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Abstract

Due to its pivotal role in autonomic networks, the vagus attracts continuous interest from both 

basic scientists and clinicians. In particular, recent advances in vagus nerve stimulation strategies 

and their application to pathological conditions beyond epilepsy provide a good opportunity to 

recall basic features of vagal peripheral and central anatomy. In addition to the “classical” vagal 

brainstem nuclei, i.e., dorsal motor nucleus, nucleus ambiguus and nucleus tractus solitarii, the 

spinal trigeminal and paratrigeminal nuclei come into play as targets of vagal afferents. On the 

other hand, the nucleus of the solitary tract receives and integrates not only visceral but also 

somatic afferents. Thus, the vagus system participates significantly in what may be defined as 

“somato-visceral interface”.
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1. Introduction

The vagus (the “wandering” nerve) is a major cranial nerve connecting the brain with neck, 

thoracic, abdominal and eventually also some pelvic organs. Although often introduced as 

the paradigmatic “parasympathetic” nerve, its visceral efferent component (and only this is 

referred to as parasympathetic) represents just one and not even the largest portion of its 

fibers. The vagus contains also branchiomotor (formerly called special visceral efferent) 

neurons and a quantitatively even more impressive afferent fiber contingent. It is this 

afferent component which is targeted by current methods of invasive (through electrodes 
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wrapped around the cervical vagus) and non-invasive transcutaneous auricular (electrode on 

cymba conchae) or cervical (stimulation device over anterolateral neck skin) vagus nerve 

stimulation (VNS) for intractable epilepsy, depression and cluster headache (see Butt et 

al. 2020 for review; Silberstein et al. 2016). This review aims to briefly summarize the 

topography, peripheral innervation territories including the targets of preganglionic neurons 

and sensory structures as well as the brainstem nuclei of the vagus with only a short account 

of their major central connections. Special attention will be given to vagal innervation of the 

external ear and the upper aerodigestive tract, organs developmentally derived from foregut, 

pharyngeal arches, pouches and clefts where the somatic and visceral domains merge.

2. Vagus nerve: topography, branches, innervation territories, fiber 

spectrum

The rootlets of the vagus exit the medulla oblongata in the retro-olivary sulcus together 

with the root of the glossopharyngeal nerve and the cranial root of the accessory nerve. In 

rodents, the medullary exit and entrance of efferent and afferent vagal axons are separated 

into a ventral and dorsal root, respectively, a division which is not so evident in human. After 

piercing the dura, they leave the skull through the neural part (pars nervosa) of the jugular 

foramen, where the jugular or superior ganglion is located. The dural “sleeve” enveloping 

the vagal rootlets continues into the capsule of the jugular and nodose ganglia as well as the 

epi- and perineurium of the nerve, thereby significantly increasing its diameter. Immediately 

below the base of the skull, the large spindle-shaped nodose or inferior ganglion is formed. 

The vagus nerve continues its course through the neck located between the internal and, 

more caudally, common carotid artery and the internal jugular vein. On average, the nerve 

is found at the level of the laryngeal prominence at 3.5 cm lateral to the midline and 3.5 cm 

deep to the skin, with some variability (Hammer et al., 2018). Both blood vessels and vagus 

nerve, together with the ansa cervicalis profunda, are enveloped by the carotid sheath, in 

human a rather firm fascial structure which is anchored to the surrounding connective tissue 

(Fig. 1).

Average thickness of the human cervical vagus was variably described in post mortem 

studies between 2 mm (Pelot et al., 2020; Stakenborg et al., 2020) and 4.5 mm (Hammer 

et al., 2018), decreasing with age, but without sex or side differences. However, a study 

using high-resolution ultrasound revealed a larger cross-sectional area of the right versus left 

cervical vagus (Pelz et al., 2018). Five to seven fascicles were counted in the human cervical 

vagus (Hammer et al., 2018; Pelot et al., 2020; Stakenborg et al. 2020), while only one and 

as much as 46 fascicles were found in the mouse and pig cervical vagus, respectively (Pelot 

et al., 2020; Stakenborg et al., 2020).

2.1 Cranial and cervical branches

The first branch given off is the small ramus auricularis (auricular branch of the vagus 

nerve, ABVN), also called Arnold’s nerve (Fig. 2; Testut, 1922; for review see Butt et al., 

2020). Leaving from the jugular ganglion, it enters the mastoid canaliculus, engaging in 

anastomotic connections with branches from the facial and glossopharyngeal nerves within 

the petrosal bone and innervates parts of the external ear; a branch of the ABVN reaches 
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the dura of the posterior cranial fossa. Dissection studies on embalmed specimens provided 

a fairly detailed map of the innervation territories of the ABVN and other auricular nerves 

(greater auricular, auriculotemporal, lesser occipital) in human showing some overlap but 

also an autonomous ABVN area in the cymba conchae (Peuker and Filler, 2002).

At the level of the nodose ganglion, a branch is given off to the pharynx. At the distal 

pole of the nodose ganglion, the superior laryngeal nerve splits off, coursing medial to the 

carotid artery and, before piercing the thyrohyoid membrane, issues its external branch to 

the cricothyroid muscle and branches to the cervical esophagus and the cricopharyngeal 

muscle, the latter branches being endangered during thyroid surgery (Prades et al., 2009; 

Uludag et al., 2017; Fig. 2). It is also this area where connecting branches with the cervical 

sympathetic trunk, eventually providing some sympathetic postganglionics to the vagus 

(Yang et al., 1999; Verlinden et al., 2016), and with the hypoglossal nerve, leading afferent 

fibers from the tongue to their cell bodies in the jugular ganglion (Neuhuber and Mysicka, 

1980 and references therein), are regularly observed.

Branching of the vagus within the carotid sheath at mid-cervical levels, the typical site 

where stimulating electrodes for invasive VNS are implanted, was observed in almost one

third of bodies in a post mortem dissection study, either uni- or bilaterally (Hammer et al., 

2015). At low cervical levels, a superior cardiac branch was regularly observed (Kawashima, 

2005).

2.2 Thoracic branches

The vagus enters the mediastinum between the subclavian vein and artery, on the right 

side giving off the recurrent laryngeal nerve around the artery. On the left, it abuts upon 

the anterolateral aspect of the aortic arch where the left recurrent laryngeal nerve winds 

around dorsally, bound by the ligamentum arteriosum (Botalli’s ligament). Inferior cardiac 

branches are given off by both recurrent nerves and thoracic cardiac branches split off distal 

to the recurrent nerve’s origin (Kawashima, 2005). The recurrent laryngeal nerves travel in 

a groove between trachea and esophagus, giving off branches to both organs, and eventually 

enter the larynx from below as the inferior laryngeal nerves (Fig. 2). Because of their close 

relationship to the inferior thyroid artery, they are vulnerable during thyroid surgery.

In its mediastinal course, the vagus crosses the principal bronchi dorsally, providing 

branches to the pulmonary plexus and follows the esophagus, embedded in its adventitia. 

Here, the right and left vagus form a plexus suggestive of fiber exchange between both 

sides (Fig. 2). Tracing and functional studies in rat indicated that this occurs for efferent and 

afferent fibers to different though small extents (Fox and Powley, 1985; Norgren and Smith, 

1988; Horn and Friedman, 2005;).

2.3 Abdominal branches

Both left and right vagi enter the abdominal cavity as the anterior and posterior, respectively, 

trunk, together with the esophagus through its hiatus in the diaphragm. In some species, 

e.g., the ferret, the posterior trunk contained double as much axons than the anterior trunk 

(Asala and Bower, 1986) which was, however, not observed in the rat (Prechtl and Powley, 

1990). The vagal trunks divide into two gastric and two celiac branches, each one from the 
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anterior and posterior trunk, and one common hepatic branch from the anterior trunk (Fig. 

2; Powley et al., 1983). However, terminology does not strictly correlate with innervation 

territories of the respective branches. In particular, the hepatic branch supplies, besides liver, 

biliary tract and portal vein, also the pancreas and duodenum which makes the interpretation 

of functional studies on the effects of “hepatic branch vagotomy” difficult (Berthoud and 

Neuhuber, 2019). The celiac branches serve primarily as a conduit for vagal efferent and 

afferent axons to the prevertebral plexus and from there along the branches of mesenteric 

arteries to the small and large intestines (Wang and Powley, 2007). However, anterograde 

tracing in rat demonstrated also presumed synaptic vagal preganglionic terminals on 

sympathetic postganglionic neurons of prevertebral ganglia (Berthoud and Powley, 1993).

The vagal efferent and afferent innervation extends well into the distal colon (equivalent to 

the descending colon in human) as demonstrated with anterograde tracing in rat (Berthoud 

et al., 1991; Wang and Powley, 2000). Anterograde tracing in female rats indicated vagal 

afferent innervation even of the uterus (Collins et al., 1999); it is unknown if there is also 

an efferent vagal influence on pelvic organs. There is no indication for vagal innervation 

of kidney, adrenal gland, lymphatic organs and adipose tissue (Cano et al., 2004; Berthoud 

et al., 2006; Giordano et al., 2006). Although it is possible that kindney, adrenal gland, 

adipose tissue and spleen are influenced by the vagus through a relay in prevertebral ganglia 

(Berthoud and Powley, 1993), this is controversially debated in particular for the spleen 

(Cano et al., 2001; Bratton et al., 2012; Kressel et al., 2020). Earlier data on vagal input 

to these organs rely on retrograde tracing notorious for diffusion artifacts (Fox and Powley, 

1989).

2.4 Fiber spectrum

About 50 percent of axons in the cervical vagus in species of different body sizes (mouse, 

pig, human) are myelinated (Stakenborg et al., 2020). However, in this light microscopic 

study the proportion of unmyelinated fibers was underestimated as the neurofilament 

immunostaining demonstrated Remak bundles rather than individual unmyelinated axons. 

Remak units in the vagus nerve harbor on average two to four unmyelinated axons as 

demonstrated by electron microscopy (cat cervical vagus: Mei et al., 1980; ferret cervical 

vagus: Asala and Bower, 1986; rat abdominal vagus: Prechtl and Powley, 1990). Thus, a 

myelinated to unmyelinated axon ratio of one to five was calculated for the cat cervical 

vagus (Mei et al., 1980). Assuming a similar ratio also for the human cervical vagus, 

20,000 myelinated axons (Stakenborg et al., 2020) were accompanied by some 100,000 

unmyelinated axons. In human, about one half to two thirds of large myelinated fibers are 

motor axons of the recurrent laryngeal nerve, the others presumed afferent Aβ axons most 

likely from low threshold pulmonary mechanosensors; the numbers of thick myelinated 

axons in the thoracic vagus equals the number of this class of axons in the cervical 

vagus after subtracting the recurrent nerve’s number (Safi et al., 2016). These axons are 

presumably activated by current methods of invasive VNS (Evans et al., 2004). As there 

are very few or almost no muscle spindles in laryngeal muscles (Paulsen, 1958; Loucks 

et al., 2005) and thus almost no Aγ axons to be expected, small and medium sized 

myelinated axons in the cervical vagus are also most likely afferents or preganglionic 

cardioinhibitory efferents (see section 3.1.2). In contrast, more than 90 percent of axons 
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in the subdiaphragmatic vagus are unmyelinated (99.5% in rat: Prechtl and Powley, 1990; 

94% in human: Stakenborg et al., 2020, see caveat above), encompassing both preganglionic 

efferents and visceral afferents. The nature of the few myelinated fibers is unknown.

In the context of VNS strategies, knowledge of the anatomy of the vagus nerve’s non

neuronal components, which were hitherto poorly studied, is also important. A recent study 

found that the perineurium of vagal axon fascicles is thicker as compared to other peripheral 

nerves (Pelot et al., 2020). This has to be taken into account when defining stimulation 

parameters.

Blood supply to the cervical vagus is provided by branches of vertebral, inferior thyroid and 

other neighbouring arteries. The number of subepineurial arteries correlated positively with 

fascicle numbers in human (Hammer et al., 2018).

3. Efferent neurons

3.1 Preganglionic parasympathetic neurons

3.1.1 Dorsal motor nucleus—Most of the vagal preganglionic parasympathetic 

neurons are located in the dorsal motor nucleus (DMX), a flat sheeth of medium-sized 

neurons sandwiched between the nucleus of the solitary tract (NTS) dorsally and the 

hypoglossal nucleus ventrally (Fig. 3a). It extends from the level of the pyramidal 

decussation throughout the entire medulla oblongata. Together with the medial nucleus 

of the solitary tract, it bulges the caudal floor of the fourth ventricle forming the vagal 

trigone (trigonum nervi vagi); rostrally, it decreases in size and is displaced, together with 

the solitary tract and nucleus, ventro-laterally by the medial and inferior vestibular nuclei 

which increased in size in the dorsal medulla. The majority of DMX neurons are cholinergic 

preganglionics targeting the enteric nervous system from the esophagus down to the distal 

colon, including pancreatic ganglia (Fig. 3b; Berthoud and Powley, 1991; Berthoud et 

al., 1991). Surprisingly, DMX neurons project only to a negligible extent to the area of 

the rat liver pedicle (Berthoud et al., 1992), and the absence of cholinergic markers in 

intrahepatic nerve fibers, at least in rodents, argues against a significant parasympathetic 

cholinergic innervation of the liver (Arvidsson et al., 1997). DMX neurons project also 

to cardiac ganglia (retrograde tracing data in rhesus monkey: Hopkins and Armour, 

1998; anterograde tracing data in rat: Cheng et al., 1999). However, it is unclear if they 

exert a negative chronotropic or rather a negative inotropic effect (Gourine et al., 2016). 

Preganglionic neurons of the rat DMX are viscerotopically arranged in longitudinal columns 

medio-laterally (Fox and Powley, 1985), which combines with a rostro-caudal somatotopy 

of visceroafferent terminals in the NTS (Altschuler et al., 1989) forming a lattice for reflex 

connections across organ borders (Powley et al., 1992). It is unknown how the somatotopy 

of the rat DMX relates to the subnuclei of the human DMX (Huang et al., 1993).

Besides cholinergic preganglionic neurons, the DMX harbours some subdiaphragmatically 

projecting neurons which display catecholaminergic (Yang et al., 1999; Tsukamoto et al., 

2005) and nitrergic (Krowicki et al., 1997) markers. Furthermore, small neurons which 

do not project through the vagus nerve are considered interneurons or centrally projecting 
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neurons (McLean and Hopkins, 1982; Jarvinen and Powley, 1999), some of them being 

GABAergic (Gao et al., 2009).

3.1.2 External formation of the nucleus ambiguus—In addition to the DMX, 

parasympathetic preganglionic neurons are also found in the external formation of the 

nucleus ambiguus (see section 3.2). They target postganglionic neurons in subepicardial 

ganglia of the heart and in the tracheobronchial tree. The axons of the cardioinhibitory 

ambiguus neurons are small myelinated in contrast to those from cardiac DMX neurons 

which are almost all unmyelinated (Cheng et al., 1999; Cheng and Powley, 2000; Gourine et 

al., 2016). Depending on species, the proportions of cardiac DMX and AMB preganglionic 

neurons vary, with more than 80 percent located in the cat’s and 60 percent in the 

monkey’s ambiguus nucleus (Hopkins and Armour, 1998; Taylor et al., 1999 for review). 

Interestingly, all vagal preganglionic neurons of the shark’s ambiguus homologue in the 

ventrolateral medulla innervate the heart with myelinated axons and account for 45 percent 

of cardiac preganglionic neurons in this phylogenetically old species, the other 55 percent 

residing in the DMX (Taylor et al., 2014). Thus, myelinated cardioinhibitory neurons are 

phylogenetically highly conserved and not a new trait specific of mammals as proposed by 

the polyvagal theory (Porges, 2001).

Both right and left ambiguus and dorsal motor nuclei, respectively, project to all cardiac 

ganglia as shown with anterograde tracing in rat (Cheng et al., 1999; Cheng and Powley, 

2000). However, axons from the right DMX terminate slightly more often in ganglia close to 

the sinoatrial node whereas axons from left ambiguus neurons are slightly biased to ganglia 

in the vicinity of the atrioventricular node. It is unknown if this lateralization applies also 

to human and may explain the clinical notion that stimulation of the right vagus elicits 

bradycardia more readily (see Hammer et al., 2018 for references).

3.2 Branchiomotor neurons

Branchiomotor neurons projecting their axons mainly through the vagus but also the 

glossopharyngeal nerve and the cranial root of the accessory nerve are musculotopically 

grouped in the ambiguus nuclear complex (AMB) which extends ventrolaterally throughout 

the length of the medulla. The seminal study of Bieger and Hopkins (1987) demonstrated 

a rostro-caudal arrangement with the compact formation (AMBc, Fig. 3c) innervating 

striated muscle of the esophagus, the semicompact formation (AMBsc) the pharynx and 

the loose formation (AMBl) the intrinsic muscles of the larynx. The stylopharyngeus 

muscle, innervated by the glossopharyngeal nerve is represented in the most rostral portion 

of the AMB. The external formation (AMBext) with its loosely scattered preganglionic 

neurons lies largely ventral to the branchiomotor clusters. Different packing densities of 

motoneurons are also observed in the human AMB, although the rostro-caudal arrangement 

may be modified by a dorso-ventral gradient, the compact formation being located dorsal 

and the semicompact and loose formations ventral (Schwarzacher et al., 2011).

Remarkably, AMBc neurons target not only motor endplates in the striated esophageal 

muscle, but issue collaterals also to myenteric neurons which are known to co-innervate this 

unusual muscle fiber type (Neuhuber et al., 1994; Powley et al., 2013b). This preganglionic 
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feature of branchiomotor AMBc neurons is one of the several ambiguities of the nucleus 

ambiguus.

Branchiomotor and preganglionic neurons of the AMB intermingle extensively with neurons 

of the ventral respiratory group complicating a cytoarchitectonic definition of the AMB 

(Ellenberger and Feldmann, 1990; Schwarzacher et al., 2011).

3.3 Neurons displaying catecholaminergic markers

The cervical and abdominal vagi contain fibers displaying catecholaminergic markers 

(tyrosine hydroxylase/TH and dopamine β-hydroxylase/DBH) (rat: Yang et al., 1999; 

human: Seki et al., 2014; Verlinden et al., 2016;). Some of them may be authentic 

sympathetic postganglionic “hitchhiking” fibers originating in the superior cervical ganglion 

(Yang et al., 1999; Verlinden et al., 2016). They are considered a possible source of 

unintended side effects of VNS. Although the functions of these fibers are unknown, a 

reasonable target are epineurial blood vessels of the vagus nerve itself (Fig. 4; Hammer 

et al., 2018). The proportions of “true” sympathetic postganglionic fibers was however 

considered minimal (Yang et al., 1999). As immunostaining for TH was used (Seki et al., 

2014; Verlinden et al., 2016) and only a fraction of fibers co-stained for DBH (Verlinden et 

al., 2016), many of these “catecholaminergic” axons may be nodose primary afferents, since 

the nodose ganglion of rats contains numerous TH positive neurons which innervate the 

esophagus and stomach without being authentic catecholaminergic (Kummer et al., 1993). 

Another source are presumed dopaminergic neurons in the rat dorsal motor nucleus (Yang et 

al., 1999; Tsukamoto et al., 2005). Thus, it seems not very likely that cervical or abdominal 

VNS produces sympathetic side effects.

4. Afferent neurons

Primary afferent axons account for about 70 percent of fibers in the rat subdiaphragmatic 

vagus (Prechtl and Powley, 1990). The values for the cervical vagus were estimated between 

50 to 70 percent in cat (Mei et al., 1980) and 80 percent in ferret (Asala and Bower, 1986). 

Pseudounipolar vagal primary afferent neurons reside in the jugular and nodose ganglia (Fig. 

2). Neurons of the jugular ganglion originate from the cranial neural crest whereas nodose 

neurons are derived from an epibranchial placode (Baker and Bronner-Fraser, 2001). This 

differential origin is reflected by differences in peptide content, equipment with purinergic 

and growth factor receptors as well as transcriptomic differences. Thus, nodose ganglion 

neurons are typically non-peptidergic, express P2X2 and P2X3 receptors as well as TrkB, 

the high-affinity receptor for brain-derived neurotrophic factor (BDNF). Jugular ganglion 

neurons often contain peptides such as CGRP and express TrkA, the high affinity receptor 

for nerve growth factor (NGF) while another non-peptidergic subpopulation expresses 

TrkB (Wank and Neuhuber, 2001; Nassenstein et al., 2010). Likewise, transcriptomic 

analysis revealed significantly different molecular profiles, the jugular ganglion neurons 

being similar to the also neural crest derived dorsal root ganglion cells but completely 

different from placode derived nodose neurons (Kupari et al., 2019). Neurons expressing the 

vanilloid receptor TRPV1 were found in both jugular and nodose ganglia (Kim et al., 2020). 

These molecular differences most likely determine the functional properties of nodose and 
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jugular neurons. Thus, neurons with a typical nociceptive phenotype are more commonly, 

though not exclusively found in the jugular rather than in the nodose ganglion (Kupari et 

al., 2019). Nevertheless, the esophagus is supplied with both crest- and placode-derived 

vagal C-fiber nociceptors (Surdenikova et al., 2012; Yu et al., 2014). TRPV1 expression 

correlates also with projections of vagal afferents to medial and dorsal (TRPV1+ afferents) 

and ventrolateral (TRPV1− afferents) areas of the nucleus tractus solitarii (Kim et al., 2020) 

as well as to sensitivity for certain inflammatory mediators (Zanos et al., 2018).

4.1 Visceral afferents

Vagal afferents from neck, thoracic and abdomino-pelvic viscera have their cell bodies in 

jugular and nodose ganglia. Afferents from the upper aerodigestive tract are represented 

in both ganglia, while afferents from subdiaphragmatic organs are almost confined to the 

nodose ganglion. Afferents from thoracic organs are both myelinated and unmyelinated, 

whereas afferents from subdiaphragmatic organs are almost exclusively unmyelinated.

4.1.1 Afferents from thoracic organs—Vagal pulmonary and cardiovascular afferents 

play vital roles in cardiorespiratory reflexes and coordination. Most prominent are thick 

myelinated pulmonary slowly and rapidly adapting mechanoreceptors (SARs and RARs, 

respectively) originating in bronchial smooth muscle and neuroepithelial bodies (NEBs) 

(Adriaensen et al., 2006; Chang et al., 2015; Brouns et al., 2021), some of which express 

Piezo2 (Nonomura et al., 2017). NEBs together with their associated vagal afferents may 

represent complex chemo- and mechanoreceptors. It is still debated whether NEBs or 

smooth muscle associated airway receptors (SMARs) represent the SARs which mediate 

the Hering-Breuer reflex (Brouns et al., 2021). Small myelinated and unmyelinated 

peptidergic and non-peptidergic pulmonary afferents are equally important as irritant 

receptors mediating the cough reflex, reacting to inflammatory stimuli or slowing breathing 

upon inhalation of toxins (Canning et al., 2004; Nassenstein et al., 2010; Krasteva et al., 

2011; Chang et al., 2015; Driessen, 2019).

Aortic baroreceptor afferents are also partly myelinated (Krauhs, 1979) and utilize Piezo2 

as transduction channel (Min et al., 2019). Nodose ganglion afferents from atria establish 

complex terminal structures around small intensely fluorescent cells of cardiac ganglia, in 

the myocardium including conduction fibers and in the endocardium (Cheng et al., 1997).

Among the small myelinated population are also mechanosensitive intraganglionic laminar 

endings (IGLEs) afferents from the esophagus involved in deglutition control (Raab and 

Neuhuber, 2007; Neuhuber and Bieger, 2013).

4.1.2 Gastrointestinal afferents—Vagal afferent structures in the gastrointestinal tract 

can be grouped into muscular and mucosal sensors. IGLEs which wrap around myenteric 

ganglia sandwiched between outer and inner layers of the tunica muscularis function as 

low-threshold mechanosensors (Fig. 3d; Neuhuber, 1987; Berthoud and Powley, 1992; 

Zagorodnyuk and Brookes, 2000; Zagorodnyuk et al., 2001). They extend throughout the 

vagal innervation territory from the esophagus to the distal colon (Wang and Powley, 2000) 

and mediate essential satiety signals (Bai et al., 2019). IGLEs form synaptic contacts with 

enteric neurons, express the vesicular glutamate transporters 1 and 2 (VGLUT1 and 2) as 
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well as purine receptors P2X2/3, muscarinic and CGRP receptors (Hübsch et al., 2013; 

Horling et al., 2014; Raab and Neuhuber, 2007 for review); the functional significance of 

these features remains still to be elucidated. The other muscular sensors are the so-called 

intramuscular arrays (IMAs), found mainly in the outer muscle layer of the stomach and in 

sphincters (Berthoud and Powley, 1992; Kressel et al., 1994; Powley et al., 2013a, 2014). 

They are intricately related to interstitial cells of Cajal, a relation which is poorly understood 

(Powley et al., 2008). Vagal afferents in the mucosa display various distinct patterns which 

may relate to specific funtions (Berthoud et al., 1995b; Powley et al., 2011). In particular, 

close relationships to enteroendocrine cells (Berthoud and Patterson, 1996a; Kaelberer et al., 

2018) and mucosal mast cells (Williams et al., 1997) are supposedly of functional relevance.

Anatomical and functional studies indicate some degree of lateralization of gastrointestinal 

vagal afferents. The ventral and dorsal halves of the rat stomach and duodenum are supplied 

by IGLEs connected to cell bodies in the left and right nodose ganglia, respectively; this 

lateralization vanishes analwards (Wang and Powley, 2000). Using optogenetic manipulation 

of nodose ganglion neurons in mice, gut induced reward was found to be mediated through 

right but not left vagal intestinal afferents (Han et al., 2018). This suggests side-specific 

channeling of some vagal afferents to the limbic forebrain.

In the rat pancreas, vagal afferents concentrate in islets (Neuhuber, 1989), most likely 

monitoring endocrine activity (Iwasaki et al., 2013; Makhmutova et al., 2021). Vagal 

afferents of the proper hepatic branch innervate the portal vein and biliary ducts. Within the 

rat liver, they distribute to periportal fields but are absent from the hepatic lobules (Berthoud 

et al., 1992).

4.1.3 Afferents from pelvic organs—Both retrograde and anterograde tracing studies 

in rat indicated vagal afferent supply of the uterus (Ortega-Villalobos et al., 1990; Collins 

et al., 1999). There is also evidence that patients with complete spinal cord lesion are able 

to sense cervico-vaginal stimulation (Komisaruk et al., 2004). In the intact organism, vagal 

and spinal afferents from uterus and vagina are interacting in the nucleus tractus solitarii 

(Hubscher and Berkley, 1995). Retrograde tracing in rat demonstrated vagal afferents also 

from the urinary bladder, confirmation by anterograde tracing from the nodose ganglion 

pending (Herrity et al., 2014).

4.1.4 Afferents from vagal paraganglia—All along their course, vagal branches 

contain paraganglia, most of them supplied by vagal afferent terminals (rat: Powley et 

al., 1983; Kummer and Neuhuber, 1989; Dahlqvist et al., 1994; Berthoud et al., 1995a; 

Berthoud and Patterson, 1996b; human: Plenat et al., 1988). A chemosensory function 

for pO2 monitoring was proposed analogous to carotid and aortic bodies. There are also 

indications for vagal paraganglia as sensors for inflammatory mediators (Goehler et al., 

1999).

4.2 Somatic afferents

The external ear and the upper aerodigestive tract, i.e., soft palate, pharynx, larynx 

and partly also trachea forming the transition zone from the “somatic” oral and nasal 

cavities innervated by trigeminal afferents to the “visceral” organs, i.e., lower airways and 
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gastrointestinal tract, are innervated to different extents by neural crest-derived jugular and 

placode-derived nodose sensory neurons. While the cell bodies of afferents in the vagal 

auricular branch (ABVN) were found only in the jugular ganglion, afferents from the other 

organs are distributed to both jugular and nodose ganglia and also to the petrosal ganglion of 

the glossopharyngeal nerve which in rat fuses with the jugular-nodose ganglionic complex 

(Altschuler et al., 1989). As to the sensory qualities mediated by these vagal “somatic” 

afferents, there is a shift from awareness of touch, temperature and pain to feelings of 

irritation and the urge to cough, depending on the distance from the dental ridge where a 

stimulus is applied.

4.3 Central termination sites of vagal afferents

The major central termination area of vagal afferents is the nucleus tractus solitarii (NTS) 

in the dorsal medulla (Figs 3a, 5). However, as detailed below in section 6.1, vagal afferents 

from organs in the somato-visceral transition zone terminate also in the spinal trigeminal 

and paratrigeminal nuclei (Fig. 3e; Nomura and Mizuno, 1984; Altschuler et al., 1989; 

Driessen, 2019). The NTS is a complex of several subnuclei organized in medial, dorsal 

and ventrolateral groups similar across species (rat: Altschuler et al., 1989; Herbert et 

al., 1990; cat: Loewy and Burton, 1978; human: McRitchie and Törk, 1993). Besides 

second order neurons relaying the glutamatergic primary afferents, the NTS contains 

excitatory glutamatergic and inhibitory GABA/glycinergic interneurons (Saha et al., 1999) 

and catecholaminergic neurons of the A2 and C2 groups. A number of hormones and 

peptides, e.g., oxytocin, ghrelin, CCK and neurokinins as well as nitric oxide modulate 

transmission in the NTS through their respective receptors (Colin et al., 2002; Atkinson et 

al., 2003; Boscan and Paton, 2005; Peters et al., 2008; Wan et al., 2008; Cui et al., 2011). In 

the NTS, most vagal afferents terminate in more than one subnucleus (Figs 3a, 5). There is 

some overlap of afferents from different organs already at the anatomical level which is even 

more pronounced when second-order NTS neurons activated by different specific stimuli 

are mapped (Paton and Kasparov, 2000). Nevertheless, gastrointestinal afferents dominate 

medial, gelatinous and commissural (Norgren and Smith, 1988, Altschuler et al., 1989), 

cardiovascular afferents dorsal (Fig. 3f; Ciriello and Calaresu, 1981) and afferents from the 

respiratory tract ventral, ventrolateral, intermediate, interstitial and commissural (Kalia and 

Richter, 1985; Altschuler et al., 1989; Hayakawa et al., 2001) subnuclei. The termination of 

e.g. single identified pulmonary SAR afferents in several subnuclei and their rostro-caudal 

extension over the entire NTS favor their access to functionally diverse NTS modules (Kalia 

and Richter, 1985). This principle may apply to some extent also to other vagal afferents. 

Afferents from the rat esophagus concentrate in the central subnucleus which in turn projects 

to AMBc, thus closing a deglutition reflex arc (Altschuler et al., 1989; Cunningham and 

Sawchenko, 1989). Likewise, pharyngeal afferents in rat are relayed by the interstitial NTS 

subnucleus to the AMBsc (Broussard et al., 1998).

It is conceivable that nociceptive neurons of largely jugular origin terminate preferentially 

in trigeminal and paratrigeminal nuclei whereas non-nociceptive neurons of largely nodose 

origin terminate preferentially in the NTS. However, this difference is certainly not clear-cut 

as for example crest-derived and placode-derived putative nociceptive afferents from the 

cervical esophagus expressing the TRPV1 receptor (Surdenikova et al., 2012) appear to 

Neuhuber and Berthoud Page 10

Auton Neurosci. Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



regularly terminate in the interstitial nucleus of the NTS whereas additional afferent terminal 

labeling in the paratrigeminal nucleus was inconsistent (Wank and Neuhuber, 2001).

There is also a significant vagal afferent projection to the area postrema from intestines and 

thoracic organs (Fig. 3a; Norgren and Smith, 1988).

5. Central connections of vagal nuclei

The NTS connects reciprocally to respiratory and vasomotor centers in the caudal and 

rostral ventrolateral medulla, communicating information from bronchopulmonary, baro- 

and chemosensors vital for respiratory and cardiovascular control (Blessing and Benarroch, 

2012). In the ambiguus nuclear complex, both branchiomotor and cardioinhibitory 

preganglionic neurons are reflexly activated by secondary NTS neurons mediating 

deglutition and baroreceptor reflexes, respectively (Blessing and Benarroch, 2012; Neuhuber 

and Bieger, 2013). The medial NTS subnuclei are intricately connected to the DMX 

and the area postrema, thus forming the dorsal vagal complex, the medullary center of 

gastrointestinal regulation (Travagli and Anselmi, 2016). The different NTS subnuclei are 

engaged in complex reciprocal connections with the parabrachial nuclei and the Kölliker

Fuse nucleus (Herbert et al., 1990) and project to the locus coeruleus and periaqueductal 

gray (Van Bockstaele et al., 1999; Carrive and Morgan, 2012). Reciprocal connections link 

the NTS also to the paraventricular and posterior hypothalamus and the central nucleus of 

the amygdala. Most of these connections originate from separate neuron populations rather 

than collateralizing neurons (Hermes et al., 2006). Thus, being much more than a simple 

relay station, the NTS second-order and interneuronal network integrates and channels the 

signals from different peripheral sensors in highly specific ways to medullary, pontine, 

mesencephalic and prosencephalic autonomic centers for appropriate reflex and behavioural 

responses (Figs 2, 5).

6. Somato-visceral interface

Breathing, chewing, swallowing, speaking and singing require coordination of several 

muscles in the head, neck and trunk which is secured by afferent feedback via cranial 

nerves V, VII, IX and X as well as cervical spinal nerves. The territories supplied by these 

nerves comprise somatic (face, oral and nasal cavities, neck muscles and skin, diaphragm) 

and visceral (pharynx and esophagus, larynx, tracheobronchial tree and lung) domains. On 

the level of medullary and spinal nuclei, it is thus not surprising to find mutual terminations 

of vagal, trigeminal and cervical primary afferents in their “private” as well as “alien” 

nuclei, i.e., the NTS, trigeminal sensory nuclei and the cervical dorsal horn (Altschuler et 

al., 1989; Neuhuber and Zenker, 1989; Marfurt and Rajchert, 1991; Driessen, 2019). Thus, 

these nuclei are the central representatives of the somato-visceral interface on the afferent 

side. At the motor level, there is a sophisticated pontomedullary interneuronal premotor 

network in the parvocellular reticular formation which integrates trigeminal propriopceptive 

afferents and coordinates trigeminal, facial, glossopharyngeal, vagal and hypoglossal motor 

nuclei as well as neck muscle motoneurons (Dessem and Luo, 1999; Zhang et al., 2012). In 

turn, vagal and glossopharyngeal afferents from pharynx and larynx are relayed via premotor 

neurons in the NTS to trigeminal motor neurons (Oka et al. 2013). The ventral respiratory 
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group projects to phrenic and intercostal nerve motoneurons as well as to cranial nerve 

motor nuclei conferring respiratory rhythmicity to their activity patterns (Ellenberger and 

Feldmann, 1990). The nucleus retroambiguus harbours another premotor neuron pool which 

integrates signals from vagal afferents and periaqueductal gray and projects to laryngeal 

motoneurons of AMBl (Suramanian et al., 2018).

6.1 Vagal afferents to non-vagal nuclei

As mentioned above, afferents of vagal branches innervating the external ear and upper 

aerodigestive tract terminate in the spinal trigeminal nucleus (medullary dorsal horn) and in 

the cervical dorsal horn, where they converge with trigeminal and cervical spinal afferents 

(Nomura and Mizuno, 1984; Sessle et al., 1986; Altschuler et al., 1989). A particulary 

interesting structure is the paratrigeminal nucleus (PTN), groups of neurons interspersed 

between the fiber bundles of the spinal trigeminal tract (Figs 3e, 5, 6). It receives input 

largely from jugular sensory neurons innervating soft palate, pharynx, larynx (Altschuler 

et al., 1989; Hayakawa et al., 2001) and trachea (McGovern et al., 2015) as well from 

the trigeminal area (Marfurt and Rajchert, 1991) and cervical cutaneous nerves (Neuhuber 

and Zenker, 1989) and projects to the NTS, ventrolateral medulla, parabrachial nuclei and 

thalamus (Saxon and Hopkins, 1998; Driessen et al., 2018). Besides a role in nociception, 

the PTN is also involved in respiratory reflexes (Driessen, 2019). Although not explicitely 

mentioned by Nomura and Mizuno in their landmark ABVN tracing study (1984), a closer 

look on their figures reveals ABVN afferent teminals also in the PTN.

6.2 Non-vagal afferents to the nucleus tractus solitarii

On the other hand, the NTS receives primary trigeminal afferents, in particular from 

intraoral structures and the mandibular area (Jacquin et al., 1982; Takemura et al., 1987; 

Marfurt and Rajchert, 1991; Hayakawa et al., 2001). There are also projections from cervical 

cutaneous and auricular nerve afferents preferentially to dorsal and lateral areas of the 

NTS (Neuhuber and Zenker, 1989; for auricular nerve afferent projections see section 6.3.2 

below).

Secondary afferents to the NTS originate in the spinal cord, spinal trigeminal and 

paratrigeminal nuclei (Menétrey and Basbaum 1987; Gamboa-Esteves et al., 2001; Ma et al., 

2005). These pathways provide the NTS also with nociceptive input from somatic domains 

which can modulate visceral reflexes, e.g., the baroreceptorreflex (Boscan et al., 2002). In 

addition, there is even a pathway for proprioceptive afferents to the NTS. The intermediate 

nucleus, a small structure wedged between the lateral edges of the hypoglossal and vagal 

dorsal motor nuclei, receives neck muscle afferents (Neuhuber and Zenker, 1989; Edwards 

et al., 2015) and projects to the NTS (Edwards et al., 2007). Forelimb muscle afferents were 

shown to inhibit baroreceptor signals in the NTS via GABAergic interneurons (Potts et al., 

2003).

6.3 Auricular nerves

6.3.1 Peripheral distribution—The auricle and the external auditory meatus (EAM) 

develop from derivatives of the first and second pharyngeal arches, although the contribution 

of each of them is debated (Anthwal and Thompson, 2016). The ectoderm-derived epidermal 
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lining of the EAM continues covering the outer surface of the tympanic membrane while 

its inner aspect is covered by a squamous epithelium derived from the endoderm of the 

first pharyngeal pouch (Thompson and Tucker, 2013). Thus, somatic and visceral domains 

are in touch back-to-back. This development is reflected by a complex sensory innervation 

provided by trigeminal, facial, glossopharyngeal, vagal and cervical spinal nerves, besides 

sympathetic and parasympathetic periarterial fibers (Cakmak et al., 2018). Although there 

is consensus that the lateral aspect of the human auricle, which is the preferred site 

of transcutaneous auricular VNS, is supplied by the trigeminal auriculotemporal nerve, 

auricular branch of the vagus nerve (ABVN) and the greater auricular nerve from the 

plexus cervicalis, the exact innervation territories are debated and there is some overlap 

(Fig. 6; Peuker and Filler, 2002; see discussion in Butt et al., 2020). Nevertheless, the 

cymba conchae is said to be exclusively supplied by the ABVN. However, intrapetrosal 

anastomoses of the ABVN with facial and glossopharyngeal branches (Testut, 1922; Butt 

et al., 2020) suggest that non-vagal fibers intermingle with authentic vagal afferents in the 

terminal arborizations of the ABVN even in the cymba. The medial aspect of the auricle 

receives fibers from the lesser occipital nerve, the ABVN and the greater auricular nerve 

(Peuker and Filler, 2002). Tracing studies on the dog’s pinna, where a rostral, middle and 

caudal auricular nerve can be identified, indicated also a contribution by the facial nerve 

because tracer application resulted in retrogradely labeled neurons in the geniculate ganglion 

in addition to trigeminal, jugular and superior cervical spinal ganglia. More than one of 

these sensory ganglia contained labeled neurons upon tracer application to one particular 

nerve indicating anastomotic connections (Chien et al., 1996).

6.3.2 Central termination of auricular nerve afferents—In the quest to elucidate 

mechanisms of transcutaneous auricular VNS, central afferent terminations of auricular 

nerves are of great interest. Afferent terminals of all nerves were detected in the spinal 

trigeminal and partly also principal trigeminal nuclei, paratrigeminal nucleus, cuneate 

nucleus and upper cervical dorsal horn. Remarkably, all nerves in question send projections 

also to the NTS, in particular to its lateral, interstitial and dorsal but rarely to its medial 

subnuclei (Fig. 6; rat auriculotemporal nerve: Jacquin et al., 1982; cat ABVN: Nomura 

and Mizuno, 1984; rabbit greater auricular nerve: Liu and Hu, 1988; dog intrinsic pinna 

nerves: Chien et al., 1996; rat ABVN: He et al., 2013). In this respect, the ABVN is not 

more “vagal” than the other auricular nerves. Afferent projections to the (ventro-)lateral and 

interstitial NTS subnuclei are noteworthy as these subnuclei are the main termination site of 

myelinated vagal respiratory afferents (Kalia and Richter, 1985) which are the most likely 

target of invasive cervical VNS (Evans et al., 2004).

The densitiy of terminals of all auricular nerve afferents in the NTS is rather low. This 

may be due to the transganglionic tracing technique which probably labels only a fraction 

of afferent terminals. However, all auricular nerve afferents terminate even more densely in 

spinal trigeminal and paratrigeminal nuclei which may relay this input to the NTS (Fig. 6; 

Saxon and Hopkins, 1998; Menétrey and Basbaum, 1987). Thus, fMRI studies of auricular 

VNS stimulation in human found BOLD activity in both NTS and spinal trigeminal nucleus 

(Frangos et al., 2015). Rostral areas in which BOLD signals were recorded upon auricular 

VNS, e.g., parabrachial nuclei (PBN), locus coeruleus, periaqueductal gray and limbic 
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subcortical and cortical structures (Frangos et al., 2015; Yakunina et al., 2016) may be 

activated via conjoined projections from trigeminal and paratrigeminal nuclei as well as 

from the NTS, because both NTS and trigeminal/paratrigeminal nuclei project to PBN 

(Herbert et al., 1990; Feil and Herbert, 1995), which are an important relay to the more 

rostral areas (Krukoff et al., 1992; Luppi et al., 1995). Thus, it would be surprising if this 

afferent neuronal chain can be activated specifically by stimulation of the ABVN only unless 

one proposes that its afferents were relayed preferentially over those of the other auricular 

nerves in a kind of “labeled vagus line”. Why stimulation with innocuous intensities outside 

the proposed specific ABVN territory in the cymba conchae, e.g., tragus or ear lobe, is 

reportedly less effective in activating all these nuclei (Frangos et al., 2015; Yakunina et 

al., 2017) is not easily explained. Earlobe stimulation resulted in BOLD activity signals in 

cuneate and spinal trigeminal nuclei but not in NTS or more rostral sites (Frangos et al., 

2015), although greater auricular nerve afferents project to the NTS (Liu and Hu, 1988). 

On the other hand, cymba stimulation did not activate the cuneate nucleus (Frangos et al., 

2015), although ABVN afferents project heavily to this site at least in cat (Nomura and 

Mizuno, 1984). One may speculate that low threshold ABVN afferents are preferentially 

channeled by the intricate interneuronal network of the NTS to rostral brainstem and 

forebrain sites where the beneficial effects are generated. A more parsimonious explanation 

may be found in different sensory innervation densities of cymba conchae and earlobe, 

respectively. Although a recent study mapped the distribution of perivascular autonomic 

nerves in the human auricle (Cakmak et al., 2018), estimates of sensory Aβ fibers which are 

the likely target of transcutaneous auricular VNS, are available for the cymba but not for the 

earlobe (Dabiri et al., 2020).

6.4 Transcutaneous cervical vagus stimulation

The question of what is exactly stimulated by transcutaneous VNS is even more urgent in 

case of transcutaneous cervical VNS using a hand-held device (e.g., Silberstein et al., 2016; 

Frangos and Komisaruk, 2017) which may stimulate low-threshold afferents. However, there 

are several sheets of tissue between the skin and the cervical vagus, which abund of low 

threshold sensors. Immediately below the low-threshold cutaneous sensors, the platysma is 

also densely supplied with low-threshold sensors, i.e., muscle spindles (May et al., 2018). 

Within the carotid sheath, the ansa cervicalis profunda containing bundles of low threshold 

proprioceptive axons from infrahyoid muscles lies superficially to the carotid artery, internal 

jugular vein and vagus nerve. It may require a sophisticated tuning of stimulus parameters 

in order to specifically activate the 200 to 400 (on average) thick myelinated afferents in the 

cervical vagus (Safi et al., 2016).

7. Conclusion

Innervating a large portion of our body and contributing significantly to homeostasis, the 

vagus represents an attractive target for therapeutic attempts to influence a variety of 

pathological conditions. The accessibility of its cervical and auricular branches encouraged 

the development of non-invasive vagus stimulation strategies. However, anastomoses of the 

ABVN with facial and glossopharyngeal nerves, the suspicion that transcutaneous cervical 

VNS may affect afferents other than vagal, the mutual distribution of all auricular nerve 

Neuhuber and Berthoud Page 14

Auton Neurosci. Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



afferents to both “vagal” and “trigeminal” termination sites and the likely involvement 

of both NTS and trigeminal nuclei in mediating the stimulation effects question the 

appropriateness of the term “vagus nerve stimulation” for transcutaneous techniques.
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Highlights

• Concise overview of vagal peripheral and central functional anatomy

• The vagus as part of a viscero-somatic network

• A critical appraisal of auricular nerve afferent projections
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Fig. 1: 
Transverse section through the antero-lateral quadrant of the neck of an embalmed body at 

level C7. The vagus nerve (X, arrow) is enwrapped together with the common carotid artery 

(AC) and the internal jugular vein (VJI) by the carotid sheath (CS, dashed). IHM, infrahyal 

muscles; Plat, Platysma; Scal, scalenus anterior muscle; STM, sternocleidomastoid muscle; 

Thyr, thyroid gland; VA, vertebral artery; asterisk, prevertebral muscle. Body donated to 

the Institute of Anatomy and Cell Biology, University of Erlangen-Nürnberg, for didactic, 

reasearch and postgraduate training purposes. Bar 1 cm
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Fig. 2: 
Schematic overview of the distribution of vagus nerve’s branches. Inset on top left 

summarizes the central distribution of vagal afferent information through the NTS. 

Abbreviations for periphery: ac, celiac artery; agd, right gastric artery; agd, left gastric 

artery; ahc, common hepatic artery; al, splenic artery; ams, superior mesenteric artery, la, 

larynx; ph, pharynx; tr, trachea. Abbreviations for brain areas: amb, nucleus ambiguus; 

AP, area postrema; BST, bed nucleus of stria terminalis; DM, dorsomedial thalamic 

nucleus; CeA, central nucleus of amygdala; LHA, lateral hypothalamic area; NTS, nucleus 

tractus solitarii; PAG, periaqueductal gray; PVN, paraventricular hypothalamic nucleus; 

PBN, parabrachial nuclei; RVL, rostroventrolateral medulla; SN, substantia nigra; VPM, 

ventroposteromedial thalamic nucleus; 5, trigeminal motor nucleus; 7, facial nucleus; 10/

dmnX, dorsal vagal motor nucleus. Modified from Berthoud and Neuhuber, 2000, Auton. 

Neurosci. 85, 1-17.
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Fig. 3: 
a. Retrogradely labeled neurons in the dorsal motor nucleus (DMX) and transganglionically 

labeled afferent terminals in the nucleus tractus solitarii (NTS) and area postrema (AP) upon 

horseradish peroxidase (HRP) application to the rat cervical vagus. d, m, vl, dorsal, medial, 

ventrolateral subnuclei of the NTS; ST, solitary tract. b. Preganglionic axons anterogradely 

labeled with DiA from the DMX (green) project to a myenteric ganglion in the rat pyloric 

antrum. Enkephalinergic myenteric neurons (ENK, red) project to the circular muscle layer 

(cm) Extended focus confocal image. c. Compact formation of the nucleus ambiguus labeled 

by HRP application to the rat cervical vagus. The large multipolar neuron belongs to 

the rostral semicompact ambiguus formation. d. Intraganglionic laminar endings (IGLEs, 

calretinin-positive, red) enwrapping a myenteric ganglion in the rat esophagus. A nitric 

oxide synthase (nNOS) positive myenteric neuron is labeled green, another two unlabeled 

neurons are indicated by asterisks. Extended focus confocal image. e. Dense afferent 

terminal labeling in the paratrigeminal (PTN) and interpolar spinal trigeminal nucleus 

(spinVi) upon wheat germ agglutinin-HRP injection into the rat jugular-nodose ganglion 

complex. STT, spinal trigeminal tract. f. Transganglionically HRP labeled terminals of 

rat aortic branch afferents concentrate in the dorsal NTS subnucleus (arrow). Note some 
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terminal labeling also in dorsomedial subnucleus and area postrema. GR, nucleus gracilis. 

Hitherto unpublished micrographs from the authors’ previous work. Bars in a, c, e, f 200 μm, 

in b 100 μm, in d 50 μm
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Fig. 4: 
A small artery in the epineurium of the human cervical vagus (longitudinal axis 

of the vessel indicated by dashed arrows) enmeshed by a plexus of varicose TH 

positive sympathetic nerve fibers. Smooth-contoured connective tissue fibers display 

autofluorescence. Wholemount preparation; extended focus image of 13 stacked single 

optical sections, z-step 0.5 μm. Body donated to the Institute of Anatomy and Cell Biology, 

University of Erlangen-Nürnberg, for didactic, reasearch and postgraduate training purposes. 

Bar 100 μm
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Fig. 5: 
Schematic simplified summary of vagal (X) and glossopharyngeal (IX) afferent projections 

to the medulla oblongata and their major reflex connections to the dorsal motor nucleus 

(DMX), ambiguus nucleus (AMB; left: branchiomotor division; right: parasympathetic 

neurons of external formation) and the ventrolateral medulla. Note afferents from pharynx, 

larynx and trachea to the paratrigeminal nucleus (PTN). Arrows indicate excitatory 

(glutamatergic) connections; the bar on rostral ventrolateral medulla (RVLM) symbolizes 

the inhibitory GABAergic projection from caudal ventrolateral medulla (CVLM) to 

glutamatergic presympathetic neurons in the rostral ventrolateral medulla (RVLM). AP, 

area postrema; c, d, is, m, vl, central, dorsal, interstitial, medial, ventrolateral subnuclei of 

NTS; DMX, dorsal motor nucleus of vagus; IML, sympathetic intermediolateral nucleus; IV, 

fourth ventricle; vResp, ventral respiratory group; ST, solitary tract.
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Fig. 6: 
Schematic summary of brainstem projections of auricular nerve afferents as demonstrated 

by transganglionic tracing studies. All three nerves (ABVN, auricular branch of the vagus; 

ATN, auriculotemporal nerve; GAN, greater auricular nerve) project to spinal trigeminal, 

paratrigeminal and solitary tract nuclei. In the NTS, afferents terminate preferentially in 

dorsal and lateral subnuclei. CY, cymba conchae; EAM, external auditory meatus; NTSm, 

medial subnucleus of the nucleus tractus solitarii; PTN, paratrigeminal nucleus; spinVi, 

subnucleus interpolaris of the spinal trigeminal nucleus; ST, solitary tract. Micrographs are 

from rat dorso-medial (a) and dorso-lateral (b) medulla, Klüver-Barrera stain. Bar 100 μm
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