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Objectives – The vagus nerve has gained a role in the treatment of
certain diseases by the use of vagus nerve stimulation (VNS). This study
provides detailed morphological information regarding the human
cervical vagus nerve at the level of electrode implant. Results – Eleven
pairs of cervical vagus nerves and four pairs of intracranial vagus nerves
were analysed by the use of computer software. It was found that the
right cervical vagus nerve has an 1.5 times larger effective surface area
on average than the left nerve [1,089,492  98,337 vs
753,915  102,490 lm2, respectively, (P < 0.05)] and that there is
broad spreading within the individual nerves. At the right side, the
mean effective surface area at the cervical level
(1,089,492  98,337 lm2) is larger than at the level inside the skull base
(630,921  105,422) (P < 0.05). This could imply that the vagus nerve
receives anastomosing and ‘hitchhiking’ branches from areas other than
the brainstem. Furthermore, abundant tyrosine hydroxylase (TH)- and
dopamine ß-hydroxylase (DBH)-positive staining nerve fibres could be
identified, indicating catecholaminergic neurotransmission. In two of
the 22 cervical nerves, ganglion cells were found that also stained
positive for TH and DBH. Stimulating the vagus nerve may therefore
induce the release of dopamine and noradrenaline. A sympathetic
activation could therefore be part of mechanism of action of VNS.
Furthermore, it was shown that the right cervical vagus nerve contains
on average two times more TH-positive nerve fibres than the left nerve
(P < 0.05), a fact that could be of interest upon choosing stimulation
side. We also suggest that the amount of epineurial tissue could be an
important variable for determining individual effectiveness of VNS,
because the absolute amount of epineurial tissue is widely spread
between the individual nerves (ranging from 2,090,000 to
11,683,000 lm2). Conclusions – We conclude by stating that one has to
look at the vagus nerve as a morphological entity of the peripheral
autonomic nervous system, a composite of different fibres and
(anastomosing and hitchhiking) branches of different origin with
different neurotransmitters, which can act both parasympathetic and
sympathetic. Electrically stimulating the vagus nerve therefore is not the
same as elevating the ‘physiological parasympathetic tone’, but may
also implement catecholaminergic (sympathetic) effects.
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is essential to nearly all physiological processes.
The vagus nerve is mainly known for its
parasympathetic function. Apart from its physiological function, the vagus nerve has gained a
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role in the treatment of certain diseases as well.
The most important example of this role is the
use of electrical stimulation of the vagus nerve
(vagus nerve stimulation, VNS) for the treatment
of epilepsy (1, 2). VNS is among others explored
as treatment option for depression (3), cardiac
disease states (4, 5) and inflammatory diseases
such as rheumatoid arthritis (6, 7).
The exact mechanisms of VNS, however,
remain elusive. Central effects are thought to be
responsible for the anti-epileptic and antidepressant effects of VNS, while (mainly) peripheral
and systemic effects are thought to be responsible
for the immunomodulatory and cardiac effects
(7). It has not been clarified yet whether the treatment effects can be explained by afferent/efferent,
direct/indirect or ortho-/antidromic signalling.
Furthermore, physiologic signalling towards
intracranial structures can be afferent or efferent
in origin depending on which division of the
ANS is considered (i.e. parasympathetic or sympathetic). Dual peripheral and central effects are
thereby likely too, through vago-vagal and vagocentral (i.e. parasympathetic-sympathetic) reflexes
(7). Stimulation intensity (output current), frequency, pulse width, signal on-time, signal offtime, surgical procedures and the choice of site
are parameters that possibly influence the success
rate of VNS therapy for the different pathologies.
Classically, VNS is performed on the left side
because of early observations that right-sided
VNS caused a greater reduction in heart rate
than left-sided VNS (7). Left-sided VNS became
standard. The side effect profile of VNS investigated prospectively by Ben-Menachem et al. (1)
and Handforth et al. (8), however, is positive and
offers patients with refractory epilepsy prospects
of good efficacy with only minor and often
resolvable side effects (9).
Data on vagus nerve morphology are scarce
(10–16). They include animal studies and qualitative studies on human vagus nerves. Quantitative
data on human vagus nerve morphology at the
level of electrode implant, however, are lacking.
By giving a detailed morphological description of
the human cervical vagus nerve using a computerized analysing system, we aimed to answer the
following questions: What is the composition of
human cervical vagus nerve? How many fascicles
run through the nerve? What is its degree of
myelination? Is the myelin equally distributed
within the fascicles? What is the amount of epineurial (connective) tissue? How large is its effective surface area? Which percentage of this
surface area is used by catecholaminergic neurotransmission? Do these variables differ between
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the right and left nerve? Do these variables differ
between different nerves/individuals?
Methods

Eleven pairs of cervical vagus nerves (right and
left) were harvested by two anatomists from not
previously dissected, fresh formalin-fixed (femoral
infusion of ~10 l fixative, followed by 4 weeks of
fixation in a formalin bath) specimens, ranging in
age between 67 and 91 years. No previous surgical interventions of head and neck had been performed.
Vagus nerve sampling

The nerves were exposed using techniques that
are similar to surgery for vagus nerve electrode
placement (17, 18). A five-centimetre linear incision through the skin and platysma muscle was
made one centimetre above the clavicle extending
cranially and parallel to the anterior border of
the sternocleidomastoid muscle. This muscle was
retracted laterally to expose the carotid sheath.
The omohyoid muscle was then dissected from
the carotid sheath and retracted cranially. The
carotid sheath was opened, and the vagus nerve
was exposed between the common carotid artery
and jugular vein. At this level, the vagus nerve
was transected caudally and cranially, at a course
of 3 cm, whereafter the nerve was sampled
(Fig. 1).

Figure 1. Harvesting of the vagus nerves using exposure techniques similar to the surgical approach applied during
implantation of the electrodes of the VNS device. Legend: 1.
platysma muscle, 2. omohyoid muscle, 3. sternocleidomastoid
muscle, 4. common carotid artery, 5. vagus nerve, 6. internal
jugular vein and 7. clavicle * carotid sheath.

Morphology of the human cervical vagus nerve
From four additional specimens, vagus nerves
(right and left) were collected inside the skull base
(by means of opening the skull via a radial incision) between the brainstem and jugular foramen,
proximal to the fusion of the vagus nerve with
the accessory nerve.
Histological preparation

All cervical nerves were divided into three pieces,
to provide the ‘mean morphology’ over the whole
trajectory used for electrode placement. Every
piece then was divided into two halves. The first
halves were postfixated overnight with 1%
osmium tetroxide (OsO4) in phosphate-buffered
saline (PBS) before they followed paraffin-embedding procedures. These paraffin blocks were cut
into 4-lm transverse sections and mounted on
slides. These slides were used for morphometric
analysis. The other halves followed standard
paraffin blocking and cutting (4-lm transverse
sections) procedures and were used for immunohistochemistry staining with antityrosine hydroxylase (TH) (1:1000; Abcam AB112, Cambridge,
UK) or antidopamine ß-hydroxylase (DBH)
(1:150; Abcam, AB109112) for surface area measurement of catecholamine-containing fibres.
Shrinkage of about 30% in tissue diameter before
and during fixation and processing is thereby a
recognized phenomenon (19).
Morphometric analysis (detailed description to be found in Data S1)

The slides were photographed with a Leica (type
DMRD) photomicroscope in black and white using
standardized settings. Surface areas of the specific
stainings were measured with LEICA QWIN v.3.5.1
analysis software at 109 magnification, including
the following parameters: total surface area, effective surface area (nerve tissue exclusively within
perineurium), connective tissue area, fascicle count
and relative amount of myelination. Furthermore,

the distribution of myelin within the fascicles was
measured by dividing the effective surface area into
three-thirds (inner, middle and outer). Two persons
independently determined the grey value corresponding to positive staining. The average of their
values was used as threshold.
Statistical analysis was performed with Graphpad Prism v5.0 software. Data were tested for
normality with the use of Shapiro–Wilk normality test. Comparisons were made with the use of
Student’s t-tests. Data are presented as
mean  SEM. P values <0.05 were considered
statistically significant.
Results

Eleven pairs of cervical vagus nerves were successfully harvested and studied. Transverse sections typically show several fascicles, connective
tissue, fat and vessels. Figure 2 shows an example
of a typical right and left human cervical vagus
nerve of one specimen at the level of electrode
implant. In 8 of the 11 specimens, the right nerve
contained more fascicles than the left. On average, the right nerve contains 8 (2) fascicles,
compared to 5 (1) within the left nerve
(P = 0.15).
Surface area measurements

The mean effective surface area on the right side
is significantly larger than on the left
(1,089,492  98,337 vs 753,915  102,490 lm2,
respectively, P < 0.05). In 10 of the 11 specimens,
the right nerve possesses a larger effective surface
area.
Figure 3 shows a boxplot of the effective surface area of the individual nerves in relation to
the mean and confidence interval of 95%. For
both sides, four of the 11 nerves are not displayed within this 95% confidence interval, while
Shapiro–Wilk normality test shows a normal

Figure 2. Example of a human cervical right (left picture) and left (right picture) vagus nerve within one individual (OsO4 fixation, bar indicates 500 lm).
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Figure 3. Mean effective surface area 95% CI.

distribution for both the right (P = 0.99) and left
(P = 0.31) nerve. To illustrate, Fig. 4 displays the
largest and smallest left vagus nerve.
At the intracranial level (n = 4), no differences
between the right (630,921  105,422 lm2) and
left (855,808  655,902 lm2) nerve in terms of
effective surface area were observed (P = 0.54).
On the right side, the mean effective intracranial
surface area (630,921  105,422 lm2) is significantly less than the mean effective surface area at
the cervical level of electrode implant
(1,089,492  98,337 lm2) (P < 0.05), whereas on
the left side, the mean effective surface areas do not
differ between the intracranial and cervical level
(P = 0.69). The typical intracranial vagus nerve
hardly possessed connective tissue and fat in the epineurium and possessed multiple fascicles (Fig. 5).

Figure 5. Example of a (left) human vagus nerve inside the
skull base (OsO4 fixation, bar indicates 500 lm).

Figure 6. Mean amount of epineurial tissue 95% CI.

Connective tissue

The mean total surface area of the cervical vagus
nerve including epineurium (i.e. containing connective tissue, fat and vasa nervorum) did not differ between the right (8,448,000  739,000 lm2)
and the left (6,992,000  905,500 lm2) cervical
vagus nerve (P = 0.23 ).
The individual nerve’s amount of epineurial tissue ranges from 2,090,000 to 11,683,000 lm2.
Figure 6 depicts these individual nerve’s amount
of epineurial tissue in relation to the mean and

confidence interval of 95%. It is shown that five,
respectively seven of the eleven nerves are not displayed within this 95% CI, while the ShapiroWilk normality test shows a normal distribution
for both the right (P =0.98) and left (P =0.94)
nerve.
Myelination

No difference in the amount of myelination relative to the effective surface area between the right

Figure 4. Example of two single left vagus nerves to illustrate the largest difference in surface area in-between nerves (OsO4 fixation. Bar indicates 500 lm).
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(43,393  7,771 lm2 i.e. 3.3%) compared to the
left (20,748  4,532 lm2 i.e. 1.9%) (P < 0.05).
In two cases, ganglion cells in the right cranial
cervical vagus nerve were detected that stained
positive for TH (Fig. 7A). These nuclei stained
positive for DBH as well (Fig. 7B). Furthermore,
axons that stained positive for TH (Fig. 7C) also
stained positive for DBH (Fig. 7D). In some
cases, there was no positive DBH (Fig. 7F) staining at sites of TH-positive stained axons
(Fig. 7E).
No positive staining for TH or DBH could be
observed at the intracranial level.

(26.8  1.5%) and left (28.0  1.7%) nerve could
be observed (P = 0.62).
The myelin appeared to be distributed equally
within the three-thirds of the fascicles. The surface
areas of the outer thirds of the right and left nerve
fascicles show 40.0  1.5% and 37.9  2.7% positive OSO4 staining, respectively. The surface areas
of the outer two-thirds of the right and left nerve
fascicles show 66.5  2.6% and 63.6  2.6% positive OSO4 staining, respectively.
Catecholamines

At the cervical level, all nerves stained positive
for tyrosine hydroxylase, varying from 0.6% to
8.5% of the total effective surface area. The mean
area of tyrosine hydroxylase (TH)-positive staining is significantly larger on the right side

Discussion

This is the first study that provides quantative
data about human cervical vagus nerve morphol-
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Figure 7. (A–F) Tyrosine hydroxylase (TH) and dopamine beta-hydroxylase (DBH) staining (bar indicates 250 lm). (A) TH-positive ganglion cells in right cervical vagus nerve. (B) Ganglion cells that also stained positive for DBH. (C) TH-positive axons. (D)
Axons that also stained positive for DBH. (E) TH-positive axons. (F) Axons that did not stain positive for DBH. Insets in the
right upper corner show magnifications of the area surrounded with a white square.
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ogy at the level of electrode implant for VNS.
The following conclusions can be drawn from
our results.
Surface area measurements

Although the total surface areas of the right and
left cervical vagus nerves do not differ significantly, the effective surface area (nerve tissue
exclusively within the perineurium) does. The
effective surface area of the right cervical vagus
nerve is 1.59 larger than the left nerve. This
could have implications for the choice of side of
stimulation when considering the possible amount
of axons that will be stimulated. The (majority of
the) right nerve fibres extend in the abdomen as
the posterior trunk, running (among others)
through the coeliac and superior mesenteric ganglia, thereby supplying more viscera (possibly
including the spleen) than the anterior trunk.
This could explain (among others, see further)
the right–left difference in surface area at the cervical level. The effective surface area of four of
the 11 nerves does not find themselves inside the
95% CI. This large variation in surface area
may affect VNS success rates. The variation in
surface area may also be explained by the inferior
cardiac branch, which branches off the vagus

nerve at variable levels. It has even been reported
to branch off the recurrent laryngeal nerve (11)
(see Fig. 8). The possible costimulation of the
cardiac branch upon VNS could therefore vary
between individuals.
Our finding that the mean effective surface area
at the right cervical level is significantly larger
than at the level inside the right skull base, could
implicate that the vagus nerve receives anastomosing and ‘hitchhiking’ branches from areas
other than the brainstem. Other factors may contribute to this difference, such as the fusion of
the accessory nerve with the vagus nerve and the
difference in the amount of myelinisation. However, on the left side, these factors did not contribute to a significant difference and also the
relative amount of myelinisation between right
and left nerve appeared equal.
Myelination

High-degree myelinated fibres have the lowest
amplitude–duration thresholds and are preferentially activated by low-level VNS to result in therapeutic effects (20, 21). It is thereby suggested
that the myelinated axons are responsible for the
anticonvulsive effect because destruction of C-fibres does not alter the effect of VNS upon

Figure 8. Left: Anastomising and ‘hitchhiking’ branches within the vagus nerve (left) from sympathetic chain (right). Right:
hypothesis that the splenic nerve’s catecholaminergic release originates directly from the vagus nerve upon VNS. M: meningeal
branch, A: auricular branch, Ph: pharyngeal branch, SL: superior laryngeal branch, SC: superior cardiac branch, IC: inferior cardiac branch and IL: inferior laryngeal branch.
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induced seizures in rats (22). Fibres located closer
to the perineurium of a fascicle are exposed to a
stronger electric field because they are closer to
the electrode (23). We found that in humans, the
cervical vagus nerve contains relatively equal
amounts of myelination on both the right and left
side and that the amount of myelination within
the individual nerves lies within the 95% CI. Furthermore, this myelination is equally distributed
within the nerve fascicles. Upon VNS, the electrode does not fully encircle the vagus nerve, but
wraps approximately 270 degrees around it. This
partial positioning of the electrode contributes to
potential ‘quiet spots’ where higher stimulation
may be required for the activation of the nerve
fibres present (23). However, the large variation
in epineurial connective tissue might influence the
effectiveness of VNS to a greater extent (see further).

Carter in 1858 (25) who found communicating
branches between the vagus nerve and sympathetic trunk. To date, no quantative data about
TH-positive nerve fibres in human nerves exist,
especially concerning the level of electrode
implant upon VNS. The right cervical vagus
nerve contains on average two times more THpositive nerve fibres than the left cervical nerve.
The presence of DBH-positive staining in the
matching axons confirms the presence of not only
dopamine but also noradrenaline (NA). No THor DBH-positive nerve fibres could be identified
inside the skull base, confirming the early findings
(25) that the origin/destination of these positive
fibres must be the sympathetic chain. Above-mentioned findings have important implications for
the contribution of the VNS treatment principle
hypotheses.
Central mechanism-of-action hypothesis

Connective tissue

The nerves were exposed using techniques that
are similar to surgery for vagus nerve electrode
placement (17, 18). Attention was paid to isolate
the nerve from its surroundings, while not harming the nerve proper. As already depicted in
Fig. 6, the absolute amount of epineurial tissue
(i.e. connective tissue (including perineurium), fat
and vasa nervosum) varied widely between the
individual nerves, ranging from 2,090,000 to
11,683,000 lm2. The amount of ‘epineurial tissue’
could isolate the nerve tissue proper from the
electrical impulses generated by the electrical
stimulation upon VNS treatment. Helmers et al.
(23) calculated in their mathematical working
model of VNS (with 1.5-mA current and 500-ls
pulse width) that the presence of 1,300,000 lm2
fibrous tissue around the nerve led to a decrease
of 46.5% in A and B fibre activation. The conductivity of the extraneural medium is of prime
importance to fibre recruitment. An insulating
‘extraneural’ medium generally requires more current to reach the stimulus threshold (24). We suggest that the amount of epineurial tissue could be
an important variable for determining individual
effectiveness of VNS. These findings support the
general belief that careful surgical exposure of the
nerve prior to electrode application is extremely
important.
Catecholaminergic neurotransmission

Tyrosine hydroxylase-positive nerve fibres were
detected within the cervical vagus nerve. This
confirms the early finding of H. Gray and H.V.

Stimulating the vagus nerves may implicate the
release of dopamine and noradrenaline centrally
as well as peripherally. Dopamine and noradrenaline might be released centrally via the sympathetic chain, thereby reaching all central areas
that are innervated by the sympathetic nervous
system. This implies that VNS may have a catecholaminergic (sympathetic) effect that could contribute to the mechanism of action. This
hypothesis is supported by the finding that VNSinduced anti-epileptic effects are associated with
increased hippocampal NA levels (26). Furthermore, the locus coeruleus, the principal brain
noradrenergic nucleus, mediates at least some of
the seizure-attenuating effects of VNS (27). The
sympathetic component might also receive interest because of its role in regulating cerebral perfusion, because VNS has shown to induce cerebral
(thalamic) blood flow changes in experimental
settings (3). All together, an increased release of
noradrenaline in widespread cerebral regions
upon VNS is thought to be one mechanism of
action (2). Furthermore, VNS is thought to have
anti-inflammatory effects that are suspected to
result from increased corticosteroid release by
VNS-induced HPA axis activation (28). Lesions
of the noradrenergic projections to the hypothalamus in rats impair the increase in plasma corticosterone induced by intraperitoneally injected
IL-1 (29). Further imaging studies are necessary
to characterize the activity of ‘sympathetic and
dopaminergic brain regions’ upon VNS treatment. As in many experimental studies, however,
the electronic device upon ‘VNS’ is (necessarily)
implanted around the vagus nerve and common
7
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carotid artery (including sympathetic fibres therefore) together, the positive results from these
studies might additionally be explained by the
sympathetic component that was stimulated by
chance.
Peripheral mechanism-of-action hypothesis

(Peripheral) anti-inflammatory effects of VNS
appear to rely on an intact catecholamine-containing splenic nerve (30, 31). Our findings support this hypothesis by stating that the splenic
nerve’s catecholaminergic release possibly originates directly from the vagus nerve itself, and not
from a synapse in the coeliac ganglion, as has
been proposed earlier (30). Catecholamine-containing nerve fibres in the anterior nerve of Latarjet, for instance, have been described previously
(32). A possible direct catecholaminergic, sympathetic effect upon VNS treatment could be the
mechanism of action (see Fig. 8) because ß- and
a-receptors are present in different types of
immunocompetent cells, and because of the direct
contact between TH-positive nerve terminals and
lymphocytes in the spleen (33). Despite several
studies on spleen innervation (34–38), the question whether the human spleen receives (catecholaminergic) innervation from the vagus nerve
has not been answered yet. The origin of catecholamines within the subdiaphragmatic vagus
nerves remains controversial. Ahlman et al. (39)
and Liedberg et al. (40) demonstrated that the
abdominal vagus nerve receives catecholamines
from the superior cervical ganglion, which may
be supported by our findings, as well as from the
stellate ganglion and possibly also from the
intrathoracic sympathetic ganglia. Muryobayashi
et al. (41) found that the origin of catecholamines
in the abdominal vagus is restricted to the superior cervical ganglion. However, these studies
were conducted on cats and dogs. As we found
that the cervical vagus nerve on the right side
contains more TH-positive nerve fibres, and the
right (posterior) vagus nerve extends in the abdomen through the coeliac trunk and possibly the
splenic plexus, experimental studies studying the
anti-inflammatory effect of VNS could investigate
the difference in effects upon right vs left nerve
stimulation. In theory, stimulation of the direct
sympathetic supply to the spleen should induce
even stronger anti-inflammatory effects.
In two of our cases, ganglion cells were found
in the human cervical vagus nerve at the level of
electrode implant. These nuclei stained positive
for TH as well as DBH, implicating a catecholaminergic origin. The presence of these nuclei
8

here implies that the destination of at least part
of the catecholaminergic fibres are second-order
neurons that travel peripherally down the vagus
nerve.
Experimental studies have demonstrated beneficial effects of VNS for the treatment of various cardiac disease states such as arrhythmias (4). These
cardiac effects appear to rely on both parasympathetic and sympathetic activation. For instance, the
anti-arrhythmic effect of VNS in undiseased hearts
is abolished by treatment with propranolol (42).
On the other hand, several investigators have
shown a reduction in the anti-arrhythmic effect of
VNS following treatment with atropine, supporting
the role of muscarinic receptor activation in these
studies (42, 43). Furthermore, Hopkins et al. (44)
stated that the intrinsic cardiac nervous system can
become directly involved in cardiac pathology. At
the level of the intrinsic cardiac nervous system,
complex functional interconnectivity exists. These
act as a stabilizing feature to prevent various cardiac disease states. Components within this neuroaxis may interact abnormally to alter myocyte
function (45). These findings have lead to the concept of VNS-induced restoration of the loss of
autonomic balance, in order to provide treatment
effects such as electrical stability (5, 6). Furthermore, Levy demonstrated that in the presence of a
substantial background of sympathetic activity, the
same level of vagal activity exerted a more prominent effect upon different cardiac effector tissues
than in the absence of substantial sympathetic
background activity (46). Concurrent stimulation
of both sympathetic and parasympathetic cardiac
nerves increases myocardial contractility without
increasing heart rate (5). The presence of catecholaminergic fibres within the vagus nerve at the
level of electrode implant could therefore be of special interest when stimulating the nerve in patients
with cardiac disease. This fact could be of particular interest upon choosing the side of stimulation.
As the right vagus nerve at the level of electrode
implant contains more catecholaminergic fibres, it
would therefore be interesting to study whether the
effects of human VNS on the right nerve possibly
exert a greater beneficial effect.
Conclusion

Our finding that the human cervical vagus
nerve differs at the level of electrode implant
between both sides in various ways has interesting implications for the choice of stimulation
side for VNS. Future studies should test this in
various conditions instead of merely try to standardize the procedure. In support of the general
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belief, careful surgical exposure of the vagus
nerve prior to electrode application seems extremely important due to various amounts of epineurial tissue. Furthermore, we conclude by
stating that one has to look at the vagus nerve
as a morphological entity of the peripheral
autonomic nervous system. ‘The parasympathetic vagus nerve’ does not exist. Rather, we
have to speak of the morphological vagus
nerve, a composite of different fibres and
branches with different neurotransmitters, which
can act parasympathetic, sympathetic, somatoefferent or viscero-afferent in function. This
‘morphological’ view at nerves is further illustrated by the difference in effective surface area
and amount of fascicles at different levels
within in the nerve, indicating various anastomising and ‘hitchhiking’ branches within morphological nerve entities of different origin.
Electrically stimulating the vagus nerve therefore is not the same as a pure elevation of the
‘physiologic vagal parasympathetic tone’, but
also implements catecholaminergic (sympathetic)
effects. We recommend surgeons and scientists
taking this in consideration when investigating
the autonomic nervous system and related
areas.
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