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a b s t r a c t

Sigma-1 receptor knockout (s1R�/�) in male mice causes depressive-like phenotype. We observed the
expression of s1R in principal neurons of basolateral amygdala (BLA), a main region for affective regu-
lation. The present study investigated the influence of s1R deficiency in BLA neurons on synaptic
properties and plasticity at cortico-BLA pathway. In comparison with wild-type (WT) mice, the slopes of
field excitatory postsynaptic potentials (fEPSP) were reduced in s1R�/� mice with the increases in paired-
pulse facilitation (PPF) and paired-pulse inhibition (PPI) values. Induction of NMDA receptor (NMDAr)-
dependent long-term potentiation (LTP) and NMDAr-independent long-term depression (LTD) were
impaired in s1R�/� mice. The NMDAr NR2B phosphorylation in BLA of s1R�/� mice was lower than in WT
mice. The coupling of nNOS to PSD-95 and nitric oxide (NO) level were reduced in BLA of s1R�/� mice,
which were recovered by the BLA-injection of NMDAr agonist NMDA. The bath-application of NMDA in
BLA slices from s1R�/� mice corrected the reduced fEPSP slopes and increased PPF and PPI and recovered
the LTP and LTD induction, which were sensitive to nNOS inhibitor 7-NI. NO donor DETA/NO or GABAAR
agonist muscimol could correct the PPI and recover LTD in s1R�/� mice. In addition, the BLA-injection of
NMDA, DETA/NO or muscimol could relieve the depressive-like behaviors in s1R

�/� mice. These results
indicate that the s1R deficiency in BLA principal neurons via NMDAr dysfunction suppresses nNOS ac-
tivity and NO production to reduce GABAAR-mediated inhibition, which impairs LTD induction and
causes depressive-like phenotype.

© 2017 Published by Elsevier Ltd.
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1. Introduction

Sigma-1 receptors (s1R) are highly expressed in the brain re-
gions involved in emotion and neuropsychiatric disorders (Alonso
et al., 2000; Hayashi and Su, 2004; Maurice et al., 2002). The s1R
agonists are known to be a class of drugs used for the treatment of
depression (Urani et al., 2001) and anxiety (Longone et al., 2011).
The s1R knockoutmice (s1R�/�mice) have been reported to appear
depressive-like phenotype (Sabino et al., 2009; Sha et al., 2015).
However, the underlying mechanisms have not yet been fully
elucidated.

The activation of s1R potentiates the Ca2þ influx across NMDA
receptor (NMDAr) by preventing small conductance Ca2þ-
activated Kþ channels (Martina et al., 2007) or enhancing NMDAr
trafficking to the plasma membrane (Pabba et al., 2014). Selective
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s1R ligands can increase NMDA-induced norepinephrine release
and neuronal firing (Monnet and Maurice, 2006). Sha et al. (2013)
reported that the NMDA-activated current and phosphorylation
of NMDAr NR2B subunit were reduced in hippocampal neurons of
s1R�/� mice. In addition, the activation of s1R has been reported to
negatively modulate GABA release (Mtchedlishvili and Kapur,
2003). However, the function of GABAA receptor (GABAAR) in hip-
pocampal neurons of s1R�/� mice is not altered (Sha et al., 2013). In
addition, the s1R agonist can enhance the expression and activity of
hippocampal neuronal nitric oxide synthase (nNOS) in an NMDAr-
dependent manner, leading to a long-term increase in presynaptic
glutamate release (Yang et al., 2011). The Ca2þ influx through the
NMDAr can activate nNOS (Kiedrowski et al., 1992) through the
interaction between nNOS and NMDAr that is permitted only via
postsynaptic density protein 95 (PSD-95) (Christopherson et al.,
1999). The declines in the nNOS expression and the NO produc-
tion are observed in hippocampus of s1R�/� mice (Zhang et al.,
2016).

The expression of s1R has been reported in the basolateral
amygdala (BLA) of mice (Sanchez-Fernandez et al., 2014), one of the
main brain regions for the regulation of emotional behavior. BLA
contains two major types of glutamatergic principal neurons and
GABAergic interneurons. The BLA principal neurons shift from
regular firing to doublet or ‘burst’ firing during fear condition (Senn
et al., 2014). A large body of evidence has established that abundant
GABAergic local circuits in BLA build an excitation-inhibition cycle
(Isoardi et al., 2004). The hyper-activity of BLA glutamatergic neu-
rons is a key feature of anxiety disorders (Etkin and Wager, 2007),
which is modulated by GABAergic inhibition (Spampanato et al.,
2011; Zhou et al., 2011b). The plasticity of glutamatergic synapses
in BLA, long-term potentiation (LTP) and long-term depression
(LTD), is regulated by the Ca2þ influx from NR2B-containing
NMDAr (Paoletti et al., 2013; Schroeder and Shinnick-Gallagher,
2004) and the GABAergic inhibition (Shaban et al., 2006). The
production of LTP underlies the acquisition and consolidation of
fear memories (Goosens and Maren, 2002), while LTD induction is
thought to facilitate the extinction of learned fear (Dalton et al.,
2012). Therefore, it is of great interest to investigate whether the
s1R deficiency affects the synaptic function and plasticity in BLA.

In the present study, we used adult male s1R�/� mice and
investigated the influence of the s1R deficiency on basal synaptic
properties and plasticity in BLA. To explore the underlying mech-
anisms, we further examined the phosphorylation of NMDAr NR2B,
the interaction of nNOS and PSD-95, and the NO production. Finally,
we analyzed the causal link between the synaptic plasticity in BLA
and the depressive-like phenotype in s1R�/� mice. Our results
indicate that the s1R deficiency in BLA principal neurons reduces
the GABAAR-mediated inhibition to impair LTD induction and cause
depressive-like phenotype.

2. Material and methods

2.1. Animals

All animal experiments were approved by the Institutional
Animal Care and Ethical Committee of the Nanjing Medical Uni-
versity and were performed in accordance with the Laboratory
Animal Research Institute for Experimental Animals guidelines.
Animals were housed in plastic cages at 23 ± 2 �C and 55% relative
humidity with a 12:12 h light/dark cycle in the Animal Research
Center of Nanjing University. Water and foodwere given ad libitum.
All efforts were made to minimize animal suffering and to reduce
the number of animals used. The s1R knockout (s1R�/�) mice were
generated and characterized as described previously (Sabino et al.,
2009). In this study, 12-week-old male s1R�/� mice and wild-type
(WT) littermates were used at the beginning of the experiment.
Each experiment was performed by two experimenters who were
blinded to the experimental groups.
2.2. Behavioral examination

A single cohort of animals was used for the following test
sequence: open-field test / forced swim test / tail suspension
test (Zhou et al., 2011a). All behavioral data were captured by a
video-monitor and analyzed using TopScan Lite 2.0 (Clever Sys.,
Reston, VA).

Open field test (OFT) was performed in a cuboid plexiglass box
(60 cm � 60 cm � 40 cm) with the gray floor divided into 16 equal
squares. The central zone was defined as the central 4 squares
(30 cm � 30 cm). Each mouse was placed in a corner of the arena
and allowed to freely explore for 6 min. Following parameters were
evaluated: total distance traveled (mm/6 min) and the time spent
in the center region.

Tail suspension test (TST) was performed by suspending the
mice tail using adhesive tape to a rod 60 cm above the floor. Trials
were conducted for 6 min to record the duration of immobility.

Forced swim test (FST)was performed by placing mice in plastic
cylinders (diameter 12 cm, height 24 cm) filled with water
(23e25 �C) to a height of 20 cm. Total duration of immobility during
a 6 min test was scored. The mouse was considered to be immobile
when it stopped struggling and moved only to remain floating in
the water, keeping its head above water.
2.3. Morphologic examination

Animals were deeply anesthetized with chloral hydrate
(400 mg/kg, i.p.) and cardinally perfused with cold PBS followed by
4% paraformaldehyde. Brains were removed and processed for
paraffin embedding. Coronal sections (5 mm in thickness) were
placed in gelatine-coated slides, and then were stained with tolu-
idine blue. BLAwas observed using a conventional lightmicroscope
(Olympus DP70) with 10 � objective. For s1R immunohistochem-
istry staining, the sections were treated with 5% normal goat serum
and then incubated in a mouse anti-s1R (1:250; Santa Cruz, CA,
USA) at 4 �C overnight. After PBS rinses, the sections were incu-
bated in biotin-labeled donkey anti-mouse IgG antibody (1:400;
Santa Cruz) for 2 h. Immunoreactivities were visualized by avidin-
biotin horseradish peroxidase complex (ABC Elite; Vector Labora-
tories) using 3,3’-diaminobenzidine as the chromogen. The s1R
positive cells were observed using a conventional light microscope
(40 � objective, DP70; Olympus).
2.4. Slice preparation and BLA collection

Mice were decapitated under deep anesthesia with isoflurane
and the brains were rapidly removed. The coronal brain slices
(400e600 mm in thickness) were cut using a vibrating microtome
(Microslicer DTK 1500, Dousaka EM Co, Kyoto, Japan) in ice-cold
oxygenated (95% O2/5% CO2) cutting solution composed of (in
mM) 94 sucrose, 30 NaCl, 4.5 KCl, 1.0 MgCl2, 26 NaHCO3, 1.2
NaH2PO4, and 10 D-glucose, pH 7.4. The slices (600 mm) were
incubated in a rest chamber containing fresh oxygenated ACSF at
30 ± 1 �C for recovery from damage. After 60 min of recovery, the
regions containing the BLA (shown in Fig. 1C) were rapidly har-
vested using a 15-gauge needle (inner diameter 1.5 mm) for NO
examination, co-immunoprecipitation, Western Blotting and RT-
PCR.



Fig. 1. Expression of s1R in BLA principal neurons. (A) Representative blots of s1R protein in BLA of WT mice (WT) and s1R�/� mice (KO). (B) Representative photomicrograph of a
s1R-immunohistochemical staining and s1R positive principal neurons (arrows) in BLA. The BLA area is indicated by a white broken line. Scale bars ¼ 25 mm. (C) A Representative
images of BLA stained with toluidine blue in WT mice and s1R�/� mice. Scale bars ¼ 50 mm.
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2.5. Field potential recording

The slices (400 mm) were transferred to a recording chamber
and perfused continually with oxygenated artificial cerebrospinal
fluid (ACSF) composed of (in mM) 124 NaCl, 2 CaCl2, 4.5 KCl, 1
MgCl2, 26 NaHCO3, 1.2 NaH2PO4, and 10 D-glucose (pH value of
ACSF was adjusted to 7.4) at 30 ± 1 �C. A bipolar tungsten electrode
was placed outside BLA to stimulate the external capsule (EC) fibers
from the cortex. The constant current pulses (pulse width: 100 ms;
frequency: 0.05 Hz) were supplied by a stimulator (SEN-3301,
Nihon Kohden, Japan). Field excitatory postsynaptic potentials
(fEPSPs) were recorded from BLA by a 5 MU resistance glass
microelectrode that was filled with 2 M NaCl, and connected to a
neutralized, high input-impedance preamplifier with a high-pass
filter at 5 kHz. Signals were amplified with the use of a differen-
tial AC amplifier (A-M Systems, model 1700, Seattle, WA) and were
digitized and saved using the pCLAMP system (Axon Instrument
Inc., CA, USA). The fEPSPs were digitized and saved using a pCLAMP
system (Axon). Generally, the test stimulus was set at approxi-
mately 50% of the maximum stimulus intensity that evoked a
saturated fEPSP in each slice. Following parameters were evalu-
ated: (1) input/output function was assessed by averaging the
stimulus intensity from 0.1 mA to 1.1 mA; (2) paired-pulse facili-
tation (PPF) was induced by paired-pulse simulation with inter-
pulse interval (IPI) of 25e100 ms; (3) paired-pulse inhibition (PPI)
was induced by paired-pulse simulation with an IPI of 25 ms; (4)
LTP was induced using a protocol of high-frequency stimulation
(HFS), which consisted of five trains of stimulation (100 Hz for 1 s)
at 20 s intervals (Li and Rainnie, 2014); (5) LTD was induced by
delivering low-frequency stimulation (LFS, 1 Hz 15 min) (Li and
Rainnie, 2014). Paired-pulse ratio (PPR) was calculated with the
following formula: (fEPSP2/fEPSP1) � 100, where fEPSP1 and fEPSP2
represent the fEPSP slopes evoked by the first and second stimu-
lation, respectively. After delivering HFS or LFS, the fEPSP slopes
were recorded for over 60 min. LTP or LTD was determined if the
fEPSP slopes were greater or lower than 20% of baseline at
55e60 min after delivering HFS or LFS.
2.6. Nitric oxide examination

NO was estimated as a formed nitrite (NO2-) using a Griess
reagent assay for nitrite according to the manufacturer's protocol
(Promega, Madison, WI, USA) (Chae et al., 2004). BLA was homog-
enized by sonication in lysis buffer, and then centrifuged for
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5min at 12,000� g at 4 �C. The supernatant (30 ml) was added with
sulfanilamide solution (1% sulfanilamide in 5% phosphoric acid,
50 ml). After the incubation for 10 min at room temperature, the
sample was again added with 0.1% N-1-napthylethylenediamine
dihydrochloride (50 ml). The absorbance was measured at 540 nm
using a microplate reader within 30 min. The nitrite content was
calculated based on a standard curve constructed with NaNO2.
2.7. Coimmunoprecipitation and western blotting

Tissues of BLA were homogenized in 1% Nonidet P-40 lysis
buffer containing 50 mM Tris, 150 mM NaCl, 0.02% NaN3, and
complete protease inhibitors (Roche). The homogenates were
centrifuged for 15 min at 12,000 r.p.m. (Thermo Scientific) and the
supernatants were collected. Protein concentrations were deter-
mined using a bicinchoninic acid (BCA) protein assay kit (Pierce).

For co-immunoprecipitation (co-IP), the protein (500 mg) were
pre-incubated for 1 h with 40 ml protein A/G-Sepharose (GE
Healthcare, Sweden) and then centrifuged at 12,000 � g to remove
any nonspecific binding to protein A/G. The supernatant was
incubated with 2 mgmouse anti-nNOS (1:1000; Chemicon, USA, CA,
USA) overnight at 4 �C and thenwith protein A/G-Sepharose (40 ml)
overnight at 4 �C. Samples were centrifuged at 12,000 � g, and the
pellets were washed five times with homogenization buffer (Yang
et al., 2010). Bound proteins were eluted by adding sample buffer
(20 ml) and boiling at 100 �C for 5 min. Samples were finally
centrifuged and supernatants were analyzed by Western blotting.

For Western blotting, 20 mg of total protein (boiled) or immu-
noprecipitated protein was separated by 8% acrylamide denaturing
gels (SDS-PAGE) and transferred to membranes. The membranes
were incubated with rabbit monoclonal anti-phospho-NR2B
(1:1000; Millipore, MA, USA), anti-phospho-NR2A antibody
(1:1000; Abcam, Cambridge, UK), mouse anti-nNOS (1:1000;
Chemicon, USA, CA, USA), mouse anti-s1R (1:500; Santa Cruz, CA,
USA), anti-PSD-95 (1:1000, Cell Signaling, MA, USA) and anti-
calmodulin (1:1000; Cell Signaling). After TBST buffer rinses, the
membranes were incubated with horse radish peroxidase-labeled
goat anti-rabbit antibody (1:5000; Santa Cruz, CA) and developed
using an enhanced chemiluminescence detection kit (Millipore).
Following visualization, the blots were stripped by incubation in
stripping buffer (Restore; Pierce) for 15 min; and then incubated
with antibodies of anti-NR2B and anti-NR2A (1:1000; Millipore),
anti-b-actin (1:1000, Cell Signaling). Western blot bands were
scanned and analyzed using the Image J analysis software package
(NIH). The densitometric value of phosphorylated protein
normalized by total protein was normalized again by the control
level. Each experiment was performed in quadruplicate using tis-
sue from 8 mice per group.
2.8. Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was isolated from the BLA with TRIzol reagent (Invi-
trogen, Camarillo, CA) and reverse-transcribed into cDNA using a
Prime Script RT reagent kit (Takara, China) for quantitative PCR (ABI
Step One Plus, Foster City, CA) in the presence of a fluorescent dye
(SYBR Green I; Takara, China). PCR was performed in triplicate with
10 ml template DNA per well and run for 40 cycles. The relative
expression of genes was determined using the 2-DDct method with
normalization to GAPDH and b-actin in each sample. The results
were averaged from four sets of independent experiments. The
primer sets used for GluR1, GluR2, NR1, NR2B, NR2A, GABAAR-a4,
GABAAR-d, GAPDH and b-actin were designed according to earlier
publications (Wright et al., 2014; Zhou et al., 2016).
2.9. Administration of drugs

NMDAr agonist NMDA and antagonist MK801, AMPAr antago-
nist CNQX, GABAAR agonist muscimol and antagonist bicuculline,
NO donor DETA/NONOate (DETA/NO) and nNOS inhibitor 7-
nitroindazole (7-NI) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). CNQX, NMDA, muscimol, bicuculline, DETA/NO
and 7-NI were dissolved in distilled water for stock solutions. For
in vitro experiment, the slices were incubated in ACSF containing
NMDA (10 mM), the AMPAr antagonist CNQX (10 mM), the NO donor
DETA/NO (3 mM), the nNOS inhibitor 7-NI (5 mM), the GABAAR
agonist muscimol (10 mM) or antagonist bicuculine (10 mM) for
30 min (Pose et al., 2014; Yang et al., 2011; Zhou et al., 2011b). For
in vivo experiment, the mice were anesthetized with chloral hy-
drate (400 mg/kg, i.p.) and placed into a stereotaxic instrument
(Stoelting, Wood Dale, IL). The scalp was incised and a small hole
(2 mm diameter) was drilled in the skull using a dental drill. Guide
cannulas (26-Gauge, Plastics One, Roanoke, VA) were implanted
into the bilateral BLA (1.4 mm posterior, ±3.0 mm lateral, and
4.8 mm ventral to bregma). On day 3 after surgery, the dummy
cannulas were removed from the guide cannula, and then replaced
by infusion cannulas (30 Gauge). The infusion cannula was con-
nected by polyethylene tubing (PE 10; Becton Dickinson, Sparks,
MD) with a stepper-motorized micro-syringe (Stoelting, Wood
Dale, IL, USA). ACSF containingMuscimol (4 nmol), NMDA (5 nmol),
DETA/NO (10 nmol) and 7-NI (10 nmol) were infused in a volume of
0.25 ml/side (Fendt et al., 2003; Hu et al., 2012; Zhou et al., 2011b).
After the behavioral tests, 2% Evans Blue (0.05 ml) was injected. The
mice were killed by an overdose of chloral hydrate, and coronal
sections (100 mm) were cut using a cryostat to validate the injec-
tion-site.

2.10. Data analysis

Data were retrieved and processed with the software Microcal
Origin 6.1. The group data were expressed as the mean ± standard
error (SE). Experimental results were compared among treatment
groups by ANOVAs followed by Bonferroni's posthoc test or t-test.
Statistical analyses were performed using State7 software (STATA
Corporation, USA). P < 0.05 was considered statistically significant.

3. Results

3.1. Expression of s1R in BLA principal neurons

Consistent with the report by Sanchez-Fernandez et al. (2014),
the s1R protein at approximately 28 kDa was observed in BLA of
WT mice, but not in s1R�/� mice (Fig. 1A). Using immunohisto-
chemical staining, we observed the s1R positive neurons in the BLA
of WT mice (Fig. 1B). These s1R positive neurons showed a large
triangle shaped soma, which are called BLA pyramidal neurons or
BLA principal neurons (Klenowski et al., 2015). Although there was
not the s1R positive neurons in BLA of s1R�/� mice, the density of
BLA principal neurons was not altered compared to WT mice
(Fig. 1C).

3.2. Influence s1R deficiency on synaptic properties in BLA

By stimulating external capsule (EC) fibers in the slices obtained
from WT mice or s1R�/� mice (Fig. 2A), we recorded a field excit-
atory postsynaptic potential (fEPSP) in BLA (Fig. 2B), termed “EC-
BLA synaptic transmission”. To evaluate the basal properties of the
EC-BLA synapses, an input-output curve was built by plotting fEPSP
slopes against stimulation intensities (SI) from 0.1 mA to 1.1 mA.
The fEPSP slopes (0.3e0.7 mA/SI) in s1R�/� mice were lower than



Fig. 2. Influence s1R deficiency on synaptic properties in BLA. (A) Schematic illustrating spots of stimulating external capsule (EC) fibers and the field excitatory post-synaptic
potentials (fEPSPs) in the BLA, termed EC-BLA synaptic transmission. (B) Input-output (I/O) curve. Each point represents the group mean value of fEPSP slopes against stimulus
intensity from 0.1 mA to 1.1 mA in the BLA of WT mice and s1R�/� mice. *P < 0.05 vs. WT mice (two-way ANOVA). Representative sampling traces of fEPSP slopes at 0.5 mA stimulus
intensity in WT mice (WT) and s1R�/� mice (KO). (C) Paired-pulse facilitation (PPF) and paired-pulse inhibition (PPI) of fEPSP in the BLA. Paired-pulse ratio (PPR, %) of fEPSP slopes
was plotted against various interpulse intervals (IPIs) ranging from 25 ms to 100 ms. Typical traces evoked with IPI of 75 ms (PPF, upper panel) and 25 ms (PPI, under panel) in WT
mice (WT) and s1R�/� mice (KO). **P < 0.01 vs. WT mice (two-way ANOVA).
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those in WT mice (P < 0.05, n ¼ 10 slices/5 mice). The paired-pulse
facilitation (PPF) of fEPSP slopes was elicited by two successive
stimulations (0.5 mA/SI) with interpulse interval (IPI) at 50e100ms
to evaluate the capability of presynaptic glutamate release. As
shown in Fig. 1C, the values of PPF (75e100 ms/IPI) in s1R�/� mice
were larger than those in WT mice (P < 0.01, n ¼ 10). The paired-
pulse inhibition (PPI) is considered to depend on a GABAAR-medi-
ated inhibitory postsynaptic potential in BLA (Delaney and Sah,
2001), we examined the PPI of fEPSP slopes by delivering paired-
pulse stimulation (0.5 mA/SI) with IPI at 25 ms. The results
showed that the PPI value in s1R�/� mice was increased compared
toWTmice (P< 0.01, n¼ 10; Fig.1C). These results indicate that s1R
deficiency in BLA neurons attenuates the capability of presynaptic
glutamate release and GABAAR-mediated inhibition.
3.3. Influence of s1R deficiency on NMDAr, nNOS and NO in BLA

To explore the mechanisms underlying synaptic dysfunction in
the BLA of s1R�/� mice, we examined the expression of AMPAr,
NMDAr and GABAAR. The analysis of RT-PCR showed that the levels
of GluR1, GluR2, NR1, NR2B, NR2A, GABAAR-a4 and GABAAR-d mNRA
in BLA had no significant difference between s1R�/� mice and WT
mice (P > 0.05, n ¼ 8 mice; Fig. 3A). The level of the NMDAr NR2B
phosphorylation (phosphor-NR2B) in BLA of s1R�/�micewas lower
than that in WT mice (P < 0.01, n ¼ 8; Fig. 3B), but the NR2A
phosphorylation (phosphor-NR2A) did not differ from WT mice
(P > 0.05, n ¼ 8; Fig. 3C).

In the BLA principal neurons, NO has been described to modu-
late the activity of glutamatergic synapses (Schafe et al., 2005).
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Neuronal NO synthase (nNOS) is the predominant source of NO in
neurons (Boehning and Snyder, 2003). The results of western blots
revealed that s1R�/� mice had a tendency to reduce the level of
nNOS expression in BLA, but the group comparison with WT mice
failed to reach significance (P > 0.05, n ¼ 8; Fig. 3D). Importantly,
we observed a slight but significant decrease in the NO level in BLA
of s1R�/� mice (P < 0.05, n¼ 8; Fig. 3E), which was corrected by the
BLA-injection of the NMDAr agonist NMDA (P < 0.05, n ¼ 8).

The activity of nNOS is primarily regulated by its interaction
with the Ca2þ-calmodulin complex, which depends on the Ca2þ
influx of NMDAr increases (Hisatsune et al., 1997). The coupling of
nNOS to NMDAr involves the scaffolding protein PSD-95
(Christopherson et al., 1999). The levels of NMDAr (P > 0.05,
n ¼ 8; Fig. 3B), PSD-95 (P > 0.05, n ¼ 8; Fig. 3F) and calmodulin
proteins (P > 0.05, n ¼ 8; Fig. 3G) in BLA of s1R�/� mice had no
difference fromWT. To test whether the reduced NMDAr activity in
s1R�/� mice affects the interaction of nNOS and NMDAr, further
experiment was designed to examine the co-immunoprecipitation
of nNOS with PSD-95. The results showed that the interaction of
nNOS with PSD-95 in BLA of s1R�/� mice was significantly reduced
in comparison with WT mice (P < 0.01, n ¼ 8; Fig. 3H), which could
be corrected by the BLA-injection of NMDA (P < 0.05, n ¼ 8). These
results indicate that s1R deficiency in BLA neurons via reduced
activity of NMDAr attenuates the nNOS activation and NO
production.
3.4. Involvement of reduced NO in synaptic dysfunction of BLA

To test the involvement of reduced NO level in synaptic
dysfunction in BLA of s1R�/� mice, the BLA slices were treated with
the path-application of NMDA (10 mM), the AMPAr antagonist
CNQX (10 mM), the NO donor DETA/NO (3 mM), the nNOS inhibitor
7-NI (5 mM), the GABAAR agonist muscimol (10 mM) or antagonist
bicuculine (10 mM) for 30 min. The EC-BLA synaptic transmission in
WT mice was blocked by CNQX (P < 0.01, n ¼ 10 slices/5 mice;
Fig. 4A). The application of NMDA in s1R�/� mice corrected the
reduced fEPSP slope (P < 0.05, n ¼ 10) and the increased PPF
(P < 0.01, n ¼ 10; Fig. 4B), which was blocked by 7-NI (slopes:
P < 0.05, n ¼ 10; PPF: P < 0.01, n ¼ 10) and could be mimicked by
DETA/NO (slopes: P < 0.05, n ¼ 10; PPF: P < 0.01, n ¼ 10). The
application of NMDA in s1R�/� mice was able to correct the
increased PPI (P < 0.01, n ¼ 10; Fig. 4C), which was sensitive to 7-NI
(P< 0.01, n¼ 10). The increased PPI in s1R�/�micewas corrected by
DETA/NO (P < 0.01, n ¼ 10). In addition, the application of bicucu-
line caused the increase in the PPI value in WT mice (P < 0.01,
n ¼ 10), but not in s1R�/� mice (P > 0.05, n ¼ 10). However, the
addition of bicuculine could prevent the NMDA- or DETA/NO-
corrected PPI in s1R�/� mice (P < 0.01, n ¼ 10), indicating that
bicuculine can increase the PPI value in s1R�/� mice when the
increased PPI was corrected by NMDA or DETA/NO. In addition, the
application of bicuculine in WT mice caused a significant increase
in the fEPSP slopes (P< 0.01, n¼ 10 slices/5mice; Fig. 4D), but in the
s1R�/� slices was hardly altered the fEPSP slopes (P > 0.05, n ¼ 10).
The application of muscimol reduced the fEPSP slopes in WT mice
(P < 0.05, n ¼ 10) and s1R�/� mice (P < 0.01, n ¼ 10). These results
indicate that the s1R deficiency through reducing NO attenuates
presynaptic glutamate release and the GABAAR-mediated
Fig. 3. Influence of s1R deficiency on NMDAr, nNOS and NO in BLA. (A) Levels of GluR1, G
mice. (B&C) Bar graphs show levels of phosphor-NR2B and phosphor-NR2A in BLA of WT
normalized by total protein were normalized by control levels obtained from WT mice. **P <
BLA of WT mice, s1R�/� mice and NMDA-treated s1R�/� mice. *P < 0.05 vs. WT mice; #P < 0
actin in BLA. (H) Representative blots from a coimmunoprecipitate experiment investigatin
analysis of PSD-95/nNOS association in WT mice, s1R�/� mice and NMDA-treated s1R�/� m
inhibition.
3.5. Influence s1R deficiency on synaptic plasticity in BLA

The Ca2þ influx of NMDAr and the GABAergic inhibition can
modulate the inductions of EC-BLA synaptic LTP and LTD. The
application of high-frequency stimulation (HFS) in WT mice
induced an approximately 35% increase in the fEPSP slopes for over
60 min (n ¼ 10 slices/5 mice; Fig. 5A), indicative “LTP”. The in-
duction of LTP was blocked by the application of 10 mM MK801
(n ¼ 10). In contrast, the same HFS protocol could not induce the
LTP in s1R�/� mice (n ¼ 10; Fig. 5B), which was rescued by the
application of NMDA (n ¼ 10). The effect of NMDA on the LTP in-
duction was sensitive to 7-NI (n ¼ 10; Fig. 5C), whereas the appli-
cation of alone DETA/NO could not recover the LTP induction in
s1R�/� mice (n ¼ 10). In WT mice, the fEPSP slopes were decreased
by delivering low-frequency stimulation (LFS) for over 60 min
(n ¼ 10; Fig. 5D), indicative “LTD”. The induction of LTD was
insensitive to MK801 (n ¼ 10), whereas was blocked by the appli-
cation of bicuculine (n ¼ 10; Fig. 5E). In s1R�/� mice, the same LFS
protocol did not induce a stable decrease in the fEPSP slopes
(n ¼ 10; Fig. 5F), which could be rescued by the application of
muscimol (n ¼ 10). The application of NMDA perfectly recovered
the induction of LTD in s1R�/� mice (n ¼ 10; Fig. 5G), which was
sensitive to 7-NI (n ¼ 10). Moreover, the induction of LTD in s1R�/�

mice was rescued by DETA/NO (n¼ 10; Fig. 5H), which was blocked
by bicuculine (n ¼ 10). These results indicate that the s1R defi-
ciency impairs the LTD induction via the reduction of GABAAR-
mediated inhibition.
3.6. Relation of impaired LTD in BLA of s1R
�/� mice with

depressive-like behaviors

Behavioral experiments suggest that the EC-BLA synaptic plas-
ticity is involved in the storage of long-term fear memories.
Spontaneous activity, anxiety- and depression-like behaviors were
further examined by open-field test (OFT), forced swim test (FST)
and tail suspension test (TST). As shown in Fig. 6A, the distance
traveled in OFT had any difference between WT mice and s1R�/�

mice (P > 0.05, n ¼ 10 mice). Although s1R�/� mice had a tendency
to reduce the time spent in the central partition of the arena, the
group when compared with WT mice failed to reach the signifi-
cance (P > 0.05, n ¼ 10; Fig. 6B). The application of muscimol or
NMDA in s1R�/� mice failed to alter the distance traveled (P > 0.05,
n ¼ 10 mice) or the time spent in the central partition (P > 0.05,
n ¼ 10 mice). In comparison with WT mice, the prolongation of
immobility time in FST (P < 0.01, n ¼ 10 mice; Fig. 6C) and TST
(P < 0.01, n¼ 10; Fig. 6D) was observed in s1R�/�mice, which could
be improved by the BLA-injction of muscimol (FST: P < 0.01; TST:
P < 0.01, n¼ 10) or DETA/NO (FST: P < 0.05; TST: P < 0.01, n¼ 10) for
3 days. The BLA-injection of NMDA for 3 days in s1R�/� mice could
relieve the depressive-like behaviors (FST: P < 0.01; TST: P < 0.01,
n ¼ 10), which was sensitive to 7-NI (FST: P < 0.01; TST: P < 0.01,
n ¼ 10). These results indicate that the LTD impairment in s1R�/�

mice is involved in the production of depressive-like phenotype.
luR2, NR1, NR2B, NR2A, GABAAR-a4 and GABAAR-d mRNA in BLA of WT mice and s1R�/�

mice (WT) and s1R�/� mice (KO). Densitometric values of phosphorylated proteins
0.01 vs. WT mice. (D) Levels of nNOS normalized by b-actin in BLA. (E) Levels of NO in
.05 vs. s1R�/� mice. (F&G) Levels of PSD-95 and calmodulin proteins normalized by b-
g the interaction between NOS and PSD-95 in BLA. Bar graph shows the quantitative
ice. **P < 0.01 vs. WT mice; #P < 0.05 vs. s1R�/� mice.



Fig. 4. Involvement of reduced NO in synaptic dysfunction of BLA. (A&B) Bar graphs show the mean of fEPSP slopes (0.5 mA/SI) or PPF (75 ms/IPI) in WT mice or s1R�/� mice.
The slices were treated with the bath-application of CNQX (10 mM), NMDA (10 mM), 7-NI (5 mM) and DETA/NO (3 mM). *P < 0.05 and **P < 0.01 vs. WT mice; #P < 0.05 and
##P < 0.01 vs. s1R�/� mice; þP < 0.05 and þþP < 0.01 vs. s1R�/� mice treated with NMDA. (C) Bar graph shows the PPI (25 ms/IPI) in WT mice or s1R�/� mice. The slices were
treated with the bath-application of bicuculine, muscimol, NMDA, 7-NI or DETA/NO. **P < 0.01 vs. WT mice; ##P < 0.01 vs. s1R�/� mice; þþP < 0.01 vs. s1R�/� mice treated with
NMDA (two-way ANOVA). (D) Bars represent the mean of fEPSP slopes (0.5 mA/SI) in WT mice or s1R�/� mice. The slices were treated with the bath-application of bicuculine (bicu,
10 mM) or muscimol (mus, 10 mM). *P < 0.05 and **P < 0.01 vs. WT mice; ##P < 0.01 vs. s1R�/� mice (two-way ANOVA).
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4. Discussion

Using themodel of adult s1R knockoutmouse, the present study
provided the evidence that the s1R deficiency in BLA principal
neurons decreases the GABAAR-mediated inhibition to impair LTD
induction, leading to the production of depressive-like phenotype.

The fEPSP slopes at the EC-BLA synapses were decreased in
s1R�/� mice compared to WT mice, which were associated with an
increase in the PPF value rather than the change in the level of
AMPAr expression, indicating that the s1R deficiency in BLA prin-
cipal neurons reduces the probability of presynaptic glutamate
release. The activation of s1R by the s1R agonist or neurosteroid
pregnenolone sulfate (PREGS) in cultured hippocampal neurons
has been reported to increase spontaneous glutamate release
(Meyer et al., 2002; Schiess and Partridge, 2005). Further study
found that PREGS caused a short-term increase in the probability of
hippocampal glutamate release in immature synapses (Mameli
et al., 2005). This effect is likely mediated by presynaptic NMDAr
containing the NR2D subunit that is transiently expressed during
development. By contrast, the PREGS-induced long-term increase
of glutamate release in adult rats requires the activation of post-
synaptic NMDAr containing NR2B subunits (Mameli et al., 2005).
An electrophysiological analysis has demonstrated the dysfunction
of NMDAr in hippocampal pyramidal neurons of s1R�/� mice



Fig. 5. Influence s1R deficiency on synaptic plasticity in BLA. (A) LTP induction by applying high-frequency stimulation (HFS) in WT mice. Each point represents the mean value
of fEPSP slopes expressed as a percentage of baseline. (B&C) LTP induction in s1R�/� mice in the presence of NMDA, NMDAþ7-NI or DETA/NO. (D&E) LTD induction by delivering
low-frequency stimulation (LFS) in WT mice in the presence of MK801 or bicuculine (bicu). (F) LTD induction in s1R�/� mice in the presence of muscimol (mus). (G&H) LTD
induction in s1R�/� mice in the presence of NMDA, NMDAþ7-NI or DETA/NO. A solid arrow indicates when HFS or LFS was given. Black line indicates the duration of drugs applied.
Representative sampling traces recorded at 5 min before HFS or LFS applied and at 60 min after HFS or LFS applied in WT slices (WT) or s1R�/� slices (KO).
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through the decline of NR2B phosphorylation (Sha et al., 2013).
Similarly, the level of NMDAr NR2B phosphorylation in BLA of s1R�/

�micewas significantly reduced compared toWTmice. Pabba et al.
(2014) reported that the activation of s1R increases the expression
of NR2A and NR2B subunits in the rat hippocampus. The s1R and
NMDArmay form amacromolecular complex, thus the activation of
s1R can increase the association of s1R with NMDAr and trafficking
of NMDAr to the cell surface. Although the NR2A and NR2B



Fig. 6. Influence s1R deficiency on synaptic plasticity in BLA. (A&B) Bar graphs show the distance traveled in OFT and the time spent in the central partition of the arena in WT
mice, s1R�/� mice and s1R�/� mice treated with BLA-injection of NMDA or muscimol (mus) for 3 days. (C&D) Bar graphs show the immobility time of FST and TST in WT mice and
s1R�/� mice treated with BLA-injection of muscimol (mus), NMDA, NMDAþ7-NI or DETA/NO for 3 days. **P < 0.01 vs. WT mice; ##P < 0.01 vs. s1R�/� mice; þþP < 0.01 vs. s1R�/�

mice treated with NMDA (two-way ANOVA).
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expression in BLA of s1R�/� mice did not differ significantly from
WTmice, we cannot rule out the possibility that the s1R deficiency
in BLA principal neurons affects the translocation of NMDAr to the
cell surface. Furthermore, the path-application of NMDA in s1R�/�

mice could correct the reduced fEPSP slopes and the increased PPF,
although the acute application of MK801 in WT mice did not alter
the fEPSP slopes and the PPF value. Therefore, the results give an
indication that the s1R deficiency in BLA principal neurons reduces
the presynaptic glutamate release via the dysfunction of post-
synaptic NMDAr.

The PPI value reflects a GABAAR-mediated inhibitory post-
synaptic potential in BLA (Delaney and Sah, 2001). The PPI value in
BLA of s1R�/� mice was larger than that in WT mice, which was
corrected by the GABAAR agonist muscimol. In addition, muscimol
causes a larger decline of the fEPSP slopes in s1R�/� mice than that
in WT mice. In contrast, the blockade of GABAAR by bicuculine
caused increases in the fEPSP slopes and the PPI value in WT mice,
but not in s1R�/� mice. When the PPI value in s1R�/� mice was
corrected by NMDA, the application of bicuculine could increase
the PPI value. The expression of GABAAR in BLA had no significant
difference between WT mice and s1R�/� mice. The activity of
GABAAR in hippocampal pyramidal neurons of s1R�/� mice is not
altered (Sha et al., 2013). Thus, it is highly likely that the s1R defi-
ciency in BLA principal neurons causes the decline of GABAAR-
mediated inhibition probably through reducing NMDAr-mediated
GABA release.

Several lines of evidence indicate that NO, as a retrograde
messenger, diffuses rapidly to reach presynaptic terminals and
enhances glutamate release (Micheva et al., 2003). The activation of
NMDAr at glutamatergic synapses through increasing retrograde
NO signaling enhances GABA release within the BLA (Lange et al.,
2012). NO facilitates GABA release by activation of presynaptic
guanylate cyclase. Our results showed that the application of DETA/
NO could recover the presynaptic glutamate release and the



B. Zhang et al. / Neuropharmacology 116 (2017) 387e398 397
GABAAR-mediated inhibition in BLA of s1R�/� mice. Moreover, the
inhibition of nNOS abolished the effects of NMDA on the presyn-
aptic glutamate release and GABAAR-mediated inhibition in s1R�/�

mice. Lange et al. (2012) observed the expression of nNOS in the
BLA principal neurons. The activation of s1R has been reported to
enhance the expression of hippocampal nNOS in an NMDAr-dependent
manner, which increases the production of NO (Yang et al., 2011). The
nNOS expression and NO production are reduced in hippocampus of
s1R

�/�mice (Zhang et al., 2016).However, the nNOS expression in BLA
of s1R

�/�mice did not differ significantly fromWTmice. The activity of
nNOS in neuronal cells depends on the Ca2þ influx through NMDAr
(Hisatsune et al., 1997). NO production highly depends on the
coupling of nNOS to NMDAr or PSD-95 (Christopherson et al., 1999).
The levels of NMDAr, calmodulin and PSD-95 expression in BLA had no
significant difference between WT mice and s1R

�/� mice. Notably, the
association of nNOS with PSD-95 was reduced, which was recovered
by the application of NMDA. These results together with the NMDA-
recovered NO production strongly suggested that the s1R deficiency
reduces the activity of nNOS through reducing Ca2þinflux of NMDAr.
However, there are opposing reports describing that the activation
of s1R disrupts the protein-protein interactions between NMDAr or
PSD-95 and nNOS leading to lower levels of NO generation in
hippocampal neurons (Pabba and Sibille, 2015). Low doses of s1R
agonists enhance NMDAr function, while high doses of s1R agonists
do not enhance NMDAr function (Liang and Wang, 1998). In addi-
tion, the s1R agonist reduces coupling of nNOS to PSD-95 in striatal
neurons of global hypoxia-ischemia newborn piglets (Yang et al.,
2010). Although this discrepancy is difficult to be reconciled in
the present study, the contradictory effects of s1R on interactions of
NMDAr and nNOS may arise from the difference in s1R expression
and activity or experimental samplings and conditions.

In slices from fear-conditioned animals, HFS-induced LTP is
attenuated, whereas LFS can elicit LTP, indicating that during
maintenance of fear memory the mechanisms for LTP induction are
altered (Schroeder and Shinnick-Gallagher, 2004). The induction of
LTP or LTD in EC-BLA synapses was impaired in s1R�/� mice.
Although the application of NMDA in s1R�/� mice rescued the in-
duction of LTP and LTD, the application of DETA/NO only recovered
the induction of LTD. In addition, the NMDA-rescued LTP induction
in s1R�/� mice was sensitive to the inhibition of nNOS. Forebrain
NR2B over-expression enhances LTP, but does not alter LTD (Duan
et al., 2015). Mirante et al. (2014) observed that the NR2B antago-
nists did not affect the LTD induction in EC-BLA synapses. One
simple explanation for the phenomenon is that the LTP induction in
BLA depends on NMDAr activation, while the LTD induction is
NMDAr-independent. The GABAAR antagonist blocked the induc-
tion of LTD in WT mice. The GABAAR agonist could recover the
induction of LTD in s1R�/�mice. Thus, it is highly likely that the s1R
deficiency in BLA impairs the induction of LTD through reducing
GABAAR-mediated inhibition.

In amygdale, LTP is involved specifically in the initial formation
and/or stabilization of a learned fear response, whereas LTD may
facilitate the suppression of fear responses during extinction
(Dalton et al., 2012). The induction of LTD is associated with the
extinction of fear memory (Hong et al., 2009; Kim et al., 2007; Park
et al., 2012). The powerful GABAergic inhibitory circuit in BLA is
very important in controlling motion and attention behavior
(Martijena et al., 2002). The GABAergic system in amygdale net-
works appears to be involved in generating responses to fear-
conditioned stimuli (Ehrlich et al., 2009) and is crucial for pro-
cesses of fear extinction learning (Sangha et al., 2009). The NO
system is known to play a prominent role in processes of fear
generalization inhibition and fear extinction by modulating the
GABAergic inhibitory circuit. The depression-like behaviors in
s1R�/� mice could be improved by the BLA-injection of muscimol
and DETA/NO. The BLA-injection of NMDA in s1R�/� mice was able
to relieve the depression-like behaviors, which was abolished by 7-
NI. By contrast, the time spent in the central partition during open-
field test in s1R�/� mice did not differ from WT mice, which failed
to be altered by the application of muscimol or NMDA. Thus, it is
highly likely that the impairment of LTD rather than LTP induction
in BLA of s1R�/� mice is responsible for the production of
depressive-like phenotype.

In summary, the s1R deficiency in BLA principal neurons can
cause the dysfunction of GABAAR-mediated inhibition to impair the
LTD induction, leading to the production of depressive-like
phenotype. Results in the present study can help for understand-
ing the molecular mechanisms underlying the production of
depressive-like phenotype in s1R�/� mice and the antidepressant
effects of the s1R agonists.
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