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Abstract. The present study investigated the effects of the ultra-
sound (US), a noninvasive technique, on ischemia‑reperfusion 
injury (IRI) following cardiopulmonary resuscitation (CPR). 
The animals used in the present study were randomized into 
five groups (n=8 per group) as follows: i) The CPR group, where 
the rats underwent 6 min of untreated ventricular fibrilla-
tion (VF) followed by CPR and defibrillation; ii) the US group, 
in which the treatment was identical to the CPR group with the 
exception that rats were exposed to US treatment 24 h prior to 
CPR; iii) the MLA group, in which the treatment was identical 
to the US group with the exception that the α7 nicotinic acetyl-
choline receptor (α7nAChR) antagonist MLA (4 mg/kg) was 
administered 30 min prior to US and VF respectively; iv) the 
GTS group, in which the treatment was identical to the CPR 
group with the exception that the α7nAChR agonist GTS‑21 
(4 mg/kg) was injected 30 min prior to VF; and v) the SHAM 
group, in which the rats were exposed to surgical preparation 
without CPR and US application. At 1 day prior to CPR, the 
US treatment was administered to the left kidney by US pulses 
(contrast general mode with 9 MHz) with a bursting mechanical 
index of 0.72 for 2 min. Following treatment of the left kidney, 

the right kidney was exposed to identical US treatment for an 
additional 2 min. The results demonstrated that US precondi-
tioning decreased the number of defibrillations required and 
shortened the duration of CPR. US also suppressed tumor 
necrosis factor‑α and interleukin‑6 levels following resuscita-
tion (P<0.05), and a significantly longer overall survival time 
was observed in the US‑treated animals (P<0.01). In addition, 
US attenuated neuronal injury and promoted the expression 
of α7nAChR in hippocampal neurons (P<0.05). However, the 
protective effects of US were abolished by MLA and imitated 
by GTS‑21. The results of the present study demonstrated that 
prior exposure to US may improve animal outcomes following 
CPR, and the protective effects of US may be dependent on the 
cholinergic anti‑inflammatory pathway (CAP) via α7nAChR.

Introduction

Patients who are admitted to the intensive care unit (ICU) 
following successful resuscitation have a poor prognosis and a 
high risk of postresuscitation disease, a condition that includes 
multiple life threatening disorders, including neurological 
failure. The mechanisms underlying postresuscitation disease 
have been suggested to involve whole‑body ischemia and 
reperfusion syndrome, which triggers a systemic inflamma-
tory response and is characterized by high levels of circulating 
cytokines and inflammatory mediators, similar to patients 
with sepsis (1). Therefore, strategies to limit the high levels of 
circulating cytokines and thereby improving patient outcomes 
following resuscitation have become a focus of an increasing 
number of studies.

Efferent signals transmitted by the vagus nerve via the 
neurotransmitter acetylcholine may attenuate local and 
systemic inflammation, and this regulatory activity has been 
termed ‘the cholinergic anti‑inflammatory pathway’ (CAP) (2). 
Vagus nerve stimulation (VNS) may exert a protective 
effect against acute cerebral, cardiac and kidney ischemia 
reperfusion injury (IRI) by suppressing inflammation and 
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apoptosis via the alpha 7 nicotinic acetylcholine receptor 
(α7nAChR) (3‑5). It has recently been demonstrated that VNS 
may improve survival in rat models of cardiopulmonary resus-
citation (CPR) (6), indicating that VNS may be an alternative 
therapeutic strategy for CPR with a neural interface approach.

Despite preclinical evidence demonstrating the benefits of 
VNS for IRI, this therapy has not yet been implemented in a 
clinical setting. A major reason is the lack of an established 
technique that makes VNS easier to administer and less inva-
sive in a clinical setting. In addition, numerous cholinergic 
pharmacologic agonists, including nicotine and acetylcholine 
exhibit a narrow therapeutic index, which limits their clinical 
use (7). A study by Gigliotti et al (8) described a non‑phar-
macological, noninvasive, ultrasound‑based method to prevent 
renal IRI in mice. The results of this study demonstrated that 
a blockade or genetic deficiency of α7nAChR abrogated the 
protective effect of ultrasound (US), suggesting the involve-
ment of the CAP (8). This study highlighted the possibility of 
a novel approach to prevent IRI following CPR. Therefore, the 
aim of the present study was to determine whether US, as a 
clinical applicable noninvasive approach, would improve the 
outcomes following resuscitation in a CPR rat model. It was 
hypothesized that US would exert a protective effect against 
IRI induced by CPR predominantly through the activation of 
CAP via α7nAChR.

Materials and methods

Animal preparation. Male Sprague‑Dawley rats (aged 
13‑16 weeks and weighing 350‑400 g) were purchased from 
Experimental Animal Research Center of Hubei Province 
[Laboratory Animal Use Certificate NO.  SCXK  (E) 
2015‑0018] and were housed in a temperature‑controlled room 
with a 12 h light/dark cycle. All animals had ad libitum access 
to standard food and water. All protocols in the animal model 
were conducted in strict accordance with the guidelines of the 
Ministry of Science and Technology of the People's Republic 
of China for Animal Care and Use, which conformed to the 
Guide for the Care and Use of Laboratory Animals published by 
the United States of America National Institutes of Health (9). 
The study was approved by the Medical Ethics Committee of 
Huazhong University of Science and Technology (approval 
no. 2017‑S2191).

Experimental protocols. To determine the effect of US on 
survival following CPR, the rats were randomly assigned to 
one of five groups (n=8/group) as follows: i) The CPR group, 
where the rats underwent 6 min of untreated VF followed 
by CPR and defibrillation; ii)  the US group, in which the 
treatment was identical to the CPR group, with the excep-
tion that rats were exposed to US 24 h prior to CPR; iii) the 
MLA group, in which the treatment was identical to the US 
group, with the exception that the α7nAChR antagonist 
MLA (4 mg/kg) was administered at 30 min prior to US and 
VF respectively; iv) the GTS group, in which the treatment 
was identical to the CPR group, with the exception that the 
α7nAChR agonist GTS‑21 (4 mg/kg) was injected at 30 min 
prior to VF; and v) the SHAM group, in which the rats were 
exposed to surgical preparation without CPR and US applica-
tion. All animals were observed closely for 72 h, following 

which they were euthanized with an intraperitoneal injection 
of sodium pentobarbital (150 mg/kg). At necropsy, the organs 
were inspected for gross abnormalities, including evidence of 
traumatic injuries resulting from cannulation, airway manage-
ment or precordial chest compression.

US treatment protocol. A previous study demonstrated that US 
may activate CAP by stimulating the kidney (8). Therefore, the 
present study elected to perform the same US protocol as was 
performed in the study of Gigliotti et al (8). For US exposure, 
the rats were anesthetized with an intraperitoneal injection of 
pentobarbital sodium (45 mg/kg) 1 day prior to establishing 
the CA/CPR model. The rats were subsequently placed on the 
operating table in a supine position with their abdominal and 
back fur shaved. Pre‑warmed ultrasound gel was placed on 
their depilated skin for US treatment. A clinical Philips IU 
Elite Ultrasound machine coupled with a L9‑3 probe was used 
for US treatment. Firstly, the left kidney was localized using 
conventional B‑mode image. Then, pulsed high power US was 
delivered to the left kidney (contrast general mode) under burst 
mode at a mechanical index of 0.72. The US with a pulse length 
of 1 sec was applied every 6 sec for a total of 2 min. The right 
kidney was subsequently exposed to US using the same proce-
dure. Following US treatment, the animals were permitted 
to recover from the anesthetic in a temperature‑controlled 
incubator.

Cardiac arrest (CA) model protocol. Rats were fasted over-
night; however, they were permitted ad libitum access to water 
during the preparation period. The rats were anesthetized 
with an intraperitoneal injection of pentobarbital sodium 
(45 mg/kg). In order to maintain the depth of anesthesia, 
additional doses (10 mg/kg) were administered approximately 
once per hour. Following trachea intubation, the rats were 
mechanically ventilated with a tidal volume of 0.65 ml/100 g, 
a respiratory rate of 70/min, and a fraction of inspired oxygen 
(FiO2) of 0.21 using the ALC‑V8S ventilator (Shanghai Alcott 
Biotechnology Co., Ltd.). A conventional lead II ECG was 
continuously recorded by subcutaneous needle electrodes. 
PE50 catheters were inserted into the left femoral artery and 
vein in order to measure arterial pressure and to establish an 
intravenous infusion passage. Arterial blood pressure and ECG 
were recorded using the BL‑420F data acquisition and analysis 
system (Chengdu Taimeng Software Co., Ltd.). The core 
temperature was monitored by a rectal temperature probe and 
maintained at 36.5±0.5˚C during the experiment by a heating 
lamp and heating pad. The basal parameters of the rats were 
recorded 15 min prior to the induction of ventricular fibrilla-
tion (VF). VF was induced by a modified method based on 
transcutaneous electrical epicardium stimulation, as described 
previously (10). Electrical stimulation was performed using 
an electrical stimulator from the BL‑420F Biofunctional 
Experimental System with current mode, continuous single 
stimulation pattern, a delay of 100 msec, a width of 1 msec, 
a frequency of 50  Hz, an initial intensity of 1  mA and a 
stimulation time of 3 min. A stimulation time of 3 min was 
selected in order to prevent spontaneous defibrillation. The 
non‑intervention time was 3 min. Therefore, the total cardiac 
arrest time was 6 min. At 6 min following the initiation of VF, 
CPR was initiated. The mechanical ventilation was changed 
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to a tidal volume of 0.65 ml/100 g, a respiratory rate (RR) 
of 100 times/min, and a FiO2 of 1.0. Chest compression was 
applied at a frequency of ~200 times/min (with the assistant 
of a metronome). The depths of compressions were initially 
adjusted to maintain an aortic diastolic pressure between 26 
and 28 mmHg (11). Adrenaline {20 µg/kg, [Grand Pharma 
(China) Co., Ltd.]} was intravenously administered immedi-
ately following the initiation of CPR and was repeated once 
every 3 min if necessary. At 2 min after CPR, defibrillation 
was performed with 4 J if the ECG indicated VF. If the rats 
achieved restoration of spontaneous circulation (ROSC) with 
the return of supraventricular rhythm or a systolic pressure 
above 60 mmHg for 10 min after defibrillation, the rescue 
measurements were stopped and investigators monitored the 
ECG and hemodynamic parameters. If not, CPR was repeated 
and defibrillation was performed again 2 min following CPR. 
If animals did not achieved ROSC after 10 min with the above 
treatment, CPR was terminated and this process was consid-
ered a failure. Following resuscitation the hemodynamic 
parameters were continuously monitored and recorded for 4 h. 
All catheters, including the endotracheal tube, were removed 
at 4 h post‑ROSC. Then animals were subsequently returned 
to their cages for close observation (Fig. 1).

Evaluation of neurological defect score (NDS). Neurological 
function was evaluated according to the method of NDS at 
24 h intervals for a total of 72 h. The neurological deficits were 
scored from 0 (no observed neurologic deficit) to 500 (mortality 
or brain death) (12). NDS was examined and confirmed by two 
independent investigators who were blinded to the study.

Measurement of serum tumor necrosis factor‑α (TNF‑α) and 
interleukin‑6 (IL‑6) levels. Blood samples were obtained from 
the rats at 1, 4 and 72 h post ROSC through the femoral vein. 
The samples were centrifuged at 2,963 x g at 4˚C for 15 min 
and the supernatant was collected and then stored at ‑80˚C. 
ELISAs were performed according to the manufacturers' 
protocol with rat‑TNF‑α Immunoassay (cat. no.  RTA00; 
R&D Systems Europe, Ltd.) and rat‑IL‑6 ELISA kit (cat. 
no. CSB‑E04640r; Cusabio Technology LLC). Briefly, poly-
styrene 96‑well microtitel immunoplates were coated with the 
affinity‑purified polyclonal rat anti‑TNF‑α antibody. Then the 

samples and the TNF‑α standard solutions were distributed 
in each plate, and the plates were washed and incubated with 
anti‑TNF‑α galactosidase for 2 h at room temperature. The 
plates were subsequently washed and incubated with substrate 
solution for 30  min at room temperature. Following this 
incubation, the optical density was measured using an ELISA 
reader. This method was also employed to examine the levels 
of IL‑6 according to the aforementioned protocol and with 
relevant modifications.

Histopathological analysis. After 3  days, the rats were 
sacrificed and the hippocampus was rapidly removed from 
the cerebrum. The left half of the hippocampus was stored at 
‑80˚C and used later for western blot analysis. The right half of 
the hippocampus was fixed in 4% paraformaldehyde overnight 
at 4˚C and embedded in paraffin for immunohistochemical 
analysis. The present study focused on the hippocampal CA1 
region, which is considered to be the most vulnerable region 
of the brain to ischemia and hypoxia. The slides were stained 
with hematoxylin and eosin: The sections were placed in 0.5% 
hematoxylin staining solution for 10 min at room temperature; 
then immersed in 0.5% eosin aqueous solution for 5 min at 
room temperature. Sections were rinsed with running water for 
20 min after each step. Dead neurons were determined by the 
presence of hypereosinophilic cytoplasm and pyknotic nuclei. 
Nonviable neurons were counted in 3 random microscopic 
fields per section, and the percentage of nonviable neurons in 
3 sections per animal was averaged (high‑power fields of view, 
x200 magnification) using a light microscope (Olympus BX51; 
Olympus Corporation).

Immunofluorescence staining. The hippocampal slides were 
deparaffinized, rehydrated in a descending ethanol series (100, 
95, 85 and 75%, and ddH2O) and immersed in 3% H2O2/meth-
anol for 10 min at room temperature to inactivate endogenous 
peroxidase activity. Antigens were heat‑retrieved in sodium 
citrate buffer (10 mM sodium citrate; 0.05% Tween‑20; pH 6.0) 
at 100˚C for 10 min. Following blocking in 3% bovine serum 
albumin for 20 min at room temperature, the tissues were incu-
bated overnight at room temperature with the following primary 
antibodies: α7nAChR antibody (1:200; cat. no.  sc‑58607; 
Santa Cruz Biotechnology, Inc.) and anti‑RNA binding protein 

Figure 1. Experimental protocol. Ultrasound was applied to the rats 1 day prior to induction of VF. VF, ventricular fibrillation; ROSC, return of spontaneous 
circulation; CPR, cardiopulmonary resuscitation.
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fox‑1 homolog 3 (NeuN) rabbit polyclonal antibody (1:1,000; 
cat. no. GB11138; Servicebio Biotechnology, Inc.). Following 
washing 3 times with PBS, sections were incubated for 1 h at 
room temperature with Cy3‑labeled goat anti‑rat IgG (1:200; 
cat. no. GB22302; Servicebio Biotechnology, Inc.) and fluo-
rescein isothiocyanate‑labeled goat‑anti rabbit IgG (1:200; cat. 
no. GB22303; Servicebio Biotechnology, Inc.). The sections 
were subsequently mounted in Mowiol mounting medium (cat. 
no. 81381, Sigma‑Aldrich; Merck KGaA) containing 1 µg/ml 
DAPI for DNA staining. Finally, images were captured using 
a laser scanning confocal microscope (Olympus FV3000; 
Olympus Corporation) at magnification, x200.

Western blot analysis. The hippocampal tissues were homog-
enized in a lysis buffer (Beyotime Institute of Biotechnology 
Co., Ltd.) and were placed on ice and incubated for 30 min. The 
homogenates were centrifuged at 12,000 x g at 4˚C for 10 min 
to separate the supernatant. The proteins were quantified by 
using the BCA kit (Servicebio Biotechnology, Inc.). A total 
of 40 µg protein per lane was separated by 10% SDS‑PAGE 
and transferred to polyvinylidene fluoride membranes. The 
membranes were blocked for 2 h at room temperature with 
blocking buffer and then incubated with primary antibodies 
targeting α7nAChR (1:500; cat. no.  sc‑58607; Santa Cruz 
Biotechnology, Inc.) or GAPDH (1:1,000; cat. no. AS1039; 
Aspen, Wuhan, China) at 4˚C overnight. The membranes were 
washed with TBS containing 0.05% Tween‑20, and membranes 
were incubated with horseradish peroxidase‑conjugated 
secondary antibodies against α7nAChR (cat. no. GB23302; 
1:3,000; Servicebio Biotechnology, Inc.) and GADPH 
(AS1107; 1:5,000; Aspen) for 1 h at room temperature. The 
bands were developed using enhanced chemiluminescence 
(Beyotime Institute of Biotechnology, Co., Ltd.) and images 
were obtained using a Bio‑Image Analysis System (Bio‑Rad 
Laboratories, Inc.). Densitometric analysis was performed 
with ImageJ v1.49 (National Institutes of Health).

Statistical analysis. Continuous variables are presented as 
mean ± standard deviation when data was normally distributed, 
or as a median (with 25 and 75th percentiles) when data was 
not normally distributed. Normal distribution was confirmed 

with the Kolmogorov‑Smirnov test. Variables were compared 
with one‑way analysis of variance, or the Kruskal‑Wallis 
test for nonparametric data. If there was a significant differ-
ence in the overall comparison of the groups, comparisons 
between groups were made using the Bonferroni post‑hoc test. 
Survival data for Kaplan‑Meier curves were examined using 
the log‑rank test. P<0.05 was considered to be statistically 
significant.

Results

US preconditioning decreases the number of defibrillations 
required and shortens the duration of CPR. The present study 
initially used a total of 45 rats; however, 5 were excluded due 
to instrumental or technical failure during animal prepara-
tion. Therefore, 40 rats were randomly assigned to one of 
five groups (n=8/group). No differences in basic parameters 
among the 5 groups were detected at baseline (Table I). During 
CPR, the aortic diastolic pressure was maintained at an even 
level, and no significant difference was observed among the 
resuscitation groups (Fig. 2A). US also did not alter the heart 
rates of rats when compared with those in CPR, MLA and 
GTS groups during resuscitation (Fig.  2B). However, US 
markedly decreased the number of defibrillations required 
and shortened the duration of CPR when compared with the 
CPR group (Fig. 2C and D). However, inhibition of α7nAChR 
by MLA decreased the protective effects of US, as there was 
no significant difference between the CPR and MLA groups. 
Compared with the US group, GTS‑21 treatment had a similar 
effect in decreasing the number of defibrillations required and 
the duration of CPR.

US suppresses the serum levels of TNF‑α and IL‑6 and 
improves the 72 h survival rate following ROSC. An increase 
in circulating inflammatory cytokines was observed in all 
animals following resuscitation when compared with the 
SHAM group. The levels of TNF‑α and IL‑6 in the serum 
reached their peak at 4 h following the ROSC. There was a 
significant decrease in the levels of TNF‑α and IL‑6 in the 
US group when compared with the CPR group, indicating 
that US may suppress the inflammatory response following 

Table I. Baseline characteristics.

	 Groups
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Variables	 Sham	C PR	U S	U S+MLA	 GTS‑21

Weight, g 	 375.2±15.4	 378.3±16.8	 371.0±16.6	 367.0±15.9	 374.1±14.6
HR at baseline, bpm 	 367±19 	 371±22	 366 ±23	 359±18	 366±21
SBP, mmHg	 138.4±13.4	 139.8±14.2	 135.5±11.1	 133.4±9.1	 135.5±11.7
DBP, mmHg	 117.6±11.0	 124.4±11.8	 125.3±8.3	 117.9±9.8	 123.9±11.3
MAP at baseline, mmHg	 124.8±10.9	 129.5±11.9	 129.0±8.6	 123.0±8.8	 127.9±10.7
Preparation time, min	 44.0±1.1	 43.0±0.8	 43.2±0.8	 43.2±1.0	 44.0±1.0
Temperature at baseline,˚C	 37.0±0.1	 36.9±0.0	 36.9±0.1	 37.0±0.1	 37.0±0.0

CPR, cardiopulmonary resuscitation; US, ultrasound; HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean 
arterial pressure.
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resuscitation (Fig. 3A and B). In addition, an improved 72 h 
survival was observed in the US group when compared with the 
CPR group (Fig. 3C). The inhibition of α7nAChR resulted in 
increased levels of TNF‑α and IL‑6 in MLA‑treated animals. 
In the GTS group, the levels of inflammatory cytokines were 
similar to that of the US group, thereby demonstrating that 
the nicotinic receptor was associated with the protective effect 
of USA.

US improves NDS following resuscitation. Daily evaluations 
of the NDS revealed that less neurofunctional impairment 
occurred in animals in the US group when compared with 
those in the CPR group at 24 and 48 h post‑ROSC (Fig. 3). 
At 72 h following resuscitation there was still a trend towards 
improved neurological function in the US group, yet the 
differences between the US and CPR groups were not statisti-
cally significant. There was no significant difference between 
the CPR and GTS groups, although the NDS mean value of 
the former group was larger compared with the latter group 
(Fig. 4). The inhibition of α7nAChR by MLA abrogated the 
neuroprotective effect of US treatment, as evidenced by the 
larger NDS in the MLA group following ROSC.

US attenuates CPR‑induced injury to hippocampal neurons. 
The photomicrographs of hippocampal neurons revealed that 
CPR resulted in an increase in the amount of darkly stained 

smaller nuclei and neurons with vacuolization of the cyto-
plasm in the hippocampal CA1 region at 72 h after ROSC, 
which suggested that a large amount of neuronal mortality 
had occurred in the hippocampal CA1 region (Fig.  5A). 
However, the aforementioned neuronal changes were less 
severe in the US and GTS groups in comparison with CPR 
groups, indicating that US treatment and GTS‑21 exerted 
similar neuroprotective effects. The inhibition of α7nAChR 
by MLA abrogated the neuroprotective effect of US treatment, 
as evidenced by an increase in the amount of neuronal death in 
the CA1 region (Fig. 5B).

US increases the expression of α7nAChR in hippocampal 
neurons following CPR. As demonstrated in Fig. 6, a marked 
decrease in the number of α7nAChR‑positive cells co‑located 
in the neuron was observed visually in the CA1 region of the 
hippocampus in the CPR group compared with the SHAM 
group. However, US pretreatment reversed the decrease in 
α7nAChR levels caused by CPR, suggesting that the central 
cholinergic signaling may be repaired by US following 
resuscitation (Fig.  6A). In addition, no significant differ-
ence was identified between the MLA and CPR groups. 
However, GTS‑21 had a similar effect as US treatment. The 
western blot analysis results of α7nAChR protein expression 
were consistent with the immunofluorescence analysis data 
(Fig. 6B and C).

Figure 2. No significant difference in (A) aortic diastolic pressure and (B) heart rates between all groups during CPR were observed. However, the decrease 
in (C) CPR duration and (D) electrical shock times was observed in US‑treated animals. #P<0.01 vs. CPR group; *P<0.05 vs. CPR group. US, Ultrasound; 
CPR, cardiopulmonary resuscitation.
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Discussion

The results of the present study clearly demonstrated that 
the survival rate was significantly improved when rats were 
exposed to a single dose of US at 24 h prior to CPR. In addition, 
US treatment decreased the number of electrical shocks 
required for ROSC, shortened the duration of CPR and attenu-
ated neurological dysfunction. It was also observed that the 
levels of circulating inflammatory cytokines were suppressed 
following resuscitation and the expression of α7nAChR was 
promoted in hippocampal neurons by US treatment. It was also 
observed that the inhibition of α7nAChR by MLA abrogated 
the protective effect of US, suggesting that ultrasonic protec-
tion against IRI resulted from CPR was strongly dependent on 
the activation of CAP via α7nAChR.

It has previously been demonstrated that mice that had been 
subjected to US 24 h prior to IRI were protected against acute 
kidney injury (AKI) (13). Although the role of US in kidney 
IRI has been investigated, the protective effects of US during 
global IRI resulting from CA/CPR have yet to be completely 
elucidated. Therefore, the aim of the present study was to 
observe if US prior to VF would improve patient outcomes 
following CPR.

Inflammatory cytokines have been implicated in the patho-
physiology of post‑cardiac arrest syndrome, which include 
myocardial dysfunction and hypotension, often leading to 
multi‑organ system dysfunction and mortality. The results of 

the present study indicated that receiving US 24 h prior to CPR 
prevented the increase in TNF‑α and IL‑6 following resuscita-
tion. TNF‑α has been reported to be inversely correlated with 
myocardial function (14), and the administration of a mono-
clonal antibody directed against TNF‑α attenuates myocardial 
dysfunction and improves short‑term survival in the early 
post cardiac arrest period (15). IL‑6 in cerebrospinal fluid and 
blood have been indicated to be correlated with neurological 
outcome following CA (16). It has also been demonstrated that 

Figure 4. Neurological Defect Score at 24, 48 and 72 h following resuscita-
tion in all groups. The neurologic deficits were scored from 0 (no observed 
neurologic deficit) to 500 (death or brain death). *P<0.05 US  vs. C PR. 
US, ultrasound; CPR, cardiopulmonary resuscitation.

Figure 3. US inhibits the concentrations of (A) TNF‑α and (B) IL‑6 at 1,4 and 72 h following resuscitation. *P<0.01 vs. SHAM. **P<0.01 vs. US; #P<0.01 and 
##P<0.05 vs. CPR. (C) US prolonged the survival time following CPR. Kaplan‑Meier curves of the cumulative survival rates at 72 h following resuscitation. 
*P<0.01 US vs. CPR; #P<0.05 GTS‑21 vs. CPR. US, ultrasound; CPR, cardiopulmonary resuscitation; TNF‑α, tumor necrosis factor-α; IL‑6, interleukin‑6.
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IL‑6 values on intensive care unit admission are associated 
with increased mortality in out‑hospital patients with CA (17). 
Therefore, it is reasonable to conclude that the inhibition of 
TNF‑α and IL‑6 by US could contribute to the improvement 
in survival following CPR. In addition, the anti‑inflammatory 
effect of US treatment may depend on α7nAChR as it was 
abolished by MLA and was imitated by GTS‑21, suggesting 
that the protection provided by US prior to CPR is dependent 
on the CAP.

The present study also revealed that US may decrease the 
number of defibrillations required during CPR and shorten 
the CPR duration. The data demonstrated there was no differ-
ence in myocardial reperfusion during CPR, as evidenced by 
consistent aortic diastolic pressure among the CPR, US, MLA 
and GTS groups. A potential explanation for this result is the 
alterations in gap junction intercellular communication during 
resuscitation. Gap junctions are composed of connexins, 
predominantly connexin  43, in the ventricle, and provide 
aqueous conduits between cells to allow electrical current 
flow (18). It has been demonstrated that the concentration of 
TNF‑α is rapidly increased in rats following VF (19), and 
TNF‑α may decrease the expression of connexin 43 in the 
heart (20), which is associated with gap junction uncoupling 
and results in increasing cardiac arrhythmias and impaired 
defibrillation. Regional gap junction uncoupling markedly 
increases the threshold values of biphasic defibrillations (21). 
Therefore, a potential explanation for the anti‑arrhythmic 
effects of US may be due to its potential to inhibit gap junction 

uncoupling by suppressing the inflammatory cytokines during 
CPR. In the present study, MLA was observed to reverse the 
anti‑arrhythmic effects of US treatment, whereas GTS‑21 
exerted anti‑arrhythmic effects similar to US treatment, 
suggesting that the anti‑arrhythmic effects of US was driven 
through the CAP via α7nAChR.

In addition to the aforementioned cardioprotective 
effects of US during resuscitation, the present study also 
demonstrated the neuroprotective effects of US. Brain injury 
is a common reason for morbidity and mortality following 
resuscitation, and the results of the present study supported 
the hypothesis that US may alleviate cerebral IRI following 
CPR, as evidenced by the improvement in neurological deficits 
and the decreases in the severity of injury to hippocampal 
neurons following US treatment. Although MLA aggravated 
neurological dysfunction in US‑treated animals, GTS‑21 
failed to attenuate neurological impairment following ROSC 
when compared with control animals, despite the presence of 
a trend toward improved neurological function in GTS‑treated 
animals. A potential explanation for this result may be associ-
ated with the usage of GTS‑21 in the present study. As GTS‑21 
has a biological half‑life of 12‑24 h (22), only one dose was 
delivered 30 min prior to VF. The improved neurological 
outcomes may be observed if GTS‑21 is administered twice 
a day over 3 consecutive days. In addition, it is well known 
that cerebral IRI largely depends on the duration of ischemia. 
As US treatment shortened the duration of CPR, these cardiac 
effects may also serve a role in the neuro‑protection observed.

Figure 5. Hippocampal morphology as assessed in hematoxylin & eosin‑stained tissue sections. (A) The prevention of the injury to hippocampal neurons 
in animals exposed to US treatment was confirmed. Scale bar, 50 µm. (B) Quantification of hippocampal CA1 neuronal cell death. *P<0.01 vs. CPR; 
#P<0.01 vs. MLA. US, ultrasound; CPR, cardiopulmonary resuscitation.
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Furthermore, the present study examined whether the 
hippocampal neurons expressed α7nAChR on their surface 
following treatment with US, which may suggest a potential 
involvement of the CAP in cerebral reperfusion injury. It has 
previously been demonstrated that CA and CPR dysregulates 
central cholinergic signaling and engenders large increases 
in neuroinflammation and neuronal damage (23). The results 
of the present study also demonstrated that the expression 
of α7nAChR in the hippocampal CA1 region was decreased 
at 72 h following ROSC in the CPR group. However, in the 
US group, the hippocampal neurons exhibited high levels of 
α7nAChR on their surface, indicating that US may restore 
the central cholinergic signaling against IRI induced by CPR. 
However, the contribution of US to the brain response against 
IRI via the CAP requires additional verification in future 
studies. US has been demonstrated to markedly increase 
the spike frequency of primary hippocampal neurons in 
culture (24). The increase in excitability is largely mediated by 
the mechanical effects of US, which may result in a mechan-
ical distortion of cell membranes, and these mechanical 
deformations may cause the activation of mechanosensitive 
ion channels (25), which may alter the polarization state of 
neurons and cause upregulation or suppression in activity. US 
application to the left kidney activates the adrenergic splenic 
nerve, as the left kidney is closed to the spleen. We hypoth-
esized that, in the present study, US activated the adrenergic 
splenic nerve resulting in the release of norepinephrine, which 
binds to adrenergic receptors on nearby CD4+ T cells. This 
stimulates the production of acetylcholine, which binds to 
α7nAChRs on splenic myeloid cells and results in decreased 
inflammation and IRI (8). However, the mechanism of the 

contribution of US treatment to the brain response against IRI 
via the CAP remains to be determined.

There were several limitations to the present study: Firstly, 
it is difficult to argue that the protective effects against 
whole‑body IRI were as a result of US pretreatment in such 
a short time period (24 h). However, it has been demonstrated 
that mice that had been subjected to US for 5 min 1 day prior 
to IRI were protected against AKI (8). Therefore, it is reason-
able to interpret the results of the present study, as the same US 
application protocol described by Gigliotti et al (8) was used. 
In addition, US treatment should also be applied following 
CA, in order to investigate whether this also exerts a beneficial 
effect. The spleen should also be investigated, as the spleen 
is the tissue target for US‑mediated tissue protection (13), 
and therefore may be more effective. Additional studies are 
required in order to investigate the different conditions of US 
treatment. Secondly, in a clinical setting, patients treated with 
CPR typically have a pre‑existing clinical disease; however, 
the animals used in the present study were healthy. Therefore, 
the outcome of this study in a rat model of CPR requires 
further verification in large animal and clinical studies.

In summary, the present study demonstrated that US exerted 
a remarkable ability to improve the clinical outcomes following 
CPR, and the mechanism underlying the protection of US 
was associated with the activation of CAP via the a7nAChR. 
Importantly, the noninvasive US regimen relies on US settings 
within approved United States of America Food and Drug 
Administration guidelines, and has been used for the treatment 
of solid tumors, uterine fibroids, glaucoma, kidney stones, deep 
venous thrombosis and musculoskeletal injuries  (26‑28). In 
addition, the US method used in the present study was simple 

Figure 6. NeuN and α7nAChR expression patterns. (A) Immunostaining for neuronal marker NeuN and α7nAChR. α7nAChR was stained in red and NeuN 
was stained in green. The microphotograph representing the double staining for α7nAChR and NeuN demonstrated that the hippocampal neurons expressed 
α7nAChR. Scale bar, 200 µm. (B) Representative blots of α7nAChR proteins detected by western blot analysis. (C) The levels of α7nAChR in hippocampus 
at 72 h following resuscitation. *P<0.05 vs. SHAM group; #P<0.01 vs. CPR group. NeuN, anti‑RNA binding protein fox‑1 homolog 3; α7nAChR, α7 nicotinic 
acetylcholine receptor; US, ultrasound; CPR, cardiopulmonary resuscitation.
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and may be administered by a routine clinical imaging system, 
which is suitable for emergency operation. Therefore, this 
non‑pharmacological approach, involving therapeutic US within 
the spectrum of use currently approved for humans, provides an 
attractive alternative therapy for post‑resuscitation syndrome.
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