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	 Background:	 Major depressive disorder (MDD) is the leading cause of disability around the world. It is generally agreed that 
the central cholinergic system plays an important role in emotional regulation. Acetylcholine (ACh) is now a 
new target for antidepressants. Therefore, the aim of this study was to evaluate the effect of acupuncture on 
depressive behaviors, cholinergic tones, and synaptic plasticity in the prefrontal cortex (PFC) in chronic unpre-
dictable mild stress (CUMS).

	 Material/Methods:	 We randomly divided 36 male Sprague-Dawley (SD) rats into the Normal group, Stress group, Physostigmine+stress 
(Phys+stress) group, and Electroacupuncture+physostigmine+stress (EA+Phys+stress) group. Rats underwent 
CUMS exposure for 42 days. After 28 days of CUMS, rats received physostigmine or EA treatment for 2 weeks. 
Rats in the Phys+stress and EA+Phys+stress group received an intraperitoneal injection of physostigmine 
(TOCRIS, UK, 5 mg/kg) daily. Rats in the EA+Phys+stress group also received EA stimulation at GV 20 (Baihui), 
GV 29 (Yintang), LI 4 (Hegu), and LR 3 (Taichong) daily for 2 weeks.

	 Results:	 We found that EA ameliorated weight loss and the depressive-like behaviors in the sucrose preference test, 
novelty-suppressed feeding test, and open-field test. There was significantly decreased expression of ACh and 
increased expression of acetylcholinesterase (AChE) after EA treatment. Consistent with the behavior tests and 
cholinergic tones, there were increased spine density and expressions of synaptic proteins, including brain-
derived neurotrophic factor (BDNF), glutamate receptor 1 (GluR1), glutamate receptor 2 (GluR2), postsynaptic 
density protein 95 (PSD95), and synapsin I in the PFC.

	 Conclusions:	 The results suggest that EA can reverse the depressive-like behaviors and synaptic deficits induced by hyper-
cholinergic tone during chronic stress via the modulation of hyper-cholinergic tone.
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Background

Major depressive disorder (MDD) is the leading cause of dis-
ability worldwide and the proportion of the global population 
living with depression is estimated to be approximately 350 
million people [1]. However, the etiology of MDD is not yet ful-
ly understood. So far, it has been hypothesized that dysfunc-
tion within the neurotransmitter systems occurs in people with 
MDD, including the serotonergic, noradrenergic, dopaminer-
gic, g aminobutyric acidergic, and glutamatergic systems [2]. 
Currently, pharmacotherapies, including monoaminergic-acting, 
tricyclic-acting, and even compound type antidepressants, are 
the main treatments that target these systems [2]. However, 
such antidepressants have their drawbacks. First, it takes any-
where from 2 weeks to several months to achieve clinical im-
provement [3]. Additionally, antidepressants are ineffective in 
approximately two-thirds of patients [4] and, as suicide risk 
is elevated in depressed individuals, more efficacious antide-
pressant therapies with less significant adverse effects are 
needed. Acupuncture, one of the most widely used therapies 
in traditional Chinese medicine, is effective in the treatment 
of many diseases, including depression [5-7]. As such, depres-
sion is one of the most commonly treated acupuncture indi-
cations [8]. However, the mechanism of action responsible for 
acupuncture’s antidepressant effects remains to be elucidated.

The cholinergic hypothesis of depression posited that the mech-
anism underlying depression is a central predominance of an 
acetyl-cholinergic to catecholaminergic tone [9,10]. Higher lev-
els of acetylcholine (ACh) were found in patients with depres-
sion or people with a history of depression [11,12]. Meanwhile, 
many studies have demonstrated that hyper-cholinergic tone 
results in depressive symptoms in human and rodent mod-
els [13,14]. Acetylcholinesterase (AChE) is the key enzyme in 
ACh breakdown and is extremely efficient at modulating ex-
tracellular ACh levels [15]. Physostigmine, an inhibitor of ace-
tylcholinesterase, can block the breakdown of ACh and induce 
the excessive accumulation of ACh in the synaptic cleft [15]. 
Studies have shown that increased sensitivity promotes de-
pressive behaviors induced by mild stressors [16,17], and that 
enhanced cholinergic tone induced by physostigmine during 
stress can induce a depressive-like state in rodents [17]. These 
novel findings suggest that anticholinergic drugs (eg, scopol-
amine) can induce antidepressant effects in depressed patients 
and rodents with hyper-cholinergic tone [18-20]. The mech-
anism might be activation of brain-derived neurotrophic fac-
tor (BDNF) release, mammalian target of rapamycin complex 
1 (mTORC 1) signaling, and synthesis of synaptic proteins in 
the prefrontal cortex (PFC) [19,21,22]. It has been demonstrat-
ed that regulation of the cholinergic system is a potential tar-
get for antidepression therapy.

Our previous clinical studies have identified the therapeu-
tic effects of acupuncture. Specifically, we demonstrated that 
acupuncture can decrease HAMD and PSQI scores and ame-
liorate depressive symptoms, as well as alleviate insomnia by 
improving sleep quality, and enhance the overall quality of life 
in patients with depression [23-27]. The clinical efficacy of acu-
puncture in treating depression patients was maintained after 
4 weeks and even at 3 months of follow-up. Furthermore, we 
found the underlying mechanism responsible for the antide-
pressant effects of acupuncture may be the increase of synaptic 
proteins in the PFC and hippocampi [28,29]. However, the un-
derlying effect on the regulation of cholinergic tone in antide-
pression therapy using acupuncture has not been elucidated.

In the present study, we detected the expression of cholinergic 
tone and the structure and number of synaptic spines, as well as 
the related proteins, in the PFC of rats. We sought to determine 
whether modulating hyper-cholinergic tone and alleviating synaptic 
deficits contributes to the antidepressant effect of acupuncture.

Material and Methods

Animals

We obtained 36 adult male Sprague-Dawley rats (180±20 g) 
from Guangdong Medical Laboratory Animal Center and main-
tained them in standard conditions with a 12-h light–dark cy-
cle and ad libitum access to food and water. Rats were housed 
with 3-5 animals per cage. This study was carried out in ac-
cordance with the principles of declarations and recommen-
dations of the guidelines for animal experimentation, and the 
protocol was approved by the Animal Ethics Committee of the 
First Affiliated Hospital of Guangzhou University of Chinese 
Medicine (permit no. TCMF1-2018027).

Chronic Stress Procedure

Chronic unpredictable mild stress (CUMS) procedures were 
conducted for 42 days. The animals were exposed to a vari-
able sequence of mild unpredictable stressors, consisting of 
10 stressors in total: 24-h water deprivation, 24-h food depri-
vation, 5-min cold swimming, reversed light–dark-cycle, 24-h 
wet bedding, 24-h 45° cage tilt, 2-min tail clip, 3-h intermit-
tent white noise, stroboscope overnight, and 4-h activity lim-
itation. Two of these stressors were performed daily in ran-
dom order throughout the experiment.

Groups and Treatment

Rats were randomly divided into 4 groups (9 rats in each group): the 
Normal group, Stress group, physostigmine+stress (Phys+stress) 
group, and EA+physostigmine+stress (EA+Phys+stress) group. 
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All rats except for the Normal group were exposed to chronic 
unpredictable stressors. Rats in the Phys+stress group also re-
ceived an intraperitoneal injection of physostigmine (TOCRIS, 
UK, 5mg/kg) after 28 days of CUMS, once a day for 2 weeks. In 
the EA+Phys+stress group, rats received the same electroacu-
puncture stimulation and physostigmine administration as the 
Phys+stress group. All electroacupuncture was carried out 30 min 
after administration in the EA+Phys+stress group.

EA Treatment

We placed soft and loose loops under the armpits of rats be-
fore treatment. The rats were then placed on a custom-made 
acupuncture experimental apparatus (National Utility Model 
patent of China, NO. ZL 2019 2 1340810.6), which is less con-
fining, allowing some freedom of movement. Sterilized, dispos-
able stainless steel needles, 0.16 mm in diameter and 7 mm in 

length (Hwato Medical Instruments Co, Ltd., Suzhou, China), 
were inserted 2-3 mm at the GV 20 (Baihui), GV 29 (Yintang), 
LI 4 (Hegu), and LR 3 (Taichong) acupoints, as reported in previ-
ous studies [29,30]. GV 20 is located above the apex auriculate, 
on the midline of the head; GV 29 is located at the midpoint 
between the eyes; LI 4 is located on the depression between 
the first and second metacarpal of the forelimbs; and LR 3 is 
located on the depression of the first and second metacarpal 
of hind limbs, as shown in Figure 1A. Then, the EA apparatus 
(Hans- LH202H, Nanjing Jisheng Medicine Science Co., Ltd., 
Nanjing, China) was energized for EA stimulation (2/100 Hz, 
0.2 mA, for 20 min). EA treatment was started on Day 29 of 
the CUMS procedure and performed for 2 weeks.

Body Weight Measurement (BWM)

All rats were weighed before and after the intervention.

GV 20 (Baihui)

GV 29 (Yintang)

LI 4 (Hegu) LR 3 (Teichong)

BWM/SPT

Day 0 7 14 21 28 35 42

BWM/SPT/NSFT/OFT

Sacri�ce for detectionChronic unpredictible mild stress procedure (CUMS)

Phys i.p. OR EA treatment daily for
2 weeks

A

B

Figure 1. �(A) Acupoints utilized. (B) Schematic diagram of the experimental design and behavioral test time frame. The figure was 
created using Adobe Photoshop V2019 software.
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Sucrose Preference Test (SPT)

A SPT was conducted before and after the intervention. In this 
test, rats were exposed to 2 identical bottles of 1% sucrose 
solution for the first 24 h, then exposed to a bottle of water 
and a bottle of 1% sucrose solution for the second 24 h. After 
24 h of water deprivation, rats were exposed to 2 identical 
bottles, one filled with 1% sucrose solution and one with wa-
ter. Sucrose and water consumption over the following 12 h 
were measured. Sucrose preference rate was calculated by 
the equation as follows:

Sucrose preference rate (%) =
The quantity of sucrose solution consumed

The quantity of sucrose solution consumed+ 
The quantity of water consumed

Novelty-Suppressed Feeding Test (NSFT)

A NSFT was conducted after intervention, in a manner iden-
tical to that previously described. Before the test, rats were 
food-deprived for 24 h. Rats were placed in an open field 
(80×80×40 cm) with a small amount of food in the center. 
The test was conducted in a dim environment. During a test-
ing period of 6 min, the latency to seek food, specifically the 
time it took for the rat to approach and take the first bite of 
the food, was recorded with a stopwatch. Home cage food in-
take was measured immediately following the test as a con-
trol. Excretions were cleaned up before putting in the next rat. 
A 75% alcohol solution was sprayed on the boxes to remove 
odors from the previous rats.

Open-Field Test (OFT)

An OFT was conducted after NSFT. The open-field apparatus 
was made of wood, with an 80×80 cm field and walls 40 cm 
high. On the floor of the apparatus were 25 identical squares, 
each 16×16 cm, printed in black. Rats were placed at one cor-
ner of the open field and allowed to roam freely for 3 min. 
Similar to the NSFT, the test was conducted in a dim environ-
ment. Throughout the testing period, the following behav-
iors were recorded: horizontal activity frequency (ie, the to-
tal number of squares entered by rats with 4 paws), vertical 
activity frequency (ie, the number of times that the rat rose 
onto its hand paws), and grooming frequency (ie, the num-
ber of times that the rat licked itself or adjusted its hair with 
its paws). Excretions were cleaned up before putting in the 
next rat. The behavioral test timeframe is shown in Figure 1B.

Enzyme-Linked Immunosorbent Assay (ELISA)

After the behavioral tests, rats were anesthetized and killed. 
Brains were quickly removed and blood was collected from the 

abdominal aorta. The serum was then separated by centrifuga-
tion (3000 rpm for 5 min) and stored at -20°C for further anal-
ysis. The prefrontal cortex tissue samples were quickly put on 
ice and stored at -80°C for later analysis. The concentrations 
of acetylcholine (Shanghai Enzyme-linked Biotechnology Co., 
Ltd., China, ACh) and acetylcholinesterase (US Biological, USA, 
AChE) in the prefrontal cortex were tested by ELISA kit strict-
ly according to the protocol provided by the manufacturer.

Golgi-Cox Staining and Spine Density Analysis

A FD Golgi Stain kit (FD Neuro-Technologies, USA) was used to 
conduct Golgi staining, with strict adherence to manufactur-
er instructions. Animals were anesthetized and killed after 2 
weeks of intervention. Brains were quickly removed and imme-
diately immersed in the impregnation solution (made by equal 
volumes of solution A and solution B) for 2 weeks, then solu-
tion C for 1 week. Brain slices at a thickness of 150 μm were 
obtained via a freezing microtome (HM525, Thermo Science, 
USA) and stained following the staining procedure supplied 
by the manufacturer. The brain slices were washed twice with 
ddH2O for 4 min each, stained with the solution (contains so-
lution D, solution E and ddH2O, and the volume ratio is 1: 1: 
2) for 10 min, and washed twice with ddH2O again. Then, the 
slices were dehydrated by 50%, 75%, 95% ethanol in sequence 
for 4 min each, and by 100% ethanol 4 times for 4 min each. 
Finally, slices were cleared 3 times with xylene for 4 min each 
and sealed with Balsam Mounting Medium. Three indepen-
dent coronal sections containing prelimbic cortex (PrL), a part 
of PFC, were imaged per rat (Bregma 2.52 mm to 4.68 mm). 
Spines were counted on the tertiary branches of apical den-
drites in the layer V pyramidal neurons of the PFC. A 10-μm 
segment of tertiary dendrite from the layer V pyramidal neu-
rons of the PFC was randomly selected in each section. All seg-
ments were imaged using NIS-Element Viewer software un-
der an inverted microscope (DM100, Nikon, Japan) with a 100× 
oil-immersion lens (NF2, Nikon, Japan) by investigators blind 
to the experimental scheme. Spine density and mature or im-
mature spine density were determined [31]. The number of 
spines along a 10-μm segment was counted to determine the 
number of spines/μm.

Western Blot Analysis

PFC tissue samples were homogenized and western blot analy-
sis was conducted. A BCA protein assay kit (Beyotime, Shanghai, 
China) was used to measure protein concentrations. Protein 
in each lane (50 μm) was separated by SDA-PAGE (Beyotime, 
Shanghai, China) and transferred to polyvinylidene fluoride 
(PVDF, Bio-Rad, USA). After blocking with 5% milk/TBST for 2 
h, membranes were incubated for 2 h with primary antibod-
ies. The primary antibodies were BDNF, glutamate receptor 1 
(GluR1), glutamate receptor 2 (GluR2), postsynaptic density 
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protein 95 (PSD95), synapsin I, and b-actin (all from ABclonal, 
Wuhan, China, 1: 1000 dilution). Then, samples were incubat-
ed with HRP anti-mouse secondary antibody (Yijia, Shanghai, 
China, 1: 2500 dilution) for 1 h. Bio-Rad Image Lab software 
was used to scan, and the gray value of bands was analyzed. 
Data were normalized to b-actin.

Statistical Analysis

Data are presented as mean±standard error of the mean (SEM). 
Differences among groups were determined using a one-way 
analysis of variance (ANOVA) followed by calculation of least 
significant difference (LSD) when equal variances were as-
sumed. Otherwise, a Dunnett’s T3 test was conducted. P<0.05 
was considered statistically significant.

Results

Effect of EA on Behaviors Induced by CUMS and 
Physostigmine

As shown in Figure 2A, 2B, prior to the start of the interven-
tion (Day 0), compared with the Normal group, the sucrose 
preference rate was decreased significantly in the Stress group 
(P<0.05), which reflects that anhedonia is the core symptom 
of depression, as well as the Phys+stress and EA+Phys+stress 
group. Due to the accumulation of physostigmine administra-
tion or CUMS at Day 14, as shown in Figure 3A-3D, there were 
significant differences in BWM, SPT, NSFT, and OFT among 4 
groups (all P<0.001). Rats in the Phys+stress group manifest-
ed depressive symptoms, including decreased sucrose pref-
erence rate, prolonged latency feeding time, as well as the 
reduction of horizontal activity and grooming frequency (all 
P<0.05), except for vertical activity (P>0.05), when compared 

with the Stress group. Compared with the Phys+stress group, 
the sucrose preference rate, latency feeding time, as well as 
the horizontal activity, vertical activity, and grooming frequen-
cy in OFT were ameliorated by EA in the EA+Phys+stress group 
(all P<0.05). The data above demonstrate that physostigmine 
administration during chronic stress can aggravate depressive-
like behaviors, but EA can reverse the symptoms, creating an 
antidepressant action.

Effect of EA on the Concentration of Cholinergic Tone ACh 
and AChE in the PFC and Serum

As shown in Figure 4A-4D, chronic stress significantly increased 
the concentration of ACh in the PFC and serum, while the con-
centration of AChE decreased in the PFC and serum compared 
with the Normal group (P<0.001, P<0.05). In the Phys+stress 
group, the concentration of ACh increased in the PFC and se-
rum (P<0.001, P<0.05). There was a significant decrease in the 
concentration of AChE in the serum of the Phys+stress group 
(P<0.05) when compared to the Stress group. However, there 
was no difference in the concentration of AChE in the PFC in 
the Phys+stress group (P>0.05). Interestingly, compared with 
the Phys+stress group, rats in the EA+Phys+stress group man-
ifested a decreased concentration of ACh and increased con-
centration of AChE in the PFC and serum (all P<0.05).

Effect of EA on Spine Density in the Special Dendrites of 
Layer V Pyramidal Neurons in the PFC

As illustrated in Figure 5, the dendrite spines in the Stress group 
were less luxuriant compared with the Normal group. The quan-
tified data demonstrate that the total spine density of the rats 
in the Stress group significantly decreased (P<0.001), especial-
ly in the mature spines (P<0.001). The dendrite spines mani-
fested as bare branches in the Phys+stress group. Meanwhile, 

300

200

100

0

Normal
Stress
Phys+stress
EA+phys+stress

***

Bo
dy

 w
eig

ht
 (g

)

Normal
Stress
Phys+stress
EA+phys+stress

100

80

60

40

20

0

***

Su
cro

se
 pr

efe
re

nc
e (

%
)

A B

Figure 2. �Body weight measurement and sucrose preference test after chronic stress. (A, B) Body weight and sucrose preference 
rate in Normal, Stress, Phys+Stress, and EA+Phys+stress group after 28 days. Results are the mean±SEM, n=9 per group. 
*** p<0.001 compared with the Normal group. The Figure was created by the GraphPad Prism version 7.0 software.
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there were significant decreases in total spine density in both 
mature and immature spines (all P<0.001). With the interven-
tion of EA, total spine density was increased significantly in 
the EA+Phys+stress group (P<0.001). Particularly, EA increased 
the spine density of mature and immature spines when com-
pared with the Phys+stress group (both P<0.001).

Effect of EA on Expressions of Synapse-Related Proteins in 
PFC

Previous studies suggested that the induction of synapse for-
mation requires synthesis of new synaptic proteins, includ-
ing glutamate receptors and synaptic structural proteins [32]. 
Synapse-related proteins in the PFC were detected. As shown 
in Figure 6A, 6B, there were significant differences in the ex-
pressions of BDNF, GluR1, GluR2, PSD95, and synapsin I in the 
PFC in all 4 groups (all P<0.000). Compared with the Normal 
group, chronic stress caused a significant reduction in the ex-
pression of synapse-related proteins in the Stress group (all 
P<0.000). In addition to the deficits in synaptic morphology 

observed, there were significantly decreased expressions 
of BDNF, GluR1, GluR2, PSD95, and synapsin I in the PFC in 
the Phys+stress group compared with the Stress group (all 
P<0.000). EA resulted in a significant increase in the expres-
sion of those synapse-related proteins compared with the 
Phys+stress group (all P<0.05).

Discussion

The present study demonstrated that both chronic stress and 
physostigmine during chronic stress induced hyper-choliner-
gic tone in the PFC, including a decrease in AChE and increase 
in ACh. We also found that the enhanced ACh induced by phy-
sostigmine during chronic stress could also cause or aggravate 
depressive-like behaviors with synaptic deficits and decreased 
synthesis of synapse-related proteins in the PFC. Further, the 
antidepressant action of EA was associated with behavioral 
improvement, as well as an increase in the spine density and 
synthesis of BDNF and synapse-related proteins in the PFC. The 
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Figure 3. �Body weight and behavioral response within the Normal, Stress, Phys+Stress, and EA+Phys+stress group. (A) Body weight 
measurement. (B) Sucrose preference test. (C) Latency time to feeding in novelty-suppressed feeding test (NSFT), and (D) The 
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The figure was created using GraphPad Prism version 7.0 software.
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underlying mechanism responsible for the antidepressant ac-
tion of EA may be its involvement in the regulation of AChE, 
consequently achieving a balance of ACh in the PFC.

It is generally agreed that the central cholinergic system plays 
an important role in learning and memory processes [15]. 
Furthermore, the cholinergic system also participates in emo-
tional regulation [10]. Cholinergic system alterations involving 
cholinesterase, acetyltransferase, and cholinergic receptors have 
been found in depressive patients and animal models in previ-
ous studies [33,34]. In the present study, depressive-like behav-
iors were observed in rats exposed to chronic stress. Enhanced 
cholinergic tone was also found in the Stress group, manifesting 
as a decrease in AChE and resulting in an increase of ACh. These 
results confirm that chronic stress can induce hyper-choliner-
gic tone, which may be involved in development of depression.

As early as the 1970s, it was found that increases in central ACh 
could lead to depressed moods, and the sources include phy-
sostigmine administration in healthy people [35] and exposure 

of rural people to pesticides (most are irreversible cholines-
terase inhibitors) [14]. Similarly, observations in rodent stud-
ies showed similar results. Addy et al found that physostig-
mine administration, either systemically or directly into the 
ventral tegmental area, significantly increased the immobility 
time in the forced swim test [16]. Fernandes et al found that 
animals that received physostigmine and were exposed to 
stress showed less social interaction and more learned help-
lessness, anhedonia, and anxious-like behaviors [17]. AChE 
knockdown in the PFC in mice also caused depressive-like be-
haviors, which provides strong evidence for hyper-acetylcho-
linergic tone playing an important role in development of de-
pression [16]. Stress is one of the main triggers of depression. 
Studies have observed that rats with hyper-cholinergic sensi-
tivity are more likely to develop depressive-like behaviors in-
duced by stress [17]. In the present research, depressive-like 
behaviors induced by physostigmine administration during 
chronic stress in rats were worse than in rats exposed to stress 
only. Cholinergic alteration indicated an increase in ACh and 
a decrease in AChE. It was demonstrated in previous studies 

A B

15

10

5

0

*

###

^

AC
HE

 (n
g/

m
l)

Serum

Brain Brain

Normal
Stress
Phys+stress
EA+phys+stress

300

200

100

0

*
#

^^^

AC
H 

(n
g/

m
l)

Serum
Normal
Stress
Phys+stress
EA+phys+stress

20

15

10

5

0

***
^^

AC
HE

 (n
g/

m
l)

Normal
Stress
Phys+stress
EA+phys+stress

300

200

100

0

***

##

^^^
AC

H 
(n

g/
m

l)

Normal
Stress
Phys+stress
EA+phys+stress

C D

Figure 4. �Cholinergic tones, acetylcholinesterase (AChE), and acetyl choline (ACh) in the serum and prefrontal cortex (PFC). 
(A, B) AChE and ACh in the serum within every group. (C, D) AChE and ACh in the PFC within every group. Results are the 
mean±SEM, n=9 per group detected in the serum, n=6 per group detected in the PFC. * p<0.05, *** p<0.001 compared with 
the Normal group; # p<0.05, ## p<0.01, ### p<0.001 compared with the Stress group, ^^ p<0.01, ^^^ p<0.001 compared with the 
Phys+stress group. The figure was created using GraphPad Prism version 7.0 software.
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Figure 5. �Analysis of spine density in PFC layer V pyramidal neurons (Golgi-Cox staining, Scale bar: 5 µm). (A) Apical dendrites in 
layer V pyramidal neurons of the PFC, the prelimbic subregions (PrL) were observed. Representative images are shown of 
high-magnification projections of layer V pyramidal neuron apical tuft dendrites (scale bar: 5 μm). (B-D) The total spine 
density, mature, immature spine density. Results are presented as mean±SEM (5 dendritic segments from 1 animal. Three 
rats for each group). *** p<0.001 compared with the Normal group; ## p<0.01, ### p<0.001 compared with the Stress group, 
^^^ p<0.001 compared with the Phys+stress group. The figure was created using Adobe Photoshop V2019 and GraphPad 
Prism version 7.0 software.
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Figure 6. �The expression of BDNF and synaptic proteins in the PFC of each group. (A) Respective immune exposures to BDNF, GluR1, 
GluR2, PSD95, Synapsin I, and b-actin. (B) The levels of BDNF, GluR1, GluR2, PSD95, and synapsin I in the PFC. Results are 
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with the Stress group, ^^ p<0.01, ^^^ p<0.001 compared with the Phys+stress group. The Figure was created using Adobe 
Photoshop V2019 and GraphPad Prism version 7.0 software.

that the different results from the intervention of acetylcho-
linesterase inhibitor during acute stress induced an increase 
in AChE and Ach [34]. Recent studies also verified that acute 
stress induced an increase in choline uptake and newly syn-
thesized ACh release, while chronic stress induced adaptive 
changes in the cholinergic terminal, with a reduction in cho-
line uptake and an elevation in muscarinic binding-site num-
ber [36]. Therefore, acute stress may lead to a compensato-
ry increase in AChE activity, reducing extracellular ACh levels, 
while the cumulative and adaptive change in the choliner-
gic system during chronic stress induces a decrease in AChE 
and elevation in ACh. We speculate that aggravated depres-
sive symptoms induced by physostigmine might be relevant 
to the increasing ACh on the postsynaptic membrane, and hy-
per-cholinergic tone increased the susceptibility to depression.

Studies demonstrate a role for neuronal atrophy, synap-
tic remodeling, and loss of neurotrophic factor support [37]. 
Decreases in the volume and number of synapses in the PFC 
and hippocampus were observed in MDD patients. In preclin-
ical studies, decreases in the synaptic connections and the 
number of synapses were also found in the PFC and hippocam-
pus of rodents exposed to chronic stress. Similar to previous 
studies [38], the present study found a decreased spine den-
sity in the PFC caused by chronic stress, especially in mature 
spines. Consistent with the synaptic morphological alteration, 
reduced synthesis of synaptic proteins (including the glutamate 
receptors GluR1 and GLuR2, and the synaptic structural pro-
teins PSD95 and synapsin I) and BDNF, which are necessary for 
the induction of synapse formation [21], were also observed. 
Enhanced cholinergic tone induced by physostigmine during 
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chronic stress induced synaptic deficits with a decreased den-
sity of mature and immature spines. Reductions in the syn-
thesis of synapse-related proteins were detected as well. We 
speculated that physostigmine might induce synaptic deficits, 
but little evidence supports this argument. Previous studies 
demonstrated that depressive-like behaviors induced by phy-
sostigmine were related to higher vulnerability and resilience 
to stress [17]. We speculated that it might be the vulnerabil-
ity to stress that contributed to the behavioral and synaptic 
deficits of the rats the acetyl-cholinergic Phys+stress group.

In the present study, the action of EA on symptoms induced 
by physostigmine was also detected. EA reversed the depres-
sive-like behaviors and synaptic deficits induced by hyper-cho-
linergic tone during stress, as well as the synthesis of synap-
tic proteins. Our previous studies demonstrated that EA could 
ameliorate behavioral alterations caused by CUMS, and the 
underlying mechanism attributed to the antidepressant action 
was relevant to the regulation of glutamate metabolism and 
activation of the BDNF postsynaptic signaling pathway, con-
sequently playing a protective role with respect to neurons 
[29,30,39,40]. In the present study, EA reversed the hyper-cho-
linergic tone caused by physostigmine by decreasing the con-
centration of ACh and increasing the concentration of AChE. 
Based on the knowledge that hyper-cholinergic tone plays a 
role in susceptibility to stress, the effect of EA on the cholin-
ergic system may help recover the balance of cholinergic tone, 
decreasing vulnerability to stress. However, how EA regulates 
the cholinergic system needs further study.

Admittedly, there are some limitations to the present study. 
First, we only detected the alteration of behaviors and synap-
tic plasticity under the conditions of hyper-cholinergic tone 
and chronic stress, and the connection between the choliner-
gic system and synaptic plasticity responsible for antidepres-
sion should be further explored. Second, we only detected the 
regulation in hyper-cholinergic tone induced by physostigmine 
of EA. More methods (eg, gene knockout) are needed to ex-
amine regulation of the cholinergic system of EA.

Conclusions

In conclusion, the present results suggest that physostigmine 
can induce elevated levels of ACh, which results in decreases 
in sucrose preference rate, horizontal activity, vertical activi-
ty, and grooming frequency, prolonged latency feeding time, 
and decreased spine density and synaptic proteins. However, 
EA can reverse the depressive-like behaviors and synaptic def-
icits induced by hyper-cholinergic tone during chronic stress 
via the modulation of hyper-cholinergic tone.
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