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Abstract
Ginsenoside Rg1 is efficient to prevent or treat mental disorders. However, the mechanisms underlying the effects of ginsenoside
Rg1 on post-traumatic stress disorder (PTSD) are still not known. In this study, single-prolonged stress (SPS) regime, as well as
injection of lipopolysaccharide (LPS), was used to produce PTSD-like behaviors in C57 mice, and the effects of ginsenoside Rg1
(10, 20, 40 mg/kg/d, ip, for 14 days) on PTSD-like behaviors were evaluated. Our results showed that ginsenoside Rg1 promoted
fear extinction and prevented depression-like behaviors in both LPS and SPS models. Importantly, ginsenoside Rg1 alleviated
LPS- or SPS-stimulated expression of pro-inflammatory cytokines (IL-1β and TNF-α), activation of astrocytes and microglia,
and reduction of hippocampal synaptic proteins (PSD95, Arc, and GluA1). Ginsenoside Rg1 also reduced the increase of
hippocampal Kir4.1 and GluN2A induced by PTSD regime. Importantly, reducing hippocampal astroglial Kir4.1 expression
promoted fear extinction and improved depression-like behaviors in LPS-treated mice. Additionally, intracerebroventricular
injection of TNF-α caused an impairment of fear extinction and promoted Kir4.1 expression in the hippocampus. Together,
our study reveals novel protective effects of ginsenoside Rg1 against PTSD-like behaviors in mice, likely via promoting synaptic
proteins, reducing Kir4.1 and TNF-α in the hippocampus.
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Abbreviations
AD Alzheimer’s disease
AMPAR α-Amino-3-hydroxy-5-methyl-4-isoxazole

propionic acid receptor
COVID-19 Coronavirus disease 2019
IL-1β Interleukin 1β
Kir4.1 Inwardly rectifying potassium channel
NMDAR N-methyl-D-aspartic acid receptor
PTSD Post-traumatic stress disorder
SPS Single-prolonged stress

TNF-α tumor necrosis factor-α

Introduction

Post-traumatic stress disorder (PTSD) is a kind of abnormal
mental reaction after serious stresses such as war, violent
crime, traffic accidents, and natural disasters. The incidence
rate of PTSD is increasing year by year. Remarkably, corona-
virus disease 2019 (COVID-19) worldwide would leave the
patients and medical staff serious mental illness, especially
PTSD [1]. The symptoms of PTSDmainly include flashbacks,
nightmares, and severe anxiety. Hypersensitivity of fear and
depression were also observed in PTSD patients [2].
Cognitive behavioral therapy is the primary selection for the
treatment of PTSD, and symptoms-relieving drugs including
antidepressant, antianxiety, and anticonvulsant drugs are also
effective to relieve the symptoms, but leaving severe adverse
effects [2].

Fear extinction refers to the decrease in conditioned fear
responses that occur with repeated presentation of the unrein-
forced conditioned fear stimulus [3]. Fear extinction enables
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the animals to adapt the traumatic events. However, impair-
ment of fear extinction usually results in severe mental disor-
ders [4]. PTSD is caused by “panic” and “fear” stress and
characterized by abnormal fear extinction [5, 6]. Anti-
inflammatory therapies that are currently under investigation
intended to dampen the cytokine storm of severe COVID-19
infection [7]. Intriguingly, inflammation in fear- and anxiety-
based disorders has gained interest as growing literatures in-
dicate that pro-inflammatory markers can directly modulate
mental activities [8, 9]. Indeed, high concentrations of inflam-
matory signals, including cytokines and C-reactive protein,
accumulate in the brain of PTSD animals [9].

Inwardly rectifying potassium channel (Kir4.1) is the main
potassium channel expressed exclusively in glial cells in the
central nervous system (CNS) that regulates the extracellular
potassium, transports glutamate, and maintains neuronal ho-
meostasis [10]. Abnormality of Kir4.1 in the brain often par-
ticipates in the pathophysiological processes of neurological
disorders [11, 12]. Astroglial Kir4.1 channel is supposed to be
a potential therapeutic target for epilepsy and mental disorders
[13, 14]. Moreover, astroglial Kir4.1 in the lateral habenula
drives neuronal bursts in depression [12], and specific inhibi-
tion of Kir4.1 could rapidly eliminate depression-like behav-
iors [15]. Especially, Kir4.1 performed critical roles in modu-
lating astrocyte-neuron interaction [16]. However, the func-
tion of astroglial Kir4.1 in fear extinction in PTSD animals has
not been reported.

Ginseng is widely used in the treatment of mental disorders
for its functions of “tonifying the five zang organs, calming
the mind and soul” [17]. Ginsenoside Rg1 is one of the main
active ingredients found in ginseng with various pharmaco-
logical activities, including anti-inflammation, anti-oxidation,
neuroprotection, etc. [18–20]. Ginsenoside Rg1 is well-
known for its function in remedying hippocampal synaptic
plasticity and memory in Alzheimer’s disease (AD) [21]. In
a previous study, we have also reported that chronic adminis-
tration of ginsenoside Rg1 could promote memory and weak
theta-burst stimulation-induced long-term potentiation in
middle-aged mice [22]. However, whether ginsenoside Rg1
affects PTSD-like behaviors is still not known. In this study,
lipopolysaccharide (LPS)-treated and single-prolonged stress
(SPS) mice models were utilized to evaluate the protection of
Rg1 against PTSD-like behaviors and to assess the
mechanisms.

Materials and Methods

Drugs and Reagents

Ginsenoside Rg1 was obtained from Sigma (HPLC ≥ 98%,
Shanghai, China). AAV2/5-GFAP-EGFP-shRNA Kir4.1
and shRNA scramble were purchased from Brain VTA (PT-

2054, Wuhan, China). The sequence of shRNAKir4.1 was 5′-
GCCAAGUUCGCACTTCCTACC-3′. Rg1 were dissolved
in dimethyl sulfoxide (DMSO) and suspended in saline
(DMSO concentration was lower than 0.1%), and mice in
control group were injected with the same volume of saline
(containing the same amount of DMSO).

Animal Models

Male C57BL/6 mice (22–25 g, 2-month old) were obtained
from the Animal Center of the Anhui Medical University
(Hefei, China) and housed in plastic cages at room tempera-
ture with 12:12-h light-dark cycle and a relative humidity of
45–65%. The animals were fed with rodent pellets and water
ad libitum and allowed to acclimatize for at least 7 days before
use. All animal experiments were performed in accordance
with the Guide for the Care and Use of Laboratory Animals
published by the Ministry of Science and Technology of
China (2006), and the experimental procedures were approved
by the Ethics Committee of the Anhui University of Chinese
Medicine (Hefei, China; Approval No.: SYXK2014-0512).
Efforts were made to minimize animal suffering and reduce
the number of mice used. The behavioral tests were conducted
at 9:00–10:00 am each day.

Experimental Protocol 1 LPS (Sigma, St. Louis, MO, USA)
was dissolved in saline. I.p injection of 2 mg/kg LPS was used
in our experimental settings [23]. Mice were randomly allo-
cated into five groups: a control group, a LPS group, and three
Rg1-treated groups (10, 20, 40 mg/kg) (N = 7 in each group).
Mice in control and model groups received the same volume
of saline from day 8 to day 21, while the mice in Rg1-treated
groups received 10, 20, and 40 mg/kg/d, respectively, from
day 8 to day 21 (i.p., one injection per day). Except for the
control group, all mice received LPS on day 22 (Fig. 1a).

Experimental Protocol 2 The SPS protocol was conducted as
previously described [24]. Briefly, the mice were restrained
for 2 h and then immediately underwent a 20-min forced
swimming in 25 °C water. Following a 15-min recuperation
period, the mice were exposed to ether until the loss of con-
sciousness. The mice were then left at home cage. This exper-
iment was divided into four groups: a control group, a SPS
group, a SPS + Rg1 group, and a control + Rg1 group (N = 7
in each group). The mice in SPS + Rg1 group and control +
Rg1 group received 20 mg/kg/d Rg1 (i.p., one injection per
day) from day 8 to day 21, while the mice in control and SPS
groups received the same volume of saline (Fig. 1b).

Experimental Protocol 3 Fourteen mice were habituated for
7 days and placed on stereotaxic instrument (RWD,
Shenzhen, China) under isoflurane anesthesia. AAV2/5
GFAP-EGFP-shRNA Kir4.1 or AAV2/5 EGFP-shRNA
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control were bilaterally injected into the hippocampus (− 2.0-
mm anterior-posterior, 1.3-mm medial-lateral, and − 1.9-mm
dorsal-ventral relative to the bregma) with 10-μL Hamilton
syringe at a rate of 0.2 μL/min (2 μL on each side) (N = 7 in
each group) [25]. After injection, the needles were retained for
5 min to allow the drug to be fully absorbed. 2 mg/kg LPSwas
injected 25 days after the viral injection. Behavioral tests were
conducted, and hippocampal tissues were collected 24 h after
LPS injection following decapitation (Fig. 7a).

Experimental Protocol 4 An intracerebral injection of TNF-α
was performed as described previously [26]. Briefly, lateral
ventricle cannulas were placed under isoflurane anesthesia,
using a stereotactic alignment instrument at the following co-
ordinates relative to bregma: − 1.0 mm, − 0.5 mm, and −
2.25 mm. In each mouse, 500 ng mouse tumor necrosis factor
(TNF-α, Abcam, USA) were given in 4 μL total volume. The
control mice received similar volume of vehicle. In each
group, there were 7 mice. The rate of injection was set at a
speed of 500 nL/min with an infusion pump. Behavioral tests
were conducted, and hippocampal tissues were collected 24 h
later (Fig. 8a).

Behavioral Tests

Fear Extinction Protocol

Fear memory and extinction were conducted using the typical
conditioned stimulus (CS)/unconditioned stimulus (US)-CS
protocol as previously described [27]. The fear conditioning
box (UgoBasile, Gemonio, Italy) with a camera was connect-
ed with ANY-Maze software (Stoelting Co., Wood Dale, IL,
USA). After drug administrations, the mice underwent a fear
memory and extinction protocol. The mice were placed in the

fear conditioning box for 5 min and exposed to three electric
foot shocks (1.0 mA, 2 s). Twenty-four hours later, the mice
were put back into the fear conditioning box and exposed to
the similar context for 15 min without electric shock. The
freezing time in the initial 5 min was statistically analyzed as
the memory consolidation. The mice were put into the fear
conditioning box for 5 min at the same time every day for 3
extinction days. The conditioning chamber was cleaned with
70% ethanol to remove the background odor (Fig. 1).

Open Field Test

The mice were tested in an open field test (OFT) (Shanghai
Ruanlong Information Technology Co. Ltd., Shanghai, China,
BW-OF302). In a quiet environment, the mice were placed in
the center of the hood (40 cm × 40 cm × 65 cm). The behav-
iors were captured by a video camera for 5 min. After that, the
box was cleaned with 70% ethanol. The border and central
distances were analyzed by SuperMaze software.

Tail Suspension Test

The tail suspension test (TST) protocol was performed as pre-
viously described [27]. Each mouse was suspended on the
edge of a shelf ~ 50 cm above the bottom of the sound insu-
lation box using adhesive tape placed ~ 1 cm from the tip of
the tail (Shanghai Ruanlong Information Technology Co.
Ltd., Shanghai, China, YLS-18A). The animals were allowed
to move for 6 min, and behavior was recorded with
SuperMaze software. The time it took until it remained immo-
bile was measured. The duration of immobility was recorded
in the last 4 min.

Fig. 1 Schematics illustrating the study design. Experimental procedure
for the study of intraperitoneal injection of ginsenoside Rg1 on fear
extinction and depression-like behaviors in lipopolysaccharide (LPS)-
treated and single-prolonged stress (SPS) mice. (a) The animals were
habituated for 7 days and administered with ginsenoside Rg1 for
14 days. LPS was intraperitoneally injected, and the behaviors were

tested. Thereafter, hippocampi were collected. (b) The animals were
habituated for 7 days, and SPS model was produced on the 8th day.
Twenty-four hours later, ginsenoside Rg1 was administered for
14 days, and the behaviors were tested, or their hippocampi were
collected
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Forced Swimming Test

After TST, the mice were allowed to rest for 24 h. A single
testing session was applied in the forced swimming test (FST)
according to the previous publication [28]. The mice were
then individually placed in a 2 L glass container with water
temperature at 22 ± 3 °C (Shanghai Ruanlong Information
Technology Co. Ltd., Shanghai, China, BW-DFS201.) as pre-
viously described [27]. SuperMaze software was used to re-
cord the movement. The mouse was judged to be immobile
when it ceased struggling and remained floating motionless in
the water, making only those movements necessary to keep its
head above water. The duration of immobility was recorded
during the last 4 min of the test.

Measurement of Cytokines

Hippocampal levels of IL-1β and TNF-α were examined by
ELISA using IL-1β (JL18442) and TNF-α (JL10484) ELISA
assay kits (Shanghai Jianglai, Shanghai, China). The hippo-
campal tissue was weighed. An appropriate volume of PBS
(1 mL/10 mg) was added to a portion of the hippocampal
tissue, which was then rapidly homogenized, and the cells
were disrupted by an ultrasonic cell disrupter (Scietz
Biotechnology Co. Ltd., Ningbo, China). After centrifugation
(5870×g for 5 min), the supernatant was collected, and protein
quantification was performed. Absorbance was quickly read
on the microplate reader at a detection wavelength of 450 nm.
The concentrations of IL-1β and TNF-α were calculated ac-
cording to the standard curve.

Immunofluorescence

The brain was washed 3 times with PBS, and antigen retrieval
was performed using citrate buffer; samples were then perme-
abilized and blocked in PBS containing 0.5% Triton X-100
for 1 h and 5% goat serum (Hyclone, Thermo Fisher
Scientific) at room temperature for 1 h. Sections were incu-
bated with primary antibodies in blocking buffer overnight at
4 °C. After washing, secondary antibodies were added to the
blocking buffer and incubatedwith the sections for 1 h at room
temperature. Samples were then washed and counterstained
with DAPI. Images were taken with an FV1000 Olympus
Confocal Laser Scanning Microscope (Olympus, Tokyo,
Japan). Primary antibodies used for immunostaining included
glial fibrillary acidic protein (GFAP) (mouse, 1:100;
Beyotime, AG259), Kir4.1 (rabbit, 1:100; Abcam,
ab240876), and ionized calcium-binding adapter molecule 1
(Iba-1) (mouse, 1:100; Santa Cruz, SC-32725). Anti-mouse/
rabbit secondary antibodies (1:1000) were purchased from
ORIGENE. In each mouse, the images of dentate gyrus
(DG) region were conducted in 8 sections at bregma −
1.22 mm, − 1.46 mm, − 1.70 mm, − 1.94 mm, − 2.18 mm, −

2.42 mm, − 2.66 mm, and − 2.90 mm. The intensities of the 8
sections were averaged to reduce the bias of position.

Western Blotting

The hippocampi were homogenized in lysis buffer (RIPA) on
ice for 30 min and subsequently centrifuged at 12000 rpm for
5 min at 4 °C. Protein concentrations were determined using a
bicinchoninic acid protein assay kit (Thermo Fisher Scientific,
USA). Equivalent amounts of proteins were processed for
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and western blot as previously described [29]. The primary
antibodies used in this experiment were Kir4.1 (1:1000,
Abcam), AKT (1:1000, CST), Arc (1:1000, CST), PSD95
(1:1000, CST), GluN2A (1:1000, Abcam), GluA1 (1:1000,
Abcam), and β-actin (1:1000, CST). Band intensity was
densitometrically quantified using Image J software.

Statistical Analyses

Data were presented as means ± SEM. Statistical analyses
were performed using GraphPad Prism 4.02. The differences
between two groups were analyzed by Student’s t test and
one-way or two-way ANOVA followed by Bonferroni test.
P values less than 0.05 were considered to indicate statistical
significance.

Results

Rg1 Ameliorated the Impairment of Fear Extinction
and Depression-Like Behaviors in LPS-Treated and
SPS Mice

In Fig. 2a, there was no significant difference in freezing time
of the first day among different groups (P > 0.05), suggesting
that LPS did not influence the consolidation of fear memory.
With the increasing time, apparent fear extinction was ob-
served in control mice, but not in LPS-treated mice. By con-
trast, pre-treatment with Rg1 (20, 40 mg/kg) ameliorated the
impairment of fear extinction compared with model group
(the fourth day:P < 0.05, F (4, 30)= 14.38; Fig. 2b).We further
assessed the depression-like behaviors in those mice using
TST and FST. The motor function was detected by OFT. As
shown in Fig. 2c, the total distance in each group was compa-
rable, which indicated that the motor function was not affected
by either LPS or Rg1 treatment (P > 0.05, F (4, 30) = 0.4057).
Compared with control group, the immobility times of TST
(P < 0.05, F (4, 30) = 26.72 Fig. 2d) and FST (P < 0.05, F (4,
30) = 62.46, Fig. 2e) in LPS mice increased significantly,
which were prevented by Rg1 treatment (20, 40 mg/kg).

We also determined whether Rg1 prevented fear extinction
and depression-like behaviors in SPS mice. As shown in
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Fig. 3a, fear extinction in SPS mice were impaired compared
with control mice. By contrast, treatment with Rg1 (20mg/kg)

could apparently prevent the impairment of fear extinction
compared with SPS mice (the fourth day: P < 0.05, F (3,

Fig. 2 Ginsenoside Rg1 facilitates fear extinction and reduces
depression-like behaviors in LPS-treated mice. (a) Extinction of fear
memory, (b) the freezing value of the fourth day, (c) total distance
traveled in each group was comparable. Behavior analysis of tail

suspension test (d) and forced swim test (e). #P < 0.05 vs. control
group. *P < 0.05 vs. LPS. Values are presented as means ± SEM from
7 animals in each group

Fig. 3 Ginsenoside Rg1 facilitates fear extinction and reduces
depression-like behaviors in SPS mice. (a) Extinction of fear memory,
(b) the freezing value of the fourth day, (c) total distance traveled in each

group was comparable. Behavior analysis of tail suspension test (d) and
forced swimming test (e). #P < 0.05 vs. control group. *P < 0.05 vs. SPS.
Values are presented as means ± SEM from 7 animals in each group
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24) = 25.23; Fig. 3b). The motor function in each group was
comparable as the total distance in the OFT was not different
among groups (P > 0.05, F (3, 24) = 0.4104; Fig. 3c).
Moreover, Rg1 treatment significantly decreased the immo-
bility times of TST (P < 0.05, F (3, 24) = 22.61; Fig. 3d) and
FST (P < 0.05, F (3, 24) = 11.26; Fig. 3e) compared with SPS
group. Together, these results suggest that LPS treatment, as
well as SPS regime, could impair fear extinction and cause
depression-like behaviors, while Rg1 could improve those
abnormal behaviors.

Rg1 Reduced Hippocampal Pro-inflammatory
Cytokines and Glia Activation in LPS-Treated and SPS
Mice

We assessed the effect of Rg1 on the levels of TNF-α and IL-
1β in the hippocampus using ELISA. The results showed that
the levels of TNF-α (P < 0.05, F (4, 20) = 19.25) and IL-1β
(P < 0.05, F (4, 20) = 24.25) were dramatically enhanced in
LPS group compared with control group. By contrast, Rg1
treatment attenuated the increase of pro-inflammatory cyto-
kines (vs. model, both P < 0.05) (Fig. 4a, b).

We further detected TNF-α and IL-1β after Rg1 adminis-
tration in SPS model. As shown in Fig. 4c, d, TNF-α
(P < 0.05, F (3, 16) = 54.98) and IL-1β (P < 0.05, F (3, 16) =
71.2) were significantly enhanced in SPS group compared
with control group. However, Rg1 (20 mg/kg) treatment re-
versed the increase of TNF-α and IL-1β caused by SPS (vs.
model, both P < 0.05).

Astrocytes and microglia are involved in the production of
pro-inflammatory cytokines [30]. To evaluate the activation of
astrocyte and microglia in the hippocampus, we performed a
quantitative analysis of astrocytic and microglial response
using immunohistochemistry with GFAP and Iba-1 antibod-
ies. Immunostaining revealed that LPS triggered the expres-
sion of cellular markers of astrocytic and microglia in the DG
region, which was reduced by Rg1 treatment (both P < 0.05;
GFAP: F (2, 6) = 29.95; Iba-1: F (2, 6) = 27.08; Fig. 4e).

Rg1 Promoted Synaptic Proteins in the Hippocampus
of Mice Treated by LPS or SPS Regime

Glia provide neurons with morphogenic and metabolic sup-
port and are fundamental to the functional regulation of den-
dritic spines [31]. The results showed that the expression of
PSD95 (P < 0.05, F (4, 15) = 13.77), Arc (P < 0.05, F (4, 15) =
48.57), and GluA1 (P < 0.05, F (4, 15) = 12.4) in LPS group
were lower than those in control group (Fig. 5a, b). However,
GluN2A (P < 0.05, F (4, 15) = 15.99) was significantly higher
in LPS mice than that in control group. Treatment with Rg1
restored the expression of synaptic proteins of PSD95, Arc,
GluN2A, and GluA1 (Fig. 5a, b). We further verified whether
Rg1 was able to regulate synaptic protein expression in SPS

mice. The results showed that the expression of hippocampal
PSD95 (P < 0.05, F (3, 12) = 48.44), Arc (P < 0.05, F (3, 12) =
19.57), and GluA1 (P < 0.05, F (3, 12) = 15.68) were reduced
in SPS mice compared with control mice (Fig. 5c, d). By
contrast, the expression of GluN2A increased in SPS mice
compared with control mice (P < 0.05, F (3, 12) = 12.24).
Rg1 treatment reduced the changes of PSD95, Arc, GluA1,
and GluN2A caused by SPS regime (Fig. 5c, d).

Rg1 Reduced LPS-Induced Increase of Kir4.1 in the
Hippocampus

We also detected hippocampal Kir4.1 expression in LPS-
treated mice using Kir4.1/GFAP double staining. Our data
showed that LPS-induced activation of astrocytes was co-
localized with Kir4.1 expression (Fig. 6a). We further con-
firmed the expression of Kir4.1 and GFAP protein levels in
the hippocampus by western blotting. As shown in Fig. 6b, c,
the expression of Kir4.1 (P < 0.05, F (4,15) = 7.109) and GFAP
(P < 0.05, F (4,15) = 46.53) in the hippocampus of LPS group
was significantly higher than those in control group, but those
effects were reduced by treatment with 20 mg/kg Rg1
(P < 0.05 vs. model).

Reducing Hippocampal Kir4.1 Ameliorated the
Impairment of Fear Extinction and Depression-like
Behaviors in LPS-Treated Mice

As LPS promoted hippocampal Kir4.1 expression and in-
duced PTSD-like behaviors, we assessed the effect of reduc-
ing hippocampal Kir4.1 on PTSD-like behaviors. Viral-
encoding Kir4.1 was designed and bilaterally injected into
the hippocampus (Fig. 7a). As shown in Fig. 7b, the viruses
specifically targeted GFAP+ cells (Fig. 7b). On the fourth day
of extinction, the freezing time in shRNA Kir4.1-injected
mice was significantly lower than shRNA scramble mice
(P < 0.05, t = 6.15, df = 6), Fig. 7c). Compared with mice re-
ceiving scrambled control, the immobility times of the mice
injected with shRNA Kir4.1 in the TST (t = 4.292, df = 6, Fig.
7d) and FST (t = 2.866, df = 6, Fig. 7e) were significantly low-
er. Interestingly, shRNA Kir4.1 could significantly reduce
hippocampal Kir4.1 expression compared with scrambled
control (t = 7.505, df = 3, Fig. 7f).

�Fig. 4 Ginsenoside Rg1 reduces pro-inflammatory cytokines and glia
activation in the hippocampus of PTSD mice. TNF-α and IL-1β levels
following LPS treatment (a, b) and SPS regime (c, d) were measured by
ELISA. Ginsenoside Rg1 administration reduced hippocampal GFAP
and Iba-1 expression in DG region of LPS-injected mice (e). Scale bar:
50 μm. Values are presented as means ± SEM (n = 4) in each group.
#P < 0.05 vs. control group. *P < 0.05 vs. LPS or SPS
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Intracerebral Injection of TNF-α Promoted Kir4.1
Expression and Caused PTSD-Like Behaviors

To distinguish the exact cytokine associated with PTSD-like
behaviors, we carried out intracerebral injection of TNF-α (Fig.
8a). As shown in Fig. 8b, the expression of Kir4.1 was promoted
after TNF-α injection compared with control (t= 7.503, df= 3).

Further, intracerebral injection of TNF-α could also impair fear
extinction (the fourth day: P < 0.05, t = 3.66, df = 6; Fig. 8c).
Moreover, the immobility times of the mice receiving TNF-α
in the TST (t= 3.333, df = 6, Fig. 8d) and FST (t= 4.561, df = 6,
Fig. 8e) were significantly increased compared with control.
Together, these results suggested that TNF-α could promote
astroglial Kir4.1 expression and cause PTSD-like behaviors.

Fig. 5 Ginsenoside Rg1 promotes synaptic protein expression in the
hippocampus of PTSD mice. The levels of PSD95, Arc, GluN2A, and
GluA1 in LPS (a, b) and SPS (c, d) models were analyzed using western

blotting. Values are presented as means ± SEM (n = 4) in each group.
#P < 0.05 vs. control group. *P < 0.05 vs. LPS or SPS
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Discussion

In this study, we demonstrated that Rg1 administration promoted
fear extinction and relieved depression-like behaviors in both
SPSmice and LPS-treatedmice.More importantly, Rg1 promot-
ed synaptic protein expression and reduced Kir4.1 and TNF-α
level. Specific reduction of astroglial Kir4.1 in the hippocampus
could ameliorate the PTSD-like behaviors. On the contrary, in-
jection of TNF-αmimicked the effect of SPS and LPS injection
(Fig. 9). Our study would provide novel evidence for the pre-
ventive effects of Rg1 on PTSD-like behaviors.

Rg1 Ameliorated the PTSD-Like Behaviors in Mice

Rg1 is notable for its neuroprotective effects on memory im-
pairment, such as in Alzheimer’s disease [32], D-galactose-

induced senescence [33], and LPS model [34]. Our previous
study also demonstrated that Rg1 treatment improved memo-
ry in middle-aged mice by regulating the AKT pathway, al-
tering apical spines, and facilitating hippocampal long-term
potentiation [22]. In addition, researchers have discovered that
Rg1 prevented PTSD-like behaviors by decreasing serum cor-
ticosterone (CORT) and hypothalamus corticotrophin-
releasing hormone (CRH) levels [35]. In this study, we uti-
lized the typical CS/US-CS model to test the fear extinction.
In fact, the memory consolidations after LPS or SPS were not
changed. However, fear extinction was different among
groups. Especially, fear extinction was impaired in LPS and
SPS groups but ameliorated by ginsenoside Rg1.

As different doses of LPS could elicit different features of
behaviors, we selected a dose of LPS, which did not affect fear
memory consolidation. LPS (2 mg/kg) could impair fear

Fig. 6 Ginsenoside Rg1 reduces
the increase of hippocampal
Kir4.1 and GFAP in the LPS-
treated mice. (a) Representative
image of double-
immunofluorescence staining for
GFAP and Kir4.1. Green, Kir4.1;
red, GFAP; scale bar, 50 μm; (b–
c) ginsenoside Rg1
downregulated the expression
level of Kir4.1 and GFAP in the
hippocampus. Values are
presented as means ± SEM (n = 4)
in each group. #P < 0.05 vs.
control; *P < 0.05 vs. LPS group
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extinction, which might mimic the impairment of fear extinc-
tion in PTSD [5, 36]. Moreover, this dose of LPS did not
affect the motor function, whichmight explain that the impair-
ment of fear extinction was not attributed to impairment of
motor function. SPS is a pre-clinical model that displays be-
havioral, molecular, and physiological alterations that recapit-
ulate many of the same alterations observed in PTSD [37].
Most importantly, Rg1 could remedy the impairment of fear

extinction induced by LPS, as well as by SPS regime. In our
preliminary experiments, we found an increase of inflamma-
tory reaction in SPS mice model. Interestingly, fear extinction
was impaired in LPS-treated mice. Therefore, we proposed
that SPS model and LPS model might encompass some sim-
ilarities. We thus selected LPS-treated mice model to further
investigate the potential mechanisms underlying the impair-
ment of fear extinction. However, whether LPS could be used

Fig. 7 Reducing Kir4.1 prevents PTSD-like behaviors in LPS-treated
mice. (a) A schematic illustrating the injection of viral encoding Kir4.1
shRNA or scramble. Fourteen C57 mice were habituated for 7 days and
received intrahippocampal injection of viral expression of shRNA Kir4.1
or scramble. Four weeks later, LPS was intraperitoneally injected.
Twenty-four hours later, behavioral tests were conducted, or

hippocampi were collected. (b) The viruses encoding shRNA Kir4.1
carrying GFAP promoter. (c) Viral-encoding shRNA Kir4.1 facilitates
fear extinction in LPS mice. (d) Immobility time in TST. (e) Immobility
time in FST. (f) Expression of Kir4.1 was reduced by viral encoding
shRNA Kir4.1. Values are presented as means ± SEM (n = 4–7) in each
group. *P < 0.05 vs. LPS + scramble group
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to model PTSD is still questionable. In future study, LPS-
induced impairment of fear extinction should be more deeply
investigated.

Rg1 Ameliorated Pro-inflammatory Cytokines and
Glia Activation

Inflammatory storms are important factors leading to cogni-
tive impairment in LPS and SPS animal models [38, 39].
Neuroinflammation has been reported as one of the causes

of the cognitive impairment [38, 39]. It plays a critical role
in the development of Parkinson’s disease, Huntington’s dis-
ease, and other neurodegenerative diseases [40]. Injection of
LPS activates glia to synthesize and secrete the pro-
inflammatory cytokines (TNF-α, IL-6, and IL-1β) [41].
Microglia and astrocytes mediate the production of pro-
inflammatory cytokines, which drive the pathogenesis of
depressive-like phenotypes [42]. Our study demonstrated that
Rg1 reduced the overproduction of hippocampal TNF-α and
IL-1β induced by LPS and SPS. Astrocytes regulate the

Fig. 8 Intracerebral injection of TNF-α promotes Kir4.1 expression and
causes PTSD-like behaviors. (a) A schematic for the study design of
intraventricular injection of TNF-α. (b) Intraventricular injection of
TNF-α promoted Kir4.1 protein expression. (c) Intracerebroventricular

injection of TNF-α impaired fear extinction. (d) Immobility time in TST.
(e) Immobility time in FST. Values are presented asmeans ± SEM (n = 4–
7) in each group. *P < 0.05 vs. control

Fig. 9 A schematic diagram of
ginsenoside Rg1 in preventing
PTSD-like behaviors in mice. The
mechanism may be related to the
neuroinflammation caused by
TNF-α and IL-1β, the expression
of Kir4.1 protein, and NMDAR
(GluN2A), AMPAR (GluA1),
Arc, and PSD95-related synaptic
plasticity. PTSD, post-traumatic
stress disorder; TNF-α, tumor
necrosis factor-α; Kir4.1,
inwardly rectifying potassium
channel; IL-1β, interleukin 1β;
NMDAR, N-methyl-D-aspartic
acid receptor; AMPAR, α-
Amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid receptor
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micro-environment of the adult neurogenic niche and the syn-
aptic integration of the newly formed neurons into existing
hippocampal circuits and promote the formation of new mem-
ories [43]. Further, immunofluorescence demonstrated that
GFAP and Iba-1 were increased in LPS-injected mice. By
contrast, treatment with Rg1 could reduce the numbers of
GFAP and Iba-1-positive cells.

Although our study mainly concentrated on the PTSDmice
model, we are still not sure of the function of pro-
inflammatory cytokines TNF-α and IL-1β in fear extinction.
Therefore, we directly perfused TNF-α into ventricular, and
the results indicated that the immobility time of TST and FST
was longer than control. Especially, fear extinction is impaired
by injection of TNF-α, which indicated that TNF-α might be
a key factor causing abnormality of fear extinction.

Ginsenoside Rg1 Reduced Hippocampal Kir4.1
Expression

In the CNS, astrocytes play a crucial role in maintaining the
structural and functional integrity of the brain, which includes
formation of maintenance of water and ion homeostasis, me-
tabolism of neurotransmitters, and secretion of various neuro-
active molecules. Among these functions, spatial potassium
(K+) buffering by astrocytes is an essential system for control-
ling extracellular K+ concentration and neuronal excitability
[13], whereas astrocyte hyperactivity leads to the production
of pro-inflammatory cytokines such as IL-1β, which is a key
driver in the clinical manifestation of depressive symptoms. In
our present study, we demonstrated that LPS treatment pro-
moted hippocampal Kir4.1, while Rg1 treatment could reduce
the increase of Kir4.1 expression. Further, the impairment of
fear extinction caused by LPS was improved by shRNA
Kir4.1. After extinction, immobility times of TST and FST
in shRNAKir4.1 were also lower than those in scrambled
control, which indicated that reducing Kir4.1 might promote
extinction of fear memory and reduce depression-like behav-
iors in LPS-treated mice.

Potential Interaction Among Inflammation, Kir4.1,
and Synaptic Plasticity in PTSD Models

Studies have shown that abnormalities of synaptic are associ-
ated with the increase of IL-1β, IL-6, and TNF-α and NF-κB
activation [44]. At different stages of neurogenesis, the acti-
vation of microglia is beneficial or harmful to neurons de-
pending on the secretion regulation of pro-inflammatory and
anti-inflammatory factors [45]. TNF-ɑ may lead to hearing
loss and synaptic imbalance [46]. Glutamate is the main ex-
citatory neurotransmitter in the mammalian brain, playing a
key role in learning and memory and neuroplasticity [47].
However, the molecular mechanism contributing to the

increase of astrocyte Kir4.1 protein following LPS treatment
requires further verification. Elevated extracellular potassium
concentration ([K+]out) causes neuronal depolarization that
can lead to enhanced glutamate release from the presynaptic
and enhanced N-methyl-D-aspartic acid (NMDA) receptor
activation in the postsynaptic [48]. In addition, glutamate up-
take was inhibited by knocking down of Kir4.1 [49]. Using
the Kir4.1 knock-out mouse, Brasko et al. demonstrated that
Kir4.1 subunit was expressed in the glial plasma lemma and
supported a role of PSD95 in their membrane localization
[50]. These in vitro findings were corroborated in the hippo-
campal CA1 and DG ofArc knockout mice, where a reduction
of spine density and decreased abundance of thin spines were
found [51]. Aberrant Arc expression in the hippocampus in
response to chronic NMDA receptors hypo-function de-
creased spine density [52]. GluA1 and GluN2A are important
subunits of α-Amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid (AMPA) receptors and NMDA receptors,
which possess different functions in the excitability of neu-
rons. Although both receptors are cation dependent, AMPA
receptors are more important for the basal synaptic transmis-
sion, while NMDA receptors are critical for synaptic plasticity
[53]. Moreover, NMDA receptors might also contribute to
inflammation [54]. In this study, we found that GluA1 de-
creased, while GluN2A increased followed by LPS or SPS
treatment. Especially, ginsenoside Rg1 reversed the changes
caused by LPS or SPS. Nevertheless, the specific roles of
AMPA receptors and NMDA receptors in PTSD deserved
future investigation. These results suggested that Rg1 in-
creased synaptic-associated proteins by preventing the activa-
tion of TNF-α and IL-1β [55]. However, the precise mecha-
nisms driving those effects and the relationship between
Kir4.1 and synaptic plasticity are still not completely clear.

In summary, we reported a distinct role of Rg1 in remedy-
ing PTSD-like behaviors in mice. The mechanism may be
related to the recovery of hippocampal synaptic plasticity,
reduction of Kir4.1 level, and pro-inflammatory cytokines.
Our study would provide theoretical evidence for the selection
of ginseng in the treatment of mental disorders.
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