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Abstract
Increasing evidence suggests that both synaptic loss and
neuroinflammation constitute early pathologic hallmarks of
Alzheimer’s disease. A downstream event during inflammatory
activation of microglia and astrocytes is the induction of nitric
oxide synthase type 2, resulting in an increased release of nitric
oxideand thepost-translationalS-nitrosylationofprotein cysteine
residues. Both early events, inflammation and synaptic dysfunc-
tion, could be connected if this excess nitrosylation occurs on
synaptic proteins. In the long term, such changes could provide
new insight into patho-mechanisms as well as biomarker
candidates from the early stages of disease progression. This
study investigated S-nitrosylation in synaptosomal proteins
isolated from APP/PS1 model mice in comparison to wild type

and NOS2�/� mice, as well as human control, mild cognitive
impairment and Alzheimer’s disease brain tissues. Proteomics
data were obtained using an established protocol utilizing an
isobaric mass tag method, followed by nanocapillary high
performance liquid chromatography tandemmass spectrometry.
Statistical analysis identified the S-nitrosylation sites most likely
derived from an increase in nitric oxide (NO) in dependence of
presence of AD pathology, age and the key enzyme NOS2. The
resulting list of candidate proteins is discussed considering
function, previous findings in the context of neurodegeneration,
and the potential for further validation studies.
Keywords: Alzheimer’s disease, mass spectrometry,
neuroinflammation, S-nitrosylation, synaptosome.
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Various studies have demonstrated the relationship between
cognitive impairment and synaptic dysfunction in the early
stages of Alzheimer’s Disease (AD) (Tomiyama et al. 2010;
Hammerschmidt et al. 2013; Swomley et al. 2014; Tonnies
and Trushina 2017). Area-specific decreases in synaptic
density can be found in the AD brain (DeKosky and Scheff
1990; Terry et al. 1991), e.g., in the temporal and frontal
cortex (Davies et al. 1987). Even when synapses seem
structurally intact, they may be dysfunctional (Yao et al.
2003). These slight alterations may account for the earliest
symptoms of AD, which may occur years before the clinical

diagnosis of dementia is made (Boyd-Kimball et al. 2005;
Chang et al. 2013). Therefore, it can be hypothesized that
this “preclinical” AD phase provides an opportunity for
therapeutic intervention, and therefore biomarkers of this

Received April 25, 2019; revised manuscript received August 23, 2019;
accepted September 4, 2019.
Address correspondence and reprint requests to Michael T. Heneka,

German Center for Neurodegenerative Diseases (DZNE), Clinical
Neuroscience Unit, University Hospital Bonn, Sigmund-Freud-Str. 25,
53127 Bonn, Germany. E-mail: michael.heneka@ukbonn.de

1These authors contributed equally to this work.
Abbreviations used: AD, Alzheimer’s disease; Ab, amyloid beta; CSF,

cerebrospinal fluid; EEF2, elongation factor 2; FHL1, four and a Half
LIM domains protein 1; GSTM3, glutathione S-transferase Mu 3;
HSDL1, hydroxysteroid dehydrogenase-like protein 1; IodoTMT,
iodoacetyl tandem mass tag; Limma, linear models for microarray data;
MCI, mild cognitive impairment; MOG, myelin-oligodendrocyte glyco-
protein; NCAN, neurocan core protein; NDRG2, N-myc downstream-
regulated Gene 2 protein; NDUFAB1, NADH:ubiquinone oxidoreduc-
tase subunit AB1; NO, nitric oxide; NOS2, nitric oxide synthase type 2;
RP, rank product; ranks of fold change; RRID, research resource
identifier (see scicrunch.org); SDHA, succinate dehydrogenase [ubiqui-
none] flavoprotein subunit, mitochondria; SLC1A3, excitatory amino
acid transporter 1; SLC30A3, Zinc transporter 3; SNO, S-nitrosylation;
WT, wild-type.

710 © 2019 The Authors. Journal of Neurochemistry published by John Wiley & Sons Ltd on behalf of
International Society for Neurochemistry, J. Neurochem. (2020) 152, 710--726

This is an open access article under the terms of the Creative Commons Attribution License, which permits use,
distribution and reproduction in any medium, provided the original work is properly cited.

JOURNAL OF NEUROCHEMISTRY | 2020 | 152 | 710–726 doi: 10.1111/jnc.14870

https://orcid.org/0000-0002-4275-0200
https://orcid.org/0000-0002-4275-0200
https://orcid.org/0000-0002-4275-0200
https://orcid.org/0000-0003-4996-1630
https://orcid.org/0000-0003-4996-1630
https://orcid.org/0000-0003-4996-1630
mailto:
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjnc.14870&domain=pdf&date_stamp=2019-10-21


disease stage should be further investigated (Sperling et al.
2011; Fiandaca et al. 2014).
Neuroinflammation occurs alongside neurodegenerative

processes and plays a key role in the development of AD
(Agostinho et al. 2010; Meraz-R�ıos et al. 2013; Heneka et al.
2015). Neuroinflammation has been shown to lead to the
release of pro- and anti-inflammatory mediators and induc-
tion of pro-inflammatory enzymes, including nitric oxide
synthase 2 (NOS2) and prostaglandin synthase 2.
Cytokine-induced NOS2 expression causes post-transla-

tional protein modifications through the sustained generation
of NO, which can be taken as a fingerprint of neuroinflam-
matory activity in the brain (Heneka and Feinstein 2001;
Colton et al. 2008). Increased levels of nitrated proteins have
been reported in the brain and cerebrospinal fluid (CSF) of
patients with AD, indicating a sustained activity of NOS2 in
the central nervous system (Nakamura et al. 2013; Senevi-
ratne et al. 2016).
Under physiological conditions, there are two NOS

enzymes that are expressed constitutively: neuronal nNOS/
NOS1 and endothelial eNOS/ NOS3 (F€orstermann and Sessa
2012). One of the key biological modifications induced by
NO is the S-nitrosylation (SNO) of cysteine residues. This
modification is reversible and plays an essential role in NO
signaling (Nakamura et al. 2013). Proteins that have been
nitrosylated vary in their response to this modification;
resulting in either their activation or inactivation. S-nitrosy-
lation participates in a variety of physiological processes,
including the regulation of cell signal transduction pathways,
conformational changes, protein–protein interaction, and cell
survival (Shi et al. 2013).
In contrast, inflammation-induced iNOS/ NOS2 expression

can result in abnormal levels of S-nitrosylation and thereby
cause cellular dysfunction and neurodegeneration (Nakamura
and Lipton 2016). Studies carried out in NOS2 knockout mice
have shown a correlation between NOS2, amyloid beta (Ab)
deposition, and cognitive dysfunction in AD mouse models
(Colton et al. 2008; Kummer et al. 2011). The SNO-proteome
in cortex and hippocampus tissues is altered in both the CK-
p25 mouse model of AD and the P301S mouse model of
tauopathy (Seneviratne et al. 2016; Amal et al. 2019).
In this study, our aim was to characterize the NOS2-

dependent SNO of synaptic proteins as a fingerprint of
neuroinflammation in mouse and human brain samples to
discover new potential biomarker candidates for AD. Mass
spectrometry-based quantification with an irreversible Cys-
reactive reagent of Iodoacetyl Tandem Mass Tag
(IodoTMTTM, Thermo Fisher Scientific, Waltham, MA,
USA) was used for both mice and human studies (Wijasa
et al. 2017). The age effect and genotype effect were analyzed
in synaptosome samples prepared from wild-type (WT) and
AD-transgenic mice. Data obtained from murine AD models
were then compared with brain samples from AD, mild
cognitive impairment (MCI), and healthy elderly subjects.

Methods

Animals

All animals and experiments were maintained according to the legal
and ethical requirements of the University of Bonn –Medical Center
(Germany) and the North Rhine-Westphalia (NRW) federal ministry
for nature, environment and consumer protection (Landesamt f€ur
Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen,
LANUV). Mice were housed for brain preparation only which did
not require further approval. An overview of the mice study design
and samples is provided in Fig. 1 and Table 1. Four age-matched
male transgenic mice groups were used in this study, maintained on
C57BL/6J genetic background. They were obtained from the
Jackson Laboratories and breed internally. APP/PS1+/� mice
(RRID:IMSR_JAX:34832-JAX) were studied as AD model with
C57BL/6J wild type (WT) (RRID:IMSR_JAX:000664) as controls.
NOS2�/� mice (RRID:IMSR_JAX:002609) were used to test the
role of NOS2-derived NO in neuroinflammation. APP/PS1+/- was
bred with NOS2�/� mouse in-house to generate the litters in one of
the groups used in this study. Deletion of inducible NOS in an APP/
PS1 background (APP/PS1/NOS2�/�) was used to identify protein
SNO sites related to neuroinflammation in AD. DNA isolation was
performed from a small piece of tail of the offsprings of APP/PS1/
NOS2�/�. Mice were genotyped by polymerase chain reaction using
the following primers (RRID:SCR_006898): PrP-Antisense: agcc-
tagaccacgagaatgc, 237F: caggtggtggagcaagatg, S36: ccgagatctct-
gaagtgaagatggatg, BACE HC69: aggcagctttgtggagatggtg, BACE
HC70: cgggaaatggaaaggctactcc. APP band was expected at 400 base
pairs (bp), PS1 band was at 1.2 kilobases (kb) and no band for
NOS2�/�. For genotype identification, the APP/PS1+/- tail was used
as a positive control and NOS2�/� as a negative control. Each tail
sample was digested with 5 µL of proteinase K in 1 mL of lysis
buffer (containing in mM: 50 Tris-HCl, 50 KCl, 2.5 EDTA pH 8.0,
0.45% NP-40 and 0.45% tween 20) and left overnight at 55°C with
agitation (650rpm on a heated shaker). DNA samples were vortexed
and centrifuged to pellet the debris. DNA precipitates were
dissolved in 100 µL of distilled water. For the amplification
reaction, 1 µL of DNA (or water in the negative control) was
added to 19 µL of PCR mix containing 10 µM of primers in a total
reaction volume of 20 µL. Samples were denaturated at 95°C for
3 min and then subjected to 35 cycles of 95°C for 30 s (s), 65°C for
75 s and 72°C for 60 s, with a final extension step of 4 min at 72°C
and paused at 4°C. PCR products were separated on a 2% agarose
gel electrophoresis (120 V for 30 min) and photographed for
documentation.

Mice were housed in groups under standard conditions at 22°C
and a 12 h light–dark cycle with free access to food and water.
At 3 months or 12 months, animals were anesthetized using
isoflurane and transcardially perfused, using ice-cold normal
saline immediately before synaptosome isolation. Isoflurane
inhalation was used due to short induction, minimal handling,
and the reliability of its effects. Animal numbers were n = 20 per
each group (in total 160 mice from 8 groups). Whole brain
hemispheres (without cerebellum and brainstem) were used for
protein extraction. The mice were arbitrary assigned for the brain
collection. Blinding was not performed. Animal handling proce-
dures were conducted according to the NIH Guide for the Care
and Use of Laboratory Animals.
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Human sample material
All human brain samples were provided from clinically and
pathologically well-characterized cases at Banner Sun Health
Research Institute Brain and Body Donation Program (BBDP) in
Sun City, Arizona (Beach et al. 2015). All subjects participating
in the Banner Brain and Body Donation Program signed a written
informed consent. The BBDP has been approved by the
institutional review board and research conducted on BBDP
subjects is carried out in accordance with The Code of Ethics of
the World Medical Association (Declaration of Helsinki) for
experiments involving humans. Frozen human cortical brain
tissues were collected postmortem (n = 30 healthy control,
n = 30 MCI and n = 30 AD). These three groups were matched
with regard to age, sex, and postmortem interval of less than 4 h
(Table 1). Diagnoses were made according to the neuropathologic
diagnosis of AD, known as the National Institute on Aging/
Reagan Institute of the Alzheimer Association Consensus Rec-
ommendations for the Postmortem Diagnosis of AD or NIA-
Reagan Criteria. Specifically, tissues were assessed for Ab plaque
score, Braak neurofibrilliary tangles stage, and CERAD neuritic
plaque score were assigned to each sample, indicating possible
AD, or definite AD. Blinding was not performed.

Synaptosome isolation
Synaptosomes were purified as described previously (Wijasa et al.
2017). In brief, synaptosomes were isolated from mouse and human
brain samples and directly placed in a Teflon-glass homogenizer
with ninefold volume of tissue weight in ice-cold 0.32 M sucrose
(consists of 50 mM Tris-Acetat, 1 mM EGTA, 1 mM EDTA,
1 mM AEBSF, cOmplete protease inhibitor cocktail 0.2% V/V,
5 mM Na2H2P2O7, 5 mM NaF, 2 mM NaVO3, pH 7.4). Homo-
genates were cleared by centrifugation at 800 g for 5 min. The
pellet was discarded and the supernatant was layered on top of a
discontinuous sucrose density gradient consisting of 1.0 mol/L and
1.4 mol/L sucrose buffer and centrifuged at 54 000 g in a swinging
bucket rotor (OptimaTM MAX-XP ultracentrifuge, Beckman Coul-
ter, Brea, CA, USA) for 90 min. Purified synaptosomes were
collected at the interface between 1.0 M and 1.4 M sucrose. The
resultant fraction was diluted with fourfold volume of HPLC-grade
water and pelleted at 54 000 g for 15 min. The supernatant was
discarded and the synaptosomal pellet was stored immediately at
�80°C. The quality of the synaptosome purification was performed
using a 3-month-old WT mice and healthy control human samples
(n = 3/ group) by immunoblotting against synaptic, cytosolic, and
nuclear markers. Equal amounts of protein samples (20 lg) were

APP/PS1 3 mWT 3 m

APP/PS1/NOS2–/– 12 mAPP/PS1 12 mWT 12 m
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aging

Pathological
aging
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NOS2 effect in old WT NOS2 effect in old APP/PS1

Age effect 
on NOS2–/–
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Fig. 1 Overview of group-wise comparisons used in mouse and
human samples. (a) Murine synapto-SNO-proteomes were examined

by a series of comparisons to differentiate age-dependent, APP/PS1-
dependent and NOS2-dependent effects. The experimental groups
(n = 12 each) were 3-month and 12-month-old wild type (WT), NOS2�/

� (NOS2 knockout mice, NOS2ko), APP/PS1 (transgenic mice
carrying the human APP and presenilin1 gene) and APP/PS1/

NOS2�/� (transgenic mice carrying the human APP, presenilin1 gene
crossed with NOS2�/�). (b) Human synapto-SNO-proteomes were
examined by disease stage-based comparison.
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separated by 4–12% NuPAGE (Invitrogen), using MES buffer and
transferred to the nitrocellulose membranes. Membranes were
incubated for 30 min at room temperature in blocking solution
(20 mM Tris, 150 mM NaCl, and 3% w/v bovine serum albumin/
BSA), followed by incubation at 4°C overnight with primary
antibodies in TBS-T (20 mM Tris, 150 mM NaCl, 3% w/v bovine
serum albumin/BSA, and 0.1% tween-20). Immunoblots were
performed using the following primary antibodies: rabbit anti-
synaptophysin (1 : 1000, Abcam, ab52636, RRID AB_882786,
Cambridge, UK), rabbit anti-NMDA receptor 2B (NMDAR2B,
1 : 1000, Millipore Corporation, Burlington, MA, USA, ab1557p,
RRID AB_11214394), rabbit anti-glutamate receptor 1 (GluA1,
1 : 1000, Millipore, ab1504, RRID AB_2113602), mouse anti-post-
synaptic density protein (PSD95, 1 : 2000, Thermo Fisher Scien-
tific, MA1-064, RRID AB_2092361), mouse anti-nuclear antigen
Lamin B1 (1 : 500, Proteintech, 66095-1-Ig, RRID AB_11232208)
and mouse anti-alpha tubulin (1 : 2000, Thermo Fisher Scientific,
62204, RRID AB_1965960). Further reagents and resources are
described in the supplementary material.

IodoTMT labeling and mass spectrometry
All chemicals and antibodies used in this study are listed in detail in
the supplementary file methods section. Isobaric mass tag labeling
using iodoTMTTM (Thermo Fisher Scientific), nanocapillary high-

performance liquid chromatography tandem mass spectrometry, and
basic mass spectrometry data processing were performed as
previously described (Wijasa et al. 2017). The identified proteins
were annotated using Uniprot/SwissProt database (Bateman et al.
2015) and then classified using Panther Gene Ontology (GO)
(Thomas et al. 2003) and Gorilla search engine (Eden et al. 2009).
Identified SNO sites were compared to entries in a S-nitrosylation
database (http://dbSNO.mbc.nctu.edu.tw). Further reagents and
resources are described in the supplementary material.

Statistics and data analysis

Since we did not have information about the predicted variables, the
sample size was not calculated before. Statistical analysis followed
the same workflow and parameters for the mice and human data sets,
respectively. Peptide mass spectrometry intensities were log2
transformed to approximate normal distribution and enable para-
metric testing. Next, a pairwise Pearson correlation matrix was
calculated for all internal standard samples of each data set. If the
Pearson correlation score of a single mass spectrometry sixplex run
was below 0.5, all samples of this run were excluded from further
analysis as a quality control of the TMT-labeling procedure.

After this quality control, a series of inter-group pairwise tests
was conducted: In the mice data set, each genotype was contrasted
against each other and across age (3 months vs 12 months old). On

Table 1 Overview on sample and subject features

Species Feature

Experimental group

WT NOS2�/� APP/PS1 APP/PS1/NOS2�/�

Mouse Age (mth.) 3 and 12 3 and 12 3 and 12 3 and 12

Sex (% male) 100 100 100 100
Sample size (n) 20 20 20 20
Sample size (n) after QC 12 12 12 12

Feature CON MCI AD Significance

Human Age (yrs.) 87.4 � 8.173–99 92.1 � 7.283–99 84.3 � 10.166–99 All: 0.013MCI Vs. AD 0.015
Sex (% male) 57 50 53 All: 0.875
PMI (h) 2.8 � 0.71.5–3.8 2.7 � 0.71.8–3.5 2.6 � 0.61.5–3.5 All: 0.922

MMSE 28.5 � 1.426–30 26.7 � 2.521–30 11.9 � 9.80–28 All: 2x10E-8CON vs. AD 2 9

10E-8MCI vs. AD 8 9 10E-5

ApoE 3/3 3/3 3/4 All: 2 9 10E-5CON vs. AD 2 9

10E-5MCI vs. AD 3 9 10E-3

Braak Stage 2.7 � 1.01–4 3.2 � 1.11–5 5.4 � 0.74–6 All: 5 9 10E-13CON vs. AD 5 9

10E-12MCI vs. AD 3 9 10E-8

Sample size (n) 30 30 30
Sample size (n) after QC 20 20 20

This study used brain tissue from mice and human subjects. Sample sizes were kept identical for all groups, including after quality control (QC) of
the mass spectrometry data. In the mice part of the study, the experimental groups were male 3-month and 12-month-old wild type (WT), NOS2�/�

(NOS2 knockout mice, NOS2ko), APP/PS1 (transgenic mice carrying the human APP and presenilin1 gene) and APP/PS1/NOS2�/� (transgenic
mice carrying the human APP, presenilin1 gene crossed with NOS2�/�). For the human part of the study, features of samples and sample donors
are described as mean � standard deviation plus range. For APOE genotype, the most frequent genotype is reported. For MMSE, the last available

testing data were used. Group comparisons were done using ANOVA or Chi2 test. Results are reported for all groups and for significant adjusted
pairwise comparisons. By tendency, MCI patients were slightly older than control or AD patients, which made a significant difference between MCI
and AD groups. There was no significant difference in sex or postmortem interval (PMI) between the groups. In accordance to AD pathogenesis and

clinic, AD patients showed significantly reduced cognitive performance, a higher frequency of ApoE4 alleles, and had progressed further in the
Braak staging scheme.
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human results, pairwise tests were performed in which each group of
patients was compared to each other. To minimize false positive
results, the peptides identified in less than 50% of the total biological
replicates were omitted (Kuster et al. 2005; Blonder and Veenstra
2007; Mallick et al. 2007).

To identify regulated peptides/proteins, a combination of Linear
Models for Microarray Data (limma), Rank Product (RP), and
bootstrap analysis was used. TMT tag reporter ion intensities were
used to calculate fold change using limma and RP (Schwammle
et al. 2013). P-values were calculated for each peptide and
adjusted for multiple testing, using the Benjamini and Hochberg
approach to control false discovery rates. Additionally, random
sampling with replacement (bootstrap analysis) was calculated to
evaluate if the initial fold change was representative of the
population (Mukherjee et al. 2003; Wang et al. 2012; Zhang et al.
2016). The bootstrap analysis for the identification of differently
expressed proteins in this study was performed using 10000
permutations. Proteins were considered significant if adjusted p-
values (limma q-value and/ or RP q-value) were below the
significance level a = 0.05 and/ or if the protein was within the
95% confidence interval (CI) of the bootstrap analysis. The fold–
change threshold was set to a minimum 1.2-fold. To reduce false
positives, proteins with lower fold change were excluded even
when otherwise within significance criteria. To globally visualize
the data of the intergroup pairwise comparisons, log2 fold change
of each SNO-Cys protein was plotted against –l og2 adjusted p-
value in a volcano plot. Venn diagrams were calculated using a
freely available web tool (Venny 2.1., Oliveros, 2007-2015) on the
protein level excluding duplicate protein entries.

Further evaluation was focused on those SNO-peptides for which
an increase was observed under pathological conditions, as disease
relevant neuroinflammatory processes would always result in
increased release of NO.

Results

Quality control & basic features of the data set
Protein yields obtained from the purified synaptosomes were
comparable between mouse and human samples
(3.0 � 1.0 µg/mg and 2.8 � 0.8 µg/mg, respectively). The
purity of synaptosome isolations was analyzed by western
blot detection of specific synaptic and nuclear markers, using
brain samples from 3-month-old WT mice and healthy
human controls (Figure S2). In accordance with successful
isolation of synaptosomes, pre- and post-synaptic proteins
including synaptophysin, NMDAR2B, GluA1, and PSD95
were enriched in the synaptosomal fraction compared with
whole brain tissue homogenates, while the nuclear marker
Lamin B1 was depleted in the synaptosomes relative to
whole brain tissue homogenates.
By inter-run quality control of the mass spectrometry

sixplex internal standards, 60% of the murine samples
(n = 12 per group) and 67% of the human samples (n = 20
per group) were included in statistical analysis. Descriptive
data on the biological/ clinical features of the mouse and
human specimen is provided in Table 1.

Of the SNO sites found in the proteomics data, 33% of the
murine and 69% of the human modification sites were
identified for the first time based on comparison to a S-
nitrosylation database (http://dbSNO.mbc.nctu.edu.tw).

S-nitrosylation of synaptic proteins in AD mouse model
To identify those proteins with an increase in SNO in an age-
, pathology- and NOS2-dependent manner, a series of
pairwise comparisons were performed (see Fig. 1 for an
overview). First, we tested the age effect within each
individual genotype group (old 12 month compared with
young 3-month-old mice, Fig. 2 and Table S1), and then the
genotype effect between the 12-month-old mice groups
(Fig. 3 and Table S2) was tested.
The first comparison was between old and young WT mice

to identify changes in SNO related to physiological aging
(Fig. 2a). A total of 434 synapto-SNO proteins were
detected. Of these, 101 proteins were significantly increased.
The comparison of old and young APP/PS1 mice indicated
pathological aging (Fig. 2c), which yielded a total of 429
SNO proteins from the APP/PS1 samples (AD mouse
model). Of these, 87 SNO proteins were significantly
increased.
To determine which of these 87 SNO proteins were

modified in a NOS2-dependent manner, the same analysis
was repeated comparing the synapto-SNO proteome between
old and young NOS2�/� and APP/PS1/NOS2�/� transgenic
mice (Fig. 2b, d). This detected 431 SNO proteins from the
NOS2�/� samples, of which 53 SNO proteins were increased
significantly. Similarly, of the 444 SNO proteins that were
identified during aging in the APP/PS1/NOS2�/� samples,
58 SNO proteins were significantly increased. It was
postulated that non-overlapping synapto-SNO proteins that
were only detected in APP/PS1-derived samples could show
NOS2-dependent proteins that are directly related to the
neuroinflammatory processes observed in APP/PS1 mice.
There were 17 SNO proteins that fulfilled these criteria
(Fig. 4a).
To visualize the effects of APP/PS1 and NOS2 gene

deletion in 12-month-old mice (genotype effect), Venn
diagrams were generated using three pairwise group com-
parisons (Fig. 3). WT was compared with NOS2�/� at the
same age in order to identify the effect of NOS2 gene
deletion on the WT background. A total of 460 SNO proteins
were identified and of these, 32 SNO proteins were identified
as significantly increased. Next, APP/PS1 was compared
with APP/PS1/NOS2�/� to identify which SNO modifica-
tions are NOS2-dependent. This yielded a total of 467 SNO
proteins, of which 45 SNO proteins met the significance
criteria. Finally, APP/PS1 mice were compared with WT
mice to delineate the SNO modifications that occur due to
cerebral amyloidosis. In APP/PS1 compared with WT
samples 465 SNO proteins were found, of which 39 SNO
proteins were significantly increased.

© 2019 The Authors. Journal of Neurochemistry published by John Wiley & Sons Ltd on behalf of
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There were six SNO proteins that increased in both
analyses, aged APP/PS1 vs aged APP/PS1/NOS2�/� and
aged APP/PS1 vs aged WT mice. Five of these SNO proteins

were modified by NO in response to cerebral amyloidosis
(Fig. 4b). The results further revealed four overlapping
proteins when corrected for age- and genotype-dependent
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FC > 1.2, p < 0.05 (Limma or RP) and within CI  FC > 1.2 and p < 0.05 (Limma or RP)   
FC > 1.2 and within CI       Not significant

Fig. 2 Distribution of proteomics data in
age-dependent comparisons. To investigate
the age effect, synapto-SNO-proteome data

was compared between of old (12 month)
against young (3 month) mice. (a) A total of
434 synapto-SNO proteins in wild-type
samples were identified. Of these, 101

proteins were significantly increased. (b) In
NOS2�/�samples 431 SNO proteins were
identified, of which 53 SNO proteins were

significantly up-regulated. (c) The
comparison of old and young APP/PS1
mice yielded a total of 429 SNO proteins

from the APP/PS1 samples (AD mouse
model). Of these, 87 SNO proteins fulfilled
the significance criteria. (d) Of 444 SNO

proteins identified in the APP/PS1/NOS2�/�

samples, 58 SNO proteins were significantly
up-regulated. In volcano plots, negative log2
p-values (adjusted Limma p) were plotted

against log2 protein fold change values.
Dotted lines indicate the minimum fold
change (grey lines) and p-values (orange)

considered significant.
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effects: n-myc downstream-regulated gene 2 protein
(NDRG2), NADH:ubiquinone oxidoreductase subunit AB1
(NDUFAB1), excitatory amino acid transporter 1 (SLC1A3),
and inactive hydroxysteroid dehydrogenase-like protein 1

(HSDL1) (Fig. 4c). The list of NOS2-dependent SNO
proteins up-regulated by aging and/ or APP/PS1 genotype
mice is shown in table 2.

12 month WT - NOS2–/–

12 month APP/PS1 - WT

467 SNO proteins
with n > 50%

465 SNO proteins
with n > 50%
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FC > 1.2 and within CI       Not significant

Fig. 3 Distribution of proteomics data in
genotype-dependent comparisons. To

determine the genotype effect in 12-
month-old mice, synapto-SNO-proteome
data was compared between genotypes of

12-month-old age-matched animals. (a) 460
SNO proteins were included in the compar-
ison of WT vs. NOS2�/� samples. Of these,

32 proteins were significantly up-regulated.
(b) Comparison of 12-month APP/PS1 vs.
APP/PS1/NOS2�/� samples (467 SNO pro-
teins included, 45 up-regulated in WT). (c)

APP/PS1 vs. WT samples (465 SNO
included, 39 up-regulated). In volcano plots,
negative log2 p-values (adjusted Limma p)

were plotted against log2 protein fold
change values. Dotted lines indicate the
minimum fold change (grey lines) and p-

values (orange) considered significant.
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Functional classification of nitrosylated murine proteins

To further understand the functional impact of NOS2-mediated
protein nitrosylation, an analysis of associated Gene Ontology
terms was performed using the Panther database (http://panthe
rdb.org) “PANTHER version 13.1 Released 2017-04” at
p < 0.05 (Fig. 5) (Thomas et al. 2003). The classification for
the biological processes that the 17 age-related NOS2-depen-
dent SNO proteins were: metabolic processes (32.3%), cellular
processes (29%), biological regulation (12.9%), localization
(9.7%), multicellular organismal processes (3.2%), and
response to stimulus (12.9%). Furthermore, the 5 NOS2-
dependent SNOproteins that increased bygenotype comparison
showed an involvement of similar pathways: metabolic pro-
cesses (30%), cellular processes (30%), biological regulation
(10%), localization (10%), multicellular organismal processes
(10%), and response to stimulus (10%). In both comparisons
(age- and genotype-dependent), metabolic and cellular pro-
cesses were the most affected.
Following this, all SNOproteins that increased in the age- and

genotype-dependent comparisonwere classified by theirmolec-
ular function.The candidate proteins in the age comparisonwere
classified into the following: catalytic activity (53.8%), binding
(15.4%), transporter activity (15.4%), translation regulator
activity (7.7%), and structural molecule activity (7.7%). Sim-
ilarly, when genotypes were compared, alterations in catalytic
activity (33.3%), binding (33.3%) and transporter activity
(33.3%) were the most influenced processes.

Synaptosomal S-nitrosylation in human specimen

Pairwise comparisons were performed between AD, MCI and
healthy control groups (Fig. 6 and Table S3). After quality
control, a total of 291 SNO proteins were identified in
synaptosome fractions derived from AD brains compared to
MCI brains. The comparison between MCI and control
samples included 289 SNO proteins and between AD and

control 295 proteins. Applying the same statistical analysis for
human candidates as for murine proteins, 16 SNO proteins
were significantly increased when AD was compared with
MCI, 1 SNO protein was found to be elevated when MCI was
compared with controls and 9 SNO proteins were increased in
AD cases as compared with control brains (Tables S3 and S4).
No SNO protein overlapped between all three pairwise
comparisons. Three SNO proteins were significant and shown
in both pairwise comparisons, AD group against MCI or
against controls. These were myelin-oligodendrocyte glyco-
protein (MOG), glutathione s-transferase Mu 3 (GSTM3), and
four, and a half LIM domains protein 1 (FHL1).

Functional classification of nitrosylated human proteins

Functional classification of up-regulated human SNO proteins
included candidates found in at least one pairwise comparison.
Following this criterion, 23 synapto-SNO were classified by
their biological processes usingUniprot/SwissProt database and
molecular functions using Panther Gene Ontology (Figure S2
and Table S4). The biological processes included cellular
process (27.8%), cellular component organization or biogenesis
(13.9%), metabolic process (13.9%), multicellular organismal
process (13.9%), developmental process (11%), biological
regulation (8.3%), immune system process (5.6%), localization
(2.8%), and response to stimulus (2.8%). Subsequently, the
analysis was done for their molecular function. The increase in
human proteins was classified into the following: catalytic
activity (30.7%), structural molecule activity (23.1%), binding
(23.1%), signal transducer activity (7.7%), receptor activity
(7.7%), and transporter activity (7.7%).

Discussion

Our proteomic study was designed to identify endogenous
synaptic S-nitrosylated (synapto-SNO) proteins in murine
and human synaptosomes. In order to assess the contribution

Age effect Genotype effect on old mice(a) (b)

C)

APP/PS1 - WT

WT - NOS2–/– APP/PS1 - APP/PS1/NOS2–/–

Age effect Genotype effect

Age WT Age NOS2–/–

Age APP/PS1 Age APP/PS1/NOS2–/–

Fig. 4 Overlap of increased proteins

between age and genotypes. (a) The
diagrams differentiate synapto-SNO
proteins that were increased in an age-
dependent manner. A total of 17 proteins

were found to increase during aging in a
NOS2-dependent manner specifically in
APP/PS1 mice. (b) Synapto-SNO proteins

that were increased in APP/PS1 mice and
are NOS2-dependent (5 selected proteins).
(c) Overlap between NOS2-dependent

synapto-SNO proteins increased in age-
dependent and/or APP/PS1 genotype-
dependent manner. These proteins could

provide primary candidates for validation
(see Table S4).

© 2019 The Authors. Journal of Neurochemistry published by John Wiley & Sons Ltd on behalf of
International Society for Neurochemistry, J. Neurochem. (2020) 152, 710--726
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of NOS2-induced neuroinflammation in the pathogenesis of
AD, a NOS2-deficient mouse model was used. An optimized
protocol for mass spectrometry-based proteomics, using
iodoTMTTM isobaric tag labeling was applied to identify
synapto-SNO protein modifications during physiological
aging and along the AD trajectory. The performance of this
protocol was comparable to our previous results (Wijasa
et al. 2017).
S-nitrosylation is a fragile modification with fast turnover,

although the SNO stability can vary between different
proteins (Paige et al. 2008). Currently, there is no established
method for “fixation” of SNO, resulting in potential loss of
SNO during sample preparation steps such as isolation of the
synaptosomes. The protocol applied in this study includes
physical and chemical measures to reduce this loss, such as
cooling and light protection, and exclusion of substances
with known SNO-modifying properties such as thiol block-
ers. Nonetheless, the identified SNO proteins should be
considered as a fraction of the “true” SNO proteome of
synapses, potentially representing those nitrosylation sites in
synaptic proteins that are most stable. On the other hand,
such stable SNO sites could even be advantageous for
biomarker discovery approaches. In general, the protocol
applied in this study yields good comparability when
compared to other studies on the synaptic proteome.
Nevertheless, only a small overlap was found between the
identified proteins and other studies on the SNO-proteome
(Seneviratne et al. 2016; Amal et al. 2019). Yet, these studies
analyzed whole-brain regions utilizing different models and
enrichment strategies for nitrosylated peptides. Further
improvement of techniques for SNO characterization is still
desirable to reduce such limitations.
Quantitative proteome analysis of multiple non-identical

data sets can be challenging due to missing values (Nilsson
et al. 2010; Schwammle et al. 2013). To overcome this
limitation, this study applied a combination of Limma, RP, and
bootstrap analyses. Limma and RP are well-established
methods for statistical analysis of large data sets that contain
missing values, but are still robust enough to prevent the false
positive (type I error) data estimations (Mukherjee et al. 2003;
Schwammle et al. 2013). The bootstrap method, however,
provides more accurate family wise error rate/FWER (prob-
ability of making false discovery or type 1 error) and
introduces fewer type 2 errors (false negative) compared with
standard methods (e.g., Bonferroni’s correction) for multiple
comparison analyses (Dudoit et al. 2004; Forrest et al. 2005;
Søgaard et al. 2014). Their combined usage is complementary
and yields high detection rates of regulated features (du Prel
et al. 2009).
Biologically, various mechanisms may cause the differ-

ences of synapto-SNO protein levels observed in the present
study. Changes in protein expression prior to nitrosylation
(Hong et al. 2009; Papuc ́ et al. 2015), increased NOS2
activity (Chen et al. 2012; Heneka et al. 2015) or other NO

sources such as from food and drugs may account for the
altered s-nitrosylation of the synaptosome (Ahmad 1995;
Nakamura et al. 2013; Al-Gubory 2014; Faraco et al. 2014),
limiting the interpretation of the obtained results. Another
factor that increases the production of NO is oxidative stress,
which is implicated in the natural aging process as well as a
variety of disease states (Tonnies and Trushina 2017).
To identify those synapto-SNO proteins most likely related

to inflammation-induced NOS2 activation, this study focused
on the up-regulated SNO proteins identified from mouse and
human synaptosomes, as the induction of NOS2 expression
and subsequent NO generation is likely to increase SNO. The
mouse models furthermore included NOS2 KO mice,
enabling elimination of those protein candidates that were
NOS2 independent and unlikely to be related to inflamma-
tory reactions. Mouse data analysis was performed for age-
associated and genotype-mediated effects. S-nitrosylation of
synaptosomes derived from 3-month-old WT animals was
compared with 12-month-old WT mice, revealing an increase
in S-nitrosylated proteins during physiological aging. In
contrast, age-associated effects observed in APP/PS1 mice
were interpreted as pathological aging, in which increases in
SNO were related to Ab deposition and neuroinflammation.
Based on analysis of the mice data set, there were 18

NOS2-dependent synapto-SNOs that increased as a result of
age and/ or APP/PS1 genotype (Table 2 and Fig. 4). Most of
these proteins were involved in metabolic processes (figure
5), supporting previous findings on alterations of metabolic
pathways in AD that may contribute to the development of
neurological symptoms (Cai et al. 2012; Kaddurah-Daouk
et al. 2013; Trushina et al. 2013). In a similar manner,
several synapto-SNOs could be attributed to the regulation of
cell growth, cell cycle, cell division, cell communication, and
cell death (Bult et al. 2008). The most relevant candidates
comprise seven proteins that were either changed in NOS2-
dependent manner in the APP/PS1 animals (ADH5), in
NOS2/ APP/PS1/ age-dependent manner (SLC1A3, NDU-
FAB1, HSDL1, NDRG2) or age-dependent and relevant for
synaptic function (EEF2, SLC30A3, SLC1A3).
Three of these proteins (NDRG2, HSDL1 and ADH5)

have been previously associated with pathophysiological
aging. NDRG2 is a cytoplasmic protein involved in cell
differentiation and is mainly expressed by astrocytes (Breuer
et al. 2013). NDRG2 may function in synapse formation,
neural differentiation, and axon survival in response to
glucocorticoids (Deng et al. 2003; Nichols et al. 2005). Prior
studies confirmed the increase of NDRG2 levels in AD
dystrophic neurons and senile plaques (Mitchelmore et al.
2004) as well as APP/PS1 transgenic mice brains (Rong et al.
2017). The SNO sites described in this study (amino acid
position 255 and 274) have been previously identified in an
experiment utilizing induced nitrosylation, but the functional
consequences of these modifications are unknown (Kohr
et al. 2012). To our knowledge, there is no report on levels of
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NDRG2 in cerebrospinal fluid or other AD-relevant biofluids
that could serve as biomarker resource. Potentially, dys-
trophic neurons/ synapses could release this protein (or its
nitrosylated variant), making it a potential target for valida-
tion.
HSDL1, identified for the first time as nitrosylated in this

study, is a barely investigated protein. Its original enzymatic
center is inactive due to conserved amino acid exchanges,
although it appears to retain other functions (Meier et al.
2009). To our knowledge, there is no data on its potential
role in synapses or even the central nervous system itself.
ADH5, an alcohol dehydrogenase predominantly found in
the liver, has been detected in lower amounts in mitochondria
and in the hippocampus of AD patients, potentially explain-
ing its identification in synaptosomes (Zhang et al. 2015;
Guebel and Torres 2016). Yet, which particular functions this
enzyme would have in a synapse is unknown. HSDL1 and
ADH5 therefore constitute less promising biomarker candi-
dates.
More interestingly, NDUFAB1 (subunit complex I of the

mitochondrial respiratory chain) and SDHA (subunit complex
II of themitochondrial respiratory chain) have been previously
associated with several neurodegenerative disease. This study
identified both proteins as NOS2-dependent synapto-SNO
proteins that increased during aging in APP/PS1 mice.
NDUFAB1 regulation was previously related to aging and
has been shown to be responsible for oxidative

phosphorylation and down-regulated in AD patients (Kim
et al. 2001; Mayer et al. 2018; Akila Parvathy Dharshini et al.
2019). NDUFAB1 reduction may lead to energy metabolism
impairment and result in neuronal cell death by apoptosis (Kim
et al. 2001). This study identified an SNO site at position 140 in
the amino acid sequence that has been found in previous
studies both under artificial as well as basal conditions, but the
precise effects of the nitrosylation remain unclear (Kohr et al.
2011; Kohr et al. 2012). SDHA in turn contributes to nervous
system development and was found to be nitrosylated–at the
amino acid position 89 identified in this study–in neuropathic
pain as well as under artificial conditions (Scheving 2013).
Oxidative stress induces the increase in SDHA expression in
the brain of AD patients (Bubber et al. 2005; Shi and Gibson
2011). Thus, nitrosylated NDUFAB1 and SDHA may be of
interest for mechanistic studies and – if released from
degenerating synapses – as potential biomarker candidates.
Another three of the “top 7” proteins – SLC1A3,

SLC30A3 and EEF2 – are involved in synapse function:
SLC1A3 or excitatory amino acid transporter 1 (EEAT1)
plays an important role for neurotransmission and glutamate
uptake (Bateman et al. 2015). SLC1A3/EEAT1 is strongly
expressed by cortical neurons in AD cases (Scott et al. 2002).
SLC30A3 or ZnT3, a zink transporter, is highly expressed on
synaptic vesicle membranes and is involved in zinc accu-
mulation in synaptic vesicles (Cole et al. 1999). Previous
studies found a decrease in SLC30A3 protein levels in the
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prefrontal AD cortex (Beyer et al. 2009; Kurita et al. 2016)
and Tg2576 mice (Lee et al. 2012a). Both SLC1A3 and
SLC30A3 have not been described as nitrosylated before.

They constitute multi-pass transmembrane proteins with
potentially limited solubility outside the membrane lipid
bilayer, limiting their potential for use as biomarkers.
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Fig. 6 Distribution of proteomics data from
human specimen. Representative of

synapto-SNO-proteome data were
processed and analyzed for the
comparison between cohorts of human

patients. (a) The comparison of AD vs.
MCI samples included 291 SNO proteins.
Of these, 16 proteins were significantly up-
regulated). (b) MCI vs. control samples (289

SNO proteins included, only one protein
significantly up-regulated). (c) AD vs.
controls (295 SNO proteins included, 9

proteins up-regulated). The most
significant proteins were found comparing
AD to MCI patients or AD patients to
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data sets. In volcano plots, negative log2 p-
values (adjusted Limma p) were plotted

against log2 protein fold change values.
Dotted lines indicate the minimum fold
change (grey lines) and p-values (orange)
considered significant.
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EEF2 is a main regulator for synaptic plasticity, memory
consolidation and its level significantly reduced in AD
patients (Li et al. 2005; Garcia-Esparcia et al. 2017) and also
in old APP/PS1 transgenic mice (Garcia-Esparcia et al.
2017). Our result show that EEF2, nitrosylated in a NOS2-
dependant manner, is increased in aged APP/PS1 transgenic
mice. Although elongation factors are traditionally thought of
as nuclear components and EEF is indeed an important
sensor for synaptic signaling induced translation in neurons,
it has also been shown to be localized in dendrites, nerve
growth cones and in postsynaptic local translation sites
(Asaki et al. 2003; Sutton et al. 2007; Iizuka et al. 2007;
Heise et al. 2014). The nitrosylation site of EEF2 on amino
acid position 41 appears to be relatively stable (persistent
under biological conditions) and was identified in multiple
previous publications, including another study on synapto-
somes from the APP transgenic APPV717I AD mouse model
(Paige et al. 2008; Doulias et al. 2010; Chen et al. 2010;
Kohr et al. 2011; Kohr et al. 2012; Zareba-Koziol et al.
2014). These findings indicate a reproducible and stable
modification, which would be advantageous for further
investigations.
The number of identified S-nitrosylated proteins was

considerably lower in human than in murine brain samples.
This may have been caused by differences of pre-analytical
sample handling and processing. In contrast to mouse brain
sampling, which was performed in highly controlled and
defined conditions, human brain tissue was taken after
variable post-mortem intervals. Although the post-mortem
interval was limited to 4 h for this study, the total levels of
protein SNO may have decreased and this may have
limited the overall yield in human samples (Zareba-Koziol
et al. 2014). One way to reduce such limitations in the
future are rapid autopsy programs for AD cases, designed
to enable the analysis of labile post-translational modifica-
tions (i.e., Rapid Autopsy Program of the University
Alzheimer’s Disease Reseach Center, UKADRC) (Schmitt
et al. 2012).
Despite these limitations, the human study identified 23

synapto-SNO proteins as potential candidate biomarkers
(Table S4). Three synapto-SNO proteins (MOG, FHL1 and
GSTM3) were found to increase in AD compared to both
MCI and control subjects. Nitrosylations on MOG and FHL1
were identified for the first time. MOG is a myelin
component, which is expressed at the oligodendrocyte
plasma membrane and outer surface of the myelin sheath
(Brunner et al. 1989; Bateman et al. 2015). Papuc´ et al.
showed significantly increased production of autoantibodies
against MOG protein in AD, indicating early demyelination
of the hippocampal region (Papuc ́ et al. 2015). While
biomarker approaches are focusses on detection of autoan-
tibodies against MOG, the protein or its nitrosylated variant
could be released during demyelination and constitute a
biomarker candidate on its own.

FHL1 is expressed mainly in the cardiac, skeletal muscle
and brain (Lee et al. 1998). The spliced variant named
FHL1B is specifically expressed in brain and probably
related to neural differentiation, inflammatory response and
certain fragile X syndrome (Lee et al. 1999; Zhang et al.
2018). FHL1 gene mutations result in chronic myopathies,
which are characterized by an accumulation of aggregated
proteins and vacuoles filled with misfolded proteins
(Sabatelli et al. 2014). The precise functions of FHL1 in
synapses are unclear. GSTM3 is a cytoplasmic protein that
belongs to the glutathione S-transferase superfamily. GSTM3
has been described to protect cells from the oxidative stress.
In addition, it has been found at sites of Ab deposition and in
microglia of AD brains (Tchaikovskaya et al. 2005). The
nitrosylation of GSTM3 at position 3 has been previously
described in a methods study on SNO-protein enrichment
(Forrester et al. 2009), but there is little data on the function
of this protein specifically in neurons or synapses. As
cytosolic proteins, both FHL1 and GSTM3 could remain
soluble after release from dystrophic synapses and constitute
potential biomarker candidates.
The human candidate list also included proteins previously

described to be involved in AD pathophysiology: Neurocan
core protein (NCAN), calmodulin-dependent protein kinase
type II subunit gamma (CAMK2G), CD44 and aspartate
aminotransferase (GOT1). Importantly, all of these 4 proteins
have been previously detected in CSF, which is a promising
prerequisite for further biomarker research using these
candidates:
NCAN is a secreted protein that is involved in central

nervous system development. To our knowledge, there are
no previous studies describing a nitrosylation site on NCAN.
It is an extracellular matrix component and involved in
synapse formation and stabilization (Besson et al. 2015;
Sethi and Zaia 2017). The protein itself has already been
described as potential synaptic biomarker in the CSF of
patients with MCI progressing to AD dementia, and has also
been related to schizophrenia (Sethi and Zaia 2017; Duits
et al. 2018). It therefore constitutes a quite reasonable
candidate for further characterization.
CAMK2G is found on the cytoplasmic side of the cell

membrane. In neurons, it may participate in synapse
formation, maintenance of synaptic plasticity that enables
long-term potentiation (LTP) and hippocampus-dependent
learning (Lisman et al. 2002; Rose et al. 2006). It has been
suggested to be a toxicity modulator in Alzheimer’s disease
(Ghosh and Giese 2015). RNA expression of CAMK2G is
altered in AD blood versus control (Bai et al. 2014).
Noteworthy, CAMK2G expression is also altered in brain
tissue of TREM2 KO mice, linking it to the most prominent
immune gene risk factor for AD (Carbajosa et al. 2018).
Altered CAMK2 levels have been found in glioblastoma
biopsies and it was detectable by mass spectrometry in CSF
(Polisetty et al. 2012). CAMK2G has not been described as
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nitrosylated before, but it is given detectability in CSF
making it a promising candidate.
CD44 is a cell surface glycoprotein protein that is broadly

expressed on immune cells and may act as an adhesion
molecule for astrocytes (Akiyama et al. 1993; Mak and
Saunders 2006). It is also localized at dendrites and synapses
and might be involved in synaptic plasticity, neuronal
development and neurodegeneration (Mak and Saunders
2006; Roszkowska et al. 2016) and was described in CSF in
example in studies on depression or Lyme disease, increasing
its biomarker potential (Ditzen et al. 2012; Angel et al.
2012). The AD related secretases Presenilin and c-secretase
cleave CD44, which is a single-pass transmembrane receptor
(Wolfe 2007). Like NCAN and CAMK2G, it was not
described as nitrosylated before but could provide a
detectable biomarker candidate.
GOT1 is localized in the cytoplasm and acts as a scavenger

of glutamate in brain neuroprotection. To our knowledge,
there is only scarce data on its specific functions in neurons
or synapses, but GOT1 activity was found to be increased in
CSF (D’Aniello et al. 2005) and urine (Watanabe et al. 2019)
of patients with Alzheimer disease compared to controls. The
SNO site described in this study on position 46 of the human
sequence has been previously found in a technical setting
(Forrester et al. 2009). Like the other human candidate
proteins in focus, GOT1 therefore holds biomarker potential.
In summary, this is the first study that investigated the

APP/PS1 murine and the AD spectrum human synaptic
nitroso-proteome under physiological and pathological con-
ditions with focus on inflammation-induced changes. Further
studies, in particular large-scale CSF studies, of the most
promising candidate proteins (EEF2, NDUFAB1, NDRG2,
MOG, FHL1, GSTM3, NCAN, CAMK2G, CD44, and
GOT1) are required to validate the findings and evaluate
their potential as early biomarkers for AD.
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