
P
os
te
d
on

20
O
ct

20
23

—
T
h
e
co
p
y
ri
gh

t
h
ol
d
er

is
th
e
au

th
or
/f
u
n
d
er
.
A
ll
ri
gh

ts
re
se
rv
ed
.
N
o
re
u
se

w
it
h
ou

t
p
er
m
is
si
on

.
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
22
54
1/
au

.1
69
78
32
28
.8
19
97
00
5/
v
1
—

T
h
is

a
p
re
p
ri
n
t
an

d
h
a
s
n
o
t
b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
a
ta

m
ay

b
e
p
re
li
m
in
a
ry
.

Electroacupuncture alleviates MIRI by regulating hypothalamic

paraventricular nucleus neurons projecting to the rostral

ventrolateral medulla

Qi Shu1, Jie Zhou1, Bin Zhang1, Fan Zhang1, Xiang Zhou1, Yan Wu1, Huiming Chang1,
Ling Hu1, Ronglin Cai1, and Qing Yu1

1Anhui University of Chinese Medicine

October 20, 2023

Abstract

Accumulating evidence suggests that electroacupuncture (EA) has obevious therapeutic effects and unique advantages in al-

leviating myocardial ischemia-reperfusion injury (MIRI), while the underlying neuromolecular mechanisms of EA intervention

for MIRI have not been fully elucidated. The aim of the study is to investigate the role of the neural pathway of hypothalamic

paraventricular nucleus (PVN) neurons projecting to the rostral ventrolateral medulla (RVLM) in the alleviation of MIRI rats

by EA preconditioning. MIRI models were established by ligating the left anterior descending coronary artery for 30 min

followed by reperfusion for 2 h. Electrocardiogram recording, chemogenetics, enzyne-linked immunosorbent assay, multichannel

physiology recording, hematoxylin-eosin and immunofluorescence staining methods were conducted to demonstrate that firing

frequencies of neurons in the PVN and expression of c-Fos decreased by EA pretreatment. Meanwhile, EA preconditioning

significantly reduced the levels of creatine kinase isoenzymes (CK-MB), cardiac troponin I (cTnI) and lactic dehydrogenase

(LDH). Virus tracing showed a projection connection between PVN and RVLM. Inhibition of the PVN-RVLM neural pathway

could replicate the protective effect of EA pretreatment on MIRI rats. However, activation of the pathway weakened the effect

of EA preconditioning. EA pretreatment alleviated MIRI by regulating PVN neurons projecting to RVLM. This work provides

novel evidence of EA pretreatment for improving MIRI.
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Abstract 

Accumulating evidence suggests that electroacupuncture (EA) has obevious therapeutic 

effects and unique advantages in alleviating myocardial ischemia-reperfusion injury (MIRI), while 

the underlying neuromolecular mechanisms of EA intervention for MIRI have not been fully 

elucidated. The aim of the study is to investigate the role of the neural pathway of hypothalamic 

paraventricular nucleus (PVN) neurons projecting to the rostral ventrolateral medulla (RVLM) in 

the alleviation of MIRI rats by EA preconditioning. MIRI models were established by ligating the 

left anterior descending coronary artery for 30 min followed by reperfusion for 2 h. 

Electrocardiogram recording, chemogenetics, enzyne-linked immunosorbent assay, multichannel 

physiology recording, hematoxylin-eosin and immunofluorescence staining methods were 

conducted to demonstrate that firing frequencies of neurons in the PVN and expression of c-Fos 

decreased by EA pretreatment. Meanwhile, EA preconditioning significantly reduced the levels of 

creatine kinase isoenzymes (CK-MB), cardiac troponin I (cTnI) and lactic dehydrogenase (LDH). 

Virus tracing showed a projection connection between PVN and RVLM. Inhibition of the 

PVN-RVLM neural pathway could replicate the protective effect of EA pretreatment on MIRI rats. 

However, activation of the pathway weakened the effect of EA preconditioning. EA pretreatment 

alleviated MIRI by regulating PVN neurons projecting to RVLM. This work provides novel evidence 

of EA pretreatment for improving MIRI.  

Key words: Electroacupuncture (EA), Myocardial ischemia-reperfusion injury (MIRI), 

hypothalamic paraventricular nucleus, rostral ventrolateral medulla, neural pathway 
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1. Introduction 

 Ischemic heart disease is a major component of cardiovascular disease with high morbidity 

and mortality, causing a huge burden of disease to public health worldwide. It’s reported that the 

number of cardiovascular diseases worldwide has almost doubled from 271 million in 1990 to 

523 million in 2019[1]. In China, there were 40.7 cardiac deaths per 100,000 person-years from 

1980 to 2016[2]. Reperfusion therapy, as a routine clinical treatment for myocardial ischemia, can 

effectively rescue the hypoxic state of myocardial ischemia, but the accompanying inflammatory 

reactions and calcium overload will further exacerbate myocardial injury[3]. which called 

myocardial ischemia-reperfusion injury (myocardial ischemia-reperfusion injury, MIRI). MIRI play 

essential functions in ischemic heart disease, which refers to a complex pathophysiological 

process that includes depletion of adenosine triphosphate[4], excessive generation of reactive 

oxygen species[5], inflammatory reactions[6], and mitochondrial dysfunction owing to clacium 

overload[7], which triggers acute myocardial infarction via metabolic dysfunction and structural 

damage[8]. Given the various mechanism and accompanying symptoms, effective anti-MIRI 

methods are still a huge challenge.  

As a traditional Chinese alternative health care approach, acupuncture is gaining increasing 

attention and reputation around the world. A large amount of evidence shows that acupuncture 

has a significant effect on the treatment of cardiovascular diseases[9-11]. Specially, acupuncture 

pre-treatment serves as a “benign stress” method to activate the body’s immune system and 

improve self-defense or tolerance to resist the invasion of subsequent diseases, which provides a 

promising intervention for prevention and treatment of MIRI. Furthermore, various studies have 

shown that the phenomenon of acupoint acupuncture sensation is essentially a neural 

sensation[12], which suggests that the transmission of acupuncture information depends on the 

nervous system. In fact, acupuncture at acupoints and non acupoints can cause two activation 

modes in different regions of the brain by functional magnetic resonance imaging (fMRI) 

technology[13,14]. Previous studies have revealed that the hypothalamic limbic system has a 

positive response to acupuncture pretreatment for improving MIRI, which aroused our 

interest[15,16].  

The paraventricular nucleus (PVN), an important integrative site for the control of 

cardiovascular activity, contains neurons that project to the intermediolateral cell column of the 

thoracolumbar spinal cord and the rostral ventrolateral medulla (RVLM)[17]. Studies have shown 

that PVN controls sympathetic nerve activity and blood pressure[18-20], which may be a 

underlying target for acupuncture treatment of cardiovascular diseases. Coronary ligation is one 

of the sources of afferent input to the PVN[21,22]. Our previous study have also discovered that 

PVN is one of the central regulatory targets of the heart by retrograde virus tracing (unpublished). 

Therefore, we try to explore the mechanism of PVN in electroacupuncture pretreatment 

alleviating MIRI neurogically.  

 

2. Materials and methods 

2.1 Animals and ethics 

Male Sprague-Dawley rats weighing 220±20g were purchased from Jinan Pengyue 

Experimental Animal Breeding Co., Ltd.(Shandong province, China, Certificate 

No.SCXK (Lu) 2019-003). The rats were housed in the animal center of Anhui 

University of Traditional Chinese Medicine and fed adaptively in cages under the 



same conditions for one week(24±2℃;55 ± 5 % humidity; 12 h light/dark cycle). All  

experiments were approved by the Animal Experiment Ethics Committee of the 

Anhui University of Traditional Chinese Medicine(No. AHUCM-rats-2020028). The study 

was carried out in accordance with the ARRIVE guidelines. 

 

2.2 Animal grouping and experimental design 

First, the rats were randomly (Analysis Toolpak) divided into three groups which are outlined 

below: 1) in the sham operation group (Sham, n=24), the rats were narcotized by isoflurane for 

20 min a day for 7 consecutive days. On the eighth day, they underwent a sham surgery, 

consisting of left thoracotomy but without the ligation of the left anterior descending (LAD) 

coronary artery. 2) In the MIRI model group (Model, n=24), the rats were also narcotized by 

isoflurane for 20 min a day for 7 continuous days without EA treatment. On the eighth day, MIRI 

model was induced by ligating the LAD for 30 min, followed by 2 h of reperfusion. 3) In the EA 

pretreatment group (EA, n=24), the rats were narcotized by isoflurane for 20 min a day for 7 

consecutive days with EA (20Hz, 0.5mA) at bilateral “Shenmen” (HT7). MIRI operation was 

performed on the eighth day. 

Second, 6 rats were injected rAAV-hSyn-mCherry-WPRE-hGH polyA in the PVN (n=3) and 

CTB-555 in the RVLM (n=3) to verify the connection between PVN and RVLM. 

Third, 84 rats were all injected chemogenetics virus and randomly divided into seven groups 

as follows:1) In the virus control group (sham+mCherry+CNO, n=12), rats were under brain 

injection of rAAV-EF1α-DIO-mCherry-WPRE-hGH pA in PVN and retroAAV-hSyn-CRE-WPRE-hGH 

pA in RVLM bilaterally, after 21 days, they were narcotized by isoflurane for 20 min a day for 7 

consecutive days without any invention, clozapine N-oxide (CNO) was injected intraperitoneally 

before sham operation on the eighth day. 2) In the virus model group (model+mCherry+CNO, 

n=12), the treatment was the same as that of the virus control group except for the MIRI 

operation on the eighth day. 3) In the inhibitory virus group (model+hM4Di+CNO, n=12), rats 

were injected rAAV-EF1α-DIO-hM4D(Gi)-mCherry-WPREs in PVN and 

retroAAV-hSyn-CRE-WPRE-hGH pA in RVLM bilaterally, underwent anesthesia without EA 

treatment for 7 consecutive days after 21 days from injection. CNO was injected intraperitoneally 

before MIRI operation on the eighth day. 4) In the inhibitory virus control group 

(model+hM4Di+Saline, n=12), the measures were the same as those of inhibitory virus group 

except the injection of saline on the eighth day. 5) In the virus EA group (EA+mCherry+CNO, 

n=12), 21 days after injection, rats were narcoized and injected CNO 30 min before starting each 

EA treatment. MIRI operation was performed on the eighth day. 6) In the excitatory virus group 

(EA+hM3Dq+CNO, n=12), rats were injected rAAV-Ef1α-DIO-hM3D(Gq)-mCherry-WPREs in PVN 

and retroAAV-hSyn-CRE-WPRE-hGH pA in RVLM bilaterally. Injected CNO 30 min before each EA 

treatment after 21 days and performed MIRI operation on the eighth day. 7) In the excitatory 

virus control group (EA+hM3Dq+Saline, n=12), the interventions were the same as the excitatory 

virus group except for the injection of saline. 

 

2.3 EA intervention 

Only the rats in the EA group received EA intervention before MIRI modeling. EA was applied 

at Shenmen acupoint (HT7) for 30 min everyday for continuous 7 days . HT7 was located on the 

ulnar side of the rat wrist. After routinely sterilizing wrist skin, we inserted an acupuncture 



needle to HT7, another needle was inserted 2 mm adjacent to HT7. The needling depth is 3mm. 

The EA apparatus (continuous wave; current, 1mA; frequency, 2Hz; HANS-200A/100B; HANS, 

Beijing, China) was attached to the acupuncture needle.   

2.4 Establishment of MIRI model  

Rats were anesthetized by 3% isoflurane with 99.5% O2 and maintained under anesthesia by 

1.5-2% isoflurane. Using a Powerlab multichannel physiological recorder, the standard Ⅱlead 

electrocardiogram of rats was recorded. The neck and chest were prepared for the surgical 

field, tracheal intubation was performed, and an animal ventilator was connected (respiratory 

frequency 90 times/min, inspiratory ratio 1:2, tidal volume 1.1).Cutting the skin from the 

third to fourth intercostal space, bluntly separated the  muscle tissue, opened the 

thoracic cavity, cut the pericardium, and the LAD coronary artery was occluded 

with a 6.0 silk suture for 30 min followed by 120 min of reperfusion. Successful 

occlusion was confirmed by the development of a cyanotic anterior ven tricular wall,  

elevated ST segments, and peaked T-waves on the ECG. 

 

2.5 Arrhythmia score 

We used the Curtis-Walker arrhythmia scoring method to evaluate the 

arrhythmia scores within 10 min after re -perfusion in each group. The scoring 

criteria are as follows: normal score is 0 point, atrial arrhythmias or occasional 

ventricular premature beats are 1 point (less than 3 occurrences per minute), 

frequent ventricular premature beats are 2 points (more than or equal to 3 

occurrences per minute), 1-2 series of ventricular tachycardia are 3 points (less 

than 3 occurrences per minute), and more than 3 series of ventricular tachycardia 

(more than or equal to 3 occurrences per minute) or occasional ventricular 

fibrillation (less than 3 occurrences per minute) are 4 p oints, Frequent ventricular 

fibrillation (≥ 3 occurrences per minute) or death: 5 points.  

 

2.6 Perfusion and tissue sectioning 

After modeling, rats were anesthetized deeply and perfused transcardially 

with 0.9% cold saline (Xinhe Yuansheng Pharmaceutical C o., Ltd, Henan, China), 

followed by 4% paraformaldehyde (PFA) (Biosharp, Anhui, China) in PBS 

(BasalMedia, Shanghai, China). After the liver of the rat turned white and the limbs 

twitched, we took out the heart and then cut off the head to take out the bra in. 

The brains were postfixed overnight in 4% PFA at 4C, and cryopreserved in 20% and 

30% sucrose in PBS, and then embedded in Tissue -Tek OCT (Sakura, Japan) 

compound. Each brain (40 μm) was cut in the transverse plane using a freezing 

microtome (Leica, Germany).  

 

2.7 Hematoxylin-eosin (HE) staining 

The heart tissue was fixed in PFA for 24 h, all samples were embeded in 

paraffin before cutting into 5  μm sections, and then the sections were stained with 

hematoxylin and eosin for observation with an Olympus m icroscope (Olympus 

Corporation, Japan).  

 



2.8 Enzyme-link immunosorbent assay 

According to the manufacturer, CK-MB, LDH and cTnI concentration were 

determined by Sandwich-ELISA using the rat CK-MB, LDH and cardiac cTnI ELISA kits 

(Cat. No. JYM0716Ra, JYM0024Ra, JYM0309Ra, Wuhan jiyinmei, China).  

 

2.9 Immunostaining 

Free-floating sections were washed three times with PBS for 5 min each time, 

incubated for 1 h in blocking solution (3%BSA; Spark Jade, Shandong, China) at 37℃  

and 0.3% Triton X-100 (Biosharp, Anhui, China) in PBS and incubated overnight at 4℃  

with primary antibodies (anti -c-Fos, 1:500, Univ, Shanghai, China) in blocking 

solution. In sequential, sections were washed three times with PBS and incubated 

for 2 h at 37℃  with secondary antibodies (Donkey anti-mouse, 1:500, Beyotime 

Biotechnology, China) in 0.3% Triton X -100 in PBS in the dark. Lastly, sections were 

washed three times in PBS and mounted with an antifluorescence quenching 

mounting medium containing DAPI (Beyotime Biotechnology, China) . Pictures were 

taken under a fluorescence microscope and Image -Pro plus 6.0 software was used 

to analyze the number of c-Fos positive cells in the PVN.  

 

2.10 Recording of neuronal discharges in the PVN  

After the animals recovered for 24 h from MIRI opera tion, they underwent a 

craniotomy according to the rat brain atlas under anesthesia. Microwire electrodes 

were implanted unilaterally at the PVN ( antero-posterior: -1.5mm；medio-lateral:  

±0.35mm；dorso-ventral: -7.6mm) .A manual micro-thruster was used to slowly push the 

electrode tip to the PVN or RVLM at a pace of 10 μm/s. Signals were recorded for 5 

min after a stable neuron discharge was observed. All data were stored digitally. 

Neurons were stored with Offline Sorter3 software and the final neuron 

classification was exported in SPK and FP .pl2 file formats. Then, Neuro Explorer 

software was used to further analyze the data of the .pl2 files of SPK and local field 

potential (LFP). Choosing 0-40 Hz, the time was the FP of 300 times the window to 

calculate the power of its corresponding frequency band. Then, the changes 

between the groups were observed by comparing the difference between the 

frequency of neuron firings and LFP in each group.  

  

2.11 Stereotaxic surgery and virus injection  

 Rats were anesthetized by 3% isoflurane with 99.5% O2, maintained under anesthesia by 

1.5-2% isoflurane, and fixed on stereotaxic apparatus (RWD Biotechnology, Shenzhen, China). 

After incision of the scalp, the skull was exposed and holes were drilled over the targeted areas at 

the following coordinates from bregma. Virus was bilaterally injected at a rate of 50 nL/min (300 

nL per side in PVN, 200 nL per side in RVLM) according to the following coordinates: PVN 

(antero-posterior: -1.5mm ； medio-lateral: ±0.35mm ； dorso-ventral: -7.6mm), RVLM 

(antero-posterior: -12.20mm；medio-lateral: ±2.3mm；dorso-ventral: -9.6mm). Removing the 

needle after 10 min from injection completion. Finally, we sutured the scalp and 

injected penicillin (200,000U/mL,0.5mL/d) into the rats for three consecutive days 

to prevent infection.  



 

2.12 Statistical analysis 

In this study, all data analysis was performed using Prism 7.0 (GraphPad Software) and SPSS 

17.0 software. Data were shown as mean ± SEM. One-way ANOVA with the Turkey test 

was used for comparison between groups.  A value of P <0.05 was considered statistically 

significant. 

 

3. Results 

3.1 EA preconditioning protected myocardial tissue and improved cardiac function in 

MIRI rats 

The changes in the ST segment of the ECG were used to judge whether the MIRI rat model 

was successfully replicated. We observed that the ST segment of the ECG had significant changes 

before and after ligation, which decreasing by more than 50% (Fig. 1A). Before the MIRI model 

was performed, the ST segment displacement values of each group were basically the same while 

the ST segment of each group was higher than that of the sham group after modeling. Compared 

with the sham group, the ST segment of the model group increased significantly after 30 min of 

ligation and 120 min of reperfusion. However, the ST segment of EA group was lower than that of 

model group (Fig. 1B). Besides, the arrhythmia score of rats showed that the score of the model 

group was significantly higher than that of the sham group, while the score of the EA group was 

obviously lower than that of the model group (Fig. 1C).  

Next, we observed the morphological changes of myocardial tissue in MIRI rats by HE 

staining and found that the myocardial fibers in the model group were disorderly arranged, with 

a large number of inflammatory cells infiltrating. Compared with the model group, the 

arrangement of myocardial cells was more regular and the degree of bleeding and inflammatory 

cell infiltration was reduced in the EA group (Fig. 1D). 

In addition, CK-MB is a typical marker of myocardial ischemia, and LDH is mainly present in 

myocardial cells as an important indicator for measuring MIRI. Furthermore, cTnI has been used 

as a basic indicator for early diagnosis of MI in clinical practice[23,24]. So, we detected the 

content of these markers in serum. The CK-MB, LDH and cTnI in the model group were higher 

than those of sham group. The EA intervention reduced the content of those indicators in serum 

(Fig. 1E, 1F, 1G). The above results showed us that EA at HT7 could significantly reduce 

myocardial tissue damage and improve arrhythmia in MIRI rats so as to play a protective role for 

cardiac function. 

 

 



 

Figure 1. EA preconditioning protected myocardial tissue and improved cardiac function in MIRI 

rats. (A) the ECG recording of MIRI rats. (B) the statistical analysis of ST deviations of different 

groups (n=12). (C) the statistical analysis of arrhythmia scores in each group (n=12). (D) 

hematoxylin-eosin staining results in each group (n=6, scale bar=20um). (E-G) comparison of 

CK-MB, LDH and cTnI in each group (n=12). All values were displayed as mean ± SEM, one-way 

ANOVA with Tukey’s multiple comparisons test, **P<0.01 vs. sham group;△△P<0.01 vs. Model 

group. 

 

3.2 EA pretreatment alleviated MIRI by inhibiting the activity of PVN neurons 

To further clarify the mechanism of the PVN in EA improving MIRI, we used 

immunofluorescence staining and in vivo multi-channel electrophysiological technologies. The 

proto-oncogene c-Fos is an immediate early gene widely presented in the central nervous system 

and its encoded c-Fos protein is instantaneously expressed in neurons after synaptic stimulation 

so as to characterize neuronal activity[25]. Here, we observed the number of c-Fos positive 

neurons expressed in PVN. Firstly, we determined the positions of PVN according to the brain 

atlas of rats (Fig. 3A). C-Fos immunoflurescence staining showed that the number of c-Fos+ 

neurons in PVN in the model group was significantly higher than that in the sham group. 



Apparently, the number of c-Fos+ neurons in PVN of the EA group decreased compared to the 

model group (Fig. 2B, 2C, ). Correlation analysis showed a positive correlation between 

arrhythmia score and the number of c-fos positive neurons (Fig. 2D). 

Electrophysiological technology collects the extracellular high-frequency action signals of 

neurons and the local field potential (LFP) signals of the brain area where the recording electrode 

is located in real-time to reflect the different activity modes of brain neural network. Therefore, 

we recorded the neuronal discharges and LFP in the PVN of three groups (Fig. 2E). The total firing 

frequency of PVN neurons in the model group was significantly increased compared to the sham 

group. The EA intervention decreased the total frequency compared with the model group (Fig.2F, 

2G). In addition, the LFP reflects the cluster activity of neurons; from blue to red indicates that 

the energy is from small to large. As shown in Fig. 2H, the LFP of PVN in the model group 

increased compared with the sham group, while the LFP in the EA group decreased compared to 

the model group. Similarly, correlation analysis showed a positive correlation between 

arrhythmia scores and the total firing frequency (Fig. 2I). These results were consistent with the 

findings of c-Fos immunofluorescence staining and suggested that PVN was involved in the 

process of EA preconditioning to alleviate MIRI. This provided a strong foundation for us to 

explore the central nervous mechanism of EA pretreatment on MIRI rats. 

 



 
Figure 2. EA pretreatment alleviated MIRI by inhibiting the activity of PVN neurons. (A) the 

locations of PVN in brain slices according to the brain atlas of rats. (B) the results of c-Fos 

immunoflurescence staining in PVN of each group (n=6, scale bar=100um). (C) statistical analysis 

of c-Fos+ neurons in PVN (n=6). (D) Correlation analysis between arrhythmia scores and the 

number of c-fos positive neurons. (E) schematic diagram of electrophysiologiacal operation. (F) 

action potential and local field potential signals in each group. (G) comparison of total discharge 

frequency of PVN in each group (n=6). (H) energy maps of local field potentials in PVN of rats in 

each group (n=6. (I) Correlation analysis between arrhythmia scores and the total firing frequency. 

All values were shown as mean ± SEM, one-way ANOVA with Tukey’s multiple comparisons test, 

**P<0.01 vs. sham group;△△P<0.01 vs. Model group. 

 

3.4 Virus tracing revealed the PVN-RVLM neural pathway 

Evidence from previous studies have shown that RVLM is an integrated center which 

receives cardiovascular-related regulatory information from the PVN and nucleus tractus solitarii 

(NTS), as well as input information from peripheral cardiovascular activity[26,27]. Here, 



anterograde and retrograde virus tracers were applied to identify the neural pathway between 

the PVN and the RVLM. CTB-555 as the retrograde virus was unilaterally injected into RVLM and 

AAV-hSyn-mCherry as the anterograde virus was unilaterally injected into PVN respectively (Fig. 

3A). We found virus labeled neuronal cell bodies in PVN after 7 days from injection of CTB (Fig. 

3B). 21 days after the injection in PVN, we discovered the projecting fibers which were labeled 

with mCherry in RVLM (Fig. 3C). Our experimental results showed that there was a neuronal 

pathway from PVN to RVLM, which also confirmed by other studies. Therefore, it was possible for 

us to explain the mechanism of EA alleviating MIRI from the perspective of neural network. Next, 

we will determine how the PVN-RVLM neural pathway affects MIRI and the specific mechanism 

involved in EA intervention to improve MIRI. Chemical genetic strategies were used to regulate 

the PVN-RVLM neural pathway (Fig. 3D) and interventions in each group were implemented after 

21 days of virus expression (Fig. 3E). 

 

Figure 3. Virus tracing revealed the PVN-RVLM neural pathway. (A) schematic diagram of virus 

injection (n=3). (B) the site of CTB-555 injection and the projection to PVN. (C) the location of 

AAV-hsyn-mCherry injection and the projection to RVLM ( scale bar=200um, 100um, 50um from 

left to right). (D) diagram of chemical genetic virus injection. (E) schematics of experimental 



design. 

 

3.5 Inhibiting the PVN-RVLM neural pathway alleviated MIRI 

We are trying to clarify the effect of inhibiting the PVN-RVLM neural pathway on MIRI rats 

(Fig. 4A). As shown in Fig. 4B, the location of virus injection was accurate and virus was 

successfully expressed in the PVN. The ST segments of ECG increased after MIRI model at 30 min 

of ischemia and 120 min after reperfusion. Compared with the model+mCherry+CNO group, the 

ST segment decreased significantly in the model+hM4Di+CNO group. To rule out the effect of 

CNO on MIRI rats, we set up the model+hM4Di+Saline group as a control group. We also 

observed that the ST segment in model+hM4Di+CNO group was lower than that in 

model+hM4Di+Saline group (Fig. 4C). Furthermore, inhibiting the PVN-RVLM neural pathway 

significantly reduced the arrhythmia scores of MIRI rats (Fig. 4D). These results revealed that 

inhibition of the PVN-RVLM pathway provided a protective effect on cardiac function for MIRI 

rats. 

Next, HE staining showed the morphological changes of myocardial tissue in each group (Fig. 

4E). We observed that inhibiting the PVN-RVLM pathway reduced myocardial fiber breakage, 

myocardial bleeding and inflammatory cell infiltration. In addition, we detected the levels of 

CK-MB, LDH and cTnI in the serum of each group and found that inhibiting the pathway 

significantly reduced the levels of the above three indicators in the serum (Fig. 4F, 4G, 4H). We 

speculate that inhibiting the PVN-RVLM neural pathway has a protective effect which is similar to 

EA pretreatment on MIRI rats. 



 
 

Figure 4. Inhibiting the PVN-RVLM neural pathway alleviated MIRI. (A) the injection of chemical 

genetic inhibition virus and control virus. (B) the location of virus injection (scale bar=100um, 

50um from left to right). (C) the statistical analysis of ST deviations of each group (n=10). (D) 

comparison of arrhythmia scores among different groups (n=10). (E) the results of 

hematoxylin-eosin staining in each group (scale bar=20um). (F-H) comparison of  CK-MB (n=12), 

LDH (n=10) and cTnI (n=10) in each group. All values were shown as mean ± SEM, one-way 

ANOVA with Tukey’s multiple comparisons test, **P<0.01 vs. sham+mCherry+CNO 

group;△△P<0.01 vs. model+mCherry+CNO group; ## P<0.01 vs. model+hM4Di+CNO group.  

 

3.6 Activating the PVN-RVLM neural pathway attenuated the protective effect of EA 

preconditioning on MIRI 

To further explicit the relationship between the PVN-RVLM pathway and EA intervention, we 



conducted a chemical genetic strategy to active the pathway (Fig. 5A). Similarly, we confirmed 

the location of virus injection (Fig. 5B). The segment displacement of ECG in EA+mCherry+CNO 

group was lower than that in model+mCherry+CNO group at 30 min of ischemia and 120 min 

after reperfusion. However, activating the PVN-RVLM pathway increased the ST segment 

displacement compared to the EA+mCherry+CNO group and the EA+hM3Dq+Saline group (Fig. 

5C). Besides, activating the pathway increased the arrhythmia scores compared with the 

EA+mCherry+CNO group and the EA+hM3Dq+Saline group (Fig. 5D). The findings suggested that 

activating the PVN-RVLM neural pathway antagonized the protective effect of EA preconditioning 

on MIRI rats. 

We simultaneously observed the results of HE staining in each group (Fig. 5E). The staining 

results of the EA+hM3Dq+CNO group and the model+mCherry+CNO group were similar whic 

were showing irregular arrangement of myocardial fibers and extensive infiltration of 

inflammatory cells. Additionally, the comparison of levels of CK-MB, LDH and cTnI in serum of 

each group showed that activating the pathway increased the levels of these indicators in serum, 

as to down-regulate the protective effect of EA intervention on MIRI rats (Fig. 5F, 5G, 5H). 



 

 

Figure 5. Activating the PVN-RVLM neural pathway attenuated the protective effect of EA on MIRI. 

(A) the injection of chemical genetic inhibition virus and control virus. (B) the site of virus 

injection (scale bar=100um, 50um). (C) the statistical analysis of ST deviations of each group 

(n=10). (D) comparison of arrhythmia scores among different groups (n=10). (E) the results of 

hematoxylin-eosin staining in each group (scale bar=20um). (F-H) comparison of CK-MB (n=12), 

LDH (n=10) and cTnI (n=10) in each group. All values were shown as mean ± SEM, one-way 

ANOVA with Tukey’s multiple comparisons test, **P<0.01 vs. model+mCherry+CNO group; 

△△P<0.01 vs. EA+mCherry+CNO group; ##P<0.01 vs. EA+hM3Dq+CNO group. 

 

4. Discussion 

Acupuncture, arguably the most well-konwn complementary and alternative medical 



approach, has been practiced in China for over two thousand years and is an effective approach 

for the relief of the symptoms of angina and palpitations[28]. Electroacupuncture, as a new 

therapy combining with physical stimulation of nerve stimulation and acupuncture treatment of 

Chinese medicine, has been widely used in clinical practice and has a positive protective effect 

against myocardial injury in patients[29-31]. To determine the cardioprotective effect of EA, we 

established an MIRI model using a LAD coronary artery ligation procedure. The results show that 

EA preconditioning could inhibit the activity of PVN neurons to alleviate myocardial injury and 

reduce arrhythmia scores in MIRI rats. Furthermore, the PVN-RVLM neural pathway is an 

important target for mediating the protective effect of EA pretreatment.  

The central nervous system has an extensive physiologic influence on the cardiovascular 

system, whose heart rate and conduction velocity controlled by the autonomic nervous system. 

Studies have revealed that reperfusion can cause a higher incidence of ventricular fibrillation 

than coronary artery occlusion and lethal arrhythmias is one of the main causes of sudden 

cardiac death[32-34]. In the study, we observed that MIRI induced arrhythmias in rats while EA 

intervention reduced arrhythmia scores, which partly alleviated myocardial injury. Evidences in 

clinical practice have also seen the anti-arrhythmia effect of EA treatments[35,36]. However, 

there are still many doubts about the mechanism of EA pretreatment for arryhthmia after MIRI 

and autonomic nervous system dysfunction is being a focus. Overactivation of the sympathetic 

output is considered as an importment mechanism of the arrhythmias, and ameliorating the 

sympathetic nerve tone after MIRI could potentially reduce the incidence of ventricular 

arrhythmias[37,38]. PVN, located in the neural nuclei on both sides of the thirs ventricle in the 

anterior hypothalamic region, is an intergrated site of the neuroendocrine system and the 

autonomic nervous system, playing a crucial role in regulating electrolyte and fluid balance and 

cardiovascular activity. We found a strong correlation between the neuronal activity of PVN and 

arrhythmia score in MIRI rats through in vivo electrophysiological and immunofluorescence 

methods, indicating that PVN was involved in the pathological process of MIRI, which was 

consistent with our previous findings[39,40]. Actually, targeted inhibition of sympathetic activity 

in the PVN can ameliorate peripheral sympathetic activity and reduce the incidence of ventricular 

arrhythmias[41,42]. EA preconditioning significantly inhibited the activity and reduced the total 

discharge frequency of PVN, which may be an influential intervention to relieve sympathetic 

nervous tone to alleviate MIRI. 

The cardiac sympathetic afferent reflex belongs to the positive feedback regulatory 

mechanism which regulates sympathetic and cardiovascular activity[43]. The sympathetic 

afferent nerve fibers on the surface of the ventricle directly reach PVN and/or reach PVN through 

the nucleus tractus solitarius. Then, the descending fibers emitted by PVN can reach the 

intermediate lateral column (IML) of the spinal cord through RVLM or directly reach IML, 

regulating the activity of sympathetic preganglionic neurons. Such a positive feedback regulation 

is an advantageous target for EA pretreatment intervention. Interestingly, there are positive 

markers in PVN and RVLM through virus tracing from acupoint and heart (unpublished), which 

supports our further research on the implications of PVN and RVLM in EA preconditioning to 

improve MIRI.  

Furthermore, the regulation of cardiovascular activity requires the joint regulation of 

multiple nuclei and brain regions, and the interconnection, coordination, and cooperation 

between various levels of cardiovascular regulatory centers play an important role in maintaining 



the stability of cardiovascular activity. Studies have shown that the parvicellular divisions of the 

PVN project to autonomic nuclei in the brainstem and spinal cord and are responsible for 

activation of the sympathetic nervous system and the regulation of cardiovascular activity[44]. 

We elucidated the neural projection pathway of PVN-RVLM though virus tracing technology, 

which was in agreement with the studies of Shafton et al (1998) and Xu B et al (2012). RVLM is a 

brain nucleus that critically controls sympathetic outflow and cardiovascular function[45,46]. 

Given the close functional and structural connection between PVN and RVLM, studies have 

revealed that photogenetic activation of the PVN-RVLM neural pathway can elicite renal 

sympathoexcitation, which also contributes to our understanding of central circuitry mechanisms 

underlying the autonomic imblance associated with cardiovascular diseases[47]. In the study, we 

found that inhibiting the PVN-RVLM neural pathway through chemical genetics can alleviate MIRI, 

which was consistent with the protective effect of EA preconditioning. However, activation of the 

pathway by chemical genetics antagonized the effect of EA intervention. Taken together, the 

PVN-RVLM neural pathway is involved in MIRI and a considerable way to mediate EA 

pretreatment to alleviate MIRI. 

Unavoidably, some limitations are presented in this work. First, the changes in sympathetic 

nervous tone in EA pretreatment to alleviate MIRI was not observed. Secondly, there are 

abundant types of neurons in PVN and RVLM, we didn’t determine which specific category of 

neurons or neuropeptides in PVN and RVLM were involved in the protective effect of EA 

intervention, fluorescence in situ hybridization and single cell sequencing techniques should be 

utilized to clarify cell types at the genetic level, thereby revealing particular targets for the 

mechanism of EA preconditioning to regulate cardiac function. At present, these existing 

problems are being carefully designed and can be solved in the future. 

In conclusion, we demonstrated that EA pretreatment can improve MIRI by inhibiting the 

PVN neurons projecting to the RVLM. This study provides in-depth insights into the neural 

mechanism of MIRI and also contributes to further guidance for acupuncture in the treatment of 

cardiovascular-related diseases. 
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