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Abstract: Background: Chronic heart failure (HF) is the main complication of various organic heart diseases. An 
imbalance of the autonomic nervous system has close associations with arrhythmia, ventricular remodeling, and 
sudden death upon HF. This study investigated whether unilateral vagus nerve stimulation could increase vagal 
activity, improve autonomic nerve distribution, and cardiac function in a HF model. Methods: Eighteen dogs were 
randomly divided into 3 groups: sham operation, HF, and HF + vagal stimulation, with 6 dogs per group. The sham 
operation group had a pacemaker implanted, with no pacing; the HF group was tachypaced at 50 times/min for 
37 d to establish the (chronic or congestive) HF model; Vagal stimulation group were implanted with a pacemaker 
at 250 times/min rapid pacing for 30 d, then the right vagus nerve was stimulated for 7 d (frequency: 20 Hz). Left 
ventricular ejection fraction (LVEF) and mean arterial pressure (MAP) were examined with an ultrasound diagnostic 
apparatus. Resting heart rate was recorded with an electrocardiogram monitor. The expression of tyrosine hydroxy-
lase (TH) and choline acetyl-transferase (ChAT) protein was examined by immuno-histochemistry. Results: 30 d after 
rapid ventricular pacing, MAP < 60 mm Hg, and LVEF < 50%, the HF model was successfully established in canines. 
The results showed that there were no differences in MAP, LVEF, and resting heart rate at baseline in each group 
(P > 0.05). After 30 d of pacing, MAP and LVEF were reduced and resting heart rate increased in the HF and HF 
+ vagal stimulation group compared to the sham operation group (P < 0.05). After 37 d, compared with the sham 
operation group, MAP and LVEF were significantly reduced and resting heart rate significantly increased in HF group 
(P < 0.05). Compared with the sham operation group, TH and ChAT positive nerve density heterogeneity increased 
in the HF group but did not change in the HF + vagal stimulation group. TH protein expression was increased and 
ChAT protein expression reduced in the HF group; TH expression decreased and ChAT expression increased in the 
HF + vagal stimulation group. Conclusion: Unilateral vagus nerve stimulation increased vagus nerve activity, slowed 
heart rate, recovered autonomic nerve homogeneity and function imbalance, and improved heart function in HF.
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Introduction

Chronic heart failure is an end-stage complica-
tion of various organic heart diseases. It has a 
high mortality rate. The majority (40~50%) of 
deaths from heart failure are caused by ven-
tricular arrhythmia [1]. A great amount of 
research has shown that: an imbalance of the 
autonomic nervous system, which has close 
associations with arrhythmia, and ventricular 
remodeling [2], plays an important role in the 
pathogenesis of heart failure. Upon heart fail-
ure, increased catecholamine release results 
in additional stimulation of sympathetic nerves. 
Meanwhile, the functions of the parasympa-

thetic vagus nerve declines. At the start, this 
type of adaptive adjustment is beneficial 
because it increases cardiac output. However, 
over the long-term the decline of the functions 
of the vagus nerve, and the excessive activation 
of sympathetic nerves, induces serious chang-
es to the heart at different sites and levels, 
forming the cornerstone of ventricular remodel-
ing. A large number of basic and clinical studies 
have shown a correlation between activation of 
the vagus nerve and the prognosis of heart fail-
ure. Presently, treating heart failure by vagus 
nerve activation is in the initial stages [3-5]. 
Two potential directions of treatment have been 
found recently: One method is to use chronic 
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threaded through the vein and the pacing elec-
trode was sent to the right ventricular apex 
along the venous system. The intracardiac elec-
trophysiological instrument LEAD2000 (Jinjiang 
Electronics) showed the aVR lead presenting a 
big R wave. The pacemaker was connected and 
started (250 times/min), and the skin was then 
sutured. And then the switches of the pace-
maker were opened to carry out pacing rhythm. 
During, and three days after the operation, 1.6 
million u-penicillin were injected intramuscu-
larly 2 times/d to prevent infection. Four weeks 
later, symptoms of heart failure; loss of appe-
tite, reduction of activities, breathing accelera-
tion, among others occurred in the dogs. 
Standard mean artery pressure (MAP) in the 
heart failure dogs was < 60 mm Hg and ejec-
tion fraction < 50%, indicating the heart failure 
model was successfully established. Under the 
conditions of closure of pacemaker and anes-
thesia of the dogs, the right vagus nerve stimu-
lator was installed and then the pacemaker 
was restarted, for seven days with a pacing fre-
quency of 190 times/min.

Methods of stimulating vagus nerves 

The vagus nerves in the right neck of dogs was 
separated and an electrode for stimulating 
vagus nerves was implanted, the other side of 
which connected with the stimulator of nerves. 
The stimulus parameters were: voltage 4~8 V, 
pulse width 1 ms, and frequency 20 Hz. 
Stimulation was considered efficient when the 
heart rate was reduced by at least 30%. When 
the stimulation failed to reach the standard, 
the stimulation voltage, frequency, and stimula-
tion sites were adjusted. After the verve stimu-
lators were placed and debugged, the cut was 
sutured and the stimulation continued for 7 d.

Ultrasonic examination of the heart 

The ultrasound instrument DESAOTE and a 
probe of 10S was applied with a frequency of 
10 MHz at a scanning depth of 5 cm. Before the 
examination, the pacemaker was turned off. 
The left ventricular ejection fraction (LVEF) was 
measured. 

Immunohistochemical detection of tyrosine 
hydroxylase (TH) and Cholineacetyl-transferase 
(ChAT)

After the in vivo experiment of each group fin-
ished, left ventricular anterior wall tissue was 

electrical stimulation to activate the vagus 
nerve, and the second method is to prescribe 
benzothiazepine drugs (calcium antagonists). 
The present study discussed the mechanism of 
reversing remodeling of autonomic nerves of 
ventricular muscle of heart failure dogs by stim-
ulating the unilateral vagus nerve in a heart fail-
ure model induced by rapid pacing of dog right 
ventricle.

Materials and methods

Experimental animals and grouping

Eighteen healthy, male and female, adult mon-
grel dogs, with weight ranging (18.00 ± 2.66 
kg) were used. The quality of the animals 
reached first class standard (License No.: 
SCXK-2003-001). The animals were randomly 
divided into 3 groups; sham operation, heart 
failure, and vagus stimulation + heart failure 
(vagus stimulation group), with six animals per 
group. In the sham operation group, the right 
vena jugularis external and vagus nerve cord of 
the dogs were separated and a pacemaker was 
implanted without pacing stimulation; in the 
heart failure group, pacemaker stimulation was 
given for four weeks and then the vagus nerve 
cord was separated and pacing continued for 
another 7 d; in the vagus nerve group, the pace-
maker stimulation was given for four weeks and 
then the vagus nerve cord was separated and 
the electrode was implanted to implement 
stimulation and the pacing continued for 7 d 
simultaneously. The design and execution of 
the experiment received approval from the 
Animal Ethics Committee of Renmin Hospital of 
Wuhan University. 

Preparation of mongrel dog CHF model [6] 

The dogs were anaesthetized through intrave-
nous injection of 30 mg/kg of 3% pentobarbital 
sodium, which was maintained with an intrave-
nous injection of 4 mg/kg during the operation. 
The trachea cannula was found. The hair on the 
right-side of the neck was removed and regular 
sterilization was performed. A cut of 5 cm was 
made on the right neck and the vana jugularis 
externa on the right neck was separated. After 
that, the vein sheath was peeled off carefully 
and the distal end was ligated. A 1/4-1/3 diam-
eter of the vein was cut open with ophthalmic 
scissors. When the wall of vein was lifted via 
the vein hook, the electrode tip was cautiously 
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dogs in the three groups

After comparison, the baseline differences of 
MAP, LVEF, and resting heart rate in the groups 
had no statistical significance (P > 0.05). 30 d 
after the experiment, the values of MAP and 
LVEF in the heart failure group and vagus stimu-
lation group declined as compared to those in 
the sham operation group. The resting heart 
rate increased in the heart failure (161 bpm) 
and vagus stimulation group (165 bpm) as com-
pared to the sham operation group (131 bpm) 
(P < 0.05). There were no differences in MAP, 
LVEF, and resting heart rate in the heart failure 
and vagus stimulation group. 37 d after the 
experiment, MAP and LVEF in the heart failure 
group decreased remarkably as compared to 
the sham operation group while the resting 
heart rate increased remarkably as compared 
to the sham operation group and vagus stimu-
lation group (P < 0.05). Compared with those in 
the sham operation group, the differences of 
MAP, LVEF, and resting heart rate in the vagus 
stimulation group had no statistical signifi-
cance (P > 0.05) see Tables 1 and 2.

Comparison of heterogeneity of ventricular 
muscle nerve distribution of dogs in each 
group 37 d after the experiment

The comparison of heterogeneity of autonomic 
nerves showed: compared with those in the 
sham operation, the heterogeneity density of 
positive TH and ChAT nerves in the heart failure 

taken, embedded in paraffin, cut into slices and 
then stained according to the SP staining meth-
od. For a negative comparison, PBS was used 
in place of primary antibody. Computer aided 
image analysis (Motic Images 3000) was 
applied to calculate the density of nerves. The 
color of TH and ChAT was represented that the 
endochylema was stained into brownish yellow, 
meaning positive results. The color was classi-
fied as follows: colorless for a negative result, 
pale yellow brown for positive and brown for 
strong positive. The density of nerves was rep-
resented by the ratio between the nerve fiber 
area and the total detection area (μm2/mm2). 
The average density of all the nerves in the field 
of view was regarded as the average density of 
never of the slices. In each slice, five visions 
with maximum density of nerves and five 
visions with minimum density of nerves was 
taken, and the difference between the averag-
es of the density of nerves was taken as the 
heterogeneity of the local distribution of nerves.

Statistical methods 

The software SPSS 16.0 was used for statisti-
cal analysis. The metering data was represent-
ed by mean ± standard deviation (

_
x  ± s). The 

comparison among multiple groups was ana-
lyzed with single factor analysis of variance 
while the comparison between two groups was 
detected with LSD method, taking the differ-
ence as statistically significance when P < 
0.05.

Results

Completion of rapid pacing 
atrium induced heart failure 
model 

After four weeks of rapid right 
atrium pacing, MAP < 60 mm 
Hg and LVEF < 50% in both 
the heart failure group and 
vagus stimulation group. In 
consideration of the symp-
toms of accelerated breath-
ing, fastened heart rate, and 
loss of appetite in the dogs, 
the heart failure model was 
successfully achieved, see 
Figure 1.

Comparison of MAP, LVEF 
and resting heart rate of the 

Figure 1. Rapid pacing right atrium induced heart failure model (250 times/
min).
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quency and duration of pacing, and thus can be 
used for the study of pathological, physiologi-
cal, and molecular biological features of chron-
ic heart failure at different stages of develop-
ment. The results of the experiment showed, 
30 d after the rapid right ventricle pacing, MAP 
< 60 mm Hg and LVEF < 50% in the heart fail-
ure group and vagus stimulation group, indicat-
ing the preparation of the heart failure dog 
model was successful. Meanwhile, the values 
of MAP and LVEF at 30 d and 37 d in the heart 
failure group lasted shorter than those in the 
sham operation group, hinting that the severity 
of heart failure tended to develop gradually 
along with the elongation of pacing time. On 37 
d after the experiment, values of MAP and LVEF 
in the vagus stimulation group increased com-
pared with those in the heart failure group, but 
the differences compared with those in the 
sham operation group had no statistical signifi-

group increased remarkably (average P < 0.05). 
While no remarkable changes in the heteroge-
neity of the density of TH and ChAT positive 
nerves in the vagus stimulation group occurred, 
as compared to the sham operation group. The 
nerve fibers of TH and ChAT in the sham opera-
tion group were stained brown; while the funic-
ular protein expression of brown TH and pale 
brown ChAT in the heart failure group 
decreased; the pale brown funicular TH expres-
sion and a large amount of deep brown funicu-
lar ChAT protein expression was seen in the 
vagus stimulation group, see Table 3 and 
Figures 2 and 3.

Discussions

At present, there are many methods for prepar-
ing chronic heart failure animal models, includ-
ing; pressure or volume load induced heart fail-
ure model, ischemic cardiomyopathy model, 

cardiac pacing heart failure 
model, drug induced dilated 
cardiomyopathy model, myo-
cardial hypertrophy, and trans-
genic animal heart failure 
models [7]. The establishment 
of heart failure animal models 
plays an important part in the 
study of the pathology and 
physiology of heart failure as 
well as disease prevention 
and treatment. The heart fail-
ure model induced by a long 
period of rapid right ventricle 
pacing (> 200 bpm) seems 
quite similar to the dilated car-
diomyopathy model, while the 
hemodynamics and neuroen-
docrine levels of the heart 
induced by pacing are similar 
to that of humans. The present 
model has a higher controlla-
bility, and can reproduce dif-
ferent models by changing fre-

Table 1. Comparison of MAP and LVEF of Dogs in the Three Groups, before and after pacing (
_
x  ± s)

Group 
MAP (mm Hg) LVEF

Baseline Experiment 
30 d

Experiment  
37 d Baseline Experiment 

30 d
Experiment 

37 d
Sham operation group 128.42 ± 9.24 126.18 ± 8.54 127.44 ± 7.57 0.75 ± 0.01 0.72 ± 0.03 0.71 ± 0.01
Heart failure group 129.13 ± 8.65 58.45 ± 3.80a 50.35 ± 6.85a 0.65 ± 0.02  0.45 ± 0.01a 0.43 ± 0.02a

Vagal stimulation group 126.57 ± 10.82 55.32 ± 5.43a 123.56 ± 7.84b 0.73 ± 0.01 0.48 ± 0.01a  0.65 ± 0.02b

Note: aCompared with those in the sham operation, P < 0.05; compared with those in the heart failure group, bP < 0.05.

Table 2. Comparison of MAP and LVEF of the Dogs in the Three 
Groups, before and after pacing (

_
x  ± s)

Group 
Resting heart rate (times/min)

Baseline Experiment 
30 d

Experiment 
37 d 

Sham operation group 133.42 ± 9.24 130.55 ± 7.20 135.92 ± 7.07
Heart failure group 126.20 ± 7.01 160.80 ± 5.10a 164.00 ± 6.50a

Vagal stimulation group 125.57 ± 6.44 165.43 ± 7.22a 130.42 ± 7.48b

Note: aCompared with those in the sham operation, P < 0.05; compared with those 
in the heart failure group, bP < 0.05.

Table 3. Comparison of heterogeneity of ventricular muscle nerve 
distribution of dogs in each groups 37 d after the experiment 
(μm2/mm2, 

_
x  ± s)

Group TH CHAT
Sham operation group 7.50 ± 1.25 10.42 ± 3.40
Heart failure group 21.80 ± 4.03a 4.57 ± 2.14a

Vagal stimulation group 9.25 ± 2.50b 13.24 ± 3.48b

Note: aCompared with those in the sham operation, P < 0.05; compared with those 
in the heart failure group, bP < 0.05.
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cance, hinting that the stimulation on vagus 
nerve cords could improve cardiac function and 
hemodynamics under heart failure.

It is very hard to evaluate the activity of vagus 
nerves of patients, clinically. Presently, what 
can be done is to observe the acceleration of 
resting heart rate (HR) and the reduction of 
variance of HR, particularly the reduction of 
high frequency elements or the indirect accom-
plishment of low frequency and high frequency 
[8]. Therefore, the resting HR could reflect the 
functions of vagus nerves and can be used to 
roughly evaluate the balance of autonomic 
nerves. Large scales of clinical experiments 
suggested that, the cardiovascular mortality 
rate of the crowd with resting HR > 90 bpm is 
two times higher than those with a resting HR < 
60 bpm [9]. The present study also showed, the 
resting HR in the heart failure group increased 
remarkably as compared to the sham operation 
group, whereas the vagus stimulation group 
had no statistical significance as compared to 
the sham operation group. The results of the 
experiment hinted that the functions of auto-
nomic and vagus nerves decreased after heart 
failure, causing an increase of resting HR. Upon 

heart failure, the excitement of sympathetic 
nerves occurred and the functions of vagus 
nerves declined. With the reduction of func-
tions of vagus nerves and excessive activation 
of sympathetic nerves, serious changes occur 
in cardiac muscle, forming the cornerstone of 
ventricular remodeling. The actions of sympa-
thetic and vagus nerves on the heart are sup-
plementary and antagonistic. Once the balance 
between them is broken, ectopic rhythm will be 
induced, the threshold of ventricular fibrillation 
would be reduced, and the opportunity of ven-
tricular fibrillation will be strengthened.

In systolic heart failure, both the nerves and 
humoral system are activated to maintain the 
functions of the heart. The activation of the 
nervous system is represented by the excite-
ment of sympathetic nerves and reduction of 
activation of vagus nerves. There is evidence 
suggesting that regulation of the vagus nerves 
of patients with heart failure becomes abnor-
mal. At present, there are already multiple 
drugs which have a suppressive action on the 
excessive activation of the sympathetic nerves 
of patients with heart failure, such as 
β-adrenergic receptor antagonists, angioten-

Figure 2. Positive nerve expression of TH at the anterior wall of the left ventricle of dogs 37 d after experiment (× 
400 magnification). A: Sham operation group; B: Heart failure group; C: Vagus stimulation group.

Figure 3. Positive nerve expression of ChAT at the anterior wall of left ventricle of dogs 37 d after experiment (× 400 
magnification). A: Sham operation group; B: Heart failure group; C: Vagus stimulation group.
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sin-converting enzyme inhibitors, and angioten-
sin II receptor antagonists. However, no effec-
tive drugs were found to improve the abnormal 
regulation of the vagus nerves. Therefore, the 
present study turns to device therapy for the 
regulation of vagus nerves. The results of the 
experiment showed that, heart failure was 
closely related to the attenuation of activation 
of vagus nerves. Vagus stimulation may become 
another effective method to treat heart failure. 
Zhang, et al. [10] studied the therapeutic 
effects of vagus stimulation in the right ventri-
cle high frequency stimulation induced heart 
failure model. The results showed, vagus stimu-
lation over three months can significantly 
reduce ventricular volume and increase the 
ejection volume. Gaetano M, et al. [11] con-
ducted a multiple center study using vagus 
nerve stimulation for (how long?) to 32 patients 
with heart failure and found: the level of cardiac 
functions (by NYHA classification) of most 
patients improved at least one level and the 
resting heart rate declined remarkably and was 
easy to maintain over a period of. Living quality, 
step walking distance for 6 minutes, and ultra-
sonic cardiogram indexes of these patients sig-
nificantly increased. The study proved that, 
homogeneity of autonomic nerve distribution 
occurred in the heart failure group, the homo-
geneity of the density of the TH and ChAT posi-
tive nerves increased significantly, the expres-
sion of TH fibrin increased while the ChAT fiber 
protein expression reduced. After stimulation 
of the vagus nerve cord, the imbalance of auto-
nomic nerves of the ventricular muscles was 
improved, the fiber protein expression of ChAT 
increased and simultaneously the hemodynam-
ics, ejection fraction, and resting heart rate 
were restored. The abnormal functional regula-
tion of autonomic nerves in the heart is an 
important pathological and physiological fea-
ture in chronic heart failure. In the early stages 
of heart failure, the tension of sympathetic 
nerves raises and the tension of vagus nerves 
declines; in later stages of heart failure, the 
tension of both sympathetic and vagus nerves 
will be damaged. The homogeneity of autonom-
ic innervations of the heart reflects the severity 
of heart failure. Clinical and basic experiments 
suggest that vagus nerves have a close rela-
tionship with cardiovascular diseases. There- 
fore, it is crucial to improve the tension of vagus 
nerves and maintain the balance of autonomic 
nerves in treating cardiovascular diseases. 

Conclusion

Results of this study hint that chronic stimula-
tion of vagus nerves could become a potential 
clinical therapy for the treatment of heart fail-
ure. It could also reverse some aspects of ven-
tricular remodeling such as the heterogeneous 
distribution of nerves. Unilateral vagus nerve 
stimulation increased vagus nerve activity, 
slowed heart rate, recovered autonomic nerve 
homogeneity and function imbalance, and 
improved heart function in heart failure 
canines.
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