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1. Introduction: 

 

Non-invasive electrical stimulation of the external ear has generated increasing 

interest as a potential treatment for disorders ranging from heart failure (1-3), epilepsy 

(4, 5) autism (6), depression (7-9), and tinnitus (10, 11). Such stimulation has been 

applied to different areas of the external auricle, including the tragus (3, 12-17), the 

cavum concha (8, 9, 18, 19) and the cymba concha (20). Stimulation at any of these 

different auricular locations has often been termed transcutaneous vagal nerve 

stimulation (tVNS) on the presumption that the auricular branch of the vagus nerve 

(ABVN) has been activated.  

The view that these stimulation sites activated the ABVN has mainly come from a 

single study which reported from human cadaveric dissections that the ABVN could 

supply innervation to the cymbae conchae, antihelix, cavity of concha, tragus, crus of 

helix and crura of helix. Most of these regions were also reported to be innervated by 

the greater auricular nerve (GAN) and/or the auriculotemporal nerve (ATN) (21). 

Further, bioimaging studies revealed that auricular stimulation in humans resulted in 

activation of brain regions associated with vagal input, including the region of vagal 

afferent innervation, the nucleus tractus solitarius, as well as upstream regions such 

as the locus coeruleus (13, 19, 20, 22). However,  uncertainties regarding original 

anatomical descriptions of neural innervation of the auricle has resulted in calls for 

careful interpretation on vagal involvement on auricular stimulation (23, 24).  

Given the difficulties in obtaining precise information on auricular afferent terminations 

from human subjects, animal models could shed some light on pathways underlying 

auricular stimulation. This study therefore utilised rats to examine the central nervous 
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sites of termination of primary afferent projections from the tragus, a stimulation site 

utilised in several studies in humans. The cardiovascular autonomic modulatory 

effects of stimulation of the tragus in rats were examined in an anaesthetic free 

Working Heart Brainstem Preparation (WHBP). Since tVNS is most often applied in 

people when awake whensympathetic activity is higher than asleep, the effect of time 

of day on autonomic activity in the WHBP was first examined to provide a suitable 

comparison.   

 

2. Methods: 

All procedures were conformed to the UK Animals (Scientific Procedures) Act of 1986 

and received approval from local ethics. 54 male Wistar rats were used (Figure 1). 

2.1 Neuronal tracing  

Young male Wistar rats (65-85g; n=4) were deeply anaesthetised with a 4% mixture 

of isoflurane in O2. Cholera Toxin B (CTB) was injected into the right tragus with a total 

of 1-2 たl of 20 mg/ml in 0.1 M phosphate buffer saline (PBS) using a glass 

microelectrode attached to a 10 たl Hamilton syringe (Sigma Aldrich, UK). The animals 

were allowed to recover for 3-4 days. 

2.2 Tissue sampling and Immunohistochemistry  

Animals were deeply anaesthetized with 60-80 mg/kg of intraperitoneal sodium 

pentobarbitone (Euthatal, Merial UK) and transcardially perfused with 4% 

paraformaldehyde (PFA) as described previously (25). The brainstem and spinal cord 

were dissected and post-fixed overnight in PFA. Tissue was then sectioned 

transversely at 50 たm from the C4 level of cervical spinal cord through to the rostral 
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brainstem, washed three times in phosphate buffer solution (PBS) before incubation 

in rabbit anti-CTB (Sigma, C3062). Some sections were also incubated in Goat anti-

Choline acetyl transferase (ChAT) (1:500 dilution; Chemicon; AB144P) in PBS with 

0.3% Triton X-100 (Row & Haas, UK). Sections were left on a shaker at 4oC overnight 

(12 - 18h). Following overnight incubation (~3 nights for ChAT), sections were rinsed 

3 times with PBS. The sections were incubated in secondary antibody; Alexafluor488 

conjugated donkey anti-goat (1:1000 in PBS, Invitrogen, Paisley UK); Alexafluor555 

conjugated donkey anti-rabbit (1:1000 in PBS; Invitrogen, Paisley, UK) for ~ 2 hours 

at room temperature. Tissue was then rinsed for 3 times for 10 minutes before being 

air dried and mounted on glass slides with Vectashield mounting medium (Vector 

Laboratories, Peterborough, UK) and sealed with nail varnish. 

2.3 Image capture, manipulation and examination 

Images were visualized with an epifluorescence microscope (Eclipse E600; Nikon, 

UK). Confocal images were captured by a Zeiss LSM 880, exported in TIFF format 

and final image editing (eg: brightness, contrast and intensity) was processed with 

CorelDRAW® software (X8 Edition). 

2.3 Circadian study 

Daytime animals (n=10, age 16-21 days) were caged in normal lighting condition 

(lights on 7 am and off 7 pm; subsequently referred to as day time animals). Another 

group of animals (n=20) were caged in a reversed lighting cabinet (lights on 7 pm and 

off 7 am) and henceforth referred to as night time animals. The reversed lighting group 

were acclimatised in this regime for 7 days before being used in the experiment. During 

transfer handling, light exposure of the night time animals was minimised by using a 

dark box. During statistical analysis, animals were divided according to specific time 
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of preparation. The preparations under light phase were done either at 1030 or 1430, 

while the recordings were conducted at dark phase were equivalent at 2130 or 0230. 

2.4 Working Heart Brainstem Preparation (WHBP) 

Procedure for the WHBP has been described previously (26, 27). In brief, 18 day old 

male rats were deeply anaesthetized through 4% isoflurane inhalation, bisected sub 

diaphragmatically, and decerebrated in ice cold modified artificial cerebrospinal fluid 

(aCSF) solution. The preparation was then skinned and the phrenic nerve, descending 

aorta, and lumbar sympathetic chain were carefully isolated (n = 40). The descending 

aorta was cannulated and retrogradely perfused with modified aCSF containing, in 

mM: NaCl, 125; NaHCO3, 25; KCl, 4; CaCl2.2H2O, 2.5; MgSO4, 1.25; KH2PO4 1.25 

and D-Glucose, 10. Polyethylene glycol (2.5 mg per 200 ml perfusate). Vecuronium 

bromide (2-4 たg/ml, Organon Teknica, Cambridge, UK) was added during initial stages 

of the preparations to block neuromuscular transmission (Potts et al., 2000). 

Perfusion flow rate was altered to obtain a eupnic-like pattern in the phrenic nerve 

discharge. Baseline heart rate (HR), perfusion pressure (PP), sympathetic nerve 

discharge (SND) and phrenic nerve discharge (PND) were recorded following at least 

30 min of eupnoeic breathing.   

2.5 Recordings 

Multiple unit nerve discharge was recorded from the distal ends of the phrenic and 

lumbar sympathetic nerves via glass suction electrodes connected to a pre-amplifier 

head stage (Digitimer, NL 100) and fed into a Neurolog amplifier (x 1000 amplification; 

Digitimer, NL 900D). 50/60 Hz noise and harmonics were eliminated using a Humbug 

(Quest Scientific, Canada). Signals were also bandpass filtered between 50 Hz and 4 
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kHz and further digitised with a sampling frequency of 8 kHz and saved on computer 

using an interface (CED 1401, UK) for analysis on Spike 2 software offline. 

2.6 Neurectomy  

All nerve sections were performed ipsilateral to the site of ear stimulation, with the 

dissection process initiated after animal decerebration and prior to the preparations 

being taken into the recording chamber. 

In one group of animals, the dorsal roots of the upper cervical cord were sectioned 

(n=10). In brief, posterior neck muscles that covered the upper cervical cord axis were 

dissected to expose vertebrae. The spinous processes were carefully laminectomized 

and the dorsal roots from the first to the third cervical spinal nerves were cut using 

springbow dissecting scissors.  

In another group, the cervical vagus nerve was sectioned (n=10). Dissection was 

initiated by removal of the right superficial muscle, the sternohyoid muscle, exposing 

the carotid bifurcation. At this point, the vagus nerve is visible lying next to the common 

carotid artery surrounded by a layer of sheath. Careful identification was required as 

the superior cervical sympathetic ganglion also lies nearby. The vagus nerve was 

carefully isolated from the sheath that attached to the common carotid artery and a 

thread was tied around the vagus nerve trunk. This thread was used to pull the nerve 

gently away during the WHBP preparation while iris scissors were utilised to cut the 

nerve without touching the surrounding tissues.  

2.7 Analysis 

SND was recorded as described in section 2.5, integrated and rectified in Spike 2 

software prior to calculation of the amplitude of integrated SND from the area under 
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the curve.    Heart rate was derived from ECG signals from phrenic nerve recordings 

and R-R intervals converted into a tachogram. Mean heart rate was averaged within 

one minute segments. In all preparations, any arrhythmic or irregular heartbeats were 

excluded.  

2.9 Data presentation   

All numerical data are presented as mean ± standard error of the mean. N refers to 

the number of animals. All statistical analyses were conducted using GraphPad Prism, 

Ver7. Differences were considered significant when p < 0.05. The normality of each 

dataset was analysed with Shapiro-Wilk test. Normally distributed datasets were 

analysed with repeated measures ANOVA and confirmed using Tukey’s or Dunnett’s 

post-hoc tests for multiple comparisons. The non-normally distributed data were 

analysed with Friedman’s test followed by Dunn’s post-hoc tests for multiple 

comparisons. To examine statistical significance between two groups, an independent 

samples t-test was performed for normally distributed data or for non-normally 

distributed data a Mann-Whitney U-test was performed.  

3. Results: 

3.1 Central afferent labelling from the tragus  

Rat brains were examined starting from the level of the 4th ventricle (Bregma -10.04 

mm) to upper cervical cord in C4. The areas labelled with CTB within the CNS were 

ipsilateral to the injected tragus and were identical for each of the 4 animals (Figure 

2). In the rostral brainstem there was labelling within the paratrigeminal nucleus (Pa5). 

In the lower brainstem level a larger area of afferent termination was observed in the 

spinal trigeminal tract (Sp5) extending towards the cuneate nucleus (Cu). In the most 
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caudal brainstem, labelled afferents were observed coursing from Cu and extending 

ventromedially to the NTS covering the lateral, dorsomedial, and also medial area of 

the NTS.  There were few close appositions between CTB-labelled afferents and ChAT 

immunofluorescent neurones.  

 

Traced afferents within the upper cervical cord (C1-C3) showed substantial CTB 

labelling in varying laminae (Figure 3). In C1, little but noticeable staining could be 

observed in laminae III and IV. In C2, a large area of labelling covered laminae I, III, 

and IV but not lamina II. The main termination of CTB labelled from the tragus was 

detected in the section of C3 covering laminae III and IV. No CTB staining was 

observed caudal to the rostral portion of C3. In lamina IV, some of the CTB labelled 

afferent fibres were in close apposition to ChAT-immunofluorescent neurons that were 

presumable cholinergic interneurons. 

 3.2 Circadian study 

Cardiorespiratory activity was recorded from the WHBP of rats at different times of day 

(Figure 4). In night time animals, the tonic discharge of the lumbar sympathetic chain 

was significantly higher (n= 17, 4.7± 0.5 AUC) than in day time animals (n=8, 3.0 ± 0.6 

AUC, Mann-Whitney U test; p < 0.05). Respiratory rate, measured as phrenic nerve 

discharge frequency, was higher in night time (15.7 + 0.6 breaths /min) compared to 

day time animals (12.9 + 1.1 breaths/min; p < 0.05, Mann-Whitney U test). There were 

no statistical differences in heart rate or perfusion pressure. Since SND was higher in 

night time animals and tVNS was found to decrease SND in humans when SND is 

highest (in the morning in humans), night time animals were used to further examine 

the effects of tragus stimulation on SND. 
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3.3 Tragus Stimulation 

Right tragus stimulation was performed using a DS3 Constant Current Isolated 

Stimulator (Digitimer Ltd, UK) connected to a modified metal ear clip (Figure 5). The 

stimulation was applied for 5 minutes at 100 Hz, 2.5 mA with any current leakage 

grounded. Comparing pre-stimulation with measurements at 1 minute and 10 minutes 

after electrical stimulation revealed that there were no significant changes in heart rate 

and perfusion pressure. In contrast, direct measurement of the lumbar sympathetic 

nerve activity (baseline= 4.87 ± 0.52 AUC) indicated significant sympathoinhibition at 

1 minute post-stimulation (3.70 ± 0.36 AUC) and also at 10 minute post stimulation 

(3.17 ± 1.18 AUC; ANOVA, post-hoc Dunnett’s multiple comparison test; p < 0.05, 

Figure 5C). 

To determine if vagal efferent nerves were involved in responses to tragus stimulation, 

physiological parameters were recorded in vagotomised preparations. Confirming 

vagal section, HR was significantly higher post transection (320 + 4.8 bpm) than 

control (309 + 5.6 bpm; p < 0.05; paired t-test). Tragus stimulation in the vagotomised 

groups elicited no significant effects on the HR and PP. However, there was a 

significant reduction in SND at 1 (3.4 + 0.2 AUC) and 10 (3.2 + 0.3 AUC) minutes post 

stimulation compared to control (4.0 ± 0.2 AUC; p < 0.05, Figure 5D). 

Since neuronal tracing from the tragus revealed an abundance of labelled afferent 

terminals in the cervical spinal cord dorsal horn, the contribution of the C1-C3 dorsal 

roots to tVNS mediated SND reductions was tested by sectioning these roots in the 

WHBP. Tragal stimulation in C1-C3 transected WHBP had no effect on heart rate or 

perfusion pressure. However, an arterial depressor response was evident at 10 

minute post-stimulation (from 65.4 ± 5.1 mmHg baseline to 61.9 ± 5.9 mmHg; 
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Friedman’s ANOVA and Dunn's multiple comparisons test, data not shown). Unlike 

stimulation in intact preparations, the integrated SND recorded from the lumbar 

sympathetic trunk remained unaltered across all time points (Figure 5E).  

4. Discussion: 

This study reveals that in the rat the most dense central termination site of sensory 

afferent fibres from the tragus is the cervical dorsal horn of the spinal cord and that 

this pathway is involved in mediating reductions in sympathetic nerve activity elicited 

by electrical stimulation of the tragus. In addition, circadian rhythm is present in 

sympathetic nerve activity and respiratory rate in the WHBP, indicating that such 

rhythms are maintained in the absence of the central circadian clock, the 

suprachiasmatic nucleus. 

4.1 The cervical spinal cord dorsal horn is a major termination site for sensory 

afferents from the tragus.     

A significant finding was that the major sensory projections from the tragus were to the 

dorsal horn of the C1-C3 cervical spinal cord. The labelled afferents in the upper 

cervical cord covered laminae I, III & IV. Similar labelling in the dorsal horn has been 

mentioned previously when CTB was injected into the inner concha of rats, but no 

images or other analyses were shown (19). This is therefore the first study to reveal 

the sizeable extent of afferent signalling from the tragus to the cervical spinal cord. 

The physiological significance from this innervation was then tested in the WHBP.

      

4.2 Possible neuronal pathways via the cervical cord dorsal horn mediating the 

effects of tragus stimulation.     
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Dorsal horn neurons are typically associated with conveying sensory information from 

the skin and internal organs into the spinothalamic tract for pain perception processing 

(28). Although perhaps less widely appreciated, neurons in the superficial laminae of 

the cervical dorsal horn also provide synaptic input into cardiovascular centres in the 

medullary reticular formation. Injections of anterograde tracer into the superficial (I-II) 

of the cervical dorsal horn in rats revealed projections predominantly concentrated in 

the medial part of the commissural subnuclei of the NTS at caudal levels, whilst the 

deeper laminae showed predominant labelled fibres and terminals only in the 

ventrolateral and dorsolateral portions of the caudal NTS (29). In a similar experiment, 

microinjection of an anterograde neuronal tracer covering laminae I-V of the cervical 

spinal dorsal horn of rats, revealed labelled axons in the medial, dorsomedial and 

commissural subdivisions of the caudal NTS, with most of the staining found 

ipsilaterally (30). In addition, projections to other brainstem regions involved in 

autonomic control were also observed – including the caudal and rostral ventrolateral 

medulla, which play significant roles in the control of sympathetic function. Hence, this 

suggests afferent projections from the tragus can indirectly influence brainstem 

regions involved in sympathetic function via the cervical spinal cord. Future studies 

could investigate this proposition by injecting the tragus with viruses that travel 

transynaptically only in the anterograde direction, such as select rabies viruses (31).

  

There is also a possibility that some of the effects of activating cervical sensory 

afferents are mediated through connections within the spinal cord. There are neurons 

in the cervical spinal cord that are pre- sympathetic as they are labelled following 

transneuronal virus application to the stellate ganglion (32), but they are located 

laterally in the white matter and so appear unlikely to be innervated by the tragus 
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afferents, although their dendritic architecture is unknown and it is possible that these 

dendrites lie within the afferent termination fields. The circuitry underlying the cervical 

cord mediation of tragus evoked responses therefore requires further examination. 

4.3 Pa5 is likely to be involved in the tragus evoked responses 

Following injection of CTB into the tragus, a prominent projection was to the 

paratrigminal nucleus (Pa5) in the brainstem. The Pa5 is a small collection of neurons 

within the dorsal lateral medullary spinal trigeminal tract that receives input from the 

jugular ganglion since injection of CTB488 into the Pa5 of guinea pigs labelled jugular 

ganglion neurons, whilst injection of CTB555 into the NTS labelled predominantly the 

nodose ganglion (33). The input from the jugular ganglion to the Pa5 is consistent with 

observations in the cat that the ABVN sensory somata are within the jugular ganglion 

(35) and the Pa5 tragus projections observed in this study.    

Previous studies have revealed roles for the Pa5 consistent with a role in mediating 

the tragus influences. The Pa5 also receives sensory input from airways - anterograde 

trans- neuronal viral tracing from the trachea of rats identified tracheal sensory inputs 

towards the Pa5 that were relayed in the brainstem to the spinal trigeminal complex 

(33). This input is involved in respiratory reflexes, revealed by a study performed on 

guinea pigs with a selective recurrent laryngeal nerve section to remove nodose 

ganglion inputs (eliminating the cough reflex), but leaving afferents via the jugular 

ganglion intact. Electrical laryngeal stimulation evoked a frequency dependent 

respiratory slowing and a mild decrease in blood pressure. Both of these responses 

were abolished when the Pa5 was inhibited by muscimol injections (35). Since 

approximately 4% of the human population coughs when cleaning their ears, the so-
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called Arnold’s reflex, this may reflect a role for the tragus afferents to the Pa5 in some 

cases. 

Neurons in Pa5 have also been suggested to have a role in baroreceptor reflex 

modulation. Electrophysiological recording from Pa5 neurons in anaesthetic free rats 

showed that a large percentage (~35%) increased firing rate in response to 

intravenous phenylepinephrine injection (36). The functional role of the Pa5 in 

baroreflex control was later tested in anaesthetic free rats that underwent Pa5 ablation. 

Not only was a reduction in the baroreceptor reflex sensitivity (∆HR/∆AP) observed, 

resting AP and HR decreased, whilst respiratory rate increased; comparable to basal 

changes on lesioned NTS rats (36). It therefore seems possible that the tragus 

projections to the Pa5 could be involved in the stimulation evoked sympathetic nerve 

reductions, but direct experimental clarification is required. 

4.4  The afferent projection from the tragus to the NTS in the rat is limited.  

Although the NTS is the main target for vagal and glossopharyngeal sensory afferents 

(39), very few labelled afferents were found in the NTS following tragus injections of 

CTB in this study. This is similar to labelling from the concha, which was minimal and 

restricted to the medial NTS (19). Although according to human cadaveric dissections 

both of these auricular regions are vagally innervated, they are also innervated by 

other nerves (21,37). Therefore, the projection to the NTS may reflect that each of 

these areas only receives a small innervation from the ABVN. There have been no 

studies where the ABVN in rats has been specifically labelled, probably due to relative 

inaccessibility for recovery surgery. However, in cats application of HRP to the ABVN 

also resulted in labelling that was not predominantly in the NTS, but rather the spinal 
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trigeminal nucleus and cervical cord dorsal horn (34). It is therefore possible that the 

NTS is not in fact a major target of the ABVN sensory afferents. 

The lack of projection from the external ear direct to the NTS appears at first glance 

contradictory to a functional study - when the auricular dermatomes in anaesthetised 

rats were stimulated by electrical stimulation (100 Hz, 1mA) or manual acupuncture 

and the pattern of cardiovascular and gastric responses were documented. A mild 

depressor response (6%-12%) was noted in the blood pressure, HR, and intragastric 

pressure from manual and electrical stimulation of the ear regardless of the stimulation 

area (38). Further, manual stimulation on the auricular area with the ABVN innervation 

(e.g. concha) revealed significant activation of the neurons in the NTS with cardiac 

related activity (presumed baroreceptive cells) which was associated with inhibition of 

the blood pressure and HR (39). However, it is possible that the pathway underlying 

activation of these NTS ‘baroreceptive’ neurons is not through the NTS, but through 

the spinal cord cervical dorsal horn as discussed above. 

4.5 Comparing tVNS in WHBP to human studies 

As with most experimental preparations, the WHBP offers both advantages and 

limitations. Advantages include ease of access to peripheral nerves for recording 

(sympathetic in this case) or transecting (vagus and C1-C3) as well as the absence of 

anaesthetic which may modulate cardiorespiratory function. Limitations include the 

fact that arterial pressure and heart rate are significantly influenced by the perfusion 

rate, possibly limiting ability to detect changes in these parameters. In addition, whilst 

cardiorespiratory reflexes in the WHBP have previously been shown to be similar to 

those of mature animals (26, 27), the relative immaturity of the nervous system in the 

age of rats used may influence responses. Despite such caveats, there are similarities 
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between the outcomes of tragal tVNS in the WHBP to those in humans.  For example, 

tragal stimulation reduced SND in the WHBP, similar to the decrease in single unit 

SND upon tVNS in healthy humans (12). Interestingly, reductions in SND was 

observed in the WHBP only when higher (in night time rats), similar to observations in 

healthy humans that tVNS reduced single unit SND only when it was relatively high, 

in subjects also exhibiting a low heart rate variability (12). It may therefore be of interest 

to determine the effects of tVNS in animal models of other human conditions where 

SND is elevated, such as hypertension and heart failure, albeit maintaining 

consideration of differences between animal models and human subjects. 

4.6 Persistence of circadian rhythms in SND and respiratory rate in WHBP.  

 An interesting finding in this study was that sympathetic nerve activity was higher in 

WHBP preparations of night time compared to day time animals. Such circadian 

patterns of SND as well as BP are found in humans (40, 41).  Microneurography 

recordings from healthy subjects in dark phase while sleeping (overnight) showed 

decreases in sympathetic outflow specifically during non-rapid eye movement (non-

REM) sleep and progressively into deeper sleeping stages (42). The rapid eye 

movement (REM) sleeping stage which is most manifest toward the end of sleep, 

before arousal, showed profound sympathetic activation with the HR and BP returning 

to levels similar to those during wakefulness (43).  

Unlike humans, direct measurement of the sympathetic nerve activity in an effort to 

study the circadian variation in rodents is scarce. The nearest study was performed in 

rats where the sympathetic nerve activity measured indirectly through plasma 

noradrenaline and adrenaline level in free moving rats, collected hourly during 12 hour 

light and dark period. It was found that the circulating adrenaline and noradrenaline 
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levels were significantly higher during the night time, along with the more active 

behaviour pattern (e.g. grooming, feeding, drinking, resting) (44). Similarly, a 24 hour 

telemetric recording of heart rate variability showed higher LF/HF ratio in the dark-

phase, suggesting predominant sympathetic nervous activity at night (45). Hence, the 

experiments here are consistent with different circadian autonomic profiles between 

humans and rats, but both exhibiting a circadian rhythm. This is evident as the current 

WHBP preparation showed the lumbar sympathetic activity was significantly higher at 

night. 

An important point to note is that the circadian rhythms in SND and PND persisted in 

the WHBP, in which the hypothalamus has been removed. The circadian rhythms are 

set by the neuronal network from the SCN; nevertheless, how do these rhythms persist 

in its absence? Notably, circadian rhythms are driven by gene expression changes in 

the master clock in the SCN, but these serve to entrain similar rhythms in gene 

expression in cells of other organs and tissues. For example, oscillations of clock 

genes (per2, bmal1 and clock) have been reported in CNS regions controlling the 

baroreflex functions, such as the NTS and RVLM (46). How fluctuations in expression 

of these genes influence the behaviour of neurons in these areas, for e.g. by controlling 

expression of other genes such as ion channels, is unknown. Indeed, it is not known 

if specific cells are under circadian influence, or indeed how other regions controlling 

autonomic outflow, such as the IML, may also display circadian rhythms. Crucially, 

since the WHBP is a short term preparation, it is clear that circadian changes in the 

brainstem circuits controlling PND and SND are sufficient to influence these activities. 

Future studies may address the changes in specific cell types and how they contribute 

to the circadian differences observed in this study.  

5. Conclusion: 
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Sensory afferents from the rat tragus projected heavily to the dorsal horn of the upper 

cervical spinal cord, and in the brainstem significantly to the Pa5 but to a lesser extent 

in the NTS. Stimulating the tragus resulted in sympathoinhibition recorded from the 

lumbar sympathetic chain. Since the neuronal tracing showed the upper cervical cord 

was significantly innervated by afferents originating from the tragus, the importance of 

this sensory afferent innervation to tragus evoked responses was then tested in C1-

C3 ipsilateral nerve transected WHBP. The absence of sympathoinhibition in this 

preparation suggests reductions in sympathetic nerve activity were mediated at least 

in part through these projections. 

 

6. Author’s contribution: 

The project was conceived by JD and SAD. MKM performed WHBP following tuition 

from VKL, who participated in some experiments. Injections for anatomical tracing 

were performed by MKM with JD and MKM processed tissue. Analysis was performed 

by MKM, with input from JD and SAD. MKM wrote the manuscript with JD and SAD. 

 

7.  Acknowledgement: 

The authors would like to thank the Malaysian Government for sponsoring M.K.M in 

his post-graduate study at the University of Leeds, UK. The research also received 

institutional funds [GGPM-2018-028] from the Universiti Kebangsaan Malaysia.  

 

8.  Conflicts of interest: 

None declared. 



18 

 

9.  References: 

1. Wang Z, Yu L, Wang S, Huang B, Liao K, Saren G, et al. Chronic intermittent low-level 

transcutaneous electrical stimulation of auricular branch of vagus nerve improves left ventricular 

remodeling in conscious dogs with healed myocardial infarction. Circulation Heart failure. 

2014;7(6):1014-21. 

2. Chen M, Yu L, Liu Q, Wang Z, Wang S, Jiang H, et al. Low level tragus nerve stimulation is a 

non-invasive approach for anti-atrial fibrillation via preventing the loss of connexins. International 

journal of cardiology. 2015;179:144-5. 

3. Zhou X, Zhou L, Wang S, Yu L, Wang Z, Huang B, et al. The Use of Noninvasive Vagal Nerve 

Stimulation to Inhibit Sympathetically Induced Sinus Node Acceleration: A Potential Therapeutic 

Approach for Inappropriate Sinus Tachycardia. Journal of cardiovascular electrophysiology. 

2016;27(2):217-23. 

4. Ventureyra EC. Transcutaneous vagus nerve stimulation for partial onset seizure therapy. A 

new concept. Child's nervous system : ChNS : official journal of the International Society for Pediatric 

Neurosurgery. 2000;16(2):101-2. 

5. Stefan H, Kreiselmeyer G, Kerling F, Kurzbuch K, Rauch C, Heers M, et al. Transcutaneous 

vagus nerve stimulation (t-VNS) in pharmacoresistant epilepsies: a proof of concept trial. Epilepsia. 

2012;53(7):e115-8. 

6. Jin Y, Kong J. Transcutaneous Vagus Nerve Stimulation: A Promising Method for Treatment 

of Autism Spectrum Disorders. Frontiers in neuroscience. 2016;10:609. 

7. Wang Z, Fang J, Liu J, Rong P, Jorgenson K, Park J, et al. Frequency-dependent functional 

connectivity of the nucleus accumbens during continuous transcutaneous vagus nerve stimulation in 

major depressive disorder. Journal of psychiatric research. 2018;102:123-31. 

8. Fang J, Rong P, Hong Y, Fan Y, Liu J, Wang H, et al. Transcutaneous Vagus Nerve Stimulation 

Modulates Default Mode Network in Major Depressive Disorder. Biological psychiatry. 

2016;79(4):266-73. 

9. Rong PJ, Fang JL, Wang LP, Meng H, Liu J, Ma YG, et al. Transcutaneous vagus nerve 

stimulation for the treatment of depression: a study protocol for a double blinded randomized 

clinical trial. BMC complementary and alternative medicine. 2012;12:255. 

10. Suk WC, Kim SJ, Chang DS, Lee HY. Characteristics of Stimulus Intensity in Transcutaneous 

Vagus Nerve Stimulation for Chronic Tinnitus. The journal of international advanced otology. 

2018;14(2):267-72. 

11. Kreuzer PM, Landgrebe M, Husser O, Resch M, Schecklmann M, Geisreiter F, et al. 

Transcutaneous vagus nerve stimulation: retrospective assessment of cardiac safety in a pilot study. 

Frontiers in psychiatry. 2012;3:70. 

12. Clancy JA, Mary DA, Witte KK, Greenwood JP, Deuchars SA, Deuchars J. Non-invasive vagus 

nerve stimulation in healthy humans reduces sympathetic nerve activity. Brain stimulation. 

2014;7(6):871-7. 

13. Kraus T, Kiess O, Hösl K, Terekhin P, Kornhuber J, Forster C. CNS BOLD fMRI effects of sham-

controlled transcutaneous electrical nerve stimulation in the left outer auditory canalにa pilot study. 

Brain stimulation. 2013;6(5):798-804. 

14. Stavrakis S, Humphrey MB, Scherlag BJ, Hu Y, Jackman WM, Nakagawa H, et al. Low-level 

transcutaneous electrical vagus nerve stimulation suppresses atrial fibrillation. J Am Coll Cardiol. 

2015;65(9):867-75. 

15. Busch V, Zeman F, Heckel A, Menne F, Ellrich J, Eichhammer P. The effect of transcutaneous 

vagus nerve stimulation on pain perception--an experimental study. Brain stimulation. 

2013;6(2):202-9. 

16. Jacobs HI, Riphagen JM, Razat CM, Wiese S, Sack AT. Transcutaneous vagus nerve 

stimulation boosts associative memory in older individuals. Neurobiol Aging. 2015;36(5):1860-7. 



19 

 

17. Antonino D, Teixeira AL, Maia-Lopes PM, Souza MC, Sabino-Carvalho JL, Murray AR, et al. 

Non-invasive vagus nerve stimulation acutely improves spontaneous cardiac baroreflex sensitivity in 

healthy young men: A randomized placebo-controlled trial. Brain Stimul. 2017;10(5):875-81. 

18. Ay I, Napadow V, Ay H. Electrical stimulation of the vagus nerve dermatome in the external  

ear is protective in rat cerebral ischemia. Brain stimulation. 2015;8(1):7-12. 

19. He W, Jing X-H, Zhu B, Zhu X-L, Li L, Bai W-Z, et al. The auriculo-vagal afferent pathway and 

its role in seizure suppression in rats. BMC neuroscience. 2013;14(1):85. 

20. Frangos E, Ellrich J, Komisaruk BR. Non-invasive Access to the Vagus Nerve Central 

Projections via Electrical Stimulation of the External Ear: fMRI Evidence in Humans. Brain 

stimulation. 2015;8(3):624-36. 

21. Peuker ET, Filler TJ. The nerve supply of the human auricle. Clinical Anatomy. 2002;15(1):35-

7. 

22. Yakunina N, Kim SS, Nam EC. Optimization of Transcutaneous Vagus Nerve Stimulation Using 

Functional MRI. Neuromodulation : journal of the International Neuromodulation Society. 

2017;20(3):290-300. 

23. Burger AM, Verkuil B. Transcutaneous nerve stimulation via the tragus: are we really 

stimulating the vagus nerve? Brain stimulation. 2018;11(4):945-6. 

24. Badran BW, Brown JC, Dowdle LT, Mithoefer OJ, LaBate NT, Coatsworth J, et al. Tragus or 

cymba conchae? Investigating the anatomical foundation of transcutaneous auricular vagus nerve 

stimulation (taVNS). Brain Stimul. 2018;11(4):947-8. 

25. Gage GJ, Kipke DR, Shain W. Whole animal perfusion fixation for rodents. Journal of 

visualized experiments : JoVE. 2012(65). 

26. Lall VK, Bruce G, Voytenko L, Drinkhill M, Wellershaus K, Willecke K, et al. Physiologic 

regulation of heart rate and blood pressure involves connexin 36-containing gap junctions. FASEB 

journal : official publication of the Federation of American Societies for Experimental Biology. 

2017;31(9):3966-77. 

27. Lall VK, Dutschmann M, Deuchars J, Deuchars SA. The anti-malarial drug Mefloquine disrupts 

central autonomic and respiratory control in the working heart brainstem preparation of the rat. 

Journal of biomedical science. 2012;19(1):1. 

28. Todd AJ. Neuronal circuitry for pain processing in the dorsal horn. Nature reviews 

Neuroscience. 2010;11(12):823-36. 

29. Gamboa-Esteves FO, Tavares I, Almeida A, Batten TF, McWilliam PN, Lima D. Projection sites 

of superficial and deep spinal dorsal horn cells in the nucleus tractus solitarii of the rat. Brain 

research. 2001;921(1):195-205. 

30. Potts JT, Lee SM, Anguelov PI. Tracing of projection neurons from the cervical dorsal horn to 

the medulla with the anterograde tracer biotinylated dextran amine. Autonomic Neuroscience. 

2002;98(1):64-9. 

31. Zampieri N, Jessell TM, Murray AJ. Mapping sensory circuits by anterograde transsynaptic 

transfer of recombinant rabies virus. Neuron. 2014;81(4):766-78. 

32. Jansen A, Loewy A. Neurons lying in the white matter of the upper cervical spinal cord 

project to the intermediolateral cell column. Neuroscience. 1997;77(3):889-98. 

33. McGovern AE, Driessen AK, Simmons DG, Powell J, Davis-Poynter N, Farrell MJ, et al. Distinct 

brainstem and forebrain circuits receiving tracheal sensory neuron inputs revealed using a novel 

conditional anterograde transsynaptic viral tracing system. The Journal of neuroscience : the official 

journal of the Society for Neuroscience. 2015;35(18):7041-55. 

34. Nomura S, Mizuno N. Central distribution of primary afferent fibers in the Arnold's nerve 

(the auricular branch of the vagus nerve): a transganglionic HRP study in the cat. Brain Res. 

1984;292(2):199-205. 

35. Driessen AK, Farrell MJ, Mazzone SB, McGovern AE. The Role of the Paratrigeminal Nucleus 

in Vagal Afferent Evoked Respiratory Reflexes: A Neuroanatomical and Functional Study in Guinea 

Pigs. Frontiers in physiology. 2015;6:378. 



20 

 

36. Yu Y-G, Lindsey CJ. Baroreceptor-sensitive neurons in the rat paratrigeminal nucleus. 

Autonomic Neuroscience. 2003;105(1):25-34. 

37. Deuchars SA, Lall VK, Clancy J, Mahadi M, Murray A, Peers L, et al. Mechanisms underpinning 

sympathetic nervous activity and its modulation using transcutaneous vagus nerve stimulation. Exp 

Physiol. 2018;103(3):326-31. 

38. Gao X-Y, Zhang S-P, Zhu B, Zhang H-Q. Investigation of specificity of auricular acupuncture 

points in regulation of autonomic function in anesthetized rats. Autonomic Neuroscience. 

2008;138(1):50-6. 

39. Gao XY, Li YH, Liu K, Rong PJ, Ben H, Li L, et al. Acupuncture-like stimulation at auricular point 

Heart evokes cardiovascular inhibition via activating the cardiac-related neurons in the nucleus 

tractus solitarius. Brain research. 2011;1397:19-27. 

40. Millar-Craig M, Bishop C, Raftery E. Circadian variation of blood-pressure. The Lancet. 

1978;311(8068):795-7. 

41. Krauchi K, Wirz-Justice A. Circadian rhythm of heat production, heart rate, and skin and core 

temperature under unmasking conditions in men. American Journal of Physiology-Regulatory, 

Integrative and Comparative Physiology. 1994;267(3):R819-R29. 

42. Okada H, Iwase S, Mano T, Sugiyama Y, Watanabe T. Changes in muscle sympathetic nerve 

activity during sleep in humans. Neurology. 1991;41(12):1961-. 

43. Somers VK, Dyken ME, Mark AL, Abboud FM. Sympathetic-nerve activity during sleep in 

normal subjects. New England Journal of Medicine. 1993;328(5):303-7. 

44. De Boer S, Van der Gugten J. Daily variations in plasma noradrenaline, adrenaline and 

corticosterone concentrations in rats. Physiology & behavior. 1987;40(3):323-8. 

45. Hashimoto M, Kuwahara M, Tsubone H, Sugano S. Diurnal variation of autonomic nervous 

activity in the rat: investigation by power spectral analysis of heart rate variability. Journal of 

electrocardiology. 1999;32(2):167-71. 

46. HWヴｷIｴﾗ┗= Iが Mヴ;┗WI Bが SデWHWﾉﾗ┗= Kが J┌ヴﾆﾗ┗ｷLﾗ┗= Dが K┗Wデﾒ;ﾐゲﾆ┠ Rが ZWﾏ;ﾐ Mく Rｴ┞デｴﾏｷI IﾉﾗIﾆ 
gene expression in heart, kidney and some brain nuclei involved in blood pressure control in 

hypertensive TGR (mREN-2) 27 rats. Molecular and cellular biochemistry. 2007;296(1-2):25-34. 

 

 

 

 

 

 

 

 

 

 

 

 

 



21 

 

 

 

 

Figure 1: Groupings of animals used throughout experiments. 

A total number of 54 rats were used in the experiments which were divided into the 

neuroanatomical study (n=4) and physiological examination (n=50). The physiological 

examinations upon auricular stimulations were performed with the Working Heart 

Brainstem Preparation (n=50). The circadian profiles of the preparations were 

examined using intact preparations only. ** the neurectomized preparations were 

excluded in circadian profile analysis. 
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Figure 2: Labelled 

afferents in the 

brainstem following 

injection of CTB into the 

tragus, with co-staining 

for ChAT 

immunofluorescence 

A) Labelled afferent in the 

caudal brainstem, coursing 

from Cu to dorso-medio 

lateral NTS. Example of a 

rare apposition between a 

labelled afferent and a 

ChAT immunoreactive cell 

(Ai) B) Afferents located 

more rostrally in Sp5 

(magnified:Bi). C) Rostral 

brainstem with afferents 

labelled in the Pa5 

(magnified: Ci).Pa5 paratrigeminal nucleus, Sp5- spinal trigeminal tract, Cu-cuneate 

nucleus, NTS- nucleus tractus solitarius, ChAT – Choline acetyl transferase, CTB – 

Cholera Toxin B. 
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Figure 3: CTB-positive afferents labelled in the upper cervical cord following 

injection of CTB into the tragus.      

A) Cervical section at C1 with CTB-positive afferents terminating in laminae III and IV. 

B) Cervical section at C2 with CTB-positive afferents terminating in laminae I, III and 

IV. C) Cervical section at C2 with CTB-positive afferents terminating in laminae I, III 

and IV. Ai-Ci) Potential cell contact of the labelled afferents with ChAT immunopositive 

cells mostly detected in laminae IV. ChAT – Choline acetyl transferase, CTB – Cholera 

Toxin B. 
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Figure 4: Sympathetic nerve activity and phrenic nerve discharge rates are 

higher in night time compared to day time WHBPs.     

Examples of original WHBP traces showing the baseline heart rate, phrenic and 

sympathetic nerve recordings, and perfusion pressure recorded from A) day time and 

B) night time animals. The SND C) and respiration rate D) were significantly higher (p 

< 0.05) in night time compared to day-time preparations. 
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Figure 5: Tragus stimulation elicited sympathoinhibition in intact and 

vagotomised WHBP,  but not in C1-C3 transected preparations.  

A) Indicating application of electrical stimuli on the tragus using a modified alligator 

clip 

B) Experimental parameters recorded after the preparation reached eupnic breathing 

pattern for at least 30 minutes. The top black arrows indicate specific timings when the 

parameters were recorded. The effects of tragus stimulation were analysed and 

compared during baseline, 1 minute post-stimulation and 10 minute post-stimulation. 

The effects of tragus stimulation were also compared in groups that were vagotomised 

(D) or with C1-C3 nerve transection (E). Significant sympathoinhibition was observed 

in the intact (dark phase) and vagotomised preparations only. SND - sympathetic 

nerve discharge. 
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