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ABSTRACT

Introduction: Stimulation of cranial nerves modulates central nervous system (CNS) activity via the extensive

connections of their brainstem nuclei to higher-order structures. Clinical experience with vagus-nerve stimu-

lation (VNS) demonstrates that it produces robust therapeutic effects, however, posing concerns related to its

invasiveness and side-effects.

Discussion: Trigeminal nerve stimulation (TNS) has been recently proposed as a valid alternative to VNS. The

ear presents afferent vagus and trigeminal-nerve distribution; its innervation is the theoretical basis of different

reflex therapies, including auriculotherapy. An increasing number of studies have shown that several thera-

peutic effects induced by invasive VNS and TNS, can be reproduced by noninvasive auricular-nerve stimu-

lation. However, the sites and neurobiologic mechanisms by which VNS and TNS produce their therapeutic

effects are not clear yet.

Conclusions: Accumulating evidence suggests that VNS and TNS share multiple levels and mechanisms of

action in the CNS.

Keywords: vagus nerve stimulation, trigeminal nerve stimulation, auricular stimulation, neuromodulation, brainstem,

forebrain, central nervous system

INTRODUCTION

Anumber of invasive and noninvasive brain-

stimulation techniques are currently used in clinical

neurology and psychiatry to modulate the activity of the

central nervous system (CNS).1–9 Importantly, whatever the

method used, neurostimulation has an impact on neuro-

transmitter release, with consequent excitation or inhibition

of neuron firing, which, in turn, affects neurotransmitters’

concentration in specific regions of the brain. As a result,

neurostimulation modifies the intrinsic properties of neu-

ronal membranes and synapses, development of new cir-

cuits, and the response of an individual synapse to a given

synaptic drive, thus interfering with neuroplasticity.10

Neuromodulation does not necessarily convey excitation or

inhibition from one neuron to another neuron, but, rather,

alters the cellular and/or synaptic properties of neurons.11

By changing these properties, neuromodulatory substances

reshape the output of an individual circuit, sometimes ef-

fectively rewiring or reprogramming it and thereby causing

that circuit to be multifunctional.

The therapeutic application of neurostimulation includes

the use of central and peripheral methods, which operate via

different mechanisms. The former work by stimulating the

brain directly (e.g., deep brain stimulation, transcranial di-

rect current stimulation, repetitive transcranial magnetic

stimulation), while the latter act indirectly through stimu-

lation of peripheral nerves, such as the vagus and trigeminal

nerves. In particular, the first group of techniques are sup-

posed to operate with a top-down mechanism that primarily

modulates the activity of cortical networks and secondar-

ily induces subcortical excitability changes. Yet, stimula-

tion of peripheral nerves may affect brain activity through a

bottom-up mechanism, for instance, by stimulating cranial

Department of Biomedical Sciences, University of Sassari, Viale San Pietro 43/b, 07100 Sassari Italy.

*These authors contributed equally to this article.

MEDICAL ACUPUNCTURE
Volume 30, Number 3, 2018
# Mary Ann Liebert, Inc.
DOI: 10.1089/acu.2017.1254

141



nerve nuclei in the brainstem, which, in turn, make exten-

sive connections to higher CNS structures.12,13

With specific regard to peripheral methods, studies on

vagus- and trigeminal-nerve stimulations (VNS and TNS,

respectively), along with clinical experience, have demon-

strated that these neurostimulation modalities can produce

robust therapeutic effects without incurring unsafe conse-

quences on normal brain function.

CLINICAL APPLICATIONS OF VAGUS-
AND TRIGEMINAL-NERVE STIMULATIONS

The first observation that VNS directly affects brain

function was performed in cats by Bailey and Bremer, in

1938.14 This seminal work was confirmed by Dell and Olson

in 1951,15 and primate studies provided evidence of VNS

effects on the basal limbic structures, thalamus, and cin-

gulate cortex.16 Based on these findings, it was hypothesized

that VNS might have anticonvulsant properties,17,18 with a

potentially positive effect on both direct termination of an

ongoing seizure as well as seizure prevention.19 Since these

seminal studies, VNS has been demonstrated widely to

control seizure activity across multiple species, suggesting

that VNS anticonvulsant effects involve widespread neu-

romodulatory mechanisms that are phylogenetically well-

conserved.20 Following these basic and clinical works, VNS

was developed further as an adjunct treatment for seizure

disorders, obtaining the approval of the U.S. Food and Drug

Administration (FDA) for the treatment of pharmacoresis-

tant epilepsy in 1997.21–24

VNS-induced mood elevation was serendipitously ob-

served in patients with epilepsy and prompted researchers also

to examine possible effects of VNS on emotional health.25–27

Several clinical trials were conducted to evaluate the efficacy

of VNS in patients whose conditions were resistant to standard

antidepressant treatments. This prospective investigation of

VNS effects in patients with depression resulted in the FDA

approval of VNS as an adjunct therapy for the treatment of

drug-resistant major depression in 2005.28

However, clinical use of VNS has also been shown to

have several limitations.29,30 Some of them are related to the

invasiveness of the method, due to the surgical implantation

of the stimulating device, for which hoarseness, cough,

vocal-cord paralysis, and infections are regarded as com-

mon adverse events. However, the most important limita-

tion in the clinical use of VNS is the presence of a visceral

efferent component in the vagus nerve that affects cardiac

function.31 Therefore, in order to avoid a possible depres-

sive effect on cardiac performance, VNS cannot be applied

bilaterally nor at high-stimulation frequencies, which limits

its potential efficacy.

To overcome the limitations of VNS, during the last de-

cade, an increasing number of experimental and clinical

researchers have proposed TNS as an alternative method. In

fact, this kind of neuromodulation produces similar effects

to VNS but without the autonomic side-effects. Due to this

feature, TNS can be delivered bilaterally with potentially

greater beneficial effects obtained at lower stimulation in-

tensities.32,33 In this light, an increasing number of studies

have shown that TNS is beneficial for seizure control, de-

pression, and migraine, and, very recently, the FDA ap-

proved a clinical trial for TNS treatment of Lennox–Gastaut

syndrome.34

In addition to epilepsy and depression, researchers have

proposed a clinical application for VNS and TNS for treating

variety of disorders, such as migraine,35 anxiety,36 cognitive

impairment,37,38 Alzheimer’s disease,39 autism,40 tinnitus,41,42

poststroke symptoms,43–45 post-traumatic stress disorder,46

eating disorders47 and obesity.48 Although clinical trials on the

topic are accumulating, most of them are preliminary proof-of-

concept pilot studies obtained with limited sample sizes.

The Vagus Nerve

The vagus nerve is the tenth, and longest, cranial nerve,

with a somatic afferent distribution to the external ear. This

nerve is a major component of the parasympathetic section

of the autonomic nervous system. The vagus nerve contains

A-fibers, B-fibers, and C-fibers, which have different ana-

tomical features and functional properties.49 The efferent

component of the vagus nerve represents *20% of the total

number of fibers contained in the nerve. This component

originates from the nucleus ambiguous (NA) and the dorsal

motor nucleus (DMN) of the vagus nerve and travels through

the head, neck, thorax, and abdomen to exert a parasympa-

thetic influence on multiple organs located in these body

regions. From these organs, vagal afferent fibers carry gen-

eral and special sensory information to the nucleus of the

nucleus of the solitarii tract (NST).50,51 Moreover, sensory

somatic fibers innervating a portion of the external ear pro-

ject to the spinal trigeminal nucleus (spV). Thus, the NST

and the spV are, respectively, the recipients of visceral and

somatic sensations carried by the vagus nerve to the brain.

These nuclei, in turn, project mono- or polysynaptically to a

wide network of areas in the CNS.

The Trigeminal Nerve

In addition to providing motor innervation to masticatory

muscles, the trigeminal nerve is responsible for sending

tactile and nociceptive information from the face and from

the anterior region of the external ear to the CNS, using A

beta, A delta, and C afferent fibers.52,53 Afferent projections

from the trigeminal ganglion ascend to the trigeminal nuclei

in the brainstem. It is remarkable that that, unlike the vagus

nerve, the trigeminal nerve contains no autonomic outflow

fibers. However, the somatic afferents carried by the tri-

geminal nerve reach extratrigeminal regions in the brain-

stem and in the forebrain, which are important for the

regulation of many autonomic functions. In fact, it has been
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shown recently that trigeminal sensory nuclei—in addition

to sending tactile and pain information to the thalamus and

from there to the somatosensory cortex—also project bi-

laterally to multiple nearby brainstem nuclei, including the

NST, the locus coeruleus (LC) and the dorsal raphe nucleus

(DRN).54

In addition to these brainstem regions, projections from

the trigeminal sensory complex reach forebrain structures,

such as the endopiriform nucleus, the entorhinal cortex, the

hippocampus and the amydgala,54 which all have important

physiologic roles. These data provide anatomical support to

physiologic results proving that TNS affects brainstem

structures55,56,57 which, in turn, influence forebrain areas

involved in the pathophysiology of specific CNS disorders,

on which TNS has been shown to exert therapeutic ef-

fects.35,58–60 In this sense, the antiseizure effects of TNS

seems particularly interesting, both in animal models33,38,54

and in patients with epilepsy.59,61–63

These anatomical data confirm previous physiologic find-

ings proposing that the vagus and trigeminal nerves share

common relay stations in the brainstem including the NST,

LC, and raphe nucleus (RN).64 These three structures seem to

play a key role in the therapeutic effects of VNS and TNS.

The Nucleus of the Solitarii Tract

The NST is an important center for the regulation of

visceral, cardiovascular, and respiratory functions, through

control of swallowing and cardiomotor motoneurons in the

NA and DMN, respectively. The caudal part of the NST also

projects to the periaqueductal grey matter and to the visceral

nuclei in the spinal cord, mediating visceral sensation.

Visceral inputs are relayed from the NST to the expiratory

and vasomotor centers situated in the reticular formation of

the brain medulla.

The most abundant pathways ascending from the intero-

ceptive portion of the NST reach the forebrain, in particular,

the bed nucleus of the stria terminalis, which projects sub-

stantially to the amygdala, along the ventral ‘‘amygdalofugal’’

pathway. Moreover, the NST sends information concerning

the internal body to the insular cortex, after making further

synaptic connections with the parabrachial complex and the

ventral posteromedial nucleus of the thalamus.

The insula is an area strongly interconnected with para-

limbic structures, including the amygdala and the hippo-

campus. One needs to recall that the NA and the NST

receive most of the sensitive fibers from the spV and that all

of these structures are reciprocally connected with the area

postrema, which is a medullary structure that has a key role

in nausea and vomiting.

As noted before, the NST—and in particular its caudal

part—is a key integrative center for reflexive control of

visceral motor function, and performs important relays of

visceral sensory information to other brainstem nuclei and

forebrain structures, including the parabrachialis nucleus;

hypothalamus; amygdala; thalamus; and the medial, pre-

frontal, and insular cortices.

Although one might propose that the posterior insular

cortex serves as the primary visceral sensory area and that

the medial prefrontal cortex serves as the primary visceral

motor area, it might be more useful to emphasize the in-

teractions among these cortical areas and the related sub-

cortical structures mentioned above. Taken together, they

constitute a central autonomic network, which accounts for

the integration of visceral sensory information with input

from other sensory modalities and higher cognitive centers

that process semantic and emotional experiences.

The Locus Coeruleus and Raphe Nucleus

The LC and the RN, respectively, provide the noradren-

ergic and serotoninergic innervation at virtually all levels in

the CNS, with key roles in the regulation of autonomic

functions, arousal, the wake–sleep cycle, pain, anxiety, and

mood.20,65

The major inputs to the LC originate from the nucleus

paragigantocellularis and the perifascicular area of the nu-

cleus prepositus hypoglossi, which make the former an

excitatory connection using noradrenaline and the latter an

inhibitory synapsis using c-aminobutyric acid (GABA).

Experimental studies in animals have shown that the

connection between NST and the DRN is mediated by the

LC, via the activation of alpha-1 postsynaptic adrenocep-

tors.66,67 It has been suggested that, when the vagus nerve is

stimulated, the excitatory pathway from the NST to the LC

is facilitated more than the inhibitory one; thus, the indirect

effect exerted by the NST on the DRN, via LC, is mainly

excitatory. Several experimental studies on animal models

and also functional neuroimaging in humans have associ-

ated this connection with the antiseizure and antidepressant

effects of VNS.67,68

Neurochemical Effects and Pathophysiologic
Implications of Vagus-Nerve and Trigeminal-
Nerve Stimulation

The pathways by which VNS and TNS exert their mul-

tiple effects on CNS activity are still poorly understood.

The vagus nerve primarily projects to the NST, where the

nerve releases glutamate and aspartate, GABA, acetylcho-

line, and other neuropeptides for signal transduction.

There is a growing body of evidence implicating nor-

adrenaline as a key mediator of VNS-induced effects in the

CNS. VNS has been shown to result in a long-lasting in-

crease in release of noradrenaline in the basolateral amyg-

dala, in the thalamus, hippocampus, and neocortex, which is

likely mediated by the LC or by a direct projection from the

A2 cell group of the NST, which also projects to the LC.69

Experimental evidence links these structures and nor-

adrenaline to the antiseizure and antidepressant effect of

VNS.70,71 VNS has also been shown to increase levels of
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free GABA in cerebrospinal fluid and in the hippocampus,

as well as decreasing glutamate and increasing GABA in the

NST.72,73 These effects have also been accounted for the

seizure-attenuating effects of VNS.20

Modulation of the serotonergic system is another possibil-

ity, as a major projection of the NST is the DRN, which is the

main source of the serotoninergic innervation of the brain.74

The function of many limbic and paralimbic regions of the

brain depends on levels of noradrenaline and serotonine.75,76

This can explain, reasonably, the modulatory effects of VNS

on mood, anxiety, and other neuropsychiatric disorders.71

VNS increases neurotrophic factors in both the hippo-

campus and neocortex,77–79 suggesting that this action may

be implicated in VNS’ antidepressant effect.80

VNS and TNS also stimulate c-Fos transcription, cellular

proliferation, and neurogenesis in the hippocampus,54,79

which, along with the neurotropic effect, have been asso-

ciated with VNS effects on neuronal plasticity, memory,

learning, mood, and cognitive processes.81–83

Furthermore, in studies as recent as 2014, it has been

shown that VNS modulates the release of a variety of factors

such as nitric oxide, melanocortins, inflammations, and glu-

tamate excitotoxicity, that are involved in the physiopa-

thology of ischemic stroke; these actions are thought to be

responsible for the reduction of stroke volume and of the

perilesional edema observed in recent studies performed in

poststroke animal models and in clinical observations.84

In addition, the vagus nerve mediates an anti-inflammatory

effect by suppressing cytokine production via the so-called

cholinergic anti-inflammatory pathway and, through action

on inflammation and the serotoninergic pathway, the vagus

nerve exerts an antinociceptive effect.85

Finally, there is a growing interest in the effects of VNS

on factors and areas involved in food intake and metabo-

lism, which has led to a general agreement on the beneficial

effects of VNS on glucose tolerance and body weight.86,87

With respect to the physiologic mechanisms mediating the

clinical effect of TNS, research is not as advanced as on those

mediating VNS. Based on the anatomical and functional data

reported above and on recent experimental data,33,38,54–56 it

can be assumed that the antiseizure and antidepressant effects

as well as the antimigraine actions of TNS might share the

same mediators and CNS targets used by VNS.

Transcutaneous Vagus-Nerve
and Trigeminal-Nerve Stimulation

Both the vagus and trigeminal nerves can be accessed for

stimulation not only surgically but also transcutaneously,

and the latter option is, of course, of great interest because of

its noninvasiveness, safety, and affordability. Transcuta-

neous stimulation of the trigeminal nerve is commonly de-

livered by applying the stimulating electrodes on the skin

over the emergence of the supraorbital and/or infraorbital

branches of the trigeminal nerve.88 Transcutaneous stimu-

lation of the vagus nerve is possible only at the level of the

external ear, which is the only place on the surface of the

body with afferent vagus-nerve distribution. The external

ear is also innervated by trigeminal nerve fibers, which

partially overlap with the vagus territory.

In more detail, the external ear has a complex innervation,

characterized by a considerable overlap between multiple

nerves.89,90 It is supplied by at least four nerves: (1) the

auriculotemporal nerve; (2) the auricular branch of the va-

gus nerve (ABVN); (3) the lesser occipital nerve; and (4) the

greater auricular nerve (Fig. 1). The auriculotemporal nerve

stems from the mandibular branch of the trigeminal nerve,

which mainly supplies the anterosuperior and anteromedial

areas of the external ear. The ABVN is the only peripheral

branch of the vagus nerve, and mainly supplies the auricular

concha and most of the area around the auditory meatus.

The lesser occipital nerve originates from C-2 branch of the

cervical plexus and supplies sensory innervation for the

superior third of the external ear. The greater auricular nerve

originates from C-2 to C-3 branches of the cervical plexus

and supplies the lower parts of the auricle.

The innervation of the ear represents the theoretical basis of

different reflex therapies, including auriculotherapy.89 Based

on this assumption, the literature on the therapeutic effects of

auricular stimulation on the symptoms of several disorders is

increasing greatly,91–97 and these studies are showing that

the beneficial effects induced by invasive VNS and TNS

can be reproduced by noninvasive auricular stimulation.98

Although all of anatomo-functional data reported above

were obtained following invasive VNS and TNS, accumu-

lating evidence seems to suggest that the same brainstem and

forebrain areas are influenced by stimulation of the ear.

FIG. 1. Schematic representation of the innervation of the ex-
ternal ear.
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Neurophysiologic studies have shown that far-field po-

tentials (i.e., potentials that are produced by neural gener-

ators located at a distance from the recording electrodes)

were recorded from the scalp following auricular stimula-

tion. These potentials, called vagus-somatosensory–evoked

potentials, were detected clearly at latencies compatible

with a brainstem origin, at electrode positions C-4–F-4 only

after stimulation at the inner side of the tragus of the con-

tralateral ear, but not at the other stimulation positions in

the ear.99–101

Within the last decade, several fMRI studies also dem-

onstrated that the central projections of the vagus nerve can

be accessed via electrical stimulation of the external

ear.92,94,102 The effects of the stimulation of the cymba

concha of the external ear (i.e., the upper, smaller part of the

external ear lying above the crus helicis; Fig. 1),90 were

compared with those obtained by stimulation of the earlobe,

taken as a control. Data have shown that the stimulation of

the cymba concha induces the activation in the medulla of

the spV and of the NST. In the pons, all of those regions that

were seen before as main targets of VNS and TNS—such as

the LC and the parabrachialis nucleus—were activated by

the stimulation of the cymba concha.

In the midbrain, the periacqueductal grey matter, the

DRN, the substantia nigra, and the red nucleus were the

regions significantly activated by cymba concha stimula-

tion, in comparison with the control. In the forebrain, in

addition to the primary somatosensory area, the amygdala,

the fornix, the thalamus, and the insula were activated

consistently. Finally, data showed that the hippocampus and

the hypothalamus were also targets of auricular stimulation,

but the observed effect was deactivation. The findings of

functional magnetic resonance imaging (fMRI) studies

provided evidence that noninvasive electrical stimulation of

the somatic afferent branch of the vagus nerve activated

both visceral and somatic vagal projections in the brain.

In particular, stimulation of the ABVN, via the cymba

concha, activates the NST, the LC, the DRN. and other pri-

mary and higher-order vagal projections in the brainstem and

forebrain. It has been suggested that the patterns of activation

and deactivation observed in studies performed with healthy

subjects provide a point of reference for understanding the

mechanism(s) underlying the anticonvulsive, antidepressive,

and antinociceptive effects of transcutaneous VNS.94,102,103

Interestingly, it has been shown that the brain sites to which

the vagus projects remained maximally active during the

poststimulation period. Furthermore, their activity declined

gradually, persisting for 11 minutes after cessation of cymba

concha stimulation, as shown by a time-course analysis of the

percent change of the bold signal for each significantly active

region compared to baseline.102 This finding could explain

the concomitant persistence of the cognitive and behavioral

effects of ear stimulation.102

In rats, stimulation of the ABVN in the area of the auricular

concha showed that transcutaneous VNS plays an important

role in immunoregulation through activation of the cholinergic

anti-inflammatory pathway and downregulation of proin-

flammatory cytokine expressions and nuclear factor kappaB

(NF-jB) activities.93 The activation of the ABVN evoked by

transcutaneous VNS, activates the NST and the integrated

output is carried by the efferent vagus nerve to inhibit in-

flammatory responses.93 Furthermore, researchers who per-

formed animal studies reported that auricular stimulation

reduced infarct volume and induced angiogenesis after cere-

bral ischemia, and might, therefore, represent a new potential

therapy target for stroke.104 These data, obtained in experi-

mental animals, indicate that transcutaneus VNS treatment

might improve recovery of neurologic function,104,105; how-

ever, human studies have yet to be performed.

Finally, both animal and human studies demonstrate that the

vagus and trigeminal nerves project bilaterally to their target

regions in the CNS, and that there is a wide central integration

of visceral and somatic information carried by these nerves.

Data presented so far suggest that, conversely from the inva-

sive stimulation of the vagus nerve, there is no point in pre-

ferring one side or the other in auricular stimulation.106

DISCUSSION

The innervation of the external ear with fibers derived from

the vagus and trigeminal nerves, represents the main theo-

retical basis for auricular stimulation. This assumption is

supported by several sources of evidence including: (1) long-

standing clinical experience with auricular acupuncture89,107;

(2) case-control observational studies dealing with the ther-

apeutic effects of auricular stimulation; (3) neurophysiologic

and fMRI studies in humans showing that auricular stimu-

lation modulates the functional state of brain areas that are the

target of the vagus and trigeminal nerves; and (4) experi-

mental studies with animal models, proving that auricular

stimulation influence produces effects in the CNS that are

comparable to those produced by invasive VNS and TNS.

Consistent evidence shows that trigeminal and vagal

systems share common relay stations in the brainstem, which

could explain the similar clinical effects of VNS and TNS.

The NST and the spV are the recipients in the brainstem of

visceral and somatic afferents carried by these nerves. These

nuclei seem to play a key role in the effects of both vagal and

trigeminal neuromodulation by projecting sensory infor-

mation to the LC and DRN. These structures affect the

function of different areas of the brain profoundly, in-

cluding the amygdala, hippocampus, hypothalamus, thal-

amus, and cortical areas, including the primary sensory

cortex for the facial fields (Fig. 2).

While the final outcome of these changes has not been

clearly established, there is experimental evidence for the

role of the vagus and trigeminal nerves in regulating sev-

eral physiologic pathways including: cerebral blood flow;

melanocortins and inflammation; glutamate excitotoxicity;
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neurotropic processes; and GABAegic, glutamatergic, and

acetylcholinergic systems. All of these structures and pro-

cesses are involved in the regulation of vigilance, mood,

anxiety, cognitive processes, pain, food intake, metabolism,

propensity to seizures, the sleep–wake cycle, hormone reg-

ulation, and reward/addiction.

A crucial point to be emphasized is that the mechanisms

by which stimulation of the vagus and trigeminal nerves can

exert central therapeutic effects is essentially an open

question. Interestingly, scientific and clinical applications

have largely preceded knowledge of the mechanism of ac-

tion of peripheral nerve stimulation, which still presents a

challenge for researchers. This is due, in part, to the lack of

knowledge about the effects of such stimulation throughout

the CNS and, in part, to the lack of knowledge of the

pathologic mechanisms that underlie the treated disorders.

Indeed, some experimental researchers investigated the

effects of electrical stimulation on animal models through

several methods. However, all animal studies, so far, have

been performed with little or no relationship to devices used

with humans, and have not examined the effects of different

stimulation parameters in detail, to help understand which

treatment might produce a reliable and reproducible effect.

Furthermore, there is still a lack of a functional map of the

brain, which would help determine which sites of the brain

to stimulate in order to elicit a predictable response.

Therefore, it is possible to affirm that, so far, experi-

mental data have not produced practical effects with respect

to the development of established neuromodulation proto-

cols in humans. Yet, adequate animal models are necessary

to understand how these treatments alleviate symptoms in

humans and to explain the biologic effects of the stimulation

devices and protocols currently used in humans.

CONCLUSIONS

A growing body of literature reports that auricular stim-

ulation exerts therapeutic effects on several disorders and

can restore the homeostatic balance in patients with dys-

functional conditions. Experimental evidence is increas-

ingly supporting a role for the vagal and trigeminal afferent

systems in the clinical effects described following auricular

stimulation. These data have demonstrated that multiple

areas in the CNS, which are of key importance to the

pathophysiology of neuropsychiatric illnesses, could be

targeted by vagal and trigeminal neuromodulation via

stimulation of the external ear.

However, despite the wide knowledge of vagus and

trigeminal nerves anatomy and physiology, the mecha-

nisms responsible for the efficacy of VNS and TNS

treatments are still poorly understood. Although some

research examining their effects on animal models does

exist, auricular neuromodulation deserves further mech-

anistic studies on its potentially favorable effects on

physiologic biomarkers associated with neurophysiologic,

FIG. 2. Schematic representation of the main areas in the central nervous system areas possibly influenced by external ear stimulation
via vagal and trigeminal nerves. VPM, ventral posterior medial nucleus; ILN, intralaminar nuclei; En, endopiriform nucleus; BNST, bed
nucleus stria terminalis; PAG, periacquductal gray matter; PBN, nucleus parabrachialis; RN, raphe nucleus; LC, locus coeruleus; NST,
nucleus of the solitarii tract; ABVN, auricular branch of the vagus nerve; ATN, auricular temporal branch of the trigeminal nerve.
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neurotrophic, cerebrovascular, cardiovascular, and meta-

bolic functions.

With this perspective, future research should also address

the question regarding the possible relationships among the

different protocols used currently in humans and the effects

observed on the abovementioned biomarkers, to establish

which stimulation parameters produce reliable and repro-

ducible effects and to identify a core set of outcomes that

best portray functional and clinical changes.
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