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ABSTRACT

Substance addiction causes anxiety, which in turn reinforces the maintaining of substance use, resulting
in a vicious circle. And this circle is one of the reasons why addiction is so hard to cure. However, there is
no treatment involved in addiction-induced anxiety at present. We tested whether VNS (vagus nerve
stimulation) can improve heroin-induced anxiety, and made a comparison between nVNS (transcervical
vagus nerve stimulation) and taVNS (transauricular vagus nerve stimulation) on therapeutic effect. Mice
were subjected to nVNS or taVNS before heroin administration. By observing c-Fos expression in the NTS
(nucleus of the solitary tract), we assessed vagal fiber activation. Using the OFT (open field test) and the
EPM (elevated cross maze test), we evaluated the anxiety-like behaviors of the mice. Using immuno-
fluorescence, we observed the proliferation and activation of microglia in the hippocampus. And ELISA
was used to measure the levels of proinflammatory factors in the hippocampus. Both nVNS and taVNS
significantly increased the expression of c-Fos in the nucleus of solitary tract, suggesting the feasibility of
nVNS and taVNS. The anxiety level of heroin-treated mice was significantly increased, microglia in the
hippocampus was significantly proliferated and activated, and the proinflammatory factors (IL-1p, IL-6,
TNF-a) in the hippocampus were significantly up-regulated. Crucially, both nVNS and taVNS reversed
the above changes caused by heroin addiction.
Significance: It was confirmed that the therapeutic effect of VNS on heroin-induced anxiety may be an
effective treatment method to break the “addiction-anxiety” cycle and provides some insights for sub-
sequent treatment of addiction.

© 2023 Elsevier Inc. All rights reserved.

1. Introduction

substitution therapy, which achieves positive effect. However, this
treatment still has many limitations, such as the side effects

Heroin, as a traditional addictive drug, brings great losses to
individuals and society. In order to improve this situation, the main
cure method at present applies methadone or buprenorphine
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brought by drugs and the lack of medical conditions in many places
[1,2].

Heroin inhalation causes anxiety [3,4], and this anxiety also
shows a special connection with heroin addiction. According to
previous researches, substance addiction leads to anxiety [5,6],
which is also an important contributor to substance abuse,
dependence and relapse [7—9]. For instance, anxiety induced by
alcohol addiction will in turn lead to the maintenance and recur-
rence of pathological alcohol use, resulting in a vicious circle [10].
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Among heroin addicts, higher levels of anxiety and depression are
significantly associated with higher levels of psychosis, neuroti-
cism, crime, and addiction [11]. In the meantime, opioid-addicts
have significant decision-making disorders, which are signifi-
cantly affected by anxiety levels [12]. Anxiety and addiction are
mutually reinforcing. High levels of anxiety promote the use of
addictive drugs. The use of addictive drugs also causes anxiety. This
cycle may be one of the reasons why it is difficult to quit addictive
drugs. Therefore, the alleviation of heroin-induced anxiety may
have a positive effect on the treatment of heroin addiction, but
there is no effective treatment for heroin-induced anxiety at
present.

The vagus nerve is a widely distributed neural network which
acts as a bridge between the brain and peripheral organs. Among all
vagus nerves, vagal afferent nerves form the majority whose work
is transmitting impulses to the nucleus of the solitary tract (NTS)
when receiving signals. Then NTS, the vagus nerve center, projects
signal directly or indirectly to various regions of the brain, including
hypothalamus, cortex, amygdala, hippocampus and so on [13—15].
According to previous studies, vagus nerve stimulation plays an
active role in treating many diseases, such as depression, epilepsy,
Parkinson's disease (PD), autistic spectrum disorder (ASD) and
traumatic brain injury (TBI) [15—18]. In addition, vagus nerve
stimulation can reduce anxiety-like behaviors to some extent
[19—25]. But the mechanism of vagus nerve stimulation has not
been fully clarified, and whether vagus nerve stimulation can
improve anxiety caused by addictive drugs also has not been
explored.

The hippocampus not only plays a great role in learning,
memory formation and memory consolidation, but also involves in
regulating mood, fear, anxiety and stress [26]. Microglia play a key
role in the development of central nervous system, immune
detection and maintaining the normal function of neurons [27].
Hippocampal microglia activation can significantly lead to anxiety-
like behaviors in rats [28—30], which can be inhibited by minocy-
cline (a kind of microglial inhibitor) [31]. At the same time, the
inflammatory factors also increase in the hippocampus of anxious
mice and rats [32,33]. And, lentiviral knockdown of IL-1 B in the
hippocampus of mice can significantly reduce lipopolysaccharide
(LPS) -induced anxiety-like behaviors [34]. The above evidences
suggest that hippocampal microglia play an important role in
anxiety. So, we hypothesize that vagus nerve stimulation can
reduce microglial neuritis in the hippocampus and improve
anxiety-like behaviors caused by addiction.

The most common way to stimulate the vagus nerve is to
implant stimulation electrodes in the cervical vagus nerve, but this
invasive way has many side effects. In recent years, transauricular
vagal nerve stimulation (taVNS) has attracted more and more
attention because of its non-invasive method and simplicity. In
addition, some studies show that taVNS has similar effects as
invasive vagus nerve stimulation. Considering the physical quality
and surgical tolerance of heroin abusers, both of transcervical vagus
nerve stimulation and transauricular vagus nerve stimulation were
applied to evaluate the therapeutic effect of vagus nerve stimula-
tion on anxiety caused by addiction.

2. Material and methods
2.1. Chemicals

Heroin applied in this study was provided by Public Security
Department of Yunnan province, China. Programmed electrical
stimulator was bought from Chengdu Instrument Factory, located
in Sichuan province, China. Anti-c-Fos (ab222699) and secondary
antibody (Alexa Fluor® 488 , ab150077; Alexa Fluor® 647,
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ab150075) were bought from abcam (Cambridge, UK). Anti-Iba-1
(#17198) and CD68(Alexa Fluor® 488 Conjugate, #51644) were
from Boston, US. Mounting Medium, antifading (with DAPI) was
from Solarbio (Beijing, China). IL-18, TNF-o. and IL-6 ELISA kit were
from Jianglai biological company (Shanghai, China).

2.2. Animals

8 weeks-old male C57BL/6 mice (21 g—23 g) were purchased
from Sipeifu (Beijing) Biotechnology Co., Ltd., and the mice were
housed under microbarrier system. The mice were kept at envi-
ronment with appropriate temperature and humidity and a 12 h
reverse light/dark cycle (lights off at 7:00 a.m.) with access to food
and water ad libitum. This study was approved by the Animal Ethics
Committee of Kunming Medical University (Grant No.:
KMMU2021684). And all animal experiments were conducted ac-
cording to National Institutes of Health guide for the care and use of
Laboratory animals (NIH Publications, revised 1978).

2.3. Animal grouping

Mice were randomly divided into 6 groups: saline group, heroin
group, heroin + nVNS group, heroin + nVNS + sham group,
heroin + taVNS group and heroin + taVNS + sham group.

In saline group, mice received intraperitoneal injection of 0.2 ml
saline for 7 days. In heroin group, heroin (10 mg/kg), dissolved in
0.2 ml normal saline, was injected intraperitoneally once a day for 7
days. In heroin + nVNS group, heroin was injected intraperitoneally
for 7 days (the injection mode and dose were the same as those in
the heroin group). At the same time, 1 h before the heroin
administration, nVNS was administered (square wave, 0.05 maA,
50 ms pulse width, 15 Hz, 10 mins). In heroin + nVNS + sham group,
all treatments were the same as those in heroin + nVNS group, but
there was no electricity during stimulation. In heroin + taVNS
group, mice received intraperitoneal injection of heroin for 7 days
(same as heroin group), and underwent taVNS 1 h before heroin
injection (stimulation parameters were the same as those of
heroin + nWNS group). In heroin + taVNS + sham group, all the
administrations were the same as those in heroin + taVNS group,
but there was no electricity during stimulation.

2.4. nVNS model

One day before surgery, mice had no access to food, but had free
access to water. During the operation, mice anesthetized with iso-
flurane were fixed on the constant-temperature operating table and
kept at constant temperature during the operation. Then detailed
procedures were followed: disinfecting and cutting the skin of neck
after removing the hair on neck; exposing vagus nerve on the left;
carefully wrapping electrodes around the vagus nerve; disinfecting
the skin of head after removing the hair on it; exposing the bone by
cutting the scalp; drilling two 0.5 mm-holes into the donum with a
bone drill; carefully screwing sterile screws into the holes; wrapping
wires around the vagus nerve running subcutaneously; fixing wires
to the screws on the donum; using dental cement to fix insulated
screws and wires; disinfecting the wound and suture. The operation
procedures were kept as sterile as possible and all instruments were
sterilized before operation. After operation, mice were housed in an
environment with constant temperature and given a special nutrient
solution, and mice were stimulated after 2-weeks recovery. Before
the stimulation, mice were fixed, and the wires on their heads were
connected to a 0.2 mm wire linking to the programmed electrical
stimulator. When being stimulated (square wave, 0.05 mA, 50 ms
pulse width, 15 Hz, 10min), mice were placed in an open field of
50 cm x 50 cm to move freely (Fig. 1).
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2.5. taVNS model

A special clamp electrode was used to fix the mouse's left
auricular-concha region and the other end of it was connected with
the programmed electrical stimulator through a wire. When being
stimulated (square wave, 0.05 mA, 50 ms pulse width, 15 Hz,
10min), mice were placed in an open field of 50 cm x 50 cm to
move freely. (Fig. 1).

2.6. Behavioral tests

Open field test (OFT), as a method to evaluate spontaneous
behaviors, exploratory behaviors and tensions of experimental
animals in a new environment, has been extensively applied to
evaluate anxiety. The experiment device of OFT in our study was an
open box of 50 x 50 x 50 cm with white floor and walls. In the test,
mice were placed in the central area of the floor with their backs to
the experimenter, and they were allowed to move freely in this
device for 5 min with a camera on the top of the device recording
their movements. The time spent at the central area, the total
distance of movement and the number of feces were counted to
evaluate the levels of anxiety in mice.

Elevated plus maze (EPM) is an experimental method to eval-
uate anxiety responses of rodents. EPM device applied in this study
was composed of open arms and closed arms, showing a cross
shape. Open arms were 50 cm long and 5 cm wide, closed arms
were 75 cm long and 5 cm wide, the surrounding baffle was 15 cm
high, and the whole device was 75 cm high from the ground. Mice
were placed in a central area facing the closed arms with their
backs to the experimenter, and the time spent in each area and
entries to each area were recorded.

£ 4

+

taVNS

Fig. 1. Schematic diagram of nVNS and taVNS in mice. nVNS was administered by
implanting electrodes into the vagus nerve of left-side neck, and the electrode was
connected to a programmed electrical stimulator (square wave, 0.05 mA, 50 ms pulse
width, 15 Hz, 10 mins). TaVNS was administered by fixing the electrode on left concha
auriculae of mice. After fixing the electrodes, the electrodes were connected to a
programmed electrical stimulator with the same stimulation parameters as VNS.

48

Biochemical and Biophysical Research Communications 652 (2023) 46—54
2.7. Immunofluorescence

Mice were anesthetized with 1% sodium pentobarbital and
transcardially perfused with 4% paraformaldehyde before the
whole brain was dissected. Then intact brains were fixed, dehy-
drated and embedded in OCT compound. The whole brain was
placed on a frozen slicer to cut into slices. The solitary nucleus
sections were labeled with c-Fos antibody (ab222699) and Alexa
Fluor® 488 (ab150077). The sections of the hippocampus were
labeled with Alexa Fluor® 647 (ab150075), Iba-1 antibody
(#17198), and CD68 (Alexa Fluor® 488 Conjugate, #51644), and
photographed using confocal microscopy.

2.8. Inflammatory cytokines ELISA assay

The levels of inflammatory cytokines including IL-18. TNF-a.,
IL-6 were examined by ELISA. To get the sample, brains were
removed from mice killed with cervical dislocation, and hippo-
campuses were stripped from the brains. Then the supernatant was
diluted after grinding and centrifugation of tissue, followed by
steps according to manufacturers’ instructions about ELISA Kits.
Finally, UV absorbance was assessed by a microplate reader ( OD at
450 nm ), and the levels of the samples were calculated. Each
sample was run in duplicate, and the variation was less than 10%.

2.9. Statistical analysis

Statistical analysis software was used to compare multiple
groups by one-way ANOVA, and p < 0.05 was considered statisti-
cally significant. Data were represented as mean =+ standard
deviation.

3. Results

3.1. Both nVNS and taVNS significantly increase C-Fos expression in
NTS

Mice were placed in an open field and subjected to either nVNS
or taVNS, with the nVNS group stimulating the cervical vagus and
the taVNS group stimulating the auricular vagus (square wave,
0.05 mA, 50 ms pulse width, 15 Hz, 10min), and mice remained
awake and could move freely during the stimulation process
(Fig. 1). After the stimulation, the brains were removed immedi-
ately from mice killed with cervical dislocation and c-Fos expres-
sion in the nucleus of solitary tract (NTS) was observed by
immunofluorescence.

It was found that nVNS significantly increased c-Fos expression
in NTS (p < 0.0001), and so did taVNS (p < 0.005). This result proved
the feasibility of these two stimulation methods. Crucially, the
number of c-Fos™cells activated by nVNS was significantly higher
than that by taVNS (p < 0.05) (Fig. 2).

3.2. Both nVNS and taVNS significantly reduce anxiety in heroin-
treated mice

Mice recovered for two weeks after surgery, with normal wound
healing and normal weight gaining. After heroin administration,
the speed of weight gain was significantly slowed down in mice,
and neither nVNS nor taVNS could promote the weight gain of mice
(Fig. 3B). OFT and EPM, as experimental paradigms of evaluating
anxiety levels in mice, were used in this study. It was found through
OFT that there was no statistical difference in total distance among
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Fig. 2. Both nVNS and taVNS administrations significantly increased c-Fos expression in NTS. And compared with taVNS, nVNS had a more significant neuronal activation effect.

Scale bar = 50 pm.

all groups (p>0.05) (Fig. 3 E). In addition, heroin significantly
reduced the time spent in the central region in mice (p < 0.05), and
the number of feces in mice increased significantly in the course of
experiment (p<0.0001). Time spent in the central region was
significantly increased by nVNS treatment, which was done before
heroin administration (p < 0.0001) and the number of feces in mice
was reduced (p < 0.0001). Similarly, Similarly, taVNS also increased
time spent in the central region (p < 0.005) and decreased the
number of feces (p < 0.0001) (Fig. 3C—F). Notably, mice underwent
nVNS stayed in the central region longer than those administered
by taVNS, although the difference was not statistically significant
(p = 0.054) (Fig. 3 E). EPM, another classic test, was also applied to
assess anxiety in this study. It was found that heroin significantly
reduced both the time spent in open arms and open arms entries
(p < 0.005), and mice exhibited anxiety-like behaviors. However,
nVNS administration significantly increased the time spent of
anxious mice in open arms (p < 0.0005), and taVNS had a similar
effect (p < 0.005) (Fig. 3G—1I). In summary, heroin caused significant
anxiety in mice, but nVNS and taVNS before heroin administration
significantly improved anxiety-behaviors in mice.

3.3. Both nVNS and taVNS significantly reduce the proliferation and
activation of microglia in hippocampus of heroin-addicted mice

According to previous studies, hippocampus played an impor-
tant role in regulating mood and cognitive function, and microglia
activation in hippocampus was one of the important mechanisms
leading to anxiety. In our study, heroin significantly induced the
proliferation of hippocampal microglia (Iba-1+ cells) and increased
the number of activated cells (CD68+-cells). And both nVNS and
taVNS significantly reduced the proliferation and activation of
microglia (Fig. 4A). Compared with taVNS, nVNS had a more sig-
nificant effect on microglia proliferation (p < 0.05), but there was
no significant difference in the effect on microglia activation.

3.4. Both nVNS and taVNS reduce the levels of pro-inflammatory
cytokines in hippocampus of heroin-treated mice

In our study, ELISA was used to detect the levels of pro-
inflammatory cytokines in hippocampus of heroin-treated mice.
The results showed that heroin significantly increased the levels of
IL-1B, TNF-an and IL-6. After nVNS and taVNS administration, the
levels of IL-1B, TNF-a. and IL-6 in hippocampus of heroin-treated
mice decreased significantly (Fig. 5A—C). Significantly, compared
with taVNS group, the levels of IL-1B and TNF-o decreased more in
nVNS (p <0.05).

4. Discussion

VNS played a therapeutic role in many in many disease, such as
treatment-resistant depression [17,35], epilepsy [36,37] and anxi-
ety [19,21,25]. However, the role of VNS in the treatment of
addiction-induced anxiety had not been reported. In our study, it
was found that VNS had a therapeutic effect on heroin-induced
anxiety, and this effect might be achieved by ameliorating neuro-
inflammation in hippocampus. In addition, by comparing the ef-
fects of two different stimulation methods, it was found that there
was a similar effect between nVNS and taVNS. But some differences
still existed between them.

Addiction was characterized by uncontrollable compulsive use
of drugs, which could also lead to anxiety. The epidemiology of
addiction and anxiety had been well established [38]. The use of
heroin leaded to higher levels of anxiety [11] and increased anxiety
sensitivity [39]. Addiction-induced anxiety had long been neglec-
ted, but in recent researches, it was increasingly believed that
comorbidities, including anxiety, were important factors for
addiction [5,7]. Anxiety levels could predict the age of first sub-
stance abuse in men [40], and anxiety sensitivity had also been
shown to predict mental or criminal problems caused by addiction
[41]. More importantly, when addiction caused anxiety [42], anxi-
ety in turn promoted the maintenance and relapse to addiction
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[43]. For example, alcohol addiction leaded to anxiety, and anxiety
in turn promoted the maintenance and relapse to pathological
alcohol use, thus forming a vicious circle [10]. Addiction and anx-
iety shared genetic underpinnings [44] and there might be overlap
of their neural mechanisms [45], which might be the basis of the
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interaction between addiction and anxiety. However, there was no
specific treatment for addiction-induced anxiety at present.
Vagus nerve was a bridge between brain and its peripheral or-
gans. Its afferent fibers projected signals through nucleus tractus
solitarius to important brain areas such as cortex, hypothalamus
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and hippocampus, which was the basis of VNS treatment for mental
illness. VNS showed therapeutic effects on many mental diseases,
and anxiety was also included recently. And we found the thera-
peutic effect of VNS on drug-addicted anxiety. In our study, classical
experimental paradigms were used to evaluate anxiety.

The results showed that heroin significantly caused anxiety in
mice, and two different VNS methods significantly reduced the
anxiety levels of heroin-treated mice, indicating the therapeutic
effect of VNS on heroin-induced anxiety. Because of substance-
caused anxiety played a great role in promoting the maintaining
of addiction and the relapse to substance, the treatment of anxiety
might improve addiction.

Neuroinflammation in hippocampus was one of the mecha-
nisms for anxiety, and microglia activation in hippocampus could
lead to anxiety-like behaviors in rats [28—30], but these behaviors
could be inhibited by minocycline [31]. In our study, heroin resulted
in significantly increased levels of hippocampal microglia and pro-
inflammatory cytokine in mice. Both nVNS and taVNS significantly
inhibited the proliferation and activation of hippocampal microglia
cells and the expression of inflammatory factors induced by heroin.
VNS significantly improved the microglia-mediated neuro-
inflammation in heroin-addicted mice, which might be the mech-
anism of VNS in the treatment of heroin-induced anxiety.

In the past decades, invasive vagus nerve stimulation had been
the main method of vagus nerve therapy. It worked by implanting a
pacemaker-like power supply equipment below the collarbone and
connecting the wires to the vagus nerve in the left carotid sheath.
This scheme required surgical implantation of electrodes and po-
wer supply equipment, and the incidence of surgical complications
of invasive vagus nerve stimulation was reported to be about 8.6%.
The most common complications were postoperative hematoma,
infection, vocal cord paralysis and hoarseness [46,47]. At the same
time, surgery also brought higher economic costs, which was not a
small burden for addicts with widespread financial difficulties.
Physical fitness, as an important factor affecting adaptation and
prognosis, was also needed to be considered, because addicts often
had poor surgical condition such as malnutrition and drug abuse-
related comorbidities. In recent years, more and more attention
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had been paid to the non-invasive technique, and it had been re-
ported that the non-invasive technique had achieved similar ther-
apeutic effects as the invasive technique in some diseases.
However, the parameters and methods of stimulation and the
therapeutic effect on other diseases were still controversial [48,49].
In our study, transcutaneous vagus nerve stimulation was selected,
which was considered as a potential cure in a series of diseases
[50—52].

Our results suggested that non-invasive transcutaneous auric-
ular vagus nerve stimulation (taVNS) exhibited the similar efficacy
as traditional invasive cervical vagus nerve stimulation (nVNS ) in
the treatment of addiction-induced anxiety in spite some differ-
ence. Compared with taVNS, nVNS activated more neurons in the
NTS, and in animal behavior tests, mice receiving nVNS stayed
longer in the central area than mice receiving taVNS, which was
one of the important indicators to evaluate anxiety-like behaviors.
In addition, nVNS showed stronger inhibitory effect on neuro-
inflammation. But we couldn't simply attribute this difference to
that nVNS was superior to taVNS. nVNS directly stimulated the
main vagus nerve, while taVNS stimulated only one of its branches.
In addition, as there was no mature stimulation program for taVNS
at present, we chose the same stimulation parameters as nVNS,
which might cause the loss of current conduction down through
the skin. These might be the reasons for the difference between
nVNS and taVNS. Despite these differences, taVNS had significant
implications for substance use disorders due to its safety and
convenience, and our study confirmed the therapeutic potential of
taVNS in heroin-caused anxiety.

5. Conclusion

We confirmed the therapeutic role of VNS in heroin-induced
anxiety, and found VNS inhibited neuroinflammation in hippo-
campus induced by heroin, which might be one of the important
mechanisms in alleviating anxiety. Addiction leaded to anxiety,
which in turn promoted the use of addictive drugs. This vicious
circle was one of the reasons why addiction was difficult to treat.
Therefore, the treatment of anxiety caused by addiction also had a
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positive effect on addiction. At the same time, we also compared
the therapeutic effects of nVNS and taVNS on anxiety caused by
heroin. We found that there were similar effects between these two
methods in spite of some differences. But compared with nVNS,
taVNS caused less damage to patients and needed lower economic
cost, which was more potential.
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