Q:
ﬁ\‘ 'y'b

st

;
15 75

The Netherlands

Clinical aspects and pathophysiological mechanisms of

(systemic) right ventricular failure
Zandstra, T.E.

Citation

Zandstra, T. E. (2023, June 29). Clinical aspects and pathophysiological
mechanisms of (systemic) right ventricular failure. Retrieved from
https://hdl.handle.net/1887/3628226

Version: Publisher's Version
Licence agreement concerning inclusion of doctoral
License: thesis in the Institutional Repository of the University
of Leiden

Downloaded from: https://hdl.handle.net/1887/3628226

Note: To cite this publication please use the final published version (if
applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/3628226

Part I: (patho)physiology and mechanisms

21



Chapter 2

22



Asymmetry and Heterogeneity: Part and Parcel in Cardiac
Autonomic Innervation and Function

Published in Frontiers in Physiology, 2021

T.E. Zandstra, R.G.E. Notenboom, J. Wink, P. Kiés, H.W. Vliegen, A.D. Egorova, M.J.
Schalij, M.C. de Ruiter, and M.R.M. Jongbloed

23



Abstract

The cardiac autonomic nervous system (cANS) regulates cardiac adaptation to different
demands. The heart is an asymmetrical organ, and in the selection of adequate
treatment of cardiac diseases it may be relevant to take into account that the cANS
also has sidedness as well as regional differences in anatomical, functional, and
molecular characteristics. The left and right ventricles respond differently to adrenergic
stimulation. Isoforms of nitric oxide synthase, which plays an important role in
parasympathetic function, are also distributed asymmetrically across the heart.
Treatment of cardiac disease heavily relies on affecting left-sided heart targets which
are thought to apply to the right ventricle as well. Functional studies of the right
ventricle have often been neglected. In addition, many principles have only been
investigated in animals and not in humans. Anatomical and functional heterogeneity of
the cANS in human tissue or subjects is highly valuable for understanding left- and
right-sided cardiac pathology and for identifying novel treatment targets and
modalities. Within this perspective, we aim to provide an overview and synthesis of
anatomical and functional heterogeneity of the cANS in tissue or subjects, focusing on
the human heart.

Introduction

The cardiac autonomic nervous system (cANS) adapts the responses of the heart to
external demands. It consists of a sympathetic part, which adapts cardiac function to
physical activity and stress, and a parasympathetic part, which adapts it to a resting and
restorative state. Under physiological conditions these systems are balanced and
cardiac responses will be fine-tuned to differentiating demands. Under
pathophysiological conditions, dysregulation of the cANS can occur as a result of for
example cardiac damage and/or failure, and consequently the balance between the
sympathetic and parasympathetic activity is lost. Usually, this is caused by an increased
activity of the sympathetic part of the cANS and/or diminished activity of the
parasympathetic part and is associated with an adverse prognosis.

Knowledge about the cANS is necessary for understanding cardiac disease and for the
identification of treatment targets (Vegh et al., 2016). Much knowledge is derived from
studies in patients with left-sided pathology, such as myocardial infarction or left
ventricular failure (Cao et al., 2000; Fallavollita et al., 2014; Fukuda et al., 2015; Matsuo et
al., 2016; Franciosi et al., 2017). The same principles are considered to apply to the right
ventricle (RV). However, the RV is developmentally, morphologically, and functionally
different from the left ventricle (LV). Traditional heart failure medication used in
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patients with left ventricular failure, relying heavily on influencing the cANS, may not
have the same effect on patients with congenital heart disease and right ventricular
failure, even though the hemodynamic problem is similar (Hechter et al., 2001; Lester et
al., 2001; Robinson et al., 2002; Dore et al., 2005; Josephson et al., 2006; Doughan et al.,
2007; Giardini et al., 2007; Therrien et al., 2008; Bouallal et al., 2010; Tutarel et al., 2012; Dos
et al., 2013; van der Bom et al., 2013; Palma and Benarroch, 2014; Tobler et al., 2017).
Likewise, other cardiac diseases show a relation to cardiac sidedness and region and
are heavily influenced by autonomic innervation, such as cardiac arrhythmias
originating from the region of the pulmonary veins, ligament of Marshall and the RV
outflow tract (Wickramasinghe and Patel, 2013).

Although several reports describe the human heart and cANS, a detailed overview
focusing specifically on anatomical sidedness and regional differences in cardiac
autonomic innervation as related to function, is currently lacking. The selection of
adequate treatment, the identification of future treatment targets, the planning of
cardiothoracic surgery and catheter ablation procedures for arrhythmias, as well as the
use of thoracic epidural anesthesia might be optimized by taking the sidedness and
regional differences of the cANS into consideration.

The aim of the current paper is to review the anatomy and physiology of the human
cANS with special emphasizes on asymmetry and regional differences in peripheral
cardiac autonomic regulation. For a comprehensive overview of central regulation of
cardiac autonomic function, we refer to previous excellent work (Anderson et al., 2000;
Kirby, 2007; Kawashima, 2011; Hasan, 2013; Palma and Benarroch, 2014; Jamali et al., 2016;
Coote and Spyer, 2018). Data from animal studies are cited when human data are
unavailable or when data from animal studies offer additional insight. Relevant
questions for future research are formulated.
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Figure 1: Anatomy of the sympathetic cardiac autonomic nervous system: asymmetry and regional
differences.

Top part: sympathetic cardiac autonomic nervous system. Preganglionic cardiac sympathetic axons
(red, solid lines) arise from neurons of the intermediolateral (IML) cell columns in the upper four or
five thoracic segments of the spinal cord. These neurons receive excitatory input from the rostral
ventrolateral medulla (RVLM). The preganglionic fibers leave the spinal cord through ventral
(anterior) roots, enter the ventral (anterior) rami of spinal nerves and pass to the sympathetic chain
through white rami communicantes to synapse in the upper thoracic ganglia (Tg) or cervical ganglia;
postganglionic fibers (red, dotted lines) from these ganglia form the sympathetic cardiac nerves. At
the heart parasympathetic and sympathetic nerves converge to form the cardiac plexus from which
atrial and ventricular autonomic innervation is arranged. Sided and regional differences in anatomy
are indicated in the boxes. Bottom part: functional anatomy of cardiac sympathetic innervation by
the right and left stellate ganglia. Sided and regional differences in function are indicated in the
boxes. The right stellate ganglion greatly increases heart rate, slows the atrioventricular conduction,
influences the right atrium more strongly than the left, shortens the QT interval, contributes to
some extent to myocardial relaxation, and is the predominant source of sympathetic innervation in
the right ventricle and the anterior part of both ventricles. The left stellate ganglion increases heart
rate to some extent, speeds up the atrioventricular conduction, influences the left atrium more
strongly than the right, lengthens the QT interval, contributes greatly to myocardial relaxation, and
is the predominant source of sympathetic innervation of the posterior part of the ventricles.

Sympathetic Ganglia and Nerves: Anatomical Evidence of Origins, Variations and
Asymmetry (Figure 1)

Preganglionic cardiac sympathetic fibers originate from neurons located in the
intermediolateral cell columns of the upper thoracic spinal cord (usually T1-T4 or Ts)
and exit the spinal cord through the ventral (anterior) roots of spinal nerves (Figure 1,
top part). Subsequently, they synapse on postganglionic sympathetic neurons in the
paravertebral ganglia of the sympathetic trunk. The sympathetic trunk is a bilateral
structure situated left and right paravertebrally, extending from the cervical to the
coccygeal level. The following ganglia of the sympathetic trunk may provide
postganglionic fibers to the heart: the left and right superior cervical, middle cervical
and vertebral ganglia, the left and right cervicothoracic ganglion (also called stellate
ganglion, composed of the inferior cervical ganglion and the first thoracic ganglion),
and the upper thoracic ganglia on both sides. However, there still is debate about the
upper and lower limits from which postganglionic fibers to the heart originate, and
significant interindividual variations exist (Bonica, 1968; Janes et al., 1986; Kawashima,
2011) (reviewed in Wink et al., 2020). Postganglionic sympathetic fibers travel as cardiac
nerves from these ganglia toward the cardiac plexus. Defined by the paravertebral
ganglion they originate from, these nerves are named as follows (Figure 1A): the
superior cervical cardiac nerve (originating from the superior cervical ganglion or
sympathetic trunk between the superior cervical and middle cervical ganglia), the
middle cervical cardiac nerve (originating from the middle cervical ganglion or the
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vertebral ganglion, or from the sympathetic trunk between the middle cervical and the
inferior cervical or cervicothoracic/stellate ganglia, including the ansa subclavia), the
inferior cervical cardiac nerve (originating from the inferior cervical ganglion or the
cervicothoracic/stellate ganglion), or thoracic cardiac nerves (originating from the
thoracic ganglia or the thoracic sympathetic trunk below the inferior cervical or
cervicothoracic/stellate  ganglion) (Kawashima, 2005; Federative International
Programme for Anatomical Terminology, 2019)

Variations and asymmetry in stellate ganglion morphology and cardiac sympathetic
nerve origin have been described. In an American human cadaver study, it was
observed that the right stellate ganglion was often longer than the left (Kwon et al.,
2018). However, in a cohort from Switzerland, the left stellate ganglion was longer
(Marcer et al., 2012) and in a Chinese cohort, no differences in length were found
between the left and right stellate ganglion (Yin et al., 2015). A study of Pather in
humans in South Africa, also reported no significant difference in the length and width
of the right and left sides of the adult cardiothoracic ganglia (Pather et al., 2006). In
these studies, differing occurrence and asymmetry of the left and right stellate
ganglion as well as the other thoracic sympathetic ganglia is consistently described.

A middle cardiac cervical nerve originating from the ansa subclavia (nerve connection
between the middle and inferior cervical ganglia) was observed twice as often on the
left compared to the right (Kawashimd, 2005). Furthermore, asymmetry in the origin
and courses of the left and right thoracic cardiac nerves originating from the lower
thoracic ganglia (fourth or fifth) was observed (Fukuyama, 1982; Kawashima, 2005). The
left lower thoracic cardiac nerves follow a simple course along the aortic arch and
thoracic aorta, comparable with most other cardiac nerves, which generally run along
the great arteries. In contrast, the right lower thoracic cardiac nerves may descend
obliquely along the intercostal vessels, turn and ascend along the thoracic aorta, to
finally reach the heart through the right venous part of the cardiac hilum or by
connecting to the cardiac plexus. This complex, ‘roundabout’ course may be related to
remodeling/regression of the right aortic arch during embryonic development, whereas
the left sided arch persists (Gittenberger-de Groot et al., 2006; Kawashima, 2011).
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Cardiac Areas of Sympathetic Innervation by the Left and Right Stellate Ganglion:
Functional Evidence (Figure 1 and Table 1)

The stellate ganglia play important and differing roles in cardiac autonomic function
and have been studied extensively. The right stellate ganglion is primarily responsible
for increasing the heart rate and slowing atrioventricular conduction, whereas the left
stellate ganglion has little effect on heart rate and increases atrioventricular
conduction (Figure 1, bottom part). This was concluded from functional studies in
humans. A right stellate ganglion block leads to a marked decrease in heart rate,
whereas left stellate ganglion block leads to a more discrete decrease in heart rate
(Rogers et al., 1978; Yokota et al., 2013). Furthermore, it was demonstrated that right
stellate ganglion block leads to faster atrioventricular conduction and left stellate
ganglion block leads to slower atrioventricular conduction (Cinca et al., 1985).
Interestingly, a dog study suggested that the left stellate ganglion dominates over the
right in terms of ventricular refractoriness: left stellate ganglion block led to a net
increase in refractoriness, suggesting a decreased sensitivity to ventricular arrhythmias.
However, while right stellate ganglion block produced a similar effect in absence of a
functional left stellate ganglion, right stellate ganglion block led to a net decrease in
refractoriness in the presence of a functional left stellate ganglion. This suggests an
overshoot in compensatory sympathetic activity from the left stellate ganglion
(Schwartz et al., 1977). Similarly, in humans, left stellate ganglion block shortens the
corrected QT interval, whereas right stellate ganglion block lengthens it, suggesting a
potential factor in arrhythmogenesis (Egawa et al., 2001). In line with this, left stellate
ganglion block is increasingly used to treat ventricular arrhythmias (Meng et al., 2017).
Other studies elaborate further on this topic (Lane and Schwartz, 1987; Schwartz et al.,
1992; Zhou et al., 2008).

A block of either stellate ganglion in humans, led to prolonged atrial refractory time
and a reduction in inducibility of atrial fibrillation. Each stellate ganglion may
predominantly innervate the ipsilateral atrium, which, in turn, relays signals to the
contralateral atrium (Leftheriotis et al., 2016).

The right stellate ganglion and left stellate ganglion influence both ventricles but
unevenly. These regional differences were firstly demonstrated in dogs: the right
stellate ganglion primarily influenced the anterior part of the LV and RV, whereas the
left stellate ganglion primarily influenced the posterior LV and RV (Yanowitz et al.,
1966). Similar to human studies, in this study QT-prolongation was observed after
ablation of the right stellate ganglion and after stimulation of the left stellate ganglion
(Yanowitz et al., 1966). A similar pattern was found in pigs: stimulation of the right
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stellate ganglion led to increased echocardiographic radial and circumferential strain in
the anterior regions, whereas stimulation of the left stellate ganglion led to increased
strain in the inferior/posterior regions (Zhou et al., 2013). This pattern was confirmed by
measuring activation-recovery intervals in another pig study (Vaseghi et al., 2013).
Additionally, a study by Schlack and Thamer (Schlack and Thamer, 1996) in dogs
demonstrated an improved lusitropic (myocardial relaxation) effect by left stellate
ganglion stimulation compared with an impaired relaxation upon right stellate ganglion
stimulation. These authors also demonstrated a higher global contractility increase
with left stellate ganglion stimulation compared with right stellate ganglion
stimulation. In the RV, innervation of the right stellate ganglion may predominate: in a
study in dogs, right stellate ganglion stimulation shortened the refractory period more
strongly in the RV than in the LV. Left stellate ganglion stimulation shortened the
refractory period of the LV and the RV equally (Garcia-Calvo et al., 1992). Whether the
same patterns in the ventricles are present in humans, and whether the distribution of
innervation is influenced by the dominance of the coronary system, is unknown. It is
considered that these differences in effects from the left and right stellate ganglia may
play a role in arrhythmias, especially when their activity is unbalanced (Lane and
Schwartz, 1987).

Parasympathetic Innervation: Anatomical Evidence of Origins and Contributions From
Left and Right Vagal Cardiac Branches (Figure 2)

Preganglionic cardiac parasympathetic fibers originate from neurons located in the
nucleus ambiguus and the dorsal motor nucleus of the vagus nerve and reach the heart
through cardiac branches of this nerve (Standring and Gray, 2016). The vagus nerves
(tenth cranial nerve) originate bilaterally from the medulla oblongata and give rise to a
recurrent laryngeal nerve that differs in origin (branching site) and course on the two
sides. Parasympathetic cardiac branches from these nerves are defined according to
their origin as follows (Figure 2, top part): the superior cervical cardiac branch
originates from the vagus nerve proximal to the branching site of the recurrent
laryngeal nerve. A branch originating from any part of the recurrent laryngeal nerve is
called an inferior cervical cardiac branch, and the cardiac branch originating from the
vagus nerve distal to the branching site of the recurrent laryngeal nerve is called a
thoracic cardiac branch (Kawashima, 2005; Federative International Programme for
Anatomical Terminology, 2019).
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Table 1: Summary of functional characteristics of the right and left sided ganglion

stellatum*

Right stellate ganglion

Left stellate ganglion

Predominant innervation ipsilateral atrium ++
Innervation contralateral atrium +
Predominant innervation of anterior part both
ventricles (dogs)

Echocardiographic radial and circumferential
strain in the anterior regions of the LV 1 (pigs)

Predominant innervation of RV (dogs)
Myocardial relaxation (lusitropy) + (dogs)
Myocardial contractility +

Predominant innervation ipsilateral atrium ++
Innervation contralateral atrium +

Predominant innervation of posterior part both
ventricles (dogs)

Echocardiographic radial and circumferential
strain in the inferior/posterior regions of the LV

1 (pigs)

Myocardial relaxation (lusitropy) ++ (dogs)
Myocardial contractility ++

Cardiac conduction system

Heart rate 11
AV conduction |
QT interval |

Heart rate 1/=
AV conduction 1
QT interval 1

Right stellate ganglion block

Left stellate ganglion block

Heartrate ||

AV conduction 1
QTcinterval 1

Atrial refractory time 1
AF inducibility |

Heart rate |

AV conduction |
QTcinterval |

Atrial refractory time 1
AF inducibility |

* data derived from human studies, unless otherwise indicated-for references see text

While all cardiac branches are consistently seen on the right side, on the left side, the

thoracic cardiac branch was absent in 45% of cases (Kawashima, 2005). In contrast to

the preganglionic cardiac sympathetic fibers, which synapse on postganglionic neurons

within ganglia of the sympathetic trunk (i.e., remote from the heart), preganglionic
cardiac parasympathetic fibers synapse on postganglionic neurons within ganglionated
plexuses embedded in the epicardial fat pads and the heart wall. To our knowledge, no

further information is available about variations and asymmetry in the parasympathetic

cardiac branches.
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Figure 2: Anatomy of the parasympathetic cardiac autonomic nervous system: asymmetry and
regional differences.

Top part: parasympathetic cardiac autonomic nervous system. Preganglionic cardiac
parasympathetic axons (blue, solid lines) arise from neurons in either the nucleus ambiguus or
dorsal vagal nucleus; they run in cardiac branches of the vagus nerve to synapse in cardiac plexuses
and ganglia from where postganglionic fibers (blue, dotted lines) innervate the sinoatrial node
(SAN), atrioventricular node (AVN), coronary arteries, and ventricular myocytes. Sided and regional
differences in anatomy are indicated in the boxes. Bottom part: functional anatomy of the right and
left vagal nerves. Sided and regional differences in function are indicated in the boxes. The right
vagus nerve greatly slows heart rate, may influence the atria more than the left vagus nerve, slows
atrioventricular conduction to some extent, influences the epicardium more strongly than the
endocardium and influences the apex more strongly than the base. The left vagus nerve slows heart
rate to some extent, may influence the atria less than the right vagus nerve, greatly slows
atrioventricular conduction, influences the epicardium more strongly than the endocardium and
influences the apex more strongly than the base.

Cardiac Areas of Parasympathetic Innervation by the Left and Right Vagus Nerve:
Functional Evidence (Figure 2 and Table 2)

The human sinoatrial node and atria are most likely predominantly influenced by the
right vagus nerve, the atrioventricular node is predominantly influenced by the left
vagus nerve, and the ventricles are influenced at least by the left vagus nerve but likely
by both vagus nerves (Banzett et al., 1999; Lewis et al., 2001; Muppidi et al., 2011; Figure 2,
bottom part). Although human studies are scarce, animal studies are in accordance
with this: in the isolated rabbit heart, stimulation of the right vagus nerve had a
stronger effect on heart rate, whereas the left vagus nerve had a stronger effect on
atrioventricular conduction (Ng et al., 2001). This group also used the same model to
explore this in the context of so-called accentuated antagonism (generally, vagal
stimulation has a stronger effect when a background level of sympathetic activity is
present). During sympathetic stimulation, right and left vagal nerve stimulation may
reduce the heart rate differently: there was a trend toward a stronger effect of the
right vagus nerve, although this result was not statistically significant (Brack et al.,
2004). Animal research also reveals possible regional differences: in pigs, left or right
vagus nerve stimulation had a stronger effect on the endocardium than on the
epicardium and also on the apex compared to the base. This study also demonstrates
that in pigs at least the LV is influenced by both vagus nerves (Yamakawa et al., 2014).
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Table 2: Summary of functional characteristics of the right and left sided vagus

nerves*

Right vagus nerve

Left vagus nerve

Innervation atria ++?

Sino-atrial node

Both ventricles

Influence on endocardium >
influence epicardium (pig)
Influence on apex > influence on

base (pig)

Innervation atria +?

AV node

Both ventricles

Influence on endocardium >
influence epicardium (pig)
Influence on apex > influence on

base (pig)

Cardiac conduction system

Heart rate || (rabbit)
AV conduction |

Heart rate |
AV conduction ||

*Data derived from human studies, unless otherwise indicated-for references see text.

Cardiac Afferent Nerve Fibers: Asymmetry and Regional Differences, Anatomical and
Functional Aspects

Although visceral afferent fibers, in a strict sense, are not part of the autonomic
nervous system (Armour, 1999), given their clinical relevance, regional and
asymmetrical features of the afferent (sensory) part of the cardiac nervous system are
also considered here. Cardiac afferent nerve fibers are an integral part of the regulatory
pathways the cANS is involved in, and transfer sensory signals from the heart to the
central nervous system, where they may activate efferent neurons through feedback
loops. They convey cardiac nociceptive and reflexive information (Armour, 1999; Kirby,
2007). Like cardiac efferent (autonomic) nerves, these afferents demonstrate regional
differences and asymmetry. Studies conducted in humans are rare and most
knowledge regarding the organization and function of the cardiac afferent system is
derived and extrapolated from animal studies.

The neurites (dendrites) of cardiac afferent neurons are located in the myocardium and
their cell bodies lie in the dorsal root ganglia of spinal nerves or the inferior ganglion of
the vagus nerve (nodose ganglion) (Anderson et al., 2000; Kirby, 2007; Palma and
Benarroch, 2014).

Cardiac spinal or “sympathetic” afferents (named as such because their fibers
accompany sympathetic efferent (autonomic) fibers retrogradely in splanchnic nerves)
convey mainly nociceptive sensory information from the heart via the splanchnic
nerves, sympathetic trunk, spinal nerve and dorsal root (dorsal root ganglia) to the
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posterior horn of the spinal grey matter, where they synapse on second-order neurons
of lamina I. The nociceptive information is further conveyed via ascending pain
pathways to the thalamus and other brain regions involved in cardiac pain perception
(Palma and Benarroch, 2014). When spinal cardiac afferents are involved in feedback
loops via local interneurons projecting to the intermediolateral cell columns of the
spinal cord, they can influence sympathetic efferent (motor) activity directly (Armour,
1999; Anderson et al., 2000; Kirby, 2007; Palma and Benarroch, 2014).

Some sympathetic afferents (mainly C-fibers, which are unmyelinated and are slow-
conducting) produce substance P as their neurotransmitter. Substance P mediates
nociception and also has efferent effects. Nerves containing substance P in the human
heart are especially found around coronary arteries and other small blood vessels, and
inside intrinsic cardiac ganglia (Weihe et al., 1981; Rechardt et al., 1986; Laine et dl., 2000;
Hoover et al., 2009). Substance P may be upregulated under pathological conditions. In
conditions of ischemia-reperfusion, substance P can have a beneficial effect through
increasing coronary blood flow (which was demonstrated in dogs). Conversely, in non-
ischemic conditions such as myocarditis and volume overload, substance P may
contribute to inflammation, apoptosis, and long-term reduction of LV-function (as was
shown in various rodent models) (Dehlin and Levick, 2014).

Cardiac vagal afferents, of which unmyelinated, slow-conducting C-fibers constitute an
important part, as was shown in studies in amongst others dogs and rats (Ditting et al.,
2005) run centrally in the vagus nerves and convey mainly reflexive (mechano- and
chemosensory) information from the heart via the nodose ganglion to the (caudal part
of the) solitary nucleus (nucleus tractus solitarii) (Figure 2, top part). They can activate
feedback loops through the thalamus and the parabrachial nucleus, and nucleus
ambiguus, which lead to increased parasympathetic or decreased sympathetic outflow
to the heart (Armour, 1999; Kirby, 2007; Palma and Benarroch, 2014). Of interest, cardiac
afferent fibers have also been described to interact directly with postganglionic
sympathetic neurons in the stellate ganglia and with parasympathetic postganglionic
neurons or interneurons in the intrinsic cardiac ganglia, forming part of intrathoracic
feedback loops, bypassing the central nervous system (Crick et al., 2000; Kirby, 2007).

The distribution of cardiac afferent nerve fibers in human can differ per cardiac region.
The often observed bradycardia specifically accompanying inferoposterior myocardial
infarctions may be a consequence of activation of vagal afferents on the inferior wall of
the LV which trigger parasympathetic reflexes (Perez-Gomez et al., 1979; Flapan et al.,
1993). The same pattern was observed in an experimental study in dogs (Thames et al.,
1978). Interestingly, patients with an anterior myocardial infarction also had worse
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baroreflex sensitivity and heart rate variability at follow-up compared with patients
with inferior/posterior infarctions, which may also be due to this distribution, although
it must be noted that the left ventricular ejection fraction was also lower in the anterior
infarction group (La Rovere et al., 1998).

Distribution of vagal afferents in the heart was studied in guinea pigs by retrograde
labeling of the nodose ganglia. Most vagal afferents were concentrated in the posterior
atrial wall (mostly on the ipsilateral atrium of the labeled nodose ganglion), the
pulmonary arterial wall, and around the coronary arteries (Quigg et al., 1988). From a
physiological study in cats, it was concluded that cardiac afferents (vagal or spinal not
specified) were located throughout the heart wall. In the ventricles, they were present
mostly in the endocardium. In the atria, they were present equally endo- and
epicardially (Malliani et al., 1973).

In conclusion, the anatomy and physiology of cardiac afferents are still largely to be
elucidated, especially in humans.

Asymmetry of the Cardiac Plexus and Coronary Cardiac Nerves: Anatomical Evidence
(Figure 3)

Human left and right sympathetic and parasympathetic cardiopulmonary nerves
connect in the mediastinum, where they form the cardiac plexus. A distinction is made
between the superficial (ventral) cardiac plexus, located in between the pulmonary
trunk and aortic arch, and the deep (dorsal) cardiac plexus, located between the aorta
and trachea (De Gama et al., 2012; Figure 3). The superficial and deep cardiac plexuses
are not as discrete and confined as for example the cervical and thoracic paravertebral
ganglia, but rather describe the locations of interconnecting nerve networks where the
number of nerve fibers gradually increases and nerve fibers tend to be more mixed
(including sympathetic, parasympathetic and visceral afferent fibers). Plexus formation
tends to start higher on the right side (level of the brachiocephalic trunk) than on the
left side (level of the aortic arch) (Kawashima, 2011; Figure 3; Table 3). Possibly, this can
be attributed to regional differences during embryonic development, as the initially
symmetrical pharyngeal arch arterial system, giving rise to part of the putative arterial
vasculature, will show a left-sided dominance, with disappearance of the right sixth
pharyngeal arch artery and disappearance/remodeling of the right aortic arch artery.
The right fourth pharyngeal arch artery will form the proximal part of the right
subclavian artery, below which the right laryngeal recurrent nerve will eventually
course (Gittenberger-de Groot et al., 2006).
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Figure 3: The left and right cardiac nerves and superficial and deep cardiac plexus.

Left: wax mold (Museo delle Cere Anatomiche “Luigi Cattaneo”, Bologna, Italy) demonstrating
sympathetic and parasympathetic (vagal) cardiac nerves and superficial and deep cardiac plexus.
Photomicrograph courtesy of Dr. E.A.J.F. Lakke. With permission of the Museo delle Cere
Anatomiche “Luigi Cattaneo”, University Museum System, Alma Mater Studiorum - University of
Bologna, Italy. Right: annotated drawing, details depiction of cardiac nerves and plexus depicted in
the left panel. At the heart sympathetic and parasympathetic nerves converge to form the
superficial and deep cardiac plexus from which atrial and ventricular autonomic innervation is
arranged. For further explanation see text.

Among many smaller nerves, three large mixed nerves arise from these plexuses that
will innervate the atria and ventricles: from the deep/dorsal cardiac plexus, the left
coronary cardiac nerve (which runs along the left anterior descending coronary artery)
and the left lateral cardiac nerve (which runs along the circumflex coronary artery)
arise. From the ventral plexus, the right coronary cardiac nerve (which runs along the
right coronary artery) arises (Janes et al., 1986). Additional cardiopulmonary nerves
connect to these (coronary) cardiac nerves distal from the plexuses. Surprisingly, the
left coronary cardiac nerve is composed mainly of contributions of right-sided cardiac
nerves, largely originating from the right stellate ganglion, which pass through the
deep (dorsal) cardiac plexus. The right coronary cardiac nerve is composed mainly of
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contributions of left-sided cardiac nerves, largely originating from the left stellate
ganglion, which pass through the superficial (ventral) cardiac plexus (Janes et al., 1986;
Table 3).

Table 3: Summary of asymmetrical and regional features of the extrinsic cardiac
plexus, coronary cardiac nerves, and intrinsic cardiac plexus (all human studies)

e Right-sided extrinsic cardiac plexus formation located more superiorly (level of
brachiocephalic trunk) than left-sided extrinsic cardiac plexus (level of aortic
arch) (Kawashima, 2011)

e Right coronary cardiac nerve: composed largely from contributions of left
stellate ganglion (Janes et al., 1986)

e Left coronary cardiac nerve: composed largely from contributions of right
stellate ganglion (Janes et al., 1986)

e Dorsal and ventral right atrial intrinsic cardiac plexuses: mainly
parasympathetic (Petraitiene et al., 2014)

e Left and right coronary epicardiac plexuses: mainly sympathetic (Petraitiene et
al., 2014)

e Predominance of parasympathetic neurons in plexuses on the atria (Wake and
Brack, 2016)

e Predominance of sympathetic neurons in plexuses on the ventricles (Wake and
Brack, 2016)
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Intrinsic Cardiac Ganglia: Anatomical Evidence of Regional Organization and Gradient
in (Para)Sympathetic Dominance (Figure 4)

Apart from nerves that conduct signals from the central nervous system to the human
heart (i.e., extrinsic cardiac nerves), an intrinsic cardiac nervous system is also present.
A network of over 800 ganglia can be found on the posterior surfaces of the atria,
around the base of the aorta and pulmonary artery, dorsal and ventral to the
pulmonary veins, and on the ventricular myocardium near the coronary arteries (Singh
et al., 1996; Armour et al., 1997; Pauza et al., 2000; Wake and Brack, 2016). These ganglia
are usually embedded in epicardial adipose tissue and are more or less organized into
seven regions, called ganglionated (sub)plexuses: the right dorsal atrial plexus, the
ventral right atrial plexus, the left dorsal plexus, the ventral left atrial plexus, the
middle dorsal plexus, the right coronary plexus, and the left coronary plexus (Pauza et
al., 2000; Wake and Brack, 2016). Nerve fibers in these plexuses are sympathetic,
parasympathetic, or mixed. The dorsal and ventral right atrial ganglionated
subplexuses (supplying also the sinoatrial node) are predominantly parasympathetic.
The left and right coronary epicardiac subplexuses (supplying mostly the ventricles) are
predominantly sympathetic (Petraitiene et al., 2014; Table 3). There is a predominance of
parasympathetic neurons in plexuses on the atria and sympathetic neurons in plexuses
on the ventricles (Wake and Brack, 2016). A considerable part of the intrinsic cardiac
ganglion cells show co-expression of sympathetic and parasympathetic markers, as was
shown in rhesus monkeys as well as humans (Weihe et al., 2005). This network has a
function in passing down vagal impulses further and also in integrating sympathetic,
parasympathetic, and sensory information in complex cardiac responses (Armour et dl.,
1997; Hasan, 2013; Wake and Brack, 2016).

Interestingly, in the experimental treatment of refractory vagally mediated reflex
syncope, ablation of both left- and right atrial sites of parasympathetic innervation has
shown promising results. Even though an anatomical substrate for these conditions
may be difficult to locate, it appears that damaging parasympathetic control of the
heart on either side may prevent recurring episodes (Pachdn et al., 2005; Sun et al.,
2016).
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Sympathetic innervation

€

Parasympathetic innervation
-

Pulmonary veins and
ligament of Marshall

Figure 4: Innervation of the
cardiac muscle, including the
cardiac conduction system.
Red: sympathetic
innervation, blue:
parasympathetic innervation.
(A,B) Schematic overview of
sympathetic (A) and
parasympathetic (B)
innervation of the cardiac
compartments and cardiac
conduction system.
Innervation gradient ranging
from the most to least dense
innervation: sinoatrial node >
atrioventricular node >
penetrating bundles > bundle
branches. The conduction
system is more densely
innervated than surrounding
myocardium. Sinoatrial node
and atrioventricular node:
predominantly
parasympathetic innervation,
penetrating bundle and the
bundle branches:
predominantly sympathetic
(Crick et al., 1994; Chow et
al., 2001). (C) Global
innervation densities in
cardiac areas. Innervation
density in the atria >

innervation density in the ventricles. Gradient in innervation density (higher to lower) from base to
the apex. Atria: most nerve endings parasympathetic. Ventricles: most nerve endings sympathetic.
Sympathetic innervation density right atrium > left atrium. Right atrium and right ventricle: higher
density of parasympathetic innervation than left atrium and left ventricle (Kawano et al., 2003). (D)
Innervation of the pulmonary veins and ligament of Marshall, posterior view of the left atrium.
Sympathetic and parasympathetic innervation density: highest above superior pulmonary veins and
below inferior pulmonary veins (Tan et al., 2006). The ligament of Marshall is densely
sympathetically and parasympathetically innervated (Han et al., 2010; Rodriguez-Mariero et al.,
2016). From superior to inferior, it shifts from predominantly sympathetic to predominantly
parasympathetic. AVN, atrioventricular node; AVB, atrioventricular/His bundle; CB, common bundle;
LA, left atrium; LBB, left bundle branch; LIPV, left inferior pulmonary vein; LSPV, left superior
pulmonary vein; LV, left ventricle; SAN, sinoatrial node; RA, right atrium; RBB, right bundle branch;
RIPV, right inferior pulmonary vein; RSPV, right superior pulmonary vein; RV, right ventricle.
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Anatomical Evidence of Regional Differences in Cardiac Innervation Density:
Sympathetic and Parasympathetic

Generally, in humans, innervation density is higher in the atria than in the ventricles,
and a gradient in innervation density (higher to lower) is present from the ventricular
base to the apex (Kawano et al., 2003). In the atria, most nerve endings are
parasympathetic, and in the ventricles, most nerve endings are sympathetic (Kawano et
al., 2003). The right atrium (RA) has a higher density of sympathetic innervation than
the left atrium (LA) (Kawano et al., 2003). The RA and RV have a higher density of
parasympathetic innervation than the LA and LV (Kawano et al., 2003; Figure 4).

Specifically in the human conduction system, there is an innervation gradient ranging
from the most dense innervation in the sinoatrial node to less innervation in the
atrioventricular node, penetrating bundles, and bundle branches (Crick et al., 1994;
Chow et al., 2001). As a whole, the conduction system is more densely innervated than
the atrial and ventricular myocardium (Crick et al., 1994; Chow et al., 2001). The normal
adult conduction system is innervated by both sympathetic and parasympathetic nerve
branches (Crick et al., 1994; Chow et dl., 2001). The sinoatrial node and atrioventricular
node predominantly show parasympathetic innervation, whereas the penetrating
bundle and the bundle branches predominantly show sympathetic innervation (Crick et
al., 1994; Chow et al., 2001; Figures 4A,B).

Interestingly, the innervation of the human conduction system changes considerably
with age. In infants, more sympathetic nerves are present in all regions of the
conduction system compared to parasympathetic nerves. During childhood and
adulthood, the number of parasympathetic nerves increases to the extent that the
levels of sympathetic and parasympathetic nerves are equalized. In the elderly, there is
a decline in both types of nerves (Chow et al., 2001). These data implicate that the
autonomic innervation of the human cardiac conduction system changes with age.

In the adult human LA, the area around the pulmonary veins is densely innervated
(Figure 4D): many ganglionated plexuses with both sympathetic and parasympathetic
fibers are found in this area. The right pulmonary veins are mostly innervated by the
dorsal right atrial subplexus and the middle dorsal subplexus, whereas the left superior
pulmonary vein is innervated by the left dorsal subplexus and the left inferior
pulmonary vein is innervated by the left and middle dorsal subplexus (Vaitkevicius et dl.,
2008, 2009; Wickramasinghe and Patel, 2013). Sympathetic and parasympathetic
innervation density are both especially high in the superior aspects of the superior
pulmonary veins and the inferior aspects of the inferior pulmonary veins. Innervation
density was also higher epicardially than endocardially (Tan et al., 2006). The pulmonary
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venous myocardium is infamous for its potential for arrhythmogenesis (Haissaguerre et
al., 1998), and autonomic innervation has been recognized as a potential modulating
factor (Chen et al., 2014). Of interest, the potential for arrhythmogenicity appears to
differ between different pulmonary veins, with more foci found in the superior
pulmonary veins as compared to the inferior veins (Haissaguerre et al., 1998; Chen et dl.,
1999). Transient autonomic dysfunction and neural injury has been described after
catheter ablation of pulmonary vein for atrial fibrillation (Hsieh et al., 1999; Scherschel et
al., 2019). The ligament of Marshall, a remnant of the left vena cava inferior that
regresses during embryonic development, is surrounded by a dense network of both
sympathetic and parasympathetic fibers. From superior to inferior, in humans, the
innervation of the ligament of Marshall shifts from predominantly sympathetic (nerve
density) to predominantly parasympathetic (presence of parasympathetic ganglia)
(Makino et al., 2006; Han et al., 2010; Rodriguez-Manero et al., 2016; Figure 4D). The
ligament of Marshall has nerve connections with the LA which are implicated in the
genesis of atrial fibrillation (Han et al., 2010).

Animal studies reveal additional, potentially clinically relevant regional differences: in
pigs, the RV was more densely innervated than the LV, whereas the left ventricular
endocardium was more densely innervated than the right ventricular endocardium
(Ulphani et al., 2010). In the RV outflow tract in dogs, sympathetic axons are found in
the subendocardium as well as in the subepicardium, whereas in the remainder of the
RV and the LV, sympathetic axons are only found in the subepicardium (Ito and Zipes,
1994), indicating a denser sympathetic innervation of the RV outflow tract as compared
to the remainder of the RV. Whether this is also the case in humans is yet to be
confirmed.

Sidedness and Regional Differences in Cardiac Sympathetic Receptors and Responses:
Anatomical and Functional Evidence

In preganglionic sympathetic nerve terminals, acetylcholine is the primary
neurotransmitter. In postganglionic sympathetic nerve terminals, norepinephrine (NE)
is the neurotransmitter primarily involved. Postganglionic sympathetic nerve fibers
activate adrenergic receptors (the a1-, B1-, and B2-adrenergic receptors, of which the B-
receptors greatly outnumber the a-receptors). Bi1-receptors, the predominant
receptors in the heart, outnumber the B2-receptors in the atria and even more so in the
ventricles. As the total B-receptor density is similar in the myocardial walls of all four
cardiac chambers (Steinfath et al., 1992; Brodde et al., 2001), differences in the ratio p1
versus [32 receptors may be present between atria and ventricle or within the different
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cardiac compartments. Generally, stimulation of adrenergic receptors causes positive

inotropy and an increase in heart rate. Though mostly present in the vascular wall,

there are also a-adrenergic receptor in the ventricular myocardium, accounting for

approximately 15% of the cardiac adrenergic receptors. Stimulation of the a1-myocardial

receptors results in a weak positive inotropic response (Bristow et al., 1988; Table 4).

Table 4. Asymmetry and regional differences in the distribution and response of

cardiac autonomic receptors and modulating factors

Autonomic division Receptor or

modulating factor

Cardiac distribution Asymmetrical/regional

features of action

Sympathetic Adrenergic B1-receptors > B2- Relative increase in
receptors in all inotropy after (-
chambers (human stimulation RV > LV
tissue) (dogs)
B-receptors > a- Adrenergic stress may
receptors in all specifically lead to RVOT
chambers (human obstruction (dogs)
tissue)
at-receptor stimulation:
negative inotropy in RV,
positive inotropy in LV
(mice)
NGF NGF concentration
ventricles > atria (rats)
NGF concentration LA >
RA (rats)
Parasympathetic Muscarinic M2-receptor
concentration atria >
ventricles (human
tissue)
M2-receptor-specific
tracer binding LV >RV >
atria (human
radioactive tracer
imaging)
NOS Expression eNOS left

ventricular epicardium
>RV > left ventricular
endocardium (ferrets)
Expression nNOS left
ventricular
endocardium > left
ventricular epicardium
and RV (ferrets)

eNOS, endothelial nitric oxide synthase; LA, left atrium; LV, left ventricle; NGF, nerve growth factor;
nNOS, neuronal nitric oxide synthase; NOS, nitric oxide synthase; RA, right atrium; RV, right

ventricle.
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Linked to differences in recruitability of the systemic and pulmonary vasculature, the LV
and the RV show differences in responses to adrenergic stimulation. In athletes, it was
shown that during exercise, there is a greater relative increase of wall stress in the RV
compared with the LV (La Gerche et al., 2011). In dogs receiving sympathetic stimulation,
a stronger increase in systolic pressure was seen in the RV compared with the LV. This is
likely mediated by B-receptors, as it was not affected by a-receptor blockade (Abe et
al., 1987). A more recent study in dogs showed similar results: a stronger relative
increase of contractility was seen in the RV compared with the LV after -stimulation,
which appeared to be related to interventricular differences in phosphodiesterase
metabolism underlying the response to B-stimulation (Molina et al., 2014).

Adrenergic stress, for example treatment with inotropes, can cause dynamic RV
outflow tract obstruction in humans, even without right ventricular hypertrophy
(Denault et al., 2006). A study in pigs shows that the RV outflow tract indeed
demonstrates an augmented response to adrenergic stimulation compared to the
inflow tract, which was suggested by the authors as a possible mechanism to prevent
excessive blood flow to the pulmonary circulation (Heerdt and Pleimann, 1996). This
may be related to the additional presence of sympathetic axons in the deep
myocardium specifically in the RV outflow tract, as was demonstrated in dogs (Ito and

Zipes, 1994).

Furthermore, animal research shows that the RV and the LV may differ in their
responses to sympathetic stimulation. Ex vivo stimulation of the at-receptor with
phenylephrine in ventricular trabeculae in mice resulted in negative inotropy in the RV
and in positive inotropy in the LV (Wang et al., 2006).

Nerve growth factor (NGF), an important factor in nerve (re)growth which likely acts
on the p75 neurotrophin receptor and tropomyosin-related receptor A (Li and Li, 2015),
was investigated in rats of different ages (Saygili et al., 2012). Across all ages, nerve
growth factor expression was higher in the ventricles than in the atria, and higher in
the LA than in the RA. In the atria, nerve growth factor expression increased with age.
In the ventricles, nerve growth factor expression was highest in neonatal rats. It
decreased from neonatal to young age, to increase again at old age. These results may
be related with an increase in sympathetic activation with age (Saygili et al., 2012). It is
unknown whether these patterns can be extrapolated to humans. Regional differences
in nerve growth factor expression in the human heart have not yet been investigated.
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An important regulator of cardiac beta-adrenoreceptor signaling is the opioid receptor
system. Three subtypes of endogenous opioids exist, all three of which have effects on
the heart through their specific receptors: the u opioid receptor, 6 opioid receptor, and
x opioid receptor (Barron, 1999). The cardiac opioid system may especially be important
as part of a negative feedback loop: conditions such as exercise and hypertension lead
to increased cardiac opioid content, which depresses neurotransmitter release at
adrenergic and/or vagal nerve terminals. Distribution of these receptors appears to be
asymmetrical in rat studies: more & opiate receptors are present on the right side of the
heart compared to the left, and more receptors are furthermore present in the atria
compared to the ventricles (Krumins et al., 1985). Activity of endogenous opioids
(enkephalins), the ligands for these receptors, was generally higher in the atria than in
the ventricles in a study in guinea pigs (Weihe et al., 1985).

The asymmetry and regional differences in the distribution and response of cardiac
sympathetic receptors and modulating factors are summarized in Table 4.

Asymmetry and Regional Differences in Cardiac Parasympathetic Receptors and
Responses: Anatomical Evidence

Acetylcholine is the neurotransmitter employed in pre- and postganglionic
parasympathetic nerve terminals. Postganglionic parasympathetic fibers mainly
activate the muscarinic (M)2-cholinergic receptor. Stimulation of the M2-cholinergic
receptor causes a negative inotropic effect and a decrease in heart rate (Brodde et al.,
2001). An in vitro study in diseased human hearts showed a higher density of M2-
receptors in the atria than in the ventricles (Deighton et al., 1990; Table 4). However, a
radioactive tracer-imaging study in mainly healthy volunteers shows that the human LV
and septum show the highest concentrations of the M2-receptor-specific tracer.
Therefore, in physiological conditions the LV and septum may contain most of the
physiologically active population of M2-receptors (Syrota et al., 1985; Table 4). In
humans, the M2-receptor density decreases with age, as was shown by both functional
evidence and in vitro study of the human RA (Brodde et al., 1998).

Nitric oxide (NO) plays an important role in parasympathetic regulation, as was
demonstrated in animal models: under physiological circumstances, NO promotes
acetylcholine release and reduces NE release from nerve terminals (Herring and
Paterson, 2001; Dedkova Elena et al., 2003). Two different isoforms of nitric oxide
synthase are primarily responsible for this: neuronal nitric oxide synthase (nNOS) in
parasympathetic nerve terminals, and endothelial nitric oxide synthase (eNOS) in
cardiac cells (Balligand et al., 2009).
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From a clinical point of view, NO is implicated in vasovagal syncope: in young patients,
this condition is mostly due to reduced systemic vascular resistance, which can be
corrected by antagonizing NO (Stewart et al., 2017). In older patients, vasovagal
syncope is mostly due to reduced cardiac output.

The distribution of NOS isoforms may be asymmetrical: in ferrets, eNOS expression is
highest in the apical/midventricular epicardium of the LV, moderately high in the right
ventricular free wall, and low in the left ventricular endocardium and the left
ventricular side of the septum. In the sinoatrial node and the RA, eNOS is present in the
majority of cells. The distribution of NNOS follows a more or less inverted pattern: the
expression is high in the left ventricular endocardium and the left ventricular side of the
septum, and low in the left ventricular epicardium and the RV (Brahmajothi and
Campbell, 1999). The exact functional role and distribution of NOS isoforms in the
human heart remains to be elucidated.

The asymmetry and regional differences in the distribution of cardiac parasympathetic
receptors and modulating factors are summarized in Table 4.

Summary and Clinical Implications

In the current review, we show that the human peripheral cANS shows considerable
asymmetry, interindividual variations, and regional differences in anatomical, functional
and molecular characteristics.

The right-sided lower thoracic cardiac nerves follow a complex course to reach the
heart which differs greatly from the course of the left-sided lower thoracic cardiac
nerves. The presence of the left-sided thoracic cardiac branch is highly variable, the
localization of the cardiac plexus is higher on the right side compared to the left, and
different parts of the cardiac plexus give rise to nerves innervating different parts of
the heart. This is important to consider when planning thoracic surgery to avoid
complications regarding autonomic function.

The left and right stellate ganglia and the left and right vagus nerves innervate different
areas of the heart or have different effects on the same area. In particular, left stellate
ganglion block may be used to treat ventricular arrhythmias. The RV outflow tract,
pulmonary veins, and the ligament of Marshall have specific innervation gradients.
Distribution of cardiac nerves and ganglia differs between regions, showing a
parasympathetic predominance in the atria and a sympathetic predominance in the
ventricles. The distribution of spinal and vagal afferent nerve fibers may differ between
46



cardiac regions. The RV, the RV outflow tract, and the LV all respond differently to
sympathetic stimulation. These factors heavily influence disease manifestation and
efficacy of pharmaceutical treatment, and are therefore important to keep in mind. In
addition, the risk of clinical procedures such as catheter ablation or stellate ganglion
blockade for arrhythmias, may be reduced and their efficacy may be improved by
taking asymmetry and regional differences of the cANS into consideration.

Many studies in this field are animal studies, and the RV is often neglected. Future
research in human tissue or human subjects focusing for example on specific
innervation of the RV outflow tract, distribution of cardiac afferents, regional
differences in nerve growth factor or nitric oxide synthase expression, and differing
effects of left- or right sided innervation on both the LV and the RV, would be highly
valuable to comprehend the influence of cardiac innervation of disease course and
potentially adjust treatments for specific cardiac diseases related to cardiac autonomic
(dys)function.
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