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Increased GSNOR Expression during Aging Impairs
Cognitive Function and Decreases S-Nitrosation of CaMKII«

Yuying Zhang,'? Kaiyuan Wu,' Wenting Su,> Deng-Feng Zhang,* “Ping Wang,"? Xinhua Qiao,"? Qin Yao,'*

Zenggiang Yuan,' ©“Yong-Gang Yao,*> Guanghui Liu,' “Chen Zhang,° Limin Liu,” and “Chang Chen'?>?
'National Laboratory of Biomacromolecules, Chinese Academy of Sciences Center for Excellence in Biomacromolecules, Institute of Biophysics, Beijing
100101, China, 2University of Chinese Academy of Sciences, Beijing 100049, China, 3Beijing Institute for Brain Disorders, Capital Medical University, Beijing
100069, China, “Key Laboratory of Animal Models and Human Disease Mechanisms of the Chinese Academy of Sciences & Yunnan Province, Kunming
Institute of Zoology, Kunming 650223 China, CAS Center for Excellence in Brain Science and Intelligence Technology, Chinese Academy of Sciences,
Shanghai 200031, China, ®School of Life Sciences, Peking University, Beijing 100871, China, and “Department of Microbiology and Immunology, University
of California, San Francisco, California 94143

As the population ages, an increasing number of people suffer from age-related cognitive impairment. However, the mechanisms
underlying this process remain unclear. Here, we found that S-nitrosoglutathione reductase (GSNOR), the key enzyme that metabolizes
intracellular nitric oxide (NO) and regulates S-nitrosation, was significantly increased in the hippocampus of both aging humans and
mice. Transgenic mice overexpressing GSNOR exclusively in neurons showed cognitive impairment in behavioral tests, including the
Morris water maze, fear conditioning, and the Y-maze test. We also found that GSNOR transgenic mice have LTP defects and lower
dendrite spine density, whereas GSNOR knock-out mice rescued the age-related cognitive impairment. Analysis of S-nitrosation showed
significantly decreased hippocampal CaMKII« S-nitrosation in naturally aged mice and GSNOR transgenic mice. Consistent with the
change in CaMKII« S-nitrosation, the accumulation of CaMKII« in the hippocampal synaptosomal fraction, as well as its downstream
signaling targets p(S831)-GLURI, was also significantly decreased. All these effects could be rescued in the GSNOR knock-out mice. We
further verified that the S-nitrosation of CaMKII« was responsible for the CaMKII« synaptosomal accumulation by mutating CaMKIIox
S-nitrosated sites (C280/C289). Upregulation of the NO signaling pathway rescued the cognitive impairment in GSNOR transgenic mice.
In summary, our research demonstrates that GSNOR impairs cognitive function in aging and it could serve as a new potential target for
the treatment of age-related cognitive impairment. In contrast to the free radical theory of aging, NO signaling deficiency may be the main
mediator of age-related cognitive impairment.
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This study indicated that S-nitrosoglutathione reductase (GSNOR), a key protein S-nitrosation metabolic enzyme, is a new poten-
tial target in age-related cognitive impairment; and in contrast to the free radical theory of aging, NO signaling deficiency may be
the main cause of this process. In addition, increased GSNOR expression during aging decreases S-nitrosation of CaMKII« and
reduces CaMKII« synaptosomal accumulation. To our knowledge, it is for the first time to show the cellular function regulation of
CaMKIIa by GSNOR-dependent S-nitrosation as a new post-translational modification after its phosphorylation was explored.
These findings elucidate a novel mechanism of age-related cognitive impairment and may provide a new potential target and
strategy for slowing down this process. j

ignificance Statement

Marist poll results of 1247 adults showed that age-related cogni-
tive impairment is the top fear of aging for 82% of people. Age-

Introduction
As the aged population grows, brain aging and neurodegenera-

tive diseases are increasingly common (Hung et al., 2010). The
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elderly life and the ability of elderly individuals to live indepen-
dently. The condition also causes increased economic burdens of
care for families and the government. Currently, no effective
drugs are available to reverse age-associated cognitive decline
(Mora, 2013). Thus, the development of novel and efficient cog-
nitive enhancers is urgent, and a better understanding of the
molecular and neuronal mechanisms underlying age-related cog-
nitive impairment is crucial (Konar et al., 2016).

Recent studies have shown that a decline in cognition function
with age is highly correlated with loss of synaptic plasticity rather
than complete degeneration of neuron (Morrison and Baxter,
2012). Therefore, we investigated whether the dysregulation of
specific molecular signaling pathways involved in synaptic plas-
ticity and cognitive function induced age-related cognitive im-
pairment. The process of cognitive function is dependent on the
functions of multiple neurotransmitter systems, including nitric
oxide (NO) signaling (Bliss and Lomo, 1973; Bliss and Collingridge,
1993; Amtul and Atta-Ur-Rahman, 2015). Following its generation
at postsynaptic sites, NO acts as a retrograde messenger diffused
back to the presynaptic terminal and increases cGMP levels
through the activation of soluble guanylate cyclase. This process
subsequently facilitates the maintenance of LTP, a form of syn-
aptic plasticity proposed to be pivotal in memory formation (Lu
etal., 1999). In addition to this classic NO-cGMP-PKC signaling
pathway, NO also exerts its effects on cognition by S-nitrosation,
the covalent attachment of an NO group to the thiol side chain of
cysteine (Lipton et al., 1994). S-nitrosation can regulate signal
modulation and stress responses by affecting protein activity,
localization, stability, and protein- protein interaction (Hess et
al., 2005). However, whether the protein S-nitrosation plays an
active role in cognition is poorly understood. S-nitrosoglutathione
reductase (GSNOR) is a key protein S-nitrosation metabolic enzyme
that is widely expressed and highly conserved from bacteria to hu-
mans (Liu et al., 2001). Research has shown that GSNOR has an
important role in many physiological functions, including hepato-
carcinogenesis (Tang et al., 2013), liver development (Cox et al.,
2014), vasculogenesis (Gomes etal., 2013), asthma (Que et al., 2009),
and inflammatory response (Wu et al., 2013). However, little is
known about the function of GSNOR in the nervous system. Our
previous work found that Drosophila with transgenic (TG) fdh, the
homolog of mammalian GSNOR, showed a deficiency in visual pat-
tern memory (Hou et al., 2011).

CaMKII is a Ca®" -activated enzyme that is highly enriched at
synapses and is a major protein of the postsynaptic density (Lis-
man et al., 2002). CaMKII activity is stimulated by Ca**/CaM,
but activity can be maintained beyond the initial Ca** stimulus
by several mechanisms that generate Ca®"-independent “auton-
omous” CaMKII activity (Coultrap and Bayer, 2012). For in-
stance, NO can induce autonomous activity of CaMKIIa by
S-nitrosation of Cys280 and Cys289 (Coultrap and Bayer, 2014).
Activation of CaMKII is necessary for memory formation and
LTP by increasing the number of synaptic AMPA receptors and
their conductance (Lisman et al., 2012).

Based on our previous studies and the existing literature, we
sought to determine the function and mechanism of GSNOR in
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age-related cognitive impairment in this study. By using naturally
aged mice, TG mice overexpressing GSNOR exclusively in neu-
rons (GSNOR TG mice) and GSNOR knock-out (KO) mice as
models, we demonstrated that GSNOR may be a new potential
target for the treatment of age-related cognitive impairment.
Meanwhile, our results showed that S-nitrosated CaMKIla levels
and CaMKII«a synaptosomal accumulation were decreased by
high expression of GSNOR in aging mice. Interestingly, we found
that NO signaling deficiency may be the main cause of age-related
cognitive impairment rather than NO toxicity.

Materials and Methods

Antibodies and reagents. The antibodies used were as follows: B-actin
(Santa Cruz Biotechnology catalog #sc-47778, RRID:AB_626632), HA
(Santa Cruz Biotechnology catalog #sc-805, RRID:AB_631618), and syn-
aptophysin (SYP, Santa Cruz Biotechnology catalog #sc-17750, RRID:
AB_628311), CaMKII« (Santa Cruz Biotechnology catalog #sc-13141,
RRID:AB_626789), GLURI (Millipore catalog #MAB2263, RRID:
AB_11212678), and p(S831)-GLURI1 (Abcam catalog #ab109464, RRID:
AB_10862154). A rabbit GSNOR antibody for Western blot was raised
against His-GSNOR fusion protein and affinity purified by protein
A-Sepharose (Immunogenic Biological Technology). GSNOR inhibitor
C3 was purchased from ChemDiv (Sanghani et al., 2009). All chemical
reagents were obtained from Sigma-Aldrich unless otherwise indicated.

Animals. GSNOR KO mice were generated as previously described
(Liu et al., 2004) and compared with age-matched littermates. GFP mice
(TG (Thyl-EGFP) MJrs/], RRID:IMSR_JAX:007788) were obtained from
The Jackson Laboratory. All mice were bred in the specific pathogen-free
barrier facility of the Institute of Biophysics, Chinese Academy of Science.
The Animal Center approved all procedures involving animals.

Cell cultures and transfection. HEK293 cells (ATCC catalog #CRL-3216,
RRID:CVCL_0063) were cultured in DMEM (Hyclone, SH30243.01) sup-
plemented with 10% FBS (Invitrogen, 10019-141), 100 U/ml penicillin,
and 100 mg/ml streptomycin (Hyclone, SV30010). Primary hippocam-
pal neurons were prepared as described previously (Yin et al., 2011).
Briefly, hippocampus was removed from 18-d-old embryo mouse brains
and dissociated with 0.25% trypsin. Hippocampal neurons were then
plated on plastic dishes previously coated with poly-L-lysine (Sigma).
The dissociated cells were cultured in neurobasal media (Invitrogen,
21103-049) containing B27 supplements (Invitrogen, 17504-044) and 2
mM L-glutamine (Invitrogen, 35050-061). The cells were transfected with
Lipofectamine 2000 (Invitrogen) or lenti virus according to the manu-
facturers’ instructions.

Western blot analysis. Protein extracts form cells and tissues were sep-
arated by 10% SDS-PAGE. The separated proteins were transferred to a
nitrocellulose filter membrane (Millipore). The membrane was treated
with 5% (w/v) fat free milk in Tris-buffered saline containing 0.05%
Tween 20 for 2 h, and incubated with the indicated antibody for 2 h,
followed by an incubation of peroxidase-conjugated anti-rabbit or
mouse IgG (Santa Cruz Biotechnology) for 2 h. The epitopes were visu-
alized with an ECL Western blot detection kit (Pierce).

Quantitative real-time PCR. Total RNA was extracted using TRIzol
reagent (Invitrogen) according to the manufacturer’s protocol; 2 ug of
total RNA was used to synthesize the first-strand cDNA by M-MLV
reverse transcriptase with OligodT(18) primer. Expression of the actin
gene served as an internal control.

Griess assay. A nitrite detection kit (Beyotime Biotech) was used to test
NO level in TG and wild-type (WT) mice according to the manufactur-
er’s instructions. Fresh mouse hippocampus was lysed in RIPA cell lysis
buffer. After centrifugation, 50 ul supernatant was added to the Griess
reagent. After 10 min, the nitrite concentration was determined by a
microplate reader at 540 nm. Each experiment was performed in tripli-
cate. The results of 5 TG and 5 WT mice were used for statistical analysis.
The NO data were normalized to WT mice.

Irreversible biotin switch assay procedure (IBP). The IBP for detecting
the S-nitrosylation was performed as previously described (Huang and
Chen, 2010). Adult mouse brain or cells were lysed in HEN buffer with
1% Nonidet P-40. The supernatants were incubated with 2.5% SDS at


https://scicrunch.org/resolver/AB_626632
https://scicrunch.org/resolver/AB_631618
https://scicrunch.org/resolver/AB_628311
https://scicrunch.org/resolver/AB_626789
https://scicrunch.org/resolver/AB_11212678
https://scicrunch.org/resolver/AB_10862154
https://scicrunch.org/resolver/IMSR_JAX:007788
https://scicrunch.org/resolver/CVCL_0063

Zhang et al. ® GSNOR in Age-Related Cognitive Impairment

50°C for 30 min with frequent vortex, and excess S-methyl methaneth-
iosulfonate was removed by ice-cold acetone precipitation followed by
centrifugation at 2000 X g for 10 min. This precipitation was repeated
three times. The precipitate was recovered in HEN buffer containing
2.5% SDS with 0.4 mm biotin-maleimide and 10 mm ascorbate and incu-
bated at 37°C for 1 h or at room temperature for 2 h. The excess biotin-
maleimide was removed by ice-cold acetone precipitation as previously
described. The pellet was suspended in HEN buffer with 200 mm DTT
and incubated for 15 min at 100°C, followed by addition neutralization
buffer (250 mm HEPES, pH 7.7, 100 mm NaCl, 0.1 mm EDTA, 10 mm
neocuproine) and streptavidin-agarose (50100 ul/sample) to purify the
biotinylated proteins. This material was incubated at room temperature
for 2 h. The agarose was washed 3 times (800 X g for 1 min) with neutraliza-
tion buffer with 0.05% SDS, and the proteins were eluted by HEN buffer
containing 2.5% SDS at 100°C for 15 min. The eluted mixture was analyzed
by SDS-PAGE, followed by immunoblotting with relevant antibody.

Quantitative S-nitrosation proteomic analysis. Total SNO modification
proteins were prepared according to the IBP. Protein digestion by trypsin
(Invitrogen) (0.3 pg trypsin to digest 10 ug proteins) was performed
after adding dissolution buffer (75 ul) dilution. After incubation at 37°C
overnight, the trypsin digestion process was terminated at —20°C for
30 min. The protein digestions were dried in a centrifugal vacuum con-
centrator; 20 ul TEAB buffer was used to suspend the freeze-dried pep-
tide. According to the TMT labeling kit (Pierce), we labeled the adult
mice with TMT 128 and labeled the aging mice with TMT 129. After
suspension of the mixed samples with spin tips C18 desalination, the
peptide was analyzed by mass spectrometry detection.

Tandem liquid chromatography-mass spectrometry (MS) analysis. All
nano-tandem liquid chromatography-mass spectrometry experiments
were performed on a Q Exactive (Thermo Scientific) equipped with an
Easy n-LC 1000 HPLC system (Thermo Scientific). The labeled peptides
were loaded onto a 100 um id X 2 cm fused silica trap column packed
in-house with reversed-phase silica (Reprosil-Pur C18 AQ, 5 wm, Dr.
Maisch) and then separated on an a 75 um id X 20 cm C18 column
packed with reversed phase silica (Reprosil-Pur C18 AQ, 3 pum, Dr.
Maisch). The peptides bounded on the column were eluted with a 78 min
linear gradient. Solvent A consisted of 0.1% formic acid in water solu-
tion, and Solvent B consisted of 0.1% formic acid in acetonitrile solution.
The segmented gradient was 5%—8% B, 8 min; 8%-22% B, 50 min;
22%-32% B, 12 min; 32%-95% B, 1 min; 95% B, 7 min at a flow rate of
280 nl/ min.

The MS analysis was performed with Q Exactive mass spectrometer
(Thermo Scientific). With the data-dependent acquisition mode, the MS
data were acquired at a high resolution 70,000 (m/z 200) across the mass
range of 300—1600 m/z. The target value was 3.00E+06 with a maximum
injection time of 60 ms. The top 20 precursor ions were selected from
each MS full scan with isolation width of 2 m/z for fragmentation in the
HCD collision cell with normalized collision energy of 27%. Subse-
quently, MS/MS spectra were acquired at resolution 17,500 at m/z 200.
The target value was 5.00E+04 with a maximum injection time of 80 ms;
the dynamic exclusion time was 40 s. For nano electrospray ion source
setting, the spray voltage was 2.0 kV; no sheath gas flow; the heated
capillary temperature was 320°C.

Protein identification and quantification analysis. The raw data from Q
Exactive were analyzed with Proteome Discovery version 1.4 using Se-
quest HT search engine for protein identification and Percolator for false
discovery rate analysis. The Uniprot mice protein database (updated on
06-2013) was individually used for searching the data from the mice
sample. Some important searching parameters were set as follows: tryp-
sin was selected as enzyme, and two missed cleavages were allowed for
searching; the mass tolerance of precursor was set as 10 ppm, and the
product ion tolerance was 0.02 Da.; the cysteine carbamidomethylation
was selected as a fixed modification, and methionine oxidation and
TMT-labeled lysine and N terminus of peptides were specified as variable
modifications. False discovery rate analysis was performed with Percola-
tor, and false discovery rate <<1% was set for protein identification. The
peptide confidence was set as high for peptide filter.

Protein quantification was also performed on Proteome Discovery
version 1.4 using the ratio of the intensity of reporter ions from the

J. Neurosci., October 4, 2017 - 37(40):9741-9758 + 9743

MS/MS spectra. Only unique peptides of proteins or protein groups were
selected for protein relative quantification. The total SNO proteins of
adult mouse hippocampus tissue from two groups labeled with TMT 128
were considered as control reference for calculating the ratios of TMT
129/TMT 128, in which total SNO proteins of aging mouse hippocampus
tissue were labeled with TMT 129. The normalization to the protein
median of each sample was used to corrected experimental bias, and the
number of minimum protein count must be >20.

Synaptosomal fraction extraction. Adult mouse brain or cells were lysed
in TEVP buffer ice (10 mm Tris-HC, pH 7.4, 5 mm NaF, 1 mm Na,VO,,
1 mm EDTA, 1 mm EGTA, and 320 mwm sucrose). The detailed assay for
extracting synaptosomal fraction was performed as described previously
(Yin et al., 2011).

Immunofluorescence staining. Cells were fixed by 4% formaldehyde in
PBS for 30 min at room temperature and subsequently treated with 0.4%
Triton X-100 in PBS for 10 min at room temperature. Cells were blocked
with 10% donkey serum in PBS for 1 h at room temperature and then
incubated with primary antibody at 4°C overnight. Cells were washed in
PBS and incubated with the corresponding secondary antibody for 1 h at
room temperature. DNA was stained with Hoechst 33342 (Invitrogen).
Microscopy was performed using a TCS SP5 II laser scanning confocal
imaging system (HC PLFLUOTAR 10X/0.30 and HC PL APO 20X/0.70
CS objective lens; Leica) in conjunction with LAS AF 2.2 software (Leica).

Electrophysiology. Experiments were performed in accordance with the
National Institutes of Health Guide for the care and use of laboratory
animals and were approved by the local animal care committee. GSNOR-
overexpressed mice (2-5 months, both sexes) were anesthetized with
pentobarbital sodium. After decapitation, whole brains were quickly re-
moved and placed in ice-chilled sucrose slicing solution, which contained
the following (in mm): 213 sucrose, 3 KCl, 1 NaH,PO,, 26 NaHCO;, 0.5
CaCl,, 5 MgCl,, and 10 glucose, pH 7.4. Hippocampal slices (400 wm)
were cut with a vibratome (VT1200, Leica) and recovered in ACSF for at
least 1 h. The ACSF contained the following (in mm): 125 NaCl, 5KCl, 1.2
NaH,PO,, 26 NaHCO;, 1.3 CaCl,, 1.3 MgCl,, and 10 glucose, pH 7.4,
equilibrated with 95% O, and 5% CO,. Before recording, the slices were
transferred to a recording chamber and continuously superfused with
ACSF throughout the experiments.

We used normal procedures to record field EPSPs (fEPSP) with a glass
microelectrode (3-5 m{), filled with ASCF) in the stratum radiatum of
the hippocampal CA1 area as described previously. Evoked fEPSPs were
elicited by stimulation of the Schaffer collateral fibers with a bipolar
stimulating electrode (FHC) via a 2100 isolated pulse stimulator (A-M
Systems). The slopes of fEPSP were calculated. Test stimulation was
applied at 0.067 Hz. To measure the input—output relationship, the stim-
ulation intensity was increased from 10 uA to 45 pA (in 5 pA incre-
ments) and then adjusted to evoke 30%-50% of maximal fEPSP. The
effects of paired pulses at different (20, 40, 60, 80, 100, 200, and 300 ms)
interstimulus intervals were also checked. Before LTP induction, at least
20 min of stable fEPSP was recorded for a baseline. LTP was induced by
five episodes of theta burst stimulation (TBS) delivered at 0.1 Hz. Each
episode contained 10 stimulus trains (5 pulses at 100 Hz) delivered at
5 Hz. Responses were recorded for 60 min after TBS induction. For better
display, eight slopes of successive fEPSP were averaged, and the data were
presented as the percentages of mean fEPSP slopes recorded during the
baseline (before TBS) period. Electrophysiological experiments were
performed using a Patch Clamp EPC 10 (HEKA). The data were sampled
at 10 kHz, filtered at 2 kHz, and analyzed using Igor Pro (Wavemetrics).
Electrophysiological experiments of GSNOR KO aging mice were per-
formed in Capital Medical University of China. We used the Med64
system to record fEPSP in the hippocampal slices as described previously
(Shimono etal., 2002) with specially modified ACSF for aging mice (Ting
etal., 2014). Statistical analyses were performed by Student’s ¢ tests. Data
are mean *= SEM, and #n indicates the number of mice.

Spine density image analysis. To quantify dendritic spine density, we
mated GSNOR TG mice with Thy 1:GFP mice to make the dendritic
spine visible under a fluorescent microscope. Spines were measured by
using a Leica DM LB microscope TCS SP5 1II laser scanning confocal
imaging system (HC PL FLUOTAR 10X/0.30 and HC PL APO 20X/0.70
CS objective lens; Leica) in conjunction with LAS AF 2.2 software (Leica).
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Figure1.

GSNOR expression increased in aging brain of human and mice. A, GSNOR gene expression over life span in human prefrontal cortex (n = 231 human from GSE30272 (Colantuoni et al.,

2011); correlation analysis, p = 0.0008, r = 0.22). B, GSNOR gene expression over life span in human hippocampus (n = 26 human from GSE25219 (Kang et al., 2011; Pletikos et al., 2014);
correlation analysis, p = 0.0091, r = 0.501). C, GSNOR mRNA level in adult (7-month-old) and old (22-month-old) mouse hippocampus (n = 6 mice; two-tailed Student’s t test, p = 0.019). D,
GSNOR protein expression in adult (7-month-old) and old (22-month-old) mouse hippocampus (adult mice, n = 4; old mice, n = 5; two-tailed Student's t test, p = 0.0008). Quantitation of GSNOR

protein levels in right. Data are mean = SEM. *p << 0.05, **p < 0.01.

Microscopic analysis was performed by the image analysis system Image]
software. The average spine density (number of spines per um of den-
drite length) was calculated for the complete dendrite (Poeggel et al.,
2003) from Thy 1:GFP-GSNOR TG mice and WT littermates as controls
(n = 6, 10 brain slices per mice).

Generation of TG mice and analysis of transgene expression. To generate
TG mice overexpressing GSNOR, the GSNOR gene was amplified by
PCR using a plasmid encoding WT GSNOR fused with the Kozak and
HA-tag sequences at the N terminus. The resultant PCR fragment was
ligated into the murine Thy-1.2 expression cassette (gifts of Dr. Pico
Caroni), which drives constitutive transgene expression in postnatal and
adult neurons (Caroni, 1997). The linearized GSNOR expression cassette
driven by Thy-1.2 promoter was digested, and TG mice were generated
by injecting the purified insert into the pronuclei of CD-1 zygotes. The
GSNOR founder was crossed with CD-1 mice. Genotyping was per-
formed by PCR analysis. Distribution of TG GSNOR in fresh frozen
sections was analyzed by in situ hybridization as previously described.
Protein expression was assessed by Western blots of tissue homogenates
using anti-HA and anti-actin antibodies.

Tissue slice preparation. For immunohistochemical studies, mice were
anesthetized with pentobarbital and perfused via the ascending aorta
with PBS, pH 7.4, until the outflow became clear, followed by 0.1 m
phosphate buffer, pH 7.4, containing 4% PFA. The brain was post-
fixed in the same solution at 4°C and then sliced using a vibratome
(Leica). Coronal sections and sagittal sections were prepared for
immunohistochemistry.

Behavioral tests. For all behavioral tasks, 2- to 3-month-old GSNOR
TG mice and WT littermates were used. All the behavioral tests were con-
ducted at approximately the same time of day (9:00 A.M. to 5:00 P.M.).
Mice were extensively handled for 3 d before behavioral tests. Data are
presented as mean * SEM.

Open field. Spontaneous locomotor activity was measured with an
automated Open Field system (Lin et al., 2008). Mice were individually

placed in a clear chamber (41 X 41 X 30 c¢m), and their activities were
monitored for 20 min. Total distances traveled in the open field were
analyzed.

Morris water maze. The procedure was performed essentially as de-
scribed previously (Vorhees and Williams, 2006). For the visible plat-
form task, the platform was marked with a visible cue (colored flag). Mice
were given four trials (60 s) per day using a fixed platform position and
with changes of the starting position in each new trial. Then, the mice
were given four trials every day (60 s) with a hidden platform, and the
starting position varied between trials. If the mice failed to find the plat-
form within 60 s, it was picked up and placed on the platform for 15 s.
Probe trials were given the day after the last training. During probe trials,
the platform was removed, and the mice were allowed to search for it for
60 s. Latencies and swim speed in the hidden and visible tasks were
analyzed. Time spent in the target quadrant (%) compared with other
quadrants was analyzed in the probe trials.

Y-maze. Y-maze was performed as described previously (Arendash et
al., 2001). The Y-maze apparatus, used to measure spontaneous alterna-
tion behavior, consisted of three equal-size arms oriented at 60° angles
from each other. The mice were placed at the end of one fixed arm and
allowed to move freely through the maze during an 8 min session. The
sequence of arm entries was recorded, and three consecutive choices were
defined as one succeeded alternation. The percentage of alternations was
calculated as (actual alternations/maximum alternations) X 100. The
total number of arms entered during the session was also determined.

Contextual fear-conditioning test. The contextual fear-conditioning
test was performed as described previously (Yin et al., 2011). Briefly, on
the training day, mice were transported to the testing area at least 2 h
before fear conditioning. In the conditioning session, mice were placed in
the conditioning chamber and allowed to explore for 120 s. An electric
foot shock (0.5mA, 100V, 2 s) was delivered, and a 30 s/2 s explore/shock
paradigm was repeated for a total of five shocks. After the last shock, the
mice were allowed to explore the chamber for an additional 1 min before
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Generation and characterization of TG mice overexpressing GSNOR exclusively in neurons (GNSOR TG mice). A, Schematic representation of TG mice overexpressing GSNOR exclusively

in neuron constructs. B, Mouse tissue lysates were analyzed by immunoblot using anti-HA antibody. Br, Brain; Li, liver; Sp, spleen; Lu, lung; Ki, kidney; He, heart; Mu, muscle. C, Mouse brain tissue
lysates were analyzed by immunoblot using anti-HA antibody. CT, Cerebral cortex; HI, hippocampal; (B, cerebellum; 0B, olfactory bulb; MO, medulla oblongata. D, Inmunofluorescence detection
of TG GSNOR by anti-HA antibody on coronal sections of adult mouse brain. E, GSNOR protein expression in GSNOR TG mouse hippocampus using GSNOR antibody (WT, n = 3; TG, n = 3; two-tailed
Student's t test, p = 0.0037). F, Quantitation of GSNOR protein levels in E. G, NO level is tested by DAF-FM-DA fluorescence probe. Primary hippocampal neuron derived from WT and TG mice was
treated by GLU (100 or 500 wum) for 10 min (n = 4 experiments, one-way ANOVA, p << 0.01). H, Real-time PCR demonstrates relative GSNOR mRNA level in mouse hippocampus (WT, n = 4; TG,
n = 4;two-tailed Student's ttest, p = 0.0061)./, Relative GSNOR enzyme activity in GSNOR WT and TG mouse hippocampus (WT, n = 4 mice; TG, n = 4 mice; two-tailed Student's ttest, p = 0.045).
J,Number of birth of GSNOR TG mice (WT,n = 5mice; TG, n = 5 mice). K, Measurements of body weight of TG mice and age-/sex-matched WT-mice at 21 d and 8 weeks (male: TG, n = 15-21 mice,
WT, n = 15-19 mice; female: TG, n = 11-21 mice, WT, n = 8 —18 mice). Data are mean == SEM. *p << 0.05, **p < 0.01.

returning to the home cage. For contextual fear memory tests, freezing
behavior was measured 24 h after training by placing the mice back in the
conditioning chamber to explore for 5 min. Freezing was defined as
immobility of mice lasting >0.5 s.

Data analysis. Expression data of GSNOR in the frontal cortex were
retrieved from Brain Cloud (http://braincloud.jhmi.edu/, Gene Expres-
sion Omnibus accession no. GSE30272), which provides temporal dy-
namics of mRNA transcription in 269 human prefrontal cortex samples
across the lifespan (Colantuoni et al., 2011). Hippocampal expression
data from the Human Brain Transcriptome project, including 82 hip-
pocampus aged from infancy to 80 s were used to confirm the trend
of GSNOR expression alteration in hippocampus. The expression of
GSNOR (probe 2779095), measured in signal intensity, was retrieved
from the processed matrix generated by the Human Brain Transcrip-
tome project (Kang et al., 2011; Pletikos et al., 2014) (Gene Expression
Omnibus accession no. GSE25219). The relationship of the gene expres-
sion level with age was measured by linear regression analysis, with age as
the independent factor and gene expression level as the dependent factor.

Two-tailed Student’s t tests were used for two-group comparisons.
ANOVA and appropriate post hoc analyses were used for comparisons of
more than two groups. p < 0.05 was considered statistically significant.

Results

GSNOR expression increases in the hippocampus of aged
humans and mice

To explore the function of GSNOR in age-related cognitive im-
pairment, we first sought to determine whether there is a change
in the transcription and expression levels of GSNOR in the aging
process. First, we retrieved publicly available microarray expres-
sion profiles of the human frontal cortex and hippocampus from
the NCBI Gene Expression Omnibus (http://www.ncbi.nlm.nih.
gov/geo/). Using the human brain database Brain Cloud (http://
braincloud.jhmi.edu/) (Colantuoni et al., 2011), we found that
GSNOR expression levels increased with age in the human pre-
frontal cortex (n = 231 human; correlation analysis, p = 0.0008,
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Figure 3.

Overexpressing GSNOR exclusively in neurons impaired cognitive function. TG female mice, n = 18 mice; WT female, n = 18 mice; age, 8 —10 weeks. TG male mice, n = 12 mice; WT

male, n = 10 mice; age, 8 —10 weeks. TG 5linemice, n = 11 mice; WT5line, n = 10 mice; female; age, 8 —10 weeks. 4, B, Measurement of spontaneous locomotion in the open field between female
(A) or male (B) TG mice and sex-matched WT littermate mice. C, D, Learning curves of female (C) or male (D) TG mice and sex-matched WT littermate mice in Morris water maze tasks for 4 d visible
platform training. Escape latencies were averages of four trials for each day, 60 s per trial. E, H, Average velocity (cm/s) traveled to the platform in the Morris water maze during the training of female
(E) or male (H) TG mice and sex-matched WT littermate mice. F, Learning curves of Morris water maze tasks for 8 d spatial reference memory training of female TG mice and sex-matched WT
littermate mice. Escape latencies were averages of four trials for each day, 60 s per trial: multiple ¢ test, p = 0.04 (4 d), p = 0.005 (5 d), p = 0.014 (6 d), (Figure legend continues.)



Zhang et al. ® GSNOR in Age-Related Cognitive Impairment

r = 0.22; Fig. LA). Moreover, using the Human Brain Transcrip-
tome database (http://hbatlas.org/) (Kang et al., 2011; Pletikos et
al., 2014), the expression level of GSNOR in the human hip-
pocampus remarkably increased with age (n = 26 human; corre-
lation analysis, p = 0.0091, r = 0.501; Fig. 1B). These findings
informed our choice of naturally aged mice as our aging model.
According to the growth pattern and the average life expectancy
of these mice, we selected 22-month-old mice as the aged group
and 7-month-old mice as the control adult group. We assessed
GSNOR transcription and expression levels in the hippocampus
of aged mice and controls. The results showed that GSNOR tran-
scription (n = 6 mice; two-tailed Student’s t test, p = 0.019; Fig.
1C) and expression levels (adult mice, n = 4; old mice, n = 5;
two-tailed Student’s ¢ test, p = 0.0008; Fig. 1D) were both signif-
icantly increased in the aged mouse hippocampus. In addition,
the expression level of GSNOR in aged mice was approximately
twice that of adult mice (Fig. 1D).

Overexpressing GSNOR exclusively in neurons impairs
cognitive function

To explore whether the elevated expression of GSNOR would in-
duce age-related cognitive impairment, we generated TG GSNOR
mice that was affixed to an HA epitope tag at the N terminus. The
postnatal, neuron-specific transcription of GSNOR was under the
control of the Thyl.2 promoter (Vidal et al., 1990) (Fig. 2A).
After the FO generation of mice was obtained by microinjection,
we used primers for the Thy-1.2 control element and HA-
GSNOR to identify TG mice (data not shown). We tested the HA
expression in different tissues, including the brain, liver, spleen,
lung, kidney, heart, and muscle by Western blot, and found that
HA-GSNOR was only expressed in the brain and not in other
tissues (Fig. 2B). Western blot analysis using an HA antibody
showed that GSNOR was widely expressed in the brain, including
the cerebral cortex, hippocampus, cerebellum, olfactory bulb,
and medulla oblongata (Fig. 2C). In situ immunofluorescence

<«

(Figure legend continued.) p = 0.02 (7 d), p = 0.001 (8 d). G, Comparison of quadrant time in
the probe test after the last-platform training. PL, Platform quadrant; TQ, target quadrant; AL,
adjacent left; AR, adjacent right; OP, opposite. Multiple ¢ test, p = 0.04 (platform), p = 0.02
(target). I, Learning curves of Morris water maze tasks for 8 d spatial reference memory training
of male TG mice and sex-matched WT littermate mice. Escape latencies were averages of four
trials for each day, 60 s per trial (multiple t test, p = 0.002, 8 d). J, Comparison of quadrant time
in the probe test after the last-platform training. Multiple ¢ test, p = 0.03 (target), p = 0.02
(opposite). K, Percentage time of mice spent freezing at exploration, immediately acquired
after the foot shock and 24 h after context training of female TG mice in a fear-conditioning task
(multiple ¢ test, p = 0.04, 24 h retention). L, The freezing time of every minute in the 24 h
retention test was shown: multiple ¢ test, p = 0.02 (2 min), 0.017 (3 min). M, Number of arm
entries that female TG mice explored the Y-maze during 8 min. N, Percentage spontaneous
alternations among arms by TG female and WT mice during exploration of Y-maze (two-tailed
Student's t test, p = 0.012). 0, Percentage time of mice spent freezing at exploration, imme-
diately acquired after the foot shock and 24 h after context training of male TG mice in a
fear-conditioning task: multiple t test, p = 0.04 (24 h retention). P, The freezing time of every
minute in the 24 h retention test was shown: multiple ¢ test, p = 0.016 (4 min). Q, Number of
arm entries that male TG mice explored the Y-maze during 8 min. R, Percentage spontaneous
alternations among arms by TG male and WT mice during exploration of Y-maze (two-tailed
Student's t test, p = 0.0035). S, Percentage time of mice spent freezing at exploration, imme-
diately acquired after the foot shock and 24 h after context training of line 5 TG mice in a
fear-conditioning task: multiple ¢ test, p = 0.03 (24 h retention). T, The freezing time of every
minute in the 24 h retention test was shown: multiple ¢ test, p = 0.024 (2 min), p = 0.026
(3 min). U, Number of arm entries that line 5 TG mice explored the Y-maze during 8 min.
V, Percentage spontaneous alternations among arms by line 5 TG male and WT mice during
exploration of Y-maze (two-tailed Student’s ¢ test, p = 0.001). Data are mean = SEM.
*p < 0.05, **p < 0.01, ***p < 0.001.
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hybridization on sections from GSNOR TG mice revealed a dis-
tribution of HA-GSNOR throughout the forebrain and with ex-
pression in the hippocampal CA1 pyramidal cell layer (Fig. 2D).
We simultaneously tested the expression of endogenous and TG
GSNOR in GSNOR TG and WT mouse hippocampus by Western
blot using a GSNOR antibody (Fig. 2E). We found that the over-
expression of TG GSNOR was twice that of WT mice, in which
the GSNOR expression level was similar to the aged mice (WT,
n = 3; TG, n = 3; two-tailed Student’s ¢ test, p = 0.0037; Fig. 2F).
The NO level in primary hippocampal neurons from WT and TG
mice treated with glutamate (GLU, 100 or 500 um) was tested
using a DAF-FM-DA fluorescent probe for 10 min. The results
showed that the NO levels in TG mouse hippocampal neurons
were lower than those in WT mice, regardless of GLU treatment
(n = 4 experiments, two-tailed Student’s ¢ test, p < 0.01; Fig. 2G).
S-nitrosoglutathione (GSNO), the main substrate of GSNOR, is
an intermediate in either production or metabolism of SNO de-
rived from NO. Although SNO proteins and nitric oxide are not
the directly substrates of GSNOR, it may govern NO level and
protein S-nitrosylation by influencing the cellular equilibrium
between GSNO/NO and SNO proteins (as shown below). Over-
expression of GSNOR in the TG mice may decrease NO level by
increasing the transform of NO to GSNO and GSNO metabolism
in cultured neurons induced by glutamate (Foster et al., 2009;
Lima et al., 2010). We also found that the mRNA level (WT,
n = 4; TG, n = 4; two-tailed Student’s ¢ test, p = 0.006; Fig.
2H) and enzyme activity (WT, n = 4 mice; TG, n = 4 mice;
two-tailed Student’s ¢ test, p = 0.045; Fig. 2I) increased in
GSNOR TG mice compared with WT mice. Furthermore,
overexpression of GSNOR did not affect the reproduction,
weight, and tissue morphology or brain anatomy of these mice
(Fig. 2,K).

To further confirm whether upregulation of GSNOR in adult
mouse neurons impaired cognitive function in GSNOR TG mice,
we compared GSNOR TG mice with their WT littermates in the
open-field test (Lin et al., 2008). The GSNOR TG mice showed
the same amount of exploratory and locomotor activity by mea-
suring the total distance traveled within 20 min, as their WT
littermates in the open field (Fig. 3A, B). Then, GSNOR TG mice
and their WT littermates were subjected to three cognitive func-
tional tasks, including the Morris water maze (Vorhees and Wil-
liams, 2006), the Y-maze (Arendash et al., 2001), and the fear
conditioning test (Yin et al., 2011).

In the visible version of the Morris water maze, we found that
both groups learned to swim to the marked platform equally well,
with the average latencies decreasing from ~40 s on the first day
to ~15 s on the third to fourth day (Fig. 3C,D). In this task, the
similarities in latencies were accompanied by similar swimming
speeds (Fig. 3E,H). We next trained these mice to swim to a
hidden platform located in a fixed location of the pool. As ex-
pected, GSNOR TG mice required more time to arrive at the
hidden platform than WT mice in 4—8 training day: TG female,
n = 18 mice; WT female, n = 18 mice; multiple ¢ test, p = 0.04
(4d), p = 0.005 (5d), p = 0.014 (6 d), p = 0.02 (7 d), p = 0.001
(8 d) (Fig. 3F) or in 8 training day: (TG male, n = 12 mice; WT
male, n = 10 mice; multiple ¢ test, p = 0.002 (8 d); Fig. 3I). After
the hidden-platform training, the platform was removed, and
spatial memory retention was assessed in a probe trial. The
GSNOR TG mice spent less time in the target quadrant: multiple
ttest, p = 0.04 (plat), p = 0.02 (target) (Fig 3G); multiple ¢ test,
p = 0.03 (target), p = 0.02 (OP) (Fig 3]). This result indicated
that GSNOR TG mice have cognitive impairment in the Morris
water maze. Thereafter, we tested GSNOR TG and WT mice in the
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Figure 4.

GSNOR overexpression impaired hippocampal synaptic plasticity. 4, Input— output curve. Data from WT and TG slices at stimulus intensity from 10 to 45 wA. B, PPF. Data from WT and

TG slices from recordings at different interval (WT, n = 10 mice; TG, n = 10 mice). C, LTP. TBS (arrow) induces LTP in WT mice but not in TG mice, indicating that GSNOR overexpression impairs
hippocampus LTP in TG mice. Top, Representative traces before (gray) and after (black) TBS. Data are percentage of mean fEPSP slopes recorded during the baseline (before TBS) (TG, n = 10 mice;
WT, n = 10 mice; two-way ANOVA, p << 0.0001). D, Mean == SEM of LTP levels recorded 50 — 60 min after TBS. WT: 146.1 == 12.0%; TG: 97.3 = 15.9% (TG, n = 10 mice; WT,n = 10 mice; two-tailed
Student's t test, p = 0.033). E, Representative images of hippocampal neuronal dendrite spine from Thy1:GFP-GSNOR TG mice and littermate control. F, Quantitation of dendrite spine density in
hippocampal neuron from Thy1:GFP-GSNOR TG mice and littermate control (WT, n = 183 neurons form 6 mice; TG, n = 200 neurons form 6 mice; two-tailed Student’s t test, p = 0.0003). Data are

mean == SEM. *p << 0.05, **p << 0.01, ***p < 0.001.

contextual fear memory test, which is dependent on the hippocam-
pus, by assessing freezing behavior in the same environmental con-
text (Yin et al., 2011). There is no difference in freezing behavior
between GSNOR TG mice and WT mice indicated by the explo-
ration time or immediately acquire freezing percentage after the
foot shock (Fig. 3K, O). However, GSNOR TG mice showed less
freezing than WT mice after 24 h retention: multiple ¢ test, p =
0.04 (24 h retention) (Fig. 3K); multiple £ test, p = 0.04 (24 h
retention) (Fig. 30). We further analyzed the freezing percentage
in every minute with the line chart. The results showed that the
freezing of GSNOR TG mice at 2-3 or 4 min was significantly
lower than that of WT mice: multiple ¢ test, p = 0.02 (2 min),
0.017 (3 min) (Fig. 3L); multiple ¢ test, p = 0.016 (4 min) (Fig.
3P). The spontaneous alteration Y-maze task is another hippo-
campus-dependent spatial task commonly used in rodents (Ar-
endash etal., 2001; Conrad et al., 2003). GSNOR TG mice showed

fewer alternations than controls: two-tailed Student’s t test,
p = 0.012 (Fig. 3N); two-tailed Student’s ¢ test, p = 0.0035
(Fig. 3R), with similar times of entry to the arms (Fig. 3M, Q),
indicating an impaired working memory (Dellu et al., 2000;
Jung et al., 2008). Cognitive function tests showed that over-
expression of GSNOR induced cognitive impairment in the
three behavior tests in female (Fig. 3E-G,K—N) or male mice
(Fig. 3H-],0-R).

GSNOR TG mice (line 5) are another strain of GSNOR TG
mice that were used to rule out false-positive results induced by
the overexpression gene fragment inserted into other endogenous
genes. To confirm the cognitive impairment effect in GSNOR TG
mice, we compared another strain of GSNOR TG mice with WT
littermate mice (line 5) apart from line 6, which we usually used
in experiments. There is no difference in freezing between
GSNOR TG mice (line 5) and WT mice, indicated by exploration
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Figure5.  GSNORKO mice rescued age-related cognitive impairment (GSNOR KO mice, 22-month-old, male, +/+,n = 8 mice; +/—,n = 9mice; —/—,n = 9 mice). A, Number of arm entries
that mice explored the Y-maze during 8 min. B, Percentage alternations among Y-maze arms that mice showed during 8 min exploration: one-way ANOVA, p = 0.014 (+/+ vs —/—); p = 0.047
(+/— vs —/—). C, Percentage time of mice spent freezing at exploration, 24 h, 3 weeks after context training in a fear-conditioning task: one-way ANOVA, p = 0.028 (+/+ vs —/—). D, The
freezing time of every minute in the 3 weeks retention test: one-way ANOVA, p = 0.019 (+/+ vs —/—, 2min); p = 0.027 (+/+ vs —/—, 3 min). , Input— output curve. Data from WT and KO
slices at stimulus intensity from 10 to 100 wA. F, PPF. Data from WT and KO slices from recordings at different intervals (WT, n = 12 slices form 4 mice; KO, n = 11 slices from 4 mice). G, LTP. Data
are the percentage of mean fEPSP slopes recorded during the baseline (before TBS) period (WT, n = 12 slices form 4 mice; KO, n = 11 slices from 4 mice; two-way ANOVA, p << 0.0001). H, Mean =
SEM of LTP levels recorded 50 — 60 min after TBS (two-tailed Student's ¢ test, p = 0.018). Data are mean = SEM. *p << 0.05, **p << 0.01.

time or immediately acquire freezing percentage after the foot  results showed that the freezing of GSNOR TG mice (line 5) at
shock (Fig. 3S). GSNOR TG mice (line 5) showed less freezing ~ 2-3 min was significantly lower than that of WT mice (Fig. 3T).
than WT mice after 24 h retention (Fig. 3S). We further analyzed ~ GSNOR TG mice (line 5) showed fewer alternations than con-
the freezing percentage in every minute with the line chart. The  trols (Fig. 3V), with similar times of entry to the arms (Fig. 3U).
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The Y-maze and fear conditioning test results showed that line 5
GSNOR TG mice also had cognitive impairment. In conclusion,
overexpression of GSNOR impairs cognitive function, and these
effects are independent of TG strains.

GSNOR overexpression impaired hippocampal

synaptic plasticity

Considering that synaptic transmission and plasticity are widely
regarded as the basic cellular mechanisms of cognitive function
(Amtul and Atta-Ur-Rahman, 2015), we used hippocampal slices
prepared from GSNOR TG and WT littermates to measure the
effect of GSNOR overexpression on synaptic properties in the
Schaffer collateral-CA1 pathway.

Basal synaptic transmission was first examined in the GSNOR
TG and WT mice. When the stimulus intensity was increased
from 10 to 45 A, the input—output curves for the slope of extra-
cellular fEPSP revealed no differences between slices from TG
and WT mice (Fig. 4A). We also investigated paired-pulse facili-
tation (PPF), which indicates presynaptic function, to exclude
the possibility that the overexpression of GSNOR influenced the
probability of neurotransmitter release. There was also no differ-
ence in PPF between slices from TG and WT mice at interstimu-
lus intervals ranging from 20 to 300 ms (WT, n = 10 mice; TG,
n = 10 mice; Fig. 4B). These results indicated that both basal
synaptic transmission and presynaptic function are normal in
GSNOR TG mice (Tsien et al., 1996). LTP is known as a model of
processes associated with cognitive function (Lynch, 2004; Kan-
del etal., 2014). We next examined whether LTP was affected by
the overexpression of GSNOR. In WT hippocampal slices, LTP
was readily induced by TBS stimulation and lasted for at least 60
min (Fig. 4C). Compared with the mean values at baseline, the
average slope of fEPSP in the last 10 min was 146.1 = 12.0% (Fig.
4D). However, TBS stimulation failed to induce LTP in GSNOR
TG hippocampus slices (TG, n = 10 mice; WT, n = 10 mice;
two-way ANOVA, p < 0.0001; Fig. 4C). The average slope of
fEPSP in the last 10 min was 97.3 = 15.9%, and it was signifi-
cantly different in WT hippocampus slices (TG, n = 10 mice;
WT, n = 10 mice; two-tailed Student’s ¢ test, p = 0.033; Fig. 4D).
These results suggest that overexpression of GSNOR can block
LTP in the hippocampus, and it is likely the cellular mechanism
underlying the cognitive impairment of GSNOR TG mice showed in
behavior tests.

The density, morphology, and function of dendritic spines are
closely related to synaptic plasticity, which is a key mechanism for
cognitive function (Bosch and Hayashi, 2012; Amtul and Atta-
Ur-Rahman, 2015). To examine the effect of GSNOR overexpres-
sion on synaptic plasticity, we mated GSNOR TG mice with Thy
1:GFP mice to make the morphology of neuronal dendritic spines
visible under a fluorescent microscope. The density of dendritic
spines as an indicator of synaptic plasticity was analyzed by laser
confocal microscopy in brain tissue frozen sections (Fig. 4E). The
results showed that the hippocampal neuronal dendritic spine
density of GSNOR TG mice was significantly lower than that of
their WT littermates (WT, n = 183 neurons form 6 mice; TG, n =
200 neurons form 6 mice; two-tailed Student’s t test, p = 0.0003;
Fig. 4F).

GSNOR deficiency rescues age-related cognitive impairment

If the high expression of GSNOR in the hippocampus is respon-
sible for age-related cognitive impairment, then downregulation
of its expression in aged mice should ameliorate the memory
deficiency. Indeed, we tested cognitive function of GSNOR KO
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Table 1. S-Nitrosation modification quantitative proteomics in aging mice
hippocampus”

Aging
Accession S-nitrosation/adult
no. Name Score”  S-nitrosation®
P11798  CaMKllx 40.15  0.706
P63328  Serine/threonine-protein phosphatase 2B catalytic  39.40 1.007
subunit o
EOCZ78  Serine/threonine-protein phosphatase 24.67 1.150
Q55vI9  CaMKIIB 23.55 0519
P21279  Guanine nucleotide-binding protein G(q) subunitx 13.90  1.191
P31938  Dual-specificity mitogen-activated protein kinase 1~ 9.99  0.833
P63085  Mitogen-activated protein kinase 1 9.35 0.707
Q2NKI4 - PKC 6.23 1.169
P63087  Serine/threonine-protein phosphatase PP1-y 248 1.174
catalytic subunit
BTAUPO  Serine/threonine-protein kinase A 215 0.886

“Targets are from LTP classification in KEGG analysis of S-nitrosation modification quantitative proteomics in aging
mice compared with adult mice hippocampus. S-nitrosation modification protein targets are labeled by TMT 129
(aging mice hippocampus) or TMT 128 (adult mice hippocampus) in quantitative proteomics.

®Proteome Discovery version 1.4 software indicates the sum of Xcorr (the score of the cross correlation with the
theoretical spectrum) of all identified peptide of this protein. The higher the score, the higher the confidence level of
identified protein.

TMT 129/TMT 128.

aged mice and their littermates (22-month-old) in the Y-maze
test and context fear conditioning test.

In the Y-maze test, the number of arm entries among the three
groups of aged mice (+/+, +/—, —/—) was not significantly
different (Fig. 5A). The alternation percentage of GSNOR KO
aged mice (—/—) was significantly higher than that of the other
two groups of aged mice (+/+, +/—), suggesting that the work-
ing memory of GSNOR KO aged mice is stronger than that of the
control mice (+/+, n = 8 mice; +/—, n = 9 mice; —/—,n =9
mice; one-way ANOVA/Turkey’s post hoc test, p = 0.014, +/+
vs —/—; p = 0.047, +/— vs —/—; Fig 5B).

In the fear conditioning test, the freezing percentage of the
three groups of aged mice (+/+, +/—, —/—) in the exploration
stage showed no significant differences among the groups (Fig.
5C). After 5 consecutive electric shocks, the percentage of freez-
ing in the three groups of aged mice was very high, up to 90%,
with no significant differences (data not shown). After 24 h, there
was still no significant difference in the freezing percentage
among the three groups of mice. We concluded that the C57 aged
mice were perhaps too sensitive to the electrical stimulation, such
that our relatively strong electric shock (previous experimental
condition in CD1 WT mice or TG mice) could have masked the
difference. Based on such judgments, we opined that the freezing
memory could likely be regulated over a longer period of time.
Hence, we detected the freezing percentage again 3 weeks later.
Results showed that the freezing percentage of GSNOR KO aged
mice (—/—) was significantly higher than the other two groups of
aged mice (+/+, +/—) in 3 weeks retention (+/+, n = 8 mice;
+/—,n =9 mice; —/—, n = 9 mice; one-way ANOVA/Turkey’s
post hoc test, p = 0.028, +/+ vs —/—; Fig. 5C). Then the freezing
percentages in every minute were analyzed with the line chart.
The results showed that the freezing of GSNOR KO aged mice
(—/—) at 2 and 3 min was significantly higher than that of the
other two groups of aged mice (+/+, n = 8 mice; +/—,n =9
mice; —/—, n = 9 mice; one-way ANOVA/Turkey’s post hoc test,
p =10.019, +/+ vs —=/—, 2 min; p = 0.027, +/+ vs —/—, 3 min;
Fig 5D). This is an indication that the fear-related cognitive func-
tion of GSNOR KO mice was significantly stronger than the con-
trol mice. In summary, we found that the cognitive function of
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GSNOR KO aged mice is stronger than that of WT or heterozy-
gous control mice.

We examined whether LTP was affected in GSNOR KO aging
mice (22-month-old). We first detected the input—output curves
and PPF in GSNOR KO aging mice compared with WT aging
mice. When the stimulus intensity was increased from 10 to
100 wA, the input—output curves for the slope of extracellular
fEPSP revealed no differences between slices from KO and WT
mice (Fig. 5E). There was also no difference in PPF between slices
from KO and WT aging mice at interstimulus intervals ranging
from 20 to 200 ms (WT, n = 12 slices; KO, n = 11 slices; Fig. 5F).
In WT and GSNOR KO aging hippocampal slices, LTP was in-
duced by TBS stimulation and lasted for at least 60 min. TBS
stimulation induced higher LTP in GSNOR KO aging mice than
WT (WT, n = 12 slices; KO, n = 11 slices; two-way ANOVA, p <
0.001; Fig. 5G). Compared with the mean values at baseline, the
average slope of fEPSP in the last 10 min of GSNOR KO mice was
significantly higher in WT hippocampus slices (WT, n = 12 slic-
es; KO, n = 11 slices; two-tailed Student’s ¢ test, p = 0.018; Fig.
5H). These results suggest that knock-out GSNOR can increase
LTP in the hippocampus of aging mice.

GSNOR decreases CaMKII« S-nitrosation modification in the
aged hippocampus

GSNOR is considered to be a key metabolic enzyme for S-nitro-
sation modification homeostasis (Liu et al., 2001, 2004; Benhar et

al., 2009). Thus, we screened the S-nitrosation protein targets in
the aged mouse hippocampus by S-nitrosation modification
quantitative proteomics. We obtained 627 S-nitrosation protein
targets, 103 of which were significantly decreased (20%). Then,
we did the Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis and tried to find related targets. Because LTP is known as
a key mechanism of cognitive function, we first focused on the
protein target listed in Table 1 involved in LTP process of KEGG
analysis. Among them, we found an important target, CaMKlIle,
which is directly related to cognitive function and synaptic plas-
ticity (Lisman et al., 2012).

First, consistent with S-nitrosation modification quantita-
tive proteomics, we verified the downregulation of SNO-
CaMKIla in aged mouse hippocampus by the IBP method
(7-month-old, n = 5 mice; 22-month-old, n = 5 mice; two-
tailed Student’s t test, p = 0.0047; Fig. 6 A, B). To study the
effect of GSNOR on SNO-CaMKIl«, we detected SNO-
CaMKIla level in GSNOR TG mice and GSNOR KO aged
mouse hippocampus by the IBP method. Consistent with pre-
vious results, SNO-CaMKIlIa« levels in the hippocampus were
indeed downregulated in GSNOR TG mice (n = 6 experi-
ments; two-tailed Student’s ¢ test, p = 0.0031; Fig. 6C,D)
but were upregulated in the GSNOR KO aged mouse
(WT, n = 4 mice; KO, n = 4 mice; two-tailed Student’s ¢ test,
p = 0.0026, Fig. 6 E,F) hippocampus.
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Figure7.  GSNOR decreased CaMKIlcaccumulation in aging hippocampal synaptosomal fraction. A, Left, CaMKll e accumulation level in adult (7 months) and old (22 months) mice hippocampal

synaptosomal fraction. Right, Quantitation of CaMKllcx accumulation level normalized by synaptosomal marker SYP (7-month-old, n = 6 mice; 22-month-old, n = 6 mice; two-tailed Student's ¢
test, p = 0.042). B, Top, CaMKllx accumulation level in primary hippocampal neuron synaptosomal fraction by overexpression of GSNOR. Neuron was transfected by Ctrl, GSNOR, or R115D (GSNOR
enzyme activity mutant) lentivirus plasmids. Bottom, Quantitation of CaMKIlcx accumulation level normalized by synaptosomal marker SYP: n = 3 experiments; one-way ANOVA, p = 0.009 (ctrl
vs GSNOR); p = 0.008 (GSNOR vs R115D). €, Top, CaMKIlcx accumulation level in primary hippocampal neuron synaptosomal fraction by downregulation of GSNOR. Neuron was transfected by
shGSNOR to downregulated GSNOR protein level. Bottom, Quantitation of CaMKll e accumulation level normalized by synaptosomal marker SYP (n = 3 experiments; two-tailed Student's t test, p =
0.0071). D, Top, CaMKllx accumulation level in primary hippocampal neuron synaptosomal fraction by inhibition of GSNOR activity. Neuron was treated by GSNOR inhibitor C3 (33 um) for 3 h.
Bottom, Quantitation of CaMKIlcw accumulation level normalized by synaptosomal marker SYP (n = 3 experiments; two-tailed Student’s t test, p = 0.036). E, Top, CaMKll accumulation level in
GSNORTG mice hippocampal synaptosomal fraction. Bottom, Quantitation of CaMKIl e accumulation level normalized by synaptosomal marker SYP (n = 4 experiments; two-tailed Student’s ¢ test,
p = 0.0062). F, Top, CaMKIl e accumulation level in GSNOR KO aging mice hippocampal synaptosomal fraction. Bottom, Quantitation of CaMKIlcx accumulation level normalized by synaptosomal
marker SYP (WT, n = 4 mice; KO, n = 4 mice; two-tailed Student’s t test, p = 0.0093). Data are mean == SEM. *p << 0.05, **p < 0.01.

GSNOR downregulates CaMKII« signaling in the aged

hippocampus by decreasing S-nitrosation of CaMKIIa

Our previous results have demonstrated that GSNOR downregu-
lates SNO-CaMKIIa levels in the aged mouse hippocampus (Fig.
7A,B). However, whether CaMKIIa function is regulated by
GSNOR in the aging process is unknown. Synaptosomal accu-
mulation of CaMKIl« is essential for its function in cognition

(Lisman et al., 2012). Therefore, we detected CaMKIIa synapto-
somal accumulation in old mouse hippocampus compared with
adult mice. The results showed that CaMKIl« synaptosomal ac-
cumulation was downregulated in old mice (7-month-old, n = 6
mice; 22-month-old, n = 6 mice; two-tailed Student’s ¢ test, p =
0.042; Fig. 7A). We further verified the effect of GSNOR on
CaMKIIa accumulation in mature hippocampal neurons. Over-
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Figure 8.

GSNOR decreased p(5831)-GLUR1 in aging hippocampus. 4, p-GLUR1 (S831) level in adult (7 months) and old (22 months) mouse hippocampal synaptosomal fraction. Quantitation of

p-S831 level normalized by synaptosomal marker SYP at right (adult, n = 3 mice; old, n = 3 mice; two-tailed Student's t test, p = 0.0043). B, p-GLUR1 (5831) level in primary hippocampal neuron
synaptosomal fraction. Neuron was transfected by ctrl or GSNOR lentivirus plasmid. Quantitation of p-5831 level normalized by synaptosomal marker SYP at right (n = 3 experiments; two-tailed
Student's t test, p = 0.0061). C, p-GLUR1 (5831) level in GSNOR KO aging mice (22 months) hippocampal synaptosomal fraction. Quantitation of p-S831 level normalized by synaptosomal marker
SYP at right (WT, n = 4 mice; KO, n = 4 mice; two-tailed Student’s t test, p = 0.033). Data are mean = SEM. *p < 0.05, **p < 0.01.

expression of GSNOR decreased CaMKIIa accumulation in hip-
pocampal neuronal synaptosome but not in the GSNOR mutant
R115D (mutation of arginine 115 to aspartic acid, enzyme activ-
ity mutant) (Hedberg et al., 2003; Wu et al., 2014) (n = 3 exper-
iments; one-way ANOVA/Turkey’s post hoc test, p = 0.009, ctrl vs
GSNOR; p = 0.008, GSNOR vs R115D; Fig 7B). Interestingly, the
downregulation of both GSNOR by the shGSNOR plasmid
(n = 3 experiments; two-tailed Student’s t test, p = 0.0071; Fig.
7C) and the GSNOR inhibitor C3 (33 um for 3 h; n = 3 experi-
ments; two-tailed Student’s ¢ test, p = 0.036; Fig. 7D) increased
CaMKIIa accumulation in hippocampal neuronal synaptosome.
Verification of the results in GSNOR TG mice and GSNOR KO
aged mice revealed that CaMKIl« synaptosomal accumulation
level was downregulated in GSNOR TG mice (n = 4 experiments;
two-tailed Student’s ¢ test, p = 0.0062; Fig. 7E) and upregulated
in GSNOR KO aged mouse (WT, n = 4 mice; KO, n = 4 mice;
two-tailed Student’s t test, p = 0.0093; Fig. 7F) hippocampus.
Postsynaptic AMPAR activity plays a key role in LTP (Col-
lingridge et al., 2004; Matsuzaki et al., 2004; Kessels and Malinow,
2009). According to current evidence, the increase in AMPAR
conductance that is observed during the LTP is due to S831 phos-
phorylation of GLURI1, which is phosphorylated by CaMKIl«
(Lisman et al., 2002, 2012; Halt et al., 2012). Thus, we tried to
evaluate the impact of reduced SNO-CaMKIla by GSNOR on
S831 phosphorylation. We found that p(S831)-GLURI1 was sig-

nificantly downregulated in aged mouse hippocampal synapto-
some (adult, » = 3 mice; old, n = 3 mice; two-tailed Student’s ¢
test, p = 0.0043; Fig. 8A4). Overexpression of GSNOR decreased
p(S831)-GLURI in hippocampal neuronal synaptosome (n = 3
experiments; two-tailed Student’s ¢ test, p = 0.0061; Fig. 8B). On
the contrary, p(S831)-GLURI was upregulated in GSNOR KO
mice compared with WT aged hippocampal synaptosome (WT,
n = 4 mice; KO, n = 4 mice; two-tailed Student’s ¢ test, p = 0.033;
Fig. 8C). It is reported that NO induced autonomous activity of
CaMKIIa by S-nitrosation of Cys280 and Cys289 and contributes
to its pathological functions (Coultrap and Bayer, 2014). How-
ever, whether there is a link between SNO-CaMKII« and synap-
tosomal CaMKIIa accumulation remains unknown. To answer
this question, we constructed CaMKII« S-nitrosation site mutant
C280/C289V lentivirus plasmid. WT GFP-CaMKIla and mutant
CaMKIIa C280/C289V were transfected into HEK293 cells
treated with 500 uM or 1 mMm NO donor SNOC. The results
showed that SNOC induced nitrosation modification in WT but
not in mutant CaMKIIa-transfected cells (Fig. 9A4), indicating
that C280/C289 are the key nitrosation sites of CaMKIIa. Synap-
tosomal accumulation in DIV14 hippocampal neurons was fur-
ther detected to investigate the effect of SNO-CaMKIla on
function by transfecting hippocampal neurons with WT and mu-
tant CaMKIIa. The synaptosomal accumulation of the C280/
C289V mutant CaMKIla was lower than WT CaMKIla (WT,
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n = 4;C280/C289V, n = 4; two-tailed Student’s t test, p = 0.0027;
Fig. 9B). The GSNOR inhibitor C3 increased synaptosomal accu-
mulation in WT CaMKII« but not in the C280/C289V mutant
(n = 4 experiments; two-tailed Student’s ¢ test, p = 0.007, WT vs
IH; p = 0.028, WT vs C2V; Fig. 9C). These results demonstrated
that GSNOR inhibits CaMKII« synaptosomal accumulation by
downregulating its nitrosation modification.

Increasing NO signaling rescues GSNOR TG mouse

cognitive impairment

It has been reported that supplementing L-Arg by intraperitoneal
injection can increase NO levels in mice (Rezayof et al., 2006).
GSNOR TG and WT mice were injected with intraperitoneal
L-Arg. As shown in Figure 10A (WT, n = 5; TG, n = 5), L-Arg
administered 30 min before the test rescued the attenuation of
NO levels in the GSNOR TG mouse hippocampus. We went fur-
ther to determine whether this treatment could also rescue the
GSNOR TG mouse cognitive impairment in the Y-maze and fear
conditioning test. Like the performance described above, the
GSNOR TG mice showed fewer alternations than WT, with sim-
ilar numbers of entry to the arms. L-Arg treatment significantly
increased GSNOR TG mice alternations in the Y-maze test,
whereas the same dose of L-Arg did not show any significant
differences in the number of arm entries (WT, n = 20; TG, n =
23; one-way ANOVA/Turkey’s post hoc test, p = 0.038, TG vehi-
cle vs WT vehicle; p = 0.047, TG vehicle vs TG L-Arg; Fig 10 B, C),
indicating that L-Arg treatment could rescue the impaired work-

ing memory of GSNOR TG mice. In the contextual fear memory
test, GSNOR TG mice showed less freezing than WT mice, and
L-Arg treatment significantly increased the freezing percentage in
the fear conditioning test in GSNOR TG mice after 24 h retention.
No differences were observed in the freezing or exploration times
between GSNOR TG mice and WT mice after injection of L-Arg
or immediately after the foot shock (TG, n = 13; WT, n = 14;
two-tailed Student’s t test, p = 0.034; Fig. 10D). Upon analyzing
the freezing percentage at every minute, L-Arg treatment signifi-
cantly increased the freezing percentage in the fear conditioning
test of GSNOR TG mice in the line chart (TG, n = 13; WT, n = 14;
one-way ANOVA/Turkey’s post hoc test, p = 0.0083, TG vs TG
L-Arg, 5 min; Fig. 10E). Consistent with the effect on the NO level
and working memory in the Y-maze test, L-Arg treatment rescued
the contextual fear memory impairment of GSNOR TG mice in
the fear conditioning test.

Discussion

In this study, our research demonstrated that GSNOR expression
increased significantly in hippocampal tissue samples with the
aging process. TG mice overexpressing GSNOR exclusively in
neurons (GNSOR TG mice) showed cognitive defects, whereas
GSNOR KO mice could rescue from the effects of age-related
cognitive impairment. Further study demonstrated that overex-
pression of GSNOR decreased S-nitrosated CaMKIIa, CaMKIl«
synaptosomal accumulation, and GLUR1 phosphorylation (S831).
Downregulation of S-nitrosated CaMKIIa by GSNOR was re-
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sponsible for the decreased CaMKIl« syn-
aptosomal accumulation. Upregulation
of either the NO signaling pathway could
rescue the cognitive impairment in
GSNOR TG mice (Fig. 11).

GSNOR is a new potential target of
age-related cognitive impairment
Scientists are searching for key driver
molecules in this process as specific tar-
gets to decrease age-related cognitive im-
pairment (Pelegetal., 2010; Ménard et al.,
2013; Pavlopoulos et al., 2013; Johnson et
al., 2015; Sharma et al., 2015; Smith et al.,
2015; Chen etal., 2016). However, at pres-
ent, there is no effective clinical treatment
for age-related cognitive impairment, and
the molecular basis, especially SNO sig-
naling pathway underlying this process, is
still poorly understood. Based on our
experimental results, we provide a new
specific target, GSNOR, for age-related
cognitive impairment. In other words,
age-related cognitive impairment could
be slowed down by using GSNOR as a di-
rect target and screening small-molecule
inhibitors of GSNOR as effective treat-
ments. Moreover, our study demon-
strated a new function of GSNOR in the
brain. The functions of this enzyme in the
brain have always remained unclear since
the past three decades when questions re-
lating to these enzymes were first raised
(Beisswenger et al., 1985). The results of
this study provide the first substantive an-
swers to these speculations by revealing
that the important physiological function
of GSNOR in synaptic plasticity and cog-
nitive function is via modulating NO
homeostasis.

NO signaling pathway deficiency could
be an important cause of age-related
cognitive impairment

Cognitive dysfunction is most prevalent
in patients with brain neurodegenerative
diseases, including AD, PD, and HD. Ear-
lier research work on NO and brain dis-
eases mainly focused on neuronal damage
and impaired cognition function possibly
resulting from excessive NO. However,
the links between NO and cognitive dys-
function diseases were not limited to NO-
mediated neurotoxicity, and the potential
neuroprotective function of NO signaling
should be considered (Law et al., 2001).
Our findings established that GSNOR ex-
pression increased (Fig. 1B), nNOS ex-
pression decreased, and iNOS expression
was not induced in the aged mouse hip-
pocampus (data not shown). In the aged
mice, hippocampal NO bioactivity was
lower than in adult mice and NO level in
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GSNOR TG mouse hippocampal neurons was lower than WT,
regardless of GLU treatment. Next, we proved that intrape-
ritoneal injection of the NOS substrate L-arginine could rescue
GSNOR TG mouse cognitive impairment. These results suggest that
the lack of NO signaling is likely the key reason for age-related
cognitive impairment. Many studies support our results. For exam-
ple, it was found that glutamate-induced NO concentration dy-
namics decrease in the hippocampus, striatum, and cerebral
cortex through aging (Ledo et al., 2015) and that an enriched
environment prevents age-related cognitive impairment by up-
regulating NO production (Arnaiz et al., 2004). Similarly, cur-
cumin could rescue age-related cognitive impairment by
increasing the nNOS expression level (Yu et al., 2013). The pres-
ent results show that the lack of NO signaling mediated by
GSNOR impairs cognitive function. In addition, increased
GSNOR levels have been found in a Huntington’s disease (HD)
mouse model and in Down syndrome patient brains with demen-
tia (Lockstone et al., 2007; Becanovic et al., 2010). In an AD
pathogenesis study, NO signaling was found to be downregulated
by AB when modulating hippocampal synaptic plasticity (Vi-
rarkar et al., 2013). The NO donor DEA/NO could rescue LTP
impairment in hippocampal slices perfused with A3 (Law et al.,
2001). Moreover, NO signaling attenuation was also detected in
Pb-induced neuronal damage and cognitive disruption (Nava-
Ruiz et al., 2012). This result implied that GSNOR-mediated NO
signaling attenuation may not be its only role in age-related cog-
nitive impairment; rather, it also has relationships with other
cognitive dysfunction diseases. Based on these experimental re-
sults, we may reconsider the potential neuroprotective function
of NO signaling in cognitive dysfunction disease and slow down
the age-related cognitive impairment by increasing NO signaling.

The physiological function and regulation of S-nitrosation
CaMKII« by GSNOR are shown for the first time

In 2014, it was reported that NO could activate the autonomous
activity of CaMKIIa by nitrosation modifications at the cys280
and cys289 sites (Coultrap and Bayer, 2014). However, whether
CaMKIla nitrosation modification exists in vivo as well as the
function of SNO-CaMKIIa were still unclear. In our research, we
first found that the SNO-CaMKIla level was downregulated in
the aged mouse hippocampus. At the same time, synaptosomal
accumulation of CaMKIl« was also downregulated in aged mouse
hippocampus. More importantly, mutating the CaMKII« S-nitro-
sation sites C280/C289 could directly inhibit its synaptosomal
accumulation. However, the role of CaMKIl« S-nitrosation in
LTP and cognitive function remains unclear. CaMKII activity is
a sufficient and necessary condition for LTP formation, which
plays a vital role in cognitive function (Lisman et al., 2012).
CaMKII autonomous activity regulated by autophosphorylation
indicates that this kinase could serve as a molecular switch that is
capable of long-term memory storage (Lisman et al., 2002). In
recent years, scientists have found that, in addition to phos-
phorylation modification, some other post-translational
modifications of CaMKII, including oxidation modification and
glycosylation modification, can also induce autonomous activity
of CaMKII and affect its function (Erickson et al., 2008, 2013).
Except for post-translational modifications, binding to the
NMDAR subunit GluN2B is another way to induce autonomous
activity of CaMKII (Bayer et al., 2001; Halt et al., 2012). The
different mechanism for generating autonomy activity seems to
play different function in LTP as well as cognitive function (Coul-
trap and Bayer, 2012). T286 autophosphorylation of CaMKII
play an important role in mediating LTP induction and memory
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formation but not in LTP maintenance and memory storage
(Giese et al., 1998; Buard et al., 2010; Coultrap and Bayer, 2012).
Meanwhile, the activity-driven interaction of CaMKII with the
NMDAR is important for the storage of synaptic information and
memory consolidation (Coultrap and Bayer, 2012; Halt et al.,
2012; Barcomb et al., 2016). Our work revealed that SNO-
CaMKIIa was responsible for synaptosomal accumulation of
CaMKIl« (Fig9) similar to the function of interaction of CaMKII
with the NMDAR. However, our experiments are under the basal
condition, but activity-driven postsynaptic accumulation of
CaMKII was impaired in GluN2B KI mice (Halt et al., 2012). To
further study the physiological function of SNO-CaMKIla, we
are constructing the CaMKIIa mutant mice of C280/C289V ni-
trosation modification sites. The function of SNO-CaMKIl« in
contributing to LTP or cognitive function will be further eluci-
dated in the future.

GSNOR is the key regulator of protein SNO modification
levels in vivo. Because there may be a risk of neurotoxicity or
other tissue NO toxicity by direct use of an NO donor or nNOS
activation agent, effective and specific nitrosation proteins may
be better targets for clinical treatment (Nakamura and Lipton,
2016). Our experiments showed that SNO-CaMKII« is likely a
new target of GSNOR in age-related cognitive impairment. How-
ever, the possibility cannot be excluded that GSNOR overexpression
impaired cognitive function in aging and reduced surface expression
of AMPA receptors by other SNO target pathways. Nevertheless, we
provided a new strategy to slow down age-related cognitive impair-
ment by screening small specific molecule activators of SNO protein
targets.

In conclusion, our research demonstrates that GSNOR 1is a
new potential target for the treatment of age-related cognitive
impairment. An NO signaling deficiency may be the main cause
of age-related cognitive impairment. In addition, we first proved
the regulatory mechanisms of S-nitrosation CaMKIIa by GSNOR.
These results provide a new potential target and strategy for slowing
age-related cognitive impairment.
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