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Abstract

Recent advances in the field of biodosimetry have shown that the response of biological systems to
ionizing radiation is complex and depends on the type and dose of radiation, the tissue(s) exposed,
and the time lapsed after exposure. The biological effects of low dose radiation on learning and
memory are not well understood. An ion mobility-enhanced data-independent acquisition (MSE)
approach in conjunction with the IsoQuant software tool was utilized for label-free quantification
of hippocampal proteins with the goal of determining protein alteration associated with low-dose
whole body ionizing radiation (X-rays, 1 Gy) of 5.5-month-old male C57BL/6J mice post
contextual fear conditioning training. Global proteome analysis revealed deregulation of 73
proteins (out 399 proteins). Deregulated proteins indicated adverse effects of irradiation on
myelination and perturbation of energy metabolism pathways involving a shift from the TCA cycle
to glutamate oxidation. Our findings also indicate that proteins associated with synaptic activity,
including vesicle recycling and neurotransmission, were altered in the irradiated mice. The
elevated LTP and decreased LTD suggest improved synaptic transmission and enhanced efficiency
of neurotransmitter release which would be consistent with the observed comparable contextual
fear memory performance of the mice following post-training whole body or sham-irradiation.
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1. INTRODUCTION

The increasing clinical and public health awareness concerning the health effects of ionizing
radiation continues to stimulate studies for determining the impact of ionizing radiation on
biological systems. Recent advancements in diverse omics technologies revealed the
complexity with which biological systems respond to at cellular, organelle and tissue level to
different radiation exposure scenarios, including type and dose of radiation and time elapsed
after exposure [1; 2].

Much radiation research has focused on high-dose exposure and associated tissue injury
including DNA damage and repair mechanisms. High dose ionizing radiation causes water
radiolysis and elevated levels of free radicals and reactive oxygen species (ROS) leading to
DNA double strand breakage, and oxidative modifications of DNA, proteins and lipids [3].
Many of the ionizing radiation studies have shown that high dose radiation exposure of brain
causes loss of cognitive function and memory [4; 5; 6; 7; 8]. Neurotransmission networks
are highly susceptible and sensitive to irradiation [9; 10; 11]. Oligodendrocyte myelination
mediates neural plasticity by optimizing the performance of the circuitry [12]. High-dose
radiation results in demyelination caused by death of oligodendrocytes [13; 14]. Persistent
demyelination reduces the reliability of neurotransmission [15]. Alteration of synaptic
plasticity was observed accompanied by myelination deficits [16]. We and other have shown
that radiation exposure causes impairment of hippocampal neurogenesis and cognitive
deficits [9; 17; 18].

However, the biological effects of low dose radiation have been less studied and the
mechanistic consequences are less well understood [19]. For instance, recent studies indicate
that low dose (ranging from 0.1 Gy to 0.5 Gy) gamma radiation causes deregulation of
mitochondrial and synaptic pathways in murine hippocampus and cortex [9]. However, there
is also increasing evidence that low dosage exposure to radiation may elicit certain adaptive
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responses and resilience including the stimulation of neural stem cell proliferation, the
neurogenesis of hippocampus and animal learning [20; 21; 22; 23].

The effects of radiation on hippocampus-dependent memory and learning are not well
understood. We and others have shown that the hippocampus is highly sensitive to radiation.
Radiation exposure impedes neurogenesis (X-rays, 5 Gy) [24], disrupts pathways essentials
for the development of functional dendritic structures (X-rays, 1 Gy) [17] in the
hippocampus and synaptic signaling pathways (gamma, 1 Gy) [9]. Exposure to low levels of
ionizing radiation causes impairment of hippocampal-dependent functions of learning and
memory (®6Fe-particle, 1 Gy) [25]. In this context, contextual fear conditioning is frequently
used to assess hippocampus-dependent memory [26]. Advantages of contextual fear
conditioning include the ease with which rodents can be trained on this test and the use of
translational fear conditioning tests in humans [27]. Most radiation studies involve
irradiation exposure prior to fear learning. However, we recently reported that post-training
whole body irradiation (28Si, 1 Gy) of 9-week-old mice showed effects on synaptic plasticity
and unexpectedly increased hippocampus-dependent contextual freezing levels. The
molecular mechanisms associated with these functional enhancements remain unclear [28].

This study is an extension of this previous work with the aim to develop and apply a
quantitative proteomics workflow that would allow determining the protein networks and
pathways that are responsive to low dose (1 Gy) ionizing radiation post contextual fear
conditioning training. For this purpose we utilized and evaluated a label-free comparative
proteomics approach utilizing a data-independent acquisition (DIA) mode, namely the MSE
mode available on Waters Q-TOF instruments [29]. The MSE acquisition technique was
chosen over the data-dependent acquisition (DDA) mode due to its superiority in providing
accurate and precise quantification of precursor ion signals resulting in an improved
dynamic range for label-free proteome quantifications [30]. In the MSE acquisition mode the
mass spectrometer alters between a low energy (MS) acquisition mode, which provides
exact mass information and ion signal for the precursor ions, and an elevated energy (E)
mode of acquisition, which functions as a data-independent fragmentation approach yielding
accurate mass and intensity information for fragment ions [29]. In the current study ion
mobility separations of the precursor ions was combined with MSE to increase overall peak
capacity which ultimately yields higher numbers of peptide/protein identifications [31]. The
ion mobility-enhanced MSE workflow in conjunction with the IsoQuant software tool [32]
allowed determining estimates of protein levels and enabled determination of relative subtle
changes in the composition of the hippocampal proteome of the C57/BL6 mice 24 hr after
low-dose radiation (1Gy, X-ray) post contextual fear conditioning training. Proteins that
showed protein abundance changes between the sham-radiated and the X-ray radiated mice
were functionally annotated. The findings of this study provide insights into the mechanisms
of response and injury of the hippocampal proteome to low-dose radiation post contextual
fear conditioning training.
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2. MATERIALS AND METHODS

2.1. Animals

Five and a halve-month-old male C57BL6/J wild-type mice (7=10) purchased from the
Jackson Laboratory (Bar Harbor, ME) were used for this study. The mice were housed under
a constant 12 h light: 12 h dark cycle. Food (PicoLab Rodent Diet 20, no. 5053; PMI
Nutrition International, St. Louis, MO) and water were provided ad /ibitum. All procedures
were approved by Institutional Animal Care and Use Committee at the Oregon Health &
Science University (Portland, Oregon).

2.2. Contextual fear conditioning, irradiation of animals and recall testing of conditioned

fear

The mice were cognitively trained in a contextual fear conditioning paradigm, involving a
five-shock paradigm, consisting of 2 s 0.7 mA shocks, separated by 2 min inter-shock-
intervals (IS1), with the first shock at 118 s from the beginning of the trial. The total length
of the training session was 10 min. Two hours after training, all mice were brought to a room
within the animal facility containing an X-ray irradiator (Rad Source RS2000 Biological
Research Irradiator, Suwanee, GA). Half of the mice (7= 5) were placed in a new mouse
cage fitting in the irradiator and received whole body irradiation at a dose of 1 Gy (dose rate:
1.25 Gy/min). This dose of irradiation was selected as it affected fear memory in 4-week-old
mice (unpublished observations). The other half of the mice (n=5) were placed in a new
mouse cage and received a sham-irradiation procedure by being placed into the new cage for
the same duration of time. The mice were assigned to the experimental group (irradiated or
sham-irradiated) by repeated random sorting until all initial variables were equal between
the groups. After fear-conditioning training, and prior to irradiation, mice were randomly
sorted until all initial values (body-weight, baseline-freezing, freezing levels after
acquisition, etc.) were not significantly different between groups. The next day, or 24 h after
irradiation, the mice were tested for recall of conditioned fear. All freezing data were
analyzed using Med Associates software, as previously described [33]. The software
analyzes freezing based on a proprietary algorithm scoring with freezing defined as no
movement except respiration. Two hours after the contextual test, the mice were sacrificed
by cervical dislocation. The hippocampus was dissected and stored on dry ice till further
processing.

2.3. Chemicals

Lysis buffer (7M urea, 2M thiourea, 4% CHAPS, 70mM DTT and protease inhibitor
cocktail), dithiothreitol (DTT), SDS, iodoacetamide, ammonium bicarbonate were obtained
from Sigma (St Louis, MO). Sequencing-grade trypsin and protease MAX solution were
purchased from Promega (Madison, WI1). Protease inhibitors cocktails were purchased from
Roche (Mannheim, Germany). Coomassie (Bradford) protein assay kit was obtained from
Pierce (Rockford, IL). [Glul]-fibrinopeptide B ([Glul]-Fib) and Saccharomyces cerevisiae
enolase digest were obtained from Waters (Milford, MA). All solutions were prepared using
MS-grade water from J.T Baker (Center Valley, PA).
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2.4. Sample preparation

Each sample was prepared from the hippocampus of the left brain hemisphere of each
mouse. For the proteomics study, hippocampal tissues were sonicated in the lysis buffer
using 5 bursts of 7 seconds; each burst was followed by a 30s-suspension in ice. The
hippocampal tissue preparations were centrifuged for 30 min at 14,000 g to obtain soluble
fractions. Lysis buffers were supplemented with a protease inhibitor cocktail to prevent
protein degradation by endogenous proteases. All steps were performed either at 4°C or on
ice. Total protein amounts in the soluble fractions were determined using the Bradford assay.
[34] Proteins were reduced, alkylated and trypsinized at 1:25 (v/w) ratio for 18 h according
to the manufacturer’s protocol (Promega). The reactions were stopped by adding 0.5%
trifluoroacetic acid and dried under vacuum. Prior to LC-MS analysis, peptides were
dissolved in 3% acetonitrile and 0.1% formic acid, and spiked with an enolase internal
standard[35] to minimize technical variability originating from LC injection, spray stability,
ionization efficiency, sample matrix and other factors. For each LC-MS analysis, a 1 uL LC
injection was performed, resulting in the loading of 1 ug of protein and 100 fmol of enolase
onto the column.

2.4. Liquid chromatography—mass spectrometry analysis

Tryptic peptides were analyzed in triplicate using a nanoAcquity UPLC coupled to a Synapt
G2 HDMS mass spectrometer (Waters, Milford, MA). Peptides were separated on a BEH
130 C18 100 pm x 100 mm column with a particle size of 1.7 um (Waters). Water
containing 0.1% (v/v) formic acid was used as the mobile phase A and acetonitrile (ACN)
containing 0.1% (v/v) formic acid was used as the mobile phase B. Peptides were eluted
with a gradient of 3% — 40% mobile phase B over 30 min at a flow rate of 400 nL/min. The
composition of B increased up to 90% in another 1 min and remained so for 5 min. Further,
the composition of B solution reduced to 3% in 1 min and was maintained so for the last 20
min of the analysis.

The eluting peptides were analyzed in the positive ionization mode using the data-
independent MSE mode in combination with ion-mobility separation (a.k.a. ion-mobility
enhanced MSE, also referred as high definition mass spectrometry (HDMSE)). The capillary
voltage was set at 3.0 kV, and the source temperature was set at 100 °C. The instrument was
tuned for resolution of 18,000 and instrument settings are listed in Table S1. Mass spectra
were acquired in the MSE mode alternating between a low energy scan (6 eV) to obtain
peptide precursor information and a high energy scan (ramping from 27 to 45 eV) to acquire
fragment ion information. Scan time was set at 0.9 s. The data were post-acquisition
lockmass-corrected based on the doubly charged ion of [Glul]-Fib ([M+2H]?*, m/z
785.8426). For lockmass acquisition, a [Glul]-Fib solution of 100 fmol/uL at a flow rate of 5
uL/min was infused and a low-energy scan was acquired every 60 s throughout a run.
External calibration of the TOF analyzer was performed using Nal solution over the range of
m/z 50 to 2000.

2.5. Processing of label-free quantitative proteomic data

The data analysis strategy is outlined in Figure 1. lon mobility-enhanced MSE data were
processed using the Protein Lynx Global SERVER version 2.5.2 (Waters). The following
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processing parameters and their respective settings were used: chromatographic peak width
and MS TOF resolution, automatic; low-energy threshold, 100 counts; elevated energy
threshold, 10 counts; intensity threshold, 750 counts. The following search criteria were set
for peptide identification: (i) trypsin as digestion enzyme, (ii) variable
carbamidomethylcysteine and methionine oxidation as modifications, and (iii) minimum
three identified fragment ions. The “OK filter” was used to obtain high confidence
identification results.

Data were post-processed using the software package 1SO-Quant by performing retention-
time alignment, peak clustering and annotation, peptide FDR filter, protein isoform/
homology filter, peak intensity normalization, peptide/protein quantification, and protein
FDR filter [32]. Within ISO-Quant, the cluster annotation of the peptide-level FDR was set
to 1%, and only proteins identified by at least two peptides (minimum length: six amino
acids) were used resulting in an 0.27% FDR on protein levels for all datasets [36]. In the
final dataset, only proteins identified in at least two out of three technical replicates as well
as three out of five biological replicates were included.

2.6. Western blotting analysis

The hippocampal protein extract was used for SDS PAGE and subsequent Western blotting.
Twenty-five microgram of protein were separated on SDS-PAGE (Bis-Tris-Plus, 4-12%)
gels and transferred to a PVDF membrane. Membrane blots were blocked in Tris-buffered
saline containing 0.1% Tween 20 (TBST) and 5% bovine serum albumin (BSA). The
membrane was incubated with primary antibody (CaMKI|, Life Technologies, #A14012 and
MBP Millipore, #AB980) diluted in 1% BSA-TBST (1:1000) solution overnight at 4°C. The
blots were washed and incubated with a donkey anti-rabbit secondary antibody (1:10,000,
Santa Cruz, # sc-2004). All membranes were next incubated in ECL reagent according to the
manufacturer’s instructions (Thermo Scientific, #32106) and exposed to autoradiography
film. Gel and blot images were quantified using the Image J quantification software
(National Institutes of Health). Western blotting analyses were conducted using three
biological replicates.

2.7. Bioinformatics analysis

To construct the hippocampal proteome network, protein 1Ds were uploaded to STRING,
Search Tool for the Retrieval of Interacting Genes (http://www.string-db.org) [37]. The
protein interaction score were extracted and re-visualized by the free open-source platform
Cytoscape 3.2.1 (http://www.cytoscape.org/) [38]. The dataset were exported to Perseus
(\Version 1.4.1.3) and transformed to the logarithmic scale (logy) for statistical analysis. Log
transformation is the most popular method used to transform skewed data to normality,
increasing the validity of the associated statistical analysis [39]. The regulation of proteins
with pvalue <0.05 were considered as significantly different in this dataset. The gene
ontology of the deregulated proteins was analyzed using the PANTHER bioinformatics tools
(http://www.pantherdb.org) for functional annotation. A detailed analysis of the functional
interaction and biological pathway was performed using the Ingenuity pathway analysis
(IPA) software (http://www.ingenuity.com) [40].
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3. RESULTS

3.1. Cognitive performance

Figure 2 shows the freezing levels of the sham-irradiated and irradiated mice during the
contextual fear memory test. There was no effect of irradiation (2-tailed t-test; p = 0.8606, t
= 0.1813) and the freezing levels were comparable in the two groups.

3.2. Radiation-induced changes in the hippocampal proteome

We used a label-free quantitative strategy to investigate the radiation-induced changes in the
hippocampal proteome of mice 24 h post exposure to ionizing radiation (1 Gy) applied after
training for contextual fear conditioning. Hippocampal tissues from five individual mice
were used as biological replicates to account for biological variance. As shown in the Venn
diagram (Figure 3A), 400 and 401 proteins were identified in the sham and irradiated group,
respectively. There was excellent overlap of proteins between the groups with 399 proteins
identified in both groups. We evaluated the overall quality of the label-free proteomics
datasets. After log2-transformation of the intensity of each protein, the coefficient of
variation (CV) of each protein was calculate and plotted (Figure S1A). The median values of
the technical coefficient of variation (CV) obtained from the sham and irradiated groups of
all quantified proteins were 0.99%. In comparison, the median CV values for biological
replicates were 1.6% and 1.3% for the sham and irradiated group, respectively (Figure S1B).
The majority of proteins (over 70%) were identified by at least four peptides, 25% by 10 or
more (Figure 3B). The dynamic range of identified proteins in the two groups spanned over
four orders of magnitude. The protein with the highest abundance was an isoform of V-type
proton ATPase with 115,571 ppm of all the proteins. The protein with the lowest abundance
was Ca2*/calmodulin dependent protein kinase type 11 (CaMKI1), subunit delta, with 5 ppm
of all proteins (Figure 3C).

We used the STRING database to construct a protein interaction network to functionally
organize the proteins identified in the proteomics dataset (Figure 3D). The major functional
subgroups are highlighted by different colors. The top three subgroups comprised proteins
with functions in glycolysis/gluconeogenesis, oxidative stress, and calcium regulation and
signaling. Some proteins were shared by two or three groups. An example is mitogen-
activated protein kinase (MAPK), which was the hub protein of calcium regulation and
signaling, endocytosis and synapse synthesis. Table S2 shows a compilation of the subset of
proteins and their functional categorizations.

To investigate the proteome changes caused by irradiation, the fold changes of the protein
abundance estimates of the irradiated group versus sham group were evaluated. ISOQuant
quantification used annotated exact mass retention time (EMRT) tables and unique peptides
for TOP3 quantification instead of only peptides identified directly by PLGS in the
respective workflow. [32] Figure 4 shows the volcano plot for the distribution of p values
versus log,(FC) calculated for the 399 proteins that were common to both groups. The y axis
represents the negative logarithm (logqg) of pvalues and the x axis represents the logarithm
(logy) of fold changes. The dashed line shows the cut-off of 0.05 to define the significantly
differential regulation of proteins between groups. Overall, 73 proteins (shown above the
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dashed line) were considered as significantly deregulated in irradiated tissues, as compared
to sham-irradiated tissues. The differently regulated proteins are compiled in Table 1. The
abundance estimates of 17 proteins (23%) were down-regulated and those of 56 (77%)
proteins were up-regulated. The fold change distribution of the proteins quantified in this
study ranged from 0.56 (down-regulated) to 1.7 (up-regulated).

3.3. Protein pathways and networks perturbed by irradiation

The molecular function analysis revealed that, catalytic activity represented the largest group
in both up-regulated and down-regulated proteins, while translation regulator activity and
transporter activity were two groups exclusively found in up-regulated proteins. The proteins
involved in these two groups were mostly carrier proteins and channel proteins. The myelin-
associated protein Mag was exclusively defined as the “function of receptor activity” among
the down-regulated proteins (Figure S2A). The biological process analysis revealed that
metabolic processes and cellular processes were two dominant groups in both up-regulated
proteins and down-regulated proteins (Figure S2B). Cellular compartment analysis showed
that most up-regulated proteins were associated with the mitochondrial and plasma
membranes, while the down-regulated proteins were associated with the cytosol and
cytoskeleton (data not shown). The proteins classified by molecular function and biological
processes are compiled in Table S3.

In order to better understand the functional consequences of radiation exposure on the
hippocampal biology, we evaluated to which protein networks the proteins that displayed
deregulation were associated with. The analysis of the protein interactions showed three
distinct but interconnected clusters of proteins, that were named based on the annotation of
the proteins and prior citations in the literature (Figure 5): (1) energy metabolism (mainly
tricarboxylic acid cycle (TCA) cycle), (2) calcium-dependent synaptic plasticity, and (3)
myelination. The accession numbers, gene names and corresponding fold changes are listed
in Table 1.

To gain a better understanding of the signaling pathways and networks affected by
irradiation, we used the IPA software to analyze the deregulated proteins. The analysis
revealed that the networks “molecular transport,” “cell-to-cell signaling and interaction,”
and “cellular assembly and organization” were the most significantly affected networks after
irradiation (Figure S3, Table S6). The IPA analysis also showed that the canonical pathways
“TCA cycle”, “nNOS signaling in neurons”, and “endocytic pathways” were significantly
affected after irradiation. Compilation of the top 20 canonical pathways of the significantly
regulated proteins provided several overlapping and interconnected pathways that were
mainly involved in metabolic activity and cellular signaling (Table S7). In addition, IPA also
suggested that PPARa/RXRa activation, DNA checkpoint regulation, and mitochondrial
dysfunction were the main targets of radiation-induced cellular changes (Table S8).
Furthermore, the IPA predicted that the transcriptional factors MYRF and mTOR were
inhibited by irradiation.
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3.4. Western blotting analysis

Western blotting analysis was used to complement the mass spectrometry-derived protein
abundance estimates. Calcium/calmodulin-dependent protein kinase 11 (CaMKII) and myelin
basic protein (MBP) were selected as representatives for the subgroup of proteins reporting
on Calcium-dependent synaptic plasticity and myelination (Table 1), respectively. Figure 6A
shows a representative Western-blot of CaMKII and reference protein actin. The elevated
levels of CaMKII in the irradiated group (FC 1.4, n=2) is consistent with the findings from
the proteomic dataset (Table 1, FC 1.4, p < 0.01). Figure 6B shows a representative Western-
blot of MBP using actin as reference protein. The decreased levels of MBP in the irradiated
group (FC 0.7, n=3) indicates down-regulation of MBP and this result is close to the findings
obtained from the proteomic dataset (Table 1, FC 0.88, p < 0.05).

4. DISCUSSION

4.1. Overall performance of the ion-mobility enhanced MSE-based label-free proteomics

approach

The aim of this study was to develop, apply a label-free proteomics approach for
determining hippocampal proteome changes as the consequences of low-level whole body
irradiation (X-rays, 1 Gy) of mice following a hippocampus-dependent memory test. We
used the hippocampal tissue of individual mice as biological replicate rather than pooling
tissue of hippocampi to avoid the “dilution effect” whereby less abundant proteins are
pushed under the detection limit [41]. We chose an ion-mobility enhanced DIA method,
MSE, in conjunction with accurate mass high resolution mass spectrometry to take
advantage of the quantification capability of the MSE method, which is particularly
beneficial for determining abundance estimates for low abundant proteins [42]. In addition,
because in the MSE acquisition mode precursor ions are subjected to fragmentation without
selection bias, MSE provides more identification for less abundant proteins [43].

In a label-free quantitative proteomic study design the inclusion of technical and biological
replicates is essential for the downstream data analysis. Technical replicates address the
instrumental noise and error in the measurement with multiple measurements reducing
uncertainty. Biological replicates address the biological noise from random sampling [41].
Multiple biological replicates reduce the biological variability thereby indicating the true
effect of the treatment. High natural variation among biological individuals interfere with
analyzing protein expression levels and evaluating the effects of treatment [44]. In this study,
five biological replicates were available within each group and each sample was injected
three times. The low median CV values (0.99%) in both the sham and irradiated groups of
the technical replicates ensured the robustness of the mass spectrometric measurements and
the data analysis workflow. The biological variance was as low as 1.61% for the sham group
and 1.31% for the irradiated group. The biological replicates encompass the technical noise
in this system. The low biological variance ensured a high accuracy (ability to detect
changes in expression) in assessing differences between the two groups.
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4.2. Hippocampal proteome alterations

In this dataset, the proteins that showed fold changes in abundance with p value <0.05 were
considered as significantly different without consideration of large fold change cut-offs (i.e.
larger than 1.5). Stringent fold change cut-offs might alter the data interpretation [45]
especially for this dataset with small fold changes (ranging from 0.56 (down-regulated) to
1.7 (up-regulated)). Given the small biological variances in both groups, 1.61% and 1.31%
for the sham and irradiated group, respectively, the fold changes were accurately evaluated
even though the biological replicate size was moderate with 5 biological replicates per
group. On contrary, the pvalues can be highly affected by the sample size, and we chose the
cut-off at 0.05 as commonly used in the literature [46; 47].

Seventy-three proteins were identified as being significantly deregulated following 1 Gy of
total body irradiation. The most significantly impacted protein pathway (i.e. with the lowest
pvalue) was involved in energy metabolism, i.e. the tricarboxylic acid cycle (TCA cycle)
with p=2.58E-07. This was consistent with previous reports that the TCA cycle and
mitochondrial structure and function were affected after exposure to X-ray radiation at 1 Gy
[9; 48]. Up to 20% of them were associated with calcium-dependent synaptic plasticity.
More specifically, they were involved in synaptic vesicle recycling, long-term potentiation
(LTP) and long-term depression (LTD). Multiple significant deregulated proteins indicated
impairment of myelination. In addition, IPA predicted that PPARa/RXRa activation, DNA
checkpoint regulation, and mitochondrial dysfunction were main targets of radiation-induced
cellular changes (Table S7). Impairment of PPARa activity has been described previously
although discussed in the context of pathological changes of the heart after high dose X-ray
irradiation at 8 Gy [49].

4.2.1. Alteration of proteins associated with energy metabolism pathways—
The two bioinformatics analysis tools (IPA and STRING) predicted that the TCA cycle was
significantly affected following radiation exposure. The TCA cycle is composed of a set of
eight enzymes involved in oxidation of acetyl-CoA, which can be generated through
glycolysis and fatty acid B-oxidation. Figure 7 illustrates the TCA cycle and other interactive
pathways. Four enzymes in this cycle, isocitrate dehydrogenase (Idh), aconitase (Aco2),
dihydrolipoyllysine-residue succinyltransferase (Dlst) from the ketoglutarate dehydrogenase
(Ogdc) complex, and malate dehydrogenase (Mdh1), showed significant protein level
changes. The ratio of proteins with significant changes was up to 0.25 of all enzymes
involved in TCA cycle. Idh generates the 5-carbon ketoglutarate (KG) from isocitrate by
decarboxylation. This is the rate-limiting step in the TCA cycle, and as such, Idh is
considered as playing an important role in the regulation of the TCA cycle and maintaining
the 2-oxoglutarate level. The cycle is completed by reversible oxidation of malate to produce
oxaloacetate (OAA) by Mdh. /n vivo, the OAA is continuously removed by citrate synthase,
coupled with the consumption of NADH by the respiratory chain, and this event pushes the
equilibrium towards favoring malate oxidation [50]. Our data suggest that whole body
irradiation (1 Gy) diminishes the TCA cycle efficiency, which in turn impacts energy supply
to support cellular metabolism [51]. Consequently, limited energy supply may impose
constraints on synaptic transmission and information processing within the hippocampus
[52].
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Interestingly, we observed increased abundances of glutaminase (Gls) which suggests that
oxidation of glutamate is used as an alternative way of providing energy to satisfy
intracellular ATP requirements [53]. Glutamate is an important substrate in hippocampus to
support energy metabolism [53]. Glutamate is also critically involved as neurotransmitter in
synaptic plasticity [54] and elevated levels of glutamate would be consistent with the
proteome changes observed for synaptic plasticity as discussed below.

4.2.2. Alteration of Calcium-dependent synaptic plasticity—In this dataset, up to
20% of the proteins with significant changes identified here were involved in calcium
(Ca%*)-dependent synaptic plasticity. Synaptic plasticity is important for storing and
retrieving information in many brain regions, including the hippocampus, striatum and
cerebellum [55]. Synaptic plasticity modulates the robustness and flexibility of neuronal
networks [56]. Synaptic plasticity involves synaptic vesicle (SV) recycling (Figure 8A), LTP
and LTD (Figure 8B).

The SV cycle consists of neurotransmitter loading (exocytosis), recovery (endocytosis),
refilling, and release from the presynaptic bouton. Both exocytosis and endocytosis are
strictly regulated, and fluctuation of the number of vesicles and re-filling of SV might affect
the amount of neurotransmitter released [57]. Following radiation exposure, most of the
proteins involved in synaptic vesicle (SV) recycling were up-regulated and up to three
quarters of the proteins identified in this process were significantly changed (Figure 8A).
The up-regulated proteins included the core SNARE complex proteins VAMP2, Syntaxin-1,
and SNAP-25 as well as other proteins necessary for vesicle fusion such as NSF and the Rab
family of GTPase [58]. VAMP2 facilitates pore formation and stabilizes fusion
intermediates. An absence of VAPM2 leads to failure of vesicle fusion and a decrease in
Ca?*-triggered fusion [59]. Syntaxin is a transmembrane protein that has the ability to form
a stable complex between VAMP2 and SNAP-25 for physiological a.-SNAP binding [60].
SNAP-25 is necessary for Ca2*-triggered exocytosis in neuronal cells by interacting with
other regulatory proteins [61]. All three proteins were up-regulated indicating increased SV
recycle dynamics.

Furthermore, several of the proteins necessary for the endocytosis of SV from the membrane
were identified (Figure 8A). The clathrin-mediated endocytosis mechanism carries proteins
into the cell in the form of vesicles coated on the outside with a clathrin [62]. Key proteins,
besides clathrin, involved in this event, are the adaptor proteins AP2 and Dynamin-1. They
are both necessary for SV invagination and fusion with the plasma membrane [63]. Our
proteomic screen also identified proteins involved in vesicle fission/fusion such as the ARFs
(ADP-ribosylation factors) and Rab proteins, including Rab3, which regulates a late step in
synaptic vesicle fusion. ARFs are small GTPases regulating the assembly of clathrin coat
complexes [64]. The multi-subunit vacuolar adenosine triphosphatase (\V-ATPase) is critical
for neurotransmitter release and acidification of the SV lumen [65]. The increased
abundance of the proteins discussed above indicates an increase in the amount of
neurotransmitter release from endocytosis resulting in LTP (Figure 8B) and this, in turn,
might contribute to the comparable memory retention of the groups despite other profound
effects of irradiation on the hippocampal proteome.
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LTP refers to the long-lasting increase in synaptic strength in response to short periods of
synapse’s elevated activity (Figure 8B). During this event, glutamate activates AMPA-type
glutamate receptors (AMPARS) triggers a Ca2*-mediated signaling cascade. From our
quantitative dataset it can be seen that the Ca2+/calmodulin-dependent protein kinase Il
(CaMKII) alpha was significantly upregulated in the irradiated group (up to 1.41 fold, Table
1) compared to the sham group. The increased abundance of CaMKII alpha was also
confirmed by Western-blotting (Figure 6A). CaMKII has been shown to be essential for
synaptic plasticity, synaptic organization, LTP as well as LTD [66]. Ca?* triggers the
autophosphorylation site of CaMKlla at Thr286 and increases the affinity of Ca2*/CaM
dramatically [67], which, in turn, results in autonomous CaMKIlla activity. The binding of
CaMKII to the NMDAR increases binding of other proteins that produce the synapse
enlargement in late LTP. Increased CAMKII activity is essential for the consolidation of
long-term object recognition memory [68]. Genetic deletion of CaMKII leads to a
significantly reduced LTP induction. In our recent work we showed that 28Si radiation
induced cognitive changes and increased the magnitude of LTP in CAL1 region of the
hippocampus at low doses [28]. The increased levels of LTP improved synaptic transmission
and corresponding hippocampal compensation. Our quantitative dataset proved enhanced
efficacy of neurotransmitter release by up-regulation of all the proteins in the claritin-
mediated endocytosis process as we discussed above. These findings are consistent and
supportive of that enhanced neurotransmitter release may function as a compensatory
mechanism for other radiation effects in concordance to that no memory impairment was
observed in the current study.

The opposing process of LTP is LTD, which refers to a long-lasting decrease in the strength
of synaptic transmission (Figure 8B). Inhibition of CaMKII has been shown to prevent the
mGIluR-mediated induction of protein synthesis [69]. Besides CaMKI|I, other phosphatases
such as protein phosphatase 1 (PP1) and protein phosphatase 2B (PP2B, a.k.a. calcineurin)
are also required for LTP and LTD. LTP induction is blocked in the presence of PP1/2A
inhibitors [70]. In addition, a calcineurin inhibitor led to a complete rescue of LTD
calcineurin inhibition. This may be investigated further as a neuroprotective treatment to
stop or slow down synaptic alterations. The increased level of PP2B suggests elevated LTP
and decreased LTD, indicating enhancement of memory acquisition and consolation.
Calcium input activates both calcineurin and CaMKII at all frequencies, which is in good
accordance to the dataset generated in this study [71].

The protein alterations observed for SV recycling, LTP and LTD may point to low radiation-
induced enhancement of synaptic plasticity which would be supportive of our experimental
finding that irradiation (X-rays, 1 Gy) had little impact on the cognitive performance of the
adult mice despite indications of deregulation of other processes at the protein level.

4.2.3. Impairment of Myelination—Myelination dysfunction was indicated by another
group of proteins that was significantly affected following radiation exposure (Table 1).
Myelin is a biologically active membrane sheath formed by oligodendrocyte. It provides
trophic and metabolic support to axons, assists energy-efficient salutatory conduction and
maintains proper neuronal function [72]. Deposition or loss of the myelin sheath results in
irreversible axonal degeneration and affects neuronal connectivity [73]. Defective
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myelination, due to either genetic or acquired factors, can lead to neurological diseases
including multiple sclerosis [74], leukodystrophies [75], and peripheral neuropathies [76].
Exposure to high dose of X-ray radiation reduced the numbers of migratory neuroblasts, and
significantly less brain myelination was observed as well [77].

In this study, the abundance estimates of four proteins related to myelination, namely myelin
oligodendrocyte glycoprotein (MOG), myelin proteolipid protein (PLP), myelin associated
glycoprotein (MAG), and myelin basic protein (MBP) were reduced. Ingenuity Pathway
Analysis predicted that the myelin regulatory factor (MYRF) was inhibited after radiation
exposure (Figure S4). MYRF has been recently identified as a membrane-associated
transcription factor that specifically activates expression of four myelin genes (e.g. Mog,
Plp1, Mag and Mbp) during oligodendrocyte (OL) maturation.[77]

MYREF is highly induced during oligodendrocyte differentiation and absent in other central
nervous system cell types. Conditional ablation of MYRF in mature oligodendrocytes led to
a rapid down-regulation of myelin gene expression and delayed demyelination.[78] The
transcripts for the myelin genes, Mog, Plp1, Magand Mbp, were also rapidly down-
regulated after ablation, indicating the importance of MYRF in myelination.[79]. This is in
good accordance with our proteomics findings. Down-regulation of MBP was described
previously but at high doses of irradiation (=10 Gy) [14; 80]. Also, a much higher radiation
dose (22 Gy) was used to mimic delayed demyelination of the spinal cord following
irradiation injury [14]. In our study, the down regulation of myelination was observed at a
dose of as low as 1 Gy, providing proof for irradiation damage on myelination and these
effects were seen at a relative early time point (24 hr post radiation) following exposure to a
much lower dose of irradiation.

Other signaling pathways, including ERK1/2 MAPK [81] and Akt/mTOR [82], are
associated with myelination regulation as well. Interesting, Akt/mTOR activated by
oxidative stress [83] has the ability to disrupt the TCA cycle, which is consistent with our
dataset as discussed above.

5. CONCLUSION

This study was designed to investigate the effects of post-training low dose irradiation on the
hippocampal proteome. We utilized an IMS-enhanced MSE acquisition method for the
generation of a label-free quantitative proteomic dataset to determine the protein abundance
level changes in response to the low dose irradiation (1 Gy). The robust IMS-enhanced MSE
acquisition method in conjunction with IsoQuant software resulted in an accurate
quantitative proteomic dataset with low median CV values (< 1%) for the technical and for
biological replicates ( < 2%), which ensured the accuracy of the proteomic findings even if
subtle fold changes were observed. Overall, the study revealed deregulation of 73 proteins
(out of 399 proteins).

The deregulated proteins indicated adverse effects of irradiation on myelination. Other
observed protein level changes indicate perturbation of energy metabolism pathways
possibly involving a shift from TCA cycle to glutamate utilization to cover ATP
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requirements. Notably, level estimates of proteins associated with synaptic activity including
vesicle recycling and neurotransmission were altered in the irradiated mice. We confirmed
these conclusions by validating the expression level changes of MBP from myelination
pathway and CaMKII from synaptic network by western-blotting. Our data suggest that the
elevated LTP and decreased LTD improved synaptic transmission and enhanced efficiency of
neurotransmitter release which would be consistent with the observed comparable contextual
fear memory performance of the mice following post-training whole body or sham-
irradiation.

To conclude, our results underscore the importance of conducting low dose radiation
experiments for illuminating the sensitivity of biochemical pathways to radiation, and the
modulation of potential repair and compensatory response mechanisms. Our findings may
also ultimately lead to the design of attenuating strategies for ameliorating hippocampal and
CNS injury following radiation exposure as part of medical therapies or as a consequence of
occupational circumstances.

The current study established a robust mass-spectrometry based quantitative proteomics
workflow which is adaptable to other studies designed for determining the effects of various
radiation exposures on hippocampus and possible other regions of the brain. This may
include future studies to address the potential biological effects of low dose radiation
exposure during early life stages in which brain maturation takes place and/or studies that
may attempt to assess the therapeutic strategies to mitigate brain injuries caused by radiation
exposure.
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ABBREVIATIONS

Aco2 aconitase

AMPAR  AMPA-type glutamate receptor

ARFs ADP-ribosylation factors

CaMKIIl  calcium calmodulin dependent protein kinase type Il
Ccv coefficient of variation

DIA data-independent acquisition

Dlst dihydrolipoyllysine-residue succinyltransferase
EMRT exact mass retention
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IPA Ingenuity Pathway Analysis
ISI inter-shock-intervals

Idh isocitrate dehydrogenase
KG ketoglutarate

Mdh1 malate dehydrogenase

MAPK mitogen-activated protein kinase (MAPK)

NMDA N-methyl-D-aspartate

PLP myelin proteolipid protein

MAG myelin associated glycoprotein

MBP myelin basic protein

MOG myelin oligodendrocyte glycoprotein
LC-MS liquid chromatography mass spectrometry
LTP long-term potentiation

LTD long-term depression

MYRF myelin regulatory factor

OAA oxaloacetate

PPARa peroxisome proliferator-activated receptor alpha
PP1 protein phosphatase 1

PP2B protein phosphatase 2B

ROS reactive oxygen species

TCA tricarboxylic acid

SV synaptic vesicle

TWIMS traveling wave ion mobility spectrometry
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Significance

This study is significant because the biological consequences of low dose radiation on
learning and memory are complex and not yet well understood. We conducted a IMS-
enhanced MSE-based label-free quantitative proteomic analysis of hippocampal tissue
with the goal of determining protein alteration associated with low-dose whole body
ionizing radiation (X-ray, 1 Gy) of 5.5-month-old male C57BL/6J mice post contextual
fear conditioning training. The IMS-enhanced MSE approach in conjunction with
IsoQuant software was robust and accurate with low median CV values of 0.99% for the
technical replicates for samples from both the sham and irradiated groups. The biological
variance was as low as 1.61% for the sham group and 1.31% for the irradiated group. The
applied data genereation and processing workflow allowed the quantitative evaluation of
399 proteins. The current proteomic analysis indicates that myelination is sensitive to low
dose radiation. The observed protein level changes imply modulation of energy
metabolism pathways in the radiation exposed group, specifically changes in protein
abundance levels suggest a shift from TCA cycle to glutamate oxidation to statisfy energy
demands. Most significantly, our study reveals deregulation of proteins involved in
processes that govern synaptic activity including enhanced synaptic vesicle cycling, and
altered long-term potentiation (LTP) and depression (LTD). An elevated LTP and
decreased LTD suggest improved synaptic transmission and enhanced efficiency of
neurotransmitter release which is consistent with the observed comparable contextual
fear memory performance of the mice following post-training whole body or sham-
irradiation. Overall, our results underscore the importance of low dose radiation
experiments for illuminating the sensitivity of biochemical pathways to radiation, and the
modulation of potential repair and compensatory response mechanisms. This kind of
studies and associated findings may ultimately lead to the design of strategies for
ameliorating hippocampal and CNS injury following radiation exposure as part of
medical therapies or as a consequence of occupational hazards.
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HIGHLIGHTS

IMS-MSE-based proteomics reveals deregulation of 73 hippocampal
proteins

Impairment of myelination is discovered even at low dose ionizing
radiation (IR);

Deregulation of energy metabolism pathways is observed;

Pathways related to synaptic activity and vesicle recycling are
enhanced;

Changes are consistent with comparable memory performance of
irradiated mice;
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Figure 1.
Workflow and data analysis strategy employed in the label-free proteomics study to

determine differentially regulated proteins in the sham vs. irradiated group.

Hippocampal protein extracts were trypsinized and subjected to nanoUPLC and analyzed by
IMS-enhanced MSE. MassLynx in conjunction with PLGS 2.5 was used for peak extraction,
detection and database search; ISO-Quant for protein quantification and for isoform/
homology filtering; Perseus for statistical analysis; and other bioinformatics tools for protein
interaction analysis and network construction.

J Proteomics. Author manuscript; available in PMC 2017 May 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Huang et al. Page 24

% Time Freezing

Figure 2.
Comparable contextual fear memory in 5.5-month-old mice one day following post-training

sham-irradiation or whole body X-ray irradiation (1 Gy). N =5 mice/group.
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Figure 3.
(A) Venn Diagram of the number of hippocampal proteins identified in both groups, sham

(buff color) vs. irradiated (light blue color). (B) Pie chart of percentage of proteins according
to numbers of peptides used for protein identification (range of numbers of peptides in
brackets). (C) Dynamic range of detected mouse hippocampal proteins. The dynamic range
of identified proteins across all fractions spanned over four orders of magnitude. (D) Protein
network compiling proteins that constitute major functional subgroups of the hippocampal
proteome. Nodes with the same color are grouped into one subgroup. Nodes with shared
colors are defined as belonging to two or more subgroups. The gray nodes are proteins that
did not fall into any of the major subgroups. The proteins that compose the functional
subgroups are listed in Table S2.
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Figure 4.
Volcano plot of protein abundance changes caused by irradiation using a label-free

quantification approach.

The ratios of irradiated versus sham were calculated as logy(fold change) and shown on the
x-axis. The y-axis represents the —logyg(p-value). Proteins that fall above p <0.05 (above 1.3
on the volcano plot, dashed line) are considered as proteins with significant changes. Among
them, 56 proteins were up-regulated and 17 proteins were down-regulated.
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Figure 5.
The STRING protein network shows three distinct but interconnected clusters of proteins

that are associated with (a) energy metabolism, (B) calcium-dependent synaptic plasticity,
and (C) myelination. Red/pink nodes represent proteins that increased their amounts as a
consequence of radiation exposure, dark/light green represents those that decreased. The
intensity of a node is proportional to the fold change between conditions (irradiated versus
sham). The width of a line connecting proteins represents the strength of the proteins
interaction, as extracted from STRING software.
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Page 28

CaMKIl

o r N W N

//%a

sham irradiaton

0.8

04

/%4

Sham Irradiation

Western-blotting analysis of representative proteins identified by IMS-enhanced MSE.

Left panel: Western blotting analysis of CaMKII (A) and MBP (B) expression levels in the
hippocampal tissues. Hippocampal protein lysate was loaded onto a SDS-PAGE gel and
probed with antibody against CaMKII and MBP. p-actin was used as loading control and for
data normalization; Right panel: bar chart of relative band intensity ratio of CaMKII versus
reference protein (B-actin) and MBP versus reference. Average and standard deviation
calculated from biological replicates (n=2 for CaMKII, n=3 for MBP).
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Figure 7.
Radiation-induced modulation of proteins associated with energy metabolism.

Enzymes associated with energy metabolism are highlighted in yellow boxes while
metabolites are underlined. Proteins that showed level changes as a consequence of radiation
exposure are annotated as follows: up-regulated (red arrow up), down-regulated (green arrow
down), and even (black equal). Proteins that showed a statistically significant fold change
are marked with an asterisk. Table S4 compiles the proteins (uniprot ID, gene name) that
showed altered expression levels (fold change, p values) upon irradiation.
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Figure 8.
Radiation-induced modulation of proteins associated with synaptic plasticity regulated by

calcium (Ca%").

Proteins higlighted showed changes in abundance as a consequence of radiation exposure.
The pathway consists of synaptic vesicle (SV) cycle (A) and as well as LTP and LTD (B).
The majority of proteins involved in SV cycle were up-regulated. Glutamate release
mediates down-stream effects of LTP and LTD triggered by calcium. Protein level changes
are shown as up-regulated (red arrow up), down-regulated (green arrow down), and even
(black equal). Proteins that showed a statistically significant fold change are marked with an
asterisk. Table S5 compiles the proteins (uniprot ID, gene name) that showed altered
expression levels (fold change) upon irradiation.
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