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ABSTRACT

The frog is a useful model to study the structure and function of intracardiac
neurons. The goal of this study was to evaluate the size and distribution of
synaptic boutons on the intracardiac neurons in the frog Rana temporaria.
Interatrial septa from four animals were double-labelled immunohistochemi-
cally for the cholinergic marker choline acetyltransferase (ChAT) and the
marker of synaptic vesicles synaptophysin (SYP). One hundred intracardiac
neurons were analysed by confocal microscopy. Terminals of preganglionic
axons were strongly positive for ChAT, while synaptic boutons were strongly
positive for both ChAT and SYP. The number of synaptic boutons per neu-
ron ranged from 2 to 121 and was 10+2 (mean+SE). The total area of syn-
aptic boutons ranged from 6 pum? to 270 pm? and was 98+6 pum? The largest
total area of synaptic boutons was found on the axonal half of neuronal soma
(5944 um?). The total areas of synaptic boutons on both the non-axonal half
of soma and the proximal axon were smaller (3613 pm? 6+2 pm? P<0.001).
Synaptic boutons occupied 13+£1% of the area of the neuronal soma profile.
Conclusions: 1) The axonal half of the soma of the frog intracardiac neuron is
more densely innervated than the non-axonal half of the soma. 2) The axoso-
matic and axoaxonic synapses are present on frog intracardiac neurons. The
study provides a framework for further experimental studies on the formation
and rearrangement of synapses on frog intracardiac neurons.
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INTRODUCTION

Recent experimental data suggest the neurogenic origin of cardiac arrhyth-
mias [5]. Remodelling of neuronal function and altered synaptic plasticity have
been implicated in myocardial infarction and in wide spectrum of neurologi-
cal diseases [10]. In order to understand the role of the intracardiac nervous
system, many studies have investigated the morphology, neurochemistry and
function of intracardiac neurons and intracardiac nerves of various animal
models [1-3, 8]. Nonetheless, synaptic connections of the intracardiac neurons
remain poorly understood so far.

The frog is a convenient animal model to study the electrophysiology, devel-
opment and structure of intracardiac neurons. The frog heart contains 1100-
1600 intrinsic neurons [1]. Compared to the mammalian heart, frog intra-
cardiac neurons are large and survive well in tissue preparations [6]. The frog
heart receives parasympathetic innervation by the branches of the right and
left vagus nerves that extend from the venal sinus into the interatrial septum
and then into the ventricles [1]. Preganglionic fibres form synaptic boutons
on the intracardiac neurons. During synaptic transmission, acetylcholine is
released into the synaptic cleft from vesicles that are stored in synaptic boutons.
Although the distribution of frog intracardiac neurons is well known [1], the
size and distribution of synaptic boutons on frog intracardiac neurons remains
to be elucidated.

In the present study, we investigate the innervation of intracardiac neurons
by preganglionic axons in the frog Rana temporaria. We aimed to determine
the quantitative distribution of synaptic boutons on frog intracardiac neurons.

MATERIAL AND METHODS

The study was performed on four adult (20-35 g in weight) common frogs
(Rana temporaria). The investigation conforms to both the “Principles of labo-
ratory animal care” (NIH publication No 86-23, revised 1985) and the local
guidelines for the use of experimental animals. The frogs were euthanized by
decapitation.

Immunohistochemistry

The atria with the interatrial septum, venal sinus and atrio-ventricular
region were dissected and pinned flat in a Petri dish with physiologic solu-
tion. The preparation was double labelled immunohistochemically for the



Intracardiac synaptic boutons | 19

parasympathetic marker choline acetyltransferase (ChAT) and the marker of
synaptic vesicles synaptophysin (SYP) as described previously [3]. We used goat
anti-ChAT (AP144P, Chemicon, USA, 1:100) and rabbit anti-SYP (AB9272,
Chemicon, USA, 1:500) primary antibodies as well as anti-goat Cy3-conjugated
(AP180C, Chemicon, USA) and anti-rabbit FITC-conjugated (AP182F, Chemi-
con, USA) secondary antibodies. The preparations were kept at 4° in primary
anti-ChAT antibodies for 42 hours, and in primary anti-SYP antibodies for 14
hours.

Confocal microscopy and measurements

To photograph intracardiac neurons in situ at a high resolution, we used a
confocal laser scanning microscope LSM 700/Axio Observer.Z1 (Zeiss, Ger-
many). The labelled neurons were optically sectioned at 0.3 um by the aid of
a 63x oil immersion objective and ZEN 2010 software (Zeiss, Germany). The
extended focus method was used to reconstruct neuronal images from stacks
of optical sections. One hundred labelled neurons were selected for analysis.
The areas of neuronal soma and synaptic boutons were measured in extended
focus images of neurons. Based on the neuronal soma area, we subdivided the
neuronal soma into the axonal half and the non-axonal half. For comparison
with previous studies, the 3D surface area of the neuron was calculated based
on the short and the long axis of the neuron and the formula for the surface
area of an oblate spheroid [8]. Comparison of measurements was performed
with non-parametric Friedman test for related samples (SPSS 22.0). Signifi-
cance was accepted at P<0.001.

RESULTS

Synaptic boutons were found on both the axonal and the non-axonal half of
the intracardiac neuron soma as well as on the proximal axon (Fig. 1). The total
number of synaptic boutons was 10+2 (mean+SE; min=2; max=121). In some
cases counting of synaptic boutons was difficult due to their high density. The
largest area of synaptic boutons was found on the axonal half of the soma (59+4
um? min=0 pm? max=239 um?). The area of synaptic boutons on the non-
axonal half of the soma was smaller (36+3 um?* min=0 pum? max=123 pm?).
The smallest area of synaptic boutons was found on the proximal axon (6+2
pm? min=0 pm? max=72 pum?). The areas of synaptic boutons in all the three
regions of the neuron differed significantly (Fig. 2; P < 0.001).
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The total area of neuronal soma profile in extended focus projection image
was 793%33 um? (min=255 um? max=1888 um?). The total area of synaptic
boutons per neuron was 98+6 pm? (min=6 pm? max=270 pum?). Synaptic
boutons occupied 12.8+0.6% of the neural soma in extended focus projection

image (min=1%; max=29%). Calculations of neuronal soma 3D area revealed
that synaptic boutons occupied 2.8+0.1% (min=0.3%; max=7.6%) of the 3D
area of the neuronal soma.

chaTssyp M

Figure 1. Frog intracardiac neuron double labelled for choline acetyltransferase (ChAT)
and synaptophysin (SYP). Thin arrows point to some synaptic boutons that are clustered
on both the axonal and the non-axonal half of the soma. The thick arrow demonstrates a
terminal of preganglionic fibre that is positive for ChAT but negative for SYP.
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DISCUSSION

Our study demonstrates that frog intracardiac neurons exhibit great variability
in the number and size of synaptic boutons. Distribution of synaptic boutons on
the soma of the frog intracardiac neuron is uneven. Most of synaptic boutons
cluster on the axonal pole of the neuronal soma, fewer boutons are distributed
on the non-axonal half of the soma. Finally, few boutons are positioned on the
proximal axon. Hence, we consider that axosomatic and axoaxonic synapses
are formed by preganglionic fibre terminals on frog intracardiac neurons.

Our findings supplement earlier data on the anatomy of synaptic boutons
of intracardiac neurons in amphibians by assessing quantitatively synaptic
boutons in the heart of the frog Rana temporaria. Earlier it has been reported
that in total 2% of the neuronal body is covered by synaptic boutons in the frog
Xenopus laevis, about 3% in the frog Rana pipiens and 5% in the mudpuppy,
Necturus maculosus [6, 7, 9]. The total mean area of synaptic boutons deter-
mined in our study is similar to other amphibian species [6, 7, 9].

Although it was considered that frog intracardiac neurons have no
dendrites [4], previous study has shown abundance of dendrite-like processes
on the hillock and the proximal axon of frog intracardiac neurons [1]. These
processes do not terminate with synaptic boutons [1]. Taking into account the
high abundance of synaptic boutons on the hillock and the proximal axon, it is
likely that these processes function as dendrites that facilitate neuronal contacts
with the terminals of preganglionic fibres. Further combined immunohisto-
chemical, intracellular filling and electron microscopy studies are needed to
prove the synaptic contacts between the terminals of preganglionic fibres and
dendrite-like processes on the hillock and the proximal axon of frog intracar-
diac neurons.

CONCLUSIONS

1) The axonal half of the soma of the frog intracardiac neuron is more densely
innervated than the non-axonal half of the soma. 2) Axosomatic and axoaxonic
synapses are present on frog intracardiac neurons. This study provides a frame-
work for further experimental studies on formation and rearrangement of
synapses on frog intracardiac neurons.
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