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We investigated the hippocampus-paraventricular nucleus- (PVN-) sympathetic nerve pathway in electroacupuncture (EA) at the
heart meridian for the treatment of myocardial ischemia by observing PVN neuronal discharge, sympathetic nerve discharge, and
hemodynamics parameters. SpragueDawley (SD) rats were equally divided into four groups: Sham,Model,Model + EA, andModel
+ EA + Lesion. The model rat was established by ligating the left anterior descending branch of the coronary artery. Changes in
the sympathetic nerve discharge and hemodynamic parameters were observed. The Model + EA exhibited a significantly lower
discharge frequency of PVN neurons compared with the Model. The Model + EA + Lesion had a significantly higher discharge
frequency compared with the Model + EA. The total discharge frequency of PVN neurons and interneurons were positively
correlated with the sympathetic nerve discharge.The total discharge frequency of PVNneurons was positively correlated with heart
rate (HR) and negatively correlated withmean arterial pressure (MAP) and rate pressure product (RPP).The discharge frequency of
interneurons was positively correlated with HR and negatively correlated withMAP and RPP.The hippocampus-PVN-sympathetic
nerve pathway is involved in electroacupuncture at the heart meridian and interneurons are the key neurons in PVNs.

1. Introduction

Ischemic heart disease with clinical manifestation of acute
myocardial ischemia (AMI) has high mortality rate (The
Lancet, 2015).The current clinical understanding of ischemic
heart disease has been formed from observing the heart
and lacks overall observation and treatment of the nervous
system. Some scholars [1] have suggested that the long-
term effects of myocardial ischemia are closely related to the
nervous system and that early intervention and protection of
the nervous system contributes to the recovery of patients.

The pathway connecting the hippocampus and peripheral
autonomic nervous system is involved in the regulation of
the autonomic nervous system via the paraventricular nuclei
(PVNs) of the hypothalamus and brain stem, nucleus tractus

solitarius (NTS), and so on [2]. Our previous study confirmed
that the improvement ofmyocardial ischemia by acupuncture
at the heart meridian was associated with the sympathetic
nervous system [3–5], and we found that AMI could cause
the discharge of hippocampal CA1 neurons and changes
in c-fos expression. Acupuncture at the heart meridian can
reverse these changes, suggesting that the hippocampus is
involved in acupuncture against myocardial ischemia [6].
However, the central mechanism remains unclear as to
whether downstream PVNs regulating cardiovascular func-
tion are dominated by the hippocampus or not. To clarify the
nerve fiber connection between the hippocampus and PVNs,
we observed the effects of the hippocampus on the electrical
activity of PVN neurons by the multichannel recording
method. In addition, we noted the changes in sympathetic
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nerve discharge and hemodynamic parameters to investigate
the central mechanisms of electroacupuncture at the heart
meridian for the treatment of myocardial ischemia and the
neural network for central cardiovascular regulation with
the hippocampus as the important target. Thus, the present
study provides a new idea for the treatment of ischemic heart
disease.

2. Experimental Procedures

2.1. Animals. Forty clean male SD rats (250–300 g) were
supplied by the feeding center at Anhui Medical University
[number of animal license SCXK (Anhui) 2011-002]. Rats
were housed in separate cages (Kangwei IR60) with an
independent air supply system for 1 week at 22 ± 1∘C
and 60% relative humidity under natural light conditions,
and food and water were supplied ad libitum. All animal
procedures were conducted in accordance with the animal
use guidelines of Anhui University of Chinese Medicine and
Anhui Laboratory Animal Center.

2.2. Reagents and Instruments. The reagents used were as
follows: chloral hydrate (Sinopharm Chemical Reagent Co.,
Ltd.); heparin sodium injection (Tianjin Biochemical Phar-
maceutical Co., Ltd.); 0.9% sodium chloride injection (Anhui
Fengyuan Pharmaceutical Co., Ltd.); kainic acid (KA, Sigma-
Aldrich, St. Louis, MO).

The instruments used were as follows: 8-channel nickel
alloy electrodes (diameter 35𝜇m, Plexon Inc., HK); Plexon
Multichannel Acquisition Processor (Plexon Inc., Dallas,
TX, USA); BIOPAC multichannel physiological recorder
(MP100, BIOPAC Systems Inc., USA); AcqKnowledge 4.1 for
MP Systems (BIOPAC Systems Inc., USA); Offline Sorter
(version 3.3.5, Plexon Inc., Dallas, TX, USA); NeuroExplorer
(version 4.13, Nex Technologies, Lexington, MA, USA);
multiarm electric brain stereotactic apparatus (Stoelting Co.,
Ltd., USA); Electronic Acupuncture Treatment Instrument
(Huatuo brand SDZ-IV type, Suzhou Medical Products
Co., Ltd., Suzhou, China); feedback-controlled DC electric
heating pad (JR-1/2, Chengdu Taimeng Software Co., Ltd.,
Chengdu, China).

2.3. Animal Model and Treatment. The 40 healthy clean SD
rats were equally and randomly divided into 4 groups: Sham
group, Model group, Model + EA group, and Model + EA +
Lesion group, 10 of each group. After some kind of operations,
such as model replication, PVN damage, electrode array
implantation, and carotid artery intubations, 24 rats have
been survived, 8 rats died in model replication, 6 rats died
in electrode array implantation operation, and 2 rats died in
carotid artery intubations.

TheAMImodelwas established bymodifying the existing
method [7]; the rats were not given tracheal intubation. After
anesthesia with ether, a pericardial incision was performed
to expose the heart through squeezing the chest, and the left
anterior descending branch of the coronary artery (LAD)
was ligated. The surgical procedure was completed within
2 minutes. The Sham group underwent the same surgical
procedure without ligation of the LAD. High T wave and

J point elevation ≥ 0.1mV on electrocardiogram (ECG)
indicated successful establishment of the AMI model.

The electrode array implantation has two steps: first,
locating the PVN coordinate according to the rat brain map;
second, using the dental cement to fix the electrode array.

The rat’s neck operations contain three steps: first, isolat-
ing the artery and sympathetic nerve; second, carotid artery
intubations; third, using the needle electrode to hook and
record the sympathetic nerve.

The rat’s nucleus damage (hippocampus CA1 region)
adopts the method of chemical damage. All rats were anes-
thetized with 10% chloral hydrate (3.5ml/kg) by intraperi-
toneal injection and were fixed on the brain stereotaxic
apparatus in the prone position. Kainic acid (dose: 1mg/ml)
was injected into the hippocampus CA1 region bilaterally
at the coordinates—Bregma—4.16mm, LR 2.8mm, and 𝐻
2.8–3.0mm according to Paxions & Watson’s rat brain atlas
[8] (Figures S1A, S1B, S1C, and S1D). At three days after
surgery, significant death of neurons was seen in the hip-
pocampal CA1 region.

All above the experimental indexes (EEG, ECG, Sympa-
thetic nerve, and hemodynamics) were recorded simultane-
ously (Figure 7(a)).

2.4. Meridian Selection and Electroacupuncture Parameters.
The “Shenmen (HT7)-Tongli (HT5)” segment in the Shaoyin
heart meridian of the hand was selected with reference
to the human meridian line, the positioning criteria of
acupuncture points in rats inChineseVeterinaryAcupuncture,
and previous research results [3, 4]. Acupuncture procedure
was as follows: for the rats in the Model + EA group and
the Model + EA + Lesion group, three needles (Φ0.30 ×
25mm) were inserted at the “Shenmen (HT7)-Tongli (HT5)”
segment with a spacing of 1mm. A copper wire connecting
the three needles in parallel as the “+” pole and another
needle were inserted into the surrounding muscle as the
“−” pole. Finally, “+” pole and “−” pole were connected to
the Electronic Acupuncture Treatment Instrument. The EA
parameter was set at two bursts of stimulation with a current
of 1.1mA at 2Hz (duration: 30min). The EA therapy was
started at day 1 after surgery for consecutive three days in
Model + EA group and Model + EA + Lesion group. Rats in
Model group and Sham group deserved sham stimulations
(with the instrument switch-off).

2.5. Peripheral Sympathetic Nerve Discharge Records. During
recording, the room temperature was controlled at 26 ±
1∘C, and the rat was placed on a heating pad maintained at
37 ± 2∘C. The discharge frequency of the sympathetic nerve
was recorded by the neural signal amplifier in the BIOPAC
multichannel physiological recorder. The gain of the neural
signal amplifier was adjusted to 500, the low-pass filter was
adjusted to 100Hz, and the high-pass filter was adjusted to
1Hz. The two ends of the bipolar platinum electrode were
connected to VIN + and VIN −, and the electrode tip was
hooked on to the sympathetic nerve. The GND (ground)
electrode was connected to the lower limb of the rat. The
reference electrode was inserted into the subcutaneous tissue.
The cotton pad soaked with liquid paraffin was placed under
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the nerve. After the electrode was hooked on the nerve, the
anterior segment of the nerve was wrapped in the cotton
pad to reduce noise and keep the nerve moist and warm.
Acknowledge 3.8.1 software was used to record the neural
signal and the threshold was set to ±0.04V. After the records
were saved, fast Fourier transformation (FFT) filtering was
performed on the recorded signals offline, and the BAND
STOP filtered out 50Hz interference.The neural signals were
recorded to determine the discharge frequency at 5 minutes
after electroacupuncture.

2.6. Discharge Records of Neurons in Central Nucleus. All rats
were anesthetized with 10% chloral hydrate (3.5ml/kg) by
intraperitoneal injection and then fixed on the brain stereo-
tactic apparatus. The coordinates of PVN were set according
to Paxions & Watson’s rat brain atlas [8] as follows: Bregma
−2.12mm, LR 0.2–0.8mm, and 𝐻 7.9–8.1mm (Figures S1E
and S1F). Craniotomy was performed to electrically move 8-
channel microelectrode array to the target nucleus at 5𝜇m/s.
When the satisfactory discharge activity was observed, the
stable neuronal discharge was recorded for 5 minutes. The
Plexon multichannel acquisition system was used to record
neuronal discharge (filter: 150–8000Hz, sampling frequency:
40 kHz) and field potential (filter: 0.7–400Hz, sampling
frequency: 1 kHz). Using the Offline Sorter software, the
neuronal discharge signals were screened according to the
selection criteria (interspike interval (ISI): 1-2ms, discharge
rate < 0.5%). The selected neuronal discharge signals were
subjected to the cluster analysis using manual and automatic
methods.The pyramidal neurons and interneurons were dis-
tinguished based on the characteristics of neuronal discharge
activity. The characteristics of pyramidal neurons were as
follows: (1) low mean discharge frequency (0.5–10Hz) and
irregular discharge pattern; (2) the ISI histogram showed
that the short ISI (3–10ms) was dominant and exponential
attenuation was present after 3–5ms ISI; (3) wide waveform
(>300 𝜇s).The characteristics of interneuronswere as follows:
(1) high mean discharge frequency (>5Hz); (2) the ISI his-
togram presented delayed spikes and slower attenuation; (3)
narrow waveform (<250 𝜇s) [9]. NeuroExplorer was used to
analyze the waveform, frequency, characteristics of neuronal
discharge, and correlation with field potential.

2.7. Hemodynamics and ECG Recording. All rats were anes-
thetized with 10% chloral hydrate (3.5ml/kg) by intraperi-
toneal injection and fixed on theDCheating pad (maintained
at 36-37∘C) in the supine position. Using the conventional
standard II lead ECG, the electrodes were inserted into the
subcutaneous tissue of the limbs (right upper limb and left
lower limb) in the rats. The BIOPAC multichannel physio-
logical recorder was used to continuously monitor the ECG
and the HR in the rats. Dr. Mao et al.’s method was used [10]
to observe the respiratory, arterial blood pressure, and ECG
waveform of the rats. After the rat achieved a stable status, the
HR, MAP, and systolic blood pressure (SBP) were recorded
and the RPP was calculated. The data were subjected to
analysis using the computer built-in software, Acknowledge
4.1. The HR, MAP, and RPP values were compared between
groups.

2.8. Statistical Methods. The statistical analysis was per-
formed using SPSS 19.0 software (IBM SPSS, Inc.). Data
were expressed as mean ± standard derivate. The differ-
ence between groups was analyzed by a one-way ANOVA.
Homogeneity of the variance test was performed before the
comparisons were made between groups. The LSD test was
used for homogeneity of variance and Tamhane’s T2 test for
heterogeneity of variance.

Cluster analysis and autocorrelation analysis were used to
distinguish and analyze the pattern of the PVN’s neuron.

Real-time spectrum analysis was used to observe the all
groups LFP’s tendency of changes.

The PVN spike counts, interneuron, and pyramidal cell
were correlated with the hemodynamic indexes (HR, MAP,
and RPP) and sympathetic nerve discharge.

3. Results

3.1.TheHippocampus Involved in the Effect of theHeartMerid-
ian Improve the Myocardial Ischemia by EA. HR, MAP, and
RPP were recorded after three days of electroacupuncture.
The Model group’s HR was significantly higher (𝑃 < 0.01)
than the other groups, the MAP and RPP were significantly
lower than the other groups (𝑃 < 0.01). Compared with
the Model group, the Model + EA group’s HR demonstrated
a significantly lower (𝑃 < 0.01), the MAP and RPP were
significantly higher (𝑃 < 0.01 and𝑃 < 0.05, resp.).TheModel
+ EA + Lesion group compared with the Model + EA group,
the HR had a significantly higher (𝑃 < 0.01), and the MAP
and RPP were significantly lower (𝑃 < 0.01) (Figures 1(a),
1(b), and 1(c)). These results suggest that the hippocampus is
involved in electroacupuncture at the heart meridian for the
treatment of myocardial ischemia.

3.2. The Hippocampi Involved in the Function of the Heart
Meridian Adjust the Discharge of the Sympathetic Nerve by
EA. Figure 1(d) shows that the stable discharge signal of
the sympathetic nerve measured for 5 minutes was recorded
immediately (0min) after the last electroacupuncture for all
experimental groups.TheModel group showed a significantly
higher discharge frequency of the sympathetic nerve com-
pared with the Sham group (𝑃 < 0.01). Compared with the
Model group, the Model + EA group displayed a significantly
lower discharge frequency of the sympathetic nerve (𝑃 <
0.01). The Model + EA + Lesion group demonstrated a
significantly higher discharge frequency of the sympathetic
nerve compared with the Model + EA group (𝑃 < 0.01).
These results suggest that the hippocampus is involved in
electroacupuncture at the heart meridian for the treatment
of myocardial ischemia by regulating the discharge activity
of the sympathetic nerve.

3.3. The Hippocampus Involved in the Function of the Heart
Meridian by EA Influences the Discharge of the PVN Neu-
rons. Multichannel in vivo recording techniques were used
to record the stable discharge signals of the sympathetic
nerves for 5 minutes immediately (0min) after the last
electroacupuncture in all 4 experimental groups. Figures
S2A, S2B, S2C, and S2D showed that there were 2 PVN
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Figure 1: Comparisons of hemodynamic parameters and the sympathetic nerve discharge activity in each group. “(a)” is the HR histogram,
“(b)” is the MAP histogram, “(c)” is the RPP histogram, and “(d)” is the discharge of sympathetic nerve histogram. Compared with the Sham
group, the HR was significantly higher (𝑃 < 0.01); the MAP and RPP were significantly lower (𝑃 < 0.01); the discharge of sympathetic nerve
was significantly higher (𝑃 < 0.01) in the Model group. Compared with the Model group, the HR was significantly lower (𝑃 < 0.01); the
MAP was significantly higher (𝑃 < 0.01) in the Model + EA group and the Model + EA + Lesion group; the RPP was significantly higher
(𝑃 < 0.01) in the Model + EA group and was higher (𝑃 < 0.05); the discharge of sympathetic nerve was significantly lower (𝑃 < 0.01) in the
Model + EA + Lesion group. Compared with the Model + EA group, the HR was significantly higher (𝑃 < 0.01); the MAP and the RPP were
significantly lower (𝑃 < 0.01); the discharge of sympathetic nerve was significantly higher (𝑃 < 0.01) in the Model + EA + Lesion group. The
mean (𝑛 = 6), ∗𝑃 < 0.05; ∗∗𝑃 < 0.01.

neurons with discharge in the Sham group, 1 in the Model
group, 4 in the Model + EA group, and 3 in the Model +
EA + Lesion group. The autocorrelation analysis was used
to distinguish the discharge activities of the pyramidal cells
and interneurons. Figures 2(a), 2(b), 2(c), and 2(d) showed
that the Model group displayed a single discharge pattern of
PVN neurons and only the discharge activity of interneurons
was observed. The Model + EA group and the Model + EA +
Lesion group showed discharge activity from the pyramidal
cells and interneurons.

Figures 3(a), 3(b), 3(c), and 3(d) showed that the time
series (time = 100 s) of the neuronal discharges were con-
verted to a histogram of discharge frequency. In the Sham
group, the total discharge frequency of the PVN neurons
was 190.6 ± 21.96Hz and 50.2 ± 16.07Hz for the pyramidal
cells and 140.4 ± 9.07Hz for the interneurons. In the Model
group, the total discharge frequency of the PVN neurons
was 877 ± 57.47Hz, all of which were interneurons. In the
Model + EA group, the total discharge frequency of the
PVN neurons was 386.6 ± 37.1Hz, 80.6 ± 4.78Hz, 72 ±
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Figure 2: Distinguish the patterns of the PVN neurons by means of the autocorrelation analysis. “(a)” showed the discharge activity from
the interneuron and pyramidal cell in the Sham group; “(b)” showed the discharge activity from the interneuron in the Model group; “(c)”
showed the discharge activity from a single discharge pattern of interneuron and three discharge patterns of pyramidal cells in the Model +
EA group; “(d)” showed the discharge activity from a single discharge pattern of interneuron and two discharge patterns of pyramidal cells
in the Model + EA + Lesion group.

3.94Hz, and 34 ± 8.37Hz for the pyramidal cells and 200 ±
21.48Hz for the interneurons. In the Model + EA + Lesion
group, the total discharge frequency of the PVN neurons was
656.4 ± 54.68Hz, 154 ± 8.46Hz, and 153.4 ± 13.13Hz for the
pyramidal cells and 349 ± 42.69Hz for the interneurons.

The peak max of the pyramidal cells was 40 𝜇V (𝑛 = 3),
and the peak max of the interneurons was 40 𝜇V (𝑛 = 10);
in the Model group, the peak max of the pyramidal cells was
120 𝜇V (𝑛 = 29); in the Model + EA group, the peak max of
the pyramidal cells was 30 𝜇V (𝑛 = 8), 70 𝜇V (𝑛 = 2), and
90 𝜇V (𝑛 = 3), and the peak max of the interneurons was
50 𝜇V (𝑛 = 5); in the Model + EA + Lesion group, the peak

max of the pyramidal cells was 19 𝜇V(𝑛 = 6) and 5𝜇V(𝑛 = 9),
and the peak max of the interneurons was 28 𝜇V (𝑛 = 3).

Figures 3(e) and 3(f) showed the significant differences
in the total discharge frequency of PVN neurons and the
discharge frequency of the interneurons between groups
(𝑃 < 0.01 and 𝑃 < 0.01, resp.). These results suggest that
the hippocampus is involved in electroacupuncture at the
heart meridian for the treatment of myocardial ischemia by
regulating the discharge activity of PVN neurons.

Real-time spectrum analysis was used to investigate
the changes in spectral characteristics over time. Figure
S3 showed that, according to the intensity of the spectral
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Figure 3: Continued.
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Figure 3: The discharge frequency and peak max of PVN and classification the neurons in each group. “(a),” “(b),” “(c),” and “(d)” showed
that the frequency of PVN’s neurons andmax peak of PVN in each group with the time series (time = 100 s); “(e)” showed the comparisons of
the discharge frequency of PVNneurons in each group. Compared the Sham group, the discharge frequency of PVNneurons was significantly
higher (𝑃 < 0.01) in theModel group; compared theModel group, the discharge frequency of PVNneurons was significantly lower (𝑃 < 0.01)
in the Model + EA group; compared the Model + EA group, the discharge frequency of PVN neurons was significantly higher (𝑃 < 0.01)
in the Model + EA + Lesion group. The mean (𝑛 = 6), ∗∗𝑃 < 0.01. “(f)” showed the classification of the interneurons and pyramidal cells
between each groups.

energy of the local field potential (LFP), the 4 groups were
sequenced as follows: the Model group > the Model + EA +
Lesion group > the Model + EA group > the Sham group.
These findings suggest that the hippocampus is involved in
electroacupuncture at the heart meridian for the treatment of
myocardial ischemia by regulating the spectral energy of the
PVNs.

3.4. The PVN Neurons, Especially the Interneurons, Were
Correlated with the Discharges of Sympathetic Nerve and

Hemodynamics through the Heart Meridian by EA. A cor-
relation analysis was performed between the total discharge
frequency of the PVN neurons and the total discharge fre-
quency of the sympathetic nerve and hemodynamic param-
eters. Figures 4(d) and 5(d) showed that the total discharge
frequency of the PVN neurons and the discharge frequency
of the PVN interneurons were positively correlated with the
discharge frequency of the sympathetic nerve (𝑃 < 0.01,
𝑟 = 0.9842 and 𝑃 < 0.01, 𝑟 = 0.9115, resp.). However,
the discharge frequency of the pyramidal cells in the PVNs
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Figure 4: A correlation analysis was performed between the total discharge frequency of the PVN neurons and the total discharge frequency
of the sympathetic nerve and hemodynamic parameters. “(a)” is correlated with the HR (𝑃 < 0.01, 𝑟 = 0.9845); “(b)” is correlated with the
MAP (𝑃 < 0.01, 𝑟 = −0.9536); “(c)” is correlated with the RPP (𝑃 < 0.01, 𝑟 = −0.9701); “(d)” is correlated with the discharge frequency of
the sympathetic nerve (𝑃 < 0.01, 𝑟 = 0.9842).

was not correlated with the discharge frequency of the
sympathetic nerve (𝑃 > 0.05, 𝑟 = 0.3341) (Figure 6(d)). The
total discharge frequency of the PVN neurons was positively
correlated with HR (𝑃 < 0.01, 𝑟 = 0.9845) and negatively
correlated with MAP and RPP (𝑃 < 0.01, 𝑟 = −0.9536
and 𝑃 < 0.01, 𝑟 = −0.9701, resp.) (Figures 4(a), 4(b),
and 4(c)). The discharge frequency of the PVN interneurons
was positively correlated with HR (𝑃 < 0.01, 𝑟 = 0.8616)
and negatively correlated with MAP and RPP (𝑃 < 0.01,
𝑟 = −0.8192 and 𝑃 < 0.01, 𝑟 = −0.8487, resp.) (Figures
5(a), 5(b), and 5(c)), whereas the discharge frequency of the
pyramidal cells in PVNs was not correlated with HR, MAP,
or RPP (𝑃 > 0.05, 𝑟 = −0.2821; 𝑃 > 0.05, 𝑟 = −0.2681;
and 𝑃 > 0.05, 𝑟 = −0.1593, resp.) (Figures 6(a), 6(b), and
6(c)). These results suggest that the total discharge frequency
of the PVN neurons and the discharge frequency of the PVN

interneurons are correlated with the discharge frequency of
the sympathetic nerve and hemodynamic parameters.

4. Discussion

The association between the meridian-viscera and the brain
is the integration and breakthrough point for Chinese and
Western medicine theories [11]. The brain has a direct or
indirect connection with meridians to achieve the regulation
of the viscera, limbs, and bones. It is a correct and feasible
direction and an important current trend to investigate the
association between the meridian-viscera and the brain from
the angle of the limbic system-hypothalamus-autonomic
nervous system [12].

Acupuncture has multitarget, multilevel, and multichan-
nel characteristics to improve myocardial ischemia. A large
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Figure 5: A correlation analysis was performed between the discharge frequency of the PVN interneurons and the total discharge frequency
of the sympathetic nerve and hemodynamic parameters. “(a)” is correlated with the HR (𝑃 < 0.01, 𝑟 = 0.8616); “(b)” is correlated with the
MAP (𝑃 < 0.01, 𝑟 = −0.8192); “(c)” is correlated with the RPP (𝑃 < 0.01, 𝑟 = −0.8487); “(d)” is correlated with the discharge frequency of
the sympathetic nerve (𝑃 < 0.01, 𝑟 = 0.9115).

number of experimental studies have shown that acupunc-
ture can improve myocardial ischemia through a variety of
mechanisms [13, 14]. Acupuncture results in the protection
against myocardial ischemia due to the regulation of lipid
peroxidation, myocardial energy metabolism, myocardial
enzymes, and ion channels as well as the influence on
ultrastructure and apoptosis. In terms of its central regu-
latory mechanism, acupuncture protects against myocardial
ischemia through the inhibition of the cardiac sympathetic
nervous system (opioid-PKC-dependent pathway) [15].

The hippocampus is one of the limbic forebrain struc-
tures. The hippocampus is not only an important center
for regulating memory and cognition but also an important
center for regulating cardiovascular function. A large number
of studies have shown that the hippocampus can inhibit HPA
axis activity [16]. Electrical stimulation of the hippocampus
can inhibit stress-induced corticosteroid secretion; how-
ever, damage of the hippocampus or dorsal side of the
hippocampus can increase CRHmRNA and AVPmRNA in

the hypothalamic PVN [17]. By affecting the activities of
cardiovascular neurons in the hypothalamus, brain stem, and
other parts, the hippocampus can promote or inhibit the
activities of the primary center to cause the cardiovascular
activity to adapt to a variety of behaviors of the body.
Previous studies [18, 19] found that myocardial ischemia can
cause progressive loss of cerebral perfusion, especially for the
brain areas, which are sensitive to ischemic injury, such as
the hippocampus, and can induce the apoptosis of neurons
in the limbic system. In addition, studies have found that
prolonged electroacupuncture can regulate the interrelation-
ships of the internal functions of the whole-brain network
[20]. Furthermore, through electroacupuncture stimulation,
it has been shown that the limbic/paralimbic regions, such as
the amygdala, hippocampus, and anterior cingulate cortex,
form a neural network center [20]. During the process of
acupuncture, these brain regions play an important role in
the regulation of the specific functions of the whole-brain
network [21].
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Figure 6: A correlation analysis was performed between the discharge frequency of the pyramidal cells in the PVNs and the total discharge
frequency of the sympathetic nerve and hemodynamic parameters. “(a)” is correlated with the HR (𝑃 > 0.05, 𝑟 = −0.2821); “(b)” is correlated
with the MAP (𝑃 > 0.05, 𝑟 = −0.2681); “(c)” is correlated with the RPP (𝑃 > 0.05, 𝑟 = −0.1593); “(d)” is correlated with the discharge
frequency of the sympathetic nerve (𝑃 > 0.05, 𝑟 = 0.3341).

PVN is the central integrated area and themost important
central site, which directly regulates sympathetic efferent
activity. PVN is involved in the regulation of stress, endocrine
function, and visceral function (gastrointestinal, renal, and
cardiovascular activities) [11, 22] and is one of the important
central structures, which regulates sympathetic nerve activity
and arterial blood pressure [23, 24]. Chen et al. [25] showed
that after the hypothalamic PVN of a rabbit is subjected to
electrical damage, the protective effect of electroacupuncture
on ischemic myocardium is significantly reduced, suggesting
that the PVN is involved in the protective effect of elec-
troacupuncture against myocardial ischemia.

In recent years, the multichannel in vivo recording
technique has been widely used in neuroscience research
because of its real-time performance and the advantage of
recording many neurons [26–29]. The time series (spike) of
a single neuron discharge and the signals recorded using

the multichannel in vivo recording technique belong to the
time-domain signal, wherein LFP is the continuous time-
domain signal and spike is the discrete time-domain signal.
These two types of signals are transformed into frequency-
domain signals by spectral analysis to investigate the changes
in frequency in each experimental group. Recorded single
neurons are broadly divided into two categories, including
pyramidal cells and interneurons.The pyramidal cells exhibit
an obvious characteristic of a cluster discharge, whereas some
interneurons show this characteristic. The typical interneu-
ron discharge presents multiple equidistant peaks, suggesting
that the discharge has an obvious characteristic of a periodic
distribution.

In summary, together with our previous findings [6],
we showed that the number of cells in the hippocampal
neuronal discharge was correlated with HR, MAP, and RPP;
therefore, we believe that the antimyocardial ischemic effect
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Figure 7: “(a)” showed the flow diagram of experiment. “(b)” showed that the acupuncture signals were sent to the central nervous system
via the peripheral nerves, next via the nerve fibers between the hippocampus and PVNs to regulate the excitability of the PVN neurons.
Subsequently, the signals were transmitted to the sympathetic nerve via the downstream nerve fibers to regulate cardiac activities, thus
achieving the antimyocardial ischemia effect of electroacupuncture.

of electroacupuncturemay be achieved via the hippocampus-
PVN-sympathetic nerve pathway. After electroacupuncture
at the “Shenmen-Tongli” segment, the acupuncture signals
were sent to the central nervous system via the peripheral
nerves. Next, the signal integration was completed at the hip-
pocampus in the limbic system to regulate the excitability of
the PVN neurons via the nerve fibers between the hippocam-
pus and PVNs. Subsequently, the signals were transmitted
to the sympathetic nerve via the downstream nerve fibers to
regulate cardiac activities, thus achieving the antimyocardial
ischemia effect of electroacupuncture (Figure 7(b)).

However, regulation of the cardiovascular system has
an inseparable relationship with the nervous system, espe-
cially changes in the central nervous system during the
development and progression of AMI, which involves the
coordinating function of multiple nuclei and multiple brain
regions. There is additional ways to achieve regulation of the
autonomic nervous system, such as the “hippocampus-NTS-
vagus nerve” pathway. Further studies need to be conducted
to enrich the overall framework of the cardiovascular domi-
nation by the central nervous system to provide a comprehen-
sive and systematic interpretation of the central mechanism
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of acupuncture for the treatment of myocardial ischemia
and to provide a theoretical support for the application of
acupuncture in clinical treatment.
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PVN: Paraventricular nucleus
MAP: Mean arterial pressure
HR: Heart rate
RPP: Rate pressure product
NTS: Nucleus tractus solitarius
ISI: Interspike interval
LFP: Local field potential.

Conflicts of Interest

All authors declare no personal or financial conflicts of
interest.

Authors’ Contributions

Meiqi Zhou and Yiping Zhou conceived and supervised the
study; Meiqi Zhou and Shuai Cui designed experiments;
Shuai Cui and Shengbing Wu performed experiments; Shuai
Cui designed new electrode and tools; Shuai Cui analyzed
data; Shuai Cui and Meiqi Zhou wrote the manuscript; Shuai
Cui and Meiqi Zhou made manuscript revisions. All authors
reviewed the results and approved the final version of the
manuscript.

Acknowledgments

The present work was supported by grants from National
Natural Science Foundation of China (81273858) and Anhui
University Research and Innovation Platform Team Con-
struction Project (2015TD033).

Supplementary Materials

Figure S1: “A,” “B,” “C,” and “D” are lesion bilateral hip-
pocampal CA1 area; “E” and “F” are the coordinates of PVN.
Figure S2: cluster analysis of the discharge frequency of the
PVN neurons. “A,” “B,” “C,” and “D” showed that there were
2 PVN neurons with discharge in the Sham group, 1 in the
Model group, 4 in the Model + EA group, and 3 in the Model
+ EA + Lesion group. Figure S3: real-time spectrum analysis
of the PVN’s LFP discharge. According to the intensity of the
spectral energy of the local field potential (LFP), the 4 groups
were sequenced as follows: “B” the Model group > “D” the
Model + EA + Lesion group > “C” the Model + EA group >
“A” the Sham group. (Supplementary Materials)

References

[1] S. C. Pang and J. P. Zhang, “A brief comment on theory of
therapy together with heart and brain and its application,”
Journal of Traditional Chinese Medicine, pp. 53–555, 2012.

[2] C. W. Liu, X. J. Tang, T. Zhang et al., “Progress of hippocampus
in the control and regulation of automatic nervous system,” in
Progress in Physiological Sciences, vol. 38, pp. 168–171, 2007.

[3] M. Q. Zhou, Y. P. Zhou, and K. M. Wang, “Experimental study
on the effect of electroacupuncturing the heart channel, the
small intestine channel in treating rats with acute myocardial
ischemic, and on the mechanism,” Journal of Emergency in
Traditional Chinese Medicine, pp. 13–37, 2004.

[4] W.-C. Yu, G.-Y. Huang, M.-M. Zhang, and W. Wang, “Effect
of connexin 43 knockout on acupuncture-induced down-
regulation of c-fos expression in spinal dorsal horn in visceral
pain mice,” Acupuncture Research, vol. 33, no. 3, pp. 179–182,
2008.

[5] K. M. Wang, Y. P. Zhou, and M. Q. Zhou, “Effects of elec-
troacupuncture of meridians on discharge activities of cardiac
sympathetic nerves in rabbits with acute myocardial ischemia,”
Acupuncture Research, vol. 30, pp. 106-107, 2005.

[6] S. Wu, J. Cao, T. Zhang et al., “Electroacupuncture Ameliorates
the Coronary Occlusion Related Tachycardia and Hypotension
in Acute Rat Myocardial Ischemia Model: Potential Role of
Hippocampus,”Evidence-BasedComplementary andAlternative
Medicine, vol. 2015, Article ID 925987, 2014.

[7] Y. Guo, Animal model of human diseases, People’s Medical
Publishing House, Beijing, China, 1982.

[8] G. Paxions and C. Watson,The Rat Brain in Stereotaxic Coordi-
nates , Compact 6th, Academic Press, New York, NY, USA, 6th
edition, 2009.

[9] G. Pang and G.-L. Zhang, “Subcellular localization of serotonin
2A receptor in dorsal hippocampal CA1 area and its effect on
neuronal firing,” Chinese Pharmacological Bulletin, vol. 30, no.
9, pp. 1262–1266, 2014.

[10] W. K. Mao, J. J. Liu, and H. B. Zhang, “Study on the correlation
between the rate-pressure product and the oxygen consumption
in patients with controlled hypotension,” Chinese Journal of
Anesthesilolgy, vol. 14, pp. 181–183, 1994.

[11] M.-S. Kwon, Y.-J. Seo, E.-J. Shim et al., “The differential effects
of emotional or physical stress on pain behaviors or on c-
Fos immunoreactivity in paraventricular nucleus or arcuate
nucleus,” Brain Research, vol. 1190, no. 1, pp. 122–131, 2008.

[12] Y. P. Zhou,M. Q. Zhou, K.M.Wang et al., “Correlation between
meridian-viscera and brain is a breakthrough point in the
theory of integrated traditional Chinese and westernmedicine,”
Journal of Anhui Traditional ChineseMedical College, vol. 27, pp.
1–7, 2008.

[13] J. Wang, “Current experimental research on acupuncture in
the treatment of myocardial ischemia,” Journal of Mudanjiang
Medical College, pp. 32–50, 2011.

[14] Y.Wang,W.Wang, D. Li et al., “The Beneficial Effect of Electro-
acupuncture Given at PC6 (Neiguan-point) by the Increase
in Cardiac Transient Outward K+ Current Channel Which
Depends on the Gene and Protein Expressions in Artificially
Induced Myocardial Ischemia Rats,” Acupuncture & Electro-
Therapeutics Research, vol. 39, no. 3, pp. 259–273, 2014.

[15] W. Zhou, Y. Ko, P. Benharash et al., “Cardioprotection of
electroacupuncture against myocardial ischemia-reperfusion
injury by modulation of cardiac norepinephrine release,”Amer-
ican Journal of Physiology-Heart and Circulatory Physiology, vol.
302, no. 9, pp. H1818–H1825, 2012.

[16] X. X. Lu, Y. K. Zhang, and N. Jiang, “Dynamic changes in free
radical in hippocampus CA1 neuron, GABA concentration in
hypothalamus and the activity of hpa axis induced by acute

http://downloads.hindawi.com/journals/ecam/2017/2870676.f1.zip


Evidence-Based Complementary and Alternative Medicine 13

exhaustion swimming,” Chinese Journal of Sports Medicine, vol.
26, pp. 563–567, 2007.

[17] J. P. Herman, M. K.-H. Schafer, E. A. Young et al., “Evidence
for hippocampal regulation of neuroendocrine neurons of the
hypothalamo-pituitary-adrenocorticoid axis,” The Journal of
Neuroscience, vol. 9, no. 9, pp. 3072–3082, 1989.

[18] Q. Gao, D. u. JB, and B. Zhao, “Effects of 1, 6 - Fructose -
Diphosphate on rat brain damage induced by large dose of
isoproterenol,” China Journal of Modern Medicine, vol. 14, pp.
28–32, 2004.

[19] B. P. Wann, T. M. Bah, S. Kaloustian et al., “Behavioural signs
of depression and apoptosis in the limbic system following
myocardial infarction: Effects of sertraline,” Journal of Psy-
chopharmacology, vol. 23, no. 4, pp. 451–459, 2009.

[20] Y. Feng, L. Bai, and Y. Ren, “Investigation of the large-
scale functional brain networks modulated by acupuncture,”
Magnetic Resonance Imaging, vol. 29, no. 7, pp. 958–965, 2011.

[21] K. K. S. Hui, O. Marina, J. D. Claunch et al., “Acupuncture
mobilizes the brain’s default mode and its anti-correlated
network in healthy subjects,” Brain Research, vol. 1287, pp. 84–
103, 2009.

[22] M.-K. Zhong, Y.-C. Duan, A.-D. Chen et al., “Paraventricular
nucleus is involved in the central pathway of cardiac sympa-
thetic afferent reflex in rats,” Experimental Physiology, vol. 93,
no. 6, pp. 746–753, 2008.

[23] E. H. Schlenker, “Integration in the PVN: Another piece of the
puzzle,” American Journal of Physiology-Regulatory, Integrative
and Comparative Physiology, vol. 289, no. 3, pp. R653–R655,
2005.

[24] M. J. Kenney, M. L. Weiss, and J. R. Haywood, “The par-
aventricular nucleus: An important component of the central
neurocircuitry regulating sympathetic nerve outflow,” Acta
Physiologica Scandinavica, vol. 177, no. 1, pp. 7–15, 2003.

[25] Z. B. Chen, S. J.Wang, Y.W.Wang et al., “The effect of the antag-
onism to rabbit’s myocardial ischemia by electroacupuncture
at neiguan point after damaging paraventricular nucleus and
nucleus of solitary tract,” Journal of Emergency in Traditional
Chinese Medicine, vol. 24, pp. 759–761, 2005.

[26] B. L. McNaughton, J. O’Keefe, and C. A. Barnes, “The
stereotrode: A new technique for simultaneous isolation of
several single units in the central nervous system frommultiple
unit records,” Journal of Neuroscience Methods, vol. 8, no. 4, pp.
391–397, 1983.

[27] R. F. Jansen and A. Ter Maat, “Automatic wave form clas-
sification of extracellular multineuron recordings,” Journal of
Neuroscience Methods, vol. 41, no. 2, pp. 123–132, 1992.

[28] C. M. Gray, P. E. Maldonado, M. Wilson, and B. McNaughton,
“Tetrodesmarkedly improve the reliability and yield ofmultiple
single-unit isolation from multi-unit recordings in cat striate
cortex,” Journal of NeuroscienceMethods, vol. 63, no. 1-2, pp. 43–
54, 1995.

[29] J. Csicsvari, H. Hirase, A. Czurkó, A. Mamiya, and G. Buzsáki,
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