptosomes - 24 weeks

nd LTD - 0.5 Gy - cortical

| Protein kinases and phosphatases involved in LTP and LTD - 0.5 Gy -
hippocampal synaptosomes - 24 weeks

dependent, catalytic, beta

dependent, catalytic, beta

n-fold Variability n-fold -
# Symbaol Entrez Gene Name change ] # Symbaol Entrez Gene Name change Wariability [3]
1 Priach protein kinase, cAMP 438 257 1 Fricach protein kinase, cAMP A 15.1

Protein kinases and phosphatases involwved in LTP a

synaptosomes - 24 weeks

nd LTD - 2.0 Gy - cortical

| Protein kinases and phosphatases involved in LTP and LTD - 2.0 Gy -
hippocampal synaptosomes - 24 weeks

regulatory {inhibitor) subunit 7

n-fold Variability n-fold R
# Symbaol Entrez Gene Hame e o # Symibol Entrez Gene Name e Wariability [¥a]
calcium/calmodulin-dependent rotein phosohatase 1
1 Cask | serine proteinkinase (MAGUK |  2.08 17.9 1 Pppir8h F,:.;. ;IEHF: sEHunitS-Ell 1.48 278
family) eg Ty suD
protein phasphatase 2
. |proteinkinase, cAMP dependent] {formerly 2A), regulatory
? Priart regulatory, type |l beta 208 81 2 Ppp2ra subunitB (PR 52), alpha 1.23 12.8
isaform
- .. | calciumicalmedulin-dependent . protein kinase, cAMP R
: Samkag protein kinase |1, beta 182 2 2 Prisach dependent, catalytic, beta 2.23 22
protein tyrosine phosphatase,
" receptor type, f polypeptide
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Results of C57BL/6 mouse study

Overall, IPA analysis indicated that the global protein alterations found in cortical and
hippocampal synaptosomes were associated with synaptic LTP / LTD processes and
CREB signalling in neurons presumably at all doses and time points in both brain

regions (Figure 36).
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Figure 36: Associated signalling pathways of Synaptic Long Term Depression (LTD), Synaptic Long Term
Potentiation (LTP) and CREB Signalling in Neurons of all significantly deregulated proteins from hippocampal and
cortical synaptosomes 5 weeks and 24 weeks post-irradiation using the Ingenuity Pathway Analysis (IPA) software.
Higher colour intensity represents higher significance (p-value) where all coloured boxes have a p-value of < 0.05.
Hippocampal and cortical synaptosomes data resulted from three biological replicates whereas each biological replicate
represent a pooled sample from two mice; H: Hippocampus, C: Cortex

As CREB is a transcription factor regulated downstream by LTP / LTD signalling,
total CREB and phosphorylated CREB was quantified by immunoblotting from total
hippocampal and cortical protein lysates at 6 month post-irradiation time point; the
time point 4 week post-irradiation was not analysed. The analysis showed that total
CREB levels were only elevated in the hippocampus at 0.5 Gy and 2.0 Gy 24 weeks
post-irradiation whilst it was not changed at 0.1 Gy or at all doses in the cortex
(Figure 37). However, the phosphorylated CREB levels were significantly increased
in the hippocampus at 0.5 Gy and 2.0 Gy whereas in the cortex, they were increased
at all doses (Figure 37). This indicates that CREB signalling is altered in the
hippocampus at 0.5 Gy and 2.0 Gy and cortex at 0.1 Gy, 0.5 Gy and 2.0 Gy at 24
week time point (Figure 37) consistent with IPA analysis suggesting defects of CREB
signalling in neurons in cortex at all doses and hippocampus at 0.5 Gy and 2.0 Gy

but not at 0.1 Gy dose 24 weeks post-irradiation (Figure 36). Mentionable, an
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Results of C57BL/6 mouse study

increase in phosphorylated CREB is indicative for an activation of LTP signalling
pathways where protein kinases phosphorylate CREB (Paul et al., 2010, Cao et al.,
2009). An increase in phosphorylated CREB was also noted in NMRI mouse study
(2.0 Gy) in both brain regions whilst total CREB levels were reduced (1.0 Gy) in

hippocampus and cortex.
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Figure 37: Immunoblotting of CREB and phospho-CREB levels from whole hippocampus and cortex (non
synaptosomes approach) 24 weeks post-irradiation using the Ingenuity Pathway Analysis (IPA) software.

The columns represent the fold-changes with standard errors of the mean (SEM) from three biological replicates. The
visualisation of protein bands shows the representative change from three biological replicates. *p<0.05; **p<0.01;
***p<0.001 (unpaired Student’s t-test). Normalisation was performed against endogenous GAPDH; H: Hippocampus, C:

Cortex
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Results of C57BL/6 mouse study

b) lonising radiation leads to long-term mitochondr ial defects in
hippocampal and cortical synapses

Further, the signalling pathways associated with oxidative phosphorylation and
mitochondrial dysfunctions were found to be the most important pathways affected in
the synaptosomes (Figure 38). Neurons transport mitochondria from the nucleus to
dendrites / synapses via the cytoskeleton e.g. microtubuli and to axons, and anchor
them at synapses to provide energy for signal transduction. In spines, energy is
needed to support active synapse formation and structural spine remodelling
processes (Sheng, 2014). As shown in Figure 38, the above mentioned signalling
pathways were highly enriched in the synaptosomes patrticularly in the hippocampal

synaptosomes compared to the whole hippocampus and cortex of irradiated

C57BL/6 mice.
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Figure 38: Associated signalling pathways of oxidative phosphorylation and mitochondrial dysfunction of all
deregulated proteins from hippocampal and cortical synaptosomes 5 weeks and 24 weeks post-irradiation (upper
panel) and from whole hippocampus and cortex 4 weeks and 24 weeks post-irradiation (lower panel) using the
Ingenuity Pathway Analysis (IPA) software.

Higher colour intensity represents higher significance (p-value) where all coloured boxes have a p-value of < 0.05.
Hippocampal and cortical synaptosomes data result from three biological replicates where each biological replicate
represents a pool from two samples; data from whole hippocampus and cortex correspond to six biological replicates; H:

Hippocampus, C: Cortex
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Results of C57BL/6 mouse study

Importantly, bioinformatics analysis by IPA software indicated that the signalling
pathways related to oxidative phosphorylation and mitochondrial dysfunction may be
to a greater extent affected by irradiation in the hippocampal synaptosomes as
compared to those in the whole hippocampus (Figure 38). Additionally, the signalling
pathways were significantly altered in cortical synaptosomes at all doses but not in
the whole cortex apart from 2.0 Gy dose showing significant changes 24 weeks post-

irradiation (Figure 38).
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8 Tabular list of results from both mouse studies

Table 23 and Table 24 show a tabular list of results from both NMRI and C57BL/6

mouse studies.

Table 23: Brief list of NMRI mouse study results 7 month post-irradiation and involvement/defects of targets

NMRI mouse study (7 month post-irradiation)

0.02Gy [ 041Gy | 05Gy | 1.0Gy | 002Gy | D1GYy | 05Gy | 1.0Gy

Cortex Hippocampus
Synaptic signalling pathways (LC-MS/MS) No No Yes Yes No No Yes Yes
not not not not
Raci-cofllin pathway (Immunoblotting, mRNA) et || eress Yes Yes e | e Yes Yes
Synaptic proteins (MAP-2 and PSD95) {immunoflucrescence) an:l;:ed an:l::ed an:l;:ed an:l:fsed No No No Yes
c
8 Neuronal receptor profile (MRNA analysis) not not Yes Yes not not Yes Yes
<] ptor p analysed | analysed analysed | analysed
e , , not not not not
o
: LTP / LTD dependent signalling (mMRNA analysis) e || e Yes Yes s | s Yes Yes
= . . not not not not
g Total CREB / phosphorylated CREB levels (immunoblotting) analysed | analysed Yes Yes o] e Yes Yes
=
i not not not not not not
_g Clrcadlan rtythm (mRNA analysis) analysed | analysed | analysed T analysed analysed | analysed =
E
Adult neurogenesis (immunohistochemstry) - No Yes Yes Yes
Neuroinflammation {mRNA analysis, immunchlctting) pot 3 pot pet et pet No Yes
yeis, 9 analysed | analysed | analysed | analysed | analysed analysed
L — . . not not not
Lipid peroxidation (immunaohlotting) analysed | analysed | analysed No No No No Yes

Table 24: Brief list of C57BL/6 study results 6 month post-irradiation and involvement/defects of targets

C57BL/6 mouse study (6 month post-irradiation)
01Gy| 05Gy [2.0Gy[01Gy| 05Gy |2.0Gy
Cortex Hippocampus
Synaptic signalling pathways (LC-MS/MS) No Yes Yes No Yes Yes
Rac1-cofilin pathway (Immunohlotting, miRNA) Yes Yes Yes Yes Yes Yes
= Synaptic proteins (MAP-2 and PSD95) (immunofluorescence) not analysed not analysed
[=}
g Neuronal receptor profile (nRNA analysis) No No Yes No No Yes
e
] LTP/LTD dependent signalling (mRNA analysis) No No Yes No No Yes
@
2
w Total CREB / phosphorylated CREB levels (immunoblotting) Yes Yes Yes No Yes Yes
=
@
g Circadian rhythm (mRNA analysis) not analysed not analysed
3
Adult neuroge nesis (immunohistochemstry) not analysed not analysed
Neuroinflammation (mRNA analysis, immunohlotting) not analysed not analysed
Lipid peroxidation (immunoblotting) not analysed not analysed
° Synaptic signalling pathways (LC-MS/MS) No Yes Yes No Yes Yes
£
o § Neuronal receptors f channels (LC-MS/MS) Yes Yes Yes No Yes Yes
s
% & LTP/LTD dependent signalling (LC-MS/MS) Yes Yes Yes Yes Yes Yes
=]
@
Synaptic mitochondrial dysfunction (LC-MS/MS) Yes Yes Yes Yes Yes Yes
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9 Discussion

High doses of ionising radiation delivered to the brain may cause rapid cognitive
impairment and memory loss (Spiegler et al., 2004). Previous studies have focused
exclusively on the effect of high, clinically relevant doses on the adult neurogenesis
in the hippocampus (Rola et al., 2004a, Allen et al.,, 2013, Raber et al., 2004,
Mizumatsu et al., 2003). In contrast, very little is known about the implications of low-
and moderate-dose radiation exposure in the hippocampus or other brain regions
that also are important for cognition such as the cortex (Kirwan et al., 2008). Recent
epidemiological evidence suggests that intellectual development can be adversely
affected when the infant brain is exposed to ionising radiation at doses equivalent to
those from a single CT scan of the head (Hall et al., 2004). Thus, it is crucial to
understand the dose-dependence and persistence of biological alterations in the
brain caused by such low-dose exposures.

The goal of this work was to investigate the long-term effects of neonatal exposure to
low and moderate doses of ionising radiation in the mouse brain. Alterations in both
the hippocampus and cortex were studied as the communication between these
brain regions is important in the LTP / LTD process; memories that are first stored in
the hippocampus are later transferred to the cortex (Kirwan et al., 2008, Clopath,
2012). Based on the data presented here, the alterations in cognitive performance
(personal communication of S. Buratovic and P. Eriksson — Uppsala University) were
associated with changes in hippocampal and cortical synaptic plasticity, marked
hippocampal defects in adult neurogenesis and increased status of
neuroinflammation (NMRI mouse study). Similar alterations were seen in the
C57BL/6 mouse study including changes in hippocampal and cortical synaptic
plasticity and synaptic mitochondrial defects.

The discussion is not split in separate sections in regard to NMRI mouse study and
C57BL/6 mouse study to better compare the potential similarity in the biological
changes of synapses found in these two approaches. If not in detail mentioned, the
discussion is based on the results from the NMRI mouse study.
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Reduced cognition-related behaviour after radiation exposure

Spontaneous behaviour (locomotion, rearing and total activity) in a novel
environment was observed in 2- and 4-month-old control and irradiated NMRI mice
by S. Buratovic and P. Eriksson (Uppsala University, Sweden). Mice irradiated with
total body doses of 0.5 Gy and 1.0 Gy, but not control animals or mice irradiated with
lower doses, showed persistent dose-related reductions in all three test variables
(personal communication with S. Buratovic and P. Eriksson). Habituation which is a
part of cognitive function (Daenen et al., 2001, Groves and Thompson, 1970), can be
defined as a decrease in locomotion, rearing and total activity variables in response
to the diminishing novelty of the test chamber (personal communication with S.
Buratovic and P. Eriksson). The lack of habituation in the irradiated mice (0.5 Gy and
1.0 Gy) at two subsequent time points (2 and 4 month) suggested that they have lost
the capacity to store or interpret new information (personal communication with S.

Buratovic and P. Eriksson).

Irradiation leads to long-term changes in synaptic signalling pathways

associated to synapse morphology

At 0.5 Gy and 1.0 Gy, but not at lower doses, proteins functionally involved in
neuronal plasticity, synapse formation and strengthening including ephrin b and
ephrin receptor signalling components (Sloniowski and Ethell, 2012) were altered.
Ephrin signalling is involved in the maintenance of axonal guidance, synaptic
plasticity and LTP in the adulthood (Kullander and Klein, 2002). In addition, proteins
involved in the pathways RhoGDI signalling and signalling by Rho family GTPases
were altered only at these higher doses which also link to ephrin-induced processes
(Nishida and Okabe, 2007).

The studies in both NMRI and C57BL/6 mice irradiated with doses of 0.5 Gy showed
both the same alterations in these mentioned pathways 6-7 month post-irradiation.
Overall, these pathways share many proteins that are constituents of the Racl-
Cofilin pathway such as Racl, PAK1/3, Cdc42, LIMK1 and cofilin.
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It has been shown that selective deletion of Racl in excitatory neurons in vivo affects
spine structure, impairs synaptic plasticity and spatial learning (Haditsch et al.,
2009). Further, activation of cerebral RhoGTPases can enhance learning and
memory for several weeks (Diana et al., 2007) and pharmacological inactivation of
Racl impairs long-term plasticity in the mouse hippocampus (Martinez and Tejada-
Simon, 2011). Additionally, the RhoGTPases Racl and Cdc42 regulate the synaptic
maturation and integration of adult born hippocampal neurons (Vadodaria and
Jessberger, 2013, Luo, 2002).
Alterations in the components of the Racl-Cofilin pathway were identified in both
hippocampus and cortex at 0.5 Gy and 1.0 Gy (NMRI mouse study) and 0.5 Gy and
2.0 Gy (C57BL/6 mouse study) at 6-7 month post-irradiation.
In the hippocampus, the radiation exposure to 0.5 Gy and 1.0 Gy may promote actin
depolymerisation (Lisman, 2003) and thus impairment in axonal outgrowth and
elongation (Lisman, 2003) as the level of inactive phopho-cofilin compared to total
cofilin was down-regulated leading to an imbalanced ratio. In the cortex, the levels of
both phospho-PAK1/3 and phospho-LIMK1/2 were up-regulated (1.0 Gy).
Consequently, one would have expected an increased and not decreased
phosphorylation and thus inactivation of the target protein cofilin at 1.0 Gy. However,
both the total and phospho-cofilin were increased indicating a radiation-induced
imbalance in the ratio between the two forms also in the cortex in favour of cofilin at
1.0 Gy but also at 0.5 Gy. Overall, a reduced expression level of Racl was noted in
the hippocampus and cortex at both doses consistent with increased cofilin levels
further downstream in the Rac1-Cofilin pathway.
Similar results were obtained using C57BL/6 female mice. At 0.5 Gy and 2.0 Gy,
Racl protein levels decreased in hippocampus and cortex 6 month post-irradiation
accompanied with an increase in total cofilin but not in its phosphorylation status —
only a slight but significant decrease was noted at 2.0 Gy in the cortex.
Interestingly, it has been shown that amyloid beta can dephosphorylate the actin-
polymerizing cofilin protein (Davis et al., 2011). Similarly to amyloid beta, the
microtubule-associated Tau protein can induce stabilization and bundling of
filamentous F-actin in Drosophila and mouse models of tauopathies (Fulga et al.,
2007). Both amyloid beta and hyper-phosphorylated Tau protein accumulate in
Alzheimer’s diseases and are thought to play an important role in neurodegeneration
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shedding light on defects in actin dynamics and dysfunctions in learning and memory
processes. Thus, the alterations found in the Racl-Cofilin pathway regulating actin
dynamics in dendritic spines indicate similarities in the biological target of
cytoskeleton within the aetiology of neurodegenerative diseases such as
Alzheimer’s. However, deregulation of amyloid beta or hyper-phosphorylation of Tau
protein was not detected / analysed in both mouse studies but would be of
importance to study in further experiments to access more information about the
potential interaction of Alzheimer’s in the radiation-induced neuropathology (Kempf
et al., 2013).

When analysing microRNA expression in hippocampus and cortex of irradiated
NMRI mice, significant alterations were noted in the levels of miR-132 and miR-134
that are connected to the Racl-Cofilin pathway (Schratt et al., 2006, Impey et al.,
2010). As LIMK1 is a direct target of miR-134 (Schratt et al., 2006), the increased
levels of miR-134 were in good agreement with the decreased levels of LIMK1 at
0.5 Gy and 1.0 Gy in both brain regions. Importantly, there was no change in Limk1
levels either in hippocampus or cortex indicating translational LIMK1 repression as
previously reported in primary neurons (Schratt et al., 2006). Of note Limk1-null mice
show abnormal spine morphology, reduced dendritic branch size, alteration in
hippocampal synaptic plasticity and impaired spatial learning (Meng et al., 2002).
Thus, the reduction in LIMK1 levels at both doses and brain regions seems to be in
good agreement with the increased cofilin levels highlighting defects in dendritic
branching.

Quantification of miR-132 levels demonstrated a significant increase in both
hippocampus and cortex at 0.5 Gy and 1.0 Gy (NMRI mouse study) but especially in
the cortex. Overexpression of miR-132 in the rat perirhinal cortex has been shown to
impair short-term recognition memory and this functional deficit was associated with
a reduction in both LTD and LTP (Scott et al., 2012). Recently, a performing cohort
study of Alzheimer’s patients illustrated a strong decrease in miR-132 levels in the
prefrontal cortex and hippocampus (Lau et al., 2013); the deregulation of miR-132
seemed to occur predominately in neurons displaying Tau hyper-phosphorylation
(Lau et al., 2013). Overall, these studies suggest a role of miR-132 in cognitive
diseases. Quantification of miR-132 in irradiated C57BL/6 mice also showed a
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persistent increase of miR-132 at the moderate doses (0.5 Gy and 2.0 Gy) but also
at low dose (0.1 Gy) in both brain regions 6 month post-irradiation. This increase
was quantitatively similar to that seen in NMRI mice at 0.5 Gy in hippocampus and
cortex.

Quantification of miR-134 levels in the C57BL/6 study showed an increased
expression in the cortex at 0.1, 0.5 Gy and 2.0 Gy. At 0.5 Gy, the increase was
similar to that seen in irradiated NMRI mice. In the hippocampus, there was no
noticeable alteration in miR-134 at 0.5 Gy whereas at 2.0 Gy, there was an increase
and at 0.1 Gy a decrease, respectively. Quantification of LIMK1 protein levels may
be supportive in further experiments to understand the potential miR-134-based
translational repression of LIMK1 in the long-term radiation response in the C57BL/6
mouse background as NMRI mouse studies suggest a potential LIMK1 protein
repression by miR-134.

The dose of 0.1 Gy in the NMRI mice study was not tested for alterations in the
Rac1-Cofilin pathway as both behavioural data (obtained by Uppsala University) and
global proteomics did not indicate any changes at this dose. Nevertheless,
alterations particularly via epigenetic control such as miRNA’s may occur even at
these low doses as shown in the C57BL/6 study. Further investigations are needed
to characterise this in detail.

It is widely-accepted that the dendritic spines and their morphology to form synapses
play an important role in modulating and storing of information (Kasai et al., 2003).
Filamentous actin represents the major cytoskeletal component in dendritic spines to
ensure morphological integrity (Urbanska et al., 2012). Generally, it seems that
morphological defects in spine shape, size and number are dependent on local actin
dynamics and signalling (Cohen et al., 1985, Fifkova and Delay, 1982). The
persistent changes in the Racl-Cofilin pathway in both irradiated mouse strains are
indicative for alterations in these processes. In fact, spines induce rapid actin-based
remodelling processes to change their morphology within seconds after neuronal

receptor stimulation (Fischer et al., 2000).
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Irradiation affects synaptic signalling pathways in isolated synaptosomes of

hippocampus and cortex

Based on the observed radiation-induced changes in proteins and miRNA’s involved
in the Rac1-Cofilin signalling pathway that leads to presumptive synaptic morphology
changes, synaptosomes from the C57BL/6 mouse study were isolated and analysed
for signalling pathway alterations in the synaptic compartment by global mass-
spectrometry. The intactness and enrichment quality of synaptosomes was validated
in detail (section 6.15). The results showed that synaptosomes are intact and can be
confidently enriched after differential centrifugation and a Ficoll gradient density
(section 6.15).

In irradiated C57BL/6 mice, the major alterations in synapse-associated signalling
pathways were the ephrin / ephrin B signalling, axonal guidance signalling, RhoGDI
signalling and signalling by Rho family GTPases. These were found to be
deregulated after 6 months post-irradiation in the synaptosomes of both
hippocampus and cortex at doses of 0.5 Gy and above. Importantly, these results
correlated with the changes in signalling pathway alterations using whole
hippocampus and cortex of irradiated C57BL/6 mice, emphasising the efficient and

specific isolation of synaptosomes.

Alterations in CREB signalling pathway affect synap tic plasticity and neuronal

receptor profile

The microRNA’s miR-132 and its tandem microRNA miR-212 have been
characterised as neuronal activity-dependent rapid response genes in primary
hippocampal neurons that are regulated by the CREB pathway (Wayman et al.,
2008). Notably, increased miR-212 expression levels were observed in both
hippocampus and cortex at 0.5 Gy and 1.0 Gy 7 month post-irradiation (NMRI
mouse study). The CREB protein is a key regulator of dendritic growth (Redmond et
al., 2002) and also regulates dendrite morphogenesis in mature neurons (Wayman
et al., 2006). Thus, the observed alterations in the Racl-Cofilin pathway were

104



Discussion

indicative that the CREB pathway may be involved as miR-132 targets p250GAP
(Wayman et al., 2008, Dhar et al., 2014) that is a component of the Racl-Cofilin
pathway. Notably, CREB is implicated in memory formation in a variety of species
and its decrease in the hippocampus has been suggested in the rapid forgetting of
aged rats (Morris and Gold, 2012).

Quantification of CREB protein levels in 1.0 Gy irradiated NMRI mice showed a
strong decrease in total cortical and hippocampal CREB protein especially in the
hippocampus whereas phospho-CREB levels were significantly increased but to a
smaller extent. However, C57BL/6 mice irradiated with 0.5 Gy and 2.0 Gy showed in
the hippocampus an increase of total CREB but particularly an increase in phospho-
CREB levels whilst cortical phosphorylated CREB was increased with no changes in
total CREB levels. The differences seen in these two studies may be based in the
different exposed doses but also in strain and gender. Further experiments are
needed particularly at the same doses to elucidate the changes in more detail.
Taken together, these data indicate a role of CREB signalling in the long-term
radiation-induced alterations in hippocampus and cortex. The increases in
phosphorylated (active) CREB is consistent with increased miR-132 / mir-212 levels
in NMRI mouse study and miR-132 in C57BL/6 mouse study. However, the small
increase in phosphorylation may not be sufficient to compensate for the decrease in
total basal CREB protein (NMRI mouse study). To elucidate this hypothesis, the
target genes of the CREB pathway were quantified at the gene expression level; c-
Fos, Arc, and Crem as CREB-dependent synaptic plasticity-related genes (Kadar et
al., 2013) were all down-regulated, especially at 1.0 Gy in hippocampus and cortex 7
month post-irradiation in irradiated NMRI mice. Also the Arc and c-Fos protein levels
were significantly reduced in both brain regions after exposure to 1.0 Gy (NMRI
mouse study). This seems contradictory with the increased expression levels of miR-
132 / miR-212 in irradiated NMRI mice. Yet, it has been demonstrated that the up-
regulation of miR-132 transcription can partly result from an unidentified CREB-
independent mechanism in neurons after treatment by neurotrophins such as Bdnf
(Remenyi et al., 2010). In accordance with these data, it has been shown that the
Bdnf-induced increase of miR-132 in CREB™ cortical neurons is possible but to a
much lesser extent than in wild type cells (Vo et al., 2005).
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Regarding the target genes of CREB, it was shown that the c-Fos transcription factor
regulates effector genes including growth factors, -signalling and cytoskeletal
molecules which are necessary for LTP maintenance and memory consolidation
(Guzowski, 2002, Lanahan and Worley, 1998). Indeed, it was demonstrated that the
c-Fos knock-out in the mouse CNS leads to impaired hippocampus-dependent
spatial and associative learning impairment accompained with LTP reduction in
hippocampal synapses (Fleischmann et al., 2003).
Further, Arc has attracted attention due to its persistent long-term decrease in the
hippocampus after irradiation (Rosi et al.,, 2008); it was demonstrated that after
cranial irradiation with 10 Gy Arc mRNA and Arc protein levels were decreased in
hippocampal neurons after 2 months of initial exposure, correlating with the
observations in NMRI mice but at much lower dose (1.0 Gy) and at longer post-
irradiation time point (7 months) than their observations. Reduced levels of Arc
protein can impair maintenance of LTP and spatial memory consolidation (Guzowski
et al., 2000) but most notable is its IEG-specific rapid mRNA translocation to the
dendrites and thus to active synaptic sites where Arc is subsequently locally
translated to functionally active Arc protein (Guzowski et al., 1999). It has been
shown that acute inhibition of Arc synthesis at 2 hours after a LTP induction can
induce a loss of nascent F-actin at these synaptic sites associated with
dephosphorylation of cofilin (Messaoudi et al., 2007). Thus, Arc seems to be
involved in the dephosphorylation of cofilin and at least in part, this may additionally
explain the marked increase of unphosphorylated total cofilin as demonstrated
during analysis of the Racl1-Cofilin pathway by immunoblotting in the NMRI mouse
background.
Moreover, recent studies indicate a regulatory crosstalk between Arc and neuronal
receptors, mainly glutamate (AMPA) receptors regulating the modulation of synaptic
strength. The quantification of neuronal receptors on gene expression level indicated
significant alterations of NMDAR, AMPAR but predominantly metabotropic G-protein
coupled glutamate receptors mainly in hippocampus but also to a lesser extent in
cortex at 0.5 Gy and 1.0 Gy. In contrast to these data, there were only mRNA
alterations in the neuronal receptor profile at 2.0 Gy 6 month post-irradiation in the
C57BL/6 mouse but not at lower doses. However, G-protein coupled glutamate
receptors were also altered in this study but mainly in the cortex.
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In the synaptosomes approach, there were also mainly cortical changes noticeable
in the neuronal receptor profile involving primarily ion channels for potassium,
calcium and sodium but also NMDAR and metabotropic G-protein coupled glutamate
receptors.
Electrophysiological studies of metabotropic glutamate receptors have shown that
activation of these receptors may lead to cellular changes involving the inhibition of
calcium and potassium currents, mediation of a slow excitatory postsynaptic
potential and the inhibition of neurotransmitter release from the presynapse (Anwyl,
1999, Marinissen and Gutkind, 2001, Losonczy et al., 2003). Further, it has been
demonstrated that during memory formation, group | metabotropic glutamate
receptors (Grml and Grm5) may interact in LTP and LTD whereas group I
metabotropic glutamate receptors (Grm2 and Grm3) may be critically involved in
LTD by influencing NMDAR activity potentiation (Manahan-Vaughan, 1997).
However, various other members of the metabotropic glutamate system may be
important for memory formation whereas generally the persistent activation or
blockade of receptors are disadvantageous for this process (Holscher et al., 1999).
Although gene (NMRI and C57BL/6 mouse study) and protein data (C57BL/6 study —
synaptosomes approach) on glutamate receptor levels indicated changes
speculative for an altered neurotransmission, it is still important to investigate their
activation status with electrophysiological investigations. Indeed, global proteomics
demonstrated that G-protein nucleotide binding proteins (Gnb’s) were increased in
NMRI and C57BL/6 mouse studies. Particularly at 0.5 Gy, the levels of Gnbl and
Gnb2 in both studies including whole tissue and synaptosomes were similarly
increased. As Gnb’s are the effector proteins of metabotropic glutamate receptors,
an increase on protein level may suggest chronic glutamatergic G-protein-coupled
receptor activation.
Neurons regulate the expression of neuronal receptors, particularly glutamatergic
AMPA and NMDA receptors, at synapses via changes in LTP / LTD synaptic
signalling (Watt et al., 2000). However, the observed changes on the receptor profile
after radiation may be inefficient to balance the intracellular LTP / LTD signalling
cascades. Various gene expression and protein alterations such as protein kinase
and protein phosphatases associated to LTP / LTD signalling were still observable in
the long term in both mouse studies. Further, global mass spectrometry and
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signalling pathway analysis using the Ingenuity software tool showed that the
signalling pathways of synaptic LTD and LTP were also deregulated in isolated
synaptosomes from irradiated C57BL/6 mice at the protein level. To decipher the
exact pathway alterations in LTD and LTP, successive evaluation of the various
protein phosphatases and —kinases will be necessary, with analysis of their
phosphorylation status.

The postsynaptic density protein PSD-95 also influences synaptic AMPA / NMDA
receptor content and may play a critical role in LTP / LTD (Xu et al., 2008). Previous
studies showed that the proteins MAP-2 and PSD-95 are highly enriched in dendritic
compartments of neurons and are involved in spine formation, stability and
maturation (Harada et al., 2002, Woods et al., 2011). Quantification of both MAP-2
and PSD-95 proteins by immunofluorescence showed a marked increase in both
hippocampus and DG at 1.0 Gy in the NMRI mouse study. These findings are
consistent with recently published data showing that PSD-95 expression levels were
increased in neurons of the granule cell layer of the hippocampus one month after
radiation exposure (1.0 Gy) (Parihar and Limoli, 2013). Further, it was shown that
immature filopodia were highly sensitive to irradiation compared to more mature
spines (Parihar and Limoli, 2013). As filopodia are cytoplasmic projections containing
actin filaments cross-linked into bundles by Rho family GTPases (Tatavarty et al.,
2012), these data are in good agreement with the radiation-induced changes in the
Rho family GTPase Racl in the hippocampus of irradiated NMRI mice.

Further, an increase in MAP-2 within the dentate gyrus has been also noted after
irradiation with heavy ions (3 Gy, *°Fe) 3 months post-irradiation in male mice
(Villasana et al., 2013) consistent with the MAP-2 increase in NMRI mice at a lower

dose (1.0 Gy) 7 month post-irradiation.

lonising  radiation induces neuroinflammation and ac tivation  of

neuroprotective signalling pathways in the hippocam pus

There is crosstalk between the CNS and the immune system influencing brain
plasticity, neuronal networks and cognitive performance (Di Filippo et al., 2013).

Interestingly, neuroinflammation has long been a study subject in Alzheimer’s
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(Mosher and Wyss-Coray, 2014). Neuroinflammation is characterised by activation
of microglia releasing pro-inflammatory cytokines such as TNFa (Olmos and Llado,
2014). Quantification of TNFa showed an increase on mRNA and protein level in the
hippocampus at 1.0 Gy (NMRI mouse study). Hippocampal increase in Tnfa
expression was demonstrated after acute ionising radiation (0.5 Gy) monitored
during the first day after exposure (York et al., 2012) agreeing qualitatively with the
long-term data obtained in the hippocampus at 1.0 Gy in the NMRI mouse study.
Interestingly, anti-inflammatory agents such as indomethacin prevented radiation-
induced cognitive impairment in rodents by reducing microglia activation in the
hippocampus restoring adult neurogenesis (Monje et al., 2003). Insulin-like growth
factor 1 (IGF1)-dependent signalling has also been shown to modulate adult
hippocampal neurogenesis and cognitive behaviour (Llorens-Martin et al., 2010).
Further, a link between inflammation / neuronal dysfunction and defective insulin
(INS) signalling in Alzheimer’s disease has been shown (Ferreira et al., 2014).
Taken together, both insulin and insulin-like growth factors participate in
neuroprotection and may modulate the pathophysiology of neurological diseases
(Benarroch, 2012).

Quantification of the phosphorylation status of the IGF1 / INS receptor in the
hippocampus at 1.0 Gy demonstrated a significant increase (NMRI mouse study).
Insulin-like growth factor- and insulin-receptors are upstream regulators of PI3K/Akt
and Ras/Raf/MAPK pathways but also the Racl pathway (Chiu et al., 2008, Lee et
al., 2011). A successive investigation on protein levels of several targets of this
pathway accompanied with evaluation of the phosphorylation status would be
necessary to elucidate this in more detail. Yet, as activation of the PI3K pathway
lowers lipid peroxidation in primary cortical neuronal cultures (Abdul and Butterfield,
2007) and mouse hippocampal neurons (HT22 cells) (Uranga et al., 2013), the PI3K
pathway may be targeted as significant reductions of lipid peroxidation were
detectable by immunoblotting of total malondialdehyde-modified protein content in
the hippocampus at 1.0 Gy 7 month post-irradiation (NMRI mouse study).
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Mitochondrial dysfunction

Alterations in mitochondrial function have emerged as an important aspect in age-
related neurodegenerative diseases such as Alzheimer’s where a functional decline
has been characterised in mitochondria (Pedros et al., 2014). Moreover, genetic
mutations have been observed in oxidative phosphorylation (Biffi et al., 2014). As
mitochondria are also concentrated in synapses (Vos et al.,, 2010), changes in
synaptic morphology and signalling pathways may affect mitochondria of synapses
(Cavallucci et al., 2013, Eckert et al., 2013).
Recently, our group demonstrated that ionising radiation (0.2 Gy and 2.0 Gy) led to
biological alterations in the murine heart mitochondria several weeks post-irradiation
whereas at 2.0 Gy, Complex | and IIl activities were significantly reduced
(Barjaktarovic et al., 2011). Additionally, a reduced respiratory capacity was notable
(2.0 Gy) (Barjaktarovic et al., 2013). Similar data were obtained in vitro (A7r5 cell line
derived from rat aorta, thoracic / smooth muscle) demonstrating that 5.0 Gy gamma-
ray irradiation can lead to decreased activity of NADH dehydrogenase (Complex I) at
12 hours post-irradiation (Yoshida et al., 2012). The mechanism of radiation-induced
dysfunctions on mitochondria is not clear in both heart and brain, but may directly
interact with mitochondrial DNA inducing mutations and deletions or indirectly by
reactive oxygen species generated during radiation exposure (Prithivirajsingh et al.,
2004).
Mass spectrometry-based quantification of isolated synaptosomes from hippocampi
and cortices of irradiated C57BL/6 mice showed alterations in signalling pathways of
oxidative phosphorylation and mitochondrial dysfunction. These data suggested that
the mitochondria in the synaptic hippocampal compartment were more affected than
those in the cortex. Importantly, the global proteomics tissue approach only showed
a randomised evidence for the involvement of these signalling pathways in the whole
hippocampus and cortex. In total, these results suggest that mitochondria in
synapses may be affected by ionising radiation even after a considerable exposure
time (6 month post-irradiation).
The damage to synapses could be associated with defects on NMDA and AMPA
glutamate receptor signalling (Mota et al., 2014, Hsieh et al., 2006) but also changes
in metabotropic G-protein coupled glutamate receptors (Renner et al., 2010) as an
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early molecular event. This may result in changes in the axonal transport of synaptic
vesicles and mitochondria to the dendritic spines and synapses (DuBoff et al., 2013)
and manifesting finally with the loss of synaptic terminals, dendritic spines and
neurons (Overk and Masliah, 2014). Synaptic mitochondria are necessary to sustain
the high energy and calcium buffering levels that are required for synaptic signalling
to load neurotransmitters in synaptic vesicles (Saxton and Hollenbeck, 2012) and a
change in the expression profile of neuronal receptors may indicate mitochondrial
dysfunctions.
Glutamate receptor changes have been noted at the mRNA level (NMRI and
C57BL/6 mouse study) and protein level (C57BL/6 mouse study — synaptosomes
approach) 6-7 months post-irradiation. Further, the observed alterations in the
hippocampal and cortical Racl-Cofilin signalling pathway may also suggest a
defective cytoskeleton-dependent axonal transport of mitochondria to the synaptic
sites. This may explain at least in part the mitochondrial dysfunctions seen in
synapses during signalling pathway analysis of proteomic data. However, it is
guestionable if a presumable lower quantity of synaptic mitochondria may be the
case and if this may be compensated by an increased aberrant mitochondrial
activity. An increase in mitochondrial DNA copy number (polyploidisation) has been
observed in the brain of gamma-irradiated (3.0 Gy) mice that was associated with
the activation or amplification of intact or slightly damaged mitochondrial DNA
molecules as a compensatory mechanism to the ATP deficiency originated from
damaged mitochondrial DNA copies (Malakhova et al., 2005). Further, primary
neurons of ABPP mice (Alzheimer’s model) showed defects in axonal transport of
mitochondria and mitochondrial biogenesis (fission and fusion controlling
mitochondrial morphology and number) and synaptic degeneration compared to wild-
type neurons (Calkins et al., 2011). Moreover, Monteiro-Cardoso et al. showed that
triple-transgenic Alzheimer mice (APPswe, PS1M146V and TauP301L) had a
decrease of brain ATP levels and a 50 % decrease in Complex | activity originated
essentially from the disruption of mitochondria in synapses (Monteiro-Cardoso et al.,
2014).
Yet, the possibility of a lower number of synaptic mitochondria has to be validated by
further investigation using mitochondrial respiration of irradiated synaptosomes and
guantification of synaptic mitochondria content via imaging methods. Nevertheless,
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mitochondrial dysfunction within the synaptic compartment is an important event in

the neuropathology of Alzheimer’s associated with cognitive detriments.

Adult neurogenesis in the hippocampus

In addition to synapse-specific modulations, changes in the composition of the
cellular population in the DG are affecting learning and memory (Song et al., 2012).
This is highlighted by the fact that the DG has the capacity to continuously generate
new granular cells (Cameron and McKay, 2001) to store new information not only in
new synaptic circuits but also in new granular cells. Furthermore, dysfunctions in this
process have been suggested to be involved in neurodegenerative diseases such as
Alzheimer’s (Shruster and Offen, 2014, Zheng et al., 2013) and after cranial
irradiation (Mizumatsu et al., 2003, Rola et al., 2004b).

The progression of stem cells to mature neurons is called adult neurogenesis and is
a multistep process originating from stem cells that give rise to transient amplifying
progenitor cells and finally to mature neurons.

Immunohistochemistry analysis showed that the DG of irradiated NMRI mice was
depleted of transient amplifying progenitor cells (Ki67" cells) and mature neurons
(NeuN" cells). Effective synaptic integration of adult-born hippocampal neurons into
existing neuronal circuits depends in vivo on Rho GTPases (Cdc42 and Racl) and
defects in these enzymes may lead to a lower long term survival (Vadodaria and
Jessberger, 2013, Luo, 2002). This correlates with the observed changes in Racl
levels during analysis of the hippocampal Racl-Cofilin pathway as described in the
previous sections. Further, it is known that acute irradiation leads to immediate
reductions in adult neurogenesis due to depletion of the highly proliferating neural
progenitor cells (Limoli et al., 2004) consistent with the long-term reduction in the
number of progenitor cells positive for Ki67 (NMRI mouse study). Importantly, a
persistent cell death was not detectable in the hippocampus as verified by
unchanged levels of cell death-promoting Bad (NMRI mouse study) which may affect
adult neurogenesis. Thus, the reduced number of adult-born mature neurons seems

to originate rather from defects in synaptic integration than from apoptotic effects.
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Although apoptosis was not evaluated shortly after irradiation, a possible long-term
effect on adult neurogenesis originating from acute apoptosis cannot be excluded.
However, it has been shown that neural progenitors in the subgranular zone of the
DG underwent p53-dependent apoptosis within 24 hours after irradiation but the
reduction in newborn neurons within the DG 9 weeks post-irradiation in p53” mice
was not significant different from that observed in p53** mice (Li et al., 2010)
suggesting a non-causal role of immediate apoptosis in the long-term disruption of
adult neurogenesis.

Overall, the results indicated that irradiation, by inducing synapse-specific
modification at the sub-cellular level, may alter the dynamic composition of the DG
and hippocampal circuitry affecting in that way learning and memory capacitiy. It is
noteworthy at this point, that microglia are also contributing to hippocampal
neurogenesis (Gemma and Bachstetter, 2013, Ming and Song, 2011) and the miR-
132 / -212 cluster was classified as a “neurimmiR” operating within and between
neural and immune compartment (Wanet et al., 2012). Thus, the alterations seen in
hippocampal adult neurogenesis may be a process involving a discrete regulation of
signalling by intrinsic epigenetic mechanisms and extrinsically by nearby neurogenic
niche cells (Ma et al., 2010). This correlates with the increased TNFa levels and
miR-132 / -212 levels found in the hippocampus 7 month post-irradiation in 1.0 Gy
irradiated NMRI mice.

Circadian rhythm

Finally, the question arises if there is a presumable overall regulatory dysfunction
which may explain the diverse persistent changes, particularly in the hippocampus.
The interplay between the circadian clock system and memory is highlighted by an
aberrant regulation of clock timing in neurological disorders (Gerstner et al., 2009,
Zelinski et al., 2014). In detail, neurotransmitter secretion and proficiency in cognitive
tasks depend on biological circadian rhythms (Menet and Rosbash, 2011, Gerstner
et al., 2009). The genes encoding clock proteins are expressed throughout the brain
and their expression is synchronised from and to the suprachiasmatic nucleus (SCN)
— the global zeitgeber to set the clocks in the other brain regions and organs.
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The microRNA miR-132 has been shown to orchestrate chromatin remodeling and to
modulate the circadian period (Per) genes within the SCN (Alvarez-Saavedra et al.,
2011) and mouse brain cortex (Lusardi et al., 2010). Quantification of the miR-132
regulated Mecp2 (Methyl-CpG-binding protein 2) that is necessary for both chromatin
remodeling and neuronal synaptic contacts (Glaze, 2004) demonstrated a decrease
in the hippocampus at 0.5 Gy and 1.0 Gy 7 month post-irradiation (NMRI mouse
study); the cortex was not analysed. Alvarez-Saavedra et al. have shown that the
regulation of Perl and Per2 promoters occurs via Mecp2 in a miR-132-dependent
manner and our mRNA expression analysis showed an increase in hippocampal
Perl expression at 1.0 Gy 7 month post-irradiation in the NMRI mouse study; 0.5 Gy
samples were not analysed. However, these results seem to be inconsistent with
increases of miR-132 expression and it may be reasonable that the Perl protein
levels are decreased which may could correlate with increases in miR-132
expression. This has to be verified in further experiments.
Further, a number of significant changes were observable in other circadian clock-
driven genes in hippocampus but also in cortex (1.0 Gy) (NMRI mouse study).
Interestingly, the gene Arntl (synonym: Bmall) was decreased in the cortex at 1.0 Gy
which is a transcriptional activator forming a core component of the circadian clock
via Clock:Bmall complex recruitment to chromatin (Eckel-Mahan et al., 2013).
Taken together, from these results it can be hypothesised that particularly miR-132 is
essential in circadian-driven chromatin remodeling although only a few changes in
circadian clock / circadian regulated transcription factor expressions were noticeable.
However, a speculative defect in the orchestration of chromatin remodeling both in
hippocampus and cortex in the long-term response to ionising radiation exposure
could be reasonable. Further studies are needed to verify these preliminary data and
to get more information in circadian rhythm dysfunctions after irradiation. This could
be achieved by chromatin immunoprecipitation to investigate the interaction between
proteins of the circadian clock system and DNA or by electroencephalographical
studies to access information about the neural oscillations (frequency and
periodicity) at different times during the day at distinct post-irradiation time points.
Importantly, the sampling time between the different dose groups did not varied
much (maximal 1 hour) and was performed in the morning when mice are out of their
high behavioural nocturnal activity. Thus, a potential bias regarding different
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sampling times of control and dose groups affecting the molecular analysis of

circadian rhythm can be excluded.
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10 Conclusion

It is of speculation if total-body irradiation may lead to systemic effects that indirectly
influence brain function. However, cranial irradiation of neonatal mice is a
sophisticated process including appropriate shielding and fixation mechanically or via
anaesthesia. This may induce in turn additionally to irradiation early life time stress in
a period of highest sensitivity to external cues (priming phase) (Lupien et al., 2009).
In this study, we used male NMRI and female C57BL/6 mice, irradiated them on
postnatal day 10 and analysed alterations on the molecular level maximal 6-7 month
post-irradiation. Interestingly, both mouse studies showed similar qualitative and
guantitative overlapping events including the Racl-Cofilin pathway, the CREB
signalling pathway, the analysis of mir-132, neuronal receptor profile of glutamate
and LTP/LTD signalling pathways although they are of different strains and gender.
One explanation could be that the initial “storm” of ionising radiation affecting the
brain molecules in a more randomised fashion disappeared 6-7 month post-
irradiation and may leave only stable alterations in biological targets and molecules
and that is presumably regardless of mouse strain and gender. Importantly, gender-
specific responses to acute ionising radiation may be unlikely at the time of exposure
on PND10 as mice did not reach puberty where the levels of the sexual hormones
(oestrogen and testosterone) are distinct different. Further, if the irradiated animals
get adolescent, the changes in the gender-specific hormone status may not affect
the already manifested detriments over the time from PND10 to adolescence.
However, it is known that estrogen levels may play a pivotal neuroprotective role in
Alzheimer’s (Lan et al., 2014) and administration of 17-a-estradiol counteracts on
behavioural and biochemical changes induced in irradiated rats probably by an
antioxidant mechanism (Caceres et al., 2011). Thus, C57BL/6 mice experiments in
females should be repeated also in males accompanied with an evaluation of
hormone levels immediately after radiation exposure and at time of long-term
analysis (6 month post-irradiation).

Animals were exposed on postnatal day 10 to the different radiation doses due to
comparable times within the brain growth spurt of human beings (third to fourth

postnatal years) where radiation originating from medical imaging methods (CT
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scans) are applied; the long-term follow-up of maximal 6-7 months post-irradiation
corresponds to the mouse reaching adolescence and represent the time window
where children are also adolescent. Taken together, it was possible to identify and
characterise the alterations in hippocampal and cortical synapses as an important
biological target in the long-term response of ionising radiation exposure.

In general, irradiation of neonates with doses as low as 0.5 Gy induced long lasting
neurological defects. The analysis showed strong associations between cognitive
dysfunction, synaptic plasticity- and cytoskeletal signalling pathways, adult
neurogenesis, synaptic mitochondrial dysfunction and neuroinflammation in the
hippocampus and cortex after low / moderate doses of ionising radiation. Several
deregulated molecules and signalling pathways seen in this study are also involved
in neurocognitive disorders such as Alzheimer’s. Importantly, the accumulated data
showed that no single cell type alteration can fully explain the complexity of long-
term consequences of irradiation; a dynamic interaction between multiple cell types
including neurons, astrocytes and microglia and different brain regions involving
subtle molecular alteration, such as epigenetic modulations via miRNAs, and
changes in both transcription and translation in an orchestrated response is likely to
be involved in the pathogenesis of radiation-induced cognitive injury as highlighted in
Figure 39.

Exposure to ionising radiation comes from many sources and concerns not only
children but also adults involving radiation workers, astronauts, and persons
subjected to radiotherapy / radiological medical diagnostics, or exposed to
radiological accidents. A better understanding of the mechanisms of cognitive and
neurological dysfunction at low / moderate radiation doses is of critical importance in
establishing health risks and protection related policies; this work may support

further investigations to reach these aims.
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Figure 39: Schematic representation of long-term effects of ionising radiation on the brain combining all presented
data.

Microglia and astrocytes regulate neuronal activity by influencing cytokines (TNFa) or neurotrophic factors. This results in
changes in the receptor profile of G protein coupled receptors (GPCR’s), AMPA and NMDA receptors which are important
for steady state signal transmission from neuron to neuron. In turn, this affects long-term potentiation / long-term depression
(LTP / LTD) signalling pathways and leads to alterations in synaptic morphology (actin reorganisation via Rac1-Cofilin-
pathway, changes in synaptic scaffold proteins such as PSD-95 / MAP-2) and synaptic plasticity (CREB pathway).
Phosphorylated CREB (CREB-P) in the nucleus regulates the expression of miR-132 and immediate early genes such as c-
Fos, Arc and Crem affecting both synaptic morphology and adult neurogenesis. Subsequently, circadian clocks affecting
circadian rhythm may alter adult neurogenesis and vice versa but is not proven yet. However, synaptic mitochondrial
dysfunction as seen in irradiated C57BL/6 mice may be involved in this process and in correct synapse formation. The figure
is modified after own publication (Kempf et al. — in preparation). The involvement of microglia and astrocytes in this figure is
based on the increases in the cytokine TNFa and increased phosphorylation status of the neurotrophic IGF1-/INSR within
the hippocampus of 1.0 Gy-irradiated NMRI mice.

118



11 Supplementary information

Supplementary information

Table 25: List of deregulated proteins 7 months post-irradiation from 20 mGy, 100 mGy, 500 mGy and 1000 mGy

within the cortex (NMRI mouse study).

The table shows the up-regulated or down-regulated proteins with the fold-changes, their variability, their number of unique
peptides used for protein identification and number of identifications in the biological replicates (ICPLx/ICPLO-Count).
“PANTHER protein class” represents the protein class where the protein of interest can be annotated based on PANTHER
software tool and UniProt database. Grey / brown highlighted “PANTHER protein classes” belong to the protein class of
“small GTPase / associated G-protein” / “cytoskeleton / cytoskeleton-binding protein”, respectively

20 mGy - Cortex

Unique n-fold change ICPL-4/ICPL-0 | ICPL 4/ICPL O .
# Symbol Entrez Gene Name Peptides |from ICPL-4/ICPL-0| Variability [%] ST PANTHER protein class
heat shock protein 90, beta P
1 HspO0b1 (Grpad), member 1 8 1.39 28.4 53,-2;3 Hsp90 family chaperone
aminopeptidase puromycin .
2 Npepps sensitive 11 1.34 255 5.4:4:4;4 metalloprotease
3 Tubb4da tubulin, beta 4A class VA 4 1.34 289 1212181317 tubulin complex
4 Shin1 sideroflexin 1 7 131 190 15-3-41 cation transporter, transfer/carrier
protein
5 Glod4 glyoxalase domain containing 4 4 -1.32 26.7 35433 glyoxalase
& Rabsb RABSB, member _RAS oncogene 5 135 233 11211 endos_omal traffic, lipid
family metabolism, small GTPase
100 mGy - Cortex
uUnique n-fold change ICPL-4/ICPL-0 | ICPL_4/ICPL_O .
# Symbol Entrez Gene Name Peptides from ICPL-4/IGPL-0| Variability ['%] T PANTHER protein class
AU RNA binding protein/enoyl- il acetyltransferase,
1 Aun coenzyme A hydratase 6 2% 213 IS dehydrogenase, ligase
2 | Hebpt heme binding protein 1 3 1.35 145 2:21:-2 heme metabolic process, heme
binding
biphenyl hydrolase-like (serine
3 Bphl hydrolase, breast epithelial mucin 8 1.31 219 4:-3.21 serine protease
associated antigen)
4 - predicted pseudogene 9762 2 -1.32 124 1.1;2;2,2 -
5 Prr2 proline-rich tra_nsmembrane 3 142 127 54-3-3-4 response to_ bioti_c stimulus, cell
protein 2 junction
6 Pcp4d Purkinje cell protein 4 2 -1.46 24.4 1-1:11 calmodulin binding
500 mGy - Cortex
Unique n-fold change ICPL-8/ICPL-0 | ICPL_&/ICPL_O .
# Symbol Entrez Gene Name Peptides |from ICPL-6/ICPL-0| Variability [%] LT PANTHER protein class
cytochrome ¢ oxidase, subunit VI . )
1 Cox6al a. polypeptide: 1 2 243 223 21121 oxidase
5 Ugere ub|qu|no\-cy100hrom_e c 11 203 215 55707 metalloprotease, reductase,
reductase core protein 1 esterase
3 Prdx5 peroxiredoxin 5 2 203 14.2 56352 proxidase
4 cei? chaperonin cpntammg Tcpt. 3 195 287 24111 protein folding, protein complex
subunit 7 (eta) assembly
pleckstrin and Sec? domain P guanyl-nucleotide exchange
5 Psc3 containing 3 3 e 187 2312 factor
MNADH dehydrogenase e e oxidative phosphorylation,
6 Ndufv2 (ubiguinone) fMlavoprotein 2 4 Al 203 2:3-31 respiratory electron transport
7 Cnrip1 cannab\nmdpr;:;ﬁt?r interacting 4 1.61 27.8 1:1-101 cannabinoid receptor signalling
8 | septs septin 8 5 158 980 64453 N ETPESE, B TE SR
protein
9 Tubb3 tubulin, beta 3 class Il 6 1.87 239 27,23,25.16:25 tubulin complex
10 Fscni fascin nomoltggqléiictln bundiing 9 1.53 287 5.4.5,4.5 non-motor actin binding protein
1 | Bint bridging integrator 1 4 152 110 5:2:3:9°2 membrane ‘r;‘:gtcg':g regulatory
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12 | septs septin & 6 1.54 186 11:6:2.7:3 TEllEFEEs, SitemE e
protein
13 Gnb2 guanine nucleotide binding 6 149 18 68716 hydrolyse, heterotrimeric G-
protein (G protein). beta 2 - i o protein
14 | Napg |Netnyimaleimice sensitive fusion| 1.45 28.8 3:3:2:41 membrane traffic protein
protein attachment protein
15 Gnb+ guanine nucleotide binding 8 143 135 1015:12-3-7 hydrolyse, heterotrimeric G-
protein (G protein), beta 1 ) ) o protein
16 Hnmpl heterogeneous nuclear 3 140 185 1411 mRMNA splicing factor,
ribonucleoprotein L ribonucleoprotein
17 | Apipz | ATPase Na+/is transporting, 6 1.39 18.4 28522 cation transporter
beta 2 polypeptide
) ) ) eErEE ATP synthase. anion channel ,
18 Ckb creatine kinase, brain 13 1.37 13.2 52:52:50,55:59 hydrolase
19 Ak adenylate kinase 4 8 1.34 231 3:201:3:3 nucleotide Kinase
20 | Aldnea1 | 8ldenyde denydrogenase family | g 1.33 10.3 3:3:001:- dehydrogenase
6. subfamily A1
21 Alb albumin 9 1.32 239 9:12:13:8:9 transfer / carrier protein
aminopeptidase puromycin e small GTPase, cytoskeletal
22 Npepps sensitive 11 1.31 237 44445 prolein
23 | sept11 septin 11 2 1.30 245 45533 EMENETIPERS, i@ SE
protein
~ transmembrane receptor protein
24 | ureq |UDiQuitin-fold modifier conjugating -, 132 118 115121 tyrosine kinase, protein amino
enzyme 1 : .
acid phosphorylation
25 | g |Slectron transferring favoprotein,| 132 23.0 23122 hydroxylase
beta polypeptide
26 Acpl acid phosphatase 1, soluble 3 -1.33 244 -1:2:21 protein phosphatase, reducatase
27 Gstp1 glutathione S-transferase, pi 1 4 -163 286 3.4.1:5:5 transferase
1000 mGy - Cortex
Unique n-fold change ICPL-6/ICPL-0 | ICPL_6/ICPL_0O -
# Symbol Entrez Gene Name Peptides from ICPL-8/ICPL-0| Variability [%] Count PANTHER protein class
cytochrome ¢ oxidase, subunit Vi a-
1 Coxgal 2, polypeptide 1 2 234 27.6 -2:1:101 oxidase
2 | Hebp heme binding protein 1 3 1.09 283 2212 heme metanolic process, heme
binding
ubiguinol-cytochrome ¢ P metalloprotease, reductase,
3 Ugere reductase core protein 1 T e 271 46:8.56 esterase
heterogeneous nuclear P mRNA splicing factor,
4 | Hompl ribonucleoprotein L 2 e 136 222 ribonucleoprotein
] ] electron transport chain,
mitochondrially encoded . ;
5 mt-Co2 cytochrome ¢ oxidase I 3 1.68 27.8 -2.2,2.3 hydrogen ion fransmembrane
transport
NADH dehydrogenase
6 Ndufa10 |(ubiguinone) 1 alpha subcomplex 7 1.47 24.5 51436 nucleotide kinase, oxidoreductase
10
7 Necapi |NECAP endocytosis associated 1 3 1.43 71 =121 endocyltosis
guanine nuclectide binding I hydrolyse, heterotrimeric G-
& Gnb2 protein (G protein), beta 2 6 ez 276 3T.T84 protein
9 Anxas annexin A5 9 1.42 28.5 32425 transfer / carrier protein, annexin
ATPase, H+ transporting, oaa ATP synthase, anion channel ,
10| AlpGv1b2 lysosomal V1 subunit B2 15 34 161 13:816:17:16 hydrolase
aldhehyde dehydrogenase family .
11 Aldh5alt 5. subfamily A1 9 1.36 283 52:4:9.3 dehydrogenase
. guanosine diphosphate (GDP) e acyliransferase, G-protein
12 Gart dissociation inhibitor 1 7 ez 26.1 713,548 modulator
13 Actal actin, alpha 1, skeletal muscle 3 1.34 17.7 21,545 actin and actin related protein
charged multivesicular body . . .
14 Chmp5s protein 5 2 1.34 9.8 =122 transfer / carrier protein
guanine nuclectide binding Eeaa hydrolyse, heterotrimeric G-
19 Gno1 protein (G protein), beta 1 7 = 198 13:18.5.1113 protein
16 Tubada tubulin, alpha 4A 7 1.33 226 19;36,26:35.38 tubulin complex
protein phosphatase 1, catalytic . protein phosphatase, calcium-
7 Pppica subunit, alpha isoform 3 = 147 1222 binding protein
biphenyl hydrolase-like (serine
18 Bphl hydrolase, breast epithelial mucin 8 1.31 219 3421 serine protease
associated antigen)
19 - predicted pseudogene 9762 2 -1.40 9.9 1:2:2;:2:1 not known
20 Chehaz | colled-coil-helb-coiled-coil-nelix & 144 16.6 _9a0a mitochondrial function and
domain containing 3 structure
21 Pcpd Purkinje cell protein 4 2 -1.48 203 =111 calmodulin binding
29 Prit2 proline-rich transmembrane 3 153 146 21334 response fo biotic stimulus, cell

protein 2

junction
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Table 26: List of deregulated proteins 7 months post-irradiation from 20 mGy, 100 mGy, 500 mGy and 1000 mGy

within the hippocampus (NMRI mouse study).

The table shows the up-regulated or down-regulated proteins with the fold-changes, their variability, their number of unique
peptides used for protein identification and number of identifications in the biological replicates (ICPLx/ICPLO-Count).
“PANTHER protein class” represents the protein class where the protein of interest can be annotated based on PANTHER
software tool and UniProt database. Grey / brown highlighted “PANTHER protein classes” belong to the protein class of
“small GTPase / associated G-protein” / “cytoskeleton / cytoskeleton-binding protein”, respectively

20 mGy - Hippocampus

) n-fold change ICPL 4/
# | symbol Entrez Gene Name unique | o icpL-ancpL- | /SPEA4ICPL-0 | on Ty | PANTHER protein class
Peptides Variability [%]
0 Count
1 Gad2 glutamic acid decarboxylase 2 3 1.46 20.7 5545 decarboxylase
5 Cap CAP, adenylate cyclase-associated 3 L 05 721 actin family cytoskeletal
protein 1 protein
3 | Hebpi heme binding protein 1 3 1.43 101 1:2:4-4 | Neme metanolic process,
heme binding
4 Cetga | chaperonin containing Tcp1, subunit 4 1.97 19.9 - chaperonin
6a (zeta)
5 | swn sideroflexin 1 6 1.31 10.6 1:2:1:1 cation transporter,
transfer/carrier protein
6 Glod4 glyoxalase domain containing 4 3 161 23.0 3:-:2:1 glyoxalase
7 Sirpa signal-regulatory protein alpha 5 1.73 28.7 5:3:-:3 chemokine
100 mGy - Hippocampus
) n-fold change ICPL 4/
# | symbol Entrez Gene Name unique | o icpL-ancpL- | /SPEA4ICPL-0 | on Ty | PANTHER protein class
Peptides Variability [%]
0 Count
) - e structural protein,
1 Vim vimentin 7 1.45 25.2 2:1:4:2 e
2 Mbp myelin basic protein 2 1.41 29.2 9:12:17:6 myelin
3 Tri transferrin 5 1.37 12.2 2--2:3 liron binding transport proteir
4 Ugcre ublqumol-cyﬂochromg ¢ reductase core 15 1.37 10.2 3552 metalloprotease, reductase
protein 1
NADH dehydrogenase (ubiguinone) 1 .
5 | Ndufa10 2loha subcomplex 10 7 1.35 15.4 8:6:8:3 dehydrogenase
) sirtuin 2 (silent mating type information . chormatin/chromatin-binding
6 Sirt2 regulation 2, homolog) 2 (S. cerevisiae) 7 2% 122 2.5:8.2 protein, deacetylase
7 Popica protein phosphatase 1, catalytic 5 Py 05 1 120 protein phosphatase.
subunit, alpha isoform calcium-binding protein
8 Gad2 glutamic acid decarboxylase 2 3 1.30 241 5:3:3:5 decarboxylase
NADH dehydrogenase (ubiquinone) 1 . o
9 | Ndufas 2lpha subcomplex. & 2 133 26.4 2:3:2:2 nucleotide kinase
10 Akd adenylate kinase 4 8 135 185 2532 nucleotide kinase
1 | Hintt histidine friad nucleotide binding 3 138 49 2222 | nucleotide phsophatase
protein 1
1 Peca propionyl-Coenzyme A carboxylase, 5 o 013 1101 lqase
alpha polypeptide - : T 9
500 mGy - Hippocampus
) n-fold change ICPL 6/
# | symbol Entrez Gene Name unique | o omicpL-sncpL- | 'CPE8MCPL0 | oo 0 | PANTHER protein class
Peptides Variability [%]
0 Count
] Cap CAP, adenylate cyclase-associated 3 56 73 7o actin family cytoskeletal
protein 1 (yeast) protein
2 Mog myelin oligodendrocyte glycoprotein 7 1.92 241 1:2:3:1 myelin protein
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3 Rin3 reticulon 3 6 1.67 266 1414 membrane traffic protein
cell division cycle 42 homolog (S. e small GTPase, cytoskeletal
4 Cdc42 CErevisiae) 3 ey 266 2242 protein
protein phosphatase 1, catalytic aas protein phosphatase,
3 Pppica subunit, alpha isoform 3 & 16 211 calcium-binding protein
6 Rap1gds1 RAP1, GTE’-GDF’ dissociation 5 161 18.0 1896 GDPRI/GTP exchange of small
stimulator 1 GTPases
phosphodiesterase 2A, cGMP- . .
7 Pde2a stimulated 4 1.59 196 1.3:3- phosphodiesterase
8 Ndufv1 NADH dehydrogenas_e (ubiquinone) 9 1.59 264 47,64 dehydrogenase, reductase
flavoprotein 1
9 Ugcre1 ub|qum0\—cy10chrom¢ ¢ reductase core 12 1.58 248 1313 metalloprotease, reductase
protein 1
solute carrier family 25 (mitochondrial amino acia transporter,
10 Slc25a3 carrier. phos haleyr':arri(er member 3 5 1.55 252 -6:3;:2 |mitochondrial carrier protein,
- phosp ) calmoaulin
translocase of outer mitochondrial el
11 Tomm34 membrane 34 3 1.53 97 =111 chaperone
12 Mbp myelin basic protein 2 1.51 279 21678 myelin protein
13 Ank2 ankyrin 2, brain 2 1.49 218 1.7.7.3 cytoskeletal protein
14 | cnp 2" 3'-cyclic nucigotide 3 11 147 17.0 26:29:43:97|  phosphodiesterase
phosphodiesterase
tyrosine 3-monooxygenase/iryptophan
15 Ywhah S-monooxygenase activation protein, 4 1.43 1.8 1,222 chaperone
efa polypeptide
16 Gnb1 guanine nucleon_de binding protein (G 8 1 47 66 20152110 hydrolyse, heterotnmenc G-
protein), beta 1 protein
17 Cririp1 cannabinoid rece_ptor interacting 4 1 47 13.7 24445 cannab_|n0|d_recept0r
protein 1 signalling
18 Gnb2 guanine nucleon_de binding protein (G 7 137 35 0577 hydrolyse, heterotnmenc G-
protein), beta 2 protein
immunoglobulin receptor
superfamily (cell adhesion
19 Cntn1 contactin 1 13 1.36 207 25,27:26,20 molecule), protein
phosphatase, extracellular
matrix linker protein
20 Actat actin. alpha 1. skeletal muscle 3 1.36 3.7 8656 actin and actin related
21 | Bint bridging integrator 1 5 135 16.2 2:31-- membrane trafficking
requlatory protein
22 Tubb3 tubulin, beta 3 class Il 7 1.33 7.8 26117.2317 tubulin complex
23 Tubada tubulin, alpha 4A 7 1.32 79 40;36:38;43 tubulin complex
24 Mptt neuronal pentraxin 1 6 1.31 13.9 3512 immune / stress response
25 Rpl19 ribosomal protein L19 4 1.3 285 2345 ribosomal protein
26 P2 profilin 2 3 1.30 5.0 4:2:2:3 cytoskeletal regulation
] SH3-domain GRB2-like (endophilin) e energy homeostasis, clathrin
21 | Soipt interacting protein 1 7 =131 179 1562 mediated endocyosis
28 | srgaps | SUT-ROBO Fi;gtf;;PSase activating 9 132 104 1541 G-protein modulator
29 Lonp1 lon peptidase 1. mitochondrial 8 -1.33 15.5 serine protease
30 | Add3 adducin 3 (gamma) 4 134 172 [MET-NE LT ZRIT (FTEng
protein
31 Oqgdhl oxoglutarate dehydrogenase-like 12 -1.35 18.3 dehydrogenase
32 Trim28 tripartite motif-containing 28 2 -1.40 13.4 =311 transcriptional repressor
33 Gstp1 glutathione S-transferase, pi 1 4 -1.47 17.7 5324 transferase
34 | Necapp | MN-terminal EF-hand calcium binding 5 .51 255 14:4:2 calcium-binding protein

protein 2

122



1000 mGy - Hippocampus

Supplementary information

) n-fold change ICPL 6/
# | symbol Entrez Gene Name InIAUe | grom ICPL-GACPL- | \or - oNCPL0 | ep o | PANTHER protein class
Peptides Variability [%]
0 Count
1 Numbl numb-like 5 279 11.8 ~2:2:1 signaling molecule
2 | ugeret |UPiauinokcytochrome ¢ reductase core| 219 251 25553 | metalloprotease, reductase
protein 1
3 Septs septin 8 6 1.89 20.0 ERRER C TS Eid @ h
protein
4 Fscni fascin homolog 1._acl|n bundling 8 182 29§ 391 non-motor acl_m binding
protein protein
5 Ank2 ankyrin 2. brain 4 179 240 2523 cyloskeletal protein
6 Prdxs peroxiredoxin 5 3 175 255 -4.2:2 proxidase
7 |Raptgast RAP1. GTP-GDP dissociation : 1 50 145 cogs |GDP/GTP exchange of small
stimulator 1 GTPases
8 | Atpipz | ATPase Nait transporting, beta 2 6 157 271 3:8:0:5 cation transporter
polypeptlde
) acyltransferase,
9 Mez | malic enzy m;g{.}gﬁ%g%}l-dependem_ 6 1.52 21.0 =333 dehydrogenase,
decarboxylase
10 Mbp myelin basic protein 2 1.52 267 6:12:17:9 myelin
11 | Rab7 | RAB7. member RAS oncogene family | 2 151 224 1241 ETLEERTE (=L 127
metabolism, small GTPase
12 Gdit guanosine diphosphate (GDP) 7 L 215 21185 | 2cyiransferase, G-protein
dissociation inhibitor 1 modulator
13 | Dnajat | Dn@l (Hsp40) homolog, subfamily A, 4 145 250 <221 chaperone
member 1
14 | Pppica protein phosphatase 1, catalytic 5 e 235 199 protein phosphatase,
subunit, alpha isoform calcium-binding protein
15 | Tubb3 tubulin. beta 3 class I 8 1.41 7.0 15.19:17.21 tubulin complex
16 | Tagina transgelin 3 ; 1.41 197 1:3;1;- | Mon-motor actin binding
protein
17 | nN28178 expressed sequence N28178 8 1.37 209 211 not known
18 Gno1 guanine nucleoti_de binding protein (G 5 137 46 5141815 hydrolyse, heterotrimeric G-
protein), beta 1 protein
extracellular matrix
19 Gpc1 glypican 1 9 1.36 4.0 -2:601 glycoprotein, cell adhesion
molecule
20 Tubada tubulin, alpha 4A 7 1.36 9.3 35.29;38.38 tubulin complex
21 Gnpz | 9uanine nucleotide binding protein (G 4 - 6.4 7787 | hvdrolyse, heterotrimeric G-
protein), beta 2 protein
2 Tpt1 tumor protein, translationally-controlled 5 ., 04 19211 non-moor microtubule
1 binding protein
2 Carip? cannabinoid receptor interacting 5 B 112 3442 cannabinoid receptor
protein 1 signalling
24 Ckb creatine kinase. brain 14 134 9.4 43.50.53.44 amino acid kinase
25 Lap3 leucine aminopeptidase 3 5 1.31 97 1:1:5,- metalloprotease
) SH3-domain GRB2-like (endophilin) o energy homeostasis, clathrin
26 Sgip1 interacting protein 1 7 =& 275 219 mediated endocyosis
apolipoprotein,
27 | sezl seizure related 6 homolog like 5 1.31 23.4 114 metalloprotease, serine
protease, cell adhesion
molecule
2 Tott tumor protein, translationally-controlied 5 ., 0.4 1911 non-motor microtubule
1 binding protein
2 Chrip? cannabinoid receptor interacting 5 ., 112 3449 cannabinoid receptor
protein 1 signalling
24 Ckb creatine kinase. brain 14 1.34 94 43.50.53.44 amino acid kinase
25 Lap3 leucine aminopeptidase 3 5 1.31 97 1:1:5,- metalloprotease
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SH3-domain GRB2-like (endophilin) s energy homeostasis, clathrin
26 Sgipt interacting protein 1 7 =0 215 215 mediated endocyosis
apolipoprotein,
27 | sezl seizure related 6 homolog like 5 131 23.4 1124 metalloprotease, serine
protease, cell adhesion
molecule
28 Hint1 histidine friad nucleotide binding 3 1.31 7.0 2:2:2:2 nucleotide phosphatase
protein 1
membrane traffic protein, G-
290 | Enat EH-domain containing 1 5 -1.31 173 <1111 | protein modulator, calcimu-
binding protein
30 Ran RAN. member RAS oncogene family 4 132 18.6 5056 small GTPase
31 | Cnksr2 connector enhancer of kinase 6 136 18.7 114 kinase modulator
suppressor of Ras 2
32 Psat1 phosphoserine aminofransferase 1 3 137 22.4 1.21- transaminase
N-terminal EF-hand calcium binding o ) . )
33 | Necab2 protein 2 3 152 28.3 =1:3:1 calcium-binding protein
34 | naurag | NADH dehydrogenase (ubiquinone) 1 2 -1.53 17.4 2:3.2:2 denydrogenase
alpha subcomplex, 8
) Cas non-mofor actin binding
35 | synpo synaptopodin 11 -1.58 26.6 2413 B
36 | Ppcca | Propiony-Coenzyme A carboxylase, 6 212 257 1:4:2:4 ligase
alpha polypeptide . ) T

Table 27: List of deregulated proteins 4 weeks post-irradiation from 100 mGy, 500 mGy and 2000 mGy within the
cortex (C57BI6 study).
The table shows the up-regulated or down-regulated proteins with the fold-changes, their variability, their number of unique
peptides used for protein identification and number of identifications in the biological replicates (ICPLx/ICPLO-Count).
“PANTHER protein class” represents the protein class where the protein of interest can be annotated based on PANTHER
software tool and UniProt database. Grey / brown highlighted “PANTHER protein classes” belong to the protein class of
“small GTPase / associated G-protein” / “cytoskeleton / cytoskeleton-binding protein”, respectively

100 mGy - Cortex - 4 weeks post irradiation

Unique |n-fold change from | ICPL-4/ICPL-0 | ICPL_4/ICPL_0 -

# Symbaol Entrez Gene Hame ot - PANTHER protein class
u Peptides| ICPLICPLO | Variability [%] Count 2
1 Acth actin, beta 7 1.580 24.6 1;12:3;1; 24 actin and actin related protein
2 Ank2 ankyrin 2, brain 3 1.460 2432 o b By cytoskeletal protein
3 | Phactl | phosphatase and actin reguiator 1 11 1371 217 L6441 | Phosphaiase m“d”'atirr'n'f;?:ske'm” organisation
4 Ugere1 ub'qUIHULMGCEEE?“CJN”CHS& core 12 1.334 21.2 LLL421 metalloprotease, reductase, esterase
5 Famégh family with sequence similarity 49, 4 1.304 a1 L1211 ~
member B
8 Srefr serine/arginine-rich splicing factor 7 3 -1.319 2689 32212 mRNA splicing factor
7 Gnait | 9uanine nuckeotie binding protein (G 4 -1.343 10.0 %u2n%2 heterotrimeric G-protein
protein}, alpha inhibiting 1
g Rin3 reticulon 3 T —1.45n) 25.0 1;-1;1;151 membrane traffic protein
9 Cbr1 carbonyl reductase 1 4 -1.740 14.7 111111 dehydrogenase, reductase
500 mGy - Cortex - 4 weeks post irradiation

Unique |n-fold change from | ICPL-6/CPL-0 | ICPL_&/ICPL_O .

# Symboaol Entrez G N e = PANTHER proti I
Lt mirez bene Tame Peptides| ICPLGICPLO | Variability [%] Count e et—
1 Ugere1 LIblquanl-C}dUCl;ll:EclI;I;TnC1reduC‘tﬂs& core 12 2644 128 Pl g | metalloprotease, reductase, esterase
tyrosine 3-monooxygenaseftryptophan
2 “whae S-monooxygenase activation protein, 3 2.365 54027 32211 chaperone
epsilon polypeptide

3 Corolb coronin, actin binding protein 18 (33 1.967 268 13112 non-motor actin binding protein
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4 Ank2 ankyrin 2, brain 3 1.794 207 144,51 cytoskeletal protein
5 | Rapigds1 |RAP1. GTP-GDP 'j'j“':'a“”" stimulator| 5 1.650 2.8 3,6:7:4;45 GDP J GTF exchange®
3 Gnpy | guanine nuckeotide binding protein (3 8 1,608 26.2 3753165 hydrolase, heterotrimeric G-protein
protein}, beta 1
7 Gnpz | Guanine nucleotide binding protein (G 5 1.589 295 2,43:3:3/1 hydrolase, heterotrimeric G-protein
protein), beta 2
8 | apipz | ATPase Nas/Kstransporting, bsta 2 5 1.581 292 44,8431 ATP synthase
polypeptide
9 Septld septin 11 4 152 19.8 HL4314 small GTPase, cytoskeletal protein
10 Septd septin & ] 1.50 20.2 2;5:32;51 small GTPase, cytoskeletal protein
11 Lsamp limbic systern—a;z?;:fted membrans 5 1.49 14.6 2315411 immunoglobulin superfamity cell adhesion molecule
12 Rin3 reticulon 3 7 1.44 23.4 353433 membrane traffic protein
13 | Eirpst | Sukanetictransiation iniation factor2, | - o 143 289 11212 translation initiation factor
subunit 1 alpha
14 Ckb creatine kinase, brain 14 1.41 18,2 23;23;43;31;29;33 amine acid kinase
15 Sod1 superoxide dismutase 1, scluble 3 1.40 23.3 L541;2;2 oxidoreductase
16 Sept? septin 7 8 1.38 12.8 1;4;4;3;5;5 small GTPase, cytoskeletal protein
17 Tubada tubulin, alpha 44 7 1.36 9.0 13;15;20;21;20;21 tubulin
18 Tubb3 tubulin, beta 3 class I 8 134 8.0 13;18;27,20;12;22 tubulin
19 Septs septin & 5 1.34 11.8 4oy N T0 small GTPase, cytoskeletal protein
solute carrier family 17 (sodium-
20 Slc17a7 dependent inorganic phosphate 5 1.32 21.4 31,3321 cation transporter
cotransporter), member 7
21 Pcx pyruvate carboxylase 15 1.32 23.1 1;3:2:2:3;1 ligase
22 Bin1 bridging integrator 1 4 1.31 20.4 1;4:6;3;3;2 membrane trafficking regulatory protein
bacterial lantibiotic synthetase A -
Lanciz 13 | 72 | nuumu < *
23 anc component C)-like 2 4 1,30 7.2 1;1;1;3;1;2 phasphatidylinositol-3/4/5-phosphate binding
24 lgsect It motif and Sec? domain 1 9 -1.30 8 12231 guanyknucleotide exchange factor
25 Prrt2 proline-rich transmembrane protein 2 2 -1.31 9.2 223, 2;2;3 AMPA receptor complex protein®
28 Prkcc protein kinase C, gamma 13 -1.32 12.4 8;0;8;8;8;8 ATP binding, calcmm:'lzfiegsfent protein kinase C
27 Gma7E2 predicted pseudogene 9762 2 -1.33 8.2 1;-1;2:1;3 -
28 Pura purine rich element binding protein A 7 -1.35 19.3 241411 transcription factor, DNA binding protein
Rap guanine nuclectide exchange ~ e .
29 Rapgef2 factor (GEF) 2 11 1.356 26.0 2;-2;2;5;2 guanylnucleotide exchange factor
30 Fam4Sh family with sequence similarity 49, 4 1.37 8.1 2:2,2:2;3:2 -
member B
31 Ract RAS-related C3 botulinum substrate 1 4 =T 16.1 5y4i6;7:5;9 small GTPase
2000 mGy - Cortex - 4 weeks post irradiation
Unique |n-fold change from | ICPL-10ICPL-0 | ICPL_10/ICPL_0D .
# Symbaol Entrez Gene Name Peptides ICPL-10/1CPL-0 Variability [%] Count PANTHER protein class
tyrosine 3-monooxygenaseftryptophan
1 “whae S-monooxygenase activation protein, 3 177 183 32211 chaperone
epsilon polypeptide
2 Ugeret ubnqU|nc|l-c:y'tuc|;:c;;n;nc1reductase core 12 1.55 20.8 1;1;2;2;1;1 metalloprotease, reductase, esterase
3 Sod1 superoxide dismutase 1, soluble 3 1.38 16.6 L4122 oxidereductase
4 Septd septin & 4] 1.37 14.1 small GTPase, cytoskeletal protein
- ATP synthase, H+ transporting, hydrogen ion transmembrane transcription activity
5 Atpsh | T SYITESE, TEWANSPOINNG, - 5 e gmg | 274 | LLELE
- " mitochondrial FO complex, subunit d 2 L2 7.4 L3135 protein, mitochondrial respiration®
1 Prrt2 preline-rich transmembrane protein 2 2 -1.30 a7 232122 ANMPA receptor complex protein®
7 Ract RAS-related C3 botulinum substrate 1 4 -1.30 9.9 56,5144 small GTPase
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] Hspa2 heat shock protein 2 7 -1.30 141 1,22223 Hsp70 familty chaperone
g GmaTe2 predicted pseudogene 9762 2 -1.32 6.7 -2 153 -
tyrogine 3-monooxygenasetryptophan
10 whab S-moneoxygenase activation protein, ] -1.33 23.3 23,345 chaperone
beta polypeptide

11 Ctbp1 C-terminal binding protein 1 5 -1.36 11.5 1,115,125 trangcription cofactor, dehydrogenase

1z Sraf1 serine/arginine-rich splicing factor 1 8 -1.42 13.1 1;2;%25,2;2 mRNA splicing factor

13 Fam4sh family with seguence similarity 49, 4 142 17.6 222,252

member B
Rap guanine nucleotide exchange T— )

14 Rapgef2 factor (GEF) 2 11 -1.46 23.2 2;-12;2;5;2 guanylknuclectide exchange factor
Table 28: List of deregulated proteins 4 weeks post-irradiation from 100 mGy, 500 mGy and 2000 mGy within the
hippocampus (C57BI6 study).

The table shows the up-regulated or down-regulated proteins with the fold-changes, their variability, their number of unique
peptides used for protein identification and number of identifications in the biological replicates (ICPLx/ICPLO-Count).
“PANTHER protein class” represents the protein class where the protein of interest can be annotated based on PANTHER
software tool and UniProt database. Grey / brown highlighted “PANTHER protein classes” belong to the protein class of
“small GTPase / associated G-protein” / “cytoskeleton / cytoskeleton-binding protein”, respectively
100 mGy - Hippocampus - 4 weeks post irradiation
. n-fold change ICPL_4 1/
# | symbol Entrez Gene Name unique | icpLancpL- | 'CPE4M1CPL0 | on "0 | PANTHER protein class
Peptides Variability [%]
0 Count

1 Stip1 stress-induced phosphoprotein 1 8 1.59 26.2 4;3;3;4:6;2 chaperone

5 Ugeret ubiquinol—cylochrom_e c reductase core g 1.36 0.4 1111101 metalloprotease, reductase,

protein 1 esterase

3 | Prkargp | Protein kinase. cAMP dependent 4 -1.55 20.2 5111511 kinase modulator

regulatory. fype Il beta

4 Gnaif | 9uanine nucleotide binding protein (G 4 -1.92 23.2 1:1:1:1:1;2| heterotrimeric G-protein

protein). alpha inhibiting 1
500 mGy - Hippocampus - 4 weeks post irradiation
. n-fold change ICPL_B [
Unique ICPL-6/ICPL-0 — .
# Symbol Entrez Gene Name Peptides from ICPL-6/ICPL- Variability [%] ICPL_D PANTHER protein class
0 Count
1 Hbb-b1 hemoglobin, beta adult major chain 2 2.86 27.7 3;2,5;1,3;5 oxygen transport*
5 ugere ubiquinol-cytochrome ¢ reductase core 8 1.94 157 1151111 metalloprotease, reductase.
protein 1 esterase
fructose-bisphosphate
3 Aldoa aldolase A, fructose-bisphosphate 4 1.69 15.5 9,7,5,6;10;5 aldolase activity, protease
binding*
solute carrier family 17 (sodium-

4 Slc17a7 dependent inorganic phosphate 3 1.57 13.9 1;1;-:1;1;1 cation transporter

cotransporter), member 7
5 |Rapigdst RAP1, GTP-GDP dissociation 6 1.54 26.6 3;4:3;1;3;3| GDP/ GTP exchange®
stimulator 1
g Hnmpl het_erogeneous nqclear 3 1.50 282 3:3:3:3:3:1 mF_lNA splicing fac_tor.
ribonucleoprotein L ribonucleoprotein
) PP actin and actin related
7 Actb actin, beta 5 1.48 16.1 2;-;16;5,2;1 protein
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immunoglobulin receptor
sumperfamily, protein
8 Nfasc neurofascin 21 1.38 284 24371 phosphatase,
immunoglobulin superfamily
cell adhesion molecule
9 Spnaz2 spectrin alpha 2 2 1.36 28.7 5,7,6;4,4.,6 actin capping*
10 Gnbz | Guanine nucleotide binding protein (G 4 133 116 112112 hydrolase, heterotrimeric G-
protein}, beta 2 protein
Parkinson disease (autosomal transcription factor, cysteine
11 Park7? ; ( 2 1.32 13.9 22,2212 protease, RNA binding
recessive, early onset) 7 .
protein
12 Gnb1 guanine nucleotlde binding protein (G 5 1.31 44 253543 hydrolase, heter_otnmenc G-
protein), beta 1 protein
13 cety | chaperonin conta}g;? Tecp1, subunit 7 3 1.30 26.5 2:2:1:7:3:4 chaperonin
) guanosine diphosphate (GDP) | - | 1.0 | acae  |ewcemecea. acyltransferase, G-protein
14| Gt dissociation inhibitor 1 7 1.0 268 TST5A45 modulator
15 Phgdh 3-phosphoglycerate dehydrogenase 6 1.30 23.5 2;2;3;1;1;1 dehydrogenase
i S A S A N membrane trafficking
16 Bin1 bridging integrator 1 4 1.30 156 4:2:4:2:2:3 regulatory protein
17 | Naursz |NADH dehyd’%ggpgﬁn(gb'q”'m"e) Fe1 4 146 1.2.21:2:2 oxidoreductase*
_— 4oa-a. . | estrogen receptor-selective
18 Phb2 prohibitin 2 9 8.5 1:1.115-1 coregulator*
immunoglobulin receptor
sumperfamily, protein
19 MNeam1 neural cell adhesion molecule 1 5 17.5 12;10;11;12; phosphatase,
immunoglobulin superfamily
cell adhesion molecule
20 Rac1 RAS-related C3 botulinum substrate 1 4 23.1 3,3:4,2,4,7 small GTPase
21 Tubbt tubulin, beta 6 class V 2 28.0 1,3,6;1,-;2 tubulin
22 Prri2 proline-rich transmembrane protein 2 2 10.5 3;2;1;3;1;2 AMPA re;f);t)éti)r:xcomplex
23 | Gnai |9UaNine nucieolide binding protein (G | 4 14.1 1;1;1;1;1;2|  heterotrimeric G-protein
protein), alpha inhibiting 1
24 | Prkarzp | Protein kinase, cAMP dependent 4 13.7 S kinase modulator
regulatory, type Il beta
2000 mGy - Hippocampus - 4 weeks post irradiation
] n-fold change ICPL_10/
# | Symbol Entrez Gene Name unique | oo icpL-toncpL] CPE1OMICPL0 1 onl o | PANTHER protein class
Peptides Variability [%]
o Count
1 Ugereq | Ubiquinol-cytochrome ¢ reductase core g 101 1:1:1:1:1-1 | Metalloprotease, reductase,
a protein 1 i} e esterase
2 | Adoa | aldolase A, fructose-bisphosphate 4 19.9 5:7:5:5:7:9 glycolysis and
gluconeogenesis
immunoglobulin receptor
sumperfamily, protein
3 Nfasc neurofascin 21 146 7.4,2:2-4 phosphatase,
immunoglobulin superfamily
cell adhesion molecule
4 Ogdhl oxoglutarate dehydrogenase-like 12 245 311111 oxidoreductase®
5 Hist1h2bp histone cluster 1, H2bp 3 169 321212 histone
6 Rac1 RAS-related C3 botulinum substrate 1 4 -1.31 19.8 3;4:2;4,7,3 small GTPase
7 | Pho2 prohibitin 2 9 132 42 1:4:4:1:-1 | ESIrOQeEN receplor-selective
coregulator
) guanine nucleotide binding protein (G | , | L ax | o1a |qe1eqereqs R -
8 Gnail protein), alpha inhibiting 1 4 -1.34 21.2 1;1;1;1;1;2| heterotrimeric G-protein
9 | Histih4j histone cluster 1, H4j 6 19.2 1,7;10;8,10; histone*
10 | prtz | proline-rich transmembrane protein 2 2 23.1 3:2;1;3;1;2| AMPA receptor complex

protein®
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Table 29: List of deregulated proteins 24 weeks post-irradiation from 100 mGy, 500 mGy and 2000 mGy within the
cortex (C57BI6 study).
The table shows the up-regulated or down-regulated proteins with the fold-changes, their variability, their number of unique
peptides used for protein identification and number of identifications in the biological replicates (ICPLx/ICPLO-Count).
“PANTHER protein class” represents the protein class where the protein of interest can be annotated based on PANTHER
software tool and UniProt database. Grey / brown highlighted “PANTHER protein classes” belong to the protein class of
“small GTPase / associated G-protein” / “cytoskeleton / cytoskeleton-binding protein”, respectively

100 mGy - Cortex - 24 weeks post irradiation

Unique |n-fold change from| ICPL-4/ICPL-0 | ICPL_4/ICPL_O ;
# Symbol Entrez Gene Name Peptides ICPL-4/ICPL-0 variability [%] Count PANTHER protein class
1 H3f3b H3 histone, family 3B 2 1.80 276 526642 histone™®
. N e _ non-motor actin binding protein,
2 Vel vinculin 7 134 5.5 L2;1,3:3; cell adhesion molecule
mRNA polyadeylation factor,
heterogeneous nuclear | o | L. | 52 | 1.2.2.9a. - ;
3 |[Hnmpa2b1 ribonucleoprotein A2/B1 9 1.32 12.8 1;3;3;2,9;6 mMRMNA spllcmg factor, rlbospmal
protein, ribonucleoprotein
4 Add1 adducin 1 (alpha) 9 -1.31 24.0 9;7,5,3;5,6 non-motor actin binding protein
5 Rpl10 ribosomal protein 10 10 -1.32 20.1 -3:4:,2;3;3 ribosamal protein
6 cnp 2'.8"-cyclic nucleotide 3 11 -1.33 9.2 7:11:16;16:15:17 phosphodiesterase
phosphodiesterase
500 mGy - Cortex - 24 weeks post irradiation
Unique (n-fold change from| ICPL-E/ICPL-0 | ICPL_&/ICPL_O .
# Symbol Entrez Gene Name Peptides ICPL-6/ICPL-0 variability [%] Count PANTHER protein class
ubiquinol-cytochromec |, [ | aneaas metalloprotease, reductase,
1 Ugre reductase core protein 1 10 246 282 2352322 esterase
2 | Gripap GRIP1 associated protein 1 11 1.57 26.3 1;1;3;1;2;1 AMPA rec;g‘t‘;'i’r:f‘eram”g
solute carrier family 3 (activators
3 Slc3a2 | of dibasic and neutral amino acid 4 1.51 18.3 2:3;2;2:1;1 amylase
transport), member 2
4 Septs septin 5 5 1.47 22.2 3,3,10,5,8;4 | small GTPase, cytoskeletal protei
5 Actg actin, gamma, cytoplasmic 1 6 1.46 18.6 25,7;19;4;4;5 actin and actin related protein
6 Nono non-POU-domain-containing, 9 1.46 26.2 =1;1:2;2;2 MRNA splicing factor
octamer binding protein
7 Sept3 septin 3 2 1.40 4.2 3;3;5;1;2;- small GTPase, cytoskeletal protei
ATPase, H+ transporting, | o | a6 | sue | qemenevece
8 Atpevid lysosomal V1 subunit D 8 1.39 24.6 1;2;4;7;5:4 ATP synthase, hydrolase
9 Sept7? septin 7 6 1.39 15.2 3,-:2;3:3,2 small GTPase, cytoskeletal protei
10 Cgdhl | oxoglutarate dehydrogenase-like 9 1.37 29.7 3,4,4,1;1;- oxidoreductase
11 Rdx radixin 3 1.36 26.7 1;1;1;1;1;- actin family cytoskeletal protein
12 Gnb2 guanine nucleon_de binding 7 136 5.3 3:5:8:8:8:3 hydrolase, helerotrlmerlc G-
protein (G protein), beta 2 protein
guanine nucleotide binding A Ce Lt D hydrolase, heterotrimeric G-
13 Gnb? protein (G protein), beta 1 8 2% 27.9 9:15:15:18;17:3 protein
protein phosphatase 2 (formerly
14 | Ppp2r2a 2A), regulatory subunit B (PR 7 1.35 279 -1:1:3:3:3 protein phosphatase

52), alpha isoform
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15 Lrp low density Ilpoprotel_n receptor- 19 134 18.3 2:1:1:-:1:2 receptor, eﬂracellqlar matrix
related protein 1 glycoprotein
16 Lsamp limbic system—assoc!ated 4 29.0 2:2:1;3:2:1 |mmunog|0bu_||n superfamily cell
membrane protein adhesion molecule
17 | Ctopt C-terminal binding protein 1 8 10 1.21:2:2:2 franscription cofactor,
dehydrogenase
- | 7 0 4as | 174 | 2593a transmembrane receptor
18 | Nptn neuroplastin 7 12.4 26:9:3,6:6 regulatory / adaptor protein
RAS-related C3 botulinum |, | ..o | sac | s.corceoo.
19 Rac1 substrate 1 4 18.5 3;5,7,5,7:4 small GTPase
2", 3'cyclic nucleotide 3' At e T A ;
20 Cnp phosphodiesterase 11 18.3 11;11;16;17;14;18 phosphodiesterase
21 Synj1 synaptojanin 1 7 25.2 1;1;1;-1;1 phosphatase
55 Pri2 proline-rich tra_nsmembrane 2 2.8 3:1:3;-:2:3 ANMPA receptor ctzmplex
protein 2 component
2000 mGy - Cortex - 24 weeks post irradiation
Unique |n-fold change from| ICPL-10/ICPL-0 (ICPL_10/ICPL_O .
# Symbol Entrez Gene Name Peptides| ICPL-10ICPL-0 | Variability [%] Count PANTHER protein class
1 Ugere ublqumol-cyiochrc-mgc 10 223 3:5:2:3:3:2 metalloprotease, reductase,
reductase core protein 1 esterase
membrane fraffic protein, G-
2 Ehd3 EH-domain containing 3 4 1.52 23.6 2;-1;1;3;1 protein modulator, calcium-
binding protein
3 Gripap1 GRIP1 associated protein 1 11 1.51 22.7 1;1;3;1;2;1 AMPA rec;pc))ttglifrrleractlng
4 Erco ELKSIRAB_G—interactinngAST = 1.49 13.1 2:1:3:2:1 membrane _trafﬂc protein - G-
family member 2 protein modulator
5 | Rp35 ribosomal protein L35 2 1.45 24.6 1;1;2;1;1 | 9lveosyitransterase, ribosomal
protein
5 Snap9 synaptosomal—agswated protein 5 1.45 29.6 3,3,4,5,2;3 vesicle coat protein
e = a2 | asge | osaaqea calcium ion binding, calcium-
7 Anxat annexin Ag 7 1.43 29.8 233132 dependent phospholipid binding*
8 Cpneg copine VI 8 1.42 128 4,4;2:2:1;2 membrane traffic protein
tyrosine 3-
o | Ywhae | Monooxygenase/tryptophan 5- 3 1.42 22.1 1,-1:1;2;2 chaperone
monooxygenase activation
protein, epsilon polypeptide
10 | Monp | Men-POU-domain-containing. 9 1.37 20.0 1:1;2:-:3:2 MRNA splicing factor
octamer binding protein
heterogeneous nuclear . mRNA splicing factor,
11| Hompl ribonucleoprotein L 5 1.36 124 21223 ribonucleoprotein
adaptor-related protein complex e i
12 Apzb1 2. beta 1 subunit 2 1.34 26.5 3;3;3,1;-2 membrane traffic protein
immunoglobulin receptor
13 | Licam L1 cell adhesion molecule 13 1.33 18.7 9:5.5.4;4;4  |SuPErfamily, protein phosphatase,
immunoglobulin superfamily cell
adhesion molecule
glycerol phosphate | .. | 125 | asae | aaaaa. "
14 Gpd2 dehydrogenase 2, mitochondrial 18 1.32 29.8 4:4:3:2.11 oxidoreductase
15 Septd septin 9 4 1.31 202 1.2:2.1.2:3 small GTPase, cytoskeletal protei
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structural protein, intermediate

16 Nefh neurcfilament, heavy polypeptide 14

17 Nptn neuroplastin 7

18 Nefm neurofilament, medium 17
polypeptide

vesicle-associated membrane

19| Vapa | hiein, associated protein A 3

20 Hspa2 heat shock protein 2 7

21 Dt D-dopachrome tautomerase 3

25 Lingo1 leucine rich repe_aj and |g domain 7
containing 1

23 Ctbp1 C-terminal binding protein 1 8

24 Priiz proline-rich transmembrane 2

protein 2

25 Rac1 RAS-related C3 botulinum 4
substrate 1

26 Hint4 histidine triad nuc leotide binding 2

protein 1
27 Mbp myelin basic protein 2
28 Rps20 ribosomal protein S20 3
2' 3'-cyclic nucleotide 3'
29 Cnp phosphodiesterase 1

16.5 211;3.4.3.5 il nt*
_____ transmembrane receptor
198 268:3:55 regulatory / adaptor protein
hE-mn-AE-A0- structural protein, intermediate
20 19:28.33,26:29;21 il o
26.8 1:2:2:2:4:4 membrane trafﬂck_lng regulatory
protein
23.9 3;2;1;2;6;4 Hsp70 family chaperone
289 1;1;2;1;-1 cytokine, isomerase
273 111115 receptor, exlract_allular matrix
protein
217 2:2:2:-:2:3 transcription cofacofr,
dehydrogenase
24.1 1:33:2:3 AMPA receptor c?mplex
component
253 457572 small GTPase
9.6 2;2;2;1;2;2 nucleotide phosphatase
13.7 9,;4,14,7.8,5 myelin protein
10.7 1;-;3;2;3;2 ribosomal protein
25.2 11;16;17,8;14,18 phoshodiesterase

Table 30: List of deregulated proteins 24 weeks post-irradiation from 100 mGy, 500 mGy and 2000 mGy within the
hippocampus (C57BI6 study).
The table shows the up-regulated or down-regulated proteins with the fold-changes, their variability, their number of unique
peptides used for protein identification and number of identifications in the biological replicates (ICPLx/ICPLO-Count).
“PANTHER protein class” represents the protein class where the protein of interest can be annotated based on PANTHER
software tool and UniProt database. Grey / brown highlighted “PANTHER protein classes” belong to the protein class of
“small GTPase / associated G-protein” / “cytoskeleton / cytoskeleton-binding protein”, respectively

100 mGy - Hippocampus - 24 weeks post irradiation

Unique n-fold change ICPL-4/ICPL-0 | ICPL_4/ICPL_O .
# Symbol Entrez Gene Name Peptides | from ICPL-4/ICPL- | Variability [%] T PANTHER protein class
1 Prdx5 peroxiredoxin 5 2 247 2:2:4:4:3.3 radical scavenger®
immunoglobulin receptor
superfamily, protein
2 Nfasc neurofascin 2 1.376 14.4 1,3,2,2;2,2 phosphatase,
immunoglobulin superfamily
cell adhesion molecule
3 Phb prohibitin 9 1.340 209 316234 | ©Sirogen receplorselective
coregulator:
4 AtpBVAT ATPase, H+ transporl_mg, lysosomal V1 4 1307 19.5 14411 proton-transpomr:g ATPase
subunit F activity
. ; T I structural protein,
5 WVim vimentin 18 241 -9.7663 i iate fi i
6 | lgnsp | 'socitrate dehydgg?;”ase 3 (NAD+) 6 288 44253 dehydrogenase
500 mGy - Hippocampus - 24 weeks post irradiation
# | symbol Entrez Gene Name unique | n-ml::?PT.r-‘;Tg:L ICPL-6/ICPL-0 | ICPL_8/ICPL O | p)\1ER protein class
ym Peptides| oM o ~ | Variability [%] Count P!
1 Ugered ub|qum0|—cytochr0mc_e ¢ reductase core 12 18.5 1:2:3:1:2:2 metalloprotease, reductase,
protein 1 esterase
2 Prdx3 peroxiredoxin 5 2 24.4 243433 radical scavenger®
3 |Rap1gdst RAP1, GTP-GDP dissociation 5 177 231 123:2:51 GDP | GTP exchange*
stimulator 1
immunoglobulin receptor
superfamily, protein
4 Nfasc neurofascin 2 175 243 132222 phosphatase,
immunoglobulin superfamily
cell adhesion molecule
e s es | aza | 4maian membrane trafficking
5 Bin1 bridging integrator 1 4 1.54 16.2 1.2:1,3:2,- regulatory protein
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immunoglobulin receptor
superfamily, protein

6 Licam L1 cell adhesion molecule 10 1.51 281 41.2.27- phosphatase,
immunoglobulin superfamily
cell adhesion
] Dnal (Hsp40) homolog, subfamily C. PR
7 Dnajcs member 5 2 1.42 241 12211 chaperone
g Gnb1 guanine nucleotide binding protein (G 8 1 41 163 10-90°8:8-0°8 nydrolase, heterotrimeric G-
protein), beta 1 protein
uptake of synaptic material,
9 Nptx1 neuronal pentraxin 1 7 1.38 13.3 1.1.3.2.3.3 synaptic clustering of AMPA
receptors®
serine / theronine-protein
10 | Csnk2al | casein kinase 2, alpha 1 polypeptide 9 1.38 9.3 -462:21 kinase catalytic unit, ATP
binding*
11 | Atpipz | ATFAse. Na+ks fransporfing, beta 2 6 137 28.9 2:4:6:5:3.3 ATP synthase
polypeptide
12 | Atpeyif |ATFESE, HEfransporting, lysosomal v | 1.a7 106 1:2:2:1:2: ATPase subunit*
subunit F
: T e o R cation transporter, transfer /
13 Sfn3 sideroflexin 3 9 1.36 209 1.1.4.3.3.2 carrier protein
protein phosphatase 1, catalytic 4A4- protein phosphatase.
1 Pppica subunit, alpha isoform 3 == 182 A calcium-binding protein
15 Lsamp limbic system—assoc@ated membrane 4 135 156 112222 immunoglobqlin superfamily
protein cell adhesion molecule
16 Sirpa signal-regulatory protein alpha 6 1.35 28.5 1,2,2.1.3.2 chemokine
17 Criript cannabinoid receptor interacting 4 1385 157 339441 voltage-gated _ce_zlclum
protein 1 channel activity
NADH dehydrogenase (ubiquinone)Feq . | .45 | asi= | 44 mitochondrial respiration,
18 Ndufsg S protein & 4 == 217 1:1:2222 MNADH dehydrogenase®
19 Gnb2 guanine nucleoti_de binding protein (G 7 133 13.4 4410222 hydrolase, helerotrimer\c G-
protein), beta 2 protein
20 Sptan1 spectrin alpha 2 2 133 M7 G 66T T8 non-motor actin binding
P P P : A protein
ATP synthase, anion
ATPase, H+ transporting, lysosomal V1| ., | .47 | 454 | aacoe channel, ligand-gated ion
21 | Alpevib2 subunit B2 12 132 12 39.96.7.5 channel, DNA binding
protein, hydrolase
99 Erco ELKS/RABG-interacting/CAST family 7 191 559 93399 membrane_trafﬂc protein, G-
member 2 protein modulator
23 Ckb creatine kinase, brain 12 1.3 17.0 33.41,24,28,37.24 amino acid kinase
24 | Dokt doublecortin-ike kinase 1 7 1.30 26.6 42353 non-receptor serine /
threonine protein
25 Rac1 RAS-related C3 botulinum substrate 1 5 -1.31 6.5 335212 small GTPase
) ) - T e structural protein,
26 Gfap glial fibrillary acidic protein 2 -1.31 233 1.2.411.2 it iate filament
27 | Rph3a rabphilin 3A 12 1.31 9.1 ~31:2:3:3 membrane trafficking
regulatory protein
28 | Nptn neuroplastin 6 133 166 45564 transmembrane receptor
regulatory / adaptor protein
20 | cyet cytochrome ¢-1 5 152 203 236554 _ electron acceptor,
mitochondrial respiration
2000 mGy - Hippocampus - 24 weeks post irradiation
. n-fold change
Unique ICPL-10/ICPL-0 | ICPL_10/ICPL_0O .
# Symbol Entrez Gene Name Peptides from ICPI6-1IJ!ICPL- Variability [%] Count PANTHER protein class
1 Prdx5 peroxiredoxin 5 2 1.537 207 224443 radical scavenger®
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2 Erc2 ELKS/RABG-interacting/CAST family 7 1.449 182 13222 membrane_trafﬂc protein, G-
member 2 protein modulator
. protein disulfide isomerase associated | ., | 4452 | 454 | fogae .
3 Pdia3 5 8 1.355 19.4 6:2:4:3.6:3 isomerase
immunoglobulin receptor
superfamily, protein
4 Nfasc neurofascin 2 1.394 203 1:3:2;2;2:2 phosphatase,
immunoglobulin superfamily
cell adhesion molecule
Cpeem- structural protein,
b Mefh neurofilament, heavy polypeptide 1 1.337 286 12,135 inte iate flament*
_____ actin and actin related
6 Actb actin, beta 2 1.334 12.9 1.3.6:4,1- protein
7 | Atpeyar |ATPAsE He transporting, lysosomal V1 4 1.321 15.4 151;2:1;-1 ATPase activity*
subunit F
8 Pdhx pyruvate dehydrogenase complex, 3 1302 153 139133 acetyltransferase,
component X : I acyliransferase
protein phosphatase 2 (formerly 2A),
9 Ppp2ria | regulatory subunit A (PR 65), alpha 9 -1.301 232 11:18:4;11;11:4 protein phosphatase
isoform
10 Tht transketoiase 10 1328 30 74655710 transketolase,
dehydrogenase, lyase
11 Rac1 RAS-related C3 botulinum substrate 1 5 -1.385 258 42,5225 small GTPase

Table 31: List of deregulated proteins 5 weeks post-irradiation from 100 mGy, 500 mGy and 2000 mGy within the

isolated synaptosomes of cortex (C57BI6 study).

The table shows the up-regulated or down-regulated proteins with the fold-changes, their variability, their number of unique
peptides used for protein identification and number of identifications in the biological replicates (ICPLx/ICPLO-Count).
“PANTHER protein class” represents the protein class where the protein of interest can be annotated based on PANTHER
software tool and UniProt database. Grey / brown highlighted “PANTHER protein classes” belong to the protein class of
“small GTPase / associated G-protein” / “cytoskeleton / cytoskeleton-binding protein”, respectively

100 mGy - Synaptosomes of cortex - 5 weeks post irradiation

Unique |n-fold change from | ICPL-4ICPL-0 | ICPL_4/ICPL_0O _
# Symbol Entrez Gene Name Peptides ICPLAICPL-0 Variability [%] Count PANTHER protein class
storage protein, signaling molecule,
1 Cinnb1 |catenin (cadherin associated protein), beta 1 L] 2.06 25.0 1-2 cytoskeletal protein, cell adhesion
molecule
calcium/calmodulin-dependent serine protein c . nucleotide kinase, protein kinase,
2 Cask kinaze (MAGUK family} - = 03 ki cell junction protein
. . GTPase activity, GTP binding,
3 Rab3a RAB3A, member RAS oncogene famiby 2 1.76 17.0 3-1 ATPase activator activity*
4 Coth coactosin-like 1 (Dictyostelium) 3 1.70 203 11 non-moter actin binding protein
5 Ugered ubiquinul—cytuchrumf_r ¢ reductase core 13 165 30.0 133 metalloprotease, reductase,
protein 1 esterase
5 Lrpt low density I|puprute_|n receptor-related 16 159 16.1 14:2 receptor, extraceIIL!Iar matrix
protein 1 ghycoprotein
7 Rpn1 riophorin | 3 1.47 22 1-1 glycosyliransferase
g Otub1 OTU domain, ubiquitin aldehyde binding 1 4 1.44 51 22 hydrolaze
9 | Rasal RAS protein activator like 1 (GAP1 like) : 1.42 13.4 11 SIS GTET
modulator
10 Cox4il cytochrome c oxidase subunit IV isoform 1 3 1.41 20.4 11 mitochondrial ?;?f:;fme_c pxidase
1 | mpapt | 3daptor-related protein complex 2, beta 1 2 1.40 204 112 membrane traffic protein
subunit
12 Mbp myelin basic protein 1 1.39 10.2 13;11;15 myelin protein
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13 | candi culin associated and neddylation 4 139 28.1 24:2 transcription factor
dizassociated 1
non-receptor serine / threonine
14 Prkce protein kinase C, epsilon 2 1.37 258 2-2 protein kinase, transfer / carrier
protein, annexin, calmadulin
15 Prkczh protein kinase C substrate S0K-H 5 1.37 11.0 1-1 transferase, enzyme modulator
16 | Raplgds1 | RAP1, GTP-GDF dissociation stimulator 1 4 1.36 275 1,22 GTPase activator activity®
17 Pdia3 protein disulfide izomeraze associated 3 8 1.36 2rT 16,8 isOmerase
12 | cocam |22 ca'c'”m‘”e””del'i‘l::"ma'” containing 2- 4 135 19.7 1:1:1 membrane protein®
19 Mapt microtubule-associated protein tau 2 134 283 222 microtubule binding®
20 Corola coronin, actin binding protein 14 11 1.34 231 10,710 non-motor actin binding protein
29 Vapa vesicla—a,ssucia_nad membll'ane protein, 3 133 232 &24 membrane trafﬂckling regulatory
associated protein A protein
22 Cpnes coping V1 5 1.32 8.3 31,3 membrane traffic protein
27 Dnaics Dnal (Hep40) humulu% subfamity C, member 2 1.3 126 2143 chaperone
24 Leamp limbic system-associated membrane protein -] 1.31 20.2 4,2 hesi lecul
25 Cotd chaperonin containing Tep1, subunit 4 4 15 31 chaperonin
(delta)
25 Ugerb ubiguinol-cytechrome c_reducta.s-e binding z 161 262 reductase
protei
27 Dctn2 dynactin 2 s 281 1,11 microtubule binding motor protein
28 Cect2 chaperonin containing Tcp1, subunit 2 (beta) 8 1.5 -3 chaperonin
28 Plec plectin 38 242 2,35 nen-motor actin binding protein
30 Epb4.113 erythrocyte protein band 4.1-like 3 8 119 745 EFLEIT FE TR NI
cytoskeleton*®
ATP synthasze, H+ transporting, -
31 AtpSo mitochondrial F1 complex, O subunit 5 17.8 10,76 ATP synthase, hydrolase
32 Napg N-athylmalimide 3ensrtn.lre fusion protein 3 128 =12 membrane traffic protein
attachment protein gamma
YOOy aCy FCUETTZYTIE A BTy UTUgETTaSETH
ketoacyl-Coenzyme A thiolase/enoyl- .
33 Hadhb [ 02 1,15~ i fi
a Coenzyme 4 hydratase (trifunctional e acstyltransferase
34 Mdufad NADH dehydrogenase (ubiquinone} 1 alpha T 18.4 3,25 dehydrogenase, reductase
subcomplex, 9
35 Homer1 homer homoleg 1 (Drosophila) 5 14.0 33,3 signaling meleculs
36 |720455B07R RIKEN cDNA 5720455807 gene 2 13.2 22~ cyotskeletal protein®
a7 Ube2d3 ubiquitin-conjugating enzyme E2D 3 (UBC4/S 2 12.9 12 ligase
homoleg, yeast)
3 Aldh6al aldehyde dehyﬂrnger:fe family 5, subfamiby 3 207 311 dehydrogenase
39 Strn striatin, calmodulin binding protein 5 50 115 calmodulin binding, scaffolding
protein®
& Ndufal NADH dehydrogenase (ubiguinone) 1 alpha 9 a0 111 mitochendrial MADH
subcomplex, 1 dehydrogenase®
41 Shank3 SH3/ankyrin domain gene 3 22 3 -3 \ nlf . =
42 Kdh1 malate dehydrogenase 1, NAD (soluble) 2 24 11 dehydrogenase
43 Cs citrate synthase 5 26.3 1,23 transferase, lyase
a4 PrkarZa protein kinase, cAMP dependent regulatory, 5 13.0 23 kinase modulator
type Il alpha
s Bsg basigin 3 6.8 11 transmembrane recepturl regulatory .
adaptor protein
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ATPase, H+ transporting, ysosomal W1

5 -1.45 5. :9;
45 | AtpSvicit subunit C1 7 454 ATP synthase, hydrolase
TyTOSINE -MONO0Ky enaseit y plophan -
47 whab monooxygenase activation protein, beta 4 -1.47 8.6 1-2 chaperone
nohmentide
500 mGy -Synaptosomes of cortex- 5 weeks post irradiation
Unique |n-fold change from | ICPL-G/ICPL-0 | ICPL_6/ICPL_0O _
# Symbeol Entrez Gene Name Peptides ICPLGNCPLD Variability [%] Count PANTHER protein class
1 Coxdil cytochrome c oxidase subunit IV isoform 1 3 220 143 1;1;- mitochondrial cytochreme c activity™
2 | prkarza | Protein kinase, cAMP dependent regulatory, 5 1.81 32 2.3 kinase modulator
type Il alpha
3 Cand1 cullin assqmated E!nd neddylation 4 1.74 242 1721 transcription factor
disassociated 1
4 Tpm3 tropomyosin 3, gamma [ 173 207 2. actin binding motor protein
5 Wdr7 WD repeat domain 7 5 170 142 21 mRNA spllic:ing f_actlulr. esterase,
kinase inhibitor
5 Rap1gds1 RAP1, GTP-GDP dizzociation stimulator 1 4 167 5.2 22- GTPaze activator activity®
7 Pidka phosphatidylinositol 4—kingse. catalytic, alpha 5 163 08 ' kinase
polypeptide
2 Ugered ubiquinul—c:.duchrumn? c reductase core 13 162 166 34:3 metalloprotease, reductase,
protein 1 ezterase
9 Otub OTU domain, ubiguitin aldehyde binding 1 4 1558 9.4 2,2~ hydrolase
10 Septd septin 3 2 1.48 247 253 =mall GTPase, cytoskeletal protein
1 Hsph1 heat shock 105kDal 10kDa protein 1 5 1.48 122 23~ Hep70 family chaperone
=storage protein, signaling melecule,
12 Ctnnb1  |catenin (cadherin associated protein), beta 1 6 1.47 43 215- cytoskeletal protein, cell adhesion
molecule
hydrolase, small GTPase,
13 Opat optic atrophy 1 homelog (human) 9 1.48 18.5 222 microtubule family cytoskeletal
protein
14 | Atpsh ATP synthase, H+ transporting, 2 1.39 27.0 534 mitochondrial ATP synthase®
mitochondrial FO complex, subunit d
15 Gitl G protein-coupled receptor kinase-interactor 13 139 52 43 nucleic acid binding, G-protein
1 medulator
16 Pdhx pyruvate dehydrogenase complex, 4 1.39 7.3 -2 acetyltransferaze, acyltransferase
compenent X
17 Mtapd microtubule-azsociated protein 4 5 1.38 2.3 46,5 microtuble assembly promotor®
18 Pdiad protein disulfide isomerase associated 4 4 137 122 481 izomerase
19 Ndufsa NADH dehydrugenas&. (ubiguinone) Fe-5 4 135 20.0 21 mitochondrial NADH
protein dehydrogenase*
. . MF-kappaB binding, RMA binding,
Wtdh 4 1.34 242 1,2~ - ! -
2 metadherin transcription coactivator activity®
21 Pdia3 protein disulfide isomerase associated 3 g 1.33 217 69,2 izomerase
22 Did dihydrolipoamide dehydrogenase 7 1.33 243 6,6,4 deydrogenase, oxidase, reductase
23 Sept? septin 7 6 1.33 15.5 774 small GTPase, cytoskeletal protein
24 Pfkp phosphofructokinase, platelet [ 133 289 1,84 carbehydrate kinase
25 Tuba4a tubulin, alpha 44 ] 1.32 281 12,1512 tubulin
26 Ckb creatine kinase, brain 13 1.32 5.1 31,3222 amino acid kinase
calcium/calmedulin-dependent serine protein . nucleotide kinage, protein kinase,
Cask 5 1.31 23 13- N )
a as kinase (MAGUK famiby) cell junction protein
28 Tubb3 tubulin, beta 3 class I 8 1.31 238 13,1510 tubulin
e} Rac1 R&S-related C3 botulinum substrate 1 4 -1.32 19.9 74T small GTPase
30 Rab11b RAB11B, member RAS oncogene family 2 -1.33 225 311 GDP ! GTP binding, GTPase activity®
3 Cot2 chaperonin containing Tepd, subunit 2 (beta) ] -1.34 14.3 32- chaperonin
’ dihydrolipoamide S-acetyftransferase (E2
32 Dlat component of pyruvate dehydrogenase 2 -1.35 182 42 acetytransferase, acyltranzferase
complex)
33 Ube2d3 ubiguitin-coenjugating enzyme FZD 3 (UBC4/S 2 138 08 21 ligase
homolog, yeast)
34 | Gm20330 predicted gene 20390 [ -1.37 235 F=nl -
35 | atpBvigl | 1 rese Hetransporting, lysosomal Vi 5 137 13 4:9:4 ATP synthase, hydrolase
subunit C1
35 Ugerb ubnqu|nul-qduchr:||'—r;etecinreductﬂse binding 5 138 183 26 reductase
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solute carrier family 25 (mitochondrial carrier amino acid transporter, mitochondrial
37 Sle25ati = 2 -1.38 148 =11 carrier protein, transfer / carrier
oxeglutarate carrier), member 11 . "
protein, calmodulin
neurotrophic tyrosine kinase, receptor, type ATP binding, brain-derived
38 Nirk2 P  Fecepior, iyp 3 142 37 1:2: neurothrophic facter binding, protein
2 R L
homodimerization activity®
g Cotd chaperonin -:untﬁadg:&g‘ Tep1, subunit 4 4 143 47 31 chaperonin
)
40 Pdia8 protein disulfide isomerase associated 8 5 -1.43 27 41;,- izomerase
41 RabSc RABSC, member RAS oncogene famity 2 -1.52 34 =11 GDP [ GTP binding, GTPase activity®
. ) . . protein phosphatase, calcium-
Pppsc 5, 2 = 1.3 171 - ;
42 PR protein phosphatase 5, catalytic subunit 1.60 binding protein
43 | Rasan RAS protein activator like 1 (GAPY like) 3 J160 4.0 111 SO BEr s BT
modulator
2000 mGy - Synaptosomes of cortex - 5 weeks post irradiation
Unique |n-fold change from | ICPL-10/dCPL-0 | ICPL_10/ICPL_0 .
# Symbol Entrez G N = = PANTHER i |
L nirez bene fame Peptides| ICPL-10ACPL-0 | Variability [%] Count L —
protein tyrosine phosphatase, receptor type,
1 Ppfiad f polypeptide (PTPRF), interacting protein 15 283 268 323 focal adhesion regulation®
(liprin}, alpha 3
2 Prkar2a protein kinase, CAMP dependent reguiatory, 5 208 1.8 23 kinase modulator
type Il alpha
signaling molecule, guanyk
3 Plcb1 phospholipase C, beta 1 9 1.98 227 2,34 nucleotide exchange factor, calcium-
binding protein, phospholipase
4 Prkcsh protein kinase C substrate 80K-H 5 1.892 17.7 transferase, enzyme modulator
s | cadmt cell adhesion molecule 1 3 191 1438 14 LA AT
cell adhesion molecule
6 ftsn1 intersectin 1 (SH3 domain protein 14) 7 1.80 208 2.2:5 EATEET TR RET, FEE =TT
protein, membrane traffic protein
7 Strn striatin, calmodulin binding protein 5 1.28 126 21 calmoduiin t:::;';ifl;sca””'d'”g
& | Rasall | RAS protein activater ke 1 (GAPT like) 9 188 182 11 EE T S o e
modulator
9 Kif2a kinesin famity member 24 6 1.84 5.1 21 microtubule binding motor protein
10 | nefile NSFL1 (p87) cofacter (p4T) 5 175 162 1-2 m&mbrﬂ”ﬂrz:f;:g regulatory
11 Ezr ezrin 3 1.75 8.7 11 actin family cytoskeletal protein
12 Gitt G protein-coupled receptor kinase-interactor 13 172 47 3.4 nucleic acid binding, G-protein
1 modulater
13 Prkar2b protein kinase, cAMP dependent regulatory, 9 1.68 16.5 335 kinase modulator
type |l beta
14 | Epbd.12 erythrocyte protein band 4.1-like 2 7 167 185 32- actin binding, structural molecule
activity®
15 R30548M0OER RIKEM cDMNA 5430548008 gene 4 1.67 254 32~ -
membrane trafficking regulatory
16 Shiglo2 SH3-domain GRB2Z-like endophilin B2 ] 1.62 7T 241 protein, actin famity cytoskeletal
protein
17 | pppiry | Protein phosphatase 1, regulatory (inhibitor) 4 1.59 215 211 protein phosphatass®
subunit 7
18 Cocd2l cz2 cal-:|urr|-depende||i'|kteduma|n containing 2- s 158 87 111 membrane protein®
19 | Mtapyar | Micretubule-associated protein 7 domain 4 157 18.2 14 microtuble protein®
containing 1
. . lipid binding, transcription factor
Epn1 5 g 19.4 2-1 '
20 pn epsin 1 151 - binding*
21 Sept3 septin 3 2 157 19.9 53 small GTPase, cytoskeletal protein
22 | Pam paralemmin 5 155 296 31,4 axonal and dendriic flopodia
induction protein®
23 Mtaps microtubule-associated protein & 19 1.55 245 15,1225 microtubule protein®
nen-receptor serine / threonine
24 Prkce protein kinase C, epsilon 2 1.52 287 22 protein kinase, transfer / carrier
protein, annexin, calmodulin
a5 Ugeret ul:nqu|nc1l-l:ry'h:|c:hrc1m-7= creductase core 13 152 275 1:3:3 metalloprotease, reductase,
protein 1 esterase
26 Dig4 discs, large homolog 4 (Drosephila) 12 152 24 410 transmembrane receptor regulatory .
adaptor protein
calcium channel, voltage-dependent, - metal ion binding, voltage-gated
7 | Cacnazdi alpha2/defta subunit 1 8 ek 198 a7 calcium channel activity®
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cysteine protease, mRNA splicing

UspS 15 177 1,34
28 =P N LE = factor, ubiquiti
59 lcams intercellular adhesion .mulecule 5 19 148 200 123 signaling !'nulecube, immunnghhulin
telencephalin superfamily cell adhesion melecule
hydrolase, small GTPase,
30 Dnmil dynamin 1-like ] 1.47 17 1-6 microtubule family cytoskelstal
protein
1| Sept? septin 7 [+ 147 4.0 6,6:4 small GTPase, cytoskeletal protein
33 Gprint G protein-regulated inducer of neurite 13 147 07 11:8:11 protein involved in ne!.lr'rte
outgrowth 1 outgrowth, G-protein®
33 Dpy=l3 dihydropyrimidinase-like 3 ] 1.45 56 11,54 cytoskeletal remodeling®
34 WMtap4 microtubule-assoeciated protein 4 5 1.45 21.0 5,54 micretubule protein®
35 Tmod2 tropomodulin 2 4 1.44 2586 2:3.2 non-motor actin binding protein
36 Dig4 discs, large homolog 1 (Drosophila) 10 1.44 28 1,41 fransmembrane receptor reguiatory /
adaptor protein
37 Pdiad protein disulfide isomerase associated 4 4 1.43 298 1.4,5 isomerase
8 Arfgap ADP-riposylation factqr GTPase activating 7 1.43 275 832 nucleic acid binding, G-protein
protein 1 modulator
transporter, membrane traffic
39 Tom1i2 target of myb1-like 2 (chicken) [ 1.42 222 1-1 protein, kinase activator,
cytoskeletal protein
Pon2r2 protein phosphatase 2 (formerly 2.4, 8 54 42 .
40 PRered regulatory subunit B (PR 52), alpha isoform s protein phosphatase
. ) structural constituent of
Epb4.111 -] 10 2741 7413
41 P erythrocyte protein band 4.1-like 1 1.40 cytoskeleton®
42 Pdhx Pyruvate dehydrogenase complex, 4 1.29 22 32- acetylransferase, acyltransferase
compoenent X
membrane protein, palmitoylated 2 (MAGUK . nuclectide kinase, cell junction
42 Mpp2 p55 subfamity member 2) 10 = 32 21 protein
a4 | Aaki AP2 associated kinase 1 7 138 154 245 non-receptor serine / threoning
protein kinase
45 Qgdhl oxoglutarate dehydrogenaze-like g 1.38 258 12 dehydrogenase*
45 Fscnl fascin homolog 1, actin bunding pru:‘ltem 11 138 2687 544 non-motor actin binding protein
(Strongylocentrotus purpuratus}
47 Mtapib microtubule-aszociated protein 18 12 137 9.3 88,11 microtubule protein®
48 Pidka phosphatidylinositol 4—k|n§se, catalytic, alpha 5 137 g ‘B kinase
potypeptide
49 Eifdb eukaryotic translation initiation factor 4B 4 1.37 282 22 translation initiation factor
50 Hspa% heat shock protein § ] 1.36 208 14;-14 heat shock protein®
. - aldhehyde dehydrogenase family 5, "
51 AldhSal subfarily Al 7 1.36 289 14,2 dehydrogenase
immuneglobulin receptor
3 Nrcam neuron-glia-CAM-related cell adhesion 5 138 28 545 sgperfamlr)f, pr.ntem phnsp!'latase,
molecule immunoglebulin superfamity cell
adhesion molecule
53 Abi2 abkinteractor 2 7 1.35 271 112 G-protein modulator
54 Corola coronin, actin binding protein 14 I 1.34 166 10,710 non-motor actin binding protein
. . . membrane trafficking regulatory
55 Sgipl SH3-domain GRE2-iike (endophiin) 7 134 266 223 protein, actin famiy cytoskeletal
interacting protein 1 :
protein
56 Addit adducin 1 (alpha) ] 1.34 119 7,51 non-moter actin binding protein
LT Gphn gephyrin 3 1.33 it 1-2 microtuble-associated protein®
58 Immit inner membrane protein, mitochondrial 10 132 18.3 -3 mitechondrial membrane protein®
59 Dig3 discs, large homolog 3 (Drosophila) 10 132 19.8 3,48 fransmembrang receptor regulatory /
adaptor protein
&0 cot3 chaperonin containing :I'cp1, subunit 3 5 133 14 2.1 chaperonin
(gamma}
. . . G-protein modulator, actin binding
81 Myh10 myosin, heavy polypeptide 10, non-muscle 16 1.32 239 733 T TR, R T T
62 Ubai ubiguitin-like modifier activating enzyme 1 9 1.32 293 11 transfer / carrier protein, ligase
&3 MyoSa myasin VA 13 132 200 578 G-protein mpdulatqr, agtin hindinlg
motor protein, cell junction protein
54 Did dihydrolipeamide dehydrogenase 7 1.32 236 4,48 dehydrogenase, oxidase, reductase
85 | Stopt syntaxin binding protein 1 3 1.31 30 499 fransporter, membrané trafficking
regulatory protein
66 Fh1 fumarate hydratase 1 s 131 168.2 33,3 fumarate hydratase activity™
&7 Pid3 phospholipase D famity, member 3 4 -1.3 ] 35 phospholipase
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68 Eno1 enclase 1, alpha non-neuron 5
tyrosine 3-monooxygenasestryptophan 5-
;] Y whab mencoxygenase activation protein, beta 4
potypeptide
ATPase, H+ transperting, lysosomal Wi
AtpSvidi ! ' 3
o P subunit D1
Nl Eif4h eukaryotic translation initiation factor 4H 3
72 Rpld ribosomal protein L4 2
73 |T20455B07R RIKEN cDNA 6720456B07 gene 2
T4 Camkv Cal kinase-like vesicle-associated 5
T Arhgdia Rho GDP disseciatien inhibitor (GDI) alph 3
tyrosine 3-moncoxygenaseitryptophan 5-
78 “whae monooxygenase activation protein, epsilon 4
polypeptide
77 Gatpi glutathione S-transferaze, pi 3
5 1 synaptic Ras GTPase activating protein 1 9
e yngap homelog (rat)
i:] Gadz glutamic acid decarboxylase 2 2
20 Cyeil cytochrome c-1 5
a1 Ube2d3 ubiguitin-cenjugating enzyme E2D 3 (UBC4/5 2
homeolog, veast)
=solute carrier family 25 (mitochondrial
a2 Slc25as carrier, adening nucleotide translocator), 6
member 5
83 Phb2 prohibitin 10
&4 Rac1 RAS-related C3 botulinum substrate 1 4
85 Calm3 calmodulin 3 4
a5 Ndufal NADH dehydrogenase (ubiguinone) 1 alpha 3
subcomplex, 1
a7 Abhd12 abhydrolaze domain containing 12 3
23 RabSc RABSC, member RAS oncogene familty 2
ag | Gm20380 predicted gene 20350 8
S0 Arhgapl Rho GTPase activating protein 1 3
a1 Ndufag NADH dehydregenase (ubiguinone) 1 alpha 7
subcomplex, 9
92 Cnp 2 3-cyclic nucleotide 3' phosphodiesterase 7
93 Rplg ribosomal protein L8 3
ATPase, H+ transporting, lysosomal W1
94 | AtpSvict ! ! 5
pevic subunit C1
95 Hspad heat shock protein & 11
96 Rps14 ribosomal protein 514 2
dihydrolipoamide S-acetylransferase (E2
97 Dlat component of pyruvate dehydrogenase 2
complex)
58 Arpcéd actin related protein 2/3 complex, subunit 4 3
99 Rab35 RAB3S5 member RAS oncogene family
ATPase, Na+/K+ transporting, alpha 3
Atpla3 9
100 pla polypeptide
101 Fkbp2 FIKS06 binding protein 2 2
ATPasze, Na+/K+ transporting, alpha 2
102 Atplaz polypeptide 7
103 Cotd chaperonin containing Tcpl, subunit 4 4
(delta)
102 | siczsatt =solute carrier famity 25 .(m'rtnchundrial carrier 2
oxoglutarate carrier), member 11
105 | Ndufbin NADH dehydregenase (ubiguinone) 1 beta 3
subcomplex, 1
106 Slc12as solute carrier family 12, member 5 2

83 221420 lyase
220 1,2 chaperone
LX) 542 ATP synthase, hydrolase
13 11 translation initiation factor
11.3 4:3- ribosomal protein
28 2.2- -
77 251 non-receptor ;eri_ne !/ threonine
protein kinase
- signaling molecule, G-protein
28 22- modulator
215 43,7 chaperone
225 222 gluthatione transferaze activity®
18.0 39 signaling molecule, G-protein
) v modulator
11.5 54,5 decarboxylase
178 376 mitechendrial cytochrome ¢ activity®
10.4 12 ligase
231 10,1512 mitochondrial ADP exchange*
187 234 estrogen-receptor coregulator®
287 7118 small GTPase
.4 calcium ion binding, protein
16.5 847
Y phosphatase activator activity®
itochondrial NADH
10.8 1511 m
Y dehydrogenase®
236 221 acylghycerol lipase activity®
5.8 1,1 GTPage activity, GTP / GDP binding®
- ATP binding, nucleoside diphosphate
202 710 '
v kinase activity®
52 1,13 G-protein modulator
13.3 325 dehydrogenase, reductase
99 86,3 phosphodiesteraze
19.9 1,43 ribosomal protein®
6.7 1045 ATP synthase, hydrolase
27T 53;43;50 Hsp70 family chaperone
216 222 ricosomal protein
9.2 42,2 acetyltransferase, acylransferase
55 4.2 actin family cytoskeletal protein
15.5 2-1 small GTPase, GOP / GTP binding®
90 1586 cation transporter, ion channel,
hydrolase
27 2.2 isumerasg, chaperunf.z, calcium-
binding protein
148 312 cation tranzporter, ion channel,
hydrolase
18.1 315 chapercnin
aming acid transperter, mitochondrial
11.4 1.1;- carrier protein, transfer / carrier
protein, calmodulin
mitochondrial NADH
12.2 222
T dehydrogenase®
10.6 2:-1 cation trangporter
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Table 32: List of deregulated proteins 5 weeks post-irradiation from 100 mGy, 500 mGy and 2000 mGy within the
isolated synaptosomes of hippocampus (C57BI6 study).
The table shows the up-regulated or down-regulated proteins with the fold-changes, their variability, their number of unique
peptides used for protein identification and number of identifications in the biological replicates (ICPLx/ICPLO-Count).
“PANTHER protein class” represents the protein class where the protein of interest can be annotated based on PANTHER
software tool and UniProt database. Grey / brown highlighted “PANTHER protein classes” belong to the protein class of
“small GTPase / associated G-protein” / “cytoskeleton / cytoskeleton-binding protein”, respectively

100 mGy - Synaptosomes of hippocampus - 5 weeks post irradiation

Unique n-fold change ICPL-4/ICPL-0 | ICPL_4/ICPL_O .
# Symbol Entrez Gene Name Peptides| from ICPL-4/ICPL- | Variability [%] Count PANTHER protein class
1 Lrpt low density Ilpoprotel_n receptor- 11 192 112 11 receptor, extracellqlar matrix
related protein 1 alycoprotein
catenin (cadherin associated S ZEETEm Esals
2 CtnnbA ; 11 1.83 218 1:1:- signaling molecule, storage
protein), beta 1 . /
protein, cytoskeletal protein
3 | Laspt LIM and SH3 protein 1 2 1.80 18.0 2:1:2 THI-RESET BinSEER
activity
4 Clasp2 CLIP associating protein 2 6 1.76 4.0 1:1:- structural protein
) e acyliransferase,
5 Fasn fatty acid synthase 11 1.74 51 1:1; methyitransferase.
6 Acot7 acyl-CoA thioesterase 7 4 1.74 213 5.1.4 esterase
fascin homolog 1, actin bundling ~ o
7 Fscn protein (Strongylocentrotus 9 173 17.8 212 geneloy acl_ln BT
protein
purpuratus)
8 | Hspoopt |NEa!shockprotein 90, beta (Grpod). | 5 170 3.3 258 Hspg0 family chaperone
member 1
9 Rpl4 ribosomal protein L4 3 1.58 0.8 3-1 ribosomal protein
10 Ndufes | NADH dehydrogenase (ubiquinone) 3 157 106 51 mitochondrial NAD*H
Fe-5 protein 5 dehydrogenase
ubigquinol-cytochrome ¢ reductase o
11 Ugcrh hinge protein 4 1.52 132 1.-2 reductase
12 | Coxgat | CYIOCNMOME C Oxidase, subunitVia, |, 152 94 11 oxidase
polypeptide 1
) ) intermediate filament binding
13 | Ctond2 catenin (cadherin associated 11 151 125 21 protein, cell junction protein,
protein), defta 2 )
cell adhesion molecule
14 | Arhgapi Rho GTPase activating protein 1 2 147 7.2 2-5 G-protein modulator
15 Rasall RAS protein act!vator like 1 (GAP1 7 146 244 111 signaling molecule, G-protein
like) modulator
eukaryotic translation elongation LR Aoy
16 | Eef e o 8 8 1.46 28.9 314 inititation factor, G-protein,
hydrolase
17 Hspas heat shock protein 5 10 1.44 20 7117 Hsp70 family chaperone
18 | Pdiad protein disulfide isomerase 3 1.43 16.4 11:2 isomerase
associated 4
10 |Rapigdst| RAP1T. GTP-GDP dissociation 4 1.41 1.3 31 GTPase activator activity*
stimulator 1
20 | Rpi3s ribosomal protein L35 3 1.41 6.7 29 ribosomal protein,
glycosyltransferase
non-receptor serine /
21 Prkce protein kinase C, epsilon 2 1.40 23.2 3.2- threonine profein kinase.

transfer / carrier protein,
annexin, calmodulin
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protein disulfide isomerase

22 Pdia3 associated 3 6 1.38 11.1 334 isomerase
23 | stmnt stathmin 1 2 138 8.2 342 THHEINNE EEHEEIEE
protein
24 | Corota | coronin, actin binding protein 1A 8 137 27.8 10:6:9 TER-EEE) S8 [
protein
25 | s sideroflexin 1 4 136 10 11 cation fransporter, transfer /
carrer protem
o6 Psd3 pleckstrin and Sec7 domain 5 135 41 93 guanyl-nucleotide exchange
containing 3 ; ; T factor
27 | Tubbs tubulin, beta 5 class | 3 1.34 13.3 776 tubulin
28 | Atpipz |ATFase. Na*’:ﬁ;;&iﬁ%‘m'”g' betaz) g 1.34 246 4;2:2 ATP synthase
membrane associated guanylate nucletolide Kinase. cell
20 | Magi2 kinase, WW and PDZ domain 2 1.33 19.5 11 ot >,
containing 2 junction protein
non-receptor serine /
o . threonine protein kinase,
30 Prikcb protein kinase C, beta B 1.32 24 3-4 transfer / carrier protein,
annexin, calmodulin
31 Ehd3 EH-domain containing 3 4 1.32 23.1 3.2 membrane traffic protein
receptor, defense, / immunity
32 Cadmi cell adhesion molecule 1 4 1.32 18.5 221 protein, cell adehsion
molecule
immunoglobulin receptor
superfamily, protein
33 | Licam L1 cell adhesion molecule 10 1.31 202 434 phosphatase,
immunoglobulin superfamily
cell adhesion molecule
34 | Igstg |IMmunoglobulin Suspe”am”y' member| g 1.31 232 113 membrane protein*
a5 Gdi1 guanosine diphosphate (GDP) 8 . 263 036 acyltransferase, G-protein
dissociation inhibitor 1 : : = modulator
36 | Tubb3a tubulin, beta 3 class I 6 1.30 7.0 16:10;11 tubulin
a7 Opeml opioid binding protein/cell adhesion 3 Q57 78 111 immunoglobulin superfamily
molecule-like : ) T cell adhesion molecule
a8 Lsamp limbic system-associated membrane 5 1.30 110 112 immunoglobulin superfamily
protein : ; " cell adhesion molecule
30 | Coroic | coronin, actin binding protein 1C 5 1.30 249 1:2:2 git= i S DI
protein
synaptic Ras GTPase activating . - signalling molecule, G-
40 | Syngap1 protein 1 homolog (rat) 16 1.30 139 5.5:6 protein modulator
glutathione binding,
41 Gstm1 glutathione S-fransferase, mu 1 7 .31 84 139 glutathione transferase
activity*
42 | Apipq [Adaptor pm‘e'”sz‘;rﬂﬁi'f" AP-1.Deta 1] 133 206 3:34 membrane traffic protein
43 | Hrsp12 heat-responsive protein 12 2 -1.33 12.3 111 endoribonuclease*
4 Rala | VT8l simian leukemia viral oncogene 3 4933 8.6 g small GTPase
homolog A (ras related)
45 | Tmod2 tropomodulin 2 2 133 0.9 12 el MBiE ST TG
protein
46 | Ndura1 |NADH denydrogenase (ubiquinone) 1 5 ZigE 11 121 mitochondrial NAD*H
alpha subcomplex, 1 dehydrogenase
47 ADI2 abl-interactor 2 7 137 27.0 422 G-protein modulator
48 | Kiz1a Kinesin family member 21A 5 1.38 107 1:2:2 IS DT AT
protein
49 | Phb prohibitin 9 139 42 546 estrogen-selective

coregulator*
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50 Arpes actin related protein 2/3 complex, 5 145 78 12 actin family cytoskeletal
subunit 5-like protein
) i i ) amino acid transporter,
solute carrier family 25 (mitochondrial i X ; i
; i . mitochondrial carrier protein,
51 Slc25a3 | carrier, phosphate carrier), member 3 -1.45 287 3-1 transfer / carrier protein,
calmodulin
fyrosine 3-
52 Ywhab monooxygenase/tryptophan 5- 5 -1.48 121 133 chaperone
monnmvnenase activation nrotein
53 | Diga | discs. large homolog 4 (Drosophila) | 14 151 17.9 9.7:11 fransmembrane receptor
regulatory / adaptor protein
54 | Ndufag [NADH dehydrogenase (ubiguinone) 1) 4 152 26 7:1:0 dehydrogenase, reductase
alpha subcomplex, 9
ATP binding, kinase activity,
55 | Csnk2a1 |casein kinase 2, alpha 1 polypeptide 4 -1.54 233 211 protein serine / threonine
kinase activity*
ATPase, H+ transporting, lysosomal ~
56 AtpEvih V1 subunit H 5 1.54 207 2-6 ATP synthase, hydrolase
4-nitrophenylphosphatase domain
57 | Nipsnap1 and non-neuronal SNAP25-like 7 -1.97 15.0 311 neurotransmitter binding*
nrotein homolon 1 (C eleaans’
58 Coqg9 coenzyme Q9 homolog (yeast) 3 -2.02 1.9 1,2 coenzyme Q biosynthesis*
59 Hist1h4j histone cluster 1, H4j 3 -5.57 8.1 1.2~ histone*
500 mGy - Synaptosomes of hippecampus - 5 weeks post irradiation
Unique n-fold change ICPL-&/ICPL-0 ICPL_6 /ICPL_O .
# Symbol Entrez Gene Name Peptides | from ICPL-6/ICPL- | Variability [%] Count PANTHER protein class
1| Coxgat | Cytochrome c oxidase, subunit Vi a, 2 235 119 -1 mitochondrial oxidase
polypeptide 1
5 Ugere1 ubiguinol-cytochrome ¢ reductase 13 246 247 599 metalloprotease, reductase,
core protein 1 esterase
3 | shnt sideroflexin 1 4 207 200 1 cation transporter, transfer /
carrier protein
4 Psda pleckstrin and_ Sec}' domain 5 506 540 ~32 guanyl-nucleotide exchange
containing 3 factor
storage protein, signaling
5 Ctnnbi catenin (cadherin associated 11 184 152 111 molecule, cytoskeletal
protein), beta 1 protein, cell adhesion
molecule
6 | mtcoz |Mitochondrially encoded cytochrome | o 183 27 29:2 mitochondrial cytochrome G*
¢ oxidase Il
7 Lsamp limbic system-associated membrane 5 181 10.7 1 immunoglobulin superfamily
protein cell adhesion molecule
8 |Rapigdst| RAP1 GTP-GDP dissociation 4 174 17 31 GTPase activator activity*
stimulator 1
0 | Atpipp |ATPase Na#/Ksiransporting, beta2) g 172 197 423 ATP synthase
polypeptide
10 Digap discs, large (Drosophila) homolog- 5 160 203 391 transmembrane receptor
associated protein 1 requlatory / adaptor protein
11 Ndufb1o |NADH dehydrogenase (ubiquinone) 1 4 166 18.7 45 mitochondrial NADH
beta subcomplex, 10 dehydrogenase*
12 Arpe3 actin related protein 2/3 complex, 4 165 a9 42 actin family cytoskeletal
subunit 3 protein
13 | Ugerh | UPiquinol-cytochrome ¢ reductase 4 161 122 22 reductase
hinge protein
14 | Aldnipq | Bldenyde denydrogenase 1 family, 3 157 16.0 31 dehydrogenase
member B1
15 | cangr | Culinassociated and neddylation 4 156 145 1:1- transcription factor
disassociated 1
16 | Dmu2 Dmx-like 2 20 1.55 125 =33 scaffold protein on synaptic
vesicles
i ) - mitochondrial protein,
17 |Nipsnap3b| nipsnap homolog 3B (C. elegans) 3 1.55 14.5 =11 vesicular structure protein®
membrane associated guanylate -
i i ; - nucleotide kinase, cell
18 Magiz2 kinase, WW anq PDZ domain 2 1.54 26.4 1.1 junction protein
containing 2
19 Ttyh tweety homolog 1 (Drosophila) 3 1.52 16.3 1.1:- anion channel
20 Sirpa signal-regulatory protein alpha 4 1.91 4.8 332 chemokine
integrin-dependent
) i i .- morphology and motility
21 lgsfé&  |immunoglobulin superfamily, member 9 1.50 231 1.1:3 function, neurite outgrowth
and neural nefwork
) ) - transmembrane receptor
22 Dig2 discs, large homolog 2 (Drosophila 7 1.48 225 212 requlatory / adaptor protein
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hydrolase, heterotrimeric G-

23 Gnb1 (G protein). beta 1 8 1.46 13.8 10:10:10 protein
24 | cyfipp |CYiOPASMIC FMR12'”‘eraCt'”g proein| 1.46 14.0 1:1:1 G-protein modulator
25 | Prkesh | protein kinase C substrate 80K-H 3 1.45 11.7 2:1:1 transferase, enzyme
modulator
26 Sod1 superoxide dismutase 1, soluble 3 1.44 83 11,2 oxidoreductase
transporter, membrane traffic
27 Tom1l2 target of myb1-like 2 (chicken) 6 1.42 26 1:1- protein, kinase activator,
cytoskeletal protein
28 Synj1 synaptojanin 1 17 1.41 18.2 82,10 phosphatase
20 | Deik1 doublecortin-like kinase 1 6 1.39 276 =211 non-receptor serine /
threonine protein kinase
30 Pkl phosphofructokinase, liver, B-type 6 1.38 19.1 =11 carbohydrate kinase
31 | corota | coronin, actin binding protein 1A 8 1.37 268 6:9:9 ”0”‘”’0“;’[;3'['1‘ binding
a2 Rasal RAS protein act!vator like 1 (GAP1 7 16 58 5 111 signaling molecule, G-protein
like) modulator
33 | Ctopi C-terminal binding protein 1 6 136 120 12 franscription cofactor.
dehydrogenase
34 Tubb3 tubulin, beta 3 class lll 6 1.36 14.7 16,1012 tubulin
35 Clasp2 CLIP associating protein 2 6 1.35 6.5 1.2:- structural protein
36 Tubbs tubulin, beta & class | 3 1.35 12.2 7:6:5 tubulin
a7 Nean neurocan 11 135 278 313 extracellular matrix
) : T glycoprotein
a8 Ndufss | MADH dehydrogenase (ubiquinone) 3 135 12.0 4 mitochondrial NAQH
Fe-S protein dehydrogenase
30 | Aldheai | 2ldehyde denydrogenase family 6. 5 1.34 10.0 -S40 dehydrogenase
subfamily A1
40 Fscnt fascin hpmolog 1, actin bundling 9 134 15 ~20 non-motor act_ln binding
protein (Strongylocentrotus protein
41 | Apopt | @daptor-related protein complex 2, 2 1.34 194 414 membrane traffic protein
beta 1 subunit
42 | Dbn drebrin 1 10 133 20.4 6:3:2 el Tgie 7 e AT
protein
receptor, defense / immunity
43 Cadm3 cell adhesion molecule 3 5 1.33 205 736 protein, cell adehsion
molecule
44 Tubada tubulin, alpha 4A 8 1.32 10.5 131110 tubulin
signaling molecule,
45 | Pich2 phospholipase C, eta 2 6 132 37 11 phosphatase, guanyl-
nucleotide exchange factor,
calcium-binding protein
46 | Negr neuronal growth regulator 7 131 76 2-3:2 OIS gL EIn SESTE L)
cell adhesion molecule
47 | Cnksr2 connector enhancer of kinase 5 1.31 278 11 kinase modulator
suppressor of Ras 2
48 Gnb2 guanine nucleotl_de binding protein 7 131 6.1 664 hydrolase, heterotrlmerlc G-
(G protein). beta 2 protein
extracellular matrix
49 Gpci glypican 1 5 1.30 8.1 11;- glycoprotein, cell adhesion
molecule
50 Prdx1 peroxiredoxin 1 2 -1.30 16.2 1.3.3 peroxidase
) . ATP binding, ATP-
51 | Ccarkd carbohydrate kinase domain 2 131 04 11 dependent NAD(P)H-hydrate
containing e
dehydratase activity
52 | Kif21a Kinesin family member 21A 5 131 230 3:2:1 m'c""”b”‘f:o';g‘iﬁ'"g motor
53 Snap91 | synaptosomal-associated protein 91 4 -1.32 18.8 7.56 vesicle coat protein
54 Piprd protein tyrosine phosphatase, g 134 46 4 receptor, protein
receptor type, D phosphatase
55 Ap2m1 | adaptor protein complex AP-2, mu 6 -1.36 17.3 19;6:16 membrane traffic protein
56 Pdxp pyridoxal (pyridoxine, vitamin BE) 10 -1.38 288 213 phosphatase
scaffold protein for
interconnecting NMDA
57 Shank3 SH3/ankyrin domain gene 3 19 -1.41 11.4 31- receptors and metabotropic
glutamate receptors to actin-
based cytoskeleton*™
58 Immt inner membrane protein, 10 142 18.0 6011 mitochondrial |nn_e[
mitochondrial membrane protein
59 Abi2 abl-interactor 2 7 -1.42 25 4:2:2 G-protein modulator
60 Kras v-Ki-ras2 Kirsten rat sarcoma viral 3 148 30 15 small GTPase

oncogene homolog
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4-nitrophenylphosphatase domain

61 | Nipsnap1 and non-neuronal SNAP25-like 7 -1.48 191 11,2 neurotransmitter binding*
protein homolog 1 (C. elegans)
i i o actin binding, structural
62 Epb4.112 | erythrocyte protein band 4.1-like 2 6 -1.50 26.8 1,25 molecule activity”
tyrosine 3-
B3 ‘Ywhab monooxygenase/tryptophan 5- 5 -1.60 12.2 133 chaperone
monooxygenase activation protein,
64 | Arhgap1 Rho GTPase activating protein 1 2 -1.92 15 -4:2 G-protein modulator
2000 mGy - Synaptosomes of hippocampus - 5 weeks post irradiation
Unique n-fold change |ICPL-10/ICPL-0| ICPL_10/ICPL_0O .
# Symbol Entrez Gene Name Peptides | from ICPL-10/ICPL] Variability [%] Count PANTHER protein class
) actin binding, cross-linking
1 | Ppptrop | Protein phosphatase 1, regulatory 5 2164 95 3.0 activity at synaptic junction,
subunit 9B ; "
protein phosphatase
2 30407J23F  RIKEN cDNA 6330407J23 gene 8 2102 15.0 21~ membrane protein®
3 | Coxgat | CYiochrome c oxdase, subunitVia, |, 1.903 a1 11 mitochondrial oxidase
polypeptide 1
4 | Nstec NSFL1 (p97) cofactor (p47) 3 1973 28.0 2.1 membrane trafficking
requlatory protein
) } .. structural protein,
5 Mefl neurofilament, light polypeptide 10 1.929 126 43 S O
6 Hyou1 hypoxia up-regulated 1 8 1.857 57 332 Hsp70 family chaperone
. . . o mitochondrial oxidative
7 Oxr oxidation resistance 1 12 1.797 292 9:8:6 damage protection protein®
signaling molecule, guanyl-
g | Pich2 phospholipase C. eta 2 6 1780 254 11 nucleotide exchange factor.
phospholipase, calcium-
binding protein
9 | Prkcsh | protein kinase C subsirate 80K-H 3 1.760 65 1:2:1 fransferase, intermediate
modulator
microtuble stabilization
10 Mtap6 microtubule-associated protein 6 19 1.756 252 15,2518 protein, microtuble binding
protein*
11 | Emgp |CUkaryoliciransiation infiation factor| 1752 292 323 transiation initiation factor
12 Gdit guanosine diphosphate (GDP) 5 1723 171 236 acyltransferase, G-protein
dissociation inhibitor 1 modulator
basic helix-loop-helix
13 Cttn cortactin 6 1.704 221 476 transcription factor, actin
family cytoskeletal protein
receptor, defense / immunity
14 Cadm1 cell adhesion molecule 1 4 1.681 204 2.-2 protein, cell adehsion
molecule
15 | ugem | UPlquinolctytochrome ¢ reductase |, 1674 05 2.2 reductase
hinge protein
16 | Dig3 | discs, large homolog 3 (Drosophila | 12 1.655 23.9 8:8:8 fransmembrane réceptor
regulatory / adaptor protein
17 Plec plectin 42 1636 254 3.2:9 (e Taife T SR BTG
protein
18 Numbl numb-like B 1612 279 211 signaling molecule
19 Begain brain-enriched guanylate kinase- 9 1601 530 51 structural protem_of*
associated postsynaptic density
actin-based cytoskeletal
20 Lasp1 LIM and SH3 protein 1 2 1.593 219 212 activity. actin binding,
guanylate kinase*
} . non-motor actin binding
21 Synpo synaptopodin 8 1.585 20.2 422 protein
calmodulin binding, protein
22 Strn striatin, calmodulin binding protein 7 1.584 275 213 phosphatase 2A binding,
protein complex binding*
23 Lsamp limbic system-assoc!ated membrane 5 1583 197 394 |mrnunog|0bq||n superfamily
protein cell adhesion molecule
membrane trafficking
24 Sorbs1 sorbin and SH3 domain containing 3] 1.580 24.3 2:1:- regulatory protein, actin
family cytoskeletal protein
) ) ) storage protein, signaling
25 | Cinnb1 catenin (cadnerin associated 11 1.569 225 11 molecule, cytoskeletal
protein), beta 1 ; -
protein, cell adhesion
protein tyrosine phosphatase, focal adhesion disassembly,
26 Ppfia3 receptor type, T polypeptide 14 1564 579 314 localization of receptor-like

(PTPRF), interacting protein (liprin),
alpha 3

tyrosine phosphatases type
2a on plasma membrane*
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27 Hspas heat shock protein 5 10 1.962 14.2 11T Hsp70 family chaperone
membrane trafficking
28 Shi3glb2 |SH3-domain GRB2-like endophilin B2 10 1.961 16.7 1.1:4 regulatory protein, actin
family cytoskeletal protein
59 Arpe3 actin related prote!n 2/3 complex, 4 1557 173 P actin family cyloskeletal
subunit 3 protein
membrane associated guanylate S
i . ; - nucleotide kinase, cell
30 Magi2 kinase, WwW anc_l PDZ domain 2 1.952 235 1.1;- junction protein
containing 2
31 Ncan neurocan 11 1.538 257 2:1:3 extracellular matrix
glycoprotein
transporter, membrane traffic
32 Tom112 target of myb1-like 2 (chicken) 6 1.524 1.2 1.1 protein, kinase activator,
cytoskeletal protein
protein kinase binding,
dendrite spine morphology
33 Srcin SRC kinase signaling inhibitor 1 &) 1.513 8.4 20;20;23 regulation via lamellopodia,
cortical actin and actin stress
fibers”
34 | Gprint G protein-regulated inducer of 15 1.470 150 141314 neurite outgrowth protein®
neurite outgrowth 1
35 Pclo piccolo (presynaptic cytomatrix 25 1.465 27.2 11:4,12 scaffolding protein®
protein)
microtubule filament
36 Stmn stathmin 1 2 1.458 221 312 regulatory protein by
destabilzing microtubule*
immunoglobulin receptor
superfamily, protein
37 Licam L1 cell adhesion molecule 10 1.454 102 434 phosphatase,
immunoglobulin superfamily
cell adhesion molecule
38 | Pdiad protein disulfide isomerase 3 1428 122 122 isomerase
associated 4
i . . membrane trafficking
39 | sgipt | SH3-domain GRB2-ike (endophilin) |\ 7 1.424 239 2:2:3 regulatory protein, actin
interacting protein 1 2 -
family cytoskeletal protein
40 Ugere ubiguinol-cytochrome ¢ reductase 13 1420 176 530 metalloprotease, reductase,
core protein 1 esterase
structural protein involved in
the cross-bridging between
41 Mtapia | microtubule-associated protein 1 A 26 1.420 249 12,167 micortubules and other
skeletal elements,
microtubule binding*
42 Vep valosin containing protein 20 1.417 15.9 171615 ATP binding, ATPase
43 Arfgap ADP-rlbos_ylayon factqr GTPase 4 1413 147 46 nucleic amd binding, G-
activating protein 1 protein modulator
i i . structural constituent of
44 Epb4.113 | erythrocyte protein band 4.1-like 3 7 1.413 275 5108 cyloskeleton®
45 | Digz | discs, large homolog 2 (Drosophila) | 7 1.305 9.2 1:2:4 fransmembrane receptor
requlatory / adaptor protein
46 Hspad heat shock protein 9 10 1.381 14.3 211618 heast shock protein®
47 Mapt microtubule-associated protein tau 8 1.378 19.4 9:10:8 microtubule binding protein®
i non-receptor serine /
48 Dnajc6 DnaJ (Hsp40) homolog, subfamily C, 5 1.368 74 322 threonine protein kinase,
member &
chaperone
49 | naurve | NADH denydrogenase (ubiquinane) 3 1.367 255 2.1 dehydrogenase, reduciase
flavoprotein 2
i i - structural constituent of
a0 Epb4.111 | erythrocyte protein band 4.1-like 1 12 1.366 3.2 101416 cytoskeleton®
51 Mbp myelin basic protein 10 1.347 27.3 9:16:9 myelin protein
ATP synthase, H+ transporting, )
. - . proton-transporting ATP
52 Atpad mitochondrial F1 cpmplex. delta 3 1.3141 21.0 533 synhtase, activity”
subunit
53 Pdhx pyruvate dehydrogenase complex, 5 1334 578 393 acetyltransferase,
component X acyltransferase
54 | Bsn bassoon 66 1.332 217 40:46:31 neurotransmiter rejease
organisation
55 | Hspoop | et shock pr;{:r':bgef'fe‘a (Gro4).| 7 1.327 242 258 Hsp90 family chaperone
56 Cdh13 cadherin 13 3 1.326 25.8 211 cell junction protein
adapter protein connecting
57 | Shank2 SH3/ankyrin domain gene 2 8 1322 16.9 1.2 HMDA and metabortropic

glutamate receptors to actin-
based cytoskeleton*
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58 Dpysl3 dihydropyrimidinase-like 3 8 1.321 16.3 11.8.9 hydrolase
59 Pacsini protein kinase C_and casein kinase 1 1318 27 4 13-:12 membrane trafﬂck_lng
substrate in neurons 1 regulatory protein
60 | Caskint CASK interacting protein 1 14 1.318 23.9 7116 fransmembrane receptor
requlatory / adaptor protein
61 DId dinydrolipoamide dehydrogenase 6 1.317 219 778 dehydrogenase, oxidase,
reductase
62 Epni epsin 1 4 1316 19.7 133 lipid binding”
membrane protein, palmitoylated & qe nucleotide kinase, cell
63 | MPP® | (MAGUK ps5 subfamiy member 6) 4 1316 240 11 function protein
[ Ucht | ubiguitin carboxy-terminal hydrolase 3 1.314 13.1 235 cysteine protease
65 | Picam | Pnosphatiaylinositol binding clathrin 4 1.301 13.1 1,32 vesicle coat protein
assembly protein
tyrosine 3-
66 Ywhaz monooxygenase/tryptophan 5- 7 -1.305 6.3 53,6 chaperone
monooxygenase activation protein,
67 Cog9 coenzyme Q9 homolog (yeast) 3 -1.306 19.0 1-2 coenzyme Q biosynthesis*
ATP synthase, anion
ATPase, H+ transporting, lysosomal _ aa channel, ligand-gated ion
68 | Alpevia V1 subunit A 18 1506 225 17,119 channel, DNA binding
protein, hydrolase
69 | Corofc | coronin, actin binding protein 1C 5 1.308 196 1:2:2 ”0”‘”‘0‘3'&‘;'['1‘ LR
solute carrier family 25 (mitochondrial mi tzgnr:gﬁ;r?;clj ;;i?iseeor:;ré“
70 | Slc25as carrier, adenine nucleotide 6 -1.308 27.2 20:21:24 iransfor | carmier rgtem
translocator), member 5 P !
calmodulin
solute carrier family 3 (activators of
71 | Slc3a2 dibasic and neutral amino acid 5 -1.300 18.9 2:1:3 amylase
transport), member 2
72 Gda guanine deaminase 4 -1.311 21 1.1:3 hydrolase
73 Abat 4-aminobutyrate aminotransferase 9 -1.311 289 10:9:14 transaminase
74 | Atpevig | ATF@se. He transporting, lysosomal 8 1.333 17 448 ATP synthase, hydrolase
V1 subunit D
75 | Tommgo | fransiocase of outer mitochondrial 3 -1.345 3.1 12 mitochondrial transporter
membrane 20 homolog (yeast)
76 | Acatp |3cEWy-Coenzy me‘; acetylransferase| 1.355 29 1 121 acetylransferase
77 | Cntnapt | contactin associated protein-like 1 22 1.378 17.9 311 MEIELING, HEL E1LEALT
molecule, oxidase, recepto
78 Rala | V-Tal simian leukemia viral oncogene 3 . 158 5o N ——
homolog A (ras related)
79 | Npin neuroplastin 7 -1.391 246 4910 fransmembrane receptor
requlatory / adaptor proteil
pyruvate uptake into
80 Brp44l brain protein 44-like 2 -1.400 292 1.3.2 mitochondria regulatory
protein*
81 Phb2 prohibitin 2 12 -1.400 93 8.2 estrogen-selective
coregulator
4-nitrophenylphosphatase domain
g2 | Nipsnap1 and non-neuronal SNAP23-like 7 -1.415 16.59 o neurotransmitter binding*
protein homolog 1 (C. elegans)
83 | Mapki | mitogen-activated protein kinase 1 5 1437 237 41:3 non-receptor serine /
threonine protein kinase
84 | Apipt [3daptor pm‘e'”sz‘t’)rﬂﬁi'te" AP-1.beta 1l 4 1.445 252 3:3:3 membrane traffic protein
ATPase, H+ transporting, lysosomal _ "
85 | Atpévoat U0 subarit Ad 14 1.459 15.4 8:4:6 ATP synthase, hydrolase
ATPase, H+ transporting, lysosomal _ .
86 | Atpevict Vi subnt G 1 6 1.460 9 10:2:9 ATP synthase, hydrolase
87 | Hspad heat shock protein 4 8 1.468 20.8 1:3:2 Hsp70 family chaperone
88 | Ract |RAS-TelaledC3 b;"“””“m substrate | g 1488 15.2 811113 small GTPase
ATPase, H+ transporting, lysosomal ~ .
80 | Atpévih 1 st 1 5 1.490 2.7 612 ATP synthase, hydrolase
90 Ldhb lactate dehydrogenase B 2 -1.512 17.9 856 dehydrogenase
o | Camkoa calcium/calmodulin-dependent 15 1508 20.6 16:37-33 non-receptor serine /
protein kinase Il alpha ) ) = threonine protein kinase
protein phosphatase 2 (formerly 2A),
92 Ppp2ria | regulatory subunit A (PR 65), alpha 10 -1.536 241 10:8,7 protein phosphatase
isoform
93 | Ganap | A8lPNhaglucosidase 2 alpha neutral 7 1.546 126 101 glucosidase
subunit : i o
94 | Atpias ATPase, Na+/K+ transporting, alpha 12 1565 294 13-16:20 cation transporter, ion

3 nolvnentide

channel hvdrolase
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) i actin-binding protein for actin

05 | Arpcz | 2ctinrelated protein 2/3 complex, & -1.570 26.3 9:2:1 polymerization, structural

subunit 2 .
constituent of cytoskeleton®

96 Cacngs calcium channel, voltagg—dependent. 5 1614 16.1 33 voltage-gated ion / calcium

gamma subunit & channel

07 | war7 WD repeat domain 7 7 1,639 17.0 2:3:5 MRNA splicing factor,

esterase. kinase inhibitor
tyrosine 3-
98 Ywhab monooxygenase/tryptophan - 5 -1.646 5.9 133 chaperone
monooxygenase activation protein.
proteasome (prosome, macropain) _ -

99 Psmb2 subunit. beta type 2 4 1.655 14.0 11,1 protease

100 Pld3 phospholipase D family, member 3 4 -1.664 12.6 31 phospholipase

101 Atpiat ATPase, Na+/K+ tran;poning_ alpha 6 1802 28 5 54-4 cation transporter, ion

1 polypeptide channel. hydrolase

102 | Ndufag |MADH denydrogenase (ubiuinone)t| 1.917 275 1017 dehydrogenase, reductase

alpha subcomplex, 9

103 | Mapk3 | mitogen-activated protein kinase 3 3 -1.920 0.5 11 non-receptor serine /

threonine protein kinase

104 | Rab11b RAB11B, member. RAS oncogene 5 5079 105 59 GDP / GTP bm(.jln*g‘ GTPase

family activity
i glutamate receptor, ionotropic, . ionotropic glutamate

105 Grin1 NMDA1 (zeta 1) 6 2.502 249 1:-1 receptor

solute carrier family 1 (glial high ~ )

106 Slc1a2 affinity glutamate transporter). 2 2.545 16.6 2,-2 cation transporter
Table 33: List of deregulated proteins 24 weeks post-irradiation from 100 mGy, 500 mGy and 2000 mGy within the
isolated synaptosomes of cortex (C57BI6 study).

The table shows the up-regulated or down-regulated proteins with the fold-changes, their variability, their number of unique
peptides used for protein identification and number of identifications in the biological replicates (ICPLx/ICPLO-Count).
“PANTHER protein class” represents the protein class where the protein of interest can be annotated based on PANTHER
software tool and UniProt database. Grey / brown highlighted “PANTHER protein classes” belong to the protein class of
“small GTPase / associated G-protein” / “cytoskeleton / cytoskeleton-binding protein”, respectively
100 mGy - Synaptosomes of cortex - 24 weeks post irradiation
Unigue |n-fold change from | ICPL-4/IICPL-0 | ICPL_4/ICPL_D .
# Symbol Entrez Gene Name Peptides ICPL4/ICPL.O Variability [%] Count PANTHER protein class
1 Grmz glutamate receptor, metabotropic 2 5 279 20.0 1:-11 G-protein coupled receptor
5 Arfgap? ADP-ribosylation fau:tqr GTPase activating 4 390 18 25. nucleic acid binding, G-protein
protein 1 modulator
3 Gja1 gap junction protein, alpha 1 2 218 177 1-1 gap junction
4 Sicdad solute carrier family 4 (anion exchanger), c 208 a6 32 cation transporter
member 4 - . ’ v
5 Glud1 glutamate dehydrogenase 1 10 2.04 203 895 dehydrogenase
g Akd adenylate kinase 4 5 1.93 25.8 1.1 nuclesotide kinase
7 Car2 carbonic anhydrase 2 3 1.87 36 1-1 carbenate dehydratase activity™
) . . transmembrane receptor regulatory
] Dlg2 digcs, large homolog 2 (Drosophila) G 1.76 109 1-1 adaptor pratein
] Acot? acy-Cos thicesteraze 7 3 1.74 1.8 24 esterasze
10 Sicgadr] solute carrier famity 9 (zodium'hydrogen 7 158 78 121
eaar exchanger), member 3 regulator 1 ) : o -
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ATPase, Ca++ transperting, plasma

cation transporter, ion channel,

Atp2b3 5 157 18.1 2-5
" P membrane 3 v hydrolase
12 Glul glutamate-ammonia ligase (glutamine 1 155 50 111111 ligase
synthetase)
13 Mif macrophage migration inhibitory factor 2 1.54 23.1 145 chemoatiractant activity, cytokine
activity®
14 Keng2 potassium voltage-gated channel, subfamity 4 154 9.7 11 voltage-gated putﬂlsslum channel,
1, member 2 voltage-gated ion channel
15 | Aldoc akdolase C, fructose-bisphosphate 13 1.50 145 878 fructose-bisphosphate aldolase
activity®
18 Sdhb succinate dehyd_rug&nﬂs& ccu:npl&x, subunit 4 1.49 17.4 8,2;- succinate dehydrogenase activity®
B, iron sulfur (Ip)
17 Add2 adducin 2 (beta) 3] 1.48 283 223 nen-motor actin binding protein
18 Tmod2 tropomaodulin 2 5 1.48 261 21,2 nen-moter actin binding protein
alkdhehyde dehydrogenase family 5, . 4.E
AldhSal 7 1.46 283 845
19 a subfamiy A1 dehydrogenase
20 Prd=6 peroxiredoxin 6 5 1.44 1.8 1i1- peroxidase activity®
pea | Septd septin 4 4 1.42 10.8 1-2 =mall GTPaze, cytoskeletal protein
22 Mog myelin cligodendrocyte ghrcoprotein ] 1.41 259 13 ubiguitin-protein ligase
mitochendrial oxoglutarate
23 Ogdhl oxoglutarate dehydrogenase-like 7 1.41 233 11 dehydrogenase (succinyl-
transferring) activity*
24 | CoxBbl cytochrome c oxidase, subunit ib 4 1.40 18.3 231 oxidase
polypeptide 1
35 Pdxp pyridoxal (pyridoxine, vitamin B&) g 1.40 7 295 phosphatase
phosphatase
25 SenZal sodium channel, voltage-gated, type I, alpha a 1.40 54 32 vilttage-gated calcium / sodium / ion
1 channel
27 Gabbr1 gamma-aminabutyric acid (GABA) B 3 1.38 159 1-2 G-protein coupled receptor
receptor, 1
58 Grind glutamate receptor, ionotropic, NMDA1 (zeta 10 138 197 11 involved in neurrt_e uqtgruwth,
1) phosphoprotein binding®
29 Nap1h nucleosome assembly protein 1-like 1 2 1.36 234 2-2 phosphatase inhibitor
a0 Pipskic phosphatidylinositol-4-phosphate S5-kinaze, 3 133 29 11 kinase
type 1 gamma
k| Cacngd calcium channel, vunagg—dependent. gamma 2 133 51 1-1 voltage-gated calcium / ion channel
subunit &
32 Famd8b | famiy with sequence similarity 49, member B 3 133 12 11 -
33 | Preargp | PTOMEINKinase, cAMP dependent reguiatory, | g 133 209 30 kinase modulator
type Il beta
MAP kinase kinase activity, ATP
34 Map2k1 mitogen-activated protein kinase kinase 1 3 1.33 6.0 333 binding, protein serine / threonine §
tyrosine kinase activity®
immuneglebulin receptor
35 | Llcam L1 cell adhesion molecule 11 133 167 575 S LS R STy
immuneoglobulin superfamity cell
adhesion molecule
35 Pidka phosphatidylinositol 4—k|na.|s&, catalytic, alpha g 132 263 2.1 kinase
polypeptide
37 Tubasa phosphatidylinositol 4-kinase, catalytic, alpha 5 131 188 5107 tubulin

polypeptide

146



Supplementary information

actin kinding protein for cytoskeleton

: c .
38 Pfn2 profiln 2 3 1.3 181 3-2 structure®
. r - structural molecule activity,
39 Epb4.112 erythrocyte protein band 4.1-lke 2 ] 1.31 14,2 3.4 TR R T TR T
40 | Usps | Ubiauitin specific “p*'\dﬂ“ ¥ (sopeptidase ) 1.30 125 32 cysteine-type peptidase activity*
i
41 Tpm1 tropomyosin 1, alpha 3 1.30 285 1,11 actin binding mator protein
42 | Fkbp2 FK506 binding protein 2 2 -1.31 12.2 233 Isomerase, chaperone, calclum-
binding protein
& Gprin G protein-regulated inducer of neurite 11 433 28.0 558 neurite outgrowth, phosphoprotein
outgrowth 1 . ) o binding+
44 Snapd1 synaptosomal-associated protein 81 ] -1.33 0.5 2,810 vesicel coat protein
calcium ion binding, calcium-
45 Anxat annexin AT 4 -1.35 1.4 1,2- dependent protein / phospholipid
binding*
. i . structural molecule activity,
Epb4.113 N 9 -1.35 16.8 9;5,5 ekl
45 pl erythrocyte protein band 4.1-lke 3 ST TEET IR
47 Cotit coactosin-like 1 (Dictyostelium) 4 -1.38 101 342 non-motor actin binding protein
43 Purk purine rich element binding protein B 5 -1.39 22 -2 franscription fac’[u_r, DNA Binding
protein
- . acetyltransferase, acyltransferase,
49 Auh AU RNA Binding ﬁrc;t::{lﬂa’zguyl—cuenzyme A 5 -1.40 2.4 2-1 dehydrogenase, hydratase, ligase,
¥ epimerase / racemase
50 T2 thioredoxin-related transmembrane protein 2 5 -1.41 1.8 2-3 membrane protein®
transcription facter, DNA binding
- . ) . tein, mRMNA polyadenylation
5 Pabpci ) 3 -1.47 8.1 2.2 pro p
1 abpc poly(A) kinding protein, cytoplasmic 1 factor { splicing factor,
riconucleoprotein
52 Rpl3 ribosomal protein L13 9 -1.52 10.8 4,2:2 ribesomal protein
53 Pdia3 protein disulfide isomerase associated 3 10 -1.54 17.3 898 isomerase
c4 Rpl7 riozomal protein L7 4 -1.60 228 21— ribozomal protein
55 Rpl3 ribozomal protein L3 3 -1.63 237 1,21 ribozomal protein
55 Rplg ribozomal protein L18 3 -1.63 14.1 323 ribosomal protein
57 Hexb hexosaminidase B 5 -1.68 23.0 1,22 ghyosidase
c8 Rpl1 ribozemal pretein L11 4 -1.68 17.8 4,44 riosomal protein
55 Cct? chaperonin containing Tepl, subunit 7 (eta) 4 -1.73 2232 1,13 chaperonin
50 Rpla ribosomal pretein L4 3 -1.78 27 222 ribosomal pretein
&1 Sndi staphylococcal nuclease and tuder demain g 173 211 290 nuclease activity, transcription
containing 1 : : " cofactor activity®
&2 Hepa0b1 heat shock protein BD,1beta (Grp94), member 1 180 219 12:11:10 H=p80 family chaperone
63 Plec plectin T4 -1.80 240 12,523 non-motor actin binding protein
64 Rpl3sa ribesomal protein L3SA 4 -1.81 191 334 ribosomal protein
65 Hspas heat shock protein 5 12 -1.81 18.9 18,1923 Hsp70 family chaperone
66 Rplpd ribosomal protein, large, PO 2 -1.85 1.2 211 ribosomal protein
&7 Mlgc malectin 2 -1.94 21.8 1-1 carbohydrate binding™
62 Ganab alpha glucosidase 2 alpha neutral subunit 14 -1.97 17.0 233 glucosidase
89 Rpl13a ribosomal protein L134 3 -2 M 43 33~ ribosomal pretein

147



Supplementary information

70 Rpni ribophorin | 3 -2.15 12.0 22 ghycosyltransferaze
71 Rps11 rizogomal protein 511 3 -2.19 46 Z2- rivosomal protein
T2 Hyou hypoxia up-regulated 1 14 -2.27 298 3912 H=p70 family chaperone
73 RpH0 ribozomal protein 10 ] -2.49 169 4:3:1 ricosomal protein
500 mGy -Synaptosomes of cortex- 24 weeks post irradiation
Unique |n-fold change from | ICPL-GICPL-0 | ICPL_&/ICPL_O .
# Symbol Entrez Gene Name - - PANTHER protein class
u Peptides| ICPLICPLO | Variability [%] Count =
hydroxyacyl-Coenzyme A dehydrogenase/3
1 Hadha ketuacyl—tuenzymeﬁxthlul_ﬂseﬁepuyl— 2 324 05 320 dehygrugenase, hydrataze,
Coenzyme A hydratase (trifunctional epimerase / racemase
protein}, alpha
2 Cryz crystallin, zeta 2 2.50 71 215 dehydrogenase, reductase
3 Grmz2 glutamate receptor, metabotropic 2 5 2.02 28 =11 G-protein coupled receptor
4 Acot? acykCoA thioesteraze 7 3 1.75 1 24 esterase
5 P=d3 pleckstrin and Sec¥ domain containing 3 3 1.73 16.2 263 guanyknucleotide exchange factor
1 N28178 expressed sequence N28178 5 1.70 258 11,3 -
7 Mdh2 malate dehydrogenase 2, NAD 5 168 295 15:813 dehydrogenase
{mitochondrial)
8 Gnb1 guanine I'IIJCl&EItIFIEE binding protein (G ] 1.68 18.3 14,15,7 hydrolase, heterotrimeric G-protein
protein}, beta 1
9 Did dihydrolipoamide dehydrogenase 6 1.68 220 5,54 dehydrogenase, oxidase, reductase
10 Immt inner membrane protein, mitochendrial 10 168 18.5 -5 mitochendrial membrane protein®
1 Abat 4-aminobutyrate aminotransferase ) 1.67 280 6,71 transaminase
. ATP synthase, anion channel, ligand
12 | Atpsat _ ATP synthase, H transporting, 13 165 286 49;38:85 gated ion channel, DNA binding
mitochondrial F1 complex, alpha subunit 1 .
protein, hydrolase
13 | sieta3 solute carrier family 1 (glial high affinity 2 1.58 0.9 12 cation transporter
glutamate transporter), member 3
) ) ) ATP synthase, anion channel, ligand
14 AtpSh ATP synthase, H+ transporting mrt.uchclndnal 11 1583 258 1079 gated ion channel, DNA binging
F1 complex, beta subunit -
protein, hydrolase
c ubiguinglcytochrome c reductase, complex c = - mitochoendrial ubiguinol-cytochrome-
15 Ugcrg Il subunit VIl - 158 208 323 c reductase activity®
15 | Aldhga1 |3Hehyde d"‘“*‘dmgeffe family , subfamity| 5 1.56 16.9 3z dehydrogenass
} e ) amino acid transporter, mitochondria
17 Slc25a3 SUIU.t& carrier famiy 23 _(rrl\rtuchundnal 3 1.35 174 115 carrier protein, transfer / carrier
carrier, phosphate carrier), member 3 ~ .
protein, calmedulin
ATP synthase, H+ transporting, - mitochondrial proton-transporting
AtpSd 2 1.52 14.4 33 L
2 F mitechendrial F1 complex, delta subunit S ATP synthase activity®
19 Ndufs? NADH dehydrugenas:& (ubiquinane} Fe-5 3 1.52 204 313 dehydrogenase, reductase
protein 7
20 Ntm neurctrimin 3 1.50 46 115- LTI SIS B
adhesion molecule
2 Gludi1 glutamate dehydrogenaze 1 10 1.50 295 10:4;8 dehydrogenase
22 Bdh1 3-hydroxybutyrate dehydrogenase, type 1 4 1.49 36 13- dehydrogenase, reductase
39 Digap? discs, large EI_}rclsclphiIaj_; homolog- 2 148 271 1 transmembrane receptclr. regulatory
associated protein 1 adaptor protein
24 Septd septin 3 3 1.48 8.1 1,2- small GTPase, cytoskeletal protein
25 Gnbz2 guaning HUCIEUTIFIE\ binding protein (G 6 147 23 57- hydrolase, heterotrimeric G-protein
protein), beta 2
28 Dlgap3 discs, large (F}rﬂsﬂphilﬂ}: hemelog- 5 148 73 2 transmembrane rec&ptclrl regulatory
associated protein 3 adaptor protein
a7 2le8a1 solute carrier farmr;: & (sodium/calcium 3 145 145 11 cation transporter
exchanger), member 1
28 CoxBe cytochrome c oxidase, subunit Vic 4 1.46 276 6,69 mitochondrial cytochrome ¢ oxidase®
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prat} TubbS tubulin, beta 5 class | 3 1.45 16 8,48 tubulin
30 NdufaZ? NADH dehydrogenase (ubiguinone) 1 alpha 5 144 177 864 oxidoreductase
subcomplex, 2
3 | Sicraz | Solte carnier famiy 1 (glal high affinity 3 1.44 143 53,4 cation transparter
glutamate transporter), member 2
3 Ugere2 ubiguinol cy'tuc:hrumg c reductase core 1 144 129 14:10:14 metalloprotease, reductase,
protein 2 caterase
) R ) amino acid transporter, mitochondrial
33 Slc25at12 solute Cﬁl_-”er famlly\Z. (mitochondrial 18 1.43 131 773 carrier protein, transfer / carrier
carrier, Aralar), member 12 . )
protein, calmodulin
34 Tubb3 tubulin, beta 3 class ll 4 1.41 243 121313 tubulin
38 Mif macrophage migration inhibitary factor 2 141 24 11 cytoking activity, chemoattractant
activity®
35 Pygb brain ghycegen phospherylase 5 1.41 283 3 phosphorylase
=ignaling molecule, phospholipase,
ar Pleb phospholipase C, beta 1 7 1.40 288 233 guanyl-nucleotide exchange factor,
calcium-binding protein
18 Sndi staphylococcal nucle.alse and tudor domain 9 1138 35 a2 transcription c:u.fall:tur. nucleic acid
containing 1 binding
ATP synthase, H+ transporting, o
AtpSi 2 1.38 14.0 222
38 pas mitechendrial F1 complex, epsilon subunit ATP synthase, hydrolase
40 Ndufs3 NADH d&hydrugenﬂsg (ubiguinene) Fe-5 7 136 231 454 mitechendrial NADH
protein 3 dehydrogenase*
. mitechendrial hydrogen
41 AtpSh _ATP synt.hﬁse. H+ transpurtlng_. 2 1.36 8.8 1,2;- iontransmembrane transproter
mitochendrial FO complex, subunit d oy
activity
& Ugerfsi ublqumul-.cy'tclchrume c redulciase. Rieske a8 135 107 10127 reductase
iron-gulfur pohypeptide 1
43 | Dk doublecortin-like kinase 1 g 135 188 B nen-receptor serine / threenine
protein kinase
4-nitrophenylphosphatase domain and non-
44 | Nipsnapl | neuronal SNAP25-like protein homelog 1 (C. 4 1.34 22 212 neurotransmitter binding®
elegans)
calcium ion binding, calcium-
45 Pclo piccolo (presynaptic cytomatrix protein) 20 1.33 7T =15 dependent protein / phospholipid
binding*
. mitochondrial ATPase activity,
45 AtpSk i ATP syr_lthﬁse, H+1rﬂn5purhng,. 5 1.33 241 5,24 hydregen ion trangsmembrane
mitechendrial F1F0 complex, subunit L
transproter activity®
47 Sdha succinate dehydrugenasg cum‘plex. subunit 11 1.33 18.0 57,5 dehydrogenase, oxidase
A flavoprotein (Fp)
43 Cpneé copine Wl 6 1.32 57 =14 membrane traffic protein
49 Tubala tubulin, alpha 14 5 1.31 14.0 12,9,16 tubulin
30 Ckb creatine kinase, brain 1 1.30 8.3 23181 amino acid kinase
51 | PdcdSip | programmed cell death & interacting protein 4 1.30 16.2 S transmembrane receptor regulatory /
adaptor protein
5o Ugerb ubiguincl-cytochrome c reductase binding 8 130 125 454 reductase
protein
53 Got1 glutamate pxaloacetate transaminase 1, 12 2130 29.3 121113 transaminase
soluble
c ) S . _ - structural protein, actin famity
o4 Ablimz2 actin-binding LIM protein 2 3 1.30 297 A1 TEE AT T
55 St13 suppression of tumorigenicity 13 2 -1.31 205 =11 chaperone
56 Raci R&S-related C3 botulinum substrate 1 3 -1.31 9.2 18,5 small GTPase
57 Rpld ribosomal protein L4 3 -1.32 222 222 ribosomal protein®
58 Synj1 synaptojanin 1 14 -1.33 208 46,3 phosphatase
c . . . _ . promoting microtubule assembly and
59 Mapt microtubule-associated protein tau 11 1.33 2684 121012 tabiity microbbule bawdng®
tyrosine 3-moncoxygenasel/tiryptophan 5-
&0 Ywhab monooxygenase activation protein, beta 6 -1.33 6.0 433 chaperong
polypeptide
1 Pacsini protein kinase C.ﬂl'ld casgein kinase substrate 3 133 273 1185 membrﬂnetrafﬁck.mg regulatory
in neurons 1 protein
62 Ufet ubiguitin-fold modifier conjugating enzyme 1 3 -1.33 0.6 =21 UFM1 conjugating enyme activity™
. . _ c . glutathione transferase activity,
63 Gstpi1 glutathione S-transferaze, pid 3 1.34 15.4 1,22 kinase regulator activity*
gé Mapre2 micrutubule—astsuciated protein, RP/EB 3 134 &5 1 non-metor micrnt!.lhule binding
family, member 2 protein
53 Rapib RAS related protein 1b 2 -1.34 28.4 1,452 small GTPase
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66 Ezr ezrin [ 08 =12 actin family cytoskeletal protein
67 Nefm neurofilament, medium potypeptide 10 75 387 structural prdenwnterm
(] lg=fd immuneglobulin superfamily, member 8 11 234 1;3;6 membrane protein®
59 Nptn neuroplastin 5 178 2810 transmembrane receptnr_ regulatory /
adaptor protein
tenin (cadherin asscciated protein), alpha . non-motor actin binding protein, cell
Ctnnaz | ©8 13 284 1,21
70 nn o adhesion molecule
otassium voltage-gated channel, shaker voltage-gated potassium channel,
7 Kcnab2 P o g ! N T 1.8 21;- voltage-gated ion channel,
related subfamily, beta member 2
reductase
T2 Tmod2 tropomodulin 2 5 287 222 non-meter actin binding protein
73 Cap2 CAP, adenylate cgci;ﬁfsnmated protein, 5 i 122 in famil Keletal .
74 Priach protein kinase, cAMP dependent, catahytic, 4 257 122 nen-receptor ?.erllne / threonine
beta protein kinase
75 Tpm1 tropomyosin 1, alpha 3 25 1,11 actin family cytoskeletal protein
discs, large (Drosophila) homolog- " transmembrane receptor regulatory /
78 Digap2 associated protein 2 4 288 i adaptor protein
T7 Mefl neurcfilament, light polypeptide 13 18.1 [ L '
filament
75 Anksib ankyrin repeat and 3t_er.|le alpha motif domain & 15.4 3.3 transmembrane receptnr_ regulatory /
containing 18 adaptor protein
79 Snap81 synaptosomal-associated protein 91 5 152 889 vesicle coat protein
a0 Gda guanine deaminase T 14.8 324 hydrolase
transporter, apolipoprotein, cell
El Nrxn3 neurexin ) 20.4 112 adhesion molecule, serien protease,
membrane-bound signaling molecule
a2 Mdh1 malate dehydrogenase 1, NAD (soluble) 2 203 232 dehydrogenase
a3 Homer1 homer homeleg 1 (Drosophila) 4 2.8 233 signaling molecule
membrane trafficking regulatory
a4 Shigl2 SH3-domain GRB2-like 2 7 218 12,89 protein, actin familty cytoskeletal
protein
a5 Olfm1 olfactomedin 1 3 240 1:1;- structural protein, receptor
36 Slc12as solute carrier family 12, member 5 10 226 266 cation transporter
Prriz . ) ) 3 134 354 component of the outer core of
a7 T praline-rich transmembrane protein 2 =h AMPA receptor complext
immuneglobulin receptor
- . superfamily, protein phosphatase,
28 Ncam2 neural cell adhesion molecule 2 & 198 12~ . dobuii family cel
adhesion molecule
29 Cct2 chaperenin centaining Tcp1, subunit 2 (beta) 9 8.1 41;- chaperonin
membrane trafficking regulatory
a0 Sh3gh SH3-demain GRB2-like 1 2 208 1;1;- protein, actin family cytoskeletal
protein
- . nucleic acid binding, annexin,
™ Nuck1 nucleokindin 1 10 289 43— -
calmodulin
2000 mGy - Synaptosomes of cortex - 24 weeks post irradiation
Unique |n-fold change from | ICPL-AICPL-0 | ICPL_10/ICPL_D N
® mbaol Entrez Gene Name - = PANTHER protein class
i ICPLUICPL-0 Variability [%] Count 2
1 Aars alanyHRMA synthetase 15.2 131;- RNA binding protein
2 Ap2b1 adaptor-related p;fﬂ; omplex 2, beta 1 8.4 ;- membrane traffic protein
NADH dehydrogenase (ubiguinone) 1 beta . mitochendrial MADH
Ndufos 18.5 1M
3 5 subcomplex, § i dehydrogenase®
i i T G-ﬂlllﬂilllﬂ-lﬁﬂl.adilhiﬂ‘rg
- LT
4 Myh10 myosin, heavy pelypeptide 10, nen-muscle 142 HH o celly " 5
z Coté chaperonin cunt;jl;rﬂg;Tcm, subunit 4 3 2.35 76 13- chaperonin
opicid binding protein/cell adhesion melzcule- . immunoglebulin superfamity cell
[ Opcml like 3 227 6.5 1315 -
ATPase, Na+/K+ tranzporting, beta 2
! ! 2.25 k|
7 Atplb2 polypeptide ] 155 W2y ATP synthaze
3 Ap2a2 adaptor protein cumpl@c AP-2 alpha 2 A 2.42 18 231 transmembrane receptur_ regulatory
subunit adaptor protein
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calciumi/calmedulin-dependent serine protein

nucleotide kinaze, protein kinase,

Cask 5 2.09 17.9 1315
? kinaze (MAGUK famity) i cell junction protein
10 Plec plectin 74 209 284 6;22;12 non-motor actin binding protein
11 Ezr &2rin 6 2.08 9.3 13131 actin family cytoskeletal protein
12 Ugered ubrqumcll-cy‘tuchrumg creductaze core 10 207 573 3131 metalloprotease, reductase,
protein 1 esterase
13 Pipskic phosphatidylinositol-4-phosphate S-kinase, 3 207 165 13- kinase
type 1 gamma
14 Prkarzh protein kinase, cAMP dependent regulatory, g 206 9.1 3 kinase modulator
type Il beta
15 KifSc kinesin family member 5C 4 2.05 21.3 2315 microtubule binding motor protein
16 Necan neurscan 1 M 239 2131 extracellular matrix glycoprotein
17 Corola ceronin, actin binding protein 14 [ 1.97 287 12;9;9 non-motor acting binding protein
18 Ntm neuratrimin 3 1.94 243 13-4 protein methyltransferase activity®
cytoskeletal protein binding, ATP
19 Gphn gephyrin 5 1.91 146 1315 binding, microtubule-associated
protein*
. . chrematin / chromatin-binding
Ckap4 - 8 1.88 252 343
20 P cytoskeleton-associated protein 4 v protein, hydrolase
21 Hapii nuclensome assembly protein 1-like 1 2 1.86 27 252 phosphatase inhibitor
32 Usps ubiguitin specific peptidase 5 (isopeptidaze g 1.85 227 343 cysteine prqtea_se. mRNﬁ\.splicing
T) factor ubiguitn-protein ligase
23 Dpy=l3 dihydropyrimidinase-like 3 5 1.84 14.9 252 hydrolase
24 Hzphi heat ghock 105kDaM 10kDa protein 1 5 1.79 258 152 alpha-tubulin binding, ATP binding*
tyrosine 3-moncoxygenaseltryptophan 5-
25 “whah monooxygenase activation protein, eta 2 1.79 152 1310 chaperone
pohypeptide
25 Rgs7 requlator of G protein signaling 7 7 1.74 138 33 G-protein modulator
27 Cot3 chaperonin containing :I'C|::-1, subunit 3 5 172 228 233 chaperonin
{gamma})
guanine nuclectide binding protein (G - L .
28 Gnbs - - 5 1.69 14.4 3211 hydrolase, heterotrimeric G-protein
protein), beta 5
29 Caskini CASK interacting protein 1 12 168 g 3:2:3 transmembrane receptclrl regulatory
adaptor protein
30 Camk2b calciumicalmodulin-dependent protein kinase 5 166 25 864 noen-receptor ;en‘ne { threonine
Il beta protein kinase
3 Ctina2? catenin (cadherin associated protein), alpha 13 1.66 128 2142 nen-motor actu'll binding protein, cell
2 adhesion moleculs
32 Widr1 WD repeat domain 1 4 1.66 56 1;1;- non-meter actin kinding protein
33 Mpp3 membrane protein, pqlrn'rtuylated 3 (MAGUK 4 1.66 159 1521 nucleotide kina.se_, cell junction
PSS subfamitly member 3) protein
34 | Epbd.ii2 erythrocyte protein band 4.1-lke 2 8 1.65 63 5334 BTN TR TET
) P o ) ) i structural molecule activity*
35 | Hspsoab heat shock protein 90 alpha (cytosalic), P 1.64 151 14315 Hsp90 family chaperone
class B member 1
" protein (peptidyl-proly| cis/trans isomerase) .. .
Pin1 3 1.64 272 131
* " NIMA-interacting 1 m ISO0MErase
37 Gnb1 guanine HUCIEUtI.dE: binding protein (G i 1.63 230 14713 hydrolase, heterotrimeric G-protein
protein), beta 1
immuneglobulin receptor
33 | cntni contactin 1 10 1.63 66 11;8;2 BLIETEy, TIEIET THETTTEES
immunoglobulin superfamity cell
adhesion molecule
39 TubbS tubulin, beta S class | 3 1.62 278 46 tubulin
40 Dpysid dihydropyrimidinase-like 4 10 1.60 284 I3 hydrolase
41 Cadm1 cell adhesion molecule 1 3 1.59 16.9 11 receptor, defense / |m!'nunrty IET
cell adhesion
42 Nefl neurofiament, light polypeptide 13 1.58 238 i structural p;_::ge::;,n;ntermedme
a3 Ap2al adaptor protein cumplgx AP-Z alpha 1 14 1.58 152 9:9:10 transmembrane receptclr_ regulatory
subunit adaptor protein
scaffold protein interconnectin
) . o NMDA and metabotropic glutamate
44 Shank3 SH3ankyrin domain gene 3 pal 1.55 29 ;2 receptors with actin_based
cytoskeleton*
protein tyrosine phosphatase, receptor type, ) .
45 | Ppfia3 | fpolypeptide (PTPRF), interacting protein 7 1.65 18.4 1541 Reg”m'"g;'shzﬁn;?w of focal

(liprin}, alpha 3
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45 Wiaps microtubule-associated protein 8 17 1.54 8.3 17;15;20 microtubule stabilization protein®
calcium ion binding, sn-glycerol-3-
47 | Gpdz glycerol p“”:ﬂ?’ﬁ;ﬂi‘;ﬁ"”“"ﬂ“ 4 13 1.54 255 11;8;9 phosphate:ubiquinone-3
oxidoreductase activity®
43 Ehd3 EH-domain containing 3 2 1.54 1.2 115 LI I L B (E
modulator, calcium-binding protein
49 Gnaz guaning nucleutld::;mg pratein, alpha z 3 1.53 175 -1 heterotrimeric G-protein
calcium channel, voltage-dependent, e voltage-gated calcium channel
L C. 2d1 9 1.51 11.8 856
=0 aena alpha2/delta subunit 1 i activity*
immunoglobulin receptor
51 Mecam? neural cell adhesion molecule 1 7 1.51 19.9 181215 5yperfarn|h.‘, pr.utem phnsphatase,
immunoglobulin superfamily cell
adhesion molecule
52 Aaki APZ associated kinase 8 1.50 28.9 3t- non-receptor ;erllne.n'threumne
protein kinase
signaling molecule, phospholipase,
53 Plek1 phesphelipase C, beta 1 T 1.50 225 343 guanylnucleotide exchange factor,
calcium-binding protein
54 Sept? septin 7 ] 147 122 42 =mall GTPase, cytoskeletal protein
55 Gnb2 guanine "”Elreuutgs_ﬁ bt:';tdﬂmg protein (G 6 147 18.7 75 hydrolase, heterotrimeric G-protein
5
immunoglobulin receptor
56 Ncam2 neural cell adhesion molecule 2 L] 1.45 263 2 5yperfﬂm|ry, pr_utem phusphata.se,
immunoglebulin superfamily cell
adhesion molecule
57 N28173 exprezsed sequence N28173 5 1.44 39 152 -
transcription factor, DNA binding
5 Pabpcl - . . 3 1.44 25 222 protein, mRNA. splicing /
] abpc poly(A) binding protein, cytoplasmic 1 o polyadenylation factor,
riconucleoprotein
c c e immunoglobulin superfamiby cell
cg Hegr1 neuronal growth regulator 1 6 1.43 245 44;2 adhesion molecule
ArfGAP with GTPase domain, ankyrin repeat e nucleic acid binding, G-protein
1.43 1:4;2
80 Agapd and PH domain 2 12 241 T modulator
a1 Ban bassoon &2 1.42 93 19:10:20 neurutransmrﬂgr release
organisation®
immunoglobulin receptor
g2 | Licam L1 cell adhesion moleculs 1 1.40 241 455 TLEETETL TUET ITENTEEE,
immunoglobulin superfamily cell
adhesion moleculs
) i . membrane trafficking regulatory
83 | Soipt SH3'd”Ef;:ﬂiﬁfz"'rﬁé;”fc'p“ i} 5 1.40 223 1,2;2 protein, actin familty cytoskeletal
ap protein
g4 | Apibi adaptor pme'";’i}":ﬁ!f" AP-1, beta 1 3 137 206 1414 membrane traffic protein
) - ) . coat pretein for localization of trans-
5 Pacs1 5 1.37 1.3 1341 ; )
& acs phosphofurin acidic cluster sorting protein 1 e Golgi network membrane proteins®
56 Pedhil protocadherin 1 5 1.37 199 1;2;2 cadherin
87 Ckb creatine kinase, brain 11 1.37 13.0 17;11;22 amino acid kinase
63 Chbr1 carbonyl reductase 1 3 1.37 11.9 111 dehydrogenase, reductase
69 Gda guanine deaminase T 1.36 17.6 1;4;3 hydrolase
70 Slcsal solute carrier famn;: 8 (sodium/calcium 3 135 15 1321 cation transporter
exchanger), member 1
71 DclkT doublecortin-like kinase 1 6 1.35 172 1541 nen-receplor serine / threoning
protein kinase
72 Mtap2 microtubule-associated protein 2 20 1.34 27 6;16;19 stabiizing mlcrutqhulles agamns
depolymerization*®
73 Acot? acyl-CoA thioesterase 7 3 1.34 19.6 24 esterase
74 Keng2 potassium veltage-gated channel, subfamily 4 1.34 75 P voltage-gated potassium/ ion
Q, member 2 ' -~ i channel
s ldh3g isocitrate dehydrogenase 3 (NAD+), gamma 9 1.34 2T 534 dehydrogenase
76 Dig2 discs, large homolog 2 (Drosophila) 1.32 18 1541 fransmemorane receptclrl regulatory
adaptor protein
7 Add2 adducin 2 (beta) 1.32 69 3311 non-motor acting binding protein
. . structural melecule activity
Epb4.111 | ] 1.3 6.4 6;6;8 !
73 p erythrocyte protein band 4.1-like 1 H:H Evinheital or ganiabons
79 Ganab alpha glucosidase 2 alpha neutral subunit 14 1.31 15.9 23,3 glucosidase
an M3 metaxin 3 2 .30 78 1ie1 mitochondrial protein for protein
) ' i transport*
. . ) I cytoskeletal adaptor activity linking
81 Baiap2 bra "'I-SPE::;CUCﬁiE;Q e:;::: ;hlbmr 1 5 -1.30 142 54,2 small G-proteins to effector
p proteins™®
82 Arpcd actin related protein 2/3 complex, subunit 4 6 -1.30 157 557 acﬂn-hmdmg curnpl:rr]ent. LN
actin pohymerization*
83 Raci RAS-related C3 botulinum substrate 1 3 -1.31 16.8 2:4:6 =small GTPase
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membrane trafficking regulatory

a4 Syn2 synapsin Il 7 1.3 107 14;10;9 protein, non-motor actin binding
protein
c Ponor? protein phosphatase 2 (formerly 24, 5 132 257 2:4:2 .
BS Pperea requlatory subunit B (PR 52}, alpha isoform i protein phosphatase
ATP synthase, H+ transporting, . mitochendrial proton-transporting
c, -1.33 I3
B Atpsd mitechondrial F1 complex, defta subunit 2 37 i ATP synthase activiby®
87 | Rphia rabphilin 34 12 433 273 643 membrane trafficking regulatory
protein
88 CoxBc cytochrome c oxidase, subunit Vic 4 -1.34 29.8 6;6:6 mitechendrial cytechrome c oxidase®
noen-receptor serine / threonine
29 Prkch protein kinase C, beta 5 -1.34 136 2:1;2 protein kinase, transfer / carrier
protein, annexin, calmodulin
S0 Acat? acetyl-Coenzyme A acetyltransferase 2 3 1.4 86 13131 acetyltransferase
91 Arpcd actin related protein 2/3 complex, subunit 4 i -1.35 13.9 5;6;5 actin family cytoskeletal protein
a2 Gl glutamate-ammonia ligase (glutamine 1 1.35 235 11:10:11 ligase
synthetase) v
93 Dbn drebrin 1 10 -1.35 276 3;2;2 non-motor actin binding protein
S4 Chkmit1 creatine kinase, mitochondrial 1, ubiguitou 17 -1.36 15.0 23;21;21 amino acid kinase
o5 Ugere2 ubiguinal cytuchrumg c reductase core 1 .37 18.3 13:1:10 metalloprotease, reductaze,
protein 2 esterase
95 Did dihydrolipoamide dehydrogenase [ -1.37 3.3 5;9;2 dehydrogenase, oxidase, reductase
97 Pgam1 phosphoghycerate mutase 1 2 -1.37 57 65 b|sphusphugw;:giit£§-phusphatase
. ATP synthase, anion channel, ligand
98 | Atpsal _ ATP synthase, H+ transporting, 12 138 299 4T;38:60 gated ion channel, DNA binding
mitochondrial F1 complex, alpha subunit .
protein, hydrolase
99 Gatmil glutathione S-transferase, mu 1 7 -1.38 10.0 4:3;2 glutathione transferase activity®
100 Baiap? brain-specific ﬂ.nglugenes!s inhikitor 1- 5 1.39 184 325 receptor
associated protein 2
101 Cycl cytochrome c-1 5 -1.39 287 314 mitchendrial cytochrome c activity®
A _ structural moleculs activity
] -1.39 L !
102 Epb4.113 erythrocyte protein band 4.1-like 3 9 273 i H SiTEEEr T
103 Cap2 CAP, adenylate c;;(l:::;?\ssucmted protein, 5 .41 52 3131 actin family cytoskeletal protein
)
104 Neehl arylacetamide deacetylase-like 1 3 1.4 143 1;-1 ligase
membrane trafficking regulatory
105 Sh3gl2 SH3-domain GRB2-like 2 7 -1.43 273 10;8;9 protein, actin famity cytoskeletal
protein
tassium voltage-gated channel, shaker- v voltage-gated potassium / ion
Kenabz | PP 7 -1.44 4.1 2,2
108 ena related subfamily, beta member 2 " channel, reductase
107 Ndufai NADH dehydrogenase (ubiguinone) 1 alpha 3 445 173 1311 mitochoendrial NADH
subcomplex, 1 dehydrogenase*
108 Actbh actin, beta 5 -1.45 11.8 14;20;6 actin and actin related protein
109 Olfm olfactomedin 1 3 -1.45 5.8 1315- structural protein, receptor
110 Huch nucleobingin 1 10 .46 40 3:1:- nucleic acid bmdln_g. annexin,
calmodulin
111 Atp2b3 ATPasze, Ca++ transporting, plasma 5 4.47 172 1:1:4 cation transporter, ion channel,
membrane 3 hydrolase
) mitechondrial ATPase activity,
112 | AtpSviel ATpase, H+tran5pc|r.t|ng, ysasomal V1 [ -1.49 29.1 9,89 hydrogen ion transmembrane
subunit E1 -
transporter activity®
113 Rin4 reticulon 4 2 -1.50 21.0 1;171 membrane traffic protein
114 | Arhgdia | Rho GDP dissociation inhibitar (GDI) alpha 4 -1.50 254 5:6:5 LT Tﬂﬂf;‘;'t?re'pr”te'”
115 Anxa¥ annexin AT 4 -1.51 11.5 1;2;- calcium ion binding protein®
118 Pygb brain glycogen phosphorylase 5 -1.51 241 1;2;1 phosphorylase
117 Hzpd1 heat shock protein 1 (chaperonin} a3 -1.51 223 9,710 chaperonin
tyrosine 3-monooxygenaseitryptophan 5-
118 whab monooxygenase activation protein, beta 6 -1.53 247 Ihd chaperone
pohypeptide
119 Anksib ankyrin repeat and st_er_lle alpha motif domain & AT 12.4 3:4:- transmembrane receptclr. regulatory
containing 1B adaptor protein
120 Hexb hexosaminidase B 5 -1.58 121 1;2;2 glycosidase
121 Pebp1 phosphatidylethanolamine binding protein 1 2 -1.59 285 1,22 ATP binding, protein kinase binding’
structural constituent of
122 Arpc2 actin related protein 2/3 complex, subunit 2 3 -1.59 16.5 2- cytoskeleton, actin-binding
component*
123 Prach protein kinase, cAMP dependent, catahytic, " 61 162 2.2 non-receptor ;en_ne I/ threonine
beta protein kinase
124 Dist dihydrolipoamide S-succinytransferase EE2 4 461 13.4 T:5:5 acetyliransferase, acylransferase
component of 2-oxo-glutarate complex)
125 Rab35 RAB35, member RAS oncogene family 2 -1.64 17 1,52 GDP ! GTP binding, small GTPase*
126 Gbas glicblastoma amplified sequence 2 -1.65 28 1;1;- ATP binsynthetic processing

protein®
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127 Septs septin 6 3 -1.66 227 435 =mall GTPase, cytoskeletal protein
128 Gotz glutamate uxalc{ac&tate t.ransaminase 2, 14 AT 54 2012:19 transaminase
mitochondrial
129 Mapre2 mlcrutubule—as‘sucmt&d protein, RF/EB 3 478 278 145 non-motor ITIIcht!JbLIle binding
family, member 2 protein
130 | Phoz prohibitin 2 13 181 18.0 345 "ﬁ"5"&“"351::2“"'9&”3“-
131 Grin1 glutamate receptor, |c|1n\utrcl|::-|c. MMD&AT (zeta 10 1.31 290 1521 ionotropic giutamste receptor
!
132 | Fkbpla FKS0E binding protein 1a 5 181 255 432 Fomerase, chaperone, calcum-
binding protein
133 Popir7 protein phosphatase 1, r&gulatury (inhibitor) 4 .83 246 22 regulatory subuni of protein
subunit 7 phosphatase 1*
134 Ldhb lactate dehydrogenase B 2 -1.87 17.9 Eidi5 dehydrogenase
regulation of microtubule filament
135 Stmnd stathmin 1 4 -1.87 27 KHT system by destabilizing
microtubules*
135 Ndufss NADH u:Ieh‘y.rcIru:lgenaat?.n.d= (ubiquinone) Fe-5 3 .89 146 1:2:2 mitechendrial NADH
protein 5 dehydrogenase*
137 Cnp 2 ¥-cyclic nucleotide 3" phosphodiesterase 10 -2.00 14.5 12;7;15 phosphodiesterase
138 Pdhb pyruvate dehydrogenase (lipoamide) beta 4 -2.02 19.2 13-4 transfarase activity, transfarring
acyl groups*®
dihydrolipoamide S-acetyliransferaze (E2
138 Diat component of pyruvate dehydrogenase 3 -2.04 15.0 142 acetyltransferase, acyftransferase
complex)
COPS (constitutive photomorphogenic) 2.04 1:1:1 . .
140 Copsé homoleg, subunit 8 (Arabidopsis thaliana) 3 244 i signaling molecule
141 Sodi superoxide dismutase 1, scluble 3 -2.08 25.8 431 oxidoreductase
142 Mbp myelin basic protein 10 -2.12 19.5 6;25;16 myelin protein
143 Gad2 glutamic acid decarboxylase 2 2 -2.13 17.0 22 decarboxylaze
tyrosine 3-monooxygenaseltryptophan 5-
144 | Ywhaz monooxygenase activation protein, zeta 7 -2.21 204 &7 chaperone
pohypeptid
145 | Famd8b |family with sequence similarity 45, member B 3 -2.27 48 1511 -
145 Digap2 discs, large (I_Z:-rusuphlla{ homolog- 4 235 155 1:1:4 transmembrane receptu:lr_ regulatory
associated protein 2 adaptor protein
147 Rakb2a RAB2A, member RAS oncogene family 5 -2.36 e 342 GDP { GTP binding, GTPase activity*
148 A=ahl N-acylsphingosine amidehydrolase 1 3 -2.57 20.2 13111 ceramidase activity™
ATP synthase, H+ transporting,
AtpSo [ -2.64 15.8 10;9;9
149 r mitechondrial F1 complex, O subunit ™ ATP synthase, hydrolase
150 Ppt1 palmitoyl-protein thivesterase 1 4 -2.70 286 2311 esterase
151 Tomm2a translocase of cuter mrtuchundl:lal 2 451 125 2:4:- mitochondrial trangporter
membrang 20 homolog (yeast)
152 H3f3a H3 histone, famity 34 3 -6.57 101 1552 histone

Table 34: List of deregulated proteins 24 weeks post-irradiation from 100 mGy, 500 mGy and 2000 mGy within the
isolated synaptosomes of hippocampus (C57BI6 study).
The table shows the up-regulated or down-regulated proteins with the fold-changes, their variability, their number of unique
peptides used for protein identification and number of identifications in the biological replicates (ICPLx/ICPLO-Count).
“PANTHER protein class” represents the protein class where the protein of interest can be annotated based on PANTHER
software tool and UniProt database. Grey / brown highlighted “PANTHER protein classes” belong to the protein class of
“small GTPase / associated G-protein” / “cytoskeleton / cytoskeleton-binding protein”, respectively

100 mGy - Synaptosomes of hippocampus - 24 weeks post irradiation

Unique n-fold change ICPL-4/CPL-0 ICPL_4 /ICPL_O .
# Symbol Entl G H - - PANTHER it |
Lt nirez Lene fame Peptides |from ICPL4ICPL-0 | Variability [%] Count S —
Tepi t-complex protein 1 5 163 258 13- chaperonin
2 Lgi1 leucine-rich repeat LG| family, member 1 2 162 5.9 1,1;- receptor, eﬁ:ﬁ;;"u'ar matrix
3 Sfxni sideroflexin 1 4 158 204 ' cation transporter, fransfer /
- ) t carrier protein
4 Septd septin 3 3 145 283 11- small GWz:s{e?Dskeletal
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membrane traffic protein, G-

5 Ehd3 EH-domain containing 3 3 1.43 1.8 1-1 . 3
protein modulator, calcium-
8 D2 Dimoclike 2 17 1.40 195 44 scaffold protein on synaptic
Y vesicles®
. . . deaminase activity,
Hrep12 - 3 138 242 222
7 rsp heat-responsive protein 12 2 endonuclease activity*
protein tyrosine phosphatase, receptor ) ) )
] Ppfia3 | type, f polypeptide (PTPRF), interacting [ 13 134 16 4.4 TEET rfugc”;ta';a ::i::;emh'v of
protein (liprin}, alpha 3
g Digap2 discs, large (Drosophila) homolog- 4 134 17.2 33 transmembrane receptor
associated protein 2 : ' - regulatory / adaptor protein
10 Uacred ubiguinglcytochrome ¢ reductase core 10 134 75 1491 metalloprotease, reductase,
1 protein 1 : - v esterase
" Dloapd discs, large (Drosophila) homolog- c 133 &5 3.3:4 transmembrane receptor
gap associated protein 1 - : - o regulatory / adaptor protein
12 Corolc coronin, actin binding protein 1C 5 132 1.7 24— non-meter actin kinding protein
13 Arfgap ADP-ribosylation factor GTPase 3 130 62 343 nucleic acid kinding, G-protein
activating protein 1 : ’ v modulator
rhof/rac guanine nucleotide exchange "™ guanyhnucleotide exchange
14 Arhgef2 factor (GEF) 2 9 1.30 6.3 1,1;- factor
15 Rpl11 riosomal protein L11 2 -1.30 6.0 222 ribosomal protein
16 Phgdh 3-phosphoglycerate dehydrogenase 4 -1.30 7.3 1,1- dehydrogenase
solute carrier family 25 (mitechondrial mnzgﬁl ng||an| tcr:;;prur:;réin
17 Slc25a4 carrier, adenine nucleotide 4 -1.33 195 7,61 - P !
translocator), member 4 transfer / carrier protein,
! calmedulin
18 Fbxo41 F-box protein 41 8 135 294 14 compenent of E3 ubiguitin ligase
complex*
19 Sndd staphylococcal nuclease and tudor 7 135 1.9 13 transcription cefactor, nucleic
domain containing 1 o ’ il acid binding
20 Mink1 misshapen-like kinase 1 (zebrafish) 10 -1.36 252 1:3- ATP binding, small GTPase
regulator activity®
21 Nefl neurofilament, light polypeptide 12 138 17.0 7:10:10 SILELE AT METERE
filament
33 Chehda coiled-coil-helx-coiled-coil-hel domain 4 137 131 993 protein for mitochondrial crista
containing 3 o . e integrity and function®
23 Rps19 riosomal protein 519 3 -1.38 15.5 1,32 ribozomal protein
24 | Hspgopt | Meatshock pr;fr:szr”'f&t“ (Grpg4), 10 -139 181 552 Hsp20 family chaperone
amino acid transporter,
- - solute carrier family 25 (mitechondrial c c " mitechendrial carrier protein,
25 | SleZsal carrier oxoglutarate carrier), member 11 - =k 35 31 transfer / carrier protein,
calmedulin
26 Famd4ob family with sequence similarity 49, 3 142 9.0 2o ~
member B
27 Pid3 phospholipaze D family, member 3 4 -1.43 44 252 phospholipaze
transporter, membrane traffic
28 Tom12 target of myb1-like 2 (chicken) 7 -1.48 215 11 protein, kinase activator,
cytoskelstal protein
prat | Hyou hypoxia up-regulated 1 12 -1.53 225 47,2 Hsp70 family chaperone
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30 Cet? . 3 -1.53 24.3 22- chaperonin
(eta)
guanine nucleotide binding protein, . - .
3 Gnal1 2 -1.55 269 1;1- heterotrimeric G-protein
alpha 11
32 Srgap3 SLMT-ROBO Rho GTF‘ase activating 10 158 122 11 G-protein modulator
protein 3
33 Ckap4 cytoskeleton-associated protein 4 2 -1.56 8.0 1,11 chromatin "l. chromatin-binding
protein, hydrolase
34 | Hsd17b10 hydroxysteroid (17-bata) 4 -1.57 125 1,2- dehydrogenase, reductase
dehydrogenase 10
35 hvd izovaleryl coenzyme A dehydrogenase 2 -1.63 239 1;1- transferase, ul:Iehydrugenase,
oxidase
36 Nt5dc3 S-nucleotidase domain containing 3 4 -1.64 43 2- nucleotide phosphatase
7 MNdufaS MADH dehydrogenase (ubiguinane) 1 1 -1.92 5.9 3,51 dehydrogenase, reductase
alpha subcomplex, 9
38 Prkach protein kinase, qAMP dependent, 5 198 12.2 33 non-receptor ;eri_ne { threonine
catalytic, beta protein kinase
: - GTP kinding, small GTPase
39 Rab3%b |RAB3SB, member RAS oncogene family 2 -2.16 226 1;-1 mediated Sl franeducbons
40 Cogd coenzyme Q9% homolog (yeast) 3 221 278 15-1 coenzyme Q9 biosynthesis®
500 mGy - Synaptosomes of hippocampus - 24 weeks post irradiation
Unique n-fold change ICPL-6/ICPL-0 ICPL_&/ICPL_O .
# Symbol Entrez G N = - PANTHER b l
LT nirez bene flame Peptides |from ICPL6ICPL-D| Variability [%] Count S
1 Ugered IJbquJII'IEIl—C’y‘tUChrUI‘I‘IL.? ¢ reductaze core 10 240 240 141 metalloprotease, reductase,
protein 1 gxterase
2 Tagin3 tranzgelin 3 3 2.08 14.0 1,11 non-motor actin binding protein
Sheni sideroflexin 1 4 197 240 1 cation trans.purter, t.ransfer.l'
Ccarrier protein
4 Sept3 septin 3 3 1.83 236 141 ST IR BaEEEE
protein
g miCoZ mitochondrialby eqcuded cytochrome ¢ 2 171 23g 2941 mﬂuchundnal.cfytuchrume c
oxidasze Il activiby*
g Sucla? succmate—tqenzyme A |IQE§E, ADP- 3 167 262 1 ligase
forming, beta subunit
NADH dehydrogenase (ubiguinone) 1 - mitochondrial NADH
Nduft10 3 1.65 284 274 .
7 beta subcomplex, 10 dehydrogenase activity™
] Nefm neurafilament, medium polypeptide 10 1.59 12.2 89,6 SELT p%ﬂi]:’,n;ntermedﬂte
NADH dehydrogenase (ubiguinone) Fe- c . mitechondrial MADH
Ndufsd 4 1.56 28.5 =13 -
i urs S protein 8 dehydrogenase activiby™
10 Bint bridging integrator 1 2 155 123 11- membrﬂ”e”z::f;::g regulatory
11 Tcp1 t-complex protein 1 5 1.56 86 =13 chaperonin
. q- RNA. binding pretein, amineacyl-
5 5 153 252 =11
12 ars seryl-aminoacyHRNA synthetaze {ANA synthetase
13 Gnb1 guanine nucleutl@e binding protein (G g 152 178 5815 hydrolase, heterl:ltrlmenc G-
protein), beta 1 protein
14 Ppt1 palmitoyl-protein thicesterase 1 3 1.52 24.5 -1 esterase
15 Gnh2 guanine nucleutlfje binding protein (G & 149 J88 138 hydrolase, heterl:ltrlmenc G-
protein), beta 2 protein
16 Gma225 predicted gene 8226 4 1.45 16.0 21;- -
ATP synthase, H+ transporting, . mitochondrial membrane ATP
AtpSd 2 1.48 17.8 4,24
7 . mitochondrial F1 complex, detta subunit synthase®
. ) translation elongation factor,
18 Tafm Ts transla‘fl!:ln elunga.tmn factor, 2 145 127 11 guanyknucletide exchange
mitachandrial
factor
19 | Coxgpy | Syleshrome coxidase, subunit Vio 4 142 252 453 oxidase
polypeptide 1
transporter, membrane traffic
20 Tom1l2 target of myb1-like 2 (chicken) 7 1.41 283 115- protein, kinase activator,
cytoskeletal protein
21 Ugerb ubnqumul—cy:‘tu:lf::hrumegredudase 5 1 41 291 455 reductase
binding protein
22 Slcdda? solute carrigr family 44 member 2 2 1.41 10.2 1.1;- transporter
NADH dehydrogenase (ubiguinone) 1 1 41 . mitochondrial NADH
2 Ndufa? alpha subcomplex, 7 (B14.5a) 2 ) 129 23- dehydrogenase activity®
24 Trapl TNF receptor-associated protein 1 5 1.40 26.9 1.1 Hsp30 family chaperone
) . filament-forming cytoskeletal
5 Sept? 7 1.40 20.4 1,25
2 ep septin 7 GTPase*
2 Mdh2 malate dehydrogenase 2, NAD 5 1.39 17 81214 dehydrogenase

(mitochondrial
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a7 Pdhx pyruvate dehydrogenase complex, 3 1139 60 33 acetyltransferase,
component X acyltransferase
28 Ogdhl oxoglutarate dehydrogenase-like 8 139 16.1 23 uxuglutara';ecﬂsﬁ*dmgenase
ferrochelatase activity, ferrous
29 Fech ferrochelataze 3 1.38 228 11 iron binding, iron-responsive
element binding*
30 Rimbp2 RIMS binding protein 2 1.38 9.9 21, synaptic transmission®
3 hed izovaleryl coenzyme A dehydrogenase 2z 137 31 =10 transferasi;(?dnaah;r:rugenase,
33 Sndi staphylucucc_al nucle_a;e and tudor 7 137 oA 13- transcrlptlu:lr_l cu_fau_:iur. nucleic
domain containing 1 acid binding
rhe/rac guanine nucleotide exchange . guanyknucleotide exchange
Arhgef2 ] 1.36 0.9 1;1;-
3 mae factor (GEF) 2 factor
34 P=d3  |pleckstrin and Sec? domain containing 3 4 1.36 12.4 -4 guan*,rl-nuclleit{rgre RIS
c rho/rac guaning nucleotide exchange 136 e guanyknucleotide exchange
35| Arhgef2 factor (GEF) 2 ¥ ' ! iR factor
6 Dpysls dihydropyrimidinase-like 5 4 1.36 15.4 =11 hydrolase
aldehyde dehydrogenase family 8, 138 e
ar AldhGat subfamily A1 6 .35 78 35- ATP synthase, hydrolaze
38 Hspas heat shock protein 5 10 1.35 1.8 -2 Hsp70 famity chaperone
ATP synthase, H+ transporting,
39 AtpSe mitechondrial F1 complex, epsilon 2 1.35 17.2 222 ATP zynthasze, hydrolase
subunit
40 Etfa electron transferring ﬂala'.fuprutem, alpha 2 134 138 232 transferasze, Flehydrugenase,
polypeptide oxidase
41 Nefl neurofiament, light polypeptide 12 133 55 10,710 structural protein, intermediate
filament
ATP synthase, H+ transporting,
42 AtpSct mitochondrial F1 complex, gamma 7 1.33 191 T3 mitochendrial ATP synthase*
polypeptide 1
43 | sgnp | Succinate dehydrogenase complex, 4 1.32 15.2 7:5:8 dehydrogenase
subunit B iron sulfur {p} T
44 NdufaZ NADH dehydrogenase (ubiguinone) 1 5 131 255 563 oxidoreductase
alpha subcomplex, 2
45 Pdia3  |protein disulfide izomerase associated 3 7 1.3 5.2 5,8,- isomerase
45 TubbS tubulin, beta 5 class | 3 1.30 15.4 382 tubulin
47 Ap2mi adaptor protein complex AP-2 mu 5 -1.30 12.8 9:12:5 membrane traffic protein
43 Pdxp pyridoxal (pyridoxing, vitamin BS) 11 131 292 2:2:1 phosphatase
phosphatase
49 Priach protein kinase, cAMP dependent, 5 131 151 33 non-receptor serine / threonine
catalytic, beta ) ) o protein kinase
e Agap2 ArfGAP with GTPaze duma_ln. ankyrin 13 13 147 5.4 nucleic acid binding, G-protein
repeat and PH domain 2 modulator
51 | Srgapa | SLT-ROBORho GTPase activating 10 -1.31 105 115 G-protein modulator
protein 3
c3 Ufet ubiquitin-fold modifier conjugating 2 133 129 41 UFM1 conjugating enzyme
- enzyme 1 ) ) " activity®
53 Gnag guaning nucleotide bmd"jg protein, 4 -1.32 194 -0 heterotrimeric G-protein
alpha g polypeptide
54 Fbxod1 F-box protein 41 1] -1.32 11.0 -1,1 E3 ubiquitin ligase complex®
55 Rab11b |RAB11B, member RAS oncogene family 5 -1.32 224 33,2 e GTZE{T&:E' Bz
56 Phyhip | phytanoyl-CoA hydroxylase interacting 4 -1.33 2186 221 hydroxylase*
57 | Arpes actin remd;ﬁ:?ﬁ' f 3 complex, 6 134 38 873 actin family cytoskeletal protein
58 Gria1 glutamate FECEE;T;H;U:?“UP'C' AMPAT 5 -1.34 a7 12~ ionotropic glutamate receptor
J
] Madd MAP-kinase activating death demain 10 135 77 32 QUE"YLHUCEI?:E: exchange
80 Pedh1 protocadherin 1 8 -1.35 202 465 cadherin
zinc finger transcription factor,
&1 Rufy3 | RUN and FYVE demain containing 3 3 138 0.5 =11 PER TS TR T (€
protein modulator, kinase
activator
62 Cadml cell adhesion molecule 1 2 -1.36 14.0 11;- TEEELLE defense.r_lmmunrt:.-l
response, cell adhesion protein
solute carrier famity 25 (mitechondrial m'rtEZI:ILcll'ljfi::: g:;;?ur:z{éin
63 Slc25as carrier, adenine nucleotide 4 -1.36 16.5 13164 . protein,
. e transfer / carrier protein,
translocator), member 5 calmadulin
64 Achy ATP citrate vase 7 -1.38 16.5 1,2,- transferage lvase ligase
6z | Candl culln associated and neddylation 8 139 10 54 transcription factor
dizsassociated 1
66 Ezr gzrin i -1.39 8.4 4.3 actin famity cytoskeletal protein
67 Rab35 | RAB35, member RAS oncogene family 2 -1.42 254 3 EL T R

activity®
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solute carrier famiby 25 (mitochondrial rn'rtz :;IILT_I:S:: g:rr:iprur:jtréin
68 Slc25ad carrier, adenine nucleotide 4 -1.42 274 7,81 ) proten,
. transfer / carrier protein,
tranglocator), member 4 )
calmedulin
69 Mink1 misshapen-like kinase 1 (zebrafish) 10 .44 7.2 -3 e
regulator activiby®
70 GstmS glutathione S-transferase mu 5 2 -1.47 8.7 -1 glutathione transferase activity*
71 Slcdad solute carrier ‘famny 4 (anion 4 -1.48 0.5 1:3- cation transporter
exchanger), member 4
72 Diras2 DIRAS famity, GTP-binding RAS-like 2 2 -1.49 5.0 1.15- small GTPase
Pemh2 proteasome (prosome, macropainy 5 _ 334 2.3,
73 subunit, beta type 2 1.50 protease
74 | Brpas brain protein 44-like 2 -150 2999 12 mediates uptake of pyruvate into
mitechendria*
75 | Atpsvogq |ATRase, Hetransporting, lysosomal /0 4 152 220 446 mitochondrial ATP synthase®
subunit 01
76 Gnas GNAS (guanllne I1IJ.C|E::I'(IE|E binding ] -1.54 17.4 -1 heterotrimeric G-protein
protein, alpha stimulating) complex locus
27 Gpd1 glycerol-3-phosphate d?hydrugenasﬂ 2 154 573 ~1 dehydrogenase
(zoluble)
78 Raci RAS related C3 botulinum substrate 1 3 -1.57 25.4 75,7 zmall GTPaze
79 Ndufad MADH dehydrogenase (ubiguinone) | " -1.62 13.2 3,5- dehydrogenase, reductase
alpha subcomplex, 8
a0 Fam4ah famity with sequence similarity 49, 3 175 157 13 _
member B
nudix (nuclectide diphosphate linked - .
Nudt3 3 S 256 =11
a1 moiety X}-type motif 3 1.76 phosphatase
) . receptor, immunoglobulin
as Alcam activated leukocyte cell adhesion 3 _1a8 120 ' e
molecule
maolecule
a3 Wdr? WD repeat domain 7 :] 2407 2432 2.3 mRHNA splicing factor, esterase,
kinage inhibitor
mediating uptake of synaptic
B4 Npt=1 neurgnal pentraxin 1 5] -5.64 8.0 3;1;- metrial during synapse
remodeling®
2000 mGy - Synaptosomes of hippocampus - 24 weeks post irradiation
Unigue n-fold change ICPL-AMICPL-0 | ICPL_10/ICPL_O .
# Symbol Entrez G H — - PANTHER t |
i nirez bene Hame Peptides |from ICPL-10ACPL-| Variability [%] Count S —
1 Gad1 glutamic acid decarboxylase 1 3 34 39 22- decarboxylaze
2 Nefm neurofiament, medium polypeptide 10 263 26.1 445 R p;_::lr::;,n;ntermedﬁte
internexin neurcnal intermediate filament AR T D
3 Ina rotein. aloha 12 234 285 537 protein, structural molecule
protein, alp activity*
4 WVep valosin containing protein 12 2.30 6.4 473 ADPIATP b'f'”.'”?' ATPase
activity
5 Detn dynactin 1 2 213 25 35 non-metor actin binding protein,
chaperone
] Hyoul hypoxia up-regulated 1 12 2.1 10.2 472 Hep70 family chaperone
7 Ckap4 cytoskeleton-azsociated protein 4 2 2.05 16.1 111 chromatin !_chrumatln-t:-lndmg
protein, hydrolase
g Ina internexin neuruna.l intermediate filament 12 199 & 3.4 structural protein, intermediate
protein, alpha filament
9 Efhd2 EF hand domain containing 2 i 1.84 9.5 151 calcium-binding protein
ATP binding, kinase activity,
Cankzal S ) 5 188 55 232 protein phosphataze regulator
10 casein kinase 2, alpha 1 polypeptide activity, protein serine / threonine
kinase activiby*
11 Tepl t-complex protein 1 5 1.88 20.0 13- chaperonin
12 Tagin3 transgelin 3 3 1.82 9.8 11,2 non-motar actin binding protein
13 Numbl numb-like 5] 1.82 0.3 2.2 signaling molecule
14 Add3 adducin 3 (gamma) 4 178 238 22- non-motor actin binding protein
15 HspSlb1 heat shock pr;:_:_?bzf"lbem (Grp94), 10 177 111 56,2 Hsp90 family chaperone
16 WMtaps microtubule-associated protein 6 11 197 5.3 7,56 microtubuli stabilization protein®
17 | septs septin 3 3 176 80 111 TEIETFER LR
protein
18 Gitl G prut&ln-cqupl&d receptor kinase- 12 173 107 130 nucleic acid binding, G-protein
interactor 1 modulator
. _ . membrane trafficking regulatory
19 Sgipt SH3-domain GRB2-Tke (endophiin) 7 170 ;e 231 protein, actin family cytoskeletal
interacting protein 1 -
protein
20 Tpm3 tropomyosin 3, gamma 7 167 121 4,24 actin binding motor protein
21 Dbnl drebrin-like L] 163 151 1,22 non-motor actin binding protein
prad Tpmi tropomyosin 1, alpha 3 1.64 23.5 21,2 actin binding motor protein
23 Pdia3  |protein disulfide isomerase associated 3 7 1.61 6.8 5,9;- isomerase

158



Supplementary information

=scaffold protein, interconnecting
NMDA and metabotropic

Shank3 i i 19 1.60 41 1,2-
24 an SHafankyrin domain gene 3 o glutamate receptors with actin-
based cytoskeleton®
25 PipSkic phusphgtidylinus'rtu l-&-phesphate 5- 4 180 137 21 kinase
kinage, type 1 gamma
25 Snd1 staphyle cclcn:fal nuclelaf"e and tudor 7 158 19.1 12 transcrlptluq ccllfﬂl.:tur. nucleic
domain containing 1 acid binding
. q- RNA binding protein, aminoacylk
5 5 158 238 1,1
27 ars seryl-amincacyHRNA synthetaze NS {RNA synthetase
28 Chtb clathrin, light pohvpeptide (Lcb) 3 1.58 2.2 31 vesicle coat protein
transcription factor, DNA binding
Pahnc I . ) 3 157 810 19 protein, mRNA splicing /
29 abpc poly(A) binding protein, cytoplasmic 1 NS nolyadenylation factor,
riconuclecprotein
membrane traffic protein, G-
30 t=n intersectin 1 (SH3 domain protein 14) 5 1.56 18 Z3- protein modulator, calcium-
binding protein
31 Gm10237 predicted gene 10237 2 1.56 205 23 -
13 Ugere I.IbquJII'IUI-C}!‘lCIChI'EImL_? c reductase core 10 155 16.8 144 metalloprotease, reductase,
protein 1 esterase
13 Med malic enzyme 1, NADE(+rdependent 4 153 i4 12 acyltransferase, dehydrogenase,
cytosolic decarboxylase
24 Digap! dizcs, large (I_}rclsuphna{- homaolog- 5 152 598 121 transmembrane receptclr_
associated protein 1 regulatory / adaptor protein
35 Tpil trivzephosphate isomerase 1 3 152 282 544 izomerase
immuneaglobulin receptor
superfamilty, protein
36 L1cam L1 cell adhesion molecule ] 1.51 131 553 phosphatase, immunoglobulin
superfamity cell adhesion
molecule
rho/rac guanine nucleotide exchange . guanyl-nucleotide exchange
1.49 -
3 | Arhge2 factor (GEF} 2 s 2 EK factor
38 Gdit guan?slne.dlphugphﬂlte (GDP) 2 149 18 972 acyltransferase, G-protein
dissociation inhibitor 1 modulator
39 [10300C02R RIKEN cDNA 2010300C02 gene 7 1.47 123 11;- -
non-receptor sering / threonine
40 Hepalla heat shock protein 124 ] 1.46 177 361 protein kinase, Hsp70 family
chaperone
. protein phosphatase 1 binding,
41 Ppp1r3b protein phusphata_se 1, reguiatory 5 1.46 279 1,2~ binds to actin flaments and cross-
subunit 98 - .
linking activity®
) ) . A keletal regulatory protein
Mtapib 11 1.45 11.0 7114 ElE
42 P microtubule-as=cciated protein 18 binding, microtubuii binding®
43 Gmfb glia maturation factor, beta 3 1.45 62 11 signaling molecule, kinase
modulator
44 Tmodz2 tropomodulin 2 5 1.45 234 325 non-motor actin binding protein
45 Gprint G protein-regulated inducer of neurite 7 148 29.2 113 phnsp.hnprnt:eln binding, invohred
outgrowth 1 in neurite outgrowth®
48 Pfkp phosphofructokinase, platelst 9 1.44 13.1 g,7,- carbohydrate kinase
47 Pdxk pyridoxal (pyridoxine, witamin BS) kinase 4 1.41 9.0 232 kinase
48 NduTos NADH dehydrogenase (ubiquinone) 1 3 1.41 273 122 ATP binding, pyrlduxal kinase
beta subcomplex, 8 activity™
hydrolase, small GTPaze,
49 Dnm3 dynamin 3 2 1.40 228 2= microtubule famity cytoskeletal
protein
50 Pld3 phospholipase D famitly, member 3 4 1.40 16.4 225 phospholipase
51 Crripl cannabinoid receptor interacting protein 4 138 12.4 3:4-1 voltage-gated calplurn channels
1 regulation®
structural protein involved in
) . . - cross-bridging between
5. Mtap1 28 1.38 19.9 1T )
2 apla microtubule-associated protein 1 A microtubules and skeletal
elements®
53 Ganab alpha glucusmas&;alpha neutral 10 138 65 2.3, glucosidase
subunit
54 Hspadl heat shock protein 4 like 10 1.37 24 13- Hsp70 famity chaperone
55 | Coxgpi | Cytochrome coxidase, subunitVib 4 137 15.5 453 oxidase
polypeptide 1
56 Oxr1 oxidation resistance 1 11 137 18.7 6,52 protection from oxidative
damage*
tranzporter, membrane traffic
57 Tom1i2 target of myb1-like 2 (chicken) 7 1.37 13.0 1-1 protein, kinase activator,
cytoskeletal protein
58 Camkw CaM kinase-like vesicle-associated [} 136 215 431 nun-receptu}l{'iri"ﬂe;:: /threoning
59 Mif | macrophage migration inhibitory factor 2 1.36 59 11 C“emﬁﬂrm:gi:ﬁfw- cyloking
80 Septs septin 5 5 135 271 573 small GTPase, cytoskeletal
protein
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. structural constitutent of
Spnb3 G0 1.36 271 5,18,24
61 pn spectrin beta 3 cytoskeleton®
62 Purb purine rich element binding protein B 4 135 265 211 transcription ;?;‘:;i:; DNA binding
63 Actnd actinin alpha 4 3 1.35 0.4 1:4:- non-motor actin binding protein
84 | Arpc3 actin re'ﬂt‘*dsir;;:'; f 3 complex, 2 134 10 145- actin family cytoskeletal protein
. ATP synthase, anion channel,
65 | AtpBvib2 ATPase, H+tran5pc||jt|ng, lysosomal V1 14 1.34 111 11,1317 ligand-gated ion channel. DNA
subunit B2 L .
binding protein, hvdrolase
a8 GnbS guanine nucleutlfje binding protein (G 4 134 125 21 hydrolase, heterntnmerlc G-
protein), beta 5 protein
a7 Dnajcs Dnal (Hsp40} hemelog, subfamily C, 5 134 157 12 nun-re_c:eptclr serine [ threonine
member & kinazes, chaperone
a2 Fecni fascin homolog 1, actin bundling prc\ltem 5 134 23 4 23 non-motor actin binding protein
(Strongylocentrotus purpuratus)
63 Rogs7 regulater of G protein signaling 7 7 1.34 13.7 34- G-protein modulator
nudix (nucleotide diphosphate linked cc ..
Nudt3 3 1.33 15.5 1,1
7 . moiety X)-type motif 3 - phosphatase
. " o structural molecule activity
Epb4.113 | 1.33 4.8 58,5 R
71 p erythrocyte protein band 4.1-like 3 G ETrET T
72 Ank3 ankyrin 3, epithelial 13 1.33 22 10,7;- cytoskeletal protein
protein phosphatage 2 (formerly 24),
73 Ppp2r2a regulatory subunit B (PR 52), alpha 6 133 136 22- protein phosphatase
izoform
) . structural melecule activity
Epb4.11 -] 1.32 38 12;9;3 !
T4 p erythrocyte protein band 4.1-like 1 5, e e TR T
75 f20456B07H RIKEN cDN& 68720456807 gene 2 1.32 189 21,2 -
76 Hspad heat shock protein 4 7 1.32 256 3,51 Hsp70 family chaperone
immunaglobulin receptor
superfamily, protein
77 Cntn contactin 1 11 132 129 85;- phosphatase, immunoglobulin
superfamily cell adhesion
malecule
18 Ugerb ubrqumul—cr:l.rtuF:hrumeu:.reductase 5 131 15 1 554 reductase
binding protein
79 WVep valosin containing protein 21 1.3 2.6 15176 ADPIATP “'T'E!'”E' ATPase
activity
an Lsamp limbic: system-assuqated membrane 5 131 147 211 |mrnun|:rglnbu_l|n superfamily cell
protein adhesion molecule
. . calcium ion binding, calcium-
Anxad 5 1.31 7.8 24;- A,
o fxa annexin A6 dependent phospholipid binding™
82 Pdha1 pyruvate dehydrogenase E1 alpha 1 15 -1.30 22 10118 dehydrogenase
a3 Atp2b2 ATPase, Ca++ transporting, plasma g R 58 582 cation tranzsporter, ion channel,
membrang 2 hydrolase
a4 Atp2a2 ATPase, Ca++ transpur@mg, cardiac g 13 11 852 cation tranzsporter, ion channel,
muscle, slow twitch 2 hydrolase
as Atp2b3 ATPase, Ca++ transporting, plasma g 13 144 17 cation tranzsporter, ion channel,
membrane 3 hydrolase
phosphatidylinositol N-
86 Gpil glucose phosphate isomerase 1 8 -1.31 16.5 1518,7 acetlyglucosaminyliransferase
activity™
a7 SvZa synaptic vesicle glycoprotein 2 a 6 -1.31 28.0 332 transfer / carrier protein
88 | ugertst | UDMAuinohcytochrome creductase, 2 -3 152 811:8 reductase
Rieske iron-sulfur polvpeptide 1
29 Pfkm phosphofructokinase, muscle 10 1.3 07 1,5- carbohydrate kinase
c aldhehyde dehydrogenase family 5, ~ .
50 AldhSat subfamily Al 2 1.32 19.6 63,3 dehydrogenase
amine acid transporter,
g1 SIcz5az? solute clarner familty 25 (mitechondrial 7 13z 157 5:2:1 mitochendrial calrner DI'EIF&II'I.
carrier, glutamate), member 22 transfer / carrier protein,
calmoedulin
gz | wopar |9Weerok3-phosphate dehydrogenase 1 2 132 13.4 141 dehydrogenase
(soluble}
53 | Fkbpia FKS08 binding protein 1a 5 132 B4 342 lsomerase, chaperane, calcium-
binding protein
94 Cadps CaZ+-dependent secretion activator 15 -1.32 23.2 16.16.5 calcium-binding protein
amino acid transporter,
a5 Slcz5alz solute carner familty 25 (mitechondrial 20 133 248 7:14:4 mitochendrial ca.rner pruteln.
carrier, Aralary, member 12 transfer / carrier protein,
calmodulin
96 Gpméa glycoprotein mGa 3 -1.33 259 342 myelin protein
g7 Hepd1 heat shock protein 1 {chapercnin} 10 -1.34 16.0 11,146 chaperonin
g2 | Arped actin re'ﬂt"‘dsﬁ’fs:?; f 3 complex, 6 134 20 873 actin family cytoskeletal protein
membrane-bound signaling
49 Tspan7 tetraspanin 7 2 -1.36 2.9 1;1;- molecule, receptor, cell adhesion
maolecule
. ATPase activity, hydrogen ion
100 AtpSk m'rtuﬁiz :grr?;rli?li;] HQ::;EECWEF:EEH“ e 5 -1.36 211 2685 transmembrane transporter
! activiby*
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1M Cet? (eta) 3 -1.38 224 chaperonin
i
102 Ugere2 ut:-lqum-:llcytuc:hr-:mgcreduciase core 12 a7 71 18:11:10 metalloprotease, reductase,
protein 2 esterase
103 Ran RAN, member RAS oncogene famity 3 -1.37 16.8 213 small GTPase
dihydrolipoamide S-succinyliransferase acetytransferase,
104 D=t (E2 component of 2-oxo-glutarate 5 -1.37 11.6 7,85 !
N acyftransferase
complex)
105 | Naufsy |MADH dehydrogenase {ubiquinone}Fe-| 138 15.4 422 dehydrogenase, reductase
S protein ¥
106 | Atpevodt |ATPasE, H"“Eﬁﬂ'gﬂ{ tysosomal Vi 4 138 16 445 ATP synthase, hydrolase
107 Ldhiy lactate dehydrogenase B 2 -1.38 8.0 44,4 dehydrogenase
phosphoghycerate mutase
108 Pgam1 phozphoglycerate mutase 1 6 -1.39 200 554 activity, bisphosphoglycerate
mutase activity®
catenin (cadherin associated protein) TR e g
109 Ctnnd2 P h 9 -1.39 10.8 1,2- protein, cell junction protein, cell
defta 2 R
adhesion molecule
10 | @rint | Sutamate r&':&“(tzc';ﬂ"31”,°tr°p'°' NMDAT 11 141 292 2:4:1 ionotropic glutamate receptor
]
111 Sytl synaptotagmin | 2 -1.41 207 4,22 m&mbranetr;::tc;:-ll'lg regulatory
112 Ndufal NADH dehydrogenaze (ubiguinone) 1 o 141 197 1:1-1 m'rtuc:hundrialNAl?H
alpha subcomplex, dehydrogenase activity®
aldehyde dehydrogenase famity 8, .
113 Aldhgal subfamily A1 -1.41 21.7 4,53, dehydrogenase
114 Tubb4a tubulin, beta 4A class WA -1.42 288 251 tubulin
115 Cacngé calcium channel, '.fultagel-dependent. 3 .42 4c 33 voltage-gated calcium / ion
gamma subunit channel
118 Baiap2 brain-specific ﬂ_nglug&n&s!s inhikitor 1- 4 143 7 22 receptor
associated protein 2
M7 Arips ADP-ribosylatio l:gt:?_lri'ke 8 interacting 3 -1.45 87 115- amino acid transporter
118 Slcdad solute carrier \famny 4 (anion 4 -1.46 252 1,3- cation transporter
exchanger}, member 4
119 Tmx2 thioredoxin-related iransmembrane 4 -1.49 14.3 2.2- membrane protein®
protein 2
120 | @naet | OUAMINE ””C'eﬁm: %‘”"'”9 protein, 8 149 2.1 11158 heterotrimeric G-protein
) - ATPase activity, GTP binding
Rab& 2 = 142 1,1 P !
121 abGa RABSA, member RAS oncogene famihy 1.49 GTPase activity*
122 | Fami26b famity with seguence similarity 128, 4 .49 284 ' ~
member B
ATP synthase, H+ transporting, ATP synthase, anion channel,
123 AtpSal | mitochondrial F1 complex, alpha subunit 19 -1.50 15.2 33,56,63 ligand-gated ion channel DMA
1 binding protein,_hydrolase
124 Cogd coenzyme Q8 homolog (yeast) -1.50 147 1= coenzyme Q9 biosynthesis®
NADH dehydrogenase (ubiguinone) 1 g mitachondrial NADH
5 Ndufb10 [ 1. 238 11,7 .
12 5 beta subcomplex, 10 L dehydrogenase activity®
126 | Gnain | Suanine nucleotide binding protein (G 5 -155 10.4 24 heterotrimeric G-protein
protein}, alpha inhibiting 1
127 Srgap3 SLIT-ROBO R;;:;;P;s& activating 10 -1.56 2.0 1:1;- G-protein modulator
128 Ap2si adaptclr—re!ated protein ?Umplex 2 2 -1.57 9.0 1,11 vesicle coat protein
gigma 1 subunit
120 | Atpgvnal | 1TSS Hetransporting, lysosomal VO | . 153 18.7 786 ATP synthase, hydrolase
subunit A1
proteasome (prosome, macropain) c .
P=mb2 5 S 28 172~
130 Sm subunit, beta type 2 158 protease
ATP synthase, H+ transporting, .. § .
AtpSh 2 = 0.0 3-3 *
131 P mitochondrial FO complex, subuntt d 1.59 mitochondrial ATP synthase
132 | Stxn3 sideroflexin 3 8 161 253 13- cation transporter, transfer /
carrier protein
133 Dxctl J-oxoacid CoA transferase 1 L] -1.51 211 673 transferse
134 | Atpsytn | ATPAsE H trﬂ;jgﬁ':.{;"ﬂ' ysosomal V1 8 181 254 2.2 ATP synthase, hydrolase
135 ldh3b isocitrate d&hydbrgﬁﬁenﬂse 3 (NAD=) 6 -1.62 240 56,2 dehydrogenase
135 Candi cullin assc!cmted a_nd neddylation 8 g2 290 44 transcription factor
dizassociated 1
137 Dnajcs Dnal (Hzp40) humulugz. subfamiby C, 2 153 47 11 chaperone
member 5
138 Atplaz ATPase, Na+/K+ trans-?purhng, alpha 2 13 B4 37 4 6710 cation transporter, ien channel,
polypeptide hydrolase
138 | Septz septin 2 3 -164 3.9 1:45- SIS GiEEEEE
protein
. . " . . " . protein complex scaffold,
140 | Chchd3 c:u|Ied-cu|I-he||:-c—cu||le_d-ccul-hell:-: domain 4 -1.64 10.8 312 mitochondrial crista integrity and
containing 3 -
function
141 | Gnali guanine nucleotide binding protein, 2 185 12.0 1= heterotrimeric G-protein
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161



Supplementary information

NADH dehydrogenase (ubiguinone) 1

142 | Ndufall 6 -1.65 251 2,33 nucleotide kinage
dlpha subcomplex 10
143 Vpsis vacuolar protein sorting 35 7 -1.65 1.2 1,2:- membrane traffic protein
144 Glud1 glutamate dehydrogenase 1 11 -1.66 22 11188 dehydrogenase
145 Nt5dc3 S-nucleotidase domain containing 3 4 -1.66 236 22 nucleotide phosphatase
145 Glul glutamate-ammonia ligase (glutamine 10 169 239 11:14:10 ligase
synthetase)
147 Digap2 discs, large (I.}rusuphnﬂ]l- homolog- 4 72 170 23 transmembrene rec:&ptur.
associated protein 2 regulatery / adaptor protein
148 Tubaila tubulin, alpha 14 5 -1.72 26.8 17,156 tubulin
149 Slc1a2 solute carrier famity 1 (g[lal high affinity 3 173 148 542 cation transporter
glutarnate transporter), member 2
_ . GDP binding, GTP binding
g - \ \
150 Rabza RAB2A, member RAS cncogene family 4 -1.73 4.3 22 GTPase activity*
151 Nnt nicotinamide nucleotide 2 174 77 ' dehydrogenase
transhydrogenaze
152 Fdhb pyruvate dehydrogenaze (lipcamide) 4 178 57 3:41 transketolaze, dehydrogenase,
beta lyase
153 WampZ |vesicle-associated membrane protein 2 4 -1.78 215 4:4.5 SNARE protein
ATP synthase, H+ transporting, c 1A
5 Atp5 ) ) . 6 -1. 258 11;11;10
154 p=o mitechendrial F1 complex, O subunit L ATP synthase, hydrolase
) . GDP binding, GTP binding
55 | Rab3s 5 2 -1. 47 Z3-  activity®
1 a RAB3S, member RAS oncogene family 1.86 GTPase activity*
_ . GDP binding, GTP binding
K 5 - . SN ! . !
156 Rab11b |RAB11B, member RAS cncogene family 5 187 4.1 33,2 GTPase activity*
. . GDP binding, GTP binding
. c _ . 3 BT \
156 Rab11b |RAB11B, member RAS oncogene family 5 1.87 4.1 332 GTPase activity*
157 adiz guangmne.dlphugpl_m_t& (GDP) 4 188 49 23 acyltransferase, G-protein
dizsociation inhibitor 2 modulator
158 Mosc2 MOCO sulphuraag l;-termlnsl doemain s 190 197 39 mitechondrial n_rtrate reductaze
containing 2 activity™
159 Rac1 RAS-related C3 botulinum substrate 1 3 -1.84 25.3 7,57 small GTPase
. ATP =synthase, anion channel,
180 | Atpse _ ATRsynthase, H transporting 12 -1.94 23.1 7:10:3 ligand-gated ion channel. DNA
mitechondrial F1 complex, beta subunit L .
binding protein, hydrolase
161 Wog myelin oligedendrocyte ghycoprotein v -1.88 27.0 1:3:2 ubiguitin-protein ligase
lamellipodium, lamelipodium
182 Nekapt NCK-aszociated protein 1 L] =203 22 34 membrane, actin filament
reorganization®
dihydrolipoamide S-acetyltransferase
183 Diat {E2 component of pyruvate 3 210 142 2.5, acetyfiransferase,
) acyltransferase
dehydrogenase complex)
164 Cnp ,3-cyclic nucieotide 3 9 215 238 14;13;11 phosphodiesterase
phosphodiesterase
165 Ndufad NADH dehydrogenase (ubiquinone) 1 i 218 21.0 3,5- dehydrogenase, reductase
alpha subcomplex, 8
165 Fam4ob family with sequence similarity 45, 3 e 258 12 _
member B
167 Prkach protein kinase, -:_AMP dependent, 5 238 22 33 non-receptor f-‘erl_ne!threunlne
catahtic, beta protein kinase
188 Cyfip2 cytoplasmic FMR1 interacting protein 2 [ 285 1.0 24— G-protein modulator
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Table 35: List of mRNAs quantified via the RT? Profiler arrays “PI3k/Akt signalling pathway”, “synaptic

plasticity” and “circadian rhythm”.

Highlighted mRNAs: turquoise — membrane receptors; red: circadian clock; green: Circadian regulated

transcription factors and circadian regulated genes. They are grouped according to manufacturer’s information

and uniprot-database.

UniGene RefSeq Symbol Description Gene Name
Mm.42233 NM_009591 | Aanat Arylalkylamine N- AA-NAT, MGC151344, Nat-2,
acetyltransferase Nat4, Snat
Mm.328431 | NM_007393 Actb Actin, beta Actx, E430023MO04Rik, beta-
actin
Mm.3037 NM_007399 | Adam10 A disintegrin and 1700031C13Rik, MADM, kuz,
metallopeptidase kuzbanian
domain 10
Mm.316628 | NM_019655 Adar Adenosine deaminase, AV242451, Adarl, mZaADAR
RNA-specific
Mm.259733 | NM_009622 | Adcyl Adenylate cyclase 1 AC1, D11Bwg1392e, I-AC,
KIAA4070, brl, mKIAA4070
Mm.1425 NM_009623 | Adcy8 Adenylate cyclase 8 AC8, AW060868
Mm.6645 NM_009652 Aktl Rac-alpha serine / Akt, PKB, PKB, Akt, PKBalpha,
threonine protein kinase Rac
Mm.177194 | NM_007434 Akt2 Rac-beta serine / 2410016A19Rik, AW554154,
threonine protein kinase MGC14031, PKB, PKBbeta
Mm.235194 | NM_011785 Akt3 Rac-gamma serine / Al851531, D930002M15Rik,
threonine protein kinase Nmf350
Mm.290578 | NM_020559 | Alasi Aminolevulinic acid ALAS, ALAS-N, Alas-1, Alas-h
synthase 1
Mm.384171 | NM_007462 Apc Adenomatosis polyposis Al047805, AU020952,
coli AW124434, CC1, Min, mAPC
Mm.25405 NM_018790 Arc Activity regulated Arc3.1, C86064, arg3.1
cytoskeletal-associated
protein
Mm.440371 | NM_007489 Arnt3, BMIAL1b, Bmall, MOP3,
bHLHe5, bmalilb'
Mm.333500 | NM_172309 4632430A05Rik, BMAL2, CLIF,
MGC124257, MOP9, bHLHeb6
Mm.163 NM_009735 B2m Beta-2 microglobulin Ly-m11, beta2-m, beta2m
Mm.4387 NM_007522 Bad BCL2-associated agonist Al325008, Bbc2

of cell death
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Mm.1442 NM_007540 Bdnf Brain derived -
neurotrophic factor
Mm.2436 | NM_011498 | ERINGa0 | Bhihb2, C130042MO6Rik, CR8,
Clast5, Decl, Sharp2, Stral3,
Strald
Mm.154529 | NM_024469 -- Bhihb2l, Bhlhb3, DEC2, Sharp1l
Mm.4475 NM_013482 Btk Bruton Al1528679, xid
agammaglobulinemia
tyrosine kinase
Mm.131530 | NM_177407 | Camk2a Calcium/calmodulin- CaMKII, R74975, mKIAAQ0968
dependent protein
kinase Il alpha
Mm.439733 | NM_007595 | Camk2b Calcium/calmodulin- Camk2d, MGC90738
dependent protein
kinase I, beta
Mm.255822 | NM_023813 | Camk2d Calcium/calmodulin- 2810011D23Rik,
dependent protein 8030469K03Rik, KIAA4163,
kinase Il, delta MGC60852, [d]-CaMKIl,
mKIAA4163
Mm.235182 | NM_178597 | Camk2g Calcium/calmodulin- 5930429P18Rik, Camkg
dependent protein
kinase Il gamma
Mm.75498 | NM_013732 | (Cartpt CART prepropeptide Cart
Mm.88829 NM_015733 | Casp9 Caspase 9 Al115399, AW493809,
Caspase-9, ICE-LAP6, Mch6
Mm.273049 | NM_007631 | Ccndl Cyclin D1 AI327039, Cyl-1, PRAD1, bcl-1,
cD1
Mm.86541 NM_009834 | Cerndl CCR4 carbon catabolite AU043840, Ccré4, nocturnin
repression 4-like (S.
cerevisiae)
Mm.3460 NM_009841 Cd14 CD14 antigen -
Mm.1022 NM_009861 | Cdc42 Cell division cycle 42 Al747189, AU018915
homolog (S. cerevisiae)
Mm.257437 | NM_007664 Cdh2 Cadherin 2 CDHN, N-cadherin, Ncad
Mm.2958 NM_009875 | Cdknlb | Cyclin-dependent kinase AA408329, Al843786, Kipl,
inhibitor 1B p27, p27Kipl
Mm.439656 | NM_009883 | Cebpb CCAAT/enhancer C, EBPbeta, CRP2, IL-6DBP,
binding protein (C/EBP), LAP, LIP, NF-IL6, NF-M, Nfil6
beta
Mm.347407 | NM_007679 | Cebpd CCAAT/enhancer -
binding protein (C/EBP),
delta
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Mm.35088 NM_009602 | Chrnb2 Cholinergic receptor, Acrb-2, Acrb2,
nicotinic, beta C030030P04Rik, [b]2-nAchR
polypeptide 2
(neuronal)
Mm.3996 NM_007700 Chuk Conserved helix-loop- Al256658, Chuk1, Fbx24,
helix ubiquitous kinase Fbxo24, IKBKA, IKK1, Ikka,
MGC25325, NFKBIKA
Mm.3552 | NM_007715 | [GIGGK - 5330400MO4Rik, KAT13D,
bHLHe8, mKIAA0334
Mm.7992 NM_007726 Cnrl Cannabinoid receptor 1 CB-R, CB1, CB1R
(brain)
Mm.453295 | NM_133828 | Crebl CAMP responsive 2310001E10Rik,
element binding protein 3526402H21Rik, AV083133,
1 Creb, Creb-1
Mm.12407 NM_013497 Creb3 CAMP responsive AU044960, AW538053,
element binding protein C80076, LZIP, LZIP-1, LZIP-2,
3 Luman
Mm.5244 NM_013498 Crem CAMP responsive ICER
element modulator
Mm.441911 | NM_007770 Crx Cone-rod homeobox Crx1
containing gene
Mm.26237 | NM_007771 | |Gl AU020726, AU021000, Phil1
Mm.254181 | NM_009963 | [GiN@ - AV006279, D130054K12Rik
Mm.26908 NM_146087 | Csnklal | Casein kinase 1, alpha 1 2610208K14Rik,
4632404GO5Rik,
5430427P18Rik, CK1a, Csnkla,
MGC29354, MGC30571
Mm.216227 | NM_139059 | Csnkld Casein kinase 1, delta 1200006A05Rik, AA409348,
D930010HO5Rik
Mm.30199 NM_013767 | Csnkle | Casein kinase 1, epsilon Al426939, AI551861,
AW457082, CK1lepsilon, CKle,
KClepsilon, tau
Mm.23692 NM_007788 | Csnk2al | Casein kinase 2, alpha 1 Csnk2al-rs4, MGC102141
polypeptide
Mm.440348 | NM_009974 | Csnk2a2 | Casein kinase 2, alpha 1110035J23Rik, C77789, CK2
prime polypeptide
Mm.291928 | NM_007614 | Ctnnbl Catenin (cadherin Bfc, Catnb, Mesc
associated protein),
beta 1
Mm.378235 | NM_016974 Dbp D site albumin promoter -
binding protein
Mm.27256 NM_007864 Diga Discs, large homolog 4 Dligh4, PSD-95, PSD95, SAP90,

(Drosophila)

SAP90A
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Mm.181959 | NM_007913 Egrl Early growth response 1 | A530045N19Rik, ETR103, Egr-
1, Krox-1, Krox-24, Krox24,
NGF1-A, NGFI-A, NGFIA, TISS,
Zenk, Zfp-6, Zif268, egr
Mm.290421 | NM_010118 Egr2 Early growth response 2 | Egr-2, Krox-20, Krox20, NGF1-
B, Zfp-25, Zfp-6
Mm.103737 | NM_018781 Egr3 Early growth response 3 MGC124006, MGC124009,
Pilot
Mm.44137 NM_020596 Egrd Early growth response 4 NGF1-C, NGFI-C, NGFIC,
pAT133
Mm.378990 | NM_011163 | Eif2ak2 Eukaryotic translation 2310047A08Rik,
initiation factor 2-alpha 4732414G15Rik, Al467567,
kinase 2 Al747578, Pkr, Prkr, Tik
Mm.290022 | NM_145625 Eifdb Eukaryotic translation 2310046H11Rik, AL0O24095,
initiation factor 4B C85189, Eif4a2
Mm.3941 NM_007917 Eifde Eukaryotic translation EG668879, Eifde-ps, Ifde,
initiation factor 4E MGC103177, elF-4E
Mm.6700 NM_007918 | Eifdebp Eukaryotic translation 4e-bpl, AA959816, PHAS-I
1 initiation factor 4E
binding protein 1
Mm.260256 | NM_001005 | Eifdgl Eukaryotic translation E030015G23Rik, MGC37551,
331 initiation factor 4, MGC90776, elF4GlI
gamma 1l
Mm.405823 | NM_007922 Elk1 ELK1, member of ETS Elk-1
oncogene family
Mm.250981 | NM_010142 | Ephb2 Eph receptor B2 Cek5, Drt, ETECK, Erk, Hek5,
Nuk, Prkm5, Qek5, Sek3,
Tyro5
Mm.349116 | NM_007942 Epo Erythropoietin -
Mm.386776 | NM_007953 Esrra Estrogen related ERRalpha, Errl, Estrra, Nr3b1l
receptor, alpha
Mm.3355 NM_010177 Fasl Fas ligand (TNF APT1LG1, CD178, CD95-L,
superfamily, member 6) | CD95L, Fas-L, Faslg, Tnfsf6, gld
Mm.233904 | NM_178674 | FbxI21 F-box and leucine-rich D630045D17Rik, FBL3B,
repeat protein 21 FBXL3B
Mm.214746 | NM_015822 FbxI3 F-box and leucine-rich AU041772, AW212966, FBK,
repeat protein 3 Fbl3a, FbxI3a, Ovtm
Mm.278458 | NM_008019 | Fkbpla FK506 binding protein 12kDa, FKBP12, FKBP12-T1,
la FKBP12-T2, Fkbp, Fkbp1l,
mFKBP1, mFKBP12
Mm.246513 | NM_010234 Fos c-Fos transcription D12Rfj1, c-fos, cFos
factor
Mm.29891 NM_019739 Foxol Forkhead box O1 Al876417, Afxh, FKHR, Fkhri,

Foxola

166




Supplementary information

Mm.338613 | NM_019740 | Foxo3 Forkhead box O3 1110048B16Rik,
2010203A17Rik, C76856,
FKHRL1, Fkhr2, Foxo3a
Mm.273114 | NM_176942 | Gabra5 Gamma-aminobutyric A230018I05Rik
acid (GABA) A receptor,
subunit alpha 5
Mm.343110 | NM_008084 | Gapdh Glyceraldehyde-3- Gapd, MGC102544,
phosphate MGC102546, MGC103190,
dehydrogenase MGC103191, MGC105239
Mm.378921 | NM_010288 Gjal Gap junction protein, AU042049, AW546267, Cnx43,
alpha 1 Cx43, Cx43alphal, Gja-1,
Npm1, connexin43
Mm.254629 | NM_010305 Gnail Guanine nucleotide AU046200, Gialphal, Gnai-1
binding protein (G
protein), alpha inhibiting
1
Mm.273117 | NM_010345 | Grb10 Growth factor receptor 5730571D09Rik, Al325020,
bound protein 10 Megl, mKIAA0207
Mm.439649 | NM_008163 Grb2 Growth factor receptor AA408164, Ash
bound protein 2
Mm.4920 NM_008165 | Grial Glutamate receptor, 2900051MO01Rik, Al853806,
ionotropic, AMPA1 Glr-1, GIrl, GIuAl, GIuR-A,
(alpha 1) GluRA, Glur-1, Glurl, HIPA1
Mm.220224 | NM_013540 Gria2 Glutamate receptor, GluA2, GIuR-B, Glur-2, Glur2
ionotropic, AMPA2
(alpha 2)
Mm.327681 | NM_016886 | Gria3 Glutamate receptor, 2900064119Rik, GIuA3, GIuR-C,
ionotropic, AMPA3 GluR-K3, Glur-3, Glur3,
(alpha 3) Gluralpha3, KIAA4184,
mKIAA4184
Mm.209263 | NM_019691 Griad Glutamate receptor, GluA4, GIuR-D, Glur-4, Glur4,
ionotropic, AMPA4 Gluralpha4, spkw1l
(alpha 4)
Mm.278672 | NM_008169 Grinl Glutamate receptor, GluRdeltal, GluRzetal,
ionotropic, NMDA1 M100174, NMDAR1, NR1,
(zeta 1) Nmdar, Rgsc174
Mm.2953 NM_008170 | Grin2a Glutamate receptor, GluN2A, NMDAR2A, NR2A
ionotropic, NMDA2A
(epsilon 1)
Mm.436649 | NM_008171 | Grin2b Glutamate receptor, AW490526, NR2B, Nmdar2b
ionotropic, NMDA2B
(epsilon 2)
Mm.39090 NM_010350 | Grin2c Glutamate receptor, NMDAR2C, NR2C

ionotropic, NMDA2C
(epsilon 3)
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Mm.322594 | NM_008172 | Grin2d Glutamate receptor, GluN2D, NMDAR2D, NR2D
ionotropic, NMDA2D
(epsilon 4)
Mm.196692 | NM_133442 Gripl Glutamate receptor 4931400F03Rik, KIAA4223, eb,
interacting protein 1 mKIAA4223
Mm.391904 | NM_016976 Grml Glutamate receptor, 4930455H15Rik,
metabotropic 1 ENSMUSG00000075319,
Gm10828, Gprcla,
MGC90744, mGIluR1, nmf373,
rcw, wobl
Mm.410822 | NM_001160 Grm2 Glutamate receptor, 4930441L02Rik, Gprclb,
353 metabotropic 2 mGIuR2, mGluR7
Mm.318966 | NM_181850 Grm3 Glutamate receptor, 0710001G23Rik, Gprclc,
metabotropic 3 mGlu3, mGIuR3
Mm.358940 | NM_001013 Grm4 Glutamate receptor, Gprcld, mGluR4
385 metabotropic 4
Mm.235018 | NM_001081 Grm5 Glutamate receptor, 6430542K11Rik, Al850523,
414 metabotropic 5 Gprcle, mGluR5, mGIuR5b
Mm.240881 | NM_177328 Grm7 Glutamate receptor, 6330570A01Rik, BB176677,
metabotropic 7 C030018L03, E130018MO2Rik,
Gprlg, Gprclg, MGC90857,
mGIuR?7
Mm.320732 | NM_008174 | Grm8 Glutamate receptor, A230002004, Gprclh, mGIluR8
metabotropic 8
Mm.394930 | NM_019827 | Gsk3b Glycogen synthase 7330414F15Rik,
kinase 3 beta 8430431H08Rik, C86142, GSK-
3, GSK-3beta, GSK3
Mm.3317 NM_010368 Gusb Glucuronidase, beta Al747421, Gur, Gus, Gus-r,
Gus-s, Gus-t, Gus-u, Gut, asd,
g
Mm.378937 | NM_013546 | Hebpl | Heme binding protein 1 Hebp
Mm.158903 | NM_172563 HIf Hepatic leukemia factor E230015K02Rik
Mm.37533 NM_152134 | Homerl Homer homolog 1 PSD-Zip45, SYN47, Ves-1
(Drosophila)
Mm.299381 | NM_013556 Hprt Hypoxanthine guanine C81579, HPGRT, Hprtl,
phosphoribosyl MGC103149
transferase
Mm.334313 | NM_008284 Hras1 GTPase Hras H-ras, Ha-ras, Harvey-ras,
Hras-1, Kras2, c-H-ras, c-Ha-
ras, c-rasHa, ras
Mm.2180 NM_008302 | Hsp90a Heat shock protein 90 90kDa, AL022974, C81438,
bl alpha (cytosolic), class B Hsp84, Hsp84-1, Hsp9o0,
member 1 Hspcb, MGC115780
Mm.13849 NM_013560 | Hspbl Heat shock protein 1 27kDa, Hsp25
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Mm.254266 | NM_008315 Htr7 5-hydroxytryptamine 5-HT7, MGC151363
(serotonin) receptor 7
Mm.268521 | NM_010512 lgfl Insulin-like growth C730016P09RIik, lIgf-1, 1gf-I
factor 1
Mm.275742 | NM_010513 Igflr Insulin-like growth A330103N21Rik, CD221,
factor | receptor D930020L01, IGF-1R, hyft
Mm.274846 | NM_010562 Ik Integrin linked kinase AA511515, ESTM24
Mm.8042 NM_008380 | Inhba Inhibin beta-A -
Mm.38241 NM_008363 Irakl Interleukin-1 receptor- AA408924, IRAK, IRAK-1,
associated kinase 1 IRAK1-S, Il1lrak, PIpk, mPLK
Mm.105218 | NM_008390 Irfl Interferon regulatory AU020929, Irf-1
factor 1
Mm.4952 NM_010570 Irs1 Insulin receptor G972R, IRS-1
substrate 1
Mm.263396 | NM_010578 Itgbl Integrin beta 1 4633401G24Rik, AA409975,
(fibronectin receptor AA960159, CD29,
beta) ENSMUSG00000051907, Fnrb,
Gm9863, gplla
Mm.275071 | NM_010591 Jun Jun transcription factor AP-1, Junc, c-jun
Mm.1167 NM_008416 Junb Jun-B transcription -
factor
Mm.343607 | NM_010610 | Kcnmal Potassium large 5730414M22Rik, BKCa, MaxiK,
conductance calcium- Slo, Slo1, mSlo, mSlo1
activated channel,
subfamily M, alpha
member 1
Mm.347452 | NM_010623 Kif17 Kinesin family member 5930435E01Rik, AW492270,
17 Kif17b, mKIAA1405
Mm.4292 NM_013692 KIf10 Kruppel-like factor 10 Al115143, EGR[a], Egral,
Gdnfif, Tieg, Tiegl, mGIF
Mm.248907 | NM_008927 | Map2k1l Mitogen-activated MAPKK1, MEKK1, Mek1,
protein kinase kinase 1 Prkmk1
Mm.196581 | NM_011949 | Mapkl Mitogen-activated 9030612K14Rik, AA407128,
protein kinase 1 AU018647, C78273, ERK, Erk2,
MAPK2, PRKM2, Prkm1,
p41mapk, p42mapk
Mm.311337 | NM_011951 | Mapk14 Mitogen-activated CSBP2, Crk1, Csbp1l,
protein kinase 14 MGC102436, Mxi2, PRKM14,
PRKM15, p38, p38-alpha,
p38MAPK, p38a, p38alpha
Mm.8385 NM_011952 | Mapk3 Mitogen-activated Erk-1, Erk1, Ert2, Esrk1, Mnk1,
protein kinase 3 Mtap2k, Prkm3, p44, p4derkl,
p44mapk
Mm.21495 NM_016700 | Mapk8 Mitogen-activated Al849689, INK, JNK1, Prkm3,
protein kinase 8 SAPK1
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Mm.29815 NM_145569 | Mat2a Methionine D630045P18Rik, MGC6545
adenosyltransferase ll,
alpha
Mm.4406 NM_013599 | Mmp9 | Matrix metallopeptidase | AW743869, B, MMP9, Clgdb,
9 MMP-9, pro-MMP-9
Mm.16366 | NM_010839 | Mtcpl Mature T-cell -
proliferation 1
Mm.5133 NM_008639 | Mtnrla Melatonin receptor 1A MGC151277, MR, MelR
Mm.222631 | NM_145712 | Mtnrlb | Melatonin receptor 1B MGC129286, MGC129287,
Mel-1B-R, Mellb, Mt2
Mm.21158 NM_020009 Mtor Mechanistic target of 2610315D21Rik, Al327068,
rapamycin FRAP, FRAP2, Frapl,
(serine/threonine MGC118056, RAFT1, RAPT1,
kinase) flat
Mm.213003 | NM_010851 | Myd88 Myeloid differentiation -
primary response gene
88
Mm.1526 NM_010866 | Myod1 Myogenic AI503393, MYF3, MyoD,
differentiation 1 Myod-1, bHLHc1
Mm.4974 NM_010875 | Ncaml Neural cell adhesion CD56, E-NCAM, NCAM-1,
molecule 1 Ncam
Mm.476883 | NM_008679 | Ncoa3 Nuclear receptor 2010305B15Rik, AW321064,
coactivator 3 Actr, Aibl, KAT13B, Rac3, Src3,
Tram-1, Tram1, bHLHe42, p,
Cip, pCip
Mm.136604 | NM_017373 Nfil3 Nuclear factor, AV225605, E4BP4
interleukin 3, regulated
Mm.256765 | NM_008689 | Nfkb1l Nuclear factor of kappa NF-KB1, NF-kappaB, NF-
light polypeptide gene kappaB1, p105, p50, p50,
enhancer in B-cells 1, pl105
pl105
Mm.170515 | NM_010907 | Nfkbia Nuclear factor of kappa Al462015, Nfkbi
light polypeptide gene
enhancer in B-cells
inhibitor, alpha
Mm.220333 | NM_010908 | Nfkbib Nuclear factor of kappa IKB-beta, IKappaBbeta, IkB,
light polypeptide gene IkBb, MGC36057
enhancer in B-cells
inhibitor, beta
Mm.1259 NM_013609 Ngf Nerve growth factor Ngfb
Mm.283893 | NM_033217 Ngfr Nerve growth factor LNGFR, Tnfrsfl16, p75,

receptor (TNFR
superfamily, member
16)

p75NGFR, p75NTR
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Mm.41974 | NM_008700 ' Csx, Nkx-2.5, Nkx2.5, tinman
Mm.333709 | NM_001011 Neuromedin S AB164466
684
Mm.44249 | NM_008712 Nitric oxide synthase 1, 2310005C01Rik, NO, NOS-I,
neuronal Nos-1, bNOS, nNOS
Mm.2380 NM_008719 MGC129355, MOP4, bHLHe9
Mm.10099 NM_016789 Neuronal pentraxin 2 Narp, np2
Mm.390397 | NM_145434 A530070C09Rik, R75201
Mm.26587 | NM_011584 RVR, Rev-erb
Mm.28989 | NM_010150 AV090102, COUP-TF3, EAR2,
Erbal2
Mm.119 NM_010444 | Nrdal Nuclear receptor GFRP1, Gfrp, Hbr-1, Hbr1,
subfamily 4, group A, Hmr, N10, NGFI-B, NGFIB,
member 1 NP10, TIS1, TR3, nur77
Mm.267570 | NM_008742 Ntf3 Neurotrophin 3 Al316846, AlI835689, Nt3, Ntf-
3
Mm.20344 | NM_198190 Ntf5 Neurotrophin 5 2900040K06Rik, Al462899,
NT-4, NT4, NT4, 5, Ntf-5, Ntf4
Mm.130054 | NM_008745 | Ntrk2 Neurotrophic tyrosine AI848316, C030027L06RIik,
kinase, receptor, type 2 Tkrb, trkB
Mm.32744 | NM_010098 | Opn3 Opsin 3 ERO, Ecpn, MGC124138,
panopsin
Mm.103670 | NM_013887 Opn4 Opsin 4 (melanopsin) 1110007J02Rik, Gm533
Mm.371570 | NM_008774 | Pabpcl | Poly(A) binding protein, PABP, Pabp1, Pabpl, Pabpl1,
cytoplasmic 1 ePAB
Mm.260227 | NM_011035 Pakl P21 protein AWO045634, PAK-1, Paka
(Cdc42/Rac)-activated
kinase 1
Mm.8026 | NM_011038 | Pax4 Paired box gene 4 Pax-4
Mm.390715 | NM_021543 | Pcdh8 Protocadherin 8 1700080P15Rik, Papc
Mm.221403 | NM_011058 | Pdgfra | Platelet derived growth Al115593, CD140a, Pdgfr-2
factor receptor, alpha
polypeptide
Mm.34411 NM_172665 Pdk1 Pyruvate B830012B01, D530020C15Rik
dehydrogenase kinase,
isoenzyme 1
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Mm.29768 NM_133667 Pdk2 Pyruvate -
dehydrogenase kinase,
isoenzyme 2
Mm.10504 | NM_011062 | Pdpk1 3-phosphoinositide Pdk1
dependent protein
kinase 1
Mm.7373 | NM_011065 | e - MGC102121, Per, m-rigui,
mPerl
Mm.482463 | NM_011066 | Dekg mKIAA0347, mPer2
Mm.121361 | NM_011067 - 2810049006Rik, mPer3
Mm.259464 | NM_008837 Pickl Protein interacting with Prkcabp
Ckinase 1
Mm.260521 | NM_008839 | Pik3ca Phosphatidylinositol 3- | 6330412C24Rik, MGC161268,
kinase, catalytic, alpha caPI3K, p110, p110alpha
polypeptide
Mm.101369 | NM_020272 | Pik3cg Phosphoinositide-3- 5830428L06Rik, PI3Kgamma,
kinase, catalytic, gamma pll0gamma
polypeptide
Mm.259333 | NM_001024 | Pik3rl Phosphatidylinositol 3- | AA414921, C530050K14, PI3K,
955 kinase, regulatory p50alpha, p55alpha, p85alpha
subunit, polypeptide 1
(p85 alpha)
Mm.12945 NM_008841 | Pik3r2 Phosphatidylinositol 3- p85beta
kinase, regulatory
subunit, polypeptide 2
(p85 beta)
Mm.405293 | NM_008842 | Pim1 Serine/threonine- Pim-1
protein kinase pim-1
Mm.154660 | NM_008872 Plat Plasminogen activator, AU020998, AW212668,
tissue D8Ertd2e, MGC18508, tPA
Mm.44463 NM_021280 Plcgl Phospholipase C, AI894140, Cded, Plc-1, Plc-
gamma 1 gammal, Plcg-1
Mm.245261 | NM_198934 - 2810482HO1Rik, Oct-1, Octl,
Otf-1, Otfl
Mm.212789 | NM_011144 _ 4933429D07Rik, AW742785,
Nrlcl, PPAR-alpha,
PPARalpha, Ppar
Mm.259072 | NM_008904 A830037NO07RIik,
ENSMUSG00000079510,
Gm11133, PGC-1, PGC-1v,
Pgc-1alpha, Pgcl, Pgcol,
Ppargcl
Mm.1970 NM_031868 | Ppplca Protein phosphatase 1, Pppilc, dism2

catalytic subunit, alpha

isoform
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Mm.280784 | NM_013636 | Ppplcc Protein phosphatase 1, PP1, dis2m1
catalytic subunit,
gamma isoform
Mm.2343 NM_026731 | Ppplrld | Protein phosphatase 1, 1110001M11Rik, Cpil7
a regulatory (inhibitor)
subunit 14A
Mm.260288 | NM_019411 | Ppp2ca Protein phosphatase 2 PP2A, R75353
(formerly 2A), catalytic
subunit, alpha isoform
Mm.331389 | NM_008913 | Ppp3ca Protein phosphatase 3, 2900074D19Rik, Al841391,
catalytic subunit, alpha AW413465, CN, Caln, Calna,
isoform CnA, MGC106804
Mm.240313 | NM_011073 Prfl Perforin 1 (pore forming Pfn, Pfp, Prf-1
protein)
Mm.19111 NM_008854 | Prkaca Protein kinase, cCAMP Cs, PKA, PKCD, Pkaca
dependent, catalytic,
alpha
Mm.16766 NM_011100 | Prkacb Protein kinase, CAMP Pkacb
dependent, catalytic,
beta
Mm.30039 NM_021880 | Prkarla Protein kinase, cAMP 1300018C22Rik, Rlalpha, Tse-
dependent regulatory, 1, Tsel
type |, alpha
Mm.306163 | NM_008923 | Prkarlb Protein kinase, cAMP AI385716, Rlbeta
dependent regulatory,
type | beta
Mm.253102 | NM_008924 | Prkar2a Protein kinase, cAMP 1110061A24Rik, AI317181,
dependent regulatory, Al836829, Rll(alpha)
type Il alpha
Mm.25594 | NM_011158 | Prkar2b Protein kinase, cAMP Al451071, AW061005, Pkarb2,
dependent regulatory, Rll(beta)
type Il beta
Mm.222178 | NM_011101 Prkca Protein kinase C, alpha Al875142, Pkca
Mm.207496 | NM_008855 Prkcb Protein kinase C, beta A130082F03Rik, PKC-Beta,
Pkcb, Prkcb1, Prkcb2
Mm.7980 NM_011102 Prkcc Protein kinase C, gamma MGC130440, PKCgamma,
Pkcc, Prkcg
Mm.28561 NM_008860 Prkcz Protein kinase C, zeta Al098070, C80388, Pkcz,
R74924, aPKCzeta, zetaPKC
Mm.381172 | NM_011160 | Prkgl Protein kinase, cGMP- AW125416, CGKI,
dependent, type | MGC132849, Prkglb, Prkgrlb
Mm.283777 | NM_144944 | Prokr2 Prokineticin receptor 2 B830005MO06Rik, EG-VEGRF2,
Gpcr7311, Gpr73I1, PKR2
Mm.245395 | NM_008960 Pten Phosphatase and tensin 2310035007Rik,

homolog

A130070J02Rik, Al463227,
B430203M17Rik, MGC183880,
MMAC1, TEP1
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Mm.1008 | NM_008963 | [Ptgds 21kDa, L-PGDS, PGD2, PGDS,
PGDS2, Ptgs3
Mm.254494 | NM_007982 Ptk2 PTK2 protein tyrosine FAK, FRNK, Fadk, KIAA4203,
kinase 2 mKIAA4203
Mm.8681 NM_011202 | Ptpnll Protein tyrosine 2700084A17Rik, AW536184,
phosphatase, non- PTP1D, PTP2C, SAP-2, SH-
receptor type 11 PTP2, SH-PTP3, SHP-2, Shp2,
Syp
Mm.5083 NM_009001 | Rab3a | pic.related protein Rab- -
3A
Mm.292510 | NM_009007 Racl RAS-related C3 AL023026, D5Ertd559e
botulinum substrate 1
Mm.184163 | NM_029780 Raf1l 6430402F14Rik, AA990557,
RAF serine/threonine- 831293_53' Crafl,
protein kinase D830050J10Rik, MGC102375,
Raf-1, c-Raf, v-Raf
Mm.259653 | NM_145452 Rasal RAS p21 protein Gap, MGC7759, RasGAP, Rasa
activator 1
Mm.235580 | NM_011250 Rbl2 Retinoblastoma-like 2 Rb2, p130
Mm.249966 | NM_009045 Rela V-rel p65
reticuloendotheliosis
viral oncogene homolog
A (avian)
Mm.425236 | NM_011261 Reln Reelin reeler, rl
Mm.28262 | NM_009061 Rgs2 Regulator of G-protein GOS8
signalling 2
Mm.319175 | NM_053075 Rheb Ras homolog enriched in -
brain
Mm.757 NM_016802 Rhoa Ras homolog gene Arha, Arhal, Arha2
family, member A
Mm.378450 | NM_013646 | |RoORg 9530021D13Rik, Nrifl, ROR1,
ROR2, ROR3, nmf267, sg,
staggerer, tmgc26
Mm.485649 | NM_146095 | Rorb MGC38728, Nrif2, RZR-beta,
RZRB, Rorbeta
Mm.4372 | NM_011281 | Rere Nr1f3, RORgamma, TOR, Thor
Mm.301827 | NM_009097 | Rps6kal Ribosomal protein S6 Rsk1, p90rsk, rsk
kinase polypeptide 1
Mm.394280 | NM_028259 | Rpsbkbl Ribosomal protein S6 2610318I15Rik,

kinase, polypeptide 1

4732464A07Rik, 70kDa,
AA959758, Al256796,
AI314060, S6K1, p70, 85s6k,
p70s6k
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Mm.86595 NM_ 011368 Shcl Src homology 2 domain- Shc, ShcA, p66, p66shc
containing transforming
protein C1
Mm.351459 | NM_019812 Sirtl Sirtuin 1 (silent mating AA673258, MGC150273,
type information SIR2L1, Sir2, Sir2a, Sir2alpha
regulation 2, homolog) 1
(S. cerevisiae)
Mm.261564 | NM_001081 9030624013Rik, Al930210,
060 NHE-3, NHE3
Mm.100399 | NM_008540 AW743858, D18Wsu70e,
DPC4, Madh4
Mm.434583 | NM_009231 Sos1 Son of sevenless 4430401P03Rik, 9630010NO06,
homolog 1 (Drosophila) Al449023
Mm.4618 NM_013672 1110003E12Rik, AA450830,
Al845540, Sp1-1
Mm.278701 | NM_011480 | Srebfl ADD-1, ADD1, D630008H06,
SREBP-1, SREBP-1a, SREBP-1c,
SREBP1, SREBP1c, bHLHd1
Mm.45044 NM_020493 Srf Serum response factor AW049942, AW240594
Mm.277403 | NM_011488 | Statsa t AA959963, STATS
Mm.252321 | NM_177340 | Synpo Synaptopodin 9030217H17Rik, 9130229N11,
9330140I115Rik, AW046661
Mm.85544 | NM_011547 AP-2, AP2alpha, Ap2, Ap2tf,
Tfap2a
Mm.18154 | NM_009337 Tcll T-cell lymphoma Tclla
breakpoint 1
Mm.270278 | NM_017376 2310028D20Rik
Mm.248380 | NM_011577 TGF-betal, TGFbetal, Tgfb,
Tgfb-1
Mm.6458 | NM_011589 ‘ C77407, Debt69, tim
Mm.8245 NM_011593 | Timpl Tissue inhibitor of Clgi, MGC7143, TIMP-1, Timp
metalloproteinase 1
Mm.23987 NM_054096 Tirap Toll-interleukin 1 AA407980, C130027E04RIik,
receptor (TIR) domain- Mal, Tlr4ap, Wyatt
containing adaptor
protein
Mm.38049 NM_021297 Tird Toll-like receptor 4 Lps, Ly87, Ran, M1, Rasl2-8
Mm.1293 NM_013693 Tnf Tumor necrosis factor DIF, MGC151434, TNF-alpha,

TNFSF2, TNFalpha, Tnfa,
Tnfsfla
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Mm.103551 | NM_023764 | Tollip Toll interacting protein 4930403G24Rik,
4931428G15Rik
Mm.224354 | NM_022887 Tscl Tuberous sclerosis 1 hamartin, mKIAA0243
Mm.30435 NM_011647 Tsc2 Tuberous sclerosis 2 Tcs2
Mm.1574 NM_028459 Wasl Wiskott-Aldrich 2900021112Rik,
syndrome-like (human) 3110031I02Rik, N-WASP
Mm.287173 | NM_009516 | Weel WEE 1 homolog 1 (S. WeelA
pombe)
Mm.332314 | NM_011738 | Ywhah Tyrosine 3- -
monooxygenase/trypto
phan 5-monooxygenase
activation protein, eta
polypeptide
Mm.289630 | NM_011739 | Ywhaq Tyrosine 3- 2700028P07Rik, AA409740,
monooxygenase/trypto AU021156, MG(C118161,

phan 5-monooxygenase
activation protein, theta
polypeptide

R74690
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Signaling by Rho Family GTPases
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RhoGDI Signaling
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Figure 40: Visualisation of persistently affected p athways after irradiation adapted from the
Ingenuity Pathway analysis software tool (Qiagen)
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ADP adenosine diphosphate

APS ammonium persulfate

BSA bovine serum albumin

CAl1/3 Cornu ammonis area 1/3

CR crest area (of hippocampus)

CNS central nervous system

CT computed tomography

C cortex

CVvD cerebrovascular disease

DAB diaminobenzidine

DG dentate gyrus

ECL enhanced chemiluminescence

EDTA ethylenediaminetetraacetic acid

ESI electrospray ionisation

DNA deoxyribonucleic acid

DMSO dimethyl sulfoxide

FA formic acid

FCCP carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone
FDR false discovery rate

Gy Gray

g gravity acceleration

GnHCI guanidine hydrochloride

H hippocampus

HPLC high-performance liquid chromatography
IB infrapyramidal blade (of hippocampus)
IBS isolation buffer for synaptosomes and mitochondria
IPA Ingenuity Pathway Analysis

ICPL isotope-coded protein label

(K)DA (kilo) Dalton

LTP long-term potentiation

LTD long-term depression

LC-MS/MS liquid chromatography-mass spectrometry / mass spectrometry
LNT linear no-threshold
LTQ-MS/MS linear trap quadrupole-mass spectrometry / mass-spectrometry

(m)RNA (messenger) ribonucleic acid
MS mass spectrometry

M molar

MiRNA microRNA

n number of biological replicates
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oD
ppm
PEI
PBS
PND10
gPCR
RIN
RT
SAS
SB
SnoRNA
TFA

Abbreviations

optical density

parts per million
polyethyleinamine

phosphate buffered saline
postnatal day 10

guantitative polymerase chain reaction
RNA integrity number

room temperature

Assay puffer for XF96 Seahorse
suprapyramidal blade

small nucleolar ribonucleic acid
trifluoroacetic acid

(SDS-)PAGE (sodium dodecyl sulphate-)polyacrylamide gel electrophoresis

SCN
SDS
SGZ
TEMED
Tris
TBST
TES
UCP
vol
v/v
w/v

suprachiasmatic nucleus

sodium dodecyl sulfate
subgranular zone
tetramethylethylenediamine
Tris(hydroxmethyl)aminomethane
Tris-buffered Saline Tween 20
N-[tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid
uncoupling protein

volume

volume per volume

weight per volume
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