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A B S T R A C T   

Repeated vagus nerve stimulation (rVNS) exerts anxiolytic effect by activation of noradrenergic pathway. Cen-
trolateral amygdala (CeL), a lateral subdivision of central amygdala, receives noradrenergic inputs, and its 
neuronal activity is positively correlated to anxiolytic effect of benzodiazepines. The activation of β-adrenergic 
receptors (β-ARs) could enhance glutamatergic transmission in CeL. However, it is unclear whether the neuro-
biological mechanism of noradrenergic system in CeL mediates the anxiolytic effect induced by rVNS. Here, we 
find that rVNS treatment produces an anxiolytic effect in male rats by increasing the neuronal activity of CeL. 
Electrophysiology recording reveals that rVNS treatment enhances the alpha-amino-3-hydroxy-5-methyl-4- 
isoxazole propionic acid receptor (AMPAR)-mediated excitatory neurotransmission in CeL, which is mimicked 
by β-ARs agonist isoproterenol or blocked by β-ARs antagonist propranolol. Moreover, chemogenetic inhibition 
of CeL neurons or pharmacological inhibition of β-ARs in CeL intercepts both enhanced glutamatergic neuro-
transmission and the anxiolytic effects by rVNS treatment. These results suggest that the amplified AMPAR 
trafficking in CeL via activation of β-ARs is critical for the anxiolytic effects induced by rVNS treatment.   

1. Introduction 

Anxiety disorders are among the common class of neuropsychiatric 
diseases, with a lifetime prevalence of more than 28% (Calhoon and Tye, 
2015; Craske and Stein, 2016). Moreover, anxiety disorders are still 
thought to be largely complicated due to the high co-morbidity with 
other psychiatric disorders, such as major depression and substance 
abuse, indicating the need for developing new treatment for anxiety 
disorders based on its neurobiological mechanisms. 

Recently, both preclinical and clinical studies demonstrate that 
repeated vagus nerve stimulation (rVNS) treatment reduces anxiety 
(Furmaga et al., 2011; George et al., 2008; Noble et al., 2019; Rush et al., 
2000; Shah et al., 2016). However, the neurobiological mechanisms 
underlying the anxiolytic action of rVNS remain unclear. The projection 

of vagal afferents to the nucleus of solitary tract (NTS) is important to 
understand how vagal activation may affect anxiety-like behaviors. The 
NTS is the termination of vagal primary afferent, which sends direct and 
indirect ascending projections to emotion-related brain areas, such as 
amygdala, locus coeruleus (LC), and hippocampus (Berthoud and Neu-
huber, 2000; Jia et al., 1997; Ricardo and Koh, 1978). The central 
amygdala (CeA) is known to be highly innervated by noradrenergic af-
ferents. Previous studies have demonstrated that CeA receives norad-
renergic inputs from NTS and LC (Campese et al., 2017; Chen et al., 
2019; Gu et al., 2020), and the ascending noradrenergic system to CeA 
has been reported to be involved in fear conditioning and stress re-
sponses (Khoshbouei et al., 2002). Furthermore, the noradrenergic 
system has also been shown to be critical in rVNS anxiolytic effect 
(Furmaga et al., 2011). Therefore, we wondered whether the 
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noradrenergic system in CeA contributed to rVNS-induced anxiolytic 
effect. 

Noradrenaline (NE) is an important neurotransmitter in the central 
nervous system and regulates glutamatergic neurotransmission in brain 
regions involved in emotional response (Faber et al., 2008; Luo et al., 
2015). The brain NE level displays an intensity-dependent transient 
increase in response to VNS (Roosevelt et al., 2006). 
Alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor 
(AMPAR) confers rapid conductance and permeability properties, which 
is known to be critical for glutamatergic synaptic plasticity and stress 
response. Recent study has reported that NE facilitates the synaptic 
delivery of GluA1-containing AMPARs in hippocampus (Hu et al., 2007). 
Consistent with this observation, our previous study has demonstrated 
that NE, via activation of β-adrenergic receptors (β-ARs), enhances the 
surface expressions of GluA1 subunit-containing AMPA receptors and 
synaptic plasticity in hippocampus, and then ameliorates the emotional 
memory deficits in aged rats (Luo et al., 2015). Glutamatergic neuro-
transmission in CeA is critical for anxiety-like behaviors (Beitchman 
et al., 2019; Natividad et al., 2017). The CeA, which is encompasses the 
centrolateral (CeL) and centromedial (CeM) subdivision, is an essential 
hub for anxiety processing. CeL GABAergic neurons control behavioral 
responses to stress by inhibitory inputs to CeM, which serves as CeA 
output (Duvarci and Pare, 2014; Janak and Tye, 2015; Tye and Dei-
sseroth, 2012). Several reports have demonstrated that benzodiazepines 
produce anxiolytic activity through activation of CeL neurons (Carvalho 
et al., 2012; Griessner et al., 2018). In particular, previous evidence 
demonstrates that infusion of CeL with the AMPAR antagonist induces 
anxiety-like behaviors (Tye et al., 2011). Additionally, β-ARs agonist 
isoproterenol increases glutamatergic neurotransmission in CeL (Sil-
berman and Winder, 2013). Accordingly, we asked whether the action of 
noradrenergic system on excitatory neurotransmission in CeL contrib-
uted to rVNS-induced anxiolytic-like behaviors. 

In the present study, using combined electrophysiological, 
biochemical, pharmacological, and chemogenetic approaches, as well as 
behavioral studies, we demonstrated that rVNS treatment produced the 
anxiolytic action, and found that activation of noradrenergic system 
promoted AMPAR-mediated excitatory neurotransmission in the CeL 
neurons, and then increased inhibitory inputs into CeM output neurons, 
contributing to the anxiolytic action induced by rVNS. These findings 
provide a novel therapeutic strategy for anxiety disorders. 

2. Materials and methods 

2.1. Animals 

Male Sprague-Dawley rats (200–250 g) were housed in groups of two 
to four per cage, and maintained under standard laboratory conditions 
(12-h light/dark cycle and constant temperature (22 ± 2 ◦C)) with free 
access to water and food, unless otherwise indicated. All experimental 
protocols complied with the National Institutes Guide for the Care and 
Use of Laboratory Animals and approved by the Animal Welfare Com-
mittee of Huazhong University of Science and Technology. 

2.2. Implantation of vagal nerve stimulators 

Surgical procedure was carried out as previously described with 
minor modifications (Furmaga et al., 2011). Rats were anesthetized with 
sodium pentobarbital (40 mg/kg) by intraperitoneal injection (i.p.), and 
coil electrodes were placed around the left cervical vagus nerve and 
connected to the two-channel connector that affixed to the nape. 
Following implantation, cessation of breathing was visually monitored 
and evaluated for correct implantation and effectiveness of the VNS cuff, 
through applied with current stimulation (0.8 mA, 1 s) under anesthesia. 
Seven days after surgery, the rVNS group was instrumented with an 
operational stimulator (Chengdu instrument factory, Chengdu, China) 
that was programed by a handheld computer, and received treatment for 

6 days. The stimulation paradigm consisted of 0.5 mA current, 500 μs 
pulse width at 30 Hz, stimulation cycle of 30 s on and 5 min off. 
Sham-operated rats were treated in the same manner except that no 
stimulation was performed. 

2.3. Complete subdiaphragmatic vagotomy (SDV) 

Rats were maintained on a liquid diet for at least 3 d and food- 
deprived for one day before surgery to promote survival and recovery. 
Rats were anesthetized with sodium pentobarbital (40 mg/kg, i.p.) and 
the abdominal midline incision was made. The connective tissue and 
overlying vasculature surrounding by the cardia were carefully isolated. 
The stomach was towed to expose the esophagus, and then the dorsal 
and ventral vagal trunks were exposed by gently teasing and isolated 
from the esophagus. The vagal trunks were resected and cauterized. 
Control rats received a sham surgery that consisted all surgical pro-
cedures except for the resection and cauterization of the vagus nerve. 
Before rVNS, SDV was verified functionally with intraperitoneal chole-
cystokinin (CCK-8, 2 μg/kg, i.p., TGpeptide, 127P03, Nanjing, China)- 
induced food intake reduction as described previously (Davis et al., 
2020). 

2.4. Behavioral tests 

After treatment with rVNS, rats were subjected to behavioral tests. 
Anxiety-like behaviors were evaluated sequentially with open field test 
(OFT), elevated plus maze (EPM) and novelty suppressed feeding test 
(NSFT). After that, depression-like behaviors were assessed by sucrose 
preference test (SPT) and forced swim test (FST). The details about SPT 
and FST are provided in the supplementary information. 

2.4.1. Open field test 
The OFT was monitored in a plastic arena (100 cm (w) × 100 cm (d) 

× 40 cm (h)). The rat was gently placed into the center zone and allowed 
to explore for 5 min. ANY-maze behavioral tracking system (Stoelting 
Co. New Jersey, USA) was used to record the process: the total distance 
traveled as a measure of locomotor activity, the entries, duration, and 
distance in the central zone were assessed as an anxiolytic indicator. 

2.4.2. Elevated plus maze 
EPM was performed as previously described with modifications 

(Shen et al., 2019). The instrument contained a 10 cm × 10 cm central 
square, two open arms and two closed arms at 50 cm × 10 cm each. The 
closed arms had a black wall of 30 cm in height. Each rat was placed in 
the central square with its head toward the closed arm. The number of 
entries, the time spent in the open arms, and distance in the open arms 
were recorded over a period of 5 min using ANY-maze behavioral 
tracking system. 

2.4.3. Novelty suppressed feeding test 
The NSFT was carried out as described by a previous study with 

minor modification (Zhang et al., 2018). Rats were fasting for 24 h 
before the experiment. 1 h before testing, rats were transferred to the 
test room. Food pellets were placed on a piece of paper positioned in the 
center of 100 cm × 100 cm × 40 cm open field apparatus. Rats were 
placed individually in the corner, facing the center zone. The latency to 
feed was monitored for a maximum period of 8 min by the ANY-maze 
behavioral tracking system. Food consumption was recorded during 
the test and 30 min after the test. 

2.5. Electrophysiological recording 

Rats were anesthetized with sodium pentobarbital (40 mg/kg, i.p.) 
and perfused with ice-cold oxygenated cutting solution containing 
(mM): sucrose 209, ascorbic acid 11.6, sodium pyruvate 3.1, MgSO4 4.9, 
NaHCO3 26.2, NaH2PO4 1.0, glucose 20, pH 7.4, osmolarity 290–310 
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mOsm. Brain slices were incubated in artificial cerebrospinal fluid 
(ACSF) containing (mM): NaCl 119, MgSO4 1.3, KCl 4.3, NaHCO3 26.2, 
NaH2PO4 1.0, glucose 10, CaCl2 2.9, pH 7.4, osmolarity 290–310 mOsm 
for recovery at 28 ◦C for 1 h. CeA-containing Slice was then transferred 
into the recording chamber with continuous perfusion of ACSF at room 
temperature. The rate of perfusion was 2 ml/min. The resistance of 
patch pipettes was 3–6 MΩ. For voltage-clamp recording, the internal 
solution contained (mM): CsCl2 140, HEPES 10, EGTA 0.2, MgCl2 1, 
ATP-Mg 4, GTP-Na2 0.3, QX314 5, pH 7.2, osmolarity 290–310 mOsm 
for AMPAR-mediated miniature excitatory postsynaptic currents 
(mEPSCs), and the internal solution contained (mM): K-gluconate 140, 
NaCl 8, MgCl2 2, EGTA 1, HEPES 10, Mg-ATP 2 and Na-GTP 0.3, pH 7.2, 
osmolarity 290–310 mOsm for miniature inhibitory postsynaptic cur-
rents (mIPSCs). The mEPSCs on CeL neurons were observed by holding 
the cell at − 70 mV with 20 μM bicuculline (Sigma-Aldrich, Saint Louis, 
USA) and 1 μM tetrodotoxin (Hebei Institute of Fisheries Science, Qin-
huangdao, China) adding to the extracellular solution. The mIPSCs on 
CeA neurons was observed by holding the cell at − 70 mV with 1 μM 
tetrodotoxin and 20 μM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) 
(Sigma-Aldrich, Saint Louis, USA) and 30 μM D-2-amino-5-phosphono-
valerate (AP-5) (Sigma-Aldrich, Saint Louis, USA) adding to the extra-
cellular solution. For noradrenergic receptor agonist or antagonist 
manipulation, 10 μM of β-ARs agonist isoproterenol (Sigma-Aldrich, 
Saint Louis, USA), 50 μM of α-adrenergic receptor antagonist phentol-
amine (Sigma-Aldrich, Saint Louis, USA), and 10 μM of β-ARs antagonist 
propranolol (Sigma-Aldrich, Saint Louis, USA) dissolved in ACSF. After 
bath application for 10 min, whole-cell recordings were performed 
separately. 

For current-clamp recording, we recorded action potentials (APs) of 
CeL neurons with the injection current of 0–140 pA at a holding po-
tential of − 70 mV. The internal solution that contained (in mM), K- 
gluconate 97, KCl 38, EGTA 0.35, HEPES 20, NaCl 6, Phosphocreatine- 
Na 7, Mg-ATP 4, Na-GTP 0.35, pH 7.2, 280–300 mOsm for AP. All re-
cordings were performed under an upright Olympus microscope 
(BX51WIF, Olympus, Tokyo, Japan). Signals were digitized at 10 kHz, 
filtered at 5 kHz and obtained through a MultiClamp 700B amplifier 
(Molecular Devices, Sunnyvale, CA) and acquired with pCLAMP10 
software (Axon instruments, Molecular Devices, San Jose, CA). Series 
resistance was monitored during recording and data were discarded for 
those altered by > 20%. Data were analyzed by the Mini Analysis Pro-
gram (Synaptosoft, Decatur, GA, USA). 

2.6. Stereotaxic injections and cannulas implantation 

Rats were anesthetized with sodium pentobarbital (40 mg/kg, i.p.) 
and then fixed on a stereotactic apparatus. Designer receptor exclusively 
activated by designer drug (DREADD) virus: a viral cocktail (1:1) of 
AAV2-hSyn-Cre-pA (titers: 2.51 × 1012 VG/ml) mixed with AAV2-EF1α- 
DIO-hM4D(Gi)-mCherry virus (titers: 5.42 × 1012 VG/ml) or AAV2- 
hSyn-Cre-pA (titers: 2.51 × 1012 VG/ml) mixed with AAV2-EF1α-DIO- 
mCherry (titers: 3.98 × 1012 VG/ml) (BrainVTA, Wuhan, China) was 
bilaterally injected into the CeL (AP = − 2.25 mm, ML = ±4.4 mm, DV 
= − 8.3 mm; relative to bregma). The skull above the target area was 
drilled and 300 nl virus into each location at the rate of 30 nl/min. After 
completion of the injection, the needle was stayed for an additional 10 
min and then slowly withdrawn. After recovering from four weeks, rats 
were intraperitoneally injected with clozapine-N-oxide (CNO) (5 mg/ 
kg) (Griessner et al., 2018) 30 min before the rVNS program and 
behavioral tests were carried out. 

For intra-CeL microinjection, 22-gauge stainless steel guide cannulas 
(RWD Life Science, Shenzhen, China) were implanted bilaterally into the 
CeL. After the implantation surgery, rats were recovered for 7 days 
before further experiments. Propranolol (Sigma-Aldrich, Saint Louis, 
USA) was dissolved in ACSF (vehicle). CNQX (Sigma-Aldrich, Saint 
Louis, USA) was dissolved in 0.1% DMSO. These drugs including pro-
pranolol (10 μM) (Zhou et al., 2015), CNQX (20 μM, an 

electrophysiological dosage), and vehicle were microinjected into the 
CeL 30 min before rVNS. 

2.7. Biotinylation of surface proteins and Western blot analysis 

Tissue preparation and western blotting were performed according 
to our previous study (Zhou et al., 2019). The CeL slices from two rats 
were rinsed with ice-cold ACSF and then incubated with ACSF con-
taining 1.0 mg/ml sulfo–NHS–LC-biotin (Thermo Fisher Scientific, 
Rockford, USA) for 90 min at 4 ◦C with gentle shaking. Unreacted re-
agent was removed by quenching with ACSF containing 100 mM 
glycine. After biotin incubation, protein extracts were prepared in 
ice-cold RIPA buffer. The protein concentration of each lysate was then 
quantified and equal weight of protein was incubated overnight with 
NeutrAvidin coupled-agarose beads (Thermo Fisher Scientific, Rock-
ford, USA). Biotinylated surface proteins or total proteins were sepa-
rated through 10% SDS-PAGE and transferred into nitrocellulose 
membranes (Millipore, MA, USA). The transferred membranes were 
then incubated overnight at 4 ◦C with various primary antibody against 
GluA1 (1:1000 dilution; Abcam, ab31232, Cambridge, UK), GluA2 
(1:1000 dilution; Abcam, ab52932, Cambridge, UK), NR2A (1:500 
dilution; Abcam, ab124913, Cambridge, UK), NR2B (1:500 dilution; 
Abcam, ab65783, Cambridge, UK), and β-actin (1:3000 dilution; Santa 
Cruz Biotechnology, A1978, Dallas, TX, USA). After washing three 
times, bands were incubated in the horseradish peroxidase-conjugated 
secondary antibodies and then visualized by the MicroChemi (DNR 
Bio-imaging systems, Jerusalem, Israel). Protein levels were quantified 
by using the ImageJ software (NIH, MD, USA). The surface protein (s) 
level was normalized to its total protein (t), and total protein level was 
normalized to β-actin loading control (Carmichael et al., 2018; Fan et al., 
2019). 

2.8. Immunohistochemistry 

The rats were anesthetized with sodium pentobarbital (40 mg/kg, i. 
p.) and then transcardially perfused with saline followed by 4% para-
formaldehyde (PFA). Brains were dissected out, post-fixed in 4% PFA 
overnights at 4 ◦C, and then transferred to 30% sucrose at 4 ◦C until 
sinking. Frozen coronal sections (40 μm thick) containing the CeA were 
obtained by a cryostat microtome (CM1900, Leica, Wetzlar, Germany). 
The sections were incubated with primary antibody overnight at 4 ◦C. 
The primary antibodies included: rabbit anti-c-Fos (1:1000 dilution; 
Abcam, ab208942, Cambridge, UK) and mouse anti-ΔFosB antibody 
(1:1000 dilution; Cell Signaling Technology, 14695, Denvars, MA, USA). 
Sections were then incubated with secondary antibodies of Alexa Fluor 
488 Donkey anti-Mouse IgG (H + L) antibody (1:800 dilution; Invi-
trogen, A21206, Paisley, UK) and Alexa Fluor 594 Donkey anti-Mouse 
IgG (H + L) antibody (1:800 dilution; Invitrogen, A21203, Paisley, 
UK). Images were acquired via a laser confocal scanning microscope 
(FV1000, Olympus, Tokyo, Japan). The number of c-Fos and ΔFosB 
positive cells in CeL, CeM, and the entire NTS were counted with ImageJ 
software (NIH, MD, USA). 

2.9. Statistical analysis 

All data were presented as the mean ± SEM and performed in 
GraphPad Prism 8.0 software (GraphPad, San Diego, CA, USA). Com-
parison between two groups was evaluated by unpaired Student’s t-test. 
Multiple comparisons were carried out using one-way or two-way 
analysis of variance (ANOVA) followed by Bonferroni’s post hoc test. 
p < 0.05 were considered as statistical significance. The details are 
provided in the supplementary information. 
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3. Results 

3.1. Repeated VNS induces anxiolytic-like behaviors in male rats 

Although growing evidence has identified that rVNS treatment with 
different parameters exhibits an anxiolytic effect in the behavioral tests 
(Furmaga et al., 2011; Noble et al., 2019; Shah et al., 2016), it is critical 
to identify optimal stimulation parameters involved in the anxiolytic 
effect of rVNS treatment. As shown in Fig. 1A, OFT, EPM and NSFT were 
used to estimate the anxiety levels of rats after 0 mA, 0.25 mA, 0.5 mA, 
and 0.75 mA current of rVNS treatment for 6 days. We found that rVNS 
treatment exhibited a dose response-dependent behavioral effect, and 

the anxiolytic effect started with current of 0.5 mA (Figs. S1A–H). By 
using the specific stimulation parameters (0.5 mA current, 500 μs pulse 
width at 30 Hz, stimulation cycle of 30 s on and 5 min off), it was found 
that rVNS significantly produced an anxiolytic effect, including 
increased exploration in the center of the open field (Fig. 1B). Such 
increased central exploration was evident in terms of both central 
crossing (sham: 5.300 ± 0.668, rVNS: 9.800 ± 1.245, n = 10, p < 0.01; 
Fig. 1C), central duration (sham: 12.230 ± 2.378 s, rVNS: 22.690 ±
3.551 s, n = 10, p < 0.05; Fig. 1D), and central distance (sham: 0.823 ±
0.180 m, rVNS: 1.922 ± 0.342 m, n = 10, p < 0.05; Fig. 1E). The in-
crease in central exploration was not due to an increase in locomotor 
activity (Fig. S1D). A similar anxiolytic effect of rVNS was observed in 

Fig. 1. Repeated vagus nerve stimulation induces anxiolytic-like behaviors in male rats. (A) The experimental drawing of vagus nerve stimulation (VNS) surgery 
(left), schematic diagram of repeated VNS (rVNS) procedures (right). Rats were administrated with rVNS for 6 d and subsequently subjected to behavioral tests. (B) 
Representative heatmaps showing activity (blue = low activity, red = high activity) in the OFT from sham and rVNS groups. (C–E) Anxiolytic action of rVNS in the 
OFT, including increased center crossings (C), duration (D), and distance (E) in the OFT. n = 10 rats for each group. (F) Representative heatmaps showing activity 
(blue = low activity, red = high activity) in the EPM from sham and rVNS groups. (G–I) Anxiolytic action of rVNS in the EPM, including increased the number of 
entries (G), duration (H), and distance (I) in the open arms. n = 9 rats for each group. (J, K) The latency to feed was decreased in the NSFT induced by rVNS (J), but 
not affected food consumption (K). n = 11 rats for sham, n = 13 rats for rVNS. Data are expressed as the mean ± SEM. *p < 0.05 and **p < 0.01; n.s., not significant. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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the EPM (Fig. 1F). Compared with the sham group, the entries (sham: 
10.890 ± 1.409, rVNS: 15.560 ± 0.886, n = 9, p < 0.05; Fig. 1G), 
duration (sham: 72.080 ± 10.440 s, rVNS: 102.100 ± 4.527 s, n = 9, p 
< 0.05; Fig. 1H), and distance in the open arm (sham: 2.542 ± 0.390 m, 
rVNS: 4.398 ± 0.382 m, n = 9, p < 0.01; Fig. 1I) were increased in 
rVNS-treated rats. Furthermore, in the NSFT, the latency to feed was 
markedly reduced in rVNS-treated rats (sham: 248.900 ± 10.420 s, 
rVNS: 159.900 ± 23.830 s, n = 11–13, p < 0.01; Fig. 1J), but with no 
change in food consumption (Fig. 1K). Different from the anxiolytic 
phenotype, rVNS treatment did not induce an antidepressant effect in 
SPT (Figs. S1I and J) and FST (Fig. S1K), which was consistent with the 
previous reports (Furmaga et al., 2011). Taken together, the above re-
sults strongly suggest that rVNS administration produces anxiolytic-like 
behaviors in male rats. 

3.2. rVNS increases excitatory synaptic transmission in CeL and 
inhibitory neurotransmission in CeM 

The evidence from functional magnetic resonance imaging in clinic 
has demonstrated that rVNS increases the blood oxygenation-dependent 
activity in the amygdala (Bohning et al., 2001; Lomarev et al., 2002), 
indicating that the elevated activity of amygdala is induced by rVNS. 
CeA is considered as the major output nuclei of the amygdaloid complex 
and is critical in anxiety-like behavior (Calhoon and Tye, 2015; Shack-
man and Fox, 2016). As shown in Fig. 2A, the effect of rVNS on the 
activity of CeA was measured by detection and analysis of c-Fos/ΔFosB 
expression, which was the marker of neuronal activity to acute and 
chronic stimuli at 90 min after rVNS treatment, respectively. The results 
showed that compared with sham group, the numbers of c-Fos positive 
cells and ΔFosB positive cells, as well as c-Fos positive neurons that 
colocalized with ΔFosB, were significantly increased in the CeL of 
rVNS-treated rats, but no difference in CeM (Fig. 2B and C), suggesting 
that rVNS induces short-term and long-term changes in the excitability 
of CeL. 

Vagal afferent neuronal cell bodies have central projections which 
terminate in NTS, and accumulating evidence suggests that NTS sends 
directly or indirectly noradrenergic signaling to CeA (Berthoud and 
Neuhuber, 2000). We found that rVNS increased the activity of the 
whole NTS (Figs. S2A–C), which was consistent with previous study 
(Cunningham et al., 2008). In order to ascertain the impact of rVNS on 
excitatory neurotransmission in CeL, the whole-cell patch-clamp 
recording was used to measure mEPSCs in CeL neurons. It was shown 
that the average amplitude of mEPSCs in CeL neurons was significantly 
increased from 11.210 ± 0.468 pA to 13.650 ± 0.929 pA, and the fre-
quency of mEPSCs was elevated from 1.682 ± 0.309 Hz to 2.909 ±
0.513 Hz in rVNS-treated rats than that of sham-treated rats (Fig. 2D–F). 
However, the amplitude or frequency of mIPSCs in CeL neurons was no 
significant difference between sham and rVNS groups (Fig. 2G–I). 

The primary output region of the CeA is the CeM, which mediates 

autonomic and behavioral responses associated with anxiety (Etkin 
et al., 2009; Krettek and Price, 1978b). In view of the activation of CeL 
GABAergic neurons drives inhibition of the CeM (Duvarci and Pare, 
2014; Wahis et al., 2021), we further examined whether the inhibitory 
synaptic transmission of CeM was affected by rVNS. Electrophysiolog-
ical results showed that the amplitude and frequency of mIPSCs were 
significantly increased in rVNS-treated rats (Fig. 2J-L), indicating that 
rVNS enhanced activity of CeL and increased the GABAergic trans-
mission in CeM. 

3.3. rVNS increases AMPAR trafficking in the CeL 

Considering that rVNS enhances the glutamatergic neurotransmis-
sion via both presynaptic and postsynaptic mechanisms, we then 
detected whether rVNS treatment affected the surface expression of 
AMPARs in CeL. Western blotting analysis showed that the surface 
expression of GluA1 was elevated to 1.687 ± 0.194 of control induced 
by rVNS compared with sham group, without effect on total expression 
of GluA1 (Fig. 3A–C). However, the surface level and total amount of 
GluA2 (Figs. S3A–C) and N-methyl-D-aspartate-receptor (NMDAR) were 
unaltered in all groups (Figs. S3D–I). 

We further administrated AMPAR antagonist CNQX to investigate 
the role of AMPAR in anxiolytic-like behaviors of rVNS. Rats were 
received bilaterally infusions of CNQX or vehicle in CeL, and subse-
quently treated with rVNS (Fig. 3D). The behavioral results showed that 
the central exploration in the OFT, including crossings, duration, and 
distance, was significantly reduced in rVNS + CNQX group compared 
with the rVNS + vehicle group (Fig. 3E–H). Correspondingly, CNQX 
prevented rVNS-induced anxiolytic effect compared with vehicle group, 
including fewer open arm entries, shorter open arm duration, and 
reduced open arm distance in the EPM (Fig. 3J-M). However, these 
manipulations did not influence the locomotor activity in the behavioral 
tests (Fig. 3I, N). Thus, the above results indicate that rVNS increases the 
glutamatergic synaptic neurotransmission and surface expression of 
GluA1 in CeL. 

3.4. The anxiolytic-like behaviors induced by rVNS is independent of the 
vagal efferents 

The vagus is a mixed nerve and composed of approximately 80% 
somatic afferents that communicated the state of the viscera to the brain 
(Ruffoli et al., 2011). Conventionally, the abdominal branch of the vagus 
nerve has been recognized as the core of the gut-brain axis (Han et al., 
2018). We next investigated whether the anxiolytic effect of rVNS was 
primarily associated with the brain rather than periphery. To address 
this question, the subdiaphragmatic vagotomy (SDV) was performed to 
assess whether rVNS-induced anxiolytic-like behaviors were mediated 
by efferent vagal branches (Fig. 4A). In this experiment, all rats were 
operated by implantation of vagal nerve stimulators and sham surgery 

Fig. 2. rVNS increases excitatory neurotransmission in CeL and inhibitory neurotransmission in CeM. (A) The timeline of the experiments. (B) Expression of c-Fos 
positive cells (green) and ΔFosB positive cells (red) in the centrolateral amygdala (CeL) and centromedial amygdala (CeM) of rVNS-treated rats compared with sham 
rats. Arrows indicated co-labeled cells. Scale bar, 50 μm. (C) rVNS treatment increased c-Fos and ΔFosB expression in the CeL, but no difference in CeM. n = 12 slices 
from 3 rats per group. (D) Representative traces of AMPAR-mediated mEPSCs in the CeL from sham and rVNS-treated rats. Scale bar, 20 pA and 2 s. (E) Cumulative 
probabilities of mEPSCs amplitude and statistics of mEPSCs amplitude for representative cells from each group. rVNS increased the amplitude of mEPSCs by ~20% 
relative to sham-treated rat. n = 13 cells for sham, n = 11 cells for rVNS. (F) Cumulative probabilities of mEPSCs frequency and statistics of mEPSCs frequency for 
representative cells from each group. The frequency of mEPSCs was significantly increased in rVNS-treated rat. n = 13 cells for sham, n = 11 cells for rVNS. (G) 
Representative mIPSCs recording in the CeL neurons from sham and rVNS-treated rats. Scale bar, 50 pA and 2 s. (H) Cumulative probabilities of mIPSCs amplitude 
and statistics of mIPSCs amplitude for representative cells from each group. rVNS had no effect on the amplitude of mIPSCs in rVNS-treated rats. n = 17 cells for each 
group. (I) Cumulative probabilities of mIPSCs frequency and statistics of mIPSCs frequency for representative cells from each group. The frequency of mIPSCs was 
unaltered in rVNS-treated rats. n = 17 cells for each group. (J) Representative mIPSCs traces in CeM neurons from sham and rVNS group. Scale bars, 50 pA and 2 s. 
(K) Cumulative probabilities of mIPSCs amplitude and statistics of mIPSCs amplitude for representative cells from each group. The amplitude of mIPSCs recorded in 
CeM neuron was increased significantly in rVNS-treated rats. n = 13 cells for sham, n = 15 cells for rVNS. (L) Cumulative probabilities of mIPSCs frequency and 
statistics of mIPSCs frequency for representative cells from each group. rVNS significantly increased the frequency of mIPSCs. n = 13 cells for sham, n = 15 cells for 
rVNS. Data are expressed as the mean ± SEM. *p < 0.05, **p < 0.01; n.s., not significant. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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or SDV (Fig. S4A). CCK-8 treatment significantly suppressed the food 
intake in the control rats, but not in the SDV-treated rats, which was 
consistent with the previous study (Davis et al., 2020) (Fig. S4B). The 
behavioral results showed that SDV failed to affect central crossings, 
central duration, and central distance in the OFT (Fig. 4B–E) and the 
open arm entries, duration, and distance in the EPM (Fig. 4F–I) induced 

by rVNS. In addition, the vagotomy did not influence the baseline anx-
iety of sham rats, and none of manipulation affected locomotor activity 
(Fig. 4J and K). SDV also did not influence the anxiolytic-like behavior in 
the NSFT induced by rVNS (Fig. 4L and M). Thus, the anxiolytic effect of 
rVNS is independent of the vagal efferents. 

To elucidate whether the vagal afferent fibers mediate the anxiolytic 

Fig. 3. rVNS increases AMPAR trafficking in CeL. (A–C) Western blotting results showing rVNS increased the ratio of surface protein/total protein (s/t)-GluA1, but 
not total GluA1 expression in the CeL. n = 18 for sham, n = 18–19 for rVNS. (D) Timeline of the experimental procedure (left). The rats that subjected to VNS surgery 
were implanted bilaterally with cannulas into CeL. Schematic of injection (right). After recovering for one week, rats were daily microinjected CNQX (20 μM) or 
vehicle (VEH) into CeL through cannulas 30 min before the rVNS program. (E) The representative heatmaps showing activity (blue = low activity, red = high 
activity) in the OFT from sham + VEH, sham + CNQX, rVNS + VEH, and rVNS + CNQX groups. (F–I) CNQX prevented the increased central exploration including 
central crossing (F), duration (G), and distance (H) in the OFT induced by rVNS, while the locomotor activity was unaltered (I). n = 6–8 rats for each group. (J) The 
representative heatmaps showing activity in the EPM from sham + VEH, sham + CNQX, rVNS + VEH, and rVNS + CNQX groups. (K–N) The open arm exploration 
including open arm entries (K), duration (L), and distance (M) were both reduced in the rVNS + CNQX groups than that of rVNS + VEH groups, while the mean speed 
was unaltered (N). n = 6–8 rats for each group. Data are expressed as the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001; n.s., not significant. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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effect via regulating the activity of CeL neurons, we further measured 
AMPAR-medicated mEPSCs in CeL slices after SDV. It was found that the 
amplitude and frequency of AMPAR-mediated mEPSCs were signifi-
cantly increased in the rVNS-treated rats compared with sham-treated 
rats, but with no difference between rVNS + SDV group and the rVNS 

+ sham group (Fig. 4N–P). Thus, these results further provide the evi-
dence that rVNS exerts an anxiolytic effect via facilitating the excitatory 
neurotransmission in CeL, which is independent of vagal efferents. 

(caption on next page) 
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3.5. Chemogenetic inhibition of CeL neurons abolishes anxiolytic effect in 
male rats induced by rVNS 

Considering that rVNS increased c-Fos positive cells in the CeL, we 
specifically manipulated the activity of CeL neurons through chemo-
genetics to determine whether the increased activity of CeL neurons was 
involved in the anxiolytic effect induced by rVNS. The h4MD(Gi), a 
CNO-based inhibitory DREADD (Urban and Roth, 2015) was expressed 
through the adeno-associated viruses (AAV-hSyn-Cre and 
AAV-Ef1α-DIO-hM4D(Gi)-mCherry) in CeL (Fig. 5A). Four weeks later, 
the abundant expression of hM4D(Gi) in CeL neurons was verified by 
mCherry expression (Fig. 5B). Then, we performed whole-cell patch--
clamp recording to validate the efficacy of chemogenetic inhibition. We 
found that bath application with the synthetic hM4D(Gi) ligand CNO (5 
μM) significantly suppressed the firing of APs in CeL neurons, indicating 
that CNO effectively inhibits the neuronal activity of CeL (Fig. 5C and 
D). 

We then investigated the impact of chemogenetic inhibition of CeL 
activity in rVNS-induced anxiolytic effect. CNO (5 mg/kg) or vehicle 
was intraperitoneally injected 30 min before VNS, and the process was 
performed for a continuous six-day. Behavioral tests showed that che-
mogenetic inhibition of CeL neurons caused a significant decrease in 
central crossing, central duration, and central distance relative to the 
rVNS-treated rats in the OFT (Fig. 5E–H). The entries, duration, and 
distance in the open-arm were also reduced in the EPM (Fig. 5I-L). 
Furthermore, the latency to feed in NSFT was longer in rVNS + CNO 
group (285.600 ± 28.010 s) than that of rVNS group (124.800 ± 28.080 
s) (Fig. 5M). However, the hM4D(Gi) manipulation had no effect on 
baseline anxiety of sham rats, and none of manipulation affected loco-
motor activity (Fig. 5N). In addition, considering that CNO was con-
verted to clozapine (CLZ) and CLZ might be effective for anxiety (Gomez 
et al., 2017), the effect of CNO on control rats was investigated. It was 
found that CNO application did not affect the baseline anxiety of control 
rats (Fig. S5). Thus, inhibition of CeL neurons abolishs the anxiolytic 
effect induced by rVNS. 

To determine whether chemogenetic inhibition of the CeL neurons 
inhibited glutamatergic synaptic transmission, the surface expression of 
GluA1 was quantified. It was shown that CNO blocked the increased 
surface expression of GluA1 from 1.563 ± 0.119 to 0.729 ± 0.078 of 
control induced by rVNS (Fig. 5O and P), whereas the total protein levels 
remained unchanged (Fig. 5Q). Additionally, we further measured 
mIPSCs in CeM slices after chemogenetic inhibition of CeL neurons. 
Correspondingly, whole-cell patch-clamp recording showed that appli-
cation with CNO abolished the increased amplitude and frequency of 
mIPSCs in CeM of rVNS groups, indicating that inhibiting activity of CeL 
neurons abolishes the increased mIPSCs in CeM induced by rVNS 
(Fig. 5R–T). Taken together, these indicate that chemogenetic inhibition 
of CeL neurons undermines the anxiolytic activity and the AMPARs 
trafficking induced by rVNS. 

3.6. Pharmacological inhibition of β-ARs in CeL abolishes rVNS-induced 
anxiolytic effect 

Therefore, we further examined whether exogenous NE could mimic 
rVNS-induced increase in AMPAR-mediated mEPSCs in vitro. The results 
showed that bath application with β-ARs agonist isoproterenol (ISO) in 
CeL increased the amplitude of mEPSCs (Figs. S6A and B), but the fre-
quency of mEPSCs was only slightly increased (Fig. S6C). Moreover, 
β-ARs antagonist propranolol, but not α-adrenergic receptor antagonist 
phentolamine, reduced the amplitude of mEPSCs relative to control, 
while the frequency of mEPSCs were unaltered in all groups (Fig. 6A–C 
& Figs. S6D–F). These results suggest that noradrenergic system en-
hances glutamatergic neurotransmission in the CeL through activation 
of β-ARs. 

To clarify the role of β-ARs in anxiolytic effect of rVNS, rats were 
received bilaterally intra-CeL infusions of propranolol or vehicle, and 
subsequently treated with rVNS. The behavioral results showed that 
propranolol prevented rVNS-induced anxiolytic effect compared with 
vehicle group, including fewer central crossings, shorter central dura-
tion, and reduced central distance in the OFT (Fig. 6D–G), as well as 
decreased open arm exploration in the EPM (Fig. 6H–K) and the longer 
latency to feed in the NSFT (Fig. 6L). However, propranolol had no effect 
on baseline anxiety, and none of the manipulations affected locomotor 
activity in the sham-treated rats (Fig. 6M). Next, we further investigate 
whether the inhibition of β-ARs could prevent the increased AMPAR 
trafficking induced by rVNS, and found that propranolol also reduced 
surface expression of GluA1 from 1.388 ± 0.095 to 0.844 ± 0.131 of 
control induced by rVNS, but the total GluA1 protein was unchanged 
(Fig. 6N–P). This is consistent with the electrophysiological results in 
vitro. Together, β-ARs contribute to an increase in AMPAR activity in the 
CeL of rats that are exposed to rVNS, at least partially, the synaptic 
delivery of GluA1-containing AMPAR may be responsible for this 
process. 

4. Discussion 

In the present study, we provide direct evidence that rVNS promotes 
AMPAR function on CeL neurons by activation of noradrenergic 
signaling, and then enhances inhibitory transmission of CeM output 
neurons, resulting in anxiolysis. We showed that rVNS-mediated 
noradrenergic system in CeL was critical for the surface stability of 
AMPAR and AMPAR-mediated mEPSCs, contributing to rVNS-induced 
anxiolytic effect. Moreover, chemogenetic inhibition of the CeL neu-
rons attenuated inhibitory inputs into CeM output neurons and then 
abolished rVNS-induced anxiolytic effect. 

Several studies have reported that both acute and chronic VNS 
treatment produces an anxiolytic effect in rats, as is shown in EPM and 
NSFT (Furmaga et al., 2011; Mathew et al., 2020; Noble et al., 2019). In 
our study, we found that repeated, but not single, VNS treatment 
exhibited anxiolytic-like behaviors. In addition, depression-like behav-
iors were unchanged, resulting from the need for a more persistent 
treatment following this stimulation program, which is consistent with 

Fig. 4. The anxiolytic-like behaviors induced by rVNS is independent of the vagal efferents. (A) The experimental procedure. (B) The representative heatmaps 
showing activity (blue = low activity, red = high activity) in the OFT from sham + sham, sham + SDV, rVNS + sham, and rVNS + SDV groups. (C–E) SDV did not 
affect the effect of rVNS on the number of central entries (C), duration (D) and distance (E) in the OFT. n = 10–13 rats for each group. (F) The representative 
heatmaps showing activity in the EPM from sham + sham, sham + SDV, rVNS + sham, and rVNS + SDV groups. (G–I) SDV did not affect the effect of rVNS on the 
entries (G), duration (H), and distance (I) in the open arms. n = 9–13 rats for each group. (J, K) SDV treatment did not affect the locomotor activity. (L, M) SDV 
failed to block the reduced latency to feed in NSFT induced by rVNS (L), and the total food consumption were not affected (M). n = 10–13 rats for each group. (N) 
Representative traces of mEPSCs in the CeL from sham + sham, sham + SDV, rVNS + sham, and rVNS + SDV groups. Scale bar, 20 pA and 2 s. (O) Cumulative 
probabilities and average amplitudes of mEPSCs in the CeL from the sham + sham, sham + SDV, rVNS + sham, and rVNS + SDV groups. SDV failed to block the 
increased amplitude of mEPSCs induced by rVNS. n = 11 cells for sham + sham, n = 11 cells for sham + SDV, n = 13 cells for rVNS + sham, n = 12 cells for rVNS +
SDV. (P) Cumulative probabilities and frequency of mEPSCs in the CeL from the sham + sham, sham + SDV, rVNS + sham, and rVNS + SDV groups. Compared with 
sham groups, the frequency of mEPSCs were both increased in rVNS groups, while SDV treatment did not abolish the effect of rVNS. n = 11 cells for sham + sham, n 
= 11 cells for sham + SDV, n = 13 cells for rVNS + sham, n = 12 cells for rVNS + SDV. Data are expressed as the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001; 
n.s., not significant. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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the previous study (Furmaga et al., 2011). As discussed above, different 
stimulation programs produce a distinct therapeutic effect for 
anxiety-like behaviors (Biggio et al., 2009; Furmaga et al., 2011; 
Mathew et al., 2020; Noble et al., 2019), indicating that establishing a 
uniform and rational VNS protocol for anxiety research is imperative. 

Our stimulation program displayed a consistent anxiolytic-like effect in 
various behavioral tests, including OFT, EPM and NSFT. Previous 
studies have shown that rVNS facilitates the metabolic activity in 
amygdala. It has been identified that the activity of CeL neurons is 
positively correlated to anxiolytic effect of benzodiazepines (Griessner 

(caption on next page) 
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et al., 2018; Thompson and Rosen, 2006). Our findings showed that 
rVNS improved anxiolytic-like behaviors, accompanied with the 
increased neuronal activity in CeL. Previous study reports that chemo-
genetic activation of enkephalinergic neurons, a subpopulation of neu-
rons in CeL that overlapped with protein kinase Cδ (PKCδ) expressing 
neurons (Haubensak et al., 2010; Poulin et al., 2008), is sufficient to 
cause anxiolysis (Paretkar and Dimitrov, 2019). Moreover, we found 
that chemogenetic inhibition of the CeL neurons reversed 
rVNS-mediated anxiolytic effect. Interestingly, SDV treatment precluded 
the role of vagal efferent in glutamatergic neurotransmission in CeL and 
anxiolytic effect induced by VNS, while SDV itself did not manipulate 
anxiety-like behaviors. The previous report showed that sub-
diaphragmatic vagal deafferentation reduces anxiety-like behavior 
(Klarer et al., 2014), which can be explained by the different surgical 
content. Therefore, our results provide the first direct evidence that the 
potentiation of CeL activity is responsible for rVNS-induced anx-
iolytic-like behaviors. However, whether the anxiolytic effect of rVNS on 
female rats needs further investigation in the future. 

NTS is the main brainstem area of integration for vagal afferents, and 
then directly provides noradrenergic signaling to CeA (Berthoud and 
Neuhuber, 2000; Chen et al., 2019). Chen et al. shows that NTS neurons 
can negatively regulate anxiety-like behavior (Chen et al., 2019). LC, 
which receives innervation from NTS (Van Bockstaele, Peoples and 
Telegan, 1999), is the major NE brainstem nucleus that sends projections 
to many brain areas, including CeA (Campese et al., 2017; Gu et al., 
2020). Considering that rVNS increased the firing rate of LC noradren-
ergic neurons (Dorr and Debonnel, 2006), we speculate that NTS or LC 
may be the potential resource of NE in CeA. Previous studies demon-
strate that rVNS increases the extracellular NE level and then facilitates 
noradrenergic system-mediated neuroplasticity (Alexander et al., 2017; 
Biggio et al., 2009). β-ARs activation enhances glutamatergic trans-
mission in CeL, via increasing presynaptic co-release of NE and gluta-
mate (Silberman and Winder, 2013), and our results showed that rVNS 
increased the frequency of mEPSCs in CeL, suggesting that rVNS might 
elevate NE levels that led to an increased neuronal activation in CeL. 
Importantly, the activation of β-ARs by NE is thought to mediate 
memory process, defensive behavior, and anxiety-like behavior (Liang 
et al., 1986; Watanabe et al., 2003; Zhu et al., 2017). There are several 
findings indicate that activation of the noradrenergic system decreases 
anxiety-like behavior and promotes an active coping strategy in 
response to stressors (Chen et al., 2019; Khoshbouei et al., 2002), which 
is crucial for the behavioral effects of rVNS. We found that microinjec-
tion of propranolol into CeL abolished the anxiolytic-like behaviors 
induced by rVNS. Our findings indicate that rVNS treatment produces 
anxiolytic effect, at least partially, β-ARs might be responsible for this 
process. 

There is several evidence that alteration of neuronal activity is a form 

of neuroplasticity (Samson and Pare, 2005) and synaptic recruitment of 
AMPARs plays a crucial role in activity-dependent synaptic plasticity 
(Zhou et al., 2019). AMPARs are ionotropic glutamate receptors that 
mediate majority of the fast-excitatory neurotransmission in the brain. 
Tye et al. found that intra-CeL infusion of AMPAR antagonist abolished 
light-induced reduction in anxiety (Tye et al., 2011). Similarly, we 
observed that AMPAR antagonist CNQX abolished rVNS-induced anx-
iolytic-like behaviors. Hu et al. found that NE facilitated the trafficking 
of GluA1-containing AMPARs (Hu et al., 2007). Activation of β-ARs by 
NE stimulates the intracellular cAMP-PKA signaling, contributing to the 
excitatory synaptic transmission in the lateral amygdala (Patriarchi 
et al., 2018). Based on these insights, we can assume that 
GluA1-containing AMPAR function in CeL is momentous to the 
anxiolytic-like behaviors induced by rVNS. We found that treatment 
with rVNS promoted GluA1-containing AMPAR function in CeL, which 
is abolished by microinjection of CNQX into CeL. Furthermore, the 
increased AMPAR-mediated mEPSCs induced by rVNS could be 
mimicked by β-ARs agonist ISO and abolished by β-ARs antagonist 
propranolol. Most importantly, pharmacologic inhibition of β-ARs in 
CeL undermined the increased surface expression of GluA1 and the 
anxiolytic-like behaviors induced by rVNS. Therefore, the noradrenergic 
system in CeL contributed to the effect of AMPAR trafficking and 
anxiolytic-like behaviors. 

However, several reports have shown that the activity of CeA neu-
rons is positively correlated with negative emotional behaviors (Kalin 
et al., 2004; Ventura-Silva et al., 2013). This discrepancy may be due to 
the complex inscape of CeA microcircuitry, which makes it difficult to 
interpret many electrophysiological and behavioral tests. CeA micro-
circuitry has been the focus in the past few years (Ciocchi et al., 2010; 
Griessner et al., 2018; Tye et al., 2011). CeM, the primary output region 
of CeA, receives inhibitory inputs from CeL GABAergic neurons (Duvarci 
and Pare, 2014; Janak and Tye, 2015; Krettek and Price, 1978a; Tye 
et al., 2011), suggesting that both activation of CeL and inactivation of 
CeM can induce anxiolysis. Consistent with these studies, we observed 
that the amplitude and frequency of mIPSCs were significantly increased 
in the CeM induced by rVNS. Furthermore, chemogenetic inhibition of 
CeL neurons abolished the enhanced inhibitory transmission in CeM 
induced by rVNS. Our results provide evidence that rVNS-induced 
excitation of CeL neurons promotes inhibitory transmission of CeM 
output neurons and leads to anxiolysis. The findings presented here 
indicate that activation of β-ARs might enhance glutamatergic neuro-
transmission in CeL. Ultimately, β-ARs-mediated the enhancement of 
CeL excitation would be predicted to increase inhibitory transmission of 
CeM neurons and in turn relieve anxiety-like behaviors. CeL consists of 
two non-overlapping populations of GABAergic neurons, which can be 
distinguished by their expression markers PKCδ and somatostatin (SOM) 
(Li et al., 2013). PKCδ+ neurons are tightly regulated by local inhibitory 

Fig. 5. Chemogenetic inhibition of CeL neurons abolishes anxiolytic effect in male rats induced by rVNS. (A) Experimental timeline and schematic representation of 
the viral injection of hM4D(Gi)-DREADD (designer receptor exclusively activated by designer drugs) for behavioral experiments in male rats. An adeno-associated 
virus (AAV) cocktail, fluorescently tagged with mCherry (300 nl per side), was injected bilaterally into CeL 3 weeks before VNS surgery. Clozapine-N-oxide (CNO) (5 
mg/kg, i.p.) or vehicle (VEH) was administered 30 min before rVNS. (B) The confocal images of representative fields showing mCherry and DAPI expression in CeL. 
Scale bar, 30 μm. (C) Representative traces of action potential in CeL neurons before, during and after CNO (5 μM) perfusion. (D) Number of APs in CeL neurons was 
decreased by current injections at 80 pA–140 pA. n = 9 cells for each group. (E) The representative heatmaps showing activity in the OFT from sham + VEH, sham +
CNO, rVNS + VEH, and rVNS + CNO groups. (F–H) CNO abolished anxiolytic-like behaviors induced by rVNS, including the number of entries (F), the duration (G), 
and the distance (H) in the central zone. n = 11–14 rats for each group. (I) The representative heatmaps showing activity in the EPM from sham + VEH, sham + CNO, 
rVNS + VEH, and rVNS + CNO groups. (J–L) CNO prevented anxiolytic-like behaviors by rVNS, including the number of entries (J), duration (K), and the distance 
(L) in the open arms. n = 12–15 rats for each group. (M) rVNS + CNO-treated rats displayed the increased latency to feed in the NSFT compared with rVNS + VEH- 
treated rats. n = 10 rats for sham + VEH, n = 8 rats for sham + CNO, n = 10 rats for rVNS + VEH, and n = 10 rats for rVNS + CNO. (N) CNO treatment did not affect 
the locomotor activity. (O–Q) Western blotting results showing administration of CNO prevented the increase in the ratio of surface/total GluA1 protein (s/t) induced 
by rVNS, and there was no difference of the total GluA1 expression in CeL. n = 6–8 for each group. (R) Representative mIPSCs traces in CeM neurons from sham +
VEH, sham + CNO, rVNS + VEH, and rVNS + CNO group. Scale bars, 50 pA and 2 s. (S) Cumulative probabilities of mIPSCs amplitude and statistics of mIPSCs 
amplitude for representative cells from each group. The increased amplitude of mIPSCs recorded in CeM neuron in rVNS-treated rats was reversed by CNO. n =
11–12 cells for each group. (T) Cumulative probabilities of mIPSCs frequency and statistics of mIPSCs frequency for representative cells from each group. CNO 
significantly decreased the increased frequency of mIPSCs in rVNS-treated rats. Data are expressed as the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001; n.s., 
not significant. 
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connection with SOM+ neurons and project to the CeM. Inhibition of 
PKCδ+ neurons was associated with disinhibition of CeM output neurons 
(Haubensak et al., 2010). Additionally, recent study has identified that 
PKCδ+ neurons in CeL are necessary and sufficient to induce the diaz-
epam anxiolytic effect, which is indicative of an anxiolytic effect of 
PKCδ+ neurons (Griessner et al., 2018). Accordingly, future study is 
needed to further explore its intrinsic mechanism of cell-type specific 
neural circuits about rVNS anxiolytic effect. 

In conclusion, the present study uncovers a crucial mechanism for 
rVNS in anxiolytic effect. Our study couples the modulation of AMPAR 
trafficking and synaptic plasticity in CeL with anxiolytic-like behaviors 
induced by rVNS via the noradrenergic system in CeL. Moreover, rVNS- 
driven excitation of CeL neurons enhances inhibitory transmission of 

CeM output neurons. Taken together, these results suggest that rVNS is 
critical for anxiolytic-like behaviors, and highlights rVNS as a potential 
novel therapeutic strategy for the treatment of anxiety disorders. 
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Fig. 6. Pharmacological inhibition of β-ARs in CeL abolishes rVNS-induced anxiolytic effect. (A) Representative mEPSCs traces in CeL from β-ARs antagonist 
propranolol (PRO) incubation. (B) Cumulative probabilities of mEPSCs amplitude and statistics of mEPSCs amplitude for representative cells from each group. The 
amplitude of mEPSCs after propranolol incubation was significantly decreased. n = 10 cells for CON, n = 11 cells for PRO. (C) Cumulative probabilities of mEPSCs 
frequency and statistics of mEPSCs frequency for representative cells from each group. Propranolol did not affect the frequency of mEPSCs. n = 10 cells for CON, n =
11 cells for PRO. (D) The representative heatmaps showing activity in the OFT from sham + VEH, sham + PRO, rVNS + VEH, and rVNS + PRO groups. (E–G) 
Propranolol abolished anxiolytic-like behaviors induced by rVNS, including reduced the number of entries (E), duration (F), and distance (G) in the central zone. n =
9–11 rats for each group. (H) The representative heatmaps showing activity in the EPM from sham + VEH, sham + PRO, rVNS + VEH, and rVNS + PRO groups. (I–K) 
rVNS + PRO group significantly decreased the number of entries (I), duration (J), and distance (K) in the open arms compared with rVNS + VEH group. n = 10–11 
rats for each group. (L) Propranolol deteriorated the latency to feed in the NSFT of rVNS-treated rats. n = 10–11 rats for reach group. (M) Propranolol treatment did 
not affect the locomotor activity. (N–P) Western blotting results showed the effects of β-ARs antagonist propranolol in CeL before rVNS treatment on membrane 
insertion of GluA1. rVNS increased the ratio of surface protein/total protein (s/t)-GluA1, while administration of propranolol restrained the increased ratio of surface 
protein/total protein (s/t)-GluA1 from rVNS. There was no difference of the total GluA1 expression in CeL. n = 6–7 for each group. Data are expressed as the mean ±
SEM. *p < 0.05, **p < 0.01, ***p < 0.001; n.s., not significant. 
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