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Electroacupuncture (EA) pretreatment is a clinically useful therapy for several brain
disorders. However, whether and via which exact molecular mechanisms it ameliorates
post-traumatic stress disorder (PTSD) remains unclear. In the present study, rats
received EA stimulation for seven consecutive days before exposure to enhanced
single prolonged stress (ESPS). Anxiety-like and fear learning behaviors; hippocampal
neurogenesis; the expression of nuclear factor erythroid 2-related factor 2 (Nrf2),
Kelch-like ECH-associated protein 1 (keap1), and heme oxygenase 1 (HO-1); and
the activity of AMP-activated kinase (AMPK) were evaluated at 14 days after ESPS.
EA pretreatment improved hippocampal neurogenesis and ameliorated anxiety-like
behaviors in ESPS-treated rats. EA pretreatment also increased the expression of Nrf2
and HO-1 and the activity of AMPK. Furthermore, Nrf2 knockdown by a short hairpin
RNA affected anxiety-like behaviors and expression of neuroprotective markers (BDNF,
DCX) in a manner similar to ESPS alone and dampened the neuroprotective effects
of EA pretreatment. In contrast, Keap1 knockdown increased the expression of HO-1,
improved hippocampal neurogenesis, and alleviated PTSD-like behaviors. Altogether,
our results suggest that EA pretreatment ameliorates ESPS-induced anxiety-like
behaviors and prevents hippocampal neurogenesis disruption in a rat model of PTSD
possibly through regulation of the keap1/Nrf2 antioxidant defense pathway.

Keywords: electroacupuncture, pretreatment, post-traumatic stress disorder, hippocampus, keap1/Nrf2

INTRODUCTION

Post-traumatic stress disorder (PTSD) is a fear-based biopsychosocial disorder that is caused
by exposure to severely traumatic events, such as sexual violence, war, and life-threatening
accidents (Careaga et al., 2016). PTSD severely affects patients’ quality of life and social stability.
Epidemiological studies have revealed that more than half of the world’s population experiences
stressful events and that the lifetime and average prevalence of PTSD are 6.8% and 8%, respectively
(McLaughlin et al., 2015; Liu et al., 2017). Currently, PTSD is mainly treated with psychological
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intervention and drugs. However, none of these approaches
have proved to constitute a satisfying method to improve
the clinical symptoms of these patients (Sripada et al., 2016).
Thus, the development of novel treatment strategies is an
urgent need in PTSD.

It is well known that the hippocampus plays a crucial role
in memory processes and fear conditioning responses—highly
relevant phenomena to the pathogenesis of PTSD (Corcoran
and Maren, 2001; Kheirbek et al., 2013; Girardeau et al., 2017).
Physical or psychosocial stressors may induce morphological
changes in the hippocampus, including reduced neurogenesis
and loss of pyramidal neurons (Cohen et al., 2014). Patients
with PTSD have reduced hippocampal volumes (Filipovic et al.,
2011) and animal models of PTSD show suppressed hippocampal
cell proliferation, inhibited neurogenesis, and increased neuronal
apoptosis (Peng et al., 2013). It has been suggested that
brain oxidative damage may be the cause of hippocampal
structure and function impairments (Miller and Sadeh, 2014).
In the hippocampus of PTSD-like rats, total reactive oxygen
species (ROS), peroxynitrite and superoxide levels are elevated
(Wilson et al., 2013). Moreover, cranially irradiated superoxide
dismutase (SOD)-deficient mice exhibit decreased neurogenesis
in the hippocampus due to long-term ROS accumulation (Yuan
et al., 2015). Interestingly, preclinical studies have also shown
that antioxidants can improve hippocampal neurogenesis and
attenuate anxiety-like behaviors in animal models (Bouayed et al.,
2009; Moustafa, 2013). One may then hypothesize that inhibiting
oxidative damage may improve hippocampal function and be
beneficial for treating PTSD.

Nuclear factor erythroid 2-related factor 2 (Nrf2) and
its antioxidant signaling pathway are key regulators of
neuroprotection against oxidative stress (Mitsuishi et al.,
2012; Ahuja et al., 2016). The activation of Nrf2 confers
protective effects to many central nervous system diseases
(Gan and Johnson, 2014), and Nrf2 silencing in the brain
increases anxiety-like behaviors in rats (Khalifeh et al., 2015).
Under physiological conditions, Nrf2 binds to Kelch-like
ECH-associated protein 1 (keap1) in the cytoplasm. However,
upon exposure to ROS, Nrf2 disassociates from keap1 and then
translocates to the nucleus, where it activates the transcription
of several antioxidant enzymes genes, including SOD and
heme oxygenase 1 (HO-1) (Kubben et al., 2016; Cai et al.,
2017), which protect hippocampal neurons against oxidative
stress (Lee et al., 2015). A recent study has shown that
Nrf2 activation in lipopolysaccharide-treated mice or cells
is accompanied by an increase in the phosphorylation of
AMP-activated kinase (AMPK) and inhibition of AMPK blocked
aucubin-induced expression of Nrf2 and its downstream effector
HO-1 (Qiu et al., 2018). Taken together, inhibition of oxidative
damage via activation of the keap1/Nrf2 antioxidant defense
pathway may improve hippocampal function and be beneficial
for treating PTSD.

Electroacupuncture (EA) combines the advantages of
acupuncture and electrophysiological stimulation. Its beneficial
effects, including during the pretreatment phase, have been
demonstrated for several neuropsychiatric disorders. Although
the precise mechanisms remain to be fully elucidated, enhanced

neurogenesis and synaptic plasticity, and prevention of oxidative
damage and inflammation have been described following EA
pretreatment in previous studies (Feng et al., 2010; Chen et al.,
2012, 2016). It has been suggested that the keap1/Nrf2 pathway
may be involved in the protective effect of EA (Yu et al., 2014,
2015). Activation of both AMPK and HO-1 is required for EA
to exert its therapeutic effects (Yu et al., 2014, 2015). Thus, we
hypothesize that EA pretreatment is beneficial for the prevention
of PTSD and that the keap1/Nrf2 pathway might play a role in
this process. In this study, we sought to determine whether EA
pretreatment could ameliorate stress-associated behaviors in a
rat model of PTSD. We also aimed to examine whether changes
in the activity of keap1/Nrf2 and its downstream antioxidative
proteins in the hippocampus could be involved in the EA
pretreatment effects.

MATERIALS AND METHODS

Animals
Male Sprague–Dawley rats (280–320 g) were obtained from the
Animal Center of Fourth Military Medical University (FMMU).
Rats were group-housed (four per cage) and maintained at
20–25◦C on a 12-h light/dark daily cycle with free access to food
and water. The experiment procedures were in accordance with
the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and were approved by the Animal Use and
Protection Committee of the FMMU.

Experimental Design
Experiment I
To determine the effect of EA pretreatment on PTSD, after
7 days of acclimatization, 32 rats were randomly divided into
four groups (eight rats per group): control, EA, enhanced
single prolonged stress (ESPS), and EA + ESPS. Rats in the
control group were given false stimulation (EA treatment without
electricity) for seven consecutive days (30 min every day) and
then housed in their home cage for 2 weeks. Rats in the
EA and EA + ESPS groups were stimulated with EA at a
frequency of 2/15 Hz and an intensity of 1 mA for seven
consecutive days (30 min every day). Rats in the ESPS group
were given false stimulation (EA treatment without electricity)
for seven consecutive days and then subjected to ESPS. The
researchers performing the behavioral testing were blinded to the
animals’ group allocation. Then, hippocampal neurogenesis, the
expression of BDNF, DCX, Nrf2, and HO-1, as well as the activity
of AMPK were evaluated.

Experiment II
To investigate the role of the Nrf2 antioxidant signaling
pathway in the hippocampus in the neuroprotective effect of
EA pretreatment, 64 rats were randomly divided into eight
groups (eight rats per group): Scramble, Scramble + ESPS,
Scramble + EA + ESPS, shNrf2, shNrf2 + ESPS, shNrf2 + EA,
shNrf2 + EA + ESPS, and shkeap1 + ESPS. Rats in the
Scramble, Scramble+ ESPS, and Scramble+ EA+ ESPS groups
were injected with scramble short hairpin RNA (shRNA) (a
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lentivirus carrying scramble shRNA), while rats in the shNrf2,
shNrf2 + ESPS, shNrf2 + EA, shNrf2 + EA + ESPS, and
shkeap1 + ESPS groups were injected with Nrf2-shRNA or
keap1-shRNA lentivirus in the hippocampus. Two weeks after
the lentivirus injection, rats in the Scramble + EA + ESPS,
shNrf2 + EA and shNrf2 + EA + ESPS groups received EA
stimulation (2/15 Hz, 1 mA) for seven consecutive days (30 min
every day), while rats in the Scramble, Scramble+ ESPS, shNrf2,
shNrf2 + ESPS and shkeap1 + ESPS groups received false
stimulation as described in Experiment I, after which rats in the
Scramble + ESPS, Scramble + EA + ESPS, shNrf2 + ESPS,
shNrf2+ EA+ ESPS, and shkeap1+ ESPS groups were subjected
to ESPS. The behavioral tests were performed 2 weeks after
ESPS. Then, hippocampal neurogenesis and gene expression were
determined as in Experiment I.

EA Treatment
Electroacupuncture treatment was performed as described
previously (Feng et al., 2010; Wang et al., 2014). Briefly, rats
were maintained on a platform (10 cm × 10 cm × 50 cm)
without anesthesia and the acupoint “Bai hui” (GV20), which
is located at the intersection of the sagittal midline and the line
linking the rat ears, was stimulated for 30 min daily (frequency:
2/15 Hz, waveform: dilatational wave, intensity: 1 mA) by using
the G6805–2 EA instrument (No. 227033; Qingdao Xinsheng
Ltd.). False stimulation was performed at the same acupoint
without electricity.

Enhanced Single Prolonged Stress
(ESPS)
Enhanced single prolonged stress was performed in accordance
with our previous study (Wang H. N. et al., 2015). Rats were
restrained for 2 h and then immediately exposed to forced
swimming in water (diameter: 24 cm, height: 50 cm, water
temperature: 24◦C) for 20 min and then exposed to diethyl
ether until they lost consciousness after recuperation for 15 min.
Finally, rats were exposed to a single electric foot shock (1 mA for
4 s) after 30 min of recovering in a rectangular box with stainless
steel rods floors and aluminum and acrylic walls.

Behavioral Tests
All the behavioral tests began 14 days after ESPS exposure. Rats
were acclimatized to the separate experimental room for at least
30 min prior to each test, and all experiments were conducted
under low light conditions in order to minimize anxiety effects.
The area was cleaned with 75% ethanol between tests. Besides, the
open field test was conducted prior to the elevated plus maze test
on the same day, while the fear conditioning test was performed
24 h after the elevated plus maze test.

Open Field Test (OFT)
According to previous studies (Sullivan et al., 2003; Missault
et al., 2019), the OFT was used to assess anxiety-related
behavior and locomotor activity in an open field arena
(47 cm × 47 cm × 50 cm). Rats were gently placed in one of
the arena’s corners and recorded from the soundproof box, which

was illuminated by a red fluorescent light (30 W). After each trial,
the apparatus was cleansed with 75% ethanol. The time spent in
the center of the arena that could be used for the quantification of
rodent anxiety and exploratory drive was recorded for 10 min and
analyzed by using an automatic system (Top Scan, Clever Sys Inc.,
United States). Rats with high levels of innate anxiety typically
avoid the center arena and spend more time in close proximity
to the walls. The total distance moved in the open field was
also measured to analyze general locomotor activity according to
previous work (Yang et al., 2016).

Elevated Plus Maze Test (EPMT)
The EPMT has been well validated for detecting anxiety-like
behavior. The Plexiglas apparatus (Dig Behav, Ji Liang Co.,
Ltd., Shanghai, China) consisted of two opposite open arms
(50 cm × 10 cm) and two enclosed arms (50 cm × 10 cm,
surrounded by a 40 cm-high black wall) elevated 50 cm above
the floor. Rats were placed in the center area of the maze for
each individual trial lasting 5 min. The number of entries and
the time spent in the open arms were recorded and measured
by an automatic analyzing system (Top Scan, Clever Sys Inc.,
United States) and used as indices of anxiety (Kim et al., 2016).
The area was cleansed with 75% ethanol between tests.

Fear Conditioning Test
The experiments were performed in the shock chamber (Context
A: a rectangular box with stainless steel rod floors and aluminum
and acrylic walls) and a neutral test context (Context B: a
rectangular box with white acrylic floor and acrylic frame roof) as
described previously (Nie et al., 2014; Liu et al., 2016). For shock
application, rats were placed into the shock chamber (Context A)
for 16 s and then exposed to a tone (3 min, 80 dB, 9 kHz); then,
rats received a foot shock (4 s, 1.0 mA) and remained in the shock
chamber for 60 s, after which they were returned to their home
cages. The contextual fear conditioning test was performed 4 h
after shock application. Rats were placed in the same chamber
where they were trained (Context A) but without a tone or foot
shock application for 3 min, and then they were immediately
returned to their home cages. The auditory-cued fear test was
performed 24 h later; rats were placed in the chamber (Context
B) for 3 min, and received a neutral tone (3 min, 80 dB, 9 kHz).
Then, rats remained in the test chamber (Context B) for another
60 s. The freezing behavior was recorded and analyzed by using a
computerized automatic analyzing system (Freezing Scan, Clever
Sys Inc., Reston, VA, United States).

RNA Isolation and Quantitative
Real-Time PCR (qRT-PCR) Analysis
Rat brains were rapidly dissected on ice after sacrificed and the
hippocampus were isolated and placed on dry ice immediately.
Then, total RNA was isolated by using the RNAiso Plus kit
according to the manufacturer’s protocol (Takara Bio, Inc.,
Otsu, Japan). The quality and quantity of RNA were analyzed
by spectrophotometry using the Multiskan Sky Microplate
Spectrophotometer (Thermo Fisher Scientific, Inc.). The optical
density at 260/280 nm of RNA in all samples ranged from 1.8 to
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2.0 and the concentration ranged from 400 to 1,000 ng/µl. For
real-time PCR analysis, 1,000 ng of RNA from each sample was
reverse transcribed (37◦C for 15 min, 85◦C for 5 s, and 4◦C for
10 min) by using the Prime-Script RT Reagent Kit (Takara Bio,
Inc., Otsu, Japan). The cDNA was quantified by using real-time
PCR with SYBR Premix Ex TaqTM II (RR820Q, Takara) according
to the manufacturer’s protocol on a Bio-Rad IQ5 Real-Time
PCR Detection System. The primers used for real-time PCR
were designed and synthesized by Takara Biotechnology Co.,
Ltd. (Dalian, China) according to the target mRNA sequence
(GAPDH: NM_017008.4; Nrf2: NM_031789.2; and keap1:
NM_057152.2). The primer sequences were as follows: GAPDH,
forward and reverse: 5′-CCAATGTGTCCGTCGTGGATCT-3′
and 5′-GTTGAAGTCGCAGGAGACAACC-3′, respectively;
Nrf2: forward and reverse, 5′-TTGGCAGAGACATTCCCA
TTTGTA-3′ and 5′-GAGCTATCGAGTGACTGAGCCTGA-3′,
respectively; and keap1: forward and reverse, 5′-
CATCGGCATCGCCAACTTC-3′ and 5′-GCTGGCAGT
GTGACAGGTTGA-3′, respectively. Each reaction consisted of
2 µl of cDNA product from the diluted reverse transcription
reaction (5×), 0.5 µM of primers (forward and reverse), and 12.0
µl of SYBR Green real-time PCR master mix. The reactions were
incubated in a 96-well plate and the two-step qRT-PCR program
used was as follows: 1 cycle of 95◦C for 30 s, followed by 40 cycles
of 95◦C for 5 s, 60◦C for 30 s, and 1 cycle of 95◦C for 15 s, and
then maintained at 4◦C. Subsequently, the relative changes in
gene expression of Nrf2 and keap1 were normalized to the level
of GAPDH mRNA of each sample (Jo et al., 2014; Chen et al.,
2019) and analyzed by 2−11Cq method and shown relative to
expression in control samples (Livak and Schmittgen, 2001).

Lentivirus
A recombinant lentivirus coding for green fluorescent protein
(GFP) carrying Nrf2-shRNA, keap1-shRNA or non-silencing
RNA were purchased from Shanghai Genechem Co., Ltd.
(Shanghai, China). Based on rat Nrf2 and keap1 mRNA
sequences (accession number: NM_031789; NM_057152), three
shRNA targeting different regions of Nrf2 mRNA (shNrf2-a,
shNrf2-b, shNrf2-c), keap1 mRNA (shkeap1-a, shkeap1-b,
shkeap1-c) and a scrambled non-silencing control shRNA
(scramble) were generated. The targeting sequences were as
follows: shNrf2-a, 5′-CTGGATGAAGAGACCGGAGAA-3’;
shNrf2-b, 5′-GAGAAAGAATTGCCTGTAATT-3′; shNrf2-c,
5′-CCAAAGAGCAGTTCAATGATT-3′; shkeap1-a, 5′-GGA
CAAACCGCCTTAATTCTT-3′; shkeap1-b, 5′-CAGCAGAACT
GUACCTGTTTT-3′; shkeap1-1c, 5′-GGGCGTGGCTGTCCT
CAATTT-3′; and scramble, 5′-TTCTCCGAACGTGTCACGT-3′.

Primary Culture of Astrocytes and
Transfection
As described previously (Zhou et al., 2017), astrocytes were
harvested from the brains of newborn rats. Briefly, the
hippocampus of newborn rats was isolated and single-cell
suspensions were obtained. Then, the cells were resuspended in
Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal
bovine serum (FBS) and plated in 75-cm2 flasks coated with

poly-L-lysine and incubated at 37◦C with 5% CO2 for 10 days.
After shaking at a speed of 240 rpm, astrocyte-enriched cultures
were obtained. To screen and validate the efficiency of the
produced lentivirus in targeting the Nrf2 and keap1 mRNAs,
astrocytes were infected with the lentiviral particles according to
the previous study (Li et al., 2012). Three days after transfection,
the transfected astrocytes were harvested for real-time PCR and
immunohistochemistry analysis.

To verify the identity of the astrocytes and the lentivirus
infection, astrocytes were fixed in 4% paraformaldehyde at 4◦C
for 0.5 h. After washes in phosphate-buffered solution (PBS), the
astrocytes were incubated with mouse anti-glial fibrillary acidic
protein (GFAP, ab7260, 1:1,000, Abcam) diluted in buffer (1%
w/v bovine serum albumin and 0.3% Triton in PBS), overnight
at 4◦C. The cells were washed and incubated with fluorescent
secondary antibodies (Alexa Fluor 594 donkey anti-rabbit IgG,
R37119, 1:1,000, Invitrogen) for 2 h and then incubated with
DAPI for 20 min to stain the cellular nuclei. The preparations
were analyzed under a laser-scanning confocal microscope
(FV-1000, Olympus, Tokyo, Japan) and the silencing efficiency of
shNrf2 and shkeap1 was assessed by real-time PCR. Ultimately,
the shNrf2-a and shkeap1-c constructs were selected for the
following in vivo experiments.

Stereotaxic Surgery and Microinjections
As described previously (Uzakov et al., 2015), the concentrated
titer-matched lentiviral suspension (5 µl, 2.5 µl for each side) was
injected into the dentate gyrus (DG) (AP −3.0 mm; L ±1.8 mm;
H 3.6 mm from dura) by an automatic nanoinjector at a rate of
0.25 µl/min. Then the syringe needle was left in position for 5 min
after delivery to prevent reflux.

Immunohistochemistry and
Bromodeoxyuridine (BrdU) Detection
As described previously (Peng et al., 2018), rats were injected with
100 mg/kg BrdU (B5002, Sigma-Aldrich) for three consecutive
days intraperitoneally. Twenty-four hours after the last BrdU
injection, rats were anesthetized (chloral hydrate solution, i.p.
40 mg/kg) and then perfused with 4% paraformaldehyde in PBS.
Brains were removed and transferred to 30% sucrose in PBS for
1 week to dehydrate and then sectioned (16-µm brain coronal
sections) with a cryostat and mounted on gelatinized slides.

To assess cell proliferation, the brain sections were incubated
in hydrochloric acid (2 N) at 37◦C for 30 min and washed
in 0.1 M sodium borate (pH 8.5) and PBS. Then, the sections
were incubated with the primary antibody: anti-NeuN (ab177487,
1:500, Abcam) and anti-BrdU (B8434, 1:500, Sigma-Aldrich)
at 4◦C overnight. Next, they were incubated with secondary
antibodies: Alexa Fluor 594 donkey anti-mouse (R37115, 1:1,000,
Invitrogen) and Alexa Fluor 488 donkey anti-rabbit IgG
(A-21206, 1:1,000, Invitrogen) or Alexa Fluor 405 goat anti-rabbit
IgG (A-31556, 1:1,000, Invitrogen). The sections were observed
under a fluorescence microscope and the BrdU-labeled cells
were quantified.

For the immunofluorescence detection of DCX and
cell-specific analysis of Nrf2, brain sections were incubated
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with primary antibody DCX (D9943, 1:1000, Sigma-Aldrich)
and NeuN (ab177487, 1:500, Abcam), Nrf2 (AB413, 1:100,
Sigma-Aldrich) and NeuN (MAB377B, 1:200, Sigma-Aldrich)
or Nrf2 and GFAP (ab10062, 1:500, Abcam) overnight at 4◦C
after blocking with 5% (w/v) bovine serum albumin for 1 h.
Subsequently, sections were incubated with Alexa Fluor 405
goat anti-rabbit IgG (A-31556, 1:1,000, Invitrogen) and Alexa
Fluor 488 donkey anti-rabbit IgG (A-21206, 1:1,000, Invitrogen)
or Alexa Fluor 594 donkey anti-rabbit IgG (R37115, 1:1,000,
Invitrogen) for 2 h with or without DAPI at room temperature.
The images were captured by the Olympus FV1200 confocal
laser-scanning microscope (Olympus, Japan) and processed
for further quantification. The percentage of double labeling of
NeuN/Nrf2 and GFAP/Nrf2 was quantified by using Image-pro
Plus 6.0 analysis software.

According to previous unbiased stereology protocol (Hill et al.,
2018), every sixth section throughout the entire rostral caudal
extent of the hippocampus was used to determine the number of
BrdU-labeled cells or DCX+ in the DG. The number of BrdU+
or DCX+ cells was counted under a fluorescence microscope
(Olympus, Japan) in the area of the subgranular zone (SGZ). The
total number of positive cells in the SGZ of the hippocampal
DG was estimated by multiplying the number of cells counted
in every sixth section by six. For each marker, four animals were
analyzed. All counts were performed by an experimenter blinded
to the purpose of the study.

Western Blot Analysis
Rat brains were rapidly dissected on ice after sacrificed
and the hippocampus were isolated and washed with ice
PBS. Then tissues were cut into pieces and weighed and
lysed in a buffer composed of 62.5 mM Tris-HCl, 2% w/v
sodium dodecyl sulfate, 10% glycerol, 50 mM dithiothreitol,
and 0.1% w/v bromophenol blue. The protein concentrations
of the supernatant were determined by the BCA Protein
Assay Kit (Invitrogen). Then, samples were separated by 10%
polyacrylamide gel (40 µg of total protein per lane) and
transferred onto polyvinylidene difluoride membranes. The
membranes were blocked with 5% non-fat dried milk and
incubated with anti-Nrf2 (ab137550, 1:1000, Abcam), HO-1
(ab13248, 1:2000, Abcam), DCX (D9943, 1:1000, Sigma-Aldrich),
AMPKα (2603, 1:1000, Cell Signaling), p-AMPKα (2535, 1:
1000, cell signaling), BDNF (ab205067, 1:1000, Abcam), keap1
(ab139729, 1:1000, Abcam), and β-actin antibodies (ab8227,
1:5000, Abcam) overnight at 4◦C. The membranes were then
washed and incubated with secondary antibodies for 1 h at
room temperature. Immunoreactive bands were detected using
the Super Signal West Pico Chemiluminescent Substrate (34077;
Thermo Fisher Scientific, Inc.) and visualized on X-ray films.
Quantifications were performed by using densitometric analysis
implemented in the Bio-Rad QuantityOne1-D Analysis Software.

Statistical Analyses
Data are presented as mean ± standard deviation and statistical
analyses were performed by using SPSS 19.0 software (SPSS Inc.,
Chicago, IL, United States). Experimental data were subjected to
Levene’s test and the Kolmogorov–Smirnov test for equality of

variances and normal distribution, and then subjected to two- or
one-way analysis of variance (ANOVA) with Tukey’s post hoc
test was performed to compare means of different groups and
P < 0.05 was defined as the threshold for statistically significance.

RESULTS

EA Pretreatment Ameliorates
Anxiety-Like and Fear Learning
Behaviors in ESPS-Treated Rats
First, we determined the effect of EA pretreatment on PTSD
(Figure 1A). Two-way ANOVA revealed that ESPS and EA
treatment did not induce any motor impairment in rats because
there were no differences in the total distance traveled in the
OFT in both stress (control vs. ESPS, F = 0.486, P = 0.489)
and EA treatment (control EA vs. EA, F = 0.275, P = 0.603)
factors (Figures 1B,D). There were significant differences in
the time spent in the center in the OFT for the stress factor
(F = 13.606, P < 0.01, Figure 1E), as well as in the number of
entries in the open arms (F = 8.532, P < 0.01) and the time
spent in the open arms (F = 10.653, P < 0.01) in the EPMT
(Figures 1C,F,G). However, there were no significant differences
for the EA treatment factor neither in the time spent in the center
in the OFT (F = 1.009, P = 0.321) nor as in the number of
entries in the open arms (F = 1.298, P = 0.261) and the time
spent in the open arms (F = 1.058, P = 0.310) in the EPMT. In
addition, there were significant differences for the stress factor
in the freezing times both during the contextual fear (F = 5.816,
P < 0.05, Figure 1H) and the cued fear conditioning (F = 10.686,
P < 0.05, Figure 1I) tests. Furthermore, there were also
significant differences for the EA treatment factor in the freezing
times during the contextual fear test (F = 4.474, P < 0.05). Post
hoc comparisons further showed that ESPS markedly reduced
the time spent in the center in the OFT as well as the number
of entries into the open arms and the time spent in the open
arms in the EPMT (ESPS vs. control, P < 0.05). Further, EA
pretreatment increased values of these parameters (EA + ESPS
vs. ESPS, P < 0.05). Additionally, rats in the ESPS group showed
a significant increase of freezing time in both contextual fear
and cued fear conditioning tests when compared to the control
group (P < 0.05). EA pretreatment significantly decreased
freezing times and enhanced fear learning in ESPS-treated rats
(EA + ESPS vs. ESPS, P < 0.05, Figures 1H,I). These results
suggest that EA pretreatment could ameliorate anxiety-like
behaviors and fear learning in ESPS-treated rats.

EA Pretreatment Increased
Neurogenesis and BDNF Expression in
the Hippocampus of ESPS-Treated Rats
As shown in Figure 2, there were significant differences for
the stress factor in the number of BrdU-positive (BrdU+)
(F = 15.455, P < 0.01, Figures 2A,B) and DCX-positive (DCX+)
(F = 78.030, P < 0.01, Figure 2C) cells in the DG of the
hippocampus. There were also significant differences for the
EA treatment factor in the number of BrdU+ cells (F = 5.181,
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FIGURE 1 | Electroacupuncture pretreatment ameliorates anxiety-like and fear learning behavior in ESPS-treated rats. (A) Timeline of the EA pretreatment, ESPS
exposure, and behavioral testing in Experiment I. All animals were subjected to 1 week of adaptation, and then EA (EA at 1 mA in intensity and 2/15 Hz in frequency
or EA without current) was administered once a day from days 7 through 13. ESPS treatment was performed on day 14. BrdU was administered once a day from
days 27 through 29 by intraperitoneal injection and behavioral alterations were measured from days 28 through 30 before rats were sacrificed. (B) Real-time
movement traces in the open field. (C) Elevated plus maze movement traces. (D) Quantification of the total distance traveled in the open field box. (E) The time
spent in center of the open filed box. (F) Numbers of entries in the open arms of the elevated plus maze test. (G) The time spent in the open arms of the elevated
plus maze test. (H) Freezing time of the contextual fear response. (I) Freezing time of the cued fear response. ∗P < 0.05, #P < 0.05 vs. ESPS.
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P < 0.05, Figure 2B) but not DCX+ cells (F = 1.256, P = 0.274,
Figure 2C) in the DG. Meanwhile, there were significant
differences of BDNF and DCX expression (Figures 2D,E) for
both the stress (FBDNF = 44.189, P < 0.01; FDCX = 39.830,
P < 0.01) and EA treatment (FBDNF = 10.566, P < 0.01;
FDCX = 7.902, P < 0.05) factors. Post hoc comparisons further

showed that ESPS decreased the number of BrdU+ and DCX+
cells in the hippocampus (ESPS vs. control, P < 0.01), and
EA pretreatment prevented this damage induced by ESPS
(EA + ESPS vs. ESPS, P < 0.05). In addition, ESPS stimulation
markedly decreased the expression of DCX and BDNF (ESPS
vs. control, P < 0.01), while EA pretreatment effectively

FIGURE 2 | Electroacupuncture pretreatment improved hippocampal neurogenesis and the expression of BDNF, DCX, and Nrf2 and their related genes in
ESPS-treated rats. (A) Microphotographs and (B,C) histograms of BrdU-positive proliferating cells and of the DCX-positive immature neurons in the dentate gyrus.
(D–H) Representative immunoblots and densitometry analysis of (D) DCX, (E) BDNF, (F) p-AMPK, (G) Nrf2, and (H) HO-1 expression in the total hippocampus of
control, EA, ESPS, and EA + ESPS groups. ∗P < 0.05, #P < 0.05 vs. ESPS, ##P < 0.01 vs. ESPS. Bar: 100 µm.
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reversed these changes (EA + ESPS vs. ESPS, P < 0.05).
These results suggest that EA pretreatment is effective in
preventing impairments of the hippocampal neurogenesis in
ESPS-treated rats.

EA Pretreatment Influences the
Expression of Nrf2 and HO-1 and the
Activity of AMPK in the Hippocampus of
ESPS-Treated Rats
There were significant differences for the stress factor in the
expression of Nrf2 (F = 13.443, P < 0.01, Figure 2G) and HO-1
(F = 10.367, P < 0.01, Figure 2H) and the activity of AMPK
(F = 5.883, P < 0.05, Figure 2F). There were also significant
differences for the EA treatment factor in the expression of Nrf2
(F = 7.487, P < 0.05) and HO-1 (F = 5.766, P < 0.05). However,
there was no significant difference for the EA treatment factor in
the activity of AMPK (F = 3.054, P = 0.094). Meanwhile, there
were significant differences for the stress factor in the percentage
of the NeuN+Nrf2+ (F = 41.861, P < 0.05, Figures 3A,B) and
GFAP+Nrf2+ (F = 18.449, P < 0.05, Figures 3A,C) cells in
DG. Post hoc comparisons further showed that ESPS decreased
the activity of AMPK and the expression of Nrf2 and HO-1
(ESPS vs. control, P < 0.05), as well as the double labeling
of NeuN and Nrf2 or GFAP and Nrf2, which were prevented
by EA pretreatment (EA + ESPS vs. ESPS, P < 0.05). These
results indicate that the neuroprotective effect of EA pretreatment
in ESPS-treated rats could be mediated by the activation of
AMPK/Nrf2 antioxidant pathway.

Nrf2 Knockdown in the Adult
Hippocampus Blocks the Protective
Effects of EA Pretreatment on
ESPS-Treated Rats
In order to establish the contribution of Nrf2 on the effects
of EA pretreatment (Figure 4A), we knocked down Nrf2 or
Keap1 in the DG by bilateral injections of LV-GFP shRNA
(shNrf2 or scramble) (Supplementary Figure S1). No significant
differences in the total distance traveled in the open-field arena
were observed (F7,56 = 0.210, P = 0.982, Figures 4B,D). However,
there were significant differences in the time spent in the central
area of the OFT (F7,56 = 4.937, P < 0.01, Figure 4E), the entry
numbers (F7,56 = 4.938, P < 0.01, Figures 4C,F) and the time
spent (F7,56 = 4.041, P < 0.01, Figure 4G) in the open arms of
the EPMT, as well as the freezing time in the fear conditioning
test (contextual freezing time: F7,56 = 2.831, P < 0.05, Figure 4H;
cued freezing time F7,56 = 4.195, P < 0.01, Figure 4I). EA
pretreatment successfully reversed all the changes associated to
ESPS exposure (Scramble + EA + ESPS vs. Scramble + ESPS,
P < 0.05). However, the protective effect of EA pretreatment
was dampened by Nrf2 knockdown (shNrf2 + EA + ESPS vs.
Scramble + EA + ESPS, P < 0.05). Moreover, downregulation
of keap1 itself also ameliorated the deficits observed in behavior
and in the hippocampal neurogenesis of ESPS-treated rats
(shkeap1 + ESPS vs. Scramble + ESPS, P < 0.05). These results

indicate that the keap1/Nrf2 antioxidant pathway may play a role
in the anti-anxiety effects of EA pretreatment.

The Neuroprotective Effect of EA
Pretreatment Is Inhibited by
Downregulation of Nrf2
shNrf2 treatment effectively downregulated Nrf2 (F7,24 =
7.425, P < 0.01, Figure 5D) and HO-1 expression (F7,24 = 6.559,
P < 0.01, Figure 5E), decreased AMPK (F7,24 = 12.33,
P < 0.01, Figure 5C) activity, and dampened the effects of the
EA pretreatment on the expression of BDNF (F7,24 = 16.85,
P < 0.01, Figure 5A) and DCX (F7,24 = 7.484, P < 0.01,
Figure 5B) in PTSD rats. In addition, shkeap1 significantly
decreased keap1 protein level (Figure 5F) but increased BDNF
and DCX expression in ESPS-treated rats, when compared to the
Scramble+ ESPS group (P < 0.05).

We also examined adult DG neurogenesis after lentiviral
treatment. Significant differences in the number of BrdU+
(F7,24 = 8.057, P < 0.01, Figures 5G,H) and DCX+
(F7,24 = 6.339, P < 0.01, Figures 5G,I) cells were observed.
EA pretreatment increased the number of BrdU+ and
DCX+ cells (Scramble + EA + ESPS vs. Scramble + ESPS,
P < 0.01). This effect was inhibited by Nrf2 downregulation
(shNrf2 + EA + ESPS vs. Scramble + EA + ESPS, P < 0.05).
Moreover, there were more BrdU+ and DCX+ cells in
the shkeap1 + ESPS group than in the Scramble + ESPS
group (P < 0.01).

DISCUSSION

In the present study, we provide first evidence that EA
pretreatment can ameliorate the behavioral deficits and
the impairments of hippocampus neurogenesis observed in
ESPS-treated rats. EA pretreatment increased the expression
of Nrf2, HO-1, and BDNF as well as the phosphorylation
level of AMPK in the hippocampus of ESPS-treated rats.
However, knockdown of Nrf2 in the hippocampus before
the EA pretreatment dampened the therapeutic effects
of the EA pretreatment, while keap1 knockdown in the
hippocampus displayed similar neuro-protective effects to
those observed for the EA pretreatment. We suggest that EA
pretreatment may represent an effective preventive strategy
for PTSD and its beneficial effects may involve the keap1/Nrf2
antioxidant pathway.

Acupuncture is a traditional Chinese medicine technique
typically included in the field of complementary and alternative
medicine (Langevin et al., 2011). It is widely used for managing
chronic pain (Zhao et al., 2017; Hershman et al., 2018) and
more recently has been suggested as a treatment for PTSD
(Grant et al., 2018). The general sympatho-inhibitory effects of
acupuncture depend on needle location and acupuncture type.
Although research has not been as exhaustive as in manual
acupuncture, EA has also been used in the treatment of several
disorders as an improvement of traditional acupuncture. EA
(particularly at low frequency) has been shown to produce more
widespread effects in the brain than manual acupuncture, as
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FIGURE 3 | Electroacupuncture pretreatment improved hippocampal Nrf2 expression in both neurons and astrocytes in DG of ESPS-treated rats.
(A) Microphotographs and (B,C) histograms of the percentage of NeuN/Nrf2 and GFAP/Nrf2 double labeling cells in the DG. ∗P < 0.05, #P < 0.05 vs. ESPS.
Bar: 100 µmm.

assessed by functional magnetic resonance imaging (Napadow
et al., 2005). Studies have found that EA influences the activity
of the autonomic nervous system, as well as of prefrontal and
limbic brain structures, including the amygdala, hippocampus,
and the hypothalamus. EA has also been described to influence
hypothalamic–pituitary–adrenal axis (HPA) function and plasma
cortisol levels (Song et al., 2012; Mucuk et al., 2013; Le et al.,
2016), which are involved in the pathophysiology of PTSD.
In general, most of the preclinical and clinical studies on
EA have focused on its role as a therapeutic agent. However,
an ideal therapeutic scenario would involve prevention of
symptoms even before its appearance. It is found that EA
pretreatment (2/15 Hz) applied at the GV20 (“Bai hui”)
conferred neuroprotection against cerebral ischemia (Wang et al.,
2012; Zhao et al., 2015), and EA pretreatment with the same
frequencies applied at Fengfu and Fengchi (GB20) provided

neuroprotective effects during craniocerebral tumor resection
(Lu et al., 2010). Meanwhile, 2/15 Hz EA pretreatment also
reduced glutamate toxicity and exerted antiapoptotic effects
on experimental stroke rats (Zhou et al., 2013; Zhu et al.,
2013). More importantly, Wang et al. (2009) showed that EA
pretreatment applied at the GV20 with 2/15 Hz conferred
neuroprotection against cerebral ischemia by stimulating the
production of 2-AG and AEA in the brain and activating
CB1R. Consistent with the above implications, the present
study indicates that EA pretreatment applied at the GV20 with
2/15 Hz for seven continuous days before rats are exposed to
ESPS ameliorate PTSD-like behavior, including the increases in
anxiety and the alterations in fear learning typically observed
in these animals. Altogether, our data support the notion
that EA pretreatment may be an effective therapy for the
prevention of PTSD.
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FIGURE 4 | Nrf2 knockdown in the adult hippocampus inhibits the protective effects of electroacupuncture pretreatment on behavior of ESPS-treated rats.
(A) Timeline of the stereotactic injection, EA pretreatment, ESPS administration and behavioral testing in Experiment II. Lentivirus with shRNA (Scramble or shNrf2 or
shkeap1) were stereotaxically injected into the bilateral hippocampal dentate gyrus on day 7, EA was administered once a day from day 21 to 27. ESPS treatment
was performed at day 28. BrdU was administered once a day from day 40 to 42 and behavioral alterations were measured from day 41 to 43 before rats were
sacrificed. (B) Real-time movement traces in the open field. (C) Real-time movement traces in the Elevated plus maze. (D) Quantification of the total distance
traveled in the open field test. (E) The time spent in center of the open filed box. (F) Numbers of entries in the open arms of the elevated plus maze test. (G) The time
spent in the open arms of the elevated plus maze test. (H) Freezing times in the contextual fear. (I) Freezing times in the cued fear conditioning tests. ∗P < 0.05 vs.
Scramble, ∗∗P < 0.01 vs. Scramble, #P < 0.05 vs. Scramble + ESPS, &P < 0.05 vs. Scramble + EA + ESPS.

Frontiers in Cellular Neuroscience | www.frontiersin.org 10 June 2019 | Volume 13 | Article 275

https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-13-00275 June 21, 2019 Time: 16:12 # 11

Zhou et al. EA Pretreatment Ameliorates PTSD

FIGURE 5 | Knockdown of Nrf2 with shRNA lentivirus in the hippocampus dampened the neuroprotective effect of EA pretreatment on ESPS-treated rats. (A–F)
Representative immunoblots and densitometry analysis of (A) BDNF, (B) DCX, (C) p-AMPK, (D) Nrf2, (E) HO-1, and (F) keap1 in the total hippocampus of Scramble,
Scramble + ESPS, Scramble + EA + ESPS, shNrf2, shNrf2 + EA + ESPS, and shkeap1 + ESPS treated groups. (G) Microphotographs and (H,I) histograms of the
BrdU-positive proliferation cells and of the DCX-positive immature neurons in the dentate gyrus. ∗P < 0.05 vs. Scramble; ∗∗P < 0.01 vs. Scramble; #P < 0.05 vs.
Scramble + ESPS; ##P < 0.01 vs. Scramble + ESPS; &P < 0.05 vs. Scramble + EA + ESPS; &&P < 0.01 vs. Scramble + EA + ESPS. Bar: 100 µm.
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It is well known that hippocampal neurogenesis is involved
in anxiety. Factors impairing hippocampal neurogenesis may
induce disruption of mood and anxiety (Hill et al., 2015; Miller
and Hen, 2015). In addition, hippocampal neurogenesis seems
to be involved in anti-anxiety drug effects and promotion
of hippocampal neurogenesis have been shown to hold the
potential to alleviate anxiety and mood disorders (Jin et al.,
2016; Mohammad et al., 2017). Recent anatomical and functional
evidence indicates a dissociation of the dorsal and ventral regions
of the hippocampus. It was found that the dorsal hippocampus is
critical for learning and memory performance, while the ventral
hippocampus is involved in anxiety and behavioral inhibition
(Bannerman et al., 2014; Kempadoo et al., 2016; Floriou-Servou
et al., 2018). In line with this, a growing body of evidences
also supports a role for adult hippocampal neurogenesis in both
the cognitive functions that are thought to be mediated by the
dorsal hippocampus and emotional regulation that has been
attributed to the ventral hippocampus (Wu and Hen, 2014;
Zhang et al., 2018). Thus, neurogenesis in both the dorsal and
ventral DG might be involved in the pathogenesis of PTSD.
However, it should also be recognized that dorsal and ventral
DG are not completely isolated from each other. Instead, they
can interact via several routes (Fanselow and Dong, 2010).
Meanwhile, it has been shown that hippocampal neurogenesis
can be modulated indirectly by altering the in vivo hippocampal
microenvironment (Monje et al., 2003; Seki, 2003). In our present
study, although viral shRNA interference was delivered to dorsal
DG, the decreased expression of Nrf2 or Keap1 was observed in
the whole hippocampus (Supplementary Figure S1). The effects
of viral shRNA interference that was delivered to other regions of
the hippocampus were still needs further investigations.

Since Nrf2 is involved in the regulation of hippocampal
neurogenesis and in the neuroprotective effects of EA (Wang
X. R. et al., 2015; Robledinos-Anton et al., 2017), we further
measured the activity of AMPK and expression of Nrf2 and
HO-1 in the hippocampus. We also observed the involvement of
Nrf2 or Keap1 in the neuroprotective effects of EA pretreatment
by shRNA knockdown experiments. We showed that EA
pretreatment promoted neurogenesis, as suggested by an increase
in the number of BrdU+ cells and DCX+ immature neurons, and
increased Nrf2/HO-1 and AMPK activity in the hippocampus of
ESPS-treated rats. Downregulation of Nrf2 not only dampened
the effects of EA pretreatment on PTSD-like behaviors but also
reduced EA-induced increased neurogenesis in the hippocampus,
indicating that the neuroprotective effects of EA pretreatment
on PTSD rats may involve the Nrf2/HO-1 pathway. Previous
studies have shown that the antioxidant effects of Nrf2 are
exerted by disassociation from keap1, and treatment with a
keap1 inhibitor exhibits protection in several diseases of the
central nervous system (Quinti et al., 2017). In line with
these results, we found that keap1 knockdown increased the
expression of HO-1, improved hippocampal neurogenesis, and
alleviated PTSD-like behaviors of ESPS-treated rats, replicating
the therapeutic effects of EA. On the other hand, we found that
Nrf2 knockdown alone induces effects that are similar to those
of ESPS alone. Thus, it is a possible scenario that keap1/Nrf2
and its downstream antioxidative cascade elements play a role

in the anti-PTSD effects of EA pretreatment. In addition, “Bai
hui” is located on the skin incision line and the incision might
interfere with the following EA treatment even after 2 weeks
of recovery. Although the results in Experiment II indicated
that ESPS induced a significant PTSD-like behavior in rats that
received virus injection (Scramble vs. Scramble+ ESPS), and this
PTSD-like behavior was ameliorated by EA (Scramble + ESPS
vs. Scramble + EA + ESPS), the interference of skin incision on
the effects of EA pretreatment is still unrevealed. A comparison
between EA + ESPS and Scramble + EA + ESPS is required
in the future. In addition, Nrf2 is ubiquitously expressed in
the central nervous system. Indeed, astrocytic-derived extrinsic
support is known to play an important role in protecting neurons
against oxidative stress (Shih et al., 2003). Previous studies further
found that Nrf2-mediated glutathione biosynthesis and release
from astrocytes protects neurons from oxidative stress, and
Nrf2 overexpression specifically in astrocytes confers non-cell
autonomous protection to surrounding neurons and leads to
neuroprotection in in vivo models (Vargas et al., 2008; Chen et al.,
2009). Recent work also indicated that developmental epigenetic
Nrf2 repression weakens neuronal antioxidant defenses but is
necessary to create an environment that supports neuronal
development (Bell et al., 2015), and astrocytic Nrf2 signaling
could be regulated by neuronal activity (Habas et al., 2013).
Thus, based on the available literature, the regulation both on the
expression of Nrf2 either in neurons or glial cells is meaningful.
The present study found that Nrf2 was widely expressed in the
nuclei of neurons and astrocytes, and ESPS induced a significant
reduction in the double labeling of NeuN and Nrf2 or GFAP and
Nrf2, which was ameliorated by EA pretreatment. The precise
cellular mechanism still calls for further investigation.

In addition to reduced hippocampal neurogenesis, a growing
body of evidence has been indicating that disruption of the brain
derived neurotrophic factor (BDNF) may be also involved in
the pathophysiology of PTSD (Cohen et al., 2018; Hou et al.,
2018). Interestingly, recent studies have also reported that BDNF
is involved in the biological effects of EA (Lin et al., 2017; Pak
et al., 2018). The interplay between Nrf2 and BDNF has also
been investigated. A previous study indicated that BDNF protein
levels are decreased in the Nrf2 knockout mice (Martin-de-
Saavedra et al., 2013). However, another study reported that Nrf2
activation was regulated by the TrkB-BDNF pathway (Bouvier
et al., 2017) and the Nrf2 antioxidant axis was upregulated
by BDNF overexpression in a rat model of traumatic brain
injury (Chen et al., 2017; Ishii et al., 2018). In line with these
observations, we found that EA pretreatment normalized BDNF
expression in the hippocampus of ESPS rats, and this effect
was blocked by Nrf2 shRNA knockdown. In addition, basal
hippocampal expression of BDNF was also decreased in rats
injected with Nrf2 shRNA, while down-regulation of keap1
up-regulated the expression of BDNF in the hippocampus of
PTSD-like rats. Based on these data, we suggest that regulation
of BDNF may also be involved in the anti-PTSD effects of
EA pretreatment and that Nrf2 may be an upstream regulator
of BDNF. However, we do not provide evidence clarifying the
potential mechanism by which Nrf2 activation may regulate
BDNF expression.
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In summary, our results show that EA pretreatment
has neuroprotective effects against ESPS-induced anxiety-like
behaviors and hippocampal neurogenesis defects in rats. We also
found that the neuroprotective effect of EA pretreatment was
associated with an upregulation of the molecular mechanism
associated with protection against oxidative damage and of
BDNF expression. This effect of EA may involve the activation
of the keap1/Nrf2/HO-1 pathway. Additionally, we found that
Nrf2 is an upstream regulator of BDNF during EA-induced
neuroprotection. Altogether, our findings provide new insights
regarding the possibility of using EA in the prevention of PTSD
and the mechanisms by which this protective effect may occur.
However, the effects of different parameters of EA treatment
on the activation of Nrf2 antioxidant pathway as well as the
direct influence of Nrf2 knockout on PTSD-like behaviors remain
unclear. Further studies are required to explore the detailed
signaling cascades and cellular mechanisms involved in the
regulation of keap1/Nrf2 after EA treatment.
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FIGURE S1 | Lentivirus screening and microinjections. The silencing efficiency of
different lentiviruses carrying different shRNA sequences were tested in astrocyte
cultures by real-time PCR analysis. (A) Representative microphotographs of GFAP
staining (red), DAPI staining (blue), and lentivirus infection (green) in astrocytes.
(B,C) Histograms showing the effect of different shRNA sequences on the levels
of Nrf2 and keap1 mRNAs. (D) Microphotographs of the NeuN (blue) and lentivirus
infection (green) signals in the dentate gyrus. (E) Illustration of the bilateral injection
of the lentivirus in the dentate gyrus of rats. (F,G) Histograms showing the change
of Nrf2 and keap1 mRNAs in the hippocampus of rats after lentivirus infection.
(H,I) Representative immunoblots and densitometry analysis the change of Nrf2
and keap1 protein level in the hippocampus of rats after lentivirus infection.
∗P < 0.05 vs. Scramble; ∗∗P < 0.01 vs. Scramble. Bar: 100 m.
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