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Abstract

Background—Vagus nerve stimulation therapy (VNS) has been used for chronic heart failure
(CHF), and is believed to improve imbalance of autonomic control by increasing parasympathetic
activity. Although it is known that there is neural communication between the VN and the cervical
sympathetic trunk, there are few data regarding the quantity and/or distribution of the sympathetic
components within the VN.

Objective—To examine the sympathetic component within human VN and correlate these with
the presence of cardiac and neurologic diseases.

Methods—We performed immunohistochemistry on 31 human cervical and thoracic VNs (total
104 VNs) from autopsies and we reviewed the patients’ records. We correlated the quantity of
sympathetic nerve fibers within the VNs with cardiovascular and neurologic disease states.

Results—All 104 VNs contain TH positive (sympathetic) nerve fibers; the mean TH positive
areas were 5.47% in right cervical, 3.97% in left cervical, 5.11% in right thoracic, and 4.20% in
left thoracic VN. The distribution of TH positive nerve fibers varied from case to case: central,
peripheral, or scattered throughout nerve bundles. No statistically significant differences in nerve
morphology were seen between diseases in which VNS is considered effective (depression and
CHF), and other cardiovascular diseases, or neurodegenerative disease.

Conclusion—Human VNs contain sympathetic nerve fibers. The sympathetic component within
the VN could play a role in physiologic effects reported with VVNS. The recognition of
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sympathetic nerve fibers in the VNs may lead to better understanding of the therapeutic
mechanisms of VNS.
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INTRODUCTION

Cardiovascular abnormalities are associated with an imbalance in the cardiac autonomic
nervous system,1~4 typically, characterized by increased sympathetic activity and decreased
parasympathetic (vagal) activity.2=6 Chronic vagal stimulation therapy (VNS) is believed to
improve the imbalance of cardiac autonomic control by increasing parasympathetic activity.
Accordingly, vagus nerve stimulation therapy has been introduced as a novel therapy for
chronic heart failure (CHF),1 4-2 and has demonstrated improvement in symptoms.* 6.9

The anatomy of the vagus nerve is variable between species.1% 11 In human, the vagus nerve
is largely anatomically separated from sympathetic nerves.1%: 12 However, there is
communication between the vagus nerve and the cervical sympathetic trunk.10: 12 Onkka et
al. performed immunohistochemical studies in dogs, and reported the percentage and the
distribution of sympathetic nerve fibers within the cervical vagus nerve.13 Kawagishi et al.
using immunohistochemistry showed that catecholaminergic fibers were present in the
human vagus nerve.12 Sympathetic components within the vagus nerve may contribute to
both therapeutic and adverse events associated with VNS therapy. However, there are
limited data regarding the location and quantity of sympathetic nerve component within
human vagus nerve. There is no information on how any sympathetic component in the
vagus nerve might correlate with clinical disease. We examined the vagus nerves from 31
patients at autopsy, described the sympathetic component, and correlated the structural
components of the vagus nerves with the presence of major cardiac and neurologic diseases.

METHODS

Histological study for vagus nerves

At autopsy, we harvested left and right cervical and thoracic vagus nerves from 20 men and
11 women (Table 1). In all cases consent for research was included with the consent for
autopsy. Cervical vagus nerves were identified deep to the jugular vein and common carotid
artery. Then, the dissection proceeded into the more distal parts of the vagus nerves that
entered the thoracic cavities. The right and left cervical vagus nerves were sampled from the
region where vagus nerve stimulation (VNS) therapy is applied. The right and left thoracic
vagus nerves were sampled 5 cm inferior to the aortic arch. Nerves were fixed in 10%
formalin for one hour, then transferred to 70% ethyl alcohol. Tissues were processed
routinely in graded alcohols, cleared in xylol, and paraffin embedded. Paraffin blocks were
cut into 5-um thick sections. Samples were cut to obtain both cross and longitudinal
sections. Sections were stained with hematoxylin and eosin. Immunohistochemical staining
was also performed on paraffin-embedded cross sections. We used tyrosine hydroxylase
(TH) antibodies (Mouse Monoclonal Anti-Tyrosine Hydroxylase SIGMA, T1299) to
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identify adrenergic nerve fibers and sympathetic ganglion cells. Anti-Choline
Acetyltransferase (ChAT) antibodies (Rabbit polyclonal to Choline Acetyltransferase,
abcam, ab68779) were used to identify parasympathetic ganglion cells. Glass slides stained
with TH were scanned with a digital slide scanner at 20x (Aperio XT scanner, Aperio
Technologies, Vista, CA). Digital image analysis software (Definiens’ Tissue Studio,
Definiens Inc., Parsippany, NJ) was used to calculate the cross sectional area of the nerve
and TH positive areas within the vagus nerves. The TH positive area was divided by the
cross sectional area. Figure 1 shows the methods that were used to quantify the TH positive
area.

Sympathetic nerve fibers and clinical disease

Statistics

RESULTS

In order to determine if there was any correlation of the presence of sympathetic nerve fiber
with clinical disease, we reviewed the records from the 31 patients. Demographic data
included gender, age, ethnicity, and history of cardiovascular and neurological diseases.

The groups were evaluated for statistically significant differences using the non-parametric
exact Wilcoxon Mann-Whitney rank sum test for two groups and the Kruskal-Wallis rank
sum test for more than two groups. Non-parametric correlations were performed using the
Spearman's rank correlation test. A total of 21 tests for statistical significance were
performed. The resulting p-values were adjusted for multiple testing using a Bonferroni
correction factor of 21.

The median age for these 31 cases was 64 years (34-99 years). Twenty patients (64.5%)
were Caucasians, four (12.9%) Hispanic, one (3.2%) Asian, one (3.2%) Native American,
and five (16.1%) of unknown ethnicity. Disease status in these patients is shown in Table 1.
Data regarding histologic finding are shown in Table 2. No statistically significant
differences were identified between the four vagus nerve groups for bundle number
(uncorrected p-value = 0.125, corrected p-value = 1) or cross sectional area (uncorrected p-
value = 0.008, corrected p-value = 0.178).

TH positive nerve fiber areas within the vagus nerves varied from patient to patient.
However, no statistically significant difference was seen in TH positive area fraction
between the four vagus nerve groups (uncorrected p-value = 0.661, corrected p-value = 1).
TH positive nerve fibers could be central, peripheral, or scattered throughout nerve bundles
(Figure 2). About one third of the cross sections consisting of 3 RCVN, 11 RTVN, 6 LCVN,
and 12 LTVN had strongly TH positive nerve fiber bundles in the periphery of the vagus
nerves. Surprisingly, ten vagus nerves contained 12 ganglion cells. Of nine ganglion cells, in
serial sections seven were positive for ChAT, and two were positive for TH.

For each case, the available bundle numbers, cross sectional areas, and TH positive area
fractions were averaged over the four vagus nerve groups (Table 2). For the 31 cases, the
mean bundle number average was 8.83, the mean cross sectional area average was 1.54
mm?Z, and the mean TH positive area fraction average was 4.94%. No statistically significant
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differences were seen based on sex or ethnicity (Table 3). No statistically significant
correlations were seen between age and bundle number average (correlation coefficient =
0.280, uncorrected p-value = 0.127, corrected p-value = 1), age and cross sectional area
average (correlation coefficient = —0.219, uncorrected p-value = 0.236, corrected p-value =
1), or age and TH positive area fraction average (correlation coefficient = 0.186, uncorrected
p-value = 0.315, corrected p-value = 1).

Clinical correlation

Table 4 lists the major clinical/autopsy diagnoses and TH positive areas. There was no
statistically significant association with the presence of structural cardiovascular or
neurologic diseases, or whether or not the patient suffered from CHF or depression, or both.

DISCUSSION

The autonomic nervous system plays an important role in maintaining normal cardiac
rhythm and rate.* 7 The balance of sympathetic and parasympathetic tone regulates cardiac
autonomic control.1 4 Cardiovascular abnormalities, such as hypertension, heart failure, and
coronary artery disease are associated with an imbalanced cardiac autonomic nervous
system.1=3. 14 The imbalance is generally characterized by increased sympathetic activity
and decreased parasympathetic activity.2-6: 14 Reduced vagal activity has been related to
increased mortality, life-threatening arrhythmia, and sudden cardiac death in late stages of
heart failure.l: 2. 5. 6.9. 15 physiologically, parasympathetic stimulation affects preload and
results in slowing of the heart rate and decreased cardiac output.? Therefore, it has been
thought that modulation of vagal activity had potential for the treatment of cardiovascular
disease.

Indeed, VNS therapy has recently been introduced as a novel therapy for heart failure.l 4-9
The basic idea of VNS for CHF is to modify the autonomic imbalance by stimulating the
vagus nerve. Animal studies showed that VNS had an antifibrillatory effect, prevented
ventricular fibrillation induced by acute Ml in the setting of a healed MI, and improved
symptoms of heart failure.2 A pilot VNS study for CHF was performed in 8 patients.® This
study was followed by a multi-center, open-label phase Il study of right cervical VNS in 32
patients with CHF.8 In both studies, significant improvements of New York Heart
Association heart failure score, quality of life, and 6 minute walk test were observed. One
hypothesis was that VNS resulted in slowing of heart rate and thereby improving cardiac
function. However, heart rate reduction was seen only in 37.5% in the former study.® In the
latter study, the acute change of heart rate was modest, and the average heart rate change
was not significant.8 Therefore, these authors concluded that the change in heart rate was not
the main effect of VNS therapy.® Since heart rate reduction was only moderate, other
mechanisms for cardioprotection have been suggested. These include anti-apoptotic and
anti-inflammatory effects of VNS.16

Chronic VNS therapy has been used as an FDA-approved therapy for drug-refractory
epilepsy and depression.> 7+ 8 15. 17 Generally adverse cardiac events, such as episodes of
bradycardia are not observed during VNS therapy in the patients with epilepsy. The left
vagus nerve is the one stimulated in VNS therapy for epilepsy. The left vagosympathetic
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trunk innervates the atrioventricular node in the dog. Stimulation of the left vagosympathetic
trunk does not cause changes in heart rate.18 There are, however, several reports of cardiac
effects during cervical VNS for epilepsy.19 20 No patient with cardiovascular disease was
included in these studies. No clinically relevant cardiac effects were observed.19: 20
Interestingly, two of five patients had the occurrence of tachycardia of uncertain cause.2?

The anatomy of the vagus nerve has been shown to be variable among species.10 11 |n
human, the vagus nerve is anatomically separated from the sympathetic trunk.10: 12 |n
contrast, the vagus nerves are intermingled and interconnected with sympathetic fibers in
some animals. This complex is called the vagosympathetic trunk.10: 11 Randall et al.
reported the presence of adrenergic nerve fibers within the cervical vagosympathetic trunk
in dogs. These adrenergic fibers directly distributed to the heart.21 In one canine study, the
cardiac responses caused by the stimulation of the cervical vagosympathetic trunk depended
on the content of the nerve fibers.22 In human, a neural communication between the vagus
nerve and cervical sympathetic trunk sometimes exists.1% 12 However the significance of
sympathetic component is not well understood. Recently, Onkka et al. performed a
quantitative study of sympathetic nerve fibers within the cervical vagus nerve in normal
dogs.13 The sympathetic nerve fibers occupied 0.03-2.80% of the cervical vagus nerve
cross-sectional area.13 Randall et al. have shown that the adrenergic nerve fibers within the
cervical vagosympathetic trunk directly distributed to the heart in dogs.2! Kawagishi et al.
studied the vagus nerves and their branches, including superior and recurrent laryngeal
branches, the superior and inferior cardiac branches, and the pulmonary branches, in 12
human cadavers.12 These authors reported that catecholaminergic fibers were present in both
cervical and thoracic vagus trunks and all their branches.12 However, no quantitative
examination or clinicopathological correlation were reported.

Our study indicates that the vagus nerve consistently has a component of sympathetic nerve
fibers in right/left and cervical/thoracic trunk. The distributions of sympathetic nerve fibers
were variable, and occupied 0.00-21.63% of total cross sectional area. Since the vagus nerve
stimulator is usually placed around the left cervical vagus nerve in the carotid sheath for
epilepsy, and around the right cervical vagus nerve for CHF, we compared the amount of
TH fibers in left and right vagus nerves. There was no significant difference in TH positive
nerve fibers between right and left vagus nerves, nor between cervical and thoracic vagus
nerves. Although both central and peripheral autonomic nervous systems are affected by
many diseases, 23 there was no significant relationship between the percentage of
sympathetic nerve fibers within the vagus nerve and the diseases we examined in this study.

VNS therapy may activate not only parasympathetic nerve fibers but also these sympathetic
nerve fibers. In our study, one third of subjects had discrete bundles of sympathetic nerve
fibers at the periphery of their vagus nerves. Onkka et al. reported that TH positive nerves
were typically present at the periphery of nerve bundles in normal dogs.13 In our human
study, while the vagus nerve had bundles of sympathetic nerve fibers at the periphery, there
were also more diffusely placed sympathetic nerve fibers throughout the cross section of the
vagus nerve. Kawagishi et al. reported the inferior cervical ganglion had TH positive fibers
in the periphery and suggested that the inferior ganglion would be the possible vagal site
receiving the sympathetic fibers.12 Although the significance of the peripheral localization is
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not clear in our study, the peripheral localization also may influence sympathetic effects
during vagus nerve stimulation therapy.

The anatomical and physiological bases, and mechanism of VNS are not clear, and thought
to be complex.24 For clinical use of vagal stimulation, the frequencies range from 20 to 30
Hz.25 Different responses are seen in EEG recordings by stimulation of different fibers of
the vagus.2> The vagus nerve has about 80% afferent sensory fibers and 20% efferent
fibers.17. 24 25 Efferent fibers include a-motorneurons and parasympathetic nerve fibers.
Afferent fibers are sensory fibers, and there are A-fibers, B-fibers, and C-fibers.24: 25

A-fibers carry afferent visceral information and motor input, B-fibers carry parasympathetic
input, and C-fibers carry afferent visceral information.2> Morphologically, A-fibers and B
fibers are myelinated, and C-fibers are non-myelinated.2® It was shown that the antiepileptic
potency of VNS was related to the C-fibers of vagus nerve in rats.26 But, another study in
rats demonstrated the destruction of C-fibers had no effect on seizure suppression.?’ In
human, stimulation is administrated to the afferent fibers of the vagus nerve, thus, the
stimulation influences both cerebral hemispheres.24 The effective stimulation in human
VNS for epilepsy is thought to be primarily mediated by afferent vagal A- and B-fibers.24 It
has been reported that in studies of physiological responses to VNS in human, efferent A-
fibers were activated and no afferents fibers were excited.?8 Stimulation of afferent vagus
nerve fibers is preferred for the treatment of epilepsy because the origin of epilepsy is
considered to be cortical. Efferent stimulation is thought to cause side effects.24 However,
which nerve fibers are involved or responsible for the effect of VNS, efferent or afferent, A-,
B-, or C- fibers, is not clear. Onkka reported that in dogs the TH positive nerve fibers in
vagus nerves were nonmyelinated.13 It has also been reported that the unmyelinated C-fibers
were involved in VNS applied in rats.6 In spite of a number of investigations, which fibers
are responsible for the benefit and adverse events for VNS remains unknown.24: 26-28

Our study has limitations associated with any autopsy study. While our study of human
vagus nerves is the largest to date, we only studied 31 autopsied hospitalized patients. Most
of our patients were elderly, and had cardiovascular and neurodegenerative diseases, and
other comorbid conditions. Autonomic abnormalities and neuropathy increases with aging.2®
We did not have young normal control patients. Both central and peripheral autonomic
nervous systems are affected by many diseases, in addition to the ones we identified.23 The
vagus nerve innervates many different systems and organs, including the cardiovascular
system. The cardiac branches and the intrinsic cardiac nervous system are known to be
important;39 however, we did not study the intrinsic cardiac nervous system, nor the vagus
cardiac branches. Further investigations of larger numbers of patients including younger and
more normal subjects and the cardiac branches and intrinsic cardiac nervous system may be
more revealing in demonstrating associations between vagus nerve components and disease.

CONCLUSION

In conclusion, human vagus nerves consistently contain sympathetic nerve fibers. The
distribution and degree of sympathetic nerve fibers within the vagus nerve are variable
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between cases. The greater presence of sympathetic nerve fibers within the vagus nerve in
some patients could play a role in some of the effects reported with VNS.
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Table 1

Total Number of Cases
Cardiovascular Diseases
Neurodegenerative Disease

Diseases Related to Vagus Nerve Stimulation
Therapy: Chronic heart failure and/or Depression

31

20 cases (64.5%) including 12 diagnoses of hypertension, 10 coronary artery disease or
myocardial infarction, 5 atrial fibrillation, 3 sudden cardiac death, and 2 ventricular
tachycardia

12 cases (38.7%) including 11 diagnoses of Alzheimer's disease, 2 Parkinson disease, 1
Huntington disease, and 1 multiple system atrophy

10 cases (32.3%) including 4 diagnoses of chronic heart failure and 7 depression
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