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Abstract 

Cardiac output is controlled by the autonomic 
nervous system to meet continually changing 
demands for the perfusion of systemic vascular 
beds. Dysfunction of autonomic control can 
contribute to a range of cardiopathies; con-
versely, robust autonomic function can help 
maintain a failing myocardium as heart 
diseases progress. Understanding the structure 
and operation of the intracardiac nervous sys-
tem is thus essential to guide the formation of 
novel neuronally-directed cardiac therapies. 
Neural control of the heart operates through a 
hierarchy of interconnected reflex loops at the 
levels of the intracardiac neural network, the 
extracardiac intrathoracic ganglia and medul-
lary and spinal autonomic nuclei. Within this 
hierarchy, the intracardiac nervous system 
represents the final common pathway for 
local cardiac control, capable of modulating 
chronotropy, dromotropy and inotropy on a 
fast, beat-by-beat basis. Intracardiac neurons 
constitute a series of interconnected ganglion-
ated plexi distributed throughout the atrial 
walls and around the atrioventricular border; 
plexus nerves innervate all regions of the heart. 
This chapter reviews the position of the intra-
cardiac nervous system in the autonomic 

control hierarchy and summarizes current 
knowledge of the neuroanatomy, physiology 
and potential roles of neuronal populations in 
cardiac control. Opportunities for future 
research to address remaining gaps in knowl-
edge of this system are discussed in terms of 
the application of new tissue imaging 
technologies, genetic manipulations and 
novel experimental models. 
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8.1 Introduction and Scope 

This chapter considers the role of the autonomic 
nervous system in controlling cardiac output to 
maintain cardiovascular homeostasis, a role that 
has been recognized at least since the middle of 
the nineteenth century. Modern concepts of the 
anatomy and organization of the autonomic ner-
vous system were crystallized by Gaskell [1], 
Langley [2], and Cannon [3], whose works car-
ried forward earlier ideas of the innervation and 
control of the viscera by the cranial and spinal 
nerves. These concepts were developed
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principally from the seventeenth century on (see 
[4] for a historical review). In the last four 
decades, the relationship between the nervous 
system and the heart has become a fertile area of 
research in which the interests of basic scientists 
and clinicians have converged. This convergence 
has led to the formation of the discipline of 
neurocardiology. A core tenet of this discipline 
is that in healthy individuals, normal control of 
the heart involves autonomic reflexes that drive 
rapid variations in cardiac output to meet chang-
ing demands for vascular perfusion under differ-
ent physiological conditions such as exercise, 
arousal and sleep. Furthermore, in a wide variety 
of cardiovascular disease states, dysfunction of 
the neurocardiac axis can parallel or even precede 
the deterioration of the pumping capability of the 
heart. Therefore changes in neural and 
myocardial components must be considered 
together in developing many cardiac diseases 
[5]. It is thus essential to establish a clear under-
standing of the fundamental principles of the 
structure and operation of the autonomic network 
controlling the heart to guide the evolution of 
effective, neurally based therapies for managing 
cardiovascular diseases. 
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Progress in neurocardiology has been compre-
hensively represented in a series of review 
articles, book chapters and books covering both 
clinical and basic aspects of this field. In a land-
mark volume on neurocardiology edited by J. A. 
Armour and J. L. Ardell [6], the opening chapter 
by Dr W. Randall succinctly describes its genesis 
[5]. Dr Randall, with whom both of these 
investigators had worked, was a pioneer in the 
field and his article continues to reward the reader 
with valuable insights into major issues still 
driving research in neurocardiology. A second, 
expanded edition of that book [7] updated prog-
ress made in the decade after the publication of 
the first edition; both of those volumes remain 
essential reading. In a 2008 review by Armour, 
summarizing more than two decades of work 
from his and others’ laboratories, codified the 
proposition that the portion of the autonomic 
nervous system lying within the heart, the intra-
cardiac nervous system (ICNS), comprised a “lit-
tle brain on the heart”, that provides fast, local 

processing of responses to intracardiac events 
[8]. In 2016, special issues on neurocardiology 
were published in the Journal of Physiology [9] 
and in Autonomic Neuroscience [10]. These 
issues included articles that comprehensively 
summarized work on basic, translational and clin-
ical aspects of autonomic control of the heart. 
Osteraas and Lee [11], Durães Campos et al. 
[12], Wake and Brack [13] and others have also 
recently reviewed aspects of neurocardiology. 
Together these reviews give a wide-ranging per-
spective of the state of this field at both central 
and peripheral levels of organization. 

At the level of the mammalian central nervous 
system, nuclei involved in determining auto-
nomic output to the heart and other viscera extend 
along the neuraxis from the insular cortex through 
the basal ganglia, hypothalamus, midbrain, 
medulla and spinal cord (see for example 
[14, 15]). These nuclei process inputs from 
generalized and specific visceral afferents con-
veying information to the central nervous system 
about changes in cardiorespiratory status. 
Cardiovascular-specific afferent information 
projecting to the central nervous system arises 
from two general populations of receptors, those 
with their somata in the petrosal and nodose 
ganglia of the vagus nerve, targeting secondary 
neurons in the nucleus of the tractus solitarius 
[16, 17] and receptors with their somata in the 
dorsal root ganglia associated with the lower cer-
vical and upper thoracic segments of the spinal 
cord, targeting the dorsal horn of the cord 
[16, 18]. These inputs drive a wide range of 
reflexes generated by central autonomic nuclei 
that modify the heart to maintain cardiovascular 
homeostasis. The outputs of these reflexes are 
conveyed to the heart by the parasympathetic 
and sympathetic limbs of the autonomic nervous 
system through populations of peripheral neurons 
located in intrathoracic and intracardiac ganglia, 
connected in networked circuitry that modulates 
the activity of effectors within the heart to modify 
cardiac output. 

The operating principles of those peripheral 
circuits are beginning to emerge from studies of 
the properties of their individual elements, the 
neurons in the intrathoracic and intracardiac



ganglia. In this system, the ICNS represents the 
final common pathway for cardiac control. In the 
present chapter, I consider current knowledge of 
the physiological properties, patterns of synaptic 
connectivity, neurotransmitter phenotypes, recep-
tor complements and cardio-modulatory 
influences of neurons in the ICNS and summarize 
the evidence for the operation of the circuitry in 
which they are embedded. Ultimately, clarifying 
the properties and functions of these neurons will 
have profound implications for the development 
of evidence-based therapies for cardiovascular 
diseases that target the intracardiac component 
of the autonomic nervous system. Clinical aspects 
of neurocardiology are considered elsewhere in 
this volume (see Chap. 9). 
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8.2 Hierarchical and Distributed: 
An Overview of Autonomic 
Innervation of the Heart 

Autonomic neurons within the thoracic and intra-
cardiac ganglia form a network coordinating the 
activities of myocardial effector cell populations 
that collectively determine cardiac output. This 
network innervates pacemaker cells in the sino-
atrial and atrioventricular nodes, myocytes in the 
atrial and ventricular walls, the ventricular 
conducting system and the coronary vasculature. 
In the normal heart, the ongoing activity of effec-
tor cells is modulated by tonic influences and 
phasic fluctuations of inputs from this neural net-
work to precisely match cardiac output with vas-
cular perfusion demands. 

A major theme running through many of the 
reviews of neurocardiology cited in Sect. 8.1 is 
that the organization of autonomic neurons in the 
network controlling the heart is hierarchical, com-
prising several nested levels. This theme is 
embodied in a series of schematic diagrams that 
have evolved over time to encompass more and 
more elements as investigators became increas-
ingly aware of the complexity of the system and 
as additional information became available about 
the details at each level in the hierarchy. One of 
the earliest of these schematics is shown in 
Fig. 8.1 [19]. A more recent version of Fig. 8.1 

is shown in Fig. 8.2 [20] to illustrate the develop-
ment of this concept. Broad acceptance of the 
principle of hierarchical organization and its use-
fulness as a conceptual framework for thinking 
about cardiac control has provided a focus for the 
rapid expansion of the field of neurocardiology in 
recent decades. This framework will be used here 
to structure the discussion of cardiac-associated 
neurons and how they may be organized into 
networks for control of the heart. 

The “classical” concept of efferent cardiac 
innervation consists of a parallel series of simple, 
two-neuron pathways from the central nervous 
system to the target organ, in accord with the 
general plan of dual sympathetic and parasympa-
thetic efferent autonomic outflow to the viscera 
proposed by Langley [2] and Cannon [3]. In this 
scheme, sympathetic cardiac preganglionic 
neurons are located in the intermediolateral cell 
column of the spinal cord in the caudal cervical 
and cranial thoracic segments [14, 21]. Axons 
arising from these neurons exit the cord via the 
white rami to synapse on somata of postgangli-
onic neurons located predominantly in intratho-
racic ganglia (middle cervical and stellate 
ganglia) of the sympathetic paravertebral gan-
glion chain. Neurons in these ganglia in turn 
project axons via cardiac nerves [22] to target 
virtually all regions of the heart [23], acting to 
accelerate pacemaker cell discharge, increase 
contractility of atrial and ventricular myocytes, 
enhance activity in conducting tissues and induce 
changes in radius of the cardiac vasculature. Para-
sympathetic preganglionic neurons, located in the 
nucleus ambiguus, the dorsal vagal motor nucleus 
and areas between these in the medulla, give rise 
to axons coursing peripherally via the 
vagosympathetic trunks and cardiac vagal 
branches to target postganglionic neurons in 
intracardiac ganglia distributed in subepicardial 
tissue. In turn, axons from intracardiac parasym-
pathetic neurons innervate the same groups of 
cardiac effector cells as do sympathetic postgan-
glionic axons [19], influencing the activity of 
these cells in the opposite direction to the actions 
of sympathetic innervation. Thus, in this “classi-
cal” view of autonomic cardiac control, sympa-
thetic and parasympathetic drive is conveyed
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from the brain to the heart by pre- to postgangli-
onic synapses functioning as basic 1:1 relays. In 
this view, it was also considered that these auto-
nomic divisions acted antagonistically on the 
heart such that when sympathetic drive was ele-
vated, parasympathetic activity was withdrawn 
and vice versa [24]. The elements of this simple 
innervation scheme can be readily identified in 
the schematics in Figs. 8.1 and 8.2. 
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Fig. 8.1 Schematic 
representation of a 
proposed hierarchical 
organization for 
populations of autonomic 
neurons involved in control 
of the heart and their 
interconnections. Three 
levels of hierarchy are 
shown: intracardiac 
neurons (“cardiac 
ganglia”); neurons within 
the thorax (“intrathoracic 
ganglia”) and central 
neurons (“medulla” and 
“spinal cord”) ([19] used by 
permission) 

This simplistic view of cardiac innervation has 
been belied by the results of studies in the last 
four decades using a variety of experimental 
models including open-chest, anesthetized mam-
malian preparations in which the heart was 
accessed in situ. The outcomes of these studies 
have driven the continued revision of our 
concepts of neural control of the heart, as 
demonstrated by (1) the addition of components 
representing populations of local-circuit neurons 

(LCN) and (2) afferent somata and their 
interconnections with the intrathoracic and intra-
cardiac levels of the hierarchy, as shown in the 
schematic of Fig. 8.1. As more information 
became available about the operation of these 
components, the schematic was modified to 
reflect the increasing complexity of the system 
(Fig. 8.2). 

According to the “classical” view of operation 
of the neurocardiac axis, all neuronal activity 
within intrathoracic and intracardiac ganglia 
should result from the activation of efferent post-
ganglionic neurons by inputs from the central 
nervous system. However, recordings of neuronal 
activity in these ganglia during electrical stimula-
tion of preganglionic axons showed that only a 
proportion of neurons were activated at the short 
latencies consistent with a monosynaptic path-
way. Other neurons responded indirectly



(presumably through multisynaptic pathways 
with varying degrees of latency) to such 
stimulations, or had activity patterns not 
correlated with the stimuli (summarized by 
Armour [19, 25]). These observations led to the 
concept of a population of neurons in peripheral 
cardiac ganglia that did not receive direct pregan-
glionic inputs but were instead involved in 
processing information originating either from 
within the ganglia or, more distally, from cardiac 
afferents [8, 19]. This concept was expressed by 
the incorporation of LCN at the levels of the 
intrathoracic and intracardiac ganglia in sche-
matic diagrams (Figs. 8.1 and 8.2). 
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Fig. 8.2 Advanced hierarchical model for neural control 
of the heart showing the elaboration of known 
interconnections between levels in the hierarchy, derived 

from studies undertaken since the schematic in Fig. 8.1 
was proposed ([20] used by permission) 

A critical question in determining the origin of 
spontaneous neuronal activity within extra- and 
intracardiac ganglia was whether this activity 
could have arisen from events in the periphery 

rather than originating from the central nervous 
system. This question was investigated by 
disconnecting these peripheral ganglia from the 
central nervous system by surgical means aimed 
at severing preganglionic inputs (decentraliza-
tion), leaving all other connections intact. In a 
landmark paper, Armour, Randall and coworkers 
[26] established that spontaneous activity in intra-
cardiac ganglia, much of which was phase-related 
to events in the cardiac cycle, continued after 
decentralization, although the overall frequency 
of this activity was reduced. Likewise, spontane-
ous neuronal activity in decentralized stellate and 
middle cervical ganglia also survived decentrali-
zation [27, 28]. These observations led to the 
proposal that afferent neurons, transducing chem-
ical or mechanical events in the heart, provided 
local inputs to LCN or directly to efferent



postganglionic neurons, thus engendering cardio-
cardiac reflexes that operated independently of 
the central nervous system. These inputs may 
have arisen as intraganglionic collaterals of car-
diac sensory axons with their somata in the dorsal 
root [16, 18, 29] or vagal nodose [30, 31] ganglia 
or from somata of afferent neurons located within 
the intracardiac or intrathoracic ganglia them-
selves [8]. This concept was illustrated by 
representing afferent neurons at the levels of the 
intrathoracic and intracardiac ganglia in the car-
diac control hierarchy (Figs. 8.1 and 8.2). 
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The presence within intracardiac ganglia of 
afferent neuronal somata (or collateral branching 
within these ganglia from axons of nodose or 
dorsal root cardiac afferents), along with LCN, 
together provide the necessary components for 
local, short-latency (on the order of <20–40 ms) 
cardio-cardiac reflexes that operate within the 
ICNS. Reflexes of slightly longer latency 
(100–200 ms) would involve projections through 
the intrathoracic ganglia [8]. Such reflexes are 
presumably capable of operating well within the 
duration of systole of a single cardiac cycle. 
Cardio-cardiac reflexes with the longest latencies 
(up to 350 ms [8]) would involve feedback from 
the heart originating from mechano- or 
chemosensitive afferents with their receptors in 
the atria or ventricles and their somata in the 
nodose ganglion or dorsal root ganglia. These 
would project to cardiomotor circuits in the cen-
tral nervous system, indicated in the schematic 
diagrams at the “central” level of the network 
hierarchy (Figs. 8.1 and 8.2). 

8.3 Elements of Intracardiac 
Neuronal Circuitry 

To date, the vast majority of data on the organi-
zation and principles of control of the heart by the 
intrathoracic and intracardiac neural networks has 
resulted from studies recording spontaneous or 
evoked axonal or ganglion cell activity along 
with the behavior of cardiac functional indices 
(e.g., heart rate, atrial and ventricular chamber 
pressures, regional chamber wall tension). This 
work has been done in a variety of experimental 

models in which the beating heart (in vivo, in situ 
or in vitro) and components of the ICNS and 
extracardiac nerves are accessible for manipula-
tion. These studies have provided major advances 
in our understanding of the principles of cardiac 
control at the systems level and are the subject of 
a number of recent reviews to which the reader is 
referred (e.g., [11, 12, 32–34]). While many of the 
issues addressed in the present chapter arise from 
aspects of this work, this material will not be 
covered in depth here. 

Extracellular recordings of action potential 
discharge in the peripheral cardiac nervous sys-
tem (particularly when multiple recording 
electrodes are used to increase the regional 
scope of data recovery; see, e.g., [35]) and the 
changes in neuronal activity evoked by electrical, 
mechanical and chemical stimulation in this sys-
tem are effective tools for enabling analysis of the 
behavior of populations of neurons. In that type of 
study, it may, however, be problematic to discern 
the ongoing activity pattern of a particular neuron 
from others recorded simultaneously at the same 
electrode site. Furthermore, the connectivity and 
physiological type of neuron from which such 
extracellular recordings are made may only be 
deduced indirectly from circumstantial evidence. 
In contrast, intracellular recordings or whole-cell 
patch recordings provide direct access to mem-
brane properties, firing behavior and postsynaptic 
responses of single neurons, usually in reduced 
preparations of isolated tissues. Such recordings 
leave no doubt about the physiological type and 
the nature of synaptic inputs for each cell sam-
pled. However, in those reduced preparations, the 
connections of the sampled neurons with 
extracardiac and distant intracardiac neurons 
have been disrupted. It is thus difficult to deter-
mine, based on single-cell recordings, what the 
roles and contributions of the sampled neurons 
might have been in the system in which they were 
originally embedded. Yet the determination of 
functional properties and input patterns of indi-
vidual autonomic neurons in the intrathoracic and 
intracardiac ganglia is essential in understanding 
how neuronal networks are built from these basic 
elements.
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A major principle of autonomic control of the 
viscera is that the sympathetic and parasympa-
thetic limbs of this system are organized into 
“function-specific pathways” that precisely target 
visceral organs and specific tissues performing 
particular functions (hence “function-specific”) 
within those organs [36–40]. Understanding the 
properties, characteristics and connections of 
individual neurons in the networks controlling 
the heart enables a fundamental step to be taken 
in unraveling the integrative capabilities of this 
network. Neurons subserving various functions 
(motor neurons, afferents and those that integrate 
and process information locally) form the basic 
elements of a variety of local reflex arcs, the 
organization and operating principles of which 
will emerge from investigations of the properties 
and connectivity of these elements. In the follow-
ing sections, I focus on the characteristics of 
intracardiac neurons and what is known of their 
connections to see how these neurons might work 
in combination to create function-specific 
pathways within the heart. 

8.3.1 Overview of the Intracardiac 
Nervous System 

Among the vertebrates autonomic innervation of 
the heart is phylogenetically ancient, with sympa-
thetic and parasympathetic pathways employing 
the same basic operating principles in all extant 
orders from Teleostei [41] to mammals [42– 
44]. Interest in the gross innervation of the heart 
has been strong for centuries (see [4] for historical 
aspects). In the last century, works by Nonidez 
[45], Mizeres [22] and others have clarified the 
anatomical pathways of cardiac nerves into the 
heart in a number of mammalian species. It was 
recognized from the late 1800s that the ICNS 
consisted of collections of ganglia, associated 
with the epicardium, that were connected together 
into ganglionated plexi [46], but the details of this 
organization have only become clear relatively 
recently. The neuroanatomy of the ganglia and 
interganglionic plexi has now been well-
established in both small and large mammals 
commonly used as experimental models in 

cardiovascular research. Among small mammals, 
the ICNS has been characterized in the mouse 
(estimated ~1000–1800 intracardiac neurons 
[47, 48]), rat (~4000 [49–51]) and guinea pig 
(~1500 [52–54]). Comparative studies of the neu-
roanatomy of the ICNS have also been done 
between rat and guinea pig [55, 56]. In larger 
mammals, the neuroanatomy of the ICNS has 
been analyzed in the pig (~3000 [57]), sheep 
(700–800 [58]) and dog (~20,000 [59]). Several 
studies have examined the innervation of the 
human heart and patterns of occurrence of gangli-
onated plexi (~40,000 [56, 60, 61]). Pauza et al. 
[56] presented a quantitative, comparative study 
of neurons in ganglionated plexi in rat, guinea 
pig, dog and human specimens, finding that the 
morphology of neuronal somata was similar 
across species and that the numbers of ganglia 
and the total numbers of neurons per heart scaled 
positively with body and heart size. 

In mammalian hearts, the ganglionated plexi 
are associated with the external walls of both 
atria, the region adjacent to the atrioventricular 
border and within the interatrial septum. The 
occurrence of ganglionated plexi in the human 
heart is illustrated in Fig. 8.3 [34], where major 
plexi have been named for their proximate cardiac 
regions. This example clearly shows the 
distributed nature of the ICNS: ganglionated 
plexi are located close to the pacemaker loci in 
the right atrium (sinoatrial and atrioventricular 
nodes), the ostia of the inferior and superior 
vena cavae, adjacent to the pulmonary vein-atrial 
wall junctions and near the roots of the pulmonary 
artery and aorta. These ganglionated plexi are 
connected together into a network by numerous 
interganglionic nerves, so that there is communi-
cation among populations of neurons located in 
all regions of the heart [62]. 

Once details of the neuroanatomy of the ICNS 
became available, these were used to design a 
variety of physiological studies to electrically 
and chemically stimulate specific loci within the 
system to map the relationships between local 
neurons and cardiac effectors. As a general 
organizing principle for the ICNS, it is tempting 
to assume that most, if not all, neurons adjacent to 
a particular cardiac effector tissue, for instance,



the SAN, would be involved in the control of that 
tissue (e.g., pacemaker discharge rate [63]). How-
ever, this assumption has proven to be an over-
simplification [64]. Certainly, neurons exist in 
right atrial ganglionated plexi near the SAN that 
do in fact affect heart rate, but subpopulations of 
neurons with their somata in most other gangli-
onated plexi in the heart can also modify heart 
rate via axons coursing in the plexus nerves to the 
SAN region. More generally, it has been firmly 
established that the ICNS constitutes a function-
ally as well as anatomically distributed system, 
with neurons in all ganglionated plexi projecting 
to effector tissues in the atria and the ventricles 
[62, 65–68]. 
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Fig. 8.3 Illustrations of distribution of major ganglionated plexi (dots) in the mammalian heart (left panel, dorsal view; 
right panel, superior view with dorsal aspect of heart toward the bottom of panel) ([34] used by permission) 

8.3.1.1 Properties of Intracardiac 
Neurons 

8.3.1.1.1 Electrophysiological Properties 
The first recordings of transmembrane potential in 
intracardiac neurons were made from cells in the 
cardiac ganglion in the interatrial septum of 
amphibian hearts in vitro [69, 70]. Those studies 
investigated the synaptophysiology of inputs to 
the neurons from vagal preganglionic axons. Two 
categories of neurons were described: (1) large 
principal cells projecting axons to the myocar-
dium and to other nearby principal cells, releasing 
acetylcholine from their terminals; and (2) a 

population of catecholamine-containing 
intercalated cells with somata smaller than those 
of principal cells and with processes that termi-
nate exclusively on nearby principal cells 
[71, 72]. Principal cells from the cardiac ganglion 
of mudpuppy, studied in an isolated tissue prepa-
ration, exhibited repetitive action potential (AP) 
firing behavior when depolarized by long-
duration intracellular current injection 
[73, 74]. A major advantage of such reduced 
preparations of the amphibian heart is that cardiac 
ganglia are readily visualized in the thin wall of 
the interatrial septum and can be easily accessed 
for electrical recording and stimulation. In con-
trast, in the mammalian ICNS, it has proven diffi-
cult to obtain intracellular recordings from ICN 
somata in situ since these are embedded in 
subepicardial tissue throughout both atria and 
near the atrioventricular border. Two general 
approaches have been taken to solve this prob-
lem. In the first, tissue containing atrial ganglion-
ated plexi are removed from the heart and the 
neurons are enzymatically dissociated and 
cultured in preparations in which sharp intracel-
lular microelectrodes or patch pipettes are used to 
record membrane potentials and ion channel 
currents. In the second approach, atrial tissues 
containing ganglionated plexi are isolated and 
dissected to expose individual ganglia for the 
impalement of neurons with sharp electrodes.



Both of these approaches have yielded insights 
into the properties of individual ICN, but the 
scope of information obtainable from each type 
of preparation is limited. 
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Dissociated and cultured ICN are free of 
associated connective tissue and are not subject 
to movement artifacts resulting from the contrac-
tion of substrate cardiomyocytes; however, these 
cells no longer have synaptic connections. This 
type of preparation has been used extensively to 
analyze passive and active membrane voltage 
properties as well as ion channel currents, AP 
firing behavior and membrane receptor-mediated 
responses to neurotransmitters, agonists and 
antagonists (see [75] for review). A key electro-
physiological property in understanding neuronal 
function is AP firing behavior during long-
duration current pulses (usually 0.2–1 s), deliv-
ered through the recording electrode to depolarize 
the membrane above the threshold for AP initia-
tion. This type of stimulation at least partially 
mimics the effect of strong excitatory synaptic 
drive on neurons in situ and has been used to 
classify cells into functional categories. Based 
on this test, cultured neurons from a variety of 
mammalian models display three main classes of 
AP discharge in response to prolonged depolari-
zation, illustrated in the example from guinea pig 
intracardiac neurons shown in Fig. 8.4 [76]. The 
most common neuronal type (65–75% of neurons 
sampled) typically discharged one AP at the start 
of prolonged (>1 s duration) depolarization 
(Fig. 8.4a, right panel). Furthermore, this type of 
neuron, when depolarized with a short (5 ms 
duration) intrasomal stimulus pulse, displayed a 
high-amplitude, prolonged afterhyperpolarization 
(AHP) following the AP (Fig. 8.4a, left panel), so 
was designated “AHs” after these characteristics. 
A second neuron type also displayed a prolonged 
AHP following single APs (Fig. 8.4b, left panel), 
but when challenged with long-duration 
depolarizing current injection, these cells pro-
duced multiple APs, initially at a high frequency 
but accommodating to a lower discharge rate as 
the stimulus continued (Fig. 8.4b, right panel). 
This type, making up 10–15% of the neurons, 
was designated “AHm” to reflect a prolonged 
AHP along with multiple AP discharges. The 

third type of neuron (10–15%) displayed contin-
uous, high-frequency AP discharge during 
sustained depolarization (Fig. 8.4c, right panel) 
but had a short-duration AHP following a single 
AP (Fig. 8.4c, left panel). This type was classed 
as “M,” reflecting its multiple and rapidly repeat-
ing AP discharge. Similar results were obtained 
by Xu and Adams [77] in neurons dissociated and 
cultured from the neonatal rat heart; those authors 
described neurons with two patterns of AHP time 
course and AP firing behavior that resembled 
those of the guinea pig AHs and M type neurons 
shown in Fig. 8.4. In cultured guinea pig and 
neonatal rat intracardiac neurons, the distinct 
AHP time courses and firing behaviors of the 
different neuron types were shown to result from 
differential membrane ion channel complements, 
thus establishing the ionic basis for the functional 
differences among these types [75]. 

Cultured neurons lack the interconnections 
present in intact ganglia, so studies such as those 
cited above cannot address questions concerning 
the organization and properties of synaptic 
connections between cells. These questions and 
others have been addressed using isolated, per-
fused preparations of atrial ganglionated plexi 
in vitro, taken from the hearts of a variety of 
mammalian species. Electrophysiological 
properties of ICN in these studies show trends 
generally similar to those in cultured ICN. Pas-
sive membrane properties (transmembrane poten-
tial, whole-cell input resistance, membrane 
capacitance and characteristics of evoked APs) 
of ICN in vitro (summarized in [78]) appear to 
be within the range of those of autonomic neurons 
in other peripheral ganglia (summarized in [79]), 
so these characteristics may not be particularly 
useful in distinguishing between functional neu-
ron types (or their roles) in the heart. However, by 
extension, from studies in cultured ICN, 
properties such as the time course and amplitude 
of AHP and AP firing behavior appear to provide 
distinctions among neuronal types in the heart 
that may be correlated with their functions. 
When analysis of these electrophysiological 
properties is combined with investigation of 
other neuronal features, such as sources of synap-
tic input or neurochemical phenotype of axon



terminals and somata, a clearer picture of the role 
of specific classes of neurons in intracardiac 
function-specific pathways may result. To 
address progress on this issue, I focus on several 
schemes for classifying ICN based on data from 
cells in ganglia with intact synaptic connections 
and what these schemes may contribute to a 
unified perspective relating the properties of 
neurons to their network functions. 
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Fig. 8.4 Intracellular 
recordings of action 
potential firing properties of 
identified intracardiac 
neurons dissociated from 
guinea pig heart and 
cultured. In a, b and c, left 
panels show responses to 
single, short intrasomally 
injected depolarizing 
current pulse; right panels 
show responses to 1 s 
duration current pulses. (a) 
Responses of AHs neuron 
subclass. (b) Responses of 
AHm subclass. (c) 
Responses of M subclass 
(see text for explanation of 
subclasses) ([75] used by 
permission) 

Figure 8.5 shows examples typical of the clas-
sification schemes that have been proposed based 
on active membrane properties of ICN from 
in vitro studies of intact ganglion preparations in 
four mammalian species. In the adult rat heart, 

Selyanko [80] proposed two general neuronal 
types: Type I and Type II (Fig. 8.5a). Type I 
neurons had relatively short AHP duration fol-
lowing a single brief stimulus that evoked an AP 
(Fig. 8.5a, trace designated “a”). These neurons 
were further categorized into two subtypes, Ib and 
Im, based on responses to long-duration 
depolarizing intracellular current injection 
(Fig. 8.5a, traces designated “b” and “c”). Type 
Ib neurons generated a short burst of APs only at 
the start of this depolarization, while Im displayed 
multiple but frequency-decrementing APs for the 
duration of depolarization. Type II neurons had a 
relatively long-duration AHP following a single



AP and produced one or a few low-frequency 
APs during long-duration depolarization 
(Fig. 8.5a, traces designated “a” and “b” 

respectively, bottom panels). No information, 
however, was provided on synaptic inputs to 
any of these neuron types. 
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Fig. 8.5 Comparison of classification systems for intra-
cardiac neurons based on intracellular recordings of mem-
brane potentials from in vitro preparations of mammalian 
hearts (see text for details). Action potentials were evoked 

by intracellular stimulus protocols similar to those used in 
Fig. 8.4.  (a) Rat (after [80]). (b) Canine [82]. (c) Guinea 
pig [84]. (d) Pig [85] (all images used by permission)
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Xi et al. [81, 82] identified R, S and N neurons 
in the canine right atrial ganglionated plexus 
based on AP firing behavior during long-duration 
depolarization (Fig. 8.5b; note, no data on AHP 
were given). Type R (“repetitive”) neurons fired 
APs for the duration of depolarization (Fig. 8.5b, 
upper left), usually with an accommodating firing 
pattern (decrementing in frequency), but a few 
cells maintained a high firing frequency through-
out. The authors indicated that nearly two-thirds 
of R neurons also generated spontaneous APs 
(that is, APs appearing in the absence of external 
stimulation). Type S (“single AP”) neurons 
generated one AP at the start of depolarization 
(Fig. 8.5b, center traces, top); half of these 
neurons showed spontaneous APs. Type N 
(“nonresponding”) neurons (Fig. 8.5b, traces at 
top right) did not respond to hyperpolarizing or 
depolarizing currents injected intracellularly at 
any intensity. These authors noted that, overall, 
AP discharge patterns of these classes of neurons 
paralleled those reported in other peripheral auto-
nomic ganglia [83], such that type R neuronal 
discharge resembled that of tonic neurons, type 
S resembled that of phasic neurons, and the lack 
of responses of type N neurons was also found in 
other ganglia. Xi et al. [82] also injected a 
neuromarker into some of the cells they sampled 
to determine if there was any correlation between 
electrophysiological class and morphology of 
ICN. Examples of the typical somatic morphol-
ogy and patterns of processes of each cell type are 
shown in Fig. 8.5b under their respective mem-
brane response traces. Some differences in 
somatic morphology were reported among these 
types, but the processes of some samples of each 
cell type were observed either to terminate 
entirely within the ganglion under study, or to 
leave the ganglion. 

In the guinea pig, Edwards et al. [84] also 
reported three classes of neurons, S, SAH, and P 
cells (Fig. 8.5c). S cells (Fig. 8.5c, upper trace) 
had a relatively short AHP and displayed frequent 
spontaneously arising postsynaptic 
depolarizations (hence the designation). These 
cells were reported to respond with only a single 
AP at the start of long-duration intracellular 

depolarization (responses not illustrated in their 
article). They described this cell type as 
discharging phasically. S cells displayed ongoing, 
spontaneous postsynaptic depolarizations, some 
of which exceeded the threshold for AP genera-
tion. All of these cells responded synaptically to 
electrical stimulation of local interganglionic 
nerves attached to the sampled ganglion, but 
very few of these cells were even weakly respon-
sive to stimulation of the vagosympathetic trunk. 
SAH cells had long AHPs (Fig. 8.5c) and 
maintained AP discharge throughout the duration 
of long intracellular depolarizing pulses. These 
cells showed strong postsynaptic depolarizations 
and AP discharge from vagosympathetic trunk 
stimulation. P cells had long AHPs (Fig. 8.5c) 
and displayed repetitive AP discharges under 
long-duration depolarization, as well as showing 
spontaneous and rhythmic AP discharge without 
apparent postsynaptic depolarizations. No post-
synaptic responses could be elicited by 
stimulating the vagosympathetic trunk or local 
nerves in this cell type. 

In pigs, ICN have been classified into three 
categories: phasic, accommodating, and tonic 
(Fig. 8.5d [85]). Phasic neurons, constituting 
40% of the neurons sampled, showed only one 
AP at the start of long-duration depolarization and 
had a relatively short-duration AHP after the AP 
(Fig. 8.5d, top panel, main trace and insert). 
These neurons all received cholinergic synaptic 
inputs from vagal preganglionic axons; some also 
received adrenergic inputs from postganglionic 
axons in cardiopulmonary nerves. Accommodat-
ing neurons (33%) displayed multiple AP firing 
that decremented during long-duration depolari-
zation and had short AHPs following the AP 
(Fig. 8.5c, middle panel, main trace and insert). 
Few of these neurons received inputs from either 
the vagosympathetic trunk or the cardiopulmo-
nary nerves. Tonically discharging neurons 
(27%) showed long AHP duration and fired APs 
continuously at a high frequency throughout the 
duration of long depolarizing pulses (Fig. 8.5d, 
bottom main trace and insert). These cells had 
neither vagosympathetic nor cardiopulmonary 
inputs.
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The above data begs the question: are there 
common features among these schemes that may 
be used to determine what the roles of the 
identified neurons might be in controlling the 
heart? First, it appears that different AP firing 
characteristics during prolonged depolarization 
are determined by specific membrane ion channel 
compositions that vary among the neuron types 
(see [75] for discussion), so a categorization 
founded on AP discharge patterns likely has a 
physiological basis. Second, neurons that could 
be identified with “phasic,” “accommodating” 
(equivalent to “adapting”) or  “tonic” firing 
behaviors occur in all of the classification 
schemes discussed here. Third, there are large 
variations among these schemes in terms of 
correlations between neuronal firing behavior 
and accompanying characteristics such as 
patterns of synaptic input or AHP duration, within 
each neuronal class. Regarding synaptic connec-
tivity, all neuron types in the classification system 
of Xi et al. [82] and Smith [85] appeared to have 
synaptic inputs. However, while SAH and P 
neurons in the scheme of Edwards et al. [84] 
had mixed accommodating and tonic firing 
patterns, only SAH neurons received synaptic 
inputs. There was thus no clear correlation 
between the source of synaptic drive and AP 
discharge behavior in that study. In the scheme 
of Smith [85], phasic neurons predominantly 
received inputs from extracardiac nerves while 
accommodating and tonic neurons were 
innervated primarily by axons of intracardiac ori-
gin. Conversely, in the scheme of Edwards et al. 
[84], S (phasic) neurons received primarily intra-
cardiac inputs, while SAH (accommodating or 
tonic) neurons received inputs from the 
vagosympathetic trunk. It is likely that at least 
some of the differences in connectivity of ICN 
among these schemes resulted from interspecies 
variations in the organization of the ICNS, given 
that data were derived from four different species. 
Additionally, many details of the features of ICN 
and their integration into the ICNS are still unex-
plored within each of these experimental models. 

In the ongoing quest for a consistent neuronal 
classification scheme, more recent studies of the 
properties of ICN at the cellular level in both 

cultured cells and intact ganglia preparations 
have used AP firing behavior as a primary char-
acteristic in categorizing cells. In cultured rat 
ICN, Xu and Adams [86] found that the majority 
of neurons sampled were phasic (85%), and the 
rest were tonic. Cuevas et al. [87], also working 
with cultured rat ICN, reported that while more 
than 90% of neurons were accommodating 
(termed “multiple adaptive firing”) at room tem-
perature, when the temperature was increased to 
37 °C more than a third of the accommodating 
neurons were converted to phasic discharge. The 
temperature of the preparation is thus a factor in 
the firing behavior of ICN, so should be consid-
ered in experimental designs. In in vitro studies of 
ICN in rat atria by Rimmer and Harper [88] and 
Dyavanapalli et al. [89] phasic, accommodating 
and tonic neurons were identified, all with synap-
tic inputs from both extracardiac and intracardiac 
sources. In a refinement of the technique of 
recording from ICN in situ, McAllen et al. [90] 
used a working heart-brainstem preparation in the 
rat to record intracellularly from ICN in the 
innervated heart. They identified neurons 
responding to activation of centrally-mediated 
cardiorespiratory reflexes that displayed either 
tonic or phasic discharge characteristics. Tonic 
neurons, which they termed “principal cells,” 
responded predominantly to reflex-driven vagal 
inputs; these neurons were proposed to be the 
major intracardiac relays from preganglionic 
neurons in the medulla to cardiac effectors. Pha-
sic neurons had synaptic inputs from intracardiac 
sources but not from the vagus; these ICN were 
proposed to represent “interneurons” that fulfill 
the role of LCN [8]. One potential limitation of 
this study was that intracellular recordings were 
made only from a limited subset of cardiac 
ganglia located near the sinoatrial node, so 
generalizing these results to the whole ICNS 
may be problematic. In a recent study by Ashton 
et al. [91] in atrial tissue isolated from rat, ICN 
with intact synaptic connections were accessed 
through whole-cell patch electrodes to record 
synaptic currents. No phasic cells were found; 
all voltage-clamp records were made from tonic 
neurons that received synaptic inputs. The 
authors reported that there was considerable



ongoing, spontaneous synaptically driven activity 
in these ICN but were unable to identify the 
source of the activity. 
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It is thus clear from the studies cited above that 
knowledge of the basic AP discharge properties 
of ICN is an important component of the overall 
characterization of the roles of these neurons in 
the intracardiac network. Inherent AP firing 
patterns of specific neuron types will control the 
frequency-dependent properties of information 
throughput by the network. However, while this 
component is a necessary factor, it is not suffi-
cient to evaluate how ICN work in function-
specific pathways in the heart. In addition to the 
inherent membrane properties of ICN, their syn-
aptic connections, axonal projections, neurotrans-
mitter phenotype and receptor complement 
remain to be established to complete the profile 
of these neuron types. 

8.3.1.1.2 Neurochemical Complexity 
In the peripheral autonomic nervous system, para-
sympathetic postganglionic neurons generally 
employ acetylcholine as their main excitatory 
neurotransmitter at neuroeffector terminals while 
sympathetic postganglionic neurons release nor-
epinephrine from their terminals (some also 
release epinephrine). Activation of subtype-
specific receptors for these neurotransmitters on 
effector cells in the visceral organs then 
determines the nature of the influence of the 
limbs of the autonomic nervous system on these 
organs. However, as studies of the neurochemical 
constitutions of various populations of peripheral 
autonomic neurons have progressed, it has 
become clear that there is a wide variety of addi-
tional neurotransmitters and neuromodulators that 
may be expressed by a given population of 
neurons. In fact, in some systems, these 
so-called “nonadrenergic, noncholinergic” 
(NANC) neurochemicals may have a greater 
influence on visceral effectors than the “main” 
neurotransmitter [92]. The patterns of 
co-localization of neurotransmitters or 
neuromodulators in autonomic neurons (termed 
“chemical coding” [37, 39, 40, 93]) are thus part 
of the overall profile identifying discrete 

populations of these cells with their roles in 
function-specific pathways. 

In the ICNS, primary parasympathetic efferent 
postganglionic neurons have been identified as 
cholinergic by the presence of choline 
acetyltransferase (ChAT), an enzyme in the syn-
thesis pathway for this neurotransmitter, or by the 
occurrence of vesicular acetylcholine transporter 
(VAChT), in their somata and processes. Simi-
larly, sympathetic postganglionic efferent 
neurons are usually identified as adrenergic by 
their expression of one or more enzymes involved 
in the synthesis of NE (most commonly tyrosine 
hydroxylase, TH). Numerous studies over the last 
three decades have used immunohistochemical 
detection of these markers to explore the distribu-
tion of parasympathetic and sympathetic ICN in a 
wide variety of mammalian hearts. Immunohisto-
chemical techniques have also been used to detect 
the coexpression of NANC neurotransmitters and 
neuromodulators, such as peptides, nitric oxide 
(NO) and glutamate in these neurons. Much of 
this work has recently been summarized by Wake 
and Brack [13]. 

In all species examined to date, the majority of 
ICN appears to be cholinergic, and many receive 
synaptic inputs from cholinergic axon terminals 
(see for example guinea pig intracardiac ganglia 
in Fig. 8.6: map, Fig. 8.6a; ChAT immunohis-
tochemistry, Fig. 8.6b [54]). At least a portion of 
this population appears to represent principal 
parasympathetic postganglionic neurons in the 
ICNS. However, many subpopulations of cholin-
ergic ICN display differential coexpression of 
NANC neurochemicals. For most of these 
subpopulations, data on their synaptic connectiv-
ity, target projections within the heart and the 
physiological effects of neurochemicals released 
by these cells are still lacking. The specific details 
of neurochemicals co-localized in cholinergic 
neurons also vary greatly depending on the spe-
cies examined [13]. The most common peptides 
co-localized in neurons expressing ChAT or 
VAChT in the ICNS across species are vasoactive 
intestinal polypeptide (VIP) and neuropeptide Y 
(NPY); in addition, ICN in many species com-
monly express neuronal nitric oxide synthetase 
(nNOS), an enzyme in the synthetic pathway for
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Fig. 8.6 Neuroanatomy of intracardiac nervous system in 
guinea pig heart. (a) Flattened wholemount preparation of 
both atria; neuronal network identified by antibodies 
directed against the pan-neuronal marker protein gene 
product 9.5 (white lines). Edges of tissue mark atrioven-
tricular border (AV), interrupted by areas labeled PV (pul-
monary veins), IVC (inferior vena cava) and SVC 
(superior vena cava). LAA and RAA: left and right atrial 
appendages; LVN, RVN: left and right vagosympathetic 
nerve trunks (arrowheads); LCPN, RCPN: left and right 
cardiopulmonary nerves (arrowheads). Small arrows indi-
cate ganglia containing intracardiac neuronal cell bodies; 
dotted oval shows the location of sinoatrial node 

pacemaker. A line taken between the large arrows at top 
and bottom of the tissue marks the position of the junction 
of the external atrial wall with the interatrial septum (not 
shown). (b) Ganglion with labeled neuronal somata (oval-
shaped cells; protein gene product 9.5) adjacent to two 
interganglionic nerves. Smaller, lighter-staining cells and 
processes expressing tyrosine hydroxylase (arrows and 
arrowheads) are also shown; these do not overlap with 
the neuronal label. (c) Catecholamine-containing pro-
cesses with varicosities (arrowheads) associated with gan-
glion neurons (diffuse background staining). Scale bars 
represent 2.5 mm in a,  50  μm  in  b,  25  μm  in  c ([54] with 
permission)



generating NO, a gaseous transmitter with wide-
spread effects on many visceral organs. In the 
ICNS of some mammals, cholinergic neurons 
have been shown to express multiple 
neuropeptides, thus defining a series of 
subpopulations with distinct neurochemical 
profiles. For instance, in the guinea pig ICNS 
Steele and coworkers reported that neurons 
expressing combinations of the peptides somato-
statin, dynorphin, substance P, NPY and VIP 
constituted at least seven neuronal subclasses; 
this picture is further complicated by the fact 
that many but not all of these cells also expressed 
nNOS [52, 94]. Furthermore, in an extensive 
immunohistochemical study, Steele et al. [95] 
established the axonal termination patterns within 
the heart of multiple peptide-expressing 
subpopulations of ICN, showing that the sino-
atrial node, the atrioventricular node and the car-
diac valves were each innervated by several of 
these subpopulations. In human ICN, the most 
common somatic phenotype was cholinergic, 
with the majority of cells expressing nNOS. How-
ever, none of the somata in humans showed label-
ing for VIP, SP or calcitonin gene-related peptide 
(CGRP, commonly associated with the somata of 
sensory neurons), but these peptides were abun-
dant in axons and terminals throughout the 
ganglia [96]. The latter finding suggests that 
these peptide-containing elements were derived 
from neurons with their somata extrinsic to the 
heart.
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The number of neurons (<10–15% of the total 
number) in the ICNS that express TH is relatively 
small. Members of that population should have 
the capability for synthesizing and releasing NE 
(and possibly epinephrine) [53, 97–101] so they 
may represent sympathetic postganglionic 
neurons with their somata located in the ICNS. 
Certainly, when intracardiac ganglia in most parts 
of the mammalian heart are stimulated chemically 
to activate neuronal somata (but not axons that 
may be of extracardiac origin), cardio-
augmentation occurs similar to the effects of 
activating sympathetic postganglionic neurons in 
the intrathoracic ganglia via axons projecting to 
the heart [32]. On the basis of these findings, 
sympathetic efferent neurons have been 

represented at the intracardiac level of the sche-
matic diagrams of neuronal hierarchy for cardiac 
control (Figs. 8.1 and 8.2). Putative sympathetic 
postganglionic efferent neurons in the ICNS have 
also been shown to co-express peptides such as 
NPY [53]. 

Many reports have also identified TH-positive 
cells in the ganglia of the ICNS that do not 
express markers typical of neurons; such cells 
have a smaller average soma size than ICN and 
may release catecholaminergic neurotransmitters 
[54]. The function of these cells in the heart is not 
known, but it is possible that they may represent a 
form of “interneuron” as proposed by Parsons 
et al. [102] in the cardiac ganglion of the amphib-
ian. In some studies of the mammalian heart, 
these cells are reported to have pericellular 
baskets of cholinergic axon terminals. They also 
give rise to short projections that appear to con-
tact nearby cholinergic ganglion neurons 
(Fig. 8.6), reinforcing the idea that these cells 
could release catecholamines under the influence 
of cholinergic synaptic input. There is also the 
possibility that these TH-positive cells may be a 
type of “small, intensely fluorescent cell” (SIF 
cell), common in other peripheral autonomic 
ganglia (for instance, pelvic ganglia [103]). 

There is a small subpopulation of ICN in 
which individual somata may contain both cho-
linergic and adrenergic neuromarkers, reported in 
several species (guinea pig [53]; mouse [47, 99]; 
human [98]; rats, mice and human [104]). As yet, 
it is unclear what the function of such neurons 
might be, since ACh and NE have different 
influences (i.e., inhibitory versus excitatory) on 
those effectors expressing receptors for both 
neurotransmitters. It has been proposed that the 
function of such neurons may be switched, per-
haps by fluctuating local concentrations of 
neurotrophic factors that control neurotransmitter 
gene expression, to work in either sympathetic or 
parasympathetic pathways at different times and 
under different physiological conditions 
[98, 104]. However, the connectivity and physi-
ology of these neurons have not been established 
and their roles in the control of the heart are still 
unknown, leaving an intriguing gap in our knowl-
edge of this system.
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Nerve fibers containing neuropeptides (SP, 
CGRP) that are expressed by visceral afferent 
neuronal populations with their somata in the 
nodose and petrosal ganglia and the dorsal root 
ganglia (DRG) have also been reported within the 
ICNS [13, 34, 47, 99, 105, 106]. In addition, 
DRG neurons express markers for glutamate-
handling biochemistry and there are numerous 
intracardiac plexus components containing these 
markers [107]. Furthermore, mechanical and 
chemical manipulation of most parts of the myo-
cardium evoke rapid changes in ICNS activity 
that correlate with changes in the behavior of 
cardiac effectors. It has been proposed that 
collaterals of afferent axons within the heart ter-
minate on some ICN, constituting local sensory 
feedback to intracardiac circuitry about the 
dynamic state of the heart [20, 32, 33]. There is 
also evidence that the somata of some ICN con-
tain sensory neuronal markers (CGRP, SP [53]; 
glutamate [107]). These neurons may thus serve 
as intracardiac afferent neurons with their pro-
cesses entirely within the ICNS [32] (see Sect. 
8.3.1.2.2 for further discussion). Such afferent 
neurons are therefore represented within the 
ICNS in the hierarchy for cardiac control 
(Figs. 8.1 and 8.2). 

8.3.1.2 Functional Roles 
At the level of individual neurons within the 
ICNS, what practical criteria might be used dur-
ing experimental studies to identify the cell types 
labeled “efferent,” “local circuit” and “afferent” 
in Figs. 8.1 and 8.2? This question is considered 
in the discussion of function-specific neuronal 
types below. 

8.3.1.2.1 Efferent Neurons 
(i) Parasympathetic Postganglionic Efferent 
Neurons 
There is no doubt that cholinergic ICN are the 
primary parasympathetic postganglionic neurons 
in the two-neuron pathway for signaling from 
medullary preganglionic neurons to the cardiac 
effectors. However, as a number of studies have 
shown over the last four decades, not all, and 
perhaps not even the majority of ICN (depending 
at least partly on species) subserve this function. 

Even determining how many neurons are in this 
category in any species is still problematic. What 
would constitute a reasonable set of necessary 
and sufficient characteristics to define parasympa-
thetic efferent ICN, and what is the evidence for 
neurons that would fit this set? 

1. Axonal projection pattern. Each neuron in 
this category should project an axon directly 
to at least one class of cardiac effector cell 
(pacemaker, conducting system, myocytes, 
smooth muscle of vasculature) in a region of 
the heart (or multiple regions if the axon 
branches) that may lie adjacent to, or more 
distant from, the location of the ganglion in 
which the soma is located. There is anatomical 
and physiological evidence in every species 
examined so far indicating that all regions of 
the heart receive parasympathetic postgangli-
onic innervation [13, 34, 95, 108] and that 
stimulation of ICN in ganglia located in all of 
the major intracardiac plexi can affect cardiac 
function via activation of effector cells both 
adjacent to and remote from the stimulated 
ganglia [62, 65–68]. To date, there have been 
few attempts to analyze the intracardiac axonal 
projection patterns of ICN with the use of 
neurotracers. In an intracellular study of the 
morphology-function relationships of physio-
logically identified ICN [82], a neurotracer 
was injected through the recording microelec-
trode into the somata of sampled neurons. The 
processes of some of these neurons exited the 
ganglion under study via interganglionic 
nerves, but the distal targets of these 
projections could not be determined. In the 
reverse experiment, in which the neurotracer 
cholera toxin subunit B (CTB) was applied to 
the right or left atrial wall of the canine heart, 
the tracer was transported from axonal 
terminals to neuronal somata in both local 
and remotely located ganglia. In some cases, 
individual somata were labeled by CTB trans-
port from axonal branches innervating multi-
ple, well-separated injection sites 
[109]. However, somata in this study were 
not characterized on the basis of their physio-
logical properties. While these findings



While details of the number, source and neu-
rochemical phenotypes of synaptic terminals
on efferent ICN remain unknown, it is likely
that most, if not all, of these cells, will receive
inputs from several different populations of
ICN involved in local processing and possibly
from cardiac afferent axon collaterals or axons
from afferent ICN. These inputs may originate
from cells within the ganglion in which the
efferent neuron resides or from neurons in
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reinforce the general idea of the distributed 
nature of ICN projections to local and distant 
cardiac effectors, it is not clear what the spe-
cific pattern of “fanout” of axonal projections 
of specific efferent parasympathetic neurons 
may be within the heart. 

2. Transmitter release at neuroeffector 
junctions. Parasympathetic efferent neurons 
release ACh from axon terminals in the vicin-
ity of cardiac effectors, representing the ful-
crum for parasympathetic control of cardiac 
functions. Endogenously released ACh acts 
postjunctionally at primarily M2-type musca-
rinic receptors, with consequent negative 
chronotropic, inotropic and dromotropic 
effects. In addition to cholinergic 
neuroeffector transmission, these neurons 
may also release one or more of a constellation 
of neurotransmitters and neuromodulators 
(e.g., NO, VIP and NPY) from their axonal 
terminals (Sect. 8.3.1.1.2), which can modify 
the postjunctional effects of muscarinic recep-
tor activation. However, there have as yet been 
no definitive studies in functioning cardiac 
preparations on the nature of neuroeffector 
transmission from cholinergic efferent neurons 
identified either by their neurochemical 
profiles or by their specific axonal projection 
patterns to particular cardioeffectors. 

3. Convergence of synaptic inputs. Some effer-
ent postganglionic parasympathetic neurons 
receive direct synaptic input from one 
(or more) vagal preganglionic axons coursing 
into the heart from extrinsic nerves, although 
the proportion of neurons receiving such 
inputs is known to be only a small fraction of 
the total number of ICN [26, 110]. Vagal pre-
ganglionic axon terminals release ACh, caus-
ing excitatory postsynaptic potentials (EPSPs) 
in the postsynaptic membrane via activation of 
nicotinic receptors. The simplest arrangement 
for information transfer in this system, assum-
ing that preganglionic input is represented by 
one axon terminating on a single postgangli-
onic cell, would therefore consist of strong 
synaptic drive (one AP arriving at the pregan-
glionic terminal evoking a high-amplitude 

EPSP) that is suprathreshold for AP generation 
in the postganglionic neuron. This would fit 
the “classical” concept of the two-neuron 
peripheral autonomic pathway from central 
neurons to the viscera. However, data from 
studies recording extracellular AP discharge 
within the ICNS in the in situ heart show that 
this condition is rare: trains of high-frequency, 
high-intensity stimuli delivered to vagal pre-
ganglionic nerves are normally required to 
evoke even minimal AP discharge in ICN in 
efferent pathways [26, 110]. The major impli-
cation of this is that the majority of postgan-
glionic parasympathetic efferent ICN do not 
receive direct synaptic inputs from 
extracardiac preganglionic axons. Other 
investigations using intracellular recordings 
from ICN in isolated atrial preparations 
in vitro have identified a population of neurons 
with preganglionic vagal inputs 
[85, 111]. Some of these neurons display 
high-strength, unitary synaptic excitation, but 
most show evidence of polysynaptic innerva-
tion, requiring summation of inputs from mul-
tiple presynaptic terminals to reach the 
threshold for AP generation. In contrast, 
McAllen et al. [90] have reported that vagal 
preganglionic inputs to individual ICN, driven 
both by cardiorespiratory reflexes and 
vagosympathetic trunk stimulation, usually 
evoke strong, unitary postsynaptic responses 
and APs in these neurons. However, it was not 
possible in any of these studies to identify 
where in the intracardiac control pathways 
the sampled neurons resided so their identity 
as potential parasympathetic postganglionic 
neurons could not be confirmed.



other intracardiac ganglia. In any case, given 
the potential complexity of convergence of 
inputs onto efferent ICN, if there are specific 
subsets of these inputs forming differentiable 
patterns, these have not yet been established 
(see further discussion in Sect. 
below). 

8.3.1.2.3 
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4. AP discharge properties. The separation of 
ICN into discrete populations based on their 
AP firing behaviors (Sect. 8.3.1.1.1) was orig-
inally done in the hope that these behaviors 
would correlate with other characteristics such 
as input pattern or output projection to enable 
the identification of neurons in each category 
with a particular functional pathway. So far, 
however, this has not proven to be the case. 
While there appears to be general consensus 
that neurons with phasic and multiple-firing 
(accommodating or tonic) behaviors actually 
represent physiologically distinct subtypes 
(based on discrete sets of membrane ion chan-
nel complements), there are as yet no straight-
forward correlations between the firing 
behavior of a neuron and its position within a 
specific pathway or its functional role in car-
diac control. This may partly be due to inter-
species differences and partly to the fact that 
the anatomical identification of efferent 
neurons is still lacking in any species (see 
above). Therefore studies in which the somata 
of neurons are retrogradely labeled with 
neurotracers applied to various 
cardioeffectors, combined with intracellular 
recordings to determine the firing properties 
of such neurons, would represent the most 
direct way to address the question of physio-
logical to pathway-position correlation. Such 
studies have been performed in investigations 
of the enteric nervous system to help establish 
the functional characteristics of myenteric and 
submucosal neuronal populations (see [112]), 
but these techniques have not yet been applied 
to the heart. 

5. Integrative properties. The capability of a sin-
gle efferent parasympathetic postganglionic 
ICN to generate APs that modulate the activity 
of a cardiac effector will be determined by 
integration of the combination of factors 

discussed above pertaining to that particular 
neuron: the origins of synaptic input and post-
synaptic receptor types present, synaptic 
strength of different inputs and the firing 
behavior of the cell. Given that some of these 
characteristics can also be modified by ongo-
ing changes in the cardiac milieu (such as 
metabolite levels, extracellular ion 
concentrations, availability of nutritive 
substrates, local ischemia and pH [33]), the 
role of any efferent neuron will likely also 
adapt at least in the degree of its effectiveness 
if not in principle, during such variations.(-
ii) Sympathetic Postganglionic Efferent 
Neurons 

While the somata of the vast majority of sympa-
thetic neurons in the peripheral autonomic inner-
vation targeting the heart are located in the 
extracardiac intrathoracic ganglia [101], there is 
evidence that some somata lie within the ICNS 
[32, 101]. These neurons may have been 
displaced from the intrathoracic ganglia into the 
heart during development, so they could have the 
same operating characteristics as those in the 
thoracic ganglia, or they may represent a different 
subpopulation of sympathetic postganglionic 
neurons with their own set of characteristics. 
This has not been established. There is in fact 
very little known about these neurons at the cel-
lular level. Their neuroeffector terminals contain 
catecholamines (chiefly NE), so these cells should 
be distinguishable as a distinct subpopulation 
from the other neuron types in the ICNS by their 
expression of amine-synthesizing enzymes, capa-
bility for storing and releasing adrenergic 
neurotransmitters and affinity for pan-neuronal 
markers. 

1. Axonal projection pattern. By analogy with 
parasympathetic efferent neurons in the heart 
(Sect. 8.3.1.2.1, i(1)), sympathetic efferent 
ICN should project axons to neuroeffectors in 
one or more regions of the heart (diverging 
through axonal branching) and their axon 
terminals will release NE at neuroeffector 
junctions to augment effector function. Physi-
ological experiments support this supposition. 
Activation of these ICN with focal application 
of small volumes of excitatory neurochemicals
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to individual ganglia located in all parts of the 
heart evokes neurally mediated increases in 
cardiac indices [67, 113]. Those results dem-
onstrate that sympathetic postganglionic ICN 
are present and project axons to a range of 
neuroeffectors throughout the heart. It thus 
appears that, while sympathetic postganglionic 
neurons within the ICNS appear to be much 
more rare than parasympathetic neurons, 
adrenergic ICN also constitute a distributed 
control system capable of driving local and 
remote cardio-augmentatory responses. How-
ever, despite several studies that have 
identified ICN somata with adrenergic 
characteristics, thus making them likely 
candidates for sympathetic postganglionic 
ICN [53, 98, 100], there have been no studies 
of the neuroanatomy of the axonal projections 
of these neurons. 

2. Transmitter release at neuroeffector 
junctions. Sympathetic postganglionic 
neurons with their somata located in the 
ICNS will likely have axon terminal-cardiac 
effector relationships similar to those of post-
ganglionic neurons with their somata in the 
intrathoracic ganglia. Release of NE from the 
terminals of sympathetic ICN would thus be 
expected to augment chronotropic, 
dromotropic and inotropic cardiac functions. 
The neuropeptide NPY is co-localized with the 
adrenergic marker TH in the somata and 
terminals of some sympathetic ICN [53] and 
release of this peptide can modulate the effects 
of NE on cardiac myocytes [114] as well as 
reduce the negative chronotropic effect of 
parasympathetic cholinergic inputs to the 
pacemaker [115]. 

3. Convergence of synaptic inputs. The major 
synaptic input on sympathetic postganglionic 
ICN, as for postganglionic neurons in the 
intrathoracic ganglia, is likely from pregangli-
onic neurons with their cell bodies in the 
intermediolateral column of the spinal cord. 
Preganglionic terminals release ACh at the 
synaptic junction, acting at nicotinic choliner-
gic receptors on the postsynaptic membrane 
(Sect. 8.3.1.2.1, i(1)). The cardiac augmenta-
tion that results from chemical activation of 

these neurons was eliminated by propranolol, 
a β-adrenergic antagonist that blocks 
postjunctional effects of NE, as well as by 
the application of hexamethonium, a nicotinic 
cholinergic channel blocker that interrupts 
cholinergic neurotransmission to these 
cells [67]. 
There is as yet no information about 
noncholinergic synapses on sympathetic post-
ganglionic neurons in the ICNS. Studies 
identifying putative sympathetic ICN by their 
primary expression of TH [53, 99] have not 
provided details of the neurotransmitter 
phenotypes of synaptic terminals on these 
cells. 

4. AP discharge properties. No intracellular 
records have yet been made from cells 
identified as intracardiac sympathetic postgan-
glionic neurons, so the firing behavior of these 
neurons is not established. 

5. Integrative properties. Given that sympathetic 
postganglionic ICN will have synaptic inputs 
from one or more sympathetic preganglionic 
axons and that the neurochemical profiles of 
any additional synaptic contacts on these cells 
remain unclear, it is tempting to speculate that 
their capability for integration at the level of 
the soma may be limited. In the simplest case, 
these cells may receive only one strong synap-
tic preganglionic input, thus acting as simple 
relays from the autonomic motor neurons in 
the spinal cord to the cardiac effectors. How-
ever, intracellular studies of sympathetic post-
ganglionic neurons in the intrathoracic ganglia 
have shown that neurons here typically inte-
grate multiple preganglionic inputs and may 
receive additional inputs from afferent axons 
and possibly from intraganglionic processing 
neurons [8, 29, 116]. The capability for 
processing information through the network 
of intracardiac sympathetic postganglionic 
neurons is, therefore, likely to be no less com-
plex than that for their counterparts in the 
intrathoracic ganglia. 

8.3.1.2.2 Afferent Neurons 
Primary afferent neurons associated with the heart 
may be defined as those that respond to one or



more sensory modalities (mechanical stretch or 
change in the local chemical environment) with 
a receptive field limited to a restricted cardiac 
region [117]. Some of these afferent neurons can 
transduce both mechanical and chemical stimuli 
[32]. The somata of such neurons may be located 
outside the heart in the DRG, vagal sensory 
ganglia, intrathoracic ganglia or within the ICNS 
[8, 33]. Thus, within the heart, there are two 
apparent sources of sensory signaling: (1) afferent 
neurons with their somata in extracardiac ganglia 
with axons that give rise to intracardiac collaterals 
terminating on neurons within the ICNS; and 
(2) afferent neurons with their somata resident 
within the ICNS and with axons that project 
intracardially. Activation of receptor endings of 
either of these neuron types by an adequate stim-
ulus of the correct modality results in the genera-
tion of trains of APs. These in turn activate other 
ICN involved in a variety of integrative processes 
that eventually contribute to cardiac command 
signals by which the heart responds to the original 
stimulus [20]. Such afferent input into LCN and 
efferent neurons within the ICNS would thus 
provide the necessary drive for short-latency 
intracardiac reflexes [33]. 
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The observation of ongoing, spontaneous 
intracardiac neuronal activity, recorded in the 
absence of inputs from the central nervous system 
or intrathoracic ganglia (heart decentralized), was 
the first convincing physiological evidence that 
afferent neurons could be driving activity within 
the ICNS [26, 110, 118]. The fact that spontane-
ous activity could be recorded in the hearts of 
dogs up to a year after cardiac transplant 
(in those animals that did not show signs of 
regrowth of extracardiac nerves into the heart) 
further indicated that afferent neurons resident in 
the ICNS were driving this activity [119]. In 
these, and in virtually all other studies of ICN in 
the beating heart, neuronal activity was recorded 
extracellularly. It has thus not been possible to 
determine whether the source of afferent dis-
charge was the primary afferent neurons them-
selves or activity that was induced in secondary 
or higher-order neurons entrained by such pri-
mary afferent inputs [110]. The characteristics of 

primary afferent ICN at the level of individual 
cells have not been established. 

Primary cardiac afferent neurons with their 
somata in the DRG that project to the dorsal 
horn of the spinal cord express CGRP and SP 
along with markers for the synthesis of glutamate 
[107, 120] and have a stereotypical bipolar mor-
phology [55, 105]. Cardiac afferent information is 
also conveyed to the nucleus solitarius in the 
medulla via primary afferent neurons with their 
somata in the nodose and petrosal ganglia of the 
vagus. The occurrence and distribution of the 
axons of these afferent neurons within the heart 
are identifiable by the patterns of expression of 
their sensory neuromarkers. It is reasonable to 
suppose that resident cardiac afferent ICN would 
have similar profiles of neuromarkers; in fact, cell 
bodies expressing neuromarkers typical of affer-
ent neurons have been identified within the ICNS 
[53], although these are relatively rare. Some 
afferent terminals and axons in the heart also 
express the transient receptor potential vanilloid 
1 (TRPV1) ion channel [121–124]; these 
terminals are activated by a variety of chemical 
stimuli including capsaicin and bradykinin 
[121, 122, 125]. Recently the TRPV1 agonist 
resiniferatoxin has been used to overstimulate 
and thus partially deplete these channels, 
providing a method to selectively impair some 
intracardiac afferent terminals [121, 123]. This 
has allowed the contribution of these receptors 
to cardio-cardiac reflexes to be evaluated 
[123, 124]. It is, therefore, possible that the 
characteristics typical of vagal and DRG afferent 
neurons may also apply to resident afferent ICN. 

There is physiological evidence for the pres-
ence of intracardiac afferent neurons in multiple 
mammalian species. Spontaneous, ongoing activ-
ity from ICN in isolated atrial tissues in vitro has 
been reported during intracellular recording by 
several authors [84, 126, 127]. This activity gen-
erally consists of EPSPs occurring either 
irregularly or in rhythmic trains; some of these 
depolarizations exceeded the threshold for AP 
discharge. In this situation, it is not clear whether 
these neurons are themselves primary sensory 
cells or are responding to activity in a primary



neuron with a synapse on the sampled neuron. In 
some cells, APs rose directly from the baseline 
membrane potential without a preceding EPSP. 
Such activity may represent ongoing discharge of 
primary afferent neurons, perhaps responding to 
small contractions of the underlying myocardial 
substrate. 
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An attempt to correlate the firing pattern of 
ICN with other indicators of a potential afferent 
function was made by Edwards et al. [84], who 
recorded intracellularly from several classes of 
neurons in the guinea pig heart (see Sect. 
8.3.1.1.1 for details). They described one class, 
P-type neurons, that had no synaptic inputs, 
showed bipolar or pseudounipolar morphology 
after labeling with neurotracer injected via the 
recording electrode and displayed multiple AP 
discharges in response to long intracellular 
depolarizing current injection. P-type neurons 
also had consistent patterns of spontaneous, fre-
quent short depolarizations that were subthresh-
old for AP generation and occasionally 
discharged APs that rose rapidly from the base-
line membrane potential without a preceding 
EPSP. Selyanko [80] also reported that some 
ICN with the firing properties of type Im 
(Fig. 8.5) showed regular spontaneous AP 
discharges that rose directly from the baseline 
membrane potential without evidence of preced-
ing EPSPs. This author discounted the possibility 
that injury potentials resulting from poor cell 
impalement were responsible, suggesting that 
this activity was “intrinsic in origin”. Such activ-
ity may well have arisen from the transduction of 
mechanical stimuli from elements of the myocar-
dium underlying the ganglia containing the sam-
pled neurons. 

Given the attributes of extracardiac afferent 
neurons innervating the atria and ventricles, it 
would be appropriate to speculate that afferent 
neurons with their somata within the ICNS had 
similar attributes, as a starting point for 
identifying these cells. The most useful criteria 
for this may be: (1) somata and processes that 
exhibit immunohistochemistry for one or more 
of the neuropeptides associated with extracardiac 
afferent cells (CGRP and SP) with markers of 
glutamate expression also a possibility; 

(2) expression of TRPV family channels or 
stretch-activated channels in the cell membrane; 
(3) lack of synaptic inputs; (4) pseudounipolar or 
possibly bipolar cell morphology; (5) receptor 
terminals associated with the myocardium or car-
diac connective tissue; (6) membrane potential 
depolarization in response to activation of 
chemosensory or mechanosensory transduction 
mechanisms (or both), with such depolarizations 
reaching the threshold for AP discharge upon 
delivery of an adequate stimulus to the mem-
brane; (7) capability for firing APs repetitively 
under strong sensory stimulation (some of these 
neurons may show adaptation of AP firing rate); 
(8) synaptic transmission, with a high safety fac-
tor, to one or more secondary neurons. It is possi-
ble, in regard to item 8, that those afferent neurons 
make connections with nearby secondary neurons 
or with those in more distant ganglia; ultimately, 
such afferents may even project axons centripe-
tally via extracardiac nerves. 

8.3.1.2.3 Local-Circuit Neurons 
Evidence from numerous studies employing 
extracellular recordings of ICN activity in in situ 
hearts indicates that the majority of activity 
originates from neither principal postganglionic 
efferent neurons nor primary afferent neurons 
[32]. Instead, such activity is proposed to result 
from the potentially very large number of 
interactions between neurons of as yet indetermi-
nate function within the intracardiac ganglia; 
these neurons are represented in the hierarchical 
schematics of the ICNS as LCN (Figs. 8.1 
and 8.2). 

Beaumont et al. [110] showed that, in sponta-
neously beating hearts in the open-chest, 
anesthetized canine, many ICN discharged APs 
spontaneously at varying rates. Their activity 
could be modulated by manipulations including 
mechanical stimulation of the myocardium, short 
periods of left ventricular ischemia, great vessel 
occlusion, induction of atrial arrhythmia or 
extracardiac nerve stimulation. However, it is sal-
utary that none of the neurons sampled in that 
study responded directly to extracardiac inputs. 
Instead, approximately half of the neurons 
responded indirectly to electrical stimulation of



either vagal or sympathetic extracardiac nerves. A 
proportion of these ICN showed responses to 
stimulation of both extrinsic input pathways. 
The authors interpreted these results as showing 
that most ICN with responses to extrinsic inputs 
was located in intracardiac processing pathways 
that were involved in integrating information 
from central neurons but were not directly driven 
by those inputs. Many of the sampled ICN, 
whether or not they received extrinsic inputs, 
showed spontaneous activity that was locked to 
specific phases of the cardiac cycle, implying that 
this aspect of their activity originated from intra-
cardiac afferent neurons or axon collaterals 
innervating the myocardium. In keeping with 
this, about one-quarter of neurons sampled in 
this study responded to mechanical manipulation 
of the myocardium or to multiple cardiac 
stressors. 
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Given the apparent complexity of neuronal 
pathways within the ICNS and the finding that 
the majority of ICN within this system appears to 
consist of subpopulations of LCN that presum-
ably perform a variety of functions within these 
pathways, it has been proposed that LCN be 
subdivided into three classes on the basis of 
experimental evidence [110, 128]. 

(i) Secondary afferent local-circuit neurons. 
These neurons are defined as receiving 
inputs from one or more primary afferents 
mediating mechanosensory or 
chemosensory modalities (or both). The des-
ignation “secondary” refers to ICN 
contacted either monosynaptically or 
through a multisynaptic pathway by primary 
afferents. In the study of Beaumont et al. 
[110], the majority of neurons that preferen-
tially received afferent inputs certainly 
belonged to this class, as they commonly 
responded to multimodal sensory signals 
and had broad receptive fields. 

(ii) Secondary efferent local-circuit neurons. 
Neurons of this type would be entrained in 
the cardiomotor pathways between extrinsic 
vagal or sympathetic preganglionic inputs 
and cardiac effectors. They would process 

inputs derived from extracardiac sources, 
and their activity would presumably be sub-
ject to modification by intracardiac integra-
tive processes controlling the routing of 
cardiomotor information through these 
pathways. 

(iii) Convergent local-circuit neurons. These 
neurons are perhaps the least well-defined 
of the three LCN categories but may be the 
largest population in the ICNS. A substantial 
portion of ICN responding indirectly to 
extrinsic nerve stimulation was activated by 
more than one input source. These ICN 
could respond to inputs from the right or 
left vagus, the right or left sympathetic 
nerves, or from both sets of nerves 
[110, 128]. These findings are corroborated 
by intracellular microelectrode studies in 
isolated atrial tissue in vitro, in which mem-
brane potential responses of single ICN were 
recorded during electrical stimulation of the 
proximal ends of extracardiac nerves 
[85, 111]. 

In the rat heart stimulation of the stump of the 
vagosympathetic trunk attached to the preparation 
evoked EPSPs and APs in ICN (Fig. 8.7a, top 
panel [111]); bath application of mecamylamine, 
a nicotinic cholinergic antagonist, eliminated the 
nicotinic component of the EPSP, revealing a 
small noncholinergic postsynaptic depolarization 
(Fig. 8.7a, bottom panel). In this context, it is 
important to note that the stimulated nerve branch 
contains both vagal preganglionic (cholinergic) 
and sympathetic postganglionic (adrenergic) 
axons. In the pig heart, more than one-third of 
the neurons sampled responded with EPSPs to 
vagosympathetic trunk stimulation; 
depolarizations usually appeared at latencies of 
20–40 ms or longer from the stimulation pulse 
([85]; Fig. 8.7b, top trace). Some of those inputs 
exceeded the threshold for AP discharge (not 
shown). Roughly half of the ICN responding to 
vagosympathetic trunk input also responded to 
cardiopulmonary nerve stimulation with EPSPs 
(Fig. 8.7b, second trace from the top; none of 
these reached the threshold for AP discharge). In
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Fig. 8.7 Intracellular postsynaptic responses of intracar-
diac neurons to electrical stimulation of extrinsic cardiac 
nerves. (a) Isolated heart of neonatal rat. Upper panel: 
neuron responds with action potential to single presynaptic 
stimulus. Lower panel: upper trace (“control”) shows 
excitatory postsynaptic response in another neuron to sin-
gle presynaptic stimulus; response did not reach threshold 
for action potential discharge. Lower trace (“mecamyl-
amine”) shows that depolarizing response to a repeated 
presynaptic stimulus was eliminated by exposure to this 
nicotinic cholinergic antagonist. (b) Isolated heart of pig. 
From top of panel downward: Postsynaptic depolarizing 
responses of the same neuron to single-pulse stimuli deliv-
ered to attached stumps of extrinsic cardiac nerves 

(“VAGUS,” upper trace) and cardiopulmonary nerve 
(“CPN,” second trace). Stimulation of either nerve alone 
evoked excitatory postsynaptic potentials (EPSPs) that did 
not reach the threshold for action potential discharge. 
Middle trace, simultaneous stimulation of both nerves 
(“VAGUS+CPN”) evoked multiple EPSPs that summated 
to exceed threshold for action potential. Second trace from 
bottom: hexamethonium, a nicotinic antagonist, blocked 
postsynaptic responses from vagosympathetic trunk stim-
ulation (“VAGUS”). Bottom trace: timolol, a B-adrenergic 
antagonist, blocked responses from stimulating the cardio-
pulmonary nerve (“CPN”). In a and b, the stimulus artifact 
is represented by small pulse on baseline trace preceding 
responses (a:  [111]; b:  [85] with permission)



the example shown here, when both nerves were 
stimulated together, the combined EPSP 
exceeded the threshold for the AP (Fig. 8.7b, 
third trace from top). Bath application of hexame-
thonium, a nicotinic cholinergic antagonist, 
eliminated the effect of vagosympathetic trunk 
stimulation (Fig. 8.7b, second trace from bottom) 
and application of timolol, a β-adrenergic antago-
nist, blocked depolarizations from cardiopulmo-
nary nerve stimulation (Fig. 8.7b, bottom trace). 
In both studies, ICN were identified that 
responded to extrinsic nerve stimulation over a 
range of latencies, and in many of these cells, 
increasing the stimulus amplitude recruited mul-
tiple temporally- and spatially-summated EPSP 
components. It is, therefore, arguable that the 
ICN recorded in these intracellular studies could 
be examples of convergent LCN. Unfortunately, 
in neither study was a response to local, 
interganglionic nerve stimulation tested, so 
whether these neurons received synaptic inputs 
from intracardiac sources is not known.
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The concept of classification of LCN by a 
combination of (1) their responses to events trans-
duced by primary afferent inputs; (2) their con-
nectivity (or lack of it) with extrinsic autonomic 
inputs; and (3) their spontaneous discharge 
profiles entrained by the process of integrative 
network signal processing as proposed by 
Beaumont et al. [110] makes a compelling frame-
work to begin to understand how information 
may be processed in the ICNS. Furthermore, it 
appears that there is some evidence of support for 
this system at the level of single ICN, at least for 
the category of convergent LCN, as in the 
examples above. However, the characteristics of 
potential LCN of all types must be further 
investigated at the level of the single cell. 

8.4 Future Directions in Analysis 
of Intracardiac Neuronal 
Circuitry 

A critical factor in the anatomical and functional 
analysis of circuitry within the ICNS is access to 
the system for visualization and experimental 
manipulation in preparations in which in vivo 

levels of integration are maintained. In most 
mammalian models studied to date, the ICNS is 
embedded in relatively thick cardiac walls, so not 
accessible in its entirety. Functional studies on the 
physiology and synaptic interconnections of ICN 
have thus largely been done in explanted cardiac 
segments studied in vitro. This has limited the 
scope for gleaning information about the circuitry 
in which individual ICN are involved. Similarly, 
anatomical studies of the ICNS have been hin-
dered by the lack of capability for visualizing 
labeled neuronal elements in relatively thick, 
nontransparent cardiac tissue. The development 
of new tools for tissue clearance to facilitate visu-
alization of the three-dimensional organization of 
cardiac innervation in whole mammalian hearts 
with relatively low volumes, such as the mouse 
heart, has begun to solve the problem of lack of 
tissue transparency at depth. There are new 
techniques becoming available for identifying 
neurotransmitter-specific populations of ICN in 
whole, spontaneously beating hearts in situ and 
in vitro. Furthermore, enabling the membrane 
expression of light-activated channels in 
identified neuronal subpopulations of the ICNS 
will allow these populations to be selectively 
stimulated and their effects on cardioeffectors 
assessed with high precision. In addition, explo-
ration of the ICNS is being extended to encom-
pass alternative, nonmammalian experimental 
models, such as zebrafish, that provide 
advantages for analyzing the fundamental 
principles of neural control in hearts that are 
dually innervated by sympathetic and parasympa-
thetic nerves, representing archetypes for control 
of the mammalian heart. Such “simple” hearts 
face the same basic challenges of controlling car-
diac output as mammalian hearts. 

8.4.1 “Low-Volume” Mammalian 
Hearts 

The development of genetically engineered ani-
mal models in which defined lines of neurons are 
identified by their expression of specific 
neurotransmitters has begun to clarify our under-
standing of function-specific pathways within the



ICNS. This approach has been facilitated by the 
advent of the parallel development of advanced 
tissue-clearing protocols so that fluorescent 
markers genetically incorporated into neuronal 
somata and processes can be visualized at the 
single-cell level in whole organs [129– 
132]. Recent advances in microscopy techniques, 
such as light-sheet microscopy [133] and 
improvements in laser confocal microscopy, are 
also contributing to the process of visualizing 
details of the ICNS in three dimensions in the 
whole heart [34]. A prime example of the recent 
use of these techniques is the publication of an 
atlas of the ICNS in the whole rat heart: this study 
has, for the first time, provided a detailed three-
dimensional map of the intracardiac neuroanat-
omy in the mammalian heart as well as 
elaborating the organization and distribution of 
neurotransmitter-specific neuronal populations at 
the single-cell level [51]. The rich detail provided 
by such advances is now facilitating the analysis 
of the functional roles of specific populations of 
ICN in cardiac control. 
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A very powerful tool for identifying and genet-
ically manipulating specific neuronal populations 
is the use of recombinant adenoassociated viruses 
(AAV) as vectors for delivering genetic material 
into these populations [134, 135]. Such 
techniques have been used for inducing neurons 
to express fluorescent marker proteins, 
optogenetic actuators such as channelrhodopsins 
(ChR, see below) and a variety of cytosolic cal-
cium indicators and membrane voltage-sensitive 
agents. These viruses can be used to deliver 
genetic material into adult organs and tissues 
including the heart, and once delivered, the 
resulting expression of the cellular products is 
long-lasting. This technique raises the possibility 
of identifying and manipulating whole 
populations of neurotransmitter-identified ICN 
to help define the circuitry in which these neurons 
are embedded. 

A recent example of the use of a combination 
of these new techniques to explore the wiring of 
the ICNS is a study by Rajendran et al. [136] in  
the mouse heart. Here these authors have mapped 
the broad outlines of sympathetic and parasympa-
thetic intracardiac and intrathoracic circuitry 

controlling pacemaker and other cardioeffector 
functions using neuroanatomical and optogenetic 
techniques. In the ICNS, they first defined the 
detailed three-dimensional distribution of ganglia 
and nerves using a pan-neuronal, fluorescently-
tagged marker, whole-organ tissue-clearing pro-
cedure [130, 132] and visualization with confocal 
and light-sheet microscopy. They then used 
AAV-based labeling of cholinergic ICN to iden-
tify parasympathetic efferent neurons projecting 
to the SAN, the AVN and the conducting system, 
thus anatomically defining a portion of the 
function-specific neuronal pathway controlling 
heart rate and conduction (Fig. 8.8). To evaluate 
the function of this neuronal circuitry the authors 
developed a transgenic mouse line expressing 
ChR in the cell membrane of cholinergic ICN. 
Neurons expressing ChR, when exposed to pulses 
of light of the correct wavelength to open these 
channels, become depolarized and generate APs. 
Light-associated opening of ChR channels thus 
emulates excitation of these neurons by 
suprathreshold synaptic input. In an isolated prep-
aration of the spontaneously beating heart, light 
application to the inferior pulmonary ganglion-
ated plexus, adjacent to the SAN, evoked varying 
degrees of bradycardia that depended on the light 
intensity (Fig. 8.9). Activation of these ganglionic 
neurons also altered the electrocardiogram wave-
form (prolonging the P-wave) and caused ectopic 
atrial beats. These results illustrate the potential 
for the use of genetic engineering and optogenetic 
techniques to dissect the circuitry of the ICNS to 
unravel the roles of defined subpopulations of 
neurons in cardiac control. The authors were 
thus able to explore the cardiac effects of 
activating a population of cells that could repre-
sent primary efferent parasympathetic neurons, 
thus defining the output segment of one of the 
function-specific  reflex pathways within the heart 
that controls rate. It is anticipated that the combi-
nation of such new circuitry-defining techniques 
with established intracellular and patch-clamp 
recording methodology will allow the next step 
to be taken in understanding the organization and 
physiology of intracardiac reflexes.
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Fig. 8.8 Intracardiac nervous system in transgenic mouse 
heart. Left panel: schematic of dorsal aspect of heart 
showing the location of major cardiac ganglionated plexi. 
AV node, atrioventricular node; IVC, inferior vena cava; 
IPV-GP, inferior pulmonary vein ganglionated plexus; 
LA, left atrium; LV, left ventricle; PVs, pulmonary 
veins; RA, right atrium; RV, right ventricle; SA node, 
sinoatrial node; SVC, superior vena cava. Right panel 
shows enlarged image of region in dotted box in left 

panel. Cholinergic neurons in the IVP-GP and their pro-
cesses were labeled using an adenovirus-associated vec-
tor-based system (see text for details) showing cholinergic 
axons innervating the SA and AV nodes (dotted circles, 
nodal tissue identified with antibodies against 
hyperpolarization-activated, cyclic nucleotide-gated ion 
channel 4, HCN4). Scale bar in the photomicrograph 
represents 200 μm ([136] with permission) 

8.4.2 Ancestral Vertebrate Hearts: 
Alternative Models 
for Neurocardiology 

The ICNS in several amphibian and teleost fish 
species has been studied using a variety of in vitro 
experimental approaches. The earliest studies of 
vertebrate ICN were done in amphibians to deter-
mine the nature of synaptic inputs from vagal 
preganglionic neurons (see discussion in Sect. 
8.3.1.1.1). At approximately the same time, 
Saito and Tenma [137] evaluated the vagal con-
trol of pacemaker discharge in the heart of the 
carp, a cyprinid teleost fish, demonstrating that 
the principles of neural control of pacemaker 
discharge rate were broadly similar to those in 
the mammalian heart. The fish heart has one 
atrium and one ventricle, while the amphibian 
heart has a divided atrium supplying blood to a 
single ventricle; these organisms thus represent 

different evolutionary stages in progress toward 
the four-chambered hearts of mammals. Yet even 
the most ancestral version of the vertebrate heart, 
that of teleosts, is governed by dual sympathetic 
and parasympathetic autonomic inputs and has 
broadly distributed postganglionic innervation of 
the myocardium [42–44]. The single atrium and 
ventricle, operating in series in these hearts, face 
the same issues in controlling cardiac output to 
perfuse the vascular beds in the body as do mam-
malian hearts. The fish heart also has several 
advantages for neuroanatomical and structure-
function studies of the heart, including the hardi-
ness of explanted, perfused hearts and ready 
access to the entire ICNS in spontaneously beat-
ing in vitro preparations. 

The most powerful nonmammalian model 
emerging for investigating many fundamental 
research questions is the zebrafish, a cyprinid 
teleost. Studies into a broad range of questions



have burgeoned over the last three decades, and a 
number of reviews have covered the use of 
zebrafish in these investigations (i.e., [138] and 
works cited therein). This model was originally 
employed for studies of the genetics and molecu-
lar biology of embryonic development and organ-
ogenesis [139, 140] and the effects of 
mutagenesis (see the special issue of the journal 
Development 123 [1996]) as well as organ func-
tion in adults [141]. The zebrafish genome has 
been sequenced and is highly conserved to that of 
humans; there may be one or more orthologues in 
zebrafish for about 70% of human genes 
[142]. There is now extensive literature on studies 
taking advantage of zebrafish to investigate many 
aspects of basic cardiac function (e.g., [138, 143, 
144]). This model has many applications in stud-
ies of organ function: zebrafish are readily avail-
able and have modest breeding and upkeep 
requirements; fertilization is external and animals 
in early developmental stages are transparent; 
they reproduce quickly and plentifully and form 
an ideal platform for mutagenesis studies 
[145]. Moreover, the physiological range of nor-
mal heart rate, operation of the pacemaker, car-
diac electrophysiology, myocyte AP 
morphology, contractile protein function and 
some aspects of calcium handling strongly 

resemble those of human hearts [146–150]. Trans-
genic lines of zebrafish have been created with 
modified orthologues of human genes that are 
responsible for many heart defects ranging from 
channelopathies to cardiac conduction. These 
transgenics have provided clear and profound 
insights into the physiological mechanisms 
underlying such defects [144, 151–155] .  
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Fig. 8.9 Chronotropic effects of light activation of 
channelrhodopsin-expressing intracardiac neurons. Left 
panel: photograph of Langendorff preparation of mouse 
heart: light pulses from optical fiber were directed toward 
inferior pulmonary vein ganglionated plexus (IVP-GP, 
dotted oval). ECG, bath electrodes placed for surface 

electrocardiogram recording; EP (electrophysiology) cath-
eter site for recording intracardiac ECG. Right panel: 
bradycardia resulting from the application of light pulses 
to IVP-GP neurons. Upper trace: light pulses delivered at 
10 Hz; lower trace, 20 Hz. Scale bar in the left panel 
represents 1 mm ([136], with permission) 

Given these factors, our research group has 
investigated the possibility that the zebrafish 
ICNS could illuminate fundamental questions of 
organization and operation of this system. We 
have shown that all parts of the zebrafish heart 
are innervated, neurons in the ICNS are mainly 
localized at the venous pole within a plexus 
surrounding the sinoatrial valves and the vast 
majority of neuronal somata are cholinergic with 
some adrenergic and nitrergic somata also present 
(Fig. 8.10 [156]). There are approximately 
200 ICN somata within the zebrafish heart. Appli-
cation of a neuronal tracer to the ends of the left 
and right vagosympathetic trunks attached to the 
heart showed that axons in these nerves merge 
with the sinoatrial plexus. Extrinsic adrenergic 
axons terminate either on ICN somata within the 
plexus or continue through the plexus into the 
heart, diverging to innervate targets at the junc-
tion of the sinoatrial valve leaflets with the atrium



and throughout the atrial and ventricular walls. 
Extrinsic cholinergic axons terminate extensively 
on the somata of ICN throughout the plexus. An 
intriguing finding from the application of 
neurotracer to extrinsic nerves was that a few 
neuronal somata were labeled within the sino-
atrial plexus. These somata potentially represent 
afferent neurons with their axons projecting 
cardiofugally. Axons arising from some plexus 
ICN expressing the cholinergic phenotype 
terminated proximal to cells that were immunore-
active for antibodies against hyperpolarization-
activated, cyclic nucleotide-gated ion channel 
4 (HCN4, a marker for pacemaker cells in mam-
malian hearts [157]). These cells were located at 
the junctions of the sinoatrial valve leaflets with 
the atrium, forming a ring around the valve 
ostium, and were adjacent to plexus ICN 
(Fig. 8.10). This study shows that the ICNS can 
be visualized in the whole heart, that this system 
is neurochemically complex, that separate 
populations of ICN express markers indicating 
cholinergic, adrenergic or NANC phenotypes, 
that there may be afferent ICN present and that 
postganglionic axons from both parasympathetic 
and sympathetic limbs of the autonomic nervous 
system innervate all cardiac regions. Our results 
thus provide details of the neuroanatomical 

substrate involved in control of cardiac function 
in the zebrafish. 
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Fig. 8.10 Image (panel a) and schematic (panel b) of  
wholemount preparation of zebrafish heart; intracardiac 
nervous system labeled with pan-neuronal markers 
acetylated tubulin (Act, axons) and human neuronal pro-
tein C/D (Hu, somata). A, atrium; AVP, atrioventricular 
plexus; BA, bulbus arteriosus; SAP, sinoatrial plexus; V, 
ventricle. (c) Enlarged view of SAP region surrounding 

sinoatrial valve leaflets. Arrows indicate the locations of 
some of the ganglia containing intracardiac neurons. 
dSAP, vSAP: dorsal and ventral components of the 
plexus; LX, RX: entry into the plexus of left and right 
vagosympathetic trunks; O: ostium of sinoatrial valve 
between its leaflets. Scale bar in a represents 1 mm; in c, 
100 μm ([156] with permission) 

We developed an isolated preparation of the 
spontaneously beating, perfused zebrafish heart to 
study the relationship between the ICNS and 
pacemaker function (Fig. 8.11 [158]). This prep-
aration provides access to both extrinsic and 
intrinsic neural elements to dissect their roles in 
the control of heart rate. Electrical stimulation of 
attached vagosympathetic trunks activated para-
sympathetic preganglionic axons evoking brady-
cardia during the duration of stimulation 
(Fig. 8.11b). Blockade of cholinergic drive to 
the pacemaker with atropine eliminated the bra-
dycardia. A delayed, adrenergically mediated 
tachycardia occurred following the cessation of 
nerve stimulation (Fig. 8.11b), produced by acti-
vation of sympathetic postganglionic axons also 
present in the vagosympathetic trunks. Blockade 
of β-adrenergic neurotransmission eliminated this 
response. Optical imaging of the spread of elec-
trical activity in the myocardium demonstrated 
that excitation originated in the region of the 
sinoatrial valve, confirming anatomical results 
showing that the HCN4-positive cells clustered 
in this area likely constitute the primary pace-
maker. These cells express both β2-adrenergic 
and muscarinic cholinergic receptors on their



membranes, consistent with the influence of sym-
pathetic and parasympathetic activation on pace-
maker discharge rate. 
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Fig. 8.11 Effects of vagosympathetic trunk electrical 
stimulation on cardiac chronotropy in isolated zebrafish 
heart. (a) Photograph of preparation showing placement of 
electrocardiogram electrodes on atrial (aE) and ventricular 
(vE) walls. Nerve stimulation electrode is not shown. (b) 

Simultaneous electrical stimulation of both attached 
vagosympathetic trunks (0.5 ms, 300 μA pulses, 15 Hz 
pulse rate in 10 s train) evoked bradycardia during stimu-
lation, followed by poststimulus tachycardia. Scale bar in 
a represents 1 mm ([158] with permission) 

Our results from studies of the neuroanatomy 
and activation of the ICNS in the isolated 
zebrafish heart indicate that this preparation has 
the capability to provide additional insight into 
the principles governing neural control of the 
heart. The easy accessibility of the ICNS in this 
preparation for physiological experiments, as well 
as the tractability of the zebrafish for genetic 
manipulation, provides an opportunity to use the 
same advanced techniques for analyzing ICNS 
properties already in use for studies in mamma-
lian hearts. Studies designed to identify 
neurotransmitter-specific neuron populations in 
whole, living zebrafish hearts and to insert genes 
coding for light-activated ion channels into the 
membranes of these neurons to demonstrate the 
effects of optically activating ICN would begin to 
clarify the circuitry of intracardiac reflexes, lead-
ing to an improved understanding of the operating 
principles of the ICNS. 

8.5 Conclusions 

The neural control of the heart has been proposed 
to depend upon a set of feedback loops involving 
populations of neurons in the central and periph-
eral compartments of the autonomic nervous sys-
tem, illustrated in Figs. 8.1 and 8.2. At the level of 
the heart, the ICNS is the final common pathway 
for cardiac control. Intracardiac neurons integrate 
inputs from higher levels in the hierarchy along 
with a range of afferent signals from within the 
heart to generate motor outputs to the effector 
cells that determine cardiac output on a beat-by-
beat basis. The ICNS appears to be composed of 
collections of locally driven reflex circuits whose 
activity is constantly and rapidly being modified 
by changes sensed by local afferents to modulate 
motor outputs. These reflex circuits are subject to 
modulation over longer time scales by higher-
order reflexes relayed through intrathoracic and 
central loops. It is thus not surprising that the 
majority of the ICNS appears to consist of 
populations of LCN involved in the integration 
of information that ultimately sets the discharge 
rates of efferent neurons controlling the cardiac 
effectors. This, coupled with the distributed 
nature of intracardiac ganglia throughout the 
heart and the capability for ICN to influence



both local and remote cardiac regions, provides 
this system with a highly flexible control capabil-
ity. However, at the level of individual ICN, there 
remain large gaps in our knowledge related to 
their physiological types and membrane 
properties, connectivity, neurotransmitter 
phenotypes and organization into local reflexes. 
New technologies for analyzing the neuroanatom-
ical organization of this system combined with 
novel and established methodologies for studying 
neuronal circuitry within the heart will ultimately 
yield a better understanding of the integrated 
function of the ICNS in controlling cardiac output 
in the face of varying demands for whole-body 
perfusion. This understanding is essential to 
guide the development of effective, neurally 
based therapies for managing cardiovascular 
diseases. 
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