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General introduction 

A long history of separate investigations to the nervous system exists. Neuroanatomists 
studied shape, cellular structure and neural circuitry. Neurochemists studied chemical 
composition, neurophysiologists bioelectric properties and neuropsychologists 
investigated the organization and neural substrates of behavior and cognition. In the 
mid-1960s, the term neuroscience was introduced to signal the beginning of an era in 
which each of these disciplines would work together cooperatively, sharing a common 
language, common concepts, and common goals.1 
 
The anatomical nomenclature is one of the fundamental languages of neuroscience.2 
The unambiguous description of thousands of structures is made possible with an 
extensive number of highly specialized terms that are used to the exclusion of any other. 
However, a great amount of non-precise existing terminology exists. Although some 
reflect precious historical beliefs, non-precise terms obscure consensus between 
neuroscientists about the classification of neurons.  
 
Anatomically, the nervous system can be divided into two divisions, the central and the 
peripheral nervous system.3 The central nervous system consists of the brain, spinal 
cord, optic nerve and retina, and contains the majority of neural cell bodies (somata, 
perikarya). The peripheral nervous system consists of nerves and ganglia, and includes all 
nervous tissue outside the central nervous system.  
 
Within the nervous system, a visceral component is distinguished that is termed the 
autonomic nervous system. It consists of neurons located within both the central and 
the peripheral nervous system. Visceral efferent pathways are characterized by having a 
sequence of at least two neurons between the central nervous system and the target 
structure. These are referred to as preganglionic and postganglionic neurons, 
respectively. The cell bodies of preganglionic neurons are located in the visceral efferent 
nuclei of the brainstem and spinal cord. Their axons, which are usually thinly myelinated, 
exit from the central nervous system and run to ganglia in the periphery, where they 
synapse with postganglionic neurons. The axons of postganglionic neurons are usually 
unmyelinated. Postganglionic neurons are more numerous than preganglionic ones, as 
one preganglionic neuron may synapse with 15-20 postganglionic neurons.1 This 
architectural feature permits the wide distribution of many autonomic effects. 
 
The pre- and postganglionic neurons have different embryonic origins. Preganglionic 
neurons find their origin in neuroblast cells, while postganglionic neurons are derived 
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from neural crest cells.3 It is, however, common to label pairs of pre- and postganglionic 
neurons together as either sympathetic or parasympathetic. Another habit is to place 
the enteric neurons apart from the rest of the autonomic nervous system as the ‘enteric 
nervous system’. 
 
The term sympathetic has to be considered as non-precise existing terminology. The 
term underwent several semantic changes since its introduction, and is now often 
associated with the ‘Fight and Flight’ response (Table 1.1). Furthermore, there is no 
consensus about the classification of the sacral autonomic neurons as either 
sympathetic or parasympathetic.4-9  

Classic description of the sympathetic-parasympathetic model 

In addition to physiological and pharmacological criteria, three anatomical arguments 
are used to define the sympathetic-parasympathetic model.3 As the human spinal 
visceral preganglionic outflow concentrates around the T1-L2 and S2-S4 levels, the 
autonomic outflow does not appear as a continuous cell-column. The perceived gap in 
the nucleus between those levels has been one reason to place the sacral outflow apart 
from the thoracolumbar. The parallel between the parasympathetic cranial and sacral 
outflows is therefore often drawn. 
 
A second argument involves the absence of white rami communicantes at the sacral 
level. In contrast to the sympathetic thoracolumbar outflow, preganglionic neurons at 
the sacral level bypass the sympathetic trunk. Pelvic splanchnic nerves arise, therefore, 
directly from the sacral plexus. 
 
The third argument relates to the classic view of peripheral cell bodies being distributed 
bimodally. In this view, the sympathetic cell bodies are positioned mainly within the 
sympathetic trunk, close to the central nervous system. The parasympathetic cell bodies 
on the other hand, are positioned in a more distal position in the ganglia of the head, or 
in ganglia located close to the wall of thoracic, abdominal or pelvic organs.  
 
As a result, nerves and ganglia are often assigned to either the sympathetic or 
parasympathetic limbs of the model. The paravertebral ganglia are better known as the 
sympathetic trunk ganglia. The ciliary, otic, submandibular and pterygopalatine ganglia 
of the head are considered parasympathetic. Typical sympathetic or parasympathetic 
nerves are the white and grey rami communicantes or the greater petrosal and pelvic 
splanchnic nerves respectively. 
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Table 1.1 Origin and interpretation of the term sympathetic. 

Author/Event Origin and interpretation of the term sympathetic Reference 
Winslow  
(1669-1760) 

Originally introduced the term ‘sympathetic’ and coined the terms small  
(CN VII), medium (CN X) and great sympathetic (sympathetic trunk) nerves, 

which played distinct roles in maintaining ‘sympathy’ between viscera 

10 

Miscellaneous The adjectives ‘small’ and ‘medium’ sympathetic were rarely used. In many 
countries, ‘great’ was also dropped: sympathetic nerves became sympathetic 

nervous system 

11 

Andersch  
(1732-1777) 
Mayer  
(1747-1801) 
Wrisberg  
(1739-1808) 

These authors tried unsuccessfully to replace the term sympathetic with 
‘sympatheticus maximus’, ‘nervus magnus harmonicus’ and ‘nervus 

consensualis magnus’, respectively 

12 

Semantic change 
Langley  
(1852-1925) 

Stated: “Sympathetic nerves have no special relation to sympathies”, but 
retained the term in the ‘autonomic nervous system’ 

11 

Gaskell  
(1847-1914) 

The so-called sympathetic system, is formed by the ganglion cells of ‘visceral 
nerves’ that migrate out from ‘stationary’ cerebro-spinal ganglia, into 

‘vagrant’ ganglia. 

13-15 

Langley  
(1852-1925) 

Introduced ‘oro-anal system’: “… the bulbar part of the cranial outflow and 
sacral outflow form one system for gut and appendages”, and later: “… I 

placed them together as the ‘parasympathetic system” 

11,16 

Although he recognized similarities in the action of drugs and sympathetic 
nerves, he deemed: “… it is necessary for descriptive purposes to keep to a 

nomenclature based on anatomy, …” 

11 

Semantic change 
Barger  
(1878-1939)  
and Dale  
(1875-1968) 

Shifted to a physiological interpretation: The term ‘sympathomimetics’ 
described the action of amines 

17 

Cannon  
(1871-1945) 

Introduced the so called “fight or flight response” which became also known 
as the “sympathetic stress response” 

18 

1954 meeting of 
Physiological 
Society 

Introduction of prefix ‘ortho’. Prefixes to the term sympathetic must be 
interpreted physiologically rather than anatomically. Orthosympathetic is 

understood as ‘real’ sympathetic and parasympathetic now as ‘distinct from’ 
sympathetic 

19 

Semantic change 
Espinosa-Medina 
et al. in 2016 

Reserved the terms sympathetic and parasympathetic to cluster neural cells 
based upon genetic make-up and topographic position of preganglionic 

neurons within the central nervous system 

4 
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Aim and outline of the thesis 

In this thesis we present data on the peripheral distribution of catecholaminergic 
neurons, and use the outcome to re-evaluate the anatomical arguments on which the 
sympathetic-parasympathetic model is based.  
 
In chapter 2, we describe our histological study of the putatively ‘somatic’ phrenic 
nerves. We analysed the entire left and right phrenic nerves in 30 human cadavers and 
established the presence of catecholaminergic (‘sympathetic’) fibres throughout their 
course. The sub-diaphragmic portion of the right phrenic nerve differed from its left 
counterpart, exhibiting all the features of an efferent nerve of the celiac plexus rather 
than being the continuation of the phrenic nerve. Within this nerve, catecholaminergic 
cell bodies were abundantly present. Furthermore, we discovered that this nerve 
innervates atrial natriuretic peptide-positive caval bodies in the wall of the inferior caval 
vein at the diaphragmatic level. 
 
In chapter 3, we established that the cervical part of the vagus nerve also contains 
catecholaminergic fibres. These fibres appear to originate from the paravertebral 
ganglionic chains. We could demonstrate that the intracranial portions of the vagus 
nerves contained no catecholaminergic fibres, and had a smaller surface area compared 
to the cervical levels. In addition to catecholaminergic fibres, catecholaminergic cell 
bodies were encountered in the cervical portion of the vagus nerve.  
 
We also addressed the question whether the vagus nerve innervates the human spleen 
(chapter 4), as it recently became apparent that both the vagus nerve and the spleen 
play a key role in the control of host defense by the autonomic nervous system. By 
analysing the entire hilum of the spleen, we could end the controversy whether or not 
direct cholinergic innervation of this organ exist. 
 
Chapter 5 represents a systematic literature search and general discussion of this thesis. 
We assembled all available data on the distribution of catecholaminergic neurons in the 
peripheral nervous system. 144 Queries identified 1.239 studies providing information 
on 389 anatomical structures. 168 Studies fulfilled all inclusion criteria. We found that 
our earlier observations are part of a structural architecture that we describe here for 
the first time. The characteristics of this novel architecture are as follows: 
- Catecholaminergic neurons are embedded extensively in the peripheral nervous 

system, and are present in many spinal and all cranial nerves and ganglia. These 
include nerves and ganglia that are known for their parasympathetic function. 
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- Along the entire spinal autonomic outflow pathways, both proximal and distal 
catecholaminergic cell bodies are common in the head, thoracic and abdominal and 
pelvic region. This finding invalidates the “short versus long pre-ganglionic neuron” 
argument of the classical sympathetic-parasympathetic model.  

- Contrary to the classically confined outflow levels T1-L2 and S2-S4, preganglionic 
neurons are present at the lower lumbar level, thus within the ‘lumbar gap’.  

- Preganglionic cell bodies that are located in the intermediolateral zone of the 
thoracolumbar spinal cord, gradually nest more ventrally within the ventral motor 
nuclei at the lumbar and sacral levels and their fibers bypass the white ramus 
communicans and sympathetic trunk, to emerge directly from the spinal roots. 
Bypassing the sympathetic trunk, therefore, is not exclusive for the sacral outflow.  

 
We conclude that the anatomy of the autonomic outflow displays a conserved 
architecture along the entire spinal axis, and that the classical anatomical arguments 
separating the spinal autonomic outflow in sympathetic and parasympathetic divisions 
do not hold up. Neurons, nerves and ganglia are therefore best labelled according to 
their topography. This allows one to conceive the peripheral nervous system as a 
connection matrix, as neurons are able to switch between nerves to establish unique 
connections. The concept of the connectome in the brain, therefore, also appears to 
apply to the peripheral nervous system. 
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Abstract 

Communicating fibres between the phrenic nerve and sympathetic nervous system may 
exist, but have not been characterized histologically and immunohistochemically, even 
though increased sympathetic activity due to phrenic nerve stimulation for central sleep 
apnoea may entail morbidity and mortality. We, therefore, conducted a histological 
study of the phrenic nerve to establish the presence of catecholaminergic fibres 
throughout their course. The entire phrenic nerves of 35 formalin-fixed human cadavers 
were analysed morphometrically and immunohistochemically. Furthermore, the right 
abdominal phrenic nerve was serially sectioned and reconstructed. The phrenic nerve 
contained 3 ± 2 fascicles in the neck that merged to form a single fascicle in the thorax 
and split again into 3 ± 3 fascicles above the diaphragm. All phrenic nerves contained 
catecholaminergic fibres, which were distributed homogenously or present as distinct 
areas within a fascicle or as separate fascicles. The phrenicoabdominal branch of the 
right phrenic nerve is a branch of the celiac plexus and, therefore, better termed the 
“phrenic branch of the celiac plexus”. The wall of the inferior caval vein in the diaphragm 
contained longitudinal strands of myocardium and atrial natriuretic peptide-positive 
paraganglia (“caval bodies”) that where innervated by the right phrenic nerve. 
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Introduction 

The phrenic nerve arises from the anterior roots of the third to fifth cervical nerves and 
is known to innervate the diaphragm.1,2 Accessory fibres from cervical segments that join 
the phrenic nerve are common and mainly originate from the subclavian nerve, the ansa 
cervicalis, and the sternohyoid nerve.3 Communicating fibres between the sympathetic 
trunk and the phrenic nerve in the cervical region were already described by Luschka in 
1853.4 Some phrenic fibres may contribute to the cardiac plexus,5 but the evidence is 
limited.6 Communications between the phrenic nerve and the ansa subclavia, a structure 
known to contribute to the inferior cervical sympathetic cardiac nerve,7 have been 
described more often.5,6,8 Additionally, a continuation of the right phrenic nerve towards 
the aortic autonomic plexus in the abdomen, the so-called phrenicoabdominal branch, is 
often reported.7,9,10 This branch contains one or several ganglia that stain positive for 
tyrosine hydroxylase (TH),11 indicating catecholaminergic signal transmission.  
 
Recently, the phrenic nerve has become the target of interventions that aim to regulate 
breathing patterns by electrical nerve stimulation.12 An example is the treatment of 
central sleep apnoea.13,14 For such an application of phrenic nerve stimulation, it is 
important to be aware of all components of the phrenic nerve, as they are also 
stimulated in such procedures. The presence of a catecholaminergic component within 
the phrenic nerve warrants particular attention when phrenic nerve stimulation is 
applied, because increased sympathetic activity is associated with increased mortality in 
patients with central sleep apnoea.15-17 
 
The earlier descriptions of communicating branches between the phrenic nerve and the 
sympathetic nervous system were based on macroscopic dissections, which do not 
permit distinction between nerves and connective tissue strands. Furthermore, the 
dissectional approach does not reveal whether sympathetic (catecholaminergic) fibres 
are present in such communications. We, therefore, conducted a detailed histological 
study to establish the presence of catecholaminergic fibres in the phrenic nerve 
throughout its course from its cervical roots to its connection with the celiac plexus. 
Since phrenic nerve stimulation can be performed on both sides and at different levels 
of the nerve, we also looked at morphological differences along the course of the 
phrenic nerve and compared left and right phrenic nerves at different levels. 
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Methods 

Nerve tissue was harvested from thirty-five (16 female, 19 male) formalin-fixed cadavers 
between 58 and 101 ( = 84 ± 11) years of age from the body donation program of the 
Department of Anatomy and Embryology, Maastricht University. The tissue donors gave 
their informed and written consent to the donation of their body for teaching and 
research purposes as regulated by the Dutch law for the use of human remains for 
scientific research and education (Wet op de Lijkbezorging, 1991). Accordingly, a 
handwritten and signed codicil from the donor posed when still alive and well, is kept at 
the Department of Anatomy and Embryology Faculty of Health, Medicine and Life 
Sciences, Maastricht University, Maastricht, The Netherlands. The bodies were 
preserved by intra-arterial infusion with 10 L fixative (composition (v/v): 96% ethanol 
(21%), glycerin (21%), 36% formaldehyde (2%), water (56%), and 2.4 g/L thymol), 
followed by 4 weeks of fixation in 96% ethanol (20%), 36% formaldehyde (2%) and water 
(78%). Samples were only taken from bodies without signs of previous surgical 
interventions on neck, thorax or abdomen. 

Phrenic nerve sampling 

The cervical and thoracic portions of the phrenic nerve with surrounding connective 
tissue and accompanying pericardiophrenic vessels were collected and subdivided into 
levels A to I (- J on the left side), as depicted in Figure 2.1. To investigate whether an 
abdominal branch of the phrenic nerve extends to the celiac plexus (inset Figure 2.1), 
the abdominal phrenic nerves, including the part that traversed the diaphragm, were 
collected and embedded ‘en bloc’ for further histological processing. Furthermore, 
periarterial tissue accompanying left and right inferior phrenic arteries was collected to 
establish whether or not the phrenic nerve contributes to the nerve plexus 
accompanying the inferior phrenic arteries. 

Histological processing  

All cervical and thoracic nerve samples were cut transversally into two parts. The upper 
parts were post-fixed overnight in 1% osmium tetroxide (OsO4) / phosphate-buffered 
saline (PBS) and then embedded in paraffin. The lower parts, the abdominal samples, 
and the ‘en bloc’ samples of diaphragm and abdominal phrenic nerve were subjected to 
standard paraffin embedding. Five micrometre-thick sections were prepared of all 
samples with a Leica 2245 microtome. Mounted sections were used for haematoxylin 
and eosin (HE) staining or immunohistochemistry. To determine the intradiaphragmatic 
course of the phrenic nerves, the ‘en bloc’ samples were sectioned every 250 µm 
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(4 sections per mm). For reconstruction, one abdominal phrenic nerve was sectioned 
completely into 5 µm consecutive transverse sections resulting in 7,500 slides. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1 Sampling of the phrenic nerve. A-I indicate the sampling sites of the respective cervical and 

thoracic samples. J indicates the position of the extra thoracic sampling site for the left phrenic 
nerve. The inset shows a magnification of the peridiaphragmatic portion of the phrenic nerve 
(the asterisks indicate corresponding sites on the pericard). 1: Vagus nerve; 2: phrenic nerve; 3: 
cervical sympathetic plexus; 4: inferior thyroid artery; 5: thyrocervical trunk; 6: internal thoracic 
artery (cut); 7: pericardiophrenic artery; 8: internal thoracic vein; 9: pericardiophrenic vein; 10: 
anterior scalene muscle; 11: celiac ganglion and plexus; 12: phrenic ganglia; 13: diaphragm; 14: 
inferior caval vein; 15: inferior phrenic artery. Note the connection between the right phrenic 
nerve and the celiac autonomic nerve plexus. Illustration drawn by Greet Mommen. 



Chapter 2 

20 

To determine the surface area of catecholaminergic nerve fibres, antibodies against 
tyrosine hydroxylase (TH; 1:1,000, Abcam AB112, Cambridge, UK) and dopamine 
ß-hydroxylase (DBH; 1:150, Abcam AB109112) were used. Antibodies against protein 
gene product 9.5 (PGP9.5; 1:100, Biotrend APG0714, Cologne, Germany) (a ubiquitin 
C-terminal hydroxylase, highly specific for neurons), S100 protein (S100; 1:1,000, Dako 
Z0311, Glostrup, Denmark) (used for identifying axons and dendrites), choline 
acetyltransferase (ChAT; 1:50, Merck, AB144P, Darmstadt, Germany) and vesicular 
acetylcholine transporter (VAChT) (1:2,000, MBL-Sanbio BMP 048, Japan) were used to 
determine the surface area of (cholinergic) nerve tissue. The antibody against natriuretic 
peptide A (NPPA) was purchased from Campro Scientific (RGG 9103, Veenendaal, The 
Netherlands; 1:200). For the detection of cardiac muscle tissue, a SERCA2a antiserum 
that was raised in rabbits against the BSA-coupled C terminal SERCA2a peptide 
NYLEPAILE (1:1,000) was used.18 
 
Complete images of selected large slides were digitized with an Olympus BX61 scanning 
microscope and the DOTSLIDE program (Olympus, Zoeterwoude, The Netherlands). 
AMIRA software (version 6.0; base package; FEI Visualization Sciences Group Europe, 
Mérignac Cédex, France) was used to generate 3D reconstructions after image loading, 
alignment and segmentation 19.  

Morphometric analysis 

Slides were photographed with a Leica (type DMRD) photomicroscope.20 Surface areas 
of myelinated axons, specifically stained axons, and the entire surface of the nerve 
within the perineurium, including its supporting tissue, were measured with Leica Qwin 
v.3.5.1 analysis software at 10x magnification. Furthermore, the number of nerve 
fascicles was counted. Two persons independently determined whether staining 
exceeded background levels. The average of these values was used as threshold.  
 
Statistical analysis was performed with Graphpad Prism v6.0 software. Data were tested 
for normality with the Shapiro-Wilk normality test. Comparisons were made by Student’s 
t-tests and one-way ANOVA followed by Bonferroni post-hoc tests. Data are presented 
as means ± SD. Individually presented data are displayed after Savitzky-Golay filtering. 
P-values <0.05 were considered as statistically significant. 
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Results 

Cervical and thoracic findings 

Surface area measurements  

Nineteen cadavers were analysed. The mean surface area of the right and left nerves 
excluding epi- and perineurium was 0.35 ± 0.02 and 0.29 ± 0.01 mm2

, yielding diameters 
of 1.2 and 1.1 mm, respectively. No significant differences in surface area along the 
proximo-distal course of the nerve were observed for either the right or left nerve 
(P≥0.71). Furthermore, no significant differences in surface area between corresponding 
levels of the left and right nerves were detected (all P≥0.09).  

Myelination 

Myelinated neurons occupied 26 ± 1% and 29 ± 1% of the total surface areas of the right 
and left nerves, respectively. No significant differences in myelination were observed 
along the proximo-distal course of the right and left nerve (P≥0.10), or between 
corresponding levels of the right and left nerves (all P≥0.35).  

Fascicles 

In the cervical area, the phrenic nerves contained 3 ± 2 fascicles (as defined by having a 
distinct perineurium; range: 1-10 fascicles; Figures 2.2A,B and 2.3A,B) that merged to 
form the single fascicle usually seen in the thorax (range: 1-4; Figures 2.2C and 2.3A). 
Just cranial to the diaphragm the number of fascicles increased to 3 ± 3 (range 1-9; 
Figure 2.3A,B). No significant differences were found between left and right phrenic 
nerves (all P≥0.08). 

Expression of Tyrosine Hydroxylase  

Tyrosine hydroxylase (TH)-positive fibres were found in all phrenic nerves studied (Figure 
2.2D), occupied 1.6 ± 0.5 and 2.0 ± 0.6 % of the total nerve surface area of the right and 
left nerves, respectively, and were present in the nonmyelinated areas (Figure 2.2C). The 
size of the TH-positive areas was similar along the proximo-distal course of the nerve for 
both the right (P=0.63) and left nerves (P≥0.63), and between corresponding levels of 
the left and right nerves (all P≥0.09).  
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Figure 2.2  Morphological characteristics of the phrenic nerve in neck and thorax: A-C: osmium-tetroxide 

staining. Black dots represent osmium-stained adipocytes within the epineurium. D: Tyrosine 
Hydroxylase (TH) staining. A-C show the phrenic nerve as: a single fascicle at cervical sampling 
site C (A); several fascicles (arrows) in the cervicothoracic transition area at sampling site D (B); 
or a single fascicle at thoracic sampling site E (C). Note the close relationship of the phrenic 
nerve with the pericardiophrenic vein (indicated by asterisk). D: adjacent section of C, stained for 
the presence of TH (arrows). Note that TH-positive areas are OsO4-negative (arrows). 

 

TH-positive fibres and fascicles 

TH-positive fibres were either distributed homogeneously or presented as distinct areas 
or fascicles within the phrenic perineurium or epineurium, respectively (Figure 2.3D).  
The distinct areas were seen most frequently in the left and right cervical and the right 
thoracic region just above the diaphragm (Figure 2.3C). 
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Findings near the diaphragm 

Intradiaphragmatic course of the phrenic nerves  

The course of the right phrenic nerve along the foramen of the inferior caval vein was 
analysed in 4 cadavers on transverse sections of ~5 cm diameter (Figure 2.4A,B). The 
branching pattern of the phrenic nerve was irregular, with TH-positive branches 
accompanying the motor nerve. The intradiaphragmatic course of the left phrenic nerve 
was also analysed in 4 cadavers (Figure 2.4D-F) and was similar to that of the right 
phrenic nerve, except that TH-positive fibres were completely absent (Figure 2.4E,F). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3 (Tyrosine hydroxylase-positive-) Fibres and fascicles within the phrenic nerve at the different 

levels. A, B: Number of fascicles. Median, first and third quartile, and range are shown as 
boxplots, A left and B right phrenic nerve. C: Percentage of TH-positive fibres (blue: left, green: 
right) presenting as distinct areas. D: TH-positive fibres (yellow) presented as distinct fascicles or 
as distinct areas within the phrenic perineurium or epineurium, respectively (most often seen 
between levels A and E, and on the right side only at level I) as opposed to a homogenous 
distribution of TH-positive fibres (most often seen between levels F and J except for level I on the 
right side; for levels confer Fig. 1). Triangles in C and D are corresponding to the levels, with one 
triangle indicating levels A-E, two triangles levels F-H and 3 triangles levels I-J, respectively. 
Illustration drawn by Greet Mommen. 
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Figure 2.4 Intradiaphragmatic course of the left and right phrenic nerves. A-C: right phrenic nerve passing 
through the foramen of the inferior caval vein. A: Macroscopic sample, cranial view showing the 
phrenic nerve (arrow), the inferior caval vein (asterisk) and a part of the surrounding diaphragm. 
B: HE staining of a section of the caval vein shown in A, with a magnification of the phrenic nerve 
consisting of several branches shown in the inset. C: S-100 staining to show the nervous 
connection (arrows) between the phrenic nerve (magnification shown in inset on the right) and 
caval body (magnification shown in inset on the left (see also Fig. 5)). D-F: left phrenic nerve 
passing through the left dome of the diaphragm. D: macroscopic sample with left phrenic nerve 
(arrow), caudal view. E: HE-stained section of the sample containing several branches of the 
phrenic nerve (arrows). F: TH-staining of a serial section of E. Note the absence of TH-positive 
fibres in this part of the phrenic nerve. 
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Caval bodies  

In the wall of the inferior caval vein of the 4 cadavers studied, we identified a total of 
eight tangled structures (Figures. 2.4C, lower left inset and 5) that contained an 
extensive venous plexus surrounding large cell bodies with granular inclusions (Figure 
2.5 inset) and a network of nerve fibres (Figures 2.5 and 2.6A,B) originating from the 
right phrenic nerve on the opposite side (Figure 2.4C). Although the large cells 
morphologically resembled neural cell bodies, only a fraction stained positive for PGP9.5 
(Figure 2.6C) or TH (Figure 2.6D). Neither VAChT- or ChAT-positive cells were observed 
(Figure 2.6F). Many of the large cells bordering the veins (Figure 2.5 inset) contained 
atrial natriuretic peptide (NPPA)-positive granules (Figure 2.6E). The phenotypic 
characteristics of these structures resemble those of paraganglia.21 For this reason, we 
have named them “caval bodies”. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.5 Caval body at the level of the diaphragm. A: The body consists of nerve fibres (pink), an extensive 
venous plexus (dark purple), and large cells containing NPPA-positive granules (magnification of 
a caval body from another specimen is shown in inset, where NPPA-positive cells flank a venule 
(asterisk)). 
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Figure 2.6 Staining characteristics of a caval body. Serial sections showing a magnified area of the section 

shown in Figure 2.5. Note the extensive venous plexus surrounding cells (A, HE; arrows), 
abundant nerve fibres (B, S100), scarce, strongly PGP 9.5-positive (C; +) and TH-positive cells 
(D; +) that only partly overlap, and abundant NPPA-positive non-neural cells (E; arrows identify 
intracellular granules; cf. Figure 2.5B). No VAChT-positive staining was observed (F) (visible are 
some cellular pigments). 
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Myocardial muscle sleeves 

In 3 of the 4 cadavers, the wall of the inferior caval vein inside the diaphragm contained 
longitudinal strands of myocardium that stained positive for α-smooth muscle actin and 
SERCA2a (Supplemental Figure S2.1).  

Findings within the abdomen 

Abdominal course and characteristics of the right phrenic nerve 

The abdominal course of the right phrenic nerve was studied in 5 cadavers. Textbooks 
indicate that the nerve extends all the way to the phrenic ganglia in the periphery of the 
celiac plexus.7 We tested this assumption by sectioning the abdominal portion of the 
nerve of one cadaver from the diaphragm to the caudal-most of the phrenic ganglia, 
(7,500 sections of 5 µm each; Figure 2.7A-H). A 3D reconstruction of these sections (Fig. 
7I) revealed that the phrenic nerve (Figure 2.7A,I (brown)) split into two main, 
myelinated branches that innervated the diaphragm (Figure 2.7B). A TH-positive 
autonomic fascicle presented as a third, separate branch distal to this level and 
extended all the way to the celiac ganglion (Figure 2.7C-H). We, therefore, named this 
branch the phrenic branch of the celiac plexus. Of note, the diameter of the branch 
excluding the ganglia increased towards the celiac ganglion (Figure 2.7J) and was 
interspersed with neuronal cell bodies (Figure 2.7E,F,H) that stained positive for PGP9.5, 
TH and dopamine β-hydroxylase DBH (see Supplemental Figure S2.2).  

Left and right peri-arterial nerve plexuses of the inferior phrenic artery  

Nerve plexuses that accompany the left and right inferior phrenic arteries were studied 
in 5 cadavers and found to consist of small, purely TH-positive branches in the tunica 
adventitia. These plexuses, therefore, do not resemble the phrenic branch of the celiac 
plexus (see Supplemental Figure S2.3). 
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Figure 2.7 Reconstruction of abdominal portion of the phrenic nerve. 7,500 Sections were sampled every 

5 µm. A-H: TH-stained sections corresponding to the levels depicted in the reconstruction shown 
in I (brown: phrenic nerve branches; yellow: phrenic branch of celiac plexus). Phrenic ganglia 
were found at sites E, F and H. J: Surface area measurements of the phrenic nerve (brown) and 
phrenic branch of the celiac plexus (yellow; without ganglia). Illustration drawn by Greet 
Mommen. 

 

Discussion 

In this study, we have characterized both phrenic nerves in man with respect to fascicles, 
fibre composition and myelinisation. We demonstrate that the phrenic nerve also serves 
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as a conduit for catecholaminergic fibres and that the phrenicoabdominal branch of the 
right phrenic nerve is, instead, a branch of the celiac plexus. The “phrenic branch of the 
celiac plexus” is, therefore, a more appropriate name for this nerve. In addition, we 
report the presence of paraganglia (“caval bodies”) and myocardial sleeves in the wall of 
the inferior caval vein at the level of the diaphragm. The caval bodies were innervated by 
the right phrenic nerve.  

Morphological characterization of the left and right phrenic nerve 

Our data show that the thoracic phrenic nerve generally consists of a single fascicle, 
which arises from the fusion of several cervical fascicles, and diverges into several 
fascicles again near the diaphragm. In agreement with an earlier ultrasound study at the 
cervical level,22 we found comparable diameters for the left and right human phrenic 
nerves throughout their course. A small (N=2) electron-microscopic (EM) study of the 
phrenic nerve of the rat at the level of the entrance of the inferior caval vein into the 
right atrium revealed that the right phrenic nerve contained ~30% more axons than its 
left counterpart.23 

TH positive fibres and fascicles 

Communicating nerve fibres of the phrenic nerve have been described macroscopically 
for the somatic subclavian and sternohyoid nerves, the ansa cervicalis, the accessory, 
supraclavicular, suprascapular and hypoglossal nerves3 and the vagus nerve.24 
Communicating fibres with sympathetic nerves include the subclavian ansa, the cervical 
sympathetic trunk (including the middle and stellate ganglion), and the splanchnic 
nerves.5,6,8,24-30 These fibres were also observed in other species27,29,31,32 and 
hypothesized to be vasoregulators of the diaphragmatic vessels.27,33 
This study histologically validates the presence and composition of TH positive 
communicating nerve fibres between the right phrenic nerve and celiac plexus (see 
further). In the supradiaphragmatic part of the right phrenic nerve, the TH positive fibres 
are present as distinct fascicles or as distinct areas within the phrenic perineurium or 
epineurium, respectively. Such distinct TH positive areas were only seen in the right 
phrenic nerve just above the diaphragm, but also in both phrenic nerves in the cervical 
region. Therefore, we hypothesize that TH-positive fascicles form communications with 
nearby nerves or organs in this area too. 
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Abdominal course and characteristics of the right phrenic nerve 

Previous gross-anatomy reports suggest that the phrenic nerve continues on the 
abdominal side of the diaphragm to the phrenic ganglia.7,9,10 This branch is classically 
described as the ‘phrenicoabdominal branch of the right phrenic nerve’.34 Our 3D 
reconstruction of the right phrenic nerve and analysis of the composition of the left 
phrenic nerve revealed that the phrenic nerve motor branches do not continue beyond 
the diaphragm. Instead, the right phrenic nerve continues as a completely 
catecholaminergic nerve branch that, based on its increasing diameter, arises from the 
celiac ganglia and is, therefore, more appropriately termed the ‘phrenic branch of celiac 
plexus’. TH- and DBH-positive cell bodies were encountered throughout the phrenic 
branch of celiac plexus, that is, also outside the two macroscopically visible ganglia that 
are classically described.9,11 Based on these findings, we conclude that the phrenic motor 
nerve innervates the diaphragm, but also serves as a conduit for the peripheral 
autonomic nervous system. The absence of catecholaminergic fibres in the 
intradiaphragmatic part of the left phrenic nerve emphasizes the asymmetry of the 
distribution of the autonomic fibres. We hypothesize that this asymmetry corresponds 
with the presence of paraganglia in the wall of the (right-sided) inferior caval vein (see 
next paragraph). 

Paraganglia at the level of the diaphragm 

An unexpected finding in this study was the identification of paraganglia in the wall of 
the inferior caval vein where it passed the diaphragm. Based on their morphological 
appearance, the extensive venous network around NPPA-positive cells and the rich 
innervation by fibres arising from the phrenic nerve, we hypothesize that these 
structures have a neuroendocrine function like paraganglia elsewhere. Fibres of the 
phrenic nerve encircling the inferior caval vein have also been described in the foetus.35 
The presence of NPPA-positive granules further suggests that these cells have a role in 
regulating plasma volume in a similar manner as NPPA-containing cardiomyocytes. By 
analogy to the vagal B-type atrial receptors,36 which monitor central venous pressure as 
stretch of the atrial wall, the phrenic or autonomic nerve endings could act as low-
pressure receptors for the central venous pressure. As elsewhere,37 the NPPA-positive 
cells could be under efferent catecholaminergic neural control. It would be interesting to 
investigate whether right phrenic nerve stimulation affects plasma levels of NPPA 
(fragments) and influences volume homeostasis. Blood pressure management is a key 
element in the treatment of patients suffering from HF and many other conditions.   
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Further characterization of these neuroendocrine structures is desirable, since 
neuroendocrine, chemosensory and neuroimmunomodulatory functions exist in other 
paraganglia like the carotid body.21 

Myocardial muscle strands 

Another unexpected finding was the presence of longitudinal cardiac muscle strands in 
the wall of the inferior caval vein. A caval sphincter supplied by the right phrenic nerve is 
a well-known feature of diving mammals.38 However, this sphincter is usually described 
as consisting of striated skeletal muscle that is continuous with the diaphragm.38 The 
expression of α-smooth muscle actin indicates that the myocardium in these strands is 
poorly differentiated.39 Myocardial ‘sleeves’ with such properties have also been 
described in pulmonary veins and at the base of the pulmonary trunk, where their 
presence can establish extranodal pacemaker activity.40 

Clinical implications 

We observed myelinated and non-myelinated nerve fibres in both phrenic nerves 
without differences between left and right or along the proximo-distal course of the 
nerves. Such information is important for nerve stimulation, because myelinated nerve 
fibres have a much lower amplitude-duration threshold upon nerve stimulation than 
non-myelinated fibres.41,42 Typical stimulation protocols for (transvenous) phrenic nerve 
stimulation can vary up to a hundred-fold in intensity (0.1-10 mA), 5-fold in duration 
(60-300 µs) and 2-fold in frequency (20-40 Hz).13 If applied for central sleep apnoea, the 
stimulation should target the myelinated fibres and should, therefore, be accomplished 
with the lowest possible amplitude-duration thresholds that result in the intended 
rhythmic activation of the diaphragm. This is necessary to prevent any undesired 
stimulation of the nonmyelinated catecholaminergic fibres that are also present within 
the phrenic nerve. This concern is relevant, because (direct) electric stimulation of the 
right subclavian ansa did elevate noradrenaline and cAMP concentrations in plasma 
harvested in the coronary sinus of dogs.43 Such a catecholaminergic stimulation of the 
heart may, therefore, further increase the chronic upregulation of sympathetic activity 
that is already present in patients with central sleep apnoea44,45 and that is associated 
with increased mortality these patients.15-17 
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Supplemental materials 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure S2.1 Myocardial strands. A: HE: Clustered, longitudinally arranged cardiac muscle fibres residing in the 

wall of the inferior caval vein (arrows) (lumen of inferior caval vein indicated by asterisk). B: 
SERCA2-positive staining of myocardial strands. C: SERCA2a-negative staining of adjacent arterial 
smooth muscle wall. D: SMA-positive staining of myocardial strands. E: SMA-positive staining of 
adjacent arterial smooth muscle wall.  
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Figure S2.2 Ganglion in the phrenic branch of the celiac plexus. Serial sections stained with A: HE; B: S-100; 

C: PGP.9.5; D: TH; and E: DBH. Identical cells are indicated with an asterisk. 
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Figure S2.3 Peri-arterial nerve plexus of the inferior phrenic artery. Left inferior phrenic artery stained for 
the presence of TH. 
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Morphology of the human cervical vagus nerve: 

Implications for vagus nerve stimulation treatment 
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Abstract 

Objectives 
The vagus nerve has gained a role in the treatment of certain diseases by 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 
analyzed by 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 µm2 vs. 753,915 ± 102,490 µm2 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 µm2) 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 2 out of 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 2 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 µm2 to 
11,683,000 µm2). 
 
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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Introduction 

The (ortho)sympathetic and parasympathetic function of the autonomic nervous system 
(ANS) 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 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 
like 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 vago-central (i.e. parasympathetic-
sympathetic) reflexes.7 Stimulation intensity (output current), frequency, pulse width, 
signal on-time, signal off time, 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 
analyzing 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 
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percentage of this surface area is used by catecholaminergic neurotransmission? Do 
these variables differ between 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 ~10l 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 centimeters linear incision through the skin and 
platysma muscle was made one centimeter 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 (Figure 3.1). 
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 3 pieces, to provide the ‘mean morphology’ over 
the whole trajectory used for electrode placement. Every piece then was divided into 
2 halves. The first halves, were post-fixated overnight with 1% osmium tetroxide (OsO4) 
in phosphate buffered saline (PBS) before they followed paraffin embedding procedures. 
These paraffin blocks were cut into 4µm transverse sections and mounted on slides. 
These slides were used for morphometric analysis. The other halves followed standard 
paraffin blocking and cutting (4 µm transverse sections) procedures, and were used for 
immunohistochemistry staining with anti-tyrosine hydroxylase (TH) (1:1000, Abcam 
AB112, Cambridge, UK) or anti-dopamine B hydroxylase (DBH) (1:150, Abcam, 
AB109112, Cambridge, UK) for surface area measurement of catecholamine containing 
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fibres. Shrinkage of about 30% in tissue diameter, before and during fixation and 
processing is thereby a recognized phenomenon.19 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 
Figure 3.1 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. 

 

Morphometric analysis (detailed description to be found in supplement) 

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 10x 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 3 thirds (inner, middle and outer). Two persons 
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independently determined the gray 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 less than 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 3.2 shows an example of a typical right and left human cervical vagus nerve of 
one specimen at the level of electrode implant. In 8 out 11 specimens, the right nerve 
contained more fascicles than the left. On average, the right nerve contains 8.2 (±1.7) 
fascicles, compared to 5.3 (±0.9) within the left nerve (P=0.15). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2 Example of a human cervical right (left picture) and left (right picture) vagus nerve within one 

individual (OsO4 fixation, bar indicates 500 lm). 
 

Surface area measurements 

The mean effective surface area on the right side is significant larger than on the left 
(1,089,492 ± 98,337 µm2 vs. 753,915 ± 102,490 µm2 respectively P<0.05). In 10 out of 
11 specimens, the right nerve possesses a larger effective surface area.  
Figure 3.3 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, 4 out of 11 nerves 
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are not displayed within this 95% confidence interval, while Shapiro-Wilk normality test 
shows a normal distribution for both the right (P=0.99) and left (P=0.31) nerve. To 
illustrate, Figure 3.4 displays the largest and smallest left vagus nerve.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3 Mean effective surface area ±95% CI. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4 Example of two single left vagus nerves to illustrate the largest difference in surface area in-

between nerves (OsO4 fixation. Bar indicates 500 µm). 
 
 

At the intracranial level (n=4), no differences between the right (630,921 ±105,422 µm2) 
and left (855,808 ± 655,902 µm2) 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 µm2) is 
significantly less than the mean effective surface area at the cervical level of electrode 
implant (1,089,492 ± 98,337 µm2) (P<0.05), whereas on the left side, the mean effective 
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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 (Figure 3.5).  
 
 

 

 

 

 

 

 

 

 

 
 
Figure 3.5 Example of a (left) human vagus nerve inside the skull base (OsO4 fixation, bar indicates 500 µm). 

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 µm2) and the left (6,992,000 ± 905,500 µm2) cervical vagus nerve 
(P=0.23). 
The individual nerve’s amount of epineurial tissue ranges from 2,090,000 µm2 to 
11,683,000 µm2. The boxplot (Figure 3.6) of the individual nerve’s amount of epineurial 
tissue in relation to its mean and confidence interval of 95% however, shows that 5, 
respectively 7 of the 11 nerves are not displayed within this 95% CI, while the Shapiro-
Wilk 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 (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 
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two thirds of the right and left nerve fascicles show 66.5 % ± 2.6 and 63.6 % ± 2.6 
positive OSO4 staining, respectively. 
 
 
 

 

 

 

 

 

Figure 3.6 Mean amount of epineurial tissue ±95% CI. 

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 (43,393 µm2 ± 7,771 i.e. 
3.3%) compared to the left (20,748 µm2 ± 4,532 i.e. 1.9%) (P<0.05).  
 
In 2 cases, ganglion cells in the right cranial cervical vagus nerve were detected that 
stained positive for TH (Figure 3.7A). These nuclei stained positive for dopamine ß 
hydroxylase DBH as well (Figure 3.7B). Furthermore, axons that stained positive for TH 
(Figure 3.7C) also stained positive for DBH (Figure 3.7D). In some cases, there was no 
positive DBH (Figure 3.7F) staining at sites of TH positive stained axons (Figure 3.7E). 
 
No positive staining for TH or DBH could be observed at the intracranial level. 
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Figure 3.7 (A–F) Tyrosine hydroxylase (TH) and dopamine beta-hydroxylase (DBH) staining (bar indicates 
250 µm). (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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Discussion 

This is the first study that provides quantative data about human cervical vagus nerve 
morphology at the level of electrode implant for vagus nerve stimulation (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 1.5x 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 celiac and superior mesenteric ganglia, thereby supplying more viscera 
(possibly including the spleen) than the anterior trunk. This could explain (a.o. see 
further) the right-left difference in surface area at the cervical level. The effective 
surface area of 4 out of 11 nerves do 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 nerve11 
(see Figure 3.8). The possible co-stimulation 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 then 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. 
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Figure 3.8 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. 

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 since 
destruction of C-fibres does not alter the effect of VNS upon induced seizures in rats.22 
Fibres located closer to the perineurium of a fascicle are exposed to a stronger electric 
field since 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 lie 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’ were 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).  
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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 figure 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 µm2 to 
11,683,000 µm2. 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-µs pulse width) that the presence of 1,300,000 µm2 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. Carter in 185825 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 2 times more TH positive 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 TH or DBH positive nerve fibres 
could be identified inside the skull base, confirming the early findings25 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 

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 al central areas that are innervated 
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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 VNS-induced antiepileptic 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, since VNS has shown to induce cerebral (thalamic) blood 
flow changes in experimental settings.3 Altogether, 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. Since in many experimental studies 
however, the electronic device upon ‘VNS’ is (necessarily) implanted around the vagus 
nerve and common 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 celiac ganglion, as has been proposed by 
Rosas-Ballina et al..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 vagus nerve stimulation treatment could be 
the mechanism of action (see Figure 3.8) since ß and α 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 
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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. Since 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 celiac 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 here implies that 
the destination of at least part of the catecholaminergic fibers are 2nd 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. 
Since the right vagus nerve at the level of electrode implant contains more 
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catecholaminergic fibres it would therefore be interesting to study whether the effects 
of human VNS on the right nerve possibly exerts 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 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, somato-
efferent 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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Supplemental materials 

Morphometric analysis 

The slides were photographed with a Leica (type DMRD) photomicroscope in black and 
white using standardized settings. These comprised an equal white balance and shutter 
speed, in order to acquaint an equivalent black and white photograph. By using black 
and white photography a linear grey scale was achieved. By this it was possible to 
determine the amount of positive staining, expressed as a number on one linear numeric 
scale (instead of the inaccurate and surrounding complexity of determining positive 
staining using RGB photographes within three combined axes (consisting of red, green 
and blue). Surface areas of the specific stainings were measured with Leica Qwin v.3.5.1 
analysis software at 10x 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 3 thirds (inner, middle and outer, see Figure S3.1). The Leica Qwin analysis 
software is capable of determining the amount of pixels as from a chosen gray value on 
the linear scale and to convert this into a surface area expressed in square micrometer. 
Figure S3.2 illustrates this with a graph. This enabled us to determine, for instance, the 
amount of pixels darker then for instance grayscale 130 or grayscale 250. Two persons 
independently determined the gray value corresponding to positive staining. The 
average of their values was used as threshold. Figure S3.3 illustrates how the effective 
surface area (area covered by pixels that are darker than 250) can be determined, even 
on a morphologically poor quality slide. Figure S3.4 depicts an example of OsO4 
quantification using the same technique as a measure of myelination.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S3.1 Determining the distribution of OsO4 positive staining within the three thirds of a single fascicle 

(example). 
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Figure S3.2 Determining the amount of pixels as from a chosen gray value (for example 130 and 250) on the 

linear (grey) scale.  
 

 

 

 

 

 

Figure S3.3 Example of measuring effective surface area. (OsO4 Fixation, bar indicates 500 µm). 
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Figure S3.4 Positive OsO4 staining measured using analysis software within 1 fascicle (example). 
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Abstract 

Introduction 
The spleen is hypothesized to play a role in the autonomic nervous system (ANS)-
mediated control of host defence, but the neuroanatomical evidence for this 
assumption rests on a sparse number of studies, which mutually disagree with respect to 
the existence of cholinergic or vagal innervation.  
 
Methods 
We conducted an immuno- and enzyme-histochemical study of the innervation of the 
human spleen using a complete hilum-embedding approach to ensure that only nerves 
that entered or left the spleen were studied, and that all splenic nerves were included in 
the sampled area. Furthermore, a complete embedded spleen was serially sectioned to 
prepare a 3D reconstruction of the hilar nerve plexus.  
 
Results 
All detected nerves entering the spleen arise from the nerve plexus that surrounds 
branches of the splenic artery and are catecholaminergic. Inside the spleen these nerves 
continue within the adventitia of the white pulpal central arteries and red pulpal 
arterioles. Staining for either choline acetyltransferase or acetylcholinesterase did not 
reveal any evidence for cholinergic innervation of the human spleen, irrespective of the 
type of fixation (regularly fixed, fresh-frozen post-fixed or fresh-frozen cryoslides). 
Furthermore, no positive VIP staining was observed (VIP is often co-expressed in 
postganglionic parasympathetic nerves).  
 
Conclusion 
Our comprehensive approach did not produce any evidence for a direct cholinergic (or 
VIP-ergic) innervation of the spleen. This finding does not rule out (indirect) vagal 
innervation via postganglionic non-cholinergic periarterial fibres.  



 Innervation of the human spleen 

61 

Introduction 

The autonomic nervous system (ANS) has an acknowledged role in host defence.1 Nerves 
are located in the perivascular adventitia of immune organs and, in addition, are found 
in juxtaposition to the cellular mediators of both innate and adaptive immunity.2 The 
spleen is hypothesized to play a role in the ANS-mediated control of host defence,3 but 
the neuroanatomical evidence for this assumption rests upon a sparse number of 
studies with mutually divergent claims. Some argue that the spleen lacks vagal or 
cholinergic innervation,4-11 whereas others state that the spleen does receive such 
innervation.12-14 Most of these studies were based on nerve tracing techniques. Since 
vascular branches to stomach, pancreas and greater omentum also originate from the 
distal end of the splenic artery (see Figure 4.1), this technique may not always identify 
the injection site accurately and may include perivascular adventitial branches of the 
vagus nerve.15 The few studies that were performed in humans also produced 
contradictory data. Electron-microscopic analysis of splenic biopsies and fetal 
immunohistochemical studies only demonstrated catecholaminergic nerve fibres that 
accompanied the peripheral branches of the splenic artery.16,17 Another study confirmed 
the presence of catecholaminergic nerves within the spleen, but also found cholinergic 
nerve fibres around the trabecular arteries upon staining for the presence of  
acetylcholinesterase.18 
 
Difficulties in establishing the innervation of the human spleen arise from the variable 
branching pattern of splenic arteries within in the large splenic hilum.19-22 We, therefore, 
conducted a histological study of the innervation of the human spleen using a complete 
hilum-embedding approach to ensure that only nerves that entered or left the spleen 
were studied and that all splenic nerves were included in the sampled area. We used 
PGP-9.5 and S-100 to identify nerves and partially characterized the neurochemical 
nature of these nerves by staining for the presence of the cholinergic markers choline 
acetyltransferase (ChAT) and acetylcholinesterase (AChE), the catecholaminergic 
markers tyrosine hydroxylase (TH) and dopamine ß-hydroxylase (DBH), and vasoactive 
intestinal peptide (VIP). The main finding of our study was that all splenic nerves arise 
from the plexus surrounding the splenic artery, are catecholaminergic, and continue 
inside the spleen within the adventitia of the intrasplenic arteries and arterioles. 
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Figure 4.1 Isolation of the spleen hilum for histological analysis. The main goal of the procedures was to 

leave the topography of the hilum intact. A: Complete spleen as sampled from a human cadaver; 
B: removal of splenic parts not directly connected to the hilum; C: schematic drawing of the 
spleen, including the splenic artery (red) and vein (blue), lymph vessels (green) and nerves 
(yellow). Note the peripheral branches of the splenic vessels and nerves that approach the 
spleen, but do not enter (asterisks). Instead, such vessels and nerves head for nearby 
mesenteries and organs. The hilar area corresponding to the embedded samples is indicated by 
the stippled rectangle. 
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Methods 

Harvesting of splenic tissue 

Spleens were harvested from forty-six formalin-fixed (42), fresh- frozen (3) or non-fixed, 
non-frozen (4h post-mortem (1)) cadavers between 58 and 101 ( = 84 ± 11) years of 
age from the body donation program of the Department of Anatomy and Embryology, 
Faculty of Health, Medicine and Life Sciences, Maastricht University, Maastricht, The 
Netherlands. The tissue donors gave their informed and written consent for the 
donation of their body for teaching or research purposes as regulated by the Dutch law 
for the use of human remains for scientific research and education (Wet op de 
Lijkbezorging, 1991). Accordingly, a handwritten and signed codicil from the donor 
posed when still alive and well, is kept at the Department of Anatomy and Embryology of 
Maastricht University. Formalin-fixed bodies were preserved by intra-arterial infusion 
with 10 L fixative (composition (v/v): 96% ethanol (21%), 100% glycerol (21%), 36% 
formaldehyde (2%), water (56%), and 2.4 g/L thymol), followed by 4 weeks of fixation in 
96% ethanol (20%), 36% formaldehyde (2%) and water (78%). Samples were only taken 
from bodies without signs of previous abdominal surgical interventions. After opening 
the abdomen, the spleen was removed together with its mesenteries (i.e. presplenic, 
gastrosplenic, phrenicosplenic, splenocolic, pancreaticosplenic (or tip of pancreas tail 
itself) and splenorenal folds). Both the mass of the spleen and its mesenteries were then 
trimmed away to such an extent that the hilum was retained in its original intact state 
(Figure 4.1). These blocks were embedded in paraffin or frozen to prepare cryosections.  

Histological processing 

Sections were mounted onto large glass slides (76 x 52 mm). The complete hila sections 
were fitted on a single glass slide for 20 spleens. The remaining hila were divided and 
mounted on consecutive glass slides. Serial transverse sections, 5 µm thick for paraffin 
or 14 µm thick for cryosections, were prepared throughout the hilum with a Leica 2245 
microtome. For general examination, tissues were stained with haematoxylin & eosin 
(HE). Weigert van Gieson (WvG) staining was used for the detection of connective tissue. 
Antibodies against S100 protein (S100) and protein gene product 9.5 (PGP 9.5) were 
used as general neural markers. S100 protein identifies nerve-supporting tissue,23 while 
PGP 9.5 is a ubiquitin C-terminal hydroxylase, that specifically stains nerve axoplasm.24 
For the specific identification of catecholaminergic neurons, antibodies against tyrosine 
hydroxylase (TH) and dopamine ß-hydroxylase (DBH) (the rate-determining enzymes for 
dopamine and noradrenaline synthesis, respectively) were used. For the detection of 
cholinergic innervation, both enzyme-histochemical staining (based on Karnovsky’s and 
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Roots’ acetylcholinesterase (AChE) method25 with iso-octamethylpyrophosphoramide 
for inhibition of butyrylcholinesterase) was performed, and immunohistochemical 
staining using antibodies against choline acetyltransferase (ChAT). Furthermore, 
immunohistochemical staining for vasoactive polypeptide (VIP), a neurotransmitter that 
is frequently co-expressed with acetylcholine,26 was carried out. Specific attention was 
given to the combined staining of S100 and PGP 9.5 with other neural markers. CD31, 
CD45 and CD68 were used for the detection of endothelium, leukocytes and 
macrophages, respectively. Sections for control incubations (sweat glands, skin and 
ileum) were obtained from the same cadavers and were processed histologically as 
described for the splenic tissue, ensuring that negative results cannot to be attributed to 
methodological issues. Table 4.1 provides details about dilutions, sources, and 
characteristics of the antisera and enzymes used. Two persons independently 
determined whether staining exceeded background levels using a Leica DM4 
microscope.  
 
Table 4.1 Dilutions, sources, and characteristics of antisera and enzymes used. 

A B C D E F G H I 
WvG C       I,vG 
S100 P X  DAKO-Z0311 1:1000 TengT/10%NGS for 60 min. 1  6  
PGP 9.5 P X X Biotrend APS0714 PGP9.5 1:100 4%FCS/PBS O/N 2 4 6  
TH P X X Abcam AB112 1:1000 TengT/10%NGS O/N 1 4 6 M 
DBH P X X Abcam AB109112 1:150 TengT/10%NGS O/N 1 4 6  
ChAT P X X Merck-Millipore AB144P 1µl/ml 1:50 PBST/10%NHS O/N 3 4 7  
VIP P X X Peninsula Lab. Int. T4246 1:2000 TengT/10%NGS O/N 1 4 6  
CD31 P X X DAKO-Z0823  1:100 2%FCS/10%NGS O/N 3 5 6 M 
CD45 P  X DAKO-701   1:200 PBST/0.5%BSA O/N 2 4 6  
CD68 P X X Abcam AB125047 1:100 TengT/10%NGS O/N 1 4 8  
AChE C*   Acetylcholine iodide 5 mg (Sigma) + Iso-octamethyl 

pyrophosphoramide 4mM 0.2ml (Sigma) + Ferricyanide for 120 min. 
  7  

A: Type of staining: WvG: histochemistry, S100-CD68: immunohistochemistry, AChE: enzyme histochemistry; 
B: Type of section: C: Cryosection (14µ), P: Paraffin section (5µ); C: Peroxidase block with 3% H2O2 / methanol 
for 10 min.; D: Antigen retrieval with sodiumcitrate at pH6.0 for 30 min.; E: Primary antibody or enzyme 
staining; F: Secondary antibody: 1: Vector BA1000 GAR-bio 1:500 PBST for 30 min., 2: Vector BA9200 GAM-bio 
1:500 PBST for 30 min., 3: DAKO K0690 Link-biotin for 30 min.; G: Amplify: 4: Vector P6200-HRP for 30 min., 5: 
DAKO K0690 Link-streptovidin HRP for 30 min.; H: Chromogen: 6: DAB Sigma D5905, 7: AEC-it NOVEX-RED 
002007, 8: Vector SG SK-4700; I: Counter staining: M: Mayer haematoxylin nuclear staining, I: Iron 
haematoxylin nuclear staining, vG: von Gieson connective tissue staining; * Fixation: 30 sec. 4%Formaldehyde / 
0.1M Calcium Acetate at pH 6.0. 
 

3-D Reconstruction of splenic nerves 

Two spleens were embedded completely including their splenorenal and splenogastric 
folds and mounted on single glass slides. One of these spleens was used for preparing a 
3D reconstruction of the hilar nerve plexus. Serial transverse sections (5 µm) were made 
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every 200 µm through this intact spleen. For the 3D reconstruction, complete images of 
selected large slides were digitized with an Olympus BX61 microscope and the DOTSLIDE 
program (Olympus, Leiderdorp, The Netherlands), which allows fully automated, high-
resolution scanning of entire slides. AMIRA software (version 5.5; base package; FEI 
Visualization Sciences Group Europe, Mérignac Cédex, France) was used to generate 3D 
reconstructions after image loading, alignment and segmentation.27 

Results 

Nerves entered the spleen within the vascular adventitia via the hilum. No vessels or 
nerves were seen to enter the spleen outside its mesentery (i.e. through the capsule). 
Inside the spleen, nerves surrounded the trabecular arteries and their branches, the 
central arteries (Figure 4.2), and could be followed up to the arteriolar level. Nerves that 
were not associated with periadventitial tissue were not encountered within the white 
or red pulpa (Figure 4.3).  
 
Abundant TH- and DBH-positive staining was observed within all nerves, that is, 
structures that stained for the presence of both PGP 9.5 and S100 (Figure 4.2). 
Importantly, although non-neural positive ChAT staining of spleen macrophages was 
observed (Figure 4.4 and Supplemental Figure S4.1), ChAT- or AChE-positive neurons 
were never seen, irrespective of whether formalin-fixed, fresh-frozen post-fixed, or 
fresh-frozen cryo-slides were used (Figure 4.2). Nerves in human axillary sweat glands 
and skin, on the other hand, did stain positive for ChAT- or AChE (Figures 4.5, 4.6). 
Furthermore, although classic parasympathetic nerves usually synapse on their 
postganglionic nerves close to or within organs,28 no (postganglionic) nerve cell bodies 
were encountered within or close to the spleen. VIP is often observed in postganglionic 
parasympathetic nerves,26 but VIP-positive staining was never observed (Figure 4.2; 
positive control shown in Supplemental Figure S4.2). Care was taken to differentiate 
S100 staining of macrophages from that of neurons by comparing its staining pattern 
with that of the second pan-neural marker PGP 9.5. A more limited distribution of PGP 
9.5 staining of nerves compared to the S100 distribution, however, existed, because of 
its characteristic restriction to the thin axoplasm (Figure 4.7). 
 
From one completely embedded spleen, a reconstruction of the S-100-positive (hilar) 
nerves was made (Figure 4.8 and Supplemental Figure S4.3). This reconstruction 
demonstrates that all nerves entered via the splenic hilum, including those innervating 
the hilar poles. Furthermore, we found isolated perivascular nerves in the connective 
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tissue of the mesentery that appeared to approach the spleen, but turned away towards 
the adjacent mesenteries and organs (Figure 4.1C) instead of entering the spleen. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2 Serial sections showing nerves in the adventitia of central arteries. Arrows show stained nerves. 

Magnifications of the corresponding central arteries, indicated by the rectangles, are shown. A: 
CD 31 + haematoxylin double-staining demonstrates endothelium of central arteries 
(arrowheads). B: S-100 staining and C: PGP 9.5 staining (general nervous tissue markers). D: 
Tyrosine hydroxylase (TH) and E: Dopamine ß-hydroxylase (DBH) staining of catecholaminergic 
nerves. F: Absence of choline acetyltransferase (ChAT) staining (cholinergic phenotyping; for a 
positive control see Figures 4.5 and 4.6). G: Absence of vasoactive polypeptide staining (VIP) (for 
a positive control see Supplemental Figure S4.2). *: follicle (white pulpa) 
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Figure 4.3 Nerves in the adventitia of arteries. A: Tyrosine hydroxylase (TH) + haematoxylin (H) staining 

(15 µm thick slide) demonstrating catecholaminergic nerve fibres (brown). C and D are 
magnifications of the insets in A and B, respectively. Although nerves do not seem to be 
associated with other structures in the pulpa (arrows A + C), double staining with Weigert van 
Gieson (WvG) and TH (B + D) reveals that all nerves are associated with the adventitia of red 
pulpal arterioles (reddish-brown). 

 
 
 
 
 
 
 
 
 
Figure 4.4 Non-neural expression of ChAT close to a central artery (indicated by asterisks). A: choline 

acetyltransferase (ChAT) staining (arrows) of macrophages. B: Absence of PGP 9.5 neural staining 
in an adjacent section of the same area. C: False-positive S-100 staining (arrow). A-C: Black dots 
represent phagocytosed material (indicated by arrowheads). 
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Figure 4.5 Positive and negative controls for choline acetyltransferase staining. A: cholinergic nerve (arrow) 

innervating human axillary sweat gland. B: corresponding adjacent section of A showing negative 
control. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Figure 4.6 Positive controls for acetylcholinesterase and choline acetyltransferase staining. Human skin 
samples were stained for AChT and ChAT (non-fixed, fresh frozen cryoslides). Positive nerves 
innervating the skin are indicated by arrows. A: acetylcholinesterase-positive nerves (cholinergic 
phenotyping). B: choline acetyltransferase-positive nerves (cholinergic phenotyping). C: S100 
(general nervous tissue marker). Black line represents light diffraction at stratum corneum. 
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Figure 4.7 PGP 9.5 vs S100 staining. Comparison of panels A and B shows more limited distribution of PGP 
9.5 staining of nerves (B) compared to the S100 distribution (A) because of its characteristic 
restriction to the thin axoplasm. No false-positive staining of leukocytes (identified by CD45) by 
S100 (compare panels A and C) was observed. (The intravascular leukocyte in panel C is indicated 
by an arrow). 



Chapter 4 

70 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8 Screenshots of the 3D reconstruction. A: nerves (greenish-yellow) in the hilum of the spleen 

(purple). The boundary of the hilum is outlined in orange. A: Lateral view showing that nerves to 
the tips of the spleen (indicated with A and C) arise from the hilar splenic plexus (arrows). Detail 
of hilar splenic plexus around the splenic artery (red) is shown in the inset. B: View showing that 
not all nerves approaching the splenic hilum enter the spleen (arrows). C: Screenshots from 
different angles (letters A-D indicate the four sides of the spleen), demonstrate that nerves do 
not enter the spleen outside the hilar area. The arrows indicate regions of the spleen outside the 
hilar area that are all free of nerves. The nerves are shown as separate dots rather than 
continuous structures, since slides were sampled every 200 µm. No smoothing filter has been 
applied, nor have (interpretative) connections between the nerve dots been drawn. For a better 
3D impression, it is advised to inspect the interactive 3D-PDF (Supplemental Figure S4.3).  
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Discussion 

In this study, we demonstrated that all nerves innervating the spleen are present in the 
plexus surrounding the branches of the splenic artery. We observed catecholaminergic 
nerves entering the splenic parenchyma in the adventitia of the trabecular arteries, 
white pulpal central arteries and red pulpal arterioles, but found no enzymatic or 
immunohistochemical evidence for the presence of cholinergic innervation. 

Methodological considerations 

We characterized splenic innervation histologically, using a complete hilum-embedding 
approach and 3D reconstruction. We used this comprehensive approach, because the 
spleen possesses a complex anatomical architecture without consistent segmental 
arterial (and nerve) supply,19-22 and vascular branches to stomach, pancreas and greater 
omentum also stem from the distal end of the splenic artery. 
 
Because of the relatively long time interval between death and fixation, the use of 
cadavers is suboptimal to underscore a negative finding based on the detection of intact 
and still functional proteins. For this reason, we included, in addition to the standard 
formalin fixation of the bodies (fixed <24h post mortem), non-fixed frozen (<24h post 
mortem) and 4h-post-mortem non-fixed, non-frozen specimens in our analysis. 
Irrespective of the type of preservation (formalin-fixed, fresh-frozen, or non-fixed, non-
frozen), fixation (fixed before embedding or after sectioning (cryoslides) or staining 
techniques used (enzyme-histochemical and immunohistochemical), the outcome of the 
analyses did not change, in agreement with earlier studies.16,17 
 
The age of the cadavers in this study ranged from 58 to 101 years, with two-thirds 
between 73 and 95 years of age. It has been reported in rats that ageing is associated 
with a reduction in the density of intrasplenic noradrenergic nerves.30,31 However, this 
decline in noradrenergic nerve density is strain-dependent31 and already present at 
midlife without further decline later in life in at least some rat strains.32 Furthermore, 
the same group was unable to demonstrate cholinergic innervation in young adult rat 
spleens.8 Since we did observe catecholaminergic innervation in all our samples, a direct 
effect of age on our conclusions seems unlikely. The effects of ageing on lymphoid-organ 
innervation do show, nevertheless, that validation in young adult subjects is important.  
 
Our strategy to search and characterize splenic innervation was based on identifying 
catecholaminergic and cholinergic nerves that enter the spleen by their co-expression of 
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the neural markers S-100 and PGP 9.5, since non-axonal cholinergic, catecholaminergic 
and VIP-ergic staining has been observed in the gastrointestinal tract, spleen and testis 
by us and others.14,33-35 We required the co-expression of two pan-neural markers, since 
the periarterial lymphatic sheath,36 interdigitating reticulum cells37 and macrophages17 in 
the spleen show immunoreactivity with S-100, as we also observed in the present study. 
Although some reports claim that PGP 9.5 does not stain all nerves,38 its main limitation 
in our hands was that it only stained the thin axoplasm of nerves. Although we did find 
macrophages expressing choline-acetyltransferase (which does fit in the theory of the 
inflammatory reflex39), our findings underscore the few reports on human splenic 
innervation16-18 that failed to find evidence for cholinergic innervation, despite using 
validated histological techniques. Since VIP is a frequently co-expressed peptide in 
cholinergic nerves and often used to identify cholinergic nerves26 and since VIP-positive 
nerves were found in rat spleens,40 we also looked for its expression. The co-expression 
of VIP and TH /DBH in neurons of the thoracic sympathetic chain ganglia of the pig 
shows, however, that VIP is not a very reliable marker for cholinergic nerves.41-43  

Potential roles of periarteriolar catecholaminergic innervation  

Synaptic contacts between tyrosine hydroxylase-positive nerve terminals and 
lymphocytes have been identified in the spleens of mice, rats, cats and dogs5,6,44-48 and 
these lymphocytes are hypothesized to be the targets of these nerves.39 Recently, a 
similar assumption was made based on the observation that nerves run freely within the 
human pulpa in close apposition to leukocytes.11 In line with previous EM studies,16 we, 
however, did not encounter such nerves within the splenic pulpa. Although the immune-
stain suggested that such free nerve endings existed, double staining with Weigert van 
Gieson revealed the presence of a vascular adventitia surrounding the nerve ending.  
 
Instead of directly innervating leukocytes, these peripheral extensions may exert a 
chemotactic function, since stromal cells express the B2 adrenergic receptor and 
produce the chemokine CXCL13 which together recruit lymphocytes.49 In support of 
such a scenario, we found that the perivascular nerve branches were present up to the 
level of white pulpal central arteries and red pulpal arterioles. 
  
The absence of direct synaptic contacts between nerves and lymphocytes does, 
however, not rule out noradrenaline signalling to lymphocytes, since some lymphocytes 
express adrenoreceptors.39 The spleen has a unique open circulation, in which a reticular 
connective tissue forms non-endothelial vascular spaces in which lymphocytes move 
freely, enabling the immunological process of ‘homing’. It has been proposed that these 
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minute connective tissue spaces serve as noradrenaline channels that allow paracrine 
signalling to the adrenoreceptors on immune cells.50,51 

A cholinergic phenotype does not necessarily identify vagal nerves in the 
peripheral autonomic nervous system 

The lack of cholinergic nerves in the rodent spleen led previously to the hypothesis that 
the spleen is innervated indirectly by the vagus nerve via a synapse in the celiac 
ganglion.3 Some authors have claimed retrograde labelling of the dorsal motor nucleus 
of the vagus nerve in rodents via a supra- and infra-hilar route (i.e. via the tips of the 
spleen),13,52 but other studies have failed to label vagus nuclei after applying label in 
splenic tissue at different sides along the hilar axis.9 We did not encounter nerve cell 
bodies close to or within the spleen, as is typical for vagus nerve targets. To further 
address the issue of vagal innervation via the tips of the spleen, we reconstructed the 
vessels and all nerves in the splenic mesentery and hilum of one cadaver. This 
reconstruction showed that nerves that entered via the tips of the spleen all arose from 
the periarteriolar hilar plexus. Another argument for vagal innervation of the spleen via 
its tips was the lack of staining of these nerves for TH.13,52 However, lack of TH staining 
does necessarily imply a vagal identity.  
 
Vagal nerve fibres and cholinergic phenotype do not necessarily correspond. Cholinergic 
neurons are not only characteristic for sympathetic preganglionic nerves, but are also 
often present in the sympathetic postganglionic nerves. The best-known example is the 
cholinergic innervation of the sweat glands and arrector pili muscles. Furthermore, it 
was recently proposed that the pelvic splanchnic nerves are best described as having a 
sympathetic origin.53 while most of its postganglionic fibres are cholinergic. Similarly, it 
has been suggested that cholinergic fibres in mouse spleen originate from sympathetic 
neurons located in the para- and/or prevertebral ganglia.14 Although these proposals 
spark much debate, the boundaries between ortho- and parasympathic innervation 
seem to be blurring. We demonstrated recently, for instance, that a substantial fraction 
of the nerve fibres within the vagus nerve is catecholaminergic.54 These 
catecholaminergic fibres are not found in the intra-cranial part of the vagus nerve, 
implying that they arise from communicating fibres that originate from the superior 
cervical, stellate and thoracic ganglia.54-58 The possibility that catecholaminergic (or 
other non-cholinergic, non-vipergic) fibres that travel in the vagus nerve (and will be 
activated during vagal stimulation) contribute to the innervation of the human spleen is, 
therefore, an interesting hypothesis. 
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Supplemental materials 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S4.1 Double staining of CD68 and ChAT of human splenic pulpa. A: CD68-positive staining of 

macrophages (blue, arrow). B: Double staining of CD68 positive-macrophages (blue) with ChAT 
(brown). The arrow indicates an example of overlap. The use of water-soluble mounting solution 
led to the formation of light diffraction artefacts (arrowheads).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S4.2 Positive control for VIP staining in human ileum. Positive neural cell body and fibre staining can 

be observed (brown, arrow) in Auerbachs’ plexus. Haematoxylin counterstaining stains cell nuclei 
blue. 

 

Figure S4.3 3D Reconstruction of innervation of spleen (Can be found online at https:// 
doi.org/10.1016/j.bbi.2018.12.009). 3D reconstruction showing nerves (greenish-yellow) 
entering the spleen (purple). The boundary of the hilum is indicated with an orange line. Note 
that not all arteries (red) were reconstructed. The nerves are shown as separate dots rather than 
continuous structures, since slides were sampled every 200 µm. No smoothing filter has been 
applied, nor have (interpretative) connections between the nerve dots been drawn. Instructions 
for working with the interactive 3D model are shown upon opening this supplemental file. Note 
that the file (3D PDF) must be opened with Adobe Acrobat Reader (www.adobe.com). 
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Abstract 

Introduction 
We assembled all available data on the peripheral distribution of catecholaminergic 
neurons, and used the outcome to re-evaluate the anatomical arguments on which the 
present binary sympathetic-parasympathetic model is based. 
 
Methodology 
Pubmed was searched for original studies in mammals that demonstrated the presence 
of catecholaminergic neurons immunohistochemically or confirmed communications 
between nerves and sympathetic structures with validated techniques.  
 
Results & discussion 
144 Queries identified 1,239 studies providing information on 389 anatomical 
structures. 168 Studies fulfilled all inclusion criteria. 
Catecholaminergic nerve fibers are present in many spinal and all cranial nerves and 
ganglia, including nerves and ganglia that are known for their parasympathetic function. 
Along the entire spinal autonomic outflow pathways, both proximal and distal 
catecholaminergic cell bodies are common in the head, thoracic and abdominal and 
pelvic region, which invalidates the “short versus long pre-ganglionic neuron” argument. 
These findings further demonstrate that neurons are not dedicated to specific nerves, 
and shows that the concept of the connectome in the brain also applies to the 
peripheral nervous system. 
Contrary to the classically confined outflow levels T1-L2 and S2-S4, preganglionic 
neurons have been found at the lower lumbar level. Preganglionic cell bodies that are 
located in the intermediolateral zone of the thoracolumbar spinal cord, gradually nest 
more ventrally within the ventral motor nuclei at the lumbar and sacral levels and their 
fibers bypass the white ramus communicans and sympathetic trunk, to emerge directly 
from the spinal roots. Bypassing the sympathetic trunk, therefore, is not exclusive for 
the sacral outflow. We conclude that the anatomy of the autonomic outflow displays a 
conserved architecture along the entire spinal axis. 
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Introduction 

The universally accepted model of the sympathetic and parasympathetic efferent limbs 
of the autonomic nervous system was formulated at the turn of the 19th to the 20th 
century.1 In addition to physiological and pharmacological criteria, anatomical 
arguments have been invoked to define the sympathetic-parasympathetic model.2-4 
These anatomic arguments have three main components. The first argument relates to 
the bimodal distribution of peripheral cell bodies, with the sympathetic cell bodies 
located in ganglia close to the central nervous system, and the parasympathetic cell 
bodies in a distal position, within or close to the wall of target organs. A second 
argument involves the absence of white rami communicantes at the sacral level. In 
contrast to the sympathetic thoracolumbar outflow, preganglionic neurons at the sacral 
level bypass the sympathetic trunk. Pelvic splanchnic nerves arise, therefore, directly 
from the sacral plexus. The third argument concerns the gap in the central autonomic 
outflow at the lumbar level. As the autonomic outflow concentrates around the T1-L2 
and S2-S4 levels, the preganglionic neurons do not appear as a continuous cell-column. 
The parallel between the parasympathetic cranial and sacral outflows is therefore often 
drawn. 
 
Recently, the sympathetic-parasympathetic model was challenged by demonstrating 
that the autonomic outflows at the thoracolumbar and sacral levels possess a highly 
similar molecular signature.5 This paradigm shift met with considerable resistance,6-10 
largely because it contradicted a longstanding concept. In this review, we re-evaluate 
the anatomical arguments that are used to support the sympathetic-parasympathetic 
model. First, we describe the distribution of catecholaminergic neurons in the peripheral 
nervous system. We show that such neurons are found in parasympathetic, spinal and 
cranial nerves and ganglia throughout the body. Catecholaminergic cell bodies also have 
a widespread peripheral distribution, including distal locations not only in the abdominal 
and pelvic, but also in the thoracic region and the head, including nerves and ganglia 
that are known for their parasympathetic function. The observed mixed composition of 
ganglia and nerves throughout the body contradicts the argument of the bimodal 
distribution of cell bodies. These findings further demonstrate that neurons are not 
dedicated to specific nerves, and suggest that the peripheral nervous system functions 
as a connection matrix. 
 
The two other anatomical arguments mentioned above also do not hold up to scrutiny. 
Contrary to the classical model, we will show that preganglionic neurons are present 
within in the lumbar gap. Whereas the intermediolateral nucleus is well defined in the 
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thoracolumbar spinal cord, the preganglionic cell bodies at the sacral level are found not 
only in the intermediolateral zone, but also in the ventral horn. This ventral extension is 
a gradual process that already starts at the lower thoracic level. A second, probably 
correlated change is that these ventral lumbar preganglionic neurons, like the sacral, 
tend to bypass the sympathetic trunk. Bypassing the sympathetic trunk, therefore, is not 
exclusive for the sacral outflow. We conclude that the anatomy of the autonomic 
outflow displays a conserved architecture along the entire spinal axis, albeit that a 
gradient in characteristics is observed.  

Methods 

Data source and study selection 

Abstracts, titles and MESH entry terms in Pubmed were searched to identify original 
studies that either established the existence of catecholaminergic neurons histologically 
by demonstrating the presence of the enzymes tyrosine hydroxylase or dopamine β-
hydroxylase, or confirmed communications between nerves and sympathetic structures 
with validated techniques, such as neural tract tracing, experimental neural 
degeneration, crushing or denervation, and neural recordings. Studies relying on 
macroscopic dissections alone were not included. Languages were restricted to English 
and German. Only mammalian species were included. Search terms included every 
nervous structure listed in the Anatomical Terminology11 under the headings ‘cranial 
nerves’, ‘spinal nerves’ and ‘parasympathetic part of autonomic part of peripheral 
nervous system’. The last search was performed on November 28th, 2021. The reference 
lists of retrieved articles were also reviewed for additional studies that fulfilled the 
search criteria. 

Search strategy for the systematic literature search 

The search of each structure consisted of two separate approaches. The first approach 
looked for the histologically confirmed presence of catecholaminergic neurons, and was 
executed by combining the entry terms of tyrosine hydroxylase or dopamine 
β-hydroxylase with (query term: AND) the nervous structure of interest. The second 
approach searched for communications between nerves and sympathetic structures, 
using the entry terms of sympathetic structures listed in the Anatomical Terminology11 
AND the nervous structures from search 1, AND neuroanatomical tract-tracing 
techniques (Mesh) OR horseradish peroxidase (Mesh) OR communication OR 
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communicating OR communications OR anastomosis OR anastomosing OR connecting 
OR connection. 

Findings and discussion 

The distribution of catecholaminergic neurons 

A total of 43 queries for the cranial and 101 for the spinal nerves were performed, which 
provided information on 389 anatomical structures in 996 and 243 identified studies, 
respectively. All abstracts were screened for the inclusion criteria with respect to applied 
techniques, language and species, resulting in 168 eligible studies (Table 5.1 and online 
interactive Table 2 (extended Microsoft Excel-based Table)). Sixty references from the 
19th and 20th centuries were found that studied the anatomical arguments upon which 
the sympathetic-parasympathetic model was built (online interactive Table 5.3). 

Nerve fibers 

Throughout the body, catecholaminergic nerve fibers have been demonstrated in many 
spinal and all cranial nerves and ganglia (Table 5.1). Catecholaminergic nerve fibers are 
also present in established parasympathetic nerves,4,11 such as the greater petrosal 
nerve in mice, rats, cats, and monkeys12-15 and the pelvic splanchnic nerves in 
humans.16-18 We found no species-specific differences. Although we focused on 
mammals, we also encountered similar observations in birds19,20 and amphibia,21,22 
suggesting evolutionary conservation of the observed features.  
 
Table 5.1 List of nerves containing catecholaminergic neurons or demonstrated communications with 

sympathetic structures. 

Nerve First author, year 
and reference 

Species  Nerve First author and 
reference 

Species  

Oculomotor Oikawa, 2004204 Human  Trochlear Hosaka, 201475 Human  
Maklad, 200115 Mouse  Oikawa, 2004204 Human  
Ruskell,1983205 Monkey  Maklad, 200115 Mouse  

Trigeminal, ciliary, 
submandibular, 
pterygopalatine, otic, 
trigeminal ganglion 

Teshima, 201977 Mouse, 
Human 

X, *(Hand2+) Abducens Oikawa, 2004204 Human  

Hosaka, 2016206 Human  Maklad, 200115 Mouse  
Matsubayashi, 
2016207 

Human  Lyon,1992208 Cynomolgus   

Yamauchi, 201676 Human X Johnston, 1974209 Human  
Hosaka, 201475 Human X Facial, geniculate 

ganglion 
Ohman-Gault, 
2017210 

Mouse  

Szczurkowski, 
201371 

Chinchilla X Matsubayash, 
2016207 

Human  

Kiyokawa, 201268 Human fetus X Yamauchi, 201676 Human  
Rusu, 2010211 Human  Hosaka, 201475 Human  
Thakker, 200867 Human X Reuss, 2009212 Rat  
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Table 5.1 (continued) 

Nerve First author, year 
and reference 

Species  Nerve First author and 
reference 

Species  

Trigeminal, ciliary,  
submandibular, 
pterygopalatine , otic, 
trigeminal ganglion 
(cont’d) 

Kaleczyc, 200566 Pig X, *(DBH+) Facial,  
geniculate 
ganglion 
(cont’d) 
 

Maklad, 200115 Mouse  
Reynolds, 200524 Rat X, *(DBH+) Johansson, 1998213 Rat  
Maklad, 200115 Mouse  Shibamori, 199414 Rat  
Grimes, 199865 Rhesus 

Monkey 
X, *(DBH+) Takeuchi, 1993214 Cynomolgus  

Kirch, 199563 Human X Fukui, 1992215 Cat  
Ng, 1995 74 Rat, Monkey X Anniko, 1987170 Mouse *(NA+) 
Tan, 199564 Cat, Monkey X Matthews, 198613 Cat  
Simons, 199470 Rat X, *(DBH+) Wilson, 198512 Cynomolgus, 

Rhesus 
 

Marfurt, 199323 Rat, Guinea 
pig 

X Thomander, 
1984216 

Cat  

Tyrrell, 199262 Rat X Schimozawa, 
1978217 

Mouse  

Shida, 199173 Rat X Vestibulo-
cochlear, 
vestibular 
ganglion 

Yamauchi, 201676 Human  
Soinila, 199172 Rat X Shibamori, 199414 Rat  
Yau, 1991218 Cat  Hozawa, 1993158 Guinea Pig *(DBH+) 
ten Tusscher, 
1989219 

Rat  Yamashita, 1992220 Guinea Pig  

Kuwayama, 198869 Rat X Hozawa, 1990157 Cynomolgus  *(DBH+) 
Landis,198760 Rat X, *(DBH+) Anniko, 1987170 Mouse *(NA+) 
Uemura,198761 Japanese 

Monkey, Cat, 
Dog 

X Paradies-garten, 
1976221 

Cat  

Jonakait, 198448 Rat (embryo) X Densert, 1975171 Rabbit and 
Cat 

*(NA+) 

Lackovic, 1981169  Human *(NA+) Vagus, superior 
and inferior 
(nodose) 
ganglion 

Bookout, 202146 Mouse * (DBH+, 
Hand2+) 

Glossopharyngeal, 
petrosal ganglion 

Oda, 201378 Human X Verlinden, 201679 Human X, *(DBH+) 
Ichikawa, 200736 Rat X Hosaka, 201475 Human  
Matsumoto, 
2003222 

Rat  Seki, 2014223 Human  

Wang, 200235 Rat X Onkka, 2013224 Dog  
Satoda, 1996225 Cynomolgus  Ibanez, 201081 Human X 
Ichikawa, 199533 Rat X Kawagishi, 200837 Human X 
Ichikawa, 199332  Rat X Ichikawa, 200736 Rat X 
Helke, 199131 Rat X Matsumoto, 

2003222 
Rat  

Helke, 199028 Rat X Nozdrachev, 
2003226 

Cat  

Katz, 199029 Rat X Forgie, 2000227 Mouse  
Kummer, 199030 Guinea pig X Yang, 1999154 Rat X, *(DBH+) 
Katz, 198727 Rat X Gorbunova, 199844 Rabbit  
Katz, 198626 Rat X Ichikawa, 199834 Rat X 
Jonakait, 198448 Rat (embryo) X, *(DBH+) Sang, 199845 Mouse X 
Katz, 198325 Rat X Ichikawa, 199642 Rat X 

Accessory Hosaka, 201475 Human  Uno, 199643 Dog X 
Hypoglossal Hosaka, 201475 Human  Fateev, 1995228 Cat  

Tubbs, 200982 Human X Ichikawa, 199533 Rat X 
Tseng, 2005229 Hamster  Zhuo, 199541 Rat X 
Tseng, 2001230  Hamster  Zhuo, 199440 Rat X 
Hino, 1993231 Dog  Kummer, 199338 Rat X 
Fukui, 1992215 Cat  Yoshida, 199339 Cat X 
O’Reilly, 1990232 Rat  Ruggiero, 1993233 Rat  

Greater auricular Matsubayashi, 
2016207 

Human  Dahlqvist, 199280 Rat X, *(DBH+) 
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Table 5.1 (continued) 
Nerve First author, year 

and reference 
Species  Nerve First author and 

reference 
Species  

Phrenic Verlinden, 2018119 Human *(DBH+) Vagus, superior 
and inferior 
(nodose) 
ganglion 
(cont’d) 
 

Helke, 199131 Rat X 
Lackovic, 1981169  Human *(NA+) Helke, 199028 Rat X 

Suprascapular Hosaka, 201475 Human  Kummer, 199030 Guinea pig X 
Mammary  Eriksson, 1996234 Human, Rat  Ling, 1990235 Hamster  
Lateral antebrachial 
cutaneous nerve of 
forearm 
(musculocutaneous) 

Marx, 2011236 Human  Baluk, 1989237 Guinea pig  
Marx, 2010238 Human  Katz, 198727 Rat X 

Radial Marx, 2010239 Human  Dahlqvist, 1986174 Rat *(NA+) 
Superficial branch of radial  Marx, 2010239 Human  Lucier, 1986240 Cat  

Marx, 2011236 Human  Matthews, 198613 Cat  
Palmar branch of ulnar  Balogh, 1999241 Human  Smith, 1986242 Guinea Pig  
Medial antebrachial 
cutaneous nerve of 
forearm 

Marx, 2011236 Human  Blessing, 1985243 Rat  
Marx, 2010244 Human  Smith, 1985245 Guinea pig  

Intercostal Lackovic, 1981169  Human *(NA+) Jonakait, 198448 Rat (embryo) X, *(DBH+) 
Genitofemoral Lackovic, 1981169 Human *(NA+) Katz, 198325 Rat X 
Ilioinguinal Lackovic, 1981169 Human *(NA+) Hisa, 1982246 Dog  
Sciatic Creze, 2017153 Human fetus  Lackovic, 1981169 Human *(NA+) 

Hosaka, 201475 Human  Lundberg, 1978247 Cat and 
Guinea Pig 

 

Loesch, 2010151 Rat  Ungváry, 1976248 Cat  
Castro, 2008150 Rat  Nielsen, 1969172 Cat *(NA+) 
Wang, 2002249 Mouse  Fibular Tompkins, 1985152 Human  
Li, 1999250 Rat  Jänig, 1984251 Cat  
Li, 1996252 Rat  Ben-Jonathan, 

1978178 
Cat *(NA+) 

Li,1995253 Rat  Tibial Koistinaho, 1991254 Human fetus  
Li, 1994255 Rat  Sural Fang, 2017256 Rabbit  
Koistinaho, 1991254 Human fetus  Pudendal Nyangoh Timoh, 

2017257 
Human fetus  

D’Hooge, 1990177 Dog *(NA+) Bertrand, 2016258 Human fetus  
Studelska, 1989259 Rat  Hinata, 2015260 Human  
Dahlström, 1987176 Rat *(NA+) Hieda, 2013261 Human  
Dahlström, 1986175 Rat *(NA+) Alsaid, 2011262 Human fetus  
Larsson, 1986168 Rat *(DBH+, NA+) Alsaid, 2009263 Human fetus  
Schmidt, 1984167 Rat *(DBH+) Roppolo, 1985264 Monkey  
Larsson, 1984166 Rat *(DBH+, NA+) Perineal Moszkowicz, 

2011265 
Human fetus  

Evers- Von 
Bültzingslöwen, 
1983165 

Rabbit *(DBH+) Colombel, 1999266 Human  

Dahlström, 
1982173 

Rat *(NA+) Nerve to 
levator ani 

Hinata, 2014267 Human  

Jakobsen, 1981164 Rat *(DBH+) Hinata, 2014268 Human  
Häggendal, 1980163 Rat *(DBH+) Pelvic 

splanchnic 
Jang, 201518 Human  

Reid, 1975162 Rat *(DBH+) Imai, 200617 Human X 
Keen, 1974160 Rat *(DBH+, NA+) Takenaka, 200516 Human X 
Nagatsu, 1974161 Rat *(DBH+) Spinal root, 

dorsal root 
ganglia (cont’d) 

Deng, 2000269 Rat  
Dairman, 1973159 Rat *(DBH+) Jones, 1999270 Rat  
Thoenen, 1970271 Rat  Ma, 1999272 Rat  
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Table 5.1 (continued) 
Nerve First author, year 

and reference 
Species  Nerve First author and 

reference 
Species  

Spinal root, dorsal root 
ganglia 

Massrey, 202098  Human X  Shinder, 1999273 Rat  
Morellini, 2019274 Rat *DBH+, NAT+) Thompson, 1998275 Rat  
Oroszova, 201758 Rat X Karlsson, 1994276 Rat  
McCarthy, 201657 Mouse X Vega, 199150 Rat X 
Brumovsky, 201256 Mouse X Kummer, 199030 Guinea pig X 
Li, 201155 Mouse X Katz, 198727 Rat X 
Dina, 200854 Rat X,*(DBH+, NAT+) Price, 198549 Rat X 
Brumovsky, 200653 Mouse X Jonakait, 198448 Rat (embryo) X, *(DBH+) 
Ichikawa, 200552 Mouse X Price, 198347 Rat X 
Holmberg, 200151 Mouse X Lackovic, 1981169 Human *(NA+) 

For each nerve, studies confirming catecholaminergic nerve fibers or experimentally proven communications are listed with 
first author, year of publication and species investigated. Studies that demonstrate catecholaminergic (CA) cell bodies are 
indicated by X. Studies that demonstrate additional ‘sympathetic’ phenotypic properties are indicated by *. A more extensive 
interactive Microsoft Excel-based Table, provided with filter tools for study characteristics and findings is provided in 
interactive Table 2. DBH: dopamine-β-hydroxylase, NA: noradrenaline, NAT: noradrenaline transporter. 

Cell bodies 

Catecholaminergic cell bodies have a more widespread distribution than generally 
acknowledged,2,4,11 and are found in ganglia including the trigeminal,23,24 inferior 
glossopharyngeal,25-36 superior30,37 and inferior25,27,28,30,31,33,34,36-46 vagal ganglia, and in 
dorsal root ganglia at all spinal levels.27,30,47-58 Moreover, the generally accepted 
parasympathetic ganglia of the head,2 which include the ciliary,59-68 the otic,68 the 
pterygopalatine68-71 and the submandibular ganglia,68,72-77 all contain catecholaminergic 
cell bodies. Catecholaminergic cell bodies are not only found in ganglia, but also in the 
cranial nerves themselves, such as the (lingual branch of the) glossopharyngeal 
nerve,26,78 the cervical79 and laryngeal branches of the vagus nerve,80,81 and the 
hypoglossal nerve.82 In addition, catecholaminergic cell bodies are found in both the 
ventral and dorsal spinal nerve roots,83-98 and in the hypogastric and the 
(‘parasympathetic’) pelvic splanchnic nerves.16,17 

The short versus long pre-ganglionic neuron argument 

A commonly held concept in the classic subdivision of the autonomic outflow is the 
bimodal distribution of cell bodies with the sympathetic cell bodies located in ganglia 
close to the central nervous system, and the parasympathetic cell bodies in a distal 
position, within or close to the wall of target organs. This concept, however, cannot be 
used to subdivide the autonomic outflow, because both proximal and distal ganglia are 
common throughout the entire spinal outflow (Figure 5.1). 



 General discussion 

87 

Proximal locations 

Catecholaminergic neurons are descendants of neural crest cells.99-101 Trunk neural crest 
cells consist of several migrating groups. The core of the developing ganglia is 
established by an early cohort of neural crest cells that migrates ventrally to the 
mesenchyme dorsolateral of the dorsal aorta.101-104 Many of these proximal cell bodies 
subsequently nest in the sympathetic trunk. Other proximal locations, however, include 
the spinal nerve roots,83-98 dorsal root ganglia,27,30,47-58,94 and white and grey rami 
communicantes.84-90,94-97,105-110 In the pelvic area, usually characterized as 
parasympathetic, these proximal locations of ganglionic cells also exist, both in sacral 
nerve roots83,92,98 and in the proximal part of the pelvic splanchnic nerves.16,17,92,111-113 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1 Definitive catecholaminergic cell positions. Plotted are the references that show the position of 

cell bodies along the cranio-caudal (Y) and proximo-distal (X) body axes. Altogether, the data 
shows that both proximal and distal ganglia are common in the entire thoracolumbar and sacral 
autonomic outflow pathways. Other references indicate the levels at which preganglionic 
neurons bypass the sympathetic trunk (curved arrows), or increase on grey rami communicantes 
(brown stars). 

 

Distal locations 

Neural crest cells can run aground anywhere along their proximo-distal migration 
pathways. Cell bodies of trunk neural-crest cell origin exist up to the walls of the target 
organs, as the vascular system keeps instructing these cells to migrate.114,115 In the 
abdomen, cell bodies are found in large amounts in all splanchnic nerves,89,97,110,116,117 
the preaortic ganglia,112,113 all their periarterial extensions,118,119 and within the walls of 



Chapter 5 

88 

organs of both the urogenital and the gastrointestinal tracts.113,120-129 In the thorax, the 
situation is similar. Catecholaminergic cell bodies are found on the cardiopulmonary 
nerves,130-133 in small mediastinal ganglia,130-133 the ganglion cardiacum134,135 and within 
the wall of the heart.130,133 Finally, the distal position of cell bodies that are of trunk 
neural-crest cell origin, extends to the head. Several thousands of cell bodies exist along 
the intracranial course of human internal carotid arteries.109,136-138 

Within the autonomic ganglia of the head, (catecholaminergic) cell bodies are of mixed 
origin  

The cell bodies within the cranial autonomic ganglia develop from neural crest cells and 
the related Schwann-cell precursors, with the majority coming from Schwann-cell 
precursors.101,139,140 Schwann-cell precursors associated with the oculomotor 
nerve,140-142 chorda tympani,141,143,144 greater superficial petrosal nerve and geniculate 
ganglion141,143,144 and tympanic nerve and petrosal ganglion141,143,145 populate the ciliary, 
submandibular, pterygopalatine and otic ganglia, respectively. Small ganglia are also 
present along these nerve paths.141,143,145 In some species, including man, at least part of 
these autonomic ganglia originate directly from cranial neural-crest cells. These migrate 
along the ophthalmic,140,141,143,146,147 maxillary,141,146 and mandibular nerves,141,146 and 
also populate the ciliary, submandibular and pterygopalatine, and otic ganglia, 
respectively. Similarly, these trigeminal nerve branches also harbor small ganglia that 
represent grounded cell bodies.148,149 In addition, cells from the superior cervical 
ganglion were shown to populate the otic ganglion.143 
 
The partly catecholaminergic phenotype of the autonomic ganglia of the head may arise 
from cranial neural-crest cells and Schwann-cell precursors, as catecholaminergic cell 
bodies are present in both trigeminal,23,24 and petrosal25-36 and geniculate ganglia, 
respectively. Catecholaminergic cell bodies have not yet been demonstrated in the 
geniculate ganglion, but we demonstrated a few in human cadavers (Figure 5.2). Of 
relevance, TH-positive neurons were also present in the proximal course of the greater 
superficial petrosal nerve. The notion that the partly catecholaminergic phenotype of 
the submandibular ganglion may arise from cranial neural crest cells is supported by the 
finding that catecholaminergic cell bodies in this ganglion are already present prior to 
the arrival of postganglionic neurons from the superior cervical ganglion.77 

Caveats of using the catecholaminergic phenotype 

In aggregate, our inventory convincingly shows that catecholaminergic fibers and cell 
bodies are present in the entire tracts of peripheral nerves and ganglia throughout the 



 General discussion 

89 

body. However, the reported prevalence of cell bodies per location varies greatly 
(interactive Table 2).16,18,26,29-34,36,38,40,41,43,45,50,52,53,61-66,70,71,73,79,121,123,125,150-154 We 
hypothesize that the reasons for this variation are both biological and technical. True 
proportions can only be determined after histological sampling of several sections, and 
the fraction of catecholaminergic cells that stain is influenced by factors such as the time 
between death and fixation. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2 Catecholaminergic neurons in the human geniculate ganglion and the greater superficial petrosal 

nerve. Example of a TH-positive cell body (A) and nerve fiber (B) in the geniculate ganglion and 
proximal course of the superficial petrosal nerve, respectively. Nerve tissue was harvested from 
a formalin-fixed cadaver (97 years of age) of the body donation program of the Department of 
Anatomy and Embryology, Maastricht University. The body was preserved by intra-arterial 
infusion with 10 L fixative (composition (v/v): 96% ethanol (21%), glycerin (21%), 36% 
formaldehyde (2%), water (56%), and 2.4 g/L thymol), followed by 4 weeks of fixation in 96% 
ethanol (20%), 36% formaldehyde (2%) and water (78%). Antibody: ABCAM AB209487, 1:10000. 
Antigen retrieval TRIS-EDTA pH 9.0, 30 min. Secondary antibody GAR-bio, 1:10000. Chromogen: 
Vector NovaRED peroxidase substrate kit, SK-4805. 

 
 
The catecholamines dopamine, noradrenaline and adrenaline are derivates of 
phenylethylamine.155 Tyrosine hydroxylase (TH) is the first enzyme in the biosynthetic 
pathway of (nor-)adrenaline. This enzyme has received the most attention in biomedical 
research,156 and is often, incorrectly, associated with (nor-)adrenergic 
neurotransmission. Colocalization of TH with dopamine-β-hydroxylase (DBH), which 
catalyzes the β hydroxylation of dopamine to noradrenaline, provides stronger evidence 
for such neurotransmission. DBH-positive neurons have been reported in the 
ciliary,60,65,66 pterygopalatine,70 trigeminal,24,48 petrosal,48 nodose46,48,154 and dorsal root 
ganglia,48 and the vestibulocochlear,157,158 vagus,79,154 recurrent laryngeal,80 phrenic119 
and sciatic54,159-168 nerves. Other studies measured concentrations of noradrenaline 
directly in the trigeminal169 and nodose44 ganglia, and in the facial,170 
vestibulocochlear,170,171 vagus,169 phrenic,169, ilioinguinal,169 genitofemoral,169 
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sciatic,160,166,168,172-177 and fibular178 nerves and spinal nerve roots.169 TH-positive, but 
DBH-negative cell bodies have been observed in ciliary,61,63,66 petrosal,30 jugular,30 
nodose30,38 and dorsal root ganglia.30,47,50. Furthermore, TH-positive, but noradrenaline 
transporter type-156 and phenylethanolamine-N-methyl-transferase-negative cell 
bodies30 were reported in dorsal root ganglia. Nerves in which solely TH but none of the 
downstream enzymes are present probably utilize dopamine as a neurotransmitter. 
These findings and considerations do not invalidate our model. 

Not all catecholaminergic neurons are sympathetic 

Tyrosine hydroxylase-positive staining has been observed in cell bodies that exhibit 
morphological features typical of primary sensory neurons in petrosal,25,33 nodose25,33 
and dorsal root ganglia.55,56,58 Some TH-positive cell bodies in the nodose ganglion are 
also labelled following the injection of tracer material into the nucleus of the solitary 
tract.38,43 

Transient catecholaminergic expression 

Within the developing ciliary and sphenopalatine ganglia, neurons are observed that 
express catecholamines transiently.179-181 In the mouse, the nerve fibers of the vagus 
nerve arrive in the wall of the gastrointestinal tract only after the TH-positive neural-
crest cells have settled there.182,183 The TH-positive cells have largely disappeared from 
the vagus nerve by embryonic day 16 in the mouse, which corresponds to ~9.5 weeks of 
development in human embryos. Our observations suggest that a subset of these 
transiently TH-positive cells remain present.  

Absence of white rami communicantes at the sacral level and the ‘lumbar 
gap’ 

Another anatomical argument that is often used to define the sympathetic-
parasympathetic model is the absence of white rami communicantes at the sacral level.  

The rami communicantes are part of a peripheral connection matrix 

Macroscopic studies of the distribution pattern of the rami communicantes and 
sympathetic trunk have shown that the rami communicantes form a true mesh, with up 
to 7 rami communicantes connecting the sympathetic trunk with the spinal nerves from 
corresponding and adjacent levels.2,93,97,184-187 Interconnecting bundles of nerve fibers 
between the left and right sympathetic trunk are present at all levels.97 In addition, the 
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white and grey rami communicantes can share an epineurium, and then present as a 
single ramus communicans.90 

Mixed content of white rami communicantes 

The rami communicantes are defined by their macroscopic appearance.188,189 which, in 
turn, depends on the percentage of myelinated nerve fibers that are present. 
Macroscopically identifiable white rami communicantes are present between vertebral 
levels T1 and L2 in man. Accordingly, the absence of white rami communicantes at the 
sacral level has been one of the anatomical arguments to separate the sacral from the 
thoracolumbar autonomic outflow.1 However, the nerve fibers in the rami 
communicantes not only represent preganglionic neurons, but also somatic 
neurons.86,107,190 In addition, the white rami communicantes contain a great number of 
medium and large myelinated afferent fibers, particularly in the lower thoracic region.191 
The number and size of these fibers together far exceed the small (efferent) myelinated 
components, so that the white rami communicantes represent as much the thoraco-
lumbar inflow as the outflow.191 

Mixed content of grey rami communicantes 

Myelinated pre-ganglionic neurons are also common in the grey ramus 
communicans.90,94,109,192 At the upper and lower margins of the thoracolumbar outflow, 
where the white rami communicantes gradually disappear, the number of myelinated 
nerve fibers in the grey rami communicantes actually increases 10-fold.90,107 
Sporadically, sacral grey rami communicantes are so heavely myelinated, that they have 
been described as a ‘sacral white ramus communicans’.92 

Preganglionic neurons can bypass the rami communicantes at the thoracolumbar 
outflow margins  

At the margins of the thoracolumbar outflow, a fraction of the preganglionic neurons 
bypass the rami communicantes and the sympathetic trunk85-89,91,95,96,109 (Figure 5.3). 
Lumbar splanchnic nerves can arise directly from the lumbar plexus,89,193 like pelvic 
splanchnic nerves arise from the sacral plexus. Bypassing the sympathetic trunk, 
therefore, is not exclusive for the sacral outflow.  

The lumbar gap  

The spinal preganglionic outflow levels vary between species.1,83,91,111,188,194 In man, the 
spinal preganglionic outflow has been confined classically to the levels T1-L2 and S2-S4 
based on the absence of white rami communicantes caudal to segment L2, and the 
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perceived discontinuity of the spinal autonomic outflow cell column. The resulting 
‘lumbar gap’ is often quoted when describing the parallel between the parasympathetic 
cranial and sacral outflow. Preganglionic neurons have been described, however, at the 
lower lumbar level, which is within the ‘lumbar gap’.94,136,192 These preganglionic neurons 
follow, as described in the previous paragraph, the spinal nerves and grey rami 
communicantes.  
 
Furthermore, from the thoracolumbar outflow margin downwards, preganglionic cell 
bodies increasingly nest within the ventral motor nuclei195,196 (Figure 5.3). At the sacral 
level, the intermediolateral nucleus does not form a distinct lateral horn of gray 
matter,196 and the ventral motor nucleus becomes highly mixed with preganglionic 
neurons.197 Apparently, preganglionic neurons with their cell bodies in, or nearby, the 
ventral motor horn prefer to follow the path of the motor neurons and branch away 
towards their targets only distal to the position of white rami communicantes. At the 
sacral level, this phenomenon is structural, and the white ramus communicans 
disappears. 
 
We conclude that, along the entire spinal axis, the anatomy of the autonomic outflow 
displays a conserved architecture, albeit that a gradient in characteristics is observed. 
This finding provides morphological support for the ontogenetic finding that the 
autonomic outflows at the thoracolumbar and sacral levels possess a highly similar 
molecular signature.5 Surprisingly, Langley appears to have known about the limitations 
of the anatomical arguments supporting his model, because he was aware of the non-
binary distribution of postganglionic cell bodies (see ref.111,198 in interactive Table 3), the 
fact that the color of the rami communicantes convey no anatomical accuracy and that 
preganglionic fibers are present on grey rami communicantes and within the lumbar gap 
(see ref.192 in interactive Table 3). Although Langley created a model-serving 
generalization, it has been hallowed by constant repetition in literature. 
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Figure 5.3  Craniocaudal change in the position of the cell bodies and the course of the preganglionic 

neurons. Simplified representation. Left: Preganglionic outflow at the levels T1-L2 and S2-S4. The 
‘lumbar gap’ is indicated by an asterisk. Dashed outflow: preganglionic neurons within the 
‘lumbar gap’. Right: From the lower margin of the thoracolumbar outflow downward (Panels 1-
3), a gradually increasing number (represented by thickness of the arrow) of preganglionic 
neurons originate from cell bodies within or near the ventral motor nuclei and bypass the 
sympathetic trunk (Panels 2 and 3, neuron Y). Bypassing the sympathetic trunk, therefore, is not 
exclusive for the sacral outflow. Lumbar splanchnic nerves can arise directly from the lumbar 
plexus (Panel 2, f), like pelvic splanchnic nerves arise from the sacral plexus (Panel 3, f’). Panels 1 
and 2, neuron X: Classic representation of a preganglionic neuron with its cell body in the 
intermediolateral nucleus. Labels are identical in all panels; a: sympathetic trunk ganglion, b: 
spinal nerve, c: spinal ganglion, d: rami communicantes, e: splanchnic nerves. 
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Perspective: a peripheral connectome without dedicated nerves 

Based on our findings, we propose to conceive the peripheral nervous system as a 
connection matrix. Different parts of this matrix embed neurons with different 
characteristics. Conceptually, the peripheral nerve network represents a downscaled 
version of the connectome in the brain.199-201 The connectome-like behavior of neurons 
that change course from one nerve to another, is already widely accepted for 
preganglionic efferent neurons in the oculomotor, facial and glossopharyngeal nerves, 
that end up in trigeminal nerve branches.2 The white and grey rami communicantes are 
not dedicated ‘sympathetic’ nerves, just as the vagus nerve is not exclusively 
‘parasympathetic’.202,203 Within the connection matrix, communications exist between 
the sympathetic trunk and spinal nerves, cranial nerves and ganglia. These allow neurons 
to switch between nerves to establish unique connections (Figure 5.4). The nerves form 
the scaffolding for the outgrow of neurons, resulting in the entwined anatomy of the 
peripheral nervous system. Examples include the reciprocal interaction between neural 
crest cell migration and nerve formation,182,183 the Schwann-cell precursors giving rise to 
neurons,101,142,145 and the directional guiding of the outgrowth of preganglionic neurons 
by epibranchial placode-derived sensory neurons.144 The mesodermally derived 
epineurium bounds these heterogenous neurons, and makes these collections ‘nerves’. 
The nerves together form the connection matrix. Only by combining the results of the 
various research laboratories, the true architecture of the peripheral autonomic nervous 
system can be perceived. The upcoming task is now to fully elucidate the neuronal 
phenotypes and their positions in the peripheral connection matrix. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.4 The peripheral nervous system as a connection matrix. In this concept, neuronal function is not 
coupled to specific nerves. The connectome-like behavior of neurons that change course 
(purple) from nerve A to nerve B and C via communicating nerve branches (asterisks) is 
illustrated. 
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Impact 

Progress in science is dependent on (interdisciplinary) collaboration. Appropriate 
collaboration is dependent on language. The anatomical nomenclature is one of the 
fundamental languages of neuroscience important for (interdisciplinary) communication. 
The unambiguous description of thousands of structures is made possible with an 
extensive number of highly specialized terms that are used to the exclusion of any other. 
In this thesis we conclude that neurons, nerves and ganglia are best labelled according 
to topography. 

Implications from this thesis for peripheral nerve stimulation treatments 

A common form of generalization is the classification of nerves and ganglia based on 
their dominant feature alone. The vagus nerve for example has become known as a 
parasympathetic nerve, and the phrenic nerve as a somatic nerve (Chapters 2,3).  
 
Direct implications from such classifications can be observed in “peripheral nerve 
stimulation treatments”. This therapy involves delivering electrical impulses to specific 
nerves. The treatment involves surgery in which a small generator is usually implanted 
under the patients’ skin. Lead wires from the generator are tunneled up to the area of 
interest where the electrode is than wrapped around the entire nerve. 
 
Well known examples are vagus and phrenic nerve stimulation treatments. Because of 
the classification of nerves on their dominant physiologic characteristic, phrenic nerve 
stimulation is mainly known for pacing the diaphragm (Chapter 2). Vagus nerve 
stimulation has, as such, become known for increasing ‘parasympathetic tone’ (Chapter 
3). Other events that appear on vagus nerve stimulation, such as voice alteration and 
hoarseness, cough and dysphagia are called adverse effects, but are common and can be 
ascribed to other properties of the vagus nerve.  
 
In this thesis, we studied the morphological composition of both vagus and phrenic 
nerves at the typical levels of nerve stimulation therapies. We demonstrated that both 
nerves also contain catecholaminergic fibers. We described the distribution of 
myelinated and non-myelinated nerve fibers within the left and right or along the 
proximo-distal course of these nerves. Such information is important for nerve 
stimulation, because myelinated nerve fibers have a much lower amplitude-duration 
threshold than non-myelinated fibers. Typical stimulation protocols for nerve stimulation 
can vary up to a hundred-fold in intensity, 5-fold in duration and 2-fold in frequency. If 
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applied for central sleep apnea, we suggest that the stimulation should target the 
myelinated fibers and should, therefore, be accomplished with the lowest possible 
amplitude-duration thresholds that result in the intended rhythmic activation of the 
diaphragm. This is necessary to prevent any undesired stimulation of the nonmyelinated 
catecholaminergic fibers that we demonstrated within the phrenic nerve (Chapter 2). 
Stimulation of these fibers may further increase the chronic upregulation of sympathetic 
activity that is already present in patients with central sleep apnea and is associated with 
increased mortality these patients. Furthermore, we demonstrated that the right 
cervical vagus nerve contains significantly more catecholaminergic fibers than the left 
(Chapter 3).  

Providing morphological support for novel molecular findings 

The universally accepted model of the sympathetic and parasympathetic efferent limbs 
of the autonomic nervous system was formulated at the turn of the 19th to the 20th 
century. The tenability of this classic model, however, is challenged by progressive 
insights from novel molecular techniques (Chapter 5). Collectively, these studies 
however, struggle in refuting the longstanding anatomical arguments that are used for 
the classic subdivision of the spinal autonomic outflow in sympathetic (thoracolumbar) 
and sacral (parasympathetic) divisions. The proposed paradigm shift to classify the sacral 
autonomic outflow as sympathetic, met as such, considerable resistance in the field.  
 
In this thesis, we assembled all available data on the peripheral distribution of 
catecholaminergic neurons, and used the outcome to re-evaluate the anatomical 
arguments on which the sympathetic-parasympathetic model is based (Chapter 5). We 
conclude that the anatomy of the autonomic outflow actually displays a conserved 
architecture along the entire spinal axis. The perceived differences in the anatomy of the 
thoracolumbar and sacral outflow are the result of a gradient of anatomical 
characteristics that progressively change from the thoracic level towards those that are 
typical for the sacral autonomic outflow. This finding provides the morphological support 
that, up until know, was lacking for the novel molecular finding that the autonomic 
outflows at the thoracolumbar and sacral levels possess a highly similar molecular 
signature. Aiding to appropriate interdisciplinary communication, we also show in this 
thesis (Chapter 5) that it is better to label preganglionic neurons according to 
topography (i.e. spinal vs. cranial), since the term sympathetic has become polysemous 
over time (Chapter 1). 
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Samenvatting 

Het perifere zenuwstelsel bestaat onder andere uit neuronen (zenuwcellen). Elk neuron 
is opgebouwd uit een cellichaam met daarin de celkern, en uitlopers (axonen en 
dendrieten) waarover de elektrische impuls wordt doorgeleid. Dikwijls maakt de 
elektrische impuls neurotransmitters vrij aan het einde van de cel. Er bestaan 
verschillende typen neuronen en neurotransmitters afhankelijk van de richting van 
geleiding en het beoogde effect op de doelcel. Neuronen verzamelen zich tot zenuwen 
zodat elektrische impulsen door het hele lichaam verspreid kunnen worden. Een 
gangbare opvatting is dat neuronen gewijd zijn aan specifieke zenuwen, waardoor 
zenuwen zelf ook fysiologisch geclassificeerd worden. 
 
Hoofdstuk 1 geeft achtergrondinformatie over deze classificaties. Binnen het 
zenuwstelsel wordt een viscerale component onderscheiden dat het autonome 
zenuwstelsel wordt genoemd. Het bestaat uit neuronen die zich zowel in het centrale als 
in het perifere deel van het zenuwstelsel bevinden. Deze viscerale efferente trajecten 
worden gekenmerkt door een opeenvolging van ten minste twee neuronen tussen het 
centrale zenuwstelsel en de doelstructuur. Deze worden respectievelijk preganglionaire 
en postganglionaire neuronen genoemd. Het is gebruikelijk om paren van pre- en 
postganglionaire neuronen samen als sympathisch of parasympathisch te bestempelen. 
Zenuwen en ganglia zelf worden ook wel geclassificeerd als sympathisch of 
parasympathisch. De paravertebrale ganglia en witte en grijze rami communicantes 
staan bekend als sympathische structuren, terwijl de autonome ganglia van het hoofd en 
pelvische splanchnische zenuwen typische parasympatische structuren zouden zijn. 
 
Hoofdstuk 2 is het eerste hoofdstuk dat laat zien dat neuronen niet altijd gewijd zijn aan 
specifieke zenuwen. We laten zien dat catecholaminerge (sympathische) neuronen ook 
aanwezig zijn op de ‘somatische’ nervus phrenicus. De gehele nervi phrenici van 35 
menselijke stoffelijke overschotten werden morfometrisch en immunohistochemisch 
geanalyseerd. Verder werd de rechter abdominale tak van de nervus phrenicus serieel 
doorgesneden en gereconstrueerd. De nervus phrenicus bevat 3 ± 2 zenuwbundels in de 
nek die samensmelten tot een enkele zenuwbundel in de thorax en weer splitsen in 3 ± 3 
zenuwbundels boven het diafragma. Alle onderzochte zenuwen bevatten 
catecholaminerge (sympathische) neuronen. Deze zijn homogeen verdeeld of aanwezig 
als afzonderlijke gebieden binnen een zenuwbundel of als afzonderlijke bundels. Verder 
observeerden we dat de phrenicoabdominale tak van de rechter nervus phrenicus 
eigenlijk een tak is van de plexus coeliacus. Deze wordt daarom beter de “phrenische tak 
van de plexus coeliacus” genoemd.  
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Tenslotte vonden we in deze studie dat de wand van de vena cava inferior in het 
diafragma longitudinale strengen van myocardium bevat en atriale natriuretische 
peptide-positieve paraganglia ("cavale lichamen") die worden geïnnerveerd door de 
rechter nervus phrenicus. 
 
In hoofdstuk 3 demonstreren we catecholaminerge (sympathische) neuronen op de 
nervus vagus. We bestudeerden 11 cervicale paren van de menselijke nervus vagus op 
het niveau waar de electrode wordt geïmplanteerd bij nervus vagus stimulatie. Daarbij 
werden nog 4 extra intracraniale paren geanalyseerd. Er werd vastgesteld dat de rechter 
cervicale nervus vagus een gemiddeld 1,5 maal groter effectief oppervlak heeft dan de 
linker zenuw (respectievelijk 1.089.492 ± 98.337 µm2 vs. 753.915 ± 102.490 µm2 
(P<0,05)) en dat er een brede spreiding is binnen de individuele zenuwen. Aan de 
rechterzijde is de gemiddelde effectieve oppervlakte op cervicaal niveau 
(1.089.492 ± 98.337 µm2) groter dan op het niveau binnen de schedelbasis 
(630.921 ± 105.422) (P<0.05). Dit zou kunnen betekenen dat de nervus vagus 
anastomoserende en "meeliftende" takken ontvangt uit andere gebieden dan de 
hersenstam. Bovendien konden overvloedig tyrosine hydroxylase (TH) en dopamine ß 
hydroxylase (DBH) positief gekleurde zenuwvezels worden geïdentificeerd, wat wijst op 
de catecholaminerge neurotransmissie. In 2 van de 22 cervicale zenuwen werden 
ganglioncellen gevonden die ook positief kleurden voor TH en DBH. Stimulatie van de 
nervus vagus kan dus het vrijkomen van dopamine en noradrenaline induceren. Een 
sympatische activatie zou daarom deel kunnen uitmaken van het werkingsmechanisme 
van VNS. Bovendien werd aangetoond dat de rechter cervicale nervus vagus gemiddeld 
2 maal meer TH positieve zenuwvezels bevat dan de linker zenuw (P<0.05), een feit dat 
van belang zou kunnen zijn bij de keuze van de stimulatie zijde. We suggereren ook dat 
de hoeveelheid epineuraal weefsel een belangrijke variabele zou kunnen zijn voor het 
bepalen van de individuele effectiviteit van VNS, omdat de absolute hoeveelheid 
epineuraal weefsel sterk verdeeld is tussen de individuele zenuwen (variërend van 
2.090.000 µm2 tot 11.683.000 µm2). We besluiten dit hoofdstuk met te stellen dat men 
de nervus vagus, net als de nervus phrenicus, moet zien als een morfologische entiteit 
van het perifere zenuwstelsel, een composiet van verschillende vezels en 
(communicerende en liftende) takken van verschillende oorsprong met verschillende 
neurotransmitters. Elektrisch stimuleren van de nervus vagus is dus niet hetzelfde als het 
verhogen van de "fysiologische parasympatische tonus", maar kan dus ook 
catecholaminerge (sympatische) effecten teweegbrengen. 
 
Hoofdstuk 4 borduurt voort op het principe van zenuwstimulatie. Er wordt 
verondersteld dat de milt een rol speelt in de neuraal gemedieerde controle van de 
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gastheer verdediging. Het neuro-anatomisch bewijs voor deze veronderstelling berust 
echter op een schaars aantal studies, die het onderling oneens zijn over het bestaan van 
cholinerge of vagale innervatie van de milt. Wij voerden een immuno- en enzym-
histochemische studie uit, naar de innervatie van de menselijke milt, gebruik makend 
van een benadering waarbij het volledige hilum van 46 stoffelijke overschotten werd 
ingebed. Dit om er zeker van te zijn dat alleen zenuwen die de milt binnenkwamen of 
verlieten werden bestudeerd, en dat alle zenuwen van de milt werden opgenomen in 
het bemonsterde gebied. Additioneel werd 1 compleet ingebedde milt serieel 
doorgesneden zodat een 3D-reconstructie van de hilaire zenuwplexus kon worden 
gemaakt. Onze resultaten waren als volgt: Alle zenuwen van de milt komen voort uit de 
zenuw plexus die takken van de arteria splenica omringt en zijn catecholaminerg. Binnen 
de milt gaan deze zenuwen verder in de adventitia van de centrale arteriën van de witte, 
en de arteriolen van de rode pulpa. Kleuring voor choline acetyltransferase of 
acetylcholinesterase leverde geen aanwijzingen op voor cholinerge innervatie van de 
menselijke milt, ongeacht het type fixatie (standaard gefixeerd, vers-ingevroren post 
gefixeerd of vers-ingevroren cryo coupes). Bovendien werd geen positieve VIP-kleuring 
waargenomen (VIP wordt vaak mede aangetroffen in postganglionaire parasympatische 
zenuwen). We concluderen in dit hoofdstuk dat onze uitgebreide benadering geen 
bewijs kon leveren voor een directe cholinerge (of VIP-erge) innervatie van de milt. Deze 
bevinding sluit niet uit dat er een (indirecte) vagale innervatie via niet-cholinerge vezels 
bestaat, zoals we die in hoofdstuk 3 aantoonden. 
 
Naar aanleiding van onze eigen onderzoeken besloten we een systematische review te 
doen naar de perifere distributie van catecholaminerge neuronen (hoofdstuk 5). We 
gebruikten het resultaat om de anatomische argumenten waarop het huidige binaire 
sympatische-parasympatische model gebaseerd is, opnieuw te evalueren. Pubmed werd 
doorzocht op originele studies bij zoogdieren die de aanwezigheid van catecholaminerge 
neuronen immunohistochemisch aantoonden of de communicatie tussen zenuwen en 
sympatische structuren bevestigden met gevalideerde technieken. 144 Zoekopdrachten 
identificeerden 1.239 studies die informatie gaven over 389 anatomische structuren. 
168 Studies voldeden aan alle inclusiecriteria. We vonden dat catecholaminerge 
zenuwvezels aanwezig zijn in vele spinale en alle craniale zenuwen en ganglia, inclusief 
zenuwen en ganglia die bekend staan om hun parasympatische functie.  
Langs de gehele spinale autonome weg komen zowel proximale als distale 
catecholaminerge cellichamen voor. Zowel in het hoofd, de borstkas en het abdominale 
en bekken gebied, hetgeen het argument van "korte versus lange pre-ganglionaire 
neuronen" ontkracht. Deze bevindingen tonen opnieuw aan dat neuronen niet gewijd 
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zijn aan specifieke zenuwen, en toont aan dat het concept van het connectoom in de 
hersenen ook van toepassing is op het perifere zenuwstelsel. 
In tegenstelling tot de klassiek begrensde uittrede niveau’s T1-L2 en S2-S4, zijn 
preganglionaire neuronen ook gevonden op het lagere lumbale niveau. Preganglionaire 
cellichamen die zich bevinden in de intermediolaterale zone van het thoracolumbale 
ruggenmerg, nestelen zich geleidelijk aan meer ventraal in de ventrale motorkernen op 
lumbaal en sacraal niveau, en hun vezels omzeilen de witte ramus communicans en de 
sympathische grensstreng, om rechtstreeks uit de spinale zenuwen uit te treden. Het 
omzeilen van de sympathische grensstreng is dus niet exclusief voor sacrale neuronen. 
Wij concluderen dat de anatomie van het autonoom zenuwstelsel een geconserveerde 
architectuur vertoont langs de gehele spinale as. 
 
Tenslotte wordt in hoofdstuk 6 de potentiële impact van dit proefschrift en het daarin 
beschreven onderzoek besproken. Stimulatie van catecholaminerge vezels binnen de 
nervus phrenicus kunnen de chronische verhoging van sympatische activiteit, die reeds 
aanwezig is bij patiënten met centrale slaapapneu en geassocieerd is met een 
verhoogde mortaliteit bij deze patiënten, mogelijk extra verhogen. Bovendien toonden 
we aan dat de rechter cervicale nervus vagus significant meer catecholaminerge vezels 
bevat dan de linker. 
Onze bevinding dat de anatomie van het autonoom zenuwstelsel een geconserveerde 
architectuur vertoont langs de gehele spinale as, biedt de morfologische ondersteuning 
die tot nu toe ontbrak voor de nieuwe moleculaire bevinding dat de autonome uitlopers 
op thoracolumbaal en sacraal niveau een sterk gelijke moleculaire signatuur bezitten. 
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