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On reaching the heart, extrinsic cardiac nerves relay their signal to a network 
of autonomic ganglia situated throughout the epicardial surface. These ganglia 
interconnect and form a complex intrinsic ganglionated neural plexus responsible for 
integrating central and local inputs and relaying this signal to the cardiac conduction 
system, coronary vessels, heart valves and contractile muscle fibres. Within the 
human heart this intracardiac plexus could be defined in terms of seven subplexuses 
located and innervating discrete areas of the heart. Despite some noticeable адам мен 
interspecific differences in the overall neuronal number and ganglionic morphology, 
this type of structural organization is conserved throughout the mammalian heart.
Intrinsic ganglionated plexus consists of neurons expressing various modulatory 
agents. It is widely accepted that most intracardiac neuronal somata are cholinergic, yet 
nearly half of them are biphenotypic for either tyrosine hydroxylase or neuronal nitric 
oxide synthase. Moreover exclusively tyrosine hydroxylase positive somata are found 
in some mammals and human hearts. Therefore in addition to relaying preganglionic 
vagal impulses, cardiac ganglia also integrate sensory and sympathetic inputs for rapid 
temporal reflexes and local regulation of heart rate on a beat-to-beat basis.
The epicardium, in addition to numerous ganglia, is the main milieu for distribution of 
nerves towards the heart apex. The myocardium contains both scarce nerves located 
in the vicinity of blood vessels and a meshwork of fine nerve fibers. The endocardium 
contains a dense network of nerve fibers and nerve bundles with only a small part of 
them coalescing into nerves.
The described structural organization of intracardiac nervous system provides an 
anatomical basis of the autonomic control of circulation.
Keywords: heart, innervation, intrinsic cardiac plexus, ganglia, neuron 
immunohistochemistry, electron microscopy.

Адам мен сүтқоректілер жүрегінің нейроанатомиясы
Neringa Pauziene, Kristina Rysevaite-Kyguoliene, Dainius H. Pauza
Литва денсаулық ғылымдары университеті, Литва

Жүрекке жеткенде жүректің ішкі жүйкелері эпикарданың тұтас бетінде 
орналасқан вегетативті ганглиялар желісіне сигнал береді. Біріге отырып, бұл 
ганглиялар орталық және жергілікті импульстеріне және жүректің өткізгіш 
жүйесіне, коронарлы тамырларға, жүрек клапандарына және қысқаратын 
бұлшықет талшықтарына жіберу интеграциясына жауап беретін күрделі ішкі 
ганглионарды жүйке плексусын түзеді. Адамда ішкі жүрек плексусы жүректің 
жекелеген аймақтарында орналасқан және сәйкесінше олардың иннервациясын 
қамтитын жеті бөліктен тұрады. Нейрондар мен ганглиондар морфологиясының 
жалпы санындағы кейбір айрықша түраралық айырмашылықтарына қарамастан, 
құрылымдық ұйымның бұл түрі барлық сүтқоректілерде сақталады.  
Ішкі ганглионарлық плексус әртүрлі модуляторларды білдіретін нейрондардан 
тұрады. Ішкі жүрек нейрондары денелерінің көбі холинергиялық болып табылады 
деген пікір кең тараған, бірақ азот оксидінің не тирозингидроксилазасы үшін, не 
нейрональды синтазы үшін олардың жартысы дерлік бифенотиптік. Сонымен 
қатар, кейбір сүтқоректілер мен адамда нейронның тек тирозингидроксилазды-
позитивті денелері анықталады. Сол себептен, вагустан преганглионарлы 
импульстарды беруден басқа, жүрек ганглиялары жүрек соғысы арасындағы 
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Accesses of Mediastinal Nerves into Heart. 

In humans as well as in other mammalians, extrinsic 
cardiac nerves access the heart through the heart hilum 
(HH), in which they course by specific intracardial path-
ways [1-5]. From the arterial part of the HH (i.e. around 
the ascending aorta and pulmonary trunk) nerves extend 
predominantly onto the cardiac ventricles. From the ve-
nous part of the HH (i.e. around pulmonary veins and ve-
nae cavae) accessing nerves proceed on both the atria and 
ventricles [2, 4, 6-11]. The number of nerves in any access 
site as well as the thickness of the nerves on the HH level 
vary from heart to heart, but commonly 2-5 nerves pro-
ceed through any neural access site [2].

Structural Organization of Intrinsic Cardiac 
Nerve Plexus 

For simplicity and anatomical clarity, intrinsic cardi-
ac neural ganglionated plexus may be subdivided into the 
epicardial, myocardial and endocardial ones according to 
the heart wall layers [2, 3, 5, 8, 12, 13].

Accessed in the HH, intracardiac nerves do not pen-
etrate directly into the myocardium. Commonly, nerves 
extend into the epicardial layer, in which their courses are 
more or less associated with grooves of the heart surface: 
coronary, interatrial and/or interventricular that affected 
clustering of the epicardial nerves into particular routes or 
pathways [2]. Very close to both parts of the HH, nerves 

интервалдың өзгерісі жолымен жүрек ритмінің шұғыл уақытша рефлекстері 
мен жергілікті реттелуін қалыптастыру үшін сенсорлық және симпатикалық 
импульстерін де біріктіреді.      
Эпикард нервтерді бағыт бойынша жүректің жоғарғы тұсына тарату үшін негізгі 
орта болып табылады және көптеген ганглияларды құрайды. Миокардта жұқа 
нерв талшықтарының желісі басым келеді және нервтің аз бөлігі қан тамырларына 
параллель өтеді. Эпикардта жүйке талшықтары мен жүйке түйіндерінің тығыз 
желісі орналасады, және олардың аз ғана бөлігі нервтерге біріктірілген.            
Жүрекішілік жүйке жүйесінің аталмыш ерекшеліктері қанайналымды 
автономиялық бақылау үшін анатомиялық негіз болып табылады. 
Негізгі сөздер: жүрек, иннервация, ішкі жүрек өрімі, ганглиялар, нейронды 
иммуногистохимия, электронды микроскопия.

Нейроанатомия сердца у человека и млекопитающих
Neringa Pauziene, Kristina Rysevaite-Kyguoliene, Dainius H. Pauza
Литовский Университет Наук о Здоровье, Литва

Достигнув сердца, внешние сердечные нервы передают сигнал в сеть 
вегетативных ганглиев, расположенных по всей поверхности эпикарда. 
Соединяясь, эти ганглии образуют сложное внутреннее ганглионарное нервное 
сплетение, отвечающее за интеграцию центральных и местных импульсов и 
передачу их в проводящую систему сердца, коронарные сосуды, сердечные 
клапаны и сократительные мышечные волокна. У человека внутрисердечное 
сплетение (plexus) состоит из семи частей (subplexus), расположенных в 
отдельных областях сердца, и соответственно обеспечивающих их иннервацию. 
Несмотря на некоторые значительные межвидовые различия в общем числе 
нейронов и морфологии ганглиев, этот тип структурной организации сохраняется 
у всех млекопитающих.
Внутреннее ганглионарное сплетение состоит из нейронов, экспрессирующих 
различные модуляторы. Широко распространено мнение, что большинство тел 
внутрисердечных нейронов являются холинергическими, но почти половина из 
них – бифенотипична либо для тирозингидроксилазы, либо для нейрональной 
синтазы оксида азота. Кроме того, у некоторых млекопитающих и человека 
обнаруживаются исключительно тирозингидроксилаза-позитивные тела 
нейронов. Следовательно, кроме передачи преганглионарных импульсов от 
вагуса, сердечные ганглии также объединяют сенсорные и симпатические 
импульсы для формирования быстрых временных рефлексов и локальной 
регуляции сердечного ритма путем изменения интервала между сердечными 
сокращениями.
Эпикард является основной средой для распределения нервов по направлению к 
верхушке сердца и содержит многочисленные ганглии. В миокарде преобладает 
сеть тонких нервных волокон и проходит небольшое количество нервов 
параллельно кровеносным сосудам. В эндокарде располагается густая сеть 
нервных волокон и нервных пучков, причем лишь незначительная их часть 
объединена в нервы.
Данные особенности внутрисердечной нервной системы являются анатомической 
основой для автономного контроля кровообращения. 
Ключевые слова: сердце, иннервация, внутреннее сердечное сплетение, ганглии, 
нейронная иммуногистохимия, электронная микроскопия.
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proceeding by these pathways reach the epicardial gan-
glia that, as ganglionated fields (GFs), are distributed in 
corresponding regions and interconnect complexly among 
themselves via thin nerves (Fig. 1) [2]. In the GFs, epicar-
dial nerves branch out, became thin and pass into the gan-
glia (Fig. 1). In GFs, new epicardial nerves originate from 
numerous intrinsic ganglia and course away from GFs to 
pass directly into the structures they innervate, in which 
they gradually disappear from view in two ways: either 
via penetration into myocardium or becoming gradually 
thinner in the epicardium [2, 11]. Since the latter nerves 
are mostly devoid of ganglia, they are named postgangli-
onated nerves (postGNs), while previous - preganglionat-
ed nerves (preGNs). Based on characteristic disposition, 
appearance and interrelations of the preGNs, GFs, and 
postGNs, it has been suggested that the entire epicardial 
neural plexus may be considered as being composed of 
seven ganglionated subplexuses, each of which contains 
its own preGNs, GF, and postGNs [2] nization of intrac-
ardiac nerve plexus is typical for the mammalian species 
investigated so far [3, 4, 9, 13, 14]. In hearts of the human 
and the mammalian species examined neuroanatomically 
until now, the right atrium is supplied by two subplexuses, 
the left atrium - by three, the right ventricle - by one, and 
the left ventricle - by three subplexuses [2-4, 9, 13, 14]. 
Two nerve subplexuses originating from the arterial part 
of the HH extend to the left side by the left ventral coro-
nary sulcus as well as to the right side by the right ventral 
coronary sulcus. Nerves originating from the venous part 
of the HH proceed by five pathways: by the anterior inter-
atrial sulcus and sulcus situated dorsally amid the roots of 
superior vena cava (RSVC) and right superior pulmonary 
vein nerves proceed mainly to the right atrium; while by 
the left atrial nerve fold to the lateral left atrial surface; 
and by the ventral, and dorsal surfaces of the left atrium 
epicardial nerves course to the left atrium and dorsal wall 
of the left ventricle [2].

Myocardium contains both scarce nerves located in 
the vicinity of blood vessels and a meshwork of fine neu-
rofilaments (NFs) [15, 16].

Whole-mount preparations of the rabbit and piglet in-
terventricular septum and ventricular walls exhibited that 
both plentiful NFs and thin nerves are distributed within 
the endocardial layer [16, 17]. 

Anatomy of Intrinsic Cardiac Ganglia

The functional importance of cardiac neurons in 
health and disease has been repeatedly highlighted [18, 
19]. and the detailed description of the location, distribu-
tion, and projections of the intracardiac ganglia has been 
provided for the heart in several mammalian species and 
human  [1-5, 8, 9, 13, 20–41]. The amount of epicardial 
ganglia vary significantly from heart to heart (individual 
variability) and depend on age and animal species. Com-
monly, the human heart contains from less than 600 to 
1560 epicardial ganglia that involve 14,000-43,000 neu-
rons in adults [2, 6] and 94,000 in young hearts [39]. The 
highest density of epicardial ganglia in the human heart 

is identified on the atrial walls, near the heart hilum, es-
pecially on the dorsal and dorsolateral surfaces of the left 
atrium, where up to 50% of all cardiac ganglia are per-
sistently located [2, 6, 39, 41]. Similar number of epicardi-
ac ganglia and neurons was identified in the dog heart [3]. 
Other investigated animal hearts contain less number of 
epicardiac ganglia and neurons residing in. Accordingly, 
the sheep heart contains 769±52 epicardial ganglia con-
taining ~17,000 neurons [5]; the pig heart - 362±52 gan-
glia and ~12,000 neurons [4]; guinea pigs - 329±15 gan-
glia with averagely 2,500 nerve cells [13]. According data 
of different authors the mean number of intrinsic cardiac 
neurons in the rat heart varies from 1,000 [42,43] to 4,000 
[33], while more recent studies report about 6,576 neurons 
in old rats and only 5,000 in the juvenile rats [8]. There 
are ~2,100 neurons located in the rabbit heart [10] includ-
ing 11-220 located in the rabbit ventricles [15]. Typically, 
only 17-20 cardiac ganglia are distributed in the mouse 
heart  that involve meanly 1,100 intrinsic cardiac neuronal 
perikarya [7, 44, 45]. 

Shape and size of intracardiac ganglia are also de-
pended on animal species [2, 3, 6, 7, 22, 36, 39, 46]. The 
human epicardial ganglia are small, compared with gan-
glia from the canine right atrium. The mean size of the 
human epicardial ganglia is 0.07 mm2, while the ganglia 
larger than 0.2 mm2 are rare [2]. Medium-sized epicar-
dial ganglia (larger than 0.25 mm2) of the dog, contain 
up to 2000 neurons [36], while the number of neurons in 
the human epicardial ganglia range from a few to more 
than 400. The number of neurons in the human epicardial 
ganglia depends on age and the average number of neu-
rons per ganglia is 93 only. In contrast to atrial ganglia, 
ventricular ganglia are significantly smaller and consist of 
5–40 neurons [2] . Ganglia in the rabbit heart mainly are 
located on the base of left atrium wherein they involve up 
to 700 neuronal somata [10] and therefore are similar to 
the dog ones. Only 4% of the rabbit neurons are found on 
the ventricles where they are disseminated singularly or 
assembled into small ganglia of 2-34 neurons [15]. 

Somata of intrinsic cardiac neurons can aggregate 
into globular or plain ganglia (Fig. 2) [47].

Usually, the plain ganglia are small in area and in-
volve fewer neurons than globular ganglia. More than half 
of large globular ganglia are submerged in adipose tissue 
overspreding the heart grooves and hilum. Smaller gan-
glia are scattered more widely and, depending on species, 
might be found almost anywhere on the atria, ventricles, 
sinuses of the great cardiac vessels or/and interatrial sep-
tum [11, 16, 47, 48]. Within the heart hilum of the rats and 
guinea pigs, intracardiac neuronal somata are persistently 
aggregated in peculiar ganglia that may be considered to 
be of intermediate type, because their certain parts resem-
ble the globular ganglia, while their other parts look like 
the typical plain ones [47]. Despite of wide variety of the 
shape of intracardiac ganglia, majority of them are more 
or less oval. However, some ganglia may be very irregular 
due to their tongue-like extensions [2, 10, 47]. The human 
ganglia contain evenly distributed neurons within gangli-
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on [49], while neuronal somata of the porcine cardiac gan-
glia distributed in the periphery, adjacent to the capsule 
and interior of these ganglia is comprised of neuropil [16, 
22]. According to the position of ganglia with respect to 
epicardial nerves, two types of epicardial ganglia may be 
discriminated: some of them situated along a nerve, while 
others - at an intersection of the nerves [2, 16, 22, 47]. 

Whereas most of the ganglia are epicardial, some 
ganglia are located endocardially on the inner surface of 
the atria and interatrial septum. In some species, individ-
ual neurons and small ganglia are scattered directly in the 
nodal areas of conductive system: in the sinoatrial (SA) 
nodal area of the rabbit and dog [47,50]  and in the si-
noatrial node (SAN) and atrioventricular node (AVN) ar-
eas of the pig heart [51]. It’s acknowledged that cardiac 
ganglionic cells located on the dorsal right atrium in the 
area of the SA node are associated with control of the si-
noatrial node and neurons on the left dorsal atrium close 
to the inferior vena cava (IVC) root modulate atrioven-
tricular (AV) conduction [20]. Generally, a typical cardi-
ac ganglion consists of neurons, satellite cells and small 
intensively fluorescent (SIF) cells. The mammalian car-
diac ganglia contain unipolar, bipolar and multipolar neu-
rons with differing dimensions and shapes [23] which are 
surrounded by basket endings around individual cardiac 
principal neurons [52]. On the electron microscopic level, 
the human intracardiac ganglia appear as solitary neuro-
nal somata or their clusters surrounded by nerve processes 
together with the satellite cells (Fig. 3). Other non-neuro-
nal structures in the ganglia are fibroblasts, macrophages, 
mast cells, collagen fibrils and blood vessels [49]. Human 
and porcine intrinsic cardiac ganglia have thick capsule, 
composed of fibroblasts and collagen fibers [6,22], while 
1-5 layers of perineural cells sheet rabbit ganglia (Fig. 3) 
[53].

Inside the ganglia, both the unmyelinated and my-
elinated axons, as well as numerous synapses are distrib-
uted throughout the neuropil (Fig. 4) [21, 22, 49, 53]. All 
synaptic profiles contain spherical vesicles and, in general, 
mitochondria. The most common type of synaptic profiles 
contain a predominance of clear, spherical vesicles (30-60 
nm in diameter) and a few larger, spherical dense-cored 
vesicles (80-100 nm in diameter). Another type of synap-
tic profiles, in addition to the mentioned components, has 
glycogen-like particles. Finally, the third type having ves-
icle-containing profiles are clearly different from the first 
and second profiles as they contained plentiful large (70-
230 nm in diameter) pleomorphic clear or dense-cored 
vesicles together with small clear and larger dense-cored 
vesicles, mitochondria, dense and multivesicular bodies. 
On the average, third type profiles are the largest in diam-
eter (up to 5 µm) [6, 29, 49]. Synaptic profiles are more 
common in the ganglion neuropil than on neuronal somata 
(Fig. 4).

Intrinsic cardiac neuronal somata vary in size and 
shape. All nerve cells in the cardiac ganglia, according to 
their three-dimensional morphology can be divided into 
three categories: (1) large unipolar neurons, (2) large un-

Fig. 1. Macrophotograph of the human dorsal right atrial gan-
glionated subplexus stained histochemically for acetylcholinesterase 
demonstrating the preganglionated (black arrows), postganglionated 
(white arrows) nerves and epicardiac ganglia (arrowheads point to 
some larger ganglia) distributed on the dorsal side of the right atrium. 
Abbreviations: SVC, superior vena cava; Rau, right auricle; HH, hilum of 
the heart; SAN, the region  of sinoatrial node; IVC, inferior vena cava; 
DRA, dorsal right atrial subplexus; LA, left atria; RSPV, right superior pul-
monary vein; RIPV, right inferior pulmonary vein. Scale bar: 2 mm.

Fig. 2. Semithin sections of rabbit cardiac ganglia showing two 
types of organizations. A: Globular ganglion nearby the adipose tissue 
cells. Neurons in ganglion are clustered and perineurial cells (arrows) 
cover each cluster (c). Myelinated nerve fibers (black arrowheads) are 
located away from the neurons and unmyelinated nerve fibers (white 
arrowheads) located close to the neuron body. Abundant blood vessels 
(b) are located in the ganglion and nearby it. B: Plain epicardial ganglion 
(g) with neurons located peripherally and myelinated and unmyelinat-
ed nerve fibers centrally. Abbreviations: ad, adipocytes; ca, cardiomyo-
cytes. Scale bar: 50 µm.

ipolar or bipolar neurons, and (3) small multipolar inter-
neurons [22, 35, 54–56]. The morphometric analysis of 
the rabbit, rat, guinea pig, dog and human intrinsic cardiac 
neurons shows statistically insignificant species-depen-
dent differences in diameters of neuron somata [11, 47]. 
The neuronal somata of dog are 23 µm in width, 32 µm 
in length, and 615 µm2 in area [47] while mouse and rab-
bit neurons are smaller [11, 57]. The size of porcine neu-
rons vary according data of different authors: ventricular 
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possitive and biphenothypic with choline acetiltransferese 
(ChAT) (Fig. 5). The presence of a dual cholinergic/ni-
trergic, i.e. positive for ChAT and neuronal nitric oxide 
synthase (nNOS), phenotype for most of its neurons is 
characteristic for the human atrial ganglia as well [26]. 

Tyrosine hydroxylase-immunoreactive (TH-IR) cell 
bodies are determined in the intracardiac ganglionat-
ed plexuses of the pig [16, 68], guinea pig [69], mouse 
[46, 70] rabbit [15, 50], monkeys and human [26, 70, 71] 
(Majority of TH-IR neuronal somata were simultaneously 
positive for cholinergic markers [15, 16, 48, 55, 72, 73]. 
In the mouse heart, about 4% of neurons are exceptionally 
positive for TH (Fig. 5) [46], however such type of neu-
ronal somata was not found in the hearts of rabbit and pig 
[50, 74, 75]. Presence of cholinergic and adrenergic biphe-
notypic neuronal somata in the heart also is confirmed by 
immunohistochemistry for neuronal transporters VMAT 
and VAChT [76]. Another type of the catecholamine-con-
taining intrinsic cardiac cells is small intensively fluores-
cent or SIF cells (Fig. 5) [11, 18, 50]. Some authors inter-
pret SIF cells as dopaminergic and serotonergic neurons, 
whereas large-diameter intrinsic cells positive for TH 

Fig. 3. Electron micrographs of rabbit intracardiac ganglia 
displaying perineurium and some neuron content. A: Ganglion sheathed 
by single layer of perineurial cells (P) containing numerous caveolae. 
Beneath the perineurium, large amount of collagen (c) is seen. Neuron 
body (n) with numerous mitochondria, plentiful ribosomes, droplets of 
lipofuscin (black arrowheads) and lamellated bodies (white arrowheads) 
are seen in the neuron cytoplasm. Thin satellite cell sheath (s) surrounds 
the neuron. B: Ganglion sheathed by single layer of perineurium (P). 
Fibroblasts (f) are seen above and below the perineurial layer. Note 
overlapping perineurial cells and intercellular junction between them 
(black arrowhead). Indentation of neuron surface filled by small 
processes (black arrows) is seen. C: Shows multiple perineurium layers 
(P1, P2, P3), fibroblast (f) and collagen (c). Scale bar: 500 nm in A and 1 
µm in B and C.

Fig. 4. Types of synapses located in the intracardiac ganglia. A. Complex 
of axodendritic synapses in the ganglion neuropil. Three profiles of 
dendrites (d) and two axon terminals (a) are in direct contact (black 
arrowheads) with each other. Synaptic membrane specializations 
(white arrowheads) are seen between axon terminals and dendrites, 
indicating axodendritic synapses, and between two dendrites, indicating 
dendrodendritic synapse. Numerous small clear vesicles with few dense 
cored vesicles are seen in the axoplasm.  B. Axosomatic synapses. Two 
axon terminals (a) terminals making synapsis with the neuron soma. 
Note the direct contact without synaptic membrane specializations 
between axons (double arrowhead). Abbreviations: n, neuron soma; s, 
satellite cell; lipofuscin – arrow. Scale bar: 1 μm.

neurons of the pig are shown being 22.2±5.3 μm in di-
ameter, however large neuronal somata (33×46 μm) were 
described by R. C. Arora [16, 22]. Some of intracardiac 
neurons have multiple nucleoli. Canine cardiac neuronal 
somata contain up to 36% multiple nucleoli [29], whereas 
in the human they were found only in infants and only 
15% [2].

Neurochemical Organization of Intrinsic Cardiac 
Ganglia

The neurochemical properties of intracardiac neu-
rons are investigated in several mammalian species and 
it’s summarized that the most of intacardiac neuronal so-
mata are cholinergic ones [5, 10, 11, 18, 20, 22, 27, 31, 
57–65]. However, specific combinations of neuropeptides 
and other potential neurotransmitters distinguish differ-
ent functional types of neurons, demonstrating complex 
neurochemical anatomy of intracardiac ganglia [26, 66]. 
Therefore, it is highly likely that vagal transmission in the 
heart is modified by sympathetic, sensory and intrinsic 
neurons and those cardiac ganglia are complex integra-
tors of convergent neuronal activity rather than simple re-
lays [26]. In whole mount preparations of the guinea pig 
atria, 44% ganglia contain neuronal nitric oxide synthase 
(nNOS) possitive neuronal somata [67]. In the area of the 
rabbit SA node [50] and on the rabbit ventricles [15] there 
are two populations of nitrergic neurons – only nNOS 
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seem to represent a subpopulation of norepinephrine and/
or epinephrine-secreting neurons [18]. However, small 
TH positive cells identified as SIF cells are negative for 
PGP 9.5 and, therefore, these cell bodies have not be iden-
tified as neuronal somata [17, 50]. 

In addition to cholinergic, adrenergic and nitrergic 
neuronal somata, peptidergic nerve fibers are also exposed 
in the intrinsic cardiac neural plexus (Fig. 5). Calcitonin 
gene-related peptide (CGRP) and substance P (SP) have 
been numerously identified in nerve fibers within cardiac 
ganglia. These fibers frequently form a basket surround-
ing several neuronal somata, but neuronal somata lack 
staining for these neuropeptides [16, 17, 26, 46, 50, 77]. 
SP is typically co-localized with CGRP, but many CGRP-
IR nerve fibers are negative for SP [26]. Using a multiple 
labeling immunohistochemistry it is demonstrated that 
intrinsic cardiac neuronal somata contain the somatosta-
tin in various combinations with SP and nNOS [56, 69], 
neuropeptide Y (NPY), and vasoactive intestinal peptide 
[27, 78]. The cell bodies of the rat intrinsic ganglion cells 
localized between the right and left branches of the His 
bundle are positive both for TH and dopamine beta hy-
droxylase (DBH) [64, 79].

Based on complex neurochemical organization of in-
trinsic cardiac ganglia it is accepted that, in addition to 
relaying preganglionic vagal impulses, cardiac ganglia 
also integrate sensory and sympathetic inputs for rapid 
temporal reflexes and local regulation of heart rate on a 
beat-to-beat basis [15].

Innervation of Cardiac Conduction System 

All regions of the cardiac conduction system (CCS) 
possess a significantly higher density of nerve fibers than 
the adjacent working myocardium [50, 68, 80-82]. The 
sinoatrial (SA) node area is defined as the most densely 
innervated region of the CCS [80, 81]. SA nodal inner-
vation amid the cardiac pacemaker cells positive for Po-
tassium/sodium hyperpolarization-activated cyclic nucle-
otide-gated channel 4 (HCN4) is 3-4 fold higher than the 
surrounding atrial myocardium (Fig. 6) [14, 50, 68]. The 
density of nerve fibers and their chemical phenotypes var-
ies between the zones of the SA node and this variability is 
dependent on animal species [25, 68, 80]. ChAT-immuno-
reactive and TH-immunoreactive nerve fibers are equally 
abundant in the SA node in mouse (Fig. 6) [14], however  
TH-immunoreactive fibers composed 51% and ChAT-im-
munoreactive - 37% in the rabbit SA node [50]. TH-IR 
nerves represent 40-45% of the total SA nodal innervation 
as displayed by PGP 9.5 immunoreactivity in the guinea 
pig heart, however unlike acetylcholinesterase- positive 

Fig. 5. Laser scanning microphotographs illustrating the neuro-
chemical diversity of the intracardiac nerve cell bodies. Cholinergic neu-
ronal somata (ChAT; in red) predominate in all ganglia (1a, b; 2a, b; 3a, 
b). Biphenotypic nerve cell bodies, i.e. immunoreactive simultaneously 
for ChAT and TH (in green) (1a-c), are rather common for the intrinsic 
cardiac nerve plexus. Numerous CGRP positive nerve fibers are located 
in the intracardiac nerves (2a, c). Note only ChAT positive neuron soma-
ta (arrowheads) located in the nerve (2a, c). Small intensively fluores-
cent (SIF) cells (arrowheads) clustered into small groups are intervened 
between ChAT positive neurons (3a, c). Nitriergic neuron is located in 
the small ganglion (4a, b). Abbreviations: ChAT, choline acetyltransfer-
ase; nNOS, neuronal nitric oxide synthase; TH, tyrosine hydroxylase; 
CGRP, calcitonin gene related peptide.

Fig. 6. Laser scanning microphotographs demonstrating mor-
phologic patterns of innervation of the sinoatrial (SAN, panels 1a-c) 
and atrioventricular (AVN, panels 2a-c) nodal areas. Panels 1a-c dis-
play the whole mount preparations from the mouse atria (epicardial 
side), panels 2a-c demonstrate cardiac septa from the right side. Panels 
1b-c demonstrate the significantly denser meshwork of the ChAT im-
munopositive nerve fibers overlapping HCN4 positive cells stained im-
munohistochemically in whole mount mouse atrial preparation. Panels 
2b-c show the denser ChAT positive nerve fibers, compare to TH. White 
arrowheads indicate some ganglia, white arrows point to nerves. Ab-
breviations: ChAT, choline acetyltransferase; TH, tyrosine hydroxylase; 
HCN4, hyperpolarization activated cyclic nucleotide gated potassium 
channel 4; AWRA, anterior wall of right atrium; RCV, right cranial vein; 
RPV, right pulmonary vein; CV, caudal vein; RIVS, right side of interven-
tricular septum; RBB, right branch of the His bundle; RIAS, right side of 
interatrial septum; CS, coronary sinus; AVN, atrioventricular nodal re-
gion; PNE, posterior extension of AVN; ANE, anterior extension of AVN; 
HIS, bundle of His.
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nerves (AChE-positive nerves), a large number of TH-im-
munoreactive nerves were associated with perivascular 
plexuses both in and around the SA node [84]. The entire 
SA node in the guinea pig heart is densely innervated by 
sympathetic axons, the majority of which are immunore-
active for NPY [56]. In the human heart, the relative den-
sity of sympathetic nerve fibers immunoreactive for NPY 
and TH is significantly greater in the central region of the 
SA node compared with the periphery [81]. After NPY, the 
other predominant peptidergic nerve subpopulations are 
immunoreactive for the sensory peptides SP and CGRP 
[56, 84], Somatostatin (SOM) and VIP-immunoreactive 
nerves are very sparse both in the SA node and surround-
ing right atrium, exhibiting a percentage of stained area 10 
- to 40 -fold less than that of NPY and TH -IR nerves, re-
spectively [81, 84]. The great majority of CGRP-IR nerve 
fibers adjacent to the canine SA node course in numerous 
large nerve bundles [85].

The electron microscopic data conclusively demon-
strate that all nerve fibers identified in the mouse SA node 
are exclusively composed of unmyelinated nerve fibers 
and involve axons with both cholinergic and adrenergic 
neurotransmitters. The axons within unmyelinated nerve 
fibers have varicosities with abundant round, small, clear, 
and a few dense-cored vesicles. A number of unmyelinated 
nerve fibers have axons that are incompletely enveloped 
by Schwann cells with a fragment of their plasma mem-
brane in direct contact with the basal lamina surrounding 
the whole unmyelinated nerve fiber. These unmyelinated 
nerve fibers have varicosities and are distributed regularly 
in the vicinity of cardiac pacemaker cells. The density of 
nerve fibers amid the HCN4-immunoreactive cells around 
the root of superior vena cava are 3-4 folds higher in re-
spect to neighboring atrial zones according to well cor-
responding data of fluorescent and electron microscopy. 
In the mouse SAN, the average distance between cardiac 
pacemaker cells and unmyelinated nerve fibers is less than 
0.5 μm [14], whereas only about 80 nm in guinea pig [86]. 
SA nodal cells are closely associated by at least one un-

myelinated nerve fiber or axon, but the majority of these 
cells regularly are in close proximity to 2-3 unmyelinated 
nerve fibers [14]. 

As staining for AChE, as well as immunohisto-
chemical stainingfor PGP 9.5 demonstrates the highest 
density of thin nerves and NFs along the components 
of the atrioventricular conductive axis (AVCA) [16,17]. 
Electron microscopic studies revealed relatively specific 
endocardial nerves along the AVCA. These tiny nerves 
were ensheathed by fibroblast cells only, and the size of 
their axons varied from extremely tiny (<0.2 μm in di-
ameter) up to enormously thick ones that reached 6 μm 
in diameter. However, thick axons were not frequent and 
composed only about 12% of all axons examined in this 
location. The number of axons per one NF varied greatly, 
but there were NFs containing up to 170 axons. Plenty of 
axons were not isolated from each other by Schwann cell 
processes, and 65% of them contacted other axons in the 
polyaxonal pocket of Schwann cell. Occasionally, polyax-
onal Schwann cell pockets with more than 30 axons that 
were in direct contact with each other were observed [16, 
17].

Conclusion. The intrinsic ganglionated neural plexus 
must be viewed as an intricate, three dimensional structure 
which is the basis of cardiac control. Its disproportional 
and discrete spatial distribution throughout the heart en-
ables the intracardiac nervous system to have distinct and 
separate effects on specific cardiac tissue, thus integrating 
cardiac function in various mechanisms to meet the de-
mands of the body. 

Existing interspecific differences in neuronal abun-
dance and neurochemical diversity may reflect the extent 
of cardiac adaptive capabilities in these species; likewise 
any alterations to this intricate circuit may result in impair-
ment of cardiac function. Understanding the morphologi-
cal basis of cardiac innervation is of uttermost importance 
in understanding the role of autonomic nervous system in 
control of circulation.
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