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 Background: The role of nicotinic acetylcholine receptor alpha7 subunit (a7nAchR) in the treatment of acute cerebral isch-
emia by VNS has not been thoroughly clarified to date. Therefore, this study aimed to investigate the specif-
ic role of a7nAchR and explore whether this process is involved in the mechanisms of VNS-induced neuropro-
tection in rats undergoing permanent middle cerebral artery occlusion (PMCAO) surgery.

 Material/Methods: Rats received a7nAChR antagonist (A) or antagonist placebo injection for control (AC), followed by PMCAO and 
VNS treatment, whereas the a7nAChR agonist (P) was utilized singly without VNS treatment but only with 
PMCAO pretreatment. The rats were randomly divided into 6 groups: sham PMCAO, PMCAO, PMCAO+VNS, 
PMCAO+VNS+A, PMCAO+VNS+AC, and PMCAO+P. Neurological function and cerebral infarct volume were mea-
sured to evaluate the level of brain injury at 24 h after PMCAO or PMCAO-sham. Moreover, the related proteins 
levels of a7nAChR, p-JAK2, and p-STAT3 in the ischemic penumbra were assessed by Western blot analysis.

 Results: Rats pretreated with VNS had significantly improved neurological function and reduced cerebral infarct vol-
ume after PMCAO injury (p<0.05). In addition, VNS enhanced the levels of a7nAchR, p-JAK2, and p-STAT3 in the 
ischemic penumbra (p<0.05). However, inhibition of a7nAchR not only attenuated the beneficial neuroprotec-
tive effects induced by VNS, but also decreased levels of p-JAK2 and p-STAT3. Strikingly, pharmacological acti-
vation of a7nAchR can partially substitute for VNS-induced beneficial neurological protection.

 Conclusions: These results suggest that a7nAchR is a pivotal mediator of VNS-induced neuroprotective effects on PMCAO 
injury, which may be related to suppressed inflammation via activation of the a7nAchR/JAK2 anti-inflammato-
ry pathway.
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Background

Acute cerebral infarction is a leading cause of disability, with 
high mortality and morbidity, which essentially results from 
disturbance of the bloodstream supplying the brain [1–3]. It 
has been reported that intervention requiring reestablishment 
of the blood supply is considered as one of the most effec-
tive treatments for acute cerebral ischemia, but this inevitably 
causes reperfusion injury [3,4]. Multiple pathological process-
es, including mitochondrial dysfunction, excessive release of 
glutamate, and overproduction of pro-inflammatory mediators 
and reactive oxygen species (ROS), take part in the process of 
acute cerebral ischemic/reperfusion (I/R) injury, in which in-
flammatory response plays a vital role during this period [3,5]. 
Some studies have proved that pharmacological treatment has 
beneficial neuroprotective effects on anti-oxidation and anti-
apoptotic in rat neurons, but the anti-inflammation efficacy 
is still uncertain [6–8]. Therefore, it is urgent to develop novel 
and effective therapeutic approaches to control excessive in-
flammation responses during acute ischemic stroke.

The original application of vagus nerve stimulation (VNS) was 
dedicated to the treatment of intractable epilepsy and treat-
ment-resistant depression [9–11]. It was approved by the Food 
and Drug Administration (FDA) in 1997, and it has become an 
adjunctive therapy for other clinical diseases. Previous studies 
have demonstrated that VNS can effectively reduce the vol-
ume of cerebral infarction in acute cerebral infarction rats by 
as much as 50% [12–14]. In addition, some studies reported 
that VNS can exert anti-inflammatory and antioxidant effects 
against ischemic stroke via the cholinergic anti-inflammatory 
pathway of a7nAChR/Akt [15,16].

The a7nAChR pathway is a well-characterized member of the 
neurotransmitter-gated ion channel superfamily [17]. In neu-
rons, a7 proteins assemble as a homopolymer composed of 
5 individual a7-subunits, which is negatively regulated by 
phosphorylation at Tyr-386 and Tyr-442 by Src-family kinas-
es [18,19]. Previous studies have found that the anti-inflam-
matory potential of the a7nAChR is mediated by the inhibition 
of the transcription factor and NF-kB in neural cells [20]. In 
VNS inhibition of peripheral inflammation, the a7nAChR trig-
gers activation of its catalytic intracellular domain, leading to 
recruitment and phosphorylation of tyrosine kinase JAK2 and 
subsequent activation of the transcription factor STAT3 [21,22]. 
Overall, the process of anti-inflammatory activity caused by VNS 
appears to involve a7nAChR/JAK2 signaling. However, wheth-
er the a7nAChR/JAK2 pathway participates in the mechanisms 
of VNS-induced neuroprotective effects in protecting the brain 
from cerebral infarct damage remains unknown.

Therefore, we investigated the neuroprotection effect of 
VNS by evaluating neurological function and cerebral infarct 

volume, and sought to determine whether a7nAChR plays a 
key role in the neuroprotection process mediated by VNS af-
ter acute cerebral ischemia and to elucidate its potential mo-
lecular mechanisms.

Material and Methods

Animals

Adult male Sprague-Dawley (SD) rats weighing 250–300 g were 
obtained from the Center for Animal Experimentation of the 
Traditional Chinese Medicine University of Guangzhou, China 
(Certificate No: 44005800003146) and were used for these 
experiments. Rats were housed at 22–24°C and 50-60% hu-
midity with a 12–12 h light/dark cycle (lights on from 07: 00 
to 19: 00), 5 rats per cage, and ad libitum access to food and 
water. At the Laboratory Animal Center, Zhongshan University, 
China, we performed the establishment of the rat model of 
acute cerebral infarction, electrical stimulation of the vagus 
nerve, injection of the lateral ventricle, intraperitoneal injection 
treatment, behavioral testing, and TTC staining of brain tissue 
of rats. Western blot analysis was conducted at the Lin-Bai-
Xin Medical Research Center, Sun Yat-sen Memorial Hospital, 
Sun Yat-sen University, China. The animal experimental pro-
cedures were approved by Animal Ethics Committee of Sun 
Yat-sen University.

a7nAChR antagonist and agonist administration

To further investigate the function of a7nAChR in the VNS-
induced neuroprotective response, the specific a7nAChR antag-
onist a-bungarotoxin was used to inhibit a7nAChR expression 
level. The rats were deeply anesthetized with 10% hydration 
chlorine aldehyde (0.35 ml/kg; intraperitoneal injection) and 
were placed in a stereotaxic frame with a head holder. The a-
bungarotoxin (0.5 ug/kg; Abcam, USA) and equivalent volume 
of saline (antagonist placebo control) were injected into the 
left lateral ventricle of rats in each group. We repeated the 
lateral cerebral ventricle injection test alone in advance to fi-
nally determine the injection stereotaxic coordinates: 1 mm 
before the anterior fontanel, 1.5 mm to the left, and a depth 
of 4.5 mm, and marked the location on the skull surface with 
ink. We used a dental drill to drill the point to the dura mater, 
then punctured the dura mater with a needle tip, using ster-
ile cotton swabs to stop bleeding and dry the surgical field. A 
catheter was inserted 4.5 mm vertically, and then we slowly 
injected the drugs. The catheter was removed 1 min after ad-
ministration of drugs, then we sutured the scalp incision. After 
30 min, rats were subjected to PMCAO surgery [26]. However, 
the specific agonist of a7nAChR (PHA543613; 1.0 mg/kg; R&D 
System, USA) was injected intraperitoneally as the reagent can 
pass through the blood-brain barrier.
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Acute PMCAO rat model establishment

To establish a permanent acute cerebral infarction model, rats 
undergo left middle cerebral artery occlusion (MCAO) surgery 
according to the intraluminal occlusion technique previously 
described by Longa et al. [23]. Rats were anesthetized with 
10% hydration chlorine aldehyde (0.35 ml/kg intraperitoneal 
injection). After a midline neck incision with the animal in su-
pine position, the left common carotid artery (CCA), external 
carotid artery (ECA), internal carotid artery (ICA), and vagus 
nerve were isolated. Then, we ligatured the CCA and ECA, and 
clipped the ICA. A small cut was made in the common carotid 
artery with an eye scissors, the monofilament nylon suture was 
inserted, and the artery clamp was opened simultaneously. A 
monofilament nylon suture (Sunbio Biotech Limited Company, 
Beijing, China) with a radius determined by the weight of each 
rat was advanced from the CCA into the lumen of the ICA un-
til it blocked the origin of the MCA. For rats weighing >280 g, 
a monofilament nylon suture (diameter=0.28 mm) was insert-
ed into the left common carotid artery about 18.5 mm; for 
rats weighing 260–280 g, a nylon suture (diameter=0.26 mm) 
was inserted about 18.0 mm; and for rats weighting <260 g, 
the length was 17.5 mm. Subsequently, a silk suture was then 
tightened around the left common carotid artery stumps and 
nylon filament. Finally, we sequentially sutured the skin inci-
sion, sterilized the skin with iodine, and injected 40 000 U/day 
penicillin into the abdominal cavity. Behavioral evaluations of 
the rats were performed 3 h after surgery, using the Bederson 
4-point rating scale scored as: 0, no deficit; 1, failing to stretch 
right forepaw during tail suspension test; 2, decreasing ability 
of forelimb resistance to contralateral thrust; and 3, circling to 
the right after holding the tail [24]. The standard PMCAO mod-
el was defined as a Bederson scale score >1 point, and ani-
mals that did not meet this criterion were excluded from the 
study. Throughout the duration of the experiment, animals kept 
breathing smoothly and body temperature was maintained at 
36–37°C with a heating pad.

Vagus nerve stimulation

According to a previous study, rats received VNS by use of the 
Taimeng biological experimental system BL-420S (Taimeng 
Technology Co., Ltd., Chengdu, China) initiated 30 min after 
PMCAO surgery [13]. The left vagus nerve was then carefully 
separated from the surrounding connective tissues until the 
exposed length of the nerve was long enough for electrode 
placement. The stimulating electrodes, which we made of cir-
cular double-wire wires, were connected to the VNS stimulator 
machine following the process described by Smith [25]; the in-
ner metal wires of the electrodes were exposed and the outer 
packs were insulated to prevent electrical stimulation of the 
non-vagus nerves. The electrodes were sutured to the sterno-
cleidomastoid muscle and wrapped around the left nerve using 

a microscope, as described in a previous study [15]. The stim-
ulation pulses consisted of repeated square pulses of 0.5 mA 
in 30-s trains (0.5 ms width at 20 Hz), which were repeated 
every 5 min and lasted for 60 min [13]. Rats from the sham 
PMCAO group were treated with CCA and ECA surgical expo-
sure but did not undergo filament insertion.

Experimental design

This study included 2 separate protocols (Figure 1).

Protocol 1: To further identify whether VNS treatment reduces 
infarct volume and improves neurological function after cere-
bral infarction in rats, and to determine whether the nicotinic 
acetylcholine receptor alpha7 subunit (a7nAChR) plays a key 
role in the VNS-mediated neuroprotection.

Protocol 2: To investigate whether a7nAChR/JAK2 pathway is 
involved in VNS-mediated neuroprotective effect against ce-
rebral ischemia injury in rats of permanent middle cerebral ar-
tery occlusion (PMCAO) model.

The experimental animals were randomly assigned to 6 groups: 
sham PMCAO, PMCAO, PMCAO+VNS, PMCAO+VNS+A (a-bun-
garotoxin-a7nAChR antagonist), PMCAO+VNS+AC (saline-sh-
am antagonist), and PMCAO+P (PHA543613-a7nAChR agonist). 
A total of 108 rats were used for this experiment: 17 rats for 
the PMCAO group and 1 died; 16 rats for the sham PMCAO 

END

24 hSham PMCAO

24 hPMCAO

22.5 h30 min VNS 1 hPMCAO

22.5 h30 min VNS 1 hPMCAO

22.5 h

22.5 h

30 min

30 min

30 min VNS 1 hPMCAO

Agonist IP30 minPMCAO

Antagonist ICV

Saline ICV

Figure 1.  The Experimental Protocol. Before establishing the 
PMCAO model, a-bungarotoxin (a7nAChR antagonist) 
and saline (antagonist control) were administered 
intracerebroventricularly for 30 min in PMCAO+VNS+A 
and PMCAO+VNS+AC groups, respectively. The 
PMCAO+P group received intraperitoneal injection with 
a7nAChR agonist 30 min after PMCAO. Neurological 
function and infarct volume assessment were 
performed in half of the rats of each group, and the 
other half were subjected to Western blot analysis at 
24 h after PMCAO.
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group and no deaths; 18 rats for the PMCAO+VNS group and 
2 died; 20 rats for the PMCAO+VNS+A group and 4 died; 19 
rats for the PMCAO+VNS+AC group and 3 died; and 18 rats for 
the PMCAO+P group and 2 died. Therefore, each group has 16 
rats for the experiment. Additionally, rats in each group were 
randomly divided into 2 subgroups, and each subgroup had 8 
rats: in one subgroup we used the Garcia scale to evaluate the 
neurological function, and then used TTC staining to calculate 
the infarct volume 24 h after PMCAO or sham PMCAO; in the 
other subgroup we used Western blot to analyze the expres-
sion levels of a7nAChR, p-JAK2, and p-STAT3 in the ischemic 
penumbra 24 h after PMCAO or sham PMCAO.

Evaluation of neurological deficits scores

Neurological function of rats was evaluated 24 h after PMCAO 
surgery using the Garcia scale [12–14,27]. Briefly, neurologi-
cal deficits were scored according to 6 aspects: autonomous 
movement, symmetry in the movement of 4 limbs, forepaw 
outstretching, climbing, body proprioception, and response 
to vibrissae touch. The minimum neurological score is 3 and 
the maximum is 18, with higher scores indicating less neuro-
logical deficits. Table 1 shows criteria of the Garcia scale [27].

Cerebral infarct volume measurement

Cerebral infarct volume was examined using 2,3,5-triphenyltet-
razolium chloride (TTC; Sigma-Aldrich, St Louis, MO) staining, as 
previously described [28]. Briefly, when finishing the evaluation 
of neurological deficit scores, rats were deeply anesthetized and 
sacrificed by 10% chloral hydrate (0.5 ml/100 mg) intraperitoneal 

injection, and the fresh brain tissue samples were placed in a 
freezer at –20°C for 20 min and then removed. Brains were im-
mediately sliced into 5 serial 2-mm-thick sections using a rodent 
brain matrix. The slices were stained with 1.5% TTC at 37°C for 
30 min, resulting in normal tissue dyed red and the cerebral isch-
emic tissue white. The infarct volume of each brain slice was cal-
culated by multiplying the infarct area by slice thickness (2.0 mm) 
using Image J software [29,30]. The infarct area was calculated 
by adding all the infarct volumes of each slice (i.e., the contralat-
eral brain hemispheric volume minus ipsilateral non-infarct vol-
ume). Finally, the infarct volume of the brain was expressed as 
a percentage of the contralateral hemispheric volume.

Western blot analysis

The rats were anesthetized and decapitated at 24 h after 
PMCAO surgery. Protein samples of brain tissues were homog-
enized on ice in RIPA lysis buffers supplemented with phospha-
tase inhibitors. Western blot analysis was conducted according 
to protocols previously reported [15, 31]. Proteins were acquired 
by centrifugation at 12 000 rpm at 4°C for 30 min and quanti-
fied using the BCA (bicinchoninic acid) protein assay (96-well 
microtiter plate method; Shenneng, Bocai, Shanghai, China). 
The molecular weight of the detected protein determined the 
appropriate constitution of 10% separation gel and 5% con-
centrated gel. Each 20-ul sample mixed with 5 ul loading buf-
fer was subjected to electrophoresis in a sodium dodecyl sul-
fate-polyacrylamide gel (SDS-PAGE) at 60 V. The proteins were 
transferred to PVDF membranes (Millipore) in semi-dry con-
ditions at 200 mA. The membranes were blocked with bovine 
serum albumin (BSA) for 60 min at room temperature, then 

Test
Score

0 1 2 3

Spontaneous activity (in 
cage for 5 min)

No movement Barely moves Moves but does not 
approach at least three 
sides of cage

Moves and approaches 
at least three sides of 
cage

Symmetry of 
movements (four limbs)

Right side: no 
movement

Right side: slight 
movement

Right side: moves slowly Both sides: move 
symmetrically

Symmetry of forelimbs 
(outstretching while 
held by tail)

Right side: no 
movement, no 
outreaching

Right side: slight 
movement to outreach

Right side: moves and 
outreaches less than 
right side

Symmetrical outreach

Climbing wall of wire 
cage

… Fails to climb Right side is weak Normal climbing

Reaction to touch on 
either side of trunk

… No response on right 
side

Weak response on right 
side

Symmetrical response

Response to vibrissae 
touch

… No response on right 
side

Weak response on right 
side

Symmetrical response

Table 1. Neurological evaluation after permanent middle cerebral artery occlusion in rats.

Rats were housed in stainless plastic cages with wire-mesh bottoms.

6075
Indexed in: [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]  
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]  
[Chemical Abstracts/CAS] [Index Copernicus]

Lu X. et al.: 
Vagus nerve stimulation protects against brain ischemia injury
© Med Sci Monit, 2017; 23: 6072-6081

ANIMAL STUDY

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



washed in Tris-buffered saline containing 0.1% Tween-20, and 
subsequently incubated overnight at 4°C with the following 
primary antibodies: rabbit anti-a7nAChR (1: 500, Abcam, USA), 
GAPDH (1: 2000), p-JAK2 (1: 1000), JAK2 (1: 1000), p-STAT3 
(1: 2000), and STAT3 (1: 1000) (rabbit anti-rat antibody, Cell 
Signaling Technology, Beverley, MA). After washing, the mem-
branes were incubated with horseradish peroxidase (HRP) sec-
ondary antibody for 60 min at room temperature. The Western 
blot signals were quantified using an enhanced chemilumines-
cence kit and analyzed using Image J software (Bethesda, USA).

Statistical analysis

Data values are presented as mean ±SD. For normally distrib-
uted homogeneous data, statistical analysis between groups 
was performed using one-way analysis of variance (one-way 
ANOVA) followed by Fisher’s least significant differences (LSD) 
post hoc analysis tests. If the data did not conform to normal 
distribution, the Kruskal-Wallis H tests and t tests were per-
formed to analyze the significance among the groups. The sig-
nificance criterion was set at p<0.05. Data were analyzed with 
SPSS 17.0 for Windows (IBM, USA).

Results

Evaluation of neurological function

To determine the effects of VNS treatment on neurological 
behavior impairment under the acute cerebral infarction con-
dition, neurological scores of rats were evaluated at 24 h af-
ter PMCAO surgery. As shown in Figure 2, rats in the PMCAO 
group exhibited more severe neurological deficits relative to 
the sham PMCAO group (p<0.05), showing that PMCAO sur-
gery caused neurological deficits and brain damage. Compared 
with the PMCAO group, rats treated with VNS (PMCAO+VNS 
group) showed significant improvement in neurological func-
tion (p<0.05), which was consistent with previous studies re-
porting that VNS improved neurological function in rats with 
acute cerebral infarction. To investigate whether a7nAChR is 
a key protein involved in neuroprotection induced by VNS, in-
hibition of a7nAChR using a-bungarotoxin intracerebroven-
tricular injection was performed. More severe neurological 
impairments were observed in the PMCAO+VNS+A group as 
compared to either the PMCAO+VNS+AC group (p<0.05) or the 
PMCAO+VNS group (p<0.05). However, no significant difference 
was observed between the PMCAO+VNS+AC and PMCAO+VNS 
groups (p>0.05). Additionally, rats receiving a7nAChR-specific 
agonist intraperitoneal injection (PMCAO+P group) had great-
er improvements of neurological scores as compared to the 
PMCAO group (p<0.05), whereas there was no statistically 
significant difference between the PMCAO+P group and the 
PMCAO+VNS group (p>0.05). These data suggest that VNS 

protects the brain against acute cerebral infarction damage 
and that a7nAChR is related to the neuroprotective effects in-
duced by VNS in rats subjected to acute cerebral infarction.

Measurement of cerebral infarct volume

To estimate the extent of brain damage 24 h after acute cere-
bral infarction, TTC staining was performed. Brain infarct volume 
percentage (BIVP) was expressed as cerebral infarction volume 
divided by contralateral hemisphere volume. As shown in Figure 
3, BIVP was significantly smaller in PMCAO+VNS as compared 
to PMCAO groups (p<0.05), and rats in the PMCAO group had 
an increased BVIP relative to the sham PMCAO group (p<0.05). 
No significant difference was observed between PMCAO+P 
and PMCAO+VNS groups (p>0.05). These data reveal that VNS 
treatment reduced the infarct volume after PMCAO surgery, 
and these effects were also observed in the PMCAO+VNS+AC 
group. Moreover, the BIVP of rats in the PMCAO+VNS+A group 
was 0.52±0.037 versus 0.25±0.020 for the PMCAO+VNS group 
(p<0.05), and versus 0.27±0.018 for PMCAO+VNS+AC group 
(p<0.05), but there was no significant difference between 
PMCAO+VNS+A and PMCAO groups (p>0.05).

Western blotting analysis

Expression of protein a7nAchR in the ischemic penumbra 24 
h after MCAO

To identify the stimulation effectiveness in acute cerebral isch-
emic rats, Western blotting was used to detect the a7nAchR 
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Figure 2.  Neurological deficit scores were evaluated after 
PMCAO with and without VNS. The graphs indicate the 
neurological deficit scores at 24 h following cerebral 
ischemia in the 6 groups. All data are expressed as 
mean±SD. # p<0.05 versus the sham PMCAO group; 
& p<0.05 versus the sham PMCAO+VNS group; * p<0.05 
versus the sham PMCAO+VNS+AC group; @, ^, $ p<0.05 
versus the PMCAO group.
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expression level induced by VNS. As shown in Figure 4, isch-
emic damage (PMCAO group) produced a significant reduction 
in a7nAchR expression level as compared with the sham PMCAO 
group (p<0.05); however, this phenomenon was mitigated af-
ter receiving VNS treatment, as shown in the PMCAO+VNS 
group, suggesting a significant improvement in a7nAchR ex-
pression level relative to the PMCAO group (p<0.05). These 
data indicate that VNS treatment exerts neuroprotective ef-
fects through activation of a7nAchR, the expression of which 
may play an important role in the activation of intracellu-
lar signaling pathways via a7nAchR expression. Strikingly, 
the specific antagonist and agonist of a7nAchR were used 
to further identify the real effectiveness of a7nAchR expres-
sion induced by VNS. Compared with the PMCAO+VNS group, 
the expression level of a7nAchR was significantly decreased 
in the PMCAO+VNS+A group (p<0.05), whereas no signifi-
cant difference was observed between PMCAO+VNS+A and 
PMCAO+VNS+AC groups (p>0.05). These results demonstrate 
that the expression level of a7nAchR was inhibited due to the 
specific a7nAchR antagonist rather than by intracerebroven-
tricular injection. Moreover, the expression levels of a7nAchR 
were remarkably increased in the PMCAO+P group compared 

to the PMCAO group (p<0.05), whereas we found no significant 
difference between the PMCAO+P and PMCAO+VNS groups 
(p>0.05), suggesting that a7nAchR specific agonist enhances 
the expression levels of a7nAchR.

Expression of p-JAK2 and p-STAT3 in the ischemic penumbra 
24 h after MCAO

To better investigate the role of a7nAchR in beneficial neu-
roprotective effects induced by VNS following acute ischemia 
stroke, the expression of p-JAK2 and p-STAT3 were examined 
via Western blotting at 24 h after PMCAO, and data are pre-
sented in Figure 5. Consistent with the a7nAchR expression 
level results, PMCAO+VNS group and PMCAO+VNS+AC group 
had significantly increased p-JAK2 and p-STAT3 expressions 
levels on the ischemic penumbra compared with the PMCAO 
group (p<0.05); however, their levels were significantly de-
creased after inhibition of a7nAchR in the PMCAO+VNS+A 
group (p<0.05). There was no significant difference between 
PMCAO+VNS and PMCAO+VNS+AC groups (p>0.05). With re-
spect to PMCAO+P group, expression levels of p-JAK2 were 
significantly increased compared with the PMCAO group 
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Figure 5.  Expression levels of p-JAK2 and p-STAT3 in the ischemic penumbra. (A) Western blot analysis of p-JAK2 and p-STAT3 
expression levels in each group. GAPDH was used as internal controls. (B) Quantitative results of p-JAK2 expression levels. 
(C) Quantitative results of p-STAT3 expression levels. All data are expressed as mean ±SD. # p<0.05 versus the sham PMCAO 
group; D, & p<0.05 versus the sham PMCAO+VNS group; * p<0.05 versus the sham PMCAO+VNS+AC group; @, ^, $ p<0.05 versus 
the PMCAO group.
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(p<0.05), but no significant difference was found relative to 
the PMCAO+VNS group (p>0.05). Conversely, the expression 
levels of p-STAT3 in the PMCAO+P group were remarkably de-
creased compared with the PMCAO+VNS group or PMCAO group 
(p<0.05). Although a7nAChR specific agonist was partially sub-
stituting for the role of VNS in the treatment of rats subject-
ed to acute cerebral ischemia, there may be other potential 
mechanisms causing VNS to exert much more resistant anti-
inflammatory effects than the a7nAChR-specific agonist itself. 
Combined with the results of neurological scores and cerebral 
infarct volume, the a7nAChR/JAK signaling pathway seems to 
be a beneficial neuroprotection pathway against ischemic in-
jury during acute cerebral ischemia. The neuroprotective ef-
fects induced by VNS were diminished following inhibition of 
a7nAchR. Hence, a7nAchR exerts neuroprotective effects in-
duced by VNS after acute cerebral ischemia.

Discussion

This research demonstrates that VNS has beneficial neuropro-
tective effects in rats subjected to permanent cerebral infarc-
tion on improving in neurological function and reducing cere-
bral infarct volume. Inhibiting a7nAchR expression levels with 
specific blocker s resulted in significantly more severe aggra-
vation of neurological dysfunction, increased cerebral infarct 
volume, and reduced expression levels of p-JAK2 and p-STAT3 
after PMCAO. These findings suggest that a7nAchR is involved 
in VNS-mediated protection via activation of the a7nAChR/JAK2 
anti-inflammatory signaling pathway in the ischemic penum-
bra area against permanent ischemia injury in vivo.

It has been shown that VNS not only successfully treats drug-
resistant depression and intractable epilepsy, but also can be 
used to treat other clinical diseases, such as myocardial I/R in-
jury, cerebral ischemia, migraine, cognition, and traumatic brain 
injury [32–34]. Previous evidence demonstrated that VNS im-
proves neurological scores and reduces infarct volume by near-
ly 50% at 24 h after transient MCAO in a rat model of I/R inju-
ry, revealing that VNS has a potential neuroprotective effect in 
the clinical treatment of acute cerebral ischemia. Moreover, Sun 
et al. found that VNS provides neuroprotection against stroke 
in both transient MCAO and PMCAO [35]. Similarly, the results 
of the present study show that PMCAO model rats treated with 
VNS had significantly improved neurological function and de-
creased cerebral infarct volume relative to those without VNS. 
It is remarkable that lateral ventricular injection was used to 
better identify the effectiveness of a7nAchR, and this invasive 
technology might influence the observational results; howev-
er, there was no significant difference between Garcia scale 
data and BIVP between the PMCAO+VNS and PMCAO+VNS+AC 
groups, suggesting that intracerebroventricular injection itself 
did not change cerebral infarct volume, and did not affect the 

VNS-induced effects on the neurological function of rats with 
acute cerebral infarction. In addition, the comparison between 
a7nAchR antagonist and antagonist-sham showed that intra-
cerebroventricular injection alone did not counteract the ef-
fect of VNS on acute cerebral infarction in rats.

In the central nervous system, the vagus nerve has numer-
ous afferent nerve fibers that play a vital and complex role in 
information transmission and endocrine function, which can 
regulate serotonin and norepinephrine delivery through pro-
jecting to brainstem nuclei [36]. In recent years, the therapeu-
tic mechanisms by which VNS acts have been shown to be 
involved in acute cerebral infarction and include anti-oxida-
tion and anti-inflammation effects [14–16,37]. Previous stud-
ies showed that VNS decreases the level of pro-inflammato-
ry cytokines (TNF-a, IL-1b, and IL-6) 24 h after reperfusion in 
the ischemic penumbra, indicating that VNS participated in 
the process of anti-inflammation caused by acute cerebral 
ischemia injury, and exerted beneficial effects on neuropro-
tection [15,31]. Moreover, some studies have found that the 
VNS-induced neuroprotective effect on alleviating cerebral 
infarct volume was associated with the cholinergic anti-in-
flammatory pathway (CAP) [15,38]. CAP represents a physio-
logical mechanism whereby the central nervous system regu-
lates or inhibits local or systemic inflammatory response with 
cholinergic nerves and their neurotransmitters [39,40]. It has 
been reported that a7nAchR is a key protein of signals trig-
gered by VNS to induce the endogenous CAP. The a7nAchR 
is mainly expressed in the brain, including neurons, glia, and 
endothelial cells [40,41]. Substantial evidence shows that ac-
tivation of a7nAchR expressed on microglia exerts neuropro-
tective effects and acts as an integral part in the fight against 
various brain injuries. In vitro, the levels of a7nAchR were in-
creased in microglia and protected against ischemic injury 
[42,43]. Additionally, a7nAchR-knockout mice failed to inhibit 
TNF synthesis in comparison to wild-type mice after utilizing 
VNS [41], suggesting that a7nAchR plays an important role in 
the prevention of cerebral ischemia. We found that the protein 
levels of a7nAchR in the ischemic penumbra were enhanced 
in the PMCAO+VNS group as compared to the PMCAO group. 
This may be because cerebral ischemia and hypoxia induced 
by acute cerebral infarction elicited ATP deficiency and protein 
synthesis disorder, whereas VNS treatment enhanced the ex-
pression of a7nAchR. Interestingly, activation of a7nAchR us-
ing the specific agonist preconditioning was positively asso-
ciated with higher neurological function scores and a smaller 
infarct volume, which potentially exerted similar therapeutic 
effects to those that VNS induced. However, VNS therapy sig-
nificantly aggravated neurological dysfunction and cerebral in-
farct volume by inhibiting a7nAchR with a-bungarotoxin pre-
conditioning. These results reveal that a7nAchR may serve as 
an important mediator involved in the process of VNS-induced 
neuroprotection against acute ischemic damage.
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The inflammatory response is a crucial process of brain tissue 
injury during the acute phases of ischemic stroke, which pro-
duces pro-inflammatory cytokines and up-regulates the pro-
duction of ROS by NADPH oxidase [44,45]. The cellular and 
molecular mechanisms for anti-inflammation are partly at-
tributable to acetylcholine (Ach), a neurotransmitter main-
ly released from vagus nerve endings. Previous studies have 
reported that the activation and up-regulation of Akt phos-
phorylation was involved in VNS-mediated neuroprotection, 
suppressing inflammation and apoptosis via cholinergic and 
a7nAchR/Akt pathways [15]. However, the mechanism of the 
a7nAchR/JAK2 pathway remains unreported. We observed that 
the protein levels of a7nAchR, p-JAK2, and p-STAT3 were sig-
nificantly higher in the PMCAO+VNS group than in the PMCAO 
groups. In addition, the expressions of p-JAK2 and p-STAT3 
were related to a7nAchR expression levels. By inhibiting the 
a7nAchR expression levels, expression levels of these proteins 
were significantly decreased, but the expressions of these pro-
teins were significantly increased by activating a7nAchR via 
VNS. Therefore, these findings indicate that the protective ef-
fects provided by VNS in ischemic brain tissue may be partly 
due to increased expression of a7nAchR, p- JAK2, and p-STAT3.

The JAK2/STAT3 signal transduction pathway plays a critical 
role in regulating ischemia-induced neuronal inflammation 
and apoptosis [46]. De Jonge et al. revealed that a7nAChR-
mediated JAK2/STAT3 pathway activation contributed to an-
ti-inflammatory effects produced by VNS in rat intestinal in-
flammation. During this process, STAT3 was phosphorylated by 
the tyrosine kinase JAK2 that was recruited to the a7 subunit 
of the nicotinic acetylcholine [22]. Xiong et al. demonstrated 
that VNS elicits a7nAChR activation to make JAK2 phosphor-
ylated, and then p-JAK2 further activates STAT3 phosphoryla-
tion. After that, the p-STAT3 enters the nucleus and competes 
with NF-kB, thereby reducing the production of pro-inflamma-
tory cytokines in a mouse model of myocardial I/R injury [47]. 
Taken together, these data suggest that activation of the en-
dogenous cholinergic pathway has an anti-inflammation effect 
and prevents cell injury, partly due to activation of a7nAchR ex-
pressed in the ischemic penumbra and the JAK2/STAT3 path-
way in brain, respectively. p-STAT3 was not detected, whereas 
p-JAK2 was found under the PAMCO-sham condition from this 
study. This phenomenon may explain why p-JAK2 or p-STAT3 
was inactive or absent unless it was triggered by acute cere-
bral ischemia injury. Therefore, we hypothesized that the po-
tential mechanism by which a7nAchR mediates VNS-induced 

beneficial neuroprotection against acute ischemic stroke may 
related to the suppression of the inflammation response via 
the a7nAChR/JAK2 cholinergic anti-inflammatory pathway.

The strength of our study is the establishment of the PMCAO 
rat model, which distinguishes it from previous reports. Notably, 
we show that a7nAChR activated pharmacologically may 
be an alternative to VNS-mediated neuroprotective effects. 
Surprisingly, evidence is provided that a7nAChR agonist en-
hances neural plasticity in the hippocampus, and has advanced 
into clinical trials for treatment of cognitive impairment [48]. 
However, there are several limitations of our study. First, a mod-
el of acute permanent cerebral ischemia was presented and 
effects induced by VNS were observed only focusing on 24 h 
after PMCAO, thus later and continuous effectiveness of VNS 
was not demonstrated in this study. It is worth mentioning, 
however, that previous evidence has shown that acute VNS 
increased the expression of brain-derived neurotrophic factor 
and fibroblast growth factor in the hippocampus and cortex of 
rats, which were both beneficial for improving neurogenesis 
and functional recovery [49]. In a clinical study, Dawson et al. 
found that VNS paired with upper-limb rehabilitation is feasi-
ble for 6 months after cerebral infarction and did not increase 
safety concerns [50]. Second, our study only carried out with 
the determination of key proteins, but failed to further detect 
NF-kB and pro-inflammatory cytokines.

Conclusions

In conclusion, VNS decreased the infarct volume and improved 
the neurological function in a rat model of acute permanent 
cerebral ischemia injury by activation of a7nAchR expression 
in the ischemic penumbra. Inhibition of a7nAchR attenuated 
the neuroprotection induced by VNS in acute cerebral infarc-
tion. In addition, the a7nAchR/JAK2 pathway may be involved 
in the anti-inflammation processes induced by VNS. These data 
also provide a striking evidence that activation of a7nAchR, ei-
ther with VNS or pharmacology, has potential as a novel ther-
apeutic therapy for early intervention to prevent inflammato-
ry injury in acute ischemic stroke.
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