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ABSTRACT 

Cardiac autonomic innervation is of major importance for maintaining homeostasis, including 
the adaption to environmental conditions in healthy as well as in pathological states. The 
autonomic nervous system is divided in sympathetic and parasympathetic branches. Spinal 
branches of the sympathetic nervous system synapse in ganglia of the sympathetic chain, that 
is situated bilaterally in a paravertebral position. In humans and animal models, the heart 
receives cervical as well as thoracic sympathetic contributions. Bilateral cervical and thoracic 
ganglia, especially the stellate ganglia, are important components participating in cardiac 
sympathetic innervation. In disease states, such as cardiac ischemia, neuronal remodeling can 
occur, resulting in a sympathetic overdrive. In particular, the role of cardiac sympathetic 
hyperinnervation in arrhythmogenesis after myocardial infarction, has gained increasing 
attention over the past decades. The superior cervical ganglion is situated at the bifurcation 
of the common carotid arteries, that provides a relatively easily accessible anatomical 
landmark. This rather superficial position of the superior cervical ganglia, especially in 
comparison with the stellate ganglia, that are found at a deeper position within the thorax, 
likely facilitated the choice of these ganglia for many experimental studies on cardiac 
innervation in health and disease. However, the reports on the clinical relevance of 
contributions of cervical ganglia to cardiac innervation have been controversial, and these 
ganglia also contribute to the innervation of other structures in the head and neck, including 
the iris and submandibular gland. In this review, we aim to systematically investigate current 
evidence, as well as to expose current controversies, on the contribution of the superior 
cervical ganglia to cardiac innervation in health and disease in human and other animal 
models. This chapter encompasses part 1 of the review in preparation: Morphological data. In 
addition, a general discussion for this thesis is included. 
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INTRODUCTION 

A balanced function of the cardiac autonomic nervous system is essential to maintain 

cardiovascular homeostasis. Cardiac innervation is provided by the autonomic nervous 

system, which is organised in sympathetic and parasympathetic branches. A balance between 

sympathetic and parasympathetic tone is mandatory to maintain a regular heartbeat. 

Parasympathetic innervation of the heart is provided by branches of the vagal nerve that 

synapse close to the target organ, i.e., in parasympathetic ganglia situated at the epicardial 

surface of the heart. For sympathetic innervation, preganglionic cardiac sympathetic axons 

synapse with postganglionic sympathetic neurons in the sympathetic chain (1). In contrast to 

nerve supply at the abdominal level, postganglionic axons towards the heart do not route via 

the gray ramus communicans and spinal nerve, but originate directly from the sympathetic 

chain ganglia. In humans, this innervation from the sympathetic chain is likely provided by both 

cervical and thoracic ganglia, although the exact level of ganglia contributing to the heart is 

still controversial (1). 

Interest in cardiac autonomic innervation has increased in the past decades, as a myriad of 

studies have reported alteration in cardiac innervation, both morphologically as well as 

functionally, after cardiac damage. An especially intriguing phenomenon, is the so-called 

cardiac sympathetic hyperinnervation, that can occur after cardiac damage, such as 

myocardial infarction (2,3). This hyperinnervation is characterised by an increased amount of 

sympathetic nerve fibres in the area of damage and has been related to ventricular 

arrhythmias and sudden cardiac death after myocardial infarction (MI). Although several 

excellent mechanistic studies have been performed, to date the exact underlying relation 

between the occurrence of sympathetic hyperinnervation and ventricular arrhythmias after 

MI is still uncertain. Apparently sympathetic ganglia, which are renowned for their limited 

growth potential after birth, retrieve their potential for fast outgrowth after cardiac damage. 

These findings have prompted researchers in the field to study prerequisites for cardiac 

innervation in health and disease. 

Although the stellate ganglion is generally accepted to provide the majority of cardiac 

innervation, also other ganglia have been proposed to provide their contributions in health 

and disease, including the thoracic and cervical ganglia (1,4). In addition, sidedness seems 

relevant in cardiac autonomic innervation (5), as well as the sex of the subject (6). In animal 

models, many studies have taken advantage of the relatively good accessibility of the superior 

cervical ganglion (SCG), that is located at a specific anatomical landmark location, at the 

bifurcation of the common carotid arteries (Figure 1).  
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In contrast, the stellate ganglia (consisting of the fused inferior cervical ganglion with the first 

thoracic ganglion) that are most renowned for their contribution to cardiac innervation, are 

located at a deeper location in the thorax, just below the subclavian artery at the level of the 

7th cervical vertebra (Figure 1). Although cervical ganglia have indeed been shown to 

contribute to cardiac innervation both in animal models as well as in human, reports in 

literature differ (1), and these ganglia also contribute to innervation of other structures in the 

head and neck, including the iris, jaw, submandibular gland, the pineal gland and the carotid 

body (7–9). The SCG is in close spatial orientation with both the carotid body, a chemoreceptor 

sensitive organ that can respond to changes in blood O2, CO2 pH, and with the ganglion 

nodosum, the inferior ganglion of the vagal nerve (10,11). 

As the SCG is used for studying cardiac innervation in a myriad of reports, including in our own 

studies (12), in this review, we aimed to systematically investigate current evidence, as well as 

to expose current controversies and gaps in knowledge, on the contribution of the SCG to 

cardiac innervation in health and disease in human and other animal models, considering 

potentially relevant aspects such as sex and sidedness. 

MATERIALS AND METHODS  

Research questions. Our research questions are defined as follows: 

1. What is the morphological evidence that the SCG is involved in cardiac innervation in 

human and in other animal species, in health as well as in cardiac disease? 

2. What is the functional evidence that the SCG is involved in cardiac innervation in 

human and in other animal species, in health as well as in cardiac disease? 

3. Is sidedness relevant (i.e., using left or right sided SCG) to study cardiac innervation? 

4. Have sex differences been studied and/or encountered? 

5. Which controversies are encountered, and which questions are potentially 

unanswered by current data? 

6. And finally, derived from these data: Is the use of the SCG in experimental setting an 

adequate structure to study cardiac innervation in health and disease? 
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Figure 1: Anatomy of the cardiac sympathetic autonomic nervous system. The superior cervical ganglia 
are bilaterally indicated in bright yellow. (The figure is adapted from Wink et al. Auton Neurosci. 2020.) 
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We aim to provide the answer to these research questions in 3 parts: 

Part 1: Morphological considera-
tions (current review) 

Part 2a: Functional considerations 
– in vivo studies

Part 2b: Functional considerations 
– in vitro studies

Search strategy. The systematic review was performed based on the Preferred Reporting 
Items for Systematic Reviews and Meta Analyses (PRISMA) checklist (http://prisma-
statement.org/prismastatement/Checklist.aspx), using the same workflow as in previous 
systematic reviews from our group (1,13,14). A comprehensive literature search was 
performed in PubMed, Embase, Web of Science, and Cochrane Library. The search strategy 
was carried out by using key words for “superior cervical ganglion” and “heart”, combined 
with “innervation” and “nerve growth factor”. Duplicate articles were removed. The complete 
query can be found in Appendix A. 

Selection of articles. Inclusion: Papers were considered eligible to be included when there was 
a combination of SCG with morphological or functional data in original research papers. All 
articles published after 1975 were included. Both studies in health and in disease models were 
included, and all animal species including human. Both prenatal and postnatal studies were 
included. In vitro studies were also included (Part 2b), as long as an interdependent effect of 
SCG and myocardium or vice versa was studied. Relevant articles found in the references of 
papers included via the query, were also included, as long as they were original articles and 
published after 1975. Retrograde labeling studies were considered as morphological studies. 

Exclusion: Studies in which the heart and SCG were studied independently, i.e., when no 
morphological or functional relationship was studied, were considered not eligible to answer 
our research questions and were therefore excluded. For example, when the effect of certain 
substances was studied independently on the heart and on the SCG, but no causal effect of 
the alterations in SCG on the heart or vice versa was described, the paper was excluded. In 
addition, we excluded papers that contained only information on the heart, only information 
on ganglia (without any relation to the heart), or papers describing other ganglia than the SCG 
(unless the SCG was described as well). Papers describing the SCG in relation to other organs 
than the heart were excluded. We included only original papers; therefore, reviews and book 

http://prisma-statement.org/prismastatement/Checklist.aspx
http://prisma-statement.org/prismastatement/Checklist.aspx
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chapters were excluded. Other reasons to exclude the paper were: non-English papers, papers 
that could not be retrieved after significant effort and papers that were from journals that 
were listed as predatory journal (https://predatoryjournals.com/publishers/). With regard to 
date of publication, we excluded studies that were published before 1975, partly because of 
the difficulties to retrieve several older papers. 

Data extraction and appraisal. All abstracts were screened for eligibility by two independent 
observers (H.S.C. and M.R.M.J.) taking into account the selection criteria described above. In 
case of disagreement, differences between the observers’ judgements were discussed to seek 
consensus. 

After selection, all included papers were evaluated in light of the 5 research questions 
described above and categorised based on 1. Morphological data; 2. Functional data, in each 
section taking the following parameters into account data on species, disease model (health 
or disease), sidedness and sex.  

Quality assessment. Quality assessment of included articles was performed with the Quality 
Appraisal for Cadaveric Studies (QUACS scale) for morphological studies (Part 1). The original 
QUACX score is composed of 13 parameters (15). As statistical analyses were not performed 
in any of the included studies with regard to the SCG, we omitted this parameter and based 
our score on and evaluation of the other 12 parameters, rendering a score of 12/12 (100%) 
the maximum score that could be obtained. If only part of the criteria for a specific parameter 
was met, 0.5 point (instead of 1 point) was assigned. For functional studies, the SYRCLE’s risk 
of bias tool and CAMARADES 10-item quality checklist will be used (Part 2a, in preparation and 
not described in this thesis). The methodological quality of the included studies was first rated 
independently by two authors (H.S.C. and M.R.M.J.). After comparing and discussing the 
individual scores for each article, a consensus score was achieved for each of the 21 articles 
included in this review (Table 2).  

https://predatoryjournals.com/publishers/
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RESULTS 

1. Study selection.

The search results and study selection flowchart are reported in Flowchart 1. From the initial 
543 records identified through database searching and cited reference searching, 158 were 
duplicates and a total of 327 records were excluded because the studies did not meet our 
inclusion criteria, leaving 58 records available. One study was published in a predatory journal, 
leaving 57 studies considered eligible for inclusion in this review. Of these, 15 were 
morphological studies, and 42 were functional studies. As described above, the current review 
(Part 1) focusses on morphological papers. Next to the originally included 15 papers, we added 
6 papers that fulfilled the inclusion criteria derived from screening references, leading to the 
21 papers that were evaluated.  

2. Overview of included studies.

Table 1 provides an overview of the 21 morphological studies included in part 1 of the 
systematic review. A total of 4 studies was performed in human, and 17 in other species: 
monkey (n=8), dog (n=3), cat (n=2), rat (n=1), shrew (n=1), chick (n=2). In one of the studies 
describing monkeys, also the primate Philippine Tarsier was included. No morphological 
studies were found in mice (Mus musculus). Two studies were performed in prenatal stages 
(17,18), both in chick, the remaining 19 papers concerned postnatal stages in mammals.  

3. Quality assessment

Table 2 provides the quality assessment of the 21 included studies. Quality scores ranges from 
46% to 67%. In the majority of morphological studies, a thorough description of results was 
presented, either with or without details on consistency of data with regard to number or 
percentages of cases in which observations were made. The far majority of studies adequately 
discussed findings in the context of contemporary evidence. Most studies adequately 
supported their description of data with photographs and/or drawings. The relatively low 
scores could be attributed largely to deficient data on education of dissecting researchers and 
on the number of observers, that was lacking in all of the included studies. In addition, 
distinctly indicated study limitations and clinical implications were lacking in the majority of 
the morphological manuscripts included. Approximately half of the included studies specified 
the sex of the specimen used (21,23,28,30,31,33–36). 
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Flowchart 1: PRISMA flow diagram (16). 
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8 

4. The relevance of the SCG for cardiac innervation: Morphological data

In many of the included studies, the evidence of morphological contributions of the SCG to 
cardiac innervation was not the primary objective of the study. In our analysis, we only 
included data that was specifically related to the SCG and/or superior cardiac nerve. Table 3 
outlines the primary objectives/aims of the included papers, and provides a summary of the 
main findings related to SCG contributions to cardiac sympathetic innervation. Findings are 
discussed below, per developmental stage (prenatal versus postnatal) and per species. 
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Prenatal studies. 

Both prenatal studies that were included, were performed in chick. In the study of Kirby et al., 
aimed at studying the developing sympathetic innervation in the chick with regard to postnatal 
innervation, histomorphological techniques (catecholamine histofluorescence and silver 
preparations) were used. The authors report that all nerve branches from the superior cervical 
ganglia were directed cranially along the carotid arteries. No fluorescent postganglionic fibres 
could be traced directly from the SCG to the heart, nor accompanying the vagal nerves through 
the chick neck (17).  In the study of Verberne et al. it was hypothesized that the cervical ganglia 
might contribute to cardiac sympathetic innervation. Both histo-morphological techniques 
(thyroxin hydroxylase (TH), marker for sympathetic nerve tissue; and HNK1, marker for 
migrating neural crest and nerve tissue) and heterospecific transplantation using quail chick-
chimeras (visualisation of quail cells in chick with the quail nuclear antibody QCPN) were used 
to study specifically the contribution of the chick cervical sympathetic ganglia to the 
developing heart and great arteries. Of note, in the chick heart, sympathetic innervation is 
derived from the sympathetic neural crest (i.e. trunk neural crest arising from somite 1-20) 
(18). In this study both trunk neural crest chimeras and cardiac neural crest chimera were 
made. The chick cervical sympathetic chain consists of 14 sympathetic ganglia, and the authors 
showed that the sympathetic neural crest gives rise to cervical ganglia 4-14 in chick, as well as 
to carotid paraganglia. Tracing of cells of cardiac neural crest chimeras, showed QCPN positive 
cells in satellite cells of the SCG, however neuronal somata were negative. Three levels in the 
cervical sympathetic trunk (superior, middle and inferior) were observed to contribute TH+ 
nerve fibres to the heart. The authors report that the SCG contributes to the carotid nerve 
(18). The carotid nerve, or carotid sinus nerve, is known as a branch of the glossopharyngeal 
nerve, involved in innervation of the carotid sinus and carotid body (38). Remarkably, Verberne 
at al. describe the carotid nerve as a thyroxin hydroxylase positive nerve, while the vagus and 
glossopharyngeal nerves are TH negative. The TH+ carotid nerve along its course joined the 
parasympathetic nodose ganglion, via which it contributed to nerve fibres in cardiac vagal 
branches that enter the heart via both the arterial and venous poles (18). The carotid nerve 
also contributed to nerve fibres that were connected to the developing baro-and 
chemoreceptors in the outflow tract of the heart, thus suggesting a role of the SCG in sensory 
afferent innervation (18). No evidence for an contribution to sympathetic innervation was 
presented. 
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Postnatal studies. 

Morphological data on SCG in relation to cardiac innervation in human. A total of 4 human 
studies were included, 3 in healthy subjects (23,28,32) and 1 in subjects with an aberrant right 
subclavian artery (30). 

The position of the SCG in human is described behind the bifurcation of the common carotid 
artery and between the first to third cervical vertebrae (4). Nerve branches can originate from 
the SCG. In our previous papers, we have used the nomenclature as proposed by Kawashima 
who describes cardiac nerves as nerves connecting to the heart either “with direct connections 
or connections via the cardiac plexus” (1,5,32). The superior cardiac nerve is described as 
arising from the SCG and from the sympathetic trunk between the superior and middle cervical 
ganglia (4), and in its course usually follows the common carotid arteries. The cardiac plexus 
receives contributions from cardiac nerves and branches (30). 
As previously observed, data in human on morphological observations of contributions of the 
SCG in humans is controversial (1). In 1986, Janes reported that no cardiopulmonary nerves 
were observed to originate from the SCG (23). In contrast, in 2003 Pather, based on data 
derived from 21 fetuses and 8 adults, reported the presence of the SCG in all specimen. The 
superior cardiac nerve (also present in all specimen examined) was reported to arise from the 
SCG in 53% of cases (31/58 sides, from which 16/29 on the right side and 15/29 on the left 
side) (28). All sympathetic contributions from the cervical sympathetic trunks were found to 
branch directly into the deep cardiac plexus. In line with this are the reports from Kawashima 
in 2005, where the SCG was also observed in all cases (32). It was found that the SCG 
communicates with spinal level C1-C3, and the SCG showed communicating branches with the 
spinal nerves on all sides. A superior cardiac nerve originating from the SCG was observed on 
32/36 sides (88.9%: 15 right sides, 17 left sides). The superior cardiac nerve originated from 
the sympathetic trunk between the superior and the middle cervical ganglia on 25 sides 
(69.4%; 11 right sides, 14 left sides). Of note, in three right sides the superior cardiac nerve did 
not originate from the SCG or the cervical sympathetic trunk between the superior and the 
middle cervical ganglia. Therefore, although an apparent difference between the right and left 
sides was not observed, the frequency of the right superior cardiac nerve might be slightly less 
than the left. It was also reported that the SCG and stellate ganglia were consistent in size, 
position and communicating branches, whereas middle cervical and vertebral ganglia were 
variable (32). In 2 human cases with an aberrant right subclavian artery the superior cardiac 
nerve was also found to arise from the SCG. In the first case, a superior cardiac nerves arising 
from both the SCG and sympathetic trunk between SCG and MCG was observed on the right 
side, but not on the left side. In the second case, the superior cardiac nerves arising from the 
SCG and sympathetic trunk between SCG and MCG were observed on both sides (30). 
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Morphological data on SCG in relation to cardiac innervation in monkey. A total of 8 studies 
in different species of monkeys were included: one paper in the Rhesus Monkey (Macaca 
Mulatta) (21), one in Taiwan monkey (29), one in Macaque Monkey (31), one in the Gibbons 
(Hylobatidae) (34), in New World Monkeys (Platyrrhini) (35), Lorises and Galagos (36), in the 
Philippine Tarsier of the Tarsiidae family (37) and in one study the species of the monkey was 
not specified (26).  

In 1982, Billman et al. described the position of the SCG in the monkey medial to the nodose 
ganglion, and dorsal to the carotid sinus area (21). Conform the situation described in mouse, 
a connection was observed between the SCG and the nodose ganglion (11). It was described 
in this study in the rhesus monkey that the carotid sinus receives nerves from the ipsilateral 
SCG as well as from the glossopharyngeal nerves, that are likely respectively efferent and 
afferent fibers (21). No direct sympathetic branches from the SCG to the heart were observed. 
Studies using retrograde labeling with horseradish peroxidase (HRP), however, supported 
nerve connections between the SCG and the heart (26). In 1992, Chuan et al. studied the 
localization of sympathetic postganglionic neurons innervating the coronary arteries, by 
injection of HRP to the proximal part of the right coronary artery (RCA) and left coronary artery 
(LCA), as well as to the distal branches of the ventral and dorsal descending arteries of the RCA 
and LCA. After sacrificing the animals, the paravertebral ganglia including the SCG were 
examined. Results show that after application of HRP in the proximal part of the RCA, and the 
proximal and distal part of the LCA, HRP positive cells could be localized mainly in the right 
SCG, and next in the left SCG. After HRP injection in the distal branches of the dorsal 
descending vessels of the RCA, labeled cells could be found mainly in the left SCG and next in 
the right SCG (26). In 2004, Chuang et al. examined several autonomic ganglia, including the 
SCG after injections of HRP in the subepicardial and myocardial layers in different cardiac 
regions. After injection in most locations, labeled cells could be found in the SCG, with 
exception of the posterior upper part of the left ventricle. Specifically, results showed that 
after injection of HRP in the cardiac apex, the region of the sino-atrial node, and in the right 
ventricle, HRP labeled sympathetic neurons were found only in the right SCG in 64.8% and in 
the left SCG in 35%. Also HRP injection in the left ventricle, lead to tracing of the labeled 
sympathetic cells mainly in the left SCG (51%) or right SCG (38.6%) (29). Between 2005 and 
2013, 5 studies in monkeys were performed by Kawashima et al. in a variety of monkey 
species, that met the inclusion criteria of our review. As summarised in Table 4, several 
monkey interspecies-differences, a.o. regarding the presence of the superior cardiac nerve, 
were noted. For instance, a superior cardiac nerve arising from the SCG was absent in Rhesus 
monkeys (21), however could consistently be observed in New World Monkeys (35). An 
evolutionary summary figure based on several landmark studies in different monkey species, 
is provided in Figure 2.  
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Table 4: Evolutionary differences between different monkey species 

Billman et al (1982) Rhesus Monkeys No branches from the SCG to the heart  

Chuang et al (1992) Monkeys, not specified Labeling of the left coronary artery stem: 
 98.3% labeled neurons localized in the SCG 
Labeling of the right coronary artery 
 97.1% labeled neurons localized in the SCG 
No labeled neurons in the SCG after application to the
internal surface of the pericardial sac 

Chuang et al (2004) Taiwan Monkeys Sympathetic postganglionic neurons innervating the 
heart are located predominantly in the superior cervical 
ganglion  

Kawashima (2) et al 
(2005) 

Macaque Monkeys The superior cardiac nerve originating from the superior 
cervical ganglion is usually absent  

Kawashima et al 
(2008) 

Lesser Apes, Gibbons The superior cardiac nerve originated from the SCG in 
65% (4 rights, 9 left) 
The superior cardiac nerve originated from the 
sympathetic trunk in 50% (5 right, 5 left) 

Kawashima et al 
(2009) 

New World Monkeys 
(Platyrrhini) 

SCG is consistently present 
The superior cardiac nerve never originated from the 
SCG, but from the sympathetic trunk between the SCG 
and MCG in 41.7% 

Kawashima et al 
(2011) 

Lorises and Galagos SCG is consistently present 
The superior cardiac nerve never originated from the 
SCG, but from the sympathetic trunk between the SCG 
and MCG in 21.4% 

Kawashima et al 
(2013) 

Philippine Tarsier 
(Comparisons With 
Strepsirrhines and 
New World Monkeys) 

No cardiac nerves arising from the SCG 



General discussion 

245 

8 

Figure 2: Evolutionary overview of cardiac sympathetic innervation. SG: Superior cervical ganglion. 
Source: Derived with the permission from Kawashima et al. Anat Rec. 2008 (Copyright Clearance Center 
2021). The Figure represents a summary of data derived from studies in different monkey species.  

Morphological data on SCG in relation to cardiac innervation in dogs. We included 3 studies 
in dogs (20,27,39). In all studies, retrograde labeling was performed, as well as 
micromorphology and/or histomorphology. In 1981, Armour et al. labeled cardiac nerves in 
dogs with HRP based on physiological identification, and found only sporadically retrogradely 
labeled neurons in the caudal pole of the ipsilateral SCG. No labeled neurons were observed 
on the contralateral side. Of note, in more than half of the SCG, no retrogradely labeled 
neurons could be traced back after injection of HRP into the cardiac nerves (39). In 1984, 
Hopkins et al. found corresponding data in dogs, with only very few sympathetic cardiac 
postganglionic neurons that could be traced back after HRP injection in the heart, 
intraventricular cavity, pericardial sac and aortic arch (20). Hirakawa et al, in 1993 reported 
similar findings after injecting HRP in various regions in the dog  heart, with only a small 
number of labeled cells traced back into the bilateral SCG (27). After injections into the sino-
atrial node, labeled cells could be traced back bilaterally in several ganglia, including the SCG 
(27). This was also the case after injection into the right or left atrium, although only few cells 
were observed in comparison to the other ganglia examined. No cells could be traced back 
into the left SCG after injection of HRP into the wall of the right ventricle (27).  
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Morphological data on SCG in relation to cardiac innervation in cats. We included 2 studies in 
cats (22,24). In all studies, retrograde labeling was performed, as well as micromorphology 
and/or histomorphology. Data in the cat show similar results as in dogs, with no or only very 
few cells that could be traced back into the SCG after injections of HRP into the heart 
(summarised in Table 3) (22,24) 

Morphological data on SCG in relation to cardiac innervation in rat. In 1989, Pardini et al. 
described the organization of cardiac sympathetic innervation in rat, using both 
histomorphology and retrograde labeling with Diamidino Yellow injections into the right and 
left ventricle (25). Results show that labeled cells could be traced back bilaterally in an area 
ranging from the SCG until the 6th thoracic ganglion. However, only a small minority of cells of 
traced cells were found bilaterally in the SCG after injection of the left ventricular and right 
ventricular free wall (3% and 1% respectively).  

Morphological data on SCG in relation to cardiac innervation in shrew. In shrew, Tanaka et al. 
found, based on macromorphological studies, that the nerve originating from the left SCG 
descended to reach the aortic arch and formed nerve plexuses after reaching the arterial pole, 
supplying nerves to the ventral wall of the ventricle (33). 

No studies providing morphological data on morphological contributions of the SCG in mouse 
were included. 
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DISCUSSION 

In this systematic review, we assessed the existing literature on the morphological relevance 
of the super cervical ganglion for cardiac innervation in health and disease stages. Key findings 
are 1. The superior cervical ganglion could be identified in all species examined; 2. 
Morphological evidence of a contribution of the SCG to cardiac innervation differs between 
species and even within species, such as evidence in monkeys; 3. A superior cardiac nerve 
innervating the heart could be found in the majority of human studies; 4. In the majority of 
retrograde labeling tracing studies, labeled cells could be found in the SCG after injections in 
the heart, however these cells formed a minority of cells as compared to contributions of other 
(cervical/thoracic/cervicothoracic) ganglia; 5. Functional studies will be needed to point out 
the functional consequences of these cells for cardiac sympathetic innervation.  

Of note, although many experimental function studies are performed in mouse and rat, only 
1 morphological study was found in rat, but none in the mouse (Mus musculus). Remarkably, 
in mice it has been shown that ganglionectomy of the SCG before MI leads to an almost entire 
loss of myocardial sympathetic innervation of the left ventricular anterior wall, in addition to 
a significantly reduction in chronic consequences of MI, such as myocardial inflammation, 
myocyte hypertrophy, and overall cardiac dysfunction (40). 

Our query provided studies concerning both prenatal and postnatal stages. Prenatal SCG have 
the advantage that they are more prone to sprout during co-culturing in vitro than postnatal 
ganglia, at least in control (“healthy”) settings. The embryological origin of the cervical 
sympathetic chain ganglia is still debated. Based on the observation that cellular clusters will 
expand from the thoracic to the cervical region (41), it has been speculated that cervical 
ganglia are generated from the thoracic sympathetic chain (4,42). As there are only 3-4 cervical 
ganglia in the cervical region whereas at the thoracic level each spinal level has a 
corresponding ganglion, alternatively, it has been suggested that the development of 
sympathetic ganglia is associated initially with the intersegmental vessels (43). The limited 
number of cervical ganglia could in this perspective be attributed to regression of most of the 
cervical intersegmental arteries, and subsequent remodeling and fusion of the corresponding 
ganglia. The upper 4 cervical ganglia would thus eventually form the superior cervical 
sympathetic ganglion, anatomically related or induced by the developing external carotid 
artery (43). In our review, 2 prenatal studies were included - both performed in chick - that did 
not show a clear contribution of the SCG to sympathetic innervation in the chick heart during 
the stages examined. However, as it was observed that the SCG contributes to the (TH+) 
carotid nerve during development (18), a contribution of the SCG to parasympathetic 
innervation of the heart, is not excluded. 
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The superior cervical ganglion (SCG) is a remarkable organ, that has an unique spatial 
anatomical localisation. It is situated at between the branching point of the common carotid 
arteries, in close proximity to the carotid body, which it innervates. The innervation pattern 
however, is much broader than the cardiovascular system alone. Nerve fibers originating from 
the SCG run along both carotid arteries, and will provide sympathetic input towards the head 
where it stimulates parts of the eye (iris), mouth and small blood vessels. In this respect, it may 
be relevant that the SCG is situated adjacent to the above mentioned carotid body (CB), by 
itself an intriguing structure, involved in oxygen, carbon and pH sensing, that has been shown 
to produce many neurotrophic factors (44). With regard to cardiovascular disease states, a 
role of the carotid body in hypertension has been indicated (45). In addition to the spatial 
relation with the carotid body, there are several studies in literature that indicate a connection 
of the sympathetic SCG with the parasympathetic nodose ganglion in mouse (11) (Figure 3), a 
finding that was also observed in monkeys in the current review (21). Given this evidence as 
well as the observation that the SCG contributes to the carotid nerve during development as 
described above (18), a contribution of the SCG to parasympathetic innervation of the heart, 
is possible.  

Figure 3. Connection of the sympathetic SCG with the nodose ganglion and carotid body in mouse. 
The middle panel shows a 3D reconstruction image of an adult mouse spinal cord, carotid arteries 
(indicated in red), SCG (yellow) and NG (green). SCG, superior cervical ganglion; NG, nodose ganglion; 
RCA, right carotid artery; LCA, left carotid artery; CB, carotid body. 
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General discussion of findings in light of the thesis. In Chapter 5 of this thesis, the presence of 
cholinergic cells in the SCG was described based on histopathological findings in healthy SCG 
as well as after MI, although the clinical/functional implications are at present unclear. The 
role of the autonomic nervous system in post-MI arrhythmogenicity has gained increasing 
attention over the past decades. Vagal innervation is considered as cardioprotective, whereas 

a sympathetic overdrive is associated with 
arrhythmias and sudden cardiac death (48,49). A 
myriad of studies in human, rat, rabbit and pig, 
have indicated neuronal and electrical remodeling 
in the stellate ganglia after MI (50–52). In contrast 
to the stellate ganglion, data on the time course 
of neural remodeling in the SCG – as indicated 
situated in close proximity to carotid body - after 
MI is still limited. It has been previously reported 
in rabbits that the response of the chemo 
sensitive cardiac reflex of the carotid body was 
enhanced in the acute phase of MI (53), and 
hypertonicity of the carotid has been linked with 
cardiac disease such as hypertension and chronic 
heart failure. In rats with induced chronic heart 
failure, denervation of the carotid body 
performed early after MI, resulted in improved 

survival due to reduction of ventricular remodeling, diminished fibrosis and reduction of 
arrhythmias(54). Whether this is only a transient phenomenon is unclear, as is the time-course 
of remodeling of the SCG and the carotid after MI. Therefore in Chapter 5, we assessed the 
neuronal remodeling of the murine SCG, including the carotid body, at several time points 
post-MI. Of interest, we found ganglionic remodeling not only in the SCG, but also in the 
carotid body, with overt upregulation of expression of several neurotrophic factors. Generally, 
a remodeling towards a more sympathetic phenotype was observed, which would fit the 
hypothesis of a higher sympathetic tone underlying cardiac arrhythmogenesis after MI. 

The finding of remodeling of SCG after MI, prompted the investigation of the molecular 
pathways involved in disease states. The exact molecular signature and cellular composition 
of the SCG in the control/healthy is however, also still largely unexplored. This inspired us to 
perform RNA sequencing at the single cell level. As our ultimate desire is to translate our 
findings in animal models to the human situation, we strived for applying a method that can 
ultimately also be applied on human tissues. In Chapter 6, we describe the development of a 
method for single-nucleus RNA sequencing (snRNA-seq) of murine ganglia using low-input 
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nucleus isolation and multiplexing with barcoded antibodies. The advantage of this method is, 
amongst other practical advantages, the possibility to also apply it to human neurons, that are 
larger than murine neurons and not suitable for single cell RNA seq. In Chapter 7, we took 
advantage for this method to study the molecular and genetic signature of the SCG and 
provide reference data for interpretation of our results of snRNA-seq after MI-R, that is 
currently ongoing. 

Our aim to review the morphological contributions of the SCG to cardiac innervation was partly 
motivated by the findings of our in vitro studies, where we observed that murine embryonic 
SCG cultured with adult myocardium have a high tendency to sprout towards myocardium. 
Remarkably, as described in Chapter 2 of this thesis, we show that adding human epicardial 
derived cells (EPDCs) to our cell cultures, significantly increased this sprouting. Moreover, we 
found during subsequent studies that the sex of the donor of the EPDC, influenced the length 
and density of nerve sprouting, with a higher sprouting capacity observed in the presence of 
male EPDCs, as is described in Chapter 3. We propose the SLIT2/ROBO pathway as a potential 
candidate involved in these sex-differences observed. This also clinically relevant in light of the 
increasing attention for differences in presentation and outcome of cardiovascular disease 
between males and females (55). 

Future perspectives.  Our next step in studying the relevance of the SCG in health and disease, 
will be to systematically review the functional evidence of contributions of SCG ganglia in 
cardiac innervation, both in vivo and in vitro. With regard to the contribution of human EPDCs 
to cardiac innervation and the role of sex therein, we strive to further study the relevance of 
the SLIT2 /ROBO pathway. As a next step in the experiments described in Chapter 2 and 3, we 
aim to further validate our results by performing SLIT2 knockdown and overexpression in male 
and female EPDCs and to evaluate the presence of the receptors of SLIT2 (ROBO receptors) on 
cardiac sympathetic autonomic ganglia, including the SCG. In addition, we strive towards 
increasingly progressing our experiments to human tissues. As a first step in this approach, 
taking into account the limited availability of human tissues as well as several other 
impediments described in Chapter 4, we have developed a human proliferative EPDC cell line 
(hiEPDCs), to facilitate their use in experiments. The Cardiology dept. of LUMC also houses a 
human proliferate atrial myocardial cell line (hiACMs), that together with the hiEPDCs provides 
a promising experimental model for our cardiac innervation studies in health and disease. We 
ultimately strive to also develop an inducible neuronal cell line (hiNeurons) which will be the 
focus of future studies. With regard to the experiments mentioned in Chapter 5, our next step 
will be to further explore the significance of expression of cholinergic factors, by performing 
i.a. qPCR of SCG and determining levels of catecholamines. With regard to Chapters 6 and 7,
our next step will be to explore the molecular and genetic remodeling of SCG on the single
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nucleus level after MI. Data presented in Chapter 7 will have an important function to serve 
as reference in interpretation of these data. In our future experiments with snRNA-seq, we 
will also take the sex of the donor into account, and aim to explore differential pathways 
involved in ganglion growth and remodeling in health and disease in both male and female. 
Finally, our next projects will aim at electrophysiological consequences of neuronal remodeling 
with regard to arrhythmogenesis.  
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SUPPLEMENTAL FILES 

Appendix A: Query 

Date: 7-10-2021.  

Databases:  

PubMed 

http://www.ncbi.nlm.nih.gov/pubmed?otool=leiden 

Triple strategy: 

- Superior cervical ganglion (main subject) & Heart

- Superior cervical ganglion & Heart innervation 

- Superior cervical ganglion & Heart & Nerve Growth Factors

((("Superior Cervical Ganglion"[majr] OR "superior cervical ganglion"[ti] OR "superior cervical ganglia"[ti] 
OR "superior cervical gangl*"[ti] OR "ganglion cervicale superius"[ti] OR "ganglion cervical superior"[ti] 
OR "ganglion cervicale"[ti]) AND ("Heart"[mesh] OR "Cardiovascular System"[mesh] OR 
"Cardiovascular"[tw] OR "Cardiac"[tw] OR "myocardial"[tw] OR "Heart"[tw] OR "Heart Diseases"[mesh] 
OR "Cardiovascular Diseases"[mesh] OR "Arrhythmia"[tw] OR "Myocardial infarction"[tw] OR "cardiac 
overload"[tw] OR "cardiac damage"[tw] OR "heart failure"[tw] OR "cardiac damage"[tw] OR "myocardial 
reperfusion"[tw] OR "cardiac innervation"[tw] OR "arrhythmias"[tw] OR "atrial"[tw] OR 
"ventricular"[tw])) OR (("Superior Cervical Ganglion"[Mesh] OR "superior cervical ganglion"[tw] OR 
"superior cervical ganglia"[tw] OR "superior cervical gangl*"[tw] OR "ganglion cervicale superius"[tw] OR 
"ganglion cervical superior"[tw] OR "ganglion cervicale"[tw]) AND ("Heart/innervation"[majr])) OR 
(("Superior Cervical Ganglion"[Mesh] OR "superior cervical ganglion"[tw] OR "superior cervical 
ganglia"[tw] OR "superior cervical gangl*"[tw] OR "ganglion cervicale superius"[tw] OR "ganglion cervical 
superior"[tw] OR "ganglion cervicale"[tw]) AND ("Heart"[mesh] OR "Cardiovascular System"[mesh] OR 
"Cardiovascular"[tw] OR "Cardiac"[tw] OR "myocardial"[tw] OR "Heart"[tw] OR "Heart Diseases"[mesh] 
OR "Cardiovascular Diseases"[mesh] OR "Arrhythmia"[tw] OR "Myocardial infarction"[tw] OR "cardiac 
overload"[tw] OR "cardiac damage"[tw] OR "heart failure"[tw] OR "cardiac damage"[tw] OR "myocardial 
reperfusion"[tw] OR "cardiac innervation"[tw] OR "arrhythmias"[tw] OR "atrial"[tw] OR "ventricular"[tw]) 
AND ("Nerve Growth Factors"[Mesh] OR "Nerve Growth Factors"[tw] OR "Nerve Growth Factor"[tw] OR 
"Neurite Outgrowth Factor"[tw] OR "Neurite Outgrowth Factors"[tw] OR "Neuronal Growth Associated 
Protein"[tw] OR "Neuronal Growth Associated Proteins"[tw] OR "Neuronotrophic Factor"[tw] OR 
"Neuronotrophic Factors"[tw] OR "Neurotrophic Factor"[tw] OR "Neurotrophic Factors"[tw] OR 
"Neurotrophic Protein"[tw] OR "Neurotrophic Proteins"[tw] OR "Neurotrophin"[tw] OR 
"Neurotrophins"[tw] OR "Glia Maturation Factor"[tw] OR "Glia Maturation Factors"[tw] OR "Glial Cell 
Line-Derived Neurotrophic Factor"[tw] OR "Glial Cell Line-Derived Neurotrophic Factors"[tw] OR "Nerve 
Growth Factor"[tw] OR "Nerve Growth Factors"[tw] OR "Netrin"[tw] OR "Netrin-1"[tw] OR "Netrins"[tw] 

http://www.ncbi.nlm.nih.gov/pubmed?otool=leiden
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OR "Neuregulin"[tw] OR "Neuregulin-1"[tw] OR "Neuregulins"[tw] OR "Neurotrophin 3"[tw] OR 
"Neurturin"[tw] OR "Neurturins"[tw]))) 

Embase. http://ovidsp.ovid.com/ovidweb.cgi?T=JS&PAGE=main&MODE=ovid&D=oemezd 

(((*"Superior Cervical Ganglion"/ OR "superior cervical ganglion".ti OR "superior cervical ganglia".ti OR 
"superior cervical gangl*".ti OR "ganglion cervicale superius".ti OR "ganglion cervical superior".ti OR 
"ganglion cervicale".ti) AND (exp *"Heart"/ OR exp *"Cardiovascular System"/ OR "Cardiovascular".ti,ab 
OR "Cardiac".ti,ab OR "myocardial".ti,ab OR "Heart".ti,ab OR exp *"Heart Disease"/ OR exp 
*"Cardiovascular Disease"/ OR "Arrhythmia".ti,ab OR "Myocardial infarction".ti,ab OR "cardiac 
overload".ti,ab OR "cardiac damage".ti,ab OR "heart failure".ti,ab OR "cardiac damage".ti,ab OR 
"myocardial reperfusion".ti,ab OR "cardiac innervation".ti,ab OR "arrhythmias".ti,ab OR "atrial".ti,ab OR 
"ventricular".ti,ab)) OR ((*"Superior Cervical Ganglion"/ OR "superior cervical ganglion".ti,ab OR 
"superior cervical ganglia".ti,ab OR "superior cervical gangl*".ti,ab OR "ganglion cervicale superius".ti,ab 
OR "ganglion cervical superior".ti,ab OR "ganglion cervicale".ti,ab) AND (exp *"Heart"/ OR exp 
*"Cardiovascular System"/ OR "Cardiovascular".ti,ab OR "Cardiac".ti,ab OR "myocardial".ti,ab OR 
"Heart".ti,ab OR exp *"Heart Disease"/ OR exp *"Cardiovascular Disease"/ OR "Arrhythmia".ti,ab OR 
"Myocardial infarction".ti,ab OR "cardiac overload".ti,ab OR "cardiac damage".ti,ab OR "heart 
failure".ti,ab OR "cardiac damage".ti,ab OR "myocardial reperfusion".ti,ab OR "cardiac innervation".ti,ab 
OR "arrhythmias".ti,ab OR "atrial".ti,ab OR "ventricular".ti,ab) AND (exp *"neurotrophic factor"/ OR 
*"Nerve Growth Factor"/ OR "Nerve Growth Factors".ti,ab OR "Nerve Growth Factor".ti,ab OR "Neurite 
Outgrowth Factor".ti,ab OR "Neurite Outgrowth Factors".ti,ab OR "Neuronal Growth Associated 
Protein".ti,ab OR "Neuronal Growth Associated Proteins".ti,ab OR "Neuronotrophic Factor".ti,ab OR 
"Neuronotrophic Factors".ti,ab OR "Neurotrophic Factor".ti,ab OR "Neurotrophic Factors".ti,ab OR 
"Neurotrophic Protein".ti,ab OR "Neurotrophic Proteins".ti,ab OR "Neurotrophin".ti,ab OR 
"Neurotrophins".ti,ab OR "Glia Maturation Factor".ti,ab OR "Glia Maturation Factors".ti,ab OR "Glial Cell 
Line-Derived Neurotrophic Factor".ti,ab OR "Glial Cell Line-Derived Neurotrophic Factors".ti,ab OR 
"Nerve Growth Factor".ti,ab OR "Nerve Growth Factors".ti,ab OR "Netrin".ti,ab OR "Netrin-1".ti,ab OR 
"Netrins".ti,ab OR "Neuregulin".ti,ab OR "Neuregulin-1".ti,ab OR "Neuregulins".ti,ab OR "Neurotrophin 
3".ti,ab OR "Neurturin".ti,ab OR "Neurturins".ti,ab))) NOT (conference review or conference abstract).pt 

Web of Science. http://isiknowledge.com/wos 

((ti=("Superior Cervical Ganglion" OR "superior cervical ganglion" OR "superior cervical ganglia" OR 
"superior cervical gangl*" OR "ganglion cervicale superius" OR "ganglion cervical superior" OR "ganglion 
cervicale") AND (ti=("Heart" OR "Cardiovascular System" OR "Cardiovascular" OR "Cardiac" OR 
"myocardial" OR "Heart" OR "Heart Disease" OR "Cardiovascular Disease" OR "Arrhythmia" OR 
"Myocardial infarction" OR "cardiac overload" OR "cardiac damage" OR "heart failure" OR "cardiac 
damage" OR "myocardial reperfusion" OR "cardiac innervation" OR "arrhythmias" OR "atrial" OR 
"ventricular") OR ab=("Heart" OR "Cardiovascular System" OR "Cardiovascular" OR "Cardiac" OR 
"myocardial" OR "Heart" OR "Heart Disease" OR "Cardiovascular Disease" OR "Arrhythmia" OR 
"Myocardial infarction" OR "cardiac overload" OR "cardiac damage" OR "heart failure" OR "cardiac 
damage" OR "myocardial reperfusion" OR "cardiac innervation" OR "arrhythmias" OR "atrial" OR 
"ventricular"))) OR ((ti=("Superior Cervical Ganglion" OR "superior cervical ganglion" OR "superior 
cervical ganglia" OR "superior cervical gangl*" OR "ganglion cervicale superius" OR "ganglion cervical 
superior" OR "ganglion cervicale") OR ab=("Superior Cervical Ganglion" OR "superior cervical ganglion" 
OR "superior cervical ganglia" OR "superior cervical gangl*" OR "ganglion cervicale superius" OR 
"ganglion cervical superior" OR "ganglion cervicale")) AND (ti=("Heart" OR "Cardiovascular System" OR 
"Cardiovascular" OR "Cardiac" OR "myocardial" OR "Heart" OR "Heart Disease" OR "Cardiovascular 

http://ovidsp.ovid.com/ovidweb.cgi?T=JS&PAGE=main&MODE=ovid&D=oemezd
http://isiknowledge.com/wos
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Disease" OR "Arrhythmia" OR "Myocardial infarction" OR "cardiac overload" OR "cardiac damage" OR 
"heart failure" OR "cardiac damage" OR "myocardial reperfusion" OR "cardiac innervation" OR 
"arrhythmias" OR "atrial" OR "ventricular") OR ab=("Heart" OR "Cardiovascular System" OR 
"Cardiovascular" OR "Cardiac" OR "myocardial" OR "Heart" OR "Heart Disease" OR "Cardiovascular 
Disease" OR "Arrhythmia" OR "Myocardial infarction" OR "cardiac overload" OR "cardiac damage" OR 
"heart failure" OR "cardiac damage" OR "myocardial reperfusion" OR "cardiac innervation" OR 
"arrhythmias" OR "atrial" OR "ventricular")) AND (ti=("neurotrophic factor" OR "Nerve Growth Factor" 
OR "Nerve Growth Factors" OR "Nerve Growth Factor" OR "Neurite Outgrowth Factor" OR "Neurite 
Outgrowth Factors" OR "Neuronal Growth Associated Protein" OR "Neuronal Growth Associated 
Proteins" OR "Neuronotrophic Factor" OR "Neuronotrophic Factors" OR "Neurotrophic Factor" OR 
"Neurotrophic Factors" OR "Neurotrophic Protein" OR "Neurotrophic Proteins" OR "Neurotrophin" OR 
"Neurotrophins" OR "Glia Maturation Factor" OR "Glia Maturation Factors" OR "Glial Cell Line-Derived 
Neurotrophic Factor" OR "Glial Cell Line-Derived Neurotrophic Factors" OR "Nerve Growth Factor" OR 
"Nerve Growth Factors" OR "Netrin" OR "Netrin-1" OR "Netrins" OR "Neuregulin" OR "Neuregulin-1" OR 
"Neuregulins" OR "Neurotrophin 3" OR "Neurturin" OR "Neurturins") OR ab=("neurotrophic factor" OR 
"Nerve Growth Factor" OR "Nerve Growth Factors" OR "Nerve Growth Factor" OR "Neurite Outgrowth 
Factor" OR "Neurite Outgrowth Factors" OR "Neuronal Growth Associated Protein" OR "Neuronal Growth 
Associated Proteins" OR "Neuronotrophic Factor" OR "Neuronotrophic Factors" OR "Neurotrophic 
Factor" OR "Neurotrophic Factors" OR "Neurotrophic Protein" OR "Neurotrophic Proteins" OR 
"Neurotrophin" OR "Neurotrophins" OR "Glia Maturation Factor" OR "Glia Maturation Factors" OR "Glial 
Cell Line-Derived Neurotrophic Factor" OR "Glial Cell Line-Derived Neurotrophic Factors" OR "Nerve 
Growth Factor" OR "Nerve Growth Factors" OR "Netrin" OR "Netrin-1" OR "Netrins" OR "Neuregulin" OR 
"Neuregulin-1" OR "Neuregulins" OR "Neurotrophin 3" OR "Neurturin" OR "Neurturins")))) NOT 
dt=(meeting abstract) 

Cochrane. https://www.cochranelibrary.com/advanced-search/search-manager 

(("Superior Cervical Ganglion" OR "superior cervical ganglion" OR "superior cervical ganglia" OR "superior 
cervical gangl*" OR "ganglion cervicale superius" OR "ganglion cervical superior" OR "ganglion cervicale") 
AND ("Heart" OR "Cardiovascular System" OR "Cardiovascular" OR "Cardiac" OR "myocardial" OR "Heart" 
OR "Heart Disease" OR "Cardiovascular Disease" OR "Arrhythmia" OR "Myocardial infarction" OR "cardiac 
overload" OR "cardiac damage" OR "heart failure" OR "cardiac damage" OR "myocardial reperfusion" OR 
"cardiac innervation" OR "arrhythmias" OR "atrial" OR "ventricular")):ti,ab,kw 

https://www.cochranelibrary.com/advanced-search/search-manager



