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Abstract: Patients with stroke would have persistent functional deficits despite undergoing physiotherapy and rehabilitation training.
Recently, vagus nerve stimulation (VNS), a newly emerging neuroregulatory technique, has been shown to improve motor dysfunction
after stroke. Evidence from clinical and preclinical studies has proven the safety, feasibility, and efficacy of invasive and noninvasive
VNS. It has been reported that the positive effect may be related to anti-inflammatory effects, mediating neuroplasticity, increasing
blood-brain barrier integrity, promoting angiogenesis and reducing spreading depolarization. However, the underlying mechanism
remains poorly understood. In this review, we have summarized the potential molecular mechanisms by which VNS promotes stroke
prognosis. We believe that VNS combined with upper-extremity rehabilitation can improve impairment and function among
moderately to severely impaired stroke survivors. The applications and further exploration are discussed to provide new insights
into this novel therapeutic technique.
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Introduction

Stroke is the leading cause of long-term disability worldwide, with 80% of patients suffering from motor dysfunction on
one side of the body, which seriously affects their quality of life." According to the pathophysiology, stroke could be
identified into two principal categories: ischemic and hemorrhagic stroke. Ischemic stroke occurred when blood flow is
insufficient and unable to satisfy the brain tissue’s needs for oxygen and nutrients. In contrast, hemorrhagic stroke is due
to the rupture of a blood vessel and represented by blood in the cerebral parenchyma, which can accumulate and press on
the adjacent parenchyma.” Similarly, both ischemic and hemorrhagic stroke would be associated with neurological
dysfunction. Despite receiving physiotherapy and rehabilitation training, many patients still have persistent functional
deficits, which would limit the quality of their lives and carry a huge economic burden on families and society.’
Therefore, novel therapeutic strategies are needed to better promote the improvement of damaged neurological function
following stroke.

Vagus nerve stimulation (VNS) is a newly emerged neuroregulatory technique in recent years that has been widely
used for the treatment of multiple neurological diseases such as refractory epilepsy, migraines, and refractory depression.
An increasing number of studies have shown that VNS combined with rehabilitation can significantly reduce the size of
post-stroke cerebral infarctions, reduce neurological symptoms, and improve limb motor function following stroke.* VNS
is commonly classified as invasive VNS (iVNS) or noninvasive VNS (nVNS). The nVNS containing auricular VNS in
the ear (ta-VNS) and cervical VNS in the neck (tc-VNS) exhibited central nervous system (CNS) activation, similar to
invasive VNS. However, the role of VNS in post-stroke motor function has not yet been elucidated and the mechanisms
remain unclear. Given that the vagus nerve (VN) plays pivotal roles in the CNS regulating inflammatory responses and

Neuropsychiatric Disease and Treatment 2024:20 2593-2601 2593
Received: 18 August 2024 © 2024 Cai et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

Accepted: 16 December 2024
Published: 21 December 2024

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Cai et al Dove

emerging evidence link inflammatory processes with VNS, the anti-inflammatory potential of VNS has been discovered.’
VNS has also been demonstrated to ameliorate gut microbiota dysbiosis and modulate microbiota-gut-brain axis to
promote functional recovery after stroke.®’ In this study, we summarized the anatomical, pre-clinical, and clinical
evidence of VNS. We further emphasized the possible mechanism of VNS in improving motor dysfunction after stroke
based current evidence and analyzed future challenges for its clinical application.

Anatomical Bases of Vagus Nerve

The vagus nerve is the longest and most widely distributed pair of mixed cranial nerves and can be divided into general
somatosensory fibers, general visceral sensory fibers, general visceral motor fibers, and special visceral motor fibers. The
vagus nerve runs from originates from the medulla oblongata and travels throughout the body to innervate various
organs, including the heart, lung, liver, pancreas, stomach, intestines and spleen. The vagus nerve is composed of 80%
afferent and 20% efferent fibers.® When the vagus nerve is stimulated, excitation is transmitted to the nucleus tractus
solitarii in the brainstem, which then transmits the excitation to the locus coeruleus and dorsal raphe nuclei, enhancing
the release of norepinephrine, serotonin, and cholinergic neurotransmitters.” Afferent projections of the vagus nerve to
the dorsal raphe nucleus activate the serotonergic networks.'® The activation of these networks underpins the effect of
VNS on neural plasticity.!' Thus, as a carrier of input and output information, the vagus nerve combines the central
regions of the brain with the peripheral organs. It can also provide feedback on perceived information and build a bridge
between the brain and peripheral crosstalk.'? For instance, the gut is a particularly important sensory organ. Enteric vagal
afferents are transmitted via the nucleus tractus solitarius (NTS) to the vagal dorsal motor nucleus (DMV) and various
forebrain structures such as the hypothalamus and limbic areas, partly in a lateralized manner, to modulate the reward
system and control gut function. In the intestines, the VN regulates the contraction of smooth muscles and glandular
secretions, and influences the peripheral immune system. The VN is also a major component of the parasympathetic
nervous system. Its activation leads to the release of acetylcholine (ACh) at synaptic junctions with secretory cells,
intrinsic nerve fibers and smooth muscles. The control of VN can be considered the ultimate effectors in the regulation of
not only gut motility and secretion but also gut immunity.'® The spleen is considered as an important peripheral organ for
the immune system and acts as a filter for blood within the immune system. Vagus nerves transmit bidirectional signals to
communicate between the brain and peripheral organs, after which they control immune regulation and inflammatory
reflexes, contributing to physiological homeostasis. Inflammatory reflex includes the afferent fibers of vagus nerve that
senses pro-inflammatory inflammation from the spleen and other peripheral organs and the efferent fibers of vagus nerve
that signals cholinergic anti-inflammatory integrated commands from the brain, such as brainstem dorsal motor nucleus
(DMN), NTS, and higher forebrain regions. Finally, cholinergic anti-inflammatory signals act on the spleen via the
splenic nerve, controlling immune activation and inhibiting proinflammatory cytokine release.'*

In addition, the solitary nucleus emits fiber projections to the thalamus, hypothalamus, reticular region, limbic system,
cerebellum, and cerebral cortex, which provides an anatomical basis for the VNS treatment of neurological diseases. The
auricular region is the only area on the human body surface with a distribution of vagus nerve fibers. VNS stimulation in
this area can activate the vagus nerve pathway. Therefore, it may be the best anatomical location for transcutaneous vagus
nerve stimulation.

Neuromodulation Effects of the VNS for Stroke

Preclinical Evidence

Animal experiments have shown that VNS can be applied for the recovery of motor nerve function in rodent models of
acute and chronic stroke, including hemorrhagic stroke and ischemic stroke.'® Sustained benefits were obtained from
VNS stimulation in a post-stroke model. There was no correlation that has been found between the therapeutic effect and
animal age, stroke type, or stroke time. For hemorrhagic stroke, VNS paired with rehabilitative training was found to
significantly enhance the recovery of forelimb movement with 77% recovery of function, with only 29% recovery in
a condition of rehabilitative training without VNS in a model of subcortical intracerebral hemorrhage (ICH).'® The
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results suggested that VNS paired with rehabilitative training significantly improved forelimb recovery after ICH
compared to rehabilitative training without VNS.

For ischemic stroke, the therapeutic potential of VNS has also been excavated. To validate whether VNS paired with
forelimb movements improves recovery after motor cortex ischemia, Khodaparast et al'’ separated rats into 3 groups:
vagus nerve stimulation during rehabilitation (rehabilitation), VNS after rehabilitation, and rehabilitation alone. The
animals were allowed to recovery training 1-week post-operation. The VNS (500-ms train of 15 pulses at 30 hz)
frequency was 5 days a week for 25 days. They found that forelimb function recovered completely to pre-lesion levels
when VNS was performed during rehabilitation training. Khodaparast et al'® further tested the role of VNS in rat models
six weeks after an ischemic lesion. The results showed that VNS paired with rehabilitative training significantly
improved the recovery of forelimb function compared to the control group rats. The results showed that VNS also
exhibits potential for the treatment of chronic stroke.

Clinical Evidence

Based on the results obtained in animal models, VNS combined with rehabilitation training is gradually being used in
clinical practice. Clinical trials have mainly focused on ischemic stroke, and research results have indicated the effective-
ness of implantable VNS in improving post-stroke movement disorders. To avoid increasing the risk of cardiac complica-
tions, recent studies have chosen the left VNS with relatively fixed stimulation parameters and an intensity of mostly 0.8
mA. The Fugl-Meyer Assessment Upper Extremity (FMA-UE) score is commonly used to assess upper extremity motor
function. In 2018, Kimberley et al'® conducted a randomized, multisite, double-blind, sham-controlled pilot study to
examine the safety and effects of VNS combined with rehabilitation for improving upper limb function after chronic stroke.
The results of the comparison between the active VNS group (n = 8) and the control VNS group (n = 9) suggest that the
average FMA-UE scores significantly increased in the active VNS group at the 90-day follow-up. The investigation
confirmed that VNS is a feasible way to treat upper limb motor deficits after chronic ischemic stroke although with a small
sample size. To further determine whether VNS is a safe and effective treatment for improving arm function after stroke,
arandomized, blinded, pivotal device trial was performed with 19 stroke rehabilitation services in 2021.%° Participants were
selected at least 9 months after ischemic stroke. A total of 108 patients (two patients did not complete the trials) with
moderate-to-severe arm weakness were randomly assigned (53:53) to either rehabilitation paired with active VNS (VNS
group) or rehabilitation paired with sham stimulation (control group). The participants received 6 weeks of in-clinic therapy
followed by a home exercise program. The results showed that on the first day after completion of the in-clinic therapy, the
mean FMA-UE score increased by 5.0 points in the VNS group and by 2.4 points in the control group (p=0.0014). Ninety
days after clinical therapy, a clinically meaningful response in the FMA-UE score was achieved in 23 (47%) of 53 patients
in the VNS group versus 13 (24%) of 55 patients in the control group (p = 0.0098). This multicenter trial showed that VNS
resulted in clinically meaningful improvements in upper limb function after ischemic stroke, which could be a safe and
effective treatment strategy. It should be noted that most studies have a limited sample size, which is still in the preliminary
stage of research. Patients with stroke usually experience upper and lower limb extremity deficits. However, whether VNS
contributes to the improvement of lower limb motor dysfunction remains unclear.

However, current VNS-related clinical trials mainly focus on ischemic stroke, which lacks evaluation in patients with
hemorrhagic stroke. Cummins et al?' reported an illustrative case of a 67-year-old male with a past 3 years medical
history of intracerebral hemorrhage. The patient received implantable VNS therapy for over six weeks and showed an
improvement in upper extremity function with an FMA-UE score of 30 (improvement of 14 points from 16 at baseline).
The stimulus pattern of VNS was described as a frequency of 30 hz, amplitude up to 0.8 mA, pulse width of 100 msec,
and lasting 0.5 seconds. Although further clinical trials are needed to confirm the efficacy of VNS for motor functional
recovery after ICH, this case demonstrated a greater improvement in function than that after ischemic stroke. Rebeiz
et al*? investigated the effects of nVNS on spontaneous subarachnoid hemorrhage (SAH). They found that nVNS was
associated with a reduction in headache intensity and decreased opioid consumption in patients with SAH. However, the
relationship between VNS and functional outcomes of SAH was not examined in this study. Overall, the relevant
research conclusions regarding VNS and arm function after hemorrhagic stroke require further exploration.
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Potential Mechanisms of VNS on Motor Function

Inhibiting Neuroinflammatory Response

The anti-inflammatory role of vagus nerve has been widely recognized, especially the cholinergic anti-inflammatory
pathway, which is mediated through vagal efferent fibers that synapse onto enteric neurons that release acetylcholine
(ACh) at the synaptic junction with macrophages. ACh binds to a-7-nicotinic ACh receptors (a7nAchR) of those
macrophages to inhibit the release of tumour necrosis (TNF)a, a pro-inflammatory cytokine. Another pathway is the
splenic sympathetic anti-inflammatory pathway, where the VN stimulates the splenic sympathetic nerve.
Norepinephrine (noradrenaline) released at the distal end of the splenic nerve links to the B2 adrenergic receptor of
splenic lymphocytes that release ACh. Finally, ACh inhibits the release of TNFa by spleen macrophages through o-
7-nicotinic ACh receptors.”> Understanding of these pathways is important to explain the mechanism of VNS
regulating the immune response of the CNS through various pathways and exerting a protective effect on the cells.
The cholinergic anti-inflammatory pathway is closely related to the neuroinflammatory processes during cerebral
ischemia/reperfusion (I/R) injury. Tang et al** identified that VNS may be involved in different neuroprotective and
neuroplastic pathways via thea7nAchR in rat models of focal cerebral ischemic stroke. a7nAchR is a key component
of acetylcholine, and VNS can modulate inflammatory responses and metabolism through the action of acetylcholine.*
Similarly, in a transient middle cerebral artery occlusion (tMCAO) model of mice, VNS was found to preserve
a7nAChR expression in the penumbra regions, inhibit NLRP3 inflammasome activation and ensuing neuroinflamma-
tion, and rescue cerebral neurons. The role of the a7nAChR in microglial NLRP3 inflammasome activation in ischemic
stroke was further validated.?® In stroke, activation of the NF-kB signaling upregulates the expression of NLRP3 and
pro-IL-1pB, followed by assembly and activation of the NLRP3 inflammasome, which promotes the maturation and
release of IL-1P, resulting in neuroinflammation and neuronal death. However, VNS treatment activates microglial
a7nAChR, which negatively regulates the NF-«kB signaling, thereby inhibiting the NLRP3 inflammasome-induced
neuroinflammation and neuronal death.?®

Thus, VNS may have a neuroprotective effect against ischemic stroke via the a7nAchR-dependent inactivation of the
microglial NLRP3 inflammasome. Ubiquitin-specific protease 10 (USP10) belongs to a member of the ubiquitin-specific
protease family. Previous studies have reported that USP10 could inhibit the activation of NF-kB and the release of
inflammatory cytokines, while USP10 silencing can markedly increase NF-kB activation.””-*® In mice with tMCAO, the
relationship between USP10 and VNS stimulation was reported by Xie et al.*’ They found that USP10 expression in the
brain was decreased after ischemic stroke, and VNS treatment could counteract it by increasing the expression of USP10
and ameliorating neurological deficits. However, this protective effect was inhibited by silencing of USP10. These results
suggest that neuroinflammation in VNS alleviating neurological deficits.>® Neuroinflammatory responses and neuronal
apoptosis are closely related to the pathological processes in ischemic stroke. The effects of VNS on suppressing
neuronal apoptosis were also demonstrated by the decreased levels of Bax and cleaved caspase-3, as well as increased
levels of Bel-2,%° which reduced infarct volume and improved neurological deficit scores.

Microglia participate widely in ischemia/reperfusion (I/R)-related inflammatory processes following an ischemic stroke.
Zhang et al have reported that VNS suppresses p-NF-kB in microglial.3 " The M2 microglial phenotype plays a critical role in
anti-inflammatory activity and is a promising target. In a study by Zhao et al,>* non-invasive VNS (nVNS) alleviated cerebral
I/R in mice by promoting microglial M2 polarization via interleukin-17A inhibition. The M1-to-M2 phenotype conversion is
accelerated by VNS to alleviate the inflammatory response. Brain injury was subsequently reduced through the inhibition of
microglial neuroinflammation following ischemia-reperfusion. Using a rat model of MCAO, Ay et al*® found that nVNS
inhibited ischemia-induced immune activation, including microglial activation and cytokine levels. The extent of tissue injury
and functional deficits was reduced without adverse cardiac or hemodynamic effects. In addition to microglial activation, VNS
inhibited MCAO-induced immune response in the brain by reducing the number of Iba-1-, CD68-, and TNF-a-positive cells
and increasing the number of HMGBI positive cells.** In view of the close relationship between neuroinflammatory response

and stroke outcome, VNS might promote neurological function prognosis by exerting anti-inflammatory effects.
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Enhancing Brain Plasticity
Brain plasticity is an inherent characteristic of the CNS and its ability to modify the structure and function of the brain in
response to external stimuli or injuries. Injured neural circuits require substantial rewiring after neurological insult from
a stroke. VNS may play a critical role in restoring corrective feedback patterns and promoting cortical
reorganization.’**> However, the mechanisms of how VNS exerts the beneficial effects of VNS on cortical plasticity
are not completely understood. The VNS fosters a neurochemical milieu that facilitates synaptic plasticity and supports
reinforcement. Specifically, it promotes the expression of neurotrophic factors, increases neurotransmitter release, and
alters the synaptic and intrinsic neuronal properties. In a rat model of unilateral cortical and subcortical ischemic stroke,*
VNS paired with rehabilitative training improved forelimb function 12 weeks after stroke. Four rats in the rehab group
and four rats in the Rehab + VNS group successfully received retrograde transneuronal tracer injections of pseudorabies
virus (PRV-152) into the forelimb muscles. The results showed that VNS paired with rehabilitative training increased
cortical PRV labeling in both the left and right sensorimotor cortices, suggesting that VNS enhanced plasticity in
corticospinal motor networks to increase synaptic connectivity to the musculature of the rehabilitated forelimbs. Thus,
the role of VNS in promoting motor recovery may be associated with enhanced structural plasticity in motor networks.
As a neuromodulatory therapy, VNS has recently been shown to enhance neuroplasticity by promoting myelin
repair.®>” With the application of VNS, demyelinating injury was assessed using longitudinal myelin dynamics and
functional recovery. The effect of VNS was further confirmed by an increase in the generation of myelinating
oligodendrocytes. The magnitude of the sheath pattern restoration correlates with long-term motor functional improve-
ment. Considering that demyelination of corticospinal tract neurons leads to long-term disability after cortical stroke,*®
VNS has the potential to treat stroke-related demyelinating diseases as a remyelination therapy.

Protecting the Blood-Brain Barrier (BBB)

Disruption of the BBB structure and function is related to infarct size and secondary brain damage following stroke. The
impact of VNS on BBB permeability following I/R injury was assessed according to a study by Wang et al.® Evaluation
of BBB structure by EB extravasation assay, FITC-dextran permeability assay, and transmission electron microscopy
analysis showed that VNS could improve BBB integrity and attenuate BBB damage. Another study verified the
neuroprotective role of nVNS in BBB integrity in rat MCAO models.>® Compared with the control group, MRI images
showed significantly reduced infarct sizes in the nVNS group. Dynamic contrast-enhanced (DCE)-MRI showed an
obviously decreased BBB transfer rate in the lesion area in the nVNS group, which was spatially associated with
attenuation of infarct size. In addition, nVNS protected vascular tight junction proteins from disruption in microvessels
and reduced the expression of matrix metalloproteinases-2/9 in reactive astrocytes surrounding compromised vessels in
ischemic hemispheres. This suggests that VNS may reduce BBB disruption in ischemic stroke. Aquaporin-4 (AQP-4) is
a unique bidirectional water channel protein which is present on astrocytes and lines the endothelial cells fortifying the
BBB. Investigating the effect of VNS on AQP-4 expression is important to clarify its relation to BBB permeability and
brain edema. In mice models of traumatic brain injury (TBI), it has been found that VNS could inhibit TBI-induced
upregulation of perivascular AQP-4, suggesting that modulation of AQP-4 may be another neuroprotective effect of
VNS.** However, current evidence is poor in stroke models, which may need to be validated in the future.

Promoting Angiogenesis

Angiogenesis after ischemic brain injury is positively related to reduced cerebral infarction and the recovery of
neurological function. A surge in angiogenesis represents increased cerebral blood volume, and cerebral vascular
remodeling benefits the functional recovery of stroke.*' VNS has been shown to induce angiogenesis in a rat tMCAO
model of stroke. Histopathologically, increased microvessel density and endothelial cell proliferation surrounding the
infarct area were observed using ta-VNS.** Upregulated BDNF and VEGF protein and mRNA levels at the border of the
ischemic zone were validated using immunofluorescence staining and Western blotting after 21 days of reperfusion. Li
et al** also found that ta-VNS induced angiogenesis and improved neurological function in a rat model of cerebral I/R
injury. PPAR-y is a potential mediator of ta-VNS-induced angiogenesis.
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Reducing Spreading Depolarization

Cortical spreading depolarization (SD) is an intense depolarization wave that originates in the ischemic penumbra and
slowly propagates across the gray matter, constricting the arteries in the ischemic brain region and imposing
a tremendous metabolic demand, thus increasing the supply—demand mismatch.**** It reflects cytotoxic edema and
negatively affects neuronal survival after an ischemic stroke.*® Novel therapies targeting SDs are effective intervention
tools for stroke treatment. Jan et al*’ investigated the effects of VNS on SDs in a rat model of focal ischemia and found
that VNS significantly reduced the frequency of SDs in the cortical peri-infarct area, contributing to improved outcomes.
Similarly, Lindemann et al explored the alteration in SD during a VNS intervention.*” They found that VNS significantly
reduced the frequency of SDs in the cortical peri-infarct area in a rat model of MCAQO. Moreover, clevated glutamate
levels are proposed triggers of SDs following stroke. VNS has also been reported to reduce ischemia-induced glutamate

release and alleviate excitotoxicity, leading to better outcomes in stroke patients.'>*®

Safety of VNS

The main adverse events of VNS include pain, sleep disturbance, flu-like symptoms, and local skin discomfort,* which
could be mild. However, a few cases with transient vocal cord palsy and dysphagia after implantation, atrial fibrillation,
reduced oxygen saturation, and chest pain have also been reported, which would seem to be serious.”® A meta-analysis
confirmed previous findings that instantaneous heart rate and systolic, diastolic, and mean blood pressures are not
significantly modified by ta-VNS.3! Another meta-analysis also showed that there was no significant difference in
adverse events between invasive VNS and control group.’? Therefore, VNS is safe and tolerable.

Conclusion and Perspective

In general, VNS could be considered an effective and feasible treatment for improving upper-limb motor dysfunction
after stroke with obvious cardiac complications. These positive effects may be related to anti-inflammatory effects,
mediating neuroplasticity, increasing blood—brain barrier integrity, promoting angiogenesis, and reducing spreading
depolarization (Figure 1). However, the mechanisms are not completely clear.

For example, the role of neurogenesis in VNS enhancing motor function is poorly reported. The vagus nerve has been
identified to modulate BDNF expression and neurogenesis in the hippocampus.”® BDNF is critical for maintaining adult
neurogenesis. Similarly, could VNS improve BDNF expression in the motor cortex of the brain, thereby enhancing motor
function? More hypotheses need to be verified.
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There is still uncertainty regarding the application plan of VNS for treating upper limb motor dysfunction after stroke,
including the optimal stimulation parameters, stimulation duration, and optimal intervention treatment time for VNS to
achieve successful results. With an implanted closed-loop system trend, the physiological feedback and spatiotemporal
precision of VNS must be considered. To identify the optimal stimulation parameters and intervention times in future
research, VNS should be combined with neuroimaging to study the pathological and physiological mechanisms of
disease occurrence and development. Currently, clinical research focuses more on ischemic stroke and less on hemor-
rhagic stroke. Further exploration of the effectiveness of VNS in hemorrhagic stroke is required. More importantly,
current evidence is insufficient to reveal the mechanism of VNS. With the development of optogenetics, chemogenetics,
and neural tracing techniques, the enhanced brain plasticity must be accurately confirmed. Clarification of the reorga-
nized neural circuit is essential for more precise treatment. A better understanding of the pathological mechanisms
underlying VNS could improve its clinical efficacy.
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