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MATERIALS AND METHODS
MitoTracker® Green staining

In order to confirm the mitochondrial origin of superoxide
generated by LPS/cytokine stimulation, we performed double
staining of cells with 50 nM MitoTracker® Green FM dissolved
in Hank’s buffer [1] (excitation at 488 nm; green photomultiplier
channel of the confocal microscope used for image acquisition)
plus 2.5 uM MitoSOX™ Red dissolved in Hank’s buffer, for
15 min.

Nitrite and nitrate measurement

C6 cells were seeded in a 96-well plate at a density of 10°
cells/well, followed by stimulated with LPS/cytokines in the
absence or the presence of PEG-SOD (200 units/ml) or PEG-
catalase (200 units/ml) for 36 h. We quantified NO,~ and NO;~
produced in C6 cells using an HPLC-flow reactor system, as
described previously [2].

Superoxide and H,0, measurements

C6 cells were seeded in 12-well plate at a density of 2 x 10°
cells/well, followed by treated with control siRNA or p477
siRNA, or untreated for 36 h. Cells were then stimulated with
LPS/cytokines for a further 36h. Cells were then washed
twice with PBS, followed by measurement of superoxide and
H,0,. Superoxide production by C6 cells was measured by
means of cytochrome ¢ reduction assay, as described previously
[3]. Cytochrome ¢ reduction was measured by reading the
absorbance at 550 nm. Superoxide production was calculated
from SOD-inhibitable absorbance using coefficient for change of
ferricytochrome c to ferrocytochrome c (i.e. 21.0 mmol/l per cm).
For H,0, measurement, C6 cells was incubated in PBS at 37°C
for 10 min, and H,O, produced in the supernatant was measured
by using a hydrogen peroxide colorimetric detection kit (Enzo
Life Sciences, catalogue number ADI-907-015) according to the
manufacturer’s protocol.

Cell viahility assay

C6 cells were seeded in a 96-well plate at a density of 10°
cells/well, followed by stimulation with LPS/cytokines in the
presence of tiron (0, 10 or 100 M) for 36 h. Cell viability was
measured using the Cell Counting Kit-8 (Dojindo Laboratories)
according to the manufacturer’s protocol.

>
[s¢]

404

3-Nitrotyrosine (% control)
8
Py
<

3-Nitrotyrosine (% control}
[o23
S

20 1

Ny
(=3

ND ND

0 At Q= .
Additives © 2 20 200 Additives o 2 20 200 200
Tiron (uM) Tiron (uM)  SOD
(UW/ml)
Figure 81 Effect of tiron on tyrosine nitration caused by RNOS

Tyrosine (100 mM) was reacted with ONOO — (5 mM) (A) or with P-NONOQate (100 mM) (B) in
0.1 M sodium phosphate buffer (pH 7.4) containing 0.1 mM DTPA inthe presence of the indicated
concentrations of tiron. In (B), the effect of SOD (200 units/ml) was also examined. Formation of
3-nitrotyrosine was determined by HPLC-ECD. Data are expressed as means + S.EM. (n=3).
**P <0.01 compared with the control (without tiron). ND, not detected.
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Figure S2  Effect of PEG-S0D and PEG—catalase on NO production from G6
cells

C6 cells were seeded in a 96-well plate at a density of 10% cells/well, followed by stimulation
with LPS plus pro-inflammatory cytokines in the presence of PEG-SOD (200 units/mi)
or PEG—calalase (200 units/ml) for 36 h. NO metabolites (NO,~ and NOz~) in culture
supernatants were determined using the Griess assay. Data are expressed as means + S.EM.
(n=13). **P < 0.01 compared with the contro (PBS).
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Figure S3 Time-dependent increase in mitochondrial superoxide in rat C6 glioma cells stimulated with LPS/cytokines

Cells were stimulated with 2 mixture of LPS (10 zeg/ml), IFN-y (200 units/ml), TNF-e (500 units/ml) and IL-18 (10 ng/ml) for 0, 3, 12, 24 and 36 h. Cells were then analysed for the presence of
mitochondrial superoxide as described in the Materials and methods section of the main paper. (A) MitoSOX™ Red staining of PBS-treated cells (top panels) and LPS/cytokine-treated cells (bottom
panels) as detected using a Nikon E2-C1 confocal laser microscope (for MitoSOX™ Red: excitation at 420 nm and red photomuftipfier channe!; for DCDHF-DA: excitation at 488 nm and green
photomultiplier channel). Scale bars =50 zm. (B) Fluorescence intensity for MitoSOX™ Red staining. Data are expressed as means + S.EM. (n=3). **P < 0.01 compared with PBS-treated cells.
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Figure S4 LPS/eytokine stimulation of rat C6 glioma cells produced
mitochondrial superoxide

Cells were stimulated with a mixture of LPS (10 wg/mi), IFN-y (200 units/ml), TNF-«
(500 units/ml) and IL-18 (10 ng/mf) for 36h. Stimulated cells were then analysed for
co-localization of mitochondria and superoxide generated in the cells, as described in the
Materials and methods section of the supplementary material. MitoTracker® Green (left-hand
panel) and MitoSOX™ Red {middle panel) staining of stimulated cells, as detected by the Nikon
£Z-C1 confocal faser microscope (for MitoTracker® Green: excitation at 488 nm and green
photomultiplier channel; for MitoSOX™ Red: excitation at 420 nm and red photomultiplier
channel). Right-hand pane!, merged image. Scale bars =7 pm.
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Figure 85 Effect of tiron on GG cell viability

(6 cells were seeded in a 96-well plate at a density of 10° cells/well, followed by stimulated
with LPS plus pro-inflammatory cytokines in the presence of the indicated concentrations of
tiron for 36 h. The number of viable cells were then determined by cell counting kit. Data are
expressed as means + S.EM. (n=3).
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ROS-dependent formation of nitrated cyclic GMP
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Figure 86 Extracellular concentrations of 0,~ and H,0, and their
modulation by p47°%* knockdown

C6 cells were seeded in a 12-well plate at a density of 2 x 10° cells/well, followed by treatment
with control SIRNA or p47°%% SIRNA or no treatment for 36 h. Cells were then stimulated with
LPS plus pro-inflammatory cytokines for a further 36 h. Supernatant obtained from each culture
condition was then subjected to 0; ~ measurement (Cytochrome ¢ assay) and H,0, measurement
(Xyrenol Orange assay). Data are expressed as means + S.EM. (n=3). **P < 0.01 compared
with control (PBS). #P < 0.01 compared with LPS/cytokines -+ control SiRNA.
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Figure 87 Rotenone induced mitochondrial superoxide in rat C6 glioma
cells with Nox2 gene knackdown

Cells were transfected with control SIRNA or p47#%-specific SIRNA as described in the
Materials and methods section of the main paper, followed by stimulation with a mixture
of LPS (10 zg/ml), IFN-y (200 units/ml), TNF-ce (500 units/mi) and IL-18 (10 ng/mi) for
36 h. Cells transfected with p47#"%-specific SIRNA were treated with 10 ..M rotenone or were
untreated before stimulation with the LPS-/cytokine mixture. MitoSOX™ Red staining was used
to detect mitochondrial superoxide as described in the Materials and methods section of the main
paper. (R) Fluorescent staining of mitochondrial superoxide. Scale bars = 50 um. (B) Relative
fluorescence intensity of C6 cells, treated as described above for MitoSOX™ Red staining. Data
are expressed as means + S.EM. (n=3). P < 0.01, compared with the PBS-treated group.
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Figure S8 Increase in fluorescence intensity of 8-nitro-cGMP and
mitochondrial superoxide in rat C6 glioma cells after H,0, and NO treatment

() Cells were untreated or treated with 10 or 100 uM H,0, for 36 h, plus PEG-SOD
(200 units/m!), P-NONOate (100 zM) or PEG-SOD (200 units/ml) plus P-NONOate (100 zcM),
and the relative fluorescence intensity of 8-nitro-cGMP was measured using the 1G6 monoclonal
antibody, as described in the Materials and methods section. (B) In other experiments, cells
were untreated or treated with only 10 or 100 ..M H,0,, followed by determination of the relative
fluorescence intensity for MitoSOX™ Red staining compared with the fluorescence intensity of
PBS-treated control cells. Data are expressed as means + S.EM. (n=3). *P < 0.01, compared
with the PBS-treated control group.
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Abstract Nitric oxide (NO), a gaseous free radical that is
synthesized in organisms by nitric oxide synthases, par-
ticipates in a critical fashion in the regulation of diverse
physiological functions such as vascular and neuronal
signal transduction, host defense, and cell death regulation.
Two major pathways of NO signaling involve production
of the second messenger guanosine 3',5'-cyclic mono-
phosphate (cGMP) and posttranslational modification
(PTM) of redox-sensitive cysteine thiols of proteins. We
recently clarified the physiological formation of 8-nitro-
guanosine 3',5'-cyclic monophosphate (8-nitro-cGMP) as
the first demonstration, since the discovery of cGMP more
than 40 years ago, of a new second messenger derived
from ¢cGMP in mammals. 8-Nitro-cGMP is electrophilic
and reacts efficiently with sulfhydryls of proteins to pro-
duce a novel PTM via cGMP adduction, a process that we
named protein S-guanylation. 8-Nitro-cGMP may regulate
electrophilic signaling on the basis of its electrophilicity
through induction of S-guanylation of redox sensor pro-
teins. Examples include S-guanylation of the redox sensor
protein Kelch-like ECH-associated protein 1 (Keapl),
which leads to activation of NF-E2-related factor 2 (Nrf2)-
dependent expression of antioxidant and cytoprotective
genes. This S-guanylation-mediated activation of an anti-
oxidant adaptive response may play an important role in
cytoprotection during bacterial infections and oxidative
stress. Identification of new redox-sensitive proteins as
targets for S-guanylation may help development of novel
therapeutics for oxidative stress- and inflammation-related
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disorders and vascular diseases as well as understanding of
cellular protection against oxidative stress.

Keywords Nitric oxide - Reactive oxygen species -
Oxidative stress - Posttranslational modification -
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Adaptive response

Introduction

Nitric oxide (NO) is one of the smallest and perhaps oldest
known bioregulatory molecules. It modulates a number of
different cellular functions in prokaryotes, plants, and ani-
mals. In stark contrast to the apparent simplicity of this
diatomic molecule, its biological chemistry is surprisingly
complex, which makes it one of the most versatile signaling
molecules known. In the past 20 years, NO has been
established as a gaseous free radical with critical and
unforeseen roles in quite varied biological functions and
organisms (Martinez-Ruiz and Lamas 2009), including
regulation of vascular and neuronal signal transduction, host
defense, and cell death regulation (Bredt et al. 1990; Man-
nick 2007; Murad 1986; Patel et al. 2000). In mammals, NO
is synthesized by three different NO synthases (NOSs):
neuronal NOS (nNOS), inducible NOS (iNOS), and endo-
thelial NOS (eNOS). These NOSs catalyze the oxidation of
L-arginine to form NO and v-citrulline (Griffith and Stuehr
1995). Signal transduction of NO can be classified into
cGMP-dependent (canonical NO/cGMP pathway) and
cGMP-independent [noncanonical: NO-induced posttrans-
lational modifications (PTMs)] (Madhusoodanan and Murad
2007; Martinez-Ruiz and Lamas 2009). The canonical NO/
cGMP signaling paradigm involves NO-dependent activa-
tion of soluble guanylate cyclase, which results in formation
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of cGMP, which itself activates protein kinases, cyclic
nucleotide-gated ion channels, and phosphodiesterases
(Feelisch 2007; Madhusoodanan and Murad 2007).

NO readily reacts with oxygen radicals and metals to
produce chemically reactive compounds named collectively
reactive nitrogen oxide species (RNOS). RNOS such as
peroxynitrite (ONOO™) and nitrogen dioxide (NO,) can
produce several types of PTMs (Bartesaghi et al. 2007;
Eiserich et al. 1998; Radi 2004; Schopfer et al. 2003)
including nitration, oxidation, and nitrosylation of amino
acid residues in proteins (Akaike 2000; Alvarez and Radi
2003; Yamakura et al. 2005). Protein tyrosine nitration has
been associated with several pathological conditions such
as neurodegenerative diseases (Beckman et al. 1993),
inflammatory airway diseases (Sugiura et al. 2004), and
aging (Hong et al., 2007), and hence, regarded as biomarker
for biological RNOS formation. Recently, accumulated
evidence has suggested that PTMs of redox-sensitive pro-
tein thiols contribute to the regulation of NO signaling via
cGMP-independent mechanisms (Martinez-Ruiz and
Lamas 2009). A well-characterized example of a PTM of
redox-sensitive protein thiols by NO is S-nitrosylation, i.e.,
the conjugation of an NO moiety to a reactive cysteine
(Cys) thiol (Cys thiolate) to form S-nitrosothiol (Akaike
2000; Hess et al. 2005; Stamler et al. 2001).

PTMs mediated by electrophilic metabolites of NO also
play an important role in the NO signaling network. Recent
studies suggested that biomolecules such as fatty acids and
nucleotides react with NO and RNOS to form electrophilic
metabolites and that these electrophiles also modify protein
thiols to regulate NO signaling. Several groups reported the
biological formation of nitrated fatty acids (Baker et al.
2005; Freeman et al. 2008), which has been found to cause
thiol modification via S-nitroalkylation (Batthyany et al.
2006). However, RNOS are also known to induce nitration
of nucleic acids (Fig. 1). During the past several years,
nitrated guanine derivatives such as 8-nitroguanine and
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8-nitroguanosine were identified in diverse cultured cells
and in tissues from humans with lung diseases and different
organisms with viral pneumonia, cancer, and other inflam-
matory conditions (Akaike et al. 2003; Ohshima et al. 2006;
Sawa and Ohshima 2006; Sawa et al. 2006; Tazawa et al.
2007; Terasaki et al. 2006; Yasuhara et al. 2005; Yoshitake
et al. 2004, 2008). The redox activity of 8-nitroguanosine in
particular suggests that guanine nitration may have potent
biological effects (Sawa et al. 2003). We recently discovered
that another nitrated cyclic nucleotide, 8-nitroguanosine
3',5'-cyclic monophosphate (8-nitro-cGMP), is produced in
cells expressing iNOS (Sawa et al. 2007). 8-Nitro-cGMP has
an extremely potent signaling function in biological systems
because of its dual nature in signal transduction, i.e., the
canonical NO/cGMP pathway and noncanonical electro-
philic signaling; among the nitrated guanine derivatives
studied, it possessed the strongest redox-active property
(Sawa et al. 2007). Because of its potent electrophilic
behavior, 8-nitro-cGMP effectively reacts with sulfhydryl
groups of particular Cys residues to form a novel PTM via
formation of a protein-S-cGMP adduct, named S-guanyla-
tion (Fig. 2).

In this review article, we will discuss NO-mediated
signal transduction and its physiological role in the context
of protein Cys thiol modification by the novel nitrated
nucleotide derivative 8-nitro-cGMP.

Cys thiol, a prominent target for electrophilic signal
transduction

Cys is the most nucleophilic amino acid and readily reacts
with oxidants (e.g., reactive oxygen species, ROS) and
electrophiles of endogenous and exogenous origins. Not all
Cys thiols are important as redox sensors, inasmuch as
most protein thiols do not react with oxidants under con-
ditions and at concentrations found in cells. However,

o] 0
N NH N NH
ON~¢ ]| ON—< ||
Q@ o 9 NN Ha N N NH,
0-P—0-P-0-P-0 o o
o O O Q
HO OH 0,,[-"\-0 OH
8-Nitro-GTP 8-Nitro-cGMP
o]
N NH N NH
ﬁ N~ NH; g ﬁ (o]
8-Nitroguanine 8-Nitroxanthine

189



Protein S-guanylation and signal transduction

Fig. 2 Schematic
representation of protein
S-guanylation. Nucleophilic
protein thiolates attack the C8
carbon of 8-nitro-cGMP, which
results in adduction of cGMP
moieties to Cys residues in
proteins, with concomitant
release of nitrite anion

8-Nitro-cGMP

some thiols (i.e., those with low pK, values) were depro-
tonated to the thiolate anion state more readily because of
their surrounding environment (Eaton 2006). This depro-
tonation makes these thiols more reactive toward NO,
RNOS, and other related electrophiles (Eaton 2006;
Winterbourn and Hampton 2008). The pK, value of the
thiol of free Cys is 8.33, and the pK, values of protein-
associated thiols usually stays between 8.2 and 8.5
(Winterbourn and Hampton 2008). The characteristic of the
chemical milieu that lowers the pK, values of Cys thiols is
proximity to (a) basic amino acids such as histidine, lysine,
and arginine; (b) aromatic amino acids such as tyrosine and
tryptophan; or (¢) metal centers such as those in heme-
metal complexes (Hess et al. 2005; Winterbourn and
Hampton 2008). Moreover, protein allostery may affect the
accessibility and reactivity of the Cys thiols (Hess et al.
2005; Ishima et al. 2008; Winterbourn and Hampton 2008).

Protein Cys modifications by NO, RNOS, ROS, and
related electrophiles include S-nitrosylation, S-oxidation,
and S-alkylation. S-Nitrosylation is one of the best charac-
terized PTMs associated with NO signaling. A number of
proteins have been identified as targets for S-nitrosylation,
and their functional impact has been extensively studied
(Forrester et al. 2009; Hess et al. 2005; Miyamoto et al.
2000). RNOS also react directly with thiol groups. For
example, peroxynitrite, a coupling product of NO and
superoxide (Szabo et al. 2007), reacts with the thiol group,
which results in oxidation of the thiol to form sulfenic acid
(RSOH) (Radi et al. 1991). RSOH then reacts with neigh-
boring thiol groups to form intra- or inter-molecular disul-
fide bonds (Poole et al. 2004). RSOH also plays an important
role in glutathionylation, a covalent attachment of gluta-
thione (GSH) to protein thiols via a mixed disulfide bond.
S-Alkylation results from a reaction with electrophilic sec-
ondary metabolites of RNOS. The reaction patterns can be
additions or substitutions depending on the structure of the
electrophile. Examples of such electrophiles include nitrated

8-5-Cys-cGMP adduct

fatty acids and nitrated cyclic nucleotides. A number of
nitrated fatty acid residues have been found in biological
systems and proved as potent as Cys-alkylating electrophilic
agents (Bakeretal. 2005; Balazy et al. 2001; Batthyany et al.
2006; Freeman et al. 2008; Trostchansky and Rubbo 2006).
The nitrated fatty acids have conjugated nitroalkene func-
tions, and the electron-withdrawing nature of the nitro group
facilitates the Michael addition of the thiols to the alkenes,
which is known as S-nitroalkylation (Batthyany et al. 2006).

Cys thiol modification by NO, RNOS, ROS, and
RNOS- and ROS-derived electrophiles has been shown to
regulate the activity of numerous metabolic enzymes, such
as oxidoreductases, proteases, protein kinases, and phos-
phatases; receptors; ion channels and transporters; and
transcription factors. Important regulations of thiol modi-
fication-mediated protein functions include (a) inhibition
of enzymes by modification of active center thiols; (b)
thiol modification-induced functional and structural mod-
ulation (allosteric regulation); and (c) regulation of pro-
tein—protein interactions (Hess et al. 2005; Jones 2008).

Later in this review, we will provide more details about
protein Cys modification by nitro-nucleotides as a novel
PTM and its impact on redox signal transduction.

Biological formation of nitrated nucleotides

In vitro and in vivo experiments have identified nitration of
nucleic acids (Fig. 1), more specifically guanine deriva-
tives, as associated with various inflammatory conditions.
Yermilov et al. (1995) found that peroxynitrite reacts with
the guanine base of nucleic acids to form 8-nitroguanine in
vitro. Masuda et al. (2002) demonstrated peroxynitrite-
mediated 8-nitroguanosine formation from RNA in vitro.
Our group first reported in vivo evidence of guanine
nitration: we found marked guanine nitration in the lungs
of influenza virus-infected mice and human patients with
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idiopathic pulmonary fibrosis and lung cancer that depen-
ded on production of NO by iNOS (Akaike et al. 2003;
Sawa et al. 2006; Terasaki et al. 2006). We also observed
formation of 8-nitroguanosine in mice with infections with
bacteria such as Salmonella typhimurium (Zaki et al. 2009).
In addition, Hoki et al. (2007) detected 8-nitroguanine
formation in malignant fibrous histiocytoma. Recently,
8-nitroguanine was linked with diabetic retinopathy, which
is a major cause of blindness (Yuasa et al. 2008).

Our chemical analyses using high-performance chro-
matography-based electrochemical detection and tandem
mass spectrometry (LC-MS/MS) revealed that a nitrated
derivative of cGMP, 8-nitro-cGMP, was generated in
significant amounts in cell culture models with different
types of cells (Sawa et al. 2007; unpublished observation).
For example, 8-nitro-cGMP was identified in the mouse
macrophage cell line RAW 264.7 stimulated with cyto-
kines such as interferon-y and lipopolysaccharide (LPS) to
produce NO via iNOS. More important, LC-MS/MS
clearly revealed quantitative formation of 8-nitro-cGMP
in a rat glioma cell line stimulated with an exogenous NO
donor or with LPS plus cytokines (unpublished observa-
tion). Infection with the gram-negative bacterium Salmo-
nella also facilitated formation of 8-nitro-cGMP in mouse
macrophages (Sawa et al. 2007; Zaki et al. 2009). For-
mation of 8-nitro-cGMP was easily analyzed via immu-
nocytochemistry with the use of anti-8-nitro-cGMP
monoclonal antibodies. It was intriguing that immuno-
staining of intracellular 8-nitro-cGMP colocalized with
mitochondria rather than endoplasmic reticulum (Sawa
et al. 2007). This intracellular localization may have
implications for the mechanism and physiological effects
of 8-nitro-cGMP formation. Moreover, this mitochondria-
related nitration suggests that 8-nitro-cGMP may have a
role as a regulator of mitochondrial functions such as
energy metabolism and cell death. 8-Nitro-cGMP forma-
tion was also detected with other cultured cells, such as
human hepatocellular carcinoma (HepG2) cells, adipo-
cytes, and endothelial cells. Thus, clear evidence now
exists that nitrated derivatives of nucleotides are gener-
ated under various physiological and pathophysiological
conditions, so that they may serve not only as oxidative
stress markers but also as biologically functioning elec-
trophilic signal transducers.

Redox signaling property of nitro-nucleotides

8-Nitroguanosine and its derivatives have significant redox
activity. In the presence of certain oxidoreductases and elec-
tron donors such as NADPH, 8-nitroguanosine derivatives
readily reduced to form their anion radicals, which then
transferred a single electron to molecular oxygen to form

@ Springer

superoxide radical (Akaike et al. 2003; Sawa et al. 2003).
8-Nitro-cGMP had the highest redox activity among the
8-nitroguanosine derivatives tested, with redox activ-
ity decreasing in the following order: 8-nitro-cGMP >
8-nitroguanosine > 8-nitroguanosine 5'-monophosphate (8-
nitro-GMP) = 8-nitroguanosine 5'-triphosphate (8-nitro-
GTP). 8-Nitroguanine had only negligible redox activity
(Akaike et al. 2003; Sawa et al. 2003, 2007). Oxidoreductases
that can reduce 8-nitroguanosines include cytochrome P450
reductase and all three NOS isoforms (Akaike et al. 2003;
Sawa et al. 2003).

In view of this redox activity, 8-nitroguanosines may
serve to regulate vascular tone. In fact, 8-nitro-cGMP can
induce vasoconstriction, possibly through formation of
superoxide, as determined in organ bath experiments (Sawa
et al. 2007). 8-Nitro-cGMP-induced vasoconstriction
depended completely on endothelium, and more specifi-
cally on eNOS, which indicates the occurrence of eNOS-
dependent reduction of 8-nitro-cGMP to form superoxide,
which in turn antagonizes NO-dependent vasorelaxation.
At higher concentrations, however, 8-nitro-cGMP induced
vasorelaxation, through activation of cGMP-dependent
kinase (PKG) in vascular smooth muscle cells.

Nitro-nucleotides: endogenously formed electrophiles

Electrophilicity is another unique property of nitro-nucle-
otides. Because of their electrophilicity, nitro-nucleotides
readily react with nucleophilic thiol compounds of low and
high molecular weight to form 8-thioalkoxy-guanosine
adducts. We named this unique electrophilic reaction
S-guanylation of sulfhydryls (Saito et al. 2008; Sawa et al.
2007). This reaction seems to occur via nucleophilic attack
by the thiol group of a protein Cys or GSH on the C8
carbon of 8-nitro-cGMP so that the nitro moiety is released
and the 8-RS-cGMP adduct is formed (Fig. 2). The major
distinction between S-guanylation and other S-alkylations
is that S-guanylation is apparently quite stable and pro-
duces irreversible sulfhydryl modifications, because the
nitro moiety of the purine structure is lost during formation
of adducts with protein Cys residues. It is noteworthy that
8-nitro-cGMP is the first known nitrated derivative of a
cyclic nucleotide that possesses electrophilicity.

Among the nitroguanine derivatives examined (Fig. 1),
8-nitro-cGMP showed the highest reactivity with thiol
compounds. The second-order rate constant for the reaction
of 8-nitro-cGMP with the sulfhydryl of GSH was deter-
mined to be 0.03 M~" s~! at pH 7.4 and 37°C (Sawa et al.
2007). This value is much smaller than values for other
electrophiles such as 4-hydroxynonenal, 15-deoxy-A'>!*-
prostaglandin J,, and nitro-linoleic and -oleic acids; i.e.,
those compounds have reaction rate constants with GSH of
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1.3, 0.7, 355, 183 M~' s™!, respectively, at pH 7.4 and
37°C. This comparatively lower second-order rate constant
may account for the stable nature of this novel compound
in the cellular compartment where GSH is abundant (at
~mM levels) and may be responsible for the fact that
8-nitro-cGMP causes very selective S-guanylation with
sulfhydryls possessing high nucleophilicity, as determined,
at least in part, by low pK, values of sulfhydryls of the Cys
moiety.

Protein S-guanylation in electrophilic signaling

Because of its electrophilicity, 8-nitro-cGMP may mediate
electrophilic signaling via induction of S-guanylation of
redox sensor proteins. Among this class of proteins, Kelch-
like ECH-associated protein 1 (Keapl) was identified as a
highly sensitive S-guanylation target (Sawa et al. 2007).
Keapl is a negative regulator of NF-E2-related factor 2
(Nrf2), a transcription factor that regulates phase-2 detox-
ifying and antioxidant enzymes for electrophiles and ROS
(Dinkova-Kostova et al. 2005; Motohashi and Yamamoto
2004). The binding of Keapl to Nrf2 maintains the cyto-
solic localization of Nrf2 and brings about rapid degrada-
tion of Nrf2 by proteasomes. Because Keapl has highly
reactive Cys residues, chemical modification of the sulf-
hydryl group of Cys residues by electrophiles and ROS has
been proposed to decline the ubiquitin ligase activity of
Keapl, which would lead to the stabilization and nuclear
translocation of Nrf2. Once translocated to nuclei, acti-
vated Nrf2 would thus form a heterodimer with small
musculoaponeurotic fibrosarcoma (sMaf) and bind to the
antioxidant responsive element (ARE) (Fig. 3) to induce
expression of various cytoprotective enzymes, which
are involved in adaptive responses to oxidative siress
(Dinkova-Kostova et al. 2002; Itoh et al. 2004).

Fig. 3 8-Nitro-cGMP-mediated
cytoprotection by S-guanylation
of Keapl. After S-guanylation
of Keapl, Nrf2 dissociates from
Keapl, is translocated to the
nucleus, and acts as a
transcription factor in the
expression of cytoprotective
genes including heme
oxygenase-1 (HO-1). ARE
antioxidant responsive element

Nuclear translocation

8-Nitro-cGMP

Our recent chemical analyses for Keapl revealed that
Keapl expressed by various cultured cells was highly sus-
ceptible to S-guanylation induced by NO-dependent 8-nitro-
c¢GMP production (Sawa et al. 2007). In fact, we determined
that NO and RNOS can modify Keapl in macrophages
during bacterial infections and in rat glial cells in culture
after proinflammatory stimuli. 8-Nitro-cGMP formation
was also clearly observed in macrophages infected with the
pathogenic bacterium Salmonella. S-Guanylated Keapl was
then detected in cultured murine macrophages after Sal-
monella infection. These findings are further confirmed by
the fact that Keapl can be exclusively S-guanylated by
8-nitro-cGMP produced in vivo in cultured cells (unpub-
lished observation). It is therefore highly plausible that
8-nitro-cGMP may act as an endogenous electrophilic
ligand and affect Keapl sulfhydryls via S-guanylation,
which would lead to antioxidant signaling (Fig. 3).

We now understand that the Keapl-Nrf2 system can be
an important cytoprotective mechanism against electro-
philes and ROS (Wakabayashi et al. 2004). Noticeably,
cytoprotection and host defense conferred by 8-nitro-
cGMP were clearly associated with increased expression of
heme oxygenase 1 (HO-1) in macrophages and in vivo
during Salmonella infection (Zaki et al. 2009). HO-1 is
an enzyme with various physiological roles including
vasoregulation (Motterlini et al. 1998), cytoprotection
(Zuckerbraun et al. 2004), and anti-inflammatory effects
(Otterbein et al. 2000). We also reported earlier that HO-1
expression induced by NO contributed to cell survival in
certain solid tumor models (Doi et al. 1999; Tanaka et al.
2003). Our present belief that 8-nitro-cGMP may mediate
electrophilic signaling via induction of S-guanylation was
unambiguously supported by our significant data showing
that 8-nitro-cGMP directly caused site-specific S-guanyla-
tion of Keapl, which led to subsequent Nrf2-dependent
HO-1 induction with its potent antioxidant effect
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Fig. 4 Signal transduction by
8-nitro-cGMP via protein
S-guanylation
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(unpublished observation). That 8-nitro-cGMP-mediated
electrophilic signal transduction may have various effects
in the physiology and pathophysiology of NO- and RNOS-
related phenomena is therefore conceivable (Sawa et al.
2010) (Fig. 4).

Conclusions

Cys thiol modification constitutes the most important PTM
in redox signaling. Inasmuch as Cys thiol modification by
an array of RNOS and ROS has been sufficiently explained
and researched, that Cys thiol modification plays critical
roles in redox signaling is well accepted. S-Guanylation is
a pretty unique mechanism of protein Cys thiol modifica-
tion that occurs via electrophilic attack by the recently
discovered nitro-nucleotide §-nitro-cGMP. It is noteworthy
that, because RNOS such as ONOO™ has very short half
life in physiological condition (less than a second)
(Squadrito and Pryor 1998), it can induce direct PTMs
including nitration, oxidation, and nitrosylation of various
amino acids in the vicinity of its formation. In contrast,
8-nitro-cGMP is relatively stable, and may transduce ROS/
RNOS signaling via indirect PTMs (S-guanylation) specific
to redox-active cysteines. In fact, this electrophilic com-
pound can modify the Cys moiety of redox-sensitive pro-
teins including Keapl, thereby contributing in a critical
fashion to redox signaling involving NO-dependent cellular
adaptive response mechanisms.

@ Springer

Among approximately 214,000 total Cys residues
encoded in the human genome, the redox-sensitive Cys is
reported to reach 10-20% (Jones 2008). Thus, a number of
proteins containing redox-sensitive thiols remain to be
investigated in terms of the 8-nitro-cGMP-mediated PTM
S-guanylation and their roles in regulating redox signaling.
In fact, dozens of proteins that undergo S-nitrosylation and
S-glutathionylation have been described to date (Forrester
et al. 2009; Martinez-Ruiz and Lamas 2007). Further
analysis is now warranted to achieve comprehensive
understanding of target proteins for S-guanylation. The
recent development of mass spectroscopy-based proteo-
mics may provide a powerful tool for identification of
novel redox-sensitive protein targets and the regulation of
thiol modification in the cellular milien.
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Social behavior dysfunction is a symptomatic element of schizophrenia and autism spectrum disorder (ASD).
Although altered activities in numerous brain regions are associated with defective social cognition and per-
ception, the causative relationship between these altered activities and social cognition and perception—and
their genetic underpinnings—are not known in humans. To address these issues, we took advantage of the
link between hemizygous deletion of human chromosome 22q11.2 and high rates of social behavior dysfunc-
tion, schizophrenia and ASD. We genetically manipulated Sept5, a 22q11.2 gene, and evaluated its role in
social interaction in mice. Sept5 deficiency, against a high degree of homogeneity in a congenic genetic
background, selectively impaired active affiliative social interaction in mice. Conversely, virally guided over-
expression of Sept5 in the hippocampus or, to a lesser extent, the amygdala elevated levels of active affilia-
tive social interaction in C57BL/6J mice. Congenic knockout mice and mice overexpressing Sept5 in the
hippocampus or amygdala were indistinguishable from control mice in novelty and olfactory responses, anx-
iety or motor activity. Moreover, post-weaning individual housing, an environmental condition designed to
reduce stress in male mice, selectively raised levels of Sept5 protein in the amygdala and increased active
affiliative social interaction in C57BL/6J mice. These findings identify this 22q11.2 gene in the hippocampus
and amygdala as a determinant of social interaction and suggest that defective social interaction seen in
22q11.2-associated schizophrenia and ASD can be genetically and environmentally modified by altering
this 22q11.2 gene.

INTRODUCTION

The ability to socially interact with others has a fundamental
biological significance in humans and other species. Its bio-
logical role is appreciated in social behavior dysfunctions
seen in developmental neuropsychiatric disorders. Social dys-
function is a prodromal and symptomatic element of schizo-
phrenia (1) and autism spectrum disorder (ASD) throughout
its developmental course toward adulthood (2).

Individuals with 3 Mb and nested 1.5 Mb hemizygosity of
22q11.2 exhibit extraordinarily high rates of social behavior
deficits (3—9), schizophrenia (10-17) and ASD (8,18-22).
Moreover, social behavior dysfunction precedes (5)—and its
severity is associated with (17,23)—the emergence of schizo-
phrenia among individuals with 22q11.2 hemizygosity. This
chromosomal locus is one of many sites of copy number var-
iations associated with ASD (24-33) and schizophrenia
(16,33-42).
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Figure 1. Effects of genetic Sept5 deficiency on behavior. Data are presented as means + SEM. (A) Active and passive social interactions. Whether the two
groups (KO and WT pairs) differed depended on the type of social behavior (active versus passive) and session (group x session, F) 6= 7.53, P = 0.0109;
group x social type x session, Fy 6= 7.50, P = 0.011). Although the active social interaction category included both active affiliative and aggressive social
behaviors, mice overwhelmingly exhibited active affiliative social interaction (100% in WT and 100% in KO). Asterisks indicate a statistically significant dif-
ference of 1%, as determined by the Newman—Keuls comparison. WT, n = 14; KO, n = 14. (B) Time spent contacting a novel object. The two genotype groups
were indistinguishable and their contact time equally declined from the first to the second session (genotype, F) 15 = 0.14, P = 0.716; session, F 15 = 16.67, P =
0.0009; genotype x session, Fy 6= 0.28, P = 0.6036). WT, n=7T7; KO, n= 1. (C) Latency to find buried food. The two genotype groups did not differ
(#(26) = 1.58, P=0.1267). WT, n=13; KO, n = 15. The slightly higher value in the KO group was partly due to one outlier that did not find the food
during the test session (see Supplementary Material, Fig. S1). (D) The relative amounts of time spent in the open arms over both open and closed arms in
the elevated plus maze (EPM). The two genotype groups were indistinguishable in the relative time spent in (¢#(23) = 0.39, P = 0.7011) and frequency of
visits to (#(23) = 0.16, P = 0.8769, not shown for clarity) the open arms. WT, » = 14; KO, n = 11. (E) Thigmotaxis. The two genotype groups were indistin-
guishable in time spent in the margin area of the inescapable open field, and this equally increased during the session (genotype, F) 33 = 0.78, P = 0.3832; time,
Fs,165 = 6.33, P < 0.0001; F5 165 = 0.42, P = 0.8348). WT, n = 19; KO, n = 16. (F) Motor activity in an open field. The two groups were indistinguishable and
equally reduced motor activity during the session (genotype, F, 33 = 2.72, P = 0.1089; time, Fs 145 = 86.57, P < 0.0001; genotype x time, Fyg 5= 1.85, P =
0.105). WT, n=19; KO, n = 16.

Because 22q11.2 hemizygous deletions minimally include
approximately 30 genes, the precise manner by which individ-
ual 22ql11.2 genes functionally contribute to the etiology of
social interaction deficits, schizophrenia and ASD cannot be
ascertained in humans. As this human chromosomal region
is conserved in the mouse, a genetic mouse model is one reli-
able way to circumvent this problem. Previous studies have
identified a 200 kb region of 22q11.2 whose gene dose alter-
ation induces social behavior dysfunction and antipsychotic-
responsive behavioral abnormalities (43) and prepulse
inhibition deficits (44) in mice. Subsequently, we identified
Sept5, one of the four encoded genes in the 200 kb region,
as a determinant for social interaction in mice (45). Recently,
one child has been identified with homozygous deletion of
SEPTS5 and its adjacent GPIBB, and this patient exhibits
deficits in socio-emotional function and language and speech
development (46). Although this single case study is consistent
with the hypothesis that SEPTS deficiency causes ASD- and
schizophrenia-related phenotypes, more cases are needed to
establish the degree of association between this mutation
and neuropsychiatric disorders. Moreover, because the two
genes are deleted in this individual, whether SEPT5 alone
contributes to these various symptoms remains unclear.

In the present study, we took advantage of our identification
of the murine Sept5 gene as a risk factor for defective social
interaction to further advance our understanding of the role
of this 22ql1.2 gene in social behavior. Our analysis shows
that Sept5 levels in the hippocampus and amygdala act as a
determinant of social interaction in mice.

RESULTS

Sept5S deficiency decreases affiliative social interaction

Although our previous study showed that genetic background
affects the penetrance of Sept5 deficiency (45), an alternative
interpretation is that the phenotypic difference between wild-
type (WT) and knockout (KO) mice reflects unequal distribu-
tions of background alleles between the genotypes, rather than
the genuine impact of Sept5 deficiency. To evaluate the impact
of constitutive Sept5 deficiency on social interaction against a
much higher level of homogeneous genetic background than
our Sept5 KO mice (45), we developed a congenic Sept5-
deficient mouse on a C57BL/6J background and tested its
behavior. Congenic KO mice showed lower levels of active
affiliative social interaction during the second session than
WT littermates (Fig. 1A). The phenotype in social interaction
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Figure 2. Behavioral effects of virally overexpressed Sept5 in the dorsal hippocampus. (A) Active and passive social interactions. SeptS-infused mice spent more
time in active social interaction; there was no difference between the two vector groups in passive social interaction (group, F 5 = 9.63, P = 0.0073; social
type, Fi,15 = 162.73, P < 0.0001; session, F ;5 =47.13, P < 0.0001; group x social type, Fy s = 6.12, P=0.0258; group x session, Fy,;s=10.02, P=
0.0064; group X type x session, F ;5= 3.13, P =0.097). **Significant at the 1% level, as determined by Newman—Keuls comparisons. Ninety-nine percent
and 98% of active social interaction was non-aggressive, active affiliative social interaction in EGFP- and Sept5-infused mice, respectively. EGFP, n =9,
Sept5, n=8. (B) Time spent contacting a novel object. Sept5 infusion had no effect on this behavior (group, Fy ;s = 0.055, P = 0.8177; session, Fy ;s =
5.49, P = 0.0333; group x session, Fy ;5= 2.45, P =0.1381). EGFP, n =9; Sept5, n= 8. (C) Latency to find buried food. The two groups did not differ
(#(15) = 0.58, P =0.5707). EGFP, n =9; Sept5, n = 8. (D) EPM. The two groups did not differ in percent of time spent in (£(11) = 0.90, P = 0.3864) and
percent visits to (#(11) = 1.30, P = 0.2186, not shown for clarity) the open arms. EGFP, n = 7; Sept5, n = 6. (E) Thigmotaxis. The two groups were indistin-
guishable and were stable during the entire session (group, F ;5 = 0.38, P = 0.5461; time, Fs 75 = 2.13, P = 0.0709; group x time, Fs ;5= 0.80, P = 0.5518).
EGFP, n=9; Septs, n = 8. (F) Motor activity in an open field. The two groups were indistinguishable and stably decreased their locomotor activity during the

session (group, F; 15 = 0.76, P = 0.3969; time, F ;5 = 6.76, P < 0.0001; group x time, Fs ;5 = 0.167, P = 0.974). EGFP, n = 9; Sept5, n = 8.

did not primarily reflect alterations in non-specific elements of
social behavior, as no phenotype was found in their approach
behavior to a novel object (Fig. 1B), olfactory functioning in
the buried food test (Fig. 1C), anxiety-like behavior in an
elevated plus maze (Fig. 1D) and thigmotaxis (Fig. 1E) and
general motor activity in the open field (Fig. 1F).

Virally guided overexpression of SeptS in neurons in the
hippocampus and amygdala of C57BL/6J mice increases
affiliative social interaction

A corollary of our observation with congenic Sept5 KO mice
is that heightened expression of Sept5 protein in the mouse
brain causes high levels of social interaction. Although
Sept5 protein is expressed throughout the mouse and human
brain (47,48), we targeted limbic regions for their implicated
roles in social behavior. To selectively manipulate SeptS in
distinct brain regions, we constructed a lentiviral vector carry-
ing Sept5 and surgically infused it into the brains of C57BL/6J
mice. Compared with enhanced green fluorescent protein
(EGFP), Sept5 overexpression in the hippocampus (Fig. 2A)
and amygdala (Fig. 3A) increased active affiliative social
interaction in C57BL/6J mice. This phenotype was highly se-
lective, as Sept5 overexpression had no effect on novel object
exploration (Figs 2B and 3B), latency to find buried food
(Figs 2C and 3C), anxiety-related behaviors in the elevated

plus maze (Figs 2D and 3D) and thigmotaxis (Figs 2E and
3E) or motor behavior in the open field (Figs 2F and 3F).

Although there were occasional dorsal spreads of EGFP,
along needle tracks, within the somatosensory cortex of the
hippocampus- and amygdala-infusion groups (Supplementary
Material, Fig. S2A and B), selective infusion of the vector
into the somatosensory cortex (Supplementary Material,
Fig. S2C) had no effect on any of these behaviors (Fig. 4A
and C-F), except that Sept5 infusion into this cortical area
facilitated novel object approach (Fig. 4B).

Gene expression, as identified by EGFP, was centered in the
CA2/CA3 of the dorsal hippocampus (Fig. 5A; Supplementary
Material, Fig. S2A), the basolateral amygdaloid complex
(Fig. 5C; Supplementary Material, Fig. S2B) or the somato-
sensory cortex (Supplementary Material, Fig. S2C). Consistent
with the relatively higher levels of Camklla promoter activity
in the hippocampus than in the amygdala (49), more wide-
spread gene expression was seen in the former than the
latter region (Fig. SA and C). Gene expression was observed
in neurons, as labeled by NeuN (Fig. 5B and D).

Post-weaning individual housing raises SeptS levels in the
amygdala and increases active affiliative social interaction
in CS7BL/6J mice

Individuals with identical 22q11.2 hemizygosity vary in the
presence, onset and severity of social dysfunctions and
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Figure 3. Behavioral effects of virally overexpressed Sept5 in the basolateral amygdaloid complex. (A) Active and passive social interactions, Whether EGFP-
and SeptS-infused groups differed depended on the type of social behavior (active versus passive) and session (group, Fy 16 = 0.67, P = 0.4236; group x type,
F 16 = 0.45, P = 0.5101; group x session, Fy ;¢ = 12.32, P = 0.0029; group x sccial type x session, F 1= 9.20, P = 0.0079). Post hoc comparisons showed
that, compared with EGFP mice, Sept5-infused mice showed higher levels of active social interaction at the second session (*significant at the 5% level). An
analysis of raw data showed that EGFP and Sept5 mice exhibited active affiliative social interaction in 99 and 84%, respectively, in all active social interaction.
EGFP, n = 10; Sept5, n = 8. (B) Time spent contacting a novel object. The treatment had no effect on novel object exploration (group, F 13 = 0.00001, P =
0.998; session, F) 13 =4.18, P = 0.0616; group x session, Fy ;3 = 0.38, P = 0.5485). EGFP, n = 9; Sept5, n = 6. (C) Latency to find buried food. The two
groups were indistinguishable in this behavior (#(12)= 0.41, P = 0.6884). EGFP, n = 8; Sept5, n = 6. (D) The relative amounts of time spent in the open
arms over both open and closed arms of the EPM. The two groups did not differ in percent of time spent in (¢(11)= 0.38, P = 0.7079) and percent visits to
(t(11)=0.59, P = 0.5665, not shown for clarity) the open arms. EGFP, n = 7; Sept5, n = 6. (E) Thigmotaxis. The groups were indistinguishable and were
stable during the entire session (group, F ), = 1.02, P = 0.3334; time, Fsg¢o = 0.93, P = 0.4708; group x time, Fsg¢p = 0.19, P = 0.9641). EGFP, n=17;
SeptS, n = 7. (F) Motor activity in an open field. The treatment groups were indistinguishable and stably decreased their locomotor activity during the

session (group, Fy ;; = 0.38, P = 0.5512; time, Fs 6o = 10.08, P < 0.0001; group X time, Fsgo = 0.42, P = 0.8353). EGFP, n=17; Sept5, n=1.

developmental neuropsychiatric disorders (5—9). Environmen-
ta] factors, such as stress, have been suggested to contribute to
the onset of neuropsychiatric disorders and behavioral/neuro-
cognitive deficits (50), but it is difficult to isolate the precise
environmental factor in humans. Unlike rats, male mice are
highly territorial and intolerant against same-sex conspecifics,
and frequently exhibit inter-individual aggression when group-
housed (51). We took advantage of the well-documented effect
of post-weaning individual housing to reduce anxiety and
increase affiliative social interaction in male mice (52-55).

Post-weaning individual housing selectively raised Sept5
protein levels in the amygdala (Fig. 6A and B). No alteration
was seen in the prefrontal cortex, nucleus accumbens, caudate-
putamen, hippocampus, ventral tegmental area (VTA) and
substantia nigra.

Post-weaning individual housing increased active affiliative
social interaction (Fig. 7A), but had no effect on a novel object
approach (Fig. 7B) or the buried food search (Fig. 7C). In con-
trast, individual housing decreased anxiety-related behaviors
in the elevated plus maze (Fig. 7D) and thigmotaxis in an in-
escapable open field (Fig. 7E), and elevated basal levels of
motor activity in the open field, but not the rate of habituation
of motor activity (Fig. 7F).

DISCUSSION

Our results provide three lines of evidence to support the
hypothesis that Sept5, a 22q11.2 gene, is a determinant for
affiliative social interaction in mice. First, constitutive homo-
zygosity of Sept5 reduced levels of active affiliative social
interaction in congenic KO mice compared with WT mice.
Second, virally guided overexpression of Sept5 in the hippo-
campus or amygdala enhanced social interaction in C57BL/
6J mice. The impact of Sept5 alterations on active affiliative
social interaction was highly selective and was not attributable
to alterations in novel object exploration, olfactory investiga-
tion, anxiety-related behaviors or motor activity. Third, post-
weaning individual housing, a condition known to reduce
stress in male mice, selectively elevated Sept5 protein levels
in the amygdala and increased active affiliative social inter-
action.

Defective social interaction is the primary symptom of ASD
and a prodromal and symptomatic element of schizophrenia
(1,5,17,23). Although a repetitive behavioral tendency is
another symptomatic element of these neuropsychiatric disor-
ders, neither non-congenic Sept5-deficient mice (45) nor con-
genic Sept5 KO mice (data not shown) exhibited such a
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Figure 4. Behavioral effects of virally overexpressed Sept5 in the somatosensory cortex. (A) Active and passive social interactions. Sept5 infused into the som-
atosensory cortex had no effect on social interaction (group, F, ;; = 0.37, P = 0.5535; social type, Fy;,= 115.75, P < 0.0001; session, F, ;; =142, P=
0.2495; group x social type, Fy;;=0.65, P=0.4306; group x session, Fy;;=0.03, P =0.8603; group x type x session, F;=0.46, P =0.5077).
Ninety-eight percent and 100% of active social interaction was non-aggressive, affiliative social interaction in EGFP- and Sept5-infused mice, respectively.
EGFP, n = 10; Sept5, n=29. (B) Time spent contacting a novel object. Sept5 infusion into the somatosensory cortex raised levels of approach toward a
novel object (group, Fy ;= 5.87, P = 0.0269; session, F,,, =2.48, P = 0.1338; group x session, F} ;; = 0.09, P = 0.7683). EGFP, n = 10; Sept5, n=9.
(C) Latency to find buried food. Sept5 expression in the somatosensory cortex had no effect on this test of olfactory functioning (¢(17) = 1.19, P = 0.2496).
EGFP, n=10; Sept5, n=9. (D) EPM. The two groups did not differ in percent of time spent in (#(12) = 0.85, P = 0.4112) and percent visits to (#(12) =
0.55, P = 0.5921) the open arms. EGFP, n = 7; Sept5, n = 7. (E) Thigmotaxis. Sept5 overexpression in the somatosensory cortex had no effect on thigmotaxis
(group, Fy 14 = 0.56, P = 0.4673; time, Fs ;0 = 1.53, P = 0.1919; group x time, Fs ;9 = 1.01, P = 0.4205). EGFP, n = 8; Sept5, n = 8. (F) Motor activity in an
open field. Sep5 overexpression in the somatosensory cortex had no effect on locomotor activity (group, Fy 44 = 0.12, P = 0.7366; time, F5 50 =31.11, P <
0.0001; group x time, Fs 50 = 0.548, P = 0.7392). EGFP, n = 8; Sept5, n=8.

behavioral trait in spontaneous alternation or rewarded alterna-
tion. Given that heterozygosity of ThxI, another 22ql1.2
gene, causes both social interaction deficits and a repetitive
behavioral trait (56), we suggest that more than one 22q11.2
gene impact multiple or single symptomatic elements of
22ql1.2-associated schizophrenia and ASD.

Sept5 was the first 22q11.2 gene whose deficiency was
found to reduce levels of affiliative social interaction in
mice (45). Our previous study showed that social interaction
deficits were present in mice with a mixed genetic background
of CD1, 129X1/Sv] and 129S1, but were absent when the
genetic background was shifted toward 129X1/SvJ (45). Our
present data show that after achieving a highly homogeneous
genetic background with C57BL/6J mice, congenic SeptS
KO mice still exhibit affiliative social interaction deficits.
Moreover, overexpression of Sept5, against the co-isogenic
genetic background, in the brains of C57BL/6J mice elevated
levels of affiliative social interaction. These observations lend
further support to the hypothesis that Sept5 is indeed a deter-
minant of social interaction and that genetic background influ-
ences its phenotypic penetrance. This provides a plausible
explanation for the clinical observation that not all individuals
with identical 22q11.2 hemizygous deletions exhibit social be-
havior deficits, and those with this phenotype exhibit varying
degrees of phenotypic severity (5-9).

A decrease in time spent in social interaction is usually seen
from the first to second sessions and is thought to reflect recog-
nition memory. C57BL/6J mice infused with EGFP alone
showed this habituation, but congenic Sept5 WT mice instead
showed higher levels of active social interaction in the second
session than in the first session, despite the fact that congenic
WT mice carry a C57BL/6J genetic background. As even
after 10 generations of back-crossing congenic WT mice and
the donor inbred strain are not genetically identical (57),
allelic differences between congenic WT mice and C57BL/6J
mice might have contributed to the baseline difference.

Virally guided overexpression of Sept5 in the hippocampus
increased the overall level of active affiliative social inter-
action, and EGFP- and Sept5-infused mice showed similar
rates of habituation. In contrast, virally guided overexpression
of Sept5 in the amygdala elevated levels of active affiliative
social interaction in the second, but not first session. The
reason for this selective elevation of social interaction in the
second session in the amygdala group is not clear. One possi-
bility is that, as the stimulus mice exhibit less active social
interaction, mice in the Sept5 amygdala group reactively
exhibit more active social interaction. However, our data do
not support this interpretation; although such a trend would
show as a negative correlation in time spent in social inter-
action between Sept5S amygdala mice and stimulus mice,
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Figure 5. (A and C) EGFP expression, indicated by arrows, in mice infused
with Peyia-Sept5-IRES-EGFP into the hippocampus (A) and amygdala
(C). Because Sept5 staining does not distinguish endogenous Sept5 and ex-
ogenously expressed Sept5, EGFP was used to identify areas where Sept5
was overexpressed. Insets indicate the area from which the image was
taken; the viral particles were expressed in the dorsal hippocampus and the
basolateral amygdaloid complex. Scale bar: 500 wm. (B and D) Confocal
image of EGFP (green) and NeuN (red) in the CA2/3 region of the hippocam-
pus (B) and basolateral amygdaloid complex (D). Scale bar: 10 pm.

there was a statistically non-significant trend of ‘positive’ cor-
relation in time spent in active social interaction at the second
session between the two groups (+* = 0.330). Another possi-
bility is that the Sept5 amygdala group had a heightened
level of anxiety during the first session and exhibited a
higher level of social interaction when anxiety presumably
subsided by the second session. Although we did not see
any phenotypic difference between the EGFP and Sept5 amyg-
dala groups in anxiety-related traits in the elevated plus maze,
anxiety seen in this task—where the source of anxiety is
thought to originate from an open area and height—is not
identical to what is expected in social interaction. Given that
Sept5 elevations in these two limbic structures did not affect
social interaction in the same way, more work is needed to
identify the precise manner through which these structures
mediate social behavior.

Post-weaning individual housing selectively raised Sept5
levels in the amygdala. This is consistent with our observation
that Sept5 overexpression in the amygdala increases basal
levels of affiliative social interaction. However, virally
guided overexpression of Sept5 in the hippocampus also
increased social interaction, but the housing condition did
not induce a detectable increase in SeptS levels in this struc-
ture. Our virally guided overexpression of Sept5 was confined
to the dorsal hippocampus but was sufficient to raise levels of
social interaction. As our hippocampal tissue for western blot-
ting included the ventral and dorsal hippocampus and subicu-
lum, it might not be sufficiently sensitive to detect highly local
up-regulation of Sept5 within the hippocampus.

Although post-weaning individual housing and virally
guided overexpression selectively increased Sept5 in the
amygdala, these two treatments did not produce the identical
behavioral effects. Moreover, constitutive sept5 deficiency in
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Figure 6. Effects of post-weaning housing conditions on Sept5 protein levels
in the brain of C57BL/6] mice. Western blot analysis of Sept5 protein is
shown. (A) Representative blots are shown for each region. (B) Quantitative
analysis of Sept5 levels. Data are presented as means + SEM. Although the
overall housing effect was not significant (F ¢ = 0.93, P = 0.3438), there
was a significant interaction between housing and the brain region (Fg 1s6=
5.26, P < 0.0001). This interaction was due to a significantly higher level of
Sept5 in the amygdala of individually housed mice, as determined by post
hoc comparisons (**significant at the 1% level). G, n = 7-14 mice for each
region; I, # = 8~10 mice for each region. A sample from each mouse was
used up to two to three times for all regions except for the SN and VTA;
samples from the SN and VTA were used only once for each mouse. G,
group housing; I, individual housing. PFC, prefrontal cortex; NA, nucleus
accumbens; CP, caudate-putamen; AMY, amygdala; HIP, hippocampus;
VTA, ventral tegmental area; SN, substantia nigra.

KO mice and environmentally elevated Sept5 in the amygdala
did not induce clear-cut opposing behavioral phenotypes. These
results are hardly surprising, as constitutive SeptS deficiency
and post-weaning individual housing are likely to induce
many non-identical molecular alterations in the brain. In fact,
this environmental manipulation, unlike selective overexpres-
sion of Sept5 in the amygdala, additionally induced many be-
havioral signs of reduced anxiety and stress. Notwithstanding
these differences, Sept5 might be one of the converging points
through which genetic deficiency and stress-related environ-
mental factors impact social behaviors. One way to ameliorate
social interaction deficits in 22qll.2 hemizygous patients
could be to elevate the expression of Sept5 from the remaining
copy of 22q11.2 by reducing stress levels.

The hippocampus is structurally altered in both ASD
(58,59) and 22q11.2 hemizygous patients (60). The amygdala
has been implicated as a site whose activity alteration is asso-
ciated with defective social cognition in individuals with ASD
and schizophrenia (61) and with 22ql1.2 hemizygous dele-
tions (62). While performing tasks that require social percep-
tion, altered activation patterns have been noted in the
fusiform cortex and amygdala of individuals with 22ql11.2
hemizygosity (62). A future challenge is to identify the
precise network of structures through which SeptS acts as a de-
terminant for social cognition.

‘Connectivity” is an emerging theoretical construct to
explain diverse phenotypes seen in patients with schizophrenia
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Figure 7. Behavioral effects of post-weaning housing conditions. Data are presented as means + SEM. GH, group housing; [H, individual housing. (A) Active
and passive social interactions. Main effects were significant for housing conditions (F 33 = 37.43, P < 0.0001), social interaction type (F) 33=248.27, P <
0.0001) and session (F) 33 = 8.24, P = 0.0071). The only significant interaction was that between housing conditions and social interaction type (33 =
25.80, P < 0.0001), Active social interaction was predominantly active affiliative social interaction in group-housed (98%) and individually housed (91%)
mice. Post hoc comparisons indicated that individually housed mice spent more time in active social interaction than group-housed mice. Asterisks indicate
statistically significant differences (1%) from GH mice as determined by the Newman—Keuls comparison. GH, » = 18; IH, n = 17. (B) Time spent contacting
a novel object. Mice under the two housing conditions spent an indistinguishable amount of time interacting with a novel object, and equally habituated (housing,
Fy 27 =098, P = 0.3323; session, F; »; = 30.18, P < 0.0001; genotype x session, F 37 = 2.36, P = 0.136). GH, n = 15; IH, n = 14. (C) Latency to find buried
food. Mice under the two housing conditions were indistinguishable in the latency to find buried food (#(13) = 0.72, P = 0.4873). GH, n = 7; IH, n = 8. (D) The
relative amounts of time spent in the open arms over both open and closed arms in the elevated plus maze. Individually housed mice spent more time in (#(34) =
2.25, P = 0.0307) and visited more frequently (1(34) = 2.20, P = 0.0349, not shown for clarity) the open arms than group-housed mice. GH, n = 20; IH, n = 16.
(E) Thigmotaxis. Although there was no overall housing effect on the time spent in the margin (F) 46 = 2.84, P = 0.099) and neither group altered their time in
the margin over time (time, Fs 330 = 1.96, P = 0.0862), there was a significant interaction between the two factors (Fs 230 = 4.14, P = 0.0013). This interaction
was due to a significantly higher level of margin time in individually housed mice at the last time point. **Significant at the 1% level, as determined by
Newman-Keuls post ioc comparisons. GH, # = 25; IH, n = 23. (F) Motor activity in an open field. Individually housed mice traveled more distance than group-
housed mice, and both groups equally reduced their motor activity during the 30 min session (housing, F; 45 = 8.86, £ = 0.0046; time, Fs ;30 = 106.84, P <
0.0001; housing x time, F5,30 = 1.28, P=02721). GH, n = 25; IH, n =23,

and ASD (63-65). Synaptic contact can be considered a struc-
tural basis of connectivity between neurons. SeptS-containing
filaments, together with syntaxin-1A, are localized at pre-
synaptic terminals, and Sept5 is thought to regulate neuro-
transmitter release at synapses together with the SNARE
complex (66—68). Moreover, in vitro knockdown of Septs
has been shown to alter axon length and dendritic complexity
(69,70). Proteins located at the trans-synaptic (i.e. neurexins)
and post-synaptic (neuroligin and Shank3) sites are implicated
in ASD- and schizophrenia-related phenotypes in other genetic
mouse models (71). Our data add Sept5 as a pre-synaptic con-
tributor to the synaptopathology of schizophrenia and ASD
and support the notion that the symptomatic elements of
schizophrenia and ASD stem from improperly formed or func-
tioning synapses (71).

MATERIALS AND METHODS
Mice

Male C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME,
USA) and congenic Sept5 KO and WT littermates were used.

Congenic Sept5 KO and WT mice were developed by back-
crossing the original Septd heterozygous mice (72) to
C57BL/6J mice for 10 generations. Male Sept5 WT, HT and
KO littermates were housed together in cages (27 cm x
16 cm x 12.5 cm). Male C57BL/6J mice, housed in a group
of three to four mice, were infused with an EGFP lentiviral
vector or a Sept5-EGFP lentiviral vector (see Lentiviral
vector and Surgery in what follows). Mice were given a
week to recover before being tested. For the groups that
were used to evaluate the impact of post-weaning housing con-
ditions, 3-week-old male, C57BL/6J mice were randomly
assigned to either group (n=3-4) housing or individual
housing and they were used for behavioral testing or killed
for protein analysis after 6 weeks in these housing conditions.
Mice remained in their housing condition until the end of
testing. All mice were given access to food and water ad
libitum and kept under a 14 h:10 h light/dark cycle, unless
otherwise specified. Animal handling and use followed a
protocol approved by the Animal Care and Use Committee
of Albert Einstein College of Medicine, in accordance with
National Institutes of Health guidelines.
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Behavioral testing

Behavioral testing began at 2 months of age. This age point in
mice represents the developmental phase after achieving
sexual maturation around 1 month of age and before reaching
mature adulthood at 3 months of age; many biological pro-
cesses in the brain continue to change during this period
(56,73). Mice were tested in a battery of assays based on
our standard procedure (45,56,73-75).

Congenic SeptS mice and C57BL/6J mice were tested in the
following order: social interaction, elevated plus maze and
open field; two separate groups were tested either on novel
object recognition or the buried food test. C57BL/6J mice
were tested in the following order: social interaction, novel
object recognition, open field, elevated plus maze and buried
food test. A randomized order of assays is problematic, as a
more stressful task affects performance on subsequent tasks
(76). Therefore, tasks were given in order from less to more
stressful, with a 1-day interval between tests so that repeated
testing did not affect phenotypic expression. All testing was
done during the light phase of the cycle. An hour before
testing, mice were brought into a room outside the testing
room. An observer was blinded to genotype and experimental

groups.

Social interaction

We followed our protocol (45,56,73). Two mice were taken
from their home cages and individually placed in new, separ-
ate cages for 30 min. Mice were next placed together in a new,
third cage for two 5 min sessions separated by a 30 min inter-
val: the second session evaluated recognition memory. Pairings
were always made between a WT mouse and a KO mouse taken
from different litters housed in different cages. For the viral
overexpression experiment, group-housed, non-operated
C57BL/6] mice were paired with EGFP- or Sept5-infused
mice housed in different cages. For the housing experiment,
group-housed CS7BL/6J mice were paired with C57BL/6J
mice that were individually or group-housed in different
cages. Social behaviors were scored for active and passive beha-
viors by experimenters blinded to housing condition. Active
behaviors included aggressive (i.e. tail rattle, bites, kicks, side-
ways offense, boxing, wrestling, mounting and pursuit) and
affiliative (i.e. olfactory investigation and allogrooming)
behaviors. Passive behaviors were escape, leap, side-by-side
position and submissive posture. Time spent in aggressive,
affiliative and passive interactions were analyzed separately.

FElevated plus maze

A mouse was placed on the central platform of the elevated
plus maze facing one of the open arms. Behavior was recorded
for 5 min. An observer blinded to the experimental condition
rated the recordings. We analyzed the percentage of time
spent in and of entrances to the open arms over the total
time in and entrances to both the open and closed arms.

Locomotor activity

Four identical, automated open-field apparatuses (Truscan,
Coulbourn Instruments, PA, USA) were used to measure spon-
taneous locomotor activity and thigmotaxis. Each 30 min
session was analyzed in six 5 min bins. To assess horizontal

locomotor activity and thigmotaxis, distance traveled (cm) in
the entire open field (26 cm x 26 cm) and time spent (s) in
the marginal area along the walls (a 4 cm band extending
from the wall), respectively, were analyzed.

Novel object contact

At the beginning of testing, an individual mouse was placed in
a new home cage for 30 min. The mouse was then moved into
another home cage that contained a modified falcon tube (3 cm
diameter x 8.5 cm length) during two 5 min sessions with a
30 min intersession interval. All activity was recorded by a
digital camera placed above the home cage. An observer
blinded to experimental condition scored the amount of time
each mouse spent contacting the object. Sniffing and physical
contact with the object were used for analysis.

Buried food test

For 2 consecutive days, a piece of the stimulus food (Honey
Teddy Grahams, Nabisco, East Hanover, NJ, USA) was
placed in their home cages in the presence of their normal
mouse chow. On Day 3, normal chow was removed from
the cage top and testing began 20—22 h later. A mouse was
placed in a novel home cage containing 3 cm deep bedding
(testing cage). After 5 min, the mouse was placed in another
clean home cage. The stimulus food was buried about 1 cm
beneath the 3 cm deep bedding in the test cage, and the
mouse was then returned to the test cage. The latency to
start consumption of the stimulus food was recorded. If the
mouse did not find the stimulus food in 5 min, testing was ter-
minated and that mouse received a latency of 300 s.

Lentiviral vector

The adult form of the mouse Sept5_vl gene (77) (RIKEN,
Yokohama, Japan) was inserted into a lentiviral vector contain-
ing an internal ribosome entry site (JRES) and EGFP. Sept5 was
polymerase chain reaction (PCR)-amplified with primers with
attB1/attB2 and introduced into a pPDONR-221 vector by BP
clonase reaction (Invitrogen, Grand Island, NY, USA). The
IRES-EGFP sequence (Clontech, Mountain View, CA, USA)
was amplified with primers with attB2/attB3 and introduced
into a pDONR-P2R-P3 vector (Invitrogen) by BP reaction.
The promoter region of calcium/calmodulin-dependent
protein kinase II alpha (Camklla), a neuron-specific protein
(78), was PCR-amplified with primers with attB4/attB1r and
introduced into a pDONR-P4P I vector (Invitrogen) by BP re-
action. The Camklla promoter element, Sept5, and IRES-EGFP
were introduced into a pLenti6.4/R4R2/V5-DEST vector (Invi-
trogen). A plasmid was generated by inserting Pcomuita
Sept5-IRES-EGFP or Pcampiia-IRES-EGFP. Using 293T cells
transfected with the plasmid, we confirmed that Sept5 protein
is expressed (Supplementary Material, Fig. S3A). Viral particles
were generated by co-transfection of 293FT cells (Invitrogen)
by the pLenti6.4/R4R2/V5-DEST-based plasmid-containing
P Camitia-Sept5-IRES-EGFP or P camuiie-IRES-EGFP and three
packaging helper plasmids, using the calcium phosphate
method (79). Seventy-two hours after transfection, viral parti-
cles were collected and resuspended in phosphate-buffered
saline. Viral titers were estimated by counting surviving cells
following blasticidin.
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Surgery

Male C57BL/6J mice were anesthetized with sodium pento-
barbital [40 mg/kg, intraperitoneal (i.p.)] and were then
placed in a stereotaxic apparatus (MyNeuroLab, Richmond,
IL, USA). A 2.5 pl Hamilton syringe (Hamilton, Reno, NV,
USA) with a 30-gauge needle was used to inject 0.3 pl of
the EGFP lentiviral vector (2.30 x 10°TU/ml) or the
Sept5-EGFP lentiviral vector (6.40 x 10 TU/ml) for a
period of 5 min and the needle was left in place for another
5 min. Bilateral injections were made into the hippocampus
(anterior-posterior (AP), —1.82 mm; medial-lateral (ML),
2.25 mm; dorsal-ventral (DV), 2.8 mm), amygdala (AP,
—1.82mm; ML, 3.0mm; DV, 5.5 mm) or somatosensory
cortex (AP, —1.82 mm; ML, 3.0 mm; DV, 2.0 mm). Mice
were given a week to recover before being tested.

Immunohistochemistry

After behavioral analysis was completed, animals were
anesthetized with sodium pentobarbital (62.5 mg/kg, i.p.)
and perfused with saline followed by 4% paraformaldehyde.
Brains were coronally sliced at 50 um, covering the entire
antero-posterior extent of the hippocampus and amygdala,
and were examined for EGFP. A separate set of sections
were immunohistochemically stained for NeuN (mouse anti-
NeuN antibody, 1:200, Millipore) as a marker of neuron to-
gether with Texas-red-conjugated anti-mouse IgG (1:500,
Jackson ImmunoResearch, West Grove, PA, USA) or
Alexa594-conjugated anti-mouse IgG (1:500, Invitrogen) sec-
ondary antibody. Signals were analyzed under an epi-
fluorescent microscope (Zeiss) and a confocal microscope
(Leica).

To evaluate the extent of virally expressed Sept5, we used a
small set of Sept5 KO mice. KO mice received infusions of the
Sept5-EGFP lentiviral vector into the hippocampus or basolat-
eral amygdaloid complex and killed 1 week later. One set of
sections were mounted and examined for EGFP. A separate
set of adjacent sections were immunohistochemically stained
with either a goat polyclonal Sept5 antibody (1:1000, Santa
Cruz Biotechnology, Santa Cruz, CA, USA) or a mouse mono-
clonal Sept5 antibody (1:10 000, Assay Designs, Ann Arbor,
MI, USA), following our standard Nickel-intensified DAB-
staining procedure (80—82). EGFP and Sept5 signals were
analyzed under an epi-fluorescent microscope (Zeiss) and a
light microscope (Zeiss), respectively. The extents of EGFP
and Sept5 protein signals overlapped (Supplementary Mater-
ial, Fig. S2B—E), indicating that EGFP reliably represents
the extent of virally expressed Sept5.

Western blot

Cervical dislocation was used to sacrifice mice for western
blotting. The following brain areas were dissected out in

saline on ice: prefrontal cortex, nucleus accumbens, caudate- -

putamen, amygdala, hippocampus, substantia nigra and
VTA. Tissues were homogenized by sonication in electrophor-
etic mobility shift assay buffer. Sixty micrograms of sample,
as determined by Bradford assay, was loaded into a 10% acryl-
amide gel. Transferred proteins on membranes were labeled
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with a goat polyclonal Sept5 antibody (1:200, Santa Cruz Bio-
technology), followed by a donkey anti-goat horseradish
peroxidase-conjugated IgG secondary antibody (1:5000,
Santa Cruz Biotechnology). A rat monoclonal anti-tubulin
antibody (1:5000, Abcam, Cambridge, MA, USA) was used
in conjunction with goat anti-rat horseradish peroxidase-
conjugated IgG secondary antibody (1:5000, Santa Cruz Bio-
technology) to determine the amount of protein loaded. For the
detection of Sept5 in 293T cells transfected with the plasmid, a
mouse anti-Septin 5 (SP18) monoclonal antibody (1:200,
Santa Cruz Biotechnology) and anti-mouse horseradish
peroxidase-conjugated IgG secondary antibody (1:10000,
Vector) were used. Specific bands were visualized using
SuperSignal West (Thermo Scientific, Waltham, MA, USA).
Absorption was then measured using a GS-700 densitometer
(Bio-Rad, Hercules, CA, USA) with the Quantity One soft-
ware. The levels of Sept5 were normalized to tubulin and per-
centages of levels over standard housing were calculated for
analysis.

Statistical analysis

All data are presented as the mean + standard error of the
mean (SEM). Statistical significance was determined by ana-
lysis of variance followed by Newman—Keuls post hoc com-
parisons. When two groups were compared, Student’s t-test
was used. The minimum level of significance was set at 5%.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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