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Abstract

Purpose The heart receives cervical and thoracic sympathetic contributions. Although the stellate ganglion is considered
the main contributor to cardiac sympathetic innervation, the superior cervical ganglia (SCG) is used in many experimental
studies. The clinical relevance of the SCG to cardiac innervation is controversial. We investigated current morphological
and functional evidence as well as controversies on the contribution of the SCG to cardiac innervation.

Methods A systematic literature review was conducted in PubMed, Embase, Web of Science, and COCHRANE Library.
Included studies received a full/text review and quality appraisal.

Results Seventy-six eligible studies performed between 1976 and 2023 were identified. In all species studied, morpho-
logical evidence of direct or indirect SCG contribution to cardiac innervation was found, but its contribution was limited.
Morphologically, SCG sidedness may be relevant. There is indirect functional evidence that the SCG contributes to cardiac
innervation as shown by its involvement in sympathetic overdrive reactions in cardiac disease states. A direct functional
contribution was not found. Functional data on SCG sidedness was largely unavailable. Information about sex differences
and pre- and postnatal differences was lacking.

Conclusion Current literature mainly supports an indirect involvement of the SCG in cardiac innervation, via other structures
and plexuses or via sympathetic overdrive in response to cardiac diseases. Morphological evidence of a direct involvement
was found, but its contribution seems limited. The relevance of SCG sidedness, sex, and developmental stage in health and
disease remains unclear and warrants further exploration.
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Graphical abstract

An overview of the current literature derived from morphological and functional data on the involvement of SCG in cardiac
innervation, relevance of sidedness, sex differences, and pre- and postnatal differences in various species. X = Information
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Introduction

A balanced function of the cardiac autonomic nervous sys-
tem is essential to maintain cardiovascular homeostasis.
Cardiac innervation is provided by the autonomic nervous
system, which is organized into sympathetic and parasympa-
thetic branches. Balancing sympathetic and parasympathetic
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tone is mandatory to maintain a regular heartbeat. Parasym-
pathetic innervation of the heart is provided by pregangli-
onic branches of the vagal nerve that synapse close to the
target organ, e.g., in intrinsic cardiac ganglia situated in the
myocardial wall and on the epicardial surface of the heart
[1]. For sympathetic innervation, preganglionic sympathetic
axons synapse with sympathetic neurons in the sympathetic
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chain, after which postganglionic fibers directly innervate
either the myocardium or first synapse on the intrinsic
cardiac ganglia [1]. In humans, this innervation from the
sympathetic chain is likely provided by both cervical and
thoracic ganglia, although the exact level of ganglia contrib-
uting to the heart is still controversial [2].

Interest in cardiac autonomic innervation has increased
in the past decades, as alterations in cardiac innervation,
both morphologically and functionally, after cardiac dam-
age have been reported in myriad studies [3—6]. An especially
intriguing phenomenon is the so-called cardiac sympathetic
hyperinnervation, which can occur after cardiac damage,
such as myocardial infarction (MI) [7, 8]. This hyperinnerva-
tion is characterized by an increased amount of sympathetic
nerve fibers in the area of damage and has been related to
ventricular arrhythmias and sudden cardiac death after MI
[6]. Although several excellent mechanistic studies have
been performed, the exact underlying relation between the
occurrence of sympathetic hyperinnervation and ventricu-
lar arrhythmias after MI is still being determined. Appar-
ently sympathetic ganglia, renowned for their limited growth
potential after birth, retrieve their potential for fast outgrowth
after cardiac damage. These findings have prompted research-
ers to study cardiac innervation in health and disease.

The stellate ganglia, consisting of the fused inferior cer-
vical ganglion with the first thoracic ganglion, are most
renowned for their contribution to cardiac innervation. They
are located deeper in the thorax anterior to the first rib (Fig. 1).
Although the stellate ganglion is generally accepted to provide
a majority of cardiac innervation, other ganglia have been
proposed to contribute to health and disease as well, including
the thoracic and cervical ganglia [2, 9]. Cervical ganglia have
indeed been shown to contribute to cardiac innervation both
in animal models as well as in human, however reports in lit-
erature differ [2]. 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
[10-12]. One of the cervical ganglia is the superior cervical
ganglion (SCG) (Fig. 1), which is in close spatial orientation
with the carotid body, a chemoreceptor-sensitive organ that
can respond to changes in blood oxygen, carbon dioxide, and
pH levels, as well as with the ganglion nodosum, the inferior
ganglion of the vagal nerve [13, 14]. From a basic science
point of view, the relatively good accessibility of the SCG,
which is located at a specific anatomical landmark location,
at the bifurcation of the common carotid arteries, provides
advantages when using this structure as an experimental
model to study cardiac (hyper)innervation. A prerequisite for
using the SCG to study cardiac autonomic function is that this
structure provides a significant anatomical and/or functional
contribution to cardiac innervation.

Consistent differences have been shown in cardiac auto-
nomic regulation between women and men, such as a more

pronounced parasympathetic cardiac regulation, higher
resting heart rate, and lower baroflex sensitivity in women,
although its physiologic usefulness remains largely unknown
[15]. Another factor that could possible influence the ana-
tomical and functional contribution to cardiac innervation
is the sidedness of the ganglia. The human peripheral car-
diac autonomic nervous system shows considerable asym-
metry, interindividual variations and regional differences in
anatomical, functional, and molecular characteristics [16].
Moreover, MI has been shown to induce morphologic and
neurochemical changes in right- and left-sided ganglia [5,
17].

In this review, we aim to systematically investigate cur-
rent morphological and functional 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, including the
consideration of potentially relevant aspects such as sex and
sidedness.

Methods
Research questions

To perform a comprehensive systematic review of current
knowledge on the contribution of the SCG in cardiac auto-
nomic innervation, our research questions were defined as
follows:

1. What is the morphological and functional evidence that
the SCG is involved in cardiac innervation in various
species, in health as well as in cardiac disease?

(a) Is sidedness relevant (e.g., using left- or right-
sided SCG) to study cardiac innervation?

(b) Have sex differences been studied and/or encoun-
tered?

(c) Are there pre- and postnatal/adult differences?

(d) What is the quality of the included studies?

2. Which controversies are encountered, and which ques-
tions are potentially unanswered by current data?

3. 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?

Search strategy
This systematic review was conducted in PubMed,
Embase, Web of Science, and COCHRANE Library data-

bases up to 4 April 2023 and was in adherence with the
Preferred Reporting Items for Systematic Reviews and
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«Fig. 1 Anatomy of the cardiac sympathetic nervous system. Sche-
matic drawing of the cardiac sympathetic nervous system. Pregan-
glionic sympathetic axons from spinal cord neurons synapse with
postganglionic sympathetic neurons in the ganglia of the sympathetic
chain, running bilaterally along the vertebral column. Postganglionic
fibers from these ganglia form the sympathetic cardiac nerves, which
join in the cardiac plexus together with the parasympathetic nerves,
providing the autonomic innervation of the heart. The superior cer-
vical ganglia are indicated in bright yellow. The superior cardiac
nerve, the existence of which is disputed in some studies, is shown in
bright yellow. Figure adapted from “Human adult cardiac autonomic
innervation: controversies in anatomical knowledge and relevance
for cardiac neuromodulation,” by Wink et al. Autonomic Neurosci-
ence, 2020. 227: p. 102,674. Copyright 2020 by Copyright Clearance
Center

Selection criteria

Papers were considered eligible to be included in this sys-
tematic review when both the SCG and the heart were
studied. Both studies in health and in disease models were
included. Additionally, all animal species including humans,
both prenatal and postnatal/adult studies, were included.
Functional studies, in vivo as well as in vitro, were included
as long as an interdependent effect of the SCG on the heart
or vice versa was studied. Papers in which the presence of
a direct/causal link between the SCG and the heart was not
studied were excluded, e.g., when the effect of certain sub-
stances was studied separately on the heart and SCG or when
immunostaining was performed on the SCG and/or heart
without an intervention to the opposing tissue. Only original
research papers were included; reviews, editorials, and book
chapters were excluded. Other reasons to exclude the paper
were: non-English-language papers, papers that could not be
retrieved after significant effort, and papers that were pub-
lished in a predatory journal [21]. With regard to the date of
publication, articles published before 1975 were excluded,
partly owing to the difficulties in retrieving several older
papers. The reference lists of included papers were searched
for eligible articles that were not identified with the query.

Data extraction and quality appraisal

All records were screened for eligibility by two independ-
ent authors (H.S.C. and M.R.M.].) on the basis of titles and
abstracts followed by full-text review where necessary, con-
sidering the selection criteria described above.

Selected papers were categorized into (1) morphologi-
cal, (2) functional in vivo, or (3) functional in vitro. In case
multiple categories were applicable, the paper was included
in all categories and only data relating to the category were
extracted and assessed for quality. Anterograde or retrograde
labeling studies were considered as morphological studies.

When available, the following data were extracted inde-
pendently by two authors (H.S.C. and L.V.R.): author and

year of publication; objectives; number; species; strain/
breed; genotype; age; weight; sex; study type; data on sided-
ness; experimental condition; experimental setting; solution
and staining or histochemistry; SCG-heart-related outcome;
limitations. Discrepancies between the observers’ judgments
were resolved by discussion and consensus.

The methodological quality of the morphological stud-
ies was scored by two authors (H.S.C. and M.R.M.J.) using
the Quality Appraisal for Cadaveric Studies (QUACS) scale
[22]. Similarly, the methodological quality of the functional
studies was scored by two authors (H.S.C. and L.V.R.) using
the Animal Research: Reporting In Vivo Experiments
(ARRIVE) guidelines 2.0 [23] for the in vivo studies and
an adapted version for the in vitro studies (Supplementary
Materials, Appendix B) as no existing quality assessment
tool currently covers all critical aspects of in vitro studies
[24].

After comparing and discussing the individual scores for
each paper, a consensus score was achieved for all papers
included in this review.

Note that all extracted data and quality assessments were
solely based on aspects concerning the relationship between
the SCG and the heart.

Results
Study selection and inclusion

A total of 591 records were identified through database
searching (Fig. 2). Of these, 163 records were duplicates
and the number of studies excluded by abstract screening
was 363; most of these did not study both SCG and the heart
or lacked an evident study of the causal relationship between
the SCG and cardiac tissues. The remaining 65 records were
screened based on the full-text articles. Then, 8 records were
excluded after full-text assessment and 19 additional records
were found through cited references in the remaining arti-
cles. A total of 76 studies were included in this systematic
review. As some articles fit multiple categories, 26 studies
were categorized as morphological, 25 as functional in vivo,
and 32 as functional in vitro. Table 1 provides an overview
of the studies included in the morphology and functional
categories of this systematic review.

Quality assessment

Quality scores assessed by QUACS scale ranged from 42%
to 65% in morphological studies with a median of 56%
(interquartile range 50-61%). In the majority of morphologi-
cal studies, a thorough description of methods and results
was presented, either with or without details on consistency
of data with regard to number or percentages of cases in
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which observations were made (Fig. 3A). In addition, most
studies adequately discussed findings in the context of con-
temporary evidence. Most studies adequately supported their
data description with photographs and/or drawings. The
relatively low scores could be attributed mainly to deficient
data on statistics, education level of dissecting researchers,
and the number of observers, which was lacking in all of
the included studies. In addition, distinctly indicated study
limitations and clinical implications were lacking in most
morphological manuscripts.

@ Springer

Applying the ARRIVE guidelines for scoring the func-
tional in vivo studies resulted in quality scores between 43%
and 81% with a median of 64% (interquartile range 62-67%).
Most detailed the study design, background, objectives,
outcome measures, experimental procedures, results, and
declaration of interests (Fig. 3B). In contrast to the mor-
phological studies, functional in vivo studies scored high
on statistical methods. Similar to the morphological studies,
study limitations and clinical implications were lacking in
the majority of the functional in vivo manuscripts, affecting
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Fig.3 A Quality assessment of morphological studies using the QUACS scale. B Quality assessment of functional in vivo studies using the
ARRIVE guidelines 2.0. C Quality assessment of functional in vitro studies using the adjusted ARRIVE guidelines 2.0

the scientific implications and translation items. Further-
more, blinding, protocol registration, and data access were
almost completely lacking. Reporting sample size and apply-
ing randomization were insufficiently present in the studies.
Although ethical statements were present in the majority of
the studies, exact details on housing and husbandry condi-
tions and animal care and monitoring were missing.

The range between quality scores of functional in vitro
studies assessed by the adjusted ARRIVE guidelines was
the greatest (29-68%) with a median of 41% (interquartile
range 36-50%). Like the functional in vivo studies, the func-
tional in vitro studies scored high on study design, outcome
measures, experimental procedures, background, and objec-
tives (Fig. 3C). Moreover, culture conditions were fairly
consistently reported. The low overall scores were mainly
owing to the absence of information on the animals that
were used to acquire the experimental cells or tissues. The
number of cells or tissues used was often lacking or not
clearly reported. Some papers were thorough in describing
the statistical methods, whereas others lacked information on
the software in which the statistical analysis was performed
or an explanation of reference to the calculations in case no
software was used. Items that were nearly completely lack-
ing in the functional in vivo studies were also insufficient in
the functional in vitro studies, such as randomization, blind-
ing, generalizability/translation, protocol registration, and
data access. Remarkably, funding was reported in almost all

@ Springer

functional in vitro manuscripts, but a declaration of interest
was often absent, leading to a moderate score on this item. A
detailed quality assessment is presented in the Supplemen-
tary Materials (Appendix C).

Morphological evidence of SCG-cardiac innervation
per species

A total of 5 studies were performed in human and 21 in other
species (Table 2). In many of the included studies, the main
aim was to describe the cardiac autonomic nervous system in
general, and they were therefore not focused on the superior
cervical ganglion in particular (Supplementary Materials,
Appendix D).

Human (n=5)

The cardiac nerves are commonly described as nerves con-
necting to the heart either “with direct connections or con-
nections via the cardiac plexus” [2, 9, 16, 25]. The supe-
rior cardiac nerve (SCN) was observed in most studies [9,
25-27]. When observed, the SCN arose directly from the
SCG (53-100% of cases) or the sympathetic trunk between
the SCG and middle cervical ganglia (MCG). The left and
right SCG were investigated in all included studies, but
there is no consensus about the relevance of sidedness.
Some subjects showed no relevance of sidedness [26, 27],
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while in others a larger contribution of the left than the
right SCG was seen [9, 25, 27]. In one study, no cardio-
pulmonary nerves were found to originate from either the
SCG or the sympathetic trunk between the SCG and MCG
[28]. The studies included subjects from both sexes [26] or
only females [25], or did not report the sex [9, 27]. Only
one study also investigated prenatal subjects (8 out of 29
subjects) but did not specifically report separate results
on the contribution of the SCG to cardiac innervation in
pre- and postnatal/adult subjects [26].

Nonhuman primate (n=8)

The relation between the SCG and cardiac innervation
has been studied in various species of nonhuman primates
(arranged by primate evolutionary phylogeny): Lorisi-
formes (lorises and galagos) [29], tarsiers [30], New World
Monkeys [31], Old World Monkeys (e.g., thesus, macaque,
and Taiwan monkey) [32-34], gibbons [35], and unspeci-
fied [36].

In the Lorisiformes, tarsiers, New World Monkeys, and
Old World Monkeys, the SCN was observed, but never
originated directly from the SCG. Instead, the SCN was
found to originate indirectly from the sympathetic trunk
between the SCG and MCG [29-31, 33]. Contrastingly,
one study performed in Old World Monkeys did not find a
visual direct nor indirect connection between the SCG and
the heart [32]. However, retrograde labeling with horserad-
ish peroxidase (HRP) supported nerve connection between
the SCG and the heart, also in Old World Monkeys [34,
36]. In gibbons, a nonhuman primate that is evolutionar-
ily closed to the human, the SCN was observed to origi-
nate from the SCG in 65% and from the sympathetic trunk
below the SCG in 50% of cases [35]. Within primates,
higher levels in the evolutionary hierarchy seemed to relate
to increased prevalence of the superior cardiac nerve and
increased observation of a direct connection from the
superior cardiac nerve toward the heart (Fig. 4).

Most studies included subjects from both sexes [29, 31,
33, 35], although the exact number per sex was sometimes
not reported [36]. One study included only males, and one
study did not report on the sex [30, 32]. In case results
were specified per sex, no evident differences existed [31,
33, 35]. Both sides of the SCG were included in all stud-
ies, but the relevance of sidedness remains dubious, as
some reported no differences [30, 32, 33], while others
found a dominance of the left SCG over the right SCG,
or reported that relevance of sidedness depended on the
injected location of HRP [31, 34-36]. No prenatal studies
in the nonhuman primates investigating the connections
between SCG and the heart were found.

@ Springer

Dogs (n=3)

All studies performed in postnatal dogs used retrograde labe-
ling to trace the connectivity from the heart to the SCG and
found an involvement of the SCG in cardiac innervation,
although the contribution was minimal [37-39]. Only very
few neurons could be traced back in the SCG after HRP
injection in the heart or cardiac nerves, and in more than half
of the SCG, no retrogradely labeled neurons could be traced
back at all. The dogs were from either sex, but the number
and the results were not reported separately. Both sides of
the SCG were included in all studies, but the results were
different depending on the location of the HRP injection.
Upon HRP injection into the cardiac nerves, only sporadi-
cally labeled neurons were found in the caudal pole of the
ipsilateral SCG [39]. No labeled neurons were observed on
the contralateral side. After injection in the heart, only a
small number of labeled cells could be traced back in the
bilateral SCG [37, 38].

Cats (n=2)

In both morphological studies performed in postnatal cats,
retrograde labeling was used to study the relation between
the heart and SCG [40, 41]. 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 injection of HRP into the
heart, depending on the injected location. Likewise, both
SCG sides were included and its relevance depended on the
site of HRP injection. Subjects were from either sex, but
the exact number and the results were again not specified
for each sex.

Guinea pigs (n=1)

Only one study focused on the morphology of SCG in
cardiac innervation in postnatal guinea pigs using antero-
grade labeling [42]. The tracer biotinylated dextran amine
(BDA) was injected into the SCG, and a distribution of
anterogradely traced sympathetic axons and varicosities was
observed in the heart. No conclusions can be drawn regard-
ing sex and SCG sidedness, as only males were included in
the study and the SCG side was not reported.

Rats (n=3)

All papers investigated the morphological relevance of the
SCG in cardiac innervation in postnatal rats using retrograde
labeling [43—45]. Again, a small morphological contribution
of the SCG in cardiac innervation seems to be present. Only
a small minority of labeled cells were found bilaterally in
the SCG after injection of the heart (3% left ventricle, 1%
right ventricle). Interestingly, HRP injected into the cardiac
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Lorises and Galagos New World monkeys

14 sides 24 sides

Fig.4 Evolutionary overview of cardiac sympathetic innervation.
This figure is derived from “Comparative morphological configura-
tion of the cardiac nervous system in lorises and galagos (Infraorder
Lorisoformes, Strepsirrhini, Primates) with evolutionary perspec-

apex several days after MI revealed more HRP staining in
the SCG from MI rats compared with control or sham [43,
45]. One study was performed in male rats [45], while the
sex was not reported in the other studies [43, 44]. In the two
studies in which both sides of the SCG were included, no
evident differences were found between the sides [44, 45].

Mice (n=1)

Through murine whole-mount visualization of sympathetic
nerve morphology using tyrosine hydroxylase (TH) staining,
it was observed that a portion of nerves arising from the
SCG project toward the heart [46]. These nerves intermix
on the ventral side of the heart with the ventral projections
from the stellate ganglia. Surprisingly, the SCG nerves did
not project to the dorsal side of the heart. Both sides of the
SCG were included, but the results were not specified per
side. The sex was also not reported. In contrast to the previ-
ously described species, only prenatal mice were studied.

Shrew (n=1)

Macromorphological connections between SCG and heart
were present in the postnatal shrew [47]. The nerve originat-
ing from both the left and right SCG descended to reach the
aortic arch and formed nerve plexuses supplying nerves to
the ventral wall of the ventricle. An equal number of male
and female shrews were studied, but the results were not
specified per sex.

Old World monkeys
64 sides

Gibbons |
20 sides

Humans
52 sides

tive,” by Thorington and Kawashima. The Anatomical Record:
Advances in Integrative Anatomy and Evolutionary Biology, 2011
Mar;294(3):412-26. Copyright 2011 by Copyright Clearance Center

Chick (n=2)

Histomorphological techniques (catecholamine histofluores-
cence and silver preparations) were used to study the devel-
oping sympathetic innervation in chick embryos [48]. All
nerve branches from the SCG were directed cranially, and
no fluorescent postganglionic fibers could be traced from
the SCG to the heart. In contrast, in another study, no direct
connection between the SCG and the heart was found, but
the SCG seemed to innervate the heart indirectly via the
carotid nerve, which joins the nodose ganglion of the vagal
nerve whose branches enter the arterial and venous pole of
the heart [49]. Both sides of the SCG were included in both
studies, but the results were not separately reported. Addi-
tionally, the sex was not reported.

Summary

e In all species, morphological evidence that the SCG
innervates the heart either directly or indirectly was
found, but its contribution is likely limited as only very
few neurons could be retrogradely traced.

e SCG sidedness may be relevant, and if so, often the left
SCG is macromorphologically considered to contribute
more than the right SCG to cardiac innervation. Of note,
findings depended on the site of injection in the heart in
retrograde labeling studies.

e There is not enough morphological information about sex
differences.

@ Springer
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e Prenatal studies were found to be underrepresented in
morphological studies.

Functional in vivo evidence of SCG-cardiac
innervation per species

Studies in the functional in vivo category were predomi-
nantly performed in rats (Table 3). All studies only included
the postnatal/adult stage. The functional relationship
between SCG and the heart in vivo was often part of the
primary aim (Supplementary Materials, Appendix E).

Dogs (n=1)

The direct role of the SCG in cardiac innervation was inves-
tigated by measuring cardiac responses to stimulation of
sympathetic ganglia in dogs from either sex (not further
specified) [50]. When the SCG were stimulated bilaterally
in a variety of regions, none of the stimulations produced
any detectable cardiac responses. These data indicate that,
although morphologically a small amount of nerves can be
traced between heart and SCG, functionally this is insuf-
ficient to achieve significant cardiac stimulation.

Rabbits (n=2)

After the induction of MI in rabbits, ion channel charac-
teristics of SCG neurons were studied. It was found that
various channel proteins were increased in the SCG neu-
rons after MI, indicating that a functional link between the
SCG and heart exists in vivo [51]. The rabbits were reported
to be from either sex, but these results were not reported
separately. Additionally, which SCG side was included in
the experiments was not reported. In another study of male
rabbits, MI led to alterations in the activation and inacti-
vation characteristics of the sodium channels accompanied
by increase expression of P2Y12, a purinergic receptor,
in SCGs [52]. Of note, these changes in the SCG post-MI
do not necessarily show a direct connection, but could be
indirect owing to alterations in SCG function through reflex
pathways.

Rats (n=21)

A vast amount of functional in vivo evidence for the indirect
contribution of the SCG to cardiac innervation can be attrib-
uted to the multitude of studies performed in rats. Different
functional methods were used, such as the measurement
of blood pressure and heart rate, combined with (immuno)
histochemistry, immunofluorescence, Western Blot, (q)RT-
PCR, enzyme-linked immunosorbent assay (ELISA), and
in situ hybridization. All studies found a functional in vivo
connection between the SCG and the heart. This link could

@ Springer

be observed in various pathological conditions, including
MI (induced by isoproterenol or LAD occlusion), diabetes
mellitus, aortic dissection, and pulmonary hypertension
(Table 3). Many changes in the SCG after MI were related to
purinergic signaling [43, 53—-63]. The studies included male
rats or rats from either sex, but in the latter case the exact
number per sex was not reported. Studies only performed in
female rats did not exist. In nearly all studies, the side of the
studied SCG was not reported.

Mice (n=2)

Both studies were performed in male adult C57BL6 mice
with MI induced by LAD occlusion [64, 65]. Interestingly,
removal of the SCG led to almost entire loss of myocardial
sympathetic innervation in the left anterior wall (devoid of
immunoreactivity) and the left and right SCG comparably
contributed to the innervation of the left anterior wall [64].
Neuronal remodeling toward an increased adrenergic pheno-
type was observed in the SCG after MI, and these changes
did not seem to differ between the left and right SCG [65].
When bilaterally removing the SCG during MI, positive
effects were seen regarding cardiac function, inflammation,
and hyperinnervation [64].

Summary

¢ Functional in vivo evidence indicates that the SCG
indirectly contributes to cardiac innervation and could
be attributed to involvement in sympathetic overdrive
reactions in response to cardiac diseases. Most data are
derived from studies in disease models. A study per-
formed in dogs failed to demonstrate a direct contribu-
tion.

e Information on the relevance of SCG sidedness is largely
unavailable.

e The female sex is highly underrepresented in functional
in vivo studies, and no information on the relevance of
Sex exists.

e All studies were performed in the postnatal stage. No
functional in vivo studies were found in the prenatal
stage.

Functional in vitro evidence of SCG-cardiac
innervation per species

Similar to the functional in vivo category, functional in vitro
studies were predominantly performed in rats (Table 4). The
assessment of a functional relationship between SCG and
the heart in vitro was often part of the primary aim (Sup-
plementary Materials, Appendix F).
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Rabbit (n=2)

After studying the functional characteristics of ion chan-
nels in SCG of postnatal MI rabbits in vivo, the electrical
activity of SCG neurons was also studied in vitro after MI
[51, 52]. The mean amplitude of action potentials of the
neurons increased and action potential duration (APD90)
was shorter after MI (Supplementary Materials, Appendix
F). As mentioned above, the rabbits could be from either
sex (not further specified) and SCG side was not reported.

Rat (n=23)

Regarding experiments performed in rats, co-cultures of
myocardium and neurons were most common, followed by
measurements in isolated SCG neurons after damage to the
myocardium or culture of SCG neurons using heart condi-
tioned medium (Table 4). A great diversity in co-culture
methods were reported, including:

1. Single SCG neurons or multiple dissociated SCG neu-
rons on top of cardiomyocytes

2. Small SCG tissue clumps or whole SCG explants
attached to or cultured in close proximity to cardiomyo-
cytes/myocardium

3. Mass culture of dissociated neurons and cardiomyocytes

Of importance, it should be noted that co-culture experi-
ments are limited to investigating the influence of cell types
on each other. This means that only an indirect link between
the SCG and the heart can be investigated through co-cul-
ture experiments, but a direct link can not be unequivocally
determined.

Off all included studies, only one study did not indicate a
contribution of the SCG to cardiac innervation [66]. In that
study, dissociated SCG neurons co-cultured with monolay-
ers heart cells had no effect on neuropeptide content, while
co-cultures with the pineal and salivary gland resulted in a
striking increase.

In contrast, all other studies on a functional in vitro level
supported a role for the SCG in cardiac innervation. SCG
neurons co-cultured with cardiomyocytes resulted in the
survival of SCG neurons, the development of functional
synaptic contacts and in addition, cardiomyocytes reacted
by evoked responses and increasing beat rate upon stimula-
tion of the SCG neurons [67-74]. Individual neurons within
the SCG could have differential effects on the cardiomyo-
cytes (inhibitory, excitatory, and dual function) by secreting
different neurotransmitters [75—-77]. The functional in vivo
role of purinergic signaling in the interplay between SCG
and the heart was also confirmed in vitro, where many of
the SCG neurons could evoke hyperpolarizations of car-
diomyocytes, which were attenuated by adenosine-receptor

@ Springer

blockers and adenosine deaminase, an enzyme that hydro-
lyzes adenosine to pharmacologically inactive inosine [78].
Similar evidence for a functional relation between SCG and
the heart was found in experiments using small SCG tissue
clumps and whole SCG explants. Co-culturing heart tissue
with SCG caused stimulation and directional orientation of
neurite outgrowth of SCG, while this was less evident in co-
cultures of myocardium with other types of tissue [79-82].
In three studies, SCG neurons were cultured after damage
to the myocardium by induction of MI [55, 57, 58]. These
studies revealed that MI led to pathological changes in the
electrophysiological properties of SCG neurons, indicating a
relation between SCG and the heart. Interestingly, the addi-
tion of heart conditioned medium induced remodeling of
the SCG neurons in the form of fundamental changes in the
phenotype (adrenergic/cholinergic/purinergic) as well as in
the secreted neurotransmitter [77, 83]. Controls for heart
tissue or cells often comprised tissue or cells from another
origin, such as the gut. Of note, close to a third of all func-
tional in vitro studies performed in rats did not use a control
group for cardiomyocytes or neurons to verify the results
[67,74-78, 81, 83].

Co-cultures of SCG and hearts that were both derived
from prenatal rats were used in only one study [81]. Two
studies used prenatal SCG, while culturing it with postnatal
cardiac tissue [79, 82]. All other studies were performed
with SCG and hearts from postnatal rats (19 out of 22;
Table 4). The macromorphological or functional in vivo cat-
egory the postnatal stage in the functional in vitro category
mainly consisted of neonates instead of adults. Sporadically,
it was stated that the neurons or myocytes derived from the
male sex or either sex, while the exact numbers were not
specified. Potential sex differences were not reported in the
results [55, 57, 58, 79, 80], The sidedness of the SCG was
not reported in the included studies in rat.

Mice (n=7)

All SCG (co-)cultures performed with murine material sup-
ported the presence of a neuron—cardiomyocyte relationship.
Similar to the experiments performed in rats, directional out-
growth of neurites from whole murine SCG was observed
when co-cultured with heart tissue [84, 85]. Additionally,
co-culturing cardiomyocytes on a layer of dissociated SCG
neurons revealed the formation of functional synapses [86].
Stimulation of neuronal activity resulted in changes in sym-
pathetic receptors in the cardiomyocytes, supporting the role
of the SCG to cardiac innervation. Adding heart conditioned
medium to dissociated SCG neurons induced neurite sur-
vival, including production and elongation [87, 88]. On the
other hand, antiserum to a neuronal growth factor isolated
from heart conditioned medium specifically blocked neurite
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extension [89]. These findings support the presence of a sub-
stance in heart conditioned medium influencing the SCG.

Two studies included postnatal mice [84, 86], two papers
included prenatal mice [87, 89], and three used a combina-
tion of pre- and postnatal mice [85, 88, 90]. Of these studies,
one was performed in tissue from adult mice ranging from 6
to 30 months; postnatal animals in other studies were from
the neonatal stage. Direct comparisons between the pre- and
postnatal stage in the SCG to cardiac innervation are scarce,
and owing to the heterogeneity in the exact age and cul-
ture settings, it is currently impossible to draw conclusions
regarding differences in pre- and postnatal stage.

The male sex was only stated in one study [88], while all
other studies did not report the sex of the mice. Additionally,
SCG sidedness was never reported.

Summary

e Functional in vitro evidence indicates that the SCG indi-
rectly contributes to cardiac innervation by its response
to NGF produced by cardiomyocytes.

e Information on the relevance of SCG sidedness is una-
vailable in in vitro studies.

e No conclusion can be drawn with regard to sex differ-
ences as the sex is generally not reported.

e Experiments were heterogeneous in age and culture set-
tings and were predominantly performed in postnatal tis-
sues from the neonatal stage.

Discussion

This systematic review evaluated current evidence for mor-
phological and functional involvement of SCG in cardiac
innervation in various species. The main findings are as
follows:

1. Both morphological as well as functional evidence sup-
ports an indirect contribution of the SCG to cardiac
innervation. Evidence of a direct contribution has been
found morphologically but, when present, only points
out a minor contribution.

2. Several gaps in current knowledge were found:

(a) SCG sidedness may be relevant according to some
morphological studies, but this remains uninvesti-
gated in functional studies.

(b) It is unclear whether sex differences exist, either
owing to the male predominance in the studies
or a lack of reporting of the sex of the included
subjects.

(c) It is unclear whether differences in the pre- and
postnatal/adult stages exist, owing to the lack of

@ Springer

prenatal subjects in morphological and functional
in vivo studies and the heterogeneity of experi-
ments in functional in vitro studies.

Contribution of the SCG to cardiac innervation

In all species, morphological evidence that the SCG indi-
rectly contributes to cardiac innervation was found, but the
extent of the contribution varies per species. In humans and
in primates, higher levels in the evolutionary hierarchy seem
to relate to an increased prevalence of the superior cardiac
nerve and increased observation of a direct connection from
the superior cardiac nerve toward the heart (Fig. 4) [29]. It
is unclear whether an evolutionary hierarchy exists over the
entire spectrum of species, as macroscopic observation is
challenging in smaller species and differential methods, such
as retrograde labeling, were performed. In each case, only a
few cells could retrogradely be traced back.

Functional studies revealed evidence that the SCG indi-
rectly contributes to cardiac innervation, both in vivo and
in vitro. Functional in vivo studies researching the effects
of superior cervical ganglionectomy on the heart, effects
of myocardial infarction on the SCG, or the effects on the
heart after injecting substances into the SCG did not provide
evidence for direct innervation of the heart by SCG neurons.
One study investigating the direct effect by SCG stimulation
failed to find a contribution [50]. These data more likely
reflect indirect effects of altered sympathetic nervous system
activity. Triggers, such as MI or heart failure, could lead to
changes in cardiac afferent signaling, resulting in alterations
in sympathetic nervous system activity through a reflex path-
way rather than through a direct link [91, 92].

The majority of functional in vitro studies consisted of
co-cultures of cardiac and SCG tissue or cells, cultures of
SCG cells in heart-conditioned medium, or induction of
MI and investigating isolated SCG neurons. Of interest,
other neighboring cells of the heart and SCG, such as epi-
cardium-derived cells or carotid body cells, may influence
this interaction between SCG and cardiac innervation [65,
90]. A limitation of co-culture experiments is that a direct
link between SCG and the heart cannot be unequivocally
determined. These experiments rather indicate whether two
cell types cultured together can influence each other. Never-
theless, these indirect results are relevant and could gener-
ate new hypotheses for future studies. Most of the included
functional studies have shown that SCG neurons respond to
NGF produced by cardiomyocytes. Therefore, an indirect
contribution to cardiac innervation may be applicable to
other sympathetic ganglia than the SCG alone, as they also
respond to NGF.
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In summary, the morphological data indicate a minor
contribution of the SCG, whereas functional data point to
a more significant contribution. This discrepancy could
partly be attributed to publication bias, as negative results
are rarely published and particularly functional studies are
designed to test a hypothesis. This means that the relevance
of the SCG in cardiac innervation may be overrepresented
in the functional studies.

On the basis of the findings described above, to study the
direct role of specific autonomic ganglia in cardiac sympa-
thetic innervation, it should be considered to select sympa-
thetic ganglia located closer to the heart, such as the stellate
ganglia or cardiac ganglia. However, the SCG might still
be useful to study the general role of sympathetic neurons
in cardiac diseases owing to its accessibility in all species.

Choosing the best SCG side for future studies

Approximately half of the studies performed in humans did
not show any effect of sidedness, while in others the left side
seemed to have a larger contribution to cardiac innervation.
Morphological studies using retrograde labeling showed dif-
ferent results depending on the location of HRP injection.
This is not surprising, because the peripheral cardiac auto-
nomic nervous system shows considerable asymmetry, inter-
individual variations, and regional differences in anatomical,
functional, and molecular characteristics [16]. With novel
techniques such as single-cell RNA sequencing, the genetic
characterization of tissues at single-cell resolution is possi-
ble [93]. However, these methods can be expensive, so best
SCG side choice is critical. In this regard, functional studies
could potentially contribute more as many papers included
in the currently evaluated manuscripts failed to mention
which side was used or whether sidedness was relevant.

Sex differences exist in health and disease,
but information in the SCG is lacking

It has become clear in recent years that marked sex differ-
ences exist in cardiac autonomic innervation [15, 94, 95]. It
is important to take into account potential sex differences in
SCQG, as it may influence experimental outcome and shed
light on sex differences in (outcomes of) cardiovascular dis-
ease. In the studies included in this systematic review, either
male subjects were included or the sex was not reported at
all. This is in line with our previous systematic review on
hyperinnervation after myocardial infarction (manuscript
under review), in which only 8% of studies specifically
included the female sex. This underrepresentation of female
experimental models concerns all species. Similar concerns
have been addressed in human clinical studies [96].

Prenatal stage remains underexposed

The vast majority of the studies included postnatal subjects
and tissues in all three categories (morphology, functional
in vivo, and functional in vitro). It is striking that the prena-
tal SCG has been studied to a lesser extent than postnatal/
adult SCG, as prenatal SCG have the advantage of being
more prone to sprout during co-culturing in vitro than
adult ganglia, at least in control (“healthy”) settings. Many
researchers seem to choose neonatal SCGs, which also show
better sprouting capacity as compared with adult SCG, as an
alternative. The controversial embryological origin of the
cervical sympathetic chain ganglia may add to the preference
for using postnatal/adult subjects and tissues in research. On
the basis of the observation that cellular clusters will expand
from the thoracic to the cervical region [97], it has been
speculated that cervical ganglia are generated from the tho-
racic sympathetic chain [9, 98]. As there are only 3—4 cer-
vical ganglia in the cervical region whereas at the thoracic
level each spinal level has a corresponding ganglion, alterna-
tively, it has been suggested that the development of sympa-
thetic ganglia is associated initially with the intersegmental
vessels [99]. The limited number of cervical ganglia could,
in this perspective, be attributed to regression of most of the
cervical intersegmental arteries with subsequent remodeling
and fusion of the corresponding ganglia. The upper four cer-
vical ganglia would thus eventually form the superior cervi-
cal sympathetic ganglion, anatomically related or induced
by the developing external carotid artery [99]. Either way,
changes occur during development and the contribution of
SCG to the heart may vary in different stages, which may
be another motivation for the choice to study postnatal/adult
subjects and tissue. More information on fetal ganglia is
required to comprehend the neuronal plasticity and possible
re-expression of a fetal phenotype in disease states [100].

Specific structure and function of the SCG
as compared with other sympathetic chain ganglia

The SCG is a remarkable mass of nerve cells that has a
unique spatial anatomical localization (Fig. 5). It is situated
between the branching point of the common carotid arteries,
in close proximity to the carotid body, which it innervates
[101]. The innervation pattern, however, is much broader
than the cardiovascular system alone. Nerve fibers origi-
nating from the SCG provide sympathetic input toward the
head, where it stimulates parts of the eye and blood ves-
sels [102]. In this respect, it may be relevant that the SCG
is situated adjacent to the above-mentioned carotid body,
itself an intriguing structure involved in oxygen, carbon, and
pH sensing, which has been shown to produce many neu-
rotrophic factors [65, 103]. With regard to cardiovascular
disease states, a role of the carotid body in hypertension has
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Fig.5 Connection of the sympathetic SCG with the nodose ganglion
and carotid body in mouse. The middle panel shows a 3D reconstruc-
tion image of an embryonic female murine (18.5 days) spinal cord,
carotid arteries (indicated in red), SCG (yellow), and nodose ganglion

been indicated [104]. Although the SCG is a sympathetic
chain ganglion, remarkably, a connection of the sympathetic
SCG with the parasympathetic nodose ganglion has been
observed in mice and rhesus monkeys [14, 32]. Therefore, a
contribution or functional interaction of the SCG with car-
diac parasympathetic innervation may be possible.

Clinical relevance

Neuromodulatory interventions to treat refractory ventricu-
lar arrhythmias are emerging and include blockade or sur-
gical removal of stellate ganglia [105]. The SCG seems to
have limited contributions to cardiac innervation as com-
pared with, e.g., the stellate ganglion, and shows important
interindividual anatomical heterogeneity [14]. As the direct
contribution of the SCG to cardiac innervation is likely lim-
ited and the dominant effect of the SCG appears to occur
cranially, the clinical relevance seems to be limited on the
basis of current knowledge. The SCG is useful to study the
role of sympathetic neurons in cardiac diseases in experi-
mental settings owing to its accessibility in all species.

@ Springer

(green). Ao aorta, CB carotid body, LCA left carotid artery, LSA left
subclavian artery, NG nodose ganglion, RCA right carotid artery, RSA
right subclavian artery, SCG superior cervical ganglion

Limitations

The overall quality of the studies was moderate using our
selected quality scores. The oldest included study was
published in 1976, and the most recent in 2023. As many
publication reporting guidelines and checklists have been
developed in more recent years and journals generally have
more detailed submission guidelines, the year of publication
could influence the quality of the results. Additionally, using
checklists, some papers may receive a higher quality than
expected, as poor English and citation of faulty references
might have been overlooked. By excluding non-English-
language papers, some data may have been lost.

Conclusions

Current literature supports indirect involvement of the SCG
in cardiac innervation, at both a morphological and a func-
tional level. Evidence of direct involvement seems limited.
Therefore, the SCG is an adequate structure to take into
account when studying the role of sympathetic structures in
cardiac function in both health and disease. Studies investi-
gating the direct contribution of sympathetic innervation to
the heart should rather be focusing on the stellate or cardiac
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ganglia. The relevance of SCG sidedness, sex, and develop-
mental stage in health and disease also remains unclear and
warrants further exploration.
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