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Activation of LXRβ Signaling in the Amygdala Confers Anxiolytic
Effects Through Rebalancing Excitatory and Inhibitory
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Abstract
The balance of major excitatory (glutamate, Glu) and inhibitory (γ-aminobutyric acid, GABA), named as E/I
neurotransmission, is critical for proper information processing. Anxiety-like responses upon stress are accompanied
by abnormal alterations in the formation and function of synapses, resulting in the imbalance of E/I neurotransmis-
sion in the amygdala. Liver X receptors (LXRs), including LXRα and LXRβ isoforms, are nuclear receptors
responsible for regulating central nervous system (CNS) functions besides maintaining metabolic homeostasis.
However, little is known about the contribution of LXRs in E/I balance in regulating anxiety-related behaviors
induced by stress. In this study, we found stress-induced anxiety led to the expression reduction of LXRβ not
LXRα in mice amygdala. GW3965, a dual agonist for both LXRα and LXRβ, alleviated anxiety-like behaviors
of stressed mice through activation of LXRβ, confirmed by the knockdown of LXRβ mediated by lentiviral shRNAs
in the basolateral amygdala (BLA). This was paralleled by correcting the disequilibrium of E/I neurotransmission in
the stressed BLA. Importantly, GW3965 exerted anxiolytic effects by correcting the promoted amplitude and fre-
quency of miniature excitatory postsynaptic current (mEPSC), and augmenting the decreased that of miniature
inhibitory postsynaptic current (mIPSC) in the stressed BLA. This suggests that stress-induced anxiety-like behaviors
can largely be ascribed to the deficit of LXRβ signaling in E/I neurotransmission in BLA. These findings highlight
the deficiency of LXRβ signaling in the amygdala linked to anxiety disorder, and LXRβ activation may represent a
potential novel target for anxiety treatment with an alteration in synaptic transmission in the amygdala.
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Introduction

Severe or continued stress leads to multifaceted maladaptations
ranging from gene modulation to synaptic dysfunction, which
may account for the increased risk of developing neuropsychi-
atric disorders like anxiety, depression, and schizophrenia [1].
Among all stress-related neuropsychiatric disorders, anxiety
disorders are the most common mental disorders, which affect
nearly 1 in 5 adults in the USA alone [2]. The clinical manifes-
tations of anxiety disorder are persistent anxiety, tension, panic
and anxiety, accompanied by autonomic nervous system disor-
ders, learning and memory decline and other symptoms. Yet,
the precise mechanisms underlying stress-related behavioral
disorders still remain open. Stress alters emotional and behav-
ioral states significantly leading to numerous long-lasting adap-
tive changes in stress-sensitive brain regions, including the me-
dial prefrontal cortex (mPFC), anterior cingulate cortex,
frontopolar cortex, and amygdala [3, 4]. The importance of
the amygdala in stress response has been highlighted from stud-
ies in both animal models [4, 5] and patients with mood disor-
der [6]. Amygdala exhibits entire disparate functional and struc-
tural alterations under acute or chronic stress, characterized as
hyperactivated or hyperreactive [7, 8]. Among the subregion of
the amygdala, basolateral amygdala (BLA) occupies a kernel
part of this system as well as a known involvement in stress-
induced negative emotion. BLA is critical in the neural circuitry
responsible for the regulation of affective behaviors, including
anxiety, aggression, and social recognition, and integrates dif-
ferent modes of information flow from the lateral amygdala to
the central amygdala [9] and elicits a series of stress responses,
particularly in the process of anxiety [10]. Moreover, the BLA
receives dense projections from the hippocampus as part of the
septo-hippocampal axis, which is considered as a major regu-
lator of anxiety-related behavior [11, 12].

It has been confirmed that overactivation of the
hypothalamic-pituitary-adrenal (HPA) axis, dysfunction of
cell signaling pathway, and disorder of neurotransmitters con-
tributed to the emergence of anxiety disorder. As the two most
important neurotransmitters in the central nervous system
(CNS), glutamate (Glu) and γ-aminobutyric acid (GABA)
mediate excitatory and inhibitory (E/I) neurotransmission, re-
spectively, and the balance of E/I synaptic transmission is
critical for proper information processing [11]. The distur-
bance of E/I balance underlies many neuropsychiatric ill-
nesses, including autism spectrum disorder and schizophrenia,
as well as anxiety. BLA is mainly composed of excitatory
projection neurons and a small number of local inhibitory
neurons. The glutamatergic neurons are firmly regulated by
a comparatively small population of GABAergic inhibitory
neurons within the amygdala [13]. Destruction of
GABAergic inhibition in BLA can cause behavioral hyperex-
citability, such as increased anxiety and depression, emotional
dysregulation, and development of seizure activity [11]. The

modulation of emotional responses by BLA is mainly deter-
mined by the E/I balance inputs to its dominated neurons
which are tightly controlled by GABAergic interneurons
[13]. Notably, the prolonged disturbance of this balance be-
tween E/I transmission promotes pathological anxiety-like be-
haviors [14]. In the state of anxiety, inhibitory neurons in the
BLA continue to increase their discharge, suggesting these
GABAergic neurons are hence adequately positioned to play
a central role in stress regulation. Therefore, resetting up the E/
I balance in the amygdala under stress may exert anxiolytic
effects. It is worth exploring the specific molecular mecha-
nisms underlying how acute stress affects the amygdala.

Liver X receptors (LXRs), including LXRα and LXRβ
isoforms, belong to the nuclear receptor superfamily as tran-
scription factors [15]. LXRα plays a significant role in cho-
lesterol homeostasis, whereas LXRβ is involved in various
brain functions. LXRα knockout did not induce fundamental
development deficits in mice, whereas LXRβ deletion led to
impaired cerebral cortex lamination [16] and neurodegenera-
tion in the substantia nigra [17]; especially, female mice with
LXRβ knockout (LXRβ−/−) showed an anxiety phenotype
[18]. However, the roles and mechanisms of LXRβ in the
stressed BLA remain unknown. This study aimed to investi-
gate the possible anxiolytic effects of LXRs and to elucidate
the underlying mechanisms. We report that acute stress result-
ed in the reduction of LXRβ expression in the amygdala.
LXRβ activation by GW3965 (GW), a dual agonist for
LXRs, attenuated the acute stress-induced anxiety-like behav-
iors, by regulating neurotransmitter release and receptor ex-
pression in BLA. Furthermore, GW reset the equilibrium be-
tween GABAergic and glutamatergic transmission, by de-
creasing the enhancive amplitude and frequency of mEPSC
and increasing the attenuation of IPSC in BLA neurons after
stress exposure. Collectively, our results reveal a major con-
tribution of LXRβ in the BLA’s key E/I neurotransmitter sys-
tem in the regulation of anxiety behaviors, which is crucial to
our understanding of the molecular mechanisms underlying
anxiety disorders.

Materials and Methods

Materials

Anti-LXRβ (ab28479), anti-LXRα (ab3585), anti-PSD95
(ab18258), anti-GABAAR-α2 (ab72445), anti-GABAAR-γ2
(ab186396), anti-GluR1 (ab31232), anti-CaMKIIα
(ab22609), anti-GAD67 (ab26116), anti-Ser845-phospho-
GluR1 (ab76321), and anti-Ser831-phospho-GluR1
(ab109464) antibodies were purchased from Abcam
(Cambridge, UK, USA). Anti-NR2A (MAB5216) and anti-
NR2B (MAB5780) antibodies were obtained from Millipore
(Bedford, MA, USA), and anti-β-actin (A5316) antibody was
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obtained from Sigma-Aldrich (St. Louis, MO, USA). All sec-
ondary antibodies conjugated with horseradish peroxidase
(HRP) were purchased from Santa Cruz (CA, USA), Alexa
Fluro 488 and 594 goat IgG were purchased from Molecular
Probes (Eugene, OR, USA). BCA Kit, M-PER Protein
Extraction Buffer and enhanced chemiluminescent solution
(ECL) were obtained from Pierce (Rockford, IL, USA).
PVDF membrane was purchased from Roche (Mannheim,
Germany). GW3965 (purity > 98%) was purchased from
Selleckchem (Shanghai, China) and dissolved in sterile 0.1%
DMSO to desired concentrations before use. 2,4-
Dinitrofluorobenzene (DNFB, 42085), glutamate (49621),
and GABA (43811) standards were obtained from Sigma-
Aldrich. All chemicals were obtained from Sigma unless oth-
erwise stated.

Acute Stress Model and Drug Treatment

6- to 8-week-old C57BL/6 male mice (bodyweight 20–25 g)
were obtained from the Experimental Animal Center of
Fourth Military Medical University (certificate No.
201000082, Grade II). All experimental procedures were ap-
proved by the Fourth Military Medical University Animal
Care and Use Committee. Every effort was made to minimize
the number of animals used and their suffering. Mice were
individually housed in standard plastic cages with food and
water available ad libitum. The room was maintained at con-
trolled temperature (22 ± 24 °C) with humidity (50–60%), and
a reversed 12:12-h light/dark cycle. Before testing, the ani-
mals need to adapt to laboratory conditions for at least 1 week.
Forced swimming (FS) stressor is extensively used to induce
anxious behaviors [19]. In the experiment, mice were random-
ly divided into several groups: control group (no stress),
stressed group with or without GW treatment. The stressed
mice were forced to swim for 30 min in an open cylindrical
container (10 cm in diameter and 30 cm in height) filled with
water (22 ± 1 °C) to 20 cm in height for 2 days consecutively.
Mice were removed, wiped dry from the water after FS and
placed into cages with food and water ad libitum. The mice
received GW (10 mg/kg) or vehicle (saline, 10 ml/kg) by
intraperitoneal (i.p.) injection once daily for 2 days consecu-
tively before first FS. Mice in the control group were placed in
comfortable cages during this period.

Elevated Plus Maze

Anxiety-related behavior was measured using elevated plus
maze (EPM) as described previously [4]. The EPM test was
conducted after the last FS. The equipment contains two open
arms (25 cm × 8 cm × 0.5 cm) and two closed arms (25 cm ×
8 cm × 12 cm), with a common central platform (8 cm ×
8 cm). The apparatus was elevated to a height of 50 cm above
the floor. In order to avoid environmental factors, all mice

were allowed to habituate to the testing room for 2 h before
the behavioral test. Then the mice were tested on the central
platform, facing an open arm, and allowed to move freely for
5 min. The motor activities were recorded by camera and
analyzed with a video-tracking system. The anxiety of animals
was caused by the conflict behavior for exploring novel envi-
ronment and an inborn fear of high hung open arm.Herein, the
number of arm entries and the proportion of time spent in the
open arms were calculated as the evaluation index of anxiety.

Open Field Test

As described in previous reports, the open field test (OFT) was
conducted in an apparatus consisted of a 30 cm × 30 cm ×
30 cm square box (JL Behv-LAM, Shanghai, China).
Briefly, mice were tested in the center area after adaptation
to the environment for 2 min. The mice were allowed to move
freely and motor activities were videotaped using a camera
fixed above the box during a 15 min-session. The “center”
field is defined as the central 15 cm × 15 cm area of the open
field, one-fourth of the total area. The time in the central area
and distance traveled were analyzed by using a motion track-
ing system (Med Associates, St. Albans, VT).

Immunofluorescence Staining

Mice were anesthetized with sodium pentobarbital (40 mg/kg,
i.p.) at the end of the last behavior test, and then were perfused
intracardially with saline followed by 4% paraformaldehyde
(PFA) in 0.1M phosphate buffer solution (PBS, pH 7.4). After
dehydration, floating coronal sections containing amygdala
(30 μm) were collected in PBS using CM3050S freezing mi-
crotome (Leica, Germany). The cryosections containing BLA
were washed with 0.1% Triton X-100 in PBS for 30 min and
blocked in 10% goat serum for 1 h at room temperature. The
slices were incubated with primary antibodies including anti-
LXRα (1:200), anti-LXRβ (1:200), anti-CaMKIIα (1:200),
or anti-GAD67 (1:200) overnight at 4 °C, followed by Alexa
Fluor secondary antibody incubation. Nuclei were counter-
stained with Hoechst 33258. Fluorescent signals were
photographed and analyzed using confocal microscopy
(Olympus, Japan).

Determination of Glutamate and GABA Levels
in the Amygdala

The mice were executed after the behavior test and the fresh
brains were immediately obtained. The basolateral amygdala
tissue samples were isolated under a dissecting microscope,
weighted and homogenized in 9 vol. of methanol/water
(50:50, v/v). The homogenates were centrifuged at 4000×g,
4 °C for 15 min and the clean supernatant was stored at −
20 °C until derivatization. Derivatization was performed by
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mixing standards or samples with acetonitrile DNFB (0.5%)
for 1 h at 60 °C. Then 20 μL mixture was injected into the
HPLC system for analysis [20]. The levels of Glu and GABA
were determined using a Waters 2695 liquid chromate graph
(Waters, Milford, CT, USA), Hypersil ODS C18 column (250
by 4.6 mm; particle size, 5 μm), coupled with a Waters 2996
UV/VIS detector. The mobile phase consisted of 8% methyl
cyanides, 8% ddH2O, and 84% NaH2PO4 (40 mM, pH 8.0) at
a flow rate of 1.0 ml/min. Chromatograms of Glu and GABA
standards yielded peaks at 7.968 min and 29.896 min respec-
tively at an absorbance of 360 nm. The concentration was
calculated by LC solution software (Waters, Milford, CT,
USA) based on standard samples.

Stereotactic Microinjection of Lentivirus-Encoding
shRNAs

To knock down the endogenous LXRβ expression, shRNA-
coding plasmids against LXRβ (NM_009473.3) were de-
signed according to the validated shRNA sequences [21,
22]. Lentivirus (pGLV-U6-GFP)-encoding shRNAs for
LXRβ was prepared by GenePharma (Shanghai, China).
The shRNA sequence fo r LXRβ was 5 ′ -GGAT
TCAGAAGCAGCAACAT-3′. Mice were anesthetized with
a mixture of ketamine (100 mg/kg, i.p.) and xylazine
(20 mg/kg, i.p.) and were mounted on a stereotaxic apparatus
(RWD68001, Shenzhen Ruiwode Life Science, China).
Briefly, two small holes were carefully drilled on the skull
bilaterally, and an attenuated glass electrode (approximately
10 μm in diameter) was implanted bilaterally into the amyg-
dala (− 1.45 mm anteroposterior, ± 2.5 mm lateral to the mid-
line, and − 4.3 mm dorsoventral). The mice received 2 μl
shLXRβ (1 × 109 gc/ml) bilaterally at 0.25 μl/min driven by
an infusion pump (Harvard Apparatus, MA). An additional
5 min was allowed for virus diffusion, and negative shRNA
for LXRs (shNC) served as a lentivirus infection control. The
stress-induced anxiety model was set up 14 days after shRNA
infection, and mice were treated as before.

Western Blot Analysis

Samples from mice amygdala were collected at the end of
behavior tests. Total proteins were lysed by M-PER Protein
Extraction Buffer containing a proteinase inhibitor mixture
and PMSF (10 μM) according to the manufacturer’s instruc-
tions. Protein concentrations were determined using a BCA
Kit. Equal amounts of protein aliquots were used to check the
expression levels of target proteins using anti-LXRβ (1:500),
anti-LXRα (1:500), anti-NR2A (1:1000), anti-NR2B
(1:1000), anti-GluR1 (1:1000), anti-Ser845-phospho-GluR1
(1:1000), anti-Ser831-phospho-GluR1 (1:1000), anti-PSD95
(1:1000), anti-GABAAR-α2 (1:1000) and anti-GABAAR-γ2
(1:1000) through 10% SDS-PAGE gel electrophoresis, and β-
actin served as a loading control. After incubation with the
appropriate HRP-coupled secondary antibody, the proteins
were visualized using ECL. The density of immunoblots
was conducted using ChemiDoc XRS (Bio-Rad, Hercules)
and quantified using Quantity One version 4.1.0 (Bio-Rad).

Whole-Cell Patch Clamp Recording

Coronal brain slices (300 μm) containing BLAwere prepared
as described previously [4]. Slices were transferred to a recov-
ery chamber with artificial cerebrospinal fluid (ACSF) con-
taining the followings (in mM): NaCl 125, KCl 2.5, CaCl2
2.0, MgCl2 1.0, NaHCO3 26.0, NaH2PO4 1.25, glucose
25.0, bubbled with a mixture of 95% O2 and 5% CO2 for at
least 1 h at room temperature. Whole-cell voltage clamp re-
cordings were obtained from BLA neurons performed with an
Axopatch 200B amplifier (Axon Instruments, Union City,
CA, USA). Patch electrodes (3–7 MΩ) were pulled from
thin-wall glass tubing (GD-1.5, Narishige, Japan) and filled
with an internal solution that contained (mM): Cs
methanesulphonate 130.0; NaCl 8.0; MgCl2 2; K-EGTA
10.0; Na-HEPES 10.0; K-ATP 4.0; pH 7.4. Miniature excit-
atory postsynaptic currents (mEPSCs) were recorded under
voltage clamp at − 70 mV in the presence of tetrodotoxin
(TTX, 0.001 mM), D-AP5 (0.05 mM) and picrotoxin (PTX,
0.1 mM). For miniature inhibitory postsynaptic currents
(mIPSCs) recordings, the PTX in ACSF was replaced with
CNQX (0.02 mM) and cells were held at 0 mV. Miniature
synaptic currents were analyzed using Mini Analysis software
with a threshold of ± 5 pA for the event detection. Statistical
differences between amplitude distributions of miniature syn-
aptic currents before and after drug treatments were assessed
by the Kolmogorov–Smirnov test.

Statistical Analysis

Results were analyzed by SPSS 19.0 and expressed as mean
± SEM. Appropriate statistical approaches including one
ANOVA were used followed by a least significant

�Fig. 1 Effect of forced swimming on mice behavioral performance. Mice
were stressed by forced swimming (FS) once (one swim of 30 min, FS1)
or twice (one 30 min-swim per day, for 2 days, FS2), then anxiety-like
behaviors were determined by elevated plus maze test (EPM) and open
field test (OFT). (a) Schematic illustration of the experiment. (b) The
track traces of mice in the EPM test. (c) The time spent in the open arms,
(d) the entries in the open arms, and (e) the total arm entries in EPM test
from each group. (f) The track traces of mice in OFT test. (g) The time
spent in the central area and (h) the total distance traveled in the OFT test
from each group. Acute stress-induced by FS resulted in anxiety-like
behaviors characterized as less time spent in the open arms (c) and the
central area (g), less entries to the open arms (d) compared with control
mice. Each value represented the mean ± SEM of three independent
experiments (n = 6 experiments, *p < 0.05, **p < 0.01, vs control group)
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difference (LSD) test. The distributions of current ampli-
tude and frequency were examined by Kolmogorov–
Smirnov test. The p value of less than 0.05 (p < 0.05) was
considered statistically significant. All statistical analyses
were conducted using SigmaPlot 2001 (Systat Software,
Point Richmond, CA, USA).

Results

Acute Stress-Induced Mice Anxiety-Like Behaviors

Stress exposure, especially psychological stress including
forced swimming, daily restraint, and chronic social defeat

Fig. 2 Forced swimming led to the reduction of LXRβ expression in
theamygdala of mice. Mice were stressed with forced swimming (FS)
once (one swim for 30 min, FS1) or twice (one 30 min-swim per day,
for 2 days), and brain slices containing amygdala were harvested to de-
termine the expression changes of LXRs. Representative examples of
immunostaining showed the expression of (a) LXRα and (b) LXRβ in
the amygdala from control mice. (c) Western blot analysis showed no

changes of LXRα expression and reduced LXRβ expression in the amyg-
dala after FS2 stress compared with the control group, and β-actin served
as internal control. Quantitative data for the expression of (d) LXRα and
(e) LXRβwere showed. Each value represented the mean ± SEMof three
independent experiments (n = 6 experiments, *p < 0.05, **p < 0.01, vs
control group)
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lead to the anxiety-like behaviors [23] or typically facil-
itate anxiety [24]. In the experiment, mice were divided
into forced swimming once (one swim of 30 min, FS1)
group, twice (one 30 min-swim per day, for 2 days,
FS2) group, and control group. On the first day, FS2
were forced to swim, while FS1 and control did not do
the treatment. The next day FS1 and FS2 were forced to
swim, and the control group did not do the treatment.
Then the behavior tests were conducted after last forced
swimming. In order to determine whether FS induced
anxiety disorder, animal anxiety-like behaviors were de-
termined by EPM and OFT. The time spent in the open
arms, the total number of arm entries in EPM, and the
time spent in the central area in OFT were used as an
index of anxiety-like behaviors to confirm the effects of
repeated stress procedure. Compared with the control
(Ctrl) group, mice that were FS-stressed once (one
forced swim for 30 min, FS1) or twice (one 30 min-
swim per day, for 2 days, FS2) spent less time in the
open arms (Fig. 1b, c), and avoided to enter the open
arm (Fig. 1b, d) in EPM. There were no significant
changes in the total arm entries between each group
(Fig. 1b, e). Behavioral differences among groups were
also determined using OFT, and we found that the time

spent in the central area in the OFT prominently de-
creased in the FS2 mice compared with the control
group (Fig. 1f, g). However, the total distance traveled
did not change in each group (Fig. 1f, h). This obser-
vation indicated the acute stress by FS induced mice
anxiety-like behaviors.

Acute Stress Led to the Reduction of LXRβ Expression
Level in BLA

LXRs have been implicated in regulating cellular immu-
nity, homeostasis, and neuroinflammation in the CNS.
However, the role of LXRs in acute stress-induced anxi-
ety is rarely reported. Immunofluorescence staining
showed that LXRβ was widely expressed in amygdala, a
critical region responsible for mood processing, whereas
the expression of LXRα was limited in the amygdala
(Fig. 2a, b). To determine whether LXR signaling was
required for anxiety development, Western blot analysis
was used to check the expression changes of LXRs in
mice anxiety model. The results showed that LXRα had
low basal expression in the amygdala of naive mice and
was not altered after FS (Fig. 2c, d). However, LXRβ was
relatively strongly expressed in the amygdala from

Fig. 3 LXRs agonist GW3965 reversed FS2-elicited anxiety-like behav-
iors. GW3965 (GW, 10 mg/kg) was administered by intraperitoneal (i.p.)
injection once a day before acute stress-induced by forced swimming
twice (one 30 min-swim per day, for 2 days, FS2), then the effects of
GWon anxiety-like behaviors were determined by elevated plusmaze test
(EPM) and open field test (OFT). (a) The chemical structure of GW3965.
(b) The time spent in the open arms, (c) the entries in the open arms, and

(d) the total arm entries in the EPM test from each group. (e) The time
spent in the central area and (f) the total distance traveled in OFT. GW
administration alleviated FS2-stressed mice anxiety-like behaviors but
had no effect on control mice. Each value represented the mean ± SEM
of three independent experiments (n = 6 experiments, **p < 0.01, vs con-
trol group; #p < 0.05, vs FS2-stressed group)
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healthy mice, and FS2 resulted in a significant reduction
of LXRβ expression in the amygdala (Fig. 2c, e). The
above results indicated that FS2 stress successfully in-
duced mice anxiety-like behaviors, linking LXRβ deficit
with the anxiety-related behaviors.

Activation of LXRs Alleviated Anxiety-Related
Behaviors Induced by Acute Stress

LXRβ expression in BLA decreased in the FS2-stressed mice
(Fig. 2c, e), raising the possibility that LXRβ influenced the
development of anxiety. We hypothesized that the activation
of LXRβ may exert anxiolytic effects in stressed mice. Given

the lack of selective agonist for LXR isoforms, the FS2-
stressed mice were administrated with GW (Fig. 3a), an
LXRα/β dual agonist, to evaluate the anxiolytic effects after
LXRs activation. We found that GW obviously alleviated
anxiety-related behaviors induced by FS2 acute stress exam-
ined by EPM and OFT as before. Compared with the FS2
group, FS2-stressed mice treated with GW (FS2+GW) fea-
tured a strong anxiolytic-like response as shown by more time
spent in open arms (Fig. 3b) along with more entries in these
arms (Fig. 3c) in EPM. Meanwhile, GW-treated mice also
exhibited a higher time percent in the central area of OFT
(Fig. 3e) compared with the FS2-stressed group. However,
there were no statistical differences in the total arm entries in

Fig. 4 Knockdown of LXRβ expression by shRNA in cultured neurons
and amygdala. (a) Cultured neurons were infected with LXRβ-shRNA
(shLXRβ) or negative shRNA (shNC) for 72 h, and the efficiency of
infection was observed as green fluorescence (GFP) by fluorescence mi-
croscope after infection with shRNA lentivirus (× 20), and corresponding
bright field showed all the cultured neurons after infection. (b)
Representative Western blots of LXRβ expression level of neurons that
infected with shLXRβ or shNC for 72 h, β-actin served as internal

control. shLXRβ decreased the expression level of LXRβ in cultured
neurons. (c) Green fluorescence represented cells in the amygdala that
were infected by shRNA lentivirus for 14 days (× 10). (d) Representative
Western blots of LXRβ expression level in amygdala infected with
shLXRβ or shNC for 14 days, β-actin served as internal control.
shLXRβ decreased the expression level of LXRβ in the amygdala.
Error bars represented SEM. n = 6, **p < 0.01, versus shNC-injected
group
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EPM (Fig. 3d) and the total distance traveled in OFT (Fig. 3f)
between each group. Collectively, the result indicated that
LXR activation by GWalleviated mice anxiety-like behaviors
after FS2 stress, and GW treatment did not affect the behaviors
in control mice (Fig. 3).

GW3965 Ameliorated Anxiety-Like Behaviors
Through LXRβ Isoform

Given the lack of selective agonists for LXRα or LXRβ iso-
form, we applied specific shRNA-mediated knockdown of
LXRs in the amygdala to check the roles of LXRβ in GW-
mediated anxiolytic effects. The cultured neurons expressed
green fluorescent protein (GFP) after transfectionwith LXRβ-
shRNA (shLXRβ) or negative control shRNA (shNC).
88.41% ± 5.36% neurons were GFP positive after shRNA in-
fection for 72 h (Fig. 4a), indicating shRNA infected cultured
neurons successfully. Western blot analysis showed shLXRβ
induced a knockdown of LXRβ expression to 52.07% ±
4.46% of shNC in cultured neurons (Fig. 4b). To test
the knockdown effect of shLXRβ in the brain, 2 μl

shLXRβ lentivirus (1 × 109 gc/ml) were locally
microinjected into bilateral BLA of the amygdala.
Brain slices were harvested for fluorescence observation
after infection for 14 days and lentivirus for shLXRβ or
shNC successfully infected cells in BLA (Fig. 4c).
Protein samples from the amygdala were collected to
determine the expression level of LXRβ by Western
blot, and the results showed that shLXRβ resulted in
a reduction of LXRβ protein expression to 42.76% ±
7.52% of shNC (Fig. 4d). Therefore, shLXRβ and
shNC could be used to evaluate the exact mechanisms
of LXRβ isoform involved in the further study.

All the data showed that lentiviral shLXRβ effectively
knocked down LXRβ expression both in vitro and in vivo, then
the roles of LXRβ in GW-mediated anxiolytic effects were
further investigated. The anxiolytic effects mediated by GW
were measured using EPM and OFT after 2 μl shLXRβ lenti-
virus were microinjected into the BLA for 14 days. Behavior
test results showed that shNC infection did not alter mouse
performance compared to normal control mice (data not
shown). Infection of shNC lentivirus did not affect the

Fig. 5 Knockdown of LXRβ expression in the amygdala by shLXRβ
blocked GW3965-mediated anxiolytic effects in FS2-stressed mice. Mice
were infected with LXRβ-shRNA (shLXRβ) or negative shRNA (shNC)
in the amygdala for 14 days, followed by forced swimming twice (one
30 min-swim per day, for 2 days, FS2) with or without GW3965 (GW,
10 mg/kg, i.p.) administration, then the effects of GW on anxiety-like
behaviors were determined by elevated plus maze test (EPM) and open

field test (OFT). (a) The time spent in the open arms, (b) the entries in the
open arms, and (c) the total arm entries in the EPM test from each group.
(d) The time spent in the central area and (e) the total distance traveled in
OFT. Each value represented the mean ± SEM of three independent
experiments (n = 6, **p < 0.01, vs shNC-injected group; ##p < 0.01, vs
shNC+FS2 group; &p < 0.05, vs shLXRβ group; $$p < 0.01, vs shNC+
FS2+GW group)
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anxiolytic effects mediated by GW administration as shown in
Fig. 5a, b, and d, whereas infection of shLXRβ lentivirus
abolished the increased time spent in the open arms (Fig. 5a)
and entries into the open arms (Fig. 5b) after GW administra-
tion, and also prevented the decreased time spent in the central
area using OFT in FS2-stressed mice after GW administration
(Fig. 5d). Moreover, lentiviral shLXRβ enhanced FS2-induced
anxiety (Fig. 5a, b, d), confirming LXRβ isoform was involved
in anxiety development. However, the number of total arm
entries in the EPM (Fig. 5c) and the total distance traveled in
the OFT (Fig. 5e) did not significantly differ in each group,
indicating that locomotor activity was not affected by lentivirus
infection. The data showed that shLXRβ, which resulted in the
reduction of LXRβ expression in BLA, abolished GW-
mediated anxiolytic effects, suggesting that GWexerted anxio-
lytic function through activation of LXRβ subtype.

The LXRs Agonist GW3965 Corrected the Imbalance
of Excitatory/Inhibitory Neurotransmitters
in the Amygdala

Neurotransmission of a certain number and normal function of
receptors are responsible for proper information processing.
Evidence showed that E/I imbalance contributed to anxiety
development [11]; we then detected the levels of two main
neurotransmitters, Glu and GABA, in BLA using the HPLC
method. HPLC analysis revealed that Glu and GABA were
eluted at 8.47 min and 32.73 min (Fig. 6a). The levels of Glu
and GABA in the amygdala were calculated referring to the
standard curve y = 1564.6x + 46,709 (R2 = 0.9984) and y =
1754.2x + 96,891 (R2 = 0.9993). The level of Glu from
stressed BLA increased to 46.21 ± 3.72 μmol/g protein (Fig.
6b), significantly higher than that of the control group (32.24
± 2.04 μmol/g) when mice were immediately sacrificed after
the last stress. However, there was no significant change of the
Glu level when the mice were sacrificed 24 h after the last
stimulus in stressed BLA at 38.50 ± 3.08 μmol/g, compared
with the control group at 36.32 ± 3.47 μmol/g (Fig. 6d).

At the same time, we found that GABA concentration in
stressed BLA decreased to 17.98 ± 1.67 μmol/g immediately
after the last stress (Fig. 6c), or 18.97 ± 1.03 μmol/g at 24 h
after the last stress, which was still significantly lower than that

of the control group (Fig. 6e). The result suggested that the
acute stress disturbed the balance of E/I neurotransmission in
the amygdala.We also found GWadministration decreased Glu
concentration to 30.81 ± 1.91 μmol/g (Fig. 6b) and increased
GABA level to 38.85 ± 1.11 μmol/g (Fig. 6c) in stressed BLA
immediately after the last stimulus. More importantly, GW ad-
ministration could maintain GABA level to 27.87 ± 1.86 μmol/
g (Fig. 6e) 24 h after last stress, which was close to the control
group at 30.12 ± 1.02 μmol/g. This data suggested that GW
exerted anxiolytic effects by influencing the neurotransmitters,
thus resetting up E/I balance in the amygdala.

GW3965 Administration Reversed the Dysregulation
of GABAAR and Glutamate Receptors in Stressed
Amygdala

Receptors of a certain number and normal function are critical
for neurotransmitter-mediated various biological functions,
the anxiety behaviors induced by acute stress might be asso-
ciated with the expression changes of GABA and Glu recep-
tors in BLA. GW administration ameliorated E/I imbalance
upon acute stress, then, we evaluated the effects of GW on
the expression levels of Glu and GABA receptors. GABAAR
mediates the inhibitory effects in CNS, especially
GABAAR-α2 and GABAAR-γ2, which are highly expressed
in key regions responsible for pain-related mental disorders
including NAc, mPFC, and amygdala. Western blot results
showed that acute stress led to the reduction of
GABAAR-α2 (Fig. 7a, b) and GABAAR-γ2 expression
(Fig. 7a, c) in BLA. GWadministration significantly increased
GABAAR-α2 expression to 96.24% ± 5.29% of control (Fig.
7a, b) and GABAAR-γ2 expression to 92.66% ± 7.13% of
control (Fig. 7a, c).

It is well evidenced that GluR1-containing α-amino-3-hy-
droxy-5-methyl-4-isoxazole-propionic acid (AMPA) receptor
plays crucial roles in emotional disorders, especially the phos-
phorylation of GluR1 at Ser831/Ser845. We found that GW
administration reversed the hyperphosphorylation of p-
GluR1-831 (Fig. 7d, g) and p-GluR1-845 (Fig. 7d, h) to
125.45% ± 18.43% of control (Fig. 7d, g), and 100.94% ±
9.54% of control (Fig. 7d, h) respectively in the stressed
BLA. Meanwhile, N-methyl-D-aspartate (NMDA) receptor
is another kind of glutamate receptor responsible for process-
ing the excitatory transmission in CNS. We further found that
GW significantly decreased the promoted expression of sub-
type of NMDAR, NR2B (Fig. 7d, e) and NR2A (Fig. 7d, f)
upon acute stress to 166.01% ± 12.38% (Fig. 7d, e) and
72.79% ± 8.26% of control (Fig. 7d, f) respectively.
However, the expression of PSD95 showed no signifi-
cant changes in each group (Fig. 7d, i). All the collect-
ed data indicated that GW administration alleviated
anxiety-like behaviors through modulating E/I balance
both on neurotransmitters and receptors.

�Fig. 6 The effects of GW3965 on endogenous glutamate and GABA in
mouse amygdala. Mouse amygdala from each group were collected and
subjected to high-performance liquid chromatography (HPLC) analysis.
(a) Representative elution time of glutamate and GABA by HPLC assay.
The concentrations of (b) glutamate and (c) GABA in the amygdala were
determined immediately after last stimuli with or without GW3965 (GW,
10 mg/kg, i.p.) administration. The concentrations of (d) glutamate and
(e) GABA in amygdala were determined 24 h after last stimuli with or
without GW (10 mg/kg, i.p.) treatment. Error bars represented SEM. n =
4, *p < 0.05, **p < 0.01, versus control group; #p < 0.05, ##p < 0.01,
versus FS2 group
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LXRs Activation Rebalanced the Inhibitory
and Excitatory Synaptic Transmission
in the Amygdala of FS2-Stressed Mice

Previous studies evidenced that the imbalance of excitatory and
inhibitory synaptic transmission in BLA contributes to the emer-
gence of anxiety [14]. To demonstrate the possible mechanisms

of LXRβ in stress-induced anxiety, the expression pattern of
LXRβ in the amygdala was checked first. The immunofluores-
cence results showed that LXRβ-positive neurons were mainly
distributed in glutamatergic neurons (Fig. 8a1–a4) andmoderate-
ly in GABAergic neurons (Fig. 8b1–b4), suggesting that LXRβ
may function in regulating synaptic transmission in the amygda-
la. Further, the mEPSC and mIPSC, which reflect the release of

Fig. 7 The effects of GW3965 on the expression changes of GABAAR
and glutamate receptors in stressed amygdala. (a) RepresentativeWestern
blot results showing the expression levels of GABAAR-α2 and
GABAAR-γ2 subtypes under FS2 stress in the BLA of mice with or
without GW3965 (GW, 10 mg/kg, i.p.) administration. The intensity of
(b) GABAAR-α2 and (c) GABAAR-γ2 subtypes was normalized with
endogenous β-actin and expressed as percent change compared with
control. (d) Representative Western blot results showing the expression

levels of NR2B, NR2A, phosphorylated GluR1 at S831/845 (p-GluR1–
831/845), GluR1 and PSD95 in control, FS2, and FS2+GW groups. The
intensity of (e) NR2B, (f) NR2A, (g) p-GluR1-831, (h) p-GluR1-845, and
(i) PSD95 expression was normalized with endogenous β-actin and
expressed as percent change compared with control. Error bars represent-
ed SEM. n = 4, *p < 0.05, **p < 0.01, versus control group; #p < 0.05,
##p < 0.01, versus FS2 group
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single quanta of neurotransmitter, in pyramidal neurons from
BLA were recorded. Both the amplitude and frequency of
mEPSC were significantly increased in neurons from FS2-
stressed BLA compared with the control group (Fig. 9).
However, GW incubation (10 μM) for 20 min could reverse
the strengthened mEPSC frequency (Fig. 9a, b, d) and elevated
amplitude induced by FS2 stress (Fig. 9a, c, e). These findings
provided evidence that GW perfusion inhibited the excitatory
glutamatergic neurotransmission which was involved in anxiety
development through LXRs activation.

It is well evidenced that GluR1-containing AMPA recep-
tors play crucial roles in emotional disorders, especially the
phosphorylation of GluR1 at Ser831/Ser845. We further
f o u n d t h a t GW adm i n i s t r a t i o n r e v e r s e d t h e
hyperphosphorylation of GluR1 at Ser831 and Ser845 (Fig.
7d, g, h) in mice amygdala upon FS2 stress. mIPSCs were also
recorded in pyramidal neurons of the BLA. The amplitude
(Fig. 10a, b, d) and frequency (Fig. 10a, c, e) of mIPSCs
dramatically decreased in the BLA from FS2-stressed mice,
and GW incubation reversed the above changes (Fig. 10).
These results are consistent with the HPLC results and imply
that the anxiolytic effects of LXRs activation is related to the
increased inhibitory presynaptic release in the BLA.

Discussion

In the current study, we have shown that FS2 stress resulted in the
reduction of LXRβ expression in mice amygdala, and LXRβ
activation by GWoffered anxiolytic effects through rebalancing
the E/I neurotransmission by modulating neurotransmitters and
receptors of Glu and GABA in the FS2-stressed anxiety model.
Electrophysiological analysis further confirmed that LXRβ acti-
vation corrected the enhancedmEPSC and reducedmIPSC upon
acute stress, thus alleviating anxiety-like behaviors. Taken to-
gether, our results suggest LXRβmay represent a potential novel
target for the treatment of anxiety and also provide a novel insight
into the underlying mechanisms of anxiety.

The balance of excitatory and inhibitory synaptic transmission
is crucial for proper information processing, depending on the
optimal function of a certain number of neurotransmitters, Glu
and GABA, as well as their corresponding receptors. Therefore,
the changes of these neurotransmitters could reflect the variation of
E/I. The disturbance of E/I balance during mental processing,
enhanced excitatory transmission, or reduced inhibitory transmis-
sion resulted in anxiety-like behaviors [25]. Evidence showed that
increased Glu release and decreased reabsorption was associated
with the increased E/I ratio [26], while increased GABA led to a
decrease in E/I [27]. At the same time, the mEPSC/mIPSC fre-
quency recorded by the whole-cell patch clamp is often used as an
indicator of E/I balance [28]. In fact, the amplitude and frequency
mEPSC/mIPSC recorded in isolated brain slices are often used to
reflect E/I [29, 30]. And E/I balance measured by mEPSC and

mIPSC is a physiological proxy for the relative timing and mag-
nitude of excitation versus inhibition [31]. In this study, the chang-
es of E/I were investigated by detecting neurotransmitters and
receptors, and recording mEPSC/mIPSC by whole-cell patch
clamp, and data showed that GW could restore the E/I balance
through modulation of the factors above.

Several brain regions account for the pathogenesis of anx-
iety, and the amygdala has been evidenced as a key part im-
plicated in the acquisition and expression of anxiety under
stress. Short-term or long-term exposure to stress can induce
hyperactivity of amygdala-associated anxiety experiences.
The amygdala contains abundant local GABA interneurons
and GABAergic projection neurons [32], and the glutamater-
gic neurons are firmly regulated by a comparatively small
population of GABAergic inhibitory neurons within the
am y g d a l a [ 1 1 , 1 3 ] . T h e h y p e r a c t i v i t y a n d
hyperresponsiveness of the amygdala induced by stress is al-
ways accompanied by the removal of inhibitory control
governed by GABAergic interneurons [14]. Threatening
stress-induced the attenuation of GABAergic neurotransmis-
sion in BLA, and compelling evidence showed decreased
GABAergic activation in BLA after rats suffered shock. In
the state of anxiety, BLA inhibitory neurons continue to in-
crease their discharge, suggesting these GABAergic neurons
are hence adequately positioned to play a central role in the
regulation of stress. Moreover, an increasing ratio of Glu/
GABA is presumed to represent the activation of the related
brain regions under stress [14]. Therefore, correcting or re-
versing the neurotransmitter release may correct abnormal be-
havioral changes. In the present study, we found the level of
Glu increased and GABA reduced in FS2-stressed BLA after
the last force swimming by HPLC analysis, and the decreased
GABA level still had a statistical significance after 24 h later
(Fig. 6). The data further demonstrated that GW administra-
tion could correct the abnormal levels of Glu and GABA in
the stressed BLA, this may reveal the anxiolytic effects of
GW. The potential mechanisms that GW affected the levels
of Glu and GABA after stress need to be elucidated. It is well-
accepted that the regulation of neurotransmitters involves its
synthesis, release, and transport. Evidence showed that GW,
an agonist for LXRs, affected Glu release and transport by
regulating related proteins, resulting in the reduced Glu level
[33]. LXRs are ligand-activated transcription factors and exert
critical roles in the development of neurological diseases as
important regulators of transcription. Some target genes of
LXRs are associated with promoting neurological recovery
[34], as well as genes involved in the clearance of amyloid
β-protein [35]. Therefore, this transcriptional regulation of
LXRs provides a possibility of Glu synthesis. Meanwhile,
the glutamate decarboxylase, which is responsible for
GABA synthesis, was decreased in LXRβ knockout mice
[36], suggesting the potential mechanism that activating
LXRβ enhances GABA production related to glutamic
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dehydrogenase. Definitely, more studies are needed to provide
evidence to support these possibilities.

The neuroreceptor system, including AMPAR, NMDAR,
and others, is actively involved in anxiety induction, which
was evidenced by their antagonists evoking anxiolytic-like
responses under stressful conditions [37]. At the same time,
the different GABAAR subunits in BLA of the amygdala have
been reported to modulate the behavioral responses deriving
from stressful conditions as major inhibitory neuronal system
[38]. We further observed that the expression levels of Glu
receptors including NR2B, NR2A, p-GluR1–831 and p-
GluR1–845 increased obviously in the stressed BLA (Fig.
7). GABA receptors, responsible for the inhibitory transmis-
sion process, are divided into three classes including
GABAAR, GABABR, and GABACR. GABAAR is a ligand-
gated ion channel, and subunits GABAAR-α2 and
GABAAR-γ2 are mainly linked to anxiety development. We
found that the expression levels of GABAAR-α2 and
GABAAR-γ2 were decreased in FS2-stressed BLA (Fig. 7),
and GW administration also corrected the promoted Glu re-
ceptors expression and decreased GABAA receptors expres-
sion (Fig. 7). Our results indicated that GW-mediated LXR
activation offered anxiolytic effects (Fig. 3), which was close-
ly related to the improvement of GABA, the decrease of Glu
neurotransmitter and the correction of abnormal expression of

receptors. This confirmed the contribution of E/I disequilibri-
um to the functioning of the amygdala and GW rebuilt E/I
balance for anti-anxiety.

The neural and molecular basis of these stress-induced be-
havioral abnormalities currently remains unclear. Previous
work has also shown that alterations in the amygdala gene
expression are associated with stress-induced alterations in
mouse anxiety-like behavior. As transcription factors, LXRs
have emerged as important regulators controlling cellular and
whole-body cholesterol homeostasis [39]. Cholesterol is a main
component in the CNS synapse for genesis and is essential for
optimal neurotransmitter release [40]. Herein, we speculated
that LXRβ may participate in the mechanism of stress-
induced anxiety in the brain. We found FS2 stress resulted in
a reduction of LXRβ expression in the BLA, whereas LXRα
levels remained unchanged regardless of the stress stimuli (Fig.
2), implying that LXRβ but not LXRαmay be associated with
the etiology of stress-induced anxiety. Given LXRβ deletion
led to abnormal development and function of CNS, degenera-
tion of motor neurons and dopaminergic neurons, activation of
microglia and astrogliosis beyond lipid accumulation [41].
RNAi method was applied to knock down LXRβ expression
in BLA (Fig. 4), and knockdown of LXRβ in the BLA by
shRNA infection facilitated mice anxiety-like behaviors under
stress (Fig. 5), indicating that LXRβ is critical in maintaining

Fig. 8 The cellular pattern of LXRβ colocalization in mice amygdala.
The brain slices containing the amygdala were stained for (a) CAMKIIα+
LXRβ. (b) GAD67 + LXRβ. LXRβ colocalized mainly with
glutamatergic neurons (CAMKIIα positive), moderately with

GABAergic neurons (GAD67 positive) in the amygdala. CAMKIIα
and GAD67 showed in green, LXRβ showed in red, and Hoechst in
blue. Scale bars = 100 μm
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mental processing. This data is consistent with a previous study
[18]. Due to the lack of specific agonist for LXRβ isoform,
GW3965, an LXRα/β dual agonist, was administrated to

evaluate the exact isoform of LXRs (LXRα or LXRβ) by
which GW-mediated anxiolytic effects using the stress-
induced anxiety model. Our data showed that GW alleviated

Fig. 9 GW3965 treatment abolished the enhanced mEPSC amplitude in
FS2-stressed mice amygdala. (a) The sample showed the mEPSCs in
pyramidal neurons of the BLA in each group. (b) Cumulative amplitude
and (c) frequency histogram of mEPSCs from the slices in different
groups. The amplitude (d) and frequency (e) ofmEPSCswere statistically
analyzed in each group. The amplitude and frequency of mEPSCs were

remarkably increased in the BLA of model mice compared with control
ones, perfusion of GW3965 (10 μM) for 20 min could significantly re-
verse the amplitude and the frequency of mEPSCs in the BLA of model
mice. All graphs represented mean ± SEM. n = 8 neurons/4 mice,
*p < 0.05, **p < 0.01, versus control group; #p < 0.05, ##p < 0.01, versus
FS2 group
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the anxiety-like behaviors upon stress insult. Moreover, we
confirmed that it was isoform LXRβ that mediated the anxio-
lytic effects of GW (Fig. 5); this shed light on the crucial role of

LXRβ in the development of anxiety, and LXRβ acti-
vation may represent a potential novel target for the
treatment of anxiety.

Fig. 10 GW3965 treatment enhanced inhibitory presynaptic release in
the BLA of model mice. (a) The sample showed the mIPSCs in
pyramidal neurons of the BLA in each group. (b) Cumulative
amplitude and (c) frequency histogram of mIPSCs from the slices in
different groups. The amplitude (d) and frequency (e) of mIPSCs were
statistically analyzed in each group. The amplitude and frequency of

mIPSCs decreased significantly in the BLA of model mice compared
with the control group, perfusion of GW (10 μM) for 20 min could
reverse both the amplitude and the frequency of mIPSCs in the BLA of
model mice. Error bars represented SEM. n = 8 neurons/4 mice,
*p < 0.05, **p < 0.01, versus control group; #p < 0.05, ##p < 0.01, versus
FS2 group
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Previous studies reported that anxiety in female LXRβ−/−

mice with loss of glutamic acid decarboxylase in mPFC [36].
However, the exact function of LXRβ in the anxiety has not been
verified. We observed that LXRβ were expressed in both gluta-
matergic and GABAergic neurons (Fig. 8), providing the possi-
bility that LXRβ may regulate E/I synaptic transmission in the
amygdala, thus affecting E/I balance. Electrophysiology record-
ing was further performed to investigate the influence of LXRβ
on neuron function. The electrophysiological data revealed the
amplitude and frequency of mEPSCwere significantly increased
in neurons from FS2-stressed BLA, and this enhancement was
reversed by GW administration (Fig. 9). Phosphorylation of
GluA1 at the S831 and S845 sites contributes to the enhancement
of excitatory transmission. We further found that GW adminis-
tration reduced the expression levels of p-GluR1-831/845; this
definitely was ascribed to the anxiolytic effects of GW.However,
the amplitude and frequency of mIPSCs dramatically decreased
in the stress BLA along with the reduction of GABAAR subunit
α2 and γ2 in our experiments after FS2-induced stress, which
was reversed by LXRβ activation (Fig. 10). The data indicated
that GW increased the inhibitory presynaptic release, thus aug-
menting BLA GABAergic neurotransmission. LXRβ expressed
in neurons influences neural function responsiveness upon stress
insult, and LXRβ is also expressed in glial cells as evidenced
[22], and the full impact of LXRβ on stress-induced anxiety
needs be addressed in further study.

Collectively, our results described the synaptic function of
LXRβ in the amygdala and uncovered the attenuation of LXRβ
in the BLA in stressed mouse brain which resulted in presynaptic
impairment of E/I synaptic transmission. Importantly, intact inhib-
itory synaptic transmission and proper E/I balance were required
for the optimal functioning in the responsiveness of amygdala
neurons to stress. Furthermore, this E/I disequilibrium in the
BLA was associated with impaired expression of corresponding
receptors and impaired behaviors of the animals in the EPM and
OFT under stress. Current data contribute to future progress in
finding novel therapeutic approaches, including LXRβ agonist,
for stress-related anxiety disorders.
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