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Abstract
Depression is a common neuropsychiatric disorder with high incidence and disability. Electroacupuncture (EA) is effective 
in the treatment of depression. However, the underlying mechanisms are not fully understood. Social isolation stress dur-
ing post-weaning period can impair purinergic signaling in the brain of rodents and has emerged as a major risk factor for 
depression. The purpose of this study was to investigate the involvement of P2Y1 receptor (P2Y1R) in the antidepressant-
like effects of EA. In this study, C57BL/6 mice were randomly assigned to group-housed (GH) or social isolated (SI) groups 
at post-natal day 21. After 6 weeks of social isolation, EA was performed on acupoints “Bai-hui” (GV20) and “Yin-tang” 
(GV29), or non-acupoints for 4 weeks. The SI mice received either intracerebroventricular injection of a selective P2Y1R 
agonist, MRS2365 (1 nmol); or a selective P2Y1R antagonist, MRS2179 (2 μmol), before and after EA. We found that SI 
mice exhibited depression-like behaviors accompanied with anxiety-like behaviors. The expressions of P2Y1R were well 
co-localized with GFAP-positive astrocytes and increased in the prefrontal cortex and hippocampus of SI mice. After treated 
with MRS2179, the depression-like behaviors of SI mice were attenuated, but not with MRS2365. Meanwhile, we found that 
EA could attenuate social isolation caused depression- and anxiety-like behaviors, and inhibited the up-regulation of P2Y1R 
in the prefrontal cortex and hippocampus of SI mice. Notably, the positive effects of EA on depression-like behaviors of 
SI mice could be reversed by MRS2365, while MRS2365 had no effect on the anxiolytic-like effects of EA. Therefore, we 
provide new evidence that EA could ameliorate depression- and anxiety-like behaviors in social isolation stress mice, and 
P2Y1R was involved in the antidepressant-like effects of EA.
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Introduction

Depression is one of the most common psychiatric disor-
ders, with high incidence and disability [1]. The primary 
symptoms of depression include a variety of emotional, 
neurovegetative, and cognitive symptoms. In recent years, 
prevalence of depression in adolescence rises substantially, 
with 1-year prevalence rate exceeding 4% [2]. Adolescent 
depression severely limits psychosocial function of patients 
and diminishes quality of life; very few individuals show 
complete symptomatic and functional recovery in adults, 
with most reporting residual symptoms or impairment [3, 4]. 
Although several antidepressants can be recommended for 
depression, the significant side effects of these drugs limit 
their efficacy and application [5, 6]. Therefore, therapeutic 
approaches that show effectiveness with less side effects will 
hold considerable promise for the treatment of adolescent 
depression.
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Accumulating evidence from systematic review and meta-
analysis indicate that acupuncture is an effective therapeutic 
approach for improving symptoms of depression [7], and it is 
well-tolerated with little risk of serious adverse effects. It is 
established that the antidepressant-like effects of acupuncture 
may be mediated by its regulation on the dysregulated gluta-
mate system [8], the synaptic plasticity [9], the ERK-CREB 
pathways [10], and the expression of neurotransmitter includ-
ing serotonin receptors [11], brain-derived neurotrophic factor 
[12], and neuropeptide Y [13]. Clinically, several acupuncture 
interventions have been used for depression: manual acupunc-
ture, electroacupuncture (EA), auricular acupuncture, and laser 
acupuncture. Among these therapies, EA is commonly used 
by modern acupuncturists and is increasingly accepted world-
wide. EA is also preferred in animal experiments and has been 
confirmed to alleviate depression-like behaviors in mice [11, 
14, 15]. Acupoints “Bai-hui” (GV20) and “Yin-tang” (GV29) 
are considered to be the optimized treatment acupoints for 
depression [16–18], as well as other mental disorders [19], or 
neurodegenerative diseases [20, 21]. However, the efficacy and 
mechanisms of EA treatment for depression in adolescence 
remain elusive.

Recently, purinergic signaling system has attracted increas-
ing interests in the pathology of psychiatry. There is evidence 
that adenosine 5S-triphosphate (ATP) was involved in the 
modulation of depression-like behaviors in mice [22]. The 
actions of ATP are mediated by ionotropic P2X and metabo-
tropic P2Y receptor subfamilies [23]. P2Y1 receptor (P2Y1R) 
is a member of metabotropic P2Y purinoceptors that are cou-
pled to G proteins. Extracellular ATP promotes goal-directed 
(motivated) behaviors via dopamine release which may be 
induced by P2Y1R stimulation [24]. As such, P2Y1R might be 
related to the pathology of depression-like behaviors. Previous 
studies have indicated that purinergic receptors are identified 
to critically mediate the physiological mechanisms underlying 
EA analgesia [25]. However, whether P2Y1R is involved in the 
antidepressant-like effects of EA remains to be determined.

There is increasing awareness that early social isolation 
stress during post-weaning period can impair purinergic sign-
aling in the brain of rodents and has emerged as a major risk 
factor for depression [26]. In this study, the depression model 
in mice was imitated by 6 weeks of social isolation stress in 
early adulthood (post-natal day (PND) 21–63), and we sought 
to investigate the effects of EA applied at GV20 and GV29 in 
social isolation stress mice and explore the potential role of 
purinergic P2Y1R in the antidepressant action of EA.

Materials and methods

Experimental animals

Twenty-one-day-old male C57BL/6 mice, weighted 6 ± 2 g, 
were obtained from the Animal Experimental Center of 
Tongji Hospital of Huazhong University of Science and 
Technology (License Number: SCXK (Jing) 20,160,006). 
All the animals were housed in a controlled environment of 
22 ± 0.5 °C, and lighting conditions with a 12-h light/dark 
cycle (lights on at 7.00 am). Food and water were available 
ad libitum. All experimental procedures were approved by 
the Animal Ethics Committee of Tongji Hospital, Tongji 
Medical College, Huazhong University of Science and 
Technology. All efforts were made to minimize the ani-
mals’ suffering and to reduce the number of animals used 
for experiments.

Social isolation model

As described in previous literature [27], the majority of 
social isolation models use the same rearing conditions 
in that the pups are singly housed after weaning and com-
pared with group-housed littermates (4–6/cage). As such, 
in this study, the mice were weaned and grouped on the 
21st day after birth (PND21). Then, all animals were ran-
domly assigned to a social isolated (SI) group or a group-
housed (GH) group. The SI mice were housed individually 
(one mice per cage) in small polypropylene plastic cages 
(240 × 170 × 120 mm) from PND21 to PND63, while the 
GH mice were group housed (five mice per cage) in standard 
polypropylene plastic cages (250 × 250 × 150 mm). In order 
to diminish handling and social interaction of SI mice to a 
minimum, all the animals were kept in the same room so 
they have visual auditory and olfactory contact with other 
animals, but the singly housed animals are deprived of social 
contact and play for at least 6 weeks.

Experiment design

The experimental design and timeline are portrayed in their 
entirety in Fig. 1.

In part A, we observed behavioral changes before and 
after 6 weeks of social isolation in the two groups: SI group 
and GH group. Behavioral tests including sucrose preference 
test (SPT), tail suspension test (TST), and open field test 
(OFT) were used to evaluate depression- and anxiety-like 
behaviors in both SI and GH animals.
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In part B, the possible effects of P2Y1R agonists/antago-
nists on the SI model mice were assessed using the above-
mentioned tasks. In this regard, the SI mice were treated 
with MRS2179 or MRS2365 using lateral ventricle injec-
tion, once daily, continuous injection for 3 days (on PND 
63–65).

In part C, we observed the effects of P2Y1R agonists on 
the antidepressant-like effects of EA. After 6 weeks of social 
isolation, the SI mice were subjected to 4 weeks of EA/
sham EA (SEA) treatment on PND 63–91. Then, the mice 
in EA + MRS2365 groups were treated with MRS2365 once 
daily for 3 days (on PND 91–93).

EA treatment

For EA treatment, EA stimulation was performed at acu-
points “Bai-hui” (GV20) and “Yin-tang” (GV29), 20 min 
per session, one session every other day for 4 weeks. During 
each session, the mice were anesthetized by isoflurane at a 
concentration of 2–5% which could minimize stress caused 
by EA and restraints. The acupuncture needles (0.25 mm in 
diameter and 13 mm long; Beijing Zhongyan Taihe Medi-
cine Company, Ltd.) were inserted transversely (puncturing 
with an angle at 15 angle) into GV20 and GV29 to a depth 
of 2–3 mm. GV20 is located at the midpoint between the 
auricular apices, while GV29 is located midway between the 
medial ends of the two eyebrows [17]. Then, Han’s acupoint 
nerve stimulator (Beijing Huawei Industrial Development 
Company, Han’s LH202H type) was used to give a dilata-
tional wave at a frequency of 2/15 Hz and an intensity of 
1 mA. For sham EA treatment, acupuncture needles were 
inserted 0.5 mm lateral to GV20 and GV29 without electri-
cal stimulation.

Behavioral tests

Sucrose preference test

The mice were trained to adapt to drink 1% sucrose solu-
tion for 48 h, followed by deprivation of food and water for 
12 h. Then, each mouse was housed in an individual cage. 
They had free access to two pre-weighed bottles for 4 h, one 
contained 50 ml 1% sucrose solution and the other contained 
50 ml pure water. At the end of the test, the percentage of 
sucrose preference of each mouse was calculated using the 
following formula: sucrose preference (%) = sucrose solu-
tion consumption (g) / (water consumption + sucrose solu-
tion consumption) × 100%.

Tail suspension test

The mice were individually suspended by the tip of the tails 
with a piece of adhesive tape, placed on a horizontal bar 
50 cm above the floor of an isolated area. Then, their spon-
taneous activity was recorded for 6 min. After struggling for 
a period of time, mice showed intermittent immobility. The 
total immobility time was measured manually in a blinded 
manner.

Open field test

Each mouse was randomly placed in the middle of a 
50 × 50-cm black-walled open field test box, while concur-
rently activating the video-tracking system to record their 
spontaneous activity for 5 min. The total distance travelled 
in the open filed area and time spent in the center zone of the 
open field were recorded. The data was processed and ana-
lyzed by SuperMaze software (Xinsoft Super Maze Animal 
Behavior Analysis System, Shanghai, China).

Intracerebroventricular injection

Injection drugs were diluted in sterile isotonic saline (NaCl 
0.9%; vehicle). The selective P2Y1 antagonist 20-deoxy-
N6-methyladenosine 30,50-bisphosphate tetrasodium salt 
(MRS2179, 0900/10) was obtained from RD (Rndsystems, 
USA). The selective P2Y1 agonist [[(1R,2R,3S,4R,5S)-4-
[6-Amino-2-(methylthio)-9H-purin-9-yl]-2,3-dihydroxybi-
cyclo[3.1.0]hex-1-yl]methyl] diphosphoric acid mono 
ester trisodium salt (MRS2365, 2157/1) was also from RD 
(Rndsystems, USA).

Drugs (MRS2179 or MRS2365) were injected into the 
right lateral ventricle once daily for 3 consecutive days. 
Briefly, the mice were positioned in a stereotaxic frame; 
they were anesthetized with 2% isoflurane, and maintained 
with 1% isoflurane during the surgery. A scalp incision 
along the sagittal midline was performed to access the 

Fig. 1  Experimental design—timeline and interventions. Timeline for 
experimental design showing age (weeks) of animals in each stage. 
EA electroacupuncture, OFT open field test, SEA sham electroacu-
puncture, SPT sucrose preference test, TST tail suspension test
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skull and the bone was perforated with a drill in the fol-
lowing coordinates: 1.0 mm anterior and 1.0 mm lateral 
from the bregma. Then, MRS2179 (2 μmol) or MRS2365 
(1 nmol) was injected into the right lateral ventricle in a 
1 μl volume, using a 5-μl microsyringe (Hamilton, USA) at 
a speed of 1 μl/min. Drug doses were calculated according 
to  IC50 or  EC50 value provided by the supplier (MRS2179 
 IC50 = 1.15 μM; MRS2365  EC50 = 0.4 nM) or according to 
published data [28, 29]. After injection, the microsyringe 
was kept in place for 10 min to allow proper diffusion of the 
drugs. Body temperature was maintained at 37 °C through-
out the surgery using a heat lamp. The mice died of anes-
thesia were excluded.

Western blotting

The expression of P2Y1R in the prefrontal cortex and hip-
pocampus was tested by western blotting. Mice were anes-
thetized with chloral hydrate 420 mg/kg bodyweight intra-
peritoneally, and brain tissue samples were collected. Total 
protein was extracted using RIPA lysis buffer containing 
protease inhibitor cocktail and phenylmethylsulfonyl fluo-
ride (PMSF), after grinding by the tissue lyser (Servicebio, 
China). The samples were centrifugated at 12,000 rpm, 4℃ 
for 15 min. Then, the supernatant was collected and the pro-
tein concentration was measured by BCA protein quantifica-
tion kit (Beyotime Biotechnology, China). After mixing with 
loading buffer and heating at 100℃ for 10 min, the protein 
sample was loaded on 10% SDS-PAGE gel for electrophore-
sis. After the proteins were transferred to nitrocellulose (NC) 
filter membrane, it was blocked in 5% nonfat milk for 1 h at 
room temperature. Primary antibody was incubated at 4℃ 
overnight; after washed 3 times, membranes were incubated 
with secondary antibodies for 1 h at room temperature. The 
antibodies and antibody dilutions used were listed as fol-
lows: mouse monoclonal anti-P2Y1R antibody (1:500; Santa 
Cruz/sc-377324, USA), horseradish peroxidase (HRP)–con-
jugated goat anti-mouse IgG (1:5000; Servicebio/GB23301, 
China), and β-actin (1:1000; Servicebio/GB11001, China). 
Finally, a Bio-Rad Chemi Doc XRS + imaging system was 
used to obtain band imaging. ImageJ software was used to 
quantify the integrated density of each band. The optical 
densities (OD) of signals were analyzed using ImageJ soft-
ware. The integrate OD of the signals was semi-quantified 
and expressed as the ratio of OD from the tested proteins to 
OD from the control of β-actin.

Immunofluorescence labeling

Mice were anesthetized with chloral hydrate 420 mg/kg 
bodyweight intraperitoneally, and perfused quickly with pre-
cooled 0.9% sterile saline solution and 4% paraformaldehyde. 
The brains were removed, stored in 4% paraformaldehyde at 

4 °C overnight, and then were transferred into 30% sucrose 
at 4℃ for 3 days. The prefrontal cortex was sectioned with a 
cryostat at 10 μm thickness and stored at − 80 °C for further 
experiments and analysis. After washed in PBS for 3 times, 
the sections were immersed in 0.3% TritonX-100 for 20 min. 
Then, the slices were blocked in 5% bovine serum albumin 
(BSA) for 1 h at room temperature. Primary antibodies were 
applied overnight at 4℃. After washed 3 times, brain sec-
tions were incubated with secondary antibodies for 1 h at 
room temperature. DAPI was used to label the cell nucleus. 
Finally, brain slices were sealed with antifade mountant for 
imaging using a fluorescence microscope (Olympus, Japan). 
The antibodies used were listed as follows: mouse mono-
clonal anti-P2Y1R antibody (1:100; Santa Cruz/sc-377324, 
USA), rabbit anti-Iba1 (1:200; Wako/019–19,741, Japan), 
rabbit anti-GFAP (1:200; Abcam/ab7260, USA), rabbit anti-
NeuN (1:200; Cell Signaling Technology/24307, USA), 
Alexa Fluor 488 conjugated Donkey anti-rabbit IgG (Jack-
son ImmunoResearch/711–545-152, USA), Alexa Fluor 594 
conjugated Donkey anti-mouse IgG (Jackson ImmunoRe-
search/711–585-150, USA).

Statistical analysis

The statistical analysis was performed using SPSS 20.0 
software (IBM, Chicago, IL, USA) and GraphPad Prism 
7 (GraphPad Software, Inc., La Jolla, CA). Variables were 
displayed as the mean ± SEM. We used t-test to compare 
two groups and one-way analysis of variance (ANOVA) to 
analyze three or more groups. For multiple comparisons, we 
used Dunnett’s multiple comparisons test for comparison of 
multiple treatment groups with a single control group, and 
used Tukey–Kramer’s multiple-comparison tests for com-
parison of each treatment group with every other groups. A 
probability level of P < 0.05 was considered to be statisti-
cally significant.

Results

Six weeks of social isolation stress induced 
depression‑ and anxiety‑like behaviors

In order to investigate the changes in depression- and anxi-
ety-like behaviors of SI mice, SPT, TST, and OFT were all 
tested in the SI and GH mice before and after social isola-
tion. At baseline, no significant changes were observed in 
the sucrose consumption rate, the immobility time of TST, 
and the total moved distances and time spent in the center 
zone of the open field between the two groups.

After 6 weeks of social isolation, results obtained from 
the t-test analysis revealed that SI group showed a sig-
nificantly reduced sucrose consumption rate in the SPT 
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(t = 4.077, df = 14.0, P = 0.001, n = 8; Fig. 2a) and exhib-
ited significantly increased immobility time in the TST 
(t = 7.713, df = 14.0, P < 0.001, n = 8; Fig. 2b), as compared 
to the mice in GH group. These changes exhibited depres-
sion-like behaviors. In the OFT, the SI mice showed longer 
moved distances (t = 3.819, df = 14.0, P < 0.001, n = 8; 
Fig. 2d), and spent lower time in the center zone of the open 
field than the GH group mice (t = 3.091, df = 14.0, P < 0.001, 
n = 8; Fig. 2e), which indicates that the SI mice also exhibit 
anxiety-like behaviors.

Expressions of P2Y1R were up‑regulated 
in the prefrontal cortex and hippocampus of SI mice

Western blotting and immunofluorescence labeling were 
used to detect the changes in the expression of P2Y1R of 
SI mice. Immunofluorescence labeling results showed 
that P2Y1R immunoreactivity was well co-localized with 
GFAP-positive astrocytes in the prefrontal cortex (Fig. 3a) 
and hippocampus (Fig. 4a) of SI mice, but not co-localized 
with NeuN and Iba1-positive microglia cell (Supplemen-
tary Fig. 1). Western blot analysis results revealed that 

the levels of P2Y1R protein in the SI group were signifi-
cantly increased in the prefrontal cortex (t = 7.380, df = 8.0, 
P < 0.001, n = 5; Fig.  3c) and hippocampus (t = 6.269, 
df = 8.0, P < 0.001, n = 5; Fig. 4c) in comparison with the 
GH group.

Effects of P2Y1R agonists and antagonists on social 
isolation caused depression‑ and anxiety‑like 
behaviors

We tried to investigate the role of P2Y1R in the develop-
ment of depressive- and anxiety-like behavior deficits caused 
by social isolation stress. One-way ANOVA showed that 
administration of MRS2179 into the lateral ventricle could 
impact the sucrose consumption rate in the SPT of SI mice 
(F(2,15) = 7.302, P < 0.001, n = 6; Fig. 5a) and the immobil-
ity time in the TST of SI mice (F(2,15) = 21.21, P < 0.001, 
n = 6; Fig. 5b). Dunnett’s multiple comparisons test showed 
that compared with the SI group, treatment with MRS2179 
increased sucrose consumption rate in the SPT, with a 
group difference of 20.50 (95% confidence interval (CI) 
4.53 to 36.47; P < 0.001); and decreased immobility time in 

Fig. 2  Six weeks of social isola-
tion stress induced depressive- 
and anxious-like behavioral 
deficits. a Changes of sucrose 
preference percentage in the 
SPT before and after SI. b 
Changes of immobility time in 
the TST before and after SI. c 
Moving trajectory diagram in 
the OFT. d Changes of total 
distance of motor activity in 
the OFT before and after SI. e 
Changes of spent time in the 
center zone in the OFT before 
and after SI. The data were 
expressed as mean ± SEM 
(n = 8). *P < 0.05, SI group 
versus GH group. SI social 
isolated, GH group housed, SPT 
sucrose preference test, TST 
tail suspension test, OFT open 
field test
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the TST, with a group difference of − 65.8 (95% CI − 93.0 
to − 38.5; P < 0.001). However, treatment with MRS2365 
had no significant effects on SPT and TST of SI mice.

In the OFT, one-way ANOVA showed that administration 
of either MRS2179 or MRS2365 into the lateral ventricle 
could not affect the total moved distances and time spent in 
the center zone of SI mice (Fig. 5d, e). From Fig. 6, we found 
that administration of MRS2179 into the lateral ventricle of 
SI mice significantly decreased the expression of P2Y1R in 
the prefrontal cortex (Fig. 6a, c) and hippocampus (Fig. 6b, 
d), which indicated that administration of MRS2179 into the 
lateral ventricle is effective to antagonist expression of P2Y1 
in the prefrontal cortex and hippocampus.

Effects of EA on social isolation caused depression‑ 
and anxiety‑like behaviors and the expression 
of P2Y1R in the brain

Subsequently, we observed the effects of EA on depres-
sion- and anxiety-like behaviors of SI mice. One-way 
ANOVA showed that EA could impact sucrose consump-
tion rate in the SPT (F(4,25) = 11.31, P < 0.001, n = 6; 
Fig.  7a), immobility time in the TST (F(4,25) = 42.26, 
P < 0.001, n = 6; Fig. 7b), total moved distances in the OFT 
(F(4,25) = 5.694, P < 0.001, n = 6; Fig. 7d), and time spent 
in the center zone of OFT (F(4,25) = 6.100, P = 0.001, n = 6; 
Fig. 7e). Tukey–Kramer’s multiple-comparison tests dem-
onstrated that compared with the SI group, EA significantly 
increased sucrose consumption rate in the SPT (95% CI 5.23 

Fig. 3  Expressions of P2Y1R 
were up-regulated in the pre-
frontal cortex. a The immuno-
fluorescent staining of P2Y1R 
in the prefrontal cortex of SI 
mice. Scale bar = 100 um. b 
Representative western blots 
image of P2Y1R protein levels 
in the prefrontal cortex of GH 
and SI mice. c Quantifications 
of P2Y1R protein levels in the 
prefrontal cortex of GH and 
SI mice. All interest protein 
expressions were normalized to 
β-actin. Values are expressed as 
mean ± SEM (n = 5). *P < 0.05, 
SI group versus GH group. 
SI social isolated, GH group 
housed
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to 27.67; P < 0.001) and the time spent in the center zone 
of OFT (95% CI 1.636 to 9.231; P < 0.001). Meanwhile, 
it decreased immobility time in the TST (95% CI − 76.91 
to − 29.78; P < 0.001) and moved distances in the OFT (95% 
CI − 944.20 to − 18.82; P < 0.001). These results suggested 
that 4 weeks of EA treatment could alleviate depression- and 
anxiety-like behaviors caused by social isolation.

Immunofluorescence labeling results showed that the 
expression of P2Y1R in the prefrontal cortex and hippocam-
pus of the EA group was less than that of the SI group (Fig. 8). 
Furthermore, Tukey–Kramer’s multiple-comparison tests con-
firmed that EA could significantly decrease the protein level of 
P2Y1R in the prefrontal cortex (P < 0.001, n = 5; Fig. 9c) and 
hippocampus (P < 0.001, n = 5; Fig. 9d), as compared with the 

SI group. However, sham EA could not affect the expression of 
P2Y1R in the prefrontal cortex and hippocampus.

P2Y1R agonists reversed the effects of EA on social 
isolation–caused depression‑like behaviors

Tukey–Kramer’s multiple-comparison tests showed that 
compared with the EA group, the EA + 2365 group had 
a decreased sucrose consumption rate in the SPT, with 
a group difference of − 12.85 (95% CI − 24.07 to − 1.63; 
n = 6, P < 0.001; Fig. 7a); and an increased immobility 
time in the TST, with a group difference of 60.23 (95% CI 
36.66 to 83.79; n = 6, P < 0.001; Fig. 7b). However, there 
are no significant differences between EA and EA + 2365 
groups in the OFT (Fig. 7d, e). These results suggested 

Fig. 4  Expressions of P2Y1R 
were up-regulated in the hip-
pocampus. a The immunofluo-
rescent staining of P2Y1R in 
the hippocampus of SI mice. 
Scale bar = 100 um. b Repre-
sentative western blots image of 
P2Y1R protein levels in the hip-
pocampus of GH and SI mice. c 
Quantifications of P2Y1R pro-
tein levels in the hippocampus 
of GH and SI mice. All interest 
protein expressions were 
normalized to β-actin. Values 
are expressed as mean ± SEM 
(n = 5). *P < 0.05, SI group 
versus GH group. SI social 
isolated, GH group housed
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Fig. 5  Effects of P2Y1R ago-
nists and antagonists on social 
isolation–caused depressive- 
and anxiety-like behavioral 
deficits. a Changes in the SPT 
of SI mice after treated with 
MRS2179 or MRS2365. b 
Changes in the TST of SI mice 
after treated with MRS2179 or 
MRS2365. c Moving trajectory 
diagram in the OFT. d Changes 
of total distance of motor 
activity in the OFT of SI mice 
after treated with MRS2179 or 
MRS2365. e Changes of spent 
time in the center zone in the 
OFT of SI mice after treated 
with MRS2179 or MRS2365. 
The data were expressed as 
mean ± SEM (n = 5). #P < 0.05, 
SI + 2179 group versus SI 
group. SI social isolated, SPT 
sucrose preference test, TST 
tail suspension test, OFT open 
field test

Fig. 6  Expression of P2Y1R in the prefrontal cortex and hippocam-
pus after SI mice were treated with MRS2179 or MRS2365. a, b 
Representative western blots image of P2Y1R protein levels in the 
prefrontal cortex and hippocampus after SI mice were treated with 
MRS2179 or MRS2365. c, d Quantifications of P2Y1R protein levels 

in the prefrontal cortex and hippocampus after SI mice were treated 
with MRS2179 or MRS2365. All interest protein expressions were 
normalized to β-actin. Values are expressed as mean ± SEM (n = 4). 
#P < 0.05, SI + 2179 group versus SI group. SI social isolated
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that treatment with MRS2365 could reversed the effects 
of EA on social isolation–caused depression-like behav-
iors, but could not affect the effects of EA on social isola-
tion–caused anxiety-like behaviors.

Discussion

Although EA has been widely used for neuropsychiat-
ric disorders in the clinic, the mechanisms underlying the 
efficacy of EA on depression are not fully understood. 
Recently, a large body of evidence shows the important 
role of purinergic system in the neurobiology of psychia-
try disorders, including depression [23]. In this regard, we 
explored the potential role of P2Y1R, a member of puriner-
gic receptors, in the antidepressant effects of EA on social 
isolation–induced depression mice. We found that after 
6 weeks of early social isolation, the SI mice exhibited 
obvious depression- and anxiety-like behaviors and showed 
increased expression of P2Y1R in the prefrontal cortex 
and hippocampus. P2Y1R antagonist could suppress social 
isolation–caused depression-like behaviors, while P2Y1R 
agonist could not. Furthermore, we found that insertion 

and electrical stimulation of acupuncture needles at GV20 
and GV29 could suppress social isolation–caused depres-
sion- and anxiety-like behaviors, as well as inhibited the 
up-regulation of P2Y1R in the prefrontal cortex and hip-
pocampus. However, the antidepressant-like effects of EA 
could be reversed by P2Y1R agonist. Taken together, our 
findings indicated that P2Y1R might be involved in the anti-
depressant actions of EA.

Social isolation stress in the development 
of depression and the role of EA in the treatment 
of depression

Increasing evidence indicates that social isolation has been 
an important risk in the development of several neuropsychi-
atric disorders including depression [30, 31]. In clinic, due to 
a small social network, social isolation people usually have 
a feeling of loneliness and are more likely to be depressed. 
Increasing social interaction is beneficial in reducing the 
prevalence of depression [32]. In animal experiments, previ-
ous studies showed that social isolation stress during post-
weaning period could induce depressive- and anxious-like 
behavior in some behavioral tasks [33–35]. Social isolation 

Fig. 7  EA attenuated social iso-
lation–caused depressive- and 
anxiety-like behavioral deficits 
and P2Y1R agonists reversed 
the antidepressant effects of EA. 
a Changes of sucrose preference 
percentage in the SPT of five 
groups on PND94: GH, SI, EA, 
SEA, and EA + 2365 groups. 
b Changes of immobility time 
in the TST of five groups on 
PND94: GH, SI, EA, SEA, and 
EA + 2365 groups. c Moving 
trajectory diagram in the OFT. 
d Changes of distance of motor 
activity in the OFT of five 
groups on PND94: GH, SI, EA, 
SEA, and EA + 2365 groups. 
e Changes of spent time in the 
center zone in the OFT of five 
groups on PND94: GH, SI, EA, 
SEA, and EA + 2365 groups. 
The data were expressed as 
mean ± SEM (n = 6). *P < 0.05, 
EA group versus SI group. 
#P < 0.05, EA + 2365 group 
versus EA group. EA electroa-
cupuncture, GH group housed, 
OFT open field test, SI social 
isolated, SPT sucrose preference 
test, SEA sham electroacupunc-
ture, TST tail suspension test
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could induce activation of hypothalamic–pituitary–adrenal 
axis, and reduction in copper and zinc levels and catalase 
activity, as well as lower brain-derived neurotrophic factor 
(BDNF) protein level in the hippocampus of mice [36, 37]; 
those changes are thought to be closely related to the devel-
opment of depression.

In the present study, three well-known behavioral tests 
(SPS, TST, OFT) were applied to evaluate the anhedonia, 
despair symptoms, locomotor activity, and associated anxi-
ety-like behaviors of SI mice, respectively. Consistent with 
the abovementioned studies, we found that mice subjected to 
6 weeks of social isolation stress during PND 21–63 exhib-
ited a depression-related phenotype characterized by anhe-
donia, behavioral despair, and increased movement, anxiety, 
and alterations of purinergic P2Y1R.

Treatment with 4 weeks of EA ameliorated depression-
like behaviors of SI mice as evaluated by behavioral tests 

including SPS and TST. The antidepressant effects of EA on 
SI mice suggested that EA might be an effective therapeutic 
approach for depression in adolescence. The effects of acu-
puncture therapy for various diseases depend on application 
of acupuncture stimulation at specific acupoint or different 
combinations of acupoints. Consistent with previous stud-
ies on depression [16, 38], we observed the antidepressant-
like effects of EA on SI mice when EA is applied at acu-
points GV20 and GV29. In 1984, Luo et al. for the first 
time reported that application of EA at GV20 and GV29 
was beneficial for patients with depression [39]. After that, 
acupoint compatibility of GV20 and GV29 was widely used 
for various mental diseases [39]. Based on a recent Chi-
nese literature, GV20 and GV29 were the most frequently 
used acupoints for depression; the usage frequency was 
81.25% and 40.10%, respectively [40]. According to tradi-
tional acupuncture theory, the two acupoints are located in 

Fig. 8  EA inhibited the up-
regulated expression of P2Y1R 
in the prefrontal cortex and 
hippocampus from immunofluo-
rescent staining. The immuno-
fluorescent staining of P2Y1R 
and DAPI in the prefrontal 
cortex and hippocampus in the 
following five groups: GH, SI, 
EA, SEA, EA + 2365 groups. 
Scale bar = 20 μm. EA electroa-
cupuncture, GH group housed, 
SI social isolated, SEA sham 
electroacupuncture
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the head. Acupoint GV20 belongs to Du meridian, where 
the qi and spirit are infused. Traditional acupuncture theory 
believes that GV20 is the intersection of multiple merid-
ians. It has many effects, such as clearing heat for resusci-
tation, strengthening the brain and tranquilizing the spirit, 
and lifting the Yang qi, as well as calming the liver and 
extinguishing the wind. Acupoint GV29 is an extraordinary 
point, where the qi of Du meridian is infused, and has the 
effect of tranquilizing and allaying excitement.

Treatment with EA also ameliorated anxiety-like behav-
iors of SI mice as evaluated by OFT. The anxiolytic-like 
effects of EA on SI mice suggested that EA had the dual-
directional regulation of mood disorders. Indeed, acupoints 
have dual-directional regulating effects. It has been con-
firmed by animal experiments that EA stimulation applied 
at GV20 and GV29 also alleviated adolescent cocaine expo-
sure–induced anxiety-like behaviors [41].

P2Y1R is involved in the antidepressant‑like effects 
of EA

The purinergic system may play a role in the pathophysiol-
ogy and the treatment of mood disorders, including depres-
sion [42]. Purinergic signals may influence neurotransmitter 
systems and hormonal pathways of the hypothalamic–pitui-
tary–adrenal axis, providing a potential therapeutic target for 
depression. It is established that purinergic receptors could 
be differentiated into two families, P1 and P2 receptors, 

activated by adenosine and ATP, respectively [43]. The 
impact of purinergic signaling on depression is mainly 
related to the changes in adenosine and ATP-mediated sign-
aling at P1 and P2 receptors, respectively [44].

P2Y1R is a member of P2 receptors, which belongs 
to the P2Y G protein–coupled receptor family (including 
P2Y1, 2, 4, 6, 11, 12 subtypes) [45]. The widespread and 
abundant distribution of metabotropic P2Y receptors in the 
mammalian brain suggests important functions of these 
receptors in the central nervous system. In part A of this 
study, we observed the expression of P2Y1R was signifi-
cantly increased in the prefrontal cortex and hippocampus. 
Previous studies [46] have examined the intracellular sign-
aling pathways underlying the regulation of synaptic func-
tion by stress and antidepressant treatments. Repeated stress 
decreases the expression of BDNF in limbic and cortical 
brain regions, notably the hippocampus and prefrontal cor-
tex; these studies indicated the importance of the hippocam-
pus and prefrontal cortex in depression.

P2Y1R is highly expressed on astrocytes, and involved 
in regulating the activities of glutamate and norepineph-
rine [47, 48]. These neurotransmitters have been shown to 
be involved in the pathogenesis of depression. In previous 
studies, it has been demonstrated that P2Y1R is involved in 
the regulation of depression [42], anxiety [49], Alzheimer’s 
disease [50], arterial thrombosis [51], and brain ischemia 
[52]. But to date, its role in the antidepressant actions of acu-
puncture is unclear. Our findings indicated that P2Y1R was 

Fig. 9  EA inhibited the up-regulated expression of P2Y1R in the 
prefrontal cortex and hippocampus from western blotting. a, b Rep-
resentative western blots image of P2Y1R protein levels in the pre-
frontal cortex and hippocampus in the following five groups: GH, 
SI, EA, SEA, EA + 2365 groups. c, d Quantifications of P2Y1R pro-
tein levels in the prefrontal cortex and hippocampus in the following 

five groups: GH, SI, EA, SEA, EA + 2365 groups. All interest pro-
tein expressions were normalized to β-actin. Values are expressed as 
mean ± SEM (n = 4). #P < 0.05, EA group versus SI group. EA elec-
troacupuncture, GH group housed, SI social isolated, SEA sham elec-
troacupuncture
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implicated in the antidepressant actions of EA. Treatment 
with EA reversed the up-regulation of P2Y1R in the prefron-
tal cortex and hippocampus of SI mice. MRS2179 is a com-
petitive antagonist at P2Y1R, while MRS 2365 is a highly 
potent, selective P2Y1R agonist. We found that before EA, 
treatment with MRS2179 attenuated the depression-like 
behaviors of SI mice, but could not affect the anxiety-like 
behaviors of SI mice. We also found that after EA, treatment 
with MRS2365 significantly reversed the antidepressant-like 
effects of EA on SI mice, but could not affect the anxiolytic-
like effects of EA on SI mice. These results might shed new 
light on the mechanism of EA in the treatment of depression.

In summary, our investigation indicates that P2Y1R is 
involved in the modulation of depression. Repeated EA 
treatment at GV20 and GV29 could ameliorate depression-
like behaviors, which might be mediated by regulating 
purinergic P2Y1R in the prefrontal cortex and hippocampus.
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