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Abstract

Oxidative stress is frequently implicated in the pathology of neurodegenerative disease. The chief
source of this stress is from mitochondrial respiration, via the passage of reducing equivalents
through the respiratory chain resulting in a small but potentially pathological production of
superoxide. The superoxide that is produced during normal respiration is primarily detoxified
within the mitochondria by superoxide dismutase 2 (Sod?), a key protein for maintaining
mitochondrial function. Mitochondria are distributed throughout the soma of neurons, as well as
along neuronal processes and at the synaptic terminus. This distribution of potentially independent
mitochondria throughout the neuron, at distinct subcellular locations, allows for the possibility of
regional subcellular deficits in mitochondrial function. There has been increasing interest in the
quantification and characterization of messages and proteins at the synapse, due to its importance
in neurodegenerative disease, most notably Alzheimer’s disease. Here, we report the
transcriptomic and proteomic changes that occur in synaptosomes from frontal cortices of Sod?
null mice. Constitutively null Soa’2 mice were differentially dosed with the synthetic catalytic
antioxidant EUK-189, which can extend the lifespan of these mice, as well as uncover or prevent
neurodegeneration due to endogenous oxidative stress. This approach facilitated insight into
quantification of trafficked messages and proteins to the synaptosome. We used two
complementary methods to investigate the nature of the synaptosome under oxidative stress; either
whole genome gene expression microarrays or mass spectrometry-based proteomics using isobaric
tagging for relative and absolute quantitation (iTRAQ) of proteins. We have characterized the
relative enrichments of gene ontologies at both gene and protein expression that occur due to
mitochondrial oxidative stress in the synaptosome, which may lead to new avenues of
investigation in understanding the regulation of the synaptic function in normal and diseased
states. As a result of using these approaches, we report for the first time an activation of the
mTOR pathway in synaptosomes isolated from SodZ null mice, confirmed by an upregulation of
the phosphorylation of 4E-BP1.

Introduction

The synapse is a functionally distinct region of the neuron that is dynamically involved in
learning and memory [1,2]. Impaired synaptic function is associated with a number of
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neurodegenerative diseases and disorders [3—-10]. Both coding and non-coding RNA
transcripts expressed in the nucleus are trafficked to the synaptic bouton for either local
translation to support synaptic function, or storage in a number of nascent formats such as
processing bodies (PB) or stress granules (SG) for later use in differing synaptic functional
states [1,11-15]. The “synaptosome” is functionally distinct region of a neuronal process,
and contains all the presynaptic machinery for synaptic transmission, including
mitochondria to supply ATP, endoplasmic reticulum for on-site protein synthesis using
trafficked mRNAs, and synaptic vesicles containing neurotransmitters [16].

Synaptosomes are advantageous because they can be prepared from specific dissected
regions of the brain and allow for the study of a relatively pure biological sample that can be
prepared in ample quantities to perform very detailed studies on the function of the synapse
[17-19]. Synaptosomes are ~1-2 microns in size, contain 1-2 individual mitochondria [17],
are bioenergetically competent, and act /in vitro as self-contained membrane-bound “cells”,
facilitating the study of many aspects of neurotransmission [17]. During the isolation of the
synaptosome, the post-synaptic density can also become closely associated, and so some
proteins from this region can become inextricably linked to the isolated synaptosomes.
However, for the sake of clarity, we will refer to this complex purified subcellular
compartment as the “synaptosome”, incorporating elements of pre-synaptic nerve terminals
and junctions, as well as elements of the post-synaptic density.

Synaptosomes can be prepared from intact brain using density gradient centrifugation, and
the basic methodology has been used for more than 30 years in bulk preparations to study
the bioenergetics of synaptic function [20,21]. More recently, this general approach has been
used to catalog synaptosomal RNAs and proteins [1,11,13,14,18,22-31]. There have been
several studies emphasizing how synaptic function and energetics in bulk synaptosome
preparations change in response to energy demand [17,32], and we have previously reported
synaptic bioenergetic changes in response to endogenous mitochondrial oxidative stress
[33]. In a prior study using identical an methodology to isolate synaptosomes employed in
this report, we compared synaptosomes isolated from healthy mice versus those suffering a
neurodegenerative disorder from endogenous mitochondrial oxidative stress due to lack of
mitochondrial superoxide dismutase (Sod2). Synaptosomes from Sod2 null mice had a
profound bioenergetic deficit, demonstrating significant consequences to energy metabolism
as a function of endogenous mitochondrial oxidative stress [33].

Obtaining a better understanding of trafficked gene transcripts and proteins at the synapse in
normal and diseased states is therefore a critical step towards a mechanistic understanding
and treatment of neurodegenerative disease. In this study, we examined the transcriptome
and proteome from synaptosomes derived from mouse forebrain undergoing endogenous
mitochondrial oxidative stress due to lack of Sod2. Both genomic and proteomic datasets
were derived from synaptosomes in parallel, and these experiments provide the opportunity
to gain greater insight into the composition and function of this specific component of
neuronal tissue. This overall approach was recently discussed in a review by Geschwind and
Konopka in which they specifically point out the need for such studies in the field of
neuroscience [34].

However, a complicating factor in execution of these types of experiments in the central
nervous system is purification of one sub-cellular region or cell type without contamination
of other biological material. This is often further confounded by the minimum amount of
material needed for various “-omics” level assays. In this study, we resolve some of these
technical limitations, and carry out both genomic and proteomic profiling using robust and
sensitive assays. Bioinformatics analysis of the resultant data sets, indicated that the mTOR
pathway (mammalian target of rapamycin), involved in growth and metabolism was being
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differentially affected in the synaptosomal compartment due to mitochondrial oxidative
stress. This analysis also revealed that the transcriptional response of mTOR signaling
components was dependant on the severity of the oxidative stress. We confirmed this
prediction by Western blotting for increased levels of phosphorylation of 4E-BP1, a key
component of the mTOR signaling pathway, demonstrating the utility of our overall
approach.

Materials and Methods

Animals

Constitutive Sod2 null homozygous mice on a CD1 background ranging in age from 17 to
21 days old and age matched wild type siblings were used for all experiments as previously
described [35-37]. Genotyping was carried out at 3 days of age, as previously described
[35-37] and either 1 mg/kg or 30 mg/kg of the synthetic antioxidant EUK-189 (Dalton
Pharma Services, Toronto, ON, Canada) was injected daily via intraperitoneal injection from
the 3™ day after birth until the day before the animals were euthanized. All mouse
procedures were carried out under approved Buck Institutional IACUC protocols.

Isolation and preparation of cortical synaptosomes

Mice were euthanized by CO, overdose & decapitation, and cortices were removed and
subjected to a synaptosome isolation method as described in our prior work [33], and is
similar to that reported by Dunkley et al. [38]. The basic methodology has been used in
hundreds of studies [20,21], is relatively straightforward, but has more recently been
optimized [38].

Briefly, frontal cortex was rapidly isolated (about 100 mg/brain) and rinsed with ice-cold
sucrose medium (320 mM sucrose, 1 mM EDTA, 0.25 mM dithiothreitol, pH 7.4) to remove
excess blood, transferred to a pre-chilled Dounce glass homogenizer containing 3 ml sucrose
medium, and homogenized gently by ten strokes. The homogenate was then centrifuged at
1,000g for 10 minutes at 4°C. The supernatant was carefully layered on top of a
discontinuous Percoll gradient (3, 10 and 23% Percoll in sucrose medium) in a 15ml
centrifuge tube, and centrifuged at 32,5009 for 10 minutes at 4°C in a JA-25.50 fixed angle
rotor in a Beckman Avanti J-26 XPI centrifuge. Synaptosomes were isolated and recovered
from the band between 10% and 23% Percoll. The synaptosomes isolated from the 10-23%
interface were diluted into ‘ionic medium’ (20 mM HEPES, 10 mM D-Glucose, 1.2 mM
NayHPO4, 1 mM MgCl,, 5 mM NaHCO3, 5 mM KCI, 140 mM NacCl, pH 7.4) to maintain
bioenergetic function [39]. The final synaptosome pellet was then resuspended in ionic
medium, and protein concentration was determined by the Bradford method (Bio-Rad). The
yield of synaptosomes isolated from the cortex of SodZ mice was not significantly different
from that of the wild-type controls.

Microarray of RNA from Synaptosomes

To examine the whole genome gene expression profile of synaptosomes generated from
individual mice, mRNA was extracted from synaptosome samples of individual mice from
each genotype/treatment group (N=9-11 per group/treatment). Total RNA was extracted
from synaptosomes using the miRNeasy kit (Qiagen, Valencia, CA, USA) on a QiaCube
robot (Qiagen) according to the manufacturer’s instructions. RNA samples were then QC’d
using a Nanodrop Spectrophotometer and the Agilent Bioanalyzer Nano Chip System (Cat
#5065-4476). The concentration (ng/pl) and the OD 260/280 ratios were obtained by
loading 1l of Total RNA sample onto the Nanodrop instrument for measurement. Passing
OD 260/280 values were around 2.0. Validated RNA samples were then further evaluated by
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Bioanalyzer on an Agilent Nano Chip (1l per sample), and checked for RNA integrity by
determining the presence of characteristic non-degraded 18S and 28S ribosomal peaks.

200ng of the purified total RNA was then amplified one round using Ambion’s Illumina
RNA Amplification Kit, to prepare cRNA for labeling and hybridization to Illumina’s
MouseRef-8 v2.0 expression bead chips as per the manufacturers instructions (Illumina, San
Diego, CA, USA). Gene expression filtering was performed using standard multiple testing
procedures and clustering, based on packages available in Bioconductor
(www.bioconductor.org). For each dataset comparison, we choose “significantly”
differentially expressed genes based on a false discovery rate (FDR) g-value <0.05.

Protein Sample Preparation

Synaptosome pellets were dissolved in 0.2% SDS and 1.0% NP-40 and quantified using
BCA proteins assay. A subset of synaptosome protein pellets from the same animals used in
the gene expression profiling experiments were used for evaluating the proteomics of
synaptosomes (N= 8 for both Sod2-/- animals and wild type, with and without EUK-189
high and low dose treatments, 50 g of each) were then prepared by diluting to equal
volumes (25 pl) with pH 8.0 250 mM tris-ethyl ammonium bicarbonate buffer, bringing the
final detergent concentrations to ~0.1% SDS and ~0.5% NP-40. Samples were then labeled
with iTRAQ 8-plex reagents according to the manufacturer’s guidelines (Applied
Biosystems, Foster City, CA). Briefly, samples were reduced (5 #is(2-
carboxyethyl)phosphate at 60°C for 60 min), blocked (10mM methyl methanethiosulfonate
for 10 min at RT) and digested with 2.5 g trypsin (Protégé Madison, WI) at 37°C
overnight. Samples were then iTRAQ labeled for two hours and 4 wild-type and 4 SodZnull
samples were combined for each of the two iTRAQ 8-plex trials. After combining, the
samples were fractionated using a SCX cartridge (Applied Biosystems) and eluted with 1ml
solutions (pH 4.0, 4.25, 4.5, 4.75, 5.0, 5.25, 5.5, 6.0, 6.5, 7.0, and 8.0) of 10mM citric acid
adjusted to pH with NH,OH followed by 1 ml of high salt elute (350 mM KCI, 25%
acetonitrile). The fractionated peptides were then dried in a speed-vac concentrator (Savant)
at 25°C.

Liquid Chromatography and Mass Spectrometry

Samples were re-dissolved in 2% acetonitrile (0.1% formic acid) and then desalted on a
Dionex (Sunnyvale, CA) Acclaim LC Pickings p-Precolumn Cartridge (5mm x 300m RP-
C18 trap column, 5um beads, 100 A pore size). Chromatographic separation of iTRAQ
labeled peptides was performed on a Dionex Acclaim Pepmap column (75um x 150 mm
RP-C18, 3um beads, 100 A pore size) with a 2-80% acetonitrile (0.1% formic acid) 120 min
gradient at a flow rate of 300 nL/min. A QSTAR Elite QqTOF (AB Sciex, Foster City, CA)
operating in the positive ion mode (2.3 kV) performed the analysis, with the five most
intense ions between 350 and 1600 /m/z (over 20 counts) and with charge states of z=2-5 in
the TOF-MS scan were subjected to information-dependent acquisition MS-MS with Smart
Exit function employed (setting 8). lons within +/— 100 ppm of a former sampled ion were
dynamically excluded for 120s. Each SCX fraction was run twice.

Mass Spectrometry Data Processing

Data was processed using Protein Pilot 3.0 software (AB Sciex) with background correction
and bias correction employed. Searching was conducted with Swissprot Database 56.1 (mus
musculus. 15,915 entries) and only peptides of confidence greater than 50% were used for
protein quantification. A 95% confidence (unused prot score >1.3) threshold for protein
identification established by Protein Pilot 3.0 was the criteria for inclusion into the final
protein report. Within experiment analysis, a single replicate was used as a reference, and all
other samples were compared to the reference; this sample served as an internal
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normalization method. Replicate peptides, were used to derive the average expression across
observations within a biological sample that represent the same peptide. The final list
contained 3,486 peptides that were detected representing 982 proteins. A modified £test
statistic is thus used to compare the difference in the relative expression (difference in these
ratios) in Sod2null vs. wild-type controls. We report the average difference in relative
expression as well as the p-value and the g-value, based on a multiple testing adjustment
(controlling the false discovery rate).

Pathway and Ontology Analysis

Data sets were analyzed using Ingenuity pathway analysis software (Ingenuity Systems,
Redwood City, CA, USA). All protein and gene expression data was computed as the ratio
between the wild-type and SodZ null animals and matched to their p-value of statistical
significance. The functional ontology and canonical pathway analysis was generated in
Ingenuity pathway analysis using the core analysis function. The protein network analysis
was then performed only considering the data points that were significantly detected from
proteins, and also filtered for only the significant network connections. Significant
expression changes occurring between the wild-type and SodZ null animals are color coded
according to the convention described in the legend accompanying supplemental Figure 2.

Analysis of mitochondrial functional changes in the synaptic proteome

A modified #test statistic was used to compare the difference in the relative expression
(difference in these ratios each sample to arbitrary reference sample) in Sod2 null mice vs.
wild-types, where the modification is derived from the empirical Bayes estimates of the
variance of these ratios using the so-called Limma method [40], adjusting for experiment, as
implemented, and is part of the bioconductor package [41]. The final summary measure was
the average difference in relative expression (to the “standard”) as well as the p-value and
the g-value, and based on a multiple testing adjustment (controlling the false discovery rate).
Finally, the peptides were grouped by the protein complexes that comprise the respiratory
chain to see whether there are systematic downregulation in groups defined by being a
member of these complexes (http://www.genenames.org/genefamilies/mitocomplex#com)
was used to link specific proteins to the various complexes). Given the linear model for each
peptide is mean(y y/Exp, KO)=b° g+b° 1 Strain+b° ,Exp, with KO an indicator that the sample
was from an SodZnull mouse, WT is wild-type, and Exp is the experiment, and we
expressed the ratio of relative expression for peptide pin KO vs. WT by the Ratiop = (b°+
P )Py

Evaluation of mMTOR pathway component 4E-BP1 phosphorylation in synaptosomes

Synaptosomal proteins were examined for activation of signaling pathways with sandwich
ELISA kits specific for phosphorylated proteins. mTOR activity was assay with Cell
Signaling Technology’s Pathscan® Phospho-mTOR (Ser2448) sandwich ELISA kit. 4E-
BP-1 activation was assayed with Cell Signaling Technology’s Pathscan® Phospho-4E-BP1
(Thr37/Thr46) sandwich ELISA kit. The ELISA was performed according to the
manufactures protocol using the recommended amount of lysate input. Western blots were
also performed to determine the amount of ULK1 and the synaptosomal marker SNAP25.
The blots were probed with anti-ULK1 (D8H5) (Cell Signaling Technology, #8054) at
1:1000 and anti-SNAP-25 (Sigma, #S9684) at 1:1000. The blots were visualized with
Amersham ECL advance (Amersham, #RPN2135) and imaged in Alpha Innotech’s
Alphalmager EC. The resulting images were then quantified for protein abundance using
Adobe Photoshop CS5.
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Microarray Data

All gene expression data has been submitted to the GEO, using the accession number (in
process).

Results

Differential Gene Expression Analysis in synaptosomes from frontal cortices of wild-type
and Sod2 null mice

Animals were genotyped at three days of age, and were treated daily by IP injection with
either a high dose (30 mg/kg EUK-189) or a low dose (1 mg/kg EUK-189) of SOD mimetic,
resulting in 4 experimental groups (low dose treated wild-type, high dose treated wild-type,
low dose treated Sod?-/-, or high dose treated Sod2—/-). Synaptosomes were isolated
from neurons of the frontal cortex from age matched wild-type or Sod2 null mice (n = 10
mice per treatment). RNA was then isolated from the synaptosomal fraction, and labeled and
processed for microarray hybridization using Illumina gene expression bead-chips.

Daily high and low dose antioxidant treatment was employed because we have previously
demonstrated either the prevention or recovery of a neurodegenerative phenotype in this
model in response to such treatment [42]. The mMRNAs isolated from cortical synaptosomes
of the SodZ null mice in drug treatment groups have a number of genes with significantly
changed expression from wild-type control synaptosomes (Figure 1). These significantly
differentially expressed genes in synaptosomes were used to create a heat map of gene
expression, representing each experimental condition. This heatmap demonstrates that
treatment with a low dose of EUK-189, results in a distinct expression profile that largely
clusters separately from all other treatments, similar to that we previously reported from
cortical homogenates comprised of all the different cell types that comprise whole cortex in
the brain [42]. The expression profiles of high dose treated Sod2 —/— mice are interspersed
with wild-type controls, indicating a similarity of expressed genes trafficked to the
synaptosome between these two groups. This lends support to the notion that the expression
changes observed in messages isolated from synaptosomes in response to high or low dose
antioxidant treatment are related to neurodegeneration, as differential treatment with
antioxidant dose results in greatly diminished levels of neurodegeneration [35].

In order to better understand functional categorization of the significantly differentially
expressed genes trafficked to the synaptosomes between treatment groups, we applied a
number of additional analyses, including Ingenuity pathway analysis. The whole
transcriptome dataset was input into Ingenuity pathway analysis where the cutoff for
significantly differentially expressed genes and the fisher’s exact test for significant
overrepresentation was set at p < 0.05. The high dose treated (30 mg/kg EUK-189) Soa?
null mice as expected had a number of disease-related pathology categories overrepresented
relative to wild-type (Figure 2A) including cell death and metabolic disease.

The genes that are specifically differentially expressed are also overrepresented in a number
of categories that are related to canonical signaling pathways. Figure 2B shows these
categories based upon their order of significance. Also plotted is the ratio of the genes
within each given category that are differentially expressed. From this data it is clear that the
synthesis and degradation of ketone bodies is significantly overrepresented as a consequence
of loss of functional SOD2. This is consistent with the biochemical detection of elevated
blood ketones in Sod2null mice we had previously reported [43]. However, we were unable
to detect ketones present in any fraction from synaptosomes of either wild-type or SodZnull
mice, possibly due to washout during the isolation procedure (data not shown).
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We also carried out IPA analysis with the low dose treated Sod2 null and wild-type animals,
and observed significant differences from the analysis of SodZnull animals treated with high
dose antioxidant. Neurological disease moves from the 33rd most significant category in the
high-dose paradigm, to the 2nd most significant in the disease categories in the more
severely affected low dose paradigm, indicating that the increasing mitochondrial oxidative
stress due to low-dose antioxidant treatment causes a shift in the gene expression profile
which more closely associates with neurological disease (Figure 3A). Examination of the
overrepresented canonical pathways in the low dose treated animals also reveals an increase
in the overall number of pathways represented, as well as the number of genes that fall
within these pathways (Figure 3B). Consistent with the model, oxidative stress and
mitochondrial damage related pathways at both the gene expression and protein levels are
revealed through this analysis (Figure 3). Interestingly, there are also unexpected pathways
uncovered such as mTOR signaling, HMGBL1, or Glioma signaling within the dataset.
HMGB1 has been associated with an oxidative stress response in a number of disease
contexts [44-46], and may therefore also be activated in synaptosomes through endogenous
oxidative stress due to mitochondrial dysfunction.

iTRAQ proteomic analysis of the cortical mouse synapse

The microarray data implicates a number of new potential targets for exploring oxidative
stress mediated changes in the synaptosome. However, it is important to move beyond single
“omic” studies, as biological insights will be somewhat limited via this focused approach.
Therefore, we wished to identify the proteomic profile of the synaptosome on the same
samples we carried out gene expression studies on, to better understand interactions between
gene and protein expression. Investigation of protein expression and gene expression in the
same samples is uncommonly done, likely due to technological or biological limitations
pertaining to sample prep.

For assessment of both RNA and protein in the pre-synaptic nerve terminal, a number of
outcomes are possible. Each biological situation is unique; some samples will have highly
convergent message and protein profiles, while as others may have little concordance. In our
case, the technologies we used permitted us to investigate both mRNA and protein in a sub-
cellular region of the brain of an animal model of mitochondrial mediated
neurodegeneration, a somewhat rare situation. To estimate the proteome of the pre-synaptic
nerve terminal, we isolated synaptosomes from both wild-type and Sod2 null mice treated
with either a low-dose of the antioxidant (n=6 biological replicates per treatment). Proteins
isolated from these synaptosome samples were subjected to iTRAQ isobaric labeling after
tryptic digestion [47] to measure the differences in expression between the two treatments.
The analysis identified 982 unique proteins that were significantly detected from their
corresponding iTRAQ labeled peptide fragments in the synaptic samples. This analysis
identified only a small set of proteins that were present at significantly different levels in the
Sod2 —/-mice as compared to their wild-type controls (Supplemental Table 1).

Despite the relatively few proteins that showed clear expression differences between Sod2
null mice versus controls, the overall results provided a catalog of proteins that are robustly
identified in the synaptosome in this model. These data allowed for a better understanding of
what proteins comprise the synaptosome from frontal cortex in this mouse model
(Supplemental Table 2). The majority of the significantly different proteins between
genotypes were related to the mitochondrial compartment of the cell including Sod’Z, which
was not unexpected. We established that the loss of SodZ directly affects respiratory chain
components, including loss of succinate dehydrogenase complex, subunits A and B,
components of Complex Il of the electron transport chain. The observed changes in protein
levels confirms and refines to the level of the synaptosome our earlier findings which
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reported a significant loss of complex Il function in cortical homogenates derived from
multiple cell types of Sod2 —/-mice [33].

The significantly differentially expressed proteins in low dose treated animals were then
processed in Ingenuity pathway analysis (wild-type vs. Sod2-/-) to determine the major
related functional categories that are over represented in synaptic proteins (Figure 4). Major
features of the analysis are an over-representation of cell function and maintenance, and free
radical scavenging, as well as lipid metabolism and cell death. Figure 4A shows the over
represented categories in the low dose treated animals. Figure 4B shows the major canonical
pathways that are affected at the protein level in the low dose treated animals undergoing
neurodegeneration. Most of the key categories relate to mitochondrial function, including
the TCA cycle, mitochondrial dysfunction, NRF2 oxidative stress response, and ketone body
metabolism. Interestingly, there are also some surprising pathways uncovered via our
approach, such as Huntington’s disease signaling and an over representation of cancer, and
cell cycle related proteins at the synapse. The list of significantly differentially expressed
proteins as well as the entire protein dataset was examined using the DAVID bioinformatic
database which revealed similar ontologies of this subset (Supplemental Table 3) [48,49].

From our iTRAQ studies, we wished to investigate whether there was differential sensitivity
amongst the respiratory chain complexes to the endogenous oxidative stress due to lack of
SOD2 in the low dose treated animals (most affected by loss of SOD2). Therefore, we
identified all subunits that were mitochondrial via their amino acid sequence, and associated
them to their respective respiratory chain complex (Complexes I-V). Two separate
experiments were performed and we combined them via a regression model to derive an
overall measure of expression per unique peptide identified. A pre-screening was done to
eliminate peptides with low levels of confidence (score of less than 50 from the LC-MS/MS
experiments). For experiment one, this resulted in 5,107 unique peptides, and in experiment
two, 5,407. When we combine these two experiments, 3,486 peptides were common to both
experiments. The results are displayed in Figure 5, where it appears there is a systematic
down regulation of proteins in Complex I, and a profound and clear deficit in Complex |1,
relative to all other detected proteins (“other”, which represents proteins not in the
respiratory chain).

Integrative analysis of transcriptomic and proteomic effects of mitochondrial oxidative

stress

To further examine the interrelated nature of the synaptic proteome and the synaptic gene
expression changes present in our model system, we matched the detected proteins present
at the synapse to the expression of each gene from the microarray data. This data was then
used to examine the differential gene expression of the wild-type and Sod2 -/- mice within
the high and low dose antioxidant treated groups. This data is represented as a volcano plot
of the gene expression ratio between the wild-type and Sod2 —/- animals for each identified
protein within a given group (Figure 6). On the perpendicular axis, the significance of the
gene expression changes is plotted for each target. This plot demonstrates that despite not
detecting a large subset of significant changes at the proteome level between controls and
Sod2-/- mice (for both high and low dose treated), there are a number of significant
changes at the gene expression level. These changes are related to the level of oxidative
stress as the low dose animals (Red) have a much greater dynamic range in gene expression
than the high dose treated animals (Blue). Additionally, many more genes are significantly
differentially expressed (447 low dose treatment versus 94 genes for the high dose, cutoff p
= 0.05). This also supports the data shown in Figure 1 in which the low dose knockout
animals clustered together and had the most significant expression profiles.
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To gain a better understanding of how the synaptic proteins identified by mass spectrometry
interact with each other, we compared the significantly differentially expressed proteins to
their corresponding gene expression (Figure 7). The mean expression ratio for each gene and
protein is plotted demonstrating that for some proteins the expression ratio is correlated to
the gene expression such as Actin (Actnl) and neural cell adhesion molecule 1 (Ncaml).
Other proteins did not correlate with their expression level such as SodZ, which in the
constitutive SodZ null mouse produces no detectable activity of the native protein [43].
Surprisingly, the bioinformatic analysis of transcriptome data suggested that mTOR
signaling was critically affected due to mitochondrial oxidative stress. This inference was
supported by increased alteration of the mTOR pathway components in response to higher
levels of mitochondrial oxidative stress (Supplemental Figure 1). In order to validate this
bioinformatics prediction, we therefore directly measured mTOR phosphorylation in the
synaptosomes we had carried out transcriptomic and proteomic studies on. Phosphorylation
of mMTOR and 4E-BP1 were tested via sandwich ELISA. While the overall level of mTOR
phosphorylation was unchanged; phosphorylation of 4E-BP1, a key downstream target of
mMTOR, is significantly increased in the Sod2 —/- synaptosomes (n=7, p=0.0023) (Figure
8A). We also examined alternative targets in the mTOR pathway such as UNC-51-like
kinase (ULKZ1) that modulates the autophagy response in cells and is involved in neuronal
development (Figure 8B). The expression level of this kinase was unchanged in
synaptosomes from the Sod2 —/— mice, however this does not rule out the activation or
inhibition of the kinase activity. Further studies of this paradigm are required to fully
appreciate the signaling changes as a result of mitochondrial dysfunction.

Lastly, to explore the interactions among the significantly differentially expressed proteins,
we used Ingenuity pathway analysis to create a directed network to map associated nodes of
proteins, miRNAs and chemicals (Supplemental Figure 2). The network was created by only
mapping interconnected nodes with experimentally validated interacting nodes in the
Ingenuity pathway analysis program. Genes with significantly changed expression (p < 0.05)
in response to oxidative stress (low-dose EUK-189) were labeled up regulated proteins, and
are indicated in green and down regulated nodes are in red; all other nodes are labeled in
blue. From this network it is clear that the proteome of the synapse is a complex sub-cellular
compartment and that mitochondrial oxidative stress affects expression in a diverse set of
genes affecting more than mitochondria related processes.

Discussion

We previously demonstrated in the Sod2 null mouse model that chronic antioxidant drug
treatment allows the development (Low dose EUK-189, 1 mg/kg) or prevention (high dose
EUK-189, 30 mg/kg) of neurodegeneration and a spongiform encephalopathy [35,36] with
altered transcriptome profiles in whole cortical homogenates [42]. A key component of this
approach was a bioinformatic analysis on the gene expression data that suggested that Akt (a
serine/threonine protein specific kinase involved in cell growth and stress response)
signaling, was being differentially affected. We subsequently confirmed this activation in
cortical homogenates from SodZ2 null mice (differential phosphorylation via Western
blotting) in Akt. While that dataset provides a rich resource for analyzing bulk cortical gene
expression profiles derived from many cell types and subcellular regions due to endogenous
mitochondrial oxidative stress, there are clearly inherent disadvantages in examining
homogenates of such a complex tissue as the brain. By sub-fractionating the brain into a
relatively pure sub-cellular compartment such as the synaptosome using well established
methodologies [20,21,39], one can remove much of the brains complex cellular makeup,
facilitating the study of a distinct sub-cellular region of the brain. We had previously used
such an approach to demonstrate the consequences to synaptic bioenergetic function by
contrasting the spare respiratory capacity of equivalent amounts of synaptosomes (with
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equivalent mitochondrial content) isolated from SoaZ null mice with those from wild-type,
and demonstrated a profound bioenergetic deficit [33]. Therefore, it was important to
maintain the same purification procedure in isolating synaptosomes, to allow comparison of
the two data sets. Moreover, as the synaptosome is by definition derived from the neuron,
our current study focused our analyses to that specific cell type. This overall strategy is
highly desirable in studying neurodegenerative phenotypes in the brain.

As in a previous study by us [42], the vast majority of studies on the brain rely on bulk
cellular preparations. This means that not only are multiple cell types pooled, potentially
obscuring important cell specific changes, but neuronal architecture is completely disrupted,
eliminating any insight into subcellular variation relating to neurological phenotypes. As
there is a potential for selective loss of synaptosomal sub-populations during the isolation
procedure, it was important to measure the yields of synaptosomal protein between the two
groups. We found no significant differences in yield between synaptosomes isolated from
Sod2null mice versus wild types. However, there may still be some selective loss despite
these observations. In addition, there is some contamination through use of the Percoll
gradient [38], and any approach that relies on gradients per se will not be 100% pure. It is
also important to note that as we had significant differences in bioenergetic function
between synaptosomes of wild type and SodZ null mice, this implies that if there were
significant losses of synaptosomes due to endogenous oxidative stress in the Sod’2 null mice
synaptosomes (from oxidative damage to mitochondria or synaptosomes), any significant
differences we detect here are likely under-reporting the magnitude of possible differences
due to endogenous oxidative stress. Mitigating the possibility of selective loss of
synaptosomes are measures we previously reported as being equivalent in synaptosomes
from SodZnull mice including resting metabolic rate, and stimulated glutamate release.
Only under conditions of energetic load do we see significant differences in bioenergetic
function [33].

Arguably the most optimal method for measuring synaptosomal function, whilst
simultaneously ascertaining their purity would be at the level of the single synaptosome,
where many individual parameters can be evaluated either in parallel, or serially for
hundreds to thousands of synaptosomes. Such an approach is feasible, and has been carried
out in the context of a mouse model of neurodegeneration [17], but is currently not
compatible with large scale genomic and proteomic technologies due to the amount of
material required for these assays. Here, we have simultaneously examined both proteomic
and genomic outcomes on a relatively pure subcellular preparation from the brains of wild
type mice compared to a well-characterized neurodegenerative animal model of
mitochondrial oxidative stress, and provided a powerful new approach to evaluate changes
in the synaptosome that may be vitally important in improving our understanding of early
events in the breakdown of the synaptic network in neurodegenerative disease.

For whole transcriptome gene expression profiling we examined four groups of 10 or more
mice, representing wild-type and SodZ2 —/— mice, treated with either a low (1 mg/kg) or a
high (30 mg/kg) dose of antioxidant. This whole genome expression profiling approach of
mRNAs trafficked to synaptosomes resulted in the identification of 1,101 significantly
differentially expressed genes, due to endogenous oxidative stress in the synaptosome.
These targets were then hierarchically clustered and displayed in a heat-map that shows the
interactions among both the genes and samples. Our cluster analysis found that the low dose
Sod2 null mice closely associate together, while the other treatments are interspersed
amongst each other. This demonstrates that the animals undergoing neurodegeneration due
to endogenous mitochondrial oxidative stress are experiencing a different gene expression
“space” in the synaptosome than those animals that lack SodZ, yet are protected with a
higher dose of antioxidant. Interestingly, while the higher dosage of antioxidant can
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normalize much of the differential gene expression to wild-type levels, it does not preserve
the mitochondrial enzyme function or the bioenergetic capacity at the synapse [33]. This
likely means that loss of neurons due to mitochondrial oxidative stress is occurring at
multiple levels throughout the neuron, and is not a purely bioenergetic problem at the
synapse.

We discovered that there are a number of gene functional categories that are significantly
overrepresented and are not immediately related to mitochondrial function. Some of these
functional categories such as “cell death” are dramatically increased in the significance of
the category in the low dose treated vs. the high dose treated group. It is possible that the
magnitude of the altered expression within these categories is what determines cell fate
between survival in the high dose treated animals, versus death in the low dose treated
animals. The use of pathway analysis is particularly useful because it narrows the
ontological functions and gene suites that might prove most important to the response to
mitochondrial oxidative stress. The analysis also provides the overrepresented canonical
signaling pathways in the two treatments (Figure 2B and 3B). In Figure 2B, the response to
oxidative stress in the high dose treated mice has a number of biochemical pathways related
to the metabolism of the cell including “synthesis and degradation of ketone bodies.” We
were unable to detect ketones in synaptosomes from any animals in our study, likely due to
washout of ketones during purification of the synaptosomes. Further support for the ketone
pathway being relevant is an initial observation made in the sera of SodZnull mice showing
elevated ketone bodies [43]. This ketone synthesis/degradation pathway has been suggested
to be protective against the oxidative stress associated with Alzheimer’s disease by
fortifying mitochondrial function [50-52]. In the low dose treated animals, this category is
less strongly represented in the transcriptomic data indicating that modulation of this
pathway could be linked to the level of oxidative stress incurred by neurons. This pattern is
also seen with the over-representation of inflammation through Interlukin-8 (IL-8) signaling
which has been associated with age related neurodegenerative diseases [53-55]. Under
conditions of mild oxidative stress that would occur normally throughout the aging process,
these pathways may modulate synaptic function to avoid the progression of
neurodegeneration.

The over-representation of the mTOR pathway we show in Figure 2B suggested that
signaling in this pathway was being differentially affected due to endogenous mitochondrial
oxidative stress. One of the key proteins in this pathway is 4E-BP1 (Eukaryatic translation
initiation factor 4E-binding protein 1), which interacts with mTOR and is involved in
mMRNA translation. Phosphorylation of 4E-BP1 results in increased levels of MRNA
translation, typically in response to insulin signaling and stress. We therefore tested whether
or not the phosphorylation of 4E-BP1 was being differentially phosphorylated as a
consequence of endogenous mitochondrial oxidative stress in synaptosomes. We showed
that consistent with our prior studies on activation of Akt [42] in cortical homogenates, 4E-
BP1 was being differentially phosphorylated due to mitochondrial oxidative stress. This
result implies that in response to mitochondrial oxidative stress at the synaptic junction,
there is increased demand for protein synthesis.

The proteome of the synapse has been examined in a number of paradigms [56,57], however
these studies are rarely combined with other high dimensional datasets such as
metabolomics or transcriptomics which can provide more depth to the analysis than a single
method alone [58,59]. Here we report the proteome of the mouse cortical synapse
(Supplemental Table 1) consisting of proteins detectable in synaptosome samples in the
wild-type or Sod2 -/- mice as well as the significantly differentially expressed proteins
between these genotypes (Supplemental Table 2). The detected proteins in the low dose
treated samples were analyzed to examine significant changes in the proteome between the

Free Radlic Biol Med. Author manuscript; available in PMC 2013 September 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Flynn et al.

Page 12

two genotypes. Very few proteins appeared to be significantly altered in their relative
expression levels, but the ones that are significantly different provide insight into the effects
of mitochondrial oxidative stress. Although the differential expression results in our
proteomic approach were modest, it allows us to localize to the level of the synaptosome
specific functional deficits due to endogenous oxidative stress, something which our prior
approaches were unable to resolve. Further, this protein data also adds a new dimension to
this analysis, as the protein level is not concordant with the gene expression data. There
could be several reasons for this lack of concordance, including a high degree of biological
variation among the wild-type and Sod’2 —-/- mice, an inherent lack of concordance between
various messages and their respective proteins, or an under sampling of the proteome using
the iTRAQ methodology despite extensive fractionation at the peptide level. Alternatively, it
is also possible that only modest proteomic expression changes take place in the Sod2-/-
mice despite a higher level of changes seen at the transcriptome level. It is also possible that
the proteomic changes involved primarily posttranslational modifications, such as changes
in phosphorylation and acetylation, or oxidative modifications such as cysteine oxidation
[60], carbonylation [61], or tyrosine nitration [62]. We are currently pursuing studies that
would target changes in the posttranslational status of the proteome in the Sod2 -/- mouse
model, especially with respect to oxidative damage.

Prior to the studies we present here, it was formally possible that there may have been a high
concordance between message and protein trafficked to the synaptosome in our model, but
without measuring both message and protein, it is impossible to generalize whether or not
mRNA/protein levels are concordant, as they vary with each biological situation. The list of
detected proteins provides useful data for additional bioinformatic analysis. The total list of
proteins was input into the DAVID bioinformatic database (Supplemental Table 3) and
Ingenuity pathway analysis to determine the overrepresented functions of the proteins
independent of the presence or absence of oxidative stress. These two subsets were then
examined for concordance of ontological functions. The results of this analysis showed a
number of ontological categories that regulate nervous system development, and metabolic
functions. Despite a general scarcity of data showing proteomic variation between the
groups being compared in our experiments, this data serves as a useful baseline, where we
can examine the gene expression changes of proteins in different models that are pre-
validated as being present at the cortical pre-synaptic nerve terminal.

To accomplish a combined analysis for gene expression and proteins, all gene expression
probes were matched to their respect proteins identified by mass spectrometry. This
expression data was then examined to view the effects of oxidative stress in the low dose
and high dose treated mice. Figure 5 shows a volcano plot of this data demonstrating that the
expression of the proteins at the synapse are more effected in both significance and
magnitude by increased oxidative stress in the low dose treated mice, compared to those
mice treated with a higher dose of antioxidant. Combined analysis of the transcriptomic data
and the proteomic data allows for the creation of a network of interacting proteins at the
synapse (Supplemental Figure 2).

It is also worth commenting on the specific vulnerabilities of the respiratory chain to
endogenous oxidative stress. It has long been suspected that Complex | is the most
vulnerable respiratory chain component to endogenous insult, partly due to the prevalence of
Complex | deficits in mitochondrial disease, but also due to a number of reports implicating
Complex | deficiencies in age related neurodegenerative disease such as Alzheimer’s or
Parkinson’s disease. Although we do see Complex I deficits in the synaptosome via our
iTRAQ approach, Complex Il is far more severely affected, consistent with our prior studies
in other tissues. We previously reported deficits in aconitase, as well as Complex Il in
different tissues and treatments of the Sod2 null mouse [35,42,63,64]. The TCA cycle
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enzyme aconitase in particular is well recognized as being vulnerable to oxidative stress
through oxidation of its vulnerable iron-sulfur(Fe-S) cluster, which essentially inactivates
the enzyme [65]. Mammalian mitochondria can serve as a site of synthesis to produce Fe-S
clusters for use in other proteins throughout the cell [66]. However, Fe-S clusters are not
exclusively produced within mitochondria. It is therefore possible that endogenous oxidative
stress not only has the capacity to oxidize mitochondrial constituents, and directly damage
macromolecules, but to propagate functional deficits throughout the cell by impairing proper
assembly of iron-sulfur clusters in the mitochondria. Hence the Sod2 null mouse may serve
as a model to better understand how endogenous oxidative stress can affect cell function
through improper Fe-S cluster assembly.

The central nervous system is highly intricate, with many levels of complexity. There are
regions of the brain that are composed of hundreds of cell types each with their own specific
function. In this study, we have attempted to disentangle the complexity of the frontal cortex
by isolating biological samples exclusive to neurons via isolation and characterization of the
synaptosome. We examined these samples in the context of a well-established model of
mitochondrial oxidative stress using proteomic and transcriptomic bioinformatic analysis,
uncovering a novel response of protein synthesis due to mitochondrial oxidative stress in
synaptosomes (increased levels of 4E-BP1). Overall, our analysis has generated a directed
network of a portion of the synaptic proteome affected by oxidative stress, which may be
valuable in framing new questions about the vulnerability of the synapse to endogenous
oxidative stress.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Synaptic gene expression levels in Sod2 —/- animals and wild-type mice reveal
expression changes related to the level of oxidative stress

Heatmap of significant changes in genome expression changes reveal that the expression
changes in the mice are most apparent in the animals that are treated with a low dose of
EUK-189 synthetic antioxidant. Gene expression upregulation is colored in red/yellow,
while downregulated genes are shown in blue/green. Using hierarchical clustering of each
animal based upon these changes results in 8 of 10 low dose Sod2-/- mice (KO_L, Red) to
cluster into branch A. This expression of the transcriptome shifts to a pattern more akin to
wild-type animals (WT_L and WT_H, Light Blue and Dark Blue) with the administration of
a high dose of EUK-189 in the Sod2-/- mice (KO_H, Yellow) and clusters among them in
branches B and C.
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Figure 2. Analysis of Sod2 —/- and wild-type animals which are treated with a high dose of
EUK-189 (30 mg/kg) antioxidant compound
Pathway analysis for animals receiving High dosage (30 mg/kg) of the antioxidant
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treatment. (A) Gene function analysis of the most significant gene functions where the red
line indicates the significance cut off of -log(0.05) for the fisher’s exact t-test. (B) Analysis

of the top signaling and metabolic pathways which are associated with the differential

expression in the Sod2 —/- animals. The red line again indicates the significance cut off of p
< 0.05 for the fisher’s exact test. The black line indicates the ratio of signal values for the
wild-type to the Sod2 —/- knockout animals which is represented on the lower axis.
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Figure 3. Analysis of Sod2 -/- animals which are low dose of EUK-189 (1 mg/kg) antioxidant
compound

Ingenuity pathway gene expression analysis for animals undergoing neurodegeneration,
while receiving a low dose of antioxidant treatment. (A) Gene function analysis of the most
significant gene functions where the red line indicates the significance cut off of -log(0.05)
for the fisher’s exact t-test. (B) Analysis of the top signaling and metabolic pathways that
are associated with the differential expression in the Sod2—/- animals. The red line again
indicates the significance cut off of p < 0.05 for the fisher’s exact test. The black line
indicates the ratio of signal values for the wild-type to the Sod2 —/-knockout animals.
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Figure 4. Analysis of the proteomic changes in Sod2 —/- knockout mice

Using the subset of proteins which demonstrated significantly different expression in the
Sod2 /- synaptosomes against their wild-type controls a proteomic profile was generate
using Ingenuity pathway analysis. These significantly altered proteins were used as the basis
for the list of the top gene functions (A) and canonical pathways (B). Analysis of proteins
which reveals a number of specific protein function categories related to metabolic function
with the citrate cycle and oxidative phosphorylation score highly. All Listed categories were
identified as significant through if they reached p value less than 0.05 from a fisher’s exact #
test.
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A P-value by Complex B Ratlo vs Complex

Figure 5. Specific respiratory chain proteomic alterations

Plots of respiratory chain complexes differentially affected by endogenous oxidative stress.
Both the p-values (A) and KO/WT ratios (B) are derived via Limma as described in text.
The other category represents peptides not identified to be part of respiratory chain.
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Figure 6. Analysis of gene expression of proteins localized to the synapse

This volcano plot displays the gene expression data of the LC-MS identified proteins in the
low dose treated Sod?—/- as compared to their wild-type controls are shifted in their
expression levels in both their magnitude and significance of change. The significance cutoff
(p < 0.05) is represented by the horizontal line; points above this line are significantly
changed as compared to their respective wild-type controls. Treatment of the Sod2 —/-
animals with a higher dose of EUK-189 effectively normalizes the expression of most but
not all proteins at the synapse
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Figure 7. Correlation of the proteomic and gene expression analysis

To examine the correlation between the expression changes at the gene expression level to
the protein levels detected with mass spectrometry we have expressed this data as a chart
displaying the ratio between the wild-type and Sod2 —/- synaptosome samples. This chart
identifies that some proteins levels do correlate with the gene expression data, while others
do not match their gene expression levels. This reveals that the gene expression and protein
level does not necessarily correlate which suggests that a multilevel approach to
examination of a disease state is potentially more powerful then examining gene expression
or proteins alone.
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Figure 8. Increased levels of phosphorylation of 4E-BP1 due to endogenous oxidative stress in
synaptosomes

(A) levels of phosphorylated mTOR do not change as a consequence of endogenous
oxidative stress. However, levels of phosphorylated 4E-BP1 are significantly increased in
synaptosomes from (p=0.0023) Soa’Z null mice. (B). Levels of ULKZ1, a protein involved in
autophagy are not changed in synaptosomes from SodZnull mice. Equivalent amounts of
synaptosomal proteins between wild-type controls and SodZnull mice (SNAP25
synaptosomal marker) were loaded, and then levels of ULK1 (Unc 51 kinase like 1, a key
protein involved in autophagy mediated through TOR) were estimated. No significant
differences were seen in synaptosomal levels of ULK1.

Free Radlic Biol Med. Author manuscript; available in PMC 2013 September 01.



