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Background: Electroacupuncture (EA) is a form of physical therapy that has been widely 
used in clinical practice in China. Post-stroke depression (PSD) is the most common 
neuropsychiatric complication after stroke. EA has been shown to have beneficial effects 
on PSD patients. However, the potential mechanism underlying the protective effects of EA 
on PSD remains unclear. Here, we investigated whether tissue plasminogen activator (tPA)/ 
brain-derived neurotrophic factor (BDNF)/tyrosine kinase receptor B (TrkB) signaling path-
way participates in the therapeutic effects of EA in a rat PSD model.
Methods: Experimental PSD was induced by combining middle cerebral artery occlusion 
(MCAO) with chronic unpredictable mild stimulation (CUMS) in adult male rats. 
Bodyweight gain, neurological score, sucrose preference, and open field test were determined 
at 0, 7, 14, and 35 days after completing MCAO. The protein expressions of tPA, precursor 
BDNF (proBDNF), mature BDNF (mBDNF), and TrkB were measured by immunofluores-
cence and Western blot analysis. The tPA inhibitor plasminogen inhibitor-1 (PAI-1) was used 
to explore whether tPA plays a crucial role in the protective effects of EA on PSD.
Results: Compared with the sham rats, the PSD rats showed decreased bodyweight, deteriorated 
neurological score, and significant depressive-like behaviors. EA remarkably reversed body-
weight loss, neurological deficit, and depressive-like behaviors in PSD rats. Immunofluorescence 
staining and Western blot analysis showed that PSD-induced decreased expression of tPA, 
mBDNF, and TrkB were prevented by EA. Furthermore, we found that the effects of EA against 
PSD-induced depressive-like behaviors were abolished by PAI-1, the specific inhibitor of tPA.
Conclusion: Our results suggest that the improvement in depressive-like behaviors induced 
by EA is likely achieved via activation of the tPA/BDNF/TrkB pathway.
Keywords: electroacupuncture, poststroke depression, depressive-like behaviors, tPA/ 
BDNF/TrkB, chronic unpredictable mild stimulation

Introduction
Cerebral stroke has been considered as a major health concern. By 2050 a growing 
number of people around the world will be aged 65 years or older which would lead 
to an increase in age-related diseases including the stroke.1 Post-stroke depression 
(PSD) is considered the most common neuropsychiatric consequence following 
a stroke. The estimated prevalence of PSD is suggested to be 30–50% among 
stroke survivors.2 This disorder is closely associated with increased disability and 
lowered quality of life, which places a heavy burden on health care systems, 
families, and society.3 Selective serotonin reuptake inhibitors (SSRIs) are currently 
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considered as the standard treatment for PSD because of 
their proven efficacy.4 However, SSRI administration 
raises the risk of cerebral hemorrhage and other side 
effects.5

It has been suggested that brain-derived neurotrophic 
factor (BDNF) plays an important role in the pathophysio-
logical mechanisms of PSD.6 Decreased concentration of 
serum BDNF has been demonstrated in patients with 
PSD.7 The unbalance between BDNF and precursor 
BDNF (proBDNF) in the brain has also been found in 
the PSD rats.8 Besides, tissue plasminogen activator 
(tPA) is an important factor that affects the balance of 
BDNF/proBDNF through activating the extracellular pro-
tease plasmin.9 Tyrosine receptor kinase B (TrkB), the 
receptor of BDNF, is another vital signaling molecule 
involved in the pathogenesis of PSD.10 Current evidence 
suggests the tPA/BDNF/TrkB signaling pathway maybe 
participate in the occurrence and development of PSD.9,11

Electroacupuncture (EA) has been used to treat a wide 
variety of medical conditions, such as knee osteoarthritis,12 

stress urinary incontinence,13 functional constipation,14 and 
so on. Recently, EA has been demonstrated to have beneficial 
effects on neuropsychiatric disorders,15–18 including PSD.19 

Animal studies showed that hippocampal sonic hedgehog- 
signaling pathway,20 Keap1/Nrf2 antioxidant signaling 
pathway,21 and endocannabinoid signaling pathway22 may 
be involved in the protective mechanism of EA on PSD. 
What remains unclear, however, is whether the tPA/BDNF/ 
TrkB signaling pathway participates in the protective effects 
of EA on PSD.

In the present study, we examined whether EA could 
attenuate depressive-like behaviors in a rat model of PSD. 
We also determined whether the tPA/BDNF/TrkB signal-
ing pathway was involved in the protective effects of EA. 
Results of this study will improve our understanding of the 
mechanism underlying EA on PSD.

Materials and Methods
Animals
Sixty male Sprague-Dawley rats weighing 180–220 g were 
obtained from Vital River Laboratories (Beijing, China). 
The temperature was maintained at 23±2 °C and the rela-
tive humidity was controlled at 40%–70%. Water and 
standard chow were available ad libitum throughout the 
study. All animal experiments were performed according 
to the ARRIVE guidelines, American Association for 
Accreditation of Laboratory Animal Care’s policy, and 

Guide for the Care and Use of Laboratory Animals issued 
by the Institute for Laboratory Animal Research. All of the 
experimental protocols were approved by the 
Experimental Ethics Committee of China Rehabilitation 
Research Center (No. 20180433).

Experimental Design
Experiment I
To observe the effects of EA on behaviors of PSD rats, 
bodyweight gain, neurological score, and depressive-like 
behaviors were determined at 0, 7, 14, and 35 days after 
completing middle cerebral artery occlusion (MCAO). 
Rats were randomly assigned to sham, model, fluoxetine, 
and EA groups (n = 10 per group), as shown in Figure 1. 
Rats in the model group were subjected to MCAO com-
bined with chronic unpredictable mild stimulation 
(CUMS). Rats in the sham group were subjected to experi-
mental procedures similar to the model group except for 
MCAO and chronic stress. Rats in the fluoxetine group 
were subjected to MCAO, CMUS, and fluoxetine treat-
ment (Prozac, 0.2 mg/kg, Eli Lilly & Co.). Rats in the EA 
group were subjected to MCAO, CMUS, and EA inter-
vention. To investigate whether the tPA/BDNF/TrkB path-
way was involved in this process, the rats were sacrificed 
at 35 days and the expressions of tPA, proBDNF, mature 
BDNF (mBDNF), and TrkB were detected.

Experiment II
To identify the role of tPA activation in the protective 
effect of EA intervention, we used the tPA-specific inhi-
bitor PAI-1 in the experiment. Rats were randomly divided 
into two groups: Model+PAI-1 and Model+EA+PAI-1 
(n=10 per group). PAI-1 was injected intracerebroventri-
cularly at a dose of 1.9 ug/10 ul/rat/day.

Post-Stroke Depression Model
The post-stroke depression (PSD) model was induced by 
combining MCAO with CMUS. MCAO was established 
by using modifying Longa’s method.23 In brief, rats were 
anesthetized with 10% chloral hydrate intraperitoneally at 
a dose of 300 mg/kg. A midline incision was made in the 
neck and the left common carotid artery was isolated. 
Subsequently, a monofilament nylon suture was inserted 
into the external carotid artery and advanced to occlude 
the middle cerebral artery. The filament was left in the 
artery for 90 min and then withdrawn for reperfusion. 
Successful MCAO was confirmed by using a 5-point neu-
rological score. CUMS was arranged for 4 consecutive 
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weeks with one stressor each day after 1 week of recovery 
from the MCAO surgery. The stressors included depriva-
tion of food and water for 24 hours, 45° cage tilt for 24 
hours, humid environment for 24 hours, day and night 
reversed for 24 hours, wrap restraint for 2 hours, vibration 
for 30min, and tail clamping for 1 minute.

EA Treatment
Fourteen days after MCAO, rats in the EA group received EA 
treatment for 3 weeks. Briefly, rats were maintained on 
a platform and the acupoints Baihui (GV20), Yintang 
(GV29), Zhongwan (CV12), Guanyuan (CV4) were stimu-
lated by acupuncture needles for 30 min daily. The acupuncture 
needles (0.16×7 mm) were inserted at a depth of 4 mm into 
these acupoints. Needles were then connected to the HANS- 
200A Acupuncture Point Nerve Stimulator (Nanjing, China) 
with a frequency of 2 Hz. The electrical stimulus intensity was 
set at the threshold for a detectable muscle twitch (1 mA).

Neurological Score
The neurological score was performed at 0, 7, 14, and 35 
days after MCAO to evaluate the neurological deficit 

according to previous publications. Neurological status 
was graded according to a 5-point grading system: 0, no 
observable deficit; 1, forelimb flexion; 2, unidirectional 
circling; 3, falling to the contralateral injury side; 4, unable 
to walk spontaneously or lack of consciousness.

Sucrose Preference Test
The sucrose preference test was performed at 0, 7, 14, and 
35 days after MCAO to measure the depressive-like beha-
vior. Rats were given access to two preweighted bottles, 
one containing tap water and the other containing sucrose 
solution (1%). The consumption of sucrose solution was 
quantified by weighing the bottles. Sucrose preference was 
calculated using the following formula: sucrose preference 
(%) = sucrose intake/total fluid intake × 100.

Open Field Test
The open field test was performed at 0, 7, 14, and 35 days 
after MCAO to assess general locomotor activity and 
anxiety-related behavior. Rats were individually placed in 
the center of a cube (100 cm × 100 cm × 100 cm) for 10 
minutes. Total distance traveled (grid crossing) and 

Figure 1 Schematic showing the timeline of the intervention and behavioral tests.
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vertical activity of rats were analyzed. The apparatus was 
cleaned with 75% ethanol between tests.

Enzyme-Linked Immunosorbent Assay
We used commercial enzyme-linked immunosorbent assay 
kits (RayBiotech, US) to measure the levels of BDNF and 
proBDNF in serum. Blood was collected at the time of 
sacrifice and the blood sample was centrifuged to separate 

the serum. All serum samples were stored at −80°C until 
use. Analyses were performed according to the manufac-
turers’ protocol.

Western Blot
Immediately after sacrificing the rats, brains were rapidly 
dissected on ice and the prefrontal cortex was isolated. The 
protein concentration was determined by a BCA protein assay 

Figure 2 The effect of EA on depressive-like behaviors in PSD rats. Bodyweight gain (A), neurological score (B), sucrose preference (C), and open field test (D and E) were 
determined at 0, 7, 14, and 35 days after completing MCAO. *P < 0.05, sham vs model, #P < 0.05, model vs fluoxetine, &P < 0.05, model vs EA.
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kit. Proteins were separated by SDS-PAGE and transferred to 
a PVDF membrane (Millipore, USA) by electroblotting. The 
membranes were incubated with primary antibodies (anti- 
BDNF, 66292-1-Ig, 1:1000, Proteintech; anti-proBDNF, 
p1374, 1:1000, Sigma; anti-tPA, 10147-1-AP, 1:2000, 
Proteintech; anti-TrkB, 13129-1-AP, 1:1000, Proteintech; anti- 
GAPDH, ab8245, 1:5000, Abcam) overnight at 4°C and then 
with a secondary antibody for an hour at 37°C. The immunor-
eactive bands were visualized using the Electro-Chemi- 
Luminescence (ECL) kit and quantification analyses were 
performed using Image-Pro Plus software.

Immunofluorescence
Rats were deeply anesthetized and perfused transcar-
dially with saline followed by 4% paraformaldehyde. 
Brains were removed and post-fixed in 4% paraformal-
dehyde overnight. After fixation, brains were dehydrated 
through a graded ethanol series and embedded in paraf-
fin. Coronal brain sections were cut into 6 μm thick-
nesses with a rotary microtome (Leica RM2235, 
Germany). The sections were blocked with 5% bovine 
serum albumin (BSA) and incubated with primary anti-
bodies (anti-BDNF, 1:200, Proteintech; anti-proBDNF, 
1:400, Proteintech; anti-tPA, 1:200, Proteintech; anti- 
TrkB, 1:500, Proteintech;) overnight at 4°C and then 

with a secondary antibody for 30 min at room tempera-
ture. Slides were visualized under a fluorescence micro-
scope and analyzed by a researcher who was blind to 
the assignment group.

Statistical Analyses
All results are expressed as mean ± SEM. The normal 
distribution of data was evaluated using the Anderson- 
Darling test. The data of bodyweight, neurological score, 
sucrose preference, and open field test were analyzed 
using the two-way repeated measures ANOVA. The other 
data were statistically evaluated using a one-way ANOVA. 
A value of P < 0.05 was considered statistically significant.

Results
EA Ameliorated Depressive-Like 
Behaviors in PSD Rats
First, we determined the effects of EA intervention on 
depressive-like behaviors in PSD rats. Bodyweight loss, 
neurological deficit score, sucrose preference test, and 
open field test were evaluated at 0, 7, 14, and 35 days 
after MCAO (Figure 2). Compared with the sham group, 
bodyweight in the model group was significantly 
decreased. But both fluoxetine and EA partly reversed 

Figure 3 The effect of EA on BDNF level in the serum of PSD rats. Serum mBDNF (A), proBDNF (B), and mBDNF/proBDNF ratio (C) were detected by ELISA. *P < 0.05, 
compared as indicated.
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the reduction at 35 days after MCAO. Neurological score 
in the model group was deteriorated compared with the 
sham group. This deterioration was also reversed by both 
fluoxetine and EA intervention. In the sucrose preference 
test, sucrose preference of PSD rats decreased distinctly. 
Both fluoxetine and EA treatment alleviated depressive- 
like behaviors in PSD rats. In the open field test, PSD rats 
showed decreased grid crossing and vertical activity com-
pared with sham rats. Rats in the fluoxetine and EA group 
showed significantly more grid crossing and vertical activ-
ity than rats in the model group. These results confirmed 
EA exerted anti-depressive effects in a rat model of PSD.

EA Increased BDNF Level in the Serum of 
PSD Rats
Next, we examined BDNF concentration in the serum of rats 
(Figure 3). Compared with the sham group, mBDNF 

concentration in the serum was significantly decreased in the 
model group. EA intervention markedly reversed the reduction 
of BDNF serum concentration. On the contrary, proBDNF 
concentration in the serum was significantly increased in the 
model group compared with the sham group. The increase of 
proBDNF serum concentration was reversed by EA treatment. 
Besides, the mBDNF/proBDNF ratio was significantly 
decreased in PSD rats compared with sham rats. But EA 
intervention recovered the balance between mBDNF and 
proBDNF.

EA Increased BDNF Expression in the 
Prefrontal Cortex of PSD Rats
Then the expressions of mBDNF and proBDNF in the pre-
frontal cortex were further determined by Western blot and 
immunofluorescence staining (Figures 4 and S1). Compared 
with the sham group, the expression of mBDNF was 

Figure 4 The effect of EA on mBDNF and proBDNF expressions in the prefrontal cortex of PSD rats. Representative immunoblots (A) and densitometry analysis of 
mBDNF and proBDNF (B and C) expressions in the prefrontal cortex. Representative images of immunofluorescent staining of mBDNF and proBDNF in the prefrontal 
cortex (D and E). *P < 0.05, compared as indicated.
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significantly decreased in the model group. But EA treatment 
prevented PSD-induced reduction of mBDNF expression. On 
the other hand, a significantly higher level of proBDNF expres-
sion was observed in PSD rats than that in sham rats. The 
increase of proBDNF expression in PSD rats was markedly 
reversed by EA intervention. These results were simulta-
neously validated by Western blot and immunofluorescence 
staining.

EA Increased tPA and TrkB Expressions in 
the Prefrontal Cortex of PSD Rats
Subsequently, we evaluated the expressions of tPA and TrkB 
in the prefrontal cortex of PSD rats (Figures 5 and S1). Both 
Western blot and immunofluorescence staining indicated that 
the expressions of tPA and TrkB in the prefrontal cortex were 
significantly lower in the model group than that in the sham 
group. Interestingly, the expressions of tPA and TrkB were 
increased in the EA group compared with that in the model 
group. These results suggested that the tPA/BDNF/TrkB 
signaling pathway in the prefrontal cortex maybe participate 
in the protective effects of EA on PSD.

PAI-1 Blocked EA-Induced Improvement 
in PSD Rats
To explore whether the protective effects induced by 
EA were dependent on the activation of tPA pathway, 
we injected the tPA inhibitor plasminogen inhibitor-1 
(PAI-1) in EA-treated rats (Figures 6 and S2). 
Compared with the Model+EA group, bodyweight in 
both the Model+PAI-1group and Model+PAI+EA 
group was significantly decreased. Similarly, neurolo-
gical scores in Model+PAI-1group and Model+PAI 
+EA group were markedly deteriorated compared 
with the Model+EA group. In the sucrose preference 
test, sucrose preference in Model+PAI-1group and 
Model+PAI+EA group was distinctly decreased com-
pared with the Model+EA group. In the open field test, 
rats in Model+PAI-1group and Model+PAI+EA group 
showed significantly decreased grid crossing and ver-
tical activity compared with rats in the Model+EA 
group. All these results suggested the improvement 
induced by EA on depressive-like behaviors in PSD 
rats was dependent on the activation of tPA pathway.

Figure 5 The effect of EA on tPA and TrkB expressions in the prefrontal cortex of PSD rats. Representative immunoblots (A) and densitometry analysis of tPA and TrkB 
(B and C) expressions in the prefrontal cortex. Representative images of immunofluorescent staining of tPA and TrkB in the prefrontal cortex (D and E). *P < 0.05, 
compared as indicated.
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Discussion
To the best of our knowledge, this is the first study that 
investigated whether the tPA/BDNF/TrkB pathway parti-
cipates in the protective effects of EA in a PSD model. In 
this study, we found that EA attenuated depressive-like 
behaviors in a PSD model. The therapeutic effects may 
be associated with activation of the tPA/BDNF/TrkB path-
way in the prefrontal cortex. Moreover, the tPA inhibitor 
PAI-1 significantly abolished the benefits induced by EA 
intervention, supporting this contention.

Depression may lead to appetite loss, which can result 
in weight loss.24 In our study, the combination of MCAO 
and CUMS caused weight loss in rats, which is consistent 
with previous studies.25 EA intervention as well as fluox-
etine ameliorated the loss of weight. The neurological 
score is commonly used to quantify the extent of 

neurological injury. Our results showed that EA exerted 
a neuroprotective effect in a rat model of PSD. 
Interestingly, we found that the antidepressant fluoxetine 
also attenuated the neurological deficit in the PSD model. 
This is probably because fluoxetine may afford neuropro-
tection in the postischemic brain, and the neuroprotection 
might be associated with anti-inflammatory effects and 
anti-apoptotic effects of fluoxetine.26,27 The sucrose pre-
ference and open field test are widely accepted behavioral 
testing tools for assessing the antidepressant-like effects of 
agents.3 A decrease in sucrose intake is used as an indi-
cator of anhedonia and the open field test measures the 
locomotor activity and level of anxiety.28 In our study, 
PSD rats showed a reduction in sucrose intake and 
a decrease in grid crossing and vertical activity in the 
open field test. Both EA and fluoxetine reversed the 

Figure 6 The effect of tPA inhibitor PAI-1 on the EA-induced behavior improvement. Bodyweight gain (A), neurological score (B), sucrose preference (C), and open field 
test (D and E) were determined at 0, 7, 14, and 35 days after completing MCAO. *P < 0.05, model vs model+EA, #P < 0.05, model+EA vs model+PAI-1, &P < 0.05, model 
+EA vs model+EA+PAI-1.
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reduction, which demonstrated that the antidepressant 
effects of EA are similar to the effects of fluoxetine. The 
classical antidepressant fluoxetine was used as positive 
control drug in the behavioral experiments because fluox-
etine is considered as the first-line treatment for PSD.4

Studies have shown that BDNF plays an important role 
in the pathogenesis of PSD.29 Clinical studies have 
revealed that patients with PSD have a lower level of 
serum BDNF30 and ischemic stroke patients with low 
serum BDNF have a much higher risk for PSD.31 In this 
study, PSD rats revealed a significant reduction in serum 
level of BDNF. Which demonstrated that the animal model 
of PSD used in this study, at least in part, mimics the 
actual clinical situation. Furthermore, our study showed 
that EA intervention reversed the reduction of serum 
BDNF caused by PSD. ProBDNF, the precursor protein 
of the mature form BDNF, could be converted to BDNF by 
extracellular proteases. We found that the serum level of 
proBDNF was significantly higher in PSD rats. As a result, 
the ratio of mBDNF to proBDNF was significantly lower 
in PSD rats. But EA intervention increased the serum level 
of proBDNF and restored the balance between mBDNF 
and proBDNF. All these results demonstrated that the 
protective effects of EA on PSD are associated with the 
increase of BDNF in serum.

Hippocampus and prefrontal cortex both have impor-
tant roles in the pathogenic mechanism of PSD.32,33 In this 
study, we mainly focused on the mechanism involved in 
the prefrontal cortex. The mechanism involved in the 
hippocampus will be investigated further in our later 
research. Therefore, we then determined the protein 
expression of mBDNF and proBDNF in the prefrontal 
cortex. As expected, the unbalance between mBDNF and 
proBDNF was also found in the prefrontal cortex of PSD 
rats. Similarly, EA intervention restored the balance 
between mBDNF and proBDNF. The proBDNF is con-
verted to mBDNF by tPA through activating the extracel-
lular protease plasmin.34 BDNF then binds to and activates 
its cognate receptor TrkB to modulate the activity of 
neurons.35 So the protein expressions of tPA and TrkB in 
the prefrontal cortex were also detected. PSD caused 
a significant reduction in expressions of tPA and TrkB in 
rats, whereas EA intervention reversed the reduction. 
Taken together, the current results suggest that the protec-
tive effects of EA on PSD were associated with activation 
of the tPA/BDNF/TrkB pathway in the prefrontal cortex. 
Furthermore, our results also showed that the therapeutic 
action of EA on depressive-like behaviors in PSD rats 

could be blocked by a specific tPA inhibitor PAI-1.36 

This provided strong support for our conclusion that EA 
exerted its antidepressant effect at least partly through the 
activation of tPA pathway (Figure 7).

This study has several limitations. First, the activa-
tion of tPA/BDNF/TrkB pathway in the hippocampus 
had not been investigated, so the potential hippocampus- 
related mechanism by which EA attenuated the depres-
sive-like behaviors in PSD rats remains unclear. Second, 
only one inhibitor was used in this study, the inhibitors 
of BDNF and TrkB are also needed to further support 
our conclusion. Third, it is still not clear whether PAI-1 
can produce a depressive-like phenotype. Our results has 
to be interpreted with caution given the uncertain role of 
PAI-1. Fourth, these findings must be interpreted with 
caution because the animal model of PSD cannot realis-
tically simulate the pathophysiology involved in PSD 
patients.

Conclusions
In summary, this study demonstrated that EA ameliorated 
depressive-like behaviors in a rat model of PSD, and the 
improvement was achieved by promoting activation of the 
tPA/BDNF/TrkB pathway in the prefrontal cortex. The 
current results provided a new perspective on the mechan-
ism by which EA attenuates the depressive-like behaviors 
following stroke.

Figure 7 Schematic illustration of the potential mechanisms by which EA attenu-
ated depressive-like behaviors in PSD models.
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