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anti-inflammatory mechanism
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Introduction
Ischemic strokes, caused by cerebral artery stenosis or 
occlusion, lead to a reduction or abrupt interruption of 
local cerebral blood flow, resulting in anoxia in the arterial 
territory, secondary vascular endothelial injury, and the 
initiation of various pathological conditions (Jian et al., 
2013; Kim et al., 2013; Wang et al., 2014). With technolog-
ical advances, the clinical diagnosis of stroke has improved 
(Hofmann et al., 2012; Ii and Tomimoto, 2013), but thera-
pies are only partially effective. Inflammation is one of the 
most important pathophysiological processes following 
ischemic stroke. Pro-inflammatory cytokines such as tu-
mor necrosis factor-α (TNF-α) and interleukin-6 (IL-6) 
can induce inflammation, promote the secretion of other 
inflammatory mediators, and aggravate ischemic neuronal 
damage (Mohagheghi et al., 2013).

Vagus nerve stimulation (VNS) has long been used to 
treat various conditions. It was initially used in anti-epileptic 
therapy, and then for the treatment of Alzheimer’s disease, 
migraine, traumatic brain injury and neuropathic pain 
(George et al., 2002; Sjögren et al., 2002; Bohotin et al., 2003; 
Mauskop, 2005). Recent studies have shown that VNS may 
also have a neuroprotective effect in ischemic brain injury 
(Masada et al., 1996b; Miyamoto et al., 2003; Tracey, 2007; 

Sun et al., 2012). The vagus nerve mediates communication 
between the central nervous system and the immune system, 
and activation of the vagus nerve inhibits inflammation 
(Goehler et al., 1999; Mravec, 2011; Picq et al., 2013). Thus, 
the vagus nerve is a potential therapeutic target for protect-
ing the brain against damage caused by ischemic stroke. In 
the present study, we examined the neuroprotective effects 
of VNS and its impact on inflammatory cytokines in a rat 
model of cerebral ischemia.

Materials and Methods
Animals
One hundred and eight healthy adult male Wistar rats of 
specific pathogen-free grade, 3 months of age, weighing 280 
± 20 g, were provided by the Laboratory Animal Center, 
Academy of Military Medical Sciences, Beijing, China (license 
No. SCXK (army) 2010-003). Rats were maintained in an ar-
tificially illuminated environment, with a 12-hour day/night 
cycle, at a controlled temperature of 24°C and a humidity 
of 50%. Procedures for the use of laboratory animals were 
approved by the Institutional Animal Care and Use Com-
mittee of Chinese PLA General Hospital in China. Rats were 
divided into sham (n = 36), model (n = 36) and VNS-treat-
ed (n = 36) groups.
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establishment of cerebral ischemia model in rats
Rats in the model and VNS-treated groups were anesthetized 
with 10% chloral hydrate (3.5 mL/kg) and placed supine in 
a stereotactic instrument, exposing the neck. Focal cerebral 
ischemia was produced according to the method of Zea Lon-
ga (Longa et al., 1989; Luckl et al., 2008). The right common 
carotid, external carotid and internal carotid arteries were 
separated along the inner border of the sternocleidomastoid 
muscle. Afterwards, the proximal parts of the common ca-
rotid and external carotid arteries were individually ligated. A 
small hole was made 5 mm lateral to the carotid bifurcation, 
and a wire was inserted into the internal carotid artery using 
ophthalmic tweezers. After the wire was inserted to a distance 
of 18 mm, resistance was felt. The occluding suture remained 
in place for 2 hours and then was removed. A heat lamp was 
used during and following surgery to keep the animal warm 
until it was able to regulate its own body temperature. An-
imals were placed in separate cages to prevent biting of the 
exposed electrode on other animals. Animals that died or had 
surgical complications such as subarachnoid hemorrhage 
were replaced with new rats. The sham group also underwent 
the procedure, but no vascular occlusion was performed.

vNS procedure
The right vagus nerve of rats in the VNS-treated group was ex-
posed and stimulated using solid stimulating electrodes, which 
were anchored to the sternocleidomastoid muscle. Placement 
of the stimulating electrodes is shown in Figure 1. In the 
VNS-treated group, stimulation was performed 30 minutes, 
12 hours, and 1, 2, 3, 7 and 14 days after surgery. Square pulses 
were delivered at a constant current of 0.5 mA, pulse width of 
0.5 ms and frequency of 20 Hz every 5 minutes, for a total pe-
riod of 60 minutes as previously described (Ay et al., 2009). A 
schematic of the VNS protocol is shown in Figure 2.

Neurological evaluation
Neurological evaluation was performed according to the 
scoring criteria used by De Ryck et al. (1989). Animals were 
scored at 12 hours and 1, 2, 3, 7 and 14 days after surgery. 
The total possible score was 12 points on this scale. Higher 
scores indicate more severe neurological dysfunction.

Measurement of infarct volume
At 12 hours and 1, 2, 3, 7 and 14 days after surgery, six rats in 
each group were selected for analysis. After the rat was sacri-
ficed, the brain was removed and washed with saline, and then 
cut into coronal slices (2 mm thickness). Slices were stained 
with a 2% triphenyltetrazolium chloride (TTC) solution, 
washed for 20 minutes in a water bath, and fixed with 4% 
paraformaldehyde. Sections were photographed. Image-Pro 
Plus 6 (East Digital Technology Company, Nanjing, Jiangsu 
Province, China) was used to estimate infarct size. Infarct size 
was calculated according to the following formula: Infarct size 
= ischemic area of the contralateral hemisphere − non-in-
farcted area of the ischemic area. The infarct volume was cal-
culated as infarct size multiplied by the thickness of the slice, 
and infarct volumes of individual slices were added.

Detection of inflammatory cytokines in the ischemic brain
After the neurological evaluation was completed, ischemic 
brain tissues were removed and prepared for detection of 
TNF-α and IL-6 expression either by ELISA kit (Nanjing 
Jiancheng Bio-engineering Company, Nanjing, Jiangsu Prov-
ince, China) or western blot assay. Ischemic brain tissues 
were removed using craniotomy, rinsed, dried with filter 
paper, and weighed. Subsequently, brain tissues were placed 
into the homogenizer to prepare a homogenate, and centri-
fuged for 15 minutes. The supernatant was kept in a refrig-
erator at −70°C. ELISA detection was performed according 
to the manufacturer’s instructions. Quantitation was per-
formed using standard samples.

For western blot assay, blots were incubated with rabbit 
anti-rat GAPDH monoclonal antibody (1:2,000; Abcam, 
Cambridge, MA, USA), rabbit anti-rat IL-6 monoclonal 
antibody (1:2,000; Abcam) or mouse anti-rat TNF-α mono-
clonal antibody (1:500; Abcam) at 4°C for 8 hours, and then 
incubated with horseradish peroxidase-conjugated goat 
anti-rabbit IgG (1:2,000; Beijing Zhongshan Golden Bridge 
Biotechnology Company, Beijing, China) or horseradish 
peroxidase-conjugated goat anti-mouse IgG (1:1,000; Beijing 
Zhongshan Golden Bridge Biotechnology Company) at 37°C 
for 1 hour. Western blot images were analyzed using IPP 
software (East Digital Technology Company, Nanjing, Jiang-
su Province, China). The results were expressed as the ratio 
of target proteins to GAPDH optical density.

Statistical analysis
SPSS 16.0 software (SPSS, Chicago, IL, USA) was used for 
statistical analysis. All data are expressed as the mean ± SD. 
The Wilcoxon signed rank test was used for analysis of neu-
rological evaluation scores. One-way analysis of variance for 
between group comparisons was used to test for differences 
in infarct volume and levels of pro-inflammatory cytokines. 
P < 0.05 was considered statistically significant.

Results
effect of vNS on neurological function in rats with 
cerebral ischemia
As shown in Figure 3, the neurological function score was 
improved in both the model and VNS-treated groups (P < 
0.05), and the score was higher in the VNS-treated group 
than in the model group (P < 0.05).

effect of vNS on infarct volume in rats with cerebral 
ischemia 
TTC staining showed that there was no infarction in the 
brain in the sham group. The cerebral infarct sizes were 
larger in the model group than in the sham group (P < 
0.05), and infarct sizes were significantly smaller in the 
VNS-treated group than in the model group (P < 0.05; Fig-
ure 4, Table 1).

effect of vNS on TNF-α and IL-6 expression in the brain of 
rats with cerebral ischemia
ELISA showed that expression of TNF-α and IL-6 in the 



578

Xiang YX, et al. / Neural Regeneration Research. 2015;10(4):576-582.

Figure 2 Flow chart showing the timing of vagus nerve stimulation (vNS) and subsequent evaluation and analyses.
min: Minutes; h: hours; d: day(s).

Figure 3 Neurological function scores in the model and vNS-
treated groups at different time points following middle cerebral 
artery occlusion.
A lower score indicates better neurological function in this testing pro-
tocol. Data are expressed as the mean ± SD, with six rats in each group. 
The Wilcoxon signed rank test was used for analysis of neurological 
evaluation scores. #P < 0.05, vs. model group; †P < 0.05, vs. previous 
time point. VNS: Vagus nerve stimulation. h: Hours; d: day(s).

Figure 1 Placement of the electrode for vagus nerve stimulation.

brain was significantly higher in the model group than in 
the sham group (P < 0.05). TNF-α and IL-6 expression levels 
peaked at 1 day, then gradually decreased to normal levels 
at 7 and 14 days. The expression of TNF-α and IL-6 was sig-
nificantly lower in the VNS-treated group than in the model 
group (P < 0.05; Tables 2, 3).

Western blot assay showed that brain expression levels of 
TNF-α and IL-6 were increased in the model group com-
pared with the sham group 1 day post-surgery (P < 0.05). 
VNS reduced TNF-α and IL-6 expression in the brain fol-
lowing occlusion (P < 0.05; Figure 5, Table 4).

Discussion
Ischemic stroke is caused by the blockage of blood vessels in 
brain tissue, leading to cellular dysfunction and severe reper-
fusion injury (Sun et al., 2014; Tan et al., 2014). This second-
ary injury may continue for days or even weeks. While the 
mechanisms underlying reperfusion injury are well known, 
increasing evidence suggests that cell death may be exac-
erbated by activation of inflammatory response pathways. 
These pathways may represent potential therapeutic targets 
for future studies.

Ischemic injury and pro-inflammatory cytokines
Inflammation plays an important role in the pathophysi-
ology of ischemic stroke. Previous studies have shown that 
leukocyte infiltration in the brain parenchyma and endog-
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enous microglia play a leading role in reperfusion injury 
following stroke (Wong and Crack, 2008). Pro-inflammatory 
cytokines are a group of immunoreactive molecules derived 
from macrophages, lymphocytes and endothelial cells. Fol-
lowing an infarction, reperfusion may lead to an increase in 
oxygen free radicals, triggering an inflammatory cascade and 
promoting local secretion of inflammatory cytokines such 
as IL-1, IL-6 and TNF-α, as well as chemokines. During the 
inflammatory response, TNF-α stimulates the expression of 
IL-6, causing an inflammatory cascade. High levels of TNF-α 
also have neurotoxic effects and hasten neuronal cell death. 
Many cells in the nervous system, such as neurons, microglia 
and endothelial cells, can produce TNF-α. Neutrophil acti-
vation is also important during inflammation (Czura and 
Tracey, 2005). Huang et al. (2006) found that elevated IL-1 
and IL-6 levels induced ischemic vascular endothelial cells to 
express intercellular adhesion molecule-1 and mediate neu-
trophil accumulation in the ischemic area, causing damage 
to the brain tissue, which can be detected up to 10 days later. 
A previous study (Karki et al., 2010) found that ischemic 
stroke damage continues for at least 1 year, while another 
group found that cell death reached a peak 24–48 hours af-
ter injury and probably stopped in the third week (Li et al., 
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1995). In this study, we found elevated levels of IL-6 at 7 and 
14 days, although inflammatory cytokine levels peaked at 1 
day. Therefore, early inhibition of the inflammatory cascade 
may be particularly important in limiting the extent of brain 
damage due to stroke.

Immunomodulatory effects of vNS
The vagus nerve originates in the medulla oblongata and is 
an important part of the parasympathetic nervous system (da 
Silva and Dorsher, 2013). It has recently become clear that the 
vagus nerve has important immunomodulatory functions 

and can suppress the inflammatory response (Czura and 
Tracey, 2005; Gallowitsch-Puerta and Pavlov, 2007; Tracey, 
2007). The generation of peripheral inflammatory factors 
can be blocked by the vagus nerve, suggesting that a signaling 
mechanism exists between the vagus nerve and immune cells. 
Indeed, there is a neuro-immunoregulatory pathway (Ulloa, 
2005) between the central nervous system and the immune 
system, called the cholinergic anti-inflammatory pathway 
(Borovikova et al., 2000). This pathway can reduce the release 
of pro-inflammatory cytokines and inhibit inflammation. 
This pathway is mainly mediated through the vagus nerve 

Figure 4 effect of vagus nerve 
stimulation (vNS) on cerebral infarct 
volume in rats with cerebral ischemia 
(TTC staining).
Red areas indicate non-infarcted viable 
tissue, while uncolored areas indicate in-
farcts (or non-staining structures such as 
the corpus callosum).

Table 1 effect of vagus nerve stimulation (vNS) on cerebral infarct volume (mm3) in rats with cerebral ischemia

Group

Time after ischemia

12 h 1 d 2 d 3 d 7 d 14 d

Sham 0 0 0 0 0  0

Model 119.5±7.6* 119.6±7.5* 119.5±7.3* 119.5±6.8* 119.5±6.3* 119.4±6.7*

VNS-treated 56.7±7.5# 56.7±7.1# 55.6±6.9# 54.7±7.1# 52.6±6.6# 51.7±6.2#

Data are expressed as the mean ± SD, with six rats in each group. One-way analysis of variance was used to compare differences between groups. *P 
< 0.05, vs. sham group; #P < 0.05, vs. model group. h: Hours; d: day(s).

Table 2 effect of vagus nerve stimulation (vNS) on interleukin-6 level (ng/mL) in the brain of rats with cerebral ischemia

Group

Time after ischemia 

12 h 1 d 2 d 3 d 7 d 14 d

Sham 120.08±0.27 116.80±0.41 119.20±0.56 122.13±0.32 123.32±0.57 121.06±0.23

Model 183.20±2.56* 233.29±3.11* 215.40±2.98* 181.20±1.92* 141.21±0.31 125.28±0.26

VNS-treated 132.78±0.37# 155.43±1.10# 141.3±0.72# 137.19±0.42# 125.11±0.34 122.51±0.47

Data are expressed as the mean ± SD, with six rats in each group. One-way analysis of variance was used to compare differences between groups. *P 
< 0.05, vs. sham group; #P < 0.05, vs. model group. h: Hours; d: day(s).
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Table 4 effect of vagus nerve stimulation (vNS) on tumor necrosis 
factor-α (TNF-α) and interleukin-6 (IL-6) expression in the brain of 
rats with cerebral ischemia at 1 day after ischemia (western blot assay)

Group IL-6 TNF-α

Sham 0.3784 0.3270

Model 0.8200* 0.8973*

VNS- treated 0.6370*# 0.7259*#

Data are shown as the ratio to GAPDH optical density and are 
expressed as the mean, with six rats in each group. One-way analysis of 
variance was used to compare differences between groups. *P < 0.05, 
vs. sham group; #P < 0.05, vs. model group. 

21 kDa

Sham group      Model group    VNS-treated group 

IL-6

TNF-α

GAPDH

25 kDa

36 kDa

Figure 5 effect of vagus nerve stimulation (vNS) on tumor necrosis 
factor-α (TNF-α) and interleukin-6 (IL-6) expression in the brain of rats  
at 1 day after ischemia (western blot assay).
GAPDH was used as an internal control.

and the neurotransmitter acetylcholine. Kawashima et al. 
(2007) demonstrated that the molecular conduit between the 
nervous system and the immune system is an α-bungarotox-
in-sensitive nicotinic acetylcholine receptor (α7nAChR) that 
is located on macrophages. The α7nAChR regulates cytokine 
production during the inflammatory response.

vNS
VNS has been widely used for therapy in several diseases, but 
insight into the neuroprotective effects of VNS in ischemic ce-
rebral injury is limited. Furthermore, numerous mechanisms 
have been suggested to underlie the neuroprotective effects of 
VNS. Potential mechanisms include the reduction of excitatory 
amino acid levels (Miyamoto et al., 2003), an increase in the 
inhibitory amino acid GABA (Neese et al., 2007), the induction 
of a neurological stress response (Zagon and Kemeny, 2000), 
an increase in brain-derived neurotrophic factor expression 
(Schabitz et al., 1997), and slowing of the ischemia-mediated 
inflammatory response (Borovikova et al., 2000).

It should be noted that ischemic stroke has functional con-
sequences, e.g., contralateral limb dysfunction (Deb et al., 
2010). Reports show that about 75% of patients who survive 
after cerebral ischemic stroke have limb dysfunction (Kwak-
kel, 2009; Levine and Greenwald, 2009). Of relevance to the 
current study, Khodaparast et al. (2013) found that VNS can 
significantly improve functional capacity following stroke.

Henninger and Fisher (2007) proposed that the spheno-
palatine ganglion has a role in protecting against cerebral 
ischemic injury. There is evidence that VNS can exert neu-
roprotective effects on cerebral ischemia by regulating the 
activity of the sphenopalatine ganglion, but were unable to 
make a positive correlation (Ay and Ay, 2013). In an earlier 
study (Masada et al., 1996a), VNS had a neuroprotective 
effect against transient ischemia, resulting in a nearly 50% 
reduction in ischemic infarct volume after 24 hours, and 
animals receiving VNS had significantly higher neurological 

scores than animals that did not receive VNS (Ay et al., 2009; 
Sun et al., 2012; Ay and Ay, 2013). Sun et al. (2012) demon-
strated that electrical stimulation of the vagus nerve has a 
neuroprotective effect and reduces cerebral infarct area by 
more than 50%. While studies have shown that VNS does 
not provide neuroprotection in the brain by altering cerebral 
blood flow (Ay et al., 2011; Sun et al., 2012), cerebral blood 
flow was not monitored during our study.

Through the use of a transient cerebral ischemia model 
in rats and VNS at different time points in each subgroup, 
we found that infarct volumes were significantly reduced, 
by more than 50%, in the VNS-treated group compared to 
the model group, which is consistent with previous studies 
(Sun et al., 2012). VNS significantly reduced infarct volume 
in both the short (30 minutes) and long (14 days) periods. 
Corresponding with this reduction in infarct volume, an im-
provement in neurological function scores was detected. We 
performed neurological evaluations of all animals at the var-
ious time points following middle cerebral artery occlusion 
and found that VNS can significantly improve neurological 
scores, which is consistent with previous findings (Ulloa, 
2005; Gallowitsch-Puerta and Pavlov, 2007; Hofmann et al., 
2012). While the functional score in both treated and untreat-
ed groups improved over the observation period, there was 
a statistically significant improvement due to VNS treatment 
compared to animals in the model group, which is in agree-
ment with the findings of Hiraki et al. (2012).

Numerous studies have shown that electrical stimulation 
of the vagus nerve can reduce the production of TNF-α and 
other cytokines in experimental models of endotoxemia and 
hemorrhagic shock (Bernik et al., 2002; Guarini et al., 2003; 
Wang et al., 2003; Huston et al., 2006). Another study found 
that direct stimulation of the efferent branch of the vagus 

Table 3 effect of vagus nerve stimulation (vNS) on tumor necrosis factor-α levels (ng/mL) in the brain of rats with cerebral ischemia

Group

Time after ischemia 

12 h 1 d 2 d 3 d 7 d 14 d

Sham 37.78±4.87 36.45±3.43 35.41±4.52 35.53±7.32 37.32±5.52 36.57±6.21

Model 87.21±6.51* 133.29±16.21* 90.45±12.98* 73.83±11.92* 44.21±7.37 38.28±6.24

VNS-treated 51.78±4.33# 78.87±10.10# 62.32±7.72# 45.19±7.42# 37.71±9.34 37.01±7.47

Data are expressed as the mean ± SD, with six rats in each group. One-way analysis of variance was used to compare differences between groups. *P 
< 0.05, vs. sham group; #P < 0.05, vs. model group. h: Hours; d: day(s).
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nerve can inhibit inflammation and decrease pro-inflamma-
tory cytokine levels in serum and tissue, while promoting the 
release of anti-inflammatory hormones and cytokines (Czura 
et al., 2003). The researchers also found that vagotomy led 
to greater inflammation (Kotecha and Toledo-Pereyra, 2013; 
Hagberg and Mallard, 2005; Kox et al., 2012).

Previous studies have proposed various mechanisms 
whereby the vagus modulates the immune response and pro-
vides neuroprotection. One potential neuroprotective mecha-
nism involves the afferent vagal nerve pathway, whose activity 
is relayed to the solitary nucleus and projects to the locus 
coeruleus (Fahy, 2010). This pathway may produce anti-in-
flammatory effects through the release of norepinephrine 
and serotonin (5-HT) (Cheyuo et al., 2011). Activation of the 
afferent vagal nerve by VNS could also have anti-inflamma-
tory effects by stimulating the solitary nucleus, which can re-
duce glutamate release to play a protective role in the process 
of ischemic brain injury (Marcoli et al., 2004; Manta et al., 
2009). No matter what mechanism is at work, both studies 
revealed that VNS has anti-inflammatory effects. Related 
studies found that, in addition to the peripheral component, 
the cholinergic anti-inflammatory pathway represents a po-
tential central pathway for suppression of the inflammatory 
response through the activation of a cholinergic pathway 
(Wang et al., 2003; Shytle et al., 2004). Other researchers 
(Shytle et al., 2004; Kawashima et al., 2007) have found that 
astroglial cells also express α7nAchR, and when VNS is per-
formed, activation of efferent fibers leads to acetylcholine 
release in peripheral nerve endings, which via α7nAchR on 
immune cells, prevents the release of the pro-inflammatory 
cytokines TNF-α and IL-6 to regulate the inflammatory re-
sponse (Borovikova et al., 2000; Pavlov et al., 2003).

In the present study, cytokines associated with inflamma-
tion were specifically measured in a model of cerebral isch-
emia, and we found that VNS significantly reduced the levels 
of two important cytokines, which is consistent with previ-
ous studies (Ay et al., 2009, 2011; Sun et al., 2012; Ay and Ay, 
2013). ELISA for TNF-α and IL-6 revealed that VNS signifi-
cantly reduced their levels compared with the model group, 
and that the highest cytokine levels were present 1–2 days 
following occlusion. At this time point, VNS had the greatest 
effect. At later time points, VNS was still effective, but its im-
pact gradually weakened. Using western blot analysis to de-
tect TNF-α and IL-6 expression at 1 day post-occlusion, we 
found that expression of both cytokines was increased in the 
model group compared to the sham group, and this increase 
was significantly attenuated by VNS.

We conclude that the VNS substantially protects against ce-
rebral ischemia, and that its neuroprotective effect is associated 
with the inhibition of expression of TNF-α and IL-6. Martlé 
et al. (2014) found that the long-term effects of VNS may be 
better evaluated using the dog model. For differing degrees of 
ischemia and inflammation, a constant stimulation parameter 
is not sufficient to evaluate the full potential of VNS. In future 
studies, VAS parameters should be varied to more comprehen-
sively evaluate its impact on immune function.

Direct VNS is an invasive procedure which has certain 
risks and complications that may not be acceptable clinically. 

Therefore, non-invasive approaches need to be explored. 
Zobel et al. (2005) found that transcutaneous VNS had sim-
ilar effects to direct VNS. Although transcutaneous VNS is 
slightly inferior to VNS, treatment can significantly improve 
the quality of life of patients. Furthermore, because of its 
safety and reasonable price, it can be widely applied (Zo-
bel et al., 2005). Transcutaneous VNS is therefore clinically 
promising for the treatment of cerebral ischemia and merits 
further research.
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