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Abstract

Although the rabbit is routinely used as the animal model of choice to investigate cardiac electrophysiology,

the neuroanatomy of the rabbit heart is not well documented. The aim of this study was to examine the

topography of the intrinsic nerve plexus located on the rabbit heart surface and interatrial septum stained

histochemically for acetylcholinesterase using pressure-distended whole hearts and whole-mount preparations

from 33 Californian rabbits. Mediastinal cardiac nerves entered the venous part of the heart along the root of

the right cranial vein (superior caval vein) and at the bifurcation of the pulmonary trunk. The accessing nerves

of the venous part of the heart passed into the nerve plexus of heart hilum at the heart base. Nerves

approaching the heart extended epicardially and innervated the atria, interatrial septum and ventricles by five

nerve subplexuses, i.e. left and middle dorsal, dorsal right atrial, ventral right and left atrial subplexuses.

Numerous nerves accessed the arterial part of the arterial part of the heart hilum between the aorta and

pulmonary trunk, and distributed onto ventricles by the left and right coronary subplexuses. Clusters of intrinsic

cardiac neurons were concentrated at the heart base at the roots of pulmonary veins with some positioned on

the infundibulum. The mean number of intrinsic neurons in the rabbit heart is not significantly affected by

aging: 2200 � 262 (range 1517–2788; aged) vs. 2118 � 108 (range 1513–2822; juvenile). In conclusion, despite

anatomic differences in the distribution of intrinsic cardiac neurons and the presence of well-developed nerve

plexus within the heart hilum, the topography of all seven subplexuses of the intrinsic nerve plexus in rabbit

heart corresponds rather well to other mammalian species, including humans.

Key words: acetylcholinesterase; cardiac ganglia; heart; heart–brain; intrinsic cardiac nervous system; intrinsic

cardiac neurons; rabbit.

Introduction

The intrinsic cardiac autonomic nervous system plays a cru-

cial role in the regulation of cardiac chronotropy, dromo-

tropy and inotropy, as well as coronary blood flow (Tsuboi

et al. 2000; Randall et al. 2003; Armour 2008; Patil et al.

2011). This system is a heterogeneous population of neural

elements, including preganglionic and postganglionic nerve

fibers, and cardiac ganglia containing parasympathetic,

sympathetic, afferent and local circuit neurons with a wide

range of neurotransmitter phenotypes (Thompson et al.

2000; Randall et al. 2003; Hoover et al. 2008).

Anatomically, the intrinsic neural plexus on the surface of

the heart is generally divided into seven distinct subplexuses

according to their location in the heart hilum (Pauza et al.

1997) and downstream innervation and/or physiological

effects. This knowledge has been developed from the study

of the intrinsic nerve plexus in a wide range of experimen-

tal mammalian species (Ardell & Randall, 1986; Yuan et al.

1994; Armour et al. 1997; Pauza et al. 2000, 2002b; Arora

et al. 2003; Gray et al. 2004; Johnson et al. 2004). These

data do not include the rabbit, which is a commonly used

laboratory experimental animal popular to investigate the

effects of the autonomic system on cardiac electrophysiol-

ogy, i.e. the cholinergic influence on atrioventricular con-

duction (Mazgalev et al. 1986) and the vagal-release of

acetylcholine in the left ventricle during ischemia (Kawada

et al. 2009). More recently, a novel dual innervated rabbit

heart model (Ng et al. 2001) has been developed that has

reignited research to investigate autonomic effects on heart

rate and left ventricular pressure (Brack et al. 2004, 2006;
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Winter et al. 2012), calcium and nitric oxide fluorescence

levels in the cardiac ventricle (Brack et al. 2009, 2010), and

inducibility of ventricular fibrillation (Brack et al. 2007,

2011; Ng et al. 2007). Understanding the intrinsic cardiac

nervous system in this species is therefore of paramount

importance.

To our knowledge, the intrinsic nerve plexus of the rabbit

is only documented within the cardiac conduction system

(Anderson, 1972a; Bojsen-Moller & Tranum-Je�ansen, 1972;

Roberts et al. 1989). Therefore, the aim of the present study

was twofold: (i) to examine the topography of the rabbit

intrinsic nerve plexus and quantify the distribution of intrin-

sic cardiac nerves; and (ii) to compare juvenile rabbits with

old rabbits to ascertain if aging affects the intrinsic nerve

plexus.

Materials and methods

Thirty-three 2–6-month-old Californian rabbits of either sex (2.6�
0.4 kg) were used in accordance with local and state guidelines for

the care and use of laboratory animals (Permission No. 0206). The

animals were anesthetized with a lethal dose of sodium thiopental

(30 mg kg�1, i.v.). In order to investigate the effect of age on the

number of intrinsic cardiac neurons in the rabbit, an additional five

3–4-year-old rabbits of either sex were used (4.9 � 0.2 kg).

Non-sectioned pressure-distended heart preparations

After death, the chest was opened and the heart was perfused with

phosphate-buffered saline (PBS; 0.01 K, pH 7.4) via a cannula

inserted into the left ventricle (n = 17). After the blood was flushed

from the heart, the atrial walls were pressure-inflated in situ by a

transmyocardial injection of 20% gelatin solution into the atria and

ventricles. Once the gelatin had set, the heart was removed and

immersed in a chamber filled with room temperature PBS, where

the remains of the pericardium, pulmonary arteries and mediastinal

fat were dissected from the heart base.

All hearts were prefixed in 4% paraformaldehyde in 0.01 M phos-

phate buffer (PB; pH 7.4, 4 °C, 30 min), and subsequently washed

for 12 h at 4 °C in PBS containing hyaluronidase (0.5 mg/100 mL;

Sigma-Aldrich, St Louis, MO, USA) to increase tissue permeability

for staining. To stain the intrinsic neural plexus, whole hearts (n =

11) were placed for 4 h at 4 °C in Karnovsky–Roots medium as

described previously (Pauza et al. 1999). For post-staining long-term

storage, hearts were placed in 4% paraformaldehyde solution in PB

(0.01 M, pH 7.4).

In order to focus on intrinsic cardiac neural elements distributed

within cardiac septa, six separate pressure-distended hearts were

additionally dissected to expose the interatrial and interventricular

septa cutting off the walls of both atria and ventricles.

Whole-mount preparations

To perform quantitative analysis of intrinsic cardiac neurons, ace-

tylcholinesterase staining was carried out on 16 whole-mount

preparations that involved the atria, interatrial septum and infun-

dibulum (i.e. the conus arteriosus) region to analyze ventricular

neurons.

After cardiac perfusion with room temperature PBS, hearts were

removed and placed into a dissecting dish containing ice-cold PBS.

The walls of atria and interatrial septum were separated from ven-

tricles with the atrial septum dissected free from the atrial walls.

The atrial tissue and interatrial septum were pinned flat separately

on a custom-made dissecting dish. To count ventricular neurons,

the wall of the conus arteriosus was cut and pinned flat on another

dissecting dish. All whole-mount preparations were stained accord-

ing to the protocol described above. Once stained, preparations

were fixed for 96 h in 4% paraformaldehyde solution (0.01 M PB,

pH 7.4). After fixation, whole-mounts were dehydrated with 50-min

washes through a graded ethanol series and immersed for 2 h in

xylene (Sigma-Aldrich). Flattened whole-mount preparations were

placed onto microscope slides and coverslipped using Roti�-

Histokitt mounting medium (Carl Roth, Karlsruhe, Germany) for

microscopic analysis.

Microscopic examination and quantitative analysis

Neural structures stained for acetylcholinesterase were examined

stereoscopically at 6.39 magnification using a Stemi 200 CS stereo-

microscope (Zeiss, Gottingen, Germany) following illumination

using fiber optic light guide (Zeiss). Images were captured using a

digital camera (Axiocam HRc; Zeiss). To quantify intrinsic neuronal

material, the whole-mount images were analyzed using an

AxioImager M1 bright-field microscope (Zeiss, Jena, Germany). Two

independent investigators performed control calculations and

measurements of two nominated neuronal clusters per whole-

mount from 16 hearts. The result error of both investigators was

6� 1%. In order to avoid an overestimation of the number of

neurons, the number of neurons inside the intrinsic ganglia or

neuronal clusters was estimated in whole-mounts by counting

exclusively those nerve cells that contained well-stained perinuclear

regions (Fig. 2c). However, some neuronal somata were poorly

stained, so the number of neurons in some ganglia could have been

underestimated.

Comparison of juvenile vs. aged rabbits

The calculation was performed on 11 juvenile and five old Califor-

nian rabbits of either gender.

Statistical analysis

Data analysis was performed using Origin Lab software (v.6.1;

OriginLab, Northampton, MA, USA). Data are expressed as mean�
standard error of mean (SEM). Statistical analysis of the number of

neuronal clusters and neuronal somata in the distinct cluster groups

was performed using one-way analysis of variance (ANOVA). Differ-

ences were considered statistically significant at P < 0.05.

Results

Distribution of intrinsic cardiac neurons in whole

rabbit hearts

Intrinsic cardiac neurons were found either: (i) singular,

i.e. on their own; (ii) formed into cardiac ganglia where

there are a number of neuronal cell bodies collected
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together; or (iii) in neuronal clusters where there were large

areas occupied abundantly by nerve cells. In all rabbit hearts

examined, nerve cells were found within the venous part of

the heart hilum as well as on the epicardial surface of the

heart, including the area on the conus arteriosus (i.e. infun-

dibulum) at the root of the pulmonary trunk (Fig. 1). Intrin-

sic cardiac neurons have been defined according to their

location as described below.

An illustration of the rabbit heart hilum with neural struc-

tures primarily on the left atrial walls is shown in Figs 2, 3

and 4. As shown, three localities of ganglionic cells were

regularly identified at: (i) the dorso-cranial groove above

the interatrial septum; and (ii) on the ventral right atrial

region (Figs 2, 3 and 4a). The right neuronal cluster of the

venous part of heart hilum was distributed at the cranial

aspect of the interatrial groove, and this was found in every

heart. The right atrial ganglia were identified epicardially

along the nerves extending from the right neuronal cluster

on the anterior wall of the root of the right cranial vein

(i.e. superior caval vein), and were present in 50% of hearts

as indicated by the white arrowheads in Fig. 3. Because the

neurons within the latter sites merged frequently with the

right neuronal cluster, they were considered as nerve cells

belonging to the right neuronal cluster. Occasionally, cer-

tain minute epicardial ganglia on the dorsal right atrium

were identified along the nerves coursing toward the sinus

node region by the side of the root of the right pulmonary

vein (Figs 2a and 4a).

Intrinsic cardiac nerve cells were mainly located within

the left neuronal cluster of the venous part of the heart

hilum at the roots of the left and middle pulmonary veins,

and were identified in every heart (Figs 1, 2 and 4a). On

the dorsal left atrial surface, some epicardial ganglia were

identified below the root of the middle pulmonary vein,

and between the roots of the middle pulmonary vein and

caudal vein (i.e. inferior caval vein) in every heart (Figs 1

and 4).

In all hearts examined, there were solitary neuronal cells

and small ventricular ganglia that were scattered nearby

the pulmonary trunk and distributed on the most upper

part of the conus arteriosus, as indicated by the white

arrowheads in Fig. 4a,b and shown schematically in Fig. 1.

Quantification of rabbit intrinsic cardiac ganglia

High-magnification micrographs of individual intrinsic car-

diac neuronal cell bodies are illustrated in Fig. 2c. Intrinsic

ganglia varied in shape and size, but most of them were

unilayered and had irregular appearances because of their

extensions at the sites where nerves connected to a gan-

glion. The smallest ganglia were epicardial and involved

three–five neuronal somata, whereas the largest ones

(a) (b)

Fig. 1 Drawings summarizing the morphological pattern of distinct epicardial nerve subplexuses from 11 rabbit hearts as seen from the ventral

(a) and dorsal (b) views of the pressure-distended heart stained histochemically for acetylcholinesterase (AChE). The clusters of intrinsic cardiac

neurons (ICNs) (drawn in red) were outlined from the whole-mount stained histochemically for AChE. Dotted lines demarcate limits of the heart

hilum. Black arched arrows indicate the course of nerve subplexuses on the rabbit heart surface. Red polygonal triangled areas indicate the

location of neuronal clusters and epicardial ganglia. Ao, ascending aorta; CS, coronary sinus; CV, caudal vein; DRA, dorsal right atrial subplexus;

ICNs, intrinsic cardiac neurons; LAu, left auricle; LC, left coronary subplexus; LCV, left cranial vein; LD, left dorsal subplexus; LNC, left neuronal

cluster; LPV, left pulmonary vein; LV, left ventricle; MD, middle dorsal subplexus; MPV, middle pulmonary vein; PT, pulmonary trunk; RAu, right

auricle; RC, right coronary subplexus; RCV, right cranial vein (superior caval vein); RNC, right neuronal cluster; RPV, right pulmonary vein; RV, right

ventricle; VLA, ventral left atrial subplexus; VRA, ventral right atrial subplexus.
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contained up to 728 neurons and were identified within

the venous part of heart hilum beneath the pulmonary

arteries (Figs 1, 2 and 4; Table 1). Ventricular epicardial gan-

glia contained a significantly (P < 0.01) smaller number of

neurons compared with the atrial ganglia (Table 1).

A full breakdown of intrinsic neural cells contained within

distinct cardiac locations is presented in Table 1. Overall, we

estimate that there are, in total, 2118� 108 intrinsic car-

diac neurons contained within the rabbit heart, ranging

between 1513 and 2822. Although rabbit intrinsic cardiac

neurons were mostly concentrated into cardiac neuronal

clusters within the venous part of the heart hilum or epicar-

dial ganglia, there were abundant single neurons that were

identified within the dorsal aspect of the venous part of the

heart hilum and scattered epicardially on the conus arterio-

sus as well as endocardially in the rabbit interatrial septum

(Table 1; Figs 1, 2, 5 and 6).

Architecture of the rabbit intrinsic cardiac nerve

plexus

Access of extrinsic cardiac nerves

Extrinsic cardiac nerves access the rabbit heart through

arterial and venous parts of the heart hilum. In general

terms, nerves accessing the arterial part of the heart hilum

were readily identified between the ascending aorta and

the pulmonary trunk. These nerves appear to selectively

extend towards the anterior surface of the left and right

ventricle (Figs 1, 2a, 3 and 4). In 10 hearts (out of 11 exam-

ined), numerous nerves were situated around the pulmo-

nary trunk, i.e. in the front, left and right edges of the

(a)

(b) C

Fig. 2 Macrophotographs of the rabbit heart base to illustrate the

location and the structure of the nerve plexus of heart hilum (NPHH) in

the rabbit heart stained histochemically for acetylcholinesterase. The

boxed area in (a) outlines the area on the rabbit heart that is enlarged

in (b). The boxed area in (b) outlines the area on the rabbit right neuro-

nal cluster that is enlarged as the inset (c). Black arrows point the access

of extrinsic cardiac nerves into the heart through the venous part of the

heart hilum. White arrowheads indicate some ganglia within the neuro-

nal clusters. Black arrowheads point to some subplexal nerves extend-

ing to the innervation regions, while the white solid arrows in the inset

(c) point to some intrinsic cardiac neurons within the right neuronal

cluster (RNC). Asterisks indicate some commissural nerves that connect

the neuronal clusters within the venous part of the heart hilum. Dashed

line demarcates the heart hilum. DRA, dorsal right atrial subplexus; FP,

fat pad under interatrial septum; FP at BPT, fat pad at bifurcation of

pulmonary trunk; LNC, left neuronal cluster; RCV, root of caudal vein

(inferior caval vein); RLPV, root of left pulmonary vein; RMPV, root of

middle pulmonary vein; RNC, right neuronal cluster; RRCV, root of right

cranial vein (superior caval vein); RRPV, root of right pulmonary vein;

TS, terminal groove; VRA, ventral right atrial subplexus.

Fig. 3 Macrophotograph demonstrating the location and the mor-

phological pattern of the ventral right (VRA) and left (VLA) atrial nerve

subplexuses in the rabbit heart stained histochemically for acetylcholin-

esterase. Black arrows point to the access of extrinsic cardiac nerves

into the heart through the venous part of the heart hilum (at the

bifurcation of the pulmonary trunk). Black arrowheads point to some

subplexal nerves extending to the innervation regions. White arrow-

heads point to the epicardial ganglia on the anterior wall of the root

of the right cranial veins. Dashed line demarcates the heart hilum.

Ao, aorta; AWLA, anterior wall of left atrium; AWRA, anterior wall of

right atrium; IAS, projection of the interatrial septum; RAu, right auri-

cle; RCV, right cranial vein; SSRAu, superior surface of right auricle;

ST, sulcus terminalis; VLA, ventral left atrial subplexus; VRA, ventral

right atrial subplexus.
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pulmonary trunk. Solitary nerves were identified in front

of the ascending aorta (in two hearts examined, out of

11), behind the ascending aorta (in seven hearts examined,

out of 11) and on the left of the ascending aorta (in three

hearts examined, out of 11).

Within the venous part of the heart hilum, i.e. around

the roots of the right cranial (superior caval vein), caudal

(inferior caval vein) and pulmonary veins, nerves were con-

sistently identified at the medial side of the root of the

right cranial vein and in the fat pad located at the bifurca-

tion of the pulmonary trunk (in every heart examined). A

few preparations contained thin accessing nerves on the

root of the left pulmonary vein (in two hearts examined,

out of 11) as well as on the root of the medial pulmonary

vein (in three hearts examined, out of 11). The nerves

accessing the venous part of heart hilum appeared to pro-

ceed forward to the majority of the atria and posterior sur-

face of the left and right ventricles (Fig. 1). Nerves accessing

the heart at the bifurcation of pulmonary trunk passed into

the left neuronal cluster in every heart examined. In all

hearts, nerves accessing at the root of the right cranial vein

entered into the right neuronal cluster of the venous part

of the heart hilum (Figs 1, 2 and 3a).

Ganglia to right atrial myocardium

The intrinsic cardiac nerves extending from both the neuro-

nal clusters of the venous part of the heart hilum (100% of

hearts) spread epicardially by two right atrial neural sub-

plexuses – the ventral and dorsal right atrial subplexuses

(Figs 1, 2, 3 and 4a). The ventral right atrial subplexal nerves

coursed within the epicardium at the medial surface of the

root of the right cranial vein and extended onto the ventral

surface of the right atrial appendage as well as onto the

ventral surface of the right and left atria (in 100% of hearts;

Figs 3 and 4a). The dorsal right atrial subplexal nerves

passed between the roots of the right cranial vein and right

pulmonary vein, and extended widely into the dorsal and

lateral surfaces of the right atrium, including the region of

sinus node and right atrial appendage (Figs 1, 2, 3 and 4a).

Ganglia to left atrial myocardium

Intrinsic cardiac nerves passing from the left neuronal cluster

(100% of hearts) distributed epicardially by the left dorsal

(Figs 1 and 4b) and the ventral left atrial subplexuses (Figs 1

and 3). The left dorsal subplexal nerves passed intramurally

between the root of the left cranial vein and the dorsal wall

of the left atrium, crossing the coronary groove and

extended onto the posterior surface of the left ventricle

(100% of hearts; Figs 1 and 4b). In all hearts, there were

some solitary nerves of the left dorsal subplexus that

coursed superficially over the root of the left cranial vein

onto the posterior left ventricle surface (Figs 1 and 4b). A

small group of the left dorsal subplexal nerves also

branched out from the left neuronal cluster spread to the

lateral surface of the left atrial appendage (100% of hearts).

In four hearts (28%), thin left dorsal subplexal nerves pass

the left neuronal cluster and cross the coronary groove. The

ventral left atrial subplexal nerves coursed ventrally from

(a)

(b)

Fig. 4 The location of the left dorsal (LD) and the dorsal right atrial

(DRA) neural subplexuses in the rabbit heart stained histochemically

for acetylcholinesterase. A dorso-caudal view (a) and a caudal view

(b). Black arrows point to the access of extrinsic cardiac nerves into

the heart through the venous part of the heart hilum (at the bifurca-

tion of the pulmonary trunk). White arrowhead indicates the ganglion

of the left neuronal cluster (LNC). Black arrowheads point to some

epicardial nerves of the LD, MD and DRA subplexuses extending to

the innervation regions. Dashed line demarcates the venous part of

the heart hilum. CS, coronary sinus; CV, orifice of caudal vein (inferior

caval vein); DRA, dorsal right atrial subplexus; IAS, projection of the in-

teratrial septum; LAu, left auricle; LCV, left cranial vein; LD, left dorsal

subplexus; LNC, left neuronal cluster; LPV, left pulmonary vein; LV, left

ventricle; MCV, middle cardiac vein; MD, middle dorsal nerve subplex-

us; MPV, middle pulmonary vein; RNC, right neuronal cluster; RPV,

right pulmonary vein; RRCV, root of the right cranial vein (superior

caval vein); SAN, region of sinus node (outlined by dashed white line).
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the left neuronal cluster, and spread only on the ventral sur-

face of the left atrium and atrial appendage (100% of

hearts; Fig. 3). In all hearts, the nerves of the left and medial

dorsal subplexus regularly originated from the left neuronal

cluster, and either: (i) crossed over the coronary groove onto

the dorsal surface of the left ventricle; (ii) passed along the

coronary groove and bypassed the root of the caudal vein

distributed in the caudal surface of the right atrium

(in every heart examined except three, 27% of hearts);

(iii) penetrated into dorsal aspects of the interatrial groove,

reached the interatrial septum and spread dorso-ventrally as

endocardial nerves on the right side of the interatrial sep-

tum, where they gradually became thinner and ramified at

the region of the atrio-ventricular node (100% of hearts;

Figs 4 and 6).

Ganglia to ventricular myocardium

In all hearts, nerves accessing the arterial part of the heart

hilum, i.e. between the aorta and pulmonary trunk,

extended widely into the anterior walls of the right and left

ventricle through the right coronary and left coronary sub-

plexuses, respectively (Figs 1 and 5). A characteristic feature

of these subplexuses is that numerous subplexal nerves pro-

ceeded directly to the ventricles. Sparse and comparatively

thin nerves did enter the ventricular ganglia near the pul-

monary trunk, on the wall of the conus arteriosus. In all

Table 1 The mean number and the range of the intrinsic neuronal somata in the rabbit whole-mount preparations.

Neurons

Juvenile (n = 11) Old (n = 5) Overall (n = 16)

Mean Range Mean Range Mean Range

RNC of VHH 643 � 81 141–977 794 � 125 669–918 698 � 60 141–977

LNC of VHH 1222 � 129* 562–1930* 1168 � 164* 934–1483* 1161 � 100* 562–1930*

Singular per VHH 304 � 58 133–576 203 � 43 128–280 278 � 48 128–576

Interatrial septum 19 � 19 0–97 2 � 2 0–8 11 � 10 0–97

On average per atria 2033 � 137 1409–2723 1971 � 265 1441–2256 2020 � 117 1409–2723

Ganglionic ventricular at CA 31 � 5 6–69 22 � 10 8–42 27 � 7 6–69

Single ventricular at CA 36 � 7 6–55 23 � 7 11–36 32 � 5 6–55

On average per ventricles 65 � 22 12–124 45 � 17 19–78 91 � 18 12–169

On average per heart 2146 � 125 1650–2822 2012 � 249 1513–2276 2118 � 108 1513–2822

*P < 0.05 RNC vs. LNC.

CA, conus arteriosus; LNC, left neuronal cluster; RNC, right neuronal cluster; VHH, venous part of heart hilum.

(a) (b) (c)

Fig. 5 Macrophotographs of the right (a) and the left (b) coronary subplexuses (RC and LC) in the rabbit heart stained histochemically for acetyl-

cholinesterase. White arrows indicate the access of extrinsic cardiac nerves into the heart through the arterial part of the heart hilum. The boxed

area ‘c’ in the panel (b) is enlarged as the panel (c). Black arrowheads point to some subplexal nerves extending to the innervation regions, the

white ones point to some small epicardial ganglia on the conus arteriosus (CA) and the root of pulmonary trunk (PT). ALV, anterior wall of the left

ventricle; Ao, root of the aorta; ARV, anterior wall of the right ventricle; LAu, left auricle; RAu, right auricle.
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hearts, numerous right coronary subplexal nerves spread

onto the ventral and lateral surfaces of the right ventricle

and right side of the conus arteriosus. In several hearts, left

coronary subplexal nerves extended onto the dorsal surface

of the right ventricle (in three hearts, 27%), as well as

spreading widely along the ventral interventricular groove

(in two hearts, 18%). In all hearts, left coronary subplexal

nerves supplied the ventral, lateral and dorsal walls surfaces

of the left ventricle, as well as the left side of the conus

arteriosus (Figs 1 and 5).

Inter-ganglionic connectivity

In 100% of hearts examined, there were numerous thin

commissural nerves that are recognizable to connect

between left and right neuronal clusters within the venous

part of the heart hilum (Figs 1 and 2). Similar in thickness,

commissural nerves interconnected both the right and left

coronary subplexuses on the conus arteriosus (in 100% of

hearts examined; Figs 1 and 5).

Comparison of juvenile vs. aged rabbits

The comparison of the intrinsic nerve plexus between juve-

nile and aged rabbits is illustrated in Table 1. In juvenile

whole rabbit hearts, the total number of the intrinsic car-

diac neurons from both atrial and ventricular regions was

2146 � 125, and ranged from 1650 to 2822. Within the rab-

bit heart hilum, 643 � 81 neurons were found in the right

neuronal cluster, and 1222� 129 neurons were identified

in the left neuronal cluster (P < 0.05). The total number of

the intrinsic cardiac neurons in juvenile rabbits compared

with aged animals was not significantly different (P > 0.05)

in any region studied.

Discussion

To the best of our knowledge, this study is the first to

detail the neuroanatomy of the rabbit heart intrinsic

nerve plexus using standard histochemical acetylcholines-

terase staining. The main results of this study are summa-

rized below.

There are three main routes through which extrinsic

cardiac nerves access the heart: the medial side of the right

cranial vein (superior caval vein); in fat pads located at the

bifurcation of the pulmonary trunk; and between the

ascending aorta and the pulmonary trunk.

Intrinsic cardiac nerves innervate the heart through seven

epicardial subplexuses. The left atrium was supplied by

nerves extending from the left dorsal, medial dorsal, ventral

left atrial and ventral right atrial subplexuses. The right

atrium, sinus and atrioventricular nodal areas are supplied

by the left dorsal and ventral right atrial and medial dorsal

subplexuses. The right ventricle is supplied by the right cor-

onary and medial dorsal subplexuses, whilst the left ventri-

cle was supplied by the left coronary, left dorsal and medial

dorsal subplexuses.

The distribution sites of intrinsic cardiac neurons and their

relation with epicardial subplexuses suggest that the right

neuronal cluster supplies the dorsal right atrial and ventral

right atrial subplexuses, whilst the left neuronal cluster

supplies the medial dorsal, ventral left atrial and left dorsal

(a)

(b)

Fig. 6 Macrophotographs of the right side of the rabbit cardiac septa

to illustrate the endocardial extension of the middle dorsal (MD) subpl-

exal nerves (black arrowheads) to the AVN region. The right atrium

and right ventricle were cut off to expose the septum from the right

side. The boxed area in the panel (a) outlines the area on the rabbit

heart that is enlarged in (b). Ao, aorta; AVN, atrioventricular nodal

area; AWRA, remainder of anterior wall of the right atrium; FO, fossa

ovalis; FP, fat pad; HH, heart hilum; His, bundle of His; IAS, interatrial

septum; IVS, interventricular septum; LCV, left pulmonary vein; LFO,

limbus of fossa ovalis; MPV, middle pulmonary vein; MRCV, medial

wall of the right cranial vein; OCS, opening of coronary sinus; PT,

orifice of pulmonary trunk; RPV, right pulmonary vein.
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subplexuses. Epicardial ganglia on the conus arteriosus

supply both coronary subplexuses.

Architecture and relation to other species

In general, the morphological pattern of the rabbit

intrinsic nerve plexus corresponds to those of larger

mammals, but it is somewhat less complex and less

dense. Approximately 95% of intrinsic cardiac neurons

are concentrated within the heart hilum and approxi-

mately 5% on the ventricle, which is similar to other spe-

cies investigated earlier by us (Pauza et al. 2002b, 2013;

Saburkina et al. 2010; Rysevaite et al. 2011a,b). The find-

ing that the rabbit nerve plexus of the heart hilum sup-

plies five atrial, i.e. the dorsal right atrial, ventral right

atrial, medial dorsal, left dorsal and ventral left atrial,

subplexuses is also a similar finding to our previously

published work from human, canine, porcine and sheep

hearts that also had five discrete ganglionated nerve

subplexuses occupying specific and discrete locations

originated from the heart hilum (Pauza et al. 2000,

2002b; Batulevicius et al. 2003, 2005, 2008; Saburkina

et al. 2010).

In rabbits, rats, guinea pigs and mice, ganglionic cells of

the cardiac hilum are distributed at approximately the same

locations, i.e. at the cranial aspect of the interatrial groove,

medially and below the roots of the left and right cranial

veins and epicardially of the left and right pulmonary veins

with few neurons spread endocardially within the interatri-

al septum (Anderson, 1972b; Batulevicius et al. 2003, 2005;

Rysevaite et al. 2011a).

Atrioventricular nodal region innervation appears to

originate from one subplexus; namely the middle dorsal

subplexus. This subplexal route may, however, also contain

some fibers from the left dorsal subplexus, as these two

subplexuses communicate by thin epicardial nerves on the

dorso-caudal side of the left atrium above the sinus of the

left cranial vein. Data from the current study suggest that

these nerves appear to innervate the node from the supe-

rior dorsal axis, which is not in accord with other studies in

the rabbit. Several studies demonstrate an additional

innervation route from the inferior dorsal axis (Anderson,

1972a; Bojsen-Moller & Tranum-Je�ansen, 1972; Roberts

et al. 1989). We currently cannot offer any concrete rea-

sons for these differences, expect that there is some

unknown methodological explanation (see Limitations).

This inferior dorsal route of innervation is, however, pres-

ent in other species studied by us, i.e. the dog (Pauza et al.

2002b) and humans (Pauza et al. 2000), and also studied

by others, i.e. guinea pig (Anderson, 1972b) and humans

(Anderson & Taylor, 1972).

In the rabbit, there are prominent subplexal nerves pro-

ceeding from the left and right coronary subplexuses that

extend toward the anterior or ventral portion of both ven-

tricles. These observations are in accord with the rat where

abundant nerves extend to the ventral surface of both ven-

tricles from the arterial part of the heart hilum (Batulevicius

et al. 2003). In contrast to mice, the ventral surface of both

ventricles received nerves from the right ventral subplexal

(Rysevaite et al. 2011a).

Quantifiable neuronal data

We estimate that approximately 1500–3000 intrinsic cardiac

neurons are involved in the rabbit intrinsic nerve plexus.

The reports by Pardini et al. (1987) and Batulevicius et al.

(2003), who counted neurons in tissue sections, indicate that

about 4000–7000 neurons reside within the rat heart. This is

in contrast to the studies of de Souza et al. (1996) and

Akamatsu et al. (1999) that reported 1000–2000 intrinsic

cardiac neurons in rat heart preparations. These discrepan-

cies may reflect methodological using cardiac sections

vs. whole-mount preparations. However, whole-mount

preparations are thought to allow an approximate estima-

tion of neuronal number because many intrinsic cardiac

neurons in rats are densely packed one above another, and

neurons within these clusters are poorly discernible even by

a conventional upright (non-stereoscopic) light microscope.

Our data also demonstrate that rabbit intrinsic cardiac

neurons are generally congregated within unilayered neu-

ronal clusters. This is in contrast to humans, canine, por-

cine, sheep and other large animal cardiac neurons that

are mostly arranged into compact ganglia (Pauza et al.

1999, 2000, 2002a,b; Batulevicius et al. 2008; Saburkina

et al. 2010). Serial confocal sections through those gan-

glia as well as routine histology revealed that neuronal

somata were distributed in the periphery adjacent to the

well-defined fibrous capsule (Arora et al. 2003). The inte-

rior of those ganglia was comprised of neuropil, with

numerous dendrites of the peripherally located neurons

or small nerves (Arora et al. 2003; Pauziene & Pauza,

2003).

Functional importance

Physiological studies have shown that some of the cardiac

ganglia may affect parasympathetic control of cardiac rate

(at the cranial aspect of the coronary groove) and atrioven-

tricular conduction (at the junction of the inferior caval vein

and left atrium) modulating the actions of the sinus node

and the atrioventricular node, respectively (Gatti et al.

1995; Gray et al. 2004). The fact that our study again dem-

onstrates that there are commissural nerves connecting

different neuronal ganglionic regions provided further sup-

port of strong connectivity and communicative nature of

the intrinsic nerve plexus in the heart. This is supported by

recent data that demonstrated that neuronal regions sur-

rounding the pulmonary veins on the left atrium are capa-

ble of modulating heart rate that is initiated in the right

atrium (Zarzoso et al. 2013). Perhaps more importantly, the
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intrinsic nerve plexus around the pulmonary veins has

received much attention as a target for therapeutic inter-

vention to control atrial tachyarrhythmias, particularly atrial

fibrillation (reviewed by Shen et al. 2012).

The presence of neurons and ganglia on cardiac ventricles

below the coronary groove is an established fact (Davies

et al. 1952; Mitchell et al. 1953; Gagliardi et al. 1988), but

the function of these neurons is unknown. Taking into

account their narrow distribution on the rabbit cardiac ven-

tricles (region of the conus arteriosus adjacent to the root

of the pulmonary trunk), their role is seemingly related to

function of pulmonary valve and pulmonary circulation.

Moreover, dissemination of a certain amount of intrinsic

epicardial ganglia in this site of conus arteriosus is acknowl-

edged from a number of mammalian species, including

humans (Smith, 1970a,b, 1971; Pauza et al. 2000, 2002a,b;

Saburkina & Pauza, 2006; Batulevicius et al. 2008; Saburkina

et al. 2010; Rysevaite et al. 2011a,b).

Together, the findings of the current study highlight that

further work is very much needed to delineate the func-

tional role of ganglionic structures located both on the atria

and ventricles.

Neurochemical phenotype

In the current study, we have not performed any immuno-

histochemical investigation of the intrinsic nerve plexus as

this is subject to a more detailed and separate investigation.

Notwithstanding this, we hypothesize that the neuronal

material stained using Karnovsky & Roots (1964) acetylcho-

linesterase histochemical staining will contain both the cho-

linergic and adrenergic nerve structures, as suggested by

Koelle et al. (1987). This is supported by previous work of

ours that we have studied in other species (Rysevaite et al.

2011a; Pauza et al. 2013). This, however, is in dispute with

some investigators who show evidence that the acetylcho-

linesterase staining method reflects cholinergic inputs. This

is owing to studies that have illustrated that selective cho-

linergic denervation using vinblastine leads to a loss of ace-

tylcholinesterase staining in the heart (reviewed in more

detail by Coote, 2013). Clearly, further experimental investi-

gations are warranted to confirm what exactly is being

stained using the Karnovsky and Roots staining medium

within this species, and others.

Juvenile vs. aged rabbits

The present study demonstrates that aging does not affect

the mean number of intrinsic neurons in the rabbit heart.

This is in contrast to rat and guinea pigs where there are

marked age-related changes in the neuronal number

(Batulevicius et al. 2003, 2005). Despite this, our data are in

accord with previous reports on humans and canines

(Pauza et al. 2002a,b). In general, the age-related differ-

ences of the neuron number in the rabbit and guinea-pig

hearts might indicate that the hearts of rodents and

lagomorphs, unlike the human and canine hearts, do not

undergo a decrease in neuronal number with aging

(Batulevicius et al. 2005). Regarding the age-related degen-

eration of the nerve structures in the rodent heart, the sig-

nificant reduction of the total numbers of vagal efferent

cardiac axons and basket endings was reported in the aged

rats (Ai et al. 2007).

Limitations

Acetylcholinesterase staining has been used to provide a

basis and to characterize the intrinsic nerve network in

the rabbit, which has not previously been carried out. This

methodology may, however, have two potential

drawbacks.

1 This stain might, however, also stain non-cholinergic

nerve fibers. Despite the convincing historical studies

showing that acetylcholinesterase staining was

abolished following vagal denervation and specific

chemical cholinergic ablation in the dog (reviewed by

Coote, 2013), questions remain as to what is being

revealed using the acetylcholinesterase staining meth-

odology employed in this species.

2 This histochemical staining will only reveal neuronal

structures if they are located less superficially, i.e. no

deeper than 1–2 mm. If structures are deeper, they will

not be revealed by the acetylcholinesterase method.

This discrepancy may go some way to help explain the

difference in findings of the current study to others in

rabbit. We do not deny the possibility of intrinsic nerves

accessing the atrioventricular node via other routes

aside from the dorso-cranial that were not revealed or

seen by the methods utilized in the present investiga-

tion. Clearly, further experimental work is needed to

answer these questions and confirm what is being

stained, and to reveal the fullest extent of cardiac inner-

vation. Nevertheless, the results of the current study

provide a sound basis for further work to be carried out.

Summary

These findings suggest that both the distribution of the

intrinsic cardiac neurons and the architecture of the rab-

bit intrinsic nerve plexus correspond to the mouse and

rat hearts, although, in general the topography of all

seven rabbit nerve subplexuses completely corresponds to

the human subplexuses, and partially to that of the

mouse and rat subplexuses. In addition, the quantity and

regionalization of ganglionic plexus are not affected by

age. Our data support the use of the rabbit heart as a

model for experimental neurocardiology, and provide

gross anatomical basis for further immunohistochemical,

electron microscopic investigations and physiological

experiments.
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